
Quaternary Research 84 (2015) 335–347

Contents lists available at ScienceDirect

Quaternary Research

j ourna l homepage: www.e lsev ie r .com/ locate /yqres

https://doi.o
Paleohydrology of the Santiaguillo Basin (Mexico) since late last glacial
and climate variation in southern part of western subtropical
North America
Priyadarsi D. Roy a,⁎, Claudia M. Chávez-Lara b, Laura E. Beramendi-Orosco a, José L. Sánchez-Zavala a,
Gowrappan Muthu-Sankar c, Rufino Lozano-Santacruz a, Jesús D. Quiroz-Jimenez b, Nayeli López-Balbiaux d

a Instituto de Geología, Universidad Nacional Autónoma de México, 04510 México DF, Mexico
b Posgrado en Ciencias de la Tierra, Universidad Nacional Autónoma de México, 04510 México DF, Mexico
c French Institute of Pondicherry, 11, St. Louis Street, Pondicherry 605001, India
d USAI, Facultad de Química, Universidad Nacional Autónoma de México, 04510 México DF, Mexico
⁎ Corresponding author.
E-mail addresses: priyadarsi1977@gmail.com, roy@ge

http://dx.doi.org/10.1016/j.yqres.2015.10.002
0033-5894/© 2015 University of Washington. Published b

rg/10.1016/j.yqres.2015.10.002 Published online by Camb
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 December 2014
Available online 6 November 2015

Keywords:
Paleoclimate
Geochemistry
Late last glacial–Holocene
Subtropical North America
Tropical Cyclone
North American Monsoon
Mexico
Stratigraphy, geochemistry and radiocarbon dating of a succession of sediment in the Santiaguillo Basin (central-
northern Mexico) help reconstruct the millennial-scale dynamics of hydrological variability that occurred in the
southernpart ofwestern subtropical North America since the late last glacial. Runoffwas generally above average
during the late last glacial from ~27 to 18 ka. Following this interval, runoff decreased and deposition of
authigenic carbonate and aeolian transported sediment increased until ~4 ka. Heinrich 1 and 2, and Younger
Dryas were intervals of reduced runoff and increased aeolian activity. The wetter climate of central-northern
Mexico and arid conditions in north–northwestern Mexico during the late last glacial were probably related to
formation of tropical cyclones in the eastern North Pacific during the autumn with restricted rainfall swaths
and an absent/weaker North American Monsoon. Enhanced North American Monsoon and tropical cyclones
with expanded rainfall swaths brought more summer and autumn precipitation to a broader region extending
from the central-northern Mexico to the continental interiors of southwestern US during the early Holocene.

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Modern day climate of the subtropical North America is controlled
by summer and autumn rainfalls associated with the North American
Monsoon (NAM) and tropical cyclones (Douglas et al., 1993; Stensrud
et al., 1995; Higgins et al., 1997; Mitchell et al., 2002; Amador et al.,
2006; Farfán and Fogel, 2007; Ritchie et al., 2011) as well as winter pre-
cipitation related to the westerly jet stream (Friedman et al., 1992;
Cayan et al., 2008; Caldwell, 2010; Neelin et al., 2013). The Pacific
coast of the southwestern US is dominated by winter precipitation
(Friedman et al., 1992; Cayan et al., 2008; Caldwell, 2010; Neelin et al.,
2013), whereas northern and northwestern Mexico are dominated by
summer and autumn precipitation (Douglas et al., 1993; Stensrud
et al., 1995; Mitchell et al., 2002; Xu et al., 2004; Farfán and Fogel,
2007). The continental interiors of southwestern US receive summer
and autumn precipitation as well as winter rainfall (Sheppard et al.,
2002). Figure 1 shows the present precipitation regimes from different
sites (www.weatherbase.com) and divides the region into northern,
central and southern parts based on locations of the comparison sites.
ologia.unam.mx (P.D. Roy).
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ridge University Press
Numerous researchers suggest that more winter storms provided
greater precipitation to the region during the global last glacial maximum
(LGM) in western subtropical North America (COHMAPmembers, 1988;
Thompson and Anderson, 2000; Enzel et al., 2003). COHMAP members
(1988) and Kutzbach and Wright (1985) suggested that the Laurentide
ice sheet split the jet streams into twodifferent branches and the stronger
southern branch carried more moisture into the region. However, the
global climate simulations of Kim et al. (2008) and Toracinta et al.
(2004) either did not support the split in the jet stream or indicated
that the southern branch of the jet stream was weaker. The high-
resolutionmodel of Kim et al. (2008) locates the region of dominantwin-
ter precipitation in thewestern–southwesternUS and regionof dominant
summer precipitation in northwestern Mexico. This model's simulation
also shows that summer precipitation was occurring in the continental
interiors of southwestern US. The juxtaposition of cold ice sheet and adja-
cent warm ice-free land caused a pronounced low-level thermal gradient
and facilitated the development of synoptic cyclones at the southernmar-
gin of Laurentide ice sheet (Bromwich et al., 2005). Recently, Oster et al.
(2015) compared a compilation of proxy precipitation reconstructions
from the region with climate simulations and suggested that the
hydroclimate of LGM is best explained by a stronger jet stream that is
squeezed and steered across the continent.
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Figure 1. Location of paleoclimate archives (filled circle) from the western subtropical North America. The Santiaguillo Basin is located at ~ 25°N in the eastern flank of Sierra Madre Occidental Mountains in central-northern Mexico. Modern pre-
cipitation data from different sites (star) of the region are shown (source: www.weatherbase.com).
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Over the last two decades, the number of proxy-records from the re-
gion has increased thus improving the knowledge of LGMclimate across
the southwestern US and northwestern Mexico (Anderson et al., 2002;
Holmgren et al., 2003, 2007; Kirby et al., 2005, 2006, 2013; Asmerom
et al., 2010; Roy et al., 2010, 2012, 2013; Wagner et al., 2010; Lachniet
et al., 2014) (Fig. 1). More winter precipitation in the southwestern US
is reflected by the presence of permanent lakes in coastal southern
California, negative excursions in δ18O values of speleothems from
Nevada, Arizona andNewMexico and absence of summer flowering an-
nuals and C4 grasses in theUS andMexico borderland (Kirby et al., 2005,
2006; Holmgren et al., 2007; Asmeromet al., 2010;Wagner et al., 2010).
At the same time, the lacustrine basins from Baja California and
Chihuahua received less runoff as a result of reduced summer precipita-
tion in northern and northwestern Mexico (Roy et al., 2010, 2012).

