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Abstract

Methods and concepts that may be used to quantitatively assess the lava

emplacement mechanics, magma degassing, and environmental impacts flood basalt

volcanism are presented.

The structural characteristics and emplacement mechanics of flood basalt lavas

are evaluated by studies of -15.3 Ma Levering (Grande Ronde Formation) and the -14.5

Ma Roza (Wanapum Formation) pahoehoe lava fields in the Columbia River Basalt

Group. This evaluation is augmented by similar studies on several large pahoehoe lava

fields in Iceland. Vertical distribution of textural properties, vesiculation features, and

joint patterns in pahoehoe sheet flows defines three main structural components: the

basal zone, the lava core, and the lava crust. These structural components are identified

in pahoehoe sheet flows of all dimensions, suggesting that the same basic fluid dynamic

processes govern their formation and are independent of lava flow size and volume.

Structures of flood basalt lavas comply with dominance of endogenous processes during

lava emplacement, such as internal lava injection and inflation. Consequently, a

sustained input of liquid lava during a long-lived eruption resulted in sequential

emplacement of lava lobes and flow units that progressively contributed to the

enlargement of the lava flow field. The lava crust on an active pahoehoe flow unit

thickens steadily during formation and laws of conduction predict that the final thickness

of the lava crust is a function the total time that elapsed from the onset of flow unit

emplacement until flowage of liquid lava through the core stops. Hence, the cumulative

thickness of lava crusts in a particular lava flow, field measure the total duration of lava

emplacement. Application of this concept indicates the Roza lava flow field formed

over a period of 5-15 years. The duration of the Roza eruption suggests that anyone

lava flow field within the CRBG may have been formed over periods of months to years,

iv



with the possibility that the largest lava fields there were produced by sustained

eruptions that lasted for decades.

The degassing history and the volatile budget of flood basalt volcanism are

addressed by studies on the>-14.7 Ma Roza member of the Columbia River Basalt Group,

the 1783-84 AD Laki eruption and two other Holocene fissure eruptions in Iceland.

Sulfur, chlorine and fluorine concentrations were measured in glass inclusions in

phenocrysts, matrix glass of tephra and lava selvages, to obtain information about the

magma volatile chemistry and degassing during conduit-vent processes and lava

emplacement. Flood basalt fissure eruptions are characterized by two-stage magma

degassing. The first stage of degassing transpires as the magma rises to the surface and a

fraction of the volatiles is exsolved by decompression. The second stage develops

because the remaining volatile-fraction is carried with the flowing lava, which slowly

releases a large portion of these gases into the atmosphere. Concentrations of 1500 to

2100 ppm sulfur in glass inclusions indicate that when stored in subsurface reservoirs

these magmas contained 8-11 megaton S02 per km3. Furthermore, '""70% of the original

S02 (+ H20 and C02) and ,.,,25% of CI and F was released by conduit-vent processes as a

two phase flow developed in the upper parts of the conduits. Consequently, the

atmospheric S0210ading by moderate sized eruptions, such as Laki, falls in the range of

130-170 megatons and for average size flood basalt eruptions such as Roza it was of the

order of > 1.2 x 104 megatons S02.

Potential environmental and atmospheric perturbation flood basalt events are

assessed by analyzing thoroughly the consequences of the 1783-84 AD Laki aerosol

cloud. The Laki activity, with daily S02-emissions of 0.5-1.5, maintained an aerosol

cloud that was dispersed at the jet stream level and resulted in a pall of dry fog (sulfuric

haze) that hung over large portion of the Northern Hemisphere for up to 5 months with

severe consequences. The Laki aerosol cloud contained ,.,,150 Mt of H2S04, of which
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.....35 Mt remained aloft at tropopause levels for at least 1 year after the eruption with an

estimated optical depth (r) of the Laki aerosol cloud is .....0.7. The remaining 115 Mt of

H2S04 were removed from the atmosphere as acid precipitation in the summer and fall

1783. The acid precipitation was most strongly felt in northern and western Europe,

where the H2S04-concentrations exceeded 1 ppm and caused severe damage to

vegetation and crops. The Laki aerosol cloud was usually delivered from the upper to

the lower troposphere by subsiding air masses within stationary anticyclones, producing

a widespread tropospheric haze (dry fog). Consequently, the Laki aerosol cloud

comprised two components: the low altitude haze, which was the primary contributor to

tropospheric pollution, and the high altitude haze, which was the sole contributor to the

longer lasting climatic perturbations that followed. The summer and fall 1783 in

western Europe was marked by abnormally hot and dry weather, frequently interrupted

by unusually intense thunder and hailstorms. In the inland regions of Eurasia, the

weather was unstable as evident from reports on mid-summer snow fall. Unusually cool

and wet weather in Japan ruined the rice crop and triggered the worst famine of Japanese

history. The winter of 1783-84 is one of the most severe winters on record both in the

Old and the New World. The high altitude haze strongly disrupted the thermal balance

of the Arctic atmosphere, resulting in annual cooling of the order of -1.3°C that lasted

for 2-3 years.

With an estimated annual H2S04-mass loading of .....1700 Mt by the Roza event,

the atmospheric perturbations are likely to have been of the magnitude predicted for a

severe "nuclear" or "volcanic" winter, with surface cooling of .....S-15°C that may have

lasted for a decade ore more. The apparent correlation of Roza and other major

eruptions of the Columbia River basalts with distinct early to middle Miocene global

cooling events suggests that these flood basalt events may have played a role in

precipitating the climatic changes that eventually led to the Neogene "icehouse world."
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Chapter 1. Introduction

The growing interest in the effects of volcanic eruptions on global climate that

has developed over the past 20 years has concentrated almost exclusively on large

explosive eruptions such as Tambora 1815, Krakatau 1883, and Pinatubo 1991 (e.g., Self

et aI., 1981; 1995; Stothers, 1984; Rampino et aI., 1988; Graf et aI., 1993; Robock and

Mao, 1993). A few studies have shown that one particular largely effusive eruption, that

of Laki in 1783, had a marked impact on the Northern Hemisphere climate and weather

(Thorarinsson, 1979; 1981; Sigurdsson, 1982; Wood, 1984; 1992; Angell and

Korshover, 1985; Thordarson et al., 1992; 1993). The last 15 years have also involved a

marked interest in mass extinction events in the geologic record, particularly in light of

studies of events at the Cretaceous/Tertiary (KIT) boundary (65 Ma). Scientists are

taking seriously the possibility that the late Cretaceous mass extinctions were caused by

a bolide impact and/or volcanism. The volcanism that is invoked at 65 Ma is the Deccan

Traps (Courtillot, 1990), a giant flood basalt field that mostly consists of compound

sheet-like pahoehoe lava flows (Walker, 1970). A problem and possibly a reason why

volcanism at the KIT-boundary is thought to have less environmental impact than the

bolide impact, is that no studies have been done on the mechanism of flood basalt

emplacement and their release of volatiles into the atmosphere. By comparing basaltic

fissure and flood basalt eruptions and their products on three scales, small in Hawaii,

moderate in Iceland, and large in the Columbia River Basalt Group in this thesis, I assess

the role that these eruptions have had on the atmosphere, both in historic times and back

in the mid Miocene at the time of the Columbia River eruptions.

This thesis presents in four chapters studies that relate to the problem of

estimating the potential volatile yield of large-volume basaltic fissure eruptions, and the

subsequent climatic and atmospheric effects. Because each chapter deals with somewhat



different aspect of the problem, each stands alone as an independent entity and will be

submitted to a journal for publication. The intended journal is indicated at the beginning

of each chapter.

In Chapter 2, we analyze the volatile release by various stages of the AD 1783-84

Laki eruption, Iceland, and similar results for two other Holocene fissure eruptions in

Iceland are presented in an attached appendix. In Chapter 3, the magnitude of the

environmental and atmospheric perturbation caused by the aerosol cloud produced by

the Laki volatiles is evaluated utilizing both geologic and historic data that were

collected especially for this study. Chapter 4 presents a case study of the -15.3 Ma

Levering (Grande Ronde Formation) and the -14.5 Ma Roza (Wanapum Formation)

lava fields within the Columbia River flood basalt sequence, dealing with the structural

characteristics of flood basalt lavas and the information they provide in terms of

processes controlling lava emplacement and the duration of emplacement. This

information is then used in Chapter 5, which addresses the volatile budget and the

degassing history of the Roza eruption, along with a qualitative evaluation of the

potential effects it may have had on the environment and climate. This evaluation is

partly based on the results presented in Chapter 1 and 2. Each chapter is linked to the

next by a short paragraph and at the end of the thesis there is a short conclusion chapter

summarizing the results of all chapters. Because much of the data that these studies rest

on will not be presented in the journal versions of the thesis chapters, they are given as

appendices.
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Chapter 2. Volatile release from the AD 1783-84 Laki eruption

(This chapter will be submitted as a paper to the journal Bulletin of Volcanology as:
Sulfur, chlorine, and fluorine degassing and atmospheric loading by the 1783-84 Laki
(Skaftar Fires) eruption in Iceland by Th. Thordarson, S. Self, N. Oskarsson, and T.
Hulsebosch.)

Introduction

Most previous studies of the atmospheric impact of volcanism have considered

short-lived explosive eruptions and the burden of stratospheric sulfate aerosols that they

produce. It has been shown that f~ch eruptions have had a small to moderate, short

lived impact on the climate, and are often associated with periods of unusual or extreme

weather and atmospheric optical effects (Lamb, 1970; Self et aI., 1981; Rampino and

Self, 1982; 1984; Stothers, 1984a; 1984b; Angell and Korshover, 1985; Bradley, 1987;

Sear et al., 1987; Rampino et aI., 1988; Self and Rampino, 1988; Hansen et al., 1993).

The Laki (Skaftar Fires) event in Iceland, which erupted most vigorously from

June to October.of 1783, was an effusive fissure eruption (Thordarson and Self, 1993a).

Therefore, Laki, as well as other large lava-producing eruptions, does not fall within the

general scheme of eruptions considered to be potential modifiers of climate, although it

produced a very widespread aerosol cloud that lasted well into the year 1784 (Holm,

1784; Traumiiller, 1885; Thoroddsen, 1914; Thordarson et aI., 1992b; Fiacco et aI.,

1994; Thordarson and Self, 1995a). Laki also produced one of the strongest acidity

peaks in the Greenland ice-core record (Hammer, 1977a: Clausen and Hammer, 1988;

Fiacco et aI., 1994) and the three following years were characterized by a marked

Northern Hemispheric cooling (Lamb, 1970; Angell and Korshover, 1985; Sigurdsson,

1982; Thordarson et aI., 1993; Thordarson and Self, 1995a; see also Chapter 3 of this

thesis).
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The sulfuric haze produced by Laki prompted Sveinn Palsson (1784) and

Benjamin Franklin (1784) to first suggest that the severe winter of 1783-84 in Europe

and North America resulted from a reduction in the amount of incoming solar radiation

as the consequence of the Laki aerosol cloud. Since then, several authors (e.g.,

Traumiiller, 1885; Thoroddsen, 1914; 1925; Lamb, 1970; Thorarinsson, 1979; 1981;

Sigurdsson, 1982; Thordarson and Self, 1993a; 1993b, 1995a; Thordarson et at, 1992b,

1993; Wood, 1984; 1992) have argued that climatic forcing by large effusive fissure

eruptions such as Laki may be on the same scale or even more significant than the more

explosive types. This conclusion is based on the conceivable S02-yield of basaltic

magmas (Sigurdsson, 1982; 1990a; 1990b) and the relatively long duration of activity

with high emission rates, that may last for months to years (Thordarson et a1. 1992;

1993; Thordarson and Self, 1993a; 1993b).

Previous petrologic estimates of the amount of S02 released by the Laki event

range from 44 to 49 megatons (Mt) and based on 800-960 ppm S concentrations

measured in glass inclusions (Sigurdsson, 1982; Oskarsson et aI., 1984; Devine et a1.

1984). These values translate to 56 to 63 Mt when corrected for the new larger volume

estimate for Laki eruption products (Thordarson and Self, 1993a). These studies imply

that the H2S04 aerosol-producing capacity of the Laki eruption was in the range of 100

to 120 Mt, but they present little evidence of the altitude of atmospheric injection. A

more recent study (Metrich et aI., 1991) shows that glass inclusions of Laki

composition trapped in phenocrysts within phreatomagmatic clasts of the Laki tephra

contained on average 1810 ± 100 ppm of sulfur, a considerably higher amount than the

values reported for glass inclusions in the earlier studies, but in good agreement with

the results presented in this study (see below). Accordingly, by making a priori

assumption that the Laki magma liberated 70% of the pre-eruption sulfur during the
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eruption, Metrich et a1. (1991) inferred that a release of ....105 Mt of SOz into the

atmosphere was sufficient to create ....200 Mt of HZS04 aerosols.

Using Greenland ice-core acidity data and assuming that the Laki aerosols had a

similar global distribution mechanism to radioactive debris (90Sr and 137Cs) produced

by atmospheric thermonuclear-bomb tests in the 1960s and 70s, Hammer (1977a) and

Clausen and Hammer (1988) estimated the sulfate aerosol mass loading by Laki as 100

Mt and 280 Mt, respectively. Aerosol loading predominantly above 15 km altitude and

global dispersal for the subsequent aerosol cloud were assumed in this estimate, and

therefore the results are probably not applicable to events such as Laki, where the

height of the eruption columns ranged from altitudes of 6- I3 km and the bulk of the

aerosol mass-loading was confined to the upper troposphere and lower stratosphere

(Thordarson and Self, 1993b; Fiacco et al., 1994; Thordarson and Self, 1995a; see also

Chapter 3 of this thesis). Furthermore, Fiacco et a1. (1994) have shown that the main

deposition of sulfate from Laki onto the Greenland ice cap occurred in the summer of

1784, rather than 1783 as assumed by previous studies (Hammer, 1977a; Clausen and

Hammer, 1988), confirming that the Laki aerosols responsible for the acidity peak in

the ice cores remained aloft for almost a year before being removed from the Artie

atmosphere. Evaluation of removal rates for sulfuric acid aerosols indicates that the

sulfate peak formed as the lower-stratospheric component of the Laki aerosol cloud was

reintroduced into the lower troposphere through one or more tropopause-folding events.

From the ice core acidity, the estimated mass of the lower stratospheric component of

the Laki aerosol cloud falls in the range of 30-90 Mt of HZS04 or about a third of the

total amount generated by the eruption (Fiacco et aI., 1994). The above considerations

suggest that comparing estimates of SOz mass loading obtained by the petrologic

method with those estimated from ice-core acidity data is of little value for eruptions

such as Laki, at least until a better calibration between ice-core acidity peaks and
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atmospheric sulfate loading is established. Furthermore, they demonstrate the

importance of evaluating the amount of sulfur and other volatiles released into specific

atmospheric levels by the various phases of the eruption.

In the case of short-lived explosive eruptions with well-documented

atmospheric perturbations, such as EI Chich6n 1982 and Pinatubo 1991, the amount of

HZS04 aerosols that could be generated from the total SOz-emission by the eruption is

only slightly less than the maximum measured stratospheric loading (Self et aI., 1995).

Obviously this does not hold for predominantly effusive fissure eruptions such as Laki,
\

where the ratio of tephra to lava is less than 1:20 and the eruption columns just

managed to penetrate the tropopause. In assessing the SOz-loading of long-duration

(months to years) lava-producing fissure eruptions, it is important to evaluate various

processes and stages involved in the degassing of magma during an eruption, such as

the dynamics of degassing, the timing, location and duration of bulk volatile release,

and degree of degassing by separate eruptive phases and episodes. One also has to

consider the volume erupted by each phase and episode, changes in discharge, and

eruptive behavior. Moreover, it is important to demonstrate that the petrologic method

can give meaningful estimates of volcanic volatile release by such eruptions, as deposits

of eruptions of more evolved magmas do not always bear reliable indications of the

total amount of S released (e.g., Wallace and Gerlach, 1994; Gerlach et aI., 1994;

1995).

In this paper we address the degassing history and the overall volatile budget of

the Laki event, as revealed by the concentration of S, CI, and F in the products of

various phases of the eruption. Furthermore, we illustrate how these data, combined

with available information on the eruption sequence and mechanisms, and the physical

characteristics of the eruptive products aid our understanding of processes controlling

the dynamics of the eruption and the amount of atmospheric loading by magmatic

6

------ ~-~----



gases. We also demonstrate that the petrologic method gives a realistic estimate of

volatile release from this eruption.

The 1783-84 Lakieruption

Geologic setting

The Laki fissures are located within the Grimsvotn volcanic system (Fig. 1) in

Southern Iceland (Jakobsson, 1979). During postglacial times the system has mostly

erupted basaltic magmas of tholeiitic composition (range in Mg# = 34.9-50.9, Mg# is

calculated as [FeO/(FeO + MgO)] x 100 and FeO equals total iron), although with a

Ti02 content (2.36-3.18 wt.%) transitional between the tholeiites from the Eastern Rift

Zone and the alkali basalt of the Southern Transgressive Zone (Jakobsson, 1979;

Oskarsson et al., 1982). The Holocene eruptive magma yield of the system is estimated

to be 50-55 km3, of which 21-22 km3 were produced by six fissure eruptions in the ice

free part of the system. Of this volume, the Laki fissures in 1783-84 erupted 15.1 km3

(Thordarson and Self, 1993a), -30% of the total Holocene production from the system.

The total magma yield of the system during the Holocene may be considerably higher

than the value given above, since it does not include estimates on the amount of magma

stored as crustal intrusives.

Eruption sequence and eruption cloud heights

The Laki fissure eruption lasted for 8 months, from 8 June, 1783 to 7 February,

1784, and produced one of the largest recorded basaltic lava flows, 14.7 km3 ± 1 km3

and 0.4 km3 (dense rock equivalent) of tephra, giving the total volume of 15.1 km3

used in this paper. A little over 60% of the volume was erupted during the first 1.5

months of activity and by the end of fifth month almost 90% of the volume had

emerged from the fissures (Fig. 2). The eruption was episodic, and our previous work

has identified ten eruption episodes during the first 5 months of activity. Each episode

7



Laki fissures

Atlantic Oceean
I
o

Grimsvotn
central volcano

Vatnajokull

Flj6ts- \ Skeidara
\hverfi \ er arar-
\ \ ~andur ...

\~.J,J"'W I---J

~Lald lavanow

-@ glacier

I
50km

------------

Fig. 1. Location of the Grimsvotn volcanic system (area inside heavy solid line) and
Laki fissures. Also shown: the Fire Districts (Alftaver, Skaftdrtunga, Sida, Landbrot,
Medal/and, and Fljotshverfi) and the Sida highlands, the areas most affected by the Laki
eruption (broken lines are district boundaries); Skafta River and Hverfisflj6t River
gorges, SRG and HRG, respectively. Inset shows the location of rift zones in Iceland
(shaded) ; box is area ofmain figure. From Thordarson and Self (l993a).
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began with a seismic swarm of increasing intensity that led to the formation of a new

fissure, the opening of which was followed by a short-lived explosive phase leading

into a relatively long-lasting phase of Hawaiian-type fire fountaining and effusive

activity (Fig. 2). Each explosive phase lasted for several days and was characterized by

either violent Strombolian or phreatomagmatic activity. The repeated explosive

activity at the Laki fissures produced tephra that blanketed an area within 50 km of the

fissure, and covered much of the island with a sub-millimeter thick coating of very fine

ash. Ash falls were also reported well away from Iceland; fine dust was carried to the

east a distance of 1600 km from the source and dispersed over 750,000 km2

(Thordarson and Self, 1993a).

Magma discharge varied considerably during the eruption. The highest

discharge was at the beginning of each eruptive episode, with eruption rates in the range

of 2.0-5.0 x 103 m3s-1• During the first 5 months of activity, the mean discharge was

on the order of 1-2.5 x 103 m3s- 1• During periods of vigorous activity (i.e., at the

beginning of each eruptive episode) the height of the Laki fire fountains ranged from

600-1450 m, whereas during repose periods the estimated fountain heights were on the

order of 200-600 m (Thordarson, 1990; Thordarson and Self, 1993a). Many historic

accounts mention that the eruption column could be seen all over Iceland, but only

Stephensen (1783) gives a specific location and time of observation, namely the farm

Hiisafell in western Iceland, Calculations (Thordarson, 1990; Thordarson and Self,

1993a) indicate that the eruption column reached altitudes of 11-13 km at times of

vigorous activity and the calculated mean column height is 4-6 km for a dry atmosphere

or 7-9 km for a moist (75 % humidity) atmosphere (Woods, 1993). As will be

demonstrated below, vent degassing is responsible for the bulk (....80%) of the volatiles

released during the Laki eruption, whereas degassing of lava during transport and

cooling only accounts for about one-fifth of the total amount released.
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Fig. 2. Schematic illustration of sequence of events during the Laki emption. I. The
roman numerals denote the eruption episodes of the 1783-85 Laki-Grimsvotn volcano
tectonic event. 2. Horizontal arrows show the extent of each earthquake swarm during
the Laki eruption. 3. Eruption clouds denote explosive activity at Laki fissures, eruption
clouds with a cone at base denote explosive activity at Grimsvotn volcano. 4. Stippled
area indicates fluctuations in lava production (not to scale) at the Laki fissures. Large
vertical arrows mark beginning and end of the Laki-Grimsvotn volcano-tectonic event,
small vertical arrows the beginning and end of the of Laki fissure eruption. The 60 and
90 percentile marks refer to volume fraction erupted up to that time. Modified from
Thordarson and Self (1993a).
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The Laki lava was emplaced in a similar fashion to Hawaiian pahoehoe flows

(Hon et aI., 1994) by ten separate lava surges, corresponding to the ten eruption

episodes that occurred during the first five months of activity (Thordarson, 1990;

Thordarson and Self, 1993a). In addition, large groups of rootless cones that formed by

explosive interaction of liquid lava and water (Thordarson et al., 1992a; Morrissey and

Thordarson, 1991) are found at various locations within the proximal and medial parts

of the lava field.

From observations of internal structures, individual flow lobes or units within

the Laki lava can be subdivided into three main components (Fig. 3): a) the vesicular

hypocrystalline base which equates to the basal crust of the originally emplaced

pahoehoe flow lobe or unit; b) the holocrystalline lower part (lava core) which is the

solidified counterpart of what was the liquid lava core during emplacement; and c) the

vesicular, hypocrystalline upper part (lava core) representing the surface crust of the

lava which grew continuously in thickness during lava emplacement by accretion from

below as the flow lobe or unit was inflated by internal injection of liquid lava (see

Thordarson and Self, 1995b; Chapter 4 in this thesis).

Composition ofthe eruption products and eruption temperatures

The Laki products are glomeroporphyritic quartz-tholeiite basalt containing -5.5

vol.% of euhedral macrophenocrysts ranging in size from 0.2 mm to 3.0 mm and

normally consist of a cluster of individual crystals. The glomerocrysts contain one,

two, or more rarely, all of the following crystal phases: plagioclase (Anorthiteon.ss),

olivine (Fosterite86-68) and clinopyroxene (Wollastonite39.8-40Enstatite4S.I_

4S.3Ferrosilite13.7-IS.I), and are in compositional equilibrium with the erupted magma

(Gronvold, 1984; Metrich et aI., 1991).
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Fig. 3. Section measured through a sheet-like lava flow unit in the distal part of the Laki
lava flow (see below, location 9 on Fig. 8). Left side of the stratigraphic column shows the
vesicular structure and the right side indicates the observed jointing pattern of the lava.
Lava crust denotes the upper crust of the lava that grew continually during its emplacement
and lava core indicates the portion of the lava that was in a liquid state during
emplacement. Degree of lava crystallinity is indicated as follows: Hh = hypohyaline, He =
hypocrystalline, Hoc = holocrystalline. VZ denotes a vesicular zone, where the prefix B =
basal and T = top. MV indicates megavesicles; PV and VC stand for pipe vesicles and
vesicle cylinders, respectively. Scale is in meters.
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All of the macrophenocryst phases contain clear, light brown glass inclusions

and sparse inclusions of dark brown, transparent glass, ranging from SI prn to 500 prn

in the longest dimensions (Fig. 4a and 4b). Common inclusions are between 20-120

pm in size and spherical or oblate in shape, often containing small bubbles. Some

inclusions show a clear indication of modified morphologies due to host mineral

crystallization after entrapment, and such inclusions were avoided in this study.

The Laki tephra is holohyaline, with macrophenocryst abundances in the range

of 0.5-10 vol.%. The lava is microcrystalline to fine grained (SO.01-0.5 mm), but its

crystallinity ranges from holocrystalline (lava core) through to hypocrystalline (lava

crust). The basal quenched glass selvages and the rootless cone tephra exhibit

hyalophitic (intersertal) texture where glomerocrysts (-5-6 vol. %) and the seriate

textured groundmass mineral assemblage of plagioclase, olivine and clinopyroxene

(-20-35 vol.%) are completely embedded in light brown to dark brown sideromelane

(Fig. 5) or black opaque tachylite. The glass matrix constitutes 60-75 % of the sample

volume and the size of the groundmass minerals ranges from SO.I-0.5 mm, FeTi

oxides were not found in the basal glass selvage, the rootless cone tephra, or the vent

tephra, either as groundmass mineral phases or in association with the

macrophenocrysts. The mineral assemblage of the vesicular basal and lava crust

(excluding quenched glassy lava selvages) is essentially the same, except that it has a

notably higher degree of crystallinity (40-90 vol.%.) and carries small interstitial

dendritic FeTi oxides. The holocrystalline lava core exhibits the same mineral

assemblage; plagioclase, olivine, clinopyroxene, and FeTi oxides, arranged in a seriate

and intergranular fabric.

The Laki tephra and the lava (Fig. 6a; see also Table A-I in Appendix A) show

a fairly small range of compositional variation in terms of major elements (Bell and

Humphries, 1972; Gronvold, 1984). The homogeneity of the Laki magma is better
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demonstrated by its uniform U (0.344 ± 0.007 ppm; standard deviation is 20) and Th

(1.12 ± 0.02 ppm) abundances (Fig. 6b), for which the differences in measured

concentration in samples from all of the main eruptive units are <7% (Sigmarsson et aI.,

1991). Phreatomagmatic tephra clasts of olivine-tholeiite and FeTi basalt composition

were reported by Metrich et aI. (1991), who assumed that they represented separate

liquid fractions coexisting with the Laki magma in its reservoir. The fact that the Laki

phreatomagmatic tephra, which contains $20 vol.% of juvenile lava fragments and

accidental lithic clasts (Thordarson, 1990), only constitutes about 0.7 % of the total

amount of magma erupted and is the only phase of the eruption known to carry sporadic

clasts of different composition makes it highly unlikely that the analyses reported by

Metrich et aI. (1991) represent a separate liquid fraction within the Laki reservoir, as

claimed in their paper. It is more likely that they represent clasts of accidental origin

incorporated into the deposit by the explosive water-magma interaction.

The above considerations imply that the Laki magma batch was essentially

uniform in composition, which is remarkable in view of the long duration of the

eruption and the large volume of magma involved. Pre-eruption H20 and C02

abundances of the magma are estimated to have been -1.5 wt.% (Oskarssonet al. 1984;

Metrich et aI., 1991).

Because of the temperature dependence of volatile solubility and magma

rheology, and the long duration of the Laki eruption it is important to evaluate the

magmatic temperatures and the change of temperatures during the eruption. One

atmosphere melting experiments performed on 10 Laki lava samples (Bell and

Humphries, 1972) show that plagioclase was encountered as a liquidus phase between

1185°C and 1161°C, joined by olivine at a few degrees lower temperature,

clinopyroxene between 1162°C and 1140°C, and FeTi-oxides at temperatures at or just

below 1085°C. As described above, the macrophenocryst population and the mineral

14
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Fig. 4. Transmitted-light photomicrographs of glass inclusions in phenocrysts in Laki
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Fig. 5. Transmitted-light photomicrographs of Laki lava selvage (sample L-21)
demonstrating the holohyaline nature of the matrix and the seriate texture of the mineral
assemblage. Note also that no Fe'Ti-oxide mineral phases are present. Horizontal field
of view is 2.5 mm.
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assemblage of glassy eruption products consists of plagioclase, olivine, and

clinopyroxene, but FeTi-oxides are completely absent. Absence of FeTi-oxides and the

relatively rare occurrence of clinopyroxene as a macrophenocryst suggest that magma

reservoir temperatures were at least 1150°C ± 10 (Bell and Humphries, 1972) and that

the lava emplacement temperatures were above 1085°C. According to the empirical

glass geothermometer of Helz and Thornber (1987), derived for Kilauea Iki 1959

tholeiite, the inclusion chemistry indicates magmatic temperatures near 1140°C ± 8,

which is in reasonable agreement with the temperature derived from the one

atmosphere melting experiments (Table I).

Using the Helz and Thornber geothermometer, we estimate the emplacement

temperature of tephra and lava on the basis of their MgO and CaO concentrations

(Table 1), which is justified by the linear co-variations of these elements in the Laki

glass (Fig. 7a). The calculated MgO- and CaO-temperatures are in fair agreement and

are internally consistent, even though the CaO-based temperatures give, on average,

slightly higher values. The difference between MgO- and CaO-based temperatures may

be partly attributed to the difference in the crystallization sequence between the Laki

magma (plagioclase-olivine-clinopyroxene) and the Kilauea Iki lava lake (olivine

clinopyroxene-plagioclase) that was used to calibrate the geothermometer. This

difference may have caused a slightly different enrichment trend for MgO and CaO

during a fixed total composition equilibrium crystallization in these two systems.

Another factor which may contribute to the observed difference is the analytical

precision of these measurements, which is somewhat better for MgO (see Appendix A).

Even though these calculated temperatures may not represent the exact temperatures of

the erupting magma, the difference in the values obtained for various eruption

formations should be correct (Table 1). These calculations indicate that the temperature

of the magma was >-1138°C as it was fragmented by the water-magma interaction to
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produce the phreatomagmatic tephra, or essentially the same as the magmatic

temperatures. The value for the Strombolian tephra indicates somewhat lower

temperatures (....1127°C), which is consistent with the phreatomagmatic tephra being

fragmented at a greater depth within the conduit than the Strombolian tephra

(Thordarson and Self, 1993a). The calculated emplacement temperature of the

proximal lava (....1l23°C) is similar to that of the Strombolian tephra. Temperatures

obtained from samples of the medial and distal lavas are on average 10-20°C lower and

show no obvious variation with distance from source (Fig. 7b), indicating that the lava

emplacement was thermally efficient.

Sample locations and significance

Samples used in this study represent the main phases of the Laki eruption and come

from 10 different locations within the Laki lava flow and along the fissures (Fig. 8).

Tephra samples, representing fall units S1, S3, and PI of Thordarson and Self (l993a),

were collected at locations 1 through 4 (i.e., sections 84, 100, 136, and 153 of

Thordarson (1990».

Outcrops providing a complete exposure through the young Laki lava flow are

rare. In the proximal part of the lava, defined here as the area within 10 km of the

fissures, the edge of the lava field has largely been buried by post-eruption fluvial and

aeolian deposits and we were not able to find outcrops providing a complete section

through the flow, or through a single flow unit for that matter. In the medial (10-30 km

from source) and distal (>30 km from source) areas, the best outcrops occur where

rivers have cut new channels through the lava margins (Figs. I and 8). Such outcrops

are most abundant along the channels of the rivers Skafta and Hverfisflj6t, but access to

many of them is prevented by the high flow rate of these rivers. Locations 5, 7, 8, and

9 represent complete measured sections through the Laki lava flow where samples of

the lava interior and basal glass selvage were collected. Samples were also collected
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Tablc I. Laki liquid lava temperature calculated hy the empirical gcothcrmorneter
or Helz and Thornher (1987).

Sample
Experimental"
Inclusions
P-tephra
S-tephra
RCB
RCB
L-20
L-21
L-23
L-24
L-25
RCL-mean

D(km)

0.5
0.5
13.7
13.7
15
45
45
21

MgO-T (OC) dT (OC)*
150±10
136±3
129 ±5 21
123 ± 1 27
120±2 30
110±5 40
105 ± 3 45
108 ±2 42
105 ±2 45
108 ± I 42
108 ± I 42
103 ±3 47

CaO-T(°C)
150±10
144±6
146 ±9
131 ±2
132 ±2
129±4
124±2
126±2
122±4
125 ± I
123 ± I
121 ±4

dT (OC)* Mean-T (0C) dT (OC)*
1150
1140

4 1138 12
19 1127 23
18 1126 24
21 1120 30
26 1114 36
24 1117 33
28 1114 36
25 1116 34
27 1115 35
29 1112 38

"From Bell and Humphries (1972).
* Eruption temperature is taken as I 150°C.

P-tcphra. phreatomagmatic tephra: S-tcphra. Stromholian tephra
RCR, rootless cone tephra within proximal lavas
1.·20.1.-21,1.23,1.24, and 1.-25, samples or lava selvages
RCL, rootless cone tephra within medial lavas
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Fig. 7. a) CaO (wt.%) variation as a function of MgO (wt.%) in Laki tephra, lava
selvages and glass inclusions (the data used are presented in Tables 2 , 3, and 4).
Also shown is the CaO-MgO regression line. b) Laki magma and liquid lava
temperatures as a function of distance from source. Temperatures were calculated
according to the empirical geothermometer of Helz and Thornber (1987). Cross
indicates liquidus temperature of the Laki magma as determined by one
atmosphere melting experiments (Bell and Humphries, 1972). Laki inclusions are
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change in lava temperature with distance from source is indicated by the solid line.
Broken line shows the liquidus temperature of FeTi-oxides in the Laki magma.
See also Table 5.
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Fig. 8. Map of the Laki lava flow field showing locations where the samples used in this
study were collected (see text for discussion). Stippled areas denote locations of flow
fronts on date shown and are reconstructed according to descriptions given by Reverend
J6n Steingrimsson (1783; 1788).
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from the rootless cone groups at locations 6 and 8 because these deposits represent the

rapidly quenched liquid interior of the flow. Grab samples of the lava crust and core

were collected at locations 1, 4, and 11. These samples together represent flow units

which were emplaced between 8-18 June, 1783 (locations 7 and 8), 14 June-12 July

(locations 9), and 1 August-l October (locations 5 and 6).

The matrix glass of lava selvages and rootless cone tephra analyzed in this study

is taken here as representative of the rapidly quenched liquid fraction of the lava upon

emplacement at the respective sample location, and thus should provide information

about the chemical, as well as the physical, properties of the liquid lava at various

distances from source. Samples L-23 and RCL-3-1 to RCL-20A-8 represent the lava

stream that emerged from the fissure segments SW of Laki and advanced down the Sida

highlands through the Hellisa river valley before entering the Skaftar River gorge on 18

June 1783 (Thordarson, 1990; 1991; Thordarson and Self, 1993a). Sample L-23 is

from the basal chill of the lava near Kalfa (location 7) and field relations suggest that it

formed no later than 30 June 1783. The samples RCL-3-1 to RCL-20A-8 were

collected from the tephra of the rootless cone group at Leid61fsfell (location 8). This

tephra was produced by explosive interaction of lava and water on 18 June 1783

(Steingrimsson, 1783; 1788; Thordarson, 1990; 1991). Sample locations 7 and 8 are 15

and 21 km from the source, respectively, and thus come from the medial part of the

early formed lavas. The distal lava of the same flow field is represented by samples L

24 and L-25, which compose the basal and surface selvage, respectively, of a single

3.5-6.0 m thick flow unit at Eldvatnsbru (location 10). This flow unit was emplaced

sometime between 14 June and 12 July 1783. Samples L-20, L-21 (location 5), and

RCB-9 (location 6) are from flow units emplaced between 1 August and 1 October. At

location 5, a distance of 13.7 km from the source, the Laki lava is composed of two

emplacement units, each containing several flow units. Sample L-20 is from the
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surface glass selvage of the uppermost flow lobe of the lower emplacement unit,

whereas L-21 is the basal selvage of a flow lobe within the lower half of the upper

emplacement unit. Sample RCB-9 is from the tephra of a rootless cone group, located

0.5 km to the south of fissures northeast of Laki. According to the eruption history

outlined by Thordarson and Self (1993a), its formation was associated with

emplacement of lavas that emerged from fissure six in early August of 1783 and is

representative of the proximal lava. Unfortunately, only two grains with well-preserved

sideromelane glass matrix were found within the sample collected and therefore, the

analyses presented here should be regarded as tentative in terms of being representative

for the proximal lava field as a whole.

Analytical procedure

Modes and vesicularity of representative tephra and lava samples were estimated

by point-counting of -1000 points per thin section.

Glass inclusions and matrix glass analyses were obtained with an automated,

wavelength dispersive, Cameca SX 50 electron microprobe at the Department of

Geology and Geophysics, University of Hawaii at Manoa, USA. For major elemental

analyses of glass, the instrumental settings were 15 kV for the accelerating voltage, 15

20 nA in a beam-current-regulated mode, and a 5-20 prn focused beam. A counting

time of 30 sec was used for the elements Si, AI, Ca, Fe, and K, 40 sec for Ti and Mg,

60 sec for Mn and P, and 20 sec for Na. Elemental analyses of S and CI were

conducted by the Cameca Trace program, with the same general setup as used in major

element analyses and with a counting time of 200 sec. Troilite (36.47 wt.% S) was

used as a standard for sulfur and scapolite (1.43 wt.% CI) for chlorine. Correspondence

of peak positions between standards and glasses was established and interference-free

backgrounds were selected on both sides of the peaks. Based on counting statistics the

precision for sulfur is 80 ppm and for CI it is 60 ppm calculated as 20. The same
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samples where also analyzed for S, Cl, and F by using the CSIRO-trace routine of

Robinson and Graham (1992) with 15 kV accelerating voltage, 80 nA beam current, 10

JIm focused beam, and a counting time of 400 sec. Apatite (3.4 wt.% F) was used as a

standard for fluorine. Precision (20') for S = 35 ppm, Cl = 30 ppm, and F = 90 ppm.

Raw data were corrected using the standard Cameca ZAF procedures and all standard

deviations are calculated as 20'. For further details regarding the microprobe analytical

procedures see Appendix C. Major element oxides of grab (whole-rock) samples were

analyzed by X-ray fluorescence at the University of Hawaii using a fully automated

wavelength-dispersive Siemens SRS 303 AS instrument, following the routines of

Norrish and Hutton (1969).

Magmatic volatiles and degassing history

Chemical analyses, results and implications

Major element microprobe analyses of more than 30 inclusions from Laki

phenocrysts were performed to locate inclusions with compositional similarity to the

bulk Laki magma. Several inclusions revealed evidence of more primitive

compositions (e.g., inclusion L-i-16, Table 2a), whereas several others showed clear

evidence of extensive post-entrapment host crystallization (e.g., L-i-17 in Table 2a) and

were therefore not considered further. Measured major element concentrations of

inclusions L-i-7, L-i-8 and L-i-ll, trapped in olivine phenocrysts, demonstrated that the

glass composition had been slightly affected by host crystallization. These inclusions

were restored to their original composition using the method of Metrich at a1. (1991).

Inclusions found in Laki phenocrysts are ordered into four groups on the basis of

their major element abundances and each group is briefly discussed below.

A total of 10 glass inclusions exhibited major element abundances (Mg# = 42.77

± 1.37) that closely match the averaged bulk composition of the Laki magma
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(inclusions L-i-l to L-i-lO; Table 2a and 2b) and these are taken as representative of the

pre-eruption magma composition. Sulfur concentration in the bulk of the inclusions

falls between 1500 ppm to 1700 ppm, with a mean value of 1675 ± 270 ppm, but the

total range is 1430-2140 ppm; chlorine concentrations cluster between 250-350 ppm

with a mean of 310 ± 60 ppm, and a total range of 250-445 ppm; similarly fluorine

values cluster between 600-700 ppm, with a mean of 665 ± 100 ppm and a total range

of 530-820 ppm.

The reason for the variance observed in the S, Cl, and F values of the inclusions is

not obvious, since it could have several different causes: 1) the distribution of these

elements in the magma at depth was not homogeneous; 2) as many of the inclusions

contain small gas bubbles, a fraction of these volatile elements may have separated

from the liquid phase of the inclusions as the system was decompressed during magma

extrusion; 3) S, CI, and/or F-bearing mineral phases may have formed in some of these

inclusions after entrapment, even though the major element concentrations and

petrographic examination reveal no evidence of such minerals. Regardless of the origin

of this variation, it clearly demonstrates the importance of analyzing a number of

inclusions to obtain a realistic estimate of the pre-eruption magma and volatile

concentrations.

The second group of inclusions (L-i-ll to L-i-13 in Table 2a and 2b) demonstrate

slightly different major element abundances and the main difference is that the second

group has considerably higher Fe and lower Ca and Na than the first. However, the S

(1630 ± 170 ppm), CI (245 ± 55 ppm), and F (540 ± 90 ppm) abundances are strikingly

similar. The difference in the major element composition cannot be accounted for

entirely by host crystallization after entrapment, and these inclusions probably represent

a slightly more evolved magma fraction. Similarly, the third group of inclusions (L-i

14 and L-i-15) appears to characterize a more evolved liquid fraction, strongly enriched
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in Fe and Ti, depleted in Mg, Ca, and Na, but with volatile concentrations in the same

range as the two former groups. The fourth group (L-i-16 and L-i-17), exhibits olivine

tholeiite compositions, which are slightly more evolved than to those described by

Metrich et al. (1991).

The major element concentrations of the phreatomagmatic matrix glass (fall unit

PI) show a slight compositional variation (e.g., MgO = 5.25-6.10 wt.%) which is

similar to the observed range in the bulk lava composition (Fig. 9a). The major

element composition of the Strombolian matrix glass is very uniform and falls within

the field of the most evolved component of the Laki magma. This is bewildering

because the Strombolian tephra was formed by separate eruption episodes over a period

of several months and makes up more than 80 % of the total volume of the tephra

deposit. The matrix glass composition of the tephra does not reveal any systematic

relation to stratigraphic position within the Strombolian deposit nor within a single fall

unit (in the case of PI). On the other hand, a general relationship appears to exist

between the composition of the matrix glass and vesicularity, where increased

vesicularity of tephra clasts goes in hand with more evolved composition (Fig. 9b).

These general considerations imply that the observed compositional variability may

have been caused by conduit and/or vent-related processes, but further investigations

are needed to confirm such a relationship.

The measured S, CI, and F concentration in the phreatomagmatic deposit are

highly variable (Fig. I 0 a-c), consistent with the inferred partial degassing of the

magma column before H20-induced quenching occurred. The sulfur values show the

greatest variability, with a mean value of 940 ± 217 ppm and a range from about 1260

ppm down to 490 ppm, and show a general negative correlation with increasing

vesicularity (Fig. lOa) and FeO (Fig. 11). Chlorine in the phreatomagmatic matrix

glasses ranges from 130-450 ppm, with a mean value of 220 ± 80 ppm, and fluorine
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values range from 220-560 ppm, with a mean of 420 ± 110 ppm (Table 3). Neither of

these elements show any systematic correlation with vesicularity or FeO (Figs. lOb and

lOc).

The glass matrix composition of the lava selvages and the rootless cone tephra

clasts show a more evolved composition than the bulk lava and tephra (Tables 3 and 4).

Matrix glass of the proximal lava (RBC-9) is the least differentiated with Mg# of 39 ±

1.06 and 37.31 ± 1.29, whereas the matrix of the medial and distal samples shows a

considerable degree of differentiation with strong enrichment in TiOz and FeO and

Mg# between 29.22 ± 0.55 and 34.40 ± 0.81, respectively (Table 4a; Fig. 12a). The S,

CI, and F concentrations of the matrix glass in the proximal sample (RBC-9 in Table

4a) are in the same range as that of the Strombolian tephra (Table 3). Furthermore, the

measured abundances of S (334 ± 29 to 489 ± 5 ppm), CI (188 ± 49 to 309 ± 98 ppm),

and F (495 ± 109 to 613 ± 93) in the lava selvages and rootless cone tephra from the

medial and distal locations (Table 4a; Fig. 12b) are surprisingly uniform and on average

similar or only slightly lower than those found in the proximal lava and Strombolian

tephra. The bulk crystallinity ranges from 12-50 vol.%, with the least crystalline

samples (RBC-9) being closest to source. The crystal content of the lava glass selvages

falls between 25-38 vol.% and in general increases with distance from the source (Fig.

12c). The rootless cone tephra at Leid6lfsfell (RCL) shows a greater range of

crystallinity (30-50 vol. %). This may reflect pooling of the lava in a topographic low

where it resided a short time before onset of explosive interaction of the liquid lava and

ground water.

Aside from the observed differentiation of the major element concentrations of

the matrix glass, whole-rock analyses of the rootless cone tephra and the lava at

location 8 (the RCL-samples in Table 4b) show that the bulk composition of the lava is

unchanged. Furthermore, there appears to be a general negative correlation between
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Table 2a. Representative analyses of Laki glassinclusions fromthe lavaand tephra.

Laki composition
Host Sample # SiO, TiO: A~O, FeO MnO MgO CaO Nap Kp Pp, S Cl F I Mg#

plagioclase L-i-I 49.88 2.87 12.73 14.55 0.24 6.05 10.14 2.69 0.47 0.19 0.1430 0.0270 0.0660 100.06 42.55

plagioclase L-i-2 49.61 2.93 12.06 13.74 0.22 6.31 10.00 2.91 0.53 0.34 0.1985 0.0250 0.0820 98.96 44.98
N -1/2 Stand. dey. 0.0065 0.0010 0.0010

plagioclase L-i-3 49.61 2.85 1~.07 13.88 0.24 5.77 10.39 3.01 0.42 0.25 0.1520 0.0300 0.0705 99.75 42.56
N-6!5 Stand. dey. 0.16 0.03 0.07 0.15 0.03 0.15 0.09 0.05 0.02 0.04 0.0025 0.0055 0.0010 0.40

plagioclase L-i-4 49.72 2.88 12.50 14.33 0.23 5.91 10.51 2.85 0.41 0.30 0.1570 0.0290 0.0530 99.89 42.35
N-413 Stand. dey. 0.18 0.05 0.10 0.36 0.01 0.12 0.13 0.05 0.03 0.03 0.0040 0.0080 0.0070 0.27

plagioclase L-i-5 49.25 2.93 1~.40 13.98 0.24 5.78 10.25 2.98 0.42 0.27 0.2140 0.0290 0.0665 99.80 42.40
N-213 Stand. dey. 0.33 0.01 0.08 0.01 0.04 0.05 0.09 0.09 0.00 om 0.0025 0.0090 0.0100 0.42

olivine L-i·6 49.83 1.73 1~.56 13.24 0.17 5.91 10.49 2.85 0.38 0.33 0.1530 0.0360 0.0720 99.77 44.28

olivine L-i-7 49.24 ~.07 1~.17 14.33 0.25 5.57 10.38 2.83 0.47 0.31 0.1660 0.0270 0.0530 99.87 40.92
N-213 Stand. dey. 0.06 0.01 0.02 0.09 0.04 0.12 0.09 0.03 0.02 0.03 0.0090 0.0060 0.0095 0.12

olivine L-i-8 49.48 3.21 1~.41 13.84 0.18 5.32 10.68 2.74 0.36 0.24 0.1720 0.0440 0.0690 99.74 40.63
N-2 Stand. dey. 0.06 0.00 0.08 0.35 0.05 0.09 0.09 0.08 0.03 0.02 0.0085 0.0240 0.0010 0.21

olivine L-i-9 49.69 ~.25 13.29 13.35 0.19 5.83 10.66 2.85 0.36 0.24 0.1690 0.0350 0.0550 99.98 43.77
tv pyroxene L-i-IO 50.51 2.84 13.36 12.51 0.22 5.35 10.98 2.64 0.38 0.31 0.1515 0.0270 0.0780 99.36 43.24\0

N- 1/2 Stand. dey. 0.0100 0.0090 0.0010
HighFeO

Host Sample II SiO: TiO, A~O, FeO MnO MgO CaO Nap Kp Pp, S CI F I Mg#
olivine L-i-II 48.70 ~.OO 12.48 16.01 0.24 5.51 10.25 2.46 0.39 0.34 0.1740 0.0185 0.0450 99.63 38.02
N-2 Stand. dey. 0.01 0.08 0.06 0.16 0.02 om 0.07 0.05 0.02 0.04 0.0012 0.0010 0.0065 0.16

plagioclase L-i-12 49.05 2.98 12.01 15.00 0.23 6.38 10.60 2.43 0.57 0.26 0.1720 0.0260 0.0530 99.76 43.12
N-2 Stand. dey. ·0.43 0.08 0.55 0.39 0.06 0.33 0.60 0.32 0.01 0.02 0.0090 0.0015 0.0235 0.82

plagioclase L-i-13 50.05 3.10 11.74 14.99 0.23 5.99 10.38 2.41 0.48 0.32 0.1435 0.0295 0.0630 99.92 41.61
N-2 Stand, dey. 0.02 0.02 0.01 0.15 0.04 0.08 0.02 0.04 0.01 0.06 0.0170 0.0065 0.0025 0.02

High FeO and TiO,
Host Sample# SiD, TiO, A~O, FeO MnO MgO CaO Nap K,D P,O, S CI F I Mg#

plagioclase L-i-14 48.86 3.40 13.15 16.36 0.24 4.78 9.61 2.58 0.42 0.33 0.1970 0.0310 0.0710 100.03 34.23
N-213 Stand. dey. 0.25 om 0.12 0.23 0.03 0.02 0.09 0.00 0.03 0.01 0.0085 0.0105 0.0035 0.33

plagioclase L-i-15 48.87 3.45 13.00 16.26 0.19 4.62 9.50 2.55 0.48 0.37 0.1275 0.0285 0.0610 99.51 33.61
N-413 Stand.dev. 0.51 0.09 0.32 0.84 0.03 0.07 0.10 0.09 0.05 0.11 0.0035 Om05 0.0085 0.67

HighMgO
Host Sample # SiO, TiO, A~O, FeO MnO MgO CaO Nap Kp P,O, S CI F I Mg#

plagioclase L-i-16 49.65 2.17 13.45 12.17 0.21 6.96 11.51 3.01 0.38 0.20 0.1244 0.0262 0.0618 99.94 50.44
N-415 Stand. dey. 0.04 0.02 om 0.11 0.03 0.14 0.02 0.05 0.01 0.01 0.0050 0.0045 0.0070 0.06

Effected by host crystallization
Host Sample # SiO, TiO, A~O, FeO MnO MgO CaO Na,O K,D P,D, S CI F I Mg#

plagioclase L-i-18 48.42 2.67 7.37 16.48 0.22 10.44 11.30 1.80 0.31 0.23 0.1555 0.0260 0.0460 99.25 53.03
N-2 Stand. dey. om 0.12 0.63 0.08 0.04 0.30 0.08 0.30 0.07 om 0.0090 0.0085 0.0130 0.65

N, number of analyses; Stand. dev., standarddeviation (2-sigma)



Table 2b. Laki glass inclusions. a summary.

Incl.-cpx L-i-J0 50.51

Averaze 49.68
Stand. dev. 0.36

TiO, Alp,

13.29 13.35

12.73 14.55

12.06 13.74

13.07 13.88

12.50 14.33

13.40 13.98

13.56 13.24

Mg#

4G.92

40.63

43.24

42.77
1.37

1:

99.36

99.72
0.33

FClS

0.1515 0.0270 0.0780

0.1675 0.0310 0.0665
0.0225 0.0060 0.0100

Pp,

0.31 0.1665 0.0275 0.0530 99.87

0.24 0.1720 0.0445 0.0690 99.74

0.24 0.1690 0.0350 0.0550 99.98 43.77

0.31

0.28
0.05

0.19 0.1430 0.0270 0.0660 100.06 42.55

034 0.1985 0.0250 0.0820 98.96 44.98

0.25 0.1520 0.0300 0.0705 99.75 42.56

0.30 0.1570 0.0290 0.0530 99.89 42.35

0.27 0.2140 0.0290 0.0665 99.80 42.40

033 0.1530 0.0360 0.0720 99.77 44.28

0.38

0.42
0.05

0.36

0.42

0.53

0.42

Kp

0.47

0.47

0.36

0.41

0.3S

2.83

2.74

2.85

2.64

2.84
0.11

2.85

2.69

2.91

3.01

2.85

2.98

Nap

10.14

10.00

10.39

10.51

10.25

10.49

10.38

10.68

10.66

10.98

10.45
0.28

5.83

5.35

5.78
0.30

MgO CaO

6.05

6.31

5.77

5.91

5.78

5.91

5.57

5.32

0.24

0.22

0.24

0.23

0.24

0.17

0.25

0.18

0.19

0.22

0.22
0.03

MnOFeO

12.51

13.78
0.61

14.33

13.84

13.17

13.41

13.36

13.05
0.48

2.73

2.87

2.93

3.07

3.21

2.93

2.85

2.88

3.25

2.84

2.96
0.17

SiO,

49.88

49.61

49.61

49.72

49.25

49.83

49.24

49.48

49.69

L-i-I

L-i-4

L-i-3

L-i-5

L-i-6

L-i-2

L-i-7

L-i-8

L-i-9

Incl.-pI.

Incl.-pI.

Incl.-pI.

Incl.-pI.

Incl.-pI.

Incl.-ol.

Incl.-ol.

Incl.-ol.

Incl.-ol.

Laki type

w
o

HighFeO
Incl.-ol.

Incl.-pI.

Incl.-pI.

t-i-n

L-i·12

L-i-13

Si02

48.70

49.05

50.05

Ti02

3.00

2.98

3.10

A1203

12.48

12.01

11.74

FeO
16.01

15.00

14.99

MnO
0.24

0.23

0.23

MgO
5.51

6.38

5.99

CaO
10.25

10.60

10.38

Na20

2.46

2.43

2.41

K20

0.39

0.57

0.48

P205

0.34

0.26

"0.32

S CI
0.1740 0.0185

0.1720 0.0260

0.1435 0.0295

F
0.0450

0.0530

0.0630

1:

99.63

99.76

99.92

38.02

43.12

41.61

Averase
Stand, dev.

49.27
0.70

3.03
0.06

12.08
0.37

15.33
0.59

0.23
0.01

5.96
0.44

10.41
0.18

2.43
0.03

0.48
0.09

0.31
0.04

0.1630 0.0245
0.0170 0.0055

0.0540
0.0090

99.77
0.15

40.92
2.62

34.23

33.61

33.92
0.44

1:

100.03

99.51

99.77
0.37

S CI F

0.1970 0.0310 0.0710

0.1273 0.0285 0.0610

0.1620 0.0300 0.0660
0.0495 0.0020 0.0070

P205

0.33

0.37

0.35
0.03

0.48

0,45
0.04

K20

0.42

2.55

2.57
0.02

Na20

2.58

CaO
9.61

9.50

9.56
0.08

MgO
4.78

4.62

4.70
0.11

MnO
0.24

0.19

0.22
0.04

FeO
16.36

16.26

16.31
0.Q7

A1203

13.15

13.00

13.08
0.11

Ti02
3.40

3.45

3.43
0.04

Si02
"48.86

',-,J 48.87

48.87
0.01

High FeO and TiO:
Incl.-pI. L-i-14

Incl.-pI. ~••

Average
Stand. dev,

Incl.. inclusfon;-pCplagioclase; 01,olivine; cpx, clinopyroxene; Stand. dev., Indicates standarddeviation(2-sigma)



Table 3. Representative analyses of matrix glass from Laki tephra clasts.

51-04-14 50.11
N _ 3 Stand.dey. 0.19

#anal)'ses Sample#

SI-04-12
N 31219 Stand.dey.

13.24 14.49 0.19
0.12 0.36 om

99.83 39.78
0.22 0.58

1.0

0.5

Cr.%
3.0

75.0

88.0

\·esicl.

50.0

~Ig#

40.57
0.51

40.16
0.41

39.98
0.45

I
99.80
O.2~

99.72
0.16

99.71
0.16

0.0425 0.0235 0.0445
0.0045 0.0025 0.0130

0.0480 0.0225 0.0500
0.0020 0.0030 0.0060

5 Cl F
0.0480 0.0225 0.0515
0.0I10 0.0055 0.0095

Pp,
0.32
0.05

0.35
0.08

0.28
0.02

0.32
0.02

Kp
0.45
0.Q2

0.46
0.02

0.45
0.Q2

0.44
0.02

Nap
2.83
0.06

2.75
0.02

2.79
0.10

2.85
0.05

CaO

9.83
0.10

9.87
0.12

9.77

0.09

9.75
0.09

5.47
0.07

5.37
0.02

5.37

~(gO

5.47
0.08

0.03

MnO
0.21
0.05

0.21
0.02

0.22
0.05

FeO
14.27
0.21

14.36
0.22

14.45
0.26

Alp,
13.21
0.10

13.19
0.09

13.18
0.06

3.04
0.04

3.06
0.05

TiO,

3.08
0.07

3.10
0.08

SiO,'

50.09
0.24

49.98
0.23

50.01
0.14

51·04-17
Stand. dey.

51-04-18
Stand.dey.N-4

N-4

53-02-33 49.93
N - 3 Stand. dey. om

53·02-32
N - 314 Stand.dey.

53-02-13
N - 314 Stand,dey.

S3-02-12
N - 314 Stand.dey.

1.0

1.0

1.0

0.8

0.5

0.0

0.0

0.0

0.5

0.5

0.5

0.5

71.0

82.0

84.0

78.0

77.0

84.0

90.0

88.0 .

78.0

61.0

57.0

72.0

40.81
0.61

40.64
0.-16

41.24
0.11

40.83
0.26

40.78
0.10

40.75
0.12

41.22
0.34

40.76
0.-16

40.88
0.17

40.09

0.32

40.40
0.36

99.+4

0.27

99.41
0.50

99.18
0.05

98.91
0.17

99.03
0.16

98.97
0.09

98.40 . 40.73
0.01 0.23

99.25
0.58

98.19
0.43

99.19
0.09

99.46
0.35

98.90
0.67

0.0455 0.0245 0.0445
0.0045 0.0070 0.0080

0.0515 0.0245 0.0525
0.0130 0.0095 0.0065

0.0470 0.0245 0.0525
0.0100 0.0025 0.0010

0.0465 0.0245 0.0450
0.0150 0.0090 0.0150

0.0520 0.0320 0.0530
0.0100 0.0100 0.0150

0.0640 0.0250 0.0310
0.0050 0.0040' 0.0100

0.0545 0.0280 0.0485
0.0145 0.0120 0.0065

0.0555 0.0175 0.0415
0.0040 0.0030 0.0065

0.0515 0.0315 0.0450
Om05 0.0030 0.0205

0.0510 0.0320 0.0525
0.0070 0.0070 0.0020

0.0570 0.0200 0.0485
0.0035 0.0065 0.0095

0.0455 0.0250 0.0510
0.0040 0.0080 0.0080

0.31
0.04

0.26
0.05

0.34
0.02

0.33
0.03

0.27
0.02

0.28
0.04

0.32
0.Q2

0.34
0.02

0.30
0.03

0.27
0.03

0.32
0.04

0.26
0.05

0.45
om
0.44
0.02

0.46
0.00

0.44
0.01

0.44
0.03

0.47
0.01

0.46
0.02

0.44
0.01

0.43
0.02

0.44
0.01

0.47
0.03

0.42
0.01

2.84
0.06

2.82
0.18

2.71
0.09

2.59
0.13

2.56
0.19

2.75
0.01

2.53
0.24

2.67
0.09

2.86
0.07

2.80
0.02

2.63
0.08

2.71
0.04

9.90
0.12

9.81
0.20

9.89
0.08

9.86
0.15

9.89
0.08

9.92
0.06

9.85
0.14

9.77

0.03

9.92
0.11

9.88
0.10

9.91
0.03

9.77

0.09

5.44
0.04

5.44
0.03

5.45
0.03

5.39
0.09

5.37
0.00

5.42
0.04

5.43
0.05

5.37
0.07

5.43
0.04

5.33
0.04

5.44
0.02

5.43
0.08

0.21
0.Q2

0.21
0.07

0.21
0.00

0.23
0.02

0.22
. 0.01

0.20
0.04

0.22
0.04

0.23
0.00

0.19
0.02

0.24
0.03

0.19
0.02

0.21
0.00

14.00
0.31

14.17
0.35

13.92
0.08

13.84
0.14

13.92
0.29

14.08
0.09

13.79
0.32

13.92
0.45

14.00
0.15

14.30
0.26

14.08
0.D7

14.20
0.22

13.24
0.24

13.20
0.03

13.21
0.05

13.22
0.05

13.18
0.11

13.12
0.09

13.31
0.08

13.19
0.20

13.15
0.10

13.08
0.05

13.28
0.13

13.14
0.02

3.01
0.04

3.02
0.03

3.01
0.D7

3.02
0.06

3.04
0.06

3.00
0.04

3.04
om
2.94
0.D7

2.96
om
3.04
0.02

3.04
0.03

3.03
0.00

49.96
0.10

49.92
0.38

49.82
om
49.98
0.34

49.61
0.14

50.18
0.17

49.20
0.73

49.92
0.16

49.85
0.13

49.84
0.22

49.23

0.00

53-02-34
Stand.dey.

53-02-21
Stand.dey.

53·02-23
Stand.dey.

53-02-22
Stand.dey.

53-02-24
Stand.dey.

53-02-11
Stand.dey.

53-02-15
Stand.dey.

N-3

N-3

N-3

N-3

N-3

N-3

N-3

53·02-31
N - 314 Stand.dey.

w....



PI-U2-61 50.19 3.10
N-1I3 Stand. dey.

Table 3. Continued.
#analyses Sample #

PI-U2-1

N-7/8 Stand. dey.

13.17 14.58 0.25 0.25 0.0490 0.0130 0.0335
0.0050 0.00 IO 0.0095

1.0

1.0

2.0

2.0

5.0

Crystal.

5.0

0.5

0.0

0.0

54.0

Vesicl,

0.5

Mg#
43.19
0.80

44.18

0.29

43.93
0.14

42.82
0.18

43.71
0.40

39.14 55.0

t
99.90

0.45

~9.70

0.17

99.99
0.13

99.61
0.33

99.74
0.03

0.0210 0.0460
0.0055 0.0145

S CI F

0.1090 0.0256 0.0345

0.0075 0.0090 0.0090

0.1050 0.0190 0.0415

0.0065 0.0035 0.0085

0.0995 0.0200 0.0455
0.0050 0.0035 0.0050

0.1115
0.0015

0.0930 0.0180 0.0460
0.0030 0.0025 0.0160

0.26
0.02

Pp,
0.25

0.02

0.24

0.02

0.25
0.02

0.23

0.02

Kp
0.62

0.04

0.49

0.02

0.55
0.05

0.55
0.03

0.71
0.06

0.71

Nap
2.23

0.08

2.34

0.09

2.28
0.00

2.32
0.06

2.21
0,07

2.30

11.20

0.00

10.96
0.08

CaD

11.02

0.06

11.07

0.06

11.02
0.16

9.65

!IIgD

5.85

5.88
0.03

5.75
0.04

6.01

0.03

5.26

0.15

5.98

0.06

0.18
0.05

0.21
0.03

0.17
0.05

MnD

0.22

0.03

0.21

0.01

FeD

13.69

0.12

13.47

0.07

13.37
0.14

13.68
0.19

13.79
0.16

Alp,
13.38

0.12

13.50

0.05

13.32
0.03

13.45

0.01

13.25
0.05

TiD:
2.80

0.06

2.74

0.03

2.72
0.02

2.77

0.03

2.74
0.04

49.50

0.05

49.88

0.13

49.67
0.09

49.52
0.02

SiO:
49.67

038

PI-U2-2

Stand. dey.

PI-U2-3
Stand. dey.

PI-U2-4
Stand. dey.

PI-U2-21
Stand. dey.

N-213

N-3/4

N=516

N=214

N-2

PI-U2-62
Stand. dey.

49.53
0.03

2.98
0.07

13.25
0.04

14.56
0.23

0.23
0.01

5.64
0.01

10.12
0.07

2.45
0,07

0.72
0.01

0.33
0.04

0.1260 0.0240 0.0265

0.0050 0.0040 0.0015
99.99
0.27

40.85
0.33

10.0 1.0

v,)
IV Sample # SiO:

PI-U3-2 49.61

N-214 Stand. dey. 0.11

TiD:
2.84

0.01

AlP.,
13.46
0.07

FeD

13.61

0.03

MnO

0.23

0.03

MgD

5.71

0.03

CaO

11.12

0.23

Na,D
2.41
0,03

K,o
0.46

0.02

P,D,
0.28

0.01

S CI F
0.1125 0.0185 0.0485

0.0060 0.0030 0.0035

t
99.89

0.15

Mg#
42.77

0.20

Vesicl. Crystal.
49.0 7.0

PI-US-22 49.34

N - 2 Stand. dey. 0.05

PI-U5-42 49.71

N - 213 Stand. dey. 0.19

N-2

N-2

PI-U5-61
Stand. dey.

PI-U5-62
Stand. dey.

49.76
0.00

49.98

0.10

2.69
0.02

3.08
0,07

3.01
0.03

3.05

0.03

13.40

0.06

13.22

0.03

13.23
0.05

13.06
0.10

13.82
0.35

13.97

0.01

14.11
0.08

14.12
0,07

0.22

0.05

0.23

0.02

0.22
0.02

0.21

0.07

5.93
0.05

5.33
0.05

5.35
0.03

5.33
0.08

10.95

0.09

9.74

0.16

9.92
0.06

9.80
0.14

2.41
0,04

2.74

om
2.76
0.05

2.82

0.01

0.69

0.03

0.44

om
0.45
0.00

0.44

0.00

0.24

0.02

0.29

0.06

0.31
0.01

0.30

0.00

0.1075 0.0450 0.0320

0.0145 0.0060 0.0095

0.0835 0.0240 0.0485

0.0085 0.0050 0.0070

0.0770 0.0295 0.0460
0.0045 0.0015 o.oios
0.0785 0.0350 0.0440

0.0110 0.0015 0.0160

100.11

0.33

98.92
0.35

99.29
0.04

99.25

0.03

43.34

0.84

40.48

0.20

40.32
0.26

40.21

0.25

38.0

50.0

69.0

59.0

0.5

10.0

0.5

'0.5

PI, LS-2* 48.90 2.92

S3, LS-3* 49.30 3.00

P2, LS-5* 49.50 2.91

S4, LS-6* 49.00 3.02

12.70 13.60 0.27

12.80 13.70 0.27

12.90 13.60 0.23

12.50 13.70 0.19

10.20 2.50

10.10 2.65

10.10 2.61

9.89 2.62

97.26 41.21

97.95 40.67

98.08 41.48

96.96 40.34

Mg#
41.21

t
97.73

FClSP,D,
0.36

0.37

0.36

0.35

0.36

K,o
0.49

0.45

0.48

0.47

0.48

Na,D
2.71

CaD
10.00

5.29

5AI

5.20

MgD

5.35

5.35

MnD

0.24

FeD

13.60
A~D,

12.80

TiD,

2.98
SiD:

49.20

Sample #
S2, LS-I*

Individual fan units are designated in accordance to Thordarsonand Self (1993); S, Strombolian and P, phreatomagmatic tephra units
Cr.% , crystal content of sample in vol,% N, number of analyses; Stand. dev., standard deviation (2-sigma). *From K. GrOnvold(I984).
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Fig. 9. Compositional variations in Laki tephra samples. a) Ti02 (wt.%)

variation as a function of MgO (wt. %). Note the strong clustering exhibited
by the Strombolian tephra (filled triangles) and the rough linear trend
defined by the phreatomagmatic tephra (open diamonds). Broken line
defines the compositional field of Laki eruption products. b) FeO (wt.%)
variations as a function of vesicle abundance in tephra clasts.
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Table 4a. Representative analyses of matrix glassfrom Laki lava selvages androotless conetephra.

Lava selvages

Sample Sample # SiO, TiO, AlP, FeO MnO MgO CaO Nap Kp Pp, S CI F 1: Mg# Cr. %

Medial
mg L-21 50.03 3.86 11.84 16.049 0.25 4.66 9.48 2.78 0.57 0.36 0.0435 0.0310 0.0610 loom 34.10 23.0

N-75139 Stand. dey. 0.25 0.08 0.20 0.30 0.04 0.10 0.11 0.08 0.04 0.07 0.0050 0.0100 0.0145 0.41 0.65

mg L-20 49.75 3.78 11.79 16.31 0.27 4.52 9.37 2.78 0.56 0.43 0.0460 0.0270 0.0615 99.68 33.07 32.0

N-16/l1 Stand. dey. 0.22 0.10 0.13 0.40 0.04 0.16 0.17 0.10 0.Q2 0.08 0.0040 0.0045 0.0095 0.10 1.30

mg L-23 50.31 3.79 11.49 16.42 0.26 4.54 9.28 2.97 0.55 0.37 0.0440 0.0230 0.0520 100.11 32.99 30.0

N-3 Stand. dey. 0.11 O.QJ 0.58 0.26 0.05 0.09 0.45 0.15 0.05 0.03 0.0060 0.0010 0.0150 0.38 0.90

Diswl
mg L-24 49.78 3.80 11.85 16.17 0.27 4.69 9.43 2.66 0.55 0.36 0.0490 0.0195 0.0550 99.68 34.05 38.0

N-4'6 Stand. dey. 0.05 0.02 0.06 0.12 0.01 0.05 0.03 0.03 0.03 0.03 0.0005 0.0010 0.0080 0.10 0.36

mg L-25 49.78 3.83 11.78 16.17 0.28 4.68 9.32 2.74 0.54 0.38 0.0470 0.0225 0.0595 99.63 34.01 35.0

N-513 Stand. dey. 0.25 0.06 0.13 0.06 0.03 0.03 0.05 0.04 0.01 0.01 0.0010 0.0015 0.0030 0.42 0.15

Tephra fro',n rootless cones

W Proximal(j\

Sample Sample # SiO, TiO: Alp, FeO MnO MgO CaO Nap Kp P,D, S CI F 1: Mg#

mg RCB-9-3 50.06 3.15 13.28 14.45 0.19 5.25 9.88 2.77 0.44 0.36 0.0740 0.0270 0.0465 99.99 39.32 12.0

N-4 Stand. dey. 0.25 0.05 0.07 0.31 0.01 0.12 0.10 0.06 0.03 0.08 0.0115 0.0070 0.0045 0.19 1.06

mg RCB-9-2 48.81 4.37 13.04 14.81 0.22 4.78 9.70 2.61 0.79 0.73 0.0460 0.0270 0.0395 99.98 37.31 15.0

N-3 Stand. dey. 0.64 0.03 0.18 0.40 0.03 0.24 0.24 0.19 0.14 0.24 0.0030 0.0035 0.0025 0.29 1.29

Medial
Sample # SiO: TiO, Alp, FeO MnO MgO CaO Nap Kp Pp, S CI F I: Mg#

mg RCL-3-1 49.54 3.86 11.69 16.56 0.27 4.64 9.37 2.75 0.58 0.44 0.0335 0.0190 0.0575 99.83 33.31 45.0

N-8/5 Stand. dey. 0.14 0.07 0.25 0.26 0.04 0.07 0.09 0.08 0.02 0.16 0.0030 0.0050 0.0085 0.46 0.39

mg RCL-3-2 49.67 3.94 11.71 16.61 0.25 4.59 9.33 2.75 0.56 0.48 0.0435 0.0250 0.0535 99.99 32.97 45.0

N-8/5 Stand. dey. 0.16 0.08 0.11 0.24 0.02 0.07 0.14 0.08 0.04 0.13 0.0035 0.0075 O.QJIO 0.20 0.51

mg RCL-3A-I 49.48 4.34 11.45 17.69 0.24 4.10 9.03 2.59 0.65 0.62 100.18 29.22 50.0
N-4 Stand. dey. 0.32 0.21 0.52 0.67 0.01 0.12 0.14 0.11 0.03 0.09 0.35 0.55

mg RCL-41-3 49.86 3.91 11.81 16.26 0.20 4.79 9.50 2.69 0.53 0.46 100.02 34.40 30.0
N-3 Stand. dey. 0.18 0.04 0.19 0.16 0.01 0.14 0.04 0.D7 0.00 0.08 0.35 0.81

mg RCL-42-3 49.71 3.92 11.54 16.67 0.25 4.51 9.19 2.81 0.57 0.40 0.0340 0.0215 0.0540 99.68 32.54 30.0

N-5 Stand. dey. 0.11 0.04 0.07 0.12 0.03 0.04 0.09 0.08 0.02 0.02 0.0050 0.0035 0.0140 0.27 0.32

mg RCL-20A-8 49.86 3.88 11.75 16.34 0.22 4.63 9.36 2.76 0.56 0.39 0.0405 0.0265 0.0495 99.88 33.55 30.0

N-5 Stand. dey. 0.13 0.06 0.11 0.22 0.02 0.06 0.09 0.03 0.02 0.03 0.0035 0.0040 0.0110 0.16 0.58

mg, r-atrix glass; Cr.%, crystal content of sample in vol.%; N, number of analyses; Stand. dev., standard deviation (2-sigma)



Table 4b. Matrix glass and whole-rock composition of Laki lava selvages and rootless cone tephra.

Sample# SiO, TiO, ALO, FeO MoO MgO CaO Nap K,O P,O. S CI F E Mg#
Proximal

Matrix RCB-9-3 50.06 3.15 13.28 14.45 0.19 5.25 9.88 2.77 0.44 0.36 0.0740 0.0270 0.0465 99.99 39.32
Matrix RCB-9-2 .:s.81 ·U7 13.04 14.81 0.22 4.78 9.70 2.61 0.79 0.73 0.0460 0.0270 0.0395 99.98 37.31

wr L-3 50.04 2.78 13.89 13.73 0.22 5.56 10.42 2.45 0.42 0.28 99.79 41.88

Medial

mg L-21 50.03 3.86 11.84 16.05 0.25 4.66 9.48 2.78 0.57 0.36 0.0435 0.0310 0.0610 100.02 34.10
mg L-20 49.75 3.78 11.79 16.31 0.27 4.52 9.37 2.78 0.56 0.43 0.0460 0.0270 0.0615 '99.68 33.07

wr L-42* 49.50 2.51 14.20 13.00 0.22 5.65 10.35 2.70 0.37 0.26 98.76 43.62

mg L-23 50.31 3.79 11.49 16.42 0.26 4.54 9.28 2.97 0.55 0.37 0.0440 0.0230 0.0520 100.11 32.73

mg RCL-mean 49.71 3.99 11.63 16.70 0.24 4.52 9.26 2.74 0.58 0.46 0.0360 0.0230 0.0545 99.89 32.54

wr RCL-tephra 49.42 2.73 13.40 13.88 0.23 5.96 10.65 2.69 0.45 0.41 99.81 43.33
wr RCL-Iava 49.82 2.69 13.38 13.65 0.23 5.91 10.55 2.71 0.46 0.43 99.81 43.56

Dislal

mg L-24 49.78 3.80 11.85 16.17 0.27 4.69 9.43 2.66 0.55 0.36 0.0490 0.0195 0.0550 99.68 34.05

W mg L-25 49.78 3.83 11.78 16.17 0.28 4.68 9.32 2.74 0.54 0.38 0.0470 0.0225 0.0595 99.63 34.01
-...J

Sal-9 49.80 2.74 13.81 13.58 0.22 5.90 10.41 2.69 0.44 0.35 0.0195 0.0130 0.0280 100.00 43.65wr
wr Sal-8 49.75 2.73 13.85 13.16 0.23 5.90 10.37 2.75 0.47 0.29 0.0165 0.0350 99.55 ~.41

CF calculations using RCL'lephra as starting liquid composition (see text for further derails).

wr RCL-tephra 49.42 2.73 13.40 13.88 0.23 5.96 10.65 2.69 0.45 0.41 99.81 43.33

Calc. CF-29%. 50.60 3.72 10.86 16.73· 0.31 4.55 8.85 3.04 0.53 0.56 99.75 32.65

mg RCL-mean 49.71 3.99 J1.63 16.70 0.24 4.52 9.26 2.74 0.58 0.46 99.81 32.54

mg. matrixglass: wr, whole-rock; calc., calculated composition; N, numberof analyses; Stand. dev••standarddeviation(2-sigma)
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Fig. 12. Variation in chemical and physical properties of Laki lava selvages as a
function of distance from source. a) Mg# vs. distance. Solid line indicates the inferred
change in Mg# of lava selvage with distance and broken line indicates the Mg# of
crystalline lava. b) S vs. distance. Broken and solid line indicate inferred changes in
measured (open triangles) and corrected S abundances (pluses), respectively, of lava
selvages with distance. c) Crystallinity vs. distance. Solid line indicates the predicted
changes in crystal content of lava selvage with distance, broken line indicates the pre
eruption crystal content of the Laki magma. In all diagrams the lava selvages are
indicated by open triangles, Strombolian tephra by filled triangles, phreatomagmatic
tephra by open diamonds, and crystalline lava by filled circles.
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Mg# and degree of crystallinity (Figs. 12a and 12c). This correlation implies that the

observed differentiation of the matrix glass is caused by in situ crystallization (or

equilibrium crystallization at a constant total composition) of the liquid lava during

emplacement. If we take the whole-rock composition of the RCL-tephra as the starting

liquid composition and allow ....30 % crystallization of the observed groundmass mineral

assemblage of the lava selvages and rootless cone tephra (plagioclase (An70); augite

(Wo40En4sFslS);: olivine (F070) in the fractions of 0.4, 0.4, and 0.2, respectively), the

calculated liquid composition is in fair agreement with the mean composition of the

matrix glass of the RCL-tephra (Table 4b). It is interesting and important to note that

FeTi-oxides are not present in the groundmass mineral assemblage of these samples,

which is consistent with the strong FeO and Ti02 enrichment observed in the matrix

glass. The absence of FeTi-oxides implies that the emplacement temperatures of the

lava were above the FeTi-oxides liquidus temperatures. In addition, because the

elements S, CI, and F are incompatible with the crystallizing phases, their concentration

gradually increases in the remaining liquid as crystallization progresses. This simple

chemical process is complicated by the fact that the lava loses a fraction of these

elements through degassing (especially S), but at the same time the strong FeO

enrichment is likely to increase the solubility of sulfur in the liquid lava (Houghton et

aI., 1974). Consequently, to find the representative concentration of these elements in

the bulk lava (the original liquid) it is necessary to correct for the amount of

crystallization that occurred during the lava emplacement. When corrected, the S, CI,

and F values of samples from the medial and distal part of the lava still show a

remarkable uniformity (Table 5; Fig. 12b).
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Table S. Corrected S, Cl, and F values of Laki lava selvage analyses.

l.iIVII selvag«

Sample # Mg# FeO S s* CI CI* F F* :EVolat, :EVolll'*.
1.-20 33.07 16.31 0.0460 0.0375 0.0270 0.0220 0.0615 0.0500 0.1:l45 0.1090

N-I6I11 1.30 0.40 0.0040 0.0030 0.0045 0.0040 0.0095 0.0075 0.0130 0.0105

1.-21 34.10 16.05 0.0435 0.0330 om10 0.0235 0.0610 0.0460 0.1335 0.1010
N-75/39 0.65 030 0.0050 0.0040 0.0100 0.0075 0.0145 0.0110 0.0170 0.0130

1.-24 34.05 16.17 0.0490 o.oass 0.0195 0.0145 0.0545 0.0395 0.1235 0.0895
N-416 0.36 0.12 0.0005 0.0005 0.0010 0.0010 0.0080 0.0055 0.0085 0.0060

1.-23 n.n 16.42 '0.0440 0.0340 0.0230 0.0175 0.0520 0.0400 0.1190 0.0915
N-3 0.90 0.26 o.ooso 0.0045 0.0010 0.0010 0.0150 0.0115 0.0170 0.0130

1.-25 34.01 16.17 (l.O470 O.0:l50 0.0225 0.0165 0.0595 0.0440 0.12l)(l 0,0<)55
N-5/3 0.15 0.06 0.0010 0.0010 0.0015 0.0010 0.0030 0.0025 0.0040 0.0030

Rootless cone tephra

RCB-9-3 39.n 14.45 0.0740 0.0660 0.0270 0.0240 0.0465 0.0415 0.1475 0.1315
N-4 1.06 0.31 0.0115 0,0105 0.0070 0.0065 0.0040 0.0040 0.0130 0.0115

RCB-9·2 37.31 14.81 0.0460 0.0400 0.0265 0.0230 0.0395 0.0345 0.1125 0.0975
N-3 1.29 0.40 0.0030 0.0025 0.0035 0.0030 0.0025 0.0020 0.0045 0.0040

RCL-3-1 33.31 16.56 0.0335 0.0230 0.0190 0.0130 0.0575 0.0395 0.1095 0.0755
N-8/5 0.39 0.26 0.0030 0.0020 0.0050 0.0035 0.0085 0.0060 0.0055 0.0040

RCL-3-2 32.97 16.61 0.0435 0,0300 0.0250 0.0170 0.0535 0.0370 0.1220 0.0840
N-8/5 0.51 0.24 0.0035 0.0025 0.0075 0.0050 0.0110 0.0075 0.0105 0.0075

RCL-42-3 n.54 16.67 0.0340 0.0260 0.0215 0.0165 0.0540 0.0415 0.1095 0.0840
N-5 0.32 0.12 0.0050 0.0040 0.0035 0.0030 0.0140 0.0110 0.0160 0.0125

RCL-20A-8 33.55 16.34 0.0405 0.0310 0.0265 0.0205 0.0495 0.0380 0.1165 0.0895
N-5 0.58 0.22 0.0035 0.0025 0.0040 0.0030 0,0110 0.0085 0.0120 0.0095

* corrected values;N. number of analyses
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Estimates ojvoiatile release by the Laki eruption

Several studies (Rose, 1977; Oskarsson et al., 1984; Devine et al., 1984;

Sigurdsson et al., 1985; Metrich et al., 1991) have clearly demonstrated the validity of

the petrologic approach to evaluate the potential atmospheric sulfur yield from

eruptions, although the applicability of the method may depend on pre-eruption

conditions in the magma source region. Recent studies (Wallace and Gerlach, 1994;

Gerlach et al., 1994; 1995) suggest that the petrologic method may not be applicable to

eruptions where the pre-eruptive magma evolution is complicated and where mixing of

magmas of significantly different composition occurs or magma evolution occurs under

highly oxidizing conditions.

Our approach is a modified version of that presented by Oskarsson et aI. (1984)

and Devine et al. (1984), and the major steps and assumptions are outlined in some

detail below.

The pre-eruption volatile concentration is represented by glass inclusions

retained in the phenocryst assemblage of the erupted magma: Crystals forming in

magma residing in a reservoir in the lithosphere often enclose small magma droplets

that become trapped and isolated from their surroundings (Fig. 13). Such magma

droplets are found as glass inclusions in the phenocryst assemblage of the erupted

magma. When not affected by surface alteration, post-entrapment crystallization and/or

loss of volatiles, these glass inclusions represent the state of the magma at depth prior to

eruption and, therefore, should reflect the concentration of dissolved volatiles in the

magma.

Volatile concentrations in the products of various phases (tephra, glassy and

crystalline lava) ofthe eruption are a measure of the amount ofgases released into the

atmosphere by the erupted magma: As the magma rises from the reservoir to the

surface in an eruption, it exsolves volatiles which escape into the atmosphere at various
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stages during the eruption. In fissure eruptions such as Laki, the release of volatiles by

the magma can be viewed as occurring in two main stages (Figs. 13 and 14): a)

degassing of magma at the vents which occurs mainly through Strombolian explosive

activity or Hawaiian-type lava-fountaining; b) degassing of magma during and after

lava emplacement. Thus, it should be possible to obtain information on the degree of

degassing during an eruption simply by analyzing the amount of volatiles retained in

the products of each phase. For this to be valid, crystallization of magma as it passes

through each stage must be accounted for; if it is not, and, for instance, a significant

proportion of the magmatic volatiles exsolve to form a separate volatile phase before

eruption (as apparently happened at the 1982 EI Chich6n and 1991 Pinatubo volcanoes;

Gerlach et aI., 1995), then the petrologic method will give a minimum value for the

total amount of volatiles liberated by an eruption.

The types of samples collected for analyses are shown schematically in Figure

13. It is assumed that a) the concentration of volatiles in glass inclusions reflects the

original amount of volatiles dissolved in the erupting magma; b) volatile concentration

in rapidly cooled pyroclasts and glassy selvages of proximal lava units are indicators of

the amount that did not escape from the magma as it emerged from the vents; c) glass

selvages from base of lava flow units and tephra clasts from the rootless cone deposits

indicate the amount of volatiles in the liquid lava upon emplacement at the given

distance from source; d) crystalline lava contains the volatiles that did not escape from

the lava into the atmosphere.

If the total mass of eruptives equals the amount of magma that effectively

contributes to the volatile emission during an eruption, which is the case for an eruption

such as Laki featuring open-vent fire-fountaining and forming degassed lava, then the

overall volatile budget of the eruption can be represented by the schematic model
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Fig. 13. Schematic illustration of the Laki eruption viewed from the southwest showing
the type of samples (dots) collected for this study and their relationship to the degassing of
the magma during various stages of the eruption (not to scale). Toe gas columns and
plumes generated by the magma degassing are shown as fine stippled areas. Distal haze
denotes the gas liberated at the vents and carried to high altitudes by the eruption columns,
local haze denotes aerosols produced by fumes rising from the lava flow. Glass inclusions
in phenocrysts represent the undegassed magma fraction residing in a reservoir at depth
prior to eruption. Matrix glass of phreatomagmatic tephra represents partly degassed
magma that froze in the feeder dike due to interaction with external water. Matrix glass of
Strombolian tephra represents magma that degassed at the vents. Lava selvages
characterize magma that has gone through the stage of vent degassing, and in addition, has
liberated a fraction of its remaining volatiles as the lava flowed away from the fissures.
Crystalline lava denotes magma that has gone through the stages of vent and lava
emplacement degassing and has lost an additional fraction of its volatiles during cooling
and crystallization. It also contains the residue, or the amount of volatiles that did not
escape from the lava into the atmosphere.
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Eruption column and Distal haze

Volatiles released
at the vents

Atmosphere

Local haze
Volatilesreleased by the lava

ffil+c = MI (vCvc)

Fig. 14. Illustration outlining a volatile budget model for effusive basaltic fissure
eruptions. 1) Hypothetical magma reservoir containing magma of the mass M; (taken here
to be equal to erupted volume of magma) and total mass of dissolved volatiles m,.; the
measured concentration of volatiles in glass inclusions, Vb represents the concentration of
volatiles dissolved in the magma. The total mass of volatiles in the magma reservoir is
given by the lowermost equation. 2) Quenched magma fraction due to interaction with
external water, represented by phreatomagmatic tephra at the surface containing volatile
concentrations vP' 3) Vent accumulations of pyroclastic material with concentrations of
volatiles vt' which represents the volatile fraction of mr that did not escape the magma as it
emerged from the vents. 4) Eruption column (lava fountain plus convecting plume)
containing total mass of volatiles released at the vents, my, as given by the uppermost
equation. 5) Lava flow of mass M[ and volatile concentration VC' 6) Mass of volatiles,
m[+c' released by the outgassing of lava during and after emplacement is given by the
middle equation.
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illustrated in Figure 14. The total mass (mr) of individual volatile species dissolved in

magma residing in a reservoir at depth and effectively involved in the eruption is:

. where M; is mass of magma erupted and Vi is the measured concentration (wt.%) of the

gaseous elements in inclusions. The total mass (mv) of each volatile species that

escapes from the magma at the vents and is dispersed into the atmosphere by the

eruption column is estimated by:

where Vt is the averaged concentration of the gaseous species measured in samples from

the tephra deposit and the glassy selvages of proximal lavas. Similarly, the mass

released into the atmosphere by gaseous emissions from the lava during (mi) and after

(mc) emplacement is estimated according to:

m; =(Vt - v/)M/

me =(v/- vc)M/

where V/ and Vc is the concentrations of the gaseous species in glassy lava selvages and

crystalline lava, respectively. M/ is total mass of lava.

One of the fundamental arguments made here is that the degassing of the erupted

magma occurs in two separate stages, first at the vents and then later during lava

emplacement, as originally proposed by Oskarsson et al. (I 984). This argument is

supported by several lines of evidence that relate to the dynamics of the Laki eruption,

as will be discussed in further detail below.

Application

The elemental concentrations used here to calculate the amount of volatiles

released in various stages of the Laki eruption are presented in Table 6. The averaged

S, Cl, and F values are from this study except for that of crystalline lava, where the

sulfur value is from Oskarsson et al. (I984) and the chlorine and fluorine values are
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from Sigvaldason and Oskarsson (1986). The values for H20 and C02 are from

Oskarsson et aI. (1984). The elemental concentrations of the inclusions imply that the

total amount of volatiles dissolved in the Laki magma prior to eruption was in the range

of 1.7-1.8 wt.% and that the C02 concentration (8532 ppm) was well above the

saturation limit for a magma reservoir depth of 5-10 km (Sigmarsson et al., 1991;

Thordarson and Self, 1993a). The mass of each volatile species carried by the erupting

magma to the surface is calculated by:

mr=MrVi= Vr (km3) p(kgm-3) xv;(wt.%)II OO

where Vr is total volume erupted, taken here as 15.1 km3 (Thordarson and Self, 1993a),

p is the magma density, 2750 kg m-3 (Metrich et aI., 1991), Vi is the measured

concentration of individual elements (wt.%) in glass inclusions and x is the factor

required for converting the element to the assumed principal compound present in the

magma (i.e., S02, HCl, and HF). As an example, the average inclusion value of sulfur,

1675 ppm (0.1675 wt.%), transforms into ....139 Mt of S02 carried from depth to the

surface by the erupting magma (Table 7; Fig. 15).

The total mass of volatiles (mb) released by the eruption is taken as the difference

between the inclusion value and the amount retained in the solidified eruption products

(ms), or:

mb= m; - ms = (MrVi) - (VtMt + VcMl)

where M, is the mass of tephra and other symbols are as defined previously. Applying

these calculations suggests that more than 85% of the S02, H20 and C02 escaped from

the magma during the eruption (Table 6) and that the total amounts released were ....139

Mt S02, ....263 Mt H20, and ....354 Mt C02 (Table 7). The fractions of HCI and HF

released are considerably smaller, or ....50% of the total mass originally dissolved in the

magma and implies that the mobility and solubility of Cl and F in the erupting liquid is
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governed by somewhat different physio-chemical processes. Accordingly, the Laki

eruption liberated a total of 6.8 Mt and 15.3 Mt of HCI and HF, respectively. The total

volatile release by the eruption was close to 730 Mt (Table 7).

The S concentration (944 ± 217 ppm) in the phreatomagmatic tephra falls in

between that of the inclusions and the Strombolian tephra, which is consistent with it

representing partly degassed magma fragmented at depth within the conduit due to

explosive interaction of water and magma (see below). The uniform S, CI, and F

concentrations of the Strombolian tephra and their similarity to values measured in the

proximal lava samples (Table 4) implies that they are representative of the volatile

concentration in the magma as it flowed away from the vents. Consequently, the

difference between the inclusion values and the Strombolian tephra values represents

the volatile fraction released at the vents, signifying that >-70% of the total S02, H20

and C02 was released as the magma emerged from the fissures (Table 7). This

conclusion suggests that -98 Mt S02, -183 Mt 1-120, and -293 Mt C02 were

discharged into the atmosphere above the Laki fissures at times of vigorous explosive

activity. Because the eruption maintained 6-13 km high eruption columns during the

first 5 months of activity (Thordarson and Self, 1993a), the bulk of the volatiles

released at the vents are likely to have been carried to similar heights by the eruption

columns (Fig. 15), feeding the high altitude haze that covered large portions of the

Northern Hemisphere in summer and fall 1783 (Thordarson and Self, 1993b;

Thordarson and Self, 1995a). The vent degassing of HCI and HF is considerably less,

or 19% and 29%, respectively, signifying an upper tropospheric to lower stratospheric

loading on the order of 2.5 Mt for CI and 8.0 Mt for F. The amount of fluorine released

is consistent with the widely dispersed occurrence of chronic fluorosis among Icelandic

live-stock in the months that followed the eruption (Finnsson, 1796: Petursson et al.,

1984).
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Fig. 15. Illustration of the Laki eruption viewed from the southwest (not to scale) showing
the S concentration retained in samples from various eruption stages and the total mass of
S02 dissolved in the Laki magma prior to eruption. Also shown is the estimated S02-yield
by various eruption stages. Other features are as shown on Fig. 13.
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Table6.

a) Averaged concentration (in ppm) of volatile species in the Laid eruption products.

S CI F H2O CO2

Inclusions
Laid type (vi) 1675 310 665 6325* 8530* 17,505

±270 ±60 ±95

Tephra
Strombolian (VV 500 250 480 1915* 1480* 4660

±90 ±70 ±95

Lava
Lava selvage (vI> 350 185 445

±30 ±55 ±80
Crystal. lava (vd 195* 150* 315* 620* 100* 1380

Total in solidified eruption products
Lava + tephra (vs) 205 150 320 655 135 1465

flO ±5 flO

b) Volatile abundances (in ppm) used in mass balance calculations:

~S ~Cl ~F ~H20 ~C02 ~I:

Vi - Vs = 1470 160 345 5670 8395 16,040

Vi - Vt= 1175 60 185 4410 7050 12,845

Vt - VI = 150 65 35

VI- Vc = 155 35 130 1260" 1345" 3280"

c) Estimates on degree of magma degassing at various eruption stages.

S CI F H2O CO2 I:

Vi - Vs"" 88% 51% 52% 90% 98% 92%

Vi - Vt= 70% 19% 27% 70% 82% 74%

Vt - VI = 9% 20% 5%

VI- Vc = 9% 12% 20% 20%" 16%" 18%"

Vs 12% 49% 48% 10% 2% 8%

Vi: Total amount contained in the lava before the eruption.

Vi - vs: Total amount released from magma during the eruption.

Vi - Vt: Amount released at vents.

Vt - VI: Amount released by lava during emplacement.

VI - vs: Amount released by lava after emplacement and during solidification.

vs: Amount retained in solidified lava and tephra.

* From Oskarsson (1984) and Sigvaldason and Oskarsson (1986).
" Calculated as the total amount released by the lava.
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Table 7. Estimates on the mass of volatiles released (in megatons) at various stages in
the Laki eruption.

S02 HCI HF H2O CO2 E

mr= 139.1 13.2 29.1 262.6 354.3 798.3

mb=mr-ms= 122.1 6.8 15.1 235.4 348.6 728.0

mr-mv = 97.5 2.6 8.1 183.1 292.8 584.1

mv-ml = 12.1 2.7 1.5

ml-mc = 12.5 1.5 5.5 52.3A 55.8A I43.9A

ms 17.0 6.4 14.0 27.2 5.7 70.3

mr: Original mass in magma

mb: Total mass released from magma during the eruption.

m- - me: Mass released at vents.

mv - mj: Mass released by lava during emplacement.

mj - mc: Mass released by lava after emplacement and during solidification.

ms: Mass retained in solidified lava and tephra.
A Calculated as the total amount released by the lava.

* Total volume of magma used in the calculations of 15.1 km3 (lava = 14.7 km3; tephra = 0.4 km3) is

from Thordarson and Self (1993a) and the assumed magma density of 2750 kg m-3 is from Mctrich ct
al. (1991).
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The values of the medial and distal lava, which are very uniform after being

corrected for degree of crystallinity (Table 5), can be taken as the fraction of volatiles

contained in the magma upon emplacement in the medial and distal areas of the lava

field. Therefore, the difference in the concentrations of the Strombolian tephra and the

lava selvages should quantify the average mass of volatiles released during lava

emplacement (Table 7). Similarly, the difference between the concentration in lava

selvages and crystalline lava denotes the mass released during cooling and

crystallization of the lava after the flow had stopped its advance. According to these

arguments .....12 Mt S02, .....2.5 Mt HCI, and ....1.5 Mt HF were liberated from the lava

during transport from vents, followed by release of .....12.5 Mt S02, ....2.5 Mt HCI, and

....1.5 Mt HF during cooling and crystallization (Table 7). Consequently, 20-30% of the

total volatile mass released or .....145 Mt was discharged by the lava (Table 7) and

contributed to the formation of a localized low altitude haze (Fig. 15), which was

largely confined to the lower troposphere (Steingrimsson, 1783; 1788).

Discussion

Sulfur degassing and implications for eruption dynamics

The Laki eruption was quite explosive, with intense fire fountaining repeated

each time a new pulse of magma arrived at the surface. This section attempts to explain

this behavior and show how it promoted very efficient release of volatiles at the vents.

Sulfur concentrations (1675 ± 270 ppm) in Laki glass inclusions are consistent with the

observed S-FeO solubility relations in submarine tholeiites (Wallace and Carmichael,

1992; Mathez, 1976), indicating that prior to eruption the Laki magma was near sulfur

saturation (Fig. 16). S concentration in matrix glass of the phreatomagmatic tephra

defines a distinctive trend with sulfur decreasing progressively from 1260 ppm to about

500 ppm with about 1.5 wt.% increase in FeO. This trend primarily reflects the inverse
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relationship of sulfur and vesicularity detected in the phreatomagmatic tephra deposit

(Fig. lOa), demonstrating that degassing was still in progress at the time when the

contact of magma and ground water initiated explosive interaction within the conduit.

The Strombolian tephra samples show identical sulfur concentrations (....500 ppm) to the

most vesicular component of the phreatomagmatic tephra, but in the Strombolian

samples the concentration of S does not correlate with either vesicularity or FeO (Figs.

lOa and 11). The sulfur content of the proximal lava is similar to that of the

Strombolian tephra, whereas the medial and distal lavas possess slightly lower

concentrations, despite the strong FeO and Ti02 enrichment of the liquid lava caused

by crystallization during emplacement. These features imply that the lava contained

....500 ppm S when it flowed from the vents, or alternatively that the magma liberated

~70 % of its sulfur through conduit and vent degassing at times of vigorous explosive

activity. Similar fractions of C02 and H20 were liberated from the magma as it

emerged from the vents (Oskarsson et aI., 1984). Furthermore, data from the medial

and distal part of the lava field show that the lava did not degas significantly during

transport at distances beyond 13 krn, implying that it must have done so at distances

closer to source.

It is apparent from these considerations that the sulfur content of the matrix

glass from various phases of the Laki eruption reflects the progress of magma degassing

during its rise through the crust and transport after emerging from the vents as tephra

and lava.

According to one-atmosphere melting experiments conducted at 1200°C

(Haughton et al., 1974), the saturation solubility of sulfur in basaltic melts with similar

FeO to the Laki magma is in the range of 850 to 1400 ppm. In addition to dependence

on FeD content, oxygen (j02), and sulfur (jS2) fugacities, the sulfur solubility of

basaltic magmas is strongly dependent on temperature, such that a 100°C drop in
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Fig. 16. S (ppm) variation as a function of FeO (wt.%) in Laki samples. Note
apparent negative correlation of Sand FeO shown by phreatomagmatic tephra and
clustering of Strombolian tephra samples (see text for discussion). Open circles:
Laki-type inclusions, asterix: mean of Laki type inclusions, filled diamonds:
inclusions with high MgO content, pluses: inclusions with high FeO content,
crosses: inclusions with high FeO and Ti02 content, open diamonds:
phreatomagmatic tephra, filled triangles: Strombolian tephra, open triangles: lava
selvages, and filled circles: mean of crystalline lava (whole-rock). Heavy broken
line indicates the sulfur solubility trend in submarine basalts as shown by Wallace
and Carmichael (1992) and Mathez (1976). Light broken line shows the
approximate saturation solubility of sulfur at one atmosphere and 1200°C as
defined by Haughton et al. (1974). Large arrows indicate the trend of degassing
during eruption.
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magma temperature will reduce its sulfur capacity by a factor of S-7, when assuming a

constant ratio of !02 and !S2. Accordingly, with an eruption temperature of 1140-

1160°C, the sulfur capacity of the Laki magma at one atmosphere pressure was -400

ppm. It is interesting that this value is similar to the measured sulfur concentrations in

the Strombolian tephra and the matrix glass of the proximal lava, suggesting that

volatile exsolution was primarily driven by decompression as the magma rose to the

surface. Furthermore, this value suggests that volatiles and magma reached a new

quasi-equilibrium at the surface. The large fraction of volatiles released by venting of

the magma, along with the relatively small volume of tephra produced (tephra to lava

ratio = 1/37), implies a very rapid and effective separation of volatiles from magma

during ascent and the probable development of two-phase flow in upper levels of the

feeder dike(s).

It is not readily apparent why the Laki magma discharged more than 70% of its

S02, H20, and C02 at the vents and why a two-phase flow developed during its rise to

the surface. However, there are several lines of evidence that support this conclusion.

First, the Strombolian tephra, which comprises the bulk (>80%) of tephra

produced, is characterized by a very uniform grain-size distribution and is composed of

highly vesicular clasts (60-98 voI.% voids) with the more vesicular grains occurring in

greatest abundance towards the base of each fall unit (Thordarson, 1990; Thordarson

and Self, 1993a). The most vesicular clasts are frothy, reticulite-like grains composed

of an open frame work of three-dimensional polygonal rings «3 mm in diameter)

outlined by non-vesicular glass septae (Fig. 17a), which demonstrates that foam formed

within the magma column as the magma rose to the surface (Proussevitch et al., 1993).

The highly vesicular clasts are commonly partly or wholly coated by a thin (~0.01 mm)

glassy skin with a smooth fluidal outer surface (Fig. 17b), indicating that the outermost

part of each clast was deformed and modified as it was ejected within a hot gas jet.
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Similar reticulite-like clasts are also found in the phreatomagmatic tephra, although in

lesser amounts and always without the fluidal skin (Fig. 17a), implying that foam

development was interrupted within the feeder dike by the explosive interactions that

produced the deposit. It is important to bear in mind that the tephra fall deposit was

produced by multiple explosive events at the beginning of each eruptive episode,

followed by subsequent, more quiescent emission of lava. These considerations imply

that a gas-laden, foam-like, head formed at the top of individual magma batches and

was expelled by each batch as the magma rose to the surface in the beginning of

individual eruption episodes. This recurred at least 10 times during the course of the

Laki eruption.

Secondly, the relatively high magma temperature calculated for the

phreatomagmatic tephra suggests that it was produced by explosive interaction of water

and magma at depth (~1000 m) within the Laki feeder dike. The variable and relatively

high sulfur concentrations of the phreatomagmatic tephra, along with the inverse

relationship between sulfur and vesicularity (Fig. lOa), are consistent with such a

conclusion and demonstrate that degassing was still in progress at the time when

explosive water-magma interactions were initiated. In this context it is also important

to notice that even the non-vesicular phreatomagmatic clasts have lost ~25% of their

original sulfur content.

Thirdly, by utilizing quadropole mass spectrometry, Oskarsson et a1. (1984)

obtained ....8500 ppm C02 from crushed Laki plagioc1ases rich in glass inclusions,

whereas infrared spectrophotometric measurements of primitive olivine-tholeiite glass

inclusions in an olivine phenocryst gave C02 concentrations of only 500 ppm (Metrich

et aI., 1991). The discrepancy between these two measurements has been attributed to

the presence of a free C02-rich volatile phase present in the magma at depth within the

Laki reservoir (Metrich et al., 1991), suggesting that exsolution of volatiles was
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Fig. 17. Scanning electron photomicrographs of reticulite-like (frothy) tephra particles
from Laki. a) Clast from the phreatomagmatic tephra deposit. Scale bar is 1000 prn.
b) Clast from the Strombolian tephra deposit. Scale bar is 1000 urn.
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underway prior to the onset of the Laki eruption. Thus, as the magma began its rise to

the surface, exsolution of volatiles would have been accelerated, liberating mostly C02

in the beginning, but as it approached the surface more and more H20 and S02 would

have entered the volatile phase. This process is consistent with our estimates that C02

was degassed more effectively at the vents than either H20 or S02 (Table 7).

In the light of the above considerations, the course of events as the Laki magma

rose to the surface can be viewed as follows; accelerated volatile exsolution led to rapid

nucleation and growth of bubbles that rose rapidly and coalesced to form a gas-rich

foam head at the top of the rising magma column and could even have led to formation

of a separate gas phase rising ahead of the magma. Consequently, a slug regime may

have developed in the upper part of the magma column (Carrigan et al., 1992), which

may have enhanced the driving-pressure-gradient within that part of the column to

cause the vigorous explosive activity and fountaining at the beginning of each eruptive

episode. Trailing the foam-head was the more voluminous, less vesicular, but partly

degassed magma, corresponding to the lava-producing phase of the eruption episodes.

Recurrence of these phenomena can explain the episodic nature of the eruption and the

uniformity of the texture and clast morphology of the Strombolian tephra deposits. The

probable dominance of unsteady flow regime within the Laki feeder dike due to rapid

degassing of the magma, implies that the bulk of the volatiles were discharged into the

atmosphere at times of vigorous Strombolian activity. The Strombolian episodes also

produced the highest eruption columns of the Laki eruption (Thordarson and Self,

1993a), and therefore likely to have discharged large quantities of volatiles at or above

the tropopause. Consequently, the effective altitude of atmospheric volatile-loading

from Laki should be similar to the maximum height of the eruption columns. Hence,

using mean column heights derived from linear smoke-stack plume models would
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seriously underestimate the effective altitude of volatile injection from fissure eruptions

such as Laki.

It may be added that our study of the 934 AD Eldgja eruption shows that the

934 AD magma was subjected to a similar degree of degassing as Laki (see Appendix

A-3) and that the Strombolian tephra produced by that eruption exhibits strikingly

similar textural properties (e.g., grain size distribution and clast morphologies) to that

of the Strombolian tephra from Laki. This similarity suggests that identical conduit and

vent processes operated in both events.

Fluorine and chlorine degassing

As shown in Table 6, the CI and F concentrations measured in Laki inclusions

are a factor of two greater than found by whole-rock analyses of crystalline lava

(Sigvaldason and Oskarsson, 1986), although both samples have approximately the

same FICI values, 2.2 and 2.1, respectively. Moreover, the CI and F values in Laki

glass inclusions fall within the same ranges as reported from evolved submarine

tholeiites (Michael and Schilling, 1989), although CI in Laki tends toward the lowest CI

values found in the oceanic basalts, whereas F in Laki is equivalent to the highest F

values. In addition, Laki is characterized by FICI = 2.2, whereas the submarine

tholeiites yield an FICI value between 0.5-1.5 (Schilling et aI., 1980; Michael and

Schilling, 1989). High fluorine (665 ppm) and FICI values for the Laki magma are

consistent with the interpretation of Sigvaldason and Oskarsson (1986) that evolved

basaltic (tholeiitic and alkalic) magmas in Iceland are contaminated by a F-rich crustal

component. Crustal contamination of the Laki magma is also compatible with the

conclusions of Sigmarsson et al. (1991), which indicate that ....20% assimilation of lower

crustal material by a mantle-derived olivine-tholeiite magma is necessary to explain the

overall chemical signature of the Laki products. It should be noted that our CI values

are consistently higher (by a factor of 1.4-1.7) than the values report by Devine et al.
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(1984) and Metrich et al. (1991). This discrepancy may be attributed to the difference

in the counting time used in the analyses. In their analyses Devine et aI. (1984) and

Metrich et aI. (1991) used 100 sec and 60 sec, respectively, whereas we applied 200 and

400 sec in ours. Longer counting time improves the x-ray counting statistics and

consequently the precision of the analyses. In addition, because the CSIRO-trace

program routine minimizes the damage inflicted on the sample caused by long duration

of electron bombardment, the longer counting time does not have any significant effect

on the results (see Appendix A-2). Thus, we believe that our results are representative

of the actual concentrations of CI and F in the Laki eruption products.

Many previous studies based on whole-rock analyses of crystalline lava and

glassy tephra have argued that CI and F are not effectively lost from the magma during

an eruption. These arguments are primarily supported by experimental Cl and F

solubility data, theoretical and model considerations, and the relatively small variation

in measured Cl and F concentrations ($20%) in samples representing various phases in

a single eruption (e.g., Sigvaldason and Oskarsson, 1976; 1986; Aoki and Kanisawa,

1979; Ishikawa et al., 1980; Aoki et al., 1981). However, Metrich (1990) and Metrich

and Clocchiatti (1989) showed by comparing Cl measurements obtained from whole

rock samples from the AD 1763 Etna basaltic fissure eruption and glass inclusions

trapped in olivine crystals, that the magma liberated ,.,45% of its original Cl upon

eruption. Similarly, the results of Devine et aI. (1984) indicate up to 50% Cl-loss by

magmas of intermediate compositions and similar results have been obtained from

products of basaltic fissure eruptions in shallow marine and subaerial environment

(Unni and Schilling, 1978).

Our results show that the Laki magma liberated ,.,50% of its original CI and F

abundances during the eruption. The approximately equal degrees of degassing for

these two elements appear to be consistent with their similar chemical characteristics
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and expected compatibility at magmatic temperatures, especially in basaltic melts free

of apatite and hydrous mineral phases (Carmichael et al., 1974). The validity of our

results can be evaluated by comparing the relative abundances of these elements in bulk

rock and glass inclusions from similar eruptions in Iceland.

For this comparison we use Cl and F measurements of glass inclusions from

Laki and other large volume fissure eruptions in Iceland, namely the AD 934 Eldgja

(Fe-Ti basalt), and ....8500 BP Thjorsa (olivine tholeiite) events (see Appendix 3), and

the Cl and F whole rock analyses of Icelandic olivine tholeiites, quartz tholeiites, and

Fe-Ti basalts from Sigvaldason and Oskarsson (1986). When the corresponding Cl and

F values are plotted against K20 it is apparent that both data sets demonstrate a positive

correlation between F (Cl) and K20, and that the more evolved magmas possess the

higher element abundances (Figs 18a and 18b). In addition, two linear trends are

readily apparent, a well-defined lower group showing the co-variation of F (Cl) and

K20 in crystalline lavas (degassed magmas) and an upper one for the same elements in

glass inclusions (undegassed magmas). Measured tephra and lava glass selvages are

also plotted, and in general, occupy the area between the two trends. The F (Cl)-K20

regression lines for both trends, as shown on Figures 18a and 18b, indicate that the

crystalline lava samples have lost between 40-50% of their original Cl and F content.

Although these evaluations support the conclusion that the Laki magma and magmas

from other subaerial Icelandic basaltic fissure eruptions liberated approximately half of

their CI and F upon extrusion, the results should be regarded as tentative because the

measured inclusions are only representative of three eruptive events. It is interesting

that F appears to have been released more efficiently at the vents than Cl: 27% and

19%, respectively, of the total amount dissolved in the magma (Table 6). The opposite

trend is seen in the degassing of the lava flow, which liberated 32% of the total Cl

dissolved in the magma and mostly during lava emplacement. Approximately half of
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Fig. 18. a) F (ppm) variation as a function of K20 (wt.%) in basaltic magmas in
Iceland. Heavy broken line shows the F-K20 regression line (F = 38.2 +
1319K20, R2 = 0.89) for glass inclusions. Light broken line shows the F-K20

regression line (F = 20.4 + 673K20, R2 = 0.86) for crystalline lava. b) CI (ppm)
variation as a function of K20 (wt. %) in basaltic magmas in Iceland. Open
circles: glass inclusions, filled circles: crystalline lava (whole-rock), pluses:
tephra and lava selvages. Heavy broken line shows the Cl-K20 regression line

(CI = 30.4 + 559K20, R2 = 0.92) for glass inclusions. Light broken line shows

the Cl-K20 regression line (Cl = -29.1 + 445K20, R2 = 0.93) for crystalline
lava.
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the F released was liberated by the lava flow, but mostly after the lava had been

emplaced. These differences are not readily explained, but may be related to the fact

that CI and F content are well below the HCI and HF saturation levels in basaltic melts,

and fluxing driven by other effervescing volatiles appears to be necessary to remove

these elements from the melt (Iwasaki and Katsura, 1967; Rowe and Schilling, 1979).

During the Laki eruption. the relative efficiency of C02 and S02 degassing was

greatest at the vents (Tables 6 and 7), whereas the lava degassing appears to have been

characterized by relatively efficient degassing of

H20. Thus, the observed differences in the degassing history of CI and F may be

related to changes in the main fluxing agent, although other variables such as absolute

temperature and viscosity of the magma during various stages of the eruption may also

be important.

Atmospheric loading ofS02 and rate ofdegassing with time

It is evident from contemporary descriptions in Iceland and Europe that the

highest rates of magma degassing coincided with periods of vigorous activity and peak

magma discharge at the Laki fissures (Thordarson and Self, 1993a; 1995a and Chapter

3 of this thesis). It is therefore reasonable to assume a direct correlation between

magma discharge and rates of degassing.

We use the S02 budget estimates to discuss the rate of degassing and

atmospheric mass loading by the Laki eruption, but the same considerations also apply

to the other volatile species released by the eruption. According to our mass balance

calculations, the total atmospheric S02 yield of the Laki eruption was -122 Mt (Table

7) or approximately 8.0 Mt per km3 of magma erupted. The Laki eruption produced

-9.0 km3 of lava in the first 40 days and tephra which is approximately 60 % of the

total volume produced. Consequently, this implies that Laki released -73.0 Mt of S02

into the atmosphere during this period, which translates into total atmospheric mass
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loading of -1.7 Mt per day. With 70% of this amount liberated at the vents and carried

by the eruption columns to altitudes between 6 and 13 km, the Laki eruption is

estimated to have injected -1.3 Mt per day of S02 into the upper troposphere and the

lower stratosphere during this period. For comparison, the mean annual S02-discharge

by the present Pu'u'O'o - Kupaianaha eruption at Kilauea, Hawaii, is -0.7 Mt (Elias et

al., 1993) or roughly half of the daily output by the Laki fissures. Moreover, the

estimated S02-yield of the May to August 1783 Asama eruption in Japan is 1.0-3.5 Mt

(Thordarson and Self, 1995a; see also Chapter 3 of this thesis) or equivalent to the

amount of S02 released by Laki in 1-3 days. From August to October the Laki fissures

are estimated to have produced -4.0 km3 of lava and tephra, indicating that magma

discharge was reduced to half of what it was during the first 40 days of the eruption

(Thordarson and Self, 1993a). With decreasing magma production at the Laki fissures

in August and September of 1783, estimated as 3.5 km3 in 60 days, the daily S02 yield

of the Laki fissures may have been on the order of 0.5-0.6 Mt, dropping to -0.2 Mt per

day in October and less than 0.1 Mt per day during the waning stages of the eruption.

The Laki lava flow is estimated to have released -25 Mt of S02 into the

atmosphere (Table 7), with an almost equal amount released by degassing of liquid lava

during and after emplacement. This conclusion is consistent with the descriptions of

Reverend Jon Steingrimsson (1783; 1788), which demonstrate that not only did the lava

exsolve gases as it advanced over the land, but that emissions of vapor and other fumes

from the lava (and the fissures) continued for at least two years after the eruption had

come to a halt. The lava emissions were only about one-fifth of the total S02 released

by the Laki eruption and, as demonstrated by Steingrimsson (1783; 1788), the haze

produced by the lava was mostly confined to the lowest levels of the troposphere and

only of a regional extent. Therefore, it is concluded that volatile emission by the lava

was not an important contributor to the widespread volcanic haze produced by the Laki
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eruption, even though it may have added significantly to the volcanic pollution in the

regions closest to the Laki fissures (Thordarson and Self, 1995a; see also Chapter 3 of

this thesis).

A total atmospheric S02 loading of ....122 Mt by the Laki event gives a potential

H2S04-aerosol yield by the eruption of 235 Mt, assuming that the aerosol particles

consisted of 75% H2S04 and 25% H20 (Self et aI, 1995). With 70% of the total S02

released at the vents and lofted by the eruption columns to upper tropospheric and

lower stratospheric levels, this value also implies that the total mass of H2S04-aerosols

that contributed to formation of the widespread and well-known Laki haze ("dry fog")

was on the order of 165 Mt. This is roughly equal to the present annual H2S04-aerosol

production on Earth due to S02 emissions from man-made sources (Park, 1987), an

amount that is potentially hazardous to our environment. The environmental and

climatic effects of the Laki eruption and its atmospheric aerosols are beyond the scope

of this chapter/paper, but are discussed in greater detail by Fiacco et al. (1994) and

Thordarson and Self (1995a; see also Chapter 3 of this thesis).

Summary and conclusions

1. Our results show that detailed sampling and analysis of the products from

various eruption phases can permit the reconstruction of the degassing history of

basaltic fissure eruptions and to evaluation of the amount of volatiles released at

different stages during the eruption. In basaltic fissure eruptions such as Laki, the

degassing of the magma occurs in two stages: a) during its rise to the surface the

magma exsolves a portion of its volatiles, which are injected into the atmosphere by

explosive activity or lava fountaining events at the vents and then carried to various

altitudes by the associated eruption columns. This volatile portion can produce a

widespread volcanic haze, similar to that produced by the Laki eruption, b) as the lava
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emerges from the vents it carries the portion of the volatiles that was not liberated at the

vents and slowly releases considerable quantity of these gases into the atmosphere.

This portion produces boundary-layer haze of regional extent.

2. Using the measured S concentrations in glass inclusions contained in Laki

phenocrysts and matrix glasses of tephra and lava selvages, we estimate the total

atmospheric S02 mass loading to be 122 Mt, which translates into 235 Mt of H2S04-

aerosols. The measured CI and F concentrations in the same samples indicate that the

atmospheric loading of HCl and HF was on the order of 7.0 Mt and 15.0 Mt,

respectively. In comparison the 1991 Pinatubo eruption in the Philippines produced 17

20 Mt S02, equivalent to ....25 Mt of H2S04 (Self et al, 1995).

Furthermore, by applying simple mass-balance calculations we have

demonstrated that more than 70% of the volatile mass liberated by the Laki magma was

released at the vents and carried by the eruption columns to atmospheric altitudes

between 6-13 km. The high degree of vent degassing is attributed to the development

of two-phase flow in the magma conduit, a process that appears to characterize the

eruption dynamics of large volume basaltic fissure eruptions in Iceland. This finding is

of great importance because it implies that basaltic fissure eruptions of large volume

and high magma discharge are able to loft huge quantities of gaseous aerosols to

altitudes where they can reside for months or even years. The atmospheric volatile

contribution due to degassing of the Laki lava flow is only ....22% of the total amount

released by the magma. These gaseous emissions were mostly confined to the lowest

regions of the troposphere and therefore only important on a regional scale.
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Chapter 3. The AD 1783-84Laki eruption, atmospheric and
environmental effects

(This chapter will be submitted as a paper to the journal Global and Planetary Change
with the title: The 1783-84 AD Laki eruption, atmospheric and environmental
effects by Th. Thordarson and S. Self.)

In Chapter 2, I evaluated the volatile yield of the 1783-84 Laki eruption and in

this chapter I will consider the atmospheric and environmental effects of the volatile

emissions with historical, geological, and meteorological accounts.

Introduction

In Europe, 1783 was often referred to as "Annus Mirabilis" (Year of Awe),

because of the coincidence of several large-scale natural disasters, such as volcanic

eruptions and earthquakes, and because of the extraordinary state of the atmosphere

associated with a widespread haze that caused great public concern in Europe

(Steinth6rsson, 1992). A very strong earthquake struck in southern Italy on 5 February,

marking the onset of a seismic episode that lasted well into the summer (Hamilton,

1783). In late February 1783 a submarine eruption of the southwest coast off Iceland

formed a new island, named Nyey (Stephensen, 1783; Thoroddsen, 1925; Thorarinsson,

1965, Jakobsson, 1975). On 8 June, the great Laki eruption began in Southern Iceland,

producing a widespread sulfuric haze that hung over the Eurasian continent for about 3

5 months and coincided with occurrences of unusual optical phenomena and abnormal

weather in the summer and fall of 1783 (Thoroddsen, 1914; 1925; Thorarinsson, 1979;

1981; Thordarson et al, 1992; Thordarson and Self 1993a; 1993b). These events caught

general interest to such an extent that contemporary European newspapers and science

journals published many articles on these phenomena, most commonly mentioning the

earthquakes in Italy, the Nyey eruption, and the as-then-unexplained haze

(Steinth6rsson, 1992). In addition, Mt. Asama in Japan erupted intermittently from

66



May to August, (Aramaki, 1956; 1957), and a small eruption took place at Vesuvius in

August 1783.

