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ABSTRACT

Authigenic calcite and smectite stable iso-
topic records were determined for fi ve Neo-
gene terrestrial stratigraphic sections from 
the central Basin and Range Province and 
surrounding regions. We recognized a gen-
eral pattern of increasing authigenic min-
eral δ18O values with decreasing age since 
the middle Miocene throughout the region. 
We suggest this pattern results from regional 
elevation decrease and associated changes in 
atmospheric circulation patterns. An anoma-
lous pattern of decreasing δ18O values with 
decreasing age is observed in the Miocene 
Horse Spring Formation exposed in the 
Lake Mead Basin, which is contemporane-
ous with local magmatic activity. We suggest 
this pattern results from surfi cial uplift of 
local highlands feeding water into the Horse 
Spring depositional system. The topographic 
histories suggested here provide insight into 
the response of the land surface to crustal 
processes. Neogene extensional deformation 
in the central Basin and Range Province 
resulted in a net regional elevation decrease.

Keywords: isotope ratios, lacustrine sedi-
ments, Basin and Range Province, paleoto-
pography, Neogene.

INTRODUCTION

Determining the topographic response of 
elevated regions to changes in lithospheric 
structure is an important yet poorly understood 
problem in the earth sciences. The surface uplift 
of mountain belts, such as the Himalaya and 
Andes, is generally agreed to result from the 
development of a thick (70–80 km) Airy-type 

crustal root during collisional tectonic events 
(Wernicke et al., 1996). In contrast, loss of a 
preexisting Airy-type crustal root is believed to 
have occurred during the late Cenozoic beneath 
the Sierra Nevada range of California (Wernicke 
et al., 1996). The topographic response to this 
change in crustal structure is debated in the 
scientifi c literature, thus complicating our abil-
ity to interpret the long-term linkages between 
topography and climate in the region (e.g., Wer-
nicke et al., 1996; Farmer et al., 2002; Jones et 
al., 2004).

Several recent investigations provide insight 
into the lithospheric structure of the southern 
Sierra Nevada and adjacent central Basin and 
Range Province region (e.g., Wernicke et al., 
1996; Rudnick and Lee, 2002). One of the most 
intriguing contributions from these studies is the 
observation that the Sierra Nevada and adjacent 
Basin and Range Province are underlain by con-
tinental crust of similar thickness (Wernicke et 
al., 1996). This discovery is surprising in that 
the southern Sierra Nevada stands ~1.8–2.8 km 
above the central Basin and Range Province east 
of the range, suggesting the Sierra Nevada is 
supported by low-density upper mantle (Ducea 
and Saleeby, 1998). Compelling petrologic, geo-
physical, and geochemical evidence exists for 
the removal of a preexisting crustal root beneath 
the southern Sierra Nevada, and replacement 
of this deep crust by asthenosphere since the 
middle Miocene (Fliedner and Ruppert, 1996; 
Ducea and Saleeby, 1998; Farmer et al., 2002; 
Rudnick and Lee, 2002; Jones et al., 2004).

Despite these advances, the topographic 
response to changes in lithospheric structure 
across the southern Sierra Nevada–central Basin 
and Range transition is not well known. Some 
studies have suggested that upwelling of low-
density asthenosphere beneath the Sierra Nevada 
resulted in signifi cant topographic uplift of the 
range during the late Neogene (e.g., Ruppert et 
al., 1998; Farmer et al., 2002). In contrast, others 

have suggested that negative buoyancy forces 
could have caused up to 4 km of topographic 
lowering of the range during this same period 
of time (Wernicke et al., 1996). Results from 
paleotopographic investigations of the Sierra 
Nevada and adjacent Basin and Range have pro-
duced similarly disparate interpretations of the 
uplift history of the region.

Paleotopographic arguments support-
ing post–middle Miocene uplift of the Sierra 
Nevada are based on geomorphic (e.g., Chris-
tensen, 1966; Huber, 1981) and paleofl oral 
(e.g., Axelrod, 1962) data sets, whereas paleo-
topographic arguments supporting pre–middle 
Miocene uplift of the range are based on paleo-
fl oral (Wolfe et al., 1997), thermochronologic 
(House et al., 1998), and stable isotopic (Poage 
and Chamberlain, 2002) data sets. One of the 
most signifi cant results of Poage and Cham-
berlain’s study (2002) is the identifi cation of 
an ~5‰ increase in smectite and calcite δ18O 
values between 14 and 7 Ma for samples col-
lected from the El Paso Basin, ~30 km east 
of the southern Sierra Nevada range crest. A 
similar age and magnitude isotopic shift is 
not recognized in other terrestrial basin sta-
ble isotopic records produced throughout the 
northern Basin and Range Province (Poage 
and Chamberlain, 2002; Horton et al., 2004). 
Poage and Chamberlain (2002) suggested that 
the increase in smectite and calcite δ18O values 
in the El Paso Basin records a localized shift 
in surface-water δ18O values, possibly caused 
by a 2 km reduction in surface elevation of the 
southern Sierra or changes in regional storm 
tracks that circumnavigate the southern Sierra 
en route to the El Paso Basin. To test these 
hypotheses, we examined fi ve additional Neo-
gene authigenic mineral stable isotopic records 
from the central Basin and Range Province and 
California Transverse Range in an effort to bet-
ter constrain regional versus local patterns in 
stable isotopic stratigraphic records.
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All of the authigenic mineral stable isotopic 
records presented here exhibit isotopic shifts 
toward more positive δ18O values with decreasing 
age since the middle Miocene. However, none 
of the isotopic records presented here matches 
the precise age and magnitude of the isotopic 
shift observed in the El Paso Basin record of 
Poage and Chamberlain (2002). We suggest that 
a regional surface elevation decrease, and asso-
ciated reorganization of regional climate pat-
terns, is responsible for the observed increase in 
authigenic mineral δ18O values with decreasing 
age throughout the central Basin and Range.

In addition, the Neogene calcite oxygen iso-
tope record produced for the Lake Mead Basin 
shows an early to middle Miocene decrease in 
δ18O values that is not recognized in any of the 
other stratigraphic sections investigated. We 
suggest the anomalous patterns recognized in 
the El Paso Basin and Lake Mead Basin stable 
isotopic records result from local surface sub-
sidence and uplift events, respectively. Topo-
graphic lowering of the El Paso Basin during the 
middle to late Miocene agrees well with docu-
mented changes in sediment provenance during 
this time (Loomis and Burbank, 1988). Uplift in 

the Lake Mead area during the Miocene is also 
supported by sedimentologic reconstructions of 
regional paleogeography (Beard, 1996).

GEOLOGIC SETTING

The stratigraphic sections investigated in the 
current study, including sedimentary sequences 
exposed in the San Gabriel Mountains (Sole-
dad Basin), Mud Hills (Rainbow Basin), Cot-
tonwood and Funeral Mountains (Death Valley 
area), Virgin Mountains (Lake Mead Basin), 
and Artillery Mountains (western Arizona), are 
spread across an ~100,000 km2 area of the cen-
tral Basin and Range Province and surrounding 
areas (Fig. 1). These sedimentary sections were 
all deposited in extensional rift basins charac-
teristic of the central Basin and Range Province 
during the Neogene. Detailed lithostratigraphic 
descriptions of the sedimentary rocks inves-
tigated are provided in the following sources: 
Soledad Basin (Muehlberger, 1958; Ehlert, 
1982; Hendrix and Ingersoll, 1987); Rainbow 
Basin (MacFadden et al., 1990; Woodburne et 
al., 1990; Ingersoll et al., 1996); Death Valley 
region (Blair and Raynolds, 1999; Cemen et al., 

1999; Snow and Lux, 1999); Lake Mead area 
(Bohannon, 1984; Beard, 1996); and western 
Arizona (Sheppard and Gude, 1973; Spencer et 
al., 1989). For each of the stratigraphic sections 
investigated, a brief summary description is pre-
sented next.

The Soledad Basin includes 8000 m of fl u-
vio-lacustrine sedimentary rocks ranging in age 
from 25 to 2 Ma (Durham et al., 1954; Crowell, 
1973; Hendrix and Ingersoll, 1987), and lies west 
of the central Basin and Range, where most of 
our sections are located. The depositional basin 
originally formed in response to northwest-
southeast–oriented crustal extension, possibly 
related to northward migration of the Mendocino 
triple junction (Hendrix and Ingersoll, 1987). 
Paleogeographic reconstructions indicate the 
Soledad Basin was originally located adjacent 
to the ancestral San Gabriel Mountains, near the 
present-day Salton Sea (Hendrix and Ingersoll, 
1987). The lower 6000 m of Soledad Basin fi ll 
is assigned to the early Miocene (25–21 Ma) 
Vasquez Formation (Hendrix and Ingersoll, 
1987). Samples from the Vasquez Formation 
investigated in the current study were collected 
from lacustrine sediments of the Volcanic–Tick 
Canyon interval of the lower Vasquez Formation 
(Hendrix and Ingersoll, 1987). The middle and 
upper Miocene Tick Canyon and Mint Canyon 
Formations unconformably overlie the Vasquez 
Formation in the Soledad Basin stratigraphic sec-
tion (Hendrix and Ingersoll, 1987). No samples 
were investigated from the ~200-m-thick Tick 
Canyon Formation in the current study. Samples 
from the Mint Canyon Formation investigated 
in the current study were collected from Area D 
of Ehlert (1982). These samples include calcare-
ous lacustrine mudstones and algal limestones 
collected from an ~1000-m-thick sequence 
of lacustrine sedimentary rocks west of Bou-
quet Canyon. Additional lacustrine limestone 
samples were collected from the ~400-m-thick 
upper Pliocene Sunshine Ranch Member of the 
Saugus Formation (Morrison, 1965).

