the analysis of synthetic data, it has recently been sug-
gested that robust constraints on both the shear veloc-
ity profile and the depth to the first impedance jump
can be obtained if single station H/V spectral ratios
are jointly inverted together with dispersion curves ob-
tained from array analysis. In order to test this hypoth-
esis, in August of 2002 we have performed array mea-
surements of ambient vibrations at the Euro-SEISTEST
in northern Greece, at six different locations within the
city of Thessaloniki, and on the island of Lefkas where
strong non-linear effect have been observed in a previ-
ous study. At all these locations, the subsurface struc-
tures are well known and shear wave velocity profiles
have been determined by independent geophysical and
geotechnical surveys. Furthermore, information about
the intensity and damage distribution is available for
the city of Thessaloniki. This detailed knowledge, as
well as numerous data from temporary and permanent
seismological networks makes these locations unique
test cases for site response analysis. We present first
encouraging results of the comparison of site models ob-
tained from ambient vibrations with the existing struc-
tural models and discuss the consequences for site re-
sponse prediction using ambient vibration recordings.

S72A-1139 1330h POSTER

Comparison of P-Wave and S-Wave
Reflection Surveying Effectiveness for
Detection of Mine-Related Subsidence
Activity Beneath a Heavily Traveled
Roadway

Erich D. Guy! (614-688-8438;
erichguy@hotmail.com)

Jeffrey J. Daniels! (614-292-4295;
jeff@geology.ohio-state.edu)

1The Ohio State University, 275 Mendenhall Labora-
tory 125 South Oval Mall, Columbus, OH 43210,
United States

We acquired high-resolution multicomponent seis-
mic reflection data along an undermined 2200 ft (671
m) section of Interstate highway 70 (I-70) in eastern
Ohio, in order to identify areas of active subsidence
or soil piping into subsurface collapse features. This
paper presents results from research conducted: 1) to
investigate potential advantages and disadvantages as-
sociated with near-surface P- and S-wave reflection sur-
veys, and 2) to determine the subsidence detection po-
tential of common-mode P- and S-wave data compo-
nents acquired in the study area. P-wave data have tra-
ditionally been acquired during shallow reflection sur-
veys, however, the number of reports concerning shal-
low S-wave surveys is relatively small, and very few re-
ports concerning the concurrent acquisition and analy-
sis of P- and S-wave reflection data exist.

Although S-wave reflections from the top-of-
bedrock (located above the coal mine and targeted for
subsidence detection purposes) were consistently ob-
served in both XX component (inline-inline, SV-SV)
and YY component (crossline-crossline, SH-SH) data,
surface wave noise resulted in the optimum reflection
window of XX data being relatively narrow. Stacks
produced using YY data had a higher signal-to-noise
ratio and better imaged the target horizon than those
produced using XX data. Whereas S-waves were rel-
atively insensitive to changes in overburden moisture
content, P-wave reflections from the top-of-saturated-
overburden (located above bedrock) were recorded in
ZZ component (vertical-vertical, P-P) data. The ar-
rival times of P-wave reflections and the characteristics
of the recorded noise modes made it difficult to process
and use P-wave reflections from this interface. P-wave
events from deeper impedance contrasts were not ob-
served in field data due to several factors: surface wave
and air wave noise, a high P-wave reflection coefficient
at the top-of-saturated-overburden, low P-wave reflec-
tion coefficients at deeper interfaces, and interference
effects/resolution issues. Calculations suggest that the
resolution of S-waves in the study area dry overburden
is more than 1.7 times that of P-waves, and that the
resolution of S-waves in the study area saturated over-
burden is more than 4.5 times that of P-waves.

