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Continuous Borehole Strain and Pore Pressure in the Near Field of the
28 September 2004 M 6.0 Parkfield, California, Earthquake: Implications
for Nucleation, Fault Response, Earthquake Prediction, and Tremor

by M. J. S. Johnston, R. D. Borcherdt, A. T. Linde, and M. T. Gladwin

Abstract Near-field observations of high-precision borehole strain and pore pres-
sure, show no indication of coherent accelerating strain or pore pressure during the
weeks to seconds before the 28 September 2004 M 6.0 Parkfield earthquake. Minor
changes in strain rate did occur at a few sites during the last 24 hr before the earth-
quake but these changes are neither significant nor have the form expected for strain
during slip coalescence initiating fault failure. Seconds before the event, strain is
stable at the 10! level. Final prerupture nucleation slip in the hypocentral region
is constrained to have a moment less than 2 X 10'> N m (M 2.2) and a source size
less than 30 m. Ground displacement data indicate similar constraints. Localized
rupture nucleation and runaway precludes useful prediction of damaging earthquakes.
Coseismic dynamic strains of about 10 microstrain peak-to-peak were superimposed
on volumetric strain offsets of about 0.5 microstrain to the northwest of the epicenter
and about 0.2 microstrain to the southeast of the epicenter, consistent with right
lateral slip. Observed strain and Global Positioning System (GPS) offsets can be
simply fit with 20 cm of slip between 4 and 10 km on a 20-km segment of the fault
north of Gold Hill (M, = 7 X 10"" N m). Variable slip inversion models using GPS
data and seismic data indicate similar moments. Observed postseismic strain is 60%
to 300% of the coseismic strain, indicating incomplete release of accumulated strain.
No measurable change in fault zone compliance preceding or following the earthquake
is indicated by stable earth tidal response. No indications of strain change accompany
nonvolcanic tremor events reported prior to and following the earthquake.

Introduction

High-resolution continuous strain records during and
preceding moderate to large earthquakes in California and
Japan have been reported previously (Johnston and Linde,
2002). The occurrence of the 28 September 2004, M 6.0
Parkfield earthquake in the middle of a borehole strainmeter
array at Parkfield provides the best near-field strain data yet,
before, during, and after an earthquake of this magnitude.
These data, together with pore pressure, creep, and other
data, reflect on issues of importance to source mechanics that
include the mechanics of fault failure, nucleation of mod-
erate to large earthquakes, the feasibility of earthquake pre-
diction, the behavior of postseismic fault slip, the behavior
of crustal materials within and near active faults, and seismic
and aseismic failure. The data obtained generally support our
previous observations, which follow:

1. Strain changes greater than 10~ ° apparently are not ob-
served during the period hours to seconds before the
event where, based on both theoretical predictions (Rice

and Rudnicki, 1979) and laboratory experiments (Lock-
ner, 1998), crack coalescence and growth should be ex-
pected with the associated strainfield most easily detect-
able. This places a strong constraint on nucleation source
size and indicates nucleation runaway, or “cascade,” in
the terminology of Ellsworth and Beroza (1995), as the
likely failure mechanics. Consequently, it appears that
prediction of the size, location, and occurrence time of
moderate to large earthquakes will not be an easily
achievable goal in earthquake science.

. Coseismic strain changes observed for earthquakes are in

general agreement with expectations from seismic and
geodetic models. Separation of the earthquake rupture co-
seismic slip and immediate postseismic slip can be re-
solved with the strain data recorded for these earthquakes.
This is an important issue for regions with fault creep like
Parkfield since GPS displacement measurements aver-
aged over 100 sec, 1 hr or 1 day to reduce the noise, may
overestimate the moment because the measurements are



Name /mea_ssa964b_605409/964b_05822/Mp_2

05/15/2006 07:57AM

made over time periods that include coseismic slip and
immediate postseismic slip.

3. Postseismic strain changes comparable to the strain re-
lease by the earthquake indicate continuing but decaying
postseismic slip indicative of incomplete crustal stress
release by this single M 6.0 earthquake.

4. Tidal response data indicate significant changes in near
fault compliance as a precursor to, or consequence of,
these earthquakes are not greater than about 5% if they
occur at all.

The location of the mainshock epicenter and subsequent
fault rupture in relation to the main trace and southwest trace
of the San Andreas Fault at Parkfield is shown, together with
the various instrument sites, in Figure 1. Preliminary seismic
moment tensor inversion indicates a moment for the earth-
quake of about 10'® N m (M 6.0) that results predominantly
from right-lateral faulting on the near-vertical main San An-
dreas Fault with some minor slip contributions on the south-
west trace (Bakun et al., 2005). The slip distribution along
the rupture was mostly in a N43°W direction from the hy-
pocenter at a depth of 7.9 km under Gold Hill and was ini-
tially localized between about 4 km and 8 km in depth where
it reached a peak of just over 60 cm about 10 km north of
the epicenter. The initial rupture length was about 20 km,
and postseismic slip quickly broke through to the surface in
the hours following the earthquake. Significant postseismic
slip above and around the earthquake slip has continued in
the months following the earthquake (Langbein et al., 2006).

