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Using growth strata mapped with GPS and high-resolu-
tion age determinations constrained by magnetostratig-
raphy and cyclostratigraphy we show that folding at Pico 
del Aguila anticline in the Spanish Pyrenean foreland 
was non-steady over a 5 Myr period.  Growth strata 
at Pico del Aguila include Middle Eocene carbonates 
(Guara Fm.), marine slope (Arguis Fm.), and deltaic 
(Belsué-Atarés Fm.) deposits. Anhysteretic remanent 
magnetization (ARM) data from the Arguis Fm. show 
hierarchical cyclicity in deposition consistent with all 
predicted orbital Milankovitch frequencies. We refine 
the magnetostratigraphic time scale by tuning band-
passed ARM data to the precession index according to 
the new La2004 model providing 10,000 yr age reso-
lution for 760 m of flysch which records 47˚ of limb 
rotation. Ages for the initial 5˚ and final 3˚ of folding 
are based solely on magnetostratigraphic data. Growth 
strata record limb rotation during folding and moun-
tain building.  Synorogenic strata were mapped using 
precision GPS in post kinematic surveys with support 
from UNAVCO. Mapping the strata is important in 
constraining the amount of rotation.  We divide 55˚ of 
westward limb tilting into 9 increments of ~180 to ~730 

High-Resolution Deformation Rates in Spain
David Anastasio » Earth and Environmental Sciences, Lehigh University 
Ken Kodama » Earth and Environmental Sciences, Lehigh University
Josep Pares » Geological Sciences, University of Michigan
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Figure 1. Pico del Aguila, Spanish Pyrenees Geology, topography, and surveyed growth strata 
used to determine folding rates.

kyrs duration. Limb rotation increased from 8˚/Myr at 
41.6 Ma to 28˚/Myr, then decreased to 5˚/Myr at 38.5 
Ma.  Subsequently, limb rotation returned to 26˚/Myr, 
then stopped for 300 kyr at 37.8Ma before slowly accu-
mulating the last 3˚ of folding, which ended at 36.6 Ma.

Publications:
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Funding: NSF EAR-0409077.
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The Monument Hill fault (MHF) in the Red Rock 
graben, southwestern Montana, is a youthful, active 
extensional fault system in the Basin and Range north 
of the Snake River Plain. Data from geologic mapping, 
geomorphic metrics, and fault scarp profile modeling 
for the MHF show evidence for temporal clustering of 
Pleistocene seismic events. This evidence suggests that 
the system has the potential for mechanical and seismo-
genic linkage between fault strands in various stages of 
development. The distribution and geometry of surface 
ruptures of the MHF are consistent with diffusion 
modeling of scarps in alluvium profiled with precision 
GPS with support from UNAVCO and using diffusivity 
values calculated for dated Red Rock fault (RRF) scarps.  
Results show a clustering of related events on the three 
strands of the MHF in the latest Pleistocene (~25 ka) 
and possibly also in the late Pleistocene (>160 ka).  The 
integrated, long-term effect of Quaternary activity is 
reflected in mountain front landforms and stream long 
profiles.  Active fault segments have elongate drainage 
basins, irregular hypsometries, and channel long profiles 
with anomalously steep reaches not coincident with 
rock-type changes.  The planimetric distribution of four 
newly identified alluvial units along the MHF reflect a 
change in fault kinematics from dip-slip in the south to 
oblique slip in the north. Surface rupture geometries are 
consistent with analogue models for mechanical linkage 
and suggest the potential for mechanical and seismogen-
ic linkage between MHF strands.  A change in polarity 
between the east-dipping RRF and the west-dipping 
MHF, as well as a northward decrease in extension across 
the Red Rock Valley, are accommodated by a complex 
structural crossover zone at Kidd. The geometry and 
alluvial depositional patterns of the two fault systems 
are consistent with an anticlinal accommodation zone 
at Kidd, and focal plane solutions from the 1999 Red 
Rock Valley earthquake indicate that this zone contains 
a south-southwest dipping, blind, normal fault.

Monument Hill Fault System and Tectonics of the Red Rock Valley, 
Southwestern Montana
David Anastasio  » Earth and Environmental Sciences, Lehigh University
Frank Pazzaglia  » Earth and Environmental Sciences, Lehigh University
Christine Regalla  » Earth and Environmental Sciences, Lehigh University
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Figure 1. Perturbations in GPS profiled channel long profiles, highlighted in the 
box, correspond with peaks in Slope-Lenth (SL) index, highlighted in the oval.

The unique rupture histories of the MHF and RRF 
suggest that the fault systems are not seismogenically 
linked and that the Kidd accommodation zone may be 
serving as a temporary rupture barrier. The structure, 
interconnectivity, and kinematics of faults in the Red 
Rock Valley may represent a snapshot of the early stages 
of extension for other Basin and Range grabens north of 
the Snake River Plain.

Publications:

Regalla, C.A., Reyman, D., Anastasio, D.J., Pazzaglia, F.J. 2006 Bedrock and 
Surficial map of the Red Rock 7.5’ Quadrangle, Montana Montana 
Bureau of Mines and Geology, Open File Report 5xx, scale 1:24,000, 
text p. 2 pl. http://www.mbmg.mtech.edu/stmap_edmap.htm.

Regalla, C.A., Anastasio, D.J., Newton, M.L., Pazzaglia, F.P. 2005. The 
Monument Hill fault zone as a natural laboratory for studying the 
boundary of the Basin and Range Extension north of the Snake River 
Plain, Red Rock Valley, southwestern Montana. Geological Society of 
America, abstracts with programs v. 37, n.7 p. 204.

Regalla, C.A., Anastasio, D.J., Pazzaglia, F.J., in review Characterization of the 
Monument Hill fault system and implications for the tectonics of the 
Red Rock Valley, Southwestern Montana. Journal of Structural Geology

Funding: USGS-EDMAP Contract Number 05HQAG0015. 
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The Basin and Range Province in the western U.S. 
accommodates 25% of the relative plate motion be-
tween the North American and the Pacific plates. The 
accumulated deformation is occasionally released in 
earthquakes with magnitude larger than 7, which are 
among the largest earthquakes on the North Ameri-
can continent. The major unresolved science issue is 
where active deformation is occurring and what driving 
mechanisms are responsible for this deformation. Space 
geodetic measurements based on GPS indicate that only 
the Western Basin and Range is under active deforma-
tion and that the remainder behaves as a rigid plate. 
This finding is consistent with the location of historic 
earthquakes. Between 1916 and 1954, a sequence of six 
earthquakes with magnitude larger than 7 occurred in 

A Ground Velocity Map for the Basin and Range Based on InSAR
Falk Amelung » University of Miami 
Noel Gourmelen » University of Miami
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the Central Nevada Seismic Belt. As part of the National 
Science Foundation’s EarthScope project, UNAVCO is 
installing a network of ~100 new continuous GPS sta-
tions in the Basin and Range to better quantify tectonic 
deformation in this region. These GPS stations are part 
of the EarthScope Plate Boundary Observatory, PBO. 
The project includes the acquisition of a space geodetic 
dataset to optimally address important issues about Ba-
sin and Range geodynamics. UNAVCO is in the process 
of acquiring several thousand scenes from the European 
Space Agency’s ENVISAT and ERS satellite missions 
to complement the GPS measurements using synthetic 
aperture radar (SAR) interferometry.

This project is funded by the National Science Foundation and supported by 
UNAVCO as part of GeoEarthScope.

Figure 1. Acquisition plan for the Basin & Range. ~6000 SAR data from 
the satellites ERS1&2 are archived at the European Space Agency for the 
period 1992-2002. This is unique opportunity to produce a large scale InSAR 
deformation map of the Basin & Range and help the PBO site selection 
process. In between WINSAR and our effort, more than 2000 SAR data have 
already been acquired and are being processed (see side figures). The SAR data 
coverage encompasses the Eastern California Shear Zone, the Walker lane, the 
Central Nevada Seismic belt and the Wasatch actively deforming areas of the 
Basin & Range. We also discovered a intensive surface deformation related to 
mining activities that can potentially affect the permanent GPS sites installed 
or in the process of being installed by PBO.

Figure 2. 1992-2000 LOS velocity map for the area of the 1915-1954 
Nevada earthquakes together with epicenter (blank circles), focal mechanisms 
(spheres), and surface ruptures. Green arrows, campaign GPS velocities (7); 
red arrows, BARGEN permanent GPS velocities and site names (9). Gour-
melen & Amelung, Science, 2005. 
Figure 3. Single interferogram for the PBO site selection process. The planned 
PBO GPS sites (red triangles) are susceptible to suffer from anthropogenic 
activities (mining, agricultural land). We processed a consequent number of 
interferograms through Nevada and reported man made related subsidence 
that could possibly affect PBO GPS sites. The right column shows a time 
series for one of the subsidence area (Crescent Valley) which might reach the 
permanent BARGEN site LEWI.

Figure 1.

Figure 2.
Figure 3.
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GEODAC (GEO-Database and 
Analysis Center) is a new research 
service being implemented in the 
framework of the IAG Inter-Com-
mission Project P3.2 (WEGENER 
Project). It is intended to sup-
port geodynamic studies along the 
Eurasia-Nubia plate boundary by 
collecting and providing geo-data 
and derived solutions to the en-
tire scientific community, having 
a special focus on promoting the 
collaboration with researchers from 
developing countries. The Ibero-Mo-
roccan segment of the Eurasia-Nu-
bia plate boundary was selected for 
the initial phase of implementation 
of this service. The observations of 
all available continuously-operating 
GPS sites in the Iberian Peninsula 
and Morocco are being processed on 
a daily basis to estimate and discrim-
inate geophysical and other signals 
present in their time series. Major 
research issues at GEODAC include 
the magnitude of several loading 
effects and the proper evaluation of 
the uncertainties associated with the 
estimated motions.
Recent analysis (Fernandes et al.., 
2006) of the derived secular mo-
tions for the Ibero-Moroccan region 
confirms previous observations that 

Kinematics of the Ibero-Moroccan Segment of the Eurasia-Nubia
Plate Boundary
L. Bastos  » Astronomical Observatory, University of Porto, Portugal
R.M.S. Fernandes  » Astronomical Observatory, University of Porto, Portugal; UBI, CGUL, IDL, Portugal; DEOS, 
Delft University of Technology, Netherlands
J.M. Miranda  » FCUL, CGUL, IDL, Portugal
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Figure 1. Horizontal relative motions (yellow vectors) derived from the GEODAC solutions, with respect 
to the Eurasian plate, as given by DEOSVel (Fernandes et al., 2003). The estimates of the strain rates are 
derived from the horizontal motions using the indicated triangulation (white vectors not used). Error 
ellipses represent 95% confidence interval.

most of Iberia forms a stable block fixed relative to Eurasia. The stations 
along the southern coast of Spain and the northern coast of Morocco show 
a distinctive behavior, with larger and more westward velocities. For the 
westernmost stations, the observed motions are larger than those predicted 
by geophysical and geodetic plate tectonic models for the Nubia-Eurasia 
plate convergence. We assume that the observed increasing motion is due 
to the interaction of this plate convergence with “local” lithospheric pro-
cesses. Interdisciplinary studies are underway to analyze these local processes, 
namely by integrating different geodetic techniques, including Interferomet-
ric Synthetic Aperture Radar (InSAR), with geological and geophysical data.

References

Fernandes; R.M.S.; J.M. Miranda, B.M.L. Meijninger, M.S. Bos, R. Noomen, L. Bastos, B.A.C. Ambrosius, R.E.M. Riva, Surface Velocity Field of the Ibero-
Maghrebian Segment of the Eurasia-Nubia Plate Boundary, Geophysical Journal International, accepted for publication, 2006.

Fernandes, R.M.S., B.A.C. Ambrosius, R. Noomen, L. Bastos, M.J.R. Wortel, W. Spakman, and R. Govers, The relative motion between Africa and Eurasia as 
derived from ITRF2000 and GPS data, Geophys. Res. Lett., 30(16), 1828, doi:10.1029/2003GL017089, 2003.

This project has been funded by the institutions involved using their own resources and by the Portuguese Foundation for Science and Technology (FCT).
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Geologic observations from the Southern Alps of New 
Zealand record some of the highest rates of vertical mo-
tion in the world, approaching 10 mm/yr.  This rapid 
movement obviously results partly from the component 
of convergence between the Pacific and Australian plates, 
but almost surely would not be so large if erosion rates 
on the west slope of the Southern Alps were not compa-
rably high. 
A network of continuous and semi-continuous GPS 
instruments across a segment of the Southern Alps is 
quantifying vertical movement (Figures 1 & 2).  We also 
made measurements of absolute g at some stations with 
the goal of remeasuring g in the future to place bounds 
on the change in mass beneath the mountain belt. In 
this way, we can determine whether the vertical move-
ment reflects a growing isostatically compensated range 
or is the isostatic response to erosion.  

GPS Measurements of Vertical Movement Across the Southern Alps
of New Zealand
J. Beavan » GNS Science - Te Pu Ao, New Zealand
R. Bilham » Dept of Geological Sciences, University of Colorado
M. Denham » Dept of Geoscience, University of Montana
P. Denys » School of Surveying Otago University, New Zealand
T. Herring » Dept of Earth, Atmospheric and Planetary Science, Massachusetts Institute of Technology
B. Hager » Massachusetts Institute of Technology
D. Matheson » Institute of Geological & Nuclear Sciences, New Zealand
P. Molnar » University of Colorado, Boulder
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Figure 1.  Profile of vertical components 
of velocity across the Southern Alps and 
calculated movement for a variety of 
assumed elastic and inelastic structures 
undergoing NW-SE shortening and 
thrust slip on the Alpine fault.

Figure 2.  Map of Southern Alps GPS 
Network (SAGE)

References

Beavan, J., D. Matheson, P. Denys, M. Denham, T. Herring, B. Hager, and 
P. Molnar (2004), A vertical deformation profile across the Southern 
Alps, New Zealand, from 3.5 years of continuous GPS data, Proc. of 
Workshop: The state of GPS vertical positioning precision: Separation 
of earth processes by space geodesy, ed. by T. van Dam and O. Francis, 
Cahiers de Centre Européen de Géodynamique et Séismologie, vol. 23, 
Luxembourg, 111-123.
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Retreating Trench, Extension, and Accretion Tectonics (RETREAT) 
GPS in the Northern Apennines, Northern Italy
R.A. Bennett  » University of Arizona
S. Hreinsdóttir  » University of Arizona
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Geologists have known for more than a hundred years, 
dating back to Edward Suess, that horizontal contraction 
and extension can occur simultaneously in convergent 
mountain belts. This paradox remains a fundamental 
and largely unresolved problem in continental dynam-
ics.  To help address this problem, we are measuring the 
present-day pattern of crustal deformation associated 
with active tectonic processes in the northern Apennines 
in northern Italy.  The year 2007 represents the fifth 
year of the five-year project funded by NSF Continental 
Dynamics.  The GPS experiment represents one com-
ponent of a multi-disciplinary effort to understand the 
geodynamic processes underlying syn-convergent exten-
sion.   The GPS experiment has benefited tremendously 
from UNAVCO facility support each year since 2003.  
We return to the field in June 2007 to run our semi-
continuous stations from June to October 2007. We will 
perform our fifth campaign this October 2007.

