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Elemental composition of the inorganic fraction, carbon isotopes, and C/N of organic
matter from a new radiocarbon-dated sedimentary sequence collected from Lake
Coatetelco (960 m asl) extend information about the environmental and hydrological
conditions of central Mesoamerica from the earliest Holocene to the interval of first
human settlements in the lake vicinity and nearby streams. Proxy-based reconstructions
of erosion/runoff (Ti), water column salinity (CaCO3), sediment–water interactions (PIA),
and provenance of organics (δ13Corg and C/N) showed similarities with the summer
insolation modulated ITCZ position between∼11.5 and 4.2 cal ka BP, and more frequent
ENSO between ∼4.2 and 2.1 cal ka BP. After a possible depositional hiatus between
∼11.2 and 10.2 cal ka BP, the moderate-to-extremely altered sediments were deposited
with enhanced erosion/runoff during the wetter ∼10.2–6 cal ka BP and the organic
matter was dominantly autochthonous. Comparison of δ13Corg and C/N suggested that
the contribution of C4 plants to organic matter increased over the drier ∼6–4.2 cal
ka BP. Sediments representing this middle- Holocene drought-like condition showed
geochemical similarity with sediments of the Post-Classic drought (∼1–0.4 cal ka BP),
coeval with abandonment of the Xochicalco culture. Variation in seasonal insolation at
orbital scales might have forced frequent droughts between ∼6 and 4.2 cal ka BP
and the ENSO related short-lived storms possibly led to an unstable hydroclimate after
∼4.2 cal ka BP when the first Olmec settlements commenced in the region. Dissimilarity
between this lacustrine archive and speleothems from southwest Mexico for the later
part of the Holocene reflected different sensitivities of the geological records to seasonal
and-annual precipitation.
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INTRODUCTION

The applications of complementary paleoenvironmental and
paleohydrological tools in geological registers have systematically
reconstructed the responses of ecosystems and depositional
environments to global climate change (Haug et al., 2003;
Hodell et al., 2005; Metcalfe et al., 2010; Bernal et al., 2011;
Bhattacharya et al., 2015; Roy et al., 2017, 2020; Aragón-Moreno
et al., 2018; Park et al., 2019). Clastic-allochthonous components
of sedimentary archives have responded with a lower time
lag to the centennial-to-millennial-scale events of hydroclimate
compared to the biological components (e.g., Jennerjahn et al.,
2004). Both the inorganic and organic components, however,
have successfully deciphered the relationship between climate
and several pre-Columbian cultures as well as the influences
of oceanic-atmospheric forcing on Mesoamerica that extends
over central and southern Mexico, and most of Central
America including Belize, Guatemala, El Salvador, Honduras,
Nicaragua, and Costa Rica (Figure 1). The flourishing and
demise of urban centers in this region with variable geology,
geomorphology, and climate were concurrent with the pluvial
conditions and droughts since the Pre-Classic Period of the
late Holocene (Lachniet et al., 2017). The abandonment of
residential structures and densely populated urban centers during
the late Classic and early Post Classic droughts highlighted the
possible role of climate change on political unrest. Decline of the
Teotihuacan culture occurred simultaneously as the Rincon de
Parangueo maar record suggested abandonment of agriculture
(Park et al., 2019). Demographic disaster of densely populated
urban centers of Maya across the Yucatan Peninsula occurred
during almost cyclic and decadal-to-subdecadal-scale intervals of
scarce precipitation (Curtis et al., 1996; Hodell et al., 2001). An
arid interval, documented in sediments of the Aljojuca maar, was
contemporary to demise of the Cantona culture (Bhattacharya
et al., 2015). Records from the Lago Verde and Los Petenes on the
Gulf of Mexico coast provided evidence of abandoned agriculture
by the Maya societies during these droughts (Lozano-García
et al., 2007; Roy et al., 2017). The frequent droughts identified in
the latest Holocene geological deposits of eastern Mesoamerica
were possibly regionally extensive as the sedimentary deposits
of Laguna Juanacatlán in western Mesoamerica also registered
a reduction in the amount of precipitation (Metcalfe et al.,
2010). Sediments of Lake Coatetelco in central Mesoamerica
have decoded the hydroclimate during the development of
an important urban center of the Xochicalco culture. Arid
conditions and enhanced aeolian activity in the watershed of
Lake Coatetelco between ∼1 and 0.4 cal ka BP (944–1096 CE)
were coeval with the demise of Xochicalco at ∼950–1100 CE
(Roy et al., 2020). Anthropogenic activities by these settled
societies, however, modified the surrounding terrestrial as well
as aquatic environments and led to poor preservation as well
as perturbation of the sedimentary archives (Carrillo-Bastos
et al., 2010; Aragón-Moreno et al., 2012; Lozano-García et al.,
2013; Bhattacharya et al., 2015; Vázquez-Castro et al., 2019).
For example, the deforestation and other agricultural activity
by the Maya were indicated by the preserved pollen grains
of disturbance taxa and maize as well as charcoal particles in

geological registers of the eastern Mesoamerica (Lozano-García
et al., 2007; Aragón-Moreno et al., 2012; Bhattacharya et al.,
2015). Similarly, the traditional agricultural practices in central
Mesoamerica modified deposits of the Basin of Mexico, and the
sediments from different geological provenances were mixed on
a shallow lakebed for agriculture in western Mesoamerica by the
Teuchitlán society of Guachimontones (Stuart, 2003; Vázquez-
Castro et al., 2019).

The limitations posed by depositional hiatus and
anthropogenic perturbations have been overcome with the
help of high-resolution speleothem records as well as some
well-preserved marine and lacustrine registers. They have
constrained the cyclicity of decadal-to-subdecadal droughts as
well as evaluated the forcing on heterogeneous hydroclimates
before human occupation with minimal anthropogenic activities,
i.e., over the early and middle Holocene (Haug et al., 2001;
Medina-Elizalde et al., 2010; Metcalfe et al., 2010; Bernal
et al., 2011; Roy et al., 2017). In central Mesoamerica, the
hydroclimatic heterogeneity is reflected by dominant pine and
oak with some Alnus and Carpinus in the surroundings of Lake
Zirahuén until ∼7 cal ka BP, suggesting wetter conditions, and
contemporaneous deposition of abundant authigenic carbonate
in Lake Chalco indicating arid conditions (Lozano-García et al.,
2013, 2015). Speleothems from Cueva del Diablo and Juxtlahuaca
Caves, however, registered the decadal to centennial-scale
variabilities within this interval of broader stable hydroclimate
(Bernal et al., 2011; Lachniet et al., 2013). The arid events at
∼10.3 cal ka BP and ∼8.2 cal ka BP, indicating the disruptions
of calcite deposition, were concurrent to the incidents of glacial
melt water intrusions in the North Atlantic, and the enhanced
aridity post ∼4.3 cal ka BP was contemporary to the phase of
stronger El Niño Southern Oscillation (ENSO) (Bernal et al.,
2011). More frequent ENSO and southward migration of the
Inter-Tropical Convergence Zone (ITCZ) over the late Holocene
also forced the change from semi-evergreen to dry tropical forest
at the Rio Hondo delta in eastern Mesoamerica (Aragón-Moreno
et al., 2018). However, the overall pattern of unsynchronous
droughts across the Yucatan Peninsula underlined the need
to evaluate the additional forcing such as the strength of the
polar continental air mass, Caribbean low-level-jet, and tropical
cyclones (Roy et al., 2017).

