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a b s t r a c t
Seismic reﬂection proﬁling demonstrates that the active, signiﬁcant-offset Surprise Valley Fault that marks
the western boundary of the Basin-and-Range Province in northernmost California dips at a moderate angle,
only ~ 30° to ~ 2 km depth. A nearby seismic refraction/wide-angle reﬂection proﬁle, albeit of lowerresolution, shows the fault-plane remains approximately planar to at least 7 km depth. Variably-tilted
volcanic strata of known ages within the Surprise Valley basin demonstrate that ≥7 km of normal slip
occurred along the Surprise Valley Fault within the past 8–4 Myr at a time-averaged slip rate of ~ 1–2 mm/yr,
and that the fault rotated from an initial dip of as much as 60° to its present dip of 30°. The rotation of this
isolated fault was not accomplished by domino-style rotation as seen elsewhere in the Basin-and-Range
province, but rather by ﬂexural rift-shoulder uplift aided by mid-crustal ﬂow.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The tectonically active eastern and western boundaries of the
northern Basin-and-Range Province are well studied, yet comparatively little is known about the more diffuse northern margin of the
province (Fig. 1). In northwest Nevada this region marks the transition
from Basin-and-Range extension to the relatively unextended high
volcanic plateaus in Nevada and northeastern California and southern
Oregon (Fig. 1, inset). At this latitude, the westernmost signiﬁcantoffset normal fault is the Surprise Valley Fault (SVF), an east-dipping
fault developed along the eastern ﬂank of the Warner Range that
bounds Surprise Valley (Figs. 1 and 2; Dufﬁeld and McKee, 1986).
Surprise Valley and the Warner Range are separated from the main
part of the northwest Basin-and-Range province by ~90 km of
unextended volcanic plateaus to the south and east, and thus offer an
unusual opportunity to study the structural evolution of a signiﬁcantoffset normal fault in relative isolation from other such structures
(Fig. 1).
In this paper, we present the results of a 16-km long 2-D seismic
reﬂection proﬁle across Surprise Valley (Fig. 2) at the southern end of
the Lake City segment of the SVF. The Lake City segment of the SVF
steps east to the Cedarville fault segment and a topographic high or
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bulge occurs at the complex juncture and zone of overlap between
these two fault segments (Fig. 1). Our reﬂection data image the SVF
and its associated basin to a depth of ~2 km (Fig. 2). These vibroseis
reﬂection data were collected to augment a ~300-km long explosivesource seismic refraction survey across the northwestern Basin-andRange transition zone (Lerch et al., 2007) that separately imaged
reﬂections from the fault plane of the Cedarville segment of the SVF to
a depth of ~ 7 km (Fig. 3). A companion paper (Egger et al., in press)
provides gravity and magnetic-ﬁeld analysis along the reﬂection
proﬁle discussed here, giving additional insight into the nature of the
Surprise Valley Fault and associated intra-basin structures.
Based on our data, the SVF appears comparable to other wellstudied Basin-and-Range normal faults where originally steep fault
planes have rotated to shallower angles during progressive fault slip,
with concomitant rotation of foot-wall and hanging-wall rocks. The
isolation of the SVF from other normal faults, however, makes it
distinct from the planar, rotational domino-style faulting common in
the Basin and Range (e.g. Proffett, 1977; Surpless et al., 2002). Instead,
both foot-wall and hanging-wall dips ﬂatten progressively away from
the SVF, a smaller-scale example of the well-documented upturned
ﬂanks of rifted plateaus (Fig. 2A, e.g., Ebinger et al., 1999). Our
reﬂection data augment the extensive datasets that address the still
controversial and highly-debated mechanics of normal faulting (see
Axen, 2007 for a recent review) by demonstrating that despite being
isolated from other large normal faults, the SVF began its history as a
high-angle normal fault, and progressively rotated to shallower dips
while maintaining its planar geometry in the upper crust.
