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a b s t r a c t

Ground-water discharge (GWD) deposits form in arid environments as water tables rise and approach or
breach the ground surface during periods of enhanced effective precipitation. Where preserved, these
deposits contain information on the timing and elevation of past ground-water fluctuations. Here we
report on the investigation of a series of GWD deposits that are exposed in discontinuous outcrops along
a w150-km stretch of the San Pedro Valley in southeastern Arizona, near the boundary of the Sonoran
and Chihuahuan Deserts. Chronologic, isotopic, geochemical, faunal assemblage (ostracodes and
gastropods), and sedimentological evidence collectively suggest that the elevation of the regional water
table in the valley rose in response to a change in climate w50 ka ago and remained relatively high for
the next w35 ka before falling during the Bølling–Allerød warm period, rebounding briefly during the
Younger Dryas cold event, and falling again at the onset of the Holocene. The timing of these hydrologic
changes coincides closely with variations in d18O values of calcite from a nearby speleothem to the west
and changes in lake levels at pluvial Lake Cochise to the east. Thus, in southeastern Arizona, the
assumption that changes in climate are reflected in all aspects of the hydrologic cycle of a region
simultaneously is validated. The timing of these changes also broadly coincides with variations in the
GISP2 d18O record, which supports the hypothesis that atmospheric teleconnections existed between the
North Atlantic and the deserts of the American Southwest during the late Pleistocene.

Published by Elsevier Ltd.
1. Introduction

As continental ice sheets waxed and waned during the late
Pleistocene, global reorganizations of the atmosphere, biosphere,
and hydrosphere resulted in dramatic physical changes in the
deserts of the American Southwest. During full glacial times in the
Sonoran and Chihuahuan Deserts, for example, elevations of plant
communities were often displaced 1000 m or more downslope
(King and Van Devender, 1977; Van Devender and Burgess,
1985; Van Devender, 1990a,b; Anderson and Van Devender,
1991; McAuliffe and Van Devender, 1998; Betancourt et al., 2001;
Holmgren et al., 2003, 2006), large lake systems were present
where only seasonally filled lakes or dry playas exist today (Long,
1966; Fleischhauer and Stone, 1982; Waters, 1989; Wilkins and
ogical Survey, Geologic Divi-
ver, CO 80225, United States.

tution, Fye 104, MS-4, Woods

Ltd.
Currey, 1997; Krider, 1998; Allen and Anderson, 2000), and mega-
fauna lived in areas that are now too hot and dry to support them
(Haury et al., 1953, 1959; Harris, 1987; Ratkevich, 1993; Haynes and
Huckell, 2007). The cooler, wetter conditions of the late Pleistocene
also supported higher water tables in these deserts, which fed
flowing springs, wet meadows, seeps, and wetlands in low-lying
valley floors and adjacent tributaries (Ashbaugh and Metcalf, 1986;
Haynes, 1987). As continental ice sheets retreated toward the end of
the Pleistocene, the polar jet stream and associated storm tracks
migrated to the north, and more arid conditions prevailed in the
American Southwest (COHMAP, 1988; Thompson et al., 1993; Bar-
tlein et al., 1998; Kutzbach et al., 1998). As a result, regional water
tables fell, shallow valley fill aquifers dried up, tributary stream
flow slowed or ceased, and erosive conditions eventually domi-
nated (Waters and Haynes, 2001).

Traditionally, geologists have relied heavily on lake deposits to
reconstruct the magnitude and timing of Late Quaternary climatic
and hydrologic changes in the American Southwest. Additional
paleohydrologic information is present in ground-water discharge
deposits, also referred to as ‘‘paleospring’’ or ‘‘paleowetland’’
deposits (Forester et al., 2003). Ground-water discharge (GWD)
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Fig. 1. Map of the American Southwest showing the location of the San Pedro Valley in
relation to the Sonoran (darkly shaded) and Chihuahuan (lightly shaded) Deserts.
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deposits form in arid environments as water tables rise and
approach or breach the ground surface during periods of enhanced
effective precipitation. These deposits can take many forms, but
typically consist of a combination of carbonate and/or silicate
precipitants, accumulations of organic matter, and fine-grained
(often eolian) sediments. The specific physical and chemical nature
of GWD deposits at a given location depends on a number of
factors, including ground-water chemistry, water temperature,
availability and mobility of surface waters, density of plants in and
around the paleowetland system, and the degree of preservation. At
these sites, the interplay between emergent water tables, ecological
and biological systems, and eolian processes results in unique and
complex depositional environments that contain information on
the timing and magnitude of past changes in local or regional
hydrologic budgets. The resulting deposits also clearly demarcate
the position of past water tables on the landscape, providing direct
evidence of wetter times.

GWD deposits have been identified in all four of the major
deserts of North America (Chihuahuan, Great Basin, Mojave and
Sonoran), but have been studied in detail at only a limited number
of sites (Quade, 1986; Quade and Pratt, 1989; Haynes, 1991; Quade
et al., 1995, 1998, 2003; Kaufman et al., 2002; Pedone and Rivera,
2003; Pigati et al., 2004; Mahan et al., 2007). GWD deposits offer
several advantages over other sources of paleohydrologic infor-
mation. First, GWD deposits can often be dated reliably by 14C using
the remains of vascular plants or small terrestrial gastropods, thus
avoiding problems with carbon reservoir effects that can affect lake
systems (Deevey et al., 1954; Geyh et al., 1998). Additional chro-
nometric techniques, including uranium-series, luminescence, and
amino-acid racemization dating, may also be utilized under favor-
able circumstances. Second, GWD deposits often crop out over
extensive areas, which afford researchers the opportunity to
examine and interpret complex features, such as cut-and-fill
sequences and laterally variable depositional facies. Third, GWD
deposits are relatively common features in valley floors and adja-
cent low-lying areas in deserts and, therefore, can be used to
reconstruct paleohydrologic conditions on a variety of spatial and
temporal scales. The prevalence of GWD deposits in arid environ-
ments allows reconstruction of hydrologic conditions along
geographic and elevation transects, including areas not covered by
either lakes or speleothems. Finally, GWD deposits often contain
freshwater microfauna (ostracodes, diatoms) and gastropod shells,
which can be used to reconstruct past environmental and hydro-
logic conditions.

The primary limitation of GWD deposits is that it is not possible
to relate the magnitude of climate change, in terms of quantitative
reconstruction of precipitation and evapotranspiration (P/ET), to
changes in the local or regional hydrologic budget. Once a wetland
system reaches a critical threshold, additional input via increased
precipitation or decreased evapotranspiration is largely lost to
overland flow. Modeling ground-water discharge via overland flow
has been addressed in complex regional wetland systems (Restrepo
et al., 1998) but not in small desert watersheds. Thus, much like
lakes that overtop their spillways, the amount of water required to
raise the water table up to the elevation of GWD deposits should be
viewed as a minimum value. A second complicating factor is that
desert springs and wetlands commonly act as discharge points of
shallow aquifers that are semi-confined. Quantifying the relation-
ship between water table levels and P/ET in a semi-confined aquifer
is difficult because it depends largely on how well the permeability
and conductivity of near surface sediments are understood.

In this study, we investigated a series of GWD deposits that are
exposed in discontinuous outcrops along a w150-km stretch of the
San Pedro Valley in southeastern Arizona, near the boundary of the
Sonoran and Chihuahuan Deserts (Fig. 1). The results of multiple
chronometric techniques show that these GWD deposits represent
a period of enhanced effective precipitation that spanned much of
oxygen isotope stages (OIS) 2 and 3. Chronologic, isotopic,
geochemical, faunal assemblage (ostracodes and gastropods), and
sedimentological evidence collectively suggest that the elevation of
the regional water table in the San Pedro Valley rose in response to
a change in climate w50 ka ago and remained relatively high for
the next w35 ka before falling during the Bølling–Allerød warm
period, rebounding briefly during the Younger Dryas cold event
(YD), and falling again at the onset of the Holocene.

2. Regional setting

The San Pedro Valley is located in the southernmost portion of
the Basin and Range Province of the western United States. Like
most valleys in this province, the San Pedro Valley is aligned
essentially north–south and extends from a few kilometers south of
the International Border between the United States and Mexico to
the Gila River basin, roughly 200 km to the north. Today, the valley
is home to the San Pedro River, one of the last remaining undam-
med, unchannelized rivers in the American Southwest (Hanson,
2001). The San Pedro originates as rivulets and small streams that
drain the Sierra de los Ajos and Sierra de la Mariquita in northern
Sonora, increases in size and discharge after it crosses the Inter-
national Border, and flows northward, dropping some 400 m in
elevation across the w150-km stretch of our study area.

