
Geodetic techniques
• Triangulation

• Leveling transect

• Trilateration

• VLBI (Very Long Baseline Interferometry)

• SLR (Satellite Laser Ranging)

• GPS (Global Positioning System)

• InSAR (Interferometric Synthetic 
Aperture Radar)

could add absolute gravity as a potential means to learn of things too.
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Fig. 2. Trilateration networks in central California. The diagonal 
line separates the Monterey Bay and San Francisco Bay networks. 

VLBI stations (FO, Fort Ord; P, Presidio; and PR, Point Reyes) 
are shown by solid squares. Principal faults are shown by sinuous 
lines. A heavy line has been used for the San Andreas fault. 

of the velocity fields along the San Andreas fault that we 

have investigated (Figures 3 through 7) closely approximate 
simple shear across a vertical plane parallel to the local 
strike of the fault. That is, in all cases the preferred 

direction is found to be closely parallel to the local 

strike of the fault, and the rotational constraint applied 

to the variation-of-coordinates procedures yields only a 

minor velocity component perpendicular to fault strike. 

If, in fact, the velocity field closely approximates simple 

shear across the vertical plane that coincides with the 

San Andreas fault locally, then minimizing the rms 

perpendicular velocity component has selected the proper 

solution. However, we must also consider the possibility that 

the appearance of simple shear is merely an artifact of the 
rotational constraint. Consider the resultant velocity field 

generated by adding the velocity generated by a rigid-body 
rotation of the network to the apparent simple shear flow 

given by the constrained variation-of-coordinates procedure. 
The resultant field will be asymmetric with the velocity 

component perpendicular to fault strike directed in the 

opposite sense on either side (i.e., up strike and down strike) 
of the center of mass. In brief, the rotation introduces a 

readily apparent vortex pattern. The reader should inspect 
each of the velocity fields displayed (Figures 3 through 7) 
and decide for himself whether the imposition of a rigid- 

body rotation would generate a more plausible velocity field. 
Our own conclusion is that it would not. Except in the 

special case of a narrow trilateration arc perpendicular to 
fault strike, a rigid-body rotation is not an effective method 

to generate what appears to be a simple shear flow unless 
that simple shear flow is in fact concealed by a rotation. 

In equidimensional networks, rigid-body rotation is readily 

recognized by the vortex flow pattern. 

Lisowski et al., JGR, 1991
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strike of the fault. That is, in all cases the preferred 

direction is found to be closely parallel to the local 

strike of the fault, and the rotational constraint applied 

to the variation-of-coordinates procedures yields only a 

minor velocity component perpendicular to fault strike. 

If, in fact, the velocity field closely approximates simple 

shear across the vertical plane that coincides with the 

San Andreas fault locally, then minimizing the rms 

perpendicular velocity component has selected the proper 

solution. However, we must also consider the possibility that 

the appearance of simple shear is merely an artifact of the 
rotational constraint. Consider the resultant velocity field 

generated by adding the velocity generated by a rigid-body 
rotation of the network to the apparent simple shear flow 

given by the constrained variation-of-coordinates procedure. 
The resultant field will be asymmetric with the velocity 

component perpendicular to fault strike directed in the 

opposite sense on either side (i.e., up strike and down strike) 
of the center of mass. In brief, the rotation introduces a 

readily apparent vortex pattern. The reader should inspect 
each of the velocity fields displayed (Figures 3 through 7) 
and decide for himself whether the imposition of a rigid- 

body rotation would generate a more plausible velocity field. 
Our own conclusion is that it would not. Except in the 

special case of a narrow trilateration arc perpendicular to 
fault strike, a rigid-body rotation is not an effective method 

to generate what appears to be a simple shear flow unless 
that simple shear flow is in fact concealed by a rotation. 

In equidimensional networks, rigid-body rotation is readily 

recognized by the vortex flow pattern. 
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Fig. 9. Horizontal velocity components perpendicular (top) and 
parallel (bottom) to a N45øE profile across the Anza-Joshua 
subnetwork in the Salton Trough (Figure 3) as a function of 
distance along the profile. Stations in the northwestern and 
southeastern parts of the network are differentiated by open and 
solid symbols in the plot. The error bars represent one standard 
deviation on either side of the plotted point. 

of several subparallel faults rather than a single fault), but E 

in other cases the variations suggest the possibility of a more 
fundamental cause. In viewing these profiles recall that the 
origin of coordinates and the zero of velocity are fixed at 
the centroid of the network or subnetwork. This reflects 
our ignorance of both absolute velocity and location of the 
plate boundary. Thus, in attempting to match one profile 
with another or with some theoretical model, the profiles 
may be shifted both horizontally and vertically to improve 
coincidence. 

Velocity profiles for the Salton subnetwork (stations south SW 
of the diagonal line in Figure 3) of the Salton Trough 
trilateration network are shown in Figure 8. Velocities 

E 

for stations in the southeast part of the network (solid ._• 
symbols in Figures 3 and 8) are distinguished from those 
in the northwest portion (open symbols) in the figure. 
The N39øW velocity components for both portions of the go 
network exhibit sigmoidal profiles, although the two profiles z 

are not identical. The difference between them is attributed 
to the fault structure (Figure 3) in the respective areas: 
In the southeast portion, deformation is governed by a 
single fault, the Imperial fault, whereas in the northwest, 
deformation is governed by two subparallel faults, the San 
Andreas and San Jacinto, separated by about 45 km. 
In the N39øW velocity component profile (Figure 8) for 
stations in the southeastern part of the network (solid 

symbols), velocities at three stations (station 225 on the 
Mexican border and its two nearest neighbors in Figure 3) 
lie somewhat above the trend (dashed line) defined by the 
velocities at other stations. We attribute this discrepancy to 
the location of those three stations farther to the southeast 

than other stations in the profile. That is, the velocity at 
those stations is governed by a one-fault plate boundary (the 
Imperial fault) rather than a two-fault plate boundary (NW 
profile) or the intermediate case (SE profile). Both plots 
of the N39øW velocity component in Figure 8 suggest that 
about 35 mm/yr N39øW -4- 2 øof the relative plate motion is 
accommodated across the Salton network. A similar amount 

of relative motion (33.3 + 1.2 mm/yr N48øW + 2ø; Table 3) 
was indicated between Monument Peak and Black Butte 

by VLBI measurements. The plots of the N51øE velocity 
components (Figure 8) are reasonably fiat. Two stations, 
Offset 225 on the Mexican border (225 in Figure 3) and 
Alamo at the south end of the Salton Sea (A in Figure 3) 
have anomalous N51øE velocity components. The anomaly 
at Alamo is presumably connected to a nearby east striking, 
left-lateral fault that ruptured in 1981 [Savage et al., 1986, 
p. 7462]. 

Velocity profiles for the Anza-Joshua subnetwork 
(stations north of the diagonal line in Figure 3) of the Salton 
Trough trilateration network are shown in Figure 9. Again, 
stations in the southeastern portion of the subnetwork are 
distinguished from stations in the northwestern portion 
(solid and open symbols, respectively, in Figures 3 and 9). 
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Fig. 10. Horizontal velocity components perpendicular (top) 
and parallel (bottom) to a N28øE profile across the central 
Transverse Ranges as a function of distance along the profile. 
The error bars represent one standard deviation on either side 
of the plotted point. The continuous line represents the veolicty 
profile predicted by the one-dislocation half-space model [Savage, 
1990]. 
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ations from trend characteristic of the blunders. The two pos- 
sible blunders on the line Bount Pk to Francis are particularly 
surprising, as that short (13.4 km), nearly horizontal line is one 
of the easiest lines to measure in the network. However, both 

of the anomalous measurements were made to an alternate 

station mark on Bount Pk, and because those two anomalous 

measurements are consistent with each other, we suspect an 
error in the local survey used to connect the two marks on 
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Fig. 6. Line length L (less a constant nominal length Lo) as a function of time for each of the lines in the original (solid 
lines in Figure 5) Ogden network. The error bars represent 1 standard deviation on either side of the plotted point. 

Savage et al., JGR, 1985

Strain networks were established in many areas, this one across the Wasatch Fault (the fault G K Gilbert warned about in the 1880s).
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Across the Wasatch Fault, not so much showing up—strain rate estimate not different from 0 in this case.
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(which assumes statistical independence of the baseline observa- 
tiom). 

Step 5. The posterior distribution Pr[ VcN] is obtained from 
equation (3) as the appropriate marginal density of Pr[ O,c•], and 
Pr[vc•,] is computed according to equation (1) by convolving 
Pr[ VcJv] with the (Gaussian) distribution for the San ,amdreas 
discrepancy vector v•,jv - VsA shown in Figure 2. 

More general Bayesian approaches to this sort of estimation 
problem can be found in standard statistical texts [e.g., Cox and 
Hinkley, 1974] or the discussions by Tarantola [1981] and Taran- 

VpN - VSA _ 

VSA 
tola and Valette [1982]. The specific procedure outlined above 
closely parallels the scheme presented by Minster and Jordan 
[1984] in that independent estimates are made of v•,•v, Vsa, and 
Vc•v, whereas Vc•, is obtained by solving equation (1). Because 
the geological and geophysical inferences regarding the opening 
rate of the Basin and Range are dependent on several questionable 
assumptions, we had previously obtained Pr [ Vc•v ] and Pr [ Vc•,] 
as densities conditional on the magnitude of VCN, thus generating 
a one-parameter family of probability distributions. The availabil- 

mits a more direct treatment. 
V eosf, mm/yr 

Fig. 2. Velocity diagram in the tangent plane at fiducial point C showing 
the RM2 estimate of vp•v and Minster and Jordan' s [1984] estimate of 
vsa. The vector vp•v- Vsa is the San Andreas discrepancy vector. 
Confidence regions between 5 and 95% are shown using a contour interval 
of 10%. 

RESULTS 

The specific VLBI observations employed in this study are the 
scalar extension rates of seven selected baselines involving three 
sites assumed to be on the SNGV block: Quincy, and Hat Creek, 
Califomia, both near the northem end of the Sierra Nevada 
batholith (Figure 1), and Owens Valley Radio Observatory 

the opening of the Great Basin [Zoback and Zoback, 1980] was (OVRO), immediately east of the Sierra Nevada front. The base- 
lines tie these points to three sites on NOAM (Westford, Mas- used to generate an empirical statistical distribution for Vow, con- 

ditional on a fixed net rate of extension. The rate of extension was sachusetts; Ft. Davis, Texas; Platteville, Colorado) and one on the 
then bounded using several types of geological estimators, includ- Eurasian plate (Onsala, Sweden). We have not used baselines to 
ing Holocene paleoseismic mapping [Wallace, 1984], and coastal California sites, such as Vandenberg, California, or Monu- 
confidence intervals on Vct• and Vcv inferred from equation (1). ment Peak, near San Diego, California, because we cannot be cer- 

This approach can be generalized to accommodate an arbitrary tain at this time whether such sites can be assigned to PCFC or 
set of geological and geodetic data by appealing to Bayesian sta- whether they lie within the PCFC-NOAM zone of deformation 
tistical procedures [Minster and Jordan, 1981]. The specific algo- [e.g., Clark et al., 1986; Beroza et al., 1985]. 
rithrn employed in this paper comprises the following steps: The data and their standard errors are listed in Table 1. They 

Step 1. Convex bounds on rates and azimuths of the tangent are least squares fits of constant rates to the variations of baseline 
velocities v(ri)= co(r/)•ct• x ri are imposed at each of four lengths over approximately 4-year periods, derived by T. Clark 
points {ri: i = 1 ..... 4} demarcating the northern Great Basin (Fig- (private communication, 1986) and T. Herring (private communi- 
ure 1); the bounds are chosen to be consistent with geological cation, 1986). The standard errors of Table 1 vary by nearly a 
information on Basin and Range spreading. factor of 5 (2-9 mm/yr), reflecting variations in the number and 

Step 2. The convex subset of flew vectors that satisfy all the quality of epochal positions for the different baselines. 
geological bounds is assigned a uniform prior probability density; We have computed three models of the vector pair Vct• and Vcv, 
i.e., any two members of that set are taken to be a priori equally corresponding to different geological and geodetic data sets. The 
likely. first, designated model A in Table 2, was derived from the various 

Step 3. For each VLBI baseline with unit chord vector :o•, one 
end point rj on SNGV and the other on NOAM, a Gaussian likeli- 
hood function is computed from the observed baseline rate-of- 
change and its standard deviation: Baseline 

End Points 

Lj(glCN) o• exp [--(•cw X r•-6j- I•f t" )2/20?] (4) OVRO-Westford 
OVRO-Ft. Davis 

In cases where the other end of the baseline is not located on OVRO-Platteville 
Quincy-Ft. Davis NOAM, the same formula is employed, but the observed rates are Hat Creek-Ft. Davis 

first corrected for interplate motions using RM2, and their stan- Hat Creek-Platteville 
dard errors are adjusted upward to account for the uncertainties in OVRO-Onsala 
rigid plate motions represented by the full RM2 covariance 
matrix. 

Step 4. A posterior probability density on f•ov is formed by 
multiplying the prior density by the product of all the likelihoods 

TABLE 1. VLBI Baselines Used in Vector Calculations 

Extension Standard 
Plate Rate, •' Error, '• 

Name * mm/yr mm/yr 

NOAM 1.7 2.4 
NOAM 8. 2. 
NOAM 14. 6. 
NOAIVl 0. 9. 
NOAM 6. 4. 
NOAM 13. 3. 
EURA 11.3 4.2 

*Refers to second site listed; OVRO and Quincy sites taken to be on 
SNGV. 

'• OVRO-Onsala rate from T. Herring (private communication, 1986); 
other rates from T. Clark (private communication, 1986). 

O. -55.-50.-45.-40.-35.-30.-25.-20.-15.-10. -5. O. ity of VLBI measurements across the Basin and Range now per- 

Minster and Jordan, JGR, 1987

Pacific-North America

San Andreas Fault

Reproducing the Minster and Jordan 1984 result that suggested there was a big discrepancy between the San Andreas and global plate circuit estimates.  At the time this was 
found, a VLBI station in the northern Sierra was thought to move with NAM--later determined this was the antenna slowly falling over (plus it is near some strike-slip faults cutting 
across the northern Sierra).  Where this discrepancy was was a big issue in the late 1980s
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Fig. 3. Triangulation/trilateration network in the central Mojave Desert. Quaternary faults for the central Mojave 
Desert are from Bishop [1963] and Rodgers [1967]. The location of the city of Barstow is indicated by the "*B." 

kth angle at the ith station during the jth survey at a given 
time t o to the engineering shear strain rate components • and 
l)2 and the initial angle •in ø for each angle observation [Frank, 
1966; Prescott, 1976]: 

(1) 

to east of the Ludlow fault. The stations are distributed such 
that most angle observations cross one of the major faults. 
For comparison with the earlier surveys the distances mea- 
Sured using trilateration were reduced to angles between dif- 
ferent geodetic stations. The standard deviation for angles 
derived from triangulation is approximately 0.8 arc sec and for 
the angles derived from trilateration measurements is approxi- 
mately 0.1 arc sec [Federal Geodetic Control Committee, 
1984]. 

An equation is formed relating the observation •un of the 

where 

(sin 20i• 2 -- sin 20i•)/2 
(cos 20i• • -- cos 20i•t)/2 
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Fig. 4. Earthquakes in the study region with M• > 3.0 between January 1932 and June 1984. The outline of the central 
Mojave geodetic network and Quaternary faults from Figure 3 are shown for reference. 

(2) 

12,686 $AUBER ET AL.' DEFORMATION IN THE CENTRAL MOJAVE DESERT 

TABLE 1. Rate and Orientation of Maximum Right-Lateral Shear 
Strain, Mojave Network, 1934-1982 

Western Region Eastern Region 

Number of 64 59 
angles 

7•, ttstrain/yr 0.16 + 0.03 0.02 + 0.04 
72, t•strain/yr -0.02 + 0.03 0.04 + 0.03 
•, #strain/yr 0.16 + 0.03 0.05 + 0.03 
½ N41øW + 5 ø unresolvable 

are coefficients which depend on the azimuths 0ik x and 0ik 2 of 
sides 1 and 2 of the kth angle at the ith station. The quantities 
71---Ell- /•22 and ]22 --El2 q-E21 , where % are elements of 
the strain tensor, are the shear components in a geographic 
coordinate system in which the 1 axis points to the east and 
the 2 axis points north; 7• measures right-lateral shear across 
a vertical plane striking N45øW (or left-lateral shear across a 
vertical plane striking N45øE); 72 measures right-lateral shear 
across a vertical plane striking eastward (or left-lateral shear 
across a vertical plane striking northward). The total engineer- 
ing shear strain rate 9 and the azimuth of maximum right- 
lateral shear tp are related to ]Y • and 352 by 

= + 22)/2 
(3) 

W = 1/2 arctan (• •/72) 

To estimate strain rates, angle changes between successive 
surveys were fit to a strain rate field assumed to be spatially 
and temporally uniform. By using both the older triangulation 
data and the recent trilateration data, the shear strain rate 
could be determined over a 48-year period. The two shear 
strain rate components 9• and •2 were derived by weighted 
least squares. Since the angles determined using trilateration 
are more accurate, it is desirable to include a weighting matrix 
in the least squares inversion. The inverse of the data 
variance-covariance matrix was therefore used for the weight 
matrix [Prescott, 1976]; thus angle changes determined from 
triangulation measurements alone (1934/1940-1965) were 
downweighted relative to angle changes obtained from trila- 
teration and triangulation together (1934/1940-1982, 1965- 
1982). 

The full three-dimensional strain tensor includes dilatation, 
horizontal and vertical shear components, and vector rotation 
[Ramsay, 1967]. By examining only angle changes between 
successive surveys we can estimate only the horizontal distor- 
tion of the region. Even in two dimensions, rotation about a 
vertical axis, co = (ex2- e2x)/2, cannot be derived without a 
reliable external, or a conventionally adopted internal, refer- 
ence direction. Likewise, surface dilatation, A = (exx + e22)/2, 
cannot be derived from angle measurements without an accu- 
rate reference length [Frank, 1966]. Dilatation and rotation 
affect the determination of shear strain only if such modes of 
deformation occur within the network in a nonuniform 
manner. 

Results 

Strain fields were determined for a number of different spa- 
tial subnets using a moving window approach. In addition, we 
searched for strong spatial strain gradients by examining and 
comparing the observed angle changes with those predicted by 
least squares analysis assuming a uniform strain field. The 
predicted angle changes were obtained from the estimates of 
• and ]J2 determined from the entire data set. Standard devi- 

ations reflect both misfit and data uncertainities due to 

measurement imprecision. 
The most western subnet included stations that crossed the 

Helendale and Lenwood faults (Figure 3). For this subnet we 
found • = 0.17 + 0.05 #strain and tp = N41ow + 11 o. Moving 
eastward across the network, in a subnet that spans the Len- 
wood fault, Johnson Valley fault, and part of the Camp Rock 
fault (Figure 3), we found • = 0.15 + 0.04 #strain/yr and 
tp = N38ow + 7 o. In the next subnetwork, which spans only 
the Johnson Valley and Camp Rock faults, we found • = 0.15 
+ 0.05 and tp = N40ow + 8 o. Thus, for the region between 

the Helendale and Camp Rock faults, in the western half of 
the network, the strain rate was nearly constant. Because there 
are not enough stations located between potentially active 
faults, it is uncertain whether there is strain accumulation as- 
sociated with the Helendale and Camp Rock faults or if all the 
observed strain is associated with the Lenwood and Johnson 

Valley faults. The average strain rate parameters for this west- 
ern region are given in Table 1. Significant strain is indicated 
for the • component in this region. Since the geologic data 
indicate large right-lateral displacements along northwest 
trending faults, • is most simply interpreted as representing 
right-lateral shear strain accumulation across a vertical plane 
striking N45øW. The maximum rate of right-lateral shear 
strain occurs on a plane oriented N41øW + 5 ø and is equal to 
0.16 + 0.03 #strain/yr. Angle changes at individual station 
combinations are well predicted by this strain field. If we 
assume that the measured deformation is due to right-lateral 
motions across the local faults, this rate of average shear 
strain corresponds to a net displacement rate of 6.7 + 1.3 
mm/yr across this portion of the survey area. This region of 
active deformation is measured on the central Mojave net- 
work at a distance of 40-90 km from the big-bend segment of 
the San Andreas fault. The orientation of the maximum right- 
lateral shear strain is N41 øW + 5 ø, significantly different from 
the orientation of maximum shear strain, N65øW, near the 
San Andreas fault [King and Savage, 1984]. 

