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The main Cenozoic extensional structure in the central Mojave Desert is the Waterman Hills 
detachment fault, which places brittlely deformed synorogenic Miocene rocks on ductilely and 
cataclastically deformed footwall rocks. New data are presented regarding the timing, distribution, 
magnitude, and significance of early Miocene extension in the area. The mylonitic fabric in the lower 
plate was formed at 23 Ma, based on a zircon U/Pb age from a synmylonitic intrusion. Upper plate strata 
consist of rhyolite flows overlain by sedimentary rocks that were apparently deposited during extensional 
faulting. These strata were tilted, folded, and intruded by synkinematic rhyolite plugs that are cut off at 
the detachment fault. Potassium metasomatism of the rhyolitic rocks is pervasive. Upper plate detrital 
sediment was derived from the rhyolitic rocks and from metamorphic and plutonic basement rocks not 
present in the area. The probable source of the exotic basement clasts is the Alvord Mountain area, 
presently located 35 km east-northeast of the Waterman Hills area. This source was probably much 
nearer to the Waterman Hills during deposition of the synorogenic deposits and has been subsequently 
shifted by extensional deformation. Distinctive Mesozoic plutonic rocks provide a possible tie between 
upper and lower plate rocks. Similar poikilitic gabbro bodies in the Goldstone area and the Iron 
Mountains suggest slip on the Waterman Hills detachment fault to be about 40-50 km. This is also 
consistent with other offset markers, such as the western edge of a Mesozoic dike swarm. When 15-20 
km(?) of Tertiary extension is restored, Paleozoic eugeoclinal rocks are placed structurally above their 
miogeoclinal counterparts. Combined with the distribution of Triassic and Jurassic rocks, this implies 
post-Early Triassic and pre-Late Jurassic stacking of these lithologies. 

INTRODUCTION 

Evidence for significant Tertiary crustal extension in 
the central Mojave Desert has been recognized for 
several years [Dokka and Glazner, 1982; Dokka, 1986, 
1989; Dokka and Woodburne, 1986; Dokka et al., 1988; 
Glazner et al., 1988a, b, 1989]. Recent work has shown 
that the Waterman Hills, Hinkley Hills, and Mitchel 
Range (Figures 1, 2, and 3) constitute a Cordilleran-type 
metamorphic core complex [e.g., Davis and Coney, 1979; 
Davis and Lister, 1988]. A low-angle normal fault, the 
Waterman Hills detachment fault (WHDF), is exposed 
in the Waterman Hills and Mitchel Range (Figure 2) 
where it places brittlely deformed, tilted Tertiary 
sedimentary and volcanic hanging-wall rocks on a foot- 
wall of granitoid and metamorphic rocks. There is a 
complete lithologic mismatch between footwall and 
hanging-wall rocks. Footwall rocks record ductile shear 
which intensifies structurally upward toward the WHDF. 
Near the detachment, the ductile fabric is overprinted by 
catadasis and chloritic alteration [Bartley and Glazner, 
1987, Bartley et al., 1989]. Hanging-wall rocks show in- 
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tense potassium metasomatism. Each of these features 
is widely recognized as typical of areas of intense 
Cenozoic extension in the metamorphic core complexes 
of the southwestern Cordillera. 

The magnitude and distribution of Cenozoic 
deformation in the Mojave Desert are critical to 
unraveling the pre-Tertiary tectonics of the region. 
Mesozoic or late Paleozoic deformation caused rocks of 

the Cordilleran eugeocline and miogeocline to occur in 
anomalously close proximity in the central Mojave 
(Figure 3) [Burchfiel and Davis, 1981]. Eugeoclinal 
strata crop out in the Lane Mountain and Goldstone 
areas [McCulloh, 1952; Miller and Sutter, 1982], and 
probable miogeodinal rocks are exposed in the Hinkley 
Hills, Waterman Hills, and Mitchel Range [Kiser, 1981; 
Glazner et al., 1988a]. Juxtaposition of eugeoclinal and 
miogeoclinal facies probably occurred by strike-slip 
faulting of Pennsylvanian and Permian age [Walker, 
1985, 1988]. Presently, this boundary makes a pro- 
nounced westward bend in the central Mojave Desert 
(Figure 1). Walker [1988] showed that restoration of 
Tertiary extensional and strike-slip faulting may 
eliminate most of this bend, but his reconstruction was 
based on poorly constrained estimates of the magnitude 
and position of extensional faults. In addition, major 
Mesozoic tectonic boundaries have been proposed to 
pass through the Mojave Desert [e.g., Silver and 
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Fig. 1. Regional location map of the central Mojave Desert. Ranges are shown in black, modern valleys and basins in 
white. GH, Gravel Hills; MG, Mount General; HH, Hinkley Hills; TB, The Buttes. Approximate boundary between 
eugeoclinal and miogeoclinal rocks shown as heavy line. 

Anderson, 1974; Lahren and Schweickert, 1989], but these 
inferences have not been adequately tested against 
actual evidence for Mesozoic deformation in the Mojave 
area. This is partly because Cenozoic extension needs to 
be assessed first. 

In this paper we present new data regarding the 
geological relations between upper and lower plates of 
the WHDF and the age of lower plate deformation. We 
report new data concerning contact relations and 
provenance of syntectonic sedimentary strata and a pos- 
sible match between hanging-wall and footwall rocks 
that supplies a semiquantitative estimate of displace- 
ment. These data form the basis of an improved model 
for the magnitude, the kinematics, and the timing of 
Tertiary extension, which can then be used to refine 
reconstructions of pre-Tertiary paleogeography and 
tectonics. 

