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ABSTRACT

The area now occupied by the Great Ba-
sin, western USA, contained paleo-fluvial 
systems that predated the modern-day en-
dorheic (closed) basins. The areal extent of 
these paleo-fluvial systems within the south-
western Great Basin is known mainly from 
isolated remnants preserved in the modern 
mountain ranges. We document the age, ex-
tent, and tectonic disruption of Mio-Pliocene 
fluvial systems of the southwestern Great 
Basin. Synthesis of new field observations, 
geochemistry, and geochronology with ex-
isting studies defines two latest Miocene to 
Pliocene east-southeast flowing drainages 
that predated the modern endorheic ba-
sins. The drainage network was ultimately 
fragmented in Pliocene time (ca. 3.5-4 Ma). 
Fragmentation of the drainage network led 
to lake formation, drying of lakes, and the 
formation of isolated springs. The rapid envi-
ronmental changes initiated by faulting and 
volcanism isolated previously interbreeding 
populations of spring-dwelling taxa and have 
caused divergent evolution since Pliocene 
time. Modern endemism within the region’s 
springs is thus a direct consequence of intra-
plate tectonism.

INTRODUCTION

Faulting and volcanism can produce moun-
tain ranges that alter regional hydrological and 
ecological systems (Craw et al., 2008; Luebert 
and Muller, 2015; Antonelli et al., 2018; Rah-
bek et al., 2019; Perrigo et al., 2020). The Great 
Basin of the western USA represents a prime 
example of such interplay. Dozens of endorheic 
(internally drained) basins are separated by fault-
bounded mountain ranges. The 300–800-km-
wide physiographic province formed from a 
pre-existing high elevation, low-relief plateau 
that spanned much of the southwestern USA 
Cordillera from Paleocene to middle Eocene 
time (e.g., Coney and Harms, 1984; DeCelles, 
2004; Cassel et al., 2014; Chapman et al., 2020; 
Zhou and Liu, 2019).

This “Nevadaplano” (DeCelles, 2004) was 
capped by diachronous erosional surfaces 
crossed by paleo-channels that transported sedi-
ment for hundreds of kilometers (e.g., Busby and 
Putirka, 2009; Jayko, 2009; Henry et al., 2012; 
Busby et al., 2016; Miller et al., 2022). Exten-
sional collapse from middle Eocene to Holo-
cene time (e.g., McQuarrie and Wernicke, 2005; 
Zhou and Liu, 2019) eventually fragmented 
many fluvial links across the plateau, leaving 
the endorheic basins.

The southwestern Great Basin (Figs. 1 and 
2) formed when a final remnant of the over-
thickened Nevadaplano crust extended and 
thinned (e.g., Dickinson, 2006). Most extension 
of the region was accomplished in late Miocene 
to Holocene times along regional detachment 
faults, range-bounding normal faults, and trans-
tensional fault systems (Hamilton and Myers, 
1966; Burchfiel and Stewart, 1966; Stewart, 

1967, 1983; Wright et al., 1974; Wernicke et al., 
1988; Lutz et  al., 2021, 2022). The transten-
sional faults are part of the southern Walker Lane 
(see inset of Fig. 1). Extension and transtension 
in the area reduced local crustal thickness and 
average elevation from 50 km to 60 km and 
2500–3500 m to 30–35 km and 1000–1500 m, 
respectively (e.g., Coney and Harms, 1984; Wer-
nicke et al., 1988; Snow and Wernicke, 2000; 
Bahadori et al., 2018; Zhou and Liu, 2019; Lutz 
et al., 2021).

The young age of extension, well-studied 
faults, and preservation of pre-, syn-, and post-
extensional sedimentary and volcanic rocks (e.g., 
Knott et al., 1999; Wright et al., 1999; Wernicke 
et al., 1988; Snow and Wernicke, 2000; Niemi 
et al., 2001; Fridrich and Thompson, 2011; Lutz 
et al., 2021) allow fairly precise paleogeographic 
reconstructions in the southwestern Great Basin 
(e.g., Snow and Wernicke, 2000; Fridrich and 
Thompson, 2011). However, most paleogeo-
graphic studies (Table 1) have focused on middle 
to late Miocene rocks.

Here, we constrain the age and extent of latest 
Miocene to Pliocene (ca. 6–3 Ma) drainage sys-
tems in the southwestern Great Basin by synthe-
sizing new field observations, geochemistry, and 
geochronology with existing sedimentological 
studies. First, we review Miocene paleogeogra-
phy and fluvio-lacustrine systems of the south-
western Great Basin area (Fig. 1 and Table 1). 
Then, we present new (1) field observations, (2) 
geochemical data, (3) paired detrital zircon U/
Pb and detrital K-feldspar 40Ar/39Ar analyses of 
alluvial fanglomerates, and (4) 40Ar/39Ar dates 
of volcanic rocks that demonstrate latest Mio-
cene–Pliocene remnants of the Miocene drain-
ages (Fig. 2 and Table 2).
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Finally, we discuss how intraplate trans-
tensional faulting and volcanism produced 
hydrologic barriers, fragmented the fluvial net-
work, and yielded a new system of endorheic 
basins. Formation of the endorheic basins 
isolated previously interbreeding springsnail 
and pupfish populations, leading to the evolu-
tion of endemic species in the region’s mod-
ern springs.

BACKGROUND

Review of Middle to Late Cenozoic 
Paleogeography

During middle Miocene times (ca. 16–11 Ma), 
the area now occupied by the southwestern 
Great Basin was characterized by a generally 
south- to southeast-directed paleo-fluvial gra-
dient that originated along a drainage divide in 
the west (Fig. 1 and Table 1). Oligocene to late 
Miocene erosional surfaces record relatively 
high-elevation, moderate-relief (525 ± 175 m; 
Jayko, 2009) topography that was actively erod-
ing, whereas contemporaneous fluviolacustrine 
basins in the east and southeast (Fig. 1) received 
sediment predominately from western and north-
ern highlands and locally derived fanglomerates 
(Table  1; Jayko, 2009; Fridrich and Thomp-
son, 2011).

Lava flows and pumice clasts sourced in the 
eastern Sierra Nevada region flowed east and 
west, respectively (see Figs. 1A and 1B), from 
the area now occupied by the White Mountains 
and northern Owens Valley, defining a local 
middle Miocene paleo-divide (e.g., Huber, 
1981; Phillips et al., 2011). If this divide also 
existed from middle Eocene to early Miocene 
times (e.g., Zhou and Liu, 2019), then it was 
likely the southern extension of a province-
scale, north- to northeast-trending paleo-divide 
that ran through western and central Nevada 
and separated the regional Nevadaplano into 
east- and west-draining fluvial systems (Busby 
and Putirka, 2009; Henry et al., 2012; Busby 
et al., 2016).

The existence of middle Eocene to Miocene 
(ca. 40–12 Ma) fluvio-lacustrine sedimentary 
rocks east of Death Valley (Figs. 1 and 2; e.g., 
Reynolds, 1969; Fridrich and Thompson, 2011; 
Niemi, 2012; Miller et al., 2022) and contem-
poraneous marine rocks along the southwestern 
edge of the Sierra Nevada (e.g., Dibblee, 1962; 
Dibblee and Minch, 2008) that are separated 
by the relatively high-elevation composite 
Lindgren-Inyo erosional surface (Fig. 1; Jayko, 
2009) supports the presence of the divide before 
Miocene time.

Miocene sedimentary and volcanic rocks 
deposited on the Inyo surface and in the east-

ern fluvio-lacustrine basins record a south- to 
southeast-directed fluvial course (Fig.  1 and 
Table 1). Clasts of fluvial conglomerates and 
sandstones within eastern basins have unique 
western and northern provenances as well as 
predominately east- to south-directed paleo-
current indicators (Fig.  1; Table  1). Taken 
together, the paths shown in Figure  1 and 
detailed in Table 1 define an apparent intercon-
nected network of fluvio-lacustrine drainages 
(Figs. 1 and 2).

Hunter Mountain Batholith Clasts in 
Miocene Rocks

The ca. 175 Ma Hunter Mountain Batholith 
in the southern part of the Cottonwood Moun-
tains (Figs. 1–3) is a distinct lithologic source in 
the southwestern Great Basin (e.g., Niemi et al., 
2001; Dunne and Walker, 2004). The Hunter 
Mountain Batholith is a multiphase intrusive 
body with lithology that varies from monzo-
nite to leuco-gabbro and ages spanning ca. 
155–180 Ma (see fig. 10 in Niemi et al., 2001). 

Figure 1. Shaded relief map shows Miocene paleogeographic constraints in the southwest-
ern Great Basin. Letters correspond to descriptions in Table 1. Overall perhaps SE-drain-
ing system is consistent with paleo-topographic reconstructions (e.g., Bahadori et al., 2018; 
Zhou and Liu, 2019). AM—Avawatz Mountains; AV—Amargosa Valley; CM—Cotton-
wood Mountains; DP—Darwin Plateau; DV—Death Valley; EV—Eureka Valley; EM—
Eagle Mountain; FLV—Fish Lake Valley; FM—Funeral Mountains; HMB—Hunter 
Mountain Batholith; IM—Inyo Mountains; IWV—Indian Wells Valley; ML—Mono 
Lake; NRS—Nopah-Resting Spring Range; OV—Owens Valley; PR—Panamint Range; 
PV—Panamint Valley; PrV—Pahrump Valley; SV—Saline Valley; SVB—Shadow Val-
ley Basin; WLB/ECSZ—Walker Lane Belt/Eastern California Shear Zone; WM—White 
Mountains.
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However, ca. 175 Ma is the accepted age of the 
main quartz monzonite phase of the batholith 
(Niemi, 2013).

