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Borehole strainmeters are an important component
of the new Earthscope/PBO initiative. The first pro-
totype cluster of five boreholes, usually termed Mini-
PBO, was successfully installed along the San An-
dreas/Hayward fault system in the San Francisco Bay
area from 2001-2003. Each 200m deep borehole was
equiped with a tensor strainmeter, seismometer, pore
pressure monitor, tiltmeter, GPS and temperature
monitors. Records from the tensor strainmeters and
pore pressure transducers are used to determine com-
parative noise spectra over nine decades of frequency
(10E-7 to 100 Hz) at Mini-PBO locations with noise
spectra from instruments at Parkfield. In particular,
we compare the responses from the new Carnegie ten-
sor strainmeters in the Mini-PBO sites with the Glad-
win tensor strainmeters and Carnegie dilatometers at
Parkfield. We also make the first measurements of
pore pressure noise and determine the relations be-
tween pore pressure and strain, particularly during lo-
cal and teleseismic earthquakes such as the November
3, 2002, M 7.9 Denali earthquake. The ten borehole
strain instruments used are all installed at approxi-
mately 150-200 m depth. The general characteristics
of power spectral density estimates obtained at all sites
are similar with noise power decreasing with increasing
frequency at roughly inverse frequency squared.Other
than 10 dB microseismic noise peaks and 30 to 40 dB
peaks at earth tidal frequencies, the spectra from the
Parkfield instruments decrease from about -80 dB at
a frequency of 10E-8 Hz to about -220 dB at a fre-
quency of 100 Hz. Initial data from the Carnegie tensor
strainmeters at the Mini-PBO sites appears to be about
10 dB noisier at frequencies between 10E-7 to 100 Hz.
Pore pressure and compressional dilational strain are in
phase and are highly coherent at short to intermediate
periods.
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We have been making continuous measurements of
strain using long-base instruments at various locations
in southern California for some time: since 1974 at
Piñon Flat, near the San Jacinto and San Andreas
faults; since 1994 at Durmid Hill, very close to the
southern termination of the San Andreas; and for the
past year in Verdugo Canyon, at the northern edge of
the Los Angeles basin. The first lesson learned from
these measurements is that, even over baselines of hun-
dreds of meters, the measurements must be made be-
tween points carefully anchored to depth; if this is
done, the strain record can provide both very low noise
at high frequencies (better than GPS by factors of 100
or more at periods of a week) and also long-term noise
low enough to reliably measure secular strain accumu-
lation. While the measurements have been made in
only a few locations, these are in areas of active fault-
ing, with secular deformation rates as high as in most
areas along the plate boundary. We have observed
coseismic signals from a number of earthquakes, and
postseismic signals from a few: most notably a two-
year signal from the 1992 Landers shock, and shorter-
term deformations from the 1987 Superstition Hills and
1999 Hector Mine events. We have not observed any
preseismic anomalies. The instrument at Durmid Hill
has observed a number of short-term strain changes,
and anomalous coseismic deformation from the Hector
Mine earthquake; we attribute these effects to shallow
creep on the San Andreas fault nearby. These high-
quality data suggest that along the strike-slip boundary
(and excepting creeping sections of fault zones) “strain
events” are rare: rather, steady strain accumulation is
punctuated only by occasional seismic events and rela-
tively modest postseismic deformation. This picture is
consistent with other data now available; installation
by the PBO of many more instruments along the plate
boundary will further test this idea.
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We invert 115 differential interferograms derived
from 47 synthetic aperture radar (SAR) scenes for a
time-dependent deformation signal in the Santa Clara
Valley, California. The time-dependent deformation is
calculated by performing a linear inversion that solves
for the incremental range change between SAR scene
acquisitions. A nonlinear range-change signal is ex-
tracted from the ERS InSAR data without imposing a
model of the expected deformation. In the Santa Clara
valley, cumulative land uplift is observed during the
period from 1992 to 2000 with a maximum uplift of
41±18 mm centered north of Sunnyvale. Uplift is also
observed east of San Jose. Seasonal uplift and sub-
sidence dominates west of the Silver Creek fault near
San Jose with a maximum peak-to-trough amplitude
of ∼35 mm. The long-term uplift is attributed to the
gradual recharge of the aquifer over the 8-year period.