Prior to the early 1900s, the San Pedro River flowed year-round,
but today, the river channel’s discharge alternates between gaining
and losing, depending on the local depth to bedrock. Significant
flow is generally limited to a short period (days to weeks) following
summer thunderstorms, autumn tropical storms, and winter
frontal storms (Pool and Coes, 1999). With a few modest exceptions,
tributary channels and rivulets in the lower valley remain dry
throughout the year.

The river system is fed by a regional aquifer that originates in the
adjacent uplands on the west side of the valley, including the
Huachuca, Whetstone, Rincon, and Santa Catalina Mountains
(Fig. 2). These mountain ranges are comprised largely of Paleozoic
sedimentary rocks (sandstone, limestone, and shale) that overlie
pre-Cambrian granitoid basement rock (Reynolds, 1988). The
Huachuca, Rincon, and Santa Catalina Mountains include peaks that
exceed 3000 m in elevation; the Whetstone Mountains are slightly



Fig. 2. Site location map for selected GWD deposits in the San Pedro Valley. The bottom of the figure is the location of the International Border between the United States and
Mexico. State highways are shown for reference. Key for sites (filled circles; from south to north): LR¼ Lehner Ranch, HD¼Horsethief Draw, MS¼Murray Springs, SL¼ the Seff
Locality, CN¼ Cerros Negros. Key for mountain ranges (italics; clockwise from lower left): HM¼Huachuca Mountains, WhM¼Whetstone Mountains, RM¼ Rincon Mountains,
SCM¼ Santa Catalina Mountains, GM¼Galiuro Mountains, WiM¼Winchester Mountains, DM¼Dragoon Mountains, MM¼Mule Mountains.
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lower, peaking at w2350 m. The ranges that flank the east side of
the valley, including the Dragoon, Winchester, and Mule Moun-
tains, are lower, rarely exceeding 2000 m in elevation, and are
comprised of Tertiary volcanics to the north and Mesozoic sedi-
mentary rocks with local volcanics and Tertiary granitoids to the
south (Reynolds, 1988).

Rapid headcutting and incision that occurred in the late 1800s
precipitated a drop in water table levels in the San Pedro Valley
and surrounding areas (Cooke and Reeves, 1976; Waters and
Haynes, 2001). During this time, active wetlands in the American
Southwest and northern Mexico largely disappeared (Minckley
and Brunelle, 2007) and arroyos cut into alluvial fan sediments
along the east flanks of the Huachuca, Rincon, and Santa Catalina
Mountains, exposing an unusually complete sequence of Late
Quaternary deposits at Curry Draw and other locations in the San
Pedro Valley (Haynes, 1987). The exposed deposits include four
members of the Murray Springs and Lehner Ranch Formations as
defined by Haynes (1968) that are central to our study. They are,
from oldest to youngest: the Coro Marl Member (Stratum E), the
Graveyard Gulch Member (Stratum F1), the Clanton Ranch
Member (Stratum F2; also known as the ‘‘black mat’’), and the
Earp Member (Stratum F2b; coeval with Stratum F2). We inves-
tigated these units at six sites, from south to north: Lehner Ranch,
Horsethief Draw, Murray Springs (two sections), the Seff Locality,
and Cerros Negros (Figs. 2 and 3, Table 1). Several of these sites
were originally investigated as part of archeological or paleonto-
logical studies (Haury et al., 1959; Hemmings and Haynes, 1969;
Mead et al., 1975; Haynes and Huckell, 2007; Hemmings, 2007).
Here we present a brief physical description and summary of our
observations for each of these units. For a more detailed
description of these and other Late Quaternary-age deposits in the
San Pedro Valley, as well as a comprehensive treatment of the
archeology, geology, paleontology, and paleoecology of the Clovis-
age Paleoindian site at Murray Springs, see Haynes and Huckell
(2007).

The Coro Marl Member (Stratum E) of the Murray Springs
Formation is a hard, white to light grey, calcareous silty clay unit
that is between w0.5 and 3 m thick at the Lehner Ranch, Horsethief
Draw, Murray Springs, and Cerros Negros sites (Fig. 3). It is not
exposed at the Seff Locality site. The appearance of the Coro marl is
massive to blocky, and is interrupted by lenses of olive-green to
brown clay partings that can be traced laterally for a few centi-
meters to up to w10 m. The marl is composed of w25–30% CaCO3

and 70–75% fine sands, silts, and clays of varying composition
(mainly silicates and carbonates) that appear to be largely eolian
mixed with some fluvial sediments. Where paleospring locations
have been identified, the calcareous marl pinches out within a few
tens of meters of the spring orifices, suggesting that the mecha-
nisms of carbonate precipitation are limited to a relatively small
area downstream of the spring vents. The marl contains very little
organic matter and no identifiable plant macrofossils, but fossil
gastropods and ostracodes are common to abundant. At Murray
Springs, terrestrial gastropod shells were used previously to date
the Coro Marl Member to between w25 and 13 14C ka B.P. (Pigati
et al., 2004). Similar ages were obtained by 14C dating of small
amounts of organic material recovered from large blocks of the
marl, as well as the marl carbonate itself, at Murray Springs and
other sites in the valley (Haynes, 2007a).
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Fig. 3. Photographs of the Earp and Coro marls at (a) Lehner Ranch, (b) Horsethief Draw, (c) Murray Springs Section 1, (d) Murray Springs Section 2, (e) the Seff Locality, and
(f) Cerros Negros. The arrow in Panel (b) points to the contact between the two marls at Horsethief Draw. Upper and lower limiting ages shown for each marl unit are based on
calibrated 14C data (standard text) and luminescence ages (italics).

J.S. Pigati et al. / Quaternary Science Reviews 28 (2009) 286–300 289
The Graveyard Gulch Member (Stratum F1) of the Murray
Springs Formation overlies the Coro marl and consists of well-
defined channel sands and gravels that cut through older units,
Table 1
Site location information.

Site name Latitude
(�N)

Longitude
(�W)

Elevation
(m ASL)

Marls
present

Thickness
(cm)

Lehner Ranch 31.422 110.115 1289 Coro 50
Horsethief Draw 31.556 110.160 1268 Earp 90

Coro 225
Murray Springs #1 31.571 110.178 1270 Coro 110
Murray Springs #2 31.571 110.178 1270 Coro 80
Seff Locality 31.988 110.325 1130 Earp 25
Cerros Negros 32.536 110.558 951 Coro 385
including the Coro Marl Member. The basal contact of Stratum F1 is
part of a widespread erosional surface (contacts Z1 and Z1–2 of
Haynes (1984, 1998)) and is often represented as a disconformity
between the underlying Coro marl and overlying sediments. Of the
sites we investigated, the top of the Coro marl appears to be
preserved only at Murray Springs #2 and Horsethief Draw (Fig. 3b,
d). The marl is truncated at Lehner Ranch and Murray Springs #1
(Fig. 3a, c) and is exposed at the ground surface at Cerros Negros
(Fig. 3f). Radiocarbon dates obtained by Haynes on charcoal (ash
wood, Fraxinus sp.) recovered from the channel sands of Stratum F1
generally fall between w12.9 and 10.7 14C ka B.P. (Haynes, 2007a).

The Clanton Ranch Member (Stratum F2) of the Lehner Ranch
Formation is comprised of an organic-rich silty clay and appears as
a thin (2–10 cm) dark-brown or black stratum that conformably
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overlies an earlier land surface, including the Clovis occupational
surface, artifacts and kill sites, and remains of extinct megafauna. It
has a sharp basal contact that is independent of the underlying
lithology and pinches out w1–2 m above the lowest areas (Haynes,
2007b). Numerous 14C ages for the base-insoluble fraction (residue)
of the Clanton clay at Murray Springs fall between w10.8 and 9.7
14C ka B.P. (Haynes, 2007a). Base-soluble carbon compounds,
mostly humic acids, typically yield 14C ages that are slightly
younger.

