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ABSTRACT

The late Cenozoic geologic history of the southern Death Valley region is characterized by coeval crustal ex-
tension and magmatism. Crustal extension is accommodated by numerous listric and planar normal faults as well
as right- and left-lateral strike slip faults. The normal faults dip 30°-50°W near the surface and flatten and merge
at depth into a detachment zone at or near the contact between Proterozoic cratonic rocks and Proterozoic and Pa-
leozoic miogeoclinal rocks; the strike-slip faults act as tear faults between crustal blocks that have extended at dif-
ferent times and at different rates. Crustal extension began 13.4-13.1 Ma and migrated northwestward with time;
undeformed basalt flows and lacustrine deposits suggest that extension stopped in this region (but continued north
of the Death Valley graben) between 5 and 7 Ma. Estimates of crustal extension in this region vary from 30-50 per-
cent to more than 100 percent.

Magmatic rocks syntectonic with crustal extension in the southern Death Valley region include 12.4-6.4 Ma
granitic rocks as well as bimodal 14.0-4.0 Ma volcanic rocks. Geochemical and isotopic evidence suggest that the
granitic rocks get younger and less alkalic from south to north; the volcanic rocks become more mafic with less
evidence of crustal interaction as they get younger.

The close spatial and temporal relation between crustal extension and magmatism suggest a genetic and prob-
ably a dynamic relation between these geologic processes. We propose a tectonic-magmatic model that requires
heat be transported into the crust by mantle-derived mafic magmas. These magmas pond at lithologic or rheo-
logic boundaries, begin to crystallize, and partially melt the surrounding crustal rocks. With time, the thermally
weakened crust is extended (given a regional extensional stress field) concurrent with granitic magmatism and bi-
modal volcanism.

INTRODUCTION tension and magmatism in the southern Death Valley region and

introduces a tectonic-magmatic model that relates these geo-

The Death Valley region in southeastern California is one
of the youngest regions of large-scale crustal extension within
the Basin-Range province. Normal and associated strike-slip
faulting accompanied by extensional basin formation began
<15 Ma and continues today (Wright et al., 1981; Stewart,
1980). Numerous granitic plutons, dikes, and sills as well as fel-
sic to mafic volcanic fields are synchronous with extension
(Calzia and Finnerty, 1984; Wright et al., 1991; Davis and Fleck,
1977). Previous workers have focused on the timing and kine-
matics of extensional faulting but few have considered the spa-
tial and temporal relations between extension and magmatism
in Death Valley. This paper describes late Cenozoic crustal ex-

logic processes in an actively extending orogen.
GEOLOGIC SETTING

The southern Death Valley region is bounded on the west
by the Panamint Range and the south by the Providence Moun-
tains and New York Mountains (Fig. 1). The pre-Cenozoic
stratigraphy in this region consists of Early Proterozoic cratonic
rocks and Middle Proterozoic to Paleozoic sedimentary de-
posits. The cratonic rocks include Early Proterozoic paragneiss,
schist, and quartzite intruded by ca.1700 Ma orthogneiss
and 1400 Ma anorogenic granites (Wooden and Miller, 1990;
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Figure 1A. Index map of the southern Death Valley region showing the Kingston Range-Halloran Hills de-
tachment fault (KRHH), geographic features referred to in the text, major highways, and field trip stops.
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Figure 1B. Lithologic sketch map of the same area shown in Figure 1A.

Lanphere et al., 1964; Rdmo and Calzia, 1998). The Middle Pro-
terozoic Pahrump Group unconformably overlies the cratonic
rocks and consists of ~2100 m of conglomerate, sandstone,
shale, and carbonate rocks divided into the Crystal Spring For-
mation, Beck Spring Dolomite, and Kingston Peak Formation
(Hewett, 1940). The Crystal Spring Formation is intruded by
1068 Ma and 1087 Ma (Heaman and Grotzinger, 1992) diabase
sills (Wright, 1968; Hammond, 1986). The Pahrump Group is
overlain by 3000-5000 m of Late Proterozoic and Paleozoic
miogeoclinal deposits. Most of the Proterozoic and Paleozoic
rocks are intruded by Mesozoic and Tertiary plutons (Calzia,
1990; R4mo et al., 2000). All of these rocks are unconformably
overlain by later Tertiary sedimentary and volcanic rocks and
Quaternary alluvial deposits (Wright and Troxel, 1973).

CRUSTAL EXTENSION

Southwest and west-northwest—directed crustal extension
in the southern Death Valley region is accommodated by north-
northeast—trending listric and planar normal faults as well
as northwest-trending right-lateral and northeast-trending left-
lateral strike-slip faults (Wright et al., 1981). Most of the nor-
mal faults dip 50°-30°W near the surface and flatten and
merge at depth, forming a detachment zone at or near the con-
tact between the cratonic rocks and miogeoclinal deposits
(Wright and Troxel, 1973). COCORP (Consortium for Conti-
nental Reflection Profiling) lines across the southern Death
Valley region show that most of the normal faults do not extend
below a depth of 5 km (Serpa et al., 1986, 1988). The pattern,
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geometry, and kinematics of these faults suggest that the mio-
geoclinal deposits are sliding off the cratonic rocks as mega-
slumps into Tertiary basins formed during crustal extension
(Wright and Troxel, 1971). Deeper (5-15 km) reflectors show
moderately dipping normal and vertical strike-slip faults in
the cratonic rocks that are relatively straight and spaced more
widely apart than faults in the upper 5 km of the crust. These
deeper faults bound tilted crustal blocks that have extended at
different rates and at different times (Wright et al., 1984a). Es-
timates of crustal extension of the southern Death Valley re-
gion range from 30-50% (Wright and Troxel, 1973) to >100%
(Wernicke et al., 1988).

The oldest Late Cenozoic extensional fault in the southern
Death Valley region is the Kingston Range-Halloran Hills de-
tachment fault system (Fig. 1; Burchfiel et al., 1983, 1985;
Davis et al., 1993). This fault system defines the east boundary
of the Death Valley extended terrain and is divided into north-
ern and southern segments. The northern segment, the Kingston
Range detachment fault, is well exposed in the northern and
eastern Kingston Range to about the latitude of Kingston Wash
(Fig. 1). The southern segment, the Halloran Hills detachment
fault, is discontinuously exposed along the west side of the
Mesquite Mountains, Clark Mountains, and Mescal Range
(Davis et al., 1993) and projects beneath the Halloran Hills
(Bishop et al., 1991).

The Kingston Range detachment fault dips as much as
15°W and separates a complexly faulted and internally ex-
tended upper plate from a relatively unfaulted lower plate. The
upper plate consists of thin slices and blocks of the Pahrump
Group, miogeoclinal deposits, and sedimentary and volcanic
rocks of the Miocene Resting Springs Formation; the lower
plate consists of gneiss unconformably overlain by folded
miogeoclinal rocks and the Resting Springs Formation. The
Pahrump Group is present only in the upper plate of the detach-
ment fault. Burchfiel and Davis (1988) noted that the Pahrump
Group was deposited in a fault-bounded basin and sug gested
that the Kingston Range detachment fault may have reactivated
or closely followed the east boundary fault of this Pre-
cambrian basin.

Extensional faults in the upper plate of the Kingston
Range detachment fault include northwest-trending planar and
listric normal faults as well as northeast-trending steep to
nearly vertical strike-slip and oblique-slip faults with a large
strike-slip component. The northwest-trending faults dip gen-
erally to the southwest and merge into the detachment fault
or lateral ramps of the detachment fault in the hanging wall;
the northeast-trending faults terminate at the detachment fault.
Both sets of upper-plate faults are broadly contemporaneous,
although several generations of the northwest-trending faults
are visible through structural windows in lateral ramps of
the detachment fault. Each generation of faults is bounded
above and below by subhorizontal faults that locally merge
into the detachment fault. The northeast-trending faults are in-
ferred to have operated as tear or transfer faults between differ-
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ent generations of the northwest-trending faults at different
structural levels.

The consistent strike of the tear faults indicates that the
upper plate of the Kingston Range detachment fault was trans-
ported to the southwest (Burchfiel etal., 1983, 1985). Displacement
increases to the southwest as each generation of northwest-
trending faults added its displacement to the extending upper
plate. Reconstruction of contacts within the miogeoclinal sec-
tion suggests that maximum horizontal displacement along the
northeasternmost faults 1s about 1-2 km; cumulative horizontal
displacement of the upper plate is ~6 km (Burchfiel, written
commun., 1989; Fowler and Calzia, 1999).

The Halloran Hills detachment fault is best exposed in
Mesquite Pass and the Mescal Range (Fig. 1). The detachment
fault in Mesquite Pass is mapped as an anastamosing shear
zone, 10-20 m thick, that dips 20°W. The fault cuts lower Pale-
ozoic sandstone, a 13.4 Ma hypabyssal felsic sill, and Miocene
basin sediments; lower Paleozoic rocks are faulted over Ter-
tiary sedimentary breccias along several lateral ramps in the
hanging wall (Friedmann et al., 1994). Regional geologic rela-
tions suggest that rocks in the hanging wall were transported
5-9 km to the southwest during at least two phases of west-
directed sliding (Fowler et al., 1995). A folded half graben in
the hanging wall of the shear zone consists of rock avalanche
deposits and gravity glide blocks cut by channel conglomer-
ates. Much of this fill dips east into the breakaway zone (Fried-
mann et al., 1994),

The Halloran Hills detachment faunlt in the Mescal Range is
represented by a 10 km’ scoop-shaped allochthon of highly
brecciated Paleozoic carbonate rocks that formed across west-
dipping Mesozoic strata and thrust faults (Burchfiel and Davis,
1988; Brudos and Davis, 1992). The allochthon is bounded on
the north and south by oblique-slip and strike-slip faults, re-
spectively, and on the east by a complex breakaway zone of
down-to-the-west listric normal faults. Cross cutting relations
suggest that the allochthon was displaced horizontally approxi-
mately 1.5 km during at least two episodes of faulting. Initially,
the breakaway zone dipped <30°-50°W; later, a new breakaway
zone cut into the footwall of the allochthon and rotated the ini-
tial breakaway zone to its present eastward dip. The extremely
brittle character of deformation, the abundance of karst matrix
between breccia clasts, and the existence of a 0.5 km? pull-apart
basin with ~100 m of Cenozoic syn- and posttectonic sedimen-
tary breccias indicate that deformation within the allochthon
took place at or near the surface during Cenozoic time (Brudos
and Davis, 1992).

Cross cutting geologic relations bracket the age of crustal
extension in the southern Death Valley region. The Kingston
Range detachment fault cuts 16.0 Ma (Friedmann, 1996) ash
and is cut (Wright, 1968) and deformed (Calzia et al., 1987) by
the 12.4 Ma granite of Kingston Peak; 12.5 Ma syntectonic an-
desite flows are present in the upper plate of this detachment
fault (Calzia, 1990). The Halloran Hills detachment fault cuts a
13.4 Ma felsic sill; 13.1 Ma volcanic breccia was deposited on
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the subsiding hanging wall of this fault (Friedmann et al.,
1996). A low-angle fault associated with the Halloran Hills de-
tachment fault cuts 13.2 = 0.4 Ma latite in the northeastern Sil-
urian Hills (Calzia, unpub. data, 1985). Subhorizontal basalt
flows and the undeformed Tecopa lake beds unconformably
overlie east-tilted strata related to crustal extension in the south-
ern Death Valley region. The basalt flows yield K-Ar ages of
4.48 Ma (Dohrenwend et al., 1984) and 5.12 Ma (Turrin et al.,
1985); tuff 17 m above the base of the lake beds (at the present
level of erosion) correlates with the 2.02 Ma Huckleberry Ridge
Tuff (Hillhouse, 1987). High resolution seismic reflection data
indicate, however, that the lake sediments are 134 &+ 20 m thick
beneath the tuff (Louie et al., 1992). Based on extrapolated sedi-
mentation rates, Louie et al. concluded that the Tecopa lake
beds might date back to 7 Ma, These data indicate that large-
scale crustal extension in the southern Death Valley region be-
gan south of the Kingston Range but north of the Mescal Range
and Silurian Hills between 13.4 and 13.1 Ma and migrated
northward with time. Extension stopped in this region between
5 and 7 Ma but continues west and north of the Death Valley
graben to the present day.

EXTENSIONAL BASINS

The Shadow and Valjean Valleys (Fig. 1) are present-day
topographic expressions of two late Cenozoic extensional
basins in the southern Death Valley region. These extensional
basins are named the Shadow Valley and China Ranch basins.
Friedmann and Burbank (1992) reported that the Shadow Val-
ley basin of Hewett (1956) is a supradetachment basin formed
in the hanging wall of the Halloran Hills detachment fault.
The Shadow Valley basin covers >2500 km’ and includes
2.5-3.0 km of middle to late Miocene strata deposited during
and as a consequence of regional extension. These strata un-
conformably overlie 19.1 Ma tuff and ~50 m of lacustrine and
fluvial sediments in the northern Halloran Hills (Reynolds, writ-
ten commun., 1984). A pyroxene andesite is interbedded with
sediments in the Halloran Hills (Johnson, written commun.,
1984); this andesite may correlate with 12.9 & 0.4 Ma pyroxene
andesite in the northern Cima Dome area (Fig. 1; Wilshire, writ-
ten commun., 1985).

Fill within the Shadow Valley basin is divided into four
members separated by regional unconformities that can be
linked to basin-wide deformation (Friedmann et al., 1994),
Member I consists of carbonate-rich fanglomerate deposits,
megabreccias of carbonate rocks and quartzite, volcanic rocks,
and minor interbedded lacustrine limestone and siltstone. The
volcanic rocks include lahars, basalt to andesite flows, and vol-
canic breccia. Member 11 consists of fanglomerate deposits that
interfinger with lacustrine sediments and rare volcanic ash.
Rock avalanche breccias and gravity glide blocks are common.
The fanglomerate deposits coarsen upsection into an alluvial fan
complex. Member III consists of fluvial sandstone and con-
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glomerate, lacustrine mudstone, and conglomerate of volcanic
clasts and the first erosional clasts of the granite of Kingston
Peak. Very large gravity glide blocks of gneiss, diabase, and
miogeoclinal rocks mapped and photographed by Hewett
(1956) are present near the top of this member. Member IV con-
sists of east-tilted cobble to boulder fan deposits; the dip of these
fan deposits decreases upsection. Volcanic breccia at the base of
Member I and volcanic ash at the base of Member I1I (the high-
est volcanic ash in the Shadow Valley basin) yield “Ar/*’Ar
ages of 13.1 Ma and 10.8 Ma, respectively (Friedmann et al.,
1996). Andesite tuff breccia interbedded within a glide block of
Paleozoic carbonate rock in Member II yields K-Ar whole-rock
and biotite ages of 12.5 £ 0.04 Ma and 12.3 4= 0.04 Ma, respec-
tively (Calzia, unpub, data, 1993).

Northeast- and northwest-trending normal faults cut all
four members of the Shadow Valley Basin, repeating basin
strata and basal unconformities at least five times across the
northern Halloran Hills (Fowler et al., 1995). These faults
dip 45°-75°W and have 0.5-3.5 km of displacement; domino-
style rotation along the larger faults has produced the 15°-25°
eastward tilting of the Shadow Valley basin strata. The larger
faults offset Members I[-II[; Member IV generally overlies
the larger faults and is cut by normal faults with displacement
<1 km. All four members and most of the normal faults
are folded about gently east-plunging axes. The youngest
Member IV strata unconformably overlie folded strata south
of Kingston Wash. These relations indicate that the folding
partially overlapped but also continued after normal faulting
(Fowler et al., 1995).

