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S U M M A R Y
Within the Northern Basin and Range Province, USA, we estimate horizontal velocities for
405 sites using Global Positioning System (GPS) phase data collected from 1994 to 2010. The
velocities, together with geologic, volcanic, and earthquake data, reveal a slowly deforming
region within the Snake River Plain in Idaho and Owyhee–Oregon Plateau in Oregon separated
from the actively extending adjacent Basin and Range regions by shear. Our results show a
NE-oriented extensional strain rate of 5.6 ± 0.7 × 10−9 yr−1 in the Centennial Tectonic Belt
and an ∼E-oriented extensional strain rate of 3.5 ± 0.2 × 10−9 yr−1 in the Great Basin. These
extensional rates contrast with the very low strain rate within the 125 km × 650 km region
of the Snake River Plain and Owyhee–Oregon Plateau, which is indistinguishable from zero
(−0.1 ± 0.4 × 10−9 yr−1). Inversions of the velocities with dyke-opening models indicate
that rapid extension by dyke intrusion in volcanic rift zones, as previously hypothesized, is not
currently occurring in the Snake River Plain. This slow internal deformation, in contrast to the
rapidly extending adjacent Basin and Range regions, indicates shear along the boundaries of
the Snake River Plain. We estimate right-lateral shear with slip rates of 0.3–1.4 mm yr−1 along
the northwestern boundary adjacent to the Centennial Tectonic Belt and left-lateral oblique
extension with slip rates of 0.5–1.5 mm yr−1 along the southeastern boundary adjacent to the
Intermountain Seismic Belt. The fastest lateral shearing evident in the GPS occurs near the
Yellowstone Plateau where strike-slip focal mechanisms and faults with observed strike-slip
components of motion are documented. The regional velocity gradients are best fit by nearby
poles of rotation for the Centennial Tectonic Belt, Snake River Plain, Owyhee–Oregon Plateau,
and eastern Oregon, indicating that clockwise rotation is not locally driven by Yellowstone
hotspot volcanism, but instead by extension to the south across the Wasatch fault due to
gravitational collapse and by shear in the Walker Lane belt resulting from Pacific–Northern
America relative plate motion.

Key words: Continental tectonics: extensional; Dynamics: seismotectonics; Hotspots; Neo-
tectonics; Kinematics of crustal and mantle deformation.

1 I N T RO D U C T I O N

The Northern Basin and Range Province in the western United
States (Fig. 1) exhibits extension overprinted by hotspot volcan-
ism that formed the prominent physiographic province of the Snake
River Plain (e.g. Pierce & Morgan 1992, 2009). Previous investi-
gators have proposed hypotheses to explain the continuing post-
hotspot basalt volcanism along the track of the eastern Snake River
Plain and enigmatic lack of seismicity relative to the surround-
ing seismically active and extending regions (e.g. Pennington et al.
1974; Anders & Sleep 1992; Parsons et al. 1998; Rodgers et al.
2002). Payne et al. (2008) conclude from an evaluation of 132 hori-

zontal Global Positioning System (GPS) velocities that the adjacent
Basin and Range region in the Centennial Tectonic Belt to the north-
west has an order of magnitude greater strain rate than the Snake
River Plain. This result, and a similar one concluded by Chadwick
et al. (2007) from 10 velocities, contradicts the hypothesis that Qua-
ternary basalt dyke intrusion within Snake River Plain volcanic rift
zones accommodates extension at a similar rate to that of normal
faulting in the adjacent Basin and Range region (Rodgers et al.
1990; Parsons et al. 1998; Rodgers et al. 2002). The different, GPS-
derived strain rates imply the presence of the Centennial Shear Zone
(Payne et al. 2008), a previously unrecognized zone of right-lateral
shear between the Snake River Plain and the Centennial Tectonic
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102 S.J. Payne et al.

Figure 1. Map of tectonic, geologic, volcanic and seismic features of the Northern Basin and Range Province. Shaded tectonic provinces and geologic features:
CTB, Centennial Tectonic Belt (Stickney & Bartholomew 1987) in yellow; CSZ, Centennial Shear Zone (Payne et al. 2008) in blue; HLP, High Lava Plains
(Jordan et al. 2004) in orange; IB, Idaho Batholith (Bond et al. 1978; Stoeser et al. 2005) in salmon; ISB, Intermountain Seismic Belt (Smith & Arabasz 1991)
in green; ESRP, Eastern Snake River Plain; CSRP, Central Snake River Plain; and WSRP, Western Snake River Plain in grey; BFZ, Brothers Fault Zone (Walker
1969); GB, Great Basin; OIG, Oregon–Idaho Graben (Cummings et al. 2000); OP, Owyhee–Oregon Plateau (Shoemaker & Hart 2002); RM, Rocky Mountains;
YP, Yellowstone Plateau; Quaternary faults (thin black lines) (http://earthquake.usgs.gov/regional/qfaults/); labels for Holocene normal faults (thick black
lines) include BH, Beaverhead; CN, Centennial; LH, Lemhi; LR, Lost River; MD, Madison; ST, Sawtooth; TN, Teton, and WS, Wasatch; volcanic rift zones
(blue–grey) (adapted from Kuntz et al. 1986, 1992) with a label for the Holocene Great Rift (GR); Holocene and Late Pleistocene volcanoes (pink triangles;
Siebert & Simkin 2002) with a label for the Holocene Shoshone volcano (SH); and inferred calderas (brown shaded circular regions with age in Ma) along
the NE-trending track of the Yellowstone hotspot (Pierce & Morgan 1992, 2009; Morgan & McIntosh 2005). Earthquake epicentres (brown dots) compiled
for magnitudes greater than 2.0 from 1960 to 2010 (http://www.ncedc.org/anss/catalog-search.html). Red ellipses highlight the locations of the 1983 moment
magnitude (M) 6.9 Borah Peak, Idaho and 1959 M 7.3 Hebgen Lake, Montana earthquakes. See the Supporting Information for references of lower-hemisphere
focal mechanisms.

Belt (Fig. 1). Velocities also show that the Snake River Plain is
included within the regional-scale clockwise rotation that extends
throughout Oregon, northern Nevada and southwestern Washington
(McCaffrey et al. 2007; Payne et al. 2008). Different strain rates
and regional-scale clockwise rotation contradict hypotheses involv-
ing local driving forces of crustal deformation (e.g. Anders & Sleep
1992; Saltzer & Humphreys 1997; McQuarry & Rodgers 1998;
Puskas & Smith 2009). The recent GPS results challenge previous
hypotheses of how strain is accommodated and have implications for
driving forces of crustal deformation (i.e. basal traction vs. gravity
and topographic forces) in the Northern Basin and Range Province.

In this study, we present an in-depth evaluation of the 1994–2010
strengthened velocity field and expand upon the results of Payne
et al. (2008). We update the velocity field by reoccupying selected
campaign GPS sites and adding data from continuous sites and other
campaigns to target regions of interest in the Snake River Plain and

adjacent Basin and Range regions. We use the new velocity field
to test previous hypotheses of deformation within the Snake River
Plain and to evaluate its tectonic relationship to the adjacent Basin
and Range regions. We first evaluate the observed velocities in a
manner similar to that in Payne et al. (2008). Next, we use veloc-
ities along with geologic and seismological data to design a series
of block models to assess spatial variations in crustal strain rates
and constrain mechanisms of deformation. We simulate rates of
dyke opening within Snake River Plain volcanic rift zones to assess
their significance in regional strain accommodation. We also explic-
itly test for post-seismic viscoelastic relaxation signals from his-
toric moment magnitude (M) ∼7 earthquakes. Finally, we integrate
the geodetic results with geologic, volcanic and seismologic data
along the track of the Yellowstone hotspot to interpret the types of
deformation and possible driving forces of deformation in the
Northern Basin and Range Province.
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Deformation rates in the Snake River Plain 103

2 T E C T O N I C S E T T I N G

In the past 17 Ma, the Northern Basin and Range Province has
undergone extensive bimodal volcanism and crustal modifications
associated with the passage of Yellowstone hotspot and Basin and
Range extension (Fig. 1). Volcanic deformation in eastern Ore-
gon and the Snake River Plain is accepted by many to have re-
sulted from the interaction of the Yellowstone hotspot or man-
tle plume with the Earth’s crust (e.g. Leeman 1982; Pierce &
Morgan 1992, 2009; Geist & Richards 1993; Shervais & Hanan
2008; Smith et al. 2009). Hotspot related modification of the litho-
sphere is identified through an eastward progression of younger
volcanic centres (Fig. 1) extending from the eastern Oregon and
northern Nevada areas beginning ∼17 Ma, through southern Idaho
and along the eastern Snake River Plain (∼16–4 Ma), and finally
to the Yellowstone Plateau where caldera eruptions occurred from
2.1 to 0.64 Ma (e.g. Armstrong et al. 1975; Pierce & Morgan 1992,
2009; Shervais & Hanan 2008; Christiansen 2001). Recent uplift
and subsidence within the Yellowstone caldera are interpreted as the
result of intrusion of a sill-like magma body at mid-crustal depths
(e.g. Wicks et al. 2006; Chang et al. 2007, 2010).

In eastern Oregon, extensive dyke-fed flood-basalt volcanism oc-
curring 17–15 Ma is thought to be associated with initiation of the
Yellowstone hotspot (e.g. Draper 1991; Shervais & Hanan 2008).
From 16 to 10 Ma, the N-trending, topographically subdued synvol-
canic Oregon–Idaho graben formed along the western margin of the
North American craton shortly after eruptions of the largest volumes
of flood basalts (Cummings et al. 2000). Isolated, dyke-fed volcan-
ism continued into the Late Pleistocene (<60 ka) near the south-
ern end of the Oregon–Idaho graben and in the Owyhee–Oregon
Plateau (Hart et al. 1984; Cummings et al. 2000; Shoemaker &
Hart 2002; Bondre 2006). Cox et al. (2011) attribute increased den-
sity of mid to lower-crustal depths to mafic intraplating beneath the
Owyhee–Oregon Plateau.