Inversions of strong-motion data (Chen et al., 2004; Liu
and Archuleta, 2004; Liu et al., 2006) and geodetic data
taken before and after the earthquake (Murray et al., 2004,
2006; Langbein et al., 2006) indicate similar moments al-
though the slip profile for the geodetic inversion is deeper
to the northwest than that derived from the seismic inver-
sions. Joint inversion (Dreger et al., 2004; Chen et al., 2004)
indicates a compromise slip distribution with a moment of
1.1 X 10" N m.

In this article we show and discuss the implications of
these high-resolution strain and pore pressure data recorded
before, during, and following the M 6.0 Parkfield earth-
quake. The strain network we use was originally designed
and installed some 20 years ago to capture this earthquake
and, fortunately, operation has continued long enough for
these data to be obtained. The original purpose for the net-
work was to investigate the physics of fault failure and de-
termine whether routine earthquake prediction might be pos-
sible. Because of the precision of these instruments was
more than a thousand times greater than other geodetic tech-
niques in the short term, this experiment provided our best
chance at isolating some of these details.

Instrumentation

Our measurement system consists of five Sacks—Evert-
son dilatometers (Sacks et al., 1971), two borehole tensor
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Figure 1. Locations of dilational strainmeters,

tensor strainmeters, and pore pressure monitors in the
Parkfield region relative to the epicenter and subse-
quent rupture of the 28 September 2004 M 6.0 Park-
field earthquake (star), its subsequent rupture plane
(transparent box), and its subsequent aftershocks.
Also shown with a black X are instruments (GHI,
GH2, EAD, and EAT) that had ceased operation by the
time of the earthquake. See Table 1 for detailed lo-
cation information.

strainmeters (Gladwin, 1984), two pore pressure monitors
(north of the rupture), and one water well (HR) (close to the
fault near the peak slip of the earthquake). Locations of the
instruments are shown in Figure 1. It is obvious that as a
result of some correct site choices (and probably some luck),
the earthquake epicenter is near the exact center of the array.
The most important of these sites are FR and DL where both
tensor (FRT, DLT) and dilational (FRD, DLD) strainmeters
are installed on the west and east side of the fault near the
region of peak slip from the earthquake. Dilatometers JCD
and RHD are likewise installed on the east and west sides of
the fault in the south. Unexplained long-term changes in the
VCD instrument preclude using this instrument for long-term
strain purposes. Most of the strain instrumentation was in-
stalled in 1986-87 in anticipation of the M 6.0 Parkfield
earthquake. Several other dilatometers (GH1, GH2, EAD) and
one tensor strainmeter (EAT) were installed earlier, but these
instruments failed in the mid-1990s due to cable leakage.
This is unfortunate since GHIGH1 and GH2 were installed
in 1982 almost right at the subsequent earthquake epicenter.
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The strainmeters are installed in sandstone or granite
units at depths that range from 118 m to 323 m, as shown
in Figure 2a, using an expansive grout that has material prop-
erties similar to that of the host rock. Locations, depths, and
rock types are listed in Table 1. The boreholes are filled to
the surface with cement to reduce long-term strain changes
due to hole relaxation effects and to avoid strains due to
reequilibration of aquifer systems. At these depths, noise
spectral levels have a red or 1/f? character and have a range
from —200 dB to —230 dB in the period band 1 sec to 0.01
seconds, from — 100 dB to — 150 dB from a month to hours
and from —50 dB to — 100 dB at periods from a year to a
month. dB is referenced to 1 (strain)?)/Hz. At periods of
about 6 months, the noise level approaches that of GPS strain
measurements (Johnston and Linde, 2002). Pore pressure
monitors measure pressure in sealed aquifers at depths of
222 m (SC) and 195 m (LC). Installations are shown in sche-
matic form in Figure 2b. The pore pressure instruments were
installed in 2002.

All dilatometers, pore pressure, and the one water-well
instrument transmit data every 10 min through a 16-bit dig-
ital telemetry system through the GOES satellite to the U.S.
Geological Survey headquarters in Menlo Park, California
(Silverman et al., 1989). The tensor strainmeters sample
every 18 min (DLT) and every 30 min (FLT) and also trans-
mit their data by GOES satellite telemetry. The strain sensors,
their installation, and the telemetry system are calibrated to-
gether against theoretical ocean-load corrected solid earth
tides (Hart ef al., 1996; Linde et al., 1992). This calibration
is usually repeatable to better than 5%. The dilatometer data
are also recorded in event trigger mode at different gains on
16-bit digital GEOS recorders at 200 samples per sec together

