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Connection between igneous activity and extension in the central
Mojave metamorphic core complex, California

J. Douglas Walker,! John M. Fletcher,>* Robert P. Fillmore,* Mark W.
Martin,* Wanda J. Taylor,® Allen F. Glazner,” and John M. Bartley?

Abstract. The development of metamorphic core complexes and associated low-angle
detachment faults commonly is intimately associated with synextensional igneous activity. In
most areas studied to date, the relation of magmatism to extension is obscured by imprecise
dating and by the overprint of later tectonic events. We present data from the early Miocene
central Mojave metamorphic core complex (CMMCC) which indicate that extension was
accompanied by igneous activity, as reflected by prekinematic, synkinematic, and postkinematic
plutons and coeval volcanic rocks deposited in the associated extensional basins. The principal
intrusion is an early Miocene granite pluton exposed in outcrops across an area greater than 400

km2. Dikes adjacent to the pluton are common in the Mitchel Range, at The Buttes, and at
Fremont Peak. The overall orientation of the pluton and associated dikes is west-northwest,
roughly perpendicular to the extension direction. Results of U-Pb analyses on zircon from two
pluton and two dike samples yield ages of 20 to 23 Ma. Two other dike samples yield
inconclusive results. Synextensional basins formed by detachment faulting during the core
complex development. Rocks in these basins compose the Jackhammer and Pickhandle
formations and filled an elongate, NW trending trough more than 50 km long. The “Ar/Ar
ages for tuff beds are as old as 23.8 * 0.3 Ma near the base of the lower Pickhandle Formation
and as young as 21.3 + 0.5 Ma in the uppermost lower Pickhandle. Hence volcanism and
plutonism are coeval. The diversity of intrusive relations relative to the timing and development
of the mylonitic fabric in the CMMCC precludes any simple cause-and-effect relationship
between magmatism and extensional deformation. Rather, magmatism and extension may have
been localized at a releasing bend in a transfer-fault system which links extension in the
CMMCC with extension in the Colorado River area to the east.

Introduction

For the last 15 years, it has become widely recognized that
large-magnitude extension in Cordilleran metamorphic core
complexes is commonly associated with synkinematic igneous
activity [Anderson et al., 1988; Coney, 1980; Crittenden, 1980;
Reynolds and Rehrig, 1980]. Synkinematic intrusions have been
used to determine the timing and depth of mylonitic deformation
[Anderson et al., 1988; Reynolds et al., 1986]. Some recent in-
terpretations attribute much of the mylonitic deformation and pat-
terns of cooling ages within core complexes to synextensional in-
trusion [e.g., Lister and Baldwin, 1993].
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The evolution of detachment fault systems in metamorphic
core complexes has also been interpreted using the record of
synextensional sedimentary basins [ Beratan, 1991; Dickinson,
1991; Duebendorfer and Wallin, 1991; Fedo and Miller, 1992;
Nielson and Beratan, 1990]. Facies variations in the basins can
be used to interpret the position of concealed faults and lateral
changes in displacement in the detachment system. Dating of
volcanic rocks in the rift sequence provides further controls on
the temporal and spatial evolution of crustal extension in the area.

This paper examines the timing of igneous activity and basin
formation relative to deformation within a core complex setting:
We present geochronologic data from the central Mojave Desert
metamorphic core complex (CMMCC), California which demon-
strate synchroneity between igneous activity, basin formation,
and footwall ductile deformation. The central Mojave Desert ex-
perienced large-magnitude extension in early Miocene time
[Dokka et al., 1988; Glazner et al., 1988, 1989; Martin et al.,
1993; Walker et al., 1990] and extension was associated with
synkinematic intrusion of both dikes and a large granite pluton
[Glazner et al., 1992; Walker et al., 1990]. In addition, a suite of
sedimentary basins, filled in part with volcanic and volcanogenic
rocks, developed in the area of extension [Dokka et al., 1988;
Fillmore and Walker, 1993, 1995; Walker et al., 1990]. We
review the geologic setting of the CMMCC, followed by age data
for both intrusive and extrusive rocks, focusing on the important
field relationships that define the nature of (1) the interplay be-
tween plutonism and ductile deformation, (2) the temporal and
spatial evolution of the detachment fault system, and (3) structure
of the extended terrane. Our data show that mylonitization, plu-
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tonism, and basin development were roughly coeval and inti-
mately connected. We then speculate about the overall connec-
tions between intrusion and extensional deformation.

Geologic Setting

The study area encompasses a belt of northeast directed,
metamorphic core complex-style extension in the central Mojave
Desert (Figure 1). Mylonitic footwall rocks are exposed widely
in the Waterman Hills, Mitchel Range, Hinkley Hills, and The
Buttes and collectively constitute the central Mojave metamor-
phic core complex [Bartley et al., 1990). Footwall rocks are sep-
arated from hanging wall rocks by the Waterman Hills detach-
ment fault. This structure apparently evolved as a ductile/brittle
detachment during the early Miocene [ Glazner et al., 1988, 1989,
Bartley et al., 1990; Fletcher, 1994]. A northwest trending belt
of Miocene dikes and plutons that extends from the Mitchel
Range to Fremont Peak spatially coincides with footwall rocks of
the CMMCC [Fletcher and Bartley, 1994; Bartley et al., 1990].
Mylonitic rocks are always found in close proximity to Miocene
intrusions, but the intrusions occur in a broader region that
includes portions of the hanging wall (e.g., Lead Mountain) and
areas that show little to no evidence for mylonitization (e.g.,
Fremont Peak).

Miocene granitic rocks crop out in three main areas in the
CMMCC: the Waterman Hills, northern Lynx Cat Mountain, and
The Buttes (Figure 1). The granitic rocks probably form a con-
tinuous batholith at depth which we refer to as the Waterman
Hills granite (WHG). Outcrops of the WHG occur over an area
of 400 km2. The WHG is a medium-grained, equigranular gran-
ite containing plagioclase, orthoclase, quartz, biotite, rare horn-
blende, and allanite. Miocene dikes are exposed from the
Mitchel Range northwestward to Fremont Peak (Figure 1).
Porphyritic dacite is the dominant rock type of the Miocene
dikes, but felsite and basalt dikes also are common.

It is clear that the WHG and dikes were emplaced roughly
synkinematically with the extensional mylonitization.

