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Hakone volcano is located in the northern part of
Izu peninsula. It is well known as inactive volcano and
hot springs resort. But sometimes there are swarm
earthquakes activities. There was big swarm earth-
quakes activity in April 2001. Total number of earth-
quakes was 15,816 during April to October. The cause
of this activity is not yet solved.

Explosion observation was carried out and 3-D ve-
locity structure was estimated using explosions and mi-
cro earthquakes hybrid inversion method to know where
magma exists or not. Not only micro earthquakes but
also explosions were used, so the high resolution sub-
surface image and velocity value can be obtained with
good accuracy.

As results, we can find some faults as lines of
hypocenter beneath Hakone volcano, and there is no
results that suggests existence of magma. So it is con-
sidered that the cause of swarm earthquakes activity
that occurred on 2001, was not activity of magma.
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With increasing resolution in global tomographic
models and targeted regional experiments the first seis-
mic images of mantle plumes have emerged. The low
velocity anomalies interpreted as plumes are generally
significantly more complex than the simple head-tail
model of a mantle upwelling. Although some models
show low velocities crossing the 660 km discontinuity,
the significance of the lower mantle anomalies is still
heavily debated. In order to obtain a better idea of the
expected seismic signature of a mantle plume we per-
form a set of three-dimensional numerical experiments
with parameters relevant to the Earth’s mantle. The
thermal plumes thus obtained are converted into P and
S velocity structure taking into account the effect of
temperature, pressure, an average mantle composition
including phase transitions and anelasticity on the seis-
mic velocities. Excess plume temperatures were con-
strained to be about 300oC below the lithosphere to
be consistent with surface observations. Such plumes
are 400-800 km wide. An abrupt lowering of the vis-
cosity above 660 km causes additional narrowing in the
upper mantle. VP (VS) anomalies range from 2.2 (-
4) % above the transition zone to 0.5 (-1) % in the
lower mantle. Due to the varying sensitivity of seis-
mic velocities to temperature with depth and mineral-
ogy, variations in amplitude and width of the seismic
plume do not coincide with the variations in the ther-
mal structure of the plume. Reduced sensitivity in the
transition zone may hamper imaging continuous whole
mantle plumes. Seismic anelasticity structure follows
the thermal structure more closely and yields plume
anomalies of up to 200% in dln(1/QS ).
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New compilations of Mesozoic diabase dikes in
South Carolina suggest that previously unrecognized
N-S and NE-SW dike orientations exist throughout the
western Charlotte belt, into the Carolina belt and pos-
sible into the Laurens Thrust Stack. Previous studies
indicated that the majority of dikes in South Carolina
were solely NW trending. While we found that the ma-
jority of dikes did trend NW-SE, the number and size of
the NE-SW and N-S trending dikes indicate that these
are not mere fingers off the main NW trending dikes
and are likely true swarms.

Previous studies of Mesozoic diabase dikes further
north along the Atlantic coast have found evidence that
suggests that NW-SE trending dikes are the oldest set,
the N-S trending set followed, and the NE-SW trend-
ing dikes were injected last. Based on this relation-
ship, and the stress field that most likely existed in the

crust during the injection of each dike set, we have con-
structed a series of evolutionary models for the break-
up of Pangea. Our models are based on the assumption
that the multiple overlapping swarms negate the possi-
bility of a plume being solely responsible for the break-
up or for the dikes. These models suggest a compli-
cated history of relative motion between Africa, North
America, and South America. Finite element models
were run to test the feasibility of these models.

Preliminary model results suggest that the exten-
sional stresses necessary for the major dike patterns
seen in northwestern Africa, northern South America,
and the southeastern United States may have occurred
when the relative motion of Africa was northeast of
North America. Initial model runs suggest that mul-
tiple dike orientations are best accounted for by a
strongly nonlinear rift trend, a temporary aulacogen in
Georgia, and/or rift propagation. The affect of events
in the Gulf of Mexico is strongly dependent on the lo-
cation and trend of the rifts and micro-continents mod-
eled.
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Large Igneous Provinces (LIPs) constitute broad ar-
eas, >105 km2, of predominantly mafic rocks erupted
over ∼ 106 yr. LIPs originate in the mantle, via mass
and energy transfer which acts both independently of,
and in conjunction with, the wide-ranging upwellling
systems producing new oceanic crust by sea floor
spreading along the mid-oceanic ridge system. We eval-
uate all categories of LIPs - continental flood basalts,
volcanic divergent margins, oceanic plateaus, subma-
rine ridges, and ocean basin flood basalts - emplaced
since 150 Ma, estimate their subaerial and submarine
volcanic components, and combine volume and age in-
formation to produce subaerial and submarine volcanic
output curves for Cretaceous and Cenozoic time. We
carefully examine the two giant oceanic plateaus, Ker-
guelen/Broken Ridge (Indian Ocean) and Ontong Java
(Pacific Ocean), recently sampled by Ocean Drilling
Program Legs 183 and 192, respectively. The post-150
Ma LIP record reveals both many events and volumi-
nous volcanism from 135-85 Ma, and a distinct decline
since 50 Ma. These trends may reflect variations in
mantle circulation and have links to global environmen-
tal change.
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Recent field, experimental, and theoretical studies
of calderas have advanced our understanding of how
calderas form. With this in mind, I compare and con-
trast the styles and mechanisms of caldera development
for five historic events: Katmai 1912, Kilauea 1924,
Fernandina 1968, Pinatubo 1991, and Miyakejima 2000.
As well as affording an opportunity to compare felsic
and mafic systems, these examples allow us to identify
systematic similarities and differences during the pro-
cess of caldera formation. Critical questions include
the following. (1) What are durations of caldera for-
mation, as well as precursory signals and triggering
mechanisms? (2) Why is there frequently a mismatch
between caldera volumes at the surface and magma vol-
ume changes in the subsurface? (3) What are the rela-
tive proportions of erupted magma vs. magma which is
drained and/or transported laterally in the subsurface?
(4) How much magma is displaced, either by eruption or
by drainage, before a caldera starts forming at the sur-
face? (5) Does caldera subsidence occur en masse, in-
crementally, or somewhere between these two extremes
of behavior? (6) Does subsidence of the caldera block
help magma to be evacuated from the chamber, or is
the subsidence process a passive response to magma
withdrawal by other means? In addition to addressing
the above questions, I will discuss how caldera forma-
tion influences the development of ”open” and ”closed”

magmatic systems. Finally, I will discuss the problems
of scaling, as the historic examples discussed here are 1-
3 orders of magnitude smaller than large-scale caldera-
forming ignimbrite eruptions.
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The great Lisbon earthquake of 1 November 1755