The western Snake River Plain comprises a NW-trending graben
(Fig. 1) hypothesized to have formed coeval with two different
positions of the Yellowstone hotspot (Shervais et al. 2002; Wood &
Clemmens 2002). Graben formation may have begun as early as 17
Ma in response to tumescence above the Yellowstone plume head as
it raised the crust of eastern Oregon and Washington (Shervais et al.
2002). At 11–9 Ma, silicic and basaltic volcanism accompanied
further development of the western Snake River Plain graben coeval
with a later position of the Yellowstone hotspot in the central Snake
River Plain (Shervais et al. 2002; Wood & Clemmens 2002). Basalt
volcanism continued into the Mid- to Late-Pleistocene (0.2–800 ka)
predominantly along the northern boundary of the western Snake
River Plain (Vetter & Shervais 1992; Othberg et al. 1995; Shervais
et al. 2002; Wood & Clemmens 2002). Seismic refraction, gravity
and magnetic data suggest mafic densification of the crust beneath
the western Snake River Plain and beyond its southern boundary
into the Owyhee Plateau in Idaho (Hill & Pakiser 1967; Mabey
1976; Pakiser 1989; Mankinen et al. 2004).

The central and eastern Snake River Plain regions encompass
silicic volcanic centres active from 12 to 4 Ma (Fig. 1) and repre-
sent the NE-trending track of the Yellowstone hotspot (e.g. Morgan
& McIntosh 2005; Bonnichsen et al. 2008; Pierce & Morgan 1992,
2009). At each active centre, mafic crustal intrusions produced
large-volume silicic eruptions that were subsequently covered by
basaltic volcanism (e.g. Leeman et al. 2008; McCurry et al. 2008).
Periods of increased rates of Basin and Range faulting adjacent to
the Snake River Plain correlate generally with the northeast pro-
gression of younger silicic volcanic centres toward the Yellowstone

Plateau (Anders et al. 1989, 2009; Pierce & Morgan 1992, 2009;
Anders & Sleep 1992; Rodgers et al. 2002; Wood & Clemmens
2002; Andrews et al. 2008). Following hotspot volcanism, basalt
dyke intrusion continued into the Holocene (<15 ka) along NW-
trending volcanic rift zones (Fig. 1) in both the central and eastern
Snake River Plain regions (Kuntz et al. 1986, 1992). Large influxes
of basaltic magma significantly modified the crust and geophysi-
cal data reveal a 10–16 km thick mafic sill at mid- to lower-crustal
depths (10–30 km) beneath the central and eastern Snake River Plain
regions (e.g. Sparlin et al. 1982; Peng & Humphreys 1998; Shervais
et al. 2006; Stachnik et al. 2008; Yuan et al. 2010). Seismic and
gravity data suggest that the mid-crustal sill may extend up to
50 km beyond the eastern Snake River Plain’s physiographic bound-
aries into southeastern Idaho (Stachnik et al. 2008; DeNosaquo et al.
2009; Yuan et al. 2010).

Parts of the Basin and Range Province characterized by Qua-
ternary normal faults, seismicity and normal faulting focal mecha-
nisms are adjacent to the low-seismicity regions of the Snake River
Plain and southern Oregon (Fig. 1). South of the Snake River Plain,
the Great Basin has undergone Basin and Range extension over
the last 45 Myr (Wernicke et al. 1987). In southern Oregon, the
Basin and Range extensional province terminates along the NW-
trending Brothers fault zone (Walker 1969) and the High Lava Plains
Province, a Late Tertiary to Quaternary bimodal volcanic system
that has a westward progression of younger ages (Jordan et al. 2004).
East of the Snake River Plain, the Intermountain Seismic Belt is a
zone of concentrated seismicity marking the eastern boundary be-
tween the actively extending Great Basin and the Rocky Mountains
(e.g. Smith & Sbar 1974; Smith & Arabasz 1991; Fig. 1). The central
part of the Intermountain Seismic Belt extends from the Wasatch
fault to the Yellowstone Plateau and the northern zone extends
north into Montana following a structural belt of Cenozoic basins
bounded by Quaternary faults of diverse trends (Smith & Arabasz
1991). The Centennial Tectonic Belt broadens southeastward from
the northern zone of the Intermountain Seismic Belt (Fig. 1) and
is a zone of seismicity and Quaternary to Holocene normal faults
adjacent to the northwestern boundary of the eastern Snake River
Plain (Stickney & Bartholomew 1987). Basin and Range tectonism
adjacent to the eastern Snake River Plain is thought to have initiated
∼16 Ma (Rodgers et al. 2002). Two large, historic normal faulting
earthquakes, the 1959 M 7.3 Hebgen Lake, Montana and 1983 M
6.9 Borah Peak, Idaho earthquake, occurred within the Centennial
Tectonic Belt (Doser & Smith 1985; Richins et al. 1987). The Idaho
batholith is a major Cretaceous silicic magmatic intrusion in a rel-
atively unextended region (Gaschnig et al. 2009) located west of
the Centennial Tectonic Belt and north of the western Snake River
Plain (Fig. 1).

3 G P S O B S E RVAT I O N S A N D A NA LY S E S

3.1 GPS data and processing

For this study, we expand the number of GPS sites beyond those
included in McCaffrey et al. (2007) and Payne et al. (2008). We
include survey-mode GPS sites from the U. S. Geological Sur-
vey along five profiles (2003 Burns, Ketchum, LaGrande, Steens
and Wind River), the National Geodetic Survey 1998–2000 High
Accuracy Reference Network surveys, and the University of Utah
(1993–2000 Snake River Plain and Yellowstone campaigns). We
include data from our own new field surveys in 2008, 2009 and
2010 of 173 sites in eastern Oregon, Idaho, western Wyoming
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Figure 2. Shaded relief map showing observed horizontal 1994–2010 GPS velocities (red vectors) and uncertainties (at 70 per cent confidence ellipses) in the
Stable North American Reference Frame (SNARF). See Fig. 1 caption for abbreviations, boundaries of tectonic provinces (dashed lines) and Quaternary fault
sources. Orange shaded region shows the Idaho batholith (IB).

and southwestern Montana that includes some sites previously
surveyed by the agencies mentioned. We also include phase data
from seven continuous stations operated by the Idaho National
Laboratory. Finally, we combined our daily position estimates
and covariance matrices with those for ∼200 global stations
of the International GNSS Service (Dow et al. 2009) and be-
tween 10 (1994) and ∼200 (2009) western North American sta-
tions including some from the Plate Boundary Observatory (PBO)
(http://www.earthscope.org/observatories/pbo) and older networks,
using the recent reprocessing of the Scripps Orbit and Permanent
Array Center (Bock et al. 1997; ftp:garner.ucsd.edu/pub/hfiles).

We analyse the data using the GAMIT/GLOBK software
(Herring et al. 2010) following the approach described in section
2.2 of McCaffrey et al. (2007). Our error model incorporates both
random and correlated noise calibrated to obtain velocity uncer-
tainties consistent with the confidence levels of their error ellipses,
as described by McCaffrey et al. (2007). The velocities are de-
termined relative to the Stable North American Reference Frame
(SNARF; Herring et al. 2008) by estimating a seven-parameter
transformation (three translation rates, three rotation rates and a
scale rate) while minimizing the adjustments from the PBO ve-
locity field (http://www.earthscope.org/observatories/pbo) of 169
continuous stations in North America.

In all of our analyses, we use only horizontal velocity estimates
for which both components have one-sigma (1σ ) uncertainties less

than 0.8 mm yr−1. Also, we do not use the vertical velocities in our
interpretation because they have large uncertainties relative to the
minor vertical motions expected outside of active volcanic regions
such as the Yellowstone caldera.

3.2 Regional horizontal GPS velocities

We evaluate the 405 horizontal velocities shown in Fig. 2 for the
Northern Basin and Range Province (see Supporting Information).
Overall, the velocity field shows regional-scale vertical-axis rota-
tion in a clockwise sense (looking from above) that extends over
the region from southwestern Montana and the Yellowstone Plateau
through southern Idaho and into Oregon, similar to that described
in McCaffrey et al. (2007) and Payne et al. (2008). Excluding
the Yellowstone Plateau, we observe uniform magnitude veloci-
ties with southwest to westward motion within the Snake River
Plain from its eastern end near Yellowstone to the western end near
the Idaho–Oregon border. Velocities within the eastern Snake River
Plain are faster than those in the Basin and Range regions of the
Centennial Tectonic Belt to the north and Intermountain Seismic
Belt to the south. On the southeastern end of the Idaho batholith
and central northern Great Basin, velocities are generally similar
in magnitude to those in the central part of the Snake River Plain
but in western Nevada velocities exceed those in the western Snake
River Plain and Owyhee–Oregon Plateau. We also observe that
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Deformation rates in the Snake River Plain 105

velocities are slower in northeastern Oregon and western Idaho
than in the southwestern part of the Idaho batholith, western Snake
River Plain and Owyhee–Oregon Plateau (Fig. 2).

