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1. Introduction
Mexico was inhabited by various mammal species, 
especially of medium and large size, during the late 
Pleistocene, a geological epoch that ranges between 
120,000 and 11,000 years before present (BP). Some of these 
mammals became extinct near the Holocene (Ferrusquia-
Villafranca et al., 2010), which coincides with the arrival of 
the first humans to these lands (Lanata, 2011).

The oldest evidence of humans probably comes from 
Rancho La Amapola, Cedral, San Luis Potosí, a site 
dated between 33,000 and 2,480 years BP. Additionally, 
traces of human activity have been found in other areas 
of Mexico (Sánchez, 2001; Mirambell and Lorenzo, 2012; 
Stinnesbeck et al., 2017). One of these places is Sonora, 
a state that includes several localities with evidence of 
human presence during the late Pleistocene (Gaines and 
Sánchez, 2009; Gaines et al., 2009; Sánchez and Carpenter, 
2016). 

A key element to understand how the settlement 
of Mexico occurred is to determine the environmental 
conditions that prevailed during the late Pleistocene. To 

this end, paleoenvironmental studies are required using 
various approaches (Dincauze, 1987).

Cruz-y-Cruz et al. (2015, 2016) conducted isotopic 
carbon analyses of paleosols and dental enamel of the 
mastofauna discovered in the El Arenoso-Áigame region, 
Sonora, to understand environmental conditions. They 
concluded that this region was predominated by arid and 
cold conditions where a mixed C3/C4 vegetation developed. 
Although carbon isotope ratios provide information on the 
potential vegetation types that existed in a locality, Cruz-
y-Cruz et al. (2016) used neither isotopic oxygen ratios of 
dental enamel, which give additional information about 
the climate that prevailed at a given site (Sánchez, 1997). 

In this study, we report the results of carbon and 
oxygen isotopic analyses obtained from a series of samples 
of two horse (Equus sp.) molars, in addition to isotopic 
oxygen values obtained from bison (Bison sp.), horse, and 
mammoth (Mammuthus columbi) samples. These values 
were contrasted with δ13C values of dental enamel samples 
of these same specimens and with the carbon isotopic 
data for paleosols reported by Cruz-y-Cruz et al. (2016) in 
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order to explore potential differences or similarities with 
the El Arenoso paleoenvironment previously proposed 
from carbon isotopic values of paleosols.
1.1. Stable carbon and oxygen isotopes
Carbon is found in the atmosphere mostly as CO2 and 
enters living organisms through photosynthesis, mainly 
through three pathways (Koch, 1998): in the first, i.e. 
the Calvin–Benson cycle, ribulose-1-5-bisphosphate-
carboxylase/oxygenase participates in the photosynthetic 
process, and its first product is a three-carbon molecule, 
thus called C3 (Medrano and Flexas, 2000). Plants that 
display this photosynthetic pathway present carbon isotope 
values of –35‰ to –22‰; this pathway occurs mainly in 
trees, shrubs, and some grasses in cold areas (Lee-Thorp et 
al., 1989; van Deer Merwe and Medina, 1989; Koch, 1998).

In the second, the enzyme involved is phosphoenol-
pyruvate carboxylase and the first product is a four-carbon 
molecule, hence named C4 or Hatch–Slack. The leaves 
of plants that show this photosynthetic pathway have an 
adaptation called Kranz anatomy, which emerged millions 
of years ago in grasslands with some dicotyledonous herbs, 
such as the Asteraceae, in addition to some trees and 
shrubs from warm areas, with δ13C values ranging from 
–14‰ to –12‰ (Stowe and Teeri, 1978; Cerling, 1999; 
Cerling and Ehleringer, 2000; Keely and Rundel, 2003). 
The third photosynthetic pathway, called Crassulacean 
acid metabolism (CAM), shows δ13C values ranging from 
–35‰ to –12‰, making it difficult to differentiate it from 
the other pathways (Andrade et al., 2007).

Carbon from plants is taken up by herbivores and 
incorporated in their tissues; consequently, the type 
of plants consumed by a given animal can be inferred. 
Carbon is incorporated into apatite in dental enamel 
from HCO3

- derived from CO2 in the blood (Schwarcz, 
2000; Martínez del Río and Wolf, 2005). This reaction is 
controlled by body temperature, which results in a 14.1‰ 
increase in δ13C values in apatite from dental enamel of 
medium-sized and large mammals (Cerling and Harris, 
1999). Thus, herbivores that consume C3 plants will have 
δ13C values ranging from –19‰ to –9‰; those that fed 
on C4 plants, from –2‰ to 2‰; and those who consumed 
both types, from –9‰ to –2‰ (MacFadden and Cerling, 
1996).

