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ABSTRACT

New total fault slip estimates for the cen-
tral Mojave Desert portion of the Eastern
California shear zone support through-going
dextral shear of ~18 km that is transferred
northward to the Garlock fault. The Eastern
California shear zone accommodates ~25%
of the plate-boundary shear, with the trans-
versely oriented Garlock fault forming its
northern boundary with the Walker Lane
belt. Total fault slip estimates for the major
faults in the central Mojave Desert were de-
termined using detailed geologic mapping
supplemented with aeromagnetic data. Offset
data for the Blackwater fault show a consis-
tent 1.8 + 0.1 km of dextral slip along 55 km
of strike length, and they indicate that slip
initiated at or after 3.8 Ma. The faults adja-
cent to the Blackwater fault have dextral slip
of: 4.8 + 0.3 km (Harper Lake fault); 2.9 +
0.5 km (Mount General fault); 1.0 = 0.7 km
(Lockhart fault); and 3.2 + 0.3 and 0.53 +
0.05 km (Paradise fault). These slip data aug-
ment published data for the central Mojave
Desert and allow evaluation of the strain path
in the central Mojave Desert, showing consis-
tent along-strike, through-going dextral slip.
Contractional and extensional step-overs
in the central Mojave Desert accommodate
a change from focused slip in the southern
central Mojave Desert to a wider and more
dispersed fault system northward with a shift
in the locus of dextral shear westward. We
interpret these changes in the fault system
to be a response to the Garlock fault, which
inhibits through-going faulting but allows
through-going dextral shear via clockwise
deflection of its trace.

INTRODUCTION
The area east of the San Andreas transform
in California accommodates 25% of the active

dextral shear between the Pacific and North

fjeandrew @ku.edu

GSA Bulletin;

American plates (Dixon et al., 1995; Miller
et al., 2001; Bird, 2009). Dextral shear in this
region is focused on two distinct zones of fault-
ing, the Eastern California shear zone and the
Walker Lane belt, separated by the transversely
oriented, sinistral Garlock fault (Fig. 1). Numer-
ous geologic and geodetic studies have exam-
ined the regional and local aspects of the fault
slip in this region as a way to understand the
lithospheric controls on this plate-margin defor-
mation zone. Faults in the Walker Lane belt
(sensu Stewart, 1988) north of the Garlock fault
have well-known kinematics and slip histories
(Andrew and Walker, 2009). The total offset of
faults in the Eastern California shear zone south
of the Garlock fault is only partially well known,
and the timing of initiation of these structures is
poorly known (Glazner et al., 2002; Oskin et al.,
2007). The incomplete fault slip data set for the
Eastern California shear zone limits our under-
standing of how dextral shear is accommodated
across the Garlock fault in the combined East-
ern California shear zone—Garlock fault—Walker
Lane belt system.

The Eastern California shear zone accommo-
dates active dextral shear across a 120-km-wide
zone (Dokka and Travis, 1990). The western
portion of the Eastern California shear zone, the
central Mojave Desert, has numerous structures
that show Holocene or late Pleistocene activity
(Amoroso and Miller, 2006; Miller et al., 2007,
2013) but few constraints on slip amounts. The
dextral Blackwater-Calico fault system (Fig. 1)
is the best-studied through-going structure
within the central Mojave Desert. The slip on
this system decreases from 9.6 km on the Calico
fault in the south (Fig. 1; Dibblee, 1967; Glazner
et al., 2000; Oskin et al., 2007), to 3.0 km in
the Calico Hills (Singleton and Gans, 2008), to
1.8 km at Black Mountain (Oskin and Iriondo,
2004), and a northern termination of offset was
interpreted to occur ~7 km south of the Garlock
fault (Smith, 1964; Oskin and Iriondo, 2004).

The lack of data constraining slip amounts for
faults in the Eastern California shear zone near
the Garlock fault permits multiple hypotheses
for how regional deformation is accommodated,

doi: 10.1130/B31527.1; 7 figures; 2 tables.

For permission to copy, contact editing @ geosociety.org
© 2016 Geological Society of America

such as: (1) dextral slip dies out northward into
off-fault strain in the numerous east-west—trend-
ing folds within the central Mojave Desert
(Dibblee, 1967; Oskin et al., 2007); (2) strain
is transferred rightward via east-west—striking
sinistral-oblique or normal faults to the north-
eastern Mojave Desert (Schermer et al., 1996;
Miller et al., 2001; Meade and Hager, 2004;
Oskin et al., 2007); or (3) deformation is trans-
ferred leftward via east-west—trending contrac-
tional step-over structures (Bartley et al., 1990;
Glazner and Bartley, 1994). Regardless of the
exact path that strain takes through the central
Mojave Desert, the Garlock fault appears to be
a barrier to through-going, northwest-striking
dextral faults, so regional dextral strain across
it needs to be taken up via significant clockwise
deflection of the Garlock fault trace (Fig. 1;
Garfunkel, 1974; Dokka and Travis, 1990; Gan
et al., 2003) or transferred around the eastern
end of the Garlock fault. More information
about slip on faults in the central Mojave Desert
is required to evaluate these hypotheses.

This study examined several faults in the
northern part of the central Mojave Desert to test
the hypotheses for the strain path in the East-
ern California shear zone. Oskin et al. (2007)
and Frankel et al. (2008) noted that changes in
dextral slip along the Blackwater-Calico fault
system occur near locations of active north-
south contraction (Glazner and Bartley, 1994)
and intersections with transverse left-lateral and
extensional faults. Impetus for the current study
came from data in Andrew et al. (2014), which
demonstrate that ~2 km of dextral slip on the
northern end of the Blackwater fault occurs to
within 3 km of the Garlock fault, thus negat-
ing at least part of the interpretation that slip
decreases northward for the Blackwater-Calico
fault system. To collect a full slip budget in the
central Mojave Desert, our study examined dex-
tral fault slip in the region using the Calico fault
as the eastern boundary of the southern central
Mojave Desert; northward, we used either the
Paradise fault or the east Goldstone Lake fault
(domain boundary of the northeast Mojave Des-
ert as defined by Schermer et al. [1996]) and
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Figure 1. Shaded relief map of the Eastern California shear zone showing deformation provinces. See inset map for location. Faults are
modified from the Southern California Community Fault Model (Plesch et al., 2007) and Quaternary fault maps of Amoroso and Miller
(2006) and Miller et al. (2013). The Garlock fault is a 10-20-km-wide fault zone (Garlock fault zone [GFZ]) where it borders the Eastern
California shear zone (ECSZ) and Walker Lane belt (WLB; Andrew et al., 2014). EGLF—east Goldstone Lake fault.

