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ABSTRACT 

A dearth of reliably-dated paleolake records from the southern Basin and Range has 

limited knowledge of past water balance changes there, precluding a more complete 

understanding of late Pleistocene atmospheric circulation across western North America.  

Paleoshorelines in closed basins throughout the region can provide accurately dated records of 

local effective moisture variations, representing a largely untapped source of paleohydrologic 

information.  This dissertation presents paleohydrologic reconstructions from depositional 

successions in two basins at 32
o
N, approximately 100 km apart: Willcox basin, in southeastern 

Arizona, and Playas Valley, in southwestern New Mexico.  Also presented are the results of 
14

C 

dating of charcoal samples from the El Fin del Mundo Clovis archaeological site, in 

northwestern Sonora, Mexico.  In depth analysis of these results allowed constraint of the “small 

sample effect” on the charcoal ages, found to be smaller than 1 of analytical uncertainty.  The 

magnitude of the problem in ages from miniscule shell samples in the Willcox and Playas 

chronologies was found to be similar. 

The successions record moist pluvial conditions from ~20-13 ka in Playas, and >37-11 ka 

in Willcox, with most dates younger than 19 ka—before which there is no solid evidence for lake 

transgressions.  There is clear evidence for overlapping highstands between ~18.3 and 17.9 ka 

and a brief highstand of Cochise at ~12.9 ka, coinciding with Heinrich events H1b and H0, 

respectively.  Temporal concordance between wet periods and perturbations in the North 

Atlantic ocean and/or southern Laurentide ice sheet supports the idea that abrupt paleoclimatic 

changes in the southwestern U.S. occurred in response to large-scale atmospheric linkages to the 

northern high latitudes.  The H1b highstands fill a hiatus in 
14

C dates compiled from 

paleoshorelines throughout the western U.S., and correspond to the first part of a lowstand in 
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paleo-Lake Estancia (35
o
N), in north-central New Mexico.  Anti-phasing within New Mexico 

suggests that the newly documented highstands resulted from an increase in southerly-sourced 

precipitation.  This is consistent with paleoenvironmental evidence from southern Arizona and 

New Mexico that points toward periodic intensification of the summer monsoon during the late 

Pleistocene. 
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INTRODUCTION 

Long-range climate forecasts for western North America call for an increase in mean 

annual temperatures by the end of this century, along with concomitant decreases in 

precipitation.  Forecasts also suggest that the dry spell currently gripping the southwestern U.S. 

is only the first in a series of decadal-scale droughts, each of increasing severity and extent.  

Individual models differ by a factor of three in their regional predictions of temperature and 

precipitation changes (IPCC, 2014), fueling current efforts to improve them.  Although advances 

in computing will continue to improve output agreement, assessing model accuracy hinges on 

independent validation using pre-Industrial paleoclimatic archives.  Accordingly, climate proxy 

records (e.g., from lake sediments, speleothems, and tree rings) have become increasingly 

important for the long-term context that they provide with respect to the relationship between 

temperature and drought under different climatic regimes (e.g., Woodhouse et al., 2009).  As 

such, paleohydrologic records constitute the only available tool with which to test models that 

predict the responses of regional hydrologic cycles to rising temperatures and greenhouse gas 

concentrations.    

Additionally, paleohydrologic records provide important information to land managers 

and policy makers about past changes in natural water supplies that have occurred on decadal to 

millennial time scales.  This is especially important for desert regions of the western U.S., where 

large urban populations are approaching or exceeding their carrying capacities, and where the 

sustainability of water use-active (e.g., large-scale agriculture and mining) and -passive (e.g., 

livestock grazing) operations is in doubt.  Ecologists are likewise interested in paleohydrologic 

records because they are needed for understanding ecosystem resilience on different time scales.  

Further, they inform decisions on whether to manage and conserve exotic elements of modern 
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ecosystems, or to restore extinct elements.  Large-scale reorganizations in the structure of 

ecological communities caused by changes in effective moisture (e.g., Breshears et al., 2005) 

will impact land use and conservation strategies, doubly affecting water use-passive 

stakeholders.  Finally, the cultural and economic well-being of indigenous communities has long 

depended upon the sustainability of extremely limited hydrologic resources. 

Today, changes in the El Nino Southern Oscillation (ENSO) and the North American 

summer monsoon are among the key causes of precipitation variability in the semi-arid 

southwestern U.S., yet little is truly understood about their past impacts on water balance due to 

a dearth of available proxies.  Dendroclimatic archives offer the longest continuous (<2 ka) 

records of temperature and precipitation within this area (e.g., Gray et al., 2004; Salzer, 2005; 

Knight et al., 2010); however, the limited number of high-resolution paleotemperature records in 

comparison to the paleohydrologic reconstructions developed from them precludes a more 

complete assessment of the precipitation-temperature relationship.  Also, precipitation variability 

reconstructions should not necessarily be looked to as analogues for current/forecasted change 

beyond the current century.  This is because boundary conditions will be altered significantly in 

light of what is forecasted to be the largest change in the global climate system since the 

Pleistocene-Holocene transition.  It is therefore instructive to consider variability occurring under 

differing configurations of boundary conditions, requiring the availability of reconstructions over 

much longer time scales.  Extending as far back as the conventional limit of AMS radiocarbon 

dating (~50 ka), paleobotanical remains in packrat middens provide rich accounts of the 

vegetation present at discrete points in time and space—enabling reconstruction of seasonal 

climatic conditions across large areas of the southwestern U.S. (e.g., Van Devender, 1990; 

Holmgren et al., 2007).    



 

14 

 

 

In contrast, cave speleothems from sites in southern Arizona and New Mexico provide 

continuous, decadally-resolved time series of paleoclimatic and paleohydrologic changes, 

spanning centuries to millennia during the late Pleistocene and Holocene.  Spectral analysis of 


18

O records is the primary means used for extracting information about past modes of climate 

variability from them, through comparison to records from ice cores, marine and lake sediments, 

and other speleothems throughout the world.  In speleothems records, unfortunately, it is 

generally not possible to parse apart changes owing to variability, precipitation (amount, 

seasonality, and source), seasonal temperature, and 
18

O systematics within/above the cave.  

Thus, statistical exercises are of limited value in the absence of confirmation about the true 

paleoclimatic significance of the 
18

O “climate” proxy.   

  Paleolake records offer the possibility of recognizing signals of major water balance 

change in speleothem (e.g., Hudson and Quade, 2013) and other climate proxy records.  Fossil 

shorelines are the geomorphic footprints of ancient lakes in arid closed basins, and thus 

document past hydroclimatic variability in large, dry continental interior areas, such as the 

western U.S., where other paleoclimate archives are generally sparse.  Another major advantage 

of shoreline records is that they commonly contain a variety of materials that can be reliably 

dated using the radiocarbon method—well understood and economical in comparison to most 

other Quaternary dating methods.  Equally importantly, they enable constraint of the effective 

moisture changes required to create them, thus revealing the relative magnitude and direction of 

spatial and temporal variability within a region.  Finally, shoreline chronologies are unique in 

that they only record periods of positive hydrologic balance; from no other kind of 

paleoenvironmental record can this hydroclimatic state be unambiguously detected or hydrologic 

balance so accurately quantified.   
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Geologic studies of ancient shorelines in the western U.S. began over a century ago with 

the pioneering study of G.K. Gilbert on mega- Lake Bonneville (Gilbert, 1890).  Since the 

development of radiometric dating techniques, knowledge of lake-level histories from there has 

expanded tremendously (e.g., Benson, 2004).  However, paleoshorelines in the southern Basin 

and Range have received surprisingly little attention compared to those in the Great Basin, 

leaving much to be learned about the paleohydrology of a region that is comparatively water-

starved.  My dissertation research helps to fill this knowledge gap through geologic 

investigations within an area straddled by speleothem records—one to the west from Cave-of-

the-Bells, in southeastern Arizona (Wagner et al., 2010), and one to the east from Ft. Stanton 

Cave, in southern New Mexico (Asmerom et al., 2010).  
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PRESENT STUDY 

Willcox basin hosted paleo-Lake Cochise (Appendix A) and is located along the 

boundary of the Sonoran and Chihuahuan deserts, with an average basin floor elevation of 1,260 

m.  Northern Playas Valley, ~100 km to the east and ~100 m higher in elevation, hosted paleo-

Lake Playas (Appendix B).  Differences between the two paleolake basins include that Willcox 

basin is topographically closed, allowing paleo-Lake Cochise to respond fully to changes in 

water balance, whereas a low-lying sill in Playas Valley limited the size of paleo-Lake Playas.  

Given the spatial proximity of these basins, it is likely that the paleohydrologic changes affecting 

them were similar in direction, if not magnitude.  In combination, their paleoshorelines provide a 

robust record of regional paleohydrologic change at ~32
o
N during the last Deglacial period, 

when most of them formed. 

Deposits that contained little or no carbon-bearing material were either left undated, or 

dated using miniscule shells, or shell fragments, approaching the lower sample-size limit for 

AMS 
14

C dating.  These conditions necessitated a correction for the “small sample effect”—

which, if not accounted for, causes systematic age overestimation and error underestimation that 

can compromise the reliability of radiocarbon chronologies.  Thus, my work on dating small 

charcoal samples from the El Fin del Mundo Clovis Paleoindian site in northwestern Sonora, 

Mexico (Appendix C), provides a basis for assessing the magnitude of this problem in ages 

within the Willcox and Playas records.   
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APPENDIX A: PALEOHYDROLOGY OF PLAYAS VALLEY, SOUTHWESTERN NEW 

MEXICO (32
O
N) AND CLIMATIC IMPLICATIONS FOR WESTERN NORTH AMERICA 

DURING THE FINAL PLEISTOCENE GLACIATION 

 

 

ABSTRACT 

 
A succession of paleo-shoreline and -wetland deposits exposed around Playas Dry Lake 

(32
o
N) records pluvial conditions in southwestern New Mexico during the last glacial-

interglacial transition.  Deposit ages are constrained by 
14

C dates from fossil gastropods, 

spanning ~20-13 ka.  We dated semi-aquatic Succinids, known to provide reliable ages, and 

aquatic Lymnaeids, subject to 
14

C reservoir effects, here less than ±1σ of true deposit age.  

Reworked Succinids in Unit 5, 7, and 8 reveal the existence of wet meadows along the valley 

floor, and hence wetter-than-modern conditions, at ~19.5, ~18.6, ~18.0, ~16.2, and ~13.6 ka;  

Lymnaeids in Unit 5 constrain a highstand during the wettest period on record, from ~18.4-17.9 

ka.  This, together with evidence for contemporaneous paleohydrologic changes in the western 

U.S. from 31-40
o
N—the catastrophic Bonneville (40±2

o
N) flood, highstands of paleo-Lakes 

Franklin (40
o
N) and Columbus (38

o
N), and abrupt regression of paleo-Lakes Lahontan (40±2

o
N) 

and Estancia (35
o
N)—shows that a brief but intense wet episode at ~18.3 ka was followed by 

drying above 34
o
N and continued inundation to the south.   

The contemporaneity of these events with Heinrich event H1b and sudden expansion of 

the Laurentide ice sheet not only suggests a causal linkage, but raises new questions about the 

nature of large- and regional-scale atmospheric responses to Heinrich events.  The Playas 

highstand is best explained by an increase in southerly-sourced precipitation, consistent with late 

Pleistocene paleobotanical evidence from the Sonoran and Chihuahuan deserts for periodic 

enhancement of the summer monsoon below 35
o
N.  Development of additional shoreline 
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chronologies from the southern Basin and Range would constrain the spatial and temporal 

variability of the paleo-monsoon, and shed light on the nature and drivers of centennial-scale 

climatic variability observed in speleothem 
18

O records.  Finally, it would serve to test the 

recently advanced hypothesis that Deglacial-age highstands in the Great Basin resulted from 

intensification of the summer monsoon. 

 

INTRODUCTION 

For over a century, geologists have reconstructed ancient lake levels from Pleistocene-

age lake deposits throughout the interior western U.S.  Collectively, these records reveal spatial 

and temporal patterns of past hydroclimatic variability, allowing paleoclimatologists to address 

hypotheses about changes in the global climate system during the latest Pleistocene.  Preserved 

shoreline features appear as parallel arcs or concentric circles in hydrographically closed basins, 

and are the geomorphic footprints of ancient lakes—thus constraining their surface areas and 

documenting the relative magnitude of required effective moisture increases.  Because many of 

the well-developed paleoshorelines in the western U.S. date to late MIS 2 (e.g., Waters, 1986; 

Benson et al., 1990; Oviatt et al., 1992; Licciardi, 2001; Bacon et al, 2006; Garcia and Stokes, 

2006; Orme and Orme, 2008; Munroe and Laabs, 2013), they are an excellent source of 

paleohydrologic information for the last glacial-interglacial transition (~19-11 ka).  Moreover, 

they can be used to test the idea that hydrologic variability in the Great Basin correlated 

temporally with coupled changes in the ocean, cryosphere, and atmosphere in the northern 

Atlantic region (e.g. Phillips et al., 1994; Oviatt, 1997). 

Shoreline chronologies from pluvial lakes in the western U.S. indicate that most late 

Pleistocene highstands occurred during the first part of the Deglacial interval (see compilation in 
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Munroe and Laabs, 2012), coinciding with Heinrich event 1 (H1).  Oviatt (1997) and Benson et 

al. (1998) were among the first to recognize the close correspondence between Heinrich events 

and late Pleistocene lake cycles in western North America, based on shoreline chronologies for 

paleo-Lakes Bonneville and Lahontan, respectively.  The breakup of the continental ice sheets 

during Heinrich events caused the launch of “iceberg armadas” into the open ocean, resulting in 

the near-halt/shutdown of the Atlantic Meridional Overturning Circulation (AMOC).  The 

sedimentologic footprint of Heinrich events is most clearly identifiable as a single layer of 

detrital calcite-bearing ‘ice-rafted’ debris (IRD) in cores from ~40-55
o
N in the North Atlantic 

(Ruddiman, 1977).   

  Core SU81-18, from offshore Iberia (37
o
N), is arguably the best-dated core in the 

subtropical North Atlantic (Bard et al., 2000), where the current 
14

C reservoir age of 400 
14

C yr 

BP is thought to have remained constant through time (Bard et al., 1994).  This stands in contrast 

to more northerly sites, which appear to have experienced abrupt changes in 
14

C content (Bard et 

al., 1994; Stocker and Wright, 1998).  In the IRD belt, most evidence for H1 comes from a single 

IRD layer, whereas SU81-18 contains two layers, corresponding to separate phases of H1 (Bard 

et al., 2000).  These phases are constrained by basal 
14

C ages of ~18.3 ka (H1b) and ~17 ka 

(H1a), with peak sedimentation occurring at ~17.5 and ~16.5 ka, respectively.  On the basis of 

mineralogy, Bard et al. (2000) correlated the upper/younger layer (H1a) to the H1 layer in the 

IRD belt, although Broecker et al. (2009) reached the opposite conclusion.   

Denton et al. (2006) dubbed the period roughly corresponding to H1 the “Mystery 

Interval”, corresponding to the coupled pCO2 increase and 
14

C decrease in the atmosphere from 

~17.5-14.6 ka (Broecker, 2009).  Broecker et al. (2009) proposed that H1b induced the abrupt 

AMOC shutdown at ~17.5 ka, and that H1a induced the AMOC’s resumption at ~16 ka.  Further, 
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they posited that shutdown of the AMOC caused the simultaneous onset of cold conditions in the 

North Atlantic and dry conditions in the Great Basin, and that the AMOC resumption triggered 

large-lake episodes in the Great Basin.  However, the proposed shift actually occurred a 

millennium later than most highstands, causing further speculation about the influence of H1 on 

water balance in the western U.S. (e.g., Broecker and Putnam, 2012).  

There small number of well-dated shoreline records from basins south of 35
o
N, in the 

southwestern U.S., has hampered efforts to reconstruct late Pleistocene atmospheric circulation 

across western North America.  In this part of the southwsestern U.S., the only well-dated 

Deglacial-age beach deposit is lower Unit B of Waters (1989), formed between 17 and 16 cal kyr 

BP by paleo-Lake Cochise (32
o
N) in southeastern Arizona  (Fig. 1); however, the beach 

sediments above and below remain undated.  Toward improving current understanding of the 

chronology of hydrologic changes in the southwestern U.S., we report results from our recent 

study of the late Quaternary stratigraphic record in Playas Valley (Fig. 1), a closed basin in 

southwestern New Mexico.  Our hydrologic reconstruction is based on aspects of the 

sedimentology, mineralogy, geochemistry, and microfauna of wetland and lake deposits around 

Playas Dry Lake.   

 

SITE DESCRIPTION 

Playas Dry Lake (N32
o
 W109

o
) (Fig. 1) lies in the lower/northern hydrologic subbasin of 

Playas Valley, in the panhandle of southwestern New Mexico in the northern Chihuahuan Desert 

(Hawley, 1986).  The northern Playas subbasin is 960 km
2
 in area, and the average elevation of 

Playas Dry Lake is 1,307 m (Fig. 2). 
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The subbasin is bounded on most sides by mountain ranges (Fig. 2).  South Pyramid Peak 

and the Brockman Hills bound the basin in the north.  The eastern divide is a segment of the 

Continental Divide, comprised of the Coyote Hills to the northeast and the Little Hatchet Range 

directly to the east.  The western divide is comprised of the Gillespie Mountains to the southwest 

and the northern Animas Range to the northwest.  Finally, a broad alluvial plain separates the 

northern and southern subbasins.  When paleo-Lake Playas reached Hatchet Gap (~1,318 m 

today)—separating the Little Hatchet and Big Hatchet Ranges—it would have overflowed into 

the Hachita-Moscos basin to the southeast (Hawley, 1993) (Fig. 3).   

Modern imagery reveals several shoreline features between ~1,314 and ~1,316 m around 

the northern perimeter of the playa, providing evidence of overflow in the past.  Playas Dry Lake 

now covers ~45 km
2
, or ~5% of total basin area, whereas paleo-Lake Playas at the spillway, 

would have reached a depth of ~11 m and covered ~85 km
2
, or ~9% of total basin area—nearly 

double the area of the modern playa-lake  (Fig. 2a).  Thus, these paleoshorelines can be used to 

constrain the minimum amount of effective moisture required to create them.  Measurement of 

the potentiometric gradient between the lower Playas subbasin and adjacent basins, made prior to 

intensive ground-water pumping (Reeder, 1957; Doty, 1960), suggests that ground-water 

outflowed in the recent historic past.  However, the rate and direction of inter-basin flow may 

have been different during wetter periods in the past.  Within the subbasin, runoff directly 

recharges the water table through channel floors, and ground-water discharges from seeps and 

springs at high elevations and along the southwestern playa-margin.  In years with unusually 

high seasonal rainfall, the playa itself is inundated by runoff transported by North Playas Draw 

(Fig. 3) and smaller draws that drain the bordering bajadas (Fig. 3).  A minor fraction of total 

runoff comes from the Big Hatchet Range.  Most of the bounding mountain ranges are composed 
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of Tertiary volcanic and noncarbonate sedimentary rocks, with the exception of the Big Hatchet 

Range, the crest of the Little Hatchet Range, and the northern tip of the Northern Animas Range, 

all containing Paleozoic-age limestone.   

Based on long-term meteorological records furnished by the Western Regional Climate 

Center (www.wrcc.dri.edu/climatedata.html), mean precipitation and temperature values are 

nearly equivalent at the nearby townships of Hachita (1931-2003) and Animas (1923-2013).  At 

both of these locales, annual precipitation (summer-dominated) and temperature averages are 27 

cm/yr and 16
o
C, respectively, and seasonal temperatures range from 25

o
C (JJA) to 6

o
C (DJF).   

