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Abstract. It is proposed that the regional pattern 
of early Miocene low- and high-angle normal faulting 
and dike swarm emplacement in the western and 
central Mojave Desert is the result of regional 
extension developed within a roughly east trending 
zone, named here the "Mojave Extensional Belt". 
This zone of extension, although now disrupted by 
late Cenozoic right-slip faulting, can be traced from 
the intersection of the San Andreas and Garlock 

faults to the eastern Mojave Desert near Bristol Lake 
and the Granite Mountains fault. Restoration of 

post-Oligocene movement along the San Andreas 
fault system places the now buried western part of 
the Mojave Extensional Belt opposite a similar age- 
extended area of west central California. Surface 

mapping and limited subsurface data suggest that the 
dominant tectonic process responsible for 
development of the Mojave Extensional Belt was 
low-angle, normal sense, simple shear (detachment 
faulting). Strain within the Mojave Extensional Belt 
is partitioned between four domains (Edwards, 
Waterman, Daggett, and Bullion terranes) that each 
consist of one or more half-grabens. Each half- 
graben is composed of tilted, normal fault-bounded 
blocks that lie above a rooted, low-angle, brittle- 
ductile normal sense shear zone. Tilting and 
extension of the upper plate resulted from the 
superposition of several generations of originally 
steeply dipping (-80 ø) planar to slightly curviplanar 
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normal faults. At least one generation of high-angle 
faults postdates the formation of the detachments. 
Differential extension between the domains was 

accommodated by strike-slip faults (transfer zones). 
Similarly, the lack of early Miocene extensional 
elements north of the western segment of the Garlock 
fault suggests that the Garlock may have been active 
in the early Miocene and served as the northern 
transfer boundary of the Mojave Extensional Belt. 
The Mojave Extensional Belt initially began to open 
about 22 m.y. ago, with the major phase of 
extension occurring between --22 and 20 Ma. Local, 
high-angle, normal faults cut older detachments and 
were active between --20 and 17 Ma. Kinematic 

indicators suggest that the western part of the Mojave 
Extensional Belt opened in a NE-SW direction, 
whereas the eastern portion extended in an ENE- 
WSW direction (present-day reference frame). 
Rotation of the region about vertical axes as revealed 
by paleomagnetic studies suggests that the direction 
of extension within the Mojave Extensional Belt was 
originally oriented-N-S and was rotated as much as 
50 ø (clockwise) between •-20 and 18 Ma (Early 
Miocene). 

INTRODUCTION 

The boundaries of the wedge-shaped Mojave 
Desert block of southern California are defined by 
the Garlock fault zone to the north, the San Andreas 
and Pinto Mountain fault zones to the south, and the 
Granite Mountains fault to the east [Dokka, 
1983](Figure 1). Until recently, most tectonic 
syntheses of the western United States have 
considered the Mojave to be devoid of the middle to 
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Fig. 1. Index map of the Mojave Desert region. 
MDB, Mojave Desert block; EMD, Eastern Mojave 
Desert; GMF, Granite Mountains fault; SAF, San 
Andreas fault; GF, Garlock fault; PMF, Pinto 
Mountain fault; TR, Transverse Ranges; SJF, San 
Jacinto fault. 

late Cenozoic extensional elements that characterize 
the adjacent Basin and Range province. This 
misconception probably stems from the absence in 
the Mojave of the relatively young high-angle normal 
faults (i.e., basin-range faults) that are responsible 
for the present-day physiography of the Basin and 
Range Province. Tectonic models generally consider 
the Mojave to be largely the product of late Cenozoic 
fight-slip faulting associated with the San Andreas 
transform system [e.g., Dibblee, 1961; Garfunkel, 
1974]. 

In a previous paper I have described the structure 
and timing relations of early Miocene extension of 
the central Mojave Desert [Dokka, 1986]. This paper 
extends that synthesis to include the western Mojave 
Desert and proposes a tectonic model to account for 
regional relationships. The major thesis of the model 
is that early Miocene extensional tectonism in the 
Mojave Desert was concentrated in an regional E-W 
belt, termed here the "Mojave Extensional Belt". The 
structure and geologic history of the Mojave 
Extensional Belt has important implications for 
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Fig. 2. Location of structural domains of the Mojave Extensional Belt of southem Califomia. Localities 
and features mentioned in text: AM, Alvord Mountains; AB, Antelope Buttes; BM, Bullion Mountains; 
BrM, Bristol Mountains; BL, Bristol Lake; CM, Cady Mountains; DR, Daggett Ridge; FP, Fremont Peak; 
GH, Gravel Hills; HL, Harper Lake; HH, Hinkley Hills; KH, Kramer Hills; MR, Mitchell Range; MH, 
Mud Hills; NM, Newberry Mountains; OM, Ord Mountains; RM, Rand Mountains; RdM, Rodman 
Mountains; RgL, Rodgers Dry Lake; RH, Rosamond Hills; RL, Rosamond Dry Lake; WH, Waterman 
Hills. KSF, Kane Springs fault; LMF, Lane Mountain fault; BWF, Baxter Wash fault. 
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models of the tectonic evolution of the westem 

United States as well as the structural development of 
rifted continental margins. 

translated the Mojave Extensional Belt into its present 
configuration [Dokka, 1983, 1987; R. K. Dokka and 
C. J. Travis, manuscript in preparation, 1988]. 

ARCHITECTURE OF THE MOJAVE 
EXTENSIONAL BELT 

General Relations 

Plate 1 is a generalized geologic map of the 
Mojave region highlighting early Miocene 
extensional elements as well as syntectonic and 
posttectonic sedimentary rocks. This map also 
shows the location of detailed geologic maps and 
cross sections that are presented below. The inferred 
location of the Mojave Extensional Belt is shown in 
Figure 2. 

