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[1] Most of the relative motion between the Pacific plate
and the Sierra Nevada Great Valley microplate is accom-
modated by strike slip along the San Andreas Fault. On the
central San Andreas Fault (CSAF), the strike-slip motion
occurs nearly aseismically as fault creep [Thatcher, 1979;
Titus et al., 2006; Rolandone et al., 2008; Ryder and
Bürgmann, 2008]. However, distributed contractional and
right-lateral strike-slip motions also occur in the California
Coast Ranges on both sides of the San Andreas. CSAF-normal
convergence is accommodated on contractional structures
on both sides of the fault, as evidenced by the occurrence of
thrust earthquakes and Late Cenozoic uplift and folding of
the Coast Ranges. A recent example of such activity is the
2003 Mw 6.5 San Simeon blind-thrust earthquake 50 km
west of Parkfield [Rolandone et al., 2006].
[2] The amount of strain adjacent to the creeping segment

is still a matter of debate. We therefore welcome the
constructive comment of Savage [2009] regarding our
original paper [Rolandone et al., 2008], which relied on
GPS measurements to constrain the distribution of slip on
the San Andreas Fault and quantified the deformation rates
not explained by slip on major strike-slip faults. Savage
[2009] argues that the strain-rate estimates by Rolandone et
al. [2008] are based in part on monument velocities inferred
from short runs of data spanning less than two years. He
used our published station velocities to re-compute strain
rates that omit such stations. We appreciate the opportunity
to consider a new GPS velocity field based on data spanning
longer time intervals to further improve our estimate of the
strain rate adjacent to the CSAF.

[3] In his analysis Savage [2009] considers the central
60-km-long segment of the creeping section where data are
available to calculate the strain rate for the Benito network
on the NE-side of the CSAF, as well as on the SW block
[Savage, 2009, Table 1, Figure 1]. He eliminates all the
stations that were observed for less than five years, as well
as monument BITT, which he considers too close to the
CSAF. On the NE block, for the San Benito network, his
calculation gives a resulting fault-normal (perpendicular to
the average fault strike, N41�W) contraction rate of 18 ±
20 nstrain/a (when the extension rate, 3 ± 4 nstrain/a,
predicted by a dislocation model of Rolandone et al. [2008]
of deformation from SAF slip is subtracted). Across this
network we reported a resulting, residual, contraction rate of
58 ± 25 nstrain/a, which is comparable to the value found by
Savage [2009] 49 ± 27 nstrain/a when including BITT.
[4] In our paper, we discussed the role of possible

anomalous site motions in our estimates of strain rate
adjacent to the CSAF. We argued that removing sites from
a data set (outlier removal) in such analysis should be done
with caution. However, to investigate to what degree near-
fault or high-residual sites impact the strain calculation, we
provided (auxiliary material, Figure S3 and also readme file
of Rolandone et al. [2008]) two evaluations for the strain
rate for the NE block. Considering all the data (from the
residual GPS velocities) we obtained a resulting fault-
normal shortening rate 85 ± 13 nstrain/a. If we remove all
sites from within 5 km of the CSAF and the PBO data (that
spanned less than one year) in the interior, the strain
estimate goes down to 33 ± 14 nstrain/a. For the SW block
we reported a much lower value of 17 ± 12 nstrain/a
[Rolandone et al., 2008], a value consistent with the
estimates of Savage [2009, Table 1]. We will therefore
focus our reply on the NE block of the creeping segment.
[5] We agree with Savage’s point that the most reliable

strain-rate estimates are likely to come from reliable geo-
detic observations that span the longest time intervals. We
therefore consider a new GPS velocity field that encom-
passes the data used in our paper (until mid-2005) and
adds continuous GPS data through March of 2009 and
UC-Berkeley and UW-Madison GPS data from several GPS
campaigns between 2005 and 2008. Based on analysis at
UW-Madison using GIPSY software, the updated velocity
field for the GPS sites spanning the Coast Ranges NE of the
San Andreas is shown in Figure 1 with respect to the stable
Sierra Nevada – Great Valley microplate. The strain rate
estimates determined from the new velocities of stations on
the NE block indicate a fault-normal contraction rate of 19 ±
18 nstrain/a. The fault-normal velocity profile is shown in
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Figure 1. GPS velocities on the NE of the San Andreas fault relative to the Sierra Nevada-Great Valley
microplate. Grey vectors indicate the Benito network.
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Figure 2. The linear fit to the data gives 1.3 mm/yr, which
over a 65 km wide zone corresponds to 20 nstrain/a.
[6] Based on his analysis of our longest GPS time series,

Savage estimates that the off-fault strain rates are close to
zero. Our new GPS data support his conclusion and affirm
the importance of time for averaging down noise in geodetic
time series, as emphasized by Savage. Efforts to measure
and better understand the linkage between the small, but
likely non-zero strain rates in the San Andreas fault border-
lands and faulting and folding in those regions are ongoing
and should benefit significantly from continued measure-
ments at the many permanent and campaign stations now
established in central California.