 

METHODS 

Mapping and Stratigraphy 

Elevations shown in Fig. 2 are based on the 1/3 arc-second elevation data obtained from 

the National Elevation Dataset (2014).  As depicted in Fig. 3, we divided the sedimentary 

succession into eight allostratigraphic units (North American Commission on Stratigraphic 

Nomenclature, 1983).  Unit contacts were defined by mapping of continuous disconformities or 

by inference from lithostratigraphy and 
14

C dating.  Field descriptions (Table 1) draw from 

Schoeneberger et al. (2012).  Where present, fossil gastropods were sampled and identified on 

the basis of descriptions in Bequaert and Miller (1973) and Burch (1982). 

 

Stable Isotope Analysis 

For each shell analyzed, a fragment of the aperture was oven dried (40
o
C), pulverized, 

and then processed on an automated sample preparation device (Kiel III) fitted to a Finnigan 

MAT 252 mass spectrometer in the Laboratory of Environmental Isotopes at the University of 
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Arizona.  Carbonate isotope results are reported in standard  permil notation, relative to the 

Vienna Pee Dee Belemnite (VPDB) standard.  
18

O and 
13

C values were normalized to NBS-19 

based on internal lab standards.  Precision of repeated standards are ± 0.11‰ for 
18

O and ± 

0.07‰ for 
13

C.   

 

Radiocarbon Dating 

Gastropod shells were rinsed in distilled water and their condition inspected under 

binocular microscope.  Depending on resilience of the material, specimens were briefly sonicated 

(2-5 seconds) up to three times prior to a final rinse with distilled water, and then crushed to 

allow inspection of the interior surface for remaining detritus.  Clean fragments were selected 

and, if more material was required, impure fragments were immersed in 0.01N HCl until only the 

pure shell separate remained.  All shells were processed at the University of Arizona AMS 

Radiocarbon facility.  Calibrated radiocarbon dates are given as the 2σ range and median 

probability of possible calendar year ages before 1950 A.D. (“present”), or cal yr BP.  All 

calibrations were generated by Calib 7.0 (Stuiver et al., 2012), based on the IntCal13 

Radiocarbon Calibration Data Set (2012) reported and described in Reimer et al. (2013). 

 

RESULTS  

Gastropod Fauna and their Paleoenvironmental Implications 

 When encountered in the field, snails were identified to the family level, including semi-

aquatic and aquatic snails.  Bequaert and Miller (1973) provide a key for mollusks in Arizona, 

and Burch (1982) provides a key for freshwater aquatic mollusks across North America.  The 

most abundant taxa found in the studied sections belong to lung-breathing (pulmonate) families, 
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including aquatic Lymnaeidae and semi-aquatic Succineidae.  Succinids require permanent water 

to survive in areas with hot, summer-dominated climates.  In areas with cooler summers—

perhaps like Playas Valley during the late Pleistocene—they can survive in moist micro-

environments (e.g. under leaf litter or on rotting vegetation) in the absence of standing water.  

Where present along the margins of lakes, marshes, and streams, Succinids spend most of their 

time feeding on water-side vegetation, and less of it submerged in the water.  On the other hand, 

Lymnaeids spend most of their time submerged, and thus require standing water, although some 

species can tolerate seasonal desiccation (Clark et al., 2003; Harrold and Guralnick, 2010).   

 

Radiocarbon-Dating Considerations 

Eleven 
14

C dates were obtained from four sections at Playas, spanning 19,480±230 to 

13,550±180 cal yr BP.  All of these dates are from well-preserved aragonitic gastropod shells: 

five from Succinids, and six from Lymnaeids.  No other macrofossils or organic matter were 

found for 
14

C dating.  Both of these taxa are aquatic to some extent, raising questions about their 

utility for reconstructing lake history.  This is because aquatic snails derive some of their shell 

carbon from dissolved inorganic carbon (DIC), which can be significantly out-of-equilibrium 

with atmospheric CO2.  In turn, this can lead to well-documented 
14

C reservoir effects and 

apparent ages in excess of the true ages (e.g. Riggs, 1984).  Since Succinids are partially 

terrestrial and might derive some shell carbon from carbonate minerals (Goodfriend and Hood, 

1983; Goodfriend and Stipp, 1983; Goodfriend, 1987), they could, in theory, also yield dates that 

are too-old.  Finally, in order for gastropod shells to provide reliable ages, their inorganic carbon 

fraction must resist exchange with exogenous carbon following shell synthesis.  Fortunately, 
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such contamination has been detected only in specimens older than ~25 cal kyr BP (Pigati et al, 

2009; Pigati et al., 2010; Rech et al., 2011), thus minimizing concerns about our samples.  

 Recent detailed studies of terrestrial and semi-aquatic snails demonstrate that, with the 

exception of very few genera, Succinids secrete shell aragonite with 
14

C activity matching that of 

concurrent atmospheric CO2 (Pigati et al. 2004, 2010).  This is due to the facts that Succinids 

spend much of their time feeding on terrestrial vegetation near the water’s edge, and can extract 

calcium from carbonate minerals without incorporating inorganic carbon into their shells.  Thus, 

Succinid shells yield reliable 
14

C dates that firmly establish the ages of the units in which they 

are found, barring reworking or alteration.  On the other hand, Lymnaeids are fully aquatic, 

subjecting their 
14

C dates to reservoir effects.  For this reason, the conservative view would 

regard dates from Lymnaeids as maxima.  One way to test for reservoir effects is to date co-

occurring shells of Succinids and Lymnaeids, but unfortunately they were not found together in 

the sections examined, likely due to strongly differing habitat preferences.   

 

Sedimentology/Stratigraphy, Fauna, and Chronology 

Four 1-3 m-thick stratigraphic sections were described (Table 1) from parallel highway 

and railroad cuts 2-5 m above the vegetated valley floor, laterally spanning ~100 m (Fig. 2b).  

These exposures reveal a succession of intercalated marls, sands, and clays comprising eight 

allostratigraphic units (Fig. 4).  Following is a summary of the sedimentologic characteristics of 

each unit, in order from youngest to oldest.   

Based on observation in a hand-dug pit at the base of Pl-Loc1 and P09-Sec2, Unit 1 is an 

olive blocky clay with abundant redox-stained root channels, and carbonate root casts and 

nodules, containing sparse or no snails, and having a sharp upper contact with Unit 2.  Unit 2 is a 
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30-40 cm-thick massive white sandy marl containing sparse mollusks, and redox-stained root 

channels, and having a gradual upper contact.  The upper contact is sharp at Pl-Loc3W(30m), 

where the unit is platy and indurated.  Unit 3 is a truncated, mottled blocky clay containing 

sparse mollusks and abundant carbonate nodules, and having a wavy sharp upper contact.   

At Pl-Loc1, Unit 4 is a ~50 cm-thick, mottled, light grey, bedded medium sand, with 

intervening lenses of silt and coarse sand, grading down-dip to a white fine-sandy marl having a 

sharp wavy upper contact.  Carbonate root casts extend into the unit from the lower contact of 

upper Unit 5, and iron oxide concentrations occur at the cast tips (Fig. 8).  Lower Unit 5, only 

found at Pl-Loc1, is a ~40 cm-thick white calcareous sand containing abundant aquatic 

Lymnaeids.  It is unconformably overlain by a 40 cm-thick, weakly cemented massive carbonate 

with a 20 cm-thick platy calcrete cap.  Upper Unit 5 is a 10-20 cm-thick, strongly cemented 

massive carbonate, locally platy, containing sparse Succinids in the upper few centimeters and 

having a wavy sharp upper contact.  Unit 6 is a light yellowish brown prismatic calcareous sandy 

clay containing few or no snails and having a wavy sharp upper contact.  Unit 7 is a pale brown 

massive calcareous sand thickening in the down-dip direction, containing sparse Succinids and 

having a wavy gradual upper contact.  Unit 8, at the top of the sequence, is a white sandy marl, 

coarsening and thickening down-dip to a moderately cemented calcareous sand, containing 

sparse Succinids in the upper five centimeters. 

 

Depositional Environments 

Bellow 1,309 m, Unit 5 is a 10-30 cm-thick platy calcrete buried by inset deposits, Units 

6-8 (Figs. 2b, 2c).  Establishing chronostratigraphic relations between individual deposits and 

paleoshorelines will require direct dating of the shorelines.  Units 1-4 could not be dated, as they 
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lack co-depositional snails (Table 1, Fig. 4).  Five of eleven shell dates were obtained from 

Succinids and are therefore considered reliable, whereas all other dates were obtained from 

Lymnaeids and thus provide maximum ages.  Lymnaeids in Units 5, and one in Unit 4, yielded 

statistically indistinguishable 
14

C dates (at 1σ) between ~17.9 and ~18.4 cal kyr BP.  Finally, 

Succinids in Units 5, 7, and 8 yielded dates out of stratigraphic order: ~19.5, ~18.6, ~18.0, ~16.2, 

and ~13.6 cal kyr BP. 

This stratigraphic disorder likely arose from reworking of shell-bearing deposits of 

multiple ages.  Supporting evidence for this includes (1) absence of Lymnaeids, (2) generally 

low abundance of snails within Units 5, 7, and 8, and (3) occurrence of Succinids slightly below 

the upper contact of Unit 5.  Finally, the match between a Lymnaeid date (AA-86061) from Unit 

5 and a Succinid date (AA-83627) from Unit 7 suggests that reservoir effects are negligible.  

The following evidence suggests that the Succinids were deposited from fluvial 

reworking of nearby paleo-wetland sediments.  First, the gastropod assemblages within Units 5, 

7, and 8 contain semi-aquatic taxa but lack aquatic taxa, commonly the case in wet meadows.  

Next, the lack of stratigraphic order suggests that the Succinids and host sediments were 

reworked.  Finally, the lack of equivalent-age snails within each unit suggests that all were 

reworked from sporadic flow fed by runoff, as ground-water-fed streams would have supported 

snail populations.   

Excluding reworked Succinids near the upper contact of Unit 5, the gastropod 

assemblage in Unit 5 features abundant Lymnaeids in the absence of non-aquatic taxa.  This 

suggests that Unit 5 was deposited near the edge of a lake or through-flowing wetland.  A lack of 

abrasion indicates that the shells were transported very short distances.  The only Lymnaeid 

found in Unit 4 returned a date of ~17.9 cal kyr BP, overlapping at 1 with dates from 
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Lymnaeids in lower Unit 5.  This, along with the near-absence of snails in Unit 4, provides 

evidence of translocation—consistent with evidence for bioturbation in Unit 4. 

  

Stable Isotope Data  

Results 

 Eleven of twelve dated shells were analyzed for their stable carbon and oxygen isotopic 

composition (Table 2; Fig. 6).  Lymnaeid shells yielded 
18

O values (
18

Oshell) ranging from -9.3 

to -7.4‰ (mean: -8.4‰; n=5) with a single value of -0.2‰, and those of Succinids yielded 

values of -9.6, -7.7, and -1.2‰.  Shell 
13

C values (
13

Cshell) from Lymnaeids range from -8.4 to 

-6.3‰ (mean: -7.0‰; n=5), with one relatively positive value of -2.1‰.  Values from Succinids 

are -9.2, -4.2, and +0.5‰.   

 

Paleoenvironmental and Geochronologic Implications 

 Not accounting for temperature-dependent fractionation, 
18

Oshell values of aquatic and 

semi-aquatic snails reflect the 
18

O content of the host water.  Excluding two outliers, 
18

Oshell 

values are < -7‰, reflecting minimal influence from evaporation.  This is also suggested by the 

relatively narrow range of variability (≤2.5‰).  Typically, biogenic carbonates formed in closed 

basin lakes yield more positive values (e.g. ostracode valves from neighboring paleo-Lake San 

Agustin; Phillips et al., 1992), reflecting extensive evaporation (Talbot, 1990).  
18

Oshell values 

from snails at Playas reflect an open geohydrologic system, such as an overflowing lake or 

through-flowing wetland.  Finally, outlying 
18

Oshell values exceed others by at least 6‰, 

possibly reflecting evaporation in a desiccating or lake. 
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13

Cshell values from aquatic mollusks are significantly influenced by dissolved inorganic 

carbon (DIC) (Fritz and Poplowski, 1974)—predominately bicarbonate (HCO3

-
) from pH 6.3-

10.4 (Hem, 1985)—and dietary (organic) carbon, often from 
13

C-depleted sources such as algae.  

If the latter were not true, then in theory one could reconstruct the 
13

C content of DIC (
13

CDIC) 

from 
13

Cshell values using the carbon enrichment factor (Ԑarag — HCO3) of 2.8‰, observed from 10-

40
o
C by Romanek et al. (1992).  However, the significance of 

13
CDIC values would still be 

difficult to determine given that DIC in surface water can originate from multiple sources.  These 

include CO2 in the soil or ground-water (either during recharge or during/after discharge) and/or 

limestone along the flow path.  Further, selective uptake of 
12

C by aquatic vegetation can result 

in significant 
13

C-enrichment of DIC (McKenzie, 1985).  These factors generally preclude the 

use of 
13

Cshell values from aquatic snails for paleoenvironmental reconstruction or detecting the 

presence/magnitude of ancient hard-water effects.  

 

Paleohydrologic Reconstruction 

The combined evidence from stratigraphy, sedimentology, fauna, and stable isotopes 

reflects the alternation of three primary hydrologic states in Playas Valley during the latest 

Pleistocene.  These include (1) extremely wet conditions between ~18.4 and ~17.9 cal kyr BP 

(represented by aquatic snails in Unit 5) likely reflecting a highstand, (2) moderately wet 

conditions at ~19.5, ~18.6, ~18.0, ~16.2, and ~13.6 cal kyr BP (represented by reworked 

Succinids in Units 5-8) likely reflecting extensive valley bottom wetlands, and (3) much drier, 

but wetter-than-modern, conditions at times not represented in the depositional record. 

 

SYNTHESIS 
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Summary of Nearby Paleo-Lake Records  

 Lake-level records from the southern Basin and Range come from the Estancia basin  

(Anderson et al., 2000; Anderson et al., 2002) and the Plains of San Agustin (Markgraf et al., 

1983, 1984; Phillips et al., 1992; Holliday et al., 2006), both in central New Mexico; paleo-Lake 

Cochise (Waters, 1989), in southeastern Arizona; and paleo-Lake Cloverdale (Krider, 1998), in 

southwestern New Mexico, between paleo-Lakes Cochise and Playas.  The only dated 

paleoshorelines include those of paleo-Lake Cloverdale (Krider, 1998) and Cochise (Waters, 

1989), yielding charcoal dates of ~24 and 17-16 cal kyr BP, respectively, whereas the Estancia 

and San Agustin records are based on proxies in deep-lake sediments.   

The San Agustin record is sparsely dated and completely untested for 
14

C reservoir 

effects, whereas a date of 130±65 
14

C yr BP from Artemia cysts from modern playa muds in the 

Estancia basin suggests that 
14

C reservoir effects were negligible there.  However, if one assumes 

complete exchange between modern DIC and atmospheric CO2—and accounts for the “bomb 

effect” (in sampling year 1990), using a fMC value of ~1.16 (Levin and Kromer, 2004)—a 

reservoir correction of ~1,300 
14

C yr would correspond to a date of 13,000 
14

C yr BP.   Although 

this remains a possibility, the temporal concordance of dates from the deep-lake muds and 

nearshore deposits of Estancia suggests otherwise. 

The San Agustin basin has yielded limited paleoenvironmental information for the period 

of interest.  Numerous attempts at reconstructing its lake-level history have been hampered by a 

lack of dated shorelines.  This ~90 km-long basin contains three interconnected subbasins: Horse 

Spring (2,106 m), C–N (2,102 m), and White Lake (2,120 m).  Interpretation of proxy records in 

combination with mapped shorelines (Weber, 1994) suggests that all three subbasins were 

submerged by a freshwater lake during the LGM (Markgraf et al., 1983, 1984; Phillips et al., 
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1992).  After ca. 19 ka, the lake remained fresh but regressed below the spillway into the Horse 

Spring subbasin as marsh-like conditions persisted in the C-N basin.  After ~15 ka, lake level 

declined irregularly.  Radiocarbon dates from Bat Cave (Holliday et al., 2006; Hill and Holliday, 

2011) show that the shoreline had receded to ≤2,105 m by 13.2 ka.  Following that, the lake 

underwent a transition from fresh to alkaline to saline prior to its disappearance in the middle 

Holocene.  A more detailed reconstruction of lake level change in the Plains of San Agustin will 

require direct dating of shoreline landforms and establishment of robustly dated sediment core 

records in all three subbasins. 

The Paleolake Estancia record is the synthesis of several data sets, including (1) 

sedimentological, (2) geochemical (Sr/Ca ratios), (3) faunal (ostracodes), and (4) geomorphic 

(Allen and Anderson, 2000; Anderson et al., 2002).  Collectively, these records indicate that 

paleo-Lake Estancia experienced maximum freshening on several occasions between ~23 and 

~18.2 cal kyr BP, reaching no higher than ~1,890 m.  Abrupt regression of the lake at ~18.2 cal 

kyr BP kicked off a lowstand, ending with Estancia’s transgression to ~1880 m at ~16.8 cal kyr 

BP.  Subsequent transgressions to similar or higher elevations occurred at ~16.2 and ~15.7 cal 

kyr BP.  A date of ~14.6 cal kyr BP from the truncated surface of the continuous lake bed 

sequence constrains the timing of terminal Pleistocene desiccation.  Subsequently, Estancia may 

have oscillated below ~1875 m; 
14

C dates reported in Anderson et al. (2002) constrain the timing 

of a possible lowstand to between ~13.4 and ~11.1 ka. 

 

Comparison with Paleohydrologic Records from the Western U.S.  

The wet interval in Playas Valley at ~19.5 cal kyr BP coincided with highstands in the 

Estancia (Allen and Anderson, 2000) and San Agustin (Phillips et al., 1992) records, and a brief 
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highstand of paleo-Lake Clover (Munroe and Laabs, 2012) in the northern Great Basin.  The 

subsequent wet episode, at ~18.6 cal kyr BP, coincided with a highstand of Estancia from ~18.8-

18.2 cal kyr BP.  Contemporaneous changes are recorded in the Ft. Stanton speleothem record by 


18

O troughs centered on ~19.5 and ~18.6 ka.  This temporal correspondence between the 

geologic and speleothem records suggests that the Succinids from Playas formed during episodic 

wetland expansions.  Further, paleoenvironmental archives from southern Nevada (~35
o
N) 

suggest that conditions there were cold and dry during this time, as follows.  A hiatus between 

19.5 and 17.7 ka in the paleowetland record of Quade et al. (2003) suggests dry conditions, and 

Lachniet et al. (2011) inferred a centuries-long cold/dry episode centered on ~18.6 ka from the 

Pinnacle Cave speleothem record.   

The most intense wet interval in our record produced a highstand from ~18.4-17.9 cal kyr 

BP, overlapping with the rise and fall of 
18

O values in the Ft. Stanton record, lowstands of 

paleo-Lakes Estancia and Lahontan, and the Bonneville flood (McGee et al., 2012).  The 

contemporaneity of these events with a highstand of paleo-Lake Franklin (Munroe and Laabs, 

2013) in the northern Great Basin and paleo-Lake Columbus (Kurth et al., 2011) in the southern 

Great Basin by ~18.2 ka reflects an abrupt reorganization of large-scale atmospheric circulation 

at that time.  The subsequent wet episode in Playas Valley at ~16.2 cal kyr BP coincided with 

highstands of Estancia, Cochise, and numerous lakes in the Great Basin, including Franklin 

(Munroe and Laabs, 2013) and Railroad (Lillquist, 1994).   

The ~13.6 cal kyr BP wet episode in Playas Valley does not correspond to any known 

paleolake transgressions in the southern Basin and Range.  However, paleobotanical evidence for 

a drying trend from ~15.2-13.7 cal kyr BP, from packrat middens in Playas Valley (Holmgren et 

al., 2003) and south-central New Mexico (Betancourt et al., 2001), corresponds to a sharp 
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decline in 
18

O values in the Ft. Stanton record between ~14.1 and ~13.6 ka.  Records from other 

parts of the western U.S. reflect a contemporaneous late-glacial resurgence in effective moisture.  

