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[1] We estimate the long-term crustal strain rate at Yucca
Mountain (YM), Nevada from GPS velocities taking into
account viscoelastic relaxation following recent earthquakes
to remove bias associated with transient deformation. The
YM data reveal postseismic relaxation in time series non-
linearity and geographic variation of the transient signal.
From the data we estimate best-fitting lower crust and upper
mantle viscosities of 10'*° Pa s and 10'® Pa s, respectively.
Once the relaxation model predictions are subtracted from
the data, the long-term shear strain accumulation rate is
between 16.3 and 25.1 nanostrains/year (ns/yr) to 99%
confidence, a range much larger than the formal uncertainties
from GPS measurement. We conclude that 1) a Maxwell
viscoelastic model cannot explain all the deformation
observed at YM, 2) uncertainty in viscosities dominates
uncertainty in YM strain rates, and 3) the effects of large,
recent earthquakes must be accounted for in seismic hazard
studies using GPS. Citation: Hammond, W. C., C. Kreemer,
G. Blewitt, and H.-P. Plag (2010), Effect of viscoelastic postseismic
relaxation on estimates of interseismic crustal strain accumulation
at Yucca Mountain, Nevada, Geophys. Res. Lett., 37, L06307,
doi:10.1029/2010GL042795.

1. Introduction

[2] Since 1999 a dense network of GPS stations has
operated continuously to monitor the patterns and rates of
strain in the crust near the proposed Yucca Mountain,
Nevada high-level nuclear waste repository. This instru-
mentation makes important contributions to evaluating the
suitability of the site since it measures the deformation of the
crust, complementing geologic and seismic constraints on
hazard. Recent analyses of the GPS data have determined
that ~20 ns/yr (~1.2 mm/yr across ~60 km, Figure 1) of
deformation occurs across the network [Savage et al.,
2001a]. This network lies east of, and adjacent to, the
southern Walker Lane/eastern California Shear zone (SWL),
which accommodates about ~20% of the relative motion
between the Pacific and North America (NA) plates [Dokka
and Travis, 1990]. The similarity of strain style and direc-
tion between the SWL and YM areas supports the hypoth-
esis that it is tectonic in origin. However, more recent
studies found that the strain rate is too large to be associated
with SWL faults to the west, suggesting that it could be
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related to structures local to YM [Wernicke et al., 2004; Hill
and Blewitt, 2006].

[3] During the time of GPS monitoring, the 1999 Hector
Mine earthquake occurred approximately 250 kilometers to
the south of YM (Figure 1). A number of studies charac-
terized postseismic deformations that followed this and the
1992 Landers event [e.g., Shen et al., 1994; Deng et al., 1998;
Owen et al., 2002; Hudnut et al., 2002; Fialko, 2004]. In
particular Freed et al. [2007] showed that because non-linear
signals can be observed at least as far from the epicenters as
YM, viscoelastic relaxation in the mantle is required. Other
candidate mechanisms such as poroelastic rebound and
after-slip, while possibly active, cannot explain the signals
at YM. As GPS time series have become longer (now >10
years in duration), the resolution of crustal deformation has
improved, affording a new opportunity to evaluate the
impact of far-reaching transients on strain accumulation
rates at YM.

[4] Characterizing long-wavelength viscoelastic transient
signals in the data is critical because they can bias estimates
of strain accumulation, and could give the false impression
that it is not focused on discrete fault systems. Our approach
is to infer viscosities that best explain the GPS signals and
earthquake source parameter data. We assume that the
relaxation signal is superimposed on a background secular
velocity field representing the long-term deformation pat-
tern. In the real Earth, complete relaxation is never reached
because it is asymptotic and the recurrence time of earth-
quakes may be less than the relaxation time of the material
[Savage and Prescott, 1978]. However, by subtracting the
predictions from a viscoelastic earthquake cycle model from
the GPS data we can estimate the underlying time-invariant
motion, and the present rate of strain accumulation. Strain
rates so corrected can be compared to slip rates obtained in
geologic investigations.

2. Data and Analysis

[5] We consider data from 60 GPS stations near YM and
the earthquakes that continuously recorded data from 1999
until 2009 with a minimum of gaps and steps owing to
equipment changes. These include the 16 sites around YM
that are a part of the BARGEN network established shortly
before the Hector Mine earthquake (Figure 1). We processed
these data to obtain time series of daily coordinates with
respect to fixed NA (see auxiliary material for details).?