Data presented here and elsewhere [Dokka, 1986] 
suggest that the upper crust and at least portions of 
the middle crust of the Mojave Extensional Belt were 
extended in early Miocene time and that extension 
was accomplished by low-angle normal faulting, 
high-angle normal faulting, and extension fracturing 
accompanied by intermediate to silicic composition 
intrusion. At its present level of exposure, most of 
the Mojave Extensional Belt is composed of 
moderately tilted fault blocks that lie in an upper plate 
position relative to detachment faults that underlie the 
extended region. These fault blocks typically consist 
of Oligocene-lower Miocene volcanic and/or 
sedimentary rocks that rest unconformably on pre- 
Tertiary igneous and metamorphic rocks (Plate 1). 
Exposures of detachment faults, associated brittle 
and/or ductile fault rocks, and subdetachment rocks 
are limited to the Newberry Mountains and to a series 
of low mountains from near the hamlet of Lockhart 

to the Mitchell Range (Plate 1). Brittle structures and 
fault rocks of the Newberry Mountains detachment 
occur on the perimeter of a large, east-trending arch 
in the western Newberry Mountains (Plate 2). In 
contrast, early Miocene age mylonites and mylonitic 
gneisses crop out in the footwalls of detachment 
faults in the Mitchell Range, Waterman Hills, 
Hinkley Hills, and western Harper Lake area (Plate 
1, Figure 3). These rocks are upper greenschist to 
amphibolite grade metamorphic rocks and represent 
the deepest level exhumed by extensional processes. 
The overall structural and petrologic relationships 
exposed in these areas are similar to the metamorphic 
core complexes of the western United States [c.f. 
Davis and Coney, 1979; Crittenden et al., 1980]. 

The Mojave Extensional Belt can be subdivided 
into four domains on the basis of differences in fault 

geometry and associated tilt pattern of lower Miocene 
strata; from northwest to southeast, the terranes are 
named Edwards, Waterman, Daggett, and Bullion 
(Figure 2). Post-13 Ma (perhaps 5 Ma) fight-slip 
faulting along NW- striking shears has cut and 

Internal Structure of the Extensional Domains 

The overall structure of an individual extensional 

domain of the Mojave Extensional Belt is that of a 
single or a series of half-grabens (usage after Bally 
[1981]), in which an upper plate of multiply 
deformed, tilted, normal fault-bounded blocks lie 
above a rooted, low-angle detachment fault (usage 
after Davis et al. [1980] and Dokka [1980]). Seismic 
data from the western Mojave Desert suggest that the 
western part of the Edwards terrane is composed of 
several NE dipping detachments (Cheadle et al. 
[1986], Spongberg and Henyey [1987], Lawson 
[ 1987], Serpa and Dokka [ 1988], and this paper). 
This imbricate character is also suspected but not yet 
documented for the Daggett terrane. Plate 3 is a 
series of geologic and seismic sections that illustrate 
the structure of the domains of the Mojave 
Extensional Belt. 

Edwards terrane. The current surface of the 

Edwards terrane is composed of tilted upper plate 
fault blocks that are surrounded by Quaternary 
sediments (Plate 1). In all but the southernmost 
portion of the terrane near the San Andreas fault 
(e.g., Antelope Buttes), upper plate rocks are tilted 
30o-50 ø to the southwest in association with NE 

dipping, moderate angle, normal faults. Strikes 
change from-WNW to-N-S on approach to the San 
Andreas (Dibblee, 1967b), probably reflecting 
postextension strain. 

Evidence that detachment faults floor the tilted 
normal fault-bounded blocks of the Edwards terrane 

is provided by seismic reflection surveys (Cheadle et 
al. [1986] (Plate 3a), this paper (Plate 3b), 
Spongberg and Henyey [ 1987], Lawson [ 1987], 
Serpa and Dokka [1988]) and surface mapping 
[Dokka et al., 1988] in the Harper Lake area (Plate 
3c and 3d). Plate 3c is a schematic cross section that 
illustrates the general geometric relationships 
between extended and tilted normal fault-bounded 
blocks of the Kramer Hills and the brittle-ductile, 
normal sense shear zone exposed west of Harper 
Lake. Apparently, the Edwards terrane ends 
abruptly against the western part of the Garlock fault 
to the northwest and the San Andreas fault to the 

west (Figure 2). 
Waterman terrane. Although the Waterman 

terrane is the smallest of the domains of the Mojave 
Extensional Belt (Figure 2), geologic relations 
exposed there provide important information on the 
sequence of events and on the processes involved in 
extension. The surface of the domain consists of 

variably SW dipping Miocene sedimentary and 
volcanic rocks that rest unconformably on upper 
plate pre-Tertiary crystalline complex (Plate 1). 
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Fig. 3. Photographs of mylonitic rocks of the Waterman Gneiss. (a) gneissic foliation, northern Mitchell 
Range; (b) stretching lineation and mylonitic foliation, northern Mitchell Range; (c) augen in marble 
tectonite, northern Mitchell Range. 

These rocks lie in low-angle fault contact with 
mylonitic rocks that are exposed in the northern 
Mitchell Range (Figure 4) and Waterman Hills 
[Dokka and Woodburne, 1986; this paper; Glazner et 

al., 1988]. Along the east flank of the northern 
Mitchell Range, both brittle and ductile fabric 
elements of the Mitchell detachment are cut by a 
postdetachment, NW striking, down-to-the-east, 
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Fig. 3. (continued) 

normal fault zone (Plate 3e, and Figure 4). The fault 
continues to the northwest between the Waterman 

Hills and Mud Hills and likely contains more than 1 
km of syntectonic lower Miocene Pickhandle 
Formation and the lower part of the Barstow 
Formation in its hanging wall. The Pickhandle 
Formation of McCulloh [1952] and Dibblee [1968] 
consists of tuffs and granitic and tuffaceous landslide 
breccias shed from unextended highlands lying to the 
north and northeast [Dibblee, 1968; C. J. Travis, 
personal communication, 1988]. These rocks are 
overlain in the Mud Hills by gravels and tuffs of the 
lower part of the Barstow Formation. An 4øAr-39Ar 
single-crystal laser fusion date (biotite) of 19.3_+0.02 
Ma has been obtained from a tuff located near the 
base of the Barstow Formation in the Mud Hills 

[MacFadden et al., 1989a]. At least 1 km of mainly 
lacustrine deposits belonging to the posttectonic, 
middle Miocene portion of the Barstow Formation 
completed the filling of the half-graben. 

