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Recent advances in GPS receiver technology and 
increased data storage capabilities enable sampling and 
archiving of GPS data at higher rates than the traditional 
30 second or lower rates; 1-Hz data are increasingly 
available through institutions such as UNAVCO and 
the EarthScope Plate Boundary Observatory. These new 
GPS data rates are sensitive to short-period motions 
such as the passage of seismic waves (e.g. Larson et al. 
2003), serving as a natural complement to traditional 
seismometry where instruments may clip during strong 
accelerations.
Noise reduction via sidereal and spatial filtering has been 
shown to effectively increase the signal to noise ratio of 
GPS positioning by reducing repeating errors. Sidereal 
filtering [Choi et al., 2004] removes site-specific errors 
by capitalizing upon the day-to-day repeatability of 
multipath geometry and satellite orbit distribution. Posi-
tion solutions for time periods without displacements 
are used to model these errors, which are then subtracted 
from the date of interest. Recent work by Larson et al. 
[2006a, 2006b] has established the theory behind and 
improved the effectiveness of modified sidereal filtering. 
Similarly, spatial filtering models errors common to all 
stations in a network [Wdowinski et al., 1997]; these 
common-mode errors include reference station errors 
from the least-squares solution.
Applying these high-rate GPS analysis techniques to 
recent datasets has enabled accurate determination of 
displacements due to seismic waves. As an example, the 
3 November 2002 Denali Fault earthquake, a large-
magnitude (M=7.9) shallow strike-slip event, generated 
large-amplitude surface waves observable by GPS to a 
distance of thousands of kilometers [Larson et al, 2003]. 
A network of 26 1-Hz GPS stations that observed sur-
face wave displacements due to the Denali Fault event 
was assembled [Bilich et al., 2004; Bilich, 2006]. Imple-
menting sidereal and spatial filtering on this dataset re-
sulted in a 30-50% reduction in noise, depending on the 
component, and revealed low-noise GPS seismograms 
with clear waveforms at stations experiencing several 
centimeters of displacement and greater (Figure 1).

Observing Seismic Waves Using High-Rate GPS:
The 2002 Denali Fault Earthquake
Andria Bilich » Dept of Aerospace Engineering Sciences, University of Colorado, Boulder
Kristine M. Larson » Dept of Aerospace Engineering Sciences, University of Colorado, Boulder
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Figure 1. Examples of seismic waveforms derived from 1-Hz GPS positions. 
The raw positions (red) are contrasted with the positions after sidereal (green) 
and sidereal plus spatial filtering (blue). Stations are ordered by increasing 
distance from the epicenter, where time zero equals the origin time of the 
Denali Fault event.
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Pacific Northwest Seismic Network Operations
Paul Bodin » University of Washington
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The Pacific Northwest Seismic Network (PNSN) is the 
authoritative source of earthquake locations and infor-
mation about earthquake ground motions in the states 
of Washington and Oregon. Washington is the state 
with the second highest seismic risk in the U.S. Starting 
in 2006, the PNSN began using seismic data collected 
from seismometers at the bottom of PBO strainmeter 
boreholes to help locate earthquakes as part of routing 
network operations. High quality data from the sensi-
tive PBO short-period borehole seismometers should 
have better signal to noise characteristics than surface 
instruments. Data from the PBO sensors is provided in 
near real time by EarthScope, harvested by the PNSN 
Earthworm data acquisition system, and processed 
automatically along with data from broadband, surface 
short-period, and strong-motion stations (Figure 1). 
Data from the PBO stations often provide crisp impul-
sive S-arrivals necessary for precise depth determination. 
Earthquake locations and magnitudes are reported by 
PNSN (e.g., Figure 2) within minutes of an earthquake, 
and data from the PBO seismic sensors help constrain 
ShakeMaps, and other rapid PNSN data products.

Figure 1. PBO data as it appears in routine daily use at PNSN. Screen shot 
of PNSN’s “Xped” seismic data analysis program showing seismic traces from 
numerous PNSN sensors, and including data from two PBO sites (circled 
in Red), B011, and B007. Traces are from earthquake shown in Figure 2. 
B011, near Sequim, WA, is the second closest station to the earthquake. Dark 
vertical bars mark the times of automatic picks of seismic phases. Note clear S 
arrivals on the EH1 component at B011.

Figure 2. Screenshot from the PNSN website of 
recent earthquakes, used by emergency response 
agencies, the press, and public for earthquake loca-
tions and magnitudes in the Pacific Northwest. 
Location of the earthquake shown in Figure 1 is 
pointed to by red arrow.
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Developed over the past decade, high precision GPS data were acquired 
by eight University of Utah continuous stations and seven campaign 
surveys between 1992 and 2003 to evaluate horizontal velocity field of 
the Wasatch Front area [Chang et al., 2006]. Observations across a 65-km 
wide area centered on the Wasatch fault indicates a horizontal extension 
rate of 1.6 ± 0.4 mm/yr nearly perpendicular to the fault, which ac-
commodates ~50% of the crustal deformation across the ~200 km-wide 
eastern Basin-Range (Figure 1). Analysis of the spatial variation of the 
strain-rate field reveals that the strain accumulation is concentrated near 
the Wasatch fault, which suggests an abrupt transition in the horizontal 
deformation at the fault between the eastern Basin-Range and the Rocky 
Mountains.
Using the horizontal deformation results from the continuous and cam-
paign GPS survey, we have calculated nonlinear inversions on fault geom-
etry, locking depth, and loading rates. Results suggest that a dislocation 
dipping 27º and creeping at 7 mm/yr from depths of 9-20 km, which 
corresponds to the interseismic loading part of the Wasatch fault, is our 
favorite model based on the current GPS data (Figure 2). Note that this 
loading rate is notably higher than the ~1 to 2 mm/yr rate derived from 
the paleoseismic data. 
To consider along-strike variations of the fault behavior, moreover, a dual-
dislocation model that reflects the changes in strikes of the surface trace 
of the Wasatch fault better explains the variations of the velocity field near 
the fault (Figure 3). The improved results of using two fault segments to 
model the Wasatch Front horizontal velocity field suggest that multi-dis-
location models with geometry similar to the fault surface traces may be 
plausible to describe the interseismic behavior of the Wasatch fault.
To examine the physics of normal faults in a broad area of regional intra-
plate deformation, the EarthScope PBO has established three profiles of 
GPS stations (Figure 1) across the eastern Basin Range including parts 
the northern (I-84 corridor), central (I-80 corridor) and southernmost 
(central to southern Utah) Wasatch fault. Data from these 27 (21 cur-
rently operating) stations greatly benefit studies of the interseismic loading 
of the Wasatch normal fault.

Contemporary Deformation of the Wasatch Fault, Utah, From GPS 
Measurements With Implications for Inter-Seismic Fault Behavior and 
Earthquake Hazard

Wu-Lung Chang » Dept of Geology and Geophysics, University of Utah
Robert B. Smith » Dept of Geology and Geophysics, University of Utah
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Figure 1. Wasatch Front horizontal velocity field 
from continuous and campaign GPS observations. 
PBO stations are shown by red diamonds.

Figure 2. Single-dislocation model for interseismic 
loading of the Wasatch fault.
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Immediate History of the 2003 Tokachi-Oki Earthquake Using
Continuous GPS Networks
Kyuhong Choi » Dept of Aerospace Engineering Sciences, University of Colorado, Boulder
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Although 1-Hz GPS data are important, there are many 
geophysically interesting problems where receivers are 
using the more standard 30-second sampling rate. In this 
study we investigate postseismic deformation after the 
2003 Tokachi-Oki earthquake using 30-second interval 
position estimation. Multiple filtering strategies were 
tested in order to maximize precision. We have obtained 
precise position estimates for four days after the M8.3 
mainshock. The estimated positions are fit to a rate-state 
friction function considering long-term creep rate due to 
tectonic loading. These high-precision positioning esti-
mation techniques contribute to our knowledge of fault 
response in the aftermath of great earthquakes.

Figure 1. East component of 30-second interval (blue) and daily (red) posi-
tions of site 0019 for one year. Figure 2. North component of 30-second 
interval (blue) and daily (red) positions of site 0019 for one year.
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Figure 1. (a) Combined velocity solution in a Nubia reference frame. Focal mechanisms of the 1908 Mw 7.1 Messina earthquake and 1978 Mw 6.0 Golfo di 
Patti earthquake are also shown together with the depth contours of the Ionian slab. (b) Principal axes of the horizontal strain rate tensor (in blue) and associ-
ated 1-sigma errors (red bars). (c) Rotation rates (green wedges and associated 1 sigma error in gray) on a 30-km regular grid (modified from D’Agostino and 
Selvaggi, 2004).

