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Late development of N-S trending folds in
Daecheong reservoir area in South Korea fold all
previously developed matrix structures. However
well developed curving inclusion trails in garnet por-
phyroblasts preserve a history of earlier deformation
and foliation development that remains unaffected by
these younger folds. The foliations and intersection
lineations preserved in garnet porphyroblasts show
consistent orientations on both limbs and hinge of the
younger N-S-trending D6 fold. This suggests that the
porphyroblasts have not been rotated by development
of the fold. Although the growth of porphyroblasts
prior to development of the young N-S trending folds
has preserved linear structures within the porphyrob-
lasts from the effects of younger deformation, this has
not been the case in the matrix. The same linear struc-
tures preserved within the strain shadows of garnet
porphyroblasts as those preserved in the rim of the
garnet porphyroblasts, are less affected and rotated on
the fold limbs than the hinge where the deformation
is more intense for this structure. They are also less
rotated than the equivalent structures in less protected
matrix. The hinge of the fold was a zone of high strain
during the development of the late N-S trending folds
and resulted from a dextral shear (looking north) on
the axial plane differentiated crenulation cleavage,
predominantly in section, but also in plan.
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Further Evidence for an Anisotropic
Detachment Zone Within the
Cascadia Subduction Zone
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The structure of the Cascadia region is important
because anisotropy and abnormal structures have been
reported by numerous seismic studies associated with
the Juan de Fuca subduction zone. Recent GPS ob-
servations addressed the movement of the Siletz ter-
rane, which suggest a northward migration of the North
American forearc margin, a puzzling intra-terrane de-
formation. So it is very interesting to know what
anisotropy orientation is produced by the movement of
slab and the forearc terrane above it. An earlier re-
ceiver function study of GSN station COR (Corvallis,
Oregon) showed that two-lobed back azimuth variation
in Ps amplitude and polarity indicates anisotropy with
a tilted symmetry axis within a dipping anisotropic
layer that lies above the subducting oceanic crust. This
is a possible detachment zone for the northward slip-
page of the Siletz forearc terrace along the top of the
descending slab. Attempts to model the converted wave
amplitude suggest that serpentinite is involved in the
anisotropic layer above the slab. We have analyzed
5 additional broadband stations (GNW, LON, LTY,
TTW, WVOR) of the Pacific Northwest Regional Seis-
mic Network (UW), which have operated between 1990
to 2003 and provided between 100 and 300 P-waves for
study, depending on the station. We observe at these
stations a Ps phase corresponding to a slab-conversion.

‘We observe on the transverse receiver function that the
slab-converted wave has a polarity reversal at north-
south direction in some stations, which is consistent
with observations at COR, suggesting a broader de-
tachment zone associated with north-south GPS mo-
tion. We will model structure for each station to de-
termine if a similar thin velocity layer exists above the
slab in this area. This will is considered in our tectonic
model and related to the GPS study.
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Determination of Vertical Surface
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Historical Leveling in Cascadia
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Over the last decade, surface deformation studies at
subduction zones have focused primarily on GPS deter-
mined horizontal deformation. The emphasis on hori-
zontal deformation is because GPS determined vertical
deformation rates do not have sufficient precision to
constrain subduction models. In order to include active
vertical deformation data as constraints on subduction
models, we need to utilize uplift rates determined from
sources other than GPS. In this study, I estimate ver-
tical deformation rates for Washington, Oregon, and
northern California from historical repeated diff
tial leveling and tide gauge data. The data distribution
is more than adequate to constrain first order subduc-
tion models. Since 1904, more than 5500 benchmarks
have been leveled to more than once yielding nearly 200
independent uplift rate profiles. The leveling data are
corrected for systematic errors and reviewed for suit-
ability. Uplift rate profiles are calculated by differenc-
ing elevations from repeated leveling lines. The uplift
rate profiles are locally smoothed using a robust, lo-
cally weighted, technique. The smoothing is used to
remove short wavelength features and reduce the effects
of local benchmark instabilities and leveling blunders.
The smoothed rates are adjusted and are tied to tide
gauge data using a least square technique. A regional
pattern of interseismic uplift is then determined by fit-
ting a surface to the adjusted uplift profiles. Tests with
synthetic data show the method provides adequate res-
olution and precision.