Rainbow Basin, in the southern Mud Hills 
~10 km north of Barstow, California, includes 
~1000 m of fl uvio-lacustrine sedimentary rocks 
of the middle Miocene Barstow Formation 
(Ingersoll et al., 1996). The Barstow Formation 
represents postextensional basin fi ll, includ-
ing coarse- to fi ne-grained sedimentary rocks 
and water-laid volcanic ash (MacFadden et al., 
1990). Several radiometric age determinations 
on tuffs exposed throughout the Barstow For-
mation constrain the age of deposition between 
ca. 20 and ca. 13 Ma (MacFadden et al., 1990; 
Woodburne et al., 1990). Samples investigated 
in the current study included smectitic ashes, 
calcareous mudstones, and lacustrine limestones 
exposed throughout the Barstow Formation. In 
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Figure 1. Digital elevation model of the southwestern United States with stratigraphic section 
locations. Stratigraphic sections from the northern Great Basin (Horton et al., 2004) are shown 
as black circles. Stratigraphic sections from the western Great Basin (Poage and Chamber-
lain, 2002) are shown as gray circles. Stratigraphic sections investigated in the current study 
and the El Paso Basin of Poage and Chamberlain (2002) are shown as white circles. These sec-
tions include: SB—Soledad Basin; EPB—El Paso Basin; RB—Rainbow Basin; DV—Death 
Valley area; LM—Lake Mead area; WA—western Arizona. Also shown are δ18O contours of 
modern precipitation throughout the Great Basin region (Friedman et al., 2002b).
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addition, two smectitic ash layers from the Plio-
cene Mojave River Formation of Nagy and Mur-
ray (1996), exposed ~50 km east of Barstow, 
were included in the current investigation.

Detailed lithostratigraphic descriptions of the 
Neogene terrestrial sedimentary rocks exposed 
in the Death Valley region are available in the lit-
erature (e.g., Blair and Raynolds, 1999; Cemen 
et al., 1999; Snow and Lux, 1999; Wright et al., 
1999). For the current study, samples were col-
lected from the lower Miocene Ubehebe, mid-
dle Miocene Panuga and Bat Mountain, and the 
upper Miocene Furnace Creek Formations. The 
lower Miocene Ubehebe and middle Miocene 
Panuga and Bat Mountain Formations represent 
early and synextensional basin-fi ll sequences of 
both coarse-grained lithic facies and lacustrine 
facies (Cemen et al., 1999; Snow and Lux, 
1999). Only samples of lacustrine limestone 
and marl were collected for the current inves-
tigation. Radiometric ages determined for vol-
canic ashes included in the Ubehebe Formation 
constrain the age of deposition between ca. 25 
and ca. 20 Ma (Snow and Lux, 1999), and ca. 
15.7 Ma for the Panuga Formation (Snow and 
Lux, 1999). The overlying ~2000-m-thick Fur-
nace Creek Formation was deposited between 
ca. 4 and ca. 7 Ma, during a period of rapid 
subsidence following signifi cant crustal exten-
sion in the Death Valley region (Cemen et al., 
1999; Wright et al., 1999). Lacustrine mud-
stones, limestone, and water-laid tuffs, locally 
including evaporite minerals (e.g., borates and 
gypsum), characterize the Furnace Creek For-
mation (Wright et al., 1999). Calcite-bearing 
mudstones and limestones were sampled exclu-
sively for the current investigation.

Terrestrial sedimentary rocks in the Lake 
Mead area include the Miocene Horse Spring 
and Muddy Creek Formations (Bohannon, 
1984). Lacustrine limestones and calcareous 
shales of the Horse Spring Formation were col-
lected east of Frenchman Mountain, near Las 
Vegas, Nevada, in the current investigation. 
These samples range in age from ca. 26 (Beard, 
1996) to ca. 12 Ma (Bohannon, 1984) based 
on several radiometric age determinations. 
Additional lacustrine limestones and calcare-
ous shales were collected from the overlying 
Muddy Creek Formation of late Miocene age 
(Anderson et al., 1972; Bohannon, 1984). The 
Neogene terrestrial sedimentary rocks of the 
Lake Mead region include pre- and synexten-
sional lacustrine facies with interbedded fl uvial 
deposits (Bohannon, 1984; Beard, 1996). The 
Neogene stratigraphic section in the Lake Mead 
area is of particular signifi cance to the current 
investigation because it is the only stratigraphic 
sequence investigated that includes pre-exten-
sional sedimentary units, specifi cally the Rain-

bow Gardens Member of the Horse Spring 
Formation. The Rainbow Gardens Member is 
an ~200-m-thick sequence of lacustrine lime-
stones and fl uvial sandstones that range in age 
between ca. 26 and ca. 19 Ma (Beard, 1996). 
Basin analysis of the Rainbow Gardens Mem-
ber suggests the unit was deposited in a low-
lying shallow lake basin south of the Sevier 
thrust belt highlands, contemporaneous with 
regional magmatism related to the Great Basin 
“ignimbrite fl areup” (Beard, 1996).

Nonmarine sedimentary rocks in western 
Arizona include the Artillery, Chapin Wash, 
and Big Sandy Formations of Miocene through 
Pliocene age (Nations et al., 1982). The ~2000-
m-thick Artillery Formation is divided into 
lower (~700 m), middle (~1000 m), and upper 
(~300 m) members consisting of conglomer-
atic sandstone, mudstone, and limestone (lower 
member), sedimentary breccia, conglomerate, 
and basalt (middle member), and megabreccia 
(upper member), respectively (Spencer et al., 
1989). The overlying Chapin Wash Formation 
is an ~300-m-thick sandstone unit. Radiomet-
ric ages determined for volcanic rocks within 
and immediately overlying the Artillery and 
Chapin Wash Formations indicate these units 
were deposited between ca. 23 and ca. 10 Ma 
(Shafi qullah et al., 1980; Spencer et al., 1989). 
The Pliocene Big Sandy Formation is exposed 
~40 km north of the Artillery Mountains near 
Wikieup, Arizona. The Big Sandy Formation 
is an ~75-m-thick sequence of lacustrine mud-
stone and zeolite altered tuffs (Sheppard and 
Gude, 1973). For the current investigation, only 
samples from the calcite-bearing lacustrine 
units of the lower member of the Artillery and 
Big Sandy Formations were collected.

METHODS

Carbonate Stable Isotope Analyses

Carbonate oxygen and carbon isotope analy-
ses were performed in the Stable Isotope Bio-
geochemistry Laboratory at Stanford Univer-
sity using a modifi ed version of the technique 
described by McCrea (1950). Approximately 
1–2 mg of carbonate powder was extracted 
from lacustrine limestone and calcareous shale 
samples using a dentist’s drill and then reacted 
at 70 °C with pure phosphoric acid in sealed 
reaction vessels fl ushed with helium gas. Head-
space sampling of evolved CO

2
 was performed 

with a Finnigan Gas-Bench, and isotopic ratios 
were measured on a Finnigan Delta+XL mass 
spectrometer. Precision of the carbonate isoto-
pic data is ~0.2‰ for both oxygen and carbon 
isotope ratios, based on blind duplicate analysis 
of NBS-18 and NBS-19 carbonate standards.

Smectite Stable Isotope Analyses

Clay-size mineral separates were extracted 
from air-fall ash deposits using standard centri-
fugation methods (Moore and Reynolds, 1997). 
Clay-water slurries were then mounted on glass 
slides and allowed to dry overnight for subse-
quent X-ray diffraction analysis on a Rigaku 
X-Ray diffractometer. Oriented samples were 
X-rayed to determine constituent clay mineral-
ogy. Only samples of pure smectite were used 
for oxygen and hydrogen isotope analysis.