LOWER PLATE RELATIONS 

The lower plate of the WHDF is well exposed in the 
Waterman Hills and Mitchel Range where it consists of 
Waterman Gneiss intruded by hornblende-biotite grano- 
diorite (Figure 2). The name Waterman Gneiss has 
been applied to a varied collection of metasedimentary 
and metaigneous rocks exposed in the central Mojave 
Desert [Bowen, 1954; Dibblee, 1968, 1970]. The 
metasedimentary portion of the gneiss consists of upper 
Precambrian and Paleozoic miogeoclinal facies rocks 
(Kiser [1981], and our reconnaissance). The igneous 
portion, although largely mapped as Precambrian 
[Jennings, 1977], apparently consists largely of Mesozoic 
plutonic rocks [Glazner et al., 1988b]. It is presently un- 
clear how much, if any, of the gneiss complex is com- 
posed of Precambrian plutonic and metamorphic rocks 

or possibly eugeoclinal rocks. Regional isotopic data on 
Mesozoic plutonic rocks suggest, however, that Precam- 
brian rocks are present at depth [tO'stler and Peterman, 
1978], as does an inherited component in zircons from a 
Miocene intrusion in the Mitchel Range (see below). 
The age of the hornblende-biotite granodiorite that 
intrudes the Waterman Gneiss is not known, but it is 
probably Jurassic or Cretaceous based on the presumed 
ages of similar plutons in the region [Burchfiel and 
Davis, 1981; Miller and Sutter, 1982]. Field relations and 
mineral assemblages show that the Waterman Gneiss 
was deformed and metamorphosed at amphibolite grade 
prior to intrusion of the granodiorite [Kiser, 1981; 
Glazner et al., 1988a]. The prechlorite-grade mineral 
assemblage exists only in porphyroclasts at present and 
not as a single distinct fabric. 

A chlorite-grade mylonitic fabric that defines a 
northeast trending lineation is developed in both the 
Waterman Gneiss and the granodiorite [Bartley and 
Glazner, 1987]. Kinematic indicators record a top-to- 
northeast sense of shear [Dokka and Woodbume, 1986; 
Glazner et al., 1988a; Dokka et al., 1988; Dokka, 1989]. 
In the Waterman Gneiss this mylonitic fabric overprints 
the (Mesozoic?) amphibolite-facies metamorphism. We 
have not yet studied the relations of the two metamor- 
phic events in the Waterman Gneiss in sufficient detail 
to resolve a spatial pattern in this overprinting, if any is 
present. However, only the mylonitic fabric is present in 
the granodiorite. This fabric systematically intensifies 
structurally upward toward the WHDF. 

Intense cataclasis overprints the mylonitic fabric 
within a few meters of the detachment. Commonly asso- 
ciated with the cataclasis are pervasive chloritic altera- 
tion and replacement deposits of fine-grained blue 
tourmaline [Kramer and Allen, 1954]. Similar cata- 
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Fig. 3. Detailed location map of the Barstow area. Position of major faults are shown, as well as the limits of eugeoclinal 
and miogeoclinal rocks. 

clasites also occur in numerous zones that cut downward 

into the lower plate (Figure 2). These zones dip steeply 
to the NE (mean about 75 ø) and contain mainly down- 
dip striae. We interpret these to record a late phase of 
layer-parallel shortening [Bartley et al., 1989]. 

Based on these field relations and new age data 
presented below, we interpret the mylonitization to be 
related to early Miocene movement on the WHDF. 
However, the mylonitic fabric commonly is somewhat 
discordant to the WHDF, especially along its northern 
trace, and in places is sharply truncated (Figure 2) [also 
see Glazner et al., 1988a, Figure 16]. This relation is 

reminiscent of the structural relations along the Whipple 
Mountains metamorphic core complex, where the lower 
plate mylonitic fabric is truncated by a Miocene 
extensional detachment [Davis et al., 1980; Davis and 
Lister, 1988]. The possibility that the mylonitic fabric is 
older than and unrelated to the Tertiary fault thus must 
be addressed. We have identified a porphyritic dacite 
intrusion in the Mitchel Range (Figure 3; south of the 
map area of Figure 2) that cuts mylonitic fabric in the 
Waterman Gneiss, but itself contains mylonite zones. 
The mylonite zones in the dacite exhibit a top-to- 
northeast fabric identical to that in the granodiorite 

Fig. 4. Photomicrograph of ductilely sheared dacite porphyry from the synkinematic intrusion in the Mitchel Range, 
viewed in plane-polarized light. This oriented sample was collected a few meters from the U/Pb zircon sample. The thin 
section was cut parallel to lineation and perpendicular to foliation, in a plane roughly vertical and northeast striking, and is 
viewed toward the northwest. Dextral shear sense, indicated by asymmetry of biotite "fish" (dark grains), indicates top-to- 
northeast shear, consistent with kinematic indicators in other mylonitic rocks in the Waterman Hills and Mitchel Range 
[Glazner et al., 1988a; Dokka et al., 1988]. 
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beneath the WHDF (Figure 4); therefore the dacite 
intrusion probably was intruded during mylonitization. 
The following section presents geochronological results 
from this intrusion. 