The Earp Member (Stratum F2b) of the Lehner Ranch Formation
is a second marl unit that appears to have been deposited in local,
low-lying areas and is coeval with the Clanton clay (the Earp marl
and Clanton clay are different facies of the same time-stratigraphic
unit). It is similar in appearance to the older Coro marl, but is
usually softer and slightly darker (more grey than white), contains
only dispersed fossil gastropod shells, and is stratigraphically and
chronologically younger. Thin stringers of the Clanton clay are
interbedded with the Earp marl in the ancient low areas at Murray
Springs. At Horsethief Draw, however, the Earp marl is thick
(w90 cm) and directly overlies the Coro marl where Strata F1 and
F2 are missing (Fig. 3b). At the Seff Locality, the Earp marl is
w25 cm thick and overlies alluvial sediments (Fig. 3e). Previous
radiocarbon dates for the Earp marl range from 10.3 14C ka B.P. (date
on marl carbonate) to 9.0 14C ka B.P. (date on black mat stringer
recovered from within the Earp marl) (Haynes, 2007c).

3. Materials and methods

3.1. Chronology

3.1.1. Radiocarbon dating
Terrestrial gastropod shells were collected for radiocarbon dating

in 2000 (Murray Springs #1), 2001 (Murray Springs #2, Cerros
Negros), 2002 (Lehner Ranch, Horsethief Draw), 2005 (the Seff
Locality), and 2007 (Horsethief Draw again). During each site visit,
the Coro and Earp marls were too indurated to allow handpicking of
individual shells in the field. Therefore, we collected samples of the
calcareous sediment in w10-cm blocks at Murray Springs and 5- to
20-cm blocks at Lehner Ranch, Horsethief Draw, the Seff Locality,
and Cerros Negros and processed them in the laboratory.

We recovered shells of a number of terrestrial, semi-aquatic, and
aquatic gastropods from the marl at each site using the techniques
described in Appendix A.1, but limited our focus to the terrestrial
gastropods Pupilla muscorum and Euconulus fulvus, and the semi-
aquatic gastropod family Succineidae for dating purposes. These
taxa appear to yield reliable 14C ages in arid environments even
when living on limestone strata or adjacent to flowing springs
(Pigati et al., 2004). Other terrestrial gastropod taxa are known to
incorporate carbon derived from limestone when building their
shells and, therefore, would yield 14C ages that are anomalously old
(e.g., Goodfriend and Stipp, 1983). Similarly, aquatic gastropods are
subject to carbon reservoir effects, which can be significant in
spring-discharge settings (Riggs, 1984), and were not considered
for 14C dating.

Radiocarbon ages corrected for fractionation are reported in 14C
years using the Libby half-life (5568� 30 years) (Libby, 1955) and,
after calibration, in calendar years using the Cambridge half-life
(5730� 40 years) (Mann et al., 1961; Watt et al., 1961; Karlen and
Olsson, 1962) (Table 2). For calibration, we used both the Fair-
banks0107 marine calibration dataset (http://radiocarbon.ldeo.
columbia.edu/research/radcarbcal.htm, accessed 20 February
2008, Fairbanks et al., 2005) and the IntCal04.14C dataset (CALIB
5.1.0.Beta, Stuiver and Reimer, 1993; Reimer et al., 2004). Hereafter,
we use ages determined using the Fairbanks calibration dataset in
our discussions because nearly half of our 14C ages are beyond the
limit of the IntCal04.14C dataset (26 ka B.P.). We note that we did
not find any significant differences in the calibrated ages between
the two programs for samples younger than this limit (Table 2).
Uncertainties are reported at the 68% (1s) confidence level. Stable
carbon isotope values are reported in the usual delta (d) notation as
the per mil (&) deviation from the VPDB standard. Analytical
uncertainties for d13C measurements are less than 0.1& based on
repeated measurements of standards.

3.1.2. Luminescence dating
Samples for luminescence dating were collected from the Coro

marl in 2007 at Murray Springs (PVC tubes), Horsethief Draw
(blocks) and Cerros Negros (blocks), and again in 2008 at Horsethief
Draw (blocks). Analyses were carried out in subdued orange-light
conditions at the U.S. Geological Survey’s Luminescence Dating
Laboratory in Denver, CO by one of us (SAM).

A minimum of the outermost two centimeters of sediment was
removed from each sample to avoid dating sediments that may
have been partially bleached during collection (Appendix A.2).
Samples were treated with 10% HCl and 30% H2O2 to remove
carbonate and organic matter, respectively, and then sieved and
subjected to Stoke’s settling to extract the 4–11 mm-size fraction
because the marl samples were essentially devoid of sand-size
grains. All samples reacted violently to the acid treatment, which
took 24–48 h to complete. It was not possible to separate the quartz
and feldspar grains because of the fine grain size and, therefore, we
used a mixture of minerals for dating.

Infrared stimulated luminescence (IRSL) was performed using
the total-bleach multiple-aliquot additive-dose (MAAD) method
(Singhvi et al., 1982; Lang, 1994; Richardson et al., 1997; Forman
and Pierson, 2002). Dose rates were determined based on
concentrations of K, Rb, U, and Th, which were measured using
instrumental neutron activation (INAA) at the U.S. Geological Sur-
vey’s INAA laboratory in Denver, CO. Samples collected at Murray
Springs were also measured for K, U, and Th by gamma spec-
trometry at the U.S.G.S. Luminescence Dating Laboratory. The
cosmic-ray dose rate was estimated for each sample as a function of
depth, altitude and geomagnetic latitude and added to the total
dose rate (Prescott and Hutton, 1994). Alpha and beta contributions
to the dose rate were corrected for grain-size attenuation as needed
(Aitken, 1985). Concentrations of K, Rb, U, and Th, which contribute
most of the ionizing radiation in the sediment, and the cosmic-ray
dose rate were similar for all samples except those collected near
the base of the Coro marl at Cerros Negros, where the radioisotope
concentrations were higher (Table 3).

Anomalous fading tests were performed to account for the
instability in the measured luminescence signal. Values obtained
from these tests consist of a ratio of the initial luminescence emission
and the emission measured after storage of a sample for 30–60 days
after the initial measurement; a ratio of 1 indicates a stable lumi-
nescence signal (Huntley and Lamothe, 2001). Most samples exhibi-
ted a fairly stable signal, but samples CN-IRSL-1a, -1b, and -2 required
a substantial correction to account for fading (Table 3). These samples
were collected at Cerros Negros near the basal contact between the
Coro marl and the underlying alluvial sediments, which included
abundant Tertiary volcanic clasts. It is likely that fine-grained volcanic
clasts, which are often associated with unstable luminescence signals
and fading problems, were reworked from the unit below and
deposited within the marl at this location. Feldspars present in the
other samples appear to be from plutonic source(s) and, therefore,
significant corrections for fading anomalies were not required.

3.2. Stable isotopes (d13C, d18O)

3.2.1. Marl carbonate
We collected w3-g samples of marl carbonate in 2001 at Murray

Springs and 2007 at Lehner Ranch, Horsethief Draw, the Seff

http://radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm
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Table 2
Summary of 14C results.

Sample AMS # Sourcea Gastropod taxab Marl Depthc (cm) d13C (vpdb) 14C age (ka) Calibrated ages (ka B.P.)

Fairbanksd CALIBe pf

Lehner Ranch
SPV02-LR1-3 AA61001 1 Succineidae (n¼ 5) Coro 0–10 �5.4 14.30� 0.05 16.80� 0.12 17.11� 0.21 1.00
SPV02-LR1-1a AA60999 1 Succineidae (n¼ 5) Coro 40–50 �4.4 16.31� 0.07 19.43� 0.09 19.46� 0.06 1.00
Horsethief Draw
SPV02-HD1-7 AA61002 1 Succineidae (n¼ 1) Earp 25–35 �5.9 8.95� 0.04 10.15� 0.07 9.97� 0.02 0.30

10.02� 0.01 0.06
10.05� 0.01 0.12
10.17� 0.03 0.52

SPV07-HD1-7 AA75491 1 Multiple taxag Earp 25–35 �6.0 9.01� 0.04 10.20� 0.03 10.21� 0.02 1.00
SPV07-HD1-4c AA75490 1 Euconulus fulvus (n¼ 6) Coro 10–20 �6.4 12.37� 0.05 14.21� 0.11 14.31� 0.17 1.00
SPV07-HD1-4b AA75489 1 Succineidae (n¼ 8) Coro 10–20 �5.4 12.41� 0.05 14.29� 0.13 14.37� 0.14 0.84