Landslide breccias of Paleozoic carbonate rocks are present
around the margin of the Shadow Valley basin at Black Butte,
Valjean Hills, and the south end of the Salt Spring Hills as well
as in the Silurian Hills (Fig. 1). Landslide breccias at Black
Butte consists of brecciated limestone and dolomite from the
Cambrian Bonanza King Formation, Anchor and Dawn mem-
bers of the Devonian Sultan Limestone, and Mississippian
Monte Cristo Formation tectonically interbedded with Tertiary
volcanic rocks. All of the Paleozoic rocks are overturned and
tectonically overlie deformed Tertiary sediments, lacustrine de-
posits, and volcanic rocks of the Resting Springs Formation; the
orientation of faults suggest that the landslide breccias were
transported to the southwest. Volcanic rocks interbedded with
the limestone and dolomite landslide breccias (shortened here to
carbonate breccias) yield K-Ar ages of 12.2-14.0 Ma (Fleck,
written commun., 1988); biotite from tuff tectonically overlain
by the Sultan Limestone yields a K-Ar age of 12.8 £0.3 Ma
(Hambrick, written commun., 1988). Biotite from a latite flow
interbedded with the Tertiary sediments beneath the carbonate
breccias yields a K-Ar age of 13.8 = 0.3. These data indicate
that the carbonate breccias were emplaced after 13.8 Ma and in-
volved rocks as young as 12.2 Ma.

Carbonate breccias in the Valjean Hills include brecciated
clasts and blocks of the Bonanza King Formation and black
limestone believed to be the Anchor member of the Sultan
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Limestone in'a comminuted matrix of carbonate rock; the brec-
cias are interbedded with Tertiary lacustrine deposits. Imbrica-
tion of the carbonate breccias suggests that they were transported
to the southwest. The carbonate breccias tectonically overlie
undeformed clastic rocks of the Proterozoic Kingston Peak,
Ibex, and Johnnie Formations (Hessler and Friend, 1986).

Carbonate breccias at the south end of the Salt Spring Hills
consist of allochthonous blocks of brecciated Bonanza King
Formation, Sultan Limestone, and Bird Spring Formation tec-
tonically overlying Cambrian sedimentary rocks, including pa-
rautochthonous Bonanza King Formation, and Tetiary volcanic
rocks. Bedding within the allochthonous Paleozoic rocks is ver-
tical; Tertiary lacustrine deposits are tectonically interleaved
and unconformably overlie these rocks. Limestone breccia
mapped as the Sultan Limestone contains Late Silurian to De-
vonian fossils (Brady, personal commun., 1992); basaltic an-
desite beneath the carbonate breccias yield a whole-rock K-Ar
age of 12.8 4= 0.3 Ma (Calzia, unpub. data, 1994).

Carbonate breccia in the Silurian Hills consists of medium-
to coarse-grained recrystallized limestone and dolomite ce-
mented in a matrix of its own debris (Kupfer, 1960); Kupfer
named this carbonate breccia the Riggs Formation. The Riggs
Formation tectonically overlies gneiss, the Pahrump Group, and
miogeoclinal rocks and is unconformably overlain by Tertiary
sedimentary and volcanic rocks. Although no fossils have been
found, the Riggs Formation is intruded by quartz monzonite
porphyry (Kupfer, 1960) that yields K-Ar ages of 88.5-97.2 Ma
(Abbott, 1971). Kupfer suggested that the Riggs Formation cor-
relates with Carboniferous carbonate rocks in adjacent ranges;
A.R. Prave (written commun., 1995) reported that the Riggs
Formation includes carbonate rocks from the Crystal Spring
Formation and Beck Spring Dolomite. Calzia (unpub. mapping,
1992) discovered that the Riggs Formation also includes the
Bird Spring Formation in the southwestern Silurian Hills. These
data suggest that the Riggs Formation is a collection of differ-
ent carbonate rocks that has been assembled by tectonic
processes that predate other late Cenozoic carbonate breccias in
the southern Death Valley region.

Except for the Riggs Formation, all of the carbonate brec-
cias at Black Butte and in Valjean Valley consist of the Bonanza
King Formation, Sultan Limestone, and Bird Spring Formation.
The closest autochthonous outcrops of these rocks are in the
Nopah Range and Spring Mountains (Fig 1). The Nopah Range,
however, includes a thick section of Paleozoic quartzite where
the Spring Mountains do not, None of the carbonate breccias in-
clude quartzite. These observations suggest that the carbonate
breccias were derived from the Spring Mountains. If so, then
minimum run out of these landslide breccias is 63 km to the
southwest. Also, if the carbonate breccias originated in the
Spring Mountains, then the landslides would have to have gone
over the Kingston Range and Kingston Peak at an elevation of
2233 m or the Kingston Range was not there. The carbonate
breccias did not originate in the Kingston Range; stratigraphic
relations indicate that all post-Cambrian miogeoclinal rocks

were eroded prior to deposition of 16 Ma ash interbedded with
fanglomerate and lacustrine deposits in the northern Kingston
Range (Calzia, 1990). Regional geologic and geochronological
data suggest that the granite of Kingston Peak was exhumed and
shedding debris into the Shadow Valley and China Ranch basins
between 9.8 Ma and 8.4 Ma (Calzia, 1990; Friedmann et al,
1996). The absence of granite breccia, combined with this
geochronological data, suggest that the carbonate breccias are
younger than 12.8 Ma but older than 8.4 Ma. They may be tem-
poral equivalents of the large gravity glide blocks of gneiss in
Member III of the Shadow Valley basin.

The China Ranch basin is a east-tilted extensional basin,
27 km long by 13 km wide, along the north side of Valjean Val-
ley (Fig. 1); itincludes the Sperry Hills basin of Topping (1993)
and Dumont Hills basin of Prave and McMackin (1999), The
China Ranch basin is filled with volcanic and sedimentary
rocks, named the China Ranch beds by Mason (1948), that are
approximately the same age as Members III and IV of the
Shadow Valley Basin. The China Ranch beds are folded and
faulted, so their thickness is not known; estimates vary from as
little as 500 m (McMackin, 1997) to 2.0 km (Topping, 1993).

The China Ranch beds unconformably overlie a chaotic as-
semblage of Middle and Late Proterozoic rocks on Rainbow
Mountain and southeast of Tecopa; Late Proterozoic and Paleo-
zoic miogeoclinal rocks are also present beneath China Ranch
beds at Tecopa Peak (Fig. 1). The chaotic assemblage on Rain-
bow Mountain consists of thrust slices of Crystal Spring For-
mation, Beck Spring Dolomite, Noonday Dolomite, and
Johnnie Formation tectonically interbedded with Tertiary fan-
glomerate, lacustrine, and granitic rocks (Noble, 1941). Indi-
vidual blocks within the chaos vary from a few meters to 2 km
long and up to 300 m thick. Noble correlated this chaotic as-
semblage with the Jubilee phase of the Amargosa chaos; Wright
(1955) reported, however, that Rainbow Mountain is bedrock
exposed by faulting during deposition of the China Ranch beds.
He concluded that the chaos represents accumulations of sedi-
mentary breccia derived from steep fault scarps. The abundance
of cross cutting depositional contacts as well as similarity of
structural style indicate that the chaos at Rainbow Mountain is
older than the China Ranch beds and is part of the Amargosa
chaos; the Middle and Late Proterozoic rocks on Rainbow
Mountain are allochthonous and are not bedrock.

A chaotic assemblage of Late Proterozoic rocks is tectoni-
cally mixed with Tertiary rocks in low hills 3 km southeast of
Tecopa (Fig. 1). This assemblage consists of fault-bounded
blocks of Crystal Spring Formation, Beck Spring Dolomite,
Noonday Dolomite, Johnnie Formation, and Stirling Quartzite
tectonically interbedded with Tertiary lacustrine deposits. Al-
though Tertiary granitic rocks are absent, similar stratigraphic
position and structural style suggest that these rocks are also part
of the Amargosa chaos and are therefore allochthonous.

Miogeoclinal rocks at Tecopa Peak form an east-dipping
homocline of the Stirling Quartzite as well as the Cambrian
Wood Canyon Formation and Zabriskie Quartzite. Although
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Noble (1941) also considered this homoclinal sequence part of
the Jubilee phase of the Amargosa chaos, recent mapping indi-
cates that the structural style of the rocks at Tecopa Peak and
within the Amargosa chaos are different. At present, we believe
Tecopa Peak is a parautochthonous block of miogeoclinal rocks
until geologic or geophysical evidence proves otherwise.

The China Ranch beds consist of dacite overlain by fan-
glomerate and lacustrine deposits. Highly altered dacite uncon-
formably overlies Amargosa chaos on the south and east side of
Rainbow Mountain and yields a K-Ar age of 10.3 Ma (Scott,
1985). Prave and McMackin (1999) divided the overlying fan-
glomerate deposits into two sequences separated by the lacus-
trine deposits; the fanglomerate deposits record the unroofing of
the granite of Kingston Peak (Topping, 1993). The older fan-
glomerate sequence is present west of the Amargosa River
(Fig. 1) and consists of two east-derived conglomerates that are
interbedded with tuff, megabreccia, and landslide deposits
(Holm et al., 1994). The older conglomerate consists of clasts
derived from the Johnnie Formation and Stirling Quartzite.
Lenticular sheets of megabreccia, up to several kilometers long
and tens of meters thick, are interbedded with the conglomerate.
The megabreccia consists of angular blocks of the Pahrump
Group, Johnnie Formation, and Stirling Quartzite that fit to-
gether like a giant jigsaw puzzle. Laminated tuff near the base
of the older conglomerate but above the lowest megabreccia
sheet yields a “*Ar/*°Ar age of 9.8 Ma (Scott et al., 1988).

The younger conglomerate unconformably overlies the
older conglomerate and consists of subangular to rounded clasts
of the Pahrump Group, Late Proterozoic miogeoclinal deposits,
and Tertiary magmatic rocks including 12—-14 Ma latite and the
granite of Kingston Peak. This conglomerate includes at least
three landslide deposits locally separated by partially welded
tuff and algal limestone; the limestone is overlain by 100 m of
conglomerate and one last landslide deposit (Holm et al., 1994).
The unconformity between the older and younger conglomer-
ates always occurs above the 9.8 Ma tuff and below the first
landslide deposit (Holm et al., 1994),

The landslide deposits consist of brecciated blocks of the
granite of [bex Pass and the Crystal Spring Formation interbed-
ded with the conglomerate deposits. The brecciated blocks in-
crease in size from less than 1 km long and a few meters wide
near the Amargosa River to several kilometers long and tens of
meters high near Highway 127 (Fig. 1). Locally, the deposits are
stacked one above the other; successive landslides are separated
by subhorizontal shear zones 1-2 m wide.

The fine- to medium-grained granite of Ibex Pass includes
feldspar phenocrysts and is characterized by rapakivi textures;
biotite from this granite yields a K-Ar age of 12.6 0.3 Ma
(Calzia, unpub. data, 1986). Calzia et al. (1990, 1991) con-
cluded that the granite of Ibex Pass is modally, chemically, and
isotopically equivalent to the 12.4 Ma granite of Kingston Peak
in the Kingston Range 20 km east of the Sperry Hills (Fig. 1).

The genesis of the granite of Ibex Pass has been controver-
sial since Burchfiel et al. (1985) suggested that granitic rocks in

the Sperry Hills once might have rested on the granite of
Kingston Peak. The granite of Ibex Pass has no intrusive con-
tacts; it tectonically overlies miogeoclinal rocks south of Tecopa
Peak, volcanic breccia in the Ibex Pass volcanic field, and
younger conglomerates in the older fanglomerate sequence of
the China Ranch beds (Fig. 2). Isostatic gravity data indicate
that the granite forms a tabular body ~1 km thick and is rootless
(Calzia et al., 1991). Although L.A. Wright (written commun.,
1993) and McMackin (1997) reported that the granite is au-
tochthonous bedrock, the geologic and geophysical data indi-
cate that it is allochthonous (Calzia et al., 1986; 1991). These
data, combined with chemical, isotopic, and geochronological
data, support Burchfiel et al. hypothesis, as refined by Topping
(1993) and Holm et al. (1994), and suggest that the granite of
Ibex Pass is a landslide deposit derived from the granite of
Kingston Peak.

The older fanglomerate sequence grades laterally into la-
custrine deposits on the south and east side of Rainbow Moun-
tain. The lacustrine deposits are at least 600 m thick and consist
of well-bedded sandstone, mudstone, gypsum, and limestone;
tuff beds are common and often traceable from the older fan-
glomerate sequence into lacustrine deposits and the younger '
fanglomerate sequence.

Scott (1985) and Prave and McMackin (1999) divided the
lacustrine deposits into three lithofacies. The oldest lithofacies
consists of several fining- and thinning-upward cycles of poorly
sorted and cross-bedded sandstone around the margin of the la-
custrine deposits. Lenses and channels of pebbly sandstone and
conglomerate mark the base of each cycle; laterally persistent
limestone beds are common. The sandstone lithofacies is over-
lain by finer grained cross-bedded sandstone interbedded with
mudstone. The finer grained sandstone is cross bedded and char-
acterized by ripple marks; the mudstone becomes more com-
mon upsection and contains gypsum, caliche nodules, and root
traces. The youngest lithofacies consists of thin-bedded lime-
stone interbedded with mudstone. The limestone contains abun-
dant root casts and molds; the mudstone is characterized by
desiccation cracks and mammal tracks. Gypsum is absent in the
upper mudstone. Prave and McMackin (1999) concluded that
the stratigraphy of the three lithofacies records the change from
alluvial fan to fluvial and lacustrine environments,

Tuff beds occur in the upper two lithofacies of the lacus-
trine deposits. The lowest tuff consists of rounded pumice clasts,
biotite flakes, and glass shards. These beds are 2-20 c¢m thick
and are interbedded with mudstone and gypsum. The youngest
tuff consists of pumnice clasts, is less than 1 m thick, and is inter-
bedded with mudstone. The thickest tuff bed is overlain by
siliceous limestone between the middle and upper lithofacies;
together, this tuff and limestone define a marker bed within the
lacustrine deposits. The tuff is cross laminated, includes pumice
clasts and glass shards, and is 2 m thick; it yields a “Ar/*’Ar age
of 8.4 Ma (Scott et al, 1988) and is correlated with 7.6-8.4 Ma
tuff in southwestern California (Sarna-Wojcicki, written com-
mun., 1986).

o



Figure 2. A) Fault contact between landslide breccia of the granite of Ibex Pass and older fanglomerate se-

quence of the China Ranch beds. B) Detail of the fault breccia and fanglomerate deposit in lower right of
photo A. Hammer handle in lower right corner for scale.
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The lacustrine deposits grade laterally and vertically into the
younger fanglomerate sequence. This fanglomerate sequence oc-
curs east of the Amargosa River and is folded about north- and
northeast-trending axes (Wright, 1954). It consists of subrounded
to subangular cobbles and boulders of Tertiary volcanic rocks, the
granite of Kingston Peak, and the Pahrump Group; paleocurrent
data suggests that these clasts were derived from east and west
sources (Prave and McMackin, 1999). Large boulders of the
granite of Kingston Peak, as large as 10 m across, and mono-
lithologic megabreccia sheets of Pahrump Group rocks are com-
mon in the younger fanglomerate sequence (Wright, 1954).