Zircons from the dacite intrusion were analyzed by 
the U-Pb method. Results are given in Table ! and 
Figure 5. The lower intercept age of this rock is 23 + 
0.9 Ma and the upper is about 2100 Ma (Figure 5 and 
Table 1). We interpret the lower intercept to be the age 
of crystallization. Recent lead loss is not displayed in 
the systematics of this sample. Such loss is unlikely 
because (1) the intrusion was probably cool by 18 Ma, 
when deposition of the posttectonic Barstow Formation 
began [McFadden et al., 1988]; (2) the Mitchel Range 

had apparently cooled below 70øC by 19 Ma [Dokka and 
Baksi, 1988; Dokka, 1989, p. 367]; and (3) there is no 
evidence in thin section or hand sample for extensive 
weathering or hydrothermal alteration. The upper 
intercept age is reasonable considering similar results of 
Wooden et al. [1988], and 2.0-2.3 Ga Nd model ages for 
this region [Bennett and DePaolo, 1987]. 

The 23 Ma age for intrusion and ductile deformation 
is broadly similar to ages of volcanic rocks in the 
Whipple Mountains area. Davis and Lister [1988, p. 144- 
145] interpret lower plate mylonitization to have been 
active during Oligo-Miocene time and to have ceased by 
21.5 Ma. The similarity of ages suggests that magma- 
tism and ductile extension in the central Mojave Desert 

TABLE 1. Analytic Data for Synmylonitic Dacite 

Measured Ratios Radiogenic Ratios Ages, Ma 

Fraction Sample U, ppm 206pb*, ppm 206pb/ 207pb/ 208pb/ 
Weight, mg 204pb 206pb 206pb 

206pb, / 207pb, / 207pb, / 206pb, / 207pb, / 207pb, / 
238 U 235 U 206pb, 238 U 235 U 206pb, 

nm(0) <200 1.574 1604.4 5.893 828.2 0.07611 0.1537 0.00420 0.03389 0.058584 27.0 33.8 551.6 (12) 
nm(1) <200 2.386 628.7 1.993 1299.4 0.06059 0.1141 0.00367 0.02494 0.049277 23.6 25.0 161.0 (6) 
nm(2) <200 1.140 815.9 3.145 583.2 0.08775 0.1646 0.00439 0.03816 0.062998 28.3 38.0 708.2 (7) 
nm(3) <200 2.019 588.3 2.035 405.1 0.08931 0.1982 0.00388 0.02850 0.053240 25.0 28.5 339.4 (10) 

(12) analytical error on age in m.y. (2-sigma). nm(#) nonmagnetic on Frantz separator at angle of tilt # degrees. <200 size in standard mesh. Zircon 
disolution followed the methods of Krogh [1973] and Parrish [1987]. Elemental separation was done with HBr anion column chemistry for lead and HCI 
column chemistry for uranium. Samples were abraded following the methods of Krogh [1982]. Decay constants used were 238U=0.15513x10-9 yr '1 and 
235U=0.98485x10-9 yr '1 [Steiger and Jager, 1977]. Isotopic analyses were determined on a VG Sector multicollector thermal ionization mass spectrometer. 
A mass fractionalion correction of 0.10%/ainu, as determined by standard runs on NBS 981 (common lead) and NBS 982 (equal atom lead), was applied to 
the lead data. Errors on 206pb/204pb were minimized by use of a Daly multiplier. All analyses were carded oat during 1988 and 1989 when laboratory 
blank averaged 0.12 ng total lead and 0.2 ng uranium. Errors on data were computed using data reduction program of Ludwig [1983]. Common lead 
corrections were made using values determined from Stacey and Kramers [1975] for the lower intercept age. Values used are 206pb/204pb=18.688, 
207pb/204pb--15.627, and 208pb/204pb=38.589. Sample taken from dike that intrudes unit qd of Dibblee [1970]. Location of sample is 34 ø 55' 7.7"N, 
116 ø 59' 18.8"W. Detailed field relations of this body are described by J. M. Bartley et al.I [1989]. 

* radiogenic component. 
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were roughly coeval with similar events in the Colorado 
River area. [cf. Hileman et al., this issue]. 

UPPER PLATE RELATIONS 

The upper plate of the WHDF in the Waterman 
Hills and Mitchel Range consists of deformed and 
altered Tertiary igneous and sedimentary rocks. A 
partial stratigraphic section for Tertiary rocks of the 
Waterman Hills is presented in Figure 6 (location of 
section in Figure 2). This section is schematic and 
generalized because of the complex structure in the area 
and intricate lateral changes in the stratigraphy. This 

Stratigraphic Section- Waterman Hills 
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Fig. 6. Upper plate Miocene stratigraphy, unit Ts of Figure 2, in the 
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Fig. 7. Tectonic map showing inferred relations between the 
Waterman Hills-Mitchel Range core complex and the Mud Hills. 
Tectonic fabric in the Waterman Hills is interpreted to be Tertiary in 
age; it is probably composite Tertiary/Mesozoic in the Mitchel 
Range. Geology of the Mud Hills is simplified from Dibblee [1968]. 
Note lines of cross sections in Figure 8. 

sedimentary sequence is cut and deformed by discordant 
rhyolitic plugs (unit Tr, Figure 2), which are in turn cut 
by the WHDF. Correlative strata exposed to the north 
in the Mud Hills, assigned to the Pickhandle Formation 
by Dibblee [1968], were deposited on undeformed 
Mesozoic intrusive rocks which we interpret to represent 
upper plate basement rocks (Figure 7; see below). The 
following discussion focuses on the stratigraphy and 
structure of syntectonic upper plate strata in the 
Waterman Hills, Mitchel Range, and Mud Hills (Figures 
2, 6, and 7). 