The atmospheric and climatic impact of the Laki eruption has not been studied

comprehensively, although evidence has been presented suggesting that it had marked

effects on the atmosphere and the weather in the 1780s (Traumiiller, 1885; Thoroddsen,

1914; 1925; Lamb, 1970; Thorarinsson, 1979, 1981; Sigurdsson, 1982, 1990; Angell

and Korshover, 1985; Wood, 1984; 1992, Steinth6rsson, 1992b, Thordarson et aI.,

1992; 1993; Thordarson and Self, 1993a; Fiacco et al., 1994). The contemporary

literature contains a wealth of information regarding the Laki aerosol cloud and the

sources of this information are in a variety of publications, mostly from locations in

Europe, but a few are from other regions of the Northern Hemisphere. In this study I

have compiled the available historical records containing information on the state of the

atmosphere during the Laki eruption (presented here in appendices B-1 to B-5).

Included are numerous obscure contemporary accounts containing valuable information

regarding the dispersal and characteristics of the Laki aerosol cloud that previous

studies did not consider. A comprehensive documentation of the atmospheric impact of

the Laki eruption is now warranted considering recent discussions on climatic forcing

by volcanic eruptions. This work also provides a data base for further studies of the

atmospheric impact of Laki and other similar volcanic eruptions.

Consequences ofthe Laki eruption

Thordarson and Self (l993a) discussed the volcanological aspects of the Laki

eruption which lasted for eight months, 8 June 1783 - 7 February 1784 and produced

one of the largest basaltic lava flows in historic times, 14.7 km3 ± 1 km3. In addition, it

emitted 0.4 km3 (DRE) of tephra. The first one and a half months of the Laki event

was the time of most vigorous activity and the fissures emitted approximately 60% of

the total erupted volume. With the intensity of the eruption declining slightly but
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steadily during the next three months, almost 90% of the total volume had emerged

from the fissures by the end of October.

Because lava-producing eruptions do not normally produce high ash columns

and the injection of gases and solid ejecta is confined to the troposphere, such eruptions

have received much less attention than their explosive counterparts in studies on the

potential climatic forcing by volcanic events. Consequently, their potential for

widespread atmospheric impact has been considered to be negligible. At Laki, however,

eruption columns reached lower stratospheric altitudes (Thordarson and Self, 1993a).

In addition basaltic magmas have relatively high S02 concentrations (Sigurdsson, 1990;

Wallace, 1992), and therefore the eruptive S02-yield is potentially much greater than

that of more evolved magmas, which makes Laki a candidate for considerable

atmospheric release of S02. Lower atmospheric aerosols have relatively short

residence times (Jaenicke, 1984) but are continually replenished which occurred during

the prolonged large-volume Laki fissure eruption; therefore, the eruption can maintain

elevated concentrations of aerosols, particularly sulfuric acid.

During 1783-84 a pall of dry fog (sulfuric haze) hung over Iceland, the North

Atlantic, Europe, North Africa, parts of Asia, and possibly North America, for four to

five months, with severe consequences (Bryant, 1783; Cotte, 1783; Christ, 1783;

Jonsson, 1783; Lande, 1783; Lamanon, 1783; De Golft, 1783; Magnusson, 1783;

Soulavie, 1783; Steingrimsson, 1783a; 1788; Swinden, 1783; Franklin, 1784; H61m,

1784; Melanderhjelm, 1784; Palsson, 1784; Renovantz, 1988; Traumuller, 1885;

Thoroddsen, 1914; 1925; Lamb, 1970; Thorarinsson, 1979; 1981; Sigurdsson, 1982;

Steinth6rsson, 1992a; Thordarson et al. 1992; 1993; Wood, 1984; 1992). The

earthquakes in Calabria, Italy were a common contemporary explanation for the

occurrence of the dry fog (e.g., Cotte, 1783; Swinden, 1783; Melanderhjelm, 1784);

another was evaporation of fumes from the soil supposedly caused by the extreme
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summer heats (Lamanon, 1783; Soulavie, 1783), but outside of Iceland the French

naturalist M. Mourgue de Montredon (1784) can be credited for being the first to tie the

dry fog in Europe to the volcanic activity in Iceland; he did so in his lecture on 7

August 1783 at the Royal Academy of Montpellier, France (Steinth6rsson, 1992).

Professor Christian G. Kratzenstein at the University of Copenhagen (H61m, 1784) and

the German naturalist Johann L. Christ (Christ, 1783) put forward similar explanations

later in 1783. The immediate effects of the tropospheric part of the Laki haze (sulfuric

aerosol cloud) as experienced in Europe and Asia, were unusual wet and dry deposition

that caused plants to wither and was identified as sulfuric acid (Swinden, 1783). In

addition, unusual and extreme weather prevailed, which several authors attributed to the

Laki haze (e.g., J6nsson, 1783; Lande, 1783; Lamanon, 1783; Magnusson, 1783;

Montredon, 1783; Soulavie, 1783; Steingrimsson, 1783a; 1788; Swinden, 1783;

Palsson, 1784; Franklin, 1784; White, 1789). July and early August 1783 in Western

and Northern Europe included relatively long periods of hot and dry weather

(Melanderhjelm, 1784; Swinden, 1783; Soulavie, 1783; White, 1789; Kington, 1978)

often interrupted by unusually intense thunderstorms and hailstorms (e.g., Lamanon,

1783; Soulavie, 1783; Cotte, 1783).

Different and longer-lasting effects of the Laki event and its haze were the

extremely cold weather that followed the eruption, as recognized by several authors at

the time (Svendborg, 1783; Th6rarinsson, 1783; P. Petursson, 1783; Arn6rsson, 1783;

H. Jakobsson, 1783; Steingrimsson, 1783; 1788; Franklin, 1784; Palsson, 1784; 1794;

Finnsson, 1796). This cooling lasted for at least three years after the eruption (Angell

and Korshover, 1985; Thordarson et al., 1993). It has been suggested (e.g., Wood

1984; 1992) that the observed climatic effects of the Laki event may differ considerably

from those associated with more explosive eruptions, where the aerosol loading is

predominantly stratospheric. These differences may especially be attributed to the
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immediate effects of the tropospheric part of the haze, a phenomenon usually not

recognized as an important climatic modifier but which can have damaging effects over

large areas and is therefore of concern to modem communities.

Volatile release from the Laki eruption

Eruption columns reached maximum heights of 10-13 km during periods of

vigorous activity at Laki (Thordarson and Self, 1993a). The mean discharge during the

first five months of activity was about 1-2.5 x 103 m3s- l , giving calculated mean

eruption column heights of 5-6 km above sea level in a dry atmosphere (Thordarson

and Self, 1993a). More recent calculations by Woods (1993), in which he accounts for

the effects of atmospheric moisture on convective updrafts in a rising column, give

higher values of 7-9 km. These results indicate that for the first three to five months of

activity the eruption maintained a plume composed of fine ash and volatiles reaching

altitudes among 7 and 13 km (Fig. 19), implying that Laki injected great quantities of

this material into the westerly jet stream that dominates the upper troposphere and

lower stratosphere circulation at latitudes 30-70oN (Lamb, 1970; Iribame and Cho,

1980; Jonsson, 1990). Studies on historic and prehistoric tephra layers in Iceland and

distal transport of ash and dust from recent Icelandic eruptions have shown that the

associated plumes are most commonly transported to the east. Estimates of the travel

time of volcanic plumes from Iceland to northern and/or western Europe are in the

range of 16 to 50 hours (Nordenskjold, 1876; Mohn, 1878; Thorarinsson, 1949; 1954;

1967; 1968; Lamb, 1970). Such travel times are consistent with the dominant eastward

dispersal of fine ash and aerosol droplets from the Laki fissures (see discussion below).

Consequently, injection of material into the upper troposphere and lower stratosphere

appears to have been the primary mechanism for the distal ash fall in Europe and the

persistent dry fog experienced in Europe, northern Africa and western Asia during the

summer and fall of 1783 (Thordarson et al., 1993; Fiacco et al., 1994).
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Fig. 19. Schematic illustration (not to scale) portraying the Laki eruption column and
the down-wind plume. Also shown is the maximum height reached by the column and
its main particulate constituents.
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The total pre-eruptive volatile concentration in the Laki magma amounted to 1.6

wt.% (Oskarsson et al., 1984). Previous petrologic estimates of the amount of sulfur

released by the Laki event range from 44 to 57 megatons (Mt) (Sigurdsson, 1982;

Oskarsson et aI., 1984; Devine et aI. 1984), after correction for new volume estimates

for the Laki eruption products (Thordarson and Self, 1993a). More recent petrologic

estimates give 120-126 Mt (Metrich et al, 1991; Thordarson et aI., 1993; 1995, see also

Chapter 2 of this thesis), equivalent to ...235 Mt of H2S04-aerosols, a considerably

larger amount than previously estimated. Estimates of aerosol mass (H2S04) loading

by the Laki event, based on ice-core acidity data, range from 100 Mt (ice-cores from

the Crete-site only; Hammer 1977a) to 280 Mt when data from all available cores were

used (Clausen and Hammer 1988). Recent studies have demonstrated that the 1784

H2S04-acidity-peak in Greenland represents the stratospheric component of the Laki

aerosol cloud and that the cloud was confined to latitudes above 300N (Lamb, 1970;

Thordarson et aI., 1993; Fiacco et al., 1994). This sub-hemispheric dispersal of the

Laki aerosol cloud, together with the relatively low eruption columns (7-13 km),

implies that previous ice-core estimates on the H2S04-mass loading by Laki are too

large because they assume that the bulk atmospheric injection of gaseous material

occurs at altitudes greater than 10-15 km and a global dispersal of the aerosol cloud.

On the basis of these considerations, the stratospheric H2S04 mass loading of Laki may

have been in the range of 30 to 90 Mt (Fiacco et aI., 1994), suggesting that more than

60 % of the Laki aerosol mass was confined to the troposphere. Purthermorev--70% of

the total S02 released by the magma was liberated at the vents, which then rose in the

eruption columns to various altitudes within the atmosphere, and the lava flow released

...15% of the S02 to form a localized lower troposphere haze (confined to Iceland and

the surrounding ocean). Thus, in the first one and half months the atmospheric S02

loading above the Laki vents amounted to ...1.3 Mt per day, which is double the average
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annual S02-output by the present Pu'u '0'0 - Kupaianaha eruption at Kilauea, Hawaii

(Thordarson et al., 1995; see also Chapter 2 of this thesis). In August, the S02-daily

output rates were -0.5-0.7 Mt, which reduced to -0.2 Mt over the next 2 months and

then to less than 0.1 Mt per day in the waning stages of the eruption. These

considerations along with contemporary reports on the occurrence of haze (see below),

suggest that the large quantities of S02 liberated during times of peak activity must

have been carried up to altitudes in the range of 5 to 13 km and then dispersed by the

meandering westerly jet stream to various regions of the Northern Hemisphere.

Other eruptions in 1783

Nyey, Reykjanes Ridge, Iceland: In late February to early March 1783 a

submarine eruption occurred on the Mid-Atlantic Ridge (-63°17'N; 24°11'W), -50 km

southwest of the Reykjanes Peninsula in Iceland (Stephensen, 1783; Thorarinsson,

1965; Jakobsson, 1975). The eruption lasted into the summer of the same year.

Eyewitnesses in May 1783 saw the associated eruption column from a distance of -40

km (Thorarinsson, 1965), and the eruptive activity had formed an island -3 km long,

with a line of three cones around the active vents. These descriptions suggest that the

subaerial portion of Nyey was similar in size to, but probably somewhat smaller than

Surtsey off the south coast of Iceland, formed by submarine volcanic episodes between

1963 and 1967. The subaerial volume of Surtsey is -0.2 km3 and it is likely that the

volume of subaerially erupted magma from the Nyey eruption was similar. Depth

soundings made before and after the Nyey eruption, along with recent bathymetric

maps of the ocean bottom at the Nyey eruption site, suggest that the total volume of

erupted magma may have exceeded I km3. Considering the small volume of magma

injected into the atmosphere and relatively short duration of the subaerial activity, it is

very unlikely that the contribution of the Nyey eruption to the 1783 volcanic haze was
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of any significance. In addition, Icelandic records do not contain any descriptions that

relate production of volcanic haze to the Nyey eruption.

Asama, Japan: Mt. Asama in Japan erupted intermittently from May to August,

producing a total of 0.3 km3 (dense rock equivalent) of lava and tephra (Aramaki,

1956; 1957). Glass inclusions and matrix glasses from Asama products contain 1400

3500 ppm sulfur and 400 ppm sulfur, respectively (Tadokoro and Yamaguchi, 1993),

suggesting that Asama released -1.0-3.5 megatons of S02 (Thordarson, 1995), which

under normal conditions would be a conspicuous contribution but was an insignificant

amount at the time compared to the mass released by Laki.

The February earthquakes in Calabria instigated short-lived gas emissions from

the Central Crater ofEtna (Chester et al, 1985) and at the same time activity increased

at Stromboli and Vulcano (Camuffo and Enzi, 1995). A moderate size eruption

occurred at Vesuvius on 18 August 1783, and small eruptions continued intermittently

for the next 3 years. It is likely that the activity of these Italian volcanoes added to the

volcanic pollution above Italy and thus may have enhanced the effects of the Laki haze

(Camuffo and Enzi, 1995).

We argue that none of the eruptions discussed above were of a large enough

magnitude to be significant contributors to the widespread volcanic haze of 1783,

although their effects may have been important on a local scale. In addition, the

observed first appearance of the widespread volcanic haze over Europe and other

locations in the Northern Hemisphere is consistent with the onset of the Laki eruption

and the amount of S02 released by the eruption, but inconsistent with the timing of the

climax of activity of the eruptions discussed above. Thus, we conclude that the

principal contributor to the volcanic haze of 1783 was the Laki eruption.
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The Laki haze (dry fog) as revealed by historic accounts

Contemporary literature contains wealth of information regarding the Laki

aerosol cloud and is utilized here to evaluate the atmospheric transport, physical

properties, and the immediate effects of the Laki haze (dry fog). The sources

containing this information come from a variety of publications, mostly from locations

in Europe (Appendix B-1), but a few are from other regions of the Northern

Hemisphere. The information contained in these sources and used here are compiled in

Appendices B-2, B-3, and B-4.

First appearance ofthe haze and early developments

During early summer of 1783 the Laki eruption column had reached such

heights that it was seen more than 200 km from source at several locations in southern

and western Iceland (Stephensen, 1783; Magnusson, 1783; Stephensen, 1785),

indicating that at times it extended to altitudes greater than 12 km (Thordarson & Self,

1993a). With time the resulting plume, primarily composed of volcanic gas, dust, and

fine ash particles, covered the whole island with sulfuric haze followed by occurrences

of acid precipitation, red sun, and darkness. However, it is not clear by what means the

haze spread and occupied the atmosphere in different regions of the country. Analyses

of historic accounts show that in most regions of Iceland the appearance of the haze was

without a doubt a direct consequence of the Laki eruption, whereas sources from

Northern and Western Iceland have caused some concern regarding the origin of the

haze, because they most commonly state that the haze was of the greatest intensity

when northerly winds prevailed. As a consequence, speculations on a possible eruption

in the ocean north of Iceland in the summer of 1783 has been reported repeatedly in the

volcanological literature over the past 200 years.

On 8 June, the first day of the Laki eruption, the plume carried sulfuric haze,

ash- and acrid rainfall over the rural districts to the south of the fissures and caused the
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sun to appear blood-red and reduced its natural warmth. In the following days the

inhabitants noticed irritation of the eyes and skin; the fields turned yellow as the grass

withered down to its roots; lesions were found on the legs and mouths of live-stock

(Eirfksson, 1783; Steingrimsson, 1783; 1788). At the same time the withering of grass

and trees, along with sick live-stock was noticed at Skaftafell (Einarsson and Einarsson,

1786), about 60 km east of the Laki fissures (Fig. 20 and Table 8). Southeastern

Iceland was covered by a dark blue sulfuric smoke before 14 June (Bjornsson, 1783),

and in eastern Iceland it may have been first noticed as early as 9 June but not later than

13 June (Sveinsson, 1783; Kristjinsdottir, 1984). In the northern regions of East

Iceland the haze first appeared on 15 June (Thorsteinsson, 1783). In northern Iceland a

thin veil of haze was noticed in the mountains on 12 June, but it was not until 16-18

June (depending on sources) that a very thick haze was carried in over northern Iceland

by northerly winds (S. Th6rarinsson, 1784; J6nsson, 1783; 1785; J. Jakobsson, 1784;

Palsson, 1784; Petursson, 1783; H. Jakobsson, 1784; Arn6rsson, 1784a). In the western

part of the country the reports of first appearance of thick haze are between 16 and 17

June (Stephensen, 1783; Ketilsson, 1783; Lievog, 1783; Sunckenberg, 1783; Petursson,

1784), or at the same time as the thick haze first appeared in northern and northwestern

Iceland. The Southern lowlands, -100 km west of the Laki fissure (Fig. 20), were

completely covered by haze by 15 June (Th6rarinsson, 1783)

Smoky haze was noticed in the region around Nuuk (Godthab) in Greenland in

late June, 1783 and it is inferred from the writings of Sremundur H6lm (1784) that the

Faeroe Islands, the regions along the west coast of Norway, and possibly the northern

tip of Scotland (Caithness) had their first experience of acid rain and ash fall from Laki

around 10 June (Fig. 21 and Table 9).

The occurrence, characteristics, and effects of the haze ("dry fog") produced by

the Laki event as a consequence of its S02-emission and conversion of S02 to H2S04
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aerosols, was documented all over Europe. In addition, its occurrence was reported

from North Africa, Asia, Siberia, West Greenland, and North America (e.g., Swinden,

1783; Franklin, 1784; Lamanon, 1799; Kaemtz, 1845; Traumiiller, 1885; Renovantz,

1788; Thoroddsen, 1914; 1925; Lamb, 1970; Thorarinsson, 1981; Steinth6rsson, 1992;

Wood, 1992; Thordarson et aI., 1993). The Laki haze first appeared in western and

southern Europe between 16 and 19 June (Fig. 21 and Table 9). Characteristically the

early haze is described as being spread in a vast space, relatively thin, and transparent

(De Golft, 1783; Presus, 1783; Soulavie, 1783). However, thick haze was noted on 18

June in Geneva (Senebier, 1783). Moreover, meteorological reports show that the

intensity or the thickness of the haze increased greatly in these regions of Europe

around 23 June (Beguelin, 1783; Heinrich, 1783; Hemmer and Konig, 1783; Maret,

1783; Presus, 1783; Seignette, 1783; Strnadt, 1783). Concurrently, or between 22-24

June, the haze was first noticed in England, in the higher regions of the Alps, northern

and eastern Europe (Fig. 21 and Table 9), and by this time almost the whole of Europe

was covered by a dense and dry fog. It was first noticed in St. Petersburg on 26 June

and on 30 June it was identified in Moscow. The haze appeared towards the end of

June in Tripoli, Lebanon (in 1783 it was part of Syria) and by 1 July it covered the

skies above the Altai Mt. at the border of Russia and China, -7000 km from source.

We cannot trace the first appearance of the haze further, since we have not been able to

find sources from East Asia and North America that specify the first appearance of the

Laki haze, but if Benjamin Franklin's statement that haze covered large regions in North

America (Franklin, 1784) is correct, then it is likely that the haze continued its eastward

migration and may have encircled the whole Northern Hemisphere above latitudes of

30oN.
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Fig. 20. Locations (dots) and date in June 1783 where the first appearance of the Laki
haze was observed in Iceland.
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Table 8. The Laki haze in Iceland: dates of first occurrence as revealed by
contemporary accounts, with comments concerning its appearance.

Location First noticed Comments

SE-Iceland

Districts of 8 June
Sida & Skaftartunga
W-Skaftafellshire

Skaftafell in Orrefi 8 June
E-Skaftafellshire

Klifstadur in Lon <14 June
E-Skaftafellshire

E-Iceland

Djiipivogur 9-12 June
S-Mulashire

Ketilstadir 15 June
N-Mulashire

NE-Iceland

Selland, Fnj6skadalur 18 June
S-Thingeyjarshire

N-Iceland

Khikum 18 June
Eyjafjordurshire

Grund 17 June
Eyjafjordurshire

Eyland 14June
Eyjafjordurshire

At the onset of the eruption fine ash, acrid and salty rain
fell in the district, which irritated and burnt the skin of ani
mals and people. Acid content of rain drops was so high,
when falling on dock leaves they burnt holes through
them. Sun appeared blood-red and grass withered instan
taneously down to the roots. The haze was so thick and
dim that light at noon was insufficient to write or read.

"The great plague first began in the year 1783 on 8 June,
when grass and trees withered, such that live-stock
became emaciated."

The author travelled from his home, Klifstadur in S-Mula
shire, on 12 June and arrived at Almannaskard above
Hornafjordur in SE-Iceland on 14June. There he noticed
a dark blue sulfuric smoke lingering over the settlement.
Consequently the haze was not noticed in Lonsfjordur
prior to 14 June.

"Right after Whitsunday the effects of the Laki eruption
were felt. It became so dark because of smoke and haze
that it was difficult to find one's way up the mountains.
The sky was red as blood at time of sunrise and sunset.
This lasted until 12 or 14 September."

Sunday of Trinity is the date of first appearance. The
eruption plume carried so much ash, sulfuric haze and
darkness that one could not see from one farm to the
next the whole summer. The sun appeared blood-red.

In July weather unstable; often with fog and darkness
caused by the sulfuric smoky haze. Grass withered.

July foggy, grass withered.

On 12 June a thin bluish veil was noticed in the surround
ing mountains. Again on 14, 15, and 16 June. On the 17th
thick haze was brought over the settlement as wind turned
to NW or NNW. On the 18th sun was noted as unusually
red with a halo.

Haze first noticed 14 June, no further specification is
given regarding first occurrence. It was described as a
terrible smoky-haze and odorous precipitation from
the air. It recurred many times in Northern Iceland during
the summer.
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District of Saurbrer Mid-June
Eyjafjordurshire

District of Hrafngil ]7 June
Eyjafjordurshire

District of Ongulstadir Mid June
Eyjafjordurshire

"A great misfortune was brought over this parish, as well
as other parts of the country; namely, a thick sulfuric haze
coming from the fire emitting places in South Iceland, but
also from the North; implying that fire may be up in
Greenland or in the ocean North of Iceland. The haze
covered the sky from 15 June to 21 Septemberto such a
degree that the sun was often not visible at noon and when
visible it was dark-red."

On 17 June the wind turned to the NW and people noticed an
unusual haze in the lower atmosphere, which was very
blue in color, although it was not easily recognized until
the 18th, when the sun was normally red. This haze was
stationary, most apparent in the south and the west.

Haze first appeared after 15 June. A great haze and darkness
covered the whole sky, such that the sun was hardly vis-
ible on cloudless days. The sun was blood-red, especially in
mornings and evenings. Gray colored sand-size dust fell
out of the haze and it is inferred from the descriptions that
it was a mixture of ash and precipitates of sulfuric salts.
Acid precipitation occurred off and on through the fall.

Comments

Haze and smoke spread over the sky then sank to the
surface carrying uncomfortable stench and odor.

Shortly after Trinity here appeared, as in many other
places, such incredible darkness with sulfur-ash rain, that
there was hardly enough light for travel.

First signs of this unusual haze and mist were noticed in
mid-June, which became so great on 17 June that one
could hardly see from one farm to the next. These condi
tions lasted for more than a week. After that the haze in
tensity diminished slightly, although the weather never
brought about clear and clean conditions. Precipitation
from the haze in form of pestiferous fumes and sand-like
dust caused the grass, brushes, and trees to scorch, such
that in few days they lost all their leaves and flowers.
Furthermore, it stunted grass growth.

Intensity of the haze was greatest on 22-24 June. The haze
brought precipitation containing black sand-size ash and
white sulfuric dust (sulfuric salt?).

In mid June last, a great smoky-haze carrying sulfuric
stench and odor spread over this district such that vis
ibility was less than the distance from one farm to the next.
This lasted for a week, then haze intensity decreased to a
degree until mid July,

Haze first appeared here on 10 June. No further
specifications are given.

-16 June

-15 June

17-18 June

Hoskuldsstadir
Htinavatnsshire

Skagafjordurshire

District of Glresibrer 10 June
Eyjafjordurshire

NW-Iceland

H6]ar
Skagafjordurshire

Table 8. continued
Location First noticed

District of Svarfadadalur ]7 June
Eyjafjordurshire

District of Hvammur 16-17 June
Eyjafjordurshire
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Table8. continued
Location First noticed

Reykjarfjordur June
Hiinavatnsshlre

Comments

In the springof 1783, one noticedhere in this shire un
usual smokeand fog in the air, with a widespread stinking
smell. In some places sand and dust fellout of the sky,
whichoriginated from the eruption in SE-Iceland.

W-Iceland

Dalashire
Stykkish6lmur
Snrefellsshire

Hnappadalsshire

Borgarfjordur-shire

SW-Iceland

Lambhus, Alftanes
Gullbringushire

Hafnarfjordur
Gullbringushire

Kirkjub61
Kj6sashire

S-Iceland

Rangarvallashire

16June
16June

early summer

June:

17June

summer

Summer 1783:

15June

Haze was very dense/intense.
"The sulfur and saltpeter moisture, smoke, ash, and sand
that have been expelled from the earth fill the air to such a
degree that the whole land is like covered with darkness.
Theseconditions have prevailedsince eightdays after
Whitsunday and have completely deprived us of the normal
shine of the sun. At sunriseand sunset the sun is like a
fiery ball,"

An unusualsmoke and mist appearedherein late spring
(earlysummer),accompaniedby continuous cold, such that
rarely one enjoyed the natural warmthof the summer.
Grassgrowthwas stunted.

''The air was so loaded with dim haze andsmoke that vis
ibilitywas often less than 2 km. The Sunwhenseen,
whichwas rare, appeared red as blood.Clearsky was also
a rare occurrence."

Haze first visible in the afternoon. The sun appeared
very red and its warmth was reduced.It wasbelieved
that this was caused by the "Earth fire", which was
burning in the eastern part of the country.

The air constantly thick as it is loadedwith "ash-fog",
especially when northerly and north westerly winds
prevail,such that the sun rarely appeared with its
natural shine and its warmthwas reduced

Sulfurichaze and ash fall was common, summerwascold and
the grass growth was stuntedby the haze.

Fire and ash columns visibleuntil 14June. After that an
incredibly dim haze, with dust bearingcondensation, cov
ered the Southern lowlandsand by 19June the whole is
land.The haze deprived us of sunshine, changedthe nor
mal appearance and warmthof the atmosphere. Fall out of
sulfuricmaterial accompaniedthe haze in many regions
and the dim haze caused navigationproblems for
fishermen.
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30

Fig. 21. Locations (dots) and dates (numbers) in June 1783 where the first appearance of
the Laki haze was observed in Europe and Asia. Nuuk (-64°N, 52°W), Syria (_35°N,
39°E), and Altai Mt. (-45°N, 90°E) are off the map.
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Table 9. The first appearance of the Laki haze outside of Iceland.

Selbome, England 23 June
(51°15'N,I°5'W)

Trondheim, Norway -10 June
(63°20' N, 10°30' W)

Bergen, Norway -10 June
(60°30' N, 5°20' W)

Spydberg, Norway 22 June
(59°30'N,26°0'50'E)

North Sea 25 June
(_55°N,5°W)

Denmark June

Copenhagen, Denmark < 24 June
(55°40'N,12°30'E)

SW-Sweden -18 June
(-58°N, -13°E)

Stockholm, Sweden 24 June
(59°15'N,18°5'E)

Abo, Finland 23-27 June
(60030'N,22°E)

St. Petersburg, Russia 26 June
(59°55'N,300IO'E)

Location
Nuuk, Greenland
(_64°N, -52°W)

Faeroe Is.
(62°N,7°W)

Norwegian Sea
(-53oN, IO°W)

Caithness, Scotland
(58°30' N, 3°30' E)

North Great Britain?
(location not specified)

Heydon, England
(52°50'N, I°5'E)

Firstnoticed
late June

-10 June

-10 June

10-16 June?

16 June

22 June

Comments
A smoke-like cloud covered the sky.

Acid precipitation and ash fall. Grass and tree leaves
scorched.

Reports from ships sailing from Iceland to Denmark.
Fallout of ash colored the deck and the sail black.

Ash fall; "year of the-ashie"; spoiled crops (haze?)

According to Thoroddsen (1914) some sources indicate
that the haze first appeared in Great Britain on 16 June; "it
remained for 2-3 months, and did not disappear until
Michaelmas" (Michaelmas is 29 September).

On this day and the six that followed there was an uncom
mon gloom in the air, with dead calm and a very profuse
dew. The sun was scarcely visible even at midday and
entirely shorn of its beams, so as to be viewed with the
naked eye without pain. It caused the com to wither.

A hot, hazy, and a misty day in Selborne. The blades of
wheat in several fields are turned yellow and look as if
scorched with frost. Sun was seen red through the haze.

Acid precipitation and ash fall (?). Grass and tree leaves
scorched.

Acid precipitation and ash fall (?). Grass and tree leaves
withered.

The haze noted in the morning of 14 June might be the
true first occurrence of the Laki haze at Spydberg.

Ships travelling between Norway and Holland reported that
they were completely surrounded by haze from 25-30 June.

Haze with a sulfuric odor; fall out of grayish-white dust.
Sun and moon appeared with red color.

Haze occupied the lower portion of the atmosphere; below
20° of the horizon the sun could be gazed at continually
with the naked eye.

Appearance of the thick "sun-smoke" caused injuries to
vegetation, leaves of trees and other foliate plants
withered, the com was scorched or turned yellow.

The occurrence of "dry fog" is first specified on
24 June, but the thick fog that occurred between
12-14 June might be the true first occurrence of
the Laki haze.

The "sun-smoke" was first noticed on clear days towards
the end of June or some time between 23 and 27 June.

Presence of "dry fog" is first specified on 26 June. It is
possible that the haze or fog during midday on 14 June is
the true first appearance of haze.
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Table 9. continued.

Mt. St. Andex, Germany 18June
(-48°N, -12°E)

Tegernsee,Germany 18June
(47°45'N,1l050'E)

Peissenberg,Germany 17June
(47°50'N,110E)

Munich,Germany 17June
(48°IO'N, 11 °30'E)

Regensburg, Germany 18June
(49°N, 12°5'E)

Berlin,Germany 17June
(52°25'N, 13°20'E)

Gottingen,Germany 18June
(51°30'N,9°55'E)

Erfurt, Germany 17June
(51°N,110E)

Wiirtzburg, Germany 16June
(49°50'N,9°55'E)

Mannheim,Germany 16June
(49°30'N,8°25'E)

Rodheim, Germany 16June
(?)

Diisseldorf, Germany 16June
(51°15'N,6°55'E)

Location

Moscow,Russia
(55°20'N,37°30'E)

Zagan,Poland
(51°35'N,15°IO'E)

Prague, Czech
(5005'N, 14°30'E)

Buda, Hungary
(47°30'N, 19°E)

First noticed

30 June

17June

16June

23 June

Comments

The "dry fog" had definitelyarrived at Moscowby 30
June, but it is possible that the haze or fog on 25 June
representsthe first appearanceof the haze.

In the morninga thin haze appeared and made the atmo
spherevery dry. It was as if the haze that absorbed all of
the atmospheric moisture.

The western sky was hazy and the "dry fog" cameover
from the SSW across the Moldau River.

On this day and to the end of the month this smokeof the
earth constantly filled the atmosphere; it resembled a
thick fog that was beingcontinually replenished.

In the weatherlog from Mt. St. Andex, 18June is the first
day reporting the appearance of the haze or fog that
lasted for several months.

As the result of the "dry fog" the sun was blood-red
as it was rising and setting.

The first appearanceof the hemispheric haze that
completelycovered the sky.

In the Munichweatherlog 17June is the first day report
ing the appearanceof the haze or fog that lasted for
severalmonths.

On thisday the ''haze'' (dry fog) was first observed.

The sun was dulUpale in its shine and colored like.
it had been soaked in blood.

In the Gottingenweather log 18 June is the first day re
portingthe occurrenceof the haze or fog that lastedfor
severalmonths.

In the Erfurt weatherlog 17June is the first day reporting
the appearance of the haze or fog that lasted for several
months. It was first noticed in the evening.

In the Wiirtzburg weather log 16June is the first day re
porting the appearanceof the haze or fog that lastedfor
severalmonths. It was first noticed in the evening.

The well known and long lasting "dry fog" that
becamemore pronounced in the days that followed
and spreadall over Europe, was first noted on 16June.

Since this day and for the followingsix weeks the weather
was very unusual becauseof the high altitude haze
(Hohenrauch).

In the Diisseldorfweather log 16June is the first dayre
porting the appearanceof the haze or fog that lasted for
severalmonths. It was first noticed in the morning.
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Table 9. continued.

Location

Franeker,Holland
(-S3°15'N,5°30'E)

Middelburg, Holland
(51°30'N,3°3S'E)

Le Havre, France
(49°4Q'N,00S'E)

St. Quentin,France
(49°50'N,3°15'E)

Laon,France
(49°4Q'N,3°4Q'E)

Paris,France
(48°50'N,2°IS'E)
Dijon,France
(47°20'N, SeE)

La Rochelle, France
(46°1O'N, -1 OW)

First noticed

19June

17June

18 June

10-18June

18June

18 June

14June

18 June

Comments

Nothing memorableoccurred in June until the 19thday
whenthe haze about which we are now concerned, began
to appear here, at Franeker. This haze lasted steadily from
the 19thuntil the 30th. It was distinguished from the usual
cloudsby its constancy,density, and its great dryness.

The appearanceof the Laki haze ("dry fog") is first in
dicatedon the eveningof 17June, then again on 19-30
June. In addition,occurrence of "dry fog" is notedon the
eveningsof 6 and 7 June. These occurrencescan nothave
beencaused by the Laki eruption, but might be the conse
quenceof the activity at the Grimsvotn volcano in May.

"On 18 June, after some fogs that were interrupted by
rains, there followed a permanent fog until I August. It
wasnot very thick: one could see up to a leagueand a half
away. But it must have reached high into the upper
atmosphere, since at noon the light reflected by white
objectshad a light tint such as the color of a dry leaf; and
also since we could look at this star without getting
blinded two hours before sunset, as it was then red as if
we were seeing it through a smokedglass.

The people of our countryside, far from being scaredby
thefogs whichhave persisted for about six weeks(letter
written on 21 July, 1783), give thanks to the Divine
Providence that those same fogs, while stoppingsomeof
the sun's rays, have prevented the heat from increasing,
which would have been hard to bear.

On 18 to 24 June the fog was cold and humid with the
windcoming from the south; from 24 June to 21 July the
fog was warm and dry with northerly wind. Onecould
withease look at the sun with a telescope withouta
blackened lens and the sun was pale orange at noon.

According to Lamanonthe haze first appeared in Paris
on 18June.
A singularhaze or fog and by no means of a common
occurrence,was reported here in June. This unusual haze
wasseen here little before midday on 14 June.

The rising sun was red, without any shine and seenthis way
until6 a.m. After that the haze appeared to fade away,such
that the sky appearedclear at 2 p.m. but the sun brightred.
Sometime before sunset the haze enveloped us again.In
addition, occurrenceof "dry fog" is noted on the eveningsof
6 and 7 June. These occurrences are not caused by the Laki
eruption,but may be the consequence of the activityat the
Grirnsvotn volcano in May.
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Table 9. continued.

St. Gotthard, Switzerland. 23 June
(_46°35'N,8°35'E)

Location

Provence, France
(-43°40'N, _5°E)

Grenoble, France
(-45°15'N, -5°50'E)
Geneva, Switzerland
(-46°20'N,6°IO'E)

Neufchatel, Switzerland
(_47°N, 6°55'E)

Ofen, Switzerland
(-46°40'N, lO020'E)

Turin (Torino), Italy
(-45°N,7°40'E)

Padua, Italy
(-45°30'N,II 050'E)

Bologna, Italy
(-44°30'N,ll o30'E)

Rome, Italy
(-41°50'N, 12°30'E)

First noticed

18 June

21 June

17 June

17 June

23 June

18 June

17-18 June

19 June

16 June

Comments

Since the 18th a singular fog, such as the oldest men here
have before not seen, has reigned in most parts of Province.
The atmosphere is filled with it; and the sun, although
extremely hot, is not sufficiently so to dissipate it. It con
tinues day and night, though not equally thick, because
sometimes it clouds the neighboring mountains. The haze
appeared concurrently at locations separated by great
distances; in Paris, Salon, Turin, and Padua the haze first
appeared on 18 June.

As reported in the newspaper Affiches of Dauphiny.

Fog of "a singular kind" appeared here, such that had not
been observed by any previous students of Nature. On the
17th and 18th the haze was so thick that the sky was
opaque.

It appeared in the form of a vapor, now denser, now
thinner, but through the horizon everywhere equally
dispersed. The atmosphere was to such an extent
obscured by this haze, that at nearly any hour of the day
one could gaze at the sun without injury.

It came from the North moved towards the southeast. This
haze filled the atmosphere in abundance and deprived the
sun of its shine, such that its light was faint and that at noon
one could gaze at the sun without injury.

The haze was first observed on 23 June and its
presence was reported until the end of the month.

The haze was first observed in Turin on this day
according to Lamanon (1783).

According to entries in Toaldo's weather log the haze first
appeared on the 17th, but in the attached remarks he indi
cates the 18th as the date when the haze first appeared in
the Veneto Region. Around this time Northern Italy was
covered by the haze and sometimes accompanied by a
uncomfortable sulfuric smell. In Padua the sun was seen
red or reddish and deprived of its shine, such that it could
be gazed at without injury. Often the sun appeared bluish
white, the sky was white and the moon was red. The haze
resembled a smoke or a dust cloud, so thick that objects at
a half a mile distance could hardly be distinguished.

In the Bologna weather log this is the first day of report
ing on the occurrence of a haze or fog that lasted for
several months.

In the morning of 16 June the haze was seen towards the
horizon and it was present in the atmosphere for the rest of
the day. On 18 June the sky was covered wit'! a thin veil or
mist, the moonlight was red, and the sun's shine was dull.
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Table 9. continued.

Location

Tripoli, Syria
(34°30'N,35°55'E)

Altai Mountains, Asia
(_49°N, 85°'E)

First noticed

30 June

I July

Comments

From the end of June a very thick haze covered both the land
and the sea; the winds blew as in winter-time; the sun could
beseen rarely, and always with a bloody color, which was
rare in Syria.

On 1 July the haze (heerrauch) appeared and lasted until
the 17th. On the 12th it was so cold that Hie thermometer,
at noon and in the sun, did not rise higher than 11°e. This
was followed by a series of days with quite severe frost
overnight.

87



Atmospheric altitude and transport ofthe haze

Since most of the descriptions are concerned with what was most visible to the

observer, contemporary reports primarily document the occurrence of the haze in the

lower troposphere, but this does not exclude the possibility that the haze was also

present in the higher regions of the atmosphere. Both direct and indirect evidence

indicates that the haze was also present in the upper atmosphere. Although these

records do not allow a direct measure on the height of the Laki aerosol cloud, a

qualitative evaluation, which takes into account the appearance and intensity of the haze

and how it relates to the reconstructed daily weather pattern over Europe (Kington,

1988) in late 1783, suggests that it extended into the lower stratosphere.

A considerable portion of the Laki haze (aerosol cloud) must have occupied the

atmosphere at or just above the tropopause (Lamb, 1970) because observers from

widely spaced locations reported that the haze was little affected by low level winds and

was not washed out by rainfall (Table 10). Furthermore, many observers commonly

used statements such as "hemispheric haze", "complete cover of haze", ''haze all over"

or "it occupied the whole sky", which carries the implication that the haze was

extremely pervasive. Descriptions of the strong dimming or total extinction of the sun,

the moon and the stars at elevations of 10° to 40° above the horizon and the exceptional

duration and brightness of the dusk from the horizon up to the zenith (Table 10),

demonstrate that the Laki haze extended to considerable heights in the atmosphere.

This conclusion is supported by: 1) occurrences of pale or red sun around noon; 2) dull

reflections from white objects on days when the haze was described as being thin and

transparent; 3) a thick haze extended well above the highest peaks in the Alps or above

altitudes of 4500 m (Table 10).

In general, the haze was described as thick in the mornings and evenings, but

somewhat thinner and more transparent around noon. This phenomenon relates to the
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Table 10. Summary of descriptions containing information about the altitude and
optical effects of the Laki haze.

Copenhagen, Denmark
Here in Sjrelland and Copenhagen, we noticed the unusual reddish appearance of the sun, especially
during the period early June to 8 August. Throughout July the atmosphere, which was clear in itself,
was loaded with such immense fumes and dust that the sun was only visible until 8 or 9 o'clock in the
evening. The same is to say about the sun in the morning, and even at noon it did not shine brightly,
appearing as red as it did in the evening. The same applies to the moon and the stars (H6Im, 1784).

In June: By day 24 dry fog occupied the lower portion of the atmosphere, to such an extent that the
sun, when below 20° of the horizon, could be looked at ceaselessly with naked eyes. Meanwhile, the
sun that normally is yellow, appeared red. In July: As the sun approached the horizon below an
altitude of 10°, its track could not be followed, not even when the cloud (dry fog) was thin. In
August: The red coiored sun could frequently be gazed upon with naked eyes without aggravation,
even at altitudes of 20-30° above the horizon (Bugge, 1783).

South Halland Province, Sweden
The so called "sun-smoke" has now for many weeks been permanently resting over the horizon. so
thick that in mornings and evenings the sun appears completely red. If the origin of this smoke was
exhalations from the ground, it should have disappeared with wind or after rain, but the opposite is
the case: but after a rainy day it reappears as strongly as before (Goteborgs Allehanda; Tuesday, 22
July 1783 and Stockholms Posten, No 171, pp. 3; Tuesday, 29 July 1783).

Franeker, Holland
Across the cloud (haze) the sun was perceived deep red, with a brilliance at the edge; even at midday
itself we were able to gaze at the sun with our naked eyes without injury. Objects scattered further
were scarcely, and only unintelligibly perceived (Swinden, 1783).

Letter from Amsterdam, dated 11 July 1783.
For 8 days we have had extraordinary heats, concurrently the atmosphere is steadily so thick that the
sun becomes extinct at 5 p.m. and resembles a glowing charcoal, then right after 7 p.rn. it disappears.
At the onset of night an unbelievable fog falls over, such that most of the vegetation in the fields
looks burned and the leaves fall of the trees. This is very peculiar, because we have this weather
regardless of the direction the wind is blowing (Odense Adresse-Contoirs Efterretninger, No 36, pp.
2-3: Friday 18 July 1783).

Selborne, England
The summer of the year 1783 was an amazing and portentous one, and full of horrible phenomena;
for, besides the alarming meteors and tremendous thunderstorms that affrighted and distressed the
different counties of this kingdom, the peculiar haze, or smoky fog, that prevailed for many weeks in
this island, and in every part of Europe, and even beyond its limits, was a most extraordinary
appearance, unlike anything known within the memory of man. By my journal I find that I had
noticed this strange occurrence from 23 June to 20 July inclusive, during which period the wind
varied to every quarter without any alteration in the air. The sun, at noon, looked as blank as clouded
moon, and shed a rust-coloured ferruginous light on the ground and floors of rooms, but was
particularly lurid and blood-coloured at rising and setting (White, 1789).

Berlin, Germany
In June: From the 17th to 29th the shine of the sun was practically dull because the atmospheric haze,
but on the other hand, the sun often appeared red in color at sunrise or sundown, as if it had been
soaked in blood. The atmosphere, evidently, was stuffed with very thick exhalations that prevented
transmission of the rays (sun shine), and particularly on the 22nd, 23rd, 24th, 26th, and 28th, whereby
it could not be observed at all. July to October: Rising and setting sun was blood-red and the
atmospheric haze was said to be located up towards the sky (Beguelin, 1783).
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Table 10. continued

Mannheim, Germany
At Mannheim the Laki haze was documented in a continuous succession from 16 June to 6 October.
In late June the sky was almost completely concealed by the haze and accordingly the heavenly
bodies were not seen below 40° of the horizon. In early August the sun was described as reddish at
8° above the horizon and at 5° the whole disc of the sun was red for 20 minutes. On 30 August the
sun was seen descending into the haze at 12° above the horizon. Consequently, its horizontal
diameter was enlarged but its vertical diameter was reduced, the sun became oval in shape and
shining red. At 6° above the horizon its color was red like blood and its shape elliptical. At 3° above
the horizon the sun disappeared altogether (Hemmer and Konig, 1783).

Peissenberg, Germany
In June: The atmosphere was completely filled with hemispherichaze (dry fog), but at 8 p.m, On the
18th, he mountains were visible again as a storm from west lifted the haze. A complete cover of very
thick haze (dry fog) was common through nights and mornings, but at midday it became thinner as it
was lifted by a breeze. Past midday the haze became thicker again as it was replenished gradually.
July through October: The hemispheric haze was present for most of this time and the appearance of
the sky was commonly dull or pale. Typically in daylight hours the entire horizon was concealed by
thick haze, which became thinner for a brief period over midday because the haze was lifted by a
breeze, then it returned in the evening as thick as before. On several occasions haze was present in
the higher levels of the atmosphere (Schwaiger, 1783).

Prague, Czech
In June: The haze (dry fog) fell over from the SSW beyond the Moldau River, just as the mountain
fog, and completely covered this region. This haze was not affected by wind, rainfall or the
thunderclouds that appeared in the southern sky. The haze was thick all over and the sun appeared
unusually pale through the cloud, such that it could be viewed by naked eyes without injury. At
sunset the sun was blood-red and the clouds in the North and the West displayed intense red color.
With the rising sun the whole horizon became hazy, especially in the South. (Stmadt, 1783).

Buda, Hungary
In June: On day 23 and all the way to the end of this month the atmosphere was constantly loaded by
the smoke of the earth, that resembled a thick fog that was continually replenished (Weiss, 1783).

Zagan, Poland
In June: On the morning of 17 June a thin haze appeared, which caused the hygrometer to disclose
continuous readings of almost no atmospheric humidity, as if it had been absorbed by the fumes.
From this day and all through to September, October, and beginning of November it never
disappeared completely. This dry fog is in essence a similar phenomenon as "Hohenrauch",
"Herrauch", or ''hegerrauch", but surrounded us day and night. Heavy storms with lightning and
violent rain had no effect on its presence. In July: Some days the sun was hardly visible; mornings
and evenings its color was exceptionally red, less so at midday when it was more yellowish green.
This coloration was unquestionably not caused by clouds because the sky at the horizon was occupied
by the thick haze. In August: In the beginning of evenings the moon, when rising through the dry
fog, could not be securely identified at altitudes below 6°. In September: The dry fog moderately
strong and almost all the sky towards the horizon in the West was red. On 25 September at 5 a.m,
there were hardly any clouds in the sky towards the horizon, but indeed dry fog of moderate intensity
coloring the sky bright yellow-green. At 5:30 a.m. the eastern sky was all red, but the dry fog of
transparent color. In October: The haze occupied the middle atmosphere and clouds were unusually
red in color. In November: During the first 5 days of this month a thick haze was seen towards the
horizon at 6:30 a.m., but somehow not at the Zenith. Similar occurrences were also observed in the
evening around 6 p.m, (Presus, 1783).
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Table 10. continued

Le Havre, France
By 18 June (1783), after a period of fogs that was interrupted by rains, there followed a permanent
fog until 1 August. It was not very thick: one could see up to a league and a half away. But it must
have reached high into the upper atmosphere, since at noon the light reflected by white objects had a
light tint such as the color of a dry leaf. We could look at this star without getting blinded two hours
before sunset, as it was then red as if we were seeing it through a smoked glass (De Golft, 1783).

La Rochelle, France
On 18 June the rising sun was red, without any shine and was seen this way until 6 a.m, and after that
the haze seemed to fade away, such that the sky appeared clear at 2 p.m, but the sun bright red.
Some time before sunset the haze enveloped us again. June 23: The shine of the sun was almost
completely obscured by the haze and on the following days it was with a dull yellow color at midday.
In early July the thick haze depleted the shine of the sun to such a degree that it did not produce
shadows. In mid August the sun did not appear in the sky until 9 a.m. and by 5 in the afternoon it
was bright red, deprived of its shine and at one moment it disappeared completely (Seignette, 1783).

Paris, France
July 4 1783. For a considerable time past the weather has been very remarkable here, a kind of hot
fog obscures the atmosphere and gives the sun much of that dull appearance that the wintry fogs
sometimes produce. The fog is not peculiar to Paris; those who come lately from Rome say that it is
as thick and hot in Italy, and that even the tops of the Alps are covered with it, and travellers and
letters from Spain afflrm the same of that kingdom (De Lande, 1783).

Burgundy, France in June 1783
The characteristics of the haze are to be not much thick, more or less transparent and widely spread
in the vast space that it occupies. The character of ordinary clouds is to move when they are pushed
by any wind. This cloud remains stationary. It varies only by a little more or a little less condense.

Salon de Crau ,Provence, France in June 1783
What brings me to believe it occupies a large spread in length and in width is that, having observed it
in Auxerre, I found it again in St. Seine below the springs of the river Seine. From the height of the
mountains I can see that all the horizon is bluish. Also what proves to me that it occupies equally a
vast space in depth or perpendicular height is that the springs of the Seine where I just wandered is
one of the highest points and here still the cloud dominates these heights. The cloud rises much
above our highest mountains: on the upper plateau from which the Seine flows I have seen, in the
evening and in the morning, the sun darkening and become very red. At the abbey of St. Seine, while
observing those facts with the monks of the house, we have been able to fix our gaze lengthily on the
sun without tiring our eyes and I cannot give a better expression of the modification of the sun's rays
by the fog than to report our own words: "The sun would be well visible today with a telescope
without darkening the lens." Then several people who have seen the sun for the first time in this state
thought at first they were seeing the moon. Nevertheless, the sun at noon is more apparent. Seen in
an almost perpendicular direction, it sends its rays through less thickness of the cloud than when they
come to us at a slant in the evening and the morning; at night the stars are obscured because the
horizon is wrapped by a circle of thicker clouds, but the sky shows above our heads and few stars are
erased since the cloud is less thick (Soulavie, 1783).

Salon de Crau in Provence, June 1783
Lamanon learned that the haze was present all over Europe, he travelled to the highest peaks of the
Provence, Dauphine, and Piedmont Alps to collect information regarding the haze. He concluded
that it appeared concurrently at locations separated by great distances and when the haze first
appeared in various locations the observed wind direction at the time varied from one location to
another. The sun was blood-red at rising and setting and very pale or with a dull shine over the day.
Because many considered the haze to be confined to the lower atmosphere, Lamanon climbed to

91



Table 10. continued

Lamanon climbed to the top of Mt. Vetoux (6200 feet) and noted that the haze was still above him.
Senebier in Geneva wrote Lamanon stating that the haze was present above Mt. Saleve (3600 feet)
and the highest peaks in the Alps. The sheep keepers in the Dauphine Alps stated that the haze was
well above the locations where they kept their flock (Lamanon, 1783).

Saint-Veran in Maconnais, France
In the later days of June and the early days of July, that is. at the end of the moon cycle of the first
month and the beginning of the second, when the moon does not spread any light, we could see a
luminosity at night almost equal to that which the moon provides when it is full, yet hidden by a
cloudy and overcast sky. Its degree of intensity was such that we could very distinctly see objects
distant by about one hundred fathoms. This phenomenon was apparent on the entire circle of the
horizon; it occupied the whole celestial hemisphere and it was not momentary (Robertjot, 1783).

Geneva, Switzerland
The "dry fog" (e.g.• the Laki haze) was of "a singular kind" and had not been observed by any
previous students of Nature. The dry fog was so dense that it impeded the view of distant objects by
an octant of light, took away the rays of the rising and setting sun and tinged it with a red color. It
was of permanent nature. not effected by violent winds or very copious rains. The color of the haze
was blue or bluish, but never gray. The haze was odorless and when it was present the atmosphere
was very dry. It also extended above the highest peaks of the Alps (Senebier, 1783).

Neufchatel, Switzerland
According to the observations by Rev. Meuran and Dom. du Vasquier near the city of Neufchatel in
Switzerland. the haze began to appear there on 17 June in the form of a vapor, now denser. now
thinner, but through the horizon everywhere equally dispersed. The atmosphere was to such an
extent obscured by this haze, that at nearly any hour of the day one could gaze at the sun without
injury. Often the summit of the Alps was clearly distinguished on the other side of the haze. not. to
be sure. the base. Normal rain did not disperse the haze and it only gave ground to rain, which was
accompanied by thunder. and even then with difficulty, and only for a short time. The cast wind
increased this haze. and only the stronger west wind was able to disperse it. Indeed. as soon as this
stopped. the haze returned (Swinden, 1783).

St. Gotthard, Switzerland
An unusual "upper atmospheric" haze or fog that first appeared in late June coming from the North
moving towards the Southeast. This haze filled the atmosphere in abundance. even when the "normal
fog" perished. This haze deprived the sun of its shine, such that its light was faint and caused the
moon to appear with a golden yellow shine at night (Onuphiro, 1783).
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incident angle of incoming solar rays relative to location of observation, where lower

angles imply a longer travel distance and higher degree of extinction due to enhanced

scattering within the Earth's atmosphere (Soulavie, 1783; see also Table 10). However,

this explanation does not always apply, because several observers described concurrent

occurrences of a thin haze occupying the "upper atmosphere" and a thicker haze (dry

fog) present in the "lower atmosphere" or within the boundary layer (Calandrelli, 1783;

Holm, 1784; Matteuci, 1783; Onuphiro, 1783; Presus, 1783; Schwaiger, 1783; Toaldo,

1783). The upper atmospheric haze is normally reported as thin and transparent,

although it was observed to have caused a considerable dimming of the sun. The

boundary layer haze or fog set in as a blue or bluish white fog in the evening and grew

in intensity over the night, but as the morning progressed it was lifted up from the

surface by the midday breeze. Several sources mention that a fall-out or precipitation

of white or grayish-white dust was associated with the appearance of the boundary layer

haze, although no condensation of night dew was detected.

Even though these records do not allow accurate calculations on the altitude of

the Laki aerosol cloud, a qualitative assessment is possible. Using the information that

a strong visual extinction of the heavenly bodies occurred at elevations of 10° to 40°

above the horizon and taking the distance to the horizon as -25 km, then simple

triangulation suggests that the Laki aerosol cloud extended to altitudes of 5 and 16 km.

These calculations are not conclusive, but correspond well to the independently

estimated heights for the Laki eruption columns. These considerations agree well with

recent studies on the Laki acidity peak in the GISP2 ice core from Greenland (Fiacco et

aI., 1994; see also Appendix B-5), which suggest that a considerable portion of the Laki

aerosol cloud penetrated the tropopause and remained aloft in lower stratosphere at

altitudes between 9 and 13 km for at least one year after the eruption.
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Utilizing the data presented above and in the previous section and reconstructed

daily synoptic weather maps for Europe for 1781 to 1785 (Kington, 1988), we will now

attempt to evaluate qualitatively the main atmospheric transport mechanism of the Laki

haze. Synoptic weather maps document changes in the daily weather and tropospheric

circulation, but may also be used to assess the general transport direction of the

geostrophic wind (the westerly jet stream).

The recorded dates for the first appearance of haze over the Eurasian continent

(Fig. 21) are consistent with a net progressive eastward transport of the Laki aerosol

cloud within the westerly jet stream at altitudes of 5-15 km (Thordarson et aI., 1993;

Fiacco et al., 1994), but they also demonstrate that its dispersal was not uniform and

apparently influenced by changes in the daily atmospheric circulation. Furthermore, it

is apparent that the Laki aerosol cloud extended from 0 to -15 km altitude and was

composed of two main components; a low altitude haze that reappeared repeatedly in

the lower troposphere throughout the summer and fall of 1783 and a high altitude haze

that was retained in the upper troposphere and the lower stratosphere and was much less

noticeable to observers.

For the following discussion of the atmospheric transport of the Laki aerosol

cloud I have reproduced three of Kington's (1988) weather maps, namely for the days

10,17, and 23 June 1783, respectively (Fig. 22 a-c).

The first map (10 June 1783) represents the general weather pattern during the

period 8-12 June or the time when the Faeroe Islands, Western Norway, and possibly

Caithness in Scotland experienced their first encounter with ash-fall and haze from the

Laki eruption (Fig. 22a). The map features a low pressure system (cyclone) that

travelled from Iceland across the Norwegian Sea to Scandinavia between 8 and 12 June.

A ridge shaped limb of the Azores anticyclone (high pressure system) extends from the

southwest into western and central Europe. The circulation pattern is entirely consistent
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with a tropospheric dispersal of ash and gaseous aerosol particles to the southeast over

the Faeroe Islands and North Scotland and a northeast curl of the plume up along the

western coast of Norway. The fact that the ash and acid precipitation was confined to

areas closest to the source and did not affect the areas in Norway and Sweden (Wilse,

1783; Nicander, 1783) sheltered by the Caledonian mountain range, or areas further to

the east and the south suggests that this portion of the plume may have been confined to

the lower troposphere. This limited dispersal of the Laki plume at this time is a little

bewildering, because the first week (8-15 June) of the Laki eruption was the time of the

most vigorous activity and when eruption columns reached great altitudes and probably

penetrated the tropopause (Thordarson and Self, 1993a). However, evaluation of

cyclone and anticyclone generation and movements over Europe during this time

indicates a northeasterly direction for the geostrophic winds above Iceland (Fig. 22a),

suggesting that the high altitude haze may have been carried northwards over the Artie,

and was absent from more southerly latitudes at this time.

The second map (17 June 1783) represents the weather pattern between 15 and

19 June, when the Laki haze first appeared in the regions over western and southern

Europe (Fig. 22b). This map features a stationary anticyclone over the British Isles and

southern Scandinavia that dominated the circulation over Europe. A stationary cyclone

of this magnitude indicates a breakdown in the open wave pattern of the westerly jet

stream into a ''blocked'' situation (Lamb, 1972), as the cyclone eddy is cut off and the

mainstream of the westerlies is diverted into twin bands at high and low latitudes (Fig.

22b). This circulation pattern is consistent with upper tropospheric transport of gaseous

aerosol particles within the westerly jet stream as the Laki plume made its first

appearance over western and southern Europe, even though portions of it may also have

been carried to Europe by lower tropospheric winds. Early descriptions of thin,

transparent, and widespread haze are consistent with this interpretation. Furthermore,
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Fig. 22a. Synoptic weather map for 10 June 1783 showing the main weather and
circulation pattern over Europe. Solid lines indicate 4 mb isobar intervals, with the 1012
mb isobar being marked as "12". This isobar usually separates anticyclonic from cyclonic
systems. Dots with a bar show the direction of surface wind as reported in historic weather
logs. Bars indicate wind direction. Heavy solid lines indicate the inferred flow of the
Westerly jet stream. Modified from Kington (1988).
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Fig. 22b. Synoptic weather map for 17 June 1783 showing the main weather and
circulation pattern over Europe. Solid lines indicate 4 mb isobar intervals, with the 1012
mb isobar being marked as "12". This isobar usually separates anticyclonic from cyclonic
systems. Dots with a bar show the direction of surface wind as reported in historic weather
logs. Bars indicate wind direction. Heavy solid lines indicate the inferred flow of the
Westerly jet stream. Modified from Kington (1988).
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Fig. 22c. Synoptic weather map for 23 June 1783 showing the main weather and
circulation pattern over Europe. Solid lines indicate 4 mb isobar intervals, with the 1012
mb isobar being marked as "12". This isobar usually separates anticyclonic from cyclonic
systems. Dots with a bar show the direction of surface wind as reported in historic weather
logs. Bars indicate wind direction. Heavy solid lines indicate the inferred flow of the
Westerly jet stream. Modified from Kington (1988).
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since the haze was only noticed in regions with a clear sky, it suggests that the cloud

cover associated with the cyclone may have prevented detection of the haze over the

British Isles and in southern Scandinavia. Moreover, between 16 and 18 June, a thick

haze appeared with northerly or northwesterly winds in northern and western Iceland

(Table 8). This occurrence is by no means consistent with a direct lower tropospheric

transport of the Laki haze from source. Available data does not allow a direct

evaluation of transport direction of the plume causing the thick haze in northern and

western Iceland between 16 and 18 June. However, it is likely that this haze represents

a component of the plume that was carried northwards by upper tropospheric currents

during the earlier stages of the Laki eruption and reintroduced into the lower

troposphere through subsidence of air masses behind the polar front, then carried

southwards in over Iceland by northerly surface winds.

The third map (23 June, 1783) represents the weather pattern between 22 and 25

June, when a thick low altitude haze presented itself all over Europe (Fig. 22c) and acid

precipitation caused severe damage to vegetation in the regions of Scandinavia,

Germany, Holland, England, and France (e.g., Bryant, 1783; Maret, 1783; Swinden,

1783; White, 1783; 1789; and other sources presented in Appendix B-3). This map

features a cyclone over Iceland and a large stationary anticyclone over western Europe,

which indicates partial blocking and a twin band diversion of the upper westerlies (Fig.

22c). This circulation pattern is entirely inconsistent with direct lower tropospheric

transport of gaseous aerosol particles from source over Europe, because at this time the

surface winds over Iceland would have carried the cloud to the north, but not the

southeast. On the other hand, if a part of the upper westerlies curled north over Iceland

and then back to the south, as shown in Figure 22c, then a large portion of the Laki

plume may have been carried directly in over Europe. However, this alone does not

explain the widespread occurrence of low altitude haze in Europe at this time, because
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it implies that the Laki aerosol cloud would have been confined to the upper

troposphere and the lower stratosphere. Thus, we need to invoke a mechanism

involving vertical transfer of the aerosol cloud from the upper into the lower

troposphere. At the jet stream levels there is a general tendency for divergence of the

horizontal wind field above cyclones and convergence of the field above anticyclones .

The net effect is that upward motion of air masses must prevail in the troposphere

between the surface and the jet stream level in cyclones (Fig. 23) and by the same token

a downward motion (subsidence) prevails between these levels in anticyclones (Lamb,

1972). If the Laki aerosol cloud was transported from Iceland to Europe within the

northern loop of the westerly jet stream (Fig. 22c), then a portion of the cloud may have

subsided from the jet stream level through the middle troposphere within the stationary

anticyclogenetic region over Europe (Figs. 22c and 24), spreading in a spiral-like

fashion across the continent and accumulating at the subsidence inversion level which is

normally located at -1 km altitude. Transfer of aerosol particles across the inversion

level and into the surface boundary layer may have been enhanced by vertical mixing of

air driven, by the diurnal cycle of heating and cooling of the Earth's surface. This

mechanism explains the widespread occurrence of the thick low altitude haze in Europe

at the time and is consistent with observations, because in Norway and Sweden the

lower tropospheric haze (commonly called "the sunsmoke") first appeared on 23 to 24

June with southerly winds (Wilse, 1783; Nicander, 1783; Melanderhjelm, 1784), but in

Buda (Budapest) Hungary and St. Gotthard, Switzerland it was brought in by northerly

winds on 23 June (Onuphiro, 1783; Weiss, 1783). This surface wind pattern is

consistent with an anticyclone over western Europe (Fig. 22c). Moreover, it also offers

an explanation for the relationship between occurrences of thick haze and

thunderstorms commonly mentioned in the contemporary accounts (e.g., Lamanon,

1783; Lande, 1783; Soulavie, 1783). These authors made the general observation that
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Fig. 23. Simplified vertical section through a cyclogenetic (eG) and an anticyclogenetic
(ACG) area, showing the characteristic vertical motions and horizontal convergence and
divergence regions. Modified from Lamb (1972).
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Fig. 24. A vertical section through the atmosphere over one location during the life of a
typical warm anticyclone, which normally forms or arrives after a passage of a cold front.
Arrows indicate subsiding (and rising) air within the core of the anticyclone from mid or
upper tropospheric levels. Also shown are the subsiding haze (shaded), the level of
subsidence inversion (broken line) and to the left a new cold front bringing fresh and cool
air. Clouds are white. Modified from Lamb (1972).
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the thick haze usually appeared before or after thunderstorms. A passage of a warm

anticyclone is usually preceded and followed by cold fronts (Fig. 24), which often

generate thunderstorms, Thus, if subsidence of aerosols within an anticyclogenic

region was the main cause for the occurrence of low altitude haze over Europe, then its

appearance should be linked with thunderstorm activity.

Last occurrence ofthe haze

Reports of the last occurrence of the Laki haze are controversial. Most sources indicate

that it vanished during the period from mid September to end of October, a time when

activity and magma discharge dwindled considerably at the Laki fissures (Thordarson

and Self, 1993a). However, a careful evaluation of records that documented the Laki

haze on a daily basis, suggest that the mid September - late October dates refer to the

last appearance of noticeable low altitude haze. Several records (Presus, 1783; Strnadt,

1783; Kettel, 1783; Schwaiger, 1783; Toaldo, 1783) indicate either the presence of

thick haze towards the horizon, occurrence of a red colored sun, or a thin high altitude

haze, through the months of November and December 1783. A red sun was observed

until late February 1784 in Copenhagen (Holm, 1784). On 24 December 1783, a day

described as calm with clear skies in southern Iceland, an unusual and multicolored

cloud appeared in the sky some time before sundown and disappeared abruptly just

before sunset (Steingrimsson, 1788). The description of this cloud is similar to

descriptions of a "Bishop's ring," although an accurate identification on the basis of his

description is difficult and needs further evaluation. Steingrimsson also mentions that

similar phenomena were observed in other locations in Iceland later in the winter and a

thin haze was noticed in the atmosphere above northern Iceland in May 1784 (see

Appendix B-2). In addition, Steingrimsson (1788), describes the beginning of the year

1785 as follows:
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The year 1785 began with severe frost, such a biting and penetrating cold, a
direct consequence of the volcanic hazelfumes that was still present in the
atmosphere and seen with a bluish tint on clear days, that on one day the wine
used at communion froze in its container at the altar.

At the time, Steingrimsson resided at Kirkjubrejarklaustur, located ....50 km south

of the Laki fissure, and it is not clear whether he is here referring to an occurrence of

localized low altitude haze derived from the still fuming fissures or an aerosol cloud

located higher up in the atmosphere. The fact that he relates the cold weather to the

presence of the haze, may indicate that he is describing the presence of high altitude

haze.

It can be inferred from the available data that the low altitude haze disappeared

from the atmosphere over Europe in early to late fall 1783 and that the high altitude

haze remained in the Northern Hemisphere atmosphere at least through the winter of

1783-84.

Optical properties and implications to aerosol particle size and optical depths

The magnificent twilight and other unusual colorations of the sun, moon, and

the sky in 1783 were caused by scattering of the incoming sunlight by the Laki aerosol

cloud. The type of colors seen by an Earth based observer primarily depends on the

spectral scattering of the incident light, which is a function of the particle size and size

distribution in the cloud (Lamb, 1970). Thus, some qualitative information regarding

the size of the aerosol particles within the Laki haze can be obtained from the

descriptions of the color of the sun, moon, and sky in 1783.

The common observation of a red and pink sun and sky towards the horizon

sunrise and sundown (Table 10) indicates that the bulk of the aerosol particles

contained within high altitude haze were fairly small or in the sub-micrometer range

(Lamb, 1970). Several accounts mention a white or bluish-green coloration of the sun.

This apparently occurred when the air was filled by thick low altitude haze (Table 10)
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which was also described to have hints of a blue tint (Senebier, 1783; Swinden, 1783:

Holm, 1784). This kind of coloration indicates the low altitude haze was characterized

by larger aerosol particles, probably in the range of 1-5 prn (Lamb, 1970). The growth

of the aerosol particles may be due to condensation of water onto small ones as the

upper tropospheric haze subsided down towards the surface in anticyclogenetic regions.

The fact that the sun could be gazed at with a naked eye, even at noon, along

with descriptions of strong dimming and total extinction of the sun, moon, and the stars

at elevations between 8° to 40° above the horizon, indicate that the Laki haze must have

caused strong visual extinction up to an elevation of at least 20° (Table 10). In

addition, several accounts describe a total visual extinction of the sun which lasted

through several days in late June (Beguelin, 1783, Hemmer and Konig, 1783; Presus,

1783). When the effective atmospheric elevation of a thick volcanic haze is known in

degrees, above the horizon then the visual extinction at the zenith can be evaluated by:

[(.~m)~ +0.20]secZ = 3.4

where (fun)~ is the amount of visual extinction at the zenith due to volcanic dust in

units mag (astronomical magnitudes), Z is the apparent zenith angle, the factor 0.2 is

the visual extinction of clear air per unit air mass, and the factor 3.4 is the normal visual

extinction at an apparent zenith angle of 87.5° (Stothers, 1984).

The contemporary accounts (Table 10) show that strong dimming or visual

extinction of the sun occurred at apparent zenith angles ranging from 0° to 82°. It

follows that the visual extinction of the Laki haze falls in the range 0.3 to 3.2 mag. A

careful evaluation of the accounts shows that times of strong or total visual extinction

of the sky coincided with periods when a thick low altitude haze was present,

suggesting that haze with (fun)~ ~ 1.5 mag (or Z :::;; 60°) was a relatively short-lived

occurrence and confined to specific regions. On the other hand, a strong dimming of

105



the sun at altitudes between 10-20° is mentioned in accounts from all of the geographic

regions in question and also noticed for many months after the onset of the Laki

eruption. This indicates that the true visual extinction of the Laki haze was in the range

of 0.4 to 1.0 mag with a probable mean -0.8 mag which corresponds to excess optical

depth 'tD = -0.7.

A different way to estimate the visual extinction of the high altitude Laki haze is

to use the absolute calibration of the extinction produced by the Krakatau aerosol cloud,

which is given as (~)~ =O.l9X (Stothers, 1984), where X is the measured volcanic

acidity signal in microequivalents (peq), For Laki, this relationship translates into

(~)~ =0.063X because the Krakatau aerosol cloud was of global dispersal

(Stothers, 1984), but the Laki aerosol cloud was confined to latitudes above 300N

(Thordarson et at, 1993; Fiacco et al., 1994), or covering approximately one third of

the globe. The mean amplitude of the Laki acidity signal in the Greenland ice is 12.4

peq, calculated by using measured values from several ice cores (Clausen and Hammer,

1988: Fiacco et at, 1994). With X = 12.4 the excess visual extinction for the Laki high

altitude haze amounts to (~)~ = -0.8 or'tD = -0.7 and agrees well with the estimates

given above. It is likely that the Laki high altitude haze, which resided in the upper

troposphere and the lower stratosphere for up to one year after the eruption (Fiacco et

al., 1994), had mean optical depth in the range of 0.7 and probably was the main cause

for the unusual and cold conditions that prevailed in the Northern Hemisphere during

the winter of 1783-84.

When assessing the climatic perturbation caused by the Laki aerosol cloud it is

important to differentiate between the probable effects of the low altitude and high

altitude haze. The atmospheric residence time of low altitude haze aerosols may have

been on the order of days to a couple of weeks, but the high altitude haze aerosols could

easily have remained aloft for more than a year at altitudes between 9-13 km (Jaenicke,
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1984). Since the impact of these two components on the atmosphere and climate could

be expected to differ considerably, it is important to determine the relative amount of

H2S04-mass-Ioading for each. If we take the mean amplitude of the Laki acidity signal

in the Greenland ice cores as the average upper tropospheric-lower stratospheric mass

loading by the eruption (Fiacco et al., 1994), which is equivalent to 169 kg per km2 of

H2S04 (Clausen and Hammer, 1988), and assume a complete coverage for the high

altitude haze above latitude of 30oN, one attains 29 Mt of H2S04. If we accept 't'D Z

0.7 for the high altitude haze then its aerosol mass can be estimated independently by

the following equation (Stothers, 1984):

where MD is the aerosol mass, R is the radius of the Earth, Q is an efficiency factor for

scattering and absorption by the aerosol particles, and rand p are the aerosol particle

radius and density, respectively. Adopting typical modal values of Q = 2; r = 3 x 10-7

m; p = 1500 kg m-3 (Stothers, 1984), then the total mass of the Laki high altitude haze

amounted to -36 Mt of H2S04, which shows a fair correspondence with the value given

above.

Direct environmental impact of the haze

Even though the volume of air-borne ejecta and gases emitted by the Laki

eruption only amounted to -4% of the total mass of material erupted, its effects were

far more damaging than that of the much larger lava flow. The damaging effects of

fine ash fall and bluish sulfurous haze were noticed everywhere in Iceland and it

seriously affected vegetation, animals, and people (Steingrimsson, 1783; 1788;

Finnsson, 1796). Reports from different locations in Iceland mention that the haze was

accompanied by sulfurous fumes and fall-out of burning (acid) rain, along with white
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dust (dry deposition of sulfuric compounds?) and black fine ash. In the Fire Districts,

e.g. the rural areas closest to Laki, the acidity of the rain-fall was such that drops

burned holes in dock leaves and caused wounds on skin of animals and humans. All

over Iceland people complained that the haze caused weakness, shortness of breath, and

throbbing of the heart. Descriptions of strange condensation/drizzle from the haze that

did not make one wet but irritated the eyes and stained metal objects are also found in

sources from northern Iceland. There the haze was so thick that there was hardly

enough daylight for travel and visibility was reduced to such a degree that the farmers

could not see from one farm to the next (1-2 km). Most of the birch trees, shrubs, and

mosses were killed; these plants disappeared from many regions in Iceland for 3-10

years after the eruption and in some areas they never returned. Everywhere the grass in

cultivated fields withered down to the roots, grass growth was stunted and over 50 % of

the grazing livestock died in less than a year mainly from chronic fluorosis

(Thorarinsson, 1979; Petursson et aI., 1984). As the population at the time was entirely

rural and based its livelihood on farming and fishing, the disastrous effects of the

eruption led to a famine lasting from 1783-86, referred to in Iceland as the "Haze

Famine." This famine, together with various diseases that afflicted the people and

severe weather conditions, caused the death of -20% of the population (Finnsson, 1796;

Halfdanarson, 1984).

In western and northern Europe the haze was often identified to have a sulfurous

odor, and wet and dry deposition of sulfuric acid caused considerable damage to

vegetation. Ash fall and acid precipitation recurred in the Faeroe Islands throughout the

summer of 1783 and the sulfur smelling haze caused sickness in humans and withering

of vegetation in Norway (H61m, 1784; Brun, 1786). The acid precipitation from the

haze caused corn and other vegetation to be scorched and to wither away in Denmark

and Sweden, which in conjunction with long-lasting drought resulted in failure of the
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summer harvest (Holm, 1784; Thorarinsson, 1981; Thordarson, 1995). In England

damage to vegetation due to acid precipitation was first noticed between the 23 and 25

June. Withering of com was noticed in Norfolk (Bryant, 1783) and in Selborne,

southern England; the blades of wheat turned yellow and looked as if they had been

scorched by frost (White, 1783; 1789). In this context it is important to note that we

have found that the contemporary observers often, but erroneously, ascribe the observed

injury to the vegetation during the summer and the fall of 1783 to occurrence of night

frost, as was alluded to by a corespondent to The Norwich Mercury on 19 July 1783:

A correspondent is of the opinion that the late blast which affected the progress
of vegetation was not a FROST as has been erroneously supposed, for then in
the morning the footsteps ofthe cattle on the grass would have turned black, but
he rather imagines that the air received such a concussion by the late
earthquakes at Messina and elsewhere, that it became impregnated with
sulphurous particles and had all the qualities of lightning without being
inflammable (see Appendix B-3).

In Holland the haze was noticed to bring with it a very distinct sulfuric odor,

which was especially noticeable between 23 and 25 June (Swinden, 1783). At the same

time many experienced troublesome headaches, respiratory difficulties and asthma

attacks. The fields appeared as they commonly do in October or November, the green

color of trees and plants had disappeared and the earth was covered with drooping

leaves. Professor van Swinden (1783) describes the damage to the vegetation as

follows:

In general it is possible to establish that it was not the origin of fructification
that was injured, but the leaves, which immediately began to fall in the
afternoon on the 24th, but variously in various plants. Certain types of leaves
were covered with spots, which increasing by degrees soon caused drooping of
leaves. Some leaves were not entirely spoilt; they continued to quicken, but the
places in which they had been affected were soon made into little holes. Others
in less than a minute turned from green to brown, black, gray, or white. Others
kept their color, but began to droop so that they were reduced to powder at the
touch of one's fingers. A very great abundance of leaves fell. Certain calyxes
were injured but in truth no flowers or fruit,' but because the leaves fell, the fruit
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did also which was caused from the failure of nutriment. Moreover the injury
and falling of leaves lasted for some time. These things continued up until 3
July but the origin of the disease was already determined by 25 June. The sap
of the plants already damaged on this day, although the leaves externally still
seemed healthy (which Dr. Brugmann gave proof to in many experiments).
Mature leaves were damaged more than younger ones.

This description is remarkably compatible to present day observations of

damage in trees and other plants due to acid precipitation from industrial pollution

(Park, 1987) and clearly demonstrates the potential scale of this type of volcanic

pollution in distant regions. In several experiments conducted in the summer of 1783,

the Dutch botanist Brugmann reproduced the observed damage to the vegetation, by

exposing plants to a mixture of sulfuric and watery vapor (e.g., sulfuric acid). These

experiments led professor van Swinden (1783) to conclude that the haze united some

acid gas which he refers to as "aer-acidus-vitrolicus" and apparently had all the

affinities of sulfuric acid.

A few sources (Swinden, 1783; Petursson, 1783; Holm, 1784) report a fall-out

of white or grayish-white dust from the atmosphere associated with the appearance of a

thick low altitude haze, but at the same time no condensation of night dew was

detected. These occurrences, reported from northern Iceland and northwestern Europe,

were most likely caused by intense fall-out of aerosols resulting in dry condensation of

sulfuric compounds. Also, in Holland, the haze tinged brass pillars on doors with a

whitish color and in Switzerland it was observed to cause strong discoloring of printed

matter fresh off the press when it was exposed to open air (Swinden, 1783).

Similar descriptions on the effects of the Laki haze are found from northern and

southern Germany and some parts of France (see Appendix B-3 for further detail). In

addition, during the period July-October, a number of accounts from Sweden, southern

Germany, and France report the occurrence of overnight frost together with morning

and evening temperature readings well above freezing or in the range between 5 to
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15°C (Donaubauer, 1783; Schwaiger, 1783; Heinrich, 1783; Planer, 1783; Egel, 1783;

Hemmer and Konig, 1783; Liessen and Phennings, 1783; Maret, 1783; Nicander,

1783). Such dramatic temperature changes over a period of several hours are very

unlikely occurrences during summer and early fall at the locations in question. A more

likely explanation is that the vegetation was scorched and blackened by acid

precipitation from the Laki haze and the effects were mistakenly attributed to frost.

It is interesting to note that it has been suggested that narrow tree rings and low

late wood density for the years 1783 and 1784 in trees from Fennosandinavia and

Alaska may have been caused by acid precipitation from the Laki aerosol cloud

(Schove, 1954; Briffa et aI., 1988). If this is correct, then it would considerably enlarge

the area that was severely affected by the "noxious dews" from Laki. Reports from

locations still further away from the Laki eruption site, e.g., Latvia, Hungary, and

northern Italy (Weiss, 1783; Swinden, 1783) show that the haze appeared to enhance

the growth of crops that resulted in both abundant and excellent harvests in these

regions.

Effects on Northern Hemisphere weather and climate

Historic accounts ofconditions from summer 1783 - summer 1784

Icelandic accounts describe the winter 1782-83 as being difficult followed by

relatively fair conditions in the spring (Gunnlaugsson & Rafnsson, 1984; Ogilvie,

1986). The summer of 1783 was cold and harsh, especially in northern Iceland,

attributed to the volcanic haze because it deprived the country of the natural warmth of

the sun.

The northern hemisphere weather in the summer of 1783 was unusual and

extreme (e.g., Kington, 1978; 1988; Steinth6rsson, 1992; Wood, 1992; Thordarson et

aI., 1993; Thordarson, 1995). In southwestern, western, and northwestern Europe, July
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and August of 1783 were dry and hot (H6Im, 1784; Lamanon, 1799; Melanderhjelm,

1784; White, 1783; 1789). In central and eastern Europe the weather was fair, but very

unstable and relatively cold in the inland regions of Russia and Siberia (Engel, 1783;

Euler, 1783; Presus, 1783; Weiss, 1783; Renovantz, 1788). A considerable amount of

snow fell in the regions around Rezeszow in Poland on 23 June, a heavy snow cover in

July is reported from the Moscow region and in early July the regions west of the Altai

mountains experienced quite severe overnight frost. At the same time an unusually

frequent occurrence of intense thunder- and hailstorms is reported from all over Eurasia

(e.g., Cotte, 1783; Lamanon, 1783; Soulavie, 1783; Renovantz, 1788). India (Mooley

and Pant, 1981; Pant et aI., 1992) and the Yangtze region in China (Wang and Zhao,

1981) suffered a severe drought and in general the summer was extremely cold in China

(Xu, 1988). The summer 1783 is singled out as a particularly calamitous and sorrowful

time in Japan, as the country experienced its most severe famine caused by a wide-

spread failure of the rice harvest (Arakawa, 1955; Mikami and Tsukamura, 1992). The

reason was unusually low late summer temperatures with periods of hoarfrost and high

precipitation. The prevailing NE winds may have been caused by changes in the jet

stream over Japan due to blocking by stationary anticyclones to the east or northeast of

the islands (Arakawa, 1957).

In July 1783 the northern, western and part of central Europe experienced an

unusual heat wave (Fig. 25) as is demonstrated by the following letter from Wien

(Vienna) dated 6 August 1783 and published in The Morning Herald, 2 September

1783:

We have experienced here the greatest heat ever remembered in this country.
According to a report from the Imperial Observatory on the 28th ult. (July), the
Reaumer's thermometer was at 22° (= 27.5°C), on the next day it rose to 23° (=
28.8°C), the 30th to 24° (= 30.DoC), the 31st to 25° (= 31.3°C) and on the 1st
fell again to 14° (= 17.5°C).
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· Fig. 25. Deviation of the 1783 July temperatures from the 1768-98 mean. Numbers are
given in °C and the distribution of the anomaly is indicated by isotherms drawn at 1°C
intervals.
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July 1783 is the wannest on record in England (Kington, 1978) and it was also

very warm in Scandinavia (H61m, 1784; Melanderhjelm, 1784) but at the same time

cool conditions prevailed in Iceland (Lievog, 1783; J6nsson and Palsdottir, 1992) and

the Faeroe Islands experienced sub-zero temperatures (H6Im, 1784). This heat wave

occurred when the Laki haze was thickest and most pronounced in western Europe and

it has been suggested (Wood, 1992) that these raised temperatures were a direct

consequence of the Laki haze.

Records from 20 European stations in the late 1700's (Jones et aI., 1985) show

that in the western part of Europe the 1783 July temperatures are 1.0 to 3.0°C higher

than a calculated 30 year mean centered on 1783 (Fig. 25), whereas the July

temperatures in eastern and southern Europe appear near or just below the norm. The

fact that the anomaly is strongest at locations closest to Laki and declines gradually

with distance may support the notion that the haze induced a lower atmospheric

warming through heating by outgoing and/or incoming radiation. The opposing

arguments are that cool conditions prevailed in Iceland and the Faeroe Islands, even

though the haze cover was thickest in these regions. Furthermore, no unusual

temperature anomalies are seen in the August temperatures records from the same

European stations (see Appendix B-4) although the Laki haze was still present in

abundance over Europe. Alternatively, the warm spell may have been caused by

somewhat unusual developments in the atmospheric circulation pattern over Europe in

July 1783. Analysis of occurrences of weather types over the British Isles in July

(Kington, 1988) shows an unusually high frequency of southerly weather (Fig. 26),

which in normal years is very rare during the summer. A high frequency of southerly

weather over Britain is consistent with the dominance of anticyclones over central or

northern Europe at that time (Kington, 1988) and caused blocking of the Atlantic

depressions to the west of Britain. This circulation pattern maintained the flow of
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Fig. 26. Frequency of the southerly weather over the British Isles in the month
of July for the years 1781 to 1785. The data are from Kington (1988).
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warm air masses from the south over western and northern Europe and is the most

likely cause for the extraordinary heat. It is, however, possible that this rather unusual

circulation pattern evolved because of the atmospheric aerosol loading by the Laki

eruption (see below).

The 1783-84 winter in Iceland was very severe and characterized by unusual

weather conditions. Winter began unusually early, between September and October

(e.g., Arn6rsson, 1784a; Arn6rsson, 1784b; Einarsson, 1784; Eggertsson, 1784;0.

Ketilsson, 1784; M. Ketilsson, 1784; V. Th6rarinsson, 1784; Thodal, 1784), with

intense and long-lasting frosts which completely covered the lowland surfaces and the

fjords with thick ice (S. Th6rarinsson, 1784; J6nsson, 1784; M. Ketilsson, 1784;

Petursson, 1784; Sveinsson, 1784); a rare but not unprecedented occurrence in Iceland's

climate history. The fjords in the northern part of Iceland remained frozen until late

May to early June 1784. Several reports (e.g. M. Ketilsson, 1784; S. Thorarinsson,

1784) from W- and N-Iceland mention repeated occurrences of temperatures as low as

25°C and air temperatures that stayed below -15° C for most of the winter. This has to

be regarded as unusually cold for Iceland, since the 1901-1990 winter mean for W- and

N-Iceland are -0.9 and -1.7°C, respectively (Einarsson, 1991). This was also a very

severe sea-ice year and the first drift-ice was seen off the north coast on New Years

Day but had disappeared by early June. The 1784 summer was cold with overnight

lowland temperatures often below freezing. In W- , N-, and E-Iceland the soil was

frozen at grass-root levels in the cultivated fields well into the month of July

(Eggertsson, 1784; G. Ketilsson, 1784). Icelandic naturalist Sveinn Palsson

(Gunnlaugsson and Rafnsson, 1984) relates the severity of the 1783-84 winter in

Iceland, along with the abnormality of the weather, to the presence of the Laki haze and

the disturbance it caused to the radiation-balance of the Earth. The winters 1784-85
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and 1785-86 were also very cold in Iceland and the cold spell following the Laki

eruption appears to have lasted until 1786 (Kristinsdottir, 1984).

Winter 1783-84 was one of the most severe in Europe and North America in the

last 250 years, with periods of unusual and long-lasting frosts reported from both

continents (Rudloff, 1967; Ludlum, 1966). Articles describing the severity of the

winter occurred in late winter and early spring in various European newspapers where

the winter is commonly described as:

A winter so tedious and severe has never been experienced in this country

(The Morning Herald, 23 March 1784).

In Trondheim, W-Norway, the winter was unusually cold and only four

temperature readings above freezing are reported between 21 December and 5 April. A

letter from Bergen indicates that the summer was also cold, where frost overnight was a

common occurrence. In January, the straits between the Danish islands could not be

crossed because of ice; extreme cold and -1 m thick snow cover were reported in mid

April from the Jutland peninsula and wintry conditions appear to have prevailed well

into May 1784. Severe wintry conditions still predominated in Hamburg on 16 March

and the severity of the winter is compared to that of the years 1709 and 1740. In

Amsterdam the severity was such that people could drive wagons on ice across the

Markersee and the ice along the North Sea coast of Holland was so extensive that two

persons skated from the village Nordwyk to Schweningen, a distance of -25 km.

Reports from Paris in late February describe long-lasting freezing in January and

February with persistent temperatures of -4°C and also that ice and snow hindered

commuter travel, causing a severe shortage of fire-wood in the city. From Vienna,

Austria came similar news of a shortage of fire-wood and other merchandise because

the Danube River was completely frozen over and prevented all commuter transport.

The lemon crop in N-Italy was totally destroyed by intense frost around New Years.
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Similar reports concerning the severity of the winter are also known from Munich,

Prague, and Moldavia. The spring thaw raised the water level of all major rivers in C

and S-Europe to such a degree that these areas experienced floods that caused enormous

property damage. For example, Prague and Meissen suffered much damage by

enormous floods, described as the greatest floods ever experienced in these cities; in

Dresden, floods by the same river destroyed more than 100 ships which were under

construction at the time; Mannheim was completely flooded by the waters of the Rhine;

floods in the rivers Danube and Dneister occurred in late February; and the Spanish

cities of Seville and Cadiz were described as being "under water," presumably from

flooding of the Guadalquivir River.

In the eastern United States the "Long Winter" of 1783-84 is described as one of

the three landmark winters of the century, the others being 1740-41 and 1779-80

(Ludlum, 1966; Sigurdsson, 1982; Baron, 1992). Commencing in mid-November and

lasting well into spring (i.e. April to May), it caused the longest known closure by ice in

the harbors and channels of Chesapeake Bay. The Mississippi River was filled with ice

fragments at New Orleans between 13 and 19 February 1784.

Impact ofthe Laki eruption as seen in late 18th Century temperature records

Using late 18th Century instrumental temperature records from 29 stations in

Europe (Jones et aI., 1985; Schonwiese, 1993) and North America (Landsberg et aI.,

1968; Groveman and Landsberg, 1979; Reiss et al., 1980), we have plotted the mean

summer, winter, and annual surface temperature deviations for these regions over a 31

year period (1768-98), centered on 1783 (Fig. 27a-c). As an example, the New

Brunswick long time temperature series shows that the winter of 1783-84 is the coldest

at that station over the last 250 years (Reiss et aI., 1980). These records show that the

summer temperatures in 1783 were above average (Fig. 27a) but were far from

exceptionally warm. They also show that considerable temperature variations existed
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Fig. 27. Late 18th Century mean surface temperature deviations (OC) for a 31-year
period centered on 1783, the eruption year of Laki; a) summer, b) winter, and
c) annual. Data from 29 stations in Europe and northeastern United States were
used in this reconstruction. The standard deviation (20) of the 31-year-mean is
shown by broken lines.
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Fig. 28. Frequency-distribution of cold summers, cold winters, and cold years in
Europe and the eastern United States during the period 1768 to 1798. The
analyses are based on registering the 4 coldest years at each station and then
adding the number of occurrences for each year from all of the stations involved.
The # indicates the total number of occurrences. See text for further details.
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between regions and with time (see Appendix B-4). In N-, W-, and C-Europe it was

about 1.0°C above average, mainly because of the unusually hot July but in North

America, and eastern and southern Europe the summer temperatures were close to the

average and no July anomaly is apparent. As demonstrated above, the unusual July

weather in W- and N-Europe was caused by blocking of tropospheric air currents by a

semi-stationary anticyclone over Central Europe. In this context it is noteworthy that at

the same time, because of blocking of the double jet stream by anticyclones, unusually

cold weather conditions prevailed in Japan (Arakawa, 1957). It has not been

established whether this apparent blocking of air-currents on the opposite sides of the

Northern Hemisphere is related to the atmospheric SOz loading by the Laki eruption,

but this definitely deserves further investigation.

The 1784 summer mean temperatures are only a little lower than the 1768-98

mean (~T = -O.3°C), although the summer was cool in W- And N-Europe (LlT = 

1.1 0C). This was followed by two relatively cool summers, especially in Europe, where

~T = -O.9°C (Fig. 27a). The 1777 summer may have been the coldest, with a -1.3°C

deviation from the 1768-98 mean although this large deviation may be an artifact of the

data set, since several stations have poor or no records for the first 5-10 years of this

interval.

The winter mean temperature deviations (Fig. 27b), indicate a very sharp and

strong cooling in 1783-84 over Europe and the eastern United States which is on the

order of _3°C. This cooling was followed by a gradual recovery over the next four

years. Outside of these regions the only climatological data available to us is from

Japan; therefore, it is difficult to assess what the winter conditions were in other parts of

the Northern Hemisphere. Information on the winter conditions in Japan in the years

following the Laki eruption can be obtained from the long time-series of freezing dates

of Lake Suwa (Arakawa, 1954) and reconstructed winter temperatures for Tokyo (Gray,
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1974). They indicate that the 1783-84 winter temperatures in Japan were about normal,

but the following winter of 1784-85 was cold with temperatures 1.2°C below the 1768

98 mean. In Europe and the eastern United States two other winters were very cold,

namely the 1788-89, which in Europe appears to have exceeded the winter of 1783-84

in severity (Rudloff, 1967), and the winter of 1794-95. In relation to the 1788-89 sharp

winter-cooling (Fig. 9b), it may be of importance that recent studies (Crowley et at,

1993) have identified a relatively small but significant acidity peak of 1.0 peq, H+ in

Greenland ice cores. This peak is undoubtedly of volcanic origin, but the source is

unknown. Such association is not found in relation to the cold winter of 1794-95.

The annual mean temperature deviations show that the three years following the

Laki eruption were by far the coldest years of the 31-year period, with 1.3-1.4°C cooler

temperatures than the mean (Fig. 27c). The recovery to normal temperatures appears to

have taken an additional two to three years. This fits the findings of Angell and

Korshover (1985) when they evaluated the effects of the 1783-84 volcanic activity on

surface temperatures in the Northern Hemisphere. Their analysis indicates that the

annual mean temperatures for the years 1784-86 in Europe and the eastern United

States were 0.5-1.0°C lower than the 1781-1798 mean. In their view it strongly

supports a volcanic influence on the temperature. Furthermore, they estimated an

average of 0.3-0.5°C reduction in surface temperatures for the Northern Hemisphere as

a whole over the same years. Several other authors (e.g., Rampino and Self, 1984;

Sigurdsson, 1990) have suggested similar deviations in the surface temperatures

occurred as a consequence of the Laki eruption.

The significance of the surface cooling that followed the Laki eruption can be

evaluated further by analyzing the occurrence of the cold years and seasons within the

31-year period, centered on 1783. This is accomplished by registering the 4 coldest

years, summers, and winters at each station and then summing up the number of
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occurrences for each year from all the stations. Even though this type of analysis is not

sensitive to the amplitude of the signal, it is useful in assessing the statistical

significance of the signal since it is sensitive to the occurrence of cold years and seasons

on a regional scale. As long as the temperature records from each station are internally

consistent this method should eliminate the potential effects of errors that may exist in

the comparison of temperature data from one station to another. Such errors can arise

from differences in type of instruments used, instrumental setup, method of

observation, and time in the day that measurements were taken. Since the number of

stations included in our analyses is small, the effect of such errors can be significant.

For the same reason, along with the fact that we include the 4 coldest years and seasons

from each station, the method should also minimize the effects of extreme, but local,

meteorological events.

It is obvious from this analysis that the observed cooling over Europe and North

America for the years 1784 to 1786 is statistically significant (Fig. 28a-c). It also

demonstrates that 1784, 1785, and 1786 have by far the highest frequency of coldest

years and cold summers in this time period (Figs 28a and 28c). The winters 1783-84

and 1784-85 also register, but are closely matched by the winters of 1788-89 and 1794

95 (Fig. 28b). On the other hand, the signal of the winter 1785-86 does not reveal

anything unusual.

Discussion

The Laki eruption had marked effects on the atmosphere and the environment in

the Northern Hemisphere in 1783 and at least the two years that followed. The

discharge of 0.5 to 1.5 Mt S02 per day from Laki was probably enough to produce a

sulfuric aerosol cloud of a near-hemispheric dispersal and to maintain such a cloud at

the troposphere - lower stratosphere levels for months and possibly years.
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~WJS~

Earth

Fig. 29. Vertical cross section at 1500 Wand 30° E between the North Pole and Equator
from 0 to 30 km altitude, showing longitudinally averaged zonal wind distribution in the
month of July. Shaded areas denote westerly wind and blank areas easterly wind
components. Large shaded area designates the westerly jet stream (WJS) and its width is
approximately equal to the known latitudinal spread of the Laki haze, suggesting that
atmospheric transport of the aerosol cloud was limited to the jet stream. Dashed lines
indicate the tropopause, velocity is given at 10 cm sec! intervals, and height scale is linear.
Modified from Lamb (1972).
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Because the main mass loading of gaseous compounds from Laid was mostly

confined to the upper troposphere -lower stratosphere (~15 km altitude), the dynamics

of atmospheric transport, dispersal, and removal of sulfuric aerosols were very different

from other known volcanic aerosol clouds where S02-mass-Ioading was predominantly

stratospheric. For Laki these differences are: a) the bulk transport and dispersal of the

Laki aerosol cloud occurred within the westerly jet stream (Fig. 29); b) the dispersal of

the aerosol cloud was near-hemispheric and confined to the regime of the westerly jet

stream between latitudes of 30° to 900N (Fig. 29); c) dispersal and atmospheric removal

of the Laki aerosol cloud was greatly affected by diurnal changes in weather and

circulation pattern, where interaction between the jet stream and the broad scale vertical

motions of the troposphere generated by cyclones and anticyclones was important. The

Laki aerosol cloud (haze) can be regarded as composed of two components; the low

altitude haze, which was the prime contributor to the S02 acid-pollution in the summer

and fall of 1783 and most heavily felt closest to the source; and the high altitude haze,

which may have been the sole contributor to the longer lasting climatic perturbations

that followed the Laki eruption.

The total atmospheric H2S04-aerosol-mass-Ioading by the eruption amounts to

....235 Mt (Thordarson et al., 1995) when the aerosol composition is taken as 75 wt.%

H2S04 and 25 wt.% H20 (Self et aI., 1995). This amount is equivalent to ....187 Mt of

concentrated sulfuric acid. Approximately 80% of this mass, or ....150 Mt H2S04, was

released into the atmosphere at the Laki fissure and contributed to the volcanic

pollution outside of Iceland. If our estimates are correct, then 30 to 40 Mt of H2S04

were retained in the upper troposphere-lower stratosphere and consequently the middle

and lower tropospheric H2S04-mass-Ioading must have been on the order of 110 Mt.
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Low altitude haze and associated atmospheric pollution

The Laki fissures emitted 90% of the total eruptive mass erupted during the first

5 months of activity (Thordarson and Self, 1993a), indicating a ,.,I00 Mt H2S04 burden

of the middle and lower troposphere during that time. If we assume a uniform dispersal

of the low altitude haze over the Northern Hemisphere between latitudes of 30° and

900N, then 100 Mt amounts to a total deposition of -600 kg of sulfuric acid per square

kilometer in 5 months or -4 ppm H2S04 per day.

The spatial-temporal distribution of the low altitude haze was not uniform over

the Northern Hemisphere and the regions relatively close to source experienced

considerably higher amounts of acid precipitation than those further away. The sector

extending from Iceland to eastern Europe (a distance of -2500 km) and from the

Mediterranean to the Artie was affected the most, or approximately one tenth of the

Earth's surface above 300N. In this region the low altitude haze was most intense from

late June to the end of July when the Laki fissures emitted 60 % of the total erupted

magma and gas volume (Thordarson and Self, 1993a; Thordarson et aI., 1995; see also

Chapter 2 of this thesis). This value implies a H2S04 aerosol loading on the order of

50 Mt for the middle and lower troposphere over Europe, or a total deposition of -3000

kg of sulfuric acid per square kilometer in one and a half months (-65 ppm H2S04 d-l ) .

If we assume negligible atmospheric removal of aerosols during this time, then a 50 Mt

loading amounts to 0.5 to 1.0 ppm of H2S04 aerosols which is three to four orders of

magnitude higher than the average global concentration (0.5-1.0 ppb) of sulfuric

compounds in dry air (Iribame and Cho, 1980; Jaenicke, 1984). Even though these

numbers cannot be taken as absolute values, they are probably of correct magnitude.

The immediate effects of the acid precipitation on vegetation both in Iceland and

Europe (see above) suggest that the atmospheric concentration of sulfuric compounds

exceeded 1.6 ppm and locally may have been in the range of tens of ppm (Park, 1987).
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The Laki eruption is known to have caused severe fluorine poisoning (fluorosis)

in the grazing livestock all over Iceland and in many regions killed the animals within a

week from the onset of the eruption (Gudmundsson, 1783; Stephensen, 1785;

Petursson, et aI., 1984). Symptoms of chronic fluorosis were identified in animals

throughout the fall of 1783 and the winter of 1783-84. Experiments have shown that if

fluorine content exceeds 250 ppm of the dry mass of grass, it leads to chronic fluorosis

that kills the animals in several days (Sigurdsson and Palsson, 1957; Thorarinsson,

1979). In addition, several months of feeding on grass containing more than 20-40 ppm

fluorine will cause a mild chronic fluorosis in grassing livestock. Our studies indicate

that -8 Mt of F were liberated from the magma and into the atmosphere above the Laki

fissures (Thordarson et al., 1995; see also Chapter 2 of this thesis). Oskarsson (1980)

showed that effective chemical adsorption of soluble fluorine (as fluorosilicates) onto

surfaces of tephra grains occurs within an eruption column at temperatures below

600°C. Consequently, because the finer tephra fraction has a larger surface area per

unit mass than the coarser fraction it can carry more fluorine, which also may be

transported to greater distances away from source because of the small particle size.

Thus, heavily fluorine-contaminated tephra has the potential to toxify environments

located far away from the volcano. The volume of the Laki tephra is 0.78 km3 (0.4

km3 DRE), of which 0.13 km3 was deposited at distances beyond 50 km from source

(Thordarson and Self, 1993a) and the data provided by Oskarsson (1980) on the amount

of fluorine adhering to surfaces of the tephra clasts from the 1970 Hekla eruption can

be used to evaluate the potential fluorine deposition in Iceland by the Laki eruption.

Values of 1500 ppm F for the fine fraction and 500 ppm F for the coarse fraction

indicate that the total removal of fluorine by the Laki tephra from the atmosphere above

Iceland was on the order of 1.0 Mt. This has to be regarded as a minimum for the

fluorine deposition in Iceland, because this estimate does not account for the dry and

127



wet deposition of volatile fluorine directly from the haze. This estimate of the fluorine

deposition in Iceland clearly demonstrates the scale of the environmental toxication,

because atmospheric removal of 1.0 Mt F dispersed over an area within 300 km of the

Laki fissures is equivalent to regional deposition of 3500 ppm F. Evidence of fluorosis

in grazing livestock in countries outside of Iceland has so far not been found in the

historic records, although it is possible that grazing animals in the Faeroe Islands,

northern-Scotland, and even Norway may have been affected by fluorosis.

High altitude haze and its potential climatic effects

A .....35 Mt H2S04 burden of the upper troposphere and lower stratosphere at

altitudes between 7 and 13 km translates into 30-40 ppb of sulfuric acid and is an order

of magnitude higher than the "normal" background level of 0.5 ppb (Woods and Chuan,

1988). Our evaluations of both historic and instrumental records demonstrate that the

surface temperatures in Europe and North America in the three years following the Laki

eruption were well below average and may have been the coldest years in the latter half

of the 18 Century (Figs. 27 and 28). If an optical depth of 0.7 is a correct measure of

the radiative effects of the high altitude haze from Laki, then the haze (e.g., increase in

the planetary albedo over the Northern Hemisphere), had the potential to bring about

surface air temperature reductions on the order of 3-10 °C (Ackerman, 1988). A

reduction of this magnitude is much greater than what was indicated by the late 1800

records (Fig. 27a-c). Because the high altitude haze did not cover more than one third

of the globe, the general and consistent poleward transport of thermal energy through

ocean and atmospheric circulation should have worked toward buffering or reducing the

amplitude of the expected surface temperature anomalies. Therefore, the moderate

drop of 1.5°C in the annual mean temperature over Europe and North America (Fig.

27c) in the three years immediately following the Laki eruption may be consistent with

direct offset of the radiative thermal balance by the high altitude haze in the higher
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latitudes of the Northern Hemisphere. However, if the results of Fiacco et al. (1994)

are correct, then most of the high altitude haze produced by Laki had been removed

from the atmosphere by late summer of 1784. Hence, even though the severe winter of

1783-84 and the cool summer of 1784 may have been caused by direct radiative

perturbations of the Laki aerosol cloud, it could not have been the direct cause for the

low annual temperatures in the years 1785 and 1786. On the other hand, the back-to

back occurrence of cold years in Europe and North America implies a common source

for this short-lived climatic deterioration and its close association with Laki in time

strongly suggests that these two events are related. Is it possible that a one-year-Iong

perturbation by the Laki aerosol cloud suppressed the climatic system to such a degree

that it took two additional years for it to recover back to a "normal" state? The

northerly location of the Laki fissures (.....64°N) and the timing of the eruption may be

the keys to the puzzle.

Studies have shown that the aerosol cloud from the 1982 eruption of EI Chich6n

(..... 18°N) produced -12.0 Mt of H2S04 aerosols (Hoffmann, 1987) and caused a

dramatic increase of the Artie optical depths to 'tD = 0.4-0.6 in late spring of 1982

(McCormick and Trepte, 1987). For an aerosol cloud of this magnitude and of uniform

dispersal, the planetary albedo at the Artie Circle would be twice the value at 45°N

(King et aI. 1984). This suggests that the reduction of the zonal mean incoming

radiation by a volcanic aerosol cloud is about 2-3 times more efficient within the polar

regions than at equatorial latitudes (Graf and Schult, 1990; Graf, 1992). Furthermore,

the aerosol-induced perturbations due to EI Chich6n in late spring of 1982 were limited

to the polar regions, with as much as a 20% increase in the planetary albedo, or 8-10

W/m2 of excessive short-wave reflection (Ardanuy and Kyle, 1986).

High-latitude eruptions lead to high concentrations of volcanic aerosols in the

Artie atmosphere (Graf, 1992) and in case of the Laki eruption the aerosol loading
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would most likely have been condensed in the upper troposphere and the lower

stratosphere. Therefore, it is logical to assume that the radiative perturbations by the

Laid aerosol cloud were of the same magnitude in the Artie atmosphere as was

observed over Europe in the summer and fall of 1783. The Laid eruption began in

early summer of 1783 and produced an upper tropospheric - lower stratospheric aerosol

cloud with 'tD ::= 0.7 that remained in the Artie atmosphere at least through the summer

of 1784. This occurrence implies that the LaId aerosol cloud had the potential to cause

a strong disruption to the thermal balance in the Artie during two summer seasons when

the incoming radiative flux is the greatest, because the energy budget of the Artie is

largely controlled by the summer season radiation balance (Lamb, 1972; Parkinson et

aI., 1987; Moritz, 1990). The net effect of such perturbations would have been

substantial surface cooling due to net reduction in the amount of solar energy reaching

the surface and to heating of the atmosphere at or near tropopause levels due to

absorption of solar energy by the aerosols.

Consequently, this disturbance may have led to a stable density stratification of

the Artie troposphere, which would in general terms work towards maintaining the

situation (Ackerman, 1988). Thus, very cold surface (winter-like) conditions may have

prevailed in the Artie from the summer of 1783 through the summer of 1784, greatly

reducing or even reversing the normal summer sea-ice decay and maintaining a winter

like (~85%) coverage of iee in the Artie. The expected result from this scenario would

probably be to increase ice flux out of the Artie and to maintain cold conditions for

some time after the source of the perturbation was removed because of the extremely

high albedo of sea-ice which is also the prime moderator of heat fluxes in the Artie

(parkinson et aI., 1987; Moritz et aI., 1990). These speculations are substantiated

somewhat by historic sea-ice records from Iceland, which show that the 1780s had by

far the highest decadal sea-ice index (= 46) in the record between AD 1500-1800 or
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about 4 times the interval mean (Ogilvie, 1992). This decade also had the lowest

thermal index (= -22). Historic records also indicate severe summer sea-ice in Hudson

Strait and Hudson Bay following the Laki eruption (Catchpole and Hanuta, 1989).

On the other hand, heating of the middle and high latitude atmosphere at or near

tropopause altitudes would have reduced the equator-pole thermal gradient at that level.

The strength of the Westerly jet stream is largely controlled by the sharpness of the

equator-pole thermal gradient. This is reduced by the additional solar heating during

the Northern Hemisphere summer but enhanced during the winter season (Lamb, 1972).

Thus, the strength of the jet stream is normally weaker in the summer than in the

winter. It is likely that the additional heating of the tropopausal atmosphere by the Laki

aerosol cloud enhanced the weakening of the upper westerlies during the summer and

fall of 1783 and maintained it at least through the winter and summer of 1784. It is also

likely that this process had greater effects on the polar jet stream component of the

westerlies than the subtropical one. If so, then it would have resulted in a weak polar

component and a southward shift in the subtropical component. The overall net effect

of weaker westerlies on the surface weather pattern is a reduction in the frequency of

progressive (zonal) circulation types and an increase in mixed or meridional type

circulation. Weakening of the Westerly jet stream by the Laki aerosol cloud is

consistent with the available historic climatic data. Kington (1988) demonstrated that

the frequency of progressive (westerly) weather types over the British Isles during

1781-85 was well below the 1860-1978 five-year running mean, with a sharp reduction

of westerly weather type in 1784 and 1785 (Fig. 30). Similar reductions were observed

for central Europe in 1783 and 1784, although the anomaly is less pronounced (Fig.

30). The flood and drought pattern in China in 1783 to 1785 appears to be consistent
~

with the dominance of mixed- or meridional-type circulation (Shao-wu and Zong-ci,

1981; Wang and Zhao, 1981) and the severe drought in India (Moo1ey and Pant, 1981;
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Pant et aI., 1992) is consistent with weak summer monsoon conditions or weakened jet

stream circulation (Graf, 1992). Furthermore, the extraordinary cold and wet

conditions in Japan in late summer of 1783, related to stagnation of the polar frontal

zone along the Pacific coast of Japan, are in accordance with a weaker jet stream

(Arakawa, 1955, Mikami & Tsukamura, 1992; Murata, 1992)

In a series of climatic model experiments simulating atmospheric aerosol

loading in May from a powerful volcanic eruption at high northern latitudes Graf

(1992) demonstrated that the high latitude radiation deficit, similar to the one postulated

here for the Laki aerosol cloud, would have had substantial effects on the global

climate, but the response would not be a uniform one. For example, both negative and

positive temperature anomalies are produced by the radiative forcing and their

distribution pattern changes with season. This may explain why the Laki signal is

clearly present in some dendrochronological records, but does not show in others (e.g.,

Schove, 1954; Briffa et aI., 1988; and papers in Bradley and Jones, 1992). Therefore,

instead of using hemispheric or global means, a footprint and pattern analysis may be

needed in the search for the volcanic signal (Graf, 1992). In general the model results

show reduction in the geostrophic winds at high northern latitudes which appears to be

consistent with the climatic effects of the Laki eruption. Graf (1992) also demonstrated

that even if the radiation anomaly was removed after 7 months, the forced weather and

circulation pattern would still prevail for several years after the initiation of the forcing,

although the observed anomalies would be somewhat weaker. In addition, the model

indicates prolonged winter monsoon conditions over India due to weakening in the

easterly jet and a development of a negative Walker anomaly in the Pacific, which may

act as a supportive trigger for EI Nino. The historical records (Quinn and Neal, 1992)

show that a strong EI Nino event occurred in 1783 (Quinn and Neal, 1992). Thus,

climatic model evaluations on the radiative effects of a Laki-like aerosol cloud may
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prove to be the most useful tool in furthering our understanding of climatic perturbation

from events like Laki.

An additional consequence of an aerosol cloud from a Laki-like eruption, if it

were to happen in Iceland today, is that it would seriously obstruct air travel because

the volcanic cloud from such an event is likely to be of near-hemispheric dispersal and

concentrated at altitudes between 7-15 km. The cloud would consist both of gaseous

and acid droplets, along with ash particles of sub-micrometer size. If jet-driven

airplanes enter such a cloud it can cause an immediate thrust loss and possibly engine

failure (Bernard and Rose, 1990; Casadevall, 1992). A volcanic plume produced by a

Laki-like eruption would not only cover a large area but also reside at the same

altitudes as most jet airplanes fly; it would be a potential safety threat and might keep

the airplanes grounded. Thus, it would not only be a safety risk, but also have

economic ramifications.

Evidence for other eruptions ofsimilar characteristics and magnitude to Laki

A double-spiked acidity peak of 5-8 peq kg! amplitude is found in the

Greenland ice core record in the years 1601 and 1602, indicating a significant

atmospheric aerosol (-60 Mt) loading by a volcanic eruption (Hammer et aI., 1980;

Hammer, 1984). The source of this aerosol cloud is still unknown, but it has been

suggested that it was caused by a volcanic eruption either in Alaska or Kamchatka

(Lamb, 1970; Hammer et aI., 1980). Crowley et aI. (1993) link this acidity peak to the

1600 eruption of Huaynaputina in southern Peru, without any further explanation. This

identification is highly unlikely, as will be discussed below.

In his essay on famines in Iceland, the Bishop Hannes Finnsson (1796), while

describing the severity of the weather during 1601 to 1605, mentions a tropospheric

haze that caused blood-red coloration of the sun that was constantly present in Norway

throughout the year 1601 (Finnsson's source was the Throndheim Selskabets Skrivelse,
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Annual frequencies of zonal weather types from 1781-85
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Fig. 30. Frequency of westerly weather types over the British Isles (filled
diamonds) and central Europe (open circles) during 1781 to 1785. The data are
from Kington (1988).
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volume 1; pp. 148). Moreover, he states that because of the famine caused by these

conditions in Norway, the year 1601 is known in Norway as "det store dyre Aar" (The

year of great severity). Famines also raged in many parts of Europe. According to

Lamb (1970), the sun was greatly dimmed in 1601 by a constant haze over southern

Scandinavia, the sun and the moon appeared faintly reddish and lacked brilliance in

central Europe throughout the year and up to end of July 1602. There are two points in

particular that stand out from these descriptions. First, that the haze was constantly

present and a portion of it was present in the troposphere, at least in northern Europe.

Second, these recitals bear a striking resemblance to some of the descriptions of the

Laki haze as it appeared over Europe in the summer of 1783. The presence of

tropospheric haze in Norway throughout most of the year 1601 suggests that the aerosol

cloud was maintained by a prolonged (1 to 2 years) eruption with columns of similar

height to those estimated for the Laki event. Thus, an eruption in February of the year

1600 from a volcano located in the Southern Hemisphere (Huaynaputina; _17°S) has to

be taken as very unlikely to be capable of maintaining a constant haze in Norway

throughout the year 1601. The source has to be an eruption within a volcano located at

high latitudes in the Northern Hemisphere, as previously suggested by Lamb (1970) and

Hammer et al. (1980), that began late in 1600 or in early 1601. Because of the

availability of detailed historic accounts, along with thorough tephrochronological

studies, it is very unlikely that an eruption of this magnitude would have gone

unnoticed in Iceland or Japan. Therefore, these regions can be ruled out with a fair

degree of confidence. That leaves Kamchatka, Alaska, and Jan Mayen as the most

likely regions for the eruption site, but the identification of the exact location will have

to await further studies.

The scarce historic records available to us show that the climatic perturbations

that followed this eruption were similar to those observed for Laki. Finnsson (1796)
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,
described the severity of the 1601-1605 weather in Iceland and the famine it imposed

on the community, which is summarized by Ogilvie (1992) as follows:

The severity began in 1602 when all seasons were harsh throughout Iceland.
The dearth and severe weather continued through 1603 and 1604 and caused
the deaths through hunger ofaround nine thousand people. There were several
severe ice years during this decade. Sea ice is recorded in the North in 1602
''far into the summer"; in 1604 when "ice came"; in 1605 when "much ice came"
and in 1608 when it lay from mid-April to mid-June. In 1602, Ballardranndll
refers to ice in Hvammsfjord being crossed on horseback in early June.
However this is likely to refer, not to drifting sea ice, but to the sea itself being
frozen in situ.

The reports on the weather condition in Iceland following the Laki eruption are

close to being duplicates of the above quotation (see above). In western and southern

Europe the winters of 1601 to 1605 were notably cold and severe (Buisman, 1984;

Pfister, 1985; Camuffo and Enzi, 1992; Pavese et al., 1992; Serre-Bachet et al., 1992).

In China the summers of 1601 to 1603 were extremely cold with temperatures

estimated to have been as much as 25°C below normal (Xu, 1988), and in the western

United States, notable frost ring events have been identified in the year 1601

(LaMarche and Hirschboeck, 1984). Evidence for strong cooling around 1600 is not

readily apparent in other available climatological records (e.g., papers in Bradley and

Jones, 1992), which may suggest that the surface anomalies induced by the volcanic

perturbation were not uniform in space or time, which is in turn consistent with

analyses of the effects of recent volcanic eruptions on climate (Robock, 1991; Robock

and Mao, 1992; Graf, 1992; Graf et al., 1992).

The other known historic eruption of similar characteristics and magnitude as

Laki is the AD 934 Eldgja basaltic fissure eruption in Iceland (Larsen, 1979; 1990;

Miller 1989), which produced acid fallout in Greenland of somewhat smaller amplitude

than Laki but took place over 3 years (Hammer, 1984, Zielinski et al., 1994).

Characterized by similar eruption dynamics as the Laki event, the total volume of
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magma erupted by Eldgja is estimated as 14.2 km3 (13.6 km3; tephra = 0.6 km3, DRE).

According to our petrologic estimates, the total amount of S02 liberated by the Eldgja

magma into the atmosphere is 167 Mt, indicating that the potential yield of H2S04

aerosols by the eruption was about "",320 Mt (Thordarson and Self, in prep.; see also

Appendix A-3 of this thesis). Accordingly, -127 Mt (= 240 Mt of H2S04) were

released into the atmosphere above the active fissures. This mass may have been the

total S02-yield by Eldgja into the Westerly jet stream which then was transported and

dispersed as high and low altitude haze in the Northern Hemisphere. Unfortunately we

have not been able to find any historic records that could provide information about the

atmospheric effects of the Eldgja eruption and therefore, we cannot make any realistic

evaluation of the potential climatic effects of this event, although we suspected that it

was of the same magnitude as for the two events discussed above.

Several large-volume basaltic fissure eruptions are known from the pre-historic

era in Iceland, e.g. younger Laxardalur lava (2-3 km-) and Krepputungu lava '5:7 km3)

eruptions in northern Iceland; Nupar lava (-7 km3) and the Tungnar lava sequence in

southern Iceland, to name a few examples. The Tungnar lavas are the only flows that

have been the subject of detailed regional study (Vilmundard6ttir, 1977;

Vilmundard6ttir et al, 1990) and were formed by "",5 eruptions between 1850- 8500 BP

that emitted -40 km3 of magma. Within the Tungnar lava sequence the Great Thjorsa

lava flow (21 km-) has been cited most commonly in the literature. The Thjorsa lava is

dated to 8580 ± 140 by 14c (Vilmundard6ttir, 1977; Hjartarson, 1988; Vilmundard6ttir

et aI. 1990) and is the largest subaerial lava flow in the Northern Hemisphere over the

last 10,000 years. On the basis of petrologic estimates (see Appendix A-3 of this

thesis), the total sulfur yield was -160 Mt, with 103 Mt released at the vents and "",58

Mt by the lava flow. Moreover, the large acidity peak at - 1715 m in the Dye3 ice core

from Greenland, dated to 8700±150 years (Hammer et al., 1986), could well be the
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product of this eruption. These considerations suggest that the Thjorsa lava eruption

had the potential to cause similar atmospheric disruptions as the eruptions discussed

previously.