A complex deformation pattern across Nubia-Eurasia boundary: Sicily, 
Calabria and the Messina Strait (Italy)
Nicola D’Agostino » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
Giulio Selvaggi » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
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The Eurasia-Nubia plate boundary in Calabria and Sic-
ily, revealed by the GPS velocity field, is characterized 
by distributed deformation that varies spatially at short 
scales. The deformation involves a high rate of strains 
and rotations as indicated in Figure 1. Regionally, there 
are two main styles of deformation that accommodate 
the general NW-SE convergence of Nubia towards 
Eurasia. Crustal shortening along the former Tyrrhenian 
back arc passive margin in Sicily, west of the Messina 
Strait, and a trench-parallel motion in Calabria (in the 
Eurasia reference frame), east of the Messina Strait, 
suggest the presence of an intermediate crustal block 
which can be interpreted either as a forearc sliver or as 
an independent Ionian block. The resulting N115E-ori-
ented Sicily-Calabria GPS relative motion is consistent 
with the extension observed during the large 1908 Mw 
7.1 Messina normal fault earthquake, the most devastat-
ing earthquake to occur in the Central Mediterranean. 
We estimate that up to 3 mm/yr of relative motion 
between Sicily and Calabria may be taken up in the 
Messina Strait and presently accumulating on the fault 
responsible for the 1908 earthquake or other unknown 

faults. In developing the Italian CGPS network (RING), 
we recently installed seven additional high rate (1 Hz) 
CGPS receivers, some of them co-located with broad-
band seismometers and accelerometers, across the two 
edges of the Messina strait. The instruments will better 
define the extension rate, measure strain accumulation 
across the active normal faults, and help to detect and 
model seismic waveforms from moderate to large local 
earthquakes. 
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Active Deformation and the Earthquake Cycle in the Friuli Region 
(NE Adriatic Block)
N. D’Agostino » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
D. Cheloni » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
E. D’Anastasio » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
G. Selvaggi » Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy

Earthquake Cycle-Behavior of Active Faults

The Friuli region is located in the eastern part of the 
Alps at the northeastern border of the Adriatic micro-
plate and is currently undergoing crustal shortening in a 
north-south direction as shown by the focal mechanisms 
of the 1976 earthquake sequence (Mw 6.4, Mw 6.0) and 
by continuous GPS (CGPS) measurements of the Friuli 
Regional Deformation Network (FREDNET, Battaglia 
et al., 2000. Comparison between the motion predicted 
by the rigid-rotation of the Adriatic block and the short-
ening observed across the study area suggests that the 2.0 
± 0.2 mm/yr motion of Adria is entirely absorbed in the 
Southern Alps through thrusting and crustal thickening. 
In this work we use CGPS and leveling measurements 
obtained during the interseismic part of the earthquake 
cycle, and leveling and triangulation measurements 
representative of the 1976 coseismic deformation. We 
use elastic dislocation modeling to investigate the rate 
of interseismic loading and the geometry of the ductile 
shear zone at depth. The best-fit solution indicates that 
a northward-dipping dislocation, whose edge is located 
within a 50 km wide area beneath the Southern Alps, 
accommodates 2.1 ± 0.5 mm/yr of shortening. Limited 

resolution on locking depth (acceptable values between 
0 and 25 km) and trade-off between dip and slip do not 
allow a precise reconstruction of the dislocation geom-
etry. The range of acceptable model parameters includes 
a 20°-dipping dislocation, locked above 10 km depth 
and slipping at 2.4 mm/yr, consistent with seismological 
data. Triangulation and leveling observations are used 
to assess the geometry and slip of the main events of the 
1976 sequence. The whole set of observations allows us 
to characterize the whole seismic cycle and the relation-
ships between the freely slipping shear zone at depth and 
the locked active fault system associated with the 1976 
thrust earthquake sequence.
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Figure 1. Seismotectonic map of the south-
ern Alps with focal solutions from the RCMT 
database (http://www.ingv.it/mednet). Red arrows 
are Eurasia-fixed GPS velocities (ellipses 95% 
C.I.). The black line with triangles represents the 
southern Alps frontal thrust system. Locations 
of the 1976 seismic events are indicated by stars. 
Green dashed lines are small circles of constant 
velocity about the Adria- Eurasia pole of rotation. 
The black dashed line encloses the GPS sites 
whose velocities have been projected onto an 
N170 direction. The inset shows the pole of rota-
tion (red star with 95% error ellipse) of Adria (Ad) 
with respect to Eurasia. Figure 2. (a) Comparison 
of observations with predictions of dislocation 
models of reverse slip. The different models correspond to the best-fit solution (red), and to an alternative 
solution (blue) consistent with model parameter uncertainties, with distribution of microseismicity along 
an N20-dipping zone, and with a fully-locked zone above 10 km. (b) Model geometry and seismicity. 
Yellow circles are seismic events recorded by the Friuli local seismic network. The 1994–2002 seismicity 
has been selected for vertical location errors < 1 km, horizontal location errors < 0.5 km and azimuthal 
gap < 200°. Also shown are focal mechanisms and the location of the 1976 and 2002 events (associated 
minor events in blue).
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The Fish Lake Valley fault zone, together with its 
southern continuation in Death Valley (the Death Val-
ley fault zone), is the largest and most continuous fault 
system in the eastern California shear zone (ECSZ). This 
Death Valley-Fish Lake Valley fault system (DV-FLVFZ) 
extends 310 km northward from its intersection with 
the Garlock fault (Figure 1). Both geologic and geodetic 
observations suggest the DV-FLVFZ accommodates the 
majority of deformation in the ECSZ north of the Gar-
lock fault.  In this study, we will address questions of the 
spatial and temporal constancy of seismic strain accumu-
lation and release by determining long-term slip rates at 
time scales of 103 to 105 years from different locations 
on the DV-FLVFZ. Our recent acquisition of ~420 km2 
(collected in a one-kilometer to four-kilometer-wide, 
along-strike swath) high-resolution (one-meter horizon-
tal, 10- to 15-centimeter vertical) digital LiDAR topo-
graphic data (Figure 1) will allow us to map deformed 
Pleistocene and Holocene landforms in unprecedented 
detail. Dating of these offset landforms by terrestrial 

Using LiDAR Digital Topographic Data to Determine Fault Slip Rates 
Along the Fish Lake Valley Fault Zone

James F. Dolan » Dept of Earth Sciences, University of Southern California
Kurt L. Frankel » Dept of Earth Sciences, University of Southern California
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cosmogenic nuclide (TCN) and optically stimulated 
luminescence (OSL) techniques will yield slip rates at a 
variety of time scales. The slip rates that we will generate 
by combining with TCN and OSL geochronology will 
fill in one of the last major missing pieces of the slip rate 
“puzzle” in the ECSZ. These data, in combination with 
published rates, will also provide a synoptic view of the 
cumulative slip rates of the major faults of the ECSZ 
north of the Garlock fault. Comparison of these longer-
term rate data with short-term geodetic data will allow 
us to determine whether or not strain storage and release 
have been spatially and temporally constant along this 
part of the Pacific-North America plate boundary during 
Holocene to late Pleistocene time.

Figure 1.  One-meter resolution LiDAR image of the Furnace Creek alluvial 
fan complex in central Fish Lake Valley, California.  The alluvial fan is offset 
by the right-lateral Fish Lake Valley fault zone.  The star on inset index map 
indicates the approximate location of the Furnace Creek site.  FLVFZ = Fish 
Lake Valley fault zone.  SAF = San Andreas fault.  Modified from Frankel et 
al. [in prep]. 
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Great Himalayan Earthquakes: Recurrence Intervals and a Scaling Law
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A current problem in assessing seismic risk in the Himalaya 
is the absence of statistics suited to estimating a recurrence 
interval for great earthquakes. Elastic models of the colli-
sion using recently imaged subsurface interface geometries 
suggest that a substantial fraction of the southernmost 
500 km of the Tibetan plateau participates in driving great 
ruptures. Theory suggests that this Tibetan reservoir of 
elastic strain energy is drained in proportion to Himalayan 
rupture length, and the consequent growth of slip and 
magnitude with rupture area, when compared to data from 
recent earthquakes, can be used to infer a renewal time for 
these events. The elastic models also illuminate two puzzling 
features of plate boundary seismicity: how great earthquakes 
can re-rupture regions that have already ruptured in recent 
smaller earthquakes, and how mega-earthquakes with
≥ 20 m slip may occur at millennia-long intervals, driven by 
residual strain following many centuries of smaller earth-
quakes (Feldl and Bilham, 2007). 
We calculated both the instantaneous rupture slip and 
completely drained afterslip for these earthquakes—the 
upper and lower boundary of each curve. The scaling curves 
all have the same curvature but their intercept depends 
on the time between earthquakes. Earthquakes in the past 
500 years for which Mw and length are known indepen-
dently suggest a characteristic recurrence interval of ≈500 
years. It appears, however, that this class of earthquakes 
may be atypical of the largest that occur in the Himalaya. 
Earthquakes with more than 20 m of slip have occurred in 
c.1100 AD, c.1400 and possibly as recently as 1505. These 
M>8.5 earthquakes release more than 20 m of slip, and may 