Mylonitization in the WHG commonly intensifies from unde-

formed and protomylonitic at deeper structural levels to ultramy-
lonitic near the brittle detachment [e.g., Bartley et al., 1990;
Fletcher and Bartley, 1994]. Wall rock/pluton contacts generally
are poorly exposed in the CMMCC. These relationships are best
exposed in the Waterman Hills and Mitchel Range, and the wall
rocks record far higher strain magnitudes than the WHG. Either
there is a large strain gradient between the wall rocks and the
WHG or the granite was emplaced synkinematically and records
only the later stages of deformation. Fletcher and Bartley [1994]
favor the latter idea because strain analysis of pre-Tertiary wall
rock granites of similar composition and mineralogy (and hence
rheology) to the Miocene WHG show much higher mylonitic
strains in the older rock. Also in the Mitchel Range, there is gen-
erally no difference between the degree of mylonitization in the
dacite dikes and their wall rocks, suggesting that the dikes were
emplaced before or early in the deformational history. Given that
the dikes and WHG are approximately the same age (see below),
this indicates a broadly synkinematic relation between intrusion
and mylonitization in the Waterman Hills and Mitchel Range.
The clearest example of synkinematic intrusion of Miocene
dikes is in the Hinkley Hills [ Fletcher, 1994]. Dikes completely
postdate mylonitization in the footwall of the detachment, except
for dikes in the easternmost exposure, which do contain the my-
lonitic fabric. However, all dikes are crosscut by the brittle de-
tachment, suggesting that they were emplaced during active dis-
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placement across the brittle/ductile detachment system. In The
Buttes, mylonitization is concentrated into discrete shear zones
that show mutual cross-cutting relationships with the dacite
dikes: shear zones cut some of the dikes but are in turn cut by
undeformed dikes [ Fletcher, 1994]. For example, dike sample
Buttes-51 (see below) contains a mylonitic shear zone: both the
sampled dike and the shear zone are cut by an identical but
wholly undeformed dike. In some cases, dacite dikes in The
Buttes contain a wall-parallel mylonitic fabric that only affects
the country rock within 0.1-1.0 m of the contact. The highly lo-
calized mylonitization may reflect a thermal anomaly associated
with the dike emplacement. This indicates to us that deformation
and intrusion were broadly coeval.

In summary, dikes and plutons of demonstrably similar ages
(see below) display prekinematic, synkinematic, and postkine-
matic relations to the extension-related mylonitic fabric in the
CMMCC. This indicates that mylonitization and plutonism were
coeval. In addition, despite the close spatial association of plu-
tonism and mylonitization, there is no single temporal sequence
relating the two throughout the CMMCC. (See Bartley et al.
[1990] and Fletcher and Bartley [1994] for further information
about the nature of the ductile fabrics.)

The only previously published zircon U-Pb age of Miocene
intrusive rocks in the CMMCC was on a dacite dike in the foot-
wall of the CMMCC in the Mitchel Range, which yielded an age
of 23 £ 0.9 Ma [Walker et al., 1990]. Thermochronologic studies
show pronounced cooling at ~19 Ma [ Dokka and Baksi, 1988].
Hence the metamorphic core experienced deformation, intrusion,
and subsequent cooling over a short interval starting in latest
Oligocene or earliest Miocene time.

Synextensional strata related to development of the CMMCC
are exposed in the hanging wall of the detachment system and
include the Jackhammer and Pickhandle formations [Dibblee,
1967, 1968; McCulloh, 1952, 1960]. The overlying Barstow
Formation represents postextensional basin fill [ Dokka, 1989;
Walker et al., 1990; Fillmore and Walker, 1995]. Discussion of
stratigraphy in this paper is restricted to the Jackhammer and
Pickhandle formations (shown as Pickhandle Group on Figure 1).

The Jackhammer Formation lies nonconformably on pre-
Tertiary plutonic basement rocks. At its type locality at
Jackhammer Pass, located between the Mud Hills and the Calico
Mountains (Figure 1), the formation comprises ~200 m of sand-
stone, conglomerate, tuff, and basalt [McCulloh, 1952]. In the
Mud Hills to the west and at Lead Mountain to the south the
Jackhammer thins considerably and is dominated by conglomer-
ate and tuff. Elsewhere it is absent. The age of the Jackhammer
Formation is uncertain, but an apparently conformable relation-
ship with the overlying Pickhandle Formation suggests that the
Jackhammer is only slightly older. For the purposes of this paper
it is grouped with the lower Miocene Pickhandle Formation.

The Pickhandle Formation ranges to more than 1000 m thick
and consists of a heterogeneous succession of pyroclastic and
epiclastic volcanic rocks, megabreccia, conglomerate, sandstone,
siltstone, and carbonate. The formation constitutes a northwest
trending outcrop belt and is well exposed in the Gravel Hills,
Mud Hills, Waterman Hills, Calico Mountains, and Lead
Mountain (Figure 1). At Lead Mountain, the Calico Mountains,
and the Mud Hills the Pickhandle Formation rests on the
Jackhammer Formation. Elsewhere it lies nonconformably on
pre-Tertiary plutonic rocks or in fault contact with footwall rocks
of the CMMCC.

The Pickhandle can be divided into upper and lower members
based on overall compositional and depositional characteristics:
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the lower Pickhandle contains mainly volcanic and volcanogenic
rocks, whereas the upper Pickhandle (Mud Hills Formation of
[Dokka et al., 1991]) is mainly plutonoclastic in composition.
Several previous studies have dated volcanic rocks that cap the
upper Pickhandle Formation and provide a minimum age of
crustal extension in the CMMCC. In the Gravel Hills, Burke et
al. [1982] reported a K-Ar age of 18.9 = 1.3 Ma from the Opal
Mountain Volcanic Member of the uppermost Pickhandle
Formation. In the Mud Hills, megabreccia at the top of the
Pickhandle interfingers with the Owl Canyon Member of the
overlying Barstow Formation [ Woodburne et al., 1990]. The Red
Tuff at the base of the Owl Canyon Member has yielded an
DAr/39Ar age of 19.3 + 0.02 Ma [MacFadden et al., 1990;
Woodburne et al ., 1990].