Hunter Mountain Batholith clasts are found 
within Miocene sedimentary rocks of the Eagle 
Mountain Formation (Niemi et  al., 2001) in 
southeastern Amargosa Valley (E in Fig. 1 and 
Table 1) and within the Furnace Creek Basin of 
Death Valley (Wright et al., 1999). These Hunter 
Mountain Batholith-bearing deposits preserve a 
fluvial connection that predates the topographic 
low of modern Death Valley that now separates 
the Black Mountains from the Cottonwood 
Mountains (Figs. 1–3).

The ca. 11.4–13.4 Ma part of the Eagle Moun-
tain Formation (Niemi et  al., 2001) contains 

alluvial fan (Niemi et al., 2001) or distal braided 
fluvial (Renik et al., 2008) conglomerates with 
Hunter Mountain Batholith clasts. Conglomer-
ate clasts include >1-m-diameter boulders of 
Hunter Mountain Batholith (Niemi et al., 2001). 
Niemi et al. (2001) correlated the boulders to the 
Hunter Mountain Batholith based on composi-
tion and U/Pb zircon dates. Renik et al. (2008) 
found mostly south- to southeast-directed paleo-
current indicators within the Eagle Mountain 
Formation conglomerates, which is consistent 
with the east–southeast fluvial course.

Wright et al. (1999) observed quartz monzo-
nite clasts in the upper part (ca. 12.7–10.6 Ma) of 
the middle to late Miocene Artist Drive Forma-
tion (see D in Fig. 1 and Table 1; Wright et al., 

1999). They suspected the clasts were from the 
Hunter Mountain Batholith. The conglomerates 
are debris flows with poorly sorted, angular to 
moderately well rounded, and matrix-supported 
cobbles to boulders of quartz monzonite and 
meta-carbonate (Wright et  al., 1999). Wright 
et al. (1999) interpreted the southeast-directed 
paleocurrent indicators as evidence of north-
west–southeast flow from the southern Cotton-
wood Mountains.

Combined tectonic and sedimentary trans-
port have been proposed to explain the presence 
of Hunter Mountain Batholith clasts in Mio-
cene rocks east of Death Valley. Presently, the 
Hunter Mountain Batholith lies ∼60–70 km 
and ∼100 km from the Artist Drive and Eagle 

Figure 2. Map shows latest Miocene to Pliocene drainages in the southwestern Great Basin. Letters in yellow boxes correspond to fluvial 
courses in Table 2. The hatch pattern indicates the ca. 175 Ma Jurassic Hunter Mountain Batholith (HMB). The Greenwater Range lava 
flow dam is inferred to have disconnected the SE-flowing drainage from the Amargosa Basin (see text in Death Valley Paleogeography sec-
tion for discussion). TPF—Towne Pass fault zone.
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Mountain formation outcrops, respectively (D 
and E in Fig.  1), with the Death Valley, the 
Black Mountains, and Greenwater Range lying 
between them. Niemi et al. (2001) and Niemi 
(2013) suggested that Eagle Mountain was 
<20 km from the Hunter Mountain Batholith 
at ca. 11.4 Ma, which indicates ∼80–100 km 
of NW-directed tectonic transport since then 
(Fig. 1). This is consistent with several tectonic 
reconstructions, based on independent lines of 
evidence (Stewart, 1983; Wernicke et al., 1988; 
Snow and Wernicke, 2000; Andrew, 2010; Lutz 
et al., 2021; Lutz et al., 2022). However, the 
presence of quartz-monzonite clasts and south-
east-directed paleocurrent indicators in ca. 
12.7–10.6 Ma rocks at the Desolation Canyon 
and Billie Mine localities (D in Fig. 1) suggests 
a maximum of 60–70 km of tectonic trans-
port of the Hunter Mountain Batholith, and 

30–40 km of sedimentary transport between the 
Artist Drive and Eagle Mountain formations.

Latest Miocene to Pliocene Conglomerates 
of the Furnace Creek Formation

Conglomerates of the Furnace Creek For-
mation preserve the latest Miocene to Pliocene 
(ca. 6.5–3.5 Ma) evolution of fluvial drainages 
in Death Valley (McAllister, 1970; Wright and 
Troxel, 1993; Wright et al., 1999; Fridrich et al., 
2012). Furnace Creek Formation conglomerates 
are well-exposed at Gower Gulch (Figs. 3 and 
4), the East Coleman Hills (Figs. 3 and 5), and 
Salt Creek (Figs. 3 and 6). The Gower Gulch and 
the East Coleman Hills sites are located in the 
northern Black Mountains, and the Salt Creek 
site is at the northeastern end of the Panamint 
Range (Fig. 3).

Gower Gulch
The Conglomerate of Gower Gulch (Wright 

et  al., 1999; Nfc in Fig. 4), like underlying 
fluvial arkosic sandstones and debris flows 
within the Artist Drive Formation, records 
fluvial connection between the Cottonwood 
Mountains and Furnace Creek Basin dur-
ing deposition (see path P to R in Fig. 2 and 
Table 2). The conglomerate contains Hunter 
Mountain Batholith-like quartz monzonite 
clasts and rare southeast-directed paleocur-
rent indicators (Wright et al., 1999; Fridrich 
et al., 2012). Wright et al. (1999) described 
the Conglomerate of Gower Gulch as torrent-
related debrites, based on very poor sorting, 
crude layering, and matrix support of pebble- 
to small boulder-sized clasts. Fridrich et al. 
(2012) reported well-rounded to subrounded 
clasts of similar size and composition. Clasts 

TABLE 1. EVIDENCE OF MIOCENE PALEO-DIVIDE AND GENERALLY SOUTHEAST-DIRECTED FLUVIAL COURSES

Path
(see Fig. 1)

Formation/name Age
(Ma)

Detail References

(A) Mono Lake area to 
San Joaquin River

Undefined 11.4 Andesitic pumice pebbles in sediments underlying the ca. 10 Ma 
trachyandesite of Kennedy Table; inferred source is east of Mono Lake

Gilbert et al. (1968);
Huber (1981)

(B) White Mountains Tres Plumas basalt 11.5 The Tres Plumas basalts in the White Mountains flowed to the Sylvania 
Mountains prior to opening Fish Lake Valley

Avila et al. (2018);
Mueller (2019)

(C) Amargosa Valley 
area

Panuga Formation; 
Horse Spring 
Formation, and Rocks 
of Pavits Spring

ca. 16–12.8 Green conglomerate of Panuga Formation; upper member of rocks of 
Pavits Spring; braided stream deposits; N source recorded by rounded 
cobbles in conglomerate derived from sources in central SW Nevada

Barnes et al. (1982);
Snow and Lux, 1999);
Murray et al. (2002);
Niemi (2012)

(D) Desolation Canyon 
and Billie Mine

Artist Drive Formation 12.7–10.6 Lower sedimentary member contains Hunter Mountain Batholith clasts and 
SE paleocurrent data.

McAllister (1970, 1971);
Wright et al. (1999)

(E) Eagle Mountain Eagle Mountain 
Formation

13.4–11.6 Te2 member; N and W source recorded by Hunter Mountain Batholith; S- 
and SE-directed paleocurrent data (some N and E)

Niemi et al. (2001);
Renik et al. (2008)

(F) SE Funeral 
Mountains

Kelly’s Well Limestone 
and Bat Mountain 
Formation

?? –13.5 Braided stream and fan deposits; sparse N- and NW-directed paleocurrent 
data; limestone deposited at 1000 ± 500 m paleo-elevation

Cemen et al. (1985);
Çemen et al. (1999);
Lechler et al. (2013)

(G) Dumont Hills Dumont Hills and China 
Ranch Basin

ca. 12–10 Braided stream deposits; S- and SE-directed paleocurrent data Prave and McMackin 
(1999)

(H) Shadow Valley Shadow Valley Basin ca. 16–11 Mixed fanglomerate and braided stream deposits; W-, SW-, and E-directed 
paleocurrent data

Fowler (1992);
Fowler et al. (1995)
Fowler and Calzia 

(1999);
Friedmann (1999)

(I) Avawatz Mountains Avawatz and Military 
Canyon formations

ca. 21–12 Lower member; mixed fanglomerate and braided stream deposits; clasts 
sourced from the Halloran Hills to the E (possibly NE in Miocene time)

Spencer (1990);
Brady and Troxel 

(1999)
(J) Mojave Block Undefined 11–10 Stream deposits flowed into the Crowder Basin and marginal marine basin 

to south
Cox et al. (2003)

(K) Argus Range Undefined Pre-7.7 Fanglomerates in Argus Range with schist and gneiss clasts most likely 
derived from the central Panamint Range and granitic clasts derived 
locally within the Argus Range

Schweig (1989)

TABLE 2. EVIDENCE OF MIO-PLIOCENE FLUVIAL CONNECTIONS IN THE SW GREAT BASIN

Path (see Fig. 2) Age
(Ma)

Detail References

(L) White-Inyo Range pre-3.1 (?) Fluvial conglomerates in White Mountains record flow toward Eureka Valley; predate Deep Springs 
Valley; lack of White Mountains’ detritus in Fish Lake Valley basin prior to ca. 3 Ma

Reheis and Sawyer (1997);
Mueller (2019);
Knott et al. (2019)

(M) Saline Range/Dry 
Mountain

pre-3.9 Nb basalt flowed east through valley from Saline Range to Death Valley at ca. 3.92 Ma; existing 
low recorded by ca. 4.51 Ma andesite cone and regional SE-directed Miocene fluvial system 
(see Fig. 1)

This study;
Burchfiel (1969);
Sternlof (1988)

(N) Nova Basin pre-3.9 Basaltic trachy-andesite of Black Point flowed from Darwin Plateau to Death Valley This study;
Coleman and Walker (1990)

(O) N Cottonwood 
Mountains

ca. 6.2–3.7 Sandy, clast-supported conglomerates in Marble Canyon with Pennsylvanian–Permian clasts from 
the S Cottonwood Mountains

Snow and Lux (1999)

(P) W of Salt Creek ca. 6.9–4.9 HMB† clasts in conglomerate west of Salt Creek This study;
Wright and Troxel (1993)

(Q) E Coleman Hills ca. 4.2–3.5 Hunter Mountain Batholith clasts in upper Furnace Creek Formation Conglomerate This study
(R) Gower Gulch ca. 8.1–6.2 HMB† clasts in Conglomerate of Gower Gulch This study;

Wright et al. (1999)
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are predominately Paleozoic carbonate and 
chert, with minor reworked Miocene volca-
nic and sedimentary rocks of the underlying 
Artist Drive Formation, and quartz monzo-
nite (Fig.  4) (Wright et  al., 1999; Fridrich 
et al., 2012).