The younger fanglomerate sequence unconformably over-
lies or is faulted against Proterozoic sedimentary rocks in the
Alexander Hills (Fig. 1) and unconformably overlies landslide
breccias in Valjean Valley. One landslide breccia, consisting of
brecciated blocks of the Beck Spring Dolomite and Kingston
Peak Formation tectonically interbedded with Tertiary lacus-
trine deposits and volcanic breccia, is present just east of the
Amargosa River and north of the Dumont Dunes (Fig. 1). A sec-
ond landslide breccia, consisting of Pahrump Group rocks, dia-
base, granite of Kingston Peak, and tuff, is overlain by a large
slump of the younger fanglomerate sequence southeast of the
Alexander Hills and north of the Valjean Hills (Fig. 1). A promi-
nent tuff bed within this slump consists of pumice and glass
shards and is correlated with 7.7-8.2 Ma tuff from southern
Nevada (Sarna-Wojcicki, written commun., 1998). This tepro-
chronology data indicate that the prominent tuff bed in the
slump block is equivalent to the 8.4 Ma tuff marker bed in the
lacustrine deposits, and that slumping of the younger fanglom-
erate sequence is younger than 8.4 Ma.

The China Ranch beds are unconformably overlain by un-
deformed alluvial fan and lacustrine deposits in the Tecopa basin.
The alluvial fan deposits consist of subequal proportions of clasts
derived from the Pahrump Group and mid-Tertiary igneous rocks.
Prave and McMackin (1999) concluded that these deposits were
derived from cannibalization and reworking of the China Ranch
beds or the mixing of alluvial fans derived from local sources.

The lacustrine deposits, locally known as the Tecopa lake
beds, are more than 72 m thick and consist of well-bedded mud-
stone and tufa; four tuffs are interbedded with the mudstone
(Hillhouse, 1987; Morrison, 1991). The oldest tuff correlates
with the 2.02 Ma Huckleberry Ridge tuff of the Yellowstone
Group (Hillhouse, 1987); the youngest tuff is within several me-
ters of the top of the lacustrine deposits and was deposited ap-
proximately 160 ka (Morrison, 1991). A third tuff, ~25 m below
the youngest tuff, correlates with the 0.62 Ma Lava Creek B ash
of the Lava Creek Tuff of the Yellowstone Group; this tuff is lo-
cally interbedded with undeformed Quaternary alluvial deposits
south of Tecopa (Hillhouse, 1987).

MAGMATISM

Magmatic rocks coeval with Late Cenozoic crustal exten-
sion in the southern Death Valley region consist of felsic to
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mafic plutonic and volcanic rocks in the Kingston Range, Owls-
head Mountains, Resting Spring Range, and Black Mountains
(Fig. 1). The plutonic rocks can be separated into two petroge-
netic suites on the basis of geochronological and chemical data
(Calzia and Finnerty, 1984). The older suite yields K-Ar ages of
12-14 Ma and consists of alkalic granites (Fig. 3) characterized
by hypabyssal textures, mantled (rapakivi) feldspars, miarolitic
cavities, and mafic xenoliths (Calzia, 1990; 1994). The Willow
Spring pluton in the central Death Valley volcanic field is the
one exception to this grouping. The younger plutonic suite
yields K-Ar ages of 10-6.5 Ma and consists of calc-alkalic
quartz monzonites with medium- to coarse-grained equigranu-
lar and porphyritic textures. Volcanic rocks associated with
rapid extension between 14 Ma and 5 Ma are andesitic to felsic
in composition; basalts are present but volumetrically insignifi-
cant relative to the felsic rocks. Volcanic rocks associated with
a relatively slow rate of extension are basaltic in composition
and <5 Ma (Asmerom et al., 1994).

Kingston Range

The middle Miocene granite of Kingston Peak and volcanic
rocks in the Resting Springs Formation in the Kingston Range
are the most extensive magmatic rocks synchronous with the in-
ception of crustal extension in the southern Death Valley region.
The granite of Kingston Peak forms an elliptical batholith in the
center of the range and is divided into feldspar porphyry, quartz
porphyry, and aplite facies based on textural variations and in-
trusive relations (Calzia, 1990). The feldspar porphyry and
quartz porphyry facies, characterized by rapakivi textures and
miarolitic cavities, contain mafic xenoliths petrographically
and chemically similar to volcanic rocks in the Resting Springs
Formation. The aplite facies intrudes and locally is gradational
into the feldspar porphyry and quartz porphyry facies. Biotite
and hornblende from the feldspar porphyry facies yield concor-
dant K-Ar ages of 12.1 and 12.4 Ma, respectively; incremental
heating of chemically homogeneous hornblende from the same
sample yields a ““Ar/*Ar age of 12.42 Ma (Calzia, 1990).

" The granite of Kingston Peak is metaluminuous to slightly
peraluminuous and is chemically similar to Cretaceous plutons in
the Mesozoic Teutonia Batholith (Calzia, 1990). The feldspar por-
phyry and quartz porphyry facies yield similar rare earth element
(REE) patterns characterized by negative slopes and small nega-
tive Eu anomalies; the aplite facies is characterized by lower REE
concentrations and by larger negative Eu anomalies. Pband Sriso-
topic data, combined with major and trace element chemical data
as well as regional isostatic gravity data, suggest that the feldspar
porphyry and quartz porphyry facies were derived by partial melt-
ing of Mesozoic batholithic rocks at mid-crustal levels. New Nd
isotopic data (Calzia and Ridmo, 1997; Ridmé et al., 1999) suggest
that these batholithic rocks had been hybridized by mantle-de-
rived magmas during the initial stages of Tertiary extension. The
aplite facies was derived by complex magmatic processes includ-
ing crystal fractionation and exsolution of a vapor phase. Strati-
graphic reconstruction of Proterozoic, Paleozoic, and Miocene



Alkalic
— B -
(o]
o
¥
+
o
o =
[}
=
2
|_ e .
% e (__) 14.0-4.0 Ma volcanic rocks
"'g" O 1214 Ma granitic plutons
3 :_‘; 10-6.5 Ma granitic plutons
] Subalkalic
0 - : . : ; :
55 65 75
WEIGHT % SiO5

02 Calc-alkalic
o
(=]
= i
+
)
o
[:4]
L 06
°
&
S
e )

Tholeiitic
1.0 -

FREQUENCY

WEIGHT % SiO»p

Figure 3. Geochemistry of late Cenozoic magmatic rocks in the southern Death Valley region. A) Chemical classifica-
tion of magmatic rocks (Irvine and Baragar, 1971; Miyashiro, 1974). B) Wt% SiQ, of volcanic rocks in the southern
Death Valley region.




Late Cenozoic crustal extension and magmatism, southern Death Valley region, California

country rocks indicates that the granitic melt was emplaced at
shallow (~4 km) crustal levels (Calzia, 1990).

Volcanic rocks in the Resting Springs Formation consist of
porphyritic andesite flows, interbedded with rare basalt lenses
and white lithic tuff, unconformably overlain by volcanic brec-
cia of andesite, basalt, and latite cobbles in a matrix of calcare-
ous tuff (Calzia, 1990). A well-developed magmatic foliation,
expressed by plagioclase phenocrysts as large as 4 mm, occurs
in andesite flows in the north half of the range and in Kingston
Wash. It is not known whether this texture was originally lim-
ited to a single flow of regional extent, or to multiple flows with
similar cooling histories, because the rock is too badly altered
for a reliable chemical fingerprint. Biotite from andesite flows
in the north half of the range yield K-Ar ages of 12.1 Ma (Calzia,
1991) and 12.5 Ma (Spencer, written commun., 1981).

Volcanic rocks in the Resting Springs Formation and mafic
xenoliths in the granite of Kingston Peak are alkalic and calc-
alkalic (Fig. 3) and contain 7%-11% total alkalis (Calzia, 1990).
Chondrite-normalized REE patterns of these rocks are charac-
terized by steep negative slopes and the lack of an Eu anomaly.
Trace element data as well as Sr and Nd isotopic data suggest
that the volcanic rocks and mafic xenoliths crystallized from
mafic magmas produced by partial melting of lithospheric
mantle. These source rocks are characterized by high Sr con-
centrations and ¥’Sr/*Sr ratios as well as negative gy, values
(Calzia, 1990; Calzia and Rdmd, 1997).

Steep linear patterns on Pb isotopic plots, at acute angles to
1700 and 100 Ma reference isochrons, suggest that the granite
of Kingston Peak, volcanic rocks in the Resting Springs For-
mation, and mafic xenoliths in the granite are cogenetic (Calzia,
1990). Although the mafic xenoliths have comingled with the
granite, nonlinear major- and trace-element variation diagrams
as well as Srisotopic data preclude extensive magma mixing be-
tween these rocks. Anomalous Na,O and Rb concentrations and
high Pb isotopic ratios indicate that the mafic melts assimilated
crustal material at some time in their magmatic history. Com-
bined, the geologic, geochemical, and isotopic data suggest that
mantle-derived mafic magmas, represented by the volcanic
rocks in the Resting Springs Formation, have partially melted
Mesozoic batholithic rocks at mid-crustal levels to produce the
granite of Kingston Peak (Calzia, 1990).

Cross cutting geologic relations and petrographic data indi-
cate that the granite of Kingston Peak and volcanic rocks in the
Resting Springs Formation are syntectonic with crustal exten-
sion. The granite cuts the Kingston Range detachment fault and
is cut by listric normal faults along the west side of the range
(Calziaetal., 1987). Rhyolite porphyry dikes locally fill the pro-
jected trace of the detachment fault (Wright, 1968) and are cut
by the listric faults (Calzia, 1990). Regional isostatic gravity and
paleomagnetic data suggest that the granite also is cut by another
detachment fault at depth and tilted about 30°NE (Calzia et al.,
1986; Fowler and Calzia, 1999). The abundance of strained
quartz crystals as well as fractured and brecciated quartz and
feldspar crystals healed by quartz and opaque oxides suggest that
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the granite was emplaced and crystallized in an active tectonic
environment. Combined, the geologic and petrographic data
indicate that the granite of Kingston Peak postdates the Kingston
Range detachment fault but predates another flat fault at depth,
The granite is extended by listric normal and strike-slip faults
that are synchronous with Late Cenozoic crustal extension in the
southern Death Valley region.

Ibex Pass

The Ibex Pass volcanic field consists of volcanic flows and
rhyodacite stocks in the Sperry and Saddlepeak Hills (Fig. 1;
Troxel and Calzia, 1994). The volcanic flows unconformably
overlie Late Proterozoic miogeoclinal rocks and consist of
olivine basalt, porphyritic andesite, and rhyodacite flows over-
lain by porphyritic tuff; rhyodacite stocks intrude the Kingston
Peak Formation in the northern Saddlepeak Hills and are similar
in composition to the rhyodacite tlows. All of these rocks are
overlain by volcanic breccia, characterized by rounded to sub-
angular cobbles of andesite, basalt, and tuff in an andesite matrix;
that is tectonically overlain by landslide deposits of granite in the
China Ranch basin. A chaotic assemblage of the volcanic rocks,
Noonday Dolomite, and Tertiary lacustrine deposits is tectoni-
cally interbedded with basalt and andesite flows in the southern
Sperry Hills. This volcanic chaos resembles landslide breccias
in the Shadow Valley and China Ranch basins. Biotite from a
rhyodacite flow near the middle of the volcanic sequence yields
a K-Arage of 12.3 £ 0.31 Ma (Calzia, unpub. data, 1986).

Basalt to andesite dikes in the southern Saddlepeak Hills
trend N45°W, are nearly vertical, and yield a K-Arage of 12.7 Ma
(Troxel and Calzia, 1994). The dikes fill fractures that are cut by
steeply dipping normal faults that merge with a more northerly-
trending master fault; the master fault transverses the Saddle-
peak Hills and is truncated by a complex system of nearly flat
faults along the crest of the range.

Owlshead Mountains

Miocene tuffs as well as volcanic lahars, breccias, and
flows unconformably overlie Cretaceous quartz monzonite in
the central Owlshead Mountains (Davis and Fleck, 1977). The
oldest volcanic rocks consist of 14.1 Ma biotite pumiceous tuff
unconformably overlain by a thick section of andesite to basaltic
lahars and volcanic breccia. Locally, the tuff unconformably
overlies a thin discontinuous wedge of arkosic grit and carbon-
ate debris deposited on the erosional surface of quartz mon-
zonite. The lahars and breccia are separated into upper and
lower units by a 13.4 Ma tuff, and are overlain by 12.9 Ma platy
pyroxene andesite. The platy andesite is intruded by 12.9 Ma an-
desite plugs and unconformably overlain by 12.6 Ma olivine
basalt (Davis, written commun., 1990).

These volcanic and sedimentary rocks include three sheet- -
like allochthons that lie discordantly on one another. These
gravity-driven allochthons cover >30 km? and have a minimum
northeastward displacement of 10 km (Davis and Fleck, 1977).
Locally, the allochthons overlie similar authochthonous volcanic
rocks and the granitic basement. North-south normal faulting



146

and erosion preceded emplacement of the lowest (oldest) sheet;
a second episode of high-angle northeast-southwest normal
faulting and erosion preceded emplacement of the younger al-
lochthons. The 12.9 Ma andesite plugs cut the base of the high-
est (youngest) sheet. Field and geochronological data indicate
that volcanism, high-angle block faulting, and gravity sliding oc-
curred within a 1-2 m.y. period from 14.1 Ma—12.6 Ma; the pe-
riod from 12 Ma to present is characterized by uplift and doming
of the Owlshead Mountains (Calzia, 1974; Brady, 1985, 1990).

A thick section of porphyritic andesite flows in the southern
Owlshead Mountains overlies or locally is interbedded with an-
desitic lahars and breccias in the central Owlshead Mountains.
These porphyritic flows dip southwest and overlie 1 m of fan-
glomerate deposits and 3 m of white tuff in the Quail Mountains
(Fig.1; Muehlberger, written commun., 1992). Plagioclase from
the porphyritic andesite yields a K-Ar age of 13.1 0.4 Ma
(Calzia, unpub. data, 1994). The field and geochronological data
suggest that the porphyritic andesite flows correlate with the
12.9 Ma pyroxene andesite in the central Owlshead Mountains.

Wagner (1988) described more than 2000 m of andesitic la-
hars, breccias, and flows that overlie granite in the Panamint
Range north of the Owlshead Mountains. Discontinuous lenses
of pumiceous rhyolitic tuff, arkosic grit 0-3 m thick, and con-
glomerate with granitic boulder clasts locally are present be-
tween the volcanic rocks and granite. The rhyolitic tuff thickens
toward the west. Johnson (1957) mapped several rhyolite intru-
sions in the southwestern Panamint Range that may be the
source of the rhyolitic tuff.

Wagner (1988, 1994) described an eroded volcanic center be-
tween the Owlshead Mountains and Panamint Range. His vol-
canic center consists of an intrusive complex of basalt, gabbro,
and rhyolite plugs, dikes, and volcanic necks partially buried by a
volcanic edifice of andesitic to basaltic breccias, flows, and tuffs.
Swarms of basalt to latite plugs, dikes, and sills extend from the
intrusive complex and cut the volcanic edifice; a basalt plug in the
intrusive complex yields a whole rock K-Ar age of 14.0 4- 0.3 Ma
(Wright, written commun., 1984). Overlying the intrusive com-
plex are lapilli tuffs and tuff breccia that represent ignimbrites
deposited within a crater; flanking the intrusive complex are
stratified andesite flows, breccias, and tuff that made up the vol-
canic cone. Wrucke (1966) reported that pyroxene andesite flows
and volcanic breccia in the southern Panamint Range are overlain
by olivine basalt and locally interbedded with pumice-rich lapilli
tuffs. He estimated the volcanic rocks are more than 1,000 m thick
on the south side of Warm Springs Canyon (Fig. 1); hornblende
from a flow on the north side of the canyon yields a “Ar/*Ar
plateau age of 13.7 Ma (Topping, 1993).