Even though the speleothems from central Mesoamerica
(southwest Mexico) have already documented the paleo-
monsoon dynamics, the influences of climate change during
the Holocene on other ecosystems, such as lakes which are an
important source of surface water for agriculture and domestic
usages, need separate attention. Studies on complementary
geological registers can help to evaluate some of the existing
discrepancies in this region. For example, the events of stalagmite
growth interruptions at Juxlahuaca Cave and Cueva del Diablo
during the earliest Holocene were contemporary to an interval
of more runoff and the presence of a dilute water column in the
Lake Chalco in the Basin of Mexico (Bernal et al., 2011; Lachniet
et al., 2013; Lozano-García et al., 2015). Here, we have extended
the paleoenvironmental information for this region by generating
a new and long record of paleohydrological conditions since the
earliest Holocene and up to the first phase of settled societies
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FIGURE 1 | Location map of Mesoamerica, archeological sites, and locations of different paleoclimate registers discussed in this paper. Lake Coatetelco in
southwest Mexico is situated next to the archeological site of Coatetelco and at 8 km southwest from the archeological site of Xochicalco. It is present at southern
margin of the Trans-Mexican Volcanic Belt (TMVB) and about 85 km from Mexico City (Mexico).

(i.e., ∼11.5–2.1 cal ka BP) from the geochemical composition
of sediments deposited in the perennial Lake Coatetelco. Sub-
millennial-scale variations in sources of the deposited organic
matter and responses of precipitation/evaporation to global
and/or regional climate change were inferred from carbon
isotope composition (δ13Corg) and C/N ratio of the bulk organic
matter, abundances and chemical compositions of clastic and
authigenic minerals, estimation of sediment-water interactions
and provenances of siliciclastic fractions under the varying
regimes of insolation, ITCZ position and ENSO activity.

STUDY AREA, ARCHEOLOGY, AND
HUMAN OCCUPATION

Lake Coatetelco is located at about 960 m above sea level in
central Mesoamerica (Figure 1; 18◦44′ N, 99◦20′ W). It has
a maximum length of 2 km and width of 1.5 km (NE-SW
orientation) with a mean water depth below 0.5 m in 2017
(Gómez-Márquez, 2002; Díaz-Vargas et al., 2017). The water
column salinity (TSD) in a total of different seasons of 2021CE

varied between 147 and 341 mg/l and pH between 5.9 and 8.4.
The water-mineral saturation index (SI) for calcite suggested
more supersaturation of calcite (SI: 0.77–0.83) in lake water of
higher salinity (TDS: 331–341 mg/l) compared to lake water of
lower salinity (SI: 0.40–0.62; TDS: 147–269 mg/l). This lake is
present at the southern margin of the Trans-Mexican Volcanic
Belt (TMVB), in the Morelos state of Mexico, located 85 km from
Mexico City in southwest Mexico. Even though the Cretaceous
limestone forms its basement, the Pliocene-Pleistocene lahar is
the dominant lithology in the watershed, with up to 30 m thick
tabular and cross laminations of volcanic ash and andesitic rock
fragments (Fries, 1960; Arce et al., 2013). The other dominant
lithology of the watershed is Oligocene rhyolite, exposed at
the southwestern margin of the basin, at about 4 km from
the actual water body (Fries, 1960). Thus, the sedimentary
deposit of this shallow lacustrine basin is of volcaniclastic origin
(Roy et al., 2020).

The modern era hydroclimate of Lake Coatetelco and its
surroundings is influenced by monsoonal rainfall and tropical
storms. Both are related to the ITCZ over the eastern Pacific
warm pool, off the coast of southern Mexico during the summer
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and ENSO modulated easterly winds from the Caribbean Sea
during the autumn (Magaña, 1999; Magaña et al., 2003). The
years of negative precipitation anomalies are caused by El-
Niño conditions and the associated displacement of the ITCZ
toward southerly latitudes and fewer tropical cyclones over the
Intra Americas Seas in the Atlantic Ocean during the autumn
(Magaña et al., 2003). Instrumental records comprising four
decades between 1957 and 1998 CE indicated < 10/year tropical
cyclones over the Intra Americas Seas during the El-Niño years
(Magaña et al., 2003). However, the warmer SST (up to 3◦C) in
the tropical northeast Pacific Ocean increases the potential for
hurricanes with more intense winds to last longer during the El-
Niño years (De Maria and Kaplan, 1994). Between 1955 and 2016
CE, the meteorological station at Miacatlán (at 4 km north of the
lake) recorded annual precipitations of 600–2486 mm (average:
1047 mm), most of it in the summer and autumn months (May–
October), and relatively higher annual evaporations of 1354–
2616 mm (average: 1844 mm) (Servicio Meteorológico Nacional,
CONAGUA, México). The maximum temperatures of 41–42◦C
occurred between April and June and the minimum temperatures
of 3–8◦C were registered between November and March. The lake
water column was mostly controlled by the droughts in the recent
past. For example, the severe droughts of 1928–1930 CE left the
lacustrine basin completely dry (Mazari, 1986). The drilling of
deep wells for irrigation in the immediate lake vicinity of the lake
(e.g., 1989 CE) has also reduced the water column by enhancing
erosion in the catchment (Maldonado, 2005). Over the last couple
of years, the lake has been retaining a maximum water column
of 4–5 m due to the construction of a channel that comes from
the Tembembe River (Maldonado, 2005, Figure 2). However,
the La Angostura Ravine continues to feed the lake both during
the summer as well as autumn (Contreras-MacBeath et al., 2004;
Maldonado, 2005).

The archeological site of the most important religious-political
center of the Xochicalco culture is situated at 8 km from the
lake and it emerged as a confederation of towns south of the
Chichinautzin volcanic range during the late Classic period
(∼650–900 CE), after the fall of Teotihuacan (González and
Garza, 1994; Hirth, 2000; Webb and Hirth, 2000; Alvarado and
Garza, 2010). The arid hydroclimate during its demise has been
recently documented (Roy et al., 2020) and this new climate
record, apart from the variability over the Holocene, addresses
the hydrological conditions during initiation of the archeological
history of this region that dates at least to ∼3 cal ka BP with the
arrival of small groups of the Olmec families from the Gulf of
Mexico (Angulo, 1978). The Tlahuicas group occupied the central
and western parts and the Xochimilcas group occupied the
northern and eastern parts of the current Morelos state (Figure 2,
Díez, 1933; Angulo, 1978; Smith, 2010). Human influence is
represented by permanent sites for religious and ceremonial
activities, as well as commercial exchange centers in the vicinity
of the Lake Coatetelco and next to the nearby streams during the
late Pre-Classic (400 BCE-200 CE) (Angulo, 1978). Settlements
were concentrated around the Coatlán Viejo site and on the
banks of the Chalma, Amacuzac, and Tembembe rivers (Figure 2,
Hirth, 2010). The archeological evidence in the western part of
the Morelos state, however, was relatively older (1200–400 BCE;

Angulo, 2010). Small settlements at Coatetelco emerged around
∼500 BCE without architectural structures (Konieczna, 1992),
and the population increased with the most representations
at Gualupita, Nexpa, San Pablo, Atlihuayán, Olintepec, and
Chalcatzingo sites of the Tlatilco culture (Figure 2, Grove, 2010).