From Camp Rock fault eastward across the net there is a 
transition from significant strain rates to very low strain rates, 
that is, rates that are less than the errors in the shear strain 
components • and •2 (eastern region, Table 1). In the eastern 
portion of the network the density of throughgoing northwest 
oriented faults decreases (Figure 3), and one of the few major 
faults, the Ludlow fault, shows little Quaternary displacement 
[Dokka, 1983]. 

The spatial pattern and orientation of the observed strain 
field suggest a relation to the northwest trending faults of the 
central Mojave and argue against an influence from the more 
distant San Andreas fault. First, the direction of maximum 
right-lateral shear strain is parallel to the trends of local faults 
and differs significantly from the San Andreas strike and the 
orientation of contemporary shear straining across it. Fur- 
thermore, the active deformation measured on the central 
Mojave network is located 40-90 km from the nearest adja- 
cent portion of the San Andreas. While some observations 
[Thatcher, 1979] and deformation models [Thatcher, 1983] 
suggest that interseismic straining may be broadly distributed 
across the southern San Andreas, neither the shear strain 
orientation nor the sharp decline in its magnitude across the 
Mojave network support the existence of a San Andreas strain 
field sufficiently widespread to account for the deformation 
reported here. 

The average rate estimate of • 7 mm/yr for the western 

Sauber et al., JGR, 1986

Mojave Desert geodesy

Rates at left amount to 6.7 ± 1.3 mm/yr

First recognition that the active branch of the plate boundary missing in the VLBI measurements was in the Basin and Range came from this study of 
another geodetic network that attracted a lot less attention.



Argus and Gordon, Geology, 1991

Other VLBI-based attempts added in Owens Valley Radio Observatory as a point to represent the Sierra…



Argus and Gordon, Geology, 1991

..this in essence closed the gap.  Most if not all of the discrepancy was on the east side of the Sierra.



Klein et al., JGR, 2019
epoch2017/). We summarize the salient points in this section. The analysis was performed with the GAMIT/
GLOBK software (http://www‐gpsg.mit.edu/~simon/gtgk/; Herring et al., 2008) in the International Global
Navigation Satellite System (GNSS) Service (IGS) (Johnston et al., 2017) realization of the ITRF2014
(Altamimi et al., 2017). The process included a back‐filling of missing data, validation of relevant metadata,
identification of instrumental offsets, and rigorous quality control for the individual displacement time series
through an administrator web interface. We selected all stations located in California and Nevada (within
the region 125/114°W and 42/32°N; purple triangles in Figure 1), representing a data set of about 1,000
stations between 1999 and 2018.6.

The three‐dimensional ITRF2014 positions were transformed into north, east, and up directions and ana-
lyzed using JPL's analyz_tseri software (https://qoca.jpl.nasa.gov/), component by component, since the cor-
relations between them are low and can be neglected (Amiri‐Simkooei, 2009; Zhang, 1996). We used a
parametric model based on (Nikolaidis, 2002)

y tið Þ ¼ a t0ð Þ þ bti þ A0 sin ω0ti þ φ0ð Þ½ & þ A1 sin 2ω1ti þ φ1ð Þ½ & þ∑ng
j¼1gjH ti−Tgj

! "

þ∑nh
j¼1hjH ti−Thj

# $
ti þ∑nk

j¼1k j 1−e
−

ti−Tk j
τj

! "h i !
H ti−Tk j
# $

þ εi: (1)

The parameter a is the value at the initial epoch t0, and ti denotes the time elapsed from t0 in units of years, for
a particular station and component. The linear rate (slope) b represents the interseismic (secular) tectonic
motion in millimeters per year. The parameters A0,φ0,A1,φ1 are the amplitudes and initial phases of annual
and semiannual motions, respectively. The parameters gj represent ng possible offsets (mm) due to coseismic
deformation and/or noncoseismic changes at respective epochs Tg. Most noncoseismic discontinuities are
due to the replacement of GPS antennas with different phase center characteristics. These offsets were ver-
ified by cross‐checking the record of metadata changes and visual inspection of the time series. The SOPAC
analysis did not use approximate approaches that eliminate the effects of these types of offsets for the purpose
of velocity estimation (Blewitt et al., 2016) since we are interested in nonsecular motions, in particular

Figure 2. Examples of daily displacement time series (represented in the International Terrestrial Reference Frame 2014) exhibiting tectonic and nontectonic
phenomena. Continuous Global Positioning System stations denoted by four‐character codes. (a) Long Valley Caldera in three equi‐angle directions; (b) Central
Valley; (c) Southern California (the 2010 Mw7.2 El Mayor‐Cucapah earthquake is denoted by the dashed blue vertical line). The Long Valley Caldera components
have been detrended by the long‐term velocity; other time series are shown trended.
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GPS geodesy: some signals

Now of course VLBI is supplanted with GPS geodesy; these are a few of the kinds of signals that can be of interest. Note the scale on the vertical for panel 
b.



[8] We express depth-integrated vertical stress, szz, or
equivalently gravitational potential energy (GPE) per unit
area, as

szz ¼ "g

Z L

"h

Z z

"h

rð!zÞd!z
! "

dz; ð3Þ

where ź is a variable of integration, h is elevation with respect
to sea level, and L is the depth to the approximate base of the
seismogenic layer. The depth L in equation (3) also defines the
reference level for the depth integrals of vertical stress, orGPE.

3.1. Estimation of Depth-Integrated Vertical Stress
Within the Seismogenic Layer

[9] Our first step is to estimate depth-integrated vertical
stress distributions (GPE) in the upper crust of western North
America. Spatial variations of these quantify the magnitude of
the depth-integrated horizontal deviatoric stress (equation (2)).
This requires r(z), which we assign empirically from scaling
seismic velocity to density data. We develop simple velocity

to density conversion by constructing a fifth-order polyno-
mial curve to interpolate P wave velocity and density data
presented by Lowry and Smith [1995]. The densities pro-
duced by our method (Figure 5) are consistent with expected
densities at depth within western U.S. Cordillera [Lowry and
Smith, 1995; Kaban and Mooney, 2001] and the Earth’s crust
in general [Ludwig et al., 1970; Brocher, 2005]. We then use
this empirical relation to obtain densities from the large seismic
data set for North America from Chulick and Mooney [2002].
[10] We smooth the resulting vertical density distributions

laterally throughout the entire grid space. If more than one
density estimate exists at a particular grid location depth, we
compute the mean density there before smoothing. A density
value within a given grid area corresponds to the weighted
average of the densities of its immediate neighboring grid
areas. The weights assigned to the density values reflect the
surface area of each grid location. The smoothing procedure
is repeated until each grid area is assigned a nonzero density
value. We specify uniform density values to crustal rock in
grid areas above sea level. Such density values are defined to

Figure 3. Estimate for the continuous long-term model velocity field (black vectors), along with GPS
data (white vectors) from Bennett et al. [1999] plotted relative to a North American frame of reference.
The remaining GPS and VLBI data used in this model are plotted as white dots for clarity. Error ellipses
represent the 95% confidence limits.
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Now of course VLBI is supplanted with GPS geodesy--open arrows/dots are actual points



the maximum and minimum principal strain rates (e1 and
e2), maximum shear strain rate g/2, dilatation eD, and
rotation rate w are estimated, along with their formal
uncertainties (Figure 3). Subnetworks overlap so the
spatial variation in strain rate has been smoothed. The
purpose of this representation of the deformation field is

to identify where transitions in the magnitude and style of
the deformation field occur and to aid in selection of
subnetworks for more detailed analysis. The maximum
shear strain rate g/2 = (e1 ! e2)/2 is the smaller principal
strain subtracted from the larger, so the distribution of g/2
is not Gaussian. Thus g/2 is likely not significantly

Figure 2. (a) East component, (b) north component, and (c) magnitude of velocity with respect to North
America. The error bars indicate 2s uncertainty. Vertical dotted lines show longitude of the indicated fault
or geographic feature, squares are off-axis sites, circles are on-axis sites, and triangles are the sites QUIN
(near 121!W) and CMBB (near 120.5!W) on the SNGV. (d) Relative plate motion normal component V?,
i.e., component of GPS velocity that lies along the great circle between the Pacific–North America pole of
rotation and the GPS site, positive to the northeast, (e) relative plate motion parallel component V//, i.e., the
horizontal component tangent to the small circle around the pole, positive northwest, and (f ) geographic
azimuth of velocity, measured as degrees clockwise from north. Horizontal axis is distance from the center
of the network projected along the great circle connecting the Pacific–North America pole and the center
of the network. Other symbols are as in the previous figure.
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of, annual variations (see Methods) and smoothing, as illustrated in
Fig. 2. Using smoothed horizontal position time series, we then
calculate the deviation of position from temporally linear motion
based on data acquired in the first 2.5 years (hereafter referred to as
‘position deviations’). This analysis indicates that the velocities in

this region have not been constant. Relative to their initial trajectories
the western sites have slowed, resulting in a significant eastward
position deviation (Fig. 1b). These velocity changes define two
coherent domains, with an abrupt north-northwest-trending
boundary in eastern Nevada (Fig. 1b). Sites west of the boundary
deviate from the predicted linear motion by up to 10mm, whereas
those in easternmost Nevada and Utah have small deviations. Sites
CEDA and COON, located near Great Salt Lake, exhibit large
deviations due primarily to changes in lake level8 and possibly to
hydrological loading. The estimated deviation for site SLID includes
rapid deformation from 2003–4, interpreted to be the result of
magma injection into the lowermost crust beneath Lake Tahoe9.
Observed changes in velocity for the western sites are,5–10% of the
respective average values.
The velocity changes are small, but they are evident in the

position-deviation time series. Nearly all sites west-southwest of a
boundary drawn between sites RUBY and ELKO to the north and
sites FOOT and EGAN to the south have significant position
deviations (Fig. 3a). With the exception of SLID, the onset of the
deviation (that is, the velocity change) occurs between 1999.5 and
2001.0. The abruptness of the boundary in eastern Nevada is
demonstrated by the fact that the relative position deviations across
the boundary calculated by differencing sites adjacent to it are about
the same as those derived by differencing sites at opposite ends of the
network (Fig. 3b). If average position deviations for the western and
eastern parts of the network are calculated by ‘stacking’ all of the
position-deviation plots (Fig. 3c), the average position deviation for
the west at the beginning of 2005 is,5mm, whereas that for the east
is ,1mm.
We can test this interpretation further by fitting the east com-

ponents with a model consisting of two straight lines, one before 1
January 2000 and one after it. Significant nonlinearity is indicated

Figure 3 | Analysis of spatial variation of nonlinear deviations.
a, Smoothed time series of position deviations from linear motion (see
Fig. 2) in the direction N688E, projected along a great circle with azimuth
N688E near the centre of the network. Where these deviations are positive,
the space between the trace and zero has been shaded black (or grey, for site
UPSA, whose line lies atop that for GARL). The significant deviations occur
in the western part of the network. b, East components of intersite vectors
for EGAN–FOOT (red), ELKO–GOSH (green), GARL–HEBE (blue) and
MINE-SMEL (purple). GARL–HEBE, which spans the entire network
east–west, and EGAN–FOOT, which spans a short distance in the centre of
the network (Fig. 1), show nearly identical deviations, indicating an abrupt

boundary for velocity changes in eastern Nevada. c, Regionally averaged
nonlinear deviations of N688E position. Red, eastern BARGEN (HEBE,
FOOT, COON, CAST, CEDA, SMEL, GOSH and RUBY). Green, central/
western BARGEN (MINE, TUNG, ELKO, EGAN, LEWI, NEWS, GARL,
UPSA and SHIN). Blue, same as green plus SLID. Only data from a common
epoch range (1997.86–2005.18) were used. The figure demonstrates that
the velocity change has moved the western part of the network, on average,
3–4mm eastward or northeastward compared to the eastern part of the
network. d, N688E position time series for three groups of sites. Red, eastern
sites RUBY, FOOTand HEBE. Blue, western sites EGAN, MINE and GARL.
Green, site SLID.

Figure 2 | Illustration of the post-analysis procedure, using time series of
east position for four BARGEN sites. Top, ‘raw’ time series, in a North
America-fixed geodetic reference frame (see Methods). Error bars are
omitted for clarity, but are generally,1mm. The straight line is the best-fit
straight line using position estimates from the first 2.5 years. Middle,
residuals of the raw time series from a best-fit model consisting of a straight
line and seasonal (annual and semi-annual sinusoids) terms. A statistical
approach that allowed these terms to change with time in a constrained
manner was used (see Methods). Bottom, residuals smoothed with a
gaussian filter with a full-width at half-maximum (FWHM)of,8months. A
model based on a linear fit to the first 2.5 years of data has been removed.
The evolution of these final time series thus indicates deviation from
temporally linear motion.
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Pros and cons of lots of data in space (left) and time (BARGEN, right).



spaced faults [1,2]. In central California, however,
about 39 mm/yr of the relative motion is accommo-
dated across a narrow zone containing the San
Andreas fault system and the central California
Coast Ranges [3,4], and this narrow zone is separated
from the distributed deformation in easternmost Cali-
fornia and Nevada by the seismically quiet Sierra
Block (see Fig. 1). This block, about 180 km wide
and 600 km long, moves as a rigid body at a rate,
relative to stable North America, of between 10 and
15 mm/yr in a direction that is nearly parallel to the
relative motion of the Pacific plate [4–6].

The distribution of deformation in California has
been addressed by many authors, and there has been
success in describing aspects of this deformation
using both block models [7–9] and models that regard
the continent as a continuously deforming medium
[10–13]. The dominant position of the Sierra Block
within the broader zone of distributed deformation
poses the question, for either type of model, as to
what process determines the rate of motion of blocks
within broad deforming zones. Several studies have
investigated the role of rheological contrasts within
zones of continental deformation [14–19] but none, so
far as we are aware, has produced a quantitative
description of the relative motion of a strong plate-
like region embedded within a region of continuous,
but laterally varying, deformation. Here, we investi-
gate the motion of a rigid block within an otherwise
homogeneous viscous fluid layer driven by a bound-

ary condition of simple shear, and show that the
motion of the Sierra Block at a rate of 10 to 15
mm/yr relative to stable North America is explained
if that sheet has a shear-thinning viscosity with a
power-law index of approximately three.

2. Mathematical model

We investigate an idealised model of the Pacific–
North America plate boundary zone, in which the
lithosphere of the North American continent is treated
as a thin sheet of non-Newtonian viscous fluid with an
elongated rigid body, representing the Sierra Block,
embedded within it. The long axis of that body is
aligned with the boundary of the fluid, along which a
uniform tangential velocity is applied for part of its
length (Fig. 2). Following Bird and Piper, and Eng-
land and McKenzie [10,20], we treat the continental
lithosphere as a thin viscous sheet, having a depth-
averaged power-law constitutive law given by

s̄sij ¼ BĖE
1
n"1ð Þėeij; ð1Þ

where ėij are the components of the strain rate tensor,
s̄ij are the components of the deviatoric stress tensor,
the overbar denotes vertical averages, and n is the
power-law index. The rheological coefficient B repre-
sents the depth-averaged effective viscosity of the
lithosphere, which depends on the geotherm, the

Fig. 1. Shaded relief map of Pacific–North America plate boundary zone. Dots show epicentres of earthquakes having body-wave magnitude

greater than 4 in the interval 1973–2004. Black-and-white polygon outlines the predominantly aseismic Sierra Block. Thick black lines show

profiles AA’ and BB’ of Fig. 6. Oblique Mercator projection about the pole for Pacific–North America relative motion [3].
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depth of the Moho, and lithological variations [10,21].
Ė is the second invariant of the strain rate tensor,

ĖE ¼ 1
ffiffiffi

2
p ėeijėeij

" #1=2
: ð2Þ

We neglect basal tractions, so the equations gov-
erning the deformation of a thin viscous sheet are
[10,22]
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where C is the gravitational potential energy of the
sheet. The deformation in California recorded by earth-
quakes in the interval 1812–1987 [2,23] is consistent
with distribution of the relative motion between the
Pacific and North American plates over a region 100–
150 km wide, which implies that gradients of gravita-
tional potential energy (or buoyancy forces) do not
influence the deformation [23]. We therefore assume
that forces arising from internal gradients of gravita-
tional potential energy of the lithosphere are small
compared with forces required to deform the litho-
sphere, and set the right-hand sides of Eq. (3) to zero.

In the problem we consider here, the block is
distinguished from the surrounding fluid by allotting
it a value of B in Eq. (1) sufficiently high that its
strain rate is negligible with respect to that in the
surrounding fluid, for equivalent deviatoric stress;
because buoyancy forces are neglected, only relative
magnitudes of B influence the computed strain-rate
field.

2.1. Approximate solutions

We determine the speed of the rigid block by
requiring that the sum of the forces acting on its
vertical edges must vanish. We estimate these forces
from approximate expressions for the velocity field in
a non-Newtonian thin viscous sheet driven by veloci-
ties applied at one edge. England et al. [24] found that,
for a driving velocity of amplitude V0 applied to one
boundary of the sheet, and varying co-sinusoidally
along the boundary, the velocity in the interior is nearly
parallel to the velocity at the boundary, and has ampli-
tude approximately

VyfV0e
$ x=k; ð4Þ

where x is distance from the boundary. For a co-
sinusoidal boundary condition having wavelength
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Fig. 2. Definition of the terms used in our model. The shaded block represents the rigid inclusion. The boundaries of the block are labelled with

the y-components of traction, R1 to R4, as discussed in the text. Lengths in our analysis are non-dimensionalized using the length, l, of the

shaded area. For the force balance of Eqs. (5)–(11), a constant velocity Vx =0, Vy =V0 is assumed to act along the length h; along the remainder

of the boundary Vx =0, s̄xy =0. For the numerical calculations, rigid boundary conditions are applied at the boundaries x =2l, y =0 and y =4l;

Vx =0 on x =0, and the condition on Vy is plotted alongside the solution domain.
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basic form of the shear below, but simply smoothes
the velocity profile at the edges of the shear zone, over
a distance comparable with the thickness of the lid
(e.g. Figs. 4 and 5 of [32]).

We use GPS data from the USGS and JPL web-
sites (http://quake.wr.usgs.gov/research/deformation/
gps/auto/CN.html and http://sideshow.jpl.nasa.gov/
mbh/series.html). The USGS velocities are given in
a North-America-fixed reference frame; the JPL data
are given in the ITRF2000 frame, and are rotated
into a North-America-fixed frame using the angular
velocity of [33]. Transient post-seismic strain can
cause the surface deformation to differ from the
long-term deformation of the lower crust [34]; we
make no allowance for such strain in our compar-
ison, but exclude any data affected by the 28 June
1992, M7.3, Landers or 16 October 1999, M7.1,
Hector Mine earthquakes. We also exclude points
influenced by surface deformation arising from
magma movement within the Long Valley caldera
[35,36]. The GPS data are projected from up to 50
km away onto two profiles, shown in Fig. 1, which
run N548E, perpendicular to the plate boundary in
this region.

We calculated numerically a field of relative velo-
city for the following conditions: n =3, l=600 km,
d =190 km, h =1100 km and w =120 km (D =0.32,
H =1.8 and W=0.2). Fig. 6a shows a profile (solid
line) of the along-strike component of velocity on a
transect passing through the centre of the rigid block,
while Fig. 6b shows a profile of the along-strike
component of velocity for the case in which there
is no strong region, but all other quantities are the
same. These profiles are compared with GPS mea-
surements of the along-strike component of the sur-
face velocity field, projected onto the profiles shown
in Fig. 1.

The model calculations reproduce the observed
distribution of velocity across the Sierra Block with
a root-mean-square (r.m.s.) misfit of 3 mm/yr, and
across southern California with an r.m.s. misfit of
about 9 mm/yr (Fig. 6). In each case the misfit is
comparable with the variability of observed Vy at any
given distance along the profile. Theoretical profiles
calculated with n =2 and n =4 produce significantly
worse fits to the observations, for two reasons. First,
as would be expected from Fig. 4, the speed of the
block is too high for n =2 and too low for n =4.

Secondly, the decay of Vy with distance east of the
Sierra Block (Fig. 6a) is directly related to n (Eq. (6)),
and so is fit less well for values of n that differ
significantly from 3.
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Fig. 6. Profiles relative to stable North America of the component of

velocity parallel to the strike of the Pacific–North America plate

boundary in California, taken to be N368W. (a) The solid line is a

profile from a numerical solution, chosen to pass through the centre

of the rigid block. In this calculation, n =3, W=0.2; D =0.32 and

H =1.8. The dots represent estimates of the along-strike component

of velocity, taken from GPS stations lying within 50 km of the

transect AAV of Fig. 1; formal uncertainties in the measurements are

smaller than the size of the symbols. (b) As above, for the transect

BBV. The solid line is generated by the numerical method, again

with n =3, but with no heterogeneity embedded within the flow.
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Whitehouse et al., EPSL, 2005

Can this help us understand what is going on?  One interpretation is that the distributed shear is simply the response of a rigid block in an otherwise 
uniformly deforming medium.  On right, dots are GPS observations, lines from the model



two stress fields differ in magnitude by less
than 50% and in direction by less than 5°
almost everywhere.