Resting Spring Range

Volcanic rocks in the Resting Spring Range are mapped as
part of the Chicago Valley Formation, tuff of Resting Spring
Pass, and as isolated outcrops of basalt along the crest of the
range. The Chicago Valley Formation is 125-190 m thick and
unconformably overlies Cambrian miogeoclinal deposits along
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the east side of the Resting Spring Range (Wilhelms, 1963;
Laibidi, 1981). This formation dips as much as 50°-60°E
(nearly as much as the underlying miogeoclinal rocks) and de-
creases upsection. This variation in dip suggests that deposition
of the Chicago Valley Formation was concurrent with tilting of
the Resting Spring Range.

The Chicago Valley Formation consists of lower clastic and
upper limestone units separated by a volcanic unit. The clastic
unit includes a basal conglomerate, consisting of angular frag-
ments of the underlying miogeoclinal rocks as well as exotic
clasts of Devonian carbonate rocks, orthoquartzite, and Jurassic
leucogabbro (Wernicke, written commun., 1993), overlain by
cross-bedded sandstone and sandy limestone. Tuff interbedded
with conglomerate in the northern part of the range yields a
“OAr°Ar age of 14.7 Ma (Niemi et al., 1999). The volcanic unit
consists of a basal lapilli tuff with andesite, syenite, and rare
granitic cobbles overlain by an interbedded sequence of flow-
banded basalt and andesite flows and volcanic breccia. The
basalt and andesite flows contain plagioclase, augite, and
olivine phenocrysts; abundant basalt inclusions and rare sani-
dine phenocrysts are present in the andesite. Plagioclase phe-
nocrysts locally are parallel to flow banding in the basalt and are
characterized by spongy rims in the andesite. The volcanic brec-
cia consists of cobbles and boulders of basalt and andesite with
lenses of dolomite breccia near the top of this unit. Biotite from
an andesite flow near the top of the volcanic unit yields a K-Ar
age of 11.7 0.2 Ma (Wright, written commun., 1984). The
abundance of basalt inclusions, sanidine phenocrysts, and par-
tially resorbed plagioclase phenocrysts suggest that the andesite
flows were derived by crustal contamination of basaltic magmas
that are syntectonic with tilting of the Resting Spring Range.

The tuff of Resting Spring Pass unconformably overlies
the Chicago Valley Formation and Gerstley lake beds; it is 60—
250 m thick and includes as many as five rhyolitic cooling units
(Laibidi, 1981). The base of the thickest cooling unit consists of
nonwelded lapilli tuff with pumice and lithic fragments. The
nonwelded tuff is overlain by a partially welded zone, charac-
terized by flattened pumice fragments, and a densely welded
zone of obsidian and devitrified tuff. The devitrified tuff is char-
acterized by numerous cavities filled with quartz, cristobalite,
tridymite, and feldspar. The densely welded zone is overlain by
cliff-forming partially welded to nonwelded lapilli tuff with
pumice fragments; crystals of plagioclase, sanidine, biotite,
quartz, and minor pyroxene are common throughout this zone.
The upper partially welded tuff is overlain by nonwelded tuff
preserved in a few localities at the top of this formation. Devit-
rified tuff above the obsidian yields a whole-rock K-Ar age of
9.6 4= 0.1 Ma (Wright, written commun., 1984).

Isolated outcrops of subhorizontal basalt overlie fanglom-
erate deposits along the crest of the Resting Spring Range. The
basalt is as much as 15 m thick and is vesicular and porphyritic;
phenocrysts of plagioclase, augite, and olivine are common.
Basalt from the southernmost outcrop 8 km north of Resting
Spring Pass yields a whole-rock K-Ar age of 9.5+ 0.1 Ma
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(Wright, written commun., 1984). Petrographic and geochrono-
logical data suggest that basalt along the crest of the Resting
Spring Range is equivalent to 9.3 4= 0.3 Ma basalt in the Dublin
Hills and 9.3 £ 0.3 Ma basalt just north of Shoshone (Calzia,
unpub. data, 1994). If correct, then uplift and tilting of the Rest-
ing Spring Range was complete by 9.5 Ma, and the Amargosa
Valley (Fig. 1) formed after 9.3 Ma but before deposition of the
Gerstley lake beds; the age of the Gerstley lake beds is uncer-
tain (Barker and Wilson, 1975).

Black Mountains

The central Death Valley volcanic field (CDVVF) in the
Black Mountains covers 1300 km? between the right-lateral
Furnace Creek fault zone on the north and the left-lateral
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(Blakely, written commun., 1992) Sheephead Pass fault zone to
the south (Fig. 4; Wright et al., 1981, 1991). The CDVVF con-
sists of late Cenozoic plutonic and volcanic rocks that intrude
or overlie a chaotic assemblage of Early Proterozoic gneiss
and tectonically attenuated Proterozoic and Cambrian sedimen-
tary rocks. Noble (1941) named this chaotic assemblage the
Amargosa chaos and the fault between the chaos and au-
tochthonous gneiss the Amargosa thrust (renamed Amargosa
fault by Wright et al., 1991). Locally, the oldest volcanic rocks
are cut by numerous arcuate normal faults that dip west, flatten
with depth, and merge with the Amargosa fault or with faults
within the chaos. Wright et al. (1991) concluded that the
CDVVF represents an igneous rhombochasm because it lies
between two en echelon strike-slip fault zones and is in part
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coeval with the Amargosa fault and extensional structures in
the Amargosa chaos.

The Willow Spring pluton, the oldest igneous rock in the
CDVVF, consists of an elongate sill of fine-grained gabbro and
diorite that intrudes gneiss along the west side of the Black Moun-
tains. The gabbro includes nearly equal parts of hornblende and
andesine; the diorite is characterized by lesser amounts of horn-
blende, greater amounts of andesine, and minor amounts of
quartz and potassium feldspar (Otton, 1977). The gabbro has a
particularly juvenile composition with initial £y of —1 to—2, and
87S1/%Sr. of 0.706 (Asmerom et al., 1990; Calzia and O.T. Rimé,
unpub. data, 2000). Asmerom et al. reported that zircon from the
Willow Spring pluton yields a U-Pb age of 11.6 Ma.

The granite of Smith Mountain intrudes the Willow Spring
pluton and Amargosa chaos in the southwest comner of the
CDVVF. This medium-grained porphyritic granite is character-
ized by phenocrysts of complexly zoned feldspar, quartz, and
minor biotite and hornblende. Hornblende yields a *’Ar/*?Ar
plateau age of 8.7 Ma (Holm et al., 1992). Initial Nd and Sr iso-
topic data (eyq of —5.8, ¥’Sr/*Sr; of 0.7077) indicate that this
granite was derived from a more juvenile protolith than the
granite of Kingston Peak (Calzia and R4md, unpub. data, 2000).

Numerous cupolas, stocks, and generally tabular plutons of
aplitic quartz monzonite and granite form a continuous belt
nearly 10 km long in the western CDVVF (Wright et al., 1991).
These silicic rocks intrude the Willow Spring pluton, granite of
Smith Mountain, and Amargosa chaos but predate the middle
Miocene Shoshone Volcanics. The silicic plutons yield ages of
6.4 Ma (Armstrong, 1970) to 8.69 Ma (Holm et al., 1992). Simi-
lar modal and chemical compositions as well as a similar level
of erosion suggest that the silicic plutons were emplaced during
a single magmatic event that predates the volcanic rocks ex-
posed within the CDVVF (Wright et al., 1991).

Numerous dacite porphyry dikes and shallow stocks intrude
the granite of Smith Mountain, Amargosa chaos, and the middle
Miocene Rhodes Tuff in the southwestern CDVVF; these dacitic
rocks become less extensive to the north and east (Wright et al.,
1991). Locally, the dacite is in fault contact with Shoshone Vol-
canics. The dikes are moderately altered and consist of plagio-
clase phenocrysts; biotite and hornblende are common.

The granite of Miller Spring is present on both sides of
Deadman’s Pass in the southeastern CDVVE (Fig. 1; Haefner,
1972), This pluton consists of porphyritic quartz monzonite
and granite with phenocrysts of feldspar and minor quartz.
Dismembered inclusions of gneiss and sedimentary rock in
correct stratigraphic position probably represent stoped blocks
of the country rocks near the margin of the pluton. Haefner re-
ported that the granite of Miller Spring is unconformably over-
lain by the Deadman’s Pass Volcanics; biotite from the granite
yields a K-Ar age of 10.2+£ 1.1 Ma (Wright, personal com-
mun., 1984).

The Shoshone pluton in the southeastern CDVVF consists of
an outer porphyritic facies of fine- to medium-grained quartz
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monzonite intruded by an inner aplitic facies. The porphyritic fa-
cies is characterized by feldspar phenocrysts up to 10 mm long
and rapakivi textures (Novak, 1967); acicular hornblende crystals
are common. The groundmass of the porphyritic facies changes
from granophyric to aphanitic toward the center of the pluton.
Almashoor (1980) concluded that the Shoshone pluton was em-
placed at 2.0-2.5 km and is tilted to the east; sedimentary inclu-
sions, similar to those in the granite of Miller Spring, probably
represent stoped blocks of the country rocks near the margin of
the pluton. The Shoshone pluton is unconformably overlain by the
Deadman’s Pass and Shoshone volcanics; biotite from the pluton
yields a “Ar/°Ar age of 9.8 Ma (Holm et al., 1992).

Volcanic rocks in the CDVVF are divided into the pre-
Shoshone, Shoshone, and Greenwater Volcanics as well as the
Funeral volcanic unit. Pre-Shoshone Volcanics include the Dead-
man’s Pass Volcanics of Haefner (1972), the Rhodes Tuff, dacite
dikes that invade the Sheephead Pass fault zone, and the Sheep-
head Andesite. The Deadman’s Pass Volcanics unconformably
overlie the granite of Miller Spring and are unconformably over-
lain by the Shoshone Volcanics. The Deadman’s Pass Volcanics
consist of ~300 m of porpyllitically altered andesite and dacite
flows interbedded with rhyolite ash-flow tuffs; the flows have
felsite interiors bounded above and below by vitrophyres
(Haefner, 1972). Although pervasive alteration precludes mean-
ingful geochemical analyses, L.A. Wright (written commun.,
1984) reported a whole-rock K-Ar age of 8.5 £ 0.2 Ma from the
top of the Deadman’s Pass Volcanics.

The Rhodes Tuff is 450 m thick in the southern CDVVF
and thins to the north (Wright et al., 1984b). It consists of weak
to densely welded ash-flow tuff with lithic fragments of gneiss,
miogeoclinal deposits, and volcanic clasts; the volcanic clasts
include Deadman’s Pass Volcanics as well as flattened pumice
fragments. The Rhodes Tuff includes a 1-2 m thick layer of ob-
sidian at its base and grades upsection into vitrophere; the de-
gree of welding decreases into nonwelded tuff at the top of this
formation (Wright et al., 1984b). Biotite from the Rhodes Tuff
yields a K-Ar age of 10.7 £ 0.4 Ma (Wright, written commun.,
1984). This tuff, however, is lithologically and chemically simi-
lar to the tuff of Resting Springs Pass. Field, petrographic, and
chemical data suggest, therefore, that Wright's age is incorrect
due to contamination of lithic fragments or devitrification of the
Rhodes Tuff.

Porphyritic dacite dikes intrude and are cut by the Sheep-
head Pass fault along the southern boundary of the CDVVEFE,
Dacite flows also are present and similar to the dacite dikes.
Biotite from a dacite flow yields a K-Ar age of 10.4 Ma (Wright
et al., 1984b). Assuming the dikes and flows are comagmatic,
the field and geochronological data suggest that the dacite dikes
are syntectonic with crustal extension in the CDVVE

The Sheephead Andesite conformably overlies the Rhodes
Tuff, is 210 m thick, and is divided into lower and upper an-
desite units separated by a middle vocanoclastic unit (Wright
et al., 1984b). The lower andesite unit consists of vesicular por-
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phyritic andesite flows and flow breccias; the flow-banded up-
per unit is neither as porphyritic nor as vesicular as the lower
unit. The volcanoclastic breccia is 3—10 m thick and consists of
volcanic clasts, up to 70 cm in diameter, as well as rare lithic
fragments of clastic and carbonate rocks.

The Shoshone Volcanics unconformably overlie the pre-
Shoshone Volcanics in the CDV VE. The Shoshone Voleanics are
900 m thick and include dacite and rhyolite tuffs and flows that
erupted between 7.5 Ma and 8.5 Ma (Wright et al., 1991). These
tuffs and flows are color banded in shades of yellow, brown, and
gray resulting in a calico colored landscape.

A typical eruptive unit in the Shoshone Volcanics consists
of ash-fall tuff overlain by a rhyolitic flow (Haefner, 1972). The
well-stratified tuff is generally <10 m thick and consists of pla-
gioclase phenocrysts, hornblende, and biotite in a devitrified
matrix of lapilli tuff. The rhyolitic flow is 30-100 m thick and
divided into lower and upper vitrophyre zones separated by a
vesicular felsophyre zone. Vitrophyre and felsophyre zones
contain plagioclase phenocrysts as well as hornblende and bio-
tite; the vitrophyric groundmass consists of perlitic glass with
pyroxene crystallites.

The Greenwater Volcanics are present in a belt ~50 km long
along the east side of the CDVVE. These rocks unconformably
overlie the Shoshone Volcanics and yield K-Ar ages of 5-7 Ma
(Wright etal., 1991). The basal part of the Greenwater Volcanics
consists of basalt and andesite flows interbedded with silicic
ash-flow tuffs and tuffaceous sediments. These rocks are over-
lain by massive glassy dacite flows and breccias that grade east-
ward into flow-dome complexes; these flow-dome complexes
probably represent vent areas for the Greenwater Volcanics. The
dacite flows and domes are overlain by ash-flow tuffs that lo-
cally overlie andesite flows in the northern Greenwater Valley
(Fig. 1). Basalt and andesite flows near the base of the section
contain olivine, clinopyroxene, plagioclase, and opaque oxide
phenocrysts; the dacite flows contain plagioclase, hornblende,
biotite, or opaque oxide phenocrysts. Basalt and andesite occur
as partially disaggregated inclusions in dacite flows and repre-
sent incomplete homogenization of magmas prior to or during
eruption of the dacite flows.

The Funeral volcanic unit in the CDVVF include 4.0-4.8 Ma
(Wright et al., 1991) basalt and andesite flows and agglomerate
in' the Funeral Formation, as well as the 4.9 Ma (Otton, 1977)
basalt of Copper Canyon. Basalt flows and agglomerate in
the Funeral Formation are ~150 m thick; the flows contain
olivine, clinopyroxene, and plagioclase phenocrysts in a fine- to
medium-grained trachytic groundmass. The agglomerate con-
sists of cinders, scoria, bombs, and breccia and probably repre-
sents eroded vents of the basalt. The basalt of Copper Canyon is
350 m thick and is interbedded with conglomerate and sedi-
mentary breccias in the lower and middle sections of the Cop-
per Canyon Formation (Otton, 1977). These rocks are generally
subhorizontal or moderately tilted to the east and are synchro-
nous with uplift and erosion of the CDVVE.