Oxygen isotope ratios of smectite separates 
were determined using methods modifi ed from 
Clayton and Mayeda (1963). From 10 to 15 mg 
of smectite separate was placed in a N-atmo-
sphere drybox overnight in the presence of 
P

2
O

5
 before loading into nickel reaction ves-

sels. Reaction vessels were evacuated, heated to 
~200 °C for 1 h, and reevacuated before reaction 
with BrF

5
 at 570 °C for 16 h. Oxygen generated 

from this reaction was reacted with a heated 
graphite rod to produce CO

2
. Generated CO

2
 

was purifi ed cryogenically and injected directly 
into a Finnigan Delta+XL mass spectrometer 
for oxygen isotope ratio determinations. Preci-
sion of the determined smectite oxygen isotope 
ratios is ~0.2‰, based on repeated analysis of 
internal laboratory smectite standard DS15.

Smectite hydrogen isotope ratios were deter-
mined using the method of Sharp et al. (2001). 
From 0.5 to 1 mg of smectite separate wrapped in 
a silver foil capsule was dropped into a Finnigan 
high-temperature conversion elemental analyzer 
(TC-EA) using an autosampler. Wrapped sam-
ples reacted in the TC-EA furnace at 1450 °C in 
a helium stream generating H

2
 gas. The evolved 

gas passed through a 5 Å molecular sieve gas 
chromatography column and was introduced via 
a Finnigan ConFlo III interface to a Finnigan 
Delta+XL mass spectrometer for hydrogen iso-
tope ratio determinations under continuous-fl ow 
conditions. Precision of the determined smec-
tite hydrogen isotope ratios is ±2.5‰, based on 
repeated analysis of NBS standards 22 and 30.

Carbonate Trace Element Analyses

Carbonate Mg/Ca and Sr/Ca ratios were 
determined using a sensitive high-resolution ion 
microprobe (SHRIMP)-Reverse Geometry at 
Stanford University using the method of Mei-
bom et al. (2003). An ~10 KeV primary beam 
of O2– ions was focused to a diameter of ~25 
µm on the surface of epoxy mounted carbon-
ate grains. Sputtered secondary ion (43Ca2+, 
88Sr2+ and 24Mg2+) peak intensities were mea-
sured in an electron multiplier following mag-
netic sector and electrostatic analyzer second-
ary beam focusing. Elemental ratios were 
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 determined using working curves for 88Sr/43Ca 
and 24Mg/43Ca intensity ratios against Sr/Ca and 
Mg/Ca ratios of a series of internal laboratory 
calcite standards of known composition. The 
elemental ratios reported are precise to ±0.5%, 
based on repeated analysis of the standard mate-
rial. Internal laboratory calcite standards were 
synthesized from mixtures of Spec-pure CaCO

3
, 

with varying amounts of Sr and Mg spikes, in a 
piston-cylinder apparatus by Ben Hankins and 
John Fitzpatrick at the U.S. Geological Survey 
(USGS) in Menlo Park, California (Meibom et 
al., 2003). Calcite standard elemental concentra-
tions were determined at the USGS by solution 
inductively coupled plasma–mass spectrometry 
(ICP-MS) and checked for homogeneity with 
the SHRIMP-RG.

STABLE ISOTOPIC RESULTS

In total, we determined the δ18O and δ13C val-
ues of 199 lacustrine carbonates from the Neo-
gene terrestrial basins (Table 1). The carbonates 
from the Soledad Basin range from –5.5‰ to 
–14.2‰ δ18O (Peedee belemnite [PDB]) and 
from –5.3‰ to –13.8‰ for δ13C (PDB); the 
lacustrine carbonates from the Rainbow Basin 
range from –6.0‰ to –9.1‰ δ18O (PDB) and 
from 1.1‰ to –4.3‰ for δ13C (PDB); the car-
bonates from the Death Valley region range 
from –5.0‰ to –16.5‰ δ18O (PDB) and from 
4.7‰ to –5.7‰ for δ13C (PDB); the lacustrine 
carbonates from the Lake Mead Basin range 
from –1.1‰ to –14.1‰ δ18O (PDB) and from 
10.8‰ to –4.3‰ for δ13C (PDB); and the lacus-
trine carbonates from western Arizona range 
from –5.0‰ to –10.7‰ δ18O (PDB) and from 
2.5‰ to –5.0‰ for δ13C (PDB).

We also measured the smectite δ18O and δD 
values for 10 samples from air-fall ashes col-
lected from the El Paso Basin and Rainbow 
Basin stratigraphic sections (Table 2). Smec-
tite δ18O values range from 21.0‰ to 13.6‰ 
(standard mean ocean water [SMOW]) and δD 
values range from −102‰ to −111‰ (SMOW) 
in the El Paso Basin, and smectite δ18O values 
range from 19.2‰ to 15.6‰ (SMOW) and δD 
values range from −96‰ to −110‰ (SMOW) in 
the Rainbow Basin.

Lacustrine carbonate δ18O values are plot-
ted against age in Figure 2. Sample ages were 
assigned based on published radiometric ages 
(see previous section for age data and refer-
ences) and stratigraphic position relative to 
dated samples assuming a linear accumula-
tion rate. For the Lake Mead Basin (Fig. 2D), 
individual sample ages were not assigned due 
to the limited occurrence of datable materials 
in the stratigraphic intervals sampled. As such, 
lacustrine carbonate δ18O values for Lake Mead 

Basin samples are presented as whiskered quar-
tile boxes spanning the published age range for 
the lithostratigraphic units indicated (Fig. 2D). 
Whiskers extending from each quartile box in 
Figure 2D span the upper and lower quartiles 
for the δ18O data presented in Table 1 for the 
lithostratigraphic unit indicated. The median 
δ18O value for lacustrine carbonates analyzed 
for each unit is represented by the vertical 
hachure inside each quartile box (Fig. 2D). The 
total number (n) of samples analyzed from each 
unit is also indicated (Fig. 2D). Carbonate δ18O 
values for the Miocene-Pliocene Bouse Forma-
tion, determined by Poulson and John (2003), 
are presented in similar style (Fig. 2D). Authi-
genic mineral stable isotopic records from pre-
viously published investigations in the northern 
(Horton et al., 2004) and western (Poage and 
Chamberlain, 2002) Great Basin, and El Paso 
Basin (Poage and Chamberlain 2002) are pre-
sented for comparison (Fig. 2F).

These stable isotopic data show the follow-
ing: First, all of the stable isotopic records 
show an overall increasing trend in authigenic 
calcite δ18O values with decreasing age since 
the middle Miocene (Fig. 2A–E). This general 
pattern is similar to previously published stable 
isotopic records for other Neogene stratigraphic 
sequences exposed elsewhere in the Great Basin 
region (Poage and Chamberlain, 2002; Horton 
et al., 2004; Fig. 2F). The absolute magnitude of 
the Miocene increases in calcite δ18O values rec-
ognized in the Soledad Basin, Rainbow Basin, 
Death Valley area, Lake Mead region, and west-
ern Arizona isotope stratigraphies varies from a 
maximum of ~8‰ in the Death Valley area to a 
minimum of ~2‰ in the Rainbow Basin strati-
graphic section.

Second, the observed rates of change in cal-
cite δ18O values for the Soledad Basin (Fig. 2A), 
Rainbow Basin (Fig. 2B), Death Valley area 
(Fig. 2C), and western Arizona (Fig. 2E) isotope 
records are signifi cantly different than the rates 
of change for both calcite and smectite δ18O val-
ues in the El Paso Basin isotopic record (Poage 
and Chamberlain, 2002; Fig. 2F). The rates at 
which authigenic mineral δ18O values increase 
in the El Paso Basin (Fig. 2F) are ~2–3 times 
faster (1.2‰ smectite δ18O per million years; 
0.74‰ calcite δ18O per million years) than the 
rates observed elsewhere in the central Basin 
and Range Province (0.09‰ to 0.39‰ calcite 
δ18O per million years; Fig. 2A–E) and the 
western and northern Great Basin (0.19‰ and 
0.36‰ calcite δ18O per million years; Fig. 2F).

Third, in the Lake Mead Basin, an ~5‰ 
decrease in calcite δ18O values is recognized 
within the Horse Spring Formation between 
ca. 25 and ca. 13 Ma (Fig. 2D). This is the 
only Great Basin isotopic record that exhibits a 

decrease in calcite δ18O values during the Oligo-
cene to Miocene, suggesting a local mechanism 
is responsible for this isotopic shift.

Fourth, smectite δ18O values in the Rainbow 
Basin are generally ~5‰ lower than the adjacent 
calcites during the middle Miocene (Fig. 2B). 
Based on temperature-dependent mineral-water 
fractionation equations (calcite—Kim and 
O’Neil, 1997; smectite—Sheppard and Gilg, 
1996), authigenic smectite and calcite δ18O val-
ues should be offset by ~3‰, with smectite hav-
ing the lower d values, assuming both minerals 
formed in isotopic equilibrium with the same 
water at the same temperature (Poage and Cham-
berlain, 2002). Thus, the ~5‰ offset between 
smectite and calcite δ18O values is most likely 
due to differences in the isotopic composition of 
surface waters present during the time of mineral 
formation, and/or differences in the temperatures 
at which calcite and smectite formed.