Using the magnitude of the strain rate
tensor derived for the western United States
(2) and the magnitude of the total deviatoric
stress tensor (Fig. 2C), we calculated verti-
cally averaged effective viscosities (19) for
the region (Fig. 4). Effective viscosity varies
by three orders of magnitude over the western
United States, with low values of !5 " 1020

Pa!s along the San Andreas fault zone, 1 to
5 " 1021 Pa!s in the eastern California shear
zone, and 2 " 1022 Pa!s in the Great Valley–
Sierra Nevada block. The central Great Basin
is relatively strong (3 to 7.5 " 1022 Pa!s)
compared with the western margin of the
Great Basin (2 to 8 " 1021 Pa!s). This con-
trast in effective viscosity is consistent with

tomography results that suggest a depleted
upper mantle in the central Great Basin (ef-
fectively strong) versus an upper mantle con-
taining partial melt in the western Great Ba-
sin (effectively weak) (24). Relatively low
values of effective viscosity in the lower crust
and upper mantle (of order 1018 Pa!s) (25),
when compared with our higher vertical av-
erages, suggest that strong brittle upper crust
is important in supporting the topography.

In all areas east of the San Andreas fault,
we scaled our stress tensor by the inverse of
the scalar effective viscosity to determine a
combined kinematic and dynamic strain rate
field (magnitudes the same as observed strain
rates, but tensor style the same as stresses).
From this strain rate field, a self-consistent
horizontal velocity field (Fig. 2D) was deter-
mined with the method described by (26).

The resulting flow field from the scaled
stresses from GPE differences and plate in-
teractions (Fig. 2D) resembles the kinematics
inferred from recent GPS observations in the
Basin and Range and Sierra Nevada (Fig. 1),
confirming indirectly the good match we ob-
tained between the tensor styles of the stress
and the original strain rates.
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Fig. 3. The total deviatoric stress field deter-
mined from the sum of stresses due to GPE
variations estimated with the filtered GEOID96
(28) and the corresponding best fit stress field
boundary conditions associated with PA-NA
Plate interaction.
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determined from the self-consistent kinematic
model (Fig. 1).
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two stress fields differ in magnitude by less
than 50% and in direction by less than 5°
almost everywhere.

Using the magnitude of the strain rate
tensor derived for the western United States
(2) and the magnitude of the total deviatoric
stress tensor (Fig. 2C), we calculated verti-
cally averaged effective viscosities (19) for
the region (Fig. 4). Effective viscosity varies
by three orders of magnitude over the western
United States, with low values of !5 " 1020

Pa!s along the San Andreas fault zone, 1 to
5 " 1021 Pa!s in the eastern California shear
zone, and 2 " 1022 Pa!s in the Great Valley–
Sierra Nevada block. The central Great Basin
is relatively strong (3 to 7.5 " 1022 Pa!s)
compared with the western margin of the
Great Basin (2 to 8 " 1021 Pa!s). This con-
trast in effective viscosity is consistent with

tomography results that suggest a depleted
upper mantle in the central Great Basin (ef-
fectively strong) versus an upper mantle con-
taining partial melt in the western Great Ba-
sin (effectively weak) (24). Relatively low
values of effective viscosity in the lower crust
and upper mantle (of order 1018 Pa!s) (25),
when compared with our higher vertical av-
erages, suggest that strong brittle upper crust
is important in supporting the topography.

In all areas east of the San Andreas fault,
we scaled our stress tensor by the inverse of
the scalar effective viscosity to determine a
combined kinematic and dynamic strain rate
field (magnitudes the same as observed strain
rates, but tensor style the same as stresses).
From this strain rate field, a self-consistent
horizontal velocity field (Fig. 2D) was deter-
mined with the method described by (26).

The resulting flow field from the scaled
stresses from GPE differences and plate in-
teractions (Fig. 2D) resembles the kinematics
inferred from recent GPS observations in the
Basin and Range and Sierra Nevada (Fig. 1),
confirming indirectly the good match we ob-
tained between the tensor styles of the stress
and the original strain rates.
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Fig. 3. The total deviatoric stress field deter-
mined from the sum of stresses due to GPE
variations estimated with the filtered GEOID96
(28) and the corresponding best fit stress field
boundary conditions associated with PA-NA
Plate interaction.
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determined from the self-consistent kinematic
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What can we do with this dense data at an even broader scale?  In a Newtonian fluid, strain rate is proportional to stress--if we can estimate it from GPE 
and boundary conditions, can make an estimate of strength [there are a number of problems in this application, but a useful illustration].
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velocities and uncertainties using the Median Interannual Difference
Adjusted for Skewness (MIDAS) algorithm (Blewitt et al., 2016).

In the first approach, we modeled noise characteristics using the software
package Hector (Bos et al., 2007). This package implements the Maximum
Likelihood Estimation method, which estimates parameters of a time‐
dependent model of the GPS data and components of the covariance func-
tion simultaneously (Bos et al., 2013; Langbein & Bock, 2004; Langbein &
Johnson, 1997; Williams et al., 2004). In order to increase processing
speed, inversion of the full covariance matrix is avoided by creating a
Toeplitz covariance matrix that is more easily inverted (Bos et al., 2013).
We used a power‐law model that represents a combination of random
walk and flicker noise along with white noise (Langbein, 2012).

The second approach (the MIDAS algorithm) computes the median of
slopes between all data pairs separated by 1 year—a variation of the
Theil‐Sen median trend estimator (Sen, 1968; Theil, 1950). Thus, time ser-
ies length must be greater than 1 year such that at least one full cycle of
periodic seasonal behavior, if it exists, is captured, and any transient sig-
nals can be distinguished from secular behavior. The differencing of pairs
separated by a year minimizes effects with annual periodicity, but not
other transient signals with different periodicity. This technique has been
shown to be more robust against common noise structures such as step
discontinuities, outliers, seasonality, skewness, and heteroscedasticity,
than the more traditional least squares plus seasonal fitting (Blewitt
et al., 2016). Similar to our first approach, uncertainty calculations are also
more realistic with this algorithm than formal uncertainties from the least
squares method, which do not account for long‐term correlated
noise characteristics.

Both of the approaches we compared agreed within a tenth of a millimeter
in most cases. MIDAS results generally have slightly higher uncertainty
values. For example, station RG01 has an east component velocity of
0.738 ± 0.105 mm/year derived using the first approach, and
0.789 ± 0.113mm/year usingMIDAS. Station PIE1 has an east component
velocity of 0.391 ± 0.090 mm/year using the first approach and MIDAS
east velocity of 0.334 ± 0.108 mm/year. For our analysis we chose the
slightly more conservative result and use the velocities and uncertainties
derived using the MIDAS algorithm.

2.3. Velocity Profiles

In order to test how velocities change across a large area from the Great
Plains to the Basin and Range province and compare them to previous studies' results, we defined five
east‐west profiles (Figure 3). Each of the five profiles shows velocities for stations within 90 km of the profile.
Velocities were projected onto the profile to show profile‐parallel velocity. A weighted least‐squares regres-
sion was done to fit a linear trend to the data in each profile. The slope of this linear trend is equivalent to the
strain‐rate across that distance.

We compared amodel consisting of a single weighted regression that fits all data to the east of the RGR in the
Basin and Range province (Figure 5) to a model consisting of three separate weighted regressions (two out-
side the fault‐defined RGR and one inside the RGR if applicable) for all five profiles (Figure 6). There is a
statistical trade‐off between the improvement that is gained in a model by decreasing the weighted sum of
squared residuals and the loss of degrees of freedom caused by the increase of number of parameters being
estimated. Thus, we tested the quality of each regression using an F test (Stein & Gordon, 1984), in which
two variances are compared based on the fit of the regression and the degrees of freedom associated with
each set using the following equation:

Figure 3. (a) Horizontal rates with 90% confidence error ellipses. East‐west
dashed lines labeled 1–5 are profiles shown in Figures 5 and 6. Vectors in red
have been omitted from the analysis. (b) Vertical rates are shown in color
scale (blue is subsidence, and red is uplift). The size of circles represents the
vertical rate uncertainty (larger circles have lower uncertainty). Sites that
were omitted from the analysis are also shown. (a and b) Colorado Plateau
(CP) is outlined in blue, major Quaternary faults shown as red lines, late
Neogene volcanics (Jemez lineament) shown in orange, and RGR basins
shown in dark gray. SMB denotes location of the Socorro Magma Body.
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And there remain surprises yet in the data—this is crossing the “stable” Colorado Plateau
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RGR basin‐bounding faults in this area. Thus, the northern RGR is consistent with a uniform strain‐rate
across this zone, and sections in the central and southern RGR have significant, but complex, spatial
variations in strain‐rate.

3.3. Strain Rate Field

Similar to results from the velocity profile strain analysis, we find using a two‐dimensional strain rate
field (Figure 7) that extensional strain rate is higher within and to the west of the fault‐defined RGR
than it is to the east in the Great Plains. Extensional strain rates are near zero to the east of the
RGR in the Great Plains. Inside and just west of the RGR, strain rates reach up to 10 nε/year
(Figure 7b). Strain rates are greater than 10 nε/year in the Basin and Range and the northwest part
of the CP. We also observed higher concentrations of strain rate near the central RGR and southeast
margin of the CP—partly following the trend of the Jemez lineament. Maximum extensional strain rate
and maximum shear strain rate yield similar general patterns. Maximum shear strain rate is pro-
nounced around the entire margin of the CP (Figure 7c), whereas the extensional strain rate is limited
to the central RGR, Jemez lineament, and Basin and Range province. Shear strain is particularly high
near the Jemez lineament, which is consistent with rotation of the CP relative to the surrounding crust.
There is also an anomalously high concentration of dilatational strain associated with the SMB
(Figure 7a). This is largely controlled by two sites on the eastern margin of the SMB and would be
expected for a magmatic inflation signal. The other sites affected by the SMB were omitted from the

Figure 5. Horizontal Global Positioning System velocities projected onto five profiles (see Figure 3) as a function of long-
itude. Each profile shows stations within 90 km of the line. Approximate boundaries of the Colorado Plateau (CP) and
Rio Grande Rift (RGR) are indicated by blue and red dashed lines, respectively. Boundary of RGR is defined by basin‐
bounding faults to the east and basin borders to the west (Figure 3). CP boundaries are defined by the longitude where the
profile crosses the CP border (Figure 3). WFMF denotes Williams Fork Mountain Fault. Red triangle shows the
approximate location of the Socorro Magma Body (SMB) on profile 4. East‐west strain rates east of the Basin and Range
province and into the Great Plains are estimated in each profile; 1 nε/year is equal to one part per billion (109) per year.
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velocities and uncertainties using the Median Interannual Difference
Adjusted for Skewness (MIDAS) algorithm (Blewitt et al., 2016).

In the first approach, we modeled noise characteristics using the software
package Hector (Bos et al., 2007). This package implements the Maximum
Likelihood Estimation method, which estimates parameters of a time‐
dependent model of the GPS data and components of the covariance func-
tion simultaneously (Bos et al., 2013; Langbein & Bock, 2004; Langbein &
Johnson, 1997; Williams et al., 2004). In order to increase processing
speed, inversion of the full covariance matrix is avoided by creating a
Toeplitz covariance matrix that is more easily inverted (Bos et al., 2013).
We used a power‐law model that represents a combination of random
walk and flicker noise along with white noise (Langbein, 2012).

The second approach (the MIDAS algorithm) computes the median of
slopes between all data pairs separated by 1 year—a variation of the
Theil‐Sen median trend estimator (Sen, 1968; Theil, 1950). Thus, time ser-
ies length must be greater than 1 year such that at least one full cycle of
periodic seasonal behavior, if it exists, is captured, and any transient sig-
nals can be distinguished from secular behavior. The differencing of pairs
separated by a year minimizes effects with annual periodicity, but not
other transient signals with different periodicity. This technique has been
shown to be more robust against common noise structures such as step
discontinuities, outliers, seasonality, skewness, and heteroscedasticity,
than the more traditional least squares plus seasonal fitting (Blewitt
et al., 2016). Similar to our first approach, uncertainty calculations are also
more realistic with this algorithm than formal uncertainties from the least
squares method, which do not account for long‐term correlated
noise characteristics.

Both of the approaches we compared agreed within a tenth of a millimeter
in most cases. MIDAS results generally have slightly higher uncertainty
values. For example, station RG01 has an east component velocity of
0.738 ± 0.105 mm/year derived using the first approach, and
0.789 ± 0.113mm/year usingMIDAS. Station PIE1 has an east component
velocity of 0.391 ± 0.090 mm/year using the first approach and MIDAS
east velocity of 0.334 ± 0.108 mm/year. For our analysis we chose the
slightly more conservative result and use the velocities and uncertainties
derived using the MIDAS algorithm.

2.3. Velocity Profiles

In order to test how velocities change across a large area from the Great
Plains to the Basin and Range province and compare them to previous studies' results, we defined five
east‐west profiles (Figure 3). Each of the five profiles shows velocities for stations within 90 km of the profile.
Velocities were projected onto the profile to show profile‐parallel velocity. A weighted least‐squares regres-
sion was done to fit a linear trend to the data in each profile. The slope of this linear trend is equivalent to the
strain‐rate across that distance.

We compared amodel consisting of a single weighted regression that fits all data to the east of the RGR in the
Basin and Range province (Figure 5) to a model consisting of three separate weighted regressions (two out-
side the fault‐defined RGR and one inside the RGR if applicable) for all five profiles (Figure 6). There is a
statistical trade‐off between the improvement that is gained in a model by decreasing the weighted sum of
squared residuals and the loss of degrees of freedom caused by the increase of number of parameters being
estimated. Thus, we tested the quality of each regression using an F test (Stein & Gordon, 1984), in which
two variances are compared based on the fit of the regression and the degrees of freedom associated with
each set using the following equation:

Figure 3. (a) Horizontal rates with 90% confidence error ellipses. East‐west
dashed lines labeled 1–5 are profiles shown in Figures 5 and 6. Vectors in red
have been omitted from the analysis. (b) Vertical rates are shown in color
scale (blue is subsidence, and red is uplift). The size of circles represents the
vertical rate uncertainty (larger circles have lower uncertainty). Sites that
were omitted from the analysis are also shown. (a and b) Colorado Plateau
(CP) is outlined in blue, major Quaternary faults shown as red lines, late
Neogene volcanics (Jemez lineament) shown in orange, and RGR basins
shown in dark gray. SMB denotes location of the Socorro Magma Body.
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And there remain surprises yet in the data--for instance, how is this possible? No sign of loading near Rio Grande Rift, but finite strain rates going across a 
lot of the Colorado Plateau. SMB = Socorro Magma Body.



Reports

Aseismic Uplift in Southern California
Abstract. Preliminary 0tamination of the historic geodetic record has disclosed

crustal uplift of0.15 to 0.25 meter that apparently began around 1960 and has since
grown to include at least 12,000 square kilometers ofsouthern California. This uplift
exfrnds at.least 150 kilometers west-northwestward along the San Andreas Fault
frort Cajon to Maricopa, southward from the San Andreas into the northern
Transverse Ratt##s, and edstward from Lebec into and including mnuch of the
western Mojave block. It seems to have grown spasmodically eastwardfrom a center
near the junction of the San Andreas and Garlock faults and has occurred largely
within an area that has remained virtually aseismic since at least 1932. Although
much ofthis area has been characterized by crustal mobility since at least the turn of
the century, the described uplift seems to be an ahusually large and probably unique
event superimposed on the existing pattern of continuing deformation.

An exceptionally large number of
high-precision, repeated level surveys
has permitted the detection of a broadly
defined and apparently recently devel-
oped zone of uplift that probably extends
over more than 12,000 km2 of southern

Califormia. This interpretation of recent
uplift in the southern California area is
confined to the region between and adja-
cent to the San Andreas and Garlock
faults eastward from Maricopa to Bar-
stow (Fig. I) and is based on our current

assessment of the recent vertical control
record. A more detailed investigation
and more rigorous analysis of the exist-
ing data will probably permit a much
more explicit description of the vertical
movement in this area and may reduce
the assumptions and generalizations re-
quired of the interpretation shown here.
Nevertheless, even the most rigorous
study will probably not significantly alter
the gross pattern of vertical movement
shown in Fig. 1.
The described crustal movements

(Fig. 1) are based on observed (unad-
justed) elevations derived from the re-
sults of repeated level surveys along the
routes shown in Fig. 2. Nearly all of this
leveling meets first-order standards, and
while the results of 1973 second-order
surveys have also been utilized locally, a
variety of considerations indicate that
these data are very nearly as accurate as
the first-order work to which they have
been tied. All of the elevations (and
hence all of the elevation changes) are
referred to bench mark Tidal 8, San Pe-
dro (Fig. 1), as invariant in elevation.
Because this control point is adjacent to
a continually recording tide gauge identi-
fied with a history of relative uplift with
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Fig. 1. Minimum uplift in the Transverse Ranges and adjacent parts of the Mojave Desert, California, during the period 1959-74.
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Castle et al., 1976

cause the increases that they found ap-

parently exceeded any known errors,

they concluded that the land had risen
between 1959 and. 1974. Since 1974, the
uplift seems to have partially collapsed.
A number of researchers are now con-

cerned that the errors in leveling are

actually larger than anyone suspected
when Castle and his group announced
the discovery of the uplift in 1975. One
possibly large error, some fear, is the
misreading of the rods resulting from the
bending of light passing through the
warm air near the ground.

Because the commonly cited experi-
ments supporting the insignificance of
this refraction error were conducted in
the cool climes of Finland, Charles Wha-
len of the National Geodetic Survey
(NGS) in Rockville, Maryland, ran ex-

periments in July 1979 at a site in Gaith-
ersburg, Maryland, and at another site in
Tucson, Arizona, to measure the magni-
tude of the refraction error under condi-
tions more typical of the United States.
William Strange of NGS analyzed the
results and found that refraction altered
the apparent elevation of a rod sighted
from 60 meters away by a fraction of a

millimeter. If that error accumulated
over a leveling line that gained almost
500 meters in elevation, the total error

would be 8 centimeters under the condi-

A

BM IB

Leveling procedure
Surveyors determine the elevation difference
between benchmark (BM) I and BM 2 by first
sighting rod A (on BM 1) and then rod B
through a horizontal telescope. Rod A is then
advanced to its next position along the level-
ing line and the process repeated until BM 2 is
reached. L is the sight length. [R. S. Stein, in
Earthquake Prediction, copyright 1981 by the
American Geophysical Union]

tions of the Maryland experiment and 14
centimeters under those in Tucson.

Strange then calculated the likely ef-
fect of a refraction error of that magni-
tude on past levelings in southern Cali-
fornia. No one had yet demonstrated
that refraction errors would indeed accu-

mulate over the hundreds of leveling
setups and weeks and months of time
required to complete a single leveling
line. And he did not know how the sun's
heating of the ground had warmed the air
at each of the thousands of leveling set-
ups involved. It is the strength of the
temperature gradient in the first few me-
ters above the ground that determines
the size of the refraction error. This

The Palmdale Bulge from space
This satellite view shows the San Andreas fault running across the photograph, intersecting the
Garlock fault at left center. The reported bulge, a broad uplift of only 30 to 45 centimeters, is
not evident, but it covers most ofthe upper two-thirds of the area shown, beginning at the edge
of the mountainous region just north of Los Angeles (lower right).

1332

nonlinear gradient bends a sighting taken
down a slope less than a sighting taken
up the slope. Strange had to estimate
these gradients.

Strange did know that around 1960,
when much of the uplift supposedly oc-
curred, surveyors were shortening the
average length of a sighting on some
leveling lines from about 60 meters to
about 30 meters. They had not been
correcting for refraction but wanted to
minimize the error, which is proportional
to the square of the sight length. Before
the shortening, the refraction error, if it
were as large as the NGS experiments
suggested, would have made the Trans-
verse Mountains appear less tall than
they were. After the shortening, they
would have appeared to pop up.