The age of the Conglomerate of Gower 
Gulch is poorly constrained. McAllister (1970) 
mapped the conglomerate as the base of the 
Furnace Creek Formation (Nfc in Fig.  4), 
whereas Wright et al. (1999) assigned this same 
conglomerate to the upper Artist Drive Forma-
tion (Na in Fig. 4). The conglomerate is well-
exposed at the western front of the Black Moun-
tains and underlies several basalt flows, one of 
which was dated at 5.87 ± 0.12 Ma (Muessig 
et al., 2019).

East Coleman Hills
Conglomerates within the upper part of the 

Furnace Creek Formation are well-exposed in 
the East Coleman Hills within the Texas Spring 
Syncline (Fig.  5). McAllister (1970) mapped 
Tfcu (Nfcu in Fig. 5) in the northeast limb of the 
syncline in the colemanite-bearing portion of the 
Furnace Creek Formation. Based on McAllister’s 
(1970) mapping and Knott et al.’s (2005; 2018) 
tephrochronology, the Nfcu unit is stratigraphi-
cally below the ca. 3.54–3.21 Ma uppermost part 
of the Furnace Creek Formation (Nfu and Nft). 
Knott et al. (2018) showed that the top of the main 
body member of the Furnace Creek Formation 
(Nf in Fig. 5; Tf of Fridrich et al., 2012), which 
underlies the Nfcu unit, is 4.187 Ma. These data 
suggest that unit Nfcu is ca. 4.19–3.54 Ma.

Salt Creek
Wright and Troxel (1993) mapped conglom-

erate beds within the Furnace Creek Forma-
tion west of Salt Creek (their QTfc) and noted 
the prominence of Hunter Mountain Batholith 
clasts. A Quaternary or Pliocene lava flow (their 
QTb; Nfand in Fig. 6) overlies the conglomer-
ate. The lava flow was dated at 4.8 ± 0.8 Ma 
(whole-rock K-Ar; L.A. Wright, 1998, personal 
commun.).

Volcanic Rocks in the Dry Mountain Area 
and Nova Basin

Dry Mountain
In an east- to west-trending valley across 

the southern Last Chance Range, ∼5 km north 
of Dry Mountain, Burchfiel (1969) mapped 
a Plio-Pleistocene basalt flow filling the val-
ley (Nb and dark green in Fig.  7). Burchfiel 
(1969) noted flow structures within the “basalt 
tongue” that showed a west–east flow direction. 
He inferred that the basalt erupted in the Saline 
Range, and that Dry Mountain was uplifted 
relative to Saline Valley after eruption. Several 
Neogene basalt outcrops are mapped in the 
eastern Saline Range, across the alluvial pied-
mont west of the valley, but Burchfiel (1969) 
did not correlate any of these basalt outcrops to 
the “basalt tongue.” Sternlof (1988) dated the 
basalt tongue at 3.17 ± 0.12 Ma (whole-rock, 
K-Ar). At the eastern end of the valley, Burch-
fiel (1969) mapped a 3 km2 Neogene basalt 
cone with related flows (Nv or “andesite cone” 
in Fig. 7).

About 12 km north of Dry Mountain, Wrucke 
and Corbett (1990) mapped Neogene (Tertiary) 
volcanic rocks that erupted in the Saline Range, 
flowed east across what is presently the Last 
Chance Range, onto the eastern piedmont, and 
into Death Valley (red arrow north of path M in 
Fig. 2). These are olivine basalt to trachybasalt 
dated at ca. 4.2 ± 0.3 Ma to 4.6 ± 0.3 Ma 
(whole rock K-Ar; Elliott et al., 1984).

Nova Basin
The Neogene Nova Formation was depos-

ited in the Nova Basin between the northern 
Panamint Range and southern Cottonwood 
Mountains (Hunt and Mabey, 1966; Hall, 
1971; Hodges et al., 1989). The Nova Forma-
tion (Nnl, m, and u in Fig. 8) consists of con-
glomerate, sandstone, and megabreccia with 
intercalated volcanic flows (Hodges et  al., 
1989). The megabreccia and conglomerates 
record erosion of the Panamint Mountains 
to the southeast (Hall, 1971; Hodges et  al., 
1989; Fig. 3). Neither Hall (1971) nor Hodges 
et al. (1989) mentioned the presence of clasts 
from the Hunter Mountain Batholith, which 

Figure 3. Geologic map of the north-central Death Valley area shows the Hunter Moun-
tain Batholith (HMB; hatch pattern), study locations where probable Hunter Mountain 
Batholith clasts are present in conglomerates of the Furnace Creek Formation (dashed 
boxes), and sample locations where probable Hunter Mountain Batholith clasts were 
analyzed (see TAS plot). Yellow circles are sample locations of lava flows within the Nova 
Basin (see Fig.  8 for details). CC—Cottonwood Canyon; ECH—East Coleman Hills; 
FCB—Furnace Creek Basin; GG—Gower Gulch; NB—Nova Basin; SC—Salt Creek; 
Nnav—Navadu Formation. Geology after Workman et al. (2016). BMF—Black Moun-
tains fault; NDVF—Northern Death Valley fault; KWF—Keane Wonder fault; TPF—
Towne Pass fault.
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is exposed 15 km to the north–northwest 
(Figs. 2, 3, and 8), within the Nova Formation 
conglomerates. Geochemical data indicate 
that the volcanic flows erupted from the Dar-
win Plateau volcanic field in the Argus Range 
west of Panamint Valley (path N in Fig.  2; 
Coleman and Walker, 1990).

Lava flows in the Nova Basin were dated pre-
viously at ca. 3.5–5.8 Ma by K-Ar dating (Hall, 

1971; Larson, 1979; Hodges et al., 1989) and re-
dated at ca. 3.5–7.2 Ma by 40Ar/39Ar dating (Sny-
der and Hodges, 2000; Fig. 8 and Table 3). Some 
of the 40Ar/39Ar ages, however, were based on 
imprecise age spectra (e.g., samples NB-2, NB-3, 
and NB-4) and/or isochron ages that incorporated 
heating steps with large errors (e.g., NB-5).

METHODS

Traditional field methods of mapping, obser-
vation, and sampling were applied to the specific 
study areas (see Fig.  2). Samples of volcanic 
groundmass, granitoid clasts, and/or conglom-
erate matrix were collected for geochronology 
and major/trace-element geochemistry.

Zircon U/Pb Dating

Clasts and sandy matrix of conglomerates 
at Salt Creek, East Coleman Hills, and Gower 
Gulch were dated using zircon U/Pb methods, 
following the procedures described in Gehrels 
(2014) and references therein (see Supplemental 
Material1). Detrital zircons were separated at 
California State University, Fullerton, Califor-
nia, USA, using standard mineral separation 
techniques, which leverage the characteristic 
high density and low magnetism of zircon. Zir-
con mounts were prepared and imaged by cath-
odoluminescence at the Arizona LaserChron 
Center, Tucson, Arizona, USA; zircon U-Pb 
geochronology was conducted using high-
resolution laser ablation–inductively coupled 
plasma–mass spectrometry on a Thermo Scien-
tific Element 2 instrument (Gehrels et al., 2006, 
2008). U-Pb isotopic data were reduced with 
20% discordance and 5% reverse discordance 
filters using E2agecalc. Approximately 20–30 
and 250 zircons were analyzed from clast and 
matrix samples, respectively.

X-Ray Fluorescence

Volcanic samples and granitoid clasts from 
the Furnace Creek Formation were collected for 
whole-rock X-ray fluorescence (XRF) analy- sis to determine their major, minor, and trace-

element compositions. Samples were crushed 
and powdered at California State University, 
Fullerton. At Pomona College, Claremont, Cali-
fornia, di-lithium tetraborate flux was added to 
the powders, which were fused twice in graphite 
crucibles, to maximize homogeneity of the glass 
beads, which then were analyzed on a Panalyti-
cal Axios X-ray fluorescence spectrometer.

40Ar/30Ar Dating

Samples of volcanic rocks and conglomer-
ate matrix from the Furnace Creek Formation 

1Supplemental Material. Text: Argon analytical 
methods. Table S1: Trace element concentrations 
of igneous rocks and igneous rock clasts in Death 
Valley region. Figure S1: Total Alkali-Silica plot 
of volcanic rocks sampled in this study. Figure S2: 
Spider diagram plot of volcanic rocks sampled in this 
study. Data 1: Zircon U-Pb data. Data 2: Analytical 
Settings for U-Pb Geochronology at the Arizona 
LaserChron Center (Element 2 Single Collector). 
Data 3: Sanidine 40Ar-39Ar data Data 4: Groundmass 
40Ar-39Ar data. Please visit https://doi​.org​/10​.1130​
/GSAB​.S.21266346 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

Figure 5. Diagrams show details of the East 
Coleman Hills area. Mapping and stratigra-
phy are after McAllister (1970) and Knott 
et  al. (2018), respectively. HMB—Hunter 
Mountain Batholith; Nfc/m/u—lower/
middle/upper conglomerate of the Furnace 
Creek Formation; Qao—Quaternary allu-
vium; QNf—Neogene–Quaternary Funeral 
Formation; Nft—transitional member of 
Furnace Creek Formation; Nfg—gypsum 
member of Furnace Creek Formation.