Figure 2. RETREAT GPS network map: triangles represent RETREAT cam-
paign sites first measured in 2003 (turquoise), 2004 (red), and 2005 (blue), 
RETREAT semi-continuous sites (orange squares), and RETREAT continu-
ous sites (yellow squares) and other continuous GPS stations in northern Italy 
operated by multiple institutions (yellow dots).

Figure 1. RETREAT GPS network equipment in place.
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We deployed 29 GPS units to capture the 2005 Cascadia 
Episodic Tremor and Slip (ETS05) event.  This experi-
ment represents the first large-scale EarthScope-support-
ed campaign GPS system deployment.  The project was 
conducted with extensive UNAVCO facility and PBO 
field- and archiving-support.  The 29 Topcon GB1000-
based systems, designed to be entirely self-supported, 
were configured in semi-permanent mode on temporary 
monuments, designed to comply with Olympic National 
Park requirements.  The systems and data were retrieved 
in October with support from UNAVCO.  We are in 
the process of installing permanent markers that can be 
used for annual semi-continuous measurement.  As of 
July 2006, four of these had been built, and several ad-
ditional sites had been permitted as of September 2006.   
The ETS05 experiment was a success; data retrieval rate 
was near 90% and time series from this network clearly 
indicate transient displacements associated with the slow 
slip event.  Results from station OL28 at Hurricane 
Ridge are shown in Figure 2 as an example.

The Episodic Tremor and Slip 2005 (ETS05) GPS campaign, Cascadia 
Subduction Zone
R.A. Bennett » University of Arizona
S. Thompson » University of Arizona
S. Hreinsdóttir » University of Arizona
D. Johnson » University of Washington and University of Puget Sound
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Figure 2. Time series from station OL28 at Hurricane Ridge.
Figure 1. Cascadia Subduction Zone fielding map.

Figure 3. Dr. Dan Johnson was tragically killed while performing fieldwork 
associated with the ETS05 experiment.  He is dearly missed.
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The Joshua Tree Integrative GPS Network (JOIGN)
R.A. Bennett  » University of Arizona
M.L. Anderson » U.S. Geological Survey, Menlo Park, CA
S. Hreinsdóttir  » University of Arizona
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Joshua Tree National Park lies within 
the eastern Transverse Ranges Prov-
ince, southern California, which is 
bounded to the south and west by 
the northwest-striking right lateral 
San Andreas fault system, and to the 
north and east by the north-north-
west striking right lateral eastern 
California shear zone. Mapped fault 
zones within the province include 
east-striking left lateral (or “trans-
verse”) faults, and north-northwest 
striking right lateral faults. These 
fault zones provide the kinematic 
links between the San Andreas fault 
and Eastern California shear zones. 
The relative rates of slip between 
these contrasting fault zones has im-
plications for spatial versus temporal 
slip variation along the southern 
San Andreas fault zone. Offsets 
of distinctive crystalline basement 
outcrops indicate that the strike-slip 
component of total displacement on 
the transverse fault zones is several 
kilometers, an order of magnitude 
or more greater than that on the 
north-northwest fault system within 
the province. But the present-day 
rates of slip and partitioning of strike 

slip and normal components of motion on these fault systems remain poorly 
constrained by existing geological data for both sets of faults. To address this 
problem, we have initiated a long-term campaign-style GPS experiment to 
more precisely constrain the slip rates, sense of motion, and role of these fault 
zones in accommodating the total contemporary plate boundary deformation.

Fieldwork has been supported by the U.S. Geological Survey and the University of Arizona. GPS receiv-
ers have been provided by the UNAVCO Facility and EarthScope’s PBO Facility.

Figure 1.  GPS network map for Joshua Tree National Park region.   Squares locate CGPS stations from 
SCIGN (yellow) and PBO (blue). Triangles locate new and adopted campaign points comprising JOIGN. 
JOIGN will map strain in the eastern transverse Ranges Province between the San Andreas fault zone, and 
the eastern California shear zone (ECSZ).  Strain transfer across this region is accommodated by N-NW 
striking right-lateral faults along the western side of the region, and east striking left lateral faults including 
the Pinto Mountain and Blue Cut faults. JOIGN will help us to assess the relative role of these contrasting 
structures in accommodating present-day strain transfer between the San Andreas and ECSZ.
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NCALM and UNAVCO supported the NSF-funded B4 
project led by Ohio State University and the USGS. This 
project used Airborne Laser Swath Mapping (ALSM), 
also known as LiDAR, to produce very high-resolution 
digital elevation models (DEMs) of the near-field of the 
southern and central San Andreas fault system, including 
the San Jacinto fault. B4’s laser point clouds can sup-
port DEMs with a horizontal resolution of 0.25 to 0.5 
meters, and provide vertical accuracy approaching 10 
cm. The total length of the faults imaged by B4 exceeds 
1,200 km. This survey differed from previous ALSM 
surveys by using far more GPS control on the ground, 
in order to understand and mitigate the height errors as-
sociated with GPS positioning of the aircraft. UNAVCO 
fielded 15 GPS systems and an engineer to make this 
‘GPS Heavy’ approach possible.
The primary motivation of the B4 project was to image 
the fault before the next ‘Big One’ occurs (hence ‘B4’), 
so that by performing a second survey immediately fol-
lowing a great earthquake, it will be possible to capture 
the near-field deformation with unprecedented accuracy 
and thereby help resolve several long standing problems 
in earthquake source physics.  The secondary motiva-
tion was to support a wide range of applications (in 
structural geology, geomorphology, paleoseismology, 
etc.) that require only the present day morphology, but 
captured with very high resolution. Accordingly, the 
B4 project has an open data policy, and is structured as 
an ‘open collaboration.’ For example, the LiDAR point 
clouds and customized DEMs are being distributed by 
the GEON web portal at Arizona State University, and 
DEMs are also being made available in a Google Earth 
and Fledermaus formats by Scripps Institute of Ocean-
ography.  As of February 2007, B4 data are being used 
by at least one dozen university research groups, and by 
the USGS, as well as by professional geologists involved 
in fault zone mapping to ensure safe development of 
housing tracts along these faults, as regulated by the 
State of California. FEMA has expressed interest in using 
the B4 DEMs for flood plain mapping and modeling. 
The section of the San Andreas fault in the Carrizo 

High Resolution Mapping of the Southern San Andreas Fault System 
Using Airborne Laser Swath Mapping
Mike Bevis » Ohio State University
Ken Hudnut » U.S. Geological Survey
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Plain (below) is perhaps the best-studied fault in the 
world; the site is a superb ‘laboratory’ for understanding 
fault behavior in great earthquakes. During the recent 
sesquicentennial commemoration of the 1857 event, the 
Southern California Earthquake Center (SCEC), which 
is supported by NSF and USGS, announced formation 
of its new special project, the Southern San Andreas 
Fault Evaluation (SoSAFE) Project. The first scientific 
workshop of the SoSAFE group initiated a large-scale 
team effort that will make systematic use of the B4 data 
by paleoseismologists along the entire southern San 
Andreas and San Jacinto (throughout the B4 coverage 
area). The SoSAFE Project will furthermore link with 
NSF’s GeoEarthScope and its funding of geochronologi-
cal support, using radiocarbon and other new dating 
facilities and methods to better define the past 2000 
years of earthquake history, as well as slip rates along the 
fault system. This information is expected to enhance 
our ability to forecast the occurrence of future destruc-
tive earthquakes along the fault system.

This work was supported by NSF EAR 0409045.

Figure 1. Oblique 
view of Wallace Creek, 
the classic San Andreas 
slip rate site in central 
California, as imaged 
by the B4 Project and 
gridded at 0.25 m 
resolution. The 1857 
Fort Tejon earthquake 
(MW 7.9) produced 
the most recent ~9 m 
of slip at this location. 
Note the offset stream 
channels.
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Aseismic Slip on the Makran Coast?
R.Bilham » Dept of Geological Sciences, University of Colorado
S. Lodi » NED University of Engineering & Technology, Pakistan
R. Bendick » Dept of Geological Sciences, University of Montana
P. Molnar » Dept of Geological Sciences, University of Colorado
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In 2006 we measured the velocity of a continuous GPS 
point at Ormara on the Makran coast as 21 ± 3 mm/yr 
at N200E relative to the Indian plate (Figure 1). Three 
additional points on the Makran coast have not yet been 
re-occupied, and our provisional data have a duration 
of six months only, but we report this intriguing result 
since it suggests that almost steady-state creep may 
presently prevail in the region inferred to have slipped 
in the 1945 Mw=8.1 earthquake. Asia/Arabian plate 
convergence is estimated here at 30 mm/yr (Apel et al., 
2006) with 3 mm/yr from motion on the Sonne Fault 
(Kukowski et al., 2003) leading to a probable Asia/Or-
mara plate convergence of 33 ± 3 mm/yr. A summation 
of vectors suggests that the north-south convergence 
rate between Ormara and the Ormarian Plate is 21.5 ± 
4 mm/yr, almost 60% of the convergence velocity. Thus 
for planar northward dip the southern edge of a steady 
subsurface slip terminates offshore (Figure 2).
Two meters of uplift were observed at Ormara in 1945, 
an observation that led Byrne et al. (1996) to infer a 
coseismic rupture terminating near or slightly offshore. 
Our result suggests that interseismic slip terminates 
10-20 km offshore. Thus one possible interpretation is 
that the current geometry represents steady afterslip on 
the 1945 rupture. Should the inferred locked geometry 

persist, the magnitude of any future earthquake in the 
region would limited to the release of energy from the 
locked offshore region whose width cannot much exceed 
20 km (Mw<7.8). However, we note that the weak na-
ture of the sediments, and pervasive high pore pressures 
imply that this region is inefficiently locked, permitting 
the intriguing conclusion that no elastic energy may be 
currently accumulating.

Figure 1. Vector reconstructions of convergence between the Ormara & Asian 
Plates and Ormara. We assume that convergence occurs normal to the coast re-
sulting in a subduction rate at 33 ± 3 mm/year and convergence at the coast at 
Ormara at 21.5 ± 3 mm/year. Ormara is the dot with violet vector labeled 21.

Figure 2. Theoretical horizontal and vertical (shaded) deformation fields 
for 33 mm/yr convergence between the Ormara Plate (Arabian Sea) and the 
Asian Plate (Baluchistan) shown for a 5 degree planar dislocation terminating 
at 15 km (solid lines) or 20 km depths (dashed lines). The hatched bar at 15 
km indicates the preferred rupture plane for 1945 (Byrne et al, 1992) that ter-
minates close to where we infer present interseismic slip also terminates. Were 
interseismic slip locked near the base of the 1945 rupture we should anticipate 
Ormara’s velocity to be <5 mm/yr, instead of the 22 mm/yr observed.
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Spatially averaged residual velocities calculated using a 
nearest neighbor scheme with a search radius of 800 km. 
The dashed circle has a radius of 2100 km and is cen-
tered on the GIA uplift (star). A solid circle with a 800 
km radius is shown to illustrate the search radius dimen-
sion. Background: Interpolated vertical velocities. Black 
squares show site locations. The red dashed line cor-
respond to zero velocity (hinge line). The interpolation 
scheme uses an adjustable tension continuous curvature 
surface gridding algorithm with a tension factor of 0.9.
Large earthquakes within stable plate interiors (e.g., 
1811-1812 New Madrid events in the Mississippi valley) 
are direct evidence that significant amounts of elastic 
strain can accumulate far from plate boundary faults, 
where the vast majority of seismic energy is released. 
Because significant intraplate earthquakes are infre-
quent and strain rates in continental interiors are so low, 
neither the rates nor pattern of intraplate strain are well 
constrained, as is also the case for the mechanism(s) 
responsible for strain accumulation and release on faults 
inside plates.
Using more than 300 continuous GPS stations in the 
central and eastern U.S. and Canada spanning 1993-
2005, we find that surface deformation in the North 
American plate interior is best fit by a rigid rotation of 
North America with respect to ITRF2000 plus a

Deformation of the North American Plate Interior from a Decade of 
Continuous GPS Measurements
E. Calais » Purdue University
C. DeMets » University of Wisconsin

Tectonic Processes

component of strain qualitatively consistent with that 
expected from Glacial Isostatic Adjustment (GIA). After 
correcting for the North American plate motion, re-
sidual horizontal velocities show a north-to-south defor-
mation gradient of ~1mm/yr-1, mostly localized between 
1000 and 2200 km from the GIA center, corresponding 
to strain rates of about 10-9/yr-1.
At distances farther than 2100~km from the GIA 
center, horizontal residual velocities are random with no 
evidence for regions of elevated strain rates. In particu-
lar, we find no detectable residual motion at the 95% 
confidence level in the New Madrid Seismic Zone, 
where the average weighted misfit of 0.7mm/yr-1 is the 
same as the weighted misfit of our rigid plate model. 
Vertical velocities show (1) a maximum uplift rate of 
10mm/yr-1 at the assumed GIA center, (2) a hinge line 
located 1500 km from that center, and (3) a subsidence 
rate up to 1.4mm/yr-1 in the forebulge, with a maximum 
located about 2000 km from the GIA center. Our results 
have the potential to better constrain GIA models and 
contribute to a better definition of stable North America 
for tectonic and geodetic applications.
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Kinematic Constraints On Mantle-Lithosphere Interactions in
East Africa
E. Calais » Purdue University
C. Ebinger » University of Rochester, NY

Tectonic Processes

Rifting of the continental lithosphere is a fundamental 
process controlling the growth and evolution of con-
tinents and the birth of ocean basins. It plays a crucial 
economical role by controlling the formation of hydro-
carbon and thermal resources in rift basins and their suc-
cessfully rifted counterparts, passive continental margins.
Continental rifting involves the entire mantle-litho-
sphere system through heat transfer and magmatism, 
and possibly through the mechanical effect of mantle 
flow on lithospheric deformation. Continental rifts are 
therefore a prime setting for the study of coupling and 
exchanges between the deeper and shallower parts of our 
planet.
Sparse GPS and earthquake skip vector data in the East 
African Rift (EAR), (Figure 1) coupled with recent 
tomographic images of sub-lithospheric structures and 
seismic anisotropy data, suggest that mantle flow, pos-
sibly associated with the African Superplume, interacts 
with the 200~km thick lithospheric keel of the Tanza-
nian craton, driving lithospheric motions and conti-
nental rifting in eastern Africa. We are currently testing 
this hypothesis by (1) establishing the kinematics of the 
EAR using GPS measurements at new and existing sites 
in Tanzania, (2) assessing asthenospheric flow from an 
inversion of GPS velocities and seismic anisotropy data 
and from plume-lithosphere interactions models, (3) 
using the modeled and “estimated” flow as boundary 
conditions to a three-dimensional finite element model 
of asthenosphere-lithosphere interactions.
This work addresses some of the fundamental ques-
tions of continental plate tectonics: First, are extensional 
strains broadly distributed or initially localized to narrow 
zones? Second, do interactions between mantle flow 
fields and cratonic keels influence the localization and 
orientation of strain within continental plates?
In addition to these global tectonic issues, our work will 
answer the following questions specific to East Africa: 
First, what is the origin of the magma-poor Western 
rift system? Second, what are the kinematics of linkage 
between the Western and Eastern rift systems?