Strange concluded that the refraction
error and the well-intentioned attempt to
minimize it caused most of the apparent
uplift. After making an approximate cor-
rection for refraction, only 5 to 10 centi-
meters of uplift, not 30 to 45, remained.
That uplift, he says, was localized along
the San Andreas and San Gabriel faults.
The uplift that did occur may have sim-
ply been the earth's response to the
accumulating crustal stress that eventu-
ally produced the San Fernando earth-
quake of 1971, he says.
Most researchers thought that Strange

was on the right track, but they were not
convinced that an effect found at one site
in Tucson would persist over tens of
kilometers of California countryside. So
Thatcher, Ross Stein of the USGS,
Strange, Whalen, and Sandford Holdahl
of NGS ran a field experiment along a 50-
kilometer leveling line from Saugus to
Palmdale. This is one of the half-dozen
or so lines whose interpretation is critical
to the existence of the uplift. While mea-
suring the temperature gradient in the
first 2.5 meters above the ground, they
ran two leveling lines, one with an aver-
age sight length of about 42 meters and
another of about 24 meters.
Both Strange's approximate refraction

correction and a standard calculation,
which included the observed tempera-
ture gradient, predicted that the eleva-
tion differences measured by the short-
and long-sight-length levelings would dif-
fer by about 4 centimeters. The long-
sight-length survey did indeed show
Palmdale to be 4.02 centimeters lower
than the one having short sight lengths.
"I was surprised," Thatcher says, "that
the refraction error was as consistent as
this, that it persisted along so much of
the line."
The researchers who took part in the

California field experiment believe that
they have demonstrated the significance
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OK, move on to vertical.  Palmdale bulge story--real or not?



Reports

Aseismic Uplift in Southern California:
An Alternative Interpretation

Abstract. The previously reported uplift in southern California may have resulted
from systematic errors in leveling rather than tectonic activity. Errors are inferred
from correlation between changes in elevation and topography at short and long
wavelengths. Corrected data show no significant vertical motion except at the time
of the San Fernando earthquake. Possible sources of error include inadequate rod
calibration and refraction.

Castle et al. (1) inferred that between
1959 and 1974 an extensive area of south-
ern California was uplifted as much as
450 mm with respect to a tidal bench
mark at San Pedro. The inferred con-
tours of uplift run generally parallel to
the San Andreas fault system, but the ap-
parent uplift is not confined to this or any
other fault system. Instead, it is spread
evenly throughout the Transverse
Ranges and the Mojave Desert, with
maximum tilting along the southwest
face of the Transverse Ranges. The in-
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ferred uplift is strongly episodic, with
Palmdale rising about 200 mm between
1961 and 1962, remaining relatively sta-
tionary between 1962 and 1968, then ris-
ing another 130 mm between 1968 and
1974 (2). Similarly, Barstow apparently
rose more than 170 mm with respect to
Mojave between 1973 and 1974. The lat-
est phase of uplift apparently ended in
1974, and Palmdale appeared to sink 170
mm between 1974 and 1977.

If correct, these changes in elevation
have surprising and important implica-

00

tions. The inferred rates of uplift are
large by geologic standards. Yeats (3) es-
timated an average rate of uplift over the
last 600,000 years of 10 + 0.2 mm/year
at the northern margin of the Ventura ba-
sin, centered on the Oak Ridge thrust
fault system. This is considered a high
rate of uplift (if not a world record), and
it includes the displacements caused by
earthquakes. The inferred rate of uplift
between Palmdale and San Pedro is 25
mm/year averaged over the period from
1961 to 1974, and greater than 100 mm/
year averaged over the period from 1961
to 1962.
The episodic nature of the inferred up-

lift and the reversals in its direction are
also surprising. The motions between
Barstow and Mojave in 1973 to 1974 and
between Palmdale and San Pedro in 1961
to 1962 imply tilt rates of at least 10-6 per
year. In the latter case, much of the ap-
parent action was confined to the profile
between Saugus and Palmdale, where
the inferred rate of tilt was about 2 x 106
per year. These rates are as high as those
estimated to occur during postseismic re-
laxation within a few source dimensions
of a moderate to large earthquake (4) and
are thus remarkably large for aseismic
tilts.
Our data analysis consisted of editing,

plotting, and modeling. The primary pur-
pose of the editing was to minimize the
effects of unstable bench marks. A bench
mark was considered unstable if it
moved up (or down) with respect to both
of its nearest neighbors by more than 10
mm or by more than 5 x 10-5 times the
distance between bench marks. Unstable
bench marks were treated as temporary
bench marks, that is, as stepping-stones
between stable bench marks. Only the
stable bench marks were used in estimat-
ing temporal changes in elevation, and

° X only stable bench marks are plotted in
0 our figures.
g Data are plotted in the form of dif-

ferences in elevation (topography) and
apparent temporal changes in elevation

> differences (change) as a function of dis-
° tance along the profile. The difference in

elevation between bench marks i and
i - 1 for year t is

AhA(t) = ht(t) - hi-(t)
and the temporal change is

r1(t) = Ahj(t) - Ah1(to)
0 20 40 60 80

Distance (km)

Fig. 1. Topography (dashed lines) and apparent change from 1965 (solid lines) for the profile
from Burbank (B) to San Fernando (SF) to Saugus (S) to Palmdale (P). Topography and change
are defined in Eqs. 1 and 2, respectively. Boxed numerals designate segments referred to in
Table 1. Note the reversal of correlation between change and topography at Saugus in 1964. The
topography differs slightly from year to year because of differences in bench marks used.
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(2)

where t0 is some reference time. We de-
parted from the traditional practice of
summing differences in elevation to ob-
tain absolute elevation in order to avoid
error accumulation and to emphasize
short wavelength features of the data.
Figure 1 shows plots of Ahj(to) and r(t)
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forto = 1965 andfort = 1955, 1961, and
1964. Striking correlations between
change and topography are apparent in
every case.

Correlation between topography and
apparent change in elevation is a classic
symptom of certain types of systematic
error, including errors caused by refrac-
tion (curvature of the line of sight) and
rod miscalibration (5), but it may also
arise from tectonic processes. We expect
mountains to be uplifted and sedimen-
tary valleys to be compacted such that
differences in elevation increase with
time. However, there are two reasons
for believing that the correlations noted
above resulted from systematic errors.
First, the correlations persist to very
short wavelengths; one would not expect
tectonic deformation to affect so many
local features in precisely the same way.
Second, the correlation changes with po-
sition along the profile, often at places
where changes were made in the survey.
The most dramatic example occurs in the
1964 survey, for which the section from
Los Angeles to Saugus was surveyed by
a different crew, using different rods,
than for the section between Saugus and
Palmdale. The former section shows a

negative correlation and the latter a posi-
tive correlation, although the exact loca-
tion of the reversal is obscured by local
disturbances (possibly of cultural origin)
near Saugus.

It may be that there are long wave-
length changes related to tectonic activi-
ty as well as systemic errors that affect
both long and short wavelengths. In an

attempt to isolate the effects of system-
atic errors, we separated the short wave-
length variations from the long wave-
length variations by fitting low-order
polynomials (cubic or quartic) to the data
over the intervals between Long Beach
and Saugus and Saugus and Palmdale.
The profile was broken in this way be-
cause the direction of the leveling route
changes discontinuously at Saugus.
Polynomials of the same order were fit-
ted to the topography and the change
data for each year. The polynomial func-
tions were taken as estimates of the long
wavelength features of the data, and re-
siduals to these polynomials were taken
as the short wavelength features.
We divided each profile into segments,

the boundaries of which generally coin-
cide with known changes in crew or

equipment, especially rods. After sepa-
rating out the long wavelength com-
ponents, we estimated apparent error
factors within each segment by using
simple linear regression. Our model was

AhI = (h18- h0 1) (I+ 0k) + e0 (3)

31 OCTOBER 1980
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Palmdale- Burbank
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Fig. 2. Elevation difference in meters betu
bench marks 3219 (Palmdale) and H43R (I
bank) versus time. The dashed line is der
from data supplied by the National Geoc
Survey (12), with standard correlation for
efrors. The solid line shows the result of
plying empirical correction based on con
tion between apparent change and topogra
of short wavelength features. The efrors
for the corrected data represent 1 standard
viation, as computed with Eq. 5.

where Ah'k is the apparent differenc
elevation between two succes!
bench marks, k is an index specifying
survey segment, Ek iS the average I
portional error for the kth segment,
e'k is a random error of measuremt
Primes denote short wavelength c

ponents. The apparent change betw
two levelings becomes
rs -Ah{k Ahio =

Ah'iO(Ek - 'Eo) + e'ik -e
where k = 0 refers to the 1965 base
survey. We have assumed that all t
dependence in the true elevations is

sociated with the long wavelength com-
ponent and has thus been removed.
We estimated the relative error Ek - CO

for each survey segment by a regression
of r4 on Ah' . The results are shown in
Table 1. The negative values for 1955
and 1961 are consistent with the fact that
Palmdale appeared to be lower in those
years than in 1965, the baseline year. We
tested the estimated error factors for sig-
nificance by using the Fisher F test (6),
which compares the hypothesis of a true
correlation with that of a spurious corre-

__i lation resulting from random errors. The
1980 F value is the ratio of the observed re-

veen duction in variance to that expected for
Bur- purely random data. Table 1 gives the F
ived values and corresponding confidence
letic levels.
r rod After estimating the relative error fac-

relap- tors, we corrected the original data to
Lphy make them consistent with the data ob-
bars tained in 1965 survey. In Fig. 2, esti-
I de- mated differences in elevation between

Palmdale and Burbank, both before and
after our correction, are shown as func-
tions of time. The error bars for the cor-

e in rected data are estimated from the uncer-
sive tainties in correction factors by the for-
the mula
pro-
and
ent.
om-
,een

(4)
line
ime

'as-

(J2 = E ik2hk2
k

(5)

where a;k2 is estimate of the variance of
error for the kth segment and hk is the net
difference in elevation (in the forward di-
rection) for the kth segment.
The corrected data given in -Fig. 2

show no significant change in elevation
between Palmdale and Burbank until af-
ter the 1971 San Fernando earthquake,
which apparently caused a coseismic up-

Table 1. Apparent errors in data for relative change in elevation.

Net
Year Seg- Ck - 80 ak F dence changement* (ppm)t (ppm) de) in ele-

vation

Surveys referenced to 1965 (rod pair 0)
1955 1 -751 121 148 99 164

2 -268 102 224 99 624
1961 3 -243 62 107 99 225

4 -198 94 21 99 -85
5 -149 91 5.5 95 60
6 -120 50 2.1 99 547

1964 7 -107 24 204 99 175
8 99 28 31 99 624

1968 9 -114 34 89 99 175
1971 11 46 723 0.64 55 175

12 -295 193 1.84 80 452
1973 13 -127 102 55 99 289
1978 15 -412 198 35 99 175

Surveys referenced to 1968 (rod pair 10)
1973 14 56 35 153 75 521
1978 16 -26 36 75 60 619

*The same rods were used in segments 1 and 2, 4 and 5, and 9 and 13. Many different rods were used in
segments 15 and 16. tParts per million.
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The change at Saugus (S) in 1964 suggests a problem with equipment—change relative to 1965 (solid line) correlates at short wavelengths with difference 
in topography (next benchmark elevation - benchmark elevation).
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Timing of Epeirogenic Uplift

Given the geographic relationship between 
broad epeirogenic uplift, lithospheric thinning, 
elevated mantle temperatures, and crustal rift-
ing, we examine surface manifestations of 
Cenozoic elevated crustal temperatures, i.e., 
the presence of volcanic and plutonic rocks 
exposed at the surface today, in order to gain 
some understanding of when non-erosion–
related epeirogenic uplift began.

Figure 14A is a sketch map of widespread 
post-Laramide igneous rock distribution in 
the summit region of the epeirogen. Most of 
these rocks are shown in black, but two are 
shown in orange. Older igneous rocks, shown 
in other colors, are present in the same area. 
Those in green represent the diatremes, those 
in red, the 1.4 Ga plutons, and those in purple, 
the  extension-related Cambrian–Ordovician 
plutons. Outcrops of these older rocks that are 
within the black areas of post-Laramide rock 
outcrops are not shown.

Magmatic and volcanic rocks ranging in age 
from 42 Ma to younger than 1 Ma and in com-
position from andesite to basalt (and bimodal 
basalt rhyolite) are included among the rocks 
shown in black. Despite the age and composi-
tional differences among these rocks and the 
changing plate tectonic regimes that created 
such compositional differences, it is seen that 

the crust in the region has been intruded repeat-
edly (in Proterozoic, Devonian, Ordovician, and 
middle Cenozoic time), and subjected to past 
high-temperature melts that repeatedly brought 
advective heat and buoyancy to the crust. Some 
of this activity led to emplacement of simple 
dikes and some to the development of large vol-
canic fi elds, remnants of which are still present 
in the area, as well as some to large, relatively 
low density plutons in the crust.

With regard to the timing of epeirogeny, it is 
necessary to ask what the distribution of these 
rocks was in time. Figure 14B shows two super-
imposed step plots of the ages of these rocks in 
3 m.y. intervals. The fi rst data set (represented by 
the heavier line), was assembled from the com-
pilations of Luedke (1993a, 1993b) and Luedke 
and Smith (1978a, 1978b). These ages are from 
igneous rocks in Colorado, New Mexico, and 
adjoining parts of eastern Utah and eastern Ari-
zona. Those represented by the lighter line were 
taken from Chapin et al. (2004) and recast from 
1 to 3 m.y. intervals. They are limited to New 
Mexico outcrops only.

A great many rock ages are shared between 
the two data sets; therefore, it is scarcely surpris-
ing that the occurrence of the two major igneous 
event peaks and the trough between them essen-
tially coincide. In the New Mexico data set, the 
great bulk of magmatic/volcanic events of the 
fi rst long igneous episode took place in the time 

400 300 200 100 0
-10

0

10

20

30

O
1934 1985-

1953 - 1985

S

P

LA

Distance (km)

E
le

va
tio

n
ch

an
ge

 (
cm

)
Figure 13. Profi le of elevation changes along U.S. Highway 50 from an arbitrary starting 
point east of the town of Las Animas, Colorado, on the Great Plains, as determined from 
fi rst-order leveling and re-leveling. The line continues westward to Salida, Colorado, in 
the mountains. Towns: S—Salida; P—Pueblo; LA—Las Animas. 

interval 37–22 Ma, peaking between 28 Ma 
and 25 Ma. It appears that by adding the ages 
of rocks in Colorado to those in New Mexico, 
the Eocene–Miocene event peak in the light line 
plot broadens to a somewhat wider time span, 
suggesting, but scarcely demanding, that initia-
tion of intense igneous events began somewhat 
earlier in the north and lasted somewhat longer.

As seen, both plots display a pair of maxima, 
the one just described and the other between 
16 and 0 Ma, and peaking between 4 and 
1 Ma. Chapin et al. (2004) suggested that roll-
back of the low-dip, subducted Farallon plate 
took place between 36 and 24 Ma. I offer that 
it actually may have begun as early as 38 Ma. 
The fi rst evidence of Cenozoic crustal stretch-
ing in the region occurred ca. 36–35 Ma, late 
Eocene time (Cather, 1990; Chapin and Cather, 
1994). Crustal extension thus began within 
1 m.y. before or after the beginning of sharply 
increased magmatism. It was well under way 
when the peak of ignimbrite explosions was 
reached at 28 Ma. It was followed by an abrupt 
increase in the number of igneous events in the 
epeirogen’s future summit region, including 
profound ignimbrite eruptions. De Silva (2008) 
proposed that ignimbrite fl are-ups represent a 
high magmatic fl ux driven by an elevated rate of 
energy transfer from the mantle. In the case of 
the Southern Rocky Mountains region, the ini-
tiation of such a fl are-up likely represented an 
advanced stage of lithospheric thinning, as well 
as the rise of hot asthenosphere resulting from 
rollback of the Farallon plate. The uppermost 
crust was weakened and the brittle-ductile tran-
sition moved upward, enabling listric normal 
faulting in the shallow crust. One of the ignim-
brites, the Wall Mountain Tuff, is geographically 
widespread, extending eastward onto the upper 
Great Plains. It has an age of 36.7 Ma (McIntosh 
and Chapin, 2004), and its distribution suggests 
an east-dipping slope or later eastward tilting. 
If the subducted Farallon plate was sinking and 
rolling back a little before this time, the oppor-
tunity for hot asthenospheric material to fl ow 
in and replace it had to be substantial (Chapin 
et al., 2004). It doubtless led to heating of the 
lower lithosphere. It is interesting that the area 
of the Southern Rocky Mountain epeirogen and 
its igneous rocks of all ages occupy a signifi cant 
part of what has been dubbed the “Laramide 
magma gap,” where no igneous rocks of Lar-
amide age exist, save for those in the Colorado 
Mineral Belt. It would seem that magmatism 
was delayed here from Late Cretaceous to late 
Eocene time.

The younger of the two episodes of post-
Laramide igneous activity began immediately fol-
lowing the relative hiatus from 20 to 16 Ma. This 
younger magmatic event-frequency maximum 

Eaton, Geosphere, 2008

And yet the lessons have not been well learned...Count the problems here...but if taken literally would imply an uplift rate of 30 cm over 50 years (at most) 
or 6 mm/yr = 6 km/My, which would be one of the highest rates in the world and would produce the modern Rockies in half a million years
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InSAR’s big splash was the 1992 Landers earthquake (which rather quickly supported the geodetic inferences of Sauber et al.). So clear earthquake-source 
and afterslip tool...



Here, we employ a similar approach to that of Fialko et al.
(2001b) to calculate the three-dimensional velocity field
using data from both ascending and descending ENVISAT

advanced synthetic aperture radar orbits, but we do not use
the azimuth offsets. Although azimuth offsets can be
calculated by cross-correlation of two amplitude images,

1992-1995 2004-2006

1996-2000 2006-2008

2000-2004 2008-2009

a

b

c

d

e

f

X’

X

Y

Y’

Fl
yi

ng
 D

ire
ct

io
n

LOS

Fl
yi

ng
 D

ire
ct

io
n

LOS

Fl
yi

ng
 D

ire
ct

io
n

LOS

Fl
yi

ng
 D

ire
ct

io
n

LOS

Fl
yi

ng
 D

ire
ct

io
n

LOS

Fl
yi

ng
 D

ire
ct

io
n

LOS

1410 Bull Volcanol (2011) 73:1407–1419

Aly and Cochran, J. Volcanol., 2012

differential surface movements were recorded along the
major faults within, or adjacent to, the caldera (Fig. 2). We
next detail the four deformation episodes.

Episode 1: 1992–1995

During 1992–1995, broad subsidence centered on the
Yellowstone caldera is observed with a maximum
magnitude of ~8 cm (Fig. 2a); limited local uplift is
detected near NGB (Figs. 2a and 3a). The regional-scale
subsidence, marked by elongated fringes, is not restricted
to the boundary of the Yellowstone caldera. During this
period, the Yellowstone caldera floor subsided more
rapidly, at a rate of 2.7 cm/year, than the adjacent
regions that subsided at an average rate of ~0.8 cm/year
(Fig. 2a).

Episode 2: 1996–2000

Uplift of ~6.8 cm is observed at the northwestern rim of
the Yellowstone caldera near NGB during 1996–2000
(Figs. 2b and 3a). Slight regional subsidence by about
2 cm is measured across the caldera floor and limited
deformation is detected around Hebgen Lake ~20 km
west of the caldera margin. The spatial deformation
pattern of uplift near NGB during 1996–2000 is distinct
from the spatial deformation patterns observed during
any other period in this study. Also, the magnitude of
uplift is larger during the 1996–2000 period than
during the previous periods of observation (Figs. 2b
and 3).

Episode 3: 2000–2004

The interferogram spanning 2000–2004 shows renewed
regional subsidence (~2.8 cm) across the Yellowstone
caldera (Figs. 2c and 3). Measurements from the LKWY
GPS station (Fig. 6a) show that this location was relatively
stable between 2000 and 2001, but steady subsidence
occurred between 2001 and mid-2004. However, these are
point measurements and LKWY is located at the margin of
Yellowstone Lake (Fig. 1), away from the center of
deformation, and thus might have not detected the onset
of deformation at the far-distant resurgent domes. Unfor-
tunately, the records of WLWY and OFW2 (Fig. 6), which
are located near the two resurgent domes (Fig. 1), are
available only after 2004. The average rate of deformation
is faster at the Sour Creek dome (~0.7 cm/year) than at the
Mallard Lake dome (~0.5 cm/year; Figs. 2c, 3b, and 6a). As
during the 1992–1995 period, the deformation fringes of
2000–2004 are not restricted to the Yellowstone caldera
boundary, and local uplift (~2.6 cm) is observed also near
NGB (Figs. 2c and 3a).