Stratigraphy 

The Tertiary section in the Waterman Hills and 
Mitchel Range is everywhere in fault contact (along the 
WHDF) with the pre-Tertiary basement and Tertiary 
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intrusions. The stratigraphically lowest preserved part 
of the section in the Waterman Hills consists of rhyolite 
flows and tuffs (unit Tot, Figures 2 and 6). Alteration of 
the rhyolite is pervasive. Plagioclase has been complete- 
ly replaced by adularia, and secondary chalcedony and 
calcite are abundant. The rhyolites, which comprise 
both flows and flow breccias, are brecciated and frag- 
mental near their tops. 

The rhyolite sequence is overlain by a heterogeneous 
assemblage of tuff, tuff breccia, conglomerate, sand- 
stone, mudstone, and monolithologic and polymict brec- 
cia sheets of pre-Tertiary basement lithologies (unit Ts, 
Figures 2 and 6). The basal part of this assemblage 
consists of 85 m of light green to light red weathering 
tuff breccia and conglomerate derived from the under- 
lying rhyolite (subunit 1). The tuff breccia consists of 
massive to faintly bedded tuffaceous sandstone and silt- 
stone with isolated pebble- to boulder-sized clasts of 
rhyolite deposited by tuffaceous mudflows or debris 
flows. Individual units are up to 20 m thick. Interca- 
lated maroon-weathering conglomerate occurs in thin to 
thick (9 m) beds that range from well sorted to poorly 
sorted. Stratification is def'med by alternating layers of 
clast-rich and clast-poor sandstone and conglomerate, 
although the unit is locally massive. This interval of tuff 
breccia and conglomerate is capped by a 3-m-thick brec- 
ciated rhyolite flow (subunit 2) that resembles the strati- 
graphically lower rhyolite. The rhyolite flow is overlain 
by another 38 rn of conglomerate and tuff breccia (sub- 
unit 3), that is similar to, but typically better sorted and 
stratified than, the unit below. Stratified sandstone is 
common above the lowest 5 m. These three subunits 

were probably deposited in a fluviM setting with locally 
abundant debris flows. 

Passing up section, the generally coarse character of 
the Tertiary rocks is interrupted by 11 m of siltstone, 
mudstone, and shale (subunit 4). These rocks weather 
red to green and contain laminae 0.5-3 cm thick. 
Although the rocks are altered to jasperoid, rain drop 
impressions and mud cracks are clearly discernible. 
These rocks probably originated in an ephemeral pond 
or playa. This unit is overlain by about 45 m of tuff 
breccia and conglomerate, that are in turn overlain by 1 
rn of shale and mudstone (subunit 5). 

The next higher unit is a 35-m-thick breccia sheet 
derived from biotite diorite and hornblende diorite, 
containing clasts from 0.1 to 2 m in diameter (subunit 6). 
This and similar units upsection probably represent 
landslide or debris flow deposits. This unit is overlain by 
20 m of rhyolitic sandstone (subunit 7), followed by 23 m 
of mudstone, siltstone, and shale (subunit 8) that 
resemble the strata that underlie the diorite breccia 
sheet. 

The remainder of the exposed stratified sequence 
consists of 330 rn of conglomerate and sandstone 
intercalated with sheets of brecciated basement rocks 

(subunit 9). Although tuff breccia layers persist into this 
part of the section, conglomerate with both volcanic and 

basement clasts predominates. The conglomerate varies 
from poorly to well bedded but, in general, is better 
stratified than units below. In addition, local cut and f'fil 
structures and cross stratification are present. The 
sedimentary features record deposition in a fluvial 
setting, possibly near the center or toe of an alluvial fan. 
The section probably continues further, but measure- 
ment was stopped at a large fault that appears to repeat 
section in the core of the large syncline (Figure 2). 
Further measurement was impossible because lateral 
fades changes in these rocks prevent a unique offset of 
the section. 

The sedimentary rocks are intruded by rhyolite plugs 
(unit Tr, Figure 2). These plugs are porphyritic- 
aphanitic with phenocrysts of quartz, plagioclase, and 
biotite. Phenocrysts are about 1 mm in diameter. The 
texture and mineralogy of these rocks has been severely 
overprinted by K-metasomatism. 

In summary, the upper plate sedimentary sequence 
(Ts) is composed predominantly of rhyolitic volcanic and 
coarse clastic rocks, with subordinate fine-grained clastic 
intervals. Provenance changes upsection from a vol- 
canogenic, probably local source to more diverse sources 
that include a major component of pre-Tertiary base- 
ment rocks. These relations are consistent with the 

hypothesis that this sequence was deposited during 
extensional faulting accompanied by volcanic outbursts 
in a normal fault bounded basin. Faulting created the 
topographic relief necessary to unroof the basement 
rocks and to shed coarse debris flows. 