Figure 4. Details of the Gower Gulch area 
are shown. Nfc/m/u—lower/middle/upper 
conglomerate of the Furnace Creek Forma-
tion; Na—Artist Drive Formation; cgl—
conglomerate. Yellow circles and squares 
are lava flow and conglomerate matrix 
sample locations, respectively. Bold text 
in the stratigraphic column indicates new 
dates reported in this study. Other ages 
and general stratigraphy are after Knott 
et al. (2018), Wright et al. (1999), and Mues-
sig et al. (2019). Mapping is after Fridrich 
et al. (2012) and McAllister (1970). HMB—
Hunter Mountain Batholith.

https://doi.org/10.1130/GSAB.S.21266346
https://doi.org/10.1130/GSAB.S.21266346
https://doi.org/10.1130/GSAB.S.21266346
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were collected for 40Ar/39Ar dating at the New 
Mexico Geochronology Research Laboratory 
(NMGRL), Socorro, New Mexico, USA. We 
dated volcanic groundmass and detrital-matrix 
K-feldspar grains.

Volcanic groundmass was prepared for irra-
diation using standard mineral separation meth-
ods. Samples were crushed and sieved. Magnetic 
grains were separated. Two aliquots of ground-
mass per sample (∼40 g) were hand-picked to 
eliminate phenocrystic contamination. Ground-
mass samples were loaded into machined alumi-
num discs and irradiated in a TRIGA Reactor at 
either Denver, Colorado, USA (USGS) or Ore-
gon State University, Corvallis, Oregon, USA 
(see Supplemental Material for a full descrip-
tion of irradiation times and geometries for each 
sample; see footnote 1).

Eruption ages of intermediate to mafic vol-
canic rocks were estimated by incremental 
step-heating experiments performed on the 
Felix system at NMGRL (see Supplemental 
Material for more details). Groundmass sam-
ples were heated in typical 45 s steps, followed 
by 60 s of gas clean up with an SAES GP-50 
getter operated at 2 A. Isotopes of argon were 
measured using a Thermo Scientific HELIX 
MC Plus multicollector–mass spectrometer. 
Isotopes 40Ar, 39Ar, 38Ar, and 37Ar were mea-
sured on Faraday collectors, whereas 36Ar was 
measured on a compact discrete dynode (CDD) 
ion counter.

Detrital K-feldspar crystals and neutron flux 
monitors were dated by single crystal laser fusion 
(SCLF) utilizing the Jan system at NMGRL (see 
Supplemental Material for more details). Crys-
tals were fused with a CO2 laser. Extracted gas 
was cleaned with a variety of getter configura-
tions. Cleaned gas was then analyzed using a 
Thermo Scientific Argus VI multicollector-mass 
spectrometer.

Isotopes of low-concentration samples 
were collected for 280–400 s followed by 45 
s of baseline measurement. High-concentration 
samples (large unknown grains and FC-2) were 
measured using 120 s of isotope collection fol-
lowed by 30–60 s of baseline measurement. 
Analyses were truncated based on various cri-
teria to facilitate efficient data collection. For 
instance, relatively old grains that did not con-
tribute significantly to maximum depositional 
age determination or provenance were analyzed 
for durations of typically less than 60 s. Basalt 
samples used 340 s of data collection followed 
by 60 s of baseline measurement.

Data were collected and reduced with in-
house Pychron software and MassSpec version 
7.875, respectively (see Supplemental Material 
for all data tables). Fish Canyon Tuff sanidine 
(FC-2) with an assigned age of 28.201 Ma (Kui-
per et al., 2008) was used as a neutron flux mon-
itor. A 40K decay constant of 5.463e-10/a was 
used (Min et al., 2000) with isotope abundances 
after Steiger and Jäger (1977).

RESULTS

Hunter Mountain Batholith Clasts in 
the Furnace Creek Formation and at 
Cottonwood Canyon

We found granitoid boulders in the Furnace 
Creek Formation at Gower Gulch, East Coleman 
Hills, and Salt Creek (Figs. 3–6). Total alkali 
versus silica plots from XRF analyses show 
that all granitoid clasts, including those eroding 
directly from the Hunter Mountain Batholith at 
Cottonwood Canyon (Figs. 2 and 3), are mon-
zonite (Fig. 3). The U/Pb zircon ages of mon-
zonite clasts from Furnace Creek Formation 
Conglomerate at Gower Gulch and Coleman 
Hills are 177.1 ± 2.4 Ma (Fig. 4) and 173.72 
(+5.51 –1.67) Ma (Fig. 5), respectively. These 
ca. 172–179 Ma dates and monzonite rock types 
are within error of the Hunter Mountain Batho-
lith (Niemi et al., 2001; Niemi, 2013), which 
strongly supports that the monzonite clasts in 
the Furnace Creek Formation conglomerates are 
from the Hunter Mountain Batholith.

Deposition and provenance of the Furnace 
Creek Formation

Conglomerate of Gower Gulch or Lower 
Furnace Creek Formation

Lithology and deposition. The Conglom-
erate at Gower Gulch includes subrounded 
to rounded, gravel- to cobble-sized clasts of 
Paleozoic carbonate, volcanic rock, and Hunter 
Mountain Batholith in a sand matrix (Fig. 4). 
The conglomerate is mostly clast supported and 
poorly bedded. Granitoid rocks make up ∼10% 
of the clasts, consistent with the data presented 
by Wright et al. (1999). Our outcrop observa-
tions confirm Wright et  al.’s (1999) interpre-
tation that these are debris-flow deposits in a 
braided stream setting. Microscopically, we 
found rounded to subrounded sanidine crystals 
in the Conglomerate of Gower Gulch matrix, 
which supports the fluvial interpretation.

Stratigraphic age. We determined a whole-
rock 40Ar/39Ar date of 6.197 ± 0.020 Ma for the 
basalt (Tfb of McAllister, 1970, and Fridrich 
et  al., 2012) intercalated with Furnace Creek 
Formation sediments overlying the Conglomer-
ate of Gower Gulch (Fig. 9B and Table 3).

Detrital zircon and feldspar. The distribution 
of detrital K-feldspar and zircon ages from the 
Conglomerate of Gower Gulch is broad (Fig. 10; 
also see Supplemental Material), which suggests 
a mixed-provenance fluvial system. Detrital zir-
cons in the Conglomerate of Gower Gulch matrix 
ranged in age from 2.9 Ga to 7.1 ± 0.2 Ma. Of 
the 254 zircons analyzed, 21 crystals (8%) had 
dates that exceeded 1 Ga.

Figure 6. Details of the area west of Salt Creek (SC) are shown. Mapping is by J.R. Knott. 
Yellow circles and squares are lava flow and conglomerate matrix sample locations, respec-
tively. Nfcm—middle conglomerate (?) of the Furnace Creek Formation; HMB—Hunter 
Mountain Batholith; cgl—conglomerate.
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There is a dominant peak in the zir-
con probability distribution at ca. 175 Ma 
(Fig. 10B), which is the accepted age for the 
main monzonitic phase of the Hunter Moun-
tain Batholith (e.g., Niemi, 2013). Approxi-
mately 22% (55/253) of the detrital zircons 
fall within error of 155–180 Ma (Fig.  10B; 
also see Supplemental Material). These could 
be from Hunter Mountain Batholith or other 
Jurassic intrusive rocks exposed farther west 
in the White, Inyo, Argus, and Slate Ranges 

(Fig.  11). The youngest grain dated was 
8.1 ± 0.3 Ma and is considered the maximum 
depositional age.

Eighty-one detrital K-feldspar grains from 
the Conglomerate of Gower Gulch matrix were 
dated by the 40Ar/39Ar method. Dates ranged 
from 158 Ma to 8.99 Ma. There is a major peak 
at ca. 11.4 Ma, which most likely represents 
eruptions from the southwest Nevada volcanic 
field. The youngest acceptable grain date was 
8.990 ± 0.046 Ma.

East Coleman Hills Conglomerate
Lithology and deposition. The conglomer-

ate in the East Coleman Hills is massive, poorly 
sorted, poorly bedded, and matrix-supported, 
which is consistent with deposition as a debris 
flow (Fig. 5). Subrounded to angular monzonite 
clasts range in size from gravels to boulders 
(up to 1 m diameter). The contact between the 
conglomerate and surrounding, finer-grained 
member of the Furnace Creek Formation (unit 
Nf; Fig. 5) is abrupt where exposed, and dis-
conformable.

Stratigraphic Age. Faulting and folding 
complicate stratigraphic age determination. 
Our field observations did not improve the ca. 
4.19–3.54 Ma stratigraphic age of the upper 
conglomerate member of the Furnace Creek For-
mation (Nfcu) unit based on previous mapping 
by McAllister (1970) and constraints in Knott 
et al. (2018).

Detrital zircon and feldspar. The detrital 
K-feldspar and zircon grains from the con-
glomerate in the East Coleman Hills inform 
the provenance assessment. Detrital zircon U/
Pb ages range from 2.6 Ga to ca. 9.8 Ma with 
∼68% (167/245) within error of 180–155 Ma 
(Fig.  10B; see also Supplemental Material). 
There is a major peak at ca. 175 Ma, with minor 
peaks at 150–155 Ma, 100 Ma, 85 Ma, and ca. 
72 Ma (Fig.  10B). The youngest zircon grain 
was 9.8 ± 0.1 Ma (Table 4).