Figure 1. Preliminary inematic model of the East African Rift (EAR). Stars 
show the Euler pole of the Victoria plate and the associated 1-sigma error 
ellipse. Arrows show predicted velocities along main branches of the EAR and 
at GPS sites.
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Major strike-slip faults commonly found on the margin 
of overriding plates in oblique subduction zones facili-
tate the partitioning of strain into trench-parallel and 
trench-normal tectonics. Their development has been 
proposed to be controlled by factors such as convergence 
obliquity, basal tractions, magnitude of slab-pull force, 
or the strength of interplate coupling.
In the northeastern Caribbean, the direction of GPS ve-
locities and earthquake slip vectors suggests low coupling 
along the Puerto Rico and Lesser Antilles trenches, but 
strong coupling to the west along the Hispaniola mar-
gin, while the convergence obliquity remains constant. 
Coincidentally, large strike-slip faults in the overriding 
plate only develop in Hispaniola, which is also the locus 
of the largest historical subduction earthquakes in the 
Caribbean (M8.0, 1946-53 sequence).
We calculate interplate coupling at the Caribbean-North 
American plate boundary using a model that allows 
for block rotations and elastic strain accumulation on 
(possibly partially) coupled faults. Model parameters are 
derived from an inversion of new GPS and earthquake 
slip vector data. We find that intraplate coupling is high 
in the western half of the domain, coincident with the 
development of large and fast-slipping strike-slip faults 
in the upper plate that partition the Carribean/North 

Oblique Subduction and Strain Partitioning in the
Northeastern Caribbean
E. Calais » Purdue University
P. Jansma » University of Arkansas

Tectonic Processes

America plate motion, but low in its eastern half, along 
the Puerto Rico and Lesser Antilles subductions, that 
show little to no strain partitioning. This finding sug-
gests that strain partitioning occurs only if interpolate 
coupling is large enough to effectively transfer shear 
stresses to the overriding plate.

This work was supported by NSF Grant EAR-0409487. 

Figure 2. Coupling ratio at the Caribbean-North American plate inter-
face calculated from an inversion of GPS and earthquake slip vector data. 
Estimated faults slip rates are 8 mm/yr for the Septentrional fault (consistent 
with Holocene estimates), 5 mm/yr for the Enriquillo fault, 5-6 mm/yr for 
the North Hispaniola fault, 5 (west) to 18 (east) mm/yr for the Puerto Rico 
subduction, and 20 mm/yr for the Lesser Antilles subduction (full Carribean/
North America plate motion.

Figure 1. Combined GPS velocity field in the NE Caribbean (red arrows). 
Blue segments show earthquake slip vector directions.
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Transient Motions in the Basin and Range from BARGEN GPS Data
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of BARGEN located generally to the west of 146° W 
longitude display an eastward velocity change in late 1999 
[Davis et al., 2006]. The change in velocity for these sites, 
and the constant velocities for sites in the east, are evident 
from the time series (e.g., Figure 2). The velocity changes 
may be evidence for an episodically creeping detachment 
horizon ~500 km wide at or near the base of the crust in 
the western part of the network.

Figure 2. Top: “Raw” time series of east position relative to North America. 
The straight line is the best-fit straight line using position estimates from 
the first 2.5 years. Middle: Residuals of the raw time series from a best-fit 
model consisting of a straight line and time-variable seasonal terms. Bottom: 
Smoothed residuals relative to the 2.5 yr fit. The final time series indicates 
deviation from temporally linear motion. Site w. longitudes: GARL, 119°
21’; EGAN, 114° 56’; FOOT, 113° 48’; HEBE, 111° 22’. Davis et al. [2006].
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We have been examining transient motions on a range 
of spatial and temporal scales using the Basin and Range 
Geodetic Network (BARGEN). The network currently 
consists of 70 GPS sites (Figure 1) installed at various 
times beginning in 1996. The accuracy of the velocities 
for the longer-running sites is ~0.2 mm/yr [Davis et al., 
2004]. Comparison of the present-day geodetic rates 
across the Wasatch fault with geologic displacement rates 
over the last few kyr, ~100 kyr, and 10 Myr implies that 
measurements of strain accumulation and strain release 
may be strongly timescale-dependent [Friedrich et al., 
2003]. If, however, local strain accumulation and release 
are influenced by the viscoelastic diffusion of stress, then 
we might expect a significant difference between displace-
ment rates inferred from geologic evidence and geodesy. 
Elósegui et al. [2004] showed that transient deformation 
at GPS sites near Great Salt Lake is caused by crustal 
loading associated with lake-level changes. In addition to 
seasonal variations, the level of Great Salt Lake between 
1996–2002 had a slow variation of ~1.5 m that caused 
a loading signature of ±1.5 mm radial and ±0.7 mm 
horizontal in the GPS time series. Large-scale transients 
have also been identified. Sites of the northern transects 

Figure 1. Velocity solution for the BARGEN network as of September 2006. 
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Figure 1. Area of tremor occurrence on Vancouver Island from November 9 
to 12, 2006. The shaded region in central Vancouver Island indicates the pri-
mary area of tremor activity for this four-day period. The location of the B012 
strainmeter is indicated by the red circle. Blue squares mark the location of 
nearby continuous GPS stations, none of which showed significant displace-
ments coincident with tremor activity.

Resolving Subtle Episodes of Tremor and Slip
H. Dragert » Geological Survey of Canada

Tectonic Processes

episode of slip on the deeper subducting plate interface 
to the northeast of this site, the region where the tremors 
were observed. Simple elastic dislocation models with 2 
to 3 cm of slip constrained to the subducting plate inter-
face can replicate the observed strain signal as well as the 
limited surface displacements. These results suggest that 
BSM data may prove critical in identifying more subtle 
slip events and that sporadic, shorter episodes of tremor 
can be associated with slip on smaller asperities. Estab-
lishing the locations, size distribution, and recurrence 
patterns for the slip asperities is critical for understand-
ing the processes involved in ETS and the relationship of 
ETS to regional earthquakes.

Examination of the past 12 years of seismic and continu-
ous GPS data for northwestern Washington and south-
ern Vancouver Island has shown that this part of the 
Cascadia subduction zone is marked by clearly recogniz-
able, repeated episodes of deep plate slip and seismic 
tremors, called Episodic Tremor and Slip (ETS). For 
this part of the Cascadia margin, these prolonged ETS 
episodes last anywhere from a week to a month and, 
over the past 12 years, have occurred fairly regularly with 
a recurrence interval of 14.5 +/- 1.2 months. Shorter, 
more sporadic episodes of seismic tremor have been 
observed at other times throughout northern Cascadia, 
but corresponding crustal displacements have not been 
well resolved with GPS, leaving unanswered the question 
of whether the identical phenomenon is taking place 
for these more random tremor events. Data from PBO 
borehole strainmeters (BSM) recently installed under 
the EarthScope Project may provide the answer. A recent 
four-day episode of seismic tremor in central Vancouver 
Island resulted in ill-defined surface displacements at the 
closest continuous GPS stations. However, strain data 
from the BSM (B012) at Ucluelet, located on the west 
coast of central Vancouver Island, are consistent with an 

Figure 2. Strain components at B012 (Ucluelet, Vancouver Island) for the 
period of October 10 to November 21, 2006. Linear trends and atmo-
spheric pressure signals have been removed. Shear strain components show a 
significant signal associated with a period of intense tremor activity in central 
Vancouver Island. Areal strain variations show a smaller change and appear to 
be strongly influenced by rainfall.
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Velocity Field and Seismic Hazard in Bhutan
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The occurrence of the great Assam earthquake beneath 
the Shillong plateau in 1897 locally reduced the com-
pressive stress in a 110-km east-west region south of the 
Bhutan Himalaya. Horizontal north-south shortening 
in the Indian plate amounted to 8 to 12 m during this 
event (Bilham and England, 2001), increasing Coulomb 
failure conditions incrementally to the west and east 
in regions that subsequently hosted the 1930 Dhubri 
Mw7.1, the 1934 Bihar/Nepal Mw8.2 and the 1950 As-
sam Mw8.5 earthquakes. We pose the question whether 
the absence of an extended record of historical seismicity 
in Bhutan results from an absence of great earthquakes 
caused by previous Shillong plateau events, or is simply 
an artifact attending the absence of surviving written 
materials (one historical archive at least is known to have 

been destroyed following its use as roofing tiles by an 
invading Nepalese army in the 18th century). In 2003 
we installed a series of geodetic points in two north-
south traverses across the country. Our objective was to 
determine the spatial development of the velocity field 
and its gradient. Since then, two continuous recording 
receivers have been in intermittent operation at Thimpu 
and Phuentsoling. Initial results are inconclusive: the 
current convergence velocity in Bhutan appears to be 
≈15 mm/yr with relatively minor convergence across 
the Shillong plateau. Additional data from the plateau 
and from the Brahmaputra valley are being processed to 
determine whether the apparent eastward increase in the 
velocity field is significant.

Figure 2. Focal mechanisms from Drukpa et al., (2006), location of the 1897 
Mw=8.1 earthquake (yellow shaded area indicates subsurface rupture), and 
inset location map for GPS survey (yellow square). 
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Figure 1. Preliminary analysis of GPS data with velocity field relative to India. 
Two outliers have been omitted.



3-16

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

3-17

The Saint Elias orogen of south central Alaska and the adjacent area of 
Canada is the highest coastal mountain range on earth, with peaks that 
exceed 6000 meters in elevation. The driving force behind this stunning 
topography is the Yakutat block, an actively accreting terrane located 
within the complex transition zone between a transform plate boundary 
along the Fairweather-Queen Charlotte system and normal subduction 
along the Aleutian Megathrust.
As a first step toward understanding this region, we have used GPS 
velocities at 95 sites in southeastern Alaska (Figure 1) to elucidate the 
tectonic regime along the eastern boundary of the Yakutat block.  Visco-
elastic rebound of the earth’s crust resulting from massive glacial ice loss 
is a major component of the observed GPS velocities.  We use a rebound 
model developed for southeast Alaska [Larsen et al., 2005] to apply a 
glacial rebound correction to the data and isolate the tectonic signal.

Using GPS to Understand the Tectonics of the Eastern Edge of the 
Yakutat Block
Julie Elliott » Geophysical Institute, University of Alaska Fairbanks
Christopher F. Larsen » Geophysical Institute, University of Alaska Fairbanks
Roman J. Motyka » Geophysical Institute, University of Alaska Fairbanks
Jeffrey T. Freymueller » Geophysical Institute, University of Alaska Fairbanks
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We model the GPS velocities as a combina-
tion of block motion and strain accumula-
tion along various faults.  The horizontal 
velocities are best fit when the Yakutat 
block has a velocity that is parallel to the 
Fairweather fault.  Block motion and strain 
accumulation on strike-slip faults are the 
largest contributors to the velocities seen in 
southeast Alaska but cannot fully explain 
the azimuths. We find that convergence 
across the eastern end of the Transition 
Zone fault can provide the necessary com-
ponent.
The difference between the velocity we 
determined for the Yakutat block and 
the motion of the southern Alaska block 
[Fletcher, 2002] indicate that 40 mm/yr of 
convergence is taken up within the Saint 
Elias orogen.  Over the next few years, we 
plan to build on this work by using GPS 
velocities from a network of 69 campaign 
sites across the orogen that was established 
as part of the STEEP project to determine 
where the convergence is accommodated.
UNAVCO supported this project through 
equipment loans during eight field sea-
sons, data archiving, and equipment repair.  
Availability of more equipment enabled 
more efficient use of field time and allowed 
us to collect a substantially more robust 
data set than we initially envisioned.

Figure 1. Tectonics of southeast Alaska. Green dashed lines represent postulated block boundar-
ies. SOAK sands for Southern Alaska block, TF is the Totschunda fault, TFC is a proposed 
Toschunda-Fairweather connector, FF is the Fairweather fault, ED is the eastern Denali fault, 
CS is the Chatham Strait fault, and TZ is the Transition Zone fault.
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Active Tectonics of the Western Mediterranean: GPS Evidence for Roll 
Back of a Delaminated Subcontinental Lithospheric Slab Beneath the 
Rif Mountains, Morocco
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In the western Mediterranean, the Alboran domain is caught 
between North Africa and Iberia at the westernmost limit of the 
Alpine mountain belt (Figure 1). During the Cenozoic, the Al-
boran domain, along with the Atlas Mountains, grew thicker in 
this convergent setting.  Later during the Miocene, the Alboran 
domain stretched and subsided below sea level, accumulating 
more than 7 km of sediment.
Present-day tectonic processes occur within the context of ongo-
ing, ~NW-SE convergence between Africa and Iberia in the 
Strait of Gibraltar (4.3 ± 0.5 mm/yr at an azimuth of 116 ± 6° 
from GPS (McClusky et al., 2003)). However, the location of a 
discrete Africa-Eurasia plate boundary is equivocal, as evidenced 
by the distributed seismicity.
Surface deformation in Morocco derived from five years of GPS 
survey observations of a 22-station network, four continuously 
recording GPS stations, and four International GPS Service 
(IGS) stations in Iberia indicate roughly southward motion (~3 
mm/yr) of the Rif Mountains, Morocco relative to stable Africa 
(Figure 1). Motion of the Rif is approximately normal to the di-
rection of Africa-Eurasia relative motion, which is predominantly 
strike slip, and results in shortening of the Rif and subsequent 
crustal extension of the adjacent Alboran Sea region. The sense, 
and the N-S asymmetry of the observed deformation (i.e., no 
evidence for north-directed shortening in the Betic Mountains 
north of the Alboran Sea) cannot be easily explained in terms of 
crustal plate interactions suggesting that dynamic processes below 
the crust are driving the recent geologic evolution of the western 
Mediterranean. The model that best fits the observations involves 
delamination and southward roll back of the African lithospheric 
mantle under the Alboran and Rif domains (Figure 2).
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Figure 1. GPS-derived site velocities and 95% confidence ellipses relative to Africa for 
sites in Morocco and adjacent Iberia. Continuously recording GPS stations in NW 
Africa indicated by square and triangles. 
Figure 2. Profile 2 (eastern profile in Figure 1). a) Component of velocities and 1-sigma 
uncertainties along the direction of plate motion (normal to profile), b) Component of 
velocities and 1-sigma uncertainties normal to the direction of plate motion (i.e., paral-
lel to profile). The interseismic deformation predicted by elastic block models is shown 
for the three main hypothesized plate boundaries (see Fadil et al., 2006 for details). 
The thick pink line with a thin black line in the center is for a model with a central Rif 
block as we propose, c) Topography and interpretative cross section along profile. C.C.= 
continental crust, L.M.= lithospheric mantle. LVA = low velocity and high attenuation 
anomaly. Oceanic C. = oceanic crust.
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We are focusing on the pres-
ent-day tectonics of the eastern 
margin of the African conti-
nent as deduced using space-
geodetic data, namely GPS 
(Global Positioning System). 
In particular, we analyze the 
interaction between the three 
major tectonic units in this 
area: the Nubia, Somalia, and 
Arabia tectonic plates. For that, 
we deduce the angular velocities 
of these tectonic blocks using 
observed motions of GPS sites 
that are assumed to be located 
at the stable part of each plate. 
These stations have sufficiently 
long data spans to accurately 
compute the plate motions at 
the millimeter/year level on a 

Present-Day Tectonics of the Eastern Margin of Africa
R.M.S. Fernandes » Astronomical Observatory, University of Porto, Portugal; UBI, CGUL, IDL, Portugal; DEOS, 
Delft University of Technology, Netherlands
L. Combrinck » Astronomical Observatory, University of Porto, Portugal
L. Bastos » HartRAO, South Africa
J.M. Miranda » FCUL, CGUL, IDL, Portugal
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unique and consistent global reference frame (presently ITRF2000, in 
near future ITRF2005).
The estimated angular velocities, based on an updated dataset used to 
compute the solutions presented by Fernandes et al. [2004], are critically 
analyzed by comparing them with other estimations published by several 
authors using geodetic, geological, and geophysical data for the different 
plate pairs on investigation: Nubia-Somalia; Nubia-Arabia, and Somalia-
Arabia [e.g., Chu & Gordon, 1999; Sella et al., 2002; McClusky et al., 
2003, Vigny et al., 2006]. This comparison shows that some uncertainty 
still exists in the exact determination of the values of the angular veloci-
ties, in particular for the Somalia and Arabia plates, with direct implica-
tions in the predicted azimuth and magnitude of the relative motion 
between these three plates.
Implications of including or excluding the motion of RBAY in the esti-
mation of the Somalian pole. Although the location of the pole of rota-
tion varies several degrees, the small amount of relative motion implies 
no significant change in the predicted velocities. The exact location and 
tectonic mechanisms of the Nubia-Somalia plate boundary in South-East 
Africa is a major topic of this research.