TECTONIC-MAGMATIC MODEL

Figure 4 illustrates the northwestward migration of crustal
extension and magmatism with time in the southern Death Val-
ley region. Extension began 13.4-13.1 Ma ago with develop-
ment of the Kingston Range-Halloran Hills detachment fault.
This detachment fault was buried by syntectonic sedimentary
and volcanic rocks in the Shadow Valley basin and intruded by
the 12.4 Ma granite of Kingston Peak in the Kingston Range.
Tilting of the Resting Spring Range postdates 11.7 Ma basalt
and andesite flows that flank the range, and predates 9.5 Ma
basalt along the crest of the range. Older (8.5-7 Ma) dacite and
rhyolite flows in the central Death Valley volcanic field dip as
much as 60°E whereas younger (5-4 Ma) basalt flows are sub-
horizontal. This close spatial and temporal relation between
crustal extension, granitic magmatism, and volcanism (Fig. 5)
suggest a genetic and probably a dynamic relation between
these geologic processes. Lucchitta (1985, 1990) proposed that
both extension and magmatism are driven by heat. Briefly, heat
advected into the crust from mantle-derived basaltic magmas re-
duces the shear strength and partially melts the crust. The ther-
mally weakened crust is then extended, given a regional
extensional stress field, concurrent with granitic magmatism
and bimodal volcanism.

The southern Death Valley region has high and variable
heat flow with thermal gradients greater than the Basin—Range
region and similar to those measured at Battle Mountain,
Nevada (Fig. 6; Lachenbruch, personal commun., 1987; Lachen-
bruch et al., 1985). The most probable source of anomalous heat
is upward migration of basaltic magmas that underplate the
crust at the Moho or intrude the lower crust and pond at abrupt
lithologic, density, or rheologic boundaries (Lachenbruch and
Sass, 1977). The basaltic magmas begin to crystallize and ex-
change heat with the adjacent crustal rocks. If basaltic under-
plating or intrusion persists, heat advected into the lower crust
will establish a thermal front with steep gradients that migrate
laterally and vertically with time.

Heat advected into the lower crust tends to focus later in-
trusions and begins to partially melt crustal rocks (Hildreth,
1981; Glazner and Ussler, 1988; Huppert and Sparks, 1988).
Xenolith studies and modeling of seismic data suggest that the
lower crust in the southern Death Valley region consists of a het-
erogeneous mix of mafic- to intermediate-composition igneous
sills interlayered with ductily deformed crust characterized by
transposed compositional layering (Wilshire et al., 1988;
Wilshire, 1990; McCarthy and Thompson, 1988). Assuming a
granodiorite (intermediate) composition, the lower crust be-
neath the southern Death Valley region would begin to melt
along the granodiorite water-saturated solidus (GSS) or gran-
odiorite dry solidus (GDS) depending on the presence or ab-
sence of excess water (Fig. 6). If water is present, H,O-saturated
melts of rhyolite composition will be generated near the GSS.
With continued melting, excess water would be dissolved and
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Figure 5. Temporal relation between late Cenozoic crustal extension and magmatism in the southern Death Valley region.
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Figure 6. Generalized thermal gradients and solidus curves of igneous rocks in the southern Basin and Range province. Range of thermal gradi-
ents characteristic of the Basin-Range region and Battle Mountain from Lachenbruch and Sass (1977). Solidus and liquidus curves from Luth
et al. (1964) and Wyllie (1971). Depth to Moho from Serpa et al. (1988); estimated depth to base of Teutonia Batholith (TB) computed from iso-
static residual gravity data (Jachens, written commun., 1990) plus postmiddle Miocene uplift of the Kingston Range (Calzia, 1990).

the restite requires higher temperatures to melt. Complete melt-
ing does not occur until temperatures approach the basalt dry
solidus (BDS).

The tectonic-magmatic model requires that the southern
Death Valley region be subjected to extensional stress during
late Cenozoic time. Zoback et al. (1981) reported that a uniform
back-arc extensional stress field was established by latest
Oligocene-early Miocene time throughout the central and
southern Basin-Range. The minimum principal stress axis was
horizontal and oriented west-southwest—east-northeast as in-
ferred from the trend of Miocene dike swarms, orientation of
uniform dip-slip vectors on normal faults, and tilt directions of
strata coeval with extension (Zoback et al., 1981).

The minimum principal stress axis was rotated 45° clock-
wise from west-southwest—east-northeast to west-northwest—
east-southeast during middle Miocene time (Zoback et al.,
1981). This clockwise rotation was time transgressive and is
marked by the initiation of block-style faulting and intrusion of
north- to northeast-trending basaltic dikes in the southern Basin-
Range 13-10 Ma ago (Eberly and Stanley, 1978), and by east-
to northeast-trending range-bounding normal faults and nearly
parallel volcanic feeder dikes in the northem Basin-Range
~10 Ma ago (Zoback et al., 1981).

The west-northwest—east-southeast stress orientation has
continued to the present day and has produced the Basin—Range

physiography. Basin—Range deformation results from block
faulting that penetrates the upper 15 km of the crust and pro-
duces north-south and north- to northeast-trending elongate
ranges with a range crest to range crest spacing of 25-35 km
(Zobacketal., 1981). The ranges are eastward-tilted fault blocks
bounded by normal faults; basaltic and bimodal volcanism is as-
sociated with this extension (Christiansen and Lipman, 1972).
Wright (1976, 1977) reported that east- to southeast-dipping
fault blocks and post 12 Ma normal faults in the southern Death
Valley region are compatible with a west-northwest—east-southeast
extensional stress field. North- to northwest-trending range-
bounding normal faults are influenced by earlier features, such
as basement domes in the Black Mountains and the cuspate mar-
gins of Mesozoic plutons, and are not reliable indicators of the
orientation of the Late Cenozoic regional extensional stress field.

DISCUSSION

Other models of crustal extension in the Great Basin are not
consistent with geophysical and geologic data from the south-
ern Death Valley region. Wernicke (1981, 1985) reported that
magmatism plays no role relative to the dynamics of crustal
extension and concluded that extension is caused by uni-
form simple shear along a low-angle detachment fault that
is “rooted” in the lower crust or the mantle. Serpa et al. (1988)




152

described a mid-crustal (~15 km) zone of subparallel reflectors on
COCORP lines beneath Death Valley and concluded that this zone
is probably a regional detachment fault that separates brittlely-de-
formed upper crust from ductily-deformed lower crust. Cheadle et
al. (1986) reached a similar conclusion on the basis of COCORP
data from the northern Mojave Desert. Nowhere along any of the
Death Valley or northern Mojave Desert COCORP lines does this
mid-crustal detachment fault penetrate the lower crust or offset the
Moho. These data, reinforced by similar interpretations of CO-
CORP lines in the northern Basin— Range (Allmendinger et al.,
1987), argue against Wernicke's rooted detachment model.
Sonder et al. (1987) concluded that Cenozoic extension in
western North America is driven by the gravitational unloading of
a tectonically-thickened crust; the thickened crust developed dur-
ing Mesozoic thrust faulting along the eastern margin of the
Cordillera. Once compressional stress was removed, Sonder
et al. argue that a thick stack of Mesozoic thrust plates would have
thinned by tectonic processes analogous to gravity sliding. This
model is inconsistent with the geology of the southern Death Val-
ley region. Proterozoic supracrustal rocks as well as Mesozoic
igneous rocks that intrude this stack of thrust plates were meta-
morphosed or emplaced at mid-crustal levels during Mesozoic
time (Burchfiel and Davis, 1971; Labotka, 1981; Labotka and Al-
bee, 1988; Beckermanetal., 1982). These supracrustal and igneous
rocks are overlain unconformably by 19.1 Ma tuff as well as fan-
glomerate and lacustrine deposits that predate the inception of ex-
tension in the southern Death Valley region (Reynolds, written
commun., 1984; Brady, 1985, 1990; Friedmann, 1996). Although
evidence of Mesozoic thrust faulting and tectonic thickening of the
crust is widespread, regional stratigraphic relations suggest that
this thick stack of thrust plates had been eroded, and the subjacent
mid-crustal supracrustal and igneous rocks exhumed, prior to late
Cenozoic extension in the southern Death Valley region.

CONCLUSION

The close temporal and spatial relation between Late Ceno-
zoic crustal extension and magmatism in the southern Death Val-
ley region suggests a genetic and probably a dynamic relation
between these geologic processes. We propose a tectonic-mag-
matic model consistent with this relation. If the model is correct,
then syntectonic, mantle-derived mafic magmas should be coge-
netic with coeval, crustally-derived granitic magmas; the granitic
magmas should show chemical and isotopic evidence of mag-
matic interaction with the mafic magmas and should approximate
a hydrous minimum or eutectic composition. Test(s) of our model
are in progress; some of the results are published (Rimé and
Calzia, 1998; Rimo et al., 1999, 2000) or in preparation.

FIELD TRIP ROAD LOG AND DESCRIPTION
OF STOPS

Critical outcrops that demonstrate a temporal and spatial re-
lation between crustal extension and magmatism in the southern
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Death Valley region are visible from highways and roads that
cross this fascinating region. This road log provides directions for
a three-day field trip across this region as well as brief descrip-
tions of critical outcrops at stops shown on Figure 1A. The field
tripis divided into two parts. The first part introduces the regional
geology and possible source rocks of Tertiary magmatic rocks in
the southern Death Valley region. The second part includes de-
scriptions of critical outcrops of late Cenozoic extensional struc-
tures and magmatic rocks in the southern Death Valley region.
The field trip begins and ends in Las Vegas, Nevada.

DAY 1

Drive south from Las Vegas on I-15. Cross the Nevada—
California border and exit [-15 at Nipton Road.

Drive east on Nipton Road 3.8 mi to Ivanpah Road. Me-
Cullough Range and New York Mountains to the north and
south of Nipton Road, respectively (Fig. 1). Miocene andesite
breccias form Castle Peaks on skyline at 12 o’clock. Turn south
on Ivanpah Road.

Drive south on Ivanpah Road 9.9 mi to the Union Pacific
Railroad crossing. The New York Mountains are at 12 o’clock;
the Ivanpah Mountains are at 3 o’clock.

Turn east on a dirt road just before and parallel to the Union
Pacific Railroad. Drive east on the dirt road 2.0 mi to the third
railroad bridge. Turn under the bridge and drive south 1.5 mi on
an old pipeline road. Turn left at fork in old pipeline road and
continue into Willow Wash.

Stop 1-1. Proterozoic rocks of Willow Wash

A heterogeneous section of supracrustal rocks and ortho-
gneiss are present in Willow Wash. The section of supracrustal
rocks is 1.5 km thick and consists of layered mafic rocks and
quartzofeldspathic gneiss that are interlayered on a centimeter
to meter scale (Elliott, 1986). The mafic rocks form lenticular
bodies and consist of plagioclase, hornblende, clinopyroxene,
orthopyroxene, and locally biotite. The migmatitic quartzofels-
pathic gneiss consists of plagioclase, quartz, biotite, garnet, and
locally potassium feldspar; sillimanite gneiss and ultramafic
rocks are present but rare. The abundance of isoclinal folds and
boudinage suggest that the mafic rocks are intensely deformed;
metamorphic mineral assemblages suggest that these rocks were
derived from a basaltic protolith and were subjected to granulite
grade metamorphism. Compositional layering and variation in
mineral assemblages suggest that the gneiss was derived from an
immature sedimentary protolith such as graywacke. Discordant
U-Pb data from 1.98 Ga zircons in the gneiss may be explained
by a two stage Pb isotopic evolution model that includes a gran-
ulite grade thermal event at 1.71-1.70 Ga (Elliott, 1986).

The orthogneiss consists of biotite augen gneiss. The abun-
dance of intrusive contacts and homogeneous composition sug-
gest that the augen gneiss intrudes the supracrustal rocks and was
derived from a biotite granite or granodiorite protolith (Wooden
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and Miller, written commun., 1992). Zircons from the augen
gneiss yield a U-Pb age of 1.71 Ga (Wooden and Miller, 1990).

Return to I-15 and drive 6.1 mi west (toward Barstow and
Los Angeles) to Bailey Road. Exit I-15 at Bailey Road, cross
over the freeway, and immediately turn left on a paved road
(which becomes a dirt road). Follow this road 0.7 miles east, then
(.45 miles south, to a dilapidated corral. We will walk from here.

Stop 1-2. Ultrapotassic mafic plutonic rocks at Mountain Pass
by Gordon B. Haxel, U.S. Geological Survey, Flagstaff,
Arizona 86001

Magmatic rocks at Mountain Pass consist of composition-
ally unique carbonatite pluton that intrudes ultrapotassic silicate
rocks. The carbonatite includes bastnisite (CeCO,F) and paris-
ite (Ce,Ca(CO,);F;], and is characterized by extreme REE frac-
tionation [(La/Yb)., = 2000-7000], extraordinary Ba content
(14-20 percent BaO; barite phenocrysts are common), and high
concentration of Fand S (Olson et al., 1954; Watson et al., 1974
Crow, 1984; Castor, 1991; Haxel, in press).

Whereas nearly all other carbonatites are associated
with sodic (nephelinitic) silicate igneous rocks, the Mountain
Pass carbonatites is associated with ultrapotassic phlogopite-
rich shonkinite (melanosyenite). The ultrapotassic shonkinite
(K,0/Na,0 = 4-8 percent) is remarkable for elevated abun-
dances of many incompatible elements, including K (= 8 per-
cent K,0), Ba (=7000 ng/g), Rb (400), Cs (8), Th (80-300),
and LREE (La 400, Ce 800). Whole-rock fluorine concentra-
tions, 0.9—1.4 percent, are among the largest known in unaltered
silicate igneous rocks. The most primitive shonkinite dikes of
the Mountain Pass district have compositions (mg = 0.76, Cr =
500, Ni~ 300 pg/g) indicating that they are primary, mantle-
derived magmas. Their very small volume, high volatile con-
tent, and high incompatible element abundances further argue
against appreciable crustal assimilation. The primitive shonk-
inites have elevated Th/U (= 9), characteristic of the Mojave
lithospheric province. Some primitive shonkinite dikes are syn-
plutonic and probably parental with respect to several small
shonkitite-syenite stocks. Apatite from the shonkinite yields a
U-Pb age of 1.41 Ga (DeWitt et al., 1987).

At this stop we will examine excellent exposures of syn-
plutonic shonkinite dikes within a shonkinite-syenite stock. The
synplutonic dikes display an intriguing variety of shapes, pat-
terns, and textures, collectively indicating that shonkinite
magma was intruded repeatedly during solidification of the
syenite stock, and that shonkinite mingled and locally mixed
with syenite. Early dikes were extensively back-intruded and
disrupted by their syenite host, so that they now form trains of
ovoid to amoeboid shonkitite inclusions within the syenite.
Later dikes partially maintain their original tabular shapes and
locally have fine-grained margins against the host syenite. But,
even these younger dikes were locally intruded or veined by
syenite or leucosyenite. Most of the shonkinite inclusions and
dikes have associated with them irregular, dense to diffuse
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masses or patches of pegmatoid syenite (some amphibole-rich),
gradational outward into normal syenite. Presence of this peg-
matoid syenite probably reflects nucleation of crystals and/or
concentration of volatiles adjacent to the shonkinite bodies. The
youngest shonkinite dikes both are crosscut by and crosscut
syenoaplite dikes. One outcrop clearly shows that late shonki-
nitic and aplitic magmas coexisted (apparently with minimal
mingling) and moved through the syenite stock along the same
channel. These informative and important shonkinite-syenite re-
lations are not well exposed anywhere else in the Mountain Pass
district. Please do not use your hammer and destroy the evi-
dence! Samples of shonkinite and syenite are readily available
nearby from near-source float. Time permitting, we will walk or
drive to the top of a nearby hill for a brief overview of the Moun-
tain Pass REE deposit.