The 130 detrital K-feldspar grains analyzed 
for 40Ar/39Ar yielded dates ranging from 199 Ma 
to 9.76 ± 0.02 Ma (see Supplemental Material). 
Thirty-seven (28%) K-feldspars yielded dates 
within error of 180–155 Ma or within the age 
of the Hunter Mountain Batholith (see Supple-
mental Material).

Salt Creek
Lithology and deposition. The conglomerate 

in the Furnace Creek Formation of Wright and 
Troxel (1993), west of Salt Creek, is massive to 
poorly bedded and matrix-supported, which is 
consistent with debris-flow deposition. Clasts 
are subrounded to angular with many >1.5 m 
in diameter (Fig. 6B); boulder-sized clasts are 
exclusively Hunter Mountain Batholith mon-
zonite. XRF data show that the reddish-black 
volcanic rock overlying the conglomerate is 
andesite (Nfand in Fig. 6). The flow-banding in 
the andesite is conformable with the northeast 
dips of the underlying conglomerate (Fig. 6).

Stratigraphic Age. The minimum age of the 
conglomerate was determined by the overly-
ing andesite. The whole rock 40Ar/39Ar date on 
the andesite is 4.959 ± 0.038 Ma (Fig. 9A and 
Table 3).

Detrital zircon and feldspar. Most detrital 
zircon and K-feldspar dates from the Furnace 

Figure 7. Geologic map and sections of the area north of Dry Mountain in the southern Last 
Chance Range show key lava flows that constrain the age of the east–west valley that con-
nected the Saline Range and Death Valley. Yellow symbols are samples from this study. Red 
triangles are previous sample locations from Elliott et al. (1984) and Sternlof (1988). Dates 
are reported in Table 3. Depth to bedrock in the structural cross section (bottom) is after 
Blakely et al. (1999). DMF—Dry Mountain fault zone. Mapping is after Workman et al. 
(2016) and Burchfiel (1969).



Tectonically controlled drainage fragmentation

	 Geological Society of America Bulletin, v. 130, no. XX/XX	 9

Creek Formation Conglomerate west of Salt 
Creek have a relatively narrow range (Fig. 10; 
also see Supplemental Material). Three hundred 
and thirteen U/Pb dates were measured on zir-
cons from the conglomerate matrix with dates 
ranging from 2.5 Ga to ca. 6.9 Ma. Ninety per-
cent (228/2533) of the zircons dated were within 
error of 180–155 Ma. There is a major peak at 
ca. 175 Ma, with minor peaks at 150–155 Ma, 
100 Ma, 85 Ma, and ca. 72 Ma (Fig. 10B). The 
spectrum is quite similar to that of the East 
Coleman Hills, which suggests common prov-
enance. Only nine zircons (3%) were younger 
than 12.1 Ma. The youngest zircon grain dated 
was 6.9 ± 0.1 Ma.

The 120 detrital K-feldspar grains analyzed 
for 40Ar/39Ar yielded dates between ca. 205 Ma 
to ca. 7.5 Ma. There is a major peak at ca. 
175 Ma. The youngest acceptable grain dated 
was 7.47 ± 0.10 Ma.

Dry Mountain, Darwin Plateau, and Nova 
Basin Volcanic Rocks

Preferred eruption ages of volcanic rocks col-
lected north of Dry Mountain, at the Darwin Pla-
teau and Nova Basin, are presented in Figures 7, 
8, 12, and 13 and Table 3. In many cases, age-
spectra and inverse isochron analysis indicate 
that the dated aliquots contained excess argon 
and a trapped component of atmospheric argon. 
Detailed explanations of eruption age interpre-
tations, complete data tables, age-spectra, and 
isochron diagrams are in the Supplemental 
Material.

Dry Mountain
In the Last Chance Range, north of Dry 

Mountain, the volcanic cone at the mouth of 
the east-west–trending canyon is an andesite 
(Fig. S1 and Table 4) with an 40Ar/39Ar date of 

4.615 ± 0.013 Ma (Fig. 12 and Table 3). Addi-
tional flows that were emitted from the cone and 
accumulated in the canyon thalweg are black, 
vesicular basalt. A separate, blocky-to-vesicular 
basalt flow lies up-gradient and to the west. This 
flow is 3.921 ± 0.026 Ma (Fig. 12 and Table 3). 
This western basalt flow is the same flow from 
which Sternlof (1988) obtained a whole rock, 
K-Ar date of 3.17 ± 0.12 Ma. Based on the lack 
of a volcanic center and the geomorphic posi-
tion, we concur with Burchfiel’s (1969) conclu-
sion that the 3.92 Ma basalt flow erupted from 
the Saline Range.

Nova Basin
Seven 40Ar/39Ar dates were determined on 

basalt to trachyandesite flows (see Table 4 for 
geochemical data and Fig. S1 for the total alkali 
silica [TAS] plot) along an east–west transect 
through the Nova Basin (Fig. 8). The ages of these 

Figure 8. Left: Geologic map of the northern Panamint Valley–Towne Pass area shows lava flows (pink) of the Darwin Plateau and within 
the Nova Basin. Yellow circles are sample locations from this study. Sample locations from previous studies are shown by green squares 
(Hall, 1971), red triangles (Snyder and Hodges, 2000), and pink diamonds (Larson, 1979). Ages for those samples are reported in Table 3. 
The Hunter Mountain Batholith (HMB) is shown by the hatch pattern. HMF—Hunter Mountain fault zone; TPF—Towne Pass fault zone; 
PVF—Panamint Valley fault zone; MCC—Metamorphic core complex. Right: stratigraphic section of the Nova Basin (after Hodges et al., 
1989; Snyder and Hodges, 2000) shows the positions and ages of lava flows.
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volcanic rocks ranged from 5.13 ± 0.03 Ma to 
3.832 ± 0.006 Ma (Fig. 8 and Table 3). Coleman 
and Walker (1990) determined geochemically 
that Nova Basin volcanic rocks erupted from the 
Darwin Plateau (Fig. 8) and that, most critically, 
the youngest date of 3.832 ± 0.006 Ma at Black 
Point (Fig. 13) is in the stratigraphically highest 
position and farthest east.

Death Valley Paleogeography

Our results support the existence of an inter-
connected, southeast-draining fluvial system in 
latest Miocene to Pliocene times. We suggest 
that the system had headwaters in the White-
Inyo Range and extended to the Furnace Creek 
Basin and Amargosa Valley. The system can 
be broken up into two distinct fluvial courses 
(Figs.  14 and 15), with each supported by 
independent provenance, paleocurrent indica-
tors, and age.

The Northern Fluvial Course
New dates on volcanic rocks in the Dry 

Mountain area, when combined with previous 
studies, define a Pliocene (ca. 4.5–3.9 Ma) and 
topographically viable fluvial course that may 

have connected the modern White-Inyo Range, 
Saline Range area, and Death Valley (Figs. 11, 
14, and 15). This fluvial course may have existed 
in Miocene time as well (see Fig. 1 and Table 1), 
but direct evidence is lacking.

The 3.921 ± 0.026 Ma basalt tongue flowed 
east from the Saline Range through the trend-
ing valley north of Dry Mountain (dark green 
in Figs. 7 and 12). The valley was a local topo-
graphic low by at least 4.517 ± 0.013 Ma, when 
lava from the andesite cone erupted along the 
northern flank of the valley and flowed south 
(andesite in Figs. 7 and 12). These data show 
that the valley was at a lower elevation than the 
Saline Range to the west from before ca. 4.5 Ma 
until ca. 3.9 Ma (Figs. 14 and 15).

We infer that the valley north of Dry Moun-
tain extended west into the area now occupied 
by the modern Saline Range, Saline Valley, and 
Eureka Valley (Figs.  14 and 15A), although 
this inference depends upon how a low grav-
ity anomaly beneath the Saline Range is inter-
preted. The low gravity anomaly beneath the ca. 
4.6–1.45 Ma volcanic rocks in the Saline Range 
(Elliott et al., 1984; Sternlof, 1988; this study) 
has been interpreted as either (1) an alluvium-
filled basin (Figs. 7 and 14), or (2) low-gravity 

plutons (Blakely and McKee, 1985; Blakely 
et al., 1999).

If the gravity low beneath the Saline Range 
represents a non-terminal Miocene basin, a 
topographic low extended from the eastern 
edge of the modern White-Inyo Range to the 
valley north of modern-day Dry Mountain at ca. 
4.6 Ma (see paths labeled M in Figs. 2, 14, and 
15A). Alternatively, if the gravity low beneath 
the Saline Range represents a Miocene terminal 
basin, east-directed flow of lava through the val-
ley north of Dry Mountain (Fig. 7) could indi-
cate that the basin was filled and overtopped. 

TABLE 3. SUMMARY OF MAXIMUM DEPOSITIONAL AGES AND ERUPTION AGES

Sample Location Date Type Previous dates
Name/location Latitude (°N) Longitude (°W) (Ma) (Ma)

Gower Gulch area
JRK-GG-1 36.41684 116.82155 6.197 ± 0.020 plateau* 5.87 ± 1.5#

Matrix K-spar 36.41376 116.84301 9.022 ± 0.010 SCLF† N.A.
Matrix zircon 36.41376 116.84301 8.1 ± 0.300 LA-ICP-MS§ N.A.

