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ABSTRACT

Pyroclastic flows are products of explosive volcanic
eruptions. Composed of hot gas and particulates, they move
as ground hugging density currents. This study utilized
comparisons with similar geologic phenomena (e.g. debris
avalanches), field data, and theoretical models to
investigate aspects of the movement and emplac;ment of
pyroclastic flows.

To constrain the factors influencing pyroclastic flow
movement and emplacement, a field study of the Fogo A
(Azores) intraplinian ignimbrites was conducted. Field
relationships and granulometric and component analyses are
used to interprete which parameters, and thus possible
processes, were dominant. Velocity, as inferred from
distance from the vent and underlying slope, had a large
influence on the granulometric and component characteristics
indicating deposition probably occurred continuously from the
flow rather than by freezing of the flow en masse. Possible
generation mechanisms are collapse of the eruption column
circumference and partial asymmetrical column collapse.

To investigate the problem of pyroclastic flow mobility,
quantitative parameters of pyroclastic flow and debris
avalanche mobility were collated. Based on a statistical
comparison of the mobility of both deposit types, it is

concluded that certain types of pyroclastic flows are no more



mobile than debris avalanches of the same volume, suggesting
fluidization is not an essential component in their mobility.
To investigate the form of moving pyroclastic flows, a
theoretical fluid dynamic model was formulated. From the
governing equations, an advective-diffusive equation in the
height of the flow is obtained and solved numerically. This
equation treats the pyroclastic flow as a non-linear
diffusive wave in height. The effect of various initial
conditions on the form is investigated and possible effects
on the depositional style are inferred. Varying the maximum
height of the wave corresponds to varying the mass flux and
indicates smaller mass flux flows are more likely to be
deposited en masse while larger mass flux flows are more
likely to be deposited continously from the tail of the flow.
Furthermore, deposits from larger mass flux flows are likely
to display head deposits, while smaller mass flux flow
deposits are likely to lack head deposits, which are due to

overturn, air ingestion, and jetting at the flow front.
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CHAPTER I

INTRODUCTION

Pyroclastic flows are products of explosive volcanic
eruptions. They are composed of hot gas and particulates and
they travel as gravity controlled density currents. While
they are inferred to have high particle concentrations and to
flow laminarly, the details of the processes governing
pyroclastic flow movement and emplacement are poorly
understood.

Pyroclastic flow deposits, called ignimbrites, are
generally massive, poorly sorted, and pond in topographic
depressions. They may show a basal layer, coarse tail
grading, and gas escape features (Sparks, et al., 1973).
Their volumes vary from 10~3 to 103 km3 and the moving flows
can travel very rapidly, with observed velocities of 60 m/s
and deduced velocities of >100 m/s. These high velocities,
coupled with a great mobility, make pyroclastic flows,
particularly those of large volume, perhaps the most
devastating volcanic phenomena.

Interest in pyroclastic flows was stimulated in 1902 by
the eruptions of Mt. Pelée (Martinique) and La Soufriere (St.
Vincent) which killed nearly 30,000 people (Wilson, 1986).
Pyroclastic flows have played a role in most other well known

eruptions, such as the 79 A.D. eruption of Vesuvius, with



large losses of life (Wilson, 1986). More recently,
pyroclastic flows occurred during the 1980 Mt. St. Helens
eruption, and the 1991 eruptions of Mt. Unzen (Japan) and Mt.
Pinatubo (Philippines). Thus, understanding pyroclastic flow
processes is important from a hazards assessment perspective.

Understanding pyroclastic flow processes is also
important from a geologic perspective as the larger flows are
some of the most voluminous volcanic products and have played
a significant role in the geologic history of certain
regions. Although our knowledge of pyroclastic flow
processes has increased greatly in recent years, much still
remains unknown.

Pyroclastic flows are extremely difficult to study while
they are in motion. The high temperatures and velocities,
together with the relatively unpredictable nature of
explosive volcanic eruptions, make 1in situ measurements
technically infeasible at this time. The usefulness of
direct visual observations and both still and video
photography of moving pyroclastic flows is limited by the
large ash cloud which rises off the pyroclastic flow and
obscures the dense main portion of the pyroclastic flow.
Thus, it 1s necessary to utilize indirect means to
investigate the processes operating during the movement and
emplacement of pyroclastic flows. This dissertation employed
several approaches to studying pyroclastic flow processes

rather than a single one. Specifically, field evidence,



comparison with other geologic phenomena (e.g. debris
avalanches), and theoretical modeling were all utilized.

Chapter II focuses on a field and laboratory
investigation of the Fogo A intraplinian deposits. The Fogo
A plinian deposit is located on S&oc Miguel (Azores) and
contains several thin, fine grained, non-welded deposits
interbedded in the fall deposit which are the focus of this
study. Based on a granulometric analysis, it is determined
that the deposits, which do not fit all the characteristics
of "normal" ignimbrite, are most likely the product of
pyroclastic flows. The data were further interpreted in
terms of different pyroclastic flow facies to infer from
which portion of the flow the deposits were derived. The
granulometric data, together with the component data and the
field relationships, are also interpreted in terms of which
environmental parameters, and thus which possible
depositional mechanisms, were dominant during the flow.

In Chapter III pyroclastic flows are compared to debris
avalanches to provide insight into the problem of pyroclastic
flow mobility. Quantitative parameters of mobility are used
to place constraints on the plausible mechanisms governing
pyroclastic flow movement. It is shown that the similarity
between pyroclastic flow and debris avalanche mobility makes
it unnecessary to invoke gas fluidization, which does not

occur to a significant degree in debris flows, as a primary



mechanism during the emplacement of the types of pyroclastic
flows included in the study.

Chapter IV adopts a theoretical approach to
understanding the shape, or form, of a moving pyroclastic
flow. A fluid dynamic model is developed which treats the
pyroclastic flow as a traveling wave. A numerical solution
of the model is implemented and the behavior of the wave
given different initial conditions 1is investigated. From the
resulting form of the propagating wave, the style of
deposition (i.e. en masse or continuous) is then inferred.

In summary, the research projects in this dissertation
have contributed to understanding how pyroclastic flows move
and are emplaced. These projects have constrained the
plausible flow and deposition processes and have explored the

form of moving pyroclastic flows.

References
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CHAPTER II

AN INVESTIGATION OF THE FOGO A INTRAPLINIAN DEPOSITS

Abstract

The Fogo A plinian deposit on Sd&o Miguel (Azores)
contains thin ash deposits interbedded in the pumice fall.
These intraplinian deposits are investigated and their grain
size characteristics are found to be more consistent with a
pyroclastic flow origin as opposed to a pyroclastic surge
origin. Furthermore, the grain size characteristics of the
thinner deposits of both homogeneous or stratified type are
similar. The thicker deposits (>1 m), however, have grain
size characteristics which are different from the thinner
flows and it is inferred that the thinner deposits were
derived from the tail of the pyroclastic flow while the thick
deposits represent the main body of the pyroclastic flow.
The variation of the grain size and component characteristics
with distance from the vent and underlying slope implies a
strong influence due to the flow velocity, although whether
distance or slope is the dominant control is undetermined.
Finally, the Fogo A intraplinian ignimbrites may have been
generated by collapse of the circumference of the plinian

plume or by asymmetrical collapse of the plume.



Introduction

The Fogo A plinian pumice deposit was erupted 4600 years
ago from Agua de Pau volcano on Sdo Miguel, in the Azores
(Figure 2.1) (Walker and Croasdale, 1970). Walker and
Croasdale (1970), and more recently Bursik et. al. (19%2),
documented the Fogo A deposit, however, the main thrust of
their papers concentrated on aspects of the plinian fall
deposition and its characteristics. This study focuses on
the several, thin (centimeter to decimeter), finer grained,
non-welded deposits which are interbedded in the plinian
pumice and are thought to be thin pyroclastic flow deposits
(Walker and Croasdale, 1970). The data from the deposits are
interpreted in two ways; first in terms of a classification
of deposits of pyroclastic flows and pyroclastic surges in
which they are seen to fit more readily into the pyroclastic
flow category, and second in terms of depositional mechanisms
inferred from the granulometric and component properties of
these deposits. Possible means of generating these

intraplinian pyroclastic flows are also discussed.

Background
The terminology concerning pyroclastic density currents
has been confusing and often debated. Two types of
pyroclastic density currents are recognized, namely
pyroclastic surges and pyroclastic flows. Although the end

members are generally agreed on, there is a gray area between



Figure 2.1. Location map of Sdo Miguel, Azores, showing the caldera of Agua de

Pau volcano, the source of the Fogo A deposit (after Booth et al., 1978).



1
Corvo , 30°w 25°wW
]
Flores Graciosa
Sao Jorge Terceira
Faial @ en
Pico
+«Azores Lisbon Sao Miguel
& S
Madeira i
a /—37°N SantaMarE
Canary lsds, 0 100
e, s —_—
km

Sao MiGueL

Ribeira Grande,

Sete Cidades

Furnas
Agua de Pau

Villa Franca do Campo




the two where the distinction is less clear. Furthermore a
variety of terms have been coined to describe different
facies within the pyroclastic flow genre alone.

The classification of pyroclastic flows and surges is
based on inferences concerning the nature of the flow during
movement and emplacement. Pyroclastic flows are surmised to
have high particle concentrations and to be emplaced under
generally laminar flow conditions, while pyroclastic surges
are surmised to have low particle concentrations and to be
emplaced under turbulent flbw conditions (Sparks, 1976;
Fisher, 1979; Sheridan, 1979; Walker, 1983; Wilson, 1986).
Generally, if the deposit 1s massive, relatively unsorted,
and lacks internal stratification or bedding it is considered
a pyroclastic flow deposit (Wright, et al., 1980; Wilson,
1986; Cas and Wright, 1987). Additionally, pyroclastic flow
deposits tend to pond in topographic depressions, may show
coarse tail grading, and contain fossil fumarole pipes and
carbonized wood (Walker, 1971; Wright, et al., 1980).
Conversely, 1if the deposit exhibits well-developed dune or
plane bedding, it is generally considered a pyroclastic surge
deposit (Fisher, 1979; Wright, et al., 1980; Cas and Wright,
1987). Pyroclastic surge deposits also tend to mantle the
topography and may contain carbonized wood (Wright, et al.,
1980; Cas and wright, 1987).

A summary of pyroclastic flow and pyroclastic surge

features is found in table 2.1. Figure 2.2 illustrates the



Table 2.1

Characteristics of pyroclastic flow and
pyroclastic surge deposits (after Beeson, 1988)

Pyroclastic flow deposits (ignimbrite) typically:

(A) pond in depressions, with a level upper surface

(B) have an irregular thickness variation with distance from the
vent

(C) consist of poorly sorted, relatively homogeneous deposits that
may show:
(1) stratification due to the stacking of flow units
(2) a well defined basal layer (layer 2a of Sparks (1973))
(3) segregation (gas escape) features (Walker, 1971; Wilson,

1980)

(4) coarse tail grading (Sparks, 1976)

(D) show evidence for having been hot (e.g., welding, pervasive
thermal coloration, carbonization of plant material)

Exception: low-aspect ratio ignimbrite includes:
(1) a mantling ignimbrite veneer which is laterally continuous
with ponded ignimbrite (Walker, et al., 1980)
(2) lee-side pumice lenses (Wilson and Walker, 1982)
(3) well developed bedding (Walker, et al., 1981; Wilson,
1985)

Pyroclastic surge deposits show:

(A) draping of topography

(B) irregular to periodic thickness variations

{C) a general decrease in thickness and median grain size
proximally to distally

(D) an erosional base

Two types of pyroclastic surges occur:
(1) low temperature (cold/wet) surge (e.g., base surges)
deposits show:

(a) well developed internal stratification in the form
of plane parallel to wavy bedding and/or sandwave
bedding

(b) large grain size differences between contiguous beds

{c) evidence for dampness (e.g., accretionary lapilli,
vesicles, plastering of the up-vent side of
obstacles, bomb sags)

(2) high temperature (hot/dry) surge (e.g., ground surge)
deposits show:

(a) faint internal stratification

(b) good sorting, depletion of fine, light-weight
particles

(c) evidence for having been hot.

10



Figure 2.2. Geometry of the three major types of pyroclastic

deposits (after Wright et al., 1980).

a) Pyroclastic fall deposit.

b) Pyroclastic flow deposit.

¢c) Pyroclastic surge deposit.

11



difference in their response to the topography. It should be
noted that although particle concentration and laminar versus
turbulent flow are deemed the distinguishing criteria between
pyroclastic flows and surges, these criteria have not been
quantified (Walker and Morgan, 1984). 1In unpublished
laboratory experiments, Walker found extreme fines loss at
only 30% expansion. In contrast, Valentine and Wohletz
(198%a; 1989b) treat cases with solid fractions less than 1%,
but call the resulting density currents pyroclastic flows.
Furthermore, in an earlier paper, Valentine (1987) termed a
pyroclastic density current with a similar solid fraction a
pyroclastic surge. With respect to turbulence, it is not
clear whether the turbulence is due to a high gas throughput
in the flow or high Reynold's number conditions. It is also
not clear if particle concentration or turbulence is the
determining factor or if high particle concentration and
laminar flow or low particle concentration and turbulent flow
always occur together.

Another complication is that not all pyroclastic density
currents fit neatly into the two categories of pyroclastic
flow or pyroclastic surge. Recently, there has been some
work on pyroclastic density currents that leave thin
deposits, such as the Taupo ignimbrite veneer deposits
(Wilson, 1985), the Laacher See lateral or overbank facies
(Freundt and Schmincke, 1986; Schumacher and Schmincke,

1890), and both the May 18,1980 Mount St. Helens "blast

12



deposit" (Walker and McBroome, 1983;Hoblitt and Miller, 1984;
Walker and Morgan, 1984; Waitt, 1984) and ignimbrite
proximal flank facies (Beeson, 1988), which do not fit
readily into either the pyroclastic flow or surge category,
but possess attributes of each. These studies have focused
attention on the grey area between undoubted pyroclastic

flows and undoubted pyroclastic surges.

Field Area and Deposit Description

The Azores archipelago is located astride the Mid-
Atlantic Ridge, ~1500 km off the coast of Portugal. Sé&o
Miguel is the largest of the islands and is composed of three
active stratovolcanoes, one of which is Agua de Pau (Booth,
et al., 1978). Agua de Pau has a diameter of 15 km at sea
level and a maximum height of 850 m (Walker and Croasdale,
1970). The caldera contains a lake, Lagoa do Fogo, after
which the deposits are named. The volcano is largely
surfaced by trachytic pumice, with some basaltic and
trachytic lava (Walker and Croasdale, 1970).

The Fogo A plinian deposit, which is the best known
example of a plinian fall deposit emplaced during almost
windless conditions (Walker and Croasdale, 1970; Bursik, et
al., 1992), has a more voluminous lower part containing only
light colored pumice and an upper part containing dark and
streaky pumice. The thin pyroclastic flow deposits which I

focus on here are located in the lower light pumice section
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(Walker and Croasdale, 1970). There are also dune bedded
deposits in the upper dark pumice part, but these are not
included in this study. The deposits of interest are
distributed in all directions from the vent, and up to five
of these deposits can be found at any one location (Figure
2.3). The deposits tend to be thin and are mostly less than
1 meter thick, although they reach up to five meters in some
localities situated in valleys, probably due to channeling
and ponding in the topographic depressions during flow. The
pyroclastic flow deposits are intercalated within the plinian
fall deposit. For this reason the Fogo A deposit is
exceptionally favorable for study as evidently the plinian
plume was sustained throughout the eruption. The thin flows
were buried immediately by the pumice fall and are hence very
well preserved. They contain a large proportion of ash and
the pumice lapilli are often rounded instead of angular or
ragged as in the plinian deposit. Maximum pumice sizes
commonly belong to the -3 to -4 phi size classes,
occasionally to the -5 phi size class, and rarely to the -6
phi size class. The deposits occasionally contain fossil
fumarole pipes and carbonized plant material. They are most
often light colored, but at some localities they are pink and
grade to dark gray. At some localities the deposits are
massive, lacking internal stratification or bedding (Figure
2.4). At others, they are well stratified, consisting of

alternating finer and coarser layers, occasionally contain

14
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Figure 2.3. Extent of the thin Fogo A intraplinian deposits. Lagoa do Fogo, or Lake
Fogo, resides in the Agua de Pau caldera. The dots represent the site locations which
were visited where the lower light pumice section of the Fogo A deposit was exposed. The

shaded region roughly represents the extent of the Fogo A intraplinian deposits.
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Figure 2.4, Examples of two homogeneous intraplinian deposits. The arrows
indicate the intraplinian deposits by pointing from the plinian deposit towards
the intraplinian deposits. (a) Several thin deposits at site 63, located 5.23 km

from the vent near the southern coast.
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Figure 2.4. Continued. (b) A thick deposit at site 55,

located 5.47 km southwest of the vent.
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pumice lenses, and are rarely cross-bedded (Figure 2.5). At
some localities the deposits have lithic and pumice
concentration zones (LCZ and PCZ) and at a few localities the
lithics in the LCZ have their long axis parallel to the
underlying surface. The deposits are quite variable and at
certain sites they can change from a few centimeters to
perhaps a meter in thickness and from homogeneous to

stratified within a few meters horizontally.

Data Collection

As the Fogo A deposit is generally exposed only in road
cuts and in the excavations along the edges of fields, the
deposits cannot be mapped continuously. Data were collected
at various sites where there were good exposures. Figure 2.6
shows one such typical exposure. In 1988, George P.L. Walker
and I visited sixty-two sites where at least a portion of the
Fogo A deposit is exposed and collected samples at twenty-two
of these sites. Data were also collected in 1986 and 1989 by
George P.L. Walker and samples from nine additional sites
visited in those years are included in this study. Figure
2.7 shows the locations of all the sites which we visited.
Samples were collected in three ways. Channel samples were
collected by excavating a shallow channel of approximately
uniform width and breadth through the whole deposit
thickness, usually from the deposits which displayed little

or no stratification. Where the deposits displayed a well
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Figure 2.5. An example of a weakly dune bedded deposit.

arrows indicate the intraplinian deposit.

As in figure 2.4, the
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Figure 2.6.

A typical exposure of the Fogo A plinian deposit containing an

intraplinian deposit. This is site 40, located 5.53 km north of the vent.
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developed stratification, channel samples were collected from
each individual layer of the deposit. Where the deposits
were too thick for channel samples to be collected (2 1 m),

spot samples were collected.

Data Analysis

Correlation

Based on previous work (Walker, 1988), it was initially
thought that there was a very limited number of pyroclastic
flow deposits in the Fogo A pumice and that it would be
possible to map each of them separately from proximal to
distal areas in order to study how the characteristics of an
individual deposited flow layer changed at different
distances from the vent and under different depositional
conditions. However, in the field, it guickly became
apparent that there are too many of the pyroclastic flow
deposits with similar appearances to make this feasible. The
previously mentioned variability in thickness and degree of
stratification made proximal to distal correlation of
individual deposits impractical. Thus, facies changes in the
whole suite of thin pyroclastic flow deposits were studied.
Figure 2.8 shows the number of thin pyroclastic flow deposits
at each site, while figure 2.9 shows the total thickness of
all the flow deposits at each site. To obtain the number of
deposits at each location, a deposit was considered to be

from a single flow unless there was an intervening fall
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Figure 2.8. Number of intraplinian deposits found at each site. The isopleths indicate
the regions containing one, two, and four or more intraplinian deposits. The dotted

portion of the isopleth indicates a lack of data in that region.
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deposit. Note also that for some sites, where the complete
section of light colored pumice was not exposed, the values
on figures 2.8 and 2.9 are minima. Only the figure showing
the number of thin deposits was contoured as the thickness 1is
too variable and is greatly affected by any localized ponding
of the deposits. Based on the isopleths, and assuming that a
flow leaves a continuous deposit from its source to its
terminus, the flows appear to have moved down the volcano
with lobate fronts, possibly as perturbations on one large
flow front, or as separate elongate lobate flows.

As previously stated, correlation of the flow deposits
between different sites is difficult. 1In addition to the
uniform appearance of the flow deposits, the fall deposit
lacks persistent stratigraphic horizons to aid in the
correlation of the flow deposits. There are two distinctive
fine, grey, ash layers near the bottom of the Fogo A fall
deposit, but as they occur below all the flows, they are not
useful for correlating the flows. At some localities the
pumice fall grades from finer to coarser or from fewer to
more abundant lithics. These changes , however, are not
persistent enough for correlating the flows over large
regions. The flow deposits are only readily correlated
between sites that are located near each other in the same
lobe, and have similar numbers of layers and thicknesses.
(Details of the sections from which samples of the flow

deposits were collected are in Appendix A)
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Granulometric and Component Analysis

Granulometric analysis was carried out on all the
samples collected. The samples were sieved down to 1/16 mm
using standard metric sieves having a one phi mesh interval.
All material less than 1/16 mm is hereafter referred to as
"fines". In addition, component analyses were performed on
each size class down to 1/4 mm for many of the samples. This
was done by hand picking pumice, lithic, and crystal
components from splits of the class samples under a
stereoscopic binocular microscope, and weighing the resulting
separates. The granulometric and component analysis data are
tabulated in Appendix B. The cumulative weight percentages

were plotted on probability graph paper and from this Md and
09 (Inman, 1952) were derived. Although the findings of
Wilson (1981l) indicate that the Folk and Ward parameters are
more sensitive to grain size variations, the Inman parameters
are used as they require much less extrapolation of the data.
In those cases where extrapolation was necessary even to
derive the Inman parameters, it was done on a straight line
from the two or three smallest grain sizes.

For samples on which componentlanalysis were performed,
the crystal concentration factors (CCF) were also calculated.
The CCF is a modification by C.J.N. Wilson (1981) of Walker's
crystal enrichment factor (CEF) (Walker, 1972; Sparks and

Walker, 1977). The CEF expresses the enrichment of free

crystals in the deposit relative to the original magmatic
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content. The CCF accounts for all crystals, including the
pumice bound crystals, again relative to the original
magmatic content. The original magmatic crystal content 1is
obtained by crushing large pumice clasts, separating the
crystals and expressing the weight of the crystals as a
percentage of the original pumices. To calculate the CCF,
all pumice 2 4 mm is assumed to contain magmatic crystal
abundances, all pumice £ 2 mm is assumed to contain no
crystals, and all material £ 1/8 mm is assumed to be pumice
or vitric shards. The loose and bound crystals are expressed
as a percentage of the pumice plus crystals and divided by
the original magmatic crystal content to obtain the CCF.