The Waterman and Edwards terranes contain the 

deepest exposed levels of the Mojave Extensional 
Belt. Middle crustal rocks in the footwall of the 

Mitchell detachment (Waterman terrane) and Harper 
Lake detachment (Edwards terrane) are now exposed 
in a series of fault-bounded uplifts in the eastern 
parts of the Waterman (northern Mitchell Range 
(Plate 3e), Waterman Hills, and Hinkley Hills) and 
Edwards terranes (small hills located west of Harper 
Lake (Plate 3c)). These rocks include upper 
greenschist to amphibolite facies schists, gneisses, 
and metacarbonates that were originally designated as 

the Waterman Gneiss by Bowen [ 1954]. These 
rocks can be classified as type I and II S-C 
mylonites (nomenclature after Lister and Snoke 
[1984]) and typically possess a well-developed, SW- 
NE stretching lineation; structural data from these 
rocks are summarized in Figure 5. The finite strain 
ellipsoid is prolate with 3.• oriented S45ø+10øW 
[Weiss, 1954; Bartley and Glazner, 1987; F. Sierra 
and C. L. McCabe, written communication, 1987]. 
Sense of shear was determined on mylonitic rocks of 
the Waterman Gneiss using the methods outlined in 
Simpson and Schmid [1983] and indicate that upper 
levels were transported northeast relative to lower 
levels [Dokka and Woodbume, 1986; this paper]. 

Protoliths of the Waterman Gneiss were probably 
Upper Paleozoic marine clastic and carbonate rocks 
[Burchfiel et al., 1980] which were intruded by 
Jurassic and/or Cretaceous granitoids [Kistler, 
1974]. Burial and subsequent metamorphism (to 
temperatures exceeding the 4øAr-39Ar closure 
temperature of biotite (-300øC) occurred between 
Jurassic and early Miocene [Dokka and Baksi, 
1988]. These ductile fabrics are overprinted by 
faults and joints (Figure 6), as well as by extension 
fractures filled with silicic dikes (Figure 7). 
Thermochronologic studies suggest that Waterman 
mylonitic rocks of the Waterman Hills, Mitchell 
Range, Harper Lake area cooled from above 300øC 
to near 70øC (on the basis of the degree of annealing 
of fission tracks in apatite) near 19 Ma [Dokka and 
Baksi, 1988; manuscript in preparation, 1988]. 
Rapid cooling and exhumation of middle crustal 
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Fig. 4. Geologic map of a portion of the northern Mitchell Range highlighting detachment-related 
mylonitization, low-angle brittle faulting, and slightly younger moderate-angle normal faulting. Location 
of map shown on Plate 1. 

rocks is considered to have been the result of tectonic 
denudation [Armstrong, 1972; Dokka et al., 1986] 
associated with extension of the upper crest. Similar 
rapid cooling of tectonically denuded areas has been 
observed in other Cordilleran detachment complexes 
such as the Whipple Mountains, California [Dokka 

and Lingrey, 1979; Davis et al., 1982; DeWitt et al., 
1986] and the Ruby Mountains, East Humboldt 
Range, Nevada [Dokka et al., 1986]. 

Although the surface of the southern Mitchell 
Range is not affected by supracrustal normal 
faulting, it is included in the Waterman terrane 
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Fig. 5. Fabric data from mylmfitic rocks of the Waterman Gneiss. Northern Mitchell Range: (a) poles to 
foliation and (b) mylonitic stretching lineation. Waterman Hills: (c) mylonitic stretching lineation. 
Hinkley Hills (data from Weiss [ 1954]: (d) foliation, (e) mylonitic stretching lineation (contours 1-7-13- 
19-25% per 1% area) and (f) joints (contours 1-2-3-4-5-6% per 1% area). 

Fig. 6. Field photographs of the Mitchell detachment in the northern Mitchell Range showing late, low- 
angle brittle faults and joints superimposed on mylonitic gneiss and mylonite. 
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Fig. 7. Geologic map of the Hinkley Hills (modified from Dibblee [1967b]) showing Miocene dike 
swarms that cut ductile fabrics of mylonites of the Waterman Gneiss. The strike of the dikes is 
subperpendicular to local horizontal extension direction. 
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because of regional structural considerations. The 
range is surrounded on the west and north by the 
Waterman terrane and on the east and south by the 
Daggett terrane (Figure 2). Mapping of the southern 
Mitchell Range shows that it contains an intact, late 
Oligocene-early Miocene age caldera complex 
[Lambert, 1987]. Tilting of the strata is only seen 
along the southeastern margin of the range and is 
considered to be related to drag associated with a 
upper plate of the Waterman terrane. This model 
predicts that the Mitchell detachment should lie 
beneath the range. An alternative hypothesis is that 
the southern Mitchell Range was fixed to an 
unextended portion of the crust as surrounding areas 
extended. The southern Mitchell Range may be 
similar in structural setting to the Butte Mountains 
and northern White Pine Range of east central 
proposed strike-slip fault boundary between the 
Daggett and Waterman terranes [Lambert, 1987]. 
Lambert proposed that the southern Mitchell Range 
was a large, intact block that lay within the extended 
Nevada, considered to be large, unextended, 
supracrustal blocks within the northern Basin and 
Range province [Gans,1987]. 

Daggett terrane. Stratified 25-20 Ma rocks of the 
Daggett terrane generally dip 40øSW and sit in the 
hanging walls of down-to-the-NE, moderately 
dipping, normal faults [Dokka, 1980, 1986; Mathis, 
1986; and Mathis and Dokka, 1986]. The 
southwestern edge of this terrane occurs in the 
Newberry Mountains and is marked by the S toddard 
Valley fault, a curviplanar normal fault ("breakaway" 
in the terminology of Howard et al. [1982])(Plates 2 
and 3f). The breakaway fault is considered to have a 
"scoop-shaped" geometry by Dokka [1986] because 
of the development of reverse drag-related features in 
the hanging wall and by the curved trace of the fault. 
Its inferred downward flattening geometry and 
temporal coincidence with the detachment suggest 
that the breakaway fault may be the uppermost 
portion of the Newberry Mountains detachment 
[Dokka, 1986]. Internal deformation of the upper 
plate in the breakaway region was the result of (1) 
multiple generations of high-angle, curviplanar 
normal faults, and (2) the translation of the blocks to 
less steeply dipping portions of the detachment 
[Dokka and Glazner, 1982]. Early, originally high- 
angle (-80ø), normal faults have been rotated to 
subhorizontal positions by later families of faults 
[Dokka, 1986]. Three generations of originally 
high-angle normal faults have been recognized in the 
Newberry Mountains (Plates 2 and 3f). In contrast, 
only one generation of planar to slightly curviplanar 
normal faults can be observed at the surface in the 

central part of the terrane (central Cady Mountains; 
Plate 3g)[Mathis, 1986]. 