14.55� 0.03 0.16
SPV07-HD1-4a AA75488 1 Succineidae (n¼ 3) Coro 10–20 �6.0 12.66� 0.05 14.75� 0.10 14.95� 0.13 1.00
SPV02-HD1-1a AA53122 1 Succineidae (n¼ 7) Coro 150–160 �6.4 36.07� 0.43 41.32� 0.42 –
SPV02-HD1-1a AA53123 1 Pupilla muscorum (n¼ 7) Coro 150–160 �5.1 36.59� 0.70 41.78� 0.64 –
Murray Springs – Section 1
SPV00-MS1-1a AA39316 2 Succineidae (n¼ 2) Coro 0–10 �6.5 17.86� 0.08 21.17� 0.15 21.10� 0.20 1.00
SPV00-MS1-1b AA39317 2 Succineidae (n¼ 8) Coro 0–10 �6.5 18.16� 0.08 21.61� 0.16 21.63� 0.23 1.00
SPV00-MS1-2 AA39326 2 Succineidae (n¼ 5) Coro 10–20 �5.8 19.38� 0.11 23.06� 0.20 23.03� 0.26 1.00
SPV00-MS1-3 AA39327 2 Succineidae (n¼ 9) Coro 20–30 �5.7 21.03� 0.10 25.17� 0.15 25.09� 0.07 0.25

25.43� 0.12 0.75
SPV00-MS1-4 AA39319 2 Succineidae (n¼ 7) Coro 30–40 �5.7 21.60� 0.12 25.98� 0.18 –
SPV00-MS1-5 AA39328 2 Succineidae (n¼ 8) Coro 40–50 �5.6 23.57� 0.12 28.25� 0.19 –
SPV00-MS1-6 AA39329 2 Succineidae (n¼ 10) Coro 50–60 �5.5 23.69� 0.13 28.39� 0.20 –
SPV00-MS1-7 AA39330 2 Succineidae (n¼ 7) Coro 60–70 �4.8 24.42� 0.14 29.21� 0.20 –
SPV00-MS1-8 AA39331 2 Succineidae (n¼ 4) Coro 70–80 �5.5 24.98� 0.14 30.00� 0.26 –
SPV00-MS1-9a AA39318 2 Succineidae (n¼ 2) Coro 80–90 �6.6 24.47� 0.12 29.26� 0.18 –
SPV00-MS1-9f AA47648 2 Euconulus fulvus (n¼ 5) Coro 80–90 �6.8 24.74� 0.20 29.63� 0.32 –
SPV00-MS1-9e AA47647 2 Pupilla muscorum (n¼ 5) Coro 80–90 �6.8 25.70� 0.21 30.91� 0.26 –
SPV00-MS1-10 AA39333 2 Succineidae (n¼ 8) Coro 90–100 �6.2 24.62� 0.14 29.45� 0.22 –
SPV00-MS1-11a AA39320 2 Succineidae (n¼ 2) Coro 100–110 �6.3 24.31� 0.18 29.08� 0.24 –
SPV00-MS1-11b AA39321 2 Succineidae (n¼ 8) Coro 100–110 �6.3 24.86� 0.17 29.81� 0.30 –
Murray Springs - Section 2
SPV01-MS2-6 AA47649 2 Euconulus fulvus (n¼ 9) Coro 0–12 �6.6 13.14� 0.06 15.30� 0.12 15.53� 0.17 1.00
SPV01-MS2-6 AA43399 2 Succineidae (n¼ 4) Coro 0–12 �6.0 13.68� 0.08 15.92� 0.14 16.28� 0.21 1.00
SPV01-MS2-9 AA43400 2 Succineidae (n¼ 4) Coro 37–49 �5.9 19.78� 0.12 23.64� 0.17 23.69� 0.19 1.00
SPV01-MS2-12 AA43401 2 Succineidae (n¼ 9) Coro 73–85 �6.0 23.02� 0.20 27.63� 0.26 –
Seff Locality
SPV05-SL-1 AA65899 1 Succineidae (n¼ 2) Earp 30–35 �7.3 10.57� 0.06 12.53� 0.07 12.43� 0.03 0.29

12.67� 0.08 0.71
Cerros Negros
SPV01-CN1-2 AA45849 1 Succineidae (n¼ 2) Coro 15–35 �5.5 21.62� 0.28 25.98� 0.39 –
SPV01-CN1-8 AA49850 1 Succineidae (n¼ 3) Coro 375–385 �6.9 38.5� 1.9 43.4� 1.7 –

Uncertainties for the raw and calibrated 14C ages are given at the 1s (68%) confidence level.
a 1¼ this study, 2¼ Pigati et al. (2004).
b Number of shells used for 14C dating given in parentheses.
c Depth from the top of each marl (Coro, Earp).
d Fairbanks0107 dataset; limit 50.0 calendar ka B.P.; http://radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm (accessed 15.02.08).
e CALIB v. 5.1.0.Beta, IntCal04.14C dataset; limit 26.0 calendar ka B.P. Calibrated ages are reported as the midpoint of the calibrated range. Uncertainties are reported as the

difference between the midpoint and either the upper or lower limit of the calibrated age range, whichever is greater. Multiple ages are reported when the probability of
a calibrated age range exceeded 0.05.

f p¼ probability of the calibrated age falling within the reported range as calculated by CALIB.
g Succineidae fragments (n¼ 2), Gyraulus parvus (n¼ 6), Gastrocopta pentodon (n¼ 7).
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Locality, and Cerros Negros in 2- to 5-cm increments from each of
the exposed marl sections (Coro and Earp). Aliquots were selected
for analysis after homogenization with a mortar and pestle to
minimize the effect of intrasample variability (Appendix A.3). Marl
carbonate was converted to CO2 using 100% H3PO4 under vacuum at
70 �C. Stable isotopes (d18O, d13C) were measured on a Finnigan
MAT 252 mass spectrometer equipped with a Kiel III automated
sampling device2. As above, measured d13C and d18O values of the
marl carbonate are reported in the usual delta (d) notation as the
per mil (&) deviation from the VPDB standard. Analytical uncer-
tainties for the d18O and d13C values reported here are less than
0.1& based on repeated measurements of carbonate standards. In
2 Any use of trade, product, or firm names is for descriptive purposes and does
not imply endorsement by the U.S. Government.
all, we measured the d13C and d18O values of 281 samples of marl
carbonate from the Earp and Coro marls at Horsethief Draw, Murray
Springs (two sections), the Seff Locality, and Cerros Negros.

3.2.2. Ostracodes
For analysis of the stable isotopic composition (d13C, d18O) of

ostracode calcite, we collected sediment samples in 2007 at Murray
Springs in 5-cm blocks at four chronologic intervals: early glacial
(29.5 ka B.P.; sample MS1-90–95), full glacial (24.8 ka B.P.; sample
MS1-25–30), last glacial maximum (LGM; 20.9 ka B.P.; sample
MS2-30–35), and late glacial (15.0 ka B.P.; sample MS2-0-5).
Ostracodes were separated from the marl sediment by soaking and
gently agitating in a weak sodium bicarbonate–sodium hexame-
taphosphate solution for up to a week, and then washed with hot
water over 150 mm sieves. Individual ostracode valves were hand-
picked, sonicated gently, rinsed with deionized water, and dried

http://radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm


Table 3
Summary of IRSL results.