Regional Correlation and Source Areas 

Miocene rocks in the Waterman Hills correlate with 

the Pickhandle Formation of McCulloh [1952] and 
Dibblee [1968, 1970] and probably with the Spanish 
Canyon Formation and possibly the Clews Fanglomerate 
at Alvord Mountain [Byers, 1960; Doldca et aL, 1988]. 
Strata of the Pickhandle Formation in the Mud Hills, 
directly west on strike from the type area in Pickhandle 
Pass [McCulloh, 1952], are strikingly similar to the upper 
plate sedimentary section (Ts) in the Waterman Hills, 
including the distinctive basement-clast conglomerate 
and breccia sheets (Dibblee [1968] and our reconnais- 
sance). However, the Pickhandle Formation in the Mud 
Hills is free of the effects of K-metasomatism and is in 

stratigraphic contact with untectonized quartz mon- 
zonite [Dibblee, 1968]. These relations indicate that 
both the Pickhandle Formation and the subjacent pre- 
Tertiary rocks in the Mud Hills belong to the upper 
plate of the WHDF. 

The Pickhandle Formation in the Mud Hills is over- 

lain unconformably by the Barstow Formation [Dibblee, 
1968]. We interpret the Barstow Formation to en- 
compass postkinematic fluvio-lacustrine rocks deposited 
in an extensional basin formed during movement of the 
WHDF. This basin rests mainly on hanging wall blocks 
of the WHDF. The Barstow Formation is itself folded, 
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but this disruption is probably a result of later strike-slip 
faulting [Dibblee, 1968, p. 46]. Dokka et al. [1988] and 
Dol&a [1989] suggested that Tertiary strata in the Mud 
Hills were deposited in a postdetachment half graben 
along a large NE dipping high-angle normal fault. They 
inferred this fatfit to be concealed by alluvium along the 
northeast side of the Mitchel Range and Waterman 
Hills. Stratigraphic relations argue against this inter- 
pretation. Pickhandle strata in the Mud Hills are 
compositionally similar to strata in the Waterman Hills 
in that both sequences lack clasts derived from pre- 
Tertiary rocks of the Waterman Hills or Mitchel Range. 
This is difficult to explain if the section in the Mud Hills 
was deposited along a fault that uplifted the Waterman 
Hills basement by 1 km or more. In addition, the 
presence of Pickhandle strata in the Waterman Hills 
argues against Pickhandle Formation being deposited in 
a half-graben basin entirely north (5 km) of the 
Waterman Hills. 

We interpret Pickhandle rocks in both the Waterman 
Hills and Mud Hills to have been deposited during de- 
velopment of the WHDF, many kilometers to the south- 
west of their present location. The Mud Hills basement 
and its cover of Pickhandle strata later were transported 
along the WHDF across the Waterman Hills-Mitchel 
Range core complex to their present position. The 
concealed contact between Miocene strata in the Mud 

Hills and pre-Tertiary basement is interpreted to be the 
WHDF itself, arched over the northern Waterman Hills 
and dipping under the Mud Hills (Figures 7 and 8) 
[Glazner et al., 1989]. 

Conglomerate and breccia sheets in unit Ts contain 
clasts that do not match exposed basement in the 
Waterman Hills or other nearby ranges. Exotic clast 
lithologies include biotite-rich diorite, black hornfels 
(metachert?), banded metasedimentary calc-silicate 
rocks, porphyritic granitoids with K-feldspar phenocrysts 
up to 3 cm across, coarse-grained white marble, pelitic 
gneiss, and gneissic granitoids. Clasts of biotite-rich 
diorite commonly exceed 1 m in diameter, and 
brecciated boulders up to 2.5 m in diameter are locally 
present. Mylonitic clasts are absent in the section, 
suggesting that the ductile shear zone in the Waterman 
Hills had not yet been exposed during deposition of 
these units. 

In an effort to identify a source for the exotic dasts, 
we examined all of the ranges surrounding the 
Waterman Hills, including the Mitchel Range, the 
Hinkley Hills, Mount General, the Newberry Mountains, 
Iron Mountain, Fremont Peak, The Buttes, the Calico 
Mountains, the Lane Mountain area, the Mud Hills, the 
Gravel Hills, and Alvord Mountain (Figures 1 and 3). 
More than one area provides a match for a limited 
subset of clast lithologies. For example, possible 
matches for the marble and pelitic gneiss dasts, and no 
others, are present at Iron Mountain. Near Lane 
Mountain we found reasonable matches for only the 
hornfels, calc-silicates, marble, and gneiss. The best 
match of the complete clast assemblage occurs on the 
western flank of Alvord Mountain [Byers, 1960], where 
biotite-rich diorite, porphyritic granitoids, coarse- 
grained white marble, calc-silicate rocks, pelitic gneiss, 
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Fig. 8. Cross sections of the WHDF; sec Figure 7 for locations. The northern half of cross section A is modified from 
Dibblee [1968, Plate 3, cross section C-C']. Cross section A-A' illustrates our interpretation that the WHDF is arched over 
the Waterman Hills and dips under the Mud Hills (see text for discussion). This geometry is corroborated by the arched 
shape of the WHDF 3 km along strike in cross section B-B'. Fabric elements shown in the Waterman Hills and Mitchel 
Range basements arc projected from surface mapping but are schematic under the Barstow syncline. The WHDF is shown 
folded by the Barstow syncline based on the observation that the posttectonic Barstow Formation is folded. 
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and gneissic granitoids all are present. The Alvord 
Mountain area is the only location that contains sources 
for all of the different types of exotic clasts in the 
Waterman Hills. 