[6] The transient signal in the YM GPS cluster can be
seen in the rate changes over 9 years after the Hector Mine

2Auxiliary materials are available in the HTML. doi:10.1029/
2009GL042795.

1 of 5


http://dx.doi.org/10.1029/2010GL042795

L06307 HAMMOND ET AL.: YUCCA MOUNTAIN POSTSEISMIC RELAXATION L06307
| \ |
3 mm/yr |,
] _ 'BEAT — Il s
oy N XN N
%L\\.&\\EQATATE 0& o
o\%  BULL )0
2% :
© 37 K] & 7
il o
- NG & RELA D\‘ SEUL /’(‘
- 2000 to 2002.5 f
2001 to 2003.5
35° %, .
e e 2006 to 2008.5

T
T
-115

-117°
Longitude

Longitude

Figure 1. (a) Map ofregion showing mechanisms of earthquakes, GPS sites (red triangles) that were used in this analysis, and
location of Yucca Mountain, Nevada (gray box). (b) GPS sites and rates with respect to NA as a function of time indicated by
vector color (legend). Black lines are Quaternary faults. The 95% uncertainty ellipses are shown for the first time interval, and

are similar for all time intervals.

event. We calculated rates for each 2.5-year time interval
starting with an integral year for each site, with a model that
includes amplitudes of annual and semiannual variations.
Non-linear signals cause the rate azimuths to rotate to a
more northerly direction over time because the rate change
is greatest in the north component (Figure 1). Systematic
rate changes are larger on the east side of YM (e.g., at sites
JOHN, MERC, POIN, SKUL, TIVA) gradually decreasing
to the west side, where the changes are not consistently
greater than the uncertainties in the rates (Figure S1). For
example, between 2000.0 and 2002.5 the site JOHN moved
0.4 mm/yr north and 2.6 mm/yr west, while from 2006 and
2008.5 the rate is 1.7 mm/yr north and 2.3 mm/yr west in
our NA frame (Figure 2). Formal uncertainties of these rates
for 2.5 year time series are 0.2 mm/yr, but may be larger
when including time correlated noise. Davis et al. [2003]
concluded that a realistic “whole error” uncertainty using
data from the YM network was on average 0.15 mm/yr for
time series 4.8 to 6.0 years in length, suggesting that
uncertainty for our 2.5 year interval rates are likely larger.
However, we computed the standard deviation of 2.5 year
rates for the 21 northern Basin and Range GPS sites that
were used to construct the reference frame (see auxiliary
material for details) where the effects of relaxation were
presumed to be negligible. These 2.5 year rates vary by
between 0.1 and 0.5 mm/yr, with an average of 0.2 mm/yr,
suggesting that this level of uncertainty is realistic, but could
be as high as 0.5 mm/yr.

3. Modeling Postseismic Relaxation

[7] As input sources we use the seven largest and most
recent earthquakes near YM (1857 Ft. Tejon My 8.2, 1872
Owens Valley My 7.6, 1932 Cedar Mountain Mg 7.2, 1952
Kern County My, 7.2, 1992 Little Skull Mountain My, 5.7,
1993 Landers My, 7.3, and 1999 Hector Mine My, 7.0,
Figure 1 and Table S1). These events vary in style, size, and

location, and will contribute differently to the relaxation
deformation field at YM. The smallest earthquake, Little
Skull Mountain, was included because it was near the YM
cluster, though its contribution is negligible in our final
model.