Other previous geochronologic work in the CMMCC includes
the dating of several intrusive phases that cut synextensional
sediments at Lead Mountain. Dokka and Woodburne [1986] re-
port a 25.6 + 0.8 Ma age (K-Ar) for a basaltic sill that intruded
between the Jackhammer Formation and their "formation of Lead
Mountain." Similarly, Lambert et al. [1987] published a 25.6
0.8 Ma age (K-Ar) but for a felsite dike that cuts the Jackhammer
Formation at Lead Mountain. Finally, Dokka et al. [1991] re-
ported a whole rock “°Ar/3°Ar age of 21.0 + 0.8 Ma from a felsite
dike that cuts their Jackhammer Formation. These ages should
indicate the minimum age of the strata at Lead Mountain, but no
locations or analytical data have been published. As discussed
below, the new data presented in this paper do not agree with
some of these reported ages.

This paper presents a more complete geochronologic data set
for the CMMCC which allows regional chronologic correlations
of intrusive phases and synextensional strata. The data also
demonstrate the tight range of ages for the plutonic rocks of the
CMMCC. Last, we discuss the connection of basin formation to
intrusion and extensional faulting, and the relation between my-
lonitization and plutonism.

Geochronology

This section presents data and interpretations for the crystal-
lization and cooling ages of plutonic and volcanic units around
the CMMCC. In all, results from six U-Pb zircon and thirteen
“OAr/3Ar samples are reported (Tables 1-3 and Table A11Y).

U-Pb Methods

Samples were crushed and zircon/heavy mineral separates
were isolated by standard density/magnetic susceptibility tech-
niques at the University of Kansas. All samples analyzed were
hand picked to 100% purity. Isotopic analyses were determined
on a VG Sector multicollector thermal ionization mass spectrom-
eter at the University of Kansas. Further information about the
chemical procedures, zircon characteristics, and decay constants
are given in Table 2.

VAn electronic supplement of this material may be obtained on a
diskette or Anonymous FTP from KOSMOS.AGU.ORG. (LOGIN to
AGU's FTP account using ANONYMOUS as the usemame and GUEST
as the password. Go to the right directory by typing CD APEND. Type
LS to see what files are available. Type GET and the name of the file to
get it. Finally, type EXIT to leave the system.) (Paper 94JB03132,
Connection between igneous activity and extension in the central Mojave
metamorphic core complex, California, by J. D. Walker, J. M. Fletcher,
R. P. Fillmore, M. W. Martin, W. J. Taylor, A. F. Glazner, and J. M.
Bartley). Diskette may be ordered from American Geophysical Union,
2000 Florida Avenue, N.W., Washington, DC 20009; $15.00. Payment
must accompany order.
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The ¥Ar/?Ar Methods

Samples were crushed and sieved to uniform grain sizes and a
size range was selected that yielded the largest possible indi-
vidual (not composite) grains. Standard physical methods
(magnetic/density techniques and hand picking) were used to ex-
tract mineral separates of biotite, sanidine, hornblende, and pla-
gioclase with an estimated purity of >99.9%. The physical sepa-
rations were variably performed at mineral separation facilities at
the universities of Utah, North Carolina, Nevada at Las Vegas,
and Kansas.

Some of the samples for “Ar/**Ar dating were analyzed at
Cambridge Laboratory for Argon Isotopic Research (CLAIR) at
the Massachusetts Institute of Technology and some at the
University of Maine. A summary of methods for each laboratory
is given below. Mineral separates were analyzed using the in-
cremental heating technique.

Samples analyzed at Maine were irradiated in the nuclear reac-
tor at the Phoenix Memorial Laboratory at the University of
Michigan. An intralaboratory standard, SBG-7, calibrated to
hornblende standard MMhb-1 [Alexander et al., 1978], was used
as an irradiation monitor. Irradiation packages included neutron
flux monitors at the top and bottom of each vial and every one or
two samples. Methods of isotope measurements and data reduc-
tion are described by Hubacher and Lux [1987].

Samples analyzed at CLAIR were irradiated at the McMaster
Research Facility, Ontario, Canada, with Cd shielding.
Corrections for interfering reactions on Ca, K, and Cl were based
on analyses of CaF,, K,50,, and KCl included in the irradiation
package. Fast neutron flux was monitored using MMhb-1 horn-
blende [Alexander et al., 1978; Samson and Alexander, 1987] and
Fish Canyon sanidine [ Cebula et al., 1986]. Methods of isotope
measurements and data reduction are described by Hodges et al.
[1994].

U-Pb Results

Most of the Miocene intrusive phases in the footwall of the
CMMCC were dated by U-Pb on zircon (Table 2 and Figure 2).
We have dated two exposures of the WHG. The four other
samples come from exposures of Miocene dikes in the CMMCC.

Sample BAR9020A. This is a sample of WHG collected at
Lynx Cat Mountain (Figure 1). Six fractions were analyzed. All
fractions are discordant and mostly show evidence of complex
inherited, xenocrystic zircon and/or Pb loss. A discord through
these data gives a lower intercept of 20 £+ 4 Ma and a poorly de-
fined Proterozoic upper intercept (Figure 2a).

Sample Buttes-50. This sample of WHG in The Buttes came
from an isolated hill that is relatively undeformed at the base but
becomes mylonitic upward over a vertical distance of 30 to 40 m.
The behavior of zircons from this sample (Figure 2b) is similar to
those in sample BAR9020A. This sample yields a lower inter-
cept age of 22.0 + 3.8 Ma, and an upper Proterozoic upper
intercept age.

Sample Buttes-51. This sample comes from a dacite por-
phyry dike cut by a mylonitic shear zone. Importantly, the sam-
ple came from the nonmylonitic portion of the dike exposure.
These zircons show evidence for minor inheritance of xenocrystic
zircons and minor Pb loss (Figure 2¢). One fraction is con-
cordant and another nearly so at 21.9 Ma. A discord through
these points yields a lower intercept age of 21.9 + 1.4 Ma.