Return to I-15 and drive south 9.0 mi to Cima Road; the
Clark and Ivanpah Mountains are on the north and south sides,
respectively, of the freeway. These mountains open into Shadow
Valley about 6 miles south of Bailey Road. Cima Dome and
Teutonia Peak are at 8 o’clock, the Pliocene and Holocene
Cima volcanic field at 11 o’clock, and the Halloran Hills are at
1 o’clock. The Kingston Range forms the skyline at 3 o’clock.

Exit I-15 at Cima Road. Cross over the freeway and drive
south 7.6 mi to unnamed dirt road just north of old corral on east
side of Cima Road.

Turn east onto dirt road and drive 4.6 mi toward the Ivan-
pah Mountains on the skyline. Dirt road forks within 100 yds of
Cima Road; take the south fork and enter a very healthy Joshua
Tree forest.

Stop 1-3. Jurassic Ivanpah granite

Cordilleran plutons related to Mesozoic subduction are
well exposed in the southern Death Valley region. The petrog-
raphy and geochemistry of these Mesozoic rocks were studied
in detail by Beckerman et al. (1982). They recognized a mini-
mum of six noncomagmatic granitoid suites that together com-
prised the ~3000 km* Cretaceous—Jurassic Teutonia Batholith.
Current usage, however, defines the Teutonia Batholith to in-
clude only the Cretaceous plutons (U.S. Geological Survey,
1991). We have recently completed a detailed geochemical and
Nd-Sr-Pb isotopic study on critical samples of the Mesozoic
(Middle Jurassic-Late Cretaceous) plutons of the southern
Death Valley region (Rdmo et al., 2000). The descriptions of the
Mesozoic plutons are mainly based on Beckerman et al. (1982)
and our own observations; we will briefly refer to our new iso-
topic data in order to speculate on the petrogenesis and mag-
matic evolution of the Mesozoic plutons.

The 145 Ma (U.S. Geological Survey, 1991) Ivanpah gran-
ite is a light tan and coarse grained syenogranite that shows a
faint magmatic foliation. It is intruded by the Cretaceous Teuto-
nia adamellite that underlies most of Cima Dome. The Ivanpah
granite ranges from seriate to coarse porphyritic in texture
and has a high proportion of alkali feldspar to plagioclase

_
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(Beckerman et al., 1982). The main silicates comprise alkali
feldspar, quartz, plagioclase, and biotite. Minor amounts of
hornblende, apatite, titanite, allanite, zircon, fluorite, and rutile
as well as secondary muscovite are present. Geochemically, the
Ivanpah granite is metaluminous to marginally peraluminous
and it shows evidence for thorough autometasomatic modifica-
tion that has resulted, for instance, in an extremely high Rb/Sr
and a flat chondrite-normalized REE pattern with a very deep
Eu anomaly. The Rb-Sr isotopic system of the rock has been se-
verely disturbed, but the Nd isotopic composition (gyy0f-13.4)
indicates a high proportion of cratonic material in the protolith.

Return to vehicles and Cima Road. Turn south, and drive
3.1 mi to Valley View Ranch Road.

Turn west on Valley View Ranch Road and drive 1.8 mi to
the white ranch house. Turn left on the dirt road just before the
ranch house and drive toward the water tanks and windmill. Go
past the corral on left and park in the wide area. Watch where
you step for reasons that will become obvious upon your arrival!

Stop 1-4. Cretaceous Teutonia adamellite
and the Teutonia Batholith

Cretaceous plutonic rocks of the southern Death Valley region
are most abundant in the ~3000 km” Teutonia Batholith beneath
Cima Dome. Cretaceous granitoids also are present in the Owl-
shead Mountains; these rocks, however, may represent alloch-
thnohous blocks of the Teutonia Batholith disrupted by Tertiary
extension (Brady, 1985). Our new isotopic data suggest that the al-
lochthonous blocks of Teutonia are distinct from the autochtho-
nous rocks at Cima Dome. The former have, on average, lower £y,
higher Sr;, and more radiogenic uranogenic Pb isotopic ratios and
thus show a more cratonic character (Rdmé et al., 2000).

The 97 Ma (DeWitt et al., 1984) Teutonia adamellite is the
typical granitoid type of the Teutonia Batholith at Cima Dome.

It is a light tan, medium- to coarse-grained massive syenogran--

ite that occasionally grades into coarse quartz alkali feldspar
syenite. It intrudes cratonic rocks and the Jurassic Ivanpah gran-
ite (Stop 1-3) and is quite leucocratic with only minor amounts
of biotite, secondary muscovite, apatite, allanite, zircon, and il-
menite. Like the Ivanpah granite, the Teutonia adamellite is met-
aluminous to marginally peraluminous. The initial Nd (eyy of
—~13.5) and Sr (Sr; of 0.7170) isotopic composition of the
adamellite suggests that it represents a mixture of mantle and
Proterozoic crust (Ramao et al., 2000).

Return to Cima Road, turn south, and drive 8.1 mi to Cima.
Kessler Peak and Teutonia Peak on east and west sides, respec-
tively, of Cima Road. Outcrops of the Cretaceous Kessler
Spring adamellite are present on both sides of the road at the
crest of Cima Dome. Ivanpah Valley is in the foreground once
over the crest of the dome. Mountain ranges south of Ivanpah
Valley include the New York Mountains at 9:30 o’clock, Provi-
dence Mountains on distant skyline at 1 o’clock, and Mid Hills
at 12 o’clock. Note: Cima Road becomes Cima—Kelso Road at
Union Pacific Railroad crossing. Cross the railroad and continue
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on Cima—Kelso Road to Cima. OTR loves to call his wife and
family in Helsinki, FI from the phone booth at Cimal!

Continue south and west 4.6 mi from Cima to Cedar Canyon
Road. Small gray hills on both sides of Cima—Kelso Road con-
sist of Proterozoic cratonic rocks of uncertain protolith.

Turn south on Cedar Canyon Road, immediately cross the
railroad tracks, and drive 6.4 mi to Black Canyon Road. Pro-
terozoic cratonic rocks intruded by the Cretaceous Mid Hills
adamellite forms the skyline at 12 o’clock.

Continue past Black Canyon Road 5.0 mi to Rock House
Spring. Cedar Canyon Road forks to right once you exit the
canyon cut in Tertiary volcanic rocks. Stay on the main road and
turn south into dirt driveway toward the rock house on the sky-
line. Turn south along the fence line and park in the wash. CARE-
FUL, it’s sandy. May need 4-wheel drive to get out of the wash.

Stop 1-5. Cretaceous Rock Spring monzodiorite

The 97 Ma (U.S. Geological Survey, 1991) Rock Spring
monzodiorite is the most mafic granitoid rock of the Teutonia
Batholith. Covering much of the Mid Hills, it occurs as a compo-
sitionally zoned pluton with biotite-clinopyroxene diorite along
the northern edge and hornblende-biotite quartz monzodiorite and
granodiorite to the south (Beckerman et al., 1982). The rock is
dark gray to brown in color, medium- to coarse-grained, equigranu-
lar, and characteristically includes fine-grained mafic autoliths.
Besides plagioclase (occasionally present as microphenocrysts),
alkali feldspar, and quartz, the rock includes biotite, hornblende,
occasional clinopyroxene, apatite, titanite, zircon, oxide, and epi-
dote. Geochemically, the Rock Springs monzodiorite is clearly
more mafic than the Jurassic Ivanpah granite (Stop 1-3) and the
Cretaceous Teutonia Peak adamellite (Stop 1-4). It is metalumi-
nous, low in Si0, (55wt%-65 wt%) and has distinctly more radio-
genic initial Nd (gy, of —6.6) and less radiogenic initial Sr (Sr; of
0.7074) 1sotopic composition. Accordingly, the protolith of the
Rock Springs monzodiorite probably had a less cratonic character
than that of the Ivanpah granite and Teutonia adamellite.

Return to Cedar Canyon Road, turn west, and drive 5.0 mi
to Black Canyon Road. Tertiary volcanic rocks are at 12 o’clock.

Turn south on Black Canyon Road and drive south 4.1 mi
through Round Valley and into Black Canyon. Large outcrops
of Mid Hills adamellite are on west side of Black Canyon Road
near intersection with road into Mid Hills Campground. Park in
wide spot on east side of Black Canyon Road in Black Canyon.

Stop 1-6. Cretaceous Black Canyon gabbro

The Black Canyon gabbro is one of the few exposed Meso-
zoic mafic plutonic rocks in the southern Death Valley region.
It forms an equant stock, ~1 km?, that intrudes the 93 Ma (U.S.
Geological Survey, 1991) Mid Hills adamellite (Beckerman
etal., 1982). The gabbro is very heterogeneous with alternating
hornblende and plagioclase-rich zones and mafic enclaves. The
main mineral phases are plagioclase and hornblende; accessory
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minerals comprise clinopyroxene, biotite, apatite, titanite, and
oxides. Geochemically the Black Canyon gabbro is tholeiitic
and shows a wide range of fractionation. The initial Nd and Sr
isotopic composition of the gabbro is quite juvenile (gy, 0f-3.2;
Sr; 0of 0.7060), which suggests that the gabbro may have initially
been derived from a slightly depleted asthenospheric source
(Rimé et al., 2000).

CAREFULLY turn around and return to Cedar Canyon
Road. Turn west on Cedar Canyon Road to Cima—Kelso Road.

Turn south on Cima—Kelso Road and drive 18.0 mi to Kelso.
Old Dad and Kelso Mountains form skyline at 10-12 o’clock;
Cima Dome and Teutonia Peak are at 2 o’clock. Low gray hills
at base of Cima Dome are cratonic rocks; dark bumps at crest of
Cima Dome are cinder cones in Cima volcanic field. Winding
dirt road at 12 o’clock is the Mojave Road. This road was an
Indian trail, military road, and the major highway between Los
Angeles and the Colorado River until 1883 when it was replaced
by the railroad. As we approach Kelso, the Kelso Dunes are vis-
ible in the middle foreground. The Granite Mountains form the
skyline behind and to the south of the dunes.

Tum north on the Kelbaker Road at the stop sign in Kelso
and drive 36.3 mi to Baker. Kelso was founded in 1905 as a wa-
ter stop on the railroad; the depot was built by the Union Pacific
Railroad in 1924. The Kelso Depot served as a roadhouse for
railroad employees as well as a telegraph office, waiting room,
and restaurant until it was closed in 19835; it is one of two Span-
ish style depots still in existence along the railroad. Approxi-
mately 2000 people lived in Kelso during World War II to mine
iron ore in the Providence Mountains.

The Kelso Mountains form the skyline at 12 o’clock im-
mediately after leaving Kelso. Approximately 12.3 mi north of
Kelso, the Kelbaker Road crosses the crest of the Kelso Moun-
tains; Old Dad Mountains form the skyline at 11 o’clock and
cinder cones in the Cima volcanic field are visible at 12 o’clock.
Approximately 10.5 mi north of the crest of the Kelso Moun-
tains, a 0.6 Ma basalt flow unconformably overlies ca. 2.0 Ga
cratonic rocks on the east side of Kelbaker Road. This is truely
a great unconformity where ~2 b.y. of Earth’s history is lost
across this contact!

Approximately 13.0 mi from the crest of the Kelso Moun-
tains, the Kelbaker Road makes a hard left turn and points di-
rectly at Baker at the base of the Soda Mountains. Soda dry lake
is visible between 11 and 1 o’clock, the Halloran Hills are at
2 o’clock, and the Avawatz Mountains form the skyline between
the Soda Mountains and Halloran Hills.

Cross I-15 and the Kelbaker Road becomes Highway 127,

Enter Baker and turn west onto Baker Blvd at the stop sign.
Drive 0.3 mi west, cross the Mojave River, and stop at the Royal
Hawaiian Motel on the north side of Baker Blvd. End of first day.

DAY 2

From Royal Hawaiian Motel, turn east on Baker Blvd and
drive 0.3 mi to stop sign at Highway 127.

Turn north on Highway 127, drive 20.3 mi to the dirt road
to Old Mormon Spring. As you leave Baker, Baker Airport is on
the west side of the highway; the Soda Mountains form the sky-
line behind the airport. The Avawatz Mountains are at 11 o’clock
and the Halloran Hills are on the skyline at 1 o’clock. Approxi-
mately 10.2 mi north of Baker, cross a drainage divide into Sil-
urian Valley. Here, the Avawatz Mountains are at 10 o’clock, the
Silurian Hills are at 1 o’clock, and the west end of the Halloran
Hills are at 3 o’clock.

Turn west on dirt road that is parallel to diversion ditch and
drive 8.3 mi west to Old Mormon Spring at base of Avawatz
Mountains. The dirt road is very difficult to find. If you get lost,
dirt road is 0.15 mi north of Emergency Call Box 127-192 on
Highway 127.

Stop 2-1. Jurassic granodiorite of the Avawatz Mountains
and the Mule Spring thrust

The 177 Ma (DeWitt et al., 1984) granodiorite of the
Avawatz Mountains serves as an example of the relatively few
Jurassic plutonic rocks of the southern Death Valley region. It is
a mafic, medium-grained granodiorite with biotite and hormn- .
blende as the main mafic silicates. Biotite and hornblende are
found as poikilitic grains enclosing auhedral epidote and titan-
ite crystals. Other accessory minerals include zircon, apatite,
and oxide. The granodiorite is metaluminous (A/CNK = 0.87)
and relatively low in SiO, (64 wt%). Its initial Nd (—8.1) and
initial Sr (0.7083) isotopic composition suggest that the gran-
odiorite represents a mixture of lithospheric mantle and Pre-
cambrian crust (R4mo et al., 2000).

The Mule Spring thrust fault trends east-west then curves
to the southeast along the north and east side of the Avawatz
Mountains, respectively; it dips steeply to the south along the
northern side of the mountains and 29°-33°W at Old Mormon

‘Spring (Troxel and Butler, 1998). The Mule Spring fault cuts out

the Garlock fault as well as the west and central branches of the
southern Death Valley fault zone along the northern side of the
Avawatz Mountains. The eastern branch of the southern Death
Valley fault zone is deformed and parallels the Mule Spring fault
around the east side of the mountains. Quaternary gravels are
tectonically overlain by the Jurassic granodiorite of the Avawatz
Mountains along the Mule Spring fault at Old Mormon Spring
(Fig. 7). These tectonic relations suggest that the Mule Spring
fault is younger than late Cenozoic extensional structures in the
southern Death Valley region, and that the regional stress field
has changed from extension to compression along the southern
boundary of this region.

Return to Highway 127, turn north, and drive 11.0 mi to
Harry Wade Exit route. While driving north on Highway 127,
note the fault scarp of the eastern branch of the southern Death
Valley fault zone in the alluvial fans at the base of the Avawatz
Mountains at 9 o’clock. The southern Salt Spring Hills are at
11 o’clock, Saddlepeak Hills form skyline between 11 and
12 o’clock, Sperry Hills and Alexander Hills form low ridge in
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Figure 7. Jurassic granodiorite of the Avawatz Mountains thrust over Quaternary gravels at Old Mormon
Spring, eastern Avawatz Mountains.

middle distance, Dumont Dunes at 12 o’clock, Valjean Hills and
Valjean Valley at 1 o’clock, and Silurian Hills at 3 o’clock.
Kingston Range forms skyline behind the Valjean Hills.