(felt as far away as Hamburg, the Azores and Cape
Verde Islands) has the largest documented felt area of
any shallow earthquake and an estimated magnitude of
8.5 - 9.0. The associated tsunami ravaged the coast of
SW Portugal and the Gulf of Cadiz, with run-up heights
reported to have reached 5 - 15 m. The tsunami was
recorded as far as the Lesser Antilles and SW England.
While several source regions offshore SW Portugal have
been proposed (e.g. - Horseshoe Abyssal plain, Gor-
ringe Bank, Marqus de Pombal), no single source has
been able to account for the great seismic moment and
the tsunami amplitude and travel-time observations.

A recent marine seismic survey together with to-
mographic data provide compelling evidence for an ac-
tive east dipping subduction zone beneath the Gibral-
tar Arc. We have performed tsunami wave form model-
ing to test the hypothesis of a subduction related ”in-
terplate” event as the source of the 1755 earthquake. A
shallow east dipping fault plane with dimensions of 180
km (N-S) x 210 km (E-W) is tested with a co-seismic
slip of 20 m. For convergence rates of 1 - 2 cm/yr
an event of this magnitude could recur every 1000 -
2000 years. This corresponds well to the chronology of
turbidites emplaced in the adjacent Horseshoe Abyssal
plain. Hydrodynamic tsunami modeling using a single
shallow dipping subduction source provides a good fit
to historically reported amplitudes and arrival times
from stations in the Gulf of Cadiz, Madeira and Porto
Santo. However, amplitudes are low and arrival times
too long for stations on the west coast of Portugal.

A subduction source for this earthquake implies a
second simultaneous source area closer to the margin
compatible with the tsunami observations along the
western Iberian coast.

S11B-1140 0830h POSTER

Geomorphology and Kinematics of the
Nobi-Ise Active Fault Zone, Central
Japan: Implications for the kinematic
growth of tectonic landforms within
an active thrust belt

Tatsuya Ishiyama1 (t-ishiyama@aist.go.jp)

Karl J Mueller2 (Karl.Mueller@colorado.edu)

Masami Togo3 (mtogo@mt.tama.hosei.ac.jp)

Keiji Takemura4 (takemura@bep.vgs.kyoto-u.ac.jp)

Atsumasa Okada5 (okada@kugi.kyoto-u.ac.jp)
1Tatsuya Ishiyama, Active Fault Research Center, Ge-

ological Survey of Japan, National Institute of Ad-
vanced Industrial Science and Technology, Site 7,
1-1-1 Higashi, Tsukuba 305-8567, Japan

2Karl J Mueller, University of Colorado, Department
of Geological Sciences, 2200 Colorado Blvd., Boul-
der, Co 80309, United States

3Masami Togo, Hosei University, Department of
Geoscience, Aihara-Cho, 4342, Machida 194-0298,
Japan



F1044

Cite abstracts as: Eos. Trans. AGU, 83(47), Fall Meet. Suppl., Abstract #####-##, 2002.

2002 Fall Meeting
4Keiji Takemura, Kyoto University, Institute for

Geothermal Sciences, Noguchihara, Beppu 874-
0903, Japan

5Atsumasa Okada, Kyoto University, Graduate School
of Science, Kitashirakawa-Oiwake-Cho, Sakyo-Ku,
Kyoto 606-8502, Japan

We present structural models constrained by tec-
tonic geomorphology, surface geologic mapping and
high-resolution seismic reflection profiles to define
the kinematic evolution and geometry of active fault-
related folds along the Nobi-Ise active fault zone
(NAFZ). The NAFZ is an active intraplate fault sys-
tem in central Japan, and consists of a 110-km-long
array of active, east-verging reverse faults. We focus
on the northern half of the NAFZ, where we use the
kinematic evolution of active fault-related folds to con-
strain rates of slip on underlying blind thrusts and the
rate of contraction across the belt since early Qua-
ternary time. Fluvial terraces folded across the east-
dipping forelimb, and west-dipping backlimb of the
frontal Kuwana anticline suggest that it grows above
a stacked sequence of thin-skinned wedge thrusts. Nu-
merous secondary, bedding-parallel thrusts also deform
the terraces and are interpreted to form by flexural slip
folding that acts to consume slip on the primary blind
thrusts across synclinal axial surfaces. Late Holocene
fold scarps formed in the floodplain of the Ibi River
east of Kuwana anticline coincide with the projected
surface trace of the east-vergent wedge thrust tip and
indicate the structure has accommodated coseismic (?)
kink-band migration of a fault-bend fold during a his-
toric blind thrust earthquake in 1586. A topographic
cross-section based on a detailed photogrammetric map
suggests 111 m of uplift of ca. 50-80 ka fluvial terraces
deposited across the forelimb. For a 35◦thrust, this
yields the minimum slip rate of 2.7-4.8 mm/yr on the
deepest wedge thrust beneath Kuwana anticline. Kine-
matic analysis for the much larger thrust defined to the
west (the Fumotomura fault) suggests that folding of
fluvial terraces occurred by trishear fault-propagation
folding above a more steeply-dipping (54◦), basement-
involved blind thrust that propagated upward from the
base of the seismogenic crust (about 12 km). Pleis-
tocene growth strata defined by tephra (ca. 1.6 Ma)
suggest the Fumotomura fault slips at a rate of 0.7-0.9
mm/yr.
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The occurrence of two M >7.5 earthquakes in 1819
and 2001, is unexpected in the mid-plate setting of the
Kachchh basin, a Mesozoic rift system in northwestern
India,. Three issues are recognized as central to the as-
sessment of future seismic hazards in the region. First,
the perceived inactivity of surface structures may result
from long interseismic intervals. Second, potentially
active structures, as exemplified by the Bhuj earth-
quake (whose rupture terminate below 9 km depth),
may lie hidden beneath surface geology. Finally, seis-
mic source zones may be characterized by varying re-
currence rates and styles of deformation. The study
of past seismicity in the Kachchh region is facilitated
by an exceptionally rich >5000 year archaeological and
historical database, with paleoseismological data pro-
viding additional constraints (Rajendran and Rajen-
dran, 2001). We report here evidence for three earlier
earthquakes in 893 AD, c. 30 AD and 2500-2200 BC .