Our new dataset also adds to the still small suite of reﬂection
images of shallow-to-moderate angle faults that have been seismically
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Fig. 1. Shaded relief map of Surprise Valley and the Warner Range in northeastern California. Location of reﬂection proﬁle is shown by wide white line approximately 5 km north of
the 2004 Stanford refraction line (Lerch et al., 2007) that ran along California State Highway 299. Distances along line are given by common midpoint (CMP) locations spaced at 20 m.
East-dipping Surprise Valley Fault (SVF) is shown by solid black line with barbs on the hanging-wall block. Exploratory geothermal drill core (Miller et al., 2005) is ~ 6 km north of our
proﬁle. SP4: Shotpoint 4 from the 2004 Stanford refraction line. Line A–A′: location of geologic cross-section (Fig. 2A). Angle of intersection between our reﬂection proﬁle and the SVF
is ~37°. White rectangle across the SVF mid-way between Cedarville and our reﬂection proﬁle marks the USGS trenching project (Personius et al., 2007). Dash–dot lines mark location
of commercial vibroseis velocity proﬁles (Benoit, 2004). Numbers along Highway 299 are receiver offsets (km) shown in Fig. 3. Inset map shows simpliﬁed geologic setting and
boundaries of Basin-and-Range Province. Dark gray regions: Paleozoic and Mesozoic igneous and metamorphic rocks. Stippled regions: Tertiary volcanic rocks. Light gray regions:
Quaternary deposits. MP and SP mark the Modoc and Sheldon volcanic plateaus that surround Surprise Valley.

Fig. 2. Geologic and seismic cross-sections of Surprise Valley along line A–A′ (Fig. 1). Fig. 2A: regional cross-section based on ﬁeld mapping, well-control, and seismic proﬁle (Fig. 2B) after
correction for the obliquity of proﬁle to fault dip direction. Note progressive thickening of the young (8–4 Ma) volcanic section in the hanging wall near the SVF. Inset ellipses illustrate
possible near-surface geometries for the SVF, described in text. Fig. 2B: 2-D time migrated image of the Surprise Valley basin. Annotated features described further in the text: a: SVF faultplane reﬂection; b: possible intra-basin basalt ﬂows; c: shallower dips at base of section; d: strata offset by minor normal fault; and e: transparent zone, probably coarse alluvium. Inset
diagram: line drawing of signiﬁcant features of seismic section. Seismic section displayed with no vertical exaggeration based on seismic wavespeed for the basin ﬁll of 2 km/s.
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Fig. 3. Shot-gather from Shotpoint 4 (see Fig. 1), approximately 5 km south of reﬂection
proﬁle in Fig. 2. Trace and receiver spacing is ~600 m. Shot-gather (no move-out
applied) shows ﬁrst arrivals across Surprise Valley, and reﬂection from the SVF with
reverse move-out (i.e., reﬂection on long-offset traces arrives earlier than the same
reﬂection on near-offset traces) delineated by region enclosed by dashed black line.
Superimposed on the explosive-source data are modeled arrivals corresponding to
varying dip geometries of the SVF using the velocity model from the 2004 Stanford
refraction line (Lerch et al., 2007) while holding all else unchanged. Thin gray circles
illustrate modeled arrivals from the SVF that arrive earlier and later than the observed
phase, corresponding to modeled fault geometries dipping 30°, 35° and 40°. The
shallowest part of the fault-plane reﬂection recorded at offsets 13–10 km best ﬁts a 30°
dip, whereas the deepest parts of the fault-plane reﬂection recorded at offsets 6–3 km
best ﬁts a 40° dip. Schematic velocity model used in modeling is shown in inset,
velocities are given in km/s, depths given in km below sea level (no V.E.). Dashed line
on inset shows approximate raypath for reﬂected energy observed at 3 km offset,
sampling the SVF at a depth of ~7 km below the surface. Because of strong raypath
bending (refraction) at the basin–basement interface, the fault-plane reﬂection appears
to merge with the ﬁrst arrival almost vertically above the deepest point in the basin,
rather than at the surface trace of the fault as would be predicted for a constantwavespeed halfspace.