require 1000-year interseismic intervals. To efficiently to 
drain elastic energy in southern Tibet, an inferred essen-
tial condition in our model, they are associated with long 
ruptures (≥600 km). 
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Figure 1. GPS velocity field across the Himalaya (data = blue with 1-sigma 
errors) have typically been fit to elastic deformation models driven by planar 
dislocations. These produce velocity fields that do not fit data from Tibet well. 
We used the geometry shown left (red from Schulte Pelkum et al., 2005) with 
a slip distribution (red dotted line) calculated to emulate interseismic surface 
velocities (predicted horizontal =blue dashed line; vertical = green line, black 
circles= microseismicity near Himalaya, courtesy Gaspar Monsalve). We then 
used boundary element methods (inset mesh) to calculate how the strain 
developed by this slip distribution would drive ruptures of different length in 
the Himalaya (curves (a.) right). 
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The 1964 Alaska earthquake remains the second largest 
ever recorded, and slip in the earthquake was highly vari-
able in space. Past studies have concluded that coseismic 
slip was concentrated in two large asperities, one beneath 
Prince William Sound and the eastern Kenai Peninsula 
(20-25 m average slip) and the second beneath and off-
shore of Kodiak Island (10-15 m average slip). Coseis-
mic slip in the gap between them was much smaller, less 
than 5 meters. Previously, we found that horizontal site 
velocities measured today with GPS require the pres-
ent distribution of locked and creeping regions on the 
plate interface to match the pattern of coseismic slip: the 
regions of high coseismic slip are locked today, while the 
region of low coseismic slip is creeping today.

Plate Coupling Variations in the 1964 Alaska Earthquake Rupture Zone
Jeff Freymueller » Geophysical Institute, University of Alaska Fairbanks

Earthquake Cycle-Behavior of Active Faults

Now, a careful reanalysis of the vertical GPS velocities 
shows that the Prince William Sound asperity actually 
consists of two distinct locked regions (Figure 1). GPS 
velocities show two separate subsidence regions, separat-
ed by a ridge of little subsidence. This suggests two dis-
tinct locked patches in the subsurface. The “ridge” of low 
vertical motions corresponds to the inferred edge of the 
subducted Yakutat block. The eastern subsidence bowl 
is centered on Prince William Sound, and we interpret 
it as being due to a locked region on the Yakutat-North 
America interface. The western patch is located beneath 
the Kenai Peninsula and we interpret it as being due to a 
locked region on the Pacific-North America interface.

Figure 1. Contour map of vertical velocities in south-central Alaska based 
on data from 1992-present. Contours are in mm/yr. Small blue diamonds 
represent GPS sites, mostly campaign GPS surveys. UNAVCO supported this 
project through many equipment loans over the last decade.
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Postseismic Deformation Following the M7.9  2002
Denali Fault Earthquake
Jeff Freymueller » Geophysical Institute, University of Alaska Fairbanks
Eric Calais » Department of Earth and Atmospheric Sciences, Purdue University
Andy Freed » Department of Earth and Atmospheric Sciences, Purdue University
Roland Bürgmann » Department of Earth and Planetary Sciences, University of California, Berkeley

Earthquake Cycle-Behavior of Active Faults

Figure 1. Photo of one of the continuous GPS sites, as installed after the 
earthquake. The monument was a 2-inch diameter invar rod, and the receiver 
and batteries were stored in a plastic tub wrapped in the blue tarp.

Within hours of the November 3, 2002, Denali fault 
earthquake in central Alaska, University of Alaska field 
crews were in the field surveying sites to provide coseis-
mic displacements. Within a week of the earthquake, a 
UNAVCO field crew arrived to install continuous sites 
(Figure 1). These continuous sites used a simple design 
so that sites could be installed at a rate of one per day, 
despite having less than six hours of daylight, long driv-
ing distances, and cold weather with which to contend. 
Ten sites were installed in the first three weeks after the 
earthquake; the following summer they were upgraded 
to include power generation, and five additional sites 
were installed. The installation of these sites would have 
been impossible without the availability of experienced 
UNAVCO field engineers.
Postseismic displacements from those sites (Figure 2) 
indicate a spatial and temporal evolution that cannot be 
explained by any single postseismic deformation mecha-
nism. Far-field sites are dominated by deformation from 
power-law viscoelastic flow in the mantle, consistent 
with laboratory measurements of olivine rheology. 
Near-field sites show a significant contribution from 
afterslip (or possibly localized viscoelastic shear in the 
lower crust), and a small contribution from poroelastic 
rebound.

Figure 2. Total displacements over a three-year period after the earthquake, 
along with predictions from the best multi-mechanism model. The model also 
fits the time series of the displacements (not shown).

The research was supported by grants EAR03-28043, EAR03-10410, and 
EAR03-23156.
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Large earthquakes offer rare opportunities to measure the response of the lithosphere and mantle to a sudden stress 
change; we must take full advantage of these opportunities to learn about the mechanical properties of Earth and 
move beyond kinematic descriptions of active tectonic processes.
Postseismic displacements from PBO sites near the Denali fault (Figure 1) show a spatial and temporal evolution 
that cannot be explained by any single postseismic deformation mechanism [Freed et al., 2006a]. Far-field sites are 
dominated by deformation from power-law viscoelastic flow in the mantle, consistent with laboratory measurements 
of olivine rheology [Freed et al., 2006b]. Near-field sites show a significant contribution from afterslip (or possibly 
localized viscoelastic shear in the lower crust), and a small contribution from poroelastic rebound. While the need 
to include multiple deformation mechanisms in a successful model now seems clear, the relative contributions of the 
different mechanisms is less certain, and some important mechanical details remain in dispute. For example, Pollitz 
[2005] argued for a transient rheology for the mantle rather than a power-law rheology.
More work needs to be done on postseismic deformation models, and this work will require years of additional data. 
As seen in Figure 1, the optimal model is not yet fully constrained by the data. Models that fit the earliest data do 
not necessarily match the end of the time series, so additional data will be required to narrow down the range of 

Postseismic Displacements From PBO Sites Near The Denali Fault
Jeff Freymueller » Geophysical Institute, University of Alaska Fairbanks

Earthquake Cycle-Behavior of Active Faults

possible mechanical models for the Alaskan lithosphere and mantle. 
In addition, all present models fit the vertical data poorly (not shown). 
Vertical displacements include a strong seasonal component, which can 
only be eliminated by careful modeling based on several years of data.
Figure 1. (A) Map view of Denali earthquake postseismic displacements, and model predictions 
calculated by viscoelastic flow due to power-law (n=3.5) flow and due to a combination of power-
law flow, shallow afterslip, and poroelastic rebound. (B) Left columns: Comparison of observed 
GPS position time-series and displacements. Annual, semi-annual, and secular components have 
been removed from the observed time series. Right columns: Comparison of GPS observed veloc-
ity (based on a logarithmic fit to the data) and the power-law only and the combination model. 
Horizontal dashed lines indicate zero displacement/velocity. From Freed et al. [2006b].
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Comparing Geodetically and Geologically Inferred Deformation of the 
Walker Lane, Western Basin and Range
William C. Hammond » Nevada Bureau of Mines and Geology and Seismological Laboratory, University of Nevada
Corné Kreemer » Nevada Bureau of Mines and Geology and Seismological Laboratory, University of Nevada
Geoff Blewitt » Nevada Bureau of Mines and Geology and Seismological Laboratory, University of Nevada