Fig. 7 The InSAR data of 2005–2006, model, and residual are
represented in (a), (b), and (c), respectively. The small blue arrows in
(b) represent the GPS data while the small red arrows represent the
GPS model. The red rectangle in (b) is the projection of the planar
source; the along-strike edge is marked with a solid red line. Projections
of the Mogi sources are marked with three black stars in (b)
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…which can also be applied to volcanic systems. Plots on left are line of sight variations, which is all single-satellite InSAR can give. Note that careful 
examination of fringes shows things going up and down...



fault strand. On the scale of a single fault segment, Fialko et al. (2005)
note that the immature fault associated with the Bam earthquake has
a significant co-seismic slip deficit in the upper crust compared to slip
at depth, attributed to distributed deformation in the upper few km of
crust. Bennett et al. (1995) note a similar upper crustal slip deficit for
the 1992 M 6.1 Joshua Tree earthquake, at the southern end of the
ECSZ. On the scale of multi-segment fault zones, aftershock distribu-
tions associated with the Landers earthquake in the Mojave Desert
(Liu et al., 2003) and paleoseismic work in the Central Nevada Seismic
Belt (Bell et al., 2004) illustrate the tendency of immature faults to

exhibit multiple overlapping or en-echelon active fault strands. With
time, as total offset increases, these faults will presumably simplify
their geometry (Wesnousky, 1988).

Fault zone evolution from the beginning of a fault's active period to
“middle age” may be described in terms of slip rate as a function of
time, with the fault beginning at a condition of zero offset and zero
slip rate. Offset and slip rate then increase until steady state is
reached, whereafter offset increases at a uniform rate and slip rate
remains constant. Figure 2 presents three simple possible models of
slip rate evolution leading to similar total offset but different slip rate
histories. Through geodetic data we can infer the present day rate, and
geological data can give rates averaged over various time intervals, in
principle placing some constraints on the rate-time path. Few studies
have considered the fact that, for faults in which initiation age is
known, the three key data defining fault evolution (present rate, total
offset, and initiation age) are not independent: the integral of a
given rate-time path, beginning at zero rate at fault initiation age,
and endingwith the present-day rate, yields the total fault offset. If the
latter parameter is known from geologic studies, then integrating
possible rate-time paths provides a useful (though non-unique) model
test.

A simple Rayleigh cumulative distribution provides a conceptually
simple model for non-linear fault evolution with some physical basis.
The Rayleigh distribution is a subset of the Weibull distribution, often
used to model failure in complex systems, including fracture

Fig. 3. InSAR surface displacement map and fault slip rate modeling for the Hunter Mountain fault (modified from Gourmelen et al. (2010)) a) InSAR based Line of Sight (LOS)
velocity map for the ECSZ, based on data acquired between 1992 and 2000. Red oval marks coseismic plus post-seismic displacement associated with the 1993 M 6.1 Eureka Valley
earthquake (Peltzer and Rosen, 1995). Yellow box shows location of profile in Figure 3b. F is Fault, FZ is Fault Zone. Faults are from the USGS quaternary fault database (U.S. Geological
Survey, NewMexico Bureau ofMines andMineral Resources and Nevada Bureau of Mines and Geology, 2006). b) Line Of Sight displacement along A–A′ (Fig. 3a). Strain accumulation
model in red, assuming a vertical fault, with locked (solid line) and freely slipping (dashed line) segments (inset). Note high strain rate near fault, corresponding to shallow locking
depth. Best-fit slip rate is 4.9±0.8 mm/yr assuming pure strike slip in the strike direction of Hunter Mountain Fault. c) Model parameters (Brooks and Frazer, 2005), for the model in
Figure 3b showing tradeoff between slip rate and locking depth. Unlike models with deeper locking depth, there is little tradeoff between slip rate and locking depth.

Fig. 4. GPS profile, perpendicular to the plate motion direction, across the Owens Valley
fault (OVF), Panamint Valley fault (PVF), and the Death Valley fault (DVF), GPS velocities
relative to central Basin and Range. GPS location is indicated by dashed lines on Fig. 1. The
solid line is a best-fit viscoelastic coupling model. Modified from Schmalzle (2008).
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Rather more unusual use--constrain locking depth and slip rate of a fault without an earthquake. I cannot find what the line of sight is here. Fig. 3. InSAR surface displacement map and fault slip rate modeling for the Hunter Mountain fault (modified from Gourmelen et al. (2010)) a) InSAR based Line of Sight (LOS) velocity map for the ECSZ, based on data acquired between 1992 
and 2000. Red oval marks coseismic plus post-seismic displacement associated with the 1993 M 6.1 Eureka Valley earthquake (Peltzer and Rosen, 1995). Yellow box shows location of profile in Figure 3b. F is Fault, FZ is Fault Zone. Faults are from the USGS quaternary fault database (U.S. Geological Survey, New Mexico Bureau of Mines and Mineral Resources and Nevada Bureau of Mines and 
Geology, 2006). b) Line Of Sight displacement along A–A′ (Fig. 3a). Strain accumulation model in red, assuming a vertical fault, with locked (solid line) and freely slipping (dashed line) segments (inset). Note high strain rate near fault, corresponding to shallow locking depth. Best-fit slip rate is 4.9 ± 0.8 mm/yr assuming pure strike slip in the strike direction of Hunter Mountain Fault. c) Model 
parameters (Brooks and Frazer, 2005), for the model in Figure 3b showing tradeoff between slip rate and locking depth. Unlike models with deeper locking depth, there is little tradeoff between slip rate and locking depth.
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the 1992 M 6.1 Joshua Tree earthquake, at the southern end of the
ECSZ. On the scale of multi-segment fault zones, aftershock distribu-
tions associated with the Landers earthquake in the Mojave Desert
(Liu et al., 2003) and paleoseismic work in the Central Nevada Seismic
Belt (Bell et al., 2004) illustrate the tendency of immature faults to

exhibit multiple overlapping or en-echelon active fault strands. With
time, as total offset increases, these faults will presumably simplify
their geometry (Wesnousky, 1988).

Fault zone evolution from the beginning of a fault's active period to
“middle age” may be described in terms of slip rate as a function of
time, with the fault beginning at a condition of zero offset and zero
slip rate. Offset and slip rate then increase until steady state is
reached, whereafter offset increases at a uniform rate and slip rate
remains constant. Figure 2 presents three simple possible models of
slip rate evolution leading to similar total offset but different slip rate
histories. Through geodetic data we can infer the present day rate, and
geological data can give rates averaged over various time intervals, in
principle placing some constraints on the rate-time path. Few studies
have considered the fact that, for faults in which initiation age is
known, the three key data defining fault evolution (present rate, total
offset, and initiation age) are not independent: the integral of a
given rate-time path, beginning at zero rate at fault initiation age,
and endingwith the present-day rate, yields the total fault offset. If the
latter parameter is known from geologic studies, then integrating
possible rate-time paths provides a useful (though non-unique) model
test.

A simple Rayleigh cumulative distribution provides a conceptually
simple model for non-linear fault evolution with some physical basis.
The Rayleigh distribution is a subset of the Weibull distribution, often
used to model failure in complex systems, including fracture

Fig. 3. InSAR surface displacement map and fault slip rate modeling for the Hunter Mountain fault (modified from Gourmelen et al. (2010)) a) InSAR based Line of Sight (LOS)
velocity map for the ECSZ, based on data acquired between 1992 and 2000. Red oval marks coseismic plus post-seismic displacement associated with the 1993 M 6.1 Eureka Valley
earthquake (Peltzer and Rosen, 1995). Yellow box shows location of profile in Figure 3b. F is Fault, FZ is Fault Zone. Faults are from the USGS quaternary fault database (U.S. Geological
Survey, NewMexico Bureau ofMines andMineral Resources and Nevada Bureau of Mines and Geology, 2006). b) Line Of Sight displacement along A–A′ (Fig. 3a). Strain accumulation
model in red, assuming a vertical fault, with locked (solid line) and freely slipping (dashed line) segments (inset). Note high strain rate near fault, corresponding to shallow locking
depth. Best-fit slip rate is 4.9±0.8 mm/yr assuming pure strike slip in the strike direction of Hunter Mountain Fault. c) Model parameters (Brooks and Frazer, 2005), for the model in
Figure 3b showing tradeoff between slip rate and locking depth. Unlike models with deeper locking depth, there is little tradeoff between slip rate and locking depth.

Fig. 4. GPS profile, perpendicular to the plate motion direction, across the Owens Valley
fault (OVF), Panamint Valley fault (PVF), and the Death Valley fault (DVF), GPS velocities
relative to central Basin and Range. GPS location is indicated by dashed lines on Fig. 1. The
solid line is a best-fit viscoelastic coupling model. Modified from Schmalzle (2008).
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more typical locking depths (10–20 km) and the slip rate we obtain is
sensitive to the details of the rheological model.

7. Hunter Mountain Fault slip evolution

A simple model of constant slip rate since the time of initiation at
2.8 Ma, and satisfying the present day slip rate of 5 mm/yr would lead
to a total fault offset of 14 km, significantly higher than the mapped
value of 9.3±1.4 km.

A simple model involving a linear increase in slip rate through
time from zero to 5.0 mm/yr at present (our new geodetic result),
predicts the correct total offset of 9.3 km if the fault initiates at
3.7 Ma; the inferred acceleration in slip rate is ~1.3 mm/yr per
million years. However, thismodel is not consistentwith the younger
(2.8 Ma) age for fault initiation (Lee et al., 2009); for a fault beginning
at zero rate at this younger time, increasing linearly to the present
rate of 5.0 mm/yr, total offset is 7.0 km, significantly less than the
mapped value, 9.3±1.4 km.

We suggest that the Hunter Mountain–Panamint Valley fault
zone illustrates the process of fault acceleration and simplification.
Figure 5 shows two growth curves following a Rayleigh distribution
for the Hunter Mountain fault that bracket the range of plausible
values for inception time and are consistent with the measured
geodetic rate. Both give total offset of 9.3 km. For the 2.8 Ma
inception time (our preferred model), Ds is ~0.5 km. Faults with
offset much less than this can be considered immature, while faults
with offset much more than this can be considered mature. By this
definition, the Hunter Mountain–Panamint Valley fault can be
considered mature.

8. Discussion

While there are many possible sources of fault slip rate discrepan-
cies, we suggest that the various rate estimates that characterize the
Hunter Mountain fault over different time spans are best considered in
the context of amodel for a relatively young fault that is undergoing (or
has recentlyundergone) rapid acceleration andevolution.Many authors
have discussed the processes by which faults mature. As total offset
increases, asperities and other frictional barriers to slip are reduced,
segment length increases, en-echelon segments straighten and join, and
the fault generally simplifies, reducing resistance to slip (Stirling et al.,
1996; Tchalenko, 1970; Wesnousky, 1988). Ben-Zion and Sammis
(2003) describe this as an inevitable consequence of strain weakening
rheology, common in crustal materials. Presuming a constant tectonic
driving force, as slip resistance decreases, the fault will accelerate to
some steady state slip rate, and remain in that state until the tectonic
driving force changes. With less than 10 km of total offset, the Hunter
Mountain fault may not have achieved this mature state, or achieved it
only recently. Presumably it experienced a period of geometric
simplification and acceleration after 2.8 Ma.

In general, fault evolution may be considered a balance between
local frictional conditions, resisting motion, and regional tectonic
conditions, promoting motion. Our model simplifies this complex
topic, dealing only with the initial growth phase of fault evolution,
where the tendency to straighten and simplify with increasing offset
lowers slip resistance; the “death” phase, associated with changing
tectonics, is ignored. Many faults will never reach Rf, because of
changing kinematic boundary conditions; changing plate configura-
tion may require formation of new faults and abandonment of
existing faults. Even if a mature fault reaches Rf, some distributed, off-
fault deformation may still occur, unrecorded by geologic estimates of
offset on themain fault trace. Perhaps this is why the Holocene rate on
the Carrizo segment of the San Andreas Fault (34 mm/yr; Liu-Zeng
et al., 2006) is slightly lower than the geodetic rate (36 mm/yr;
Schmalzle et al., 2006). While the two values overlap within current
uncertainties, future studies may show this small difference to be real.

Given rapid growth of the Hunter Mountain fault after 2.8 Ma, it is
interesting to speculate concerning its influence on adjacent ECSZ
faults. Our model, as well as previous studies (Stirling et al., 1996;
Tchalenko, 1970; Wesnousky, 1988) predicts increasing geometric
simplification of fault zones with time. Thus, it might be expected that
the ECSZ will also simplify, with one fault (perhaps the Hunter
Mountain–Panamint Valley fault) becoming dominant. Several
authors have speculated that the ECSZ has accelerated in the last
few million years, e.g., in response to the post 5.5 Ma inland jump of
the Pacific–North America plate boundary, or due to post-3.5 Ma
crustal delamination that led to Sierra Nevada uplift (Jones et al.,
2004). In this case, the Hunter Mountain–Panamint Valley fault may
have accommodated most of the acceleration.

9. Conclusions

Knowledge of a fault's total offset and initiation age, combined
with an accurate estimate of the present-day rate from geodesy, yield
useful constraints on fault growth and evolution. For the Hunter
Mountain–Panamint Valley fault, available geologic data (fault
inception time between 4 and 2.8 Ma, total offset of 9.3 km) and
geodetic data (present day rate of 5.0±0.5 mm/yr) are satisfied with
a simple model of fault acceleration and evolution. In this accelerating
fault model, the geodetic rate estimate is invariably faster than long-
term geologic rate estimates.
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Fig. 5. Rate estimates for the Hunter Mountain–Panamint Valley fault for various time
periods, and corresponding growth models. Estimated uncertainty shown by error bars
or vertical box dimensions. Light gray (Zhang et al., 1990) symbol is obtained by
projecting horizontal slip rate of the Panamint Valley segment onto the Hunter
Mountain fault; note that the Ash Hill fault is not included here because its relation with
the Panamint Valley fault is unclear and because its slip rate of 0.3 mm/yr over the last
4 Ma (Densmore and Anderson, 1997) does not impact on our conclusions. Shaded
rectangles represent geologic rate and uncertainty (vertical axis) and age range of the
rate estimate (horizontal axis); a) based on 9.3±1.4 km offset and post 4.0 Ma faulting
(Burchfiel et al. 1987, Hodges et al. 1989, Sternloff, 1988); b) based on Saline Valley
reconstruction with 4.6 km of post-1.4 Ma offset (Sternloff, 1988); c) based on Lee et al.
(2009). Curves show two possible Rayleigh models yielding total offset of 9.3 km:
Beginning at 4 Ma (Burchfiel et al. 1987, Hodges et al. 1989) (S equals 1.9 Ma);
Beginning at 2.8 Ma (Lee et al. 2009) (S equals 0.7 Ma).
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topography when relief is high, our results do not show close correlation 
to topography. Only the Sierra Nevada exhibits coherent uplift in both 
InSAR and GPS measurements, while other prominent ranges (e.g., Inyo 
and Panamint) do not. Third, while a lack of GPS stations in the Sierra 
Nevada high-country wilderness precludes direct confi rmation, the InSAR 
is in agreement with vertical rates for stations P571 (1.9 ± 0.7 mm/yr) 
and P572 (1.3 ± 0.8 mm/yr), which lie immediately west of our InSAR 
tracks, and are corroborative because they were not used in the alignment 
between GPS and InSAR (Fig. 3B).

DISCUSSION AND CONCLUSIONS
Geodesy can constrain the initiation time of uplift if it measures an 

average motion of the solid rock valid over long periods of geologic time, 
adjusted for the rate of erosion (England and Molnar, 1990). An average 
uplift rate of 1–2 mm/yr is enough to generate ~3000 m of elevation in 
1.5–3.0 m.y., assuming that erosion is negligible and that surface eleva-
tion was initially near zero. Independent estimates of Sierra Nevada erosion 

rates vary in space and time, between <0.01 and 0.6 mm/yr depending on 
whether summit bedrock or fl uvial canyon incision rates are considered 
(Small et al., 1997; Riebe et al., 2000; Wakabayashi and Sawyer, 2001). 
However, geographically distributed rock uplift rates should be compared 
with landscape-averaged erosion rates that are likely ≤0.1 mm/yr. Thus 
geodetic uplift rates are much faster than erosion, indicating net uplift. If 
geodesy measures a recent, more rapid episode of uplift that initiated since 
3.5 Ma (Clark et al., 2005), then some proportion of contemporary eleva-
tion may be ancient and could reconcile geodetic rates and data that indi-
cate an older range.

Postglacial rebound (PGR) following the Last Glacial Maximum 
could also add motion unrepresentative of long-term uplift. Rates attribut-
able to unloading following the melting of Sierra Nevada alpine glaciers 
are not available, but the viscoelastic rebound time scale of the adjacent 
Great Basin may be ~300 yr (Adams et al., 1999), implying that PGR 
following removal of local glaciers is complete, though the Sierra Nevada 
lithosphere may be stiffer, requiring more time to adjust. More recent ice 
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Combining InSAR and GPS, this paper thinks that vertical GPS is coming out of the noise...
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1997). Thus, geocentric velocities require longer time series to achieve 
the same precision. The longest-running Sierra Nevada stations (e.g., 
sites MUSB, CMBB, LIND, ORVB) have 9.8–15.5 yr of data, and move 
upward with respect to Earth’s center of mass (mean 1.2 ± 0.5 mm/yr), 
suggesting increasing gravitational potential energy.

INSAR DATA AND ANALYSIS
Complementary to GPS point measurements, interferometric syn-

thetic aperture radar (InSAR) can provide blanket coverage of long-term 
motion of Earth’s crust in the radar line-of-sight (LOS) direction. The 
radar beam is inclined ~23° from vertical, implying strong sensitivity 
to vertical motion. We use 18 yr of European Remote Sensing satellite 
(ERS-1 and ERS-2) and Envisat data from descending tracks 442, 170, 
and 399 with overlapping scene boundaries to form a transect between the 
Sierra Nevada and Yucca Mountain (Fig. 3). In total, we used 271 scenes 
to form 1943 interferograms with good coherence. The degree of inter-
nal consistency between GPS and InSAR, after alignment, is 0.7 mm/yr, 
which characterizes the precision of the LOS rate map.

We separate vertical from horizontal signals in the InSAR LOS using 
a strain-rate map derived from horizontal GPS velocities. On the east side 
of the transect, there is very close agreement between rates for (1) InSAR 
LOS, (2) three-component GPS projected onto LOS, and (3) horizontal-
only strain-rate map projected into LOS, indicating that vertical motion is 
very small (Fig. 3). West of Owens Valley, in the Sierra Nevada (west of 
kilometer 75, Fig. 3B), the mean vertical rate is 1.6 ± 0.7 mm/yr, indicat-
ing that vertical motion contributes to the signal. This agrees with GPS 
rates on the Sierra Nevada and shows that the east edge of the uplift coin-
cides with the SNGV east boundary.

Several factors suggest that the signals seen in the vertical rate map 
are from solid Earth motion, and not noise associated with data processing 
artifacts. First, internal consistency between InSAR and GPS suggest that 
they measure a common surface displacement signal. For example, subsid-
ence at the Coso, California, geothermal area (Fialko and Simons, 2000) is 
the same in InSAR and GPS (−4 mm/yr at COSO site, Fig. 3A), suggest-
ing accurate alignment. Second, while InSAR results can be sensitive to 
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Figure 1. Vertical GPS ve-
locity across California and 
Nevada. A: Color represents 
upward rate. Dashes outline 
the Sierra Nevada. Great Val-
ley stations are unreliable 
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indicate radar scene bound-
aries (close-up shown in 
Fig. 3A). B: Interpolated verti-
cal velocity and GPS stations 
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names. CNSB—Central Ne-
vada Seismic Belt.

Figure 2. Vertical GPS position time series examples. Stations in the 
Great Basin (A and B) have vertical rates near zero. Sierra Nevada 
west slope stations move upward (C and D). Black line indicates 
best-fi tting model. Vu—upward velocity.

Hammond et al., Geology, 2012

Vertical GPS accepted and interpreted by Saleeby et al in Sierra...just keep in mind it is a noisy dataset.  Notice though how uplift seems to be focused on 
the edge of the Great Valley…
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1997). Thus, geocentric velocities require longer time series to achieve 
the same precision. The longest-running Sierra Nevada stations (e.g., 
sites MUSB, CMBB, LIND, ORVB) have 9.8–15.5 yr of data, and move 
upward with respect to Earth’s center of mass (mean 1.2 ± 0.5 mm/yr), 
suggesting increasing gravitational potential energy.

INSAR DATA AND ANALYSIS
Complementary to GPS point measurements, interferometric syn-

thetic aperture radar (InSAR) can provide blanket coverage of long-term 
motion of Earth’s crust in the radar line-of-sight (LOS) direction. The 
radar beam is inclined ~23° from vertical, implying strong sensitivity 
to vertical motion. We use 18 yr of European Remote Sensing satellite 
(ERS-1 and ERS-2) and Envisat data from descending tracks 442, 170, 
and 399 with overlapping scene boundaries to form a transect between the 
Sierra Nevada and Yucca Mountain (Fig. 3). In total, we used 271 scenes 
to form 1943 interferograms with good coherence. The degree of inter-
nal consistency between GPS and InSAR, after alignment, is 0.7 mm/yr, 
which characterizes the precision of the LOS rate map.