SEDIMENT CORE AND ANALYSIS

A 750-cm long sediment core (COA-N2-2019) was collected from
the seasonally dry southwestern margin of the present-day Lake
Coatetelco and the top 50 cm (50–0 cm) was lost during the
sample recovery. This study is focused on the geochemical and
stable isotope compositions of sediments between 412 and 50 cm
depths (ca.11.5–2.1 cal ka BP, see Supplementary Table 1 for all
data) as the objective was to reconstruct the environmental and
hydrological changes that occurred since the earliest Holocene
and until the first human occupations in this region (Figure 3).
Sediment textures were defined after macroscopic inspection in
the laboratory and a total of 73 samples of 2-cm thick sediment
layers were collected at 5-cm intervals (e.g., 50–52 cm, 55–57 cm,
60–62 cm, etc.) from the core. All the samples were oven-dried at
50◦C and grounded using an agate mortar and pestle. The oxides
of major elements and concentrations of trace elements were
measured in a traditional Rigaku Primus II SRS 3000 wavelength
dispersive X-ray fluorescence (XRF) spectrometer at Universidad
Nacional Autónoma de México. We transformed the oxides into
elements by using the element atomic mass/oxide molecular mass
ratios. Chronology of the sedimentary sequence is based on AMS
14C analysis (International Chemical Analysis Inc., Sunrise, FL,
United States) of bulk organic matter after removing all the
carbonates from eight different sediments sampled at 68–70,
92–94, 130–132, 173–175, 218–220, 371–373, 382–385, and 410–
412 cm depths. All of them were calibrated to cal yr BP/cal ka BP
using the IntCal20 database in OxCal 4.4 (Reimer et al., 2020).

The concentrations of total carbon (TC) and total nitrogen
(TN) were estimated in a 50-position automated Zero
Blank sample carousel of ECS 8020 elemental analyzer at
the University of Florida. After the flash combustion of
samples in a quartz column containing chromium oxide and
silvered cobaltous/cobaltic oxide at 1000◦C in an oxygen-rich
atmosphere, the sample gases were transported in a He carrier
stream and passed through a hot reduction column (650◦C)
consisting of reduced elemental copper to remove oxygen. The
water vapor was removed by passing the effluent stream through
a chemical (magnesium perchlorate) trap and subsequently, both
the N2 and CO2 gases were separated by passing the stream
through a 1.5-m GC column at 55◦C. A thermal conductivity
detector measured the size of pulses of both the gases. For
the total inorganic carbon (TIC) analysis, the samples were
acidified with 1N phosphoric acid, and the evolved CO2 was
measured coulometrically using a UIC (Coulometrics) 5017 CO2
coulometer coupled with an AutoMate automated carbonate
preparation device1. Approximately 15 mg of sample was
weighed into septum top tubes and placed into the AutoMate

1http://www.automatefx.com/
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FIGURE 2 | Map showing the locations of settlements since the Pre-Classic period of Mesoamerica in vicinity of the Lake Coatetelco and banks of important rivers in
the region. Coatetelco had small settlements since ∼500 BCE and it remained as an important regional center until its conquest by the Mexica during ∼1430 CE.
Xochicalco was a confederation of towns during the late Classic period (650–900 CE).

carousel and the system software monitors the CO2 measurement
until the evolved CO2 plateaus. Total organic carbon (TOC)
was calculated by subtracting TIC from TC. As calcite was the
only carbonate mineral in the samples (see section “Mineralogy
and Chronology of COA-N2-2019”), TIC was expressed here as
CaCO3 using the equation: CaCO3 (%) = TIC (%) × 8.33, where
8.33 is the ratio of the molecular weight of calcite (CaCO3) and
atomic weight of Ca. Stable isotopes of carbon in organic matter
(δ13Corg) were measured after acidifying the samples with 1N
hydrochloric acid overnight in 15 ml centrifuge tubes to remove
the carbonates. This procedure includes decanting of the acid
and subsequent addition of new acid and stirring up the sample

using a vortex mixer. Two identical rinses involve addition of
deionized water, stirring up of the samples, and then removal of
water. Acidified material is combusted in a Carlo Erba NA1500
CNS elemental analyzer at 1000◦C, and the resultant CO2 was
passed to a ConFlo II interface and into the inlet of a Thermo
Electron Delta V Advantage isotope ratio mass spectrometer
running in continuous flow mode at the University of Florida.
δ13Corg values were measured with the precision of 0.03–0.06h
and are reported in permil (h) relative to the VPDB (Vienna Pee
Dee Belemnite). Clastic and non-clastic minerals were identified
in all the samples using SIEMENS D5000 X-ray diffractometer
at Universidad Nacional Autónoma de México. Thin sections
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FIGURE 3 | Sediment texture between 412 and 50 cm depths in the core (COA-N2-2019) collected from southwestern margin of the present-day water body of
Lake Coatetelco. Eight radiocarbon dates on bulk organic matter constrain this sequence between ∼11-5-2.1 cal ka BP. XRD charts show variable abundances of
calcite, quartz, plagioclase (i.e., anorthite), smectite (i.e., montmorillonite), and cristobalite in the sediments.

were prepared from a total of six different unconsolidated
sediments at intervals with minimal and abundant calcite by
following Camuti and McGuire (1999). Chemical weathering
of silicates was quantified by estimating the chemical index
of alteration (CIA) and plagioclase index of alteration (PIA),
using the molar concentrations of Al, Ca, Na, K, and P oxides
in siliciclastic fractions as well as CO2 present in carbonates
(e.g., Nesbitt and Young, 1984, 1989; Fedo et al., 1995; Roy
et al., 2008). Due to the presence of calcite and possible apatite
in sediments, the CaO content in silicate fractions (CaO∗) was
calculated after correcting the bulk sediment CaO for carbonate
and phosphate contents as: CaO∗ = CaO-CO2 – (10/3) × P2O5
(Fedo et al., 1995). A total of 12 lake water samples representing
four different seasons of 2021 CE (spring, summer, autumn,
and winter) were collected and measured for total dissolved
solids (TDS) and Hydrogen ion concentration (pH) using a
Hanna instrument (HI98130). Concentrations of cations and

anions were determined in the Waters corporation liquid
chromatograph. Water-minerals saturation index (SI) for calcite
was estimated in PHREEQC v.3.0 using the formula, SI = log
(IAP/KT), where SI is the saturation index, IAP is the ion activity
product of the mineral, and KT is the equilibrium constant
(Parkhurst and Appelo, 2013).

RESULTS

Mineralogy and Chronology of
COA-N2-2019
This sedimentary register lacks primary structures and
desiccation fissures, and it is composed of medium-bedded
to thick-bedded light brown fine sand between 412 and 385 cm,
light brown silty-sand between 385 and 373 cm, silt with
different tones of brown and gray between 373 and 218 cm,
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brown medium sand between 218 and 207 cm, brown silty-sand
between 207 and 175 cm, a layer of brown fine sand between
175 and 168 cm, brown silt between 168 and 150 cm, and
dark gray silty-clay between 150 and 50 cm depths (Figure 3).
The contacts of all the sedimentary units with underlying
and overlying units are transitional, except for the sharp
contact between the fine sand layer at 175–168 cm and the
overlying silt layer at 168–150 cm. This sharp contact at 168 cm
might be due to disruption in sediment accumulation, and a
possible depositional hiatus during the low lake low stands
at the coring site. Organic matter (mostly root remnants) is
visible in the silty clay of 70–50 cm. Similarly, the volcanic
rock fragments (occasionally up to 2 cm) are observed in
sediments of 168–50 cm depth (Figure 3). XRD charts show
variable abundances of calcite (CaCO3), quartz, plagioclase
(i.e., anorthite), smectite (i.e., montmorillonite), and cristobalite
(Figure 3). Only the sediments of 157–100 cm depths have
abundant calcite and the rest of the samples either lack or have
traces of calcite. Calcite in thin sections represents massive
micrite without internal structures along with clastic matrix
composed of quartz and feldspars. The clastic matrix is minimal
in sediments of 157–100 cm.