Over the deglaciation, the amount of summer precipitation increased
in northern and northwestern Mexico (Roy et al., 2010, 2012). Lyle et al.
(2012) suggested that the northward expansion of summer precipitation
brought humid airmass into theGreat Basin in the interior of thewestern
US. However, Kirby et al. (2013) and Lachniet et al. (2014) did not recog-
nize any evidence of summer rainfall reaching the coastal southern
California and central Great Basin and suggested that variations in the
hydrological conditions of Lake Elsinore and Leviathan Cave were
controlled by different amounts of winter precipitation. During the
Pleistocene–Holocene transition, an interval of alluvial fan aggradation
in the southwesternUS is explained by the enhanced frequency ofwinter
storms aswell as increased penetration of tropical cyclones (Antinao and
McDonald, 2013). In a regional synthesis of Holocene records, Metcalfe
et al. (2015) re-analyzed the influences of both summer and autumn in-
solation and latitudinal migration of Inter-Tropical Convergence Zone
(ITCZ) on climate signals of theNAMregion. Barron et al. (2012) reported
presence of enhancedmoisture in a broader NAM region during the early
Holocene (N8 ka; all ages in this paper are presented as calendar years
before AD 1950) and related it to the moisture flow sourced from the
subtropical Pacific compared to the regular Gulf of California (GoC).

Paleoclimatic details for central-northern Mexico come from our
previous work in the Santiaguillo Basin (Roy et al., 2014). An enhance-
ment in the amount of runoff into the Santiaguillo Basin during the
Pleistocene–Holocene transition and early Holocene was associated
with more monsoonal moisture sourced from GoC. In this study, we
present newgeochemical (organic carbon, carbonate, C/N, and elemental
concentrations) and magnetic susceptibility data extending our knowl-
edge about runoff, evaporation and lake salinity, provenance of organic
productivity and clastic sediments in the basin, and aeolian activity
up to 27 ka. The paleohydrological information is compared with our re-
cently published register of paleoecology of ostracods from the same sed-
iment profile (Chávez-Lara et al., 2015). The runoff record for the
Santiaguillo Basin is compared with proxy records from the Juxtlahuaca
Cave (southwestern Mexico; Lachniet et al., 2013) and Lake Elsinore
(coastal southwestern US; Kirby et al., 2013). Both the Juxtlahuaca Cave
(monsoonal only) and Lake Elsinore (winter only) are end member
sites and the comparison enables us to estimate the influences of mon-
soonal and winter precipitations on the hydrological variations in the
Santiaguillo Basin. We evaluated the influences of different forcings on
the Santiaguillo Basin record through comparison to insolation values
(Berger and Loutre, 1991), reconstructedNorthHemisphere temperature
(NGRIP project members, 2004), mean position of ITCZ (Deplazes et al.,
2013), sea surface temperature (SST) records from GoC (McClymont
et al., 2012) and Gulf of Mexico (GoM; Flower et al., 2004), and contem-
porary meteorological data about the NAM and tropical cyclones.

Material and methods

Study site

The ephemeral and endorheic Santiaguillo Basin is located in a half-
graben in central-northern Mexico (24° 44′ N, 104° 48′W, 1960 m asl)
rg/10.1016/j.yqres.2015.10.002 Published online by Cambridge University Press
along the eastern flank of Sierra Madre Occidental Mountains (Fig. 1).
The half-graben was formed at ~ 39–32 Ma (Nieto-Samaniego et al.,
2012) and the present lacustrine basin is spread over an area of
~ 2000 km2. The basin is oriented NW–SE, and has a maximum length
and width of ~ 45 km and ~ 10 km, respectively (Fig. 2). The northern
sub-basin is presently used as an irrigation reservoir and an artificial
dam separates this from the southern natural part of the basin. During
the summer months the deepest part of the southern sub-basin fills
with water to a depth of b 1 m.