Given the study area subsurface conditions and ac-
quired data characteristics, areas of the subsurface
where subsidence processes have been active could be
most accurately delineated through the processing and
interpretation of YY (relative to XX and ZZ) data.
Processed YY data indicate that the bedrock horizon is
significantly disrupted due to mine-related subsidence
processes at numerous locations along the roadway in
the study area. Hence, these locations are regarded
as having a relatively high risk for future mine-related
surface failure.
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The propagation of seismic waves through regions
of complex topography is not thoroughly understood.
Surface waves, are of particular interest, as they are
large in amplitude and can characterize the source
depth, magnitude, and frequency content. The ampli-
tude and frequency content of seismic waves that prop-
agate in regions with large topographical variations are
affected by both the scattering and blockage of the
wave energy. The ability to predict the 3-d scattering
due to topography will improve the understanding of
both regional scale surface wave magnitudes, and refine
surface wave discriminants as well as at the local scale
(<2 km ) where it will aid in the development of rule
of thumb guide lines for array sensor placement for real
time sensing technologies. Ideally, when validating the
numerical accuracy of a propagation model against field
data, the input geologic parameters would be known
and thus eliminates geology as a source of error in the
calculation. In March of 2001, Kansas Geological Sur-
vey (KGS) performed a detailed seismic site character-
ization at the Smart Weapons Test Range, Yuma Prov-
ing Ground, Arizona. The result of the KGS character-
ization study is a high-resolution 3-d model that is used
in our seismic simulations. The velocities Vs, Vp are
calculated by tomography and refraction, attenuation
coefficients estimated from the surface wave and from
p-waves and are provided in a model with attributes
resolved in 3-d to 0.5 meters.

In the present work, we present comparisons of
synthetic data with seismic data collected at the
Smart Weapons Test Range to benchmark the accu-
racy achieved in simulating 3-d wave propagation in
the vicinity of a topographical anomaly (trench). Syn-
thetic seismograms are generated using a 3-d 8th order
staggered grid visco-elastic finite difference code that
accounts for topography. The geologic model is based
on the Yuma site characterization. The size of these
calculations required use of the DoD High Performance
Computers and parallelized code. Results are compared
with field data. Preliminary results show an excellent
match with field data using the 3-d fdtd technique.
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The scaling of stress drop and apparent stress with
seismic moment for small earthquakes (M<3) has been
the subject of much discussion and research but the
question remains unresolved. In this work 90 earth-
quakes of -0.5<M<3.0 were studied using recordings
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made at the 800m deep borehole in western Nagano,
central Japan. Data is recorded at a sampling rate of
10kHz and spectra show high signal to noise ratio up
to frequencies of 200-300Hz. High quality recordings
of nearby earthquakes make it possible to determine
good estimates of seismic moment and energy for small
events.

The P and S wave direct arrivals were picked on
velocity seismograms and amplitude spectra for the
events were fitted with an w2 model comparing re-
sults obtained for different length P and S wave time
windows. Source parameters were calculated using fre-
quency dependent and independent quality factors (Q
values). Q(f) values were calculated using the extended
coda normalisation method of Yoshimoto et al. (1993)
and the results compared to the relationships obtained
by previous studies in this area (Yoshimoto et al.,1998
and Matsuzawa et al., submitted for publication). The
Q(f) values obtained increased with frequency and were
found to agree with the results of the previous studies.
A breakdown in scaling of apparent stress with moment
was observed for seismic moments around 1011 Nm with
results for frequency dependent and independent Q.
This indicates the assumption of a constant Q is valid
in this case. No change in scaling of static stress drop
with moment was observed above 1010 Nm but an inves-
tigation into the restrictions the instrumentation places
on the analysis revealed that the results for events with
Mo<10'0Nm are unreliable.

The possibility of the change in apparent stress scal-
ing being dependent on area and/or hypocentral dis-
tance was investigated. No area dependence was ob-
served but a decrease in apparent stress was found with
increasing hypocentral distance and the effect becomes
obvious at shorter distances for smaller events. A sim-
ilar but less striking trend was seen for stress drop val-
ues. This result leads to the conclusion that path ef-
fects are the cause of the observed trend in apparent
stress scaling and therefore they must be considered for
small events even in the analysis of clean seismograms
recorded by deep boreholes.
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Tennoudai,