[7] Acknowledgment. This is BSL contribution 09–10.
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Figure 2. Plot of fault normal velocities as a function of
distance from the San Andreas Fault (strike N41�W) for the
sites spanning the Coast Ranges NE of the fault (as in
Figure 1). The solid line shows the linear fit to the data.
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[1] Rolandone et al. [2008] report estimates of the strain
rate adjacent to the creeping segment of the San Andreas
Fault in central California. Some of their strain-rate esti-
mates are based on monument velocities inferred from short
runs of data (e. g., 2003.4–2004.8) that include coseismic
corrections for the 2003.975 San Simeon and 2004.744
Parkfield earthquakes. This comment uses only the longer
runs of their data for an alternative analysis that leads to
strain rate estimates significantly closer to zero than they
propose. In this comment tensor, not engineering, strain is
used, extension is reckoned positive, and the uncertainties
quoted in the text and table are standard deviations.
[2] I use data from Rolandone et al. [2008] to calculate

the strain rate for the Benito network (the 15 monuments
northeast of the San Andreas Fault in Figure 1), a network
specifically chosen by Sauber et al. [1989] to monitor strain
along the creeping section of the San Andreas Fault. The
Benito network extends along the central segment of the
170-km-long creeping section of the San Andreas Fault.
The velocities (Figure 1; see also yellow arrows in Figure 1
of Rolandone et al. [2008]) for 14 monuments (those with
velocities indicated by arrows in Figure 1) in the Benito
network were measured over the interval 1998.88–2004.58
[Rolandone et al., 2008, Tables S1 and S3]; the velocity for
monument BONT was not given. I have eliminated monu-
ment BITT from the data because it is too close (1.6 km; top
of strip map C of Brown [1970]) to the active trace of the
San Andreas Fault and thus subject to local disturbances.
The positions and velocities of the remaining 13 monuments
have been referred to a Cartesian coordinate system with
origin at 36.21�N, 120.79�W (same origin as used by
Rolandone et al. [2008]), the y-axis directed along the
strike (N41�W) of the San Andreas Fault, and the x-axis
directed perpendicular to strike (N49�E). I have then found
the uniform rotation rate w and uniform strain rates eij that
best approximate the observed velocity field according to
the equations [Jaeger, 1964, p. 39]

u ¼ u0 þ exxxþ exy �v
� �

y

v ¼ v0 þ exy þv
� �

xþ eyyy

where u and v are the x and y components of the monument
velocity, and u0 and v0 are constants. In the least squares
solution of equation (1) for exx, exy, eyy, w, u0, and v0 the
observed velocities u and v were weighted by the inverse
square of their standard deviations. The rotation and strain
rates found are shown in the first entry in Table 1. (If BITT
had been included in the data, the strain rates in Table 1
would have been exx = �46 ± 27. exy = �33 ± 16, and eyy =
�13 ± 19 nstrain/a and the rotation rate w = 4 ± 16 nrad/a.)
The standard deviations for the strain rates quoted in those
tables are not the standard deviations implied by the
observational error but rather are those determined from the
fit of the data to the uniform deformation models. The last
column of Table 1 shows the ratio of the two measures of
standard deviation. The fit of the uniform deformation
model to the GPS data is reasonably good: The residuals
from the uniform deformation model fit are about 1.3 (last
column in Table 1) times greater than the standard
deviations assigned to the measurements.
[3] Other estimates of strain rate on the blocks on either

side of the creeping segment of the San Andreas Fault are
shown in Table 1. The second entry represents the strain
rates deduced (see auxiliary material) from the changes in
distances between monuments observed in the 1982.82
EDM (electromagnetic distance measurement) survey of
the Benito network [Sauber et al., 1989] and the subsequent
1998.88 GPS survey.1 Figure S1 (auxiliary material) shows
that the EDM strain in Table 1 does not fit the observed
changes in distance very well. There are also GPS data over
an interval of 5.5 or more years [Rolandone et al., 2008,
Table S3] for 6 monuments (CHLN, SHAD, SWTR, 0508,
0510, and 05TG; see Figure 1) on the southwestern (SW)
fault block. I have used the velocities at those monuments in
(1) to estimate the strain rates on the SW block (fourth entry
in Table 1).
[4] I have also calculated the strain rates expected solely

from steady-state slip (creep) on the San Andreas and
Calaveras faults. I used essentially the same slip model
(see auxiliary material) as proposed by Rolandone et al.
[2008, Table S6] to calculate the velocities predicted by a
dislocation model of the slip distribution at each of the
monuments used in the GPS solutions (all of the monu-
ments in Figure 1 except BITT and BONT).
[5] A comparison of the three essentially independent

measurements (GPS and EDM for the Benito network and
GPS for the SW block) of strain rate along the San Andreas
Fault in Table 1 indicates general agreement among the