active from the late Quaternary to present. Goodliffe and Taylor
(2007) image the Moresby Fault, Woodlark Basin, dipping ≥29° to
about 7 km depth below sea ﬂoor, and Sachpazi et al. (2003) a possible
low-angle detachment beneath the Gulf of Corinth to N5 km dipping
b30° in the earthquake slip direction. Within the Basin-and-Range
Province, Abbott et al. (2001) imaged the Dixie Valley Fault to 500 m
depth, and inferred that its 25–30° dip continued to at least 2 km
depth, and Johnson and Loy (1992) imaged the Santa Rita fault
dipping 20° to nearly 6 km beneath the Tucson Basin. In this paper we
show fault-plane reﬂections from the Surprise Valley Fault to about
7 km depth. All these areas (except Gulf of Corinth) have high heat
ﬂow and active hot springs. Dixie Valley hosts a geothermal system
and associated power plant, and Surprise Valley is the site of
exploratory geothermal drilling (e.g. Benoit, 2004; Kennedy and van
Soest, 2006). These conditions of high heat ﬂow (hence a thin brittle
upper crust) and active ﬂuid systems (with potential for ﬂuid overpressuring) may be enabling factors for seismic rupture on shallowto-moderate angle faults.
2. Geologic setting
The Surprise Valley Fault has a map geometry typical of Basin-andRange style normal faults, trending north–south with distinct arcuate
segments (Fig. 1). The rocks of the Warner Range, the footwall of the
SVF, comprise a ≥3 km-thick sequence of Oligocene and Miocene
volcanic, volcaniclastic and sedimentary units that dip 15–25° W
(Fig. 2A), (Dufﬁeld and McKee, 1986; Fosdick et al., 2005; Miller et al.,
2005). Detailed mapping of the volcanic units suggests there is likely
an unconformity between 33–26 Ma Oligocene calc-alkaline units and
17–14 Ma basalts and basaltic andesites (Dufﬁeld and McKee, 1986;
Carmichael et al., 2006). The youngest tilted units in this sequence are
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~14 Ma basalt ﬂows with a maximum dip of 15° to the west, exposed
along the crest of the southern part of the range (Dufﬁeld and McKee,
1986). In the vicinity of the reﬂection proﬁle, however, no MidMiocene rocks are present: ages in the volcanic units at the crest of the
range are 26 Ma (J.P. Colgan, unpublished data; Dufﬁeld and McKee,
1986).
Late Miocene to Pliocene (8–4 Ma) basalt ﬂows and tuffaceous
sediments exposed on the east side of Surprise Valley are similar in
composition and age to ﬂat-lying volcanic units west of the Warner
Range (Fig. 2A), leading Carmichael et al. (2006) to suggest that these
younger volcanic rocks provide a maximum age for initiation of
faulting along the SVF. However, these 8–4 Ma rocks are not present at
high elevations within the range itself, leaving open the possibility
that signiﬁcant topography already existed by the time they were
deposited. Thermochronologic data from the base of the exposed
Cenozoic section approximately 20 km south of our seismic proﬁle are
inferred to record two phases of slip on the SVF: an earlier period of
slip commencing around 14 Ma and continuing to 8 Ma, and a distinct
younger phase beginning about 3–4 Ma (Colgan et al., 2008a).
The poorly consolidated volcaniclastic footwall rocks of the
SVF have preserved few unambiguous, measurable fault surfaces,
thus precluding direct measurement of the dip of the SVF. Although
steeply dipping Quaternary faults are exposed in gravel pits (Hedel,
1984) and have been trenched within the lacustrine sediments of
pluvial Lake Surprise (Personius et al., 2007), their relationship to the
range-bounding fault that we have imaged in the subsurface is not
known.
Presently, Surprise Valley hosts three lakes, the Upper, Middle, and
Lower Lakes, separated by minor topographic highs and signiﬁcant
westward steps in the rangefront, reﬂecting the large-scale segmentation of the SVF. Our reﬂection proﬁle crosses the south end of the Lake
City segment of the fault, close to the boundary with the Cedarville
segment of the fault (Fig. 1). Our proﬁle highlights the structural
complications inherent in these boundary zones, described here and
in more detail in Egger et al. (in press), but also lends important
insight into the evolution of the Surprise Valley Fault system and the
valley itself.