An age-depth model constructed from calibrated 14C ages
of the bulk organic carbon in sediments using OxCal version
4.4 (P sequence, k = 0.05) constrains the geochronology of this
sediment record (Bronk Ramsey, 2008, 2009; Bronk Ramsey and
Lee, 2013; Reimer et al., 2020). Table 1 presents the radiocarbon
ages, δ13Corg, modeled calibrated ranges (2σ) and corresponding
median values. This Bayesian age model with uncertainties of 40–
130 years assigned chronology to the sediment layers analyzed for
mineralogy and geochemistry (Figure 4). Agreement indices (A)
of the radiocarbon ages varied between 82.5 and 121.4% and the
age model has an agreement index of 112.2%. Considering the
depositional rates of 0.02–0.35 cm/yr, each sample represented
the average of depositional histories between ∼10 and 270 cal
yr and the age differences of two consecutive samples were
∼25–430 cal yr (sub-millennial-scale). Radiocarbon analysis of
organic matter at 410–412 cm depth assigned a median age
of ∼11.5 cal ka BP to the base of this sediment record and
the extrapolation of calibrated 14C values indicated depositional
age of ∼2.1 cal ka BP for the core top (50–52 cm depth).

The fine sand layers at 412–385 and 175–168 cm depth were
deposited during ∼11.5–11.2 and at ∼7 cal ka BP, respectively.
Similarly, the medium sand layer at 218–207 cm depth was
deposited at ∼9 cal ka BP and the massive silt at 373–218 cm
depth represented the depositional history between ∼10.5–8 cal
ka BP. Lower depositional rates (i.e., 14.5 and 11.7 cm/ka,
Figure 4) might be representing a possible hiatus or poor
sediment preservation between ∼7.2 and 4.2 cal ka BP (middle
Holocene) and another depositional hiatus between ∼11.2 and
10.2 cal ka BP (early Holocene). The early Holocene sediments
with a possible hiatus were represented by silty sand, whereas
the middle Holocene sediments were represented by a sharp
contact between fine sand and silt layers (Figure 3). Although
the catchment lithologies are represented by volcanic deposits of
both mafic and felsic compositions, the dissolved old carbon from
the basement limestone in bulk organic matter might have caused
offset in ages. We evaluated the chronologies of sub-millennial-
scale paleohydrological changes by comparing the new registers
with other records from southwestern and western Mexico (see
section “Paleohydrology” and Figure 5).

Total Organic Carbon, C/N, and Carbon
Isotopes (δ13Corg)
Total organic carbon (0.09–0.81%; average: 0.38%) reflects the
abundance of preserved organic matter (Figure 6). Sediments
deposited during ∼10–9.5 cal ka BP, at ∼6 cal ka BP and
again during ∼4.2–2.1 cal ka BP have above-average values and
the rest of the sediments have below-average TOC (<0.38%).
TN content varies between 0.02 and 0.07% with an average of
0.04%. C/N ratio (3–28; average: 10.7) is positively correlated
(r = 0.7, p > 0.05) with TOC and it generally remains < 20,
except for the sample representing ∼6 cal ka BP with C/N of
>20 (Figure 6). Sediments of ∼6-2.1 cal ka BP show above-
average values with C/N generally remaining between 10 and 20.
With some minor variations (e.g., ∼10 cal ka BP), C/N mostly
remains < 10 in the sediments of∼11.5–6 cal ka BP. The carbon
isotope compositions (δ13Corg) of bulk organic matter vary
between−25.36 and-15.53h VPDB with an average of−20.01h
VPDB (Figure 6). It shows moderate positive correlations with
C/N (r = 0.6, p < 0.05) and TOC (r = 0.7, p < 0.05).

TABLE 1 | Radiocarbon analysis of bulk organic matter in sediments, calibrated results, and modeled ages used for the Bayesian age-depth model of a core from
southwestern margin of Lake Coatetelco (central Mesoamerica) in OxCal version 4.4 (P sequence, k = 0.05 and Amodel = 112.2).

Depth (cm) Lab. code AMS 14C age (BP) 2σ range (cal yr BP) Modeled median probability
(cal yr BP)

Agreement index (A) δ13Corg (h) V-PDB

68–70 19OS/1057 2260 ± 30 2150–2340 2220 ± 60 96.9 –15.9

92–94 14C-5464 2300 ± 30 2180–2360 2340 ± 40 121.4 –16.0

130–132 14C-5465 3840 ± 30 4140–4410 4250 ± 70 99.5 –17.2

173–175 19OS/1058 6310 ± 100 6980–7430 7220 ± 120 99.8 –20.9

218–220 14C-5837 8370 ± 60 9130–9490 9320 ± 100 82.5 –22.5

371–373 14C-5838 8990 ± 60 9960–10260 10190 ± 70 120.4 –23.5

382–385 19OS/1059 9860 ± 70 11,160–11,500 11,260 ± 80 114 –24.0

410–412 14C-5467 9980 ± 70 11,260–11,740 11,530 ± 130 100.9 –25.4

Carbon isotope compositions (δ13Corg) of bulk organic carbon varied between −25.4 and −15.9 h VPDB.
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FIGURE 4 | A Bayesian age-depth model for the Holocene deposits of the sediment core (COA-N2-2019) with an agreement index of 112.2%. Tie points with
uncertainties of 40–130 years and depositional rates of 0.02–0.35 cm/yr assigned chronology to the 73 sediment layers analyzed for mineralogy and geochemistry
for the sub-millennial-scale paleoenvironmental reconstruction.

Above-average values of δ13Corg represent the sediments of ∼10
and ∼5.6–2.1 cal ka BP. Sediments deposited between ∼4.2 and
2.1 cal ka BP have homogeneous and more-than-average values
(−17.21 to−15.80h VPDB).

Multi-Elements and CaCO3
Stratigraphic distributions of Ti (0.23–0.81%; average: 0.47%), Al
(2.91–5.84%; average: 4.63%), Fe (1.05–2.36%; average: 1.83%),
and Mg (0.55–1.98%; average: 1.14%) are similar (r = 0.6–0.8,
p < 0.05) as they represent the abundances of clastic minerals.
The distribution of Si (15.51–31.13%; average: 26.53%) is slightly
different with an absence of any significant correlation with Ti

(r = 0.2, p < 0.05). Both Ca (1.29–17.46%; average: 3.87%)
and Na (0.27–1.45%; average: 0.62%) are inversely correlated
(r = –0.4 to 0.5, p > 0.05) and K (0–0.05%; average: 0.03%)
lacks correlation (r = –0.1, p < 0.05) with Ti. The content of
P varies between 0–0.4% with an average of 0.02%. Figure 6
shows the abundances of Ti, Si, and Ca as representative elements
with different temporal distributions. Both Ti and Si have above-
average values in sediments deposited during ∼10.2–6 cal ka BP
and average to below-average values in sediments of ∼6–3.2 cal
ka BP. Both have fluctuating contents in sediments representing
∼3.2–2.1 cal ka BP. Sediments of ∼11.5–10.2 cal ka BP have
above average Si and below-average Ti. All these elements, except

Frontiers in Ecology and Evolution | www.frontiersin.org 8 June 2022 | Volume 10 | Article 809949

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-809949 June 14, 2022 Time: 8:34 # 9

García-Arriola et al. Environmental and Hydrological Changes in Central Mesoamerica

FIGURE 5 | Comparison of the proxy records of source of organic matter and sediment–water interaction at Lake Coatetelco with the oxygen isotope composition
based paleo-precipitation registers from Juxtlahuaca Cave and Cueva del Diablo (Bernal et al., 2011; Lachniet et al., 2013) in southwest Mexico, Ti-based runoff
record from the Etzatlán-Magdalena Basin (Vázquez-Castro et al., 2017) and vegetation compositions of Lake Zirahuén (Lozano-García et al., 2013) in western
Mexico, and authigenic carbonate abundance (TIC) in Lake Chalco of the Basin of Mexico (Lozano-García et al., 2015).