The Newberry Mountains detachment fault crops 
out near the breakaway of the Daggett terrane (Plate 2 
and 3f) and shows evidence of only brittle 
deformation [Dokka, 1986]. The lower plate 

consists of Jurassic and/or Cretaceous 
hypautomorphic granite-quartz monzonite and 
diorite, along with Mesozoic Sidewinder Volcanic 
Series (dacite tuff and flows). A 10- to 100-m-thick 
zone of chaos composed of microbreccias and 
cataclasites (Plate 3f) lies directly beneath the 
detachment. This chaos is probably the result of the 
small openings created by rotation of the fault blocks 
above the detachment [Wemicke and Burchfiel, 
1982; Gross and Hillemeyer, 1982]. These gaps are 
now filled with faulted and shattered rock, 
suggesting that the gaps were closed by a 
combination of small-scale faulting and cataclastic 
flow. Zircon fission track thermochronometers from 

the fault zone indicate that temperatures have not 
been above -175øC since the early Tertiary [Dokka, 
1986; Dokka and Baksi, 1988]. Exposure of the 
shallow upper part of the Newberry Mountains 
detachment by syntectonic and posttectonic arching 
may be due to isostatic uplift caused by unloading of 
the footwall of the detachment, as has been proposed 
by Spencer [ 1984]. 

Bullion terrane. Upper plate lower Miocene strata 
of the Bullion terrane generally dip-30øNE in 
association with steep, SW dipping high-angle 
normal faults (Plates 1 and 3h)[Dibblee, 1967c; 
Polovina, 1980; Dokka, 1986]. The Bullion terrane 
is unique because the polarity of tilting of extended 
supracrustal rocks is opposite to that of the other 
terranes. On the basis of the lower degree of tilting 
the Bullion terrane may be the least extended of all 
the domains of the Mojave Extensional Belt. 

Transfer Zones 

Although most segments of the boundaries 
between domains of the Mojave Extensional Belt are 
obscured by syntectonic and posttectonic 
sedimentary rocks, map-scale geometric and 
kinematic relations and mapping of exposed portions 
suggest that these boundaries are strike-slip fault 
zones. These faults are similar to transfer faults of 

rifted continental margins described by Bally [ 1981], 
Gibbs [1984], and Etheridge et al. [1985]. Transfer 
zones of the Mojave Extensional Belt accommodated 
the differential extension between adjacent 
extensional domains or between an extensional 

domain and an unextended region [Dokka, 1986; 
Dokka and Baksi, 1986]. These fault zones typically 
have straight traces and yield subhorizontal fault 
plane kinematic indicators that trend parallel to the 
extension axis determined for the adjacent terranes. 
The Kane Springs fault of the Newberry, Rodman, 
and Bullion Mountains separates the Daggett and 
Bullion terranes (Figure 8a) and is the best 
documented example of this type of structure 
[Dokka, 1986; Dokka and Baksi, 1986]. The Lane 
Mountain fault of the Lane Mountain-Coyote Lake- 
Calico Mountains-Mud Hills (locally referred to as 
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Fig. 8. Geologic maps of transfer zones of the Mojave Extensional Belt. (a) Kane Springs fault (modified 
from Dokka [ 1986]). This segment separates SW dipping fault-bounded blocks of the Bullion terrane 
(area southeast of fault) from NE dipping fault-bounded blocks of the Daggett terrane. (b) Lane Mountain 
fault (modified from Dibblee [1967b]). The fault separates the extended Waterman terrane to the southeast 
from the unextended region to the northwest. (c) Baxter Wash fault (modified from Dibblee and Bassett 
[ 1966]). This fault separates the extended Daggett terrane located to the southeast from the unextended 
region to the northwest. 

the Fossil Bed Canyon fault) area (Figme 8b) and the 
Baxter Wash fault of the northern Cady Mountains 
(Figure 8c) are other examples of transfer faults that 
accommodated the differential extension between the 

extending belt and adjacent unextended areas to the 
noah. 

The lack of corresponding early Miocene-age 
extensional structures in the region north of the 
Mojave Desert block (Plate 1) suggests that the 
western segment of the Garlock fault was also a 

transfer zone and served to accommodate the motion 

between the extending Mojave Extensional Belt and 
the then stable Sierra Nevada-western Basin and 

Range region. This transfer zone style of behavior is 
reminiscent of the behavior displayed by the Garlock 
in middle and late Miocene time as proposed by 
Hamilton and Myers [1966] and later clarified and 
expanded by Davis and Burchfiel [ 1973]. In contrast 
with the early Miocene activity, this later interval of 
motion is thought to have involved the entire Garlock 
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fault and was associated with the differential 

extension between the Basin and Range province to 
the north and the then stable Mojave Desert block to 
the south. 

Overall Pattern of Strain 

Two broad categories of hypotheses, pure shear 
and simple shear, have been advanced in recent years 
to explain the structure of continental extension zones 
such as the Mojave Extensional Belt. Pure shear 
models [e.g., Miller et al., 1983] treat the detachment 
as the brittle-ductile transition. The detachment 

serves to accommodate brittle extension of the upper 
plate and more uniform stretching of the lower plate 
by ductile flow and intrusion of igneous bodies. 
Although the structure of the upper plate is generally 
depicted in most pure shear type models as 
consisting of symmetrically arranged, tilted fault 
blocks, the model experiments of McClay and Ellis 
[1987] suggest that a strong asymmetry of these 
blocks may develop if the detachment is slightly 
inclined. Simple shear models [e.g., Wernicke, 
1981, 1985] consider that detachment faults 
(originally inclined at < 30 ø) root in the lithosphere or 

deeper levels and are the primary elements that 
facilitate extension. The detachment separates an 
undeformed lower plate from an upper plate 
consisting of a series of similarly oriented tilted fault 
blocks. 

Data bearing on lithosphere-scale strain relations 
of the Mojave Extensional Belt are restricted to the 
upper and middle crust; an understanding of the 
behavior of deeper parts of the lithosphere is lacking. 
Because lithosphere-scale relations are so poorly 
constrained, the assessment presented below must be 
considered speculative. 