East Coleman Hills
Mesquite Sp. Tuff N.D. N.D. N.D. N.D. ca. 3.32**
Matrix K-spar 36.46808 116.83998 9.769 ± 0.019 SCLF† N.A.
Matrix zircon 36.46808 116.83998 9.8 ± 0.100 LA-ICP-MS§ N.A.

West of Salt Creek
JRK-DV-1 36.61059 117.07661 4.959 ± 0.038 plateau 4.8 ± 0.8††

Matrix K-spar 36.60292 117.08464 7.438 ± 0.021 SCLF† N.A.
Matrix zircon 36.60292 117.08464 6.9 ± 0.100 LA-ICP-MS§ N.A.

Dry Mountain area
JRK-SV-5 36.96953 117.63334 1.571 ± 0.015 plateau 1.35 ± 0.02§§

JRK-DV-3 36.95202 117.57504 3.921 ± 0.026 plateau 3.17 ± 0.12§§

JRK-DV-2 36.94520 117.52329 4.517 ± 0.013 plateau* N.A.

Nova Basin and Darwin Plateau
KAH-BP-1 36.54647 117.20559 3.832 ± 0.006 plateau ca. 3.9##

KAH-AR-7 36.30798 117.42371 3.904 ± 0.013 plateau* ca. 4***
KAH-TP-6 36.34832 117.33432 3.975 ± 0.011 isochron ca. 7.3##

KAH-TP-2 36.45629 117.23985 4.074 ± 0.010 plateau* 4.4##; 4.3–4.4†††

KAH-TP-3 36.36484 117.28542 4.147 ± 0.006 isochron 5.14***; 7.8##

KAH-PS-4 36.34373 117.47705 4.91 ± 0.030 isochron 5.2##

KAH-DP-5 36.37976 117.59550 5.129 ± 0.026 plateau N.A.

*Plateau and isochron ages within uncertainty of each other.
†SCLF—Single crystal laser fusion.
§LA-ICP-MS—Laser ablation–inductively coupled plasma–mass spectrometry.
#Cemen et al. (1985).
**Knott et al. (2018).
††Calzia, J. (2017, written communication).
§§Sternlof (1988).
##Snyder and Hodges (2000).
***Hall (1971).
†††Larson (1979).
N.D.—not determined.

A

B

Figure 9. Graphs show age spectra from 
step-heating experiments performed on 
groundmass of lava flows overlying the 
Hunter Mountain Batholith-bearing con-
glomerates at (A) Salt Creek (SC) and (B) 
Gower Gulch (GG). MSWD—mean square 
of weighted deviates.
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If the gravity low beneath the Saline Range 
represents subsurface plutons, the east-directed 
flow of lava through the valley north of Dry 
Mountain could indicate local high elevation 
from magma-chamber inflation during the early 

stages of construction of the Saline Range vol-
canic center. 

We infer that, during the late Pliocene, the val-
ley north of Dry Mountain drained north toward 
the alluvial-lacustrine Mio-Pliocene Ubehebe 

Basin at the northern end of the Cottonwood 
Mountains, which connected to the Furnace 
Creek Basin via Death Valley. 

This inference is based on the fact that: (1) 
the modern valley (tributary to modern Death 
Valley) drains north toward the Ubehebe Basin, 
which was an active depocenter in latest Mio-
cene to Pliocene times (Snow and Lux, 1999) 
and earlier. We deduce that the canyon would 
have drained north, not south, because there are 
no active depocenters southward except across 
Hunter Mountain and the southern Cottonwood 
Mountains; and (2) within the Ubehebe Basin, 
there are lake deposits, which suggests this area 
is down-fluvial gradient from the valley north of 
Dry Mountain. 

The Pliocene fluvio-lacustrine system con-
nected southeastward, in turn, to the Furnace 
Creek Basin (Knott et al., 2008, 2018). Together, 
the above constraints support the presence of a 
ca. 6–3.9 Ma fluvial drainage that extended 
from the White-Inyo Range, through the area 
now occupied by the Saline Range, through the 
valley at Dry Mountain (path M in Figs. 11, 14, 
and 15A and Table 2), and toward the Ubehebe 
Basin. At ca. 4 Ma, this drainage would have 
reached the widespread fluvio-lacustrine sys-
tem present in Death Valley (paths Q and R in 
Figs. 2, 14, and 15A).

The Southern Fluvial Course
Our new age constraints on volcanic rocks in 

the Nova Basin and on Hunter Mountain Batho-
lith-bearing conglomerates in the Furnace Creek 
Formation define a southern fluvial course in lat-
est Miocene to Pliocene times (ca. 8.1–3.5 Ma). 
The southern fluvial course reached westward 
to at least the area of the modern Darwin Pla-
teau in the southern Inyo Range and possibly to 
the Sierra Nevada. This is supported by (1) the 
presence of the east-sloping Inyo and Lindgren 
surfaces (Fig. 1; Jayko, 2009), and (2) the fact 
that lavas that erupted on the Darwin Plateau 
flowed northeast into Death Valley prior to for-
mation of the modern-day northern Panamint 
Valley (Figs.  8 and 14; Hall, 1971; Burchfiel 
et al., 1987; Hodges et al., 1989; Coleman and 
Walker, 1990; Andrew and Walker, 2009; this 
study). Therefore, the late Miocene–Pliocene 
western drainage divide of proto-Death Valley 
was located at least as far west as the modern 
Darwin Plateau (Figs. 11, 14, and 15A).

The youngest of the Darwin Plateau lava flows 
(trachyandesite of Black Point) reached west-
ern Death Valley northwest of Tucki Mountain 
at 3.832 ± 0.006 Ma (KAH-BP-1 in Figs.  8 
and 13). In general, both the presence of ca. 
5.2–3.8 Ma lava flows sourced from the Darwin 
Plateau (Table 3 and see Supplemental Material) 
and the absence of Hunter Mountain Batholith 

A

B

C

Figure 10. Age-frequency plots (ideograms) show the distribution of (A) detrital K-feldspar and 
(B and C) zircon dates from the matrix of conglomerates within the Furnace Creek Formation 
(FCF). %40Ar*—radiogenic yield. See text for discussion. HMB—Hunter Mountain Batholith.
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Figure 11. Map shows the distribution and ages of Jurassic and Cretaceous plutons and batholiths in the study area. The pathways with 
letters in yellow boxes are in Figure 2 and Table 2. Note the location of the modern (blue dashed line) versus inferred Mio-Pliocene (thick 
black dashed line) western drainage divide for Death Valley (DV). Mapping is from compilation of Lutz et al. (2017). Most ages are from 
the NAVDAT database. The following probable contributors to the age spectra in Figure 10 are shown in bold font. Kic—Isham Canyon 
quartz monzonite (Andrew, 2022); Ks—Skidoo granite (Barba, 2020); Khc—Hall Canyon pluton (Mahood et al., 1996); Jmp—Manly 
Peak quartz monzonite (Andrew, 2022); Js—Stockwell diorite (Dunne and Walker, 2004; Andrew, 2022); SNVF—Southwest Nevada Vol-
canic Field; AV—Amargosa Valley; EV—Eureka Valley; OV—Owens Valley; PV—Panamint Valley; SV—Saline Valley. Jpk—Jurassic 
Pat Keys pluton; Dp—Darwin Plateau; nOV—northern Owens Valley; HMB—Hunter Mountain Batholith.
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clasts in the Nova Basin (Hunt and Mabey, 1966; 
Hall, 1971; Hodges et al., 1989) support east- to 
northeast-directed flow from the southern Inyo 
Range to Death Valley during most of Pliocene 
time, when the Darwin Plateau lay adjacent to 
the Nova Basin (Fig. 15; Burchfiel et al., 1987).

The east–northeast-directed fluvial course 
recorded by Darwin Plateau lava flows in the 
Nova Basin (path N in Figs. 2, 14, and 15A) was 
probably connected down gradient to the Mio-
Pliocene fluvial system preserved in the Furnace 
Creek Formation deposits at Salt Creek in Death 
Valley, northeast of Tucki Mountain. Hunter 
Mountain Batholith clasts within the middle 
conglomerate member of the Furnace Creek For-
mation at Salt Creek (path P in Figs. 11, 14, and 
15A) record east- to northeastward flow from 
the southern Cottonwood Mountains toward 
Death Valley at ca. 6.9–4.96 Ma. Hunter Moun-
tain Batholith clasts in the debris flows at East 
Coleman Hills (Nfcm) and Gower Gulch (Nfc) 
record eastward flow from the southern Cotton-
wood Mountains to the Furnace Creek Basin at 
ca. 4.1–3.5 Ma (path Q in Figs. 11, 14, and 15A) 
and ca. 8.1–6.2 Ma (path Q in Figs. 11, 14, and 
15A), respectively.

These flow paths clearly pre-date the for-
mation of modern Death Valley as a regional 
topographic low. The fluvial system recorded by 
these rocks certainly drained farther southeast 
to the modern area of Amargosa Valley during 
late Miocene time (e.g., Wright et al., 1999). The 
Miocene system may have drained yet further 
to the south toward the Pacific Coast, based on 
the paleo-geographic reconstruction in Figure 1 

and Table 1. We add that crustal thickness recon-
structions (Bahadori et al., 2018) and numerical 
simulations of paleo-topography (Zhou and Liu, 
2019) support a south-facing slope between our 
study area (Figs. 1 and 2) and the Mojave Block.

Middle Pliocene Disconnection and 
Penultimate Drainage Fragmentation

Pliocene (ca. 3–5 Ma) fault-controlled 
topographic development and volcanism in 
the southwestern Great Basin fragmented the 
middle to late Miocene fluvial system that ran 
from the western highlands (White-Inyo Range) 
to the Furnace Creek Basin and Amargosa Val-
ley (Figs. 14 and 15A). Destruction of the lat-
est Miocene to Pliocene fluvial links across 
the southwestern Great Basin migrated east to 
west with tectonism, which is consistent with 
more regional tectonic studies (e.g., Wernicke, 
1992; Snow and Wernicke, 2000; Fridrich and 
Thompson, 2011; Lutz et al., 2022). This migra-
tory tectonism produced the modern system of 
endorheic basins (Fig. 15B).