Trench investigations indicate that an earthquake
sharing similar deformational characteristics as that of
the 1819 event occurred in 893 AD (Rajendran and Ra-
jendran, 2002). Evidence for a still older event (30 AD)
has been obtained from archaeological excavations near
Dwarka, a coastal town 200 km SW of the 1819 and
2001 earthquake sources, suggesting a millennium-long
interval between events.

In contrast, trenching excavations in the meizoseis-
mal area of the 2001 earthquake, and the pattern of
documented damage to historical and ancient monu-
ments, suggest that the 2001 source region may be as-
sociated with a much longer recurrence interval. An-
cient ruins at Dholavira, a major Harappan city (2600
to 1600 BC) about 60 km from Bhuj epicenter, is the
oldest structure in the 2001 epicentral area. Archae-
ologists attribute repairs undertaken during Stage III
of this settlement (2500- 2200 BC) to earthquake re-
lated damage (Joshi and Bisht, 1994). Paleoliquefac-
tion features near Ahmedabad, a site located within the
Cambay basin, provide additional evidence for the oc-
currence of an earthquake dated at 2948295 yr BP, its
source remaining uncertain (Rajendran et al., 2002).
Our study suggests the existence of multiple seismic
sources within the Kachchh-Saurashtra rift system that
can generate large earthquakes, and these may be char-
acterized by varying recurrence patterns and styles of
deformation. A fundamental issue is to understand the
driving mechanism for the multiplicity of large earth-
quakes within a short period of about 5000 years, in

an area traditionally classified as a stable continental
region.
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The northern Canadian Cordillera is a region of in-
tense, yet poorly understood seismicity. Between 1953
and 1957 a series of five moderate-to-large earthquakes
(M=5.5-6.5) struck the northern MacKenzie Moun-
tains. These are the largest earthquakes ever recorded
in the immediate area, although earthquakes as large as
6.5-6.9 have occurred in a similar tectonic environment,
both a few hundred km’s to the northwest, and to the
southeast. With renewed interest in seismic hazards in
this region, we have examined this previously unstudied
earthquake sequence to better define the epicentres, fo-
cal depths, and magnitudes, and to determine the focal
mechanisms.

The 1953 and 1955 earthquakes, which occurred in
a sparsely populated region, were felt (up to inten-
sity V) to distances of 230-280 km. The magnitudes
(Ms) of these events have been determined at 6.3 and
6.5, respectively. Epicentres have been re-determined
using teleseismic path corrections obtained from well-
recorded modern earthquakes (M=4.5-5) in this region,
and by waveform comparison techniques. The relo-
cated epicentres are distributed in a ESE-WNW di-
rection over a distance of about 45 km. The first
earthquakes in the sequence are located to the ESE
and later events appear to migrate to the WNW. The
1955 mainshock and largest aftershock are separated
by about 20 km, with the aftershock being located to
the NNE of the mainshock. The 1957 (M=5.3) earth-
quake is located a similar distance and direction from
the 1956 (M=5.6) earthquake, suggesting that it may
be an aftershock of that event. Focal mechanisms and
depths were determined using body wave modelling.
All depths ranged between 9 and 15 km, and focal
mechanisms show thrust faulting along either a plane
dipping at 30-40 degrees to the NNE, or a plane dip-
ping at 50-60 degrees to the SSW. The orientation of
the WNW-ESE striking nodal planes is consistent with
the distribution of epicentres and the regional geol-
ogy. The NNE-SSW striking, shallow-dipping P-axes
are consistent with the regional stress field. It is likely
that these earthquakes are caused by stresses transmit-
ted from the plate boundary more than 700 km to the
west, activating favourably oriented thrust faults in the
northeastern Canadian Cordillera.
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The right-lateral strike-slip Maacama fault zone
(MFZ) has been interpreted as the northern continu-
ation of the Hayward-Rodgers Creek fault system, and
is considered to be an active structure because of its
youthful tectonic geomorphology, association with an
elevated rate of small magnitude seismicity, and con-
temporary creep. However, it has not generated any
known large historical earthquakes. The MFZ is known
to creep at a rate of about 6.5 mm/yr (measured over
a 10 year period) through the town of Willits (Gale-
house, 2002). Modeling of geodetic data across north-
ern California suggests approximately 14 mm/yr of
strike-slip motion across the MFZ (Freymueller et al.,
1999). Therefore, we expect the MFZ, like the Hayward
fault, to both creep and produce large earthquakes in
order to reconcile the difference between the creep rate
and the total slip rate across the fault. Previous pa-
leoseismic investigations near Ukiah, 30 km south of
Willits, suggest that the most recent large earthquake