Approximately 8.8 mi north of the Old Mormon Spring
Road, Highway 127 crosses Holocene Lake Dumont lacustrine
deposits. Notice the landslide breccia of carbonate rocks at the
southeast end of the Salt Spring Hills at 3 o’clock. The landslide
breccia consists of the Bonanza King Formation, Sultan Lime-
stone, and the Bird Spring Formation tectonically overlying
12.8 Ma basaltic andesite. See text for tectonic significance of
this and other carbonate breccias in Valjean Valley.

Turn west on Harry Wade Exit Road, drive 6.2 mi, and stop
across the road from the sign to Saratoga Springs. Once on
Harry Wade Exit Road, the Avawatz Mountains are at 9 o’clock,
the Owlshead Mountains are on the skyline at 12 o’clock, and
the Saddlepeak Hills are at 3 o’clock. The Panamint Range is on
skyline behind the Saddlepeak Hills. Low calico colored hills
that eventually become visible at 11 o'clock are the Noble Hills.
The Black Mountaing form the skyline behind Saratoga Springs
and the Saratoga Hills on the north side of the road.

Stop 2-2. Southern Death Valley fault zone

The southern Death Valley fault zone trends north-south
and is divided into three branches that cut Tertiary fanglomerate
deposits in the Noble Hills (Troxel and Butler, 1998). Each
branch has a component of right-lateral slip and records a secu-
lar migration of displacement; the youngest movement is
recorded at the northern and easternmost end of each branch. As

the fault branches extend southeastward, they are cut out or
merge with the Mule Spring fault (Troxel and Butler, 1998).

The oldest fanglomerate deposit, here named the western
fan, tectonically overlies pre-Tertiary crystalline rocks in the
Avawatz Mountains and is ~300 m thick. The western fan con-
sists of conglomerate and siltstone; cross bedding and graded
beds are common. The conglomerate consists of boulders of dior-
ite, quartz monzonite, carbonate rocks, andesite, and ptygmatic-
folded gneiss; all of these rocks were derived from the Avawatz
Mountains (Troxel and Butler, 1998). The western fan is tectoni-
cally overlain by the central fanglomerate deposits.

The central fanglomerate deposit dips steeply to the south
and is also ~300 m thick. This fan consists of fine-grained sand-
stone, thin bedded siltstone, and gypsum; local beds of lime-
stone and sheets of megabreccias are common. The gypsum
beds are highly contorted or attenuated and often resemble
toothpaste; the megabreccias consist of quartz monzonite or
gneiss with minor andesite. The central fanglomerate deposit is
tectonically overlain by the eastern fanglomerate deposit.

The eastern fanglomerate deposit, or eastern fan, consists
of a basal conglomerate overlain by siltstone; salt and silty salt
beds; gypsum; and siltstone with celestite, chert, and limestone.
This fan is complexly folded so its thickness is unknown.

The composition of the fanglomerate deposits helps con-
strain displacement on the southern Death Valley fault zone. The
combination of quartz monzonite, gneiss, and andesite mega-
breccias in the central fanglomerate deposit could only be de-
rived from a point source in the northeastern Owlshead
Mountains; andesite from this area yield a whole-rock age of
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10.6 Ma (Butler, 1984). If Butler’s correlation is correct, then
the southern Death Valley fault zone has up to 35 km of right-
lateral displacement in the last 11 m.y.

Return to the vehicles and drive 14.3 mi north on Harry
Wade Exit Road to the Amargosa River.

Enter Death Valley National Park approximately 1.4 mi
north of Stop 2—1. The road crosses the east strand of the south-
ern Death Valley fault zone approximately 5.1 mi north of the
park boundary. The low gravel-covered hill on the east side of the
road is the east fan cut by the southern Death Valley fault zone.

The road into the Owlshead Mountains intersects the Harry
Wade Exit Road ~6.5 mii north of the park boundary. Continue
north on the Harry Wade Exit Road; DO NOT turn left to the
Owlshead Mountains. Small peak in foreground at 10 o’clock is
the western fan cut by the southern Death Valley fault zone. The
Owlshead Mountains form skyline behind this low peak. Also
at this intersection, Death Valley is visible at 12 o’clock and the
Black Mountains are at 2 o’clock.

Cross the Amargosa River, drive ~0.5 mi north and stop
alongside road.

Stop 2-3. Owlishead Mountains and the Teutonia Batholith

The Owlshead Mountains consist of 95 Ma quartz mon-
zonite and granite that are petrographically similar to the
97 Ma Teutonia adamellite in the Teutonia Batholith (Calzia,
1974). Isostatic gravity data suggest, however, that magmatic
rocks in the Owlshead Mountains are <5 km thick (Blakely,
personal commun., 2000); the Teutonia Batholith is >12 km
thick (Calzia, 1990). This variation in thickness may be caused
by tectonic thinning of an allochthonous block of the Teutonia
Batholith during an intense period of crustal extension (Brady,
1985), or in situ thinning of a pluton that resembles the Teuto-
nia adamellite. Our recent isotopic data suggest that magmatic
rocks in the Owlshead Mountains are distinct from the Teuto-
nia adamellite (R4mo et al., 2000); gravity and magnetic data
suggest that the Owlshead Mountains were extended ~60%
(Jachens and Calzia, 1998). Combined, these data suggest that
quartz monzonite and granite in the Owlshead Mountains do
not correlate with the Teutonia adamellite and the Owlshead
Mountains are autochthonous.

Return to the vehicles and drive north on Harry Wade Exit
Road 12.6 mi to intersection with Highway 178. Gold color hill at
11 o’clock is the south end of the Confidence Hills. Dark outcrops
in the Owlshead Mountains on the skyline behind the Confidence
Hills consist of gneiss, Crystal Spring Formation, and diabase. The
Panamint Range forms the distant skyline at 12 o’clock.

Turn east on Highway 178 toward Shoshone and stop on
south side of road. Dark hill at the north end of Confidence Hills
is Shoreline Butte. Shoreline Butte consists of 1.7 Ma basalt cut
by numerous strand lines of Pleistocene Lake Manly. Low hill
west of Highway 178 consists of alluvial fan deposits at Ashford
Mill. Small reddish hill in floor of Death Valley between Shore-
line Butte and alluvial fans at Ashford Mill is a 0.7 Ma cinder
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cone offset 0.3 km by the southern Death Valley fault zone. Red
and rusty colored hills at 1 o’clock consist of landslide breccias
from the Black Mountains.

Stop 2-4. Amargosa chaos

Noble (1941) reported that the southern Black Mountains
consist of complexly folded and faulted rocks that he divided
into three lithologic-structural units. The oldest unit consists of
autochthonous gneiss intruded by Proterozoic, Mesozoic, and
Tertiary diabase and granitic rocks. The autochthonous gneiss
is tectonically overlain by an allochthonous plate composed
largely of nested fault blocks of Proterozoic, Paleozoic, and Ter-
tiary sedimentary, volcanic, and granitic rocks. These allochtho-
nous rocks are overlain by autochthonous cover rocks consisting
of Cenozoic fanglomerate, basalt, and alluvium. Noble (1941)
named the tectonic boundary between the gneiss and allochtho-
nous rocks the Amargosa thrust; he named the fault blocks within
the allochthonous plate the Amargosa chaos. The Amargosa
thrust was renamed the Amargosa fault by Wright et al. (1991).

Noble (1941) divided the Amargosa chaos into the Virgin
Spring, Calico, and Jubilee phases. The Virgin Spring phase is
structurally the lowest phase and is locally overlain by the Cal-
ico or Jubilee phase; the relative ages of the Calico and Jubilee
phases is uncertain because they are never in contact with each
other. Each phase is cut by innumerable normal and strike-
slip faults. The normal faults flatten at depth; some merge with
the Amargosa fault, others cut the Amargosa fault and the
autochthonous gneiss (Wright and Troxel, 1984).

The Virgin Spring phase consist of a chaotic mosaic of
tightly packed blocks of allochthonous gneiss, Pahrump Group,
and miogeoclinal rocks; locally, gneiss is depositionally over-
lain by Proterozoic rocks within individual blocks. Each block
is elongated and bounded by faults and resembles whales or
large tadpoles in cross section. Bedding within the sedimentary
rocks is minutely fractured yet is clearly discernable and sharply
truncated at the boundary of each block. The Virgin Spring
phase is ~610 m thick but its original thickness is unknown; it
is tectonically overlain by the Calico phase of the Amargosa
chaos or is unconformably overlain by the Funeral Formation
(Noble, 1941).

The Calico phase of the Amargosa chaos is ~300 m thick
and consists of the Shoshone Volcanics. The Calico phase is in-
timately broken by faulting but is not as chaotic as the Virgin
Spring phase (Noble, 1941; Wright and Troxel, 1984).

The Jubilee phase consists of Tertiary fanglomerate déposits,
sedimentary rocks, and tuff intimately associated with megabrec-
cia sheets of miogeoclinal rocks and Miocene granitic rocks. The
Jubilee phase is ~300 m thick but this too is a minimum thickness
because the Jubilee phase is unconformably overlain by the Fu-
neral Formation (Noble, 1941; Wright and Troxel, 1984).

Wright et al. (1991) reported that the Amargosa fault is
intruded by 6.4-8.7 Ma silicic cupolas, stocks, and plutons,
and locally is depositionally overlain by 7.5-8.5 Ma Shoshone
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Volcanics in the southern Death Valley volcanic field. Similar
geometry and chronology of faults in the Resting Spring Range
to those in the southern Black Mountains led Wright et al. to con-
clude that 11.7-9.3 Ma eastward tilting of the Resting Spring
Range was synchronous with movement on Amargosa fault and
development of Virgin Spring phase of the Amargosa chaos.
These regional observations suggest that the Amargosa fault and
Amargosa chaos are older than 6.4 Ma and younger than 11.7 Ma.

Wright and Troxel (1984) concluded that the Amargosa
chaos is an extensional feature that formed in situ on the under-
side of rotated fault blocks or in the vicinity of detachment faults
where normal faults flatten and join at shallow depths. Topping
(1993) concluded that granite megabreccias in the Jubilee phase
were derived from rock avalanche deposits in the Sperry Hills;
his rock avalanche deposits were derived from the granite of
Kingston Peak in the Kingston Range and were faulted to their
present position by the right-lateral Grand View fault. We agree
with Topping in that his rock avalanche deposits in the Sperry
Hills (our landslide breccias of the granite of Ibex Pass) are al-
lochthonous blocks of the granite of Kingston Peak. We find,
however, no geophysical or geologic evidence of the Grand
View fault south of Highway 178 or east of the Sperry Hills. The
fault along the southwest side of the Alexander Hills and
Kingston Range is a west-dipping normal fault with hundreds to
thousands of meters of stratigraphic throw.

Return tothe vehicles and drive 7.6 mi east on Highway 178
through the Amargosa chaos in the Black Mountains. Note 4.0-
4.8 Ma basalt interbedded with the Funeral Formation north of
the highway ~0.5 mi east of Jubilee Pass. Stop and park along the
north side of Highway 178 ~2.7 mi east of Jubilee Pass.

Stop 2-5. Extensional faulting in the Amargosa chaos

An excellent example of faulting in the Virgin Spring phase
of the Amargosa chaos is exposed on the north slope of a small
hill on the south side of Highway 178. This hill is ~60 m high and
is locally known as Exclamation Point because of comments
made by geologists upon recognition of the rocks in this hill.
These rocks include the Middle Proterozoic Crystal Spring For-
mation tectonically overlain by the Late Proterozoic Noonday
Dolomite. At its type locality in the Kingston Range, the lower
member of the Crystal Spring Formation unconformably over-
lies gneiss and consists of a basal conglomerate overlain by
410 m of arkosic and feldspathic sandstone and purple mud-
stone. The lower member is conformably overlain by 160 m of
stromatolitic limestone and dolomite with a chert cap rock. The
middle carbonate member is conformably overlain by 775 m of
sandstone and siltstone interbedded with five dolomite marker
beds. All of these rocks are intruded by diabase sills that are
330 m thick and unconformably overlain by the Noonday
Dolomite (Calzia, 1990). Save for the upper member, all of these
rocks are present at Exclamation Point. The gray and red-stained
rocks at the base of the hill are sheared gneiss. Fault bounded
lenses of arkosic sandstone and siltstone are tectonically over-

lain by dark green lenses of diabase. The diabase is tectonically
overlain by reddish brown lenses of limestone and dolomite,
which, in turn, are tectonically overlain by yellow gray Noonday
Dolomite. Assuming an original thickness similar to that in the
Kingston Range, extensional faulting in the Virgin Spring phase
tectonically attenuated the Crystal Spring Formation and dia-
base sills at Exclamation Point by 93%, yet the original stratig-
raphy is preserved and recognizable.

Continue east on Highway 178 to Salsberry Pass. Calico
colored hills in middle distance on the north side of the highway
consist of 7.5-8.5 Shoshone Volcanics; dark flow that overlies
the Shoshone Volcanics is the 7.5 Ma basalt of Epaulet Peak. As
you drive east, notice that the Shoshone Volcanics get thicker
and thicker.

Continuing east, the Shoshone Volcanics form the skyline
at 10 o’clock, Sheephead Peak (consisting of pre-Shoshone
Volcanics) is the highest peak at 11 o’clock, Sheephead Pass
is at 12 o’clock, and the Black Mountains form the skyline at
1 o’clock. The first peak north of Sheephead Pass consists of
10.4 Ma dacite.

Drive 1.2 mi east of Salsberry Pass; stop and park along the
south side of Highway 178. Looking north, the Shoshone Vol-
canics are overlain by Greenwater Volcanics at 9 o’clock, the
granite of Miller Springs forms the skyline in the middle distance
at 11 o’clock, the 9.8 Ma Shoshone pluton (the World’s youngest
rapakivi granite) is at 12 o’clock, and pre-Shoshone Volcanics are
at 3 o’clock. Dark outcrops of Greenwater Volcanics are present
in the floor of Greenwater Valley and at the crest of the Shoshone
pluton. Also note that the Shoshone pluton deforms its volcanic
cover around the southern margin of the pluton.

Stop 2-6. Southern Death Valley volcanic field

Plutonic and volcanic rocks in the southern Death Valley
volcanic field are described in the text and by Wright et al.
(1991); it would be redundant to repeat those descriptions here.
The reader is referred to the above sources for a description of
this magmatic province; we will point out the salient features
listed above.

Return to the vehicles and drive 10.0 mi east on Highway
178 to intersection with Highway 127. The Greenwater Valley
Road crosses Highway 178 approximately 2.8 mi east of the
last stop. At this intersection, the Shoshone and Greenwater
Volcanics are at 9-10 o’clock, the Shoshone Volcanics are at
12-1 o’clock, the Resting Spring and Nopah Ranges are in the
middle distance, and Charleston Peak in the Spring Mountains,
NV form the distant skyline at 11 o’clock.

Turn south on Highway 127, drive 1.6 mi to the Shoshone Inn
on the west side of the highway in Shoshone. End of second day.

DAY 3

From Shoshone Inn, turn south on Highway 127 5.7 mi to
the intersection with the road to Tecopa. The highway cuts
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through the Pliocene and Pleistocene Tecopa lake beds. The
Resting Spring Range is at 9 o’clock, Tecopa Peak at 12 o’clock,
and Dublin Hills at 3 o’clock. The Avawatz Mountains form the
skyline behind Tecopa Peak.