It is assumed that the pumpage and redistribution of
groundwater is responsible for the seasonal subsidence,
although a direct correlation is still under investiga-
tion. The pattern of seasonal versus long-term uplift
provides a qualitative constraint on the spatial and
temporal characteristics of water bearing units within
the aquifer. The Silver Creek fault partitions the up-
lift behavior of the basin, suggesting that it acts as a
hydrologic barrier to ground water flow. While no tec-
tonic creep is observed along the fault, the development
of a low permeability barrier that bisects the alluvium
suggests that the fault has been active since the depo-
sition of Quaternary units.
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Repeat-pass Interferometric SAR (InSAR) is a pow-
erful technique for mapping land surface deformation
at fine spatial resolution over large areas. The appli-
cation of repeat-pass InSAR is limited due to temporal
and geometric decorrelation and inhomogeneities in the
tropospheric path delay. Interferometric Point Target
Analysis (IPTA) utilizes the unique characteristics of
the tropospheric path delay and SAR backscattering of
certain ground targets to achieve higher accuracy de-
formation measurements than attainable with conven-
tional InSAR. Over urban areas with numerous man-
made structures or in areas where large rock outcrop-
pings are visible, it is possible to identify point-like
targets that remain phase coherent over time. These

targets can be used as ”natural” monuments to esti-
mate the progressive deformation of the terrain at mil-
limeter accuracy. Building upon conventional InSAR
techniques, IPTA overcomes atmospheric delay anoma-
lies and temporal and geometric decorrelation using
multi-temporal interferograms by exploring the tempo-
ral and spatial characteristics of radar interferometric
signatures collected from point targets. In this contri-
bution the IPTA concept is introduced, including the
point selection criteria, the phase model and the im-
provement of the model parameters. Intermediate and
final results of IPTA examples using data acquired us-
ing ERS1, ERS2, and JERS confirm the validity of the
concept for mapping subsidence related to the extrac-
tion of oil in Belridge, California and aseismic deforma-
tion along the Raymond fault in Pasadena, California.

URL: http://www.gamma-rs.ch
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Quantifying aquifer storage is important in order
to characterize aquifer response and optimize aquifer
pumping in large well fields located in thick sedimen-
tary basins like those in the arid southwestern United
States. The majority of this water is released from
storage because of aquifer-system compaction. His-
torically this compaction was assumed to occur only
in the vertical direction. However, aquifer mechan-
ics and related field investigations indicate that strain
is three-dimensional and the amount of water released
from storage by horizontal strain can be significant.
The development of empirically-based analytical tech-
niques that allow for accurate quantification of storage
and an assessment of the strain components at vari-
ous radii from the pumping well are needed. From
May through August, 2003, field scale aquifer testing
and land subsidence monitoring were performed in the
Virgin River Valley at Mesquite, NV. The goals were
to determine the usefulness of storage quantification
methods at the field scale and developing an effective
inexpensive method to monitor three-dimensional de-
formation patterns due to removal of water from stor-
age. The ground movement was monitored using choke
ring antennas and GPS receivers at 10 different loca-
tions at various distances from the pumping well for
100 days. The well was pumped for approximately 12
hours each day at a rate of about 18000 m3/d. Com-
pared to pumping at a steady rate, pulsating pumping
(i.e. on and off cycles) has been shown to concentrate
vertical deformation closer to the pumping well. The
effect of pulsed pumping on horizontal deformation is
previously not well documented but can now be investi-
gated. The GPS data and pumping data collected from
the aquifer test will be used to quantify aquifer strain in
three dimensions at various distances from the well and
stages during pumping. These strain patterns will pro-
vide information about possible faults in the area that
affect groundwater flow, provide information on subsi-
dence prone areas, and yield information on the gen-
eral behavior of groundwater flow in the region. Two
modeling programs, the BIOT4 code and the Interbed
Storage 1 package of MODFLOW will be used to eval-
uate whether these models can effectively simulate the
horizontal and vertical deformation of a semi-confined
aquifer from GPS measurements recorded at the land
surface. In addition, the BIOT4 Code can be used to
compare deformation in both the horizontal and verti-
cal directions for the pulsed pumping scheme used in
the field and at a steady pump rate.