Earthquake Cycle-Behavior of Active Faults

In the Basin and Range Province, 
the total crustal strain accumula-
tion rate is a factor of 2 to 3 times 
larger than the strain release rate 
measured through geological in-
vestigation of fault slip rates. This 
apparent discrepancy is based on a 
comparison between a large national 
database of paleoseismic studies (the 
USGS Quaternary Fault and Fold 
database) and the total deforma-
tion rate inferred from the geodetic 
velocity field (Pancha, et al., 2006). 
One possible explanation is that the 
geologic database is incomplete in 
the sense that a significant number 
of crustal faults are missing or have 
slip rates that are estimated to be too 
low. Other possibilities are that 1) 
significant surface deformation oc-
curs that is not localized onto faults, 
2) the way we do the accounting of 
deformation rate is somehow flawed, 
3) that geodetic deformation is anomalously enhanced by transient effects (Savage and Prescott, 1978, Pollitz, 1997, 
Hammond, et al., 2006), or 4) that the behavior of crustal blocks is time-variable over scales of thousands to mil-
lions of years, and we are currently in a time of anomalously high deformation rate compared to the recent geologic 
past. We are attempting to resolve which of these issues is the cause by using a multi-faceted approach that includes 
three factors: 1) making detailed GPS measurements of Walker Lane crustal deformation, 2) developing improved 
block modeling algorithms to explore the spatial and temporal relationship between strain accumulation and release, 
and 3) developing viscoelastic models of the lithosphere to account for earthquake cycle effects on the geodetic 
velocity field.
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Figure 1. A complex pattern of faulting in the northern Walker Lane and westernmost Basin and Range 
accommodates ~10 mm/yr of regional transtension between the Sierra Nevada microplate and relatively 
rigid central Basin and Range (east of longitude -117°). We have established approximately 120 new 
semi-permanent GPS sites (black triangles) inside the region indicated by the box at left. Shown over the 
topography are the Historic (cyan), Holocene (blue) and late Pleistocene (magenta) faults. The Califor-
nia-Nevada state border is the black line passing through Lake Tahoe at longitude -120°, latitude 39°.
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The California Institute of Technology/USGS Southern California Seismic Network (SCSN/CISN), which is also a 
part of the California Integrated Seismic Network (CISN), is now analyzing real-time feeds of seismic data from the 
EarthScope PBO borehole stations located near Anza in southern California.
We are using real-time ORB-to-ORB transfer of waveform data from the PBO in Boulder, Colorado to California 
Institute of Technology in Pasadena. The SCSN/CISN is processing both downhole and uphole seismometer chan-
nels as well as available strong motion channels.
The real-time data streams allow us to use these data for real-time high-precision hypocenter determination, some-
times referred to as double-difference methods. The automatic location of a sample event of M1.3 is show in Figure 
1 and the corresponding waveforms are shown in Figure 2.
Our goal is to push the science and improve our capabilities associating hypocenters with mapped faults using real-
time data. In the past, such associations have required extensive research and relocation efforts.
Having these real-time data will also improve earthquake safety in southern California, because we will have more 
data sources and data from the near field of the most active fault (San Jacinto fault) in southern California. This 
effort benefits the EarthScope PBO because the SCSN/CISN data analysts will check the data daily and be able to 
provide quality control feedback back to the PBO.

Real-time Data Feeds from The Plate Boundary Observatory Borehole 
Instruments at Anza to the California Institute of Technology/
U.S. Geological Survey Southern California Seismic Network
E. Hauksson » Seismological Laboratory, California Institute of Technology

Earthquake Cycle-Behavior of Active Faults

Figure 1. Real-time location of seismicity in the Anza 
region. Seismograms for the event, labeled with a red 
square, are shown in Figure 2.
Figure 2. Seismograms from PB, AZ, and CI net-
works, processed in real-time at California Institute 
of Technology to determine earthquake location and 
magnitude. Waveforms are colored according to sensor 
type and channel name. The PBO stations B086, 
B084, B087, and B082 were used in the solution. 
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Copious Postseismic Slip Following the 2004 Parkfield Earthquake, 
Constrained by GPS and InSAR Data

Ingrid Johanson » U.S. Geological Survey, Menlo Park, CA 
Eric Fielding » Jet Propulsion Laboratory/California Institute of Technology 
Frederique Rolandone » Universite Pierre et Marie Curie, Paris, France
Roland Bürgmann » University of California, Berkeley
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The September 28, 2004, Mw6.0 Parkfield earthquake 
was the long delayed fulfillment of the Parkfield Earth-
quake Prediction Experiment [Bakun and Lindh, 1985]. 
The years since the original prediction have seen the 
advent of space-based geodesy; both GPS and InSAR 
data can now be added to the wealth of information on 
this historic earthquake.  We use these data to constrain 
a model of the coseismic and postseismic slip of the 
2004 Parkfield earthquake.  In Johanson et al. [2006], 
we examine the relationship between these two periods 
of the earthquake cycle, their relationship to aftershocks 
and the extent and importance of aseismic slip.
We invert eight interferograms jointly with campaign 
and continuous GPS data for slip in the coseismic and 
postseismic periods of the 2004 Parkfield earthquake. 
The two datasets complement each other, with the In-
SAR providing dense sampling of motion and the GPS 
providing more sparse, but three dimensional, measure-
ments of ground motion. The model assumes expo-
nential decay of the postseismic slip with a decay time 
constant of 0.087 years, determined from time series 
modeling of continuous GPS and creepmeter data.
Double-difference relocation of Parkfield aftershocks 
shows a prominent microseismicity streak at ~5 km 
depth [Thurber et al., 2006].  One interpretation of mi-
croseismicity streaks is that they occur at the boundaries 
of creeping and locked fault asperities [Nadeau et al., 
1995].  The streak of aftershocks at 5 km depth occurs 
near the top of an area of high slip in Figure 1a, and 
could be interpreted as weakly bounding that asperity.  
We find a geodetic moment magnitude of Mw6.2 for 
a 1-day coseismic model and Mw6.1 for the entire 
postseismic period.  A comparison of the geodetic slip 
models with seismic moment estimates suggests that the 
coseismic moment release of the Parkfield earthquake 
is as little as 25% of the total. This finding underscores 
the importance of aseismic slip in the slip budget for the 
Parkfield segment.

Figure 1. a) Results of inversion for a) Coseismic slip with one day of 
aftershocks, b) Postseismic slip with aftershocks from September 29 through 
November 17. Red stars mark location of earthquake hypocenter. Triangles are 
color-coded creepmeter displacements roughly corresponding to the coseismic 
and postseismic periods.
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This work was undertaken collaboratively by scientists from the Uni-
versities of Peshawar, Baluchistan, NED Karachi, Montana and Boul-
der, Colorado. Between November and January immediately after 
the Kashmir earthquake, we remeasured a sparse set of GPS points in 
the Karakoram and Salt Range of northern Pakistan. In addition we 
installed a new series of instruments throughout the epicentral region 
and other tectonic provinces in Pakistan. Four of these were continu-
ous operating sites; another subset of four were operated continuously 
for six months.
1. The convergence rate across the Pakistan Himalaya/Karakoram 
ranges is approximately half that across the central Himalaya. Pesha-
war converges with Ladakh at 9.8 ± 1.3 mm/yr, with a component of 
8.6 ± 2 mm/yr normal to Himalayan thrusts striking ~330º. Baseline 
shortening between Peshawar and Hanle, Ladakh, occurs at 6.2 ± 1.5 
mm/yr (1 Hz) from the daily baseline length time series. There is thus 
little shear in the western Himalaya, confirming the existence of the 
radial slip of Himalayan earthquakes and the eastward extension of 
the Tibetan plateau.
2. The coseismic slip in the 2005 Kashmir earthquake was 5.1 ± 0.5 m 
but our data suggest that additional slip occurred on a shallow salt 
detachment to the west and north of the epicenter (Bendick et al, 
2007). A curious aspect of active wedge thrusting is that although up-
lift may be identical to a blind thrust, coseismic surface displacements 
occur in an opposite sense.
3. The motion of Karachi is less than 3 mm east relative to the Indian 
craton suggesting that if the proposed Sindh flake exists its motion 
must be too slow to renew Bhuj and Allah Bund type earthquakes in 
less than several thousands of years (Stein et al, 2004). We have re-
measured but not yet processed the point on the Nagar Parkar granite 
massif just north of the Bhuj epicenter. This point may provide an 
additional constraint on the existence or motion of the hypothetical 
Sindh Flake.

Pakistan Tectonics and the 2004 Kashmir Earthquake
F. Khan » University of Peshawar, Pakistan
A. Khan » University of Peshawar, Pakistan
M. Din » University of Balochistan, Pakistan
S. Lodi » NED University of Engineering & Technology, Pakistan
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R. Bendick » Dept of Geological Sciences, University of Montana
R. Bilham » Dept of Geological Sciences, University of Colorado
P. Molnar » Dept of Geological Sciences, University of Colorado
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Figure 1. Large dots show continuous tracking sites in 2006 and their displacement rates rela-
tive to India. Small white dots are campaign points. Green lines indicate known plate boundar-
ies. The hypothesized Sindh flake is represented by the dashed line. Lower panel: cross-sections 
of wedge thrusting possibly active in the 2005 Kashmir earthquake. Creep has been detected 
north of Quetta using Interferometric Synthetic Aperture Radar (InSAR).
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Resolving Coseismic Stress Drop, Afterslip, and Viscous Relaxation 
Caused by Mw=8.3, November 15, 2006, Kuril Earthquake:
Evidence from GPS
Mikhail Kogan » Lamont-Doherty Earth Observatory of Columbia University
Grigory Steblov » Lamont-Doherty Earth Observatory of Columbia University
Nikolai Vasilenko » Lamont-Doherty Earth Observatory of Columbia University
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The Kuril subduction zone at the northwest Pacific Ocean margin is the plate boundary at which the Pacific plate is 
rapidly underthrusting the North American plate. The great Mw=8.3 November 15, 2006, Kuril earthquake inter-
rupted one of the most conspicuous quiet periods in the subduction zone seimic activity; it occurred on the 600-km 
long Kuril arc segment which had not experienced a single great earthquake for about a century. In the same time 
interval, the segments to the north (Kamchatka) and south (the southern Kurils and Hokkaido) exhibited several 
great earthquakes. 
In collaboration with the Sakhalin Institute of Marine Geology and Geophysics, we address a unique opportunity to 
resolve and analyze the coseismic stress drop, afterslip, and viscous relaxation following this recent earthquake. This 
project focuses on making the critical time-sensitive observations that will enable studies of this earthquake and its 
consequences. The proposed project addresses several important questions that arise in connection with this event. 
For instance, how much of the strain built up from the subduction of the Pacific plate beneath the North American 
plate (or the Okhotsk plate) was coseismically and postseimically released on November 15, 2006? What is the dan-

ger of further great earthquakes accompa-
nied by Pacific-wide tsunamis in the central 
and northern Kurils?
The Kuril arc is the last subduction zone 
never explored by space geodetic methods 
prior to this project. Our research relies 
on a combination of continuous GPS 
(CGPS) stations over the Kuril arc that 
were established several months before the 
November 15, 2006, earthquake and new 
CGPS stations to be installed on the islands 
nearest to the rupture of the earthquake. 
(The installation is to be supported within 
the scope of this project). 