Evidence for this includes transgressions of Lake Chewaucan (Licciardi, 2001) and Franklin 

(Munroe and Laabs, 2013) in the northern Great Basin at ~13.8 cal kyr BP, and the resumption 

of spring discharge in southern Nevada as early as ~14 cal kyr BP (Quade et al., 1998). 

 

Temporal Correlation with H1 and Changes in the North Atlantic  

It is now widely accepted that the melting of iceberg armadas in the northern Atlantic 

during Heinrich events stabilized the water column and suppressed formation of North Atlantic 

Deep Water, resulting in slowing or stoppage of the Atlantic Meridional Overturning Circulation 

(AMOC) (McManus et al., 2004).   At these times, abrupt and often dramatic paleohydrologic 

shifts occurred throughout both hemispheres.  Paleoshorelines in the western U.S. yield insights 

into the nature of regional atmospheric circulation during H1 by revealing spatial and temporal 

patterns of hydrologic change.  However, because Heinrich events result from complex 

interactions of the atmosphere-ocean-cryosphere system on millennial timescales, it can be 

difficult to pinpoint the trigger(s) of any single event.   

On the basis of AMOC intensity, Stanford et al. (2011) defined H1 sensu lato from ~19-

14.6 ka, dividing it into four phases: (1) initiation of sustained meltwater release at ~19 ka, 

causing AMOC slowing, (2) IRD deposition within the “IRD belt” (H1 sensu stricto) from ~17.5 

ka, causing near-halt of the AMOC, (3) complete AMOC shutdown and resultant freshwater 

pooling in the Nordic Seas from ~16.5 ka, and (4) purging of freshwater into the North Atlantic 

from ~15.5-14.6 cal kyr BP, after which the AMOC resumed abruptly.  H1 sensu stricto is 

difficult to date because of uncertainties related to 
14

C reservoir age, the duration of individual 
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IRD events, and when IRD events reached peak intensity.  Individual IRD events appear to have 

lasted 500±250 kyr on average, generally peaking mid-way through (Hemming, 2004).   

As reviewed above, H1 is best constrained by 
14

C dates from two IRD layers in core SU-

118.  Based on this, H1b began at ~18.3 cal kyr BP and peaked at ~17.5 cal kyr BP, and H1a 

began at ~17 cal kyr BP and peaked at ~16.5 cal kyr BP (Bard et al., 2000).  However, recent 

work demonstrates that North Atlantic Deep Water formation and concomitant changes in global 

climate are disproportionately affected by freshening of the Nordic Seas (Stanford et al., 2011a).  

Additionally, Lowell et al. (1999) found to grow in response to northern Atlantic sea-surface 

cooling.  The occurrence of wetlands in Playas Valley at ~19.5, ~18.6, and ~16.2 cal kyr BP is 

consistent with this as well as the general notion that paleoclimatic changes in the southwestern 

U.S. corresponded to those in the northern Atlantic region.  At ~19.5 ka, the southern Laurentide 

ice sheet retreated from its LGM maximum.  By ~18.6 cal kyr BP, it had begun its ‘binge’ phase 

advance (Dyke et al., 2004), concurrent with the cold/dry episode in the southern Great Basin 

inferred from the Pinnacle Cave record (Lachniet et al., 2011).  At ~16.2 cal kyr BP, a slight 

decrease in the intensity of polar vortex circulation coincided with, or slightly followed, the 

AMOC shutdown (Stanford et al., 2011a and references therein).   The most recent wet period in 

our record, at ~13.6 cal kyr BP, coincides with peak flux during meltwater pulse MWP1a 

(Stanford et al., 2011b).  Finally, the Playas highstand (~18.4-17.9 cal kyr BP) coincided with 

the start of H1b (Bard et al., 2000) and southern Laurentide advance. 

 

Response of Atmospheric Circulation in Southwestern New Mexico 

Modeling results and paleoceanographic records show that AMOC suppression 

correspond to depressed North Pacific sea-surface temperatures and a strengthened wintertime 



 

36 

 

 

Aleutian Low (Okumura et al., 2009).  This would have caused westerly storm tracks to divert 

southward, ushering moist Pacific air masses into the western U.S. in winter, thus providing a 

plausible explanation for the widespread occurrence of highstands there during H1.  The ‘shifting 

Westerlies’ hypothesis can also explain how each of the Succinid dates from Playas coincides 

with one or more highstands in distant parts of western North America.  Additionally, it offers a 

plausible explanation for the synchronicity of geographically disparate paleo-Lakes Estancia 

(35
o
N) and Lahontan (~40

o
N) at the start of H1b: both records show an abrupt drop in lake level 

at ~18.3 cal kyr BP, with lowstands persisting until simultaneous transgressions at ~17 cal kyr 

BP. 

However, given the geographic proximity of paleo-Lakes Estancia and Playas, anti-

phasing between them from ~18.3-17.9 cal kyr BP requires another explanation.  While it is 

plausible that the Westerlies provided most of the moisture required to maintain Estancia’s 

lowstand, the Playas highstand would have required precipitation with a southerly source.  

Throughout the Holocene, southern-sourced precipitation has appeared in summertime with the 

North American monsoon, strongest in northwestern Mexico, southern New Mexico, and 

Arizona.  In addition, C4 vegetation in packrat middens—from Playas Valley (Holmgren et al., 

2003), the Tularosa basin (32-33
o
 N) (Betancourt et al., 2001) in southern New Mexico, and the 

San Simon Valley (Holmgren et al., 2006) in southeastern Arizona—indicates that this region 

was part of an expansive C4 grassland.  This grassland extended as far south as the Bolson de 

Mapimi (26-27
o
N) in Mexico and Big Bend (29

o
N) in western Texas (e.g., Van Devender, 1990; 

Van Devender, 1995), providing strong evidence of summer monsoonal activity.  Based on this, 

we suggest that the Playas highstand resulted from intensified monsoonal circulation.  This may 

have also helped to sustain the lowstand of Estancia, near the northern fringe of the monsoon.   
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Lyle et al. (2012) proposed that intensified monsoonal circulation caused tropical Pacific 

moisture to penetrate episodically into the Great Basin during the Deglacial period, accounting 

for the highstands there.  To explain the linkage between the monsoon and the North Atlantic, 

Lyle et al. (2012) invoked a weakening or displacement of the northeast Pacific High, along with 

attendant suppression of the winds that normally block the flow of air masses from the Gulfs of 

California and Mexico into the Great Basin.  Whether or not the monsoon penetrated as far north 

as the Great Basin, our record suggests that Estancia lay near its northern limit from ~18.3-17.9 

cal kyr BP. 

 

CONCLUSIONS 

The chronostratigraphy, sedimentology, fauna, and stable isotope geochemistry of 

shoreline and wetland deposits around Playas Dry Lake document moisture balance changes in 

southwestern New Mexico during the last glacial-interglacial transition.  Deposit ages are 

constrained by 
14

C dates from fossil gastropods, spanning ~20-13 cal kyr BP.  Wet meadows 

present at ~19.5, ~18.6, ~18.0, ~16.2, and ~13.6 cal kyr BP resulted from wetter-than-modern 

conditions, and a highstand(s) from ~18.4-17.9 occurred during the wettest interval on record.   

Each of these events corresponds to one or more highstands elsewhere in the western 

U.S., as well as with changes in the northern Atlantic region.  These include the initial retreat of 

the Laurentide from its LGM maximum (~19.5 ka) and re-advance during its “binge” phase 

(~19-17.5 ka), H1b (~18.3-17.5 ka), H1a (~17-16 ka), AMOC shutdown (~16.5-15.5 ka), and 

peak freshwater flux during meltwater pulse MWP1a (~13.8-13.4 ka).  Further, the initial 

transgression at ~18.3 cal kyr BP coincided with other major paleohydrologic events in the 

northern Great Basin, including the Bonneville flood and brief highstands of paleo-Lakes 
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Franklin and Columbus.  This shows that a brief but intense increase in effective moisture caused 

inundation of the western U.S. at ~18.3 cal kyr BP.  Immediately thereafter, paleo-Lakes 

Estancia (35
o
N) and Lahontan (40±2

o
N) fell to lowstands, and were thus anti-phased with Playas 

from ~18.3-17.9 ka.  The contemporaneity of these events with H1b and advance of the southern 

Laurentide suggests that H1b had a profound effect on regional atmospheric circulation 

throughout the western U.S.     

In light of its proximity to Estancia, the Playas highstand is best explained by increased 

southerly-sourced precipitation below 35
o
N in New Mexico.  This explanation is consistent with 

paleobotanical evidence of C4 grassland stretching from west Texas to central New Mexico over 

the past 40 kyr, and with the rise and fall of 
18

O values between ~18.4 and ~18.0 ka in the Ft. 

Stanton speleothem record.  Simultaneous drying to the north of Playas could be explained by a 

reduction in westerly-sourced winter precipitation and/or reduction in southerly-sourced summer 

precipitation.  Testing of these hypotheses will entail (1) further dating of Unit 5 in Playas 

Valley, to determine if/when paleo-Lake playas experienced other highstands, and (2) 

development of shoreline chronologies across the southern Basin and Range, for comparison to 

existing lake-level records from the western U.S.  In conclusion, new paleohydrologic evidence 

from Playas Valley shows that the atmospheric mechanisms regulating centennial-scale climatic 

variability and water balance in southwestern New Mexico during the latest Pleistocene are more 

complex than previously understood. 
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FIGURE CAPTIONS  
 

Figure 1.  Regional map showing locations of pluvial lakes in the western U.S. along with 

paleoenvironmental records discussed herein. 

 

Figure 2.  (a.) Digital Elevation Model of the Lower Playas subbasin and parts of adjacent hydrologic 

basins, with inset map (lower left) showing its location within New Mexico.  Three lake area 

scenarios are shaded, labeled with elevation and area: Playas Dry Lake (white) at 1,307 m/45 km2, 

midstand paleo-Lake Playas (gray) at the elevation of the lowest paleo-shorelines at 1,314 m/45 km2, 

and highstand paleo-Lake Playas (black) at the elevation of Hatchet Gap at 1,318 m/85 km2.  

Discontinuous paleo-shoreline features are found along the northern periphery of Playas Dry Lake, 

demarcated by white long-dashed line.  Dotted arrows represent possible flowpath of historic ground-

water outflow, and the solid arrow over Hatchet Gap shows the pathway of overflow/spillage of 

paleo-Lake Playas at times during the late Pleistocene.  The solid box delimits the study area, in the 

southern portion of the subbasin. (b.) Enlarged aerial image of the study area shows locations of 

stratigraphic sections depicted in the cross-sectional diagram (Figure 4), and transects represented in 

Figure 2c.  Man-made linear features include defunct railroad beds, dirt road, range fences, and the 

paved Smelter Road.  (c.) Simplified fence diagrams illustrating surface topography, and 

stratigraphic relations between lacustrine Unit 5 and inset alluvial Units 6-8.  The white dashed line 

delineates the edge of the paleo-channel, with southeastward-pointing white arrows indicating the 

direction of dip. 

 

Figure 3.  Oblique aerial image of Playas Valley.  The dashed white line delineates the Lower Playas  

hydrologic subbasin, the heavy line with arrow shows overflow of paleo-Lake Playas across  

Hatchet Gap during latest Pleistocene highstand(s), the dotted line delineates Playas Dry Lake, and 

the gray-shaded zone shows the fan-delta at the terminus of North Playas Draw.  

 

Figure 4.  Cross-section of stratigraphic profiles corresponding to the sections marked in Figure 2b, 

depicted in the following order (from left to right): A→A’→B’→B.  Snails are represented by thick 

black spirals for Succinids and thin black spirals for Lymnaeids. 

 

Figure 5.  Panoramic photograph taken from the railroad bed, showing the easternmost stratigraphic  

exposure, including P09-Sec2 (B’).  The tread produced by post-exposure weathering of the profile 

face is labeled to distinguish it from geologic strata. 

 

Figure 6.  13Cshell and 18Oshell values from 14C-dated fossil Succinids and Lymnaeids. 

 

Figure 7.  Oblique south-facing view across the top of the PL-Loc3 sediment bloc exposed by the old 

railroad bed (out of view to the left/west) and Smelter Road (out of view to the right/east), showing 

proveniences of dated Succinids from upper Unit 5.  The dashed line separates the white carbonate 

surface of Unit 5 from the darker sandy surface of the inset Units 7 and 8. 

 

Figure 8.  Central PL-Loc1 profile (west-facing view) showing the stratigraphic provenience of dated   

Lymnaeids, all from lower Unit 5, as well as redox mottles and carbonate root casts in Unit 4, the 

casts originating in upper Unit 5.  Relatively dark, amorphous spots in Unit 5 are not natural features, 

but rather are areas that were wetted in the course of profile description. 
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Figure 9.  Selection of paleohydrologic records from the western U.S., including published 

hydrographs of paleo-Lakes (a.) Lahontan, (b.) Estancia, and (c.) Playas, in addition to (d.) the 

speleothem 18O records from speleothems FS-2 from Ft. Stanton Cave, in southeastern New 

Mexico, and COB 01-02 from Cave-of-the-Bells, in southeastern Arizona.  The Playas hydrograph 

(c.) is based on dates from Succinids (solid circles) and Lymnaeids (open circles).  Elevation of the 

snail-bearing deposits corresponds to the relative intensity of the wet periods; aquatic Lymnaeids 

require extremely wet conditions, such as could be found along the shoreline of paleo-Lake Playas, 

and Succinids require the permanently moist habitat provided by wet meadows.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 

 

 

Table 1 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

52 

 

 

Table 2 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 



 

54 

 

 

 

PYRAMID MTN

HATCHET GAP

N

Figure 2

1,307 m
45 km2

1,314
65 km2

1,318 m
85 km2

N Playas Draw

B

?

?

100 m

1,312

1,307

Unit 5A

A’

B’B
1,309

1,307

C

New Mexico
Unit 7

Unit 5
paleo-
channel

175 m

100 m

PL-Loc3W(8m) P09-Sec2

PL-Loc3W(30m)

PL-Loc1

 
  Figure 2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

55 

 

 

  

 
Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

56 

 

 

175 m 25 m 100 m

A’
B’ B

PL-Loc3W (30m)

PL-Loc1

PL-Loc3W (8m)

P09-Sec2

A

 
Figure 4 



 

57 

 

 

 

2

4

34

5

6
7

8

Little Hatchet Range

A’

AA83627: 18.0 ka

54

4

3

B’

5

1
 m

 
 Figure 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 



 

58 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6 



 

59 

 

 

 
    Figure 7 
 
 
 
 



 

60 

 

 

 

 
   Figure 8 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

61 

 

 

 

 
Figure 9  
 

 

 

 

 

 

 

 

 

 



 

62 

 

 

 

APPENDIX B: PALEOHYDROLOGY OF WILLCOX BASIN, SOUTHEASTERN ARIZONA AND 

IMPLICATIONS FOR ATMOSPHERIC CIRCULATION OVER INTERIOR WESTERN NORTH 

AMERICA DURING THE FINAL PLEISTOCENE DEGLACIATION  

 

ABSTRACT 

A succession of fossil wetland and shoreline deposits in Willcox basin (32
o
N) provides a 

record of late Quaternary paleohydrologic change in southeastern Arizona.  In this study, we 

examined stratigraphy from trenches dug across the prominent shoreline berm parallelling the 

western perimeter of Willcox Playa.  Sedimentological, geochemical, faunal, and radiocarbon 

evidence from twenty-eight formally named units indicates that (1) MIS 2 and late MIS 3 were 

relatively dry, (2) intervening wet periods were characterized by ephemeral wet meadows and 

perhaps lowstands, and (3) paleo-Lake Cochise experienced a series of highstands from ~19.2-

12.8 cal kyr BP.  We divided the succession into three stratigraphic packages, described as 

follows, from bottom to top.  Lower Group 1, consisting of white marls and intercalated tan, 

olive, and grey calcareous clays, was deposited between >37 and no later than 33 ka.  Deposits 

within it contain ostracodes commonly associated with shallow water tables and ephemeral seeps 

and, in some cases, semi-aquatic and terrestrial gastropods commonly found together in wet 

meadows.  Similar in appearance, upper Group 1was deposited from ~33-18 ka.  Units 1-4, 

spanning ~33-21 ka, are in most ways indistinguishable from deposits in lower Group 1; 

however, Units 5-10, spanning ~19.5-17.5 ka, also contain lacustrine ostracodes and wet 

meadow snails—not typically found together.  Group 2 constitutes a ~2 m-thick package of 

sands and gravels emplaced along the shoreline of paleo-Lake Cochise between ~17 and ~14 ka.  

Finally, Group 3 (Units 17-22), mantling the berm, was emplaced between 14 and 11 ka and 

consists of organic-rich brown and grey silty deposits.  
18

O values from >400 ostracode valves 
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and >80 semi-aquatic gastropod shells from deposits throughout the succession vary by ≤10‰, 

and there is no consistent trend within individual taxa through time, likely reflecting ephemeral 

and variably evaporative ground-water discharge environments.  

              The paleohydrologic record from Willcox basin matches that of other closed basins in 

the interior western U.S. in showing that Deglacial-age highstands were larger than earlier lake 

expansions.  Those in Willcox basin coincided with (1) the start of deglaciation and meltwater 

release and attendant AMOC slowdown at ~19 ka, (2) the start of Heinrich event H1b and 

simultaneous re-advance of the southern Laurentide ice sheet at ~18.3 ka, and (3) AMOC 

shutdown from ~17.5-14.5 ka.  Later wet periods also coincided with major changes in the North 

Atlantic, including Heinrich H0 (~12.9 ka) and peak discharge from meltwater pulses MWP1a 

(~13.8 ka) and MWP1b (~10.9 ka).  Future paleohydrologic studies should focus on defining the 

magnitude and direction of regional hydroclimatic change to shed light on the strength and 

nature of North Atlantic teleconnections during the final Pleistocene deglaciation.  

 

 

INTRODUCTION 

For over a century, geologists have reconstructed lake-level fluctuations from late 

Pleistocene shoreline deposits in the numerous internally drained basins in the arid interior of the 

western U.S. (e.g., Russell, 1889; Gilbert, 1890).  Collectively, these records reveal spatial and 

temporal patterns of hydrologic change across the region, enabling us to test hypotheses about 

the nature of coupled oceanic-atmospheric circulation during the late Pleistocene.  Preserved 

shoreline features can provide accurate, well-dated records of lake surface area change, thereby 

constraining changes in effective moisture from one lake cycle to the next (Mifflin and Wheat, 

1979; Benson and Mifflin, 1986; Benson and Paillet, 1989; Munroe and Laabs, 2012).  Further, 
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because most well-preserved paleoshorelines in the western U.S. date to MIS 2 and 3 (Munroe 

and Laabs, 2012), they are an ideal source of paleohydrologic information for the last glacial-

interglacial transition. 

  In the northern Great Basin, Mega-lakes Lahontan and Bonneville exceeded the 

dimensions of their LGM counterparts (Benson and Thompson, 1987; Oviatt et al., 1992) during 

the Deglacial period.  Until very recently, it was widely believed that this could be explained by 

the retreat of the Laurentide ice sheet (Antevs, 1938), thus permitting the Polar Jet Stream to pass 

through the northern Great Basin (Kutzbach and Wright, 1985; Benson and Thompson, 1987).  

An implicit assumption of the ‘Jet Stream hypothesis’ is that paleolakes in the southern Basin 

and Range experienced larger expansions during the LGM than subsequently.  While much is 

known about the history of late Pleistocene paleolakes across the Great Basin and Mojave 

deserts, there is very little corresponding information from the southern Basin and Range—a key 

requirement for reconstructing late Pleistocene atmospheric circulation across western North 

America.  Currently, interpretations of most records from basins south of 35
o
N are equivocal.   