Fifth, smectite δ18O and δD values from the 
Rainbow Basin and El Paso Basin stratigraphic 
sections plot in a distribution subparallel to 
the stable isotopic global meteoric water line 
(Fig. 3). This distribution is signifi cantly differ-
ent from the distribution of smectite δ18O and δD 
values defi ned by samples from the western and 
northern Great Basin, which plot roughly paral-
lel to the global meteoric water line (Fig. 3). This 
difference is most likely the result of evaporative 
modifi cation of the surface waters present during 
the time of smectite formation in the El Paso and 
Rainbow Basin stratigraphic sections.

Sixth, with the exception of the El Paso Basin 
record of Poage and Chamberlain (2002), authi-
genic mineral δ18O values in the central Basin 
and Range Province area are ~6‰ higher than 
similar-age authigenic mineral δ18O values from 
the northern and western Great Basin sections of 
Poage and Chamberlain (2002) and Horton et al. 
(2004) (Fig. 4). This offset is roughly the same 
magnitude as the difference in modern precipi-
tation δ18O values between southern Califor-
nia and northern Nevada (Fig. 1) (Friedman et 
al., 2002b). El Paso Basin smectite and calcite 
δ18O values plot in between the northern Great 
Basin and central Basin and Range Province 
end members (Fig. 4), despite geographic prox-
imity to the central Basin and Range Province 
basins investigated here (Fig. 1). The anomalous 
nature of the El Paso isotopic record suggests a 
local mechanism is responsible for the relatively 
rapid ~5‰ shift in smectite and calcite δ18O val-
ues observed in this basin.

Seventh, there is a general lack of covari-
ance between calcite δ13C and δ18O values in the 
lacustrine carbonates investigated (Fig. 5), with 
the notable exception of strong isotopic covari-
ance within the limestone Ubehebe Formation 
(Fig. 5C) and the Thumb Member of the Horse 
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TABLE 1. AUTHIGENIC CALCITE GEOCHEMICAL DATA

Basin/sample Geologic formation Latitude
(°N)

Longitude
(°W)

δ18O
(‰, PDB)

δ13C
(‰, PDB)

Mg/Ca Mn/Ca
(×104)

Sr/Ca
(×103)

Soledad Basin
SR/CA-08-03 Saugus (Sunshine Ranch Mbr) 34.3990 118.4776 –6.3 –11.2
SR/CA-09-03 Saugus (Sunshine Ranch Mbr) 34.3990 118.4776 –8.2 –11.8
SR/CA-11-03 Saugus (Sunshine Ranch Mbr) 34.3990 118.4776 –6.8 –10.5
SR/CA-12-03 Saugus (Sunshine Ranch Mbr) 34.3990 118.4776 –5.5 –9.9
SR/CA-13-03 Saugus (Sunshine Ranch Mbr) 34.3990 118.4776 –6.8 –13.5
MC/CA-03-11 Mint Canyon 34.4895 118.5163 –10.2 –5.3
MC/CA-03-12 Mint Canyon 34.4895 118.5163 –8.8 –5.6
MC/CA-03-13 Mint Canyon 34.4895 118.5163 –10.5 –6.0
VQ/CA-03-06 Vasquez 34.4775 118.3566 –10.7 –9.9
VQ/CA-03-08 Vasquez 34.4775 118.3566 –12.9 –6.6
VQ/CA-03-14 Vasquez 34.4775 118.3566 –14.2 –13.4
VQ/CA-03-16 Vasquez 34.4775 118.3566 –9.6 –13.8
VQ/CA-03-18 Vasquez 34.4775 118.3566 –11.9 –8.0

Rainbow Basin

BF-18 Middle Barstow 35.0223 117.0346 –6.2 –2.2 0.002 1.7 1.2
BF-20 Middle Barstow 35.0223 117.0346 –8.7 –3.5 0.0004 14.6 4.9
BF-27 Middle Barstow 35.0223 117.0346 –7.6 –3.7 0.023 4.8 6.4
BF-31 Middle Barstow 35.0223 117.0346 –6.7 –2.5
BF-36 Middle Barstow 35.0223 117.0346 –6.0 1.1 0.062 4.7 6.4
BF-38 Middle Barstow 35.0223 117.0346 –6.9 –4.3 0.019 8.8 6.3
BF-39 Middle Barstow 35.0223 117.0346 –7.2 –1.5 0.003 0.5 7.1
BF-40 Middle Barstow 35.0223 117.0346 –6.6 –1.5
BF-01 Lower Barstow 35.0223 117.0346 –8.4 –1.5 0.002 1.3 2.7
BF-02 Lower Barstow 35.0223 117.0346 –8.7 –3.5 0.001 0.7 0.4
BF-09 Lower Barstow 35.0223 117.0346 –8.0 –0.1 0.001 9.2 1.3
BF-10 Lower Barstow 35.0223 117.0346 –7.1 –1.4 0.003 14.6 2.2
BF-14 Lower Barstow 35.0223 117.0346 –8.8 –5.7 0.001 3.8 1.7
BF-15 Lower Barstow 35.0223 117.0346 –9.1 –2.0 0.001 9.6 0.8

Death Valley

ZP-3 Furnace Creek 36.4231 116.8279 –6.9 0.1
ZP-4 Furnace Creek 36.4231 116.8279 –5.8 0.6
ZP-5 Furnace Creek 36.4231 116.8279 –7.7 0.7
ZP-6 Furnace Creek 36.4231 116.8279 –7.1 –0.5
ZP-7 Furnace Creek 36.4231 116.8279 –5.4 0.0
ZP-10 Furnace Creek 36.4231 116.8279 –8.9 0.0 0.032 1.1 1.7
ZP-12 Furnace Creek 36.4231 116.8279 –9.5 3.2
ZP-13 Furnace Creek 36.4231 116.8279 –6.1 0.1
ZP-14 Furnace Creek 36.4231 116.8279 –5.3 –0.6
ZP-15 Furnace Creek 36.4231 116.8279 –6.4 –0.6
ZP-18 Furnace Creek 36.4231 116.8279 –7.4 4.0
ZP-19 Furnace Creek 36.4231 116.8279 –8.8 2.9
ZP-21 Furnace Creek 36.4231 116.8279 –7.7 4.6
ZP-22 Furnace Creek 36.4231 116.8279 –9.4 4.7
ZP-24 Furnace Creek 36.4231 116.8279 –9.6 3.5
ZP-26 Furnace Creek 36.4231 116.8279 –6.9 2.2
ZP-28 Furnace Creek 36.4231 116.8279 –6.9 1.9
ZP-30 Furnace Creek 36.4231 116.8279 –5.0 1.0 0.045 7.1 1.7
ZP-32 Furnace Creek 36.4231 116.8279 –10.0 0.3
CW/CA-01 Panuga 36.5633 117.3324 –10.6 –2.4
CW/CA-03 Panuga 36.5633 117.3324 –9.2 –0.5
CW/CA-05 Panuga 36.5633 117.3324 –9.8 –0.8
CW/CA-08 Panuga 36.5633 117.3324 –9.3 –2.5 0.004 3.6 0.9
CW/CA-10 Panuga 36.5633 117.3324 –10.5 –1.9 0.002 0.0 0.3
CW/CA-11 Panuga 36.5633 117.3324 –10.3 –1.9 0.018 0.7 0.2
BM-25 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –15.2 0.5 0.002 0.1 0.1
BM-26 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –16.3 0.4 0.06 12.3 0.5
BM-27 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –16.5 1.0 0.002 0.0 0.4
BM-28 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –12.8 –1.4
BM-29 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –16.0 2.6
BM-30 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –15.7 1.0
BM-31 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –15.4 1.2
BM-32 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –15.7 1.4
BM-33 Bat Mountain (Kelley’s Well Limestone Mbr) 36.3882 116.5174 –14.8 1.4

(continued)
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TABLE 1. AUTHIGENIC CALCITE GEOCHEMICAL DATA (continued)

Basin/sample Geologic formation Latitude
(°N)

Longitude
(°W)

δ18O
(‰, PDB)

δ13C
(‰, PDB)

Mg/Ca Mn/Ca
(×104)

Sr/Ca
(×103)

BM-1 Ubehebe (limestone) 36.3882 116.5174 –13.8 –4.5
BM-2 Ubehebe (limestone) 36.3882 116.5174 –13.3 –4.5
BM-3 Ubehebe (limestone) 36.3882 116.5174 –14.4 –5.2 0.011 0.5 0.5
BM-4 Ubehebe (limestone) 36.3882 116.5174 –12.2 –4.0
BM-5 Ubehebe (limestone) 36.3882 116.5174 –16.5 –5.7
BM-6 Ubehebe (limestone) 36.3882 116.5174 –14.3 –5.4 0.003 0.5 0.3
BM-8 Ubehebe (limestone) 36.3882 116.5174 –12.8 –4.9
BM-9 Ubehebe (limestone) 36.3882 116.5174 –14.7 –5.6
BM-10 Ubehebe (limestone) 36.3882 116.5174 –15.9 –5.4 0.004 0.4 0.1
BM-12 Ubehebe (limestone) 36.3882 116.5174 –12.0 –3.8
BM-13 Ubehebe (limestone) 36.3882 116.5174 –15.2 –5.6 0.001 2.5 0.1
BM-14 Ubehebe (limestone) 36.3882 116.5174 –15.6 –5.3
BM-20 Ubehebe (limestone) 36.3882 116.5174 –15.1 –5.2