The predominantly fine grained and rather poorly sorted
flow deposits described here contrast markedly with the
coarse and well sorted plinian fall deposits that constitute
most of the Fogo A. There is evidence that several distinct
types of fine deposits occur. In one type, termed here a
"bimodal bed"™, the coarse pumice extends uninterrupted and
retains its coarse, clast supported fabric through the bed
and differs from the normal plinian pumice fall only in
containing additional interstitial pink-colored fine ash.
Granulometric analyses of these beds comprise two
populations, one of coarse pumice and the other of fine ash.
The interpretation is that such beds resulted when fine ash,

likely falling from nearby pyroclastic flows, fell
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synchronously with coarse pumice and was incorporated into
the plinian pumice fall.

As the flows~display diverse features at different sites
(some are homogeneous, others stratified, others graded), it
was decided that the most systematic way to compare the
sample data from different sites was to look first at data
representative of the entire individual flow thickness at
each site. Also, in the following analysis, the deposits
identified as having a strongly bimodal grain size
distribution, and which thus may be a genetically different
type of deposit, were not included.

The data were divided into three categories: 1)
homogeneous channel samples are the channel samples collected
through the entire thickness of homogeneous deposits. 2)
Stratified samples are the channel samples collected through
each of the various layers. To investigate the bulk
properties of the stratified flows it is necessary to obtain
parameters that are representative of the whole flow rather
than of individual layers. The parameters (median grain
size, sorting, weight percent less than 1 mm and 1/16 m, and
crystal concentration factors) were calculated for each
layer, then the averages, weighted by the thickness of each
layer, were taken. For some of the data the weights for the
averages are known precisely, but for others the thickness of
each layer was estimated from field notes. 3) Spot samples

taken from the thickest flows are assumed to be
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representative of the whole flow., This treatment ensures
that data from the homogeneous flows, stratified flows and
thick flows are comparable. The results of the granulometric
and component analyses, together with the distance from vent,

slope, and thickness information, are in tables 2.2 to 2.4.

Flow versus Surge

As discussed above, the thin deposits fit most of the
criteria for pyroclastic flow deposits. However, they do on
occasion display dune bedding, which is usually taken as
indicative of pyroclastic surge deposition (Fisher, 1979;
Wright, et al., 1980; Cas and Wright, 1987). Conversely,
investigation of the Taupo ignimbrite has shown both dune
bedding and lee-side pumice lenses can occur locally in
pyroclastic flows (Wilson and Walker, 1982; wilson, 1985).
There are thus three possible interpretations of the Fogo A
thin deposits. One, they are actually pyroclastic surge
deposits showing both massive and dune bedded facies. Two,
they were deposited from a density current which was
transforming from a flow to a surge and back. Or three, they
were formed by pyroclastic flows, in which the dune formation
was an integral part of the pyroclastic flow and formed in
response to the pre-existing topography. The first case can
be eliminated as figures 2.10 and 2.11 show that both the
plots of bulk flow median grain size versus sorting and Fl

versus F2, where Fl is weight percent less than 1 mm and F2
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Table 2.2
Site information and results of the granulometric and component analyses
for the homogeneous deposits

Site Sample Distance slope thickness Md G OCF Fq Fo
in km in ° in cm
22 1 4.25 15 12 -0.1 2.8 2.848 48.74 12.74
2 4.25 15 39 0.3 3.8 2.213 54.35 19.92
29 1 5.47 4 7 1.3 3.5 1.683 69.67 23.34
32 1 6.2 16 3 5.2 0.833 64.71 42.25
3 6.2 15 2.4 3.4 1.603 82.64 32.3
36 ave. of 3.8 18 10 -0.4 2.25 2.577 43.57 5.58
1-2
37 1 3.65 16 16 0.8 3 2.828 63.05 17.23
38 1 4.77 2 5 2.9 3.9 1.129 81.66 40.6
40 1 5.53 8 8 2.8 3.6 1.119 84.42 38.61
41 1 3.43 33 1 3.2 2.02 49.52 15.66
2 3.43 19 1.1 2 3.146 73 12.25
3 3.43 6 2.6 2.2 1.604 93.7 29.25
53 1 4.95 5 34 2.1 3.8 1.59 79.69 32.13
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Table 2.2. Continued
Site Sample Distance slope thickness Md Go CCF F1 Fo
in km in ° in cm ,
56 4 3.9 22 0.3 2.4 2.674 55.76 10.25
9 3.9 7 0.8 3.7 1.787 59.13 21.51
59 3 2.97 13 25 0.1 2.5 2.466 48.22 10.99
4 2.97 13 20 0.9 2.3 2.54 66.41 13.84
60 1 2.45 22 0.4 2.8 2.474 58.07 15.33
3 2.45 35 0.4 2.6 2.702 58.61 13.69
61 1 7.35 5 1.2 3.8 1.656 66.6 20.47
63 1 5.23 6 0.6 3.2 1.6 57.31 19.76
2 5.23 7 0.8 4 1.677 58.61 22.87
G86-26  ave. of 4.15 13 45 0.6 2.8 60.83 15.23
27-30

G86-22 37 4.25 14 0.9 2.25 66.94 8.53
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Table 2.3
Site information and results of the granulometric and component analyses
for the straified deposits

Site Sample Distance slope thickness Md Co CCcF F1 Fo
in km in ° in_cm
12 ave. of 6.15 65 2.2 3.8 73.27 32.36
2-3
19A ave. of 5.45 8 16.5 0.2 2.1 47.6 9.65
5-9
42 ave. of 4.95 9 11.5 3.1 3.6 83.39 39.2
1-5
56 ave. of 3.9 63 -0.5 4.1 41.91 15.6
1-3
ave. of 3.9 40 -1.1 2.6 33.47 8.74
5-8
59 5 2.97 13 37 -0.6 2.5 1.541 41.51 10.77
67 ave. of 5 40 -0.8 3 41.51 12.23
2-4
G86-12  ave.of 6.15 29 2.9 3.4 76.78 38.96
11-13
G86-19 ave.of 5.6 11 20 0.16 2.75 2.517 51.24 9.82
14-16
G86-28  ave.of 3.83 9 25 0.12 2.55 56.16 14.11

19-23
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Table 2.3. Continued

Site Sample Distance slope thickness Md o) Fi Fo
in km in ° in cm
G86- ave. of 5.2 10 1.05 2.5 67.02 14.23
101 38a-38b
G386- ave. of 4.25 5 150 -1.75 3.1 31.01 7.91
102 42-43
G89-19 ave.of 5.6 17 32 -0.85 3.1 50.65 16.05
19-20
G89-79 ave. of 3.05 17 100 -1.25 2.94 37.75 12.1
21-24
G89-69  ave.of 4.65 14 5 0.9 2.3 65.07 12.67

29-30



Table 2.4
Site information and results of the granulometric and component analyses
for the thick deposits

8E

Site Sample Distance slope thickness Md Oo CCF Fq Fo
in_km in_° in_cm
12 4 6.15 500 -2 4 1.508 40.02 16.46
55 1 5.47 260 -1.5 2.6 2.191 33.5 10.07
8 5.47 130 -1.1 4.2 1.681 39.8 16.2
9 5.47 130 -1.1 4.3 1.652 39.5 15.21
ave. of 5.47 370 -0.4 4.6 1.94 46.99 20.73
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Figure 2.10. Grain size characteristics of pyroclastic flows and pyroclastic

surges (after Walker, 1983). Md and G@ are the Inman parameters for the median

grain size and sorting respectively. F1l and F2 are the weight percentages less

than 1 mm and less than 1/16 mm respectively.



(-2 B N Y

40

T M N

wn

0ol 08 09 ov 0c 0 S v € ¢ + 0 } ¢ ¢
Av\- T T \L/ ] L ¥ ll-\\\.\\\ Q T T T ] 1 ¥ T L)
- ' — —_—— \\\\‘l..\.\\ lllllll

7 —==IZZ="-7 ot [SEEEEE IS IS
- - T T R T e 0
14 T \\\M\\ e AN
/ e - 02 Al 8~ L 3
! 7 W -7/ /
r4 \P N — .
/] s o //.I.!.I/-I “.HHH\..!I\W\—\\
;e ] o'? N
\\“\ Jov ~-
L.
Ve
4 4 0§
09
sabing onseoolid
g PN
00t 08 09 ov 02 0 s v € ¢ + 0 V- ¢ ¢t
| I RS NN e gt N N A S 0 T S B B
- .\\\\\\\\.\.h.\/ = ) \a /
\\\\\\\\\ } \\\\\ 401 —_——
o0 / \\\\\\\\ . \ﬂ\HH/UHHII
RN T 1 0z TR
L/ — Sado OO ~a >~
- 4 \\l‘\\ -~ /// \ ll\u//////
\ - - N \ ~
c \_-ve S Rt 408 T AR s Ny e
’ o N AR SR T RN
T - ov AN
\\s -1 Om S~
/
oy
sl 09

SMO| o11seo0lAy




7
6-
5j .
i . °
4 - °® 4 °
s oo o 20
o] N ve’ %
3 ° eece®
1 ‘°0<J?‘o
24 ME SR ¢
1-
o 13 | L A L L | A N
-5 -4 -3 -2 -1 0 1 2 3 4 5
Md
b)
60
50']
°
40]‘ .’.
w30 - © o
) °
20 A 03‘00
So @ 00
10 - t 3,0
J R
°
0 e e
0 20 40 60 80 100
Fy

Figure 2.11.

versus F2 for the Fogo A intraplinian deposit data

(homogeneous,

(a) Median grain size versus sorting and

stratified and thick deposits).
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is weight percent less than 1/16 mm, are more consistent with
a pyroclastic flow origin rather than a pyroclastic surge
origin. Note that figure 2.11 includes data from the thin
homogeneous flows, the bulk average of the stratified and
cross-bedded flows, and the thick flows. These data are
indistinguishable. The second case can also be eliminated.
Figures 2.12 and 2.13 show the median grain size versus
sorting and Fl versus F2 plots for the homogeneous flows and
the bulk flow average of the stratified and cross-bedded
flows. As can be seen, although there are slight
differences, they both plot in fields most consistent with a
pyroclastic flow origin. Furthermore, plotting median grain
size versus sorting and Fl versus F2 for individual beds in
the flow units (Figure 2.14) shows that the individual beds
also plot in a region more consistent with a pyroclastic flow
origin. Thus it seems most likely that the thin Fogo A
intraplinian deposits had a pyroclastic flow origin and the
occasional dunes developed as a pyroclastic flow facies
related to the pre-existing topography. Two aspects of the
topography may have contributed to formation of dune bedded
variants: the overall steep slopes (up to 18° and the

surface roughness.

Pyroclastic Flow Facies
Given the pyroclastic flow origin of the Fogo A

intraplinian deposits, they can also be interpreted in terms
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of different pyroclastic flow facies. Three facies are
considered: "normal" ignimbrite, ignimbrite veneer deposits,
and fines depleted ignimbrite. The homogeneous thin
deposits, stratified deposits and the thick deposits are
interpreted in terms of the above facies.

The "normal"” ignimbrite characteristics were discussed
above.

Ignimbrite veneer deposits were identified in the Taupo
ignimbrite (Walker, et al., 1981; Wilson and Walker, 1982).
They are thin layers which mantle the topography and have the
broad characteristics of an ignimbrite basal layer. Sparks
(1976) identified a basal layer that commonly occurs as part
of an ignimbrite. The basal layer is finer than the
overlying ignimbrite due to a lack of coarser clasts. He
attributed the lack of coarse clasts to their upward
migration and interpreted the basal layer as a zone of strong
shearing with segregation of larger clasts due to grain-grain
interactions. As the maximum clast size and content of
coarse clasts in veneer deposits are lower than in associated
valley ponds, Wilson and Walker (1982) proposed that
ignimbrite veneer deposits represent a basal layer deposited
by the trailing end or "tail" of a pyroclastic flow.

There are several types of fines depleted deposits known
to occur in association with ignimbrites, but one in
particular will be considered here. This type of fines

depleted ignimbrite was identified as a variant in the Taupo
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ignimbrite which had grain size characteristics similar to
"normal” ignimbrite, but with a severe depletion of the
vitric fraction finer than about 1 mm (Walker, et al., 1980).
The fines depleted ignimbrite was interpreted as being
deposited from the head of the pyroclastic flow where large
amounts of air were being ingested into the flow, causing
material to be jetted out in front of the flow as the air
rapidly heated and expanded. These deposits are stratiform
and sometimes weakly cross-bedded.

The plots of median grain size versus sorting and Fl
versus F2 are presented in figures 2.15 and 2.16. Comparison
with figure 2.17 shows that none of the three groups,
homogeneous, stratified and thick deposits, plot in the fines
depleted region. In an attempt to discriminate between
possible veneer deposits and "normal" ignimbrite deposits,
the equality of the group means of the median grain size and
sorting was tested. The means are given in table 2.5. As
ignimbrite veneer deposits lack the coarse pumice component,
their median grain size should be smaller and their sorting
should be better than in "normal” ignimbrite. At a 5%
significance level, the mean of the median grain size was
different for each group, with the homogeneous deposits
having the smallest and the thick deposits having the largest
mean median grain size. At a 5% significance level, the
means of the sorting parameter for the homogeneous and

stratified flows are statistically indistinguishable, but the
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Figure 2.15. Median grain size versus sorting for (a) homogeneous,

and (c) thick deposits.

(b) stratified
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Figure 2.16.

deposits.

Fl versus F2 for (a) homogeneous,

(b) stratified and (c) thick



1§

a) b)

60 60
50 50
| ] ®
40— ® © 40" ..
| [ X 3
30 - ¢ w30 - .
1 ®
20 - 20 - ..‘ ®
i . P . . E ® ‘...
L) ®
10 4 ..’ Py 10 S 8 ® .
. E ®
0 — L T T T T Y L 0 T T v T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
F F1
c) !
60
J
50 4
40
30 A
20 4 °
: 8
10 1 *
0 T T T T T T T T T
0 20 40 60 80 100



Zs

Figure 2.17.

Grain size characteristics of pyroclastic flows and fines depleted

flows (after Walker, 1983).
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Table 2.5.

Means, Hmg and Hg, ©f the median grain size and sorting for
¢

the three deposit types.

homogeneous stratified thick

deposits deposits deposits
Hma 1.1 0.3 -1.2
Hog 3.1 2.6 3.9
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mean of the thick deposits is statistically different and
larger indicating poorer sorting. This implies that the
homogeneous and stratified deposits may both have been
deposited from the tail of the pyroclastic flow, with
topographic variations controlling the presence or absence of
stratification and bedding, while the thick deposits may have
been deposited from the main body of the pyroclastic flow
coming to rest en masse or ponding in topographic

depressions.

Interpretation of Emplacement Processes

To investigate the granulometric and component
properties under different depositional conditions, linear
regressions of the variables as well as analyses of variance
(ANOVA) of the regressions were computed. The ANOVA tests
whether the linear regression is significantly different from
zero. Plots of the data are shown in figures 2.18 to 2.22
and the ANOVA tables are presented in tables 2.6 to 2.18.
Only those regressions significant at the 5% level are
included in the interpretation.

A few points must be kept in mind when interpreting the
data. First, although treated as a single data set, note
should be taken of which categories systematically contain
missing values. For instance there are no ground slope data
for the spot samples. Although slopes could be approximated

from topographic maps, these would not be comparable to the

55



Md

49 y=301-175x  RZ?=-o041

-5 v ; r r .
0 1 2 3

log(Thickness in cm)

Figure 2.18. 1log(thickness) versus median grain size for all
the deposit types (homogeneous, stratified, and thick), where

deposit thickness is in centimeters.
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Figure 2.19. Median grain size versus F2 for all deposit

types (homogeneous, stratified, and thick).
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Figure 2.22. (a) F2 versus CCF,

(b) sorting versus CCF, and (c) sorting versus F2

for all deposit types (homogeneous, stratified, and thick).
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Table 2.6

ANOVA for the Md versus log(thickness) regression. d.f. is

the degrees of freedom, SS is the sum of squares, MS is the

mean square, F is the F ratio and p is the probability of the
slope of the regression being zero.

Source |  4.f. ss MS F P
regression 1 33.065 33.065 28.623 0.000
residual a1 47.363 1.155

Table 2.7

ANOVA for the Md versus weight percent fines regression.

Source | d.f. ss MS F P
regression 1 2832.610  2832.610 83.087 0.000
residual 42 1431.86 34.092

Table 2.8

ANOVA for the Md versus distance from the vent regression.

Source |  d.f. ss MS F P
regression 1 3.339 3.339 1.817 0.185
residual 42 77.212 1.838

Table 2.9

ANOVA for the weight percent of fines versus distance from
the vent regression.

Source I d.f. SS MS P )
regression 1 832.750 832.750 10.192 0.003
residual 42 3431.720 81.708

Table 2.10

ANOVA for the Oy versus distance from the vent regression.

Source | d.f. SS MS F P
regression 1 7.379 7.379 18.21 0.000
residual 42 17.019 0.405
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Table 2.11

ANOVA for the ccf versus distance from the vent regression.

Source | d.f. SS MS F P
regression 1 3.293 3.293 13.951 0.001
residual 27 6.373 0.236

Table 2.12

ANOVA for the Md versus slope regression.

Source I d.f. SS MS E P
regression 1 8.494 8.494 6.193 0.022
residual 19 26.062 1.372
Table 2.13
ANQVA for the weight percent of fines versus slope
regression.
Source I d.f. SS MS E P
regression 1 748.135 748.135 8.965 0.007
residual 19 1585.562 83.451
Table 2.14

ANOVA for the Op versus slope regression.

Source | d.f. SS MS F P
regression 1 1.615 1.615 6.002 0.024
residual 19 5.113 0.269

Table 2.15

ANOVA for the ccf versus slope regression.

Source |  d.f. ss MS F P
regression 1 2.791 2.791 16.508 0.002
residual 10 1.69 0.169
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Table 2.16

ANOVA for the ccf versus weight percent of fines regression.

Source |  d4.f. ss MS F P
regression 1 5.579 5.579 36.851 0.000
residual 27 4.088 0.151

Table 2.17

ANOVA for the ccf versus Oy regression.

Source |  4q.f. Ss MS F P
regression 1 4.730 4,730 25.873 0.000
residual 27 4,936 0.183

Table 2.18

ANOVA for the weight percent of fines versus Op regression.

Source |  a.f. Ss MS F P
regression 1 1518.368 1518.368 23.223 0.000
residual 42 2746.102 65.383
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slopes measured in the field. The slopes measured in the
field are a small scale effect, while the slopes measured
from topographic maps would be a larger or more regional
effect. This may introduce errors in the analysis if there
are, as seems possible, systematic differences in the three
data groups. Second, in a similar manner, although the data
from thick flows were included in the analysis by distance
from the vent, the thick flows are biased with respect to
distance as they are from only two sites. Due to this
biasing, the ANOVA was run for two cases whenever distance
was one of the variables, once with and once without the spot
data included. 1In only one case did this result in a change
in the significance of the fit, and this case will be
discussed in the interpretation. Third, there is a complex
interrelationship among all the variables. The
interpretation presented is consistent with the present data,
but the limited nature of the data set must be kept in mind
while making any interpretation of the data.

The regression of median grain size with distance was
the only regression whose significance changed when including
the spot data. 1In this case, since median grain size is
strongly a function of thickness (Figure 2.18), it was
decided that including the spot data in the distance
regression would bias the data set. The interpretation will
thus be based on the regression which did not include the

spot data and which was significant at the 5% level.
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Median grain size and weight percent of fines are
closely related as shown in figure 2.19 and they trend to
smaller grain size (larger positive phi) and greater
percentages of fines at larger distances from the vent
(Figure 2.20a and 2.20b). There are three known processes
that could contribute to this variation pattern:
elutriation, deposition, and comminution. Elutriation tends
to reduce the amount of fines with distance, thus increasing
the median grain size, and is a process that has been
observed during emplacement of many pyroclastic flows (Smith,
1960; Moore and Melson, 1969; Nairn and Self, 1978; Hoblitt,
1986) and inferred from field and modal studies of others.
In contrast, comminution and deposition both tend to reduce
the mean grain size with distance, thus increasing the amount
of fines. Comminution is the breaking up of larger clasts
into finer particles during flow, thereby decreasing the
content of coarser clasts and increasing the content of
fines. Deposition results in deposition of the coarser
fragments closer to the vent, while the finer grain sizes,
which require less energy to transport, are carried further.
This implies larger energies and thus higher velocities
closer to the vent. Such a regime would also lead to better
sorting closer to the vent as seen in figure 2.20c. Such
velocity controlled deposition must occur to some extent as
the crystal concentration factor (CCF) is observed to

decrease with distance from the vent (Figure 2.20d). The
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calculation of the CCF, as discussed earlier, accounts for
both bound and loose crystals. Therefore, if fines are being
lost through elutriation, without velocity controlled
deposition, the CCF should increase with distance. B2ll three
effects are probably acting simultaneously, but the decrease
in median grain size and the increase in fines with distance
indicates that velocity controlled deposition and/or
comminution are dominating over elutriation on a regional
scale.

There is a fourth effect which may influence median
grain size, weight percent of fines, and the CCF. The
variation of these parameters with distance could be
accounted for by changes in the eruption and magma conditions
if the distal to proximal deposits represent material from
earlier to later eruption times. The effect of eruption
conditions can be tested by examining the relation of median
grain size, weight percent fines, and CCF with slope. If
these parameters are controlled by velocity, going from
steeper to shallower slope should have the same effect as
going from proximal to distal regions. If the relationship
of the parameters with distance are due to changes in
eruption conditions, no relationship with slope is expected,.

As can be seen in figure 2.21, slope does exert an
influence as median grain size increases, amount of fines
decreases, sorting improves, and crystal concentration

factors (CCF) increase with increasing slope. This is also
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consistent with higher CCF with fewer fines, higher CCF with
better sorting (lower ), and better sorting with fewer fines
(figure 2.22). There are two mechanisms which can produce
these relationships. One mechanism, closely linked to
elutriation, requires an abrupt change in slope where the
flow loses contact with the underlying surface. During this
interval, the turbulence can scatter the fines from their
trajectories, resulting in a coarser grained, heavies
enriched deposit (Johanson, 1978). The other mechanism is,
once again, velocity controlled deposition. On steeper
slopes the velocity tends to increase, increasing the ability
to transport larger or heavier fragments. Thus only the very
largest clasts or the heavy components were deposited on
steep slopes. This results in a coarser, fines poor, crystal
enriched, well sorted deposit. The increase in velocity on
steeper slopes is also supported by field observations that
greater variations in flow thickness, better grading, and
dune bedding tend to occur more often on steeper slopes. The
effect of slope suggests that changes in eruption conditions
at the vent were not a significant factor in producing the
characteristics of the deposit.