ren-
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Long Period Co-Seismic Gravity
Modeling of Silent Slip Earthquakes
Along the Cascadia Subduction Zone

Tyler J Hayes (thayes@uwo.ca)

The Cascadia Subduction Zone (CSZ) is an area of
large and potentially catastrophic seismic events which
occur as large magnitude (My, > 8) events. The
mitigation of such hazards within highly populated
areas presents a difficult problem which is dependent
upon such observations as plate motion and strain
accumulation. Long period Bouguer anomalies may
act as a proxy for permanent strain deformation at
depth. To date there are no large scale models that
successfully model the temporal gravity signal over
extended spatial regions encompassing more than one
fault. These deep slip events typically last for days
to weeks which would generate a long period signal.
The highly periodic (13-16 months) silent slip events
along the Cascadia Subduction Zone (CSZ) present a
ideal location for the observation of such long period
signals. Models of co-seismic gravity changes based on
the analytical solutions of Okada (1985) and Okubo
(1992), which act as an upper limit, are in the range of
30pugals—800ugals. These amplitudes are well within
the range of land based observations and potentially
within the observable limits of several remote sensing
satellites designed specifically for gravity data (e.g.
GRACE, CHAMP, GEOS). This same technique should
be applicable to any mechanism in which deformation
occurs such as volcanic activity or glacial rebound.
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Ground Level Surface Deformations and
Earthquakes at West Yunnan During
1985-1998
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Based on the repeated measurements of the gravi-
metric network at West Yunnan, China during 1985-
1998, the non-tidal Plumb Line Variations (PLV) and
the Deformations of the Ground Level Surface (GLSD)
in this area have been determined. Interesting phenom-
ena have been discovered in using these measurements,
which are the first time being determined successfully,
to study the earthquakes happened nearby. It appeals
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that there is usually a raised GLSD around the epicen-
ter before an earthquake, but a contrary GLSD after-
wards. In taking the determined GLSD as an index, the
15 earthquakes (Ms > 4.6) happened in this area dur-
ing 1985-1998 have been studied. By the timing of the
GLSD change, including the raised GLSD as well as
the depressed one, the course of an earthquake event
has been described. The topography of the GLSD, in-
cluding the size, the maximum height, and the location
of the summit has also been measured. The consistency
of the description of these earthquakes not only demon-
strates the applicability of this new approach in earth-
quake studying, but also the reality of the existence of
non-tidal plumb line variations and ground level surface
deformation in this area.
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The Ecuadorian margin located between 2.5°S and
1°N is underthrust by the Carnegie Ridge (CR), a
prominent volcanic relief on the Nazca Plate. Accord-
ing to its history of great subduction earthquakes, the
margin in contact with CR can be divided in two seg-
ments. Immediately north of 0.5°S, the 1906 and 1942,
earthquakes ruptured the plate boundary adjacent to
the northern flank of CR, whereas between 0.5°S and
2.2°S, the poorly defined 1901 event (Ms=7.8, SISRA
catalogue) occurred somewhere at the junction between
the trench and the southern flank of CR. Although
scarce, these observations suggest an apparent greater
earthquake recurrence interval where the bulk of CR
is subducting. Recent GPS results show that elastic
strain has been equally accumulating across both mar-
gin segments, indicating that the plate interface is par-
tially locked in this area. Deep crustal structure of the
margin and adjacent CR was explored using on-shore
off-shore wide-angle seimics. Crustal models obtained
by 2-D inversion of traveltimes reveals the overthick-
ened (14 km) oceanic crust of the CR that underthrusts
the high velocity (> 6 km/s) basement of the upper
plate margin wedge, interpreted as part of the accreted
oceanic terranes described on-shore. The plate inter-
face dips 4° to 10° east from the trench to a depth
of 15 km. Shadow zones observed on the margin OBS
records are interpreted as a low velocity zone consist-
ing of a thin layer of underthrust sediments, and the
3-km-thick CR layer 2, whose average seismic velocity
of 5.1 km/s is slower than that of the margin wedge.
Consequently, we suggest that stronger normal stress
related to the CR buoyancy, together with a larger CR
surface involved in the subduction locked zone between
0.5°S and 2.2°S would locally enhance the mechani-
cal coupling between the plates and would therefore be
responsible for the observed increase in the recurrence
interval of large earthquakes.
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With a maximum depth extent of 80 km, an im-
portant particularity of the intraslab earthquakes be-
neath Guerrero, is their exclusively normal fault mech-
anism. Based on the new developed thermal models for
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Guerrero subduction zone, the thermal stress due to
nonuniform temperature distribution in the subduct-
ing slab is calculated using finite element method. The
calculation results revealed that the first shallow part
of the subducting slab is characterized by low devia-
toric compressional thermal stresses in its central part
( 0.25 Kbars); then the stress field changes to a exten-
sional behavior for the core of the slab with maximum
values of 0.4 Kbars for the flat region and 0.75 Kbars
deeper. An important feature for the central Mexican
subduction zone is its shallow subhorizontal plate con-
tact; significant thermal compressional stresses ( 0.65
kbars) arisen in the upper and lower part of the slab are
not consistent with the normal fault intraplate earth-
quake focal mechanism. Since the Cocos plate dips
into the asthenosphere at angle of 20°, pressure forces
due to the induced flow in the mantle wedge are par-
tially balanced by the gravitational body forces. A net
clockwise torque might exist at the hinge point and its
value is set in such way that the compressional stresses
for the flat part of the plate vanishes. For the lower
part of the slab, ductile behavior is assumed, the com-
pressional stresses decreasing exponentially with depth.
According with the thermal models for Guerrero, the
temperature range of 700°C-800°C is in good agree-
ment with the maximum depth extent of the intraplate
earthquakes and with the maximum extent of the ten-
sional stresses in the subhorisontal part of the slab, be-
ing considered as cutoff temperature range.
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Structural studies beneath Honshu and
Hokkaido Japan using receiver
function analysis.