The western flank of Alvord Mountain currently lies 
35 km N70øE from the Waterman Hills. If approxi- 
mately 10-15 km of movement on intervening right-slip 
faults is removed [Dokka, 1983], Alvord Mountain 
restores to a position approximately 35 km N40øE of the 
Waterman Hills. The direction from the Waterman 

Hills to the restored position of Alvord Mountain is 
essentially the same as the lineation direction in the 
lower plate of the WHDF and presumably the move- 
ment direction of hanging-wall fault blocks. 

Deriving the coarse basement clasts in the Waterman 
Hills section from such a distance appears problematic. 
It is unlikely that the very coarse breccia sheets traveled 
35 km. Therefore, either the Alvord Mountain area was 
closer to the Waterman Hills during Pickhandle deposi- 
tion and was later shifted away from the Waterman Hills 
by northeast directed extension or the exotic clasts were 
derived not from Alvord Mountain but from a nearer 

area that is now either buried or completely eroded 
away. We prefer the former hypothesis, because trans- 
lation of the Alvord Mountain terrane after deposition 
of the Waterman Hills Tertiary section is consistent with 
other evidence of continued postdepositional extension 
(see below). 

We therefore interpret the Pickhandle Formation to 
record synkinematic deposition in a basin formed by slip 
along the WHDF. Detritus was shed from highlands 
created in the hanging wall of the detachment and from 
elevated hanging-wall blocks. The Alvord Mountain 
area would be one such hanging-wall block. This rela- 
tion is analogous to modern deposition in Death Valley, 
where major alluvial fans transport sediment into the 
basin from the Panamint Range hanging-wall block. 

Structure of Upper Plate 

The upper plate of the WHDF is preserved in the 
Waterman Hills and Mitchel Range as thin, sparse, 
structurally complex klippen (Figures 2, 7, and 8). 
Consequently, our knowledge of upper-plate deforma- 
tion is limited. Myriad centimeter-scale normal faults 
disrupt and extend bedding in stratified outcrops 
[Glazner et al., 1988a, Figure 14]. A few map-scale faults 
are shown in the upper plate in Figure 2, but many more 
smaller-scale ones exist. Laterally discontinuous 
sedimentary units and occurrences of similar strata at 
different stratigraphic levels make recognition of faults 
difficult. 

The largest klippe comprises the central part of the 
Waterman Hills (Figure 2). The primary structure of 
the stratified rocks in this klippe is a southwest plunging 
noncylindrical syncline. The limbs of the syncline have 
steep and locally overturned dips, the north limb striking 
west and the south limb striking north. Bedding in the 

hinge zone dips moderately to the southwest. The aver- 
age bedding attitude is broadly compatible with synthetic 
stratal rotation above northeast dipping normal faults, 
but the geometry implies a more complex three-dimen- 
sional deformation history than simple northeast- 
southwest stretching. Some of the folding may be 
related to Late Cenozoic strike-slip faulting along the 
Harper Lake fault-Gravel Hills fault. For example, fold 
axes in the Waterman Gneiss in the Hinkley Hills and 
Mitchel Range are bent in a right-lateral sense adjacent 
to the Harper Lake fault [Dibblee, 1960, 1970]. 

Rhyolite plugs (Tr) make up about half of the klippe 
in the Waterman Hills. The plugs cut across the syncline 
defined by their wall rocks, indicating that they were 
emplaced after most, if not all, of the folding of the 
stratified sequence occurred. Both the plugs and a zone 
of upper plate potassium metasomatism are truncated 
against the WHDF, indicating that significant displace- 
ment along the WHDF occurred after the plugs were 
emplaced. This demonstrates important post-Pick- 
handle extension. Such extension may be responsible for 
displacement of Alvord Mountain northeastward from 
closer to the Waterman Hills and Mitchel Range. 

A prominent northwest striking high-angle fault off- 
sets the trace of the WHDF on the south side of the 

klippe with right-lateral separation (Figure 2). In plan 
view this fault separates steeply dipping lithologic units 
in the Waterman Gneiss (not shown in Figure 2) by the 
same amount that it separates the gently dipping 
WHDF. This requires net slip across the high-angle fault 
to be largely right-lateral. The fault is probably related 
to the late Cenozoic right-slip Harper Lake fault that 
bounds the Waterman Hills on the southwest (Figure 7). 

Two small klippen at the northwest end of the 
Mitchel Range are composed almost entirely of brec- 
ciated, altered, structureless rhyolite. However, a small 
enclave of volcanogenic sandstone at the east end of the 
larger of these klippen dips about 60øNE and is over- 
turned, based on small-scale cross stratification. 
Moderately extensive upper plate outcrops are located 
along the northern edge of the Mitchel Range (Figure 
2). These comprise a faulted suite of Pickhandle strata 
(Ts) intruded by rhyolite. Hydrothermal silicification 
and tourmalinization are commonly intense in this area, 
rendering protolith identification difficult in some 
instances. Bedding attitudes and facing directions are 
inconsistent and indicate both synthetic and antithetic 
rotations. 

DISCUSSION 

Regional Distn'bution of Upper and Lower Plates 

In the Waterman Hills and Mitchel Range the 
WHDF juxtaposes Tertiary synextensional strata of the 
Pickhandle Formation against ductilely deformed, 
tectonically denuded basement rocks. The top-to- 
northeast shear sense in the lower plate indicates that 
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upper plate basement underlies ranges to the northeast, 
i.e., the Mud Hills, Lane Mountain, and Alvord 
Mountain areas. Conversely, this suggests that the 
WHDF projects above ranges to the southwest (Hinkley 
Hills, Iron Mountain), which contain pre-Tertiary rock 
suites similar to the Waterman Hills and Mitchel Range. 