Lake Mead Area

MC-2 Muddy Creek 35.9646 114.3468 –12.0 0.9
MC-3 Muddy Creek 35.9646 114.3468 –11.8 –0.1
MC-6 Muddy Creek 35.9646 114.3468 –12.5 1.5
MC-7 Muddy Creek 35.9646 114.3468 –12.9 2.0
MC-9 Muddy Creek 35.9646 114.3468 –12.6 1.7
MC-10 Muddy Creek 35.9646 114.3468 –12.6 1.7
MC-11 Muddy Creek 35.9646 114.3468 –12.3 1.3
MC-12 Muddy Creek 35.9646 114.3468 –12.3 0.8
MC-13 Muddy Creek 35.9646 114.3468 –11.2 1.2
MC-14 Muddy Creek 35.9646 114.3468 –12.3 0.5
LW-29 Horse Spring—Lovell Wash Mbr 36.1583 114.9086 –12.5 7.9
LW-30 Horse Spring—Lovell Wash Mbr 36.1583 114.9086 –12.2 5.7
LW-34 Horse Spring—Lovell Wash Mbr 36.1583 114.9086 –11.2 3.6
LW-38 Horse Spring—Lovell Wash Mbr 36.1583 114.9086 –11.6 10.8
LW-40 Horse Spring—Lovell Wash Mbr 36.1583 114.9086 –13.1 0.4
BR-01 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11 0.6
BR-02 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.5 0.3
BR-03 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.2 0.8
BR-04A Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.4 0.6
BR-05 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.4 0.4
BR-06 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.6 0.4
BR-07 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –13.6 0.7
BR-08 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.1 1.4
BR-09 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –7.7 0.1
BR-10 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –10.7 0
BR-11 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.4 0.8
BR-12 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12 0.9
BR-13 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –13 0.7
BR-15 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –7 0.1
BR-21 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –14.1 0.6
BR-22 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.7 0.4
BR-23 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.2 0.2
BR-24 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.8 0.2
BR-25 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.5 0.7
BR-26 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –12.4 0.8
BR-27 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –11.9 0.7
BR-28 Horse Spring—Bitter Ridge Mbr 36.1405 114.9500 –10.4 0.8
TH-16 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.1 –1.7
TH-17 Horse Spring—Thumb Mbr 36.1432 114.9524 –10.2 –1.4
TH-18 Horse Spring—Thumb Mbr 36.1432 114.9524 –10.1 –2.7
TH-19A Horse Spring—Thumb Mbr 36.1432 114.9524 –11.2 –4.1
TH-19B Horse Spring—Thumb Mbr 36.1432 114.9524 –10.7 –3.8
TH-21 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.9 –3.6
TH-22 Horse Spring—Thumb Mbr 36.1432 114.9524 –10.6 –3.6
TH-23 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.2 –3.2
TH-24 Horse Spring—Thumb Mbr 36.1432 114.9524 –7.7 –1.9
TH-25 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.8 –2.8
TH-28 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.8 –2.9
TH-29 Horse Spring—Thumb Mbr 36.1432 114.9524 –8.7 –0.4
TH-30 Horse Spring—Thumb Mbr 36.1432 114.9524 –8.8 0.1

(continued)
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TABLE 1. AUTHIGENIC CALCITE GEOCHEMICAL DATA (continued)

Basin/sample Geologic formation Latitude
(°N)

Longitude
(°W)

δ18O
(‰, PDB)

δ13C
(‰, PDB)

Mg/Ca Mn/Ca
(×104)

Sr/Ca
(×103)

TH-31 Horse Spring—Thumb Mbr 36.1432 114.9524 –8.7 –0.1
TH-32 Horse Spring—Thumb Mbr 36.1432 114.9524 –7.8 0.7
TH-33 Horse Spring—Thumb Mbr 36.1432 114.9524 –9.3 –0.9
TH-34 Horse Spring—Thumb Mbr 36.1432 114.9524 –8.5 –0.1
TH-35 Horse Spring—Thumb Mbr 36.1432 114.9524 –6.1 1.8
TH-36A Horse Spring—Thumb Mbr 36.1432 114.9524 –6.3 1.5
TH-37 Horse Spring—Thumb Mbr 36.1432 114.9524 –12.3 –3.8
TH-38 Horse Spring—Thumb Mbr 36.1432 114.9524 –11.6 –4.1
TH-39 Horse Spring—Thumb Mbr 36.1432 114.9524 –11.8 –2.4
TH-40 Horse Spring—Thumb Mbr 36.1432 114.9524 –10.8 –3.3
RG-17 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.8 5
RG-18 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.1 3.6
RG-19 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10 1.5
RG-20 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.2 2.6
RG-21 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10 3.6
RG-22 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.8 4.1
RG-23 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.5 3.5
RG-24 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9 2.1
RG-25 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.7 2
RG-26 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.6 3
RG-27 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.7 2.9
RG-28 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.5 2.4
RG-29 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.7 3.3
RG-30 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.1 3.3
RG-31 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.7 1.9
RG-32 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.2 0.9
RG-33 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –8.8 3.6
RG-34 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.3 2.3
RG-35 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.7 3.3
RG-36 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.1 2.7
RG-37 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.2 2.7
RG-38 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.4 3.9
RG-39 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.4 3
RG-40 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –10.5 3.2
RG-42 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.7 1.9
RG-43 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.2 1.5
RG-37.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –4.5 2.7
RG-38.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –4.2 1.6
RG-39.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –3.9 0.5
RG-40.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –9.1 –0.2
RG-40B.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –3.8 0.5
RG-42.1 Horse Spring—Upper Rainbow Gardens Mbr 36.3511 114.1341 –3.9 0.2
HS-03 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –9.6 1.5
HS-05 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –9.9 1.7
HS-07 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –8.0 0.2
HS-08 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –8.9 –0.7
HS-10 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –7.5 0.3
HS-11 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –8.8 –1.0
HS-13 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –8.3 –1.5
HS-15 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –6.8 –4.3
HS-16 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –5.4 –0.3
RG-01 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –1.1 1
RG-03 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –1.9 1.5
RG-04 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –2.9 2.2
RG-05 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –4.9 1.8
RG-09 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –1.8 5
RG-11 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –10.4 2.6
RG-12 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –10.4 2.8
RG-13 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –9.9 1.7
RG-14 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –4.3 4.8
RG-15 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –10.4 7
RG-16 Horse Spring—Lower Rainbow Gardens Mbr 36.1438 114.9572 –10.2 –0.7

(continued)
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Spring Formation (Fig. 5D). Strong covariance 
(R2 > 0.7) between lacustrine carbonate δ13C 
and δ18O values is indicative of hydrologically 
closed basins and has been recognized in both 
modern and ancient settings (Talbot, 1990).

DISCUSSION

Stable isotope–based paleotopographic 
investigations are based upon the observation 
that the isotopic composition of precipitation on 
the leeward side of mountain ranges is strongly 
correlated with relief (Dansgaard, 1964; Cham-
berlain and Poage, 2000; Rowley et al., 2001). 
This altitude effect was quantifi ed by a compi-
lation of precipitation and surface-water stable 
isotopic data sets which show an ~–2.8‰ δ18O 
water/km of elevation increase globally (Poage 

and Chamberlain, 2001). This fi nding suggests 
that the paleotopographic history of mountain 
belts can be evaluated using the oxygen isotope 
composition of authigenic minerals forming in 
isotopic equilibrium with unmodifi ed surface 
waters (Chamberlain and Poage, 2000; Rowley 
et al., 2001). Several recent investigations have 
applied this paleotopographic proxy method 
to world mountain belts, including the South-
ern Alps of New Zealand (Chamberlain et al., 
1999), the Himalaya and Tibetan Plateau (e.g., 
Garzione et al., 2000; Rowley et al., 2001; Dett-
man et al., 2003), and the Sierra Nevada (Poage 
and Chamberlain, 2002).