Median grain size also increases with increasing
thickness of the deposit. One mechanism which may account
for this trend is that when the deposits are ponded, all the
material transported up until that time is deposited at once.

The sorting should then become poorer with increasing
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thickness. 1In the present data set, however, sorting does
not have a significant linear trend with log(thickness) and
cannot be used to confirm the plausibility of this mechanism.

Although the other effects such as elutriation and
comminution may be operating, the one mechanism underlying
all these trends is velocity-controlled deposition. However,
determining how the velocity varied is non-trivial. As is
evident by inspection of the regression lines, the effects of
distance and slope are often comparable. The effects of
slope and distance from the vent on the dependent variables
can be interpreted as due to localized effects or effects of
the distance traveled. This is further complicated by the
relationship between slope and distance (Figure 2.23 and
Table 2.19), where the regression between the two is
significant at the 5% level. At this time, with the current
data set, it is not possible to determine which effect

dominates.

Generation of the Flows
Carey et al. (1988) have experimentally determined four
types of collapse behavior which generate density currents
and are applicable to pyroclastic density currents (Figure
2.24). Since the pyroclastic flows are interbedded in the air
fall deposit and the latter appears identical immediately
below and immediately above each flow deposit, complete

collapse of the plinian column probably did not occur.
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Table 2.1¢

ANQVA for the distance versus slope regression.

Source |  a.f. SS MS F p
regression 1 88.149 88.149 4,802 0.041
residual 19 348.804 18.358
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Therefore, type 3 and 4 collapse of Carey et al. (1988),
which have either no plinian column or wholesale collapse of
the column respectively, are unlikely. Either type 1 or 2
collapse may have produced the Fogo A intraplinian
pyroclastic flows. Each type of collapse is capable of
accounting for some aspects of the deposits, but fails to
account for others. Type 1 collapse begins after the plume
has been established and flows are generated around the
entire plume circumference. This may account for the radial
distribution of the pyroclastic flows. However, observations
of this type of collapse at Soufriere in April 1979 and
discussions with people overrun by the flow indicate that the
flow had a low temperature and produced only extremely thin
fine ash deposits (Carey, et al., 1988). At least some of
the Fogo A intraplinian ignimbrites were emplaced at high
temperatures, as evidenced by their thermal coloration, and
the deposits are not solely ash. Type 2 collapse occurs when
the plume density is close to, but higher than, the ambient
air. The plume collapses asymmetrically in an arbitrary
direction. However, once collapse occurs the direction is
maintained. This type of collapse can account for the lobate
isopleths in figure 2.8. However, the distribution of the
flows in all directions from the vent may be hard to account
for with this type of collapse unless the column repeatedly

collapsed and reestablished itself in short time intervals.
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Conclusion

The thin Fogo A intraplinian deposits fit most of the
criteria for pyroclastic flows. The deposits generally, but
not always, lack well-developed internal stratification.
They contain occasional fossil fumarole pipes as well as
occasional carbonized plant material. Their grain size
characteristics are most consistent with a pyroclastic flow
origin. More specifically, the thinner deposits, both
homogeneous and stratified, may be derived from the tail of
the pyroclastic flow, while the thicker deposits may
represent the body of the flow coming to rest or ponding in
topographic depressions.

Many of the granulometric and crystal content
characteristics of the flows may have been controlled by
velocity, with changes in eruption and magma conditions
having negligible effects. Both the overall regional
decrease in velocity and local fluctuations in velocity due
to slope apparently influenced the deposition regime. This
seems to argue against the entire flow being deposited en
masse and in favor of continuous deposition from the flow for
the thinner deposits. This type of deposition also suggests
that particle concentration low enough that vertical
movement, and thus preferential deposition by downward
migration, of the larger pumices was not inhibited. A high
particle concentration would also imply a high matrix density

which would lead to flotation of the pumices rather than
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deposition. Possible generation mechanisms for the flows are
collapse of the plume circumference and asymmetrical collapse

of the column.
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CHAPTER 1III

A COMPARISON OF PYROCLASTIC FLOW AND DEBRIS

AVALANCHE MOBILITY

Abstract

Many pyroclastic flows have runout distances longer than
expected from basic frictional arguments. In these cases,
the ratio of the height descended, H, and the runout, L, are
as small as ~0.2, a feature which has been attributed to
fluidization. However, significant fluidization is now
considered unlikely during emplacement of debris avalanches,
where H/L and volume are inversely related. 1In this chapter
I determine whether pyroclastic flows are more mobile than
debris avalanches of the same volume and if different
emplacement mechanisms are needed to describe their runout.
H/L and volume data were compiled for 34 non-volcanic and 40
volcanic debris avalanche deposits, as well as 15 pyroclastic
flow deposits. Systematic differences in the volume versus
H/L plots were explored by statistical analysis. Results
show an inverse relationship between H/L and volume for both
non-volcanic and volcanic debris avalanche deposits, as
expected, and also for pyroclastic flow deposits. Regression
lines for plots of pyroclastic flow and volcanic debris
avalanche data are statistically indistinguishable and the

non-volcanic debris avalanche line is parallel to the other
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two. I argue that the non-volcanic and volcanic debris
avalanche differences are due to material properties, rather
than emplacement mechanisms. Therefore, since pyroclastic
flows and volcanic debris avalanches are indistinguishable,
it is unlikely that pyroclastic flows have a significantly
different primary emplacement mechanism. I conclude that,
based on the data to hand, it is unnecessary to invoke gas
fluidization to explain the mobility of the types of
pyroclastic flows examined or the excess runout of large

volume debris avalanches.

Introduction

Pyroclastic flows are noted for their ability to travel
long distances. When discussing their mobility, a concept
developed by Heim to study debris avalanches or sturzstroms
has been used (Sparks, 1976; Nairn and Self, 1978; Beget and
Limke, 1988). Using simple frictional arguments, the
vertical height the material descends, H, and the horizontal
runout distance, L, are related by H/L =0.6 (Hsi, 1975).
However, pyroclastic flows often have H/L values as small as
=0.2 or less, and these low values have been attributed to
gas fluidization (Sparks, 1976). Although some debris
avalanches also have lower than expected H/L values, air
fluidization, in either the body of the avalanche or as a
lubricating layer at the base, is now considered unlikely to

be a significant factor in their emplacement (Shreve, 1968b;
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Hsii, 1975; Hsii, 1978; Voight and Pariseau, 1978; Erismann,
1979; Melosh, 1986; Melosh, 1987; Campbell, 1989). Debris
avalanches also display an inverse relationship between H/L
and volume (Hsii, 1975; 1978).

I propose two possibilities, namely (1) that pyroclastic
flows may be inherently more mobile than debris avalanches
and it may then be necessary to invoke a different
emplacement mechanism for them, or (2) pyroclastic flows with
low H/L values may simply be more voluminous than debris
avalanches and continue the same trend to smaller H/L values.
In this study, I examine both volume and H/L data for
pyroclastic flows to determine if they are in fact more
mobile than debris avalanches of similar volume, thus testing
whether gas fluidization is a significant element in
explaining the mobility of pyroclastic flows. I have limited
my attention to pyroclastic flows and debris avalanches where
gas or air, and not liquid water, was the continuous phase,
thus I have deliberately excluded lahars, mudflows, and
submarine pyroclastic flows and avalanches. One of the
pyroclastic flows included in the study is of Wilson's type 2
(Wilson, 1980), while the remainder of the flows are type 1.
Type 1 flows show levees, channels, and lobate flow fronts
and correspond to vertical gas velocities less than the
velocity necessary for initial expansion of the bed. Type 2
flows show coarse tall grading, well developed basal layers,

and slightly concave surfaces and correspond to vertical gas
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velocities between the velocity necessary for initial
expansion of the bed and the velocity at which the maximum
pressure drop across the bed occurs. Due to lack of data, I
have not included any type 3 flows which have the highest
vertical gas velocities and are the most expanded type of

pyroclastic flows.

Background

The simplest model of mass movement is a block sliding
down a rough plane. In this case, the frictional force is
WN, where M is the coefficient of friction and N is the
normal force of the block on the plane. The coefficient of
static friction can be measured by increasing the angle of
the plane until the block begins to slide. At that angle,
the gravitational force down the plane, mgsing, equals the
frictional force, umgcos®. Thus tand is the coefficient of
static friction (Figure 3.1). Similarly, the coefficient of
static friction for an assemblage of cohesionless grains is
the angle of repose, which is about 33° for most sands
(Bagnold, 1966). This translates into a static coefficient
of friction of tan =0.6 . When the grains are actually in
motion, the coefficient of dynamic friction is the relevant
quantity. This coefficient is slightly less than, but at
high deformation rates approaches, the coefficient of static

friction (Hungr and Morgenstern, 1984).
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= tana = coefficient of friction
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N =mg(cosa)

T =mg(sina)

Figure 3.1. Coefficient of friction for a block sliding down an inclined plane.

is the normal force and T is the tangential force.
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This simple model leads to the following energy
requirements. Figure 3.2 shows the initial and final
positions of the block; all the energy is initially
gravitational potential energy and during emplacement it is
completely dissipated by friction. Setting these two equal
gives

mgH = pmgcosox, + umgL, (3.1)
since

cosa=1L/x, (3.2)
substituting and canceling gives

H=puL +pulL,=ulL,, (3.3)
or

u=H/L, (3.4)

Note that this argument is independent of mass, and,
with this model, the coefficient of friction should be the
same for both large and small pyroclastic flows and debris
avalanches.

Previous studies of pyroclastic flows have plotted H
versus L on a log-log basis (Sparks, 1976 ; Beget and Limke,
1988). Although the inverse relationship between H/L values
and volume for debris avalanches is well documented and some
small pyroclastic flows are documented as NOT being more
mobile than debris avalanches (Nairn and Self, 1978), no
systematic study has been conducted to study H/L as a

function of volume for pyroclastic flows.
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Initial position

X4 Final position

L1 I-2

Figure 3.2. Geometry of initial and final positions for the energy argument of a

block sliding down an inclined plane.



Proposed mechanisms to explain the mobility of large
debris avalanches have included trapped air cushions beneath
the debris avalanche (Shreve, 1966; Shreve, 1968a; Shreve,
1968b) and fluidization by the escape of trapped gases (Kent,
1966). However, these mechanisms are no longer thought to
play a major role in the emplacement of debris avalanches
{(Shreve, 1968b; Hsii, 1975; Hsi, 1978; Voight and Pariseau,
1978; Erismann, 1979; Melosh, 1986; Melosh, 1987; Campbell,
1989). 1If pyroclastic flows of a given volume have a H/L
value similar to debris avalanches of the same volume, it is
probably unnecessary to invoke a primary emplacement
mechanism, gas fluidization, that is different from debris

avalanches.

Data

I have compiled the best constrained H/L and volume data
for debris avalanches and pyroclastic flows, and further
divided the avalanches into volcanic and non-volcanic groups
(Tables 3.1-3.3). Figure 3.3 shows plots of log(volume)
versus log(H/L) and the linear least squares regressions for
the three different categories of deposits. All three plots
show an inverse relationship between H/L and volume. Note
that volume is plotted instead of mass since the energy
argument in the previous section is actually independent of
either and volume is usually the better constrained

parameter.
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Table 3.1

Non-volcanic debris avalanches from Voight and Pariseau,

1978; Ui, 1983; Plafker and Ericksen, 1978,
locality H in km L in km H/L Vol. in km3
Blackhawk 1.2 9.6 0.13 0.28
Corno di Dosde 1.2 3.7 0.32 0.02
Deyen, Glarus 0.74 6.6 0.11 0.6
Diablerets 1.9 5.5 0.34 0.05
Disentis 0.74 2.1 0.36 0.015
Elm 0.71 2.3 0.31 0.01
Engelberg 1.6 7.4 0.22 2.75
Fernpass 1.4 15.6 0.09 1
Flims 2 15.6 0.13 12
Frank 0.87 3.5 0.25 0.03
Glarnish 1.9 7.5 0.25 0.8
Goldau 1.2 6 0.21 0.035
Gros Ventre 0.56 3.4 0.17 0.038
Huascaran,1962 0.22 0.013
Huascaran,1970 0.21 0.075
Kandeltal 1.9 9.9 0.19 0.14
Maligne Lake 0.92 5.47 0.17 0.5
Medicine Lake 0.32 1.22 0.26 0.086
Madison 0.43 1.6 0.27 0.029
Mombiel 0.37 0.8 0.47 0.0008
Obersee GL 1.8 5 0.36 0.12
Pamir 1.5 6.2 0.24 2
Poshivo 1.5 4.1 0.36 0.15
Saidmarreh 1.5 18.9 0.08 20
Schachental 1.8 3.1 0.58 0.0005
Scimada Saoseo 1.5 5.5 0.27 0.08
Sherman 1.3 6.2 0.21 0.03
Siders 2.4 17.4 0.14 1.5
Tamins 1.3 13.5 0.095 1.3
Vaiont 0.5 1.5 0.34 0.25
Val Lagone 1.05 2.4 0.44 0.00065
Voralpsee 1.1 3.4 0.33 0.03
Wengen 1 0.5 1.1 0.45 0.0025
Wengen 2 0.59 1.4 0.42 0.0055
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Table 3.2

Volcanic debris avalanches from Ui, 1983; Siebert, 1984; Ui,
1986; Siebert,1987; Ramirez, 1988.
volcano name deposit name H in km L in km H/L Vol. in km3

Akagi Nashikizawa 2.4 19 0.13 4
Asakusa Migisawa 1 6.5 0.15 0.04
Asama Tsukahara 1.8 20 0.09 2
Bandai-san 1888 1.2 11 0.109 1.5
Bezymianny 1956 2.4 18 0.13 0.8
Callaqui 3.1 15 0.21 0.15
Chaos Crags 0.65 5 0.13 0.15
Chimborazo Riobamba 3.6 35 0.1 8.1
Chokai Kisakata 2.2 25 0.09 3.5
Colima 4 40 0.1 12.5
Egmont Pungarehu 2.6 31 0.08 7.5
| Egmont Opua 2.5 27 0.09 0.35
Fuji Gotenba 2.5 24 0.1 1.8
Galunggung 1.9 25 0.08 2.9
lriga 1.05 11 0.1 1.5
iwaki Tozurasawa 1.6 14 0.11 1.3
Komagatake Kurumizawa 1 11.5 0.087 0.25
Kurohime Nabewarigawa 0.8 6 0.133 0.12
Mageik 0.8 9 0.09 0.09
Mawenzi 4.5 60 0.08 7.1
Meru 3.9 50 0.08 15
Mombacho 1.3 12 0.108 1
Mt. St. Helens 1980 2.55 24 0.11 2.5
Myoko Sekikawa 2 19 0.105 0.8
Myoko Taguchi 1.4 8 0.175 0.23
Ovalnaya Zimina 2.4 17 0.14 0.4
Papandayan 1772 1.5 11 0.14 0.14
Peteroa 3.9 85 0.05 16
Popa 1.2 11 0.11 0.8
Popocatepetl 4 33 0.12 28
Shasta 3.55 50 0.07 26
Shiveluch 1964 2 12 0.17 1.5
Sierra Velluda 3.4 25 0.14 0.5
Socompa 3.25 35 0.09 17
Tashiro ltazawa 0.7 8.8 0.08 0.55
Tateshina Otsukigawa 1.4 12.5 0.11 0.35
Unzen 1792 Maeyama 0.85 6.5 0.13 0.34
Usu Zenkoji 0.5 6.5 0.077 0.3
Yatsugatake Nirasaki 2.4 32 0.075 9
Yatsugatake Otsukigawa 1.4 12.5 0.112 0.27
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Table 3.3

Pyroclastic flows from Moore and Melson, 1969; Rose, et al.,

1976~1977; Davies, et al., 1978; Nairn and Self, 1978; Moore

and Sisson, 1981; Ui, 1983; Hoblitt, 1986; Beget and Limke,

1988; Self, 1990.

volcano name deposit H inkm]L inkm H/L Vol in km3
Agung March. 1963 2.5 9 0.28 0.01
Agung May. 1963 3.3 11.5 0.29 0.01
Asama Kanbara 1.45 8 0.18 0.005
Chokai Qdaino 0.9 10 0.09 1
Fuego 1973, 2.2 7 0.31 0.0003
Hakusan 0.5 1.5 0.33 0.002
Katmai/Novarupta | VITS 25 0.04 11
Mayon 1969, 2.6 5 0.52 0.015
Mt St Helen's blast 1.96 28.5 0.07 0.16
Mt St Helen's 22 July (1) 1.7 6.5 0.26 0.003
Mt St Helen's 22 July (2) 1.2 5.9 0.2 0.003
Mt St Helen's 7 Aug. 1.2 5.7 0.21 0.004
| Ngauruhoe 0.4 0.000001
Santiaguito Sept. 1973 0.15 0.0001
Shirouma-OQike Kazefukidake 1 4 0.25 0.03
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Figure 3.3. Log(volume) versus log(H/L)
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If the fields in which the data fall are drawn on the
same plot (Figure 3.3d), it is apparent that there is much
overlap, as well as much scatter, within each field. To
investigate whether the three categories can be distinguished
statistically, first the significance of each regression was
determined, then the regression lines were statistically
compared to each other (Weisberg, 1985). The statistical
analysis is described more fully in Appendix C.

The probabilities of obtaining these regressions from
independent parent distributions are 0.5%, 0.02%, and less
than 0.01% for pyroclastic flows, volcanic debris avalanches,
and non-volcanic debris avalanches, respectively. Thus all
the regressions are statistically significant.

Next all three regression lines were simultaneously
tested for equality of slopes (parallel regression),
intercepts (concurrent regression), both slopes and
intercepts (coincident regression), and neither slopes nor
intercepts (unrelated regressions) (Weisberg, 1985). At a 5%
significance level, the hypotheses that the three regressions
are colncident or concurrent are rejected, but there is a
failure to reject the hypothesis that the regressions are
parallel. Although statistically one cannot say the
regressions are parallel, but only that one cannot say the
regressions are pot parallel, for ease of langquage, I will

henceforth call the regressions parallel.
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These tests establish that all three regressions are not
coincident, but two of the regressions may be coincident with
only one regression different. To investigate this
possibility, the same tests were applied to pairs of the
regression lines. When comparing volcanic and non-volcanic
debris avalanches at the 5% significance level, the
hypotheses that the regressions are coincident or concurrent
are rejected, but there is a failure to reject the hypothesis
that the regressions are parallel. Similarly, when comparing
pyroclastic flows and non-volcanic debris avalanches at the
5% significance level, the coincident and concurrent
hypotheses, but not the parallel hypothesis, are rejected.
However, comparison of the pyroclastic flow and volcanic
debris avalanche regressions results in a failure to reject
the coincident and concurrent hypotheses as well as the
parallel hypothesis. Thus, again for ease of language, I
will say the pyroclastic flow and volcanic debris avalanche
regressions are coincident, and the non-volcanic debris
avalanche regression is parallel to them.

Although volume and area are related, area may be a more
appropriate independent variable, or indicator of H/L. To
test this possibility, H/L was plotted against area and
correlation coefficients were calculated for volcanic debris
avalanches, non-volcanic debris avalanches, and pyroclastic
flows. As can be seen in figure 3.4, H/L and area are

positively correlated for all three types of deposit. There
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Figure 3.4.

Log (area)

versus log(H/L) for (a) volcanic debris avalanches,

non-volcanic debris avalanches, and (c) pyroclastic flows.
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are not enough data to rigorously compare the regression
lines and since the regressions are somewhat similar, volume
is the preferred variable until the area data sets are more

robust and allow for a more complete analysis.

Interpretation and Implications

Based on their coincident regression lines, it is likely
that the same mechanism operates in both pyroclastic flow and
volcanic debris avalanche emplacement to produce the H/L
versus volume relationship. It is possible that a different
or an additional mechanism is operating during emplacement as
compared to non-volcanic debris avalanche emplacement,
causing their regression lines to be parallel to, rather than
coincident with, the non-volcanic debris avalanche regression
line.

Explanations for the lower H/L values of volcanic debris
avalanches as compared to non-volcanic debris avalanches of
the same volume can be separated into two general categories:
material properties and emplacement mechanisms. Material
properties which may account for the lower H/L values are a
higher degree of fracturing, the presence of pyroclastic
materials, and a larger clay-sized fraction in the volcanic
debris avalanche mass (Ui, 1983; Siebert, et al., 1987).
Emplacement mechanisms which may account for the lower H/L
values are the effects of hydrothermal and magmatic fluids

and gases (Ui, 1983). However, the temperatures in many
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volcanic debris avalanches are relatively low and any
fluidization would be extremely incomplete (Siebert, 1984;
1987). Also, the presence of fluids is not unique to
volcanic debris avalanches; some non-volcanic debris
avalanches have fluid present and still plot along the same
trend of log(volume) versus log(H/L) (Shaller, 1991). Thus,
a difference in material properties seems more plausible than
a difference in emplacement mechanisms to explain the
difference in H/L values at a given volume for volcanic and
non-volcanic debris avalanches. Further, the coincident

log (volume) versus log(H/L) regression lines for volcanic
debris avalanches and pyroclastic flows suggests that the
same emplacement mechanism operated in both. Therefore, only
a single mechanism maybe necessary to describe the
emplacement of volcanic debris avalanches, non-volcanic
debris avalanches, and pyroclastic flows.

As noted above, gas fluidization is probably not a
primary mechanism in non-volcanic debris avalanche
emplacement. Other proposed mechanisms are mechanical
fluidization, acoustic fluidization, and self-lubrication.

Mechanical fluidization, or grain flow, proposes that
the internal friction is loweresd by the collisions between
individual clasts which behave like molecules in a gas (HsU,
1975; 1978). Unlike molecules, the clasts lose energy with
each collision and the kinetic energy is dissipated more

quickly than it is gained from the conversion of
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gravitational potential energy. Thus, there may be
insufficient energy to maintain mechanical fluidization
(Melosh, 1986; 1987).

A variation on mechanical fluidization is acoustic
fluidization (Melosh, 1986; 1987). 1Instead of the clasts
individually colliding with one another, they are proposed to
stay in contact and move together as parts of elastic waves.
Here movement only occurs when the pressure fluctuates and is
much lower than the overburden pressure. When the pressure
is much higher than the overburden pressure, no movement
occurs and the strain is stored until the pressure drops
again. Experiments suggest that acoustically fluidized
material behaves with a power law rheology, which would
concentrate the shear in a basal layer.

Self-lubrication is also a variation on grain flow
(Campbell, 1988). However, instead of the entire flow being
composed of colliding particles, most of the mass simply
slides over a thin, dilute layer of very agitated particles.
Since only a thin layer is collisionally active, the energy
dissipation is much smaller than in the mechanical
fluidization case.