In light of the discussion presented above, it is apparent that the aerosols from

large-volume basaltic fissure eruptions are capable of producing short-lived but

significant atmospheric perturbations on a hemispheric scale and possibly on a global

scale. Flood basalt eruptions, such as the -14.5 Ma Roza member (1300 km3) within

the Columbia River Basalt Group, are estimated to have a potential H2S04-yield on the

order of 104 Mt and eruption duration in the range of 5 to 15 years (Thordarson and

Self, 1995b; see also Chapter 4 of this thesis). This estimates implies annual H2S04

flux of 103 Mt from the Roza event or an aerosol mass loading that is an order of

magnitude greater than that experienced by the Laki eruption alone. Even though the

consequences of such an event are still unknown and difficult to assess without the aid

of theoretical considerations and modeling efforts, it is obvious that they are on a much

larger scale than the observed perturbations after Laki. In this context, it is interesting

to note that a distinct excursion (cooling) is found in the middle Miocene oxygen

isotope curve between 14.5 and 14.1 Ma (Woodruff and Savin, 1991) which falls into

the time frame of the Roza eruption.

Conclusions

Laki produced -150 Mt H2S04 that gradually spread over the Northern

Hemisphere and caused the dry fog (sulfuric haze) that hung over Europe, North

Africa, parts of Asia, and possibly North-America, for several months in the summer

1783 with severe consequences. The summer and fall of 1783 were marked by a

persistent dry fog, a dim sun, and blood-red sunrises and sunsets. Acid precipitation

from the Laki aerosol cloud caused considerable damage to vegetation up to 2500 km
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from source. The weather during this period was unusual and unstable; hot and dry

spells dominated certain areas, whereas in others it was unseasonably cold and wet.

Reports of unusually meager or complete failures of the late summer harvest are known

from many regions in 1783 and unusually cool and wet weather conditions in Japan

ruined the rice crop, which triggered the worst famine known in Japanese history. The

winter of 1783-84 is recognized as one of the most severe winters on record both in the

Old and the New World and evaluation of 18th Century instrumental records suggest

that the cooling caused by Laki lasted for 2-3 years. The only known historic eruptions

with similar outputs of SOz to the Laki eruption are the 1815 eruption of Tambora in

Bali (Self et a1., 1984) and the 934 eruption of Eldgja in Iceland, but an eruption of

similar magnitude to Laki may have occurred in 1601.

Eruptions similar in style and magnitude to Laki will recur in Iceland and

possibly in other areas of basaltic volcanism. The potential environmental and social

effects of such events are discussed briefly, as they are inferred from the experience of

the 1783-84 Laki eruption. If such an eruption were to occur today in Iceland, it would

increase air-pollution drastically over large areas of the Northern Hemisphere for

several months. The immediate effects on communities in Europe and North America,

would be halting and/or rerouting of air traffic over large portions of the Northern

Hemisphere. A more serious effect is how the natural habitat of these areas would

respond to an event of this magnitude, especially in Europe, where the environment is

already over-stressed and weakened by human pollution (Park, 1987). It is possible

that a Laki-like eruption could seriously damage the natural habitat in these areas.

The Laki event is the closest analog to a flood basalt eruption to have been

observed and documented (Thordarson and Self, 1993a). Therefore, a thorough

understanding of the eruption dynamics and atmospheric effects of Laki could be useful

for the evaluation of the impact of past flood basalt volcanism on Earth's environment.
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Chapter 4. Structural characteristics of flood basalt lavas and
implications formodeof emplacement

(This will be submitted as a paper to the journal Bulletin of Volcanology with the
title: Structural characteristics of flood basalt lavas and implications for mode of
emplacement by Th. Thordarson and S. Self)

Chapters 2 and 3 deal with the volatile release and climatic effects of the 1783

84 Laki eruption in Iceland. Although Laki is one of the greatest basaltic fissure events

in historic times the geologic record contains evidence of much larger events, termed

giant lava producing eruptions or simply flood basalt eruptions. These events erupted

volumes that are several orders of magnitude greater than produced by Laki, We will

now tum our attention to these spectacular lava flows, beginning with consideration of

the internal characteristics of the lavas produced by two mid-Miocene flood basalt

eruptions in the Columbia River Basalt province, Pacific Northwest, U.S.A.

Introduction

This paper presents detailed field studies of morphological features and internal

structure of two pahoehoe sheet flows within the Columbia River Basalt Group.

Pahoehoe sheet flow is used here as defined in Hon et al. (1993). I also discuss the

implication of these features regarding lava emplacement processes and growth rate of a

flow field.

To our knowledge, a comprehensive and systematic documentation of the

internal structural fabric of large-volume pahoehoe sheet flows has not been presented

before, although generalized descriptions attending to the overall fabric of flood basalt

lava flows have been presented in many publications (e.g., Fuller, 1931a; Walker 1959;

1963; Waters, 1960; 1962; Mackin, 1961; Lutton, 1969; Swanson, 1967; Schmincke,

1967; Long, 1978; Long and Davidson, 1981; Deshmukh, 1988). Many studies deal

with specific structural features within basaltic pahoehoe flows where their jointing
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habits have attracted greatest attention. A thorough discussion regarding joint

morphology, jointing patterns, and their relation to crystallinity are found in James

(1920), Fuller (1931b), Tomkeieff (1940), Spry (1962), Seemundsson (1970), Ryan and

Sammis (1978), Long and Wood (1986), DeGraffet a1. (1989). Mackin (1961) gives a

general description of vesiculation features in thick pahoehoe flows and vesicle

zonation in a single flow is treated by MacMillan et a1. (1989). The vesicle cylinders

and horizontal vesicle sheets (segregation veins), commonly found in thick pahoehoe

flows, have attracted researchers because of their differentiated composition (e.g.,

Kuno, 1965; Lindsley et aI., 1971; Goff, 1977; Greenough and Dostal, 1992; Puffer and

Horter, 1993). The overall vesiculation pattern of Hawaiian pahoehoe lavas is

documented by Walker (1987; 1989) and Wilmoth and Walker (1993) and quantitative

studies on bubble nucleation and growth in active pahoehoe lava flow field is presented

by Mangan et a1. (1991) and Cashman et a1. (1994). Studies on morphological

structures indicative of endogenous growth in thick pahoehoe flows include Lutton

(1969) Chitwood (1994), Thordarson and Self (1993a), Finnemore et a1. (1993), and

Self et a1. (1993). Descriptions of such features in small pahoehoe lavas and discussion

on their implication for lava emplacement is presented by Swanson (1973), Theilig

(1986), Walker (1991), and Hon et a1. (1994).

Example of pahoehoe sheet flow fields in Columbia River Basalts

Background

The Columbia River Basalt Group (CRBG) is defined as the tholeiitic lava

sequence produced in the Miocene (17.0 to 6.0 Ma) purportedly by an extensive

northwest-rending linear vent system. The products of several hundred eruptions now

cover -164,000 km2 in northern Oregon, western Idaho, eastern and central

Washington (Fig. 31 and Table 11) and combine to a total volume of -174,400 km3
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(e.g., Swanson et al., 1979a; Reidel et al., 1989; Tolan et al., 1989). The CRBG consist

of quartz-normative tholeiite and basaltic-andesite lava flows. Using geochemical,

paleomagnetic and field-related considerations, the group is subdivided into five

stratigraphic formations (Table 11): the Imnaha, Picture Gorge, Grande Ronde,

Wanapum, and Saddle Mountain basalts, each composed of numerous members and

flow units (e.g., Swanson et al., 1979a: 1979b; Reidel, 1983; Hooper, 1984; 1988a;

1988b; Beeson et aI., 1985; Mangan et aI., 1986; Reidel et aI., 1989; Tolan et al., 1989).

In addition, three relatively small-volume stratigraphic formations of Prineville,

Weiser, and Powder River basalts are included in the CRBG (Tolan et aI., 1989). Their

lavas originated from fissures along the eastern side of the Cascade Range and are

found interfingering with the R2-Grande Ronde lavas in northern Oregon (Table 11).

With an isotopic age from 16.5 to 15.6 Ma, the Grande Ronde basalts comprise

by far the most voluminous formation within the CRBG, possessing more than 85 % of

the group's estimated volume (Table 11). The Grande Ronde formation consist of -120

major lava flows with a total volume of 148,600 km-', which corresponds to an eruption

per 7500 years producing - 1200 km3 of basalt lava. In comparison, the volume of the

Imnaha formation (17.0-16.5 Ma) is 5.5 % of the total CRBG volume and the

Wanapum formation (15.6-14.4 Ma) is 6.1 %. The Saddle Mountain Formation (-14.5

6.0 Ma) is the least voluminous of the CRBG, comprising -1.4 % of the total volume,

and represents a period of waning activity. If the Saddle Mountain Formation is

excluded because of its small volume and long duration, and using the data in Table 11,

the calculated mean magma-production for the CRBG is -0.07 km3 per year.

The common lavas of the CRBG are bounded by pahoehoe-like surfaces and

were emplaced on a gently sloping surface «1°) with low relief, acquiring a horizontal

dimension of several hundreds of kilometers and thicknesses on the order of 10-30 m

(e.g., Mackin, 1961; Shaw and Swanson, 1970; Swanson et aI., 1979; Mangan et al,
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1986; Reidel and Fecht, 1987; Reidel et al., 1989; Tolan et al. 1989). Flows with

slabby pahoehoe or rubbly aa lava surfaces also occur, but basal, aa-like rubbles are

rare. During the period of CRB lava formation the area of emplacement was for the

most part a rather featureless plateau, with a few scattered canyons and anticlinal ridges

(Fecht et aI., 1985; Reidel and CampeIl, 1989). Our field investigations show that

mounds and hills (ridges and tumuli) on the surface of previously formed lavas were the

most common topographic structures on the plateau. These structures are important in

terms of flow processes because with heights of 1 to 20 m they may have acted as

temporary flow barriers. Thus, the Columbia River lavas advanced over relatively flat

surfaces on a regional scale, featuring low amplitude humps and prominences on a local

scale.

This paper contains detailed descriptions of internal structures in pahoehoe flow

units from two CRBG lavas. These descriptions are primarily based on observations

and measurements made in the field but complemented by microscopic observations.

The examples from the CRBG are based on detailed measurements from a total of 16

stratigraphic sections at 14 locations (Fig. 31); three through the Levering lava flow of

the N2 Grande Ronde Formation and 13 through the Roza member of the Wanapum

Formation (Table 11). These measurements are supplemented by general observations

on the lateral consistency of the features identified in each flow by examination over a

horizontal distance of $200 m.

The Levering and the Roza lavas exhibit an overall structure similar to that of

Type I flows of Long and Wood (1986), although often with joint pattern

characteristics transitional between Type I and Type III flows (Fig. 32). Our

reconnaissance studies on a regional scale indicate that the structural features described

below are typical for the pahoehoe sheet flows of the Columbia River plateau and are

common in all of the stratigraphic formations of the CRBG. Pahoehoe sheet flows are
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o Kilometers 150

Fig.31. Map outlining the Columbia River Basalt Group (densely stippled) and the extent
of the Roza lava field (lightly stippled). Also shown are locations of measured stratigraphic
sections of the Roza flow and the Levering flow, labelled as follows: RAC. Asotin Creek;
RVR, Valentine Ridge; RPO, Pomeroy; RHG, Horton Grade; RVL, Endicott SW, RWI,
Winona; RDL, Devils Canyon; RDC, Drumheller Channels; RSL, Soap Lake; RSF, Summer
Falls; RBL, Banks Lake; RFS, Frenchman Springs Coulee; RYC, Yakima Canyon; RLG,
Lyle; LSG, Sentinel Gap.
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Table 11. Estimates of the physical dimensions of GRBG units, modified from Tolan et al., 1989.

CRBG Unit Area extent MT Volume Volume Numher CMT MMT MVO lso-agc

(krn') (m) (krn") % of flows per now per now per now (Ma)

Saddle Mountain Ilasul!s
Lower Monumentnl Memher 430 35 15 0.009 I 35 15 6
Icc Hnrbour Mcmhcr 2150 35 75 11.l)43 4 l) 19
Buford Mcmhcr 5110 34 20 0.011 I 34 20
Elcphanl Mountuin Mcmhcr 13450 33 440 0.25 2 16 220 10.s
Pomona Member 20550 37 760 0.44 I 37 760 12
Esquatzcl Mcmher 2710 26 70 0.040 I 26 70
Welsscnfels Member 1210 17 20 0.011 4 4 5
Asotin Member 6440 34 220 0.13 1 34 220
Wilbur Creek Member 3090 23 70 0.040 2 II 35
Umatilla Member 15110 48 720 0.41 2 24 35 360

Composite Saddle Mountains" 30570 79 2410 1.38 19 23 127
Wanapum Basalts

Priest Rapids Member 57300 49 2800 1.61 3 16 25 933 14.5
Roza Member 40350 32 1300 0.75 4 8 20 325
Frenchman Springs Member

basalt of Lyons Ferry 5900 15 90 0.052 I 15 15 90
basalt of Sentinel Gap 38760 31 1190 0.68 4 8 28 298
basalt of Sand Hollow 67110 40 2660 1.53 7 6 27 380 15.3
basalt of Silver Falls 28840 25 710 0.41 4 6 17 178
basalt of Ginkgo 37170 42 1570 0.90 4 II 32 393
basalt of Palouse Falls 8890 21 190 0.11 I 21 21 190

Composite Frenchman Springs" 69740 92 6410 3.68 21 II 305
Eckler Mountain Member 6090 211 170 0.10 R 3 21

Composite W{//W[JIIIII· 95950 III 10680 6.13 36 II 297
Grande Ronde Basalt

N2. Grande Ronde Basalt 114460 244 27900 16.00 33 7 33 845 15.6
R2, Grande Ronde Basalt 117730 451 53100 30.45 45 10 IIRO
N I , Grande Ronde Basalt 102340 307 31400 IR.OI 15 20 2093
R I. Grande Ronde Basalt 96650 375 36200 20.76 27 14 1341 16.5

Composite Grande Ronde" 149000 997 148600 85.23 120 13 1238
Prineville Basalt 11440 52 590 0.34 8 6 74
Picture Gorge Basalt 10680 225 2400 1.38 61 4 39
Imnaha Basalt 50200 189 9500 5.45 26 7 365 17-16.5

Craigmont Member 280 21 6 0.003 I 21 6
Swamp Creek Member 140 21 3 0.002 I 21 3
Grunl:cvillc Memhcr 520 21 II 0.006 t 2\ II
Iciclc 1,'lntMcmhcr 350 20 7 0.004 I 20 7

busalt of Feary Creek 60 17 I 0.0006 3 6 0.33
Onaway Memher 370 19 7 0.004 2 9 4

basalt of Cuddy Mounlain 70 14 I 0.0006 4 4 0.25
Weiser hasult 2130 66 140 O.ORO 28 2 5

CRnG • Totals 163700 1065 174356 311 25 561

MT.Men" thickness for individual members
CMT, Calculated mean thicknessor flows(MTtnumhcr or flows)withineach member
MMT.Meun thickness of flows bused on fieldmeasurements
MVO.Calculnted mean volumeor flows(volumeor memhcr/nmnhcr or nnws) wirhineach member
Iso·u~e. isctopic ugc obtained hy K/Ar dating

... Note Ihulcompositeurea coveragefor theformation is not u simple slimof the urea covered hy Indivhhmllnva memher
because of overlap of flows within the sequence
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Fig. 32. A diagrammatic illustration of the general intraflow structure types in the lavas of the CRBG,
identified on the basis of joint fabric. From Long (1978).



also the most common flow type in the Icelandic lava pile; for example, in a .....500 m

thick stratigraphic section within the Plio-Pleistocene Hreppar Formation, South

Iceland, 52 out of 68 of the lavas were identified as pahoehoe sheet flow (Geirsd6ttir et

al., 1993) and exhibit similar internal flow structures as described in this paper.

The purpose of presenting these sections is to demonstrate that the lavas of the

CRBG are characterized by internal structures that closely match those found in

pahoehoe sheet flows from other but much smaller lava fields (e.g., in Iceland and

Hawaii). I show that regardless of their size or volume, these types of flows are similar

and scalar in regard to their structure, suggesting that the same basic fluid dynamic

processes operated as they were emplaced. This relationship implies that the mass of

lava erupted or the discharge of magma at the vents are not the most important factors

in determining structure and morphology of pahoehoe flows. It suggests rather that the

flow morphology is more controlled by the topography of the terrain which the lava

advances over and the mode in which the lava is fed to various regions of the lava field.

A considerable portion of the magma solidifies during lava emplacement, although at

different times, which in tum may greatly affect the lava emplacement processes.

Lavas are crusted over (even aa-Iavas have a thick crustal component; the flow-top

rubble) and a solid boundary layer forms at the front and along the sides of advancing

flow lobes. The liquid portion of the lava may be treated by assuming continuum

(Eulerian approach), but that does not apply to the lava field as a whole, because it

consists of liquid and solid components and therefore cannot be characterized by a

single thermodynamic state. In other words, the mode of emplacement and morphology

of the lava is not only determined by the properties of the liquid lava, but also by

properties and amounts of the solid fraction.

I recognize that vent processes, such as vigorous lava fountaining, can through

cooling and degassing affect the rheological properties of the magma before it emerges
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from the vents as lava, but such changes should be most noticeable in short-lived lava-

producing eruptions where the duration of fountaining events constitutes a large portion

of the total eruption time. In relatively long-lasting eruptions, however, such as the

1783-84 Laki (Thordarson and Self, 1993a) and the 1963-1967 Surtsey eruption

(Thorarinsson, 1966) in Iceland, and the present Kupaianaha eruption in Hawaii

(Mattox et al., 1993), where fountaining events are of comparatively short duration, the

affects of vent processes on the rheology of the magma should be less conspicuous.

In light of all the possible variables (e.g., topography, magma composition,

changes in magma discharge, rates of lava supply and cooling) that can effect the

properties of basaltic magma during lava emplacement, the observed structural

similarity in pahoehoe sheet flows of different compositions and from different

locations was both surprising and unexpected results. In our view, it demonstrates that

there is a common process that governs the emplacement of pahoehoe lavas, even

though we may not yet fully understand what it entails.

Nomenclature

It is practical to define the terminology used here to describe the structural

features of pahoehoe lavas, even though this will involve introducing some of the

conclusions of this work. The following scheme will greatly simplify descriptions of

flow features in the Levering and Roza flow.

For the purpose of this study I use the term lava flow field, as is currently

employed in Hawaii (Mattox et al., 1993), for flows which can be clearly identified as

those produced in one eruptive event, however long. Commonly a flow field can be

further subdivided into emplacement units, defined here as subunits of a regional extent

with aerial coverage of several kilometers to several hundreds of kilometers. Such units

are emplaced separately as a single identity in time and theoretically traceable to the

lava source. Each emplacement unit can be composed of many flow units and flow
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lobes. The western and eastern branches of the Laki lava flow (Thordarson and Self,

1993a) and the sub-types of the Roza flow defined by Martin (1991) are examples of

separate emplacement units within a single lava flow field. The term flow unit is used

here to denote a single lava unit identified on an outcrop scale, a distance several tens to

several hundreds of meters, and may serve as a further sub-division of an emplacement

unit. For example, a breakout from an emplacement unit will constitute a flow unit at

outcrops where it is mappable and in this case will not be traceable back to the source

area. We use flow lobes to denote a relatively small unit with all outlines clearly

defined on an outcrop scale and dimensions in the range of a meter to several tens of

meters.

Regarding internal structures, individual flow units are subdivided vertically

into three main structural components: a) the vesicular hypocrystalline base or the basal

zone; b) the columnar-jointed holocrystalline lower part or the lava core; and c) the

vesicular hypocrystalline upper part or the lava crust. The main structural features of

each are outlined in Table 12 and illustrated in Figure 34 and are categorized by their

texture (crystallinity and granularity), that is indicative of cooling rate; vesiculation

features, that pertain to degassing of the lava; and jointing habits, that are primarily

the consequence of thermal contraction in the lava during cooling but in specific

instances are related to stresses generated by flow movement (e.g., platy joints).

Texture: The range of crystallinity (Table 13), as determined in hand samples

with the aid of a binocular microscope or in thin section under an optical microscope, is

described qualitatively by using the adjectives holocrystaIline, hypocrystalline,

hypohyaline, and holohyaline as defined by Mackenzie et a1. (1982). Granularity of

lavas is determined qualitatively by utilizing the same tools in accordance with the

grain-size scale in Table 14 (Thorpe and Brown, 1985; Mackenzie et a1. 1982).
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Structural
component

Jointing
habits ....._------

Vesiculation
features

Texture

LAVA CRUST

irregular and hackly
joints

hypohyaline

hypocrystalline

------JI~\I~rr!~r1,~I~~~~~VZ and MV's

Holocrystalline
diktytaxitic

or densevcs

I
\ I hypocrystalline

~/N-·=..·.:·:/tk;:/·r::J:·;:·· :..\0; BVZ & PV hypohyaIine

platy joints ......... -.

Columnar joints

BASAL ZONE

LAVA CORE

Fig. 33. Schematic iIIustration showing the main structural components of a pahoehoe
sheet flow. Right side of the stratigraphic column indicates vesiculation features and
textural properties. Left side indicates structural components and jointing pattern of the
lava. Lava crust denotes the upper part of the lava that grew continuaIly during
emplacement and lava core indicates the portion of the lava that was in a liquid state
during emplacement VZ denotes a vesicular zone, where the prefix B = basal and T =
top. I1VS denotes a horizontal vesicle sheet. MV, indicates megavesicles; PV and ve,
stands for pipe vesicles and vesicle cylinders, respectively.
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Table 12. The three main structural components of sheet-like pahoehoe lava flow.

a) Basal zone
Normally comprising <10% of total flow thickness and features 1-3 em thick quenched glassy
selvage at the very base. Has a smooth undulating bottom surface, characterized by stretched glass
fibers and small elongated vesicles. Upwards this grades into vesicular hypocrystalline lava, defining
the basal vesicular zone. From the base up to the upper middle of the zone the vesicle diameter
increases from ::>0.3 em to -1.0 em, then decreases again to ::>0.5 em towards its top. Pipe vesicles
and small vesicle cylinders containing segregated vesicular material originate and extend up from the
most vesicular portion of the zone. In thicker flows, the pipe vesicles are normally found in clusters,
with spacing of several meters. Such clusters are usually found within lows of the undulating base.
The upper contact of the basal zone is usually gradational, marked by rapid disappearance of vesicles
and transformation from hypocrystalline to holocrystalline lava. Occasionally in thick flow units, the
upper contact shows evidence of viscous deformation; where the basal zone has been partly removed
and assimilated into the lava above. Platy jointed horizons characterize the basal zone in some thick
flows.

b) Lava core
Constitutes 40-60% of total flow thickness and represents the holocrystalline interior of each unit. It
is characterized by relatively uniform thickness, diktytaxitic or densely crystalline lava, and poorly
to well-developed columnar (master) joints. Platy jointed horizons often occur towards the top of the
lava core.
In very thin flows (::>3.0 m thick), the columns are either absent or poorly developed, but the core
often features sub-vertical, thin vesicle cylinders, pipe vesicles, and/or irregular vesicles.
In relatively thin flows (3.0-10.0 m thick) the columnar joints are poorly to moderately developed,
with typical joint spacing of 0.5 to 2.0 m. The rock is medium to coarse grained and often
diktytaxitic. It also features numerous, well developed, vertical vesicle cylinders extending up
towards the base of the lava crust, where they merge with continuos horizontal vesicle sheets which
mark the upper most part of the lava core. The greatest concentration of cylinders is ordinarily found
above a cluster of pipe vesicles, their diameter ranges from 2-20 em, and typical horizontal spacing
is 20-35 em, Their width and maturity appears to depend on flow thickness (cooling rates) and/or
volatile content of the liquid lava; e.g., very thin units and/or gas poor lavas have small and poorly
developed cylinders.
In relatively thick flow units (~IO m) the core is typified by moderately to well defined large
columns, with joint spacing ranging from 1.0 to 4.0 m. The rock is usually fine to medium grained
with few or no microvesicles. Vesicle cylinders are found only sporadically.

c) Lava crust
Represents the upper vesicular zone of each unit and usually accounts for 40-50% of the total flow
thickness. The lava is hypocrystalline, but the crystallinity increases gradually downwards. In the
thicker flow units (~.O m) this zone is characterized by more irregular and closely-spaced joints
than the lava core. These joints define irregular and tapering columns which in general are ::>70% of
the width of those in the associated lava core. This joint pattern is defined here as bladed and
blocky. The columnar (master) joints of the lava core also penetrate this zone and are superimposed
on the bladed and blocky pattern. The lower portion of the crust is characterized by thin and
discontinuous vesicular sheets (segregation veins) and mega-vesicle horizons, grading upwards into
alternating vesicular and vesicle-depleted zones. Mega-vesicles are often found as vertical
extensions of the vesicle sheets, where gas had accumulated and attempted to rise buoyantly through
the cooler and more viscous surroundings. Size of vesicles and megavesicles, along with thickness
of vesicle sheets generally increases downwards within the crust and the vesicle size distribution in
each vesicular zone shows the same relationship.
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Table 13. Definition of Crystallinity.

Crystallinity

Holocrystalline is 90 to 100 % crystals.

Hypocrystalline is 50 to 90 % crystals.

Hypohyaline is 50 to IO % crystals.

Holohyaline is 10 to 0 % crystals.

Table 14. Definition of Granularity

Granularity

Cryptocrystalline (aphanitic): crystals are too small to be identified even with a
petrographic microscope.

Microcrystalline (aphanitic): crystals too small to be identified with the aid of a
hand lens or a binocular microscope, but can be identified with a petrographic
microscope.

Fine grained (aphanitic): Some crystal boundaries distinguishable with the aid of a
handlens or a binocular microscope; mean grain-size is :51 mm.

Medium grained (phaneritic): Most crystal boundaries distinguishable with the aid of
a handlens or a binocular microscope; mean grain-size is between 1-5 mm.

Coarse grained (phaneritic): Virtually all crystal boundaries distinguishable with
naked eye; mean grain-size is~ mm.
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Fig. 34a. The basal vesicular zone of the 8500 BP Thjorsa lava in S-Iceland,
demonstrating the character of the basal vesicular zone. Pipe vesicles originate within
the basal zone, extending up towards the base of the lava core. On the far left side is a
pipe vesicle that grades upwards into a small vesicle cylinder. Hammer is 25 em long.
Compare with the basal zone of the Levering and Roza lava flows (Figs. 38, 49a and
55a)
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Fig. 34b. Two vertical vesicle cylinders (outlined in chalk) found in the lava core of
the Levering flow, CRBG. The cylinders are 5-8 em diameter and situated between 3
and 4 m above flow base (as indicated on photograph).
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Fig. 34c. Vertical vesicle cylinder (arrow) transforming into horizontal vesicle sheets
near the lava core/lava crust boundary in the Levering flow, CRBG. The cylinder is 9
em in diameter. Features are outlined with chalk on outcrop for clarity.
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Fig. 35a. Levering flow, CRBG. Horizon between 10 and 12 m above flow base
containing abundance of megavesicles. Scale is 1 m. Features are outlined with chalk
on outcrop for clarity.
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Fig. 35b. Roza flow, CRBG at Devils Canyon. Large megavesicle (outlined in chalk)
containing segregated material at its base. Note the pipe vesicle-like features in the
segregated material. Also note the vein extending to left from the megavesicle
indicating that it had a horizontally oriented feeder. Scale is 18 em.
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Fig. 35c. Levering flow, CRBG. Discontinuous sub-horizontal vesicle sheets (outlined
in chalk) in the lowest part of the lava core. Pencil is 15 em long.
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Fig.36a. Jointing pattern in thin pahoehoe flow units. Upper photograph shows the
compound pahoehoe lava sequence at Thingvellir Iceland (Skjaldbreidur lava flow)
exposing ....10 flow units. Notice that the upper half of each flow unit has a slightly
more irregular jointing pattern (see middle of figure). Lower photograph is a close-up
of the lowermost flow unit. Note distinct flow top jointing and a faintly more irregular
jointing pattern in upper half of flow unit. The arrow points to a hammer head that is
situated on a horizontal vesicle sheet that marks the transition from lava core to lava
crust. Thin vesicle cylinders are also found extending through the core towards the
horizontal vesicle sheet.
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Fig. 36b. Continued. Jointing pattern in thick pahoehoe flow units. Left photograph shows a thick pahoehoe flow unit within
the ....2 Ma Hreppar Formation, S-Iceland. The person (circled) is standing at the flow base, arrow points to the flow top.
Lava core (Co) is characterized by very regular columns, but lava crust (Cr) by highly irregular joint pattern. Flow unit is
....18-m-thick. Top and base of flow is indicated by solid lines. Right photograph shows a Type-I flow (G-3) within the
Sentinel Bluffs sequence at Sentinel Gap. Total flow thickness is 7-9 m. Lava core (Co) of flow shows a fairly regular
jointing pattern, whereas the lava crust (Cr) is characterized by highly irregular bladed to hackly jointing pattern although with
distinct flow top jointing. Arrows point to top and base of the flow, respectively.



Vesiculation features: We have adopted the notation of Wilmoth and Walker

(1993), using ''bubble'' when referring to macroscopic (~.2 mm) gaseous voids in

molten lava and "vesicle" to signify the same voids in solidified lava. Fuller (1931)

defined the textural term diktytaxitic (net-arrangement) to refer to microscopic (:Q.O

mm), irregular intercrystalline voids in basaltic lava flows. "Dense" is used for lava

that is virtually free of vesicles and diktytaxitic voids (Mackin, 1961).

Pipe vesicles refer to roughly cylindrical vesicles that commonly occur near the

base of flow units (Fig. 33 and 34) and extend a maximum of several tens of

centimeters into the lava (Macdonald, 1967: 1972; Walker, 1987). They originate

within the basal vesicular zone of pahoehoe flows due to exsolution of magmatic gases

(Wilmoth and Walker, 1993).

Vesicle cylinders are sub-vertical to vertical pipes filled with vesicular residual

(segregation) material that differentiated from the liquid lava core during and/or after

emplacement. They owe their origin to liberation of magmatic gasses within the lava

(Goff, 1977). In the lowest meter of a flow, i.e., within the basal zone, the vesicle

cylinders are narrow (referred to here as "small") with similar diameters (0.5-3.0 ern) to

the associated"pipe vesicles (Fig. 34a), and commonly bent in the direction of flow (see

below). Further up in the lava core, vesicle cylinders have near-vertical orientations

and considerably larger diameter (Fig. 34b). Towards the top of the lava core, or

between heights of h/l = 0040 to 0.60 in flow (h = height in flow, 1 = total flow

thickness), the vesicle cylinders normally connect to, and transform into, 2 to 20-cm

thick continuous sheets, forming a complex network of horizontal to sub-horizontal

sheets and vertical pipes containing vesicular segregated material (Fig. 34c). Such

vesicular sheets are also found within the lava crust but are laterally discontinuous on a

meter scale. Previously these have been referred to as segregation veins (Kuno, 1965)
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and vesicle sheets (Goff, 1977). Here we have adopted and modified Goff's

terminology and refer to these bands as horizontal vesicle sheets.

Megavesicles refer to voids within the lava defined by flat floors and arched

roofs, with dimensions ranging from 3.0 to 120.0 em. Megavesicles can be found at

any level in the flow but are by far most common in the lava crust, with the greatest

concentrations right above the core-crust boundary. Their form varies from amoeboid

to dome-shaped (Fig. 35a), and they always contain slightly vesicular to non-vesicular

segregated material at their base (Fig. 35b). The megavesicles normally occur in

distinctive horizons and are often found in association with perpetual or discontinuous

horizontal vesicle sheets (Fig 35c). The term vesicular zone is used to denote distinct

horizons with high concentration (>10 vol.%) of macroscopic vesicles embedded in

hypohyaline to hypocrystalline lava matrix. Vesicular zones are found within the basal

zone and the lava crust. The thickness of the vesicular zones ranges from several tens

to several hundred em and they often contain discontinuous horizontal vesicle sheets

and megavesicles.

Jointing habits: The spectrum of jointing habits ranges from poorly developed

and irregular joints to well-developed and regular joints (Fig. 36 a-f), with one group of

joints approximately at right angles to the flow surface and another parallel to it. In

general the jointing habit of the flows under consideration is similar to that described in

Type I flows by Long and Wood (1986), although often grading towards that of Type

III flows (Fig. 32).

The jointing habit is decidedly irregular in relatively thin flow units (~1O.0 m),

although joints normal to the flow surface tend towards polygonal arrangements. Joints

parallel to the flow surface are less conspicuous and discontinuous, commonly aligned

along zones of weakness, such as horizontal vesicular bands or horizontal strings of

vesicles. The jointing patterns in very thin flows (~3.0 m) are less organized, because
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more rapid cooling of the unit as a whole allowed less time for joint development.

Despite the disorderly jointing habit of very thin flows, there is a distinct difference

between the jointing patterns of the lava core and lava crust. The lava core exhibits a

more orderly jointing pattern, in which the joints define irregularly shaped columns

(Fig. 36a and 36a). The typical joint spacing is on the order of 0.5 to 1.5 m, which is

persistently 1.5 to 2.5 times that of joints within the crust. The jointing pattern in the

lava crust is more chaotic, although with some distinctive features. The topmost 0.3

1.0 m often features a fairly orderly joint fabric (flow-top jointing) with 0.1 to 0.3 m

separation between joints. These joints either dissipate down into the crust or grade

into highly irregular and variably oriented joints, with spacing in the range of 0.1 to 0.8

m. About one third to one half of the vertically oriented joints of the crust typically

connect with those of the underlying core, whereas the remainder abruptly terminates at

the core-crust boundary.

Relatively thick flows (~10.0 m) exhibit a more orderly jointing habit, wherein

the overall joint fabric defines a distinct lower and upper tier, representing the lava core

and lava crust, respectively (Fig. 36b-d). In essence, these two tiers are equivalent the

colonnade and overlying entablature as originally defined by Tomkeieff (1940). The

lava core features a set of uneven or regular, well defined columns (Fig. 36b-d), with

typical joint spacing on the order of 1.0 to 4.0 m. In addition, the lava core sometimes

features densely spaced horizontal planes of separation (joints) which are subparallel to

the top and the bottom of the flow; often defining a distinct horizon that exhibits a platy

appearance. The jointing pattern in the lava crust is very irregular or hackly. When

preserved, the top-most meter commonly features orderly joint spacing of 0.1 to 0.5 m,

which grades down into highly irregular and variably oriented joints with a spacing of

0.5-3.0 m. Again, only about one third of the vertically oriented joints in the crust

connect with those of the underlying core.
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Even though many of the lavas in consideration can be regarded as two-tiered

flows, we have chosen to avoid using the terms "colonnade" and "entablature". These

terms were adopted to describe different patterns of cooling joints (Tomkeieff, 1940;

Long and Wood, 1986), and therefore are not suitable to describe overall structural

patterns of lavas. In addition, recent studies have a tendency to use "entablature" to

denote joint patterns formed by water-induced cooling (Long and Wood, 1986; DeGraff

et aI., 1989). Even though the typical jointing fabric of lava crusts, as described above,

often resembles the hackly jointed patterns, sometimes ascribed to quenching of flow

interiors, it is distinctively different to the "kubbaberg" (Seemundsson, 1970) or the

"curvi-columnar" (Tomkeieff, 1940) jointing pattern which is typical for water-cooled

entablature and show no evidence of enhanced cooling rates by downward migration of

water through cracks.

In the descriptions below, the jointing fabric of the lava core will be referred to

as columnar jointing, with the adjective "uneven" to indicate a disorderly arrangement

of columns and "regular" to indicate an orderly arrangement. Platy zones are used to

denote horizons characterized by densely spaced, horizontal joints parallel to the top

and bottom of the flow that exhibit a platy appearance. The jointing fabric of the crust

will be referred to as irregular andlor hackly. Finally, we use flow-top jointing in

accordance with the description above, to denote the pattern that is often found in the

topmost part of the lava crust.

Levering Member, Grande Ronde Formation

Sentinel Gap, located south of Vantage in Central Washington (LSG on Fig.

31), provides a continuous vertical section through at least 10 emplacement units

belonging to eight lava flow fields within the Sentinel Bluff sequence or the N2 high-

MgO Grande Ronde basalts (Long and Landon, 1981; Landon and Long, 1982; 1989;

Reidel et aI., 1989). Five of these emplacement units are identified as Type I flows.
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The Levering lava, a Type I flow, is located in the upper middle of the Sentinel Gap

outcrop (Fig. 37a). It is the top unit of the Crab Creek flows and has been traced for

-70 km south into the Pasco basin (Long and Landon, 1981; Landon and Long, 1982;

1989). At Sentinel Gap the Levering lava is a single flow unit, situated on the blocky

and rubbly flow top of the well-studied Cohassett lava and is overlain by the thick flow

sequence of the Rocky Coulee lava. The cliff face, which is more than 500-m-Iong,

provides a continuous exposure through the Levering flow although only a 100-m-long

segment is accessible for complete vertical observations and measurements (Fig. 37b).

The Levering lava is taken here as a type example for pahoehoe sheet flows because it

contains all of the structural features that are typical of such flows. It also shows all the

main structural variations that are found in pahoehoe sheet flows, especially

vesiculation features, and thus provides clues to how these structures develop.

Description of stratigraphic sections. Three sections, labeled 1, 2 and 3, were

measured through the Levering flow at Sentinel Gap (Fig. 37a), starting in the

northernmost part of the outcrop and going to the south at spacing of 40 and 60 m,

respectively. These sections were complimented by general observations of structural

features and additional measurements between sections. A composite description of

these sections is presented, because the overall vertical variation in the structure of the

lava is small, although significant differences exist (Fig. 38a-c) that will be discussed

later.

Thickness measurements

Totalflow Basal zone Lava core Lavacrust

Section I 17.5 m 0.10-0.35 m 8.5-9.0m 8.0-8.5 m

Section 2 13.5 m O.15-0.60m 7.0-7.3 m 5.8-6.3 m

Section 3 20.0m 0.1O-0.20m 10.3-10.7 m 9.0-9.2
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Fig. 37a. JIlustration of the Sentinel Bluffs (N2-Grande Ronde) sequence at Sentinel
Gap. The outcrop consists of vertical exposure through 8 lava units (flow fields); the
stratigraphic nomenclature is shown. Levering lava flow (shaded) is located in the
upper portion of the cliff exposure. Also shown are approximate locations of sections
measured through the Levering. Elevation difference from bottom to top is -350 m.
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Fig. 37b. Panorama of the Levering flow (L) where sections 1 and 2 were measured. Note the person (circled) in middle of
figure points towards the lava core-lava crust transition zone at section 1. The joining pattern above is irregular and hackly
like, but below it exhibits a more orderly fabric. Lava below is the Cohassett flow (e) and lava above is the Rocky Coulee
flow (R). The upper half of the Rocky Coulee flow shows distinct water-cooled entablature.
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Fig. 38a. Levering lava flow - Section I. Left side of the stratigraphic column shows
structural components and vesiculation features. Right side indicates jointing pattern
and textural properties of lava. Degree of lava crystallinity is indicated as follows: Hh
= hypohyaline, He = hypocrystalline, Hoc = holocrystalline. VZ = vesicular zone,
where the prefix B = basal and T = top. HVS = horizontal vesicle sheet. MV =
megavesicles; PVand VC = pipe vesicles and vesicle cylinders, respectively. Thickness
of section is given in meters.
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and textural properties of lava. Degree of lava crystallinity is indicated as follows: Hh
= hypohyaline, He = hypocrystalline, Hoe = holocrystalline. VZ = vesicular zone,
where the prefix B = basal and T = top. HVS = horizontal vesicle sheet. MV =
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structural components and vesiculation features. Right side indicates jointing pattern
and textural properties of lava. Degree of lava crystallinity is indicated as follows: Hh
= hypohyaline, He = hypocrystalline, Hoc = holocrystalline. VZ = vesicular zone,
where the prefix B = basal and T = top. HVS = horizontal vesicle sheet. MV =
megavesicles; PV and VC = pipe vesicles and vesicle cylinders, respectively. Thickness
of section is given in meters.
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Lava contacts

Basal contact: The base of the Levering flow is smooth and billowy, a basal surface typical of

pahoehoe flows with a glassy surface featuring stretched glass fibers and small elongated vesicles.

Several centimeter thick tongues of the Levering invade the rubbly flow top of the Cohassett flow,

penetrating up to 1.0 m down into the flow-top rubble and partly filling available void spaces.

Because of the invading tongues the identification of the exact flow base for the Levering flow

requires careful observation.

Flow top contact: The contact between the Levering and Rocky Coulee flows is sharp and distinct. The

top of the Levering flow is typified by a smooth pahoehoe flow surface, and in places the original

glassy selvage is preserved. The glass selvage grades downward into the vesicular flow top.

Corr.monly the base of the Rocky Coulee flow is similar to that of the Levering flow, as described

above. Occasionally a :::;0.5 m thick, discontinuous zone of clinkery rubble is found between the two

flows, which was previously thought to be the flow top rubble of the Levering lava (Long and Landon,

1981). The rubble sits on an undeformed Levering flow surface, suggesting it was deposited after the

surface solidified.

On the other hand, at the same locations, the base of the Rocky Coulee lava is very irregular and

deformed around individual clasts, and the lava clinker is often partly or completely incorporated into

the basal zone. These relationships suggest that the clinkery rubble formed some time after the

emplacement of the Levering flow and was probably produced in association with the advance of the

Rocky Coulee flow.

Texture

Basal zone: In the lowest 0.1 to 0.2 m the lava is hypohyaline with 65-75 vol.% as glassy mesostasis

and 25-35 vol.% as groundmass size crystals (:::;0.5 mm). At -0.15 m it grades sharply into

hypocrystalline rock, becoming progressively more crystalline towards the top of the zone.

Lava core: The core consists of holocrystalline, fine to medium grained lava in all three sections. At

sections I and 2, the lava is diktytaxitic, with up to 20 vol. % of inter-crystalline microscopic voids

partly filled by secondary minerals. At section 3 the lava is dense and the diktytaxitic texture is much

less apparent.

Lava crust: Crystallinity of the crust ranges from hypohyaline in the upper part to near holocrystalline

at the core-crust boundary. In general the upper third of the crust is hypohyaline with the ratio of

crystals to glassy mesostasis in the range of 0.25 to 0.50. Below this level the crust is hypocrystalline,

showing a general downward increase in crystallinity. At the core-crust boundary the ratio of crystals

to glassy mesostasis is -0.80. Irregular microvesicles are abundantly present (IS to 25 vol.%),

especially in the lower half of the crust, giving it a diktytaxitic appearance. Microscopic observation
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shows, however, that these are small vesicles situated in glassy mesostasis and partly filled by

secondary minerals.

Jointinghabits

Basal zone: Columnar joints normally extend well into this zone, but rarely pass all the way through

because they dissipate into smaller sub-horizontal cracks within the lowest 0.1 m of the zone.

Lava core: Distinguished by uneven columns with joint spacing on the order of 1.5 to 2.5 m (Fig. 37b).

Joints of the core normally continue up into the crust, although with more irregular form and several

were seen to extend up into the uppermost part of the crust. Just south of section 2, a ::;;1.0 m thick

platy zone occurs in the uppermost part of the lava core (levels h/l = 0.4-0.5). The horizontal joints

define irregular wedge shaped plates, several centimeters thick and several tens of centimeters long.

Lava crust: The joint fabric is irregular with 0.5 to 1.5 m joint spacing and the columns are commonly

split into irregular blocks by discontinuous, sub-horizontal cracks (Fig. 37b). These cracks usually

follow discontinuous horizontal vesicular bands of closely spaced megavesic1es which define a horizon

of weakness in the crust. Every two to three out of four vertical joints either terminate at the core

crust boundary or merge with the columnar joints of the core.

Platy (sub-horizontal)joints Within the platy zone in the uppermost part of the lava core (see above)

the horizontal joints define irregular wedge shaped plates, several centimeters thick and several tens of

centimeters long. This platy zone continues to the South, through section 3 to the end of the outcrop.

Order of joint formation: Where columnar joints cut through platy zones, they are found to split

individual plates into two separate blocks that can be matched together, suggesting that the set of platy

joints formed prior to the set of columnar joints. On the other hand, the vertical joints of the crust

penetrate the platy zone unless they had been united with a through-going columnar joint, which

implies that the crustal joint fabric formed prior to both the platy and the columnar joints.

Consequently, the order of joint formation is a) the irregular joints of the crust, b) then the platy joints,

c) followed by formation of columnar joints, with, of course, overlap of all three processes.

Vesiculation features

Basal zone: The base of the Levering flow consists of a 1.0-2.0 ern thick glass selvage (Fig. 39a).

Above the basal selvage is a 10-20 em thick vesicular zone, where vesicles are 20-30% of the lava

volume. At the base of this zone and in the quenched selvage vesicle size is ::;;0.2 em, increasing

rapidly up to the middle of the zone such at the 10.0 to 12.0 cm level vesicles are 0.5-1.5 em in

diameter. At this level the zone is characterized by coalesced vesicles and also contains pockets of

vesicular segregated material, ::;;25 x 5 cm across. From the -12.0 cm level and up, bubble size

decreases again progressively down to sub-millimeter size until the zone dissipates gradually into the

dense columnar-jointed interior. At two locations an ameban-shaped structure of vesicular material
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was found extending from the basal vesicular zone and rising 1.0 to 1.5 m into the lava core (Fig.

39b). Vesicle cylinders extended from the top of this structure.

Pipe vesicles are common within the basal vesicular zone and are often inclined to the SW (Figs. 38a-c

and 39c). Many of these pipe vesicles originate within the middle part of the vesicular base and

extend through it into the more vesicle depleted part above. Pipe vesicle have a diameter of 0.5 to 1.2

cm within the basal vesicular zone, gradually increasing upwards to an average diameter of 1.I em at

0.4 m above the flow-base (Fig. 4Oa) and extend as far up as 0.6 m. The tube of the pipe vesicles is

usually empty, although pipe vesicles with their tubes partly or completely filled by vesicular

segregated material also occur, thus strictly speaking, defining a small vesicle cylinder. In addition,

two or more pipe vesicles were often found to merge together to form a single but larger pipe vesicle

or a small vesicle cylinder further up in the flow. Individual pipe vesicles or small vesicle cylinders

are often found to extend subvertically towards the top the basal vesicular zone then bend sharply,

resuming a more inclined orientation (Fig. 39c) as if the rising gas or sluggish segregated material was

caught in the boundary layer of the more rapidly moving liquid core.

Distribution of pipe vesicles and small vesicular cylinders within the basal zone is not uniform and

occurs in clusters, where IO to 30 pipe vesicles are tightly grouped with a mean horizontal spacing of

-3 cm. The clusters normally occur in lows within the undulating flow base, commonly with

horizontal spacing of 0.5-1.5 m (Fig. 4Ob). Number of small inclined vesicle cylinders are often found

above the pipe-vesicle clusters and when traced further up into the flow, they sometimes merge to

form larger vesicular cylinders, which occur in groups with a similar horizontal spacing to that of the

pipe vesicle clusters. These general observations imply that pipe vesicles and small vesicle cylinders

merge together to form larger cylinders which may further merge to form still larger cylinders.

Lava core: In addition to a diktytaxitic fabric, the lava core features vesicle cylinders and horizontal

vesicle sheets that are traceable along the entire outcrop. Because of irregularities on the cliff face, a

single vesicle cylinder is seldom traceable for more than couple of meters, but the observed outcrop

pattern indicates that they define continuous vertical pipes that extend from the basal zone to the top

of the lava core where they merge with the horizontal vesicle sheets. Near the base of the flow, the

vesicular segregated material of the cylinders is hypohyaline to hypocrystalline, but further up the it is

either hypocrystalline or holocrystalIine. The contact between the host lava and the vesicle cylinders

or horizontal vesicle sheets is very sharp but gradational and nowhere is evidence of quenched

contacts.

Small vesicular cylinders and pipe vesicles within the basal vesicular zone normally have a near

vertical orientation or a slightly inclined (5-15° from vertical), whereas between 0.1 to 1.0 m they arc

sharply inclined, with inclination among 30-80° from vertical. At this level, pipe vesicles transformed

into small vesicle cylinders with vesicles occupying 2-20% of the cylinder volume. Upward the
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Fig. 39a. Basal zone of the Levering lava flow. Pipe vesicles (outlined in chalk) rising
from the basal zone and merging together. Heavy solid line shows the basal contact of
the lava and broken line indicates the approximate upper boundary of the basal zone.
Scale is 8 em.
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Fig. 39b. Basal zone of the Levering lava flow. Ameban structures of vesicular
segregation material rising up from the basal zone into the lava core. Vesicle cylinders
(Ves) originating in the structures extend further up in to the dense lava core and pipe
vesicles are located near the base of the flow. Heavy solid line shows the basal contact
of the lava. Scale is 15 em. Features are outlined with chalk on outcrop for clarity.

175



Fig. 39c. Inclined pipe vesicles and small vesicle cylinders (outlined in chalk) near
base of Levering. Heavy solid line shows the basal contact of the lava and broken line
indicates the approximate upper boundary of the basal zone. Scale is 20 ern.
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cylinders merge and grow in diameter such that at the 0.85-m-level their median diameter is 3.2 em

(Fig.40a). Sharply inclined vesicle cylinders are found up to the -1.0 m level in the flow. Above this

level the vesicle cylinders resume a near vertical orientation which they maintain up through the lava

core. Between 1.0 to 2.5-m-Ievel in the flow, the mean diameter of the vesicle cylinders continues to

grow, with a mean diameter of 4.0 cm at 1.5 m level and 4.9 em at the 2.5-m-level (Fig. 40a). Above

the 2.5-m-Ievel the diameter of the vesicle cylinders ranges from 4.0-10.0 cm and vesicularity from 5

20 vol.%, but the width of individual cylinders remains near constant up through the lava core.

Horizontal spacing of the vesicle cylinders is not random because they show tendency to group.

Cylinder spacing within a group is typically 30-40 em but the group spacing is between 80-120 cm

(Fig.40b). The vesicle cylinders terminate towards the top of the lava core, at hll = 0.4-0.5, where

they connect to and transform into a network of continuous horizontal vesicle sheets (Figs. 34c and

41). Some cylinders terminate at the lower boundary of this horizon, connecting to the lowest

vesicular sheet, whereas others continue through and connect to other vesicle sheets a little higher in

the flow. The transition from vertical cylinders to laterally spreading sheets of the vesicular

segregated material implies that an impenetrable boundary existed at this level in the flow, which most

likely represented a phase transition from liquid lava to lava with viscous properties.

At sections I and 2 the vesicle cylinders are present in abundance and are the most visible vesicular

features of the lava core. On the other hand, along a 20 to 25 m long stretch, centered on section 3,

where the thickness of the lava core and the total thickness of the lava is the greatest, vesicle cylinders

are scarce. Only two vesicle cylinders were found in the lava at this location along with a few marks

showing where the vesicle cylinders connected to the lowest horizontal vesicle sheet. This

relationship has important implications towards understanding the development and distribution of

vesicular features within the lava core of pahoehoe sheet flows, as will be further discussed below.

The continuous horizontal vesicle sheets (HVSs) are confined to a specific horizon within the Levering

flow, found between levels h/I = 0.40-0.55 above the flow base (Fig. 38a-c). This horizon is traceable

for the entire outcrop length (Fig. 37b), but around section 3 this horizon is partly masked by the platy

zone described previously, although HVSs are still present.

HVSs range in thickness from 1.0 to 20.0 ern, commonly 4.0 to 6.0 cm thick, with their thickness

decreasing upwards within the horizon. The sheets contain hypohyaline to hypocrystalline segregated

material with 25-40 vol.% vesicles.

The two lowest and the thickest HVSs are 15-20 em and 10-15 em thick, respectively. Because both

HVSs have similar properties only the lower HVS is described in detail. This HVS undulates around

its horizontal axis, with a wavelength on the order of 0.6 to 1.0 m and an amplitude of 0.1 to 0.3 m.

The crest of the undulations is usually characterized by sharp, angular turns and often with sub

horizontal or vertical veins extending upwards from the crest (Fig. 41). The vesicles range in size
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from 0.1 em to 2.0 em, with a mean diameter of 0.75 em. The smallest vesicles are found at the base,

grading sharply upwards into the larger population which is concentrated in the upper middle of sheet;

with 0.5 to 1.5-cm-Iarge vesicles that show evidence that they grew by coalescence of smaller vesicles

(Fig. 42). Small vesicles approach a spherical form, whereas the larger vesicles have highly irregular

configurations with a tendency towards pipe- or arched-like shapes. Occasionally, 5 to 25-cm-wide,

dome-like pods of highly vesicular material are seen extending up from the top of the HVS (Fig. 34<:),

indicating that the more buoyant material of the HVS attempted to rise through the more viscous lava

above. The lava between the sheet is moderately to poorly vesicular, although containing a few

megavesicles, 2 to 4-cm-wide and I to 2-cm-high.

At heights hll = 0.50 to 0.55 in the flow the horizon of continuous HVSs terminates and at the same

level the vesicularity of the lava increases sharply, containing -20 voI.% of evenly distributed, small

(::;0.5 em), mostly spherical vesicles. This is the base of vesicular zone #1 that marks the transition

from the lava core to the lava crust. At section I (Fig. 38a) the lowest HVS is 7.0 m above the flow

base (h/l = 0.40) and the horizon of continuous HVSs extends up to a 9.0-m-level (h/l = 0.51). At

section 2 (Fig. 38b) the lowest HVS is found at the 5.9-m-Ievel (h/l = 0.44) and the HVS horizon

continues up to 7.7 m above base (h/l = 0.57). When this HVS is traced several meters to the south,

the sheet splits in two, one remaining at the -6.0 m above the base of the flow, the other dipping

sharply down to the 5.0-m-Ievel (h/l = 0.37) where it resumes a horizontal orientation. After the split

the upper sheet is -7.0-cm-thick and the lower is II em. This double layered HVS continues south

and at section 3 (Fig. 38c) the lower part is found 7.9 m above the flow base (h/l = 0.40) and the upper

at 9.6 m (h/l = 0.48). At this location the top of the HVS horizon is -11.0 m (h/l = 0.55). When

viewed along the outcrop, the base of the HVS-horizon appears to be almost horizontal, or in other

words at the same absolute altitude (Fig. 37b and 43). This implies that the measured difference in

flow thickness at sections I, 2, and 3 is caused by undulations of both the flow base and the flow

surface.

Lava crust: At first glance the fabric of vesicular features within the lava crust is chaotic, but upon

further examination a certain degree of order exists. As described above, the lowest part of the crust

(hll= 0.55-0.60) is characterized by a relatively high degree of vesicularity and small ($;0.5 ern) evenly

distributed vesicles which define the base of vesicular zone #1. Superimposed on this fabric are

discontinuous and thin, 1.0 to 5.0-cm-thick and 0.5 to 3.0-m-Iong, horizontal vesicle sheets (Fig. 35c),

which commonly feature 10 to 25-cm-wide and 5 to 7-cm-high dome-like pods or megavesicles

bulging up from the surface of the sheets (Fig. 44); commonly with horizontal spacing of 0.5-1.5 m.

Upwards this grades sharply into a horizon with a high concentration of megavesicles (Fig. 35a),

which persist to heights of h/l = 0.70-0.75 within the flow. In general, the size of megavesicles

increases upwards within the horizon, being 7 to 8-cm-wide and 2 to 3-cm-high in the lower part and
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Fig. 41. Levering lava flow. Vesicle cylinders merging with and transforming into
horizontal vesicle sheets near the top of the lava core. Features are outlined with chalk
on outcrop for clarity.
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Fig. 42. Levering lava flow. Structure of a horizontal vesicle sheet (outlined in chalk).
Scale is 20 em.
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Section 1

Levering lava flow

Section 2 Section 3

Fig. 43. Schematic illustration (to scale) showing lateral and vertical variations in the
main structural components of the Levering lava flow over a total distance of -100 m. The
numbers indicate the hll-values to the base HVS-horizon and base of the lava crust,
respectively. Undulating base and surface of flow is shown by the sthick solid lines.
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Fig. 44. Levering lava flow. Outcrop relationship between discontinuous horizontal
vesicle sheets, dome shaped vesicular pockets (VP) and megavesicles (MV) at the 10 m
level of the Levering flow. Features are outlined with chalk on outcrop for clarity.
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20 to 30-cm-wide and IO to 15-cm-high in the upper part. The lava between the megavesicles is dense,

containing only a few scattered I to 2-cm-Iarge spherical vesicles. Although, the uppermost

megavesicles are partly or completely embedded in a highly vesicular lava (20-25 voI.%) characterized

by -O.5-cm large, evenly spaced vesicles. This is the base of vesicular zone #2 (VZ#2) and reaches to

heights hll = 0.78 to 0.85. The size distribution of vesicles within VZ#2 exhibits inverse grading with

0.2 to O.5-cm-large vesicles at the base and grading upwards into 3.0 to 7.0-cm-Iarge amoeboid or

dome-shaped megavesicles towards the top. Above VZ#2 is a 0.5 to I.8-m-thick zone which is in

relative terms depleted in vesicles, which again is capped by a 1.7 to 2.5-m-thick highly vesicular

horizon, which is the top vesicular zone (TVZ) of the Levering lava and exhibits a similar vesiculation

fabric as VZ#2. It should be noted that the overall vesicle size distribution of the lava crust shows that

vesicle dimensions increase downwards to the crust-core boundary.

Other key observations

Reconnaissance studies of the stratigraphic sequence at Sentinel Gap show that

four other flow units possess essentially the same internal structural properties as the

Levering flow. These are the units GR-l, GR-2, and GR-3 of the Museum member

(Landon and Long, 1989) and an -15-m-thick flow unit located between the Birkett and

the Cohassett flows, labeled G (Taylor, 1976). All of these flows have been previously

designated as Type I flows and inferred to have been emplaced like a sheet of lava over

a relatively flat surface. The other five flow units, the Umtanum, MaCoy Canyon,

Birkett, Cohassett, and Rocky Coulee flows have been defined as Type II or Type III

and their formation attributed to pooling of lava into topographic lows (Long, 1978;

Long and Landon, 1981; Landon and Long, 1982; 1989; Reidel et aI., 1989). The

common occurrence of pahoehoe sheet flows (Type I) flows in the Sentinel Gap

outcrop is not unique to this location, because such flows have been identified widely

across the Columbia River Plateau and at all stratigraphic levels, implying that this lava

flow type is characteristic for the CRBG in general.

The recognition and classification of flow types on the basis of their internal

structural properties does not have genetic implications, because the same widespread
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flow can advance both over an area with a relatively uniform (low amplitude)

topography and an area with higher relief. The former would result in formation of a

sheet-like flow units, whereas pooling and over-thickening of lava would be more

likely in the latter case. Although the pahoehoe sheet flows of the CRBG advanced

over an area of relatively low relief, our observations on the Levering flow and other

similar CRB lavas indicate that even small amplitude topography had an effect on the

lava emplacement, and, furthermore, that the observed structural characteristics of these

flows is inconsistent with them being emplaced as a single coherent sheet, as will be

addressed in later sections of this paper.

Roza Member, Wanapum Formation

The .....14.7 Ma Roza member of the Wanapum Formation is one of the best

exposed and most easily recognized lava formation in the Columbia River province and

is demonstrably one of the most widespread pahoehoe sheet flow fields within the

basalts of the Columbia River. Compositionally, the Roza lavas are quartz-normative

basalts similar to those of the "Main CRBG Series" (e.g., Imnaha-Grande Ronde

Wanapum Formations), with uniform major and trace element abundances (Wright et

aI., 1973; Swanson et al., 1979; Martin, 1989; 1991; see also Appendix C, Table C-l).

Roza is believed to have originated from a .....150 km-Iong north-northwest-trending

linear vent system (Swanson et al, 1975; Martin, 1989; 1991), extending from Chico

Junction, Oregon, to Winona, Washington. At present, the Roza lava covers .....40,300

km2 and the estimated volume of magma produced by the Roza eruption is .....1300 km3

(Tolan et aI., 1989). These dimensions are 2-4 orders of magnitude greater than those

of the flow fields produced by largest fissure eruptions in historical times (Fig. 45).

Through extensive whole-rock major and trace elemental analysis of .....300

samples from 62 locations representing all of the Roza flow units and vent sites, Martin

(1989; 1991) was able to identify five regionally extensive chemical subtypes within
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the Roza member. Martin's classification is based on subtle intraflow changes in Cr,

Zr, Nb, Ti02, P20S, and CaO that correlate with the Roza stratigraphic succession at

each location, and with the physical subdivision of the lava into emplacement units on a

regional scale. An upward increase of 35-40 ppm in Cr within the Roza lava succession

is the most pronounced chemical change measured, suggesting that later-formed units

may represent a slightly less-evolved magma batch.

Magma discharge during the Roza eruption was estimated on the basis of

hypothetical fluid dynamic considerations by Shaw and Swanson (1970) and Swanson

et al. (1975), and their results suggested mean mass eruption rates on the order of 3.0 x

109 kg/s, implying a total duration of 10-14 days for the Roza event. As will be

discussed below, these estimates are probably 2-3 orders of magnitude too high.

Description ofstratigraphic sections. Information on eruption history, number

and duration of events, and lava emplacement within the Roza member was acquired

through a study of 13 carefully measured stratigraphic sections. In addition, I have

utilized relevant information from sections studied by Martin (1991) which are

indicated by small open circles on Fig. 46. At anyone location, the Roza lava consists

of one to three flow units and a regional correlation of these units, based on the

intraflow stratigraphy along with changes in lava chemistry (Martin, 1991), implies that

the Roza lava field is built of 15 to 4O-m-thick pahoehoe sheet-like flow units that can

be grouped into at least five partly overlapping emplacement units (Fig. 46). The

structure of the Roza lavas is fairiy uniform across the Columbia River plateau and

detailed descriptions of each section would be redundant. A section measured at an

outcrop opposite Summer Falls (RSF on Fig. 46) containing three flow units is used

here as representative of the intraflow characteristics of the Roza lava (Fig. 47 and 48),

augmented by observations from other locations.
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1. Kupaianaha, 1986-present

< I km3

65 months

5 m3/s

2. Mauna Loa, 1859

0.27 km3

10 months

4m3/s

3. Laki, 1783-4

14.7km3

8 months

1150-4250 m3/s

(= 2-3 m3/s1mlength of fissure)

4. Roza flow, CRB, e.a. 14.5 Ma

1300 km3

5-15 years

2600-8100 m3/s

Fig. 45. Map showing the great extent of the Roza lava field compared to the extent of the
lava fields produced by three recent historic lava producing eruptions. For each eruption
volume, duration, and average volumetric flux of lava is given. Small inset maps are all to
scale.
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Fig. 46. Lateral and vertical distribution of emplacement units within the Roza lava field as revealed by measured
stratigraphic sections. Filled circles are sections measured for this study and open circles represent sections measured by
Martin (1991). Labelled sections are: RAC, Asotin Creek; RVL, Endicott SW, RWI, Winona; RDL, Devils Canyon; RDC,
Drumheller Channels; RSL, Soap Lake; RSF; Summer Falls; RBL, Banks Lake; RFS, Frenchman Springs Coulee; RYC,
Yakima Canyon; RLG, Lyle.
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Fig. 48. Roza lava flow at Summer Falls. Outcrop shows emplacement units E-1, E-2,
and E-3 (top of unit 3 is eroded). Solid line indicates boundary between individual
units and broken line shows boundary between lava core (Co) and lava crust (Cr). The
lava flow immediately below Roza is the Sentinel Gap flow of the Frenchman Springs
Member. Bar is approximately 10m.

191



Thickness measurements

The Roza lava flow at Summer Falls consists three units, that belong to regionally-extensive

emplacement units EI, E2, and E3 respectively (Fig. 46). It rests on the Sentinel Gap lava of the

Frenchman Springs Member and the two lavas are separated by I to 5-cm-thick gray-brown sandy

siltstone, which is baked in places. The two lower units are completely exposed in a vertical cliff, but

the third (uppermost) unit forms the top of the cliff; part of the flow has been removed by erosion (Fig.

47 and 48). Measured thicknesses of each unit and associated structural components are given below.

Emplacement unit

E I

E2

E3

Totalflow

1O.0-14.0m

12.0m

> 11.0 m

Basal zone

0.I5-0.60m

_O.lOm

0.20-0.35 m

Lava core

4.0-6.5 m

6.5m

8.0m

Lava crust

6.0-7.5 m

5.5 m

>3.0m

Lava contacts

Basal contact: The base of the Roza flow units is normally knife sharp and characterized by a smooth

and billowy glassy surface, featuring stretched glass fibers and small elongated vesicles, typical of

pahoehoe flows (Fig. 49a). At anyone location, the lowest Roza emplacement unit is normally

separated from the underlying flows of the Frenchman Springs member by a thin soil layer, although at

several locations this boundary is marked by a several meter thick fluvial or lacustrine (diatomite)

deposits. At section RSC (Fig. 31) measured near Yakima city, the lowest -2.0 m of Roza consists of

small flow lobes that range in thickness from 0.2 m to 1.5 m (Fig. 49b). The larger lobes are small

pahoehoe units, whereas the smaller ones are small toes characterized by ropy surfaces (Fig. 50a).

Here Roza is resting on an -6-m-thick sedimentary horizon (Squaw Creek diatomite and time

equivalent sediments of Mackin, 1961), that consists of layered mud diatomite and sandstone. The

basal contact between the Squaw Creek diatomite and Roza is irregular; which may be attributed to

density and gravitational deformation (i.e., sinking of lava into soft sediments and simultaneous

squeeze up of clastic material), and to concurrent flow-driven deformation and invasion of fluid lava

into soft sediments. In the upper part of this compound lava lobe sequence, the individual lobe

boundaries are partly obscured by welding and assimilation, but are sometimes traceable through

careful observation (Fig. 49b). This marks a gradational transition from compound flow lobes to a

coherent body of lava.

At location RDL (Devils Canyon) the base of Roza includes a 0.35 to 0.75-m-thick layer composed of

coarse lapilli scoria with Roza mineralogy and chemistry (Figs. 46 and SOb). This scoria layer is

situated on a 2 to 10-cm-thick reddish soil horizon and covered by the Roza lava, with small scoria

clast imbedded into to the smooth and billowy, once plastic, basal lava surface. This exposure is
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located -100 km away from the nearest known Roza vent and because of the large grain size of the

deposit it is unlikely that it was produced by explosive activity at the Roza fissures.

Furthermore, it is characterized by dense scoria clasts with scattered void vesicles, along with an

abundance of juvenile vesicular lava fragments, small bomb sized spatter and scoria. Such textural

properties are typical of rootless cone tephra deposits in Iceland (Morrissey and Thordarson, 1991;

Thordarson et al, 1992a), which are like littoral cone tephra sampled as it fell on the Kupaianaha lava

flow, Hawaii, in 1991-2 (Thordarson and Self, 1992 and unpublished data, 1994). We propose that it

was formed by explosive interaction of liquid lava and water in the vicinity of the RDL outcrop.

Similar deposits are also found in association with the Roza lava at Frenchman Springs Coulee and

near Pomeroy (section RFS and RPO, respectively, on Figs. 31 and 46).

Flow tops: When found in outcrops, the tops of Roza flow units commonly have smooth undulating

pahoehoe-like flow surfaces and occasionally the original glassy surface is preserved (Fig. 51). At

location RDL, however, the top of the lower Roza flow unit is characterized by steeply dipping crustal

slabs and discontinuous flow lobes of greatly variable thicknesses (Fig. 52a and b) and demonstrates

features typical of tumuli and associated surface breakouts found in other pahoehoe flows, but on a

much larger scale. At the same location, several centimeter thick tongues of the overlying Roza flow

unit have partially invaded cracks and other voids of the tumuli features (Fig. 52b), penetrating 1.5 m

down.

Roza flows at Summer Falls are found to have distinctive boundaries, defined by two separate glassy

surfaces denoting the top and base of each. When a unit boundary is followed for a distance of several

hundred meters, it is often found to be laterally discontinuous because the glass selvages at the

boundary are welded together (Fig. 53) and in many instances almost completely obscured by

assimilation, such that the two units form a single cooling unit with joint columnar (master) joints.

Therefore, the upper unit must have been emplaced when the core of the lower one was still at high

temperatures indicating that these units were the product of the same event. This relationship has been

observed at the contacts between all Roza emplacement units at Summer Falls and at most other Roza

locations containing two or more emplacement units, suggesting that the units are the product of the

same eruption. At several locations (e.g., RSL, RFS, RDL, and RLG on Figs. 31 and 46) each

emplacement unit was found to consist of two or more flow units. Commonly the boundary between

successive flow units was found as two separate glassy surfaces, but when traced laterally they often

become obscured as the glass surfaces are found to be welded together or partly to completely

assimilated such that only relict outlines of the flow units are found in outcrops (Fig. 54).
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Texture

Basal zone: The glassy selvage of Roza at Summer Falls is 0.5 to 2.0 cm thick (Fig. 55a) and consists

of hypohyaline lava with 70-80 vol.% glassy mesostasis and 20-30 vol. % crystals. The lava selvages

contain between 5-12 vol.% phenocrysts, the reminder of the crystal population is groundmass size

crystals. Lava selvages from other locations show a similar trend (Fig. 55b), indicating that -15-20

voI.% crystallization (plagioclase, -12 vol.%; olivine, -2 voI.%; clinopyroxene, -3 voI.%) occurred as

lava flowed from vents and was emplaced beyond 100 km from the source (Fig. 55b). The matrix

glass of the lava selvage is enriched in Ti02 (-0.7 wt.%) and FeO (-1.8 wt,%) compared to the bulk

lava composition (Table 15). This is consistent with about 20% crystallization of the initial lava

composition (plagioclase, An62-56 = 13.5 vol.%; olivine, F062-55 = 3.7 voI.%; pyroxene, En65-56 =

2.8 voI.%). It is also apparent from Fig. 55b that the crystallinity of lava selvages do not show much

variation with distance from source, at least not beyond a distance of 100 km. It is also interesting to

note that quenched glassy material sampled from units identified as surface breakouts and rootless

cone deposits at section RDL (crosses on Fig. 55b) show a considerably higher degree of

crystallization than the associated lava selvages. A similar relationship is found in the Laki lava flow

(see Fig. 12c). The basal zone grades upwards into hypocrystalline rock, becoming progressively

more crystalline towards the top and transforms sharply into holocrystalIine lava core at 0.1 to 0.60 m

above the flow base (Fig. 47).

Lava core: The core of all Roza flow units consists of fine to coarse grained holocrystalline lava (Fig.

47). Relatively thin units ::;12m) tend to be characterized by a diktytaxitic texture, with as much as 20

vol.% of intercrystalline microscopic voids partly filled by secondary minerals. Thicker units are

characterized by dense, fine to medium grained lava. In thin sections the groundmass mineral

assemblage features intergranular texture with sub- to euhedral plagioclase, pyroxene, olivine, and

FeTi-oxides (Fig. 56a and b), with about 5% modal glass mesostasis of high silica rhyolite

composition (Table 15).

Lava crust: The crust's crystallinity ranges from hypohyaline in the uppermost part to near

holocrystalline at the core-crust boundary (Fig. 47). Generally the upper third of the crust is

hypohyaline with either dark brown sideromelane or black opaque tachylite matrix glass (Fig. 57a).

Below this level it is hypocrystalline and crystallinity increases progressively down to the crust-core

boundary. At this boundary, the ratio of glass mesostasis to crystals is -0.15. Interestingly, the

chemical composition of the glass mesostasis in the crust ranges from basaltic andesite to dacite

composition (Table 15) and bridges the gap between the compositions of the matrix glass in lava

selvages and interstitial glass mesostasis in holocrystalline lava cores. The most distinguishing feature

of the mineral assemblage of the lava crust is the dendritic form of the FeTi-oxide phases (Fig. 57a).

This crystal habit is most pronounced in the upper and the middle part, whereas in the lower part the
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FeTi-oxides exhibit skeletal habits (Fig. 57b and d) and are gradually approaching the crystal shape of

the oxides found in the lava core. Irregular microvesicles are often found in the lower half of the

crust, giving the impression of a diktytaxitic fabric; however, microscopic observations show that

these vesicles are not inter-crystalline voids, but small vesicles situated in glassy mesostasis, partly

filled by secondary minerals.

Jointing habits

Basal zone: Columnar joints of the lava core normally extend well into this zone but rarely all the way

through (Fig 58a and b), except when unit contacts are welded together (Figs. 53 and 54). In very

thick flow units (~O m), this zone is often characterized by 10 to 100-cm-thick horizons of closely

spaced horizontal platy joints (Fig. 57a), which most likely represent shear surfaces related to

movements of viscous lava during later stages of emplacement.

Lava core: At Summer Falls the lava core is typified by fairly orderly, large columns, with joint

spacing of 1-3 m. A very distinct platy joint horizon occurs at the core-crust boundary in

emplacement unit E-2 (Figs. 47 and 48). Normally the lava core of Roza units has wide, well-defined

but irregular columns bounded by vertical joints spaced 2-5 meters apart (Figs. 50a and 52a). The

columns are commonly split into 3-6 m high blocks by discontinuous subhorizontal joints.

Lava crust: Similar to the Levering lava, the joint fabric of the lava crust in Roza flow units is irregular

with 0.3 to 1.0 m joint spacing and columns that are defined by discontinuous cracks with either

horizontal or diagonal orientation (Figs. 47 and 48). Commonly every two to three out of four vertical

joints either terminates at the core-crust boundary or merges with the columnar joints of the core.

The order ofjoint formation: This relationship is best observed at location RSC (see Fig. 31) where the

upper part of the lava core features a 10-m-thick, continuous platy jointed horizon, occurring between

7 and 17 m in the flow, and wide, well-defined columns bounded by straight vertical joints spaced 2-5

meters apart. Because of the platy joints the lava appears foliated or split into many small blade-like

plates. These plates are commonly 2-20 ern thick and 40-200 cm long. Internally they show evidence

of horizontal flow banding, subparallel to the orientation of the platy joints. The platy zone abruptly

terminated at the 17-m-level or the core-crust boundary, which is also where the closely spaced,

irregular joints of the lava crust first appear in the flow. Upon close inspection the following was

observed: Where columnar joints and platy joints intersect, the columnar joints cross-cut the platy

joints and the plates. The outline of individual plates can be traced on both sides of the gaping

columnar joints (commonly 2-5 em wide), indicating that individual plates were split in two parts by

the columnar joints. This is further confirmed by the matching fracture patterns on the two opposite

columnar joint surfaces. Observations at other outcrops reveal the same general relationship.

However, the closely spaced joints of the lava crust do not penetrate the platy zone. Hence, the order
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of joint formation inferred from this relationship is that the irregular joints of the crust are first to

form, then the platy joints, and finally the columnar joints.

Vesiculation features

Basal zone: The base of Roza units usually feature a 10 to 60-cm-thick vesicular zone containing ::;25

voI.% vesicles (Fig. 50a), although it is sometimes absent in flow units in the most distal part of the

flow field (Fig. 58 a, b). At the base, vesicle size is ::;;0.1-0.2 cm but upwards it increases to 0.5-1.5

cm. In general the zone is characterized by spherical or irregular elongated coalesced vesicles.

Inclined pipe vesicles are usually found in association with the basal vesicular zone, but never

abundantly. Roza pipe vesicles are 0.5 to 2.0 em in diameter and up to 20-cm-long (Fig. 47). Pipe

vesicle clusters, similar to that described for the Levering flow, were only found in Roza flow units at

the Banks Lake section (RBL, Fig. 31). There the basal zone contains tightly clustered 1.0 to 1.5-cm

wide pipe vesicles extending -0.25 m up into the lava and merge with 1 to 2-cm-wide vesicle

cylinders traceable up to the -2 m level. At Banks Lake the Roza units also contain ameban-shaped

structures of vesicular material extending from the basal vesicular zone and rising -0.8 m into the lava

core.

Lava core: In contrast to the Levering flow, vesicle cylinders are not frequently observed in the lava

core of Roza units, although traces of several cylinders were found at all sections examined. At

Frenchman Springs Coulee the lowest meter of Roza lava core contains many small inclined vesicle

cylinders (Fig. 58a) and at Banks Lake 5-cm-wide cylinders were found in the central portion of the

core (Fig. 59).

Similar to the Levering flow, continuous horizontal vesicle sheets (HVSs) are found at specific

horizons in the Roza flow units. In relatively thin flow units (:::;12 m) the HVS horizon is -1.0 m thick,

but in a-50 m thick flow unit at Drumheller channels (ROC on Figs. 31 and 46) it is 4.5 m thick. The

level (hll) at which the base of the HVS horizon appears in Roza lavas is somewhat variable between

flow units and also between sections; the total range is 0.3 to 0.7, but usually falls within 0.4-0.45.

HVSs in Roza display the same general characteristics as described for the Levering flow and are

between 8 to l5-cm-thick in the lower part of the horizon, decreasing in thickness upwards where the

measured thickness ranges from 1- 4 em (Fig. 47). Normally at heights hll = 0.50 to 0.60 (range =

0.35-0.80) in the flow, the horizon of continuous HVSs terminates and at the same level the

vesicularity of the lava increases sharply. This same level also marks the transition from lava core to

lava crust. At Summer Falls, the core-crust transition occurs at hll = 0.45 in emplacement unit E-l and

at hll = 0.4 in E-2, but could not be measured for E-3 because the top part of the flow is missing. For

comparison, the core-crust transition measureshll = 0.45 for E-2 at the Banks Lake and 0.57 for E-3,
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Fig.49. a) Basal contact of Roza lava emplacement unit E-l at Summer Falls. Heavy
solid line shows the basal contact of the lava and broken line indicates the approximate
upper boundary of the basal zone. Hammer is 25 em. b) Small flow lobes partly
engulfed by underlying sediments at the base of Roza lava at Selah Creek (RSC on Fig.
31). Heavy solid line shows the basal contact of the lava and outlines flow lobes.
Broken line indicates welded and assimilated contact between flow lobe and main body
of the overlying Roza flow unit. Scale bar is 10 em.
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Fig.50. a) Pahoehoe toes at the base of Roza at Selah Creek (RSC on Fig. 31). Note the ropy surface features. Scale is 10
em. b) Scoria deposit (arrow) directly underlying Roza flow unit at an outcrop in Devils Canyon (RDL on Fig. 31). Below is
the flow top of a pahoehoe flow unit belonging to the Sentinel Gap flow of Frenchman Springs member. Above are the basal
zone and dense lava core, with thick undulating columns, of the Roza flow unit.



Fig. 51. Pahoehoe surface of Roza flow unit at Banks Lake (RBL on Fig. 31) showing
glass-surfaced top with some convolutions. Hammer is 35 em.

199



~ Secondary Tephra Deposit I

Fig. 52. a) Photograph showing the Roza member at Devils Canyon (RDL on Fig. 31).
Upper and lower boundaries of the lava sequence are indicated by arrows. Here Roza is
composed of two flow units. Flow unit 1 is -29 m thick and overlying a reddish purple
rootless cone (secondary tephra) deposit. Flow unit 2 is -8 m thick, bounded by an
erosional upper surface. Upper part of flow unit 1 is characterized by a complex association
of steeply dipping crustal slabs (hatchured lines) and thin lava lobes defming a tumuli
complex and surface breakouts. b) Schematic illustration outlining the main features in
Figure 52a. Inset is Figure 52c (see next page).
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Fig.52c. A close-up of tilted crustal slabs (solid arrows) within the tumuli complex of
a Roxa emplacement unit (see inset on Figure 52b for location). Void space between
slabs are filled by the lava of the overlying flow unit (open arrows). Scale is I m.
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Fig. 53. Welded contact between Roza emplacement units E-I and E-2 at Summer
Falls. Red line and arrows show the location of the original flow contact. Scale is 10
em.
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Fig. 54. Roza emplacement units at Soap Lake (RSL on Fig. 31). Arrows point to the boundary between the two
emplacement units. Only top 2.5 to 3.0 m of the lower emplacementunit is exposed. The upper emplacement unit is a -10
m-thick compound pahoehoe lava, but constitutes a single cooling unit because columnar joints cut across flow unit/lobe
boundaries. Syn-eruption welding and assimilation have obscuredflow unit/lobe boundaries, such that only relict outlines of
each are preserved at this location. Bar is 1 m.



Fig.55a. Details of structure of the basal zone of a Roza emplacement unit (RE-I) at
Summer Falls. Note the gradual increase in vesicle size from base up and the sharp
transition to dense holocrystalline lava core at top of zone. A single, inclined pipe
vesicle is seen to the middle left of zone. Underlying lava (SG) is the Sentinel Gap
flow of the Frenchman Springs member. Arrow points to a thin (1-3 ern) gray silt layer
that separates the two flows. Heavy solid line shows the basal contact of the lava and
broken line indicates the upper boundary of the basal zone. Scale is 25 cm.

204

-------- _._-- .._--_ _--.



350300250

A
A

200150

x
x

10050

5.0

0.0 -t-----'--t---'----j--'---j---'---t--"'----+----'---j----'--l

o

40.0

35.0

---~ 30.0.-Q... 25.0
'-"

,e.
20.0....=::- 15.0=-CI)....

'" 10.0
U

Distance (km)

Fig. 55b. Crystallinity of quenched Roza eruption products. Variation in %
phenocrysts and microcrysts with distance from source. Lava selvages,
representing chilled glass from base of main flow units, are shown as an open
triangle. Glassy tephra clasts from rootless cone tephra deposits is shown as
crosses. Vent deposits as a solid triangle, and dike selvages as an open diamond.
Solid line indicates the trend of change in crystal content with distance. Broken
line shows pre-eruption crystal content of the Roza magma.
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Fig. 56. Photomicrographs of holocrystalline lava from the lava core of Roza
emplacement unit E-2 at Summer Falls, collected 2.25 m above the base. Brown
irregular interstitial patches (arrow) are interstitial groundmass glass of high silica
rhyolite composition (72 wt.% Si02). The groundmass crystals are plagioclase,
pyroxene, and FeTi-oxides. Bright colored sub- to euhedral crystals in the lower
photograph are FeTi-oxides. The clear patch (clear) containing a dark circular bleb is a
vesicle. Field of view is 1.0 mm. Upper: Transmitted-light. Lower: Reflected light.
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Fig. 57a. Photomicrographs of hypohyaline lava from the lava crust of Roza
emplacement unit E-2 at Summer Falls, collected 8.75 m above the base. The opaque
groundmass glass is of basaltic andesite composition (54 wt.% Si02). Bright colored
dendritic crystals in the lower photograph are FeTi-oxides and the large phenocryst is
plagioclase. Field of view is 2.5 mm. Upper: Transmitted-light. Lower: Reflected
light.
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Fig. 57b. Photomicrographs of hypocrystalline lava from the lava crust of Roza
emplacement unit E-1 at Summer Falls, collected 6.5 m above the base. The dark
brown to opaque groundmass glass is of andesite/dacite composition (58 wt,% Si02).
Bright colored skeletal crystals in the lower photograph are FeTi-oxides. Field of view
is 1.0 rnm. Upper: Transmitted-light. Lower: Reflected light.
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TlIhle 15. Representative analyses of matrix glass from Roza cruptives.

Slimpic type SiO, TiO, AI,O, FcO MnO MgO CliO Na,O K,o 1',0, 1:
Dikeselvages 51.45 3.40 12.80 14.46 0.25 4.07 8.32 2.73 1.36 0.75 99.64

N - 255/83 0.29 0.02 0.19 0.17 0.01 0.12 0.10 0.08 0.06 0.08 0.24

YCn! deposit 51.43 3.31 13.05 14.96 0.21 4.13 7.81 1.84 1.44 0.78 99.13

N - 2/4 0.02 0.10 0.18 0.32 0.01 0.01 0.12 0.13 0.09 0.02 0.27

Lava selvages 51.47 3.86 12.08 15.73 0.26 3.51 7.87 2.21 1.47 0.91 99.47
N-39/50 0.42 0.17 0.33 0.49 0,03 0.44 0.58 0.56 0.30 0.09 0.57

I.CR-J-1-gl 54.84 1.95 12.85 13.43 0.24 1.75 6.96 3.62 2.16 1.54 99.47
N-4 2.30 0.49 1.79 1.49 0.06 0.79 0.68 0.79 0.54 0.29 0.59

LCR-HC-gi 59.12 1.34 12.06 10.99 0.22 0.54 4.08 2.87 3.38 0.86 95.63
N-4 0.6H 0.17 0.67 0.87 0.03 0.09 0,46 0.29 0.42 0.62 0.72

I.C-I-gi 72.50 0.72 14.01 2.44 0.03 0.05 0.84 4.51 4.41 0.15 99.72
N -917 0.59 0.13 0.61 0.31 0.02 0,02 0.14 0.76 0.91 0.Q7 0.79

'-CR-II-gl: matrix glass of hypohyuline crust, 8.75 m ahove base of now
'-CR-IIC-gl: matrix glass of hypocrystulline crust, 6.5 m above base of now

LC.I-gl: imerstitlal glass in holocryslalline core. 2.75 m above base ofOow
N. number of analyses
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Fig. 58. Structure of the base of Roza emplacement unit E-2 at Frenchman Springs
Coulee (RFS on Fig. 31). Arrow points to the basal contact of the lava and broken line
indicates the approximate upper boundary of the basal zone. Underlying lava is a flow
of the Frenchman Springs member. a) Lowest 1.5 m of flow unit. Note that basal
vesicular zone is missing (assimilated?) and in general the columnar joints do not
penetrate the basal zone. Abundance of small inclined vesicle cylinders are present
between 0.5 to 1.0 m above flow base. Pencil (circled) is 15 em. b) Closely spaced
platy joints at the base of Roza, indicating late stage shearing and deformation of the
basal zone. Note that columnar joint (middle right) cross cuts platy joints. Scale bar is
25 em.
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Fig. 59. Remnants of vesicle cylinders (outlined in black) in the lava core of Roza
emplacement unit B-2 at Banks Lake (RBL on Fig. 31). Scale bar is 10 ern.
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Fig. 60. Large dome shaped and flat based megavesicles (circled) located in the lower
part of the lava crust of emplacement unit E-1 at Summer Falls. Arrow points to upper
boundary of unit, broken line indicates the lava core/lava crust boundary. Base of flow
is hidden from view by vegetation. Bar is 1 m.
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0.78 for E-2 at Drumheller Channel, and 0.44 at Yakima (RSC). It is evident that the height of the

crust-core transition above the base of the flow is variable on a regional scale.

Lavacrust: The lowest part of the lava crust in Roza units is usually characterized by an association of

discontinuous horizontal vesicle sheets and large dome shaped, flat base megavesicles that are up to

1.0 m high (Figs. 47 and 60). Above h/J-Ievel of -0.7, the crust is characterized by alternating

vesicular zones (VZs) and vesicle depleted zones (VDZs) similar to that described for the Levering

flow and therefore are not considered any further. The top one to two meters of individual Roza units

commonly contain distinct horizons of gas-blisters that are inter-connected by parting surfaces. This is

in essence the same phenomenon as horizontal vesicle sheets and megavesicles, but instead of

vesicular segregated material being transported horizontally, a pure gas phase was involved.

Summary ofobservations

Identification of pahoehoe-like flow lobes at the base of or within Roza flow

units along with tumuli-like features and lava surface breakouts, is by no means a

unique occurrence in flows of the Columbia River basalt sequence. Horizons of

compound pahoehoe lavas are found at the base of several lava flows belonging to the

Frenchman Springs Member in cliff exposures near Vantage, Washington. These

compound lavas often consist of relatively small flow units (0.1 to 3.0-m-thick and 1.0

to 20.0-m-wide), but upwards they grade into thicker massive flow units. Similarly,

pillow-like flow lobes and lava deltas consisting of forset-bedded flow-foot breccias

with small elongate pillows and pahoehoe flow units occur at the base the McCoy

Canyon flow of the N2-Grande Ronde Formation (Long and Davidson, 1981) and the

Gingko and Sentinel Gap flows of the Frenchman Springs Member (Mackin, 1961), to

name but a few. At Summer Falls (location RSF on fig. 31) the Sentinel Gap flow that

is directly below the Roza flow contains an impressive sequence of small compound

pahoehoe and pillow-like flow lobes at its base. The lowest 2.0 m of this sequence

consists of -Ori-m-thick and -1.5-m-wide pillows, embedded in palagonized breccia.

This grades into an -3.0-m-thick sequence of small pahoehoe flow lobes that gradually

increase in size upwards; the thickness of flow units changes from 0.5 m to 2.0 m and
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from 1.0 m to 4.0 m in width. Laterally and vertically the boundaries of these

pahoehoe lobes become obscure as they gradually merge with the main body of the

Sentinel Gap lava (Th. Thordarson, unpublished data, 1994).

The surface of Roza and other Columbia River basalts have previously been

described by Mackin (1961) as ropy and locally displaying some upbuckling and

wedge-shaped cracks in the tumuli. Surface breakouts occur as flow lobes and flow

units on the upper surface of many lavas within the Grande Ronde Formation and the

Frenchman Springs Member. In addition, boundaries between tumuli-like structures or

sheet-like flow units in the Roza flow (Fig. 61a) often feature structures identical to

lava rise suture zones (Fig. 61b). All of these structures discussed above are common

to pahoehoe fields of any size (e.g., Swanson, 1973; Walker, 1991, Thordarson and

Self, 1993a; Hon et aI., 1994; Chitwood, 1994) and are normally associated with lobe to

lobe advances and the subsequent inflation of flow units due to continuous injection of

magma into the lava core. The significance of these observations to duration and rate

of emplacement of these flows will be discussed later.

Although the structural components of the Levering flow and individual Roza

flow units are strikingly similar, some fundamental differences exist. With a measured

thickness ranging from 3.0 m to 50.0 m and a calculated mean thickness of -20 m

(Table 11), Roza flow units are on average thicker than the Levering flow. They also

exhibit a greater range in the ratio of lava crust to total flow unit thickness (C/U), where

thick units (~25.0 m) are normally characterized by C/U of 0.25-0.35, while in thin

units (~15.0 m) the ratio usually falls between 0.45-0.55. This variation in C/U can be

attributed to a difference in the supply rates of liquid lava to anyone region of the flow

field, as will be addressed below.

A fundamental difference between these two lava flows is the common

preservation of vesicle cylinders in the Levering flow and the relatively scarce but
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Fig. 61a. Roza lava flow (R) at Frenchman Springs Coulee (RFS on Fig. 31) showing two large sheet flow units, each 40 to
45-m-thick. The flow units are separated by mega lava-rise suture (arrow), similar to that shown Fig. 61b. The low above the
suture contains a rootless cone deposit and is occupied by remnant of a later Roza flow unit (hump at top of the suture above
the line). The lava core/lava crust boundary is easily distinguishable near the middle of the flow unit as a distinct change in
jointing. Solid line denotes the base of the Roza lava, underlying flow units belong to the Frenchman Springs member.
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Fig. 6tb. Mega lava-rise suture in Roza emplacement unit at Frenchman Coulee (RFS on Fig. 31). Platy wedges (PW),
banded, striated surfaces (not visible on photograph), and vertical extensions of vesicles (VZ) along with the large, horizontal
cracks (HZ) were created as the flow inflated and the increase in thickness of the lava was accommodated by lateral
protrusions of lava from the liquid core. . .



fairly persistent occurrence of cylinders in Roza flow units. Evidence implies that they

were formed within both lava flows during and after emplacement but for some reason

were not preserved to the same degree in Roza as those in the Levering. Observations

in the Columbia River plateau basalts and in Iceland show that the lava core of thin

basaltic flows normally consists of diktytaxitic medium to coarse-grained lava and

contains vesicle cylinders (see Fig. 36a). In thick flow units, however, the core is

composed of fine to medium-grained rock which is deprived of microvesicles and

vesicle cylinders are found only sporadically. In the former case, this suggests that the

liquid core cooled down below the visco-elastic limit before degassing of the lava was

completed, thus microvesicles and vesicle cylinders froze intact. In the latter case

degassing went to completion before the liquid core cooled below the visco-elastic

limit, allowing gases and the residual material contained in the vesicle cylinders to rise

buoyantly and escape. The cylinders are thought to form as vertical density currents

(small, double diffusive, plumes) due to accumulation and rise of gas-rich,

differentiated liquid fractions formed in the liquid lava core during or immediately after

emplacement. The cylinders become inactive when the liquid core temperature falls

below the visco-elastic limit of basaltic magma, around 850°C (Goff, 1977). This is

consistent with our observations of vesiculation features in the Levering flow, where

vesicle cylinders are present in abundance in the thinner part of the flow (sections 1 and

2 on Fig. 38), but the thicker portion is almost depleted of vesicle cylinders (sections 3

on Fig. 38). Because the Roza flow is on average thicker than the Levering flow, the

same general arguments may apply, suggesting that the lava core of Roza flow units

remained in a liquid state long enough to allow degassing to near completion.
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Discussion

Implications offield descriptions

It is evident from the descriptions above that the main structural components of

the Levering and Roza lava are the same in principle. Both can be regarded as an

example of Type I flows that are commonly found within the Columbia River basalt

sequence. However, these types of pahoehoe flows are not particular to the Columbia

River basalt province. Our studies of large volume sheet-like pahoehoe flows produced

by Holocene fissure eruptions in Iceland (e.g., the Thjorsa and Laki lava sections on

Fig. 62) show that they are typified by the same structural components even though

their dimension and volume are approximately two to three orders of magnitude smaller

than the examples from the Columbia River plateau. This demonstrates that pahoehoe

sheet flows have the same general structural components regardless of the thickness or

the size of individual flow units or flow fields. Furthermore, this suggests that the same

general flow processes operated during the formation of the CRB flood lavas and that

they therefore have a similar mode of emplacement. Based on our knowledge of the

emplacement mechanism of the 1783-84 Laki lava flow (Thordarson and Self, 1993a),

progressive growth of large lava fields through endogenous processes is likely to have

been important during the emplacement of the Roza and Levering lava flows, as well as

other Type I flows within the Columbia River basalts.

Previous studies (Shaw and Swanson, 1970; Swanson et al, 1975) have

suggested that the flood basalts of the Columbia River Group were emplaced very

rapidly, in days to a few weeks, as 20 to 50-m-thick coherent liquid sheets within a

turbulent flow regime. Although this may appear to be an appealing idea, there are

several lines of evidence from our field observations that are inconsistent with this

interpretation.
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Fig. 62. Examples of measured sections through sheet-like flow units of various thicknesses in flow fields of different

dimensions. 1. A 16-m-thick flow unit within Roza at Banks Lake, Washington. 2, A lO-m-thick flow unit within the 21 km3

Thjorsa lava in S-Iceland. 3. A 3.5-m-thick flow unit within the 15 km3 Laki lava flow S-Iceland, Note the overall structural
symmetry of these flow units, although details vary. VF, indicates vesiculation features; JH, indicates jointing habits;
thicknesses are given in meters,
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1) Formation of small pahoehoe lobes and pillow-like lava units found at the

base of many CRBG units can not be adequately explained if the lavas were emplaced

as a thick turbulent liquid flows. Compound pahoehoe and/or pillow-like sequences are

normally found immediately below lavas where they are situated in paleo-topographic

lows. There stratigraphic position eliminates the possibility that these formed as

localized spills over topographic barriers and it is difficult to envision the leading edge

of a fully turbulent flow to break down into such discrete and small fluid elements to

form lava lobes ahead of the main lava. The occurrence of these compound lava lobe

sequences rather implies that lava emplacement at anyone location was initially

characterized lobe by lobe breakouts from the leading edge of the lava at fairly low

supply rates (Mattox et aI., 1993; Hon et aI., 1994). This explanation allows for the

accumulation of distinct lava lobe packages in front of the main lava. As these

breakouts expanded and inflated, some lobes may have merged together forming a

continuous liquid lava core beneath a single upper crustal layer as is common in

Hawaiian pahoehoe flows (Hon et aI., 1994) and as such became a new leading edge of

the lava.

2) The observed distribution and mode of vesiculation features, joint patterns,

and textural properties in Type I flows are incompatible with the idea that these flows

were emplaced as a single batch of liquid lava of thicknesses that are approximately

equivalent to the measured flow thicknesses in the field. Cooling of thick stagnant lava

bodies (e.g., Hawaiian lava lakes) is for the most part controlled by the laws of

conductive cooling Wright and Okamura, 1977; Peck, 1978), although somewhat

complicated by the onset of hydrothermal cooling and melt convection during late stage

of solidification (Hardee, 1980). If the Levering and the Roza flows were initially

emplaced as 10 to 50-m-thick sheets of liquid lava, their textural properties should be in

accordance with cooling rates predicted by the laws of conduction. When assuming
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cooling by conduction, the growth rate of the lower crust of the lava should be -70 %

of upper crustal growth (Hon et al., 1994), hence, the textural profile in a 20-m-thick

lava flow should have its symmetry plane -8 m above the base of the flow. Roza and

Levering lavas typically have a hypocrystalline basal zone that is <1-m-thick (or much

less than 10 % of the total flow thickness), but have a hypocrystalline lava crust that

normally is between 7 to 15-m-thick (or -40-50 % of the total flow thickness).

Between these two structural components is the holocrystalline lava core. Such

asymmetric distribution of textural properties is inconsistent with the assumption that

these lavas were initially emplaced as a thick liquid lava sheets.

3) It is also difficult to explain the order of joint formation (see above) as well

as the rapid transition from crustal to core joint fabric near the middle of each flow unit,

in terms of a single stage cooling. The two-tiered structure of these flows suggests that

at least two cooling stages are involved in the joint formation.

4) The complete absence of vesicle cylinders in the upper part of these flows,

along with the observed transformation of vesicle cylinders to horizontal vesicle sheets

at levels h/l = 0.45 to 0.55 in the Levering flow (and other basaltic flows containing

abundance of vesicle cylinders, see Figs. 36a and 62) is also incompatible with the

assumption that these flows were emplaced as a single thick batch of liquid lava. Our

observations show that the cylinders originate from the basal vesicular zone and those

preserved in a solidified lava flow formed either as the lava movement was coming to a

halt or shortly thereafter (see section descriptions above). Goff (1977) has

demonstrated that the average rise velocities for vesicle cylinders in basalts are in the

range of 1.1-3.5 x 10-3 em/sec or .....2 m per day. In other words, it would take five to

ten days for a vesicle cylinder to rise up through a liquid lava column of the same

thickness as the Levering flow. Assuming dominance of conductive cooling, the upper

lava solidification front propagates downwards at rates that are proportional to the
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square root of time and the depth of the solidification front at any given time can be

estimated according to the empirical relation below (Hon et al., 1994):

C = 1.3 _10-3 .Jt (1)

where C is the crust thickness in meters and t is time in seconds. Accordingly, in 10

days the solidification front would have advanced 1.2 m down into the flow and it

would have taken 6-18 months for the solidification front to reach hll-Ievels of 0.45

0.55 in the Levering flow. Therefore, if the Levering flow arrived at Sentinel Gap as a

13 to 20-m-thick liquid lava sheet, then the vesicle cylinders would be expected to

extend well into the lava crust or at least to a height in the flow well above hll-Ievels of

-0.5. The fact that the vesicle cylinders transform into horizontal vesicle sheets near

the middle of the flow and not present above this level, suggests that at the time when

the flowage of lava stopped the upper part of the lava was rigid enough to prevent

vesicle cylinders from rising through it, whereas the lower part was still in a liquid

state.

5) If the lavas of the Columbia River were emplaced rapidly as turbulent flows,

why are they normally characterized by smooth and billowy pahoehoe flow surfaces? It

seems logical to assume that the vertical mixing inherited in the process of turbulence

would involve developments of ragged surfaces during flow, where tearing and splitting

of partly solidified lava elements at the surface might be expected to form thick

clinkery or scoriaceous rubble at the base and surface of the lava. Such rubbles are

rarely found between lava flows in the Columbia River sequence: Broken, slabby

pahoehoe rubbles are common in CRB flows, but always situated on flow tops. Basal

flow rubbles are extremely rare in the wide range of CRB flows examined.

Furthermore, turbulence would prevent formation of smooth-ropy pahoehoe-like

surfaces during lava emplacement (Shaw and Swanson, 1970) and suggests that it

formed subsequent to emplacement, a concept that is not unreasonable. However, this
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does not explain surface features such as wedge-shaped cracks, tumuli and surface

breakouts that are found in association with many Columbia River lavas and are

indicative of inflation induced and expansional conditions during the crust formation

stage. Even though a high velocity turbulent flow may be in a state of expansion during

emplacement, these conditions would rapidly relax as the flow comes to a halt.

Because a turbulent flow model predicts that the crust was formed after emplacement,

the occurrence of inflation-related structures on flow surfaces is inconsistent with

turbulent emplacement.

6) The lateral variations in the thickness of the Levering (Fig. 43) indicate that

the absolute altitude of the flow surface and the overall thickness of the flow is greatest

directly above depressions in the underlying surface, but the opposite is true above

higher points. Similar relationships are commonly found in smaller pahoehoe fields

and suggests that the flow of the Levering lava was redirected by the small relief (-2 m)

of the underlying surface, resulting in greater volumetric flow rates of the lava through

depressions than across slightly elevated areas. If the Levering lava was emplaced as a

single 13 to 20-m-thick batch of liquid lava, then a -2 m relief would hardly have been

of consequence to its advance. Furthermore, if the Levering arrived at Sentinel Gap as

a thick turbulent flow it is expected that the lava would have mantled the surface and

exhibit a planar upper surface, not an undulating hummocky-like surface as

demonstrated here. It is evident from these qualitative observations that the structures

of pahoehoe sheet flows in the Columbia River basalt sequence are incompatible with

the idea of a turbulent flow emplacement.

In their model calculations Shaw and Swanson (1970) demonstrated that if a

surface flow of Columbia River lava exceeded -4 m in thickness, it would be

characterized by turbulent flow even at exceedingly small regional slopes. They

assumed magma eruption temperatures of 1200°C, that are too high for magmas of
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Columbia River basalt composition (Schiffman and Lofgren, 1982). In addition they

used magma viscosity of 50 Pa s which is unreasonably low for the basalts of the

CRBG. This is important because the criteria for emplacement by laminar or turbulent

flow is strongly dependent on these parameters, and therefore, the thermal history of the

lava during emplacement. In a turbulent flow, radiative heat transfer across the lava

surface would be the most important process (Shaw and Swanson, 1970), whereas in

the case of laminar flow emplacement, the lava will quickly develop a crusted surface

which minimizes the heat loss from the liquid portion of the lava since the heat transfer

will be governed by conductive processes (Flynn and Mouginis-Mark, 1992; Realumoto

et al., 1992).

Using the empirical geothermometer of Helz and Thornber (1987) and the major

element composition of glass inclusions and matrix glass from dike and lava selvages

(Table 15 and Tables C-2 to C-4 in Appendix C), we have estimated the eruption and

emplacement temperatures for the Roza event. The glass inclusion chemistry indicates

eruption temperatures between 1090°C and 1115°C, whereas the matrix glass chemistry

of the lava selvages suggest lava emplacement temperatures in the range of 1070°C to

1090°C (Table 16). One-atmosphere experiments conducted on samples from the

Grande Ronde basalts show that plagioclase is a liquidus phase at 1140°C, with olivine

and clinopyroxene appearing simultaneously at 1123°C and Fe'I'i-oxides phases

appearing near 1085°C (Schiffman and Lofgren, 1982). The Roza lava is

compositionally similar to that of the Grande Ronde Basalts (Martin, 1991) and

therefore may be expected to have similar phase relations. The Roza phenocryst

assemblage consists of plagioclase, olivine, clinopyroxene, and rare FeTi oxides

(Thordarson and Self, 1995c; see also Chapter 5 of this thesis), suggesting that the

eruption temperature was near 1085°C or slightly higher. This is in good agreement

with the temperature values calculated above using the empirical glass geothermometer
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Table 16.
a) Roza magma and lava temperatures calculated by the empirical geothermomen

of Hclz and Thornber (1987).

Sample MgO(wI.%) CuO(WI.%) MgO-T(°C) CuO-T(OC) Mean-T(OC)

Inclusions 4.17 8.11 1098 1103 1100
S1:Ind.dev. 0.23 0.40 5 7 4

N- 14

Dike selvages 4.01 8.27 1095 1105 1100

S1:Ind. dev. 0.14 0.11 3 2 2
N-9

l.avu selvages 3.47 7.95 1084 1100 1092

Stand. dev. o.n 0.43 6 7 6

N-H

h) R07.a magma and lava viscosities (m) in units ofPa s, calculated by

of Bottinga and Weil (1972).

Tern rature 1098°C 1100°C l103°C

Sample H,o(wI.%) 11 11 11
Inclusions 2.0 67.5 66.0 63.1

composition 1.5 110,6 107.9 104.0

1.0 188.2 183.5 176.6

0.8 249.6 243.1 233.8

0.5 334.7 313.2 325.9

Tern rature 1095°C 1l00°C 1105°C

Sample H,O(wt.%) 11 11 11
Dike selvage 1.5 117.8 110.7 104.2

composition 1.0 199.2 186.9 175.3

0.8 263.2 246.5 231.0
0,5 351.6 328.9 307.9

Tern mlure 1080°C 1084°C I092°C IIOO°C

Sample 1-1,0 (wl.%) II Il Il Il
Lava selvage 1.0 419.6 379.3 356.6 320.5

composition 0.8 567.3 536.6 480.6 431.0
0.5 776.9 734.0 655.11 586.8

0.3 1008.6 952.0 849.0 758.2
0.1 1321.3 1245.9 1108.9 988.3

Viscosity is calculated for range of values for dissolved mngmutie water,

because of degassing during eruption, lower values are used for

dike and lava selvages (see Thordarson und Self, I995c; Chapter 5 of this thesis),
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of Helz and Thornber (1987), even though it is calibrated to the composition of Kilauea

magmas. The approximate viscosities of the Roza magma were calculated according to

the experimentally derived equation of Bottinga and Weill (1972), using eruption

temperatures of 1100°C and lava emplacement temperatures of 1080°C (Table 16).

Analyses of glass inclusions in Roza phenocrysts suggest that the original amount of

volatiles dissolved in the Roza magma prior to eruption may have been on the order of

1.5 wt.% (Thordarson and Self, in prep; see also Chapter 5 of this thesis). In addition,

our studies show that approximately 70% of the dissolved volatiles were liberated from

the magma at the vents. Assuming an original water content of 0.75-1.5 wt.%, the

calculated magma viscosity falls between 100 and 250 Pa s. Similarly if the lava

flowing from the vents retained -0.4 wt.% of the magmatic water, the liquid lava

viscosity is -600-700 Pa s. These values are five to ten times larger than used those by

Shaw and Swanson (1970) and direct application of these values to their model

calculations shows that surface flows with initial emplacement thicknesses ~15 m will

be laminar at the very low regional slopes typical for the Columbia River plateau. On

the other hand, flows with initial thicknesses >20 m would fall within the turbulent flow

regime. From this it is apparent that an important parameter to identify is the initial

emplacement thickness of flow units within the lava fields of the CRBG, since it should

be the criteria that most strongly controls laminar or turbulent flow behavior. In this

context, it is interesting to note that thin flow units «20m) within the CRBG are most

abundant in the areas closest to source (Swanson et aI., 1975), which is compatible with

our conclusion that laminar flow emplacement was the norm during the Columbia River

flood basalt eruptions. Additional support for this conclusion is the occurrence of 0.3

to 1.5-m-thick pahoehoe and pillow-like flow lobes at the base of many CRB flows,

including the Roza and Sentinel Gap flows (location RSC and RFS on Fig. 31,

respectively).
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Endogenous emplacement ofpahoehoe lavaflows

It has been demonstrated that pahoehoe sheet flows of greatly variable

dimensions display similar internal structures, consisting of the structural components

identified here as the basal zone, the lava core, and the lava crust. It also of interest that

the same fundamental structural components can be illustrated for small pahoehoe flow

lobes (Fig. 63) formed by a steady internal injection of liquid lava and subsequent

inflation (Walker, 1987; 1991: Hon et al., 1994).

Studies on the presently active Pu'u'O'o-Kupaianaha flow field at Kilauea

volcano in Hawaii ( Hon et al., 1994) have shown that sheet-like pahoehoe lavas form

by laminarly flowing lava on very gentle slopes «2°). Initially emplaced as 0.1 to 0.5

m-thick layers and lobes of fluid pahoehoe lava, the sheets progressively inflate to 4 to

5-m-thicknesses by a continuous supply of magma into the liquid lava core. This shows

that flow units initially emplaced as thin lobes or sheets can acquire final thicknesses,

through continuous injection and subsequent inflation, that are approximately an order

of magnitude greater than the its original thickness. Also demonstrates that while some

sheet flows advance as wide fronts at fairly constant rates, many originate as breakouts

from inflated flow fronts and are initially emplaced as rapidly spreading thin lava lobes.

The forward advance of the lobes is reduced because of radial spread of the lava and

rapid cooling of the lava surface (i.e., the initiation of crust formation). As the crust

thickens it attains sufficient strength to retain the incoming lava and consequently the

hydrostatic head at the lobe front is increased. Continued supply of liquid lava into the

core results in both further advance of the flow front and inflation of the newly crusted

flow behind the active flow front. As lobes grow in size they merge and coalesce to

form a coherent sheet lava that continues to grow and inflate for as long as liquid lava is

supplied. Such lobe by lobe and flow unit by flow unit emplacement has resulted in

gradual growth and spread of the still active Pu'u'O'o-Kupaianaha flow field over the
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last 8 years (Mattox et aI., 1993; Hon et al., 1994). These studies have important

implications for flood basalt lava emplacement, as suggested by Hon et aI. (1994).

Through measurements of lava crust temperatures in the field and theoretical

considerations, Hon et aI.(1994) illustrated that a sheet flow consists of three main

structural components; the basal crust, the liquid lava core and the surface crust (Fig.

64). They also showed that the thickness of the surface crust grows continually during

lava emplacement by accretion from below. The surface crust consists of at least three

distinct layers (Fig. 64): a) the outer cold crust with a relatively low tensile strengths

which fractures brittely during emplacement; b) a middle layer of visco-elastic crust at

temperatures between 800-1070°C that probably provides the required strength for the

crust to hold back injecting lava; and c) a thin but highly viscous layer that serves as a

boundary layer between the moving liquid lava core and the overlying crust. Analyses

of lava crust thermal data from Kilauea sheet flows and lava lakes illustrate that the

growth rate of the lava crust is consistent with cooling by conduction (Hon et aI., 1994).

The liquid core maintains a near isothermal state as lava is constantly passes through

the flow. Immediately adjacent to the crust, however, lava begins to cool and a viscous

layer is formed that is then effectively part of the crust (Fig. 64). Once the lava

temperature drops below the solidification temperature (l070°C in the case of Kilauea

lavas) an initial surface crust forms and begins to cool rapidly by conduction. Thus, the

thickness of the crust at any given time and the crustal growth rates can be estimated

from the empirically derived relations:

CI070 = O.0779..ft (2)

dC =O.039t-}i (3)
dt
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Fig. 63. Compound pahoehoe lava exposed in a road cut on Kilauea volcano, Hawaii.
Note the flow unit in the middle of the photograph. It exhibits a three-fold division in
main structural components similar to that found in thicker pahoehoe flows. A basal
zone with vesicles concentrated towards the top, a dense lava core with abundance of
sub-vertical pipe vesicles, and an upper vesicular lava crust. From Walker (1987).
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Fig. 64. A diagrammatic section through an inflated sheet flow within the Pu'u'O'o 
Kupaianaha flow field on Kilauea, Hawaii, showing the modelled structures. From
Hon et al. (1994).
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where t is time in hours and C is the crust thickness in meters (Hon et aI., 1994). Crust

is defined here as the distance between the flow surface and the 1070DC isotherm in the

lava.

Similarly, the depth to the 800DC isotherm can be evaluated by:

Csoo = 0.0473.Jt -0.0233 (4)

assuming that the 800DC isotherm denotes the transition from visco-elastic crust to

brittle crust, then the difference between C1070 and CgOO thus gives the thickness of the

visco-elastic crust at any given time.

Theoretical considerations suggest that the basal crust thickens at a rate that is

.....70% of the growth rate of the surface crust (Hon et al., 1994). The results of this

study indicate that these considerations greatly overestimate the basal crust growth rate.

The basal surface of the lava is a fixed boundary, and cannot expand freely. Therefore,

other processes than conductive cooling, i.e. thermal deformation, effect the growth rate

of the basal crust (see below).

Proposed emplacement model for flood basalt lavas, a qualitative assessment

Our investigations have shown that a common structural pattern exists in sheet-

like pahoehoe flows regardless of their size or location (Figs. 38, 47 and 62), indicating

that there is a common process for their formation. Furthermore, our analysis of the

distribution of vesicle cylinders and horizontal vesicle sheets in thick pahoehoe lava

flows indicates that the upper one third to one half of each flow unit had acquired

enough rigidity during emplacement to prevent further vertical propagation of the

vesicle cylinders. This suggests that after a finite time these flows developed a crust of

considerable thickness during emplacement. In addition, the structural components of

the pahoehoe sheet flows presented in this study are strikingly similar to those found in

active sheet flows in recent pahoehoe flow fields (Fig. 63).
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On the basis of the descriptions and the general considerations presented here, it

is proposed that the large pahoehoe sheet flows (Type I) of the Columbia River Basalt

Group were characterized by flow unit to flow unit emplacement, similar to the sheet

flows of the presently active Pu'u'Q'o-Kupaianaha flow field, where endogenous

processes dominate emplacement mechanisms. Further, it is postulated that: 1) the

basal zone of solidified pahoehoe lavas is analogous to the basal crust of active flows:

2) the lava core is the equivalent of the liquid, flowing core that becomes static at the

cessation of flow in anyone part of the flow field; and 3) the lava crust characterizing

the surface crust that grew mainly by accretion from below during flow emplacement

(Figs. 38, 47, 62, and 63).

A qualitative assessment of the emplacement mechanisms involved in formation

of a single flow unit during a flood basalt eruption can be outlined as follows:

Stage 1 (Fig. 65a). Initially the flow is rapidly emplaced as a relatively thin

lobe. Rapid cooling initiates crust formation and the chilled skin acts like a balloon to

withhold incoming lava, as in all pahoehoe and pillow lavas. The skin of the lobe

deforms plastically by visco-elastic behavior in response to the increase in lava

pressure, allowing the lobe to swell before rupturing to form another lobe and so on.

On gentle slopes the lateral flow velocity within the lobe is almost equal to the forward

velocity that initiates merging of lobes to form a sheet-like flow unit with a continuos

liquid lava core beneath a single upper crustal layer. In this manner a new leading edge

is formed at the front of an emplacement unit.

As the liquid lava breaks through the front of an earlier formed sheet, it will

decompressurize. If the magma is near saturation with respect to the dissolved

volatiles, then even a small change in the external pressure will initiate nucleation and

growth of bubbles. Thus, a bubble rich-zones may form near the top of the liquid lava

core and be later be incorporated into the crust as a vesicular layer or zone. Such
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vesiculation can be induced by any drop in the internal (hydrostatic) pressure within the

core.

Stage 2 (Fig. 65b). As the crust thickens and becomes more rigid, it attains

sufficient strength to retain the incoming lava and cause an increase in the hydrostatic

head at the flow front. Continued supply of liquid lava into the core results in both the

advance of the flow front by breakouts and the inflation of the newly crusted flow

behind the active flow front (Hon et al., 1994). During early stages of inflation the

thickness of the liquid lava core increases in accordance to the excess internal pressure

that is a function of the liquid lava supply rates as well as the lateral spreading rates of

the flow; meanwhile the upper lava crust is thickening. The steady flow of lava in the

core brings at all times hot liquid elements in contact with the base of the crust. During

emplacement the base of the crust is at, or just below, the solidification temperature of

the lava (Fig 65a). Therefore, part of the liquid lava element cools below its

solidification temperature, it is accreted to the base of the crust and this results in

incremental accretion and solidification of material at the core-crust boundary and in

thickening of the lava crust. Addition of material increases the volume of the crust,

which is accommodated by upward movement, inflation, of the crust. Such inflation is

possible because the upper surface of the lava crust is a free boundary and can therefore

expand. This process also implies that as new material is added to the base of the crust,

the material added previously is effectively lifted and is no longer in contact with the

hot liquid lava. As the growth of the crust continues, the earlier crustal accretions are

moved further away from the hot liquid interior and eventually are cooled to

temperatures of brittle behavior (.....SOO°C). Thus, in earlier stages of emplacement the

overall inflation of the flow results from an increase in both the lava core and lava crust

thicknesses. In addition, the expanding liquid core initiates growth of crustal joints in
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the brittle crust. They are irregular due to small variations in the thermal and/or stress

conditions that may exist between locations within the flow.

Contact of hot liquid lava and cold ground initiates formation of the basal crust.

Within hours of initial emplacement the basal crust may be several centimeters to a few

tens of centimeters thick. The base of the lava, however, is a fixed boundary and a

continuous flux of hot liquid lava across the upper surface of the basal crust is likely to

maintain high temperatures along the surface and therefore hamper further growth of

the basal crust during emplacement, perhaps even attaining a balance between chilling

of crust and transport of liquid lava which may explain the thin basal crust in many

CRB lava flows.

A relatively even distribution of the internal (hydrostatic) pressure in the liquid

core would result in uniform inflation of the lava crust forming a relatively flat and

featureless upper surface (Fig. 61b). On the other hand, if the internal pressure is

distributed unevenly, as a consequence of variable influx of liquid lava or channelling

of flow due to ground surface irregularities, flow inflation results in formation of an

irregular and undulating lava surface (Fig. 43).

Vesiculation of the flowing lava is initiated by short-lived pressure variations

across the liquid core, where a drop in the hydrostatic pressure leads to vesiculation and

formation of vesicular zones at the top of the core where vesicles move up and are

trapped. Moreover, small depressions or domes on the solidification surfaces may

bring about separation (or compaction) of flow lines, and thus, can locally decrease (or

increase) the hydrostatic pressure within the liquid lava (see inset on Fig. 65b). Such a

drop in the pressure initiates a localized separation of dissolved volatiles from the liquid

lava, forming bubbles or small plumes consisting of pure gas or vesicular segregated

material. At the base of the liquid core these bubbles and plumes rise and are carried

away by the moving lava above. Remnants of the last-formed of these features are
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Fig.65. The idealized growth of a sheet-like flood basalt flow unit at a fixed location. Units of time (t),
thickness (y) and velocity (v) are arbitrary, but proportionate. Proportions of lateral and vertical expansion
of floware indicatedby Vx and vy' respectively. Growthdirection (g.d.) of the lava crust andpropagation of
the solidification front (s.f.) are indicatedby arrows. Mainstructural componentsare the basalcrust, liquid
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trapped in the solidifying basal crust as vesicles, pipe vesicles, and small vesicle

cylinders. history of a flow lobe. They accumulate at the top of the liquid core to form

localized pockets or discontinuous sheets of vesicular material and are eventually

incorporated into the crust as it accretes downwards. It must be stressed that the

processes described above are continuos during the emplacement and inflation.

Stage 3 (Fig. 65c). Overall expansion of the lava core gradually increases its

overall volume and subsequently it inflates at slower rates. However it continues to

inflate until near equilibrium condition is established between the internal hydrostatic

head and the strength of the crust. From that point in time, the lava core maintains a

constant thickness and continued inflation of the flow surface is due entirely to

persisting growth of the lava crust. Locally the inflation process may cause occasional

surface breakouts to occur through the crust, which in tum would slow down or stop

inflation in that portion of the flow.

The lava crust continues to grow by accretion from below but as its overall

thickness increases, so does the effective thickness of the visco-elastic portion, and due

to its ductile properties, this process strengthens the crust. It is inferred that the

tensional strength of the visco-elastic layer is sufficient to accommodate for the increase

in the weight of the growing crust, implying that the internal pressure of the flow is

greater than, and independent of, the force exerted by the weight of the crust above.