These observations suggest the velocity field has observable gra-
dients arising from both rotation and strain (Fig. 3). We first estimate

the spatial variation of horizontal principal strain and vertical-axis
rotation rates for the velocity field using the spherical deformation
gradient tensor approach of Savage et al. (2001) and weighted least
squares. We estimate the strain and rotation rates at 1◦ increments by
grouping observed velocities in overlapping bins with dimensions

Figure 3. Rotation rates and principal horizontal strain rates at 1◦ increments from grouping observed velocities in overlapping bins with dimensions of
2◦ in longitude and 2◦ in latitude. (a) Velocity gradients show clockwise rotation for blue fan symbols that open from vertical to the right (dark blue) with
uncertainties (pale blue). (b) Principal horizontal strain rates are shown by red arrows with uncertainties less than 2.0 × 10−9 yr−1 and orange arrows with
uncertainties from 2.1 × 10−9 yr−1 to 6.0 × 10−9 yr−1. See Fig. 1 caption for abbreviations and other map contents.
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of 2◦ in longitude and 2◦ in latitude. In general, the rotation rates
in Fig. 3(a) are clockwise (blue fan symbols open from the vertical
to the right) over the Northern Basin and Range Province and rates
increase from east to west. The Centennial Tectonic Belt and Snake
River Plain have smaller clockwise rotation rates than Oregon and
the region along the Nevada–California border. Velocities in the
Intermountain Seismic Belt along the southwestern Wyoming bor-
der reveal counter-clockwise rotation. There is very little clockwise
rotation across the Wasatch fault and westward into the northern-
central part of the Great Basin. Also, horizontal principal strain rates
in Fig. 3(b) show extension in the Intermountain Seismic Belt and
the Centennial Tectonic Belt as compared to the lower horizontal
principal strain rates in the Snake River Plain and in the northern-
central part of the Great Basin. The highest strain rates are located
at Yellowstone, which include transient effects of recent caldera
deformation (e.g. Chang et al. 2007, 2010; Payne et al. 2009).

3.3 Velocity profiles

We project the velocities onto eight profiles to expose the velocity
gradients within recognized tectonic provinces of the Snake River
Plain and adjacent Basin and Range regions. The first four profiles,
A, B, C and D (Fig. 4), show components of the velocities that are
parallel to the direction of the profiles, and therefore indicate exten-
sion for positive slopes. Two NE-oriented profiles (A and C) span
the Basin and Range regions in the Centennial Tectonic Belt to the

north and the Intermountain Seismic Belt to the south of the eastern
Snake River Plain. The third profile (B) is NE-oriented along the
axis of the eastern Snake River Plain and includes the Yellowstone
Plateau. The fourth profile (D) is E-oriented from western Oregon
into the western Snake River Plain (Fig. 4).

Profiles A and C show different velocity trends than Profiles B
and D (Fig. 4). In Profile A, velocities show a nearly flat slope in the
western Snake River Plain and Idaho batholith (0 to 120 km) and a
positive slope indicating extension across the Centennial Tectonic
Belt (160–517 km; Fig. 4). We use weighted least squares, linear
regressions to estimate the strain rates, given by the slopes of the
velocities and their uncertainties (see Supporting Information). We
estimate the strain rate of 7.3 ± 0.4 × 10−9 yr−1 for 47 velocities
across the Centennial Tectonic Belt (160 to 517 km). South of the
eastern Snake River Plain, Profile C also shows a positive velocity
slope across the Intermountain Seismic Belt (10–535 km) with an
estimated extensional strain rate of 6.4 ± 0.5 × 10−9 yr−1 for 20
velocities. Velocities along Profile B (80–403 km) show a nearly
level slope over the eastern Snake River Plain with an estimated
strain rate of –0.4 ± 0.6 × 10−9 yr−1 for 26 velocities, which is
not differentiable from zero given the resolution of our data. At the
northeastern end of the eastern Snake River Plain in Profile B, there
is a steep positive slope with an estimated strain rate of 28.9 ± 1.7 ×
10−9 yr−1 associated with the Yellowstone caldera (385–536 km).
The amount of scatter about the best-fitting line is much larger here
than in other profile sections, suggesting that velocities are strongly
modified by the well-documented transient motions near and within

Figure 4. Profiles show components of observed horizontal velocities and one-sigma uncertainties parallel to the direction of the profiles, which indicate
extension for positive slopes. Negative velocities indicate they are opposite in direction to the direction of the profile. The profile direction is indicated by
letter-to-letter prime (e.g. A to A′) at the azimuth shown in the upper right corner. Colour bar along the top of each profile indicates tectonic provinces.
Strain rates and uncertainties (dashed black and blue lines) were calculated using weighted least-square linear regressions of velocities along the profiles (see
Supporting Information). Map shows velocities and locations of profile lines; see Fig. 1 for map contents.
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the Yellowstone caldera (Chang et al. 2007, 2010; Aly et al. 2009;
Payne et al. 2009). Hence, the long-term rate of extension across
the Yellowstone Plateau is not clear. Profile D shows a negative
velocity slope from western Oregon across the western Snake River
Plain and into the central Snake River Plain (3–552 km) indicating
contraction with an estimated strain rate of –2.3 ± 0.5 × 10−9

yr−1 for 25 velocities. Contraction is also shown in Fig. 3(b) for
horizontal principal strain rates near the western end of the western
Snake River Plain and eastern Oregon.

The strain rates estimated for Profiles A and B in this study are
similar to those estimated by Payne et al. (2008) but have uncertain-
ties 2–6 times smaller as a result of using more and better velocities.
Comparisons of Profiles A, B and C (Fig. 4) indicate a lower strain
rate within the eastern Snake River Plain than in the adjacent Basin
and Range regions. This difference is further emphasized by com-
parison of strain rate estimates across three Basin and Range faults
and volcanic rift zones, which are previously hypothesized by some
investigators to have similar rates (e.g. Parsons et al. 1998; Rodgers
et al. 2002). Profile B highlights the lower strain rate of 1.3 ±
2.3 × 10−9 yr−1 (187–290 km) across four Holocene to Quaternary
volcanic rift zones within the eastern Snake River Plain compared
to the higher strain rate of 13.2 ± 2.3 × 10−9 yr−1 (218–306 km;
Profile A) across three adjacent NW-trending Quaternary normal
faults in the Centennial Tectonic Belt (Fig. 4). Over both long and
short distances the strain rates in the Centennial Tectonic Belt are

many times higher than the strain rates in the eastern Snake River
Plain.

Four profiles (E, F, G and H) show components of the velocities
that are perpendicular to the direction of the profiles where negative
slopes indicate either clockwise rotation or right-lateral shear or
both (Fig. 5). Profiles are aligned in a southeast direction extending
from the Centennial Tectonic Belt across the eastern Snake River
Plain and into the Intermountain Seismic Belt (Fig. 5). The profiles
all show negative velocity slopes from the Centennial Tectonic Belt
into and across the eastern Snake River Plain, indicating that some
velocities are consistent with a component of regional-scale clock-
wise rotation, right-lateral shear or both. The profiles show negative
steps that are shorter wavelength than the regional clockwise rota-
tion, indicating right-lateral shear within relatively narrow belts. By
taking the difference between weighted-averaged velocities on the
north side of the shear zone and the eastern Snake River Plain (see
Supporting Information), we estimate slip rates of 1.8 ± 0.1 mm
yr−1, 1.4 ± 0.1 mm yr−1, 1.1 ± 0.1 mm yr−1 and 0.7 ± 0.2 mm yr−1

in Fig. 5 for Profiles E, F, G and H, respectively, which we interpret
as right-lateral shear along the Centennial Shear Zone (Payne et al.
2008). Also observed in the profiles are positive velocity slopes
in the Intermountain Seismic Belt, which may indicate extension
across the N-trending normal faults there (brown shaded regions in
Fig. 5). Where velocities are observed between the eastern Snake
River Plain and a zone of extension shown in Profiles F (410–460

Figure 5. Profiles show components of observed horizontal velocities and one-sigma uncertainties perpendicular to the direction of the profiles, which indicate
clockwise rotation or right-lateral shear or both for negative slopes. Negative velocities indicate they are opposite in direction to the direction of the profile.
The profile direction is indicated by letter-to-letter prime (e.g. E to E′) at the azimuth shown in the upper right corner. Colour bar along the top of each profile
shows tectonic provinces. Solid grey lines emphasize velocity steps and show the velocities along the profiles used to estimate slip rates for right-lateral shear.
Slip rates were estimated by taking the difference of the weighted average velocities between velocities northwest of the right-lateral shear zone (blue shading)
and the weighted average velocity for Snake River Plain (see Supporting Information). Brown shading indicates regions where profile lines are oblique to
N-trending normal faults and associated extension. Map shows velocities and locations of profile lines; see Fig. 1 for map contents.
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km) and G (410–530 km), there is a slight positive increase, indi-
cating some left-lateral shear between the eastern Snake River Plain
and the Intermountain Seismic Belt.

Overall, profiles in Fig. 5 indicate a NE-trending zone of right-
lateral shear in the Centennial Shear Zone with slip rates that are
lower in the southwest (0.7 ± 0.2 mm yr−1 and 1.1 ± 0.1 mm
yr−1) and increase to the northeast (1.4 ± 0.1 mm yr−1 and 1.8 ±
0.1 mm yr−1). Fig. 2 shows that velocities are generally similar in
magnitude between the eastern Snake River Plain and Centennial
Tectonic Belt southwest of the Sawtooth fault (Profile H; Fig. 5)
whereas velocities in the eastern Snake River Plain are faster than
those in the Centennial Tectonic Belt near the Centennial fault
(Profile E; Fig. 5).

4 K I N E M AT I C I N T E R P R E TAT I O N S

We apply a microplate, or block model, approach to describe the pat-
tern of deformation within the Northern Basin and Range Province.
The velocity profiles suggest that the upper crust in this region is
deforming in a discontinuous manner, indicated by different strain
rates along the profiles in Fig. 4 between the Snake River Plain and
adjacent Basin and Range regions (Centennial Tectonic Belt and In-
termountain Seismic Belt). In addition, Fig. 2 shows regional-scale
clockwise rotation over the Northern Basin and Range Province and
Fig. 3(b) shows large regions with little deformation (e.g. Snake
River Plain and eastern Oregon and Washington). We employ the
block-model approach because it allows us to interrogate the veloc-
ity field using either discrete boundaries or continuous deformation.
That is, we can test the significance of boundaries between these
tectonic provinces, assess slip rates along their boundaries, and
estimate long-term deformation (i.e. permanent deformation)
within these provinces.