Both the acoustic fluidization and self-lubrication
mechanisms are attractive to explain not only the mobility of
pyroclastic flows, but also one of their characteristic
features, the basal layer or layer 2a. The basal layer often

is reversely graded with elongated clasts aligned parallel to
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the ground (Sparks, 1976). Such a texture is consistent with

a concentration of the shear in the basal layer of the flow.

Errors

A note of warning concerning the errors inherent in this
method of estimating the coefficient of friction is in order.
At least part of the difference between the expected H/L
value of =0.6 and the measured values, as well as the trend
to smaller H/L values with larger volume, can be accounted
for by the errors in the method. Although a quantitative
error analysis is not possible, the errors can be discussed
qualitatively.

The simple model of a block sliding on a rough plane
assumes that the H and L measurements are made from the
center of mass, as shown in figure 3.5a. However, since that
is often not feasible, H and L are generally measured as
shown in figure 3.5b for debris avalanches (Hsi, 1975) and as
shown in either figure 3.5c¢c or figure 3.5d for pyroclastic
flows (Sparks, 1976).

For debris avalanches, both H and L will be
overestimates. However, L will probably tend to be
overestimated more than H, resulting in H/L being
underestimated, or H/L is a lower limit. For pyroclastic
flows, L is again an overestimate but there are two ways to
measure H. If H is measured from the top of the volcano it

is probably an underestimate. Then H/L is underestimated and
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Figure 3.5. (a) H and L correctly measured from the center of mass. (b) Typical

measurement of H and L for debris avalanches.

H and L for pyroclastic flows.

(c) and (d) Typical measurements of



H
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is a lower limit. If H is measured from the top of the
column it is probably an overestimate and the situation is
more complex. Now, whether H/L is an over or under estimate
depends on whether H or L is overestimated by a larger
amount. The errors must, at most, be of the order of H and
L. While H is generally on the order of kilometers or less,
L is usually on the order of tens of kilometers and H/L is
most likely underestimated and a lower limit. Therefore, all
the H/L. values are lower limits, which can account for at
least a portion of the difference between the value expected
from the simple model and the measure values.

As noted in the section discussing the data, there is a
positive correlation between volume and area. This implies
that part of the trend to smaller H/L for larger volume may
simply be due to larger errors in L for larger volume
deposits.

The final points to consider when discussing the errors
concern the difficulties in extending the method, developed
for debris avalanches, to pyroclastic flows, which are
initiated differently. First, as the initial energy is
assumed to be solely gravitational energy, the method only
strictly applies to pyroclastic flows generated with no
initial lateral motion. Second, the error introduced for
pyroclastic flows which had material supplied progressively
rather than nearly instantaneously is unknown. In this case

the whole concept of H becomes rather hazy. In this study I
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have followed previous authors in assuming the initial center
of mass was at the maximum height attained, but this problem

may indicate that the approach is not entirely appropriate.

Conclusion

Different material properties, rather than different
emplacement mechanisms, appears to be the best explanation
for the difference in the log(volume) versus log(H/L)
regression lines for volcanic and non-volcanic debris
avalanches. As the volcanic avalanche and pyroclastic flow
regressions are coincident, it is unnecessary to invoke a
different gross emplacement mechanism for volcanic debris
avalanches and pyroclastic flows. Thus, given that gas
fluidization is considered unlikely during non-volcanic
debris avalanche emplacement, it is unnecessary to invoke
fluidization as a primary mechanism for reducing friction
during the emplacement of type 1 and 2 pyroclastic flows,
although undoubtedly fluidization does occur in many
pyroclastic flows (Wilson, 1980; 1984) and imparts many
internal features to the resulting deposit. While the
specific effect which produces the lower H/L values in large
debris avalanches is still being debated, it seems likely
that the same mechanism may also produce the excess runout in
large pyroclastic flows. Both acoustic fluidization and
self-lubrication appear to be consistent with characteristics

of pyroclastic flow deposits.
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CHAPTER IV

A NUMERICAL MODEL OF PYROCLASTIC FLOW MOVEMENT

Abstract

The movement of pyroclastic flows is investigated via a
theoretical model. A continuum mechanics approach is
adopted, which assumes that a small volume of the pyroclastic
flow contains a very large number of particles. To make the
problem more mathematically tractable, the following
assumptions are also made. The flow is assumed to be
unidirectional down an infinite slope, the pyroclastic flow
is described by a homogeneous, incompressible Bingham
rheology, and the flow is assumed to have reached terminal
velocity. From the rheological, continuity, and momentum
equations a second order, ncon-linear, advective-diffusive
equation in hk, the height of the flow, is obtained. This
equation treats the pyroclastic flow as a non-linear
diffusive wave in k. Linear and asymptotic analyses were
performed and the equation was then solved numerically by a
combination of Fourier and finite difference methods. The
behavior of the front and back waves was explored under
various initial conditions. Increasing the maximum height of
the flow, while keeping the minimum constant, results in the
wave approaching breaking more rapidly and a more rapid

interaction between the back and front waves of the flow.
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This result is consistent with existing ideas of pyroclastic
flow deposit emplacement, where smaller flows are thought to
freeze en masse and to lack head deposits, while the largest
flows (e.g., Taupo) are thought to have deposited from the

tail of the flow and show well developed head deposits.

Introduction

Our knowledge of how pyroclastic flows move and their
shape while moving is somewhat limited. Much of the
knowledge is deduced from field evidence, but relating the
resulting deposit on the ground to the internal flow
mechanisms is problematic. As a result, the same pyroclastic
flow deposit is often interpreted in more than one way
(Fisher and Heiken, 1982; Fisher and Heiken, 1983; Sparks,
1983; Walker and McBroome, 1983; Hoblitt and Miller, 1984;
Waitt, 1984; Walker and Morgan, 1984; Valentine, 1987;
Wilson, 1988; Valentine, 1988). Even witnessed or filmed
pyroclastic flows are not very well constrained, since the
dense part of the pyroclastic flow is often obscured by the
overriding elutriated ash cloud (Sheridan, 1979; Wilson,
1986) . One way to develop an understanding of a pyroclastic
flow's movement and of its shape during flow, called the form
of the pyroclastic flow (Wilson, 1981), is through

theoretical dynamic models and this approach is adopted here.
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Background

A robust theoretical basis for pyroclastic flow movement
and emplacement is still being developed; different authors
have taken a variety of approaches. Sparks, Wilson and Hulme
(1978) presented one of the first theoretical models of
pyroclasticvflows. They modeled the steady state flow as a
Newtonian fluid and used a friction factor approach to
account for the frictional resistance. They explored the
velocity and a parameter called the shearing stress velocity
of the flow given various initial conditions. The shearing
stress velocity is related to the ability of a turbulent flow
to suspend particles and they were thus able to evaluate the
capability of pyroclastic flows to suspend particles.
Valentine and Fisher (1986) treated pyroclastic flows as a
Bingham fluid and concluded that the boundary layer of the
flow may become turbulent, leading to the development of
layer 1 (Sparks, et al., 1973) deposits. More recently,
Valentine and Wohletz (1989a; 1989) modeled pyroclastic
flows as two-phase fluids with solid and gaseous components
to explore the behavior of a collapsing column and the
subsequent pyroclastic flow.

This study treats the pyroclastic flow as a Bingham
fluid. It explores the non-steady state behavior of the flow
thickness once the terminal velocity has been reached. This
approach differs from that of Valentine and Fisher (1986) in

that it also investigates the form of the moving pyroclastic
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flow, while they concentrated their attention on the boundary
layer. Furthermore, this work is applicable to higher
density flows whereas the work of Valentine and Wohletz
(1989%a; 1989) treated situations where the solid volume
fraction was on the order of 1% or less and may be more
applicable to pyroclastic surges.

Based largely on field evidence, several views of
pyroclastic flow emplacement are commen. In one, the flow
freezes en masse and the form and thickness of the moving
flow is preserved in the deposit (Sparks, 1976; Wilson and
Walker, 1982). Thus distal deposits are from early erupted
material while proximal deposits were erupted later. 1In
another view, layer by layer deposition occurs (Wilson and
Walker, 1982). In yet a third view, the main portion of the
deposit is left by the passage of the body of the flow,
however, the flow does not freeze en masse.

The moving front of the pyroclastic flow can be thought’
of as a propagating wave. When the supply of material to the
flow is reduced or cut off it creates a tail or back wave.
The form of the pyroclastic flow is determined by the
relative propagation velocities of the front and back waves
and this form is explored. If the front and back waves
propagate at the same velocity, without changing their shape,
the whele mass moves as a block. However, if the front and
back waves propagate at different velocities and particularly

if their profile changes, the form of the flow will change.
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Understanding the behavior of the front and back waves will
address some of the questions about how pyroclastic flow
deposits are related to the actual flow. If the back wave
propagates at the same velocity as the front wave,
particularly if they propagate with little or no distortion,
the distal, medial, and proximal deposits correspond to
material erupted earlier to later in the eruption. 1If the
front and back waves propagate at different velocities the
situation is more complex and deposition during passage of
the main flow body may be more appropriate. It should be
noted that this model does not investigate the possibility of

layer by layer deposition.

Assumptions

This study adopts a continuum approach for describing
pyroclastic flows. The assumption implicit in this approach
is that a small volume of the pyroclastic flow contains a
very large number of particles. This assumption is
acceptable as most of the particle sizes are small compared
to the overall size of pyroclastic flows and pyroclastic
flows are inferred to have high particle concentrations
(Sparks, 1976).

To make the problem more mathematically tractable, some
further simplifying assumptions are made. First, the case of
unidirectional flow down an infinite plane of uniform slope

was treated. This case provides insight into the problem and
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is an important first step before attacking the higher
dimensional problems. Second, as noted above, the fluid is
treated as a Bingham fluid. A Bingham rheology was chosen
instead of a Newtonian one on the basis of field evidence
that pyroclastic flows display a yield strength and because
it has been used by others (Wilson and Head, 1981). Fresh
pyroclastic flow deposits, such as those at Mount St. Helens
have a finite height and often have channel levees,
indicators of a yield strength which must be overcome for
flow to occur. Pyroclastic flows also have many similarities
to debris flows (Sparks, 1976), which have been modelled as
Bingham fluids (Johnson, 1970; Enos, 1977). One of the
simplest non-Newtonian fluids is a Bingham plastic, which has
a yield strength and a linear relationship between shear
stress and strain rate once the yield strength is overcome
(Figure 4.1). Thus, a Bingham rheology is often used to
describe pyroclastic flows (Valentine and Fisher, 1986;
Wilson and Head, 1981), although a depth dependent rheology
may actually describe the flow more accurately (Wilson,
1880) . Third, the flow is assumed to have reached terminal
velocity. This last assumption is justified since, as shown
below, the terminal velocity regime is likely to be reached
for some pyroclastic flows.

A very simple model was first constructed, therefore, to
test whether some pyroclastic flows reach their terminal

velocity. The Bingham fluid was crudely approximated by a
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Bingham rheology

Shear Stress

Newtonian rheology

Strain Rate

Figure 4.1. Plots of Newtonian and Bingham rheologies on a

strain rate versus shear stress diagram.

117



block sliding on a layer of Newtonian fluid, which
corresponds to the unsheared plug and the sheared layer of a
Bingham fluid (Figure 4.2). The forces on the fluid in the

down slope, x, direction are then

éﬁ— gshw+ugiz (4.1)
Por=P 52" '

where p is density, u# is velocity of the fluid, ¢ is time, g
is gravity, €@ is the angle between the horizontal and the x
axis, M is viscosity, and z is the direction perpendicular to
X. Equation (4.1) is Newton's third law and it states that
the total acceleration on the block is due to the sum of the
gravitational force and the viscous resistance.

Terminal velocity i1s reached when acceleration goes to
zero. Thus, assuming no acceleration, (4.11) can be solved

subject to the boundary conditions

u=0 at z=0 and U=, at z=z,, (4.2)

where Uy is the velocity of the over-riding block and z, is

the height of the fluid layer, which is assumed constant.
These boundary conditions are the no-slip conditions and
require the fluid to have zero velocity at the ground and the
block velocity where it is in contact with the block. This

gives

ung31n6(zoz_zz)+ublockz_ (4.3)

2u Z,
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/Newtonian
/Fluid

L

N

Figure 4.2. Schematic of the simple model used to test
whether the assumption that the pyroclastic flow has reached

terminal velocity is reasonable.
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Since the shear stress, 7, in the fluid is

Ju
T=U— (4.4)
#az'
ind
then at z=¢g, 'L'(zo):#ubl"‘:k—pgz"Sln . (4.5)
2, 2
The forces on the block are
paV =pVgsind—1(z,)A, (4.6)

where a is the acceleration, V is the volume, and A=V/h is
the area, perpendicular to the heighf, h, in the z direction,
of the block. Eqguation (4.6) states that the total force on
the block is a sum of the gravitational force and the force
due to the shear stress of the fluid on the block. Dividing
through by A gives

pah=pghsinf—1(z,) (4.7)
Using the shear stress of the fluid on the base of the block
in the non-accelerating case (equation (4.5)) in equation
{(4.7) and setting the acceleration equal to zero, gives the

terminal velocity of the block as

" =P8hzilsin9(1+%). (4. 8)
Integrating and solving equation (4.7) for u with the
condition
U= Uipitiq) &L 1=0, (4.9)
gives
u=(“mnm1_“Je_udph%'*W- (4.10)
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ox .
Since u=:;—, then equation (4.10) with the initial condition
1

x=0 at =0 (4.11)

integrates to

x=(uinitia1_ut)(p};zo )(l—e_” t/phe, )+u,t : (4.12)

As the velocity approaches the terminal velocity
asymptotically, the time necessary to reach u, was
approximated by the time necessary for the velocity to change
by 90% of the difference between the initial and terminal

velocities, or

t,=205hln(10). (4.13)

Thus the distance the flow travels in this amount of time can
also be calculated.

Several cases with varying values for yield strength,
viscosity, density and slope angle were calculated. As can
be seen from Tables 4.1 to 4.16, the terminal velocity is
very sensitive to changes in these parameters. Note that in
these tables the time and distance necessary to reach the
terminal velocity were only calculated for the cases where
the terminal velocity was less than 1000 m/s, as such a large
velocity is unrealistic for pyroclastic flows. Based on
these calculations, the terminal velocity regime is likely to
be reached for flows with high viscosity and limited

thickness on moderate slopes. The calculations were made
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Table 4.1

Tests of the terminal velocity assumption.

L = 2 Pa*s T, = 1000 N/m2 p = 1000 kg/m®  wpuipr = 60 m/s
Piotal =1 m
g = 3° g = 5° 0 = 15°

Rplock in m 1.95 1.17 0.39

Z, in m 0 0 0.61
Werminnal in m/s no movement no movement 535
Yierminnal in s 275
Xterminnal in km 96.14

Table 4.2

Tests of the terminal velocity assumption.

L = 2 Pa*s T, = 1000 N/m? p = 1000 kg/m3  Ujppiqr = 60 m/s
hotal =5 m

8 = 3° 0 = 5° 8 = 15°
hplock in m 1.95 1.17 0.39
Z, in m 3.05 3.83 4.61
Werminnal in m/s 2718 5046 15754
Yerminnal in S
Xterminnal in km

122



Table 4.3

Tests of the terminal velocity assumption.

L = 2 Pa*s T, = 1000 N/m® p = 1350 kg/m3 Uinitial = 60 m/s
hota =1 m
6 = 3° g = 5° g = 15°

hblock in m 1.44 0.87 0.29

Z, in m 0 0.13 0.71
Uerminnal in m/s no movement 71 783
Yerminnal in s 179 321
Xterminnal in km 12.0 160.8

Table 4.4

Tests of the terminal velocity assumption.

L = 2 Pa*s T, = 1000 N/m? p = 1350 kg/m® Wiy = 60 m/s
Motal =5 m

g = 3° g = 5° g = 15°
hplock in m 1.44 0.87 0.29
Z, inm 3.56 4.13 4.71
Werminngl in m/s 3966 6990 21328
Yterminnal iv S
Xterminnal in km
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Table 4.5

Tests of the terminal velocity assumption.

K = 2 Pa*s T, = 400 N/m? p = 1000 kg/m®  Wpiia = 60 m/s
Motal =1 m
0 = 3° 9 = 50 9 = 15°

Bplock in m 0.78 0.47 0.16

Z, inm 0.22 0.53 0.84
Werminnal in m/s 50 167 618
Yerminnal D S 198 287 153
Xterminnal in km 10.7 35.8 61.2

Table 4.6

Tests of the terminal velocity assumption.

H = 2 Pa*s T, = 400 N/m? p = 1000 kg/m®  Wpiig = 60 m/s
Potal =5 m

8 = 3° 8 = 5° 8 = 15°
Bplock in m 0.78 0.47 0.16
Zs in m 4.22 4.53 4.84
YWerminnal in m/s 3128 5291 15837
lterminnal in s
Xterminnal in km

124



Table 4.7

Tests of the terminal velocity assumption.

L = 2 Pa*s T, = 400 N/m? p = 1350 kg/m3 Uinitial = 60 m/s
biotal =1 m
6 = 3° 6 = s° 6 = 15°

Pplock in m 0.58 0.35 0.12

2, inm 0.42 0.65 0.88
Werminnal in m/s 115 254 844
Yerminnal in s 379 352 160
Xierminnal in km 35.5 62.6 86.2

Table 4.8

Tests of the terminal velocity assumption.

KL= 2 Pa*s T, = 400 N/m2  p = 1350 kg/m® Wiy = 60 m/s
boal =5 m

f = 3° 0 = 5° 6 = 15°
hblock in m 0.58 0.35 0.12
Z, in m 4.42 4.65 4.88
Weorminnal in m/s 4270 7172 21389
lterminnal in s
Xterminnal in km
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Table 4.9

Tests of the terminal velocity assumption.

L = 22 Paks T, = 1000 N/m2 p = 1000 kg/m® Wi = 60 m/s
hotal =1 m
g = 3° 9 = 5° 6 = 15°
hplock in m 1.95 1.17 0.39
Zp, inm 0 0 0.61
Uerminnal in m/s no movement no movement 49
Uerminnal in s 25
Xterminnal in km 1.3
Table 4.10

Tests of the terminal velocity assumption.

L = 22 Pa*s T, = 1000 N/m? p = 1000 kg/m®  yuin = 60 m/s
hlolal =3 m

g = 3° g = 5° § = 15°
hblock in m 1.95 1.17 0.39
Z, in m 3.05 3.83 4.61
UWerminngl in m/s 247 459 1432
Lerminnal in s 622 469
Xterminnal 30 km 108.3 142.1
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Table 4.11

Tests of the terminal velocity assumption.

L = 22 Pa*s 1000 N/m?2 p = 1350 kg/m3 = 60 m/s
Potal =1 m
6 = 3° g = 5° = 15°
hblock in m 1.44 .87 0.29
Z, inm 0 13 0.71
Worminnal in m/s no movement .5 71
Yerminnal in s 16 29
Xterminnal in km .5 1.9
Table 4.12

Tests of the terminal velocity assumption.

L = 22 Pa*s T, = 1000 N/m? P = 1350 kg/m®  yj i = 60 m/s
Mol =5 m

g = 3° g =5° g = 15°
hplock in m 1.44 0.87 0.29
Z, inm 3.56 4.13 4.71
Werminnal in m/s 361 635 1939
Yerminnal in s 726 506
Xierminnal in km 176.4 207.9
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Tests

Table 4.13

of the terminal velocity assumption.

K = 22 Pa*s T, = 400 N/m? p = 1000 kg/m3 Uinitial = 60 m/s
Fowal =1 m
8 = 3° 6 = 5° 0 = 15°

Rplock in m 0.78 0.47 0.16

z, in m 0.22 0.53 0.84
Werminnal in m/s 4.6 15 o6
Yerminnal in S 18 26 14
Xerminnal in km 0.5 0.8 0.8

Table 4.14

Tests of the terminal velocity assumption.

M = 22 Pa*s T, = 400 N/m?  p = 1000 kg/m® Wi = 60 m/s
Potal =5 m

6 = 3° g = 5° 8 = 15°
hplock in m 0.78 0.47 0.16
Z, inm 4.22 4.53 4.84
Uerminnal in m/s 284 481 1440
Yerminnal in S 345 222
Xierminngl in km 67.7 70.3
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Table 4.15

Tests of the terminal velocity assumption.

B = 22 Pa*s To = 400 N/m? p = 1350 kg/m® Wiy = 60 m/s
hiotal =1 m
g = 3° 0 = 5° g = 15°

Aplock in m 0.58 0.35 0.12

Z, in m 0.42 0.65 0.88
Werminnal in m/s 10 23 77
Yerminnal in s 35 32 14
Xterminnal in km 1.0 1.2 1.0

Table 4.16

Tests of the terminal wvelocity assumption.

B = 22 Pa*s T, = 400 N/m?  p = 1350 kg/m®  yjim = 60 m/s
Protal =5 m

g = 3° g = 5° g = 15°
hplock in m 0.58 0.35 0.12
Zp in m 4.42 4.65 4.88
Uerminnal in m/s 388 652 1945
lerminnal in s 361 228
Xterminnal in km 93.8 95.9
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using data derived from the July 22 and August 7 Mount St.
Helens pyroclastic flows (Table 4.17). The yield strength
and density were obtained from Wilson and Head (1981) and the
Bingham viscosity was obtained from Wilson (198%). The
ground slope for both the August 7 and July 22 flows were
obtained from Hoblitt (1986). The initial velocity for the
July 22 flows was calculated by converting all the potential
energy of the maximum fountain height of ~800 meters into
kinetic energy, while the observed velocity of the fountain
projections was used as the initial velocity of the August 7
flows (Hoblitt, 1986). The thickness of the individual July
22 flows is 1 to 2 meters, they extend 6 to 6.5 kilometers
from the vent, and they had an observed velocity of 40 m/s
(Hoblitt, 1986; Rowley, et al., 1981). The total thickness
of the August 7 flows is 5 meters, they extend 5.5 kilometers
from the vent, and they had an observed velocity of
approximately 30 m/s (Hoblitt, 1986; Rowley, et al., 1981).
As can be seen, the terminal velocity regime should have been
reached for the July 22 flows (Table 4.18).

Thus, the assumption that the flow has reached terminal

velocity is reasonable at least for some pyroclastic flows.