Continued vertical uplift and lateral advance of the flow unit generates tensional

stresses within the lava crust and leads to formation of the ubiquitous cracks in the

upper brittle part. These cracks include large crack systems bounding sheet-flow

margins and cutting tumuli on hummocky flows (e.g., inflation clefts), as well as a

network of smaller irregular joints (cracks) distributed throughout the lava crust. Such

a network of joints develops progressively as the crust thickens and cools (Macdonald,

237



1967) and is often found on the crust surface of inflating sheet flows as a semi-regular

arrangement of polygonal crack patterns (Fig. 66).

As fresh batches of liquid lava are carried through the core, degassing of the

lava continues as before. Gas-rich, vesicular, segregated material accumulates at the

base of the lava crust, where it forms discontinuous horizontal vesicle sheets (HVSs).

As the bubbles grow, they rise and coalesce to form larger ones and eventually rise up

from the surface of the sheet as dome-shaped pods. At the same time the liquid

between the bubbles is drained and accumulates in the lower portion of the pod. Thus,

the upper part is a zone of gas accumulation, which expands and rises as it becomes

more buoyant and overcomes the yield strength of the surrounding material. Thus,

depending on the rate of gas accumulation in relation to rate of rheological changes of

the surroundings, a megavesicle (MV) may separate itself from the discontinuous HVS

and become a single isolated vesicle. Further growth of the vesicle depends on whether

the gas is buoyant enough to force its way further up through the visco-elastic crust. At

the same time the residual segregated liquid is drained towards the bottom of the

megavesicles. The common occurrence of flat based, dome to bell shaped MV's within

the crust suggests that they have not risen far from the location of formation (gas

accumulation) and have acquired their shape because of the viscosity or yield strength

of the surrounding material. At this stage the visco-elastic portion of the crust is thicker

and therefore the thermal gradient across the lower part of the crust is less steep. This

allows more time for bubble growth, and hence, the megavesicles grow larger.

Approximate isothermal conditions are still maintained at the lava core/basal crust

boundary, resulting in competing efforts between the formation of new crust and the

thermal deformation of previously formed crust. Thus, as degassing of the liquid lava

continues to be initiated by flow irregularities above local depressions, modification of

earlier formed vesiculation features proceeds at other locations.
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Fig. 66. Crustal joints (cracks) defining a semi-regular polygonal crack pattern exposed
on the surface of an inflating sheet flow within the Kupaianaha flow field on Kilauea,
Hawaii. Hammer is 25 em.
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Stage 4 (Fig. 65d). In the late stages of emplacement the sheet inflates slowly

and the rate of inflation matches the growth of the crust. As the flow of liquid lava

through the core stops, caused either by stagnation of the liquid lava core or by the

source ceasing to supply liquid lava, inflation is terminated. From this time on the

cooling and growth of the lava and basal crusts occur at the expense of the liquid core,

which gradually solidifies. This cooling eventually leads to the development of a

smooth thermal gradient where the thick crust acts as an insulator allowing complete

crystallization of the liquid core.

During the latest stages of lava movement, the flow induced degassing at the

base of the liquid core continues, forming plumes of gas and segregated material that

rise and form vertical vesicle cylinders through the core. These spread laterally along

the base of the lava crust to form continuous horizontal vesicle sheets. Local

accumulation of highly vesicular material within the vesicle sheets initiates the growth

of megavesicles, some of which attempt to rise through the visco-elastic portion of the

crust. The result is that the lowest part of the crust is characterized by a distinct horizon

containing an abundance of megavesicles, whereas the top part of the core has a zone

typified by a sequence of continuous horizontal vesicle sheets.

As the flow comes to rest, the tensional stresses exerted on the lava crust during

inflation are relaxed, thus terminating further growth of crustal joints. Further

developments (not shown on Fig. 65d) may involve creeping flow of the now highly

viscous lava core leading to the formation of platy (shear) joints along the upper and

lower boundaries of the core; these are very common and laterally extensive features of

CRB flows. Continued cooling of the lava core initiates the formation or columnar

joints that may grow as a continuation of earlier formed crustal joints, although with

more regular and greater spacing between successive joints because fracturing of the

lava is now primarily controlled by thermal contraction due to cooling. Near-perfect
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development of hexagonal joints in the core grows into the colonnade zone that is a

major physical character of basaltic lavas.

Lava textures

As demonstrated earlier, the distribution of textural properties of CRB flood

basalt lavas (and other large lava flows) are compatible with formation of a thick

surface crust above a continuously flowing body of liquid lava in large lava lobes.

Although the emplacement model outlined below utilizes observational evidence

obtained by Hon et aI. (1994) from inflated sheet flows within the presently active

Pu'u'O'o-Kupaianaha flow field at the Kilauea volcano in Hawaii, it is primarily based

on direct field measurements conducted on pahoehoe lavas within the Columbia River

Basalt Group and in Iceland. All of our findings are compatible with and in support of

the hypotheses that flood basalt lava fields of the Columbia River were emplaced as

inflated sheet flows. Observations of the lava emplacement during the Laki

(Thordarson and Self, 1993a) and the Pu'u'O'o-Kupaianaha (Mattox et al., 1993; Hon et

aI., 1994) eruptions have shown that only a small portion of the lava flow field is

receiving lava and growing at anyone time during eruption. This is important, because

it suggests that pahoehoe flow field grow gradually lobe by lobe, then flow unit by flow

unit, and finally emplacement unit by emplacement unit. The structural similarities of

CRBG sheet flows to pahoehoe lavas from other regions of basaltic volcanism, implies

that the lava fields of the Columbia River plateau were emplaced by similar lava unit to

lava unit mechanism, only on a larger scale.

Upon contact with the atmosphere, the hot liquid lava rapidly develops a thin

crust. Sub-solidus temperatures must be maintained at the boundary between the liquid

core and overlying crust for the crust to grow in thickness. Occurrence of dendritic

FeTi-oxides in samples from the Roza flow representing the upper half of the crust

(Fig. 57a) is compatible with the suggestion that hot liquid lava that was rapidly cooled
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below its solidification temperatures as it came in contact with the base of the crust,

suggesting that a sharp thermal gradient existed across the boundary at the time. The

coupled effects of heat conducted through the crust and the continuous introduction of

hot liquid lava to the base of the crust helps to maintain these conditions during

emplacement, although the temperature gradient across the boundary decreases

gradually as the crust thickens and the rates at which heat is transferred through the

crust are reduced. The progressively downward change in the crystal habit of the FeTi

oxides, from dendritic through skeletal to subhedral, along with the observed change in

the crystallinity from hypohyaline to hypocrystalline textures, are in accordance with

such changes in the thermal gradient of the crust. Furthermore, this is in concordance

with the relatively sharp transition from hypocrystalline to holocrystalline rock

observed at the lava crust/lava core boundary and the holocrystalline nature of the lava

core in completely solidified flows (Long and Wood, 1986). As the flow within the

core stagnates, the lava is no longer capable of maintaining isothermal conditions as it

did during times of emplacement. The rates at which heat is conducted from the liquid

lava core are low because of the thick crust, thus allowing enough time for complete

crystallization that characterizes the colonnade to occur.

Our evaluation suggests that during final stages of lava flow emplacement the

liquid lava core to surface crust boundary was located between the megavesicle horizon

in the lowest part of the lava crust and the horizontal vesicle sheet horizon in the upper

part of the lava core (Figs. 38, 46 and 62). If the megavesicle horizon was formed by

buoyant rise of gas bubbles through the visco-elastic portion of the surface crust during

final stages of emplacement, then its upper limit should fall near the transition of visco

elastic to brittle crust or close to the location of the 800ae isotherm at that time. By

rearranging equation 2 above, the measured thickness of the crust can be used to

estimate the total duration of lava emplacement for individual flow units. This should
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give a reasonable estimate of the time when the megavesicle horizon was forming, and

allows application of equation 4, to calculate the depth to the 800aC isotherm. In

section 1 for the Levering flow (Fig. 38a) the measured depth to the upper boundary of

the megavesicle horizon is ....5.5 m. The measured thickness of the crust is 8.25 m,

giving 11,217 hours (or 467 days ....1.3 years) as duration of lava emplacement of this

sheet of the levering flow. Using this value, the calculated depth for the 800ae

isotherm is 5.0 m, which compares very well with the measured depth to the

megavesicle horizon. Similar calculations for other lava sections show that the

measured depth to the upper boundary of the megavesicle horizon is compatible with

the calculated depths of the corresponding 800aC isotherm. Thus our field observations

appear to be consistent with relationships predicted by theory.

The consistent presence of a thin «1 m) basal crustal zone in these large

volume lava flows is bewildering and its cause is under investigation. It is noted that a

prolonged exposure (several months) of the upper surface of the basal crust to

magmatic temperatures is likely to initiate plastic deformation and even thermal erosion

of the basal crust. Evidence of plastic deformation is found in several Columbia River

flows (Th. Thordarson unpublished data, 1994), but solid evidence for thermal erosion

has not been found. The fact, that basal contacts of many Columbia River flows can be

traced continually for very long distances (e.g., 100-1000 m in single outcrops) and that

no cases of thermal erosion by a flow into the underlying lava flow top have yet to be

recognized, suggests that thermal erosion may not an important process to their

emplacement. This rather surprising if individual units were emplaced over periods of

months to years, as our observations suggest, and considering the volumes of lava

passing over anyone place. However, if the temperature at the basal crust-liquid core

boundary was maintained at near magmatic values and if the heat conducted into the

substratum was effectively absorbed (e.g., into pore spaces and cracks or by ground
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water flow) then the system could have maintained a constant temperature gradient

across the basal zone and a semi-steady state would have prevailed.

The duration oflava emplacement during the Roza eruption

The structural pattern of pahoehoe sheet flow units provides a means to estimate

the thickness of the crust and liquid lava core during the emplacement of individual

flow units. Inflation and crustal growth of pahoehoe sheet flows appear to be scalar,

thus the thickness of the crust can be used to estimate the duration of flow inflation by

applying the empirical relationship described by equation 2 above.

Martin (1991) identified five subtypes within the Roza member each

representing an emplacement units and a variety of other evidence indicates that the

Roza lava flow field was produced over a relatively short period of time, at least in

geologic terms. As demonstrated above, the Roza lava field is composed of multiple

flow units and up to 5 emplacement units. The contacts between these units are often

laterally discontinuous when followed for distances of several tens to hundreds of

meters because they are obscured or completely obliterated by syn-eruption welding

and assimilation. In some places two flow and/or emplacement units form a single

cooling unit, whereas in others they are found to define two separate cooling units.

From this I argue that very little time elapsed between successive Roza emplacement

units. Common preservation of delicate pahoehoe surface textures within units of the

Roza lava field along with near-vent occurrences of undisturbed scoria layers between

flow units indicate that no significant erosion took place in the period between the

emplacement of successive units. Sedimentary horizons have not been found at Roza

intraflow unit contacts, even though extensive sedimentary horizons were produced in

the Columbia River Plateau during Roza times. This evidence combined with the

uniform chemical composition of the eruption products (see Table C-l in Appendix C),
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strongly suggest that the Roza lava flow field is the product of one nearly continuous

eruption.

Adopting the above conclusion and noting that the Roza lava was emplaced as a

series of inflating sheet flows and are a product of one eruption, we will now attempt to

estimate the total duration of lava emplacement. The surface crust continually

thickened during formation of anyone flow or emplacement unit, primarily as the

consequence of conductive transfer of heat from the hot liquid lava core to the cold

atmosphere above. Consequently, the final thickness of the upper crust is a measure of

the total time that elapsed from the onset of flow unit emplacement until flowage of

liquid lava through the lava core stopped. Thus, knowledge of lava crust thicknesses in

Roza flow units at various locations within the flow field can be used to assess the total

duration of lava emplacement. This is accomplished by using measurements of crust

thicknesses in Roza flow units at the 13 sections involved in this study (Fig. 46) along

with estimated crust thicknesses of Roza units from 14 sections described by Martin

(1991). The duration of emplacement for each flow unit is calculated by rearranging

equation 2 to give the relationship:

t=164.8d (5)

where t is time in hours and C is crust thickness in meters. Representative

measurements are given in Table 17.

According to these estimates, the extension of emplacement for individual Roza

flow units ranges from -0.4 month to -45 months, implying that activity was variable

with time at different sectors of the flow field (Table 17). Estimates of the total

duration of lava emplacement for Roza at anyone section ranges from -3.5 to -77

months. As field evidence discussed above suggests, Roza emplacement units formed

in succession with negligible interruption of activity between the formation of each. An

initial estimate of the duration of the Roza eruption can be evaluated by summing the
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duration for each emplacement unit. Results are shown in Table 18 as a function of; a)

averaged crustal thicknesses, b) maximum crust thickness, and c) minimum crust

thickness measured within each emplacement unit. Using the averaged crustal

thicknesses of each emplacement units gives 71 months (5.8 years) as a mean total time

of lava emplacement during the Roza eruption. Similarly the maximum crust values

give 170 months (.... 14 years), whereas the minimum values give 8.6 months (-0.7

years).

The estimated duration using the minimum crustal values are based on

measurements of crust thicknesses from a few thin flow units that are not truly

representative for the Roza lava field as a whole, and therefore are not reliable indicator

for the duration of the Roza event. On the other hand, the other derived values (the

average and the maximum) are more characteristic of Roza flow units and serve as

estimates of the minimum and maximum duration of the Roza eruption, respectively.

This implies that it may have taken 5 to 15 years to form the Roza lava field and that,

consequently, the calculated mean mass eruption rates fall in the range of 7.0-22.0 x

106 kg/so This is approximately two orders of magnitude lower than the eruption rates

of 3.0 x 109 kg/s estimated previously by Shaw and Swanson (1970) and Swanson et aI.

(1975).

The estimate on the duration of the Roza eruption given above is likely to be a

minimum as it assumes no breaks during eruption, or periods of lower lava flux, which

we know occurred in other big flow forming events such as Laki. Although we feel

that our estimates of the minimum duration of the Roza eruption is within the right

order of magnitude (e.g., several years), the exact values given may change if:

a) If a short break in activity occurred between the emplacement of successive units,

then our estimates are too short. With reference to the arguments given above,

however, it is unlikely the pauses lasted for more than several months and therefore
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Table 17.
Thickness,crust thicknessand estimated emplacementduration for Rozaemplacement units.

Location Emplacement Total Crust (C) Calculated Cumulative
unit thickness (rn) thickness (m) t (months) t (months)

RAG EI 11.5 4.0 3.6

3.6

RHG E2 25.0 10.7 26.4

E4 32.1 15.0 50.4

76.8

RVL E2 3.5 1.3 0.4

0.4

1{l1B EI 17.3 5.0 5.6

1:2 31.0 11.0 27.6

E3 3.0 1.5 0.5

1'3 3.0 1.3 0.4

34.1

RilL 1'2 15.3 6.9 10.8
E., 7.2 3.4 2.6

13.4

Iml. 1:4 211.R 7.5 12.7

1:5 6.5 2.5 1.4

14.2

RDC 1:2 52.0 14.3 44.4

1'4 9.0 4.5 4.6

49.0

RI.G 1:2 10.0 4.5 4.6

1:2 4.0 1.5 0.5

5.0

RSF 1:1 12.0 5.5 lUI

1:2 12.0 7.0 11.0
113 >11

> 17.8

RSL E2 7.0 2.8 1.7

E3 4.0 2.5 1.4
113 7.5 2.3 1.2

4.3

RFS 114 42.5 13.5 40.8

114 5.0

40.8

RYC EI 31).0 9.8 21.5

21.5

H·ne·15 114 12.5 3.2 2.3

1'4 39.3 14.3 45.6

46.9
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Table 18.
Estimated duration of the Roza eruption using the average, maximum,
and minimum crustal thicknesses measured inRoza emplacement units.

Emplacement Average Maximum Minimum
unit t (months) t (months) t (months)

E-I 5.3 6.8 3.6
E-2 20.3 48.0 0.4
E-3 7.0 15.1 0.9
E-4 22.0 50.4 2.3
E-5 16.0 50.4 1.4
I: 71.0 170.0 8.6

# Years 5.8 14.2 0.7
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should not effect the results significantly. If two emplacement units were being

formed at the same time in different parts of the flow field then our estimates are too

long. In other words, these considerations do not change the conclusion that the Roza

lava flow field was emplaced over a period of several years.

b) Processes other than conductive heat transfer contributed to the growth of the

surface crust. The sections measured through the Levering flow at Sentinel Gap show

that the crust is thicker where the overall flow thickness is greater, implying that other

factors may have effected the growth rate of the crust. It is possible that thinner parts

of the lava stagnated earlier than the thicker parts and therefore developed a thinner

crust. However, this explanation is incompatible with the observations that individual

horizontal vesicle sheets located at the top of the lava core can be followed from one

section to another and occur approximately at the same hll-Ievel in the flow at all

sections (Fig. 43). This shows that the lava core was in a liquid state at all sections

simultaneously during late stages of emplacement. Similarly, the C/U-value is nearly

the same for all sections. These factors suggest that differences in crustal growth

rates rather than variable duration of growth, are more likely to be the reason for the

contrasting lava crust thicknesses. It is inferred that the flux of lava through the core

of the Levering flow was greater at sections 1 and 3 than at section 2 (Fig. 43) and

subsequently the inflation rates were higher. This would have resulted in differential

uplift of the lava crust and formation of protrusions above regions of relatively high

fluxes (i.e., at sections 1 and 3 on Fig. 43). Because of the differential uplift, excess

tensional stresses may develop in the brittle crust above areas of relatively high

fluxes, whereas compressional stresses may dominate over areas of relatively low

fluxes. If gaping cracks form in the crust at the protrusions, then convection of air

through those cracks may enhance the rate at which heat is transferred from the hot

interior of the lava and enhanced the growth rate of the crust. In the lows between
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these protrusions, the compressional stresses should prevent formation of open cracks

and the growth of the crust is in accordance to conductive heat transfer. This implies

that the crust thickness of the Levering flow as measured in section 2 would give the

best estimate on the duration of emplacement. According to equation 5 and using

crust thickness of 6.0 m, it took 5933 hours (.....8.0 months) to form the Levering flow

at Sentinel Gap.

Conclusions

Our investigations of internal structures within sheet-like lava flows from the

Columbia River Basalt province, and in Iceland show that these lavas are characterized

by three main structural components: the basal zone, the lava core, and the lava crust.

These structural components, identified by vertical distribution of textural properties,

vesiculation features, and joint patterns, are compatible with the hypothesis that

emplacement of sheet-like lavas of the CRBG was governed by similar processes

involved in the formation of other but smaller pahoehoe sheet flows. It is inferred that

flood basalt lava fields of the CRBG were emplaced as inflating sheet flows on sub

horizontal slopes. They formed by the progressive emplacement of lava lobes and flow

units due to sustained input of lava during a long-lived eruption. Moreover, all

previous studies treating the development of vertical joints into colonnade and

entablature bare on the cooling of a rapidly emplaced, thick liquid sheet are wrong,

because the joint fabrics of the CRB lavas, with the exception of colonnades, develop

during lava emplacement. Our estimates of the duration of the Roza eruption suggests

that anyone lava flow field within the CRBG may have been formed over periods of

months to years, with the possibility that the largest lava fields there (a staggering 2

3000 km3; Tolan et al., 1989) were produced by sustained eruptions that lasted for

decades. Furthermore, this suggests that Columbia River flood basalt eruptions were
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characterized by eruption processes analogous to those of smaller effusive fissure

eruptions from presently active basaltic provinces, but on a considerably grandeur scale.

Thus, it is.not likely that differences in subaerial eruption processes is the reason for the

much greater size of the lavas within the CRBG and, by inference, in other flood basalt

provinces.

The mean production rate for the CRBG is estimated to be -0.07 km3 per year,

with peak production rates of 0.16 km3 per year at the height of activity in Grande

Ronde times (Tolan et al., 1989). In comparison, the average production rate of the

most active basalt-producing volcano on Earth, Kilauea volcano in Hawaii, is estimated

at 0.09-0.1 km3 per year (Swanson, 1972; Dzurisin et al., 1984; Dvorak and Dzurisin,

1993) and the estimated production rate of basaltic volcanic activity in Iceland is -0.05

km3 per year (Semundsson, 1979; Thorarinsson, 1979). These values are remarkably

similar to the calculated mean production rate for the CRBG and only a factor of two to

three less than the estimated peak production rate during the Grande Ronde times, as

previously pointed out by Swanson (1972) and Swanson et aI. (1975).

Despite the similar magma production rates within these three predominantly

basalt volcanic regions, i.e., the CRBG, Hawaii, and Iceland, there is a distinctive

difference in the size and volume of individual eruption units and/or lava flows, which

characterizes the flood basalt fields alone.

Activity of Hawaiian volcanoes is characterized by frequent effusive eruptions,

associated with drainage of shallow crustal magma chambers, and typically produce

relatively small lava flows with volume ~0.01 to 1.0 km3 (Swanson, 1972; 1977;

Dzurisin et al, 1984: Rowland and Walker, 1990; Dvorak and Dzurisin, 1993). It

should be noted that a positive correlation appears to exist between eruption duration

and volume produced.
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In Iceland, however, basaltic volcanism is typically bimodal in terms of size and

volume of lava flows. Short-lived and small volume (:::;0.5 km3) eruptions occur at

intervals of several years to a few hundred years and result from volcano-tectonic

activity within central volcanoes due to lateral or vertical drainage of shallow crustal

magma chambers (Bjornsson et al., 1979; Gudrnundsson, 1988). The mean eruption

rates of these small volume eruptions are normally in the range of 1-50 m3 s-1

(Thorarinsson, 1968). Effusive basaltic eruptions producing a relatively large volume

of lava (3-25 km3) are much less frequent, occur at intervals of several hundred to

several thousands of years (Vilmundard6ttir, 1977; Thorarinsson and Semundsson,

1979), and are caused by drainage of large volume reservoirs situated near the crust

mantle boundary beneath Iceland (Gudmundsson, 1987; Sigmarsson et aI., 1991;

Thordarson and Self, 1993). The estimated mean eruption rates for the 1783-84 Laki

and the 934 Eldgja eruptions are in the range of 300-750 m3 s-1 (Thordarson and Self,

1993; Miller, 1989) suggesting that this size-class of lavas, which are two orders of

magnitude larger than their smaller counterparts, are produced at considerably higher

discharge. It is also of interest to note that the Laki and Eldgja eruptions combined

account for 75% of the total subaerial magma production in Iceland over the last 1000

years, and several lines of evidence suggest that the so-called Icelandic "plateau basalt

lavas" (large volume basaltic flood lava flows) are the main component building up the

Iceland platform (Walker, 1959; 1963; Semundsson, 1979)

In regard to both physical dimensions and volume, the lavas of the Columbia

River Basalt Group are, in general, one to two orders of magnitude larger than the

largest known basaltic lava flows in Iceland. Even though the origin of these flows is

still debated, the general consensus is that the CRBG lavas erupted from large sub

crustal reservoirs located at depths 20-30 km (Furlong and Fountain, 1986; Catching
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and Mooney, 1988). The sheer size and volume of Columbia River lavas may be

regarded as indicative of high magma discharge during each eruption.

In light of the discussion above, there appears to be a fundamental difference in

the magnitude of the processes that led to the formation of the lavas in each region

despite the fact that the magma output rates are very similar on a long term basis. All

of these provinces are characterized by abundant pahoehoe lava flow fields, which have

remarkably similar structural properties, aside from the difference in size and volume,

implying that their emplacement was governed by the same physical processes. This

structural similarity, along with the apparent positive correlation between volume

erupted, higher eruption rates, and lower eruption frequency, suggests that the

difference in the physical aspect of these lavas may be accounted for by differences in

reservoir depths and magmatic pressures.

Assuming equal supply rates from the mantle for all of the systems, a scenario

could be viewed as follows. In the case of magma accumulation into a shallow crustal

magma chamber, the tensile strength of the overlying crust is -3-5 MPa

(Gudmundsson, 1988) and it would take a short time for the magmatic pressures to

exceed that limit, which would result in small but frequent eruptions. The other

extreme would be magma accumulation into a reservoir at sub-crustal levels (;:::10-30

km), where the tensile strength of the crust is on the order of 100-300 MPa, allowing

much greater volumes of magma to accumulate and higher magmatic pressures to

develop before an eruption occurs, but consequently the eruption frequency is much

lower. The greater magmatic pressures of the latter case are likely to be compensated

for the overall greater physical dimensions of the system (e.g., reservoir size,

fissure/conduit length etc.), and therefore the result may be similar eruption dynamics

and lava emplacement processes, but only with different physical dimensions.
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Chapter 5. Volatile release from the Roza eruption

(This will be submitted as a paper to the journal Bulletin of Volcanology with the
title: Sulfur, chlorine, and fluorine degassing and atmospheric loading by the
Roza eruption, Columbia River Basalt Group, Washington, USA by Th.
Thordarson and S. Self)

This chapter concerns studies of magmatic volatiles in products from the Roza

flood basalt eruption and their implications for magma degassing during eruption and

subsequent atmospheric aerosol loading.

Introduction

Recent studies indicate that a significant correlation may exist between the

temporal distribution of major biological extinctions, flood basalt episodes and asteroid

impacts in geologic history (Alt et aI., 1988; Rampino and Stothers, 1988; Stothers and

Rampino, 1990; Rarnpino and Caldeira, 1992; Oberbeck, 1993; Stothers, 1993a;

1993b). This relationship founded a current idea that these three events may be inter-

related, where flood basalt events and mass extinctions are a direct consequence of

impact cratering. At present, however, the general consensus is that impact cratering

and flood basalt episodes are not cause and effect but rather products of separate and

potentially catastrophic events. This view led to the developments of two competing,

but still unproved, hypotheses that impacts were the main cause for mass extinctions

(e.g., Alvarez et aI. 1980; Raup, 1982; 1986; 1989; Maclean, 1982; Alvarez and Muller,

1984; Davis et aI., 1984; Seposki, 1989; Sigurdsson et aI., 1991; Stothers, 1993b) or

that they were a consequence of flood basalts events (Vogt, 1972; Courtilliot et aI.,

1988; Duncan and Pyle, 1988; Loper and McCartney, 1988; Rampino and Stothers,

1988; Campell and Griffiths, 1990; Huffman, 1990; Stothers et aI. 1986; Stothers,

1993a). In recent years the impact hypothesis has gained a higher degree of acceptance,

mainly due to detailed studies on the Chicxulub impact structure and its close
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association with the KIT boundary extinction (e.g., Hildebrand et aI., 1991; Sigurdsson

et aI., 1991a; 1991b; Sharpton et aI., 1992; Swisher et aI., 1992), whereas the

development of the flood basalt hypothesis has been held back by lack of data on the

potential atmospheric H2S04-aerosol yield by flood basalt eruptions and the mode of

atmospheric loading.

In this paper we address the degassing history and the volatile budget of a single

flood basalt event, namely that which produced the .....14.7 Ma Roza member of the

Wanapum Formation in the Columbia River Basalt Group (CRBG), Washington, USA.

This is accomplished by measurements of the concentrations of S, Cl, and F in the

glassy products from various phases of the eruption. The Roza member is over other

Columbia River basalt lava flows because it is one of the best exposed and has the most

distinctive flow field of regional extent within the Columbia River basalt sequence,

with outcrops containing products from all of the major eruption phases (Waters, 1955;

1961; Mackin, 1961; Bingham and Walters, 1965; Bingham and Grolier, 1966;

Lefevbre, 1970; Wright et aI., 1973; Swanson et al., 1975; 1980; Martin, 1989; 1991).

The whole-rock chemistry and the general stratigraphic relations of emplacement units

within the lava field are well known (Martin, 1989; 1991) and in terms of eruption

dynamics, the Roza member can be taken as representing a typical large-volume

Columbia River flood basalt event (Swanson et aI., 1975). In addition, an estimate of

the duration of the eruption can be made by making several assumptions concerning

lava emplacement and thermal properties (Thordarson and Self, 1995b; see also

Chapter 4 of this thesis).

Roza geology and eruption history

The Roza lava flow field is believed to have originated from a .....150 km-Iong

north-northwest-trending linear vent system (Swanson et al, 1975; Martin, 1989; 1991),
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extending from Chico Junction, Oregon to Winona, Washington. At present the lava

flow field covers -40,300 km2 (Fig. 67) containing an estimated volume of -1300 km3

of tholeiitic basalt (Tolan et al., 1989). At anyone location, the Roza lava consists of

one to three emplacement or flow units (Thordarson and Self, 1995b; see also Chapter 3

of this thesis) and regional correlation of these units based on the intraflow stratigraphy

along with changes in lava chemistry implies that the Roza flow is built up of thick

sheet-like pahoehoe flows that can be grouped into at least five partly overlapping

emplacement units (the chemical subtypes of Martin, 1989; 1991).

A variety of evidence indicates that the Roza lava flow field was produced in a

relatively short period of time, in geologic terms. Although the Roza flow is composed

of multiple flow units and several emplacement units, the contacts between these units

are often obscured or completely obliterated by syn-eruption welding and assimilation

of the lava, indicating that very short time elapsed between successive emplacement of

these units (Swanson et aI., 1975; Thordarson and Self, 1993b; 1995b; see also Chapter

3 of this thesis). Common preservation of delicate pahoehoe surface textures within

units of the Roza lava field along with a near-vent occurrences of undisturbed scoria

layers between flow units, indicate that no significant erosion took place in the period

between the emplacement of successive units. Sedimentary horizons have not been

found at intraflow unit contacts, even though extensive sedimentary horizons were

produced in the Columbia River plateau during Roza times (Swanson et al., 1975).

Furthermore, structural characteristics of Roza flow units, as determined from

stratigraphic sections across the Columbia River plateau, imply that the lava

emplacement was controlled by endogenous (internal injection and inflation) processes

and that it may have taken 5 to 15 years to form the whole -1300 km3 Roza lava flow

field (Thordarson and Self, 1995b; see also Chapter 4 of this thesis).
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Fig. 67. Map of the Roza lava flow field showing locations where the samples used in this study were collected (see text for
discussion). Sample locations are designated as and on Figure 46 (see also Table 19). Also shown is the intraflow stratigraphy at
measured Roza sections.



These considerations suggest that the Roza member was the product of a single

eruption that lasted continuously for 5-15 years. Consequently the calculated mean

mass eruption rates fall in the range of 7.0-22.0 x106 kg/s or approximately two orders

magnitude lower than the previously estimated eruption rates of 3.0 xl09 kg/s, that

were based on hypothetical fluid dynamic considerations (Shaw and Swanson, 1970;

Swanson et aI., 1975).

Compositionally the Roza lavas are quartz-normative basalts similar to the

"Main CRBG Series" (e.g., Imnaha-Grande Ronde-Wanapum Formations), with

uniform major and trace element abundances (Wright et aI., 1973; Swanson et al., 1979;

Martin, 1989; 1991; see also Appendix C, Table C-l). Through extensive major and

trace elemental analysis of -300 samples from 62 locations representing all previously

identified Roza flow units and vent sites, Martin (1989; 1991) was able to identify five

regionally extensive chemical subtypes within the Roza member. This classification is

based on subtle intraflow changes in Cr, Zr, Nb, Ti02, P20S, and CaO that correlate

with the Roza stratigraphic succession at each location, and on a regional scale with the

physical subdivision of the lava into emplacement units. An upward increase of 35-40

ppm in Cr within the Roza lava succession is the most pronounced chemical change

measured, suggesting that later-formed units may represent emission of a slightly less

evolved batches of magma.

Methods

Sample locations and descriptions

Samples used in this study represent quenched glasses from scoria deposits

related to the Roza eruption; Roza dike and lava selvages; and glass inclusions from

Roza phenocrysts. They were collected at 12 different locations representing three of

the five emplacement units forming the Roza flow field (Fig. 67). The approach
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employed was to collect samples at locations that had been noted by previous workers

(Swanson et aI., 1975; Martin, 1989; 1991) as providing a complete, or near-complete,

section through the Roza member and where the intraflow stratigraphy is known.

Furthermore, we focused our attention on sections sampled by Martin (1991) because

his work provides detailed information on whole-rock major and trace element

chemistry of the Roza lava, a very useful background for our studies. Quenched glassy

products from the Roza member are often pristine throughout, but more commonly

partly devitrified with patches of fresh glass preserved. Ewart (1987) reported S

concentrations in quenched glass selvages from Frenchman Springs dikes (950 ppm)

and pillow rinds (820 ppm), which indicated that the CRBG lavas might be

characterized by relatively high S content.

Between 0.5-1.0 kg of glass was collected at each location and examined later

under a binocular microscope for selection of fresh glass for thin section making and

microprobe analyses. A total of four Roza feeder dikes were sampled (Table 19) and

when possible, the glass selvage of both dike margins was collected. The chemical

signature of these dikes implies that they may have acted as feeders to emplacement

units El and E2 (Martin, 1989; 1991). Proximal tephra and spatter deposits were

collected from five locations, but only two samples were found to contain useable glass

for microprobe analyses (Table 19). Glassy lava selvages were collected from proximal

to distal locations, but good glass for microprobe analyses was found only in the

samples from one proximal location (sample RWI-C55) and six medial and distal

locations (Table 19). The lava samples correspond to emplacement units El , E2, and

E4, and should give a good representation of the spatial and inferred temporal

distribution of the Roza lava flow field. Lava selvages collected from the lower contact

of individual units and samples from proximal localities are under-represented in this
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study because only a few outcrops provide exposure of the base of flow units in the

proximal part of the Roza lava flow field.

Designated as the uppermost member of the porphyritic lava sequence within

the Wanapum Formation (including the underlying Frenchman Springs member), Roza

lava is characterized by a distinct phenocryst population, which in hand specimens is

dominated by 0.3-1.0-cm-long single, lath-like honey-colored plagioclase crystals.

Modal analysis by counting >1000 points in several representative thin sections gave a

mean macrophenocryst abundance of 9.2±3.0 vol. %, with plagioclase (AnS4-68; 6.4

vol. %), olivine (1.6 vol.%), clinopyroxene (1.2 voI.%), and a trace of FeTi oxides; S.

Finnemore, unpublished data 1995). The macrophenocrysts occur as single crystals and

as glomerocrystic aggregates consisting of a single mineral phase or a mixture of the

mineral types listed above (Fig. 68). Where the four phases occur together in a cluster,

the order of crystallization is generally plagioclase, then olivine and/or clinopyroxene,

followed by FeTi-oxides. All of the macrophenocryst phases contain glass inclusions,

either as clear light brown glass or brown to dark brown glass, ranging from $10 JIm to

500 JIm in the longest dimension (Fig. 69). Glass inclusions are most abundant in

plagioclase and olivine and are normally of near-spherical or oblate shape with a

common size of 40-200 JIm. Some inclusions show clear indication of modified

morphology, either due to host mineral crystallization after entrapment or post-eruption

alteration and were therefore avoided in this study.

Dike selvages exhibit a hyalophytic texture where macrophenocrysts (-10

vol.%) occur embedded in a light brown sideromelane matrix (Figs. 68 and 69). The

matrix glass is moderately vesicular with two distinct populations, scattered

macrovesicles ($3 vol.%) and a much greater abundance of microvesicles (-10 vol.%).

Overall vesicularity of the dikes is 10-25 vol.% and in the Rattlesnake Grade dikes, the

vesicles are normally concentrated in 1.0 to 10.0-cm-thick vertically oriented bands
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distributed evenly across the dike (Fig. 70). These bands normally thicken toward the

center of each dike and, correspondingly, the size of vesicles increases. The vesicles

are usually spherical and ~1.5 em in diameter.

Many phenocrysts of the dike selvages are surrounded by a cloak of brown to

dark brown, non-vesicular glass (Fig. 68), which has a different volatile chemistry than

the surrounding matrix but the same major element abundances (see below). These

cloaks of glass were only found in the dike samples. The boundary between the

sideromelane matrix glass and the brown glass is sharp but irregular because the brown

glass is also found as stringers being sheared out from these cloaks by flow related

stresses (Fig. 68). It also occurs as irregular inclusions in the matrix glass.

Roza tephra is composed of fine to medium size scoria lapilli, characterized by

uniform grain size distribution and moderate to low abundance of fines (~1 mm is

$5 wt.%). The scoria clasts are moderately to highly vesicular (35-80 vol.%) and their

surfaces are partly fluidal or fused, indicating that they are fragments of larger clasts

which may have been shattered either in the eruption column or upon impact with the

ground (Walker and Croasdale, 1973). Small unbroken achneliths are also present. All

of the scoria samples collected show evidence of post-emplacement alteration

(devitrification and/or palagonitization), although the degree to which they have been

affected varies considerably and occasionally the core of clasts contains reasonably

fresh glass. In outcrops, preserved Roza scoria deposits are covered by later lava flow

units and the top 20-100 em of the scoria is commonly partly to densely welded,

presumably due to heat from the overlying flow (Fig. 71). We found that the glass in

samples from these welded zones appears to be the least affected by alteration and

therefore we tended to use it in this study. It is noted, as an aside, that the Roza scoria

bears a striking resemblance to the Strombolian tephra produced by the AD 934 Eldgja

eruption in Iceland, a -15 km3 lava forming event.
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Table 19. Roza sample locations and sample descriptions.

Sample location Sample # Description Emplacement Designation of
Unit Martin (1990)

Dikeselvages
Roadcut, RattlesnakeGrade,AsotinCounty, WA RRG-D2-C8 Glass selvagefrom E margin R-El R-IA
SW1I4, SE1I4. s.25, T.7N., R.44E(45°04'N; l17°IO'W) RRG-D2-CIO of dike (C8, CIO) R-El R-IA
Elevation 635 m, dike width 1.0m, orientation 006°, Dip 82°E Single injection
Roadcut, RattlesnakeGrade, AsotinCounty, WA RRG-D3-C3 Glass selvagefrom W and E R-El R-IA
SW1I4, SE1I4.s.25, T.7N., R.44E(45°04'N; 117°IO'W) RRG-D3-C5 margin of dike (C3, C5, C6) R-EI R-IA
Elevation 635 m, dike width2.2 m, orientation 358°, Dip 87°E RRG-D3-C6 Two injection events R-El R-IA
Roadcut, RattlesnakeGrade, AsotinCounty, WA RRG-D8-C13 Glass selvagefrom W and E R-El+E2 R-IA+IIA
SW1I4, SE1I4.s.25, T.7N~, R.44E(45°04'N; l17°IO'W RRG-D8-C15 margin of dike (C13,C15) R-El+E2 R-IA+IIA
Elevation 635 m, dike width 4.7m,orientation 359°, Dip 90° Two injectionevents

N Roadcut, Casey Creek, GarfieldCounty, WA RMG-Dl-C63 Glass selvagefrom W R-E2 R-IIA0\
N SW1I4, SE1I4.s.35, T.14N., R.42E(46°II 'N; 117°35'W) margin of dike

Elevation 480 m, dike width25m, orientation 330°, Dip 85°W Single injection

Proximal scoria deposits
Roadcut, Endicott West Road, Whitman County, WA RWI-C55 Glass selvagefrom welded R-E5 R-IV
SW1I4, SWl/4. s.22, T.17N.,R.40E(46°57'N; 117°50'W) contact of scoriadepositand
Outcropconsistsof 2 Roza lava unitsseparated by scoriadeposits base of the top flow unit
Roadcut, Endicott SW Road, Whitman County, WA RVL-C46 Glass from welded scoriadeposit R-E4?
SW1I4, SEl/4. s.13, T.16N., R.40E (46°51'N; 117°45'W)
Outcrop consists of 2 Roza lava unitsseparated by a scoria layer

Lavaselvages
SummerFalls, Grant County,WA RSF-C26 Glass selvagefrom base of the R-El R-IA
NW1I4, NE1I4. s.15, T.23N.,R.28E(47°50'N; l19°28'W) RSF-C41 lowestflow unit (C26,C41) R-El R-IA
Outcrop consistsof 3 Roza flow units RSF-C37 Glass selvagefrom baseof R-E2 R-IIA

RSF-C40 middle flow unit (C37,C40, C42) R-E2 R-IIA
RSF-C42 R-E2 R-IIA
RSF-C38 Interstidialmatrixglass in lava R-E2 R-IIA



Table 19. Continued.

Sample location Sample# Description Emplacement Designation of
Unit Martin (1990)

BanksLake,GrantCounty,WA RBL-C56 Glassselvagefrom baseof R-E2 R-1lA
SWl/4, SWl/4. s.18,T.22N.,R.26E(47°72'N; 119°33'W) lowerflowunit
Outcrop consists of 2 Roza flow units
SoapLake,GrantCounty,WA RSL-C56 Glassselvage frombaseof R-E2?
SWl/4, NEl/4. s.8, T.26N.,R.28E, (47°25'N; 119°28'W) upperflowunit

tv Outcrop consists of 3-5 Roza flowunits0\
VJ

Frenchman Springs Coulee,GrantCounty, WA RFS-C44 Glassselvage frombaseof R-E2 R-1lA
NEl/4, NEI/4. s.29,T.18N.,R.23E(47°03'N; 119°56'W) lowerflowunit
Outcrop consists of 2 Roza flow units RSF-C53 Glassselvage from inflation R-E2 R-1lA

cleft withinlowerflow unit

DevilsCanyon, FranklinCounty, WA RDC-C50 Glassselvageof lowerflow unit R-E4 R-m
SEl/4, NWl/4. s.9,T.13N.,R.34E(46°63'N; 118°56'W) RDC-C48 Glassselvage from largesurface R-E4 R-m
Outcrop consists of 2 Roza flow units breakout on lowerflowunit

RDC-C49 Rootless conedepositat base R-E4 R-m
of lowerflowunit

Roadcut east of Lyle, KlickitatCounty, WA RLG-C55 Glass selvage from baseof R-E2 R-1lA
NWl/4, SWl/4. s.35,T.3N., R.12E(45°71'N; 121028'W) lowestflowunit
Outcrop consists of 2-3 Roza flowunits



Fig. 68. Transmitted-light photomicrographs of Roza dike selvage (sample C-15)
demonstrating the holohyaline and vesicular nature of the matrix glass. The large
glomerocryst, consisting of plagioclase, clinopyroxene, and FeTi oxide is surrounded
by a cloak of brown to dark brown non-vesicular glass. Stringers of brown glass
extending from the cloth into the surrounding matrix suggest that the brown glass was
undergoing partial assimilation when chilling occurred. Vertical field of view is 2.5
mm.
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Fig. 69. Transmitted-light photomicrographs of glass inclusions in phenocrysts in Roza
dike selvage. Several $;150 prn brown to dark brown glass inclusions in plagioclase
(sample C-6). Notice the dark brown stringers and inclusions in the matrix glass. Field
of view is 2.5 rnm.
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Fig. 70. Outcrop exposure of Roza feeder dike RGD-D2 (see Table 19). Dike margins
are indicated by arrows. The dark vertical lineations in the crystalline portion of the
dike are vesicular bands. Bar is 20 ern. Features are outlined in chalk on outcrop for
clarity.
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The lava selvages are hypocrystalline with -27 vol.% crystals (phenocrysts and

groundmass minerals), wherein the seriate textured mineral assemblage of plagioclase,

olivine and clinopyroxene (± FeTi-oxide) is embedded in light brown or dark brown

sideromelaneglass or black opaque tachylite glass (Fig. 72).

Analyticalprocedure

Glass inclusions and matrix glass were analyzed with an automated,

wavelength-dispersive, Cameca SX 50 electron microprobe at the Department of

Geology and Geophysics, University of Hawaii at Manoa. For major elemental

analyses of glass, we used 15 kV for the accelerating voltage, 15-20 nA in a beam

current-regulated mode, and 5-20 urn focused beam. A counting time of 30 sec was

used for Si, AI, Ca, Fe, and K, 40 sec for Ti and Mg, 60 sec for Mn and P, and 20 sec

for Na. Elemental analyses of Sand CI were conducted by the Cameca Trace program,

using the same general setup as for major element analyses, but with a counting time of

200 sec. Troilite (36.47 wt.% S) was used as a standard for sulfur, scapolite (I.43 wt.%

Cl) for chlorine, and apatite (3.40 wt.% F) for fluorine. Correspondence of peak

positions between standards and glasses was established and interference-free

backgrounds were selected on both sides of the peaks. Precision (20) for S is 80 ppm

and for CI is 60 ppm. The same samples were also analyzed for S, CI, and F by using

the CSIRO-Trace routine of Robinson and Graham (1992) with 15 kV accelerating

voltage, 80 nA beam current, 10 urn focused beam, and a counting time of 400 sec.

Precision (20) for S = 20, CI = 15, and F = 60 ppm. Raw data were corrected using

ZAF procedures and standard deviation is calculated as 20. For further details, see

Appendix C.
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Fig. 71. Outcrop exposure of Roza scoria layer sandwedged between two Roza lava
units (location RWA on Fig. 67; see also Table 19). The scoria layer is -40 em thick
and the lower and upper boundaries are chalked (arrows). Lower half of the layer is
non-welded and consists of fine to medium size lapilli scoria, the upper half is
moderately to densely welded presumably from the heat provided by the overlying lava
flow. Scale is 1.0 m.
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Fig. 72. Transmitted-light photomicrographs of Roza lava selvage (sample C-26)
demonstrating the hyalophitc nature of the sample. Field of view is 2.5 mm across.
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Chemical analyses, resultsand implications

Inclusions

Major element microprobe analyses of more than 50 inclusions from Roza

phenocrysts were performed to selectively locate inclusions with compositional

similarity to the host Roza lava (Table. 20; see also Tables C-1 and C-2 in Appendix C)

and to identify glass inclusions that best represent the pre-eruption magma composition.

Several of these inclusions revealed evidence of a slightly more primitive composition

(i.e., inclusions C8-i2 and C6-il, Table C-2), whereas several others showed clear

evidence of extensive post-entrapment crystallization of the host phenocryst (i.e., high

FeTi and low Mg inclusions in Table C-2) and are not considered further. A total of 14

glass inclusions were found to exhibit major element abundances (Mg# = 33.81 ± 0.81;

[Mg/(Mg+Fe)] x 100, FeO = total iron) that closely match the averaged bulk

composition of the Roza magma (Table 20; see also Table C-2) and these are taken as

representative of the pre-eruption magma composition. The small difference found

between Roza glass inclusion and bulk-rock compositions is consistent with a pre

eruption crystal content of -9 vol.% of the macrophenocryst assemblage described

above.

Sulfur concentration in the inclusions analyzed fall between 1750 ppm to 2100

ppm (Table C-2 in Appendix C), with a mean value of 1965 ± 110 ppm (Fig. 73 and

Table 20). Chlorine concentrations vary between 200-350 ppm, averaging 295 ± 60

ppm, and similarly fluorine values fall between 1200-1450 ppm, with a mean of 1310 ±

110 ppm.

Sulfur concentrations in Roza glass inclusions (mean = 1965 ± 110 ppm; Fig.

73) are comparable to those found in inclusions in phenocrysts from the AD 934 Eldgja

and AD 1783-84 Laki basaltic fissure eruptions, and slightly higher but in fair

agreement to the observed S-FeO solubility relations in submarine tholeiites (Wallace
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Table 20. Representative chemical analyses of Roza eruption products.

Sampletype SiO, TiO, AI,O, FeO MnO MgO CaO Na,O K,o p,o. S CI F E Mg#*

Whole-rock" 51.00 3.17 13.63 13.93 0.22 4.55 8.76 2.78 1.28 0.68 100.00 36.79
N-289 0.27 0.06 0.24 0.40 0.01 0.18 0.19 0.19 0.10 0.03

Inclusions 50.52 3.37 12.54 14.51 0.24 4.16 8.16 2.14 1.46 0.79 0.1965 0.0295 0.1310 98.12 :33.81
N - 35/25 0.39 0.09 0.28 0.48 0.05 0.21 0.33 0.38 0.18 0.D7 0.0110 0.0065 0.0110 0.86 0.81

tv Dikeselvages 51.45 3.40 12.80 14.46 0.25 4.07 8.32 2.73 1.36 0.75 0.1110 0.0245 0.1020 99.64 33.38
-J N - 255/83 0.29 0.02 0.19 0.17 om 0.12 0.10 0.08 0.06 0.08 0.0090 0.0030 OJ)()25 0.24 0.46-

Ventdeposit 51.43 3.31 13.05 14.96 0.21 4.13 7.81 1.84 1.44 0.78 0.0665 0.0175 0.0950 99.13 32.98
N-2!4 0.02 0.10 0.18 0.32 0.01 0.01 0.12 0.13 0.09 0.02 0.0075 0.0005 0.0020 0.27 0.42

Lava selvages 51.47 3.86 12.08 15.73 0.26 3.51 7.87 2.21 1.47 0.91 0.0640 0.0245 0.1085 99.47 28.37
N -39/50 0.42 0.17 0.33 0.49 0.03 0.44 0.58 0.56 0.30 0.09 0.0065 0.0050 0.0085 0.57 3.05

Ig. C-38" 72.50 0.72 14.01 2.44 0.03 0.05 0.84 4.51 4.41 0.15 Om05 0.0570 0.0079 99.72
N-917 0.59 0.13 0.61 0.31 0.02 0.02 0.14 0.76 0.91 0.D7 0.0034 0.0087 0.0050 0.79

N - numberof analyses
* Mg# is calculatedas (Mg/Mg+Fe) x 100, Fe - total iron
II Ig. _ Interstitalgroundmassglass from crystalline part of lava flow (colonnade;sample C-38)

" Analysesthat from Manin (1990).
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and Carmichael, 1992; Mathez, 1976). Thus, prior to eruption the Roza magma was

probably at or just above the level of sulfur saturation.

Chlorine abundances (mean = 295 ± 60 ppm) are also similar to those found in

Eldgja and Laki inclusions (Thordarson et al. 1995; see also Chapter 2 of this thesis),

and fall within the range of 200-500 ppm CI commonly reported for evolved tholeiites

from other regions of basaltic volcanism (e.g., Sigvaldason and Oskarsson, 1986;

Metrich, 1990; Garcia et al., 1989; Michael and Schilling, 1989). However, fluorine

abundances in Roza inclusions (mean = 1310 ± 110 ppm; F/Cl = 4.4) are higher by a

factor of 1.5-2.0 than those reported from inclusions in Eldgji and Laki lavas, and two

to five times higher than those reported for most evolved tholeiites. Oceanic tholeiites

appear to be characterized by F/Cl-values in the range of 0.5-1.5; Pacific MORBs

normally have F/C1:51 but Atlantic MORBs have FICI ~1 (Schilling et al 1980; Michael

and Schilling, 1989). Metrich (1990) showed that Etnean tholeiites are enriched in Cl

and F compared to MORB, and characterized by F/Cl = 0.5-1.0. Evolved quartz

tholeiites in Iceland are typified by relatively high F/Cl-values of 1-3, which is

attributed to assimilation of F-rich crustal material by magmas residing in chambers or

reservoirs in the crust or at the crust-mantle boundary (Sigvaldason and Oskarsson,

1986).

Martin (1991) demonstrated that the enriched concentrations of large ion

lithophile-elements in Roza lava (e.g., Ba = 600 ppm; Rb = 30.6 ppm; K = 1.26 wt.%)

cannot be explained by direct application of crystal fractionation processes and argued

that it is necessary to introduce minor contamination of the magma by "granitic" crustal

material to explain their elemental abundances. The elevated fluorine and high FICI

value of Roza glass inclusions also favor this interpretation and suggest assimilation of

a Ba- and F-rich material.
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Dike selvages

The major element composition of matrix glasses from dike selvages is very

uniform (Mg# = 33.38 ±46) and comparable to that of the glass inclusions, with the

exception that Na20 shows slightly lower concentrations than in the inclusions (Table

20). The same applies to the major element concentrations of the brown to dark brown

cloaks of non-vesicular glass that surround many macrophenocryst clusters in the dike

samples (Table 21; see also Fig. 68). It is noteworthy that the major (and volatile)

element abundances of glass closest to the corresponding phenocryst, or within a

distance of 60 prn of the crystal (samples glass cloaks-tal in Table 21), show a striking

resemblance to those of the inclusions. Both glasses exhibit lower Na20 concentrations

than the matrix glass and lower totals (L ::=: 98.20). These lower totals cannot be .

attributed to analytical procedure because precisely the same results were obtained

when analyses of the same points were repeated after re-polishing the sample.

Therefore, the lower totals obtained for these glasses are attributed to vapor loss during

analysis, most of which may be magmatic C02 and/or H20 (Sisson and Layne, 1993).

The measured volatile concentrations in the dike selvages show that they are

depleted compared to the inclusions, but they also demonstrate an interesting pattern.

The S values of the light brown sideromelane matrix glass have a mean of 1110 ± 90

ppm (Fig. 73; Table 21) and a range of 990 to 1205 ppm (Table C-3). CI ranges from

206 to 280 ppm with a mean value of 245 ± 30 ppm, and F values vary between 990

and 1050 ppm with a mean of 1025 ± 25 ppm. On the other hand, the non-vesicular

brown glass surrounding the macrophenocrysts exhibits higher S, CI, and F

concentrations than the matrix glass, but with concentrations similar to those in the

glass inclusions (Fig. 68; Table 21), especially the glass closest to the crystals (glass

cloaks-tal in Table 21). In addition, the dark brown glass stringers and inclusions found

in the matrix glass exhibit volatile concentrations that appear to be hybrids between
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Table 21. Composition of different glass types found in Roza dike selvages.

Sample# SiO, TiO, Alp, FeO MnO MgO CaO Nap Kp P,O, S CI F 1: Mg#*

Light brown Matrix glass 51.45 3.40 12.80 14.46 0.25 4.07 8.32 2.73 1.36 0.75 0.1110 0.0245 0.1020 99.64 33.38

N - 255/83 Stand. dey. 0.29 0.02 0.19 0.17 0.01 0.12 0.10 0.08 0.06 0.08 0.0090 0.0030 0.0025 0.24 0.46

Dark brown SI glass-tc" 51.29 3.49 12.59 14.85 0.23 3.83 8.14 2.53 lAO 0.81 0.1255 0.0250 0.1110 99.16 31.47

N=8 Stand. de,'. 0.35 0.04 0.09 0.19 0.03 0.08 0.08 0.25 0.02 0.02 0.0070 0.0035 0.0080 0.79 0.46

N Dark brown SI glass-tb" 51.35 3.34 12.85 14.49 0.24 4.03 8.24 2.62 1.37 0.74 0.1380 0.0300 0.1040 99.54 33.15-...l
lJl N-5 Stand. dey. 0.28 0.06 0.08 0.19 0.03 0.10 0.16 0.10 0.05 0.06 0.0125 0.0055 0.0125 0.55 0.36

Dark brown Glass cloaks-ta'' 51.51 3.34 12.90 14.46 0.26 3.97 8.27 2.49 1.42 0.71 0.1795 0.0240 0.1115 99.50 33.25

N - 39115 Stand. dey. 0.05 0.06 0.04 0.21 0.04 0..25 0.19 0.14 0.08 0.09 0.0035 0.0020 0.0140 0.39 0.46

Dark brown Glass cloaks-tal" 50.99 3.29 12.70 14.23 0.24 4.06 8.28 2.24 1.35 0.70 0.t881 0.0280 0.1170 98.20 33.68

N - 1214 Stand. dey. 0.26 0.13 0.09 0.28 0.03 0.08 0.15 0.21 0.05 0.12 0.0090 0.0040 0.0140 0.60 0.60

*Mg# is calculated as (MgiMg +Fe) x 100.Fe - total iron

hSI glass tb and tc represents dark brown glass that occurs as stringers and small inclusions in the matrix glass

"Glass cloaks. representdark brown. non-vesicularglass that is found surrounding macrophenocrysts;
ta analyses at distances between 60-200 urnfrom crystals, tal at distances < 60 pm.
N- number of analyses



these two end members. Microscopic observations showed that the brown glass

contained no sulfide-bearing microlites that could potentially be the source of higher

sulfur abundances (Fig. 68), and the similarity in the major element composition of the

glasses appears to rule out volatile enrichment due to local changes in the magma

composition caused by crystal growth. These cloaks are distinctive structures that only

occur around macrophenocrysts in Roza dike samples. They lack vesicles, are in the

state of being resorbed by the surrounding magma, and are characterized by high

volatile abundances that decreases sharply with distance from the macrophenocryst

clusters. Based on this evidence we suggest they represent an almost pristine magma

fraction that was attached to the phenocrysts and became carried up to shallow crustal

levels without exsolving much of its volatiles. Therefore, in addition to glass

inclusions, they provide further valuable information on the state of the Roza magma at

depth prior to eruption.

Scoria and lava selvages

The major element concentrations of the matrix glass from the welded scoria

shows a similar chemical signature (Mg# = 32.98 ± 0.42) to the glass inclusions, dike

selvages, and bulk lava, whereas the lava selvages exhibit a slightly more evolved (Mg#

= 28.37 ± 0.35) and somewhat more variable composition (Table 20 and Table C-4,

Appendix C). When compared to bulk-rock composition, the Roza lava selvages are

enriched in Ti02 (0.5 wt.%) and FeO (1.0-1.5 wt.%), a trend similar to that found in

the Laki lava selvages. This differentiation of the matrix glass is attributed to in situ

crystallization (or equilibrium crystallization at a constant total composition) of the

liquid lava during emplacement (Thordarson et al., 1995; see also Chapter 2 of this

thesis). Roza lava selvage composition shows no apparent correlation between the
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degree of differentiation and distance from source, but more analytical work needs to be

done before such a relationship can be evaluated in detail.

The matrix glass of a few lava selvages and scoria contains a little lower CaO

(",,7.5 wt.%) and Na20 (",,1.85 wt.%) than the dike selvages, although similar elemental

variations are found in the glass inclusions (see Tables C-2, C-3, and C-4 in Appendix

C). The lower CaO and Na20 content is not likely to be caused by palagonitization

because the oxides K20, P20S, Ti02, and FeO have similar mobility to CaO and Na20

during the process of palagonitization (Fumes, 1977) but appear to be altogether

unaffected. However, the low CaO and Na20 lava samples contain relatively higher

abundances of plagioclase (phenocrysts + groundmass mode = ",,22 vol.%) than the high

CaO and Na20 samples which usually have modal plagioclase closer to ""15 vol.%.

Thus, the lower abundances of CaO and Na20 may be explained by differences in

abundance of plagioclase crystals in the samples.

S values in the scoria have a mean of 665 ± 75 ppm, which is comparable to the

S content of the lava selvages (640 ± 65 ppm), but well below that of the dike selvages

(Fig. 73; Table 20; see also Table C-3 in Appendix C). Chlorine concentration

averages 175 ± 5 ppm in the scoria but in the lava selvages the mean value is slightly

higher at 245 ± 50 ppm. Similarly, the F-values are 845 ± 150 ppm for the scoria and

1085 ± 85 ppm in the lava selvages. Because>-10-20% crystallization occurred during

lava emplacement (Thordarson and Self, 1995b; see also Chapter 4 of this thesis), the

measured concentrations of S, Cl, and F are too high when compared to the original

fraction of magma erupted because these elements are incompatible with crystallizing

phases in the Roza magma. Therefore, it is expected that S, Cl, and F abundances will

gradually increase in the remaining liquid during lava emplacement. This volatile

enrichment process is complicated by the fact that the lava also loses a fraction of these

elements through degassing (especially S), but at the same time the strong FeO
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enrichment is likely to increase the solubility of sulfur in the liquid lava. At any rate, to

find the concentration of these elements in the bulk lava (the original amount of liquid

lava), it is necessary to correct for the amount of crystallization that occurred during

emplacement. Even when corrected S, CI, and F values of samples from the medial and

distal part of the lava field still show a remarkable uniformity (Table 22; Fig. 73).

One-atmosphere melting experiments conducted at l200°C (Haughton et aI.,

1974) show that the saturation solubility of sulfur (near the quartz-fayalite-magnetite

oxygen buffer) in basaltic melts with similar FeD as the Roza magma is -1250 ppm. In

addition to dependence on FeD content and on oxygen and sulfur fugacities, the sulfur

solubility of basaltic magmas is strongly dependent on temperature such that a 100DC

drop will reduce the sulfur-carrying capacity by a factor of 5-7, assuming a constant

ratio of f02 to fS2. The empirical geothermometer of Helz and Thornber (1987)

indicates eruption temperatures around 1120°C for the Roza magma and suggests that

the sulfur capacity of the magma at one-atmosphere was -300 ppm. This value is in

fair agreement with the obtained sulfur concentrations in the matrix glass of Roza scoria

and lava selvages, suggesting that volatiles and magma reached a new quasi

equilibrium at the surface.

Unfortunately no whole-rock analyses of S, Cl, and F concentrations in

crystalline lava are available at present, and therefore the amount of volatiles retained in

the solidified portions of the Roza eruptives cannot be evaluated directly. We have

analyzed the major and volatile element abundances of the interstitial groundmass glass

in crystalline lava (sample RSF-C38 in Table 1). The major element concentrations of

the interstitial matrix glass reveals a high-silica rhyolite composition (Table 20) similar

that reported by Lambert et aI. (1989), taken here to represent the highly differentiated

portion of the liquid lava that formed during cooling and crystallization of the Roza

lava flow. The measured volatile concentrations (in ppm) of interstitial groundmass
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Table 22. Corrected S. CI. and F values for Roza lava selvages.

IAlvil.\'elvtlRc

Sample # Mgl#" reo S s* CI CI* F F*
RSF-C26 28.30 16.22 0.0625 0.0500 0.0260 0.0210 0.1015 0.0810

RSF-C41 26.39 16.13 0,0705 0.0540 0.0290 0.0225 0.1150 0.0885

RSF-C37 23.60 15.97 0.0655 0.0530 0.0320 0.0260 0.1145 0.0925

RSF-C40 31.08 15.20 0.0580 0.0485 0.0205 0.0170 0.1065 0.0890

RSF-C42 29.94 15.52 0.0655 0.0525 0.Q208 0.0165 0.1095 0.0875

Rm.-C56 0.0595 0.0505 0.0225 0.0190 0.1120 0.0950

RSL-C43 28.62 15.86 0.0630 0.0535 0.0255 0.0215 0.1120 0.0950

RFS-C53 30.09 15.37 0.0670 0.0560 0.0210 0.0175 0.1145 0.0955

RFS-C44 29.19 15.77 0.0675 0.0525 0.0225 0.0175 0.1160 0.0905

RDC-C50 0.0630 0.0515 0.0212 0.0175 0.0990 0.0810

ImC-C48 0.OM5 0.0525 0.0192 0.0150 0.1115 0.0905

RDC-C49 0.0600 0.0460 0.0220 0.0170 0.1025 0.0790 .

RLG-C55 0.0660 0.0575 0.0220 0.0190 0.1090 0.0945

Average O.OMO 0.0520 0.0234 0.0190 0.1095 0.0890

Stand. dey. 0.0035 0.0030 0.0035 0.0030 0.0055 0.0055

~ MA#-IMg/(Mg + Fcll x 100; Fe -Iotnl iron.

• corrected values
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glass in sample RSF-C38 are 105 ± 35 S, 570 ± 85 Cl, 80 ± 50 F (Table 20) and the

modal amount of glass is -5 vol.%. When corrected for degree of crystallization (95

vol.%), the measured S, Cl, and F concentrations correspond to 55 ppm S, 342 ppm Cl,

and 40 ppm F in liquid lava. The low Sand F values suggest that the lava may have

lost a considerable portion of these elements through degassing, even though a portion

of these elements are likely also to have been partitioned into sulfides and apatite

formed during later stages of lava crystallization (Deer et aI., 1977). The high CI

values may indicate that the liquid lava did not exsolve much of its chlorine and

because of its incompatibility into crystalline phases Cl wasenriched in the residual

liquid. It should be noted, however, that two of the anal!,ses (not included in the

average) gave Cl concentrations as low as 50 ppm, suggesting that Cl may not be

evenly distributed in the interstitial groundmass glass.

The above considerations suggest that the Roza lava liberated a considerable

fraction of its volatiles during cooling and crystallization. As will be discussed below,

the degassing history of the Roza eruption is strikingly similar to that of the 1783 Laki

eruption in Iceland, and field observations on vesiculation features in both lavas

indicate that lava degassing was controlled by similar processes (Thordarson et aI.,

1995; Thordarson and Self, 1993b; 1995b; see also Chapters 2 and 4 of this thesis). If

we assume that degassing of the Roza lava occurred to the same degree as with the Laki

lava, then the ratio of volatile element concentrations from lava selvage (VI) and

crystalline lava (ve) from Laki can be used to predict whole-rock concentrations of S,

CI, and F in Roza lavas. Using data from Table 7 (see Chapter 2), we have calculated

the following V)/ve value for the Laki products; S = 1.80, CI = 1.25, F = 1.42. Applying

these values to S, CI, and F in Roza lava selvages, the predicted volatile concentrations

in crystallized lava are 290 ppm S, 152 ppm Cl, and 625 ppm F. These values are used

in our volatile budget calculations (Table 23).
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Magmatic volatiles and degassing history

Estimates ofvolatiie release by the Roza eruption

Several studies (Rose, 1977; Oskarsson, 1984; Devine et aI., 1984; Sigurdsson et

aI., 1985; Metrich et aI., 1991) have demonstrated clearly the validity of the petrologic

approach to evaluate the potential atmospheric sulfur-yield from eruptions, although the

applicability of the method may depend on the pre-eruption condition in the magma

source region. Recent studies (Westrich and Gerlach 1992; Wallace and Gerlach, 1994;

Gerlach et aI., 1994; Gerlach et al., 1995) suggest that the petrologic method may not

be applicable to eruptions where the pre-eruptive evolution of the magma is

complicated and where the mixing of magmas of greatly different composition occurs.

Our approach can be described as follows (Thordarson et al, 1995; see also

Chapter 2 of this thesis):

If the total mass of eruptives equals the amount of magma that effectively

contributes to the volatile emission during an eruption, then the overall volatile budget

of the eruption can be represented by the schematic model illustrated on Figure 74. The

total mass (m-) of an individual volatile species dissolved in magma residing in a

reservoir at depth and effectively involved in the eruption can be evaluated by:

mr= MrVi

where M r is mass of magma erupted and Vi is the measured concentration of gaseous

elements in inclusions. The total mass (mv) of each volatile species that escapes from

the magma at the vents and is dispersed into the atmosphere by the eruption column is

estimated by:

m« = (Vi - Vt)Mr

where Vt is the averaged concentration of gaseous species as measured in samples from

the vent deposits. Similarly, the mass released into the atmosphere by gaseous
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emissions from the lava during (mt) and after (mcJ emplacement is estimated according

to:

mt = (v, - v/)M/

me =(vi- vcJM/

where V/ and Ve are the measured concentration of gaseous species in glassy lava

selvages and crystalline lava, respectively. M/ is total volume of lava.

The fundamental argument made here is that the degassing of the erupted magma

occurs in two separate stages, first at vents and then later during lava emplacement, as

originally proposed by Oskarsson et aI. (1984), and justified for the 1783 Laki eruption

by Thordarson et aI. (1995; see also Chapter 2 of this thesis). As discussed below, this

argument also applies to the Roza eruption.

Application

The elemental concentrations used here to calculate the amount of volatiles

released by various stages of the Roza eruption are presented in Table 23. The mass

(m-) of each volatile species carried by the erupting magma to the surface is calculated

by:

where Vr is total volume erupted, taken here as 1300 km3 (Tolan et al., 1989), p is the

magma density taken to be 2700 kgrrr-', and Vi is the measured concentration of

individual elements (wt.%) in glass inclusions and x is the factor required for

converting the pure element to the assumed elemental compound present in the magma

(e.g., 802, Hel, and HF). As an example, the average inclusion value of sulfur, 1965

ppm (0.1965 wt.%), transforms into .....14 x 103 megatons (Mt) of 802 carried from

depth to the surface by the erupting magma (Table 24; Fig. 75).
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The total amount of volatiles (rng) released by the eruption is taken as the

difference between the inclusion value (mj) and the amount retained in the solidified

eruption products (me). This difference suggests that .....85% of the 802 escaped from

the magma during the eruption (Table 23) and that the total amount released was .....12 x

103 Mt S02 (Table 24; Fig. 75). The fraction of nci and HF released is considerably

smaller, estimated at .....0.5 x 103 Mt HCI and .....2.5 x 103 Mt HF or -50% of the total

amount originally dissolved in the magma (Table 24).

The S, CI, and F concentrations in the matrix glass of dike selvages fall between

those of the inclusions and vent deposits, which is consistent with the matrix glass

representing magma undergoing degassing as it was rising toward the surface. The

elevation difference between the dike outcrops (Table 19) and the base of the Roza flow

in nearby cliff exposures around Rattlesnake Grade is 600-1000 m (Swanson et aI.,

1980; S. Reidel, unpublished geological map of Asotin County, 1994), indicating that

the dike samples correspond to magma at crustal depths of 0.5 to 1.0 km. The dike

selvages represent rapidly chilled magma from the earliest stages of dike injection,

whereas the crystalline interior of the dike may represent batches from later stages of

vertical magma injection. Thus, the dike selvages provide information on the amount

of volatiles exsolved from the magma at the given crustal depth in the early stages of

Roza eruption. According to our measurements of Roza dike selvages, when the rising

magma passed crustal depths of 500-1000 m (i.e., the level of the Rattlesnake Grade

dike outcrop), it had already exsolved 44% of its original Sand .....15% of CI and F

(Table 23). These gasses were either present as vesicles in the magma and/or as a

separate volatile phase rising ahead of the magma column. It is likely that H20 and

C02 gasses dissolved in the Roza magma behaved similarly to S02 during eruption

(Thordarson et aI., 1995; see also Chapter 2 of this thesis). If 44% of the original

magmatic volatiles was already exsolved at crustal depths of 0.5-1.0 km, it suggests that
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the Roza magma contained 1.5-2.0 wt.% of dissolved volatiles prior to eruption

(Wilson and Head, 1981) and agrees well with the estimated vapor (magmatic gas)

amounts based on low totals in Roza glass inclusions (see above).

The S, CI, and F concentrations of the vent samples (Table 20) are taken to

represent the volatile abundance in the magma as it flowed away from the vents.

Consequently, the difference between the inclusion values and the vent tephra values is

the volatile fraction released by the magma into the atmosphere above the vents,

signifying that 66% of the total sulfur (as S02) was released as the magma emerged

from the fissures (Table 23). This amount of degassing suggests that -9 x 103 Mt of

502 was discharged into the atmosphere above the Roza fissures (Table 24; Fig. 75).

The vent degassing of HCI and HF is considerably less, or 40% and 27%, respectively,

resulting in an atmospheric loading on the order of 0.4 x 103 Mt and 1.3 x 103 Mt,

respectively. This degassed magma flowed from the vents to form lava flows, either

effusively and/or via fountaining, forming clastogenic lava flow formations.

The volatile element values of the lava selvages, which are uniform after being

corrected for degree of crystallinity (Table 22), are taken as the fraction of volatiles

contained in the lava upon emplacement in the medial and distal areas of the lava field.

Accordingly, the concentration differences of vent tephra and lava selvages may

quantify the minimum amount of volatiles released during lava emplacement (Table

23). This difference implies that the Roza lava released -1000 Mt of S02 and 225 Mt F

as it gradually advanced across the surface of the Columbia River plateau. The CI

release cannot be evaluated because the measured CI concentrations in the vent samples

are lower than that of the lava selvages. Likewise, the difference between volatile

element concentrations in lava selvages and crystalline lava denotes the amount

released during cooling and crystallization of the lava after the flow had stopped its

advance. Accordingly, the Roza flow degassed -1600 Mt S02, -90 Mt HCI, and -980
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Eruption column andDistalhaze

Volatilesreleased
at the vents

Atmosphere

Localhaze
Volatilesreleasedby the lava

ml+c = Ml (vt-vc)

Fig. 74. Illustration outlining a volatile budget model for basaltic fissure eruptions that can
be described as follows: 1) Hypothetical magma reservoir containing magma of the mass
M; (taken here to be equal to the erupted volume of magma) and total amount of dissolved
volatiles mr; the measured concentration of volatiles in glass inclusions, vb represents the
concentration of volatiles dissolved in the magma. The total amount of volatiles in magma
reservoir is given by the lowermost equation. 2) dike selvages containing concentration of
volatiles vd' 3) Vent accumulations of pyroclastic material containing concentrations of
volatiles vr' which represents volatile fraction of mr that did not escape the magma as it
emerged from the vents. 4) Eruption column (lava fountain plus convecting plume)
containing total amount of volatiles released at the vents, mv' as given by the top equation.
5) Lava flow of mass Mz and volatile concentration Vz (lava selvages) and Vc (crystalline
lava). 6) Amount of volatiles, mz+c' released by the outgassing of lava during and after
emplacement and is given by the middle equation.
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Table 23.
a) Averaged concentration (in ppm) of volatile species in the Roza eruption products.

S a F I

Inclusions
Roza type (Vi) 1965 295 1310

±110 ±65 ±110

Dikes
Dike selvages (Vd) 1110 245 1020

±90 ±30 ±25

Vent deposit
Scoria (Vt) 665 175 950

±75 ±5 ±20

Lava
Lava selvage (VI) 520 190 890

±30 ±30 ±55
Crystal. lava (ve) 290* 150* 625*

b) Volatile abundances (in ppm) used in mass balance calculations:

8S ~CI 8F

vi-ve 1675 145 685
vi-va = 855 50 190

vi-vi = 1300 120 360
Vt-VI = 145 60
VI-Vc= 230 25 265

c) Estimates on degree of magma degassing at various eruption stages.

S CI F

3570

2375

1790

1600

1065*

2505
1195

1780
190
535

49%
17%

40%

vi-ve 85%
Vi-Vd = 44%

Vi-Vt = 66%
Vt-VI = 7%
VI-Vc = 12% 8%

Vc 15% 51%

52%
15%

27%
5%
20%

48%

70%
33%

50%
5%
15%

15%
Vi-Vc: Total amount released from magma during the eruption.

vj-vd' Shows fraction of volatiles already exsolved from the magma at - I km depth in the conduit.
This fraction contributes to the total amount of volatiles releases at the vents.

vi-Vt: Amount released at vents.

Vt-VI: Amount released by lava during emplacement.

vl-vc: Amount released by lava after emplacement and during solidification.

vc: Amount retained in solidified lava
*Estimated values.
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Table 24. Estimates on the mass (in megatons) of volatiles dissolved in the Roza
magma prior to eruption and released by various phases during the eruption.

He} HF

mi= 13,795 1065 4840 19,700
rru-m, 11,760 520 2535 14,815

mi-mv = 9125 430 1330 10,885
mv-ml = 1020 225 1245
ml-mc = 1615 90 980 2685

mc 2035 545 2305 4885

mi: Original mass in magma

mi-m-: Mass released from the magma during the eruption

mi-me: Mass released at vents.

mv-mj: Mass released by lava during emplacement.

mi-m-: Mass released by lava after emplacement and during solidification.

mc: Mass t retained in solidified lava

Total volume of magma used in the calculations of 1300 km3 is from Tolan et aI., (1989) and

magma density is taken as 2700 kg m-3.
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Fig.75. Schematic illustration of the Roza eruption (not to scale) displaying the amount of
S retained in samples from various eruption stages and the total amount ofS02 dissolved in
the Roza magma prior to eruption. Also shown is the estimated S02-yield by various
eruption stages. Other features are as indicated on Fig. 13.
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Mt HF during cooling and crystallization (Table 24; Fig. 75) or approximately one-fifth

of the total volatile mass released by the Roza eruption was discharged by the lava

(Table 23).

Discussion

Roza eruption dynamics and magma degassing

The Roza lava field, along with other eRB Wanapum lava formations, can be

regarded as a typical example for fissure-fed flood basalt events (Swanson et aI., 1975)

and in essence is a large scale analog of present day effusive basaltic volcanism.

Although the volume-ratio of pyroclastic ejecta to lava produced by the Roza eruption

is small «<1/20), the work of previous researchers (e.g., Bingham and Grolier, 1966;

Swanson et aI., 1975; Martin, 1990) clearly shows that the eruption produced huge

amounts of tephra and spatter deposits (in the range of 1-10 km3?). The locations of

these outcrops and the general features of the units exposed are summarized by

Swanson et al. (1975).

Outcrops of Roza dikes and near-vent deposits define a -150-km-Iong and

.....8-km-wide NNW trending zone that delineates the original Roza fissure system (Fig.

76), and proximal outcrops show that near-vent accumulations form a complex

association of pyroclastic units and lava flows. At Winona (RWI on Fig. 76), crudely

bedded units of lapilli-size scoria, 1-10-m-thick, are found intermingled with thin units

of vuggy (spongy) pahoehoe flow units and are capped by a 0.5 to 2.0-m-thick unit of

densely welded spatter that grades upwards into a 7-15-m-thick fountain-fed,

clastogenic lava unit (Fig. 77). Detailed field measurements (Th. Thordarson,

unpublished data, 1994) show that the scoria beds consist of uniform, fine to medium

size scoria lapilli with near-horizontal bedding and are largely deprived of bomb size

material. These textural properties indicate that the Winona complex represents a
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proximal «5 km from source) accumulation of scoria, spatter and lava but they are not

vent ramparts as suggested by Bingham and Grolier (1966) and Swanson et aI. (1975).

In addition the small dikes (.....25-cm-wide) found in the Winona pyroclastics are

surface-fed from the flow above, dribbling into cracks in the scoria underneath.

Scoria beds similar to those at Winona are found interbedded with thin

pahoehoe flow units in outcrops up to a distance of 10 km to the SE of Winona (Fig.

71), and may represent the same tephra fall unit. Further south (between RAO and

RBB on Fig. 76), the near-vent accumulations are found in several outcrops extending

over a distance of e- 50 km and mostly consist of welded to rheomorphic spatter units.

It should be noted that locality RPO (Pomeroy) on Fig. 76, situated .....12 km west of the

main Roza vent lineament, previously interpreted as a Roza vent complex (Swanson et

aI., 1975; Martin, 1991), may be a remnant of a rootless cone group, formed by

explosive interaction of liquid lava and water (Th. Thordarson, unpublished data,

1994). Details of our observations of the Roza lava at Winona and Pomeroy will be

published elsewhere.

The overall characteristics of Roza near-vent lava and pyroclastic accumulations

are strikingly similar to the proximal accumulations from the prehistoric Biskupsfell,

AD 934 Eldgja, and AD 1783 Laki eruptions in Iceland (Karunen, 1990; Miller, 1989;

Larsen, 1990; Thordarson and Self, 1993a). These eruptions all involved episodes

characterized by vigorous Strombolian (explosive) activity and intense Hawaiian lava

fountaining in association with relatively large-volume lava outpourings (~15 km-).

It is evident from the above considerations that the Roza eruption was not only

characterized by tremendous outpourings of lava, but also involved episodes of intense

fire and lava fountaining with widespread dispersal of scoria fall. Based on our

evaluation that the Roza magma may have contained as much as 2 wt,% of dissolved

volatiles, these fountains may have been 1000-2000 m high (Wilson and Head, 1981)
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Fig. 76. Known Roza near vent locations shown on a map of part of eastern
Washington (WA) and Oregon (OR), outlining the Roza vent lineament (see Figure 31).
Segments involved in producing individual Roza emplacement units are outlined by a
solid line. Emplacement units are indicated as E1, E2, etc. (see also Table 19).
Horizontally lined areas show outcrop pattern of the Roza member in the area. Arrows
point to locations where near-vent and dike samples were collected for this study.
From Martin (1991).
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Fig. 77. Outcrop exposure of Roza near-vent accumulations at Winona (location RWI
on Fig. 67; see also Table 19). Boundaries of units are outlined for clarity in chalk.
Crudely bedded scoria deposit (S) interbedded with thin and highly vesicular pahoehoe
flow units (P). This sequence is capped by thick clastogenic lava (Cl.), partly eroded at
location where photograph is taken). The clastogenic lava has also invaded cracks (el)
that had formed in the underlying scoria bed. Scale is 10 em (circled).
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and could have supported convective eruption columns up to 15-25 km high depending

on the water content of the atmosphere at the time (Woods, 1992; 1993). The duration

of such lava fountaining events during the Roza event is not known. The sulfur content

of the Roza eruption products defines a distinctive trend (Fig. 73) which primarily

reflects the progress of magma degassing during the eruption. This trend is very similar

to the one found for the Laki eruption (Figs. 16 and 73) and is consistent with the

assumption that Roza liberated .....66 % of its S02 through conduit and vent degassing

processes. The large fraction of volatiles exsolved during ascent and venting of the

Roza magma, along with the (presumed) relatively small volume of pyroclastic material

produced, implies a very rapid and effective separation of gases and liquid and probable

development of two-phase flow in the feeder dike. Consequently, the vent degassing

must have been driven by decompression as the magma rose to the surface in the feeder

dike and, because the S content of vent deposits and lava selvages are in fair agreement

with the one-atmosphere saturation solubility of sulfur, the remaining gas fraction may

have attained a new quasi-equilibrium with the magma at the surface. Based on these

arguments, it is most likely that the Roza eruption was capable of maintaining sustained

eruption columns that reached considerable altitudes in the atmosphere.

It is difficult to assess the heights reached by the Roza eruption columns because

such evaluation is heavily dependent on magma discharge and the geometry of the

fissure system active at any given time during the eruption. The mean mass eruption

rates for Roza are estimated at 7.0-22.0 x 106 kg/s, but magma discharge during periods

of peak activity may have been six to ten times greater (Thordarson and Self, 1993b;

1995b; see Chapter 4 of this thesis). Martin (1991) suggested that individual

emplacement units within the Roza flow field were produced by linear vent segments

that range from .....7 km to .....75 km in length. Although magma outpourings in basaltic

fissure eruptions may occur along the entire fissure length at the beginning of an
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eruption, such outpourings are rarely sustained for any length of time (e.g., Wilson and

Head, 1981). Normally activity is quickly localized, confining magma discharge to one

or more much shorter segments. Indirect evidence for localization of vent activity on a

Columbia River basalt fissure system is provided by Reidel and Tolan (1992) where

they describe a vent complex consisting of proximal shelly pahoehoe lavas, pyroclastic

deposits, and a lava lake typical of Hawaiian volcanism. Therefore, there is no reason

to believe that the Roza eruption was characterized by activity much different from

what we know for other fissure eruptions, except for the magnitude of the processes

involved.

If we use the mass eruption rates obtained from Thordarson and Self (1993b;

1995b; see also Chapter 4 of this thesis) and assume that activity occurred

simultaneously along the longest Roza vent segment (-75 km) as defined by Martin

(1991), then the magma discharge per meter length of fissure becomes -1.5 x 102 kg/so

Using the model calculations of Woods (1993), the corresponding height of the

eruption columns in a moist atmosphere above the lava fountains is -3-6 km.

Similarly, if we use the shortest Roza vent segment (-7 km), then the discharge per

meter length of fissure is -2 x 103 kg/s and the eruption would have maintained 6-8.5

km-high eruption columns above the lava fountains. Assuming that the magma was

emitted from a small fissure segment taken here as a point source (discharge = 1.7 x 107

kg/s), the model predicts 11-13 km for the height of the eruption columns. Direct

observations and model calculations indicate that the 1783 Laki event in Iceland

maintained eruption columns extending to altitudes of 7-13 km during the first 2-3

months of activity, when the effective point source magma discharge was -1 x 107 kg/so

Hence, a direct comparison indicates that the Roza eruption may have been capable of

maintaining eruption columns that reached to similar altitudes for 5 to 15 years (the

estimated duration of the eruption). The eight-month-Iong Laki eruption produced -15
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km3 of lava ("" 2 x 106 kg/s), whereas the Roza eruption produced -1300 km3 in 10

years, implying that the mean eruption rates during the Roza eruption were one order of

magnitude higher. If the relative difference between the mean and the peak discharge

during the Roza eruption was similar to that of Laki, then the maximum eruption rates

would have been on the order of 108 kg/so In this case the height of the eruption

columns predicted by the model for the above three cases would be doubled, i.e., -9

km, -17 krn, and -28 krn, respectively. This general treatment of the Roza eruption

columns demonstrates two possibilities: 1) that the Roza eruption was capable of

maintaining columns that reached well into the upper troposphere for the entire duration

of the eruption and had the potential to generate columns that would have penetrated

the stratosphere; 2) heights of the eruption columns would have been highly dependent

on the spatial and temporal variations in activity along the eruptive fissure.

Evaluations of the potential climatic effects of flood basalt eruptions will be

strongly dependent on the overall dispersal of gaseous particles released and hence

aerosol distribution. Because the mode of transport and residence time of aerosol

particles in the atmosphere are different at various altitudes in the atmosphere, it is

important to determine the height of the associated eruption columns from which the

gases would be dispersed. I have shown that knowledge of the eruption history of flood

basalt events along with spatial and temporal changes in activity are constrained by

very general information at present, yet it is essential for estimating the height reached

by the eruption columns. This emphasizes the importance of detailed field observations

and analytical studies on products from flood basalt eruptions, because those are the

only tools available for reconstructing the sequence of events. The Roza flow is

probably the best understood flood basalt unit in any continental flood basalt province

but much remains to be learned about essential details of the eruption.
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Atmospheric loading ofS02 and possible climatic effects ofRoza

The total amount of S02 released into the atmosphere above the Roza vents is

estimated to have been -9000 Mt (Table 24) and much of it may have been lofted by

the eruption columns to altitudes at least of 7-13 km. Plate tectonic reconstructions

suggest that the paleolatitude of the Roza eruption site was -SooN (Smith and Briden,

1977) and if the overall structure of the atmosphere in mid-Miocene times was similar

to that of today, then the Roza columns would have reached the upper troposphere and

lower stratosphere at that latitude. We here make a first order attempt at estimating the

atmospheric loading from long-lasting flood basalt eruption. If we infer that the

eruption lasted for 10 years, the S02 emissions from the Roza vents would have

released 900 Mt per year, an order of magnitude greater than the present annual

anthropogenic S02 emissions on Earth (Park, 1987). This result implies that the annual

H2S04-yield of the Roza eruption was - 1700 Mt. The residence time of an average

aerosol particle (radius = 0.3 pm) in the upper troposphere and the lower stratosphere is

on the order of 50 to 400 days (Jaenicke, 1984), although the atmospheric removal rates

are also strongly dependent on the rate of conversion of S02 to H2S04, the overall

particle size distribution, and concentration (Pinto et al., 1990). These removal rates

suggest that the Roza eruption was able to sustain very high atmospheric concentrations

of H2S04, as it can be presumed that the aerosol cloud was being replenished at fairly

steady rates. We thus estimate that Roza maintained an annual atmospheric H2S04

loading in the range of 500-1000 Mt. If the aerosol cloud was confined to one

hemisphere only, then the optical thickness of the cloud can be estimated from

(Stothers, 1984):

6QM p
't -

p - 161tR2rp
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where 'to is optical depth, Mo is the aerosol mass (kg), R is the radius of the Earth, Q is

an efficiency factor for scattering and absorption by the aerosol particles, and rand p

are the aerosol particle radius and density, respectively. Adopting typical modal values

of Q = 2; r = 3 x 10-7 m; p = 1500 kg m-3 (Stothers, 1984), then the range of aerosol

optical depths caused by the Roza aerosol cloud may have been 7-13.

On the other hand, if we assume global dispersal of the aerosol cloud then 'to _

6, which is of similar magnitude as estimated for the 73.5 kyr Toba super eruption

(Rampino and Self, 1992). Atmospheric perturbations of this magnitude are equivalent

to that of an overcast sky (Fig. 78) covering the whole globe and lasting for 10 years !!

This scenario is very similar to that predicted for severe "nuclear winters" (Turco et al,

1983, Ackerman, 1988) or "volcanic winter" (Rampino et aI., 1988; Rampino and Self,

1992), which may be associated with immediate surface cooling on the order of 5-15°C.

If the Roza eruption maintained such an aerosol cloud for some years, atmospheric

conditions would severely affect the global climate and a detectable deterioration of the

climate may be found in the geologic record.

In this context, it is interesting that the Miocene paleotemperature records,

reconstructed from oxygen and carbon isotopic compositions in benthic and planktonic

foraminifera from deep-sea sediments in the Pacific and Atlantic (Shackleton and

Kennett, 1975; Kennett, 1985; Vincent and Killingley, 1985; Miller et aI., 1987), and

from the Monterey Formation in California (Fowler and Kennett, 1993), show initiation

of a distinct global cooling event of several °C at -15.0-14.5 Ma or the time of the

Wanapum basalts and Roza eruption. This cooling event lasted until 14.1 Ma.

Moreover, the sharp cessation of the early Miocene warming around 16 Ma that is

believed to characterize the transition from a relatively warm global climate to the

Neogene "icehouse world" coincided with the peak of the Columbia River flood basalt

activity, i.e., Grande Ronde times (Reidel et aI., 1989). At that time the average
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Fig. 78. Fraction of sunlight transmitted through aerosol and/or fine-ash clouds of
different masses (theoretical line after Turco et al., 1984). Points refer to designated
historic and prehistoric eruptions. The point for Roza refers to estimated annual mass
loading of aerosols, but the eruption may have maintained this mass loading for several
years. Modified from Rampino et al. (1988).
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eruption frequency and volumetric outpourings of magma were equivalent to one Roza

eruption per 7500 years (Tolan et al, 1989). It is obvious that the residence time (years

to tens of years) of the aerosol cloud from a single or even several subsequent flood

basalt eruptions is by far too short to have been a direct cause for cooling events of this

magnitude and duration. On the other hand, is it possible that the massive atmospheric

aerosol loading from the Roza eruption and/or other CRB eruptions of comparable

magnitude, as indicated by our results, served to trigger a global cooling at 14.5 Ma? Is

it possible that the Grande Ronde flood basalt events triggered global deterioration of

climate that eventually led to the Neogene "icehouse world"? Although this apparent

correlation between these Miocene cooling events and the Columbia River flood basalt

activity may be entirely accidental, the association warrants further exploration,

especially because the processes that initiated the Miocene climate change are

unknown.

Summary and conclusions

1. We have found that glass inclusions in phenocrysts in the 1300 km3 Roza

lava flow contain 1965 ± 110 ppm S, 295 ± 65 ppm CI, and 1310 ± 110 ppm F, and that

the Roza magma was at or just above the limit of sulfur saturation prior to eruption.

Analyses of matrix glass from Roza dike selvages reveal considerably lower

concentrations; 1110 ± 90 ppm S, 245 ± 30 ppm Cl, and 1020 ± 25 ppm F. Matrix

glasses of scoria clasts and lava selvages contain 665 ± 75 ppm S, 175 ± 5 ppm CI, and

950 ± 20 ppm F; and 640 ± 65 ppm S, 245 ± 50 ppm CI, and 1085 ± 85 ppm F,

respectively. These glasses define a trend that represents the progress of degassing

through the eruption and can be used to estimate the total amount of volatiles released

by the magma, as well as to evaluate the amount liberated by various eruption stages.
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2. The total amount of volatiles released into the atmosphere by the Roza

magma is estimated to be 12,000 Mt 8°2,500 Mt HCl, and 2500 Mt HF. Furthermore,

we estimate that 9000 Mt S02, 400 Mt HCl, and 1300 x 103 Mt HF were liberated at

the vents and lofted by the eruption columns to 7-13 km altitudes. Degassing of the

lava during and after emplacement is estimated to have released an additional 2600 Mt

S02, 90 Mt HCl, and 1200 Mt HF.

3. With an annual H2S04-mass loading of ,..,1700 Mt over a period of -10 years

(Thordarson and Self, 1995), the atmospheric perturbation by the Roza eruption was

likely to have been of the magnitude predicted for a severe "nuclear" or "volcanic"

winter, with surface cooling of ,..,S-15°C lasting up to a decade or more. The apparent

correlation of the Roza eruption and other major eruptive events of the Columbia River

basalts with distinct early to middle Miocene global cooling events fosters the idea that

these flood basalt events may have played a role in precipitating these climatic changes.
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Chapter 6. Conclusions

In this thesis I have presented ideas and methods that can be used to

quantitatively assess the lava emplacement mechanism, magma degassing, and the

environmental impact of flood basalt volcanism. The methods are tested on three

Icelandic and two Columbia River flood basalt events and the results show:

a) that their lava flow fields chiefly consist of pahoehoe flows, formed by endogenous

processes resulting in progressive growth of the lava field by sequential

emplacement of inflating pahoehoe sheet flow units. Consequently emplacement of

lava can be sustained for many years and possibly decades.

b) that the degassing history of flood basalt event can be established by thorough

investigation of glass inclusions and other quenched eruption products, provided that

the eruption stratigraphy is known such that a representative sampling from all of the

major eruption phases can be achieved.

c) that the four most important attributes to consider in evaluating the environmental

impact of flood basalt volcanism are the sulfur yield of the erupted magma, the vent

dynamics during magma extrusion, the total duration of the eruption, and the

atmospheric circulation in the upper troposphere and the lower stratosphere.

General considerations

Lava emplacement

The identification of flood basalt lava flows as pahoehoe has important

implications, because they contain structural components that are compatible with other

but smaller pahoehoe lava flows. These common structural components are the basal

zone, the lava core, and the lava (surface) crust. The fact that the overall structural

fabric of pahoehoe lavas is independent of flow size and volume suggests that their
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formation is controlled by the same basic emplacement processes. Endogenous

mechanisms, such as internal lava injection and inflation, govern the emplacement of

Hawaiian pahoehoe flows (e.g., Walker, 1987; 1991: Hon et aI., 1994). The evidence

suggests that similar processes governed the emplacement of the flood basalt lavas.

The theory that the emplacement of pahoehoe lavas of all sizes and volume is

controlled by the same basic processes, implies that the mass of lava erupted or vent

discharge of magma may not be the main parameters to determine the structure and

morphology of pahoehoe flows. Topography of the terrain that the lava advances over

and the mode in which the lava is fed to various regions of the lava field may be more

important. Also, considerable portion of the magma solidifies during lava

emplacement, therefore the mode of lava emplacement and morphology is not only

determined by the properties of the liquid but also by the properties and proportions of

the solid fraction. With the above considerations in mind I deduce, that a realistic

assessment of lava emplacement processes requires a comprehensive and systematic

documentation of their internal structures and surface morphology. Field derived

measurements are important in defining the appropriate parameters necessary for

theoretical and modeling assessments of lava formation.

The lava crust thickens steadily during formation of anyone flow unit (Hon et

aI., 1994). According to the laws of conduction, the final thickness of the surface crust

is a measure of the total time that elapsed from the onset of flow unit emplacement until

flowage of liquid lava through the lava core stopped. Thus, cumulative measurements

lava crust thicknesses in flow unit packages within particular lava flow field can be

used to estimate the total duration of lava emplacement. Application of this concept

suggests it took at least 5 years to form the Roza lava flow field and possibly as many

as 15 years.
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Magma degassing and environmental effects

The atmospheric sulfur yield of flood basalt eruptions is dependent on the

original amount of 5 dissolved in the magma before eruption and how effectively the 5

and other volatiles are exsolved from the magma upon extrusion. The basaltic magmas

represented in this study were near or at sulfur saturation before eruption. Their

original 5 content ranged from 1500 to 2200 ppm, indicating that every cubic kilometer

of magma erupted carried between 8-12 Mt of 502 to the surface.

In effusive eruptions degassing occurs in two stages. The first stage of

degassing transpires as the magma rises to the surface and a fraction of the volatiles is

exsolved by decompression of the system. The second stage develops because the

remaining volatile-fraction is carried with the flowing lava, which slowly releases a

large portion of these gases into the atmosphere. Comparison of the S-value measured

in the glass inclusions to that measured in quenched tephra clasts and lava selvages

show that the magma had lost ~65% of its total 502 (and presumably H20 and CO2)

before it flowed from the vent as a lava. Bulk of the volatiles liberated from the magma

at the eruptive vents were released in short-lived, but vigorous explosive episodes and

then carried by convecting columns to considerable atmospheric altitudes that resulted

in the formation of widespread volcanic haze. Only 20-25% of the total volatile mass

carried in the magma to the surface was liberated by degassing of the lava, which

produce a boundary-layer haze of regional extent.

According to the estimates presented here the atmospheric 50T yield of the

three largest Holocene fissure eruptions in Iceland ranged from 120 to 170 Mt, whereas

the 502-yield of the Roza flood basalt eruption of the CRBG was about 12,000 Mt.

Evaluations of the potential climatic effects of flood basalt eruptions will be

strongly dependent on the overall dispersal of gaseous particles released and hence

aerosol distribution. Because the mode of transport and residence time of aerosol

303

-------.._._-----------------~---------



particles in the atmosphere are different at various altitudes in the atmosphere, it is

important to determine the height of the associated eruption columns from which the

gases would be dispersed. In theory the heights of the eruption columns produced by

flood basalt eruptions can be estimated by applying either linear smoke-stack or point

source models (Stothers et aI., 1986; Thordarson and Self, 1993a; Woods, 1994). The

former model may be used to evaluate the mean column heights sustained by a linear

vent system if all of all of its fissures are active simultaneously. The latter may be used

to consider the maximum heights attained by the eruption columns in association with

short-lived, but vigorous explosive episodes on relatively short fissure segments. At

present, the application of both models to estimate the column heights of flood basalt

eruptions are limited by inadequate knowledge of several model input parameters.

These parameters are the total fissure length erupting at anyone time, the grain-size and

volume of tephra produced, the total duration of the eruption, and consequently the

mean mass eruption rates. The main theoretical limitation of the smoke-stack plume

model is it assumes that activity is maintained at a steady state during the entire

eruption. Most fissure eruptions are characterized by episodic activity.

The inferred development of two-phase flow in during magma ascent in effusive

eruptions indicates that the bulk of the exsolved volatiles is released by vigorous

explosive episodes. Observations show that the highest eruption columns from the Laki

fissures reached altitudes of ~12 km and were concurrent with violent Strombolian

episodes that were confined to short fissure segments (Thordarson and Self, I 993a).

Stratigraphic evidence suggests the vigorous fountaining events occurred periodically

during the Roza eruption and such events may have supported ~15-km-high columns, if

the activity of each episode was bound to short segments along the erupting fissure. If

the bulk of the volatiles was liberated during episodes of vigorous explosive activity,

then the height of effective atmospheric volatile loading was similar to the maximum
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height reached by the eruption columns. Hence, using mean column heights that are

derived by smoke-stack plume models may seriously underestimate the effective height

of atmospheric volatile loading by flood basalt events.

It is evident from the considerations presented above that a detailed knowledge

of the eruption history of flood basalt events along with spatial and temporal changes in

activity is essential for estimating the height reached by the eruption columns. This

emphasizes the importance of detailed field observations and analytical studies' on

products from flood basalt eruptions, because those are the tools available for

reconstructing the sequence of events.

The long duration of flood basalt eruptions and their potentiality to support

gaseous eruption columns extending at least to tropopause altitudes suggests that they

maintained an aerosol cloud of hemispheric, or even of global, dispersal for months to

years, and possibly decades. It follows that the atmospheric transport, dispersal, and

removal of sulfuric aerosols produced by flood basalt events differs from the dynamics

purely stratospheric volcanic aerosol clouds. The prolonged activity at the fissures

continually replenished the aerosols and maintained elevated concentrations despite the

relatively short atmospheric residence time (months to a year) of the aerosol particles.

The bulk transport of the aerosol cloud is likely to have occurred at the jet stream level.

Consequently, diurnal changes in weather and circulation pattern affected the dispersal

and atmospheric removal of the aerosols, such that interaction between the jet stream

and the broad scale vertical motions of the troposphere generated by cyclones and

anticyclones need to be considered.

The possible effects of a flood basalt eruption on climate and the environment

are best illustrated by describing the impact of the AD 1783-84 Laki eruption. Laki

produced a widespread volcanic haze (dry fog) that covered large portions of the

Northern Hemisphere for several months in the summer 1783. The dispersal of the
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Laki haze over Eurasia is consistent with eastward transport of the aerosol cloud within

the westerly jet stream. However, the aerosol cloud dispersal was not uniform and

influenced by changes in the daily atmospheric circulation. As the Laki aerosol cloud

was transported from Iceland to Europe within the westerly jet stream a portion of the

cloud subsided from the jet stream level through the middle troposphere within the core

of stationary anticyclogenetic regions spreading in a spiral-like fashion across the

continent and accumulating at the subsidence inversion level. Transfer of aerosol

particles across the inversion level and into the surface boundary layer was enhanced by

vertical mixing of air, caused by the diurnal cycle of heating and cooling of the Earth's

surface. Therefore, the Laki aerosol cloud (haze) can be regarded as composed of two

components; the low altitude haze, which were the prime contributor to the lower

tropospheric S02 acid-pollution in the summer and fall of 1783 and most heavily felt

closest to the source; and the high altitude haze, which was the sole contributor to the

longer lasting climatic perturbations that followed the Laki eruption.

Acid precipitation from the Laki aerosol cloud caused considerable damage to

vegetation up to 2500 km from source. The weather during this period was unusual and

unstable; hot and dry spells dominated certain areas, whereas in others it was

unseasonably cold and wet. Reports of unusually meager or complete failures of the

late summer harvest are known from many regions in 1783 and unusually cool and wet

weather in Japan ruined the rice crop, which triggered the worst famine known in

Japanese history. The winter of 1783-84 is one of the most severe winters on record

both in the Old and the New World and evaluation of 18th Century instrumental records

suggest that the cooling caused by Laki was about 1.3°C and lasted for 2-3 years.

The possible impact of flood basalt volcanism falls into perspective when it is

realized that atmospheric sulfur yield of the Roza eruption was thousand times that of

Laki, or 12,000 Mt S02. With an annual H2S04-mass loading of -1700 Mt the
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atmospheric perturbation by the Roza eruption was likely to have been of the magnitude

predicted for a severe "nuclear" or "volcanic" winter, with surface cooling of -5-l5°C

lasting up to a decade or more. The apparent correlation of the Roza eruption and other

major eruptive events of the Columbia River basalts with distinct early to middle

Miocene global cooling events fosters the idea that these flood basalt events may have

played a role in precipitating these climatic changes.

There is no doubt that eruptions similar in style and magnitude to Laki will

recur in Iceland and possibly in other areas of basaltic volcanism. If such an eruption

occurred today in Iceland, it would increase air-pollution drastically over large areas of

the Northern Hemisphere for several months. The immediate impact of the haze

affecting the communities in Europe and North America, would be halting and/or

rerouting of air traffic over the North Atlantic. Furthermore, it is likely that a Laki-like

haze would seriously damage the natural habitat of areas already over-stressed and

weakened by human pollution.

Concluding remarks

I have attempted to evaluate, both quantitatively and qualitatively, the eruption

mechanism and the environmental consequences of large-scale effusive volcanism. The

results are far from being conclusive and many problems remain to be tackled and

solved. Despite these limitations, it is my believe that the continued augmentation of

the ideas and methods introduced in this thesis will enhance our knowledge of the

mechanism flood basalt eruptions and their impact on Earth's environments.
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Appendix A. Laid volatile studies, complementary notes

The content of Appendix A contains material that is complementary to Chapter 2.

Appendix A-I

General petrology ofLaki eruption products

Petrography: The Laki products are glomeroporphyritic (-5.5 vol.%), and

consist of plagioclase (An90-SS; 2.7%), olivine (F086-68; 1.3%) and clinopyroxene

(W039.8-40En4S.1-4S.3Fs13.7-1S.1; 1.6%) (S. Finnemore, unpublished data, 1994). The

macrophenocrysts range in size from 0.2 mm to 3.0 mm and are usually a cluster of

individuals; the plagioclases are lath shaped and euhedral, typically with discontinuous

normal zoning but occasional crystals display multiple oscillatory or convolute zoning;

the olivines are euhedral and sometimes skeletal; the clinopyroxenes are euhedral to

subhedral and commonly exhibit undulatory extinction. Where the three phases occur

together in a cluster, the order of crystallization is generally plagioclase before olivine 

pyroxene, which is consistent with experimentally derived results (Bell and Humphries,

1972). According to one-atmosphere melting experiments performed on 10 Laki lava

samples (Bell and Humphries, 1972), plagioclase was encountered as a liquidus phase

between 1185°C and 1161°C, joined by olivine at a few degrees lower temperature,

clinopyroxene between 1162°C and 1140°C, and Fe-Ti oxides at temperatures at or just

below 1085°C. The estimated equilibrium magmatic temperature is 1150°C ± 10.

All of the macrophenocryst phases contain clear light brown sideromelane glass

inclusions and sparse inclusions of dark brown, transparent glass, ranging from $1 prn

to 500 urn in their longest dimensions (Figs. 4a and b). The most common inclusion

size is between 20-120 pm, of spherical or oblate shape, and they often contain small

bubbles. Some inclusions show clear indication of modified morphologies due to host

mineral crystallization after entrapment and such inclusions were avoided in this study.
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The number of inclusions in individual crystals is highly variable, ranging from one

inclusion to -50 inclusions. Crystals containing many inclusions commonly occur as a

swarm of very small ($5 pm) inclusions within the host's core. The macrophenocrysts

of quenched eruption products, e.g., lava selvages and pyroclasts from vent and rootless

cone deposits, usually contain fresh and clear glass inclusions, that are unaffected by

syn- and post-eruption alteration. On the other hand, the inclusions found in the

macrophenocrysts of more slowly cooled eruption products, e.g., the lava crust and

core, commonly consist of dark opaque material that appears to contain a high

abundance of unidentifiable microlites. This suggests that the final state of the glass

inclusions is effected by the cooling rates of the eruption products and that the best

inclusions for chemical analyses are contained in the macrophenocryst assemblage of

quenched products.

The vent tephra clasts are holohyaline, with phenocryst abundances in the range

of 0.5-8.0 vol.%. The lava is microcrystalline to fine grained (::S0.01-0.5 mm), but its

crystallinity ranges from holocrystalline within the lava core, through hypocrystalline,

with 60-75 vol. % as glass in the quenched lava selvages and tephra clasts from rootless

cone deposits (Fig. 5). Within the lava core the texture is intergranular and groundmass

mineral assemblage consists plagioclase with continuous normal zoning and

intergranular olivines, clinopyroxenes, and small interstitial Fe-Ti oxides. The mineral

assemblage of the vesicular lava crust is essentially the same as the lava core, except

that the Fe-Ti oxides are smaller and commonly dendritic. Upwards within the crust

the texture gradually changes to intersertal, with groundmass minerals partly embedded

in either dark brown transparent glass or opaque amorphous material ("tachylite"

glass?). Similar transition is observed within the basal crust, although it occurs over a

much smaller distance. In the lowest 5.0 em of the basal crust the groundmass crystals

are completely embedded by the opaque amorphous material and the texture is best
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described as hyalophitic. Between 1.0-2.0 ern above the basal surface the opaque

amorphous material gradually transforms into curved dendritic intergrowths that appear

to be microlites of clinopyroxene and to a lesser degree plagioclase. This suggests that

the opaque amorphous material or "tachylite" glass within the Laki products is actually

composed of minute dendritic clinopyroxenes and plagioclases. The lowest 1.0 em of

the basal crust (e.g., quenched selvage) is of true hyalophitic nature, where the mineral

assemblage is embedded in light brown or dark brown sideromelane glass which

amounts to 60-75 vol.%. The groundmass mineral assemblage of the basal selvage is

plagioclase, olivine, and clinopyroxene and differs from that of the lava interior because

it does not contain one crystal of Fe-Ti oxides. The same is also true for the vent and

the rootless cone deposits. This implies that despite 25-30% crystallization during

transport from source (distance of 15-45 km), the temperature of the liquid lava core

did not fall below the liquidus temperature of the Fe-Ti oxides.

Chemistry: The bulk composition of the Laki eruptives is quartz-tholeiite with

Mg# = 46.85 ± 0.84 (Table A-I) and display a very small spatio-temporal

compositional variance. The major element analyses in Tables A-I, A-2, and A-3

represent all of the main lava flow units produced by the eruption (Gronvold, 1984) and

the six tephra fall units formed by eruption episodes I to VII (Thordarson and Self,

1993a). It is evident from Figs 6a and 6b that the compositional variations of the Laki

eruptives are much less than the overall variance of the postglacial products of the

Grimsvotn volcanic system. The Laki products even show a tighter compositional

cluster than the products of the Grimsvotn volcano, which is known for erupting

magma of uniform composition.

Furthermore, the compilation presented here portrays samples analyzed by

various methods (XRF, AA, and EMP) in different laboratories and includes most of

the Laki analyses published over the last 30 years (Heier et al. 1966; Steinth6rsson,
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1977; Jakobsson, 1979; Oskarsson, et al., 1982; Metrich, 1991) along with those

samples analyzed for this study. The slight but significant difference observed between

analyses of bulk lava samples and those of matrix glass from tephra samples (Fig. 6a) is

consistent with the amount (-5-10 vol.%.) of phenocrysts present in the magma upon

extrusion (Gronvold, 1984). Comparison of analyses of the same sample by two

different methods (XRF and AA) and three different laboratories (Table A-2) suggests

that the overall variation in the Laki analyses shown on Figure 4 can be largely

attributed to analytical error because the calculated standard deviation (20) for the

average of these analyses is essentially the same as the for the averaged values of all of

the analyses (Table A-I and A-2). The homogeneity of the Laki magma is even better

demonstrated by its uniform U (0.344 ± 0.007 ppm) and Th (1.12 ± 0.02 ppm)

abundances (Fig. 6b) where the difference in the measured concentration in samples

from all of the main eruptive units is less than 7% (Sigmarsson et aI., 1990). This

clearly demonstrates that the magma erupted by the Laki fissures was essentially

uniform in composition which is remarkable in view of the long duration of the

eruption and the large volume of magma involved. The pre-eruption H20 and C02

abundances of the Laki magma are estimated to have been -1.5 wt.% (Oskarsson et al.

1984, Metrich et al., 1991).

Slightly higher Th and U concentrations of the Grimsvotn products, but similar

ThlU-values of Grimsvotn and Laki (Fig. 6b), imply that these magmas have a common

parent but that the Grimsvotn magmas are more evolved. This is consistent with the

interpretation that the magma erupted by the Laki fissures is derived from a large

volume reservoir situated at the crust-mantle boundary at 5-10 km depth beneath the

Grimsvotn volcanic system, whereas the magma erupted within the Grimsvotn volcano

originate from a shallow crustal reservoir at 2-3 km depth that is periodically

replenished by influx of magma from the underlying reservoir.
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Table A-I. Geochemical analyses oferuption products from theGrimsvetn volcanic system.

Laki eruption

Formation SiO, TiO, A~O, FeO MnO MgO CaO Nap Kp P,O, :E Mg#

P-ieptua 49.66 2.84 13.34 13.80 0.22 5.74 10.71 2.40 0.56 0.26 99.68 42.56

Stand. dey. 0.25 0.14 0.14 0.35 0.03 0.26 0.55 0.21 0.10 0.04 0.39 1.57

S-tephra 49.91 3.04 13.19 14.16 0.21 5.42 9.84 2.76 0.45 0.30 99.40 40.67

Stand. dey. 0.32 0.06 0.10 0.29 0.03 0.07 0.10 0.13 0.02 0.05 0.50 0.33

Proximal lava 49.68 2.70 13.93 13.39 0.21 5.56 10.35 2.58 0.41 0.30 99.64 42.52
Stand. dey. 0.67 0.17 0.27 0.40 om 0.20 0.14 0.20 0.03 0.03 0.26 1.09

VJ Medial lava 49.71 2.70 13.62 13.66 0.22 5.86 10.50 2.75 0.42 0.40 99.74 43.34.....
Stand. dey. 0.36 0.06 0.34 0.30 0.01 0.14 0.21 0.11 0.04 0.06 0.25 0.66tv
Distal lava 49.56 2.65 13.97 13.38 0.22 5.75 10.38 2.73 0.40 0.31 99.59 43.37

Stand. dey. 0.72 0.12 0.25 0.30 0.02 0.20 0.22 0.11 0.03 0.05 0.69 0.94

Grlmsviitn* 49.97 2.91 13.23 13.75 0.22 5.28 10.16 2.64 0.47 0.31 98.94 40.59

Stand. dey. 0.55 0.15 0.63 0.46 0.03 0.46 0.37 0.24 0.05 0.05 0.85 2.44

Other GVS·1avas

Lambaglgar" 48.74 2.36 15.07 11.56 0.19 6.73 I L81 2.28 0.26 0.25 99.25 50.91

Hatsaglgar" 48.49 2.42 14.97 12.03 0.19 6.45 11.41 2.62 0.27 0.28 99.13 48.85

Bergvatnsae 49.55 2.49 14.64 11.87 0.23 6.12 11.22 2.85 0.43 0.30 99.69 47.86

Bunuh6lar" 49.46 2.71 14.00 12.75 0.20 6.45 1J.J2 2.70 0.38 0.29 100.06 47.41

Nupar" 49.41 2.61 14.00 12.73 0.20 6.08 10.96 2.60 0.37 0.28 99.26 45.99

Sources: Heier et al. (1966), Steinth6rsson (1977), Jakobsson (1979), GrOnvold (1984). and this study.

*Average tephra composition from 14 eruptions between ADI659-1983.

" From Jakobsson (1979) Stand. dev, standard deviation (20)



Table A·2. Represcntarive whole-rock analyses of the Laki lava,

Source/Sample # SiD, 11O, AIIO, FoO MnO MgO ClIO Nu,O K,D P.o, t Mg# 111 U ThlU 2301232 23M/232 M7/K6 Sr SIKO

011.·704" 4950 2.54 14.30 13.30 0.23 5.90 IUXl 2.MO 0.:17 0.26 100.20 44.15 1.114 0.340 3.2K 0.93
(;/1.·7114 49.10 2.6:\ 14.10 13.111 11.211 5.40 111.30 2.MII 0.;\(, 97.9'J 42.34
CJI.·70K 511.311 2.62 14.30 13.1X) 0.211 5.70 111.311 2.MO 0.3M 9'J.W 43.M6
011.·711 4K.II) 2.511 14.fK) 1350 0.20 5.70 10.40 2.61) 0.37 97.:17 42.93
(1II.·712 49.1K) 2.4M 14.211 I3.1K) 0.20 5.411 10.10 2.711 0.3K 97.46 4253 1.135 0.347 3.2M 0.93
(;11.·742" 49.KO 2.57 14.111 13.12 0.23 5.MO 10.40 2.91) 11.:17 11.26 lJ'J55 44.06
CIII.·742 41}.20 2.014 14..1lI J2.1Jf) 11.20 .~.511 111.30 2.511 0 •.16 (17.7f1 43.17 I.IIKO fU12 3.25 (I,en

WI.·747 4K.11I 2.(,:\ 1.1,1)0 I.I.lK) 11.20 5.111 IO.lK) 2.511 11.:\1) ')5.K2 41.14 1.140 0.351 3.26 0,1);\ 11.711324 3.IIM

(1II.·755 49.fKl 2.55 14.m 13.211 11.20 5.MO 10.311 2.711 0.;\6 9K.1I 43.91 1.1111 0.341 3.26 11.93
OIl.-77K· IN."O 2.711 13.KII l:l.~f) 0.22 5.m 10.411 2.711 0.;1(, 1I.2K 1)t).25 42.34
1I1I.·17K ~fI.2f1 2.(IH 14.111 1.1.411 11.211 5.KII 111.411 2,1)" II.JK IIK).IK. 4.\.54
CIII.·7K4 511.711 2.55 14.211 U.211 11.211 (.,{K) 111.311 2.90 11.411 IIK).45 44.75 r.roo O.J55 3.29 1.113 11.')2 11.70324 3.17
WI.·791 511.IK) 2.62 14.111 13.311 11.20 5.KO 111.20 2.911 O.:W lJ'J.51 43.72

Ci/J.-7IP)· 4').511 2.(oll 13.411 13.61 11.23 5.W 111.20 2.KII 11.37 1I.2M 9K.(}' 42.311
GlI.·7lJ'J 49.70 2.65 14.1K) 13.30 0.20 5.KO 1U.20 2.KO O.3K 9').03 43.72

O/L·7100 49.70 2.55 14.30 13.00 0.20 5.70 10.40 2.90 0.37 99.12 43.M6
Average 49.47 2.59 14.07 13.22 0.21 5.66 10.33 2.76 0.37 0.27 9K.74 43.27 1.123 0.344 3.27 1.030 0.93 0.70324 3.13

Stand, dey. 0.71 O.ON 0.23 0.22 0.01 0.22 0.21 0.14 0.01 0.01 1.25 0.93 O.02K O.OON 0.ll2 0.004 0.06

Proximal lava
Source/Sample# SiD, TiD, AI,O, FoO MnO MgO CaD Na,D K,D P,O, t Mg#

TI25.M.91)·2 49.96 2.77 13.K6 13.77 0.22 5.54 10.45 2.46 0.42 0.2M 99.72 41.74
T/25.K.91~2 50.11 2.7M 13.91 13.69 0.22 557 10.3K 2.44 0.42 0.2M 9').79 42.(12
T/25.K.91~ 7 5CUO 2.74 13.K6 13.97 0.22 5.49 10.43 2.39 0.43 0.29 9'J.92 41.21

J/KO 5052 2.91 1357 13.47 0.21 5.72 10.34 2.63 0.44 0.3K 100.19 43.07
J/355 50.24 2.M9 13.55 13.35 0.21 5.6K 10.42 2.67 0.45 0.34 99.MO 43.12
J/4M4 49.94 2.97 13.57 13.67 0.21 5.65 10.35 2.46 0.44 0.33 9959 42.41

Average 50.15 2.M4 13.72 13.65 0.21 5.61 10,40 2.51 0.43 0.32 99.K4 42.26
Stand. dey. 0.21 0.09 0.17 0.22 0.00 0.09 0.04 0.11 0.01 0.04 0.20 0.76

MCtlhIIIiIVu
Source/Sample# SiO, no, AI,O. FcO MnO MgO CaD NaJO K,D 11,0, t Mg#

T/LEI·02 49.60 2.74 13.31 14.113 0.22 5.93 10.46 2.67 0.44 0.41 9'J.KI 42.95
TILEI·03puI 49.59 2.66 13.36 13.66 0.24 6.09 10.61) 2.74 0.46 0.41 9'J.KI 44.27

T/WI·1I4 495K 2.71 13.27 13.9K 0.23 5.94 10.41 2.KI 0.47 0.41 9').MI 43.0K
TII.IH-12I.il 511.115 2.(,(. 13.4') 13.33 0.22 5.K9 11I.6K 2.61 0.44 0.44 9'J.K2 44.04
T/I."'.12(1ul 49.117 2.KII 1352 1:1.')6 11.23 5.M() III.K7 2.(.5 0.43 11.42 1)9.H2 42.7K

Average 495K 2.71 1339 13.79 0.23 5.94 IOl.1 2.711 11.45 0.42 99.KI 43.42
SI01Iu.I. dey. 0.35 11.06 11.11 11.30 lUll lI.m O.IK O.OK lUll (UII (UK) O.6M

Distnl Iavn
Sourcc/Slllnplc It Sin, rio, AI,O, FcO MnO MgO CaO Nll,O K,o 1',0, t Mg# 'n, II 'IMJ 230/232 23K/232 K7/K6Sr

'I'126,M.t){'·1 50.17 2.KII 1:'.1](, D.l](, 0.22 5.52 111.42 2.42 II.~I 1).2lJ IlKI.17 ~1.35

1I11~lki 41).10 2.K~ 13.71) 13.5K 0.25 5.K4 IOJ,3 2.7'! <1.42 <1.311 "1'J.~4 4~.3K 1.2tXI O.~211 2.'~1 0.703111
O/SAI.·K 49.75 2.73 13.KS 13.16 0.23 5.'!O 10.37 2.75 0.47 0.29 99.50 44.41
O/SAL·9" 50.0K 2.66 13.91 13.29 0.23 5.91 10.27 2.75 0.44 0.27 99.K2 44.22 1.1111 O.33K 3.30 1.()4 0.92
T/SAI.·9b 4K.KI 2.65 13.94 13.97 0.23 6.0K 111.62 2.6M 0.43 0.41 9').K2 4~.67

JI Sal 9c {KOI 50.52 2.91 13.57 13.47 0.21 5.72 111.34 2.63 0.44 0.3K IlX).19 43.07
AVCl"dgC 49.74 2.76 I3.K4 13.57 0.23 5.K3 111.44 2.67 0.44 0.32 9'J.K4 43.35

Siand. dey. 0.66 {UO 0.14 0.34 O.lll 0.19 0.15 0.13 0.02 11.06 0.30 1:111

SOIln:es: (;1.GrMvnl" (19K41: JI. Jukohsson (1979):OI.Osk""""n ct al .. (l9K4),1'1.lhl. study.
Trou,'t' dt'l1Wnl ;1I1d l~nhlJll.~ ,IlIl,1 I~ fl'f1111 Slgnmrssnn "'1111.. (11)1) 1).C1H''''llI fur 1I/I';lki whit'llI" from Ilit-r. I(K,6.