To guide our kinematic interpretations of the velocity field, we
use the block-model inverse approach in TDEFNODE (McCaffrey
2009), an update of the program DEFNODE (McCaffrey 1995,
2002). We use TDEFNODE to invert velocities, earthquake slip
vectors, and dyke-opening rates to solve simultaneously for the an-
gular velocities of blocks and uniform horizontal strain rate tensors
within selected blocks. The analyses account for the rotational ve-
locities and anelastic strain rates in elastic–plastic crustal blocks.
The best-fit set of parameters is found by simulated annealing (Press
et al. 1989) that minimizes the reduced chi-squared (χ2

η ) of the mis-
fit to the weighted data. Parameter uncertainties are estimated by a
linear approximation that is used to build the parameter covariance
matrix.

4.1 Northern basin and range regional block model

We develop a block model of the Northern Basin and Range
Province to test a range of possibilities for deformation in the Snake
River Plain and adjacent Basin and Range regions. Block boundaries
separate tectonic provinces based on knowledge of geology, seis-
micity, volcanism, active tectonic faults and regions with observed
differences in surface velocities. We compile slip vectors from focal
mechanisms (see Supporting Information) of earthquakes located
near block boundaries. We also estimate dyke-opening rates to con-
strain horizontal motion along block boundaries that represent vol-
canic rift zones. Fig. 6 shows the block model configuration for the
Northern Basin and Range with the tectonic provinces, geologic and
seismologic data. Here, we give a general discussion of the blocks
and their boundaries; further details are included in the Supporting
Information.

We constructed a block model for the Snake River Plain to test
the location and kinematics of its boundaries and whether or not
volcanic rift zones contribute to its internal deformation. The block
perimeter of the Snake River Plain in some places follows and in
other places deviates from its physiographic boundaries. For ex-
ample, the northwestern and southeastern boundaries of the ESRP
block extend beyond the physiographic boundaries to include ve-
locities more similar in magnitude to those in the Snake River Plain
than those in the adjacent Centennial Tectonic Belt block (called
CTBt) and Idaho–Wyoming border block (called IdWy), respec-
tively (Fig. 6b). We separate the Snake River Plain into three blocks
along two volcanic rift zones: (1) the eastern Snake River Plain
block (ESRP) is separated from the central Snake River Plain block
(CSRP) along the Great Rift, an 85-km long Holocene volcanic rift
zone with eight mafic dyke-fed episodes occurring 2–15 ka (Kuntz
et al. 1986, 2002, 2007) and (2) the western Snake River Plain
block (WSRP) is separated from CSRP block near source vents
of the Shoshone volcanic field that has Quaternary basalt flows as
young as ∼10 000 yr (Kuntz et al. 1986). Although not part of the
Snake River Plain, the Owyhee–Oregon Plateau block (Owhy) has
velocities more similar to those in the WSRP block than those to the
south in the western Basin and Range block (WBnR). The Owhy
block shares its eastern boundary with the WSRP block (Fig. 6b).

Outside of the Snake River Plain, we separate recognized tectonic
provinces and assess the significance of these boundaries (Fig. 6).
North of the Snake River Plain, we create three blocks associated
with the Centennial Tectonic Belt and northern part of the Inter-
mountain Seismic Belt (Fig. 6) based largely on differences in the
velocities: (1) CTBt block, (2) SwMT block (southwest Montana)
and (3) EMnt block (eastern Montana, which refers to the eastern-
most extent of Basin and Range faults). Farther west, we separate
the CTBt block from the Idaho batholith block (IBat). Because we
lack velocities northwest of the IBat and SwMT blocks, we create
the eastern Washington block (EWas), a large block similar to that
used by McCaffrey et al. (2007). To the west and south of the Snake
River Plain, we include a block for eastern Oregon (called EOre)
and two blocks for the Great Basin, one called GrBn and the other
WBnR based on McCaffrey (2005) (Fig. 6). Although we show
the westernmost blocks (OrBR, YFTB and Wena) from McCaffrey
et al. (2007) in Fig. 6(b), we did not include these blocks in the
inversions. Velocities in these three blocks are affected by elastic
strain of the Cascadia subduction zone (McCaffrey et al. 2007),
which we do not include in this study. We also exclude velocities
west of –119◦W longitude in the EOre block for this same reason.
Finally, east of the Snake River Plain and Great Basin, we set up
the IdWy block and the North America block (NoAm). The NoAm
block is used to establish a reference frame for the other blocks, and
is fixed relative to SNARF. Throughout, we use North America as
the indicator of SNARF.

4.2 Inversion results

4.2.1 Preferred model

From a series of block models, we determine the preferred model,
which we then use to evaluate the significance of dyke-opening
rates, slip rates along block faults, strain rates in tectonic provinces
and the significance of post-seismic viscoelastic relaxation effects.
To arrive at a preferred model, we start with a model in which
all blocks rotate with the same angular velocity relative to North
America. We then add boundaries and determine their statistical
significance in separating tectonic provinces. This approach allows
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Figure 6. Maps showing the block model (green lines) with block names (blue letters) for the Northern Basin and Range Province superimposed on: (a)
tectonic provinces (shaded regions as presented in Fig. 1), Quaternary faults (thin black lines), volcanic rift zones (blue-grey), Holocene and Late Pleistocene
volcanoes (pink triangles), lower-hemisphere focal mechanisms with slip vectors (purple and white circles and purple arrows) (see Supporting Information),
and earthquake epicentres for magnitudes greater than 2.0 from 1960 to 2010 (brown dots); and (b) observed horizontal velocities (red vectors) with 70 per
cent confidence ellipses in the Stable North American Reference Frame. See Fig. 1 caption for other map contents.

us to assess by fit to the observations whether any increase in model
complexity due to the addition of more boundaries or strain rate
tensors is statistically warranted. We determine the preferred model
by dividing blocks until changes in fit are not significant. We calcu-
lated the statistical significance using the χ 2

η and degrees of freedom
in F-distribution tests between two models. We apply the maximum
confidence level of ≥99 per cent to indicate one model with added
boundaries has a better fit to the data over a second model (Stein &
Gordon 1984).

In total, we test 14 models (Table 1) in the inversions with geode-
tic and earthquake data to determine ctb9 as the preferred model
(see Supporting Information for all model results). Model nb11

with all of the blocks combined together and rotating about the
same angular velocity has the highest χ 2

η = 5.01 (Table 1) and
indicates that vertical-axis rotation alone does not fit the data. As
we separate blocks and add a strain rate tensor in the GrBn block
(Fig. 7a), we observe decreases in χ 2

η that show model nbr3 (χ 2
η

= 1.72) has a better fit to the data at the ≥98 per cent confi-
dence level than models nb13 (χ 2

η = 3.36) and nb16 (χ 2
η = 2.08;

Tables 1 and 2). Comparison of these three models indicate bet-
ter fits to the data with separate poles of rotation for the EWas,
EOre, IdWy, and GrBn blocks and combined block regions of
CTBt/SwMT/EMnt/IBat and ESRP/CSRP/WSRP/Owhy. When we
include a strain rate tensor in the combined block region of
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CTBt/SwMT/EMnt/IBat, the χ 2
η decreases to 1.21 for model ctb9

(Fig. 7b) resulting in a better fit to the data at the ≥99 per cent confi-
dence level as compared to model nbr3 (Table 2). There is a modest
decrease in χ 2

η to 1.16 when we include a boundary representing the
Sawtooth fault (Fig. 1) to separate the IBat block from combined
block region of CTBt/SwMT/EMnt (Table 1), which is significant
only at the 69 per cent confidence level (Table 2). Comparison of
models ctb9 and ctb7 indicates no significant improvement (69 per
cent < 99 per cent) is found by separating the Centennial Tectonic
Belt into smaller blocks. We also observe a similar result when the
Snake River Plain and Owyhee–Oregon Plateau are separated into
smaller blocks by boundaries representing the volcanic rift zones:
Great Rift in model wsr1, Shoshone in model wsr2 and both Great
Rift and Shoshone in model wsr3 (Figs 8a–c, respectively). Models
wsr1, wsr2 and wsr3 all have χ 2

η = 1.21 (Table 1), similar χ 2
η to

model ctb9 resulting in improved fits to the data only at the 50–53 per
cent confidence levels (Table 2). From these comparisons, we con-
clude that including volcanic rift zones within the Snake River Plain
does not significantly improve the fits to the velocities (Figs 8a–c).
Finally, we ran model esa9 using the same block model as ctb9
but allowing elastic strain accumulation along block boundaries,
which resulted in a χ 2

η = 1.21 similar to ctb9 (Table 1). Including
elastic strain accumulation predicts observable but small velocities
(<1 mm yr−1) only at GPS sites near the N-trending boundaries
of the GrBn block and along the boundary between Yellowstone
Plateau and EMnt block. Hence, model esa9 indicates there is very
little resolvable elastic strain accumulation on faults near the Snake
River Plain. We cannot resolve fault-locking depths since tests with
a suite of locking-depths indicate the data are not sensitive to fault
locking (see Supporting Information). From comparisons of these
model results, we designate ctb9 as our preferred model to further
evaluate deformation in the Northern Basin and Range Province.