Problem Formulation
The development of the governing equations follows that
of Liu and Mei (1989). It is assumed that the Bingham fluid

is homogeneous and incompressible. The inertial terms are

130



Data from the July 22 and August 7,

Table 4.17

1980 Mount St.

Helens

pyroclastic flows (Rowley et al., 1981;
wWilson and Head, 1981; Hoblitt, 1986)
parameter July 22 August 7
density 1450 kg/m3 1450 kg/m3
yield strength 900 N*m2 900 N*m?
Bingham viscosity |15 Pa*s 15 Pa*s
ground slope g° 8°
length of flow 6.0-6.5 km 5.5 km
height 1-2 m,individual 5 m, maximum of
flows total flows
observed velocity |40 m/s < 30 m/s
estimated initial 125 m/s 75 m/s
velocity
Table 4.18

Tests of the terminal velocity assumption utilizing the

July 22 and August 7, 1980 Mount St. Helens
pyroclastic flow data.
July 22 Aug 7, Aug 7,
(h total=5) (h total=2)
block height |0.45 m 0.45 m 0.45 m
shear layer 0.55 m 4.55 m 1.55 m
thickness
terminal 52 m/s 1634 m/s 250 m/s
velocity
time to 55 s 460 s 156 s
terminal
velocity
distance to 4,4 km 472 km 28 km
terminal
velocity
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zero corresponding to the terminal velocity regime and to
unidirectional laminar flow. From the rheological, momentum,
and continuity equations a second order, non-linear,
advective-diffusive equation in k, the height of the flow, is
obtained. This equation basically treats the pyroclastic
flow as a non-linear diffusive wave in h.

The rheological equation for a Bingham fluid is usually

written as

ou
T Tt (4.14)

Equation (4.14) states that the total shear stress, 7, is

equal to a yield stress, T,, plus the viscous shear stress.

Therefore, the yield strength must be overcome before there

is any movement. By definition 7,20, thus to allow for the

case of negative strain rate, %ﬁ, (4.14) is more properly
r4

written as

T=8gn 21 T, + éﬁ (4.15)
™ 57 ffoTH S, '
I 0 if |7<7,

or U=

. (4.16)
9z r—tosgn(%ﬁ) if |1>1,
4

Ignoring acceleration and inertia, the momentum equation
in the down slope direction, defined in this coordinate frame

as the positive x direction (Figure 4.3), is
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Figure 4.3. The coordinate system used in formulating the

model.
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dp 021
0= in@———+—. 4.17
A PP (4.17

Assuming no non-hydrostatic pressure, p follows from the

hydrostatic equation
ap .
E=—pg cosf, which becomes p=pg(h—z)cos€ . (4.18)

with the boundary conditions

p=0 at z=h, (4.19)
where h(xt) is the free surface. Together with egquation
(4.17) this gives

-%§=pgcose(§g—tan0j. (4.20)

Subject to the boundary condition
=0 at z=h (4.21)
equation (4.20) integrates to

r:(z—h)[—pgcos@(tane—%n. (4.22)

X

The first factor in equation (4.22) indicates that the shear
stress increases linearly with depth; the shear stress is
greatest where the fluid is in contact with the underlying
bed and least at the free surface where it is zero. The
first term in the second factor reflects the effects of
gravity while the second term reflects down slope pressure
gradients due to variations in the free surface.

There are two discontinuities in the flow that deserve

special consideration. First, the system contains an overall
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discontinuity in that it either flows or does not flow.

Second, once the system does flow, there is a region of the

fluid that is sheared, where (7T>7,), and a region that is not

sheared, where (7<7,)}). To address the the first

discontinuity, the bed stress (z=0) is given by

1b=h[pgcose(tan9—%D. (4.23)

Since the bed stress must exceed the yield strength, for any

movement to occur, there is no movement if the magnitude of

Tp is less than 17,, i.e.,

'h{pgcos@(tan@—j—i)} < T,. (4.24)

When movement does occur, the second discontinuity must be
addressed. When the fluid is moving, there is a yield
surface at

z=h, where h,<h and |1.'|='ro (4.25)

such that

for 0<z<h, shearing occurs
for h,<z<h no shearing occurrs, plug flow operates

On the yield surface, the shear stress equals the yield

strength and thus

Tosgn(u)=(h0—-h)[—pg cose(tane—?j]. (4.26)
X

Going back to the momentum equation (4.20) and

substituting for 7 from equation (4.15) gives
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2
O=pgcos€(tan9——g—g ,u-c;—zzﬁ. (4.27)

Integrating twice with the boundary conditions that there is
plug flow, or no velocity gradient, above the yield surface

and that the no slip condition applies at the bed, or

%:0 at z=h, and u=0 at z=0, (4.28)
z
gives
2
11z dh
Uu=—|—=h,z | -pgcosf| tanf-—— (4.29)
w2z e P8 ( ax)]

for 0<z<h,. The velocity of the plug is obtained by

requiring the velocities to match at the yield surface.

Thus,

2
dh
up=ﬁpgcose(tan9—xj. (4.30)

The total volume flux per unit width, ¢, is obtained by

integrating u over the height of the flow

ho
q=Judz+up(h—h0), (4.31)
0
giving
W dh
=—2(h,—3h)| —-pgcosB tanf—— |]|. 4.32)
1 6,u( 0 )( pe ( 8xj (
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The continuity equation is

oh__94

ot ox’

(4.

32)

which together with equations (4.26) and (4.32) comprise the

governing equations.

The governing equations are non-dimensionalized by the

substitutions
z=hz’, h=hk', h,=hh}, (4.
-5 -
t=£ﬁ—f, u=ﬁ£9uﬂ (4.
73 2
=h pZTOXI, q=10h ql’ (4.
7 U

where h is the height of a uniform layer on the verge of

flowing and is given by

o

Hh=—=9 (4
pgsind
In non-dimensional form, and dropping the primes, the
governing equations are
~1
1 oh
h—~h,=sgnlu)l- — (4.
0= 59 ({ Hd&x) !
1 1 dh)»,
=—|lm———— 3h-F,), (4.
e 6( He’ dx 0( 0)
and .gﬁ+éﬁlz ' (4
dr OJx
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where He¢’ is a modified Hedstrom number defined as

h%z
He'=P2 "o 1an0, (4.41)
#2
Eliminating quantities between equations (4.38-4.40) leads to

an equation with the form of an advection-diffusion eguation

with non-linear advection velocity and diffusivity,

oh h (2h , Joh
—a-;—h{He,[b—;—He }#sgn(u)jl 9x+

1| K3 2 onY |9%h
—|——(He') sgnlu) He' —— _, (4.42)
3| He’ ( ) d ()( aXJ axz
with the constraint
1 dh ‘
sgn(ul)hll———— |>1. 4.43)
g ( )( He'&xj (

(4.43) is the constraint that the bed stress must be greater
than the yield strength for movement to occur, which also
ensures that the diffusivity (the second term on the right in
(4.42)) is positive. The non-dimensiocnal form of the

material velocity u, from equations (4.29) and (4.35), is

u=—(1——— ——hyz |. (4.44)

Since the second factor, 22/2—Jbz, is always negative, sgn(u)

is determined by the sign of the first factor.
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Analytic Solutions
Analytic solutions to (4.42) are possible for small
perturbations in k& (i.e., (4.42) is linearized) and
asymptotic limits as He' approaches zero and infinity. Both
cases are investigated in this section to provide basic
insight into the model physics as well as provide a benchmark

for the full numerical model.

Linearized Egquation
To obtain the linear equation from equation (4.42), h is
expanded as
h=h,+E&hy, (4.45)
where h, is a uniform layer and &h is an infinitesimal
perturbation. All terms of second or higher order in € are

dropped and the resulting equation is

om, _, oM 1 (.5 oln
—=h,—=\~h, +sgn @) +——(h -Ss n(u)) . (4.46)
ot ¢ ax( o +san ) 3He Vo9 9x2
Let by = e'k(x—a) , (4.47)
where c=cp+icy (4.48)

and ¢p is the phase speed of the linearized wave and k¢; is

the growth or decay rate of the wave. This results in

k
c=h0(h0—sgn (u))—ji?(hj—sgn at)). (4.49)

Note that the phase speed only depends on the depth of the

bed and is not dispersive as there is no dependency on wave

number. Also, when k¢; is greater than zero, the wave will
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grow, whereas if kq-is less than zero, the wave will decay.
Growth will only occur for

sgn(u)>hg (4.50)
and, as h,>0, this is only satisfied if h2<1, which

physically corresponds to a depth smaller than that necessary
for movement. Thus a wave will not grow under these
circumstances. For a wave to grow, either the perturbation
must be finite, as opposed to infinitesimal, or the initial
bed cannot be uniform, but must have a depth gradient. 1In
the later section on the numerical solution of equatiocon
(4.42), both the phase speed and decay rate from the
linearized equation are used as a test of the numerical

solution.

Asymptotic Case

To obtain the asymptotic limits of equation (4.42), He 
is set to infinity. The case of zero He' is meaningless for
this particular non-dimensional transformation. Zero He’
would correspond to zero yield strength and thus the height
at which a uniform bed is on the verge of movement, which was
used in the non-dimensionalization, is also zero.

The case of infinite He’ yields

ﬁ+(h2—hsgn (u))%=o, (4.51)
ot ox

Although this cannot be exactly solved analytically, the
characteristic curves of the equation can be plotted. The
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characteristics are lines plotted in (x,t) space along which
h is constant (Whitham, 1974; Beltrami, 1987). Figure 4.4 (a
and b) illustrates two different ways of graphically
representing a traveling wave. Connecting points of egual
height in figure 4.4b produces the characteristic curves as
shown in figure 4.4c. Conceptually characteristics can be
thought of in terms of catching or riding a wave. If one is
stationary in the water and a wave passes, one bobs up and
down. If, however, one catches the wave and stays at a
constant height, one is traveling along a characteristic.
Plotting the characteristics provides information about the
wave behavior. If the characteristics are vertical, there is
no movement. If the characteristics diverge, the wave is
spreading out or dispersing. However, 1f the characteristics
converge and intersect, the height becomes multi-valued at
that point in (x,t) space or, in other words, the wave front
is overturning or breaking. The method for plotting
characteristics is as follows. Equation (4.51) can be

written as

_aa_’tlﬂ(h)ﬁzo, (4.52)

which is the equation of a wave traveling with velocity c(h),
where

4h)=h2—hsgnan. (4.53)
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The total derivative of h in the (x,t) plane is

d—h—§—é+£x-ﬂl- (4.54)
dt Jt dtdx’ )

Along the characteristic curve where

dx
clh)=—. (4.55)
(r)=—
is satisfied,
ah_y, (4.56)
dt

by equations (4.52) and (4.54), so both A and c¢(h) are constant
along the characteristic and the slope of the characteristic,
the velocity, is also constant. Given an initial function
such that
h=fkx) at t=0, (4.57)
on a particular characteristic
x=x, and h=fkx,) at t=0. (4.58)
Since h is constant everywhere on the characteristic, h=f(x,)
for all t along the characteristic. The slope of the
characteristic is given by
c(f o) =F (x,) (4.59)
and the equation of the characteristic line is
X=x,+F(x,)t. (4.60)

Breaking occurs on characteristics where F1x0)<0 . Fix,) is

the change in the wave velocity with distance; if it is less
than zero, the back portion of the wave is overtaking the

forward portion leading to breaking. Breaking will occur
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first on the characteristic which has the greatest velocity

gradient, or where F’(x,) is a maximum. The time at which
breaking first occurs is given by

_ 1
F'xg)’

tg (4.61)

The characteristics for the case of infinite He' with a
specified initial function are shown in the section on the
numerical solution, along with the comparison of the analytic

and numerical time to breaking.

Numerical Solution
Equation (4.42) was solved numerically by pseudospectral
methods. The spatial dimension was treated with Fourier
methods, while the time dimension was treated with finite

difference methods. Equation (4.42) was written as

LA LAL (4.62)

where w is the non-linear advection velocity and V is the

non-linear diffusivity written as

h oh 1| B 2 onY’
w=H ——| o' =22 1 a ve—|2——(HeV He =22 |, (4.63
}{HK( ¢ 8x) } an 3| He’ ( e)( ¢ ax) ( )

The advection velocity and diffusivity were then written as
w=w,+w; and v=y,+Vv;, (4.64)
where w, and v, are the spatially averaged values, and are

thus constant, while w; and v, are the variable parts, such
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that ﬁ%=ﬁﬁ,=0. Equation (4.62) can then be written as

ok, on_ 3’k

- ——V,—= )s (4.65)
o1 P9x 052 fw
2
where f(x)=vla——}l—w1~a—’1. (4.66)
ox? ox

The spatial dimension of h in equation (4.65) was
expanded as a discrete Fourier transform (Press, et al.,
1988; Doyle, 1989). The Fourier representation is
advantageous as the derivatives become simple
multiplications. The discrete transform differs from the
Fourier series only in that the period is sampled over a
finite number of points. The periodicity that is implicit in
a Fourier series representation is also present in the
discrete Fourier representation. This periodicity means that
the wave is repeated outside the calculation region. Or,
alternatively, that as the wave exits from one edge of the
calculation region it moves in from the other.

The discrete Fourier representation of the spatial

dimension of A is

1 G x4
hix )=—Y ke 2™/t (4.67)
N <o

where the Ak, are a function of time, N is the number of
discrete steps in the period, and A is the period over which

the wave is repeated. The first and second spatial

derivatives of h are simply
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N-1 o\ )
ﬂ'—"}vZ( 27[lk}lke—27rth/l (4.68)

x 40 A
and
2 N-Y o 0 2. .
__;’_=i l( 2“‘/‘thke‘2”"°‘/’1. (4.69)
dx le=0 A

Similarly to (4.67), the discrete Fourier representation of

fix,t) is

1 G ~27ike /A
fan==2Y fe : (4.70)
N <o

Due to the orthogonality of the exponential function,

equations (4.65) and (4.67) to (4.70) result in

oty —2mik ) 2mk Y -
9 v | EZE R =1, 4.71)
EP Wo( ) }"‘k o( 2 JZ e = fi ( |

where h, and f; are the discrete Fourier transforms of h and f

and are both functions of time. A forward finite difference
scheme is then used on (4.71) for the time derivative. A
Crank-Nicholson scheme and an Adams-Bashforth scheme are used
on the linear and non-linear parts respectively (Press, et

al., 1988; Burden, et al., 1981). This results in

‘Azn ! ;Zk 1 —27ik 27k I 3 1
k n n pn+l pn rn 7 n—1
L 4+ lw + V| —— h +h )—_ —_ , 4,72
At 2 0( V) ) 0( A ( k k 2 f}( 2fk ( )

where the superscripts denote the time step. Rearranging

gives
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cn_Fn-1,;n| 2 n27[ik ng_f_[f_
3fk —fk +hk A_t+w0(_2, Vo 7

hk”+1 = - ) (4.73)
At o A ol 4

To ensure numerical stability, the time step must

satisfy the Courant condition. The Courant condition states
that each new time step must not require any information from
a distance greater than Ax, where Ax=A/N. To propagate a
distance Ax requires

At=Ax/w, (4.74)

while to diffuse a distance Ax requires
2
Ar=(Ax) /v. (4.75)

Thus, to satisfy the Courant condition, Ar is always less than
- , 2
the minimum of either Ax/w or (Ax)/@.

The numerical implementation was tested against both

analytic solutions of the previous section.

Linearized Case Test

For comparison with the linearized equation, the non-
linear numerical implementation was run with a small initial
perturbation on a uniform bed. The uniform bed was taken to
have a depth of 2, in non-dimensionalized units, and the

initial perturbation was a cosine.
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The program was run with He' = 1500, a cosine amplitude
equal 0.02, and 1024 wave numbers in the Fourier expansion,
for 1500 time steps. The spatial and time steps for this
case were Ax=4.88d-03 and At=2.37e-4, where the distance
being solved over had a length of 5 and the cosine was

repeated twice. From equation (4.49),

ik 3
c=h,\h,—sgn @) ——(h -s n(u)), (4.49)
0(0 ° ) 3He'\ © ¢
and the phase speed for the wave should be 2, which would
result in the wave moving ~146 spatial steps (Ax) in 1500

time steps (At). Also from equation (4.49), the amplitude

2

should decay as exp (sgn@d—Jﬁ)t, which in this case

el

corresponds to an amplitude of 0.01993 after 1500 time steps.
Figure 4.5 shows the result of the run. The run is in
agreement with the analytic solution; in 1500 time steps the
wave moved 150 spatial steps and the amplitude decayed to
0.01993. When the same conditions were allowed to run for
more time steps, however, the wave began to act in a non-
linear manner and distort (figure 4.6). According to the
analytic solution, in t=5.92, or 25000 time steps, the wave
should have moved 2428 spatial steps. As this is greater
than the 1024 spatial steps in the region of calculation, the
wave has moved out of the right boundary and back in at the
left twice and then moved an additional 380 spatial steps to

the right.
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The program was then run with an amplitude of the
initial perturbation of 0.002 (figure 4.7). 1In this case,
the spatial and time steps were Ax=4.88d-03 and At=2.43e-4.
Analytically, the wave should move 7477 spatial steps and the
amplitude should decay to 1.67e-3 after 75000 time steps.

The run is in good agreement, with the wave moving 7493
spatial steps and the amplitude decaying to 1.67e-3 after

75000 time steps.

Asymptotic Case Test

The numerical implementation was also run with a large
He' to test it against the asymptotic solution. The initial
condition is shown graphically in figure 4.8 and was
calculated as.
if 0£x<1

h=hmin (4.76a)

if 1<x<l+x2

(4.76b)

if 1+x2<x<3

h=hyay (4.76c¢)
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if 3<x<3+4+x1

(4.76d)

if 3+x<x<5

h=hy;, (4.76e)
where the maximum and minimum 2 were 3 and 2 respectively and
x1 and x2, the distances over which h changes from its minimum
to its maximum and vice versa, were both 0.2. This function
was constructed so that its first and second derivatives, as
well as the original function, are smooth and continuous
functions.

Figure 4.9 shows the characteristics for the analytic
case of infinite He’ with the above initial condition. The
density of plotted characteristic lines is greater on the
front and back of the wave to better illustrate the
convergence and divergence of the lines. Breaking should
occur at approximately 0.026 in non-dimensional time units.
Figure 4.10 shows the time to breaking versus number of
spatial discretizations for 4 different He'. As He gets
larger, the time to breaking does approach ~0.26. As the
breaking time had basically converged with keeping 2048
spatial discretizations, this was then used for all

subsequent runs.
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Numerical Results

The numerical implementation was run with varying
initial conditions to investigate their effect on the
propagation and form of the wave. The value of He' was
obtained by using the values from the Mt. St. Helens flows
for yield strength, Bingham viscosity, density, and slope
(Table 4.17). This resulted in He'=168.8, which was rounded
to 170 and was used in all the runs. All of the runs have
hmin values greater than 1.0. In non-dimensional form, a
height of 1.0 corresponds to the depth at which the yield
strength is on the verge of being overcome. This particular
numerical implementation was not capable of coping with this
discontinuous behavior, which is a feature of a Bingham
fluid. The runs are thus analogous to an increased pulse of
erupted material on a flow of uniform height. Each run
continued for a (non-dimensional) time of approximately 1.0
or until the back wave began to interact with the front wave.
The output from the runs are plotted in a manner similar to
that of figure 4.4b, with distance along the x axis and time
along the y axis so that "snapshots" at various times are
stacked on the same plot. Interestingly, in all of the runs,
breaking did not actually occur. Presumably, with the
conditions which were used, as the wave approaches breaking,
the diffusion becomes sufficiently large that breaking never

actually occurs.
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Changes in the Initial Back Wave

To investigate the effect of suddenly versus gradually
cutting off the supply of material to the flow, the distance
over which the back of the wave in the initial condition (x2
in equation (4.76)) goes from the minimum to the maximum
value is varied. Values of x2 = 0.2, 0.4, 0.6, 0.8 were
used, with x1, hyg, and hypy being held constant with values
of 0.2, 3.0, and 2.0 respectively.

The back waves of all the cases gradually converged,
however, they assumed a similar shape in approximately 0.02
non-dimensional time units (Figure 4.11). Substituting back
into equation (4.35) results in a dimensional time of
approximately 20 seconds for all the cases to assume a
similar shape. Thus it is unlikely that inferences about the
manner in which the supply of materiel ceased could be made

from the deposit record.

Changes in the Minimum Height

The minimum height was varied first while keeping the
differencé between the minimum and maximum heights constant
and second while keeping the maximum height constant. These
two situations are analogous to a constant height pulse
erupted on flows of various heights and to pulses of various

heights erupted on flows of various heights. In the first

case, hmip had values of 1.5, 2.0, 2.5, and 3 while Ay, had

values of 2.5, 3.0, 3.5, and 4.0. 1In the second case, A
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Figure 4.11. Results of the numerical implementation with

varying initial back wave conditions.
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Figure 4.11.

Continued.
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Figure 4.12. Results of the numerical implementation with

varying initial minimum heights and constant pulse height.
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Figure 4.12. Continued.
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Figure 4.13. Results of the numerical implementation with

varying initial minimum heights and constant maximum height.
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Figure 4.13. Continued.
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none of these behaviors are easily related to features in the

resulting deposit.

Changes in the Maximum Height
The maximum height of the wave was varied to investigate

the effect of variations in the mass flux, with greater

maximum heights representing larger mass fluxes. Hhyg was
varied from 2.5 to 4.0 in increments of 0.5. x1, x2, and huiy,
were kept constant at 0.2, 0.2 and 2.0 respectively.

As seen in figure 4.14, the front wave propagates
fastest for the case with the largest hyg, while the trailing
point of the back wave propagates at the same rate for all
the cases. Again this result is expected as the advection
velocity is a function of A. The wave with the largest
maximum height propagates fastest, but since the minimum
heights are all equal the underlying bed is moving at the
same velocity for a&ll the cases and the point where the back
wave differs from the minimum should also propagate at the
same rate. In addition, the front wave for the case with the
largest maximum height, and thus the largest initial front
wave slope, approached breaking most rapidly. The general
shape of the back wave is similar for all the cases. The
length of the back wave, however, is greatest for the wave
with the largest maximum height. Thus, although the front

wave propagates faster with larger hpy,,, the larger h,g:, the

sooner the back wave interacts with the front wave.
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Figure 4.14. Results of the numerical implementation with

varying initial maximum heights and constant minimum height.
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Figure 4.14.