This research is supported by NSF Grants EAR-0715360, 
EAR-0549269, and EAR-0630099. Scientific and 
technical support provided to the project by UN-
AVCO has been critically important in the following 
aspects:

Borrowing Facility pool equipment; Purchasing equipment 
under the manufacturer’s special equipment discounts; 
and using UNAVCO engineering support.

Figure 1.  GPS observations over the Kuril Arc. 
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The 2005, Mw 8.6, Nias-Simeulue earthquake occurred 
within an array of continuous GPS stations and pro-
duced measurable vertical displacement of the fringing 
coral reefs (Briggs et al., 2006) above the fault rupture. 
Thus, this earthquake provided a unique opportunity 
to assess the source characteristics of a megathrust event 
from the joint analysis of seismic data and near-field 
static co-seismic displacements. We have used seismic 
data of multiple frequency bands (normal mode, surface 
waves, and body waves) along with the geodetic data 
to understand earthquake source (Konca et al., 2007). 
Using the dependence of excitation of the normal mode 
data on dip and moment along with near-field geodetic 
data, we put relatively tight constraints on the seismic 
moment and the fault dip, where the dip is determined 
to be 8o to 10o with corresponding moments of 1.24 
× 1022 to 1.00 × 1022 N-m, respectively. The geodetic 
constraints on slip distribution helped to eliminate the 
trade-off between rupture velocity and slip kinematics, 
resulting in more reliable slip models. Source models 
obtained from the inversion of various combinations of 
the teleseismic body waves and geodetic data are evalu-
ated by comparing predicted and observed long period 
seismic waveforms (100 s to 500 s). Our results indi-
cate a relatively slow average rupture velocity of 1.5 to 
2.5 km/s and long average rise time of up to 20 s. The 
earthquake nucleated between two separate slip patches, 
one beneath Nias and the other beneath Simeulue 
Island (Figure 1). Coseismic slip clearly tapers to zero 
before it reaches the trench probably because the rupture 
propagation was inhibited when it reached the accretion-
ary prism. Using the models from joint inversions, we 
estimate the peak ground velocity on Nias Island to be 
about 30 cm/s, an order of magnitude slower than for 
thrust events in continental areas. This study emphasizes 
the importance of utilizing multiple datasets in imaging 
seismic ruptures.

Rupture Kinematics of the 2005, Mw 8.6, Nias- Simeulue Earthquake 
from the Joint Inversion of Seismic and Geodetic Data
A. Ozgun Konca » 
Vala Hjorleifsdottir » 
Teh-Ru Alex Song » 
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Figure 1. (a) Slip distributions and 20 second contours of the rupture front 
for the teleseismic and all geodetic data. (b) Fits to the 16 cGPS and 4 coral 
measurements of uplift for the inversions shown in Figure 3. The slip on the 
fault is also shown in the maps. The data is in black, the horizontal fits are 
in red and vertical fits are shown in gray. (c) Uplift distribution predicted 
frfom the source model from our best-fit model. The measured vertical coral 
displacements are also shown in same color scale (circles). (d) Prediction of 
Earth’s normal modes for a finite fault model using teleseismic and geodetic 
data with dip angle of 100, Mw8.6, vr from 1.5 to 2.5km/s. normalized 
amplitude difference between synthetics and normal mode data, calculated for 
spheroidal modes 0S3, 0S4, 0S0, 0S5, 1S3-3S1-2S2 is shown. Number of stations used 
to calculate the misfit is given below.
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Transient Deformation in Guerrero, Mexico
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GPS measurements were critical in establishing the wide 
spread existence of aseismic (transient) slip events in 
subduction zones. More recently, seismic tremor studies 
have been correlated with the aseismic slip events. While 
the GPS data, in particular, are important for determining 
the slip budget in a particular region and its correspond-
ing seismic risk, the seismic data have greater resolution of 
the location and propagation of transients. Both geodesy 
and seismology will be needed to understand the source 
and periodicity of transients and how they relate to the 
mechanics of the subduction process throughout the 
earthquake cycle.
Our study area is located in the Mexican state of Guerrero, 
which encompasses a ~200 km segment of the Cocos-
North America plate boundary. The last great earthquake 
in the northwest section of region occurred in 1911. It has 
been estimated that if the “Guerrero gap” were to rupture, 
its magnitude would exceed Mw 8. To measure and model 
crustal deformation rates and to assess seismic hazard in 
Guerrero using GPS, UNAM and CU began a collabora-
tion in 1997. With funding from CONACYT and NSF, 
there are currently 10 continuous GPS sites in Guerrero 

with more projected for installation in the near future. 
UNAM has installed an equivalent number of sites in 
nearby Mexican states.
Using these continuous GPS installations and earlier 
campaign data we can demonstrate that three very large 
transients have occurred in Guerrero in the last decade 
(see Figure 1). They are an order of magnitude larger than 
the periodic transients observed in Cascadia. Smaller tran-
sients have also been observed. Broadband seismic data 
are being collected by California Institute of Technology 
and UNAM in Jalisco, Guerrero, and Oaxaca and will be 
studied to assess the presence of tremor. By combining the 
use of geodesy, seismology, and physical numerical models 
from the Harvard group, we hope to elucidate the origin 
and nature of aseismic transients and their impact on the 
seismic hazard in Guerrero and other subduction zones.
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Secular variations of fault slip rate are common [Che-
valier et al., 2005]. The hypothesized causes include 
glacial-interglacial changes in surface loads [Hetzel and 
Hampel, 2005], ocean loading on glacial timescales 
[Luttrell et al., 2005], and change of fault properties. 
These causes may be quantified and tested by their 
impact on the Regional Coulomb Failure Stress, which 
causes different secular variations of fault slip rate. We 
demonstrate this approach using a generic 3-D visco-
elasto-plastic finite element model for major strike-slip 
faults [Li and Liu, 2006], and show that this approach 
may be used to differentiate various causes of secular 
variation of fault slip rates.
The secular slip rates of major strike-slip faults depend 
on long-term tectonic loading rates, but can be per-
turbed by the change of loading mechanisms (change 
of regional shear stress and normal stress) and/or fault 
properties (frictional coefficient, pore pressure, and 
cohesion). These changes can be represented by a proper 
change of Regional Coulomb Failure Stress (ΔRCFS):

How Do Transient Loading or Change of Fault Properties Affect
Secular Slip Rate on Major Strike-Slip Faults?
Qingsong Li » Department of Geological Sciences, University of Missouri
Mian Liu » Department of Geological Sciences, University of Missouri

Earthquake Cycle-Behavior of Active Faults
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where        and         are changes of regional shear and 
normal stress due to external loading, respectively,        is 
change of frictional coefficient,       is change of pore 
pressure, and        is change of cohesion on a fault plane. 
ΔRCFS perturbs the fault slip rate until a new equi-
librium is reached. The resulting changes of slip rates 
depend on the duration over which the change process 
of ΔRCFS is accomplished, and its magnitude (Figures 
1 and 2).
Different loading mechanisms and/or change of fault 
properties may be represented by their resulting change 
of Regional Coulomb Failure Stress with different mag-
nitudes and durations of changing processes, which lead 
to different secular variations of fault slip rates. With a 
well-constrained fault slip history and lithospheric rheol-
ogy, we may test and quantify different causes of secular 
fault slip variations. 

Figure 1. Predicted evolution of slip rates as 1 MPa ΔRCFS increase is accu-
mulated over a period of 100 years, 1000 years, and 10,000 years, respectively. 
Slip rate decays afterwards. The peak of slip rate change is higher when the 
increase of the ΔRCFS is accomplished over a shorter period.
Figure 2. Slip rate changes caused by ΔRCFS at various magnitudes, which is 
accomplished in a period of 1000 years.