Sample FP-1. These data are on a dike from the Fremont
Peak area. None of the fractions were concordant, and the data
form an array parallel to concordia (Figure 2d). This appears to



Table 1. Sample Locations and Descriptions

Sample Location Description
A1/ Ar samples
GH-52 35°13'0" N, Massive white, feldspar hornblende biotite tuff in lower Pickhandle Formation in
Plagioclase 117°21'52"W Gravel Hills 15.3 m above basal contact with granitic basement. Tuff bed is 2.4 m
thick.
LM-37 Biotite 34°55'37"N, Purple and tan pumiceous biotite tuff in lower Pickhandle Formation at Lead
116°55'44"W Mountain. The tuff unit is 22.7 m thick and located 17.6 m from the base of a
partial section in which the base of the formation was not exposed.
LM-38 Biotite 34°55'37"N, White biotite tuff in the middle to upper Pickhandle Formation at Lead Mountain.
116°55'44"W Tuff unit is 0.9 m thick and is 48.7 m above the base of a partial section in which
the base of the formation is not exposed.
MH92-1 K-Spar 35°02'34"N, Dacite block and ash flow unit in lower Pickhandle Formation from the exposed base
117°00°22"W in Mud Hills. The unit is 2.1 m thick and consists of pebble-sized clasts of brown
biotite feldspar dacite in a brown biotite crystal tuff matrix.
MH92-2 Biotite 35°02'23"N, Brown crystal tuff unit in middle Pickhandle Formation in Mud Hills 141.6 m from
117°0020"W the exposed base of the formation. The unit is 50 m thick and contains abundant
feldspar and euhedral biotite phenocrysts.
MH92-3 Biotite 35°0223"N, Red and white feldspar biotite tuff in middle Pickhandle Formation in Mud Hills.
117°00'13"W The unit is 191.6 m from the exposed base of the formation and is 1.8 m thick.
WH-10 Biotite 34°57'40"N, Pumiceous pink tuff with abundant biotite pumice clasts in middle Pickhandle
117°02'15"W Formation in Waterman Hills. The unit is 19.7 m thick.
WHG-14 34°50'01"N, Massive cliff exposure of red biotite-plagioclase-quartz rhyolite plug immediately
Biotite 117°02'13"W south of microwave towers in the Waterman Hills.
BAR9020A 34°59'05"N, Fresh biotite granite with no discernible fabric from already broken rock in quarry on
Biotite 117°14'32"W west side of Lynx Cat Mountain.
GD-1 Biotite 35°00'13"N, Weakly tectonized Waterman Hills granite from northern Waterman Hills.
117°02'58"W
BARS-B Biotite 34°52'39"N, Massive layer, several meters thick, of friable white tuff exposed along powerline
117°05'49"W road near Lenwood. Layering in tuff nearby shows evidence of reworking, but
this layer appears to be a pyroclastic fall deposit with little reworking.
ROD3.19 34°41'32"N, Lithic airfall tuff bed interbedded in conglomerate exposed on the western wall of
Plagioclase 116°30'41"W Silver Bell Canyon, Rodman Mountains. Contacts of the tuff bed are poorly
exposed, but the bed is estimated to be 3 m thick. The tuff contains abundant
volcanic lithic fragments and phenocrysts of plagioclase and altered biotite and
hornblende. Xenocrystic contamination of the separate is deemed unlikely based
on microprobe analysis of several grains from the separate which yielded a
composition of An35140.6; such compositional uniformity strongly suggests a
single origin. The precise stratigraphic position of the sample is uncertain because
of local structural complexities but is no more than 100 m above the base of the
conglomerate, which overlies a sequence of nearly 2 km of intermediate to mafic
lava flows of probable early Miocene age.
BOXC-26 34°41'13"N, Light pink plagioclase-biotite tuff taken about 150 m upstream of Silver Bell fault;
Biotite 116°31'30"W immediately overlain by breccia of biotite quartz monzonite.
U-Pb zircon samples
BAR9020A (see above)
Buttes-50 35°03'57"N, Medium-grained, light gray, biotite granite. Collected at the undeformed base of a
117°23'33"E prominent tor which shows a gradient in fabric intensity contains well-developed
mylonites on it's summit. No pluton/wallrock relationships exposed in The Buttes.
Since the granite contains the mylonitic fabric, it was emplaced either
synkinematically or prekinematically.
Buttes-51 35°05'16"N, Porphyritic dacite dike characterized by plagioclase and biotite phenocrysts and a
117°25'06"E yellowish-brown aphanitic matrix. Sample was collected from the undeformed
southern portion of the dike. Northern portion of dike is crosscut by a mylonitic
shear zone as well as another dacite dike which is unmylonitized. The dated dike
was emplaced prekinematically and the cross cutting dike was emplaced
postkinematically.
FP-1 35°13'04"N, Porphyritic dacite dike characterized by feldspar and minor biotite phenocrysts in an
117°30'16"W aphanitic, orange weathering matrix. The dike is 1 to 2 m thick and surrounded by
alluvium. No mylonitic fabrics are apparent.
HH-1 34°56'12"N, Undeformed dacite porphyry dikes with feldspar and minor biotite phenocrysts in an
117°06'06"W aphanitic groundmass.
HH-16 34°54'17"N, Undeformed dacite porphyry dikes with feldspar and minor biotite phenocrysts in an
117°04'46"W aphanitic groundmass.
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Figure 2. U-Pb concordia diagrams for Miocene Plutonic rocks in the central Mojave metamorphic core com-
plex. Detailed sample locations and descriptions are given in Table 1. Analytical data are given in Table 2.
(a) Sample BAR9020A, Waterman Hills granite from the Lynx Cat Mountain area. Points near concordia; inset
shows all data. Data on the inset are shown as circles; see Table 2 for errors. (b) Sample Buttes-50, Waterman
Hills granite from The Buttes. Data points are shown as circles; see Table 2 for errors. (c) Sample Buttes-51,
dacite dike from The Buttes. (d) Sample FP-1, dacite dike from Fremont Peak. (e) Data for all of the samples
and WHW-1 (squares, dacite dike in the Mitchel Range dated by Walker et al. [1990]). (f) Samples HH-1

(circles) and HH-16 (squares), dacite dikes from the Hinkley Hills.
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be a Pb-loss array, and we interpret the minimum age of this
sample to be around 23 Ma. Unfortunately, these fractions have
high U and common Pb concentrations making interpretations
somewhat uncertain.

Figure 2e shows the results from these four samples plotted
together. Only the most concordant points are shown. In addi-
tion, data from sample WHW-1 from Walker et al. [1990] are
shown as solid squares. Because all of these samples are petro-
graphically similar (for dike and WHG svites) and apparently
represent a single or short-lived intrusive event, we regressed a
single discord through all of the data giving a lower intercept of
21.9 £ 0.8 Ma. We interpret this to represent a mean, minimum
age for the suite. It is possible that the true age is somewhat
older and closer to the 23 Ma age reported for the Mitchel Range
dike [ Walker et al., 1990]. 1t is possible to draw a discord be-
tween 23 Ma and 1310 Ma (mean upper intercept age) using
these data: this line bounds the upper part of the data array, sug-
gesting that most of the fractions possibly have suffered minor Pb
loss. Hence our preferred interpretation for the age of the WHG
intrusive event, including the pluton and associated dacitic dikes,
is 23+ 1 Ma.

