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ABSTRACT

Models for flank dynamics of Hawaiian volcanoes relate

seismicity in the Hawaiian islands to volcanic edifice growth. In most

models. tectonic earthquakes occurring along a subhorizontal

detachment surface or weak zone at the base of the volcanic edifice are

the principal means of releasing accumulated flank stresses. The

persistence of and damage caused by basal sliding earthquakes

underscore the importance of understanding these events. Not only will

this knowledge yield better models of volcanic growth, but it has

important implications for seismic hazard assessment.

Focal mechanism and slip analysis for a set of small basal sliding

earthquakes show that the southern third of the island of Hawaii is

composed of at least three rigid blocks that slide horizontally along the

edifice basal interface. Relative motion between these blocks may be

accommodated by oblique opening across their shared boundaries.

Differences in fault-plane solutions determined from short

period local-seismic-network and long-period teleseismic data for

recent large Hawaiian earthquakes suggest that the rupture processes

in large basal sliding earthquakes may represent complex patterns of

stress release within the volcanic edifices. Rupture may initiate as small

events that trigger the large-scale energy release at the bases of the

volcanic edifices. the type of energy release often observed in large

Hawaiian earthquakes. These triggering events may activate rupture

surfaces that differ from those along which the long-period moment
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release occurs and, thus, may represent release of a local stress

concentration superposed upon the regional stress field.

Finally, seismic data from a Loihi swarm are examined to

determine a crustal velocity model for Loihi Seamount and to assess

systematic mislocation incurred by locating Loihi earthquakes with

only the stations of the Hawaiian Volcano Observatory permanent

seismic network. An insufficient number of ocean bottom seismometers,

poor site locations, and poor coupling to the bottom precluded

realization of these goals.

Information learned from these studies combined with that from

studies of the temporal and spatial patterns of seismicity and stress

release within the volcanic edifices will yield a much more complete

understanding of volcanic growth and deformation processes.
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CHAPTER 1

Hawaiian Seismicity: An Introduction

If little else, the brain is an educational toy. While it may be a
frustrating plaything - one whose finer points recede just when you
think you are mastering them it is nonetheless p~rpetually

fascinating, frequently surprising, occasionally rewarding, and it
comes already assembled; you don't have to put it together on Christmas
morning.

The problem with possessing such an engaging toy is that other
people want to play with it, too. Sometimes they'd rather play with yours
than theirs. Or they object if you play with yours in a different manner
from the way they play with theirs.

Tom Robbins

§1.1 Background

Hawaii, located in the middle of the Pacific Ocean far removed

from areas of plate accretion and subduction, is an ideal site for the

study of hot spot volcanism. While examination of the seismicity of the

island of Hawaii yields insight into the continuing evolution of a

subaerial hot spot volcano, examination of the seismicity of Loihi

seamount yields insight into the early developmental stages of a hot spot

volcano.

Wood (1914) first differentiated between volcanic and tectonic

earthquakes in Hawaiian seismicity. Whereas tectonic earthquakes

result from slip along a fracture or weak zone following the

accumulation of sufficient elastic strain within the surrounding rock,

volcanic earthquakes result directly from the movement of magma and

are caused by forces within the magma reservoirs or conduits. Tectonic

earthquakes are concentrated within the flanks of the volcanoes. They

occur more continuously in time than volcanic earthquakes and include

main shock-aftershock sequences. Volcanic earthquakes are



concentrated at the summit calderas and along the rift zones of the

volcanoes at shallow depths (typically < 5 km on Kilauea Volcano) and

along vertical magma conduits. They typically occur in episodic swarms,

are often accompanied by changes in tilt, and are frequently associated

with tremor. They are also often of smaller magnitude than tectonic

earthquakes with a larger proportion of small events (higher b-value),

§1.2 Tectonic Earthquakes

Tectonic earthquakes in Hawaii result from flank stresses

incurred from magma injection into the rift zones, seaward sliding of

the unbuttressed flanks of the volcanic edifices along the interface

between the bases of the volcanic piles and the pre-volcanic sea floor,

and flexure of the lithosphere due to the volcanic loading of the ocean

floor. Because of their large size and potential for seismic hazard,

studies of tectonic earthquakes in Hawaii have tended to concentrate on

basal sliding events such as the 1868 Kau earthquake (Wyss, 1988) and

the 1975 Kalapana earthquake (Ando, 1979; Furumoto and Kovach, 1979;

Crosson and Endo, 1981; Crosson and Endo, 1982; Thurber and Gripp,

1988). These studies have resulted in the development of a class of

tectonic models for flank dynamics of Hawaiian volcanoes which relate

flank seismicity to volcanic growth. In these models, the volcanic

flanks are modelled as seawardly mobile wedges separated by the active

rift zones of the volcanoes and bounded at their bases by a

subhorizontal detachment surface or weak zone lying at or near the

base of the volcanic edifice. Magma injection into the rift zones

generates lateral compressive stresses within the volcanic flanks which

are principally released in large tectonic earthquakes. These basal
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earthquakes result in uphill seaward sliding as a cohesive wedge of the

unbuttressed flank of the appropriate volcano.

The persistence of small earthquakes of this basal sliding class

suggests that study of these events might yield a better understanding

of tectonic flank deformation processes occurring on the island. In

Chapter 2 of this dissertation, compressional wave first motion analysis

for three sets of basal sliding earthquakes is used to determine the

orientation of the principal stresses at the bases of Kilauea and Mauna

Loa Volcanoes. The inferred slip directions indicate that the southern

third of the island of Hawaii is composed of at least three rigid blocks

that can be viewed as sliding horizontally along the edifice basal

interface. Relative motion between these blocks may be accommodated

by oblique opening across their shared boundaries, the active rift zones

of Kilauea and Mauna Loa Volcanoes.

This chapter has appeared in its entirety as an article coauthored

by Dr. Carl Johnson, a former USGS HVO employee currently at the

University of Hawaii at Hilo, and myself. This article, entitled "Block

tectonics of the island of Hawaii from a focal mechanism analysis of

basal slip" was published in the April 1991 issue of the Bulletin of the

Seismological Society of America. The idea for this project came

about and was subsequently enhanced through discussions between Dr.

Johnson and myself. I performed all of the data selection and data

reprocessing. Data analysis and initial interpretation was primarily my

work I wrote all drafts of the manuscript; however, contributions by

Dr. Johnson, particularly to the introduction and conclusions sections,

substantially improved the manuscript. Graphics software for

generating four of the publication quality figures as well as
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innumerable intermediate stage figures was provided by Dr. Johnson

and was modified by both him and me.

The occurrence in June 1989 of a ML = 6.1 earthquake within the

dense seismic network on Kilauea's south flank yielded an opportunity

for detailed study of the rupture process in a large Hawaiian

earthquake. Whereas a fault-plane solution determined from local

network short-period body wave first motion data reveals how rupture

in an earthquake initiates, a fault-plane solution determined from long

period teleseismic body wave data reveals the overall rupture process in

an earthquake. In chapter 3, I determined fault-plane solutions for the

main shock and for selected aftershocks of ML ~ 3.0 from compressional

wave first motions read from the short-period stations of the HVO

seismic network on the island of Hawaii. While the mechanism I

determined for the main shock indicated moderate to steeply dipping

thrust faulting, Chen and Nabelek (1990) determined a basal sliding

mechanism for the main shock from long-period teleseismic body wave

data. This difference in fault-plane solutions determined from the

short-period and long-period data suggests that rupture in the main

shock initiated as a triggering event that released a stress

concentration superposed upon the regional stress field. Rupture then

proceeded as low-angle sliding, a result supported by the predominance

of low-angle sliding mechanisms determined for the coastal

aftershocks. This chapter has been submitted to the Bulletin of the

Seismological Society of America as an article entitled "A possible

triggering mechanism for large Hawaiian earthquakes derived from

analysis of the 26 June 1989 Kilauea south flank sequence".
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§1.3 Volcanic Earthquakes

Early work on volcanic earthquakes was concentrated in Japan.

Omori (1912) classified volcanic earthquakes occurring at Asama

Volcano between 1910 and 1913 into two categories: (1) A-type and

(2) B-type. Whereas A-type earthquakes originate in the volcano and

include both events similar to tectonic earthquakes and shallow swarm

earthquakes, B-type earthquakes occur contemporaneously with

explosive eruptions. Minakami et al. (1951) and Minakami (1957, 1960)

further subdivided volcanic earthquakes into four classes: (1) A-type

volcanic earthquakes, (2) B-type volcanic earthquakes, (3) earthquakes

accompanying explosive eruptions, and (4) volcanic pulsation

(harmonic tremor). In this classification, A-type volcanic earthquakes

originate from the bases of volcanoes (at depths of 1 to 10 km) and are

similar to tectonic earthquakes. B-type volcanic earthquakes occur in

swarms and originate from shallower depths than A-type earthquakes.

Hypocenters of B-type earthquakes lie within about a 1 km radius of the

active crater.

More recently, studies of patterns of volcanic seismicity within

and beneath Kilauea Volcano have yielded insight into the structure of

Hawaiian volcanoes. Koyanagi et al. (1976) used the locations of

inflation-related earthquakes occurring within Kilauea Volcano

between May 1, 1971 and August 14, 1971 to map the summit magma

reservoir, the feeding conduit, and two lateral intrusive zones, one

extending south and the other extending southeast from the summit

caldera. Ryan et al., (1981) plotted earthquake hypocenters in three

dimensions to further map four magma transport and storage structures

within and beneath Kilauea Volcano. Klein et al. (1987) provided

5



detailed temporal and spatial descriptions of volcanic earthquakes on

Kilauea Volcano, allowing these authors not only to map the size and

shape of Kilauea's shallow magma reservoir and vertical magma

conduit, but also to classify types of rift swarms and interpret these

swarm types in terms of intrusion processes and rift structure.

An earthquake swarm on Loihi Seamount during September and

October 1986 provided a unique opportunity of study the development of

a young, submarine, Hawaiian volcano. In chapter 4 of this dissertation,

short-period body-wave data from five 3-component ocean bottom

seismometers (OBS) deployed by the Hawaii Institute of Geophysics

during the swarm as well as those from the Hawaiian Volcano

Observatory's (HVO) permanent seismic network in Hawaii are examined

in an attempt to determine a crustal velocity model specific to Loihi

Seamount and to determine appropriate station corrections to use when

locating Loihi earthquakes with only the stations of the permanent HVO

network. An insufficient number of OBSs, poor site locations, and poor

coupling between the OBSs and the bottom precluded determination of

well-resolved locations for the swarm earthquakes.
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CHAPTER 2

Block Tectonics of the Island of Hawaii from a Focal
Mechanism Analysis of Basal Slip

The crucial problem is to recognize and to discover what are the

relevant concepts; once this is accomplished the job may be more than

half done.

I. N. Herstein

§2.1 Abstract

The southern third of the island of Hawaii is composed of at least

three rigid blocks: Kilauea Volcano's south flank, Mauna Loa Volcano's

southeast flank, and Mauna Loa Volcano's west flank. Analysis of

earthquake focal mechanisms suggests that Kilauea's south flank, the

most mobile of these blocks, is moving seaward perpendicular to its east

rift zone along a southeasterly course at an azimuth of 155 ± 5°. Mauna

Loa's southeastern flank is also moving in a southeasterly direction,

although at a slightly more easterly azimuth of 140 ± 5°, Although data

are sparse on the western flank of Mauna Loa due to low seismicity and

inadequate seismic network station density, the available data suggest

that this region is translating seaward along a generally westerly

azimuth. Relative differences in these translational azimuths may

represent oblique opening across the boundaries between these

regions, the active rift zones of Kilauea and Mauna Loa Volcanoes.
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§2.2 Introduction

The island of Hawaii is the youngest member of the Hawaiian

Emperor volcanic chain (Figure 2.1). These volcanic islands formed

above a mantle melting anomaly that has remained stationary relative

to a moving lithosphere for at least the past 70 m.y. As the lithosphere

moves over the Hawaiian hot spot, conduits open to the surface and an

island volcanic complex forms by subaqueous and subaerial extrusion of

magma, as well as by intrusion of dikes and sills directly into the

volcanic edifice (Clague and Dalrymple. 1987). Results presented by

Dzurisin et al. (1984) showed that material intruded contemporaneously

into Kilauea's rift zones accounted for as much as 65 per cent of the

volcanic edifice volume contributed during the period 1956 through

1983. The construction of Hawaiian volcanoes, then, must be viewed as a

process in which the aggradational mechanisms of extrusive flows and

intrusion more than balance the degradational processes of mass

wasting, gravitationally driven faulting, and subsidence due to volcanic

loading.

Two lines of reasoning have been developed to explain the

relationship between rift zone processes and the evolution of volcanic

topography. The first began with the work of Moore and Krivoy (1964),

who described the small 1962 flank eruption on the upper section of

Kilauea's east rift zone. They proposed that tensional opening of the rift

zone was a response to seaward gravity sliding of Kilauea's south flank

along shallow, gently dipping fault surfaces such as the Hilina and Koae

systems, and to rift zone inflation driven by migration of magma

previously stored in the summit reservoir. Noting that episodes of

8



20°

19°

.156°

HUtrt.A.~

.156°

·155"

.u·

Makaopuhi Crat ...

Hillna Fault System

KoaeFault System

oiki Region

Killluea Southwest Rilt Zone

HD.. Region

HonuapooKaoikl Fault System

:............ ..%.,_-.:I7p ml_
1lJIo_

.155"

20°

19°

Figure 2.1 Map of the island of Hawaii. Contour interval is
2000 ft. The five volcanoes comprising the island are
shown. Rift zones, fault systems, craters, and other
regions discussed in the text are labelled. Insets adapted
from Langenheim and Clague (1987) show the location of
the Hawaiian islands within the Pacific Ocean and of the
southeastern Hawaiian islands within the Hawaiian
Emperor chain.
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forceful magma injection into the rift zones were followed by

horizontal and/or vertical displacement and seismic activity south of

Kilauea's east rift zone, Swanson et al. (1976a) argued that forceful

injection of magma into the rift zones resulted in oversteepening of the

volcano's flanks followed by gravity sliding along shallow fault

surfaces. To accommodate the horizontal extension and vertical

displacement of the 1975 Kalapana earthquake, Lipman et at. (1985)

proposed a similar model but required the Hilina fault system to be a

series of deep-seated listric faults extending from the surface to the

underlying ancient sea floor. Further support for this type of model was

provided by Eissler and Kanamori (1987), who argued that a landslide

mechanism was required to generate the Love and Rayleigh wave

radiation patterns observed in the 1975 M L =7.2 Kalapana earthquake.

Other authors (Ando, 1979; Furumoto and Kovach, 1979; Endo,

1985; Dieterich, 1988; Wyss, 1988) emphasized the role of a basal

boundary between the edifice and the preexisting sea floor in the

release of stress accumulated through repeated intrusion of magma into

Kilauea's east rift zone. In this study, we investigate the role of this

basal interface in the evolution of Hawaiian volcanoes.

The importance of this basal boundary to Hawaiian seismicity was

discussed by several authors following the 1975 Kalapana earthquake.

Ando (1979) proposed that slip along a deep seated, subhorizontal fault

lying at this interface could best explain observations of surface

deformation, tsunami generation, and surface- and body-wave radiation

patterns resulting from the 1975 earthquake. Furumoto and Kovach

(1979) reached this same conclusion based upon analysis of both

teleseismic and local P -wave data from this event.
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Dieterich (1988) further emphasized the importance of this

boundary when he proposed the first explicit model for the equilibrium

between rift zone dike emplacement and volcanic topography. He

modelled Kilauea's south flank as a wedge bounded on one side by the

rift zone dikes and at its base by a subhorizontal fault. He assumed that

the basal fault was everywhere near the critical shear stress for slip

and then resolved the force components along and normal to the basal

fault in terms of the hydrostatic pressure of the magma and the weight

of the overlying volcanic pile. This procedure led him to conclude that

the flank slope was controlled by a balance between intrusive stresses

generated in the rift zones and friction along the basal fault. He further

proposed that eruptions and intrusions were the processes which

altered flank slope, thus maintaining equilibrium between flank slope

and fault friction. In this model, eruptions increased the height of the

rift axis, thereby increasing the flank slope. In contrast, intrusion

accompanied by slip along the basal fault not only decreased the flank

slope, but also reduced the compressive stress normal to the rift zone

and thus mitigated the stress increase resulting from repeated dike

intrusions.