In order to isolate the effects of topogra-
phy on the authigenic mineral stable isotopic 
records presented here, several factors that 
infl uence the isotopic composition of authi-

genic minerals must also be considered. These 
factors include: changes in latitude, longitude, 
temperature, evaporation, diagenesis, and sur-
face-water source region. Following a detailed 
consideration of these factors, we suggest that 
the general pattern of increasing authigenic 
mineral δ18O values with decreasing age since 
the middle Miocene recognized throughout 
the central Basin and Range Province results 
from one or both of the following mechanisms: 
(1) regional topographic lowering of ~1–3 km 
associated with widespread crustal extension 
since 20 Ma; and (2) prolonged regional cool-
ing and aridifi cation since the middle Miocene. 
We further suggest that the observed decrease 
in calcite δ18O values in the Lake Mead Basin 
between ca. 25 Ma and ca. 13 Ma results from 
an ~1.5 km surface uplift event associated with 

Figure 2. Authigenic mineral δ18O records. 
Calcites are shown as open circles and smec-
tites as multiplication signs in A, B, C, and E. 
(A) Authigenic calcite δ18O record for the Sole-
dad Basin. (B) Authigenic calcite and smectite 
δ18O records for the Rainbow Basin. (C) Au-
thigenic calcite δ18O record for the Death 
Valley area. (D) Authigenic calcite whiskered 
quartile boxes for lithostratigraphic units 
sampled from the Lake Mead area (Bouse 
Formation data from Poulson and John, 
2003). (E) Authigenic calcite δ18O record for 
the western Arizona area. (F) Authigenic cal-
cite and smectite δ18O records for the El Paso 
Basin (calcite—open circles; smectite—multi-
plication signs), western Great Basin (calcite 
and smectite—open triangles), and northern 
Great Basin (calcite and smectite—addition 
signs). Plio.—Pliocene; Plt.—Pleistocene.

TABLE 1. AUTHIGENIC CALCITE GEOCHEMICAL DATA (continued)

Basin/sample Geologic formation Latitude
(°N)

Longitude
(°W)

δ18O
(‰, PDB)

δ13C
(‰, PDB)

Mg/Ca Mn/Ca
(×104)

Sr/Ca
(×103)

Western Arizona

BC-1 Artillery 34.5467 113.5847 –8.8 –5.0
BC-2 Artillery 34.5467 113.5847 –7.9 –4.9
BC-5 Artillery 34.5467 113.5847 –10.3 –4.0
BC-6 Artillery 34.5467 113.5847 –10.7 –2.7
BC-16 Artillery 34.5467 113.5847 –8.2 –3.2
BS-2 Big Sandy 34.6374 113.5547 –5.0 2.5
BS-5 Big Sandy 34.6374 113.5547 –6.5 0.6
BS-7 Big Sandy 34.6374 113.5547 –8.5 0.9
BS-9g Big Sandy 34.6374 113.5547 –6.6 0.8
BS-10 Big Sandy 34.6374 113.5547 –7.5 –3.5
BS-11 Big Sandy 34.6374 113.5547 –6.6 –1.0
BS-12 Big Sandy 34.6374 113.5547 –6.4 –5.0
BS-13 Big Sandy 34.6374 113.5547 –8.4 –3.6

Note: PDB—Peedee belemnite.

TABLE 2. SMECTITE STABLE ISOTOPE DATA

Basin/sample Geologic formation Age
(Ma)

δ18O
(‰, SMOW)

δ18O
(‰, PDB)

δD
(‰, SMOW)

Rainbow Basin

MD/CA-12 Mojave River 2.0 18.8 –11.8 ––
MD/CA-11 Mojave River 2.1 19.1 –11.5 –102
MD/CA-07 Middle Barstow 14.8 17.2 –13.3 –103
BF-36 Middle Barstow 15.2 18.6 –12.0 –104
BF-24 Middle Barstow 15.8 16.4 –14.1 –110
BF-05 Lower Barstow 19.3 15.6 –14.9 –99
MD/CA-20 Lower Barstow 19.7 19.2 –11.4 –96

El Paso Basin

EPB-7 Dove Spring 7.0 21 –10.5 –102
EPB-6 Dove Spring 8.9 20.9 –10.6 –105
EPB-3 Dove Spring 9.8 18.5 –13.0 –102
EPB-13 Dove Spring 12.5 14.8 –16.6 –110
EPB-11 Dove Spring 13.0 15.8 –15.6 –106
EPB-10 Dove Spring 13.2 13.6 –17.7 –111
EPB-9 Dove Spring 13.5 15.9 –15.5 –111

Note: PDB—Peedee belemnite; SMOW—standard mean ocean water.
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magmatic activity in the eastern central Basin 
and Range Province during this time.

Latitude and Longitude Effects

Craig (1961) presented a detailed descrip-
tion of the correlation between the isotopic 

composition of precipitation and latitude. This 
paper was the fi rst investigation to document the 
correlation between the hydrogen and oxygen 
isotopic composition of precipitation (i.e., the 
global meteoric water line) at different latitudes, 
with high-latitude regions characterized by pre-
cipitation with lower δD and δ18O values than 

lower-latitude regions. However, changes in 
latitude did not signifi cantly affect the isotopic 
values presented here, as the western United 
States has remained at approximately the same 
latitude throughout the Cenozoic era (Smith et 
al., 1981). Similarly, the in-land distance an air 
mass travels, or longitude effect, also causes a 
relative depletion of D and 18O in precipitation. 
Longitudinal isotopic effects are also minor 
in the current investigation, as even a 200 km 
increase in the distance to shore, roughly the 
distance from Death Valley to the California 
coast, since the middle Miocene would only 
result in a 0.4‰ increase in δ18O precipitation 
values relative to modern, assuming a longitude 
isotopic lapse rate of 0.002‰ δ18O precipita-
tion/km (Criss, 1999).

Temperature Effects

To quantify the effect of temperature on the 
produced authigenic mineral isotopic records, 
calcite δ18O values were calculated by applying 
the effect of a 5 °C temperature increase relative 
to modern to both the calcite-water fractionation 
factor and the isotopic composition of precipita-
tion in the central Basin and Range (Friedman et 
al., 1992). A 5 °C increase was chosen because 
this is the approximate amount of global cool-
ing that has occurred since the middle Miocene 
climatic optimum, based on marine climate 
records (Zachos et al., 2001). Modern precipita-
tion in the central Basin and Range Province has 
a representative δ18O value of ~–7‰ (Friedman 
et al., 1992), and mean annual temperature in the 
region is ~18 °C. Applying these values to the 
calcite-water fractionation equation of Kim and 
O’Neil (1997) yields a calculated modern calcite 
δ18O value of –8.2‰ for the central Basin and 
Range. Seasonal variations in modern air tem-
peratures are extreme in the central Basin and 
Range, with summer average highs of ~35 °C 
and winter average lows of ~7 °C. Applying 
this seasonal range in temperature to the cal-
cite-water fractionation equation results in an 
~±2.5‰ range in calculated calcite δ18O values. 
This range in calculated values, –8.2 ± 2.5‰, 
agrees well with the youngest authigenic calcite 
δ18O values recognized in the stable isotopic 
records presented here (Fig. 4). Doing a similar 
calculation at 23 °C, after correcting the isotopic 
composition of precipitation for both the change 
in temperature (using the 0.58‰/°C lapse rate of 
Rozanski et al., 1993) and the effects of changes 
in ice-sheet volume since the middle Miocene 
(from Zachos et al., 2001), yields a calculated 
middle Miocene authigenic calcite δ18O value 
of –8.0‰. Based on this calculation set, a 5 °C 
decrease in regional temperature since the mid-
dle Miocene would result in an ~0.2‰ increase 

Figure 4. Authigenic mineral δ18O records for all sections investigated except the Lake Mead 
Basin. Plio.—Pliocene; Plt.—Pleistocene.
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in authigenic calcite δ18O values. Therefore, we 
suggest the effects of temperature can be ignored 
in the current discussion, as most of the authi-
genic mineral isotopic records produced show 
an overall increase of ~2–8‰ in δ18O values 
since the middle Miocene (Fig. 4). Temperature 
effects alone are not likely to have signifi cantly 
contributed to the general patterns recognized in 
the central Basin and Range isotopic records.