3
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Table 1
Locations and Depths of the Various Borehole Strain and Pore Pressure Instrumentation
Depth Altitude Install
Site Latitude Longitude (m) (m) (dd/mm/yyyy) Rock Status
Dilatometers
GH1 35.8314 —120.3461 117.6 510 6/27/1983 Granite Dead
GH2 35.8372 —120.3445 177.7 507 7/01/1983 Granite Dead
EAD 35.8946 —120.4220 267.2 595 10/24/1984 Sandstone Dead
VCD 35.9219 —120.5355 204.1 940 11/24/86 Sandstone OK
FRD 35.9108 —120.4883 323.36 674 12/6/86 Rhyolite OK
DLD 35.9401 —120.4234 176.48 572 11/19/86 Sandstone OK
RHD 35.6244 —120.2577 229.16 686 1/19/87 Sandstone OK
JCD 35.7153 —120.2064 169.13 567 1/18/87 Sandstone OK
Tensor Strain
FRT 35.9107 —120.4859 237.3 674 12/7/86 Rhyolite OK
DLT 35.9401 —120.4234 174.0 572 11/8/86 Sandstone OK
EAT 35.8936 —120.4208 271.4 592 11/13/86 Sandstone Dead
Pore Pressure
LC 35.98006 —120.51423 195 637 7/24/01 Sandstone OK
SC 36.0094 —120.53662 222 947 7/24/01 Granite OK
Water Well
WR 35.3145 —120.4250 134 782 2/16/1994 Sandstone OK

pg3 #3



Name /mea_ssa964b_605409/964b_05822/Mp_4

05/15/2006 07:57AM

with signals from colocated three-component seismic veloc-
ity and acceleration transducers (Borcherdt et al., 1985). Si-
multaneous seismic velocity, acceleration, and volumetric
strain data have been recorded for the past 2 decades during
events with M > 3.0 (Borcherdt et al., 2006). These record-
ings include up to 20 sec of preevent data.

Data

Figure 3a (upper plot) shows the 10-min (raw) dilational
strain data with effects from changes in atmospheric pressure
load and instrument resets removed during the period 18
September 2004 to 6 October 2004, before and after the
Parkfield earthquake. In the convention used here, contrac-
tion is positive. Units are microstrain. Also shown Figure 3a
(lower) are pore pressure and waterwell-level data. The
sinusoidal-like signal in both data sets results from the earth
tides. These are not removed at this stage to provide a con-
tinuous quality check on the data. These atmospheric pres-
sure effects were removed by calculating the zero-frequency
transfer function between pressure/strain and pressure/pore
pressure and subtracting the pressure signal from each data
set. Figure 3b (upper) shows the areal and tensor strains and
tensor strain component data in microstrain for FRT, while
Figure 3b (lower) shows the same data for DLT.

Main features of these data are as follows:

1. The absence of obvious variations in strain and pore pres-
sure before the earthquake. This issue will be discussed
in more detail later.

2. Compressional coseismic strain steps of about 0.3 mi-
crostrain on the west side and extensional strain offsets
of about 0.6 microstrain east side of the fault in the north
and opposite though smaller steps in the south as ex-
pected for failure of a right-lateral strike-slip fault.

3. Postseismic strain reaching as much as 200% of the co-
seismic occurred in the 24 hr following the earthquake,
and over the subsequent six months has reached as much
as 600% at some sites.

Because we record surface three-component accelera-
tion and velocity onsite at 200 samples per sec (sps) together
with borehole stain data at all sites, the details of the actual
coseismic offset and short-term preseismic data were well
recorded. The strain and the acceleration data are discussed
in Borcherdt er al. (2006) and the strain data are shown in
Figure 4 for the various sites. In each summary, the upper
plots show three days of satellite data, and lower plots show
high sample rate strain data. In every case, the dynamic
strains are at least 10 times larger than the static strains in
the near field and more than 100 times larger in the inter-
mediate to far-field reflecting the 1/7° fall-off in the static
strain with distance and 1/#* falloff in dynamic strain. The
VC instrument reset, not with the mainshock but after an
aftershock, 4.5 min following the main event. We are able
to reconstruct the offset using the triggered data from the
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high-sample rate onsite recorder since these data during af-
tershocks track the background strain level. A 4.6 micro-
strain correction to the VC data indicated by the triggered
data has been applied.

If all these strain data are high-pass filtered, the resulting
straingram tracks the velocity record well during the arrival
of the early dilational phases, as expected from theory
(Borcherdt et al., 1989) and shown in practice (Borcherdt et
al., 2006).

Coseismic Strain and Pore Pressure

Offsets generated by the Parkfield earthquake, listed in
Tables 2 and 3, are shown in Figure 3a and 3b. The offsets
from 10-min dilatometer data, and 18-min and 30-min
tensor-strain data for the Parkfield earthquake are larger than
the coseismic offsets recorded at high sample rate during the
first 30 sec of the earthquake (Borcherdt et al., 2006) as a
result of postseismic slip continuing to occur following the
earthquake. As a consequence of the different sample times,
the coseismic areal strain data from the two sites with both
dilational and tensor strain are slightly different. For exam-
ple, the coseismic areal strain at dilatometer site DLD taken
5 min after the earthquake is —0.56 microstrain, while the
coseismic areal strain from the tensor site DLT taken 25 min
after the earthquake is —0.85 microstrain. The slower sam-
ple rate data were initially combined with 100-sec coseismic
GPS data to obtain a simple slip model shown in Figure 5
(upper). The fits to the strain data are not better than 10%
of the observed offsets. Nevertheless, all of the slip appears
to be to the north of the M 6.0 hypocenter between this and
the 1966 hypocenter from 4- to 10-km depth and with a slip
of 35 cm. The background from Fletcher and Spudich (1998)
shows patches of fault slip that occurred with four M 4-5
earthquakes in 1992, 1993, and 1994 that triggered increased
fault displacement in this region Langbein et al. (1999).