In Dieterich's model, both rift zone push and frictional resistance

to basal sliding increased as the square of the wedge's linear

dimensions. It was this proportionality that maintained flank slope.

However, Ryan (1987) demonstrated that magma of uniform density

would be confined to a narrow depth range that he called the zone of

neutral buoyancy. Consequently, typical tholeiitic melts will be

confined to a depth of 2 to 4 km. This implies that during flank

evolution, at some time the rift zone push becomes bounded as the base
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of the zone of neutral buoyancy is raised above the basal interface, and

the flank slope should begin to steepen; however, this predicted

increase in flank slope is not supported by field observations. One way

of circumventing this difficulty is to permit a vertical density gradient

in rift zone stored melt, possibly as a result of fractionation of olivine

and the generation of a dense picritic mush. Such a process has been

proposed by Ryan (1988), although not specifically in connection with

the model proposed by Dieterich. Furthermore. noting the lack of

downrift propagation of seismicity preceding several of Kilauea's

historic flank eruptions, Swanson et al. (l976b) proposed the existence

of a fluid core within Kilauea's east rift zone as a means of transporting

magma from the summit reservoir system to the point at which dike

propagation was initiated. More recently, Delaney et al. (1990) found

that magma storage in a deformable. deep, rift zone core might explain

regional surface deformation changes that could not be understood

easily in terms of shallow rift zone storage. If such a deep core is

present, it must be very viscous, have a finite yield strength. or be

thinner than one shear wavelength, since it was not detected by seismic

S -wave attenuation tomography (Ho-Liu, 1988).

It is not merely the existence of this basal boundary, but more

importantly its nature that most likely controls both seismic and

volcanic processes occurring within the volcanoes of the Hawaii an

chain. Endo (1985) described the southeast flank of Mauna Loa Volcano

as a seawardly mobile block that slides along ~ detachment surface

located within the buried sediment layer at the volcanic pile/ancient

sea floor interface. Wyss (1988) placed the fault plane for the large Kau

earthquake of 1868 within this same buried sedimentary layer.
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Furthermore, Nakamura (1982) stated that a smooth, deformable

interface such as a sedimentary layer is required for the evolution of

rift systems on Hawaiian volcanoes as contrasted with the development

of radial vent patterns that occurs on most of the world's tholeiitic

shield volcanoes of similar magma chemistry. Thurber et al. (1989)

obtained an apparent interface thickness of approximately 800 m

beneath the Kaoiki area. Although they interpreted this layer to be

comprised of marine sediments, it may also contain hyaloclastic

material derived from volcanic constructional processes.

In order to further study the relationship between volcanic

processes and seismicity of the island of Hawaii, we used seismic

methods to examine the stress distribution at this basal interface. We

were able to resolve the relative motions of three large blocks bounded

Oil their adjacent inland sides by the presently active rift zones of

Kilauea and Mauna Loa Volcanoes and at their bases by the inferred

interface between the volcanic edifices and the preexisting seafloor.

§2.3 Seismic Hazard

The most damaging historical earthquakes to have occurred on

the island of Hawaii underscore the importance of studying basal

events. Two large historic events have been associated with basal slip of

Kilauea's south flank. The magnitude 7.2 29 November 1975 Kalapana

earthquake broke along a 25-km-Iong section of the Hilina fault system.

Maximum respective horizontal and vertical displacements of about 8

and 3.5 m occurred approximately 25 km southwest of the epicenter

along the coastline south of Kilauea's summit area. Vertical offsets of as

much as 1.5 m occurred along individual preexisting fault scarps

13



(Lipman et al., 1985). The main shock caused structural damage

estimated at approximately $2.7 million to buildings throughout the

island of Hawaii. The associated tsunami reached a maximum height of

14.6 m above the postsubmergence shoreline approximately 1.5 km east

of Halape and resulted in the drowning of two persons (Tilling et al.,

1976). Aftershock distributions of the magnitude 6.1 25 June 1989

earthquake led Koyanagi et al. (1989) to assign a basal slip tectonic

mechanism to this event. This earthquake resulted in damage to more

than 100 structures in the County of Hawaii, with five homes essentially

destroyed on Kilauea's south flank. Ground cracking also occurred in

Kalapana and rockfalls were reported in Puna and along the Hamakua

Coast.

The 1868 Kau earthquake that occurred within Mauna Loa's

southeast flank has also been assigned a basal sliding mechanism (Wyss,

1988). Based on an examination of intensity, this event is estimated to

have been of magnitude 7.5 to 8.0. Stone buildings throughout the

southern half of the island of Hawaii were destroyed or damaged and

ground cracking occurred on the south and southwest flanks of Kilauea

Volcano. A mudflow triggered by the earthquake swept across Wood

Valley in the Kau District, killing 31 people. Landslides and rockfalls

occurred throughout the island, killing two people near Hilo.

Subsidence along the southeastern coast of Kilauea reached a maximum

of 2.1 m, and a tsunami that reached a height of 18 m above sea level

destroyed all coastal villages on the southeastern side of the island,

killing 46 people (Tilling et al., 1976).

The M s = 6.9 Kona earthquake of 21 August 1951 may also have

had a basal sliding mechanism. This earthquake resulted in damage to

14



over 200 structures in the Kona area. The patterns of ground cracking

and of wave action of a small tsunami generated by the main shock

suggest that this was a crustal event that resulted in seaward

displacement of Mauna Loa's west flank along the Kealakekua fault

(Macdonald and Wentworth, 1987)

§2.4 Data Analysis

Earthquakes examined in this study were chosen from the

unpublished Hawaiian Volcano Observatory (HVO) catalog on the basis

of their location and magnitude as well as the availability of digital data.

We selected data from the years 1986 to 1989 because the data collection

scheme at HVO was modernized in 1985 following the purchase of a VAX

750 computer to aid in seismic processing. The selected events were

located in three regions of the island of Hawaii: the south flank of

Kilauea Volcano, the southeast flank of Mauna Loa, and the western

flank of Mauna Loa (Figure 2.2). For the Kilauea south flank block, we

examined 48 earthquakes with magnitude equal to or exceeding 3.0

occurring within the depth range of 8 to 12 km. On Mauna Loa's

southeast flank, 21 events satisfying the same selection criteria were

studied. Due to a paucity of events on Mauna Loa's west flank, in this

region, the depth criterion was extended to 7 to 12 km and the

magnitude threshold was relaxed to 2.0, yielding 22 earthquakes for

study. In general, it was difficult to calculate well-constrained

mechanisms for events with magnitudes less than 3.0, especially on the

very sparsely instrumented western side of the island.

The HVO seismic network, shown in Figure 2.3, consists of 55

short-period, high-gain stations, 15 of which are three-component

15



'0' 20' 10' -156 • .0' '0' '0' 20' 10' -ISS' '0' .0' '0'

20' 20'

toIAGHITUOES
10' 10'

' ..0+

D ~~5+

20' 20'
0 3.0+

lJ 3.5+

'0' '0' 0 4.001-

.0' '0'

'0' '0'

20' 20'MAUNA LOA
YEST FLANK

10' 10'

19' 19'
10 20 '0 .0 .0
.1,,, t.. I , I .. I

Kilometers
.0' '0'

'0' 20' 10' -156 • '0' .0' '0' 20' lD' -ISS' .0' '0' 30'

Figure 2.2 Regions selected for this study: Kilauea south
flank, Mauna Loa southeast flank, and Mauna Loa west
flank. Earthquakes selected for study occurred between 1
January 1986 and 30 March 1989. Locations of earthquakes
representing basal sliding are shown by the boxes.
Symbol size is scaled to event magnitude.

16



+

20·

20'

10'

+

a 10 20 30 40 SO
1"""",'",,,,,,,1,,"111,,1,,,,,,,,,',,,,,,,,,'

Kilometers

+

+

+
+ +

++ +\\++ +
+ +

+ +

+
++

$-
+

+ + +

+

+

+

SO'

-156· 40'

20'

10 •

SO'

40'

30'

20'

10'

20·

19·

Figure 2.3 Hawaiian Volcano Observatory seismic station
network on the island of Hawaii between 1986 and 1989.

17



stations (R. Y. Koyanagi, personal comm.). Data from all except three

sites are telemetered to HVO. We read compressional (P) and shear (S)

wave arrival times and P -wave first motions for all events on a high

resolution graphics terminal when digital data were available and from

optical records otherwise. P -wave arrival times were read with a

precision of 0.01 sec for the digital data and 0.10 sec for the analog data.

S -wave arrival times were read only from horizontal records and are

precise to within 0.05 sec for the digital data and 0.25 sec for the analog

data. Because of the high station density on Kilauea's south flank,

between 40 and 55 phases were timed for most events occurring in this

region with an average of 40 P -wave first motions determined for each

event. An average of 48 phases were timed and 40 P-wave first motions

picked for each event occurring within Mauna Loa's southeastern

flank. In contrast, an average of only 31 phases were timed and 26 P

wave first motions picked for events with hypocenters within Mauna

Loa's west flank.

The events were relocated using HYPOINVERSE (Klein, 1989) with

Klein's (1981) linear gradient velocity model for the island of Hawaii.

Assuming a double-couple fault-plane solution, focal mechanisms were

determined using the program FPFIT (Reasenberg and Oppenheimer,

1985). This grid-search procedure found the source model that

minimized a normalized, weighted sum of the discrepancies between the

observed polarity at each station and the theoretical polarity

determined from the P -wave radiation pattern calculated from a

moment-tensor representation of a fault of specified strike, dip, and

rake. This program returned not only the minimum misfit solution, but

also found alternate solutions corresponding to significant relative

18



minima in misfit. After rechecking all discrepant data, locations and

focal mechanisms were recomputed if necessary. In this study, well

constrained focal mechanisms with one nodal plane of dip less than or

equal to 30° were considered to represent basal slip. Using a priori

information, we assumed that the dip of the volcanic pile/ocean floor

interface increases from 2° to 3° under the subaerial flanks to 6° to IO?

beneath the submarine flanks (Hill, 1969; Zucca and Hill, 1980; Zucca e t

al., 1982; Crosson and Endo, 1982; Hill and Zucca, 1987; Thurber and

Gripp, 1988). We then selected the subhorizontal nodal plane as the fault

plane for each earthquake and calculated the components of the slip

vector associated with subhorizontal sliding from the equations:

St= -sin(A.)cos(5)sin(~) - cos(A.)cos(~), (1)

S2 = -sin(A.)cos(5)cos(~) + cos(A.)sin(<l», (2)

S3 =sin(5)sin(A.), (3)

where the components of the slip vector (St, S2, S3) = (south, east, up)

form a right-handed coordinate system and ~,5, A. are, respectively,

strike, dip, and rake of the subhorizontal nodal plane (Ben-Menahem

and Singh, 1981) (Figure 2.4).

§2.5 Kilauea South Flank

Of the 35 events in Table 2.1 representing basal sliding of the

south flank of Kilauea, the hypocenters of 31 were located between 8.5

and 10 km depth. Almost all of these events were located north of the

Hilina fault system. Only four events were located between the Hilina

fault system and the southeast coastline of Kilauea. Fault-plane solutions

for an "average" (Figure 2.5A) and a "worst case" (Figure 2.5B)

interface event that occurred within this region show one steeply
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Table 2.1

Hypocentral and nodal plane information for the basal sliding events

Event numbers listed in column 1 correspond to fault-plane solutions shown in Figures 2.6. 2.9. and 2.11.

Columns 2 to 6 give origin time (UTC) in year, month, day, hours and minutes, and seconds. Columns 7 to 8 and 9

to 10, respectively, give the event location in degrees and minutes North latitude and East longitude. Column 11

shows the hypocentral depth in km, Column 12 shows the preliminary magnitude assigned to the event by the

Hawaiian Volcano Observatory. Columns 13 to 15 give the strike, dip, and rake of the shallowly dipping nodal

plane for each mechanism. The convention used here is that dip direction equals strike +90°. If dip direction is

greater than or equal to 360°, 360° are subtracted from the dip direction. The last column gives the horizontal

projection of the slip direction of the volcanic edifice relative to the ancient ocean floor along the shallowly

dipping nodal plane.

~ ORIGIN TIME
(YR,MON,DAY,HR,MIN, SEC)

LATITUDE
(~)

LONGITUDE ~
(~) (KM)

mG .sm lllf E8KE mu
(0) (0) (0) (0)

KIIAUEA SOUrR FLANK EVENTS

1 1986 MAY 8 145 26.28 19 17.81 -155 14.24 7.96 3.13 165 5 -10 175

2 1986 MAY 8 145 26.28 19 17.81 -155 14.24 7.96 3.13 219 14 45 175



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

3 1986 AUG 11 316 12.17 19 21.67 -155 4.91 8.60 3.66 105 0 45 150

4 1986 NOV 6 925 18.22 19 20.03 -155 12.52 9.00 3.64 185 15 30 156

5 1986 NOV 19 1913 41.65 19 19.79 -155 8.35 9.10 3.55 277 22 115 160

6 1987 FEB 11 2022 46.39 19 20.13 -155 6.76 8.41 3.93 175 15 30 146

7 1987 MAY 30 2337 59.56 19 20.01 -155 11.23 9.69 3.25 163 20 14 150

8 1987 JUN 10 510 49.53 19 21.82 -155 2.87 8.68 3.27 227 26 69 160
N
N 9 1987 JUN 21 323 54.68 19 20.03 -155 11.88 9.64 3.60 170 15 10 160

10 1987 JUL 1 1739 55.69 19 19.44 -155 7.61 9.66 4.24 217 22 64 155

11 1987 JUL 1 1755 8.13 19 19.26 -155 7.46 9.09 3.63 262 26 110 150

12 1987 JUL 1 1755 8.13 19 19.26 -155 7.46 9.09 3.63 200 15 30 171

13 1987 AUG 9 745 58.33 19 19.22 -155 13.20 9.76 4.20 259 22 152 105

14 1987 AUG 9 745 58.33 19 19.22 -155 13.20 9.76 4.20 190 5 70 120

15 1987 NOV 14 1538 8.03 19 19.59 -155 11.94 9.82 3.65 246 27 133 110

16 1987 NOV 17 1245 24.48 19 20.02 -155 7.62 8.93 3.23 123 11 -26 149



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

17 1987 NOV 24 1555 45.44 19 21.35 -155 4.83 8.73 3.42 160 5 10 150

18 1987 NOV 24 1555 45.44 19 21.35 -155 4.83 8.73 3.42 110 14 -45 154

19 1987 DEC 9 616 40.25 19 20.35 -155 10.71 9.54 3.97 150 25 10 141

20 1987 DEC 12 509 12.34 19 20.21 -155 12.90 9.40 3.72 140 10 -20 160

21 1987 DEC 12 2157 16.57 19 19.85 -155 8.46 8.06 3.34 185 25 40 148

22 1988 FEB 5 813 24.60 19 18.02 -155 14.23 10.77 3.04 320 10 170 150
IV
w 23 1988 FEB 5 813 24.60 19 18.02 -155 14.23 10.77 3.04 175 10 0 175