Evaporation Effects

Three lines of evidence suggest that the Neo-
gene surface waters present throughout the cen-
tral Basin and Range Province were intermit-
tently subject to evaporative modifi cation. First, 
evaporite minerals are recognized locally in 
three of the stratigraphic sections investigated. 
In the Soledad Basin, the Tick Canyon–Vol-
canic member of the Lower Miocene Vasquez 
Formation hosts economic borate deposits that 
are interpreted as forming in a playa lake not 
unlike the modern fl oor of Death Valley (Oake-
shott, 1965). Similar occurrences of evaporite 
minerals are found in the Death Valley and 
Lake Mead area stratigraphic sections (Bohan-
non, 1984; Wright et al., 1999). Second, the 
presence of zeolitic ashes in the Rainbow Basin 
and western Arizona stratigraphic sections sug-
gests the presence of saline surface waters dur-
ing ash deposition (Sheppard and Gude, 1973; 
Woodburne et al., 1990). Third, authigenic 
smectites from the El Paso and Rainbow Basin 

stratigraphic sections have δD and δ18O values 
that suggest these samples formed in the pres-
ence of surface waters modifi ed by evaporation 
(Fig. 3). Authigenic smectites forming in iso-
topic equilibrium with surface waters that are 
not modifi ed by evaporation should plot paral-
lel to the global meteoric water line (Savin and 
Hsieh, 1998). This parallel trend is recognized 
in smectites from the western and northern 
Great Basin (Horton et al., 2004; Fig. 3); how-
ever, the smectite samples from the El Paso 
Basin and Rainbow Basin plot subparallel to the 
meteoric water line along an evaporative trend 
(Fig. 3). X-ray diffractograms indicate that all 
smectites investigated are similar-composition 
montmorillonites, suggesting the observed 
interbasinal variation in smectite isotopic com-
position is not due to differences in the chemi-
cal composition of these clays. Fourth, the 
Sr/Ca ratios of lacustrine carbonates from the 
Rainbow Basin and Death Valley regions sug-
gest the lake waters present during the time of 
mineral formation were saline (Fig. 6). Previ-
ous research indicates that the Sr/Ca ratios of 
lacustrine carbonates are good proxy indica-
tors of paleosalinity (Chivas et al., 1993). The 
Sr/Ca ratios determined for lacustrine carbon-
ates in the Rainbow Basin and Death Valley 
stratigraphic sections range between 0.0001 
and 0.01 (Table 1; Fig. 6); lacustrine carbonate 
Sr/Ca ratios between 0.001 and 0.01 have been 
correlated with lacustrine salinities of ~10‰ to 
~100‰ (Chivas et al., 1993).

Covariant trends in calcite δ13C and δ18O 
values provide further evidence for evaporative 
modifi cation of surface waters during deposi-
tion of specifi c stratigraphic intervals. Isotopic 
covariance in the limestone Ubehebe Formation 
(Death Valley area) and the Thumb Member of 
the Horse Spring Formation (Lake Mead Basin) 
suggests that deposition of these lithostrati-
graphic units occurred under persistent closed 
hydrologic conditions (Talbot, 1990; Fig. 5). 
Isotopic covariance in lacustrine carbonates is 
believed to result from coupled outgassing of 
12C-rich CO

2
 and evaporation of 16O-rich H

2
O 

from closed basin lake surface waters (Talbot 
and Kelts, 1990). Thus, the strong isotopic cova-
riance in the limestone Ubehebe Formation and 
the Thumb Member of the Horse Spring Forma-
tion suggests that the wide range in calcite δ18O 
values recognized in these two lithostratigraphic 
units results from evaporative enrichment of 
ancient lake waters.

In contrast, the lack of isotopic covariance, 
characteristic of the majority of the lithostrati-
graphic units investigated (Fig. 5), does not 
necessarily indicate the lack of evaporative 
modifi cation of surface water isotopic compo-
sitions under hydrologically open conditions. 
For example, deposition of the Furnace Creek 
Formation most certainly occurred under epi-
sodic evaporative conditions due to the pres-
ence of evaporite mineral layers within this unit. 
Yet, there is no apparent isotopic covariance in 
Furnace Creek Formation carbonates (Fig. 5C). 
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In this example, surface water evaporation is 
most likely responsible for the highly variable 
calcite δ18O values recognized in the Furnace 
Creek Formation (~–11 to ~–5‰), and such 
highly variable oxygen isotope values have been 
observed in other ancient lake systems of the 
Great Basin that are clearly the result of evapo-
ration (Abruzzese et al., 2005).

Despite the fact that there is clear evidence 
for evaporative modifi cation of surface waters 
in portions of all the stratigraphic sections 
investigated, we do not believe evaporation 
was a signifi cant contributor to the overall pat-
tern recognized in the authigenic mineral isoto-
pic records. Evaporation certainly contributed 
to the range in authigenic mineral δ18O values 
recognized within a specifi c stratigraphic inter-
val characterized by continuous lacustrine sed-
imentation. However, all of the stratigraphic 
sections investigated include terrestrial sedi-
mentary rocks of highly variable lithologies, 
including coarse-grained fl uvial facies, which 
indicate the conditions of deposition in each 
of the basin systems investigated changed in 
response to dynamic tectonic, topographic, and 
climatic conditions. Moreover, we fi nd similar 
isotopic trends in other lacustrine stratigraphic 
sections in the Great Basin, and these isotopic 
trends are not the result of evaporation (Horton 
et al., 2004).

In summary, we suggest extra-basinal pro-
cesses, such as regional climate change and 
regional uplift-downdrop, are the primary 
mechanisms of the long-term trends (>107 yr) 
recognized in authigenic mineral stable isotope 
records, rather than simple evaporative modifi -
cation of surface waters. Evaporation is a signif-
icant contributor to the variability in authigenic 
mineral δ18O values for specifi c stratigraphic 
intervals, but is not responsible for the long-term 
pattern recognized in the isotopic records.

Diagenetic Effects

The isotopic compositions of authigenic min-
erals are sensitive to diagenetic recrystalliza-
tion (Dickson and Coleman, 1980; Morrill and 
Koch, 2002; Garzione et al., 2004). Diagenesis 
at elevated temperatures and in the presence of 
crustal fl uids may overprint primary surfi cial 
carbonate isotopic compositions, thus limiting 
the utility of carbonate oxygen isotope ratios 
as paleotopographic proxies. These conditions 
are characteristic of the burial diagenesis realm, 
whereas meteoric diagenesis occurs in the near-
surface environment in the presence of mete-
oric-derived ground and pore waters (Tucker 
and Bathurst, 1990). As such, it is imperative 
that extent of burial versus meteoric diagenesis, 
where present, be constrained.

Several lines of evidence suggest that the 
samples investigated were not affected by burial 
diagenesis. First, petrographic investigation 
of prepared thin sections stained with alizarin 
red S and potassium ferricyanide indicate that 
low magnesium calcite is the dominant carbon-
ate mineral present in all stratigraphic sections 
investigated, which suggests that diagenetic 
overprinting during dolomitization did not 
occur. Second, sparry calcite, a common prod-
uct of diagenetic carbonate cementation, was 
not observed in any of the carbonate samples 
investigated. Third, all polished thin sections 
investigated exhibited uniform dull lumines-
cence, suggesting carbonate diagenesis in the 
presence of Mn2+-bearing waters (i.e., reducing 
waters) did not occur. Fourth, carbonate trace-
element compositions further support the inter-
pretation that burial diagenesis did not affect the 
samples investigated here. Variations in trace-
element partitioning in carbonates are a function 
of mineral precipitation rate, mineral stoichiom-
etry, crystal growth mechanisms, fl uid composi-
tion, and temperature (Banner, 1995). A detailed 
discussion of each of these variables is beyond 
the scope of this investigation; however, the low 
Mg/Ca and Mn/Ca ratios in 26 calcites investi-
gated from the Rainbow Basin and Death Val-
ley sections suggest diagenetic overprinting of 
primary, low-magnesium calcite did not occur 
(Table 1; Fig. 6).

Paleotopographic and Surface Water 
Source Region Effects

Based on the arguments presented herein, 
we suggest the general patterns recognized in 
the Neogene authigenic mineral stable isotopic 
records are primarily due to changes in regional 
surface elevation and surface water source 
region since the early Miocene. The similarity 
in the age, magnitude, and rate of change of 
authigenic mineral δ18O values in the Neogene 
isotopic records for the Soledad Basin, Rainbow 
Basin, Death Valley region, and western Ari-
zona oxygen isotope records (Fig. 2) suggests 
a regional mechanism for the observed isotopic 
patterns. As presented already, latitude, longi-
tude, temperature, evaporation, and diagenetic 
effects alone are not likely to be responsible for 
producing the observed patterns in these iso-
topic records. A global mechanism is also not 
likely due to disparities between the Lake Mead 
Basin isotopic record (this study), similar-age 
authigenic mineral isotopic records elsewhere 
in western North America (Kohn et al., 2002; 
Takeuchi and Larson, 2005; Sjostrom et al., 
2006), and the Soledad Basin, Rainbow Basin, 
Death Valley region, and western Arizona oxy-
gen isotope records. We suggest that a regional 

mechanism, involving surfi cial lowering of the 
central Basin and Range and concomitant chan-
nelization of southerly storm tracks, is respon-
sible for the similar patterns recognized in these 
authigenic mineral isotopic records.

In a strict paleotopographic interpretation of 
the data, the general pattern of an ~2‰–8‰ 
increase in authigenic mineral δ18O values dur-
ing the Miocene requires ~1–3 km of surface 
elevation decrease. Given the spatial distribution 
of the stratigraphic sections investigated, this 
topographic lowering would be best explained 
by downdrop of a regional plateau, rather than 
collapse of a specifi c orographic barrier. The 
case for regional subsidence agrees well with 
the tectonic evolution of the region.