It is also possible that the WHG and dikes intruded and cooled
over the period from 23 to 20 Ma (ages of FP-1 dikes and the
BAR9020A pluton sample, respectively), and that this spread in
ages represents a real variation. This may be reasonable because
the dated units have variable relations to the dominant mylonitic
fabric in the area. Given the possible spread in ages, intrusion
and mylonitization may have occurred over a period of around 3
m.y. Unfortunately, we cannot resolve this issue fully because of
the scatter in the data (which results in 1 to 4 m.y. uncertainties in
the ages) and the high U concentrations (which indicates that Pb
loss could be important) in these samples.

Samples HH-1 and HH-16. These data are from two unde-
formed dikes in the Hinkley Hills. Five fractions from each
sample were analyzed. All fractions are discordant, and mostly
show evidence of complex inherited, xenocrystic zircon. It ap-
pears that the samples contain zircon incorporated from both
Mesozoic and Precambrian sources. Because of the considerable
scatter in the data, no age interpretation is proposed for these
samples. The data are, however, consistent with those for the
other plutonic samples which indicate an early Miocene age.
Hence we interpret these samples to be part of the 23 + 1 Ma
suite of intrusions. This is consistent with their structural rela-
tions and overall composition.

The “Ar/*Ar Results

The “0Ar/3%Ar ages are used primarily to date synextensional
strata in the hanging wall of the CMMCC and to correlate iso-
lated sedimentary sequences in adjacent areas. The data set in-
cludes seven samples of tuff from the lower Pickhandle
Formation in the Mud Hills, Waterman Hills, Gravel Hills, and
Lead Mountain, three samples of volcanic rocks from sedimen-
tary sequences in outlying areas, and a sample from a rhyolite
plug that intrudes the Pickhandle formation in the Waterman
Hills (see Table 1 for locations). Additionally, two samples of
the WHG were analyzed to characterize the cooling history of the
lower plate. All errors in this section are reported at the 2-0
level.

Pickhandle samples. Sample MH92-1 comes from a dacite
block and ash flow unit at the base of the lower Pickhandle
Formation in the Mud Hills; samples MH92-2 (brown biotite-
feldspar tuff) and MH92-3 (white feldspar-biotite tuff) come
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from near the top of the lower Pickhandle. This is the type sec-
tion of the Pickhandle Formation. A plagioclase separate from
sample MH92-1 did not yield a plateau (Figure 3a and electronic
supplement). Isotope correlation analysis gave a “*Ar/3%Ar inter-
cept age of 22.4 + 0.4 Ma and a *®*Ar/%Ar intercept within error
of the atmospheric value. Biotite from MH92-2 gives a flat re-
lease spectrum but no plateau. The isotope correlation diagram
shows that the sample has a large radiogenic component (Figure
3b). Regression through increments 2 to 9 (containing greater
than 94% of the total gas) gives an intercept age of 21.7 + 0.5 Ma
and a ““Ar/3Ar intercept well in excess of the atmospheric value.
Assuming that departure from the atmospheric value is solely due
to excess “CAr, we accept the intercept age as the true age of this
sample. Biotite from sample MH92-3 behaved similarly to
MH92-2 (Figure 3c). We take the intercept age of 21.4 + 0.5 Ma
to be the age of this tuff.

Sample GH-52 is a feldspar-hornblende tuff from near the
base of the Pickhandle Formation in the Gravel Hills.
Plagioclase from this sample did not yield a plateau, but data on
an inverse isotope correlation diagram show a broad range in
compositions (Figure 3d). Regression through all of the points
yields an age of 24.0 £ 0.5 Ma. Because increments 1, 2, and 11
fall away from the others in the release spectrum and yield little
gas, an age regressed through increments 3 to 10 of 23.8 £ 0.5
Ma is preferred. The *°Ar/3Ar intercept for this is 325 £ 150.
Sample WH-10 is a biotite tuff from the center part of the
Pickhandle section in the upper plate of the Waterman Hills
detachment fault in the Waterman Hills. This section was de-
scribed in detail by Walker et al. [1990]. This sample yields a
plateau at 21.7 + 0.2 Ma and an intercept age of 21.7 £ 0.5 Ma
(Figure 3e; regressed through increments 2 to 10 with a “0Ar/3Ar
intercept of 310 + 70). This sample is in a roughly similar strati-
graphic position to MH92-2 and MH92-3.

Two samples of biotite tuff from a poorly correlated section at
Lead Mountain were analyzed (Figures 3f and 3g). Biotite from
sample LM-37, from the lower part of the Lead Mountain sec-
tions, gives no plateau. Regression through increments 2 to 10
on an inverse isotope correlation diagram gives an intercept age
of 23.0 £ 0.5 Ma and a “°Ar/3¢Ar intercept of 350 £ 80. This is
interpreted to be the eruptive age of the sample. Biotite from
LM-38, a stratigraphically higher sample in a similar position to
samples WH-10, MH92-2, and MH92-3, is better behaved and
gives a plateau age of 23.6 * 0.2 Ma (Figure 3g). The inverse
isotope correlation diagram shows a relatively restricted range of
compositions. Regression through increments 2 to 9 (containing
greater than 97% of the gas) gives an intercept age of 21.3 + 0.5
Ma and a “°Ar/3%Ar intercept well in excess of the atmospheric
value. We assume that the difference from the atmospheric value
is due to excess “?Ar and accept the intercept age as the true age
of the sample.