24 1988 FEB 10 1326 57.68 19 21. 75 -155 2.81 8.70 3.37 155 5 -10 165

25 1988 FEB 10 1326 57.68 19 21. 75 -155 2.81 8.70 3.37 204 14 45 160

26 1988 MAR 2 841 56.36 19 19.65 -155 12.33 10.05 4.90 155 10 0 155

27 1988 MAR 13 239 19.31 19 19.71 -155 12.40 9.24 3.48 194 14 45 150

28 1988 MAR 15 1830 37.53 19 20.35 -155 11.73 9.31 3.59 160 10 0 160

29 1988 MAR 20 1525 59.94 19 22.00 -155 4.69 8.77 4.83 155 30 30 128

30 1988 MAR 24 1711 19.13 19 20.76 -155 11. 96 8.52 3.10 252 22 115 135



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

31 1988 MAR 25 1303 2.53 19 21.67 -155 4.81 8.85 3.29 222 22 64 160

32 1988 MAY 31 1556 19.94 19 20.28 -155 6.55 9.28 3.91 252 22 115 135

33 1988 MAY 31 1556 19.94 19 20.28 -155 6.55 9.28 3.91 160 20 10 151

34 1988 JUN 7 1048 46.33 19 19.62 -155 7.16 9.03 5.14 197 22 64 135

35 1988 AUG 20 1555 20.78 19 20.17 -155 11.73 9.33 3.40 150 10 0 150

36 1988 AUG 25 1010 27.93 19 21. 75 -155 14.84 9.80 3.50 125 5 0 125
tv
~ 37 1988 AUG 25 1010 27.93 19 21. 75 -155 14.84 9.80 3.50 248 11 153 95

38 1988 DEC 7 944 19.27 19 22.31 -155 4.93 8.84 3.27 110 0 45 155

39 1988 DEC 7 944 19.27 19 22.31 -155 4.93 8.84 3.27 80 0 45 125

40 1988 DEC 11 10 28.91 19 19.50 -155 12.34 9.35 4.31 185 15 30 156

41 1988 DEC 23 2235 30.36 19 18.14 -155 13.29 8.84 3.15 175 30 0 175

42 1989 FEB 4 521 0.40 19 19.89 -155 7.84 9.34 3.78 340 20 180 160

43 1989 MAR 15 1955 6.39 19 20.08 -155 11.76 9.44 3.11 185 15 30 156



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

MAUNA LOA SOUTHEAST FlANK EVENTS

44 1986 SEP 4 255 11.08 19 20.98 -155 30.21 9.77 3.69 5 15 -130 136

45 1986 OCT 6 1643 47.76 19 12.01 -155 39.17 8.09 2.36 50 10 -170 220

46 1986 OCT 6 1643 47.76 19 12.01 -155 39.17 8.09 2.36 90 5 -50 140

47 1987 MAR 17 1312 10.43 19 12.51 -155 27.16 10.30 3.50 209 14 45 165

48 1987 APR 25 1249 27.37 19 22.37 -155 26.66 10.75 3.13 279 17 122 156
tv
VI 49 1987 JUL 20 1140 35.32 19 23.03 -155 26.48 10.94 3.19 301 11 -153 94

50 1987 OCT 31 1855 28.46 19 13.85 -155 37.79 8.75 2.56 220 5 90 130

51 1987 DEC 17 1924 17.95 19 22.25 -155 29.12 10.55 3.50 316 20 165 150

52 1988 JAN 20 1359 28.24 19 21.55 -155 30.49 9.92 2.99 335 20 -140 117

53 1988 MAR 25 1715 44.76 19 22.47 -155 29.01 10.24 3.14 220 5 90 130

54 1988 APR 20 2139 0.23 19 19.00 -155 29.42 10.70 2.98 190 10 50 140

55 1988 JUN 21 150 25.45 19 18.83 -155 29.20 10.36 4.05 275 10 140 135

56 1988 JUN 21 150 25.45 19 18.83 -155 29.20 10.36 4.05 245 5 110 135



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

57 1988 JUL 4 538 9.59 19 14.28 -155 27.60 8.58 5.16 185 17 57 129

58 1988 SEP 13 552 40.36 19 18.65 -155 29.27 11.26 4.08 275 20 130 143

59 1988 OCT 20 854 19.99 19 11. 91 -155 38.69 9.34 2.28 256 20 165 90

60 1988 OCT 20 854 19.99 19 11.91 -155 38.69 9.34 2.28 259 24 141 115

61 1988 DEC 11 41 14.86 19 13.84 -155 36.83 9.31 3.23 205 10 70 135

62 1988 DEC 14 1319 26.57 19 12.14 -155 36.89 10.66 2.26 298 30 -170 109
N
0- 63 1988 DEC 18 1318 5.53 19 14.43 -155 36.85 8.87 2.51 220 5 90 130

64 1989 JAN 18 537 20.70 19 16.98 -155 30.30 9.17 3.22 230 5 90 140

65 1989 JAN 25 1156 39.00 19 21.48 -155 30.16 10.90 3.28 90 0 45 135

66 1989 FEB 26 2145 44.59 19 26.35 -155 30.07 10.10 3.05 35 5 -90 125

MAUNA LOA WEST E1.ANK EVENTS

67 1986 JAN 15 1212 35.65 19 28.53 -155 52.91 9.18 2.28 202 26 -69 269

68 1986 JUL 28 1245 25.89 19 30.93 -155 55.89 10.98 3.12 245 10 0 245



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

69 1986 JUL 28 1245 25.89 19 30.93 -155 55.89 10.98 3.12 200 10 -30 230

70 1986 SEP 18 1320 5.41 19 28.09 -155 51. 73 8.99 2.01 45 20 -100 146

71 1986 SEP 18 1320 5.41 19 28.09 -155 51.73 8.99 2.01 :n 15 -70 99

72 1986 NOV 3 216 46.16 19 28.29 -155 52.84 11.57 2.65 25.5 20 0 255

73 1986 NOV 20 218 39.00 19 22.19 -155 49.74 10.10 2.18 85 5 -90 175

74 1987 MAY 1 1919 56.69 19 33.00 -155 35.96 8.35 2.01 295 10 0 295
tv
-..l 75 1987 JUN 8 939 39.69 19 30.26 -155 52.79 9.99 2.15 130 15 -90 220

76 1987 SEP 29 2124 23.57 19 17.78 -155 48.20 10.81 2.02 65 25 140 282

77 1987 NOV 21 00 53.90 19 28.73 -155 42.84 11.16 2.46 283 30 9 275

78 1987 NOV 21 00 53.90 19 28.73 -155 42.84 11.16 2.46 35 10 -170 205

79 1987 NOV 21 00 53.90 19 28.73 -155 42.84 11.16 2.46 255 15 -60 314

80 1987 DEC 15 2054 24.91 19 33.27 -155 41.02 9.59 2.00 315 20 0 315

81 1987 DEC 15 2054 24.91 19 33.27 -155 41.02 9.59 2.00 115 15 -110 226

82 1987 DEC 20 626 43.64 19 28.19 -155 50.58 10.88 2.52 175 5 -50 225



Table 2.1 (continued)

Hypocentral and nodal plane information for the basal sliding events

83 1988 JUN 8 2322 23.85 19 29.28 -155 45.09 8.85 2.23 48 11 153 255

84 1988 JUN 8 2322 23.85 19 29.28 -155 45.09 8.85 2.23 320 10 0 320

85 1989 JAN 8 331 5.57 19 27.46 -155 49.90 8.99 2.04 25 25 -100 126

86 1989 JAN 8 331 5.57 19 27.46 -155 49.90 8.99 2.04 55 30 -70 122

87 1989 MAR 16 1404 59.95 19 16.33 -155 50.66 9.89 2.89 335 20 90 245

N
00
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Figure 2.5 "Average" (A) and "worst case" (B) focal
mechanisms for the Kilauea south flank area, each with
one steeply dipping nodal plane and one shallowly
dipping nodal plane. Compressional arrivals are shown by
the filled circles and dilatational arrivals by the open
circles. Symbol size is scaled to the confidence weighting
assigned to the first arrivals as used in the location
algorithm HYPOINVERSE (Klein, 1978). The small circle to
the right of each focal mechanism is a lower hemisphere
equal-area projection showing the range of possible
positions of the P and T axes corresponding to all fault
plane solutions falling within the 90 per cent confidence
interval of the misfit function determined by FPFIT
(Reasenberg and Oppenheimer, 1985). The range of
positions for the P axis is shown by the darkened area and
that for the T axis by the outlined area. Fault-plane
solution (A) is that found for the 15 March 1988
earthquake. Fault-plane solution (B) is that for the 1 June
1988 earthquake.
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dipping nodal plane and one shallowly dipping nodal plane.

Compressional arrivals are indicated by filled circles and dilatational

arrivals by open circles, with symbol sizes scaled to the confidence

weighting assigned to each pick as used in the location algorithm. For

most events, strike could be determined to ±So and dip direction to ±IO°.

The range of P and T axes consistent with the data and lying within the

90 per cent confidence interval for the misfit function are plotted as

lower hemisphere equal-area projections in the small circles to the

right of each respective "best-fit" fault-plane solution in Figures 2.5A

and 2.5B. Fault-plane solutions for all Kilauea south flank basal sliding

events (Figure 2.6) are, for the most part, reasonably well constrained

with a median slip azimuth of 155 ± 50. The similarity of the focal

mechanisms of the south flank events is striking and strongly supports

our assertion that internal deformation of this block bounded by the

active rifts is not appreciable. For each event, the horizontal projection

of the slip direction of the edifice relative to the ancient ocean floor is

plotted in the Kilauea region of Figure 2.7. Slip directions show the

expected seaward movement of the south flank of Kilauea. East of

Makaopuhi Crater. slip direction is perpendicular to Kilauea's east rift

zone, while west of this crater slip direction is radial to Kilauea caldera.

In all regions of Kilauea, slip direction is normal to topography. These

slip directions determined from basal sliding seismic events are in

agreement with the long-term horizontal deformation pattern of

Kilauea's south flank observed through geodetic measurements by

Swanson et aI. (l976a). Examination of triangulation and trilateration

data led them to conclude that during the past 100 years, Kilauea's south

flank has moved southeastward in a direction more or less
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Figure 2.6 Focal mechanisms of Kilauea south flank earthquakes shown as
lower hemisphere equal area projections with compressional quadrants
shaded. Multiplicity of mechanisms for a. single event indicates multiple
solutions accepted by the grid-search procedure FPFIT (Reasenberg and
Oppenheimer. 1985).
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Figure 2.7 Horizontal projection of the slip direction of
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to movement along the subhorizontal nodal plane for
each event.
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perpendicular to the east rift zone and the Koae fault system. Thus,

available interdisciplinary data indicate that displacement of Kilauea's

south flank is predominantly related to pure opening of the east rift

zone.

§2.6 Mauna Loa Southeast Flank

Hypocenters of the 20 basal sliding events which occurred

between the summits of Kilauea and Mauna Loa Volcanoes clustered in

the 9 to 11 km depth range, slightly deeper than the hypocenters of the

Kilauea south flank events (Table 2.1). Assuming that these events are

associated with the basal interface suggests a slight deepening of this

interface moving inland from the southeast coast of Hawaii towards the

summit of Mauna Loa, in agreement with both the seismic reflection

data of Hill and Zucca (1987) and the flexure calculations of Thurber and

Gripp (1988). Representative "average" and "worst case" focal

mechanisms for these events are shown in Figures 2.8A and 2.8B

respectively. The dashed lines in Figure 2.8B correspond to an

alternative fault-plane solution that FPFIT found for this event. Focal

mechanisms for all basal sliding events that occurred in this region are

shown in Figure 2.9; their associated slip vectors are shown in the

Mauna Loa region of Figure 2.7. In the Kaoiki region of Mauna Loa,

well-constrained mechanisms show a slip azimuth of approximately

140 ± 10°, significantly more easterly than that of Kilauea's south flank,

yet normal both to Mauna Loa's rift zones and topography. Further

south in the Hilea region of Mauna Loa, slip directions are no longer as

well constrained, although the average slip azimuth is approximately

135 ± 10°. Once again, the average slip direction is normal to
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Figure 2.8 "Average" (A) and "worst case" (B) focal
mechanisms for the Mauna Loa southeast flank area.
Presentation is as in Figure 2.5. The dashed lines in focal
mechanism (B) correspond to the second solution found
by FPFIT (Reasen berg and Oppenheimer. 1985), the
algorithm used to determine fault-plane solutions. FauIt
plane solution (A) is that found for the 25 April 1987
earthquake. Fault-plane solution (B) is that for the 19
October 1988 earthquake.
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topography; however, this direction is oblique to Mauna Loa's southwest

rift zone.

§2.7 Mauna Loa West Flank

Depths of the 14 events representing basal sliding of the western

flank of Mauna Loa were more or less evenly distributed throughout the

8 to 11.5 km depth range (Table 2.1). However, these depths may be an

artifact of ill-constrained locations because of poor station coverage on

the western side of the island. Poor location quality is reflected in the

poorly constrained focal mechanisms (Figures 2.lOA, 2.lOB, and 2.11)

and slip azimuths (Figure 2.7), in which multiple slip directions indicate

lack of control. Nevertheless, the general westerly trend of the slip

direction suggests seaward slip of the west flank and, surprisingly,

oblique opening of Mauna Loa's southwest rift zone.

§2.8 Conclusions

The southern third of the island of Hawaii is composed of at least

three rigid blocks that can be viewed as sliding horizontally along the

edifice basal interface. Relative motion between these blocks may be

accommodated by oblique opening across their shared boundaries, the

active rift zones of Kilauea and Mauna Loa Volcanoes. The youngest and

most mobile block, Kilauea's south flank, is sliding in a southeasterly

direction, perpendicular to Kilauea's east rift zone. This slip direction is

well constrained by focal mechanism analysis. Mauna Loa's southeast

flank is also moving along a southeasterly course, although with a

slightly more easterly azimuth than that of Kilauea's south flank.

Relative motion between these regions may be accommodated by oblique
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Figure 2.10 "Average" (A) and "worst case" (B) focal
mechanisms for the Mauna Loa west flank area.
Presentation is as in Figure 2.5. The dashed lines in focal
mechanisms (A) and (B) correspond to alternate solutions
found by FPFIT (Reasenberg and Oppenheimer, 1985).
Fault-plane solution (A) is that found for the 8 June 1988
earthquake. Fault-plane solution (B) is that for the 28
July 1986 earthquake.
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opening across their shared boundary which is represented by the

southwest rift zone of Kilauea. The third mobile block studied in this

paper, the west flank of Mauna Loa, had not previously been recognized

as capable of basal slip. Although the data are sparse on the western

part of the island because of the low level of seismicity and an

inadequate seismic network station density, this analysis suggests basal

slip of this block with translation seaward along a generally westerly

trend. This results in oblique opening along Mauna Loa's southwest rift

zone, the common boundary between Mauna Loa's west and southeast

flanks.

The relative motion of these three blocks plays a crucial role in

the active tectonics of the southern third of the island of Hawaii. Our

results suggest that the relative motion of these three tectonic units is

closely related to intrusive constructional processes. Hence, future

models of Hawaiian volcanism need to consider intrusive as well as

extrusive processes.

Our results also demonstrate the importance of basal sliding

events as a short-term mechanism for stress release within the edifices

of Kilauea and Mauna Loa Volcanoes. This type of stress release is

characteristic of that seen in several large historic earthquakes which

have occurred on the island of Hawaii; hence, the presence of a

subhorizontal detachment surface underlying approximately 30 per

cent of the subaerial surface of the island of Hawaii represents a

previously unrecognized seismic hazard with important implications

for residential and commercial development and the siting of critical

facilities.
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In order to get a rough estimate of the expected average annual

basal slip, we assume a total rift zone length on Kilauea of 110 km and

that the rift zones extend to a depth of 10 krn. We also assume an average

long-term magma supply rate of 0.lkm3/yr, and we assume that 65 per

cent of this material remains as intrusions within the volcanic edifice

(Dzurisin et al., 1984). Spatial considerations suggest that, on average,

sliding of several centimeters a year must occur in order to

accommodate this material, although most slip probably occurs during

large earthquakes such as the 1975 and 1868 events. The significance of

seismic hazard due to basal slip has not been previously recognized,

probably because the basal structure is nowhere exposed at the surface

and can only be deduced through geophysical investigations such as

this study. Hence, it is critical that further work be conducted to better

understand the hazard related to basal slip and that this information be

integrated into hazard estimation and land use planning.

§2.9 Acknowledgments

We wish to thank R. Koyanagi, J. Nakata, W. Tanigawa, and A.