‘We estimate source parameters of small earthquakes
from stopping phases and investigate the scaling rela-
tionships between source parameters. The method we
employed [Imanishi and Takeo, 2002] assumes an ellip-
tical fault model proposed by Savage [1966]. In this
model, two high-frequency stopping phases, Hilbert
transformations of each other, are radiated and the
difference in arrival times between the two stopping
phases is dependent on the average value of rupture
velocity, the source dimension, the aspect ratio of el-
liptical fault, the direction of rupture propagation and
the orientation of the fault plane. These parameters
can be estimated by a nonlinear least squares inver-
sion method. Earthquakes studied occurred between
May and August 1999 at the western Nagano prefec-
ture, Japan, which is characterized by high levels of
shallow earthquakes. The data consist of seismograms
recorded by an 800 m deep borehole and a 46 surface
seismic array whose spacing is a few km. In particu-
lar, the 800 m borehole data provide a wide frequency
bandwidth and greatly reduce ground noise and coda
wave amplitude compared to surface recordings. High-
frequency stopping phases are readily detected on ac-
celerograms recorded in the borehole. After correcting
both borehole and surface data for attenuation, we also
measure the rise time, which is defined as the time lag
from the arrival time of the direct wave to the first
slope change in the displacement pulse. Using these
durations, we estimate source parameters of 25 earth-
quakes ranging in size from M1.2 to M2.6. The rupture
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aspect ratio is estimated to be about 0.8 on an average.
This suggests that the assumption of a circular crack
model is valid as a first order approximation for earth-
quakes analyzed in this study. Static stress drops range
from approximately 0.1 to 5 MPa and do not vary with
seismic moment. It seems that the breakdown seen in
the previous studies by other authors using surface data
is simply an artifact of attenuation in the crust. This is
consistent with the conclusion by Stork et al. (2002) in-
ferred from the spectral analysis using the 800m deep
borehole data. The average values of rupture veloc-
ity do not depend on earthquake size, and are similar
to those reported for moderate and large earthquakes.
‘We then calculate the seismic energy following Sato and
Hirasawa (1973). The magnitude scaling of the appar-
ent stress is almost constant in the analyzed events,
ranging from 0.05 to 1 MPa. Since most of apparent
stresses for large earthquakes are in the range of 0.1
to 10 MPa, there may be small differences in apparent
stress between large and small earthquakes. However,
it is likely that earthquakes are self-similar over a wide
range of earthquake size and the dynamics of small and
large earthquakes are similar from a macroscopic view-
point.
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Analyses of rupture velocities of earthquakes are im-
portant to investigate characteristics of fracture ener-
But it is
especially difficult to resolve rupture velocities of small
earthquakes because close station spacing near the
hypocenter and high sampling rates are necessary. Such
observations are being carried out in a South African
gold mine for mining induced earthquakes. Nine tri-
axial borehole accelerometers were installed within 200
m along a 2,650-m-deep haulage tunnel in the Mpo-
neng gold mine. More than 25,000 seismic events (-2.7
< M < 3.3) were recorded with a sampling frequency
of 15 kHz from February to October, 1996. We care-
fully picked 10 events with magnitudes between 0.0 and
1.5 having good azimuthal coverage and analyzed the
waveforms to try to determine rupture velocities.

The events studied have rather complicated wave-
forms and individual subevents could be identified. Ar-
rival times of the subevents were picked relative to the
initial arrival. These differential arrival times were
used to locate the subevents relative to the initial
hypocenter. Approximate rupture velocities could be
obtained by dividing the distance to the subevent by
the delay time.

‘We obtained results that showed rupture velocities
ranging from 2.34 to 2.70 km/s for earthquakes of mag-
nitude from 0.0 to 1.5. These values are about 70 %
of the shear-wave velocity and consistent with those of
larger natural earthquakes. This result suggests that
if the static stress drops of these earthquakes are the
same as those of natural earthquakes, the ratios of frac-

gies, initiations, and arresting mechanisms.