This research was supported by USGS grant 04HQGR0046 and NSF/ITR 
GEON grant 0225546.
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Fault Slip in C Sharp Minor: Fault Slip Resonance as a Mechanism
for Slow Slip
Anthony R. Lowry » Department of Geology, Utah State University

Earthquake Cycle-Behavior of Active Faults

GPS measurements in various different tectonic environ-
ments have recorded fault movements that are similar 
to earthquakes but much slower, occurring over tim-
escales of ~1 week to ~1 year. These “slow slip events” 
have been observed in Japan, Cascadia, Mexico, Alaska, 
Hawaii, and New Zealand. The phenomenon is poorly 
understood, but several observations hint at the pro-
cesses underlying slow slip. Modeling of GPS data and 
estimates of associated tremor location indicate that slip 
focuses near the transition from unstable (“stick-slip”) 
to stable friction at the deep limit of the seismogenic 
zone. Perhaps most intriguingly, slow slip is quasi-peri-
odic at several locations, with recurrence varying from 6 
to 25 months depending on which fault (or even fault 
segment) is examined. Periodic slow fault slip may be 
a resonant response to climate-driven stress perturba-
tions. Fault slip in southern Mexico recurs annually, 
and as shown in the figure, stress perturbations on the 
fault surface include an annual signal caused by surface 
hydrologic loading. The annual stress variation is only of 
order a few hundred Pa, which is a small fraction of the 
annual tectonic stress accumulation, so this stress would 
not be expected to produce a robust slip response unless 
the fault’s response to stress was somehow amplified at 
that period. Physical relations for rate- and state-depen-
dent friction actually predict an amplified or “resonant” 
response at periods of order months to years, depending 
on frictional properties. Fault slip resonance helps to 
explain why slip events  are periodic, why periods differ 
from place to place, and why slip focuses near the base 
of the seismogenic zone. Resonant slip should initiate 
within the rupture zone of future great earthquakes, 
suggesting that slow slip may illuminate fault properties 
that control earthquake slip.

Figure 1. Stress variations on the plate boundary interface in southern 
Mexico. (A) Time series of normal stress (blue; positive indicates fault com-
pression) and shear stress (red; positive favors thrust slip) at a point beneath 
GPS site COYU. Grey bars denote periods of deep slow slip; peak slip occurs 
at the center of the bar. (B) Map view of peak-to-peak shear stress perturba-
tion, projected from the plate interface to the surface. Inset shows plate 
geometry and strike-averaged topography versus distance from the trench; 
arrow indicates location of time series sampled in A. (C) Rate of accumulation 
of tectonic shear stress.
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The relationship between subduction tremor and slow 
slip events in Cascadia is being investigated using the 
PBO borehole strainmeters and seismometers. Though 
temporally correlated, it is not known whether the same 
source causes both the seismically-measured tremor 
and the geodetically-measured slow slip during tremor 
and slip events. During January 2007, a strain event is 
evident in the 5-minute data on several of the strainme-
ters (Figure 1), and the tremor is clearly visible on the 
borehole seismometers (Figure 2). The strain event first 
appears on strainmeter B018 (near Delphi, Washington) 
on all components by January 19. The maximum E-W 
contraction was around January 25, and high strain-rates 

Subduction Tremor and Slow Slip Recorded in January 2007 in
Cascadia on the Plate Boundary Observatory Borehole Network
Wendy McCausland » U.S. Geological Survey, Vancouver, WA
Evelyn Roeloffs » U.S. Geological Survey, Vancouver, WA
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persisted throughout January. The strain changes began 
within days of the onset of strong tremor in the south-
ern Puget Sound (as calculated by seismologists at the 
University of Washington). The strain event is evident 
on strainmeter B004 (northwestern Olympic Peninsula) 
by January 27, later than at B018 and consistent with 
the NNW migration of tremor epicenters (observed by 
scientists at the University of Washington). While the 
tremor signals are not yet evident on the 20-Hz strain-
meter data, we are investigating the threshold of seismic 
event detection on the strainmeters in the frequency 
band of the tremor (1-6Hz).

Figure 1. PBO borehole strainmeter data from Washington State (5-minute 
samples) reveal large strain-rate changes in late January 2007. A trend has 
been subtracted from the data shown in gray; data after removing earth-tide 
variations are superimposed in color.

Figure 2. Nine hours of band-passed (1-6 Hz) tremor signals from January 
27, 2007 on one of the horizontal components (EH1) of the borehole seis-
mometers. Stations are ordered roughly north (top) to south (bottom). Bursts 
of tremor are evident on stations located on the southern end of Vancouver 
Island (B009, B010, and B011), northern Olympic Peninsula (B004, B005, 
B006, B007, and B001) and in the southern Puget Sound (B018).
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Improvements to analysis techniques 
of GPS measurements from the Cas-
cadia subduction zone show that 34 
slow slip events (SSE) have occurred 
along the megathrust since 1997 and 
hint at variable seismogenic cou-
pling along-strike from California to 
BC. Roughly 30 PBO-NUCLEUS, 
PANGA, and WCDA continuous 
GPS stations constrain slow slip 
events through 2005, with the dens-
est concentration in northwestern 
Washington State and southwestern 
British Columbia. In this region, the 

GPS Constraints on 34 Slow Slip Events within the
Cascadia Subduction Zone
Timothy Melbourne » Dept of Geological Sciences, Central Washington University
Marcelo Santillan » Dept of Geological Sciences, Central Washington University
Meghan Miller » Dept of Geological Sciences, Central Washington University
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station distribution permits us to track the creep fronts as 
they migrate laterally across the plate boundary and reveals a 
wide variety of slip behavior among these events. To isolate 
deformation caused by transient creep events, we factor time 
series into distinct physical bases functions that represent 
steady-state tectonic deformation, hardware steps, tectonic 
steps, and annual and semi-annual signals and use these in 
both reference frame stabilization and time-series filtering.
At the latitude of the northern Washington State and 
southwestern British Columbia, the 14-month average 
recurrence interval still holds true, four events after first 
recognition. Along northern Vancouver Island, a 14-month 
periodicity is also observed, but six months out of phase 
with its southern counterpart. Smaller, non-periodic events 
appear to take place along the central Vancouver region.  In 
southern Washington State, large transient displacements are 
seen, but lack any obvious periodicity in their recurrence.  
Many of these events have equivalent moment magnitudes 
of 6.4 (smallest resolvable with GPS) to 6.8, and 2 to 3 cm 
of slip.  Along central Oregon, there is some evidence of an 
18-month recurrence, while in northern California (Yreka) 
an 11-month periodicity has been proven with both GPS 
and seismic tremor. Together, these geodetic inferences of 
temporal and spatial creep distributions along the otherwise 
enigmatic Cascadia megathrust paint a picture of a wide 
range of coupling heterogeneity along the margin.
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Within twenty-two months after the 26 December 2004, Sumatra-Andaman earthquake, the 3.1 m of coseismic 
displacement at Point Blair had increased by 32 cm at an exponentially decaying rate (t≈0.8 y). Remarkable postseis-
mic uplift also occurred, initially exceeding 1 cm per week, decreasing to 1 mm per week a year later. By mid-2006 
points near Port Blair had risen more than 20 cm, resulting in a 24% reversal of coseismic subsidence. Uplift at this 
and seven other GPS sites suggest an eastward shift in the neutral axis separating coseismic subsidence from uplift. 
We installed ten points after the earthquake, three of them as continuous sites. We find that slip near and down-dip 
from the termination of seismic rupture can explain the observed surface deformation.

Andaman Afterslip
John Paul » University of Memphis
A. Lowry » Dept of Geology, Utah State University
R. Bilham » Dept of Geological Sciences, University of Colorado
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Figure 1. Lower left: 6 cm of North, 30 cm of East, and 24 cm of up GPS motion at Port Blair Jan ‘05 to Nov ‘06. Top left GPS 
sites in the Andaman Islands with observed and estimated vertical deformation. Vertical deformation is predicted from the Port Blair 
relaxation time constant. The solid line indicates the neutral axis separating uplift from subsidence from Meltzner et al. (2003) with 
their estimated coseismic displacements in black (cm). The largest two numbers are GPS or tide gauge results. Predicted total post-
seismic uplift estimated from exponential rates derived from GPS data 2005-06 is indicated in red (cm). The dashed line indicates 
the current approximate location of the neutral axis. Right: Results of modeling Andaman horizontal and vertical GPS data as slip 
on the subduction boundary. Red vectors are total displacement predicted by fitting an exponential decay to the GPS data, using 
initiation time T0=2004.984 and characteristic decay time t =0.788 years from a parameter grid search. Ellipses are chi-square scaled 
95% uncertainties on the pre-exponential constant displacement terms. Blue vectors are displacements predicted by a best-fit model 
of postseismic slip on the Andaman megathrust. Color within each discretized segment of the plate interface indicates the magnitude 
of the slip vector, and black vectors depict slip direction (projected to Earth’s surface).