Other volcanic samples. Other samples were obtained for re-
gional comparison (Table 1 and electronic supplement and Figure
4). Two samples come from the Box Canyon area of the Rodman
Mountains. Biotite from BOXC-26 yields a largely concordant
spectrum with a plateau age of 24.0 + 0.4 Ma (Figure 4a). An in-
verse isotope correlation diagram shows a “'Ar/36Ar intercept at
the atmospheric value and an intercept age of 24.4 + (0.3 Ma. We
take the mean of these ages, 24.2 + 0.4 Ma, to be the best esti-
mate for the age of the sample. Plagioclase from ROD3.19 gave
a saddle-shaped spectrum (Figure 4b). On an inverse isotope cor-
relation diagram, the “°Ar/3¢Ar intercept is above the atmospheric
value, and the intercept age is 23.1 £ 0.6 Ma. This is interpreted
as the age of this sample. The spectrum and the “°Ar/36Ar inter-
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Figure 3. The “°Ar/3%Ar age data for Pickhandle Formation. Detailed sample locations and descriptions are
given in Table 1. Analytical data are given in electronic supplement. (a) Sample MH92-1, dacite tuff in basal
part of the Pickhandle Formation in the Mud Hills. (b) Sample MH92-2, crystal tuff in the middle of the
Pickhandle Formation in the Mud Hills. (c) Sample MH92-3, feldspar-biotite tuff in the middle of the Pickhandle
Formation in the Mud Hills. Sample is stratigraphically above MH92-2. (d) Sample GH-52, tuff in the lower
Pickhandle Formation in the Gravel Hills. (e) Sample WH-10, pumiceous tuff in the middle part of the
Pickhandle Formation in the Waterman Hills. (f) Sample LM-37, pumiceous biotite tuff at Lead Mountain.
(g) Sample LM-38, white biotite tuff at Lead Mountain.
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Figure 3. (continued)

cept indicate that excess *CAr is probably present and that the
lowest point in the saddle of the spectrum is a maximum age for
this sample. This age, 23.1 + 0.5 Ma, is consistent with the inter-
cept age.

A sample of tuff from the Lenwood anticline, sample BARS-
B, was also analyzed (Figure 4c). This sample did not yield a
plateau but gives an intercept age of 21.8 + 0.5 Ma and a

4OAr/36Ar intercept above the atmospheric value. This age is in-
terpreted as the best estimate of the age of the rock. Hence, this
sample correlates with the Pickhandle Formation.

Upper plate intrusive rocks. We have also obtained an age
on biotite from a rhyolite plug in the Waterman Hills which in-
trudes the Pickhandle Formation and is cut by the brittle detach-
ment fault (sample WHG-14). This plug may be part of a
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Figure 4. The “°Ar/3°Ar age data for volcanic rocks south of the CMMCC. Detailed sample locations and de-
scriptions are given in Table 1. Analytical data are given in the electronic supplement. (a) Sample BOXC-26,
plagioclase-biotite tuff from the Box Canyon area of the Rodman Mountain. (b) Sample ROD3.19, lithic airfall

tuff in Silver Bell Canyon in the Rodman Mountains.

anticline.

widespread suite of rhyolite intrusions around the Barstow area
[Dibblee, 1967]. The sample does not yield a plateau, but gives
an intercept age of 20.0 *+ 0.3 Ma (Figure 5a). It does, however,
give a “Ar/SAr intercept below atmospheric, indicating some
nonsystematic behavior. Although the cause of this variation

(c) Sample BARS-B, white tuff exposed in the Lenwood

from the atmospheric value is uncertain, it could result from in-
accuracies of the blank corrections to measured data. We pro-
pose, however, the 20 Ma date as a fair estimate of the age of this
sample: this sample is from a shallowly intruded plug that proba-
bly cooled quickly.
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Figure 5. The “*Ar/3°Ar age data for plutonic rocks in the CMMCC. Detailed sample locations and descriptions
are given in Table 1. Analytical data are given in the electronic supplement. (a) Sample WHG14, rhyolite plug
cutting the Pickhandle Formation but cut by the Waterman Hills detachment fault in the Waterman Hills.
(b) Sample BAR9020A, Waterman Hills granite from Lynx Cat Mountain. (c) Sample GD-1, Waterman Hills
granite from the Waterman Hills.

Lower plate plutonic rocks. We also obtained two cooling
ages on biotite from the WHG (electronic supplement and Figure
5). Sample BAR9020A is from the same sample that we ob-
tained a zircon age of 20 + 4 Ma. This sample yields a plateau
age of 20.1 £ 0.3 Ma and an intercept age of 20.1 + 0.2 Ma

(Figure 5b).

Hence we interpret this sample to have cooled
through biotite closure at 20.1 £ 0.2 Ma. Sample GD-1 is WHG
in the Waterman Hills. It does not yield a plateau but gives an
intercept age of 20.9 + 0.3 Ma (Figure 5¢). This sample also
yields a “Ar/36Ar intercept below atmospheric, indicating some
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nonsystematic behavior possibly due to inaccuracies of the blank
corrections. We interpret these ages as the time that the samples
BARY9020A and GD-1 cooled though ~300°C.

Discussion

The geochronologic results described above can be combined
with field relations to gain a better understanding of the CMMCC
and the connection between magmatism, extension, and myloni-
tization. Below, we discuss the implications of these new data
for regional stratigraphic development, the intrusive history of
the area and its connection to volcanism, and the overall struc-
tural and magmatic development of the CMMCC.

Regional Correlation of the Pickhandle Formation

The strata dated from the Waterman Hills and Gravel Hills
areas had been previously correlated with the type Pickhandle
Formation in the Mud Hills [Dibblee, 1968; Fillmore and
Walker, 1993, 1995; Walker et al., 1990]. The ages determined
in this study support this correlation and show that the Lower
Pickhandle Formation was deposited between ~24 and 21.3 Ma
and the upper Pickhandle Formation was deposited between 21.3
and 19 Ma (lower age limit obtained in this study and the upper
age limit based on the age of the overlying Barstow Formation
from Woodburne et al. [1990]). In addition, rocks exposed in the
Lenwood anticline are at least in part early Miocene in age and
coeval with the Pickhandle Formation.

Two tuffs from the sequence at Lead Mountain yield ages
(23.0+0.5 Ma and 21.7 £ 0.5 Ma) that are younger than the ages
of intrusive phases that presumably cut the strata as reported by
Dokka and Woodburne [1986] and Lambert et al. [1987] (e.g.,
both 25.6 Ma). Our ages are consistent with the age (21.0 Ma) of
a presumably crosscutting intrusion published by Dokka et al.
[1991]. However, because the actual data and sample locations
were never reported in those studies, we cannot evaluate the dis-
crepancy, and the differences between samples and/or methods
resulting in the 25.6 versus 21.0 Ma ages were not discussed by
Dokka et al. [1991]. Fillmore and Walker [1995] considered the
Lead Mountain rocks to be correlative to the Pickhandle
Formation based on sedimentological and stratigraphic criteria,
and this interpretation is consistent with the ages reported here.
Additionally, the upper unit dated at 21.3 Ma is in roughly the
same position in the Pickhandle stratigraphy as similar age rocks
in the Mud Hills and Waterman Hills [Fillmore and Walker,
1995].