on the MFZ occurred between 1500 AD and 1630 AD
(Sickler et al., 1999). We excavated six trenches across
the MFZ in Willits. Four trenches crossed a southwest-
facing, two- to five-m-high fault scarp on the southwest
side of a pressure ridge, and two trenches were exca-
vated across the projection of the fault to the south
in an area of younger alluvium with no surface expres-
sion of the fault. The trenches across the scarp ex-
posed a steeply northeast-dipping fault plane, juxta-
posing Pleistocene lacustrine clays (dated at 18,810 80
radiocarbon years BP) overlain by a cap of Holocene al-
luvium to the northeast, against a sequence of Holocene
fluvial and colluvial deposits to the southwest. Struc-
tural and stratigraphic relations suggest at least four
and probably five faulting events during the (late?)
Holocene. Slickensides plunging 10-12◦ to the north-
west show a horizontal to vertical slip ratio of about
5:1. The trenches excavated across the area of younger
alluvium show evidence for only one faulting event. We
interpret the uppermost deformation in these trenches,
a series of upward fanning fractures with little displace-
ment, to be the result of fault creep.
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We use the results of a detailed historigraphical
analysis of accounts of the M 6.3 1884 earthquake
in northern Utah to determine its location, nature
of ground shaking, and the geologic setting of the
hypocenter. Previous reports were based on newspa-
per reports, and placed the event at 0130 local time,
10 November 1884, at 42◦ N 111◦ W. We found 75 new
felt reports from 19 sites to constrain the event. De-
tailed reports were found by examining journal reports
of settlers, year-end reports of local churches, and let-
ters to newspapers. Reports of the time are rich in
detail and reflect a relatively uniform lifestyle that al-
lows us to define Mercalli felt zones. Our work reveals
that the epicenter of the Mercalli VIII event was ap-
proximately 42.3◦ N, 111.4◦ W, approximately 30 km
NW of the events original location. Detailed reports of
damage to structures and the consequences of ground
shaking to define a felt area of approximately 70,000
km2, and estimate the peak ground accelerations as 100
300 cm/sec2. The felt zone was a northwest-southeast
trending ellipse in the basin, which may reflect settle-
ment patterns at the time. The hypocentral depth was
5.9 ± 3.2 km. Analysis of the geologic structure of
the area indicates that the epicentral area is a graben
bounded on the east by the listric Bear Lake fault and
on the west by the West Bear Lake fault. The east Bear
Lake fault has 4-5 km of slip, and controls the structure
of the basin. However, the earthquake epicenter was on
the west side of the basin, and we interpret the event
to have been the result of slip on the West Bear lake
fault, or on a smaller displacement fault in the hang-
ing wall of the Bear Lake fault. Quaternary activity
on the West Bear Lake fault is documented by trench-
ing studies (McCalpin, 1993), and by offset Quaternary
surfaces. These data suggest that moderate magnitude
earthquakes on antithetic or small displacement faults
do pose a significant seismic hazard in the northeast-
ern Basin and Range province. We also demonstrate
the utility of combining geological and historigraphic
analyses to examine pre-instrument earthquakes of the
western United States.
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Intensity derived focal depths can be a use-
ful parameter for historic tremors because of the
lack of constraint from instrumental data. The
well known Bath equation: Io=3log[(r2+h2)/h2]+2
tends to give foci that are too deep. A newer
modified equation: Io=2.8log[(2.79Av/pi+h2)/h2]+2-
6/1.2h+(6-Io)/6, was empirically developed from a
data base of 24 earthquakes that had well constrained
instrumental depths and intensity maps. The average
difference between instrumental depths and modified
equation depths was 3 kilometers. Half of the events
differed from the instrumental depth by 2 kilometers
or less.
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The modified equation was applied to tremors of
M5.0 or greater in Arizona that occurred between 1906
and 1959. These tremors had no depth estimates or
ones that were inaccurate. A calibration test of the
modified equation was performed on a 1976 Arizona
event that had instrumental depth estimates of 10-
15 kilometers. The intensity depth from the modified
equation was 11-12 kilometers. The modified equa-
tion was then used to calculate depths for the follow-
ing earthquakes in northern Arizona: 1-25-1906, M6.2,
depth=30 ±3kilometers; 8−18−1912, M6.2, depth =
20 ± 3kilometers; 7 − 25 − 1959, M5.75, depth = 11 ±
3kilometers.

The 1959 tremor had a published depth of 0.5 kilo-
meters from instrumental data. The intensity derived
depth of 11 kilometers appears more reasonable. The
1906 and 1912 tremors did not have instrumentally de-
termined depths due to lack of data. The mid to lower
crustal depths of these two events suggests a thick seis-
mogenic layer, unusual in continental areas. A cold,
thick Colorado Plateau crust and upper mantle is doc-
umented by other tremors of more than 40 kilometers
depth and relatively low heat-flow values.
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Using the iterative interactive method of Wysession
et al. (1991),we have relocated 48 aftershocks of the
April 1, 1946 Aleutian earthquake from original ISS
bulletin listing of P and S arrival times, to obtain bet-
ter constraints on the rupture zone associated with this
tsunami earthquake. For each event, we obtained an
uncertainty ellipse using a Monte Carlo statistical sim-
ulation. The new distribution of aftershocks and their
respective error ellipses were then used to formally de-
termine a minimum rupture area for the event. With
a length of 180 km and width of 115 km, the rupture
zone is larger than previously suggested by the anal-
ysis of fewer but larger aftershocks that occurred a
maximum of weeks after the main shock. The posi-
tion of the mainshock epicenter close to the center of
the rupture zone along the subduction zone indicates
bilateral rupture. This rupture would suggest an over-
lap of the proposed Unalaska seismic gap to the West
but not of the Shumagin gap to the East. We will re-
fine this conclusion by similarly studying the 1938 and
1948 series occurring to the East of the 1946 earth-
quake. We confirm a seismic moment for the 1946 event
of 5 to 8 times 1028 dyne-cm, based on mantle mag-
nitude measurements, notably on a recovered Benioff
1-90 record at Pasadena. By contrast, the energy of
the event is strongly deficient, with a THETA param-
eter (log of energy-to-moment ratio) estimated at only
-6.74, the lowest value of computed so far for any sub-
duction zone, close to 2 full units less than predicted
by standard scaling laws.
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In the off-Tohoku region, northern Japan, M7 class
earthquakes have repeatedly occurred in an interval of
about 30years. The seismic observation by low-gain
seismometers has been carried out by Japan Meteo-
rological Agency and universities in Japan since the
beginning of 1900’s. Collecting these historical seis-
mograms, we examined the fault asperity (large slip
area) for individual large earthquakes greater than
M7.0. They include the earthquakes of 1931(Mw7.3),
1936(7.4), 1937(7.1), 1960(7.2), 1968(8.3), 1968(7.0),
1978(7.5), 1980(7.1), 1989(7.0), 1994(7.7). We ob-
tained that the events of 1931, 1968, and 1994 shared
a common asperity and the events of 1960, 1968, and
1989 also shared another common asperity. Some char-
acteristic features of the asperities are as follows:

(1) The individual asperity has its own location and
extent.