In soil, carbon comes from the incorporation of plant 
organic matter into the mineral fraction by the action 
of microorganisms, which assimilate it from plants and 
incorporate it into soil through respiration or as humus. 
During this process, the fractionation of carbon isotopes 
is minimal. As a result, isotopic values for organic 
matter in soil are indicative of the relative abundance 
of plants with C3 or C4 metabolism, which depends on 
the climatic conditions (Guerrero and Berlanga, 2000). 
Calcium carbonates form during pedogenesis through a 

process involving the participation of CO2 present in the 
microatmosphere of soil and produced by the respiration 
of organisms that feed on plant remains. When rainwater 
is leached into soil, it reacts with CO2 in the edaphic 
microatmosphere forming H2CO3, thereby promoting 
the dissolution of preexisting minerals and the formation 
of secondary minerals, including calcium carbonates 
(Cerling, 1984; Doner and Lynn, 1989). Carbonates formed 
in ecosystems with C3 vegetation have δ13C values ranging 
between –12‰ and –9‰, while those from C4 vegetation 
have values between 3‰ and 1‰ (Cerling, 1984; Cerling 
and Quade, 1993). In this way, variations in the δ13C 
values of soil (humus and carbonates) indicate changes in 
the composition of the plant cover, which in turn point 
to changes in environmental conditions (Guerrero and 
Berlanga, 2000).

Oxygen is taken up by animals mainly through ingested 
water and, in lower amounts, from food and respiration, in 
balance with oxygen lost through sweat, urine, feces, and 
respiration (Koch et al., 1994; Bryant and Froelich, 1995; 
Koch, 2007). Since ingested water is the main source of 
oxygen and it comes from precipitation, there are several 
factors that affect the oxygen isotope ratios, including 
altitude, latitude, amount of precipitation, and, most of 
all, temperature. Therefore, isotopic oxygen relationships 
in dental enamel are used to infer paleoclimate and other 
paleoecological aspects (Dansgaard, 1964; Fricke and 
O’Neil, 1996; Sánchez, 1997; Grimes et al., 2008).

2. Materials and methods
2.1. Study area
The archaeological-paleontological site known as El 
Arenoso is located on the ranch of the same name, north 
of Caborca, Sonora, at 31°2′26″N, 112°3′22″W and 570 m 
a.s.l. (Figure 1). It is delimited to the NW by Sierra San 
Manuel and to the NE by Sierra del Humo, on an alluvial 
plain formed by alluvial deposits from the Quaternary that 
are currently eroded by the El Arenoso stream flowing 
from the NE. The main slope of the plain goes from NE 
to SW. The predominant climate is BWh (x’), very dry and 
semiwarm, with mean annual temperature between 18 °C 
and 22 °C; mean annual precipitation ranges between 200 
and 300 mm, with a maximum in winter (Vidal, 2005).

El Arenoso includes a La Cantera profile, which Vidal 
Zepeda in which several archaeological materials have 
been found on the surface, while paleontological elements 
of Pleistocene fauna interstratified in the pedosedimentary 
profiles have been recorded in gullies associated with 
the margins of the El Segundo stream that runs to the 
southeast (Cruz-y-Cruz et al., 2018).  It should be noted 
that although in El Arenoso there is no association 
between megafauna and archaeological evidence, nearby, 
in the same region, there are archaeological sites such as 
the Fin del Mundo (Sánchez et al. 2014) with similar ages, 
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so the paleoenvironmental reconstruction of El Arenoso is 
relevant in a regional context. 