We infer that the Miocene-aged, southeast-
flowing river drainage system that connected 
the areas now occupied by Death Valley and 
Amargosa (Wright et  al., 1999) was dammed 
and disconnected by Pliocene volcanism in the 
Greenwater Range (see lava flow dam in Figs. 2 
and 15B). At ca. 4.0–3.9 Ma, Pliocene lavas that 
erupted from the Greenwater Range flowed north 
across the Furnace Creek Basin (Tibbetts, 2010) 
where the southeast-flowing braided stream 
system is preserved in the lower Furnace Creek 

Formation (Wright et al., 1999; this study). By 
ca. 3.5 Ma, the fluvial system was succeeded by 
lake sedimentation (Nfu in Fig. 14; Knott et al., 
2018). The succession suggests that lava flows 
from the Greenwater Range dammed the pre-
existing southeast-flowing river, disconnected 
the Furnace Creek Basin from Amargosa Val-
ley, and promoted lake formation in the Furnace 
Creek Basin at ca. 3.5 Ma.

The fluvial system between the southern 
Cottonwood Mountains and the Furnace Creek 
Basin (paths Q and R in Figs. 11, 14, and 15) 
was broken by middle Pliocene–Holocene slip 
on the Black Mountains fault zone, which down-
dropped modern Death Valley relative to the 
Black Mountains and inverted the Furnace Creek 
Basin (Fig. 15). Alluvial fan deposition in the 
northern Black Mountains, along with the angu-
lar unconformity between the Furnace Creek 
Formation and the overlying Funeral Forma-
tion, show that the northward expansion of the 
Black Mountains fault zone began at ca. 3.5 Ma 
and that the Furnace Creek Basin was uplifted 
at ca. 1.8 Ma (Knott et al., 1999, 2005). The ca. 
3.5–2.8 Ma transitional member of the Furnace 
Creek Formation (Nft; Fig. 5) contains volcanic 
clasts derived from the Black Mountains (Knott 
et al., 2018), which further supports uplift of the 
range at ca. 3.5 Ma.

Thermochronometric data and modeling from 
the northern and central Black Mountains (Bid-
goli et al., 2015; Sizemore et al., 2019) suggest 
3–5 km of exhumation since ca. 4 Ma, which 
was achieved by slip on the Black Mountains 
fault zone (Figs. 2 and 15B). This is consistent 

TABLE 4. MAJOR ELEMENT COMPOSITIONS OF IGNEOUS ROCKS AND IGNEOUS ROCK CLASTS IN DEATH VALLEY REGION

Sample Location Latitude*
(°N)

Longitude
(°W)

Rock 
type†

Age
(Ma)#

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO N2O K2O P2O5 Total
(o)

Plutonic Clasts
EG-CWM Cottonwood Cyn 36.64328 117.28660 MON – 61.10 0.68 16.83 5.42 0.14 2.16 5.83 3.13 4.09 0.31 95.9
EG-GG Gower Gulch 36.25156 116.77352 MON 177.1 64.26 0.58 15.97 4.34 0.08 1.94 4.40 3.43 4.35 0.27 91.5
EG-CH E. Coleman Hills 36.46866 116.83814 MON 173.7 54.79 0.47 22.91 3.61 0.06 1.05 6.89 4.07 5.36 0.39 94.2
EG-SC Salt Creek 36.60357 117.08453 MON – 54.88 0.47 22.21 3.87 0.08 1.42 6.53 4.02 5.64 0.48 95.0

Volcanic Rocks
Nova Basin
KAH-BP-1 Black Point 36.54655 117.20561 BTA 3.832 56.19 1.49 15.72 6.86 0.09 4.69 8.17 3.37 2.61 0.50 91.9
KAH-TP-2 Towne Pass 36.45631 117.23982 BTA 3.904 53.26 1.50 17.19 7.40 0.14 5.58 8.47 3.66 2.04 0.45 94.0
KAH-TP-3 Towne Pass Cyn 36.36489 117.28547 TAN 3.975 56.37 1.30 18.01 6.20 0.11 4.14 6.66 4.18 2.31 0.41 94.0
KAH-PS-4 Panamint Spring 36.34579 117.49615 BAS 4.074 47.63 1.71 14.80 12.05 0.19 8.77 10.34 2.46 1.19 0.47 90.2
KAH-DP-5 Darwin Plateau 36.37963 117.59550 BAS 4.147 48.81 1.58 16.78 8.67 0.16 7.74 9.97 3.43 1.50 0.90 95.4
KAH-TP-6 Towne Pass Wash 36.34840 117.33440 TAN 4.91 57.53 1.20 17.05 6.43 0.10 3.98 6.13 4.26 2.7 0.34 88.4
KAH-AR-7 Argus Range 36.30798 117.42371 BTA 5.129 55.90 1.26 16.71 6.65 0.12 5.29 7.12 3.96 2.41 0.30 93.4

Salt Creek
JRK-DV-1 W of Salt Creek 36.61059 117.07661 AND 4.959 58.04 1.03 15.33 6.36 0.10 5.57 6.65 3.42 2.47 0.30 95.8

Dry Mountain
JRK-DV-3 Dry Mtn Flow 36.95202 117.57504 BAS 3.921 48.19 1.87 15.43 11.33 0.17 5.53 11.35 2.76 2.13 0.80 95.4
JRK-DV-2 Dry Mtn Cone 36.94520 117.52329 AND 4.517 61.34 0.75 15.62 5.67 0.11 3.60 5.61 3.40 3.13 0.40 94.8

Gower Gulch
JRK-GG-1 Gower Gulch up 36.41693 116.81931 BAS – 49.09 1.89 18.93 9.35 0.14 6.52 9.05 3.59 0.76 0.40 98.18
JRK-GG-2 Gower Gulch low 36.41697 116.81995 BAS 6.197 50.34 2.04 19.38 8.44 0.10 3.94 10.73 3.56 0.57 0.58 98.03

Notes: Data were collected by X-ray fluorescence spectrometer at Pomona College, Jonathan Harris, operator. Oxide percentages were normalized to 100% (anhydrous). 
Original totals are reported in last column.

*Locations are by WGS 84 datum.
†AND—Andesite; BAS—basalt; BTA—basaltic trachyandesite; MON—monazite; TAN—trachyandesite.
#See Table 3 for details regarding ages.
Cyn—Canyone; Mtn–mountain.
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with multidisciplinary field and geochemical 
analyses (i.e., oxygen isotope, X-ray diffraction, 
and scanning electron microscope) of gouges 
that formed along the Black Mountains fault 
zone, which suggest at least 3 km of fault-zone 
exhumation since ca. 3 Ma (Hayman, 2006). The 
combination of fault-controlled uplift and basalt 
flows formed a topographic barrier between 
Death Valley and southern Amargosa Valley.

The fluvial courses that connected the Saline 
Range and Darwin Plateau areas to Death Val-
ley (paths M and N in Figs.  11, 14, and 15) 
were fragmented by post-3.9 Ma slip on the Dry 
Mountain and Hunter Mountain–Panamint Val-
ley fault zones, respectively. Slip on the kine-
matically linked Hunter Mountain–Panamint 
Valley fault zone (Fig.  8) has fragmented the 
southern fluvial course (Figs. 14 and 15A) by 
producing relief between northern Panamint Val-

ley and the Panamint Range since ca. 3.5–4 Ma. 
This faulting has generated at least 1 km of 
relief, based on a combination of cross-sectional 
(Sternlof, 1988) and map-view (Burchfiel et al., 
1987) reconstructions and thermochronometric 
modeling (Bidgoli et  al., 2015). Post-3.9 Ma 
slip on the Dry Mountain fault zone blocked 
the northern fluvial course by down-dropping 
the Saline Range and Saline Valley relative to 
Dry Mountain and the rest of the southern Last 
Chance Range.

Slip on the Dry Mountain and Hunter Moun-
tain–Panamint Valley fault zones produced the 
modern, western drainage divide at Death Val-
ley (Panamint Range to Last Chance Range; 
Figs. 11 and 15), and therefore fragmented the 
western parts of the northern and southern flu-
vial courses. This fault slip took place after ca. 
3.9 Ma and was likely linked kinematically with 
slip on the east Inyo fault zone (e.g., Burchfiel 
et  al., 1987; Lee et  al., 2009) via the Hunter 
Mountain fault zone (Fig. 15). We infer that this 
fault slip generated the modern endorheic condi-
tions in the Panamint and Saline Valley basins 
(Fig. 15B), although specific evidence of internal 
drainage since Pliocene time was not found.

The western part of the northern fluvial course 
(path L in Figs. 2 and 15A) was fragmented by 
slip on the White Mountains and East Inyo fault 
zones (Figs. 1 and 2). This faulting dropped the 
Owens and Saline valleys down, respectively, 
relative to the White-Inyo Range in middle Plio-
cene time (Fig. 15). Sedimentological evidence 
(Bachman, 1978) suggests that middle Pliocene 
to Holocene (post-2.5 Ma) slip on these fault 
zones generated 1–1.5 km of relief between the 
White-Inyo Range and Owens Valley. This is 
similar to the magnitude of post-2.8 Ma exhu-
mation in the White-Inyo Range, which was 
estimated independently from thermochronom-
etry and tilt reconstructions (Stockli et al., 2003; 
Lee et al., 2009). Slip on the White Mountains 
and East Inyo fault zones coincided, in part, with 
west-tilting of the Sierra Nevada during slip on 
the Sierra Nevada frontal fault zone (Fig.  1), 
which has generated 1.5–2.1 km of rock uplift 
since ca. 5 Ma (Huber, 1981; Wakabayashi 
and Sawyer, 2001; Phillips, 2008; Hildreth 
et al., 2021).