4.2.2 Test of dyke-opening rates

A recent hypothesis suggests that extension via dyke-intrusion in
the Snake River Plain keeps pace with extension by normal fault-
ing in the adjacent Basin and Range provinces (Rodgers et al.
1990; Parsons et al. 1998; Rodgers et al. 2002). To explicitly
test this hypothesis, we estimate extension rates, or what we re-
fer to as dyke-opening rates, using two methods and evaluate
whether or not models that satisfy these rates along the Great
Rift and Shoshone volcanic rift zones fit the velocities (Fig. 8).
First, estimates of dyke-opening rates are derived from volcanic,
rift-perpendicular extension inferred by Holmes et al. (2008) at
three locations within the Great Rift volcanic rift zone. Using
their estimated eruptive time periods and extension estimates, we
calculate horizontal dyke-opening rates that range from 0.16 to
2.03 mm yr−1 (see Supporting Information). Secondly, we estimate
the range of dyke-opening rates to be 0.96 to 1.36 mm yr−1 from
the GPS-derived extension rate across three NW-trending normal
faults in the Centennial Tectonic Belt (13.2 ± 2.3 × 10−9 yr−1 over
88 km for Profile A in Fig. 4).

For comparisons of inversion results, models max1, max2, max3
and vrz1 are identical to models wsr1, wsr2, wsr3 and wsr1 respec-
tively, except in the former we constrain the volcanic rift zones to
have dyke-opening rates and directions within the ranges listed in
Table 3. Models max1, max2 and max3 result in predicted horizontal
dyke-opening rates of 0.16–0.33 mm yr−1 (Figs 8c, d and f). These
three models all have degraded fits to the velocities (higher χ2

η =
1.23–1.29; Table 1) at the 60–81 per cent confidence level (Table 2)
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Deformation rates in the Snake River Plain 111

Figure 7. Maps showing inversion results with residual velocities (grey vectors with 70 per cent confidence ellipses) for models: (a) nbr3 and (b) ctb9. These
results show the significance of including strain rates in the Centennial Tectonic Belt blocks (labelled P025) and Great Basin block (GrBn) when separating these
tectonic provinces from the blocks for the Snake River Plain and Owyhee-Oregon Plateau (labelled P029), Western Basin and Range (WBnR), Idaho–Wyoming
border (IdWy), and Eastern Washington (EWas). The model name is given above the inversion results shown below C2/NP/DF, which corresponds to reduced
chi-square (C2), number of free parameters (NP) and degrees of freedom (DF). Each block (green lines) is labelled with its name (red letters) and reduced
chi-square (red number) fit of the velocities. Brown dots with 70 per cent confidence ellipses show locations of the poles of rotation. Poles (brown letters) are
labelled for individual block names or pole numbers for block combinations (P029, ESRP/WSRP/CSRP/Owhy and P025, CTBt/SwMT/EMnt/IBat). Principal
horizontal strain rates (pink arrows) are labelled with the extensional strain rate (pink letters).

when compared to models wsr1, wsr2 and wsr3 (all lower with χ2
η =

1.21; Table 1) that did not impose extension along the Great Rift and
Shoshone volcanic rift zones. In fact, model wsr2 fits the velocities
better with a very small component of oblique convergence (0.1 mm
yr−1) (Fig. 8b) instead of extension along the Shoshone volcanic rift
zone (Fig. 8e). When both the Great Rift and Shoshone volcanic
rift zones are included, model wsr3 with extension across the Great
Rift (<0.3 mm yr−1) and oblique convergence across Shoshone
(<0.4 mm yr−1; Fig. 8c) fit the velocities better than model max3,
which has extension across both volcanic rift zones (Fig. 8f). Com-
pared with model wsr1 (χ 2

η = 1.21), we observe an even greater de-
graded fit at the 99 per cent confidence level (Table 2) for model vrz1
(χ 2

η = 1.49) where we apply a dyke-opening rate to be the same as
the GPS-derived normal-faulting extension rate. Results of these
four inversions contradict the hypothesis that extension by means
of dyke-intrusion in the Snake River Plain presently keeps pace
with normal-faulting extension in the adjacent Basin and Range
provinces. We conclude that at present, dyke-intrusion in Snake
River Plain volcanic rift zones does not play a significant role in
accommodating extension.

4.2.3 Block boundary kinematics

We explore the kinematics of the boundaries between the Snake
River Plain and adjacent regions using the preferred model ctb9.
The largest-predicted slip rates are along boundaries at the eastern
end of the Snake River Plain and Owyhee–Oregon Plateau block

(ESRP/CSRP/WSRP/Owhy) between it and the IdWy block and
combined block region of CTBt/SwMT/EMnt/IBat. We observe
right-lateral strike-slip motion along the northwestern boundary of
the ESRP/CSRP/WSRP/Owhy block that decreases southwestward
from 1.4 mm yr−1 near Yellowstone to <0.3 mm yr−1 southeast of
the Sawtooth fault (Fig. 9). Slip rates with left-lateral oblique exten-
sion at 1.3–1.5 mm yr−1 are shown along the southeastern boundary
between the ESRP/CSRP/WSRP/Owhy and IdWy blocks. The shear
and oblique extension seen in the predicted slip rates (Fig. 9) are
consistent with the velocity steps in Profiles E, F and G (Fig. 5). The
largest slip rates, closest to the Yellowstone Plateau, are near earth-
quake focal mechanisms showing right-lateral strike-slip motion
along the northwestern boundary and left-lateral strike-slip motion
along the southeastern boundary of the ESRP/CSRP/WSRP/Owhy
block (Fig. 9).

In the central part of the Snake River Plain, slip rates have mag-
nitudes of ≤0.5 mm yr−1 along both the northern and southern
boundaries of the ESRP/CSRP/WSRP/Owhy block (Fig. 9). At
these locations the magnitudes of velocities in the Centennial Tec-
tonic Belt, Snake River Plain and Great Basin are similar; thus,
there is very little slip across the boundaries. Farther west along
the southern boundary of the ESRP/CSRP/WSRP/Owhy block we
observe right-lateral oblique normal slip between it and the GrBn
block and convergence between it and the WBnR block (≤1.0 mm
yr−1 in Fig. 9). Velocities in the GrBn and WBnR blocks are gener-
ally faster to the west than those in the western Snake River Plain
and the Owyhee–Oregon Plateau (Fig. 2). Right-lateral shear would
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Table 2. Results of F distribution tests
for model pairs.

Model χ2
η DOF p (per cent)

nb13 3.36 532 100
nb11 5.01 537
nb16 2.08 529 100
nb13 3.36 532
nbr3 1.72 532 98
nb16 2.08 529
ctb9 1.21 522 100
nbr3 1.72 532
ctb7 1.16 520 69
ctb9 1.21 522
wsr1 1.21 519 50
ctb9 1.21 522
wsr2 1.21 519 51
ctb9 1.21 522
wsr3 1.21 516 53
ctb9 1.21 522
wsr1 1.21 519 60
max1 1.23 522
wsr2 1.21 519 62
max2 1.23 522
wsr3 1.21 516 81
max3 1.29 522
wsr1 1.21 519 99
vrz1 1.49 522

χ2
η , Reduced chi-square; DOF, degrees

of freedom; p, Probability that misfit
variances are from different
distributions.

be expected because the magnitudes of the velocities in the WBnR
block across southern Oregon exceed those in the western Snake
River Plain and the Owyhee–Oregon Plateau (Fig. 2). For example,
shear could be accommodated by right-lateral strike-slip motions
along the Brothers fault zone, which is located near the western end
of the Owhy block (Fig. 6a) and thought to be the northern boundary
of Basin and Range extension across southern Oregon (Lawrence
1976).

Along the northern boundary of the ESRP/CSRP/WSRP/Owhy
block (south of the IBat block), slip-rate vectors have convergent
motions (≤0.9 mm yr−1) (Fig. 9). The velocities in the IBat block
can be fit with an angular velocity equal to that for the combined
block region of CTBt/SwMT/EMnt (models ctb9 and ctb7; Table 1).
We lack sufficient velocities to separately calculate a strain rate in
the IBat block, but magnitudes of six velocities across this block
suggest extension is not similar to that in the adjacent Centennial
Tectonic Belt. The small differences in magnitudes of velocities in
the Idaho batholith and western Snake River Plain suggest that the
Idaho batholith is moving west with the Snake River Plain and slip
along this boundary may not be significant (Fig. 2).

Along the western boundaries of the ESRP/CSRP/WSRP/Owhy
and CTBt/SwMT/EMnt/IBat blocks adjacent to the EOre block, slip
rates show convergence (≤1.3 mm yr−1; Fig. 9) consistent with a
westward decrease in magnitudes (Fig. 2). Contraction along the
boundary between the IBat and EOre blocks coincides with a nearly
vertical lithospheric suture proposed by Leeman et al. (1992, 2009)
along the western edge of the Idaho batholith. While we choose to
model a discrete boundary between the ESRP/CSRP/WSRP/Owhy
and EOre blocks, contraction may be distributed over a larger region
(Fig. 4d). To the north between the EWas and EOre blocks, we
observe normal slip (Fig. 9), which is consistent with Quaternary

normal faults mapped along the west side of the Idaho batholith
(Fig. 1). We lack velocities in the northern part of the Idaho batholith
to determine the nature of deformation along the western boundary
of the Idaho batholith.

Outside of the Snake River Plain and Owyhee–Oregon Plateau
we show modeled slip-rate vectors for three boundaries. Along
the northern boundary between the CTBt/SwMT/EMnt/IBat and
EWas blocks, Fig. 9 shows right-lateral oblique convergent motions
increasing southwestward from 0.4 to 1.3 mm yr−1. The nature and
location of this boundary are not well constrained since there are few
velocities near the boundary between these two blocks (Fig. 6b). To
the south of the Snake River Plain and Owyhee–Oregon Plateau, the
two N-oriented boundaries of the GrBn block show extensional slip
rates (1.1–1.5 mm yr−1) except along the northern part closest to
the Owyhee–Oregon Plateau between the WBnR and GrBn blocks,
which shows oblique convergence (Fig. 9). Extension along GrBn
block boundaries is consistent with other studies for the Great Basin
(e.g. Hammond & Thatcher 2004; Hammond et al. 2011).