This project has been funded by the institutions involved using their own resources.
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Fault Slip Rates on the Northern Death Valley Fault Zone:
Implications for Pacific-North America Plate Boundary Deformation
Kurt L. Frankel » Department of Earth Sciences, University of Southern California
James F. Dolan » Department of Earth Sciences, University of Southern California
Robert C. Finkel » Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory 
Lewis A. Owen » Department of Geology, University of Cincinnati
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The exact slip rate of the northern Death Valley fault 
zone (NDVFZ) has long been one of the last major 
missing pieces of the kinematic puzzle in the eastern 
California shear zone (ECSZ). Published models of 
geodetic data suggest the NDVFZ is storing much, and 
perhaps almost all, of the Pacific-North American plate 
boundary strain in the ECSZ north of the Garlock fault. 
However, the scarcity of geochronologically defined 
long-term slip rates has made it difficult to determine 
whether strain storage and release have been constant 
along this part of the plate boundary. Here, we present 
the first geochronologically determined geologic fault 
slip rate along the NDVFZ zone using high-resolution 
digital topographic data and cosmogenic nuclide surface 
exposure ages.
We have acquired 46 square kilometers of airborne laser 
swath mapping data (ALSM or LiDAR) from two loca-
tions along the NDVFZ. We are in the process of ob-
taining an additional ~400 square kilometers along the 
remainder of the northern Death Valley and Fish Lake 
Valley fault zones. The scarcity of vegetation in the study 
area is ideal for acquisition of ALSM data to survey 
deformed geomorphic features because removal of data 
points related to returns from the top of plants does not 
reduce the point density of bare-earth shots, as it might 
in a heavily-canopied area. ALSM data facilitate the 
efficient identification, mapping, and analysis of tectoni-
cally active landscapes in unprecedented detail. We use 
ALSM data to determine late-Pleistocene to Holocene 
fault offset along the northern Death Valley fault system 
and illustrate the utility of these data for active tectonics 
research. Surveying of deformed geomorphic features 
and the construction of high-precision topographic 
maps, which would take days to weeks with traditional 
methods, are accomplished in minutes using ALSM 
data. Digital elevation models (DEMs) derived from 
the ALSM data can also be used to generate maps of 
surface slope, curvature, and roughness to reveal subtle 
topographic features, produce reconnaissance surficial 

geologic maps, and measure fault offset. In addition, the 
DEMs can be artificially illuminated from any azimuth 
and elevation to highlight previously unrecognizable 
structures.
The initial focus of our study has been the dextrally-off-
set Red Wall Canyon alluvial fan along the NDVFZ (see 
Figure 1). Analysis of ALSM data reveals 297 ± 9 m of 
right-lateral displacement on the fault system since the 
late Pleistocene. In situ cosmogenic 10Be geochronology 
was used to date the Red Wall Canyon alluvial fan and 
a second, correlative alluvial fan also offset by the fault. 
10Be dates from large cobbles and boulders provide a 
maximum age of ~70 ka for the offset landforms. 
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The boundary between the North American and Eur-
asian plates at the Mid-Atlantic Ridge is well known, but 
another and more diffuse boundary zone between the 
same two plates is found on the other side of the world, 
in eastern Siberia. A broad region from the Cherksiy 
Range in Siberia west to Alaska exhibits seismicity 
consistent with a rigid Bering Plate that moves indepen-
dently of both Eurasia and North America. But does a 
rigid Bering Plate exist, and if so, what drives its mo-
tion? What are the implications for the tectonics of the 
broader region? These are the questions that motivate 
our ongoing NSF-funded study. We are carrying out 
GPS measurements of sites in Russia and Alaska to test 
the hypothesis. Most sites in Russia were newly estab-
lished for this project, but in Alaska we have leveraged 
older data and have preliminary results.

Does the Bering Plate Exist?
Jeff Freymueller » Geophysical Institute, University of Alaska Fairbanks
Mikhail Kogan » Lamont-Doherty Earth Observatory, Columbia University

Tectonic Processes

We use data both from western Alaska and the Ber-
ing Sea islands, which may record Bering plate motion 
directly, and from the Aleutian arc, where site velocities 
record a superposition of translation of the arc (possibly 
as part of the Bering Plate) and elastic strain from the 
locked subduction zone (Figure 1). Separation of these 
two signals is possible where the observing network is 
sufficiently large, such as in the Andreanof Islands of the 
western Aleutians and parts of the Alaska Peninsula. In 
the Andreanof Islands, we find that the plate interface 
has both completely locked and completely creeping re-
gions, and the locked region corresponds almost exactly 
to the combined rupture areas of the 1986 and 1996 
M7.9 earthquakes. We also are investigating deforma-
tion associated with the 2006 M7.7 Koryak Highlands 
earthquake sequence.

Figure 1. Velocities relative to North America for sites in the region of the hypothesized Bering Plate. Sites observed in this project are shown by blue triangles. 
The red vector is the velocity of the Aleutian arc crust at Adak inferred from modeling of elastic strain from the locked subduction zone.
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It has long been recognized that the San Andreas plate 
boundary through central and northern California forms 
and evolves as a response to the migration of the Men-
docino triple junction (MTJ). The general concept of 
faults developing and eventually coalescing into a primary 
plate boundary structure after MTJ passage serves as the 
framework for most tectonic and geodetic analyses of 
the fault system. What has been less well understood or 
quantified is specifically how the fault systems form, what 
drives fault localization, and how the concomitant crustal 
evolution plays a role in the plate boundary development. 
In the Mendocino Crustal Conveyor  (MCC) model, 
Furlong and Govers [1999] proposed that crustal defor-
mation, transient crustal thickening and thinning, and 
the associated topographic, heat flow, and seismic char-
acter of the crust are a consequence of viscous coupling 
within the evolving slab window. This model matched the 
general patterns of crustal structure and kinematics avail-
able in the pre-EarthScope era, but the spatial distribu-
tion of data precluded placing quantitative constraints on 
the process. The substantial augmentation of broadband 
seismic stations and geodetic data for northern California 
through a combination of EarthScope (Transportable 
Array (TA) and PBO-CGPS) and PI-driven research now 
allows us to test, calibrate, and refine the MCC model, 

Constraining the Crustal Conveyor: EarthScope Imaging of
Mendocino Triple Junction Tectonics
Kevin P Furlong » Geodynamics Research Group, Department of Geosciences, Penn State University
Gavin P Hayes » Geodynamics Research Group, Department of Geosciences, Penn State University
Todd Williams » UNAVCO-PBO, N. California Operations, Richmond, CA
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specifically: (1) the crustal thickening at and north of the 
MTJ, predicted by MCC processes, (2) the ~ E-W extent 
of MCC deformation is delineated by the GPS data and 
RF analysis to occur primarily through the core of the 
northern Coast Ranges, (3) seismic observations and 
the GPS data imply that the upper crust is only a minor 
participant in the MCC crustal thinning that occurs ap-
proximately 200 km south of the MTJ  (i.e. ~ 4-5 million 
years after MTJ passage), and (4) development of the pre-
cursor faults to the San Andreas plate boundary structure 
appears to be driven by the combination of MCC crustal 
deformation and the development of localized shear 
within the MTJ-formed slab window. 

Figure 1. Summary cartoon from Hayes & 
Furlong (2007), describing the variation in crustal 
structure across the Coast Ranges of northern 
California as inferred from receiver function 
analysis at CVLO, P01C, FREY, HOPS and CVS. 
Figure 2. Tectonic setting of the Mendocino triple 
junction (MTJ) region. Figure 3. Crustal displace-
ment field in vicinity of the Mendocino triple 
junction (MTJ). 
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Northern California Airborne LiDAR Imagery Acquisition for 
GeoEarthScope
K. Furlong »
R. Bruhn »
D. Burbank »

Tectonic Processes

Figure 1. This airborne LiDAR image of the southern San Andreas fault was pro-
duced using data collected by the B4 project (image courtesy Ken Hudnut, USGS). 
Similar imagery of the northern San Andreas fault will be acquired as part of the 
GeoEarthScope northern California LiDAR project.

J. Dolan »
J. Oldow »
C. Rubin »

San Andreas, San Gregorio, Hayward, Rodgers 
Creek, Maacama, Calaveras, Concord-Green 
Valley, and Bartlett Springs fault zones. In addi-
tion, a number of blind thrusts and reverse faults 
accommodate contractional motion in the region. 
The intense forest cover that blankets much of 
this region has hampered detailed study of these 
faults, making LiDAR data an especially useful 
tool. Imagery from this project will also connect 
with LiDAR imagery collected on the southern 
San Andreas fault as part of the “B4” project. 
Through this project and the B4 project, both 
supported by UNAVCO, the entire length of 
the San Andreas and other major fault systems 
in California will have been imaged with high 
resolution airborne LiDAR.

UNAVCO is coordinating a high resolution Airborne 
LiDAR survey of the San Andreas fault and other fault 
systems in northern California. This survey is the first of 
several major community-guided LiDAR imagery acquisi-
tion projects being conducted as part of GeoEarthScope. 
Approximately 70% of the total plate boundary motion is 
accommodated across a less-than-100-km-wide region in 
northern California. The nine counties that comprise the 
greater San Francisco Bay area, population approximately 
seven million, lie within this region, making this system 
of faults among the most important in the U.S. in terms 
of seismic hazard. Near the southern end of the region, at 
least half of the plate-boundary motion (25-30 mm/yr out 
of approximately 50 mm/yr) is concentrated along a single 
fault, the creeping section of the San Andreas Fault north 
of Parkfield. However, this situation changes dramatically 
north of the latitude of Hollister, where this single fault 
becomes a complex system of strike-slip and reverse faults 
that traverses the San Francisco Bay region, and contin-
ues northward to the latitude of the Mendocino Triple 
Junction. From the San Francisco Bay area northward to 
the subduction zone transition, most of the San Andreas 
motion is taken up by eight principle strike-slip faults: the 

C. Prentice »
B. Wernicke » 
S. Wesnousky »

K. Furlong » 

GeoEarthScope LiDAR Working Group

Figure 2. Map of northern California showing major targets for 
airborne LiDAR imagery acquisition for GeoEarthScope.
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We analyze active tectonics in the northern Island of Lu-
zon, Philippines, using campaign GPS geodetic observa-
tions combined with focal mechanism data derived from 
the Harvard Centroid Moment Tensor (CMT) Catalog. 
Geodetic and seismological data are used to character-
ize models of crustal deformation and estimate slip rates 
along faults in this rapidly deforming plate boundary 
zone, located between two opposing subduction zones. 
Geologic, geomorphic and geophysical observations 
obtained from gravity, seismicity, and geologic maps are 
integrated with Digital Elevation Models and satellite 
imagery visualizations to define microplates comprising 
Luzon. Joint inversions based on observed geodetic and 
seismic data are used to obtain best-fit models which 
define plate rotations, fault slip rates, and fault locking 
parameters (McCaffrey, 2002). Six elastic microplates 

Crustal Deformation of Luzon, Philippines: Investigating a Complex
Plate Boundary Zone
Gerald A. Galgana » Department of Geological Sciences, Indiana University
Michael W. Hamburger » Department of Geological Sciences, Indiana University 
Qizhi Chen » Department of Geological Sciences, Indiana University
Robert McCaffrey » Dept of Earth and Environmental Sciences, Rensselaer Polytechnic Institute
Ernesto Corpuz » PHIVOLCS, C.P. Garcia Avenue, U.P. Campus, Diliman Quezon City Philippines
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were found to comprise Luzon (Figure 1). Plate convergence was 
found to be absorbed through a combination of eastward subduc-
tion along the Manila Trench, westward subduction along the 
Philippine Trench/East Luzon Trough, and sinistral strike-slip 
motion along the Philippine Fault, Digdig Fault, and the Northern 
Cordillera Fault. Deformation in southwestern Luzon was found 
to be partitioned into ~5-10 mm yr-1 transtensional motion along 
the complex volcanic area of the Macolod Corridor, and ~5-12 mm 
yr-1 transpression along the Marikina Fault, which runs through 
Metropolitan Manila. Estimates reveal that the Manila Trench has 
very low coupling, while the Philippine Trench is partially coupled. 
The Northern Cordillera Fault and Digdig Faults are found to 
be almost fully locked, while the segment of the Philippine Fault 
that failed during the large 1990 earthquake is estimated to be 
partially (~60%) coupled. Estimates of fault slip rates, combined 
with estimates of fault coupling, suggest that the areas of highest 
seismic strain accumulation include the Philippine Fault and its 
northern extensions, Digdig Fault and the Northern Cordillera 
Fault(Galgana, 2005; Galgana et al., submitted).
References:
McCaffrey, R., 2002. Crustal Block Rotations and Plate Coupling. In “Plate Boundary 

Zones”, eds. Seth Stein and Jeffrey Freymueller, AGU Geodynamics Series, Vol. 30.
Galgana, G., M. Hamburger, R. McCaffrey, E. Corpuz and Q. Chen. 2007. Analysis of 

Crustal Deformation of Luzon Island, Philippines using Geodetic Observations and 
Earthquake Focal Mechanisms, Tectonophysics doi:10.1016/j.tecto2006.12.001.

Supported by NSF Grant EAR-0307524.

Figure 1. Modeled velocities of plates and the various micro-
blocks comprising Luzon. The best-fit model is a result of a 
joint inversion of GPS-derived velocities and earthquake slip 
vectors. Galgana, Gerald A., 2005. Kinematics of an Active 
Plate Boundary Zone: Insights on the Tectonics of Luzon, 
Philippines Using Terrain Models, Focal Mechanisms, and GPS 
Observations. Master’s thesis, Indiana University, Bloomington, 
Indiana.