Continued.
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Geologically this implies that the style of deposition
varies with mass flux. If the back wave interacts with the
front wave, deposition from the "tail" or trailing edge of
the wave is likely, while if they do not interact deposition
due to the whole flow freezing en masse is likely. Although
this model does not look explicitly at the flow coming to
rest, the more quickly the back wave interacts with the front
wave, the less time is available for other conditions (i.e.,
ground slope) to change which would lead to deposition. As
the back and front waves interact sooner for flows with
larger mass fluxes, these flows are more likely to deposit
material from their trailing edge. Flows with smaller mass
fluxes have a longer time before the back and front waves
interact and thus are more likely to be deposited en masse.
The formation of "head" deposits (Wilson and Walker, 1982) is
also most likely in larger mass flux flows as the front wave
approaches breaking, overturning, and ingesting air more
rapidly for these flows. This interpretation is in agreement
with existing conceptions about pyroclastic flow deposition.
Most pyroclastic flow deposits are consistent with deposition
by freezing en masse (Sparks, 1976). However, the Taupo
ignimbrite, which is inferred to have had an extremely large
mass flux, contains facies interpreted as deposits from the
head (front wave) of the flow which was ingesting air
(breaking) and from the tail (back wave) of the flow (Wilson

and Walker, 1982).
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Conclusions

This theoretical numerical model of pyroclastic flow
movement and emplacement is in agreement with and supports
existing views based on field deposits. Deposits from flows
with smaller mass fluxes are more likely to have been
emplaced by freezing en masse and are less likely to contain
head deposits. Deposits from flows with larger mass fluxes,
however, are more likely to have been emplaced from the tail
or back wave of the flow. They are also more likely to
contain head deposits generated from the breaking of the
front wave and subsequent air ingestion.

The continuum approach to modeling pyroclastic flows was
thus far successful and further study utilizing this approach
is warranted. The next major improvement of the model would
be to account for the acceleration terms in order to
eliminate the assumption that the flows have reached terminal
velocity. In addition, the use of a power law rheology as
opposed to a Bingham rheology should be explored to eliminate
the discontinuity between regions of movement and those with

no movement.
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CHAPTER V

GENERAL SUMMARY

The projects comprising this dissertation utilized three
different approaches to investigate the movement and
emplacement of pyroclastic flows. The three approaches
consisted of utilizing field evidence, comparison with other
geologic phenomena, and theoretical modeling. The studies
were complementary and each shed light on a different aspect
of pyroclastic flow movement or emplacement.

The following is a brief summary of the conclusions of
each project. More in depth discussions of the conclusions
are found at the end of the appropriate chapter.

Chapter II. (1) The thin Fogo A intraplinian deposits
had a pyroclastic flow origin. (2) Changes in eruption and
magma conditions had a negligible effect on the granulometric
and component characteristics of the deposits. (3) Velocity
had a large control on the granulometric and component
characteristics of the deposits, which implies that (4) Much
of the deposit was emplaced by continuous deposition from the
flow. (5) Plausible generation mechanisms for the flows are
collapse of the plume circumference and asymmetrical collapse
of the column.

Chapter III. (1) Type 1 and type 2 pyroclastic flows

have a mobility similar to volcanic debris avalanches of the
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same volume. (2) The greater mobility of volcanic debris
avalanches as compared to non-volcanic debris avalanches is
likely the result of different material properties. (3) It
is unnecessary to invoke a different primary emplacement
mechanism to account for the mobility of pyroclastic flows
and debris avalanches. (4) Therefore, fluidization is
unlikely as a primary mechanism for reducing friction in type
1 and 2 pyroclastic flows. (5) The mechanism responsible
for the mobility of large volume debris avalanches is still
controversial, but acoustic fluidization and self-lubrication
are consistent with the characteristics of pyroclastic flow
deposits.

Chapter 1IV. (1) The continuum approach was successful
for modeling pyroclastic flows as the numerical results agree
with conclusions based on field deposits. (2) Pyroclastic
flows can be described as a diffusive wave in height. (3)
Smaller mass flux flows are more likely to be emplaced by
freezing en masse and less likely to contain head deposits.
(4) Larger mass flux flows are more likely to be emplaced
from the tail or back wave of the flow and more likely to
contain head deposits.

While these studies have contributed to understanding
how pyroclastic flows move and are emplaced, much remains
unknown. The approaches undertaken in this dissertation
could be pursued further to gain additional insight. 1In

particular, the following are interesting avenues of
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investigation: (1) Acquiring additional field data from the
Fogo A deposit as the statistical analyses which were
performed were limited by the sparseness of the data set. In
particular, more measurements of the slope underlying the
pyroclastic flow deposits would greatly improve the existing
data set. (2) Further investigation into the specific
material properties (possibly clay or water content)
responsible for the different mobilities of pyroclastic flows
and volcanic debris avalanches as compared to non-volcanic
debris avalanches. It would be interesting to quantify both
which material property has the most influence on mobility as
well as the relationship between the material properties and
mobility. For instance if water content is the dominant
control on the mobility, what amount of water must be present
to affect the mobility and how does the mobility wvary as the
water content increases? (3) Reformulating the theoretical
model with a power law rheology and accounting for the
acceleration terms. Some of the difficulties with the
numerical implementation arose from the discontinuous nature
of a Bingham fluid. A power law rheology could closely
approximate a Bingham fluid while avoiding the problems due
to a fluid with a discontinuous behavior. Also, accounting
for the acceleration terms would allow the model to look
explicitly at the behavior of the pyroclastic flow as it
actually comes to rest. (4) Investigating the implications

of a wave model for pyroclastic flows with respect to their

185



ridge topping or pass crossing abilities. It has generally
been assumed that the pass crossing ability of pyroclastic
flows was due to high velocities and momentum. However,
pyroclastic flows which travel as waves would be able to top
ridges even at lower velocities.

The results of the research projects in this
dissertation have not only contributed to the understanding
of pyroclastic flow movement and emplacement, they have also
posed more questions and suggested further avenues of

investigation.
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APPENDIX A

FOGO A STRATIGRAPHIC SECTIONS

Legend

Dark colored pumice.
Pyroclastic fall deposit.

Light colored pumice.
Pyroclastic fall deposit.

:: Light colored pumice.
% Pyroclastic flow deposit.

Bi-modal deposit.

Fine ash deposit.
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Site 29

Thickness Sample Number

Sub-unit Description/
(cm)

Unit
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Site 37

Unit Unit Sub-unit  Description/
Thickness Thickness Sample Number
(em)  (em)
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2-16 contains pumice lenses.
sample 37-1 from homogeneous part
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16
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Site 38

Unit Sub-unit  Description/

Unit

Thickness Sample Number

(cm)

Thickness

(cm)

grades into dark pumice at top

sample 38-1
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Site 42

Unit Unit Sub-unit Description/
Thickness Thickness Sample Number
(cm) acaciozozo M)
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Thickness Thickness Sample Number
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Description/

Site 59
Thickness Sample Number

Sub-unit

Unit

Thickness

Unit

sample 59-1 from bottom of flow
mixture of grey ash and pumice.
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very coarse in lower part
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coarse pumice
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very coarse
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Site 60

Description/
Thickness Sample Number

Sub-unit

Unit

Thickness
(cm)

Unit

(cm)

grades into dark pumice at top

sample 60-1 through entire thickness

sample 60-2 from bottom

pumice rich part
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poor stratification

very poor stratification
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Site 61

Unit Unit Sub-unit  Description/
Thickness Thickness Sample Number
m) (cm)
) 0.9 4 ‘ grades into dark pumice at top
B8 [RXLXIIN
s bZ < sample 61-1
&2‘3 X’E:‘] 25 coarser
45 Lececee
X XXX 20 finer
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Site 63

Unit Unit Sub-unit Description/
Thickness Thickness Sample Number
(cm) (cm) ) .
grades into dark pumice at top
38
6 sample 63-1
[ XX/ (X X
25 5000000
PSR
7 PN samp1e63-2
80
5
5 fine grained upper part, sample 63-4
2 coarse grained lower part, sample 63-5
fine grained upper part, sample 63-6
8 3 coarse grained lower part, sample 63-7
9 very fine grained at top, sample 63-8

11— sandy, sample 63-9

9 ~———coarse, sample 63-10

fine grained
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APPENDIX B

FOGO A GRANULOMETRIC AND COMPONENT DATA

This appendix lists the mass percentage of each phi

class and component type for each sample.

Sample 12-1

phi pumice lithic crystal total
-6 0.0 0.0 0.0 0.0
-5 0.0 0.0 0.0 0.0
-4 6.25 6.19 0.0 12.44
-3 9.62 4.68 0.0 14.3
-2 4,99 1.14 0.0 6.13
-1 3.82 0.61 0.2 4,63
0 6.66 0.0 0.0 6.66
1 6.58 0.0 0.0 6.58
2 3.77 0.0 0.0 3.77
3 4.15 0.0 0.0 4.15
4 4.22 0.0 0.0 4.22
5 37.11 0.0 0.0 37.11
total 87.17 12.62 0.2 99.99
Sample 12-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.57 0.00 0.00 5.57
-2 6.70 0.00 0.00 6.70
-1 7.13 0.26 0.14 7.53
0 8.92 0.00 0.00 8.92
1 11.23 0.00 0.00 11.23
2 12.50 0.00 0.00 12.50
3 11.07 0.00 0.00 11.07
4 9.10 0.00 0.00 9.10
5 27.37 0.00 0.00 27.37
total 89.59 0.26 0.14 99.99
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Sample 12-3

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.77 2.39 0.00 8.16
-2 6.38 0.00 0.00 6.38
-1 3.41 0.32 0.02 3.75
0 4.51 0.00 0.00 4.51
1 6.78 0.00 0.00 6.78
2 9.12 0.00 0.00 9.12
3 10.17 0.00 0.00 10.17
4 9.45 0.00 0.00 9.45
5 41.66 0.00 0.00 41.66
total 97.25 2.71 0.02 99.98
Sample 12-4
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 7.32 0.00 0.00 7.32
-4 8.11 0.00 0.00 8.11
-3 10.58 2.90 0.00 13.48
-2 9.15 1.74 0.00 10.89
-1 6.55 2.63 0.53 9.71
0 3.78 2.85 3.83 10.46
1 2.27 2.37 5.13 9.77
2 2.19 1.39 2.70 6.28
3 4.07 0.00 0.00 4,07
4 3.44 0.00 0.00 3.44
5 16.46 0.00 0.00 16.46
total 73.92 13.88 12.2 99.99
Sample 19A-1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 21.03 0.00 0.00 21.03
-3 20.02 3.85 0.00 23.87
-2 8.07 0.74 0.00 g.81
~1 5.11 1.30 0.23 6.64
0 7.35 0.00 0.00 7.35
1 6.61 0.00 0.00 6.61
2 2.83 0.00 0.00 2.83
3 1.11 0.00 0.00 1.11
4 1.76 0.00 0.00 1.76
5 19.99 0.00 0.00 19.99
total 93.88 5.89 0.23 100
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Sample 19A-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 2.32 0.00 0.00 2.32
-1 2.16 0.69 0.53 3.38
0 10.32 0.00 0.00 10.32
1 18.08 0.00 0.00 18.08
2 19.28 0.00 0.00 19.28
3 14.98 0.00 0.00 14.98
4 10.19 0.00 0.00 10.19
5 21.44 0.00 0.00 21.44
total 98.77 0.69 0.53 99.99

Sample 19A-3

~_phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.62 0.00 0.00 5.62
-3 12.88 0.00 0.00 12.88
~2 19.54 0.56 0.00 20.10
-1 11.41 3.09 0.54 15.04
0 14.54 0.00 0.00 14.54
1 9.87 0.00 0.00 9.87
2 5.50 0.00 0.00 5.50
3 4.01 0.00 0.00 4.01
4 2.65 0.00 0.00 2.65
5 9.81 0.00 0.00 9.81
total 95.83 3.65 0.54 100

Sample 19A-4

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 17.16 0.00 0.00 17.16
-2 7.66 0.54 0.00 8.20
-1 3.28 0.29 0.17 3.74
0 5.78 0.00 0.00 5.78
1 8.17 0.00 0.00 8.17
2 8.30 0.00 0.00 8.30
3 7.63 0.00 0.00 7.63
4 6.74 0.00 0.00 6.74
5 34.28 0.00 0.00 34.28
total 99 0.83 0.17 100
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Sample 19A-5
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 4.81 1.38 0.00 6.19
-1 6.03 3.26 0.67 9.97
0 18.76 0.00 0.00 18.76
1 20.00 0.00 0.00 20.00
2 14.83 0.00 0.00 14.83
3 9.84 0.00 0.00 9.84
4 6.03 0.00 0.00 6.03
5 14.38 0.00 0.00 14,38
total 94.69 4.64 0.67 100
Sample 19A-6
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 14,99 0.00 0.00 14.99
-2 33.97 3.49 0.00 37.46
-1 18.13 0.55 0.78 19.4¢6
0 10.29 0.00 0.00 10.29
1 6.97 0.00 0.00 6.97
2 3.21 0.00 0.00 3.21
3 1.53 0.00 0.00 1.53
4 1.21 0.00 0.00 1.21
5 4.87 0.00 0.00 4.87
total 95.17 4.04 0.78 99.99
Sample 19A-7
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 4.34 0.00 0.00 4.34
-2 18.95 3.42 0.00 22.37
-1 18.37 2.10 0.42 20.89
0 15.51 0.00 0.00 15.51
1 12.58 0.00 0.00 12.58
2 9.60 0.00 0.00 9.60
3 5.65 0.00 0.00 5.65
4 3.10 0.00 0.00 3.10
5 5.97 0.00 0.00 5.97
total 94.07 5.52 0.42 100
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Sample 19A-5

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 4.81 1.38 0.00 6.19
-1 6.03 3.2¢6 0.67 9.97
0 18.76 0.00 0.00 18.76
1 20.00 0.00 0.00 20.00
2 14.83 0.00 0.00 14.83
3 9.84 0.00 0.00 9.84
4 6.03 0.00 0.00 6.03
5 14.38 0.00 0.00 14.38
total 94.69 4.64 0.67 100
Sample 19A-6
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 14.99 0.00 0.00 14.99
-2 33.97 3.49 0.00 37.46
-1 18.13 0.55 0.78 19.46
0 10.29 0.00 0.00 10.29
1 6.97 0.00 0.00 6.97
2 3.21 0.00 0.00 3.21
3 1.53 0.00 0.00 1.53
4 1.21 0.00 0.00 1.21
5 4.87 0.00 0.00 4,87
total 95.17 4.04 0.78 99.99
Sample 19A-7
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 4.34 0.00 0.00 4.34
-2 18.95 3.42 0.00 22 .37
-1 18.37 2.10 0.42 20.89
0 15.51 0.00 0.00 15.51
1 12.58 0.00 0.00 12.58
2 9.60 0.00 0.00 9.60
3 5.65 0.00 0.00 5.65
4 3.10 0.00 0.00 3.10
5 5.97 0.00 0.00 5.97
total 94.07 5.52 0.42 100
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Sample 19A-8

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 1.46 8.49 0.00 9.95
-1 36.77 8.30 1.15 46,22
0 21.57 0.00 0.00 21.57
1 9.97 0.00 0.00 9.97
2 5.85 0.00 0.00 5.85
3 3.00 0.00 0.00 3.00
4 1.57 0.00 0.00 1.57
5 1.86 0.00 0.00 1.86
total 82.05 16.79 1.15 99.99
Sample 19A-9
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.93 0.00 0.00 0.93
-2 0.00 0.00 0.00 0.00
-1 2.69 1.50 0.29 4,48
0 13.76 0.00 0.00 13.76
1 22.71 0.00 0.00 22.71
2 21.68 0.00 0.00 21.68
3 13.88 0.00 0.00 13.88
4 7.63 0.00 0.00 7.63
5 14.93 0.00 0.00 14.93
total 98.21 1.50 0.29 100
Sample 19A-12
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.19 0.00 0.00 1.19
-2 4,81 0.27 0.00 5.08
-1 6.46 3.77 0.06 10.29
0 7.49 0.00 0.00 7.49
1 4.47 0.00 0.00 4.47
2 8.13 0.00 0.00 8.13
3 8.13 0.00 0.00 8.13
4 9.53 0.00 0.00 9.53
5 45.69 0.00 0.00 45.69
total 95.9 4.04 0.06 100
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Sample 22-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 3.52 0.00 0.00 3.52
-3 4.25 2.47 0.00 6.72
-2 9.27 4.11 0.00 13.38
-1 6.67 2.39 1.19 10.25
0 5.45 2.89 9.04 17.38
1 2.94 2.41 12.18 17.53
2 2.25 1.84 6.16 10.25
3 4.94 0.00 0.00 4.94
4 3.29 0.00 0.00 3.29
5 12.74 0.00 0.00 12.74
total 55.32 16.11 28.57 100
Sample 22-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 8.38 2.80 0.00 11.18
-2 8.56 1.90 0.00 10.46
-1 6.24 3.13 0.88 10.25
0 4.88 2.69 6.18 13.75
1 3.39 1.85 9.54 14.78
2 2.48 2.21 5.56 10.25
3 5.65 0.00 0.00 5.65
4 3.77 0.00 0.00 3.77
5 19.92 0.00 0.00 19.92
total 63.27 14.58 22.2 100
Sample 22-3
phi punmice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
=2 1.03 0.57 0.00 1.60
-1 1.01 0.73 0.17 1.91
0 2.51 1.08 4.66 8.25
1 4.37 2.08 11.51 17.96
2 5.95 2.65 8.42 17.02
3 12.58 0.00 0.00 12.58
4 10.61 0.00 0.00 10.61
5 30.07 0.00 0.00 30.07
total 68.13 7.11 24.76 100
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Sample 22-5

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.85 0.00 0.00 5.85
-3 14.89 0.00 0.00 14.89
-2 9.85 0.62 0.00 10.47
-1 7.71 0.65 0.08 8.44
0 4.49 0.87 2.18 7.54
1 1.06 0.53 3.63 5,22
2 0.35 0.32 1.33 2.00
3 1.35 0.00 0.00 1.35
4 3.12 0.00 0.00 3.12
) 41.12 0.00 0.00 41.12
total 89.79 2.99 7.22 100
Sample 22-8
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 13.67 1.42 0.00 15.09
-2 47.56 1.60 0.00 49,16
-1 6.22 0.97 0.29 7.48
0 3.02 0.93 3.38 7.33
1 1.79 0.81 3.99 6.59
2 1.23 0.74 2.20 4,17
3 2.18 0.00 0.00 2.18
4 2.01 0.00 0.00 2.01
) 6.02 0.00 0.00 6.02
total 83.7 6.47 9.86 100.03
Sample 29-1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 1.81 0.00 0.00 1.81
-3 5.63 0.00 0.00 5.63
-2 4.16 0.9 0.00 5.07
-1 6.36 1.16 0.11 7.63
0 5.85 1.67 2.65 10.17
1 4.39 2.31 7.47 14.17
2 4.00 2.53 8.08 14.61
3 10.50 0.00 0.00 10.50
4 7.05 0.00 0.00 7.05
5 23.34 0.00 0.00 23.34
total 73.09 8.58 18.31 99.98
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Sample 32-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 16.77 0.00 0.00 16.77
-3 5.85 0.65 0.00 6.50
-2 4,97 0.00 0.00 4.97
-1 2.11 0.78 0.34 3.23
0 1.12 0.60 2.10 3.82
1 1.18 0.45 1.68 3.31
2 0.76 1.33 2.64 4,73
3 6.59 0.00 0.00 6.59
4 7.83 0.00 0.00 7.83
5 42 .25 0.00 0.00 42,25
total 89.43 3.81 6.76 100.00

~ Sample 32-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
~4 8.08 0.00 0.00 8.08
-3 14.03 0.00 0.00 14.03
-2 12.70 2.06 0.00 14.76
-1 8.72 2.27 1.06 12.05
0 15.08 0.00 0.00 15.08
1 9.76 0.00 0.00 9.76
2 3.44 0.00 0.00 3.44
3 1.92 0.00 0.00 1,92
4 2.46 0.00 0.00 2.46
S 18.41 0.00 0.00 18.41
total 94,60 4.33 1.06 99.99

Sample 32-3

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 2.09 0.00 0.00 2.09
-2 2.03 0.42 0.00 2.45
-1 3.20 0.82 0.15 4,17
0 4.20 1.55 2.89 8.64
1 4.36 1.75 7.37 13.48
2 3.39 3.33 8.07 14.79
3 12.53 0.00 0.00 12.53
4 9.52 0.00 0.00 9.52
5 32.30 0.00 0.00 32.30
total 73.62 7.87 18.48 99.97

214




Sample 36-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 7.08 0.00 7.08
-3 4,15 4.82 0.00 8.97
-2 9.54 6.48 0.00 16.02
-1 7.45 6.63 0.89 14,97
0 5.64 5.32 6.15 17.11
1 2.83 3.26 7.31 13.40
2 2.02 2.93 4,51 9.46
3 5.39 0.00 0.00 5.39
4 2.70 0.00 0.00 2.70
5 4.89 0.00 0.00 4.89
total 44.61 36.52 18.86 99,99

Sample 36-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.01 0.00 0.00 5.01
-2 9.95 3.20 0.00 13.15
-1 7.91 4.40 0.76 13.07
0 6.29 5.18 6.00 17.47
1 3.49 4.42 10.23 18.14
2 2.46 3.88 7.80 14.14
3 8.22 0.00 0.00 8.22
4 4.51 0.00 0.00 4.51
5 6.28 0.00 0.00 6.28
total 54.12 21.08 24.79 99.99

Sample 37-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.06 4.49 0.00 5.55
-2 2.65 4.07 0.09 6.81
-1 4.39 3.27 1.41 9.07
0 4.45 3.35 7.70 15.50
1 4.06 2.79 10.88 17.73
2 3.38 2.02 8.56 13.96
3 8.87 0.00 0.00 8.87
4 5.24 0.00 0.00 5.24
5 17.23 0.00 0.00 17.23
total 51.33 19.99 28.64 99.96
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Sample 38-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 4.40 0.00 0.00 4.40
-2 3.26 0.15 0.00 3.41
-1 3.23 0.91 0.29 4.43
0 3.22 0.76 2.13 6.11
1 3.46 1.57 5.40 10.43
2 4.98 2.28 4.91 12.17
3 10.28 0.00 0.00 10.28
4 8.16 0.00 0.00 8.16
5 40.60 0.00 0.00 40.60
total 81.59 5.67 12.73 99.99

Sample 40-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.90 0.72 0.00 1.62
-2 2.73 0.61 0.00 3.34
-1 2.90 0.97 0.24 4.11
0 3.33 1.21 1.97 6.51
1 4.10 1.42 4.75 10.27
2 5.06 2.60 5.90 13.56
3 12.04 0.00 0.00 12.04
4 9.94 0.00 0.00 9.94
5 38.61 0.00 0.00 38.61
total 79.61 7.53 12.86 100.00