ture energies to radiated energies of small earthquakes
in a South African gold mine are not particular large
and almost the same as those of larger natural earth-
quakes.
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Energy-moment scaling is examined in the Alps us-
ing high quality digital three-component waveforms for
local events ranging between My, ~ 2 to 5. The
method we employ for energy and moment estimates
is based on stable, coda-derived moment-rate spectra.
This method has been previously applied to the west-
ern United States and the eastern Mediterranean where
it was shown that energy and moment estimates are
significantly more stable than those derived from di-
rect P and S waves. Furthermore, these studies have
suggested that for larger events the energy-moment ra-
tio increases with increasing seismic moment for events
ranging between My, ~ 0.5 to 7. Results from this
study will be compared against previous studies with
the hope of better understanding the energy-moment
scaling. Recently, there has been renewed debate and
interest on whether or not the energy-moment ratio
is constant or is size-dependent. We believe our ap-
proach takes into account all the effects of frequency-
dependent path attenuation and site response leaving a
stable, unbiased estimate of the radiated source spec-
trum.

*This work was performed under the auspices of the
U.S. Department of Energy by the University of Cali-
fornia Lawrence Livermore Nati onal Laboratory under
contract No. W-7405-Eng-48. UCRL-JC-146875 Abs
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It has been suggested that dislocation models of
teleseismic waves may seriously underestimate seismic
moments of shallow thrust-fault events (Brune, 1996).
Dislocation models allow seismic waves, such as re-
flected phases, to propagate through the fault bound-
ary unimpeded, i.e., they are transparent to seismic ra-
diation. Brune hypothesizes instead that the two sides
of the fault separate during rupture creating a reflect-
ing boundary condition that is opaque to seismic radi-
ation. If so, then energy becomes trapped in the over-
hanging wedge, radiated energy to teleseismic distances
is reduced, and the moment is underestimated.

‘We tested this by producing and comparing syn-
thetic P and SH seismograms for earthquakes with
and without a reflecting or opaque fault bound-
ary condition. We used friction laws in dynamic,
three-dimensional finite-element models to create slip-
histories for models with partially to completely reflect-
ing faults in the Mode IT and Mode III directions. The
inclusion of gravity created sufficient lithostatic stress
that any Mode I opening was negligible. We have three
opaque models in order of most to least opaque: crack-
like (slip-weakening) with zero sliding friction, crack-
like with constant sliding friction, and pulse-like (slip-
and rate-weakening). The slip-history of our disloca-
tion model with a transparent fault boundary condition
(Haskell-like model), is the integral of Brunes (1970)
far-field time function. Slip-histories for these opaque
and transparent models are normalized such that they
have the same potency. In addition, the Haskell-like
model slip-history is designed to have the same final
slip, peak slip-rate, and slip start times as the pulse-
like model at each location on the fault for a close com-
parison.

Synthetic seismograms were calculated for the above
four models at a variety of azimuths and epicentral dis-
tances, and the peak-to-peak amplitudes were numeri-
cally evaluated. Note that we normalized the peak-to-
peak amplitudes of the three "opaque” models by the
Haskell-like model. Therefore, a peak-to-peak value <
1 indicates that dislocation theory would underestimate
the seismic moment of the opaque model and a value
> 1 indicates that dislocation theory would overesti-
mate the seismic moment of the opaque model. Our
results for the P wave peak-to-peak amplitudes are:
1.64 for crack-like with zero sliding friction, 0.96 for
crack-like with constant sliding friction, and 1.09 for
pulse-like. For SH waves the values are: 2.02 for crack-
like with zero sliding friction, 1.02 for crack-like with
constant sliding friction, and 1.05 for pulse-like. Inter-
estingly, two out of the three models (constant sliding
friction and pulse-like) have peak-to-peak amplitudes
either very close or slightly larger than the transpar-
ent, Haskell-like model. The somewhat unrealistic, zero
sliding friction model (which is opaque to all Mode II