3-24

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

3-25

Using Airborne Laser Swath Mapping (ALSM) to Map a Diffuse
Dextral Fault System, Pahrump Valley, California and Nevada
Bernard Guest » Division of Geological and Planetary Sciences, California Institute of Technology
Nathan Niemi » Division of Geological and Planetary Sciences, California Institute of Technology
Brian Wernicke » Division of Geological and Planetary Sciences, California Institute of Technology
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Figure 1.  Offset fluvial channels along the Stateline fault system mapped 
with the aid of ALSM data. 

SFS has minimal neotectonic activity. To investigate the 
amount of activity on the SFS, Airborne Laser Swath 
Mapping (ALSM) data were collected along the trace of 
the SFS in Pahrump Valley, Nevada (Niemi et al., 2005).  
Digital Elevation Models (DEMs) generated from the 
ALSM data reveal a large number of previously unrec-
ognized fault offsets, and underscore the complexity of 
this diffuse, anastamosing fault system.  Fluvial channels 
on the eastern margin of Stewart Valley identified in the 
ALSM data were offset along the SFS by 30 to 70 m.  
The channels were developed in sediments of probable 
early Holocene age (dePolo et al., 2003), yielding a slip 
rate of 5 to 10 mm/yr over the last 10 ka. Such slip rates 
are significantly faster than inferred modern rates, and 
require further investigation. Additional offsets observed 
in the ALSM data provide an opportunity to confirm 
the results above, and to investigate variations in slip rate 
with time along the SFS. ALSM data are a unique data-
set for quantifying neotectonic activity on fault systems 
with subtle geomorphic expression.
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The eastern margin of the Eastern California shear zone 
(ECSZ) is defined by the Stateline fault system (SFS), a 
NW striking zone of diffuse dextral faults that extends 
over 150 km along the California-Nevada border from 
Stateline, Nevada north to Beatty, Nevada. The SFS 
has accumulated ~30 km of slip since 13 Ma, yield-
ing a long-term slip rate of ~2.3 mm/yr (Guest et al., 
in review). The geologic slip rate on this fault system 
is twice the modern rate, as determined from continu-
ous GPS data in the region (Wernicke et al., 2004). A 
comparison of present-day, Holocene, Quaternary, and 
post-Miocene slip rates on the SFS is desirable both to 
understand the tectonic evolution of the ECSZ, and 
to assess the risk that the SFS poses to the high-level 
nuclear waste repository at Yucca Mountain. Such a 
comparison is hampered by a lack of well-defined Ho-
locene and Quaternary offsets along the SFS. The SFS 
trends axially through four late-Cenozoic sedimentary 
basins, where it is developed in unconsolidated and 
fine-grained lacustrine deposits.  The incompetence and 
erodibility of these deposits lead to poor preservation of 
fault scarps and offset fluvial channels.  In addition, the 
SFS is comprised of a suite of discontinuous, en echelon 
fault strands as opposed to a single master fault surface. 
Thus, the SFS has a subtle geomorphic expression, a fact 
that that has led previous workers to conclude that the 



20
08

-2
01

2 
U

N
AV

C
O

 P
RO

PO
SA

L:
 G

EO
D

ES
Y 

AD
VA

N
C

IN
G

 E
AR

T
H

 S
C

IE
N

C
E 

R
ES

EA
RC

H

3-26 3-27

The Salt Ranges border the southern edge of the approximately 500 
m high Potwar plateau, a region fronting the Himalaya underlain 
by thick salt deposits. It has long been considered possible that 
the plateau is sliding SSE on this salt detachment, and in 2003 we 
installed several GPS points in the region to determine whether this 
slip occurs steadily, or episodically. The points were measured after 
the 2005 Kashmir earthquake to reveal a SSW motion relative to a 

Deformation in the Salt Ranges of Pakistan
A. Khan » University of Peshawar
F. Khan » University of Peshawar
N. Feldl » University of Colorado
B. Bendick » University of Montana
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W. Szeliga » University of Colorado
S.Satyabala » Natl Geophysical Research Institute, India
R. Bilham » University of Colorado
P. Molnar » University of Colorado

point held fixed on the Indian plate south 
of the plateau (CHIN). We find that the 
slip rate is 6 to 8 mm/year but we are un-
able to constrain the depth of and distri-
bution of slip from the GPS data alone 
due to the non-recovery of two points 
(open circles in Figure 1).
Our data currently suggest three interpre-
tations driven by a steady slip rate of 7 ± 
2mm/yr: 1) slip at 10±5 km depth termi-
nating 20 ± 5 km north of the Salt Ranges 
with accumulated strain beneath the Salt 
Ranges released in M>7 earthquakes every 
300-400 years; 2) Distributed seismic 
coupling in the southern 100 km of the 
plateau causing cumulative strain accumu-
lation that will be released in large future 
earthquakes (M>7.5); 3) episodic creep 
occurring throughout the region released 
as 1 to 5 cm amplitude creep events at 
decadal intervals. The resolution between 
these three possibilities may take a few 
more years. Clearly possibility (2) would 
be extremely hazardous for cities on and 
near the southern Potwar plateau.

The work is undertaken collaboratively by scientists from 
the Universities of Peshawar, Montana and Colorado 
and supported by NSF EAR-0229690 (Tectonics).

Figure1. Map view of the Potwar plateau showing the 
location of the dextral Kalibagh fault and GPS points 
measured 2003-06. Two points were not recovered (open 
circles, now reinstalled); these points are crucial to remov-
ing the ambiguity in our interpretation in the depth and 
width of inferred locking near the southern edge of the 
plateau. The north-south dimension of the array is 250 
km, and the largest vector shown has a rate of 8.5 ± 2 mm/
yr. The section below shows the velocity field emulated by 
a planar dislocation model at 15 km depth. The sigmoidal 
form of horizontal velocities associated with shallower 
dislocation models are shown in the lowest panel.
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Tidal Calibration of PBO Strainmeters Located in the Pacific Northwest
John Langbein » US Geological Survey, Menlo Park, CA
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The Plate Boundary Observatory has 
installed a dozen Gladwin Tensor strain-
meters in the coastal region between 
Vancouver Island and Oregon with the 
goal of measuring strain changes due to 
“episodic tremor and slip” (ETS) in the 
Cascadia subduction zone. I have used the 
theoretical Earth tides with Ocean load ad-
justments (Agnew, 1999) to calibrate five 
of those strainmeters. The primary goal 
is to detect significant strain changes that 
can be attributed to tectonic activity. Each 
instrument consists of four extensometers. 
For each extensometer, all of the expected 
tidal amplitudes are estimated along with 
the response to changes in atmospheric 
pressure. At two sites located adjacent to 
inlets, the sensitivity of each extensometer 
to changes in ocean height due to ocean 
tides are evaluated along with the standard 
tidal analysis. This evaluation becomes 
complicated because the local height 
change data needs to be filtered in two 
frequency bands—less than 18 hours and 
greater than 18 hours. Each of these bands 
affects the instrument differently. Finally, 
the amplitude and phase of the M2 and 
O1 tidal constituents are compared against 
the theoretical tides of the tensor stain. I 
use method suggested by Hart el al. (1996) 
(equation 13) where the theoretical tides 
are fit to the observed tides using stan-
dard least-squares regression. This method 
is simply a “black-box” approach where 
there are no assumptions made concerning 
isotropic borehole deformation and topo-
graphic affects. After removing the affects 
of the grout curing, the background noise 
level of each tensor component is evaluat-
ed in terms of a power-law spectral density 
such that rate changes can be estimated 
with realistic estimates of their significance 
using the methods of Langbein (2004).

References
Hart et al., (1996), Tidal calibration of borehole strainmeters: Removing the effects of small-scale
inhomogeneity, JGR, v101, p25,553—25,571.
Agnew (1999), SPOTL: Some programs for Ocean-Tide loading, http://igppweb.University Of 

California, San Diego.edu/~agnew/spotlmain.html
Langbein (2004) Noise is two-color EDM measurements revisited, JGR v102, doi:10.1029/
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For more information see http://quake.wr.usgs.gov/research/deformation/twocolor/PBO_strain/

Figure 1. Example of reduction of borehole strainmeter data for site B009 located on Vancou-
ver Island adjacent to Patricia Bay. The tidal range is 3.8 meters. Gray represents the raw data 
after the transforming the extensometer data into tensor quantities using tidal calibration. The 
black curve is the data after adjusting for changes in atmospheric pressure and the water level 
changes in Patricia Bay. Red represents the residual strain after removing the solid Earth tide 
and Ocean-load. The dashed line is a fit of linear trend over the 30-day interval and its rate 
change over the last 3 days; the rate change with its standard error is posted over each plot.
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Magma intrusion through diking is the quantum event 
of oceanic crustal accretion. Observations in sub-aerial 
rift zones in Iceland and Afar suggest that diking events, 
associated with instantaneous localized extension and 
with shallow, low magnitude, earthquake swarms, typi-
cally cluster in a succession of discrete dike intrusions 
followed by a decadal-scale relaxation strain transient.
From 14 September to 4 October 2005, a tectono-
magmatic event of unprecedented scale and intensity 
occurred along the Dabbahu segment of the Afar rift, 
Ethiopia, with a 60-km long dike intrusion, 162 5.6 < 
mb < 3.9 earthquakes, and the emplacement of about 
2.5 km3 of magma. It is the largest single rifting event on 
land since the Laki (Iceland) eruption in 1783, and the 
first to occur in the era of satellite geodesy. This event 
offers an unprecedented opportunity to directly observe 
and quantify diking and post-diking processes, critical to 
past and present magmatic continental rifting and ongo-
ing but not directly accessible at most oceanic spreading 
centers. 
Replying to a request by Ethiopian colleagues for a rapid 
response effort, we initiated a comprehensive study of 
crustal deformation associated with the 2005 Afar diking 
event using GPS, Interferometric Synthetic Aperture Ra-
dar (InSAR), seismology, field observations, and numeri-
cal modeling. With UNAVCO support, we deployed 
eight continuous GPS (CGPS) stations in the area of 
maximum co-diking displacement plus one CGPS 
station on each of the two volcanoes that mark the 
northern termination of the dike. Five additional CGPS 
stations will be added in 2007. We are also performing 
episodic GPS (EGPS) measurements at a number of sites 
in the vicinity of the dike and the rest of Afar.
Preliminary results from the CGPS stations for the Janu-
ary to March 2006 period show accelerated deforma-
tion at most CGPS sites with displacements up to 2 cm 
horizontally and 11 cm vertically. InSAR results show 
that five smaller diking events took place between June 

Postdiking Deformation following the September 2005 Afar 
Tectono-Magmatic Event
E. Lewi » Geophysical Observatory, Addis Ababa, Ethiopia
E. Calais » Purdue University
C. Ebinger » University of Rochester
R. Buck » Lamont-Doherty Earth Observatory
T. Wright » University of Leeds, UK

Tectonic Processes

2006 and January 2007 along the southern half of the 
September 2005 dike. InSAR and GPS data between 
the first and second diking events show inflation and 
outward motions consistent with the filling of a magma 
chamber at the northern termination of the future 
dykes. Overall, magmatic processes are currently domi-
nating the deformation field, suggesting a ready supply 
of magma below the rift. 
This work is funded by NSF (US) and NERC (UK).

Figure 1. Comparison between model (red arrows and solid black lines) and 
observations (black arrows and dashed black lines) for the December 2005 to 
February 2006 period. The model is a joint inversion of GPS and unwrapped 
InSAR and solves for Mogi sources (volume change) and dyke opening. The 
deformation field is best matched by Mogi sources than continued dyke open-
ing, indicating that magmatic processes are currently predominant, while a 
ready supply of magma is available below the rift.



3-28

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

3-29

GPS Data to Constrain Internal Rigidity of the Caribbean Plate and 
Tectonics of the Northern Lesser Antilles Forearc
Alberto Lopez » Department of Earth Sciences, Northwestern University
Seth Stein » Department of Earth Sciences, Northwestern University
Giovanni Sella » National Geodetic Survey, Silver Springs, MD
Timothy H. Dixon » Rosenstiel School of Marine and Atmospheric Sciences, University of Miami
Peter LaFemina » Rosenstiel School of Marine and Atmospheric Sciences, University of Miami
Eric Calais » Department of Earth & Atmospheric Sciences, Purdue University
Pamela Jansma » Department of Geosciences, University of Arkansas

Tectonic Processes

Determining how the Caribbean (CA) plate moves with 
respect to neighboring plates has been a major challenge 
to geoscientists for decades.  GPS data have been used in 
the Caribbean to address its relative motion and tectonic 
processes along its boundaries. We have used almost two 
decades of data to investigate two tectonic problems of 
the Caribbean plate:
1) Caribbean plate rigidity, and 
2) Whether a forearc sliver exists along the Lesser Antil-
les forearc.
Based on paleomagnetic data, shortening between the 
Americas would yield two separate plates in the Carib-
bean (Pindell et al., 1988; Muller et al.,1999). However, 

the current resolution of the GPS data (mean residual 
rate 0.9 mm/yr) does not agree with significant deforma-
tion between western and eastern GPS sites and suggest 
a single-plate model for the Caribbean, where most of 
the motion must be accommodated along its complex 
boundaries. One of these has been identified in the east-
ern Caribbean along the northern Lesser Antilles (LA) 
GPS-derived velocity vectors at sites within the CA plate 
and its boundaries were compared to earthquake data.
In a number of subduction zones, misfits between slip 
vectors and predicted convergence azimuths from Euler 
vectors suggest the presence of a forearc sliver, where 
trench-parallel motion occurs along strike-slip fault 
systems (McCaffrey, 1992).
Comparing slip vectors of shallow thrust events to the 
predicted motions of GPS-based Euler vectors show a 
systematic northerly misfit, suggesting a trench-paral-
lel component of motion taken up by the Northern LA 
forearc (NLAF) block (Lopez et al., 2006).

References

Lopez, A. M., S. Stein, T. Dixon, G. Sella, E. Calais, P. Jansma, J. Weber and 
P. LaFemina, ‘Is there a northern Lesser Antilles forearc block?’, GRL v. 
33, L07313, doi:10.1029/2005GL025293, 2006

McCaffrey, R., Oblique plate convergence, slip vectors and forearc deforma-
tion, JGR v. 97, pp. 8905-88915, 1992.

Muller, R. D., S. C. Royer, J. Y. Roest, S. Maschenkov, ‘New constraints on 
the Late Cretaceous/Tertiary plate tectonic evolution of the Caribbean’, 
in P. Mann, eds., Caribbean basins, Sedimentary basins of the world, v. 
4, pp. 39-55, 1999.

Pindell, J. L., S.C. Cande, W. C. Pitman, D. B. Rowley III, J. F. Dewey, J. 
LaBrecque, W. Haxby, ‘A plate-kinematic framework for models of 
Caribbean evolution’, Tectonophysics, v. 155, pp. 121-138, 1988.