[8] We use a Maxwell viscoelastic rheology to model the
time dependence of stress relaxation of the lower crust and/
or upper mantle. This rheology has been shown in many
studies to adequately describe the time-dependent strains
that follow large earthquakes [Biirgmann and Dresen,
2008]. Furthermore it is linear and hence allows us to sum
the effects of multiple events occurring at different times in
the past to estimate present day motions. We model the
response of a spherically layered self-gravitating visco-
elastic Earth following seismic dislocations using VISCO1D
v.3 [Pollitz, 1997] to predict the effect of the candidate
earthquakes on the GPS time series. Inputs are the event
parameters, the elastic shear, bulk moduli, and viscosities in
intervals of depth (Figure S2). We assume a laterally
homogeneous 15-km-thick purely elastic uppermost layer
(upper crust) above a 15-km-thick viscoelastic lower crust
with a Moho at 30-km depth, which is a simplification based
on seismic constraints on crustal thickness [e.g., Richards-
Dinger and Shearer, 1997] and depth of active seismicity
[e.g., Nazareth and Hauksson, 2004]. The upper mantle
extends from the bottom of the lower crust to a depth of
515 km. We vary the viscosities of the upper mantle and
lower crust in a grid search with values from 10'” to 10?! Pas,
in logarithmic steps of one half order of magnitude. For each
viscoelastic structure we calculate the total cumulative
response between 1992.0 and 2010.0, spanning the time of
GPS observation. We evaluate the cumulative response at
densely sampled times after the Landers and Hector mine
earthquakes (1, 3, 7, 15, 30, 100, 200 days) and yearly for
other times, and use piece-wise cubic spline interpolation to
estimate the cumulative postseismic displacement on each
day Ax,(t, e, Num)- We subtract the predictions of the
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Figure 2. Black dots are north component time series for GPS site JOHN in a NA fixed reference frame for times after the
Hector Mine earthquake. Wavy lines indicate the best fitting secular models for the first (2000.0 to 2002.5) and last (2006 to
2008.5) 2.5 years, with rate estimates. Gray dots indicate same but with correction for postseismic relaxation from all mod-

eled earthquakes applied.

model from the GPS time series, and fit it with a function
that includes the linear rate v, intercept b and seasonal terms

x(t) — Axp(t, MLy mum) = b+ vt + Z [C; cos(iwt) + S; sin(iwt))
M =12
(1)

+ [DkH(t — tk)}
k=1

where w = 27/yr. Daily positions x(¢) are 3 x N vectors
where N is the number of data in the time series. We include
steps H(t — t;) to account for coseismic offsets (e.g., the
Hector Mine earthquake) and equipment changes. The free
parameters (b, v, C;, S;, and D)) are estimated using a least
squares fit. The postseismic model time series have both
non-zero slope and non-zero curvature, so correcting the
time series will affect rates as well as remove transients to a
degree that depends on the viscosities assumed (Figure 2).

4. Results

[s] Of the possible viscosity structures, which is the best
model? If deviation from time series linearity is the result
of postseismic relaxation, then time series curvature should
be removed by subtracting the relaxation model from the
data. We use a measure of linearity that compares the rate
at the beginning and end of the corrected time series x(¢) —

Axps(ta TlLe, nUM)

P 2 2
X2 _ 1 Z (VNil - VNiM) + (VEil - VEiM)
dof . 2 2
7 dof ] ONil OFil

(2)

where vy;;, vg; represent the north and east velocities for
site i (of P sites) for time interval j (of M intervals of
2.5 years). This measure of misfit does not require knowing
the velocity before or a long time after the earthquakes since
no particular rate before or after the correction is assumed.

Knowledge of the pre-event rate at YM sites would be
useful, but is not available because the YM GPS sites were
installed just a few months before the Hector Mine earth-
quake. We apply an F-test that depends on the number of
degrees of freedom dof to identify models that are signifi-
cantly worse than the best model. The non-linearity penalty
excludes the model where no correction has been made.
Usin§ all the GPS sites, the lowest misfit occurs when ny ¢ =
10" Pa s and nyn = 10'®° Pa s and excludes models with
num > 10" Pa s, num < 10'%> Pa s and N < 10" Pa s
(Figure 3). Considering far-field sites alone (sites >100 km
from Hector Mine) only excludes models with nyy <
10'*° Pas.

[10] For each viscoelastic structure we use the corrected
time series to estimate the rate of crustal strain and rigid
rotation parameters simultaneously [Savage ef al., 2001Db].
These provide estimates of the long-term shear strain
accumulation rate (Figure 3). Compared to the uncorrected
shear strain rate (19.5 £ 0.8 ns/yr) some models reduce the
shear strain rate while others increase it. If we only consider
models that are not excluded by the linearity constraint to
95% confidence, we find that the shear strain rate is between
20.7 and 25.1 ns/yr. If we demand 99% confidence that the
model is significantly worse, the interval widens to 16.3 to
25.1 ns/yr, and thus it is not certain whether the correction
will increase or decrease the estimate of strain accumulation
rate around YM. This interval is much larger than the formal
uncertainties of the uncorrected strain rate, and thus uncer-
tainty in viscoelastic structure dominates the uncertainty
budget of long-term strain rate of the crust.