Tomori of the Hawaiian Volcano Observatory for access to the

unpublished HVO data used in this study and for the use of waveform

timing software. We also thank T. English for his assistance in sifting

through the HVO data storage system. Collaboration between HIG and

HVO was strongly encouraged by F. Duennebier. The paper has

benefitted greatly from reviews by E. Berg and T. Wright. C. Bryan was

supported in part by a National Science Foundation Graduate Fellowship

and in part by a Research Corporation of the University of Hawaii

40



Research Assistantship. This is the School of Ocean and Earth Science

and Technology contribution number 2416.

41



CHAPTER 3

A Possible Triggering Mechanism for Large Hawaiian
Earthquakes Derived from Analysis of the

26 June 1989 Kilauea South Flank Sequence

Far better an approximate answer to the right question. which is
often vague, than an exact answer to the wrong question, which can
always be made precise.

John W. Tukey

§3.1 Abstract

Examination of short-period seismic data from the ML = 6.1

Kilauea south flank earthquake and aftershock sequence indicates that

the rupture process in large Hawaiian earthquakes is more complex

than previously modelled. In contrast to the low-angle thrust solution

determined for the main shock from long-period teleseismic body waves

by other workers, I find an intermediate- to high-angle reverse

solution; I find, however, that focal mechanisms for coastal aftershocks

of ML > 3.0 are similar to the teleseismic mechanism for the main shock.

A difference in focal mechanisms determined from short-period

local-network-seismic data and from long-period teleseismic data has

been noted for other recent large Hawaiian earthquakes. Both the

mapping of surface cracks and the focal mechanism derived from

short-period seismic data for the ML = 6.6 1983 Kaoiki earthquake show

strike-slip motion whereas the centroid moment tensor solution shows

low-angle thrusting. The focal mechanism calculated from short-period

seismic data for the ML = 7.2 1975 Kalapana main shock shows low-angle

thrusting according to some workers, but intermediate- to high-angle
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reverse faulting according to others, whereas focal mechanisms

calculated from long-period seismic data show low-angle thrusting.

This result suggests that rupture initiation in large Hawaiian

earthquakes, as represented by the short-period focal mechanisms,

differs significantly from the overall rupture process, as represented

by the teleseismic mechanisms. I propose that small earthquakes

trigger the large-scale energy release at the bases of the volcanic

edifices, the type of energy release often observed in large Hawaiian

earthquakes. These triggering events may occur along rupture surfaces

that differ from those along which the long-period moment release

occurs and, thus, may represent release of a local stress concentration

superposed upon the regional stress field.

§3.2 Introduction

Large historic earthquakes on the island of Hawaii have been

interpreted to belong to a class of events that occur along the inferred

interface between the top of the pre-volcanic oceanic crust and the

overlying lava flows (Ando, 1979; Crosson and Endo, 1981; Wyss, 1988).

The occurrence on 26 June 1989 of a magnitude 6.1 earthquake within

the dense seismic network on the southeast flank of Kilauea Volcano

provided an opportunity for detailed study of a large Hawaiian

earthquake, probably of this basal sliding class. Koyanagi et at. (1989)

summarized preliminary locations and focal mechanisms for the main

shock and selected aftershocks as determined from short-period local

seismic-network data as well as patterns of damage, intensity,

acceleration, and tsunami heights associated with the main shock.

Although the majority of the fault-plane solutions they calculated for

43



aftershocks of ML;?; 3.0 showed one steeply dipping nodal plane and a

second shallowly dipping nodal plane. the mechanism they determined

for the main shock showed an intermediate- to high-angle reverse

event rather than the low-angle thrust observed in other large

Hawaiian earthquakes (Ando, 1979; Crosson and Endo, 1981; Furumoto

and Kovach, 1979; Wyss, 1988). However. in consideration of all available

data. they concluded that the rupture pattern was consistent with

seaward movement of the south flank of Kilauea Volcano at about 9 km

depth along a subhorizontal plane lying at the inferred interface

between the volcanic pile and the pre-volcanic sea floor. Chen and

Nabelek (1990) inverted teleseismic P and SH waves for source

parameters for the 26 June 1989 main shock. Interpreting their results

in light of the aftershock distribution. they inferred thrust faulting at

13 km depth along a plane dipping shallowly to the northwest. Study of

leveling and distance measurements following the 1989 earthquake led

Delaney et at. (1989) to report that post-earthquake deformation was

consistent with seaward slip along a low-angle thrust fault lying within

the eastern section of Kilauea's south flank. Further modelling of this

data by Arnadottir et al. (1990) led these authors to conclude that the

deformation source was a low-angle thrust event at 4 km depth and that

the deformation pattern was dominated by shallow dislocation sources

located to the east of the main shock's epicenter.

Using short-period local-seismic-network data. I examine the

main shock-aftershock sequence in an attempt to constrain the depth

and the angle of thrusting of the main shock as well as the area of fault

slippage during the aftershock sequence. An important result of this

study is confirmation of Koyanagi et al/s (1989) fault-plane solution for
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the main shock. From first motions, I found a reverse faulting

mechanism at 9.2 km depth with one nodal plane of strike, dip, and rake

183 ± 5°, 35 ± 5°, and 59 ± 10°, respectively, and with a second nodal

plane of strike, dip, and rake 40 ± 10°, 60 ± 5°, and 110 ± 10°,

respectively, significantly different than the low-angle sliding

mechanisms inferred for the 1975 ML = 7.2 Kalapana earthquake (Ando,

1979; Crosson and Endo, 1981; Furumoto and Kovach. 1979) and the 1868

M L = 7.5-8.0 Kau earthquake (Wyss, 1988). Well-constrained focal

mechanisms for selected aftershocks showed predominantly low-angle

thrust and normal faulting whereas fault-plane solutions that might

represent strike-slip faulting were poorly constrained. I interpret this

difference in focal mechanisms for the main shock and aftershocks to

result from a complex rupture sequence in which the initial rupture is

not characteristic of the overall rupture process. Finally. I reexamine

the seismic data from the ML = 6.6 1983 Kaoiki and ML = 7.2 1975

Kalapana earthquakes and find that my rupture model may explain

some aspects of these data that could not be explained by the previously

proposed models for Kilauea south flank dynamics.

§3.3 Tectonic Models

The class of generally accepted tectonic models for flank

dynamics of Hawaiian Volcanoes was developed from analysis of seismic.

ground deformation, and tsunami data following the ML = 7.2 1975

Kalapana earthquake (Ando, 1979; Furumoto and Kovach, 1979; Crosson

and Endo, 1981; Crosson and Endo, 1982), the largest earthquake to have

occurred in Hawaii during this century (Tilling et al., 1976). A common

feature of all models of this class is seaward sliding of Kilauea's south
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flank along a subhorizontal plane located at or near the base of the

volcanic edifice as the principal means of releasing the stress

accumulated in the flank from repeated injection of magma into the rift

zones. Variations in these models include the depth to and the dip of the

subhorizontal slip surface as well as its nature. In the models of Ando

(1979) and Furumoto and Kovach (1979), shear displacement does not

occur along the fault plane until the accumulated stress exceeds a

critical value, at which time catastrophic slip occurs. In both models,

the fault-plane is inferred to coincide with the boundary between the

base of the volcanic pile and the pre-volcanic sea floor; however, in

Ando's model, this boundary lies at a depth of 8 to 10 krn, dips 200 SSE,

and may be lubricated by abyssal mud and ooze trapped between the

pre-volcanic oceanic crust and the overlying lava flows, whereas in

Furumoto and Kovach's model, the boundary lies at a depth of 5 to 8 km

and dips 40 NW. Crosson and Endo (1981, 1982) proposed a similar model

for displacement of Kilauea's south flank. In their model, however,

seismic and aseismic slip occur continuously along a weak layer or zone

lying at the top of the pre-volcanic ocean crust. This mechanically

weak zone, lying at a depth of 8 to 9 km and dipping 20 to 30 W, is

composed of ocean floor sediments and volcanic breccia.

Furumoto and Kovach's (1979) and Crosson and Endo's (1981, 1982)

models link uphill sliding of Kilauea's south flank to rift zone processes.

Hence, it is important to examine the feasibility of uphill seaward

sliding of this block. Nakamura (1982) suggested that the load imposed

by volcanic material upon a sufficiently thick sediment layer could

produce a pore pressure high enough to reduce the frictional resistance

between the volcanic edifice and the underlying sea floor to permit
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sliding of the volcanic edifice. Thurber and Gripp (1988) corroborated

this result. Using a model analogous to that of Davis et al. (1983) for the

mechanics of accretionary wedges in subduction zones, they found that

pore pressures of 40 to 60% of lithostatic pressure would be required to

allow sliding of Kilauea's south flank over the pre-volcanic oceanic

crust. They then concluded that under the volcanic load of Kilauea, the

water present in the oceanic sediments at the base of the volcanic pile

could produce the increase in pore pressure necessary to allow uphill

movement of Kilauea's south flank along this boundary.

Nakamura (1982) estimated the thickness of the sediments

beneath the Hawaiian volcanoes as several hundred meters, in line with

the sediment thicknesses of 260 to 1000 m observed at Deep Sea Drilling

Project (DSDP) Sites 165 (Winterer, Ewing et al., 1973a) and 315

(Schlanger, Jackson et al., 1975) in the Line Islands and at DSDP Site 164

between the Line Islands and the Hawaiian Islands (Winterer, Ewing e t

al., 1973b). On seismic refraction profiles, Zucca and Hill (1980) and Hill

and Zucca (1987) identified a one to three km thick layer offshore of

Kilauea that they believed to consist primarily of hyaloclastic rock but

possibly also of sediment; however, they were unable to trace this layer

onshore. Thurber et al. (989) provided evidence for continuation of

such a layer beneath the volcanic edifices comprising the island of

Hawaii. From seismic phases reflected off the top and bottom of a low

velocity layer, they identified a layer about 800 m thick that they

interpreted to be marine sediments at a depth of about 11.5 km beneath

the Kaoiki region of Mauna Loa.

Dieterich (1988) performed detailed calculations of the stress state

within Hawaiian volcanoes. Assuming that dike emplacement is
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accommodated by slip on deep faults, he used finite element analysis to

show that volcanic flank slope is controlled by fault friction.

Furthermore, from the range of friction coefficients he determined for

a fault located at the base of a Hawaiian volcano, he concluded that

although fault slip could occur within clayey materials at normal pore

fluid pressures, fault slip within Hawaiian volcanic rocks might require

overpressurization of the pore fluids.

I retain the structure of the aforementioned models; however, I

believe that the rupture process initiating large earthquakes within the

Hawaiian volcanoes is more complicated than previously recognized. I

find that large earthquakes may be multiple events in which rupture

initiates along a plane whose orientation is determined by local

perturbations in the regional stress field. This initial rupture decreases

the normal stress perpendicular to the rift zone and triggers large-scale

energy release along the inferred basal layer.

§3.4 Earthquake Locations

§3.4.1 Main shock

I read 50 compressional (P) wave arrival times for the 26 June

1989 main shock from the short-period, high-gain vertical stations of

the HVO seismic network. These digital P-wave arrival times were

determined with a precision of 0.01 sec. To this data set, I added four P

wave arrival times, precise to 0.10 sec, read from optical records. Shear

(S) wave arrival times were not read due to the difficulty of reading S

wave arrivals for such a large, local event. The event was then located

using HYPOINVERSE (Klein, 1989) with Klein's (1981) linear-gradient

velocity model for the island of Hawaii. Epicentral coordinates were
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latitude 19.35 ± .01°N and longitude 155.08 ± .01°W. and the focal depth

was 9.2 ± 2.0 km. The location of the main shock is shown by a star in

Figures 3.1A and 3.lB.

The main shock was located approximately 5.5 km due south of

Kupaianaha, the then-active eruptive vent on Kilauea Volcano along

the northern extent of the Hilina fault system at about the 420-m level.

The Hilina system which stretches approximately 40 km across the south

flank of Kilauea Volcano consists of a series of south-facing normal

faults. Individual faults extend from a few tens of meters to several

hundreds of meters with scarps of up to 500 m (Tilling et al., 1976).

§3.4.2 Aftershock Distribution

Elevated levels of activity following the 26 June 1989 main shock

lasted for approximately one month with the number of aftershocks

occurring adjacent to the east rift zone within Kilauea's south flank

decaying at a geometric rate (Figure 3.2). The largest aftershocks

clustered during the first day following the main shock with the largest

aftershock (ML = 4.0) occurring 29 minutes after the main shock at a

depth of 9.2 ± 2.0 km. Events of ML = 2.0-3.0 were scattered through the

period of gradually decreasing activity. In contrast, counts of long- and

short-period microearthquakes at Kilauea's summit remained relatively

constant during this time period, indicating that the earthquake did not

affect the volcanic plumbing system.

Aftershocks grouped in three zones (Figure 3.3A). The first zone,

enclosed by box A-A' in Figure 3.3A, extended approximately 30 km

parallel to Kilauea's east rift zone, with a width of about 7 km and a

49



.156°

.156°

ISLANDOFHAWAll
LOCATION MAP

N
? i 1,0 1,5 2,0 2f:r' ~

KILOMETERS °1°
CONTOUR INTERVAL 1000 FEET

.155°

Figure 3.1A Map of the island of Hawaii. Contour interval
is 1000 ft. The stars show the locations of the 1975, 1983.
and 1989 main shocks. Focal mechanisms calculated from
both the short-period local network and long-period
teleseismic body-wave data are shown as lower
hemisphere equal area projections for the 1975 (Crosson
and Rogers. 1978 [short-period data]; Crosson and Endo,
1981 [short-period data]; Ando, 1979 [teleseismic datal),
1983 (Endo. 1985 [short-period data]; NEIC, 1983
[teleseismic datal), and 1989 (Chen and Nabelek, 1990
[teleseismic data]) main shocks.

50



-155° 30'

-155° 30'

-155° 20'

-155° 20'

-155° 10'

-155° 10' -155° 00'

-154° 50'

-154° 50'

Figure 3.1B Map of the south flank of Kilauea Volcano.
Contour interval is 1000 ft. Craters and localities
mentioned in the text are labelled. The star shows the
location of the 26 June 1989 main shock. The dashed box
encloses the locations of the earthquakes plotted in
Figure 3.6A.
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JUNE JULY AUGUST

Figure 3.2 Daily number of microearthquakes (ML ~ 1.0)
beneath the summit and east rift zone of Kilauea during
June through August of 1989. The counts include small
events which were not located. Long-period events are
catalogued according to depth and dominant frequency of
the seismic waves: (A) shallow depth « 5 km) with a
frequency of 3 to 5 Hz, (B) shallow depth with a frequency
of < 3 Hz, and (C) intermediate depth (5 - 13 km) with a
frequency of < 5 Hz. Aftershock decay in the south flank
of Kilauea adjacent to the lower east rift zone shows a
geometric decay pattern while the pattern of
microearthquake activity at the summit and upper east
rift zone that are typically associated with the internal
state of the volcano remain more-or-less unchanged.
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Figure 3.3 Earthquake locations for aftershocks
occurring within Kilauea's south flank at depths of
o to 20 Ian between the main shock and 01 July 1989 UTC.
The main shock is represented by the star with other
symbols scaled to the magnitude of the earthquake.
(A) Map view. A_A', B-B', and C-C' are reference lines for
the cross-sectional projections of earthquake locations in
Figures 3B-D. (B) Cross-sectional view of aftershocks
occurring within a 7-km-wide zone trending parallel to
the east rift zone of Kilauea Volcano and extending from
the east rift zone to the coast. (C) Cross-sectional view of
aftershocks occurring in a 6-km-wide zone trending
perpendicular to Kilauea's east rift zone and passing
through the main shock. (D) Cross-sectional view of
aftershocks clustered near Kalapana and trending
offshore. The dashed lines in (B) and (C) represent two
models for the location of the interface between the pre
volcanic ocean floor and the overlying lava flows (Hill
and Zucca, 1987).
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depth range of 0 to 10 km. Located to the southeast of the main shock,

the second zone (box B-B') encompassed a width of approximately 6 km

and a depth range of 5 to 10 km. The final zone (box C-C') was centered

near Kalapana and included both on- and off-shore events. The first two

zones defined a primary rupture area of approximately 30 km x 7 krn,

whereas the third zone appeared to define an area of secondary

rupturing.