R. Alex J. Smith (81-457-78-5397;
asmith@jamstec.go.jp)

IFREE (JAMSTEC), Japan Marine Science and Tech-
nology Center (JAMSTEC) Showa-machi 3175-25,
Kanazawa-ku, Yokohama 236-0001, Japan

Combining land seismic, offshore seismic, and re-
ceiver function structure, allows delineation of the main
structural discontinuities beneath the Japanese Islands.
The location of the subducting Pacific and Philippine
Sea Plates can also be discerned. The focus areas of
study are beneath Hokkaido, Northern Japan and the
Tokai Region, Southwest/Central Japan. Both regions
have detailed offshore/onshore seismic reflection and
refraction studies that have been carried out by JAM-
STEC (Japanese Marine Science and Technology Cen-
ter). In this study the seismic crustal study is supple-
mented with analysis of teleseismic events. Teleseismic
data is obtained from NIED (Natural Research Insti-
tute for Earth Science and Disaster Prevention) F-net
broadband network. Combining the receiver function
study with velocity structure from the seismic experi-
ments allows determination of Moho depths and depth
to the subducting plate more accurately. The non-
uniqueness of the receiver function study is removed by

using wide-angle information to constrain upper crustal
structure. For the Hokkaido region, the focus is to de-
termine possible velocity variations within the double