5. Discussion

[11] Repeating our analysis including only the postseismic
model time series from the Landers and Hector Mine events
shows that they provide the signal used to restrict the vis-

3o0f5



L06307

21

20.5

20

|0910(num)

17 175 18 185 19 195 20 205 21

log,,(n,c)

21
MISFIT - NEAR FIELD

20.5

19.5
6

185 19 195 20
IOgmmLC)

17 175 18 205 21

21 MISFIT - FAR FIELD

20.5

lOgm(nUM)

185 19 195 20
|0910(n|_c)

205 21

Figure 3. (a) Contours of shear strain rate estimated from
GPS time series after correction for viscoelastic relaxation
given indicated viscosity of the lower crust and upper man-
tle. (b) Contour of misfit as a function of viscosity in lower
crust and upper mantle for near field sites only. (¢) Same for
far field sites only. Star in each plot indicates best fitting
model with 1, = 10" Pa s, 5y, = 10'%° Pas.

coelastic structure, though there is a contribution to the
velocity field from the older events. The older events cause
contemporary deformation in the GPS velocity field around
southern California and Nevada (Figure S3). They do not
help to constrain the viscosities by causing time series
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curvature because the changes in rates are too slow to be
observed between 1999 and 2009. However, these events
must be taken into account when estimating the long-term
velocities from GPS data, e.g., when using them to evaluate
slip rates on faults across southern California and Nevada.
Velocities corrected for all the events we consider are shown
in Figure S4.

[12] Owing to the long wavelength character of defor-
mation (>200 km) attributable to viscoelastic relaxation of
the upper mantle it is perhaps surprising that a geodetic rate
change signal could vary over the relatively small aperture
of the YM cluster. However, the geographic variation in
changes in rate over time (Figure S1) can be explained by
the location of the YM cluster just east of the north-north-
west nodal plane associated with Hector Mine and Landers.
This is where the models predict that lateral gradients in the
postseismic signals are large (Figures S3b and S3c). Thus
the YM GPS cluster is fortuitously located to detect post-
seismic relaxation from the Mojave earthquakes (Figure 1).
This close match between model and data suggests that the
viscoelastic process is of dominant importance in the far
field and that YM rate changes are not attributable to other
processes.

[13] While a rigorous comparison between geologic and
geodetic data requires detailed analysis, an order of mag-
nitude comparison may be informative. There are <10 sub-
parallel normal fault systems across YM that exhibit
Quaternary offset, and each accommodate in the range of
0.001 to 0.05 mm/yr (e.g., see Whitney and Keefer [2000]
and chapters therein). So there has been at most ~0.01 to
0.5 mm/yr of strain release across YM in the recent geologic
past. The upper end of this range may be an overestimate,
but is similar to 0.6 mm/yr obtained when ~20 ns/yr GPS
strain rate is expressed across the fault zone (~30 km). Thus
the geologic rate is generally lower than the geodetic rate,
and thus we might expect the viscoelastic correction to
reduce the inferred long-term strain rate to bring these into
agreement. Using integrated GPS and geologic constraints
imply a strain rate on the lower end of our estimated range
(~16 ns/yr), and that the higher end of the geologic rates are
more likely.