Sample 41-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 4.79 1.67 0.00 6.46
-2 11.65 3.09 0.00 14.74
-1 10.65 1.65 0.31 12.61
0 8.32 1.80 6.55 16.67
1 5.40 1.20 9.48 16.08
2 4.14 1.00 4.85 9.99
3 4.56 0.00 0.00 4.56
4 3.25 0.00 0.00 3.25
5 15.66 0.00 0.00 15.66
total 68.42 10.41 21.19 100.02
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Sample 41-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.05 0.39 0.00 0.44
-2 0.71 2.21 0.00 2.92
-1 2.24 3.84 1.01 7.09
0 4.79 4.86 6.90 16.55
1 4.75 4.10 11.99 20.84
2 4,45 4.51 12.45 21.41
3 11.86 0.00 0.00 11.86
4 6.65 0.00 0.00 6.65
5 12.25 0.00 0.00 12.25
total 47.75 19.91 32.35 100.01

Sample 41-3

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.16 0.00 0.00 0.16
-2 0.69 0.00 0.00 0.69
-1 0.83 0.45 0.18 1.46
0 0.94 1.07 1.97 3.98
1 1.52 2.65 6.29 10.46
2 5.27 4.62 10.28 20.17
3 20.03 0.00 0.00 20.03
4 13.77 0.00 0.00 13.77
5 29.25 0.00 0.00 29.25
total 72.46 8.79 18.72 99.97

Sample 42-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.83 1.15 0.00 1.98
-2 2.17 0.42 0.00 2.59
-1 2.03 0.35 0.34 2.72
0 3.65 0.00 0.00 3.65
1 5.19 0.00 0.00 5.19
2 7.46 0.00 0.00 7.46
3 9.40 0.00 0.00 9.40
4 10.85 0.00 0.00 10.85
5 56.15 0.00 0.00 56.15
total 97.73 1.92 0.34 99.99
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Sample 42-2

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 2.56 4.16 0.00 6.72
-2 8.06 0.00 0.00 8.06
-1 7.46 1.90 0.54 9.90
0 12.73 0.00 0.00 12.73
1 15.81 0.00 0.00 15.81
2 14.96 0.00 0.00 14.96
3 10.98 0.00 0.00 10.98
4 7.53 0.00 0.00 7.53
5 13.31 0.00 0.00 13.31
total 93.4 6.06 0.54 100
Sample 42-3
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.81 1.01 0.00 1.82
-2 0.61 0.00 0.00 0.61
-1 1.32 0.45 0.19 1.96
0 5.28 0.00 0.00 5.28
1 9.72 0.00 0.00 9.72
2 15.78 0.00 0.00 15.78
3 16.12 0.00 0.00 16.12
4 14.10 0.00 0.00 14.10
5 34.59 0.00 0.00 34.59
total 98.33 1.46 0.19 99.98
Sample 42-4
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.32 0.00 0.00 3.32
-2 15.49 2.25 0.00 17.74
-1 13.06 0.49 0.00 13.55
0 9.37 0.00 0.00 9.37
1 12.24 0.00 0.00 12.24
2 13.29 0.00 0.00 13.29
3 9.18 0.00 0.00 9.18
4 5.89 0.00 0.00 5.89
5 15.44 0.00 0.00 15.44
total 97.28 2.74 0 100
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Sample 42-5

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
~3 2.82 0.00 0.00 2.82
-2 5.34 0.57 0.00 5.91
-1 3.07 0.18 0.19 3.44
0 5.46 0.00 0.00 5.46
1 8.24 0.00 0.00 8.24
2 12.45 0.00 0.00 12.45
3 12.88 0.00 0.00 12.88
4 10.10 0.00 0.00 10.10
5 38.70 0.00 0.00 38.70
total 99.06 0.75 0.19 100
Sample 53-1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.71 0.00 0.00 1.71
-2 1.85 2.06 0.00 3.91
-1 2.75 1.62 0.42 4.79
0 3.23 2.67 4.00 9.90
1 4.11 2.43 6.72 13.26
2 5.14 2.92 6.48 14.54
3 11.26 0.00 0.00 11.26
4 8.50 0.00 0.00 8.50
5 32.13 0.00 0.00 32.13
total 70.68 11.7 17.62 100.00
Sample 55-1
phi ~ pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.34 1.49 0.00 6.83
-3 15.26 3.41 0.00 18.67
-2 11.26 2.62 0.02 13.90
-1 7.73 3.52 0.87 12.12
0 5.44 2.11 7.44 14.99
1 2.74 2.23 7.39 12.36
2 1.49 1.32 3.68 6.49
3 2.86 0.00 0.00 2.86
4 1.72 0.00 0.00 1.72
5 10.07 0.00 0.00 10.07
total 63.91 16.7 19.4 100.01
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Sample 55-2

phi _pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 27.10 0.00 0.00 27.10
-4 5.13 0.00 0.00 5.13
-3 7.93 0.00 0.00 7.93
-2 5.96 0.09 0.00 6.05
-1 5.18 0.70 0.23 6.11
0 7.61 0.00 0.00 7.61
1 7.56 0.00 0.00 7.56
2 6.29 0.00 0.00 6.29
3 5.17 0.00 0.00 5.17
4 4.26 0.00 0.00 4,26
5 16.79 0.00 0.00 16.79
total 98.98 0.79 0.23 100
Sample 55-3
phi ~pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 6.17 0.00 0.00 6.17
-4 8.05 0.00 0.00 8.05
-3 11.10 0.00 0.00 11.10
-2 8.86 0.32 0.00 9.18
-1 6.13 1.39 0.39 7.91
0 9.25 0.00 0.00 9.25
1 9.00 0.00 0.00 9.00
2 7.91 0.00 0.00 7.91
3 6.13 0.00 0.00 6.13
4 5.13 0.00 0.00 5.13
5 20.16 0.00 0.00 20.16
total 97.89 1.71 0.39 99.99
Sample 55-4
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
~5 17.20 0.00 0.00 17.20
-4 1,13 0.00 0.00 1.13
-3 11.63 0.00 0.00 11.63
-2 9.01 0.00 0.00 9.01
-1 6.07 0.34 0.12 6.53
0 7.23 0.00 0.00 7.23
1 8.08 0.00 0.00 8.08
2 7.40 0.00 0.00 7.40
3 5.62 0.00 0.00 5.62
4 5.40 0.00 0.00 5.40
5 20.77 0.00 0.00 20.77
total 99.54 0.34 0.12 100
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Sample 55-5

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
=5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.86 21.46 0.00 22.32
-2 2.47 20.88 0.00 23.35
-1 3.00 6.48 1.52 11.00
0 11.97 0.00 0.00 11.97
1 8.43 0.00 0.00 8.43
2 4.90 0.00 0.00 4.90
3 3.38 0.00 0.00 3.38
4 3.19 0.00 0.00 3.19
5 11.46 0.00 0.00 11.46
total 49.66 48.82 1.52 100
Sample 55-6
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 3.57 9.49 0.00 13.06
-4 3.23 0.00 0.00 3.23
-3 12.40 0.00 0.00 12.40
-2 10.07 0.93 0.00 11.00
-1 5.68 2.04 0.43 8.15
0 10.50 0.00 0.00 10.50
1 10.30 0.00 0.00 10.30
2 7.49 0.00 0.00 7.49
3 4.23 0.00 0.00 4,23
4 2.85 0.00 0.00 2.85
5 16.78 0.00 0.00 16.78
total 87.1 12.46 0.43 99.99
Sample 55-7
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 8.24 0.00 8.24
-3 1.95 7.52 0.00 9.47
-2 4.88 5.01 0.00 9.89
-1 5.17 4,32 0.92 10.41
0 15.25 0.00 0.00 15.25
1 14,78 0.00 0.00 14.78
2 9.31 0.00 0.00 9.31
3 4.81 0.00 0.00 4.81
4 2.97 0.00 0.00 2.97
5 14.86 0.00 0.00 14.86
total 73.98 25.09 0.92 99.99

221




Sample 55-8

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 10.55 0.00 0.00 10.55
-4 10.78 0.00 0.00 10.78
-3 11.22 1.43 0.00 12.65
-2 7.15 2.08 0.00 9.23
-1 4,99 2.15 0.36 7.50
0 3.62 1.48 4.39 9.49
1 1.91 1.37 6.06 9.34
2 2.07 1.57 3.54 7.18
3 4.10 0.00 0.00 4,10
4 2.99 0.00 0.00 2.99
5 16.20 0.00 0.00 16.20
total 75.58 10.08 14.35 100.01

Sample 55-9

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
=5 16.34 0.00 0.00 16.34
-4 7.73 0.00 0.00 7.73
-3 8.66 2.15 0.00 10.81
-2 7.13 1.67 0.00 8.80
-1 5.11 1.51 0.48 7.10
0 3.55 1.80 4.37 9.72
1 2.7 1.44 5.52 9.68
2 1.87 1.31 3.66 6.84
3 4.27 0.00 0.00 4,27
4 3.49 0.00 0.00 3.49
5 15.21 0.00 0.00 15.21
total 76.08 9.88 14.03 99.99

Sample 55-10

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.62 0.00 0.00 5.62
-3 5.14 6.79 0.00 11.93
-2 7.15 3.65 0.00 10.80
-1 6.38 1.98 1.08 9.44
0 3.75 2.46 6.29 12.50
1 2.26 2.22 7.44 11.92
2 2.08 1.75 4,74 8.57
3 4.86 0.00 0.00 4.86
4 2.68 0.00 0.00 2.68
5 21.66 0.00 0.00 21.66
total 61.58 18.85 19.55 99.98

222




Sample 55-11

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 11.93 0.00 0.00 11.93
-4 20.02 0.00 0.00 20.02
-3 13.07 0.00 0.00 13.07
-2 7.60 1.05 0.00 8.65
-1 3.85 0.60 0.39 4.84
0 2.92 0.80 2.41 6.13
1 2.02 1.02 3.55 6.59
2 1.96 0.90 2.84 5.70
3 3.64 0.00 0.00 3.64
4 2.72 0.00 0.00 2.72
5 16.73 0.00 0.00 16.73
total 86.46 4.37 9.19 100.02
Sample 56-1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.23 1.91 0.00 5.14
-2 7.51 4.15 0.00 11.66
-1 8.50 2.88 1.53 12.91
0 22.93 0.00 0.00 22.93
1 19.05 0.00 0.00 19.05
2 10.37 0.00 0.00 10.37
3 4.42 0.00 0.00 4,42
4 2.98 0.00 0.00 2.98
5 10.55 0.00 0.00 10.55
total 89.54 8.94 1.53 100
Sample 56-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 1.94 10.37 0.00 12.31
-3 17.37 6.38 0.00 23.75
-2 14.25 4.21 0.00 18.46
-1 10.41 3.95 1.67 16.03
0 14.36 0.00 0.00 14.36
1 8.23 0.00 0.00 8.23
2 3.60 0.00 0.00 3.60
3 1.20 0.00 0.00 1.20
4 0.49 0.00 0.00 0.49
5 1.56 0.00 0.00 1.56
total 73.41 24.91 1.67 99,99
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Sample 56-3

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 24.26 0.00 0.00 24 .26
-3 8.30 0.87 0.00 9.17
-2 6.04 1.29 0.00 7.33
-1 3.94 0.37 0.10 4.41
0 4,95 0.00 0.00 4.95
1 6.03 0.00 0.00 6.03
2 8.02 0.00 0.00 8.02
3 7.87 0.00 0.00 7.87
4 7.09 0.00 0.00 7.09
5 20.87 0.00 0.00 20.87
total 97 .37 2.53 0.1 100
Sample 56-4
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.15 4,43 0.00 7.58
-2 6.17 2.43 0.00 8.60
-1 7.31 2.54 1.32 11.17
0 5.65 3.67 7.57 16.89
1 4.26 3.61 10.85 18.72
2 5.29 2.42 6.91 14.62
3 7.52 0.00 0.00 7.52
4 4.65 0.00 0.00 4.65
5 10.25 0.00 0.00 10.25
total 54.25 19.1 26.65 100.00
Sample 56-5
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.87 1.81 0.00 5.69
-2 9.46 4.19 0.00 13.65
-1 9.54 3.38 0.58 13.50
0 15.62 0.00 0.00 15.62
1 15.30 0.00 0.00 15.30
2 11.98 0.00 0.00 11.98
3 6.31 0.00 0.00 6.31
4 3.63 0.00 0.00 3.63
S 14.32 0.00 0.00 14.32
total 90.03 9,381 0.58 100
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Sample 56-6

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 3.94 0.00 0.00 3.94
-3 20.91 0.83 0.00 21.74
-2 12.75 1.71 0.00 14.46
-1 5.67 1.56 1.95 9.18
0 10.24 0.00 0.00 10.24
1 6.76 0.00 0.00 6.76
2 4.33 0.00 0.00 4,33
3 4.65 0.00 0.00 4,65
4 5.14 0.00 0.00 5.14
5 19.55 0.00 0.00 19.55
total 93.94 4.1 1.95 99.99
Sample 56-7
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 6.46 0.00 0.00 6.46
-3 16.56 2.16 0.00 18.72
-2 14.78 4.86 0.00 19.64
-1 9.28 4.47 1.46 15.21
0 15.11 0.00 0.00 15.11
1 11.65 0.00 0.00 11.65
2 6.65 0.00 0.00 6.65
3 2.68 0.00 0.00 2.68
4 0.83 0.00 0.00 0.83
5 3.05 0.00 0.00 3.05
total 87.05 11.49 1.46 100
Sample 56-8
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.69 13.57 0.00 19.26
=2 10.10 6.72 0.00 16.82
-1 8.25 6.63 1.12 16.00
0 19.88 0.00 0.00 19.88
1 14.33 - 0.00 0.00 14.33
2 6.25 0.00 0.00 6.25
3 2.21 0.00 0.00 2.21
4 1.12 0.00 0.00 1.12
5 4.13 0.00 0.00 4,13
total 71.96 26.92 1,12 100
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Sample 56-9

phi pumice lithic crystal total
-6 0.00. 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 6.91 0.00 0.00 6.91
-3 3.98 0.76 0.00 4.74
-2 4.25 3.76 0.00 8.01
-1 5.42 1.32 1.22 7.96
0 4.50 1.78 6.97 13.25
1 4.27 1.68 6.82 12.77
2 5.44 1.17 3.64 10.25
3 8.24 0.00 0.00 8.24
4 6.36 0.00 0.00 6.36
5 21.51 0.00 0.00 21.51
total 70.88 10.47 18.65 100.00
Sample 57-~1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 14.02 3.25 0.00 17.27
-3 10.08 1.83 0.00 11.91
-2 5.91 1.06 0.00 6.97
~1 3.25 0.70 0.34 4.29
0 6.11 0.00 0.00 6.11
1 4,99 0.00 0.00 4,99
2 6.43 0.00 0.00 6.43
3 8.02 0.00 0.00 8.02
4 7.23 0.00 0.00 7.23
5 26.79 0.00 0.00 26.79
total 92.83 6.84 0.34 100
Sample 57-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 24 .13 0.00 0.00 24.13
-3 17.08 1.78 0.00 18.86
-2 12.50 0.13 0.05 12.68
-1 9.00 0.69 0.30 9.99
0 9.54 0.00 0.00 9.54
1 10.08 0.00 0.00 10.08
2 8.62 0.00 0.00 8.62
3 3.76 0.00 0.00 3.76
4 0.96 0.00 0.00 0.96
5 1.40 0.00 0.00 1.40
total 97.07 2.6 0.35 100
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Sample 59-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.53 1.72 0.00 2.25
-2 1.76 2.25 0.00 4.01
-1 2.83 2.32 1.45 6.60
0 4.43 4.57 5.91 14.91
1 3.86 3.99 11.16 19.01
2 2.99 3.79 9.31 16.09
3 9.46 0.00 0.00 9.46
4 5.31 0.00 0.00 5.31
5 22 .36 0.00 0.00 22.36
total 53.53 18.64 27.83 100
Sample 589-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.83 1.49 0.00 7.32
-3 13.01 4.10 0.00 17.11
-2 10.41 2.99 0.00 13.40
-1 7.20 2.86 0.89 10.95
0 S.46 2.70 5.44 13.60
1 2.68 2.50 8.02 13.20
2 1.81 2.14 4.86 8.81
3 4.21 0.00 0.00 4.21
4 2,27 0.00 0.00 2.27
S 9.15 0.00 0.00 9.15
total 62.03 18.78 19.21 100.02
Sample 59-3
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 6.46 0.59 0.00 7.05
-2 12.95 2.14 0.00 15.09
-1 9.43 2.10 1.19 12.72
0 6.99 2.66 7.26 16.91
1 4,28 2.47 10.54 17.29
2 2.74 1.84 6.50 11.08
3 5.69 0.00 0.00 5.69
4 3.15 0.00 0.00 3.15
5 10.99 0.00 0.00 10.99
total 62.68 11.8 25.49 99.97
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Sample 59-4

phi punice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.92 1.33 0.00 2.25
-2 2.717 2.18 0.00 4.95
-1 4.66 3.36 1.22 9.24
0 6.62 3.84 6.70 17.16
1 5.90 3.31 9.62 18.83
2 4.08 4.18 8.74 17.00
3 10.56 0.00 0.00 10.56
4 6.18 0.00 0.00 6.18
S 13.84 0.00 0.00 13.84
total 55.53 18.2 26.28 100.01

Sample 59-5

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
=5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 10.98 0.50 0.00 11.48
-2 14.51 2.00 0.00 16.51
-1 12.15 2.50 0.22 14.87
0 9.49 2.45 3.69 15.63
1 6.04 2.01 6.34 14.39
2 3.47 2.00 4,03 9.50
3 4,38 0.00 0.00 4.38
4 2.46 0.00 0.00 2.46
5 10.77 0.00 0.00 10.77
total 74.25 11.46 14.28 99.99

Sample 60-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 7.39 0.93 0.00 8.32
-2 5.05 1.12 0.10 6.27
-1 6.15 2.76 1.44 10.35
0 6.31 3.64 7.06 17.01
1 6.38 1.03 10.15 17.57
2 3.15 3.12 7.50 13.77
3 7.28 0.00 0.00 7.28
4 4.12 0.00 0.00 4,12
S 15.33 0.00 0.00 15.33
total 61.17 12.6 26.25 100.02
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Sample 60-2

ohi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 4.48 4.17 0.00 8.65
-3 8.78 4.81 0.00 13.59
-2 10.35 3.31 0.00 13.66
-1 6.30 2.29 0.88 9.47
0 4.59 2.65 3.90 11.14
1 3.41 2.52 5.40 11.33
2 2.60 1.98 5.05 9.63
3 6.01 0.00 0.00 6.01
4 3.90 0.00 0.00 3.90
5 12.59 0.00 0.00 12.59
total 63.01 21.73 15.23 99.97

Sample 60-3

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.27 1.47 0.00 2.74
-2 4.60 5.18 0.00 9.78
-1 5.64 4.70 1.06 11.40
0 6.78 3.72 6.98 17.48
1 4.26 4.08 10.41 18.75
2 3.01 3.91 7.57 14.49
3 7.70 0.00 0.00 7.70
4 4.00 0.00 0.00 4,00
5 13.69 0.00 0.00 13.69
total 50.95 23.06 26.02 100.03

Sample 61-1

phi pumice lithic crystal total
-6 8.10 0.00 0.00 8.10
-5 0.00 0.00 0.00 0.00
-4 1.49 0.00 0.00 1.49
-3 3.13 0.00 0.00 3.13
-2 4,05 0.06 0.00 4,11
-1 5.24 0.83 0.58 6.65
0 5.30 1.81 2.80 9.91
1 4,44 2.41 6.57 13.42
2 3.82 3.39 7.40 14,61
3 10.65 0.00 0.00 10.65
4 7.43 0.00 0.00 7.43
5 20.47 0.00 0.00 20.47
total 74.12 8.5 17.35 99.97
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Sample 63-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
~4 0.00 0.00 0.00 0.00
-3 4.70 0.00 0.00 4.70
~2 5.93 2.65 0.00° 8.58
-1 8.07 3.30 1.14 12.51
0 8.57 1.82 6.50 16.89
1 5.36 1.32 5.42 12.10
2 5.17 1.81 3.93 10.91
3 7.99 0.00 0.00 7.99
4 6.55 0.00 0.00 6.55
5 19.76 0.00 0.00 19.76
total 72.1 10.9 16.99 99.99
Sample 63-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.79 0.00 0.00 5.79
-2 16.69 0.81 0.00 17.50
-1 6.48 0.79 0.71 7.98
0 4.10 1.41 4.59 10.10
1 3.05 1.64 6.73 11.42
2 3.70 2.35 5.15 11.20
3 8.15 0.00 0.00 8.15
4 4.98 0.00 0.00 4.98
5 22.87 0.00 0.00 22 .87
total 75.81 7.00 17.18 99.99
Sample 63-3
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 7.55 0.00 0.00 7.55
-3 17.56 25,07 0.00 2.63
-2 16.98 10.86 0.00 27.84
-1 0.19 0.29 0.00 0.48
0 0.22 0.00 0.00 0.22
1 0.49 0.00 0.00 0.49
2 1.36 0.00 0.00 1.36
3 2.24 0.00 0.00 2.24
4 2.87 0.00 0.00 2.87
5 14.32 0.00 0.00 14,32
total 63.78 36.22 0 100
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Sample 63-4

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 1.05 2.66 0.09 3.80
-1 1.97 1.91 0.62 4.50
0 7.29 0.00 0.00 7.29
1 13.41 0.00 0.00 13.41
2 17.89 0.00 0.00 17.89
3 14.24 0.00 0.00 14.24
4 9.13 0.00 0.00 9.13
5 29.72 0.00 0.00 29.72
total 94.70 4,57 0.71 99.98
Sample 63-5
phi _pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 13.77 0.00 0.00 13.77
-3 47.83 0.00 0.00 47.83
-2 9.85 1.31 0.00 11.16
-1 3.44 0.49 0.11 4.04
0 2.56 0.00 0.00 2.56
1 2.71 0.00 0.00 2.71
2 3.10 0.00 0.00 3.10
3 2.89 0.00 0.00 2.89
4 2.41 0.00 0.00 2.41
S 9.52 0.00 0.00 9.52
total 98.08 1.8 0.11 99.99
Sample 63-6
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.40 1.79 0.00 3.19
-2 5.06 0.51 0.00 5.57
-1 6.48 0.83 0.44 7.75
0 11.39 0.00 0.00 11.39
1 13.61 0.00 0.00 13.61
2 13.42 0.00 0.00 13.42
3 10.04 0.00 0.00 10.04
4 6.50 0.00 0.00 6.50
5 28.53 0.00 0.00 28.53
total 96.43 3.13 0.44 100
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Sample 63-7