3. Data acquisition and processing
In September 2004, we completed a ~300 km explosive-source
seismic refraction survey across the northwestern Basin-and-Range
transition zone (Lerch et al., 2007), with a ~ 60 km teleseismic
deployment embedded within the active-source proﬁle to provide
complementary crustal structure information (Gashawbeza et al.,
2008). These data were augmented by vibroseis proﬁling using the
29,090 kg (64,000 lb) Network for Earthquake Engineering Simulation
(NEES)-UT-Austin T-Rex tri-axial (P- and S-wave) vibrator in two
separate reﬂection proﬁles, the 16 km basin-imaging line discussed
here, and a ~40 km crustal-scale line across the Black Rock Desert and
Black Rock Range (Lerch et al., 2008).
Our 2-D basin-imaging reﬂection proﬁle is approximately orthogonal to the overall trend of the SVF, crossing Surprise Valley ~5 km
north of Cedarville, CA (Fig. 1). Our vibrator could not be used on
paved roads, because of the large teeth on the shear-wave base-plate
(Lerch et al., 2008), hence our choice of route shown in Fig. 1, despite
the less-than-favorable geometry with an oblique crossing of our
proﬁle over the SVF. Access limitations prevented proﬁling west of the
surface trace of the SVF along this proﬁle (westernmost receiver
location and vibration point were respectively 160 m west and 80 m
east of the geomorphic expression of the fault trace at CMP 0).
Coupled with some instrument failure in the ﬁeld, no reﬂection data
were acquired imaging the SVF shallower than 0.5 s (Fig. 2B). Over
4 days, we generated a total of 1600 individual 60 sec sweeps at 10 m
intervals along the 16 km proﬁle, combined during processing into
40 m source arrays. These sweeps were recorded at a 4 ms sample rate
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by RefTek 125A seismographs (Texans) with 4.5 Hz geophones spaced
every 40 m. The source effort per line-kilometer was chosen to be
comparable to other successful single-vibrator upper-crustal surveys
(e.g., Belcher et al., 1986) for this ﬁrst test of the NEES vibrator in a
continuous proﬁling application.
We used linear up-sweeps that were dominantly 5–80 Hz
(4 octaves), nearly all of which were P-wave (limited testing of Swave sweeps was aborted due to mechanical problems). Full details of
cost-effective experimental design to efﬁciently manage vibroseis
recording utilizing PASSCAL Texans that have only limited recording
memory are given in Lerch et al. (2008).
Data were pre-processed by PASSCAL and are archived at the IRIS
Data Management Center (DMC). Our 20-m common midpoint (CMP)
data (40-m source arrays, 40-m receiver spacing) were processed
using ProMAX seismic software, sequentially consisting of amplitudebalancing (500 ms AGC), frequency ﬁltering (10-14-36-42 Hz bandpass), velocity analysis, predictive deconvolution (160 ms operator
length, 10 ms prediction distance, 0.1% pre-whitening), CMP stacking,
and post-stack time migration.
4. Basin structure
On our seismic data, we recognize an east-dipping reﬂection from
the SVF (Fig. 2B, reﬂection a), but the brightest reﬂections are within
the basin, 0 to 1.5 s from CMP 200 to 400 (Fig. 2B, reﬂections b), and
have a low average wavespeed of 2.0 ± 0.2 km/s constrained by our
reﬂection semblance analysis (e.g. Yilmaz, 2001) and by velocity
modeling of our crustal-scale refraction study (see Fig. 7 of Lerch et al.,
2007). West-dipping reﬂections continue east to the western edge of
Hays Canyon Range (Fig. 4, ~ 0.5 s at CMP 700), but show no resolvable
offsets even though our line crosses several minor east-dipping
normal faults (Figs. 1, 2A) that are individually responsible for b500 m
of vertical displacement and cut the late Miocene to Pliocene volcanic
section (Egger et al., in press). The stratigraphically deepest westdipping reﬂections at 2.0 s, CMP 480, and possibly 2.1 s, CMP 520
(Fig. 4) would project to intersect the projection of the SVF reﬂection
at 2.5–3.0 s, at 3.5–4.0 km depth. Ray-trace modeling of direct and
refracted arrivals (Egger et al., in press, their Fig. 6) shows that seismic
wavespeeds increase with depth, presumably due to compaction as
well as to facies changes, but our recorded refracted arrivals are
conﬁned to the upper 1.5 km of the basin so the total depth of the
basin remains uncertain.