Previous studies showed that paleosols found in the La 
Cantera profile associated with fossils (Figure 2) formed 
during the late Pleistocene (MIS3, 31.12 ka BP and MIS2, 
16.8 ka BP) (Cruz-y-Cruz et al., 2015) and contain remains 
of Pleistocene megafauna, including bison (Bison bison), 
horses (Equus conversidens and Equus sp.), mammoths 
(Mammuthus columbis), and tortoises (Gopherus sp.) as 
well as evidence of human activity in the early Holocene 
(Arredondo, in Terrazas-Mata and Benavente, 2013). 
Likewise, the 14C analysis performed on two horse molars 
indicates an age of 13,252 ± 62 BP (16,145–15,720 cal 14 
BP), similar to the age obtained from soils. The profile of 
La Cantera was described to 2.55 m depth, with a sequence 
of horizons of C / 2Bgk1 / 2Bgk2 / 3Ck / 4Bk / 5Ck / 6Bg / 
6BCk / 7Ck / 8Bk / 9Bg. The profile shows a sequence of 

five paleosols interspersed with sedimentary deposits. The 
first paleosol shows moderate development, with horizons 
2Bk1 and 2Bk2. The second paleosol, which underlies the 
first and a 3C sediment layer, is also moderately developed, 
with a well-structured 4Bk horizon and carbonate 
accumulation. The third paleosol, with horizons 6Bg and 
6BCk, shows gleyic properties and carbonation. The fourth 
paleosol displays a moderately developed and carbonated 
8Bk horizon. The last paleosol consists of a 9Bg horizon.
2.2. Sample extraction and processing
Between 10 and 16 samples were obtained from molars 
#1971 and #1444 belonging to the genus Equus sp. These 
molars were selected because they were M3 and were 
complete, take four years to form, and, therefore, allow the 
detection of intradental isotopic variations produced by 
temperature during molar formation (Kohn et al., 1998; 
Higgins and MacFadden, 2004).

Figure 1. Map indicates the isohyets and main water currents. El Arenoso is located at annual precipitation zone between 200 and 300 
mm.
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Also, in horses, molars 3 are formed after weaning, so 
the information they provide derives from the food and 
water consumed by the specimens; in contrast, in molars 1 
and 2 there is a contribution from nursing milk and so the 
two aspects mentioned above are not reflected accurately 
(Feranec and MacFadden, 2000).

Each sample included approximately 10 mg of enamel 
obtained from the root-crown junction towards the 
occlusal zone and separated by between 1 and 2 mm. Once 
samples were extracted, these were processed following 
the methodology of Koch et al. (1997), as described below.

First, the dental enamel was ground with a mortar and 
agate pestle, then sieved through a 400 mesh to obtain a 
fine and uniform powder. Five milliliters of 30% hydrogen 
peroxide was added and left for at least 2 h to remove 
organic matter; subsequently, samples were centrifuged, 
oxygenated water was discarded, and samples were rinsed 
with distilled water three times, discarding the water after 
each rinse. Afterwards, a buffer solution of acetic acid + 
calcium acetate (1.0 M) was added and left to stand for 9 h. 
Then the buffer solution was discarded and samples were 
rinsed with distilled water three times again. Finally, ethyl 
alcohol was added to remove water, and samples were 
dried afterwards in an oven at 90 °C for 12 h.

The processed samples were sent to the Laboratorio 
de Isótopos Estables (Stable Isotope Laboratory) of the 
Instituto de Geología (Institute of Geology) at Universidad 
Nacional Autónoma de México (UNAM) for analysis 

with a Finnigan MAT 253 spectrometer. This apparatus 
has a dual sample introduction system and an auxiliary 
equipment called Gas Bench II with a GC Pal autosampler 
and an aluminum sample tray with controlled temperature 
(25 °C) coupled to the mass spectrometer (Revesz and 
Landwehr, 2002). 

The results were reported as δ13CVPDB and δ18OVPDB 
and were normalized using NBS-19, NBS-18, and LSVEC 
following the procedure described by Coplen (1988), 
Coplen et al. (2006), and Werner and Brand (2001). With 
this technique, a standard deviation of 0.2‰ is obtained 
for carbon and oxygen from carbonates. 

We also used the carbon isotopic values for one bison, 
one mammoth, and 11 horses reported by Cruz-y-Cruz 
et al. (2016), as well as those obtained from paleosols 
associated with the remains of these animals from the La 
Cantera profile in El Arenoso. This profile has a sequence 
of horizons of C / 2Bgk / 2Bgk2 / 3Ck / 4Bk / 5Ck / 6Bg 
/ 6BCk / 7Ck / 8Bk / 9Bg. Also included were δ18O values 
of the animals studied, which were not analyzed in the 
previous work.
2.3. Statistical analysis
Carbon and oxygen isotopic values obtained from the 
samples analyzed were plotted together following the 
model by Feranec and MacFadden (2000) to explore any 
changes in carbon values due to potential variations in 
δ18O values.