(2) The asperity locates away from the hypocenter.
(3) The asperity is surrounded by aftershocks.
The patterns of asperity distribution in northern

Japan subduction zone are divided into three different

categories. In northern part (40N-41.3N) the seismic
coupling in asperity is almost 100% and the size of as-
perity is large. In central part (39N-40N) little seismic
moment is released by large earthquakes and asperity
size is small. In southern part (37.8N-39N) the seismic
coupling coefficient is about 50%. The variation in seis-
mic coupling along the Japan Trench seems to correlate
with bathymetry of the subducting plate such that the
graven-rich structure at the ocean bottom corresponds
to the aseismic moment release. It is also interesting
to note that a large back-slip motion in the northern
part, which is derived from GPS data, may be consis-
tent with the existence of two large asperities.
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Analysis of strong ground motion records from the
1936 Kawachi-Yamato earthquake (MJMA=6.4) shows
that slip of 90 cm occurred below a depth of 10 km and
rupture propagated almost unilaterally to NNE over a
8 km-long fault.

The 1936 Kawachi-Yamato earthquake occurred
about 20 km southeast of Osaka. Detailed reports on
this earthquake sequence and associated damage as well
as strong ground motion records are available for our
analysis.

We first relocated the hypocenters of the mainshock
and 17 aftershocks. The hypocenter of the mainshock
was relocated near the northern edge of Kongo fault
system. Depth of the hypocenter of the mainshock is
about 17 km near the bottom of the aftershock distri-
bution.

Focal mechanism of the mainshock was determined
from P-wave first motions. One of the nodal planes
strikes NNE–SSW and steeply dips to WSW with right-
lateral and reverse slip components. This nodal plane
seems to agree with the trend of aftershock distribu-
tion, but the correspondence is not clear because linear
alignment of the aftershock distribution was not dis-
tinct.

Strong motion seismograms recorded at the
Abuyama observatory, about 40 km away from the
hypocenter, were modeled by a trial and error ap-
proach. We assumed a constant slip and rupture
velocity over a single fault. The fault location was
inferred from the aftershock distribution, and the fault
size was adjusted to the synthetic waveforms to best
fit the observed waveforms.

The fault length was estimated to be 8 km, and the
depth extent of the fault was confined to be between
11 and 17 km. The slip amount and the seismic mo-
ment were estimated to be 90 cm and 2 × 1019 Nm,
respectively. Waveforms from rupture velocity of 2.5
km/s explained the observed waveforms best among the
values between 2.0 and 3.0 km/s. The rupture mainly
propagated to NNE.
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The 1930 Irpinia earthquake is one of the most
destructive events recorded by instruments in Italy.
Several large events occurred in the same area before
(1456, 1694, 1702, 1732, 1910) and after (1962, 1980,
1983) 1930. It has been hypothesized that significant
differences characterized the source geometry.

Early work carried out by several authors on macro-
seismic studies and a single-station waveform analysis,

suggests a quasi-strike slip mechanism on an approx-
imately EW-oriented fault plain. Conversely, all the
major events in the area display normal fault mecha-
nisms on Apennine-oriented (NW-SE) fault planes.

In the present work we have collected about 45
waveforms for the 1930 earthquake, recorded in various
European observatories, aiming to find precious hints
on source geometry and kinematics.

The seismograms have been rasterized, digitized
and processed within the framework of the SISMOS
project.

The study of this earthquake is part of a wider ongo-
ing research program on the 20th century Irpinia earth-
quakes (1910, 1030, 1962 and 1980) within the collabo-
ration between the TROMOS and SISMOS projects of
the National Institute of Geophysics and Volcanology.
The search and recovery of the historical recordings is a
unique opportunity to shed light upon scientific aspects
related to this kind of investigation.

Preliminary results about the 1930 earthquake
waveform analysis are presented here.
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On June 12, 1978, a large earthquake (M=7.4) oc-
curred off the Pacific coast of Miyagi prefecture, north-
eastern Japan. The earthquake killed 28 persons and
caused extensive damage in Miyagi prefecture. The
previous large earthquake occurred in this region on
November 3, 1936. Therefore, a next large earthquake
is expected in this region in near future. It is impor-
tant to estimate the slip distribution of both the 1978
and 1936 events in order to discuss a possible rupture
area of the next event. In this paper, we estimate the
slip distribution of the 1978 Miyagi-oki event using the
tsunami waveforms observed at 12 tide gauge stations
along the Pacific coast of northeastern Japan.

Previously, the rupture process of the 1978 Miyagi-
oki earthquake was estimated using the seismological
data (eq. Seno (1980)). Seno (1980) show that the fo-
cal mechanism of the earthquake is a thrust type and
the seismic moment is 3.1x10**20Nm. The event was
separated into two subevents, one ruptured the eastern
(trench-ward) part and the other ruptured the western
(landward) part of the aftershock area.

We numerically compute the tsunami waveforms
using the finite-difference computation for the linear
long-wave equations. The grid size is basically 20 sec
of arc (about 600m), but finer grids (4 sec of arc) are
nested near the tide gauge stations. Tsunami wave-
forms at 12 stations are computed for two subfaults
(the western and eastern parts) with a unit amount of
slip, and use as the Green’s function for the inversion.
The subfault size is 30km X 30km. The result of the
inversion shows that the slip amounts of the western
and eastern parts are about 1.3 m and 1.0 m, respec-
tively. The total seismic moment is calculated as 1.4 X
10**20Nm (Mw=7.4) assuming that the rigidity is 5 X
10**10 N/m**2. This estimate is smaller than the seis-
mic moment estimated from seismological data. The
slip amount in the western subfault is larger than that
in the eastern subfault. This slip pattern is consistent
with the previous result. It will be interesting to esti-
mate the slip pattern of the 1936 event and compare it
with the slip pattern of the 1978 event in this study.
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On May 2, 1983, a ML 6.7 earthquake occurred

about 12 km northeast of the town of Coalinga, Cal-
ifornia on a previously unknown fault zone that under-
lies the boundary between the Coast Ranges and the
Great Valley. Aftershock and focal mechanism studies
have shown that the earthquake probably occurred on
a southwest-dipping thrust fault at ca. 10 km depth.
A number of geophysical studies including acquisition
and interpretation of seismic reflection and refraction
data were conducted by the U. S. Geological Survey
shortly after the earthquake in order to illuminate the
hypocentral zone. These studies showed that the earth-
quake likely occurred within a wedge of Franciscan ma-
terial that lies beneath folded sedimentary rocks of the
Great Valley.