The 23-24 Ma ages for volcanic rocks in the Rodman
Mountains area suggest that basin development there was initi-
ated before or during rifting in the CMMCC. However, the age
of ROD3.19 shows that most of the volcanism in this southern
area occurred prior to deposition of the Pickhandle Formation in
the CMMCC (the sample lies stratigraphically above ~2 km of
volcanic flows, Table 1).

Development of the Pickhandle Basin

Before discussing the Pickhandle basin in detail, we must
address the possibilities of large-scale crustal rotations in this part
of the Mojave Desert. Dokka [1989] considered the CMMCC
and its associated fabrics to have undergone about 45° of clock-
wise rotation based on his interpretation of paleomagnetic results.
Recent results by Valentine et al. [1993] for rocks in the study
area show a more complex picture; Jackhammer Formation strata
show a 55° clockwise declination anomaly, and Pickhandle strata
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show a 23° counterclockwise declination anomaly. Because we
have shown above that the Pickhandle is coeval with the forma-
tion of the mylonitic fabrics, the results of Valentine et al. [1993]
could be taken to indicate that the footwall fabrics should be re-
stored in a clockwise rather that counterclockwise manner. The
results from the Pickhandle Formation, however, are not region-
ally uniform: Pickhandle in the Calico Mountains seems to show
no declination anomaly. This indicates to us that any rotations
are local rather than regional in importance.

We accept here the interpretations of Bartley and Glazner
[1991] and Valentine et al. [1993] that the observed rotations, if
real, affect only rocks above the regional detachment and are not
rooted through the entire crust. This means that although there
may be some local rotation of hanging wall strata, the overall
arrangement of facies trends and other features are not rotated in
a bulk sense in the CMMCC. This is most consistent with im-
portant regional features, as pointed out by Bartley and Glazner
[1991]: first, the Independence dike swarm is regionally consis-
tent in orientation, despite being exposed in several areas of pu-
tative large rotations; and second, the extension direction be-
tween the coeval CMMCC and the Colorado River extensional
corridor is consistent in orientation and to the northeast. Hence
we discuss the development of the Pickhandle basin using pre-
sent-day geographic coordinates as reference.

The Pickhandle basin initiated at ~24 Ma as a northwest
trending trough bounded to the southwest by the breakaway of
the CMMCC and to the northeast by the hanging wall of the ex-
tensional system [Fillmore and Walker, 1995]. The dominant
sediment source for the lower Pickhandle Formation was an in-
trabasinal volcanic center that shed detritus to the southeast and
northwest. The distribution of proximal through distal facies
suggests that the volcanic center may have been located in the
Calico Mountains (Figure 1).

During deposition of the upper Pickhandle Formation (~21.3
to 19.0 Ma), volcanism waned and the elongate basin was parti-
tioned into two subbasins: one to the southeast that includes the
Waterman Hills and Lead Mountain area, and one to the north-
west that includes the Mud Hills and Gravel Hills areas (Figure 1
[Fillmore and Walker, 1995]). Paleogeographic reconstruction of
these basins, based on provenance determinations and facies dis-
tribution, suggests that the southeast subbasin had internal
drainage with a large lacustrine system situated in the depocenter.
The northwestern margin of the lake was bounded by a south
flowing fluvial system that drained highlands composed of
Paleozoic metasedimentary and Mesozoic plutonic rocks. The
southeastern margin was fringed by a northward prograding al-
luvial fan system that drained a source of the Mesozoic volcanic
and plutonic rocks. On the basis of the offset of its source ter-
rane, Fillmore and Walker [1995] interpreted this fan system to
have drained the escarpment of a right-lateral transfer fault that
marked the southeastern margin of the main Pickhandle basin and
the CMMCC. A similar southwest striking transfer fault was
proposed by Martin et al. [1993], based on the offset of pre-
Tertiary tectonic elements. This inferred fault is required to ac-
commodate differential extension between the CMMCC to the
north and the less extended areas to the south. Ages for the Box
Canyon area determined in this study indicate that volcanism and
basin development apparently began somewhat earlier in this
southern area.

We are uncertain whether to include rocks in the Daggett
Ridge and Newberry Mountains in this basin. Rocks in these ar-
eas are of the same age as the Pickhandle Formation [Dokka,
1986, 1989] and are lithologically quite similar. However, in
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contrast to the CMMCC where displacement of the synexten-
sional strata is large, extension in the Newberry Mountains
smaller in magnitude [Dokka, 1989; Bartley and Glazner, 1991].
In addition, a major transform structure seems to be present be-
tween the CMMCC and the Newberry Mountains [Dokka, 1989;
Martin et al ., 1993; Fillmore and Walker, 1995]. Hence we lump
these strata into the Pickhandle Group (Figure 1) but consider
them to have been deposited in a basin isolated from the main
CMMCC.

The age of the hanging wall rhyolite plug in the Waterman
Hills (WHG-14) indicates that brittle detachment faulting contin-
ued to at least 20 Ma. This is consistent with the footwall cooling
ages reported in this study. On the basis of the age of this plug,
hanging wall strata in the Waterman Hills [Walker et al., 1990]
were folded between about 21.7 and 20 Ma.

Relations Between Magma Emplacement and Extension

There has been much interest in the connection of magmatism
with extensional deformation [e.g., Gans et al., 1989; Lister and
Baldwin, 1993]. Magmatism and deformation can strongly influ-
ence each other. In a metamorphic core complex setting, there
are a number of different ways that deformation can induce the
generation and migration of magma. Footwall rocks can undergo
rapid isothermal decompression which may generate melt. In ad-
dition, deformation can create dilatant openings as a result of
rock failure and strain incompatibilities. On the other hand,
magmatism can induce deformation and rock failure through a
number of mechanisms. Thermal weakening can greatly enhance
deformation [e.g. Hollister and Crawford, 1986]. In a nonhydro-
static stress field magma bodies and plutons can increase and re-
orient the principal stresses around their margins which may lead
to rock failure [e.g. Parsons and Thompson, 1993].

Each of these processes predicts a specific sequence of events
that should be recorded in the relative timing of deformation and
magmatism. If extension leads to the generation of melts, then
plutonic bodies will probably postdate most of the footwall my-
lonitic fabrics. This will also be the case if faulting opens cracks
to be filled by synextensional magmas (e.g., dike swarms in ex-
tensional settings). Alternatively, if heat advected by magmas
leads to thermal weakening, then intrusion and mylonitization
should be intimately associated.