More recent paleolake studies suggest an alternative hypothesis that Heinrich (H) events, 

and H1 in particular, had significant impacts on Great Basin lake levels (Oviatt, 1997; Benson et 

al., 1998; Broecker 1994; Quade and Broecker, 2009; Munroe and Laabs, 2012).  The largest 

expansions in the Great Basin occurred at ca. 17 cal kyr BP (Munroe and Laabs, 2012), 

coinciding with major releases of ice-rafted debris (IRD) into the North Atlantic IRD belt 

between 17.5 and 16.7 ka.  This induced the slowing/halt of the Atlantic Meridional Overturning 

Circulation (AMOC) and ushered in the H1 stadial (17.5-14.6 ka).  Denton et al. (2006) dubbed 

this period the “Mystery Interval” on the basis of a then-unexplained ~30 ppm decline in 

atmospheric 
14

CO2, further discussed in Broecker and Barker (2007) and Broecker (2009). 
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Broecker et al. (2009) subdivided the Mystery Interval into a dry first half and wet second 

half based on records from paleo-Lakes Lahontan and Estancia in Nevada and New Mexico, 

respectively.  Broecker et al. (2009) postulated that the first major IRD release triggered lake 

contractions and lowstands in western North America (henceforth referred to as the “Lahontan-

Estancia lowstand interval”, or LEL) and that a second release triggered lake expansions of 

unprecedented proportion since >30 ka.  However, Broecker and Putnam (2012) note that the 

LEL began at ~18 cal kyr BP and ended with the onset of highstands at ~17 cal kyr BP, whereas 

the timing they proposed for the IRD events is ~17.5 and ~16 cal kyr BP.   

Ultimately, resolving the chronological relationship among changes in the North Atlantic 

ocean and atmospheric circulation across western North America during the Deglacial period 

will require additional well-dated stratigraphic records from paleolake basins in the southwestern 

U.S.  Accordingly, we present the results of our recent investigation of late Pleistocene-age 

shoreline and wetland deposits in Willcox basin (32
o
N), in southeastern Arizona (Fig. 1). 

 

PHYSICAL SETTING 

Geology and Hydrology 

Willcox basin is a hydrologic subbasin in the northern Sulphur Springs Valley in 

southeastern Arizona (Fig. 2).  Covering 130 km
2
, Willcox Playa occupies the lowest position in 

the basin at ~3,900 km
2
, whereas Mt. Graham, at 3,265 m, is the highest point in the adjacent 

Pinaleño Mountains.  Lacustrine processes began to influence basin sedimentation during the 

Quaternary period.  

Willcox basin is one of the few closed geohydrologic systems within the region (Langer 

et al., 1984), rendering change in lake surface area a sensitive indicator of past effective moisture 
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shifts.  No perennial streams flow into the basin, but several perennial springs did, prior to 

intensive ground-water pumping in the basin.  Based on piezometric data, Gardner and Heilweil 

(2009) concluded that most ground-water originated as recharge at the mountain-front, and along 

the losing reaches of ephemeral streams, documenting that subsurface flow has historically 

followed surface topography.   

Recharge also reaches the basin along several large washes during years of intense 

seasonal rainfall, accounting for a large portion of paleo-Lake Cochise’s water budget.  As a 

consequence, Willcox Playas is periodically inundated by ephemeral surface runoff.  Fine-

grained lacustrine deposits near the basin center create a shallow (<30 m) perched aquifer (Oram, 

1993), allowing Willcox Playa to hold an ephemeral lake during exceptionally wet years. 

 

Climate and Ecology 

Topographic relief in the southeastern Basin and Range is commonly several kilometers, 

causing significant spatial variability in mean annual temperature and precipitation.  Two wet 

seasons punctuate otherwise arid conditions, rendering the climate semi-arid.  The North 

American summer monsoon, a regional-scale atmospheric circulation pattern resulting from 

westward expansion of the Bermuda High (Adams and Comrie 1997), produces convective 

storms accounting for over half of mean annual precipitation.  The remainder is delivered during 

the cooler months by Pacific frontal storms embedded in the Westerlies.  Based on long-term 

meteorological records (1913-2013) furnished by the Western Regional Climate Center 

(www.wrcc.dri.edu/climatedata.html) for Pearce/Sunsites, Arizona—nearly equivalent in 

elevation to the study site—mean annual temperature is 16.4
o
C, mean winter (DJF) temperature 
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is 11.9
o
C, and mean summer (JJA) temperature is 24.5

o
C; mean annual precipitation is 31.2 cm, 

mean summer precipitation is 18.3 cm, and mean winter precipitation is 5.2 cm. 

 Ecologically, Willcox basin is located within a tropical-subtropical desert biome, 

including Arizona upland (650-1,100 m), semi-desert grassland (1,000-2,000 m), interior 

chaparral (1,000-2,000 m), oak-pine woodland (1,600-1,900 m), and ponderosa pine forest 

(>1,900 m) (Brown, 1982).  The Arizona upland contains C3 leguminous trees and shrubs, 

various cacti and succulents (CAM), and C4 grasses.  Willcox Playa sits at the bottom of the 

basin, where the Arizona upland and semi-desert grassland ecozones merge.  Thus, the area 

around the barren playa flat is predominantly C4 grassland with interspersed shrubs and 

succulents.  

 

Previous Investigations 

Willcox Playa is ringed by several conspicuous paleoshorelines which attracted the 

attention of Meinzer and Kelton (1913), who proposed the existence of a paleolake with area of 

310 km
2
, or 8% of the total basin area.  They based this on observations from artificial exposures 

of the beach ridge rimming the western perimeter of Willcox Playa at ~1,274 m.  Corroborating 

and expanding upon the findings of Meinzer and Kelton (1913), Robinson (1965) and Schreiber 

et al. (1972) reported the results of detailed sedimentological investigations of the ridge, but 

provided no age control for the beach gravels. 

  Based primarily on 
14

C dating of the “Willcox White Marl” and the carbonate nodules 

collected from its denuded surface adjacent to the playa, Long (1966) recognized two distinct 

late Pleistocene lake cycles.  During  the first, from >33-16 cal kyr BP, the lake would have 

reached >1,290 m, whereas the aforementioned beach ridge (~1,274 m) was constructed by 
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smaller lakes between 13.5 and 12 cal kyr BP.  Haynes et al. (1987) also described the 

stratigraphy of beach and nearshore deposits from an exposure along the ridge, obtaining a date 

of 15.7 cal kyr BP from charcoal in Unit B3.  This unit is comprised of intercalated/cross-bedded 

gravels and silts, which Haynes et al. (1987) observed near the base of a 4 m-deep section at 

Locality A (Fig. 2).  Later, Waters (1989) constrained a constructional phase of the beach ridge 

from ~17-16 cal kyr BP based on five charcoal dates, from the lower member of a cross-bedded 

gravelly beach deposit at Locality B (Fig. 2), which he named Unit B1/B2 (Fig. 3). 

 

METHODS 

Mapping, Stratigraphy, and Sampling 

Exposures created in eight trenches (Fig. 4) allowed us to identify twenty-two 

allostratigraphic units—disconformity-bounded strata, per definition of the North American 

Commission on Stratigraphic Nomenclature (2005)—which we traced in profiles or otherwise 

inferred from lithology, sedimentology, and 
14

C dating.  Field descriptions (Table 1) utilize terms 

and abbreviations defined in Schoeneberger et al. (2012).  Where present, fossil gastropods were 

sampled, and identified based on illustrations, photographs, and descriptions provided by 

Bequaert and Miller (1973) and Burch (1982).  Stratigraphic profiling (Fig. 4) and
14

C dating 

(Table 2) were conducted between spring 2009 and autumn 2012.  Absolute elevation of the 

berm was obtained from 30 m Digital Elevation Model data (National Elevation Data Set: 

http://www.NED.gov), and along-transect elevation change (±1 m) was measured using an abney 

level with stadia rod.  Our study site, labelled Locality C in Fig. 2, overlaps with the Grim 

locality of Waters (1989).   
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Sediment Sampling and Processing for Faunal Analysis 

Fifteen to thirty mg of bulk sediment samples (Fig. 4) were processed for ostracodes 

according to technical procedure HP-78, R1 described in Forester (1991).  Most units were 

sampled from several trenches to ensure that lateral variability in the faunal and isotopic 

composition of ostracode assemblages was captured.   

 

Radiocarbon Dating 

Carbonates were rinsed in distilled water and the condition of mollusk shells and 

ostracode valves inspected under binocular microscope, for secondary cementation and 

taphonomic evidence of reworking.  Depending upon its resilience, each shell was briefly 

sonicated (2-5 seconds) up to three times prior to a final rinse with distilled water.  Next, shells 

were crushed and both interior and exterior surfaces inspected again for adhering detritus.  A 

similar procedure was used to inspect and purify ostracode calcite prior to 
14

C dating, except that 

50% (by mass) of the ostracode concentrate was leached, rendering sonication unnecessary.  All 

carbonate samples were soaked in H2O2 at room temperature until reaction with non-refractory 

organic matter was complete, followed by an overnight soak in distilled water.  Specimens with 

dense cement were sonicated to facilitate removal of adhering detritus. 

All shells were processed at the University of Arizona on the cryogenic extraction lines 

of the Arizona AMS Facility.  For 
14

C dating of carbonates, CO2 was cryogenically purified 

following in vacuo hydrolysis in 100% H3PO4.  Impurities (H2O, SOx, NOx, and halides) were 

removed with Cu and Ag traps at ~600 °C, and the purified CO2 was divided into two portions. 

One aliquot was converted to graphite by catalytic reduction of CO, and submitted for 
14

C 

analysis, whereas the other aliquot provided δ
13

C, which was used to adjust the 
14

C measurement 
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for biologic fractionation.  The calibrated radiocarbon dates (Table 2, Fig. 4) are expressed as the 

2σ range and median probability of possible calendar year ages before 1950 (“present”), 

abbreviated as cal yr BP.  Calibrations were performed using Calib 7.0 (Stuiver et al., 2012), 

based on the IntCal13 Radiocarbon Calibration Data Set (2012) described in Reimer et al. 

(2013). 

 

Stable Isotope Analysis 

Shell and sedimentary carbonate samples were oven dried (50
o
C) and pulverized, 

whereas ostracode valves were left intact.  For larger species such as Heterocypris glaucus, 1-2 

valves sufficed for a single analysis, whereas for 4-6 valves were usually required for other taxa.  

Samples were processed on an automated sample preparation device (Kiel III) fitted to a 

Finnigan MAT 252 mass spectrometer at the University of Arizona Laboratory of Environmental 

Isotopes.  
18

O and 
13

C values were normalized to NBS-19 based on internal lab standards.  

Precision of repeated standards are ± 0.11‰ for 
18

O and ± 0.07‰ for 
13

C.  Carbonate isotopic 

results are reported in standard  per mil notation relative to the Vienna Pee Dee Belemnite 

(VPDB).  

 

DATING CONSIDERATIONS 

The chronology is mostly based on shell dates from Succinids, which secrete shell 

aragonite with 
14

C activity matching that of concurrent atmospheric CO2 (Pigati et al. 2004, 

2010).  Gastropod aragonite resists exchange with exogenous carbon following death and burial, 

such that contamination has not been detected in specimens younger than ca. 25 cal kyr BP 

(Pigati et al, 2009; Pigati et al., 2010; Rech et al., 2011).   
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This leaves only a handful of dates from aquatic carbonates in question, given that their 

carbon derives from dissolved inorganic carbon (DIC).  Nonetheless, DIC in the lake and in 

ground-water were probably in equilibrium with atmospheric CO2.  This is likely true because 

(1) there is no major carbonate bedrock in the basin, otherwise a major contributor of DIC, and 

(2) paleo-Lake Cochise was shallow (<12 m) with a high surface area-to-volume ratio, which 

should have promoted rapid (10
0
-10

2
 yr) exchange between DIC and atmospheric CO2. 

 

 

FAUNA 

Ostracoda 

 Ostracoda is a class of minute crustaceans with bivalves composed of calcite and chitin, 

representing the most abundant calcitic microfossils found in continental aquatic sediments.  

Many species have autoecological preferences that are so particular that they only populate 

specific hydrologic environments (e.g., lake, wetland, etc.) or sub-environments (e.g., wetland: 

aquifer, spring, stream, wet meadow, marsh, etc.).  In contrast, other ostracodes have broad 

tolerance and are generally poor paleoenvironmental indicators.  We examined fossil 

assemblages in forty-eight sediment samples distributed throughout the succession (Fig. 4) for 

their taxonomic composition and abundance (Table 3; Fig. 6), organizing the taxa into three 

environmental settings: permanent lake (lake), ephemeral surface water (temporary pond), and 

ground-water (either phreatic or discharge).  Whole-assemblage abundances range from 0-43 

valves/g sediment; assemblages with >7 valves/g are dominated by lacustrine taxa, whereas 

smaller fossil populations are dominated by taxa from the other categories. 

Several taxa occur in significant abundance, making them useful for paleohydrologic 

reconstruction efforts.  Lacustrine taxa include Limnocythere ceriotuberosa, L. sappaensis, and 
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H. glaucus.  Candona patzcuaro occurs in playa-lakes and ephemeral wetlands (Furtos, 1933; 

Horne, 1993), and C. truncata was first identified in a temporary pond in Ohio (Furtos, 1933).  

Although both are drought-resistant, they are also found in perennial freshwater settings.  

Cypridopsis vidua and Potamocypris spp. are generally associated with springs (Forester, 1991), 

although they are also found at the interface between lake- and ground-water in the littoral zone.  

“Interstitial” taxa are morphologically adapted for existence within the saturated pore space of 

the matrix in the phreatic zone.  The taxonomic affiliation of these ostracodes is not important to 

our research objectives since their ground-water origin can be inferred on the basis of a few basic 

morphological characteristics. 

 

Mollusca 

Semi-aquatic, terrestrial, and aquatic snail taxa were present among the sections we 

examined; when encountered in the field, snails were identified to the family level, excepting 

terrestrial taxa.  References used for mollusk identification are Bequaert and Miller (1973) for 

mollusks of the southwestern U.S. and Arizona, and Burch (1982) for freshwater aquatic snails 

of North America.  All snails encountered belong to lung-breathing (pulmonate) families, 

including the semi-aquatic Succineidae and aquatic Lymnaeidae, Planorbidae, and Physidae.   

Succinids require permanent water to survive in areas with hot, summer-dominated 

climates, whereas in areas with cooler summers they can survive in permanently moist micro-

environments (e.g. under leaf litter or on rotting vegetation).  Otherwise, they spend most of their 

time in and around the shallows of wetlands and lakes, feeding on water-side vegetation.  In 

contrast, Lymnaeids, Planorbids, and Physids spend most of their time in the water, although 

some species can tolerate seasonal desiccation (Clark et al., 2003; Harrold and Guralnick, 2010).  
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More specifically, Planorbids (“pond snails”) prefer open areas of standing/slow-moving water, 

such as can be found in ponds (Clark et al., 2003).  Similarly, Lymnaeids and Physids live in 

shallow water, but are most often found among aquatic plants near the water’s edge. 

 

SEDIMENTOLOGY, STRATIGRAPHY, AND GEOCHRONOLOGY 

We divided the succession into three groups, and further into twenty-five units (1-oldest, 

25-youngest), on the basis of the deposits’ physical characteristics and age (Table 4).  Group 1 

includes Units 1-10 (upper Group 1)—clays with intercalated marls—and the underlying marl 

deposits (lower Group 1) that remain uncorrelated (i.e. unassigned, or UA) with respect to the 

main numbered sequence.  Upper Group 1 is inset into lower Group 1 (Fig. 4).  Group 2 includes 

Units 11-18 and consists of intercalated sands and gravels.  Group 3 includes Units 19-22 and 

consists of silty deposits, variably enriched in organic matter.  Following is a summary of the 

stratigraphy and sedimentology (Table 1; Fig. 4), geochronology (Table 2), and fauna (Table 3) 

of the Locality C succession. 

 

Group 1 

Sedimentology and Geochronology 

Lower Group 1 

Unit UA-1 is >60 cm-thick, composed of weakly cemented sandy marl with patches of 

fine gravel throughout, with carbonate root casts occurring locally, having a is diffuse or abrupt 

upper contact.  Lower UA-2 is a chalky white marl with locally abundant rhizoliths, one of 

which yielded a date of ~23.3 cal kyr BP.  Upper UA-2 contains carbonate nodules, rhizoliths, 

and lenses of olive clay containing dispersed shell fragments; some parts of the marl are chalky 
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and others are composed of indurated nodules.  Unit UA-3 is 15-30 cm-thick, composed of sandy 

marl with intact gastropods throughout, including Succinids, one of which yielded a date of 

~36.7 cal kyr BP. 

      

Upper Group 1 

Unit 1 is a >30 cm-thick olive clay having a sharp upper erosional contact with Unit 2.  

Unit 2 is a light yellowish brown sand, 10-20 cm-thick.  Unit 3 is a 30-40 cm-thick olive grey to 

pale olive sand with zones of abundant gastropod shells, crushed and intact, having a diffuse 

upper contact with Unit 3/4.  Unit 3 also contains iron oxide-stained fine root casts originating in 

overlying units and lenses of olive clay containing dispersed shell fragments.  Succinids from 

Unit 3 yielded dates (n=3) between 32 and 30 cal kyr BP and a single date of ~19 cal kyr BP.  

Unit 3/4 is a ~30 cm-thick crumbly marl containing abundant carbonate root casts and iron 

oxide-lined root channels.  The diffuse upper contact and transition zone between Units 3/4 and 4 

contains white calcareous clay with soft, very coarse manganese oxide concentrations.  Upper 

Unit 4 has similar characteristics but is light brownish grey and contains fewer redox 

concentrations.  In most places, Unit 4/5 is a ~20 cm-thick marl; where the marl is absent, the 

uppermost ~20 cm of Unit 4 is heavily manganese oxide-stained.   

Units 5-7 are similar in composition and equivalent in age.  Unit 5 is composed of light 

brownish grey calcareous silty clay with abundant carbonate nodules and rhizoliths.  Thin (5-15 

cm), discontinuous manganese oxide-stained horizons resembling lower Unit 4 occur at various 

depths within these units; these horizons are bounded by faint carbonate bands (~1 cm-thick), 

sharp along the upper boundary and diffuse along the lower boundary.  Succinids in Units 5-7 

dated to 20.5 (n=1), 19.5 (n=1), 19.4 (n=1), and 19.0 (n=4) cal kyr BP, most not in stratigraphic 
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order.  Unit 6, ~10 cm-thick, comprises a platy erosional remnant of Unit 5.  Lower Unit 7 is 

composed of stratified beds of greyish brown sand, silt, and clay; the upper part is greyish brown 

very gravelly clay with abundant rip-up clasts, reworked carbonate nodules, rhizoliths, and 

gravels.  Succinids throughout the unit yielded dates (n=4) from 19.2-19.0 cal kyr BP.   

Unit 8 is a 10-20 cm-thick white calcareous clay resting atop Unit UA-3.  A Succinid in 

Unit 8, ~5cm above the upper contact of Unit UA-3, yielded a date of ~18.3 cal kyr BP, and a 

Succinid from ~5 cm below the upper contact of Unit 8 dated to ~17.7 cal kyr BP.  Unit 9 is a 

pale brown blocky clay containing gravel stringers, sand lenses, and dispersed shell fragments.  

Unit 10A is a 5-10 cm-thick pale olive clay containing abundant carbonate nodules and sand 

fraction composed almost entirely of ostracode valves.  Nodules yielded dates of ~9.6 and ~6.6 

cal kyr BP, and bulk ostracodes yielded a date of ~17.4 cal kyr BP.  Unit 10B is similar to 10A 

but is thinner, sandier, and devoid of nodules. 

 

Fauna 

Ostracode assemblages in Units 1, 2, 3, and 3/4 are dominated by C. patzcuaro juveniles; 

interstitial and lacustrine taxa are sparse.  Assemblages in Units 4 and 4/5 are dominated by 

interstitial taxa and contain traces of others, although Unit 4 is largely devoid of ostracodes.  