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL037964.
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estimates. There is acceptable agreement between the three
independent measurements of each of the strain rate com-
ponents (exx, exy, and eyy) in Table 1, although the agreement
between the GPS and EDM measurements of exx in the
Benito network is only marginal. Moreover, except for the
EDM estimate of exx in the Benito network, the observed
values of strain rate are in reasonable agreement with the
estimates from the dislocation model. I regard the GPS
measurement in the Benito network (first entry in Table 1)
as the most reliable estimate of strain accumulation along
the creeping section of the San Andreas Fault. Figure S2
(auxiliary material) shows the fit of strain rates exx in Table 1
to the GPS observed values of fault-normal displacement.
[6] The azimuth of the maximum contraction rate is

directed N05�E ± 16� and N21�E ± 9� for the GPS and
EDM measurements in the Benito network and N06�E ±
20� for the GPS measurements on the SW block (Table 1).
The azimuth of principal contraction rate is directed

�N08�E ± 6� for the dislocation models in Table 1. Sauber
et al. [1989] found the azimuth of the maximum contraction
rate in the Benito network over the 1962–1982 interval was
N16�E ± 14�. These data suggest that the axis of maximum
contraction rate makes an angle of about 51� ± 4� with the
strike (N41�W) of the San Andreas Fault. One might expect
that the azimuth of the maximum contraction rate would be
the same as the azimuth of maximum compression (i.e.,
stress and strain rate are coaxial). However, Provost and
Houston [2001, Figure 8] report that the axis of principal
compression makes an angle of about 82� ± 8� with the
strike of the San Andreas Fault near the Benito network.
[7] The velocity of the Sierra Nevada-Great Valley

microplate relative to the Pacific plate implies a normal
convergence rate across the creeping section of the San
Andreas Fault of 3.2 ± 0.7 mm/a (profile DD0 in Table 2 of
Argus and Gordon [2001]). This convergence presumably is
taken up by uplift of the Coast Ranges, which run along side
of the fault at this latitude. If the breadth of the Coast
Ranges at the latitude of the Benito network is taken as
100 km (profile DD0 in Figure 5a of Argus and Gordon
[2001]), the average fault-normal contraction rate across the
Coast Range would be 32 ± 7 nstrain/a, a value consistent
with the estimates in Table 1. See Argus and Gordon [2001]
for a more detailed discussion of the relation of this
convergence to uplift.
[8] Whereas Rolandone et al. [2008] solved for strain

accumulation rates along the entire length of the 170-km-
long creeping section of the San Andreas Fault, I have
considered only the central 60-km-long segment (Benito
network) of the creeping section. In this way I have avoided
the more complicated deformation at the ends (near Park-
field on the south and San Juan Bautista on the north) of the
creeping section and taken advantage of the better data
available in the Benito network. The best estimate of strain
and rotation rates within the Benito network is given by the
first entry in Table 1. For the Benito network the right-
lateral, shear strain rate across vertical planes parallel to the
San Andreas Fault was 21 ± 12 nstrain/a whereas for the
larger area Rolandone et al. [2008] found that the right-
lateral shear strain rates were <83 ± 10 nstrain/a. For the
Benito network the fault-normal, extension rate exx was
�15 ± 20 nstrain/yr. If the extension rate exx (3 ± 4 nstrain/a)
predicted by the dislocation model is subtracted from that
extension rate, the resulting, residual, fault-normal contrac-
tion rate is 18 ± 20 nstrain/a, which can be compared to the

Table 1. Strain and Rotation Rates (With Standard Deviations) Referred to Coordinates With y Axis Fault Parallel (N41�W) and x Axis

Fault Normal (N49�E)

Network exx nstrain/a exy nstrain/a eyy nstrain/a w nradians/a Fa s/s0
b

Benito Network
GPS �15 ± 20 �21 ± 12 �13 ± 13 16 ± 12 N05�E ± 16� 1.3
EDMc �61 ± 17 �34 ± 14 �20 ± 16 N21�E ± 9� 2.4
Disloc. Model 3 ± 4 �28 ± 2 12 ± 3 �10 ± 2 N09�E ± 3� 0.3

SW Block
GPS 6 ± 56 �34 ± 29 12 ± 17 �37 ± 29 N06�E ± 20� 1.4
Disloc. Model �5 ± 17 �33 ± 8 0 ± 5 �9 ± 9 N06�E ± 8� 0.4

aAzimuth of axis of the principal contraction rate.
bRatio of standard deviation inferred from the uniform deformation fit to the observed standard deviation.
cEDM line BONT-LEY excluded.

Figure 1. Map showing the creeping segment of the San
Andreas Fault and the locations of survey monuments
employed in the strain analysis. Monuments northeast of the
San Andreas Fault constitute the Benito network. Lines
joining stations in the Benito network indicate distances
measured by EDM in 1982. The arrows represent velocities
inferred from GPS measurements between 1998.88 and
2004.58 by Rolandone et al. [2008]. The error ellipses at the
tips of the arrows indicate 95% confidence regions. The
locations of the towns of Parkfield and San Juan Bautista
are shown by the # symbols.
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residual, fault-normal contraction rate (85 ± 13 nstrain/a)
found by Rolandone et al. [2008, Figure S3] near the center
of the creeping section of the San Andreas Fault (i.e., within
the San Benito network). Notice that Rolandone et al.
[2008, Figure S3] find a much lower value (17 ±
12 nstrain/a) for the residual, fault-normal contraction rate
on the SW fault block than on the NW fault block.
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