The brightest reﬂections in the basin may correspond to thin basalt
ﬂows, typically 2–5 m thick where drilled in boreholes and exposed near
the east end of the proﬁle, within seismically reﬂective lacustrine strata,
tuffs and tuffaceous sediments. Source gathers acquired in the reﬂection
experiment show ﬁrst-arrival refraction patterns consistent with thin,
high-velocity layers, too thin to separately model, embedded in the
overall low-velocity basin ﬁll. The deepest of the bright reﬂections
(Fig. 2B, b) likely represent the youngest dated basalt ﬂows exposed to
the east (~4 Ma, Carmichael et al., 2006), and the shallower reﬂections
even younger ﬂows. The age range of these units temporally overlaps
with at least some of the slip along the SVF (Dufﬁeld and McKee, 1986;
Colgan et al., 2006, 2008b). Dips of these reﬂectors shallow up-section,
from ~15° for the deepest reﬂections, to ~10° for the shallowest
(calculated for an average seismic wavespeed of 2 km/s). Accounting for
the likely wavespeed increase with depth would further accentuate the
progressive steepening of these ﬂows with depth and age. This
increasing dip with depth is compatible with our interpretation of a
growth fault relationship such that volcanic ﬂow units have shallower
dips up-section. Where exposed on the eastern side of Surprise Valley,
these units dip more shallowly than Mid-Miocene units to the south and
Oligocene units present in Warner Range at this latitude (10° vs.15–25°),
consistent with slip on the SVF prior to their eruption at 8 Ma, but
subsequent to the youngest (~14 Ma) units exposed in the footwall
block in the Warner Range (e.g. Colgan et al., 2008a).
The reﬂection interpreted as the deepest west-dipping basalt ﬂows
(Fig. 2B, reﬂection c) is discontinuous near CMP 230, and appears to
shallow and truncate against the SVF at 1.4 seconds. This may be
related to normal drag on the fault, or to some combination of initial
dip related to pre-existing relief within the Surprise Valley basin, and/
or smaller offset faults within the basin ﬁll itself (aligned offsets d;
also see Egger et al., in press).
By projecting the late Miocene to Pliocene volcanic ﬂows exposed
along the west side of the Warner Range to their intersection with the
projection of the SVF, a minimum slip of at least 7 km since their
eruption at 8–4 Ma is implied (Fig. 2A). The total magnitude of slip
is at least ~10 km based on the hanging-wall projection of the
Cretaceous–Tertiary unconformity (light pink-grey contact in Fig. 2A),
so several km of slip likely predates the eruption of the 8 Ma basalts.
These projections imply slip rates of 1–2 mm/yr, similar to modern
rates suggested by Quaternary fault scarps and preliminary paleoseismic results from the SVF (de Polo and Anderson, 2000; Personius
et al., 2007).

Fig. 4. Complete reﬂection section from Surprise Valley. Panel A is the unmigrated CMP stack. Post-stack time migration applied in Panel B.
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Several reﬂections with variable dips in the central portion of the
Surprise Valley basin (CMP 150–250), the strongest of which are
shown in the simpliﬁed line drawing (Fig. 2B, inset), are difﬁcult to
interpret. These variable dips may be attributed to two likely sources:
a complex basin development history with volcanic ﬂows, alluvial and
colluvial sedimentation, and ﬂuctuating lake levels (e.g., Reheis et al.,
2002); and overpressured, strongly reﬂective, basin strata related to
the geothermal potential of the area as evidenced by surface hot
springs and mud volcanoes (e.g., McLeod, 1951; Bezore, 1984), all cut
by minor intra-basin faults (Egger et al., in press).