The bedrock of the basin is composed of Cretaceous to Quaternary
metamorphic, igneous, and sedimentary rocks (Nieto-Samaniego
et al., 2012). Paleogene rhyolite and ignimbrite are the dominant lithol-
ogy and are exposed in the ~ 2500–3000 m high mountains to the im-
mediate east and west of the basin. A large outcrop of Pliocene–
Pleistocene basalt is present ~ 20 km southeast of the basin, constituting
the secondmost important lithology. Minor exposures of Paleogene an-
desite are present in the surroundings. The Quaternary deposits consist
of lacustrine sediments and alluvium.

Modern climate

A meteorological station at the western margin of the Santiaguillo
Basin (at Guatimape, Fig. 2) recorded an average annual precipitation
of ~ 430 mm between AD 1951–2010 (Source: Servicio Meteorologico
Nacional, Mexico). Summer and autumn precipitations (June–October)
associated with the NAM and tropical cyclones contributed almost 90%
(~ 385mm) of the annual rainfall; thewinter precipitation (November–
March) contributes b 10% of the annual total. Average annual tempera-
ture is ~ 18°C; it can reach ~ 34°C during themonths of May–June and is
sub-zero during December–February.

Sampling and analysis

Sediments were collected up to the depth of 300 cm in a pit dug
in the modern shore of the southern sub-basin (Fig. 2). Chronology
of the sediment column is based on 6 AMS 14C ages on organic mat-
ter present in the bulk sediments collected at depths of 49, 73, 111,
167, 205, and 279 cm (Fig. 3, Table 1). Samples at 2 cm intervals
(n = 150) were oven dried at 40°C, homogenized and ground
with an agate pestle. Concentrations of total carbon and inorganic
carbon (IC) were determined at ~ 4–6 cm intervals (n = 61) in a
Thermo Scientific HiperTOC solid analyzer. Organic carbon (OC)
content was calculated by subtracting IC from total carbon and we
expressed IC as carbonate (CO3). Total nitrogen (TN) was measured
at ~ 10 cm intervals (n = 31) in a Perkin Elmer Series II CHNS/O el-
emental analyzer.

The concentrations of Ti, Fe, K, Ca, Sr, and Zr were measured in all
samples using a Thermo Scientific Niton XL3t X-ray fluorescence
(XRF) analyzer. The data were corrected after measuring the same ele-
ments in 61 samples using the traditional Siemens SRS 3000 XRF (e.g.
Roy et al., 2012). Additionally, concentrations of Si, Al, Na, K, Ca and P
were measured at ~ 4–6 cm intervals (n = 61) using traditional XRF.
Low field magnetic susceptibility of all sediment samples was obtained
using a Bartington MS2E high resolution surface scanning sensor at
2 kHz. A total of 8 different rock samples were collected from the two
dominant lithologies (rhyolite and basalt) present in the watershed
(see Fig. 2 for locations) and analyzed for major element concentrations
using traditional XRF.

Results

Sediment

Sediment consists of silty-sand, silt, silty-clay and clay (Fig. 3).
Intercalations of gray clay and yellow calcareous silt are evident
at a depth of 300–278 cm. This is followed by massive yellow silt

https://doi.org/10.1016/j.yqres.2015.10.002
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Figure 2. The geology of Santiaguillo Basin and sampling locations. A meteorological station at Guatimape provided the precipitation and temperature data between AD 1951–2010.
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and silty-sand with occasional carbonate nodules to a depth of
75 cm. Intercalations of dark gray silty-clay and calcareous yellow
silt occur above this zone to a depth of 50 cm, with vertical
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desiccation fissures (~ 65 cm long) at the depth of 75 cm. Massive
dark gray silty-sand with abundant root remnants occur in the
upper 50 cm.
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Table 1
Radiocarbon ages of bulk sediment samples and calibration results for the Bayesian age–depth model constructed for a sediment succession from the Santiaguillo Basin.

Lab. code Depth
(cm)

δ13C (‰) Conventional age
(±1σ, yr BP)

Modeled calibrated agea (2σ, cal yr BP) Median
(cal yr BP)

Agreement Indexb

(%)

Beta-299072 49 −18.0 3610 ± 30 3830–4060 3920 99.7
Beta-299073 73 −19.3 5250 ± 30 5920–6180 6000 96.2
Beta-321663 111 −20.2 8900 ± 40 9890–10190 10,030 100.2
Beta-299074 167 −20.8 13,360 ± 60 15,750–16,160 15,950 70.8
Beta-299075 205 −20.7 14,610 ± 60 17,690–18,040 17,880 87.4
Beta-299076 279 −20.9 20,790 ± 100 24,590–25,380 25,060 98.1

a Calibration using OxCal 4.2 (Bronk Ramsey, 2009) and IntCal_13 radiocarbon calibration curve (Reimer et al., 2013).
b Agreement Index for the model = 79.6%.
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OC and CO3