and Mode III sliding) has a larger peak-to-peak ampli-
tude than the Haskell-like, but this can be explained
by the fact it oscillates about the equilibrium, zero
frequency solution. Thus, it appears that a reflecting
boundary condition has little to no effect on the ra-
diated energy to teleseismic distances. If anything, a
completely reflecting boundary increases the radiated
energy. Hence, we do not find any problem with stan-
dard dislocation theory in estimating seismic moment.
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The total seismic energy can be estimated directly
from seismograms; however, this approach does not al-
low us to study spatial variations in how seismic energy
is radiated during the earthquake rupture process. In
this study we use the method of Ide [2002] to estimate
the radiated energy distribution on the fault plane. We
analyze three California earthquakes, the 1984 Morgan
Hill (M=6.2), the 1992 Landers (M=7.2), and the 1999
Hector Mine (M=7.1) earthquakes. We find that the
radiated energy distributions from these earthquakes
have their highest concentration at the main asperities,
and that these asperities have energy absorbing regions
(sinks) at their edges. We estimate the apparent stress
distribution on the fault plane using the moment den-
sity, the energy density, and the shear modulus. This
distribution shows that the apparent stress is highest
at the center of the high slip regions and negative, i.e.
showing a stress increase, at regions of energy absorp-
tion, primarily the edges of the high slip regions. The
seismic energy estimated from the rupture models for
these earthquakes is underestimated by a factor of 2 to
10, suggesting that much of the true radiated energy
is not accounted for in this formulation. Owur results
suggest that much of the slip in these earthquakes oc-
curred in areas where energy was dissipated and that
fault segmentation plays a strong role in limiting the
extent of earthquake rupture.
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We computed teleseismic estimates of radiated en-
ergy (EpR) for 23 large subduction zone earthquakes
recorded between 1992 and 2001; most of these earth-
quakes have a magnitude My, > 7.5, but we also in-
cluded some smaller (Mg, ~ 6.7) well-studied sub-
duction zone earthquakes and 6 crustal earthquakes.
For these 29 earthquakes, we compiled the static stress
drop estimates (Aog) from published literature. We

E
then determined radiation efficienc = ——8_

_ v IR = EG+ER)
= ‘Liai* where & = EpR/Mg, and Mg is the seis-

mic moment) of these earthquakes using a simple slip-
weakening stress relaxation model that relates measur-
able and macroscopic seismological parameters to the
physical processes on the fault zone via fracture en-
ergy. We also determined the rupture velocity (V) of
these earthquakes from published literature.

Most crustal, interplate, downdip, intraplate and
deep earthquakes have radiation efficiencies between
0.5 and 1 and are thus efficient in generating seismic
waves. In these earthquakes, only a small fraction of
the energy is dissipated in mechanical processes on the
fault zone. Also, most earthquakes propagate at veloc-
ities close to the shear wave velocity (). We observe
that the radiation efficiencies are smaller for smaller
V/B and larger for larger V /3, a relationship that we
could expect from crack theory and from simple en-
ergy considerations. Since rupture velocity is an in-
dependently determined quantity, this consistency in
the observed relationship between radiation efficiency
and V/B on the one hand, and the calculations from
crack theory on the other suggest that most earth-
quakes propagate as shear cracks with low fracture en-
ergy and that the simple slip-weakening model used is
probably good for most earthquakes.
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A gravitational shear flow of the island-arc rock-
mass was newly revealed under the Japan trench in-
ner slope on the artifact-free and distortion-free seis-
mic reflection profiles (Nagumo and Tsuru (2001), Eos.
Trans. AGU82(47), Fall.Meet. Suppl. Abstract T12D-
0934). Based on such a shear flow phenomena, I en-
vision a picture of the island arc-trench dynamics as
below. The hot upper mantle under the volcanic arc
generates buoyancy, and uplifts the volcanic arc. The
uplifted island arc rock-mass gains excess gravitational
potential energy. The surface inclination from the cen-
tral arc towards the trench axis generates horizontal
driving force within the arc mass, and generates shear
stresses, shear deformations, and shear strain energies.

In the deep part of the crust, such shear stresses
exceed the critical value, and the rock-masses are in
a state of shear flow. Because of rather hot thermal
regime, such a shear flow of rock-masses predominates
within the ductile intermediate zone of the crust, which
ranges from the basal granitic layer to the upper part
of the basaltic layer.

The shear flow carries the whole island-arc mass
towards trench axis from the central volcanic arc
and transports the strain energies, which are involved
within the deformed rock-mass, and forms a flow of
strain energy. Such a gravitational flow of the rock-
mass is a behavior of viscous fluids in a long time scale.