Variable slip models have been developed by Langbein
et al. (2005, 2006), Murray and Langbein (2006), and Chen
et al. (2004) based on inversion of GPS data alone. These
models are shown in Figure 5 (middle, lower). Observed and
calculated strains at each site are listed in Table 4. The best
fit to the observed strains comes from the Langbein ef al.
(2006) model, but small changes in model geometry can
produce significant changes in strain. It would appear that
joint inversion of 20-sec strain data, comparable GPS data,
and seismic data in these variable slip models will be nec-
essary to produce a final best-fitting model without contam-
ination from postseismic slip. As mentioned above, postse-
ismic slip contamination is very apparent in the strain data
for this earthquake. Coseismic strain offsets obtained from
the 200 sps data on the same instrument are 40% less than
the coseismic strains sampled at 5 min after the event
(Borcherdt et al., 2006). At higher sample rates (1 Hz), the
GPS resolution is poor (=2.5 cm P-P) and, if the GPS data
are averaged over longer periods to reduce noise (even 100
sec), postseismic deformation is continuing and this will be
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Figure 3.  (a) Strain, pore pressure, and water-level data recorded at four dilational strainmeters, two pore pressure sites,
and one operating water well near the peak rupture from 18 September 2004 to 6 October 2004 before and after the M 6.0
28 September Parkfield earthquake. Contraction is positive. Strain offsets on opposite sides of the fault produced by the
earthquake have opposite signs. These 10-min sampled data have atmospheric pressure loading and instrument resets removed.
(b) Areal and shear strain data together with original component data recorded at the two tensor strainmeters from 18
September 2004 to 6 October 2004, before and after the M 6.0 28 September Parkfield earthquake. Note that contraction is
positive. These data have instrument resets removed. All data are displayed with identical vertical scales in microstrain.
Sample rates are every 10 min for the dilatometers, every 18 min for DLT, and every 30 min for FLT. Numbers following
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the component label refer to the orientation clockwise from north for that component.
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Figure 4.  One and a half days of data from four dilational strainmeters before and
after the earthquake together with strain and acceleration data samples at 200 sps show-
ing the strain seismogram. Note that the strainmeter scale factors are derived from earth
tide calibration and are termed normalized. In contrast, strain scale factors used by
Borcherdt et al. (2006) are the mechanical scale factors of the strainmeters.

Table 3
Observed Coseismic Tensor Strain Offsets* for the 2004
Parkfield Earthquake
Areal
Site Latitude  Longitude Strain  Gamma 1 Gamma 2

Tensor Strainmeters
FRT
DLT

Table 2 359107 —120.4859 +0.425

359401 —120.4234 —0.85 +0.51

—2.33

Parkfield Earthquake *Compression positive in microstrain.
Site Latitude Longitude Dilation  Areal Strain
Dilational Strainmeters Table 4
FRD 359108 —120.4883 +0.61 +0.41 Model Parameter for Uniform Slip Model Obtained from
DLD 35.9401 —120.4234 —0.84 —0.56 Inversion of Strain and GPS Displacement Data
JCD 357153 —120.2064 +0.284  +0.189 .
RHD 35.6244  —1202577 —0.058  —0.038 Fault Latitude Longitude  Strike Dip (km) (km)
VCD 359219 —120.5355 +4.776  +3.184
) . ) San Andreas Fault 38.836 —120.372 143° 90° 15
*Compression positive in microstrain.
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Figure 5.  Uniform slip model obtained by inversion of strain and GPS data for the

Parkfield earthquake and variable slip models from Langbein er al. (2006) and Chen

(2004) obtained by inversion of GPS data for the Parkfield earthquake. To allow com-

parison, the outline of the uniform slip model is superimposed on each of the variable

slip models.

aliased into the coseismic offset data (Langbein et al., 2006). coverage. However, this slip patch could explain the large

An interesting issue exists with the strong-motion model of 4.8 microstrain contraction at VCD, which is poorly fit in the
Lui et al. (2006), for which substantial shallow slip occurs current GPS-based models. Comparative discussion of the
to the north of DLD and FRD sites near the SC and LC pore different models can be found in Liu et al. (2006). Clearly,
pressure sites (Fig. 1). In this region, the GPS model of Lang- further integration and consolidation of all these different
bein has been constrained to have zero slip because of poor models and data is needed.
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Preseismic Strain, Displacement, and Pore Pressure

The issue of precursory activity is a crucial one. Labo-
ratory observations and modeling efforts suggest that fault
failure occurs when displacements exceed those for peak
shear stress. Accelerating strain resulting from increased de-
formational weakening occurs before the dynamic slip in-
stability that results in an earthquake. In rock mechanics
terminology, this stage is called tertiary creep (Jaeger and
Cook, 1976; Lockner, 1998). In terms of laboratory deter-
mined rate or state dependent friction (Dieterich, 1994;
Ruina, 1983), it is called slip weakening. That nonlinear
strain precedes rupture has provided hope that detection of
these strain changes will lead to a method for earthquake
prediction. The form of strain change expected is exponen-
tial-like with the largest strain changes occurring at the last
stages of failure and the amplitude or size of the strain
change relates to nucleation patch moment release. If the
nucleation moment release is detectable, these observations
could be used as a technique for earthquake prediction. Un-
fortunately, continuous strain measurements near moderate
to large earthquakes thus far have failed to detect any indi-
cations of exponentially increasing strain (Abercrombie et
al., 1995; Johnston et al., 1990, 1994; Wyatt et al., 1994).
This implies the scale must be small compared to the even-
tual rupture size. The Parkfield M 6.0 earthquake is the best
instrumented earthquake so far on which to test these con-
clusions.