Miller and Yount [2002]). Note that two recent
large (M >7) earthquakes in the Eastern Califor-
nia shear zone (1992 Landers and 1999 Hector
Mine earthquakes) have occurred on faults near
the southeastern boundary of the central Mo-
jave Desert.

We investigated geologic units and struc-
tures to examine fault slip at new sites along the
Blackwater fault and then compared these with
fault offset data of Oskin and Iriondo (2004) and
Andrew et al. (2014) to better understand how
total slip varies along the length of the fault (i.e.,
to differentiate consistent, gradually decreas-
ing, or incrementally decreasing slip). Next, we
examined new slip constraints along the Harper
Lake, Mount General, Lockhart, and Paradise
faults, adjacent to the Blackwater fault (Fig. 1).
Last, we combined these data with published
total offset data in the central Mojave Desert
to examine the fault slip in this system, and
specifically the roles of off-fault strain, trans-
fer of strain northward, and lateral step-over
structures.

FAULT SLIP ESTIMATES FOR
THE BLACKWATER FAULT

The southern portion of the Blackwater fault
(Fig. 1) has 1.8 + 0.1 km of dextral offset of a
ca. 3.8 Ma basalt lava flow near Black Mountain
(Oskin and Iriondo, 2004). (Note, uncertainties
on fault slip reported here, and by most authors,
are usually near the extremes of possible values,
so we assume they represent 2c or 95% confi-
dence estimates.) Dextral slip at the northern end
of the Blackwater fault is ~2 km based on two
fault slip marker sets: 2.1 £ 0.6 and 1.9 + 0.3 km
(Andrew et al., 2014). Our study examined a site
on the central portion of the Blackwater fault to
determine how slip varies along strike.

Geology of the Central Blackwater Fault

The Blackwater fault near Blackwater Well
(Fig. 1) has fault line scarps (Fig. 2) that cut
7.2 Ma dacite lava flows (Oskin and Iriondo,
2004), and on remote-sensing images, it shows

Geological Society of America Bulletin

right-lateral separation of distinct Mesozoic
plutonic units with steeply dipping contacts
(see Table 1 for rock descriptions). Oskin and
Iriondo (2004) concluded that dextral slip on
the Blackwater fault in this area is between
0.3-1.8 km, based on reconstructions of these
lava flows, assuming minimal erosion since ca.
7 Ma. The minimal erosion assumption is dif-
ficult to support because the base of these flows
is exposed on a mesa ~120 m above the sur-
rounding terrain (Fig. 2). Quaternary fault maps
(Amoroso and Miller, 2006; Miller et al., 2007,
2013) show that at least one additional fault
splay of the Blackwater fault occurs west of the
dacite lava flow, outside the study area of Oskin
and Iriondo (2004).

The late Miocene dacite lava flow is exposed
on the east side of the Blackwater fault (Fig. 2). It
was deposited directly onto biotite granodiorite,
but locally there are paleochannels cut into the
granodiorite with three varieties of paleochan-
nel fill: an older pumice lapilli tuff deposit; an
overlying pebble sandstone containing grano-
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Figure 2. Geologic map of central segment of the Blackwater fault near Blackwater Well
(mapped at 1:6000 scale, using methods outlined in Andrew et al., 2014). See Figure 1 for
location. See Table 1 for detailed descriptions of geologic units. This map includes geologic
mapping data of an early Miocene rhyolite center (Jenkins, 1989) north of Blackwater Well
and of a late Miocene dacite lava east of Blackwater Well (Oskin and Iriondo, 2004). Thick
dashed lines are projections of fault offset geologic markers; see labels and text for details.
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diorite, aplite, and unaltered rhyolite clasts; and
a boulder conglomerate of altered rhyolite clasts
(see Table 1 for descriptions). The altered rhyo-
lite clasts occur distinctly as boulders up to 4 m
in diameter (Figs. 3A and 3B) that are yellow
colored, silicified, and flow banded.

An early Miocene rhyolitic volcanic center
occurs west of the Blackwater fault, north of
Blackwater Well (Figs. 2 and 3C). This is a rela-
tively small-volume center dominated by rhyo-
litic lapilli and lithic lapilli tuffs (see Table 1 for
descriptions) with overlying proximal epiclastic
and volcaniclastic units of unaltered rhyolite lava
that are intruded by strongly altered, flow-banded
rhyolitic bodies (Jenkins, 1989). Erosion of the
rhyolitic volcanic center has created distinctive
alluvial deposits that vary radially; locations with
rhyolitic intrusions upslope have distinctive fan-
glomerate deposits with yellow boulders of silici-
fied and flow-banded rhyolite. These subrounded
to subangular boulders are 0.7-2.0 m in diameter,
with some up to 4 m across. Several fault scarps
and fault-line scarps of the Blackwater fault
cut the inactive alluvial deposits that were shed
northeastward from this rhyolitic volcanic center.

Fault Slip Interpretation for the
Central Blackwater Fault

We interpreted several fault slip markers for
the Blackwater fault using our new data. We
estimated the horizontal component of fault slip
because the Blackwater fault is dominantly a
right-lateral strike-slip fault (Oskin and Iriondo,
2004). A steeply dipping intrusive contact of
light-colored Cretaceous granodiorite into
chloritized Jurassic hornblende diorite occurs
on both sides of the Blackwater fault (Fig. 2).
This contact strikes northeast, where it is well
exposed west of the Blackwater fault. East of
the Blackwater fault, the contact is buried by
alluvium adjacent to the fault but is exposed
1.2 km farther eastward. We estimated the trend
of the map trace of the intrusive contact in order
to project it westward to the fault. We tried to
account for the variability of the exposed map
trace by estimating the extreme angles of pos-
sible projections to the Blackwater fault (where
the estimated extreme angles of projection limit
the possible dextral slip from 1.2 to 2.2 km).
These projections yield a fault slip estimate of
1.7 + 0.5 km (this includes the dextral offset on
the small splay faults just west of the main fault
trace; Fig. 2).