Slund.lIl'v., slmltlimlllt'vj,lIiun (20)
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Table A-3. Bulk chemistry and chemical variation or Laki eruption products•

.!1)_~~~IY~~~I'!'.o:~_I,!-".~II<:~11~1~1~~,!lg~ln(l<2~il.!!!"..!?!..!:~ki cr~I!!~!!.l!rndllcl~

Smnplcll SiO, TiO, Alp, IIcO MnO MgO CliO Nn,o K,o 1',0, 1: MglI

I'-Ic"hm Lnki; 1'1 & 1'2 511.1l2 2.97 1~.21 14.~1l nzs 5.4·1 11l.211 2.7.1 ll.44 ')1).71 .10. III

I'-lcphm S25 &27 41).46 ~.Ill 13.50 14.41 O.211 5.41) 1).1)1 257 0.44 0.41) 91).71 42.02

S-lcphm I.S-1 (S2) 41).20 2.98 12.80 13.60 0.24 5.35 10.00 2.71 0.49 0.36 97.73 41.21

P-tcphm 1"s-2 (PI) 48.90 2.92 12.70 13.60 0.27 5.35 10.20 2.50 0.45 0.37 97.26 41.21

S-tephrn LS-3 (S3) 49.30 3.00 12.80 13.70 0.27 5.29 10.10 2.65 0.48 0.36 97.95 40.67

S-lephm LS-4 (S2?) 49.00 2.95 12.80 13.80 0.21 5.31 10.30 2.56 0.47 0.34 97.74 40.76

P-tephrn LS-5 (P2) 49.50 2.91 12.90 13.60 0.23 5.41 10.10 2.61 0.47 0.35 98.08 41.48

S-tephm LS-6 (S4) 49.00 3.02 12.50 13.70 0.19 5.20 9.89 2.62 0.48 0.36 96.96 40.34

S-tcphm Lakl: S3 49.110 3.01 13.19 14.03 0.21 5.41 9.87 2.72 0.45 0.30 98.98 40.74

S-tephm Laki:SI 50.06 3.07 13.20 14.34 0.21 5.44 9.81 2.82 0.45 0.32 99.72 40.31

P-tephm Laki: PI 49.65 2.85 13.31 13.84 0.22 5.75 10.71 2.40 0.55 0.27 99.55 42.53

Lakl lava 1.-704· 49.50 2.54 14.30 13.30 0.23 5.90 11.00 2.80 0.37 0.26 100.20 44.15

Laki lava 1.-704 49.10 2.63 14.10 13.10 0.20 5.40 10.30 2.80 0.36 97.99 42.34

Lakl lava 1.-708 50.30 2.62 14.30 13.00 0.20 5.70 10.30 2.80 0.38 99.60 43.86

Laki lava 1.-711 48.10 2.50 14.00 13.50 0.20 5.70 10.40 2.60 0.37 97.37 42.93

Laki lava 1.-712 49.00 2.48 14.20 13.00 0.20 5.40 10.10 2.70 0.38 97.46 42.53

Laki lava 1.-742· 49.80 2.57 14.10 13.12 0.23 5.80 10.40 2.90 0.37 0.26 99.55 44.06

Laki lava 1.-742 49.20 2.44 14.30 12.90 0.20 5.50 10.30 2.50 0.36 97.70 43.17

Laki lava 1.-747 48.10 2.63 13.90 13.00 0.20 5.10 10.00 2.50 0.39 95.82 41.14

Laki lava 1.-755 49.00 2.55 14.00 13.20 0.20 5.80 10.30 2.70 0.36 98.11 43.91

Laki lava 1.-778· 49.60 2.70 13.80 13.59 0.22 5.60 ·10.40 2.70 0.36 0.28 99.25 42.34

I.aki lava 1.-778 50.20 2.68 14.10 13.40 0.20 5.80 10.40 2.90 0.38 100.06 43.54

Lakl lava 1.-784 50.70 2.55 14.20 13.20 0.20 6.00 10.30 2.90 0.40 100.45 44.75

Laki lava 1.-791 50.00 2.62 14.10 13.30 0.20 5.80 10.20 2.90 0.39 99.51 43.72

I..;)kiluvu 1.-799· 4950 2.68 13.40 13.61 0.23 5.60 10.20 2.80 0.37 0.28 98.67 42.30

1~lki lava 1.-71)1) 41).70 2./\5 14.110 13.30 0.20 5.110 10.20 2.110 0.38 99.03 43.72
1~lki lava 1.-711l0 49.70 2.55 14.30 13.00 0.20 5.70 1O.411 2.90 0.37 99.12 43.86

Laki lava-P 25.11.90-2 49.% 2.77 13.8/\ 13.77 0.22 5.54 10.45 2.4/\ 0.42 0.28 99.72 41.74

I.nki lava-I' 25.11.90-2 50.11 2.78 13.91 13./\9 0.22 557 10.38 2.44 0.42 0.28 99.79 42.02

Laki luva-P 25.8.90-7 50.10 2.74 13.86 13.97 0.22 5.49 10.43 2.39 0.43 0.29 99.92 41.21

Laki lava-P 355 50.24 2.89 13.55 13.35 0.21 5.68 10.42 2.67 0.45 0.34 99.80 43.12

Laki Iava-P 484 49.94 2.97 13.57 13.67 0.21 5.65 fO.35 2.46 0.44 0.33 99.59 42.41

'~Iki luvu-M I.EI-02 49.60 2.74 13.31 14m 0.22 5.93 10.46 2.67 0.44 0.41 99.81 42.95
Laki luva-M I.m·03plll 49.59 2.6/\ 13.36 13.61\ 0.24 6.09 10.60 2.74 0.46 0.41 99.81 44.27
1~lki luva-M I.EI·04 49.58 2.71 13.27 13.98 0.23 5.94 10.41 2.81 0.47 0.41 99.81 43.08
Luki 11Ivu-M I.EI-12J.i1 50,05 2.61\ 13.49 13.33 0.22 5.Il9 10.68 2.61 0.44 0.44 99.82 44.04
I.llki IlIvlI·M Ull-12,,"1 4

'H)7 2.81l 13.52 13.96 0.23 5.11(, 10.1l7 2./\5 0.43 0.42 91).Il2 42.7R
IJlk; 11Ivn-)) 2/\.Il.C)Il·1 50.17 2.110 13.96 13.96 0.22 5.52 10.42 2.42 0.41 0.29 100.17 41.35
I.uki lnva-D IIcicr, I96/\ 49.10 2.R4 13.71) 13.58 1l.25 5.114 10.63 2.79 0.42 0.30 99.54 43.38
Laki Iuvu-D SAL-8 49.75 2.73 13.85 13.16 0.23 5.90 10.37 2.75 0.47 0.29 99.50 44.41
I..;)ki luva-D SAI.-9n 50.08 2.66 13.91 13.29 0.23 5.91 10.27 2.75 0.44 0.27 99.82 44.22
I.uki luvlI-D SAI.-9h 48.81 2.65 13.94 13.97 0.23 6.08 10.62 2.68 0.43 0.41 99.82 43.67
Laki lavu-D Sat ge (80) 50.52 2.9\ \3.57 13.47 0.2t 5.72 10.34 2.63 0.44 0.38 100.19 43.07

Average 49.58 2.76 13.64 13.57 0.22 5.64 10.33 2.67 0.42 0.34 99.07 42.59

Stand. dey. 0.58 0.18 0.49 0.38 0.02 0.24 0.25 0.15 0.05 0.06 1.09 1.25

IIIComl!ari~on of chcmlcul anulyscs from a ~ingle locution, analyzed hy different laborntorics und techniques

SlImple# SiO, TiO, AI,O, FcO MnO MgO ella Na,O K,o 1',0, 1: Mg#

IJlki lavll-!) SAI.-9n 50,Oll 2.M 13.91 1~.29 0.23 5.91 10.27 2.75 0.44 0.27 99.82 44.22
I~Iki luva-D SAL-9h 4H.81 2.65 13.94 1~.97 0.23 6.08 10.62 2./\8 0.43 0.41 99.82 4~.67

I..;)ki lavu-D Sulge (80) 50.52 2.91 1~.57 13.47 0.21 5.72 10.34 2.63 0.44 0.38 100.19 43.07
Average 49.80 2.74 13.81 1~.58 0.22 5.90 10.41 2.69 0.44 0.35 99.94 43.65

Swnd. dey. 0.89 0.15 0.21 0.35 0.01 0.18 0.19 0.0/\ 0.01 0.07 0.21 0.57

I'-tcphra, phrcntomagmntlc; S-tcphra, Strombolian tephrn deposlts

lnva-P, proximal; IlIvn-M, mcdinl; lava-D. distal II,Vll units.

Stand, dev., standard deviation (20)
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Appendix A-2

Electron microprobe analytical procedures and considerations

Analyses of samples containing glass inclusions and matrix glass were obtained

with an automated, wavelength dispersive, Cameca SX 50 electron microprobe at the

Department of Geology and Geophysics, University of Hawaii at Manoa, USA.

For major elemental analyses of glass we used 15 kV for the accelerating

voltage, 15-20 nA in a beam current regulated mode, and 5-20 prn focused beam. A

counting time of 30 sec was used for the elements Si, AI, Ca, Fe, and K, 40 sec for Ti

and Mg, 60 sec for Mn and P, and 20 sec for Na. Standards used were VG-2 basaltic

glass for SiOz, Ah03, CaO, MgO, and FeO; A-99 basaltic glass for TiOz; t-albite for

NzO; K-spar for KzO; verma garnet for MnO; apatite-l for PzOs. Instrumental

precision and accuracy was tested by repeated analyses of the standards VG-2, A-99

and submarine pillow glasses from the Loihi seamount; samples LO-I-6, and LO-I-4 of

Garcia et al. (1989). These analyses were conducted over a period of 18 months and

the results are shown in (Table A-4). All standard deviations are reported as 20. The

relative analytical precision for major elements is <1% for Si, AI, and Ca, <2% for Ti,

Fe, and Mg, and <2.5 % for Na. Precision for minor elements is <5% for K, 15 % for

P, and <20% for Mn. In general the analytical accuracy is s! % for Si, AI, Fe, and Ca,

:5:3% for Ti, Mg, Na, and K, and :520 % for P and Mn (Table A-4).

Elemental analyses of Sand Cl where conducted by the Cameca Trace program,

using the same general setup as major element analyses and with a counting time of 200

sec. Troilite (36.47 wt.% S) was used as a standard for sulfur; scapolite (1.43 wt.% CI)

for chlorine. Correspondence of peak positions between standards and glasses was

established and interference-free backgrounds were selected on both sides of the

respective elemental peaks. According to counting statistics, the estimated detection
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limits for Sand Cl are 110 ppm and 90 ppm, respectively. Precision for sulfur is 80

ppm (-6%) and for Cl it is 60 ppm (.....18%).

The same samples where also analyzed for S, Cl, and F by using the CSIRO

trace automated routine of Robinson and Graham (1992) with 15 kV accelerating

voltage, 80 nA beam current, 10 pm focused beam, and a counting time of 400 sec.

Troilite (36.47 wt.% S) was used as a standard for sulfur, scapolite (1.43 wt.% Cl) for

chlorine, and apatite (3.4 wt.% F) for fluorine. The Siro-Trace routine includes a drift

tolerant collection strategy attained by applying continually-alternating peak and

background measurements at pre-set intervals (I used an interval length of 40 sec).

Measurements from each interval are collated and given as a running total. This

maximizes the difference between counts on peak to background and enhances the

trace-element detection. In addition, the beam current is measured at the beginning of

each interval that frees the sample from electron bombardment for several seconds.

This procedure minimizes heating of the sample during analysis and therefore loss of

volatile elements. This systematic interruption of electron bombardment on the sample

allows usage of a higher beam current and a longer counting time, both which work

towards improving the x-ray counting statistics. Runs lasting 800 sec were conducted

to examine potential loss of the elements considered (especially F) due to vaporization

from the glass sample as it is subjected to electron bombardment for several hundred

seconds. The results show no detectable loss in any of the elements with a counting

time over 800 seconds (Fig. A-I) and that counting rates form a relatively flat plateau

after -250 sec. This suggests that a counting time of 400 seconds is sufficient to obtain

reliable results, although 600 seconds may necessary for F. Precision for S = 20 ppm

(-1.5%), Cl = 15 ppm (~5%), and F = 60 (:::;20%). The estimated detection limits (20)

for S, Cl, and F are 35 ppm, 30 ppm, and 90 ppm, respectively. Raw data were

corrected using ZAF procedures and standard deviation calculated as 20. As can be
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inferred from Table A-4, an excellent agreement exists between the Sand CI values

obtained from these two different analytical routines, which asserts the reliability of our

results. Accuracy is difficult to judge because of the lack of suitable standards,

although our results for S content of VG-2 (Table A-4) are comparable to that obtained

by 1345 ppm (Clague and co) and the difference of -10% may be attributed to the

Cameca ZAF correction procedure. Furthermore, our S value for LO-I-4 is similar to

that reported by Garcia et al. (1989), obtained by mass spectrometry, but for LO-I-6 we

attained a much higher S value. LO-I-6 contains a small fraction of olivine crystals

that may explain the discrepancy since the value obtained by the mass spectrometry

routine is based on the assumption that the sample is pure glass (D. Muneow, personal

communication, 1993). In terms of CI and F, the results these two Loihi samples are

not at all comparable (Table A-4). It may be added that S. Sherman (personal

communication, 1994) has obtained similar CI and F values as reported here for the

samples VG-2, A-99, LO-I-4, and LO-I-6 by applying the CSIRO-trace program

routine on the same electron microprobe.
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Table A-4. Representative. analyses of microprobe glass standards by Cameca and CSIRO trace routines, analyzed as unknowns.

VG-2 Reponed 50.81 1.85 t4.06 tl.84 0.22 6.91 11.12 2.62 0.19 0.20 0.1345 99.95

Cameca routine This study 50.77 1.84 14.05 11.74 0.21 6.86 11.14 2.66 0.19 0.21 0.1468 0.0291 99.85

N-134 Stand. dev. 0.27 0.04 0.12 0.16 0.03 0.08 0.10 0.05 0.02 0.02 0.0070 0.0053 0.39

CSIRO routine This study 0.1469 0.0293 0.0278

N-II Stand. dev. 0.0019 0.0016 0.0038

Precision (%) 0.53 2.27 0.85 1.38 14.20 1.21 0.94 1.83 8.69 11.37 4.74 18.24 0.40

CSIRO·Precision (<;<) 1.27 5.33 13.78
Accuracy (%) 0.09 0.33 0.05 0.84 5.24 0.67 0.16 1.65 0.82 4.55 9.18 0.11

A-99 Reponed 50.94 4.06 12.49 13.30 0.15 5.08 9.30 2.66 0.82 0.38 99.18

Cameca routine This study 51.25 4.01 12.59 13.42 0.18 4.88 9.29 2.67 0.82 0.45 0.0134 0.0233 99.61

N - 60/37 Stand. dev, 0.29 0.07 0.12 0.25 0.03 0.Q7 0.10 0.06 0.02 0.06 0.0053 0.0049 0.43

CSIRO routine This study 0.0219 0.0216 0.0705

N=12 Stand. dev, 0.0014 0.0021 0.0056

W
Precision (%) 0.56 1.82 0.99 1.84 17.72 1.50 1.09 2.40 2.60 13.17 39.61 21.26 0.43

..... CS1RO-Precision(<;<) 6.45 9.52 7.97
00 Accuracy (%) 0.60 1.19 0.77 0.94 20.86 3.88 0.15 0.55 0.22 19.53 0.43

LO-1-6 Reponed' 49.24 2.67 13.61 12.01 6.70 11.59 2.57 0.44 0.32 0.1020 0.0650 0.0060 99.32

Cameca routine This study 49.05 2.69 13.59 11.87 0.16 6.86 11.83 2.45 0.43 0.22 0.1608 0.0324 99.33

N-20/4O Stand. dey. 0.30 0.05 o.u 0.13 0.03 0.05 0.09 0.06 0.02 0.02 0.0109 0.0054 0.43

CSIRO routine This study 0.1608 0.0295 0.0424

N-5 Stand. dey. 0.0023 0.0008 0.0079
Precision (%) 0.62 1.79 0.83 1.10 19.96 0.69 0.79 2.38 4.65 9.96 6.77 16.67 0.43

CSIRO·Precision (o/c) 1.40 2.60 18.68

Accuracy (%) 0.38 0.70 0.17 1.15 2.34 2.04 4.78 2.83 29.95 0.01

LO-l-4 Reponed' 48.69 2.82 13.44 11.82 6.81 11.68 2.54 0.54 0.32 0.1520 0.0950 0.0060 98.91

Cameca routine This study 48.57 2.78 13.59 11.89 0.18 6.81 11.73 2.63 0.53 0.26 0.1564 0.0466 99.17

N-21/4O Stand. dey. 0.28 0.04 0.10 0.14 0.03 0.06 0.09 0.05 0.02 0.02 0.0084 0.0081 0.46

CSIRO routine This study 0.1563 0.0451 0.0483
N-6 Stand. dey. 0.0021 0.0017 0.0067

Precision (%) 0.57 1.61 0.75 1.16 16.44 0.86 0.73 1.75 3.52 8.03 5.36 17.36 0.47

CSIRO·Precision (%) 1.35 3.72 13.97

Accuracy (%) 0.25 1.48 1.09 0.60 0.05 0.44 3.64 2.31 19.37 0.26

*Garcia et ai, 1989
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Fig. A-I. Microprobe analyses of S, CI, and F in the standards VG-2 and A-99
applying the CSIRO-trace routine and a counting time up to 800 seconds. Bars indicate
the standard deviation (10') calculated automatically as a running total during analysis.
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Appendix A-3

Preliminary results on volatiles in eruption products from the 934 A.D. Eldgjd and

8500 B.C. Thjorsd basaltic fissure eruptions in Iceland

The Eldgjd fissure eruption: The eruption of Eldgja in southern Iceland

produced a large volume of transitional alkali basalt lava and tephra, typical of

eruptions related to the Katla volcanic system (Miller, 1989; Larsen, 1990). The

volume of magma produced by the 75-km-long fissure system is 14.2 km3 (lava = 13.6

km3; tephra = 0.6 km-'). The eruption was characterized by events of vigorous

Strombolian and phreatomagmatic activity that alternated with longer periods of intense

lava fountaining and lava outpourings. A large acidity peak in the Greenland ice cores

is associated with the Eldgja eruption which suggests that the eruption may have lasted

for -3 years (Hammer, 1985). I have analysed glass inclusions and matrix glass from

tephra and lava samples collected from the Eldgja eruption products at proximal as well

as distal locations and the results are presented in Table A-5. The potential atmospheric

loading of volatiles by the Eldgja eruption was estimated by applying the degassing

model presented in Chapter 2 and the results are presented in Tables A-6 and A-8.

Tjhorsafissure eruption: The Great Thjorsa lava flow is dated to 8580 ± 140 by

C-14 (Vilmundard6ttir, 1977; Hjartarson, 1988; Vilmundard6ttir et al., 1990) and

produced the largest subaerial lava flow (-21 km-) in the Northern Hemisphere over

the last 10,000 years. Volume of tephra produced is unknown. A large acidity peak at

-1715 m in the Dye3 ice core from Greenland, dated to 8700 ± 150 years (Hammer et

aI., 1986), may be the product of this eruption. Analyses of glass inclusions and matrix

glass from Thjorsa tephra and lava samples are presented in Table A-5. The samples

were collected from several proximal and distal locations (Thordarson, unpublished

data, 1995). Estimates on the potential atmospheric loading of S02 by the Thjorsa

eruption are given in Tables A-7 and A-9.
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Table A-5. Microprobe analyses of products from the AD Eldgja and 8500 BP Thjorsa eruptions.

a) Representath'e analyses of elass inclusions and matrix zlass of AD 934 Eldgja fissure eruption

SiO, TiO, AI,a, FeO MnO MgO CaO Na,a K,a p.o. S CI F I
Plag + cpx Glass inclusions 46.27 4.49 12.46 16.12 0.21 5.31 10.19 2.72 0.66 0.44 0.2177 0.0346 0.0900 99.22

Na8 Stand. dey. 0.51 0.15 0.33 0.35 0.01 0.10 0.22 0.07 ON 0.04 0.0164 0.0022 0.0050 0.69

Matrix glass Stromboliantephra 47.58 4.69 12.79 15.32 0.23 4.90 9.88 3.01 0.78 0.60 0.0577 0.0373 0.0832 99.94
N -22128 Stand. dey. 0.29 0.Q7 0.14 0.39 0.02 0.25 0.16 0.08 0.03 0.06 0.0076 0.0015 0.0024 0.24

W Matrix glass Phreatomagmatic tephra 47.10 4.47 12.98 15.37 0.23 5.21 10.27 2.84 0.68 0.63 0.0769 0.0327 0.0783 99.90
IV N - 32/24 Stand. dey. 0.26 0.14 0.18 0.22 0.01 0.24 0.34 0.10 0.07 0.15 0.0212 0.0040 0.0093 0.33

b) Representative analvses of zlass inclusions and matrix alass of 8500 BC Thj6rsa fissure eruption

SiO, TiO, A~O, FeO MnO MgO CaO Nap Kp Pp. S CI F I
Plag+ cpx Glass inclusions 49.68 1.82 13.58 13.63 0.22 6.81 11.24 2.27 0.23 0.17 0.1575 0.0185 0.0285 99.84

N-7 Stand. dey. 0.18 0.03 0.05 0.12 0.04 0.09 0.Q7 0.06 0.01 0.01 0.0086 0.0050 0.0030 0.21

Matrix glass Phreatomagmatie tephra 50.15 1.82 13.70 13.11 0.23 6.55 11.40 2.33 0.26 0.18 0.0832 0.0107 0.0354 99.87
N-9 Stand. dey. 0.49 0.05 0.14 0.33 0.02 0.20 0.16 0.09 0.03 0.04 0.0118 0.0066 0.0096 0.47

Matrix glass Lava selvage 50.21 3.22 12.16 15.85 0.28 4.79 9.71 2.68 0.48 0.36 0.0497 0.0221 0.0497 99.84
N a 11:8 Stand. dey. 0.08 0.04 0.06 0.26 0.03 0.14 0.08 0.08 0.03 0.06 0.0037 0.0096 0.0670 0.12

plag•.plagioclase; cpx, clinopyroxene

~. numberof analyses; Stand. dev., standard deviation (20)



TableA-6.

a) Averaged concentration (in ppm) of volatile species in the Eldgja eruption products.
S a F E

Inclusions
Eldgja type (Vi) 2175 345 900

±164 ±33 ±SO
Tephra

Phreatomagmatic (vp) 795 325 785
±210 ±4O ±95

Strombolian (Vt) 575 375 830
±75 ±15 ±25

Lava
Lava selvage (VI)

Crystal. lava (vc) 70* 2901\ 47Q1\

b) Volatile abundances (in ppm) used in mass balance calculations.
~S ~CI ~F

vi-ve 2105 55 430
vi-v. 1600 70
v-ve 505 55 360

c) Estimates on degree of magma degassing at various eruption stages.
S a F

3420

1905

1780

830

2590
1670
920

vi-ve 97%
vi-v. 74%
v-ve 23%
~ 3%

16%

16%
84%

48%
8%
40%

52%

76%
49%
27%

24%

vi: Amount dissolved in magma prior toeruption.
vi-Vc: Total amount released from magma during the eruption.
vi-Vt: Amount released at vents.
Vt-vc: Amount released by lava.
vc: Amount retained insolidified lava.
*From Torssander (1989); /I, From Sigvaldason and Oskarsson (1986).
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TableA-7.

a) Averaged concentration (in ppm) of volatile species in the Thj6rsa eruption products.

S a F E

Inclusions
Thjorsa type (Vi) 1575 185 285

±85 ±50 ±30
Tephra

Phreatomagmatic (vp) 830 105 355
±120 ±65 ±95

Vent lava (vt") 500 220 495
±35 ±95 ±65

Lava
Lava selvage (VI) 385 180 400

±30 ±90 ±60
Crystal. lava (ve) 90* 155" 505"

b) Volatile abundances (in ppm) used in mass balance calculations.

~s ~Cl ~F

2045

1290

1215

965

750

vi-ve
vi-v."
Vt"-VI

VI-Vc

1485
1075
115
295

30

30

c) Estimates on degree of magma degassing at various eruption stages.

S Cl F

vr-ve 94%
vr-v." 68%
Vt"-VI 7%
vi-ve 19%

~ 6%

16%
-%

16%
84%

vi: Amount dissolved in magma prior to eruption.

vi-vc: Total amount released from magma during the eruption.

Vi-Vt": Amount released at vents.

Vt"-VI: Amount released by lava during flow emplacement.

vl-vc: Amount released by lava after flow emplacement.

vc: Amount retained in solidified lava.
*From Torssander (1989); 1\ From Sigvaldasonand Oskarsson (1986).
" Value of 500 ppm S is used, equivalent to the measured S concentration in lava selvages and

approximates the S concentration in lava as it emergesfrom the vents.
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Table A-S. Estimates on the mass (in megatons) of volatiles disolved in the Eldgja
magma prior to eruption and released by various phases during the eruption.

502 HCI HF :E

mr 170 14 37 221
m-rn, 165 2 18 185
mrmv 125 3 128
mv-mc 40 2 15 57

mc 5 12 19 36

mr: Original mass in magma.

mrmc: Total mass released from magma during the eruption.

m-rno: Mass released at vents.

mrmc: Mass released by lava.

mc: Mass retained in lava.

Volume of magma used in the calculations of 14.2 km3 is from Miller (1989) and magma density is

taken as 2750 kg m-3.

Table A-9. Estimates on the mass (in megatons) of volatiles disolved in the Thjorsa
magma prior to eruption and released by various phases during the eruption.

mr
m-rn,

mrmv

mo-mi
mj-m-

mc

502
179
168

122
13
33

10

HCI
11
2

2

9

HF
17 207

mr: Original mass in magma.

mrmc: Total mass released from magma during the eruption.

mrmv: Mass released at vents.

me-nu: Mass released by lava during flow emplacement.

mj-m-: Mass released by lava after flow emplacement.

mc: Mass retained in lava.

Volume of magma used in the calculations of 21.0 km3 is from Vilmundard6ttir (1977) and magma

density is taken as 2750 kg m-3.
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Appendix B. Historical accounts containing information on the Laid

haze and the weather in the years 1783 and 1784

Appendices B-1 to B-4 contain historic information on the haze (dry fog)

produced by the Laki eruption in the summer and fall of 1783. Appendix B-1 contains

a listing of the observation locations of and sources that provided the information. In

Appendix B-2 we present a collection of descriptions containing information regarding

the occurrence, characteristic, and effects of the Laki haze in Iceland. In Appendix B-3

the same information is presented for the regions outside of Iceland. Most of these

source pertain to the occurrence of the Laki haze in Europe, although several sources

contain information on the haze over Asia and North Africa. The only reliable source

of information on the presence of the haze over North America comes from western

Greenland, but an extensive research of the early historical records in western United

States and Canada may reveal further information in this regard. They also contain

brief descriptions of the weather and related phenomena when this information is

available. Appendix B-4 consists of tables that show the annual, summer, and winter

mean temperatures for the period 1768-98as calculated from the available instrumental

records. It lists the mean temperature at each weather station, each geographic region,

and the overall mean. Also provided are descriptions of the method for evaluating the

cumulative distribution of cold years and cold seasons during the period 1768-98 at all

available weather stations, along with tabulation or" the data used in the analysis.

The information gathered here is used in the body of this work to assess the

spread and distribution of the haze and its possible effects on weather and climate in the

Northern Hemisphere in 1783 and the years that followed. It also constitutes a data

base on which assessments regarding the potential effects of future Icelandic eruptions

and larger basaltic outpourings such as flood basalts, can be made.
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Appendix R-l. Locations of observation and listing of sources providing
information on the Laki haze

Here we have categorized the information we have obtained on the Laki haze,

according to type of source. Weather logs are unpublished or published sources that

contain systematic daily documentationof the weather and related phenomenon, as well

as specific remarks concerning the Laki haze; Annels, official reports, dissertations,

journal articles and books include sources that have been published either as an

indipendent work or a part of a larger compilation; Newspaper articles encompass

contemporary articles and letters containing information on the Laki haze and

associated phenomenon; and the category Personal diaries and letters is self

explainatory. Within each category the sources are listed according to their geographic

origin, e.g., name of location along with geographic co-ordinates. Attached is a brief

summary regarding the content of each account and the source reference. Complete

references are provided in the bibliography at the back of this thesis, with the exception

newspaper articles where the author is unknown, which then are given here in full.

Weather logs
Grund, Eyjafjordur, Iceland (65°30'N, ISOJ5'W)

Provides information on haze, optical phenomena, weather, effect on vegetation and animals.
Jonsson (1783).

Lambhus, Aljtanes,lceland (64°0B'N, 22°00'W)
Provides information on haze, optical phenomena and weather. Lievog (1783).

Spydberg, Norway (59°30'N, 26°0'50'£)
Provides information on haze, effect on vegetation and weather. Source: Wilse (1783). See also
Kamtz (1845) and Thoroddsen (1914).

Nuuk (Godthdb, -M°N, -52°W), Greenland
Provides information on haze. Source: Author unknown. Ephemerides Societatis Meteorologicae
Palatinae, Observationes Anni 1787, Appendix: pp. 48.

Copenhagen, Denmark (55°40'N, 12°30'E)
Provides information on haze and weather in the summer Source: Bugge (1783).

Stockholm, Sweden (59°15'N, 18°5'£)
Provides information on effects on haze, thunderstorms, and weather. Source: Nicander (1783).

Middleburg, Holland (51°30'N, 3°35'E)
Provides information on haze and weather. Source: Perre (1783). See also Thoroddsen (1914).

Brussels, Belgium (50050'N, 4°20'£)
Provides information on weather. Source: Mann and Chevalier (1783).
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Dijon, France (47°20'N, 5°E)
Provides information on haze, optical phenomena, effect on vegetation, and weather. Source: Maret
(1783). See also Kamtz (1845), TraumiiIIer (1885), and Thoroddsen (1914).

La Rochelle, France (46°10'N, _lOW)
Provides information on haze, optical phenomena, and weather. Source: Seignette (1783). See also
Kamtz (1845) and Thoroddsen (1914).

Dusseldorf, Germany (51°15'N, 6°55'E)
Provides information on weather. Source: Liessen and Phennings (1783). See also Thoroddsen
(1914).

Berlin, Germany (52°25'N, 13°20'E)
Provides information on haze, atmospheric phenomena, and weather. Source: Beguelin (1783). See
also TraumiiIIer (1885) and Thoroddsen (1914).

Gottingen, Germany (51°30'N, 9°55'E)
Provides information on haze, atmospheric phenomena, and weather. Source: Gatterer (1783). See
also Thoroddsen (1914).

Erfurt, Germany (51°N, 1JOE)
Provides information on haze and weather. Source: Planer (1783). See also Thoroddsen (1914).

Wiirtzburg, Germany (49°50'N, 9°55'E)
Provides information on haze and weather. Source: Egel (1783).

Mannheim, Germany (49°30'N, S025'E)
Provides detailed information on haze, atmospheric phenomena, and weather. Source: Hemmer and
Konig (1783). See also Thoroddsen (1914).

Peissenberg, Germany (47°50'N, 1JOE)
Provides information on haze, atmospheric phenomena and weather. Source: Schwaiger (1783). See
also Thoroddsen (1914).

Tegernsee, Germany (47°45'N, 11°50'E)
Provides information on haze and weather. Source: Donaubauer (1783). See also Thoroddsen
(1914).

Munich, Germany (4SO JO'N, 1J030'E)
Provides information on haze and weather. Source: Huebpauer (1783). See also Thoroddsen (1914).

Monte Sancto Andex in Bavaria (-4SON, _12°E)
Provides information on haze and weather. Source: Kettel (1783).

Regensburg, Germany (49°N, 12°5'E)
Provides information on haze, atmospheric phenomena, and weather. Source: Heinrich (1783).

Geneva, Switzerland (-46°20'N, 6°1o'E)
Provides information on haze, optical phenomena, and weather. Source: Senebier (1783). See also
de Lamanon (1783; 1799), van Swinden (1783), Kamtz (1845), Traumiiller (1885), and Thoroddsen
(1914).

St. Gotthards, Switzerland (-46°35'N. S035'E)
Provides information on haze, optical phenomena, and weather. Source: Onuphrio (1783). See also
Kamtz (1845), Traumiiller (1885), and Thoroddsen (1914).

Padua, Italy (-45°30'N, 11°50'E)
Provides information on haze, optical phenomena, effect on vegetation, and weather.
Source: Toaldo (1783). See also Lamanon (1783), van Swinden (1783), Traumiiller (1885), and
Thoroddsen (1914).

Bolognia, Italy (-44°30'N, 11°30'E)
Provides information on haze and weather. Source: Matteuci (1783).
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Rome, Italy (41°50'N, 12°30'E)
Provides information on haze and weather. Source: CalandrelIi (1783). See also Thoroddsen (1914)

Prague, Czech (5005'N,14°30'E)

Provides information on haze, atmospheric phenomena and weather. Source: Stmadt (1783). See
also Thoroddsen (1914).

Buda (Budapest), Hungary (47°30'N, 19°E)
Provides information on haze, atmospheric phenomena, and weather. Source: Weiss (1783). See
also Kamtz (1845) and Thoroddsen (1914).

Zagan, Silesia, Poland (51°35'N, 15°1O'E)
Provides information on haze, atmospheric phenomena, and weather. Source: Persus (1783). See
also Thoroddsen (1914).

St. Petersburg, Russia (59°55'N, 30°1 O'E)
Provides information on haze and weather. Source: Euler (1783).

Moscow, Russia (55°20'N, 37°30'E)
Provides information on haze and weather. Source: Engel (1783). See also Kamtz (1845),
Thoroddsen (1914), Thorarinsson (1981).

Annels, official reports, dissertations, journal articles and books
Iceland (65°N, 1SOW),general considerations

Provides information on haze, ash-fall, optical phenomena, and effects on vegetation and animals.
Sources: Magnusson (1783), Holm (1784), and Stephensen (1785).

West-Skaftafellshire, SE-Iceland (63°50'N, JS030'W)
Provides information on haze, ash-fall, optical phenomena, weather, and effects on vegetation and
animals. Sources: Steingrimsson (1783; 1788), Eiriksson (1783), and Gudmundsson (1783).

East-Skaftafellshire SE-Iceland (64° I5'N, 16°00'W)
Provides information on haze, ash-fall, and effects on vegetation and animals. Source: Bjornsson
(1783) and Einarsson and Einarsson (1786).

South-Mtilashire, E-lceland (64°40'N, )4°15'W)
Provides information on haze, optical phenomena, and effects on vegetation and animals.
Source: Sveinsson (1783; 1784).

North-Mtllashire, E-lceland (65°40'N, )4°45'W)
Provides information on haze, optical phenomena, and effects on vegetation and animals.
Source: Thorsteinsson (1783).

Thingeyjarshire, NE-Iceland (65°40'N, ]7°00'W)
Provides information on haze, optical phenomena, and effects on vegetation and animals.
Sources: V. Jonsson (1784), S. Thorarinsson (1784), and Gunnlaugsson and Rafnsson (1984).

Eyjafjordurshire, N-Iceland (65°40'N, 1SO1O'W)
Provides information on haze, ash- and dust-fall, optical phenomena, weather, and effects on
vegetation and animals. Sources: Thorsteinsson (1784) and J. Jakobsson (1784).

Sk-'Jafjordurshire, N-Iceland (65°40'N, 19°30'W)
Provides information on haze, ash- and dust-fall, optical phenomena, weather, and effects on
vegetation and animals. Source: Palsson (1784).

Hunavatnsshire, NW-Iceland (65°30'N, 20030'W)

Provides information on haze, ash- and dust-fall, optical phenomena, weather, and effects on
vegetation and animals. Source: Petursson (1783) and Gislason (1784).
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Strandashire, NW-Iceland(66°00'N, 23°00'W)
Provides information on haze, ash- and dust-fall, weather, and effects on vegetation and animals.
Source: H. Jakobsson (1784).

isafjordurshire, NW-lceland(65°40'N, 19°30'W)
Provides information on haze, dust-fall, and effects on vegetation and animals. Source: Arn6rsson
(1784).

Borgarfjdrdurshire, W-Iceland(64°30'N. 2J045'W)
Provides information on haze, optical phenomena, and effects on vegetation and animals.
Source: Stephensen (1783) and Eggertsson (1784).

Mymshire. W-lceland(64°40'N, 22°00'W)
Provides information on haze and effects on vegetation. Source: Ketilsson (1784).

Hnappadalsshire, W-/celand(64°50'N.22°30'W)
Provides information on haze and weather. Source: Petursson (1784).

Kjosashire, SW-/celand(64°20'N, 21030'W)

Provides information on haze and effect on vegetation. Source: V. Th6rarinsson (1784).

Hafnarfjordur, SW-Iceland (64°08'N. 22°00'W)
Provides information on haze, ash-fall, optical phenomena, and weather. Source: Svendborg (1783).

Rangavallashire, S-Iceland(63°50'N. 20030'W)

Provides information on haze, ash-fall, effects on vegetation and animals, and weather.
Source: Th6rarinsson (1783) and J. J6nsson (1784).

FaeroeIslands(62°N.7°W)
Provides information on haze, ash-fall, and unusual weather. Source: H61m(1784).

Norwegian Sea (-53°N, /OoW)
Provides information on ash-fall on ships. Source: Holm (1784).

Trondheim (63°20'N. /0030'E) and otherplaces Norway
Provides information on haze, acid rain, effect on vegetation, and unusual weather. Source: H61m
(1784); Also, unpublished notes by late Professor Sigurdur Thorarinsson at the University of Iceland
(see Appendix B-3).

Bergen. Norway(60030'N. 5°20'E)
Provides information on haze and dustfall; occurrence of haze and dust-fall. Source: Annalar 1400
1800: pp. 456. Compiled by Petur Thorsteinsson and Brun (1786).

Copenhagen. Denmark(55°40'N. 12°30'E)
Provides information on haze, dust-fall, and weather in the summer. Source: Holm (1784).

Abo. Finland(60030'N, 22°E)
Provides information on haze, effect on vegetation and weather. Source: Waderleks-Journaler in
1783,10: 218-19.

Caithness. Scotland(5S030'N. 3°30'W)
Provides information on ash-fall and effect on vegetation. Source: Geikie (1903).

Franeker and nearby regions,Holland (_53° /5'N. 5°30'E)
Provides information on haze, atmospheric phenomena, effect on vegetation, and weather.
Source: Swinden (1783). See also Kamtz (1845), Traumiiller (1885), and Thoroddsen (1914).

Le Havre, France(49°40'N, 005'E)
Provides information on haze, optical phenomena, and weather. Source: Le Golft (1783).

SalondeProvenceand nearby regions. France (-43°40'N. 5°E)
Provides information on haze, optical phenomena, and weather. Sources: Lamanon (1783; 1799),
Edinburgh Evening Courant, 13 August 1783, Silva Belle (1783), and Thoroddsen (1914).

Avignon, Provence, France (43°55'N, 4°50'E)
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Provides information on haze. Source: Thoroddsen (1914).

Dauphine province, France (-45°N, 6°E)
Provides information on haze and thunderstorm, Suurce: Lamanon (1783; 1799).

Rodheim, Germany (Just north 0/Frankfurt am Main)
Provides information on haze, optical phenomena, and weather. Source: Christ (1783).

Neuchatel, SWitzerland (-47°N, 6°55'E)
Provides information on the haze. Sources: Swinden (1783) and Traumiiller (1885).

Olen, Switzerland (-46°40'N, /0020'E)
Provides information on the first occurrence of the haze. Source: Traumiiller (1885) and Thoroddsen
(1914).

Turin (Torino), Italy (-45°N, 7°40'E)
Provides information on the first occurrence of the haze. Source: Lamanon (1783).

Venice, Italy (-45°30'N, 12°J5'E)
Provides information on haze and dust-fall. Source: Swinden (1783) and Thoroddsen (1914).

Florence, Italy (-43°50'N, I JO15'E)
Provides information on haze. Source: Swinden (1783).

Tripoli, Syria (now Lebanon; 34°30'N, 35°55'E)
Provides information on haze and weather. Source: Swinden (1783).

Altai Mountains, Asia (-49°N, 85°'E)
Provides information on haze and weather. Source: Renovantz (1788). See also Th6rarinsson
(1981).

Newspaper articles
Hafnarffdrdur, Iceland (65°N, 18°W)

Provides information on haze, ash-fall, optical phenomena, and effects on vegetation.
Source: Siinckenberg (1783).

Skagafjiirdurshire, N-Iceland (65°40'N, J9°30'W)
Provides information on haze and optical phenomena. Source: Kiebenhavnske Tidende, No 96, 1
December 1783.

Westman Islands, S-Iceland (63°25'N, 20° J5'W)
Provides information on haze, ash-fall, optical phenomena and effect on vegetation.
Source: Kiebenhavnske Tidende, No 96, 1 December 1783.

Amodt in (Jsterdal, Norway (61"N, 9°30'E)
Provides information on severe thunderstorm on 16 June 1783. Source: Nordske Intelligenz-Sedler,
34, Wedensday 20 August, 1783: pp. 1.

Viborg, Denmark (56°30'N, 9°30'E)
Provides information on thunderstorms and lightning. Source: Jydske Efterretninger, No 37,
12 September 1783.

Goteborg, Sweden (57°45'N, )2°E)
Provides information on severe thunderstorms, Source: Mit allernadigster Kayserlichen Freyheit
Staats- und ge1ehrte Zeitung des Hamburgischen unparteyischen Correspondenten, No 120,
29 July 1783.

South Halland Province and Eidsberg Pastorat in South Halland, Sweden (-57°N, -J3°E)
Provides information on haze, atmospheric phenomena, effect on vegetation, and weather.
Sources: Goteborgs Allehanda Tuesday, No 54,8 and 22 July 1783; Stockholms Posten, No 171, pp.
3; Tuesday, 29 July 1783; and No 203, 4 September 1783, pp. 2.
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FlundreHdrad in Alvsborg Province (-58°N, _13°E) Sweden
Provides information on haze and effect on vegetation. Source: Stockholms Posten, No 160;
Tuesday, II July 1783

FrdknaHdrad in Alvsborg Province (-5SON, _13°E), Sweden
Provides information on a thunderstorm, Source: Goteborgs Allehanda, No 51; 27 June 1783: pp.2;
Stockholm Posten, No ISO, 4 July 1783: pp. 3.

Ydnersborg. Bohus,Sweden (5SO15'N, 12°15'E)
Provides information on effects on vegetation and failed harvest. Source: Goteborgs Allehanda, No
65; 15 August 1783: pp.2.

Fdgelvik, Ydrmland, Sweden (-59°30"N, -12°30'E)
Provides information on a thunderstorm, Source: Stockholms Posten, No ISO,4July 1783: pp. 3.

Skdrkinds Socken, ¢ster-Gotland, Sweden (-5S015'N, -15°30'E)
Provides information on effects on vegetation and failed harvest. Source: Stockholm Posten, No 222,
26 September 1783: pp. 3.

Nykiiping, Sweden(5S045'N, /7°E)
Provides information on haze and failed harvest. Source: Stockholms posten, No 212, IS September
1783: pp.3.

Sodermanland. Sweden(-59°N, -16°15'E)
Provides information on effects on haze, thunderstorms, and weather. Source: Kiebenhavns allene
Konglige priviligerede Adresse-Contoirs med Posten forsendende Efterretninger, No 170, 5
September 1783: pp.1.

Uppsala, Sweden(59°50'N, /7°45'E)
Provides information on weather in early summer of 1783. Source: Stockholm Posten, No 146,
30 June 1783: pp. 3.

Dalarna,Sweden(-6I°N, 14°E)
Provides information on thunderstorms and weather. Source: Jydske Efterretninger, No 49,
5 December, 1783.

Luled, Norrbotten, Sweden (65°40'N, 22°15'E)
Provides information on failed harvest. Source: Stockholm Posten, No 293, 19 December 1783:
pp.3.

Leeds, England(53°40'N,/030'W)
Provides information on thunderstorms, Source: Morning Herald, 18 July 1783.

Liverpool,England(53°20'N, 3°W)
Provides information on thunderstorms, Source: Jydske Efterretninger, No 41, to October 1783.

Derby, England(53°20'N, 3°W)
Provides information on thunderstorms and haze. Source: The Aberdeen Journal, 1783.

Birmingham, England(52°30'N, 2°W)
Provides information on thunderstorms, Source: The Norfolk Chronicle, 12 July 1783.

Norwichand nearbyregions ofNorfolk, England (52°30'N,/030'E)
Provides information on haze, effect on vegetation and thunderstorms, Sources: Bryant (1783) and
The Norfolk Chronicle, 12 July 1783.

Cambridge, England(52°15'N, 1°15'W)
Provides information on thunderstorms, Source: The Aberdeen Journal, July 1783.

Oxford,England(51°45'N, 0°10'E)
Provides information on thunderstorms, Source: The Aberdeen Journal, July 1783.
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London. England (51°30'N. 0°)
Provides information on thunderstorms. Source: The Norfolk Chronicle, 20 July 1783; The Morning
Herald, 2 September.

Amsterdam. Holland (52°25'N. 4°50'E)
Provides information on haze and weather. Source: Odense Adresse -Contoirs Efterretninger, No 36,
Friday 18 July 1783: pp. 2-3; Kobenhavnske Tidender, No 64, Monday 11 August 1783: pp. 2-3

St Quentin, France (49°50'N. 3°15'E)
Provides information on haze, optical phenomena, effect on vegetation, and weather. Source: Rigaut
(1783).

Laon, France (49°40'N. 3°40'E)
Provides information on haze, optical phenomena, and weather. Sources: Cotte (1783) and Swinden
(1783).

Paris. France (4S050'N, 2°15'E)
Provides information on haze, optical phenomena, and weather. Sources: The Morning Herald and
the Daily Advertiser, London, 11 July 1783; Journal de Paris No 190, 9 July 1783; The Morning
Chronicle and London Advertiser, 20 July 1783; London papers, 2 August 1783; Jydske Eterretninger
No 33, 15 August 1783; Odense Adresse-Contoirs Efterretninger No 37, 22 July 1783.

Auxerre (47°50'N. 3°30'E) and Chalons-sur-Saone (46°50'N. 5°E). France;
Provides information on haze, optical phenomena, and weather. Source: Soulavie (1783).

Saint-Veran in Maconnois, France (-45°N, 7°E)
Provides information on haze in later days of June; character and optical phenomena. Source:
Roberjot (1784).

Languedoc province. France (-44°N, -4°50'£)
Provides information on haze in June 1783. Source: Thoroddsen (1914) and Lamb (1970).

Altona (Hamburg). Germany (53°30'N. JOoE)
Provides information on haze and weather. Source: Fyens Stifts Almindelige Aviser, No 57, Friday
18 July 1783: pp. 2.

Embden, Germany (53°25'N. 7°5'E)
Provides information on haze and weather. Source: Norwich Mercury, 9 August 1783.

Pfaltz-Mainz, Germany (-500N,SOE)

Provides information on haze and weather. Source: Jydske Efterretninger, No 29, Friday 18 July
1783: pp. 3.

Lausanne. Switzerland (-46°30'N. 6°40'E)
Provides information on haze and thunderstorm. Source: Jydske Efterretninger, No 31, 1 August
1783.

Wien (Vienna). Austria (4SOJO'N,16°15'E)
Provides information on weather. Source: Letter from Wien dated 6 August 1783; in the Morning
Herald, section on Foreign Intelligence 2 September 1783.

Naples, Italy (-40050'N. ]4°15'E)
Provides information on haze and weather. Source: The Edinburgh Evening Courant, 23 August
1783.

Plzen, Czech (49°45'N. 13°E)
Provides information on severe thunderstorms. Source: Jydske Efterretninger, No 30, 25 July 1783.

Eger. Hungary (47°50'N, 20°15'E)
Provides information on severe thunderstorms. Source: Jydske Efterretninger, No 30, 25 July 1783.
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Resau(Rzeszow), Poland(5005'N, 22°E)
Provides information on severe thunderstorms, Source: Mit allemadigster Kayserlichen Freyheit
Staats- und gelehrte Zeitung des Hamburgischen unparteyischen Correspondenten, No ]30, ]5
August ]783: pp.4.

Riga, Latvia (57°N, 24°E)
Provides information on good harvest and favorable weather conditions. Source: Jydske
Efterretninger, No 37, ]2 September 1783.

Personal diariesand letters.
Dalashire, W-Iceland (65°05'N, 2/°45'W)

Provides information on haze, optical phenomena, weather, effect on vegetation and animals. M.
Ketilsson (1783). Diaries of the sheriff Magnus Ketilsson, Btidardalur, W-Iceland, preserved at the
NationalLibrary of Iceland; Lbs. 573 4to.

Selbourne, England(51°15'N, J05W)
Provides information on haze, optical phenomena, effect on vegetation, and weather. Source: G.
White's journals from 1768 to 1793 (published in ]970) and G. White (]789).
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Appendix B-2. Occurrence, characteristics, and effects of the Laki haze in Iceland
as inferred from contemporary accounts

Information in this compilation of the Laki haze comes from various documents

written in the years 1783 and 1784 and contain descriptions on the occurrence and

characteristics of the aerosol cloud produced by the 1783-84 Laki eruption in Iceland.

The documents analyzed in this survey include official reports from local county and

state authorities; published articles and books; unpublished contemporary weather logs;

personal letters and diaries. For further references see the bibliography at the back of

this thesis. These descriptions cover all quadrants of Iceland, and therefore,

geographically speaking give a fairly representative picture of the haze as it revealed

itself in the atmosphere over Iceland. It should be kept in mind that the descriptions

naturally are mostly concerned with what was most visible to the observers, the lower

tropospheric component of the aerosol cloud, and even though none of the descriptions

refer directly the upper atmospheric component of the haze, it is by no means proof of

its non-existence. Actual existence of haze in the upper levels of the atmosphere, upper

troposphere and lower stratosphere in this case can be inferred from several documents.

I have chosen to group the accounts into eight groups with reference to

geographic location of the observers or Southeast, East, Northeast, North, Northwest,

West, Southwest and South Iceland. The grouping is primarily done for the sake of

convenience, although it does have merit in terms of local variation of the climate and

weather in Iceland.

General

News releases in newspapers in Denmark concerning the Laki eruption, based

on letters from J.C. Siinckenberg (1783), a merchant in Reykjavik, to the board of

directors of the Danish Royal Monopoly Company of Iceland, give a brief summary on

the events and its effect; here I have only extracted information on the haze. The first
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one was published in Kiebenhavns Adresse Contoirs Efterretninger, 5 September 1783,

the second in Kiebenhavnske Tidender, 8 September 1783:

1. The atmosphere is loaded with haze, smoke, ash, and sand to such an extent that it is

like the whole country is covered by fog.

2. The sulfuric- and saltpeter-haze, smoke, ash and sand that has emerged from the

ground has loaded the atmosphere in such a way that it is like the whole country is

covered by complete darkness and since eight days} after Whitsunday has completely

deprived us of the sun's clear shine, and when it, at sunrise or sunset, has rarely

exposed itself through this dense air, it has the appearance of glowing charcoal. All

over the hay harvest is meager and is believed to be caused by the fine sulfur dust that

the atmospheric haze leaves behind, because in many places the grass has withered.

Milk from cows only amounts to a quart of the normal yield, which is undoubtedly a

direct consequence of the sulfuric- and saltpeter-dust that covers the grass.

Short but truth worthy report on the Earth-fire in West-Skaftafellshire in Iceland, the
year 1783 (S. Magnusson, 1783).

On 1 June we felt strong earthquakes associated with much rumble and din in

the air, similar to the strongest thunder, which lasted for many days. Then the

atmosphere was also filled with fumes, smoke, and dust so thick that one could not see

the sun, and when seen, its appearance was dark-red in color. In several places nearby

it was so dark that one could not read or write at noon. .... The fumes and the smoke

emitted from the fire smelled strongly of sulfur and it crusted the grass, stunted its

growth, and caused it to wither such that the grazing live-stock could not eat it or thrive

on it, and died from starvation in large portions. When rain fell it cleaned the grass and

the live-stock recovered to some degree, but immediately afterwards the dust2 fell over

} That would be 16 June, 1783.

2 Here he is referring to the haze?
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again. This recurred over and over again until the month of October .....The darkness

from the earth-fire that has covered the ocean around this country and the sea in the

fjords, in a similar fashion to thickest fogs, has since 1 June prevented fishing because

the fishermen have not been able to find the fishing grounds ....

A short description of the new volcanic eruption in the West-Skaftafellshire in the year
1783 (Stephensen, 1785).

As the atmosphere was loaded with more and more ash, sand, and sulfuric dust,

along with the column of burning smoke and steam, it became more and more

uncomfortable, odorous, unhealthy, and unbearable, especially for people with

respiratory problems, who during this time could hardly breath. The atmosphere was

loaded with many different foreign materials which partly absorbed the light and

warmth of the sun such that even during mid summer, it caused abnormal and bitter

cold, with occurrences of heavy snow which fell in great quantities on 11 and 21 June,

although it melted right away.....

As the rain itself was loaded with sulfur and ash; it caused intense irritation in

the eyes, along with dizziness in the head, and great pain when it fell on naked skin.

The atmosphere was so loaded with ash and smoke that it striped the sun of its shine

and brightness. The sun was rarely seen and when it was, it had the appearance of

glowing charcoal. The smoke covered the country in this manner for many weeks and

months such that seafarers could not get sightings of land until they were very close to

shore; up in the mountains the fog was so thick that commonly one could not see the

distance of 1/2 mile-' and frequently not even 1/4 mile. In the summer of 1783, the

eruption columns rose to such heights that they were visible at distances greater than 30

miles (30 Danish miles "" 225 km) from the eruption site, just like a large bank of

clouds. These conditions lasted until mid September of the same year but after that

3 Units are Danish miles; I Danish mile = -7.5 km
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time the wind blew mostly from northerly bearings which brought clear atmospheric

conditions. It is rather remarkable that during the summer of 1783 these winds brought

the thickest haze over the country, instead of what one would have expected: that under

such conditions the rising eruption columns in the southern part of the country would

have been carried and dispersed out over to the ocean. Conversely, as the wind blew

from the south it should have carried the smoke in over the country, but in fact it just as

frequently brought clear and calm weather. The reason for this remarkable phenomena,

has been anticipated to be an eruption in the sea north of Iceland or possibly in the old

eastern settlement in Greenland, especially when one takes notice that the most intense

darkness and greatest ash fall occurred with northerly winds. . ...

Furthermore, M. Stephensen puts forth strong and very reasonable arguments

that the thick haze brought over by northerly winds was indeed from the Laki eruption 

haze that was carried northwards by southerly winds and then back in over the island by

northerly winds.

About the earth-fire in Iceland in the year 1783 (Holm, 1784).

Comments on the volcanic haze in Iceland: Even at places furthest away from

the eruption site the sun rays could not penetrate this thick ash-smoke in the

atmosphere. On the few occasions when the sun was visible, it was very red in color,

like blood. This was equally so when the wind was blowing off the salty ocean from

the north-northwest, which brought thick ash- and sulfur-smoke such that one could not

distinguish the sky, the earth, the sea, or the mountains from each other at midday.

This applies especially to West and North Iceland.
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Southeast Iceland

A short narrative .... By Jon Steingrimsson, dated 4 July 1783 at Kirkjubtejarklaustur
in the Sida district.

Sida is one of the so called Fire Districts and is located 50 km south of the Laki

fissures.

These descriptions refer to the first three days of the eruption: Volcanic ash and

hairy material (Pele's hair) was dispersed over this district (i.e., Sida) so footprints

marked in it on the third day of the eruption. The heavy rain that fell from the eruption

column and the steam cloud rising up from the fissure, which now exposed itself by

numerous columns of fire, was contaminated by salty and sulphur smelling water which

caused smarting in the eyes and on the skin. As it fell on the ground, the grass, that was

growing well, withered down to its roots and obtained a yellow color. Lesions and

yellow colorations were found on the legs of live-stock which resulted from their

grazing in the pastures.

The fires that were jetted into the air by the eruption caused unpleasant warming

of the atmosphere here in the district. Because of the fumes the sun appeared with

blood-red color and its natural warmth was reduced considerably; this was followed by

unusual rain-fall and dew. These conditions lasted for several days. The ash and rain

fall was accompanied by a strong odor that still hovers in the air, causing breathing

difficulties to people with respiratory problems.

Letter by Jon Eiriksson at Ljotarstadir in Skaftdrtunga district dated 11 July 1783.

Skaftartunga is located 50 km south of the Laki fissures.

Tephra fall and haze has done much more damage to the east of us because from

the start of the eruption, the wind has mostly been from the west, driving the plume

towards the east. .... Aside for the damage caused directly by the eruption, snowfall
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and hail have caused additional damage because on Sunday of Trinity, 1.5 "alin"4 of

snow accumulated at Btiland, followed by so large that it was astounding and amazing

that any living creature outside at the time survived. At my home the snowfall only

amounted to 3 inches and the hail was of moderate size, even though the distance

between these two farms is only half a (Danish) mile ... , Off and on the darkness has

been so intense that at noon I could not see well enough to write. The greatest damage

to both people and creatures is caused by the permanent sulfur-haze, and if the good

Lord would not have occasionally cleaned the air with rain, no creature would have

survived. Grass is completely scorched in most places and the material that has fallen

out of the sky looks like ink and caused malnutrition and dysentery in the grazing live

stock.

Report from Lydur Gudmundsson sheriff of West-Skaftafellshire, S-Iceland to L. A.
Thodal Prefect dated 26 July 1783.

L. Gudmundsson lived in Vfk in Myrdalur, S-Iceland.

Immediately after the Fire became predominant up in the mountains, huge

amounts of gravel, sand, and sulfur containing saltpeter were emitted from the earth

into the atmosphere, which then rained down to the surface of the earth in nearby

regions, depending on the direction the wind was blowing. It covered the ground with

such poisonous material that the grazing live-stock, which were in good condition at the

time due to a very good spring, died of malnutrition and starvation in 7 to 8 days.....

The cause for this is the sulfur and saltpeter that covers the grass fields in this shire.

4 1 "alin" = 0.63 m.
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Relation of one priest that in the year 1783 travelled in the summer to South Iceland
from Mtdashire by way ofSkaftafell, both onwards and back (Bjornsson, 1783).

Einar Bjornsson lived at Klifstadur in South Miilashire at the time of the eruption. He

travelled from his home on 12 June and came through the mountain pass

Almannaskard, above Hornafjordur on 14 June, when he first noticed the volcanic haze.

Completely unaware, I began my travels on 12 June but as I came through

Almannaskard Pass on the 14th and saw a dark-blue sulfuric smoke all over the

southern settlement, along with the smell, I and the others immediately realized the

happening of the eruption. .... Wherever I have gone in the southern and western

part of the country, all the way to the districts of Breidafjordur, this sulfuric haze has

caused all grass to wither, leaving no hay to harvest, with the exception of marshy

areas, as was reported from western and northern parts of the country.

East Iceland

Reports by Jon Sveinsson, sheriff in South Mulashire, dated in Berufjordur 8 October
1783 and 10 June 1784.

Immediately after Whitsunday the effects of the Laki eruption were felt. The

sky became so dark because of smoke and haze that it was difficult to find ones way in

the mountains. The sky was red as blood at sunrise and sunset. This lasted until 12 or

14 September, 1783 (Kristjansdottir, 1984).

The cold weather and the permanent presence of the earth-fire ash and smoke,

stunted the grass growth and fatigued the live-stock that was supposed to get its

nourishment from the grass (Sveinsson, 1784).

The Annals ofKetilsstadir (Thorsteinsson, 1783).

Ketilsstadir is located in the North Miilashire, NE-Iceland.

As a consequence of these earth-fires, a great sand and ash fall occurred all over

the country, with such quantities of ash, haze, and darkness, that visibility for the most

part of the summer was less than the distance between farms and the sun appeared
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blood-red, especially in the beginning of these events which was around the Sunday of

Trinity'[. This caused withering of all vegetation, especially heather and the Icelandic

moss. The ash fall and the sulfuric haze infiltrated the grass with such distaste and

poison that the live-stock did not thrive by eating it and intense ''bone-sickness''

(softened bones and tumors that grow on bones as the result of chronic fluorosis)

effected them, especially the young. The haze also caused navigation problems for the

local fishermen. According to reliable sources, this earth-fire-dust was also felt in

Bergen, Norway, although it did not cause much damage to vegetation and had no

effect on live-stock.

Northeast Iceland

The occurrence and characteristics of the haze in NE Iceland are based on

descriptions and statements given by the inhabitants under oath (Gunnlaugsson and

Rafnsson, 1984: pp. 324-335), compiled by the local authorities at several locations

within the district. These were collected upon request by the government to gather

information to assess the extent of the damage caused by the haze and its impact on

local communities.

Reports collected in Thingeyjarshirefrom May to July, 1784

Living conditions in these communities and the cause of the famine is addressed

in 13 articles. The information about the haze contained in these documents can be

summarized as follows: The reports refer to the haze as either volcanic or sulfuric and

trace its origin to the Laki eruption. It can be inferred from these descriptions that the

haze first appeared in early summer of 1783 even though none give a specific date for

first appearance of the phenomena. All except one state that the intensity of the haze

was greatest when the wind blew from the NW, which surprised them as the source of

5 Sunday of Trinity fell on 15 June 1783. The Laki eruption started on 8 June 1783 and apparently the
author, Petur Thorsteinsson, is here referring to the first appearance of haze in his home district.
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the haze was the Earth-fire in South Iceland. The report from Sktitustadir at Myvatn,

representing descriptions from the district that is located furthest inland at altitudes of

250 to 300 m and closest to the eruption site, states that haze was strongest when the

wind was of SE. The report from Ljosavatn describes the haze as a very thick fog that

often completely covered the land in the summer of 1783 causing the sun to be red as

blood and greatly reducing visibility. It also states that on calm days the haze in valleys

was very dim but upon the surrounding peaks of the not so high mountains they could

see a clear sky and the sun. Responding to the question about the last occurrence of the

bluish haze, all reports state that it is not all gone yet6 , even though it had been greatly

reduced or not so obvious since early February to early March 17847 . In the report

from Helgustadir it is claimed that the Laki haze is still seen mixed with "high altitude

fog".

All report great damage to vegetation; grass losing its fruitfulness and then

withered, resulting in the failure of the hay harvest. The Skiitustadir report also

mentions damage in other plants, described as burning of trees and bushes.

In answer to the question about the huge number of deaths among the live-stock,

all blame it on what they call "bone-sickness," which they infer to be caused by the

gaseous fumes contained in the haze, along with severity of the winter of 1783-84. The

Ljosavatn report also mentions dental lesions in sheep, along with findings of fine ash

in the mouth and kidneys and it is suggested that consumption of ash contained on grass

was the main source of sulfuric material that caused the sickness in the animals. Sheep

kept in highland pastures were effected quicker and more severely than those kept in

lowland pastures because they had already acquired chronic fluorosis in the summer of

6 i.e., in May 1784.

7 represents the total range for time given by the accounts when haze intensity was noticed to have
dropped.
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1783, whereas the latter showed first signs of fluorine poisoning in December 1783 to

January 1784.

A report by VigfUs Jonsson, sheriffofThingeyjarshire dated 16 September 1784

As to what has caused the sad conditions in his shire, V. Jonsson writes the

following: According to highly respectful persons, these sad conditions appear to be the

consequence of the fumes that rose up off the earth-fire last summer and then fell down

again. The fumes frequently led to such a darkness that seafarers could not go out to

sea in calm weather; it scorched the grass such that in many places half or all of the

grass straw turned white or were covered with white spots. It affected the grass, as well

as all other fruits of the earth, stunted its growth and deprived it of fertility, such that,

for the most part, it was unusable for animal nutrition.

North Iceland

A narrative by Jon Jonsson at Grund Eyjafjordur N-Iceland, written in 1785 .

Commenting on the intensity and damaging effects of the haze, J. Jonsson

singles out three periods in the summer of 1783 that he calls cataclysmic (see also Table

B-I). During these periods the intensity of the haze was such that it almost completely

destroyed the vegetation and greatly affected live-stock.

The first period lasted from 21-30 June, the second from 15-23 July, the third

from 30 August to 2 September. Grass was effected such that the upper half of straws

withered completely and died off completely in large areas of the fields. The yield of

milk from sheep and cows dropped drastically to the extent that it vanished completely

in some cases. Humans were effected; many had difficulties breathing and complained

about irritation of the skin, respiratory track and the eyes, such that it lessened their

eyesight.
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Table B-1. The occurrence of the Laki haze in N-Iceland, as documented in 1783 by
Jon Jonsson who resided at the farm Grund in EyjafOrdur.

Intensity scale: An arbitrary scale as an attempt to evaluate the relative intensity of haze as it was
observed in Eyjafjordur, N-Iceland. Note that descriptions of observations mostly refer to tropospheric
(boundary layer) occurrence of haze and the apparent intensity can vary depending on the overall state
of the atmosphere. Thus it is a function of several variables such as concentration of S02, location of

the cyclones (e.g., Icelandic low pressure system and Greenland high pressure system) relative to
Iceland, relative humidity of the air, temperature (+ horizontal and vertical temperature gradients),
cloud cover etc. Therefore, this scale can not be regarded as linear giving absolute intensity or actual
variation in S02 or H2S04 amounts - it only serves as a indicator on variations in haze intensity in

Eyjafjordur:
0- No haze
1 - Thin cover of haze/very little haze, confined to the mountains
2 - Little haze, not a uniform cover
3 - Little haze, although present all over. Sun only red at twilight hours.
4 - Moderately strong haze and present all over. Surrounding mountains all visible = visibility >20 km.
5 - Moderately strong haze and present all over. Mountains furthest to the horizon not visible =

visibility :520km. Sun strongly red at twilight hours.
6 - Much haze, visibility = 15 km. Reduction in warmth of the sun noticed during midday.
7 - Much haze, visibility between 10-14 km, the sun with a reddish appearance all day.
8 - Intense haze, visibility = 7.5-10 km, Niipufell barely visible. Acidic precipitation often

accompanies the haze.
9 - Very intense haze, visibility <7.5 km, Acidic precipitation commonly accompanies the haze,

sulfuric odor often noticed.
10 - Very intense and dark haze, visibility <2.5 km, commonly accompanied by acid and dry

deposition of sulfuric compounds and a strong sulfuric odor.

[] contain additional comments by Th, Thordarson. Given wind directions are based on reconstructed
daily weather maps for the period 1780-85 (Kington, 1988), thus represent the prevailing winds over
Iceland each day. Therefore these wind directions should represent the general transport direction of
the tropospheric component of the haze each day. It should be kept in mind that local boundary
layer wind directions can differ from those indicated by the overall circulation pattern, as the effects
of topography and ocean vary from place to place.

Haze intensity slightly greater than the day before, especially late in
the day, but overall not much haze. [wind from NE]

Bluish haze noticed in the mountains in the afternoon. [wind from WNW]

No haze, because the ocean was covered by fog. [wind from NE]

Bluish haze noticed in the settlement, haze increased late in the morning
as wind blew from the ocean [from north]. [wind from NW to NNW]

Thin cover of bluish haze was noticed in the afternoon, generally not
noticed by people. [wind from NE]

Comments

Thin cover of bluish haze noticed in the mountains at noon. This occur
rence of haze was not regarded as anything unusual. [wind from NNE]

Date Intensity

12 June 1

13 June 0
14 June 1

15 June 1
16 June 2

17 June 3

18 June 5 Calm and warm day to begin with but by late morning the haze intensity
increased considerably; visibility was reduced such that mountains
furthest to the horizon [20 km] were not seen. Accompanied by northerly
wind and a biting-cold. Sun was unusually red at sunset, accompanied by
red halo.[wind from NNE]
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19 June 6 Clear sky but bluish haze filled the valleys; visibility such that mountains
at 2 miles [Danish mile == 7.5 km] distance were hardly or not visible.
Intensity of haze appeared to be similar over the ocean. A strong wind
from NE came with the afternoon and the intensity of haze increased such
that it was equivalent to a very dim fog. The sky directly above was clear
all day but the haze reduced the warmth of the sun, which appeared more
reddish late in the day. [wind from NNE]

20 June 4 Haze less intense than the day before, such that the mountains surround-
ing the region were all visible [visibility :520km]. The sun appeared with
red misty halo. Residents noticed for the first time an odor accompanying
the haze that smelled like burning sulfur. [wind from NW]

21 June 8 Very strong haze; its intensity such that visibility was about 8 km
[-1 Danish mile]; one could not see Nupufell from the farm Grund. The
color of the sun was bright red throughout the day. [calm wind from SE]

22 June 7 Haze intensity slightly less than the day before. Residents noticed a
strange condensation/drizzle (yringur) from the haze that did not make
one wet [dry acid precipitation] but irritated the eyes.[wind from S to SE]

23 June 8 Much haze with a strong reddish glow in front and around the sun, especi-
ally early in the morning and in late afternoon. However, the surrounding
mountains were visible. [visibility:510 km; haze mostly in upper levels of
the troposphere ± lower stratosphere?] [wind from S to SW]

24 June 8 Much haze and the reddish glow of the sun similar to that of 23 June.
[wind from WSW to SW]

25 June 8 Much haze, especially after midday. Commonly the haze was very vis-
ible in the mornings and of greatest intensity in the valleys, slightly less
dense during midday, but in late afternoon, following the offshore north-
-erly) breeze, it became very dim especially in the north. [wind from SW]

26 June 7 Much haze; decreased slightly in the afternoon. [wind from SW to S]
27 June 8 Much haze; more intense than the day before. Less intense by evening.

[calm wind from N to NNE]
28 June 7 Much haze mixed with fog. [wind from W]
29 June 9 Haze intensity greater than ever before, referred to as haze-darkness.

Condensation and precipitation (dew fall) occurred from the haze,
similar to that observed on the 22nd. [calm wind from S to SE]

30 June 3 Only small amount of haze seen and its effects diminished thereof.
[wind from SW]

I July 0-1 No haze. [wind from W]
2 July 3 Somewhat more haze than 1 July, accompanied by strong odor of burning

sulfur. [wind from S]
3 July 1-2 Little haze observed but reddish glow of the sun was very strong around

mid-morning [9 a.m.]. [wind from SW]
4 July 3 Little haze but intensity variable,; the sun very red in the morning.

[wind from SW]
5 July 8 Strong/intense and dim haze. [wind from SW]
6 July 9 Very strong haze accompanied by intense odor (that commonly

accompanies the haze, with variable strength). [wind from NW]
7 July 9 Very strong haze mixed with fog. [wind from N]
8 July 8 Strong haze mixed with fog. [calm weather]
9 July 8 Intense haze. [calm wind from E]
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10 July 8
II July 7
12 July 8
13 July 9

14 July 9

15 July 10

16 July 9-10

17 July 8

18 July 7
19 July 9
20 July 9
21 July 8-9

22 July 8-9
23 July 4-5
24 July 4
25 July 1-2
26 July 1-2
27 July 5
28 July 4-5
29 July 7-8

30 July 2
31 July 6-7

1 August 6-7

2 August 5
3 August 6-7
4 August 7-8

5 August 7
6 August 8
7 August 8
8 August 6

9 August 2

10 August 2
11 August 2
12 August 7-8

Intense haze. [calm wind from SE to NE]
Much haze. [calm wind from SE to NE]
Strong haze. [wind from S]
Very strong and dim haze (intensity at maximum) with bright red sun
similar to that observed on 21 June. [wind from S]
Haze so dim that the surrounding mountains could hardly be seen
[visibility =3-5 km]. Sun as red as before. [Calm wind from NW]
Haze very dim and of such intensity and density that one could hardly see
from one farm to another [visibility = 1-2 km]; surrounding mountains not
seen, and the haze completely blocked the. [calm wind from N]
Conditions same as the day before except that the sun was seen several
times during the day, bright red in color. Intensity increased in the
afternoon; haze very dim such that one could barely see the sheep
barn/stable in the field. [calm weather]
Strong haze mixed with fog and claps of thunder heard through the day.
[calm weather]
Much haze mixed with fog. [calm but variable winds]
Very strong haze, although not at peak intensity. [calm variable winds]
Haze same as on 19 July. [wind from SW to S]
Very strong haze, mountains towards the bottom of the valley not visible
and the surrounding mountains hardly visible. [calm S breeze]
Haze as on 21 July. [calm S breeze]
Haze of moderate intensity. [wind from S]
Similar haze as on 23 July. [strong winds of SE]
Little haze visible. [winds variable]
Same conditions as on 25 July. [wind from SE]
Haze of average intensity, the sun glowing red. [wind from S to SE]
Haze mixed with fog. [calm wind from S or SE]
Intense haze; mountains at the bottom of the valley not visible.
[visibility ~15 km; wind from E]
Not much haze visible. [wind from ENE to NE]
Much haze and the sun glowing red, especially in the late afternoon.
[wind from NE]
Much haze in the morning. Intensity decreased in the afternoon.
[winds variable]
Haze of average intensity. [Wind from N]
Much haze. [wind from N]
Strong haze; mountains at the bottom of the valley not visible
[visibility ~15 km]. Reddish glow of the sun fair. [wind from N]

Much haze mixed with fog. [calm]
Strong haze; the reddish glow of the sun intense. [calm wind from S]
Strong haze; the reddish glow of the sun intense. [wind from SE]
Haze less intense than on 6 and 7 August and the reddish glow of the
sun also less. [Wind from N to NNE]
Haze of low intensity and the reddish glow of the sun not obvious.
[wind from NE]
Same as on 9 August. [wind from N to NE]
Same as on 9 August. [calm wind from N]
Strong haze;, the sun had red glow in the morning and in the afternoon.
[wind from S to SW]
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13 August 2

14 August 0-1
15 August 1
16 August 7-8

17 August 3-5

18 August 5-8

19 August 3
20 August 9

21 August 1-2
22 August 1-2
23 August 8

24 August 7-8

25 August 3-5

26 August 3-5

27 August 5-6

28 August 8-9
29 August 10
30 August 10

31 August 10

Haze oflow intensity and the reddish glow of the sun diminished.
[wind from WSW]
No haze. [wind from WSW]
Haze noticed in the mountains. [wind from SW]
Strong haze; mountains at the bottom of the valley not visible. The sun
with a reddish glow but to lesser degree than one expected with
reference to the haze intensity. [winds variable, S to SE to E]
Low intensity during the earlier part of the day, increased in the
latter part and at the same time the reddish glow of the sun increased.
[strong wind from SSW].
Haze intensity increased over the day such that Ntipufell was hardly seen
[visibility decreased to <7 km in the afternoon]. [wind from SSW]
Haze of low intensity. [wind from SSW to S]
Very strong haze; Niipufell not visible and the sun displayed a very
strong reddish glow (similar to days with the most intense glow).
[wind from S]
Haze barely visible;, only seen in the mountains. [wind from SSW to S]
Same as on 21 August. [wind from N]
Strong haze; Nupufell barely visible and sometimes not at all.
[wind from NNE to NE]
Much haze in the settlement and dark outside, less haze up in the
mountains. [calm wind from NE]
Early in the day haze intensity was low; increased in the afternoon as the
off-shore breeze came into effect [an afternoon breeze from the north is a
normal occurrence in these parts ofIceland; calm wind from N]
Haze intensity low in early parts of the day; increased considerably in
the afternoon as the off-shore breeze came into effect
[calm wind from SW]
Haze of moderate intensity, although stronger than the day before.
[calm wind from N]
Intense haze; Nupufell not visible. [visibility 7-9 km; wind from N]
Very strong haze at levels of maximum intensity. [calm wind from NNE]
Haze same as on 29 August, nearest farms hardly visible. [visibility
:52.5km; wind from NW]

Haze same as on 29 August although accompanied by a strong odor of
sulfur. The red glow of the sun at greatest intensity. The haze, as
usual, got thicker and dimmer in the afternoon as the off-shore breeze
came into effect. [wind from SSW to S]

1 September

2 September
3 September
4 September
5 September
6 September
7 September

8 September

10

o
o
o
o
o

Very strong haze; one could not see the outlines of the surrounding
mountains (distance of no more than the length of a horses racecourse).
The red glow of the sun at greatest intensity, similar to that on 31 August.
[visibility:51 km; wind from SW]

No haze observed. [strong wind from SW]
No haze observed. [strong wind from SE]
No haze observed. [strong wind from ESE to ENE]
No haze observed. [strong wind from NE]
No haze observed. [strong wind from NNE]
Little haze observed, but the sun appeared with red glow.
[strong wind from NNE]
Little haze, but the sun appeared with red glow [calm wind from N]

347



9 September

10 September 7

11 September 8

12 September 8
13 September 8

14 September 0-1
15 September 0-1
16 September 0-1
17 September 0-1
18 September 0-1
19 September 0-1
20 September 2

21 September 0-1
22 September 2
23-30 Sept. 0-1

1-16 October 0-1

17 October 5

18-30 October 0-1
1-2 November 0-1
3 November 5
4 November 5

5 November 4

6 November 7-8

7-30 November 0-1

1-9 December 0-1
10 December 5

though

Little haze observed, but the sun appeared with red glow.
[wind from N]
Much haze, although not quite as much as at maximum intensity.
[wind from W to NW]
Intense haze; sky with a strong reddish glow, especially to the west and
the north. [calm wind from S to SE]
Intense haze. [wind from SE]
Intense haze, the reddish illumination of the sky not observed since the
air/atmosphere was very dim. [strong wind from N to NE]
Little haze. [strong wind from NE]
Little haze. [strong wind from N to NE]
Little haze. [calm]
Little haze. [very strong wind from SW]
Little haze. [strong wind from W to SW]
Little haze. [strong wind from SW to S]
Haze in the mountains, accompanied with strong sulfuric odor.
[strong wind from SSW to SSE]
No haze. [strong wind from SSW to SSE]
Bluish haze in the mountains. [strong wind from S to SEl
No haze except for occasional occurrence of bluish haze in the mountains.
[wind directions: 23rd and 24th, strong wind from E or SE; 25th to 28th,
strong wind from SW; 29th and 30th, calm wind from SW to W]
No or little haze. [wind directions: 1st and 3rd, calm wind from NW to N;
4th to 7th, strong wind from NE to N; 29th and 30th, calm wind from SW
to W; 8th to 11th, calm wind from E to NE; 12th to 16th, strong to very
strong wind from SW]
Moderate to much haze in the afternoon, accompanied by strong sulfuric
odor. [strong wind from SSW to SSE]
No or little haze, not worth any comments
No or little haze, not worth any comments
Moderate haze; all surrounding mountains visible. [calm wind from S]
Moderate haze; all surrounding mountains visible, accompanied by strong
sulfuric odor. [strong wind from SW]
Moderate haze; all surrounding mountains visible, accompanied by strong
sulfuric odor. [wind from SSW]
Much haze accompanied by strong sulfuric odor and the sky with a red
glow. [wind from S]
No to little haze, not worth any comments. Sulfuric odor often detected
when wind was from the SE and yellow colored bank of clouds (blika)
commonly seen in the same direction when wind blew from S or SE.
No or little haze, not worth any comments.
Much haze, equivalent to what one called average intensity last summer,
accompanied by strong sulfuric odor. Last occurrence of haze even

haze of low intensity was observed off and on throughout the winter
of 1783-84. [strong wind from SW]
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Even though the haze caused damage all over, the damaging effects of the haze

were strongest in narrow valleys closest to the mountains, considerably less in lower

and more open areas, vegetation (grass) in boggy areas was effected less than the

vegetation on drier fields, and areas by the shore appeared to suffer less than others.

Animals were severely affected; those kept in the highland pastures (mostly

sheep and lambs) were more effected than those kept in home fields. Legs, from knees

down, and snouts were colored yellow (by sulfuric compounds). Lesions were found

on legs, in the mouth, and on the snout. Teeth had dental lesions and molars showed

irregular wear. Bone changes occurred such as bone overgrowth or tumors, the

softening of leg bones, which was evident from descriptions of animals that could not

carry themselves, and flaccid and liquefied bones in slaughtered animals. All of these

descriptions indicate that the live-stock was affected by chronic fluorosis, which may

have been enhanced by exposure to sulfuric acid fumes and carbon dioxide (Petursson

et al. 1984). Jonsson's descriptions of dry acid precipitation, along with the almost

immediate effects of the haze on vegetation and animals implies that the atmospheric

concentration of toxic gases was very high. He also discusses qualitatively (does not

give numbers) the great loss of live-stock experienced in the area in summer 1783 and

in the following winter. It is apparent from his discussion that the loss of animals in

terms of number is very high, i.e. the bulk of the live-stock in the Eyjafjordur area died

as a result of the haze, along with the harsh weather conditions. Furthermore, even

though no direct evidence exists that the haze directly caused any loss of human life,

the high acidity of the haze effected many of the inhabitants (see above). The high

human mortality rate in this area as well as other areas in Iceland was mainly due to

starvation or deficiency diseases such as scurvy and dysentery.
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An official report to authorities by Stefan Thorarinsson, the prefect over North and East
Iceland, dated 14 May 1784.

According to the author, the conditions in North Iceland by the end of the year

1783 were so severe that he doubted that past history would reveal a famine of equal

magnitude as experienced by his district experienced in 1783. This famine was

attributed to: 1) Very poor grass growth and a failed hay harvest over the last two years,

especially in summer of 1783; 2) Sickness in live-stock caused by the fumes from the

Earth-fire in South Iceland; 3) Overall shortage of commodities, especially com,

because drift ice hindered the Danish cargo brigs from bringing new supplies to

merchants; 4) The great severity of the winter of 1783-84.

The only reference to the haze appears in his discussion on the "bone-sickness"

that affected the live-stock, which he attributes to the sulfuric fumes brought from the

Earth-fire in South Iceland the summer before.

A report to authorities by Jon Jakobsson, the sheriff of Eyjafiirdur-shire dated 7 May
1784.

Does not mention the haze specifically but talks about, in fair detail, the

symptoms of the so called ''bone-sickness'' in the live-stock and the poor yield of the

milking animals. However, attached to J. Jakobsson's report are descriptions and

statements given by the inhabitants under oath which contain valuable information

about the haze and are therefore included here.

A report from the Eyjafiirdurshire, dated at Eyrarland, 4 December 1783.

Descriptions on living conditions in the communities and the cause of the

famine is addressed in 19 articles. Attached are shorter reports from each district

within the shire. The information about the haze contained in these documents can be

summarized as follows:
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According to this report, haze was first noticed in the shire on 14 June 1783 and

reappeared many times after that. This haze caused great damage to grass and reduced

the milk yield from cows and sheep to less than half of normal. Some cows had no

yield, others a quart or half of normal yield. Also mentions that all vegetation in the

highland pastures is withered and grass growth is stunted.

Svarvadardalshreppur (District of Svarvadardalur). Report dated at Urdum 29
November 1783.

When things were starting to look up for the district in terms of general weather

conditions the district was suddenly exposed to an enormous misfortune because on 17

June a dense haze and smoke appeared over the district as it was transported in the

upper atmosphere, then sank down towards the surface carrying an unpleasant,

malodorous, and foul odor. This dense haze lasted for some time and covered both the

land and the ocean. A second surge came over on 12 July covering the whole district

with very dim haze and smoke, such that one could hardly see from one farm to

anotherf for almost three days. It was accompanied by a strong, disgustingly

malodorous, and foul stench that caused people with respiratory problems to stay in

bed.

The damaging effects of the haze were exposed immediately; the first surge

caused partial damage to grass, the upper part of the straw withered and became red in

color. Following the second surge the grass turned white, the upper half of the straw

withered completely and died off. The hay harvest was exceptionally poor, worse than

the year before'". As a consequence of the first surge, the yield of milk from cows and

sheep dropped almost instantaneously well below half of normal, which became even

8 i.e., visibility reduced to :51 km.

9 i.e., the summer of 1782. which was referred to as one of the worst summers experienced by the
inhabitants, at least as far back as the oldest people alive could remember.
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worse after the second surge. Because of the darkness caused by the haze, coupled with

recurrence of drift ice, fishermen did not dare to go out fishing.

Hvammshreppur (District ofHvammur). Report dated at Ytribakki 3 December 1783.

Shortly after Trinity (15 June) tremendous darkness appeared here, as well as in

many other places, with rain containing sulfur and sand (ash). The darkness was such

that there was hardly enough light for travel. Darkness of this magnitude was

experienced here three times over the summer and the conditions got progressively

worse. As the result of this darkness, grass withered and the hay harvest was

exceptionally poor. Yield from grazing animals dropped completely and catch from the

ocean was very poor due to both lack of fish and poor weather conditions.

Skriduhreppur (District of Skrida). Two reports dated at Myrkd, 1 December and
Sorlatungu, 2 December, 1783.

The terrible conditions experienced in this district were caused by the ongoing

and damaging earth-fire, as well as the smoky haze it produces, that now covers large

portions of this country. The haze, accompanied by an indescribable and damaging

odor containing sulfur, appeared here in the greatest amount in three surges; the first

one came in June, the second in July, and the third in September. The damaging effects

of this smoky haze were: 1) Stunted grass growth which caused it to wither; 2) grazing

animals could not eat the grass; 3) milk-yield from cows and sheep was reduced

considerably and in some cases completely; 4) The haze reduced the shine of the sun to

such a degree that its warmth was not enough to dry the grass in the field after it had

been cut. The grass stayed wet and then spoiled.

Hrafngilshreppur (District ofHrafngil), Report dated 4 December 1783.

An unusual mist and haze was first noticed here around mid June and on 17

June it became so dense that one could not see the distance between farms; these

conditions lasted little longer than a week. The haze was accompanied by a malodorous
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stench that resembled the smell from sulfur mines or that of burning coal. After about a

week the haze intensity was lessened to a degree, even though not one day the weather

brought about clear and clean conditions. The second surge of intense haze appeared in

middle of July, causing great darkness that lasted for awhile. The third came towards

the end of August. Precipitation from the haze in the form of pestiferous fumes and

sand-like dust caused the grass, brushes, and trees to scorch, such that in few days they

lost all their leaves and flowers. Furthermore, it stunted grass growth.

Saurbtejarhreppur (District ofSaurbter). Report dated at Melgerdi, 2 December 1783.

There is hardly any doubt that the terrible conditions of the land were caused by

the dreadful volcanic haze that continually is carried over us and has frequently been

accompanied by fall out of very fine grained black sand and white sulfuric dust. The

haze caused grass to wither on 22, 23, and 24 June.

Ongulstadarhreppur (District of Ongulstadir). Report dated at Munkathverd, 4
December 1783.

In mid June of this year this district was completely covered by an immense

smoky haze that carried with it a foul odor or a stench that resembled the smell from

burning coal. Because of this haze one could hardly see from one farm to another.

This darkness remained for more than a week, then the air became somewhat clear until

mid July, when haze reappeared with the same intensity. By the end of August it

appeared for the third time with similar intensities. Fallout of fine sand was observed

from the haze, grass got scorched, and the yield from grazing animals was reduced

greatly.

Glasibozjarhreppur (District ofGlasibcer), Report dated 12 December 1783.

In early June conditions were fair and the summer weather looked promising.

This changed suddenly when the volcanic haze appeared here for the first time on 10
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June and reappeared with the same intensity two more times in the summer. It stunted

the grass growth, which resulted in a very poor hay harvest.

The history ofthe earth-fire. . . . (Palsson, 1784)

On 17 June the wind turned, blowing from the northwest. At that time people

noticed an unusual haze in the lower atmosphere which was very blue in color, although

not very noticeable until the 18th when the sun appeared very red. This haze was

stationary and most apparent in the south and the west. ....

In addition to the ash fall, the atmosphere contains acrid and unhealthy weather.

Even when it was calm and clear around the equinox, when the greatest warmth can be

expected, the sun provided no heat.

A letter from the Holar parish in Skagafjordur, Iceland, dated 21 September 1783.
Published in Kiebenhavnske Tidende, No 96,1 December 1783. Author is unknown.

A great misfortune was brought over this parish as well as other parts of the

country, namely a thick sulfuric haze coming from the fire emitting places in South

Iceland but also from the north suggesting that a fire is up in Greenland or in the ocean

north of Iceland. This haze has covered the sky since about 15 June to date (21

September) to such a degree that the sun is often not visible at noon and when seen, it is

dark-red.

Northwest Iceland

The Annals ofHoskuldsstadir 1730-1784 (M. Petursson, 1784)

Hoskuldsstadir is located in East-Hunavatnsshire, NW-Iceland

The spring of 1783 was fair, with occasional freezing. Clear skies and calm

weather lasted until "Vitus", which was Trinity. Thereafter a mist, haze and fog were

seen in the air everywhere so the sun was hardly seen even in clear weather. Right after

equinox, 21 June, rain-fall along with fog came over. Then the face of the earth
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became white. The grass withered down to the roots, like it had been burned. Milking

cows and sheep lost ail milk. The sun became blood-red, especially in the mornings

and evenings, due to the mist or the haze. Gray colored sand I0 was deposited on a few

thin boards and paper which had been laying outside. It appeared to most people that it

was sulphur, which was spread over the ground and damaged the grass and had

unwholesome effects on animals and humans. Surely this sulphur might be from this

ongoing and abnormal eruption to the east of us. The sulfuric deposit was mainly

dispersed over the area between the rivers Hnitafjardara and Thingeyjarfljotl! , but as

the news by mouth indicates, not over South and West Iceland. This summer could be

called the summer of the grass-burns or the sulfuric summer. . . .. The mist and the

haze and even acrid rain-fall were observed here off and on well into the fall, but the

stench people could smell well into the winter. . . . .. Brigs and small fishing vessels

came to Iceland this summer. Some of them went astray due to the haze and the smoky

mist which was spread all over.

A humble relation from Hunavatnsshire. A report by Magnus Gislason, the sheriff,
dated 16 September 1784.

M. Gislason wrote the following when referring to the cause of cold weather

conditions that prevailed from summer of 1783 and through the summer of 1784: The

severe weather conditions "were caused by the incredibly strong frost of last winter,

and by last summer's atmospheric smoke and fine sand that scorched the earth, here and

there, and came from the erupting localities in this country."

10 Ash-size tephra is commonly referred to as "sand" in historic accounts in Iceland. In this case it is
possible that the ash fall was mixed with precipitates of sulfuric salts.

II Skjalfandafljot River.
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A report from Halldor Jakobsson, sheriff of Strandashire, dated at Reykjafjordur, 18
September 1784

A report from Kirkjub61 in Steingrimsfjordur attached to H. Jakobsson's report

contains the following: In the spring of 1783 we observed here in this shire an unusual

smoke and fog in the atmosphere, with a relentless stench and bad smell. At several

locations it was reported that sand and dust fell out of the sky which was caused by the

emissions from the ongoing eruptions to the east in Skaftafellshire, and in the ocean

south of Reykjanes. This was followed by a very meager growth of the grass. In the

aforementioned summer, the cold air generated by the drift ice, in conjunction with the

before mentioned smoke, took away and prevented all natural warmth of the air and the

summer rain. These conditions lasted throughout the summer. The live-stock did not

thrive on the grass, became unusually meager, and when we slaughtered them, we

found sand coated with sulfur in their internal organs.

The report of Jon Arnorsson, sheriff of isafjordurshire, dated at Reykjanes, 15
September 1784.

The conditions here in Isafjordurshire in this last year were more difficult than

in the past, especially because of the thick air and dust from the Earth-fire that in last

summer took away the warming of the earth by the sunI2. The grass, instead of

growing, withered and disappeared causing cows and sheep to be in abnormally bad

shape, both with regard to yield of milk and meat.

12 Here J. Am6rsson relates cold weather conditions to the presence of the haze.
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West Iceland

Summary of Prefects Stephensen's letter to Professor Jon Eiriksson, deputy of
Rentekamer, 15 August 1783.

Olafur Stephensen lived in Borgarfjordur shire at the time of the eruption.

Frightening rumble and din is heard here night and day but because of smoke

and fumes, the darkness is so strong all over the country that commonly one can not see

more than 1/4 of a milel 3 from the farms. The sun is rarely visible; when seen it is red

as blood. The fishermen do not dare go out because they can not see either the land or

the fishing grounds.... , The sulfuric stench is so strong that people have difficulties

with breathing, thus it is not unreasonable to assume that it can lead to serious diseases.

Rarely one sees clear sky; very strong frosts occur overnight such that the few grass

straws that have grown from the earth, break and decompose to dust when stepped on.

A humble report on the conditions in Borgarfjordurshirefrom 30 August 1783 up to the
same date this year. A report by Jon Eggertsson, sheriffofBorgarfjordurshire, dated at
Hvtuuvellir.T September 1784.

No severe diseases have afflicted the inhabitants here except for unusual scurvy

which is widespread and has attacked bones and nerves and several people have died.

Similar sickness has severely affected the grazing live-stock such that one can surely

conclude that it was very poisonous, especially for horses because blood was seen to

run out of their snout and mouth right before they died. The internal organs of sheep

were very contorted, especially the liver and lungs in which we have found small

sulfuric stones that possibly were the consequence from the atmospheric fumes.

13 i.e., Danish mile. 1/4 mile =-2 km.
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A humble report on the conditions in Myrashire from 25 August 1783 up to the same
date this year. A report by Gudmundur Ketilsson, sheriff of Myrashire, dated at
Svignaskard, 31 August 1784.

No severe diseases have appeared among the inhabitants except for unusually

severe scurvy which has afflicted people, sometimes attacked nerves and bones and

killed several persons. A similar sickness, but much more intense, has affected the live-

stock, especially those who live off the grass ...

Because of last summer's!" enormously meager grass growth, the harvest was

very poor, even though this misfortune alone could have been endured, but

unexpectedly and irreparably the earth, grass and hay was attacked and taken to such a

degree by the contagious fumes which fell out of the atmosphere that the animals did

not thrive and died in numbers ...

A humble report on the conditions in Hnappadalsshire through the year 1784. A report
by Petur Petursson, sheriffofHnappadalsshire, dated at Gardur, 30 July 1784.

In the spring of 1783 we noticed in the atmosphere an unusual smoke and fog

which was followed by relentless cold such that one did not enjoy the natural warmth of

the summer.l> This was followed by an incredibly meager grass growth.

Southwest Iceland

Summary from the writings ofSvendborg, assistant merchant, dated 31 August 1783 in
Hafnarfjordur.

The summer here has been very unusual (unnatural) with cold and strong winds,

the air continuously and thickly covered with ash-fogl? , (especially when the wind was

blowing from the north or west, from which most people concluded that an eruption

14 i.e., summer of 1783.

15 Here P. Petursson relates the cold weather conditions to the presence of the haze.

16 "Asketaage" directly translates to ash-fog. Here Svendborg is referring to the volcanic haze of the
Laki eruption.
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must have began in Greenlandl"), such that the sun has very rarely exposed its natural

shine and given less warmth than in previous years.

A report by VigfUs Thorarinsson, sheriffofKjosashire dated 29 April 1784.

It is with great modesty that I report on the horrible conditions in this shire of

which the cause can not only be traced back to the very poor hay harvest of last

summetls , but also to the injurious sulfuric fire-fumeslf that attacked the grass, along

with the worms20 that the air produced (of which a few were found alive in the hay this

last winter and still others that have appeared in the snow that fell from the sky), that

caused the animals to be severely malnourished by the end of last summer.

South Iceland (the Southern Lowlands)

Mr. Reverent Thorarensen's report (A. Thorarinsson, 1783).

Reverent Ami Thorarinsson lived at Oddi in Rangarvallashire, South Iceland at the time

of the eruption. In early September he sailed for Copenhagen and wrote his report there

in early October 1783.

In the report A. Thorarinsson describes the winter of 1782-83 as very severe and

that the live-stock suffered from serious malnutrition. The spring (20 April to 29 May)

was exceptionally warm and pleasant which helped the recovery of the live-stock.

From 29 May and onwards for 14 days, strong frost occurred over night and at several

locations this was coupled with intense showers of rain, snow, and hail. Th6rarinsson

states that the cause was the arrival of the drift ice at the north shore of Iceland.

17 Svendborg's writings are one of a few sources that mention an eruption in Greenland. This was
inferred, because the haze in W- and N-Iceland was commonly at the greatest intensity when the
wind was blowing from the north or northwest. No physical evidence exist up to this day for an
eruption in Greenland in 1783 or in the ocean NW of Iceland.

18 i.e., summer of 1783.

19 Here "fire" refers to volcanic eruption of Laki, i.e., fire-fumes = volcanic fumes.

20 Worms refers to some kind of an insect (a larvae) that appeared in abundances in the summer of
1783, probably because of the weather conditions. Also noticed in the hay in the winter of 1783-84.
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At Oddi the Laki eruption columns were seen rising to the sky on 8 June and

were clearly visible until 14 June. Thereafter, the atmosphere was always filled with

incredibly thick fog containing dusty dew. Not only did it spread over the southern part

of the country, but also the eastern, western, and northern part, counting from 19 June

to the date on this report. The fog deprived the sun of its shine, the air of its natural

appearance and resources, the vegetation of its growth, people and animals their correct

healthy reserve (supplies) and life. Just as dry weather has been baking and burning

hot, the humid weather has been cold, and similar to wintry conditions, it has attacked

the grass, plants, and the animals. Interestingly enough, hail has fallen in the areas near

the fire-emission localities in West-Skaftafellshire while at the same time it rained in

other places. In the same places a severe cold has effected the animals so strongly that

to avoid it the animals ran right towards the fire, despite efforts to stop them. .... Off

and on sulfur has rained down onto the ground in this country and has more or less

caused what looks like freezing of grass and plants, especially up in the mountains and

the mountain settlements. Frequently we smelled an incredible sulfuric stench,

especially in the beginning of these "indfaldne IiIinger. 21 " The sky has often been

black and dark in the middle of the day . . .. These unnatural changes in the air have

caused plants and grass wither completely, especially in high and dry places where the

fields have turned yellow, white, pale pink, and/or covered with black spots .....

A humble relation on the ongoing conditions in Rangdrvallashire from 26 August 1783
to this time in 1784. A report by JOn Jonsson, sheriff of Rangdrvallashire, dated at
Storolfshvol, 14 September 1784..

This past summer of 1783 the grass growth was the poorest mainly due to the

damaging effects of the Earthfire; the grass was scorched and withered to the roots and

the small amount that could be harvested was incredibly fruitless, ....

21 Exact meaning is not clear but Th6rarinsson is obviously referring to the early stages of the Laki
eruption.
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News on the ongoing Laki eruption and its effect in the Westman Islands. The
ChristiansandWeekly, 18 September 1783.22

The fire broke out from the earth at Whitsunday in a district named Sida, in the

western part of the Skaftafellshire. From the beginning it raged with such power that

here in the Westman Islands, a distance of 16 miles23 from the source of the fire, we

saw above a very high ice capped mountain24 sparkles cutting through the air within

the huge and thick ash-smoke that rose up from this fire and filled the atmosphere with

such an amount of ash and dust that even in far away places one could not see more

than the distance of a mile from the shore. In addition, the air was so saturated with

volcanic fumes and burning material that during this summer the sun appeared red as

blood, even at noon. In the Westman Islands and other far away places the grass

withered and turned white as in winter time. These conditions got a little better after a

pleasant rain.

22 Swane A. (1783). About the horrible earth-fire that bums in Iceland. Christiansandske Uge-Blade,
No. 38, 18 September 1783. The name of the author of this report is unknown, but was a person
that had recently arrived to Christiansand after leaving the Westman Islands in Iceland on 4 August.
This person was in the Westman Islands at the onset of the Laki eruption and in his report he
describes the eruption as he experienced it as well as reporting on the progress of the eruption;
information that he acquired from informers from the mainland. Editorial responsibility: Andreas
Swane editor.

23 Danish miles. 16 miles = 120 km.

24 i.e., Myrdalsjokull glacier.
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Appendix B-3. Contemporary documents containing information on the
occurrence and characteristics of the Laid aerosol cloud (haze or dry fog) in
Europe and elsewhere

These notes compile the information available in historic accounts (mostly

contemporary reports) and concern the haze, or dry fog, produced by the Laki eruption.

They come mostly from locations in Europe but a few are from other regions of the

Northern Hemisphere. Many of the accounts were published in other languages than

English, e.g., Latin, French, German, Danish, Swedish, Norwegian, and Icelandic. In

large, these accounts are presented as a summary or as a free translation of the original

text by the author, although with some exceptions. The newspaper releases from 1783

in Journal de Paris and the letters published in Journal de Physique were translated from

French by Jean-Paul Klingebiel. The narrative by S. P. van Swinden (1783) and the

notes regarding the occurrence of haze in Nuuk, Greenland were translated from Latin

by Dr. Susan Lintelman. Finally, the author enjoyed the assistance of Gunter Fuch with

some of the German translations and the assistance of Dr. Gunnar Olafsson with

translating some of the Swedish text. The location of observation, author (when

known), and the date of documentation are given for each report, as well as the

reference for citation. Text between [] is this authors addition to the translations and

serves to clarify the meaning of the original text.

Nuuk (Godthab), Greenland:
Author: unknown. Source: Ephemerides Societatis Meteorologicae Palatinae,
Observationes Anni 1786, Annotationes Speciales: pp. 48. Published as an appendix to
Ephemerides for the year 1787.

15 November 1786. At 2 hours p.m. all the clouds which were in the sky could

be said to be a smoke rather than clouds, and this suspicion is confirmed by the

following testimony: A certain man from Greenland in his rather small boat (called a

Kayak) setting out to hunt seals near the bay of Amaralik (the mouth of this bay is 3

miles from here in the direction of the phoenix; the bay itself is a mile wide and indeed
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8 to 10 miles deep till solid ground) affirms for certain that early in the morning he saw

smoke on the mountains, wherever he looked. This man returned yesterday. And I saw

andfelt such smoke in the month ofJune in the year 1783 in the same place1 , when the

volcanic mountain in Iceland (called Hekla2 ) spewed out a fiery vomit and caused ruin

to the island. And then I conjecture; either subterrain fires had erupted in the higher

parts of Greenland, or rather, perhaps the mountain in Iceland that burned previously

had been kindled again.3 At 6:30 p.m, the aurora borealis showed itself ascending

from Aphelion through Zenith passing by with white and light-filled bands and emitting

white rays towards the north, its slow motion lasted until 8 o'clock in the evening. The

barometer declines steadily. Then the state of the sky is clear, except in the south,

where two very black oblong clouds appear parallel to the horizon but in a short time

they vanished.

Copenhagen and Denmark, Norway, and the Faeroe Islands.
Author: S. Holm (1784)

Haze

These alterations of the air and their direct effectst , which we believe were

caused by the aforementioned eventsf occurring in other countries, are according to

accountable reports as follows:

At the time when the acrid rain fell in Iceland'i , people in Trondheim7 and

several other places in Norway, and also in the Faeroe Islands, noticed a very unusually

1 Describing occurrence of haze in June 1783.

2 Correct is LaId.

3 An unknown eruption? Could be an eruption in Alaska; Pavlof Sisters?

4 Holm is here referring to atmospheric phenomena caused by the Laki haze and the effect it had on
the environment in countries outside of Iceland.

5 The events referred to here are the then ongoing eruptions in Iceland and the earthquakes in Calabria.

6 This acrid rain that fell in Iceland and that Holm is referring to here is described on page 7 in his
narrative, where it is stated that it occurred on the third day of the eruption. He is obviously referring
to the rainfall that 1. Steingrimsson describes in his ''Eldrit'' and occurred on 10 June 1783.
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penetrating rain which caused half of the leaves on the trees to be scorched and the

grass to tum almost black. When the winds blew NW from Iceland a considerable

amount of sand, ash, and sulfuric fumes fell frequently in the Faeroe Islandsf and

blackened the earth all over. The distance between Iceland and the Faeroe Islands is

calculated to be 80 miles". Many shipsIO that sailed between Iceland and Copenhagen

noticed that the sails and the deck became black from sandy dust. Here in Sjrelland and

Copenhagen, we noticed the unusual reddening of the sun, especially during the period

early June to 8 August. But throughout July the atmosphere, which was clear in itself,

was loaded with such an amount of fumes and dust that the sun was only visible until 8

or 9 o'clock in the evening. The same is to say about the sun in the morning, and even

at noon it did not shine bright and appeared as red as it did in the evening. The same

can be said about the moon and the stars.

The highly educated Mr. Professor Krantzensteen said it! I came of the earth

fire in Iceland which is bizarre because Iceland is close to 300 miles I2 from here (to

According to this information, haze and ash fall was first noticed in Norway and the Faeroe Islands
around 10 June, with a marginal error of ± I-2 days.

7 A monthly review of the weather was given in Trondheims aIIene Konglelige priviligerede Adresse
Contoirs Ugentlig Udgivende Feterretninger by Justice Nissen, Vol. 17, Year 1783. According to
notes written by late Prof. Sigurdur Th6rarinsson at the University of Iceland, it is difficult to get
information on the first appearance of haze in Trondheim on the basis of these weather reviews
because the haze was not mentioned specifically. At Trondheim fog and thick air was a common
occurrence in June and July 1783. In June (time not specified by S. Thorarinsson), conditions of fog
and thick air alternated with clear sky and calm wind until 19June, when the air became thicker and
the fog intensity increased. Thus it can be argued that the haze was present in Trondheim on 19 June,
although it might have appeared earlier.

8 This implies that ash fell in the Faeroe Islands more than once in the summer of 1783. Thus traces of
Laki tephra might be preserved in bogs in the Faeroe Islands.

9 Danish miles. 80Danish miles = 600 km, which is the correct distance between the Laki fissures and
Faeroe Islands. When taking into account the weather pattern at the time, as presented in Kington
(1988), it is likely that the ash fall reported at Caithness in Scotland in the summer of 1783, as noted
by Geikie (1893), occurred at the same time, i.e., -11 June 1783.

10 This is how it is worded in the original text, but obviously it was the crew on board these ships that
noticed the ash fall, not the ships themselves.

1I Referring to the haze.

12 Danish miles. 300miles = 2250 km. The correct distance form Laki to Copenhagen is - I900km.
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the northwest). Others said it was caused by the extraordinarily strong heat that

frequently occurred here last summer, especially on 27 and 29 July and 5 August. At

that time the earth could not produce any growth in the grass and the corn, which now

causes shortage in the supplies of these products. Leaves of trees withered away.

Some kind of whitish-grayish dust13 fell onto the ground and by night time a

blue or white bluish fog fell over the fields which brought with it the smell that

corresponds to that of dark fire14 or sulfuric smoke. When this fog was noticed the

night dew that fell here was minimal, and inbetween none at all. All of this was also

observed in Germany, Holland, and in many other countries. From 8 August to 16

September, the sun was seen red in mornings and evenings even though the atmosphere

became purer because of rainy weather from 5 August to 26 August.

On 30 September came here an incredibly thick fog from the north and brought

with it a heavy sulfuric odor.

Moreover, in the evening of 1 December came here such a fog at 5 p.m., lasting

to 6 a.m. on 2 December, that one could not see the length of more than half a fathom

from oneself and the window lights were not seen at a one fathom distance, even

though the sky was clear and moonlit. The fog came from the north and had an odor of

a fire of some sort. In addition the sun was fairly red on 13, 27, 28, 29, and 30

November; and on 17 December. It was noteworthy that on these days, northwesterly

winds were blowing, even though the weather was calm. Similar appearances were

noticed in the atmosphere on 12 and 13 January, but not as intense as before. The same

13 The whitish gray color of this dust suggests that it was composed of sulfuric salt compounds that
were condensed out of the atmosphere as a consequence of oversaturation of S02. This dust could

not have been pure ash from Laki, since the color of the Laki tephra is either black or dark grey. but
it is possible that this dust fall also contained a little amount of very fine ash (hence the grayish
coloration).

14 Fire that produces heavy black smoke.
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was noticed again on 11 February; a very thick fog was present in the evening and in

the following night despite frost and snow all over. The wind was from the NW.

On 20 February the sun again appeared abnormally red as upper atmospheric

clouds came in from the northwest but the wind was of the east. In the evening of this

day and the following night a very thick fog with strong frost layover, similar to that of

the past. Since that day I have not observed these occurrences.

Weather

In the Faeroe Islands the strongest NE wind in memory occurred on 11, 12, and

13 June (1783), bringing frost and snow that caused much damage. At the same time

[in Denmark], intense thunderstorms arrived from the south and SE, primarily across

the Eastern Sea, and it was cold at night. Between 3 and 4 July everything froze in the

Faeroe Islands, but then it was very warm in Denmark, which changed between 4 and 8

(July) when there was a storm from the NW, along with cold weather.

On 28 August in Sjelland, only 3 miles NW of the city [Copenhagen], such a

high thundercloud appeared that I do not recollect to have seen such a cloud before

(with the exception of the ash columns that rise up from the volcanoes, especially those

of Katla, which rise much higher and are thicker (of these volcanic eruptions, I have

seen four)) with incessant thunders between 3 and 6 in the afternoon. About the same

time similar clouds of such unusual height and accompanied by thunder were seen in

England.

At that time, namely from 2-10 October in Sjelland, fairly unstable weather

occurred with winds from the SW and west and heavy rain inbetween. But from

October 10-15 we had calm winds of the southeast; from 15-20 [October] westerly and

northwesterly winds with colder air. On 16 December it changed to snowfall and frost

(after a good autumn) that has continued since, and commonly on the extreme side,
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such that the strait between Sweden and Denmark has been continuously frozen over

and passable for two months up to this date [25 February 1784]).

Copenhagen, Denrnark
Author: Bugge (1783).

The following remarks (Annotationes) are found attached to Bugge's 1783

weather log:

May: By day 24, dry fog occupied the lower portion of the atmosphere to such

an extent that the sun, when at and below heights of 20° above the horizon, could be

looked at ceaselessly with naked eyes. The sun that normally is yellow for the most

part, was red.

June: Moreover the dry fog lasted the whole of this month, that by some means

increased to such an extent by the end of the month, that the sun could often be gazed

upon throughout the whole day with naked eyes without injury. Oftentimes, as the sun

approached the horizon, at the height of 10°, its track could not be followed, not even

when the cloud was thin in essence. These conditions remained throughout the whole

month.

July: Dry fog was continually present from the 1st to 23rd. It re-appeared on

29 July.

August: Throughout the whole of this month the dry fog again and again spread

over the sky to such an extent that frequently the sun could actually be gazed upon with

naked eyes without aggravation, even at heights between 20-30° (above the horizon).

At other times the sun had a reddish colour.

September: Throughout this month the dry fog became less dense and certainly

had ceased before day 26 of this month.
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Comments on Bugge's remarks regarding first appearance of haze in Copenhagen by
Th. Thordarson.

The appearance of a thick haze in Copenhagen on 24 May, as indicated by Prof.

T Bugge in his remarks, is inconsistent with all other observations in Europe regarding

the first appearance of haze, even with other observations in Copenhagen and nearby

regions of Sweden. A close inspection of Bugge's observations also reveals a certain

inconsistency in dating this event. I will attempt to demonstrate this below.

1. S. Holm (1784), who lived in Copenhagen at the time, states that the haze was first

noticed there in early June. A letter from Halland in Sweden, located just north of

Copenhagen, shows that haze first appeared there around 18 June. The haze may

have been noticed in Spydberg, S-Norway as early as 14 June (Wilse 1783), but not

before that time. A thick haze (dry fog) first appeared at Spydberg around 24 June.

In other places in Western and Central Europe, the haze appeared between 14 and 18

June, whereas its intensity increased greatly around 24 June, especially in England,

Holland, and N-Germany. None of these sources mention haze or dry fog in late

May.

2. Bugge has no entries in his weather logs that directly refer to the occurrence of the

Laki haze (dry fog). In May and June there are two entries under the category

"Meteora" (weather) indicating presence of fog or haze. The first occurrence was on

28 May, when fog (or haze) appeared for a brief period at 8:30 in the morning. The

second occurrence was on 25 June when fog or haze was present throughout the

whole evening. In his entries concerning the condition of the sky (coeli facies) Bugge

indicates clear skies for both days. In other words, Bugge's daily weather

observations give no information regarding the first appearance of the Laki haze.

A careful consideration of the remarks made by Bugge regarding the haze (see

translated text above), reveals certain inconsistency in the text.
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a. If the haze was as intense in Copenhagen on 24 May and onwards (i.e., with the

attested dimming of the sun at and below heights of 200 above the horizon) as is

indicated in the text assigned to the month of May, then why was it not observed by

others in the region nearby (e.g., Holm in Copenhagen, Wilse in Norway, and the

observers in Sweden). All of these observers state that the haze first appeared

around mid June.

b. In this context, it is noteworthy that the latter part of the first sentence in Bugge's

descriptions regarding the haze in June 1783 is almost a repeat of what he writes in

his entry for May, with the exception of the date given. The June entry implies that

he noticed the haze in early June, which is consistent with the description by S.

Holm, and that its intensity increased greatly towards the end of the month. Taking

this into consideration, along with other descriptions in this region regarding the

haze, I conclude that Bugge's May entry actually applies to 24 June. It is possible

that the May entry was initially an additional note to the original June entry,

specifying the timing of the phenomena, but got misplaced in later processing of the

text.

c. Furthermore, the short and meager entry for July is suspicious and for the

following reasons: For all of the other months where Bugge accounts for the

presence of the haze, his descriptions contain information about the characteristics

of the dry fog. But not so for July, the time when the haze was at its greatest

intensity over Copenhagen and other parts of Europe. The only July entries are

dates that define the duration of the dry fog. It is difficult to believe that a skilful

and trained observer such as Bugge was so inconsistent in his documentation

regarding the haze. If one evaluates the second sentence in the entry for June, it

appears to repeat most of what has already been said, especially the last part. It is
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suggested here that this sentence actually belongs in the July entry and if so it would

make Bugge's observations internally consistent.

d. The source of these potential errors is unknown, but it may have happened as the

text was processed by the Meteorological Society of Palatinae or even as the

volume was printed.

A reconstruction Prof. T. Bugge remarks based on the above considerations is as

follows:

June: Moreover the dry fog lasted the whole of this month, that by some means

increased to such an extent by the end of the month that the sun could often be gazed

upon throughout the whole day with naked eyes without injury. By day 24 dry fog

occupied the lower portion of the atmosphere to such an extent that the sun, when at or

below heights of 20° above the horizon, could be looked at ceaselessly with naked eyes.

Meanwhile, the sun that normally is yellow, appeared red.

July. Often, as the sun approached the horizon, at the height of 10°, its track

could not be followed, not even when the cloud (dry fog) was thin in essence, and

practically not at all throughout the whole month. Dry fog was continually present

from the 1st to 23rd. It re-appeared on 29 July.

August: Throughout the whole of this month the dry fog again and again spread

over the sky to such an extent that frequently the sun could actually be gazed upon with

naked eyes without aggravation, even at heights of 20-30° (above the horizon). At

other times the sun had a reddish color.

September: Throughout this month the dry fog became less dense and certainly

had ceased before day 26 of this month.

This version of Bugge's remarks is consistent with other similar sources from

Europe.
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Weather:

Thunderstorms: Thunderstorms occurred on the following dates: 15 June; 3, 7,

and 23 August.

Frost: Frost overnight occurred on 7 November, then again on 20, 21,24, 25,

and 26 November; and on 9, 18, and 19 December. First recorded days with daytime

temperatures below freezing were 21 and 22 November. By the evening of 21

December temperature was below 0° and continuous subzero temperatures are recorded

from thereon until 31 December; the lowest temperature was -11OR (= -13.8°C)15 in

the morning of the 29th. This period of severe frost continued well into the new year

and lasted beyond 25 February (see S. H61m, above).

Snowfall: Earliest snowfall occurred on 10 December, then again on 17, 24, and

26 December.

Bergen, Norway
Author: Brun (1786)

When mountains burst open and the deep releases its roar, when the subterrain

fire breaks out and streams of molten rocks flow all over the fields, then we truly have

the Flood. The cold is the element the people always deal with, but what a horrible

adversary they now found in this destroying earth-fire? Here we could only smell the

smoke and yet we got sick as it spread as a fog. Its long travel on the wings of the

northerly winds somehow must have diluted the poison. Despite this, it fell on the

leaves and other vegetation and everything withered. It is, therefore, no wonder that the

valleys and fields in Iceland were quite destroyed and became useless as pastures for

cattle, the cattle was then useless for the people, and the people, in turn, were attacked

by hunger, illness and death. Here in Bergen 621 died in the last year ....

15 Temperature measures with Reaumur thermometer. The Reaumur scale uses OOR for the freezing
point and 800R for the boiling point of water. °C = 1.25°R.
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Spydberg, Norway
Author: Wilse (1783)

Haze (dry jog)

June: On 14 June a little haze or fog appeared in the morningl'' with southerly

winds. The 22nd was sunny and so were the six following days with winds of the SW,

SE, or south. On 24 June the sky was prematurely in a state of deep-red color and the

moon appeared with a strong red color. The following day the sun was visible

(indicating that it was not visible the day before?). Atmospheric haze was present on

26 June and the wind was from the east, then from the south, then from the west. On

27 June there was very dry haze or fog with wind from the SE. On 28 June Wilse states

that the aforementioned haze was, in fact, occurring throughout the whole of Europe.

July: On 8 July the sun had a strong reddish color because of the haze (dry fog)

that was present in the atmosphere in abundance and the sun was mistaken for a tinged

moon by many people. This haze was previously seen in June. On 22 and 23 July the

haze was grandeur.

August: Haze (dry fog) was noted on 5, 6, 22, 23 and 26-29 August. A red veil

in the sky was mentioned on the 9th and a red sun on 12 and 20 August. On 25 August

the sun appeared with a corona.

September: On the first day of this month a mock sun appeared at 4 p.m. On 5

September the shine of the sun was red and again on the 19th. Haze was present

between 25-29 September which caused the leaves of some trees (e.g., the ash) to be

destroyed prematurely.

16 This may be the day when haze was first noticed at Spydberg. Kametz and Thoroddsen give 22
June as date of first appearance. Based on Wilse's descriptions, 24 June appears to be the day when
the haze became really noticeable. On the other hand, the entry on 26 June is the first one to mention
the dry fog specifically.
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October: A red sun was noted on 1 October and more trees (e.g., populi

tremulae) lost their leaves prematurely in early October. Dark-red sun was seen every

day at sunrise and sunset until 12 October.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 15, 16, 17

(intense with hail), and 18 June, 19 July; 9 (with hail), 22, and 23 August; 5 September;

9 and 22 October.

Frost: Earliest reports on frost overnight was on 8-9 October (with evening and

morning temperatures of -l.ooR and -l.D'R, respectively), again on 9-10 October (with

evening and morning temperatures of 3.00R and -1.00R, respectively), and on 25-26

and 28-31 October; and on 4-5 November. The first day with a temperature below

freezing was 12 November and from that day until the end of the year the temperature

was generally below 0°. Counting from 12 November, out of 50 days remaining in the

year, there were 40 days of frost and 10 days with temperatures above 0°. Periods of

severe frost: 12 November to 31 December. The lowest temperatures are -13.00R in

morning of 22 November and -200R in the morning of 29 December.