To search for very small changes in strain immediately
before the earthquake, earth tides with ocean-loading com-
ponents (Agnew, 1997; Tamura, 1991) and atmospheric
pressure loading (Rabbel and Zschau, 1985) must first be
predicted and removed from the data using least-squares
methods. Great care must be taken to avoid having the co-
seismic offsets contaminate the least-squares fitting. The pri-
mary technique used here was to remove the coseismic off-
sets and immediate postseismic changes, replace these data
with predicted tidal data, then fit and remove the tides. Only
corrected data up to the time of the earthquake was then
considered. Other tide removal techniques were also tried
but no improvement in noise reduction was achieved.

Figure 6 shows strain, pore pressure, and water-well
data after atmospheric pressure loading and earth tides have
been predicted and removed from the data. The strain units
are nanostrain, the pore pressure units are millibars, and the
water-well data are in meters. Note that data for tensor in-
strument FRT are not included here because the residual
noise level after removal of tides and atmospheric pressure
exceeds 10 nanostrain. There are some hints of changes in
the last day preceding the earthquake, and an immediate
worry was that these resulted in some way from the pro-
cessing. This was probably not the case since firstly, differ-
ent processing gave similar results, and secondly, all instru-
ments recorded offsets that were subjected to the same
processing but not all show slow changes. A further com-
plication arises since the largest change of 8 nanostrain oc-
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curred on the FR dilatometer and this instrument reset itself
also about 24 hr before the earthquake (Fig. 6). This reset
introduced a small amount of heating as shown during other
resets on this instrument. If these FR data are removed, the
next largest change is in pore pressure at SC. Curiously, this
measurement site is well outside the rupture area. While this
change is significant in this section of record, such changes
have occurred at other times. Overall, none of these changes
are significant in the longer term record and the form of the
changes are not what would be expected on the basis of
theory and laboratory observations for nucleation at the
earthquake hypocenter. Nevertheless, the possibility that
they may result from another process such as deeper larger-
scale slip episode on the San Andreas that triggered the
earthquake cannot be precluded.

An additional indicator whether preseismic strain
changes occurred comes from the shorter-term data imme-
diately before the earthquake. These data were recorded in
the preevent memory of the high sample rate triggered re-
corder (Borcherdt et al., 2006) and are shown in Figure 7a
for the 20 sec (left) and 1 sec (right) before the earthquake
after low-pass filtering the data with a 5-pole butterworth
filter with a high cut of 10 Hz. The units are nanostrain for
the 20-sec plot and picostrain for the 1-sec plot. While co-
herent changes of 20 picostrain would be readily apparent
in these data, there are no indications of short-term accel-
erating strain on either plot near the time of the actual earth-
quake occurrence. In contrast, the strain change during the
earthquake was more than 1 microstrain or more than five
orders of magnitude larger. If nucleation slip/moment re-
lease occurred at the earthquake hypocenter, then it must be
correspondingly five orders of magnitude smaller than the
coseismic moment. Figure 8 shows nucleation moment re-
lease from a point source as a function of depth within the
earthquake rupture zone for strainmeter measurement reso-
lution at different periods where the strainmeters are located
at depth/2 from the fault. The Parkfield earthquake (star)
occurred at a depth of 8 km. At periods of seconds, the
resolution was about 0.01 nanostrain, and the largest mo-
ment release that could go undetected would be 2 > 10> N
m. This would be equivalent to about a M 2.0 earthquake.

Even better data might have been obtained if the two
instruments at Gold Hill (GH) had remained operational.
These instruments at different distances from the fault were
near the eventual earthquake epicenter. However, while the
strainmeters at GH failed, the high-quality acceleration and
velocity data at this site continued to be collected. Ground
displacements preceding the earthquake were determined
from the acceleration data at GH and other sites (Borcherdt
et al., 2006), and these data provide independent constraints
on nucleation size. Displacement data at just the strainmeters
sites are shown in Figure 7b together with their standard
deviations during the 20 sec and 2 sec before the P-wave
arrivals. Clearly the most important is these sites is GH at
the earthquake epicenter. The standard deviation in displace-
ment here was 0.5 X 10~% m. In contrast, the coseismic
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week before the M 6.0 Parkfield earthquake. Atmospheric pressure loading and instru-
ment resets have been removed from these data. Note that data for tensor instrument
FRT are not included here because the residual noise level after removal of tides and
atmospheric pressure exceeds 10 nanostrain. Arrow shows the occurrence time of the

earthquake.

displacement estimated from the GPS data at this site is
0.05 m. This is six orders of magnitude larger than displace-
ments observed immediately before the earthquake. Similar
ratios are obtained at other strainmeter sites and other sites
throughout the region. This consistent with conclusions
based on the strainmeter data and implies a nucleation mo-
ment release during this time that is even smaller than esti-
mates from the strain data.