seismic zone that may be caused by dehydration reac-
tions. For the Tokai region, where intraslab seismicity
terminates at about 60 km depth, we hope to map out
the subducting plate to greater depth and try to de-
lineate possible subducted ridge structures. Finally we
hope to include analysis of data from the denser HINET
network. This is a first step in construction of a more
accurate 3D structural velocity model for future model-
ing of geologic processes and earthquake relocation for
the Japanese Islands region.
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Analysis Centres of the International GPS Service
(IGS) currently compute daily Earth Rotation Param-
eters (ERPs) and weekly precise coordinates for over
200 globally distributed tracking stations. These esti-
mates are made available to the scientific community
in the Solution Independent Exchange (SINEX) for-
mat, developed for exchange and analysis of position
estimates from techniques such as SLR, LLR, VLBI,
DORIS and GPS. On behalf of the IGS, National Re-
sources Canada (NRCan) has been combining, officially
since 1999, all weekly SINEX files from the ACs to
form weekly and cumulative solutions. The weekly so-
lution (named igsyyPwwww, yy = 2-digit year, wwww
= 4-digit GPS week) contains estimates of station co-
ordinates, ERPs and geocentre pertaining to the GPS
week, and the cumulative solution (named IGSyyPWW,
WW = 2-digit week number, 01 to 52, within the year)
comprises station coordinates and velocities in a com-
mon reference epoch, Jan. 1, 1998. For example, two
solutions produced for week 1253 (2nd week of year
2004) were igs04P1253 (weckly) and IGS04P02 (cumu-
lative). Since week 1253, all IGS solutions have been
aligned to IGbO0O0, a realization of IGS’s most recent
International Terrestrial Reference Frame, ITRF2000.
IGb00 was obtained from coordinates and velocities of
99 globally distributed reference stations by alignment
to ITRF2000 at GPS week 1231 of cumulative solution
IGS03P33. Before week 1143, a realization of IGS’s pre-
vious reference frame, ITRF97, was used instead. Using
the cumulative solution from any given week, the rota-
tion components of any continental plate with at least
two stations are estimated and compared with pub-
lished results. These include three known plate models:
NNR NUVEL 1, NNR NUVEL 1A and the most recent
REVEL 2000 aligned to ITRF97. The findings can be
summarized as follows: Continental rotations derived
from IGS04P02 are shown to be significantly different
at 99% confidence level from NNR NUVEL 1A’s esti-
mates for North American, Eurasian, Australian, Pa-
cific, Antarctic, Indian, Nazca and Nubian (the latter
compared to NNR NUVEL 1A African) plates. In ad-
dition, certain plates previously regarded as belonging
to an adjacent, larger continent in NNR NUVEL 1 or
1A are now seen to move significantly differently; e.g.,
Amurian distinct from Eurasian, Adriatic and Sinai dis-
tinct from NNR NUVEL 1A African. North American,
Eurasian, Australian and Pacific plates show signifi-
cantly different rotations in IGS04P02 than predicted
by REVEL 2000, yet not from the alignment of REVEL
2000 to IGb00. Certain pairs of adjacent plates show
relative Euler poles near their plate boundaries; e.g.,
Eurasian and North American, Amurian and Eurasian,
Amurian and South-China, Adriatic and Eurasian, Ara-
bian and Nubian, Sinai and Nubian, Sinai and Ara-
bian, Nubian and Somali. This phenomenon can be
expected when bordering plates show no subduction or
obduction. RMS difference between velocities of sta-
tions used in Euler pole calculation in IGS04P02 and
those expected from NNR NUVEL 1A rise to 4.3 mm/yr
in the horizontal component and 8.7 mm/yr in the ver-
tical. The horizontal RMS velocity difference decreases
significantly to 2.4 mm/yr when IGS04P02 is compared
with REVEL 2000.
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An interactive web interface allows users to explore
the results of a global strain rate and velocity model
and to compare them to other geophysical observations.
The most recent model, an updated version of Kreemer
et al., 2003, has 25 independent rigid plate-like regions
separated by deformable boundaries covered by about
25,000 grid areas. A least-squares fit was made to 4900
geodetic velocities from 79 different geodetic studies.
In addition, Quaternary fault slip rate data are used to
infer geologic strain rate estimates (currently only for
central Asia). Information about the style and direc-
tion of expected strain rate is inferred from the prin-
The cur-
rent model, as well as source data, references and an
interactive map tool, are located at the International
Lithosphere Program (ILP) “A Global Strain Rate Map
(ILP II-8)” project website: http://www-world-strain-
map.org. The purpose of the ILP GSRM project is to
provide new information from this, and other investi-
gations, that will contribute to a better understand-
ing of continental dynamics and to the quantification
of seismic hazards. A unique aspect of the GSRM