20
08

-2
01

2 
U

N
AV

C
O

 P
RO

PO
SA

L:
 G

EO
D

ES
Y 

AD
VA

N
C

IN
G

 E
AR

T
H

 S
C

IE
N

C
E 

R
ES

EA
RC

H

3-30 3-31

The Rio Grande rift (RGR) is the easternmost actively deforming province 
on North America’s western margin.  The character of rifting changes from 
north to south, with a single narrow rift valley in Colorado and northern 
New Mexico grading to a broad “basin and range” expression in south-cen-
tral New Mexico.  This expression is not well understood, but may have 
significant bearing on our understanding of how and why continental litho-
sphere extends and of earthquake and volcanic hazards in rift zones.  Copi-
ous geophysical data make this region an ideal laboratory in which to study 
the roles of lithospheric rheology, plate boundary forces and local buoyancy 
in active continental rifting [e.g., Roy et al., 2005].  However, existing data 
are ambiguous about processes, rates and spatial distribution of RGR exten-
sion.  For example, mantle seismic expression of the rift may be narrow or 
wide depending on whether one assumes Vp, Vs or Q anomalies as a proxy 
[Boyd and Sheehan, 2005].  Existing geodetic and geological data suggest 
rates ranging from 0.3 to 5 mm/yr extension, with uncertainties as large as 
the signal.
Complementary to PBO–EarthScope deployment of coarsely spaced con-
tinuous GPS instruments in the RGR region, and with expertise and sup-
port provided by UNAVCO, we are installing a focused deployment of 25 
quasi-continuous GPS sites in five dense profiles to study the nature of con-
tinental rifting (Figure 1).  As of February 2007, 21 of the sites are installed 
and collecting data (Figure 2).  Another two are ready for installation as soon 
as weather permits, and two more are in late stages of reconnaissance with 
plans to install this spring. Current research focuses on improving estimates 
of atmospheric effects and multipath in GPS positions, to better capture the 
extremely low signal.

A Multidisciplinary Investigation of Rio Grande Rift Deformation
Anthony R. Lowry » Department of Geology, Utah State University
Anne F. Sheehan » Department of Geological Sciences, University of Colorado, Boulder
Mousumi Roy » Department of Earth & Planetary Sciences, University of New Mexico
R. Steven Nerem » Department of Aerospace Engineering Sciences, University of Colorado, Boulder
Monica Guerra » Department of Geological Sciences, University of Colorado, Boulder
Amy Luther » Department of Earth & Planetary Sciences, University of New Mexico

Tectonic Processes

Figure 1. Triangles are site locations in the Rio 
Grande Rift GPS network; the red triangles are 
already installed and collecting data. Plate Bound-
ary Observatory stations are shown as stars (blue 
are installed, purple are planned). Blue circles are 
locations of other GPS network sites.

Figure 2. Rio Grande Rift GPS station at Great Sand Dunes National Park.
Photo courtesy Nicole Feldl.
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GPS Evidence for Northward Motion of the Sinai Block: Implications 
for E. Mediterranean Tectonics
Salah Mahmoud » Geological & Planetary Science-Geodynamics Group, Massachusetts Institute of Technology
Robert Reilinger » Geological & Planetary Science-Geodynamics Group, Massachusetts Institute of Technology
Simon McClusky » Geological & Planetary Science-Geodynamics Group, Massachusetts Institute of Technology
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Tectonic Processes

GPS survey sites in the Sinai Peninsula show northerly 
motion relative to Africa (Nubia) at 1.4 ± 0.8 mm/yr 
north and 0.4 ± 0.8 mm/yr west (Figure 1). Continu-
ous International GPS Service (IGS) sites in Israel, west 
of the Dead Sea fault show a similar northerly sense of 
motion relative to Nubia (2.4 ± 0.6 mm/yr north and 
0.04 ± 0.7 mm/yr east), suggesting that the entire Sinai 
Block south of Lebanon is characterized by northward 
translation relative to the Nubian plate. We develop an 
elastic block model constrained by the GPS results that 
is consistent with the regional tectonics and allows us 

to estimate slip rates for Sinai bounding faults, includ-
ing the Gulf of Aqaba – southern Dead Sea fault system 
(~4.4 ± 0.3 mm/yr, left lateral), the Gulf of Suez (1.9 ± 
0.3 mm/yr left lateral, and 1.5 ± 0.4 mm/yr extension), 
and the Cyprus Arc (predominantly convergence at 8.9 
± 0.4 mm/yr along the western segment, and ~ 6.0 ± 0.4 
mm/yr left-lateral, strike-slip along the eastern segment) 
(Figure 2). These observations imply that the Sinai Pen-
insula and Levant region comprise a separate sub-plate 
sandwiched between the Arabian and Nubian plates.

Figure 1. Simplified tectonic map of the Sinai and surrounding regions show-
ing GPS velocities and 95% confidence ellipses relative to Nubia.  Lines with 
tick-marks are normal faults, ticks on downthrown block, double line is Red 
Sea rift, plain lines are strike-slip faults. GPS velocities are given in Table 1.

Figure 2. Elastic block model for the Sinai area showing GPS residual veloci-
ties. Faults are vertical and assigned locking depths of 15 km except for the 
Gulf of Aqaba/Dead Sea fault system that has a locking depth of 13 km, and 
the western Cyprus Arc that has a 30° dip down to the NE. Numbers show 
fault strike slip and fault normal slip rates and 1-sigma uncertainties (fault 
normal component in brackets; negative for left-lateral and extension). Slip 
rates are averages along each segment. Light modeled faults indicate segments 
with fault-normal shortening, and dark extension. Inset shows a plot of the lo-
cal Chi*2 computed from sites close to the fault (shaded error ellipses indicate 
sites used to estimate fault locking depth) and estimated fault strike slip rate 
as a function of the locking depth for the Dead Sea Fault. The best fit is for a 
13 km locking depth and a strike slip rate of 4.3 mm/yr.
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We derived a surface velocity field for the Pacific North-
west utilizing continuous and survey mode GPS mea-
surements made from 1992 through 2006. The velocity 
field reveals large-scale rotations of large parts of the 
region with superimposed strain rates from the Cascadia 
subduction zone and locked crustal faults. We modeled 
the velocity field simultaneously with fault slip rates, slip 
vectors, and other data. The predicted long-term veloc-
ity field is shown in Figure 1; locking on the Cascadia 
thrust is shown in Figure 2.

Velocity Field of the Pacific Northwest
Rob McCaffrey » Rensselaer Polytechnic Institute
Anthony Qamar » University of Washington
Robert W. King » Massachusetts Institute of Technology

Tectonic Processes

Figure 1. Block rotations estimated from GPS, slip vectors, and fault slip 
rates. Vectors are relative to North America.

Figure 2. Plate locking model derived from GPS, 
uplift rates. Dots are node positions and curves are slab 
contours.
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A 70+ station GPS recording of the January, 2007 Cascadia ETS
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Tectonic Processes

Figure 1. Cumulative transient deformation from the January 2007 Cascadia 
slow slip event.

Mountains and overlying the 30 km depth contour, west 
of the southern Basin. The largest of these measures 6 ± 
1.8 mm and is directed towards the southwest, charac-
teristic of previous Cascadia events. The total effective 
moment of the event appears to be Mw=6.6, as estimat-
ed by inverting transient offsets for thrust-only slip; this 
number is also typical of past events in this region. Slip 
appears to be more concentrated, with best-fitting inver-
sions yielding 4 cm of slip. Qualitatively, this event looks 
similar to the northern half of the February-March 2003 
ETS, which also nucleated in the SW Puget Basin but 
propagated bidirectionally to the north and south. Based 
on the last decade of GPS data, at this time it looks as 
though this region is not bleeding off strain energy as 
fast as it tectonically accumulates, suggesting this region 
might seismogenically fail during a megathrust event.

Acknowledgements: CWU Geodesy Lab

To date, 35 slow slip events that have been recognized 
with GPS in the Cascadia subduction zone. Of these, 
the coverage of the most recent January 2007 transient is 
unprecedented and reflects the ongoing geodetic instru-
mentation of the northern Cascadia forearc. Compared 
with previous events recorded on a handful of stations, 
this most recent episodic tremor and slip (ETS) event 
ruptured through more than 70 instruments from the 
combined PBO and PANGA arrays: 40 of the instru-
ments recorded measurable deformation. Although at 
this time final orbits are still pending for last few days 
of the event, many of the ETS characteristics are already 
measurable. The event nucleated mid-January to the 
west of the southern Puget Basin and propagated only 
northwards: transient deformation appears in the south-
ern Puget Basin for at least 14 days prior to its onset 
around the Strait of Juan de Fuca. The greatest offsets are 
also found along a swath beneath the eastern Olympic 

Figure 2. Slip distribution of the January 2007 Cascadia slow slip event. Slip 
is pure thrust with average rake of N40E. Maximum slip is ~3 cm, equivalent 
moment magnitude of 6.6.
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Peri-Tyrrhenian Geodetic Array, Western Mediterranean
John S. Oldow » University of Idaho

Tectonic Processes

In 1995, a collaborative research project involving the 
University of Idaho, University of Napoli Federico II, 
the University of Palermo, and the University of Siena 
deployed the Peri-Tyrrhenian Geodetic Array (PTGA) to 
better understand the active tectonics of the orogenic belt 
bordering the southern Tyrrhenian Sea (Figure 1). The 
PTGA consists of 24 GPS sites distributed in six clusters 
across southern mainland Italy, Sicily, and Sardinia. Loca-
tion of domains encompasses long-established tectonic 
regions, and specifically the western extensional province, 
the Apenninic frontal thrust belt and northern Apulian 
margin, the southern Apennines-Calabrian arc boundary, 
the Sicilian frontal thrust system and Hyblean foreland, 
the Tyrrhenian margin of NW Sicily, and southern 
Sardinia.

Cagliari (CAGL) in southern Italy, Sicily, and Sardinia, 
respectively. Using Bernese 4.2 data were processed and 
a regional velocity field developed in ITRF00 and a 
local European-fixed frame (Oldow et al., 2001). When 
combined with IGS velocities for sites in and around the 
western Mediterranean and Europe, differential displace-
ment was recognized between parts of mainland Italy 
and sites surrounding the southern Tyrrhenian (Figure 
1). Northern Italy and Sardinia show little or no differ-
ential motion with respect to Europe, whereas the south-
ern mainland and Sicily exhibit differential displace-
ments of up to 12 mm/yr. When taken together with the 
spatial distribution and first-motions of seismicity for 
the same region, the implication is that Adria, a micro-
plate underlying much of the central Mediterranean is 
fragmenting into northern and southern sectors. The 
northern part of Adria essentially is attached to Europe, 
whereas the southern part of the microplate is moving 
in response to the convergence between northern Africa 
and Europe (Oldow et al., 2001).
When viewed in the local reference frame, fixed on fore-
land sites (MATE and NOTO) in the southern peri-Tyr-
rhenian orogen, differential motions clearly correspond 
to the spatial distribution of contractional and exten-
sional fault systems recorded in earthquake focal mecha-
nisms (Oldow and Ferranti, 2005). The seismicity and 
GPS velocities record a complex pattern of differential 
motion amongst crustal blocks. Coeval transpressional 
and transtensional belts within the orogen are kinemati-
cally coordinated and are consistent with displacement 
above a throughgoing basal decollement system that sep-
arates the heterogeneously deforming upper and middle 
crust from the presumed pattern of regular displacement 
within the underlying lithosphere. The implication is 
that seismicity and GPS velocities within the orogen 
reflect only indirectly the relative convergence between 
Africa and Eurasia.
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Figure 1. The Adriatic microplate, Adria, in the central Mediterranean showing 
IGS and PTGA velocities in a fixed European frame (after Oldow et al., 2001).

All the sites consist of steel monuments drilled and 
cemented into bedrock with the location of the site es-
tablished to monitor differential motion between known 
or suspected tectonic blocks. Geological criteria were 
pivotal in site selection, favoring locations on structur-
ally coherent blocks and sufficiently away from active 
faults. Baselines within clusters are consistently less than 
100 km and baselines between clusters vary from about 
100 to 650 km.
The network was reoccupied in 1997 and again in 2000. 
The data were aligned with International GNSS Service 
(IGS) sites at Matera (MATE), Noto (NOTO), and 
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This study of western U.S. deformation examines the intraplate extension 
of the Basin-Range (BR) province and the Yellowstone-Snake River Plain 
volcanic region [Puskas and Smith, 2007].  Microplate motions were mod-
eled using GPS data compiled from multiple studies (many supported by 
UNAVCO and including the PBO network), Late Quaternary fault-slip 
rates, and earthquake slip directions from moderate to large earthquakes.  
The western U.S. was divided into blocks of uniform deformation based 
on tectonic and volcanic history and the location of active fault zones.  The 
model examined the effects of rotation, internal strain, and block-bound-
ing faults on these microplates.  Our results show that western interior is 
characterized by a clockwise rotation and increase of velocities from east to 
west.  The Yellowstone-Snake River Plain moves southwest at 1.4 ± 0.2 mm/
yr.  This motion rotates into a westward direction at 2.3 ± 0.1 mm/yr in the 
eastern Basin-Range.  Velocities then rotate to the northwest in the western 
Basin-Range, accompanied by a velocity increase to 4.6 ± 0.1 mm/yr and the 
introduction of internal shear-deformation in the western Basin-Range.  The 
total east-west extension across the entire Basin-Range is 12.9 ± 0.1 mm/yr, 
and velocities in the northwestern region decrease in magnitude and rotate 
farther to the north.
The pattern of deformation is considered to be the result of multiple factors.  
Gravitational potential energy from buoyancy forces associated with the Yel-
lowstone hotspot and Rocky Mountains contributes to southwest motion of 
the Yellowstone-Snake River Plain microplate [Puskas et al., 2004]. 

Microplate Deformation of the Western U.S. Interior
C. M. Puskas » Dept of Geology and Geophysics, University of Utah, Salt Lake City, Utah
R. B. Smith » Dept of Geology and Geophysics, University of Utah, Salt Lake City, Utah
Dave Drobeck » Dept of Geology and Geophysics, University of Utah
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The northwest-moving Sierra Ne-
vada microplate blocks westward 
extension of the Basin-Range and 
deflects motion to the northwest.  
Additional extension of the BR 
extends north of the Sierra Nevada 
in Nevada and Oregon.
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Figure 1 (a) GPS-measured velocities of micro-
plate motions in the western U.S. interior. (b) 
overview of microplate velocities and strain rates 
in the western U.S. interior.
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GPS Constraints on Continental Deformation in the
Africa-Arabia-Eurasia Continental Collision Zone and Implications for 
the Dynamics of Plate Interactions
Robert Reilinger » Massachusetts Institute of Technology GPS-Geodynamics Group
Simon McClusky » Massachusetts Institute of Technology GPS-Geodynamics Group
Philippe Vernant » Massachusetts Institute of Technology GPS-Geodynamics Group
and 22 other researchers » Massachusetts Institute of Technology GPS-Geodynamics Group

Tectonic Processes

Figure 1. GPS velocity field (1988 – 2005) for the E. Mediterranean with respect to Eurasia showing CCW rotation of a broad region in the Africa-Arabia-Eur-
asia collision zone. Figure 2. Plot of GPS fault slip rates versus geologic slip rates reported in the literature (see Reilinger et al., 2006 for discussion). Abbrevia-
tions: North Anatolian fault (NAF), East Anatolian fault (EAF), Dead Sea fault (DSF), Pembak-Sevan-Sunik fault (PSSF), Main Recent Fault=MRF.
Figure 3. Schematic map of the Arabia-Africa-Eurasia zone of plate interaction illustrating the principal results of this study. Names refer to plates and blocks 
(CAUC = Caucasus Block, AN = Anatolia Plate, AE = Aegean Plate). Double lines are extensional plate boundaries, plain lines are strike-slip boundaries (paired 
arrows show direction of strike-slip motion), and lines with triangles are thrust faults. Dark numbers are GPS-derived slip rates (mm/yr) on block-bounding 
faults (numbers in parentheses are dip-slip and those without are strike slip). White arrows and corresponding numbers show GPS-derived plate velocities 
(mm/yr) relative to Eurasia. Curved arrows show sense of block rotation relative to Eurasia. Dark, heavy arrows show hypothesized forces associated with active 
subduction acting on the plate/block system and causing counterclockwise rotation of Arabia-Central Iran-Anatolia-Aegea relative to Eurasia.