Sample ID Depth
cm

% Water
contenta

K (%)b Rb
(ppm)b

Th (ppm)b U (ppm)b Cosmic
dosec

(Gy/ka)

Total dose
(Gy/ka)

Equivalent
Dose (Gy)

Raw age
(ka B.P.)d

Corrected age
(ka B.P.)e

Horsethief Draw
HD-IRSL-2 110–120 6 (30) 0.58� 0.08 13.5� 0.5 3.05� 0.03 1.76� 0.04 0.23� 0.01 1.95� 0.11 31.1� 3.2 15.9� 1.9 18.0� 2.2
HD-IRSL-4 265–275 2 (33) 0.23� 0.05 32.2� 0.6 2.48� 0.03 1.02� 0.03 0.19� 0.01 1.12� 0.07 47.8� 2.4 42.7� 2.4 47.8� 2.9
HD-IRSL-1 265–275 2 (33) 0.23� 0.05 32.2� 0.6 2.48� 0.03 1.02� 0.03 0.19� 0.01 1.12� 0.07 49.1� 2.1 43.8� 4.8 48.5� 5.3
Murray Springs
MS1-IRSL-2 0–5 7 (30) 0.57� 0.08 30.7� 0.7 3.63� 0.03 1.52� 0.03 0.23� 0.01 1.63� 0.07 24.6� 0.7 15.1� 1.1 16.8� 1.2
MS1-IRSL-1 105–110 7 (28) 0.53� 0.08 31.3� 0.8 4.24� 0.04 1.90� 0.04 0.20� 0.01 2.08� 0.10 51.1� 3.1 24.6� 2.7 27.6� 3.0
Cerros Negros
CN-IRSL-4 70–80 3 (31) 0.54� 0.05 25.8� 0.6 2.86� 0.03 1.14� 0.03 0.23� 0.01 1.60� 0.06 36.3� 1.3 22.7� 0.9 24.8� 1.0
CN-IRSL-3 145–155 5 (33) 0.53� 0.08 25.1� 0.7 2.15� 0.02 1.22� 0.03 0.21� 0.01 1.52� 0.07 36.2� 2.9 23.8� 1.0 26.9� 1.2
CN-IRSL-2 255–265 6 (32) 1.44� 0.14 76.7� 1.3 7.84� 0.06 2.02� 0.03 0.18� 0.01 3.42� 0.13 52.7� 0.5 15.4� 1.2 35.1� 2.8
CN-IRSL-1a 365–375 4 (29) 1.57� 0.15 94.4� 1.3 8.03� 0.06 2.14� 0.04 0.15� 0.01 3.59� 0.14 76.4� 0.8 21.3� 1.7 50.4� 4.1
CN-IRSL-1b 365–375 4 (29) 1.57� 0.15 94.4� 1.3 8.03� 0.06 2.14� 0.04 0.15� 0.01 3.59� 0.14 77.6� 3.6 21.6� 2.6 51.2� 6.3

Uncertainties for all data, including the raw and corrected luminescence ages, are given at the 1s (68%) confidence level.
a Sample moisture (percent sample saturation). Ages were calculated using 50% of the saturation moisture.
b Measured by neutron activation analyses. Murray Springs data were checked via gamma spectrometry (low resolution NaI detector).
c Cosmic doses and attenuation with depth were calculated using the methods of Prescott and Hutton (1994). See text for details.
d Range of grain size was fixed at 4–11 microns due to the extremely fine-grained nature of sediment. Exponential fit used for equivalent dose data.
e All samples except CN-IRSL-1a, b, and 2 were calculated using a fade correction of g¼ 1.7–2.2% per decade. The corrected ages for these three samples were calculated using

a fade correction of g¼ 10.2% per decade.
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under laminar flow before identification by one of us (JEB). Ostra-
codes that were present in significant numbers (>10 specimens in
a sample) included three species of the genus Candona (one large
and one small unknown species, and Candona stagnalis), two
species of the genus Cypridopsis (Cypridopsis okeechobei, Cypridopsis
vidua), Scottia sp., and Strandesia meadensis. Some of these taxa
were large enough that only a single valve was required for anal-
ysis; others required multiple valves for each measurement. As
above, all stable isotope measurements of ostracode calcite were
performed using the Finnigan MAT 252 mass spectrometer equip-
ped with a Kiel III automated sampling device. Analytical uncer-
tainties for most of the d18O and d13C values reported here are less
than 0.1&. However, some of the ostracode samples (<6% of the
total) were exceptionally small and required additional processing;
uncertainties for these samples were 0.15& for d13C and 0.2& for
d18O. We did not observe any systematic biases in the ostracode
isotopic values related to sample size. In all, we measured the
isotopic values of 376 aliquots of ostracode calcite.

4. Results

4.1. Chronology and depositional rates

The basal age of the Coro Marl was determined using 14C and
luminescence dating techniques (Tables 2 and 3). Radiocarbon
results show that the oldest ages from Horsethief Draw
(41.78� 0.64 ka) and Cerros Negros (43.4�1.7 ka) are at or near the
limit of standard 14C dating. Luminescence ages from the base of
the marl at these sites indicate that marl deposition probably began
a few thousand years earlier, by 48.5� 5.3 ka at Horsethief Draw
and 51.2� 6.3 ka at Cerros Negros. The discrepancy between the 14C
and luminescence ages likely reflects the influence of a small
amount (<1%) of modern carbon contamination, which causes 14C
ages to be younger than the actual ages. This can occur by the
addition of secondary carbonate or by dissolution-recrystallization
processes; both result in the formation of calcite within the
aragonite shell matrix, but at levels that are well below the
detection capabilities of X-ray diffraction (XRD). Apparent ‘‘finite’’
14C ages obtained from small terrestrial gastropod shells that are in
excess of 50 ka have been documented previously in wetland
systems in Southern Nevada (Quade et al., 2003) and in a lake
shoreline setting in the Bolivian Altiplano (Placzek et al., 2006). This
suggests that the practical limit of 14C dating of shell carbonate in
some depositional environments is significantly lower than
analytical limits. To date, the practical limits of 14C dating of shell
carbonate have not been rigorously addressed and, therefore, we
prefer the basal dates obtained by luminescence dating and
conclude that deposition of the Coro marl began w50 ka ago.

The upper age of the Coro marl was determined by 14C dating of
gastropod shells at Murray Springs #2 (15.30� 0.12 ka) and Horse-
thief Draw (14.21�0.11 ka). We take the midpoint of these two ages,
14.7 ka B.P., as the upper limiting age of the Coro Marl for four
reasons: (1) to minimize the possible effects of a small degree of
open-system behavior of the shell carbonate (this would make the
ages younger), (2) similarly, incorporation of a small amount of old
carbon during shell formation while the gastropods were still alive
would make the ages slightly older, (3) there may be differences in
response times between a climate event (i.e., a change in P or E/T)
and ground-water discharge at each site, and (4) other potential
factors related to site-specific characteristics that might affect the
chronologic data obtained from each site to a small degree.

The Coro marl was deposited more or less continuously at our
study sites as evidenced by the lack of erosional unconformities or
depositional hiatuses within the unit. Deposition rates of the marl
calculated by linear interpolation between fixed points (dated
intervals) were generally between w4 and 8 cm/ka, except for
a brief period between w25 and 30 ka B.P. when depositional rates
temporarily increased to w15 and 35 cm/ka at Murray Springs and
Cerros Negros, respectively (Fig. 4).

The basal age of the Clanton clay and Earp marl (different facies
of the same time-stratigraphic unit) is constrained by a 14C age from
gastropod shell carbonate from the Earp marl at the Seff Locality
(12.53� 0.07 ka) and 14C ages of the base-insoluble residue of
organic samples of the Clanton clay at Murray Springs
(12.79� 0.05 kyr, Haynes, 2007a). As above, we take the midpoint
of these ages, 12.6 ka B.P., as the basal age of this unit.

The upper limiting age of the Clanton clay/Earp marl was
determined by 14C dating of gastropod shell carbonate at Horsethief
Draw (10.15� 0.07 ka) and 14C dating of the base-insoluble residue
of organic samples at Murray Springs (11.22� 0.06 kyr, Haynes,
2007a). Again we take the midpoint, 10.6 ka B.P., as the upper age of
this unit.

The Earp marl appears to have been deposited more rapidly than
the older Coro marl, w26 cm/ka at Horsethief Draw and w13 cm/ka
at the Seff Locality. However, we urge caution in taking these rates
at face value because we were not able to obtain bracketing ages at



LEHNER RANCH

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

HORSETHIEF DRAW

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

MURRAY SPRINGS 2

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

SEFF LOCALITY

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

MURRAY SPRINGS 1

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

CERROS NEGROS

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60

Age (ka B.P.)

)
m

c
(

 
h

t
p

e
D

Fig. 4. Age models for GWD deposits at six sites in the San Pedro Valley. Calibrated ages based on 14C measurements are shown as solid circles. Open circles denote inferred ages
based on 14C measurements made at other sites; the base and top of the Earp marl were constrained by 14C ages at the Seff Locality and Horsethief Draw, respectively. Luminescence
ages are represented by open squares. Linear interpolations between fixed points are shown for the Coro marl (solid lines) and Earp marl (dashed lines).
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either site. The basal age of the Earp marl was taken at the Seff
Locality, whereas the upper limiting age was taken at Horsethief
Draw (shell 14C age) and Murray Springs (organic 14C ages). We
assume coeval precipitation of the marl at these locations, which
allows us to calculate a deposition rate, but this has not been
verified with chronologic data.