We have revisited the U.S. Geological Survey data
set along with COCORP reflection data and refraction
data from the 1994 Southern Sierra Continental Dy-
namics experiment. First arrivals from the refraction
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data were used to develop a 3D velocity model for the
region. This velocity model was then used to depth-
convert the seismic reflection data . The results of this
analysis suggest that Great Valley group sedimentary
rocks occur to depths of 10 km in the vicinity of the
Coalinga earthquake hypocenter. Previous analysis has
put the base of Great Valley sedimentary rocks at 5 to 6
km depth. Our result implies that the Coalinga earth-
quake occurred at the interface between Great Valley
and Franciscan rocks, rather than within a wedge of
Franciscan material. This interface may represent a
natural rheological boundary which focused slip during
the earthquake.
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To reveal the evidence for paleoearthquakes and
their recurrence intervals on the NAF, especially the
Izmit segment that ruptured at the 1999 Izmit, we
have performed a trench excavation survey at Tiktik,
east of Izmit. We found evidence for three or possi-
bly four surface-rupturing events including the Izmit
earthquake, since the 17th century. Thus the average
recurrence interval in the past 400 years can be esti-
mated to be 100-200 years. Such an interval is signifi-
cantly shorter than ones previously estimated, such as
450 years. However, our result is consistent with cal-
culations from historical coseismic offsets of 2-3 m at
the trench site, divided by the observed geodetic slip
rate(22+-3 mm/yr) as inferred from GPS networks.

Our excavation site is located on a Holocene allu-
vial flood plain underlain by Tertiary bedrock. At the
site, 2.5-3.0 m of right-lateral displacement of a cou-
ple of footpaths in a cone field was measured immedi-
ately after the Izmit earthquake. The vertical separa-
tion associated with the earthquake was roughly esti-
mated at 0.3-0.4 m. The trenches exposed a sequence
of fine-grained flood deposits intercalated with pale-
osol units. These flood deposits are depression-filling
sediments overlying deformed paleosol layers with on-
lap or offlap unconformities. Considering the divided
flooding events into four stratigraphic units. At the
bottom of the upthrown southern block, extensively-
weathered bedrock with vertical separation more than
2 m across the fault zone shows accumulated slip due to
multiple faulting events. On the basis of three sets of
angular unconformities atop a paleosol and postdated
depression-filling units, four surface-rupturing events,
including the Izmit shock, are inferred to have occurred
at the trench site. As well as the event horizons, a re-
markable finding in this trench is a buried offset chan-
nel trending nearly perpendicular to the fault zone. We
used the channel edges as piercing lines. Our best es-
timate of the right-lateral offset is 4.8+-0.3 m, which
also involves the penultimate event. Thus, the offset
by the penultimate event might be the same as or a lit-
tle smaller than the one by the Izmit earthquake. Al-
though we are currently intensively performing radio-
carbon dating to constrain the timing for each event,
recovery of 400 yr old wood fragments from the oldest
paleosol suggest these three or four surface-rupturing
events might have occurred since the 17th century.
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We map the three-dimensional (3-D) geometry of
the seismogenic Coalinga - Kettleman Hills fold and
thrust system in the San Joaquin basin of central Cali-
fornia using regional seismic reflection profiles and seis-
micity to provide new insights into how structural ge-
ometry controls blind-thrust earthquake segmentation.
In order to characterize the structural geometry of this
system, we integrate two-dimensional seismic reflection
(∼ 10,000 line km), well-bore, and surface geologic data
into a 3-D subsurface structural model. Additionally,
we include over 1200 hypocenter and 200 focal mecha-
nisms from the blind-thrust system into our structural
model in order to identify the presence of seismically
active faults. In this region, the 1982 New Idria (Mw
= 5.4), 1983 Coalinga (Mw = 6.5), and the 1985 Ket-
tleman Hills (Mw = 6.1) earthquakes and correspond-
ing aftershock sequences defined a southward progres-
sion of deformation on the blind-thrust fault system.
Structural analysis of the Coalinga anticline demon-
strates that it is a fault-related fold underlain by two
large thrust ramps, rather than a single fault. The
1983 mainshock occurred on the deeper of these ramps,
which uplifts, but generally does not fold, the Coalinga
anticline. In contrast, the upper ramp is responsible
for the growth of the Coalinga fold. Both ramps merge
with a series of imbricated and actively deforming back-
thrusts forming structural wedges.

The temporal clustering of events along the sys-
tem provides evidence that the Coalinga and Kettleman
Hills blind thrusts are linked. However, the en echelon
pattern of the folds and the spatially distinct aftershock
sequences suggest that the ruptures were arrested by a
geometric segment boundary. The hypothesis that rup-
ture propagation was controlled by a discrete tear fault
is supported by strike lines that image a steeply dip-
ping (strike slip?) fault between the the Coalinga and
Kettleman Hills anticlines (Polvadero Gap) which ac-
commodates differential motion between the Coalinga
and Kettleman Hills fault-related folds.
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The successive earthquakes along the North Ana-
tolian Fault System in 20th century provides us fun-
damental data on fault segmentation, characteristics
faulting behavior, and dimensions and scaling laws of
faulting. In this point of view, we re-evaluate geometry
and slip-distribution of the Ms7.3 Bolu-Gerede earth-
quake rupture of 1944, which has not been studied since
1970.

The 1944 rupture is traceable for about 185-km,
from 30-km west of Bolu (40.6N, 31.4E) to 20-km
west of Ilgaz (41.0N, 33.4E) almost continuously and
straightly, trending N75E. Amount of slip along the
rupture varies between 2 and 6 m right-laterally. In the
middle-east section of the rupture, east of Gerede, the
slip is as large as 4.5 to 6 m. Along the other sections,
the amount of slip decreases to about 2-4 m. The rup-
ture can be subdivided into 5 to 7 geometrical segments
of 10 to 45-km-long, which are separated by small sep-
aration, bend, step, push-up and pull-apart structures.
At 6-km east of Iametpasa (40.9N, 32.7E), a series of
foundation of a stone-bridge, which is built approxi-
mately AD 680+190-90 (Ikeda, 1994), has been offset
for about 20 m. The 3.5 to 4.0 m slip-per-event during
the 1944 earthquakes suggests that the 20 m displace-
ment has been accumulated by 5 to 6 faulting events
with an average recurrence interval of about 200 to 350
years.