Rock types in the rhyolitic volcanic center
match the composition of clasts in paleochannels
below the dacite lava east of the Blackwater
fault. The boulders of altered, yellow-colored,
silicified, and flow-banded rhyolite in the paleo-
channel fill deposits (Figs. 3A and 3B) match
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TABLE 1. DESCRIPTIONS OF NEOGENE GEOLOGIC UNITS IN THE BLACKWATER WELL AREA

Unit descriptions for units on Figure 2

Side”

Late Miocene dacite lava

A 7.23 + 1.07 Ma dacite lava flow (Oskin and Iriondo, 2004) that is a 60—90-m-thick, dark-colored, vitrophyric dacite with abundant fine-grained needles of

East

hornblende. It has strong flow textures with an oxidized basal autobreccia zone up to 6 m thick, overlain by flow-banded lava with platy fractures grading
upward into massive lava capped by a carapace of autobreccia (Fig. 3A).

Middle(?) Miocene conglomerate

Paleochannel fill deposits below dacite lava flow consisting of weakly indurated pebble sandstone to boulder conglomerate. Bedding is locally well exposed

East

where the unit is finer grained. Clasts consist of biotite granodiorite; aplite; unaltered, massive, gray rhyolite lava; and yellow-altered, silicified, flow-banded
rhyolite lava. The granodiorite and aplite clasts match the immediately underlying basement rocks, but the rhyolite clasts have no known source in the area
east of the Blackwater fault. The clast size varies for each composition: Granodiorite and aplite clasts are up to 25 cm in diameter, the unaltered rhyolite
clasts are up to 1 m, and the silicified rhyolite lava clasts are generally coarser, up to 4 m in diameter. Altered and unaltered rhyolite clasts do not occur

in the same paleochannel deposits. The abundance, size, and rock type of clasts in the paleochannel deposits vary along base of the dacite lava, with
northeastern exposures containing the coarsest altered rhyolite clasts (Figs. 2, 3A, and 3B). Arkosic pebble sandstone and conglomerate in the southern

paleochannel deposit overlie pumice lapilli tuff.
Early Miocene volcanic breccia

Local deposits of poorly sorted volcanic clasts, including unaltered massive rhyolite lava. The clasts size ranges from sand-sized to 3 m boulders. The chaotic

sorting, coarse clast size, and unbedded nature suggest these are proximal talus breccias (Jenkins, 1989).

Early Miocene rhyolitic intrusions

Altered, flow-banded rhyolitic bodies intruded into the rhyolitic volcanic center. There are several of these intrusions in the volcanic center, but only one

West

West

intrusion is exposed adjacent to the Blackwater fault (Figs. 2 and 3C). Strong alteration is centered on the intrusions, with abundant pyrite mineralization
and intense silicification grading outward to moderate to low argillitization (Jenkins, 1989). This mineralization has been subsequently altered by supergene
processes replacing pyrite with jarosite, creating rocks with a distinctive bright yellow color. We interpret these rhyolitic intrusions to be part of a regional
early Miocene volcanic episode (early Miocene volcanism summarized in Glazner et al., 2002).

Early Miocene epiclastic and volcaniclastic rocks

Proximal epiclastic and volcaniclastic deposits of thinly laminated lithic siltstones and thick beds of massive breccia with interbeds of ash-fall lithic and lapilli

West

tuffs. The matrix consists of ash particles. Boulder-sized clasts of unaltered, gray rhyolite lava occur up to 1.5 m in diameter.

Early Miocene tuff

Basal volcanic deposits of felsic lithic and lapilli tuffs in the volcanic center west of the Blackwater fault. These tuffs range from thin beds (1 mm) to thick

Both

massive beds (3 m). The units contain varying amounts of lithic and pumice fragments in a tuffaceous matrix. One sub-dacite paleochannel on the east side
of the Blackwater fault contains a deposit of massive pumice lapilli tuff. It is very light gray to white, containing abundant unaltered, rhyolitic pumice lithic
clasts. This tuff is 4 m thick and fills a northeast-trending paleovalley.

Cretaceous granodiorite

Biotite granodiorite forms the basement rocks of the northern parts of the area. It is a medium-grained, equigranular, leucocratic biotite granodiorite that

Both

contains steeply dipping, 10-20-cm-thick aplite dikes and shallowly dipping, 1-2-m-thick pegmatitic dikes. This granodiorite intrudes hornblende diorite.

Jurassic hornblende diorite

The basement rock exposed in the southern parts of the map area is chloritized hornblende diorite. This unit is medium to coarse grained and has a dark

Both

green color due to the prevalence of chlorite alteration. Series of shallowly dipping, 1-2-m-thick pegmatite dikes also cut this diorite.

*Refers to side of the Blackwater fault on which these units are exposed.

jarosite-altered, silicified, flow-banded rhyolitic
intrusive bodies in the rhyolitic volcanic center
immediately west of the Blackwater fault. The
paleochannel boulders of altered rhyolite have
similar shapes, textures, and sizes as clasts in
sedimentary deposits sourced from the rhyolitic
intrusions in the rhyolitic volcanic center. The
geologic relationships at the rhyolitic volcanic
center, with its eastern end of dominantly rhyo-
litic tuff beds and small volumes of volcani-
clastic breccia of unaltered rhyolite lava, limit
the source area for the yellow, altered rhyolite
clasts to one altered rhyolitic intrusion on the
eastern side of the volcanic center adjacent to
the Blackwater fault (Fig. 2). The pumice lapilli
tuff in the paleochannel below the dacite lava,
east of the Blackwater fault, matches texturally
and lithologically with a tuff exposed just west
of the Blackwater fault along the eastern side of
the rhyolitic center (Fig. 2). The volcanic rocks
west of the Blackwater fault that occur adja-
cent to the Blackwater fault have a northwest to
southeast variation in rock type: a core of altered
rhyolitic intrusive rocks surrounded to the north
and south by pumice lapilli tuff deposits and
capped with volcaniclastic deposits of unaltered

rhyolite lava clasts. The spacing of this variation
in the geology for the volcanic center is similar
to that seen in paleochannels east of the Black-
water fault below the ca. 7 Ma dacite lava. A fault
slip constraint can be constructed by matching
projections of these multiple units to the Black-
water fault (Fig. 2) to yield 1.8 + 0.3 km of
dextral slip. This slip estimate is based on the
orientation of the northeast-trending paleochan-
nel filled by pumice lapilli tuff and includes the
range of possible horizontal projection azimuths
of this channel westward to the fault. This slip
value is compatible within error with the right-
lateral offset interpreted for the nearby intrusive
contact of granodiorite into diorite discussed
earlier. Jachens et al. (2002) estimated a simi-
lar amount of dextral offset (2.0 km) for a linear
aeromagnetic high in an area just a few kilome-
ters north of our study area.