Ostracode assemblages in Units 5, 6, 8, and 10 are dominated by lacustrine taxa in moderate to 

high abundances, followed by C. patzcuaro, which is nearly absent in Unit 10.  Units 7 and 9 

contain mostly lacustrine taxa in low to moderate abundances, followed by C. patzcuaro.   The 

exception to this is one sample from Unit 7, in which C. patzcuaro is followed in abundance by 

lacustrine taxa.  
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Units UA-1, UA-2, 1, 2, 3/4, 4, 4/5, and 10 are devoid of intact shells, whereas Units UA-

3, 3, 5, and 8 contain abundant shells, mostly from Succinids but some from terrestrial taxa.  The 

sand lenses in lower Unit 7 contain shells, from Succinids and terrestrial snails, some of which 

are crushed, pointing toward a reworked origin for the entire faunal assemblage. 

 

Paleoenvironmental Reconstruction 

Faunal and sedimentological evidence from units older than Unit 5 suggests that they are 

composed of calcium carbonate that formed near the ground surface, in the capillary fringe or in 

freshly discharged ground-water, between >37 and ~20 cal kyr BP.  Evidence from Units 5, 8, 

and 10 suggests that they were emplaced in the nearshore zone from ~19.2-18.9, ~18.3-17.7, and 

~17.4 cal kyr BP, respectively.  However, this interpretation of Unit 8 is tentative, as it hinges on 

two Succinid dates.  With the exception of Unit 4, the prevalence and variable abundance of C. 

patzcuaro juveniles indicate that ground-water discharge was sufficient to sustain ephemeral 

ponds just long enough for juveniles to hatch.  This could reflect rapid oscillations of the water 

table induced by seasonal fluxes of high elevation snow-melt.  Succinids in Units UA-3 and 3 

reflect permanent surface moisture, typical of wet meadows, seeps, and stream banks.  In Unit 3, 

the high concentrations of fractured shell and sand, in addition to the occurrence of intact 

Succinids as well as ostracodes associated with ground-water and ephemeral ponds, suggests that 

deposition occurred in a spring-fed channel draining a seep or wet meadow.   

Multiple lines of evidence suggest that Units 4 and 4/5 also formed in association with a 

shallow water table and/or ephemeral ground-water discharge.  First, the lack of Succinids and 

near-absence of C. patzcuaro probably reflects the brevity of individual discharge events.  Next, 

the clayey texture and dominance of interstitial ostracodes reflects low energy deposition 
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associated with ponding of ground-water discharge.  Finally, the hydromorphic character of the 

unit (i.e., gleying and iron/manganese oxide concentrations) owes to a fluctuating water table.  

This would have promoted the oxidation/removal of organic matter and redistribution of 

carbonates, and iron and manganese oxides, within the capillary fringe. 

The co-occurrence of nearshore lacustrine taxa, interstitial taxa, C. patzcuaro juveniles, 

and Succinids in Unit 5 suggests that it was formed both in a wet meadow and a lake, perhaps 

alternating seasonally due to large changes in lake area.  The lack of stratigraphic order among 

Succinid dates owes to extensive bioturbation, as evidenced by the abundance of root and burrow 

casts, many of which contain Succinid shells.  Unit 7 was reworked from Unit 5.  Root-

bioturbation can explain the presence of a ~19 cal kyr BP Succinid in Unit 3.  Dates from 

Succinids in Units 5 and 7 constrain the timing of uncharacteristically wet conditions, resulting 

in a highstand during the last of three periods: ~20.5, ~19.5, and ~19.2-18.9 cal kyr BP. 

 

Group 2 

Sedimentology and Geochronology 

 Group 2 is inset into upper Group 1 and dips toward the basin, although Units 14, 16, and 

17 dip slightly in the opposite direction.  Unit 11 is a 5-20 cm-thick indurated white pebble 

gravel conglomerate; basal carbonate cement yielded a date of ~15.5 cal kyr BP.  Directly 

overlying Units 6, 7, and 11, Unit 12 is a 1-4 cm-thick light yellowish brown sand; a reworked 

Planorbid fragment dated to ~14.2 cal kyr BP.  Unit 13 is a ≤70 cm-thick unconsolidated cross-

bedded gravel, dipping slightly upslope; basal gravels are commonly coated with a thin, 

discontinuous carbonate crust.  A fragment of crust yielded a date of ~14.2 cal kyr BP, matching 

the age of the Planorbid fragment in Unit 12. 
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Unit 14 is a pale olive calcareous sandy loam, with a high concentration of gravels 

reworked from Unit 13 in the middle part.  Unit 14 directly overlies Unit 7 and the distal portions 

of Units 13 and 12; the lower contact with Unit 7 is diffuse or abrupt.  Within Unit 14, adjacent 

Succinid and Lymnaeid shells yielded identical dates (n=2) of ~15.2 cal kyr BP, indicating that 

the sediment was reworked from a deposit older than the overlying unit (Unit 12).  Unit 15 is a 

massive sand, unconsolidated in the lower part (15A) and cemented in the upper part (15B).  

Unit 15B correlates to Unit B3 of Waters (1989).  Shells are extremely rare in 15A, but a date of 

~14.4 cal kyr BP on a Succinid from 4 cm below the upper contact shows that it was reworked 

from a coeval deposit, perhaps Unit 12.  Unit 18 represents small patches of conglomerate 

resting in micro-depressions in the dissolution-pitted surface of Unit 15B; carbonate cement from 

the matrix of Unit 15B yielded a date of ~13.1 cal kyr BP.  Unit 16 is a light yellowish brown 

sand with Succinids, yielding dates (n=2) of ~14.3 and ~13.86 cal kyr BP; Comparison to dates 

from other units suggests that the older Succinid was reworked, rendering the date from the 

younger Succinid a maximum age.  Unit 17 is an unconsolidated light brownish grey blocky 

calcareous sandy loam.  A Succinid resting on the lower contact, reworked from Unit 16, yielded 

a date of ~14.2 cal kyr BP.  Bulk carbonate from the upper part of the unit yielded a date of 

~13.84 cal kyr BP, providing a maximum age. 

 

Fauna 

 Excepting Units 15 and 16, lacustrine taxa dominate the ostracode assemblages in Group 

2, for which whole-assemblage abundance ranges from 2-12 valves/g.  The assemblages in Units 

15 and 16 are dominated by C. patzcuaro juveniles, with sparse L. ceriotuberosa.  Unit 15 also 

contains C. truncata in significant abundance, with very few Potamocypris.  Gastropods are 
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abundant in Units 14 and 16; Unit 14 is dominated by Succinids, followed by terrestrial taxa, 

whereas Unit 16 contains only Succinids. 

 

Paleoenvironmental Reconstruction 

 The coarse-grained textures and high abundances of lacustrine ostracodes in Group 2 

deposits suggest that they were deposited in the nearshore zone between ~17.4 and ~13.1 cal kyr 

BP.  However, the co-occurrence and high abundance of C. patzcuaro juveniles and reworked 

Succinids in Units 15 and 16 suggests that the Succinids were transported in a stream channel to 

the nearshore zone during a brief transgression at ~13.9 cal kyr BP.  Reworked Succinids in 

Units 16 and 15B constrain the timing of a wet interval between ~14.4 and 14.1 cal kyr BP.  

Carbonate cement in Units 11, 13, 15, and 18 likely formed during or shortly after deposition of 

each in the nearshore zone during brief transgressions at ~15.5, ~14.2, and ~13.1 cal kyr BP.      

 

Group 3 

Sedimentology and Geochronology 

Unit 19 is a 10-20 cm-thick light brownish grey calcareous sandy loam containing 

Succinids, one of which yielded a date of ~12.9 cal kyr BP.  Unit 20 is 30-120 cm-thick, 

composed of light brownish grey sandy loam, with lenses of calcareous silt and 20-40 cm-thick 

beds of massive fine sandy loam in the lower half of the unit.  Two Succinids and one Physid in 

Unit 20 yielded dates (n=3) between 12.8 and 12.7 cal kyr BP.  Unit 21 is a gravelly calcareous 

sand containing rare Succinids and having a clear, undulating erosional upper contact.  The 

Succinids yielded dates (n=2) of ~10.9 and ~10.8 cal kyr BP.  Unit 22 is a dark brown gravelly 

fine sandy loam containing reworked carbonate-coated gravels similar in appearance to those in 
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underlying units.  Unit 21 contains rodent burrows infilled with darker-colored material from 

Unit 22, whereas those in Unit 22 are infilled with lighter-colored material from Unit 21.  Unit 

22 is the lithostratigraphic equivalent of Unit E of Waters (1989), who reported a charcoal date 

of 260±80 
14

C yr BP from a buried archaeological site ~10 km northwest of Locality C. 

 

Fauna 

The ostracode assemblage of Unit 19 is dominated by L. ceriotuberosa with some 

Potamocypris, and sparse concentrations of other Limnocythere spp., C. patzcuaro juveniles, and 

C. vidua.  At its base, Unit 20 contains C. patzcuaro juveniles in unprecedented abundance, with 

few C. truncata in equal abundance to those in Unit 15B, and sparse lacustrine and spring taxa— 

typical of most deposits in Group 2, and several in Group 1.  Units 21 and 22 are devoid of 

ostracodes, and Unit 20 contains C. patzcuaro in its upper part. 

Gastropods in Unit 19 are limited to a few Succinids above the lower contact.  Unit 20 

contains very few gastropods in the lower 20 cm.  However, a 50 cm-thick bed of slightly 

cemented sediment contains clusters of extremely large Succinids with dispersed Physids and 

terrestrial taxa.  Aside from the two dated Succinids from Unit 21, Units 21 and 22 are devoid of 

gastropods. 

 

Paleoenvironmental Reconstruction 

During a very brief highstand at ~12.9 cal kyr BP, Unit 19 was deposited in a lagoon with 

contributions from ground-water discharge.  This is indicated by the mixture of semi-aquatic 

snails (Succinids) with ostracodes dominated by lacustrine taxa (>90% L. ceriotuberosa), with 

sparse taxa indicative of springs and ephemeral ponds.  The clear contact between Units 19 and 



 

81 

 

 

 

20 suggests that the transition from lagoon to marsh was abrupt.  The lower half of Unit 20 was 

deposited near the edge of a marsh, as indicated by the extremely high abundance of root channel 

voids, brownish color (i.e., relative high organic matter content), unique faunal assemblage, and 

geomorphic position (Fig. 4).  Its gastropod assemblage consists of Succinids, followed by 

Physids (mostly juveniles) and other aquatic snail taxa.  Near the base of Unit 20, the ostracode 

assemblage contains mostly pond taxa in extremely high abundances, mixed with spring and lake 

taxa in low abundances.  Throughout the rest of Unit 20, the gastropod and ostracode assemblage 

lacks spring and lacustrine taxa, and the uniquely high abundance of C. truncata indicates that 

the transition from lagoon to marsh was complete by the time Unit 20 deposition began. 

Unit 21 was deposited during or after the last wet episode recorded in our succession.  

Near the base, coarse sands and Succinids constrain the timing of this episode to ~10.9 cal kyr 

BP.  The relatively high silt content of overlying Unit 22 suggests an eolian origin.  We postulate 

that dense stands of phreatophytes tapping a relatively shallow water table acted as a windbreak, 

intercepting dust from the surface of nearby desiccated wetlands.  Seasonal alternation of wet, 

biologically active conditions and relatively dry, windy conditions during the Holocene may 

explain the thickness and high levels of silt and organic matter in Unit 22.  Corroborating 

evidence comes from the occurrence of middle Holocene-age carbonate nodules and rhizoliths 

within a discrete, 10 cm-thick horizon overlying Group 2, probably marking the shallow 

capillary fringe upon rebound of the water table. 

 

STABLE ISOTOPES 

Stable isotope measurements from 17 units were made on ostracode valves (n=328), 

gastropod shells (n=89), and/or nonbiogenic carbonate (n=11) (Appendix 2, Fig. 10) from 
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samples shown in Fig. 4.  Ostracodes and snails are each represented within eleven units, 

nonbiogenic carbonate is represented within five units, and all three carbonate types were found 

in Unit 20.  Data were obtained from ostracodes in Unit 3, 5-10, 17, and 19-20; from snails in 

Units 3, 5, 7-8, 12-13, 16, 18, and 20-21; and from nonbiogenic carbonate in Units 11, 13, 18, 

and 20.   

 

Carbonate 
18

OValues 


18

O (VPDB) values range from -6.7 to +3.3‰.  Values range from -6.7 to +3.3‰ for 

ostracode valves; from -7.5 to +1.5‰ for snail shells; and from -9.1 to -4.5‰ for cements.  For 

ostracodes, values for L. ceriotuberosa range from -3.3 to +2.7‰ with an average of -1.5‰ 

(n=97); for H. glaucus, from -3.3 to +0.5‰ with an average of -1.5‰ (n=63); for C. patzcuaro 

juveniles, from -6.7 to +3.3‰ with an average of -2.2‰ (n=112); for C. truncata, from -5.7 to  

-5.2‰ with an average of -5.5‰ (n=5); for Potamocypris, from -0.7 to +1.0‰ (n=2); and for L. 

sappaensis, from -4.2 to -0.9 with an average of -2.2‰ (n=23).  For snails, values for Succinids 

range from -7.5 to +0.5‰ with an average of -3.9‰ (n=86), and values for Physids range from -

5.4 to +1.5‰ with an average of -2.4‰ (n=3).  For cement, values range from -9.1 to -4.5‰ 

with an average of -6.4‰ (n=11). 

 

Interpretation of 
18

O values 

 
18

O values of biogenic and non-biogenic carbonates reflect 
18

O content of the host 

water, along with a temperature-dependent fractionation (Kim and O’neil, 1997).  Ostracode 

valves and snail shells are composed of calcite and aragonite, respectively, with aragonite 

enriched by ~1‰ compared to calcite.  In addition, some biogenic carbonates are enriched 
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relative to isotopic equilibrium values due to physiological processes (“vital effects”).  Xia et al. 

(1997) examined lab-cultured Candona rawsoni, finding a vital effect of ~1‰.  However, this 

correction may not accurately estimate the true vital effect, as the lab-cultured valves weighed 

less than natural specimens.  Von Grafenstein (1999) reported a vital effect of ~2‰ from 

naturally occurring freshwater Candona spp. in Europe, and Colman et al. (1994) provided 

indirect evidence for a similar vital effect for Candona subtriangulata in cores from Lake 

Michigan.   

 Finally, non-biogenic carbonates form passively due to changes in hydrochemistry and 

temperature, whereas biogenic carbonates are secreted under the specific conditions dictated by 

the environmental preferences of individual taxa.  All of these factors must be taken into account 

in evaluating and comparing 
18

O records from different taxa and carbonate types within and 

among units, allowing us to examine the spatial and temporal variability in the 
18

O content of 

ancient host water.  To do this, we apply the appropriate corrections in the discussion that 

follows, including a 2‰ correction for Candona spp. 

 

Cement 

 Cements yielded 
18

O (VPDB) values between -9.1 and -4.5‰.  Unit 20 yielded values 

(n=2) from -7.1 to -6.5‰; Unit 18 (n=3), from -6.8 to -6.6‰; Unit 13 (n=2), from -9.1 to -6.2; 

and Unit 11 (n=4), from -5.8 to -4.4‰.  These ranges and minima suggest that the cements 

formed from ground-water, and not lake-water, perhaps as ground-water discharge continued as 

the lake regressed.  Values from Unit 11 are more positive than in other units.  This either 

reflects increased evaporation or higher ground-water 
18

O values.  An increase in ground-water  



 

84 

 

 

 


18

O could signify a change in the source/composition of meteoric water and/or the ratio of 

snowmelt to rainfall.  

  

Biogenic Carbonate 

 
18

O (VPDB) values for Succinids and C. patzcuaro overlap with one another, and their 

minima fall within the combined range for the cements, suggesting that they both formed in 

ground-water discharge settings.  Among all snail and ostracode taxa, the overall intra-unit 

variability is greatest for Succinids and, although slightly less so, C. patzcuaro.  Physids from 

Unit 20 yielded values overlapping with co-occurring Succinids.  Minimum values from 

Succinids, Physids, and Potamocypris are similar, suggesting a common origin in ground-water-

fed ponds.  Succinids throughout the sequence yielded similar ranges of values; this suggests that 

the 
18

O content of the ground-water discharge remained stable over long time scales. 

 Succinids in Units 5, 6, and 7 co-occur with ostracode taxa from all habitats, enabling 

their values to be compared.  Within these units and throughout the succession, most 
18

O values 

from lacustrine ostracode taxa range from -4-0‰, whereas most C. patzcuaro from these units 

yielded values between ~ -2 and ~ -5‰; finally, Succinids in Units 5 and 7 yielded values 

between ~ -3 and ~ -7‰.  All ranges overlap, but values for lacustrine taxa are the most positive, 

and overlap least with other taxa, reflecting extensive evaporation as is common in lakes.  Lastly, 

H. glaucus in Units 5 and 6 yielded values similar to those from other lacustrine taxa. 

 

PALEOHYDROLOGIC RECONSTRUCTION  

Sedimentologic, isotopic, and chronologic evidence from our depositional sequence 

indicates alternation of different hydrologic conditions at Locality C, corresponding to three 
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primary hydrologic states in Willcox basin.  These include (1) shallow, fluctuating water tables 

with localized spring-discharge and ephemeral pools under a slightly wetter-than-modern 

climate, (2) high water tables supporting extensive wetlands, including wet meadows with 

spring-fed channels and ephemeral ponds and possibly a small, semi-permanent lake under a 

much wetter-than-modern climate, and (3) elevated water tables and high runoff levels sustaining 

highstands during the wettest periods.   

From >37 to ~20 cal kyr BP, shallow fluctuating water tables caused periodic increase of 

localized ground-water discharge along the distal bajada.  This resulted in alternation between 

seasonally saturated soils during drier periods, and wet meadows during wetter periods.  During 

exceptionally wet intervals, these meadows may have fed streams draining into a small, semi-

permanent lake or large valley floor wetland.  Such conditions may have occurred at >37, ~20.5, 

and ~19.5 cal kyr BP.  The first unequivocal lake transgression did not occur until ~19.2 cal kyr 

BP, reaching 1,274 m on one or more occasions until its permanent regression at ~18.9 cal kyr 

BP.  Dry conditions prevailed until one or more highstands between ~18.3 and ~17.7 cal kyr BP. 

Subsequent highstands occurred at ~17.4 and ≥16.7-16.3 cal kyr BP, and transgressions 

to 1,271 m occurred at ~15.5 and ~15.2 cal kyr BP.  A period of intensified ground-water 

discharge from ~14.4-14.1 cal kyr BP culminated in a highstand at ~14.2 cal kyr BP.  A 

relatively dry interval at 14.0±0.1 cal kyr BP preceded a brief transgression to 1,271 m, at ~13.9 

cal kyr BP, and again at ~13.1 cal kyr BP.  Following an interval of drier conditions from 

13.0±0.1 cal kyr BP, a highstand at ~12.9 cal kyr BP was followed by regression of the lake and 

formation of marshes, behind the beach ridge, drying up as early as ~12.75 cal kyr BP.  

Following the Younger Dryas, a brief but regionally extensive humid interval (~10.8±0.1 cal kyr 

BP) marked the transition to the dry interglacial conditions of the Holocene epoch. 
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SUMMARY OF REGIONAL PALEO-LAKE RECORDS 

For comparison to paleo-Lake Cochise, paleo lake-level information from the 

southwestern U.S. is available from the Estancia, San Agustin, and San Luis basins of New 

Mexico.  The only dated paleoshorelines in the region include those formed by paleo-Lake 

Cloverdale, in southwestern New Mexico, and paleo-Lake Cochise, in Willcox basin.  

Unfortunately, the other records are based on interpretation of lake level from proxies, anchored 

by dates from aquatic carbonate with unknown or poorly constrained 
14

C reservoir effects. 

In the San Agustin record (Phillips et al., 1992), transgressions to progressively lower 

elevations occurred at ~26, ~23, and ~20.5 cal kyr BP.  These dates were interpolated from an 

age model that is sparsely dated and untested for reservoir effects, and are therefore unreliable.  