OC content ranges from0.2 to 1.2% and the amount of CO3 ranges be-
tween 4 and 23% (Fig. 3). Higher values of CO3 at depths of 281 cm(18%,
n=1), 181–175 cm(18–23%, n=2), 141–135 cm(15–16%, n=2) and
91 cm (20%, n = 1) are characterized by occasional carbonate nodules.
The distributions of OC and CO3 do not show any significant correlation
(r = 0.1, p b 0.05).
TN and C/N ratio

TN varies between 0.02 and 0.10% and sediments have C/N (OC/TN)
of 3–34 (Fig. 3). Lower and less variable C/N (≤10) values characterize
the sediment at depths between 200 and 300 cm. In general, C/N is var-
iable (≥10) in sediments from a depth of 200 cm to the surface. Lower
values are associated with sediments deposited at depths of 51 cm
and 11 cm (C/N = 8) and the highest value is observed in sediments
at a depth of 91 cm (C/N = 34).
D
ep

th
 (

cm
)

Modelled age (cal yr BP)

Figure 4. Age–depth model generated for the sediment profile using OxCal version 4.2.
Chronology

An age–depth model (Fig. 4) was generated using the online OxCal
version 4.2 (Bronk Ramsey, 2009). The Bayesian agemodel is construct-
ed using 6 different stratigraphically consistent 14C ages, IntCal13 cali-
bration curve (Reimer et al., 2013) and P sequence with k = 1 (Bronk
Ramsey, 2008). Both the age model and calibrated ages were evaluated
by the Agreement Index (A). This index is a measure of the correspon-
dence between the data and model. More than 60% threshold for both
indicates agreement between the age–depth model and observations,
and suggests that there are no outliers within the radiocarbon ages.
The calibrated ages and corresponding median values are presented in
Table 1.

The age model incorporates uncertainties (1σ) of 44–195 years be-
tween the tie points and up to 480 years while extrapolating to bottom
of the core at a depth of 300 cm. The model assigns a median age of
~27 ka to the base of sediment succession and estimates sedimentation
of 9.4–19.8 cm/ka. The rate of sedimentation was highest (19.8 cm/ka)
during ~17.8–15.9 ka and lowest (9.4 cm/ka) during ~15.9–6 ka. Sedi-
ments between depths of 49 and 300 cm were deposited between
~27 and 4 ka and sediments at depths from 49 cm to the surface repre-
sent the depositional history of last ~4 cal ka. Desiccation fissures at a
depth of 75 cm suggest that the pit site was dry at ~6.5 ka. The compa-
rable rates of sedimentation in the interval involving the desiccation
(9.4 cm/ka) and two other intervals without any desiccation fissure,
during ~25–17.8 ka (10.3 cm/ka) and ~10–6 ka (9.4 cm/ka) possibly
suggest the absence of any hiatus or significant erosion at ~6.5 ka. How-
ever, the presence of hiatus and erosion of sediments in arid settings are
common and the sediment profile representing the past 27 ka possibly
contain many such events that were not detectable in the age model.
The median calibrated age (with 1σ uncertainty) was assigned to sedi-
ments at 2 cm depth intervals using the interpolation option of OxCal.
rg/10.1016/j.yqres.2015.10.002 Published online by Cambridge University Press
Multi-element geochemistry

Basalt present to the southeast of the basin has Ti and Al concentra-
tions of 1.8–2.3% and 3.9–4.3%, respectively. Rhyolite present in the east
and west of the basin has Si concentrations of 34–37%. There are geo-
chemical dissimilarities among the rhyolites. Rhyolite in the western
catchment, for example, has more Ti (0.2–0.3%) and Al (3.4–3.7%) and
less Si (34–35%) compared to the rhyolite in the eastern catchment.
Rhyolite from the eastern catchment has 0.1% of Ti, 2.6–2.9% of Al and
37% of Si. The lacustrine sediments have Si concentrations of 21–31%,
Al concentrations of 2.5–4.1% and Ti concentrations of 0.10–0.25%.

Degree of chemical alteration of the rocks and sediments is estimat-
ed by calculating the chemical index of alteration (CIA; Nesbitt and
Young, 1984, 1989). CIA values of sediments and rocks are 48–86 and
43–55, respectively. Sediments in general have CIA ≥ 60 because most
of them have undergone some degree of chemical weathering
(Fig. 5A). Lower values (CIA b 60) at depths of 218, 251 and 91 cm

https://doi.org/10.1016/j.yqres.2015.10.002


340 P.D. Roy et al. / Quaternary Research 84 (2015) 335–347

https://d
represent events of deposition of unaltered to low altered sediments
from the watershed into the basin. Irrespective of different degrees of
chemical alteration, the linear trend of sediments in theA–CN–K ternary
diagram indicates a uniformprovenance over the past 27 ka. Presence of
rhyolite samples collected from the western catchment along and close
to the linear trend suggests that the lacustrine sediments were mainly
sourced from erosion of the western rhyolite. Similarities in geochemi-
cal characteristics between the lacustrine sediments and western wa-
tershed rhyolite are also evident in the TiO2/Al2O3 vs. SiO2/Al2O3

binary plot (Fig. 5B). Both the lacustrine sediments and rhyolite from
western watershed have comparable SiO2/Al2O3 and TiO2/Al2O3 values.