9Bg
8Bk

7Ck

6BCk

6Bg

5Ck

4Bk

3C

2Bgk2

2Bgk1

C

Fossil

Figure 2. La Cantera profile, showing the Pleistocene paleosoil sampled section. The 
fossils were associated with profile 2Bgk2, where a tortoise shell from the Pleistocene 
was recovered. 
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In addition, the oxygen isotopic values of the enamel 
of the equid, bison, and mammoth specimens were 
converted to VSMOW using the formula of Faure (1977), 
δ18OVSMOW = 1.030901*δ18OVPDB + 30.91, and transformed 
into δ18O from water using the formula of Iacumin et 
al. (1996), δ18Owater = (δ18OVSMOW – 33.63) / 0.998, 
for comparison with isotopic rainwater oxygen values 
calculated by Bowen and Wilkinson (2002), Bowen and 
Revenaugh (2003), Bowen et al. (2005), and Bowen (2008) 
for El Arenoso.

The δ13C values of the specimens analyzed were 
compared with the classification of MacFadden and 
Cerling (1996), while those of paleosols were compared 
with the proposal of Cerling (1999), seeking to determine 
the types of plants that thrived and were consumed by 
animals at the study site. Finally, δ13C and δ18O values for 
the species studied were plotted to detect any similarities 
or differences between them.

3. Results
3.1. Serial samples
The serial samples obtained from specimen #1971 exhibit 
δ13C values ranging from –3.2‰ to –4.2‰ with a mean 
of –3.7‰; in the case of δ18O, the mean value obtained 
was –3.7‰ with a peak value of –0.2‰ and a minimum 
of –1.4‰ (Table 1). Figure 3 shows a decrease in carbon 
isotopic values, from –3.4‰ in sample number 1 to 
–4.2‰ in sample 3. Subsequently, there is a steady rise in 
δ13C until it reaches –3.2‰ in sample 11, then decreasing 

in sample 12 (–3.6‰) and increasing again to –3.3‰ in 
sample 13, finally rising again to –3.8‰.

In the case of δ18O for the same sample, the values 
increase from sample 1 (–1.8‰) to sample 5 (–0.3‰). 
Subsequently, values decrease to –1.3‰ in sample 8 and 
increase to –0.2‰ in sample 10, then decreasing again 
(–0.6‰) in sample 11, increasing again (–0.1‰) in sample 
12, and starting to decrease to finally increase again to 
reach –0.3‰ (Figure 2).

For specimen #1444, mean δ13C is –2.0‰, with a 
maximum of –0.6‰ and a minimum of –3.6‰; for δ18O, 
values range from –2.0‰ to –2.9 with a mean of –2.5‰ 
(Table 2). In the case of carbon, the serial samples indicate 
an increase in δ13C from –3.6‰ to –0.6‰ from sample 1 
to sample 5, then decreasing to –2.6‰ in sample 8 and 
increasing again to 2.1‰ in the last sample (Figure 3). For 
oxygen, a decrease is also observed from –2.3‰ in sample 
1 to –2.8‰ in sample 3, increasing to –2.0‰ in sample 
7 and then decreasing to –2.9‰ in sample 9, to increase 
again to –2.7‰ in the last sample (Figure 4).
3.2. Complete fauna
Table 3 shows the δ13C and δ18O values obtained for all the 
samples analyzed. Carbon and oxygen isotopic values for 
the bison were –1.4‰ and –4.3‰, respectively; for the 
mammoth, they were –3.6‰ and –5.1‰, respectively. In 
the case of horses, the mean value for carbon was –2.8‰, 
ranging from –0.5‰ to –4.6‰; oxygen showed values of 
–0.6‰ to –4.8‰, with a mean of –2.6‰. The graph drawn 
from these data shows that horses are distributed to the 

Table 1. Carbon and oxygen isotopic values for specimen #1971.