FIGURE 6 | Temporal variations of total organic carbon (TOC), C/N ratio, δ13Corg, Ti, Si, Ca, CaCO3, Zr/Rb ratio, Zr/Ti ratio, Zn, and the indices of alteration
estimated through chemical index of alteration (CIA) and plagioclase index of alteration (PIA) of the sediments deposited during ∼11.5–2.1 cal ka BP. Dotted lines
represent average values of the variables, except for the indices of alteration.

for Ca, represent abundances of clastic minerals, both silicates
and clay minerals, eroded from watershed into the lacustrine
basin. However, the distribution of Ca is similar (r = 0.9, p < 0.05)
to CaCO3 (0–39.73%; average: 4.70%). Above-average values of
both during ∼6–3.2 cal ka BP represent the sediments with
higher calcite abundance and average to below-average values
during ∼11.5–6 cal ka BP represent the sediments with lower
calcite precipitation (Figure 6). Both have fluctuating contents in

sediments of ∼3.2–2.1 cal ka BP. Ca of 1.29–3.54% in sediments
lacking any CaCO3 (e.g., ∼10–7 cal ka BP) reflects that a part of
it is associated with plagioclase (i.e., anorthite). The abundance
of CaCO3 lacks correlation with TOC (r = 0.01, p > 0.05) and
the distributions of CaCO3 and CaCO3/Ti are similar (r = 0.98,
p > 0.05).

Distributions of Zr (111–273 ppm; average: 197 ppm), Cu
(21–52 ppm; average: 36 ppm) and Zn (35–96 ppm; average:
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71 ppm) are similar (r = 0.7, p < 0.05), and they are represented
by temporal variations of Zn in Figure 6. The distribution of Rb
(22–52 ppm; average: 37 ppm) is slightly different with moderate
correlation with Zr (r = 0.6, p < 0.05). The Zr/Rb ratio varies
between 3.4 and 11.4 (average: 5.5; Figure 6) and the minimal
influence of the grain size on this ratio is reflected by its lower
values in the fine sand layers of 412–385 cm (∼11.5–11.2 cal
ka BP; Zr/Rb: 3.4–4.0) and 175–168 cm (∼7 cal ka BP; Zr/Rb:
6.1–6.4) compared to the silt of 287–298 cm (∼10 cal ka BP;
Zr/Rb: 9.2–11.4). All the trace elements, except for Rb, show
below-average values in sediments of ∼11.5–11.2 cal ka BP. Sr
(210–608 ppm; average: 367 ppm) shows inverse correlation
(r = –0.8, p > 0.05) with Zn and its distribution is comparable
to CaCO3 (r = 0.5, p < 0.05). Positive correlation between Zr and
Ti (r = 0.5, p < 0.05) is indicative of the similar distributions of
both Zr-bearing and Ti-bearing clastic minerals. However, Zr/Ti
ratio is variable (284–886 × 10−4; average: 435 × 10−4) and its
higher values represent the fine-sand layer of ∼11.5–11.2 cal ka
BP with above-average Rb (Figure 6).

Chemical Weathering
Climate plays a dominant role in regulating the chemical
weathering of sediments and rocks present in the catchment
and Shao et al. (2012) observed synchronous increases in
values of chemical index of alteration (CIA) with climate
parameters, such as precipitation, temperature, and runoff
in China. CIA as well as the values of plagioclase index
of alteration (PIA) estimated the different degrees of
chemical weathering of silicate minerals (Figure 6). CIA
(=[Al2O3/(Al2O3 + CaO∗ + Na2O + K2O)] × 100) appraised
chemical alteration of feldspars to clay minerals through
sediment-water interaction during the transportation from
watershed (e.g., Nesbitt and Young, 1984; Roy et al., 2008, 2012).
Similarly, PIA (=[(Al2O3– K2O)/(Al2O3 + CaO∗ + Na2O –
K2O)]× 100) estimated the transformation of plagioclase to clay
minerals through chemical alteration during the transportation
(e.g., Fedo et al., 1995; Roy et al., 2008, 2012). Both the
indices with values ≤ 50 represent the sediments lacking any
chemical weathering. Sediments with low weathering, moderate
weathering, and extreme weathering are represented by values
of 50–60, 60–80, and >80, respectively (Fedo et al., 1995).
The indices show comparable values (r = 0.99, p < 0.05) in
sediments with CIA varying between 39 and 80 (average: 66)
and PIA between 38 and 82 (average: 67) (Figure 6). They are
positively correlated with Ti (r = 0.6, p < 0.05) and negatively
correlated with CaCO3 (r = –0.6, p < 0.05), suggesting more
previously weathered materials were delivered into the lake
along with Ti-enriched sediments and less previously weathered
materials were delivered along with Ti-depleted sediments and
more CaCO3 precipitated. The sediments deposited during
∼11.5–11.2 cal ka BP also contained siliciclastic minerals
characterized by low chemical alteration. The sediments of
∼10.2–6 cal ka BP are characterized by generally moderate
CIA values and moderate-to-extreme PIA values. However,
the sediments deposited during ∼6–4.2 cal ka BP contain
siliciclastic minerals characterized by a lack of weathering to
low weathering. The sediments of ∼4.2–2.1 cal ka BP have

generally moderately weathered siliciclastic fractions with
fluctuations.

Ternary Diagrams and Sediment
Provenance
Molar proportions of Al2O3 (A), CaO∗ + Na2O (CN), and K2O
(K) in siliciclastic fractions were plotted in A-CN-K ternary plot,
while the molar proportions of Al2O3-K2O (A), CaO∗ (C) and
Na2O (N) were plotted in A-C-N ternary plot to evaluate the
source materials as the clastic components have variable Zr/Ti
ratios (Figure 7). In A-CN-K ternary plot, most of the samples
fall along a linear trend showing different degrees of chemical
weathering. Intersection of this trend with the feldspar join
indicates a provenance with abundant plagioclase and minimal
K-feldspars, comparable to the andesitic lahars, dominant in the
immediate vicinity. The sediments with low chemical weathering
deposited during ∼11.5–11.2 cal ka BP deviate slightly from
this linear trend (marked as red circles) showing relatively more
K-feldspar compared to the andesite lahar in the provenance
(Figure 7A). Distribution of sediments in the A–C–N ternary
space indicates that the source rock for most of the deposits has
abundant anorthite. Deviation of the sediments deposited during
∼11.5–11.2 cal ka BP and ∼9.1–8.8 cal ka BP (marked as blue
circles), however, indicates a felsic source with relatively more
albite (Figure 7B).