Concentrations of Ti, Fe, K, Ca, Sr, and Zr and relations of SiO2/Al2O3

and Zr/Ti along the depth are presented in Figure 6. In general, both K
(2.3–3.2%) and Zr (110–209 ppm) are similar to Ti (r = 0.8, p b 0.05)
and represent the abundance of clastic sediment. Distribution of Ca
(1.8–15.2%) is comparable (r = 0.9, p b 0.05) to CO3 (Fig. 6) and it rep-
resents the abundance of carbonate minerals. Both Fe and Sr have dis-
tinct temporal distributions (r = 0.4, p b 0.05). Distributions of Fe and
Ti are similar in some parts of the sediment profile and opposite in
other parts (r = 0.1, p b 0.05). Occurrence of Fe, both in clastic grains
and carbonate, could be due to the mobilization of Fe from the silicates
and oxides in an anoxic environment and precipitation along with car-
bonate during the intervals of higher salinity (Cohen, 2003). Similarly,
Sr is associated with both clastic grains (300–200 cm) and carbonate
(200–0 cm). The strong positive correlation between Ti and Zr (r =
0.8, p b 0.05) suggests that both are present in the Ti-bearing and Zr-
bearing clastic sediment sourced from erosion of the western rhyolite.
The rhyolitic source of Ti and Zr is also suggested by similar temporal
variations of Ti, Zr and SiO2/Al2O3 (r = 0.5, p b 0.05). However, Zr/Ti
values are variable along the depth (670–1090 × 10−4) and suggest
that the basin received more Zr-bearing clastic grains compared to Ti-
bearing clastic grains during certain intervals (e.g. sediments at 200–
85 cm depth).

Magnetic susceptibility

Magnetic susceptibility values range between 6 and 17 × 10−5 SI
(Fig. 6). Characterized with high amplitude variations, the sediments
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from a depth of 300–223 cm have higher values (10–17 × 10−5 SI). In-
termediate values (11–12 × 10−5 SI) are associated with the sediments
at a depth of 155–147 cm. The upper 85 cm of the sediment column
have lower values (6–10 × 10−5 SI). In general, the distribution of mag-
netic susceptibility is similar to Ti (r = 0.6, p b 0.05) and inverse of Ca
(r=−0.5, p b 0.05). More Ti-bearing clastic sediments were deposited
during the intervals of higher magnetic susceptibility, whereas more
carbonates were precipitated during the intervals with lower magnetic
susceptibility.

Discussion

Proxy

Concentrations of Ti and Ca, ratios of Zr/Ti and C/N, and calculated
CIA values are used as proxies to document the paleohydrological vari-
ations (Fig. 7). CIA estimates chemical alteration of sediments and is
used here as an indicator of the degree of sediment–water interaction
in the watershed. In the absence of any carbonate-bearing rock in the
watershed, the carbonate enriched sediments are related to intervals
of more saline water and thus more evaporative/drier conditions in
the basin. Both Ca and CO3 have similar distributions and we consider
that the sediments with more Ca represent intervals of more saline
water and evaporative conditions. Ti reflects the contribution of detrital
materials into the basin. The uniform provenance over the last 27 ka
suggests that sedimentswithmore Ti represent intervals of greater clas-
tic deposition. Negative coefficient of correlation between Ti and Ca
(r = −0.9, p b 0.05) suggests that more Ti-bearing clastic sediment
were deposited during intervals of less saline water and thus less evap-
orative/wetter conditions. In general, sediments with more Ti are char-
acterized by CIA of ≥60. Moderate to highly altered sediments were
transported from the watershed into the basin via runoff as recorded
by higher Ti values. Consequently, we use Ti as a proxy to estimate run-
off into the basin. Sedimentswithmore Tiwere deposited during the in-
tervals of more runoff during wetter climates and vice versa.

The moderate positive relationship between Zr/Ti and Ca (r = 0.4,
p b 0.05) suggests that more Zr-bearing clastic sediments were deposit-
ed during the intervals ofmore salinewater andmore evaporative/drier
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conditions. Sediments with higher values of Zr/Ti are characterized by
CIA of ≤60. Zr-bearing clastic sediments along with minimally altered
sediments were transported from the dry watershed by aeolian pro-
cesses. Therefore, the ratio of Zr/Ti is used to infer aeolian activity. Con-
tributions of terrestrial vegetation and lacustrine algae to the organic
matter deposited in the basin are determined from C/N relation. Lacus-
trine algae are characterized by C/N b 10, whereas terrestrial plants are
characterized by C/N N 20.Mixed contribution from lacustrine algae and
terrestrial vegetation is reflected by C/N values between 10 and 20
(Talbot and Johannessen, 1992; Meyers and Ishiwatari, 1995).