Distance to root (mm) δ13C (enamel) VPDB‰ δ18O (enamel) VPDB‰ δ18O (enamel) VSMOW‰ (water)

0 –3.4 –1.8 –4.6
2.5 –4.1 –1.3 –4.1
3.9 –4.2 –0.7 –3.5
5.5 –4.0 –0.4 –3.2
7.1 –4.1 –0.3 –3.0
8.4 –4.0 –0.9 –3.7
9.9 –3.8 –1.4 –4.2
11.7 –3.6 –1.3 –4.1
13 –3.7 –0.9 –3.6
14.2 –3.4 –0.2 –2.9
16.1 –3.2 –0.6 –3.3
18 –3.6 –0.1 –2.8
19.3 –3.5 –0.5 –3.1
21.1 –3.3 –0.4 –3.1
22.8 –3.7 –0.5 –3.2
24.5 –3.8 –0.3 –3.0
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left, the mammoth is grouped together with some horses, 
and the bison is located to the right of the mammoth 
(Table 3; Figure 5).
3.3. Isotopic values of paleosols
Previous works have shown that the paleosols of the La 
Cantera profile share similar isotopic values throughout 
the sequence. We analyzed the calcium carbonate content 
of the following profile horizons: bottom (4Bgk horizon, 
dated at 30.5 ka Cal BP, δ13C value of –3.4‰), intermediate 
(3Ck horizon, dated at 19.5 ka Cal BP, δ13C value of 
–3.4‰), and top (horizon 2Bgk2, dated at 16.6 ka Cal BP, 
δ13C value of –5.7‰) (Table 4) (Cruz-y-Cruz et al., 2015).

4. Discussion
4.1. Diet of the Pleistocene megafauna of El Arenoso
Bison consumed mainly C4 plants. This type of diet has also 
been observed in other individuals from Cedral, Mexico, 
as well as in some US bison populations from Blackwater 
Draw, Dry Cave, Friesenhahn Cave, Howard Ranch, Murray 
Springs, and Valley Farms (Connin et al., 1998; Koch et al., 
2004; Pérez-Crespo et al., 2014). Micro- and mesowear 
analyses indicate that this species consumed grasses but 
also leaves of trees and shrubs (Rivals et al., 2007). 

The mammoth showed a mixed C3/C4 diet. This has 
also been reported in other studies on populations of this 
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Figure 3. Carbon and oxygen isotopic values obtained for specimen #1971. Circles: 
δ13C; triangles: δ18O.

Table 2. Carbon and oxygen isotopic values for specimen #1444.

Distance to root (mm) δ13C (enamel) VPDB‰ δ18O (enamel) VPDB‰ δ18O (enamel) VSMOW‰ (water)

1.6 –3.6 –2.4 –5.1
3.6 –2.9 –2.1 –5.1
5.7 –1.9 –2.8 –5.7
7.8 –1.0 –2.5 –5.3
9.2 –0.6 –2.2 –5.0
11 –1.1 –2.1 –4.9
12.5 –2.3 –2.0 –4.8
12.7 –2.6 –2.7 –5.5
14.6 –2.4 –2.9 –5.7
16.2 –2.1 –2.7 –5.5



412

PÉREZ-CRESPO et al. / Turkish J Earth Sci

species from Laguna de las Cruces and Cedral, México, 
and Bonfire Shelter, Howell’s Ridge Cave, Kincaid Cave, 
Laubach Cave, Leo Boathright Pit, Moore Pit, Roswell, 
Sandia Cave, Valley Farms, and Waco, USA, which reveals 
that some mammoth populations consumed this type of 

diet but others specialized in the consumption of C3 or C4 
plants (Connin et al., 1998; Koch et al., 2004; Pérez-Crespo 
et al., 2014). This has been corroborated by the analysis of 
microwear and stable carbon isotopes (Rivals et al., 2012; 
Pérez-Crespo et al., 2016b).
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Figure 4. Carbon and oxygen isotopic values obtained for specimen #1444. Circles: δ13C; 
triangles: δ18O.

Table 3. Carbon and oxygen values of herbivores from El Arenoso.

Catalog number Species δ13C (enamel) VPDB‰ δ18O (enamel) VPDB‰ δ18O (enamel) VSMOW‰ (water)