When the strain energy flow is obstructed by some
mechanism, a part of the strain energy flow is trapped,
and stored around the obstacles. The stored energies
accumulate with elapse of time, and results in an oc-
currence of large earthquake.

I postulate that the occurrence condition of a large
earthquake is such that the average density of the ac-
cumulated strain energy within the volume of the self-
adjoined domain attains a certain critical level. Then,
we can estimate the earthquake radiation energy by the
product of the critical strain energy and the volume of
the self-adjoined domain. The gravitational potential
energy is sufficient enough to generate the large earth-
quake energies in the forearc region. The energy supply
by the subducting oceanic plate is not required.

Such a view of strain energy accumulation process
may relate to the variety of the asperity, repetition in-
terval of occurrence, and the types of earthquakes, such
as main shock type, swarm type and etc. The above pic-
ture of the island arc-trench dynamics does not require
subduction-accretion tectonics.
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Large shallow intraslab earthquakes, occurring
within subducting slabs at 30-100km depths, gener-
ate earthquake damages by strong ground motions
(e.g. the 1993 Kushiro-oki earthquake, the 2001
Geiyo earthquake, and the 2001 Nisqually earthquake).
Source characteristics of intraslab earthquakes have
been pointed out to have some different features com-
pared to those of inland crustal earthquakes and in-
terplate earthquakes by some researchers. We exam-
ined six shallow intraslab earthquakes that recently oc-
curred around Japan (M jpra5.1 — 7.0) using dense
strong motion network data.

The observed peak ground accelerations at K-NET
stations for the 2001 Geiyo earthquake in near dis-
tance are about 3 times larger than those expected from
the attenuation relation based on inland crustal earth-
quakes proposed by Fukushima and Tanaka (1992). For
other intraslab events, the observed peak ground accel-
erations are also larger than the expected values. These
seem to be related with high stress drop in source as
well as low attenuation along the propagation path in
case of intraslab earthquakes.

We carried out strong motion simulation based on
the empirical Green’s function method to investigate
the source characteristics of intraslab earthquakes. Us-
ing the empirical Green’s function method, we can con-
struct the source model to explain observed waveforms
in broadband frequency range (Irikura, 1986; Miyake et
al., 1999). We used the observed waveforms of a small
event occurring at each source region as the empirical

Green’s function, and estimated the number, size, and
location of asperity (strong motion generation area),
rise time, and rupture propagation velocity of target
events by forward modeling.

Since the combined area of asperities obtained for
each earthquake is about 14-66% of values predicted
by the empirical relation for inland crustal earthquakes
proposed by Somerville et al. (1999), the stress drops
on asperity of shallow intraslab earthquakes are higher
than those of inland crustal earthquakes. The ratios be-
tween the combined area of asperities obtained in this
study and the value predicted from the empirical re-
lation decrease with focal depth. The stress drops on
asperity of shallow intraslab earthquakes increase with
focal depth.

‘We used the strong motion data from K-NET, KiK-
net, and F-net operated by the National Research Insti-
tute for Earth Science and Disaster Prevention (NIED)
and the CMT solutions by F-net and Harvard Univer-
sity. We also used the hypocentral information pro-
vided by the Japan Meteorological Agency (JMA).
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The method of seismic moment-tensor determina-
tion using complete waveforms (Dreger and Helm-
berger, 1993; Pasyanos et al., 1996) provides stable so-
lutions for local and regional events if the data prop-
agation paths are well-calibrated to calculate Green’s
functions. However, this waveform modeling approach
has a limitation to apply to smaller events with the
cut-off magnitude of approximately 3.5 due to reduc-
tion of S/N ratios in the passband employed. We car-
ried out an experiment to extend the moment magni-
tude scale to smaller events (M<3.5) in northern Cal-
ifornia using an empirical method of coda derived mo-
ment magnitude (Mg, (coda)) calibration (Mayeda et
al., 2002). The basic assumption of this approach is
that the coda spectra are the results of scatters from
randomly distributed inhomogeneities in the crust and
represent seismic energy propagation, independent of
the source radiation pattern, as a function of propaga-
tion distance with a specific attenuation rule. In prac-
tice we found that when the data propagation paths
cross a wide range of different structural areas, the
standard deviation of the parameters is large and the
parameter estimation is less coherent. Thus, in the
course of calibration the entire northern California is
divided into several tectonic subregions, in each of
which the calibration parameters are relatively coher-
ent. The present study suggests a conservative appli-
cation of the coda envelope calibration method to esti-
mate My, (coda) that avoids ambiguities.