The proxy data and interpretations are shown in Figure 7, but we do
not provide paleohydrological reconstructions of the past 4 ka due to
lack of chronological control in the upper part of the sediment column.
The proxy records are compared with paleoecological data obtained
from ostracod species assemblages from the same profile (Chávez-
Lara et al., 2015). Concentrations of Ti, Ca and Zr/Ti ratio from another
shallow core reported in Roy et al. (2014) are also shown along with
our data (Fig. 7). Except for the Zr/Ti ratio, the variations of Ti and Ca
are comparable between ~ 14 and 4 ka. Sediments with higher Ti in
the shallow core (~ 12.3–9.3 ka; Roy et al., 2014) and pit (~11.5–9 ka;
this paper) were deposited during contemporary intervals. Similarly,
higher values of Ca in the shallow core sediments are present at ~13,
12, 10.5 and 9.5 ka (Roy et al., 2014) and above average Ca concentra-
tions are observed in the pit sediments at ~13, 12, 10 and 9.5 ka. The
slight offsets could be due to chronology of the interpolated parts of
age models. Variation in Zr/Ti ratio is different in the previously pub-
lished shallow core and the present study. Both records indicate higher
values between ~ 14 and 12.3 ka. However, the above average Zr/Ti be-
tween ~ 12.3–7.5 ka is only registered in thepit sediments andnot in the
shallow core. The difference could be due to aeolian transported Zr-
bearing clastic grains not reaching uniformly to all sites within the
basin. The pit site possibly recorded more intervals of aeolian activity
due to its location in the basin margin, whereas the shallow core
oi.org/10.1016/j.yqres.2015.10.002 Published online by Cambridge University Press
location received aeolian transported minerals only during some of
the arid intervals.

Paleohydrological variation at Santiaguillo

Santiaguillo Basin received generally above average runoff between
~27 and 18 ka (Fig. 7). Aeolian activity around the basin was generally
below average. Deposition of mostly moderate to highly altered sedi-
ments reflects more sediment–water interaction in the watershed dur-
ing the late last glacial. C/N values of ≤10 indicate that the organic
matter was dominantly sourced from lacustrine algae. Lower C/N
along with above average Ti suggests that algal productivity increased
during this interval of more runoff into the basin. Ostracod assemblage
indicates presence of a diluted and perennial oligohaline water column
at the modern dry pit site during the late last glacial and LGM (Chávez-
Lara et al., 2015). However, the sediments deposited at ~ 26.5 ka and
~25 ka indicate brief events of average and below average runoff, en-
hanced aeolian transportation of Zr-bearing minerals, above average
evaporative conditions and deposition of minimally altered sediments.
Both the events of reduced runoff and above average aeolian activity oc-
curred within the Heinrich Stadial 2 (26.5–24.3 ka; Sanchez Goñi and
Harrison, 2010). Other similar short lived intervals of more evapora-
tive/drier conditions at ~22.5, 20, 19, and 18.5 ka characterize the late
last glacial (Fig. 7).

Except for 3 brief events between ~11.5 and 9 ka, runoff into the
basinwas average and below average between ~18 and 4 ka. C/N values
of N10 indicate that the organic matter in the sediment was dominantly
sourced from terrestrial vegetation during the deglaciation and Holo-
cene. Terrestrial vegetation encroached into the modern littoral zone
of the basin in this interval of reduced runoff. The ostracods suggest in-
creased lake water salinity and presence of an ephemeral oligohaline to
mesohaline water column at the pit site (Chávez-Lara et al., 2015).
Changing hydrological conditions during this interval are reflected by
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high amplitude variations in proxy records. Sediment–water interaction
and its effect on weathering in the watershed were low–moderate be-
tween ~17 and 10.5 ka, and increased to moderate–high during ~ 10.5
to 9 ka and ~7 to 4 ka.

Two notable intervals of below average runoff occurred during
~17.5–16 ka and ~13–11.5 ka, and are coincident with Heinrich Stadial
1 (18–15.6 ka; Sanchez Goñi and Harrison, 2010) and the Younger
Dryas Stadial (12.8–11.6 ka; Pettet, 2009). Both the intervals are repre-
sented by above average carbonate precipitation and aeolian activity. In
summary, our data indicate a transition from wet late last glacial and
LGM to a drier deglaciation and Holocene occurred at ~18 ka.
Superimposed on this first order change in hydrologic conditions are
the short-lived excursions in aridity and wetness.

Runoff into Santiaguillo Basin and seasonality of precipitation

To evaluate influences of different precipitation sources on the hy-
drological variations that occurred since the late last glacial, the new
runoff record from the Santiaguillo Basin is compared with high-
resolution records ofmonsoonal rainfall reconstructed from oxygen iso-
tope composition of a speleothem from the Juxtlahuaca Cave (Lachniet
et al., 2013) and winter precipitation reconstructed from sand contents
in sediments from the Lake Elsinore (Kirby et al., 2013) (Fig. 8). Both
these sites represent end members of the hydroclimatic regime. The
speleothem reconstructs variations in amounts of monsoonal rainfall
over the last 22 ka in the southwestern Mexico and the sand contents
reconstruct variation in amounts of winter precipitation between 19
and 9 ka in the coastal southwestern US.