4.2. Stable isotopes

4.2.1. Marl carbonate
d18O values obtained from the Coro marl carbonate range from

�9.8 to �6.7& (Fig. 5). At Horsethief Draw and Cerros Negros, d18O
values of the Coro marl carbonate are w�9& near the base of both
sections. At Horsethief Draw, d18O values then quickly increase to
w�8& and generally remain w0.5& higher than those at Cerros
Negros as oxygen isotope values at both sites increase slightly until
w28 ka B.P. Marl deposition began at Murray Springs at about this
time, and d18O values there increase steadily between w28 and
15 ka B.P. except for a small, brief negative excursion at Murray
Springs #1 centered at w25 ka B.P. In contrast, d18O values at
Horsethief Draw remain relatively constant between w27 and
14 ka B.P. d18O values from the youngest sections of the Coro marl
are nearly identical (�8&) at both Horsethief Draw and Murray
Springs #2. In all, the d18O of the Coro marl carbonate shows
a general trend in which values increase slightly (w1–2&) between
w50 and 15 ka B.P.

Stable carbon isotopic values (d13C) of the Coro marl carbonate
are essentially constant between w50 and 25 ka B.P., and then
increase by w1& between w25 and 15 ka B.P. at all sites. This
progression is interrupted by a positive excursion at Cerros Negros
centered at w37 ka B.P. This excursion, in which d13C values
abruptly spike by w2&, is not seen in any of the other Coro marl
d13C records. The positive trend in both d18O and d13C values at the
top of the Cerros Negros record is likely due to diagenetic effects as
the top of the Coro marl at this location is exposed at the ground
surface.

Finally, unlike the isotopic values of the Coro Marl, d18O and d13C
values of the Earp marl carbonate covary and increase quickly at
Horsethief Draw and the Seff Locality (R2¼ 0.598; Figs. 5 and 6).
d18O values rise from �8& to �6& and d13C values rise from �5&

to �2& at both sites, which span from w12.6 to 10.6 ka B.P.

4.2.2. Ostracodes
d18O values of ostracodes from the Coro marl carbonate in San

Pedro Valley range from �9.5 to �4.4& (Fig. 7, Table 4). Note that
these values are not corrected for biological or ‘‘vital’’ effects that
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can affect stable isotope values of ostracodes (e.g., Von Grafenstein
et al., 1999; Keating et al., 2002). Such vital effects are thought to
vary between taxa and are not well constrained for all of the
ostracodes measured in this study. Thus, to avoid problems asso-
ciated with vital effects, we only compare isotopic data within
a single taxon and assume that vital effects within each taxon
remain constant through time.

d18O values of the ostracode calcite vary by 3–5& for most
ostracode taxa within a single stratigraphic level. But within each
taxon, there is a discernable pattern in the minimum d18O values;
that is, d18O values from the early glacial period (29.5 ka B.P.) are
relatively high, typically �7 to �9&, decrease by w1& across full
R2 = 0.069
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Fig. 6. d18O and d13C values for 281 measurements of carbonate from the Coro marl
(open circles) and Earp marl (solid circles). Covariance of the two isotopes in the Earp
marl (R2¼ 0.598) may reflect the presence of more stagnant water conditions, and
hence more evaporation and biological productivity, between 12.6 and 10.6 ka B.P.,
compared to the more open-flow wetland systems represented by the older Coro marl.
glacial (24.8 ka B.P.) and LGM (20.9 ka B.P.) times, and then increase
by 1–3& in the late glacial (15.0 ka B.P.). The d18O values of some
taxa, including Candona sp. (large), C. okeechobei, and C. vidua, are
lowest during the LGM, whereas minimum d18O values of other
taxa, including Candona sp. (small) and Scottia sp., are lowest
during both the full glacial and LGM. We did not find enough
S. meadensis in stratigraphic levels below the Late Glacial to eval-
uate these trends.

Within a single taxon, d13C values of the ostracode calcite within
a stratigraphic level vary even more, by as much as 6–7& (Fig. 7).
Unlike the d18O values, however, we did not find any consistent
trends in the minimum, maximum, or average d13C values. For
example, minimum d13C values for Candona sp. (large) and Scottia
sp. do not vary significantly across the full glacial or LGM, whereas
minimum values for C. stagnalis decrease across the full glacial and
d13C values for C. okeechobei and C. vidua increase across the full
glacial and LGM.

We also did not find a clear relation between the d18O and d13C
values of individual ostracodes. Of the seven taxa that we investi-
gated, only C. stagnalis (R2¼ 0.323) and S. meadensis (R2¼ 0.147)
showed a statistically significant relation between the two isotopes.
Moreover, the slope of the d18O–d13C relation varied; some are
positive (Candona sp. large and small, C. stagnalis, C. okeechobei, and
Scottia sp.) and others are negative (C. vidua and S. meadensis).

5. Discussion

5.1. Depositional environment

The Coro marl was originally thought to have a lacustrine origin
(Haynes, 1968), but that hypothesis has since been abandoned
(Haynes, 2007c) for several reasons. First, the elevations of the marl
outcrops are not uniform throughout the valley; they range from
1289 to 951 m from south to north (Table 1), which closely tracks
the elevation of the San Pedro River along the same stretch of the
valley. Historic tectonic activity has been observed (e.g., the 1887
Great Sonoran earthquake; Suter and Contreras (2002)), but there
is no geologic evidence for tectonic activity that could have caused
the hundreds of meters of tilt required to account for the modern
gradient of the marl, assuming it was once uniform in elevation.
Second, the uppermost elevation of the marl, 1289 m at Lehner
Ranch, is positioned above two potential spillway points, into the
Tucson Basin to the west via a sill between the Whetstone and
Rincon Mountains and into the Gila River basin to the north via the
northern San Pedro Valley (Fig. 2). The presence of a large lake in
the valley would require geologic barriers at both locations. While
this is certainly possible, evidence of catastrophic flooding or
overfill deposits has not been observed to the west or north of the
potential dam sites, nor is there any physical evidence of the dams
at either location. Finally, there is no clear evidence of shorelines or
depositional features in the valley as one would expect to find
associated with a large lake.

An alternative hypothesis is that the Coro marl consists of
a series of discontinuous ground-water discharge (GWD) deposits
that were formed during a period of high water table conditions.
This hypothesis is supported by several lines of evidence. First, the
Coro marl deposits that have been identified are all located on the
west side of the modern San Pedro River, adjacent to the high
mountain ranges that flank the west side of the valley. Asymmetric
distribution of GWD deposits along valley axes with deposits
favoring the side with the higher mountain ranges (and thus the
side with higher precipitation and increased aquifer recharge) is
common elsewhere in the American Southwest (Quade et al., 1995).

Second, the mixed assemblage of high-discharge spring ostra-
codes (S. meadensis), low-flow to stagnant water ostracodes (Het-
erocypris incongruens), and spring/seep to semi-terrestrial
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Fig. 7. d18O and d13C values for 376 measurements of ostracode calcite that represent four time periods at Murray Springs: early glacial (29.5 ka), full glacial (24.8 ka), LGM (20.9 ka),
and late glacial (15.0 ka). The most negative values (connected by lines in the figure) best approximate the original isotopic composition of the host waters; more positive values are
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ostracodes (Scottia sp.) are indicative, collectively, of spring complex
systems, including flowing springs, wet meadows, and marshes,
rather than lake systems (Forester, 1991; Külköylüoglu and Vinyard,
2000; Külköylüoglu, 2003; Quade et al., 2003). Similarly, the
assemblages of terrestrial, semi-aquatic, and aquatic gastropods
documented by Mead (1979, 2007) are indicative of a complex
mosaic of wetlands, wet meadows, and spring-fed channels.