Re-evaluated average slip of the 1944 rupture is
about 3.5 m that is almost twice of the previously well-
known amount. The straightness and continuance of
the fault strands foresee that the 1944 earthquake had
more simple rupture process and shorter source time
than those of 1999 Izmit earthquake of Ms 7.4.
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Though the intensive research on the North Anato-

lian fault after the 1999 Kocaeli earthquake brought a
lot of information on the present and past activity of
the fault, our knowledge about the rupture history and
the past slips along the entire length of the North Ana-
tolian fault is still very limited. More precise data on
the timing and amount of past slips along the fault is
indispensable to understand the fault behavior in the
past and in the future. The Aridicli trench site, 15 km
east of Gerede, is one of the most promising sites for
this investigation, for abundant datable material and
for ideal sedimentation history to record recent earth-
quakes. Okumura et al. (1990, 1993) opened a trench
here in 1990 and concluded 8 earthquake events in 2000
years. However, the conclusion depended mostly on in-
direct evidence of coseismic deformation along the fault
because few master fault strands repeatedly ruptured in
pure strike-slip condition and dating was not enough.
The Gerede 2002 trench was opened about 18 m east
of the 1990 trench, cutting into a 10 m by 10 m light-
toned area on an aerial photography. The light-toned
area turned out to be a small pressure ridge or dome as-
sociated with an a-few-meter-wide restraining jog of the
fault. The north side of the fault in the 3-metere-deep
trench consists of an anticline of ca. 1000 B.P. to 2000
B.P. lacustrine deposits underlain by 1000 B.P. and
younger flood and marsh deposits. Two distinct levels
of overlap indicate the timing of events that accompa-
nied the growth of the anticline. The south side of the
faults consists of 0 to ca. 1000 B.P. flood and marsh
deposits. A basement of a brick kiln is cutting into the
deposits and tilted conformably with the dip of the sed-
imentary units. Steeply north dipping oblique-reverse
faults bifurcates from vertical master fault zone. There
are three discrete levels of upper terminations of these
subsidiary faults, beside the flower structure at the top
of the master fault. These four events occurred during
these 1000 years. Based on the radiocarbon dates and
events from the 1990 trench, and historic earthquakes,
these events are likely to be correlated with 1944, 1668
(Ambraseys and Finkel 1988), 14th century (Okumura
et al., 1994), and 1050 (Ambraseys, 1970) events. This
time series, yet to be confirmed by the dating under
way, shows quasi-periodical recurrence of every 250 to
300 years. The offset streams around the trench may
also indicate 4 to 5 meters slips have been regularly
repeated during these events.

URL: http://home.hiroshima-u.ac.jp/kojiok
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The Ismetpasa section of the central North Anato-

lian Fault Zone, which has ruptured during the 1944
Bolu-Gerede earthquake (Ms 7.3) and the 1951 Kur-
sunlu earthquake (Ms 6.9) is known as creeping. We
present new findings on the rate of stable creeping and
triggered slip associated with the distant 1999 Izmit
Earthquake. Across the eastern wall of a highway sta-
tion at Ismetpasa (N 405215, E 323730), we measured
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41cm of displacement using total station on 31st Au-
gust 2002. In 1969, Ambrasys (1970) reported 24 cm
displacement of the wall and Aytun(1995) measured
18cm. Between 1969 and 1972, Aytun(1995) also mea-
sured 0.6cm/yr average creeping rate using geodetic
methods at the same site. Altay et al. (1991) ob-
served 0.77cm/yr creeping rate using creep-meter be-
tween 1982 and 1990. These data provides us that
cumulative displacement is 23cm and average creep-
ing rate is approximately 0.7cm/yr between 1969 and
2002. In the early summer of 2002, we found the trig-
gered surface slips of 3-6cm of right lateral probably
associated with the 1999 Izmit earthquake of Ms7.4,
at three sites along 3km-long strand of the Ismetpasa.
The epicenter of the earthquake is located 225km, and
the eastern tip of the surface rupture is 155km west of
Ismetpasa. Those sites are 1) 2km west of the highway
station, we observed 3cm displacement on the concrete
garden wall of s gas station. The owner of the gas
station explained that significant damage of the wall
was realized right after the Izmit earthquake. 2) 200m
west of the station we measured 6cm displacement on
the railway road. 3) At Hamamli village, 1km east of
the station, a few cm offset was founded on the brick-
wall of house for livestock and on the paved road near
the house a few days after the Izmit earthquake. We
measured 6cm horizontal and 2cm vertical offset there.
There is no information on a stable creeping at sites 1)
and 2) since the 1999 earthquake.

It is not clear whether creeping on the section has
been constant or consisted of episodic small slips like
the 1999 event since 1990. In addition such a high
creeping rate cant be neglected when we consider the
recurrence of large earthquake events on NAFZ. From
these points of view, we started the periodic geodetic
measurements of the fault creep at Ismetpasa.
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Size and geometry of jogs among fault segments play
important roles in rupture propagation during large
earthquakes. We carried out a very detail acoustic sur-
vey around the both ends of the Tepetarla (Sapanca)
segment, which ruptured as the first sub-event of the
1999 Izmit earthquakes of Mw7.4, in the Izmit Bay and
the Sapanca Lake, using a very high-resolution, acous-
tic profiling system ?Sono-prob?(SP-3W; 3-8kH) and a
sidescan sonar (DF1000). Survey lines were designed at
250 m interval to capture the details of fault geometry.

The Tepetarla segment on land is traceable for 19km
almost straightly and continuously trending east to
west with an average displacement of 2.8+-0.2 (one
sigma) m. East of the segment continues in to the
Sapanca Lake for about10km and makes a releasing
double bends as the jog structure between Tepetarla
and Arifiye segments. The double bends is 8 km-long
and 2 km-wide consists of en-echelon faults with nor-
mal component of slip. East on the lake, the jog ap-
peared on land for 2 km-long, as a 500 m-wide graben.
Although South on the Arifiye segment there are sev-
eral secondary faults making a hose tail structure, we
couldn?t find any recent fault south of the tepetarla
segment in the Sapanca Lake. West of the tepetarla
segment continues into the Izmit Bay for 6 km mak-
ing a releasing pull-apart structure between Golcuk and
Tepetarla segments. The basin is 8 km-long , 3 km-
wide and about 15 square km, surrounded by faults
that have normal component. Subsidence of the large
area of south coast of the Izmit Bay during the earth-
quake suggests that this pull-apart structure stretches
at least several km deep. Those differentiations of ge-
ometry and size of jogs might strongly influence the
rupture process of the 1999 Izmit earthquake.