DISCUSSION

Paleohydrology
The geochemical proxies of erosion, chemical alteration of
deposited sediments, and water column salinity reconstructed
the paleohydrological conditions of Lake Coatetelco in central
Mesoamerica (Figure 8). The immobility in environments
of variable pH and Eh makes titanium (Ti) an ideal proxy
for reflecting detrital material abundance through erosion
in the watershed. However, it is affected by provenance
of the clastic sediments and the lower values could also
reflect the intervals of higher erosion from felsic rocks in
the watershed. Both CIA and PIA are unaffected by change
in the sediment provenance, and they indicate chemical
alterations of feldspars (i.e., plagioclase) to clay minerals
(i.e., smectite) through sediment–water interaction in the
watershed. Different proportions of plagioclase/K-felspars and
albite/anorthite inferred in the A-CN-K and A-C-N ternary
spaces suggested change in the mineralogical assemblage of
sediments deposited during ∼11.5–11.2 cal ka BP and ∼9.1–
8.8 cal ka BP, reflecting a different sediment provenance than
the rest of the record (Figure 7). Above-average values of
Zr/Ti and Rb in these sediments suggested more Zr-bearing
mineral deposition from relatively felsic rocks (Figure 6). The
CIA/PIA indices are generally consistent with increased delivery
of catchment materials between ∼10.2 and 6 cal ka BP and the
reduced delivery between ∼6 and 4 cal ka BP. However, the
higher and lower sediment-water interactions did not emphasize
centennial timescale hydroclimate changes. The moderate-to-
extreme alterations (CIA and PIA ≥ 60) along with deposition
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FIGURE 7 | Sediment compositions plotted as molar proportions of Al2O3, (CaO* + Na2O) and K2O in A–CN–K ternary diagram (A) and molar proportions of Al2O3

(subtracting the Al associated with K), CaO* and Na2O in the A–C–N ternary diagram (B). CaO* represents the concentration of CaO in silicates and
alumino-silicates. CIA and PIA show the degrees of chemical weathering of feldspars and plagioclase, and the samples deviating from the lines with arrow indicate
change in provenance.

of above-average Ti-bearing sediments represented the intervals
of more erosion in the watershed and the transportation
of weathered sediments dominantly via runoff. Similarly, the
lack-to-low alterations (CIA and PIA < 60) along with the
deposition of below-average Ti-bearing sediments represented
the intervals of transportation of sediments with minimal
or absence of any chemical alteration into the basin under
water-scarce conditions with minimal runoff. As the indices of
chemical alterations are unaffected by geology and the degrees
of chemical weathering have established ranges, we compared
the CIA values of this study with Shao et al. (2012) that
reported CIA of 70–80 for the fine-grained surface sediments
from 13 major rivers in China with catchments receiving
mean annual precipitation comparable to Lake Coatetelco. Even
within the range of moderate weathering, the CIA increased
with warmer temperature and higher precipitation in the
catchments suggesting enhanced weathering intensity in warm
and humid environments. Abundances of Ti, complemented
by PIA values, are considered here as a proxy to demarcate
wetter intervals and periods of more runoff. The PIA-enriched
sediments were deposited during the intervals of more runoff and
more precipitation.

In this basin with dominant volcanic and volcaniclastic
deposits, the CaCO3-enriched sediments could reflect the
influence of photosynthesis of aquatic plants and subsequent
CO2 degassing and/or loss of CO2 through evaporation (Cohen,
2003). Lack of any correlation between CaCO3 and TOC
(r = 0.01, p > 0.05) suggests minimal influence of organic
productivity (e.g., photosynthesis of aquatic plants) on calcite
precipitation. The relatively higher saturation index of calcite in
lake water of higher salinity (TDS) suggests supersaturation and
more calcite precipitation from more saline water column and
evaporative conditions. Hence, the above-average CaCO3 values
are considered as a proxy to represent the intervals of more
saline water and generally evaporative conditions. Our proxy
interpretation is similar to the records of Lake Chalco in the
Basin of Mexico (Lozano-García et al., 2015) and the Etzatlán-
Magdalena Basin in western Mexico (Vázquez-Castro et al.,
2017), both with volcaniclastic geology. The calcite precipitation
in Lake Coatetelco was not biologically mediated through the
autochthonous productivity. The similar distributions of CaCO3
and CaCO3/Ti (r = 0.98; p < 0.05) suggest lack of any dilution
effect on CaCO3 abundance from the inputs of clastic minerals
from the catchment.
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Our age model and sampling resolution for the geochemical
analysis limited the reconstruction of paleohydrological changes
in the millennial-to-multimillennial-scale between ∼11.5 and
6 cal ka BP and between ∼6 and 2.1 cal ka BP. The effect
of old carbon dissolved from the basement limestone on
radiocarbon analysis of bulk organic matter possibly remained
minimal and did not alter the chronology of the millennial-
scale paleohydrological conditions. Comparison of our register
with U/Th based chronologies of paleo-precipitation obtained
in speleothems from the Juxtlahuaca Cave and Cueva del
Diablo in southwestern Mexico and 14C-based chronology of
runoff dynamics estimated from Ti concentrations in lacustrine
deposits of the Etzatlán-Magdalena Basin in western Mexico
suggests almost synchronous changes (Bernal et al., 2011;
Lachniet et al., 2013; Vázquez-Castro et al., 2017, Figure 5). The
possible hiatus between ∼11.2–10.2 cal ka BP in Lake Coatetelco
was contemporary to an event of calcite deposition disruption
in both speleothems at ∼10.3 ka. Similarly, the commencement
of the interval representing a reduction in erosion/runoff into
Lake Coatetelco at ∼6 cal ka BP occurred simultaneously as the
precipitation at Juxtlahuaca and Cueva del Diablo decreased and
runoff into the Etzatlán-Magdalena Basin was reduced (Figure 5).
The combination of different paleo-hydrological proxies has the
advantage of reconstructing both the event-scale processes as
well as the average of sedimentary processes that might have
occurred in millennial-to-multimillennial scales. Some of the
proxies such as Ti and CaCO3 possibly reflected the event scale
processes. However, the chemical weathering indices recorded
both the event-scale processes (synchronous changes in Ti
and PIA) as well as an average of a larger interval when the
sediments with different degrees of chemical alteration were
reworked from the watershed during the events of high runoff
(asynchronous Ti and PIA).

∼11.5–6 cal ka BP
Below-average water column salinity (CaCO3) represented the
presence of a generally freshwater column. The degree of
chemical alteration of feldspars in the deposited sediments,
however, varied (Figure 8). Low PIA values of sediments with
more K-feldspar and albite reflect the change of source to more
rhyolitic lithology at ∼11.5–11.2 cal ka BP, constrained with
two radiocarbon dates. Rhyolite is the only felsic rock exposed
at southwestern margin of the lake, at about 4 km from the
coring site (Fries, 1960). The mafic andesitic lahar deposits might
also have some felsic ash layers as well. Perhaps, the delivery of
chemically altered catchment sediments was also reduced due to
reduced runoff. Transportation of mostly fine sand from felsic
provenance might be due to the aeolian activity. Deposition of
more Zr and Rb-bearing minerals also supported the change in
provenance, and the influence of grain size was ruled out using
the Zr/Rb ratio (Figure 6). Dry conditions possibly continued
until ∼10.2 cal ka BP as the lower depositional rate (11.7 cm/ka)
could represent a hiatus between ∼11.2 and 10.2 cal ka BP,
concurrent with the growth interruption in stalagmites from
Juxtlahuaca Cave and Cueva del Diablo, and lower water level
in Lake Pátzcuaro (Figure 1, Bradbury, 2000; Bernal et al., 2011;
Lachniet et al., 2013).