Slip on the Sierra Nevada, White Mountains, 
and east Inyo fault zones created the modern 
Sierran crest and White-Inyo Range, which 
form major drainage divides in the southwest-
ern Great Basin (Fig. 15B). The formation of 
Owens Valley by fault slip probably resulted 
in the modern, endorheic conditions within the 
greater Owens Valley Basin. In turn, endorheic 
conditions led to the drying of Pliocene lakes 
in Owens Valley and the formation of isolated 
springs (Fig. 15B). Progressive Plio-Pleistocene 

drying and salinization of the Owens Valley 
Lake system is preserved in the sedimentary 
(Lueddecke et al., 1998) and fossil (Oseguera, 
2012) records of the ca. 2.63–2.06 Ma Waucoba 
Lake Beds (De Masi, 2013).

Implications for the Evolution of Endemic 
Species

Pliocene fault- and volcanic-controlled frag-
mentation of the fluvial courses described above 
(Fig. 15) corresponds temporally with the evolu-
tion of several endemic lineages of springsnails 
and pupfish that live in Owens, Death, and Ama-
rgosa valleys (ca. 2–5 Ma; e.g., Echelle, 2008; 
Hershler and Liu, 2008; Hershler et al., 2011, 
2013). Interestingly, the endemic species have 
Miocene ancestors that lived in the Gila River 
Basin, coastal California, and northern Mexico. 
How the ancestral forms entered the southwest-
ern Great Basin and what drove their subsequent 
divergence and endemism remains unknown. 
Further understanding is contingent on more 
robust reconstructions of early to middle Mio-
cene paleogeography of a broader area.

Regardless of how the ancestors entered the 
area now occupied by the southwestern Great 
Basin, we hypothesize that subsequent diver-
gent speciation was driven by Pliocene (ca. 
3.5–4 Ma) geographic isolation, which was 
the direct consequence of both fault-controlled 
topographic development and local volcanism 
that fragmented the pre-existing fluvial network 
(Fig. 15). If true, then intraplate tectonics exerted 

Figure 12. Age spectra from step-heating ex-
periments performed on groundmass from 
lava flows in the Dry Mountain area are 
plotted. Eruption ages (plateaus) constrain 
the maximum age (andesite cone and basalt 
tongue) and disconnection (Saline Valley ba-
salt) of flow through the E–W valley north 
of Dry Mountain (see Fig.  7). See text for 
discussion.

Figure 13. Age spectrum are plotted from a 
step-heating experiment performed on the 
groundmass of the trachyandesite of Black 
Point (KAH-BP-1), the youngest lava flow 
in the Nova Basin that predates the forma-
tion of northern Panamint Valley. MSWD—
mean square of weighted deviates.
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first-order control on the biological evolution of 
endemic spring-dwelling taxa over relatively 
short length (<100 km) and time scales (a few 
millions of years). This type of tectonic control 
on evolutionary biology has not been demon-
strated over such short spatial and temporal 
scales before.

Drivers of Pliocene Tectonic-Controlled 
Isolation

Regional middle Pliocene (ca. 3.5–4 Ma) 
topographic development and hydrological iso-
lation in the southwestern Great Basin (Fig. 15) 

was the result of a westward migration of fault-
ing (Wernicke, 1992; Snow and Wernicke, 
2000; Fridrich and Thompson, 2011). The west-
ward migration of intraplate faulting has been 
explained previously by (1) dynamic buoyancy 
due to return asthenospheric flow in the wake of 
a delaminated crustal root in the southern Sierra 
Nevada (Ducea and Saleeby, 1998; Farmer 
et al., 2002; Saleeby et al., 2003; Jones et al., 
2004; Jones and Saleeby, 2013), (2) localiza-
tion of range-bounding fault zones due to plate-
boundary kinematic changes (e.g., Wernicke 
et al., 1988; Snow and Wernicke, 2000; Stockli 
et al., 2003; Unruh et al., 2003; McQuarrie and 

Wernicke 2005; Fridrich and Thompson, 2011; 
Walker et al., 2014; Lutz et al., 2022), and (3) 
internal rheological changes in the eastern Death 
Valley area that caused a shift in strain localiza-
tion (e.g., Wernicke, 1992; Harry et al., 1993; 
Fridrich and Thompson, 2011; Lutz et al., 2021, 
2022). Critical evaluation of these three tectonic 
drivers, which are not mutually exclusive, is 
beyond the scope of this paper.

Regardless of the driver(s), the result was 
a rapid change in the regional hydrological 
framework. Late Pliocene to Holocene tecton-
ics and volcanism fragmented a preexisting 
Mio-Pliocene drainage system and created new 

Figure 14. Stratigraphic correlation diagrams show the northern (top) and southern (bottom) fluvial courses (red and black arrows) docu-
mented in this study. Double asterisk indicates where Hunter Mountain Batholith (HMB) clasts are found in conglomerates. New dates 
from this study are marked in small bold text adjacent to the columns. Other dates are from Knott et al. (2018), Snow and Lux (1999), 
and Elliott et al. (1984). Na—Neogene Artist Drive Formation; Nf—Neogene Furnace Creek Formation; Nfc—Neogene Furnace Creek 
Formation Conglomerate (m-middle; u-upper); Nn (u/m/l)—Neogene Nova Formation; Nnav—Neogene Navadu Formation; Ns—Neogene 
sedimentary rocks; Nsa—Neogene Arkose; NQv—Neogene–Quaternary volcanic rocks; BMF—Black Mountains fault zone; DMF—Dry 
Mountain fault zone; DV—Death Valley; EIF—East Inyo fault zone; PVF—Panamint Valley fault zone; TMF—Tin Mountain fault zone.
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environmental niches over the course of 1–2 m.y. 
The relatively rapid tectonically controlled frag-
mentation isolated previously interbreeding 
populations of spring-dwelling taxa, which led 
to divergent evolution and endemism.

CONCLUSIONS

We documented the existence and subse-
quent fragmentation of a Mio-Pliocene drain-
age network in the southwestern Great Basin. 
Previously connected remnants of this drainage 
system, now preserved in ranges, are now dis-
rupted and separated by hydrologically isolated, 
endorheic basins (Fig. 15B).

Our results support the existence of two inter-
connected drainages (or fluvial courses) that 
predated the local Basin and Range topography. 
The northern fluvial course (Figs. 14 and 15A), 
defined primarily by lava flows north of Dry 
Mountain (Fig.  7), connected the White-Inyo 
Range area to Death Valley between ca. 4.5 Ma 
and 3.8 Ma.

The southern fluvial course (Figs.  14 and 
15A), represented by lava flows and alluvial fan-
glomerates, connected the southern Inyo Range 
(Darwin Plateau area) to Death Valley and Ama-
rgosa Valley in latest Miocene to Pliocene times. 
A connection between the southern Inyo Range 
and Death Valley existed before 3.8 Ma, based 
on lava flows in the Nova Basin.

A pre-Death Valley fluvial connection 
between the southern Cottonwood Moun-

A

B

Figure 15. Map-view reconstruction shows 
(A) Pliocene drainage basins that predated 
(B) the modern, endorheic subbasins of the 
southwestern Great Basin. Reconstructed 
locations of faults in panel A are simplified 
from Lutz et  al. (2022). Grey dashed lines 
in panel A are faults that accrued the most 
slip after ca. 4 Ma and formed much of the 
modern Basin and Range topography. Let-
ters “L, M, R, etc.,” refer to constraints doc-
umented in other figures and in the text. The 
red areas indicate the interconnected north-
ern and southern fluvial courses. FCB—
Furnace Creek Basin; NB—Nova Basin; 
UB—Ubehebe Basin; BMF—Black Moun-
tains fault zone; EIF—East Inyo fault zone; 
GFZ—Garlock fault zone; HMB—Hunter 
Mountain Batholith; HMF—Hunter Moun-
tain fault zone; NDVF–FCF—Northern 
Death Valley–Furnace Creek fault zone; 
OVF—Owens Valley fault zone; PV—Pan-
amint Valley; SFZ—Stateline fault zone; 
SNF—Sierra Nevada frontal fault zone; 
WMF—White Mountains fault zone; DV—
Death Valley; SR—Saline Range.
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tains and the Furnace Creek Basin existed at 
ca. 8.1–6.2 Ma (R in Fig.  15A) based on the 
Hunter Mountain Batholith-bearing Conglom-
erate of Gower Gulch, and, speculatively, until 
ca. 3.5 Ma (Q in Fig. 15A), based on the con-
glomerate in the east Coleman Hills. Fluvial 
connection between the southern Cottonwood 
Mountains and Amargosa Valley before 8.1 Ma, 
and possibly as long ago as ca. 11.4 Ma, is sup-
ported by Hunter Mountain Batholith-bearing 
conglomerates within the Artist Drive Forma-
tion (Wright et al., 1999) and Eagle Mountain 
Formation (Niemi et al., 2001).

Penultimate fragmentation of the Mio-Plio-
cene fluvial network was achieved by transten-
sional, range-front faulting and local volcanism 
(Figs. 2 and 15). Fault-controlled topographic 
development was an intraplate response to one 
or more of three potential geodynamic drivers 
and formed the modern endorheic basins in 
the region. This rapid, tectonically controlled 
environmental change probably led to ende-
mism among spring-dwelling taxa in the region 
through population isolation and allopatric 
speciation.
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