The occurrence of rooted, low-angle normal 
faults, the lack of evidence for ductile deformation 
beneath some of the detachments, and the strong 
asymmetry of tilting of upper plate rocks displayed in 
each of the domains imply that a simple shear model 
is more useful than a pure shear model in explaining 
geologic relations in the Mojave Extensional Belt. 
Pure shear models cannot be rejected, however, until 
detailed investigations of deeper parts of the 
lithosphere enable us to (1) gauge the extent of 
involvement of the middle and lower crust of the 

Mojave in extension and (2) determine the types of 
Miocene-age strains in the middle and lower crust. 
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(Edwards terrane), based on maps presented in Dibblee [1960a, b, 1968] and Dokka et al. [1988]. wg, Waterman Gneiss; Mg, Mesozoic granitoid qm, 
quartz monzonite; gd, granodiorite of Fremont Peak; Tmfl, Tropico Group (lower part); Tmrb, Red Buttes dacite; Tmtu, Tropico Group (upper pan); 
Trak, formation of Kramer Hills; Qal, Quaternary alluvium. (d) Schematic slructure section from Harper Lake to the Rand Mountains (Edwards 
terrane)[Serpa and Doldca, 1988]. wg, Waterman Gneiss; Mg, Mesozoic gnmitoid; Tmu, undifferentiated Miocene swam. (e) Geologic section across 
the northern Mitchell Range (Waterman terrane), based on relations shown in Figure 4. Note truncation of brittle and ductile sn-uctures of the Mite[ell 
detachment by late normal fault (f) Geologic section (balanced) across the northern Newberry Mountains (Daggett terrane), based on map relations 
presented in Plate 2. (g) Geologic section of the central Cady Mountains (Daggett terrane)[after Mathis, 1986]. Mg, Mesozoic granitoicl; Tvu, 
unclifferentiated lower Miocene volcanic rocks; Qal, Quaternary alluvium. (h) Geologic section across the Bullion Mountains (Bullion termne)(mo•fied 
from Dibblee [ 1967c]. Mg, Mesozoic granitoid; Tt, lower Miocene tuff; Tb, lower Miocene basalt; Ta, lower Miocene andesite-dacite; Tap, lower 
Miocene andesite-dacite intrusives; Qf, Quaternary fanglomerate; Qoal, Quaternary older alluvium; Qai, Quaternary alluvium. 
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Hate 1. Regional geologic map of the Mojave Desert block and surrounding regions. Locations of geologic maps and cross sections presented in the 
report are shown. Localities and features mentioned in text: AM, Alvord Mountains; AB, Antelope Buttes; BM, Bullion Mountains; BrM, Bristol 
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Fig. 8. (continued) 

TIMING RELATIONS 

The chronology of events associated with the 
development of the Mojave Extensional Belt is 
constrained by dated cross cutting relations, the age 
of syntectonic sedimentary rocks, and extension- 
related dike swarms. Timing relations are 
summarized in Figure 9 and indicate that extension 
began near 22 Ma (earliest Miocene) and terminated 
before 17 Ma (late Early Miocene). 

Opening of the Mojave Extensional Belt occurred 
in two stages. The first stage is bracketed as 22-20 
Ma and was dominated by regionally developed 
detachment faulting (low-angle, brittle-ductile 
faulting and rotational upper plate high-angle normal 
faulting). All of the extensional domains of the belt 
were established during this stage. These structures 
were then cut and disrupted between 20 and 17 Ma 
by locally developed, high-angle normal faults and 

dikes. The final phase of exhumation and cooling of 
the formerly deeply buried (and ductile) footwall of 
the Mitchell detachment occurred during this interval 
as the Mitchell Range, Waterman Hills, Hinkley 
Hills, and the hills west of Harper Lake were uplifted 
along high-angle normal faults. 

KINEMATICS 

Analysis of kinematic and strain indicators 
(fibrous mineral growths, slickensides striations, 
mylonitic stretching lineations, and transfer zones) 
within the Mojave Extensional Belt shows that the 
horizontal extension axis is generally oriented SW- 
NE (Figure 10). There is, however, an apparent 
systematic change in orientation of the axis from east 
to west. In the eastern portion of the Daggett terrane 
and the adjacent Bullion terrane (eastern Mojave) the 
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Fig. 9. Summary of age constraints on the timing of extension of the Mojave Extensional Belt. Stippled 
region covers time interval of major extension (22-20 Ma). The constraints are numbered from 1 to 14. 
Constraint 1, flat-lying 17-13 Ma Barstow Formation overlying all extension-related structures [Dokka, 
1986; Dokka and Woodburne, 1986]. Constraint 2, youngest dated rocks truncated by Kane Springs fault 
(23.1+_2.0 Ma, K-Ar whole rock on alkali olivine basalt [Nason et al., 1979]) and flat-lying tuff of Kane 
Springs that unconformably overlies the fault (21.05-_1.0 Ma, fission track zircon [Dokka, 1986]). 
Constraint 3, NW striking andesite dike swarm (21.1_-+0.3 Ma [Dokka and Baksi, 1988]). Field location 
of dated sample is 34ø40'50"N, 116ø30'05"W. Constraint 4, tuff located near base of unit dated as 
22.9_+0.4 Ma [Miller, 1980]. Fossil camel (N16 Ma) located at top of unit [Miller, 1980]; tuff near top 
dated as 17.950.3 Ma [Miller, 1980]. Constraint 5, moderately tilted volcanic strata (basal tuff dated as 
24.0+_2.6 Ma [Dokka, !986]) overlain by nearly flat-lying Hector Formation (intercalated tuff dated as 
21.6+1.1 Ma by Woodburne et al. [ 1974; recalculated according to Dalrymple, 1979]). Constraint 6, 
intercalated trachyte flow located near top of formation of Slash X Ranch dated as 20.2+0.3 Ma (K-Ar 
whole rock; R. K. Dokka and A. K. Baksi, manuscript in preparation, 1988). Field location of dated 
sample is 34ø50'17"N, 116ø58'21"W. Age of base of formation is poorly constrained. Constraint 7, 
lower limit defined by the youngest rock cut by faults (the trachyte cited in Constraint 6). Faults are 
overlain by strata correlated with the Barstow Formation [Dokka, 1986] and are considered to be about 16 
Ma old [M. Woodburne, written communication, 1988]. Constraint 8, same as those listed under 
Constraint 2. Constraint 9, lower limit defined by the youngest rock fully displaced along fault (basalt 
cited under Constraint 2). Upper constraint is the age of the oldest posttectonic sedimentary rock 
deposited on the detachment surface (Barstow Formation; see Constraint 7). Constraint 10, lower age 
limit defined by underlying 19.3_+0.2 Ma tuff near base of Barstow Formation [MacFadden et al., 1989a]. 
Upper limit based on 13.4_+0.2 Ma age of Lapilli Tuff from near top of Barstow Formation [MacFadden et 
al., 1989a]. Constraint 11, lower age limit constrained by cooling ages of cross cut Waterman Gneiss (see 
Constraint 14 below). Upper limit poorly constrained. Constraint 12, lower timing limit poorly 
constrained; minimum lower limit defined by 19.3+0.2 Ma tuff lying within syntectonic gravels of lower 
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Fig. 10. Summary of kinematic indicators from regions of the Mojave Extensional Belt. (a) Newberry 
Mountains [Dokka, 1986] and (b) Central Cady Mountains [Mathis, 1986] show the orientations of 
fibrous mineral growths and slickensides striations on low-angle and high-angle normal faults. (c) Plot of 
orientations of fibrous mineral growths and slickensides striations from the Kane Springs fault of the 
Newberry and Rodman Mountains. Data shown in (d), (e), (f), and (g) indicate orientations of stretching 
lineations from mylonitic rocks of the Waterman Gneiss in the central and southern Hinkley Hills, 
northern Mitchell Range, Waterman Hills, and northern Hinkley Hills, respectively; the sense of shear was 
determined for each lineation using S-C criterion of Simpson and Schmid [ 1983]. All samples showed 
evidence that upper levels moved to the northeast relative to lower levels. Several localities were sampled 
for laboratory microstructural analysis; all thin section specimens confkmed outcrop interpretations. 