Higher Ti and more chemically altered materials likely
reflect initiation of a lacustrine phase between ∼10.2 and 6 cal
ka BP. The transportation of sediments from the abundant
mafic lahar deposits was enhanced. This interval is comparable
to the generally humid ∼9.6–5.7 cal ka BP, registered in
sediments from the Etzatlán-Magdalena Basin, located to the
northwest of Coatetelco (Vázquez-Castro et al., 2017). This
wetter interval, however, contrasts with the drier and evaporative
conditions of Lake Chalco in the Basin of Mexico represented
by higher carbonate (TIC) deposition (Figure 5; Lozano-García
et al., 2015). In Lake Coatetelco, the delivery of chemically
altered sediments from the watershed (PIA < 60) decreased
at ∼9.1–8.8 and ∼7–6.5 cal ka BP. Change in provenance
of sediments deposited between ∼9.1–8.8 cal ka BP indicated
possible transportation of less altered sediments from the dry
watershed by aeolian activity. This arid condition and the growth
interruptions in stalagmites from the nearby Cueva del Diablo
and Juxtlahuaca Cave at ∼8.2 ka could be contemporary, and
the chronological offset might be due to limitations of our age
model (Bernal et al., 2011; Lachniet et al., 2013). The variable
hydroclimate over the wetter early-to-middle Holocene was also
reported by the pollen and micro-charcoal registers and magnetic
susceptibility of sediments from Lake Zirahuén, located to the
west of Coatetelco (Lozano-García et al., 2013). The sudden
disappearance of Alnus in surroundings of Lake Zirahuén at
∼8.2 cal ka BP marked an arid event (Figure 5; Lozano-García
et al., 2013). Analysis of modern and fossil diatoms along with
the physico-chemical characteristics of modern-day lake water
could provide additional information about paleo-pH and paleo-
salinity of this phase. Similarly, the contrasting hydroclimates
of Lake Coatetelco and Lake Chalco in the Basin of Mexico
located at short distances from each other also need further
evaluation.

∼6–2.1 cal ka BP
Above-average water column salinity (CaCO3) represented
generally saline conditions. Increasing Pinus and Quercus pollen
along with lower Alnus in sediments of Lake Zirahuén suggested
a trend toward drier conditions (Figure 5; Lozano-García
et al., 2013). Below-average runoff and the deposition of
sediments either without any alteration or with minimal chemical
weathering represented millennial-scale droughts between ∼6
and 4.2 cal ka BP. This event is contemporary to an interval of
below-average runoff and above-average salinity in the Etzatlán-
Magdalena Basin (Vázquez-Castro et al., 2017). Deposition of
calcite-enriched sediments represented an interval of shallow
and saline water column at the coring site. Over this interval of
drought-like conditions, the speleothems from Cueva del Diablo
and Juxtlahuaca cave registered a wetter event, and the sediments
of Etzatlán-Magdalena Basin registered more runoff at ∼5–4 cal
ka BP (Bernal et al., 2011; Vázquez-Castro et al., 2017). Absence
of this event of more precipitation and the relatively lower
depositional rate of 14.5 cm/ka might be indicative of another
hiatus over the middle Holocene in Lake Coatetelco record.
Geochemical characteristics of sediments deposited during the
middle Holocene drought are comparable with sediments
representing the Post-Classic drought of ∼1006–387 cal yr BP,
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contemporary with the Humo phase of pre-Columbian culture
(i.e., 900–1250 CE) and abandonment of the urban center
at Xochicalco (Hirth, 2000; Roy et al., 2020). Both drought
intervals were characterized by lower PIA values (<50) reflecting
reduced delivery of chemically altered minerals into the lake due
to lower runoff.

Runoff between above-average and below-average values and
the low-to-moderate degrees of chemical alterations of deposited
sediments between∼4.2 and 2.1 cal ka BP represented fluctuating
paleohydrology. Wetter conditions caused more erosion and
deposition of moderately altered feldspars from the watershed
through more runoff. Runoff decreased during the drier
conditions and the silicate minerals with minimal alteration were
deposited. Variable values of Al2O3 and δ18Ocalcite in sediments
of the Aljojuca maar, located to the east of Lake Coatetelco,
and variable Ti in sediments of Laguna de Juanacatlán, to the
west of Coatetelco, suggest the regionally extensive nature of
this unstable hydroclimate (Bhattacharya et al., 2015; Jones et al.,
2015). The nearby stalagmites from Juxtlahuaca and Cueva del
Diablo, however, showed trends toward drier conditions. The
later part of this interval was contemporary with the earliest
human influence in the surroundings. Settlements by the Olmec
families post 500 BCE in the vicinity of the Lake Coatetelco
and nearby streams might have occurred during this interval of
unstable hydrology (e.g., Angulo, 1978; Konieczna, 1992).

Source of Organic Matter: Aquatic vs.
Terrestrial Plants
Source of the low organic matter (<1%) preserved in sediments of
the Lake Coatetelco was interpreted cautiously as aquatic and/or
terrestrial plants using the carbon to nitrogen ratios and δ13Corg
values (e.g., Meyers and Lallier-Vergès, 1999). The organic
carbon from phytoplankton, with more N-compounds, has low
C/N (<10) and the elevated values (10–20: mixed aquatic and
vascular plants; >20: vascular plants) reflect higher contribution
from cellulose-rich and protein-poor vascular land plants (Talbot
and Johannessen, 1992; Meyers and Ishiwatari, 1993; Meyers and
Lallier-Vergès, 1999). Lacustrine phytoplankton is characterized
by δ13Corg between −47 and −26h VPDB (e.g., Smith and
Winter, 1996; Leng and Marshall, 2004; Silvera et al., 2005;
Cernusak et al., 2013; Crayn et al., 2015). The organic matter
from terrestrial plants indicative of humid environments with
C3 photosynthetic pathways has comparatively depleted δ13Corg
compositions (−37 to −20h VPDB; mean: −27h VPDB)
and it is also more depleted compared to C4 photosynthetic
pathway plants from water-deficient regions (δ13Corg: −17
to −9h VPDB; mean: −13h VPDB) (Cerling et al., 1997;
Kohn, 2010). The plants with Crassulacean Acid Metabolism
(CAM) photosynthetic pathway, however, are difficult to identify
from the carbon isotope compositions of organic matter as
their δ13Corg values (−32.30 to −11.80h VPDB) overlap the
ranges of C3 and C4 plants (Smith and Winter, 1996; Silvera
et al., 2005; Cernusak et al., 2013; Crayn et al., 2015). In the
Teotihuacan valley of central Mexico, the aquatic plants (δ13Corg:
−30.46 to −21.77h VPDB) and C3 land grasses (−28.79 to
−25.63h VPDB) have overlapping carbon isotope compositions

(Lounejeva-Baturina et al., 2006). Both, however, are depleted
compared to the C4 land grasses (−14.79 to −12.08h VPDB)
and CAM plants (–13.41 to –13.18h VPDB) from the same
region. The combination of C/N ratio and δ13Corg deciphered
the sources of organic matter deposited during the two broad
paleoenvironment intervals (Figure 8).