Regional Fault Slip for the
Blackwater Fault

The new offset data for the central Black-
water fault demonstrate the continuous nature
of slip along much of the length of the Black-
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water fault. These values, combined with pub-
lished geologic offsets to the north and south of
Blackwater Well by Oskin and Iriondo (2004)
and Andrew et al. (2014), show that ~1.8 km of
right-lateral slip occurs along 55 km of the trace
of the Blackwater fault (Table 2). Because these
values are consistent, slip cannot significantly
diminish going northward along the fault as in-
terpreted by Oskin and Iriondo (2004).

The ages of geologic features that have
~1.8 km of dextral offset on the Blackwater fault
vary from Pliocene (Oskin and Iriondo, 2004)
to Cretaceous, with several offset late Mio-
cene features in the Lava Mountains (Andrew
et al., 2014) and at Blackwater Well (Oskin and
Iriondo, 2004). These features are scattered
along the length of the fault, and all have the
same amount of offset within error. We inter-
pret this to imply that significant dextral slip
on this fault began at or after ca. 3.8 Ma, which
is the age of the youngest known geologic unit
with the full 1.8 km of dextral offset. Oskin and
Iriondo (2004) interpreted slip to have begun be-
fore 3.8 Ma based on interpretation of a basaltic
lava flow filling a paleochannel along the fault
trace, but the context of this paleotopographic
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Figure 3. (A) View of a paleochannel deposit below a 7.2 Ma dacite lava flow. See Figure 2 for location. This deposit contains coarse boulder
clasts of jarosite-altered silicified rhyolite lava. Scale varies, but the largest boulder to the right of center is 4 m high. (B) Detailed view of A,
showing jarosite-altered silicified rhyolite lava boulders that have moved a few meters downslope from the paleochannel deposit. The largest
boulder in this view is 4 m tall. (C) View looking west to the early Miocene rhyolitic center, north of Blackwater Well, as shown on Figure 2.
Hill in middle ground is approximately 150 m high. Geologic data are annotated on this view with thicker lines as faults and fault-line scarps.
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TABLE 2. HORIZONTAL COMPONENT OF TOTAL DEXTRAL FAULT SLIP IN THE CENTRAL MOJAVE DESERT

Offset Error

Label*  Offset features and notes (km) (xkm) Reference

Blackwater fault

B1 Distal and proximal facies of Almond Mountain Volcanics (7.5-8.0 Ma) 2.1 0.6 Andrew et al. (2014)

B2 Buttress unconformity of Bedrock Spring Formation (7—10 Ma) onto older dacite domes of the volcanics of 1.9 0.3 Andrew et al. (2014)
the Summit Range (10.5-11.5 Ma)

B3 Jarosite-altered, silicified rhyolite clasts under 7.2 Ma dacite lavas (Oskin and Iriondo, 2004) to sedimentary 1.8 0.3 This study
source area of altered rhyolite lava (Fig. 2)

B4 Intrusive contact of granodiorite into hornblende diorite (Fig. 2) 1.7 0.5 This study

B5 Lava flow edges of Pliocene basalt flows 1.8 0.1 Oskin and Iriondo (2004)

B Weighted mean of offsets for Blackwater fault 1.81 0.09 This study

Calico fault

C1 Langtry-Waterloo silver-barite hydrothermal deposit 2.6 0.7 Fletcher (1986)

(67 Celadonite-altered dacite domes in Calico Mountains 3.0 0.1 Singleton and Gans (2008)

C Weighted mean of C1 and C2 2.99 0.10 This study

Calico folds

CF Interpreted shortening of the Pickhandle Formation 1.0 0.3 Singleton and Gans (2008)

Camp Rock fault

SC 7.56 km of offset of Miocene-age Silver Bell fault plus 0.98 km on a splay fault and 1.24 km from adjacent 9.78 0.14 Glazner et al. (2000)
drag folding

Camp Rock fault

CR1 As the Camp Rock fault approaches the Lenwood anticline, its strike changes from 325° to 290°, and slip 0 N.D. Gurney (2008)
diminishes to zero

CR2 Fault contact of interbedded volcanic-sedimentary rock with steeply dipping tuff overlying gneiss, diorite, 1.6 N.D. Hawkins (1976)
and granite

CR3 Granite-quartz monzonite contact. Full offset: CR1 and CR2 have less slip due to accommodation on the 3.75 N.D. Miller and Morton (1980)
Lenwood anticline

East Goldstone Lake fault

EG Correlation of intrusive contacts between Cretaceous muscovite-garnet granite and Jurassic quartz diorite 3 N.D. Schermer et al. (1996)

Gravel Hills fault

GH Interpreted additional 1.2 km of dextral slip transferred to the northern Harper Lake fault from the Calico 6.0 0.3 This study
fault via the Black Mountain anticline

Harper Lake fault

HL Aggregate of intrusive contact, fold hinges, and folded detachment fault and rock units (for more details, see 4.8 0.3 This study
Fig. 4 and text)

Helendale fault

H Reevaluation of 3 km offset of distinctive plutons by Miller and Morton (1980) using digitally relocated data 3.2 0.2 Miller and Morton (1980);
of Dibblee (1960c) onto detailed orthophotographs This study

Lenwood anticline

LA1 Eastern: subtract Camp Rock fault slip from west Lenwood fold 1.1 N.D. Gurney (2008)

LA2 Western: modeled contraction from fault-bend fold model 3.8 N.D. Gurney (2008)

Lenwood fault

LW Distinctive 7.33 Ma (Iriondo, cited in Frankel et al., 2008), xenolith-bearing basalt flows in Fry Mountains 1.0 0.2 Carleton (1988)

Lockhart fault

LK Aggregate of intrusive contact, fold hinges, and folded detachment fault and rock units (for more details, see 1.0 0.7 This study
Fig. 4 and text).