656 Bison sp. –1.4 –4.3 –7.2
1972.00 Equus sp. –3.4 –4.8 –7.7
PTNOS-1448 Equus sp. –2.0 –2.4 –5.2
PTNOS-2011 Equus sp. –3.2 –3.5 –6.3
PTNOS-2009 Equus sp. –3.6 –3.2 –6.0
PTNOS-794 Equus conversidens –2.3 –2.6 –5.4
S/N Equus sp. –3.8 –3.3 –6.2
1969.00 Equus sp. –4.6 –1.0 –3.8
PTNOS2007 Equus sp. –2.6 –2.5 –5.3
PTNOS2009 Equus sp. –3.0 –3.9 –6.7
PTNOS2832 Equus sp. –2.9 –2.9 –5.7
S/N Equus sp. –3.2 –1.3 –4.1
1971 Equus sp. –3.7 –0.7 –5.3
1444 Equus sp. –2.0 –2.5 –3.5
S/N Mammuthus columbi –3.6 –5.1 –8.0
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For their part, horses show that most of these animals 
had a mixed diet and only two individuals specialized on 
C4 plants. In the case of specimen #1444, whose mean 
δ13C value indicates that it was a specialist that fed on 
C4 plants, the serial samples indicate that at some stages 
during the mineralization and formation of molars, this 
individual included small amounts of C3 plants in the diet. 
By contrast, the serial samples of specimen #1971 showed 
that during the formation of molars, this individual was a 
mixer feeder with a variable intake of C4 plants. Isotopic as 
well as meso- and microwear analyses for several Mexican 
equid populations from Barranca del Berrendo, Barranca 
Piedras Negras, Barranca San Augustín, Cedral, El Barrio, 
and Las Cajas show that these animals had generalist 
feeding habits (Bravo-Cuevas et al., 2011; Barrón-Ortiz 
et al., 2014; Pérez-Crespo et al., 2016a). Marin-Leyva et 

al. (2015, 2016), who conducted isotopic and micro- and 
mesowear analyses in horses of La Cinta-Portalitos and La 
Piedad-Santa Ana, Michoacán, reported that these animals 
were mixer feeders during certain stages of their life, while 
others fed on C4 plants, as observed for specimen #1444.
4.2. Environmental evidence
The values of δ18O from serial samples show different 
patterns between specimens, as the minimum and 
maximum δ18O values in specimen #1971 were –1.8‰ and 
–0.1‰, respectively, representing a difference of –1.7‰. 
This is similar for individual #1444, where the difference 
between the minimum and maximum δ18O, –2.0‰ and 
–2.7‰, respectively, was –0.7‰.

Feranec and MacFadden (2000) suggested that changes 
in δ13C values represent variations in the local abundance 
of C3 and C4 plants in the study site due to changes 
in temperature, which are reflected in oxygen values. 
At temperatures below 25 °C, C3 plants become more 
abundant while C4 plants become more scarce (Medrano 
and Flexas, 2000). Accordingly, in zones with warm 
summer and cold winter, serial samples obtained from a 
hypsodont molar will show a sinusoidal pattern; the high 
δ13C and δ18O values will evidence high abundance of C4 
plants and high temperatures, while low δ13C and δ18O 
values will reflect high abundance of C3 plants and low 
temperatures. 
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Figure 5. Comparisons of δ13C and δ18O values for herbivores from El Arenoso.

Table 4. Carbon isotopic values obtained at La Cantera, El 
Arenoso, Sonora.

Profile δ13C‰0 (MO) Mean age  Cal PP MIS

2Bgk2 –5.7 16612 2
3Ck –3.4 19506 2
4Bgk –3.4 30555 3/2
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In specimen #1971, higher δ18O values are associated 
with lower δ13C values. Only in samples 9 to 13, both values 
increase and decrease concurrently, but afterwards, while 
carbon isotopic values decrease, those of oxygen increase 
(Figure 3). In specimen #1444, δ18O values first decrease 
and then increase; isotopic carbon values increase from 
sample 1 to sample 5 and later decrease to sample 8, for 
which it increases, and it is only in sample 9 that δ13C y 
δ18O values increase concurrently (Figure 4).

The lack of a sinusoidal pattern between carbon and 
oxygen isotopic values that is observed in both serial 
samples indicate that the local climate during the period 
of molar formation was stable, with no temperature rises 
that would increase the abundance of C3 plants, thus being 
most favorable for the proliferation of C4 plants. Cruz-y-
Cruz et al. (2015, 2016) contrasted carbon isotopic values 
from paleosoils with those observed in bison, horses, and 
mammoths and found that both approaches indicated the 
presence of a mixed C3/C4 vegetation that throve in a cold 
and semiarid environment with a lower evaporation rate 
compared to the present.

Likewise, in the Late Pleistocene, the soil cover 
of El Arenoso was made of gleysols, with general 
characteristics (morphology and analytics) indicative 
of moderate development. These include weathering of 
primary minerals, formation of secondary minerals, and 
gleyzation due to moisture saturation of soil that promoted 
reductomorphy and provided a grayish coloration and 
carbonation (Cruz-y-Cruz et al., 2015). Taken together, 
these characteristics indicate alternation between humid 
and less humid periods. 