The GPS-derived velocity field (1988-2005) for the zone 
of interaction of the Arabian, African (Nubian, Soma-
lian), and Eurasian plates indicates counterclockwise 
rotation of a broad area of Earth’s surface including the 
Arabian plate, adjacent parts of the Zagros and cen-
tral Iran, Turkey, and the Aegean/Peloponnesus rela-
tive to Eurasia at rates in the range of 20 to 30 mm/yr 
(Figure 1). This relatively rapid motion occurs within 
the framework of the slow-moving (~5 mm/yr relative 
motions) Eurasian, Nubian, and Somalian plates. The 
circulatory pattern of motion increases in rate towards 
the Hellenic trench system. Substantial areas of conti-
nental lithosphere within the region of plate interaction 
show coherent motion with internal deformations below 
~1 to 2 mm/yr, including central and eastern Anatolia 
(Turkey), the southwestern Aegean/Peloponnesus, the 
Lesser Caucasus, and Central Iran. Geodetic slip rates for 
major block-bounding structures are mostly comparable 

to geologic rates estimated for the most recent geological 
period (~3 to 5 Myr) as indicated in Figure 2. We find 
that the principal boundary between the westerly mov-
ing Anatolian plate and Arabia (East Anatolian fault) is 
presently characterized by pure left-lateral strike slip with 
no fault-normal convergence. This finding implies that 
“extrusion” is not presently inducing westward motion of 
Anatolia. Based on the observed kinematics, we hypoth-
esize that deformation is driven in large part by roll-
back of the subducting African lithosphere beneath the 
Hellenic and Cyprus trenches aided by slab pull on the 
southeastern side of the subducting Arabian plate along 
the Makran subduction zone (Figure 3).
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The San Andreas Fault System has long been recognized 
as a natural laboratory for investigating the many facets 
of plate boundary deformation. The growing archive 
of space geodetic data now culminating in the Plate 
Boundary Observatory is providing a detailed synoptic 
picture of the accumulation of stress and strain along 
this zone. At best, these measurements can provide a 
detailed snapshot of the present-day stress accumula-
tion rate. However, an improved understanding of 
plate boundary physics and seismic hazard will require 
estimates of absolute stress and accumulated seismic mo-
ment that can only be established through model simu-
lations. These simulations must include interseismic, 
coseismic and postseismic slip history on complex three-
dimensional fault systems for the past several earthquake 
cycles (~1000 years) and also account for viscoelastic 
relaxation of the asthenosphere and the restoring force 
of gravity due to vertical loads. We have developed a 
three-dimensional viscoelastic body force algorithm 
capable of highly efficient modeling of large-scale plate 
boundary deformation data by making computations in 
the spectral domain. Initial model simulations provide 
a plausible description of large-scale plate boundary de-
formation and stress for many earthquake cycles and also 
explore changes in stress due to lake and ocean loading. 
More importantly, they provide a quantitative predic-
tion of the present-day crustal Coulomb stress field. 
Model simulations, constrained by improved measure-
ments, can be used to address the following scientific 
questions: What is the present level of stress on the San 
Andreas Fault Zone and how has it evolved since the 
availability (circa 1992) of InSAR and continuous GPS? 
What processes influence the spatial and temporal pat-
tern of earthquake occurrence? Is the earthquake cycle 
modulated by lake and ocean loads on 100-10,000 year 
timescales? How is strain relieved during the interseismic 
period at shallow depths on mature faults? Another out-
come of this study is a robust crustal deformation model 
for addressing the epoch-date surveying problem for the 
California Spatial Reference Center (CSRC).

Modeling Plate Boundary Stress Changes with InSAR and CGPS
David Sandwell » Scripps Institution of Oceanography, University Of California, San Diego
Bridget Konter » Scripps Institution of Oceanography, University Of California, San Diego
Yehuda Bock » Scripps Institution of Oceanography, University Of California, San Diego

Tectonic Processes

Figure 1. Coulomb stress in MPa for the San Andreas Fault System for three 
snapshots in time. (left) 1811 calendar year model, representing the stress field 
prior to the 1812 M~7 Wrightwood earthquakes. (center) 1856 calendar year 
model, representing the stress field prior to the M7.9 1857 Great Fort Tejon 
earthquake. (right) 2004 calendar year model, representing stress of ~ present 
day [Smith and Sandwell, 2006].
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Glacier Ice Mass Fluctuations and Fault Instability in Tectonically
Active Southern Alaska
J. Sauber » NASA Goddard Space Flight Center
B. Molnia » U.S. Geological Survey, Reston, VA

Tectonic Processes

Across southern Alaska the northwest-directed subduc-
tion of the Pacific plate is accompanied by accretion of 
the Yakutat terrane to continental Alaska.  This combina-
tion has led to high tectonic strain rates and dramatic 
topographic relief of more than 5000 meters within 
15km of the Gulf of Alaska coast.  The glaciers of this 
area are extensive and include large glaciers undergoing 
wastage (glacier retreat and thinning) and surges.  The 
large glacier ice mass changes perturb the tectonic rate of 
deformation at a variety of temporal and spatial scales.  
We estimated surface displacements and stresses associ-
ated with ice mass fluctuations and tectonic loading by 
examining GPS geodetic observations and numerical 
model predictions.  Although the glacial fluctuations per-
turb the tectonic stress field, especially at shallow depths, 
the largest contribution to ongoing crustal deformation 
is horizontal tectonic strain due to plate convergence. 
Tectonic forces are thus the primary force responsible for 
major earthquakes. However, for geodetic sites located 
< 10-20km from major ice mass fluctuations, the changes 
of the solid Earth due to ice loading and unloading are 
an important aspect of interpreting geodetic results.

Figure 1.  Location of geodetic sites occupied between 1993 and 2000 in 
which horizontal velocities have been estimated using GAMIT/GLOBK 
(Table 1 in Sauber and Molnia, 2004).
Figure 2.  The August 9, 2003, true color NASA MODIS image of the 
southern Alaska coastal region.  The solid star shows the location of the 1979 
St. Elias epicenter.
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We are studying the kinematic slip history of slow slip events on the Cas-
cadia Subduction zone.  Since the first discovery of transient slow slip by 
Dragert et al. (2001), several more recent aseismic slip events have been 
observed.  GPS time series data are analyzed using the Extended Network 
Inversion Filter, which is an implementation of a Kalman filter (Segall and 
Matthews, 1997).  The Extended Network Inversion Filter estimates a time-
dependent signal on a buried dislocation by filtering uncorrelated station 
displacements.  We have analyzed GPS time series for slip transients from 
2003 to 2005 (Gao and Schmidt, 2006; Schmidt, 2006a).  Initial results 
indicate that the release of strain from one event to the next is not uniform 
along-strike.  In addition, the regular recurrence interval observed beneath 
southern Vancouver Island is not observed with a slip patch located beneath 
southern Puget Sound.
Prior to the 2005 event, PBO installed tensor strainmeters on the northern 
Olympic Peninsula. The observed strain transients are compared to pre-
dicted strain time series to cross-validate these new instruments. Generally, 
the magnitude and sign of the transient is in rough agreement between the 
observed and predicted time series (see figure below).  Based on simulations, 
the rollback from -0.15 to -0.1 microstrain late in the observed time series 
can be explained by the passage of a nodal plane in the strain field over the 
instrument.  This finding indicates that the strainmeters provide greater reso-
lution of slip propagation on the plate interface (Schmidt, 2006b).

Investigations of Slow Slip Along the Cascadia Subduction Zone
Using GPS and Strainmeter Time Series
David Schmidt » Department of Geological Sciences, University of Oregon
Haiying Gao » Department of Geological Sciences, University of Oregon

Tectonic Processes

Figure 1.  Cumulative slip distribution of the 
2005 slow slip event inferred from GPS time series 
data.  The event is centered below Port Angeles, 
WA.  Fine lines show the depth contours of the 
subduction interface.  Pink circles indicate the 
locations of GPS benchmarks. 
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Figure 2. Comparison of observed tensor strain 
(blue circles) for station B004 compared to 
predicted strain (red line) inferred from the slip 
model shown to the left.  The green background 
indicates the period when transient displacement 
was identified on the GPS time series.
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GPS Velocities and Strain Accumulation in the Kamchatka-Aleutian Cusp
G. Steblov » Geophysical Service of Russian Academy of Sciences
M. Kogan » Columbia University

Tectonic Processes

The western Aleutian subduction zone (WASZ) is 
characterized by a rapid oblique motion of the Pacific 
plate (PAC) with respect to the North American plate 
(NAM) in the northwest direction. The Aleutian trench 
terminates to the southeast of Cape Kamchatsky, where 
the Aleutian and Kamchatka trenches make a cusp. The 
whole 2,200-km Aleutian megathrust demonstrates a 
rapid change in the sense of a relative motion between 
the Pacific and North American plates, from nearly 
trench normal at Alaska to nearly trench parallel at Kam-
chatka. This change is accompanied by an increase in the 
relative plate velocity from 61 to 76 mm/yr (an estimate 
based on our global GPS solution). Azimuths of the 
earthquake slip vectors for thrust earthquakes along the 
arc support an idea of strain partitioning, i.e., the mo-
tion in seismic ruptures tends to be less oblique than the 
plate motion [McCaffrey, 1992]. The strain partitioning 
predicts a steady westward motion of slivers of the hang-
ing wall along strike-slip faults, resulting in an active 
collision of the far western Aleutian arc with Kamchatka 
[Geist and Scholl, 1994].

We show, using the constrained nonlinear inversion, 
that the high GPS velocity of Bering Island (WASZ) 
can be alternatively explained by the elastic strain ac-
cumulation resulting from locking at the subduction 
interface. In this scenario, there is no steady westward 
drift of arc slivers because the elastic strain is periodical-
ly released in earthquakes, with the islands returning to 
their original positions. Moreover, this approach allows 
us to explain specific azimuths and values of GPS ve-
locities in Kamchatka at the cusp by superposed elastic 
strains, as compared with inversion by distributed slip 
within Kamchatka subduction zone only [Buergmann 
et al, 2005]. The subdued topography of the East 
Kamchatka Ridge near Cape Kamchatskiy is probably 
an additional evidence in favor of the extension of the 
Aleutian trench beneath Kamchatka. Unless longer 
time series at larger number of islands are observed, a 
unique interpretation of GPS velocities of the Aleutians 
is not possible [Apel et al., 2006]. Recently, the first ep-
och of GPS at Medny (Copper) Island was carried out, 
100 km from Bering Island and at greater distance from 
the Aleutian Trench. Comparison of GPS velocities at 
Bering and Medny islands should provide evidence on 
how significant is the strain partitioning.
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Figure 1. Observed (GPS) and predicted horizontal velocities in the region 
of the Aleutian-Kamchatka cusp for the elastic dislocation model with 
multiple rectangular patches. Dislocations were modeled by a nonlinear least 
squares inversion of the observed velocities.
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Bangladesh lies across the margin of the Indian craton 
near the junction of two plate-convergence boundar-
ies: the Himalaya and the Burma arcs (Figure 1). These 
arcs are convex toward the Indian plate and override it 
from the north and from the east, respectively. The sedi-
ments carried from the two mountain belts have built 
the Ganges-Brahmaputra Delta (GBD), prograding the 
Indian continental margin over 300 km since the Eocene 
(35 Ma). The GBD is estimated to contain a thickness 
of 20 or more km of sediments overlying oceanic crust. 
Ahead of the Himalayan front, a sliver of Indian base-
ment, the Shillong Plateau, is overthrust onto the GBD. 
This overthrust causes the rapid subsidence of the Sylhet 
basin in the NE of Bangladesh. On the eastern side of 
Bangladesh, the Burma Arc is actively subducting the 
GBD sediments forming a huge accretionary prism and 
foldbelt. In addition, 1/3 to 2/3 of Bangladesh is flooded 
every summer by the huge discharge of the Ganges and 
Brahmaputra River, intense local rainfall, and cyclones. 
In 2003, we installed six continuous GPS receivers 
across Bangladesh. In 2007, this array will be augmented 
by another 12 stations. The GPS data reveal dextral 
shear in the eastern part of the country affected by the 
oblique collision with the Burma Arc. Rapid subsidence 
in the delta reaches 15 mm/y in the Sylhet basin where 
flexural loading augments the subsidence. In addition, 
we see a cyclic vertical signal of 2 to 5 cm due to elastic 
loading by the water impounded in the country. The wa-
ter loading correlates well with river discharge (Figure 2).

GPS in Bangladesh: Delta Subsidence, Monsoonal Loading and
Continental Collision
Michael Steckler » Lamont-Doherty Earth Observatory, Columbia University
S. Humayun Akhter » Lamont-Doherty Earth Observatory, Columbia University
Leonardo Seeber » Lamont-Doherty Earth Observatory, Columbia University
John Armbruster » Lamont-Doherty Earth Observatory, Columbia University
all Department of Geology, Dhaka University, Bangladesh

Tectonic Processes

Figure 1. Relief map of Bangladesh showing GPS results. Lighter shading on 
KHUL and PUST indicate that they have < 3 y of processed data and are less 
reliable. Black arrows represent the horizontal, which shows 3 to 6 mm/y of 
dextral shear. Red arrows indicate vertical subsidence, which increases from 
the thin sediments at RAJS to the thick basin at DHAK and rapidly subsiding 
SUST. The curved red lines show the amplitude of the seasonal signal at the 
same scale.
Figure 2. Inverted discharge of Ganges and Brahmaputra Rivers compared to 
detrended weekly vertical position at Dhaka (r2 = 0.7). Tails on GPS persists 
longer because water takes time to drain after discharge decreases.
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GPS Constraints on Continental Intraplate Earthquakes and Hazards
Seth Stein » Department of Geological Sciences, Northwestern University
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GPS data have significantly advanced 
understanding of intraplate earth-
quakes in eastern North America 
and other continental interiors. They 
constrain deformation rates to be 
< 1-2 mm/yr, corresponding approxi-
mately to a magnitude 7 earthquake 
every 500-1000 years. Thus for the 
New Madrid Seismic Zone, they 
exclude the previously-common 
assumption that the area experienced 
M 8 earthquakes about every 500 
years, unless the past 2,000 years 
of seismicity are non-steady state, 
with moment release exceeding the 
long-term loading rate. This result 
is consistent with the earthquake 
recurrence history once biases in the 
paleoseismic data are corrected.
Hence instead of viewing New 
Madrid as an extraordinary region, it 
is more useful to view it as typical of 
other continental intraplate seismic 
zones (Rhine Graben, Pannonian Ba-
sin, Australia) with similar deforma-

Minor stress variations stress due to 
platewide driving forces and local 
stresses such as from glacial-isostatic 
adjustment and other density varia-
tions cause transient seismicity as 
the locus of strain release migrates. 
In this scenario, much of the pres-
ent seismicity in regions like New 
Madrid is likely long aftershock 
sequences, consistent with concepts 
from rate-and-state rock friction. If 
so, present regions of seismicity do 
not significantly differ from similar 
weak zones that are less active. This 
view is consistent with the fact that 
heat flow data show that the New 
Madrid region is at most slightly 
warmer and hence weaker than its 
surroundings. Hence seismic hazard 
from large earthquakes in continen-
tal plate interiors should be viewed as 
relatively diffuse, rather than concen-
trated in areas of recent seismicity.
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tion and earthquake recurrence rates. 
It appears that essentially all of the 
geodetically observed deformation 
is released seismically, in contrast to 
continental plate boundary zones, 
some of which appears to have sig-
nificant aseismic deformation.
The GPS data also provide new 
insight into earthquake hazards and 
can be used to help develop cost-ef-
fective hazard mitigation strategies. 
At New Madrid, they do not support 
USGS hazard maps showing the 
area to be as hazardous as California, 
and thus suggest that the proposed 
upgrade of New Madrid zone build-
ing codes to California-level is likely 
to impose societal costs exceeding 
the benefits. More generally, because 
GPS data do not show concentrated 
deformation at present intraplate 
seismic zones, they favor a model in 
which large earthquakes occur almost 
randomly in a continent containing 
many long-lived fossil weak zones. 