Mount General fault

MG Aggregate of intrusive contact, fold hinges, and folded detachment fault and rock units (for more details, see 2.9 0.5 This study
Fig. 4 and text)

Paradise fault

P1 Aeromagnetic pattern that corresponds to magnetic highs of Mesozoic plutonic rocks and lows of Paleozoic 3.1 0.3 This study
metasedimentary rocks (Fig. 5)

P2 Paleozoic quartzite intruded by Mesozoic plutons (McCulloh, 1960; Dudash, 2006), relocated to detailed 3.4 0.5 This study
orthophotographs (Fig. 5)

PS Weighted mean of P1 and P2 3.18 0.26 This study

PN Weighted mean of four offsets of Mesozoic plutonic rocks on Figure 6 reinterpreted from McCulloh (1960) 0.53 0.05 This study

using detailed orthophotographs

*Labels on Figure 7; not all of these are shown on Figure 7.

low is unknown. This channel may be coinci-
dental, or it may represent pre-3.8 Ma faulting
with dextral slip amounts smaller than our mea-
surement errors, or it may represent an earlier
episode of dip slip (earlier sinistral slip is ruled
out because of the similar amounts of dextral
slip of Pliocene to Cretaceous features).

We computed the reduced y> values (often
referred to as mean standard weighted de-

viation [MSWD] by geoscientists) for the slip
estimates for the Blackwater fault because
there are five estimates for slip. The reduced
x* value for these data is 0.39 (P = 0.18), with
a weighted average slip of 1.81 + 0.09 km
(20). The relatively low reduced %> value in-
dicates that the slip uncertainties on this fault
may be overestimated in our analysis and in
other studies.

Geological Society of America Bulletin

FAULT SLIP ESTIMATES FOR OTHER
CENTRAL MOJAVE DESERT FAULTS

The total dextral slip for the other major faults
in the central Mojave Desert adjacent to the
Blackwater fault is poorly known. The Harper
Lake, Mount General, Lockhart, and Paradise
faults (Fig. 1) are well-mapped features with
pronounced geomorphic expression (Dibblee,



1967; Amoroso and Miller, 2006; Miller et al.,
2007, 2013). Estimates of the total slip values
of these faults are necessary if we are to evalu-
ate fault slip through the central Mojave Desert.
Our analysis of these faults uses published geo-
logic data supplemented with aeromagnetic data
sets summarized in Jachens et al. (2002), which
were published electronically by the U.S. Geo-
logical Survey. Jachens et al. (2002) used these
aeromagnetic data sets to estimate 28 fault slip
values across the Eastern California shear zone,
a few of which are mentioned herein where
applicable.

Dextral slip in the central Mojave Desert

Bartley et al. (1992) examined features of
an early Miocene extensional complex in the
Hinkley Hills area to estimate dextral slip for
the Harper Lake and Mount General faults
(Fig. 1) of 34 km and 5-10 km, respectively.
The Hinkley Hills area has a Jurassic gneissic to
mylonitic mafic plutonic complex that is juxta-
posed with Paleozoic and Proterozoic metasedi-
mentary biotite schist (Fig. 4A). Mesoscale fold-
ing along northeast-trending axes is responsible
for repetition of these units. These rocks are
intruded by the early Miocene Waterman Hills
granite (Bartley et al., 1992; Glazner et al., 1994;

Fletcher et al., 1995; Walker et al., 1995). Early
Miocene bedrock is well exposed along the east
sides of the Mount General and Harper Lake
faults (Fig. 4A), but there is extensive Quaternary
alluvial cover along their west sides and along the
Lockhart fault. This poor exposure of bedrock
limits the precision of slip estimates because it re-
quires more inference and projection of contacts.

The mesoscopic folds have northeast-trend-
ing, shallow-plunging fold axes with steeply
dipping limbs (Fletcher et al., 1995; Walker
et al., 1995). The folding occurred in the early
Miocene before initiation of dextral faulting
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Figure 4. (A) Geologic map of the Hinkley Hills area with simplified and locally inferred geologic markers shown
by thick dashed lines. See Figure 1 for location. Data are modified from Dibblee (1960b), Fletcher et al. (1995),
Fletcher and Martin (1998), and Walker et al. (2002). (B) Detailed aeromagnetic data (electronically published
digital data from the U.S. Geological Survey compiled in Jachens et al., 2002) overlain by geologic map features
and markers in the same area as part A. These aeromagnetic data represent multiple data sets that have been

adjusted to an arbitrary datum.
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in the Eastern California shear zone (Glazner
et al., 2002). The folds create a systematic out-
crop pattern oriented perpendicular to the dex-
tral faults. The granite of the Waterman Hills
intrudes these folded rocks with a steep contact
that is oblique to the trend of the fold hinges
(Fletcher et al., 1995; Fletcher and Martin, 1998;
Fletcher, 1999). An early Miocene detachment
fault is exposed in the Mitchell Range and in
Hinkley Hills (Fig. 4A). This contact is folded,
and outcrops of it and its upper plate of early
Miocene volcanic rocks occur in the hinges of
mesoscopic synclines/synforms. The presence
of the shallowly dipping detachment fault on
both sides of the Harper Lake fault supports an
assumption of similar levels of exposure.

None of the individual bedrock markers in
the Hinkley Hills area is unambiguous or well
enough exposed to be used as a piercing point,
but a composite of several of these features does
create a pattern that can be matched across the
Harper Lake fault (Fig. 4A). These features
include: the intrusive contact of the Miocene
Waterman Hills granite; the folded detachment
fault; mafic igneous complex rocks; and thick,
steeply dipping marble beds in the biotite schist.
The intrusive contact of the Waterman Hills
granite is poorly exposed, but it creates a con-
sistent pattern of aeromagnetic highs and lows
(Fig. 4B). An aeromagnetic high is associated
with the intrusive contact of this granite, but the
interior is a magnetic low. The aeromagnetically
defined granite contact is offset dextrally along
the Harper Lake and Mount General faults.