Cross section A-A' (Figure 3.3B) shows the distribution of

aftershocks in a 7-km-wide zone extending parallel to Kilauea's east rift

zone. The majority of aftershocks of ML ~ 1.5 occurred at depths of 6 to 9

km. The dashed lines in the figure show two models for the location of

the interface between the base of Kilauea Volcano and the underlying

pre-volcanic sea floor (Hill and Zucca, 1987) indicating that the

aftershocks were concentrated at the base of the mobile south flank

block.

Cross-section B-B' (Figure 3.3C) shows the distribution of

aftershocks in the southeast elongation perpendicular to Kilauea's east

rift zone and passing through the main shock. Aftershocks are again

concentrated near the base of the south flank and shallow seaward with

the basal interface, which is denoted by the dashed line.

Cross-section C-C' (Figure 3.3D) shows the distribution of

aftershocks extending offshore from near the area of localized ground

cracking in Kalapana. Locations of shallow events in the coastal region

may be spurious due to poor azimuthal seismic station coverage in this

area. Uncertainties in the epicentral coordinates and the focal depths of

these events are, respectively, one to three and two to three times those

in the hypocentral parameters of the deeper south flank events. These
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offshore aftershocks were most frequent during the two days following

the main shock and had ceased by the end of June. This offshore trend is

unusual in that background seismicity within Kilauea's south flank

tends to be confined to the onshore regions; however, offshore

aftershocks did occur in the same locality following the 1975 Kalapana

earthquake (Koyanagi et al., 1978a). This offshore seismicity also spans

a region roughly equal to that which broke following the September

1977 Kilauea east rift intrusion (Koyanagi et al., 1978b). The eastern

margin of this seismic zone projects perpendicularly back onto

Kilauea's east rift zone near Heiheiahulu and Iilewa Crater, a region

separating the middle and lower east rift zones of Kilauea (Swanson e t

al., 1976a).

Although not well understood, these offshore earthquakes may

represent secondary rupturing in an area stressed both by tectonic

processes and by processes related to the ongoing eruption of Kilauea

Volcano. This band of seismicity, the margin of which locates along the

eastern terminus of Kilauea's background seismicity, may represent a

tear-away zone across which there is decoupling of the eastern margin

of Kilauea's south flank from the remainder of the flank. Due to poor

azimuthal seismic station coverage, resolution of focal mechanisms for

events occurring in and, hence, existence of the inferred tear-away

zone was not possible.

§3.5 Focal Mechanisms

§3.5.1 Main shock

The main shock was relocated using HYPOINVERSE (Klein, 1989)

with three velocity models: HG50, Klein's (1981) linear-gradient velocity

56



model for the island of Hawaii; a linear-gradient approximation to HV02,

Crosson and Koyanagi's (1979) low-velocity zone model for the island;

and Hill's (1969) velocity model for the south flank of Kilauea

(Figure 3.4). Assuming a double-couple mechanism for the main shock,

the best-fitting fault-plane solutions corresponding to each location

were determined using Reasenberg and Oppenheimer's (1985) program

FPFIT, a grid-search routine minimizing the discrepancy between the

observed and the theoretical P-wave first motions as calculated from a

moment-tensor representation of a fault.

I also tested the stability of the locations and of the fault-plane

solutions. Using each velocity model, the main shock was relocated for

fixed depths, 6.0 ~ depth (km) ~ 10.0, in 0.5-km increments and fault

plane solutions corresponding to each fixed depth location were

calculated. In these tests, I used only stations within 20 km of the

epicenter for the relocations, but all first-motion information in

calculating the fault-plane solutions. For velocity model HG50, I used the

station delays employed in the routine processing of seismic data at HVO.

For tests with the low-velocity layer, I utilized the station delays

determined by Crosson and Koyanagi (1979) and supplemented by Endo

(1985). No station corrections were employed in the tests utilizing Hill's

model.

For velocity model HG50 (Klein, 1981), the effect of increasing

hypocentral depth from 6.0 to 10.0 km was to systematically shift the

epicenter to the southeast. The maximum difference in epicentral

coordinates for any two trial depths was less than 1.0 km. The best-fit

fault-plane solutions occurred for trial depths of 8.5 km and 9.0 km;

however, fault-plane solutions calculated for all trial depths were quite
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Figure 3.4 Three velocity models used in determining the
focal mechanism of the 26 June 1989 main shock. The dark
solid line represents Klein's (1981) linear-gradient
velocity model for the island of Hawaii. The dark dashed
line represents Crosson and Koyanagi's (1979) low
velocity zone model with the light dashed line
representing my linear approximation to this model. The
light solid line represents Hill's (1969) layered velocity
model determined for the south flank of Kilauea Volcano
from seismic refraction data.
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similar, each showing N-S or NE-SW striking reverse faulting with a

tightly constrained nodal plane of strike, dip, and rake 183 ± 6°, 31 ± 10°,

and 63 ± 10°, respectively. A further test assuming a hypocentral depth

of 10.5 km yielded a fault-plane solution showing significantly more

strike-slip character.

Tests with a linear-gradient approximation to Crosson and

Koyanagi's (1979) low-velocity-layer model HV02 yielded similar,

though slightly more varied, results. As the hypocentral depth was

increased from 6.0 to 10.0 km, the epicenter again moved to the

southeast, with a maximum displacement between any two solutions of

less than 1.0 km. The corresponding fault-plane solutions varied from

predominantly NNE-SSW or NW-SE striking thrusts at depths of 6.0 to 9.0

km (strike, dip, and rake of 193 ± 7°, 40 ± 1°, and 70 ± 8°, respectively) to

either NE-SW or NW-SE striking oblique slip (reverse faulting with a

significant strike-slip component) at depths of greater than 9.5 krn,

with the best-fitting solutions occurring for hypocentral depths of 7.0

to 8.5 km.

Tests utilizing Hill's (1969) velocity model showed the greatest

variability. Again, the epicentral location was quite stable as the focal

depth was increased; however, the corresponding fault-plane solutions

showed highly variable character, with the best-fitting solution

occurring for a hypocentral depth of 8.0 km. Multiple poorly

constrained fault-plane solutions corresponding to either oblique slip

(reverse and strike-slip motion) or E-W striking normal faulting were

found for hypocentral depths of 6.0, 6.5, 7.0, and 7.5 krn, The poor quality

of these solutions resulted from ray tracing through a layered model

which yielded the same takeoff angle for all rays following a head wave
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path along a layer below the hypocenter. An additional fault-plane

solution showing reverse faulting similar to that found in the tests

employing Klein's velocity model was determined for a hypocentral

depth of 7.5 km. Focal mechanisms calculated for hypocentral depths of

8.0 to 10.0 km all showed reverse solutions similar to those found with

Klein's model and to those found for shallower hypocentral depths

using the linear approximation to Crosson and Koyanagi's velocity

model.

The fault-plane solutions corresponding to the three velocity

models as calculated from the free-depth locations utilizing all first

motion information are shown as lower hemisphere equal-area

projections in Figures 3.5A-C, respectively. All arrivals were used in

calculating the hypocenters corresponding to Klein's (1981) and the

linear-gradient low-velocity-layer models, yielding hypocentral depths

of 9.2 km and 8.2 krn, respectively, for these two crustal models;

however, due to lack of knowledge of appropriate station corrections,

only arrivals from stations within 20 km of the epicenter were used in

calculating the hypocentral parameters corresponding to Hill's velocity

model, yielding a hypocentral depth of 7.9 km. Fault-plane solutions are

well-constrained due to the large number (53) and distribution of P

wave first motions used in their calculation. These three fault-plane

solutions are strikingly similar, indicating that the mechanism is

relatively insensitive to differences in the velocity models. Each has

one nodal plane that strikes 183-190 ± 5° and dips 30-39 ± 5° NW and a

second nodal plane that strikes 40-43 ± 5° and dips 55-64 ± 10° SE.

These fault-plane solutions are rather surprising. If this event

represents seaward sliding of the south flank of Kilauea Volcano, one
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Figure 3.5 Fault-plane solution for the 26 June 1989 main
shock calculated for the three velocity models of Figure
3.4 using Reasenberg and Oppenheimer's (1985) program
FPFlT. Filled circles denote compressional P-wave first
arrivals and open circles, dilatational first arrivals.
Mechanism (A) is that found using Klein's linear
gradient velocity model. Fault-plane solution (B)
corresponds to my approximation to Crosson and
Koyanagi's velocity model and (C) to Hill's velocity model.
The range of positions for the P and T axes are shown in
the small circles to the right of each mechanism.
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would expect a basal sliding focal mechanism with one steeply dipping

nodal plane and one shallowly dipping nodal plane. A basal sliding

mechanism was determined for the main shock from long-period

teleseismic data by Chen and Nabelek (1990) (Figure 3.1A). This basal

sliding type of mechanism is also predominant among the fault-plane

solutions determined from the short-period local network data for

M L ~ 3.0 events occurring at depths of 8 to 12 km during at least the

three years preceding the 26 June main shock (Figure 3.6A) (Bryan and

Johnson, 1991), although during this time period, there was also a knot

of earthquakes in the Royal Gardens area with short-period

mechanisms similar to that of the main shock. However, during the

mcnth preceding the main shock, there may have been a change in

mechanism from intermediate- to high-angle reverse faulting to basal

sliding for ML ~ 3.0 8 to 12 km deep earthquakes. On 31 May 1989, there

was an earthquake representing intermediate- to high-angle reverse

faulting in the Royal Gardens area. On 1 June 1989, within a half-hour

time period, there were two ML ~ 3.0 earthquakes. The first was an

intermediate- to high-angle reverse event, while the second was a basal

sliding event. This low angle thrust type of activity continued until the

main shock (Figure 3.6B). Perhaps this change in mechanism on 1 June

was representative of the progression in the rupture process that

occurred on a shorter time scale during the 26 June main shock.

Hypocentral parameters and fault-plane information for the

earthquakes of Figures 3.6A and 3.6B are given in Table 3.1. These

mechanisms were determined using Klein's linear-gradient velocity

model; extensive testing with the three velocity models for the main

shock showed that these results are stable.
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Figure 3.6A Focal mechanisms as lower hemisphere equal-area
projections with compressional quadrants shaded for earthquakes of
M L ~ 3,0 which occurred in a box of 5' latitude x 10' longitude surrounding
the main shock at depths of 8 to 12 km between January 1986 and
June 1989" Mechanisms were calculated using Reasenberg and
Oppenheimer's (1985) program FPFIT with Klein's (1981) linear-gradient
velocity model for the island of Hawaii. The largest beachball shows the
focal mechanism of the main shock. The number below each fault-plane
solution corresponds to the event identification number in Table 3.1.
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Figure 3.6B Focal mechanisms as lower hemisphere
equal-area projections for epicentral region earthquakes
of ML 2: 3.0 which occurred at depths of 8 to 12 km
between 31 May 1989 and the main shock. Presentation is
as in Figure 3.6A,
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Table 3.1

Hypocentral and nodal plane information for epicentral region earthquakes of
ML~ 3.0 occurring at depths of 8 to 12 km between January 1986 and June 26, 1989

Presentation is as in Table 2.1. Event identification numbers listed in the first column correspond to fault-plane

solutions shown in Figure 3.6A.

EVmI ORIGIN TIME LATITUDE LONGITUDE DEEm M8.G SIB l2I.f BAKE; mw:
(YR,MON, DAY, HR,MIN, SEC) (~) (~) (KM) (0) (0) (0) (0)

0\ 1 1986 MAR 30 1948 3.10 19 20.85 -155 2.82 8.89 3.0 158 35 59 104
VI

2 1986 AUG 11 316 12.17 19 21.67 -155 4.91 8.60 3.7 105 0 45 150

3 1986 AUG 11 316 12.17 19 21.67 -155 4.91 8.60 3.7 115 50 40 87

4 1986 AUG 11 1611 13.54 19 21.22 -155 2.91 8.81 4.0 165 35 36 134

5 1986 NOV 19 1913 41.65 19 19.79 -155 8.35 9.10 3.6 277 22 115 160

6 1987 FEB 2 1738 9.19 19 22.79 -155 4.23 8.99 3.6 255 51 -47 289

7 1987 FEB 11 2022 46.39 19 20.13 -155 6.76 8.41 3.9 175 15 30 146

8 1987 APR 30 1359 49.88 19 20.55 -155 6.32 8.61 3.2 110 40 -170 282

9 1987 JUN 2 858 6.36 19 19.69 -155 7.70 8.48 3.5 185 35 30 160



Table 3.1 (continued)

Hypocentral and nodal plane information for epicentral region earthquakes of
ML~ 3.0 occurring at depths of 8 to 12 km between January 1986 and June 26, 1989

10 1987 JUN 10 510 49.53 19 21.82 -155 2.87 8.68 3.3 227 26 69 160

11 1987 JUL 1 1739 55.69 19 19.44 -155 7.61 9.66 4.2 217 22 64 155

12 1987 JUL 1 1755 8.13 19 19.26 -155 7.46 9.09 3.6 262 26 110 150

13 1987 JUL 1 1755 8.13 19 19.26 -155 7.46 9.09 3.6 200 15 30 171

14 1987 NOV 17 1245 24.48 19 20.02 -155 7.62 8.93 3.2 123 11 -26 149

0\ 15 1987 NOV 24 1555 45.44 19 21.35 -155 4.83 8.73 3.4 160 5 10 1500\

16 1987 NOV 24 1555 45.44 19 21.35 -155 4.83 8.73 3.4 110 14 -45 154

17 1987 DEC 12 2157 16.57 19 19.85 -155 8.46 8.06 3.3 185 25 40 148

18 1988 FEB 10 1326 57.68 19 21. 75 -155 2.81 8.70 3.4 155 5 -10 165

19 1988 FEB 10 1326 57.68 19 21. 75 -155 2.81 8.70 3.4 204 14 45 160

20 1988 MAR 8 1456 31.96 19 21. 62 -155 2.91 9.07 3.4 160 35 36 129

21 1988 MAR 20 1525 59.94 19 22.00 -155 4.69 8.77 4.8 155 30 30 128

22 1988 MAR 25 1303 2.53 19 21.67 -155 4.81 8.85 3.3 222 22 64 160



Table 3.1 (continued)

Hypocentral and nodal plane information for epicentral region earthquakes of
ML~ 3.0 occurring at depths of 8 to 12 km between January 1986 and June 26, 1989

23 1988 MAR 30 1547 36.98 19 20.80 -155 4.24 9.13 4.2 180 35 70 114

24 1988 MAY 31 1556 19.94 19 20.28 -155 6.55 9.28 3.9 252 22 115 135

25 1988 MAY 31 1556 19.94 19 20.28 -155 6.55 9.28 3.9 160 20 10 151

26 1988 JUN 1 1754 4.36 19 18.35 -155 6.84 9.81 3.4 155 35 -20 172

27 1988 JUN 7 1048 46.33 19 19.62 -155 7.16 9.03 5.1 197 22 64 135

0\ 28 1988 SEP 30 30 33.15 19 20.08 -155 6.50 9.11 4.2 232 36 103 126-J

29 1988 SEP 30 30 33.15 19 20.08 -155 6.50 9.11 4.2 140 60 -30 156

30 1988 DEC 7 944 19.27 19 22.31 -155 4.93 8.84 3.3 110 0 45 155

31 1988 DEC 7 944 19.27 19 22.31 -155 4.93 8.84 3.3 80 0 45 125

32 1989 FEB 4 521 0.40 19 19.89 -155 7.84 9.34 3.8 340 20 180 160

33 1989 MAY 6 1809 27.73 19 21. 65 -155 2.07 8.83 3.9 245 10 90 155

34 1989 MAY 6 1809 27.73 19 21. 65 -155 2.07 8.83 3.9 140 5 -10 150

35 1989 MAY 31 619 2.25 19 21.45 -155 2.92 8.82 3.2 204 31 53 155



Table 3.1 (continued)

Hypocentral and nodal plane information for epicentral region earthquakes of
ML~ 3.0 occurring at depths of 8 to 12 km between January 1986 and June 26, 1989

36 1989 JUN 1 1836 56.44 19 21.38 -155 2.95 9.27 3.5 160 41 49 119

37 1989 JUN 1 1906 9.77 19 21.30 -155 2.84 9.38 3.2 160 10 0 160

38 1989 JUN 1 1906 9.77 19 21.30 -155 2.84 9.38 3.2 130 5 -30 160

39 1989 JUN 19 1956 56.22 19 20.03 -155 6.66 9.08 3.4 145 25 -10 154

40 1989 JUN 26 327 3.86 19 21.26 -155 4.88 9.16 6.1 183 35 59 129

0\
00



§3.5.2 Aftershocks

Locations and focal mechanisms were also determined for all

aftershocks of ML 2: 3.0 occurring between 26 June 1989 and 30 August

1989. For each event, digital compressional wave arrival times were read

with a precision of 0.01 sec and analog P-wave arrival times with a

precision of 0.10 sec. Shear wave arrival times were read only from

horizontal records and are precise to within 0.05 sec for the digital data

and 0.25 sec for the analog data. Because of the high station density on

Kilauea's south flank, between 42 and 57 phases were timed and an

average of 37 P-wave first motions were determined for each event. The

aftershocks were relocated using HYPOINVERSE (Klein, 1989) with

Klein's linear-gradient velocity model.