Figure 1. Left: Vertical GPS site motions. Note large uplift rates around Hudson Bay, and subsidence to 
the south. Green line shows observed “hinge line” separating uplift from subsidence. Right: Horizontal 
motion site residuals after subcontracting best fit rigid plate rotation.
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Site velocities from 349 Global Positioning System 
(GPS) stations are used to construct an 11-element 
quasi-rigid block model of the Tibetan Plateau and 
its surroundings (Figure 3). Rigid rotations of five 
major blocks are well determined and average transla-
tion velocities of six smaller blocks can be constrained. 
Where data are well distributed, the velocity field can be 
explained well by rigid block motion and fault slip across 
block boundaries. Residual misfits average 1.6 mm/yr 
compared to typical one standard deviation velocity 
uncertainties of 1.3 mm/yr. Any residual internal strain-
ing of the blocks is small and heterogeneous. However, 
residual substructure might well represent currently 
unresolved motions of smaller blocks. Although any 
smaller blocks must move at nearly the same rate as the 
larger blocks within which they lie, undetected relative 

Microplate Model for the Present-Day Deformation of Tibet
Wayne Thatcher » U. S. Geological Survey, Menlo Park, CA

Tectonic Processes

motions between them could be significant, particularly 
where there are gaps in GPS coverage. Predicted relative 
motions between major blocks agree with the observed 
sense of slip and along-strike partitioning of motion 
across major faults. However, predicted slip rates across 
Tibet’s major strike-slip faults are low, only 5-12 mm/yr, 
a factor of 2 to 3 times smaller than most rates estimated 
from fault offset features dated by radiometric meth-
ods as ~2000 to ~100,000 year old. Previous work has 
suggested that both GPS results and low fault slip rates 
are incompatible with rigid block motions of Tibet. The 
results reported here overcome these objections.

Figure 3. Predicted velocity field (black arrows) for block model of Tibet. Blocks are color-coded with abbreviated names as indicated. Smaller arrows show 
differences between observed and computed velocities (many are too small to be seen at true scale; these residuals are shown alone at an expanded scale in 
Figure 4. Inset shows histogram of residuals, which are fit well by a Gaussian distribution with mean of 0.4 and standard deviation of 1.6 mm/yr. Euler poles 
(rotation axes) and rotation rates (in degrees per million years) are shown for 5 blocks (NET-northeast Tibet; QT-Qiangtang; SET-southeast Tibet; SP-Songpan; 
TB-Tarim Basin). Average translation velocities relative to Eurasia are shown for 6 additional blocks whose abbreviated names are enclosed by rectangles (CTH-
central Tibet Himalaya; EC (East China); ETH-eastern Tibet Himalaya; WTH-western Tibet Himalaya; QB-Qaidam Basin; QS-Qilian Shan). Block model 
parameters along with data and model fit statistics are listed in Tables 1 and 2.
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Evidence from GPS Data for an Eastern Bird’s Head Block in Indonesia
Anahita Tikku » Dept of Earth & Environmental Sciences, Rensselaer Polytechnic Institute
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Jeff Genrich » Geological & Planetary Sciences, California Institute of Technology

Tectonic Processes

Our GPS solutions from campaign data collected be-
tween 1992 and 2005 suggest that what was previously 
recognized as one microplate between the Pacific and 
Australian plates, the Bird’s Head Block in eastern Indo-
nesia, is actually composed of two distinct blocks.  The 
newly identified Eastern Bird’s Head Block is a triangu-
lar region at least 400,000 km2 constituting the Cender-
wasih Bay south of the Yapen fault.  The GPS solutions 
indicate the Eastern Bird’s Head Block accommodates 
shear between the Bird’s Head Block and Australian 
plate in New Guinea as opposed to a broad distributed 
shear zone.  Between 2002 and 2005 there were four 
earthquakes with magnitudes greater than Mw=7.0 in 
the Bird’s Head Region.  Though they disrupted the 
GPS time series used to establish the steady plate mo-
tion of the Bird’s Head Block, the earthquakes and their 
aftershocks provide valuable tectonic information by 
identifying the slip on the faults bounding the newly 
identified block, which is consistent with the predicted 

activity on the faults from the Euler poles for the Eastern 
Bird’s Head Block.  We also see large co-seismic displace-
ments and estimate seismic moment from GPS data for 
the Mw=7.5 earthquake which occurred on 10 October 
2002 in the Wandamen fault zone, coincident with the 
western boundary of the Eastern Bird’s Head Block.  
Overall our results are significant because they provide 
further support for block motion rather than distributed 
deformation in accommodating relative plate motions.

References
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Figure 1. Horizontal velocities in the Bird’s Head region with respect to 
Australia [AUS] and definition of the Bird’s Head [BHED] and Eastern 
Bird’s Head Block [EBHED].  The stations annotated in red present GPS 
solutions subsequent to the October 2002 earthquake, those annotated in 
green present solutions that include all data (1992-2005).  Note that not 
all the stations were occupied each campaign.  The blue vectors present the 
modeled BHED-AUS relative plate motion; the magenta vectors present the 
modeled EBHED-AUS plate motion.
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Campaign GPS measurements of 
our geodetic network in western 
Nicaragua have been made over 
the last seven years to investigate 
the kinematics of the forearc and 
the dynamics of this portion of the 
Middle America Subduction Zone 
(Turner et al., 2007). We currently 
have interseismic velocities for 18 
campaign sites and have installed 10 
additional sites in the backarc to in-
vestigate the nature of the transition 
from forearc sliver motion to stable 
Caribbean Plate motion (Figure 1). 
Corrections for modeled coseismic 
offsets from the 13 January 2001 
Mw7.7 earthquake off the coast of 
El Salvador have been applied to our 
campaign site velocities. We have also 
derived interseismic velocities for five 
continuous GPS sites in the region.

Arc-Parallel Translation of a Forearc Sliver Without Arc-Normal Strain 
Accumulation: GPS Geodesy in Western Nicaragua
Henry L. Turner III » Arkansas Center for Space and Planetary Sciences; Dept of Geosciences, University of Arkansas
Glen S. Mattioli » Department of Geosciences, University of Arkansas
Pamela E. Jansma » Arkansas Center for Space and Planetary Sciences; Dept of Geosciences, University of Arkansas

Tectonic Processes

Figure 1. GPS velocity map of Nicaragua. Velocities are relative to the stable Caribbean Plate. Blue arrows 
are continuous sites. Gray arrow shows the convergence direction of the Cocos and Caribbean Plate from 
DeMets (2001). Red arrow is from Norabuena et al. (2004). Figure modified from Turner et al. (2007).

Our GPS results confirm predictions of northwest transport of a forearc sliver (DeMets, 2001), but show little evidence 
for an arc-normal component of strain accumulation associated with locking on the subduction interface. Because 
strain/slip-partitioning and development of translating forearc slivers in obliquely convergent margins is thought to 
require strong coupling between the downgoing slab and the overriding plate, the lack of this arc-normal signal is per-
plexing and leads to the question—If oblique subduction isn’t driving the forearc translation, then what is? One pos-
sibility is that the motion of the forearc is being driven by a more strongly coupled region to the south in Costa Rica. 
Some other possibilities are that the locked zone is too shallow and too far off shore for the arc-normal component to 
show up in our network, or that the signal is masked by post-seismic effects from the 1992 offshore earthquake. We are 
currently developing finite element models of the regional seismogenic zone to distinguish between these possibilities.
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Along-Strike Variation in Locking on the Cascadia Subduction Zone, 
Oregon and Northern California
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Tectonic Processes

The tectonic uplift rate along the 
Cascadia subduction zone provides 
a constraint on the magnitude 
and distribution of plate coupling. 
Observations of sea level change at 
six permanent NOAA tide gauges 
(Crescent City, California to Asto-
ria, Oregon) over the past 73 to 81 
years provide measurements of uplift 
rate along the Cascadia subduc-
tion zone in a geocentric reference 
frame, once the rate of regional sea 
level change is removed from the 
time series. We use a satellite-based 
estimate of regional sea level rise to 
place the relative tidal uplift rates in 
an absolute vertical reference frame. 
Repeated high quality leveling 
lines add a dense network of point 
observations along the coastal route 
between the tide gauges, as well as 
five trench-perpendicular transects 
(Burgette et al., 2005). We anchor 
the leveling estimates of uplift rate 
into the absolute reference frame 
by using a weighted least-squares 
adjustment that accounts for errors 
in both the tidal and leveling data. 
Absolute uncertainties in uplift 
rate range from 0.3 to 1 mm/yr. In 
recent years we have collected GPS 
observations along the leveling lines 
in an attempt to better anchor the 
inland endpoints.
The first order pattern of uplift rate 
decays from maximum values near 
the coast to zero inland, in a pattern 
consistent with models of elastic 
strain accumulation above a locked 
subduction zone. To investigate 

the along-strike variation in uplift rate pattern, we divide the region into 
northern, central, and southern sections. Because subduction coupling is 
believed to be fundamentally a function of depth, and the dip of the inter-
face varies along strike, we compare uplift rates between sections using the 
plate interface geometry of McCrory et al. (2004). Preliminary modeling 
results indicate that the along-strike 3D geometry of the coastline and plate 
interface are not sufficient to explain variations in uplift rate. This find-
ing suggests that the width of the locked zone and degree of coupling must 
vary along-strike.  The data are best fit by a decrease in the width of locking 
below Oregon near Astoria (Weldon et al., 2006).

Figure 1: The first deployment of the EarthScope GPS Campaign Systems occurred along the Oregon 
coast in the summer of 2005.
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Figure 1. Map near Elko, NV showing California Institute of Technology and PBO continuous 
GPS sites. Figure 2. West velocities as a function of longitude. Figure 3. Model calculations of 
surface deformation for creeping mid-crustal normal faults, showing prediction velocities of red 
curve for 40-km station spacing (black triangles).

Subcontinental-Scale Strain Waves Across The Pacific-North America 
Plate Boundary Deformation Zone:  A Joint Earthscope-Tectonics
Observatory Study in Central Nevada

Wernicke, B. » California Institute of Technology
Mahan, K. » California Institute of Technology
Simons, M. » California Institute of Technology

Tectonic Processes

about 14 sites at ~40 km spacing cover-
ing the geodetically complex region of 
contractile and extensional strain near 
BARGEN sites TUNG, LEWI, MINE, 
ELKO, RUBY, and GOSH. These stations 
form en echelon arrays oriented at right 
angles to the major normal faults in the 
region. With this station spacing, we will 
be able to identify and test physical models 
that might explain such waveforms. With 
the high velocity accuracy we expect after 
about two years, the GPS data will rigor-
ously limit the range of possible models.

The Nevada GPS project represents a strategic augmentation of 
planned Earthscope continuous GPS sites in the Basin and Range, 
with the objective of producing dense enough coverage to observe and 
model apparent migratory strain in north-central and eastern Nevada. 
This region of the Basin and Range forms a boundary zone between 
accelerating sites in the western Basin and Range and non-accelerat-
ing sites to the east (Davis et al., 2006). These large-aperture obser-
vations over the last decade are the first to suggest efficient anelastic 
energy transfer at the subcontinental scale across a deforming plate 
boundary zone at human timescale. This anelastic energy transfer is in 
turn is likely to be a major control on the seismic cycle and rheologi-
cal properties of the lithosphere.
The original BARGEN network (begun in 1996) included site spac-
ing across central Nevada of about 80 km (Figure 1). The network 
measured significant (1-2 mm/yr) velocity variations for sites near 
latitude 40°N. This result is surprising because overall this part of 
Nevada is not systematically deforming (red curve, Figure 2). The 
simplest hypothesis to explain these variations is rapid, transient creep 
on the deep portions of Basin and Range normal faults in the area. 
Calculations of surface deformation due to deep crustal creep on a 
Basin and Range fault (Figure 3) show that at 80 km spacing we are 
sampling at less than half the Nyquist frequency for the waveforms 
predicted by fault creep at depth. With the strategic augmentation 
of new California Institute of Technology Tectonics Observatory 
continuous GPS sites and sites from EarthScope’s PBO, we will have 

Briggs, R. » California Institute of Technology
Genrich, J. » California Institute of Technology
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Interferogram Formation for Large Deformation
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Tectonic Processes

Sierra Negra volcano erupted from October 22 to Oc-
tober 30 in 2005. Three hours prior to the onset of the 
eruption, an earthquake (Mw 5.4) occurred somewhere 
near the caldera. The network of six continuous global 
positioning system (GPS) stations at the caldera of Sierra 
Negra stopped recording several hours prior to the earth-
quake (Geist, personal communication.). Interferometric 
synthetic aperture radar (InSAR) is applied to Envisat 
data to examine pre-eruptive uplift, faulting associated 
with the earthquake, co-eruptive subsidence, and post-
eruptive uplift. By far the strongest deformation signal 
is that due to co-eruptive subsidence, which we estimate 
to be at least 4 meters. This large and complex deforma-
tion pattern, mostly confined to the caldera, compli-
cates co-registration of the SAR images. Using existing 
conventional InSAR software (ROI, ROI PAC, DORIS, 
GAMMA) we were not able to properly co-register any 
of the SAR image pairs spanning the eruption. Rather 

we have developed a rubber-sheeting algorithm for In-
SAR co-registration to better co-register the images and 
form intra-caldera interferograms. Using the algorithm 
we form a useful interferogram inside the caldera of the 
volcano (see Figure 1b). This method makes it possible 
to form interferograms of large complex deformation. 
This capability is true not only for conventional inter-
ferometry but also for any advanced techniques such as 
persistent scatterers InSAR [Hooper et al., 2004; Ferretti 
et al., 2001] and the multiple aperture InSAR [Bechor 
and Zebker, 2006].
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Figure 1. (a) Co-eruptive interferogram processed by GAMMA software using Envisat data (beam IS 5, track376, 051016 – 051120, Bperp = 100 m). 
(b) Result of rubber-sheeting interpolation for SAR image co-registration. (Unwrapped interferogram expressed with fringes of 20 cm interval.)