Turn east at intersection and drive 2.7 mi to stop sign in
Tecopa. The road crosses the Tecopa lake beds; the Kingston
Range forms the skyline at 11 o’clock. The World famous
Tecopa Hot Springs (OTR's favorite desert spa—it's the closest
spa we have to an original Finnish sauna in the southern Death
Valley region!) is just to the left of the stop sign in Tecopa.

Continue on the road and cross over a hill of Late Protero-

zoic Stirling Quartzite and take the east fork in the road to a stop

sign at the intersection with the Old Spanish Trail Highway.

Turn east at the intersection and drive 1.6 mi on the Old
Spanish Trail Highway to the intersection with the Furnace
Creek Road.

Turn south on the Furnace Creek Road and drive 12.6 mi
to Smith Talc Road. The Furnace Creek Road immediately
curves to the east after the intersection; the Nopah Range is at
12 o’clock after the curve. Dark rocks at the south end of the
Nopah Range are cratonic rocks; lighter rocks to the north are
Proterozoic miogeoclinal rocks.

The abandoned town site of Noonday is ~7.0 mi from the
intersection of the Furnace Creek Road with the Old Spanish
Trail Highway. Numerous tailing piles from Pb-Zn-Ag mines
at the base of the Proterozoic Noonday Dolomite are visible at
9 o’clock.

The Furnace Creek Road ends at the Smith Talc Road. Fol-
low the pavement to the south and east into the Kingston Range.
The dirt road heading north at the end of the Furnace Creek
Road is the Mesquite Valley Road. We will return to Las Vegas
on the Mesquite Valley Road.

Drive 6.1 mi east on the Smith Talc Road to the Crystal
Spring mine. The Kingston Range and Beck Canyon are at
12 o’clock. The 12.4 Ma granite of Kingston Peak is south of
Beck Canyon; the Middle Proterozoic Pahrump Group is north
of Beck Canyon. Rusty outcrops low on the north side of Beck
Canyon consist of the Crystal Spring Formation; the white
patches are talc. The talc formed by contact metamorphism of
dolomite in the Crystal Spring Formation during intrusion
of 1.08 Ga diabase sills. The gray cliffs above the Crystal
Spring Formation consist of the Beck Spring Dolomite; the
reddish outcrops in the upper half of the canyon wall consist of
the Kingston Peak Formation. The tan cliff-former at the top of
the hill is the Noonday Dolomite. The stratigraphy at this
end of Beck Canyon is complicated by numerous listric nor-
mal faults that trend north-south along the west side of the
Kingston Range.

The Crystal Spring mine is the first large talc mine on the
north side of the road in the Kingston Range. Here, the Crystal
Spring fault displaces the Crystal Spring Formation and talc
~1.4 km to the southwest; the displaced block of talc and tailing
piles at the Omega mine are visible south of the road. The Crys-
tal Spring fault also cuts the Kingston Range detachment fault

on the road into the Crystal Spring mine. Dark rocks on the east
side of the mine road are gneiss.

Drive 0.6 mi east of the Crystal Spring mine. Stop and park
opposite a wide sandy wash on the north side of the road.

Stop 3-1. The Kingston Range detachment fault

The Kingston Range detachment fault is part of the eastern
breakaway zone of the Death Valley extended terrain. It dips as
much as 15°SW and separates highly extended Proterozoic, Pa-
leozoic, and Tertiary sedimentary rocks as well as 12.5 Ma syn-
tectonic volcanic rocks in the upper plate from relatively
unfaulted Proterozoic gneiss in the lower plate. The Kingston
Range detachment fault cuts 16.0 Ma (Friedmann, 1996) ash
and is cut (Wright, 1968) and deformed (Calzia et al., 1987) by
the granite of Kingston Peak. Reconstruction of contacts within
the miogeoclinal section suggests that cumulative horizontal
displacement of the upper plate is ~6 km to the southwest.

Return to the vehicles and continue east toward the top of
Beck Canyon. Turn north at the fork to bypass the Beck iron
mine. Drive out of Beck Canyon and continue east past ranch
house(s) at Horse Thief Springs. Stop and park on the south side
of the road 0.8 mi east of Horse Thief Springs.

Stop 3-2. The granite of Kingston Peak

The granite of Kingston Peak forms an elliptical batholith,
14.6 km long and 10.5 km wide, in the center of the Kingston
Range. The granite is divided into feldspar porphyry, quartz por-
phyry, and aplite facies based on textural variations and intru-
sive relations. The feldspar porphyry and quartz porphyry facies
are characterized by rapakivi textures and miarolitic cavities
and contain mafic xenoliths petrographically and chemically
similar to volcanic rocks in the Resting Springs Formation; the
aplite facies intrudes and is locally gradational into the feldspar
porphyry and quartz porphyry facies. Biotite and hornblende
from the feldspar porphyry facies yield concordant K-Ar
ages of 12.1 and 12.4 Ma, respectively: incremental heating of
chemically homogeneous hornblende from the same sample
yields a Ar/*?Ar age of 12.42 Ma (Calzia, 1990).

The feldspar porphyry, quartz porphyry, and aplite facies are
calc-alkaline and metaluminuous to slightly peraluminuous. The
feldspar porphyry and quartz porphyry facies yield similar REE
patterns characterized by steep negative slopes and negative Eu
anomalies. Volatile content increases from the feldspar porphyry
to the quartz porphyry facies then decreases in the aplite facies;
petrographic data suggests that volatiles were lost, probably by
exsolution, during crystallization of the aplite facies. Colinear
major and trace element variation diagrams, variation in Sr; ra-
tios, positive correlation between Sr; and Rb/Sr ratios, and uni-
form but high Pb isotopic ratios suggest that the feldspar
porphyry and quartz porphyry facies crystallized from a single
granitic melt derived from an isotopically heterogeneous source
region; high ’Pb/**Pb ratios suggest that this source region in-
cluded Precambrian material. St and Pb isotopic data, combined
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with trace element and petrographic data, suggest that the aplite
melt was an open geochemical system during crystallization of
the aplite facies. Stratigraphic reconstruction of the country
rocks in the Kingston Range indicates that these granitic melts
were emplaced at shallow (~4 km) crustal levels (Calzia, 1990).

Return to the vehicles, CAREFULLY turn around, and re-
turn to Horse Thief Springs. Drive 0.1 mi west of the ranch
house(s) and turn north onto a dirt road along the west side of a
corral. Last car, please close the gate.

Drive 6.2 mi north and park in Airport Wash. Charleston Peak
and the Spring Mountains are visible on the skyline just north of
the corral; the low hills east of the corral are miogeoclinal rocks in
the upper plate of the Kingston Range detachment fault. Tall pyra-
mid-shaped peak on the west side of the road 3.6 mi north of the
corral is a satellite pluton of the granite of Kingston Peak.

Stop 3-3. Volcanic rocks in the Resting Springs Formation

Volcanic rocks in the Resting Springs Formation consist of
porphyritic andesite flows, interbedded with rare basalt lenses
and white lithic tuff, unconformably overlain by volcanic brec-
cia of andesite, basalt, and latite cobbles in a matrix of calcare-
ous tuff. Biotite from andesite flows east of this stop yields K-Ar
ages of 12.1-12.5 Ma (Calzia, 1991).

These volcanic rocks are calc-alkalic and are divided into
two magmatic suites based on geochemical data. Alkali-rich an-
desite and trachyte flows in the northern and eastern Kingston
Range are metaluminuous and yield high and variable Sr; ratios
that average 0.7083. Andesite and trachyandesite (latite) flows
in central Kingston Range are peraluminuous and yield an av-
erage Sr; ratio of 0.7077. Alkalic basalt sills in these flows
are metaluminuous and yield a Sr; ratio of (.7073. Chondrite-
normalized REE patterns of all of these rocks are similar and
form steep negative slopes with no Eu anomaly. Pb isotopic ra-
tios are more radiogenic than present-day average crust and
most voleanic rocks in the southern Death Valley region. Uni-
form *%Pb/**Pb and 2*®Pb/***Pb ratios imply that the volcanic
rocks have a common source; high 2’Pb/”™Pb ratios suggest
that Precambrian material was involved in their evolution.
These data, combined with trace element ratios, suggest that an-
desite, trachyte, and trachyandesite flows in the Resting Springs
Formation were derived from a lithospheric mantle source; the
basalt sills were derived from the asthenosphere.

Return to the main road at the corral. REMEMBER; last
car, please close the gate.

Turn west on the main road and return to the Crystal Spring
mine and the Smith Talc Road. Turn south from the Smith Talc
Road onto a dirt road ~5.0 mi west of the Crystal Spring mine.
The east end of the Alexander Hills, with a white patch of talc,
is at 12 o’clock.

Drive 3.0 mi south on the dirt road and take the west fork
toward the talc mine in the Alexander Hills.

Turn east toward the Kingston Range and the mouth of Por-
cupine Wash ~1.2 mi south of the fork at the talc mine.

Continue into Porcupine Wash and park at the corral at the
end of the road.

Stop 3—4. Mafic xenoliths and the petrogenesis of the granite
of Kingston Peak

Mafic xenoliths occur as rounded to irregular-shaped clots
(up to 10 mm across) or teardrop-shaped inclusions (up to sev-
eral cm long) in the feldspar porphyry and quartz porphyry fa-
cies of the granite of Kingston Peak. The xenoliths are widely
scattered throughout the batholith but are most common in Por-
cupine Wash.

The mafic xenoliths consist of fine-grained subhedral an-
desine, hypersthene altered to chlorite, and abundant opaque ox-
ides. Green hornblende, up to 6 mm long, is common,
Spherulitic biotite forms a reaction rim around an unidentified
mafic mineral that is completely altered to chlorite or actinolite
with clots of reddish brown opaque stain. The shape of the bio-
tite reaction rim suggests that the original mineral was amphi-
bole. A few embayed and in part skeletal crystals have inclined
extinction and clinopyroxene habit; these crystals are com-
pletely altered to chlorite, biotite, and opaque oxides and could
not be identified with certainty (Calzia, 1990).

The feldspar porphyry facies adjacent to mafic xenoliths in
Porcupine Wash is generally finer grained and contains less pla-
gioclase that is more sodic than normal for this rock. Green
hornblende, locally with blue pleochroism, is common; the
change in pleochroism indicates that the hornblende is more
sodic than other hornblendes in this facies. Rare orthopyroxene
crystals in the granite are completely surrounded by opaque
oxides and are altered to talc or actinolite. The abundance and
texture of the orthopyroxene crystals suggest that they are
xenocrysts that were not in equilibrium with the adjacent melt
during crystallization. These observations, combined with the
abundance of orthopyroxene xenocrysts in the feldspar por-
phyry facies, indicate that some type of magmatic and chemical
interaction occurred between the granitic melts and the mafic
xenoliths in the Kingston Range (Calzia, 1990).

Identical REE patterns and Sr; ratios but lower Pb isotopic
ratios suggest that mafic xenoliths in the granite of Kingston
Peak were derived from similar but less radiogenic source rocks
as volcanic rocks in the Resting Springs Formation. The high
concentration of Na,O and Rb suggest that the xenolith melt was
contaminated by crustal melt(s); nonlinear major and trace ele-
ment variation diagrams, however, preclude mixing of the xeno-
lith and granitic melts (Calzia, 1990).

Chemical and isotopic data limit the possible source rock(s)
of the granite of Kingston Peak. Rb/Sr ratios in the feldspar por-
phyry and quartz porphyry facies are low (0.63-0.90) and vari-
able; Sr; varies from 0.7085-0.7126. Given that the average
mineral/melt partition coefficients (Kd) of Rb and Sr in
feldspars are (.38 and 9.40, respectively, possible source rock(s)
must also have a low Rb/Sr ratio to yield Rb/Sr ratios less than
1 during partial melting. Lower crustal and mantle xenoliths in
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the Death Valley and Mojave Desert regions have Rb/Sr ratios
less than 1 but are much less radiogenic, with respect to Sr, than
the granite of Kingston Peak. These data preclude a lower crust
and (or) mantle source for the granite of Kingston Peak.

Lead and strontium isotopic data suggest that the granite
of Kingston Peak was derived from upper crustal rocks. Pro-
terozoic crustal rocks and Mesozoic intrusive rocks in the
northern Mojave Desert yield similar ***Pb/**Pb, *"Pb/**Pb,
and “*®Pb/’*Pb ratios that form overlapping elliptical fields
elongated along the 1700 Ma reference isochron. Wooden et al.
(1988) concluded, based on this as well as other data, that the
Mesozoic intrusive rocks were derived from the Proterozoic
rocks. The granite of Kingston Peak also yields similar Pb iso-
topic ratios that form a steep linear pattern at an acute angle to
the 1700 and the 100 Ma reference isochrons; this linear pat-
tern also aligns with and includes the Pb isotopic ratios of co-
eval volcanic rocks from the Resting Springs Formation. These
data suggest that the granite of Kingston Peak may be derived
from the Proterozoic crustal rocks, or it may be derived from
Mesozoic intrusive rocks that contain an inherited Proterozoic
component; unfortunately, it is not possible to discriminate be-
tween Proterozoic or Mesozoic source rocks based on the Pb
isotopic data. The pronounced linear pattern of the granite
and the volcanic rocks suggests that these rocks plot along a
mixing line that involves the Proterozoic and Mesozoic rocks
as well as a less radiogenic component. Chemical and isotopic
data suggest that the volcanic rocks in the Resting Springs For-
mation were generated in the asthenosphere and have inter-
acted with lithospheric rocks during their ascent. If so, then
these volcanic rocks may represent the less radiogenic compo-
nent that interacted with more radiogenic Proterozoic and
Mesozoic rocks in the upper crust to produce the granite of
Kingston Peak.

Partial melting models are consistent with this conclusion.
Simple batch melting calculations, using Rb, Ba, Sr, and REE
data, indicate that the feldspar porphyry and quartz porphyry fa-
cies may be derived by a 10%-90% (average 35%—45%) partial
melt of the Teutonia Batholith. Partial melts of Proterozoic
crustal rocks yield results that are not geologically reasonable
(i.e., the fraction of melt is greater than one or a negative num-
ber). Partial melts of a source rock as heterogeneous as the Teu-
tonia Batholith may result in successive batches of granitic
magma with variable chemical and isotopic compositions and is
consistent with the chemical and isotopic variations and strong
LREE enrichment of the feldspar porphyry and quartz porphyry
facies. In addition, this model implies that the Teutonia
Batholith is beneath the Kingston Range, consistent with re-
gional isostatic gravity data.

Return to Smith Talc Road. The Valjean Hills are at 9 o’clock;
the Avawatz Mountains form the skyline beyond the Valjean
Hills. The Alexander Hills are at 12 o’clock and the Nopah
Range is at 2 o’clock.

Turn west on the Smith Talc Road and drive 1.1 mi to the
intersection of the Mesquite Valley Road.
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Turn north on the Mesquite Valley Road and drive ~7 mi to
the intersection of the Old Spanish Trail Highway. CAREFUL,
it is a tight turn onto Mesquite Valley Road. The Nopah Range
is at 9 o’clock; the Spring Mountains are at 1-2 o’clock.

Turn east on the Old Spanish Trail Highway and drive ~20
mi to the intersection of Highway 160 in Nevada.

Turn east on Highway 160 and return to Las Vegas.
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