We interpret the transparent region near the SVF (CMPs 50–150,
≤1 s) to be coarse alluvium shed from the Warner Range during basin
subsidence (Fig. 2B, zone e), similar to other reﬂection proﬁles across
large-offset normal faults in the Basin-and-Range Province (e.g., Gans
et al., 1985; Okaya and Thompson, 1985). This alluvium is bound on the
west by the SVF, and on the east by reﬂection packages that disappear
against and interﬁnger with the abrupt facies change represented by
the reﬂection-free fan deposits. Egger et al. (in press) ﬁnd that seismic
wavespeeds are higher in this transparent zone e than in the reﬂective
lacustrine facies further east, though velocities are not well-determined due to poor ray geometry and limited ray penetration. The
similar non-reﬂective, inferred alluvial-fan facies above the fault tip of
the Dixie Valley fault in central Nevada (Okaya and Thompson, 1985) is
there shown from refraction data to have a seismic wavespeed of 2.3–
2.6 km/s in contrast to the typical valley-ﬁll wavespeed of 2.1 km/s
(Thompson et al., 1967).
The most tectonically signiﬁcant reﬂections on our seismic section
are from the SVF that provides the structural control for the evolution
of the Surprise Valley basin and the uplift of the Warner Range
(Fig. 2B, reﬂection a), visibly truncating intra-basin reﬂections. The
image of the SVF in Fig. 2B dips 18° when migrated and displayed at a
wavespeed of 2.0 km/s appropriate for the reﬂective section of basin
ﬁll. Poor reﬂectivity at the west end of the proﬁle (west of c. CMP 100)
limits our velocity resolution from semblance analysis. If the average
seismic velocity is faster in the non-reﬂective, coarser alluvial-fan
sequence close to the fault tip than in the reﬂective lacustrine facies in
the main depocenter, then the fault might be slightly listric,
steepening towards the surface. To provide conservative (steep)
estimates of fault dip, we use a range of average velocities down to the
fault of 2.4 ± 0.4 km/s, leading to apparent dips of 22 ± 4° along the
line of proﬁle. This is only an apparent dip, because our 2-D proﬁle has
an oblique (37 ± 3°) intersection with the strike of the SVF at the
western end of the survey (Fig. 1). Correcting for the apparent dip
created by this geometry and associated side-swipe (e.g., Slotnick,
1959) implies a true dip of the fault plane of 28 ± 6° (a 22° dip would
correspond to a fault obliquity of 34° and average seismic wavespeed
of 2.0 km/s; a 34° dip is calculated for a fault obliquity of 40° and
average seismic wavespeed of 2.8 km/s).
This corrected dip (28 ± 6°) represents the true dip of the fault
plane at this location, though the dip in the slip direction is likely
lower. The actual slip sense on this 037 ± 3°-trending fault tip would
contain a dextral component if the hanging-wall motion complies (as
is required to avoid signiﬁcant space problems) with the 090° regional
slip direction (top to the east), suggesting a fault dip in the slip
direction of 22 ± 4°, consistent with the lowest dips observed for the
rupture planes of active continental normal faults (Johnson and Loy,
1992; Collettini and Sibson, 2001).
Oligocene volcanic strata preserved in the Warner Range dip
20 ± 5° to the west as a result of footwall-block rotation during slip on
the SVF (Fosdick et al., 2005). Restoring this rotation of the footwall
units results in an initial fault dip of ~ 37–59°, compatible with
experimentally-derived normal-fault formation geometries of 54–69°
(for Berea sandstone, Twiss and Moores, 1992) and with the standard
high-angle model (~60°) for the upper-crustal rupture of Basin-andRange normal faults (e.g., Friedrich et al., 2004; Personius and Mahan,
2005).