4.2.4 Strain and rotation rates

We estimate horizontal strain rate tensors and vertical-axis rotation
rates using observed velocities in four regions defined from the pre-
ferred model ctb9: (1) Centennial Tectonic Belt; (2) Great Basin;
(3) Snake River Plain and Owyhee–Oregon Plateau and (4) eastern
Oregon. After subtracting out their respective components of rota-
tion, we observe recognizable gradients in residual velocities north
and south of the Snake River Plain, which are not observed in the
Snake River Plain, Owyhee–Oregon Plateau and eastern Oregon
(Fig. 10). From observed velocities, we estimate horizontal exten-
sional strain rates of 5.6 ± 0.7 × 10−9 yr−1 oriented N57◦E for
the Centennial Tectonic Belt and 3.5 ± 0.2 × 10−9 yr−1 oriented
N104◦E for the Great Basin (similar to the extensional strain rate of
Hammond et al. 2011 for the Great Basin). In contrast, we estimate
strain rates of –0.1 ± 0.4 × 10−9 yr−1 oriented N72 ◦E for the
Snake River Plain and Owyhee–Oregon Plateau and –1.1 ± 0.7 ×
10−9 yr−1 oriented N110◦E for eastern Oregon (Fig 10). We con-
sider these strain rates indistinguishable from zero. These estimates
indicate higher extensional rates north and south of the Snake River
Plain and a much lower rate of deformation within the Snake River
Plain, Owyhee–Oregon Plateau and eastern Oregon.

The vertical-axis rotations are all clockwise but at different rates
in the four regions. Eastern Oregon has the highest clockwise rota-
tion rate of –0.42 ± 0.04◦ Myr−1 (similar to –0.41 ± 0.02 Myr−1 of
McCaffrey et al. 2007) whereas the Great Basin has the lowest rate at
–0.09 ± 0.01 ◦ Myr−1. The Snake River Plain and Owyhee–Oregon
Plateau region has a rotation rate of –0.30 ± 0.03◦ Myr−1 and is
greater than the rate of –0.23 ± 0.03◦ Myr−1 for the Centennial
Tectonic Belt and that for the Great Basin. The greater rotation rate
in the Snake River Plain over the Centennial Tectonic Belt indicates
relative motion along the boundary or else the two regions would
have the same rotation rate.

4.2.5 Effects of post-seismic viscoelastic relaxation

Some workers postulate that the velocity field for the Snake River
Plain and adjacent Basin and Range regions may contain signals
generated by mantle relaxation following large historical earth-
quakes in the region (Nishimura & Thatcher 2003; Puskas et al.
2007). Puskas et al. (2007) and Puskas & Smith (2009) corrected
their velocities for such relaxation signals based on theoretical
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Figure 8. Maps show the slip vectors (red arrows with 70 per cent confidence ellipses) along the hangingwall of block boundaries (green lines) that represent
the Great Rift (GR) and Shoshone (SH) volcanic rift zones. Models (a) wsr1, (b) wsr2 and (c) wsr3 allow slip-vector magnitudes and azimuths to vary in the
inversions. Models (d) max1, (e) max2 and (f) max3 have constrained magnitudes and azimuths of the slip vectors for the dyke-opening rates estimated based
on field measurements in the Great Rift (see text). The model name is given above the inversion results shown below C2/NP/DF, which corresponds to reduced
chi-square (C2), number of free parameters (NP) and degrees of freedom (DF). Each block (green lines) is labelled with its name (red letters) and reduced
chi-square (red number) fit of the velocities. Principal horizontal strain rates (pink arrows) are labelled with the extensional strain rate (pink letters). See Fig. 1
caption for other map contents.
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Table 3. Azimuths and dyke-opening rates used in the models and predicted from the inversions.

Model Block Fault Segment Input Parameters Model Predictions

Azimuth Minimum Maximum Azimuth Dyke-opening
(◦N) Rate (mm yr−1) Rate (mm yr−1) (◦N) Rate (mm yr−1)

max1 Northern Great Rift 245 ± 20 0.16 2.03 233 0.29
Central Great Rift 245 ± 20 0.16 2.03 230 0.22
Southern Great Rift 245 ± 20 0.16 2.03 225 0.16

max2 Northern Shoshone 90 ± 20 0.16 2.03 76 0.23
Southern Shoshone 90 ± 20 0.16 2.03 70 0.16

max3 Northern Great Rift 245 ± 20 0.16 2.03 225 0.16
Central Great Rift 245 ± 20 0.16 2.03 232 0.23
Southern Great Rift 245 ± 20 0.16 2.03 234 0.31
Northern Shoshone 90 ± 20 0.16 2.03 80 0.33
Southern Shoshone 90 ± 20 0.16 2.03 70 0.16

vrz1 Northern Great Rift 245 ± 20 0.96 1.36 226 1.02
Central Great Rift 245 ± 20 0.96 1.36 225 0.99
Southern Great Rift 245 ± 20 0.96 1.36 225 0.96

Figure 9. Map showing slip vectors along free-slipping (no fault locking) block boundaries for the preferred model ctb9. Red arrows (with 70 per cent
confidence ellipses) show slip vectors for motions along boundaries (green lines) that are between two blocks with different angular velocities; their tails are
on the moving block. Lower-hemisphere focal mechanisms show slip vectors (purple) compared with predicted slip vectors (blue) from the inversion (see
Supporting Information). Each block is labelled in blue letters with its name or with several names (e.g. CTBt/SwMT/EMnt/IBat) to indicate the region has
multiple blocks with the same pole. Principal horizontal strain rates (pink arrows) are labelled with extensional strain rates (pink letters). See Fig. 1 caption for
other map contents.

estimates of what the velocities should be from the 1983 M 6.9
Borah Peak, Idaho and 1959 M 7.3 Hebgen Lake, Montana earth-
quakes (Fig. 1). Alternatively, we evaluate the 1994–2010 velocity
field for the presence of a viscoelastic relaxation signal. First, we
generate predicted velocities for the Borah Peak and Hebgen Lake
earthquakes at all of our GPS sites using the Earth structure and
earthquake source parameters of Nishimura & Thatcher (2003) and

the program VISCO1D (Pollitz 1992). As used by Nishimura &
Thatcher (2003), the structure is a 40-km thick elastic crust overly-
ing a mantle of viscosity 4 × 1018 Pa s. The surface velocities are
estimated for June 2002, which is a representative time of our GPS
measurements. In keeping with Nishimura & Thatcher (2003), we
use three separate planar slip sources (one for Borah Peak and two
for Hebgen Lake) and reproduce the velocity field shown in their
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Figure 10. Velocities (blue vectors with 70 per cent confidence ellipses) show remaining gradients after subtracting out their respective rotational components.
Horizontal strain rates (pink arrows) and vertical-axis rotation rates were calculated using observed velocities within the regions defined by the orange lines.
Labels list tectonic province, clockwise rotation rate and strain rates for the two principal horizontal axes (pink letters). See Fig. 1 caption for other map
contents.

Fig. 11 (see Supporting Information). Secondly, we run six tests
to evaluate whether post-seismic signals are present in the current
velocity field.

In the first test, model s1mr, we subtract the predicted viscoelas-
tic relaxation velocities of Nishimura & Thatcher (2003) from the
observed velocities at each site and run the inversion using the pre-
ferred model ctb9 to test whether a better fit results. This model has
a larger χ 2

η = 1.53, which is a >99 per cent greater misfit over χ2
η =

1.21 from model ctb9. In the second test, model s2mr is similar to
s1mr except that we allow a strain rate to be estimated for the Snake
River Plain–Owyhee Oregon Plateau (ESRP/CSRP/WSRP/Owhy
block). Model s2mr results in a similar χ 2

η = 1.53 as model s1mr
but still a larger misfit at >99 per cent confidence level over model
ctb9 without post-seismic corrections. This produces N–S contrac-
tion at a strain rate of –2.5 ± 0.9 × 10−9 yr−1 in the Snake River
Plain but no significant E–W extension (0.7 ± 0.3 × 10−9 yr−1).
These model results show that the lack of observed extension in the
velocities within the Snake River Plain is not due to post-seismic
viscoelastic relaxation effects.

To test for possible reduced relaxation velocities (relative to the
Nishimura & Thatcher predictions), we run a third test (model s3mr)
where we adjust a scaling factor for each of the three earthquake
viscoelastic relaxation velocity fields to allow improved fit to the
observations. The initial scaling factors are the slip amplitudes dur-
ing the earthquakes from Nishimura & Thatcher (2003). For the
three events, Borah Peak and two Hebgen Lake subevents, the am-
plitudes drop to zero with a decrease in the χ 2

η to 1.21, which is
similar to the χ 2

η of our preferred model ctb9 without post-seismic

relaxation. Hence, we see no indications of post-seismic signals in
the 1994–2010 velocity field (see Supporting Information).

The lack of distinguishable post-seismic signals for these earth-
quakes in the modern velocity field may indicate a lower mantle
viscosity than used in the foregoing tests. To estimate the upper
bound on viscosity, we conduct three more tests where each model
has a different mantle viscosity (s4mr: 4 × 1017.5; s5mr: 4 × 1017

and s6mr: 4 × 1016 Pa s) and the same elastic crustal thickness of
40 km. The tests indicate that viscosities of 4 × 1017 Pa s (s5mr) or
4 × 1016 Pa s (s6mr) result in lower predicted post-seismic velocities
than with a viscosity of 4 × 1017.5 Pa s (s4mr) but still produce mis-
fits (χ 2

η = 1.26, 1.25, 1.36, respectively) that are larger than that for
model ctb9 at over one-sigma (see Supporting Information). From
these evaluations, we conclude that time-varying components due
to viscoelastic relaxation from the Borah Peak and Hebgen Lake
earthquakes have either ceased as of 2002 or are too small to be
evident in the observed velocities.