In comparison, the age model for the Estancia core record is based mostly on 
14

C dates from 

aquatic biota, with much higher sampling resolution than for the San Agustin record.  There, 

Allen and Anderson (2000) sampled live Artemia cysts yielding a date of 130±65 
14

C yr BP.  

They interpreted this as evidence for a negligible hard-water effect, but did not account for the 

“bomb effect” in the sampling year (1990), when fMC was ~1.16 (Levin and Kromer, 2004).  

Assuming complete exchange between modern DIC and atmospheric CO2, a correction of 

~1,300 
14

C yr would apply to a date of 13,000 
14

C yr. 

Radiocarbon reservoir uncertainties aside, the faunal, geochemical, and sedimentological 

proxies in the deep-lake muds of paleo-Lake Estancia record a series of maximum freshening 

events between >25 and ~18.3 cal kyr BP, followed by an extreme lowstand from ~18.2 to ~16.9 

cal kyr BP, and another highstand at ~16.8 cal kyr BP.  Transgressions at ~16.2 and ~15.7 cal 

kyr BP are constrained by 
14

C dating of nearshore sediments (Allen and Anderson, 2000).  The 
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frequency of freshening events, each with an identical signature in the proxy records, suggests 

that Estancia rose to the same level each time and was therefore not geohydrologically closed.  

Because the highest paleoshoreline in the basin (~1,890 m) is ~40 m below the lowest 

topographic outlet, it is certain that the lake did not overflow.  However, this highest shoreline 

traces to a solution-enlarged fracture zone along the southeastern hydrologic divide with 

Tularosa Basin (Hawley, 1986), suggesting that ground-water underflow limited highstand 

elevation.  Thus, while the approximate timing of these freshening events is known, the relative 

paleohydrologic intensity of each highstand cannot be determined.  On the other hand, the up-

section change in the mud’s mineralogical composition from calcareous to gypsiferous provides 

unambiguous evidence for a shift from fresh-water to alkaline conditions, induced by a 

significant drop in lake level. 

Within the prominent shoreline berm of Paleolake Cloverdale, Unit L1 yielded reliable 

dates of ~23,800±1,400 cal yr BP on carbonized wood residue (Krider, 1998), and 21,760±640 

cal yr BP on humates extracted from another piece yielding no residue.  The shoreline berm of 

paleo-Lake Cochise yielded five reliable charcoal dates, spanning 16.6-16.1 cal kyr BP (Waters, 

1989).  Geomorphic studies of shoreline deposits in the San Agustin basin constrain the highest 

known elevation of paleo-Lake San Agustin to 2,120 m (Powers, 1939).  More recent work on 

paleo-Lake San Agustin (Hill and Holliday, 2011) suggests that by ~19 cal kyr BP it had 

regressed to the lowest-lying and largest subbasin (Horse Spring).  Following this, lake-level 

declined irregularly as marshy conditions persisted in the adjacent/higher subbasin, reaching as 

high as 2,105 m by ~13.2 cal kyr BP.  The lake was alkaline by ~12.3 cal kyr BP and dried up 

during the middle Holocene. 
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REGIONAL CORRELATION 

Early Deglacial (19-15.0 Cal ka BP) 

The earliest highstand of paleo-Lake Cochise, from ~19.2-18.9 cal kyr BP, slightly 

preceded the initial AMOC slow down.  Further, it coincided with a highstand of paleo-Lake 

Estancia and the onset of warming and deglaciation in the northern high latitudes.  Packrat 

midden assemblages record cooler/wetter conditions in the southeastern Basin and Range at the 

same time (Holmgren et al., 2003, 2006).  One or more highstands between ~18.3 and ~17.7 cal 

kyr BP coincided with the sudden re-advance of the southern Laurentide ice sheet beginning at 

~18.3 ka (Dyke et al., 2002), overlapping with a wet interval in Playas Valley during the first 

part of the LEL.  This suggests the existence of a sharp climatic boundary at 34
o
N during the first 

part of the LEL.   

A depositional phase of the 1,274 m shoreline of paleo-Lake Cochise at ~17.4 cal kyr BP, 

and another between ≥16.6 and ~16.1 cal kyr BP, both overlap with events recorded in midden 

assemblages from Playas Valley, including the descent of Pinus edulis below ~1,500 m at ~17 

cal kyr BP and the local presence of aquatic vegetation between ~17.2 and 16.0 cal kyr BP 

(Holmgren et al., 2003).  A transgression to 1,271 m at ~15.5 cal kyr BP coincided with the onset 

of a regional warming/drying trend between ~15.6 and 13.1 cal kyr BP, inferred from midden 

records (Holmgren et al., 2003; Holmgren et al., 2006).  The highstand at ~15.2 cal kyr BP 

coincided with the transition from glacial to post-glacial vegetation assemblages in middens from 

the Pinaleño Mountains (Holmgren et al., 2006).  In the San Pedro Valley, the Coro Marl dates 

from 28-15.2 cal kyr BP at Murray Springs and >42-14 cal kyr BP in Horsethief Draw (Pigati et 

al., 2009). 
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A comprehensive paleoshoreline record for paleo-Lake Franklin (40±0.5
o
N) (Fig. 12), 

located between mega-Lakes Lahontan and Bonneville, provides a more accurate account of past 

hydroclimatic change in the northern Great Basin.  This is because the large size of either 

megalake would have influenced basin-scale weather patterns (the “lake effect”) and caused a 

lag in lake-level response in increased effective moisture.  Furthermore, Bonneville overflowed 

at its highstand (Oviatt, 1997).  During MIS2, paleo-Lake Franklin reached its maximum 

shoreline level of 1,850 m at ~22.6, ~20.0, ~18.3, and ~16.8 cal kyr BP.  Notably, the LEL was 

marked by relatively low levels of Franklin, which reached highstand levels during the LGM as 

well as upon termination of the LEL (Fig. 12).  Also in the northern Great Basin, Jakes Lake 

experienced high-, mid-, and low-stands at ~16.9, ~16.7, and ~14.5 cal kyr BP, respectively 

(Garcia and Stokes, 2006). 

 

Late Deglacial (15.0-10.5 Cal ka BP) 

 During the late-glacial period, several wet intervals caused transgressions of paleo-Lake 

Cochise to ≥1,271 m and/or expansion of valley floor wetlands.  Polyak et al. (2012) interpreted 

increases in 
18

O and 
234

U in speleothem FS2 from Ft. Stanton Cave, in southern New Mexico, 

to reflect regional drying between ~14.5 and ~13 ka.  However, speleothem 
18

O values must be 

interpreted with great caution, as they reflect multiple non-climatic factors and, potentially, 

variable chronologic offsets that would arise from long and variable infiltration times.  Drying is 

also suggested by a date from the top of the Estancia lake bed sequence, constraining the timing 

of its desiccation to ~14.6 cal kyr BP or later.  From packrat middens in the southeastern 

Arizona, Holmgren et al. (2006) inferred a drying trend from ~15.4-13.1 cal kyr BP.  Further, we 

note the absence of middens dating to between ~15 and ~14 cal kyr BP, and suggest that this 
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reflects protracted seasonal or perennial drought beginning several centuries before the Bolling-

Allerod.  The ~14.2 cal kyr BP highstand coincided with the latest occurrence of Coro Marl 

deposition in the adjacent San Pedro Valley (Pigati et al., 2009), suggesting that drying ensued 

abruptly thereafter.  This highstand also coincided with a transgression of Owens Lake and 

emplacement of the lower part of a massive barrier beach deposit in Owens Valley at ~14.3 cal 

kyr BP (Orme and Orme, 2008).  However, most Great Basin paleo-Lake records do not show 

late Deglacial-age highstands, other than a highstand of paleo-Lake Chewaucan (42
o
N) at ~13.7 

cal kyr BP (Licciardi, 2001). 

Hydrologic conditions from 14-13 ka in the southeastern U.S. are poorly understood.  

Haynes (1991) interpreted stratigraphy at the Murray Springs Clovis site in the San Pedro Valley 

as evidence for a late Bolling-Allerod drying trend, punctuated by episodes of enhanced spring 

discharge.  Evidence for this is the “Clovis channel” sand, constrained by charcoal dates of ~12.7 

and ~15.5 cal kyr BP, overlying the Coro Marl and underlying a black clay deposited in a 

cienega (the “Black Mat”).  In the Jornada del Muerto basin in south-central New Mexico, 

paludal muds intercalated with fluvial sands in Chupadera Draw yielded bulk organic matter 
14

C 

dates of ~13.7-13.1 cal kyr BP.  Holliday et al. (2009) interpreted the organic-rich deposits as 

evidence for reductions in stream flow resulting from a shift to drier conditions.  Because the 

organic deposits are indicative of ground-water discharge, this interpretation rests on the 

assumption that the sands aggraded in a perennial, and not ephemeral, stream.  Furthermore, 

according to Darcy’s Law, a stream’s flow rate decreases as its cross-sectional area increases—

provided that the hydraulic gradient and hydraulic conductivity remain constant.  Thus, if these 

conditions are met, a rise in water table would result in a reduction in flow rate, potentially 

leading to deposition of finer-grained materials in parts of the channel.  However, because 
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changes in the hydraulic gradient cannot be ruled out on the basis of available evidence, and 

because the fluvial sands were possibly transported by an ephemeral stream, the Chupadera 

Draw sediment record remains equivocal.  

Finally, late Deglacial-age packrat middens from southeastern Arizona and southwestern 

New Mexico yielded dates of ~13.9, ~13.7, and ~13.1 cal kyr BP.  Although the midden 

assemblages indicate drier conditions relative to older middens (all >15 ka), we interpret them as 

evidence of wet episodes during a relatively dry period.  This interpretation rests on the 

following logic.  Prolonged drought corresponds to increased foraging range, also increasing 

exposure to predation; in turn, this would suppress midden production, since packrats tend to be 

solitary and inhabit a single midden in the course of a lifetime (Holmgren et al., 2006).  Another 

possibility is preservation bias, but this is unlikely as it would favor the construction of resilient 

middens during drier periods.  Our interpretation of the midden chronology is consistent with the 

Cochise record, which shows that the lake transgressed at ~13.9 and ~13.1 cal kyr BP.  In 

conclusion, several lines of evidence suggest a shift to, and maintenance of, drier conditions after 

15 ka, punctuated by several intense and regionally extensive wet episodes.   

Decreases in 
18

O values in the Cave of the Bells and Ft. Stanton speleothem records at 

12.9 cal kyr BP suggest a return to wetter and/or colder conditions in the region, coinciding with 

Heinrich event H0 and the start of the Younger Dryas stadial.  The concordance in timing of a 

major (~2‰) drop in 
18

O in both records with abrupt cooling over Greenland shortly after ~13 

ka (e.g., Rasmussen et al., 2006) points toward the chronological fidelity of these speleothem 

records.  Furthermore, this lowering of values in both records is interpreted by Asmerom et al. 

(2010) and Wagner (2010) to reflect a decrease in temperature and/or increase in the proportion 

of Pacific-derived winter precipitation.  In southeastern Arizona, the Black Mat was emplaced 
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between ~12.8-11.6 cal kyr BP, providing a well-dated record of sustained ground-water 

discharge during the Younger Dryas stadial.  Further, one of three Younger Dryas-age middens 

from the nearby Peloncillo Mountains shows a rebound in P. edulis at ~12.4 cal kyr BP, which 

followed its decline after ~15.4 cal kyr BP and brief disappearance at ~13.9 cal kyr BP, and 

preceded its final disappearance sometime after ~12.1 cal kyr BP, suggesting a brief return to 

pre-Bolling-Allerod conditions (cooler/wetter) between ~12.4 and ~12.1 cal kyr BP.  Low 

sampling density may well account for the absence of this feature in the other two Younger 

Dryas-age middens; thus, certainty of this conclusion depends on replication of this feature in 

future midden studies (Betancourt et al., 2001; Holmgren et al., 2003; Holmgren et al., 2006). 

To existing paleohydrologic records of the Younger Dryas from the southeastern Basin 

and Range we add a highstand at ~12.9 cal kyr BP.  This transgression of paleo-Lake Cochise 

formed a lagoon in the topographic depression behind the 1,274 m beach berm at Locality C.  

Upon regression, marsh sedimentation commenced and continued through ~12.75 cal kyr BP.  

The final documented episode of enhanced ground-water discharge along the 1,271 m scarp 

occurred around ~10.9 cal kyr BP.  Shortly after this, extensive valley floor wetlands were 

replaced by dry playa deposition and a few springs and seeps that persisted into the historic 

period. 

 

REGIONAL HYDROLOGIC RESPONSES TO NORTH ATLANTIC CLIMATE FORCINGS 

  Depending on the indicator record under consideration, paleoclimatologists have 

defined the beginning of deglaciation at different points between 19 and 17.5 ka.  To better 

resolve the timing of this important transition and regional hydrologic responses worldwide, we 

must first consider the paleoceanographic evolution of H1 in the North Atlantic.  This is an 
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essential first step in formulating explanations for terrestrial paleohydrologic changes in western 

North America and elsewhere during the last Deglacial interval.  Evidence from paleo-shorelines 

and -wetlands in Willcox basin shows that southeastern Arizona experienced rapid jumps in 

effective moisture at several points during the interval of AMOC slowdown and collapse 

between ~19 and ~14.6 cal kyr BP.  All appear to coincide with a change in AMOC intensity or 

sea-surface temperatures corresponding to changes in IRD concentration and/or salinity in the 

North Atlantic, indicating that the freshening events that triggered changes in AMOC and sea-

surface temperatures were caused by ice berg and meltwater discharges.   

During the last glacial period, abrupt and often synchronous climate changes throughout 

both hemispheres coincided with these freshening events and/or associated ice sheet changes 

(e.g., Barker et al., 2009; Denton et al., 2010; Stager et al., 2011), thus accounting for terrestrial 

changes that were not in rhythm with orbital cycles.  Comparison of speleothem records from the 

southern Basin and Range with marine and ice-core records from the northern high latitudes 

shows that interstadial warming in the northern Atlantic ocean corresponded to warming over 

Greenland, and changes in precipitation 
18

O values, whereby Asmerom et al. (2010) and 

Wagner et al. (2010) infer drying and/or warming from 
18

O increases, and elevated moisture 

and/or cooling from 
18

O decreases.  While this relationship holds for the last glacial period over 

stadial-interstadial cycles, the details of terrestrial hydrologic “responses” to oceanographic 

perturbations occurring over hundreds to thousands of years remain unclear.  Paleoshorelines 

allow for detailed reconstruction of geographic variability in the hydrologic cycle of western 

North America during the last major Heinrich event, a requirement for understanding the large-

scale atmospheric mechanism(s) that governed regional hydrologic cycles. 
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Early Deglaciation and H1 

The most oft-cited dates for H1 come from sediment cores in the North Atlantic IRD belt, 

in which the basal age of the H1 IRD layer is constrained by 
14

C dates on foraminifera tests, 

calibrating to between ~17.8 and ~16.8 cal kyr BP (summarized in Munroe and Laabs, 2012).  

Additionally, core SU-118 from the subtropical Northeast Atlantic contains two IRD layers with 

basal ages of ~17.9 and ~16.8 cal kyr BP, with peak deposition estimated at ~17.5 and ~16.0 cal 

kyr BP, respectively (Bard et al., 2000).  Notably, the younger layer does not appear in most 

records from the main IRD belt, and the accuracy of its estimated age is uncertain due to a 

potentially variable marine reservoir effect, currently estimated at 400 
14

C yr.  Using 
231

Pa/
230

Th 

in Bermuda Rise sediment cores as a proxy for AMOC intensity, McManus et al. (2004) 

document (1) a slowdown beginning at ~19 cal kyr BP, (2) near-halt or shutdown from ~17.5-

16.0 cal kyr BP, and (3) abrupt resumption at ~14.6 cal kyr BP. 

From this, it is apparent that AMOC slowdown at ~19 cal kyr BP—coinciding with the 

~19.2-18.9 cal kyr BP highstand—began well before the conventionally defined start of H1 in 

the main IRD belt, and that it resumed abruptly long after the end of H1.  To explain what 

initiated the AMOC slowdown, Stanford et al. (2011a) invoked small-scale ice rafting in the 

Nordic Seas beginning at ~19 cal kyr BP induced by high latitude warming, which in turn caused 

gradual sea-surface freshening and cooling at ~18.3 cal kyr BP.  This change triggered the well-

documented re-advance of the British/Irish and southern Laurentide ice sheets at ~18.3 cal kyr 

BP (Bowen et al., 2002; Dyke et al., 2002; Clark et al., 2012), coinciding with abrupt reduction 

in the rate of Deglacial sea-level rise (Hanebuth et al., 2009) and a highstand of paleo-Lake 

Cochise.  Maximum dilution of North Atlantic surface waters from ~17.4-16.7 cal kyr BP 



 

95 

 

 

 

coincided with the resumption and/or intensification of glacial retreat worldwide (Dyke et al., 

2002 and sources therein) and a highstand of paleo-Lake Cochise. 

Freshwater pooling in the Nordic Seas sustained AMOC collapse between 16.7 and 15.1 

cal kyr BP, during which time the Nordic Seas experienced peak IRD deposition (Stanford et al., 

2011a).  Peak deposition coincided with deposition of the second IRD layer in the subtropical 

Northeast Atlantic.  The ≥16.6-16.1 cal kyr BP highstands of paleo-Lake Cochise coincided with 

the first part of the AMOC collapse.  Outflow of freshwater from the Nordic Seas began at ~15.5 

cal kyr BP, corresponding to intense cooling in the northern hemisphere subtropics and high 

latitudes (Alm, 1993) and a highstand of paleo-Lake Cochise.  After ~15.1 cal kyr BP, increasing 

North Atlantic salinity enabled formation of North Atlantic Deep Water, in turn leading to abrupt 

resumption of the AMOC at ~14.6 cal kyr BP (Stanford et al., 2011a).  A brief transgression of 

paleo-Lake Cochise occurred simultaneously with the initial rise in North Atlantic salinity. 

 

Termination 1 and Late Deglaciation 

 Onset of the continuous Deglacial sea-level rise at ~17 cal kyr BP was synchronous with 

the AMOC collapse, occurring in several phases, owing to both Heinrich events and precursor 

meltwater pulses.  The most rapid rises occurred during meltwater pulses 1a and 1b (MWP1a and 

MWP1b, respectively).  Based on analysis of existing sea-level chronologies, Stanford et al. 

(2011b) concluded that MWP1a occurred between ~14.3 and 12.8 cal kyr BP, and that a hiatus in 

the Sunda Shelf core log between ~13.8 and ~13.4 cal kyr BP corresponds to the fastest sea-level 

rise within MWP1b; MWP1a occurred from 11.5-8.8 cal kyr BP, with peaks in the rate of sea-

level rise at ~10.9 and 9.5 cal kyr BP.  The contemporaneity of wet phases in Willcox basin with 

these changes offers compelling evidence of North Atlantic forcing. 
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CONCLUSIONS 

 The chronostratigraphy, sedimentology, fauna, and stable isotope geochemistry of 

shoreline and wetland deposits along the 1,274-1,271 m paleoshoreline complex in Willcox basin 

(32
o
N) document moisture balance changes in southeastern Arizona from late MIS 3 to the early 

Holocene.  Between >37 and ~20 ka, paleo-Lake Cochise remained below 1,271 m or was 

absent, with wetter conditions and possibly lowstands from ~32-30 and at ~23 ka.  A series of 

well-documented lake transgressions occurred from ~19.2-18.9 ka (1,274 m), on one or more 

occasions between ~18.3 and ~17.7 ka (~1,274 m), at ~17.4 ka (1,274 m), from ≥16.6-16.1 ka 

(1,274 m), and at ~15.5 ka (1,271 m), ~15.2 ka (1,271 m), ~14.2 ka (1,274 m), ~13.9 ka (1,271 

m), ~13.1 ka (1,274 m), and ~12.9 ka (1,274 m).  Finally, the onset of early Holocene 

aridification followed a brief wet interval from ~10.9-10.7 ka. 