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Two additional datasets north and south of our reﬂection proﬁle
conﬁrm that the SVF dips 30–40° for at least 12 km along strike, and in
two adjacent segments. Four commercial vibroseis proﬁles 6 km north
of our reﬂection proﬁle (Fig. 1), still within the Lake City segment of
SVF, provide velocity information that suggests the basin–basement
interface (presumably the SVF) dips ~30° (Benoit, 2004). The 2004
Stanford refraction proﬁle 6 km south of our reﬂection proﬁle, across
the Cedarville segment of the SVF (Fig. 1), shows a reﬂection from
Shotpoint 4 with reverse move-out (far-offset arrivals arrive earlier
than near-offset arrivals), the signature of a reﬂector dipping steeply
back towards the shotpoint, that is best matched by a fault that dips
~30–40° to at least 7 km depth (Fig. 3).
A splay from the main fault strand of the Cedarville segment
crosses our survey-line just east of the SVF and produces a topographic
bench, accommodating at least minor offset near CMP 100 (Fig. 1). We
interpret the western terminations of a thin sequence of west-dipping
reﬂectors (10°–15°) near CMP 100 to be basin strata offset by this fault
(Fig. 2B, alignment d). This fault splay dips 34 ± 4° after migration at
seismic wavespeeds of 2.1 ± 0.2 km/s (we use lower velocities than
for migrating the SVF because this fault splay is shallower and more
distal from the alluvial fan). The minor fault splay (d on Fig. 2B)
appears steeper than the dip of the SVF (a on Fig. 2B) largely because
the minor fault trends north–south, so the reﬂection points (d on
Fig. 2B) are vertically beneath the west–east seismic proﬁle (apparent
dip is true dip in this case), in contrast to the reﬂection points from the
SVF that are displaced south of the proﬁle due to local obliquity of the
SVF to the seismic proﬁle. The appearance on Fig. 2B that the splay
fault (e) will intersect the SVF reﬂection (a) at ~ 2 s travel time is thus
largely an artifact of the 3D geometry. Within our uncertainties the
minor fault (34 ± 4°) could either be parallel to the SVF (26 ± 8°)
along the line of section AA′ (Fig. 2A), or could sole into the SVF (inset
to Fig. 2B).
5. Discussion
Our data described above highlight the complexity of the detailed
geometry of major continental normal faults, even when formed in
near isolation from other parallel faults. The SVF formed at a highangle (~50–60°), then rotated to its shallow present-day dip of ~ 30°,
while accommodating at least 10 km of dip-slip motion over the last
14 Ma. Although upper-crustal units undergo progressive ﬂexure in
the foot-wall and hanging-wall blocks as they approach the SVF, the
fault plane itself remains fairly planar to ≥7 km depth (Fig. 3) and its
development appears indistinguishable from the upper-crustal evolution of domino-style normal faults elsewhere in the Basin and Range
(e.g., Proffett, 1977; Chamberlin, 1983; Gans et al., 1985).
Its isolation from other signiﬁcant structures, however, makes the
SVF unusual within the Basin and Range, affording an opportunity to
observe the development of a normal fault in continental crust under
relatively simple boundary conditions. The SVF is responsible for the
tilting observed in the Warner Range and in Surprise Valley, but this
tilting is not a function of domino-style normal faulting and block
rotation (e.g. Proffett, 1977). The tilting observed in the Warner Range
is a smaller-scale example of that seen along rift-bounded plateaus
where ﬂat-lying stratigraphy rises topographically toward the
bounding rift, as observed along the East African Rift and the Red
Sea (see Fig. 1 of Ebinger et al., 1999). This tilting was explained by
Heiskanen and Vening Meinesz (1958) as due to the isostatic uplift of
a horst footwall after removal of the load of the hanging-wall graben.