In addition to abundant Mesozoic plutonic rocks, 
upper plate ranges contain a distinctive assemblage of 
Paleozoic eugeoclinal rocks, mainly at greenschist 
metamorphic grade. The footwall ranges also contain 
abundant and similar Mesozoic igneous rocks, but 
metasedimentary strata represent miogeoclinal to 
cratonal Paleozoic rocks [Kiser, 1981]. These miogeo- 
clinal to cratonal rocks underwent amphibolite facies 
metamorphism before being overprinted by the lower 
greenschist facies mylonitic fabric related to extension. 
The later mylonitic fabric is most pronounced in 
exposures in the Waterman Hills, Hinkley Hills, and 
Mitchel Range, whereas the ranges farther to the west 
apparently exhibit only the amphibolite grade metamor- 
phism. Therefore the WHDF separates terranes that 
contain similar Mesozoic igneous assemblages and 
different Paleozoic rocks and metamorphic facies. 

A small exposure of unmetamorphosed fossiliferous 
upper Paleozoic rocks in the Hinkley Hills may also lie 
in the upper plate of the WHDF. These rocks rest in 
low-angle fault contact with the Waterman gneiss and 
were interpreted to represent the miogeoclinal Bird 
Spring Formation [Kiser, 1981]. Because of the very 
limited exposure of these rocks, however, the assignment 
to either miogeoclinal or eugeoclinal facies is uncertain. 
In addition, unmetamorphosed Paleozoic rocks are 
unknown in any of the surrounding ranges. This small 
exposure, therefore, may provide important clues to 
preextensional configuration of this area once it and 
surrounding areas •r• ct,,4;•4 ;,, more 
presence of these rocks does not affect the overall 
distribution of eugeoclinal rocks in the upper plate and 
miogeoclinal rocks in the lower plate of the WHDF. 

Slip Across the Waterman Hills Detachment Fault 

Because the Paleozoic rocks of upper and lower 
plates are completely different, they cannot be used to 
constrain the amount of slip on the detachment. 
However, Mesozoic intrusive rocks may provide such a 
constraint. Distinctive poikilitic hornblende gabbro 
bodies in the Mud Hills, in the Goldstone area, and at 
Iron Mountain (Figures 3 and 9) consist of subequal 
amounts of hornblende (variably altered) and plagio- 
clase, with variable proportions of hypersthene, augite, 
magnetite, and sphene. The northeastern occurrences of 
these intrusions, in the Mud Hills and Goldstone areas, 
lie in the upper plate of the detachment. Exposures at 
Iron Mountain are inferred to be in the lower plate 
because (1) they are located southwest of known lower 
plate outcrops of the northeast rooting detachment; 
(2) metasedimentary rocks in this area appear to be 

Fig. 9. (Top) Present outcrop distribution of eugeoclinal and 
miogeoclinal Paleozoic facies (boundary approximately located with 
heavy stippled line, E on eugeoclinal and M on miogeoclinal sides, 
respectively), locations of mafic complexes (poikilitic gabbro bodies), 
and regional distribution of upper and lower plates of the Waterman 
Hills detachment. (Bottom) Restored positions of Paleozoic and 
Mesozoic rocks prior to motion on Waterman Hills detachment. 
Note overlap of eugeoclinal and miogeoclinal facies rocks in the 
central Mojave Desert. Southern continuation of the WHDF is 
shown schematically as an accommodation zone between the 
Newberry Mountains and the Mitchel Range. 

miogeoclinal in character, similar to known lower plate 
Paleozoic strata, and are metamorphosed at amphibolite 
grade; and (3) only unmetamorphosed Tertiary and 
Paleozoic rocks are present in the upper plate of the 
detachment southwest of the Mud Hills. Restoration of 

the Goldstone and Mud Hills gabbro bodies to a posi- 
tion structurally above the gabbro in the Iron Mountain 
suggests 30-50 km of top-to-northeast displacement on 
the WHDF (with later strike-slip faults restored; arrows 
on Figure 9). 

Regional Extent of the Waterman Hills Detachment Fault 

The areal extent of the WHDF remains uncertain, 
but some constraints can be identified. The fault is 
difficult to trace to the northwest because volcanic rocks 

in the northern Mojave Desert, which largely postdate 
movement on the WHDF [Glazner, 1989], obscure the 
early Miocene geology and because much of the area 
lies unexamined within the China Lake Naval Weapons 



WALKER ET AL.: IMPLICATIONS OF EXTENSION IN THE MOJAVE D •ESERT 567 

Center. Eugeoclinal rocks containing west-southwest 
vergent structures occur in a continuous northwest 
trending belt running from the Lane Mountain area 
northwest to Pilot Knob Valley (Figures 3 and 9), and 
beyond to the E1 Paso Mountains when offset across the 
Garlock Fault is restored [Carr et al., 1984]. The 
continuity of this belt implies that all of these axeas rest 
in the hanging wall of the WHDF. The footwall of 
Mesozoic plutons and Waterman Gneiss may also be 
more or less continuous from the Hinkley Hills to the 
northwest through the Fremont Peak area to the 
Johannesburg Gneiss in the Rand Mountains (Figures 1 
and 9), but the details of this terrane are known only in 
reconnaissance. These relations suggest that the WHDF 
may continue uninterrupted northwestward, east of 
Fremont Peak and the Rand Mountains. 