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SAR, GPS and LiDAR monitoring of the Lost Hills
giant oil field in central California shows dramatic
changes of subsidence over the last 15 years. Subsi-
dence is caused by fluid withdrawal and subsequent
compaction of the diatomite petroleum reservoir and
in some areas has reached cumulative subsidence of 2
meters since 1989. Measurements of the surface eleva-
tion changes with semi-annual GPS surveys and SAR
interferometry (using ERS-1 and ERS-2 satellite data)
show subsidence rates exceeded 1 mm/day during 1995-
1996 in the central part of the oil field. By 1999-2000,
increased injection of water to replace the extracted
fluids meant that no part of the Lost Hills field was
subsiding faster than 0.5 mm/day and some areas that
had extremely rapid subsidence before were slower than
0.2 mm/day. We increased the temporal resolution of
the subsidence measurements for late 2002 and early
2003 by analyzing more frequent SAR acquisitions from
the Radarsat-1 satellite to better understand the com-
paction response to changes in the oil field operations.
The Radarsat-1 orbit-repeat period is 24 days but indi-
vidual interferograms with short time intervals of only
24 days can have substantial errors due to atmospheric
variations. Errors can be reduced by making interfero-
grams with longer time intervals or by averaging multi-
ple independent interferograms over a shorter interval.
The Radarsat-1 satellite can image Lost Hills from up
to six different tracks every 24-day cycle, potentially
allowing six independent interferograms. *Part of this
work was performed at the Jet Propulsion Lab, Cal-
tech under contract with the National Aeronautics and
Space Administration.
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Land subsidence above subsurface reservoirs has

been observed in many locations all over the world.
The observed surface displacements accompany reser-
voir pressure changes induced by the resource exploita-
tion or management. In recent years satellite radar
interferometry (InSAR) has increasingly complemented
or replaced traditional methods for detecting and char-
acterizing the surface displacement field above reser-
voirs. We have used land-subsidence observations from
repeatedly surveyed benchmarks and InSAR in Ante-
lope Valley, Mojave Desert, California to estimate in-
terbed storage parameters controlling the subsidence
in a previously calibrated regional ground-water flow
and subsidence model (MODFLOW). Using the non-
linear parameter estimation program UCODE, we have
estimated compaction time constants varying spatially
from 3.8 to 285 years. A linear estimation of the in-
elastic skeletal storage coefficients yielded values be-
tween 0 and 0.09. We found that subsidence observa-
tions over long time periods were necessary to constrain
the large compaction time constants in Antelope Valley.
Because historical subsidence data cannot yet be pro-
vided by space-geodetic techniques such as InSAR the
time-constant estimates in our model were constrained
primarily by observations from benchmarks. Incorpo-
rating the resulting parameter estimates into the MOD-
FLOW ground-water flow and subsidence model sig-
nificantly improved the agreement between simulated
and observed subsidence, whereas the model-simulated
aquifer heads proved to be very insensitive to our mod-
ifications of the interbed storage parameters. Both the

accuracy of the estimated parameters and the resulting
models’ ability to predict subsidence over short time
periods is hampered by the fact that the simulated hy-
draulic heads are often not representative of the actual
aquifer hydraulic heads. These errors constitute the
primary limitation of the approach presented here.
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Simultaneous injection into multiple wellbores in-
evitably raises questions about fluid distribution. One
way to monitor both the injection and subsequent fluid
withdrawal is with an array of surface tiltmeters. The
tiltmeter data is used to produce a video of surface de-
formation, which enables quick visual assessment of the
stimulated areas. The data is further analyzed when
discreet events are noted. Some of these events include
opening of new areas which previously received little
fluid, changes in distribution caused by shut-ins and in-
jection pressure changes, and breakthroughs into shal-
lower zones. The geophysical inverse problem is solved
using a combined volumetric and dislocation solution
to quantitatively estimate the dimensions, depth, vol-
ume content and shear offset of an affected zone. The
data generated by the monitoring system is used in the
short term to alter injection strategies to aid produc-
tion while preventing significant breakthrough into un-
wanted zones and in the long term to help optimize the
field treatment strategy.