5 D I S C U S S I O N

We find three significant results from the velocity field: (1) the Snake
River Plain appears to be moving as a nearly coherent block with
uniform motion at ∼3 mm yr−1 to the southwest relative to North
America with slow internal deformation; (2) shear is required along
the northwest and southeast boundaries of the Snake River Plain
and (3) the Northern Basin and Range region is within the large-
scale clockwise rotation observed over the entire Pacific Northwest.
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Figure 11. Interpretation of crustal deformation (black and red arrows) in the Northern Basin and Range Province based on GPS and earthquake data. The
Snake River Plain has little internal deformation exhibiting coherent block-like behaviour and uniform motion (red arrows). Shear along its boundaries separates
the Snake River Plain from the adjacent actively extending Intermountain Seismic Belt (thick yellow lines) and Centennial Tectonic Belt (yellow shading). See
Fig. 1 for other map contents.

We explore the implications of the GPS results combined with
other data and previous interpretations to develop a new regional
interpretation of deformation within the Northern Basin and Range
Province.

5.1 Snake river plain coherent block behaviour

Our results indicate that a sizable region (∼125 km wide by
650 km long) has velocities with uniform magnitudes (∼3 mm
yr−1) extending from the eastern to western Snake River Plain and
beyond the Snake River Plain’s physiographic boundaries (Fig. 10).
The uniformity of velocities suggests that little internal defor-
mation is presently occurring within the Snake River Plain and
Owyhee–Oregon Plateau. The same region has much less seismic-
ity relative to the surrounding Basin and Range regions (Fig. 6a) in
the period from 1960 to 2010. Historical earthquake compilations
for the Snake River Plain and Owyhee–Oregon Plateau indicate
that only one earthquake of magnitude ≥5.5 may have occurred
over the last ∼160 yr in the region of low-strain (Oaks et al. 1992;
Niewendorp & Neuhaus 2003; Carpenter 2010). Infrequent and
small magnitude microearthquakes (M < 2.0) have occurred in re-
sponse to tension within the eastern Snake River Plain (Jackson et al.
1993; Carpenter 2010). In addition, periodic basalt dyke intrusion
has continued into the late Pleistocene or Holocene indicating vol-
canic rifting within the low-strain rate region well after (>4 Myr)
the cessation of hotspot volcanism (e.g. Hart et al. 1984; Kuntz
et al. 1986; Othberg et al. 1995; Bondre 2006). Repose intervals
(lengths of time between eruptions) of dyke-fed basalt volcanism

in the eastern Snake River Plain, western Snake River Plain and
Owyhee–Oregon Plateau are estimated to be on the order of 104

to >106 yr (Kuntz et al. 1992; Shoemaker & Hart 2002; Wood &
Clemmons 2002). Thus, these seismic and volcanic observations
suggest the region is not entirely rigid because some internal de-
formation in the form of brittle fracture occurs in the Snake River
Plain and Owyhee–Oregon Plateau.

Dyke intrusion may accommodate very low rates of extension
within the Snake River Plain and Oregon–Owyhee Plateau as sug-
gested by Chadwick et al. (2007) and Holmes et al. (2008). The
extensive coverage of uniform velocities and low strain rate indi-
cates that previous dyke-intrusion events are not sufficient to extend
the Snake River Plain on a regional scale in the present. Models that
allow dyke-opening rates of 0.16–0.33 mm yr−1 (Table 3) across
the Great Rift and Shoshone volcanic rift zones do not fit the ve-
locities (Fig. 8). While a dyke intrusion event may occur in any one
volcanic rift zone, such an event will not move the entire 250 km
length of the lithosphere (i.e. ESRP and CSRP blocks combined)
at one time. As explained by Payne et al. (2008), using an analogy
with the 2005 Afar, Africa dyke event, the deformation field of
a dyke intrusion event in the Snake River Plain will be localized
over an area 50 km wide (Wright et al. 2006). At many tens of
kilometres from the dyke event, the lithosphere moves steadily and
is not deformed by the localized dyke-induced deformation field
(e.g. LaFemina et al. 2005; Pederson et al. 2009). Hence, extension
across a volcanic rift zone at ∼2.0 mm yr−1 (Table 3), for exam-
ple, would be clearly visible in the steady velocity field away from
the volcanic rift zone. In addition, the strain rate of 1.3 ± 2.3 ×
10−9 yr−1 across four volcanic rift zones (Profile B, Fig. 4) indicates

C© 2012 Batelle Energy alliance, LLC, GJI, 189, 101–122

Geophysical Journal International C© 2012 RAS



Deformation rates in the Snake River Plain 117

a very low rate of extension at a short wavelength (0.13 mm yr−1

over 100 km). Over the longer distance of 650 km, there appears
to be no net extension. The higher topography of the Yellowstone
Plateau to the northeast (Fig. 2) could produce a long-wavelength,
compressive stress along the long axis of the Snake River Plain.
Although, we do not know the magnitude of the stress, the defor-
mation it produces would not mask shorter-wavelength (∼25 km)
GPS signals that would result from higher rates of extension within
the narrow volcanic rift zones. The volcanic rift zones may be more
like those near Kilauea in Hawaii, where dyke intrusion events
produce local dilation of the crust with accompanying magmatic
extrusion, but do not accommodate crustal extension in the far-field
(i.e. the Pacific Plate is not breaking apart; e.g. Desmarias & Segall
2006). Accordingly, Snake River Plain volcanic rift zones may be
a response to hotspot volcanism but may not be related to crustal
extension as in the adjacent Basin and Range regions.

The very low rate of deformation within the Snake River Plain and
Owyhee–Oregon Plateau could be the result of either greater litho-
spheric strength or lower internal differential stress. The Snake River
Plain and Owyhee–Oregon Plateau could have increased strength
(e.g. Anders & Sleep 1992; DeNosaquo et al. 2009) because this re-
gion has undergone significant crustal modifications associated with
hotspot bimodal volcanism (e.g. Hill & Pakiser 1967; Sparlin et al.
1982; Pakiser 1989; Peng & Humphreys 1998; Stachnik et al. 2008;
Yuan et al. 2010; Cox et al. 2011). While mafic densification of the
mid- to lower-crust over most of the Snake River Plain may increase
its strength, it is not sufficient to resist all tensile brittle fracture be-
cause dyke intrusion has continued into the Holocene and infrequent
earthquakes have been observed in some locations. Alternatively, a
low strain rate could result from low differential stresses acting upon
the Snake River Plain and Owyhee–Oregon Plateau. Humphreys &
Coblentz (2007) evaluated the importance of loads applied to plate
boundaries and those created internally within the North Ameri-
can Plate due to gravitational potential energy (GPE) variations.
Their best-fit models suggest that GPE-derived stress contributes
to driving extensional orogenic collapse in the western U.S. and
that without it, no significant extension would occur. They also
showed that GPE variations contribute to deformation at Yellow-
stone, which has extra GPE associated with the high geoid anomaly
(Smith & Braile 1994; Smith et al. 2009) supported by buoyancy of
a deep mantle source. Within the Yellowstone geoid anomaly, GPE
variations could drive gravitational collapse at a higher rate in the
higher topographic-relief Basin and Range regions outboard of the
Snake River Plain (Fig. 2). The Snake River Plain is a relatively flat
region with high-density crustal composition and hence has lower
GPE variations. Thus, block-like behaviour of the Snake River Plain
and Owyhee–Oregon Plateau region is consistent with either higher
strength or lower internal stresses or both.

5.2 Shear along Snake River Plain boundaries

The slowly deforming region of the Snake River Plain and
Owyhee–Oregon Plateau as compared to the extending adjacent
Basin and Range Provinces kinematically requires shear along their
boundaries. The slip rates for shear vary along the boundaries of the
Snake River Plain and Owyhee–Oregon Plateau (Fig. 9) consistent
with changes in magnitudes between the velocities in the Snake
River Plain and Owyhee–Oregon Plateau relative to the adjacent
Basin and Range regions (Fig. 2). Using the block model approach,
we model kinematic slip along boundaries representing localized
discrete faults. Examining the shear in detail, Payne (2011) suggests

that right-lateral shear is distributed over the Centennial Shear Zone
and may be accommodated by strike-slip motions on multiple faults
parallel to or subparallel to the NE-trending, northwestern bound-
ary of the ESRP block. Here, we give two examples of seismicity
and faulting that document where strike-slip motions accommodate
shear along the northwestern and southeastern boundaries of the
ESRP block.

The largest slip rates are seen along the boundaries of the eastern
Snake River Plain closest to the Yellowstone Plateau. Modelling
results in Fig. 9 show right-lateral strike-slip rates of up to 1.4
mm yr−1 at the northeast end of the Centennial Shear Zone along
generally E-trending normal faults that are subparallel to the north-
western boundary of the ESRP block. Mid-Pleistocene to Holocene
slip along generally E-oriented normal faults to the west and along
the Centennial normal fault is consistent with right-lateral shear
accommodation (Bartholomew et al. 2002; Anastasio et al. 2010).
Also, focal mechanisms with right-lateral strike-slip components of
motion are observed within a NE-trending zone of seismicity near
the Centennial fault (Stickney 1997; Fig. 9). Along the southeastern
boundary of the eastern Snake River Plain, slip rates with left-lateral
oblique normal or strike-slip motions are predicted between the east-
ern Snake River Plain and Intermountain Seismic Belt (Fig. 9). The
eastern boundary of the ESRP block coincides with the Intermoun-
tain Seismic Belt (Fig. 6a), which has long been recognized as the
boundary between stable North America and active Basin and Range
extension (e.g. Smith & Sbar 1974; Smith & Arabasz 1991; Smith &
Braile 1994). On a regional scale, left-lateral shear accommodation
is indicated by the right-stepping en echelon pattern of N-oriented
Quaternary normal faults that extend from the Wasatch fault to the
Teton fault (Fig. 1). North of the Teton fault, there is also a 30-km
zone of right-stepping normal faults that continues into the Yel-
lowstone Plateau (Byrd et al. 1994). While most focal mechanisms
in the Intermountain Seismic Belt indicate slip along N-trending
normal faults (Fig. 1), a recent 2010 sequence of earthquakes near
the Teton fault show both left-lateral (e.g. M 4.8) strike-slip and
normal focal mechanisms (Fig. 9). Also, the lower strain rate within
the Snake River Plain and Owyhee–Oregon Plateau block extends
into the region between the eastern Snake River Plain physiographic
boundary and Intermountain Seismic Belt (Fig. 10). A lower strain
rate is consistent with belt IV defined by Pierce & Morgan (1992,
2009) where faults were active from 4 to 11 Ma coeval with hotspot
Tertiary silicic volcanism (Rodgers et al. 2002) but now exhibit
little to no Quaternary activity (Pierce & Morgan 1992; 2009). We
suggest that left-lateral shear predicted along the eastern boundary
of the ESRP block (Figs 6a and 9) could be accommodated by pre-
existing right-stepping normal faults in association with extension.
Similar right-stepping faults at the southern end of the Wasatch
fault adjacent to the Colorado Plateau broaden westward and are
separated by the E–NE-trending sinistral Pahranagat shear zone,
which is kinematically required to accommodate different rates of
extension (Kreemer et al. 2010).