Our analysis used detailed, digital geologic
mapping data for the Hinkley Hills, Mitchel
Range—Waterman Hills, and Iron Mountains
(Fig. 4; Boettcher, 1990; Boettcher and Walker,
1993; Fletcher et al., 1995; Fletcher and Martin,
1998; Fletcher, 1999; Walker et al., 2002), sup-
plemented with older mapping data from Dib-
blee (1960a, 1960b) and Walker et al. (1990),
which were all replotted and relocated onto 1-m-
resolution digital orthophotographs. Restoration
of dextral fault slip (horizontal component) of
the aggregate features yields fault slip estimates
of 4.8 £+ 0.3 km for the Harper Lake fault, 2.9 +
0.5 km for the Mount General fault, and 1.0 +
0.7 km for the Lockhart fault. The precision of
this restoration is poor across the Mount Gen-
eral and Lockhart faults because not all features
are present in the intervening fault block. We
estimated the extremes of map-based geometric
projection errors for these faults based on the
variability of the trends of these traces and the
distance of projections to the faults. These slip
values are similar to those estimated by Jachens
et al. (2002) using aeromagnetic data for the
Mount General and Harper Lake faults of 3.1
and 5.0 km, respectively.
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The Paradise fault was recently recognized
as a major neotectonic fault with a suggested
offset of at least a few hundred meters (Fig. 1;
Miller and Yount, 2002; Miller et al., 2007,
2013). We estimated slip on the southern parts
of the Paradise fault from offset features in
the eastern Calico Hills. McCulloh (1960)
mapped a northeast-striking body of Paleozoic
metasedimentary rocks that were intruded by
Jurassic mafic plutonic rocks and overlain and
intruded by early Miocene rocks (Fig. S5A).
The eastern part of the Paleozoic rocks is cov-
ered by Quaternary deposits near the trace of
the Paradise fault (Dudash, 2006). Another
sequence of Paleozoic metasedimentary rocks
occurs on the east side of the Paradise fault
a few kilometers to the south. Correlation of
these metasedimentary rocks implies 3.4 +
0.5 km of dextral slip on the Paradise fault
(Table 2). Similar dextral offset is observed in
the aeromagnetic data (Fig. 5B), which show
3.1 £0.3 km of dextral offset of the south edge
of an aeromagnetic high (offset marker drawn
at the inflection of the slope in the aeromag-
netic data) just north of the Paleozoic rocks.
The magnetic low in Figure 5B correlates with
the Paleozoic metasedimentary rocks, and the
high to the north is due to Jurassic plutonic
rocks that intrude the Paleozoic rocks. The off-
set estimate using the Paleozoic rock map data
is somewhat higher because they are exposed
farther away from the fault on the west side and
require a greater amount of projection to the
Paradise fault trace. A weighted mean of these
slip estimates for the Paradise fault is 3.2 +
0.3 km (Table 2).

The trace of the Paradise fault continues
northward past the intersection with the Coyote
Lake fault and into the Paradise Range (Fig. 1).
We reinterpreted geologic map data of Mc-
Culloh (1960) using high-resolution remote-
sensing images (Fig. 6A) for offset on the newly
recognized Paradise fault. The Paradise fault is
easily seen in the remote-sensing images (Fig.
6A) where it cuts numerous steeply dipping
plutonic contacts of Mesozoic units in this area
of the fault trace. Four of these reinterpreted
intrusive contacts were used to measure offset
along the Paradise fault (Fig. 6B) and yielded
a weighted mean of 0.53 + 0.05 km of dextral
offset (Table 2). The surficial and geologic map
of Miller et al. (2013) shows a plutonic contact
in this same area with a similar value of 0.5 km
of dextral offset. Aeromagnetic data support
this interpretation of ~0.5 km of dextral offset.
Additional possible dextral faulting may occur
in the alluvial valley west of the Paradise Range
(Fig. 6A), but aeromagnetic and geologic data
of McCulloh (1960) limit that offset to <1 km
of dextral offset.
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TOTAL FAULT SLIP IN THE
CENTRAL MOJAVE DESERT

The known total offsets along dextral faults
and interpreted shortening accommodated by
Neogene folds in the central Mojave Desert
are summarized in Figure 7 and Table 2. We
computed weighted means of slip estimates for
faults in the central Mojave Desert for which we
had multiple estimates of slip (Table 2), e.g., the
Blackwater, north Calico, and Paradise faults.
Important sources of uncertainty to area-wide
interpretations include the limited offset data
for the northernmost portions of the central
Mojave Desert, with the exception of the Black-
water fault.

The Helendale fault is the westernmost fault
in our central Mojave Desert analysis. Miller
and Morton (1980) estimated slip of the Helen-
dale to be 3 km based on mapping of the in-
trusive contact between distinctive Mesozoic
plutons (located at H on Fig. 7). We reevaluated
this offset using geographic information system
(GIS) analysis of digitally relocated geologic
features of Dibblee (1960c) onto 1-m-resolu-
tion orthophotographs to obtain a slip of 3.2 +
0.2 km (Table 2). We applied this revised slip es-
timate to the entire length of the Helendale fault
because of a lack of data and the absence of ob-
vious structures that could transfer slip away or
absorb slip in off-fault deformation. Due to this
extrapolation, we raised the uncertainty in the
error analysis for the central and northern parts
of the Helendale fault. Even doubling the uncer-
tainty for this slip value adds little to the overall
uncertainty across the region. To the north, the
western boundary of the central Mojave Desert
is the Lockhart fault, which is discussed in the
following sections.

Slip Analysis Model of the
Central Mojave Desert

We use three northeast-oriented transects to
examine along-strike changes in dextral slip of
the central Mojave Desert system (Fig. 7). Be-
cause most faults lack multiple estimates for oft-
set along strike, we used a model in which slip
behaves similarly to that observed on the Black-
water fault. This model applies the one or two
locally derived slip values to the entire length
of the regional faults, except where significant
step-over structures exist, at which points lateral
slip transfer was evaluated. Step-overs are rec-
ognizable in the geology, geophysics, and geo-
morphology of the area. The total slip for each
transect was compiled using fault slip estimates
or weighted means for fault segments with
multiple estimates. The errors for each transect
were added in quadrature to compute the slip
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uncertainty. This approach is justified in that the
errors on slip estimates for different faults are
random and uncorrelated. From this approach,
we get estimates of slip of 14.2 + 1.0 km for
the northern, 18.1 + 1.0 km for the central, and
17.8 £ 1.0 km for the southern transects (all
quoted at 20).