[14] GPS data and rock mechanics experiments suggest
that more complex or non-linear rheology, rather than the
Maxwell model we have assumed, control mantle defor-
mation and cause a stronger time series curvature in the
weeks to months following an earthquake [e.g., Karato and
Wu, 1993; Biirgmann and Dresen, 2008]. However, the time
series curvature we observe at the YM sites following the
Hector Mine event is well-explained by our model, and do
not exhibit a rapid early-stage relaxation (Figure 2), in
contrast to sites closer to the Hector Mine epicenter [Pollitz
et al., 2001]. Whether this is because these signals are too
small to be observed at far field sites, or whether the far-
field and near-field responses are qualitatively different, is
uncertain. If non-linear effects are important, then better
modeling of the near-field data (e.g., by including the pos-
sible contributions from afterslip and poroelastic rebound)
will be required to separate the contributions of non-linear
effects. Neither have we considered the effects of lateral
heterogeneity in elastic and viscous properties [e.g.,
Malservisi et al., 2001]. Such variations are present since
seismic velocities [e.g., Goes and van der Lee, 2002] and
depth to Moho [e.g., Gilbert and Sheehan, 2004] vary
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substantially across southern California. Adding a greater
number of layers, more complex rheology and/or lateral
heterogeneity in elastic and viscous properties will improve
the fit to the GPS data, particularly in the near-field.
Including other sources of epistemic uncertainty in rheology
and structure will tend to increase the uncertainty in long-
term strain rate, and thus the uncertainties we provide are a
minimum. However, our simple model explains the mag-
nitude and geographic variation of the geodetic transient
signals at YM, and implies a viscosity structure similar to
those found in most previous studies of the Basin and Range
(e. g the majority of which find 7, ¢ > 1y, and 1y, between
10" to 10" Pa s (see summary table of Hammond et al.
[2009])). Thus this type of modeling offers the promise
that postseismic transients can be identified and separated
from secular deformation over large geographic areas, and
that the impact that these adjustments have on GPS esti-
mates of seismic hazard can be evaluated.
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Supplemental Text
GPS data processing

All of the GPS data used in this study are freely available on the internet. We
downloaded daily RINEX files from the UNAVCO, Inc. archive (data-out.unavco.org).
The data were processed with the GIPSY-OASIS II software package from the Jet
Propulsion Laboratory (JPL) as a part of a global solution that includes over 3500 stations
worldwide. Station coordinates were estimated every 24 hours using the Precise Point
Positioning (PPP) method (Zumberge et al., 1997). lonosphere-free combinations of
carrier phase and pseudorange were processed every 5 minutes. Estimated parameters
included a tropospheric zenith bias and two gradient parameters estimated as random-
walk processes, and station clocks estimated as a white-noise process. We resolved
ambiguities in carrier phase across the entire global network by automatic selection of the
ionospheric- or pseudorange-widelane method using the rapid Ambizap algorithm which
is based on a fixed-point theorem that approximates a full-network resolution to better
than 1 mm (Blewitt, 2008). Satellite orbit and clock parameters were provided by JPL,
who determine these parameters in a global fiducial-free analysis using a subset of the
available IGS core stations as tracking sites. To ensure that the a priori position
estimates did not have an impact on positions, we used an iterative procedure where we
first solved for the daily coordinates for each site and then used these coordinates for the
a priori coordinates in the final solution. We deleted data that were immediately
recognizable outliers in the time series, i.e. those positions more than 10 meters from the
median position for each site, or positions with uncertainties in any (x, y, or z) coordinate
greater than 10 mm. Sites that exhibited significant gaps, a larger number of steps in
their time series, or time series less than 7 years long were not included in the analysis.

Reference Frame Alignment

The daily GPS solutions were aligned with a reference frame co-rotating with the
rigid interior of North America (NA), where reference frame sites were selected to avoid
areas subject to significant post-glacial isostatic adjustment (GIA). In the first step daily
solutions were aligned to ITRF2005 by applying a seven parameter transformation (3
rotations, 3 translations and a scale component) obtained online from JPL
(sideshow.jpl.nasa.gov). In a subsequent 3 parameter rotation the daily solutions were
aligned to minimize the horizontal velocity at 16 stations on the interior of the NA plate,
all of which are located away from the peripheral bulge associated with isostatic
adjustment. The 16 GPS sites are BRMU, BRTW, DQUA, FBYN, GODE, HAMM,
HLFX, JTNT, MACC, MBWW, NPRI, PLTC, PRCO, STJO, WLCI, WNCI. In a third
step, 21 long running and stable sites in the Great Basin, mostly from the BARGEN
network, were used to define a 7-parameter spatial filter that removes common-mode
noise (Wdowinski et al., 1997). This type of noise is common to all sites in the network
and includes daily residual translations of the regional network that might arise from orbit
error, or other sources of bias common to the network. The sites chosen to define this
filter are ALAM, ARGU, BEAT, CAST, DYER, ECHO, ELKO, FERN, FOOT, FRED,
GARL, GOSH, LIND, NEWS, RAIL, RUBY, SHIN, SMEL, TONO, TUNG, UPSA



(Figure S5). Because this filtering is applied on the scale of the entire Great Basin, based
on sites north of the effects of the relaxation from the Hector Mine and Landers
earthquakes, it is not strongly distorted by the transient motions.