Field relationships, mostly from the footwall of the core com-
plex, suggest that some of these processes may have operated in
the CMMCC. The Hinkley Hills are cut by numerous dikes that
were largely emplaced after mylonitization. This suggests that
extension created space for dike intrusion mainly through brittle
failure. In the Mitchel Range and Waterman Hills, dikes and
plutons were emplaced both prekinematically and synkinemati-
cally, and thus deformation and magmatism may have had mutu-
ally enhancing affects; that is, magmatism may have thermally
weakened the crust and dilatant openings in the deforming crust
may have enhanced magma migration.

In The Buttes, strain is localized in dikes and their wall rocks
at the outcrop scale which suggests thermal weakening. Dikes in
this region, however, are typically thin, about 1-2 m wide, and
the thermal pulse may be too short-lived to greatly enhance de-
formation other than in areas within a few meters of the dikes. In
the Fremont Peak (footwall) and Lead Mountain (hanging wall)
areas, dike swarms intrude rocks that record little or no ductile
deformation, and thus there seems to be no direct local relation-
ship between magmatism and mylonitization.

Although the relation of magmatism to extension is clear
locally for the CMMCC, the overall connection is somewhat un-
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certain. Some authors have suggested that heat input to the crust
from magmatism triggers extensional deformation [e.g., Gans et
al., 1989]. In the CMMCC, however, it is clear that prekinematic
intrusion and volcanism are minor. Mylonitic deformation ap-
parently began prior to emplacement of the main body of the
WHG [ Fletcher and Bartley, 1994], and only small dikes are
clearly prekinematic to early kinematic. Hence a triggering
mechanism for extension in which large amounts of heat are ad-
vected into the crust with sufficient time for the crust to adjust
thermally and fail seems unlikely for the CMMCC. Effects
should be much more local than regional in scope considering the
essentially coincident timing between plutonism and extension.

It is clear, however, that the CMMCC is situated at the locus
of early Miocene magmatism. Mylonitic footwall rocks are
everywhere spatially associated with Miocene intrusions. In ad-
dition, the boundaries of the CMMCC seem to correspond, in a
general way, with the limits of the magmatism (both plutonism
and volcanism). These boundaries are defined on the presence of
the Pickhandle basin, extent of mylonitic rocks, and the distribu-
tion of areas showing evidence for extensional deformation
(Figure 1). Southward, basement rocks are not cut by volumi-
nous Miocene intrusive rocks [Dibblee, 1964, 1966, 1967, 1970;
Dokka, 1986, 1989; Glazner et al., 1994] and extension was
transferred to areas to the east and south [ Bartley and Glazner,
1991; Martin et al., 1993]. Likewise, early Miocene igneous
rocks are not exposed north of Fremont Peak [Dibblee, 1968;
Glazner et al., 1994], and extension must somehow have been
transferred to areas east or west of the Fremont Peak area.

These relationships suggest that perhaps both magmatism and
extensional deformation were localized by some larger-scale
lithospheric process. It is possible that the CMMCC lies between
two right-stepping right-lateral faults which may have localized
both extensional deformation and magmatism. In this view, the
CMMCC would occupy a releasing bend position between the
Mojave Valley fault to the southeast [Bartley and Glazner, 1991,
Martin et al., 1993] and an inferred transfer fault to the northwest
(Figure 6). The breakaway for the CMMCC probably does not
continue northward, because synextensional strata and footwall
fabrics are not present in the Lava Mountains [Smith, 1964;
Fillmore and Walker, 1995]. The location of the inferred fault is
uncertain, but it would probably be located south of the Rand
Mountains: when motion along the Garlock fault is restored,
rocks in the Rand Mountains lie adjacent to similar rocks in the
Tehachapi Mountains. This implies to us that the probable posi-
tion for the transfer fault is the gap between Fremont Peak and
the Rand Mountains. It is unlikely that the extension transferred
to the northeast into the Death Valley region, because structures
of early Miocene age are poorly represented in that area. It may
continue westward into the Tehachapi Mountains and southern
San Joaquin Valley where Goodman and Malin [1992] suggested
that there may be early Miocene extension. It is also possible
that the Mojave extension dies out into the Tehachapi/San
Joaquin area resulting in the observed clockwise rotations of
lower Miocene strata and basement rocks [Kanter and
McWilliams, 1982].

Conclusions

1. Igneous activity and extensional deformation in the
CMMCC are intimately associated in time and space. However,
any single direct cause-and-effect relationship between the two
seems implausible.

2. The dominant extension-related intrusive phase is an early
Miocene granite that was previously unrecognized in the central
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Figure 6. Transfer fault model for the development of the CMMCC. The Waterman Hills detachment fault, the
main low-angle normal fault in the CMMCC is shown by bold lines north of Barstow. Miocene sedimentary
rocks above the Waterman Hills detachment fault are shown with a diagonal rule. Miocene plutonic rocks in the
footwall of the detachment are shown with random dash pattern. The main separation between hanging wall and
footwall rocks is shown by bold line with tic marks (on upper plate). Position of the transfer structures are only
broadly constrained. Miocene rocks in the Newberry Mountains are age equivalent to the Pickhandle Group:
these rocks are south of the Mojave Valley fault (main transfer structure) but are internally somewhat extended.
For this reason a splay of the Waterman Hills detachment is drawn into this area.

Mojave Desert. Intrusive phases in the footwall of the CMMCC
define a rather small range of ages. The U/Pb data from all foot-
wall samples define a single discord that has a lower intercept of
21.9 + 0.8 Ma and give a prefered age of 23 + 1 Ma.

3. Volcanic rocks deposited in the rift basins are coeval with
footwall intrusive rocks and appear to be similar in composition.
Therefore, in the CMMCC, footwall intrusion may represent the
sources of the volcanic rocks deposited in the synextensional
basins.

4. The age of extensional deformation in the CMMCC is indi-
cated by the nearly continuous record of rift-related sedimentary
rocks of the Pickhandle Formation. The lower Pickhandle
Formation was deposited between ~24 and 21.3 Ma, and the up-
per Pickhandle Formation was deposited between 21.3 and 19
Ma.

5. Strata that can be broadly correlated by age with the
Pickhandle are also exposed in the Lenwood anticline and at

Lead Mountain. Rocks in the Box Canyon area of the Rodman
Mountains are probably slightly older than the Pickhandle
Formation. This indicates that volcanism and basin development
south of the CMMCC began slightly earlier.
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