Postseismic Strain

Significant postseismic compressive strain appears to
have occurred during the 12 hr following the earthquake (see
Fig. 3a, b), and this has continued in the months following
the earthquake. The erratic postseismic response of the FRT
instrument may indicate that this instrument is failing. Dur-
ing this postseismic period, slip varies as log (time) consis-

tent with continued slip on the earthquake rupture plane in
response to incomplete reduction of plate loading stress and
expanding slip into the near-surface region after stress-
induced velocity strengthening (Scholz, 1990). Langbein et
al. (2006) fit time constants from these data to an Omori
decay law expected from a velocity strengthening friction
law expected from faults with stable creep (Perfettini and
Avouac, 2004), as occurs in this Parkfield region.

Tidal Response

Ocean-load-corrected earth tides are used to calibrate
both the strain instruments and the region near the instru-
ments. Since the mechanical calibration of the instruments
is known, comparison of ratios of tidal to mechanical cali-
bration at different sites gives a measure of differences in
bulk modulus between instruments in the fault zone with
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Figure 8. Maximum possible nucleation moment
release from a point source slip model (Okada, 1992)
as a function of nucleation source depth for different
strainmeter resolutions in nanostrain at different pe-
riods. At periods of seconds, the resolution is 0.01
nanostrain, at periods of hours it is 0.1 nanostrain, and
at periods of weeks, it is 1 nanostrain.

others in crustal materials at tens of kilometers from the
fault. Examination of comparative ratios of tidal amplitudes
of the San Andreas Fault indicates differences in the ratios
of not more than a factor of two, as suggested by Johnston
et al. (1994) from tidal response near the 1992 M 7.3 Land-
ers earthquake and Fialko et al. (2002) from INSAR data near
the 1999 M 7.1 Hector Mine earthquake. In other words,
if the material in the San Andreas Fault is more compliant
than the surrounding region, it does not differ by more than
about a factor of two or three. The strain-offset data that are
based on these calibrations do not reflect obvious strain am-
plification. The data could be consistent with a modulus con-
trast of a factor of two or three, and this may still be sufficient
to produce the blocklike behavior necessary to explain the
geologic, geodetic, and data on trapped seismic waves in the
fault zone (Yong-Gang et al., 2002).

A further question remains whether material properties
might have changed prior to the earthquake, as indicated by
changes in earth tidal response. This technique was first sug-
gested by Nishimura (1950) as a possible means for earth-
quake prediction. Following techniques discussed in Linde
et al. (1992), we have determined the tidal response for the
two years prior to the earthquake and find no significant
change in this response with time for this earthquake. A plot
of M 2.0 amplitude as a function of time from 2003 to the
present is shown in Figure 9. Higher noise at certain times
reflects bad data. No change in tidal response is apparent in
the data before the earthquake. Changes following the earth-

quake probably reflect the effects of coseismic and postse-
ismic slip. This result is consistent with similar observations
during the Loma Prieta earthquake (Linde et al., 1992).

Tremor

Unusual nonvolcanic tremor events have been observed
on a high-resolution seismic network installed to monitor
the Parkfield region (Nadeau and Dolenc, 2004). These
events had been previously observed on subduction zones
(Rogers and Dragert, 2003) and suggested to be related to
slow slip or slow earthquake events. Fortunately the Park-
field tremor events are located immediately beneath two of
the borehole strainmeters sites as shown in Figure 10. The
strainmeters are ideally suited for detection of slow earth-
quakes. A number of these slow events at a depth of 4-8 km
have been observed with associated aftershocks further north
on the San Andreas Fault (Linde et al., 1996; Johnston and
Linde, 2002). Records from the two strainmeters have been
searched during the total 175 reported tremor events from
January 2001 to March 2005 (R. M. Nadeau, personal
comm., 2005).

The strain data for two of the largest events are shown
in Figure 11 (upper), while the composite plot showing
strain for all events is shown in the lower plot. It is apparent
that there are no strain changes at the time of these events
although there are some hints that these events occur at peak
tidal extension. Because of the depth of the tremor events
between 20 and 40 km, these data do not place a tight con-
straint on aseismic moment release that might accompany
the events. It is possible that slip equivalent to a M 3 earth-
quake could accompany the tremor events and not be de-
tected on the strainmeters. Clearly this situation is very dif-
ferent from the equivalent M 5 aseismic, or slow earthquake,
events that occurred on the San Andreas Fault near San Juan
Bautista (Linde ef al., 1996) with accompanying microse-
ismicity whose total moment release was one to two orders
of magnitude less.