The central and southern transects (Fig. 7)
have similar amounts of offset despite differ-
ences in the locus of deformation and struc-
tural complexities. First, slip is localized on
the Calico fault along the eastern side of the
southern transect, and the locus of slip is farther
westward on the Harper Lake fault in the cen-
tral transect. This change does not seem to im-
pact total slip. Second, slip is distributed across
a wider zone in the central transect. Both the
change in location and dispersion of the locus
of slip appear to be accommodated by the Len-
wood anticline, an east-trending transpressional
fold with a kinematically linked reverse fault at
depth, bounded to the east and west by dextral

faults (Glazner and Bartley, 1994; Strane, 2007;
Gurney, 2008; Frankel et al., 2008), and cut by
the Harper Lake—-Camp Rock fault (Cox and
Wilshire, 1993). This anticline is an important
contractional step-over between the southern
and central transects, and it could transfer a
portion of dextral shear leftward. The Lenwood
anticline accommodates different amounts of
contraction: 3.8 km in the western segment
west of the Harper Lake—Camp Rock fault and
1.1 km to the east of this fault (Gurney, 2008).
Offset on the Camp Rock fault decreases into
the Lenwood anticline (Hawkins, 1976; Gurney,
2008), which Gurney (2008) interpreted as ac-
commodation of dextral slip of the Camp Rock
fault onto the western segment of the Lenwood
anticline.

The northern transect in our analysis has a to-
tal slip value significantly less than the central
and southern transects (~4 km). The potential
differences in slip amounts and path are diffi-
cult to evaluate in the northern transect because,
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except for the Blackwater fault, the fault slips
are inferred from data in the central and south-
ern transects. Unlike the central and southern
transects, the northern transect has additional
areas where structures are present with poor or
unknown slip estimates that are not taken into
account in our analysis. Although slip on many
of the faults is inferred from farther south, we
do not consider this the primary limitation to
understanding the amount of deformation. The
most prospective locations to look for differ-
ences in slip are where there are potential step-
over structures, discussed in the following.

We consider it likely that additional dextral
slip is located on the Gravel Hills fault (Fig. 7),
the northern continuation of the Harper Lake
fault. A contractional structure similar to the
Lenwood anticline exists between the northern
and central transects in the termination zone
of the Calico and Blackwater faults (Fig. 7).
This structure begins at the Blackwater and
Calico faults and trends westward and ends at
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the Gravel Hills fault (Dibblee, 1968). Pliocene
basalt lava flows in this contractional zone have
over 700 m of structural relief (Glazner and
Bartley, 1994). This zone may act as a leftward
step-over, transferring a portion of the offset
of the Calico fault (and possibly the southern
Paradise fault) westward onto the Gravel Hills
fault, similar to our interpretation of the Len-
wood anticline. This idea is partially supported
by the observation that the Blackwater fault has
significantly less slip (1.2 km) than the Calico
fault (Fig. 7; Table 2). There are no known geo-

logic markers along the Gravel Hills fault to
test this hypothesis, but aeromagnetic patterns
show an apparent dextral offset of 69 km along
the Gravel Hills fault (for location, see Fig. 7),
compared to the 4.8 km of dextral slip on the
Harper Lake fault farther south. It is therefore
possible that at least some (1.2 km) and perhaps
all (4.2 km) of the slip difference between the
northern and central/southern transects could be
accommodated on the Gravel Hills fault.
Another area with large uncertainty in the
northern transect is the northeastern part of the
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central Mojave Desert. The main issue is what
happens to the slip on the Paradise fault going
northward into the area of the northern transect.
There are two structural scenarios for the east-
ern boundary, one in which the eastern bound-
ary of the northern central Mojave Desert is the
Paradise fault, and the other where the boundary
steps eastward to the east Goldstone Lake fault
(Fig. 7) via a segment of the Coyote Lake fault
(Miller and Yount, 2002; Miller et al., 2007).
If the eastern boundary of the central Mojave
Desert is the Paradise fault, then there is signifi-
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cant dextral slip that is missing or somehow ab-
sorbed in this area. A portion of the slip could be
present on the poorly known faults between the
Blackwater and Paradise faults (Fig. 7), but we
consider large amounts of slip in this area to be
unlikely because no through-going faults or sig-

nificant offsets have been identified (Amoroso
and Miller, 2006; Miller et al., 2013).

It is possible that slip from the Paradise fault
is transferred eastward via a segment of the
Coyote Lake fault (Miller et al., 2007) to the
east Goldstone Lake fault (Fig. 7). Offset along
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Figure 7. Shaded relief map of
the central Mojave Desert por-
tion of the Eastern California
shear zone (area highlighted
in white) showing the compiled
total fault slip data (details
and labels on Table 2). See Fig-
ure 1 for location. The fault slip
value is represented to scale by
the length of the thick black
line segments. The red lines
are Quaternary faults modi-
fied from Amoroso and Miller
(2006), Bedrossian et al. (2012),
Miller et al. (2013), and An-
drew et al. (2014). Mesoscopic
folds with north-south contrac-
tion are shown by a double
arrow symbol (Glazner and
Bartley, 1994), and interpreted
normal faults are shown by ball
and bar symbols. Thick purple
lines are transects used to ex-
amine the total slip budget of
the central Mojave Desert por-
tion of the Eastern California
shear zone. Each transect is la-
beled and includes a summary
of the individual slip values and
the total slip in bold. The total
slip value for the northern tran-
sect denoted with an asterisk is
our preferred slip model where
the Gravel Hills fault accom-
modates an extra 1.2 km more
than the along-strike Harper
Lake fault and includes the east
Goldstone fault: 3.2 (H) + 1.0
(LK) + 2.9 MG) + 6.0 (GH) +
1.8 (B) + 0.5 (P) + 3 (EG). Bold
labels are Black Mountain
(BM), Blackwater Well (BW),
Lava Mountains (LM), and
Paradise Range (PR).

the east Goldstone fault is poorly known, with
possibly 3 km of dextral offset as suggested by
Schermer et al. (1996) to the east of the Para-
dise Range (Fig. 7; Table 2). Including the east
Goldstone Lake fault increases the dextral slip
of the northern transect to 17.2 km, closer to the



value of the central and southern transects. This
scenario would imply that the Coyote Lake fault
is a right-stepping extensional step-over.