In contrast to nearby paleo-Lake Estancia (35
o
N) in north-central New Mexico, paleo-

Lake Cochise remained dry or at low levels during the LGM—probably because of its small size 

and comparatively low elevation.  Confirming the status of paleo-Lake Cochise’s area between 

~18.9 and ~16.6 cal kyr BP—following the contemporaneous transgression of both lakes—is 

essential for establishing whether early Deglacial-age transgressions of Cochise and Estancia 

were synchronous or anti-phased.  Nonetheless, transgressions of paleo-Lake Cochise were in 

rhythm with Estancia and many paleolakes throughout western North America during numerous 

pluvial episodes between ~16.6 and ~15.1 ka, during the H1 stadial.  At ~17.5 ka, the AMOC 

shutdown followed the initiation of H1b by as much as 800 cal yr and preceded the Great Basin 

pluvial maximum by ca. 500 cal yr.  This indicates that these events did not share a single 
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trigger, thus reflecting the complex nature of Heinrich events related to interaction of the ocean, 

cryosphere, and atmosphere. 

Shoreline deposits document transgressions of paleo-Lake Cochise during the Bolling-

Allerod interstadial and Younger Dryas stadial.  The first two of these occurred at ~14.2 and 

~13.9 ka, during the first part of the Bolling-Allerod, coinciding with the culmination of MWP1b 

and retreat/lowering of the southern Laurentide ice sheet.  The ~13.1 ka highstand slightly 

preceded another at ~12.9 ka that was contemporaneous with H0 and the abrupt onset of stadial 

conditions in the North Atlantic region.  Finally, a wet interval at ~10.9 cal kyr BP coincided 

with a peak in the rate of sea-level rise during MWP1b, as global CO2 levels approached pre-

industrial levels.  Termination of this wet episode marked the end of the glacial-interglacial 

transition and onset of Holocene aridity. 
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TABLE CAPTIONS  
 

Table 1. Description of stratigraphic units and constituent facies and inclusions, following 

standardized terminology.  For Munsell Colors, d = dry and m = moist; abbreviations for textures and 

pedogenic/sedimentologic features, follow Schoeneberger et al. (2012).  Unit numbers denote  

Information in bold describes the fabric of each unit, including individual facies; other descriptions 

apply to inclusions or sedimentological/pedogenic features.    

 

Table 2. Radiocarbon dates that constrain the age of Groups 1-3 in the Locality A succession are 

listed.  Uncalibrated radiocarbon ages are expressed as the mean and 1σ uncertainty, abbreviated as 

“14C yr BP”; calibrated radiocarbon dates are expressed as the 2σ range and median probability of 

possible calendar year ages (before 1950, “present”), abbreviated as “cal yr BP”.  Calibrations were 

generated using Calib 7.0.  

 

Table 3. Faunal assemblages in stratigraphic units from Groups 1-3, including abundances of 

ostracode taxa and presence/absence of gastropod taxa.  For gastropod counts, “F” signifies presence 

of fragments in the absence of intact shells, and “Tr” signifies trace abundance.  For gastropod 

habitat categories, “T” = terrestrial, “S-A” = semi-aquatic, and “A” = aquatic.  Sample numbers 

correspond to bulk samples depicted in Fig. 4. 

 

FIGURE CAPTIONS 
 

Figure 1. Map of the western U.S. with many of the studied pluvial lakes (deglacial highstand areas  

are shown in blue), and paleoenvironmental records (open circles).  

 

Figure 2 (after Martin, 1963). Diagram of Willcox basin with regional map inset.  Dashed red line 

delineates the hydrologic divide.  The yellowish-tan area represents Willcox Playa, and the area 

covered by paleo-Lake Cochise at 1,274 m (solid red lines) is colored blue.  Locations of 

stratigraphic profiles shown  

in Figure 4 are indicated by bold black line segments intersecting the western beach ridge.   

 

Figure 3 (after Waters, 1989). General chronostratigraphy of the 1,274 m beach ridge at Locality B. 

 

Figure 4. Stratigraphic cross-section depicting intercalated shoreline and spring-related deposits 

exposed in trenches along a transect perpendicular to the shoreline berm at Locality C.  Dates shown   

are the median calibrated 14C ages (Table 2); color-coded boxes denote the depositional  

environment inferred from ostracode assemblages. 

 

Figure 5. Photos of stratigraphy exposed in the Locality C trenches, showing dated units as follows:  

(a.) T1, west-facing view.  (b.) T2(E), east-facing view.  (c.)  Southern wall of T2(W), close-up of 

Units 13 and 15.  (d.) Southern wall of T2(W), Units 13, 15, and 21.  (e.) Eastern wall of T0, close-up 

of Units 7,14, and 22. 

 

Figure 6. Stable isotope (18O) plots for biogenic carbonate (fossil gastropods and ostracodes) and  

cements.  Values from C. patzcuaro and C. truncata do not reflect a 1-2‰ vital effect enrichment.  
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Figure 7. Hydrograph of paleo-Lake Cochise.  Green lines represent ground-water stands; solid lines  

indicate confidence in the timing and continuity of a given lake stand; dashed lines indicate  

uncertainty about the continuity of the paleohydrologic event; blue indicates uncertainty in the lake-

level reconstruction whereas red indicates certainty; and dashed vertical lines indicate uncertainty 

about the depositional environment (i.e., lake vs. spring), allowing for the possibility of a lake, 

wetlands, or both at/below 1,274 m.  The stratigraphic unit corresponding to each paleohydrologic 

event is labelled above it.  Lake-level is based on the highest elevation from which samples of a 

given age were recovered; for graphical purposes, dates are not plotted according to elevation. 

 

Figure 8. Regional paleoenvironmental stack, including (d.) 18O time series from speleothems in 

Cave-of-the-Bells (purple) and Ft. Stanton (orange), and hydrographs of paleo-Lakes Cochise (c.),  

Estancia (b.), Lahontan (a.).  Between (c.) and (d.): deposition of the Coro Marl, from ground-water  

discharge at two well-dated sites in the San Pedro Valley, is indicated by solid green lines. 
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UA-1 white (5Y 8/1) T6,T7 all VFi Ma GrV-S marly  - 

UA-2 white (2.5Y 8/1) T5 upr VFi 2CoPr marl clayey  va,w 

UA-2 olive (5Y 5/3) T5 lwr VFi 2CoPr C marly  c 

UA-2 white (2.5Y 6/2) T6,T7 all VFi Ma marl  3CAM (rhizolith) c 

UA-2 olive (5Y 5/3) T6,T7 all H 3FPr C  lenses, balls  

UA-3 white (10YR 8/1) T6,T7 all VFr 1FPl1VFSBK marl sandy  c 

UA-3 white (2.5Y 8/1) T4,T5 all VFi Ma marl   va 

1 olive (5Y 5/3) T0,T1,T2 all VFi 3 Co Pr C   - 

2 
lt yellowish brown 

(2.5Y 6/4) 
T0,T1,T2 all H Ma S 

well-sorted, qtz-

dominated 
 va,w 

3 
olive gray (5Y 5/2)  

to pale olive (5Y 6/3) 
T0,T1,T2 lwr Fi 3 VCo Pr S 

calcareous, well-

sorted, qtz-dominated 

3FeM lining root 

channels 
va/g,w 

3 
paleo olive (5Y 6/3) T0,T1,T2 upr H - FSC marly   

3 
olive (5Y 5/3) T0,T1,T2 lenses H - C    

3/4 white (10YR 8/1) T0,T1,T2 

incl 

(top 

10cm) 

H Ma C marly   

4 
lt brownish gray 

(2.5Y 6/2) 
T0,T1,T2 all VFi 3 VCo Pr C calcareous 

3FeM lining root 

channels; 

3CaM (rhizolith) 

d,w 

4 “ T0,T1,T2 top H - -  3CaN  
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4 
dark grayish brown 

(10YR 4/2) 
T0 

top 

20cm 
- - -  2MnM  

4 
black (10YR 2/1) to 

very dark brown 

(10YR 2/2) 

T1, T2 
lwr 

20cm 
H - C  MnM, FeM(3,ig) d,w 

4/5 white (10YR 8/1) T0,T1,T2 
basal 

30cm 
H Ma C marl   

5 
lt brownish gray 

(2.5Y 6/2) 
T0,T1,T2  H 3 VCo,FPr SiC calcareous  d,s 

5 “ T0,T1,T2 incl Fi stratified C <4cm-thick beds   

6 
lt brownish gray 

(2.5Y 6/2) 
T1 all VFi 

3 Co Pr  

3 M Pl 
C   c,ig 

7 
grayish brown 

(2.5Y 5/2) 
T0,T1,T2 all SH 

2 M SBK/ 

3 M Pl 
GrV-C 

35-50% Gr (subround) 

including rip-up clasts 

and CaN 

3CaM (root); CaC 

(clasts) 
va,ig 

7 
“ T1 basal - stratified S, Si, C lenses   

7 
lt olive gray (5Y 6/2) T0 all Fr 3 VF Pl C calcareous  50-75% CaM (root)  

7 “ T1 incl - stratified Gr-CoS    

8 

white 

(2.5Y 8/2) 

T5,T6 all MH 2 VCo SBK C 
marl; 5% FGr 

(subround) 
 va,ig 

9 

pale brown 

(10YR 6/3) 

T3,T4,T5,

T6 
all SH 3 F ABK C 

5-10% FGr; 1-5% 

CoGr 
 c,w 

9 
 

T3,T4,T5,

T6 
incl - stratified CoS, Gr lenses   

10A 

pale olive 

(5Y 6/3) 

T2,T3 all Lo Ma SL 

well-sorted; ostracode 

coquina comprises 

sand fraction 

3 VF CaN va,w 
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10B 

pale olive 

(7.5 YR 6/3) 

T2,T3 all Lo - FS 
3-5cm-thick beds of 

ostracode valves 
 c,w 

11 
white 

(5YR 8/1) 
T0 all indurated Ma Gr   va,w 

12 
lt yellowish brown 

(2.5Y 6/4) 

T1,T4,T5,

T6 
all Lo 3 Co Pl VCoS well-sorted 2CaM (rhizolith) a,s 

13 variegated T1,T2,T3 all Lo stratified S, Gr SW-dipping beds  va,ig 

13 - T1,T2,T3 
basal 

20cm 
- - - carb clast coatings  - 

14 
pale olive 

(5Y 6/3) 
T1 all 

weakly 

indurated 
Ma SL 

calcareous, poorly-

sorted  
 g,ig 

14 “ T1 middle - - Gr-SL 
unimbricated clasts, 

discontin carb coatings 
 - 

15A 
lt yellowish brown 

(2.5Y 6/4) 
T2,T3 all Lo stratified S 

well-sorted, qtz/feldsp-

dominated 
 c,s 

15B 
Lt brown 

(7.5YR 6/4) 

T2,T3,T5,

T6 
all indurated Ma S 
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qtz/feldsp-dominated 
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lt yellowish brown 
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lt brownish gray 

(2.5Y 6/2) 
T1 all Fr 3 F,M ABK FSL calcareous  va,w 

18 
white 

(5Y 8/1) 
T2,T3 all indurated Ma GrX-S carb-cemented laminar cap va,ig 

19 
lt brownish gray 

(10YR 6/2) 
T7 all So Ma VFSL calcareous  va,ig 

20 
lt brownish gray 

(10YR 6/2) 
T7,SP all So 

weakly 

indurated 
FSL very porous, low Db  c,ig 



 

112 

 

 

 

   Table 1 (cont’d) 

 

 

 
    

 

 

 

 

 

 

 

 

 

U
n

it
 

C
o

lo
r 

(d
r
y

) 

S
e
c
ti

o
n

 

Z
o

n
e
 

C
o

n
si

st
e
n

c
e 

(d
r
y

) 

S
tr

u
c
tu

r
e 

T
e
x

tu
r
e 

M
o

d
if

ie
r 

F
e
a

tu
re

 

L
o

w
e
r 

C
o

n
ta

c
t 

20 “ T7,SP 
lwr 

40cm 
SH - -   - 

21 
lt grayish brown 

(10YR 6/2) 
T0,T1 all Fr Ma 

FGr-

LFS 

calcareous; clasts 

reworked from 

underlying units 

 c,s 

22 
dark brown 

(10YR 4/3) 

T0,T1,T2,

T3,T4,T5,

T6 

all Fr Ma Gr-FSL 

OM-rich; common 

burrows (hollow and 

infilled); Gr derived 

from underlying units 

 d,ig 
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Figure 2 (after Martin, 1963) 



 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3 (after Waters, 1989) 

Locality B stratigraphy 
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Figure 5 
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APPENDIX C: RADIOCARBON DATING OF CHARCOAL FROM THE EL FIN DEL MUNDO 

CLOVIS SITE IN NORTHERN SONORA, MEXICO AND IMPLICATIONS FOR AMS 
14

C 

MEASUREMENT IN SMALL SAMPLES 

 

ABSTRACT 

Radiocarbon dating of charcoal from the El Fin del Mundo Clovis site, recently 

discovered in the Sonoran desert of northwestern Mexico, reveals that the site was occupied at 

11,560±140 
14

C yr BP, and possibly earlier.  Barring old-wood effects, this result renders the 

newly discovered occupation contemporaneous with that of the Aubrey Clovis site, ~1,500 km 

E-NE in northern Texas—previously considered the oldest Clovis site on the basis of two 

charcoal A-fraction dates of 11,540±110 and 11,590±90 
14

C yr BP.  In light of small sample 

masses, special measures were taken to ensure that the Clovis site was dated accurately.  These 

include (1) simultaneous processing of blanks of about the same mass as the samples, enabling 

independent assessment of background contamination—usually estimated on the basis of the 

long-term blank average—and (2) paired-fraction dating, allowing us to ascertain the effects of 

natural contamination under the unlikely scenario that the standard A-B-A pretreatment regimen 

was not fully effective.  Analyses on the mass-specific blanks confirm the accuracy of the 

reported 
14

C measurements, but also raise the possibility of slight age overestimation by 60 
14

C 

yr (<1σ), whereas paired-fraction results would make the reported date a minimum age.  Finally, 

the reported charcoal dates reflect a correction for accelerator-induced fractionation, known to 

cause significant and systematic overestimation of 
14

C age and analytical precision in samples 

containing less than ~0.2 mgC.  Examination of this effect on the apparent age of our charcoal 

samples constrains age overestimation to <1σ (<100 
14

C yr); however, concomitant 

underestimation of error can cause underestimation of the calibrated age range by much larger 

amounts.  Charcoal samples from both Clovis sites were processed by the Arizona AMS Facility, 
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which first recognized and instituted a correction for this effect subsequent to dating of the 

Aubrey samples.  Therefore, 
14

C dates from Aubrey and other Clovis sites should be recalculated 

for samples where the carbon yields were small and therefore potentially affected by accelerator-

induced fractionation. 

 

INTRODUCTION 

There is general consensus among archaeologists that the Clovis archaeological horizon 

represents the earliest unambiguously documented techno-complex and human occupation in 

North America south of the late-glacial continental ice sheets; however, uncertainty lingers over 

when the Clovis “culture” emerged, a matter that is linked to understanding the mechanism(s), 

rate, and geographic pattern of its expansion (Haynes, 2002; Haynes et al., 2007; Waters and 

Stafford, 2007; Buchanan and Collard, 2009; Fiedel, 2010; Jennings and Waters, 2014).  The 

majority of Clovis sites date to 11,200-10,700 
14

C years before present (
14

C yr BP), equivalent to 

13,200-12,700 calendar (cal) yr BP, and two sites provide convincing evidence for significantly 

earlier occupations.  Charcoal samples from both early sites were processed by the Arizona AMS 

Facility.  First, the Aubrey site in north Texas (Ferring, 2001) yielded charcoal dates of 

11,540±110 (AA-5271) and 11,590±90 
14

C yr BP (AA-5274); the other, the El Fin del Mundo 

Clovis site, ~1,500 km W-SW of Aubrey, yielded a single charcoal date of 11,560±140 
14

C yr 

BP (AA-100181A) (Sanchez et al., 2014).  Efforts to interpret the significance of these important 

dates would benefit from a thorough evaluation of the procedures used to obtain them, including 

sample processing, analysis, and corrections employed in the final age formulation.  Here we 

limit our evaluation to the dating of charcoal at El Fin del Mundo.  

 



 

125 

 

 

 

SITE DESCRIPTION 

 El Fin del Mundo is situated in an intermontane basin within a chain of volcanic hills in 

the Sonoran desert of northern Sonora, Mexico, ∼100 km northwest of the capital city of 

Hermosillo (Fig. 1).  The discovery of Clovis artifacts and Proboscidean remains, following their 

recent exhumation from the sidewalls of an erosional remnant (Locality 1) within a dry tributary 

of the Rio Bacoachi, prompted excavations and surveys from 2007-2012.  That work revealed 

buried Clovis artifacts associated with the remains of two Gomphotheres, and Clovis 

encampments on the surrounding uplands (Sanchez et al., 2014).  At Locality 1, five specimens 

of charcoal were recovered among stone flakes and burned bone fragments within the Clovis 

level (Stratum 3B) (Fig. 2).  Each specimen was comprised of several splinters, ranging from 

~0.3-1 mm in diameter and ~1-3 mm in length. 

 The detailed stratigraphy presented in Sanchez et al. (2014) is summarized as follows.  

Erosional remnants, including the Locality 1 sediment bloc (prior to excavation), were created by 

fluvial incision into the distal portion of a bajada and underlying basin fill.  The Gomphothere 

bone bed, artifacts, and associated strata were only found at Locality 1, where bedrock was 

buried by three strata (Strata 2-4, bottom to top) (Fig. 2);  Strata 3 and 4 were emplaced within a 

<100 m-wide channel eroded into the upper ~1 m of Stratum 2, atop of which lay a Mastodon 

bone bed (Fig. 2).  Where exposed, Stratum 2 is a <3 m-thick pebbly sandy clay fining upward 

into a sandy clay, locally buried by late Pleistocene- and Holocene-age ground-water calcrete.  

Stratum 3A is a <1 m-thick, massive, poorly-sorted pebbly sandy clay overlain by Stratum 3B, a 

poorly-sorted sandy clay.  The basal portion of Stratum 4, a <10 cm-thick, discontinuous 

diatomite, lay unconformably on Stratum 3B.  Lastly, Stratum 4 is composed of a <1m-thick 

greyish brown silty diatomaceous earth, carbonate-cemented in the upper 20 cm.  The 
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Gomphothere bones and most artifacts were randomly oriented within the upper 15 cm of 

Stratum 3B.  This suggests that they were emplaced during initial deposition and subsequently 

mixed prior to desiccation of the soft sediment.  The mixing could have been the result of 

trampling by humans/animals and/or translocation through cracks prior to burial.  Maximum 

constraint of the age of Stratum 3B, and the stone flakes and bone fragments within it, are 

provided by radiocarbon dating of intermingled charcoal flecks (Fig. 3). 

 

RADIOCARBON SYSTEMATICS 

Background Levels and Process Blanks 

 Laboratory contamination can occur during wet chemical pretreatment via introduction of 

solid phase contaminants of sufficient mass and age relative to the sample, although strict 

measures are taken to minimize this.  Additional contamination is introduced during cryogenic 

purification (“extraction”) of CO2 following sample combustion, when the sample comes into 

contact with extraneous C—accounting for part of the measured 
14

C content of a given sample.  