URL: http://www.sci.hiroshima-u.ac.jp/
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An alternative to the plume/hotspot hypothesis for
seamount chains is formation via cracks through the
lithosphere. Many Pacific Cenozoic seamount chains
comprise intermittently spaced volcanic ridges aligned
en echelon to the overall trend of the chain, a pattern
that reflects tensional stresses in the lithospheric plate
at angles to the trend. The overall trend is a line of in-
cipient cracking close to the average direction of plate
motion in the fixed-Antarctica reference frame. The
ridges mark episodic, relatively local deviations in the
orientation of the stress field, permitting the incipi-
ent tensional cracks to open through the lithosphere
to the asthenosphere. The upper parts of the astheno-
sphere are at the solidus temperature, as manifested in
lower seismic velocities indicating the presence of small
fractions of melt, such that through-going cracks allow
magmas to form and ascend toward the surface where
they erupt to form the volcanoes and en echelon ridges.
High fertility of the source region favors increased vol-
umes of magma. Cracks typically break though in the
younger parts of the lithosphere, which is thinner and
weaker than older lithosphere, but cracking is possi-
ble anywhere along the volcanic trend where the litho-
sphere is thin or weak. Cracking is common, for exam-
ple, along the thinned lithosphere of the boudinage-like
structures imaged on regional gravity maps, as in the
Pukapuka chain, which follows one of the regional grav-
ity lows. There, the time sequence of volcanic ridges is
not progressive. The markedly different orientation of
the youngest parts of the Hawaiian chain, compared to
the long-term average trend of the chain, may record
a change in regional stress orientations in the Pacific
plate beginning about 3-4 Ma, reflected also in the Mar-
quesas and younger parts of the Society Islands.

The en echelon crack mechanism requires no exces-
sive "hotspot” temperatures and no plumes.
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The Galdpagos hotspot and Galdpagos Spreading
Center system provide a promising environment for
testing further the plume hypothesis and for develop-
ing a comprehensive model of hotspot magmatism and
hotspot-ridge dynamics. The near-ridge setting of the
Galdpagos hotspot and its location with respect to seis-
mic sources provide unparalled opportunities to image
upper-mantle anomalies associated with hotspots and
ridges. Here we report on a reconnaissance, land-based
seismic experiment designed to image the structure of
the crust and upper mantle beneath the archipelago.
The data comprise broadband, three-component seis-
mograms recorded at twelve sites; the aperture of the
seismic network is 300 km.

Initial results indicate that the Galdpagos hotspot
is underlain by an anomalously thin transition zone
and by an upper-mantle low-velocity anomaly consis-
tent with a mantle plume. The transition-zone struc-
ture of the Galdpagos region in general is similar to
that of the Pacific basin in areas removed from hotspots
and to sites within the western U.S. However, a sub-
set of data that sample a region centered to the west-
southwest of Isabela indicates a 45-km thinning of the
mantle transition zone. To produce this thinning by
a plume that penetrates the transition zone requires a
temperature anomaly of as much as 300 K relative to
the average Pacific basin or tectonically active North
American sites. This value is similar to the tempera-
ture anomaly inferred by others for the Hawaiian plume
and is twice as large as the thermal anomaly inferred
for Iceland. Tomographic inversion of body-wave delay
times reveals a pronounced low-velocity anomaly cen-
tered near the southwestern corner of Isabela, above the
area of thinned transition zone. This anomaly, which
we interpret to be the axis of the plume, is narrower
than the anomaly imaged beneath Iceland. At depths
less than 150 km the region of lowest seismic veloci-
ties, inferred to be plume-derived material, is deflected
first to the northeast beneath the central archipelago
and then to the north-northwest along the Wolf-Darwin
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