Our preferred interpretation is that a combi-
nation of these two scenarios accounts for the
apparent slip difference between the northern
and central transects. Dextral slip of 1.2 km
from the Calico fault is transferred westward
onto the Gravel Hills fault via a leftward step-
over at Black Mountain, and most of the slip on
the Paradise fault in the Calico Hills is trans-
ferred eastward to the east Goldstone Lake fault
via a segment of the Coyote Lake fault. The total
slip of the northern transect, with the interpreted
6 km of slip on the Gravel Hills fault (4.8 km
from the Harper Lake fault plus 1.2 km from the
Calico fault) and including the slip of the east
Goldstone Lake fault, is 18.4 + 1.4 km of slip
(Fig. 7), which agrees closely with the total slip
of central and southern transects.

Summary of Regional Slip
and Slip Initiation

Previous studies interpreted the difference
between 9.8 km of slip on the southern portion
of the Calico fault and 1.8 km of slip on the
southern Blackwater fault as gradually decreas-
ing amounts of slip northward in the central
Mojave Desert portion of the Eastern Califor-
nia shear zone. Our results lead us to a differ-
ent interpretation of the regional fault system.
First, the overall amount of slip is consistent
from south to north in the central Mojave Des-
ert portion of the Eastern California shear zone.
Second, significant changes in the amounts of
total fault offset on individual faults occur via
transverse structures that laterally link the dex-
tral faults to allow transfer of slip from one fault
to another. Our analysis is limited by the lack
of detailed information for the northern portions
of the Lockhart, Helendale, Mount General, and
Harper Lake (segment referred to as the Gravel
Hills fault) faults and the poorly constrained
east Goldstone Lake fault.

We interpret dextral slip on the Blackwater
fault to have begun at or after ca. 3.8 Ma. This
Pliocene age of initiation may apply to other
parts of the central Mojave Desert, but there
are few known constraints. The Lenwood fault
is interpreted to be younger than an offset
7.33 Ma lava flow (unpublished Ar-Ar data from
A. Iriondo cited in Frankel et al., 2008). Dextral
faulting in the western parts of the central Mo-
jave Desert (Helendale fault) was interpreted by
Cox et al. (2003) to have begun at 1.5 Ma based
on stratigraphic data and evolution of the Mo-
jave River. The modern fault-controlled physi-
ography of the northeastern Mojave Desert,
northeast of the central Mojave Desert (Fig. 1),
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began after 3.4 Ma (Miller and Yount, 2002). Al-
though the initiation of faulting in the northeast-
ern Mojave Desert was constrained by Schermer
et al. (1996) to have occurred after 11 Ma rocks,
Miller and Yount (2002) interpreted the data of
Schermer et al. (1996) to state that a few of the
faults in the northeastern Mojave Desert have
similarly displaced 17 Ma and 5.6 Ma rocks,
implying a Pliocene or younger age of fault ini-
tiation. A Pliocene age of initiation fits with cal-
culated initiation times for the central Mojave
Desert of 2—4 Ma (Du and Aydin, 1996) and ca.
3.4 Ma (Gan et al., 2003) using neotectonic and
geodetic data. Dokka and Travis (1990) specu-
lated that the initiation of dextral slip in the East-
ern California shear zone may have progressed
westward with time, but the limited available
data do not preclude either instantaneous or pro-
gressive development of faults. To the north in
the along-strike Walker Lane belt, initiation of
dextral slip initiated progressively westward and
overlaps in time with timing constraints for the
central Mojave Desert (Burchfiel et al., 1987;
Monastero et al., 2002; Mahéo et al., 2009; An-
drew and Walker, 2009; Walker et al., 2014).

CONCLUSIONS

Geologic slip estimates for the Blackwater
fault are consistent at ~1.8 km of dextral slip
along 55 km of strike length and are inconsis-
tent with previous hypotheses of decreasing
slip northward. Existing data combined with
regional new total offset estimates show consis-
tent amounts of total dextral slip on the faults
in the southern and central Mojave Desert. We
use this interpretation of consistent slip to pose
a hypothesis for the central Mojave Desert fault
system that dextral slip is constant from south to
north. The strain path changes along strike, and
the locus of dextral slip steps westward and is
more diffuse from south to north. Along-strike
changes in the central Mojave Desert fault sys-
tem are accommodated by contractional and ex-
tensional step-overs that laterally transfer strain.
The total dextral slip across the central Mojave
Desert is ~18 km (averaged value for the south-
ern and central transects on Fig. 7). The locus of
the greatest amount of slip in the south is on the
Calico fault, and this dextral slip steps westward
northward onto the Harper Lake fault in the cen-
tral transect area and northward onto the Gravel
Hills fault in the northern transect. The northern
central Mojave Desert, however, is problematic,
because it is more complex and has fewer avail-
able fault slip data, with the exception of the
now well-known Blackwater fault.

We interpret the central Mojave Desert as part
of a through-going zone of dextral stain all the
way to and across the Garlock fault, in agree-
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ment with geodetic data (Peltzer et al., 2001).
The faults of the central Mojave Desert do not
cut the Garlock fault, which apparently acts as a
barrier. A similar amount of dextral slip occurs
to the north of the Garlock fault in the Walker
Lane belt (Monastero et al., 2002; Walker et al.,
2005; Andrew and Walker, 2009). The 18 km
of dextral strain across the Garlock fault must
be accommodated via other processes: bend-
ing, complex faulting, folding, and vertical axis
rotation, as well as localized steps developed
along the Garlock fault (Andrew et al., 2014).
We interpret the through-going fault slip bar-
rier behavior of the Garlock fault to cause the
Eastern California shear zone in the central
Mojave Desert to become wider and more dif-
fuse as it approaches the Garlock fault (compare
the concentration of over 50% of the fault slip
in the southern transect on one fault [Calico
fault] with the wider zone of faulting in the
northern transect, in which there are more faults
with the largest offset fault [Gravel Hills fault]
only accommodating a third of the total slip;
Fig. 7). This is very similar in scale and struc-
tural configuration to the behavior of the dextral
Xianshuihe-Xiaojiang fault as it intersects the
through-going, sinistral Red River fault zone in
southern China (Schoenbohm et al., 2006).
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