The effect of this contamination on a sample’s apparent age depends upon the mass and 
14

C 

content of contaminant C relative to the mass and age of the sample.  During extraction, both 

modern and “radiocarbon-dead” contamination is introduced through admixture of CO2 liberated 

from the sample, with that originating from several possible sources, such as (1) atmosphere, (2) 

diffusion pump oil, (3) previously extracted samples, adsorbed onto various parts of the line, and 

(4) off-gassing of petrochemical-derived O-rings and valves.  The Arizona AMS Facility 

quantifies background levels, expressed as the fraction of modern carbon (fMC) (Donahue et al., 

1990; Burr and Jull, 2010), defined as follows: 
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                      (
14

C/
13

C)blank   

                                                            (
14

C/
13

C)1950 [13C = -25‰]  

 

Specifically, fMCblank is the long-term weighted average of process-blank measurements—as 

defined by Donahue et al. (1990), McNichol et al. (2001), and Burr and Jull (2010)—henceforth 

referred to as the uncorrected long-term blank average (ULBA).  Background levels within the 

accelerator are assessed independently with unprocessed graphite “machine” blanks, but are 

negligible under normal circumstances. 

 

Small-Sample Effect 

The above considerations suffice for assessing background levels in samples ≥1 mgC, 

while additional uncertainties impact smaller samples.  These uncertainties are collectively 

referred to as the “small-sample effect”.   

 

Background levels 

The influence of background levels on the 
14

C content of a sample is inversely 

proportional to its mass, causing disproportionate age underestimation and increased scatter in 

samples <1 mg, and significantly impacting fMC measurements on samples <0.5 mgC.  To 

account for this effect, an empirical blank correction can be determined from a suite of analyses 

on blanks of different sizes (e.g., Brown and Southon, 1997; McNichol et al., 2001).  At the 

Arizona AMS Facility, the following relationship is employed to adjust the long-term weighted 

fMCblank average as a function of sample mass (m), resulting in the mass-corrected long-term 

blank average (CLBA) (Donahue et al., 1990): 

 

(2)    fMCblank (m)  =   

 

fMCblank  =  

= 

(1) 

fMCblank (1mgC) 

m 
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Machine-Induced Fractionation (MIF) 

Various laboratories have reported fractionation in small samples below 0.2 mgC, 

resulting in significantly depressed fMC values (e.g., Klinedinst et al., 1994; Brown and 

Southon, 1997; Pearson et al., 1998; Santos et al., 2007).  This fractionation has been attributed 

to reduced and variable ion source efficiency, affecting the influence of beam current intensity 

on the iron catalyst—which is bound with sample C in its reduced form, iron carbide 

(“graphite”).  In contrast to background contamination, MIF in small samples causes systematic 

age overestimation and increased age scatter that are inversely proportional to sample mass.  

Since blank measurements do not reflect fractionation, analyses of standards of different masses 

are needed to quantify MIF.  At the Arizona AMS Facility, fMC measurements are adjusted 

using a long-established correction factor (y) for a sample of given mass (x), expressed in mgC.  

The correction factor is defined by the following equation, accompanied by an increase in 1σ 

uncertainty amounting to ±30% of the absolute correction: 

 

(3)             y = 0.0104x
2
 - 0.0215x + 1.0109 

 

METHODS 

Charcoal Identification and Subsampling 

Five specimens of charcoal were gathered from the upper 15cm of Stratum 3B, found in 

association with Clovis artifacts and Gomphothere bones (Fig. 2).  Examination under binocular 

microscope revealed preservation of woody tissue structure in only two of these specimens, but 

their small dimensions (diameter ~0.5 mm, length ~1 mm) precluded taxonomic identification.  

Dating efforts were focused on specimens unequivocally identified as charcoal—also the only 

specimens large enough to produce reliable 
14

C measurements—FdM#63176 (AA-100182) and 
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FdM#63447 (AA-100181), shown in Fig. 2A and 2B, respectively.  We used a stainless steel 

probe to separate sub-millimeter size charcoal splinters from the enclosing sediments under 

binocular microscope, resulting in ~1.2 mg per specimen.  Samples were subsequently handled at 

the Arizona AMS Facility per the small-sample protocol documented herein.   

 

Radiocarbon Processing 

Both charcoal specimens were pretreated in combustion tubes, and subsequent weighing 

was avoided so as to minimize sample loss or introduction of particulate contaminants prior to 

combustion.  Samples were pretreated in accordance with a standard A-B-A protocol.  The first 

acid (10% HCl) immersion removes inorganic carbon (bound in carbonate salts) and acid-soluble 

organic molecules. Immersion in base (2% NaOH) produces a suspension of humic acid (B-

fraction) that is subsequently decanted from the treated charcoal (A-fraction), recovered by 

flocculation upon final acidification with HCl.  A final acid immersion prevents uptake of 

atmospheric CO2 following pretreatment.  Following the final HCl immersion, A-fractions were 

rinsed in deionized water and both fractions dried in vacuo in preparation for combustion.  

FdM#63447 (AA-100181) yielded both A- and B-fractions; FdM#63176 (AA-100182) was 

100% base-soluble and thus yielded only B-fraction.   

Following combustion, CO2 extractions were performed on one the “cleanest” standard 

vacuum line (i.e., that exhibiting the lowest ULBA) in the facility following CO2 dilution (30 

min) and subsequent pump-down (24-48 hr).  Three radiocarbon-dead charcoal standards (Rio 

Frio Ash), henceforth referred to as “blanks”, were processed prior to the unknowns.  This 

allowed us to independently constrain background levels and ascertain validity of the CLBA for 

use in the blank correction.  For each unknown, we processed at least one small blank of about 
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the same mass.  
13

C measurements were performed on the same CO2 aliquots targeted for 
14

C 

analysis to avoid unnecessary reduction in sample masses, and resultant decrease in precision. 

 

Age Formulation 

Formulae used to calculate 
14

C ages and errors are described in Burr and Jull (2010), with 

the addition of the MIF correction (Eq. 3).  All dates reported by the Arizona AMS Facility 

reflect the small-sample corrections as previously described.  However, because customers who 

perform extraction and graphitization on their own equipment must independently assess 

background levels—and because some AMS labs do not correct for MIF, have not published 

their correction, or do not report MIF-corrected measurements unless requested—we examine 

the influence of MIF, along with various blank corrections, on charcoal dates from El Fin del 

Mundo. 

First, all of the correction schemes examined employ a blank correction based on the (1) 

CLBA, (2) ULBA, or (3) small-blank average (SBA), which is calculated from the average of 

two blanks having masses similar to, and bracketing, that of the unknown.  Second, the dates 

calculated with these blank corrections are compared to their MIF-corrected counterparts, 

resulting in six corrections schemes, including that normally utilized by the Arizona AMS 

Facility.  Finally, we used the Calib 7.0 software (Stuiver et al., 2012), based on the IntCal 2013 

Data Set (2012) reported in Reimer et al. (2013), to calibrate 
14

C dates to the 2σ range and 

median probability of possible calendar year ages (Table 2). 

 

RESULTS 
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Carbon yields and fMC measurements from unknowns and small blanks, and the SBA 

value determined from the weighted average of the small blanks  (Table 1), were used to 

calculate the date reported by the Arizona AMS facility in addition to those calculated using the 

SBA correction scheme (with and without the MIF correction) (Table 2, Fig. 4).  Calculations for 

FdM#63447 (AA-100181A) range from 11,385-11,610 
14

C yr BP, with 1σ errors ranging from 

±60 to ±140 
14

C yr; the official date, reported by the laboratory, is 11,560±140 
14

C yr BP, and 

the date reported for the corresponding B-fraction (AA-100181B) is 10,650±250 
14

C yr BP.  All 

of the small blanks were larger than AA-100181B (0.1 mgC), precluding calculation of the SBA.   

The date reported date for the other charcoal sample (AA-100182B), also a B-fraction, is 

11,880±200 
14

C yr BP; using the SBA in place of the CLBA results in a date of 11,900±360 
14

C 

yr BP.  Fig. 4 shows the results of modeling corrected fMC values (Fig. 4A) and apparent ages 

(Fig. 4B) for material of known age (11,560 
14

C yr BP) at different hypothetical sample masses 

(<0.9 mgC), using each of the aforementioned correction schemes.  Blank corrections are derived 

either from small blanks (Table 1) or the reported ULBA value of 0.0025±0.0005 (Todd Lange, 

personal communication). 

 

DISCUSSION 

Correction Schemes and Associated Error Propagation 

The largest potential cause of inaccuracy in dating of small samples is failure to account 

for the effect of sample size on fMCblank, potentially resulting in age underestimation beyond the 

lower limit of the 1σ error envelope (Fig. 4B).  This correction can be made either by calculating 

the CLBA from the ULBA and sample mass, or empirically deriving the relationship between 

blank mass and fMCblank.  For example, use of the ULBA in place of the CLBA to calculate the 
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age of AA-100181A results in underestimation of its age and 1σ error by 220 and ±40 
14

C yr, 

respectively.  Next, because we did not process modern standards with masses similar to the 

unknowns (in the same accelerator wheel), we rely exclusively on the long-established MIF 

correction (Eq. 3); failure to apply this adjustment to the CLBA-corrected fMC value measured 

from AA-100181A results in overestimation of its mean age by 50 
14

C yr, and underestimation of 

its 1σ error by ±15 
14

C yr (Table 2). 

Next, we used small blanks to assess the effect of using CLBA for estimation of fMCblank.  

Although the SBA does not provide a statistically robust estimate of fMCblank, it can be used to 

validate the CLBA.  Further, it can also provide insight into the amount and variability of 

background contamination affecting a batch of similar-age unknowns.  For example, use of the 

SBA in place of the CLBA to calculate the age of AA-100181A results in a reduction in mean 

age and 1σ error by 60 and ±15 
14

C yr, respectively; both calculations overlap at 1σ and are 

therefore statistically indistinguishable, validating the CLBA.  Similarly, utilization of either the 

CLBA or SBA to calculate the age of AA-100182B results in dates that are statistically 

indistinguishable, although in this case the former produces a 1σ error much smaller than the 

latter by ±160 
14

C yr.  This discrepancy stems from the disparity between blanks used to 

calculate the SBA, much greater in the case of AA-100182B than for AA-100181A.  This is 

likely due to the significantly smaller size of the lower limiting blank used to calculate the SBA 

for AA-100182B.  However, this assessment is based on measurements from two blanks that 

were extracted several months apart, and is therefore conjectural.   

It is noteworthy that fMCblank measured from V21568 (0.16 mgC) is >1σ less than that 

from the significantly larger sample V21567 (0.23 mgC), and that the CLBA exceeds both 

measurements by >1σ.  Thus, not only is the SBA lower than the CLBA, but the observed 
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relationship between fMC and sample mass is opposite from expected.  This suggests, but does 

not prove, that background contamination levels were lower and less variable than reflected by 

the long-term average.  Moreover, overestimation of fMCblank by the CLBA for a given 

extraction batch is consistent with the unusually rigorous procedure we followed in preparing the 

extraction line.  Our results underscore the necessity of processing unknowns in a fashion 

identical to the blanks incorporated into the CLBA, thereby avoiding systematic overestimation 

of fMCblank and therefore sample age. 

In conclusion, the date reported for AA-100181A is accurate at 1σ, although the 

abnormally rigorous procedure we used to clean the extraction line may have resulted in slight 

age overestimation for the dated samples.  This would render the single reliable charcoal date 

from El Fin del Mundo slightly younger than those reported for the Aubrey charcoal samples.  

However, the Aubrey samples were processed at the Arizona AMS Facility prior to institution of 

the MIF correction, potentially rendering their dates overestimated and errors underestimated.  

Thus, a direct comparison of charcoal dates from the El Fin del Mundo and Aubrey Clovis sites 

requires knowledge of the C yields, and B-fraction ages, for the Aubrey charcoal samples.  Small 

masses would render the Aubrey dates and precisions overestimated. 

 

Inter-comparison of Results from Different Charcoal Samples and Fractions 

Using the dates reported by the Arizona AMS Facility, we interpret the significance of 

the 
14

C ages with respect to the age of associated artifacts and bones in upper Stratum 3B.  The 

B-fraction extracted from charcoal is comprised of an unknown proportion of indigenous to 

contaminant humic acids, the latter potentially influencing the 
14

C content of the A-fraction if not 

completely removed.  Under ideal circumstances, paired dating of the A- and B-fraction allows 
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one to assess the relative age of natural contamination in charcoal.  If both fractions are 

equivalent in 
14

C content, then any trace quantities of humic acid remaining in the charcoal 

following pretreatment would have no influence on the 
14

C content of the pretreated A-fraction.  

On the other hand, concern arises if there is a discrepancy between the 
14

C contents of both 

fractions. 

As previously documented, one of the two charcoal samples (FdM#63447/AA-100181) 

yielded both an A- and B-fraction, and the other (FdM#63176/AA-100182) yielded only a B-

fraction.  For FdM#63447, the A-fraction (AA-100181A: 11,560±140 
14

C yr BP) produced a 

mean age older than the B-fraction (AA-100181B: 10,650±250 
14

C yr BP).  Both fractions 

produced mean ages younger than the B-fraction of FdM#63176 (AA-100182B: 11,880±200 
14

C 

yr BP), although the dates from AA-100182B and AA-100181A overlap at 1σ.  Under the 

unlikely circumstance that the pretreatment regimen was ineffective, paired-fraction dating of 

FdM#63447 would render the A-fraction date of 11,560±140 
14

C yr BP a minimum age. 

Unfortunately, it is impossible to evaluate the reliability of the date from charcoal sample 

FdM#63176, since it was 100% base-soluble—resulting in a B-fraction (AA-100182B) 

containing both the charcoal and contaminants.  Although this date overlaps at 1σ with that 

reported for AA-100181A—the only reliable date from El Fin del Mundo—it might reflect an 

earlier occupation and/or “old-wood” effect.  However, the relatively large error and additional 

uncertainties associated with the small size and possible contamination of AA-100182B preclude 

us from resolving this.  Finally, the date from AA-100181A might also reflect an old-wood 

effect, in which case the associated Clovis occupation occurred later than 11,560±140 
14

C yr BP. 

 

CONCLUSIONS 
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  Use of similar-size blanks enables us to confirm the accuracy of 
14

C measurements on 

charcoal fragments from the El Fin del Mundo Clovis site, and paired-fraction enables us to 

confirm the antiquity of charcoal sample FdM#63447 (AA-100181A).  Current efforts to 

improve constrains on the small-sample effect at the Arizona AMS Facility will hopefully result 

in the improvement of precision for 
14

C measurements in small samples.  This, in turn, would 

enable archaeologists to place tighter constraints on the emergence of Clovis, as additional sites 

are discovered and dated in the future.  In turn, this would contribute to ongoing efforts to 

explain the appearance and spread of Clovis in the archaeological record of North America.  

Additionally, caution must be taken when comparing, or computing weighted averages of, 
14

C 

dates from Clovis-age materials processed at different times and/or by different laboratories; not 

all laboratories utilize a correction for MIF, and those that do first instituted them several years 

after the advent of AMS 
14

C dating.  Therefore, 
14

C dates from Aubrey and other Clovis sites 

should be recalculated with all of the above considerations in mind, especially where the carbon 

yields were small and ages therefore potentially affected by accelerator-induced fractionation. 
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FIGURE CAPTIONS 
 

Figure 1 (after Sanchez et al., 2014). El Fin del Mundo (FdM) with locations of erosional 

remnants near the headcut of an arroyo in the Rio Bacoachi drainage system, including Locality 

1, the site of archaeological excavations.  Inset map shows location of FdM relative to Clovis 

mammoth kills in the upper San Pedro Valley (SPV), in southeastern Arizona. 

 

Figure 2 (after Sanchez et al., 2014). Schematic cross-section running through Locality 1 and 

south through Locality 3, then southwest to the uplands, where diagnostic Clovis and later period  

artifacts were found on the surface.  Charcoal marks the Clovis level. 

 

Figure 3 (after Sanchez et al., 2014). (a.): the upper bone bed an associated flakes and charcoal at  

Locality 1, showing the relation of charcoal (C), bone (B), and flakes (F).  (b.): close-up of 1-by-

2 m excavation blocs at the western end of Locality 1, showing the provenience of charcoal 

specimens (including 
14

C-dated specimens FdM#63176 and FdM#63447) in relation to one 

another, and to bone fragments and flakes. 

 

Figure 4. Solid curves represent mean fMC values (4A, top) resulting from different correction 

schemes applied to hypothetical samples with known age of 11,560 
14

C yr BP, ranging in mass 

from 0.05-0.9 mgC.  Horizontal dashed lines in both plots represent the results on a 0.23 mgC 

sample, with corresponding uncertainties represented by matching-color vertical bars.  

Radiocarbon and equivalent calendar year timescales are shown along y-axes on the left and 

right, respectively.  Results calculated using the uncorrected long-term blank average (ULBA), 

the ULBA corrected for machine-induced fractionation (MIF), the mass-corrected long-term 

blank average (CLBA), and the CLBA corrected for MIF are represented by the red, green, blue, 

and purple lines/curves, respectively; results calculated using the small blank average (SBA) 

with and without the MIF correction are represented by the black and orange squares, 

respectively.  The ULBA and CLBA corrections are based on a long-term average Fblank value of 

0.0025±0.0015. 
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Table 1.  Sample information and uncorrected 14C results (F) for unknowns and blanks. 
_________________________________________________________________________________ 
 

Field# Lab# Chem# Extraction Type Fraction mgC 
13C F ± (scat) ± (stat)

- - V21567 19-Nov-12 blank - 0.23 -22.8 0.0096 0.0008 0.0004

- - V21568 20-Nov-12 blank - 0.16 -22.8 0.0082 0.0004 0.0003

- - V21841 8-Aug-13 blank - 0.10 -22.8 0.0351 0.0015 0.0015

V21567/V21568 (Average) - SBA - - - 0.0088 0.0007 0.0007

V21568/V21841 (Average) - SBA - - - 0.0195 0.0133 0.0133

63447 AA-100181A V21564 19-Nov-12 unknown A 0.23 -24.2 0.2443 0.0024 0.0016

63447 AA-100181B V21564H 8-Aug-13 unknown B 0.08 -24.3 0.2682 0.0023 0.0018

63176 AA-100182B V21565 19-Nov-12 unknown B 0.13 -21.8 0.2417 0.0023 0.0016  
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Table 2. 14C measurements and dates from charcoal samples associated with Clovis artifacts and 

Gomphothere remains in upper Stratum 3B, Locality 1 at the El Fin del Mundo site. 


 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Note: Dates reported by the Arizona AMS Facility are shown in purple. 

Abbreviations for different types of blank-corrections 
LBA: weighted long-term blank average from F values measured on blanks ≥1mgC processed at the Arizona AMS Facility  

        in the preceding 12-month period: 0.0025±0.0015. 

        ULBA (Uncorrected LBA) 

        CLBA (mass-Corrected LBA) 

      SBA (small-blank average): weighted average of measured fMC values for blanks having masses close to and bracketing the  

      that of the unknown. 

 Suffix denotes A-fraction (base-insoluble residue) or B-fraction (base-soluble humate extract). 

     + Calibrations generated with Calib 7.0 software, based on the IntCal13 Radiocarbon Calibration Data Set (2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LAB NO. 
CORRECTIONS 

fMC ± 14
C yr BP ± 


Cal yr BP range (2σ) 

13
C  

(‰ VPDB) MIF *BLANK MEDIAN + - 

AA-100181A Y CLBA .2372 .0040 11,560 140 13,390 320 275 -24.2 
AA-100181A N CLBA .2356 .0037 11,610 125 13,440 285 235 “ 
AA-100181A Y ULBA .2437 .0030 11,340 100 13,195 210 155 “ 

AA-100181A N ULBA .2422 .0025 11,385 85 13,230 170 150 “ 

AA-100181A Y SBA .2389 .0038 11,500 125 13,340 220 235 “ 

AA-100181A N SBA .2375 .0017 11,550 60 13,385 105 120 “ 

AA-100181B Y CLBA .2656 .0083 10,650 250 12,485 585 730 -24.3 

AA-100182B Y CLBA .2279 .0058 11,880 200 13,735 495 455 -21.8 
AA-100182B Y SBA .2272 .0059 11,905 360 13,855 1,175 780 “ 
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  Figure 1 (after Sanchez et al., 2014) 
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  Figure 2 (after Sanchez et al., 2014) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

143 

 

 

 

 
  Figure 3 (after Sanchez et al., 2014) 
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