extension axis is oriented-•N70øE, whereas in the 
western portion of the Daggett terrane (Newberry 
Mountains) the axis trends .•N50øE. The extension 
axis is oriented .•N40øE in the Waterman terrane 
(Dokka and Woodburne [1986] and this paper). 

The regional variation of kinematic indicators is 
apparently not primary but is likely the result of post- 
20 Ma rotations about vertical axes associated with 
fight shear along the San Andreas transform zone. 
Paleomagnetic data suggest that at least two intervals 
of rotation have occurred in the Mojave since 20 Ma. 
The early event, 20-18 Ma, affected the western and 
central Mojave, whereas the later event, circa 5-0 

Ma, was restricted to the central part of the province. 
Ross et al. [ 1987, 1988] report that 25-21 Ma rocks 
of the Daggett terrane as well as the adjoining 
unextended area (Alvord Mountains) have been 
rotated-*50 ø (clockwise). Data presented in 
Golombek and Brown [1988] indicate that 21-20 Ma 
rocks of the eastern part of the Edwards terrane have 
been rotated-•25 ø in a clockwise sense. MacFadden 
et al. [ 1989a], working in the nearby Mud Hills, 
provide evidence that the entire section of the 
overlying and regionally extensive -•19-13 Ma 
Barstow Formation is either not rotated or only 
slightly rotated in a counterclockwise sense (<5ø). 

portion of Barstow Formation [MacFadden et al., 1989a]. Burke et al. [ 1982] have reported a K-Ar date 
of 18.9-k-_1.3 Ma on the intercalated Opal Mountain basalt member of the upper part of the Pickhandle 
Formation. Upper limit constrained by overlying middle Miocene part of Barstow Formation. Constraint 
13, lower constraint defined by age of moderately tilted volcanic strata (Red Buttes andesite, 21.2_+0.5 
Ma, K-Ar whole rock; R. K. Dokka and A. K. Baksi, manuscript in preparation, 1988). Field location of 
dated sample is 34ø53'54.5"N, 117ø30'50"W. These rocks are overlain by -•flat-lying 20.3+0.7 Ma 
Saddleback Basalt (Armstrong and Higgins [ 1973]; recalculated according to Dalrymple [1979]). 
Constraint 14, defined by 4øAr-39Ar plateau ages on biotite and fission-track ages and track length 
distributions for apatite [Dokka and Baksi, 1988]. 
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Fig. 11. Cenozoic extensional terranes of the southwestem United States (modified from Wust [ 1986]. 
Arrows indicate extension direction. MEB, Mojave Extensional Belt (extension direction restored to early 
Miocene orientation); DV, Death Valley turtlebacks; HM, Homer Mountains; B, Buckskin, Rawhide, 
Whipple Mountains; WH, White Tank Mountains, Harquahalas, Harcuvars; MW, Midway Mountains; 
SM, South Mountains; MH, Mohawk Mountains/Copper Mountains; J, Jackson Mountains; SB, Sierra 
Blanco, Comobabi, Kupk Hills; SC, Picacho, Tortolita, Santa Catalina-Rincon; P1, Pinaleno; C, Coyote, 
Alvarez (north); PV, Pozo Verde; MZ, Magdalena, Madera, Mazatan (southwest). 

Hillhouse and Wells [ 1986] report that the regionally 
distributed --18.6 Ma Peach Springs tuff in the south 
central Mojave Desert is not rotated. Combined, 
these data suggest that the first regional rotation 
occurred over a short interval of time, 20-18 Ma 
[Golombek and Brown, 1988], during opening of 
the Mojave Extensional Belt but after the major phase 
of extension. Paleomagnetic studies in the Cady 
Mountains by MacFadden et al. [ 1989b] indicate that 
the area was rotated 26 ø (clockwise) after 16 Ma. 
This is in line with the timing and sense of rotations 
predicted by Carter et al. [ 1987] for the Mojave 
Desert Block on the basis of rotations detected in the 

adjacent eastern Transverse Ranges. Carter et al. 
[ 1987] also predict that the rest of the province is 
rotated <15 ø in a counterclockwise sense. These later 

rotations are likely related to the onset of fight shear 
associated with the development of the San Andreas 
fault beginning after--13 Ma [R. K. Dokka and C. J. 
Travis, manuscript in preparation, 1988]. In 
summary, paleomagnetic data suggest that the 
westem and central Mojave were rotated 25ø-50 ø in a 
clockwise manner--20-18 Ma. This was followed 

--13-0 Ma by 0ø-15 ø counterclockwise rotation of the 
western and southern Mojave and 26 ø of clockwise 
rotation of the central Mojave. Together, kinematic 
indicators and paleomagnetic data suggest that the 
Mojave Extensional Belt originally opened in an 
-*N-S direction. 