The work is collaborative between the Universities of Memphis, Colorado and Utah and SANE, the Society for Andaman and Nico-
bar Ecology. It was supported by NSF EAR-0537559.
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Earthquake and Volcanic Deformation in the Central Andes
Matthew Pritchard » Cornell University
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Our group is using Interferometric 
Synthetic Aperture Radar (InSAR) 
images to map recent deforma-
tion from earthquakes, volcanoes, 
and ground water movements over 
hundreds of square kilometers in 
South America.  With colleagues, we 
are combining these remote sens-
ing observations with field-based 
geophysical, geodetic, and geologic 
observations to understand how 
deformation changes between the 
earthquake cycle (tens of years) and 
mountain building episodes (mil-
lions of years).  One recent result 
from the combined InSAR and GPS 
observations indicates that an aseis-
mic slip pulse after the 30 July 1995 
Mw 8.1 Antofagasta, Chile, earth-
quake (Figure 1) may have triggered 
a large earthquake (Mw 7.1) in 1998 
(Pritchard and Simons, 2006).

Figure 1. Earthquake and volcanic deformation in the central Andes between 1992-2005 as measured by 
the ERS-1, ERS-2, and Envisat radar satellites of the European Space Agency.  Each color cycle represents 
a change of 5 cm in the distance from the satellite and the ground between satellite overflights.  The 
earthquakes along the coast in 1995, 1996, and 2001 are shallow thrust earthquakes (depths of 10-60 
km), while the 2005 occurrence is a deep (about 100 km) extensional event.  Inset maps are detailed 
looks at the centers of volcanic deformation: Hualca Hualca, Peru (A), Uturuncu, Bolivia (B), the source 
between Lastarria and Cordon del Azufre on the Chile-Argentina border (called ``Lazufre’’ here) (C), are 
inflating, while Cerro Blanco in NW Argentina is deflating (D).  Cataloged volcanoes are shown as black 
triangles and “potentially active” volcanoes are white triangles.
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Most of the relative motion between the Pacific and 
North American plates in central California is accom-
modated by strike slip along the San Andreas fault 
system. However, a small amount of convergence is 
accommodated by compressional structures in the Cali-
fornia Coast Ranges on both sides of the fault. Recent 
examples of such activity are the Coalinga and the 2003 
San Simeon earthquakes. Along the central San An-
dreas fault (CSAF), from San Juan Bautista to Parkfield, 
almost all the slip in the brittle upper crust is accom-
modated aseismically. We use GPS and trilateration data 
to resolve both the distribution of aseismic slip along 
the CSAF, and the deformation across adjacent, second-
ary fault structures. In 2003 and 2004, we conducted 
several GPS surveys along the CSAF. We resurveyed 15 
stations of the San Benito triangulation and trilateration 
network, which extends 40 km to the northeast of the 

Variation in Aseismic Slip and Fault Normal Strain Along the Creeping 
Section of the San Andreas Fault from Geodetic Data
Frederique Rolandone » Universite Pierre et Marie Curie, France
Ingrid Johanson » U.S. Geological Survey, Menlo Park, CA
Roland Burgmann » University of California, Berkeley
Duncan Agnew » Scripps Institute, University of California, San Diego
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creeping segment. We combine these measurements with 
old electronic distance meter (EDM) measurements and 
data from a GPS campaign in 1998. We also occupied 
13 sites along the creeping segment, for which previous 
data exist in the Southern California Earthquake Center 
(SCEC) archive. 
These dense GPS measurements, along with data from 
permanent GPS stations in the area, allow us to con-
strain the regional strain distribution. Strain rates are 
very small on the crustal blocks adjacent to the creeping 
segment, with less than 2 mm/yr of contraction. We 
model the measured displacement field with rectangular 
dislocations in an isotropic, homogeneous and elastic 
half-space. Geodetic data indicates a slip rate of 32 
mm/yr and shallower creep rate of 29 mm/yr along the 
central portion of the CSAF. The deficit between the 
deep and shallow slip rates is small.

Figure 1. GPS velocity field. The sites on the SW 
of the CSAF in red are shown with respect to the 
Pacific plate and those in green to the NE with 
respect to the Sierra Nevada Great Valley block. 
In this figure we are removing a block offset along 
the SAF of about 34 mm/yr. This representation 
accentuates the off-fault deformation. 

This research was supported by NSF Grant EAR-
0337308.

Figure 2. The distributed slip inversion along the 
CSAF.
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Crustal Deformation and the Seismic Cycle across the Kodiak Islands, 
Alaska
Jeanne Sauber » NASA Goddard Space Flight Center
Gary Carver » Humboldt University
Steven Cohen » NASA Goddard Space Flight Center
Robert King » Massachusetts Institute of Technology
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The Kodiak Islands are located approximately 120 
to 250 km from the Alaska-Aleutian Trench. At this 
location, the Pacific plate is underthrusting the North 
American plate at a rate of about 57 mm/yr.  The 
southern extent of the 1964 Prince William Sound 
(Mw = 9.2) earthquake rupture occurred offshore and 
beneath the eastern portion of the Kodiak Islands. In 
this study we report global positioning system (GPS) 
results for 1993 to 2001 from Kodiak Island. The results 
span the transition between the 1964 uplift region along 
the eastern coast and the region of coseismic subsid-
ence farther inland. We used these geodetic results to 
look at the amount of slip near Kodiak during the great 
1964 earthquake, and we examined the relation of the 
coseismic slip to crustal deformation measured in the 
30 years following the great earthquake. In addition to 
strain accumulating that will be released in the next large 

subduction earthquake, we suggest that 4-8 mm/yr of 
slip is accumulating that will be released as left-lateral 
strike-slip motion across the inland faults of Kodiak 
Island. Based on the pre-1964 and post-1964 earthquake 
history, as well as the pattern of interseismic earthquakes 
across the plate boundary zone, we hypothesize that in 
southern Kodiak some strain is released in moderate to 
large earthquakes between the occurrences of great earth-
quakes like the 1964 event. In northern Kodiak, how-
ever, the main thrust zone is locked and will eventually 
be relieved in another large subduction zone earthquake 
in the future.

Figure 1. Map show-
ing representative GPS 
station velocities from the 
northeastern Kodiak and 
the USGS Katmai network 
in southwestern Kodiak 
processed by R. King using 
GAMIT/GLOBK [Sauber 
et al., 2006; Carver et al., 
Alaska Seismic Hazard 
Chapman conference,  
May, 2006].  UNAVCO 
instruments were used for 
campaign observations 
between 1993 and 2001 
and at the permanent IGS 
station KODK.

References

Sauber, J., Carver, G., Cohen, S., and King, R. Crustal deformation and the 
seismic cycle across the Kodiak Islands, Alaska, J. Geophys. Res., 111, 
B02403, doi:10.1029/2005JB003626.

This research was supported by NASA’s Solid and Natural Hazards Program, 
SRTM investigation (921-622-74-10-04).