Thus, we here propose that between 30 and 16.8 ka 
cal BP, a mosaic of C3 and C4 vegetation prospered in the 
study site, probably related to a predominantly cold and 
semiarid environment, leading to a lower evaporation rate 
due to glaciation and, in particular, to the Last Maximum 
Glacier (Isotopic Stage MIS 2). This same is confirmed 
in Figure 5, showing that carbon and oxygen isotopic 
values from animal samples indicate that these animals 
lived in grasslands where there were shrubs, trees, and C3 
grasses. Oxygen isotopic values of water, analyzed through 
animal enamel, were –5.8‰, while the current value for 
this same site is –7.7‰; the difference between both is 
–1.9‰, suggesting that the conditions when these animals 

were alive were arid (Table 3 and 5). These environmental 
conditions were also reported by Cruz-y-Cruz et al. 
(2018) towards the end of the Pleistocene in the Fin del 
Mundo and Rancho San Francisco, Sonora, located also 
in semiclosed basins like El Arenoso. For example, in the 
present, the climate of Fin del Mundo is BW (h´) (x´) 
(very dry warm), with annual rainfall of 200–300 mm, a 
temperature between 18 °C and 22 °C, and desert scrub 
(Vidal Zepeda, 2005; Sánchez et al., 2014). However, 
carbon and oxygen isotopic analyses from gomphotheres 
from the Late Pleistocene in this locality indicated the 
presence of grassland with forest nearby (Pérez-Crespo 
et al., 2019). Thus, in this geological epoch, the Fin del 
Mundo was more humid than at present. This is similar 
to El Arenoso, where environmental conditions during the 
Late Pleistocene were less arid than present and allowed 
the presence of C3 and C4 plants and development of 
gleysols in the locality.

Although there are no pollen data for El Arenoso, 
palynological, paleosoil, and Neotoma packrat analyses 
conducted in other sites of the Sonora and southern USA 
showed the presence of C3 and C4 grasses and xerophilous 
scrubs associated with low precipitation during the 
Late Pleistocene (Van Devender, 1990; Ballenger et al., 
2011; Roy et al., 2012; Ortega-Rosas et al., 2016). This 
observation is also similar to the findings from carbon 
isotopic analyses of paleosoils and δ13C and δ18O values of 
herbivorous mammals from El Arenoso.

The geomorphological characteristics of the site, 
located at the bottom of a semienclosed basin bordered 
by the surrounding mountains, together the climate 
conditions, allowed the accumulation of sufficient 
humidity to promote the leaching of carbonates and their 
buildup in soil, as well as the development of the gleysols 
found in the study site. 

5. Conclusions
The δ13C and δ18O values obtained from the serial samples 
of the two horse molars show that C4 plants were an 
important food source, and that no local climatic variations 
occurred that would have promoted the proliferation of 
C3 plants in the area. The oxygen isotopic values of water 
consumed by the local fauna show that the study area was 
arid. This is consistent with carbon isotopic analyses of 

Table 5. Water oxygen isotopic values at El Arenoso inferred by Bowen and Wilkinson (2002), Bowen 
and Revenaugh (2003), Bowen et al. (2005), and Bowen (2008). J: January, F: February, M: March, A: 
April, Ma: May, Ju: June, Jul: July, Ag: August, S: September, O: October, N: November, D: December, μ: 
Mean. δ18O values in V-SMOW‰.

J F M A Ma Ju Jul Ag S O N D µ

–8.5 –7.4 –7.1 –3.9 –4.2 –6.7 –8.0 –6.9 –7.2 –6.6 –7.6 –7.7 –7.7
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paleosoils and dental enamel of mammals found in the site 
studied, which indicate that El Arenoso was characterized 
by arid conditions that favored C4 and some C3 plants 
in the locality, and the arid conditions of El Arenoso are 
similar to those found in other localities in the northwest 
of Mexico and the southwest of the USA that show the 
presence of mixed C3/C4 vegetation.

The isotopic values obtained from the fauna indicate 
that arid conditions prevailed in the study site during this 
period of time, being even arid; these results support the 
hypothesis that the formation of gleysols strongly depends 
on the local geomorphological conditions. 
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