DISCUSSION 

Data presented above strongly support the notion 
that the western and central Mojave Desert was 
extended in early Miocene time. In addition to 
helping us to better understand the tectonic evolution 
of the Mojave Desert, recognition of the Mojave 
Extensional Belt has important implications for the 
reconstruction of southern California as well as for 
the late Cenozoic extensional history of the 
southwestern United States. In this section, we will 
specifically explore (1) the relationship between the 
Mojave Extensional Belt and the extended areas 
located to the east in southeastern California and 
western Arizona (2) the possible tectonic connection 
with anomalous early Miocene extensional structures 
located west of the San Andreas fault in central 
California, and (3) the role of extensional tectonics in 
the paleogeographic evolution of the Mojave Desert. 

Relationship of the Mojave Extensional Belt to Other 
Extended Areas of the Southwestern United States 

The Mojave Extensional Belt shares many 
similarities with other extended areas of the 

southwest as well as several important differences. 
These similarities include the timing of development 
and the architecture of upper and middle crustal 
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strain. The differences between the regions are 
mainly kinematic in nature and may give us insights 
into the dynamics of late Cenozoic extension of the 
southwestern United States. 

The same array of early Miocene-age extensional 
structures (brittle-ductile detachment faults, multiple 
generations of high-angle nom•al faults, and 
extension fractures and associated dike swanks) 
found in the Mojave Extensional Belt have been 
described along the Colorado River (e.g., Whipple 
Mountains [Davis et al. 1980; Davis, 1988], Homer 
Mountains [Spencer, 1985], and Chemehuevi 
Mountains [John, 1987]) and western Arizona (e.g., 
Buckskin-Rawhide Mountains [Reynolds and 
Spencer, 1985]). However, the Mojave Extensional 
Belt and the extended terranes lying to the east differ 
markedly in terms of the orientation of their 
horizontal extension directions and in the relative 

amount of exposed exhumed middle crustal rocks. 
Figure 11 shows the location of coincident 
extensional terranes of the southwest, with arrows 
indicating the orientation of the local horizontal 
extension axis. The Mojave Extensional Belt opened 
in an ~N-S direction, whereas the terranes of the 
Colorado River and of western Arizona apparently 
extended in a ENE-WSW direction [Davis et al., 
1980; Spencer and Reynolds, 1986]. The ~50 ø 
difference of trend seems to reflect fundamental 

differences in the kinematics of development. 
Some have recently advocated that late Cenozoic 

extension of the western United States was the result 
of failure of an overthickened crustal welt created in 

Mesozoic time by the stacking of thrust sheets and by 
intrusion [e.g., Coney and Hanns, 1984; Wust, 
1986; Wemicke et al., 1987]. The kinematics of 
failure may have been controlled by the trend of the 
welt; the direction of extension in southeastern 
California and western Arizona as well the rest of the 

southern Basin and Range Province was nearly 
perpendicular to the strike of the Mesozoic 
Cordilleran thrust belt [Wust, 1986]. In contrast, 
opening of the Mojave Extensional Belt was nearly 
parallel to the thrust belt. Either the kinematics of 
failure of this welt are more complex than originally 
thought or another hypothesis is in order. An 
alternate explanation is that extension of the Mojave 
Extensional Belt is related to the collapse of a 
separate welt centered in southern California (Figure 
12). Emplacement of the Santa Lucia-Orocopia 
allochthon, a large continental fragment that collided 
with North America during Late Cretaceous time 
[Vedder et al., 1983], could have created such a 
welt. Clearly, much more study is needed in order to 
develop an adequate dynamic model for the origin of 
the Mojave Extensional Belt. 

Another significant difference between the areas is 
that the Colorado River-•Vestern Arizona terranes 

exhibit a greater areal exposure of exhumed middle 
crustal rocks. This may reflect widespread uplift due 
to (1) greater amounts of extension across the entire 
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Fig. 12. Location map and schematic cross section 
of the Santa Lucia-Orocopia terrane of southern 
California [after Vedder et al., 1983]. Emplacement 
of a continental crustal fragment of such dimensions 
on top of North America probably resulted in a 
region that was gravitationally unstable because of 
overthickening (i.e., a crustal welt). The Mojave 
Extensional Belt as well as other extended regions of 
southern California may have developed as a 
consequence of the collapse of this welt. 

region, (2) the occurrence of several, closely spaced, 
local areas of high strain (perhaps associated multiple 
detachment faults), (3) lateral changes in the 
distribution of supracrustal strain [Spencer, 1984; 
Spencer and Reynolds, 1986], and (4) structurally 
and magrnatically induced changes in the density' 
distribution of the lithosphere. In contrast, core 
complex uplifts of the Mojave Extensional Belt seem 
to be relatively small features that are likely governed 
by local, short wavelength causes. For example, the 
final uplift of the northern Mitchell Range was 
probably precipitated by late normal faulting. The 
structural setting of this core complex may be similar 
to that of the Rincon-Catalina Mountains described 
by Holt et al. [1986] where tectonic denudation of 
the lower plate accomplished by early Miocene 
detachment faulting was followed by middle Miocene 
high-angle normal faulting. It is likely, however, 
that uplifts within extended terranes are a 
consequence of the combination of both short- and 
long-wavelength causes. Again, this problem will 
not likely be resolved until the structure of the middle 
and lower crust beneath the Mojave Desert is better 
understood. 
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The Mojave Extensional Belt and 
the San Andreas Fault 