Discussion

It is clear that for the 2004 Parkfield earthquake, no
significant precursory strain, pore pressure, or displacement
changes preceded this event, either in the intermediate term
or in the short-term (sec) when the expected signal should
be largest. Similar results have been obtained in the near
field (i.e., less than one rupture length) of other moderate to
large earthquakes in California (Agnew and Wyatt, 1989;
Johnston and Linde, 2002; Johnston et al., 1987, 1990, 1994,
Linde and Johnston, 1989; Wyatt et al. 1994). There are
some hints of changes in strain and pore pressure rate in the
24 hr before the event. The largest of these is questionable
because of an instrument reset, and all of the others are not
significant when compared with longer-term data. These sig-
nals are intriguing since they could result from other broader
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Figure 9. M2 tidal response as a function of time
at the two sites FRD and DLD on either side of the
rupture. Sliding 2-month time blocks were used with
a 50% overlap between blocks. Error bars are 1 stan-
dard deviation.

scale (deeper) activity on the fault that may have triggered
the earthquake, but we are unable to constrain the details.

During the last seconds before the Parkfield earthquake,
the maximum moment release on faults that subsequently
ruptured could not have been more than 2 X 10'?> N m. This
is less than 0.001% of the moment release during the earth-
quake since moment release at the earthquake hypocenter
during this time was 10'® N m. Preevent displacements ob-
tained from accelerometers at Gold Hill immediately above
the hypocenter indicate the nucleation moment release were
even smaller at 10~7, or less than 0.0001%, of the earth-
quake moment.

How big might the nucleation zone be? If we assume
displacement, U, is proportional to rupture length, L, as in-
dicated by both observation and theory (constant stress drop
assumption) for earthquakes with M; less than 6 (e.g., see
Scholz, 1997). Then,

U = KL Ao, (D

05/15/2006 07:57AM  Plate # 0

M. J. S. Johnston, R. D. Borcherdt, A. T. Linde, and M. T. Gladwin

where K ~ 1077 m/MPa/km, L = rupture dimension, and
Ao = stress drop (approx 3 MPa). Therefore, the moment
M is given by:

M = ul0*L? 2)
where y is the rigidity. For a nucleation size of 2 X 10'* N
m obtained from the strain data, the nucleation source size
would be <100 m. For a moment 10 times smaller indicated
by the GH displacement data the size would be 46 m. Al-
ternatively, using the empirical relations from Aki (1987),

Log(My) = 2M,; + 142 — Log Ac 3)

Log(L) = 0.6M; — 2.9 — 0.6Log Ag. 4)
Assuming a stress drop of 3 MPa, this gives a source size
of <34 m using the strain and <12 m using the displacement
data. These sizes are similar to patches of repeating earth-
quakes observed in this region by Nadeau and McEvilly
(1997) but much larger than nucleation source sizes ob-
served in the laboratory where frictional slip on preexisting
slip surfaces in large-scale laboratory friction experiments
(Dieterich, 1981) indicates nucleation slip does initiate
within a small nucleation region. On the other hand, Dieter-
ich (1992) shows numerical calculations that indicate the
size of these regions should be 1-10 m for both smooth or
rough initial stress distributions—consistent with the upper
bounds allowed by the strain and displacement data. It would
appear from both data that the scale on which rupture initi-
ates is several orders of magnitude smaller than that of the
subsequent earthquake. If so, the fault model relevant to this
process must be inhomogeneous in character to accommo-
date these observations that crustal failure does not occur
simultaneously through the entire rupture zone but is appar-
ently triggered by failure of small localized zones, indicating
nucleation runaway or “cascade” runaway. This result, and
similar results for other large magnitude earthquakes (John-
ston and Linde, 2002), is in clear conflict with suggestions
by Ellsworth and Beroza (1995) and lio (1995) that nucle-
ation scales with earthquake magnitude. Similar conclusions
that rupture size is determined by the pattern of stress het-
erogeneity on the fault, not the nucleation source, were
reached by Lavallee and Archuleta (2003) for the 1979 Im-
perial Valley earthquake. If correct, the possibility that re-
liable predictions can be made of the location, time, and
magnitude of moderate to large earthquakes does not seem
likely.

The strain and pore pressure data similarly constrain
changes in pore pressure in the fault zone that may be related
to the failure process. If we assume no hydraulic connectiv-
ity between regions of high pore pressure on the fault zone
(such as proposed by Byerlee, [1990] and Byerlee [1993])
and ignore for the moment how pore pressure changes in
these regions might occur, it is obvious from simple calcu-
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lations of strain generated by changes in pore pressure for
regions with dimensions of a few hundred meters and depths
of about 5 km that rapid changes in pore pressure of 0.1
MPa should be readily detected, though not necessarily rec-
ognized as such. If hydraulic communication with the sur-
roundings does exist, smaller pore pressure changes might
be detected as poroelastic strain as fluids diffuse out to
greater distances, in effect increasing the source size. Small
changes in the local geometry of regions with high pore
pressure probably would not be detectable.

It is also apparent in these data that large-scale changes
in elastic properties within the fault zone are not occurring
near these instruments. If they were, we would expect
changes in tidal shear strain and volumetric strain response.
Observations of earthtide response before and after the larg-
est earthquakes (1992 M 7.3 Landers, 1989 M 7.1 Loma
Prieta, etc.) indicate that if measurable changes occur, they
are less than 5% (Linde et al., 1992). There are no sugges-
tions of any permanent change.