Fault-plane solutions were calculated using Reasenberg and

Oppenheimer's (1985) program FPFIT. Because focal mechanisms for the

shallow aftershocks were poorly constrained, only the fault-plane

solutions for events occurring at depths of 7 to 12 km are plotted in

Figure 3.7. Hypocentral parameters and nodal plane information for

these events are given in Table 3.2. The mechanisms fall into two groups

according to event location: (1) events occurring near Kilauea's

coastline, and (2) those occurring near Kilauea's east rift zone. The

fault-plane solutions for the coastal events are quite similar, with a

basal sliding mechanism predominating, whereas the fault-plane

solutions for events occurring near Kilauea's east rift zone show

greater variability. The stress regime near the coastline may be

dominated by the stresses imposed by volcanic loading of the island and

the resulting lithospheric flexure, resulting in low-angle basal sliding

earthquakes. In contrast, in the vicinity of the rift zone where shallow
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Figure 3.7 Focal mechanisms for well-constrained
digitally recorded members (ML ~ 3.0) of the main shock
aftershock sequence occurring at depths of 7 to 12 km
between 26 June 1989 and 30 August 1989. Mechanisms
were determined using Klein's (1981) linear-gradient
velocity model for the island of Hawaii. Presentation is as
in Figure 3.6A, The largest beachball shows the focal
mechanism of the main shock. The number beneath each
fault-plane solution corresponds to the event
identification number in Table 3,2,
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Table 3.2

Hypocentral and nodal plane information for the June 26, 1989 main shock and
selected aftershocks of ML ~ 3.0 occurring before August 30, 1989

See Table 2.1 for details. Event identification numbers Iisted in the first column correspond to faull-plane

solutlons shown in Figure 3.7.

E3l.ENr QRIGIN TIME LATI'I1JDE
(YR, MON, DAY, HR, MIN, SEC) (~)

l.QNGITIJDE DEE.TH l18G .sIB.D.IE BAKE ERQI
(~) (KM) (0) (0) (0) (0)

-...] 1 1989 JON 26 327 3.86 19 21.26 -155 4.88 9.16 6.1 183 35 59 129

2 1989 JON 26 344 43.68 19 22.48 -154 59.45 8.69 3.5 85 10 -80 165

3 1989 JON 26 356 4.30 19 21.21 -154 58.48 9.24 4.0 350 5 110 240

4 1989 JON 26 357 47.27 19 20.79 -154 59.63 8.88 3.7 30 15 -110 141

5 1989 JON 26 357 47.27 19 20.79 -154 59.63 8.88 3.7 291 27 133 155

6 1989 JON 26 437 13.07 19 20.97 -154 58.67 8.39 3.5 50 5 -70 120

7 1989 JON 26 452 10.58 19 1.9.99 -154 58.76 9.55 3.0 50 5 -llO 160

8 1989 JON 26 1710 40.92 19 17.74 -155 12.72 10.35 3.0 340 30 -150 133

9 1989 JUL 2 1650 41.53 19 23.10 -155 4.15 8.57 3.0 258 46 -35 284



Table 3.2 (continued)

Hypocentral and nodal plane information for the June 26, 1989 main shock and
selected aftershocks of ML ~ 3.0 occurring before August 30, 1989

10 1989 JUL 2 2040 33.10 19 20.61 -155 7.52 8.64 3.1 15 25 -140 158

11 1989 JUL 2 2040 33.10 19 20.61 -155 7.52 8.64 3.1 150 5 -70 220

12 1989 JUL 13 1648 21.75 19 26.24 -154 53.32 8.88 3.0 35 5 -110 145

13 1989 JUL 14 1014 48.10 19 22.57 -155 5.82 8.33 3.0 35 45 -110 152

14 1989 JUL 14 1014 48.10 19 22.57 -155 5.82 8.33 3.0 315 41 -78 29

-t 15 1989 JUL 23 702 7.58 19 27.01 -154 53.41 7.56 3.3 75 40 -60 128tv

16 1989 AUG 10 639 21.98 19 20.60 -155 6.60 8.52 3.3 165 20 10 156

17 1989 AUG 10 639 21.98 19 20.60 -155 6.60 8.52 3.3 135 25 -30 163

18 1989 AUG 10 639 21.98 19 20.60 -155 6.60 8.52 3.3 244 24 141 100

19 1989 AUG 27 20 40.62 19 21.59 -155 5.04 9.01 3.3 180 30 40 144



« 5 km depth) magmatic and deeper lateral south flank tectonic

processes converge, the stress regime is likely to be dominated by the

complex rift zone structure and processes, resulting in the variation in

the focal mechanisms for earthquakes occurring in this area; however,

the presence of normal events in this area seemingly dominated by

extensional stresses is problematic.

Using a priori knowledge of the dip of the interface between the

base of the volcanic pile and the ancient ocean floor (Hill, 1969; Zucca

and Hill, 1980; Zucca et al., 1982) and assuming that the fault plane for

these earthquakes lies within or parallel to this interface, I calculate

the slip direction of the volcanic edifice with respect to the underlying

sea floor for each event (Figure 3.8). For comparison, slip directions of

earthquakes of ML 2: 3.0 occurring between January 1986 and June 1989

within the epicentral region of Kilauea's south flank at depths of 8 to 12

km are shown in Figure 3.9. These slip directions represent seaward

sliding of Kilauea's south flank at an azimuth of 155 ± 5° during this

time period. Although there are some poorly-constrained and

discrepant solutions, the overall picture obtained from both the June

1989 earthquake sequence and the background seismicity is that of

seaward sliding of Kilauea's south flank.

The change in mechanism from primarily seaward sliding prior

to the main shock to intermediate- to high-angle reverse faulting

during the main shock and then back to low-angle seaward sliding

following the main shock suggests that the initial rupture in the main

shock relieved a local stress concentration different from the regional

stress field. This conclusion is supported by the difference in fault

plane solutions determined for the main shock from short-period local
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Figure 3.8 Slip direction of the volcanic edifice with
respect to the underlying sea floor for events of
Figure 3.7. The shallowly dipping nodal plane is assumed
to be the fault plane,
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network and long-period teleseismic body-wave data. In addition, the

source time function with two distinct bursts of moment release

determined by Chen and Nabelek (1990) in modelling the teleseismic P

and SH waves from the main shock suggests that the 1989 main shock

represents a complex rupture sequence.

I propose that the plane of initial rupture as revealed by the

short-period main shock focal mechanism was not the plane of

principal rupture. I speculate that the striking 40° and dipping N600E

was the fault plane. Rupture initiation along this plane then triggered

large-scale rupture along or within the inferred basal layer, a zone

delineated by the concentration of aftershocks (Figures 3.1 OA and

3.lOB). In the context of Dieterich's model (1988), the combined effect of

slip along the NW-dipping plane and lateral compressive stresses

generated within the volcano's flank as a result of magma injection into

the rift zones would increase the normal stress perpendicular to the rift

zone and further load the basal layer, thus, enhancing the potential for

slip along or within this layer. In contrast, slip along a fault dipping

towards the rift zone, the conjugate plane, would increase the normal

stress perpendicular to the rift zone and not permit expansion of the

wedge as required by Dieterich's model if dike growth is to persist.

§3.6 Focal Mechanisms for and Interpretations of the
29 November 1975 and the 16 November 1983 Earthquakes

The discrepancy between the focal mechanisms determined from

short-period local-seismic-network data and from long-period

teleseismic data is not unique to the 1989 earthquake. The focal

mechanism derived from short-period data for the ML = 6.6 Kaoiki

earthquake on Mauna Loa's southeast flank showed strike-slip motion
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Figure 3.10 Two-stage process in the stress release in
large Hawaiian earthquakes. (A) Initial rupture within
the south flank of Kilauea Volcano as indicated by the
local-network short-period seismographs. (B) Large-scale
rupturing along the inferred interface between the base
of the volcanic pile and the underlying pre-volcanic sea
floor characteristically seen in large Hawaiian
earthquakes as verified by the teleseismic data.
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(Koyanagi et al., 1984; Endo, 1985), while the teleseismically determined

fault-plane solution showed a low-angle thrust event (NEIC, 1983; Chen

and Nabelek, 1990; Thurber and Li, 1988). In addition, the focal

mechanism derived from the short-period data for the ML = 7.2 1975

Kalapana main shock shows low-angle thrusting according to some

workers (Crosson and Endo, 1981; Klein, 1981), but intermediate- to

high-angle reverse faulting according to others (Crosson and Rogers,

1978; Rogers, 1978) while the focal mechanism derived from long-period

seismic data shows low-angle thrusting (Ando, 1979; Furumoto and

Kovach, 1979). Locations of these earthquakes are shown in Figure 3.1A.

Short- and long-period hypocentral and fault-plane information is

summarized in Table 3.3.

§3.6.1 1975 Kalapana Earthquake

The mechanisms of the 1975 Kalapana main shock and the largest

foreshock have been studied by many authors including Crosson and

Rogers (1978), Rogers (1978), Ando (1979), Furumoto and Kovach (1979),

Crosson and Endo (1981, 1982), Klein (1981), Eissler and Kanamori (1987),

and Thurber and Gripp (1988). Furumoto and Kovach (1979) examined

both local and long-period teleseismic P-wave data in determining the

mechanism for the 1975 main shock (Figure 3.llA), while Ando (1979)

examined both long-period P-wave first-motion data and S-wave

polarization angles in determining the focal mechanisms for the main

shock and the largest foreshock (Figure 3.11B). Although both authors

interpreted the main shock to represent subhorizontal seaward sliding

of Kilauea's south flank, they found that the body-wave data constrained

only the steeply dipping nodal plane. Modelling of either crustal
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Table 3.3

Hypocentral and nodal plane information for the ML = 6.1 1989 Kilauea south flank,
M L = 6.6 1983 Kaoiki, and ML = 7.2 1975 Kalapana earthquakes

Units are given in parentheses. Column 2 denotes whether information is derived from short- (SP) or long-

period (LP) seismic data. Columns 12 to 14 give the strike, dip, and rake of one nodal plane. The short-period

solutions for the 1975 earthquake are taken from Rogers (1978) and from Crosson and Endo (1981) and the long-

period solution is from Ando (1979). The short-period solution for the 1983 earthquake is from Endo (1985) and

the long-period solution is from NEIC (1983). The long-period solution for the 1989 earthquake is taken from

-..J Chen and Nabelek (1990).\0

ORIGIN TIME: LATITUDE LONGITUDE~ M8G .sIB Illf~
(YR,MON,DAY,HR,MITN) (~) (~) (KM) (0) (0) (0)

a1975 NOV 29 1447 (SP) 19 20.78 -155 00.65 9.0 7.2 198 40 84

b 19 20.78 -155 00.65 9.0 7.2 64 10 -90

c (LP) 240 80 NORMAL FAULT

d1983 NOV 16 1613 (SP) 19 25.55 -155 27.19 11.2 6.6 47 90 160

e (LP) 19 24.0 -155 35.4 11.0 130 25 5



Table 3.3 (continued)

Hypocentral and nodal plane information for the ML = 6.1 1989 Kilauea south flank,
M L = 6.6 1983 Kaoiki, and ML = 7.2 1975 Kalapana earthquakes

1989 JUN 26 0327 (SP) 19 21.26 -155 4.88 9.2 6.1 183 35 59

f

aRogers (1978)

00
bcrosson and Endo (1981)

0

CAndo (1979)

<%ndo (1985)

~IC (1983)

fChen and Nabelek (1990)

(LP) 53 82 104
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Figure 3.11 Comparison of fault-plane solutions for the 1975 Kalapana main shock (bottom
row) and largest foreshock (top row) from (A) Furumoto and Kovach (1979), (B) Ando (1979),
(C) Rogers (1978), (D) Crosson and Endo (1981) using a linear-gradient approximation to
Crosson and Koyanagi's (1979) low-velocity-layer model, (E) Crosson and Endo (1981) using
Crosson and Koyanagi's (1979) low-velocity-layer model, and (F) Klein (1981). Fault-plane
solutions (0), (E), and (F) are equal-angle projections. All other fault-plane solutions are lower
hemisphere equal-area projections. In all focal solutions, solid symbols denote compressional
first arrivals and open symbols, dilatational first arrivals.



deformation and/or tsunami data was required in order to infer the dip

of the second nodal plane, the inferred shallowly dipping fault plane.

In contrast, persons working with the short-period local network

body-wave data collected by the Hawaiian Volcano Observatory (HVO)

found more variation in the focal mechanisms for the main shock and

the largest foreshock. Initially, Rogers (1978) found that these

earthquakes represented intermediate-angle reverse faulting

(Figure 3.11C). Noting the difference between these mechanisms and

those determined from long-period teleseismic data by Ando (1979) and

Furumoto and Kovach (1979), Rogers (1978) and Crosson and Rogers

(1978) suggested that these short-period mechanisms represented local

triggering events preceding the larger events observed teleseismically.

In fact, Ando (1979) explained the complexity of the WWSSN waveforms

for the Kalapana main shock by suggesting that the earthquake was

preceded by a much smaller triggering event.

In attempting to resolve the discrepancy between the

mechanisms determined for these earthquakes from short-period HVO

and long-period teleseismic data, Crosson and Endo (1981) concluded that

the choice of velocity model was critical in the correct determination of

the fault-plane solution for these events. Whereas the linear gradient

velocity model with which they initially worked yielded mechanisms

similar to those found by Rogers (Figure 3.11 D), an appropriately

chosen layered model with a low-velocity layer (LVL) yielded

mechanisms similar to those determined by Ando (1979) and Furumoto

and Kovach (1979) (Figure 3.11E). Klein (1981) showed that a linear

gradient velocity model could, in fact, yield a fault-plane solutions

similar to those found with a LVL model (Figure 11F), and, hence,
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proposed that the choice of velocity model was not critical to correct

determination of the fault-plane solution for this earthquake, a result

identical to that which I found for the 1989 main shock.

No matter how they arrived at their conclusions, Furumoto and

Kovach (1979), Ando (1979), Crosson and Rogers (1978), Rogers (1978),

and Crosson and Endo (1981, 1982) all proposed a similar explanation for

the 1975 Kalapana sequence. All interpreted the overall sense of motion

of the sequence to represent subhorizontal seaward sliding of Kilauea's

south flank; however, the initial rupture in both the main shock and

the largest foreshock may have been of a different sense, namely

intermediate- to high-angle reverse faulting, a result consistent with

that which I found for the 1989 main shock.

§3.6.2 1983 Kaoiki Earthquake

First-motion analysis of local short-period P-wave data led

Koyanagi et al. (1984) and Endo (1985) to assign a strike-slip mechanism

to the 1983 Kaoiki earthquake (Figure 3.1A). Furthermore, on the basis

of ground cracking, Endo (1985) inferred right-lateral motion along a

vertical plane with strike 40°; however, for the largest aftershock, Endo

found a fault-plane solution representing either low-angle thrusting

along a NE-striking, SE-dipping plane or high-angle reverse faulting.