The abrupt western termination of the Edwards 
terrane against the San Andreas fault (Figure 2) 
suggests the intriguing possibility that the 
westernmost portion of the Mojave Extensional Belt 
was truncated and displaced northward. Assuming 
314 km of fight slip along the segment of the San 
Andreas fault north of the Transverse Ranges 
[Matthews, 1976; Fox et al., 1985; Stanley, 1987], 
the displaced portion of the Mojave Extensional Belt 
should be located in the Salinian block of west 

central California (Figure 13). Rocks and structures 
reminiscent of those of the Mojave Extensional Belt 
have been described west of the San Andreas fault in 

west central California. For example, moderately 
west dipping equivalents of the Neenach Volcanics 
of the western Mojave unconformably overlie 
Mesozoic igneous rocks in the vicinity of the 
Pinnacles National Monument. The volcanic rocks 

are mainly 23.5 Ma [Turner, 1968] rhyolite flows, 
breccias, and intrusions that are assigned to the 
Pinnacles Volcanic Formation [Matthews, 1976]. 
These rocks sit in the hanging wall of the east 
dipping, down-to-the-east Pinnacles fault [Dibblee, 
1971, 1975]. Dibblee also reported a >3-km-wide 
swarm of NNW striking rhyolitic dikes of lower 
Miocene age in the same area. Tilted rocks of the 
area are overlain in angular unconformity by middle 

Miocene Monterey Formation [Dibblee, 1971, 
1975]. In a regional study, Stanley [1987] 
documented an episode of volcanism associated with 
extensional faulting throughout west central 
California during the interval 24-22 Ma. Perhaps the 
extensional faults and dikes described by Dibblee 
[ 1971, 1975] and Stanley [ 1987] are structures 
related to the Mojave Extensional Belt. Further work 
is needed to test the validity of this hypothesis. The 
Mojave Extensional Belt may prove to be a useful 
regional marker for the reconstruction of southern 
California. 

Landscape Evolution and Sedimentation Patterns 
of the Mojave Desert 

In early Cenozoic time the Mojave was a highland 
that shed sediments to the surrounding areas 
[Hewett, 1954; Nilsen and Clarke, 1975]. Opening 
of the Mojave Extensional Belt altered this pattern of 
external drainage to one of internal drainage where 
extended areas began to receive sediments from 
adjacent unextended areas. Paleocurrent indicators 
from sedimentary rocks deposited along the northern 
and southern margins of the belt during extension 
indicate that regional drainage and sediment transport 
was directed toward the the interior of the belt. The 

thick, basinward tapering wedges of coarse clastic 
debris foun•l along the margins of the belt attest to 

Neenach 
area 

• 0•0 MILES 0 50 KILOMETERS "• ß Los Angeles 
Fig. 13. The Mojave Extensional Belt in west-central California. (a) Map showing position of the Mojave 
Extensional Belt and possible equivalent in the Pinnacles area to the west of the San Andreas fault 
(modified from Jennings [ 1977]). (b) Geologic map of the Pinnacles National Monument area (modified 
from Dibblee [1971, 1975], and Ludington and Gray [1987]. See text for discussion 
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the sharp division between it and the surrounding 
unextended highlands [Byers, 1960; Dokka, 1986; 
Dokka and Baksi, 1986; C. J. Travis, personal 
communication, 1988]. 

Local high relief formed within the belt judging by 
locally derived clastic aprons surrounding tilt blocks 
and syntectonic uplifts. This is well documented by 
Woodburne et al. [1974] at the type section of the 
lower Miocene Hector Formation in the west central 
Cady Mountains. Conglomerates derived from the 
emerging core of the Cady Mountains were shed 
west (present-day reference frame) and were 
deposited with angular unconformity on top of 
moderately tilted-•24 Ma dacites and tuffs of the 
Daggett terrane [Dokka, 1986; Mathis, 1986]. 
Several hundred meters of similar coarse deposits 
also occur on the opposite side of the core on the 
eastern side of the uplift in sections 3, 4, T.9N., and 
R.7E. (San Bernardino Base and Meridian)(R. K. 
Dokka, unpublished mapping, 1982). 

The western portion of the belt was divided into 
two separate basins as a result of the uplift of the 
metamorphic core complex ranges near Barstow 
during the interval -•20-17 Ma. The economically 
significant Boron and Barstow Basins developed in 
these troughs [Dokka and Woodburne, 1986]. 
These uplifts have persisted as positive topographic 
features throughout the Cenozoic [Dibblee, 1967b]. 

CONCLUSIONS 

The following conclusions were reached during 
this study: 

1. The regional pattern of low- to high-angle 
brittle-ductile normal faulting, extension fracturing 
with associated dike emplacement, and landscape 
disruption in the Mojave Desert during the early 
Miocene was concentrated in an east trending 
regional extensional belt, named here, the Mojave 
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Extensional Belt. The now disrupted surface 
expression of this extended zone can be traced west 
from near the western edge of the extended terranes 
of the Colorado River to the San Andreas fault. The 
San Andreas fault truncated the western part of the 
Mojave Extensional Belt and transported it to its 
present position in west central California. 

2. Strain within the Mojave Extensional Belt was 
partitioned into at least four extensional domains. 
The domains are separated by strike-slip faults 
(transfer zones) that accommodated the differences in 
extension between the domains and surrounding 
unextended areas. The lack of early Miocene 
extensional elements north of the western segment of 
the Gatlock fault suggests that the Garlock may have 
been active during early Miocene time and served as 
the northern transfer zone boundary of the Mojave 
Extensional Belt. 

3. The Mojave Extensional Belt was active 
between -22 and 17 Ma, with the major phase of 
opening occurring between -22 and 20 Ma. This 
major phase was dominated by regional detachment 
faulting, whereas later extension was concentrated in 
local areas and was marked by high-angle normal 
faulting and by the emplacement of silicic dike 
swarms. 

4. The architecture of an individual extensional 

domain is that of a single or family of half-graben. 
The upper part of a half-graben consists of 
moderately tilted fault blocks that are bounded by 
planar to slightly curviplanar normal faults. Multiple 
generations of originally high-angle normal faults are 
apparently responsible for extension and tilting of the 
upper plate. Each half-graben is floored by a low- 
angle, regional, brittle-ductile, simple shear zone 
(detachment fault). First-order extension of the 
upper and middle crust of the region was dominantly 
accomplished by large-scale simple shear. The 
nature of the overall strain of the Mojave Extensional 
Belt must remain speculative until the degree of 
extension of the subjacent lower crust and mantle is 
determined. 
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