Runoff into Santiaguillo Basin and the δ18O values from the
speleothem have similar oscillations on millennial time scales. Howev-
er, Ti concentrations of Santiaguillo Basin sediments and sand contents
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of Lake Elsinore are inversely related. Enhanced monsoonal precipita-
tion in the southwestern Mexico between 22–18 ka occurred within
the interval of generally above average runoff into Santiaguillo between
~27 and 18 ka. Similarly, the regime of weaker monsoonal precipitation
during 17.5 to 11 ka was contemporary to the interval of generally
below average runoff into Santiaguillo at ~ 18–11.5 ka. Over a large
part of this interval, ~ 19–12.9 ka, the coastal southwestern US recorded
enhanced winter precipitation. We suggest that runoff into the
Santiaguillo Basin was mainly controlled by the monsoonal precipita-
tion and winter rainfall was not a significant contributor. The southern
part of western subtropical North America received more monsoonal
precipitation during the late last glacial and LGM (~ 27–18 ka). The
amount of monsoonal rainfall decreased over the deglaciation
into the Pleistocene–Holocene transition (~ 18–11.5 ka).

Regional hydrological variation

Paleoclimate records from 9 different sites from the northern and
northwestern Mexico (Blanchet et al., 2007; Roy et al., 2010, 2012),
US–Mexico borderland (Holmgren et al., 2007) and coastal (Kirby
et al., 2006, 2013) and continental interiors of southwestern US
(Anderson et al., 2002; Asmerom et al., 2007, 2010; Wagner et al.,
2010) are compared to evaluate the millennial-scale changes in
hydroclimate during intervals of ~ 27–18 and 18–10 ka in Figure 9.

Between ~ 27 and 18 ka, more monsoonal precipitation in
the central-northern Mexico provided above average runoff into
Santiaguillo Basin. The enhanced aeolian activity in Baja California Pen-
insula and reduced runoff into the lacustrine basins of Babicora and San
Felipe suggest that northern and northwestern Mexico remained drier.
Lack of macrofossils of summer flowering annuals and C4 grasses in
packrat middens from the Peloncillo and Hueco Mountains (i.e., US–
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Mexico borderland) suggests that little monsoonal precipitation fell at
higher latitudes. However, the enhanced winter precipitation led to
the development of permanent lakes in the coastal southwestern US
(i.e. Baldwin Lake; Kirby et al., 2006). In a regime of monsoonal precip-
itation restricted to the central-northern Mexico, we relate the varying
moisture contents in the continental interiors of southwesternUS to dif-
ferent amounts of winter precipitation.Morewinter precipitation led to
higher lake stands at Lake Estancia (Anderson et al., 2002) andmore hu-
midity in the Cave of Bells and Fort Stanton Cave (Asmerom et al., 2010;
Wagner et al., 2010).

Between ~18 and 10ka, the generally drier conditions of Santiaguillo
Basin indicate reduction in monsoonal precipitation in the central-
northernMexico. However, more summer precipitation in the northern
Mexico provided increased runoff into Babicora after ~18 ka. Similarly,
more summer precipitation was occurring in the Peloncillo and Hueco
Mountains. This wetter climate over a broad region decreased the aeo-
lian transported terrigenous material from the southern Baja California
peninsula into the Pacific Ocean. Higher lake stand in Lake Estancia
(~17–14 ka; Anderson et al., 2002) and more moisture in Fort Stanton
Cave (18–15 ka; Asmerom et al., 2010) were contemporary to an inter-
val of more winter precipitation in the coastal southwestern US as well
as higher summer precipitation in northern Mexico. During the interval
of lowest winter precipitation in coastal southwestern US at ~12.9–
10 ka (Kirby et al., 2013), more moisture in Cave of Bells (13–11.5 ka;
Wagner et al., 2010) and Pink Panther Cave (12.3–10 ka; Asmerom
et al., 2007), higher stand of Lake Estancia (~ 12–11 ka; Anderson
et al., 2002) and more runoff into San Felipe (~13–10 ka; Roy et al.,
oi.org/10.1016/j.yqres.2015.10.002 Published online by Cambridge University Press
2010) and Santiaguillo (~ 11.5–9 ka) can only be explained by higher
amounts of monsoonal/summer precipitation. We conclude that the
monsoonal/summer precipitation gradually expanded to higher lati-
tudes over the deglaciation and reached one of its greatest spatial ex-
tents during the Pleistocene–Holocene transition and early Holocene.

Forcing

Based on the Holocene records, Metcalfe et al. (2015) reported
that both summer as well as autumn insolation influenced
monsoonal precipitation of the NAM region. The modern summer
precipitation is associated with NAM and the moisture flow is
sourced from GoC and GoM (Adams and Comrie, 1997; Mitchell
et al., 2002). Both the instrumental and proxy records indicate
positive correlations between NAM and SST of both GoC and GoM
(Mitchell et al., 2002; Barron et al., 2012; Metcalfe et al., 2015).
Similarly, the northerly-located ITCZ in boreal summer strengthens
the NAM (Amador et al., 2006). Figure 10 compares different forcings
with proxy precipitation record for the Santiaguillo Basin to help
identify the possible moisture sources.