The ~ 15 km basin width of Surprise Valley is comparable to the Dobe
and Addo-Do extensional basins in Afar where elastic thicknesses are
constrained to be between 5 and 10 km (Hayward and Ebinger, 1996;
Foster and Jackson, 1998). The radius of curvature of tilted volcanic
strata in our footwall block (the Warner Range) (Fig. 2A) is
approximately 65–70 km, compatible with forward modeling of
plateau-bounding rifts by Ebinger et al. (1999) in which an elastic
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thickness of 10 km produced a surface with a radius of curvature of
~ 60 km. Given the high heat ﬂow (≥100 mW/m2) and low surface
conductivities (~2 W/m/K; hence, near-surface temperature gradient
of 50 °C/km) of the Surprise Valley region (Blackwell et al., 1991;
Benoit, 2004), we expect the brittle–ductile transition zone, and thus
the deeper limit of effective elastic thickness, to lie at less than 9 km
depth (Fig. 2A). Modeling by Buck (1993) indicates that only in cases
of very low elastic thickness (b10 km) will isolated normal faults bend
and rotate to shallow angles before being replaced by younger, highangle faults. The brittle–ductile transition zone beneath Surprise
Valley should be slightly perturbed by motion along the SVF (Fig. 2A),
but conductive cooling should re-establish it at ~9 km depth at a
characteristic time-scale of ~2.5 Ma (e.g., Turcotte and Schubert,
1982). Thus the 350 °C isotherm (our proxy for the brittle–ductile
transition zone) should be elevated by less ≤3 km, being the amount
of vertical motion along the SVF since 2.5 Ma for ≤5 km dip-slip
(Fig. 2A). The absence of any observable Moho relief beneath the SVF
(see Fig. 7 of Lerch et al., 2007) corroborates our supposition of low
elastic thickness and indicates that crustal ﬂow in the middle to lower
crust must compensate for the fault rotation.
Paleoseismic studies constrain the surface dip of the most youthful
fault scarps along the Cedarville segment of the SVF to be ~ 65–70°
(Personius et al., 2007), far too steep to be the main fault plane imaged
in our proﬁle (even with the most extreme assumptions about high
seismic velocity and large obliquity between fault dip and proﬁle
trend) and also too steep to account for the ~ 15–25° tilt of Cenozoic
strata in the Warner Range. We recognize two likely explanations for
this discrepancy, aside from the separation of the trench from the
proﬁle (the trench is 3 km south of the reﬂection line, across a different
segment of the fault). First, that slip on the modern SVF (measured in
the trench) roots into the lower-angle SVF at depth (Fig. 2A, inset
ellipse i), or second, that the active trace of the SVF is a young feature in
the Surprise Valley–Warner Range system, cutting and offsetting the
shallower SVF which is now unfavorably oriented for slip (Fig. 2A, inset
ellipse ii) (cf. Proffett, 1977; Chamberlin, 1983).
Despite our inability to resolve the above discrepancy (at least
until the next large earthquake on the SVF), multiple datasets indicate
that the SVF represents an active Basin-and-Range normal-fault
system. In addition to seismic, thermochronologic, and geologic
data, geodetic strain measurements of present-day deformation
show a strong velocity gradient across the Surprise Valley–Warner
Range system (Hammond and Thatcher, 2005). From east to west,
across the Sheldon Plateau–Surprise Valley transition, velocity
vectors shift from NW-directed to NNW-directed and increase in
velocity from approximately 3 mm/yr to 5–7 mm/yr (relative to
stable North America). At face value, these geodetic velocities
taken together with the N–S trend of the SVF suggest that the modern
fault system should include a dextral strike-slip component. More
detailed studies are in progress to determine along what faults these
motion(s) are taking place. This strike-slip motion may be loosely
linked to the temporal northwestward growth of the Eastern
California Shear Zone–Walker Lane Fault Zone system (e.g., Oldow,
2003; Faulds et al., 2005). However, it is clear from the map-scale
corrugated morphology of the SVF that the SVF has accommodated
very little strike-slip motion in its history of slip; and indeed, the sense
of offset of the SVF between adjacent fault segments would be more
consistent with sinistral than dextral motion (Egger et al., in press).
This may indicate that the 1–2 mm/yr component of strike-slip
motion inferred from geodetic measurements is very young, or is
being accommodated along as yet unmapped faults within Surprise
Valley.
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