It is possible that the WHDF may continue north- 
westward as the proposed Harper Lake detachment of 
Dokka et al. [1988] and Dokka [1989]. However, we 
have examined the outcrops that Dokka et al. [1988, 
Figure 11 and stop 5] used to define this structure. The 
detachment is identified as the contact between quartz 
monzonite (presumed upper plate) and mafic to inter- 
mediate orthogneiss (presumed lower plate; Waterman 
Gneiss of Dibblee [1968]). At stop 5 of Dokka et al. 
[1988] the contact is a moderately dipping cataclastic 
fault of unknown magnitude that lacks associated 
mylonite. The other good, and more extensive, exposure 
of the contact is located 2 km to the northwest of stop 5. 
At this locality the contact of the gneiss with the quartz 
monzonite is highly irregular in three dimensions, dikes 
of quartz monzonite cut the mafic orthogneiss, and a 
roughly east striking vertical crystalloblastic foliation 
(quite unlike the Tertiary mylonitic fabric of the 
WHDF) passes through the contact. These observations 
lead us to suspect that the "Harper Lake detachment" is 
a locally faulted intrusive contact of probable Mesozoic 
age and not a likely continuation of the WHDF. 

The southern continuation of the detachment is 

equally obscure. Dokka [1986] inferred a northeast 
trending right-slip fault, the Kane Springs fault, in the 
Newberry Mountains (Figure 3), and correlated it 
eastward with the Silver Bell fault of Sanner [1985]. 
Dokka interpreted the Kane Springs fault to separate 
extended rocks of the Newberry Mountains from 
presumably unextended pre-Tertiary rocks in the 
Rodman Mountains. This implies that the Kane Springs 
and Silver Bell faults form the southern boundary of the 
WHDF. However, Sanner [1985] showed that 
syndepositional right-slip displacement on the Silver Bell 
fault is limited to at most 5 km. Continuity of lithologic 
units across Kane Wash [Dibblee, 1964, 1966] also 
suggests a similarly small displacement of units in that 
area. Thus the Kane Springs fault probably did not 
accommodate the large magnitude of slip we infer across 
the WHDF. This raises two possibilities: either there is 
a major concealed accommodation zone between the 

Mitchel Range and the Newberry Mountains (Figures 1 
and 3) [Dokka, 1989], or pre-Tertiary rocks south of the 
Newberry Mountains are also extended. 

Implications for Mesozoic and Paleozoic Paleogeography 

Large displacement across the Waterman Hills 
detachment fault has important implications for the 
Mesozoic and Paleozoic development of the region 
because the fatfit carries eugeoclinal Paleozoic rocks in 
its hanging wall and has miogeoclinal to cratonal 
Paleozoic rocks in its footwall. Restoration of the 

WHDF places eugeoclinal rocks structurally above 
miogeoclinal-cratonal rocks, and we interpret this to 
mean that eugeoclinal rocks previously were thrust over 
the miogeoclinal strata [Glazner et al., 1989]. Contrasts 
in metamorphic facies also supports this stacking. 
However, Burchfiel and Davis [1981] and Walker [1988] 
interpreted the eugeoclinal rocks in the northwestern 
Mojave Desert to have been emplaced in late Paleozoic 
time by strike-slip faulting that offset them from the 
Antler belt in eastern California. This interpretation 
was based on the lack of intervening outer miogeoclinal 
facies rocks and Antler clastic sediments between the 

exposures of the miogeoclinal and eugeoclinal rocks 
(features always seen in the rest of the Cordillera) and 
the presence of upper Paleozoic basinal rocks in eastern 
California and the northeastern Mojave Desert. We 
accept this interpretation for primary juxtaposition of 
miogeoclinal-cratonal with eugeoclinal rocks in the 
Mojave Desert, but the strike-slip boundary was 
presumably modified by Mesozoic crustal shortening to 
create the vertical stacking indicated by our 
reconstructions. 

Reconstruction of the WHDF also affects the distri- 

bution of Mesozoic batholithic rocks, including the 
Mesozoic dike swarm. The western margin of the dike 
swarm in eastern California continues into the northern 

Mojave Desert in the vicinity of Alvord Mountain 
[Smith, 1962; Chen and Moore, 1979; Miller and Sutter, 
1982]. From here the dikes extend westward to the Ord 
Mountain area (Figures 1 and 9). Removing displace- 
ment on the WHDF aligns the dike swarm in the Alvord 
Mountain area with similar dikes in the Ord Mountains 

(Figure 9). This indicates that the amount of slip in- 
ferred from the possible offset of gabbroic bodies is 
plausible, because it also restores the dikes to a con- 
tinuous trend. This further implies that no major fault 
older than the WHDF and younger than the Jurassic 
dikes, e.g., the Mojave-Sonora megashear [Silver and 
Anderson, 1974], passes through the Mojave Desert in 
areas east of Victorville. 

This proposed restoration implies that contrasting 
Paleozoic facies were vertically stacked prior to 
emplacement of the Independence Dike swarm in the 
Late Jurassic. The presence of Lower Triassic marine 
rocks overlain paraconformably by Lower Jurassic vol- 
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canic rocks [Grose, 1959; Miller, 1981; Marzolf, 1983; 
Busby-Spera et al., 1987] across the Mojave Desert 
places an older bound on thrusting, so that this major 
compressional event must have occurred roughly during 
late Early to Middle Jurassic time. 
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