Snowfall: Earliest reported snowfall occurred on 2 August. Other reports of

snowfall were: 4 and 21 October (hail); 10, 13, 14, 16 and 17, November; 10

December.
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Trondheim
Notes from S. Thorarinsson based on monthly summary of weather in Trondheim in
1783 and 1784

June, July and August 1783 were very hot in Trondheim but the winter 1783-84

was severe such that from 21 December 1783 to 5 April 1784 there were only 4 days

with temperature readings above 0°. 17

Stockholm
Author: Nicander (1783)

Haze (dry fog)

June. The first entry in the column of "Meteora" (weather) that specifies the

Laki haze or dry fog (Vapor sicca) was on 24 June and then on the following dates: 25

2818,29 (midday).

In addition, the haze-fog symbol'? was entered in the column "Meteora"

indicating presence of haze or fog on the following dates: 8 (evening), 10 (evening), 11

(evening), 12, 14, and 21 (evening) June.20

July. The Laki haze or dry fog was specified on the following dates: 1-5, 9

(evening), 10-22,23 (morning and midday), 29 (evening), and 30 (morning) July.

The haze-fog symbol was entered in the column "Meteora" on the 5th (evening)

in addition to the "vap." entry. It is also of interest that on the evening of 8 July, the

symbol for frost (pruniam) was entered in the "Meteora" column-! .

17 This is regarded as being unusual, the 1761-1990 monthly temperature average for January-March
in Trondheim is -1.9 °C ± 1.9°C (20). The 1784 monthly average for January-March is -5.7°C,
which is the fourth coldest on the 240-year temperature record at Trondheim.

18 Standing alone the given dates indicate that the Laki haze was present throughout the day. Almost
all of the weather logs analyzed in this study contain morning, midday, and evening entries regarding
the daily weather. The notations (morning), (midday), and (evening) when attached to the dates
given indicate the part of the day when the haze was reported in individual weather log.

19 A key to the weather symbols used in these late 1800 weather logs are given in Kington (1988).

20 It is possible that a trace of the Laki haze made it to Stockholm as early as on the evening of 8 June,
and that its intensity increased to a degree on 12 June. Early on the haze might not have had the
characteristics of a dry fog because the conversion of S02 to H2S04 was still at an immature stage.
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August. The Laki haze or dry fog was specified on the following dates: 2

(evening), 7 (evening), 8 (morning), 18 (midday), 22 (midday), 23 (morning and

midday), 29 (evening), and 30 (morning) August.

The haze-fog symbol was entered in the column "Meteora" on the following

dates: 15 (morning), 18 (evening, along with a midday entry of "vapor" = haze), 19

(morning and evening), 20 (morning), and 22 August, when it was indicated in the

morning and in the evening, along with a midday entry of "vapor".

September. The Laki haze or dry fog was only specified on the 3rd (midday).

The haze-fog symbol was entered in the column "Meteora" on 3 (morning and

evening, along with a midday entry of "vapor"), 9 (morning), 25 (morning), 28

(morning), and 29 (morning) September.

October to December. After this the fog or haze symbol was entered on the

morning of the following dates, 17 and 27 October; 2, 9, and 23 November; 5, 11, and

18 (evening) December.

Weather

Thunderstorms. Thunderstorms occurred on the following dates: 17, 20, and 21

June; 4, 17 (intense), and 30 (intense) July; 1-2 (intense), 13-14 (intense), 20-21, and 24

August.

Frost. Reported to have occurred over night on 8 July22. First recorded day

with temperature at or below freezing was 4 October (morning temperature reading was

0°); then 5 to 8 November. By 11 November to the end of the year, temperatures were

21 The temperature reading on the evening of 7 July is 11.2°R and the morning temperature on 8 July
is lO.4°R. If frost occurred overnight this implies a very drastic temperature changes (.6.T >12°C)
over several hours on that night. This has to be regarded as a very unlikely occurrence. The presence
of the Laki haze provides an alternative explanation. The grass and other plants were scorched by
acid precipitation from the Laki aerosol cloud which can be easily mistaken for frost effects (e.g.,
descriptions in Norwich Mercury Weekly on 19 July, 1783).

22 See footnote 17.
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generally below 0°; out of 51 days remaining in the year there were 38 days of frost and

13 days with temperature just above freezing. Periods of severe frost were 20 to 26

November, with the lowest temperature of -8.00R on the morning of the 23rd, and 17

31 December, with the lowest reading of -16.4°R at midday of 29 December.

Snowfall. Earliest snow occurred on 4 October. Heavy snowfall reported

between 10 to 21 November. Snowfall occurred again on 25 November and 11

December. Heavy snow noted between 19 and 28 December.

Southwest Sweden

Letter from South Halland Province, Sweden, dated 16 July 1783.
Author: Unknown. Sources: Goteborgs Allehanda; Tuesday, 22 July 1783 and
Stockholms Posten, No 171, pp. 3; Tuesday, 29 July 1783

The so called "sun-smoke'<I has now for many weeks been permanently resting

over the horizon, so thick that in mornings and evenings the sun appears completely

red. If the origin of this smoke were exhalations from the ground, it should have

disappeared with wind or after rain, but the opposite is the case because after a rainy

day it reappears as strong as before. Probably it is injurious to the vegetation because

broadleaf trees as well as some other foliate plants wither and drop their leaves. In

addition, noxious dew occurred at the time of solstice so that in certain areas it caused

damage both to trees and the summer-com, which were scorched.

Letter from Flundre Hiirad in Alvsborg Province, Sweden, dated 1 July 1783.
Author: Unknown. Source: Stockholms Posten, No 160; Tuesday, 11 July 1783

In this week the hay making started in some places. The rye crop around here is

poor. Other crops seem to grow well. However, although the barley in most places has

exuberant spikes, the palaea are beginning to tum white and the leaves yellow, but

nobody knows why, unless it could be a result of the thick "sun-smoke" which has been

23 In Sweden the Laki haze was referred to as sun-smoke.
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in the area for about two weeks24 . Today a northern wind has cleaned up the air which

is now quiet clear again. (from Thorarinsson, 1981)

Letter from Eidsberg pastorate South Halland Province, Sweden, dated 11 August
1783.
Author: Unknown. Source: Stockholms Posten, No 203, pp. 2; Tuesday, 4 September
1783

With aching hearts and tears in their eyes the farmer labours to save this year's

harvest, which in general, is so the poor in this parish that nothing similar is know as far

back as the oldest people can remember. According to the elder, the year 172725 and

the two following years were years of very poor harvest but do not, by any means,

compare to this years crop failure, neither in terms of grass or com harvest. In most

places, especially were there are neither bushes or forest, the grass harvest has

amounted to less than one third of the yield in good years; therefore, a farmer that is

forced to keep horses, has barely enough hay to feed them, but nothing for his cows or

sheep. The com harvest is even poorer. Rye, which for the most part has been brought

in house, cannot be used to plant a new crop, because most farms retrieve only 24

"hekar'' (unit unknown) from each planted bushel. The rye that has already been

gathered, and was harvested prematurely, will not amount to more than one bushel.

Growth of barley and oats is in much sadder shape because many fields have such an

appearance that it is impossible to see what kind of crop was sowed or grew there.

Many farmers who normally harvest two barrels of barley, this time around cannot

expect a single bushel, the same applies to oat, even though it is less valuable.

24 This statement suggests that haze appeared first in SW Sweden on 18 June.

25 This was the eruption year of the second historic eruption of the Oreefajokull volcano in Iceland It
also was the year when activity increased considerably at the fissures of the Myvatn Fires 1724-29 in
N-Iceland.
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Weather and harvest in Sweden

South Halland.
Letter dated 20 June, 1783.
Author: unknown. Source: Goteborgs Allehanda, No 54, 8 July 1783: pp. 2.

Here in South Halland it finally rained around mid June, after a continuos

drought since Easter, such that the spring com, e.g., that of it which was not already

destroyed, began to recover. The situation was more promising in Skane, because the

soil is more rich in clay, and therefore, better retains the water.

Goteborg, Sweden.
Letter not dated written in July, 1783.
Author: unknown. Source: Mit allernadigster Kayserlichen Freyheit Staats- und
gelehrte Zeitung des Hamburgischen unparteyischen Correspondenten, No 120, 29 July
1783.

The haze has also spread over Sweden and is accompanied by thunderstorms. In

Goteborg lightning struck three times in the course of the night of 4 July, but they did

not cause any fires.

Frakna Barad.
Letter dated 20 June, 1783.
Author: unknown. Source: Goteborgs Allehanda, No 54, 27 June 1783: pp. 2;
Stockholms Posten, No 150,4 July 1783: pp. 3.

Such a severe thunderstorm and rain occurred here on 15 June that no person

can remember such a storm for the last 38 years.

Fagelvlk, Varmland, Sweden.
Letter written in summer 1783.
Author: unknown. Source: Stockholms Posten, No 150, 4 July 1783: pp. 3.

Severe thunderstorm right before noon on 17 June, with such hail that its size

was equal to a large hazel nut and it broke all windows a total of 70 on the east side of

the houses. Vegetation was also damaged.
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Vanersborg, Bohus, Sweden.
Letter dated 12 August, 1783.
Author: unknown. Source: Goteborgs Allehanda, No 65; 15 August 1783: pp. 2.

Harvest very poor.

Skarklnds Socken, 0ster-Gotland, Sweden.
Letter written in summer 1783.
Author: unknown. Source: Stockholm Posten, No 222, 26 September 1783: pp. 3.

Most severe failure of harvest as far as the oldest persons can remember. Grass

and com withered because of persistent heat and drought, especially in the latter half of

the summer.

Nykdping, Sodermanland, Sweden.
Letter written in summer 1783.
Author: unknown. Source: Stockholms Posten, No 212, 15 September 1783: pp. 3.

In this district the harvest was not any better than in other parts of this country.

Most have barely recovered enough com to replant next year and only the lucky ones

got enough harvest for consumption.

Uppsala, Sweden.
Letter dated 23 June, 1783.
Author: unknown. Source: Stockholm Posten, No 146, 30 June 1783: pp. 3.

Spring of 1783 was very dry, but despite the burning heat and long-lasting

drought, people are still hopeful regarding the harvest.

Sweden.
Letter from Sweden, dated 11 August, 1783.
Author: Unknown. Source: Jydske Efterretninger, No 49,15 December 1783

The com harvest has failed completely in many of the provinces in this country,

and there is a great shortage of hay so that many of the inhabitants fear that they have to

slaughter a large number of their live-stock.
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Abo, Finland
Author: unknown. Source: Extract from Waderleks-Journaler in 1783, 10: 218-19.
Journals published by a society in Abo.

Haze (sun-smoke)

June. The "sun-smoke" was noticed on clear days with sunshine towards the end

of the month.

July. The "sun-smoke" was present almost every day.

August. The "sun-smoke" was constantly present and was not effected by wind

or rain.

September. The "sun-smoke was not mentioned.

Weather

June. Rain with thunder and lightning occurred on 12, 13, and 18 June. Days of

cloud overcast were 10, 12, 13, 18,22,28,29, and 30 June. The remaining days were

clear or partly cloudy but towards the end of the month the conditions were

characterized by sunshine and "sun-smoke".

July. Rain with thunder and lightning occurred on 6, 7, 9, 18, and 23 July. Days

with thunderstorms were 30 and 31 July. Cloudy days (overcast) were 1,6,8,9, 18,

23,26,30, and 31 July. The "sun-smoke" was present almost every day.

August. Rain with thunder and lightning occurred on 1, 3, 5, 10, 11, 12, and 14

August. Days with intense thunderstorms were 15, 16,21,23,24, and 25 August. In

these storms several houses were caught on fire. Days with completely clear sky were

14, 18, 19,22, and 29 August; on the other days the sky was overcast or partly cloudy.

The sun-smoke (haze or dry fog) was constantly present and not affected by wind or

rain.
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St. Petersburg, Russia
Author: Euler (1783)

Haze (dry jog)

June. The first entries in the column of "Meteora" that specify the Laki haze are

on 26 and 27 June. These were the only days in June that the presence of the haze was

reported.

In addition the haze-fog symbol was entered in the column "Meteora" on 4

(morning) and 14 (midday)26 June.

Dates when part of the day or the entire day was reported to have complete

overcast or dim sky (tectus-") were: 2, 9-11, 13, 14 (because of haze or fog), 19, 23

25, 26-27 (because of the dry fog), 28, and 30 June.

July. The Laki haze or dry fog was specified on the following dates: 4, 5, 13,

14, and 26 July (sun obscured at midday). The haze-fog symbol was entered in the

column "Meteora" on the 30th (morning).

Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 2 (rain),28 3, 7 (rain), 23 (rain), 25 (rain), 26 (sun obscured), 28, 29,

and 31 (rain) July.

August. The Laki haze (dry fog) was reported in the morning of 7 and 14

August.

The haze-fog symbol was entered in the column "Meteora" on 10 (morning and

evening) and 17 (morning) August.

26 It is possible that this was the first indication of haze.

27 "Tectus" or dim sky was most commonly noted in the morning and less frequently in the midday
entries. It is suspicious how frequent these entries are and how often they are either preceded or
followed by the entry indicating clear sky. Is Euler here referring to the presence of the haze? In
some parts of August, September and October this is a daily occurrence.

28 Indicates that a completely overcast or dim sky was associated with the indicated type of
precipitation.
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Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 1 (rain), 2 (rain), 14 (rain), 15, 16 (rain), 18-22, 24, 25, 27-30, and

31 (rain) August.

September. The Laki haze or dry fog was specified on the morning of the 11tho

The haze-fog symbol was entered in the column "Meteora" on 10 (morning), 12

(morning), and 24 (evening) September.

Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 2 (rain), 3 (rain), 4, 8 (rain), 10, 11 (rain), 12 (rain), 13, 14, 15 (rain),

17,18, 19,20 (rain), 21, 22, 24 (snow), and 28 (rain) September.

October. The Laki haze or dry fog was specified on the morning of the 29th.

The haze-fog symbol was entered in the column "Meteora" on 7 (morning), 14

(morning), 16 (morning), and 23 (morning) October.

Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 1,2 (rain), 4 (snow), 5, 6, 7, 9, 10, 11, 13 (snow and rain), 14, 15, 17

(rain), 18 (rain), 19,20 (rain), 22-27,30 (snow), and 31 (snow) October.

November. The Laki haze or dry fog was not specified in the entries of this

month.

The haze-fog symbol was entered in the column "Meteora" at midday on 18

November.

Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 1, 2, 4, 7, 8, 9 (snow), 10 (snow), 11, 12, 13, 15 (snow), 16 (rain),

18, 19 (humid), 20-25, 26 (humid), and from 27-30 November.

December. The Laki haze or dry fog was not specified in the entries of this

month, although a dim or obscured sky was reported on 21 (midday), 22 (morning), 23

(midday) and 24 December, despite that these were cloudless (serenus) days.
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The haze-fog symbol was entered in the column "Meteora" on 10 (morning), 28

(midday, intense) and 29 (morning) December.

Dates when part of the day was reported to have a completely overcast or dim

sky (tectus) were: 1,2 (rain), 3 (rain), 4, 5 (snow), 6 (snow), 7, 8, 9 (snow), 10 (snow),

11, 12, 14, 15 (snow), 16 (rain), 17 (snow), 18,20, and from 28-31 December.

Weather

Thunderstorms. Thunderstorms occurred on the following dates. 6 (intense rain

with thunder), 10 (with intense rain), and 19 June (intense rain with thunder); and 19

July.

Frost. First day with subzero temperatures was 23 September; -1.1oR in the

morning, 5.3°R at midday, and -0.1oR in the evening. The following morning the

temperature was -0.1"R, Between 2 and 5 October all mornings and some evening

temperatures were below 0°, indicating that frost overnight may have occurred. On 12

and 14 October, evening temperatures were below 0° and also in the morning of 23

October. Continuous subzero temperature set in by 25 October; out of 68 days

remaining in the year, 60 days were with frost, 8 days just above freezing (between 0°

and 1.5°R). Periods of severe frost were: 25 October - 18 November (lowest

temperature was -16.5°R in the morning of 7 November) and 5-31 December (lowest

temperature was -24.5°R in the morning of 16 December).

Snowfall. Earliest snowfall occurred on 7 September and again on 9 September.

Heavy snowfall occurred 8-11 November.

Moscow, Russia
Author: Engel (1783).

Haze (dry fog)

Comments by Th. Thordarson. One of the categories listed under observations

for "Meteora" (weather) is "Nebula" (haze or fog) and was used for listing both normal
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fog and dry fog/haze. In addition to the "Nebula" entry, the dry fog (Laki haze) was

mentioned in the remarks regarding the observations for the months of July and August.

In 1783, entries for "Nebula" are found in the records for 9 months out of 12 and

occurrences of haze or fog were recorded as follows: Fog or haze was reported on 2, 7,

and 12 January, a total of 3 days. Fog or haze was not reported in February. Fog or

haze was reported on 10, 11, 13, and 15 March, a total of 4 days all of which were

described as foggy (Le., Nebulosum). Fog or haze was reported on 8,9, and 22 April, a

total of 3 days. Fog or haze was not reported in May. Haze or fog was reported on 25

and 30 June, a total of 2 days. In July the dry fog was reported on each day of the

month, a total of31 days. In August the dry fog was reported on 11, 13, 15, 19, and 25

August, a total of 5 days; thick air (i.e., aer densus) was reported on 5, 6, 12, 14, and 16

August, a total of 5 days. Haze or fog was reported on 7, 9, 10, 11, 15, 18, and 19

September, a total of 7 days, and on 2 September the air was thick (i.e., aer densus).

Haze or fog was reported on 4, 7, 8, 11, 14, 18, 24,29, and 30 October, a total of 9

days. In November haze or fog occurred on one day (not specified). Fog or haze was

not reported in December.

June. There are no specific remarks to the occurrence of the Laki haze (i.e., dry

fog) in the June entries. Haze or fog was reported on 25 June and again on 30 June

which was continuous throughout July and August and possibly longer. There is hardly

any doubt that the dry fog was present in Moscow at great intensities on 30 June 1783

and it may have appeared as early as 25 June. The 25th was given by Kamtz (1845),

Thoroddsen (1914), and Thorarinsson (1981) as the date when the Laki haze first

appeared in Moscow. It is interesting that a cold spell prevailed in Moscow between 19

and 27 June (see below). It is possible that this cold spell was directly related to the

occurrence and dispersal of the Laki haze.
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July. Remarks (Annotationes): The atmosphere almost continuously occupied by

a thick poisonous haze rather than being cloudy.

August. Remarks (Annotationes): The sky was foggy and hazy for almost the

entire month.

Weather.

Thunderstorms. Thunderstorms occurred on the following dates. 3, 7, 18, 19,

26,27, and 30 June; 1,2,11,14,20, and 26 July; 7,16, and 18 August.

Hail. Hail fell on 1 and 26 June and again on 18 August.

Frost. First day with frost was 12 August. Other days with frost were 22 and 24

August; 18, 23, 24, and 28 September; 21 and 28 October.

Snowfall. First snowfall occurred on 29 October.

Remarks (Annotationes) regarding the weather.

June. Weather was very unstable, frequently alternating between very hot

conditions and cold stormy conditions which was accompanied heavy rain. The period

from 19 June to 27 June was cold.

July. Days with cold weather were 7-11,22,23, and 27 July. On 19 July there

was frost in Kossleff. Many places affected by heavy snowfall and at other times by

ravaging fallout of fierce hail. On 26 July five people were killed by lightning and the

same thunderstorms set many trees on fire. During this time diarrhea and dysentery

afflicted the people.

August. Characterized by weather of great variability, from great heat to

unusually cold and extremely windy conditions. The first week [2-7 August] was very

hot, the second cold [frost on the 12th], and the third week brought thunder, rain and

violent winds. The first half of the fourth week was very cold with frost [on 22 and 24

August], turning to sultry conditions by the end of the month.
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November. Characterized by very unstable and stormy weather. Freezing

conditions set in early in the month. The sun was seen four times during the whole

month.

Riga, Latvia.
Letter dated 6 August, 1783
Author: unknown. Source: Jydske Efterretninger, No 37,12 September 1783.

Harvest promising because of favorable weather conditions.

Zagan, Poland
Author: Presus (1783)

Haze (dryfog)

Comments by Th. Thordarson: A. Presus gives detailed accounts on the

occurrence of the Laki haze (dry fog) in and around Zagan. He clearly discriminates

between the Laki haze (i.e., the dry fog which he refers to as "Hohenrauch",

"Herrauch", or "Hegerrauch'") and a normal "wet" fog or haze. His observations are

among the most complete records on occurrence of the Laki haze in Europe.

June. The haze or the dry fog first appeared on 17 June29 as is indicated both in

the weather logs and attached remarks (Annotationes). At first the haze was described

as thin (tenuis), but on 23 June it thickened and its intensity increased considerably.

The haze was present from 17 June to 30 June, although its appearance was obscured by

a thunderstorm and rain on the 20th (midday and evening). The haze was not reported

on the 25th (morning and midday) and its appearance was again obscured by a

thunderstorm on the 28th (midday and evening). Days of intense haze were: 20

(morning), 23, 24, 27 (evening), 28 (morning), and 29 (morning) June.

29 Same date is given by Thoroddsen (1914), which is the only other source that mentions the
appearance of haze in Zagan.

386



Remarks (Annotationes): In the morning of 17 June a thin haze appeared which

caused the hygrometer to show continuos readings of almost no atmospheric humidity,

as if it had been absorbed by the fumes. From this day through September, October and

the beginning of November it (the haze) never disappeared completely. Therefore,

repeated notation was indeed necessary. The standard symbol for fog or haze appears

repeatedly under the category of "Metora" where the observations of wet fog or haze

normally occur; it alone denotes this dry fog,30 just as it would indicate observations of

natural fog. Everywhere the dry fog is mentioned distinctively in this manner, it is

referred to as "Hohenrauch", "Herrauch", or "Hegerrauch". Moreover, note this haze

surrounded everything day and night and somehow persisted and was not interrupted by

stormy weather with lightning or the remarkably violent rain that occurred during this

time.

July. Appearance of haze (dry fog) was noted throughout the month, from the

1st to the 31st, with almost no interruptions, although its presence was not noted from

midday on 1 July to the afternoon of 2 July, its appearance was obscured by a

thunderstorm on the 12th (evening) and again on the 21st (evening), and by rain on the

22nd (evening). Again it was not reported on the 26th (morning and midday) and on

the 31st (morning and midday). Days with thick haze were: 2 (evening), 3, 4, 6

(morning), 8 (morning), 10, 12 (morning), 14-17, 18 (morning), 29 (morning) and 30

(morning) July.

Remarks (Annotationes): On 10 July the sun was hardly visible throughout the

day. In the morning and in the evening the sun was exceptionally red, less so at midday

when it was more like yellow-green. The dry fog was very thick throughout the day.

30 In his weather log A. Presus uses the standard haze-fog symbol to indicate presence of the Laki
haze (i.e., the dry fog). Accordingly, it is evident from his weather log entries that the Laki haze was
continually present at Zagan from 17 June to 6 November.
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On 29 July the sun at sunrise was extremely red, unquestionably not because of clouds,

but in fact the sky towards the horizon was occupied by the thick haze.

August. Haze (dry fog) was noted throughout the month, from the 1st to the

31st, with no interruptions. Days with thick haze were: 17, 18 (morning), 21

(morning), 24 (morning), 25 (morning), and 28 (morning) August.

Remarks (Annotationes): In the early evening on the 16 April the moon, when

within the dry fog, could not be securely identified at height of 6°.

September. Haze (dry fog) was noted almost every day of the month, from the

1st to the 30th, although with some significant interruptions. The haze was usually

present in the morning, to a lesser degree in the evening, but rarely noticed at midday.

Its presence was not noted on the following dates: 6 (morning), 7 (evening), 8 (morning

and midday), 10 (evening), 11 (morning and midday), 12 (midday and evening), 13

(because ofrain), 14, 15 (midday and evening), 16 (morning and midday), 17 (midday),

18 (midday and evening), 19 (midday and evening), 20 (midday because of rain), 21

(midday), 22 (midday and evening), 23 (midday and evening because of rain), 24, 25

(evening because of rain), 26 (because of rain and a thunderstorm), 27 (midday and

evening), 28,29 (evening), and 30 (midday and evening) September. Days with thick

haze were: 4 (morning), 5 (morning), 16 (evening), 22 (morning), 25 (morning), and 30

(morning) September.

A halo was seen around the moon in the evenings of 11 and 13 September.

Remarks (Annotationes): On 21 September the dry fog was moderately strong

and almost all of the sky, towards the horizon in the west, was red. At 5 o'clock in the

morning of 25 September there were hardly any clouds in the sky, but indeed towards

the horizon a dry fog of moderate intensity which colored the sky bright yellow-green.

At 5:30 a.m, the eastern sky was all red, but the dry fog had a transparent color. On 28
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September the haze was of moderate intensity. Also a little frost. In the evening of 30

September the dry fog was thick and also a little frost.

October. Throughout October the haze (dry fog) was normally present in the

mornings and the evenings, along with a red horizon at sunrise and sundown.

Appearance of haze was reported on the following dates: 2 (morning), 3, 4 (morning), 5

(morning), 9 (morning), 10 (morning a evening), 11 (morning), 13 (morning), 14

(morning), 16, 17, 18 (evening), 19 (evening), 20 (evening), 21 (morning), 22

(morning), 29 (evening), and 30 (midday and evening) October. Days with thick haze

were: 4 (morning), 5 (morning), 16 (evening), 22 (morning), 25 (morning), and 30

(morning) October. In addition, there are entries that specifically indicate the

occurrence of normal fog, which sometimes was concurrent with the dry fog. Days

with morning entries (unless specified otherwise) indicating normal fog were: 2

(evening), 3, 5, 7, 8, 11, 13, 18-28,30, and 31 October.

A halo was seen around the moon in the evening of 6 September.

Remarks (Annotationes): At 6 a.m. of 6 October the horizon was red in the east.

On 16 October the haze occupied the middle atmosphere [i.e., the haze appeared to be

at greater heights than before]. The clouds were also unusually red in color.

November. Haze (dry fog) was reported on the following dates: 1 (morning),3

(morning and midday), 4, and 5 November (morning). Days with thick haze were: 1

(morning), 3 (morning), 4 (morning), and 5 (morning) November. In addition, there

are entries that specifically indicate the occurrence of normal fog, which sometimes was

concurrent with the dry fog. Days with morning entries (unless specified otherwise)

indicating normal fog were: 1,2,4 (midday), 12,29 (morning -thick- and midday), and

30 (morning and evening) November.

Days when halo was seen around the moon: 3 (evening), 11 (evening), 12

(evening), 13 (morning and evening), and 17 (morning) November.
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Remarks (Annotationes): At 6:30 a.m. on 1 November a thick haze was present

at the horizon, but somehow not at the Zenith. At 6:30 a.m. on 3 November a thick

haze was seen at the horizon, but the Zenith was clear. From 9 a.m. to 2 p.m., the sky

was clear from time to time. At 6 p.m., again very thick haze was present generating a

halo around the moon. On 4 November the haze appeared at 6 a.m., became very thick

at 7 a.m., but diminished over the course of the day, increased again in intensity

towards the evening. A thick haze was present in the morning of 5 November. The sky

was fairly clear at the Zenith. The haze intensity diminished over the course of the day.

December. Entries indicating occurrences of fog or haze, that always was

present in the morning unless specified otherwise were: 1 (evening), 12 (evening), 13

(morning and midday), 14, 16, 18, and 19 December.

A halo was seen around the moon in the evening of 9 December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 3, 5-6

(intense), 12, 13, 16,20,21,27 and 28 June; 7, 11, 12, 14, 18 and 21 July; 4, 5, 20, 21,

24,25,28 and 29 August; 26 September.

Hail: Hail fell on 27 November.

Frost: First day with frost overnight was 29 September, then again on 11, 18

20, 23 and 30 October; 3-6 and 29 November; 1, 4, and 5 December. Subzero

temperatures lasting the entire day occurred between 7-10 November and 21-26

November. From 6 December to 31 December the conditions were almost constantly

characterized by subzero temperatures, with the exception of 12, 13, 15, and 16

December. Lowest temperature during this period was -17.4°R on 30 December.

Snowfall: First snowfall was on 7 November, then again on 9 and 10 November.
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Resau (Rzeszow), Poland.
Letter dated 4 July, 1783.
Author: unknown. Source: Mit allernadigster Kayserlichen Freyheit Staats- und
gelehrte Zeitung des Hamburgischen unparteyischen Correspondenten, No 130, 15
August 1783: pp. 4.

On 23 June a horrendous thunderstorm passed over this area, with hail as large as

hen eggs. At midday people had to close their window shutters and sit inside by a

light. Ten "weerste" (unit unknown) beyond the Nicola Radonischkov monastery and

70 "weerste". From here, on this same day, a one "Urschin" (unit unknown) of snow

fell on the ground.

Prague Czech Republic
Author: Strnadt (1783)

Haze (dry fog)

Comments by Th. Thordarson: A. Strnadt carried out fairly complete

observations on the occurrence of the Laki haze and clearly differentiates between

occurrences of the dry fog and normal "wet" fog, along with giving information about

atmospheric phenomena.

June. The haze or the dry fog (nebula sicca) first appeared on 16 June31 as is

indicated both in the weather logs and attached remarks (Annotationes). The haze is

described to have come from the SSW and was fairly thick from 17-19 June. Its

intensity diminished between 20-21 June, then recurred on 22 June, and onwards,

thicker than before. This month haze was present from 17 June to 30 June, with the

exception of 20 and 21 June. A very thick haze was noted on the following dates: 24

(evening), 26 (evening), 28 (evening), and 29 June. A red or blood red sun was

mentioned 22, 23, 24, 28, 29, and 30 June.

31 Same date is given by Thoroddsen (1914).
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Remarks (Annotationes): On 16 June the western sky was hazy and the haze

(dry fog) came from the SSW beyond the Moldau River. On 17 June the haze fell over

from the SSW beyond the Moldau River, just as a mountain fog, and completely

covered this region. This haze was not affected by rainfall or the thunderclouds that

appeared in the southern sky. The sun appeared unusually pale through the cloud and

the stars that were visible had a corona. On 18 June the horizon was so hazy all over

that it was like a "Hyeme".32 The sun was of a blood-red color. On 19 June the haze

was thick all over and the gusts at midday had no affect on its presence. The sun was

pale. On 22 June the sun was intensely red at sunset. The sun was reddish at sunset on

the 23rd. On 24 June the sun was red at sunset and the clouds in the north and the west

showed intense reddening. With the rising sun on 25 June the whole horizon became

hazy and an especially thick haze was noticed on the horizon in the south. In the

direction from which the haze first appeared, a long veil of clouds was seen across the

sky stretching from the west to the north. On 26 June the haze was of moderate

intensity. At the Zenith the sky appeared clear. In the morning of 27 June the haze was

everywhere, except at the Zenith. On 28 June the haze still present and the sun was

very pale. A thick haze was present the entire day of 29 June, such that the sun could

be viewed by naked eyes without injury. On 30 June once again, a thick haze.

July. Presence of the haze (dry fog) was noted more or less throughout the

month. Although, it presence was not noted on the following dates: 1, 2 (morning and

midday), 4 (evening, because of rain and thunderstorm activity), 7, 22 (midday and

evening), 23, 24 and 25 (because of heavy rain), 26, 27 (midday and evening), 28

(morning and midday) 30 (midday and evening because of a thunderstorm) and 31

(midday and evening) July. Days with very thick haze were: 3, 4, 8 (midday), 11

(evening), 13 (morning), 15 (morning), 29 (morning), and 30 (morning) July. Red or

32 Meaning unclear.
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blood red sun and moon were reported on: 8-11, 14, and 26 July. Throughout the

month the shape of the sun was distorted at sunset, indicating that the haze was

constantly present in the atmosphere even though it was not always present in the lower

atmosphere over Prague.

In his remarks (Annotationes) for July A. Strnadt gives a daily account of the

haze and its effects on the atmosphere. These accounts are to long to be presented here

in full but summary these descriptions show that throughout July the sun and the moon

had pale (dull) shine and appeared with a strong red or blood-red color.

August. The log for this month contains relatively few entJies indicating

presence of the haze (dry fog), but the entries are spread over the whole month. The

weather was characterized by overcast sky (21 days) and frequent thunderstorms (11

days), which undoubtedly made observations of the haze difficult. However, Strnadt

noted that when the sun was visible it was red, had a dull shine and was obscured. The

shape of the sun was distorted at sunset hours. The moon was also reddish and often

seen with a corona. Days when the haze was mentioned directly were: 3 (in the

morning towards the horizon), 7 (morning), 16 (morning and evening, corona around

the moon), 17 (morning, very thick, red sun at noon, evening, sun obscured and

distorted at sunset), 18, 22 (morning), and 23 (morning) August.

September. Similar to August this month contains relatively few entries

indicating presence of the haze (dry fog). However, the entries are spread over the

entire month. In addition there are several entries which indicate occurrences of

unusually red sun, moon or clouds. A few entries report a corona around the moon.

Days when the haze was mentioned specifically were: 1 (morning, very thick), 4

(morning), 10 (evening, red clouds and red moon), 11 (evening, red sun), 12 (corona

around the moon), 21 (morning), 22 (morning, very thick), and 30 (morning, very

thick) September.
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October. Similar to August and September this month contains relatively few

entries indicating the presence of the haze (dry fog), but the entries are spread over the

entire month. In addition there are entries indicating pale (dull) sun and a corona

around the moon. Days when the haze was mentioned specifically were: 1 (morning,

very thick), 2 (morning), 3 (morning, thin; evening, white corona around the moon), 4

(morning, thin; evening, white corona around the moon), 7 (evening, white corona

around the moon), 11 (morning, thick haze; evening, corona around the moon), 13

(morning), 18 (entire day, thick haze), 19 (entire day, very thick), 20, 21 (morning), 24

(morning), and 27 (morning, sun pale) October.

Remarks (Annotationes): A very thick haze was present on 11 October and frost

outside which was accompanied by snowfall that covered the ground. A very thick

haze was present throughout day on the 18 October. A very thick haze was present all

over on 19 October and frost outside.

November. Similar to August, September and October this month contains

relatively few entries indicating the presence of the haze (dry fog), but as before the

entries are spread over the entire month. In addition, there are entries indicating a red

sun, red colored horizon, and a corona around the moon. Days when the haze was

mentioned specifically: 1 (morning), 2 (morning and midday), 7 (evening, corona

around the moon), 8 (evening, corona around the moon), 24 (red sun and horizon at

sunrise), 28 (morning), and 30 (morning and midday) November.

December. Days when the haze was mentioned specifically were: 1 (morning), 2

(morning), 12 (morning, very thick) 13 (morning, very thick), 16, 17 (morning), 26, 28

(evening, corona around the moon), and 31 (morning and midday, red sun) December.

Remarks (Annotationes): A thick haze was present on 1 December and the air

was cold. On 26 December the weather was calm with little rain. Despite for these

conditions the haze appeared and spread all over. Later an unusual snowfall occurred
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followed by rain. This was followed by calm weather and the haze came down from

above33 • A thick haze was present along the entire horizon on 29 December. In the

morning of 31 December the lower atmospheric haze came once again, accompanied by

a red sun even at midday.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 5, 14, 26 and

27 June; 4 (intense), 11-13, 18,20,21 and 30 July; 4-5 (intense), 7, 11,20, 24-27 and

29 August; 17 and 26 September.

Frost: First mentioning of frost overnight, along with precipitation of snow, was

11 October (morning temperature was 1.5°R), then again on 19 October. Days with

subzero temperatures were: 8-10, 22-23, 26-27 and 30 November. From 3-31

December the weather was characterized by almost constant subzero temperatures.

Lowest temperature during this period was -17.0oR on 31 December.

Snowfall: First snowfall was on 11 October. Periods of snowfall were: 8-10

November, 7-8 and 25-28 December.

Letter from Prague dated 4 July, 1783.
Author: unknown. Source: Jydske Efterretninger No 30, 25 July 1783.

Severe thunderstorm occurred on 4 July. In Plzen it killed six of ten people that

were ringing church bells, and severely injured the other four. In Eger (Hungary) it

killed 30 people and in Klarov it completely destroyed the corn in the fields.

33 This suggests that the haze was descending down from upper levels of the troposphere.
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Budapest, Hungary.
Author: Weiss (1783)

Haze (dry fog)

Comments by Th. Thordarson: In his remarks (Annotationes) F. Weiss only

mentions when the haze first appeared in Buda [now Budapest], i.e., 23 June. There are

no entries in his weather logs that designate specifically the presence of the dry fog. In

the category "Meteora" for June and July he only reports thunderstorm activity and rain.

In August and September there are several entries which indicate that the haze was

present in the atmosphere above Budapest. Furthermore, there are a few entries in the

October, November, and December logs which indicate occurrences of haze or fog.

Most of these entries fall on the dates when it is known that the haze was present at

other nearby locations (e.g., Zagan, Mannheim etc.).

June. Remarks (Annotationes): On day 23 and all the way to the end of this

month, the atmosphere was constantly loaded by the smoke of the earth; it resembled a

thick fog that was being continually replenished.

Weiss also states: Despite this [i.e., that the haze was continuously present], the

abundance of the sunshine was held back and the air was of less than moderate

fertility,34 the wine crop was excellent and the harvest of com and leguminous plants

was abundant.

July. No entries that specify the presence of the haze (dry fog).

August. In August there are several entries that indicate the presence of the haze

(dry fog). In the morning of 7 August the moon was seen with a corona. Haze or fog

was present in the morning of the 21st and 23rd. A thick haze occupied the atmosphere

34 This implies that the shine of the sun was reduced and that the state of the atmosphere was unusual
in the summer of 1783, which undoubtedly is related to the presence of the dry fog.
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on the 25th. On the 26th the haze was present along the entire horizon. Haze or fog

was present in the morning of 27 August.

September. In September there are several entries that indicate the presence of

the haze (dry fog). In the morning of 13 September, the haze was seen along the entire

horizon and haze or fog was observed in the morning of the 24th.

October. In October there are several entries that indicate the presence of the

haze (dry fog). On 13 October the haze was seen along the entire horizon. From 18-21

October a haze or fog was observed in the mornings and again on the 23rd.

Remarks (Annotationes): A very thick haze (dry fog) was present everywhere

on 11 October. Outside there was frost that was accompanied by snowfall which

covered the ground. A very thick haze was present the entire day on 18 October. A

very thick haze was present allover on 19 October and frost outside.

November. In November there are several entries that indicate the presence of

the haze (dry fog). Haze or fog was noticed in the mornings of 2, 3, 13 and 24

November. On the 30th a haze occupied the atmosphere which lasted the entire day.

December. In December there are several entries that indicate the presence of

the haze (dry fog). Haze or fog was present throughout the day on 1 and 2 December.

Haze or fog was noticed in the evening of the 3rd and was also present in the mornings

of the 4th and 5th. Haze or fog was reported in the evening of the 7th, overnight on the

11 th, and the entire day on the 14th. Haze or fog was noted in the mornings of 15, 17,

19, and 22 December and on the 29th the haze was present early in the day, but

disappeared as the day progressed.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 2, 3, 5, 11, 12,

17,20,21 (severe with hail), and 30 June; 12, 14, 15, 17,21,23,26,27 and 29 July; 5,

6 (intense), 7,12,14, 17,20,23,28 and 29 August; 5, 17, 18, 27 and 28 September.
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Frost: First mentioning of frost overnight is 5 November (morning temperature

was 3.00R), then again from 10 to 13 November. Daytime subzero temperatures set in

by 22 November and from that time to the end of the year there were 31 days of frost

and 9 days with the diurnal temperature above 0°. Lowest temperature during this

period was -11.00R on 22 December.

Snowfall: First snowfall was on 8 and 9 November. Periods of snowfall were:

22 November; 7-8,19, 22-24, 26 and 29 December.

Letter from Wien (Vienna), dated 6 August 1783.
Author: unknown. Source: The Morning Herald, section on Foreign Intelligence 2
September 1783.

We have experienced here the greatest heat ever remembered in this country.

According to a report from the Imperial Observatory on 28th ult. (July), Reaumur's

thermometer was at 22, on the next day it rose to 23, the 30th to 24, the 31st to 25 and

on 1 August fell again to 14.

Monte Sancto Andex in Bavaria
Author: Kette1 (1783)

Haze (dry fog)

Comments by Th. Thordarson: Since no remarks (Annotationes) are attached to

Kettel's weather log his observations contain no specific comments regarding the Laki

haze. However information on the first appearance of the haze and its duration can be

inferred from the weather log entries under the category "Meteora" because of the

unusually frequent and subsequent entries of the haze-fog symbol. For example the

haze-fog symbol is entered in almost all observations (i.e., 3 times a day) from 18 June

to 16 July.

June. The haze (dry fog) first appeared on 18 June and was present every day

until the 30th. However, haze was not indicated in several entries, where either rain or
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thunderstorm activity interrupted observations. A very thick haze was reported on the

22nd.

July. Presence of the haze (dry fog) was noted almost for the entire month, or

from 1-28 July, although with several interruptions. The presence of the haze was not

reported from midday on the 3rd through the 4th (thunderstorm), from midday of the

8th to the morning of the 9th, from midday on the 16th through the 17th

(thunderstorm), from midday on the 20th until evening of the 25th (thunderstorms), and

not on the 26th (rain), 27th, 29th (thunderstorm), 30th, and 31st. On 1 July the haze

appeared as a smoke. Towards the end of the month the haze intensity appears to have

decreased, but at this time thunderstorms and heavy rain were almost a daily

occurrence.

August. Thunderstorms and heavy rain continue through the first half of

August. Haze or fog was reported on the 13th and 14th. Haze or fog was reported in

all entries from the 20th to the 24th. A severe thunderstorm passed over on the evening

of the 24th and lasted through the 25th. Thin haze or fog was reported in the mornings

of 26, 28 and 29 August. The persistent haze returned on 31 August.

September. A continuous haze or fog was noted from the 1st to the 7th. After

that haze or fog was reported as follows: 10 (morning and midday), 11 (morning) 15

(morning, thin), 18 (morning, thin), 20 (evening) 22 (morning, thick), 23 (morning,

thick), 24 (morning, thick), 26 (morning, thin), 27 (morning, thick), 28 (morning,

thick), 29 (morning), and 30 (morning, thick) September.

October. The haze (dry fog) was reported on the following dates: 1 (morning,

thick haze), 2 (morning, thin) 4 (morning, thin ), 5 (morning, thin), 8 (morning and

midday), 9 (evening), 10 (morning), 11 (morning), 12 (morning and midday, thick), 13

(morning, thick; evening corona around the moon), 14 (morning, thin and evening,

thick), 15 (morning, thick), 16 (morning, thick), 17 (morning), 18 (entire day, thick),
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19 (morning, thick), 20 (morning, thick, and evening), 21 (morning, thick), 22

(morning, thick), 23 (morning, thin), 24 (morning, thin, and in the evening), 25

(morning, thin), 26 (morning, thin), and 31 (morning) October.

November. A continuous presence of haze or fog was reported from the 1st to

the 6th. Presence of thick haze was reported as follows: 1 (morning), 3 (morning), 5

(morning and midday), and 6 November (morning). On the evening of the 1st the haze

was seen on the horizon and remained there until 3 November. On 5 November the

haze covered the entire sky (celestial sphere). Haze or fog was again noted towards the

end of the month, namely on the following dates: 22 (morning), 23 (morning and

everywhere along the horizon until 3 p.m.), 26 (morning, thick, and everywhere along

the horizon until noon), 27 and 28 (entire day, thick), 29 (entire day, thick, and covered

the entire sky by 4 p.m.), and 30 (intense in the morning, thinner over the day, and

appearing on the horizon at 5 p.m.).

December. Entries indicating occurrences of fog or haze were: I (morning,

thin), 2 (entire day, on the horizon), 3 (morning, everywhere and the sky invisible;

during the day and in the evening it was seen on the horizon), 4 (morning, so thick that

it covered the sky; during the day and in the evening it was seen on the horizon), 5

(morning, thin), 6 (morning, thin), 7 (morning), 8 (entire day, the haze was so thick that

it completely blocked the heavenly bodies), 9 (morning, thin), 11 (entire day, thick), 12

(morning, thick), 13 (morning, thin), 14 (morning, thick), 15 (morning, thick) 16

(entire day, in the afternoon it was on the horizon), 17 (morning, thin), 19 (midday, at

the horizon; evening, thick), 20 (entire day, thick), 21 to 23, 24 (morning), 27, 29

(morning and midday), 30 (morning), and 31 (morning) December.35

35 It is interesting that in December haze or fog occurred regardless of temperature conditions, i.e.,
both on days with temperature above or below freezing.
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Weather

Thunderstorms: Thunderstorms occurred on the following dates: 4, 8, 9, 18, 26-

28, and 29 June (severe); 4, 17,21,22,23,25 and 29 July; 1-4,7, 11, 24-25 (very

severe with hail) August; I, 17, 18,27 and 28 September.

Frost: First record of frost overnight was 31 October (morning temperature was

3.8°R), then again on 2, 3, and 4 November. Cold spells with subzero temperatures

were 7-11 November (lowest temperature was -5.4°R in the morning of the 10th), 22

30 November (lowest temperature was -4.2°R in the morning of the 29th), and 4-5

December. In general, subzero temperatures set in by 10 December and from that time

until the end of the year there were 16 days of frost and 5 days with the diurnal

temperature above 0°. Lowest temperature during this period was -8.9°R on 31

December.

Snowfall: First snowfall occurred on 9 October and again on the 10th. Periods

of snowfall were: 8-13 and 20-22 November; 18, 24-26, and 29-30 December.

Tegernsee
Author: Donaubauer (1783)

Haze (dry fog)

Comments by Th. Thordarson: In his weather log Donaubauer indicates the

occurrence of the Laki haze by the haze-fog symbol. In addition, he sometimes

specified the haze as "vapore sicca" (dry fog) or just "vapore" or by using adjectives

like "densissimi" (thick), "ruber" (red). He also reports when the haze was present

along the entire horizon or around the mountains. In several entries he describes the

haze as "humidus" (wet), which obviously refers to relatively high atmospheric

humidity. Occurrences of wet haze do not rule out the presence of the Laki haze,

because the sulfuric aerosol particles may act as nuclae for condensation of atmospheric

water and thus enhance the humidity of the haze. In his remarks (Annotationes)
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Donaubauer gives accounts of the first appearance of haze in June and describes the

condition of the sky and the sun. (see below).

June. The Laki haze (dry fog) first appeared 18 June. The haze was constantly

present until the end of the month, with the exception that it was not reported at midday

and in the evening of the 26th and in the morning on the 27th. The haze was specified

as dry fog on the following dates: 19,24,25,28 (thick) and 29 June. Reddish haze was

reported in on the evening of 23 June.

Remarks (Annotationes): From 18 June to 3 July the sun was commonly blood

red at sunrise and sunset.

July. A more or less continuous haze (dry fog) was reported from 1 to 27 July.

Wet haze or fog was noted in the morning of the 5th. The haze was not noted in the

following dates: 3, 4 (because of a thunderstorm), 7 (morning, because of rain), 8

(midday and evening), 13 (evening, because of a thunderstorm), 17 and 18 (because of

a thunderstorm), 21, (evening, because of a thunderstorm), 22 (because of a

thunderstorm), 23 (midday), 24 (midday, because of rain), 25 (morning and midday,

because of rain), and 26 (midday, because of heavy rain) July. No haze was reported

from the 27th to the 31st, probably because three thunderstorms passed over the region

during these days. On all of the days when the presence of the haze was not reported in

the weather log, the clouds were described to have a red color, even at midday.

Remarks (Annotationes): On 9 July, the sun and the moon were intensely red at

sunrise and sunset, with an appearance similar to a glowing iron. This lasted until 14

July. On the 19th the sun had an appearance similar to that on 9 July.

August. Haze (dry fog) was reported on the following dates: 5 (morning), 12

(over the night, morning and midday), 13 (morning and midday), 16 (evening, in the

SW), 17 (midday, in the mountains; evening), 18 (morning and midday), 22 (evening),

23 (morning and evening), 26 (morning, in the mountains; evening), 27 (midday), 28
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(morning), and 31 (evening) August. Throughout the month, the clouds had reddish

color, even at midday.

September. Haze or fog was reported on the following dates: 1, 2 (morning and

midday), 3 (morning), 9 (morning), 12 (morning, corona around the moon), 13

(evening), 22 (morning, corona around the moon at 5 a.m.; evening), 24 (morning and

evening), 26 (morning, with frost36 ; midday), 27 (morning, with frost), 28 (morning,

with frost), and 29 (morning, with frost) September. On several occasions the clouds

were red in color, even at midday.

October. Haze or fog was reported on the following dates: 3 (morning), 8

(midday and evening), 9 (morning and evening, snow fell at midday), 10 (all day), 11

(morning), 12 (morning; evening, corona around the moon), 14 (evening), 15 (all day),

16th (morning and evening), 17 (morning and midday), 18 (all day, morning, with

frost37 ), 19 (all day; morning, haze came from above), 20 (all day; midday, haze came

from above), 21 (midday, haze came from above and evening), 22 (morning, haze came

from above), and 29 (morning, in the mountains) October. On several occasions the

clouds were red in color, even at midday.

November. Haze or fog was reported on the following dates: 5 (midday), 6, 7

(morning, towards the mountains), 8 (morning), 13 (morning and midday), 16

(evening), 19 (morning and midday), 20 (evening), 21 (all day), 23 (all day; morning, it

came from above; evening it encircled the horizon), 26 (midday and evening), 27

(evening), 28 (morning, came from above, and evening, thick), and 29 (evening, thick)

November

36 In the morning entries of 25-29 September, Donbauer indicates "pruinam" or frost (presumably
overnight), but the morning and evening temperature readings for these days indicate temperatures
between I0-11oR. See footnote 21.

37 See footnote 36.
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December. Haze or fog was reported on the following dates: 3, 4 (entire day;

evening, corona around the moon), 5 (morning), 8 (all day), 9 (morning, thin), 10

(midday, thin, and evening), 11 (morning and evening), 12 (all day; morning, thick), 13

(all day), 14 (morning, corona around the moon; midday, thin), 18 (midday), 19 (all

day; morning, thick), 20 (evening), 21 (all day; thick in the morning and at midday), 22

(all day; morning, thick; midday, thin), 23 (morning, thick; evening), 24 (morning), 25

(morning), and 31 (morning, came from above; evening, in the mountains to the west)

December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 4, 9, 18, 21,

26,27, and 28 June; 4 (intense), 13, 17, 18 (intense), 21, 22, 28, 29, and 30 July; 3, 4,

7,11,24 (intense), and 29 August; 7 September; 2 October; 16 November.

Frost: First frost overnight was indicated in the category of "Meteora" on 24

September and on subsequent days until 29 September. This was probably not a true

occurrence of subzero temperatures-F. The first certain occurrence of overnight

temperatures below 0° was 11 October (morning temperature was 1.00R). Frost

overnight occurred again on 22, 30, and 31 October and 1 November. Days with

subzero temperatures were 8-11 November (lowest temperature was -S.2°R on the

evening of the 10th). Subzero temperatures set in by 22 November and from that time

until the'end of the year there were 28 days of frost and 12 days with the diurnal

temperature above 0°. Lowest temperature during this period was -10.3°R on the

morning of 31 December.

Snowfall: First snowfall was on 9 and 10 October. Periods of snowfall were 8-9

and 13 November.

38 See footnote 36.
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Peissenberg
Author: Schwaiger (1783)

Haze (dry jog)

Comments by Th. Thordarson: H. Schwaiger gives a detailed account on the

occurrence of the Laki haze in his remarks (Annotationes) but did not enter its

occurrence systematically into his weather log. Haze or fog is reported in his weather

log on days when the haze or the fog was thick or intense. Furthermore, he describes

the haze (Nebula) either as a"dry" fog and a "wet" fog.

June. The haze was continuously present from 17 to 30 June.

Weather log: Haze or fog was reported on the following dates: 9 (evening), 10

(morning), 19 (evening), 21 (all day), 22 (all day), 23 (morning), 28 (morning and

midday), and 29 (morning) June.

Remarks (Annotationes): Around 8 o'clock in the evening on the 9th the air was

completely cover with haze (or fog). Later in the evening a thunder and lightning storm

came in from the west. On the 17th the hemispheric haze was present almost the whole

day39 . On the 18th the atmosphere was completely filled with the hemispheric haze

the entire day. At 8 p.m. the mountains were visible again because the haze was lifted

by a storm that came from the west. On the 19th the haze was like it was the day before

[i.e., on 18 June]. From 8 o'clock in the evening to 9 (a.m.) the sky was completely

covered with haze (dry fog). On the 21st it rained throughout the day which made the

haze thicker. On the 22nd the sky was completely covered by the haze (dry fog). On

the 23rd the sky was completely covered by a very thick haze (dry fog), through the

night and all of the morning. At midday the haze became thinner as it was lifted by a

breeze. Past midday the haze was more and more replenished. A thick hemispheric

39 This is the first day that it is certain that the Laki haze (dry fog) appeared at Peissenberg. It is
possible, however, that the haze (fog) indicated in the evening of 9 June and in the morning of 10
June was the first indication of what was to come.
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haze was maintained for most of the day on the 24th. From 25-27 June the haze was

the same as on the 24th. From 28-30 June the sky was completely covered by the haze

which on every day was thick in the morning, but became thinner around 11 a.m. Each

day the thick hemispheric haze returned in the afternoon.

July. Haze was present from 1 to 20 July. The haze was not very apparent

between 21 and 23 July. It returned on the 24th and was present until the 27th. The

haze was not present between 28-31 July.

Weather log: Haze or fog was reported on the following dates: 1 (morning),5

(morning), 24 (midday and evening), 25 (morning), and 26 (midday) July.

Remarks (Annotationes): In the morning of the 1st the entire horizon was

concealed by thick haze (dry fog), but at midday the haze was thinner for a brief period

as it was lifted by a breeze, then in the evening the haze returned as thick as before. In

the morning of the 2nd the entire horizon was covered by thin haze that became thinner

as the day progressed. We were surrounded by thick haze between midnight and 8 a.m.

on the 5th; at midday the haze became thinner as it was lifted further up into the

atmosphere. In the afternoon the entire hemisphere was again covered by haze (dry

fog). From 6-16 July the hemispheric haze was present every day. In the afternoon of

the 16th the haze began to dissipate. Between 18-20 July, the hemispheric haze was

present every day. In the afternoon of the 20th the haze began to dissipate. About 3

p.m. on the 24th the sky was completely covered by thick haze. Throughout the night

to 11 a.m, we were completely covered by haze on the 25th. The haze became thinner

in the afternoon as it was lifted by the wind. In the morning of the 26th high altitude

haze was present, but by noon we were surrounded by thick haze that was again lifted

by the wind around 4 p.m. After that the sky was clear. In the morning of the 27th the

entire horizon was occupied by the haze (dry fog).
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August. Haze was reported from 1-3 August and then again on the 12th. After

that haze was not noted until 31 August.

Weather log: Haze or fog was reported on the following dates: 12 (midday), 13,

14, 17 (evening), and 26 (midday) August.

Remarks (Annotationes): In the afternoon of the 1st a fringe of haze was seen

along the entire horizon, most apparent to the west. On the 3rd the horizon was thick or

hazy. We were completely surrounded by haze at 9 a.m. on the 12th, which later gave

way to rain, but abundant haze was seen at the horizon, especially around the time the

sun was setting. A thick haze was present everywhere on the 13th. The appearance of

the sky was dull/pale throughout the afternoon and the humidity was high. A thick haze

was present on 14 and 15 August. It began to dissipate in the afternoon of the 15th. In

the morning of the 17th we were completely covered by the haze (dry fog). The haze

dissipated in the afternoon, but around 5 p.m. we were again surrounded by the haze

(dry fog). In the morning of the 19th a thick "wet" haze sank down towards the ground.

On the 20th the hemispheric haze was again present for the entire day, as a fringe along

the entire horizon. From 22-24 August the hemispheric haze was present. A thick fog

that emanated from the ground was noticed at many locations on the 27th and on the

28th the horizon was concealed by the haze (dry fog). Throughout 30 August a fringe

of haze was noticed along the horizon and on the 31st the hemispheric haze was present

all day.

September. Haze or fog was a near daily occurrence in this month.

Weather log: A continuous occurrence of haze or fog was reported between 1-3

and 22-30 September. In addition, haze or fog was reported on the following dates: 1,

2,3 (morning), 13 (morning), 22 (morning and evening), 23 (morning and evening), 24

(morning and evening), 25 (morning), 26 (evening) 27 (morning), 28 (morning), 29

(morning), and 30 (morning) September.
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Haze in the higher levels of the atmosphere (ex nebula = haze above) was

indicated under the category "pluvia" (= rain) on the following dates: 24, 25, 27, 28,

and 30 September.

Remarks (Annotationes): A complete cover of thick and "wet" haze (or fog)

occurred on the following dates: 1,2,3,13,15, and from 22-30 September.

October. Haze or fog was a daily occurrence throughout this month.

Weather log: A continuous occurrence of haze or fog was noted between 8-12

and 14-21 October. Haze or fog is indicated on the following dates: 8 (morning and

midday), 9 (morning and evening), 10 (morning and evening), 11 (morning and

evening), 12 (morning), 12 (evening), 15 (morning and evening), 16 (midday and

evening), 17 (morning), 18 (midday and evening) 19 (morning and midday), 20

(midday and evening), and 21 October.

Haze in the higher levels of the atmosphere (ex nebula = haze above) was

indicated under the category "pluvia" (= rain) on the following dates: 12, 15, 17, 18, 19,

20,21, and 22 October.

Remarks (Annotationes): A daily occurrence of "wet" haze or fog characterized

the entire month.

November. A continuous occurrence of haze or fog was reported between 1-9

and 21-29 November.

Weather log: Haze or fog was reported on the following dates: 5 (evening), 6, 7

(morning), 8 (morning), 9 (morning), 21 (morning), 22, 26, and 27 (evening)

November.

Haze in the higher levels of the atmosphere (ex nebula = haze above) was

indicated under the category "pluvia" (= rain) on 6 and 7 November.

Remarks (Annotationes): A "wet" haze or fog occurred on the following dates:

1-9,21-23 and 25-29 November.
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December. A continuous occurrence of haze or fog was reported between 3-4,

8-15, 18-25, and 30-31 December.

Weather log: Haze or fog was noted on the following dates: 3 (morning), 8, 9

(morning and midday), 10, 11 (evening), 12, 13, 18, 19 (morning and midday), 20

(morning, corona around the moon, and evening), 21, 22 (morning), 23, 24 (morning),

25 (midday), 29 (evening), 30 (evening), and 31 (morning) December.

Remarks (Annotationes): A "wet" haze or fog occurred on the following dates:

3,4,8,11-15,18-25,30, and 31 December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 4,9, 18,21,27

(with hail), and 29 June; 4 (intense), 17,21,29, and 30 July; 3, 4, 7. 11,21,24, and 25

(intense) August; 1 and 5 September; 16 October (with hail).

Frost: First occurrence of temperatures below 0° overnight was 9 October

(morning temperature was -O.3°R), then again: 10, 11,30, and 31 October and between

1-2 NovembertO. Days with subzero temperatures were 6-13 November (lowest

temperature was -8.8°R in the evening of the 10th), 21-29 November (lowest

temperature was -5.9°R in the morning of the 23rd), 2-4 December (lowest temperature

was -2.7°R in the morning and evening of the 3rd). Subzero temperatures set in by 9

December and from that time until the end of the year there were 18 days of frost and 5

days with the diurnal temperature above 0°. Lowest temperature during this period was

-12.8°R in the morning of 31 December.

40 From 31 October to 2 November the evening and morning temperature readings show temperature
between 3.9-5.2°R, which contradicts the entry under "Meteora" indicating frost. These days the
evenings and mornings are clear with sunshine. Thus, it is possible that the external thermometer
was exposed to the sun and that these readings indicate too high values for the actual air temperature.
The evening and morning temperature readings at Munich (a nearby station) for these days is fairly
low (between 1.6-3.7°R), suggesting that the above explanation might be correct
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Snowfall: First snowfall was on 9-10 October. Periods of snowfall were: 8-9,

13, and 21-22 November, 8, 23-25, and 29-30 December.

Munich
Author: Huebpauer (1783)

Haze (dry fog)

Comments by Th. Thordarson: Huebpauer does not specifically mention the

occurrence of the Laki haze (dry fog), but information about the haze can be gathered

from his weather log, because he indicates its presence by entering the haze-fog symbol

under the category "Meteora".

June. The haze (dry fog) was reported almost continuously from 17 to 30 June.

Weather log: The haze was reported on the following dates: 17, 18 (midday and

evening), 22, 23, 25 (morning and midday), 26, 27 (morning and midday), 28 (morning

and midday), 29 (morning), and 30 June.

July. Periods when the haze was continually present were: 1-2 and 9-14 July.

Weather log: Haze was reported on the following dates: 1,2,9-14, and 29 July.

August. The haze (dry fog) was continually present from 20-24 August.

Weather log: Haze was reported on the following dates: 20, 21, 22, 23, 24

(morning and midday), and 28 August.

September. The only entry indicating the haze was on the 27th (morning, thick).

October. A haze or fog was reported in the mornings of the following days; 12,

13,14 (morning and evening), 15,17, 18,21,22, and 25 October.

November. Occurrence of haze or fog was noted on the following dates:

(morning and evening), 2 (morning, thick and evening, thick), 3, 4 (morning and

evening), 5 (morning, thick and evening), 15 (morning), 29 (midday and evening), and

30 (midday and evening) November.
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December. Occurrence of haze or fog was reported on the following dates: 2

(morning and evening), 3 (morning), 6 (morning), 15 (midday and evening), and 16

(midday) December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 4, 9, 27, and

28 June; 4, 17, 22 (intense), 25, 28, and 29 July; 3, 4, 7, 24, 25 (intense), and 29

August; 2 October.

Frost: First occurrence of overnight temperatures below 0° was probably 23

October (morning temperature was 3.3°R). The evening and morning temperatures

between 29 October to 3 November were low, ranging from I.6-2.9°R. Days with

subzero temperatures were: 7-11 November (lowest temperature was -5.00R in the

morning of the 10th); 22-24 November (lowest temperature was -3.5°R in the morning

of the 23rd); 26 November to 1 December (lowest temperature was -4.8°R in the

morning of the 1st); 3-6 December (lowest temperature was -I.5°R in the morning and

evening of the 3rd). Subzero temperatures set in by 11 December and from that time

until the end of the year there were 18 days of frost and 3 days with the diurnal

temperature above 0°. Lowest temperature during this period was -12.00R in the

morning of 31 December.

Snowfall: First snowfall was on 9 October. Periods of snowfall were: 8-11 and

24 November; 18 and 24-29 December.

Regensburg
Author: Heinrich (1783)

Haze (dry fog)

Comments by Th. Thordarson: P. P. Heinrich conducted systematic observations

regarding the occurrence of the Laki haze (dry fog) and entered all of the information

under the category "Meteora". Attached to his weather log are tables, where he

411



tabulated the weather observations for each month. These tables do not contain any

information about the haze, but give information about mean pressure, temperature etc.

June. The haze (dry fog) first appeared on 18 June and its presence was reported

from 18 June to 30 June. The haze was not noted on the following dates: 25, 26, and 28

June (because of thunderstorm). The first day that the haze was observed was 18 June.

The haze was present from 19-21 June. On the 22nd and 23rd the haze was noticeable

throughout the day. Over the day on the 24th the haze was so thick that it was like at

night. On the 27th the haze was thick all day. The haze was thin everywhere during

the day on the 29th, but thicker in the evening. The haze was present in the morning of

the 30th.

July. Haze (dry fog) was noted almost continuously throughout the month. The

haze was not reported on: 3, 16 (thunderstorm), 17 (rain and thunderstorm), 22

(thunderstorm), 23 (rain), 26, and 31 July. On 1 July the haze was not as thick as the

day before and very thin in the evening. On the 2nd the haze was absent as it had

accumulated towards the horizon. On the 4th the haze was present in the morning and

in the evening, but thin. The haze was very thin at midday on the 5th, but on the 6th

the haze intensity increased with rain by midday and onwards. On the 7th the haze was

present in the morning, thicker than the day before. The haze was present in the

morning on the 8th but difficult to detect. Its intensity increased in the evening. On the

9th the haze was present everywhere. In the evening on the 10th the haze was present

everywhere. On the 11th the haze was thick in the morning and fairly thick in the

evening. On the 12th the haze was present in the morning and became very thick in the

evening. The haze was thin on the 13th and was rather thin but well noticeable in the

morning of the 14th. In the morning of the 15th the haze was thick, but thinner over

the day. On the 18th the haze was rather thin in the morning, but thick in the afternoon.

At midday on the 19th the haze as usual, but almost had disappeared in the evening.
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On the 20th the haze was hardly detectable at midday and on the 21st it was hardly

detectable in the morning and had almost disappeared by evening. Only a trace of the

haze was observed in the morning of the 24th, but on the 25th the reappeared after rain.

A thin haze was noticed in the morning of the 27th. On the 28th the haze was present

at midday and in the evening, when it was thick. A thick haze was present in the

morning of the 29th and on the 30th the haze was noticed everywhere.

August. Haze (dry fog) was reported by the haze-fog symbol on several

occasions throughout the month: 1 (morning, thin), 2 (morning, thin), 9 (morning), 11

(morning, thin), 15 (morning, thin), 16 (morning), 17 (morning, intense), 18 (morning),

19, 20 (morning, thin), 23 (morning), 24 (morning, thin), 28 (from middle of the night

to morning), and 30 (morning) August.

September. Haze or fog was reported by the haze-fog symbol on the following

dates: 4 (morning), 9 (morning, thin; at midday large/intense corona around the sun), 21

(morning, thin), and 26 (morning, thin) September.

October. Occurrence of haze or fog was reported on the following dates: 2

(morning, thin), 4 (morning, fairly thick), 6 (evening; corona around the moon), 13

(corona around the moon in the morning and evening), 14 (morning, thick), 15

(morning, thick, evening, thin), 16 (morning, thin), 18 (morning, thin), 19 (morning),

20 (morning), 21 (morning), 23 (morning, thin), 24 (morning, thin), 25 (morning,

thick), 26 (morning, thick), 27 (morning, thick), 28 (morning), 30 (morning), and 31

(morning) October.

November. Occurrence of haze or fog was reported on the following dates: 2, 3,

4,30, and 31 (midday) November.

December. Occurrence of haze or fog was reported on the following dates: 1

(morning), 12 (morning), 16, 17 (morning and evening, thin), 20 (evening), 21

(morning, thin), and 23 (midday, thin) December.
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Weather

Thunderstorms: Thunderstorms occurred on the following dates: 21,28, and 29

June; 4, 16, 17,22,25,28, and 29 July; 3, 4 (intense), 20, 21, 24, and 25 August.

Frost: First report of frost overnight was 5 October, but it is unlikely that

freezing occurred this night (evening and morning temperatures were 1O.9°R and

5.7°R, respectivelyrtl , The first certain occurrence of frost overnight was 10 October

(morning temperature was 2.5°R) and again on 1 November. Days with subzero

temperatures were: 7-11 November (lowest temperature was -2.8°R in the morning of

the 10th); 22-24 November (lowest temperature was -3.8°R in the morning of the 23rd);

26 November to 1 December (lowest temperature was -4.8°R in the morning of the

23rd); 3-7 December (lowest temperature was -2.6°R in the morning of the 4th).

Subzero temperatures set in by 10 December and continued to the end of the year.

Lowest temperature during this period was -20.0oR in the morning of 31 December.

Snowfall: First snowfall was on 9-11 November. Periods of snowfall were: 24

November; 18 and 25-28 December.

Berlin
Author: Beguelin (1783)

Haze (dry fog)

Comments by Th. Thordarson: Professor N. von Beguelin did not document

systematically the occurrence of the Laki haze (dry fog), although sporadically there are

entries in his weather log that give information about the state of the atmosphere, the

color of the sun, the sky etc. His remarks (Annotationes) contain an account on the first

appearance of haze in June (see below).

41 In the morning entries of 5 October P. P. Heinrich indicates "spissus pruinam" or intense frost
(presumably over night), but the temperature in the evening before and in the following morning are
well above 0° (and also at other nearby stations). See also footnote 21.
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June: On the 23rd, 24th, and the 26th the sun was described to be of blood-red

color as it was rising or setting. On the 28th the haze fell over at 3 a.m. and the color of

the sun was blood-red at midday.

Remarks (Annotationes): From 17-29 June the sun was seen as dull/pale as it

shone through the haze and commonly appeared red in color at sunrise or sundown, as

if it had been soaked in blood. The atmosphere evidently was stuffed with very thick

exhalations that prevented the transmission of the rays (sunshine), and particularly so

on the 22nd, 23rd, 24th, 26th and 28th whereby the sun could not be observed at all.

July: On the 10th the setting sun was blood-red. On the 11 th the sun was red as

it rose and on the 17th and 18th the setting sun was blood-red.

August. The sky was intensely red on the 3rd. On 19 August the sky was all

red. The atmospheric haze (aer nebula) was present in the morning on the 25th and

lasted past noon. On the 26th the atmospheric haze was present in the late afternoon

and on the 27th it was present in the morning and in the late afternoon. The

atmospheric haze was present in the morning on the 28th. On the 29th, the atmospheric

haze was present in the morning and lasted past midday.

September. The sky was intensely red on the 17th. In addition, haze or fog was

noted in the mornings of 25 (thin), 28 (thick), 29 (thin), and 30 (thin) September.

October. Haze or fog was noted up towards the sky [in the upper troposphere?]

in the mornings of 17, 18, and 19 (thick) October. On the 26th the southern sky was

glowing.

November. Haze or fog was reported on 3 (morning), 4 (morning), 17

(morning), 25 (morning, up towards the sky), and 30 (morning, thick) November.

December. Haze or fog was reported on 1 (morning, up towards the sky), 12

(midday and afternoon), 13 (morning, thick, evening), 14 (morning), 16 (morning,

thin), 19 (midday), and 22 (morning, thick) December.
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Weather

Thunderstorms: Thunderstorms occurred on the following dates: 5, 15, 16

(intense), 20 (intense), 22, and 27 June; 13, 14, 21, 23, and 30 July; 3-4

(intense/severe), 7 (two storms passed by), 20, 21 (intense, two storms passed over the

region), 24 (intense, two storms passed over the region), 25, and 29 August; 17

September.

Frost: Frost rain was noted on 20 October. First mentioning of frost overnight

was 3 November (evening and morning temperature were 1.00R) and then again on: 8,

9,22,23,26, and 27 November and 1 and 4 December. Subzero temperatures set in by

6 December and from that time until the end of the year there were 21 days of frost and

5 days with the diurnal temperature above 0°. Lowest temperature during this period

was

-13.5°R on the 31 December.

Snowfall: First snowfall was on 7 November. Periods of snowfall were: 9-10,

15, and 23 November; 8,9,17,20-21,24, and 26-30 December.

Gottingen
Author: Gatterer (1783)

Haze (dry fog)

Comments by Th. Thordarson: Gatterer does not specifically mention the

occurrence of the Laki haze (dry fog), but information about the haze can be gathered

from his weather log, as he indicates its presence by entering the haze-fog symbol under

the category "Meteora" and also from his mentioning of red sun and moon etc.

June. The haze (dry fog) was noted almost continuously from 18 June to 30

June. Haze or fog was reported on the following dates: 18 (midday, at the horizon with

reddish coloring at 7 p.m.), 19, 21 (morning), 23 (midday at the horizon), 24, 25, 26

(morning, in the SW and the NW), 27 (midday), 28 (entire day, at the horizon in the
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morning), 29 (entire day, at the horizon in the evening), and 30 (morning, at the

horizon) June.

July. Periods when the haze was continuously presence (dry fog) were: 8-10,

12-17, and 25-29 July. Haze or fog was reported on the following dates: 3 (morning, in

the SW), 6 (red moon), 7 (moon reddish-yellow), 8 (thick the entire day, moon red in

the evening), 9 (entire day; morning at the horizon; moon red in the evening), 10 (entire

day, thick; midday and evening, the sun and moon red like a glowing iron), 12, 13

(entire day; moon red in the evening), 14 (entire day; moon red in the evening), 15, 16

(entire day; sun red in the evening), 17 (morning; red sun in the evening), 25

(morning), 26 (morning, thin), 27 (evening), 28 (morning and evening), and 29

(morning) July.

August. A constant presence of the haze (dry fog) was noted on 19-20 August.

Haze or fog was reported on the following dates: 1 (evening), 2 (morning and midday),

19,20, and 31 (evening) August.

September. Occurrence of haze or fog was reported on the following dates: 1

(morning), 2 (evening), 3 (morning and midday, sun and moon red near sunset), 24

(evening), 25 (morning), 28 (morning, thin), 29 (morning, thin), and 30 (morning)

September.

October. Occurrence of haze or fog was reported on the following dates:

(morning), 2 (morning and evening), 13 (evening, corona around the moon), 17

(morning and evening. In the evening corona around the moon), 18 (morning), 19

(morning), and 31 (morning) October.

November. Occurrence of haze or fog was reported on the following dates: 2

(evening, corona around the moon), 3, 4 (evening, corona around the moon), 5

(morning), and 28 (morning) November.
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December. Occurrence of haze or fog was reported the following dates: 8

(morning), 10 (evening, corona around the moon), 14 (morning), 15 (morning, corona

around the moon), and 31 (morning) December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 15, 26

(thunder), and 27 June; 3 (thunder), 17, 19(thunder in the west), 21, and 24 July; 3, 4

(with hail), 7, 17, and 18 August; 10 and 19 September, 2 October.

Frost: First occurrence of frost overnight was 10 October (morning temperature

was 0.7°R), then again on the 11, 12, 19,29 October, 1,2, and 3 December. Days with

subzero temperatures were: 7-10 November (lowest temperature was -1.3°R in the

evening of the 7th and ice on the ground in the morning of the 8th), 22-24 November

(lowest temperature was -1.9°R in the morning of the 23rd), 26-30 November (lowest

temperature was -2.3°R in the morning of the 27th), 3-6 December (lowest temperature

was -1.8°R in the evening of the 3rd). Subzero temperatures set in by 9 December and

continue until the end of the year. Lowest temperature during this period was -18.00R

in the morning of 31 December.

Snowfall: First snowfall was on 9-10 November. Periods of snowfall, were: 21

and 23 November; 17 and 24-28 December.

Erfurt

Haze (dry fog)

Comments by Th. Thordarson: Planer does not specifically mention the

occurrence of the Laki haze but information about the haze can be gathered from his

weather log, as he indicates its presence by entering the haze-fog symbol under the

category "Meteora".
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June. The haze (dry fog) indicated almost continuously from 1742 to 30 June.

Haze or fog was reported on the following dates: 17 (evening), 18, 19,20 (midday and

evening), 21-24, 25 (morning), 27 (midday and evening), 28, and 29 June.

July. A constant presence of the haze (dry fog) was noted from 8-19 July. Haze

or fog was reported on the following dates: 3 (evening), 4, 8-18, 19 (morning and

midday), and 22 (morning and evening) July.

August. Occurrence of haze or fog was reported on the following dates: 19

(morning) and 20 August (morning).

September. Occurrence of haze or fog was reported on the following dates: 1

(morning), 18 (evening), 28 (morning), 29 (morning), and 30 (morning) September.

October. Occurrence of haze or fog was reported on the following dates: 1

(morning), 2 (morning), 13 (morning), 14 (morning), 18 (morning), 19 (evening), and

22 (morning) October.

November. Occurrence of haze or fog was reported on following dates: 3, 4

(morning and midday), 9 (evening), and 30 November.

December. Occurrence of haze or fog was reported on the following dates: 2

(morning), 3 (morning), 8 (morning and midday), 13 (evening), and 18 (morning and

midday) December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 15, 20, and 27

June; 17, 19, 22 (two storms), and 24 July; 3, 7, 18, and 25 August; 12 and 16

September; and 29 December.

Frost: First occurrence of frost overnight was reported on the 11 and 12 October

and again on 1 and 2 November, but it is unlikely that freezing occurred these nights43 •

42 According to Planer's weather log, the Laki haze first appeared in Erfurt on the evening of 17 June.
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The first true occurrence of frost overnight was 9 November (evening and morning

temperature were OAoR and 0.7°R, respectively), then again on the 27 and 29

November. Days with subzero temperatures were: 7-10 November (lowest temperature

was -l.8°R in the morning of the 9th); 22-23 November (lowest temperature was 

2.5°R in the morning of the 23rd); 29-30 November (lowest temperature was -0.9°R in

the evening of the 30th). Subzero temperatures set in by the 3 December and continue

until the end of the year (only 2 days were reported with temperatures above O°C).

Lowest temperature during this period was -15.5°R on the 30 December.

Snowfall: First snowfall was on 10 November. Periods of snowfall were: 14,

21, and 23 November, 7,17,25-28 December, and 31 December.

Wiirtzburg
Author: Ege1 (1783)

Haze (dry fog)

Comments by Th. Thordarson: Ege1 does not specifically mention the

appearance or the occurrence of the Laki haze (dry fog), but some information about

the haze can be gained from his weather log, as he indicates its presence with the haze

fog symbol under the category "Meteora".

June. The haze (dry fog) was reported almost continuously from 16 June44 to

30 June. Haze or fog was noted on the following dates: 16 (evening) 17 (evening), 18

(midday), 19 (evening), 20 (midday) 21 (morning), 22 (midday), 23 (midday), 24

(midday), 25 (midday), 26 (midday), 27 (morning), 28 (morning), 29 (morning), and 30

(midday) June.

43 In the morning entries of these days Planer indicates "pruinam" or frost (presumably overnight), but
the morning and evening readings for these days show temperatures between 3.2-9.7°R. See also
footnote 21.

44 According to Egel's weather log, the Laki haze first appeared in Wurtzburg on the evening of 16
June.
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July. Constant presence of the haze (dry fog) was reported from 1-14 July.

Haze or fog was reported on the following dates: 1 (morning), 2 (morning), 3

(morning), 5 (morning), 6 (evening), 7 (morning), 8 (morning), 9 (morning), 10

(morning), 11 (morning), 12 (morning), 13 (morning), and 14 (morning) July.

August. Occurrence of haze or fog was reported on the following dates: 18

(morning), 19 (morning), 20 (morning), 21 (morning), 22 (morning), 26 (morning), and

28 (morning) August.

September. Occurrence of haze or fog was reported on the following dates: 16

(evening), 17 (morning), 21st (morning), 25 (morning), 26 (morning), 27 (morning), 28

(morning), and 29 (morning) September.

October. Occurrence of haze or fog was reported on the following dates: 3

(morning), 4 (morning), 9 (morning), 10 (morning), 19 (morning), and 20 (morning)

October.

November. Occurrence of haze or fog was not reported.

December. Occurrence of haze or fog was reported on the following dates: 1

(morning), 2 (morning), 3 (morning), 8 (morning), 12 (morning), and 16 (morning)

December.

Weather

Thunderstorms: Thunderstorm occurred on the following dates: 5, 15, 21, 27

(with hail), 29 (hail), and 30 June; 3, 4 (hail), 17, 18, 22, 23, 24, and 30 July; 3, 4, 7,

24, and 25 August.

Frost: First occurrence of frost overnight was reported on 10 October,

concurrent with haze. It is unlikely that freezing occurred this nighr'>. First certain

45 In the morning entries of these days Egel indicates "pruinam" or frost (presumably over night), but
the evening and morning temperature readings indicate temperatures 5.5°R and 3.6°R, respectively.
See also footnote 21.
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occurrence of frost overnight was 7 November (evening and morning temperature were

2.4°R and -3.0oR, respectively); again on the 8, 9, 10, and 21 November and 4

December. Days with subzero temperatures were 26-30 November (lowest temperature

was -4.2°R in the evening of the 30th). Subzero temperatures set in by the 11

December and continue until the end of the year. Lowest temperature during this

period was -22.4°R in the morning of31 December.

Snowfall: First snowfall was on 9-11 November. Periods of snowfall were: 18,

23, and 25-29 December.

Mannheim
Authors: J. Hemmer & Konig C (1783)

Haze (dry fog)

Comments by Th. Thordarson: J. Hemmer was responsible for the weather

observations at Mannheim and he made systematic observations on the occurrence of

the Laki haze (dry fog). His observations are without doubt the most detailed accounts

regarding the haze available outside of Iceland. He did not only specify the occurrence

of the haze in his weather log and remarks(Annotationes), but he also devoted a special

section to the history of the "dry fog". In addition, the astronomer Carlo Konig wrote a

short narrative on how the haze effected the celestial bodies, Cavallo wrote about the

electrical properties of the atmosphere, and Denis gave a brief summary on the botany

around Mannheim.

According to Hemmer's accounts, the Laki haze was documented at Mannheim

in a continuous succession from 16 June to 6 October, although at variable intensities.

This haze or fog was very dry, as indicated by his hygrometer records. During this time

the sun was often of intense red color such that it resembled a glowing iron. Usually

the sun appeared as such around sunrise and sunset, but it was often seen as this at

midday. The haze appeared most frequently when the wind blew ENE, NNW, NW and
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SSW. In this region the haze was said to be odorless, even though several persons had

identified the smell of sulfur. The warmth (temperature) of the atmosphere was very

variable from June through September.

In a table summarizing the conditions of the sky and weather, Hemmer gave the

number of days in each month when the haze was present: June = 15, July = 26, August

= 28, September = 13. The total number of days is 82 or 63% of the annual occurrence

of haze or fog at Mannheim in 1783. He also gives the number of days with "wet" haze

or fog: August = 2, September = 8, October = 9, November = 10, December = 12. The

total number of days is 41 or 31% of the total annual occurrence of haze or fog at

Mannheim. Approximately 94% of days with haze or fog occurred after June and close

to 84% of days designated with "wet" fog occurred between August and December.

According to Konig the heavenly bodies were not seen below 40° of the

horizon.

June. The haze (dry fog) was noted continuously from 1646 to 30 June. A thick

haze was reported on the 18th and again between 24-30 June. The sky was completely

concealed by the haze on 27, 28, and 29 June.

Remarks (Annotationes): The 16th was the first day when the well known and

long lasting "dry fog" (haze) appeared [in Mannheim], that became more pronounced in

the days that followed and spread all over Europe. In the column of "Meteora" the haze

is designated by "vap.". Where "nulIum" (n.) is added it indicates that whether the haze

is present or not is a judgment call (i.e., very thin haze), where "spissus" (sp.) is added

it indicates thick/dense haze, "tenuem" (t.) indicates thin haze. Where "spissus" is

added in the morning and/or evening, but not at midday, it means the haze was present

all day but became thinner during the day. If the block in the column "Coeli facies"

46 According to Hemmer, the Laki haze first appeared in Mannheim and nearby regions on the
morning of 16 June.
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(condition of the sky) is empty it means that the sky was completely sealed by the haze.

On the 27th, the haze completely concealed the sky. On the 29th, the haze that had

secluded the hemisphere for several days, began to clear such that by 10 p.m. the sky

was seen again.

July. The haze (dry fog) was reported throughout the month. Days that were

designated by: a) thick haze (sp.): 4,6,9-16, and 18-21 July; b) thin haze (t.): 1-3,5, 7

8, 17,22-24, and 30-31 July; and by c) very thin haze (n.): 25-29 July. The sky was

completely concealed by the haze on 11, 12, and 13July.

Remarks (Annotationes): A thunderstorm came from the WNW on the 3rd and

consequently the haze became thicker, but after the storm it became thinner. On the 4th

the sky was reddish and the weather was gusty with cool winds from the north. On the

29th the haze that had secluded the hemisphere for several days began to clear such that

by 10 p.m. the sky was seen again.

August. The haze (dry fog) was reported throughout the month. Days that were

designated by: a) thick haze (sp.): 26, 29, and 31 August, b) thin haze (t.): 1-12, 14-15,

18-25,27-28 and 30 August, and by c) very thin haze (n.): 13 and 16-17 August. In

addition, the occurrence of haze or fog was indicated by the haze-fog symbol in the

morning entries of the following dates: 18, 19, and 27 August.

Remarks (Annotationes): Konig wrote: On the 27th, when the sun was 8° above

the horizon it was reddish; at 5° above the horizon the whole disc of the sun was red for

20 minutes. On the 30th the sun descended into the haze at 12° above the horizon and

consequently its horizontal diameter was enlarged, but its vertical diameter was

reduced. Its shape became oval and its color shining red. At 6° above the horizon its

color was red like blood and its shape elliptical. At 3° above the horizon the sun

disappeared all together.
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September. The haze (dry fog) was reported throughout the month. Days that

were designated by: a) thick haze (sp.): 1 September; b) thin haze (t.): 1-13 September;

and by c) very thin haze (n.): 14-30 September. In addition, the occurrence of haze or

fog was indicated by the haze-fog symbol in the morning entries of the following dates:

15,16, 17,18, 19,24, and 25 September.

October. The haze (dry fog) was reported from 1-6 October. Days that were

designated by: a) thick haze (sp.): 3-4 October; b) thin haze (t.): 2 and 5 October; and

by c) very thin haze (n.): 1 October. In addition, the occurrence of "wet" haze or fog

was indicated by the haze-fog symbol in the morning entries of the following dates: 9,

10, 13, 14,15, 16, 17,24, and 29 October.

Remarks (Annotationes): On the 2nd the haze reappeared as before and the sun

was red, especially as it was setting. 6 October: At last the presence of this long lasting

and preposterous haze came to a halt, although, hereafter occurrences of "wet" fog were

common, but hardly worth specifying.

November. Occurrence of haze or fog was reported in the morning of the

following dates: 2, 3-5, 22, 26, and 28-30 November.

December. Occurrence of haze or fog was reported on the following dates:

(morning) and 2 (morning and evening) December.

Remarks (Annotationes): On the 2nd, the shine of the sun obscured by a thick

haze or fog.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 15 and 27

June; 3, 19 (hail), 21, 22, and 28 July; 2, 7, 13, 22, 23, and 24 August; 4 and 12

September.
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Frost: Frost overnight was indicated on 1 and 2 October, concurrent with haze.

It is unlikely that freezing occurred these nights'[". First certain occurrence of frost

overnight was 2 November (evening and morning temperature readings are 4.5°R and

OAoR, respectively; again on the 8, 9, 10, and 21 November, and 4 December. Days

with subzero temperatures were 7-10 November (lowest temperature was -4.2°R in the

evening of the 30th), 22-23 November (lowest temperature was -3.5°R in the evening

of the 30th), 27 November to 1 December (lowest temperature was -3.9°R in the

evening of the 30th). Subzero temperatures were established in December with very

cold temperatures towards the end of the month (29th = -13.2°R; 30th = -17AOR; and

31st = -18.2°R.

Snowfall: First snowfall was on 10 November.

Nijmegen (Nederelv), Lower Rhine district.
Letter dated 10July 1783.
Author: unknown. Source: Jydske Efterretninger, No 29, pp. 3; Friday 18 July 1783.

Reports from several separate provinces in Germany reveal that a strong fog has

covered the sky since the middle of last month and provides the sun with a reddish

shine, especially in the evening. Subsequently, the districts of Pfalz and Mainz (i.e.,

Palatinate) and some other districts were hit by great storms and downpours of rain, but

the fog still remained.

47 In the morning entries of these days Hemmer indicates "pruinam" or frost (presumably overnight),
but the evening and morning readings indicate temperatures of I I.7112.0oR and 7.9/8.0oR,
respectively. Note that on 9, 10 and 29 October the indicated frost overnight was concurrent with
"wet" haze or fog. See also footnote 21.

426



Rodheim (located -50 krn north of Frankfurt am Main).
Author: Christ (1783). Written in July 1783.

Christ states that for six weeks, i.e., from 16 June48 , the weather around

Rodheim had been so unusual that the oldest persons then alive could not remember

anything like it. He said the haze was a high altitude smoke (Hohenrauchri'' , that was

not an uncommon occurrence during summer, especially around the equinox. Such

high altitude smoke commonly lasts for several hours to half a day and differs from a

normal "wet" fog by its dryness and that it causes injury to plants. The high altitude

smoke of 1783 was different in the sense that it was of a much longer duration and was

persistent. It was neither effected by wind nor thunderstorms. It caused grass and com

to be scorched and damaged tree leaves. Christ also mentions that the sun and the

moon were colored blood-red by the haze as it diffracted the light and that the sun

looked like a red glowing ball. He concluded therefore that it could not be caused by

the same phenomena as the "normal Hohenrauch", He designates the earthquakes in

Calabria and/or the eruptions off the coast of Iceland (Nyey) as a likely source of this

"dry fog".

Diisseldorf
Author: Liessen and Phennings (1783)

Haze (dry fog)

Comments by Th. Thordarson: Liessen and Phennings do not mention

specifically the occurrence of the Laki haze (dry fog), but information about the haze

can be gathered from their weather log, because they indicate presence of the haze by

entering the haze-fog symbol under the category "Meteora".

48 The day the Laki haze first appeared in the region.

49 The term "hohenrauch" was used for the smoke produced by burning peat or coal and in that sense
is equivalent to "smog".
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June. The haze (dry fog) was reported continuously from 1650 to 30 June. The

haze was reported on the following dates: 16, 17 (midday and evening), 18 (midday and

evening), 19 (morning), 20 (midday and evening), 21,22 (thick), 23, 24, 25, 26 (thick),

27 (morning and midday), 28, 29 (morning and midday), and 30 (morning) June.

July. The haze (dry fog) was reported continuously from 1 to 25 July. The haze

was reported on the following dates: 1 (midday and evening), 3, 4 (morning and

midday), 5 (morning), 6 (evening), 7 (evening), 8 (evening) 9, 10, 11, 12, 13 (morning

and midday), 14 (morning and midday), 15, 16 (morning), 17 (midday), 18 (morning,

thick, and evening), 19 (morning and midday), 20 (morning and midday), 21 (morning

and midday), 22 (morning and midday), 23 (morning), 24 (morning), 25 (morning), and

28 (morning and midday) July.

August. The haze (dry fog) was noted throughout the latter half of the month.

The haze was reported on the following dates: 13 (morning), 16 (morning), 18

(morning), 19 (morning, thick), 20 (morning), 22 (morning), 23 (morning), 24

(morning), 25 (morning and midday), 26 (morning), 27 (morning), 30 (morning), and

31 (morning and midday) August.

September. Haze or fog was reported on the following dates: 1 (morning), 2

(morning), 17 (morning), 18 (morning), 19 (morning), 20 (morning), 25 (morning), and

26 (morning) September.

October. Haze or fog was reported on the following dates: 1 (morning), 2

(morning), 3 (morning, thick), 4 (morning), 14 (morning and evening), 15 (morning

and midday), 16 (morning), 17 (morning), 18 (morning), 19 (morning), 20 (morning),

21 (morning), 22 (morning), 23 (morning), 24 (morning), 29 (morning), 30 (morning),

and 31 (morning) October.

50 According to Liessen and Phennings the Laki haze first appeared in Dusseldorf and nearby regions
on the morning of 16 June.
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November. Occurrence of haze or fog was reported in the morning of the

following dates: 1, 2, 3, 4, 10, 24, and 26-29 November.

December. Occurrence of haze or fog was reported on the following dates:

(morning), 9 (morning), 12 (morning), and 13 (evening) December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 4, 15, 19, and

27 June; 23 and 28 July; 7,14,27, and 29 August; 10 and 12 September.

Frost: First occurrence of frost overnight was indicated on the 3, 4 and 5

October, concurrent with haze. It is unlikely that freezing occurred this night5 1 . First

certain occurrence of frost over night is 8 November (evening and morning

temperatures were 4.5°R and OAoR, respectively, then again on the 27 November.

Subzero temperatures set in by 12 December with very cold temperatures towards the

end of the month (29th = -8.0oR; 30th = -12.0oR; and 31st = -12.3°R.

Snowfall: First snowfall was on 9 November. Periods of snowfall were: 21

November (hail), 17,24, and 31 December.

Altona, former city that now is part of Hamburg, Germany.
Letter dated 11 July 1783.
Author: unknown. Source: Fyens Stifts Almindelige Aviser, No 57, pp. 2: Friday 18
July 1783

Als052 from France, Hesse region, and many other districts we have reports on

this unusual weather condition with fog, smoke or rather haze/mist in June, that was not

removed by wind, rain or thunders, neither dispersed nor reduced by sunrise or sunset,

51 In the morning entries of these days "pruinam" or frost is indicated (presumably overnight), but the
evening and morning readings indicate temperatures 5.2/4.8°R and 5.0/4.8°R, respectively. See also
footnote 2I.

52 In addition to the Altona district.
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was not wet nor did it cause dew on clothes53 , and did not have any smell as long as

the sun was shining; but at midnight and right before sunrise it yielded a sulfuric odor.

Embden, Germany.
Letter dated 12 July 1783.
Author: unknown. Source: The Norwich Mercury: 9 August 1783

The thick dry fog that has so long prevailed seems to have spread over the

whole surface of Europe. Several mariners have also observed it at sea; in the day time

it veils the sun and towards the evening it has an infectious smell; in some places it

withers the leaves, and almost all the trees on the borders of the Ems have been stripped

of theirs in one night. The storms which have been multiplied everywhere are generally

looked upon as a consequence of that state of the atmosphere; they have caused great

disasters in many places. The lightning has chiefly attacked the steeples, and

notwithstanding the evident danger, the people have no where abandoned the old

custom of ringing the bells during a storm. A German naturalist has calculated that in

the space of 33 years, the lightning has struck 386 steeples and killed 103 imprudent

ringers.

Holland.
Author: Sir Henry T. de la Beche (1853)54
Source: The Geological Observer: General comments on conditions in Iceland and a
specific reference to ash-fall in Holland: pp. 125.

In a general discussion on formation and dispersal of ash he refers to the Laki

eruption in a footnote on pp. 125 that is as follows:

It is stated that the consequence of the great eruption of Skaptar-jokul in 1783, was

that the atmosphere over Iceland was impregnated with dust for a long time. Traces

53 Reference to the dryness of the fog.

54 This is the oldest references I have found that clearly states that ash fell in Holland.
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of this dust were observed in Holland. It is evident that bogs in Iceland may readily

become buried beneath volcanic ashes and cinders under such conditions.

In a section on Icelandic eruptions (i,e. Hekla, Katla, Laki etc.) he describes

distal ash-fall from the 1845 Hekla eruption and 1783 Laki eruption in a footnote on pp.

344. The one concerning Laki is as follows:

The eruption of 1783, is stated to have thrown out such an abundance of cinders and

ashes that the whole island was covered by them. The ashes were wind-borne as far

as Holland.

Franeker, Holland
Author: Swinden (1783)

Haze (dry jog)

Comments by Th. Thordarson: S. P. van Swinden wrote a short narrative on the

Laki haze where he describes its occurrence, characteristics and acid precipitation

associated with the haze.(see attached translation by S. Lintelman). According to van

Swinden the haze first appeared in Northern Holland on 19 June. Kamtz (1845) gave

the same date but both Traumuller (1885) and Thoroddsen (1914) indicated 16 June as

the day when the haze first appeared in Northern Holland.

Swinden also reveals the information that the North Sea between Holland and

Norway was completely covered by the haze from 25-30 June. He got this information

from a captain's ship log that sailed from Norway on 19 June and arrived in Groningen,

Holland on 2 July.

For further details see Swinden's narrative at the back of this appendix.
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Amsterdam, Holland.
Letter dated 11July 1783.
Author: unknown. Source: Odense Adresse-Contoirs Efterretninger, No 36, pp. 2-3:
Friday 18 July 1783

For a period of 8 days we have had extraordinary heat while concurrently the

atmosphere is steadily so thick that the sun becomes extinct at 5 o'clock in the afternoon

and resembles a glowing charcoal; then right after 7 o'clock it disappears. At the onset

of night an unbelievable fog falls over, such that most of the vegetation in the fields

appears as if it has been burned and the leaves fall off the trees. This is very peculiar,

because we have this weather regardless of the direction the wind is blowing.

Letter dated 5 August, 1783.
Author: unknown. Source: Kobenhavnske Tidender, No 64, pp. 2-3; Monday 11
August 1783.

On the 2nd day of this month the heat here was so extraordinary that the

thermometer was at the pitch of 90 degrees (Fahrenheit) and exceeded the heats we had

in the years 1750 and 1759.

Middelburg, Holland
Author: Perre (1783)

Haze (dry fog)

Comments by Th. Thordarson: In the column "Meteora", Perre has two types of

entries indicating occurrence of haze or fog; the normal haze-fog symbol indicating

"wet" fog or haze, and "vapor" which obviously designates "dry fog" or the Laki haze.

June. A haze (dry fog)was reported on the evening of 6, 755 and 1756 June,

then continuously from 19 June to 30 June. The haze was reported on the following

55 The first entries in Perre's weather log that indicating occurrence of "dry fog" was in the evening of
6 June, then again in the evening of 7 and 17 June. At midday on the 7th, the sun was seen with a
corona. The "dry fog" on the 6th and 7th was not caused by the activity at the Laki fissures because
the eruption began on the 8 June. It is possible that the May activity at the Grimsvotn volcano (or
Nyey eruption) was the source for this dry fog. Alternatively, this could be a local source caused by
biomass burning of peat, which was commonly mined in these parts of Europe at the time.
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dates: 6 (evening), 7 (evening, sun with a corona at midday), 17 (evening), 19 (midday

and evening), 20, 21, 22, 23, 24, 25, 26 (morning and evening), 27 (morning and

midday), 28, 29 (morning and midday), and 30 (morning and midday) June.

July. The "dry fog" was noted almost continuously from 3 to 19 July. Haze or

fog was reported on the following dates: 3,4,5 (midday and evening), 7 ("wet" fog in

the morning, "dry" fog at midday and evening), 8, 9, 10 (evening), 11, 12, 13, 14

(morning and evening), 15, 16, 17, 18, 19 (morning), 24 (evening), and 25 (evening)

July.

August. The haze (dry fog) was reported sporadically through the month. "Dry

fog" was reported on the following dates: 1 (evening), 9 (evening), 15, 19 (morning and

midday), 20, 21 (morning and midday), 22 (morning and midday), 25 (midday), 26

(morning), 27 (morning), 30, and 31 August.

September. The haze (dry fog) was reported on the following dates: 1, 2, and 3

(morning and midday) September. On the 16th the sun was seen with a corona at

midday.

October. The haze (dry fog) was reported on the evening of the 1st. "Wet" haze

or fog was reported on the following dates: 2 (morning), 19 (morning), 20 (morning),

21 (morning), and 22 (morning and midday) October.

November. Whitish coloration of the sky was observed on 3 November.

Occurrence of "wet" haze or fog was reported on the following days: 4 (midday and

evening), 5 (morning), 9 (evening), 10 (morning), 18 (midday, thick), 19 (morning,

thick), 26 (midday, thick), and 30 (evening) November.

December. Occurrence of "wet" haze or fog was reported on the following days:

1,2 (midday and evening), 13 (evening), 14 (thick), 15 (midday and evening, thick), 19

56 Thoroddsen (1914) indicated 19 June as the day when the Laki haze first appeared in Middelburg.
It is more likely that the "dry fog" noticed on the evening of the 17th was the first sign of the Laki
haze.
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(evening, thick), 20 (evening), 24 (morning and evening), and 25 (morning and

midday) December.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 14, 15, and 16

June; 20,21,22-23, and 28 July; 7(with hail), 11, 12,24,25, and 26 August; 4-5, 7, 9,

10 (with hail), 19, 20, and 23 September; and 9 October (with hail).

Frost: First occurrence of frost overnight was on 8 and 9 November (evening

and morning temperatures were 5.0/l.5°R and -0.5/l.0oR, respectively), then again on

the 10, 11, 12 13 December, when midday temperatures just above freezing. Subzero

temperatures set in by 18 December with very cold temperatures towards the end of the

month, 29th = -7.25°R, 30th = -10.25°R, and 31st = -11.00R.

Snowfall: Hail was noted on 28 October; 11, 12, 1320, and 21 November. First

snowfall was on 9 November. Periods of snowfall were: 23-25 and 31 December.

Brussels, Belgium
Author: Mann and Chevalier

Weather

Comments by Th. Thordarson: The weather log from Brussels only contains

barometric and temperature measurements, along with information on wind and the

moon cycle.

Heat; The June, July, and August temperature records indicate that the summer

was very warm in Brussels (as in most of Western Europe), with the highest

temperature of 29°R on 18 July.

Frost: First occurrence of frost overnight was 8 and 9 November (evening and

morning temperatures were 2.0/3.0oR and -2.0/-2.0oR, respectively), then again on the

28, 29, 30 November. Subzero temperatures set in by 11 December with very cold
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temperatures towards the end of the month, 29th = -9.0oR; 30th = -Il.0oR; and 31st = 

13.0°R.

Caithness, Scotland.
Author: Geikie (1903).

General comments on conditions in Iceland, specific reference to ash-fall in Caithness,
Scotland and in Holland: pp. 295.

On several occasions ashes from Icelandic volcanoes have fallen so thickly between

the Orkney and Shetland Islands, that vessels passing there have had the unwonted

deposit shovelled off their decks in the morning. In the year 1783, during the

memorable eruption of Skaptar-jokull, so vast an amount of fine dust was ejected

that the atmosphere over Iceland continued loaded with it for months afterwards. It

fell in such quantities over parts of Caithness - a distance of 600 miles - as to destroy

the crops; that year is still spoken of by the inhabitants as the year of the ashie.57 A

similar deposit has from time to time fallen in Norway, and even as far as Holland.

Derby, England
Author: unknown. Source: Letter to The Aberdeen Journal in July 1783.

Derby 3 July 1783. Yesterday about two o'clock a thunder storm of a singular

kind happened in this town and neighbourhood; at first the claps were loud, but

attended with intermissions; then afterwards became more faint, and continued in an

uninterrupted series for the space of half an hour. It has been conjectured that this

extraordinary phenomenon is a natural consequence of the late uncommon state of the

atmosphere and appearance of the sun, particularly at the hours of rising and setting...

. . . A meteorologist observes that the mists, which have been observed for near a

month past, are equal to the fogs which are wont at the latter end of autumn. A

57 Presumably accompanied by haze (dry fog). With reference to the timing of the earliest ash faIl that
occurred in the Faeroe Islands and in the Norwegian Sea (Holm, 1784), this ash might have faIlen in
Scotland between 10-14 June, 1783.
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phenomenon of this kind appeared about three years ago, for the first time, so far north

on the globe as England.

Norwich, England
Author: unknown. Source: Letter to The Norwich Mercury: 19 July 1783

A correspondent is of the opinion that the late blast which affected the progress

of vegetation was not a FROST58 as has been erroneously supposed, for then in the

morning the footsteps of the cattle on the grass would have turned black, but he rather

imagines that the air received such a concussion by the late earthquakes at Messina and

elsewhere, that it became impregnated with sulphurous particles and had all the

qualities of lightning without being inflammable.

Heydon, Norfolk County, England
Author: Bryant (1783)

To the printer ofthe Norfolk Chronicle: Saturday, 5 July, 1783

Sir

On Wednesday, June the 25th, it was first observed here and in the

neighbourhood, that all the different species of grain, viz. wheat, barley and oats were

very yellow and in general to have had all their upper leaves withered at their ends, to

two or three inches downwards; the forward barley and oats most so.59 The farmers

had not yet quitted their spathe, or, what is commonly called by husbandmen, their

hose; but their awns appeared, and as far as they did appear, were withered also. Many

of the oats were in their panicle, or had entirely quitted their hose, and all the ends of

their calyces, or chassy husks, were withered in like manner, but the grain within them

58 This is very interesting, because at many locations on the mainland of Europe a similar occurrence
appears to be mistaken for frost, especially in late summer and early fall of 1783. The Norwich letter
leaves no doubt that the cause for the damage to vegetation was acid precipitation.

59 That the plants withered and turned yellow is consistent with the fact that they are being affected by
the Laki haze in the form of acid precipitation. Note that the date given coincides with those given
by van Swinden (e.g., 24 and 25 June) when vegetation suffered great damage in Holland.
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did not appear to have suffered the least injury, being sufficiently protected by their

coverings, the ears of the wheat likewise, which were equally forward, were neither

injured nor discoloured, except in awns of what is generally called bearded wheat.

About this time, and for three days both before and after,60 there was an

uncommon gloom in the air, with a dead calm - the dews were very profuse - the sun

was scarce visible even at mid-day,6l and then entirely shorn of its beams so as to be

viewed with the naked eye without pain. On the 29th, about seven o'clock in the

evening, this gloom began to disperse by a few bright clouds from the west and in some

places it fell in drops, like a small shower of rain, since which time62 the sun has

assumed its wonted splendour and vegetation seems to go on in its usual way and

therefore no other bad consequences respecting the future of crops ought to be dreaded

than may happen in common years.
Heydon, 3 July. 1783

Fenstanton, Norfolk County, England
Author: unknown. Source: The Norfolk Chronicle No 19; 12 July 1783.

A severe thunderstorm affected Fenstanton at 5 o'clock in the afternoon of 9

July.

Ipswich, England
Author: unknown. Source: The Norfolk Chronicle, No 25; 19 July 1783.

Occurrence of intense lightning's reported on 18 July.

60 This implies that the Laki haze was first noticed in this region on 22June and was present at great
intensities until 29 June. This is consistent with Gilbert White's descriptions regarding the first
appearance inS-England.

61 This isan important observation since it reveals information on theoptical depth during these days.
According to the method employed by Stothers (1984) a sun hardly visible at noon and easily
observed by naked eyes indicates anoptical depth ::::1.

62 This implies that the intensity of the Laki haze diminished considerably between 29June and 3 July
(the date of the letter), but does not say anything about future developments regarding the haze.
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Cambridge, England
Author: unknown. Source: The Aberdeen Journal in July 1783.

Cambridge 4 July 1783. A thunderstorm occurred on last Wednesday afternoon,

2 July.

Leeds, England
Author: unknown. Source: The Morning Herald; 18 July 1783.

Tremendous and terrifying lightning's occurred around Leeds on 11 July.

Liverpool, England
Author: unknown. Source: Jydske Efterretninger, No 41; 10 October 1783.

An "orcan"63 hit Liverpool in late summer or early fall of 1783.

Birmingham, England
Author: unknown. Source: The Norfolk Chronicle No 25; 19 July 1783.

Occurrence of intense lightning's was reported on the evenings of 17 and 18

July.

Oxford, England
Author: unknown. Source: The Aberdeen Journal in July 1783.

Oxford 3 July 1783. A severe thunderstorm occurred on 26 June.

London, England
Author: unknown. Source: The Norfolk Chronicle No 26, 20 July 1783 and The
Morning Herald, Tuesday 2 September 1783.

A severe thunderstorm with lightning's in London and nearby regions.

A thunderstorm occurred in London at the beginning of September.

63 A storm with a hurricane type wind.
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Selborne, Hampshire, England
Author: White (1768-1793)

Gilbert White's Journals. pp. 220-254.

23 June, 1783. Hot and hazy; misty64. The blades of wheat in several fields are turned
yellow and look as if scorched with frost. Red even [the sun?] : thro' the haze.

24 June, 1783. Vast dew, sun, sultry. misty and hot. ... The sun "shorn of his beams"
appears thro' the haze like the full moon.

26 June, 1783. Sun looks all day like the moon and sheds a rusty red light.

28 June, 1783. The county people look with a kind of superstitious awe at the red
louring aspect of the sun thro' the fog . . . "Cum caput obscura nitidum ferrugine
textit."

11 July, 1783..... No dew, sun, and haze, rusty sunshine65 . . . .. Some of the
standard-honey-suckles, which a month ago were so sweet and lovely, are now
loathsome objects, being covered with aphides and viscous honey-dew. Gardens
sadly burnt.

19 July, 1783. Men talk that some fields of wheat are blighted66; in general the crop
looks well. Barley looks fine, and oats and peas are very well: Hops grow worse and
worse.

31 July, 1783. The after-grass in the great meadow bums67 • The sheep-down bums
and is rusty.

1 August, 1783. Much smut68 in some fields of wheat.

64 This is the first mention of haze in White's Journals. The days before, i.e. since 12 June, had been
"dripping days". This is consistent with what Kaerntz (1845) who wrote: ''The haze appeared (in
England) after a period of continuous rain.

In his discussion on the first appearance of the haze in England Thoroddsen (1914) writes: ''From 23
June to 20 July a peculiar haze or smoky fog covered the sky." Later he states: "Others say that the
haze first appeared in England on 16 June and remained for 2-3 months, and did not disappear until
Michaelmass" (Michaelmass is 29 September). The referenced source for this latter statement is the
''Philosophical Transactions, Vol. 74: pp. 285", which I have not been able to locate.

65 A note in the appendix attached to White's journals is as follows: ''These red skies were associated
with distant volcanic eruption. "

66 "Blighted" refers to a disease or injury of plants resulting in withering or cessation of growth. Here
White is obviously referring to withering of plants that was caused by the haze. It is interesting that
some plants appear more affected than others. This is similar to the descriptions given by Swinden
(1783) on how the haze affected plants.

67 Referring to withering of plants due to the presence of the haze?
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2 August, 1783. Burning sun.69 Workman complain of the heat.

30 September, 1783. Lovely weather, red even.70 True Michaelmas summer.

4 February, 1784. Halo,?1

3 April, 1784. The crocuses are full blown and would make a fine show if the sun
would shine warm.72 The ever-green trees are not injured, as about London.

2 July, 1784 ... Low creeping mists. Yellow even.P

24 July, 1784 ... Yellow horizon/? ...

Weather

25 June, 1783. Towards the end of June they had snow in Austria, and the vines were
frozen.

July (pp. 223-225):

1 and 2 July, 1783. Tremendous thunderstorms in Oxfordshire and Cambridgeshire!
(Selborne continued to suffer from the drought).

2 and 3 July, 1783. Vast damage this day [2nd?] by lightening in many counties!! Great
thunder-shower at Lymington, and in the New Forest, and in Wilts, and in Dorset,
and at Birmingham, and Edinburgh.

10 July, 1783. About 8 o'clock on the evening of the 10th a great tempest arose in the
S.W. which steered-N.E. with continued thunder, and lightening. About 10 another
still heavier tempests arose to the S.E. and divided, some part going for Bramshot
and Headly, and Farnham: and the rest for Alresford, Basingstoke, &c. It sunk all
away before midnight. Vast showers around us but none here.

68 "Smut" is material that soils or blackens the plants; e.g., crop or plants affected by smut.

69 Burning sun = hot sun? If so the haze cannot have been very thick.

70 "even." = evening. Does red evening indicate a volcanic sunset? If so it implies that the haze
(aerosol cloud) was present in the upper atmosphere.

71 Is White describing a halo around the sun? If so it implies that the haze (aerosol cloud) was present
in the upper atmosphere.

72 One can infer from this passage that the warmth of the sun was less than normal - Was it caused by
a high altitude aerosol cloud?

73 Yellow evening. Here White is referring to the appearance of the twilight. Was the Laki aerosol
cloud still present? Or was this caused by localized pollution (e.g., smog from London), which
White refers to in his Journals on several occasions.

74 Same as footnote # 100.
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11 July, 1783 The heat overcomes the grass-mowers and makes them sick. There was
not rain enough in the village to lay the dust. ... No dew, sun, and haze, rusty
sunshine. The tempest on Friday night [lOth] did much damage at Westmeon, and
burnt down three houses and a bam. The tempest round on Thursday and Friday
nights were very awful! There was vast hail on Friday night in several places. Some
of the standard-haney-suckles, which a month ago were so sweet and lovely, are now
loathsome objects, being covered with aphides [greenflies], and viscous honey-dew.
Gardens sadly burnt.

15 July, 1783. No rain since June 20th at this place; tho' vast showers have fallen round
us, and near us.

1 August, 1783. Much smut in some fields of wheat.

31 August, 1783. Tremendous thunderstorm in London.

6 September, 1783 . The heat of the summer prevented our last sowings from growing.

16 November, 1783 . Winter is established.

28 December, 1783 . Ground so icy that people get frequent falls.

29 December, 1783 .... Some sleet in the night. Ground covered with ice and snow.

31 December, 1783. Ice under peoples beds. Water bottles burst in chambers. Meat
frozen. The fierce weather drove the snipes out of moors of the forest up the stream
towards the spring-heads....

20 January, 1784. Vast snows in Cornwall for two days past.

21 January, 1784 . Ice in chambers....

25 January, 1784. The turnips, that are not stacked, are all frozen and spoiled.

29 January, 1784. The dung and litter freeze under the horses in the stable.

30 January, 1784 . A long-billed curlew has just been shot near the Priory. We see
now and then one in the very long frost....

4 February, 1784. Hard frost. Paths thaw.

11 February, 1784. Snow covers the ground.

13 February, 1784. This evening the frost had lasted 28 days.

15 February, 1784. Snow deep, and drifted thro' the hedges in curious, and romantic
shapes.
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23 February, 1784. The tops of the blades of wheat are scorched with the frost.

24 February, 1784. The laurels, and laurustines are not injured by the severe weather.
Snow scarce passable in Newtonlane!

25 February to 1 April, 1784. Little snow on the road.

2 April, 1784. No snow 'till we came to Guilddown; deep snow on that ridge! Much
snow at Selbome in the fields: the hill deep in snow! The country looks most
dismally, like the dead of winter! A few days ago our lanes would scarce have been
passable for a chaise.

3 April, 1784. The crocus's are full blown, and would make a fine show, if the sun
would shine warm. The ever-green-trees are not injured, as about London.

4 April, 1784....Snow as deep as the horses belly under the hedges in the North field.

22 April, 1784. The spring backward to an unusual degree!

29 April, 1784.. The hoar-frost was so great that Thomas could hardly mow....

2 May, 1784. No ring-ouzels this spring: the severity of the season probably
disconcerted their proceedings.

10 May, 1784.. The black-birds and thrushes are so reduced by the severe weather, that
I have seen in my out-let only one of the former, and not one of the latter; not one
missile-thrust.

5 June, 1784. Much damage done to the com, grass and hops by the hail; and many
windows broken! Vast flood at Gracious Street! Vast flood at Kaker Bridge! Hail
near Norton two feet deep.

6 June, 1784. (long entry about the great hailstorm of the preceding day) The flood at
Gracious Street ran over the goose-hatch, and mounted above the fourth bar of
Grange Yard gate.... The rushing and roaring of the hail as it approached was truly
tremendous. The thunder at the village was little and distant. ... At half hour after
three on the same day a still more destructive one befell in Somersetshire. It
extended seven miles in length, and about 2 in breadth, covering 7000 acres of fertile
country; beginning in the S.W. and passing on slowly to the N.E. The center of the
storm was seven miles W. of Taunton. The damage is very great.

21 June, 1784. Dark and chilly rain. Cold and comfortless.

25 June, 1784. Towards the end of June they had snow in Austria, and the vines were
frozen.

442

--------------



7 July, 1784. Vast damage done in various parts of the kingdom by thunderstorms and
floods, from Yorkshire all across to Plymouth.

7 August, 1784. Many hop-poles are blown down. Cool, autumnal feel. ...

14 August, 1784. [White describes that the damage caused by the hailstorm on June 5,
which was still noticeable on plants].

1 September, 1784. [Again White describes that the damage caused by the hailstorm on
June 5, which was still noticeable on plants].

25 October, 1784. Hard frost, thick ice. On my way to Newton I was covered with
snow! Snow covers the ground, and trees!!

9 December, 1784. Much snow in the night. Vast snow. Snow 16 inches deep on my
grass-pot: about 12 inches at an average. Farmer Hoar had 41 sheep buried in snow.
No such snow since Jan. 1776. In some places much drifted.

10 December, 1784. Extreme frost!!! yet still bright sun. At l l on degree [Fahrenheit?]
below zero. On the 9th and 10th of Dec" when my therm" was down at 0, or zero;
and I degree below zero: - Mr Yalden's Therm" at Newton was at 19, and 22. On
Dec. 24, when my Therm" was at 10 1/2 that at Newton was at 22, and 19. At
Newton, when hung side by side, these two instruments accorded exactly.... The
snow fell for 24 hours, without ceasing. The ice in one night in Gracious Street full
four inches! Bread, cheese, meat, potatoes, apples all frozen where not secured in
cellars under ground.

11 December, 1784. . . . Severe frost, and deep snow. . . . We hung-out two
thermometers, one made by Dollond, and one by B: Martin: the latter was graduated
only to 4 below ten, or 6 degrees and our remarks interesting, the mercury went all
into the ball, and the instrument was of no service.

15 December, 1784. Deep snow still. Snow drifts on the down, and fills up the path
which we shovelled.

22 December, 1784. Farmer Lassam's Dorsetshire ewes begin to lamb. His turnips are
frozen as hard as stones.

23 December, 1784. Many labourers employed in shovelling the snow, and opening the
hollow, stony lane, [Honey lane] that leads to the forest. Snow frozen .....

25 December, 1784. Stagg, the keeper, who inhabits the house at the end of Wolmer
Pond, tells me that he has seen no wild-fowl on that lake during the whole frost; and
that the whole expanse is entirely frozen up to such thickness that the ice would bear
a wagon.
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31 December, 1784. Much snow on the ground.

Selborne, England
Author: White (1789).
Source: The Natural History and Antiquities of Selbome, In the County of
Southampton: with engravings and an Appendix.

Letter LXV; pp. 256-257.

The summer of the year 1783 was an amazing and portentous one and full of

horrible phenomena; for besides the alarming meteors and tremendous thunderstorms

that affrighted and distressed the different counties of this kingdom, the peculiar haze,

or smoky fog, that prevailed for many weeks in this island and in every part of Europe

and even beyond its limits, was a most extraordinary appearance, unlike anything

known within the memory of man. By my journal I find that I had noticed this strange

occurrence from 23 June to 20 July inclusive, during which period the wind varied to

every quarter without any alteration in the air. The sun at noon looked as blank as a

clouded moon and shed a rust-coloured ferruginous light on the ground and floors of

rooms, but was particularly lurid and blood-coloured at rising and setting. All the time

the heat was so intense that the butcher's meat could hardly be eaten on the day after it

was killed and the flies swarmed so in the lanes and hedges that they rendered the

horses half frantic and riding irksome. The country people began to look with a

superstitious awe at the red, lowering aspects of the sun; indeed there was reason for the

most enlightened person to be apprehensive for all the while, Calabria and part of the

Isle of Sicily were tom and convulsed with earthquakes and about that juncture a

volcano sprang out of the sea on the coast of Norway.75

75 Here White is referring to the Nyey eruption that occurred in the ocean SW of Reykjanes in late
winter of 1783.
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Le Havre,France
Author: de Golft (1783)

Letter ofMiss Lemasson Le Golft to Abbot Mongez, dated at Le Havre August 8, 1783

Among those who have written about the decomposition of the light, known as

blue shadows, you hold a distinguished rank. Published in the twelfth volume of the

Journal de Physique, your observations are sufficient proof that those who studied them

earlier were not quite right. It is therefore mainly to you, Sir, that I felt I should send

the following observation.

On this last June 18th (1783), after some fogs that were interrupted by rains,

there followed a permanent fog until the first of August. It was not very thick: one

could see up to a league and a half away. But it must have reached high into the upper

atmosphere, since at noon the light reflected by white objects had a light tint such as the

color of a dry leaf; also since we could look at this star without getting blinded two

hours before sunset, as it was then red as if we were seeing it through a smoked glass.