3-74

2008-2012 U
N

AV
C

O
 PRO

PO
SAL: G

EO
D

ESY AD
VAN

C
IN

G
 EART

H
 SC

IEN
C

E R
ESEARC

H

3-75

We use coseismic displacements from GPS 
measurements at 27 sites in western Mexico 
to determine the characteristics of the 22 
January 2003 Mw=7.2 subduction thrust 
earthquake near Tecoman, Colima, Mexico. 
Estimates of the earthquake moment, slip 
direction, and best-fitting slip distribution 
are derived by optimizing the fit to the GPS 
displacements for a three-dimensional finite 
element mesh that simulates the study area. 
The calculated moment release is 9.1 × 1019 
N m (Mw=7.2), with maximum slip of 2 m 
at a depth of 24 km and a maximum rupture 
depth of 35-40 km. The inversion indicates 
that coseismic rupture extended down-dip 
from depths of 9 km to 40 km along an 
80 km along-strike region that is bounded 
by the edges of the Manzanillo Trough.  A 
comparison of the cumulative postseismic 
slip that can be inferred separately from 
earthquake aftershocks and GPS measure-
ments indicates that 95% or more of the 
postseismic deformation was aseismic. Near-
term postseismic measurements indicate 
that slip propagated down-dip to areas of 
the subduction interface beneath the coast-
line within days following the earthquake, 
as also occurred after the nearby Mw=8.0 
Colima-Jalisco subduction earthquake in 
1995. The similar behaviors and locations 
of the 1995/2003 earthquake sequence to 
two earthquakes in June of 1932 suggests 
that thrust earthquakes along the subduction 
interface northwest of the Manzanillo Trough 
may trigger earthquakes in the vicinity of the 
Manzanillo Trough. However, our model-
ing of Coulomb stress changes caused by the 
1995 earthquake indicates that it induced 
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only modest unclamping of the subduction interface in the vicinity 
of the Tecoman rupture. The apparent coincidence of the edge of 
both the 1932 and 1995/2003 rupture sequences with the edge of 
the Manzanillo Trough may indicate that the trough is a mechanical 
barrier to along-strike rupture propagation. This finding implies a 
limit to the area of potential slip and hence rupture magnitude dur-
ing future large earthquakes in this region.
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Figure 1. Observed GPS station offsets during the Tecoman earthquake versus offsets 
predicted by a three-dimensional finite element model. (A) Horizontal station offsets, (B) 
vertical station offsets, (C) Trench-normal profile of vertical station offsets through center of 
study area.
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The 1999-2001 collaborative Costa 
Rica Seismogenic Zone Experiment 
(CRSEIZE) collected abundant seis-
mic and geodetic data in the vicinity 
of the Nicoya Peninsula, Costa Rica. 
The data uncovered various modes of 
strain release along the subduction 
plate interface. Precise images of the 
up and down dip limits of geodetic 
locking and microseismicity indicate 
that the GPS-defined locked region 
extends to considerably shallower 
depth than the microseismicity. We 
interpret the up dip edge of geodetic 
locking as the frictional stability tran-
sition from stable sliding to stick-slip 
behavior. The geodetically-locked 
patch between the frictional transi-
tion and the deeper onset of interplate 
microseismicity marks the probable 
location of major moment release for 
a future large plate boundary earth-
quake. During the interseismic cycle, 
the plate interface down dip of the 
geodetically-locked patch either slips nearly continuously, or episodically in slow slip events that have been recorded 
in this region by an evolving continuous GPS (CGPS) network.
The Nicoya CGPS network is a joint effort shared by Costa Rica, Japan, and the U.S. and presently consists of nine 
stations.  The network is currently being expanded to 12-15 stations. Surface and borehole seismometers are also 
being deployed to monitor seismic activity associated with strain transients. The physical processes responsible for 
strain transients are not well understood, and detection and study of their behavior at several locations is important. 
Relative to other subduction zones, Nicoya has a big advantage for this type of project: the peninsula is quite close to 
the trench. Instruments deployed here are essentially “perched” directly over the seismogenic zone enabling high-
resolution study of plate boundary strain and seismic processes.
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The historical seismic record in Baluchistan and Pakistan 
is sparse prior to the 19th century. Although no direct 
measurements across the Chaman fault are available, we 
anticipate that a direct observation of slip may be avail-
able in the next few years through the remeasurement of 
GPS points first measured in Afghanistan in 2006. Apel 
et al. (2006) infer a slip rate along most of the Chaman 
fault of 26 mm/year, approximately 50% higher than 
that observed on the Dead Sea transform where a long 
history of earthquakes exists. A comparison of seismic-
ity from the two regions partly reflects the higher rate in 
Pakistan but suggests that large earthquakes are probably 
missing from the seismic record on the Chaman fault 
unless creep processes prevail.
We have investigated Interferometric Synthetic Aperture 
Radar (InSAR) scenes of the Chaman fault and have 
determined that a region approximately 120 km long is 
indeed creeping at the surface at a rate of approximately 
2 cm/year. The region of slip starts directly north of the 
Mw=6.5 1892 Chaman earthquake at about 32°N. It 
terminates at its northern end somewhat abruptly near 
a splay and a transpressional jog in the fault. The length 
of the creeping zone is similar to the creeping segment of 
the San Andreas fault in central California.
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Figure.1. A comparison of earthquakes measured in the past 40 years with 
those measured in the past 1500 years on the Dead Sea and Chaman plate 
boundaries. Of importance in Pakistan seismic hazard studies is whether 
current seismic gaps are caused by creep, or by gaps in the historical seismic 
record.

Figure 2. A region of creep on the Chaman fault identified using InSAR im-
agery. Although the rate is 21 ± 3 mm/yr, and slip is clearly near the surface, 
the locking depth cannot easily be determined from currently available data. 
The 1892 M6.5 and 1935 M7.7 earthquakes are indicated and a box shows 
deformation associated with a recent M5.5 event.
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Earthquake Source Studies Using ANZA and PBO Borehole Data
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The ANZA Seismic Network (http://eqinfo.University Of California, San 
Diego.edu) utilizes broadband and strong motion sensors with 24-bit datalog-
gers combined with real-time telemetry to monitor local and regional seismic-
ity in southernmost California (Figure 1). The goal of this project is to provide 
on-scale digital recording of high-resolution three-component seismic data for 
earthquakes occurring in southern California, to provide real-time data to the 
California Integrated Seismic Network, other regional networks, and the Ad-
vanced National Seismic System, as well as to provide near real-time informa-
tion and monitoring to the greater San Diego community.
As part of the NSF EarthScope Plate Boundary Observatory (PBO), about 
100 PBO strainmeters will be installed in regions of scientific interest; in par-
ticular seven stations have been installed in the region of the Anza seismic gap 
along the San Jacinto Fault.
We have studied the physics of the earthquake source using the data available 
from the Anza Network. Given the presence of large number of stations close 
to the very active San Jacinto Fault region we have been able to extract infor-
mation about the earthquake source. Using the Empirical Green Functions 
(EGF) method and spectral stacking (Prieto et al., 2004; Shearer et al., 2006) 
we have analyzed hundreds of spectra from the Anza network and thousands 
of spectra from Southern California (including the Anza network stations). 
From this analysis we have concluded that at least for the smaller earthquakes 
there is a large variability of estimated stress drops (0.2 to 30 MPa) with no 
clear dependence with earthquake magnitude. The new PBO borehole stations 
will allow us to extent this analysis to both smaller and larger earthquakes.
We have also analyzed the problem of uncertainties of the earthquake source 
spectrum using EGFs (Prieto et al., 2007). To remove the effects of the 
propagation of the seismic waves through the earth, it is necessary to use a 
small earthquake as an approximate Green function, and deconvolve it from 
the earthquake that we are interested in characterizing. However, using this 
method can introduce uncertainties and the deconvolved spectrum has larger 
variability. Using data from the aftershock sequence of the M5.1 2001 Anza 
Earthquake, the errors associated with EGF methods introduce a way to es-
timate confidence intervals of some source parameters and reduce the uncer-
tainties (Figure 2). The new PBO borehole stations will allow us to extend this 
analysis to a wider range of earthquakes.

Figure 1. Distribution of four Plate Boundary 
Observatory (PBO) borehole sites and co-lo-
cated ANZA/PBO sites. The area of interest is 
concentrated on the San Jacinto Fault Zone. PBO 
stations (large white circles and italicized station 
codes); TF - Trip Flats, PF - Path Finder, SO- Sky 
Oaks, SR - Santa Rosa. ANZA broadband stations 
are represented by yellow triangles. Co-located 
ANZA/PBO sites are represented by large yellow 
circles (behind the yellow triangle ANZA station 
symbol) with italicized station codes. Seismicity 
from October 1, 2000 to September 30, 2005 is 
represented by orange dots.
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Figure 2. Example of earthquake source physics 
studies to which the PBO borehole seismic sta-
tions will contribute. This example taken from 
Prieto, et al. (2007) using ANZA network data 
shows the mean source spectrum over eight sta-
tions with 95% confidence intervals (gray area) 
for the M5.1 target earthquake. The uncertainties 
have been decreased due to averaging over differ-
ent stations and by the combined EGF, especially 
at high frequencies where many small aftershocks 
can be used to perform spectral division.
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Until the occurrence of the Kashmir earthquake of 2005, 
the rupture dimensions of few Himalayan earthquakes 
were constrained by geodetic or well-located aftershock 
data. The relatively modest Chamoli earthquake (M6.4) 
is an exception because this quake occurred when Inter-
ferometric Synthetic Aperture Radar (InSAR) imagery 
was available (Satyabala and Bilham, 2006). A second 
exception is the 1905 Mw=7.8 Kangra earthquake (Wal-
lace et al., 2005). We recovered geodetic points in the 
vicinity of the rupture zone using GPS methods and 
were able to provide constraints on the southernmost 
and western extent of rupture. From a re-calculated 
magnitude (Ambraseys and Bilham, 2000) and re-evalu-
ated intensity data (Ambraseys and Douglas, 2003), we 
calculated a possible rupture area and hence along-strike 
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rupture length and slip. The study suggests that rupture 
did not extend beneath the lesser Himalaya and stopped 
close to the Jawalmuki thrust, near a hydrocarbon seep, 
flames from which are alleged to have suddenly engulfed 
priests in the Hindu Temple in the minutes before the 
earthquake (Baduwi, 1905). A reported zone of high 
intensity shaking near Dehra Dun was shown to be 
caused by a triggered earthquake with M≤7 that shows 
in the coda of the mainshock in some European seismo-
grams (Hough et al., 2005). The absence of significant 
slip 200 km SW of the Kangra mainshock is consistent 
with the detection of an error in the leveling data that 
had hitherto been interpreted as significant uplift in the 
region (Bilham, 2001), and which had been the subject 
of much previous fruitless theoretical modeling.

Figure 1. Geodetic network, intensities and recent earthquakes near the inferred rupture 
zone of the 1905 Kangra earthquake. Figure 2. Section through inferred rupture showing 
intensities and geodetic coverage.
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