Except for Heinrich 1 and Younger Dryas stadials, the temporal var-
iations in runoff show a first order negative correlationwithmean posi-
tion of ITCZ. Similarly, the influences of summer (June) insolation and
North Hemisphere temperature on runoff were minimal. More runoff
between ~27–18 ka was contemporary to a southerly positioned ITCZ,
lower summer insolation and cooler temperature in the North Hemi-
sphere. The amount of runoff decreased over the deglaciation as the
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ITCZ shifted northward, summer insolation increased and North Hemi-
sphere becamewarmer. A proxy SST record from theGuaymas Basin in-
dicates that GoC did not have the precondition for NAM onset (i.e.
~26°C; Mitchell et al., 2002) during the late last glacial and deglaciation.
The contrasts between runoff and another proxy SST record from the
Orca Basin suggest that minimal amount of moisture reaching the
Santiaguillo Basin was sourced from GoM. We propose that NAM was
either absent or weaker during the late last glacial and deglaciation.

Tropical cyclones forming in the eastern North Pacific during the au-
tumn provide an additional source of moisture for the region (Ritchie
and Elsberry, 2007; Corbosiero et al., 2009; Ritchie et al., 2011). As the
North Hemisphere summer progresses into the autumn, the interaction
betweenmid-latitude upper-level troughs and northwardmoving trop-
ical cyclones drop a large quantity of precipitation over Mexico and
across the southwestern US (Jones et al., 2003). The runoff record for
TC with south

recurving tra
ckTC

with
rain

in
M

exico
only

Figure 11.Map showing the regional hydroclimate at ~21 ka (A: LGM) and ~10.5 ka (B: early
transporting moisture from the eastern North Pacific (Ritchie et al., 2011) and North American
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the Santiaguillo Basin shows a first order positive correlation with the
autumn insolation (September). During the late last glacial and early
Holocene, the Santiaguillo Basin received above average runoff and
autumn insolation was higher. Runoff decreased (below average) in
an interval of lower autumn insolation during the deglaciation. A com-
pilation of the meteorological data during AD 1992–2005 by Ritchie
et al. (2011) indicates that the highest numbers of tropical cyclones
remnants were formed in September and the tropical cyclones had dif-
ferent rainfall swaths. Tropical cyclones grouped as a south recurving
track (e.g. Hurricane Kenna, AD 2002) and rain in Mexico only (e.g.
Hurricane Ileana, AD 1994) had rainfall swaths restricted to the
central-northern Mexico. However, the tropical cyclones with a north
recurving track (e.g. Hurricane Hilary, AD 1993) had expanded rainfall
swaths and brought moisture into the northern-northwestern Mexico
as well as continental interiors of southwestern US.
TC with north

recurving track

Holocene). Arrows indicate different modern tropical cyclone (TC) rainfall swath patterns
Monsoon (NAM) transporting moisture from Gulf of California (Mitchell et al., 2002).
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We chose to discuss the hydroclimate at ~21 ka (LGM) and ~10.5 ka
(early Holocene) as both intervals had different moisture sources
(Fig. 11). In the absence or occurrence of a weaker NAM, we relate the
LGM wetter climate of the central-northern Mexico to frequent forma-
tion of tropical cyclones in the eastern North Pacific with restricted
rainfall swaths. During the early Holocene, SST of GoC attended the
precondition required for the NAM onset (Mitchell et al., 2002)
and tropical cyclones increasingly penetration into the southwestern
US (~ 11.5–9 ka; Antinao and McDonald, 2013). We assume that the
occurrence of more rainfall in a broader region extending from the
central-northern Mexico in the south up to the continental interiors of
southwestern US in the north were caused by stronger NAM during
the summer and tropical cycloneswith expanded rainfall swaths during
the autumn.

Conclusions

Geochemical characteristics of sediments in the Santiaguillo Basin
provided information about runoff, evaporation and lake salinity, prov-
enance of organic productivity and clastic sediments in the basin, and
aeolian activity in the central-northern Mexico over the past 27 ka.
Comparison of the proxy runoff recordwith pure endmember sites sug-
gests that the hydrological variationswere controlled by themillennial-
scale dynamics of summer and autumn precipitations related to the
NAM and tropical cyclones. More specifically:

• A transition from wet late last glacial and LGM to a drier deglaciation
and Holocene occurred at ~18 ka. Superimposed on this first order
change in hydrologic conditions are the short-lived excursions in arid-
ity andwetness. Runoff decreased during Heinrich 1 and 2, and Youn-
ger Dryas stadials. The deposition of authigenic carbonate and aeolian
transported sediment increased during these arid intervals.

• Difference between the Santiaguillo runoff record and summer insola-
tion (June), North Hemisphere temperature, mean position of ITCZ
and SST records from the Gulf of California and Gulf of Mexico sug-
gests that the NAM had minimal influence on the hydroclimate of
late last glacial and deglaciation.

• Frequent formation of tropical cyclones in the eastern North Pacific
with restricted rainfall swaths brought more autumn precipitation
to the central-northern Mexico during the late last glacial. However,
the absence or occurrence of a weaker NAM caused drier conditions
in the northern–northwestern Mexico.

• During the early Holocene, an enhanced NAM and tropical cyclones
with expanded rainfall swath patterns broughtmore summer and au-
tumnmoisture from the Gulf of California and eastern North Pacific to
a broader region extending from the central-northern Mexico in the
south up to the continental interiors of southwestern US in the north.
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