We separate vertical from horizontal signals in the InSAR LOS using 
a strain-rate map derived from horizontal GPS velocities. On the east side 
of the transect, there is very close agreement between rates for (1) InSAR 
LOS, (2) three-component GPS projected onto LOS, and (3) horizontal-
only strain-rate map projected into LOS, indicating that vertical motion is 
very small (Fig. 3). West of Owens Valley, in the Sierra Nevada (west of 
kilometer 75, Fig. 3B), the mean vertical rate is 1.6 ± 0.7 mm/yr, indicat-
ing that vertical motion contributes to the signal. This agrees with GPS 
rates on the Sierra Nevada and shows that the east edge of the uplift coin-
cides with the SNGV east boundary.

Several factors suggest that the signals seen in the vertical rate map 
are from solid Earth motion, and not noise associated with data processing 
artifacts. First, internal consistency between InSAR and GPS suggest that 
they measure a common surface displacement signal. For example, subsid-
ence at the Coso, California, geothermal area (Fialko and Simons, 2000) is 
the same in InSAR and GPS (−4 mm/yr at COSO site, Fig. 3A), suggest-
ing accurate alignment. Second, while InSAR results can be sensitive to 
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Figure 2. Vertical GPS position time series examples. Stations in the 
Great Basin (A and B) have vertical rates near zero. Sierra Nevada 
west slope stations move upward (C and D). Black line indicates 
best-fi tting model. Vu—upward velocity.
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Vertical rates across a transect from the central Coast Ranges to the
relatively stable Great Basin range up to about 3 mm yr21. The highest
average velocities concentrate along the margins of the valley (Fig. 2),
near the locus of the greatest historical changes in the deep confined
aquifer1 (Fig. 1). The uplift rates of stations west of the San Joaquin Valley
are more variable than those at bedrock sites in the Sierra Nevada,
reflecting a higher proportion of stations on or near agricultural basins
or active faults in the central Coast Ranges. Scatter in the vertical rate
transect probably reflects shifts in the locus of groundwater change in
comparison with historical averages2, as well as some aleatory variabil-
ity. Nearby earthquakes, such as the San Simeon rupture in 2003 of
moment magnitude 6.5, may also influence stations near the coast with
anomalously high rates near 2 mm yr21 (Fig. 2). In the Sierra Nevada,
the highest vertical rates occur along the western slope and steadily
decay to the northeast in the Great Basin (Fig. 2). Previous studies show
a similarly poor or inverse correlation between elevation and GPS uplift
rates across the Sierra Nevada7–9. Modelling of postseismic viscoelastic
relaxation following nearby historical earthquakes suggests that such
transient strain accounts for only a fraction of the total observed ver-
tical signal in the southern Sierra Nevada9.

We compare vertical GPS rates with surface uplift predicted from an
elastic half-space model simulating the response to load changes dri-
ven by variations in total water storage (Fig. 2) (see Methods). The model
accounts for surface and subsurface deformation induced by line loads
distributed across a 60-km-wide strip over the surface of an elastic half-
space representing the San Joaquin Valley, the site of long-term, his-
torical groundwater unloading. Using a range of elastic parameters, we
fitted the GPS-derived vertical velocities with a rate of unloading of
8.8 (61.3) 3 107 N m21 yr21 (Fig. 2). We compare this estimate with
the current average unloading rate in the valley based on changes in total

water storage, measured using satellite gravimetry from the Gravity
Recovery and Climate Experiment (GRACE) (ref. 3; see Methods). This
change, measured between October 2003 and March 2010, yields an aver-
age equivalent unloading rate of 7.2 (62.1) 3 107 N m21 yr21, slightly
lower but in good overall agreement with the GPS-derived estimate.

Assuming that changes in total water storage drive vertical motion
surrounding the San Joaquin Valley, the GPS data reflect a combina-
tion of short-term, elastic response to ongoing groundwater depletion
and longer-term viscous relaxation reflecting the history of hydrospheric
mass changes. Slight overestimation of the unloading rate based on the
GPS results leaves open the possibility of either a time-dependent (vis-
cous) component of the uplift signal, or a (smaller) contribution of on-
going tectonic uplift. Both the overall match between the elastic model
and observed GPS uplift (Fig. 2) and seasonal patterns inherent in the
phase and amplitude of the GPS vertical time series, however, demon-
strate the importance of the instantaneous (elastic) response to ground-
water unloading.

Annual peak uplift for GPS stations in the Coast Ranges and Sierra
Nevada occurs in the late summer and early autumn (Fig. 3), correspond-
ing with diminished snow and surface water loads27 and overlapping with
the end of the summer growing season and peak groundwater pumping
in the Central Valley (May to September; ref. 2). In contrast, recharge
during the early spring drives larger-amplitude peak uplift within the
valley through poro-elastic effects of aquifer water levels (Fig. 3 and
ref. 2). Seasonal vertical displacements are more broadly distributed
than average, long-term trends (Fig. 2), reflecting the variability in total
water storage in upland catchments feeding the San Joaquin Valley. Nota-
bly, stations along the valley margins move upward annually in accord-
ance with the Sierra Nevada and Coast Ranges during dry months and
show a corresponding subsidence during the wet winter and spring (Fig. 3).
These peripheral stations lead to the bimodal distribution for peak uplift
times observed for the Central Valley (inset to Fig. 3), indicating that
uplift from hydrospheric load changes dominates even the shortest-
term signals in the vertical GPS measurements for stations unaffected
by local irrigation or aquifer effects.

Flexure in the central Coast Ranges due to seasonal hydrospheric un-
loading in the San Joaquin Valley provides a viable mechanism to explain
the annual modulation of seismicity on the San Andreas Fault. Both the
locked and creeping fault sections at Parkfield (Fig. 1) exhibit an increase
in the number of earthquakes greater than magnitude 1.25 during the
late summer and autumn (Fig. 3), previously attributed to local changes
in effective stress linked to the hydrologic cycle6. We explore the poten-
tial seasonal impacts of unloading and uplift of the Coast Ranges on short-
term changes in the fault-normal stress resolved across the fault using the
elastic half-space model (see Methods). Taking estimates of annual varia-
tions of 100–300 mm in equivalent water height in the San Joaquin Valley
from GRACE data3 and a wider load encompassing the Coast Ranges and
the western Sierra Nevada, the elastic model produces between 3 mm and
8 mm of maximum annual vertical ground motion, in good agreement
with the peak-to-peak amplitudes of annual uplift measured by GPS
(Fig. 2). The corresponding fault-normal stress variations on the San
Andreas Fault are near 1 kPa at seismogenic depths (Extended Data
Fig. 4), with peak unclamping during the dry summer and autumn.
Although we cannot rule out the potential feedback of reduced effective
normal stress due to diffusion of pore fluids into fault zone rocks during
recharge6, our results suggest that unloading may contribute to seasonal
modulation of seismic activity on the central San Andreas Fault. A similar
mechanism was invoked to explain annual variations in seismicity in the
Himalayas18. Stress changes due to groundwater unloading are somewhat
higher for other historically active faults closer to the valley such as the
Coalinga thrust system (Fig. 1), where peak-to-peak annual unloading
gives rise to positive Coulomb stress changes of 1.0 kPa to 1.7 kPa (see
Methods and Extended Data Fig. 4).

Given that relatively small annual stress perturbations (around 1 kPa)
appear sufficient to modulate earthquakes along the central San Andreas
Fault6, we use the elastic model to estimate the stress rate caused by
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Figure 2 | GPS and model comparison. Swath profile of average
contemporary vertical GPS velocity, annual GPS vertical displacement
amplitude, and average topography from the central California Coast Range
to the western Great Basin (SAF, San Andreas Fault; CT, Coalinga thrust).
Vertical velocity and displacement amplitude are shown with 1s uncertainties.
The profile includes data from 121 stations and encompasses areas of the
greatest historical and current change to groundwater levels (boxed in Fig. 1).
The average GPS velocity is well fitted by an elastic model simulating surface
uplift resulting from the decline in total water storage (including groundwater
loss) centred along and parallel to the San Joaquin Valley. Seasonal changes
in the annual GPS displacement (peak-to-peak amplitude) are distributed
more broadly over the San Joaquin drainage basin, reflecting distribution of
winter precipitation, snow load and reservoirs. Blue bars show the width of
both the long-term and the seasonal loads used in the elastic model.
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Amos et al. argue that this is actually from groundwater withdrawal in the Great Valley.  Argue that seasonal changes in vertical due to summer 
withdrawals in the GV (long-term load) and snow+rain in winter months in mountains (seasonal load). [Which is mostly fine, but that elastic model is a 
problem: it is a half space model with no true zero].
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1997). Thus, geocentric velocities require longer time series to achieve 
the same precision. The longest-running Sierra Nevada stations (e.g., 
sites MUSB, CMBB, LIND, ORVB) have 9.8–15.5 yr of data, and move 
upward with respect to Earth’s center of mass (mean 1.2 ± 0.5 mm/yr), 
suggesting increasing gravitational potential energy.

INSAR DATA AND ANALYSIS
Complementary to GPS point measurements, interferometric syn-

thetic aperture radar (InSAR) can provide blanket coverage of long-term 
motion of Earth’s crust in the radar line-of-sight (LOS) direction. The 
radar beam is inclined ~23° from vertical, implying strong sensitivity 
to vertical motion. We use 18 yr of European Remote Sensing satellite 
(ERS-1 and ERS-2) and Envisat data from descending tracks 442, 170, 
and 399 with overlapping scene boundaries to form a transect between the 
Sierra Nevada and Yucca Mountain (Fig. 3). In total, we used 271 scenes 
to form 1943 interferograms with good coherence. The degree of inter-
nal consistency between GPS and InSAR, after alignment, is 0.7 mm/yr, 
which characterizes the precision of the LOS rate map.

We separate vertical from horizontal signals in the InSAR LOS using 
a strain-rate map derived from horizontal GPS velocities. On the east side 
of the transect, there is very close agreement between rates for (1) InSAR 
LOS, (2) three-component GPS projected onto LOS, and (3) horizontal-
only strain-rate map projected into LOS, indicating that vertical motion is 
very small (Fig. 3). West of Owens Valley, in the Sierra Nevada (west of 
kilometer 75, Fig. 3B), the mean vertical rate is 1.6 ± 0.7 mm/yr, indicat-
ing that vertical motion contributes to the signal. This agrees with GPS 
rates on the Sierra Nevada and shows that the east edge of the uplift coin-
cides with the SNGV east boundary.

Several factors suggest that the signals seen in the vertical rate map 
are from solid Earth motion, and not noise associated with data processing 
artifacts. First, internal consistency between InSAR and GPS suggest that 
they measure a common surface displacement signal. For example, subsid-
ence at the Coso, California, geothermal area (Fialko and Simons, 2000) is 
the same in InSAR and GPS (−4 mm/yr at COSO site, Fig. 3A), suggest-
ing accurate alignment. Second, while InSAR results can be sensitive to 
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Figure 1. Vertical GPS ve-
locity across California and 
Nevada. A: Color represents 
upward rate. Dashes outline 
the Sierra Nevada. Great Val-
ley stations are unreliable 
and omitted. Yellow boxes 
indicate radar scene bound-
aries (close-up shown in 
Fig. 3A). B: Interpolated verti-
cal velocity and GPS stations 
(dots). Gray bar is profi le in 
C. C: Vertical velocity tran-
sect from Sierra Nevada to 
eastern Nevada. The profi le 
trends N55E and includes 
all sites east of 121°W and 
north of 36°N. Vertical bars 
indicate 2σ uncertainty. Ac-
ronyms are selected station 
names. CNSB—Central Ne-
vada Seismic Belt.

Figure 2. Vertical GPS position time series examples. Stations in the 
Great Basin (A and B) have vertical rates near zero. Sierra Nevada 
west slope stations move upward (C and D). Black line indicates 
best-fi tting model. Vu—upward velocity.

Hammond et al., Geology, 2012

Vertical rates across a transect from the central Coast Ranges to the
relatively stable Great Basin range up to about 3 mm yr21. The highest
average velocities concentrate along the margins of the valley (Fig. 2),
near the locus of the greatest historical changes in the deep confined
aquifer1 (Fig. 1). The uplift rates of stations west of the San Joaquin Valley
are more variable than those at bedrock sites in the Sierra Nevada,
reflecting a higher proportion of stations on or near agricultural basins
or active faults in the central Coast Ranges. Scatter in the vertical rate
transect probably reflects shifts in the locus of groundwater change in
comparison with historical averages2, as well as some aleatory variabil-
ity. Nearby earthquakes, such as the San Simeon rupture in 2003 of
moment magnitude 6.5, may also influence stations near the coast with
anomalously high rates near 2 mm yr21 (Fig. 2). In the Sierra Nevada,
the highest vertical rates occur along the western slope and steadily
decay to the northeast in the Great Basin (Fig. 2). Previous studies show
a similarly poor or inverse correlation between elevation and GPS uplift
rates across the Sierra Nevada7–9. Modelling of postseismic viscoelastic
relaxation following nearby historical earthquakes suggests that such
transient strain accounts for only a fraction of the total observed ver-
tical signal in the southern Sierra Nevada9.

We compare vertical GPS rates with surface uplift predicted from an
elastic half-space model simulating the response to load changes dri-
ven by variations in total water storage (Fig. 2) (see Methods). The model
accounts for surface and subsurface deformation induced by line loads
distributed across a 60-km-wide strip over the surface of an elastic half-
space representing the San Joaquin Valley, the site of long-term, his-
torical groundwater unloading. Using a range of elastic parameters, we
fitted the GPS-derived vertical velocities with a rate of unloading of
8.8 (61.3) 3 107 N m21 yr21 (Fig. 2). We compare this estimate with
the current average unloading rate in the valley based on changes in total

water storage, measured using satellite gravimetry from the Gravity
Recovery and Climate Experiment (GRACE) (ref. 3; see Methods). This
change, measured between October 2003 and March 2010, yields an aver-
age equivalent unloading rate of 7.2 (62.1) 3 107 N m21 yr21, slightly
lower but in good overall agreement with the GPS-derived estimate.

Assuming that changes in total water storage drive vertical motion
surrounding the San Joaquin Valley, the GPS data reflect a combina-
tion of short-term, elastic response to ongoing groundwater depletion
and longer-term viscous relaxation reflecting the history of hydrospheric
mass changes. Slight overestimation of the unloading rate based on the
GPS results leaves open the possibility of either a time-dependent (vis-
cous) component of the uplift signal, or a (smaller) contribution of on-
going tectonic uplift. Both the overall match between the elastic model
and observed GPS uplift (Fig. 2) and seasonal patterns inherent in the
phase and amplitude of the GPS vertical time series, however, demon-
strate the importance of the instantaneous (elastic) response to ground-
water unloading.

Annual peak uplift for GPS stations in the Coast Ranges and Sierra
Nevada occurs in the late summer and early autumn (Fig. 3), correspond-
ing with diminished snow and surface water loads27 and overlapping with
the end of the summer growing season and peak groundwater pumping
in the Central Valley (May to September; ref. 2). In contrast, recharge
during the early spring drives larger-amplitude peak uplift within the
valley through poro-elastic effects of aquifer water levels (Fig. 3 and
ref. 2). Seasonal vertical displacements are more broadly distributed
than average, long-term trends (Fig. 2), reflecting the variability in total
water storage in upland catchments feeding the San Joaquin Valley. Nota-
bly, stations along the valley margins move upward annually in accord-
ance with the Sierra Nevada and Coast Ranges during dry months and
show a corresponding subsidence during the wet winter and spring (Fig. 3).
These peripheral stations lead to the bimodal distribution for peak uplift
times observed for the Central Valley (inset to Fig. 3), indicating that
uplift from hydrospheric load changes dominates even the shortest-
term signals in the vertical GPS measurements for stations unaffected
by local irrigation or aquifer effects.

Flexure in the central Coast Ranges due to seasonal hydrospheric un-
loading in the San Joaquin Valley provides a viable mechanism to explain
the annual modulation of seismicity on the San Andreas Fault. Both the
locked and creeping fault sections at Parkfield (Fig. 1) exhibit an increase
in the number of earthquakes greater than magnitude 1.25 during the
late summer and autumn (Fig. 3), previously attributed to local changes
in effective stress linked to the hydrologic cycle6. We explore the poten-
tial seasonal impacts of unloading and uplift of the Coast Ranges on short-
term changes in the fault-normal stress resolved across the fault using the
elastic half-space model (see Methods). Taking estimates of annual varia-
tions of 100–300 mm in equivalent water height in the San Joaquin Valley
from GRACE data3 and a wider load encompassing the Coast Ranges and
the western Sierra Nevada, the elastic model produces between 3 mm and
8 mm of maximum annual vertical ground motion, in good agreement
with the peak-to-peak amplitudes of annual uplift measured by GPS
(Fig. 2). The corresponding fault-normal stress variations on the San
Andreas Fault are near 1 kPa at seismogenic depths (Extended Data
Fig. 4), with peak unclamping during the dry summer and autumn.
Although we cannot rule out the potential feedback of reduced effective
normal stress due to diffusion of pore fluids into fault zone rocks during
recharge6, our results suggest that unloading may contribute to seasonal
modulation of seismic activity on the central San Andreas Fault. A similar
mechanism was invoked to explain annual variations in seismicity in the
Himalayas18. Stress changes due to groundwater unloading are somewhat
higher for other historically active faults closer to the valley such as the
Coalinga thrust system (Fig. 1), where peak-to-peak annual unloading
gives rise to positive Coulomb stress changes of 1.0 kPa to 1.7 kPa (see
Methods and Extended Data Fig. 4).

Given that relatively small annual stress perturbations (around 1 kPa)
appear sufficient to modulate earthquakes along the central San Andreas
Fault6, we use the elastic model to estimate the stress rate caused by
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Figure 2 | GPS and model comparison. Swath profile of average
contemporary vertical GPS velocity, annual GPS vertical displacement
amplitude, and average topography from the central California Coast Range
to the western Great Basin (SAF, San Andreas Fault; CT, Coalinga thrust).
Vertical velocity and displacement amplitude are shown with 1s uncertainties.
The profile includes data from 121 stations and encompasses areas of the
greatest historical and current change to groundwater levels (boxed in Fig. 1).
The average GPS velocity is well fitted by an elastic model simulating surface
uplift resulting from the decline in total water storage (including groundwater
loss) centred along and parallel to the San Joaquin Valley. Seasonal changes
in the annual GPS displacement (peak-to-peak amplitude) are distributed
more broadly over the San Joaquin drainage basin, reflecting distribution of
winter precipitation, snow load and reservoirs. Blue bars show the width of
both the long-term and the seasonal loads used in the elastic model.
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Figure 14. (a) N37!W components of velocity as a function of N53!E distance for the Sierra Nevada–
Great Valley (SNGV; gray circles), northwestern Great Basin (NWGB; open circles), and central Great
Basin (CGB; solid circles) domains. Velocities refer to the North America reference frame. Error bars
represent 1 standard deviation. Both data and model have been corrected using equations (2) and (3). The
lines show the block-strain model. Zero slope indicates that the SNGVand CGB regions are not internally
deforming in the model. Site LEWICGPS in the northwest Great Basin domain is labeled. (b) Same as for
Figure 14a but for west central Great Basin domain (CWGB). (c) Same as for Figure 14a but for
southwestern Great Basin domain (SWGB).
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of, annual variations (see Methods) and smoothing, as illustrated in
Fig. 2. Using smoothed horizontal position time series, we then
calculate the deviation of position from temporally linear motion
based on data acquired in the first 2.5 years (hereafter referred to as
‘position deviations’). This analysis indicates that the velocities in

this region have not been constant. Relative to their initial trajectories
the western sites have slowed, resulting in a significant eastward
position deviation (Fig. 1b). These velocity changes define two
coherent domains, with an abrupt north-northwest-trending
boundary in eastern Nevada (Fig. 1b). Sites west of the boundary
deviate from the predicted linear motion by up to 10mm, whereas
those in easternmost Nevada and Utah have small deviations. Sites
CEDA and COON, located near Great Salt Lake, exhibit large
deviations due primarily to changes in lake level8 and possibly to
hydrological loading. The estimated deviation for site SLID includes
rapid deformation from 2003–4, interpreted to be the result of
magma injection into the lowermost crust beneath Lake Tahoe9.
Observed changes in velocity for the western sites are,5–10% of the
respective average values.
The velocity changes are small, but they are evident in the

position-deviation time series. Nearly all sites west-southwest of a
boundary drawn between sites RUBY and ELKO to the north and
sites FOOT and EGAN to the south have significant position
deviations (Fig. 3a). With the exception of SLID, the onset of the
deviation (that is, the velocity change) occurs between 1999.5 and
2001.0. The abruptness of the boundary in eastern Nevada is
demonstrated by the fact that the relative position deviations across
the boundary calculated by differencing sites adjacent to it are about
the same as those derived by differencing sites at opposite ends of the
network (Fig. 3b). If average position deviations for the western and
eastern parts of the network are calculated by ‘stacking’ all of the
position-deviation plots (Fig. 3c), the average position deviation for
the west at the beginning of 2005 is,5mm, whereas that for the east
is ,1mm.
We can test this interpretation further by fitting the east com-

ponents with a model consisting of two straight lines, one before 1
January 2000 and one after it. Significant nonlinearity is indicated

Figure 3 | Analysis of spatial variation of nonlinear deviations.
a, Smoothed time series of position deviations from linear motion (see
Fig. 2) in the direction N688E, projected along a great circle with azimuth
N688E near the centre of the network. Where these deviations are positive,
the space between the trace and zero has been shaded black (or grey, for site
UPSA, whose line lies atop that for GARL). The significant deviations occur
in the western part of the network. b, East components of intersite vectors
for EGAN–FOOT (red), ELKO–GOSH (green), GARL–HEBE (blue) and
MINE-SMEL (purple). GARL–HEBE, which spans the entire network
east–west, and EGAN–FOOT, which spans a short distance in the centre of
the network (Fig. 1), show nearly identical deviations, indicating an abrupt

boundary for velocity changes in eastern Nevada. c, Regionally averaged
nonlinear deviations of N688E position. Red, eastern BARGEN (HEBE,
FOOT, COON, CAST, CEDA, SMEL, GOSH and RUBY). Green, central/
western BARGEN (MINE, TUNG, ELKO, EGAN, LEWI, NEWS, GARL,
UPSA and SHIN). Blue, same as green plus SLID. Only data from a common
epoch range (1997.86–2005.18) were used. The figure demonstrates that
the velocity change has moved the western part of the network, on average,
3–4mm eastward or northeastward compared to the eastern part of the
network. d, N688E position time series for three groups of sites. Red, eastern
sites RUBY, FOOTand HEBE. Blue, western sites EGAN, MINE and GARL.
Green, site SLID.