In addition, Endo studied 82 Kaoiki aftershocks and found strike-slip

fault-plane solutions for approximately 30 earthquakes with the

majority of the remaining events representing either low-angle thrust

or high-angle reverse faulting. In consideration of this, the lack of

aftershocks along the inferred fault plane, and the unexpectedly small

surface displacements, he proposed that the initial right-lateral strike

slip motion preceded low-angle southeastward sliding of Mauna Loa's
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southeast flank, a motion consistent with the fault-plane solution

determined for the main shock from teleseismic data (National

Earthquake Information Center, 1983) (Figure 3.1A).

§3.7 Discussion and Conclusions

Analysis of short-period Iocal-seismic-network P-wave data

shows that the 1989 Kilauea south flank earthquake initiated as a high

angle reverse event at about 9 km depth. Aftershocks ruptured a

primary zone of approximately 30 km x 7 km with a secondary breakage

zone extending about 12 km offshore from the area of localized ground

cracking in Kalapana. Short-period P-wave focal mechanisms

determined for the aftershocks show predominantly normal faulting in

the vicinity of the east rift zone but low-angle sliding in the coastal

region. While the normal events may reflect a stress regime heavily

influenced by complex rift zone processes, the low-angle sliding events

most likely represent the regional stress regime resulting from

volcanic loading of the island of Hawaii and the resulting lithospheric

flexure. Hence, the low-angle events probably are characteristic of the

overall rupture process.

Differences exist in the focal mechanisms determined from the

short-period local network and long-period teleseismic data not only for

the 1989 Kilauea south flank main shock, but also for the 1983 Kaoiki

earthquake. Uncertainty in the short-period fault plane solution for the

1975 Kalapana earthquake may result in a discrepancy between the

short- and long-period focal mechanisms for this event. The differences

in the mechanisms suggest that these earthquakes reflect complex

patterns of stress release and stress reorientation within the volcanic

84



edifices. I believe that the fault-plane solution calculated from the

short-period local body-wave data for the 1989 Kilauea south flank

earthquake represents an event which triggered that represented by

the long-period teleseismic data. This interpretation is analogous to that

advanced by Rogers (1978) and Crosson and Rogers (1978) to explain the

differences in the mechanisms derived from short-period local network

and long-period teleseismic data for the 1975 Kalapana main shock and

largest foreshock, These interpretations are consistent with reports of

complex teleseismic waveforms for the 1975 (Ando, 1979) and 1989 (Chen

and Nabelek, 1990) earthquakes.

I propose that rupture in large Hawaiian earthquakes often

initiates as triggering events that relieve a local stress concentration

superposed upon the regional stress regime. In contrast, the overall

rupture processes in these events indicate seaward sliding of the

unbuttressed flank of the appropriate volcano along the inferred

interface between the base of the edifice and the underlying pre

volcanic ocean floor on which it is built.

Similar to previous models for Kilauea south flank dynamics, I

accept the hypotheses that tectonic earthquakes occurring on the

island of Hawaii are ultimately related to magmatic processes. Magma

injection into the rift zones generates lateral compressive stresses

within the volcanic edifice which are often relieved in large tectonic

earthquakes. My tectonic model for Kilauea differs from previous

models in that I find that the large earthquakes may represent complex

patterns of stress release within the volcanic edifice. Rupture initiation

along a plane of orientation determined by a local stress concentration

decreases the normal stress perpendicular to the rift zone while
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simultaneously loading the basal layer, thus enhancing the potential

for uphill seaward sliding of the south flank block. Once this local stress

concentration is relieved, the south flank slides as a cohesive unit along

the inferred basal interface, a weak zone previously proposed as the slip

surface in large Hawaiian earthquakes.
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Chapter 4

An Ocean Bottom Seismometer Deployment on
Loihi Seamount

I have steadily endeavored to keep my mind free so as to give up

any hypothesis, however much beloved ... as soon as facts are shown to

be opposed to it.

Charles Darwin

§4.1 Abstract

An array of five Hawaii Institute of Geophysics 3-component

ocean bottom seismometers (OBS) was deployed on Loihi seamount

during a swarm sequence in October 1986. An insufficient number of

OBSs, poor site locations, and poor coupling to the bottom precluded

determination of well-resolved locations of the swarm events. The

results did indicate, however, the necessity of developing a crustal

velocity model specifically for Loihi seamount distinct from that

routinely used in locating earthquakes occurring on nearby Kilauea

Volcano.

§4.2 Tectonic Setting

Loihi is a young, seismically active submarine volcano located

approximately 35 km south-southeast of the island of Hawaii. It is the

southernmost volcanic center along the hot spot trace connecting the

volcanic shields of Kauai, Waianae, Koolau, West Molokai, Kahoolawe,

Hualalai, and Mauna Loa (Jackson et al., 1972) (Figure 4.1). Rising from
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(Adapted from Jackson et al. (1972).
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its base at greater than 4000 m below sea level to its summit at 969 m

below sea level (Malahoff et al., 1987), Loihi is forming on 80 million

year old Cretaceous crust as the Pacific Plate moves to the northwest

over the Hawaiian hot spot. Should its growth continue, Loihi is a

probable site for the emergence of the next Hawaiian island (Klein,

1982; Malahoff et al., 1982; Malahoff, 1987; Fornari et al, 1988), possibly

within the next 50,000 years.

§4.3 Morphology of Loihi

Detailed bathymetric surveys of Loihi reveal a north-south

elongate structure similar to that of other Hawaiian volcanoes with

radial rift zones extending from the summit area (Malahoff et al., 1982;

Malahoff, 1987; Fornari et al., 1988) (Figure 4.2). While the ll-km long

north rift consists of two segments separated by a small trough, the

19-km long south rift extends as a continuous feature from the summit

platform to 4800 m depth (Fornari et al., 1988). These two rifts are offset

across the summit plateau (Malahoff, 1987). The summit area contains a

2.8-km wide by 3.7-km long depression, the southern part of which is

occupied by two prominent steep-walled pit craters, one .6 km in

diameter and 73 m deep and the other 1.2 km in diameter and 14.6 m deep

(ibid.). Hydrothermal features lie within the summit area, south of the

western pit crater (Malahoff et al., 1982; Malahoff, 1987). The steep

flanks of Loihi are asymmetric, the eastern flank of the seamount being

steeper than the western flank. This asymmetry, as well as the two large

amphitheater valleys on the Loihi's west flank, is most likely a result of

mass wasting of large sections of the seamount's west flank.
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Bottom photographic data reveal that only a relatively small area on

Loihi's summit is covered by fresh lava flows, with the freshest flows

originating along the southern edge of the summit depression

(Malahoff, 1987). While these lavas primarily consist of pillow and

lobate flows near the vent sites, they transition to aa and broken sheet

flows downslope from the vent. In contrast, the steeper slopes outside

Loihi's summit and the steep inside slopes of the pit craters are covered

by talus (Malahoff et al., 1982; Malahoff, 1987). This evidence, combined

with the extreme steepness of the southwest and northeast slopes of the

seamount, suggest that extensive downslope mass wasting is

contemporaneous with volcanic growth by summit and rift volcanism

(Malahoff et al., 1982; Malaboff, 1987).

§4.4 Loihi Seismicity

Seismic activity at Loihi is, in many ways, analogous to that at

Kilauea Volcano (Klein, 1982). In addition to being a source region of

continual low-level flank tectonic earthquakes, Loihi has also been the

site of several seismic swarms, most recently in 1971-72, 1975, 1984, 1985,

1986, 1988, 1989, 1990, and 1991 (Koyanagi et al., 1974; Okamura et al.,

1974; Onouye et al., 1974; Yamamoto et al., 1974; Unger et al., 1977;

Koyanagi et al., 1978; Nakata et al., 1986; Nakata et al., 1987; Nakata et al.,

1991; Nakata et al., 1992; Nakata, personal communication, 1992) (Figure

4.3). Whereas shallow events comprising the earlier swarms were

generally located near Loihi's summit with related tectonic seismicity

within the southwest flank, the two most recent sequences reveal

seismic activity within Loihi's eastern flank. Deep focus earthquakes

also occur at Loihi, Although fewer in number than the crustal tectonic
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events, they cover a large, diffuse zone which may converge at depth

with the source region from which magma is supplied to Kilauea and

Mauna Loa Volcanoes (Klein, 1982).

In this study, I concentrated on the 1986 swarm. The goals of this

project were to determine an appropriate crustal velocity model and

station corrections to use when locating earthquakes occurring on

Loihi seamount when using only the stations of the permanent

Hawaiian Volcano Observatory (HVO) seismic network, and to use this

model to relocate the more recent swarm sequences that have occurred

on Loihi. Better location accuracy of Loihi earthquakes may allow

correlation of these events with structural and physiographic features

of the seamount. In addition, depths of Loihi earthquakes are very

poorly constrained in the location scheme currently employed by HVO.

Improved depth resolution should result from locating these

earthquakes with a velocity model specifically developed for Loihi, By

analogy with Kilauea where earthquake depths provide important

constraints on and information about volcanic structure and ongoing

volcanic and tectonic processes, one would expect improved accuracy of

earthquake depths at Loihi to yield valuable information on the

structure of and growth processes occurring at Loihi. Unfortunately,

poor network geometry, poor site locations, and poor coupling

precluded the determination of well-constrained locations for the

events occurring on Loihi from the OBS data. Hence, realization of the

goals of the project was impossible. Results did show, however, that the

velocity models used for Loihi were too slow.
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§4.5 OBS Experiment

The Hawaiian Volcano Observatory permanent seismic network

on the island of Hawaii detected increased activity beneath Loihi

seamount in late September 1986 with six events of magnitude greater

than 3.0 recorded on 20 September 1986. Scientists from the University

of Hawaii at Manoa subsequently deployed a Y-shaped array of five

three-component isolated sensor ocean bottom seismometers (ISOBS) on

the summit and flanks of Loihi. The array was installed on 1 October by

the RIV Kila and was retrieved on 31 October by the RIV Moana Wave.

The two northern-most OBSs, located on the flanks of Loihi, were

separated by approximately 18 km. The N-S dimension of the array

extended about 15 km SSE from Loihi's summit along the southeast rift

zone with an interstation separation of approximately 5 km (Figure 4.4).

The Hawaii Institute of Geophysics (HIG) ISOBS package consists

of one vertical 4.5 Hz geophone, one horizontal 4.5 Hz geophone, and a

hydrophone. The instruments are sensitive to frequencies from .2 to 30

Hz (Byrne et al., 1983). Automatic gain ranging of 60 dB and a recording

rage of 40 dB yield a full dynamic range of 100 dB for these instruments.

The sensor package is connected to the recording package by an

electrical cable. This design mechanically decouples the sensor package

from the recording package, yielding reduced water-borne noise and

improved coupling to the bottom.

During the 28 days during which earthquake data were collected,

over 1700 events were recorded with more than 200 events located on

Loihi. Activity at Loihi's summit was nearly continuous during the first

eight days of the deployment, with as many as 3 events per minute
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during the first three days (Cooper and Duennebier, 1987). Relatively

high levels of activity were sustained until 11 October, after which the

level of activity declined rapidly (Cooper and Duennebier, 1988) (Figure

4.5).

§4.6 Data Selection

Earthquakes to be studied were selected from the HVO catalog

(Nakata et al., 1992) in order to allow combination of the Loihi data set

with that from the HVO permanent seismic network. The initial data set

consisted of all earthquakes in the vicinity of the island of Hawaii

recorded by the HVO seismic network. This data set was reduced to its

present size by discarding all events for which no arrival times were

read from the OBS records during the initial pass through the OBS data.

The remaining earthquakes were divided into two groups. The first set,

composed of 16 events, included all earthquakes located on Loihi and

offshore earthquakes lying between the island of Hawaii and Loihi

(Figure 4.6A). The second set, consisting of 57 events, included located

island of Hawaii earthquakes and offshore earthquakes lying either

west or north of the island (Figure 4.6B). Hypocentral parameters for

these events, determined using only the HVO seismic data, are given in

Tables 4.1 and 4.2.

§4.7 Data Processing and Data Quality

&4.7.1 OBS Data

Each OBS continuously recorded four channels of data: horizontal

geophone, hydrophone, time code, and vertical geophone, on analog

cassette tapes. During the first nine days of the experiment, data were

recorded simultaneously on both nine and 15 day cassette tapes; during
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Table 4.1

Hypocentral information for Loihi and offshore island
of Hawaii earthquakes recorded on the Loihi ocean

bottom seismometer array

Columns 1 to 5 give origin time (UTC) in year, month, day, hours and

minutes, and seconds. Columns 6 to 7 and 8 to 9, respectively, give the

event location in degrees and minutes North latitude and East

longitude. Column 10 shows the hypocentral depth in km. Column 11

shows the preliminary magnitude assigned to the event by the

Hawaiian Volcano Observatory.

ORIGIN TIME LATITUDE LONGITUDE DEPTH ~
(YR,MON,DAY,HR,MIN, SEC) (<N) (~) (KM)

1986 OCT 3 1052 18.44 19 6.47 -155 24.06 40.48 1.6

1986 OCT 3 2205 38.84 19 8.79 -155 14.58 62.70 1.7

1986 OCT 4 1157 36.30 19 1.63 -154 57.63 12.78 1.7

1986 OCT 4 1556 15.51 18 48.31 -155 19.72 14.41 2.0

1986 OCT 4 1629 51.91 19 1.46 -155 20.99 31.49 1.5

1986 OCT 4 2146 29.96 18 45.09 -155 12.92 8.80 1.6

1986 OCT 6 943 44.48 19 6.38 -155 7.70 45.30 1.5

1986 OCT 6 2149 29.67 19 4.17 -155 18.11 43.48 1.5

1986 OCT 8 1902 29.24 18 47.76 -155 17.80 11.49 1.6

1986 OCT 9 1830 10.50 19 10.68 -155 10.70 40.43 1.3

1986 OCT 10 1231 8.58 18 57.15 -155 19.37 47.22 1.5

1986 OCT 13 1627 20.20 19 8.93 -155 24.16 39.27 1.5

1986 OCT 13 1627 52.28 19 6.44 -155 23.52 44.92 1.8

1986 OCT 19 47 36.04 18 54.74 -155 15.57 12.58 2.1
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Table 4.1 (continued)

Hypocentral information for Loihi and offshore island
of Hawaii earthquakes recorded on the Loihi ocean

bottom seismometer array
1986 OCT 19 1542 35.94 18 55.17 -155 20.59 25.06 1.7

1986 OCT 20 526 50.44 19 9.16 -155 20.52 52.01 1.9

101



Table 4.2

Hypocentral information
earthquakes recorded on

seismometer

Presentation is as in Table 4.1.

for island of Hawaii
the Loihi ocean bottom

array

ORIGIN TIME LATITUDE LONGITUDE DEPTH ~
(YR,MON, DAY, HR,MIN, SEC) (~) ("E) (KM)

1986 OCT 3 1152 26.47 19 13.12 -155 22.28 36.44 1.4

1986 OCT 5 541 0.72 19 12.10 -155 29.59 33.20 1.9

1986 OCT 6 1643 47.81 19 12.30 -155 39.24 7.21 2.4

1986 OCT 6 2027 10.02 19 21.05 -155 6.85 7.63 2.4

1986 OCT 7 917 45.31 19 22.33 -155 29.00 9.90 2.8

1986 OCT 7 1913 4.67 19 33.56 -156 24.14 11.09 2.3

1986 OCT 7 1916 22.95 19 31.75 -156 18.40 5.19 2.3

1986 OCT 8 431 6.34 19 19.01 -155 10.23 6.31 1.8

1986 OCT 8 1949 59.33 19 37.73 -156 57.95 6.99 1.6

1986 OCT 9 332 40.17 19 13.74 -155 26.18 11.31 0.9

1986 OCT 9 426 14.42 19 19.83 -155 7.04 8.75 2.8

1986 OCT 10 840 45.03 18 59.61 -155 38.94 13.43 2.2

1986 OCT 10 1118 22.33 19 20.58 -155 7.05 7.40 1.9

1986 OCT 11 1141 27.52 20 1.16 -155 46.35 7.44 1.6

1986 OCT 11 1237 22.79 19 26.92 -154 53.62 7.07 2.2

1986 OCT 12 207 47.73 19 19.20 -155 15.35 7.81 1.7

1986 OCT 12 1114 36.16 19 19.62 -155 7.99 8.74 2.5

1986 OCT 14 448 23.00 19 4.37 -156 14.41 36.55 1.9

1986 OCT 14 501 4.20 18 56.71 -156 3.70 6.52 2.0

1986 OCT 14 1058 57.90 19 5.55 -156 5.64 28.59 2.0
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Table 4.2 (continued)