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 17.48 0.00 0.00 17.48
-3 19.73 0.00 0.00 19.73
=2 10.03 0.00 0.00 10.03
-1 4,22 0.27 0.07 4.56
0 5.17 0.00 0.00 5.17
1 6.48 0.00 0.00 6.48
2 6.91 0.00 0.00 6.91
3 6.22 0.00 0.00 6.22
4 4,55 0.00 0.00 4.55
5 18.88 0.00 0.00 18.88
total 99,67 0.27 0.07 100
Sample 63-8
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 2.17 0.00 0.00 2.17
-2 10.55 0.52 0.00 11.07
-1 11.24 0.54 0.03 11.81
0 10.43 0.00 0.00 10.43
1 11.03 0.00 0.00 11.03
2 11.92 0.00 0.00 11.92
3 10.40 0.00 0.00 10.40
4 7.02 0.00 0.00 7.02
5 24.17 0.00 0.00 24.17
total 98.93 1.06 0.03 100
Sample 63-9
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 0.13 2.09 0.00 2.22
-1 0.23 1.81 0.55 2.59
0 10.95 0.00 0.00 10.95
1 26.39 0.00 0.00 26.39
2 31.47 0.00 0.00 31.47
3 18.26 0.00 0.00 18.26
4 5.99 0.00 0.00 5.99
5 2.13 0.00 0.00 2.13
total 95.55 3.9 0.55 100
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Sample 63-10

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
~5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.31 4.36 0.00 7.67
-2 34.38 4.59 0.00 38.97
-1 20.10 3.59 0.13 23.82
0 10.40 0.00 0.00 10.40
1 6.21 0.00 0.00 6.21
2 4.42 0.00 0.00 4.42
3 2.85 0.00 0.00 2.85
4 1.85 0.00 0.00 1.85
5 3.81 0.00 0.00 3.81
total 87.33 12.54 0.13 100
Sample 64-1
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
~4 3.39 0.00 0.00 3.39
-3 5.44 0.00 0.00 5.44
-2 8.91 0.07 0.00 8.98
-1 11.17 0.45 0.08 11.70
0 10.06 0.00 0.00 10.06
1 9.65 0.00 0.00 9.65
2 9.69 0.00 0.00 9.69
3 8.18 0.00 0.00 8.18
4 6.90 0.00 0.00 6.90
5 26.01 0.00 0.00 26.01
total 99.4 0.52 0.08 100
Sample 64-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.79 0.00 0.00 3.79
-2 3.05 1.23 0.00 4.28
-1 3.81 1.38 0.34 5.53
0 13.14 0.00 0.00 13.14
1 19.90 0.00 0.00 19.90
2 17.75 0.00 0.00 17.75
3 12.31 0.00 0.00 12.31
4 7.60 0.00 0.00 7.60
5 15.71 0.00 0.00 15.71
total 97.06 2.61 0.34 100
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Sample 67-1

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 3.55 0.00 0.00 3.55
-3 7.30 1.91 0.00 9.21
=2 16.39 0.14 0.00 16.53
-1 9.13 1.50 0.69 11.32
0 9.99 0.00 0.00 9.99
1 10.35 0.00 0.00 10.35
2 8.33 0.00 0.00 8.33
3 5.16 0.00 0.00 5.16
4 3.12 0.00 0.00 3.12
5 22.44 0.00 0.00 22 .44
total 95.76 3.55 0.69 100
Sample 67-2
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.11 0.00 0.00 5.11
-3 17.10 0.85 0.00 17.95
-2 12.70 1.28 0.00 13.98
-1 10.09 1.39 0.21 11.69
0 11.32 0.00 0.00 11.32
1 11.11 0.00 0.00 11.11
2 7.52 0.00 0.00 7.52
3 5.40 0.00 0.00 5.40
4 3.10 0.00 0.00 3.10
5 12.82 0.00 0.00 12.82
total 96.27 3.52 0.21 100
Sample 67-3
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 1.85 0.00 0.00 1.85
-1 4.67 1.73 0.58 6.98
0 22.03 0.00 0.00 22.03
1 30.83 0.00 0.00 30.83
2 21.57 0.00 0.00 21.57
3 8.63 0.00 0.00 8.63
4 3.13 0.00 0.00 3.13
5 4.98 0.00 0.00 4.98
total 97.69 1.73 0.58 100
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Sample 67-4

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 6.78 3.11 0.00 9.89
-2 10.41 3.27 0.00 13.68
-1 9.84 3.52 0.43 13.79
0 17.10 0.00 0.00 17.10
1 17.36 0.00 0.00 17.36
2 10.23 0.00 0.00 10.23
3 5.08 0.00 0.00 5.08
4 2.70 0.00 0.00 2.70
5 10.17 0.00 0.00 10.17
total 89.67 9.9 0.43 100
Sample G86-12-11
phi _pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 4.30 0.00 0.00 4.30
-3 6.58 0.00 0.00 6.58
-2 6.77 0.07 0.00 6.84
-1 6.64 0.40 0.31 7.35
0 7.43 1.34 2.26 11.03
1 7.65 0.67 5.25 13.57
2 13.28 0.00 0.00 13.28
3 9.79 0.00 0.00 9.79
4 7.90 0.00 0.00 7.90
5 20.76 0.00 9.00 20.76
total 91.1 2.48 7.82 101.4
Sample G86-12-12
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 12.79 0.00 0.00 12.79
-3 3.73 0.00 0.00 3.73
-2 1.74 0.00 0.00 1.74
-1 2.95 0.06 0.00 3.01
0 3.91 0.14 0.24 4,29
1 4.28 0.35 1.44 6.07
2 8.38 0.00 0.00 8.38
3 9.33 0.00 0.00 9.33
4 10.81 0.00 0.00 10.81
5 39.84 0.00 0.00 39.84
total 97.76 0.55 1.68 99.99
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Sample G86-12-13

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 1.66 0.00 0.00 1.66
-1 2.00 0.00 0.00 2.00
0 3.69 0.39 0.28 4,36
1 4.26 0.12 0.67 5.05
2 7.23 0.00 0.00 7.23
3 10.54 0.00 0.00 10.54
4 12.89 0.00 0.00 12.89
5 56.27 0.00 0.00 56.27
total 98.54 0.51 0.95 100
Sample G86-15-14
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 1.29 6.65 0.00 7.94
-2 3.42 5.23 0.00 8.65
-1 5.08 9.31 0.74 15.13
0 6.35 7.36 10.31 24.02
1 3.72 5.37 14.77 23.86
2 1.67 3.34 9.46 14.47
3 4.58 0.00 0.00 4.58
4 0.82 0.00 0.00 0.82
5 0.52 0.00 0.00 0.52
total 27.45 37.26 35.3 99.9
Sample G86-19-15
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 5.48 0.00 0.00 5.48
-3 10.21 0.00 0.00 10.21
-2 10.63 0.47 0.00 11.10
-1 8.33 0.56 0.38 9.27
0 5.51 1.29 5.87 12.67
1 3.33 2.79 9.62 15.74
2 1.85 2.64 8.18 12.67
3 7.89 0.00 0.00 7.89
4 4.81 0.00 0.00 4.81
5 10.16 0.00 0.00 10.16
total 68.2 7.75 24.1 100
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Sample G86-19-16

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 6.50 0.00 0.00 6.50
-3 7.03 0.00 0.00 7.03
-2 8.16 0.20 0.00 8.36
-1 9.28 1.57 0.14 10.99
0 7.17 0.72 4.52 12.41
1 4.29 2.05 7.68 14.02
2 2.88 3.35 5.75 11.98
3 8.23 0.00 0.00 8.23
4 6.30 0.00 0.00 6.30
5 14.12 0.00 0.00 14.12
total 73.96 7.89 18.1 99.94

Sample G86~-22-37

phi _pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
=5 0.00 0.00 0.00 0.00
-4 0.42 0.00 0.00 0.42
-3 1.39 2.88 0.00 4,27
-2 6.25 0.00 0.00 6.25
-1 8.53 0.00 0.00 8.53
0 13.59 0.00 0.00 13.59
1 18.53 0.00 0.00 18.53
2 18.78 0.00 0.00 18.78
3 13.17 0.00 0.00 13.17
4 7.91 0.00 0.00 7.91
5 8.53 0.00 0.00 8.53
total 97.1 2.88 0 99.98

Sample G86-26-27

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 2.45 0.68 0.00 3.13
-2 6.19 0.22 0.00 6.41
-1 5.57 2.58 0.21 8.36
0 4,47 3.00 7.17 14.64
1 4.11 3.27 11.59 18.97
2 15.37 0.00 0.00 15.37
3 8.75 0.00 0.00 8.75
4 6.03 0.00 0.00 6.03
5 18.04 0.00 0.00 18.04

total 70.98 9.75 13 99.7
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Sample G86-28-19

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 0.80 0.46 0.00 1.26
-1 1.52 2.40 0.80 4.72
0 4.68 4,92 8.51 18.11
1 5.33 3.02 14.57 22.92
2 20.00 0.00 0.00 20.00
3 11.54 0.00 0.00 11.54
4 8.59 0.00 0.00 8.59
5 12.88 0.00 0.00 12.88
total 65.34 10.8 23.9 100

Sample G86-28-20

phi punmice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 1.85 0.00 0.00 1.85
-1 1.80 0.11 0.62 2.53
0 3.96 2.11 3.43 9.50
1 3.76 3.25 8.21 15.22
2 19.22 0.00 0.00 19.22
3 16.86 0.00 0.00 16.86
4 11.97 0.00 0.00 11.97
5 22.82 0.00 0.00 22.82
total 82.24 5.47 12.3 99.97

Sample G86-28-22

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 2.40 0.00 0.00 2.40
-3 27.24 1.65 0.00 28.89
-2 22.55 1.27 0.00 23.82
-1 7.86 0.55 0.00 8.41
0 3.37 2.72 0.98 7.07
1 2.05 1.17 4.59 7.81
2 7.21 0.00 0.00 7.21
3 5.26 0.00 0.00 5.26
4 3.85 0.00 0.00 3.85
5 5.28 0.00 0.00 5.28
total 87.07 7.36 5.57 100
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Sample G86-28-23

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
~-4 9.01 0.00 0.00 9.01
-3 4,68 0.00 0.00 4.68
=2 4,47 1.00 0.00 5.47
-1 4.16 0.39 0.32 4.87
0 3.29 1.50 2.81 7.60
1 2.37 2.22 6.67 11.26
2 11.19 0.00 0.00 11.19
3 9.59 0.00 0.00 9.59
4 7.77 0.00 0.00 7.77
5 28.57 0.00 0.00 28.57
total 85.1 5.11 9.8 100
Sample G86-101-38a
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.43 0.00 0.00 0.43
-2 2.41 1.34 0.00 3.75
-1 3.26 1.67 0.51 5.44
0 11.88 0.00 0.00 11.88
1 17.45 0.00 0.00 17.45
2 16.84 0.00 0.00 16.84
3 12.96 0.00 0.00 12.96
4 10.25 0.00 0.00 10.25
5 21.00 0.00 0.00 21.00
total 96.48 3.01 0.51 100
Sample G86-101-38b
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 5.80 0.00 0.00 5.89
-2 12.77 1.36 0.00 14.13
-1 8.36 1.02 0.34 9.72
0 7.15 3.61 4.06 14,82
1 4,22 3.69 8.96 16.87
2 14.39 0.00 0.00 14,39
3 9.83 0.00 0.00 9.83
4 6.97 0.00 0.00 6.97
5 7.46 0.00 0.00 7.46
total 76.95 9.68 13.4 99,99
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Sample G86-102-42

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 18.92 0.00 0.00 18.92
-3 14.48 0.23 0.00 14,71
-2 10.31 0.64 0.00 10.95
-1 8.97 0.00 0.00 8.97
0 9.07 0.00 0.00 9.07
1 9.66 0.00 0.00 9.66
2 7.77 0.00 0.00 7.77
3 5.89 0.00 0.00 5.89
4 3.81 0.00 0.00 3.81
S 10.23 0.00 0.00 10.23
total 99.11 0.87 0 939.98
Sample G86~102-43
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 21.08 0.00 0.00 21.08
-3 16.35 0.63 0.00 16.98
-2 13.25 1.68 0.00 14.93
-1 12.03 0.00 0.00 12.03
0 10.35 0.00 0.00 10.35
1 8.63 0.00 0.00 8.63
2 5.63 0.00 0.00 5.63
3 3.00 0.00 0.00 3.00
4 1.78 0.00 0.00 1.78
5 5.59 0.00 0.00 5.59
total 97.69 2.31 0 100
Sample G89-19-19
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.92 1.64 0.00 2.56
-2 3.25 0.90 0.00 4,15
-1 8.95 0.00 0.00 8.95
0 12,05 0.00 0.00 12.05
1 15.49 0.00 0.00 15.49
2 14.30 0.00 0.00 14,30
3 10.81 0.00 0.00 10.81
4 8.81 0.00 0.00 8.81
5 22.87 0.00 0.00 22 .87
total 97.45 2.54 0 99.99
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Sample G89-19-20

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 18.61 0.00 0.00 18.61
-3 32.24 2.64 0.00 34.88
-2 6.37 1.13 0.00 7.50
-1 3.30 0.93 0.49 4.72
0 2.03 1.24 2.02 5.29
1 1.91 0.90 3.34 6.15
2 5.64 0.00 0.00 5.64
3 4.52 0.00 0.00 4,52
4 3.45 0.00 0.00 3.45
5 9.22 0.00 0.00 9.22
total 87.29 6.84 5.85 99.98
Sample G89-69-29
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 0.00 0.00 0.00 0.00
-2 3.12 3.09 0.00 6.21
-1 7.21 3.24 1.04 11.49
0 4.02 4,87 10.47 19.36
1 2.95 4.56 16.35 23.86
2 17.73 0.00 0.00 17.73
3 9.86 0.00 v.00 9.86
4 5.74 0.00 0.00 5.74
5 5.77 0.00 0.00 5.77
total 56.4 15.76 27.9 100
Sample G89%-69-30
phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 3.09 0.00 0.00 3.09
-2 4.86 0.98 0.00 5.84
-1 8.96 0.54 0.40 9.90
0 6.35 2.40 5.24 13.99
1 4.81 1.47 8.29 14.57
2 10.38 0.00 0.00 10.38
3 10.27 0.00 0.00 10.27
4 12.41 0.00 0.00 12.41
5 19.57 0.00 0.00 19.57
total 80.7 5.39 13.9 100
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Sample G89-79-21

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 0.00 0.00 0.00 0.00
-3 4.07 0.00 0.00 4.07
-2 10.41 0.00 0.00 10.41
-1 9.34 2.75 0.11 12.20
0 9.13 3.07 5.03 17.23
1 7.27 2.63 9.90 19.80
2 10.11 0.00 0.00 10.11
3 8.13 0.00 0.00 8.13
4 5.92 0.00 0.00 5.92
5 12.14 0.00 0.00 12.14
total 76.52 8.45 15 100

Sample G89-79-22

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 4.24 0.00 0.00 4.24
-3 8.46 2.06 0.00 10.52
-2 14.03 1.72 0.00 15.75
-1 10.66 2.24 0.00 12.90
0 6.68 2.98 3.31 12.97
1 4.70 1.75 6.08 12.53
2 8.38 0.00 0.00 8.38
3 4.68 0.00 0.00 4.68
4 3.40 0.00 0.00 3.40
5 14.62 0.00 0.00 14,62
total 738.85 10.75 9.39 99.99

Sample G89-79-23

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 6.00 10.46 0.00 10.46
-3 11.95 2.17 0.00 14.12
-2 17.85 0.64 0.00 18.49
-1 9.45 1.64 0.15 11.24
0 7.88 1.00 1.07 9.95
1 4.22 0.28 4.50 9.00
2 5.68 0.00 0.00 5.68
3 3.31 0.00 0.00 3.31
4 2.76 0.00 0.00 2.76
5 14.99 0.00 0.00 14.99
total 78.09 16.19 5.72 100
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Sample G89-79-24

phi pumice lithic crystal total
-6 0.00 0.00 0.00 0.00
-5 0.00 0.00 0.00 0.00
-4 26.32 0.00 0.00 26.32
-3 34.53 2.58 0.00 37.11
-2 12.17 0.37 0.00 12,54
-1 4.54 0.44 0.04 5.02
0 2.15 0.56 0.77 3.48
1 1.36 0.38 1.61 3.35
2 2.54 0.00 0.00 2.54
3 1.51 0.00 0.00 1.51
4 1.50 0.00 0.00 1.50
5 6.64 0.00 0.00 6.64
total 93.26 4.33 2.42 100
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APPENDIX C

STATISTICAL METHOD FOR COMPARING THE EQUALITY OF

REGRESSION LINES IN CHAPTER II

An analysis of variance (ANOVA) table was constructed
for each H/L versus volume regression. D.f. is the degrees
of freedom, 8§ is the sum of squares, F is the F statistic,
and P is the probability of obtaining this regression from
independent parent distributions. P ranges from 0 - 1 and as
can be seen from the ANOVA tables (Tables C.1 - C.3) for the
data, all the regressions are statistically significant.
Next all three regression lines were simultaneously tested
for equality of slopes (parallel regression), intercepts
(concurrent regression), both slopes and intercepts
(coincident regression), and neither slopes nor intercepts
(unrelated regressions) (Weisberg, 1985). This was done by
setting up three dummy variables, nvda, vda, and pf, to
indicate the type of deposit. The variables are either 0 or
1 as shown in Table C.4. Three additional variables, z.nvda,
zvda, and zpf, are also formed by multiplying the dummy
variables by log(volume). Then, for each case to be tested,
a multiple linear regression is performed to fit the data to
the appropriate equation in Table C.5. The case where the
regressions are unrelated is taken as the alternate

hypothesis and each of the other cases is taken, in turn, as
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Table C.1

Pyroclastic flow ANOVA table.

Source | a.f. SS MS F p
regression on x 1 0.583 0.583 11.33 0.0051
resicdual 13 0.668 0.051
total 14 1.251

Table C.2

Volcanic debris avalanche ANOVA table.

Source | d.£f. SS MS F P
regression on x 1 0.177 0.177 16.63 0.0002
residual 38 0.403 0.011
total 39 0.58

Table C.3

Non~volcanic avalanche ANOVA table.

Source | d.f. SS MS E P
regression on x 1 0.970 0.970 51.17 <0.0001
residual 32 0.607 0.019
total 33 1.577

Table C.4

Dummy variables for testing the equality of regression lines.

Type of Deposit | nvda vda pf
non-volcanic debris avalanches 1 0 0
volcanic debris avalanches 0 1 0
pyroclastic flows 0 0 1
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Table C.5

Equations to fit for testing the equality of regression
lines.

Type of Equation to Fit
Regression

unrelated
log(H/L)= da + da + + .nvda + .vda + .
regression og(H / L)= B nvda + B vda + B3 pf + Bq z.nvda + Bs z.vda + B¢ z. pf + error

parallel log(H / L) = da + da+ v Bl 1 .
regression og(H / L)= Py nvda + B vda + B3 pf + P4 Log(volume) + error
concurrent

log(H/L)=fBg + .nvda + .vda + of +
regression og(H / Ly=fo + Bg z.nv Bsz B z.pf +error
coincident

log(H/LY=Bp+f11 1 +

regression og(H / Ly= B + 1 Log(volume) + error
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the null hypothesis. BAn F statistic can be formed from the

residual sum of squares (RSS).

(RSS,—RSS4)/(df,—dfa)
RSS,/df,

The subscripts denote the null and alternate hypotheses

{(C.1)

and df is the degrees of freedom. This statistic was then
compared to tabulated values for F(df,- dfs.df,) to determine
whether the fit was significant at the 5% level. If the
calculated F statistic was larger than the tabulated values
for the appropriate degrees of freedom the null hypothesis
was rejected. If the calculated F statistic was smaller,
there was a failure to reject the null hypothesis. The
residual sum of squares (RSS) and degrees of freedom from
each regression are shown in Table C.6. Table C.7 summarizes
the F statistics.

The above tests were also applied to pairs of the
regression lines. The RSS, df, and F statistics from this set

of tests are summarized in Tables C.8 through C.13.
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Table C.6

RSS and df when testing the equality of regression lines for

all three types of deposits.

Type of Regression | RSS daf
unrelated regression 1.679 83
parallel regression 1.736 85
concurrent regression 2.095 85
coincident regression 2.615 87

Table C.7

F statistics for testing the equality of regression lines for

all three types of deposit.

Null Hypothesis F F(dfy-dfa,dfp) | reject the null
statistic| for a~0.05 hypothesis?
parallel regression 1.48 ~3.1 failure to reject
concurrent regression 10.38 ~3.1 reject
coincident regression 11.6 ~2.5 reject
Table C.8

RSS and df when testing the equality of regression lines for
non-volcanic debris avalanches and volcanic debris

avalanches.
Type of Regression | RSS ar
unrelated regression 1.010 70
parallel regression 1.066 71
concurrent regression 1.411 71
coincident regression 1.599 72

Table C.9

F statistics for testing the equality of regression lines for
non-volcanic debris avalanches and volcanic debris

avalanches.
Null Hypothesis F F(df,-dfa,df,) | reject the null
statistic| for a~0.05 hypothesis?
parallel regression 3.89 ~4.0 failure to reiject
concurrent regression 28.0 ~4.0 reject
coincident regression 20.0 ~3.1 reject

248



Table C.10

RSS and df when testing the equality of regression lines for
non-volcanic debris avalanches and pyroclastic flows.

Type of Regression | RSS df

unrelated regression 1.275 45

parallel regression 1.290 46

concurrent regression 1.410 46

coincident regression 1.762 47
Table C.11

F statistics for testing the equality of regression lines for
non-volcanic debris avalanches and pyroclastic flows.

Null Hypothesis F F(dfp-dfa.dfy) } reject the null
statistic| for a~0.05 hypothesis?
parallel regression 0.53 ~4,1 failure to reject
concurrent regression 4.77 ~4,1 reject
coincident regression 8.5 ~3.2 reject
Table C.12

RSS and df when testing the equality of regression lines for
volcanic debris avalanches and pyroclastic flows.

Type of Regression | RSS df

unrelated regression 1.072 51

parallel regression 1.089 52

concurrent regression 1.072 52

coincident regression 1.092 53
Table C.13

F statistics for testing the equality of regression lines for
volcanic debris avalanches and volcanic debris avalanches.

Null Hypothesis F F(df,-dfa.df,) | reject the null
statistic} for a~0.05 hypothesis?
parallel regression 0.80 ~4.1 failure to reject
concurrent regression 0.002 ~4.0 failure to reject
coincident regression 0.47 ~3.2 failure to reject
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