All of the terrestrial sedimentary sequences 
investigated were deposited in accommodation 
space provided by extensional tectonics. Ther-
mochronologic data from the California Trans-
verse Ranges suggest that Miocene cooling 
events in the San Gabriel and San Bernardino 
Mountains correlate with extensional exhuma-
tion of the ranges (Blythe et al., 2000). This 
interpretation is consistent with sedimentologic 
investigations in the adjacent Soledad Basin, 
which suggest the basin formed in response to 
crustal extension/rifting since the latest Oligo-
cene (e.g., Hendrix and Ingersoll, 1987). Simi-
larly, sedimentologic investigations suggest an 
early-middle Miocene extensional origin for 
the Rainbow Basin (Ingersoll et al., 1996), and 
the extensional nature of basin formation in the 
Death Valley region is well known (Cemen et 
al., 1999; Snow and Lux, 1999; Wright et al., 
1999). Miocene terrestrial sedimentation in 
western Arizona is also believed to be associated 
with extensional tectonics in the Colorado River 
Extensional Corridor (Spencer et al., 1989).

Based on the authigenic mineral isoto-
pic records presented here, we suggest that 
crustal extension contributed to a net elevation 
decrease throughout the region. The observed 
Neogene shift in authigenic mineral oxygen 
isotope ratios agrees well with the timing of 
crustal extension across the central Basin and 
Range (Anderson, 1971). Previous geophysi-
cal and structural arguments have suggested 
that the large amounts of Neogene crustal 
extension in the central Basin and Range may 
be responsible for the ~1 km topographic step 
recognized between the northern Great Basin 
and Las Vegas regions (Wernicke et al., 1988). 
Furthermore, sediment dispersal patterns in the 
Death Valley region indicate a change from 
closed basin sediment accumulation to south-
directed fl uviatile transport of sediment during 
the middle Miocene (Snow and Lux, 1999; 
Snow and Wernicke, 2000). This shift in paleo-
hydrology agrees well with a south-directed 
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topographic lowering of the central Basin and 
Range during Neogene extension.

However, authigenic mineral isotopic compo-
sitions are also sensitive to changes in the isoto-
pic composition of ancient surface waters due 
to changes in water source region. Changes in 
surface water source region occur in two main 
ways. First, reorganization of regional climate 
patterns, in response to regional topographic 
change or alteration of oceanic circulation pat-
terns, may cause a shift in the isotopic composi-
tion of precipitation, and thus, surface waters. 
Second, reorganization of the drainage systems 
feeding into lake basins may cause a shift in the 
isotopic composition of local surface waters.

With respect to the regional climate patterns, 
a multiyear study conducted in the central Basin 
and Range Province indicates that winter pre-
cipitation, derived from dominantly westerly 
storm tracks, is on average ~5‰ lower in δ18O 
value than summer precipitation, derived from 
dominantly southerly storm tracks throughout 
the region (Table 8 of Friedman et al., 1992). At 
present, more than half of the total annual pre-
cipitation reaching both the central and northern 
Basin and Range Province follows a southerly 
storm track (Friedman et al., 2002a). Friedman 
et al. (1992) suggested that the difference in iso-
topic composition of westerly versus southerly 
precipitation sources is primarily due to differ-
ences in the elevation of the topographic barri-
ers intersected by the two storm tracks. Based 
on these considerations, we suggest that the 
regional patterns recognized in the Neogene 
central Basin and Range isotopic records may 
have been caused by a prolonged reorganization 
of regional climate patterns, from a dominantly 
westerly source to a more southerly source dur-
ing the Miocene. The reorganization of climate 
patterns does not confl ict with our previous sug-
gestion of extension-driven elevation decrease 
during the Miocene throughout the central Basin 
and Range. Rather, the two processes agree well 
in that it is not diffi cult to envision channeling 
of air masses into the topographic low created 
by east-west extension of the central Basin and 
Range since the early Miocene.

In contrast to the isotopic shifts recognized in 
the Soledad Basin, Rainbow Basin, Death Val-
ley region, and western Arizona records, the El 
Paso Basin record of Poage and Chamberlain 
(2002) shows a more rapid increase in δ18O val-
ues between the middle and late Miocene. As 
described already, the El Paso Basin authigenic 
mineral δ18O values are also anomalous in that 
they are generally lower than δ18O values from 
similar-age sediments from the northern and 
western Great Basin and generally higher than 
the more proximal central Basin and Range val-
ues. Clearly, a local mechanism is responsible 

for the disparities between the El Paso Basin 
record and the records produced in the current 
investigation.

The proximity of the El Paso Basin to the 
southern Sierra Nevada allows for the possibil-
ity that precipitation and surface waters derived 
from both higher elevation (Sierran) sources 
and lower elevation (Mojave) sources fed into 
the basin during its development. Following 
this logic, the El Paso Basin isotopic record 
suggests middle Miocene (ca. 14 Ma) surface 
waters in the El Paso Basin were derived from 
a westerly precipitation source that intersected 
the high Sierra Nevada, whereas late Miocene 
(ca. 7 Ma) surface waters feeding into the El 
Paso Basin were derived from a southerly pre-
cipitation source. Sedimentologic studies of the 
Miocene El Paso Basin stratigraphy indicate the 
Sierra Nevada became a sediment source area 
for the El Paso Basin at ca. 8 Ma (Loomis and 
Burbank, 1988). This change in sediment prov-
enance could be explained by topographic low-
ering of the El Paso Basin, relative to the crest 
of the range, which is in good agreement with 
the El Paso Basin authigenic mineral isotopic 
record. Topographic lowering of the El Paso 
Basin along the Sierra Nevada Range Front fault 
during the middle to late Miocene, and resultant 
exposure to the developing southerly storm track 
described in the previous paragraphs, offers an 
explanation for the anomalous characteristics of 
the El Paso Basin isotopic record.

The Miocene authigenic calcite stable isotopic 
record from the Lake Mead area differs from all 
of the other records presented in that it exhibits 
an ~5‰ decrease in calcite δ18O values during 
the early Miocene, recognized within the Horse 
Spring Formation (Fig. 2D). The Horse Spring 
Formation is signifi cant because the lowermost 
Rainbow Gardens Member represents the only 
pre-extensional sedimentary rocks investigated 
in the current study, and deposition of the Horse 
Spring Formation is contemporaneous with 
large-volume, mantle-derived magmatism in the 
region (Beard, 1996). Paleogeographic recon-
struction of the Lake Mead Basin suggests that 
uplift of the now-adjacent Virgin Mountains 
occurred during deposition of the Horse Spring 
Formation (Beard, 1996). We believe the Lake 
Mead Basin oxygen isotope record provides fur-
ther evidence of surfi cial uplift during the Mio-
cene. The ~5‰ decrease in calcite δ18O values 
recognized in the Horse Spring Formation indi-
cates up to 1.5 km of surface uplift in the Lake 
Mead region may have occurred during depo-
sition of the Miocene Horse Spring Formation, 
contemporaneous with local magmatic activity. 
This interpretation is in good agreement with 
the recent correlation between regional magma-
tism and surface uplift in the northern Basin and 

Range Province during the Eocene (Horton et 
al., 2004).

CONCLUSIONS

The authigenic mineral stable isotopic records 
presented here provide evidence for the topo-
graphic response of the central Basin and Range 
Province to regional Neogene crustal dynamics. 
The δ18O records for the Rainbow Basin, El Paso 
Basin, Death Valley region, and western Arizona 
stratigraphic sections provide no evidence for 
surfi cial uplift in the region, but rather indicate 
that the central Basin and Range Province expe-
rienced a net topographic lowering during the 
Neogene causing a reorganization of regional 
atmospheric circulation patterns from a westerly 
dominated to southerly dominated precipitation 
source. This regional surface subsidence is con-
temporaneous with extensional deformation of 
the crust, suggesting a link between extension 
and elevation decrease in the Basin and Range 
Province. As such, our data reinforce models of 
the central Basin and Range Province that call 
for extensional collapse and topographic subsid-
ence of a previously uplifted plateau (Jones et 
al., 1998; Sonder and Jones, 1999).

The authigenic calcite δ18O record for the 
Lake Mead Basin supports previous sedimen-
tologic arguments for Miocene surface uplift in 
the area (Beard, 1996). The timing of surface 
uplift, between the early and late Miocene, is 
similar to the timing of magmatic activity in the 
Lake Mead area (Beard, 1996). This relationship 
between magmatic activity and surface uplift has 
also been observed in the northern Great Basin 
(Horton et al., 2004), although in the northern 
Great Basin, surface uplift occurred earlier, 
between Eocene and Oligocene epochs. We sug-
gest that surface uplift and magmatic activity are 
intimately linked in the Great Basin, such that 
surface uplift sweeps southward in time coinci-
dent with the southern migration of magmatism 
(Armstrong and Ward, 1991). This spatial and 
temporal variation of surface uplift and mag-
matism supports models that tie mantle-derived 
magmatism with surface uplift of western North 
America (Platt and England, 1993; Humphreys, 
1995; Sonder and Jones, 1999).
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