Hypocentral information for island of Hawaii
earthquakes recorded on the Loihi ocean bottom

seismometer array

1986 OCT 15 938 45.90 19 8.87 -155 37.61 6.16 1.8

1986 OCT 15 1558 41.01 19 27.35 -155 29.52 9.12 1.9

1986 OCT 15 1615 18.15 19 22.23 -155 28.60 10.14 2.9

1986 OCT 16 230 52.58 19 37.07 -156 5.78 30.50 1.8

1986 OCT 16 2213 54.85 19 19.22 -155 15.50 7.06 1.9

1986 OCT 17 1038 23.74 19 20.30 -155 8.44 7.57 2.5

1986 OCT 17 1747 9.99 19 24.28 -154 59.04 6.03 1.8

1986 OCT 18 118 15.23 19 23.89 -155 15.66 3.05 3.0

1986 OCT 20 458 11.03 19 16.82 -155 30.11 9.27 2.1

1986 OCT 20 1323 18.60 19 11.40 -155 23.51 32.74 1.0

1986 OCT 20 1953 4.98 19 19.89 -155 7.94 7.75 3.0

1986 OCT 21 111 51.24 19 21.69 -155 4.19 7.83 2.2

1986 OCT 21 226 9.62 19 20.52 -155 12.76 8.01 2.0

1986 OCT 21 834 36.19 19 18.14 -155 13.02 7.23 1.9

1986 OCT 21 1942 22.32 19 51.17 -155 34.03 21.12 2.0

1986 OCT 22 27 56.20 19 10.16 -155 24.61 31.38 0.8

1986 OCT 22 126 46.14 19 21.74 -155 4.58 7.11 1.8

1986 OCT 22 4?O 43.16 19 46.02 -156 3.95 40.38 1.9

1986 OCT 22 1505 47.08 19 22.07 -155 4.83 7.72 2.5

1986 OCT 23 54 35.73 19 22.97 -155 17.11 11.62 2.4

1986 OCT 23 855 58.77 19 23.73 -155 30.57 24.97 1.8

1986 OCT 23 1255 18.80 19 10.24 -155 24.78 40.47 1.2

1986 OCT 24 2142 57.53 19 28.92 -155 26.91 2.48 2.0
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Table 4.2 (continued)

Hypocentral information for island of Hawaii
earthquakes recorded on the Loihi ocean bottom

seismometer array

1986 OCT 25 226 26.04 19 20.33 -155 11.66 8.45 2.1

1986 OCT 26 812 33.03 19 20.06 -155 12.38 7.41 2.1

1986 OCT 26 1411 53.69 19 23.34 -155 27.51 9.98 1.8

1986 OCT 26 1504 53.62 19 19.90 -155 10.75 6.93 2.0

1986 OCT 27 241 51.20 19 21.28 -155 2.01 8.03 3.5

1986 OCT 27 308 50.85 19 21.40 -155 1.94 7.62 2.6

1986 OCT 27 604 19.47 20 10.63 -155 34.02 11.92 2.9

1986 OCT 27 1556 41.25 18 39.48 -156 25.62 6.98 2.6

1986 OCT 27 1910 39.06 19 14.20 -155 27.78 10.50 2.4

1986 OCT 28 1025 40.29 19 22.21 -155 0.74 7.01 2.1

1986 OCT 29 749 40.77 19 22.40 -155 4.37 7.96 2.1

1986 OCT 29 1336 57.12 19 24.07 -155 16.16 3.13 2.3

1986 OCT 30 500 50.16 19 26.34 -155 30.65 9.62 2.3

1986 OCT 31 549 2.93 19 22.32 -155 29.95 9.54 2.4
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the last half of the experiment, data were recorded only on 15 day

cassettes. The most northeastern OBS, Q235, recorded data only for the

first nine days of the experiment. In addition, no data were obtained

from the first 15 day cassette deployed with the southernmost OBS, TS239.

These data were adjusted for tape skew errors by synchronization

of the minute marks on the horizontal geophone and the time code

channels. Data were then digitized and stored on magnetic tape, from

which both filtered and unfiltered seismograms were plotted.

Compressional (P) and shear (S) wave arrivals were timed from analog

playouts of the digital records. OBS times, determined with an internal

time code generator thermally calibrated to minimize clock drift near

4°C, were corrected to UTC assuming linear drift rates.

The overall quality of the OBS data was poor, with the average

data quality for the Loihi earthquakes being better than that for the

island of Hawaii earthquakes. In general, shear arrivals were difficult

to distinguish and could only be timed for the Loihi earthquakes.

Signal-to-noise ratios for greater than 65 per cent of the compressional

wave arrivals recorded by OBSs C234, Y236, DV238, and TS239 were less

than 2.0.

Overall, the best quality data were recorded by the two

northernmost OBSs, Q235 and C234, which yielded many high-quality

impulsive compressional wave arrivals that were easily distinguished

from the background noise; however, noise due to bottom currents was

often evident in the C234 data (Figure 4.7 A) Because signals recorded by

these OBSs were often clipped, timing of shear arrivals was usually

possible only when there was significant frequency variation within

the wavetrain. The two OBSs located on and just south of the summit,
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Figure 4.7 Examples of noise recorded by the OBSs. (A) Bottom current noise recorded by ODS C234.

~



a
-J

OBS TS239

I 10 sec '>

Figure 4.7 (coutiuued) Examples of noise recorded by the OBSs. (B) 2.6 liz noise recorded by OBS TS239.



Y236 and DV238, also yielded a number of compressional arrivals,

although these data were generally of lesser quality than those from

OBS Q235. Bottom current noise was more evident on these records. Shear

arrivals were again difficult to time, although in these cases due

primarily to low signal-to-noise ratios, possibly resulting from poor

coupling. The southernmost OBS, TS239, yielded almost no usable data. At

most times, poor coupling and swamping of any signal by noise

generated by bottom currents made reading any arrivals almost

impossible. In particular, 2.5-3.5 HZ noise was evident on many of the

records from this OBS (Figure 4.7B). The coupling problem and current

noise could be effectively eliminated by cementing the sensors to the

bottom or placing them in holes dug in the bottom material and

covering them with rocks (Sutton and Duennebier, 1990). Thus, the OBS

sites used in this study, particularly those on and to the south of Loihi's

summit in the active areas, are not ideal.

Seismograms of the best quality data are shown in Figure 4.8 for

OBSs C234 (Figure 4.8A), Q235 (Figure 4.8B), Y236 (Figure 4.8C), DV238

(Figure 4.8D), and TS239 (Figure 4.8E). The compressional wave first

arrival is easily distinguished on all the OBSs. Shear arrivals at OBSs

C234, DV238, and TS239 are distinguished on the horizontal geophones

by the change in frequency content of the signal. The shear arrival at

OBS Q235 is hard to distinguish on the horizontal geophone record, but

may correlate with the change in amplitude of the signal on the

vertical geophone record.

Seismograms from a typical good quality Loihi earthquake are

shown in Figure 4.9 for OBSs C234 (Figure 4.9A), Q235 (Figure 4.9B), Y236

(Figure 4.9C), DV238 (Figure 4.90), and TS239 (Figure 4.9E). Good quality
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Figure 4.8 (continued) Seismograms showing the best quality ODS data. (0) ODS DV238.
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Figure 4.9 (continued) ODS seismograms for a typical good quality Loihi earthquake. (C) OBS Y236.
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Figure 4.9 (continued) OBS seismograms for a typical good quality Loihi earthquake. (D) OBS DV238.
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compressional arrivals were recorded at OBSs Q235, Y236, and DV238,

although the P-wave arrival on OBS Y236 is of small amplitude. In

contrast, the P-wave arrival at OBS C234 is of marginal quality, while

that at OBS TS239 is dubious. A change in frequency content of the

signal recorded by the horizontal geophone distinguished the shear

arrival at OBS DV238 and possibly also at OBS C234. The shear arrivals at

OBSs Q235 and Y236 might be distinguished by the changes in amplitude

of the signals on the horizontal geophones. The shear arrival at OBS

TS239 is not evident.

Figure 4.10 shows seismograms for a better quality island of

Hawaii earthquake. OBS Q235 did not record data at this time. Small

amplitude good-quality compressional wave first arrivals are evident at

OBSs C234 (Figure 4.IOA) and Y236 (Figure 4.IOB). In contrast, the

compressional wave first arrival at OBS DV238 is emergent and can not

be timed (Figure 4.10C), while that at OBS TS239 is not discernible

(Figure 4.lOD).

§4.7.2 HVO Data

For each earthquake, P- and S-wave arrival times were also read

from the high-gain short-period digital stations of the HVO permanent

seismic network. Between 35 and 50 arrivals, usually including 2 to 7 but

as many as 12 shear arrivals, were timed for about 75 per cent of the

earthquakes under the island of Hawaii. In contrast, less than 20

arrivals were timed for about half of the Loihi and offshore

earthquakes with 20 to 42 arrivals timed for the remaining earthquakes.
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§4.8 Data Analysis

§4.8.1 QBS Data

§4,S.1.] Goals

Similarity of the structure of Loihi and subaerial Hawaiian

volcanoes suggests that a crustal velocity model developed for locating

earthquakes occurring on Kilauea Volcano should be a good starting

model for determination of the velocity structure of Loihi , Iterative

location of earthquakes occurring on Loihi using only the arrival times

read from the QBSs and refinement of the working velocity model

should yield a velocity model specifically for Loihi which will account

for any differences in the structure of these two volcanoes. Once this

model has been determined, mapping of travel time residuals between

the Loihi hypocenters and the stations of the HVO seismic network

should yield station corrections that can be used in locating Loihi

earthquakes with only the HVO network data.

§4.8.1.2 Procedure

Earthquakes occurring on Loihi and between Loihi and the island

of Hawaii were initially located using HYPOINVERSE (Klein, 1989) with

Klein's velocity model for the island of Hawaii (Klein, 1981). Only the

OBS data were used in these locations. In general, hypocenters of these

events were poorly constrained with large travel time residuals that

could not be significantly improved no matter how the velocity model

was altered. In addition, the depths I determined for these earthquakes

were significantly shallower than those determined for a larger set of

1986 Loihi swarm events not recorded by the HVO seismic network by
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Cooper (unpublished manuscript) with the location algorithm

HYPOCENTER (Lienert et al., 1986).

In order to test the stability of the depths I determined, Cooper

provided arrival time data for the SPot of Loihi earthquakes she studied

(Figure 4.11). These earthquakes were then relocated using

HYPOINVERSE (Klein, 1989) with both Klein's (1981) linear-gradient and

Hill's (1969) horizontally layered velocity models. In both instances, the

depths I obtained for these earthquakes were significantly shallower

than the depths Cooper obtained. I also relocated these earthquakes

using HYPOCENTER (Lienert et al., 1986) with a layered approximation to

Klein's (1981) velocity model and with Hill's (1969) velocity model. In

both cases, the depths I obtained for these events were similar to those I

obtained with the location algorithm HYPOINVERSE (Klein, 1989),

indicating that the depths are not an artifact of the location algorithm.

§4.8.2 HVO Data

I also examined island of Hawaii earthquakes recorded by the

Loihi array in an attempt to constrain the Loihi velocity structure.

These earthquakes were located using just the HVO seismic network data

with HYPOINVERSE (Klein, 1989) and Klein's (1981) linear gradient

velocity model. Holding the earthquake locations fixed, the travel times

to the OBSs were calculated, again assuming Klein's (1981) velocity

model. In Figure 4.12A, travel times are plotted for all island of Hawaii

earthquakes occurring at depths of 6 to 12 km, but a source depth of 8

km was assumed to calculate the theoretical travel time curve. The two

branches of the plotted curve represent the predicted arrival times for

the direct and reflected waves. In general, these travel times indicated

that this crustal velocity model is too slow for elastic waves travelling
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Figure 4.11 Cooper's Loihi earthquakes, These 1986 swarm
earthquakes were detected by the Loihi OBS array. but not
by the RVO permanent seismic network. Locations were
provided by Cooper (personal comm.).
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Figure 4.12 Travel time plots for island of Hawaii
earthquakes recorded by the OBSs. (A) Observed travel
times are plotted for all earthquakes occurring at depths
of 6 to 12 kID. The theoretical travel time curve assumes a
source depth of 8 kID.
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Figure 4.12 Travel time plots for island of Hawaii
earthquakes recorded by the OBSs. (B) Observed travel
times are plotted for all earthquakes occurring at depths
of 28 to 40 km. The theoretical travel time curve assumes a
source depth of 30 km.
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from the island of Hawaii to Loihi. At an epicentral distance of 40 krn,

the first arriving compressional wave arrives 0.3 ± 0.3 seconds early,

with increasing travel time residuals at greater epicentral distances.

Due to lack of travel time data for the first 35 km of the ray paths, it was

not possible to refine the velocity model. In Figure 4.12B, the travel time

data are from the island of Hawaii earthquakes occurring at depths of 28

to 40 km, while the theoretical travel time curve assumes a source depth

of 30 km. Again, the travel times generally indicate that the velocity

model is too slow. Four of the six data points in the group at epicentral

distances of 20 to 45 km lying well above the theoretical travel time

curve are from poorly located earthquakes occurring just offshore

south of Kilauea's southwest rift zone. In general, the pattern of early

arrivals holds for all of the OBSs and is independent of source depth. In

addition, the travel time residuals do not correlate in any obvious way

with the azimuth between the hypocenters and the OBSs, indicating

large-scale heterogeneity in the structure of Loihi.

§4.9 Significance of a Better Data Set and Future Work

Had the goals of this project been fulfilled, they would have

yielded an improved ability to monitor activity at Loihi. Due to its

proximity to the island of Hawaii. Loihi provides an excellent laboratory

for the study of the growth of a submarine volcano. The existence of the

HVO seismic network close to this seamount allows immediate detection

of any change in the level of seismic activity on Loihi.

An improved crustal velocity model for Loihi will allow the

seismic analysts at the Hawaiian Volcano Observatory to determine

better routine locations for Loihi earthquakes. In addition, the
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development of a velocity model for offshore earthquakes may be

directly applicable in the location of offshore earthquakes in other

parts of the Hawaiian islands, and in particular, in the offshore Kona

region.

An improved crustal velocity model will also allow for better

determination of the source regions and mechanisms for earthquakes

and tremor originating both within and below Loihi. Improved

locations for edifice events will allow differentiation between volcanic

and flank tectonic events. This, along with an understanding of the

spatial and temporal relationships between these two types of

earthquakes on a young volcano such as Loihi, will help in the revision

of dynamic models for the growth of Hawaiian and similar volcanoes.

Improved locations for deep earthquakes and deep tremor may help

define the location and the structure of the Hawaiian hot spot (Klein.

1982). In the long run. the ability to better locate tremor sources along

with a better understanding of the mechanics of tremor generation may

yield insights into hot spot dynamics.

In order to obtain the data necessary to accomplish these goals.

the setup of the OBS array must be significantly revised during future

deployments. More OBSs and coverage of more of the volcanic edifice

are needed in order to yield good locations for earthquakes occurring

on Loihi. This is particularly important for depth control if the swarm

includes intermediate to deep events. Also, cementing the sensors to the

bottom or placing them in holes surrounded by rocks is necessary in

order to improve coupling with the bottom and to reduce water-borne

noise. This is particularly important for OBSs located on the summit and
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along the south rift of Loihi where the surface of the edifice is covered

by talus.
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