S11C MCC: Hall C Monday 0830h

Volcano Seismology Posters (joint with
V)

Presiding: B R Julian, U.S. Geological
Survey; L House, Los Alamos Seismic
Research Center

S11C-1158 0830h POSTER

Using Accurate Hypocenter Locations
to Understand Volcanic Earthquake
Mechanisms

Bruce R. Julian1 (650/329-4797; julian@usgs.gov)

G. R. Foulger2 (+44 197 374 2514;
G.R.Foulger@durham.ac.uk)

David P. Hill1 (650/329-4795)
1U.S. Geological Survey MS977, 345 Middlefield Rd.,

Menlo Park, CA 94025, United States

2Dept. of Geological Sciences University of Durham,
Science Labs, South Road, Durham DH1 3LE,
United Kingdom

Many well-determined moment-tensor focal mecha-
nisms for earthquakes in volcanic and geothermal areas
have significant non-double-couple components and in-
volve volume changes. This observation rules out pure
shear faulting, even on multiple faults, as the cause
of such earthquakes, but is not in itself sufficient to
uniquely resolve the source process. Radiated seis-
mic waves depend only on the equivalent force system,
which is not uniquely related to the source process. The
geometry of seismic failure zones, as delineated by pre-
cise locations of earthquake hypocenters within clus-
ters, offers a promising additional constraint.

We determined high-resolution earthquake hypocen-
ters from Long Valley caldera, California, by applying
the ”HYPODD” algorithm (Waldhauser and Ellsworth,
2000) to data from 64 3-component digital seismome-
ters deployed in the summer of 1997. This network also
provides a rich set of P- and SH-wave polarities and
amplitude ratios that are well distributed over the focal
spheres of earthquakes in the south moat of the caldera,
and which tightly constrain their focal mechanisms.

The hypocenters clearly resolve numerous planar
failure zones with sizes ranging from a few hundred me-
ters to 2 km. In many cases these planes pass through
the middle of the dilatational P-wave polarity field, a
situation compatible with the planes representing ten-
sile faults, but not shear faults. The hypocenter loca-
tions thus support the conclusion drawn from moment
tensors derived from amplitude ratios. The simplest in-
terpretation of the focal mechanisms plus the hypocen-
tral distributions is that the seismic source processes
involve simultaneous tensile and shear failure, with the
volume change reduced by some compensating process,
probably related to rapid fluid flow.
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The source mechanism of long-period (LP) events is
examined using synthetic waveforms generated by the
acoustic resonance of a fluid-filled crack. We perform a
series of numerical tests in which the oscillatory signa-
tures of synthetic LP waveforms are used to determine
the source-time functions of the six moment tensor
components from waveform inversions assuming a point
source. The results indicate that the moment tensor
representation is valid for the odd modes of crack reso-
nance with wavelengths 2L/n,2W/n, n=3,5,7,..., where
L and W are the crack length and width, respectively.
For the even modes with wavelengths 2L/n, 2W/n,
n=2,4,6,..., a generalized source representation using
higher order tensors is required. In light of the small
excitation efficiency of seismic waves in the even modes,
the moment tensor inversion may be generally appli-
cable to LP events. Our numerical tests also suggest

that more than four, and ideally ten to fifteen, three-
component stations surrounding an LP source are re-
quired for an accurate description of the moment ten-
sor. We apply the moment tensor inversion to the oscil-
latory signatures of an LP event observed at Kusatsu-
Shirane Volcano, central Japan. Our results point to
the resonance of a sub-horizontal crack located a few
hundred meters beneath the summit crater lakes. This
finding may be regarded as the first direct and solid
evidence supporting the idea that LP events originate
in the resonance of a crack. The present approach may
be useful to quantify the source location, geometry, and
force system of LP events, and opens the way for mo-
ment tensor inversions of tremor.
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In 1999, the Alaska Volcano Observatory (AVO)
installed 6 telemetered, short-period seismic stations
around Great Sitkin (GS) volcano as part of a 14-
station volcano-monitoring network in the Andreanof
Islands of Alaska. Since that time, AVO has located
over 890 earthquakes within 10 km of GS, the third-
highest seismicity rate of the 23 volcanoes monitored by
AVO over the period 1999-present. GS has arguably the
most diverse background seismicity of all 23 volcanoes.
Recorded seismicity includes several minutes-to-hour-
long tremor episodes, shallow and deep (> 10 km) long-
period events, swarms of distal volcano-tectonic earth-
quakes, and two of the largest earthquakes (ML 4.3)
ever recorded by AVO near a monitored volcano. The
rate and character of seismicity suggests that magma
may be moving in the GS system.

Of particular interest are two earthquake swarms
that occurred in March-April and May-July of 2002.
The first began March 17, consisted of more than 320
events located 15-20 km west of GS at depths of 10-
25 km, and lasted for over 5 weeks. The mainshock
(ML 4.3) occurred ∼20 hours after the swarm’s onset.
The second swarm began May 28, consisted of over 460
events located 5-8 km southeast of GS at depths of 5-
15 km, and lasted for over two months. The mainshock
(also ML 4.3) occurred ∼9 hours after the swarm’s on-
set. This second swarm was preceded by two tremor
episodes on May 27, one lasting for 20 minutes, the
second lasting for an hour. Although the spatial rela-
tionship between the tremor episodes and the second
swarm is unclear, the close temporal relationship sug-
gests a common seismogenic process that could be mag-
matic in origin. We use cross-correlation and relative
relocation techniques to more precisely determine the
location and depth extent of the swarms, and calculate
Coulomb stress changes to investigate whether static
stress adjustments associated with magma intrusion be-
neath GS could have caused the two swarms.
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Waveform cross-correlation based refinement of P
arrival times and subsequent relocation of earthquakes
was determined for events that occurred near the sum-
mit of Mauna Loa, Hawaii prior to the March, 1984
eruption and at the Hengill volcano, Iceland during a