At noon the shadows were blue, as they are sometimes toward sunset, and also the

edges of the shadows were more blue than was their middle. On June 29th this fog

began to thin out or to get less consistent and the effects of the light and its shadows

less noticeable. I do not know if such a phenomenon has ever been observed here

before; it would appear to be of the same nature of the one observed in Paris, Auvergne

and in Milan on the first of June 1721. It lasted for about two months, during which the

barometer stayed at an average of about 28 inches and 2 lines, and the temperature

averaged 15 to 20 degrees of dilatation at six in the morning. The wind was generally

variable from East-North-East to West-North-West. The temperature was more

moderate on July 5th and 6th and the sky darker; it rained a little the morning of the

7th; on the 8th the fog appeared to begin to dissipate but it thickened by the evening

and continued until the 12th. The weather was then stormy and the shadows were no
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longer tinted blue; on the 13th, by morning, they returned to blue, but they were not

seen to be blue very much, even though the fog persisted until July 31st. On that

morning, it was much thicker than it had been since the beginning; the sun appeared

around eight and the shadows were then of the ordinary color because the fog had

suddenly dissipated. This observation may perhaps give some insight into some

physical arguments but, Sir, your cautiousness must be an example for me. I ask you to

observe that the shadows had a blue tinge at noon in the season when the sun is at the

highest on the horizon and when its rays hit the surface of the earth with the least

oblique angle. I ask you to observe that the shadows were more blue when they were

produced by an object further from the surface where they formed. Also, as I already

mentioned, the edges of the shadows were appreciably bluer than their centers, but this

was not proportional to the spread of the shadows; the result was that those produced by

narrow objects such as tree branches appeared bluer than shadows produced by larger

objects, since the edges were less distant from each other.

Commonly, that blue was of an ultramarine tint; I have also seen those shadows

slightly greenish.

In view of the circumstances that I have outlined above, would we not be

justified in thinking, Sir, that the great altitude reached by this fog was a contributing

factor to the color of the shadows? It is certain that the azure of the sky was not its

cause, since at that time the sky was not blue but of a soft grey.

The sailors said that they had entered the fog a little before entering the

Channel, at least a hundred leagues west of Le Havre. It should be easy, Sir, with your

correspondence, to ascertain how far the fog spread to the Levant (East) and to the

other points of the horizon. The fog had no odor. It was blamed for causing some

plants to dry up. If this is true, it only acted on the weakest plants, whose neighbors did

not suffer from it.
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St. Quentin, France
Author: Rigaot (1783)

The people of our countryside, far from being scared by the fogs which have

persisted for about six weeks, give thanks to the Divine Providence that those same

fogs, while stopping some of the sun's rays, have prevented the heat from increasing,

which would have been hard to bear. Also, while causing serious illnesses, the length

of the period of heat would have caused the earth and the plants to dry out to the point

that the wheat and other grains would have shrivelled in their development instead of

reaching maturity. Evaporation has been less important than if the sky had been clear;

the soil has kept enough humidity to support the growth of those plants whose stems

were of some height and were growing close enough to shade the ground with their

leaves, as was the case for the rye, wheat, oats and other forage plants. It is not the

same for the late-season forages and the flax which were just sprouting when the

drought began. Those plants have suffered but the late-season flax might still grow if

the rains that we have missed since June 22nd were to come now.

As to illnesses, we have had a very distressing outbreak in one of the laundries

of this town (La Burie d'lsle). From the ninth to the twelfth of this month, six workers

of both sexes, between the ages of sixteen and twenty-two, were afflicted by a most

violent fever accompanied by throat aches; five died within thirty-six hours in a state of

the most complete putrefaction. The other healthy workers, about seventy-five, began

on the twelfth a treatment of vinegared water as their only drink, in the dosage of two

spoons of vinegar per pint of water using the Parisian measure. From then until now

only two young girls came down with a mild form of scarlet fever.

Mr. Fizeaux, negotiant and proprietor of a large laundry which lies near the

preceding one, fearing with good reason for his workers and knowing that I had put

those of La Burie d'lsle on a treatment with vinegared water, which is a preservative as
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old as it is effective, has subjected his own workers to the same precautions and none of

them has fallen ill. It would be good to hope that all the local parish priests would

enjoin any parishioner already suffering from the fatigue and heat of the reaping season

to start the usage of the vinegar water, which the Roman soldiers used with such

salutary results.

Laon,France
Author: Cotte (1783)

Response to the letter ofMr. Giraud Soulavie inserted in the supplement # 202 of this
paper.

Sir, the letter that you did me the honor of addressing to me in the Journal de

Paris was delivered to me yesterday just as I had written a memorandum on the fogs,

which are its subject, and which are destined for the Journal de Physique. Your

observations are all the more precious to me as they appear to have been made with

care by a Scholar, as the editors of the Journal de Paris say themselves, accustomed to

following the phenomena of nature.

My observations, Sir, conform perfectly to yours; same remarks as to the

prodigious spread in length, width and depth of this fog that I have observed in Laon,

my country, where I was at an elevation of more than three hundred meters above the

level of the sea. As to the ease with which one could look at the sun with a telescope

without the help of a blackened lens, the pale orange color of this star at noon, the

almost continuous sound of distant thunder, the correspondence with this strange

meteor of the state in which our globe has been this year, etc. all the observations that I

receive from my correspondents confirm these various remarks. I have made one,

which I am sure didn't escape your attention, which helps me to explain the cause of

those fogs: I observed that from the 18th to the 24th of June, the fog was cold and

humid with the wind coming from the south; from the 24th of June to the 21st of July,
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which is the day when it disappeared here after a stormy rain, the fog was warm and

dry with a wind from the north or north-east. My two hygrometers, one with a feather

by Mr. Boissart and one with a whale bone by Mr. Delue, have made clear the

distinction of those two periods. From this observation, here is the explication that I

advance and submit to your judgment.

As you know, Sir, the winter and part of the spring this year were

extraordinarily rainy and humid. You will appreciate this fact better when I will have

had the honor to have you observe that, from the three or four inches of water that those

three winter months normally bring, I have measured this year nearly twelve inches of

water that fell during the span of those three months. The sun, when it then reached its

highest reach, must have pumped this prodigious quantity of vapors of which the earth

was soaked and caused a strong evaporation; hence the cold and humid fogs which

reigned until June 14th. The earth, then dehydrated by this quick evaporation, must

have fissured and chapped everywhere and let loose from inside a quantity of sulfurous

fumes pyrited by electric matter and put in motion by the terrible earthquake in Sicily

and Calabria whose repercussions were felt throughout a great part of the globe, as

happened either by the appearance of this new island which formed near the coast of

Iceland or by the shaking from the earthquakes that were felt in different places in

Europe and especially in the vicinity of mountains, hub of the output of the fumes and

electrical fluid. Hence those dry fogs similar to a smoke and the heat which came with

them and followed them; hence this fiery color of the sun; hence the thunder storms

which travelled throughout Europe and which must have put an end to those fogs since

they absorb their matter.

What confirms this theory is that the temperatures of this year are very similar

to those that were endured during the years when the earth was submitted to violent

commotion's as I show in the memorandum I had the honor to mention earlier and as

449

- - -------------------------



you can assure yourself by consulting the memorandum of Mr. Bertrand on the

earthquakes.

The fears that this temperature has caused are thus ridiculous; I am very pleased,

Sir, that you bring me to a position where in my behalf I can calm people's minds in

this circumstance and prove the usefulness of the meteorological science and the service

that those who devote themselves to this kind of observations bring to society; it is the

only goal that they have and the only reward that they seek.

As for you, Sir, who cultivate with success almost all the branches of Natural

History, you prove better than anyone the usefulness of this beautiful Science and you

bring out the advantages that it offers. Adding to your talents this honor based on the

truth, I am only the echo of that part of the public which can appreciate your Works.

Paris, France
Author: Lande (1783)

On the extraordinary state ofthe atmosphere.

July 4. For a considerable time past the weather has been very remarkable

here76 , a kind of hot fog obscures the atmosphere and gives the sun much of that dull

appearance which the wintry fogs sometimes produce. The fog is not peculiar to Paris;

those who come lately from Rome say that it is as thick and hot in Italy and that even

the tops of the Alps is covered with it and travellers and letters from Spain affirm the

same of that kingdom. Some people of abilities declare they never remember the like

and the timid, who think of the recent misfortunes of Calabria, dream of earthquakes

and vast revolutions, inasmuch that among the low and superstitious part of the people

they talk very seriously of the end of the world; a woman of this description had gone

so far as to name the day and fully persuaded of the truth of her mournful meditation,

76 Paris
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waited in dreadful and gloomy expectation of its completion. Happily for the age, there

are too many enlightened people at present to suffer these things to spread so

universally as to the great benefit of the priesthood (here) they formerly did, though it is

remarked even now that the churches and saints are more respectfully attained than

usual and fear of impending calamities has occasioned one of the literati of the academy

of science to write the following letter and have it inserted in the Journal de Paris.

To the Authors of the Journal - It is known to you, gentlemen, that for some

days past people have been incessantly inquiring what is the occasion of the thick dry

fog which almost continually covers the heavens? And as this question is particularly

put to astronomers, I think myself obligated to say a few words on the subject, more

especially since a kind of terror begins to spread in society. It is said by some that the

disasters in Calabria were preceded by similar weather, and by others that a dangerous

planet reigns at the moment. In 1773 I experienced how fast these kinds of conjectures,

which begin among the ignorant even in the most enlightened ages, proceed from

mouth to mouth till they reach the best of society and find there way even to the public

prints. The multitude may therefore be supposed to draw strange conclusions when

they see the sun of a blood colour shed a melancholy light and cause a most sultry

"heat".

This however is nothing more than a very natural heat from a hot sun after a

long succession of heavy rain. The first impressive heat has necessarily and suddenly

rarefied a superabundance of watery particles with which the earth was deeply

impregnated and given them, as they rose, a dimness and rarefaction not unusual to

common fogs.

This affect which seems to me very natural, is not so very new; it is at most not

above nineteen years since there was a like example, which period too brings the moon

into the same position on the same days and which appears to have some influence on
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the seasons. Among the meteorological observations of the Academy for the month of

July, 1764 I find the following: "The beginning of this month was wet and the latter

part dry; from the second to the ninth the wind continued in the north. The mornings

were foggy and the atmosphere in a smoke during the day" - This you perceive has a

great resemblance to the latter end of our June, so that it is not all unheard of or

forgotten thing. In 1764 they had storms and hail afterwards and nothing worse need to

be feared in 1783.

Paris, France.
Letter dated 4 July 1783.
Author: unknown. Source: Odense Adresse-Contoirs Efterretninger, No 37, pp. 4.
Tuesday 22 July 1783 and Jydske Efterretninger, No 33. Thursday 15 August 1783

During daytime it is unbearably hot, as the sun is completely masked by this

almost impenetrable fog; during the night it is even thicker and frequently one hears

claps of thunder in the distance.

Paris, France.
Letter to Mr. de la Lande.
Author: unknown. Source: Journal de Paris, Astronomy; No 190, pp. 789-790:
Wednesday, July 9 1783.

Sirs, I have just read your paper dated today and the inserted letter from Mr. de

la Lande. All educated persons and their learned societies come to the same conclusion

as to the cause of our warm and dry fogs. But the common good People, in much

greater numbers than one may think, persists nonetheless to look upon those fogs as

precursors to some nefarious event. It is to be hoped that a scientist's assertion will

allay those fears. In order to calm these people who are different only by their fortune,

adjustments and especially by their jargon, I would have hoped that Mr. de la Lande

had added that it is not true that we are awaiting the return of a comet and that,

supposing that an unexpected and uncalculated one appears (as is always possible), its
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appearance will be very natural and that we would be wrong to suppose that a comet

would come from so far to be involved with the fogs of the Plaine St. Denis or those of

the Seine.

Also, more seriously, we could tell the people who are understandably affected

by the Calabrian disasters and who seem to fear for themselves that if such calamities

must some day afflict some of the Earth's inhabitants, the Cities of Paris, Vienna,

Madrid and so on, and almost all of France are sheltered from it. It takes the

combination of the highest mountains and the proximity of the sea and volcanoes to

allow on occasions those violent earthquakes which ravage some of its parts and make

it change its shape. I hope, Sirs, that you will observe to the Parisians, our compatriots,

lest there is any confusion that the mountain of the "Bons Hommes" in Passy and that of

"Montmartre" and so on, may have perhaps deserved their names several hundred

thousand years ago and have kept them by tradition, but that now they are only large

stones for whomever knows the mountains.

It would no doubt be more interesting, in order to prevent illnesses, to exhort the

Parisians and the people of the regions covered by the fogs affecting us, to take

refreshments during the day in the form of acidified waters, to eat red and acid fruits or,

if lacking, to drink several glasses of water to which is added several drops of vinegar;

to eat vegetables by preference and to drink one or two small glasses of pure wine

during meals and not to go outside on an empty stomach. If this diet is indicated for all

the hot climates, it seems indicated for us by the circumstances. Demonstrations would

be out of place for you Sirs and the learned scientists, but the reasons might not be

unjustified to convince the majority of your Readers of the necessity of the diet. No

one ignores that the North-North East wind is loaded with "nitre" which is now allied

with the heavy heat which rarefies the air, and both contribute to leave almost bare the

"phlogistic" which enters in the composition of this body. The air being stripped of
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most of its water content must by necessity bring fire to our organs and keep our fluids

in a state nearest to that of inflammation.
NB:
nitre (old terminology) "supposed nitrous element in air or plants" (XVII)
phlogiston (old chemistry terminology) "principle of inflammability"

Paris, France.
Letter dated 18 July 1783.
Author: unknown. Source: Morning Chronicle and London Advertiser, Wednesday, 20
July 1783.

On the 13 instant physicians desirous of making some observations on the

present state of the atmosphere, which continues charged with vapours, went to the

Observatory and had a sort of kite flown from thence to a prodigious height, after

which it was drawn in covered with innumerable small black insects/? , which upon

examination appeared to contain a venomous moisture prejudiced to plants.

Abbey of St. Seine below the springs of the Seine, France
Author: Soulavie (1783)

We welcome wholeheartedly all observations and essays which tend to reassure

in view of the dread that has inflamed the fears; fears which are inconceivable in an

enlightened century. All areas of the globe can experience commotions, but the

earthquakes, the convulsions which upset the surface of certain parts of the globe, tear

the bosom of the earth and alter the course of rivers, are due to the presence of a

volcano and the proximity of the sea. Where those causes are nonexistent one can

experience light shakes and commotions but never any of those disastrous revolutions

which at some periods recur to devastate the volcanic regions.

77 It is possible that these were sulfuric aerosol droplets containing a nucleus of very fine ash particles.
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The observations of Abbot Giraud Soulavie can only add to those we have

already given; they have the extra merit of having been done by a visual witness

accustomed to following natural phenomena.

Letter from Abbot Giraud Soulavie to Reverend Father Cotte of the Oratory,
Curate ofMontmorency:

It is to you, my very Reverend Father, that 1 have the honor to send the

description of the singular things which happen in the sky and on the earth from the city

of Auxerre to the springs of the river Seine where 1 am now located. You take care

very fruitfully of meteorological research and 1 persuade myself easily that in

comparing my observations done in Burgundy to yours, you can infer some results

useful to the progress of the meteorological science.

Physical observations ofan apparent cloud observed in Burgundy:

I-A cold rain followed by a cold wind and three days of good weather preceded

at the town of Sens the FOG or rather a cloud of which 1 will try to detail the

phenomena.

2-1have observed it mostly in Auxerre; its characteristic is to be not much thick,

spread in the vast space it occupies and to be more or less transparent.

3-What brings me to believe it occupies a large spread in length and in width is

that, having observed it in Auxerre. 1 found it again in St. Seine below the springs of

the river Seine. Also, from the height of the mountains 1 can see that all the horizon is

bluish.

4-Also what proves to me that it occupies equally a vast space in depth or

perpendicular height is that the springs of the Seine where 1 just wandered is one of the

highest points, since it is here that one finds the division of the rain waters between the

Ocean and the Mediterranean Sea, and here is the area from which the rivers radiate,

and here still the cloud dominates these heights.

455



5-The cloud which spreads in this fashion is always adherent to the surface of

the earth; it molds itself to the aspirates of the mountains and fills the space and the

curves of the valleys.

6-The cloud penetrates even inside the earth, as in the caves of Arri, where I

have seenindistinctly, while exiting, the luminous opening darkened by a vapor of the

same character and color. One could believe that this vapor belongs to the cave but my

guides assured me that this is the first time they have seen the like of "such a smoke",

according to their own expression. Elsewhere the smokes of the caves exit to the open

air; here this smoke is in a state of equilibrium with the external cloud.

7-The cloud which I have proven to occupy a vast space in length, width and

depth on the surface of our ground rises much above our highest mountains: on the

upper plateau from which the Seine flows I have seen, in the evening and in the

morning, the sun darkening and become very red. At the abbey of S1. Seine, while

observing those facts with the monks of the house, we have been able to fix our gaze

lengthily on the sun without tiring our eyes and I cannot give a better expression of the

modification of the sun's rays by the fog than to report our own words: "The sun would

be well visible today with a telescope without darkening the lens". Those who know

that the lens are blackened will be able to judge how much this singular cloud absorbs

of the sun's rays, and the physicists who are now studying colors with so much success

will be able to search for the cause of this color which remains without twinkling. Then

several people who have seen the sun for the first time in this state thought at first they

were seeing the moon.

8-Nevertheless, the sun at noon is more apparent. Seen in an almost

perpendicular direction, it sends its rays through less thickness of the cloud than when

they come to us at a slant in the evening and the morning; also the stars toward the
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horizon cannot be seen at night because it is wrapped by a circle of thicker clouds, but

the sky shows above our heads and few stars are erased since the cloud is less thick.

9-The heat from ten a.m. until three p.m. is unbearable; the sun crosses then a

space where the cloud is thinner; it darts its rays which are reflected by the cloud which

I have seen to exhibit blinding concentric circles.

10-The Physicists who are still involved with solar reflections and the causes of

the heat will be able to find easily the principle of those phenomena.

11-1cannot ascertain if this cloud accepts in itself other clouds which formed so

many thunder storms or if this cloud by condensing has itself produced these storms. I

believe more readily the latter but here is what is very certain: Every day from the

height of the Burgundian mountains I have seen a storm with much lightning and

thunder.

12-What is remarkable in the storms is that they occupy a very small ground

area, but the rain and hail there are abundant.

13-1have myself been exposed to three storms. Between Arcy and Luci-le-Bois

the same hail covered the ground and devastated the fields; the rain was so considerable

that I could not see beyond four steps. My observation log books from Paris to here

were transformed into paste, the rain penetrated everything; I lost the trace of the path

to avoid torrents of water carrying torrents of hail floating about. In the evening,

sheltering in a hamlet, I wanted to write my observations but was wary of my tired

imagination. But today that all is forgotten, save the loss of my observations; I lay

them on paper and I proceed with my research.

14-The character of ordinary clouds is to move when they are pushed by any

wind. This cloud remains stationary. It varies only by a little more or a little less

condensation.
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I5-All those observations confirm me in my belief of the correlation between

the celestial meteors and the various states of the globe which is the great crucible, the

great container of all that the celestial bodies modify. I will expose this correlation in

the meteorological part of my Works with a detailed action of the sun on our granitic,

calcareous, volcanic, cold, humid or dry mountains. This theory is preceded by too

many details of observations to be related here.

This theory will be much better supported if this cloud, as extraordinary as it is,

spreads all the way to Paris for example and also to Lyons, to the higher Cevenol

mountains, to the Pyrenes, the Alps and all the way to the sea.

I will end with the observation that the study of the meteors on a large scale

based on correlated observations done from distance to distance in France and so on,

and based on sound physics exempt from a spirit of system, will shed infinite light on

Medical knowledge of the epidemic illnesses.

In summary of all those truths here exposed we can ask ourselves therefore:

What then is this singular and extraordinary cloud always stationary in the months of

June and July which, in the air, occupies such a vast space in length, width and depth

and which seems to resist the action of the winds, of the heat of the sun rays and the

cold of the concavities of the globe? All those questions belong to the highest realm of

physics; I will be satisfied to expose faithfully the facts and I will end by observing that

the Earth and the Heavens have offered this year many long rainy seasons, accelerated

heats, out of date colds, extraordinary clouds and even earthquakes: wouldn't all those

affects of the Earth and the Sky come from the same cause which acts in different

ways?

I have the honor, my very Reverend Father, the Abbot Soulavie.

Written at the Abbey of St. Seine below the springs of the Seine, Sunday June 29 1783.
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Continuation ofobservations by Abbot Giraud Soulavie of St. Seine at Dijon, Beaune,
Nolay, Autun, etc...

The preceding observations show that the cloud, fog, or smoke, as it has been

designated by those words, dominates over the plains of Sens, Auxerre, etc... and that it

rises like the mountains toward the heights where the springs of the Seine river are

located and even higher. Coming down today from high regions I see the same clouds

coming down as the ground does toward the slope which throws the waters to the

Mediterranean sea; as such the cloud occupies a vast space on the surface of France in

width, length and depth.

Travellers have assured me that it is seen in Sedan, others in Paris.

Nowhere fortunately have I seen any epidemic sickness.

Everywhere the sun is of a red ball color. Everywhere it causes storms and

frightful thunder.

Everywhere the hail stones have been small.

A member of the Academy of Dijon has made observations on this fluid, or

rather, on the state of the atmosphere; it would be essential for the different groups

involved in sciences to compare their observations. We can easily see that the people as

usual can persuade themselves that deadly accidents will happen. In Paris the people

were no less pusillanimous when it was thought a few years ago that a comet was going

to flood the earth. Some people affirm that in Paris the night lasted two days and so

on...
At Mont Cenis July the 5th, 1783

Continuation of the meteorological observations from Mont Cenis to Chalons-sur
Saone.

Some new phenomenon were to follow the preceding ones: at 10:00 AM this

morning, I was on a horse within a league of the town of Couches facing the two

hillocks of Dravin, a unremarkable hamlet, when I saw at a quarter league those two
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little mountains moved by an earthquake. A tree which is on the summit showed some

movements and at the same time my horse and my guide were surprised by a very loud

noise similar to twelve rifles shot at a distance and almost at the same time.

Right away I climbed on those two peaks from which one can see an huge area

because they are situated in the middle of a vast circular valley.

We thought that there weren't any volcanic mountains in Burgundy; the two

peaks of Dravin are made of basaltic lava and there still remains the appearance of an

aperture (mouth).

I sent for water from the fountain and a bottle was brought to me in which a

sediment was forming from the cloudy water.

In the village of Couches everybody felt the same earthquake, but to establish

the locations of the affected areas we can look at the map of Burgundy in fifteen broad

sheets: the direction and the shape of the valleys and mountains is there represented in a

large scale; we can easily see there the propagation of the tremor as I have observed it.

In 81. Maurice the phenomenon happened at ten A.M.

In Dennevy the quake scared the farmers in the town square.

In St. Jean de Trezi the people have felt the same tremor at the same hour.

In Charecey the Priest told me that sitting in his armchair he lost his head

balance and was pushed forward.

In Bourgneuf, at the same time, the earthquake with the same noise shook

noisily a table covered with dishes etc.

In Draci the same phenomena were felt. At last in Chalons, where I am writing

these notes, similar phenomena were noticed.

We must remark that the earthquake happened in the heights of the hills with

solid layers just as it did in the lower plains formed by fertile ground or terraces; the
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town of Chalons, situated on a vast plain formed by the waters at the expense of the

mountains of Burgundy and other provinces, was not spared either.

It is not the place here to apply the facts to my theory of earthquakes of which I

have exposed some truths in the Journal de Paris. It is likely that this earthquake will

have spread well beyond and it would be interesting to compare observations. I will

end by noting that the fright of the people was extreme in many places and especially in

the villages and hamlets: the phenomenon happened on a Sunday at the time when the

people were either in church or in the town squares, each local sage gave his theory; the

fog came first and this fog, this bloody sun mornings and evenings, this pretended two

day night in Paris, the frequent hail, the thunders and even more the gatherings of the

country folks have thrown the poor people into the worst consternation, inasmuch as the

imagination is fertile, creative and cowardly when it is not tamed by Reason in such

circumstances.

In actuality the fog has much diminished; on the 5th and 6th of this month it has

been more rarefied and the sun appears clearer.
At "Chalons-sur-Saone" July 7th 1783

Dijon, France
Author: Maret (1783)

Haze (dry fog)

Comments by Th. Thordarson: In the column "Meteora", H. van Maret used two

types of entries to indicate occurrence of the Laki haze: the normal haze-fog symbol

and the notation "aer vaporosus". The former probably indicates that the haze was

humid, whereas the latter designates a "dry" haze. He also gave detailed accounts on

the occurrence of the haze in his remarks (Annotationes) attached to his weather log.

Maret also wrote a short narrative about the haze and its effects titled "Dissertatio de

461



Nebula, in mensium Junii Julique anni 1783 decursu, Divione apud Burgundos

observata".

June. The Laki haze (dry fog) first appeared on 14 June, then reappeared on 18

June, and again on the 22nd. After that it was constantly present until 30 June. The

haze was reported on the following dates: 14 (midday), 18 (morning and evening), 22

(evening), 24 (morning and evening), 25 (morning), 26 (morning), 27 (morning and

evening), 28, 29, and 30 June.

Remarks (Annotationes): A singular haze or fog and by no means a common

occurrence, was reported here this month. This uncommon haze was seen here little

before midday on 14 June. It appeared for the second time in the morning and the

evening hours of 18 June, but thicker this time. By the 22nd and all the way to the end

of the month the sky at the time of sunup and sundown was obscured/darkened as it was

covered by somewhat distant awning. Concurrently the sun appeared as if it had been

colored red, its shine was reduced, but its shape as it orbited the sky appeared to be

unchanged. The same can be said about the moon, except for the color which was

slightly different. Most of the time the sun appeared pale red in color, with the

exception at sunrise and sunset, when it appeared ruddy for a little while.

The haze was odorless, very dry and persistent, as it was present from first

daybreak and well into the following night. Just before the night hours set in, by some

unknown process the haze gradually descends and by doing so it stunts the fertility of

the trees by sapping their moisture, which causes them to wither. The haze continually

covers the eastern sky, as it always returns with the rising sun.

July. The haze was noted almost continuously from 1 July to 22 July. Haze or

fog was reported on the following dates: 1-5, 6 (morning), 9 (evening), 10 (morning

and evening), 11-14, 15 (morning), 16, 17, 18 (morning and evening), 19 (midday and

evening), 20 (morning and evening), and 22 (morning) July.
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Remarks (Annotationes): The state of the atmosphere was consistently very

warm throughout this month, always very dry and extremely dry during the first half of

the month. The haze was very thick the first five days. On the morning of the 6th the

sun was still covered by a veil of haze and it remained so for the next 12 days. In the

morning and evening of 19 July it covered the whole sky and in the evening hours of

the 21st and 22nd again a thick haze covered the sky.

August. The haze (dry fog) was noted throughout the latter half of the month. It

was reported on the following dates: 16,17 (morning), 21 (morning), 22 (morning), 23

(morning), 24 (morning), 25 (morning), 26 (morning), 27 (morning), 28 (morning and

midday) 30 (midday and evening), and 31 (morning and midday) August.

Remarks (Annotationes): Maret made no remarks regarding the haze. This

month was dry, especially in the beginning. Lack of precipitation caused leaves to fall

off the trees and the condition of the vegetation was like in time of winter (i.e., in

March).

September. Fog or haze was reported on the following dates: 2 (morning and

evening), 3 (morning and evening), 7 (evening), 8 (morning and evening), 16

(morning), 21 (morning), 22 (morning), 23 (morning), and 27 (evening) September.

Remarks (Annotationes): This month was wet and humid, with several cold

spells.

October. Haze or fog was reported on the following dates: 2 (morning), 5

(morning), 6 (morning), 12 (evening, corona around the moon), 16 (morning), 17

(morning), 18 (morning), 20 (morning, wet), 21 (morning, wet), 22 (morning, wet), 23

(morning and evening, wet), 24 (morning), and 26 (morning) October.

Remarks (Annotationes): This month was dry, but occurrences of fog or haze

were common.
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November. Occurrence of haze or fog was reported on the following dates: 2

(midday and evening, corona around the moon), 4 (morning, corona around the moon),

5 (midday), 6 (midday), 16 (evening), 27 (evening), 28 (entire day; evening, wet), 29

(entire day, wet), and 30 November.

Remarks (Annotationes): The beginning of the month was dry, but after that wet

conditions prevailed with long spells of cold weather. Very cold spells occurred

between 7-12 November and 23-30 November.

December. Occurrence of haze or fog was reported on the following dates:

(morning), 6 (midday and evening), 7 (midday), 8 (morning), 15 (midday), 16, and 17

December.

Remarks (Annotationes): This month was wet and humid, conditions were

characterized by unstable weather. The first part of the month was cold, the middle part

was fair, but then very cold again to the end of the month.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 16, 26, and 27

June; 15,21, and 28 July; 3,6,21, and 22 August; 18 and 20 September; 20 November.

Frost: Earliest frost was reported on the 9, 10, and 11 October by the entry

"glacies ad album"78, but this was probably not an occurrence of true frost because the

evening and morning temperatures were well above 0°79. Similarly, hoar frost was

reported on the 30 and 31 October, despite evening and morning temperatures between

4.0-7.00R. The first certain freeze overnight occurred on the 8 November (evening and

morning temperature was 2.5°R and O.3°R, respectively), then again on the 9, 10, 11,

12 November (lowest morning temperature was in the morning of the 10th, -3.5°R, and

78 Maret uses "glacies" to indicate frost in his weather log. "Glacies ad album" translates as a freeze

79 In the morning of the 9, 10, and 11 October the entry was "glacies ad album" indicating a freeze
overnight, but the evening and morning readings show temperatures 8.0/4.8/5.2°R and 4.0/3.8/3.5°R,
respectively. See footnote 21.
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midday temperatures were just above freezing), and again 22-25 November; 27-29

November. Subzero temperatures had set in by 9 December with very cold

temperatures towards the end of the month; 30th = -9.0oR and 31st = -7.8°R.

Snowfall: First snowfall was reported at 11 a.m. 25 October; although the

evening and morning readings show W.ooR and 9.0oR, respectivelyfv . The first

certain snowfall occurred on 11-12 November. Periods with much snow were: 22,24-

25, and 31 December.

La Rochelle, France
Author: Seignette (1783)

Haze (dry fog)

Comments by Th. Thordarson: Seignette gave fairly complete accounts on the

occurrence of the Laki haze (dry fog) in the remarks (Annotationes) which are attached

to his weather log.

June. On both 6 and 7 June near the time of sunset, dry fog appeared at La

Rochelle.s! The Laki haze first appeared on 18 June. The haze was reported on the

following dates: 19 and 23-30 June.

Remarks (Annotationes): On the 18th the rising sun was red, without any shine

and seen in such state until 6 a.m. After that the haze appeared to fade away, such that

the sky appeared clear at 2 p.m., but the sun was still bright red. Some time before

sunset the haze enveloped us again. On the 19th the haze was present all day, but was

relatively thin. On the 23rd: Throughout this day the sun and its shine were almost

80 An occurrence of snowfall is inconsistent with the temperatures given in Maret's weather log. It is
possible that he was referring to hail.

81 Similar phenomenon was observed at Middelburg in Holland on 6 and 7 June. This "dry fog" on the
6th and 7th cannot be caused by the Laki activity because the eruption did not begin until 8 June. It
is possible that the May activity at the Grimsvotn volcano or Nyey eruption were the sources that
produced this haze. Alternatively, the source may have been local and caused by biomass burning of
peat, which was commonly mined in these parts of Europe at the time.
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completely obscured by the haze. On the 24th and 25th the haze was present. On the

26th the haze was very thick in the north. The color of the sun was blood-red. The

27th: Only at midday the shine of the sun was fairly bright, but in the morning and the

evening the sun was obscured/darkened by haze. From the 28th to 30th, the haze was

present in the morning and at midday the sun appeared with a dull yellow color.

Around 5 p.m. the sun was again gradually covered by the haze.

July. The haze was noted almost continuously from the 1st to the 20th. Haze or

fog was reported on the following dates: 1-3,5-8,10,16-20, and 30 June.

Remarks (Annotationes): From the 1st to 3rd the haze was as usual, thick in the

morning, thinner at midday, and again thick by the evening. In the mornings and

especially in the evenings, the sun was red and so depleted of its shine that it did not

produce shadows. On the 4th the sky was cloudy and on the 5th a thin haze was

present. On the 6th the haze had almost vanished and the sun was bright at sunset. A

little haze seen at sunup on the 7th and the 8th, after that the sky was clear for the most

part. On the 9th the sky was cloudy and without haze. A little haze was present on the

10th. From 16th to 19th the haze was similar to that of late June and early July. A thin

haze was present in the morning of the 20th and it contained moisture. A thin haze was

also seen in the evening. A thick and moist haze was present on the 30th.

August. The haze (dry fog) was noted throughout the month. It was reported on

the following dates: 2-7,9-11, 15-17,21-23, and 29-31 June.

Remarks (Annotationes): Just before sundown on the 2nd and 3rd the sun was

completely covered by the haze. On the 4th the haze was present in the morning and in

the evening. The haze was present in the mornings from the 5th to 7th and just before

sundown the sun was deprived of its shine, even though the haze appeared to be thin.

On the 9th well before sundown the sun was deprived of its shine, but the haze

appeared to be thin. Moist haze was present on the 10th and the 11th; the sun was as
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red as before. On the 15th the haze was present in the morning and just before

sundown the sun was deprived of its shine, despite that the haze appeared to be thin.

Moist haze was present in the morning on the 16th and 17th. The sun did not appear

until 9 a.m. and by 5 p.m. it was bright red and deprived of its shine; then it

disappeared completely. From the 21st to 24th the haze was as before [i.e., as it was on

16 and 17 August). A thick haze was present in the evening of the 29th and in the

mornings and the evenings of the 30th and 31st.

September. The haze was reported on the following dates: 1, 2, 9, 10, and 29

September.

Remarks (Annotationes): On the 1st the haze was present in the morning and

deprived the sun of its shine. Similarly it appeared in the evening, just before sundown.

On the 2nd a thick haze was present in the morning and then again in the evening. The

9th: Haze and clouds. A little haze was present in the morning of the 10th. On the 29th

thick haze was present in the morning, but the sky was clear for the rest of the day.

October. Haze or fog was reported on the following dates: 17, 26, and 27

October.

Remarks (Annotationes): The 17th: A thick haze or fog. On the 26th and 27th a

thick haze or fog was present in the morning.

November. Occurrence of haze or fog was reported on one day, the 7th.

Remarks (Annotationes): On the 7th: Haze in the morning.

December. Occurrence of haze or fog is not noted.

Weather

Thunderstorms: Thunderstorms occurred on the following dates: 3, 14, 15, 16,

and 24 June; 14, 15, and 27 July; 12 and 27 August; 27 and 28 September; 4

November.
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Frost: The first freeze overnight occurred on 13 December (evening and

morning temperatures were 1.l°R and -0.2°R, respectively), then again on the 14, 15,

16,20,21, and 22 December (lowest temperature was in the morning of the 15th and

22nd, -l.OOR). Daytime subzero temperatures occurred on 29 and 30 December; 29th =

-1.3°R and 30th = -3.0°R. As comparison, form January to end of May 1783 there was

only one temperature reading below freezing; -.O.5°R in the morning of 2 January.

Snowfall: The only reported snowfall occurred on 30 December.

Salon de Province, France.
Letter dated 11 July 1783.
Author: unknown (de Lamanon?). Source; The Edinburgh Evening Courant, 13 August
1783.

For twenty days82 , a singular fog, such as the oldest men here have not seen

before, has reigned in most parts of Province. The atmosphere is filled with it and the

sun, although extremely hot (for at noon the barometer rises forty five degrees), is not

sufficient so as to dissipate it. It continues day and night, though not equally thick, for

sometime it clouds the neighboring mountains. The horizon, which is usually of a

beautiful azure in this country, appears of a whitish grey; the sun, which during the day

is very pale, is at setting and rising quite red and so absorbed are its rays by the fog that

one may at any time look steadily at it without being in the least incommoded.

It is an observation made by many that the fog at some time emits a strong odor,

the nature of which is not easily determined. It is so dry so as not to tarnish a looking-

glass and instead of liquefying salts, it dries them. The hydrometer does not ascend and

evaporation is abundant; the eyes are affected with a slight heat and such as have weak

lungs are disagreeably affected.

82 Implies that the haze had been present at Salon since 20 or 21 June.
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On the night of the 21st or 22th, at fifteen minutes past twelve, the time of the

solstice, happened a storm of thunder and hail, an unusual phenomenon at that hour in

these parts. At 200 paces from Salon a thunder bolt was seen to descend, the wind at

the same time north; since which, the fog has been more intense and still remains the

same, notwithstanding a violent north-east wind on the 27th.

The barometer is at medium, the electrical machine affords no fire but the air is

greatly electrified and thunder is heard every now and then.

The constant drought, which has prevented the usual exhalations from the earth,

seem to be the sole cause of this mist; the late rains having diluted the matter of which

these exhalations are formed, now ascend with their vehicle the water, and some strong

winds will either carry them off or force them down; or, should a south wind in any

short time produce clouds, they will attract the exhalations, which will disappear with

them.

The above observations are confirmed by many physicians who have carefully

examined the fog, or rather the vapour in question. They have seen the bolt ascend and

think the redness of the sun chiefly owing to the ferruginous quality of the emanations

from the earth. Similar observations have been made at Paris and in many parts of

Italy.

Salon de Crau in Provence, France
Author: de Lamanon (1783: 1799).

Comments by Th. Thordarson: De Lamanon was in Salon de Crau in Provence

when the Laki haze (dry fog) first appeared in Southern France. He wrote a letter to the

editor of Courier d'Avignon to calm down the fears of the commoners, where he first

described the characteristics of the haze and then stated that the thunderstorms that will

follow will undoubtedly make it disappear. When de Lamanon learned that the haze

was present all over Europe, he travelled to the highest peaks of the Provence,
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Dauphine and Piedmont Alps and collected information regarding the haze and the

effects of the concurrent thunderstorms. De Lamanon describes the haze in 17 articles,

which are as follows:.

1. Almost everywhere the haze was preceded by thunderstorms..

2. It appeared concurrently at locations separated by great distances; in Paris,

Salon, Turin, Padua and elsewhere the haze first appeared on 18 June. According to

personal communication with Senebier, it was first seen in Geneva on 17 June. He also

read in the Affiches of Dauphiny that in Grenoble it was first seen on 21 June.

3. When the haze first appeared in various locations, the observed wind

direction at the time varied from one location to another.

4. In some places the haze was "dry" but in others it was "wet". It was "dry" in

Provence, Geneva and Padua, but in Turin and Champsaur in Dauphine it was

sometimes observed to be "wet".

5. The sun was seen blood-red at the time of rising and setting and very pale or

with a dull shine over the day.

6. In Salon in an observation made by many, the fog at times emits a strong

odor, the nature of which is not easily determined, but identified by some as the smell

of sulfur. This odor has been experienced in many other regions.

7. People complained of irritation in the eyes from the haze and it caused

difficulties to those with respiratory problems; many persons in Provence even lost their

appetite.

8. In Lower Provence the haze appeared to enhance the growth of plants, but in

Dauphine and Turin the plants withered because of the extreme heat and the drought.

9. In Padua, Turin, Paris, Salon and Grenoble the barometer was almost always

steady at average atmospheric pressures.
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10. Some days were extremely hot but overall June and July were colder than

normal and the summer never arrived in the highlands of Provence and Dauphine,

where the fanners normally keep there sheep.

11. Thunderstorms occurred all over; sometimes the haze became thicker after a

storm, sometimes it became thinner.

12. During this time Lamanon's "electric machine" indicated a very small

electrical charge in the atmosphere around Salon, but a friend of his in Sourge near

Avignon wrote that there the atmosphere was highly charged.

13. Describes attempts to analyze the haze. (The results not known).

14. As most regarded the haze to be confined to the lower atmosphere, de

Lamanon climbed up on top of Mt. Vetoux (6200 feet) and noted that the haze was still

above him. Senebier in Geneva wrote that the haze extended above Mt. Saleve (3600

feet) and the sheep keepers in the Dauphine Alps stated that the haze was well above

the locations where they kept their flock.

15. The observations made by de Lamanon indicate that the haze was thicker

and dryer at the lower altitudes.

16. According to Lamanon's descriptions, the haze covered almost the whole of

Europe, the islands in the Mediterranean, parts of Africa and the entire Adriatic Sea.

But on the other hand, over the Ocean (Atlantic Ocean?) the haze only extended about

100 miles out from land. This was a true continental haze.

17. The thunderstorms caused much damage in Southern France. In Dauphine

and Provence alone, lightning killed close to 60 people and many animals. De

Lamanon states that he has not been able to find any information that lightning struck in

regions at altitudes higher than 2700 feet.
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Saint-Veranin Maconnais, France.
Author: Robertjot (1783)

Letter to the authors ofthe Journal de Physique on the phenomenon ofthe fog of1783.
Sirs,

I cannot avoid expressing to you my surprise that no mention was made of the

phosphoric properties of the fog of 1783 by the authors of the two communications in

your January issue who wrote of its cause and provided the details of the various

phenomena which accompanied it, as well as their observations.

In the later days of June and the early days of July, that is at the end of the moon

cycle of the first month and the beginning of the second when the moon does not spread

any light, we could see a luminosity at night almost equal to that which the moon

provides when it is full, yet hidden by a cloudy and overcast sky. Its degree of intensity

was such that we could very distinctly see objects distant by about one hundred

fathoms. This phenomenon was apparent on the entire circle of the horizon; it occupied

the whole celestial hemisphere and it was not momentary. I have brought it to the

attention of several people during the entire period of the presence of the fog.

Many people would perhaps be inclined to ascribe this phosphoric property to

sources other than the nature of those vapors, but they will change their minds when

they learn that:

I-It was not the result of some meteors since the luminosity that they spread is

of short duration and it is localized, etc...

2-This light was not produced by an aurora borealis since not one observer ever

mentioned one at the time and since in any case they are always located in the sky

nearer the poles, whereas this phenomenon occupied the entire hemisphere, etc...

3-It could not have been the effect of the duration of the twilight. Such

gleaming light occurs only in the region of the sky from which the sun disappears from

our horizon and its intensity gradually wanes, etc ...
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This characteristic is therefore an effect of the nature of the fog. Going back to

the causes which produce this characteristic, keeping in mind that few substances are

apt to produce it, and gathering the observations made on the nature of those vapors, we

are inclined to conceive of it in this manner.

Here is, Sirs, the observation that I have made and that I submit for its possible

usefulness to your judgment; accord it the importance that it deserves in your opinion.

I believe it to be useful for shedding a greater light on the nature of this singular

phenomenon, and as such I have decided to send it to you.

Geneva, Switzerland
Author: Senebier (1783)

Haze (dry fog)

Comments by Th. Thordarson: Senebier did not report occurrences of fog or

haze in his weather log, which therefore does not contain any information about the

Laki haze. A chapter called "Quaedam Specialiora Observanda" and a short essay

named "Dissertatio de vapore Genevae observato, durante anno 1783" are attached to

Senebier's weather log. Both accounts contain information regarding the Laki haze

around Geneva.

Senebier wrote: "The dry fog" [i.e., the Laki haze] was of a singular kind, that

had not been observed by any previous students of Nature"83. He also stated that it

was so dense that it impeded the view of distant objects by an octant of light and that it

took away the rays of the rising and setting sun and tinged it with a red color. The haze

was of permanent nature and was not effected by violent winds or very copious rains.

The color of the haze was blue or bluish but never gray. The haze was odorless and

83 Apparently. Senebier conducted a literary research to see if he could find any evidence of any
similar occurrences in the past.
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when it was present the atmosphere was very dry. Furthermore, he states that the haze

to extended above the highest peaks of the Alps.

June. The Laki haze first appeared on 17 June84 • On the 17th and 18th the haze

was so thick that the sky was opaque. It rained between 19 and 22 June. From the

22nd to 24th the sky was covered by the haze, but the haze was thin on the 25th. The

haze made the sky was opaque again on the 26th and the 27th. From the 28th to 30th

the sky was covered by a very thick haze.

July. From the 1st to 5th the sky was covered by very thick haze. From the 6th

to 9th it was covered by the haze. From the 10th to 18th it was covered by very thick

haze, especially on the 10, 11, 13, 15, and 16 July. From the 19th to 23rd the sky was

covered by the haze and from the 24th to 25th by a thick haze. From the 26th to 30th a

thin haze covered the sky. On the 31st the sky was covered by the haze.

August. The sky was covered by the haze on the following dates: 2, 5, 6, and 7

August.

September. The sky was covered by haze on the following dates: 2, 3, and 9

September.

84 Because there exists some confusion in the literature regarding the first appearance of the Laki haze
at Geneva, I am compelled to clarify the issue. Senebier writes in the introduction of his
"Dissertation" that from 23 May to the beginning of June the weather around Geneva was frequently
characterized by a relatively dense and moist, but normal fog, that by no means compared to the "dry
fog" (i.e., the Laki haze) that arrived later. He also clearly states in his text that the Laki haze, which
he describes as "a singular haze or fog" first appeared on 17 June. The writings of Lamanon (1783)
confirm this. Based on personal communication with Senebier, Lamanon wrote that the haze first
appeared at Geneva on 17 June.

Senebier attached a table to his weather log where he summarizes the occurrences of the "dry fog," in
Geneva. The table contains headings indicating the months May, July and August, but not June. The
tabulated dates and comments regarding the characteristics of the haze listed under May are
consistent with Senebier's text descriptions regarding the haze in June, but have no relevance to the
discussion on the fog in late May. It appears that the heading June was replaced by Mayas the table
was set up for printing, an error that has caused confusion in more recent times.
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Lausanne by Lake Geneva, Switzerland.
Letter dated 22 June, 1783.
Author: unknown. Source: Jydske Efterretninger, No 31: Thursday, 1 August 1783.

Yesterday85 a terrible storm, that was very unusual in its affects. In a village in

Canton of Fribourg Province one bolt of lightning killed 12 people and injured 13 that

were in the church. After the storm, the air was so thick with haze86 ,that one could not

see any of the Alpine peaks, neither could one see the lake.87

Neuchatel, Switzerland.
Authors: Reverend Meuran and D. du Vasquier
Source: S. P. van Swinden (1783)

According to the things which Rev. Meuran communicated with me, first from

his own observations, then from those undertaken by Dom. du Vasquier near the city of

Neufchatel in Switzerland, the haze began to appear there on 17 June88 (after a cold

wind). It appeared in the form of a vapor, now denser, now thinner, but through the

horizon everywhere equally dispersed. The atmosphere was to such an extent obscured

by this haze that at nearly any hour of the day one could gaze at the sun without injury.

The haze remained there, not at all interrupted, all the way to 8 July. From the 8th to

the 20th it disappeared in the greatest part and a great storm/heat was observed. The

haze appeared again on the 20th and lasted up until the end of the month. Often the

summit of the Alps was clearly distinguished on the other side of the haze, but not, to

be sure, the base89 • This rain did not disperse the haze. It gave ground only to rain

which was accompanied by thunder, and even then with difficulty and only for a short

85 e.g., 21 June.

86 This indicates that the haze was there by 22 or 23 June.

8? Lake Geneva.

88 According to Traurnuller (1885) it was also observed at Chamouni (in Dauphine, France), Bern and
various other regions in the Alps, Jura and the Lombardy district in Italy around this time.

89 Interesting observation. Is this phenomena related to the rate 802 is transformed into aerosols, as

well as, aerosol droplet size and density?
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time. The east wind increased this haze and only the stronger west wind was able to

disperse it. Indeed, as soon as this stopped, the haze returned without that which could

have been observed well, whence it had arisen. Finally, it was very dry.

D. du Vasquier wrote that printed matter fresh of the press, when exposed to the

fog, got more or less modified such that at first red became orange and thereafter, after

a wash by ordinary water, changed to violet; black had almost completely disappeared

and violet lost its brisk shine. Those prints located in moist places were effected the

most, but those not touched by rain nor dew, did not show any alteration. According to

van Swinden these observations leave no doubt that this haze united some acid, or

rather some acid gas. This gas was not deeply and chemically mixed; it appeared

heavier than the atmospheric air, since it occupied the lower region of it. Finally it

drove itself into designs while it mixed itself with water90 , which wholly agrees with

what Dr. Brugmann observed''! , that the vapor of burning sulphur did not go into the

leaves, unless after the vapor had been mixed with watery vapor.

St. Gotthard, Switzerland
Author: F. Traumiiller (1885); Th. Thoroddsen (1914).

At St. Gotthard it was reported that an unusual fog came from the North,

moving towards the southeast and the sunlight could not penetrate through this fog. As

a consequence of this fog, the twilight's in the morning and the evening were intense

and vivacious and lasted until 2 August. The fog disappeared after a rain.

90 This statement by van Swinden is in essence describing formation of sulfuric aerosols.

91 See also the notes from Franeker, Holland and S. P. van Swinden (1783).
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St. Gotthard
Author: Onuphrio (1783)

Haze (dry jog)

Comments by Th. Thordarson: Onuphrio's weather log contains some significant

information regarding the Laki haze but it is difficult to determine exactly how long the

haze was present at St. Gotthard. According to Onuphrio's observations, there were a

total of 294 days with fog or haze at St. Gotthard in the year 1783 alone. In the

attached Remarks (Annotationes), Onuphrio describes the occurrence of an unusual

haze or fog that first appeared in late June coming from the north moving towards the

southeast. Furthermore, he states that this haze filled the atmosphere in abundance,

even when the "normal fog" perished. This haze deprived the sun of its shine, such that

its light was faint and caused the moon to appear with a golden yellow shine at night.

Onuphrio specifies days with thick haze by entering a + sign in the column of

"Coeli facies" in his weather log, but otherwise he does not differentiate between the

Laki haze and the "normal fog" in his entries. Because fog was such a common

occurrence at St. Gotthard (at least in the year 1783), little can be inferred from the

standard fog-haze symbol entries in the weather log, but haze or fog lasting the entire

day was reported almost continuously from June to end of September. However, there

were a few entries indicating a corona around the sun92 which undoubtedly are related

to the presence of the Laki haze and thus give some indication regarding the duration of

the haze.

June. The Laki haze first appeared on 23 June and thick haze was continuously

present to the end of the month. On the 24th a corona was seen around the sun for most

of the day.

92 There are only 4 entries indicating a corona around the sun and all of them occur after the
appearance of the Laki haze. Two of these entries, e.g., 24 June and 11 July, are concurrent with
entries indicating the presence of thick haze.
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July. Thick haze was reported on the following dates: 1-3, 4 (midday), 6

(evening), 10 (midday and evening), 11 (morning, also corona around the sun; midday);

12 (midday and evening), 13, 14, 15 (midday), 19 (morning and midday) 20, and 31

(midday) July.

August. Thick haze was reported on the following dates: 1 (midday) and 2

August. On the 19th a corona was seen around the sun in the morning.

September. Corona around the sun was noted on the 14th93 .

Ofen, Switzerland
Author: F. Traumiiller (1885); Th. Thoroddsen (1914).

The haze was first observed on 23 June and its presence was reported until the

end of the month.

Spain
Author: De la Lande (1783)

On the extraordinary state ofthe atmosphere.

July 4. For a considerable time past the weather has been very remarkable

here94 , a kind of hot fog obscures the atmosphere and gives the sun much of that dull

appearance which the wintry fogs sometimes produce. The fog is not peculiar to Paris;

those who come lately from Rome say that it is as thick and hot in Italy, and that even

the tops of the Alps is covered with it, and travellers and letters from Spain affirm same

ofthat kingdom.

93 This indicates that the Laki haze was still present in the atmosphere above St. Gotthard in mid
September.

94 Paris.
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Italy, Summer 1783.
Author: G. Toaldo. Source: Swinden (1783)

The distinguished Toaldo noted, that as July turned to its end, the haze withdrew

all over Italy, even in Naples and Calabria where it was as if its center had been. There

was frequent thunder. Finally that year 1765 at Saros itself, corresponding in this

peculiarity as in all the rest, had been similar as 195 will note when it is convenient. In

Belgium in the year 1765, not many clouds had been observed although there had been

much thunder and the days were close. The distinguished Toaldo shared with me that

at the end of December, a haze had been present which took away the view of the

horizon in the distance of one day and that it lasted the whole month of July, to the end

of August, and some days of December itself. This haze had a composition of the very

haze in June, although it was a little less dense, and whereby the air was heavy up to

this time. He added that Neapolitan scientist had collected that dust, which the cloud

had deposited on top of the leaves of the trees, and that he had obtained to the extent of

8 drachma [drachma = 41/2-6 grammes; 4.5 grams??] 3 or 4 grains of iron, drawn by a

magnet.96 This haze in certain places had burned the more tender plants; it had even

brought a sense of burning to the eyes but in Italy it had brought forth a very great

fertility in all fruits of the earth.

Padua and Northern Italy.
Author: Th. Thoroddsen (1914).

The haze first appeared in Padua on 18 June97 and around that time the whole

of Northern Italy was covered by haze and sometimes accompanied by a uncomfortable

sulfuric smell. In Padua the sun was seen red or reddish and was deprived of its shine

95 S. P. van Swinden.

96 The particles that were drawn to the magnet may have been volcanic ash or dust.

97 According to Lamanon (1783) it was also observed in Turin (Torino) and some other locations on
18 June.
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(without rays) such that one could gaze at it without injury. Sometimes the sun

appeared to be bluish white, the sky was white and the moon was occasionally with a

red color. The haze resembled a smoke or a dust cloud, so thick that objects at a half a

mile distance could hardly be distinguished. In Venice the haze was accompanied by a

strong sulfuric odor and a fall out of fine dust containing iron rich particles (were

attracted to a magnet, see also notes above) was reported to have occurred in the

summer of 1783. Furthermore a drought is reported from Venice and Turin (Torino)98

Florence, Italy
Author: F. Fontana. Source: S. P. van Swinden (1783).

The distinguished Felix Fontana from Florence rendered me99 more certain that

this haze began in Calabria on 13 February I00 but that it extended itself throughout the

rest of Italy finally at the beginning of June lOl • It brought no damage to vegetation in

Florence but on the contrary, had roused forth much vegetation. It had no odor but

sometimes had such in Calabria and Sicily that it obscured the sun and tinged it with a

bloody red color. Finally the distinguished Fontana found the air better than in other

years.

Rome, Italy.
Source: Th. Thoroddsen (1914).

The haze first appeared on 16 June. On 18 June the sky was covered with a thin

veil or mist, the moonlight was red and the shine of the sun was dull. This continued

through June and mid July. On 25 July shortly after sunset, the clouds were seen with a

blood-red color and appeared like they were on fire.

98 See also notes from Salon, France (i.e., Lamanon, 1783).
99 S. P. van Swinden.

100 The February haze could have resulted from the gaseous emissions from Etna that occurred
subsequent to the earthquakes in Calabria.

101 Referring to the first appearance of the Laki haze.
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Naples, Italy.
Letter dated 15 July, 1783.
Author: unknown. Source: The Edinburgh Evening Courant, 23 August 1783

The fogs continue and are accompanied with so alarming an increase of

obscurity that our bargemen dare not venture on the water without a compass. Some of

our naturalists will have it that these thick vapours are produced by the electrical matter

which envelopes the atmosphere; their opinion is rather strengthened by letters received

from Amalfi, purporting that thunder storms have been so frequent and destructive that

in the neighborhood of Mount Cervino, forty reapers had been struck dead by lightning.

North Africa
Author: de Lamanon (1783: 1799).

According to de Lamanon's descriptions, the haze covered the islands in the

Mediterranean, parts of Africa and the entire Adriatic Sea. But on the other hand, over

the Oceans the haze only extended about 100 miles out from land.

The volcanic haze 1783.
Author: Th. Thoroddsen (1914).

Dr. Thoroddsen notes that according to the writings of Arago102 , the haze

extended to North Africa.

Tripoli Syria (now Lebanon), 20 July, 1783.
Author: unknown. Source: S. P. van Swinden.

Let us note also that on 20 July at Tripoli in Syria a movement of the earth had

been observed. On the day before a very great abundance of rain fell, a quiet unusual

thing in Syria at this time of year. Finally, from the end of June a very dense haze had

covered over the land and sea. The winds had blown as in winter-time; the sun could

be seen rarely and always with a bloody color, which was rare in Syria.103

102 I have not been able to locate this reference.

103 These descriptions suggest that the weather in Syria in the summer 1783 was somewhat unusual.
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Altai Mountains, Asia.
Author: Renovantz (1788).

The 1783rd year, which was very unusual in whole of Europe, was also unusual

in Asian regions and in the Altai Mt. In this year no trace of the "Iaswa"104 was

observed. The winter of this year was unusually mild. On 6 January it rained and

during the afternoon hours a weak earthquake (which was the third and the also the

weakest quake since the settlement of the Russians) with some vibrations was felt at

Irtisch and Ob rivers; more in some locations and less in others. Throughout the spring

the weather was very unstable and also through June, accompanied by severe night

frost. The rivers that usually flood the surrounding regions in the month of June, due to

break up and melting of ice, remained confined within their banks and the floods did

not occur. In normal years these floods cover the flood plains and the surrounding

swamps, which then are inhabited by insects and filled with rotten fish. Thus in the

spring and summer of 1783, the cattle enjoyed always fresh water provided by

permanent rain, instead of foul water.

At the Jenisei river it snowed heavily in the first half of June, accompanied by

severe winter frost that remained and interrupted the expected harvest. In the regions

around Ob intense "cold-sweat" (sickness with low body temperature) was common.

On 1 July the haze (heerrauch) appeared and lasted until the 17th. On the 12th

it was so cold that the de l'Isle thermometer at noon and in the sun did not rise higher

than 133°.105 This was followed by a series of days with quite severe frost over night.

Thunderstorms occurred on 5, 6, 7, 10, 11 July, one each day; three thunderstorms

104 Apparently some kind of a disease that was caused by insect bites and when affected, people and
cattle died in several days.

105 This is in accordance with the Russian temperature scale where readings are given in degrees
Delisle. It is an inverted scale where the boiling point of water is defined as 0° (= 100°C), the
freezing point of water as 150° (= ooe. The scale extended to 270° (= -80°C). Conversion to
centigrade is °C = °D/-1.5 + 100. Thus, 133°D = 11.3°C.
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occurred on the 16th, one on the 17th, the day that the haze cleared, and in the night of

the 21st we had two very severe thunderstorms. On 22 July, one thunderstorm followed

the other. On the 23rd, in the morning at 4 o'clock, one of the most horrible

thunderstorm passed over. It killed two people in the forest and severely injured

another. On this same day five other strong thunderstorms followed. From this day to

10 August we enjoyed quite sunny weather, but it was cold. From 1 to 28 August (?)

the barometer did not rise above 28 inches. All of the thunderstorms arrived from the

East passing over the Snow Mt. When a barely visible whitish, arc-shaped fume/veil of

white color was observed within the haze, a thunderstorm immediately followed. In

Circul in the region of Barnaul, the thunderstorms killed 23 people, put the forest on

fire at two locations and a house in the village Saizowa. The lowest meadows were not

irrigated until the end of July and the hay harvest was very poor. The corn remained

standing in the fields because it did not ripe until October. The sledge track/road was

prepared on 13 October. On 8 October the barometer reached its highest stand in the

year, 28' 7". On the 16th the thermometer was at 172°106; on the 20th and 21st it

rained; on 25 October very much snow fell and on the 26th the Ob river was frozen

over, which marked the onset of winter.

The volcanic haze 1783.
Author: Th. Thoroddsen (1914).

Dr. Thoroddsen states that according to the writings of Arago the haze extended

to Asia.

. 106 1720D = -14.70C.
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North America
Author: B. Franklin (1784).

During several of the summer months of the year 1783, when the effects of the

Sun's rays to heat the earth in these northern regions should have been the greatest,

there existed a constant fog over all Europe and great part of North America. This fog

was of a permanent nature; it was dry and the rays of the sun seemed to have had little

effect towards dissipating it, as they easily do a moist fog. They were indeed rendered

so faint in passing through it that, when collected on the focus of a burning glass, they

would scarce kindle brown paper. Of course, their summer effect in heating the Earth

was exceedingly diminished. . ...

For further details see Ludlum (1966); Lamb (1970); Thorarinsson (1981);

Sigurdsson (1982).

The volcanic haze 1783.
Author: Th. Thoroddsen (1914).

Dr. Thoroddsen states that according to the writings of Arago the haze extended

to North America.

Volcanic dust in the Atmosphere.
Author: H. H. Lamb (1970)

The brilliant whiteness of the sky, noticeable for much of the day within about

15 to 20° of the Sun, was probably the most frequent observed symptom of the volcanic

dust veils in the cases here discussed, though where the dust concentration was

particularly dense (as over the equatorial and tropical zones at times in 1883 and 1963

and over the northern temperate latitudes in 1783) the sky often had a "dirty" or

"muddy" look. For some time immediately before sunrise and immediately after

sunset, the white glare replaced the unusually prolonged red glow. It seems that

Bishop's rings must be regarded as a rare phenomenon occurring only when and where
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the dust particles happen to have been sorted as to size and yielded a strong

predominance of the required size: this probably limits it to association with just one of

the usually overlapping dust layers in the stratosphere produced probably at one

explosive stage of a given volcanic eruption.

With the densest volcanic dust veils the dimming of the Sun, which in southern

France in June 1783 was not visible till it reached 17° above the horizon, and the

brightness of the dusk lasting well on into the night (also particularly in 1783), have

attracted more notice than any ring or colour phenomenon.

Dust from this (i.e., Laki) and the Eldeyjar eruption107 fell over all Iceland, the

Faeroe Is. and northern Scotland, where it was enough to destroy crops in Caithness. A

thick dry haze spread over Europe, first reported in Copenhagen on 29 May, in France

from 6 June onwards, noted in northern Italy from 18 June, reaching Syria and the Altai

mountains in central Asia by 1 July, when it stretched from N. Africa to Scandinavia.

Despite reports of a sulphurous smell all over western Europe (and unpleasant action on

the eyes) and damage to plants in Holland 18-24 June, the haze over Europe and Asia

and N. America must have been largely in the upper atmosphere because it was always

present that summer regardless of low level wind directions and it was not washed out

by rain. Visibility at the surface in Europe was however often reduced to 5 km in the

months of June-September 1783. The dust veil must have been exceptionally dense

(opaque): in south France the sun was wholly obscured by it at elevations less than 17°.

The sun was dimmed and shone "red or bluish-white" most of the day. No stars were

seen below 40° elevation. The moon was similarly affected, seen as a dull red or blue

object. Even in Italy in June the "rayless" sun was easily looked at. In England

(Norfolk) Parson Woodforde noted that in July the sun remained coppery coloured until

107 This ash fall came from Laki alone. By that time the Nyey (Eldeyjar) activity was at a very low
intensity and possibly had come to a halt.
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it was 20° above the horizon. The haze was reported as lasting till end of September

early October 1783 over Europe. Coloured sunsets and an unusual glare of the sky at

night, giving the new moon as much light "as a full moon even at midnight" also

attracted notice.

Lehrbuch der Meteorologie
Kamtz (1845)

First he describes how this phenomena reveals itself in South Germany; a brief

description on the most common optical phenomena associated with the occurrence of

dry fog. The he refers to the Laki haze as follows:

"Sometimes the dry fog has a remarkable intensity; several examples are found

in our records. That of 1783 caused a general sensation throughout Europe; it presented

the following phenomena: its thickness was such that in some places objects at a

distance of five kilometers could not be distinguished; they sometimes appeared blue or

else surrounded with vapour. The sun appeared red and without brilliancy and could be

gazed at in the middle of the day; at its rising and setting, it disappeared in the haze. At

Copenhagen, it was first seen May 29th108 ; it came after a succession of fine days. In

other places, it was preceded by a gale. In England, it came after continuous rains; at

La Rochelle, it was seen on June 6th and 7th; at Dijon, on the 14th; the atmosphere then

became clear at La Rochelle till the 18th. It was noticed almost everywhere in

Germany, France and Italy from the 16th to the 18th; on the 19th it was observed at

Franeker and in the Pays-Bas; on the 22nd, at Spydberg, in Norway; on the 23rd, at St.

Gotthard and at Buda; the 24th, at Stockholm; the 25th, at Moscow; toward the end of

June, in Syria109 ; the first of July, in the Altai. Some observers maintain that they

108 This date is not consistent with S. Holm (1784), who resided in Copenhagen at the time and states
the haze was first seen there in early June.

109 van Swinden writes, Tripoli in Syria (now Lebanon).
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found traces of acid in it but these observations have no more value than the

experiments made on atmospheric electricity11O. It is accused of having caused the

disease of smut in the com and diseases in vegetable generally, but we know that these

diseases are manifested without being determined by dry fog."

Then after describing the occurrence of dry fog in Europe in the year 1834 and

its probable origin as being from combustion of peat, he gets back to discussing the

Laki haze and its probable origin as the following quotation demonstrates:

Can the dry fog of 1783, which was diffused over a great portion of Europe, be

attributed to the same cause111 ? At the period when it manifested, many hypotheses

were devised in order to explain its origin: La Lande attributed it to the quantity of

electricity developed during a very hot summer, that succeeded a moist winter; Cotte

regarded it as formed of metallic emanations united with electricity, in consequence of

the great heat and numerous earthquakes; other philosophers have connected this fog

with electricity, without our being able to understand how the latter is able thus to

disturb the atmosphere. However, Veltmann has shewn1I2 that these phenomena are

concomitants with the great peat-burning that took place in Westphalia.

In the same year there was a violent earthquake in Calabria and a volcanic

eruption in Iceland; several philosophers attributed the existence of this fog to these. It

is true that volcanic phenomena manifest themselves with so much violence and we

may add, in favour of this opinion, that in the years when a great intense dry fog filled

the atmosphere, the volcanoes were in activity: for example, the years 526, 1721, 1822,

110 This is a interesting observation, even though Kaemtz considers it to be nonsense. Here I sense
arrogance, a similar attitude as one commonly encounters today among many scientists regarding
older scientific literature and studies.

III i.e., combustion of peat.

112 "shewn" = shown.
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and 1834113 . However, the fog has several times preceded the irruptionsl!". Are we,

therefore, to regard volcanic irruptions as an immediate cause of dry fog? Although the

column that rises above a volcano has a very great analogy to a column of smoke, yet

more accurate researches have shewn that it is for the most part composed of the vapour

of water and volcanic ashes, with which are mixed transparent gases in various

quantities: no one has observed true smoke. But when the lava runs over the side of the

mountain, it carbonises everything that it meets, and an immense cloud of smoke rises

in the air115 . If we think of the immense quantity of vegetables that were consumed in

Iceland, as well as seventeen villages, we can comprehend that the lava, when running

over a soil covered with vegetables, might have been able to produce this smoke which

the north winds immediately spread over great portions of Europe. Add to this that the

combustion of turf and the conflagrations of forest were frequent this year as during

those that are distinguished by excessive droughts. It is to the latter cause that we must

attribute this odour, which is especially perceived in Holland.

The inhabitants of western and southern Europe attribute to the dry fog a great

influence over the state of the atmosphere: they connect with its existence the

predominance of the north winds which then prevail and say that it drives away rain

and storms and is a cause of cold.....

113 This is an interesting statement, especially regarding AD 526 (536??, unknown), AD 1721 (Katla,
Iceland).

114 "irruptions" = eruptions.

115 It interesting how much attention Kaemtz gives to the possibility of a volcanic origin for dry fog.
His reasoning against plume origin is both logical and brilliant when one keeps in mind the state of
knowledge at the time regarding natural phenomena. I have the feeling that Kaemtz considered
volcanic origin as a likely possibility, but just did not have the information to support it.
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Geological Observer
De la Beche (1853)

In the section on Amid mineral accumulations, pp. 125.

In a general discussion on the formation and dispersal of ash he refers to the

Laki eruption in a footnote on pp. 125 that is as follows:

It is stated that the consequence of the great eruption of Skaptar-jokul in 1783,

the atmosphere over Iceland was impregnated with dust for a long time. Traces of this

dust were observed in Holland. 1l 6 It is evident that bogs in Iceland may readily

become buried beneath volcanic ashes and cinders under such conditions.

In the section on Icelandic eruptions (i.e. Hekla, Katla, Laki etc.), he describes

distal ash-fall from the 1845 Hekla eruption and the 1783 Laki eruption in a footnote on

pp. 344. The one concerning Laki is as follows:

The eruption of 1783 is stated to have thrown out such an abundance of cinders

and ashes that the whole island was covered by them. The ashes were wind-borne as

far as Holland.

Geikie, (1903)

In the section on Showers of volcanic dust and stones, pp. 295.

On several occasions ashes from Icelandic volcanoes have fallen so thickly

between the Orkney and Shetland Islands that vessels passing there have had the

unwonted deposit shovelled off their decks in the morning. In the year 1783, during the

memorable eruption of Skaptar-jokull, so vast an amount of fine dust was ejected that

the atmosphere over Iceland continued loaded with it for months afterwards. It fell in

such quantities over parts of Caithness - a distance of 600 miles - as to destroy the

crops; that year is still spoken of by the inhabitants as the year of "the ashie" A similar

deposit has from time to time fallen in Norway, and even as far as Holland."

116 This is the oldest references I have found that clearly states that ash fell in Holland.
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OBSERVATIONS ON THE CLOUD (DRY FOG)

WHICH APPEARED IN JUNE 1783

by S.P. van Swinden

Professor of Physics in the University of Franeker

Published in "Ephemerides Societatis Meteorologicae Palatinae, Observationes Anni
1783." Mannheim 1785.
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Nothing memorable occurred in June until the 19th day when the cloud,117

about which we are now concerned, began to appear here in Franeker. This cloud

lasted steadily from the recorded day of the 19th until the 30th. It was distinguished

from usual clouds by its constancy, density, and especially by very great dryness.' 18

From the 23rd day, on which the cloud was the strongest, onwards the hygrometer

showed a very great dryness. This was the driest time of the whole month. Days 19,

20, and 21, were a little damp with sun. Neither a lightning storm on the evening of the

20th, nor a stronger wind on the 21st, dispersed the cloud. From the 18th-21st the

atmosphere was thoroughly covered by haze; from 22-25 it was half-clear, clear, or

mixed with little clouds. Across the cloud the sun was perceived deep red, with a

brilliance at the edge; even at midday itself we were able to gaze at the sun with our

naked eyes without injury.! 19 Objects scattered further were scarcely, and only

unintelligiblyperceived. These were the usual effects of this cloud, but on the 24th day

it brought with it as a companion a sulphurous odor120 very readily perceived by the

senses, crawling through everything, even closed houses. Men with delicate lungs

experienced that same sensation, as if they were turned towards a place in the

117 Apparently Swinden refers to the Laki haze as "the cloud", indicated here by italic type font as to
differentiate it from mentioning of normal clouds. The haze first appeared on the 19 June and this
phase of it remained until the 30 June.

118 Among the physical characteristics of the Laki haze that most observers mention in their
descriptions is its dryness, hence "the dry fog". Many mention hygrometer readings, although
without giving any specific numbers, to support their statement. In his paper Swinden gives daily
readings on the humidity of the atmosphere from the 18 to 30 June (see Table).

119 This implies optical depth ~1.0 (See Stothers, 1984).

120 Here Swinden must be referring to the smell of sulfuric acid. This conclusion is supported by his
description on how the haze affected people (see below). This description is also interesting for
understanding how the haze (i.e, the aerosol cloud) was transported from Iceland. It is stated that the
haze was at greatest intensity on 23-25 June. It was accompanied by sulfuric odor on 24 June and
caused the greatest damage to vegetation on 25 June. At the same time, or since 22 June, a strong
anticyclone developed over W-Europe, diverting boundary layer winds over Iceland to the NE. Thus,
the haze observed in Holland and elsewhere in W-Europe at this time must have been carried at the
Westerly jet stream level (i.e., at heights above 500 mbar level) from Iceland over Europe and then
down to the surface by the subsiding air in the center of the anticyclone.
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neighborhood of burning sulphur. They were unable to contain a cough, as soon as

they were exposed to air. I myself experienced this, and many others, first in the city,

then in the country. The heat was great enough. The sulphurous cloud of this day

brought very great loss to the vegetable realm, which I shall speak of soon more fully.

And so in June we had 11 days, not only continuous, but notable for the presence of

thecloud. Before this year, I had never seen it for more than 3 days in this month, often

none at all, and at the lowest point sometimes not at all for subsequent years, as from

1774-1783, years in which no cloud appeared in June.

On 3 and 9 July the genuine cloud again appeared. On other days the air was

foggy, or vaporous in the morning and the evening, as often happens when the days are

warm. In truth I hesitate to refer this type of cloud as the genuine cloud, which

appeared in June; but on the 12th to 20th the genuine cloud, similar to that in June, was

present, then in truth disappeared.l-!

Perhaps it will be by no means useless to indicate briefly the state of the air and

the wind that preceded the cloud. Thereupon from very warm days on the 3rd and

4th,122 on which the wind was E, NE,123 the temperature of the air exhibited nothing

remarkable. From the 5th-II th the heat at one moment exceeded the medium so to

speak, at another moment was a little below the medium. At the same time the column

of mercury in the torricellian tube was higher; yet the mercury fell on the 9th day.

Between the 10th-18th it stayed depressed, 124 especially on the evening of the 15th and

121 In Franeker the intensity of Laki haze appears to have diminished considerably around the 20July,
but as will be apparent later this is not the date of its last appearance.

122 June

123 In the original text this is given as 0, NO. As Swinden designates west with a W, then 0 most
surely indicates "orient" which translates as east. Therefore, 0 and NO are taken to stand for east and
northeast, respectively.

124 A cyclone (low pressure system) traveled SSW from Scandinavia to the British Isles at this time
and then remained stationary over the British Isles for several days (see Kington, 1988)
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16th; at this time the air was semi-clear.I25 A little rain fell on days 4, 11, 13, 15, 17;

but all these days showed only 11 lines of water; day 4 alone produced 6 and day 11

indeed roughly 3. Moreover the winds were on: 5th, SW, W; 6th, NW, SW; 7th, NW;

8th, NNW; 9th, NW; 10th, NW, W; 11th, SW, S; 12th, NW; 13th, SE, SW; 14th, SW;

15th, SE, SW, NW; 16th, SE, S, SE. And so they were variable, and indeed so, such

that I am undecided whether consequently the conjectures I have drawn avail by reason

of the position from which by chance the cloud has been moved from one place to

another among us.I 26 Look indeed at the state of the atmosphere, when the cloud was

present. It shows very great and medium altitude of the thermometer, medium altitude

of the barometer and hygrometer, and regarding the state of the air and the winds (see

Table 1)

And so the winds almost always blew from NE and NW, indeed especially from

NW,127 while the cloud was present; the barometer reached the greatest altitude, and

rose most quickly, at the same time as the cloud appeared, as is evident on the 20th day.

The warmest air, was the driest; moreover the 24th was the warmest and driest day of

the whole month.128

125 It is not obvious what Swinden means by semi-clear air, but most likely he is referring to partly
cloudy skies.

126 It appears that Swinden intended to use prevailing wind directions in the days priori to the
appearance of the haze to infer about its origin. Which was, indeed, a logical exercise.

127 With reference to footnote 10, this is an interesting conclusion, northerly winds were the most
common at the time the haze was present. Although, for the first 3 days, i.e., 18-20 June, SW winds
dominated. This wind pattern has important implications for the transport of the haze.

128 An anticyclone was forming over Europe at the time, was semi-stationary for the reminder of June
and July - Indicating blocking of the Westerlies? If so it might be very important when analyzing the
occurrence of the haze in Europe and elsewhere. Need to look into the implication of such an
occurrence! Will it cause haze to pile up over Europe? Was haze carried down to the surface by the
subsiding air of the anticyclone? How did this effect the overall dispersal of the haze - did it force it
towards higher latitudes?
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Table I. Tabulation of the weather in late June 1783.

Date Thermometer! Barometer- Hygrometer3 Weather4 Wind5

max med BuitT. DeLuc condition

18 13.1 12.6 27,10,1 15.8 40.9 Thick air SW
19 16.4 14.2 27,9,9 16.7 42.4 " SE,SW
20 16.2 14.0 27,10,0 13.6 31.3 " E,SW,NW
21 14.9 13.6 28,0,6 16.5 41.8 " NW
22 14.4 12.5 28,4,2 24.4 51.2 semi-clear NW
23 17.6 14.6 28,6,7 32.5 67.2 " NW
24 21.7 18.9 28,5,2 37.4 75.2 " E,NE,N
25 22.1 18.6 28,3,6 26.8 54.3 " NE
26 19.1 16.5 28,3,3 21.6 45.4 Clear N,NE
27 18.4 16.3 28,3,4 25.9 54.7 semi-clear NW
28 18.6 16.9 28,3,6 28.5 58.6 Thick air NW
29 19.1 17.4 28,4,3 27.8 57.6 " NW
30 20.4 17.8 28,5,6 27.7 51.0 semi-clear NW

I The temperature measurements are given in degrees Reaumur (=1.25°C); max. and med., indicate
highest and average daily temperature. In the original table it is also noted that the atmospheric
conditions were cold (frigus) between 18-22 June and hot (calidium) between 23-30 June.

2 The barometric readings are given in inches. In the original table it is indicated that atmospheric
pressure was low between 18-20 June, at medium elevations between 21-23 June, and high between
24-30 June.

3 Hygrometer readings are given in units pCt (see Traumuller, 1885). Swinden used two brands of
hygrometers, Buffardi (Buff.) and de Luc's (DeLuc). The hygrometer measurements show a drastic
increase at the time when the haze was of greatest intensity, therefore higher readings must indicate
dryer conditions. In the original table it is also noted that the atmosphere was humid (humidus)
between 18-20 June, very dry (siccissimum) between 23-25 June and dry (siccum) between 26-30
June.

4 Here van Swinden gives comments on the conditions of the sky. He also notes that a violent
thunderstorm with heavy rain occurred on the 20 June.

5 Here van Swinden gives the direction the wind was blowing from each day. He also notes that from
the evening of 20 June to 22 June the wind was of medium strength and in the days that followed the
wind was very weak.

494



----_.----

On 1, 2, 3 July, the barometer remained at high elevation, with the air semi

clear. The heat of day 2 was violent, when the thermometer rose to 26 degrees; the

wind blew from NE on day 1, except that at 7 a.m. it was from NW; on day 2 it blew

from NE, SE, NW, NE; and on day 3 it blew from W, SW, NW.

We implied already that this cloud brought very great damage. In the morning

of 25 June the leaves of many trees were discovered drooping; grass and leguminous

plants were drooping; the leaves fell as in autumn and followed little later by a number

of fruits. The appearance of the fields was very sad. Dr. Brugmann, a most acute

botanist, allied to the faculty at Divion, dealt with this accurately and fully in a book

published in Belgium. Here I shall copy what pertains to our scope. The author speaks

of the city Groningen, and the province of the same name. Between 0 henceforth 1129

add certain information.

"Now some days before the 24th (at Franeker thence from the 19th) first in the

city, then in the country, a certain continuos cloud was seen, but this excited no

attention, since this phenomenon is not unusual here, nor did any irregular effects

accompany it. But some thought, that they had seen, as an immediate consequence on

the 21st and 22nd certain mutations in certain plants; but when that mutation did not

increase with the cloud, I judged rather that this was owed to a certain disease of these

plants. I am unable to decide whether any plant before the 24th had been affected in

this way, which I shall mention presently, and meanwhile the nature of the cloud

remained always likewise. But on the 24th day of the month the cloud, which was

stronger than on the preceding day, brought with it a very distinct sulphurous odor.130

This had been observed until now in the morning, but after noon on the 24th it was

129 Swinden

130 Second reference to sulfurous smell, here in Groningen, and occurred on the same day of the
month in both places, Franeker and Groningen.
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much stronger, such that it not only affected the sense of smell, but even taste (this last,

as far as I know, did not affect Franeker). This sulphurous odor lasted the whole day,

but had diminished much on the following morning, and vanished entirely, although the

cloud remained unchanged.P! From this time the cloud, was now lighter, now

stronger, as on day 28; but then the sulphurous odor was not perceived. The cloud

lasted untill July.

The sun was soon entirely obscured by the cloud and was soon enfeebled to

such an extent, that one could gaze at it without injury. But while the cloud was most

strong, the border of the sun appeared colored.I32 The refraction of the

atmosphere/lower air was perceivably increased by the cloud on the 24th day. The sun

remained above the horizon a little longer than usual.133

The cloud was high enough that it affected the upper branches of the tallest

trees; and it seemed to me, as I was most credibly able to show from other

circumstances, that it was again serene in the higher altitude (see below, what I say

about the things observed of the city Neufchatel).

The force, with which this cloud crawled through everything which was

exposed to the atmosphere around us, is remarkable. It pervaded even into homes and

bedchambers. Places completely shut, and which had no communication with the

atmosphere, were the only ones, into which the sulphurous odor did not penetrate.

131 This is interesting! This could be related to a shift in the location and strength of the center the
anticyclone (see Kington, 1988). The center of the anticyclone was over Holland and the British
Isles on the 22, 23 and 24 June, got weaker over Holland between 25 and 27 June, but again stronger
over Holland on the 28th. Consequently the intensity of the haze increased in Holland. This strongly
supports the idea of an upper atmospheric transport of haze by the westerlies, and the subsequent
subsidence of aerosol-loaded air within the anticyclone.

132 meaning darker than normal?

133 Referring to extended duration of the twilight or an illusion generated by refraction?
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The barometer was very high while the cloud was present. Then from 20 June it

rose greatly and was the highest while the cloud as strongest. When the cloud

weakened the mercury descended.

(N.R, the barometer was one line, or one and a half and beyond, higher at

Groningen than at Franeker; at the most three lines higher on the 25th; and only one on

the 23rd. Whence it is agreed, that this difference was not particularily by these

instruments themselves, if indeed, it was in any fashion caused by these instruments.

On the 24th the difference was of 2 lines.)

The winds were

Day 17 SW,S,SE

18SW

19 S,sE

Day20SW,W

21 W,NW

22W,NW

Day 23 NW,N

24NE

25NE

Day 26NE,N

27NWN

28NW

(It is clear thereupon, that the winds partly but not entirely were similar to those

which had position at Franeker.)

In the afternoon of the 24th many experienced very troublesome headaches and

respiratory difficulties, similar to that which they experienced while the atmosphere

around us was filled with the vapor of burned sulfur. Asthmatics experienced a return

[of asthma]. Horses, cows, sheep, felt no inconvenience. But this cloud made a great

slaughter of insects, especially of fleas, which settle on leaves of trees. When the leaves

themselves were damaged, the insects of the trees which were not injured by the cloud,

were killed exclusively as they remained intact to the leaves.

In the morning of the 25th day the fields showed a very sad appearance. The

green color of the trees and plants had disappeared and the earth was covered with

drooping leaves. One would easily have believed that it was October or November.

But happily it befell that not all plants were equally affected;134 certain uninjured ones

134 Several other observers also noted that the haze affected plants to a different degree. Obviously
certain species of trees are more vulnerable to volcanic poIlution than others.
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remained standing (The catalog of Dr. Brugmann showed four classes/types of plants,

that is to say, plants that were greatly damaged, that were damaged less, a little, and not

at all.)

In general it is possible to establish that it was not the origin of fructification

that was injured, but only the leaves, which immediately began after midday on the

24th, but variously in various plants. Certain ones were covered with spots, which

increased gradually and soon caused drooping of leaves. Some leaves were not entirely

spoilt; they continued to quicken, but the places, in which they had been affected, were

soon made into little holes. Others faster than a minute turned from green to brown,

black, gray, or white. Others kept their color, but began to droop, so, that they were

reduced to powder at the touch of one's fingers. A very great abundance of leaves fell.

Certain calyxes were injured, but in truth no flowers or fruit, but because the leaves fell,

that also caused the fruit to fall, from failure of nutriment. Moreover the injury, and

falling of leaves, lasted for some time. These things were continued up until 3 July, but

the origin of the disease was determined already by 25 June. The sap of the plants was

already damaged on this day, although the leaves externally still seemed healthy (which

Dr. Brugmann gave proof to in many experiments). Mature leaves were damaged more

than younger ones.

Finally, this sulphurous odor was so strong in the region of Groningen and in

the same province, called Olde-Ampt, that brass pillars which were fastened at the outer

doors of houses were tinged with a whitish color"135

Dr. Brugmann exposed leaves to a mixture of sulphurous vapor and of watery

vapor, and obtained the same effects, which the cloud showed.I36 The vapor of

135 Brass was stained by dry deposition of sulfuric compounds, implying that the atmosphere was
oversaturated with respect to compounds of sulfur.

136 This is ingenious experiment; it clearly shows that the haze was composed of sulfuric acid (+ other
compounds of acid). It also confirms the presence of sulfuric aerosols.

498



sulphur reckoned with alone did not produce them [i.e. the same effects], although it

greatly affected the leaves.

Dr. Brugmann also perceived a certain sulphurous odor on 8 July in the

cloud,137 which was still present. I have said already, that the cloud was at Franeker

on the 9th, 12th, and 20th days.

As far as 1138 know that elsewhere the noxious effects of this cloud, and its

sulphurous odor, were not observed to the same degree as they were in the province of

Groningen, in eastern Frisia, in the sovereignty of Drentia, [areas] adjacent to

Groningen, Frisia, Transysalania, and in Transysalania; but jet in Holland and in the

Trajectine Tract139 strong cloud was already present before 20 June, but they where

neither sulphurous nor injurious, except at Sardam [Sardami] north of the Holland

district, from the region of the city Amsterdam, built on the shore of the river, where

the leaves of the broad-beans and pear-trees were damaged. In Gelderland and

Transyslania a light sulphurous odor14O was perceived on the 24th and 25th, but not

here. There the cloud, which was present, did not assert the noxious influxes, which we

experienced in Frisia. In general the cloud seemed to be strongest in the sovereignty of

Groningen, and then in Frisia.

Moreover, in respect to the cloud in other regions, as Brugmann rightly

observed, it is possible to conjecture, that it came to us from northern regions. But Dr.

van Olst showed the log-booklf! of the commander of a ship, which set out from

Norway on the 19th142 and put in at Groningen on 2 July. From this it is disclosed,

137 This is the third reference to sulfuric smell in this essay, and as for the other two instances,
concurrently a center of a strong anticyclone was located over Holland.

138 Swinden.

139 In Latin ''Trajectino Tractu" = Utrecht?

140 This is fourth reference this essay indicating that sulfuric odor was associated with the haze.

141 It is referred to as diarum in the original text.

142 June
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that the ocean143 was covered then from the 25th to the 30th June by a continuous

cloud, which often, especially indeed on the 29th and 30th, was so dense, that it nearly

removed all view: but the sulphurous odor was not present. Indeed the winds, which

blew on the ocean on these days, were different from those, which we observed at

Groningen or Franeker.

Now it is known, that this cloud covered the whole of Europe. It will help to

gather certain things from the observations of others, shared with me by letters, and to

add them for the sake of further illustration.

Rev. P. Cotte informed me that this cloud began in GauI144 on 17 June, and

went away on the 21 July, with rain, which was accompanied by thunder.I 45

According to the things which Rev. Meuran communicated with me, first from

his own observations, then from those undertaken by Dom. du Vasquier near the city of

Neufchatel in Switzerland, the cloud, began to appear there on 17 June (after a cold

wind).I46 It appeared in the form of a vapor, now denser, now thinner, but through the

horizon everywhere equally dispersed. The atmosphere was to such an extent obscured

by these vapor, that at nearly any hour of the day one could gaze at the sun without

injury. This cloud remained there not at all interrupted all the way to 8 July. From the

8th to the 20th it disappeared in greatest part, and a great storm/heat was observed. The

cloud appeared again on the 20th, and lasted up until the end of the month. Often the

summit of the Alps was clearly distinguished on the other side of the cloud but not, to

be sure, the base. The rain did not disperse the cloud. It gave ground only to rain that

was accompanied by thunder; even then with difficulty and only for a short time. The

east wind increased this cloud and only the stronger west wind was able to disperse it.

143 The ocean referred to here are the Norwegian Sea and the North Sea.

144 Gaul is located near the border of France and Italy.

145 First occurrence of haze in S-France and the haze lasted at least until 21 July, 1783.

146 First occurrence of haze in Switzerland.
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Indeed, as soon as this stopped the cloud returned, without being able to observed well

whence it had arisen. Finally, it was very dry.

The renowned Senebier, librarian in the state of Geneva, on the 15 July wrote to

me, that there thence from Maya very great amount of rain fell, and a singular vapor

was present, so dense, that it impeded the view of distances of objects by an octant of

light, took away the rays of the rising and setting sun, and tinged it with a red color.

This vapor was very dry and of a blue color. More violent winds, and very copious

rains were unable to dissipate this vapor; moreover at Geneva neither in the remaining

meteorological events, nor in emission/exhalation of vapor, nor in men's health, did the

vapor have any influx.

The distinguished Felix Fontana from Florence, rendered me more certain, that

this cloud began in Calabria on 13 February; but that it finally extended itself

throughout the rest of Italy at the beginning of June.I 47 It brought no damage to

vegetation in Florence, but on the contrary had roused forth much vegetation; it had no

odor, but sometimes it was such in Calabria and Sicily that it obscured the sun, and

tinged it with a bloody red color. Finally the disting. Fontana found the air better than

in other years.

The distinguished Toaldo noted that as July turned to its end the cloud withdrew

all over Italy even in Naples and Calabria, as if its center had been there. He also notes

that there was frequent thunder. Finally the year 1765 at Saros itself, corresponding in

this peculiarity as in all the rest, had been similar, as I will note when it is convenient.

147 Fontana's statement on presence of haze in Florence as early as February is inconsistent with all
the other contemporary accounts concerned with the first appearance of the haze and is undoubtedly
wrong. At the time the earthquakes that effected Calabria in 1783 were a popular explanation on the
origin of the haze and this earthquake episode began on February 13 (Hamilton, 1783). Thus, it is
most likely that this date refers to the onset of this earthquake episode, not to the first appearance of
haze at Florence. Fontana's statement on haze appearing in other parts of Italy in beginning of June
is in support of this conclusion. The source of this error is not known at present, even though it may
have originated with Fontana himself.
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In Belgium in the year 1765 not many clouds had been observed, although there had

been much thunder, and the days were with thick air. The disting. Toaldo shared with

me at the end of December, that a cloud (N.B. in French brume) had been present,

which took away the view of the horizon in the distance of one day,l48 and that it

lasted the whole month of July, to the end of August, and some days of December

itself, which cloud had a composition of the very cloud in June, although it was a little

less dense, and whereby the air was heavy up to this time. He added, that Neapolitan

scientist had collected that dust, which the cloud had deposited on top of the leaves of

the trees, and that he had obtained to the extent of 8 drachma [drachma = 41/2-6

grammes; 4.5 grams??] 3 or 4 grains of iron, drawn by a magnet; 149 that this cloud in

certain places had burned the more tender plants; had even brought a sense of burning

to the eyes; but in Italy it had brought forth a very great fertility in all fruits of the

earth.

Let us note also, that on 20 July at Tripoli in Syria a movement of the earth had

been observed; on the day before a very great abundance of rain fell, an unusual thing

in Syria at this time of year; finally that thence from the end of June a very dense cloud

had covered over the land and sea; that the winds had blown as in winter-time; the sun

could be seen rarely, and always with a bloody color, which was rare in Syria.I50

These are the principle observations, which were noted from the beginning

about this cloud. It might be permitted to add certain observations/criticism.

It was asked at first, whether a phenomenon of this kind had ever been seen. I

knew of none, but Dr. Brugmann shared with me, that a similar cloud had been seen in

1652, and was described in a book by Albert Leneman, entitled Deliciae calendario-

148 The distance traveled in one day on foot/horse?

149 This could be ash-dust from Laki,

150 It appears that the weather in Syria in the summer 1783 was unusual.
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graphicae,151 published in 1654 at Copenhagen in quarto. The author reports that, in

the summer and autumn of the aforementioned year a dense and constant cloud had

been observed, to the extent that the sun and moon, rising and setting, were marked

with red color; the preceding spring had been very dry, very warm. I have never seen

this book, and among those writers I am acquainted with, I have been able to discover

nothing about this, except that the year 1652 was mentioned also as a remarkable for

earthquakes; evidently these were observed adequately on 4 February, chiefly in various

locations of Switzerland, Tigur, Basil and etc.

With the appearance of the cloud in 1783 I remembered without prompting, that

in 1721152 over a vast tract of land the sun on 1 June had been seen as white, destitute

of rays. Moreover I found in a book by the Abbot Richard, entitled "a Natural History

of the Air" vol. 5, p. 165, that in this year for two whole months the sun was seen

dimly, of a bloody color, and this across clouds, which were present in the upper part of

the atmosphere. In the same year moreover in April, Hungary and Persia experienced

strong earthquakes; in July, Basil and other places in Switzerland.

As far as the causes of this phenomena are concerned, I confess, that I have been

able to discover nothing thus far which would satisfy me absolutely. The phenomenon

was universal, and likewise/in fact it was looked for from a common cause, and I

confess, that I was prone to thinking, that thisl53 depended also, in whatever way, from

the earthquakes, which ran riot in Sicily, Calabria, and other places, perhapsl54

through the whole earth. For the simultaneity of the phenomena, and more general

observation, render it probable that denser clouds often follow remarkable earthquakes.

Finally at the same time, in which these clouds began to run riot everywhere, a new

151 Which might be translated as "Self-indulgences, illustrated in a ledger"
152 In 1721 a fairly violent eruption occurred at the Katla volcano in Iceland.
153 Swinden appears to bereferring to thecloud (the haze)
154 or"atrandom through the whole Earth"
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mountain catching fire in Iceland erupted,155 and a new island appeared near

Iceland.156 This mountain sited in the south-east part of Iceland, in middle of the

mountains called Skaftan,157 began to throw up flames on 8 June 1783; moreover

sulphurous flames, smoke, ashes, such that it obscured the air and from 15 June the sun

was not visible and when seen for a very brief time as it was rising or setting, it was

perceived as a piece of burning charcoal, without any brightness.

Moreover this cloud also had a certain influx on the electricity of the

atmosphere. For everywhere there were more frequent than usual thunderstorms,

stronger, which happened here in the first days of August and September.I 58 But this

would fit well with our conjecture, that this vapor evidently had been produced by

earthquakes, since the electricity plausibly drove it into certain parts. Finally certain

modifications were present, first in special phenomena, then in times, in which the

cloud began to appear and withdraw in various places, which most certainly draw their

origins from local causes.

155 HereSwinden is referring to the Laki eruption.

156 Here Swinden is referring to the submarine eruption that occurred in late winter - 50 nautical
milesSWof Reykjanesin SW-Iceland. It formed a small island named Nyey, that disappeared in the
sameyearbecauseof waveerosion.

157 "Skaftan", or correctly Skafta, is the name of a large glacial river that runs from the Vatnajokull
glacier (originating at Fljotsoddi) and down along the northern and western margins of the Sida
highlands where it is confinedto the Skafta river gorge. On its way to thesea it goes through the Fire
Districts, the settlementsmosteffected by the Laki eruption. A large portion of the lava produced by
the Laki eruptionflowed down the Skafta River gorge and dammed the river such that its channels
were dry in the Fire Districts on the third day of the eruption. In Iceland this eruption is known as
Skaftareldar, which translates to the Skaftar Fires, and the name Laki eruption is only applied outside
of Iceland. The erupting fissures opened in an area called the Sida highlands (a mountainous area
used by the farmers as summer pasture for sheep), but the Laki mountain was the only mountain
penetrated by the erupting fissures. It is impossible that Swinden is here referring to Laki Mt.,
because it was not known until 1794 that the fissures had erupted through it (Palsson, 1794). He is
most likelyreferringto the Sida highlands, but namesgot misplaced. Furthermore, Swinden's source
of information on the events in Iceland is unknown, but most likely someone in Copenhagen (e.g., S.
Holm?).

158 Here, like many other source,Swinden states that frequency and intensity of thunderstorms in the
summer of 1783 was unusual. Was thunderstormactivityenhancedby thepresence of haze?
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But other things, and a hardly less momentous questions, namely what was the

nature of this cloud, remain. We saw that in certain places it had as companion a very

strong sulphurous odor; that it was only elevated to a designated altitude, not very

great; and on that account occupied a lower part of the atmosphere, and finally that the

pressure and the weight of the air were very great at this time. But look at the other

observations, which Dr. Dom. du Vasquier, undertook in Switzerland near the city of

Neufchatel, who gave exceptional work to the composing of designs of the descriptions.

These observations I shall describe in the words of Rev. Meuran, who shared them with

me. So of course he wrote in French:

"Les Toiles peintes que exposees sur le pre par ces terns debrouillard ont
subi diverses alterations. Le rouge a d'abord pris une teinte d'orange, puis lave dans
l'eau commune il est devenu violatre. Le noir s'est efface en partie. Le violet a
perdu toute sa vivacite. Le puce n'a pas autant souffert.

Les toiles peintes, que M. du Vasquier a fait exposer dans des endroits
humides, sont celles, qui ont Ie plus change. II a meme observe que, quand elles
etoient dans des endroits cleves, & qu'il ne tomboit ni pluie ni rosee, elles ne
subissoient aucune alteration. II a de plus remarque avec etonnement, que sur une
meme piece de toile la moitie d'une fleur changeoit, tandis que l'autre moitie
conservoit tout son eclat.

Enfin il est encore a remarquer, que de quelques drogues qu'aient ete
composees les fleurs, l'effet a toujours ete Ie meme.

De tous les faits, que M. du Vasquier a observes, il a cru pouvoir conclure,
que ces brouillards n'etoient autre chose que du Gas repandu dans l'air, fans y etre
dissout.

II ne determine pas la nature de ce gas, mais il conclud de ses experiences,
qu'il n'etoit pas entierement miscible a l'air atmospherique: qu'il n'y etoit que tres
divise, apeu pres comme du beurre daus du lait. On peut encore en conclure, qu'il
etoit plus pesant que l'air atmospherique, puisqu'on decouvroit Ie sommet des Alpes,
& qu'on n'en voyoit pas Ie pied. Le barometre a ete constamment eleve pendant ce
brouillard.

En troisieme lieu ce Gas etoit miscible al'eau, au moins jusqu'a un certain
point, puisqu'une pluie tres forte, & long terns continuee, l'entrainoit, & que
d'ailleurs il n'agissoit sur les couleurs que par Ie secours de l'eau. Enfin ce Gas etoit
acidule. L'alteration qu'il a produite sur les couleurs exposees a son action, la
maniere dont cette alteration s'est faite, Ie prouvent. M. du Vasquier a fait voir a
plusieurs personnes des echantillons de toile, qui contenoient du rouge, du violet, &
du noir. La moitie avoit ete plongee dans de l'acide vitriolique affoibli per beacoup

505



d'eau. Or tous ces echantillons avoient subi les memes alterations que les pieces
entieres, exposees au brouillard de l'ete demier, & il a constamment remarque, que
pendant que l'echantillon etoit impregne d'acide, le rouge tiroit sur l'orange, Ie violet
sur la paille, & que le noir s'en alloit le plus souvent. Les memes echantillons laves
ensuite dans de l'eau prennoient au bout d'un quart d'heure les memes nuances
qu'avoient les pieces apres ces brouillards, quand on les trempoit dans l'eau. Du
reste aucun fabriquant de toiles peintes dans ce pays n'a pu parvenir a rendre aux
couleurs leur premiere vivacite, & ils ont tous remarque avec M. du Vasquier, que
ce qui tenoit de l'acide, ou de l'alcali, les rendoit plus temes encore.

Ce demier m'a encore assure, que rien n'est capable d'occasionner ces effects
que les acides, mais d'une maniere plus ou moins sensible. II a passe des
echantillons dans les alcali les plus caustiques; le rouge devenoit immediatement
tres violatre, sans passer par l'orange, comme ci dessus, & apres quelques jours d'un
beau soleil il reprennoit sa premiere vivacite en observant de le mouiller souvent. II
a passe d'autres echantillons dans les alcali v atils tres forts, comme le foye de
souffre volatil, l'esprit de vin rectifie, des huiles grasses, des huiles etherees, &
aucune de ces drogues n'a occasionne aux couleurs les memes alterations qu'y
produit l'acide.

Au reste M. du Vasquier a observe que tous les acides n'ont pas au meme
degre cette propriete singuliere, & qu'en general plus l'acide etoit phlogistique,
comme l'acide nitreux, & l'acide sulphureux, plus l'effet etoit marque, & qu'au
contraire, plus l'acide est enveloppe, comme dans Ie tartre, & la selenite, moins
I'effet est sensible."

These observations leave no doubt, but that this cloud united some acid, or

rather some acid gas. This gas was not deeply and chemically mixed; it appeared

heavier than the atmospheric air, since it occupied the lower region of the atmosphere;

finally that it drove itself into designs, while it mixed itself with water,159 which

wholly agrees with what Dr. Brugmann observed; that the vapor of burning sulphur did

not go into the leaves, unless after the vapor had been mixed with watery vapor.

The acidity, weight, and effects of this gas, bring it about that, as I believe, it

approached the nature of that gas which is called AER-ACIDUS-VITROLICUS,160

For the weight of this gas is greater than that of air, its affinity with water, the volatile

odor of sulphurous acid; the cough which it provokes, the effect which it causes in

metal, especially when mixed with water, are properties and effects similar to those,

159 This could be regarded as the earliest reference to formation of sulfuric aerosols.

160 The meaning of this term is not known to me.
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which the cloud exhibited, as is established from those things which we spoke of above.

More about the nature of this cloud I cannot bring to light.

I shall add, that very great heat followed this cloud for the whole month of July,

especially on the 28th, when the thermometer showed 26 3/4 degrees [Reaumur]; that

the medium heat of the month was 18.2, which surpasses all examples which had ever

been recorded in these regions; a great dryness appeared then from 21 June to 21 July,

in which time no rain fell; finally on days 2, 3, and 4 of August again there was very

great heat, that is to say on day 2 to 26.9, on day 3 to 23.3, on day 4 to 19.2, and in

August we had 12 cloudy days. Indeed the cloud was light, but here [in Franeker] a

great number [of clouds] was never, as far as I know, observed. For in September there

were many clouds, and in each month much stronger thunder, which produced various

disasters, and much damage.
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THE DRYFOG, TWILIGHTS AND VOLCANIC ERUPTIONS

IN THE YEAR 1783

by

Dr. F. Traumiiller (1885)

Published in Meteorologische Zeitschrift, the March-April issue 1885.
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Comments by Th. Thordarson: It is evident from Traumullers writings, that the

magnificent optical phenomena observed in the atmosphere world wide in association

with the great 1883 Krakatau eruption in the Sunda Strait between Java and Sumatra

inspired him to research on similar occurrences in the past. As concluded by

Traumiiller, the residence of Eurasia had been exposed to similar experience hundred

years earlier, namely in the summer and fall of 1783, which was the year of the great

Laki fissure eruption in Iceland. As can be inferred from Traumiiller paper, and now is

known from various contemporary sources, these occurrences generated interest among

people all over Europe which resulted in vast litterature on observations regarding the

dry fog, the state of the atmosphere, and other associated phenomena. These

observations were conducted by scientists and other naturalists of the time. Many of

these observations were published in journals or newspapers in 1783 and 1784, either as

articles, commentaries, or letters commonly addressed to specific scholars. A few

independent narratives regarding this subject were also published. Contemporary

compilations also exist in the ephemeris held by several science societies, which are

either based on the direct experience of the writer and/or descriptions sent to the

societies in form of letters. It was this type of documents that Traumuller researched

for his paper and were kept in the archives of the Mannheim Meteorological Society.

Traumiiller's article, originally written in German and published in Meteorologische

Zeitschrift 1885, contains wealth of information concerning the Laki haze and its

effects. Because it is primarily based on descriptions contained in contemporary

accounts it can be regarded as reliable. Its reliability has been further confirmed by

comparing its content with several contemporary sources that contain information on

the same subject. Because this article has been used by several researchers to support

their conclusions regarding the Laki eruption and its impact on the atmosphere and
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contains important information regarding the haze, we consider it now to be appropriate

to honor Traumiiller's work by making it obtainable to a wider audience.

Traumidler's text

The magnificent appearance of the twilight in the year of 1883, that without a

question was related to the volcanic eruptions in the Sunda Strait and Alaska

peninsula,161 have their complete analogon of the same appearances in the year 1783.

During my studies of the history162 of the Mannheimer Meteorologischen

Gesellschaft [Mannheim Meteorological Society] I have found accounts in the

ephemeris for the year 1783, on the twilight phenomena as well as the horrible

eruptions in Iceland and I permit myself to compile the following. First I will begin by

describing the volcanic eruption in Iceland.

According to the narrative by Holm163 strong earthquakes were felt in several

regions in Iceland after 1 June, 1783, and at the same time the volcanoes Skaftarjokull,

Siila, Trolladyngja, and Onefajokull erupted: 164 the most magnificent activity was

161 Here Traumiiller is refering to the great eruption of Karkatau in 1883 and the 1883 Augustine
eruption in Alaska.

162 Reference given by Traumiiller: The Mannheimer Meteorologischen Gesellschaft. Ein Beitrag zur
Geschichte der Meteorologi, Leipzig, 1885.

163 Sremundur Holm (1784) Om Jordbrandenpaa Island i Aaret 1783 (About the Earth Fire in Iceland
in 1783).

164 Orrefajokull and Trolladyngja are well known volcanoes in Iceland located south and north of the
Vatnjokull glacier, respectively. On the other hand, Skaftarjokull is an outlet glacier from the SW
part of Vatnajokull and the Skafta River originates from underneath its snout. Siila is a name of a
river that is the outlet for Greenalon, a glacially dammed lake along the western margins of
Skeidararjokull glacier. Tapping of this lake periodically produces "jokulhlaups" in the Sula River.
In the past eruptions that occurred within the Vatnajokull galcier, i.e., within the Grimsvotn and the
Bardagunga volcanoes were often referred to as eruption at a specific outlet glaciers, e.g., in
Skaftarjokull, Sidujokull, or Skeidararjokull, As the outlet glaciers of the Vatnajokull where were
well known to the observers, the interior was largely unknown, and when the eruption columns
revealed themselfs it depended on line of sightings what landmark the observers used to locate the
erupton site. Jokulhlaup are commonly concurrent with subglacial eruptions in Iceland. In 1783 an
eruption, concurrent to Laki, occurred within the Vatnajokull glacier, i.e., within the Grimsvotn
volcano (Tordarson and Self, 1993a) and jokulhlaup occurred in the rivers Skafta and Sula, At this
time S. H61ms was residing in Copenhagen, and it is likely that when he learned of all these
occurrences back in his home country, he drew the conclusion that several eruptions where occurring
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unfolded by Hekla,165 where a powerful ash-eruption occurred on 8 June, such that,

even at midday it became completely dark and one could neither read nor write.

On 11 June,166 when a very violent eruption occurred, a large fire fountain was

seen at a distance of 30-40 miles and a terribly loud din was heard. On the same day a

heavy rain-fall occurred, the rain mixed with ash, generated a devastating mud

stream167 causing great devastation; at the same time intense lava emission took place.

At the beginning of the eruption the rivers contained great amount of water, namely the

Skafta River which originates at the Klofajokull glacier,168 but on 11 June it became

completely dry in a period of 24 hours and by the following day one found that the

gorge, four miles wide, which the Skafta River had flowed through previously between

high cliffs, had filled up with a fire-ocean, which gradually grew, such that it not only

filled up the Skafta River channel completely, but also extended itself over its banks

and flowed over the surrounding regions.

The lava flow was first detained on the 16 August, but the eruption and

earthquakes continued through November.ts? After the eruption the lava had covered

a surface area of at least 60 square-miles,170 circa 30-40 m thick in open areas, 150-

within Vatnajokull. The number of eruption sites mentioned by S. Holm most likely reflect the
number of independent sources available to him concerning the activity within the glacier and that
the sightings of the activity came from various locations in Iceland. Thus, here S. Holm is
describing, in a very confusing manner, the activity observed in 1783 within the Grimsvotn volcano.
It should be noted that the exact location of Grimsvotn was unknown at the time (Thorarinsson,
1974).

165 This is a misunderstanding by Traumuller, it is not unlikely that Hekla's reputation in Europe is the
source of this confusion. This description applies to the beginning of the Laki eruption, as is clearly
stated by S. Holm. Hekla did not erupt in 1783, but in his narrative, S. Holm mentions it as the most
violent and spectacular volcano in Iceland.

166 Correct is 8 June.

167 Most likely refering to the jokulhlaup that occurred in the Skaftar River in spring 1783, prior to the
outbreak of the Laki eruption.

168 "Klofajokull" is another name for Vatnajokull.

169 This is not correct, lava was produced to the end of the eruption, 8 February 1784 (Thordarson and
Self, 1993a).

170 Units referred to here are probably Danish miles. One Danish mile = 7.5 km.
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200 meter thick in the Skafta River gorge. Likewise, the two large rivers of

Hverfisflj6t and Steinsmyrarflj6t and eight others were completely dried up. The lava

produced by the eruption completely buried 17 villages and the town Buland!"! and

moreover took the life of more than 9000 people.l72 According to a statements made

by ships crews, an island-volcano was created on the 23 August in the vicinity of

Iceland as the consequence of submarine eruptions, that was still active in February

1784)73 Supposedly at the same time an eruption took place in the proximity of

Greenland.174

Like one can gather from these description, that originated from an eye-witness,

this eruption must have surpassed in horror the one in the Sunda Strait, and as we can

171 Biiland was not a town, but a fann of good stature, where the priest and the church of the Btiland
community resided. The 17 villages referred to here were, in fact, farmsteads of the commoners. As
is indicated here, the total number of farms destroyed directly by the lava was eighteen. Additional
nine farms were destroyed by tephra fall and flooding of rivers (Gudbergsson and Theod6rsson,
1984).

172 The lava flow did not cause any direct loss of life, but 10,52I Icelanders were killed by the "Haze
famine", which in part was caused by the aerosol cloud produced by the Laki eruption.

173 Here Traumiiller is referring to the submarine eruption of Nyey. According to Traumiillers source,
S. H61m (1784), the eruption began on 21 February (year not given, but in his original work H61m is
obviously referring to the year 1783) and to the best ofH61m's knowledge the eruption was still under
way at the time he wrote his narrative. H6lm wrote his narrative in fall 1783 and at that time the
news of the termination of the Nyey eruption had not yet reached Copenhagen. The Nyey eruption
was over in early summer 1783. H61m's narrative, dated 25. February 1784 and published in
Copenhagen in 1784, was originally written in Danish, but translated into English and German in that
year. It is logical to assume that TraumiilIer source was the German version of H61ms narrative.
Because I do not have a copy of the German version, I do not known whether the date of February
1784 is an error in translation or whether it originated with Traumiiller.

174 This reference is from H61m (1784). As far as I know there exist no concrete evidence for the
occurrence of a submarine eruption in the ocean north of Iceland or in the vicinity of Greenland. In
my research of other Icelandic sources (see Appendix B2), I found several references from NW- and
W-Iceland, which suggested that an eruption must be occurring in the ocean north of Iceland,
somewhere near Greenland, because the haze appeared and was always of the greatest intensity when
the wind blew of NW. Thus, the writers could not picture the haze to be from the Earth Fire in SE
Iceland (i.e., Laki) because it was located in the direction opposite to that the haze was coming from,
but apparently had the knowledge that it was of volcanic origin. Ergo: another eruption must have
been occurring to the NW of them.
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see from numerous accounts, that the volcanic ash175 and gaseous eruption products

where carried up to Southern Europe. In many regions throughout the summer the air

was filled with thick fog, such that even the sun was as concealed with veil (or hazy),

and one could look into it with naked eyes. Senebier writes from Geneva, that such a

peculiar haze had not been observed by previous students of Nature, and for that reason

considered the year 1783 especially curious for meteorologists; neither he nor other

observers in the surroundings of Geneva have before perceived any peculiar odor. The

haze was also observed in Chamouni, Bern, and at various other regions in the Alps and

in Jura as well as in Lombardei; and was recognized throughout for its extreme dryness.

Senebier also reports on observations by peasants concerning the vivacious appearance

of the twilight.

As early as 24 May such a thick fog was observed in Copenhagen,176 that one

could look into the sun with naked eyes, and its shine which usually appeared to be

yellow, was occasionally red. The fog and the simultaneous appearances of shining

morning and evening twilight's lasted until 26 December.

Beguelin reports from Berlin, that from the 17 to 29 June the sun was covered

by a thick fog and the sky had blood-red glow by sunrise and sunset; with most

intensive appearance from 22 to 24, as well as on the 26 and 28 June.

In Ofen similar appearances were observed from 23 June to the end of the

month.

At Tegernsee the sun rose and went under with a blood-red color from the 18

June. This twilight appearances lasted until 19 July.

175 Is Traumiiller here referring to the particles found by the Neapolitan scientist in the dust he
collected and the cloud had deposited on the surface of the leaves of trees. See also descriptions by
Toaldo (1783)

176 Correct is 24 June. See also Bugge (1783)
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A observer at the St. Gotthards lookout reported, that a unusual fog came from

the North, moving towards south-east and that the sunlight could not penetrate the fog.

The same observer also reports on intensive twilight's in mornings and evenings; these

appearances (or glow) lasted until 2 August. The fog disappeared after a rain. In the

state of La Rochelle the fog was present from 6 June until December and at the same

time magnificent twilight's were observed. It is also reported from Rome.

Van Swinden reported from Franeker in Holland, that on 16 June177 a thick fog

appeared there, lasting until autumn, the sun appearing red through it, and one could

look into it with naked eyes. The fog was very dry, measurements by De Luc's

hygrometer gave 31.5 to 58.6 pCt. humidity. The fog spread odor of sulfuric acid that

caused, therefore, respiration problems. Van Swinden is inclined to ascribe the fog and

its associated appearances to the earthquake in Calabria and the volcanic events in

Iceland. He reports that the fog was also so strong in Groningen, East-Frisland,

Drenthe and Oberyssel, when any metal exposed to the air got stained. Van Swinden

got the message from du Vasquier of Neufchatel, that printed matter fresh of the press,

when exposed to the fog, got more or less modified; such that at first red became

orange and thereafter, after a wash by ordinary water, changed to violet; black had

almost completely disappeared and violet lost its brisk shine. Those prints, which

located in moist places were effected the most, but those not touched by rain nor dew,

did not show any alteration. Now after having this knowledge on the effects of diluted

sulfuric acid on printed materials, it could be assumed, that sulfuric acid vapor existed

in the atmosphere.

On 14 June an unusually dry fog also set in over Dijon, bringing acid taste and

sulfuric odor; where vivacious morning and evening twilight's were also observed.

177 In his narrative van Swinden gives 19 June as the date of first appearance.
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Toaldo associates the origin of the "nebula sicca", that appeared at the beginning

of summer, with the terrible earthquakes that afflicted Calabria from February 1783

until almost the end of that year; he also reports on the magnificent appearance of the

twilight. From Venice it was reported to him, that the observed fog there was dry, like

the measurements with the hygrometer had shown. The fog contained, to some extent,

sulfuric substances and to some extent mineral substances; when one had found and

gathered this dust, large portion of it was attached to a magnet.

Likewise, at the Meteorological Center in Mannheim Hemmer and the

astronomer Koenig observed the intensive appearance of the twilight. Hemmer reports

that the color of the sky resembled red-glowing iron; he says, that many people not

acquainted with the rules of optical phenomena were in fear because of the vivacious

appearance of the twilight. Several scholars attributed its appearance to volcanic

outbreaks, views that he [Hemmer] could not agree with.

Several observers designate the dry fog as "Hohenrauch'' (high altitude smoke)

that originated from burning of peat; such views were held by Kamtz178 and

Brandes.179

From these reports it follows that the appearance of the twilight (the twilight

glow) and the volcanic eruptions in 1783 are equivalent in splendor and magnitude to

the similar occurrence in 1883; moreover these occurrences support the assumption that

there is a relationship between volcanic eruptions and twilight-glow.

178 Kanitz, Lehrbuch der Meteoro1ogie. Vol. III: pp. 197-219.

179 Brandes. Beitriige zur Witterungskunde: pp. 171.
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Appendix B-4. Tabulation and analysis of the temperature records from Europe
and N-America during the period 1768-1798

Here I tabulate the calculated annual, winter, and summer mean temperatures

for the period 1768-1798; a 31-year period centered on 1783, the eruption year of Laki,

Also present is an analysis on the frequency and spread of four coldest years, winters

and summers during this time period. This appendix is complementary to Chapter 3.

Instrumental temperature records: The data base presented here involves

temperature records from 25 stations in Europe, three from North America, and one

from Eastern Asia (Tables B-2 to B-7). This data base was established by using the

temperature records published by Jones et a1. (1985), Schonwise (1993); Manley

(1974), Gray (1974), Baur (1975), Engelen and Nellestijn (1990), Landsberg et a1.

(1968), Groveman and Landsberg (1979), and Reiss et a1. (1980).

The annual temperatures at each station are calculated from the monthly mean

temperatures for each calendar year (Table B-2). The winter and the summer

temperatures are derived from the mean temperatures for December to February and

June to August, respectively (Table B4 and B6). At individual stations the annual,

winter, and summer mean temperature (TX,1768... 98) for the period 1768-98 are given as a

simple average of each category. The temperature deviations (ATx,i) of individual

years are calculated as follows:

where x denotes the weather station, i indicates the calendar year, and T x,i the annual,

winter, or summer temperature for each calendar year at a particular station. The data

is presented in Tables B-3, B-5, and B-7.

The data presented in Figure 28 of this thesis is derived by taking the average of

the annual, winter, and summer temperatures for each calendar year from all of the

stations and then preceded as described above.
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It shold be noted that several stations do not provide data for some years or

series of years , especially prior to 1777. Therefore, some of the numerical values

derived do not fully represent the 1768-98 time interval, but may serve as indicators for

the temperature trend at these stations for this period.

Analysis on the frequency and spread ofcold years and seasons: In an attempt

to evaluate further the significance of the surface cooling that followed the Laki

eruption I analyzed the frequency and spread of cold years and seasons during the

1768-98 time interval. The methodology applied in this analysis is as follows:

The four coldest years, winters, and summers as indicated by ATx,i at each

station are registered and sorted into four categories in the order from the lowest to the

fourth lowest ATx,i (i.e. according to the highest negative values). These categories are

labeled I, II, III, and IV(Tables B-8, B-lO, and B-12). When two or more years have

the same ATx,i they are all registered. Then the total number of occurrences of each

calendar year within each category are counted and recorded (Tables B-9, B-l1, and B

13). The sum of the registered occurrences from all four categories shows how

frequently individual calendar years registerd among the four coldest years in 1768-98

and is defined here as the coldness frequency (f). Consequently, the distribution of f

with time defines the spread of cold years in the time interval and is shown graphically

in Figure 28.

This analysis is not sensitive to the magnitude of ATx,i but is useful in assessing

the statistical significance of ATx.i for a particular year or series of years because it is

sensitive to the occurrence of cold years and seasons on a regional scale. Furthermore,

if the temperature records from each station are internally consistent this method

eliminates the potential errors that may arise when old instrumental readings from a

number of stations arc used to derive a numerical value for the temperature or

temperature anaomaly. Such errors may arise from difference in type of instrument
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used, instrumental set up, method of observation, and time in the day that

measurements were taken. This pertains, especially, to this study because the number

of stations involved is small. For the reasons given above, along with the fact that the

four coldest years and seasons from each station are included in the analysis, the

method also minimizes the effects of extreme, but local, meteorological events.

Cold years

The results of the analysis on the frequency and spread og cold years is

presented in Tables B-8 and B-9.

Comments: Annual temperature data does not exist at the following stations for

the years indicated: Zwanenburg, 1787; Copenhagen, 1777-1781, 1789-1797; Berlin,

1768; Prague, 1768-75; Budapest, 1768-1779; Vienna, 1768-1774; Peissenburg, 1768

1780; Vilnjus, 1768-1780; New Haven, 1768-1779 and 1795; New Brunswick, 1778

1780 and 1787.