Finally, the isotopic data from both the Coro marl carbonate and
the ostracodes recovered from the marl are indicative of open-
system hydrologic behavior. In closed systems, such as lakes or
ponds, changes in air temperatures that are accompanied by
enhanced evaporation and higher biological productivity typically
result in more positive d18O and d13C values that covary (Talbot,
1990). The d18O and d13C values of the Coro marl show little to no
covariance (R2¼ 0.069; Fig. 6), nor do the stable isotopic values of
the ostracode calcite (average R2¼ 0.079; Fig. 7, Table 4). While this
evidence is indirect, it supports the idea that the Coro marl was
deposited in open-system, overland-flow ciénegas or wetland
settings. There may have been local ponding as found in many
wetland environments today, but the isotopic values and micro-
faunal assemblages suggest that through-flowing conditions pre-
vailed over much of the valley.
The Clanton clay and Earp marl were also formed during high
water table conditions that prevailed in the San Pedro Valley
between w12.6 and 10.6 ka ago. The stable isotope results (d18O,
d13C) of the Earp marl carbonate, however, suggest that there were
significant differences between the depositional environments of
the two marls. Specifically, the covariance between d18O and d13C
values of the Earp marl carbonate (R2¼ 0.598; Fig. 6) indicates that
closed-system behavior prevailed at this time. At Murray Springs
and other localities, the Earp marl is associated with low-lying
areas; the coeval Clanton clay is associated with adjacent higher
areas. Thus, we suggest that although these younger wetland
systems were also fed by high water table conditions, the Earp marl
carbonate was formed in a series of shallow, evaporative ponds or
pools, rather than the open-flowing ciénega systems represented
by the older Coro marl.

5.2. Interpretation of stable isotopic data

The stable isotopic composition (d13C, d18O) of ground-water
discharging from an aquifer depends on the isotopic composition of
the recharge water and any isotopic changes induced during travel
along the ground-water flow path. Similarly, the isotopic



Table 4
Summary of ostracode isotopic data from Murray Springs.

Section Depth
(cm)

Age
(ka BP)

Parameter Candona sp.
(large)

Candona sp.
(small)

Candona
stagnalis

Cypridopsis
okeechobei

Cypridopsis
vidua

Scottia
sp.

Strandesia
meadensis

MS2 0–5 15.0 n 2 7 0 20 10 1 10
d18O – max �5.3 �4.4 – �4.5 �6.7 �7.9 �6.0
d18O – min �5.4 �5.8 – �7.4 �8.4 �7.9 �9.1
d13C – max �8.5 �5.5 – �3.5 �6.6 �4.7 �5.2
d13C – min �8.6 �8.3 – �6.9 �8.6 �4.7 �8.2

MS2 30–35 20.9 n 20 23 21 24 20 21 2
d18O – max �5.0 �4.9 �5.6 �6.1 �6.2 �4.8 �7.3
d18O – min �8.3 �7.8 �8.0 �8.9 �8.7 �9.5 �7.4
d13C – max �3.3 �3.5 �4.9 �2.0 �3.0 �3.1 �4.6
d13C – min �9.0 �10.0 �8.5 �6.0 �6.1 �6.5 �4.6

MS1 25–30 24.8 n 41 46 9 24 13 9 0
d18O – max �4.5 �4.5 �7.1 �5.9 �6.3 �7.8 –
d18O – min �7.7 �7.9 �8.7 �8.2 �8.0 �9.4 –
d13C – max �4.4 �4.0 �8.1 �4.1 �4.0 �3.8 –
d13C – min �9.4 �8.2 �9.9 �6.4 �6.3 �6.7 –

MS1 90–95 29.5 n 10 0 3 20 7 12 1
d18O – max �4.4 – �7.0 �6.0 �5.6 �6.6 �9.1
d18O – min �7.4 – �8.3 �8.3 �7.8 �8.4 �9.1
d13C – max �5.7 – �6.6 �4.6 �4.8 �4.6 �6.5
d13C – min �8.2 – �8.6 �7.4 �6.7 �7.3 �6.5

Total n 73 76 33 88 50 43 13
d13C – d18O
covariance
(R2)

0.012 0.035 0.323 0.006 0.011 0.020 0.147
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composition of carbonate derived from discharge waters is a func-
tion of the isotopic composition of the water, as well as a number of
other parameters (water temperature, pH, salinity, etc.). In concept,
therefore, we should be able to infer changes in the isotopic
composition of recharge waters by measuring the isotopic values of
carbonates that ultimately derive their carbon and oxygen from
those waters. This, of course, requires several assumptions: (1)
minimal water–rock interaction along the ground-water flow path,
(2) an absence of geothermal heating, (3) equilibrium conditions
during carbonate precipitation, and (4) limited evaporation. If these
conditions are satisfied, then the isotopic composition of valve
carbonate of ostracodes that lived in the discharge waters, as well
as carbonate precipitating from those waters (i.e., marl carbonate),
could be used to determine how and when the isotopic composi-
tion of recharge waters changed over time.

A chief concern in such studies, particularly those undertaken in
arid environments, is the effect of evaporation on the d18O values of
the host waters. Evaporation concentrates the heavier isotope (18O)
in the liquid phase; the enriched 18O/16O ratios are then passed on to
carbonates derived from those waters (Faure, 1991). While most
wetland systems are less likely to become evaporatively enriched
than lakes because they are through-flowing systems, a detailed
understanding of the specific flow regime that existed at any given
period of time within a wetland is often difficult to ascertain. In large
valley–floor systems, such as those found in the southern Great
Basin, there are multiple lines of evidence (basin morphology,
sedimentary profiles, cut and fill sequences) that can be used to
determine if flow-through conditions prevailed in the Pleistocene
environments (Quade et al., 2003). In the San Pedro Valley, however,
we cannot use the same arguments because the sediments are not as
well exposed and are more limited in aerial extent. To minimize the
potential impact of evaporation, therefore, we collected samples of
marl carbonate that were as close to the spring vents as possible with
the idea that limiting the physical distance between the paleospring
vents and outcrops would limit the possibility of significant evapo-
ration. At Murray Springs, for example, the locations of the paleo-
spring vents have been identified and are within a few tens of meters
of the marl outcrops that we sampled (Haynes, 2007c, Plate 8). The
distance between the paleosprings and marl outcrops at other sites
is not as well constrained, but is assumed to be on the same scale
based on the lateral distribution of marl carbonate.

Variations in the d18O and d13C values of the Coro marl carbonate
are subtle, on the order of 1–2& over several millennia. d18O values
of the marl carbonate, for example, indicate that conditions were
relatively equable for most of oxygen isotope stages (OIS) 2 and 3
(Fig. 5). There is no evidence of submillennial-scale variability, such
as Dansgaard–Oeschger or Heinrich events, during this period, and
d18O and d13C values generally increase gradually over time with
two exceptions: (1) a positive spike in d13C values at Cerros Negros
that is centered at w37 ka B.P. and, (2) positive spikes in the d18O
and d13C records that are centered at w26 ka B.P. near the top of the
Cerros Negros carbonate record. The climatic or hydrologic
importance of the 37 ka-spike in the Cerros Negros d13C record is
unclear because it is not replicated in any of the other marl
carbonate d13C records. It may reflect a brief change in the isotopic
composition of the dissolved inorganic carbon (DIC) of the
discharge waters at Cerros Negros, a temporary change in the
biological productivity at this location, or another local effect that
did not impact hydrologic systems farther south in the San Pedro
Valley. The spike in oxygen and carbon isotopic values near the top
of the Cerros Negros carbonate record likely reflects diagenetic
processes, such as pedogenic overprinting, as the top of the Coro
marl is exposed at the surface at this location.

Minimum d18O values in the ostracodes recovered from Murray
Springs exhibit a modest (w1&) decrease across full glacial and
LGM times. The more negative d18O values are likely the result of
the ‘‘rain-out effect’’ in which heavier nuclides are preferentially
removed during successive precipitation events via Rayleigh distil-
lation; the magnitude of the rain out effect is enhanced as temper-
atures decrease because fractionation of oxygen isotopes is greater
at lower temperatures. The net result is that ostracode calcite
records lower or more negative d18O values during periods of cooler
and/or moister conditions. As discussed above, it is not possible to
relate the modest decrease in the d18O values of the ostracode calcite
across full glacial and LGM times quantitatively to climate parame-
ters (P/ET) because of the open-system nature of wetland systems.