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A coupled inversion of transient pressure observa-
tions and surface displacement measurements provides
an efficient technique for estimating subsurface perme-
ability variations. The methodology has the advan-
tage of utilizing surface observations, which are typi-
cally much less expensive than measurements requiring
boreholes. Furthermore, unlike many other geophys-
ical observables, the relationship between surface de-
formation and reservoir pore fluid volume changes is
relatively well understood. Our treatment enables us
to partition the estimation problem into a sequence of
three linear sub-problems. An application of the ap-
proach to a set of tilt and borehole pressure data from
the Raymond field site in California illustrates it’s ef-
ficiency and utility. The observations are associated
with a well test in which fluid is withdrawn from a shal-
low fracture zone. During the test thirteen tiltmeters
recorded the movement of the ground surface. Simul-
taneously, nine transducers measured pressure changes
in boreholes intersecting the fracture system. We are
able to image a high permeability, north trending chan-
nel located within the fracture zone. The existence and
orientation of this high permeability feature is substan-
tiated by a semi-quantitative analysis of some 4,000
transient pressure curves.
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From poroelasticity theory we know that fluid dif-
fusion will induce matrix deformation and vice versa.
In practice, well known phenomena for such cou-
pled processes are, for example, occurrence of seismo-
tectonically induced groundwater fluctuations, land
subsidence as a result of fluid extraction from subsur-
face reservoirs, production-induced surface strain near
the vicinity of wells, reservoir- or injection-induced
seismicity. Modeling of deformation and pore-pressure
data that have been observed near the surface can help
to image the dynamics and to assess the hydraulic
properties of subsurface aquifers. We here present
a semi-analytical Haskell propagator method to fully
handle linear poroelastic problems in a multilayered
half-space. Our method is a powerful tool for vari-
ous reasons: (1) It is faster than traditional numerical
schemes when respective discretization of the object re-
gion is chosen and solutions are sought for single loca-
tions only; (2) a problem is easily formulated, as only
a set of five poroelastic parameters per layer plus the
layers’ thicknesses need to be specified; (3) the method
is highly flexible, as forcing functions of point injec-
tion, single force (e.g., surface loading), double couple
dislocation (earthquakes), etc. may be readily incor-
porated; (4) the so-called loss-of-precision problem of
the original propagator algorithm has been fully over-
come using the orthonormalization technique. The ef-
fectiveness of the new tool has been demonstrated by
modeling pump-induced near-surface tilt data obtained
at a test site near Sopron in western Hungary. The
results show that the hydraulic diffusivity of the shal-
low subsurface aquifer can be assessed with an accu-
racy better than half an order of magnitude, if other
elastic parameters and the geometry (depth and thick-
ness) of the water-bearing formations are sufficiently
known from, for example, bore-log records. Moreover,
the present method can be applied to model induced
seismicity based on the Coulomb failure criterion.
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The shadow cast by Phobos on the surface of Mars
is small and moves rapidly, and can thus provide im-
portant relative position information. The size, shape,
direction and speed of motion of the shadow evolve
over a range of time scales determined by the orien-
tations of Mars and Phobos orbits, and their relative
orbital rates. We develop a simple geometric model for
the temporal and spatial patterns of Phobos shadows
on Mars, and comment on the possibility of using ob-
servations of the shadow of Phobos as a supplemental
method for determining lander locations. The orbital
parameters for the Mars-Phobos system are sufficiently
different from the Earth-Moon system that terrestrial
eclipse experience is a poor guide. The lunar orbit,
with mean angular rate 13.33 deg/day, mean radius
60.2 Earth radii, and variable inclination (18-28 deg)
to the equator plane, makes solar eclipses on Earth rel-
atively rare. With an average of 2.38 eclipses per year,
only a small fraction of the globe experiences a total
eclipse in any given century. In contrast, the orbit of
Phobos, with rapid mean motion of 1152 deg/day, small
mean radius of 2.7 Mars radii, and negligible inclina-
tion of 1.1 deg, provides a favorable eclipse environ-
ment. Although the size and orbital distance of Phobos
are such that total solar eclipses never occur on Mars,
partial eclipses are common, with an average of 3.22
per day throughout most of each annual cycle. The
Viking Lander 1 (VL1) camera system captured three
Phobos eclipse events on 20, 24, 28, September 1977.
On Earth, one would never see a series of eclipses at
one location over such a short time scale. However, on
Mars it is possible to see two eclipses in one day at a
single location. A goal of the present study is to ad-
dress the likelihood of observing a sequence of eclipses,
similar to that observed by Viking 1, at a single site. A