(After Nadeau and Dolenc, 2004)

The Parkfield earthquake was modeled as slip on a uni-
form slip patch by inversion of GPS and strain data. The
details of the slip model are listed in Figure 3. Much better
distributed slip models were obtained by inversion of seis-
mic and geodetic data (Chen et al., 2004; Dreger et al.,
2004), geodetic (Langbein et al., 2006; Murray and Lang-
bein, 2006; Murray et al., 2004) and strong-motion data (Liu
and Archuleta, 2004; Liu er al., 2006). The models from
Langbein et al. (2006) and Chen et al. (2004) are shown in
Figure 5. At this point, the best fit is to the Langbein et al.
(2006) model. Joint inversion using all data seems necessary
to improve these models together with careful correction of
the GPS data for contamination from postseismic slip. It is
likely that the overall model in the 20-km section north of
Gold Hill will be unchanged, but small adjustments in the
slip distribution near the strainmeters will result in a better
fit the strain data.

The postseismic effects reflect strain redistribution in
the region as fault slip continues to grow in response the
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earthquake induced stress and incomplete release of stress
from plate loading in the region. Except at DL, these strain
changes are in the same sense as the coseismic offset. The
relaxation time constants have been obtained by fitting an
Omori Law decay to these, creep, and GPS data by Langbein
et al. (20006).

Conclusions

The M 6.0 Parkfield earthquake occurred within a tight
array of high-resolution geophysical instruments in Park-

field. These include four borehole dilational strainmeters,
two borehole tensor strainmeters, two borehole pressure
monitors, one water well, a network of creepmeters, and GPS
displacement monitors. These data are augmented with on-
site measurements of seismic acceleration and velocity
(Borcherdt et al., 2006). The earthquake and its subsequent
rupture occurred well within the array of instruments. In the
hours to minutes before this event, there are no indications
of significant precursive strain in these data at strain reso-
lutions of better than 0.1 nanostrain due to precursive slip
on the eventual Parkfield rupture, although some slow, mi-
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nor, but not significant strain changes of perhaps a few na-
nostrain occurred in the 24 hr before the earthquake. In the
last seconds before failure, strain resolution was 0.01 na-
nostrain.

The absence of measurable precursory strain changes
place important constraints on possible moments and di-
mensions of nucleation events. The strain data could allow
a nucleation moment of 2 > 10'> N m corresponding to a
source size of about 34—100 m depending on the model used
for this calculation, while displacement data derived from
acceleration data constrain the moment to be 10 times less
and source size to be 10 m or so. These moments are at least
five orders of magnitude less than that of the subsequent
earthquake. These upper estimates of source size are com-
parable to dimensions of clusters of repeating microseis-
micity in the region (Nadeau and McEvilly, 1997).

The apparent small size of the rupture initiation mo-
ments compared to the total earthquake moment suggests
that there is no scaling of the nucleation process with earth-
quake magnitude. This is inconsistent with suggestions by
Ellsworth and Beroza (1995) and Iio (1995) that nucleation
scales with earthquake magnitude. The basic failure process
thus apparently involves rupture nucleation runaway. High
pore pressure fluids may be associated with this process
(Byerlee, 1990, 1993) but if pore pressure changes drive the
nucleation process, these changes were apparently small for
the 2004 Parkfield earthquake.

The latest variable slip models of the earthquake ob-
tained by inverting all available GPS data overestimate the
coseismic strain offsets. Usually coseismic strain offsets are
in relatively good agree with geodetic models. This earth-
quake had a large component of postseismic slip, and it is
evident that, even 5 min after the earthquake; the offsets had
grown by as much as 70% of that during the earthquake.
Furthermore, the strainmeters were close to the rupture and
small changes in geometry and amount of slip close to the
strainmeters produce large changes in strain. The possibility
exists that the GPS displacements averages may be contam-
inated by the postseismic slip and estimates of the moment
are correspondingly high.

A clear postseismic slip response has been observed,
reflecting continuing slip following large earthquakes where
accumulated strain energy has only been partly released.
During this postseismic period, slip varies as log (time) con-
sistent with continued slip on the earthquake rupture plane
as a consequence of incomplete release of accumulated plate
loading stress, expansion of slip into the near-surface region
after stress-induced velocity strengthening (Scholz, 1990),
and Omori Law slip decay based on a velocity strengthing
friction law (Perfetti and Acouac, 2004). Afterslip is com-
mon in this region of aseismic fault slip and was observed
previously following the 1966 Parkfield earthquake (Smith
and Wyss, 1968).

Indications that the physical properties of the Earth’s
crust may have changed before, or as a result of this earth-
quake (Nishimura, 1950), are not supported by any observed

change in earth tide response. Tidal response is stable at the
5% level through the earthquake at the three sites with the
most complete data. There are no clear indications of
changes in fault zone compliance caused by the earthquake.
Curious observations of nonvolcanic tremor have been re-
ported to occur prior to and following the earthquake (Na-
deau and Dolenc, 2004). The hypocenters of these tremor
events were located immediately beneath two of the strain-
meters in the south of the network. No measurable defor-
mational strain (slip moment release) preceded or occurred
at the time of these tremor events in contrast to the measur-
able strain and associated seismicity occurring with aseismic
slip events, or slow earthquakes, observed elsewhere on the
San Andreas Fault.
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