Captions for Auxiliary Figures.

Figure S1. Back dots are change in GPS velocity in NA reference frame between first
(2000.0 to 2002.5) and last (2006.0 to 2008.5). Uncertainties are 20 based on estimate of
0.2 mm/yr rate uncertainty (see text). Red dots show same change in rates after
correction for viscoelastic relaxation has been applied to GPS time series.

Figure S2. Viscoelastic stratification used in model. A) Elastic upper crust extends from
surface to 15 km depth, lower crust and upper mantle are Maxwell viscoelastic with
indicated possible ranges for viscosity explored in this study. B) Depth dependence of
elastic shear and bulk moduli.

Figure S3. Rates inferred from viscoelastic model with 1, c= 10" Pa s, ny,=10'83 Pa s
on a regular grid for years 2002 — 2008 for A) all events, B) Hector Mine only, C)
Landers only, D) Owens Valley, E) Kern County, F) Ft Tejon, G) Cedar Mountain, H)
Little Skull. See Table S1 for earthquake properties. Majenta line segments are fault
traces used in viscoelastic modeling. Green triangles are location where VISCO1D
relaxation model was evaluated prior to interpolation for plotting rates in this figure. Box
indicates location of YM GPS cluster. Note change in vector scale between figures.

Figure S4. Same as Figure 1B, except 2.5 year long interval rates are shown in gray, and
velocities obtained from time series corrected for all the events in Table 1 are shown at
each site (black vectors). Topography and faults have been omitted for clarity.

Figure S5. Region containing study area (black box is area of Figure 1A) showing
locations of GPS sites used to define the Great Basin-spatial-scale regional filtering.
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Table 1. Source Parameters of Earthquake Events

Event Year Top Depth Bottom Depth Dip Latitude Longitude Length Strike Rake Slip Predominant
(km) (km) (degrees) (degrees) (degrees) (km) (degrees) (degrees) (meters) Style
OwensValley® 1872.236 0 15 90 37.094 -118.229 100 339 180 6.0 Strike Slip
Landers® 1992.492 0 15 90 34.604  -116.54348 9.3 305 180 3.0 Strike Slip
1992.492 0 15 90 34.411 -116.45365 23.8 335 180 4.0 Strike Slip
1992.492 0 15 90 34.217  -116.43333 21.8 354 180 3.0 Strike Slip
Hector® 1999.792 0 10 90 34.732 -116.382 7.9 165 180 1 Strike Slip
1999.792 0 10 90 34.664 -116.364 13.9 142 180 3 Strike Slip
1999.792 0 15 90 34.734 -116.318 26 167 180 3 Strike Slip
1999.792 0 10 85 34.509 -116.258 9.4 158 180 2 Strike Slip
1999.792 0 5 80 34.444 -116.230 17 137 180 1 Strike Slip
LittleSkullMtn®  1992.496 6.6 12.3 58 36.746 -116.284 6.7 218 -77 0.2 Normal
Kern County®
1 1952.555 5 27 75 35.046 -118.892 27 73 40 3.1 Thrust
2 1952.555 3.5 15 35 35.086 -118.545 27 58 63 2.6 Thrust
3 1952.555 2 10 20 35.170 -118.265 27 43 68 1.1 Thrust
Cedar Mountain'
1 1932.975 0 15 80 38.562 -117.838 15 350 180 1.3 Strike Slip
2 1932.975 0 15 80 38.930 -117.963 60 344 180 2.0 Strike Slip
Ft. Tejon?
1 1857.025 0 20 90 35.734 -120.282 119 135 180 5.0 Strike Slip
2 1857.025 0 20 90 34.930 -119.421 200 112 180 5.0 Strike Slip

Latitude and Longitude Follow VISCO 1D convention, i.e. are coordiantes of bottom corner of fault along strike direction

a) Beanland and Clark, 1994; Pancha et al., 2006

b) Fialko, 2004
c) Fialko et al., 2001

d) Smith et al 2000; Lohman et al., 2002

e) Stein and Thatcher, 1981
f) Bell et al., 1999; Doser, 1988
g) Sieh, 1978
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