Figure 2 | Illustration of the post-analysis procedure, using time series of
east position for four BARGEN sites. Top, ‘raw’ time series, in a North
America-fixed geodetic reference frame (see Methods). Error bars are
omitted for clarity, but are generally,1mm. The straight line is the best-fit
straight line using position estimates from the first 2.5 years. Middle,
residuals of the raw time series from a best-fit model consisting of a straight
line and seasonal (annual and semi-annual sinusoids) terms. A statistical
approach that allowed these terms to change with time in a constrained
manner was used (see Methods). Bottom, residuals smoothed with a
gaussian filter with a full-width at half-maximum (FWHM)of,8months. A
model based on a linear fit to the first 2.5 years of data has been removed.
The evolution of these final time series thus indicates deviation from
temporally linear motion.
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the maximum and minimum principal strain rates (e1 and
e2), maximum shear strain rate g/2, dilatation eD, and
rotation rate w are estimated, along with their formal
uncertainties (Figure 3). Subnetworks overlap so the
spatial variation in strain rate has been smoothed. The
purpose of this representation of the deformation field is

to identify where transitions in the magnitude and style of
the deformation field occur and to aid in selection of
subnetworks for more detailed analysis. The maximum
shear strain rate g/2 = (e1 ! e2)/2 is the smaller principal
strain subtracted from the larger, so the distribution of g/2
is not Gaussian. Thus g/2 is likely not significantly

Figure 2. (a) East component, (b) north component, and (c) magnitude of velocity with respect to North
America. The error bars indicate 2s uncertainty. Vertical dotted lines show longitude of the indicated fault
or geographic feature, squares are off-axis sites, circles are on-axis sites, and triangles are the sites QUIN
(near 121!W) and CMBB (near 120.5!W) on the SNGV. (d) Relative plate motion normal component V?,
i.e., component of GPS velocity that lies along the great circle between the Pacific–North America pole of
rotation and the GPS site, positive to the northeast, (e) relative plate motion parallel component V//, i.e., the
horizontal component tangent to the small circle around the pole, positive northwest, and (f ) geographic
azimuth of velocity, measured as degrees clockwise from north. Horizontal axis is distance from the center
of the network projected along the great circle connecting the Pacific–North America pole and the center
of the network. Other symbols are as in the previous figure.
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Hammond & Thatcher, JGR, 2004 observed phase signature represents real
ground deformation. Both profiles show a
short-wavelength variation of 1 to 2 mm/year
LOS velocity attributable to the atmospheric
variability.

To test whether the InSAR data can be
explained by horizontal deformation as
measured by campaign GPS measurements,
we compared the LOS component of the
horizontal GPS with the InSAR data. The
GPS data (7) show a roughly linear increase
of È3 mm/year in velocity magnitude west-
ward across the interferogram. This corre-
sponds to a decrease in LOS velocity of
0.8 mm/year (Fig. 2B) (13). Transferring the
InSAR data into the GPS reference frame
shows that the InSAR data cannot be explained
by horizontal motion (Fig. 2B). The best
explanation for the bulge in the InSAR data
(2 mm/year at this latitude) is therefore local
uplift. Analysis of the vertical velocities of the

permanent GPS network indicates that the
station NEWS, situated in the area of maxi-
mum LOS velocity, is moving upward with
respect to the surrounding stations (14), in
agreement with the InSAR map.

One assumption is that errors associated
with satellite orbit result in linear phase ramps
in the interferograms. It is also well known
that orbital errors may introduce more com-
plex large wavelength errors. We are confident,
however, that the observed signal represents
real deformation because LOS velocity maps
based on the same SAR acquisitions but
different interferograms showed similar results,
because the velocity map based on short-term
interferograms does not show any similar
signature even though they are based on the
same acquisitions, and because the detected
deformation has a maximum velocity in the
area of the largest historic earthquake, which is
geologically plausible and consistent with GPS

measurements. We attempted to verify the
result with the use of data from the adjacent
swath to the east, but we could not produce an
interferogram with a similar cumulative time.

We tested whether the observed deforma-
tion may be caused by postseismic relaxation
of Earth_s crust and mantle after the 1915 to
1954 earthquakes. We assumed linear visco-
elastic rheology and considered two- and
three-layer Earth models using the methodol-

Table 1. Dates of SAR acquisitions used for in-
terferometry and perpendicular baselines.

Date range
Perpendicular
baseline (m)

25 July 1992–
21 September 1999

3

1 May 1993–
10 November 1998

–41

18 September 1993–
6 October 1998

–18

16 October 1995–
23 February 1999

72

17 October 1995–
23 May 2000

–101

21 November 1995–
1 August 2000

180

9 April 1996–
5 September 2000

–71

14 May 1996–
19 May 1998

84

Fig. 2. (A) LOS velocity relative to the margins
of the interferogram along a north-south
profile obtained from long-term (thick line)
and short-term (thin line) interferograms; the
location of the GPS profile is shown by arrows.
(B) LOS velocity relative to stable North
America along a roughly east-west profile
coinciding with the GPS campaign sites (line),
together with LOS component of horizontal
GPS velocities (triangles). The uncertainty on
the LOS component of horizontal GPS veloc-
ities is on average 0.4 mm/year.

Fig. 1. 1992–2000 LOS veloc-
ity map for the area of the
1915–1954 Nevada earth-
quakes together with epicenters
(blank circles), focal mecha-
nisms (spheres), and surface
ruptures. Green arrows, cam-
paign GPS velocities (7); red
arrows, Basin and Range Geo-
detic Network (BARGEN) per-
manent GPS velocities and site
names (9). LOS is velocity con-
sidered positive for decreasing
distance between ground and
satellite.
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ogy of (15). The sources for postseismic de-
formation were four earthquakes: the 1915
Pleasant Valley, 1932 Cedar Mountain, and
1954 Fairview Peak and Dixie Valley earth-
quakes. We did not include the main 1954
Rainbow Mountain earthquake (16). We used
fault parameters in the range of values
published after field measurements (17, 18),
geodetic modeling (19), and seismologic mod-
eling (20–22) (Table 2). For the Dixie Valley
fault we used a dip of 30- (23) because the
maximum LOS velocity 9 15 km east of the
surface trace of the fault suggested a low-angle
dipping fault. We also inverted for the magni-
tudes of the earthquakes, allowing a deviation
of 0.3 from the magnitudes (21, 22) and from
7.1 to 7.7 for the Pleasant Valley earthquake.

Our data set consists of 11,072 equally
spaced (È1.7 km spacing) LOS velocity
measurements. Best fitting models are charac-
terized by a minimum of the difference be-
tween the data and the model predictions (24).
We varied the grid spacing and used quadtree
decompositions of the data to test whether the
modeling results are sensitive to the sampling
method, and we found that this is not the case.

We first used a two-layer Earth model con-
sisting of an elastic plate overlying a visco-
elastic half-space to obtain an estimate of the
elastic thickness of the crust and of the viscos-
ity of the underlying substrate. We conducted a
grid search varying the elastic thickness and
the viscosity. For each grid point we conducted
a linear inversion for the slip magnitude to

account for the uncertainty of the earthquake
magnitude. The lowest misfits (0.3 mm/year)
were found for models with an elastic thick-
ness larger than 20 km and a subcrustal vis-
cosity of 1018 to 1019 PaIs (Fig. 3).

We also used a three-layer Earth model
consisting of an elastic layer overlying two
viscoelastic layers, representing the elastic
upper crust, the viscoelastic lower crust, and
the viscoelastic upper mantle. We used an
elastic layer thickness of 15 km (seismogenic
thickness) and a lower crust thickness of 15
km so that the crustal thickness agreed with the
30 km inferred from seismic reflection data
(25). We varied the viscosity of the lower crust
and of the uppermost mantle. For this model
the lowest misfits were found for lower crustal
viscosities larger than 1020 PaIs and for upper-
mantle viscosities of 1 ! 1018 to 7 ! 1018

PaIs. The LOS velocity predicted by the best
fitting model explains the large wavelength
deformation (Fig. 4). We consider models with
normalized root mean square (NRMS) G 0.35
mm/year as reasonable models.

The InSAR data cannot be explained with
postseismic models if we use the published
earthquake magnitudes, and therefore we
inverted for the magnitudes. This is desirable
because the magnitudes are not well con-
strained by the instrumental data. In fact, our
study shows that precise postseismic deforma-
tion data can be used to estimate the magni-
tude of historic earthquakes as long as an
estimate of the focal mechanism is available.

We found the same magnitudes for the two-
and three-layer models (Table 2). The magni-
tude of the Fairview peak earthquake remains
unchanged at moment magnitude (Mw) 7.2.
For the Cedar Mountain and Dixie Valley
earthquakes, we find values ofMw 7.1 and Mw

6.7, corresponding to a reduction of 10% from
the published magnitudes. For the Pleasant
Valley earthquake we find Mw 7.3, smaller
than the seismologic estimates of 7.6 (26) but
in agreement with the value of 7.2 derived
from surface faulting (17). The cumulativeMw

of the four modeled earthquakes is 7.55.
It is noteworthy that the area of deformation

is larger than the epicentral area of the earth-

Table 2. Earthquake parameters used in the modeling. The magnitude values are obtained by inversion of the InSAR data and the postseismic models. See text
for references.

Location and date Latitude Longitude
Length
(km)

Depth
(km)

Strike Dip Rake
Magnitude

Published (Ms) Inversion (Mw)

Pleasant Valley (3 October 1915) 40.5 –117.5 59 9 194- 44- –61- 7.6 7.3
Cedar Mountain (21 December 1932) 38.80 –117.98 70 13 350- 72- –179- 7.2 7.1
Fairview Peak (16 December 1954) 39.20 –118.00 40 15 004- 60- –150- 7.2 7.2
Dixie Valley (16 December 1954) 39.67 –117.87 42 12 008- 30- –90- 6.8 6.7

Fig. 3. Misfit between observed and modeled deformation. (A) Two-layer Earth model consisting
of an elastic plate overlying a viscoelastic half-space. (B) Three-layer Earth model consisting of an
elastic and a viscoelastic layer over a viscoelastic half-space.

Fig. 4. (A) Data and best fitting postseismic
relaxation model (Lone Tree gold mine defor-
mation area has been masked out). (B) Profile
[dashed lines in (A)].
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quakes and that the deformation field lacks
short-wavelength features. The lithospheric
rheology acts as a low-pass filter that translates
the instantaneous short-wavelength earthquake
stress into long-wavelength deformation lasting
several decades. This suggests that the upper
parts of the lithosphere behave elastically on the
time scale of our data and that viscous
relaxation occurs only at greater depth. For the
two-layer model we find a lower bound for the
thickness of the elastic layer of 20 km and a
viscosity of the underlying substrate of 1018 to
1019 PaIs. Using a three-layer model, we find a
viscosity of the substrate in the same range and a
viscosity of the intermediate layer (lower crust)
larger than 1020 PaIs. These results suggest
that most of the crust or the entire crust of the
Basin and Range lithosphere (including the
lower crust) behaved elastically for at least
80 years after these large earthquakes.
Relaxation of the earthquake-induced stress
occurred by viscous flow in the mantle.
These rheology estimates are consistent with
previous studies in the Basin and Range and
in the Mojave Desert, which also showed an
elastic or high-viscosity lower crust and a
low-viscosity upper mantle (27–31).

The GPS data collected along an east-west
profile indicate an area of low-rate contraction
east of the CNSB (Fig. 5, 7). A profile of
secular ground velocity, obtained by removing
the model-predicted postseismic velocities
from the GPS vectors (32), does not show this

contraction but shows only deformation west
of the CNSB (Fig. 5). This suggests that the
GPS-measured contraction is a postseismic
effect and supports the simple geodynamic
picture for the Basin and Range in which the
central Basin and Range is an essentially
undeforming block with deforming boundary
zones (i.e., the CNSB and the Walker Lane to
the east and the Wasatch fault zone to the
west) (5, 33, 34). This interpretation is con-
sistent with the geodetic microplate model for
the Central Basin and Range of (9). The
residual velocity across the CNSB itself is 0
to 2 mm/year, in agreement with geologic
estimates of deformation (4). This implies that
the CNSB does not have the elevated seismic
potential attributed on the basis of the GPS
measurements (35).
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Fig. 5. Bottom: Magnitude of hori-
zontal campaign GPS velocities
along an east-west profile through
the Basin and Range (7). Upper line,
measured velocities; lower line,
measured velocities minus model-
predicted postseismic deformation.
Top: Simplified tectonic map of the
Basin and Range. Triangles, locations
of GPS stations; CNSB, Central Ne-
vada Seismic Belt; WL, Walker Lane.
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the maximum and minimum principal strain rates (e1 and
e2), maximum shear strain rate g/2, dilatation eD, and
rotation rate w are estimated, along with their formal
uncertainties (Figure 3). Subnetworks overlap so the
spatial variation in strain rate has been smoothed. The
purpose of this representation of the deformation field is

to identify where transitions in the magnitude and style of
the deformation field occur and to aid in selection of
subnetworks for more detailed analysis. The maximum
shear strain rate g/2 = (e1 ! e2)/2 is the smaller principal
strain subtracted from the larger, so the distribution of g/2
is not Gaussian. Thus g/2 is likely not significantly

Figure 2. (a) East component, (b) north component, and (c) magnitude of velocity with respect to North
America. The error bars indicate 2s uncertainty. Vertical dotted lines show longitude of the indicated fault
or geographic feature, squares are off-axis sites, circles are on-axis sites, and triangles are the sites QUIN
(near 121!W) and CMBB (near 120.5!W) on the SNGV. (d) Relative plate motion normal component V?,
i.e., component of GPS velocity that lies along the great circle between the Pacific–North America pole of
rotation and the GPS site, positive to the northeast, (e) relative plate motion parallel component V//, i.e., the
horizontal component tangent to the small circle around the pole, positive northwest, and (f ) geographic
azimuth of velocity, measured as degrees clockwise from north. Horizontal axis is distance from the center
of the network projected along the great circle connecting the Pacific–North America pole and the center
of the network. Other symbols are as in the previous figure.
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1997]. Furthermore, times picked from the wavelet trans-
form produce a significant reduction in chi-squared misfits
in event-offset parameter estimation, at least for short-
duration transients lasting less several weeks. Finally, this
technique is appealing in that it forms the basis for auto-
mated transient detection in large geodetic networks, such
as the US Plate Boundary Observatory, where manual
picking of !4000 data channels will not be feasible.

3. 2003 Cascadia Slow Earthquake

[6] Total offsets for the 2003 event (Figures 1 and 2) are
sensible in that they suggest a spatially localized but
temporally staggered pattern of simultaneous, N-S bi-direc-
tional propagation of reversals from contraction to transient
extension throughout, but limited to, the northern Cascadia
forearc. The first significant departure from secular contrac-
tion is recorded simultaneously beneath the southern Puget
Basin in late January 2003 on stations SEAT, KTBW, and
RPT1 (Figures 1 and 2). Within a time span of less than one
month, transient reversals then appear simultaneously to the
north (SEDR and WHD1). By mid-February, 2003, about
three weeks after its initiation, creep had spread !200 km
north and south, reaching southwestern British Columbia
(SCO2, NEAH, ALBH) and southernmost Washington
(CPXF, KELS, FTS1, JR01). By March 2003, six weeks
after nucleation, the transient is evident on 12 stations.
Although its termination is difficult to precisely identify,
the data suggest that by mid-March slow slip had terminated
along the entire margin. Six ±1 mm of displacement is
recovered in the southern Puget basin (CPXF), resolvable
extension reaches as far south as the Oregon border, and
vertical subsidence of 5 ± 2 mm is visible in the northern
Puget basin (SC02).

Figure 1. Slow earthquake displacements (red arrows)
during the 2003 Cascadia event and interseismic deforma-
tion vectors (black) from continuous PANGA and WDCA
GPS networks. 12 stations record discernible, transient
reversals from NE-directed contraction to WSW-directed
extension. The transient event emerged over seven weeks
and spanned nearly 300 km along-strike, from the Oregon to
Canadian borders of Washington State. Error ellipses are 1s
and variable size reflects time series scatter.

Figure 2. (Bottom) Daily longitude positions record the
last three episodic slow earthquakes in Cascadia (thick blue
lines). Unlike many previous events, the 2003 event
ruptured as far south as the Oregon border. TWHL has
irrecoverable data outages at the onset of the event and
cannot be used to constrain onset timing at that station.
Station SC02 records the first discernible vertical sub-
sidence for slow earthquakes, 5 ± 2 mm during this event
(note change of scale). Instruments FTS1, PRT1 and WHD1
are US Coast Guard stations with older antennas mounted
on 10-meter towers and have higher intrinsic scatter. (Top)
Example of Gaussian-wavelet transform used to pick
transient onset times (shown is east component of ALBH,
the topmost time series). Y-axis is wavelet scale (temporal
extent), X-axis is time, and color denotes relative wavelet
coefficient amplitude, with red showing highest amplitudes
and blue lowest. Discrete fault slip events produces step-like
functions in the geodetic time series that show up equally
across all wavelets, providing the basis for automated
transient detection and correlation with large geodetic
station arrays (n > 100).
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three weeks after its initiation, creep had spread !200 km
north and south, reaching southwestern British Columbia
(SCO2, NEAH, ALBH) and southernmost Washington
(CPXF, KELS, FTS1, JR01). By March 2003, six weeks
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Although its termination is difficult to precisely identify,
the data suggest that by mid-March slow slip had terminated
along the entire margin. Six ±1 mm of displacement is
recovered in the southern Puget basin (CPXF), resolvable
extension reaches as far south as the Oregon border, and
vertical subsidence of 5 ± 2 mm is visible in the northern
Puget basin (SC02).

Figure 1. Slow earthquake displacements (red arrows)
during the 2003 Cascadia event and interseismic deforma-
tion vectors (black) from continuous PANGA and WDCA
GPS networks. 12 stations record discernible, transient
reversals from NE-directed contraction to WSW-directed
extension. The transient event emerged over seven weeks
and spanned nearly 300 km along-strike, from the Oregon to
Canadian borders of Washington State. Error ellipses are 1s
and variable size reflects time series scatter.