Fig. 8. Comparison of the timing of variations in the GISP2 d18O record and paleohydrologic records from southeast Arizona, including pluvial Lake Cochise (Waters, 1989) and the
San Pedro Valley GWD deposits. In the right panel, solid diamonds denote ages based on 14C dating of charcoal, solid circles denote ages based on 14C dating of small terrestrial
gastropods, solid triangles denote ages based on 14C dating of organic matter, and open squares denote luminescence ages. Shaded intervals represent high-water table conditions in
the San Pedro Valley for comparison with the GISP2 d18O record. Upper and lower limits of these conditions are defined by the midpoint of the limiting ages at Horsethief Draw,
Murray Springs, and the Seff Locality (see text for discussion). Warming in the North Atlantic at the onset of the Bølling–Allerød warm period broadly coincides with abandonment
of the 1274-m shoreline at pluvial Lake Cochise and a drop in the regional water table in the San Pedro Valley. A return to cooler conditions during the Younger Dryas cold event in
the North Atlantic was accompanied by a temporary rise in the regional water table and deposition of the Clanton clay and Earp marl in the valley.
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5.3. Paleohydrology of southeastern Arizona

One of the major assumptions in paleohydrologic research is
that changes in climate affect all aspects of the hydrologic cycle of
an area simultaneously. In other words, different sources of pale-
ohydrologic information from a region should yield similar results.
In southeastern Arizona, we have the unusual opportunity to test
this assumption by comparing the timing of changes in the local or
regional hydrologic budget as reconstructed by the San Pedro
Valley GWD deposits, a speleothem calcite d18O record from nearby
Cave of the Bells (COB) that is located in the Santa Rita Mountains
w40 km west of the San Pedro Valley (Wagner, 2006), and a lake
highstand record from Pluvial Lake Cochise, located w30 km east of
the San Pedro Valley where Willcox Playa exists today (Waters,
1989) (Fig. 2).

Deposition of the Coro marl indicates that ground-water levels
in the San Pedro Valley were high between w50 and 14.7 ka B.P.,
fell and remained low as erosive conditions dominated the region
until 12.6 ka B.P., rebounded briefly between w12.6 and 10.6 B.P. as
evidenced by deposition of the Clanton clay and Earp marl, and
then fell again and remained low throughout the Holocene. d18O
values of ostracode calcite at Murray Springs also suggest that
climate conditions between w25 and 20 ka B.P. were cooler and/or
moister than conditions either before or after this period. Similarly,
the COB speleothem d18O record shows large changes at w50 ka B.P.
(negative), w15 ka B.P. (positive), w13 ka B.P. (negative), and
w11 ka B.P. (positive), similar to the timing of changes in water
table levels recorded by the GWD deposits. Moreover, the isotopic
changes in the COB speleothem record between w25 and 20 ka B.P.
are roughly coincident, in the same direction, and are approxi-
mately the same magnitude as changes in the d18O record of the
ostracode calcite from the San Pedro Valley. Finally, the timing of
the drop in ground-water levels in the San Pedro Valley at
w15 ka B.P. coincides with abandonment of the 1274-m lake
highstand at pluvial Lake Cochise (Waters, 1989).

In southeastern Arizona, therefore, the assumption that
different hydrologic records should yield similar results regarding
the nature and timing of climate change appears to be validated as
ground-water and pluvial lake levels in this region were directly
linked with changes in climate (Fig. 8). At w50 ka B.P., ground-
water levels in the San Pedro Valley rose as climate conditions
became cool and/or moist, initiating deposition of the Coro marl in
discontinuous ciénegas through the valley. Ground-water levels
remained high for the next w35 ka until climate abruptly shifted
toward warm and/or dry conditions as indicated by positive
excursion of d18O values in the COB speleothem. This transition is
also recorded by the abandonment of the 1274-m highstand at
pluvial Lake Cochise. Ground-water levels remained low between
w14.7 and 12.6 ka B.P. and erosive conditions prevailed in the
valley as climate remained warm and/or dry during the Bølling–
Allerød warm period and Clovis-age drought of Haynes (1991).
Approximately coincident with the onset of the Younger Dryas cold
event, ground-water levels in the San Pedro Valley rebounded,
which fed the springs and shallow ponds in which the Clanton clay
and Earp marl were deposited. At the onset of the Holocene,
w10.6 ka B.P., ground-water levels in the valley fell once again as
climate abruptly shifted back to warm and/or dry conditions as
seen in the COB speleothem record. Unlike the previous hydrologic
changes, this transition was also accompanied by a major shift in
vegetation regimes in the Sonoran and Chihuahuan Deserts (e.g.,
Van Devender et al., 1987, and references therein). There is no
evidence of a return to high water table conditions in the San Pedro
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Valley, which suggests that warm temperatures, low precipitation
rates, and erosive conditions prevailed in southeastern Arizona
since the onset of the Holocene.

The timing of the hydrologic changes in the San Pedro Valley
coincide broadly with variations in the GISP2 d18O record (Fig. 8),
which supports the hypothesis that atmospheric teleconnections
existed between the North Atlantic and the American Southwest
during the late Pleistocene. However, we note that we did not
observe any evidence of submillennial-scale variability, such as
Dansgaard–Oeschger or Heinrich events, in the sediments or
isotopic data of the GWD deposits in the San Pedro Valley. Such
short-term fluctuations in climate conditions either did not occur in
southern Arizona or, more likely, the effect of such fluctuations was
lost to bioturbation or other processes related to marl deposition.
Evidence of atmospheric teleconnections linking the North Atlantic
and the American Southwest has been documented previously in
high-resolution records from coastal marine settings (Kennett and
Ingram, 1995; Hendy et al., 2002), speleothems (Polyak et al., 2004),
and lake records (e.g., Phillips et al., 1994; Benson et al., 1997), but
to our knowledge this is the first record of GWD deposits that
supports the existence of climate teleconnections between these
regions during the Pleistocene.

On a finer, more detailed scale, it is unclear how far geograph-
ically we can confidently project the paleohydrologic record that
we have developed in southeastern Arizona. For example, did
ground-water tables in the eastern Chihuahuan Desert or in
northern Mexico rise and fall in unison with those in San Pedro
Valley? When and how did hydrologic systems in the northern
Great Basin and Colorado Plateau respond to climate change? And
is there evidence in these areas of ground-water highstands related
to regional aquifers during the Holocene? Future work, including
the development of systematic transects of paleohydrologic infor-
mation across the American Southwest, may allow us to address
these issues. Much like the spatial arrays of packrat midden and
pollen records that have been developed over the last few decades,
we foresee the use of paleohydrologic records to establish the
timing and magnitude of past hydrologic change on local to
regional scales across the Southwest. GWD deposits have the
potential to play a major role in this effort and may provide detailed
insight into how hydrologic systems, specifically small desert
watersheds, responded to past climate change on a variety of
spatial and temporal scales.

6. Conclusions

Ground-water discharge (GWD) deposits reflect past episodes of
high-water table conditions that prevailed throughout the deserts
of the American Southwest during the late Pleistocene. GWD
deposits directly record the minimum height of past highstands of
local or regional ground-water tables, and can be accurately dated
using a variety of chronometric techniques, including radiocarbon
dating of terrestrial gastropod shells and luminescence dating.

GWD deposits in the San Pedro Valley of southeastern Arizona
include two carbonate-rich units, the Coro and Earp marls, and the
Clanton clay (black mat), which are found in discontinuous sedi-
ment packages over a w150-km stretch of the valley between the
U.S.–Mexico border and the Gila River Basin to the north. Sedi-
mentological, isotopic, and microfaunal assemblages collectively
suggest that these deposits were formed in a series of discontin-
uous ciénegas and wetland systems during the late Pleistocene.
Water tables in the valley began to rise in response to climate
change w50 ka B.P., and remained high for w35 ka until an abrupt
shift in climate toward warm and/or dry conditions occurred
during the Bølling–Allerød warm period, w15 ka B.P. Water table
elevations then rebounded briefly during the Younger Dryas cold
event before falling at the onset of the Holocene. There is no
evidence of additional ground-water highstands during the
remainder of the Holocene.

The timing of the changes in water table elevations in the San
Pedro Valley during the late Pleistocene coincide with abrupt
changes in oxygen isotopic values in speleothem calcite from Cave
of Bells to the west of the valley and the abandonment of a lake
highstand at pluvial Lake Cochise to the east. Thus, in southeastern
Arizona, the assumption that changes in climate are reflected in all
aspects of the hydrologic cycle of a region simultaneously is vali-
dated. In addition, the timing of these hydrologic changes is broadly
coincident with variations in the GISP2 ice core record, which
supports the hypothesis that atmospheric teleconnections existed
between the North Atlantic and the deserts of the American
Southwest during the late Pleistocene.
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