At all of stations analysed the annual temperature in the years 1784-86 was well

below the average annual temperature for the period 1768-1798. They also have the

highest registration-frequency as cold years in this time period.

The years 1771 and 1782, were also cold at most of the stations analyzed. The

year 1771 shows a strong negative temperature anaomaly at all of the stations

considered (Table B-3), with the exception of Zwanenburg. Note that data for this year

is missing at 5 stations, which may explain why it does have a fairly low registration

frequency as a cold year (Table B-9). The year 1782 shows a strong negative

temperature anomaly at all of the European stations, with the exeption of Vienna, but

shows a positive anomaly at the North America stations (Table B-3). It also has a high

registration-frequency as a cold year (Table B-9).
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Cold winters

The results of the analysis on the frequency and spread og cold winters is

presented in Tables B-10 and B-ll.

Comments: Winter temperature data does not exist at the following stations for

the years indicated: Copenhagen, 1778-1781, 1789-1797; Berlin, 1768; Prague, 1768

75; Budapest, 1768-1779; Vienna, 1768-1774; Peissenburg, 1768-1780; Vilnjus, 1768

1780; New Haven, 1768-1778; New Brunswick, 1776-1780 and 1788.

At all of stations analysed the temperature in the winters 1784 and 1785 was

well below the average winter temperature for the period 1768-1798. Along with the

winters 1789 and 1795, these two winters have the highest registration-frequency as

cold winters in this time period.

The winters of 1789 and 1795 were very cold in Europe. Other cold winters,

although with a less pronounced negative temperature anomaly, were the winters 1768,

1776,1777, 1778, 1780, and 1786. In addition the winters 1787, 1789, 1791, 1792,

1798 were cold in North America.

Cold summers

The results of the analysis on the frequency and spread og cold summers is

presented in Tables B-12 and B-13.

Comments: Summer temperature data does not exist at the following stations for

the years indicated: Copenhagen, 1777-1781, 1789-1797; Berlin, 1768; Prague, 1768

75; Budapest, 1768-1779; Vienna, 1768-1774; Peissenburg, 1768-1780; Vilnjus, 1768

1780; New Haven, 1768-1778 and 1795; New Brunswick, 1776-1780 and 1787.

The summer temperature was below the 1768-98 summer mean temperature at

18 stations in 1784 , at 23 stations in 1785, and at all 28 stations in 1786. These years

also have the highest registration-frequency as cold summers in this time period. Other

years with cold summer were: 1768, 1769, 1770, 1771, 1773, 1777, 1787, and 1795.
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Table B-2. Annualtemperature (DC)between 1768-98 at individual stations in Eurasia andeasternU.S.A.

Year C-England Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala St. Petersburg Basel Geneva Innsbruck Warsaw Vilnjus
1768 8.9 8.1 8.6 10.4 12.0 4.3 5.1 5.0 3.1 8.6 8.8

1769 8.8 8.1 8.9 10.9 11.5 4.8 5.3 5.4 4.2 8.8 8.9
1770 8.5 7.7 9.0 11.1 11.5 4.2 5.5 4.5 8.5 8.2

1771 8.6 7.7 8.2 10.4 11.1 4.5 -1.7 3.1 8.6 8.9

1772 9.2 7.6 9.4 11.6 12.0 4.4 5.0 3.6 9.9 10.1

1773 9.2 7.8 9.8 11.9 11.9 5.6 7:5 5.2 9.0 8.8

1774 9.1 7.2 9.2 11.5 11.9 4.0 5.2 4.5 4.4 9.2 8.9

1775 10.1 8.5 10.1 12.0 12.7 6.0 7.6 7.3 5.5 9.5 9.0

1776 9.0 7.8 9.0 11.2 11.3 4.8 6.2 6.2 4.6 8.6 9.1
1777 9.1 8.2 8.9 10.9 10.1 4.5 5.3 5.2 4.2 8.6 8.9 9.0

1778 9.3 8.7 9.6 10.3 10.8 5.0 5.6 5.2 4.3 9.4 9.6 9.3 6.5

1779 10.4 9.8 10.7 12.0 11.9 6.6 7.7 7.3 5.2 9.4 9.4 8.6 8.8 7.9

1780 9.1 8.4 9.4 10.6 10.9 4.2 5.6 4.6 2.9 8.9 9.1 8.3 7.2 5.7
lJl 1781 10.2 9.3 10.0 10.8 12.2 5.5 6.5 6.1 3.2 10.0 10.3 8.9 8.2 6.6
tv

1782 8.0 8.5 9.4 4.8 7.00 7.2 9.2 4.1 4.5 1.5 8.0 8.2 8.0 5.0

1783 9.3 8.4 9.8 11.4 10.8 5.5 6.9 5.6 2.8 9.8 9.8 9.3 8.1 6.5
1784 7.8 7.3 7.7 8.5 9.0 3.0 4.4 3.3 3.0 8.0 8.2 7.5 7.4 5.5
1785 8.6 8.0 8.1 9.0 9.4 4.2 4.5 3.9 1.7 7.9 7.7 7.0 4.9 4.3

1786 8.2 7.5 7.8 8.6 9.6 3.5 4.4 4.1 2.2 8.4 8.5 7.4 5.5 4.7

1787 9.3 8.7 9.0 11.2 4.9 5.7 5.1 3.3 9.3 9.1 8.8 7.4 5.6
1788 9.2 8.4 8.6 9.6 10.1 4.7 4.6 4.0 2.6 8.7 9.0 7.9 5.9 4.5
1789 8.9 8.8 8.1 8.2 10.1 5.3 6.9 5.8 4.2 8.6 8.4 7.9 7.8 6.6
1790 9.4 8.9 8.8 9.8 10.9 5.4 6.3 5.8 2.8 9.4 9.5 9.1 7.1 6.2
1791 9.3 8.7 9.0 10.1 10.8 5.4 7.5 6.2 4.3 9.4 9.9 9.4 7.9 7.4

1792 9.2 8.4 8.9 9.6 10.4 5.2 5.8 5.7 3.0 9.4 9.6 9.0 6.8 5.9
1793 9.1 8.3 8.8 9.7 9.7 4.9 6.4 6.0 4.5 9.3 9.7 8.9 7.2 7.5
1794 9.9 8.9 9.3 10.6 10.9 5.6 7.7 7.2 5.2 9.7 9.9 9.1 7.5 7.0
1795 8.7 7.8 8.7 9.0 10.2 4.2 4.8 4.5 3.3 8.9 9.2 8.5 6.8 5.8
1796 9.0 8.4 9.2 10.6 10.5 5.4 6.4 6.1 3.9 8.8 8.9 8.4 7.2 5.8

1797 9.0 8.7 9.3 9.9 10.9 6.6 7.0 6.7 5.0 9.4 9.4 9.5 9.4 7.9

1798 9.6 9.1 9.3 11.3 11.0 6.3 7.1 6.6 4.1 9.3 9.0 8.9 7.8 6.7
Mean 9.1 8.3 9.0 10.4 10.8 4.9 5.9 5.5 3.7 9.0 9.1 8.6 7.3 6.2



Table B-2. Continued.

Year Copenhagen Berlin Frankfurt Regensburg Prague Budapest Vienna Munich. Peissenberg Milano Turin NewHaven 1'\ew Brunswick Philadelphia
1768 7.6 9.3 9.7 11.8 11.6 10.1 11.5
1769 8.0 9.7 9.7 12.5 11.2 10.2 11.6
1770 8.1 9.7 9.8 12.7 11.0 10.3 11.7

1771 6.8 8.7 9.3 12.7 11.7 10.3 11.7

1772 7.4 10.3 10.6 14.2 13.5 10.4 11.8

1773 8.8 10.4 10.6 9.4 12.5 11.1 11.2 12.6
177~ 6.9 8.5 10.0 8.5 8.6 12.3 11.8 10.7 12.1

1775 9.1 10.3 10.8 7.9 8.9 9.5 12.7 12.4 11.1 12.4

1776 8.5 8.6 9.8 8.5 6.9 8.1 12.4 11.9 10.5 11.9

1777 8.5 9.7 8.8 7.0 8.5 12.0 11.6 9.2 10.6
1778 9.2 10.7 10.4 8.3 10.3 13.0 12.1

1779 10.6 11.2 10.3 8.3 10.5 13.3 12.7

1780 9.0 10.1 9.4 7.0 10.5 8.6 12.9 12.4 9.8
VI 1781 10.2 11.3 9.9 8.5 11.9 10.3 8.9 7.3 13.2 12.3 10.2 11.7 13.1
tv

1782 7.7 9.0 9.1 8.3 7.2 10.5 10.0 7.0 5.3 12.0 11.5 9.5 11.2 12.6.....
1783 9.6 10.0 10.7 9.6 8.3 11.4 11.2 8.4 6.8 12.7 12.2 9.1 11.4 12.8

1784 7.2 7.1 8.9 7.6 6.5 10.4 9.2 6.7 5.1 12.5 11.4 8.5 9.6 10.9

1785 7.3 6.9 8.8 6.8 6.1 9.9 8.3 6.0 4.8 12.8 11.5 8.7 9.8 11.2

1786 7.1 7.4 7.6 5.7 10.2 8.7 6.9 5.2 12.4 12.3 9.2 10.2 11.6
1787 8.7 9.1 8.8 8.4 11.3 9.8 8.1 7.0 13.0 12.1 9.2

1788 7.9 7.9 7.9 7.9 10.8 9.4 7.8 6.3 13.5 11.9 9.8 11.1 12.5

1789 9.1 8.5 8.5 11.3 10.0 7.7 6.3 12.2 11.4 9.7 11.1 12.4

1790 9.4 9.1 8.4 11.6 10.2 8.4 6.9 13.1 12.3 9.7 10.9 12.3

1791 9.6 9.3 9.3 12.2 10.4 8.6 7.0 13.4 12.0 9.7 11.3 12.7
1792 8.9 9.0 8.5 11.3 9.5 8.3 6.8 13.0 11.0 9.0 11.2 12.6
1793 9.2 9.0 8.8 11.1 9.6 8.5 7.3 13.2 11.1 10.2 11.9 13.3
1794 10.0 lOA 9.7 12.6 11.1 9.6 7.7 13.7 12.0 10.1 11.9 13.3
1795 8.9 8.8 8.3 11.1 9.6 8.3 7.2 12.3 11.3 11.8 13.2

1796 9.3 9.3 8.3 11.5 10.0 8.3 6.7 12.9 11.7 9.1 11.1 12.4

1797 9.9 10.1 8.8 12.8 11.3 9.3 7.6 12.9 12.0 8.9 10.9 12.3
1798 9.5 9.1 9.4 7.3 11.8 10.2 8.3 6.4 12.8 12.0 9.6 11.3 12.7

Mean 8.0 9.2 10.0 8.9 8.0 11.3 9.8 8.1 6.5 12.8 n.8 9.5 10.8 12.2



Table B·3. Deviation of the annualtemperature (Oe) fromthe 1768-98 annual mean temperature at each station.

Year C-Engl3nd Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala St. Petersburg Basel Geneva Innsbruck Warsaw Vilnjus

1768 -0.2 -0.2 -0.4 0.1 1.1 -0.6 -0.8 -0.5 -0.6 -0.4 -0.3

1769 -0.3 -0.2 -0.1 0.6 0.6 -0.2 -0.6 -0.1 0.5 -0.2 -0.2
1770 .0.6 -0.6 0.0 0.7 0.6 -0.7 -0.4 0.8 -0.5 -0.9

1771 -0.5 -0.6 -0.8 0.0 0.3 -0.4 -1.2 -0.6 -0.4 -0.2

1772 0.1 -0.7 0.4 1.2 1.2 -0.6 -0.9 -0.1 0.9 1.0

1773 0.1 -0.5 0.8 1.5 1.1 0.7 1.4 1.5 0.0 -0.3

1774 0.0 -1.1 0.2 1.1 1.1 -0.9 -0.8 -1.0 0.6 0.2 -0.2
1775 1.0 0.2 1.1 1.6 1.8 1.1 1.7 1.8 1.8 0.5 -0.1

1776 -0.1 -0.4 0.0 0.9 0.5 -0.1 0.2 0.7 0.9 -0.4 0.0

1777 0.0 0.0 -0.1 0.6 -0.8 -0.4 -0.6 .0.3 0.5 -0.4 -0.2 0.5

1778 0.2 0.4 0.6 -0.1 -0.1 0.1 -0.3 -0.3 0.6 004 0.5 0.7 0.3

1779 1.3 1.5 1.7 1.6 1.1 1.6 1.8 1.8 1.5 0.4 0.3 0.0 1.5 1.7

VI
1780 0.0 0.2 0.4 0.2 0.0 -0.7 -0.4 -0.9 -0.8 -0.1 0.0 -0.3 -0.1 -0.5

N 1781 1.1 1.1 1.0 0.5 1.3 0.6 0.6 0.6 -0.5 1.0 1.2 004 0.9 0.4
N 1782 -1.1 -1.0 -0.5 -0.9 -1.7 -0.8 -1.1 -1.0 -2.2 -1.0 -0.9 -0.6 -0.3 -1.2

1783 0.2 0.2 0.8 1.0 -0.1 0.6 0.9 0.2 -1.0 0.8 0.7 0.7 0.8 0.3
1784 -1.3 -0.9 -1.3 -1.9 -1.8 -1.9 -1.6 -2.1 -0.7 -1.0 -0.9 -1.1 0.1 -0.7
1785 -0.5 -0.3 -0.9 -104 -1.5 -0.7 -1.4 -1.6 -2.0 -1.1 -104 -1.5 -2.4 -1.9

1786 -0.9 -0.8 -1.2 -1.8 -1.3 -1.5 -1.6 -1.3 -1.5 -0.6 -0.6 -1.2 -1.8 -1.5

1787 0.2 0.5 0.0 -lOA 0.4 0.0 -0.3 -0.3 -004 0.3 0.0 0.2 0.1 -0.6
1788 0.1 0.2 -0.4 -0.7 -0.7 -0.2 -1.4 -1.5 -1.1 -0.3 -0.1 -0.7 ·1.4 -1.7

1789 -0.2 0.5 -0.9 -2.2 -0.8 004 0.9 0.3 0.5 -0.4 -0.7 -0.7 0.5 0.4
1790 0.3 0.7 -0.2 -0.6 0.0 0.5 0.4 0.3 -0.9 0.4 0.4 0.5 -0.2 0.0
1791 0.2 0.4 0.0 -0.3 -0.1 0.5 1.6 0.7 0.6 004 0.8 0.8 0.6 1.2
1792 0.1 0.1 -0.1 -0.7 -0.5 0.3 -0.1 0.3 -0.7 0.4 0.5 0.4 -0.4 -0.3
1793 0.0' 0.0 -0.2 -0.7 -1.2 0.0 0.5 0.5 0.7 0.3 0.6 0.4 0.0 1.3
1794 0.8 0.7 0.3 0.3 0.1 0.6 1.8 1.7 1.5 0.7 0.8 0.5 0.2 0.8

1795 -0.4 -0.5 -0.3 -1.3 -0.7 -0.7 -1.1 -1.0 -0.4 -0.1 0.1 0.0 -0.5 ·0.4
1796 -0.1 0.1 0.2 0.3 -0.4 0.4 0.4 0.7 0.2 -0.2 -0.2 -0.2 -0.1 -0.4
1797 -0.1 0.4 0.3 -0.5 0.0 1.7 1.1 1.2 1.2 0.4 0.3 0.9 2.1 1.7
1798 0.5 0.8 0.3 0.9 0.1 1.4 1.2 1.2 0.4 0.3 -0.1 0.3 0.5 0.5



Table B-3. Continued.

Year Copenhagen Berlin Frankfurt Regensburg Prague Budapest Vienna Munich. Peissenberg Milano Turin Nell' Haven New Brunswick Philadelphia
1768 -OA 0.1 ·0.3 -0.9 ·0.2 -0.7 -0.7

1769 0.0 0.5 -0.3 -0.3 -0.6 -0.6 -0.6

1770 0.1 0.5 -0.2 -0.1 -0.8 -0.5 -0.5

1771 -1.2 -D.5 -0.7 -0.1 -D. I -0.5 -0.5

1772 -0.6 1.1 0.6 1.4 1.7 -D.4 -0.4

1773 0.8 1.2 0.6 0.5 -0.3 -0.7 0.4 0.4

1774 -1.1 -D.7 0.0 -0.4 0.6 -0.5 0.0 -D.2 -D.I

1775 1.1 1.1 0.8 -1.0 0.9 -0.3 -0.1 0.6 0.2 0.2

1776 0.5 -D.6 -0.2 ·0.4 ..1.1 -1.7 -0.4 0.1 -0.3 -0.3

1777 -D.7 -0.3 -0.1 -1.0 -1.2 -0.8 -0.2 -1.7 -1.6

1778 0.0 0.7 1.5 0.3 0.5 0.3 0.3

1779 1.4 1.2 1.4 0.3 0.8 0.5 0.9

l.JI
1780 ·0.2 0.1 0.5 -1.0 -0.8 -1.1 0.1 0.6 OJ

tv 1781 1.0 1.3 1.0 0.5 0.6 0.6 0.9 0.8 0.4 0.5 0.8 0.9 0.9
w

1782 -0.3 -D.2 ·0.9 -0.6 -0.8 -0.8 0.3 -1.1 -1.2 -0.8 -0.3 0.0 0.4 0.4

1783 1.6 0.8 0.7 0.7 0.3 0.1 1.5 0.4 OJ -0.1 0.4 -0.3 0.6 0.6

1784 -0.8 -2.1 -1.1 -1.3 -1.4 -D.9 ·0.6 -1.4 -1.4 -0.3 -0.4 -1.0 -1.3 -1.3

1785 -0.7 -2.3 -1.2 -2.1 -1.9 -1.4 -1.5 -2.0 -1.7 0.0 -0.3 -D.7 -1.0 -1.0

1786 -0.9 -1.8 -1.3 -2.3 -1.1 -1.1 -1.2 -1.3 -0.4 0.5 -D.3 -0.7 -0.6

1787 0.7 -D. I -0.1 0.4 0.0 0.0 0.1 0.5 0.2 0.3 -0.3

1788 -0.1 -1.3 -1.0 -0.1 -0.5 -0.4 -0.3 -0.2 0.7 0.1 0.4 0.3 0.3

1789 -0.1 -0.4 0.5 0.0 0.3 -0.3 -0.2 -0.6 -D.4 0.3 0.2 0.2

1790 0.2 0.2 0.4 0.3 0.4 0.3 0.<1 0.3 0.5 0.3 0.1 0.1

1791 0.4 0.4 1.4 0.9 0.6 0.5 0.5 0.6 0.2 0.3 0.5 0.5

1792 -D.3 0.1 0.6 0.0 -D.3 0.2 0.3 0.2 -D.8 -D.5 0.4 0.4

1793 0.0 0.1 0.8 -D.2 -0.2 0.5 0.8 0.4 -D.7 0.8 1.1 1.1

1794 0.8 1.5 1.8 1.3 1.3 1.5 1.2 0.9 0.2 0.7 1.1 1.1

1795 -D.3 -0.1 0.3 -0.2 -0.2 0.2 0.7 -0.5 -0.5 1.0 1.0

1796 0.1 0.4 0.4 0.2 0.3 0.3 0.2 0.1 -0.1 -D.3 0.2 0.2

1797 0.7 1.2 0.9 1.5 1.6 1.2 1.1 0.1 0.2 -0.5 0.1 0.1

1798 1.5 -D.I 0.5 -0.6 0.5 0.4 0.2 -0.1 0.0 0.2 0.2 0.5 0.5



Table B-4. Winter temperature (0C) between 1768-98 at individual stations in Eurasia and eastern U.S.A.

Year C-England Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala St.Petersburg Basel Geneva Innsbruck Warsaw Vilnjus
1768 3.0 2.7 0.4 1.7 ......' -3.6 -u -11.1 -1.5 -0.8

1769 3.3 2.8 2.3 3.6 -1.2 -2.1 -0.9 -1.7 -4.0 0.7 1.0

1770 4.4 4.7 3.0 4.3 -1.1 -2.7 -3.5 -3.9 -8.6 -0.4 -0.3

1771 2.6 2.5 1.5 2.7 3.8 -5.S -5.9 -7.7 0.6 0.8

1772 2.9 2.0 2.3 3.6 -1.6 -3.6 -5.7 -10.8 1.4 2.4

1773 3.8 3.4 3.1 4.4 -l.4 -1.6 -1.6 -8.0 0.2 0.9

1774 2.9 1.4 3.1 4.4 -1.7 -4.~ -5.7 -7.0 -7.4 1.8 2.2

1775 4.7 3.8 3.2 4.5 5.8 -2.8 -3.3 -4.0 -7.5 0.9 1.0

1776 2.2 1.7 0.8 2.1 2.3 -1.0 -3.4 -3.4 -8.2 -1.0 0.2

1777 2.9 2.4 0.7 2.0 2.1 -3.6 -4.0 -4.2 -6.6 -0.9 0.0 -1.6

1778 2.6 3.7 0.4 1.2 1.-1 -2.8 -3.2 -4.3 -5.5 -0.8 -0.5 -0.6 -5.1

1779 5.6 6.0 4.2 4.9 4.1 0.0 -0.2 -0.7 -6.6 -0.7 -0.2 -3.8 -1.5 -2.2

1780 1.4 0.1 1.0 1.6 2.4 -3.6 -4.9 -6.3 -10.1 -0.2 0.3 -2.6 -3.0 -5.1

l.JI 1781 3.4 3.7 1.1 1.9 2.9 -3.0 -4.1 -5.3 -9.3 0.6 0.9 -1.6 -3.8 -5.5
IV 1782 4.2 3.6 1.7 2.2 3.6 -2.7 -3.9 -4.9 -11.1 0.0 0.6 -1.5 -4.1 -7.0
~

1783 3.2 2.9 2.9 3.5 4.4 -3.0 -3.7 -4.8 -13.7 1.8 1.2 0.7 -1.7 -6.8

1784 1.2 1.5 -2.3 -1.8 -0.6 -4.1 -5.1 -6.1 -9.3 -2.3 -0.4 -4.0 -5.7 -6.3

1785 1.4 1.7 -0.2 0.3 1.3 --1.6 -5.1 -6.8 -8.9 -1.2 -2.1 -3.3 -4.1 -4.5

1786 3.0 2.4 0.8 1.4 3.3 --1.4 -5.2 -5.7 -10.2 0.8 1.0 -1.7 -5.1 -6.8
1787 4.1 4.5 1.7 2.3 3.4 -0.4 -2.2 -3.1 -9.1 -0.1 -0.7 -2.6 -3.1 -5.0

1788 3.8 3.1 2.6 2.7 5.2 -3.6 -5.5 -6.7 -9.6 2.9 2.8 0.3 -3.1 -5.3

1789 2.1 2.0 -1.9 -1.3 0.1 -5.9 -7.7 -9.0 -13.7 -2.7 -1.8 -4.7 -8.6 -11.3

1790 5.7 5.9 4.1 4.7 4.7 1.3 1.6 0.4 -6.3 1.6 0.9 -0.2 -0.3 -1.6

1791 4.4 3.7 3:5 4.0 4.8 -0.1 0.4 -1.1 -3.2 2.0 1.8 0.3 -0.2 0.0
1792 2.6 2.1 1.5 2.0 3.5 -4.1 -3.8 -5.5 -10.4 1.4 1.0 0.1 -3.0 -4.5

1793 3.9 3.5 2.7 2.8 3.0 -1.7 -1.5 -2.5 -5.4 1.0 0.7 -0.8 -2.9 -3.8

1794 4.8 4.8 2.9 3.4 3.7 -4.4 -1.8 -2.5 -5.8 2.6 2.2 0.2 -2.1 -3.7

1795 0.5 1.1 -2.0 -1.4 -0.8 -3.8 -5.3 -5.8 -9.1 -2.7 -2.1 -3.9 -7.2 -8.0

1796 6.2 5.8 5.3 5.9 6.4 -1.7 -1.1 -1.6 -7.1 2.9 1.8 1.5 0.1 -3.1

1797 2.6 3.8 1.1 1.7 2.9 -o.s -1.8 -2.1 -6.6 -0.3 .(l.5 -1.3 -1.3 -3.0

1798 4.1 3.9 3.4 4.0 5.0 -2.1 -2.4 -2.9 -6.3 1.7 0.8 -0.1 -1.5 -2.8

Mean 3.3 3.1 1.8 2.6 3.3 -2.9 -3.4 -4.1 -8.3 0.3 0.5 -1.4 -3.1 -4.8



Table 8·4. Continued.

Year Copenhagen Berlin Frankfurt Prague Budapest Vienna Munich. Peissenberg Milano Turin X.:w Haven NewBrunswick Philadelphia Tokyo
1~68 -1.7 -1.2 0.2 11.8 11.6 1.7 3.3 4.2

1769 104 1.8 2.6 12.5 11.2 1.4 3.0 4.4

li70 0.6 1.6 1.3 12.7 11.0 0.6 2.2 4.t

177t -1.5 0.3 1.9 12.7 11.7 1.6 3.2 5.3

1772 -1.0 2.6 2.9 14-,~ 13.5 0.6 2.2 4.2

1773 0.7 2.6 2.9 12.5 11.1 1.6 3.2 4.2

1774 -0.8 2.7 3.0 -1.9 12.3 11.8 1.3 2.9 4.3

1i75 -1.0 0.7 2.6 -0.4 -0.4 12.7 1204 0.9 2.5 3.8

1776 -1.8 -I.I 0.9 -3.5 -2.5 12.4 11.9 4.7

1777 2.0 -1.3 0.6 -2.7 -2.6 12.0 11.6 4.3

1778 -1.4 1.2 -2.1 -0.6 13.0 12.1 4.0

li79 2.6 2.3 -0.4 1.6 13.3 12.7 -2.1 4.8

17S0 -1.0 1.3 -3.0 -1.8 -1.2 12.9 1204 -1.9 4.2
VI rrs: 0.6 1.6 -2.5 -0.6 -1.6 0.3 -1.3 13.2 12.3 0.5 1.0 2.6 4.2
tv
VI 17S2 0.0 -0.6 1.8 -3.0 -1.3 -0.3 -1.2 -1.6 12.0 11.5 -2.5 -0.8 0.8 4.4

IiS3 0.8 2.5 3.5 -0.3 2.2 2.8 0.6 -0.2 12.7 12.2 -1.4 1.0 2.6 4.3

1784 -1.9 -4.4 -2.5 -7.7 -3.2 -3.7 -4.4 -3.9 12.5 11.4 -4.7 -5.4 -3.8 4.2

1785 -1.3 -2.3 -0.1 -4.4 -2.1 -1.1 -3.4 -3.3 12.8 11.5 -3.1 -3.7 -2.1 3.1

1786 -0.4 -0.9 1.9 -3.0 -0.7 -0.1 -0.6 -1.5 12.4 12.3 -2.1 -2.7 -1.1 4.3

1787 0.9 -0.3 -3.3 -0.6 0.1 -1.3 -1.0 13.0 12.1 -2.8 -3.4 -1.8 4.5

1788 0.1 0.7 0.1 1.4 1.6 1.5 1.6 13.5 11.9 -2.6 3.8

17S9 -7.7 -4.5 -6.3 -2.5 -2.8 -4.3 -3.8 12.2 11.4 -2.8 -2.4 -0.8 3.9

1790 3.2 1.0 0.4 1.2 0.8 0.7 13.1 12.3 0.3 0.1 1.7 4.2

1791 2.4 1.1 2.7 2.6 0.7 -0.5 13.4 12.0 -3.8 -2.8 -1.2 3.8

1792 -0.7 -1.7 0.7 -0.5 -0.7 -0.8 13.0 11.0 -3.3 -2.1 -0.5 4.7

1793 0.4 -0.8 0.2 -0.2 -0.7 -0.9 13.2 11.1 -1.5 -0.2 1.4 3.8

1794 1.7 1.8 2.7 2.4 1.7 0.9 13.7 12.0 -1.8 -0.7 0.9 5.3

Ji95 -4.3 -4.3 -3.1 -3.3 -3.3 -3.3 12.3 11.3 -0.8 0.4 2.0 4.6

1796 3.6 2.1 3.4 3.1 2.9 2.8 12.9 11.7 -2.4 1.0 2.6 4.2

1797 0.0 -1.0 0.1 0.0 -0.6 -0.7 12.9 12.0 -2.7 -1.2 0.4 3.9

1798 1.0 1.5 -0.9 2.1 1.9 0.7 -0.5 12.8 12.0 -3.6 -1.7 -0.1 4.0

Mean -0.6 0.2 1.6 -1.9 0.0 -0.1 -0.6 -1.0 12.8 11.8 -2.3 -0.6 1.0 4.3



Table B-5. Deviation of theyearlywintertemperature eel fromthe 1768-98 wintermean temperature at eachstation..

Year C-England Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala St. Petersburg Basel Geneva lnnsbruck Warsaw Vilnjus

1768 -0.4 -0.4 -1.3 -0.8 -O.t -0.7 -0.7 -2.8 -1.8 -1.3

1769 -0.1 -0.4 0.5 1.0 0.9 0.8 204 2.4 4.3 0.4 0.5
1770 1.0 1.6 1.2 1.7 0.7 0.2 -0.2 0.3 -0.3 -0.8 -0.8
1771 -0.7 -0.6 -0.3 0.2 0.5 -2.9 ·25 0.6 0.3 0.3

1772 -0.4 -1.1 0.5 1.0 1.3 -0.7 -204 -2.5 1.1 1.9
1773 0.5 0.3 1.3 1.8 1.0 1.3 1.8 0.3 -0.[ 0.4
1774 -0.4 -1.8 1.3 1.8 1.3 -1.4 -2.3 -2.8 0.9 1.5 1.7

1775 1.4 0.6 1.5 1.9 2.4 0.1 0.1 0.1 0.8 0.6 0.5
1776 -1.1 -1.5 -1.0 -0.5 -1.1 -1.1 -0.1 0.7 0.1 -1.3 -0.3
1777 -0.5 -0.8 -1.1 -0.6 -1.2 -0.7 -0.6 -o.r 1.7 -1.2 -0.5 -0.2

1778 -0.8 0.6 -1.4 -1.3 -2.0 0.1 0.2 -0.2 2.8 -1.1 -1.0 0.8 -0.3
1779 2.3 2.8 2.4 2.3 0.7 2.9 3.1 3.5 1.7 -1.1 -0.7 -2.4 1.6 2.7

til 1780 -1.9 -3.0 -0.7 -0.9 -0.9 -0.7 -1.5 -2.[ -1.8 -0.6 -0.2 -1.2 0.1 -0.3
tv 178[ 0.0 0.6 -0.7 -0.6 -0.5 -0.[ -0.8 -1.2 -1.0 0.3 0.4 -0.2 -0.7 -0.60'\

[782 0.8 0.4 -0.1 -0.3 0.3 0.2 -0.5 -0.8 -2.8 -0.3 0.[ -0.1 -1.0 -2.2
[783 -0.2 -0.2 1.2 0.9 1.1 -0.1 -004 -0.7 -5.4 1.5 0.7 2.1 1.4 -2.0
[784 -2.2 -1.6 -4.1 -4.3 -3.9 -1.2 -1.8 -2.0 -1.0 -2.6 -0.9 -2.6 -2.6 -1.5
[785 -2.0 -1.5 -2.0 -2.2 -2.0 -1.7 -1.7 -2.7 -0.6 -1.5 -2.6 -1.9 -1.0 0.3
1786 -0.4 -0.7 -0.9 -1.2 0.0 -1.5 -1.8 -1.6 -1.9 0.5 0.5 -0.3 -2.0 -2.0
[787 0.8 1.3 0.0 -0.3 0.0 2.5 1.2 1.0 -0.8 -0.5 -1.2 -1.2 0.0 -0.2
[788 0.5 0.0 0.9 0.2 1.8 -0.7 -2.1 -2.6 -1.3 2.6 2.3 1.7 0.0 -0.4
[789 -1.3 -1.[ -3.7 -3.8 -3.2 -3.0 -4.3 -4.9 -5.4 -3.[ -2.3 -3.3 -5.5 -6.5
[790 2.3 2.8 2.4 2.[ 1.4 4.2 5.0 4.5 2.0 1.3 0.4 1.2 2.9 3.2
[791 1.1 0.6 1.7 1.5 1.5 2.8 3.8 3.0 5.[ 1.6 1.3 1.7 2.9 4.9
[792 -0.7 -1.0 ·0.3 -0.5 0.[ -1.2 -0.4 -1.4 -2.[ 1.0 0.5 1.5 0.1 0.3
[793 0.6 0.4 1.0 0.2 -0.4 1.2 1.8 1.6 2.9 0.6 0.2 0.6 0.2 1.[

1794 1.4 1.6 1.1 0.9 0.4 -1.5 1.5 1.7 2.5 2.2 1.7 1.6 1.1 1.1
[795 -2.9 -2.[ -3.7 ·4.0 -4.[ -0.9 -2.0 -1.7 -0.8 -3.0 -2.6 -2.5 -4.[ -3.2
1796 2.9 2.6 3.5 3.3 3.[ 1.2 2.2 2.5 1.2 2.6 1.3 2.9 3.2 1.7

1797 -0.7 0.6 -0.7 -0.9 -0.5 2.1 1.5 2.[ 1.7 -0.6 -1.0 0.[ 1.9 1.8

1798 0.8 0.8 1.6 [.4 1.6 0.8 1.0 1.2 2.0 1.4 0.3 1.3 1.6 2.0



Table B-5. Continued.

Year Copenhagen Berlin Frankfurt Prague Budapest Vienna Munich. Peissenberg Milano Turin New Haven Nell' Brunswick Philadelphia Tokyo
1763 -1.1 -1.4 -1.4 -0.9 -0.3 2.2 2.3 -0.1
1769 2.0 1.5 1.0 -0.3 -0.6 2.0 2.0 0.1

li70 1.2 1.3 -0.3 -0.1 -0.8 1.2 1.3 -0.2
li71 -0.9 0.1 0.3 -0.1 ·0.2 2.1 2.2 1.0

li72 -0..1 2.3 I.3 1.4 1.7 1.1 1.2 -0.1

lii3 1.3 2.3 1.3 -0.3 -0.7 2.1 2.2 -0.1
li74 -0.2 2.5 1.4 0.0 -0.5 0.0 1.8 1.9 0.0
li75 -0..1 0.5 1.0 1.4 -0.2 -0.1 0.6 1.5 1.5 -0.5

1i76 -1.2 -1.3 -0.7 -1.7 -2.4 -0.4 0.1 0.4
liii -1.6 -1.0 -0.8 -2.5 -0.8 -0.3 0.0
li78 -1.6 -0.4 -0.2 -0.5 0.3 0.2 -0.3

li79 2.4 0.7 1.4 1.8 0.5 0.9 0.5
til 1780 -1.3 -0.3 -1.1 -1.8 -1.0 0.1 0.6 0.4 -0.1
tv
-..J 1781 0.4 0.0 -0.7 -0.6 -1.4 0.9 -0.3 0.4 0.4 2.8 1.5 1.6 -0.1

irsz 0.6 -0.8 0.2 -1.2 -1.3 -0.1 -0.5 -0.6 -0.8 -0.3 -0.3 -0.2 -0.1 0.1
1783 1.4 2.3 1.9 1.6 2.2 2.9 1.2 0.7 -o.r 0.4 0.9 1.6 1.7 0.0
li84 -1.3 -4.7 -4.1 -5.8 -3.2 -3.6 -3.8 -2.9 -0.3 -0.5 -2.4 -4.8 -4.7 -0.1

1785 -0.7 -2.5 -1.7 -2.5 -2.1 -1.0 -2.7 -2.4 0.0 -0.4 -0.8 -3.2 -3.1 -1.2

1786 0.2 -1.2 0.3 -1.1 -0.7 0.0 0.0 -0.5 -0.4 0.5 0.2 -2.2 -2.1 0.0
1787 1.5 -0.5 -1.4 -0.6 0.3 -0.7 -0.1 0.2 0.3 -0.5 -2.8 -2.7 0.2
t738 0.7 0.4 1.9 1.4 1.8 2.1 2.5 0.7 0.1 -0.4 -0.5

1789 -4.7 -4.4 -2.5 -2.6 -3.7 -2.8 -0.6 -0.5 -0.6 -1.8 -1.7 -0.4

1790 3.0 2.9 0.4 1.3 1.4 1.7 0.3 0.4 2.6 0.6 0.7 -0.1

1791 2.1 3.0 2.7 2.7 1.3 0.5 0.6 0.1 -1.6 -2.2 -2.1 -0.5

1792 -0.9 0.2 0.7 -0.3 0.0 0.2 0.2 -0.8 -1.0 .1.5 -1.5 0.4

1793 0.2 1.1 0.2 -0.1 -0.1 0.0 0.4 -0.7 0.8 0.4 0.5 -0.5

1794 1.5 3.7 2.7 2.6 2.4 1.9 0.9 0.2 0.5 -0.1 0.0 1.0
1795 -4.6 -2.4 -3.1 -3.2 -2.7 -2.3 -0.5 -0.6 1.0 1.0 0.3
1796 3.4 4.0 3.4 3.3 3.6 3.7 0.1 -0.1 -0.2 1.6 1.7 -0.1

1797 -0.3 0.9 0.1 0.1 0.0 0.2 0.1 0.2 -0.5 -0.6 -0.5 -0.4
t798 1.6 1.2 1.0 2.1 2.0 1.3 0.4 0.0 0.2 -1.3 -1.1 -1.0 -0.3



Table 8·6. Summertemperature (Oe) between 1768-98 at individual stations in'Eurasia andeasternU.S.A.

Year C-England Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala St. Petersburg Basel Geneva Innsbruck Warsaw Vilnjus

1768 15.2 14.0 16.3 19.1 19.7 14.5 15.4 16.2 16.8 17.4 17.5
1769 14.8 13.9 15.6 15.5 19.0 13.4 15.3 15.9 17.2 17.1 17.4
1770 14.7 13.4 16.0 15.9 19.1 15.2 16.1 14.6 16.9 16.9
1771 14.8 13.3 15.2 15.1 19.2 14.1 15.8 17.3 17.2 17.5

1772 16.4 14.0 16.5 1904 2004 13.3 15.9 16.1 18.5 18.6
1773 15.8 13.4 16.2 19.1 19.6 13.7 17.1 17.4 17.9 16.8 17.2
1774 15.6 13.2 16.3 19.2 20.2 13.8 17.7 17.4 19.5 18.2 17.9

1775 16.4 14.1 17.2 20.1 21.3 15.2 18.6 18.5 18.2 1804 17.5
1776 15.2 13.8 17.0 19.7 19.9 14.4 17.7 17.8 18.2 17.9 18.4
1777 14.9 13.8 15.9 15.8 17.7 12.9 15.3 15.4 16.0 17.3 17.8 16.8 16.3

1778 16.5 15.4 18.0 19.5 19.1 14.3 16.4 16.3 16.4 18.2 18.9 17.0 18.0
1779 16.6 16.9 17.6 19.1 18.9 14.9 16.9 16.2 16.9 16.9 17.1 17.0 17.2 17.3
1780 16.2 15.7 17.1 1S.5 20.2 13.0 16.6 15.8 15.3 18.6 19.1 18.0 17.5 16.3

til 1781 17.0 15.3 18.6 20.0 19.8 14.5 17.7 18.5 15.6 18.4 19.0 17.7 19.8 18.5
N
00 1782 14.9 14.3 16.7 IS.2 17.5 13.5 14.9 14.9 14.5 18.3 19.4 18.4 18.0 16.1

1783 16.5 14.8 18.4 19.8 18.8 14.4 18.5 16.5 17.1 18.4 18.3 17.8 19.1 19.0
1784 14.3 13.4 16.0 17.5 16.9 12.2 15.1 14.6 16.8 17.6 18.1 17.9 19.3 17.1
1785 15.4 14.3 16.0 17.5 16.9 14.2 15.8 15.1 15.2 16.6 17.2 15.9 15.7 15.5
1786 15.4 14.2 15.7 17.2 17.3 13.6 15.9 15.9 16.1 17.1 17.4 16.0 15.8 17.1
1787 15.1 14.4 15.9 17.3 19.1 12.6 14.8 14.8 16.7 17.7 18.3 18.4 17.3 16.7
1788 15.7 14.9 17.1 18.4 18.2 14.9 17.0 16.6 17.3 18.0 18.6 17.2 18.2 17.6
1789 15.3 15.4 15.9 17.4 17.4 15.8 19.2 18.5 18.3 16.4 16.9 16.1 18.7 18.4
1790 15.0 14.7 15.0 16.4 17.6 12.1 14.4 14.6 14.1 17.4 18.0 17.5 16.0 15.7
1791 15.3 14.4 15.4 16.8 18.2 13.9 16.9 15.8 15.5 18.0 18.9 17.7 17.6 17.2
1792 15.1 14.1 16.2 17.6 17.7 14.7 16.6 16.9 16.4 17.7 18.3 17.6 17.9 17.9
1793 15.4 14.0 15.8 17.2 17.5 13.4 16.5 16.1 17.0 18.1 19.6 18.4 18.4 17.6

1794 16.4 14.7 16.6 18.0 19.0 14.0 17.0 15.9 15.8 18.4 19.2 18.0 17.9 17.9

1795 15.0 13.7 15.4 16.9 16.6 13.2 15.6 15.4 15.9 16.9 17.8 17.2 17.0 16.9
1796 14.8 14.2 15.9 17.3 17.1 14.3 16.5 16.3 18.1 16.9 17.7 16.6 18.6 17.4
1797 15.6 14.3 16.6 18.0 17.5 14.2 16.5 15.9 16.5 17.4 18.0 18.0 19.7 18.0
1798 16.5 15.7 16.9 18.4 18.9 15.1 18.2 17.7 17.5 18.0 18.1 18.3 19.0 18.0

Mean 15.5 14.4 16.4 18.3 18.6 14.0 16.5 16.3 16.6 17.6 18.1 17.4 17.9 17.3



TableB·6. Continued.

Year Copenhagen Berlin Frankfurt Prague Budapest Vienna Munich. Peissenberg Milano Turin New Haven NewBrunswick Philadelphia
1768 16.5 19.2 17.7 22.2 21.3 20.9 22.3

1769 16.2 18.0 17.1 23.1 21.1 21.2 22.6

1770 16.9 18.5 17.0 22.7 20.9 21.3 22.7

1771 16.7 17.8 16.5 23.0 21.9 21.3 22.6

1772 16.3 18.3 17.8 24.0 22.9 20.8 22.2

1773 17.4 18.3 17.2 21.0' 19.3 21.3 22.7

1774 17.0 16.9 18.3 19.0 23.3 22.7 21.1 22.4

1775 19.2 20.8 19.1 19.1 20.3 23.2 22.2 21.2 22.6 .

1776 19.2 19.2 18.2 17.2 18.7 23.0 21.9

1777 17.8 17.5 16.0 18.6 22.0 20.4

1778 18.9 18.8 17.6 19.7 23.2 21.7 23.2

1779 19.0 18.0 16.6 17.9 22.0 20.7 21.1

1780 18.8 18.5 16.7 20.8 18.2 23.6 22.1 22.5 23.2 24.6

VI 1781 20.8 19.1 19.4 23.7 20.5 18.1 15.4 23.5 20.8 21.5 22.9 24.3
IV

1782 17.1 19.5 18.3 18.3 22.3 21.2 18.1 15.6 24.4 22.6 21.5 22.8 24.2\0
1783 19.9 20.1 19.3 18.3 22.5 21.2 17.5 14.4 22.5 21.3 21.3 23.0 24.3

1784 16.8 17.2 17.8 17.4 21.9 19.9 16.9 13.9 24.3 21.8 21.3 22.3 23.7

1785 17.0 16.9 16.9 16.7 21.8 17.8 15.2 12.6 23.6 20.9 21.3 22.3 23.7

1786 17.1 17.0 16.9 15.3 20.9 17.9 15.4 12.5 22.4 21.2 20.8 22.0 23.3

1787 16.8 17.9 19.2 22.2 19.4 16.9 14.7 24.0 22.5 20.1

1788 18.5 18.9 19.1 22.3 20.1 17.9 15.3 24.2 22.0 21.5 22.7 24.1

1789 18.3 18.0 21.3 19.0 15.9 13.3 22.4 21.9 22.1 22.8 24.1

1790 17.6 17.4 22.5 19.7 16.9 14.4 23.1 22.8 21.6 22.4 23.8

1791 18.9 18.9 22.7 19.6 17.4 14.6 23.1 22.0 20.9 22.9 24.2

1792 19.2 18.6 22.4 19.9 17.5 14.9 22.8 20.7 20.1 22.1 23.4

1793 18.3 18.2 22.2 19.5 18.0 15.6 23.5 22.3 21.5 23.2 24.6

1794 19.7 18.9 23.5 20.9 18.4 15.4 23.7 22.4 20.6 22.7 24.1

1795 18.4 17.4 21.9 19.3 16.6 13.9 22.0 21.3 23.0 24.0

1796 19.0 17.6 22.3 19.6 17.0 14.2 22.7 22.0 20.9 22.7 24.0

1797 19.1 17.7 23.6 21.1 17.8 14.9 23.3 22.1 21.6 22.7 24.0

1798 19.4 19.1 17.7 22.7 20.0 17.6 14.4 22.9 21.5 22.3 23.2 24.6

Mean 17.5 18.6 17.9 17.9 22.3 19.6 17.2 14.5 23.1 21.6 21.4 22.2 23.6



Table B-7. Deviation of theyearly winter temperature (eel from the 1768-98 winter meantemperature at eachstation.

Year C-England Edinburgh Netherlands Zwanenburg Paris Trondheim Stockholm Uppsala SI. Petersburg Basel Geneva Innsbruck Warsaw Vilnjus

1768 -0.4 -0"; -0.1 0.8 1.1 0.5 -1.1 -0.1 0.2 -0.3 -0.6

1769 -0.7 -0.5 -0.8 0.2 0.4 -0.6 -1.2 -0.4 0.6 -0.5 -0.7

1770 -0.8 -0.9 -0.4 0.6 0.5 1.2 -0.4 -2.0 -0.7 -1.2

1771 -0.8 -1.1 -1.2 -0.2 0.6 0.1 -0.7 0.7 -0.4 -0.5

1772 0.8 -0.4 0.1 1.1 1.8 -0.7 -0.6 -0.5 0.8 0.5

1773 0.2 -1.0 -0.2 0.7 1.0 -0.3 0.6 1.0 1.3 -0.8 -0.9

1774 0.1 -1.1 -0.1 0.8 1.6 -0.2 1.2 1.1 2.9 0.6 -0.2

1775 0.8 -0.3 0.8 1.8 2.7 1.2 2.1 2.2 1.6 0.8 -0.5

1776 -0.3 -0.6 0.6 1.4 1.3 0.4 1.2 1.5 1.6 0.2 0.4

1777 -0.6 -0.6 -0.5 0.4 -0.9 -1.1 -1.2 -0.9 -0.6 -0.4 -0.3 -0.6 -1.0

1778 1.0 1.0 1.6 1.2 0.5 0.3 -0.1 0.0 -0.2 0.6 0.8 -0.5 0.7

1779 1.1 2.5 l.l 0.7 0.3 0.9 0.4 -0.1 0.3 -0.7 -0.9 -0"; -0.7 0.0
VI

1780 0.6 0.2 1.6 -1.0 0.1 -0.5 -1.3 0.9 1.0 0.6 -0.5 -1.0W 0.7 1.3
0 1781 1.4 0.9 2.2 1.7 1.2 0.5 1.2 2.2 -1.0 0.8 0.9 0.3 1.9 1.2

1782 -0.6 -0.1 0.3 -0.2 -1.1 -0.5 -1.6 -1.4 -2.1 0.7 1.3 1.0 0.1 -1.2

1783 0.9 0.4 2.0 1.5 0.2 0.4 2.0 0.2 0.5 0.8 0.2 0"; 1.2 1.7

1784 -1.2 -1.0 -0.4 -0.8 -1.7 -1.8 -1.4 -1.7 0.2 -0.1 0.1 0.5 1.4 -0.2

1785 -0.2 -0.1 -0.4 --0.8 -1.7 0.2 -0.7 -1.2 -1.4 -1.0 -0.9 -1.5 -2.3 -1.8

1786 -0.1 -0.2 -0.7 -1.2 -1.3 -0.4 -0.6 -0.4 -0.5 -0.6 -0.6 -1.4 -z.r -0.2

1787 -0.4 0.0 -0.5 -1.0 0.5 -1.4 -1.7 -1.5 0.1 0.1 0.2 0.9 -0.6 -0.6

1788 0.1 0.5 0.6 0.1 -0.4 0.9 0.5 0.3 0.7 0.3 0.5 -0.2 0.2 0.3

1789 -0.2 1.1 -0.5 -0.9 -1.2 1.8 2.7 2.2 1.7 -1.2 -1.2 -1.3 0.8 1.1
1790 -0.5 0.4 -1.5 -1.9 -1.0 -1.9 -2.1 -1.7 -2.5 -0.2 -0.1 0.1 -2.0 -1.6

1791 -0.2 0.0 -1.0 -1.5 -0.4 -OJ 0.4 -0.5 -1.1 0.3 0.8 0.3 -0.3 -0.1

1792 -0.4 -0.2 -0.3 -0.7 -0.9 0.7 0.1 0.6 -0.2 0.0 0.3 0.1 0.0 0.6

1793 -0.2 -0.4 -0.7 -1.1 -1.1 -0.6 0.0 -0.2 0.4 0.5 1.6 0.9 0.5 0.3

1794 0.9 0.3 0.1 -0.3 0.4 0.0 0.5 -0.4 -0.8 0.7 l.l 0.6 -0.1 0.6

1795 -0.5 -0.7 -1.0 -1.5 -2.0 -0.8 -0.9 -0.9 -0.7 -0.7 -0.2 -0.2 -0.9 -0.4

1796 -0.7 -0.1 -0.5 -1.0 -1.5 0.3 0.0 0.0 1.5 -0.7 -0.4 -0.8 0.7 0.1

1797 0.0 -OJ 0.2 -0.3 -1.1 0.2 0.0 -0.4 -0.1 -0.2 -0.1 0.6 1.7 0.7

1798 1.0 1.3 0.5 0.1 0.3 1.1 1.7 1.4 0.9 0.3 0.0 0.9 1.1 0.7



Table B-7. Continued.

Year Copenhagen Berlin Frankfurt Prague BUdapest Vienna Munich. Peissenberg Milano Turin New Haven New Brunswick Philadelphia
1768 -1.0 0.6 -0.2 -0.9 -0.3 -1.3 -1.3

1769 -1.4 -0.6 -0.8 0.1 -0.6 -1.0 -1.0

1770 -0.6 -0.2 -0.9 -0.4 -0.7 -0.9 -0.9

1771 -0.8 -0.8 -1..1 -0.1 0.2 -1.0 -1.0

1772 -1.2 -0.3 -0.1 1.0 1.2 -1.4 -1.4

1773 -0.2 -0.3 -0.7 -2.1 -2.3 -0.9 -0.9

1774 -0.6 -1.8 0.4 1.I 0.2 1.0 -1.1 -1.1

1775 I.7 2.2 1.2 103 0.7 0.1 0.6 -1.0 -1.0

1776 1.7 0.5 0.3 -0.7 -0.9 0.0 0.2

1777 -0.8 -0..1 -1.9 -1.0 -1.1 -1.2

1778 0.2 0.9 -0.3 0.1 0.2 0.0 1.8

VI
1779 0.3 0.1 -1.3 -1.7 -1.1 -1.0 -0.3

W 1780 0.1 0.6 -1.2 -1.5 -1.4 0.5 0.4 1.1 1.0 1.0

1781 2.1 1.2 1.5 1.4 0.9 1.0 0.9 0.4 -0.8 0.1 0.7 0.7

1782 -0.5 0.9 0.4 0.4 0.0 1.6 0.9 1.2 1.3 1.0 0.1 0.6 0.6

1783 2.4 1.4 1..1 0.4 0.2 1.6 0.3 0.0 -0.6 -0.4 -0.1 0.8 0.8

1784 -0.7 -1.5 -0.1 -0.5 -0.4 OJ -0.3 -0.6 1.2 0.2 -0.1 0.1 0.1
1785 -0.6 -1.7 -1.0 ·1.2 -0.5 -1.8 -2.0 . -1.9 0.6 -0.7 -0.1 0.1 0.1
1786 -0.4 -1.6 -2.6 -1.4 -1.7 -1.7 -1.9 -0.7 -0.4 -0.6 ·0.2 -0.2
1787 -0.7 -0.7 1.4 -0.1 -0.2 -0.2 0.3 0.9 0.8 -1.3

1788 1.0 0.3 1.2 0.0 0.5 0.8 0.9 1.2 0.4 0.1 0.5 0.5
1789 -0.3 0.2 -1.0 -0.6 -1.2 -1.2 -0.6 0.3 0.8 0.5 0.5

1790 -1.0 ·0.5 6.2 0.1 -0.3 0.0 0.0 1.2 0.2 0.2 0.2

1791 0.3 1.0 0.4 0.0 0.2 0.1 0.0 0.3 -0.5 0.6 0.7

1792 0.6 0.8 0.1 0.3 0.3 0.4 -0.3 -0.9 -1.3 -0.1 -0.1
1793 -0.3 0.4 -0.1 -0.1 0.9 1.2 0.4 0.7 0.1 1.0 1.0
1794 1.1 1.0 1.2 1.3 1.2 0.9 0.7 0.7 -0.8 0.5 0.5
1795 -0.2 -0.5 -0.4 -0.3 -0.6 -0.6 -1.0 -0.3 0.8 0.4

1796 OJ -0.3 0.0 0.0 -0.1 -0.2 -0.3 0.3 -0.5 0.4 0.4

17.97 0.5 -0.2 1.3 1.5 0.6 0.4 0.2 0.4 0.2 0.4 0.4
1798 1.9 0.5 -0.1 0.4 0.4 0.4 0.0 -0.1 -0.2 0.9 1.0 1.0



Table B-8. Registration of the four coldest years according to annual mean
temperature at each station. The coldest year at each station is registered
under category I, the second coldest under category II, and so forth.

Station I n m IV

C-England 1784 1782 1786 1770
Edinburgh 1774 1782 1784 1786
Netherlands 1784 1786 1785/89 1771
Zwanenburg 1789 1784 1786 1785
Paris 1784 1782 1785 1786
Trondheim 1784 1786 1774 1782
Stockholm 1784/86 1785/88 1782/95 1771
Uppsala 1784 1785 1788 1786
St. Petersburg 1782 1785 1786 1788
Copenhagen 1771 1774 1786 1784
Berlin 1785 1784 1786 1788
Regensb. 1785 1784/86 1775/88 1782
Frankfurt 1784/85 1782 1771 1777
Prague 1786 1785 1784 1776
Budapest 1785 1786 1784 1780/82
Vienna 1776 1785 1777 1786
Munich 1785 1784 1786 1782
Peissenberg 1785 1784 1786 1782
Basel 1785 1782/84 1786 1770
Geneva 1785 1782/84 1770 1789
Innsbruck 1785 1786 1784 1788/89
Vilnjus 1785 1788 1786 1782
Milano 1768 1777/82 1789 1774/95
Turin 1770/92 1773/93 1769/95 1784/89
New Haven 1784 1785 1792 1782/96
New Brunswick 1777 1784 1785 1768
Philadelphia 1777 1784 1785 1768
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Table B-9. The sum of registrations (or number of occurrences) for individual years
within categories I, II, III, and IV (see Table B-8). The last column shows
how frequently individual years registerd among the four coldest years in the
period 1768-98 and is defined here as the coldness frequency (f). The data
in the last column is shown graphically in Fig. 28a.

Year I. II. III. IV. f

1768 2 =3
1769 1 =1
1770 1 1 2 =4
1771 1 1 2 =4
1773 =1
1774 1 1 1 =4
1775 1 =1
1776 I 1 =2
1777 2 1 • =51

1780 1 =1
1782 1 7 1 6 =15
1784 8 9 4 2 =23
1785 10 6 4 1 =21
1786 2 5 9 4 =20
1788 2 2 3 =7
1789 1 2 3 =6
1792 1 1 =2
1793 =1
1795 2 1 =3
1796 1 =1
Sum 30 33 31 31 = 125
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Table B·I0. Registration of the four coldest winters according to winter mean
temperature at each station. The coldest winter at each station is registered
under category I, the second coldest under category II, and so forth.

Station
C-England
Edinburgh
Netherlands
Zwanenburg
Paris
Trondheim
Stockholm
Uppsala
St. Petersburg
Copenhagen
Berlin
Frankfurt
Prague
Budapest
Vienna
Innsbruck
Muenchen
Hohenpeiss
Basel
Geneva
Vilnjus
Milano
Turin
New Haven
New Brunswick
Philadelphia
Tokyo

I
1795
1780
1784
1784
1795
1789
1789
1789

1789/83
1784

1784/89
1784
1784
1784
1784
1789
1784
1784
1789

1784/95
1789
1768

1770/92
1784
1784
1784
1785

n
1784
1795
1795
1795
1784
1771
1771
1774

1768/82
1776
1795
1785
1789
1795
1795
1784
1789
1789
1795
1789
1795

1777/82
1773/93

1791
1785
1785

75/88/91/93
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ill
1785
1774
1789
1789
1789
1785
1772
1785
1772
1768
1785
1768
1785
1789
1789
1795

1785/95
1785
1784
1768
1782
1789

1769/95
1798
1787
1787

1789/97

IV
1780

1784/85
1785
1785

1778/85
1786/94

1774
1780
1792
1771

1777/78
1777
1795
1785
1777
1779
1787
1795
1768
1787
1783

1774/95
1784/89

1792
1786/91
1786/91
1778/98



Table B-11. The sum of registrations (or number of occurrences) for individual
winters within categories I, II, III, and IV (see Table B-8). The last column
shows how frequently individual years registerd among the four coldest
winters in the period 1768-98 and is defined here as the coldness frequency
(f). The data in the last column is shown graphically in Fig. 28b.

Year I. II. III. IV. f
Year I. II. III. IV. Sum
1768 1 1 3 1 ~G

1769 1 =1
1770 = 1
1771 2 1 =3
1772 2 =2
1773 1 =1
1774 1 2 =4
1775 1 =1
1776 1 =1
1777 1 3 =4
1778 2 =2
1779 1 =1
1780 1 2 =3
1782 2 1 =3
1783 1 1 =2
1784 14 3 1 2 =20
1785 1 3 7 5 = 16
1786 3 =3
1787 2 2 =4
1788 1 = 1
1789 8 4 7 1 =20
1791 2 1 =3
1792 1 2 =3
1993 2 =2
1794 1 =1
1795 3 8 3 3 = 17
1797 1 = 1
1798 1 1 =2
Sum 16 15 15 1'7 =631 I
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Table B-12. Registration of the four coldest summers according to winter mean
temperature at each station. The coldest summer at each station is registered
under category I, the second coldest under category II, and so forth.

Station
C-England
Edinburgh
Netherlands
Zwanenburg
Paris
Trondheim
Stockholm
Uppsala
St. Petersburg
Copenhagen
Berlin
Frankf.
Prague
Budapest
Vienna
Munich
Peissenburg
Basel
Geneva
Milano
Turin
Vilnjus
New Haven
New Brunswick
Philadelphia

I
1784
1774
1790
1790
1795
1790
1790

1784/90
1790
1769
1771

1785/86
1786
1780
1785
1785

1785/86
1789
1789
1773
1773
1785
1787
1772
1772

II
1770
1771
1771
1791

1784/85
1784
1787
1787
1782
1772
1769
1770
1777
1786

1779/86
1786
1789
1785

1773/79/85
1777/79

1777
1790
1792
1786
1786
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In
1771
1784
1791
1795
1796
1787
1782
1782
1770
1768
1785
1769
1779
1789
1780
1789

1785/95
1773
1769
1795
1792
1782
1794
1792
1792

IV
1769/96

1773
1795
1786
1786
1777
1784
1785
1785
1771
1790
1773

1780/85
1785
1777
1795
1796

70/79/95/96
1768/86

1768
1781
1777
1786

1784/85
1784/85



Table B-13. The sum of registrations (or number of occurrences) for individual
summers within categories I, II, III, and IV (see Table B-8). The last
column shows how frequently individual years registerd among the four
coldest summers in the period 1768-98 and is defined here as the coldness
frequency (f). The data in the last column is shown graphically in Fig. 28c.

Year I. II. III. IV. Sum
1768 2 2 =4
1769 1 1 1 1 =4
1770 2 1 1 =4
1771 1 2 1 1 =5
1772 2 1 =3
1773 2 1 1 2 =6
1774 1 = 1
1777 3 3 =6
1779 3 1 1 =5
1780 1 1 1 =3
1781 1 =1
1782 1 3 =4
1784 3 2 2 3 =10
1785 5 3 1 6 = 15
1786 2 5 4 =11
1787 1 2 1 =4
1789 2 1 2 =5
1790 6 1 1 =8
1791 1 1 =2
1792 1 3 =4
1794 1 =1
1795 3 3 =7
1796 1 3 =4
Sum 15 15 15 20 =65
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Appendix B-S. Laki acidity signal in the GISP2 ice core from Greenland

(This appendix contains a reprint of Atmospheric loading and transport due to the

1783-84 Laki eruption interpreted from ash particles and acidity in the GISP2 ice

core by R. Joseph Fiacco Jr., Thorvaldur Thordarson, Mark S. Germani, Stephen Self,

Julie M. Palais, Sallie Whitlow, and Pieter M. Grootes). This paper that was published

in 1994 by the journal Quaternary Research, volume 92, pp. 231-240.

This paper was written jointly by R. J. Fiacco and Th. Thordarson and included material

from this thesis.
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QUATI!IlNARY RI!SI!ARCII 42,231-240 (1994)

Atmospheric Aerosol Loading and Transport Due to the 1783-84
Laki Eruption in Iceland, Interpreted from Ash Particles and Acidity

in the GISP2 Ice Core
R. JOSIlPH FIACCO, JR.

Glacl~rResearch' Grollp, Institute far III~ SllIdy ofEarth, Oceans and Stmc«, University ofNew Hampshire, Durham, N~IV Hampshire 03824

TIIORVAI.DUR TIIORDARSON
Denartment tlf GMIIIIIY and Geopby.dr.f, Sclmol ofOceon anti Ellrlb Scl~nce,f and T~cllnalollY, Unlv~r,fltyofHawaII al Manaa,

/lonollllll, /llIlI'all 9/1822

MARK S. GIlRMANI
McCrone Auocit/le.f, W~.flm',"I, //Iinols 60559

STEPHEN SELF

Department ofG~ology and G~opllysics.School of Ocean and Earth Sciences: and Tecllnology, University ofHawaii 01 Manoa,
Honolulu, Hall'a1l96822

JUI.1Il M. PAI.AIS
(ilm';,., Ur,rrllrt'1, firo",'. tnstituteIor ,,,,. Simly of Earth, nrC-tlll.f WIi/SpIII'C'. l/nlvrr.df,V of New Ilumpshlre, Durham, New Hampshire O,JR24;

und Dlvislon tlf l'olnr /t"'J.:'illmr. Nilliontll Srlenc« Fmmtilltinn. W".flllllgwn, DC 20550 .

SALLIIl WHITLOW
(il""lcr Res",,,h Gmllp, Institutt: for /1,. S/II<1y '!f Earth, Oceans and Space, Unlvcr.dly of New Hampshire, Durham, New Hampshire 03824

AND

PETER M. GROOTES
Quaternary Isotope Laboratory, AK-60, Unlv.,.fily ofWasirington, Seattle, Waslllnglon 98195

Received May 13, 1993

INTRODUCTION
Glass shards from the A.D. 1783 Loki fissure emption In Tee

land have been identified in the GISP2 icc core frnm Summit,
Greenland, at a level just preceding the major aeldlty/sulrate
peak. Detailed reeonstruction of ice stratigraphy. coupled with
unnlyscs of solid particles frnm n1tered sample." Indicate lhat a
small amount of IM11d ash was carried via atmnsphcric transport to
Greenland in the summer of 1783, whereas the main aerosol pre
cipitation occurred in the summer and early fall nf 1784. Suirate
concentrntlons in the icc Increase sllghlly during late summer and
fan of 17H3lind rcmuln slelllly lhruughout lhe winter duc ... slow
oxidation rates during this season In the Arctic. The sulfate con
ceotratinn rlses dramatically in the spring and summer of 1784,
producing a massive sulfate peak, previously believed to have
accumulated during thc summer of 1783 and commonly used as
the marker horizon in Greenland Icecore studies. The chronology
of ash and acid fallout at the GISP2 site suggests that a significant
porUon of the LaId eruption plumc penetrated the tropopnuse and
that aerosol generated frnm it rcmalned alort for at teast 1 yr IIrter
the cruptlon, Illlscd 0" cnmparlsons with other claciochemlclIl
seasonal Indicators, ahnormally cool condiUons prevailed at Sum
mit during the summer of 1784. This further supports the claim
that a slgnifiennt volume of sulfate aerosol remained In the Arc
tic middle atmosphere well after the emption had ceased. 0'99<

UnlYallty of Wuhln&ton.

Given current concerns over global climate change, it
has become increasingly necessary to understand natural
fluctuations in Earth's climate to assess mankind's ef
fccts on the climatic system. Several studies have shown
that volcanic eruptions are significant short-term contrib
utors to climate change on local, hemispheric, and global
scales (e.g., Self et al., 1981; Rarnpino and Self, 1984;
Angell and Korshover, 19115; Brndlcy, 19117; Sigurdsson,
1991l; Hansen I!I al., 1993). However, volcanic eruptions
of magnitude large enough to have considerable impact
on climate occur infrequently (Self, 1990) and observa
tional temperature records with reasonable global cover
age go back only about A.D. 1860-1880 (Jones et al.,
1986; Hansen and Lehedcff, 1987) and thus arc useful for
assessing the significance of only a few major eruptions.

By using mnior ion, micropartlclc, and stable-isotope
data obtained from ice cores, it is possible to assess the
degree of atmospheric loading and potential climatic im
portance of major volcanic eruptions that occurred prior
to 1880. We have identified both silicate ash particle and
sulfuric acid fallout from the 1783 Laki eruption in Ice
land in the Greenland Ice Sheet Project 2 (GISP2) fim and
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FIG. t. Schematic illustration of sequence ofevents during the Laki eruption. Horizontal arrows show the extent of each earthquake swarm;
the stippled area indicates fluctuations in lava production (not to scale); eruption clouds denole explosive activity at Laki fissures; eruption clouds
with a cone at base denote explosive activity at Gr(msv6ln volcano; vertical arrows mark beginning and end of Laki fissure eruption. The 60 and
90% marks refer to volume fraction erupted up to that time. Modified from Thordarson and Self (1993).

ice core collected in 1989. We use this information, cou
pled with available information on the Laki event, to re
assess atmospheric conditions following this major IRth-
century eruption. .

Tire /783 [,tiki Event

The Laki fissure eruption in southern Iceland lasted for
Rmonths (8 June 1783107 February 1784) and produced
one of the largest basaltic lava flows of historic times
(14.7 ± I krn? DRE (dense rock equivalent); Thordarson
and Self, 1993). Approximately 60% of this volume was
erupted during the first 3 months of activity and more
than !JO% had been cmittcd liner 5 months (Fig. I).

The Lnki event was episodic; interpretation ofcontem
porary descriptions of tephra falls and lava production,
combined with the preserved stratigraphy, allowed iden
tification of 10 eruption episodes during the period of
Laki activity (Fig. I). Each episode began with a seismic
swarm of increasing intensity that led to the formation of
a new fissure, the opening of which was followed hy a
short-lived explosive phase, leading into a relatively long
lasting phase of Hawaiian-type fire-fountaining and effu
sive activity. Each of the 10 explosive phases lasted for
several days and was characterized by either violent
Strombolian or phreatomagmatic activity. The repeated
explosive activity at the Laki fissures produced tephra
falls that completely covered an area within 50 km of the
fissure (Fig. 2) and covered much of the island with a
SUb-millimeter-thick coating of very fine ash. Ash falls
were also reported away from Iceland; fine dust fallout
was reported up to 1600 km east of the source and was
dispersed over 750,000 km2• The volume of tephra pro
duced hy the Laki eruption is estimated to have been 0.4
krrr' (ORE>, giving a total volume of 15.1 ± I krrr' of
magma erupted,
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Magma discharge varied considerably during the emp
tion. The highest discharge was at the beginning of each
eruptive episode, with effusion rates of the order of 0.2
1.0 x 104 m3 sec - I. Contemporary descriptions and
model calculations indicate that during these periods of
vigorous activity the eruption columns reached altitudes

19'

FIG. 2. Isopach map showing total dispe rs"1 or the Laki lephm
within Ihe n.S·em isopach. Thicknesses lire given in cm lind dnshed
isopllchs nrc estimated using wind dispersal data, Hntched area on ioset
outlines the aclive rirl zones in lcelnnd, Modified from Thordnrson lind
Self (19'))).



FIG. 3. Locutions und dates where the first appearance or the Lnkl
haze (dry rog) was documented in Europe and Asia (Th. Thorderson,
unpublisheddata), Dots indicate locations of observation; numbers give
dales or observation in June 1783. Syria (-3S0N, 39"E) and Altai Mt.
(-4S"N, 9O'E)arc offlhe map.Jnterpreted net transport direction ofthe
haze in first 2 weeks or activity is shown by large arrow; likely effects
or cyclone activity on actual transport paths are indicated by small
arrows (solid lines). Cyclones affecling the North Atlantic region be
tween 8 and 20 June 1783are shown by densely stippled areas and a
capital L; small arrows (dashed lines) show thc travel direction or the
cyclones (Kioglon. I'JKK)in the time period indicated,

on occasion above the highest peaks in the AIrs (>4500
m) (Larnonon, 1799; Swinden, 1783;Soulavie, 1783). De
scriptions of strong dimming or total extinction of the
Sun, Moon, and stars below 17°-40° of the horizon
(Thoroddsen, 1914; Lamb, 1970; Thorarinsson, 1979,
198I) and exceptional duration and brightness of the dusk
from the horizon up to the zenith (Roberjot, 1784;Lamb,
1970) support the conclusion that the Laki haze was
present in the upper levels of the atmosphere. Calcula
tions based on this information indicate that the top of the
Laki haze was in the range of 12-15 km altitude, which is
in good agreement with the highest eruption column es
timates (Thordarson and Self. 1993),whereas the densest
part of the haze appears to have been confined to less
than 5 km altitude. The haze first appeared over Europe
on I(, June and arrears to have spread gradually over the
Eurasian landmass, reaching the Altai Mountains in Si
beria (45°N, 90°8) on I July, thus traveling more than
7000 km in less 22 days.

.........
ICELANDIC ERUPTION PRODUCTS IN GREENLAND ICE

in the range of 10-13 km (Thordarson and Self, 1993).
The mean discharge during the first 5 months of activity
was of the order of 1.0-2.5 x 103 m3 sec" ', giving a mean
eruption column height of 7-9 km (Woods, 1993).

The total volatile concentration in the Laki magma
amounted to 1.6 wt% (Oskarsson et 01., 1984). Previous
petrologic estimates of the amount of S02 released by the
Laki event range from 44 to 57 megatons (Mt) (Sigurds
son, 1982; Oskarsson et al., 1984; Devine et al.• 1984),
after being corrected for new volume estimates for the
Lnki eruption products (Thordarson and Sclf, 1993).
More recent petrologic estimates give 121l-12(, Mt S02
(Melrich et (/1.. 1991;Tbordarson et (/1., 1993), which is
equivalent to -230-241l MI of 112S0 4 , a considerably
larger amount than previously estirnatcd (Th, Thordnrson
and S. Self, unpublished data, 1994). Reported estimates
of aerosol mass (H2S04 + HX) loading by the Laki event
based on ice-core acidity data range from 100 Mt (Crete
only; Hammer, 1977a)to 280 Mt when data from all avail
able cores was used (Clausen and Hammer, 1988).These
estimates are based on the assumption that volcanic aero
sols have similar global distribution patterns to radioac
live debris (i.c., ·.HISr in the former case; ·.H'Sr lind 1~7CS in
the latter) produced by atmospheric thermonuclear-bomb
tests in the 1960sand 1970s. This method of calculation
assumes that the volcanic volatiles injected into the
stratosphere at or above 20 km altitude are the main con
tributor to the acid precipitation observed in the Green
land ice cores. This is not so with eruptions similar to
Laki, and the method probably overestimates the strato
spheric aerosol loading of high-latitude eruptions with
relatively low eruption columns (.,,;20 km).

The occurrence, characteristics, and effects of the
"dry fog" (haze) produced by the Laki event as a con
sequence of its 502 emission and conversion of S02 10
H2S04 aerosols was documented all over Europe; in ad
dition, its occurrence was reported from North Africll,
Asia, Siheria, and North America (Swinden, 1783;Frank
lin, 1784; Larnonon, 1799; Kaemtz, 1845; lhIumiiller,
1885;Renovantz, 1788; Thoroddsen, 1914; 1925; Lamb,
1970; Thorarinsson, 1981; Steinthorsson, 1992; Wood,
1992;Thordarson et al., 1993).The dispersal of the haze
and fine dust away from source was primarily to the east
(Thordarson et 01., 1993), as indicated by dates of first
occurrences at various locations in Europe and Asia (Fig.
3). These reports primarily document the migration of the
lower tropospheric component of the haze (Th, Thordar
son, unpublished data, 1994), since most of the descrip
tions are concerned with the lower tropospheric part of
the haze, which was most visible to the observer. Several
observers mention an "upper atmospheric" haze. A con
siderable part of the Laki aerosol cloud must have been in
Ihe upper troposphere since the presence of haze was
little afTected by low-level winds, was not washed out by
the rainfallof thunderstorms, and was observed to extend
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Previous Ice Core Studies
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METHODS

Numerous fim and ice cores collected from various
sites on the Greenland ice sheet (Fig. 4) have been re
ported to contain acidic fallout in the annual layer of
1783, corresponding to the Laki eruption (e.g., Hammer,
1977a, 1984; Hammer et 01•• 1980, 1981; Clausen and
Hammer, 1988; Laj et 01.. 1990; Mayewski et 01.• 1990).
The Laki horizon is very pronounced and has usually
been identified through analysis of strong acids and sul
fate ions. In this work, we have incorporated the analysis
of insoluble microparticles to identify ash from the Laki
eruption in the GlSP2 core, shedding further light on the
atmospheric transport and timing of fallout during and
following the 1783-1784 Laki activity.
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FIG. 4. Glneloehemienl dnla used 10 illustrate the inferred atmo
spheric and climatic conditions following the 1783-1784 emption of
I..uki. Hntchurcd columns represent spring (Sp) and summer (5) of year:
numbercdhorizontnl llnea indiente lhe samples annlY7.ed nn 1iIlers I-S.
Filler 2 conlains volcanic glass from Laki eruption, while the 01her four
fillers contain no glass from thls eruption. Calcium concentrations peak
during spring and CllNa values peak during summer; these arc reliable
seasonal indicators for this section ofcore. Note the major sulfate peak
in the spring-fall of 1784and the absent summer5'sO peak during same
period (indicated by arrow). LT, ds H.SO, fallout interpreted 10 have
originated from the lower troposphere; UT·LS. H.SO,·fallout origlnat·
ing from the upper troposphere and the lower stratosphere.
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A 200-m fim and ice core was collected using an elec
tromechanical drill during the 1989 field season at the
Greenland Ice Sheet Project 2 (GlSP2) site, Summit,
Greenland (76OJ6'N, 38°30'W, 32]0 m elevation). The
core was processed and analyzed in the field using the
electrical conductivity method (ECM), a real-time indi
cator of the acid content along the length of the ice core
(Thyloret al., ]992). Elevated but localized ECM values
are typically caused by high H2S04 concentrations in an
ice layer and are generally attributed to the fallout of
large volumes of volcanic sulfate aerosols as an eruption
plume passes over Greenland (Hammer, I977a, 1984).
One such peak, a particularly large one, was measured
from 71.0 to 71.2 m depth in the GlSP2 core (K. Thylor,
unpublished data, ]994) and was analyzed in great detail
for this work.

Ice Core Dating

The ice core was dated by counting annual layers
(depth hoar layers are formed only during the summer)
observed in a continuous vertical section of core; annual
layers based on ECM and oxygen isotope were also used
for dating sections where the physical stratigraphy was
not definitive (D. Meese, unpublished data, 1994). These
dates, in turn, may he adjusted using definable stratl
graphic markers such as volcanic fallout horizons (e.g.,
Laki). Therefore, the findings of this paper allow us to
assign a specific date to the GISP2 core at the depth of
the Laki sulfate peak (71.04-71.22 rn),

Mlcroparticles, Major Ions. and Oxygen Isotopes

Aliquots of a single sample were analyzed for micro
particles (0.65-12 ....m) and major ions at a resolution of
10samples per year of accumulation. The methods used
to obtain these data are described more thoroughly by
Fiacco (1991), Fiacco et al, (1993), and Mayewski et 01.
(1986), respectively. Insoluble microparticles from se
lected samples, chosen based on elevated microparticle
concentrations, abnormal size distributions, or anoma
Ions sulfate readings, were IiItcred and analyzed for mn
jor clements hy using a Jeol JXA-8600automated analyt
ical scanning electron microscope (AASEMIEDS) (Ger
mani and Buseck, in press; Fiacco et al.• 1993). Oxygen
isotope samples were taken from the core next to the
microparticle nnd major ion samples at an interval of
about eight samples per year. The 180 /160 abundance was
determined by equilibrating the samples with CO2 at 25°C
in a Micromass 5020equilibration system and measuring
the isotope ratio of the CO2 in a Micromass 903 triple
collector mass spectrometer. Results are expressed as
8180 (%0); The standard deviation for a repeated measure.
mcnt of a single sample is less than 0.1%0.
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RESULTS

A sulfate concentration peak is observed between
71.04 and 71.22 m (Fig. 4), corresponding to the above
mentioned ECM peak. Five filters were prepared from 14
samples in the 70.5 to 71.5-m core section: filter (3) con
tains 5 samples coincident with the major sulfate (acidity)
peak mentioned above (Fig. 4); two filters precede (I and
2, containing I and 2 sumplcs, respectively) and two fol
low the major acidity peak (4 and 5, containing 2 and 4
samples. respectively). AASEM analysis of 500-800 par
ticlcs coarser limn I ILm (per filler) indicate that filter 2
(Fig. 4, 71.3-71.34 m) contains 2% volcanic glass shards
of basaltlc composition (Table I, column I), with grain
sizes <10 IJ.m. The composition of these glass shards is
very similar to that of tephra collected from the 17K3 Laki
eruption (Thhle I. column 2), with the standard deviations
being att rihuled to the analysis of unpolished surfaces of
individual glass shards. Both ash samples were prepared
using the same techniques and analyzed on the same in
strumcnt, Thus. we conclude that the small volume of
basaltic glass found in the ice core is derived from the
17K3 Lnki fissure eruption and ils deposition onto the
(lrccnlnnd iee sheet preeeded Ihe main sulfate aerosol
depnsitinn. Glass analyses from pnlished thin sections of
Laki tephra arc shown lor a reference (Tahfe I. column
3). The difference between Ihe conccntrutions given in
the first two collimns and the third column is attributed 10

the difference in sample preparation; the former was an
alyzed on samples with unpolished surfaces and the latter
on polished surfaces.

TABLE t
Major Element Data for Glass Particles

Oxides (wl.%1 Filler 2 l..ukl A l..nki II

SiO, 52.26 ± 2.45 54.47 ± 1.05 49.97 ± 0,07
TiO, 2.88 ± 0.34 2.84 ± 0.35 3.02 ± 0.01
AI,O, 13.0S ± 0.95 12.96 ± 1.01 13.26 ± 0.02
FeD 14.64 ± 2.59 12.69 ± 1.56 14.08 ± O.OS
MnO 0.2t ± 0.00
MgO 4.81 ± 0.65 5.48 ± 0.47 5.40 ± 0.02
CnO 10.41 ± 0.90 9.23 ± 0.59 9.90 ± 0.03
Nn,O 1.26 ± 0.52 1.83 ± 0.18 2.78 ± 0.11
K,O 0.69 ± 0.25 0.50 ± 0.01 0.44 ± 0.01
1',0, 0.28 ± 0.01
No. of anulyses 18

N(I/~. Filler 2. the compnsitinn of particles from filler 2 collected
from the GISI'2 core (see Fig. 41. l..uki A. composition of Lnki tephra
(glussl when analyzed hy the sume mel hod us particles form filler 2.
Luki n.composition of Laki tephra hy microprnbe analyses in polished
Ihin sec lions. Anlllyzed at the Depnrtmcnt of Geology lind Geophysics.
IlnivcrNily()fll;lwl1ii. (}0 C:IIIl1CClI SX:'in lllll()nm'ctlelectron micrnprohe
('l'h, Thunlursun, unplIhlishctl cla'n), The din'crenec between the com
pusilirm given in the lirsl two columns nnd Ihut in the Ins. column is
nlll'ihlllCl1 In the mclhncl used for the nnnlysis; sec lex' fur further
disclIssinn. Space bur incliculcs elements nnl unnlyzed,

Filters I. 3, 4, and 5 contain no basaltic glass particles;
typical background microparticles include common rock
forming minerals (e.g., quartz, feldspars, micas, amphib
oles) and mineral aggregates (Fiacco, 1991).The elevated
microparticle concentrations coincident with filters I and
4 are attributed to annual spring microparticle concentra
tion peaks that are well documented in Greenland ice
core studies (Hammer. 1977b; Thompson, 1977; Stef
lcnscn, 19115; Fiacco. 1991).

DISCUSSION

The major sulfate-acidity peak identificd within the
17K2-1785 annual accumulation layers in other Green
land ice cores is commonly attributed to the 1783-1784
Laki eruption (Hammer et al., 1981; Hammer. 1984;
Clausen and Hammer. 19RR; IAi et al•• 1990). The iden
tilication of basaltic glass shards of Laki composition (Th
ble I) between 71.30 and 71.34 m depth in the GISP2
core, and their close association with the main sulfate
acidity peak from this period, along with independent
estimates (see above) of the amount atmospheric loading
of S02 hy the Luki event. further supports this interpre
ration. Given lhc presence ofsoluble and insoluble falloul
from the eruption, it is now possible 10 use glaciochcrn
ical indicators comhined with historical and volcanolog
ical data from Laki event to improve our understanding
of utmosphcric conditions following this major basaltic
fissure eruption.

It is important to establish the timing ofash deposition
and the sulfate-acidity peak in the core. The 70.5 to
71.5-m section of this core represents precipitation from
the period 1782-1785, with a ±1-yr margin of error (D.
Meese, unpublished data, 1994). Within these con
straints, we use calcium concentrations and chloridel
sodium ratios as seasonal indicators to determine when
the basaltic glass particles and sulfate-acidity peak were
deposited (Fig. 4). Calcium concentrations peak during
the spring and CI/Na values peak during the summer in
Greenland (Mayewski et al., 1990), thus representing ex
cellent seasonal indicators.

The basaltic glass shards in the core coincide with the
CllNa peak at 71.33 m in the GISP2 core (Fig. 4), sug
gesting that the Laki ash was deposited during the sum
mer. As noted above, the bulk of the tephra was pro
duced by the 10 explosive phases of Laki, which oc
curred throughout the summer and fall of 1783 (Fig. I),
and it is logical to assume that the deposition of Laki ash
particles identified in the Summit core occurred in the
summer of 1783.Just above the horizontal ash deposition
(filter 2). the sulfate concentration in the core begins to
rise und then remains relatively constant throughout the
ice of Ihe following fall and winler, from 71.3 to 71.22 III

(Fig. 4). II rises drarnntically the following spring, peaks
during the summer (71.1 m), and falls off sharply during
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FlG. S. Vertical cross section at ISOOW and 311"E between the north
pote and equator from 0 tn 30 km altitude, showing Inngitudinally nv
ernged znnal wind distributinn in the month of July. Shaded are •• de
note westerly wind and hlank areas easterly wind components, Lorge
shaded area designates the westerly jel stream (WJS): its width is ap
proximately equal 10 the known latitudinal spread of the Loki haze.
suggesting that atmospheric transport of the aerosol cloud was limited
tn the jet stream. Finely dashed lines indicate the tropopause and the
coarsely dashed line the Sao-mbar level. VelocilY is given in em sec" I

and height scale is linear. Earth is stippled (not to scale). Modified from
Lomb (1972).

fallout of Laki ash over Greenland therefore would have
preceded acid deposition, which is consistent with our
results (Fig. 4), but does not allow judgment as to wheth
er the Laki ash particles found in the Summit core were
transported to Greenland by easterly winds in the lower
troposphere or encircled the globe within the Westerly jet
stream prior to falling out of the atmosphere.

In terms of atmospheric removal rates of aerosol par
ticles, the Laki haze can be viewed as being composed of
two main components: one confined to the lower tropo
sphere and another that was retained in the upper tropo
sphere and the lower stratosphere. The residence time of
the low-altitude haze should have been on the order of
days (0 severnI weeks since it would be readily washed
out hy rain (Jaenicke, 1984), but considerably longer for
the high-altitude haze, as mentioned above. Since the
impact of these two components on the atmosphere and
climate could he expected to differ considerably, it is im
portnnt 10 determine the rclntive umount of I'2S04 mass
Imlliing for euch,

Applying the most recent analyses of the sulfur con
centration in the Laki eruption products (Metrich et al.•
1991;Thordarson et al.• 1993) the total amount of S02
released by the Laki event is estimated to be 126 Mt,
suggesting that the total atmospheric H2S04 mass loading
by the eruption amounts to approximately 235 Mt. Esti
mates of aerosol loading based on the H2S04 ice core
data and a global dispersal model suggest 100to 280 Mt of
H2S0 4 (Hammer et al:. 1980; Clausen and Hammer,
1988). The Laki aerosol cloud probably never attained
altitudes greater than 15 km, implying that its dispersal
was confined to the regime of the Westerly jet stream at
latitudes above 300N (Fig. 5). This would invalidate the

FIACCO ET AI..

the late fall (Fig. 4). The sulfate concentration follows the
deposition of the ash by I yr, implying that the main
sulfate precipitation associated with the Laki eruption
occurred in the summer of 1784. Previous Greenland ice
core studies assumed thai this sulfate peak was deposited
in 17113 (c.g., Hammer £'1 ttl•• 1977; Hammer, 19114;
Clausen and Hammer, 1988), and because it was easily
recognized in numerous Greenland cores, it was com
monly used as a reference dating horizon. Given the rel
ative stratigraphic position of Laki ash particles and the
main sulfate fallout in the GISP2 core, we suggest that the
dating of the Laki acidity peak in other Greenland ice
cores is errant by 1 yr.

At latitudes from 30 to 700N and altitudes below 17km,
the atmospheric circulation is primarily a consequence of
the meandering westerly jet stream (Lamb, 1972), with
strongest winds between heights of 8 and 12 km over
Iceland (T. Jonsson, unpublished data, 1994), which is at
or near the altitude of the tropopause in these latitudes
(Fig. 5). Regionally, this circulation pattern is effected on
a daily to weekly basis by the formation and passing of
low- and high-pressure cyclones (Fig. 3) and introduces a
secondary but normally short-lived variability to the
overall circulation pattern.

In the first 3 months of activity, ash and magmatic
gases generated by the Laki eruption were almost con
tinuously lofted to altitudes of 6-13 km, and in the fol
lowing 2 months they were carried intermittently to the
same altitudes. As more than 90% of the Laki products
were erupted during this period, great quantities of fine
ash and volatiles must have been injected into the main
flow of the westerly jet stream at altitudes of 6-13 km.
The observed net cast ward dispersal of line ash, gas, and
aerosol droplets from the Laki fissures (Fig. 3) is consis
tent with hulk transport within the westerly jet stream
above the 500-mhar level (Fig. 5). Dispersal of ash and
volcanic haze ovcr mainland Europe in association with
other Icelandic eruptions has been explained by the same
general transportation mechanism (Lamb, 1970, 1972;
'l'horurinsson, ")111). Fine nsh mill gllseous aerosols were
pcriodiculty dispersed to the W, NW, nrul N of Lnki
fThordarson and Self, 1993) anelover the Norwegian nnd
Iceland seas (Mngm'lsson, 1783; Swinden, 1783; H61m,
17114). These occurrences commonly coincided with
times when the Icelandic cyclone passed over the region
(Fig. 3).

Atmospheric residence times of 5 to 10-jJ.m ash parti
cles injected into the lower stratosphere is on the order of
1 week to I month, whereas the smaller (0.1-1.0 urn)
aerosol particles may remain aloft for more than I year at
that altitude (Jaenicke, 1984). During summer, the aver
age wind speed within the core of the westerly jet stream
ranges from 10 to 20 rnsec" ' (Lamb, 1970); thus, within
the jet stream it would have taken only 2-4 weeks for the
Laki haze to encircle the Earth 2t 30-70oN. The initial

N
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assumption that Laki aerosols had a similar global distri
bution to the radioactive debris produced by atmospheric
thermonuclear-bomb tests (Clausen and Hammer, 1988).
Therefore, previous assessments of H2S04 atmospheric
mass loading by the Laki event may have been overesti
mated by factor of 2-3. Furthermore, the position of the
main Laki sulfate peak within the 1784 accumulation
layer of the G1SP2 core implies that the aerosol cloud
remained aloft for at least I yr and probabl y represents
the stratospheric component of the Laki aerosol cloud. In
light of the above, the stratospheric H2S04 mass loading
by Laki is likely to have been in the range of 30 to 90 Mt,
suggesting that more than two-thirds of the Laki aerosol
loading was confined to the lower and middle tropo
sphere.

Sulfur oxidation rates are slower in the stratosphere
than in the troposphere, especially during the cold dark
winter months in the polar regions (Laj et al., 1990).
Since a significant portion of the sulfur-rich Laki eruption
plume was injected into the stratosphere during the late
summer-early fall of 1783, little sulfur oxidation would
have occurred during the late fall, winter, and early
spring when oxklution rates nrc Ihe slowest in the upper
Arctic ntmosphcre, In Ihc spl'ing of 171l4, Ihe lurge vol
lime of sulfur gases still present in the Arctic upper tro
posphere-Iower stratosphere was likely reintroduced
into the lower troposphere through one or more
tropopause folding events. Such a folding event was ob
served by Shapiro et al, (1984) as stratospheric S02 and
sulfuric aerosols from the 1982 EI Chich6n eruption were
injected into the Arctic troposphere along the west coast
of Greenland. The sulfur would have been rapidly oxi
dized in the troposphere by peroxide (Kunen et al.,
1983),resulting in the sulfate-acidity peak observed in the
G1SP2 ice core during the spring-fall of 1784. Analyses
of both sulfate and peroxide concentrations for a south
ern Greenland core (Site A; 71°12'N, 37°32'W, 3172 m
altitude) showed the coincidence of the Laki sulfate
acidity peak and a peroxide depletion of similar magni
tude suggesting that the reduced sulfur gases from the
eruption were oxidized in the Arctic troposphere shortly
before the sulfate was deposited (La] et al., 1990).

Climatic Effects

As short-term climatic modifiers, lava-producing erup
tions such as Laki have received much less attention than
their explosive counterparts, despite the well-known rea
soning by Benjamin Franklin (1784) that the presence of
volcanic haze over Europe and North America disrupted
the radiation balance of these regions and caused the cold
winrcr of 171l3-1784 (Lamb, f970; Thorarinsson, f91l1;
Sigurdsson, 1982). 1\ is evident from historic records that
the northern hemisphere weather following the Laki

eruption was unusual and extreme (e.g., Kington, 1978;
1988; Steinth6rsson, 1992; Wood, 1992; Thordarson et
al., 1993). In southwestern, western, and northwestern
Europe the summer of 1783was dry and hot (H61m, 1784;
Lamanon, 1799; Melanderhjelm, 1784; White, 1789), in
central and eastern Europe the weather was fair, but very
unstable in the inland region of Russia (Th, Thordarson,
unpublished data, 1994). At the same time, unusually fre
quent and intense thunder and hailstorms were reported
from all over the Eurasian continent (e.g., Swinden,
1783; Lamanon, 1799; Renovantz, 1788). In Asia, India
suffered from a severe drought (Mooley and Pant, 1981)
and Japan experienced its most severe famine, caused by
unusually low late-summer temperatures with periods of
hoarfrost and high precipitation (Arakawa, 1955; Mikami
and Tsukamura, 1992). In Europe and easlern United
States, the following winter was described as very severe
(Lamb, 1977; Camuffo and Enzi, 1992; Ludlum, 1966;
Baron, 1992),typically with periods oflong-Iasting frosts,

.high precipitation, and unusual ice conditions on rivers
and in coastal regions. Cool conditions appear to have
lasted into 1785(Ludlum, 1966;Ogilvie, 1986; Steinth6rs
son, 1992;Wond 1992;Thordnrson et a!.. 1993;Th. Thor
durson, unpublished data, 19')4).

Late flllh-century temperature records are available
from 29 stations in Europe and North America (Jones et
al., 1985), and we have calculated the annual mean tem
perature deviations for these regions over a 31-yr-period
(1768-1798), centered on the eruption year 1783(Fig. 6).
The three coldest years of the period are 1784,1785, and
1786, the years immediately following the Laki eruption,
when temperatures were ca. - 1.3 to - 1.4·C below the
31-yr mean. This is consistent with earlier findings of fj,T
= -0.5 to -I,O·C for the 1784-1786 surface tempera
tures in Europe and North America and an estimated
O.3-0.5·C reduction in northern hemisphere surface tem
peratures for the same years (Angell and Korshover,
1985).
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FIG. 6. Lnlc IRthcentllry mcnn annunl surface temperature devin
tioos ('C) fnr n 31·yr I'crind centered on t7M3,thc emption yenrnf Laki,
Ilnln frnm 29 slRlions in Ellrnl'e nnd the northeastern Uoited Stntes wns
used in Ihis reconstruction, The standard deviation (tal of the 31-yr
menn is shown by hrokcn lines.

545



FIACCO ET AL.

. In glaciochemical studies, 11 180 is used as a proxy for
seasonal temperature, where highs represent summer
and lows winter conditions (Hammer et al., 1978). In
addition, we use calcium and CIINa values as seasonal
indicators because thcy arc not affected hy climatic per
tnrbations, An inspection of these parameters indicates
that three spring and summer peaks nrc present in the
calcium and Cl/Na records, whereas only two arc present
in the IIIHn record (Fig. 4), suggesting nn absence of
warmer summer conditions during the summer of 1784.
Hammer et at. (1978) also reported a missing 8180 peak
coincident with the summer 1784layer in an ice core from
Crete, Greenland (72°06', 37°19'), which is located in the
summit region of the ice sheet. The missing 8180 peaks in
these cores coincide with the Laki sulfate-acidity peak
discussed above. Oxygen-18 can be calibrated to give
temperature values when averaged over decades or
longer, but it has not been successfully calibrated for
tiner temporal resolutions (Cuffey et al., in press). Thus,
we are not able to determine the amount of cooling nec
essary to produce the missing 81KO peak noted here.

Considering the evidence briefly discussed here, it ap
pears that cool conditions prevailed in the Northern
Hemisphere following the Laki emption for at least for 3
yr, with the greatest severity in the years 1783and 1784.
Unless these occurrences are coincidental, it is logical to
attribute the cause of these relatively short-lived climatic
perturbations to the presence of the Laki aerosol cloud,
which remained aloft for at least I yr after the eruption.

SUMMARY

The identilication of Laki glass in a G1SP2 icc core
facilitated an investigation of the atmospheric and c1i
matic effects of the eruption. In doing so, we discovered
that the major sulfate peak commonly identified with
Laki in Greenland ice cores was deposited during 1784,
rather than in 1783 as previously thought. In addition, the
prolonged presence of the Lakl plume in the Arctic nt
mosphere suggests that the plume was injected into the
upper troposphere and lower stratosphere, where it re
mained for at least I yr lifter the peak of the eruption. The
presence of sulfate aerosols in the Arctic atmosphere dur
ing the summer of I7R4 resulted in unusually cool condl
lions ut the Summit, Greenland. us noted hy IIIHO con
centrations in the icc core. This information is in agree
menl with contemporary accounts of atmospheric and
climatic conditions following Ihc crupi ion, as well as with
recent studies which showed that the emption column
reached into the lower Arctic stratosphere. Such corrob
oration further reinforces the usefulness of ice cores in
studying paleovolcanism, wilh special emphasis on the
atmospheric and climatic effects of major historic and
prehistoric eruptions. Study of well-documented erup
tions, such as Laki, permits the development of a refer-

546

ence eruption from which to study other less' well
documented eruptions which may have had marked ef
fects on Earth's atmosphere and climate. Results from
the GISP2 ice core permit us to conduct studies of erup
lions that occurred over at least the past 10,000 yr, thus
furlhering our understanding of the relationship between
volcanic eruptions and climate change.
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Appendix C. Electron microprobe analyses of Roza eruption products

The content of Appendix C contains material that is complementary to Chapter

4 and 5. Here I present tables containing the results from electron microprobe analyses

of quenced glasses from the products produced by the Roza eruption of the Columbia

River Basalts.

The whole-rock composition of Roza emplacement units is summarized in table

C-I. The major and volatile element composition of glass inclusions contained in Roza

phenocrysts are given in Table C-2. Similarily, the major and volatile element

composition of quenched dike selvages ar given in table C-3 and of quenched tephra

clasts and lava selvages in table C-3
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Table Col. Representative whole-rock (wrj''analyses of Roza lavas (emplacement units).

Element SiO, TiO, AI,O, FeO MnO MgO CaO Na,Q K,Q P,Q, ~ Mg#*
wr Roza.average 51.00 3.17 13.63 13.93 0.22 4.55 8.76 2.78 1.~8 0.68 100.00 36.79

1'1-289 Stand.dev, 0.27 0.06 0.24 0.40 0.01 0.18 0.19 0.19 0.10 0.Q3

wr Roza-Ia 50.98 3.24 13.40 14.17 0.23 4.45 8.59 2.81 1.37 0.72 99.97 35.88
N-41 Stand.dev, 0.22 0.03 0.11 0.27 0.01 0.11 0.11 0.17 0.08 0.01

VI wr Roza-IIA 51.02 3.17 13.59 13.94 0.22 4.56 8.73 2.80 1.31 0.69 100.04 36.81
VI 1'1-107 Stand.dev, 0.28 0.05 0.19 0.36 om 0.15 0.15 0.20 0.09 0.02
0

wr Roza-IIB 50.96 3.13 13.81 13.80 0.21 4.64 8.86 2.76 1.22 0.66 100.05 37.47
N-19 Stand.dey. 0.03 0.06 0.33 0.45 0.01 0.15 0.24 0.21 0.11 0.01

wr Roza-IU 50.93 3.13 13.66 13.89 0.22 4.60 8.84 2.78 1.19 0.65 99.89 37.11
N.73 Stand.dey. 0.25 0.05 0.18 0.32 0.02 0.24 0.18 0.15 0.08 0.01

"T Roza·IV 51.16 3.13 13.82 13.56 0.22 4.49 8.94 2.66 1.29 0.66 99.92 37.10
N-33 Stand.dey. 0.28 0.03 0.05 0.20 0.43 om 0.22 0.18 0.05 0.01

Stand. dev.. indicates standard deviation (l-sigma)
1\ Allanalyses and thenomencalture of emplacement unitsarefromMartin(1990)
* :\Ig#.the magnesium number is calculated as (Mg/Mg +Fe)x 100;Fe - total iron



Table C-2. Representative analyses of Roza glass inclusions.

Roza composition

Host mineral SiO, TiO, Alp, FeO ~lnO ~lgO CaO Nap K,O P,O, S CI F 1: Mg#*

Plagioclase cs-n 51.08 3.16 12.63 l·t70 0.18 4.44 8.82 2.71 1.32 0.79 0.1860 0.0310 0.1295 100.18 35.00

Plagioclase C9-i2 50.41 3.21 12.05 15.07 0.20 4.13 7.72 1.37 1.89 0.95 0.1745 0.0335 0.1450 97.36 32.82
N-2 Stand. dey. 0.14 0.08 0.19 0.07 0.04 0.01 0.08 0.25 0.17 0.05 0.0005 0.0050 0.0045 0.33 0.04

Plagioclase CIS-i7 51.01 3.27 12.71 13.96 0.21 4.02 8.13 1.92 1.50 0.78 0.1940 0.0240 0.1270 97.85 33.90

N-2 Stand. dey. 0.05 0.02 0.02 0.04 0.10 0.03 0.06 0.18 0.06 0.00 0.0030 0.0030 0.0090 0.20 0.25

Plagioclase C6-i6 50.31 3.33 12.17 14.70 0.23 4.45 7.55 1.47 1.83 0.82 0.2010 0.0250 0.1325 97.16 35.02

Plagioclase C8-i2 50.33 3.33 12.21 14.15 0.20 4.10 7.71 1.51 2.31 0.78 0.1910 0.0370 0.1295 96.98 34.03

Olivine C9-i3 50.56 3.33 13.11 13.55 0.19 3.70 8.81 1.88 1.26 0.77 0.2020 0.0330 0.1345 97.54 32.73

N-3 Stand. dey. 0.19 0.11 0.15 0.09 0.04 0.06 0.29 0.20 0.16 0.02 0.0065 0.0115 0.0095 0.68 0.30
VI
VI Plagioclase CI3-it 50.81 3.37 12.64 14.75 0.31 4.32 8.56 2.51 1.28 0.66 0.2020 0.0195 0.1410 99.56 34.30

N-2 Stand. dey. 0.0080 0.0020 0.0000

Plagioclase C6-ilb 50.28 3.37 12.59 14.93 0.27 4.25 8.24 2.41 1.39 0.77 0.2030 0.0280 0.t185 98.55 33.63

N-I2J2 Stand. dey. 0.17 0.05 0.07 0.21 0.05 0.06 0.06 0.08 0.10 0.08 0.0030 0.0015 0.0195 0.36 0.34

Plagioclase C8·i3 50.25 3.38 12.19 14.28 0.25 4.06 8.02 1.83 1.44 0.82 0.1985 0.0350 0.1280 96.88 33.64

N-2 Stand. dey. 0.08 0.03 om 0.10 0.01 om 0.03 0.02 0.02 0.01 0.0005 0.0015 0.0065 0.03 0.22

Plagioclase C6·i7 50.39 3.38 12.35 14.42 0.23 4.42 7.79 1.85 1.48 0.78 0.2145 0.0300 0.1200 97.42 35.33
N-2 Stand. dey. 0.07 om 0.02 0.14 0.05 om 0.12 0.01 om 0.05 0.0020 0.0070 0.0000 0.10 0.17

Plagioclase C15-iI 50.34 3.40 12.57 14.52 0.25 4.40 8.21 2.18 1.30 0.76 0.2085 0.0255 0.1285 98.29 35.04

N-2 Stand. dey. 0.11 0.02 0.08 0.02 0.05 0.04 0.07 0.09 ".02 om om05 0.0005 0.0065 0.43 0.22

Plagioclase C15·i6 50.57 3.40 12.33 14.43 0.20 4.15 8.13 1.73 1.43 0.77 0.1950 0.0305 0.1380 97.49 33.89
N-2 Stand. dey. 0.23 0.00 0.09 0.06 0.04 0.04 0.07 0.22 0.04 0.02 0.0000 0.0090 0.Ql10 0.30 0.10

Plagioclase C6-i3 50.80 3.44 12.46 14.15 0.25 3.83 7.84 2.11 1.63 0.87 0.1875 0.0340 0.1450 97.68 32.54

N-2 Stand. dey. 0.31 0.03 0.09 0.08 0.04 0.02 0.12 0.Ql 0.01 0.03 0.0165 0.0014 0.0000 0.18 0.04

Plagioclase CI4-iI 51.62 3.59 12.85 14.02 0.20 4.14 7.95 2.67 1.61 0.74 0.1930 0.0235 0.1170 99.56 34.45

N-2 Stand. dey. 0.08 0.05 0.05 0.16 0.02 0.00 0.02 0.03 0.04 0.05 0.0040 0.0005 0.0045 0.24 0.27



Table C-2.Continued.

High Fe-Ti.:llg

Hostmineral SiD: TiD: A~O, FeD MnO MgO CaD Nap Kp Pp, S C1 F I Mg#*

Plagioclase C26-i1-1 49.05 3.50 11.35 16.82 0.25 4.42 8.51 1.34 1.09 0.77 0.1685 0.0305 0.1180 97.41 31.87
Na3 Stand.de,'. 0.54 0.07 0.15 0.22 0.03 0.06 0.08 0.17 0.05 om 0.0160 0.0055 0.0020 0.-18 0.10

Plagioclase C26-i1-2 -19.39 3.60 11.44 17.10 0.28 4.23 8.63 1.50 1.40 0.85 0.1715 0.0320 0.1310 98.59 30.61
Na2 Stand.dev, 0.07 0.05 0.10 0.22 om 0.07 0.12 0.01 0.01 0.06 0.46 0.06

Plagioclase C5-i5 50.11 3.55 11.64 15.34 0.24 4.03 8.00 1.51 1.26 0.81 0.1820 0.0260 0.1310 96.-18 31.88
Na3 Stand.de'.. 0.16 0.03 0.02 0.23 0.03 0.04 0.05 0.19 0.02 0.03 0.0055 0.0025 0.0080 0.3-1 0.53

Plagioclase C26-i5 49.73 3.75 11.45 16.16 0.27 4.16 7.68 1.03 1.62 0.85 0.1775 0.0360 0.1450 96.68 31.42

VI Plagioclase C42-i2b8 50.36 3.52 11.13 16.32 0.25 5.15 7.79 1.21 2.14 0.78 0.1855 0.0390 0.1265 99.01 35.96VI
tv

Plagioclase C42-i2c -19.65 3.77 11.32 17.84 0.24 4.19 8.59 1.11 1.81 0.85 0.1515 0.0225 0.1355 99.67 29.49

LowFe-Ti
Plagioclase C8-i2 52.55 2.50 13.21 12.29 0.17 4.26 7.33 2.10 1.79 0.62 0.1400 0.0335 0.0925 97.07 38.14

Na2 Stand.dev. 0.12 0.00 . 0.08. 0.08 0.01 0.03 om 0.28 0.18 0.02 0.0015 0.0080 0.00-15 0.26 0.02

Plagioclase C6-i1a 52.00 2.84 13.04 13.42 0.21 4.31 7.80 2.21 1.29 0.65 0.1800 0.0270 0.1000 98.04 36.38
Na2 Stand.dev, 0.15 0.04 0.09 0.17 0.00 0.01 0.05 0.05 0.02 0.00 0.0000 0.0015 0.0110 0.03 0.34

LowMg
Plagioclase C53-i2 50.79 3.64 12.80 15.58 0.25 2.71 9.27 2.61 1.29 0.85 0.1505 0.0245 0.1220 99.93 23.66

Na2 Stand.dev, 0.18 0.05 0.05 0.08 0.04 0.02 0.06 0.06 0.01 0.06 0.25 0.07

Plagioclase C53-i3b 52.43 3.16 13.42 13.48 0.21 2.30 10.13 2.39 1.38 0.90 0.1385 0.0290 0.1380 100.10 23.30

Stand. dev.,indicates standard deviation (I-sigma)
N, numberof analyses

* Mg#,the magnesium number is calculated as (Mg'"Mg +Fe)x 100;Fe - total iron



Table C·3. Representative whole-rock (wr)"and matrix glass analyses of Roza dikes.

Sample type Sample# SiO, TiO, AI,Q, FeO MnO MgO CaO Nap K,Q P,O. S CI F ! /IIg#*

wr RRG6-1O 51.49 3.26 13.57 13.70 0.22 4.15 8.67 2.57 1.55 0.74 99.91 35.06

N-3 Stand. dev, 0.22 0.02 0.14 0.26 0.02 0.10 0.07 0.16 0.03 om 0.29 0.60

Matrix glass RRG-D2 51.57 3.41 12.87 14.34 0.25 3.97 8.21 2.75 1.41 0.85 0.0988 0.0280 0.0993 99.69 33.04

N-34!11 Stand. dev. 0.20 0.06 0.07 0.20 0.03 0.06 0.13 0.11 0.06 0.13 0.0049 0.0030 0.0070 0.50 0.43

wr RRG867 51.11 3.23 13.46 13.79 0.21 4.18 8.64 2.76 1.37 0.73 99.49 35.09

Matrix glass RRG-D3 51.67 3.39 12.91 14.37 0.26 3.96 8.26 2.76 1.41 0.77 0.1102 0.0252 0.1052 99.79 32.93

N- 89/26 Stand. dev, 0.29 0.07 0.16 0.29 0.05 0.07 0.09 0.15 0.08 0.14 0.0089 0.0044 0.0069 0.53 0.68

Glass cloths ta RRG-D3ta 51.55 3.30 12.92 14.32 0.29 3.79 8.14 2.39 1.47 0.77 0.1771 0.0229 0.1216 99.22 32.07

N=3 Stand. dev, 0.11 0.08 0.26 0.54 0.05 0.09 0.26 0.36 0.13 0.13 0.0009 0.0063 0.0013 1.28 1.01

SI glass tc RRG·D3tc 51.29 3.49 12.59 14.85 0.23 3.83 8.14 2.53 1.40 0.81 0.1254 0.0250 0.1109 99.16 31.47

N-8 Stand. dev. 0.35 0.04 0.09 0.19 0.03 0.08 0.08 0.25 0.02 0.02 0.0069 0.0034 0.0081 0.79 0.46

VI Wf RRG 861-869 51.37 3.28 13.37 13.55 0.23 4.35 8.66 2.77 1.52 0.73 99.83 36.36

VI
Matrix glass RRG-D8 51.52 3.38 12.91 14.43 0.25 4.13 8.36 2.80 1.34 0.64 0.1145 0.0247 0.1016 99.77 33.78W
N- 126/40 Stand. dev, 0.27 0.06 0.11 0.21 0.04 0.07 0.12 0.11 0.04 0.08 0.0120 0.0035 0.0086 0.38 0.58

Glass cloths ta RRG-D8ra 51.48 3.38 12.87 14.61 0.23 4.15 8.40 2.59 1.36 0.65 0.1821 0.0255 0.1014 99.77 33.58

N- 36112 Stand. dev. 0.31 0.06 0.11 0.27 0.04 0.09 0.13 0.13 0.05 0.08 0.0160 0.0041 0.0076 0.45 0.50

Glass cloths tal RRG-D8ral 50.99 3.29 12.70 14.23 0.24 4.06 8.28 2.24 1.35 0.70 0.1911 0.0275 0.0992 98.20 33.68

N-I214 Stand. dev, 0.26 0.13 0.09 0.28 0.03 0.08 0.15 0.21 0.05 0.12 0.0065 0.0043 0.0071 0.60 0.60

SI glass tb RRG-D8tb 51.35 3.34 12.85 14.49 0.24 4.03 8.24 2.62 1.37 0.74 0.1382 0.0301 0.1041 99.54 33.15

N-5 Stand. dev, 0.28 0.06 0.08 0.19 0.03 0.10 0.16 0.10 0.05 0.06 0.0124 0.0054 0.0124 0.55 0.36

wr RMG 854-859 51.20 3.27 13.47 13.97 0.25 4.34 8.64 2.65 1.48 0.73 99.99 35.64

N-8 Stand. dev, 0.29 0.?l6 0.17 0.36 0.03 0.19 0.12 0.22 0.08 0.02 0.63 0.65

Matrix glass RMG-DI 51.02 3.42 12.52 14.72 0.23 4.21 8.44 2.61 1.28 0.73 0.1203 0.0206 0.1021 99.29 33.76

N-6 Stand. dev, 0.19 0.05 0.08 0.09 0.04 0.02 0.08 0.16 0.03 0.05 0.0031 0.0024 0.0095 0.38 0.20

" Analyses from Martin (1990)

• ),fg#.the magnesium number is calculated as (MgiMg +Fe) x 100; Fe -total iron

~. number of analyses

SI glass 1b and tc, represents dark brown glass that occurs as stringers and small inclusions in the matrix glass

Glass cloths, represent dark brown. non-vesicular glass that is found surrounding macrophenocrysts;

ta analyses at distances between 60-200 JImfrom crystals, tal at distances> 60 JIm.



Table C-4. Representative microprobe analyses of matrix glass from lava selvages, Also given are whole-rock (wr)? lava at the same location.

Sample type Sample # SiO, TiO, Alp, FeO MnO MgO CaO :\a,0 Kp Pp, S CI F I: Mg#·

wr RSF-IA 51.06 3.25 13.44 14.19 0.23 4.50 8.61 1.77 1.38 0.72 100.17 36.13

N=3 Stand. dev, 0.13 0.02 0.11 0.13 0.00 0.15 0.05 0.30 0.11 0.00 0.18

Matrix glass RSF·C16 50.92 3.77 11.95 16.22 0.31 3.59 8.13 1.95 1.42 1.07 0.0650 0.0241 0.0952 99.52 28.30

N=3 Stand. dev, 0.02 0.14 0.00 0.01 0.04 0.00 0.13 0.12 0.01 0.05 0.0025 0.0014 0.0069 0.37 0.01

Matrix glass RSF·C16 51.16 3.87 12.11 15.89 0.27 3.52 7.60 1.06 1.51 0.87 0.0604 0.0283 0.1076 98.88 28.28

N-9 Stand. dev, 0.31 0.12 0.18 0.60 0.Q3 0.40 0.68 0.20 0.22 0.06 0.0086 0.0035 0.0073 0.49 2.74

Matrix glass RSF·C41 52.23 3.75 11.83 16.13 0.28 3.25 8.16 1.83 1.05 1.03 0.0703 0.0291 0.1148 100.72 26.39

N-2 Stand. dev, 0.09 0.01 0.06 0.15 0.04 0.37 0.18 0.24 0.04 0.02 0.0039 0.0020 0.0057 0.20 2.38

wr RSF-IIA 51.13 3.21 13.72 13.61 0.22 4.40 8.86 2.80 1.32 0.71 99.97 36.57

N-4 Stand. dev. 0.16 0.11 0.10 0.26 0.01 0.21 0.15 0.24 0.08 0.02 0.21 0.35

Matrix glass RSF·C37 51.89 3.99 12.29 15.97 0.26 2.78 7.02 2.84 1.53 1.00 0.0653 0.0322 0.1145 99.58 23.60
Ul N-6 Stand. dev, 0.45 0.09 0.44 0.52 0.03 0.50 0.42 0.49 0.18 0.08 0.0115 0.0041 0.0078 0.58 3.31
Ul
~ Matrix glass RSF·C40 51.53 3.78 12.13 15.20 0.27 3.85 8.44 1.94 1.43 0.85 0.0578 0.0205 0.1066 99.60 31.08

N-3 Stand. dev, . 0.28 0.10 0.08 0.07 om om 0.05 0.38 0.02 0.05 0.0007 0.0014 0.0100 0.25 0.13

Matrix glass RSF·C42 5l.21 3.87 12.00 15.52 0.26 3.72 8.25 2.43 1.46 0.85 0.0656 0.0208 0.1093 99.77 29.94

N-3 Stand. dev, 0.12 0.01 0.10 0.11 0.02 0.01 0.06 0.03 0.02 0.03 0.0021 0.0024 0.0083 0.24 0.06

wc RBL-lIA 51.13 3.21 13.72 13.61 0.22 4.40 8.86 2.80 1.32 0.71 99.97 36.57

N-4 Stand. dev, 0.16 0.11 0.10 0.26 0.01 0.21 0.15 0.24 0.08 0.02 0.21 0.55

Matrix glass RBL·C56 0.0595 0.0224 0.1119

N-2 Stand. dev, 0.0005 0.0005 0.0075

Matrix glass RSL-C43 51.62 3.97 11.89 15.86 0.25 3.57 8.05 1.85 1.49 0.92 0.0630 0.0253 0.1119 99.63 28.62

N-3 Stand. dev, 0.15 0.02 0.05 0.27 0.02 0.08 0.39 1.10 1.09 0.06 0.0031 0.0065 0.0012 0.12 0.50

wc RFS-IIA 51.27 3.14 13.66 t3.82 0.22 4.54 8.67 2.93 1.24 0.68 100.17 36.93

N-8 Stand. dey. 0.27 0.06 0.25 0.26 0.01 0.16 0.17 0.08 0.04 0.02 0.13 0.45

Matrix glass RFS·C53 51.43 3.88 11.91 15.37 0.22 3.71 8.23 2.53 1.54 0.87 0.0669 0.0212 0.1144 99.82 30.09

N=5 Stand. dev. 0.14 0.04 0.04 0.12 0.02 0.02 0.Q7 0.10 0.03 0.03 0.0003 0.0006 0.0098 0.33 0.14

Matrix glass RFS-C44 51.77 4.02 11.78 15.77 0.29 3.65 8.16 1.37 1.42 0.92 0.0675 0.0226 0.1160 99.36 29.19
N-3 Stand. dev, 0.34 0.01 0.10 0.01 0.02 om 0.08 0.33 0.12 0.05 0.0008 0.0005 0.0061 0.03 0.06



Table C-4. Continued.

Sample type Sample # SiO, TiO, Alp, FeO MnO MgO CaO Nap Kp Pp, S Cl F 1: Mg#*

wr ROC-Ill 51.04 3.10 13.76 13.69 0.20 4.56 8.87 2.80 1.15 0.65 99.84 37.24

N~12 Stand. dey. 0.35 0.31 0.16 0.26 om 0.25 0.24 0.08 0.13 0.02 0.40 0.58

Matrix glass ROC-C50 0.0630 0.0212 0.0992

N=2 Stand. dey. 0.0068 0.0013 0.0102

Matrix glass RDC-C48 0.0646 0.0192 0.1116

N~3 Stand. dey. 0.0016 0.0008 0.0062

Matrix glass ROC-C49 0.0600 0.0219 0.1025

N=3 Stand. dey. 0.0005 0.0009 0.0115

wr RLG·I1A 51.16 3.15 13.71 13.71 0.23 4.51 8.77 2.75 1.32 0.69 100.01 36.95
VI N-7 Stand. dey. 0.33 0.05 0.17 0.44 0.02 0.24 0.12 0.23 0.Q7 0.01 0.18 0.75VI
VI

Matrix glass RLG·C55 0.0660 0.0218 0.1089

N=3 Stand. dey. 0.0020 0.0009 0.0009

Matrix glass RUF·IIA. III. IV 50.70 3.35 14.48 13.63 0.22 3.93 9.28 2.77 0.99 0.70 100.06 33.91

N-4 Stand. dey. 0.42 0.22 0.46 0.24 0.01 0.47 0.23 0.17 0.30 0.07 0.17

Matrix glass RVL-C46 51.43 3.31 13.05 14.96 0.21 4.13 7.81 1.84 1.44 0.78 0.0729 0.0181 0.0948 99.14 32.98

N~2 Stand. dey. 0.02 0.10 0.18 0.32 0.01 om 0.12 0.13 0.09 0.02 0.0067 0.0012 0.0018 0.27 0.42

wr RWI·I1A. III, IV 50.77 3.19 13.81 14.12 0.24 4.24 8.75 2.76 1.11 0.69 99.67 34.86

N-8 Stand. dey. 0.43 0.10 0.14 0.68 0.02 0.46 0.47 0.05 0.12 0.05 0.06 2.15

Matrix glass RWI·C60 0.0582 0.0171 0.0739

N-2 Stand. dey. 0.0015 0.0041 0.0021

1\ Analyses from Manin (1990)

* Mg#, the magnesium number is calculated as (MglMg +Fe) x 100; Fe - total iron

N, number of analyses
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