Figure 2. (Bottom) Daily longitude positions record the
last three episodic slow earthquakes in Cascadia (thick blue
lines). Unlike many previous events, the 2003 event
ruptured as far south as the Oregon border. TWHL has
irrecoverable data outages at the onset of the event and
cannot be used to constrain onset timing at that station.
Station SC02 records the first discernible vertical sub-
sidence for slow earthquakes, 5 ± 2 mm during this event
(note change of scale). Instruments FTS1, PRT1 and WHD1
are US Coast Guard stations with older antennas mounted
on 10-meter towers and have higher intrinsic scatter. (Top)
Example of Gaussian-wavelet transform used to pick
transient onset times (shown is east component of ALBH,
the topmost time series). Y-axis is wavelet scale (temporal
extent), X-axis is time, and color denotes relative wavelet
coefficient amplitude, with red showing highest amplitudes
and blue lowest. Discrete fault slip events produces step-like
functions in the geodetic time series that show up equally
across all wavelets, providing the basis for automated
transient detection and correlation with large geodetic
station arrays (n > 100).

L04301 MELBOURNE ET AL.: 2003 CASCADIA SLOW EARTHQUAKE L04301

2 of 4

Melbourne et al.,GRL, 2005

1997]. Furthermore, times picked from the wavelet trans-
form produce a significant reduction in chi-squared misfits
in event-offset parameter estimation, at least for short-
duration transients lasting less several weeks. Finally, this
technique is appealing in that it forms the basis for auto-
mated transient detection in large geodetic networks, such
as the US Plate Boundary Observatory, where manual
picking of !4000 data channels will not be feasible.
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[6] Total offsets for the 2003 event (Figures 1 and 2) are
sensible in that they suggest a spatially localized but
temporally staggered pattern of simultaneous, N-S bi-direc-
tional propagation of reversals from contraction to transient
extension throughout, but limited to, the northern Cascadia
forearc. The first significant departure from secular contrac-
tion is recorded simultaneously beneath the southern Puget
Basin in late January 2003 on stations SEAT, KTBW, and
RPT1 (Figures 1 and 2). Within a time span of less than one
month, transient reversals then appear simultaneously to the
north (SEDR and WHD1). By mid-February, 2003, about
three weeks after its initiation, creep had spread !200 km
north and south, reaching southwestern British Columbia
(SCO2, NEAH, ALBH) and southernmost Washington
(CPXF, KELS, FTS1, JR01). By March 2003, six weeks
after nucleation, the transient is evident on 12 stations.
Although its termination is difficult to precisely identify,
the data suggest that by mid-March slow slip had terminated
along the entire margin. Six ±1 mm of displacement is
recovered in the southern Puget basin (CPXF), resolvable
extension reaches as far south as the Oregon border, and
vertical subsidence of 5 ± 2 mm is visible in the northern
Puget basin (SC02).

Figure 1. Slow earthquake displacements (red arrows)
during the 2003 Cascadia event and interseismic deforma-
tion vectors (black) from continuous PANGA and WDCA
GPS networks. 12 stations record discernible, transient
reversals from NE-directed contraction to WSW-directed
extension. The transient event emerged over seven weeks
and spanned nearly 300 km along-strike, from the Oregon to
Canadian borders of Washington State. Error ellipses are 1s
and variable size reflects time series scatter.

Figure 2. (Bottom) Daily longitude positions record the
last three episodic slow earthquakes in Cascadia (thick blue
lines). Unlike many previous events, the 2003 event
ruptured as far south as the Oregon border. TWHL has
irrecoverable data outages at the onset of the event and
cannot be used to constrain onset timing at that station.
Station SC02 records the first discernible vertical sub-
sidence for slow earthquakes, 5 ± 2 mm during this event
(note change of scale). Instruments FTS1, PRT1 and WHD1
are US Coast Guard stations with older antennas mounted
on 10-meter towers and have higher intrinsic scatter. (Top)
Example of Gaussian-wavelet transform used to pick
transient onset times (shown is east component of ALBH,
the topmost time series). Y-axis is wavelet scale (temporal
extent), X-axis is time, and color denotes relative wavelet
coefficient amplitude, with red showing highest amplitudes
and blue lowest. Discrete fault slip events produces step-like
functions in the geodetic time series that show up equally
across all wavelets, providing the basis for automated
transient detection and correlation with large geodetic
station arrays (n > 100).
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migrate with time across the province [Wallace, 1987; Bell
et al., 2004].

2.2. Average Geodetic Velocities

[10] Average horizontal geodetic velocities (relative to
North America) rise from near zero on the Colorado Plateau

to 3 mm a!1 oriented due west near the Nevada-Utah border
(Figure 1) [Bennett et al., 1998, 1999, 2003;Wernicke et al.,
2000; Thatcher et al., 1999; Hammond and Thatcher, 2004;
Davis et al., 2006]. They remain relatively constant across
eastern Nevada, and rotate northwestward and progressively

Figure 2. Map showing velocity and displacement fields associated with transient motions of the first
18 BARGEN sites installed across northern Great Basin, using the geodetic network solution of Davis et
al. [2006]. (a) Average velocities for intervals 1997.5 to 2000.0 (blue arrows) and 2000.0 to 2002.5 (red
arrows). Also shown are position of COCORP 40!N profile lines (blue), PASSCAL survey lines (green);
traces of central Nevada seismic belt surface ruptures (brown) after Bell et al. [2004]; surface trace of
Schell Creek fault (SCF); and the location of Cortez gold mine open pit operation (CGM). (b) Deviations
from position predicted on the basis of pre-2000 site velocities [Davis et al. 2006], showing approximate
boundary between eastern and western geodetic domains; deviations of sites CEDA and COON have
been corrected for lake loading effects [Elósegui et al., 2003] but likely still contain unmodeled
hydrological signal from groundwater effects in the metropolitan area around Salt Lake City. Gray arrow
for site RUBY shows deviation from pre-1998.5 estimated velocity. (c) Difference between 2003.0 to
2004.0 velocity and 1997.5 to 2000 average velocity (compare Figure 4 of Davis et al. [2006]).
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increase in magnitude up to 12 mm a!1 across the Walker
Lane fault system, with the highest strain rates near the
western margin.
[11] Between 40!N and 41!N latitude, there are about

20 active range-bounding structures exposed across oro-
genic strike, over a distance of 800 km (Figure 1; see
also Figure 14). Each fault would have to accommodate an
average of 0.6 mm a!1 of horizontal displacement to achieve
a net late Quaternary displacement rate of 12 mm a!1.
Comparisons of the geodetic and geologic velocity fields
in the central Nevada seismic belt [Bell et al., 2004], across
a broad region of northern Nevada [Wesnousky et al., 2005]
and in southern Nevada [Wernicke et al., 2004] all indicate
that the deformation rate estimated by summing late Qua-
ternary fault displacements (averaging over 20,000 to
50,000 years) are at least a factor of 2 less than average
GPS velocities, suggesting either (1) ‘‘off fault’’ strain
release that is too diffuse to detect using paleoseismic
methods or (2) temporal variations in the crustal velocity
field [Bell et al., 2004; Pancha et al., 2006].

2.3. Variations in Geodetic Velocity

2.3.1. General Characteristics
[12] Continuous GPS measurements across the northern

Basin and Range constitute the first image of subcontinental-
scale variations in velocity and strain rate in an orogenic
belt [Davis et al., 2006]. For the first 3 years of observation
(1996.5–1999.5), most BARGEN site velocities were rel-

atively constant [Wernicke et al., 2000], with the accuracy
of the velocity estimates of 0.2 mm a!1 at one standard
deviation [Davis et al., 2003]. Beginning in mid-1999, the
westward motion (in a North American reference frame) for
many of the sites in the western part of the network began to
slow (Figure 2a). By 2004.0, the deviations of site position
from that predicted by pre-2000 velocities were as high as
10 ± 1 mm for some sites (Figure 2b) [Davis et al., 2006],
primarily in the east component of position, indicating
changes in velocity well above error. These deviations
defined two spatial domains (hereafter informally referred
to as the ‘‘western domain’’ and ‘‘eastern domain’’) sepa-
rated by a NNW trending boundary in eastern Nevada,
located near site RUBY to the north and between sites
EGAN and FOOT to the south (Figures 2b and 2c).
[13] Given these spatial variations, we can assess the

average behavior of deviations in position using regional
‘‘stacks’’ of the time series of position deviation, where we
sum the time series and divide the displacement by the
number of sites (Figure 3) [Davis et al., 2006]. With
important exceptions in individual site behavior discussed
in section 2.3.2, the deviation between eastern and western
sites began at about 1999.5. After 2002, the eastern part of
the western domain began to develop somewhat larger
deviations than the western part. In late 2003, sites in all
domains were particularly slow, coeval with a deep crustal
earthquake swarm near Lake Tahoe discussed further in
section 2.4. As of 2005.5, sites WSW of the boundary
developed eastward deviations averaging 7 mm, while those
to the east of it had relatively linear velocities and devia-
tions of <1 mm (Figure 3). After 2005.5, on average sites in
all domains appear to have velocities similar to those prior
to 2000.0. A rigorous quantitative comparison of post-
2005.5 velocities with pre-2000 velocities must await
acquisition and processing of an additional year of data.
2.3.2. Site-by-Site Characteristics
[14] To analyze the pattern of variation in velocity that

occurred near 1999.5 on a site-by-site basis, we compare
linear regressions of filtered time series (see discussion of
methods by Davis et al. [2006] for details on data analysis
procedures) on all 18 sites for the periods 1997.5 to 2000.0
and 2000.0 to 2002.5. We plot velocity as a function of
distance oriented N70!E, roughly normal to the boundary
between the eastern and western domains, and normal to the
transform plate boundary at these latitudes (Figures 2 and 4).
We separate velocity into two latitudinal transects, a southern
one comprising sites centered on latitude 39.5!N (Figure 4a)
and a northern one centered on latitude 40.5!N (Figure 4b),
and show velocity differences for the two epochs as a single
plot (Figure 4c).
[15] Average west velocity difference ranges from

+0.7 mm a!1 (RUBY) to !1.7 mm a!1 (EGAN). A salient
aspect of these data is that the seven eastern domain sites
(east of and including FOOT) have net changes (either
positive or negative) that are distinctly smaller than western
domain sites, with the largest change (EGAN) immediately
west of FOOT (Figure 4c). The average change is 0.3 mm a!1

for the seven eastern domain sites and 0.7 mm a!1 for
western domain sites. Despite the high degree of activity in
terms of both extensional and compressional transient
strains, the velocities of the eastern Nevada sites averaged
over the entire interval (1997.5 to 2002.5) are remarkably

Figure 3. Regionally averaged (stacked) nonlinear devia-
tions of N75!E position. Red indicates eastern domain sites
(GOSH, FOOT, CAST, SMEL, COON, CEDA, HEBE,
RUBY); purple indicates western domain sites ELKO,
MINE, EGAN; blue indicates western domain sites NEWS,
TUNG, UPSA, GARL, SHIN. Only data from a common
epoch range (1997.9–2006.7) were used. The time series
shown are an update of the time series in Figure 3c of Davis
et al. [2006], using BARGEN data acquired through
November 2006 and analyzed with the GAMIT/GLOBK
analysis package version 10.3. The time series differ in that
seasonal variation, previously modeled as sinusoidal
amplitudes that varied in piecewise-continuous linear
fashion, are here modeled as a continuously varying
stochastic process and estimated using a Kalman filter.
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example, for a system with just two zones of localized strain
in the upper mantle, transferring extension upward through
the lithosphere would generate three domains across which
tractions on the base of the crust would change polarity,
inconsistent with uniformly eastward slip. For this reason
(and following Figure 8a) we depict two zones of localized
upper mantle strain on either side of Nevada (Figures 11,
14, and 15). The zone of very thin lithosphere along the
western margin is based on (1) the presence of young
basalts in the Tahoe region, including the evidence for
magma injection at depth; (2) extrapolation northward from
the region of thin lithosphere beneath the Owens Valley
area; and (3) the very thin lithosphere along the eastern
margin of the northern Sierra imaged by Melbourne and
Helmberger [2001]. Thin lithosphere beneath west central
Utah is based on (1) the St. George trend of basaltic
volcanism, which we interpret to include a north trending
belt of young basalts and rhyolites in the vicinity of sites
SMEL and FOOT; (2) the slow region in west central Utah
imaged by York and Helmberger [1973] beneath sites
FOOT and SMEL; and (3) the inferred source region for
basaltic injection suggested by the COCORP data along the
Nevada-Utah border (Figure 7b).
[56] More conservatively, we could assume that a decade-

long period of observation is not sufficient to reveal the full
scope of behaviors, just as in the case of seismicity.
Assuming all extensional strain expressed by the geodetic
velocity field were relayed onto the megadetachment, we
obtain an upper bound on its average slip rate of 5 mm a!1.
Over geologic timescales, province-wide normal faulting in
the northern Great Basin has accommodated about 150 km
of extension over the last 15 Ma [McQuarrie and Wernicke,
2005], which under the same assumptions yields a long-
term upper bound of 10 mm a!1.

3.4. Anomalous Motion of Site LEWI

[57] The persistently low average velocity of site LEWI
appears to be a case in point that, for at least one site, the
last decade has not been typical of the long-term behavior.
As noted in section 2.3.2, its slow average velocity was

Figure 14. Schematic three-dimensional, strain-compatible
model showing the role of the megadetachment in
accommodating discordant strain patterns between differ-
ently oriented crust and upper mantle extension zones
during slip on the detachment. Model neglects strike-slip
component of Great Valley–North America motion, which
is presumably focused along the right-hand margin of the
megadetachment zone (Figure 15).

Figure 15. Cross-sectional tectonic model summarizing the primary function of the megadetachment
and its relationship to active structures in the upper crust and inferred structures in the upper mantle.
Section is constructed using interpretations along the COCORP 40!N profile (Figure 1) and data
discussed in text.
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involved !1 m of displacement, and occurred simulta-
neously with a pulse of local extensional strain release via
upper crustal small earthquakes [Smith et al., 2004] and
regionally coherent, rapid deceleration of all of the other

sites in the network, except for the easternmost sites
(compare Figure 2c with Figure 4b of Davis et al. [2006]).
[49] The geometry of magmatic injection along an ENE

dipping plane provides a third important constraint on the

Figure 10. Schematic east–west cross-sectional models (not to scale) illustrating two possible strain
release modes for the megadetachment discussed in text. (a) Strain release top-to-the-east, implying
faulting in western Nevada is transferred to subcrustal lithospheric extension in west central Utah;
(b) strain release top-to-the-west, implying the opposite sense of strain transfer than in Figure 10a. Black
lines indicate direction of maximum elongation direction, with strain roughly proportional to spacing.

Figure 11. Schematic cross-sectional models drawing analogy between top-to-the-east displacement
and associated strain patterns on the megadetachment and slow earthquakes in a subduction zone setting
as described in text.
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analyses by Wernicke and Davis [2010], which identified transients in the western Basin and Range in ~2000,
2004, and 2006 (with an opposite-directed transient in the eastern Basin and Range also in 2006). In our
analysis, the “steady state” velocity term at almost all sites is defined by approximately linear behavior during
the 5 year period from 2007 to 2012 (e.g., Figures 2 and 6), which was unsampled in early studies by Davis
et al. [2006] and Wernicke et al. [2008]. Those analyses used motions during the ~1997–2000 epoch as a
steady state reference, a time frame which our analysis suggests is anomalous (Figures 2 and 6). Separation of
“reference” from “transient” motion is inherently ambiguous, but it is reasonable to define the reference
velocity based on the longest period of quasilinear motion.

4.3. Cross-Correlation Analysis

We group the sites into two categories based on similarity of transient behavior (Figures 6a–6c). The analysis
finds similar transient displacements throughout the whole of the Basin and Range, not just at western sites
as interpreted in previous studies [Davis et al., 2006;Wernicke and Davis, 2010]. The similarity we qualitatively
infer based on timing and duration of transient events is confirmed by quantitative comparison using cross
correlation of the raw time series with mean, velocity, and seasonal/loading models removed (Figure 7a).
Cross correlations of the load-corrected raw time series are strongest in the north component, with correlation

Figure 6. East components of site motion (blue circles) and the best fitting hyperbolic tangent function models (red lines)
after removing velocity and elastic loadingmodels. Sites are ordered west (top) to east (bottom). (a) Sites with relatively similar
transient behavior. Sites inWernicke and Davis [2010] western domain (UPSA to EGAN) tend to have larger displacements, but
events with similar timing and duration are also identified at many eastern sites. (b) Atypical sites generally are either shorter
time series or are located east of the Wasatch fault. (c) Timing and approximate duration of the ~1998.3 (violet), ~2000.4 (red),
and ~2004.4 (blue) events at each of the sites. Black diamonds indicate the beginning of each time series.
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Longer time series suggests that the base case used by Wernicke et al. was actually anomalous.  Displacement curves have had the background model 
derived from 2007-2012 removed; these authors identify unusual events in 1998, 2000, and 2004. These are most evident to the west; these all had 
northward motion as well.
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Table 1. Displacements and Uncertainty Estimates 2000.4 Transient of Period ~2 Years by HTFA of the GPS Coordinate
Time Series

Site

Displacement (mm) One-Sigma Uncertainty (mm)

East North Up East North Up

UPSA 0.5 2.9 !6.4 0.2 0.2 0.2
NEWS 4.1 2.8 !5.5 0.2 0.2 0.2
MONI 0.8 !0.1 0.2 0.2 0.3 0.3
MINE 5.3 2.2 2.7 0.2 0.2 0.3
ELKO 3.9 2.1 !6.6 0.2 0.2 0.3
RUBY 4.8 0.7 !5.8 0.2 0.3 0.3
EGAN 3.3 0.6 2.8 0.1 0.2 0.3
GOSH 0.3 0.9 !4.1 0.1 0.2 0.3
FOOT 0.4 0.4 !1.1 0.1 0.2 0.2
CEDA 0.8 0.0 0.8 0.1 0.2 0.2
SMEL 3.9 1.7 !3.1 0.1 0.2 0.2
EOUT 4.6 1.9 14.5 0.2 0.3 0.4
NAIU 2.4 1.3 10.6 0.1 0.2 0.2
RBUT 0.8 1.4 8.4 0.1 0.2 0.3
COON 1.1 !0.6 !4.7 0.2 0.4 0.4
LMUT 1.5 !1.1 6.6 0.2 0.3 0.3
CAST 1.2 0.9 !0.7 0.1 0.2 0.2

Figure 8. Slip modeling of ~2000.4 transient displacements. (a) Measured (red vectors, with 1σ confidence ellipses) and
modeled (blue vectors) horizontal displacements. (b) Distribution of slip on 50 × 50 km horizontal dislocations at 15 km
depth, with a minimum-moment constraint. The moment release is equivalent to Mw 6.9.
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2000 event model (blue) and observations (red with uncertainties)

Modeling this suggests more localized displacement on fairly shallow structures; authors allow that this does still resemble the kind of episodic motions 
seen in Cascadia but prefer slip on LANFs as doing things here (
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2000 event model (blue) and observations 
(red with uncertainties)

Wernicke and Davis [2010] previously identified the ~2000.4 event as an eastward and northward velocity
anomaly, referred to as a “slowing” of Basin and Range extension (although the north component represents
an acceleration of northward steady state motion in the western Basin and Range). Our ~2004.4 event
overlaps an eastward subevent thatWernicke and Davis [2010] interpreted to have occurred late 2003, but the
direction is westward and thus more consistent with a velocity anomaly they observed ~2006 (which our
2004.4 event also overlaps). Arguably, the most important difference between our analysis and that of
Wernicke and Davis [2010] is the recognition here that smaller, but significant, displacements occurred during
these epochs in the eastern Basin and Range at roughly the same time and in the same direction as transient
motions in the western Basin and Range.

5. Slip Modeling

Wemodel displacements of the transients at T0 ~ 2000.4 and 2004.4 on detachment-like horizontal dislocations
(i.e., 0° dip) at 15 and 30 km, reflecting the possible range of depths for frictional slip near the bottom of the
seismogenic zone. When dislocation dip, depth, length, andwidth are specified, strike slip (north–south;Sss0 ) and

dip slip (east–west;Sds0 ) components of total slip relate linearly tomeasured surface deformation.We discretize a
hypothetical horizontal surface as 50× 50 km patches with uniform slip on each patch. The inversion scheme
uses quadratic programming with inequality constraints that include eastward dip slip greater than zero for
~2000.4 displacements and less than zero for ~2004.4 (!Sds0 ≤ Sss0 ≤ Sds0 ), a maximum slip of 10 cm, and a
damping constraint to minimize the total moment release of slip.

Figure 9. Slip modeling of ~2004.4 transient displacements. (a) Measured (red vectors, with 1σ confidence ellipses) and
modeled (blue vectors) horizontal displacements. (b) Distribution of slip on 50×50 km horizontal dislocations at 15 km depth,
with a minimum-moment constraint. The moment release is equivalent to Mw 7.0.
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2004 event model (blue) and observations 
(red with uncertainties)

Modeling this suggests more localized displacement on fairly shallow structures; authors allow that this does still resemble the kind of episodic motions 
seen in Cascadia but prefer slip on LANFs as doing things here (