5.3 Driving mechanism for clockwise rotation

Velocity gradients in the Northern Basin and Range Province
(Fig. 2) show regional-scale, vertical-axis clockwise rotation simi-
lar to Oregon and southwest Washington (McCaffrey et al. 2007).
McCaffrey et al. (2007) found a similar angular velocity to ours for
their Oregon and Snake River Plain blocks, although they included
only ten velocities in the Snake River Plain. The closely grouped
locations of the poles of the Centennial Tectonic Belt, Snake River
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Plain, Idaho batholith and eastern Oregon (Fig. 7a) suggest com-
mon driving mechanisms but preclude that Yellowstone hotspot
volcanism (e.g. Puskas & Smith 2009) or localized extension (i.e.
Centennial Tectonic Belt) drives clockwise rotation in the North-
ern Basin and Range Province. We propose two regional driving
mechanisms. First, the large-scale rotation is consistent with right-
lateral shear associated with Pacific–North America relative motion.
McCaffrey et al. (2007), based on the similarity of velocity gradi-
ents, suggest that shear in the Walker Lane belt drives the nearly
rigid blocks in southeastern Oregon (which encompass the Owhy
and EOre blocks in our model, Fig. 6a) northwestward. Secondly,
we suggest that extension due to gravitational collapse across the
Wasatch fault and the Great Basin to the south drives the Snake
River Plain and Owyhee–Oregon Plateau region westward from its
southwestward motion relative to the Yellowstone Plateau (Fig. 2).
We think that subduction at Cascadia contributes little if any to the
large-scale rotation since the Snake River Plain is ∼1000 km from
the Cascadia thrust and rapid rotation of the overriding plate at other
subduction zones generally is seen only in forearc blocks close to
the trench (Wallace et al. 2005). In eastern Oregon, McCaffrey et al.
(2007) determined that GPS-derived clockwise rotation rates were
consistent with rates from paleomagnetic data in 15–12 Ma basalts,
indicating that the decadal GPS rotation reveals long-term motions.
Thus, we propose that the common locations of nearby poles of ro-
tation for the eastern Oregon block, Centennial Tectonic Belt, Idaho
batholith, Snake River Plain and Owyhee–Oregon Plateau (Fig. 7b)
are long-lived. Moreover, regional-scale clockwise rotation is driven
by extension across the Wasatch fault due to gravitational collapse
and shear in the Walker Lane belt resulting from Pacific–Northern
America relative plate motion.

6 I N T E R P R E TAT I O N A N D
C O N C LU S I O N S

Using the 1994–2010 horizontal velocity field together with geo-
logic, volcanic and seismic data, we interpret both the Snake River
Plain and the Owyhee–Oregon Plateau to be slowly deforming and
separated by shear from the rapidly extending adjacent Basin and
Range regions (Fig. 11). Detailed evaluations of the observed ve-
locities (Figs 4 and 10) show extensional strain rates to the north
in the Centennial Tectonic Belt (5.6 ± 0.7 × 10−9 yr−1) and to
the south in the Great Basin (3.5 ± 0.2 × 10−9 yr−1) consistent
with the distribution of seismicity, normal focal mechanisms and
Quaternary normal faults. Conversely, the Snake River Plain and
Owyhee–Oregon Plateau has a much lower strain rate that is not
discernable from zero (−0.1 ± 0.4 × 10−9 yr−1). Results of our
inversions with dyke-opening rates indicate that extension through
dyke-intrusion occurs at a much lower rate than normal faulting in
adjacent regions. The low strain rate region extending over 650 km
has uniform southwestward to westward motion relative to North
America, showing block-like behaviour relative to the extending
adjacent Basin and Range regions (Fig. 11). The very low rate
of deformation could be the result of either greater lithospheric
strength due to mafic densification in the mid- to lower-crust or
lower GPE variations within the low-relief and high-density crustal
composition of the Snake River Plain and Owyhee–Oregon Plateau
or both.

As a result of strain rate differences, shear is required along the
eastern Snake River Plain boundaries (Fig. 11); right-lateral shear of
up to 1.4 mm yr−1 along the northwestern boundary and left-lateral
oblique extension of up to 1.5 mm yr−1 along the southeastern
boundary. The largest slip rates related to this shearing occur closer

to the Yellowstone Plateau where strike-slip focal mechanisms and
faults with geologic observations of shear accommodation are ob-
served (Fig. 9). In the western Snake River Plain, our models suggest
right-lateral shear along the proposed southern block boundaries
near the northern termination of Basin and Range extension. The
southern part of the Idaho batholith is moving west and the ve-
locity gradients within this region suggest a lower strain rate than
the extensional strain rate in the Centennial Tectonic Belt to the
northeast. At the western ends of the Idaho batholith and western
Snake River Plain a distinct change from faster to slower velocities
suggests shortening (Fig. 11).

Our results reveal clockwise rotation over the Northern Basin and
Range province at a regional scale since several tectonic provinces
rotate about a common location in northern Idaho: Centennial
Tectonic Belt, Idaho batholith, Snake River Plain, Owyhee–Oregon
Plateau and eastern Oregon. These results preclude that Yellowstone
hotspot volcanism or localized extension in the Centennial Tectonic
Belt drives large-scale rotation of the region. Instead, we conclude
that large-scale rotation is driven by extension across the Wasatch
fault due to gravitational collapse and shear in the Walker Lane belt
arising from Pacific–Northern America relative plate motion. We
also suggest that the decadal GPS rotation is long-lived because
rotation rates in eastern Oregon are consistent with palaeomagnetic
data in 15–12 Ma basalts.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this article:

Table S1. Horizontal GPS velocities used to calculate strain rates
for Profiles A, B, C and D in Fig. 4.
Table S2. Horizontal GPS velocities and sigmas used to calculate
weighted average velocities and errors along Profiles E, F, G and H
(Fig.5).
Table S3. Slip vectors of earthquakes used in the inversions and
predicted slip vector from preferred model ctb9.
Table S4. Results of F distribution tests for model pairs.
Table S5. Dyke-opening rates calculated for the Great Rift volcanic
rift zone.
Table S6. Input parameters to VISCO1D from Nishimura &
Thatcher (2003) for earthquake sources.
Table S7. Input parameters to VISCO1D from Nishimura &
Thatcher (2003) for the earth model.
Table S8. Results of F distribution tests between post-seismic and
preferred model pairs.
Table S9. Horizontal GPS velocities in the Stable North American
Reference Frame (SNARF).
Figure S1. Map shows locations of focal mechanisms with slip
vectors and identification numbers that correspond to Table S3.
Figure S2. Map showing the block model (green lines) and hor-
izontal GPS velocities (red vectors with 70 per cent confidence
ellipses).
Figure S3. Inversion results for models nb11 and nb13.
Figure S4. Inversion results for models nb16 and nbr3.
Figure S5. Inversion results for models ctb9 and ctb7.
Figure S6. Inversion results for models wsr1 and max1.
Figure S7. Inversion results for models wsr2 and max2.
Figure S8. Inversion results for models wsr3 and max3.
Figure S9. Inversion results for models vrz1 and esa9.
Figure S10. Inversion results for model eas9 showing GPS sites
with elastic strain accumulation.
Figure S11. Plot shows reproduction of synthetic post-seismic ve-
locities from VISCO1D generated using input parameters (e.g. man-
tle viscosity of 4 ×1017.5 Pa s) from Nishimura & Thatcher (2003).
Figure S12. Plot shows synthetic post-seismic velocities at GPS
sites generated using VISCO1D and input parameters (e.g. mantle
viscosity of 4 × 1018 Pa s) from Nishimura & Thatcher (2003),
which were used to correct the 1994–2010 velocity field for models
s1mr, s2mr and s3mr.
Figure S13. Inversion results for models s1mr and s2mr.
Figure S14. Inversion results for models s3mr and s4mr.
Figure S15. Plot shows synthetic post-seismic velocities at GPS
sites generated using the mantle viscosity of 4 × 1017.5 Pa s,
which were used to correct the 1994–2010 velocity field for model
s4mr.
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Figure S16. Plot shows synthetic post-seismic velocities at GPS
sites generated using the mantle viscosity of 4 × 1017 Pa s, which
were used to correct the 1994–2010 velocity field for model s5mr.
Figure S17. Plot shows synthetic post-seismic velocities at GPS
sites generated using the mantle viscosity of 4 × 1016 Pa s, which
were used to correct the 1994–2010 velocity field for model s6mr.

Figure S18. Inversion results for models s5mr and s6mr.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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