cipal axes of the seismic strain rate field.

interactive Java map tool is that the user can zoom
in and make custom views of the model grid and re-
sults for any area of the globe selecting strain rate and
style contour plots and principal axes, observed and
model velocity fields in specified frames of reference,
and geologic fault data. The results can be displayed
with other data sets such Harvard CMT earthquake fo-
cal mechanisms, stress directions from the ILP World
Stress Map Project, and topography. With the GSRM
Java map tool, the user views custom maps generated
by a Generic Mapping Tool (GMT) server. These in-
ible
to present in a published paper. A JavaScript version,

teractive capabilities greatly extend what is pos

using pre-constructed maps, as well as a related infor-
mation site have also been created for broader educa-
tion and outreach access. The GSRM map tool will
be demonstrated and latest model GSRM 1.1 results,
containing important new data for Asia, Iran, western
Pacific, and Southern California, will be presented.
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We examine recent estimates of plate motions rela-
tive to the hotspots with a view to better understand-
ing both the hotspot and no-net-rotation frames. In
recent years, two independent studies of present plate
motion relative to the hotspots reached very different
conclusions. On the one hand, Gripp & Gordon [2002]
used trends and rates from volcanic edifices formed dur-
ing the past 6 Myr to estimate the HS3-NUVEL1A set
of angular velocities relative to the hotspots. Their an-
gular velocities are constrained to consistency with the
relative plate angular velocities of NUVEL-1A. They
found that only eleven hotspot trends and two volcanic

propagation rates met their minimum reliability crite-
ria. They combined these and found that the rates
and trends were mutually consistent. They find that
the lithosphere has a relatively rapid net rotation of
0.44 £ 0.11 degs/Myr (95% confidence limits), which
is much faster than the net rotation of the lithosphere
over the past 47 Myr of about 0.15 degs/Myr. One the
other hand, Wang & Wang [2001] use twice as many
(22) trend data and no rate data to estimate the T22A
set of current angular velocities of plates relative to
hotspots, which is also constrained to consistency with
NUVEL-1A. They find that their angular velocities are
inconsistent with volcanic propagation rate data and
hypothesize that this is due to motion of hotspots rel-
ative to the mantle in a direction opposite to that of
plate motion at a rate about one-fourth of the plate
velocity. They hypothesize, for example, that Pacific
hotspots move about 20 mm/yr to the east-southeast.
This hypothesis, if correct, has several profound impli-
cations, one of which is that the net rotation of the
lithosphere implied by their angular velocities is about
half the size of that implied by HS3-NUVEL1A. Key to
their result is the acceptance of trends that can only
be estimated by averaging over the locations of vol-
canic edifices spanning several tens of millions of years
in age. They assert that hotspot tracks with volcanic
propagation rates pertinent to the last 10 Myr exhibit
no significant change in trend in at least the past 30
Myr. In this talk we will take a fresh look at the trend
data used by both groups to evaluate their applicabil-
ity to motion during the past 6 Myr. Moreover, we will
use plate reconstructions over longer intervals of time
to more rigorously test both the fixed-hotspot and 25%-
of-plate-speed moving-hotspot hypotheses. We will fur-
thermore examine whether either frame of reference can
be reconciled with the no-net-rotation frame of refer-
ence.
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A combination of GPS and acoustic travel time mea-
surements were taken from the R/V Roger Revelle in
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