∼11.5–6 cal ka BP
Carbon isotope compositions (−25.36 and −15.53h VPDB)
of organic matter are intermediate to the ranges of aquatic C3
plants as one end member and C4 plants as the other end
member (Figure 8). They, however, were carefully evaluated
with support from C/N ratios in the absence of fossil pollen
data. The combination of generally lower C/N values (≤10) and
depleted δ13Corg suggest that the deposited biomass was sourced
dominantly from the aquatic plants and hence, the deposition
of the fine sand layer at ∼11.5–11.2 cal ka BP occurred in
a lacustrine depositional environment. Below-average CaCO3
represented less saline water column during this interval of
mostly autochthonous productivity. Sediments of ∼10 cal ka BP
marked a notable event with C/N values of 10–20, suggesting
contributions from both terrestrial and aquatic plants. Higher
δ13Corg values, however, indicated an increase in the contribution
of C4 plants at the coring site (Figure 8). Moderate degrees
of chemical alterations of the deposited sediments suggested
transportation of more C4 plant-based organic matter occurred
in wetter conditions.

∼6–2.1 cal ka BP
Generally, higher C/N values (>10) indicated more organic
matter from the terrestrial plants, and the gradually higher
δ13Corg reflected increasing influence of C4 vegetation.
Both aquatic and terrestrial plants continued to contribute
above-average TOC. Evaporative conditions and saline water
column represented this interval of mixed (allochthonous and
autochthonous) productivity. Variable degrees of chemical
weathering of both Ti-enriched and Ti-depleted sediments
along with calcite suggested fluctuating runoff and presence of
a shallow water column. Contribution from the aquatic plants
remained minimal during this dry interval with a depositional
hiatus. The homogeneous δ13Corg (−17.21 to −15.80 h VPDB),
however, represented a generally stable environment between
∼4.2–2.1 cal ka BP and dominance of C4 grasses in the catchment
(e.g., Hattersley, 1982). Better distinction within the terrestrial
vegetation and aquatic plants, and their influences on the
deposited organic matter, however, require studies on isotopic
compositions of compound-specific biomarkers and fossil pollen
(e.g., Lane et al., 2011; Lane and Horn, 2013).

Comparison With Forcing
The modern era hydroclimate of Lake Coatetelco and its
surroundings is controlled by the warm season precipitation
(June–October), forced by the ENSO activity and ITCZ position
(Magaña and Quintanar, 1997; Magaña, 1999; Magaña et al.,
2003). During the El Niño years, the stronger easterly winds and
the associated displacement of ITCZ toward southerly latitudes
reduce the amounts of precipitation in the region (Magaña
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et al., 2003). The reconstructed rainfall records since the LGM
from the nearby speleothems were also driven by the Atlantic
Meridional Overturning Circulation (AMOC) and events of ice-
rafted debris into the Northern Atlantic modulating the position
of ITCZ (Bernal et al., 2011; Lachniet et al., 2013). Sand content
in the El Junco Lake of the Galapagos Islands and Ti values in
sediments of the Cariaco Basin are the proxies for frequency-
amplitude of ENSO and latitudinal shifts in mean position of
the ITCZ, respectively (Haug et al., 2001; Conroy et al., 2008).
Comparison with both the proxy registers helped to evaluate
the forcing of ITCZ and ENSO on the paleoenvironmental and
paleohydrological conditions of Lake Coatetelco (Figure 8). The
summer (July) and autumn (September) insolation in orbital
scale (Berger and Loutre, 1991) and the North Hemisphere
temperature in millennial scale (NGRIP Project Members, 2004)
are also compared in Figure 8.

Variation in the summer insolation shows a first-order
negative relationship in orbital scale with the δ13Corg
composition-based paleoenvironment. More autochthonous
organic matter was deposited during the interval of higher
summer insolation (∼11.5–6 cal ka BP), and the allochthonous
contribution increased during the phase of lower summer
insolation (∼6–2.1 cal ka BP). The summer insolation, however,
showed orbital-scale similarity with erosion and sediment-
water interactions in Lake Coatetelco watershed only up
to ∼4.2 cal ka BP. More runoff of ∼10.2–6 cal ka BP was
contemporary to an interval of more summer insolation
and reduced runoff of ∼6–4.2 cal ka BP was coeval to an
interval of less summer insolation. The ITCZ remained at
northern latitudes during the wetter interval and shifted to
southern latitudes as the hydroclimate became drier. The
migration of ITCZ was the result of changing insolation as
well as the interhemispheric temperature gradient (McGee
et al., 2014, 2018). However, it is not clear what might be the
forcing on an abrupt shift to drier conditions at 6 ka. The
highest calcite precipitation and lowest runoff with minimal
sediment-water interactions at the watershed during ∼6–
4.2 cal ka BP occurred as the autumn insolation remained
high (more evaporation) and summer insolation remained
low (less precipitation) suggesting the possible influences of
both the warm seasons’ insolation on the middle Holocene
drought. Reduced summer precipitation might have decreased
the runoff and the enhanced evaporation of autumn possibly
led to presence of a shallow and saline water column more
frequently between ∼6 and 4.2 cal ka BP. This arid interval
was also contemporary to some of the ice-rafted debris events
into the Northern Atlantic (e.g., at ∼5.9 cal ka BP and ∼4.3 cal
ka BP; Bond et al., 1997). Abrupt advection of cooler and
ice-bearing surface waters from the Labrador Sea into the North
Atlantic caused cooler SST (possibly < 2◦C; Bond et al., 1997).
The reduced formation of North Atlantic Deep Water and
weak thermohaline circulation led to enhanced aridity in the
nearby Cueva del Diablo (Bernal et al., 2011). The forcing of
Atlantic Ocean SST on the dynamics of moisture transported
into Lake Coatetelco cannot be evaluated at this stage as it
requires more robust age control and records with better
sediment preservation.

Over the early and middle Holocene (i.e., up to ∼4.2 cal
ka BP), the paleohydrological record shows minimal similarity
with the ENSO. Displacement of the ITCZ to southerly latitudes
occurred during the interval of more frequent El-Niño conditions
over the last ∼4.2 cal ka. However, the runoff record of
Coatetelco between ∼4.2 and 2.1 cal ka BP was decoupled
from the ITCZ and summer insolation. Both the erosion and
sediment-water interactions remained unstable as ENSO became
stronger with more frequent El-Niño (Figure 8). SST of the
tropical northeast Pacific Ocean increases up to 3◦C during
the El Niño years at an interannual scale, and it forces the
hurricanes to have more intense winds (De Maria and Kaplan,
1994). Magaña et al. (2003) reported > 20 annual events of
storms and hurricanes in the eastern Pacific during the El-Niño
conditions of 1982–1983 CE and 1997–1998 CE. Hurricanes
with longer durations (>7 days) were also more frequent during
both years. The precipitation registered in the meteorological
station at Miacatlán (at 4 km north of the lake) between 1955
and 2016 CE suggests above-average autumn precipitation and
below-average total annual precipitation during both the years
with El Niño conditions. Stronger ENSO and more frequent
El-Niño post 4.2 cal ka BP possibly increased the frequency
of short-lived tropical cyclones in an overall arid interval (e.g.,
Ropelewski and Halpert, 1987; Reyes and Mejía-Trejo, 1991;
Englehart and Douglas, 2001; Jáuregui, 2003; Larson et al., 2005).
Over this interval of increased storminess, the small groups of
Olmec families established permanent sites for religious and
ceremonial activities, as well as several commercial exchange
centers in the area surrounding Lake Coatetelco. Occupation
around the Coatlán Viejo site and on the banks of Chalma,
Amacuzac, and Tembembe rivers commenced at ∼500 BCE
in an interval of more water availability, at least during part
of the year, due to frequent storms (e.g., Hirth, 2010). The
exact relationship between earliest human occupations in this
region and climate, however, needs further evaluation (Angulo,
1978; Konieczna, 1992). This interval of unstable hydrology
was also documented at the Etzatlán-Magdalena Basin of
western Mesoamerica through variable lake water salinity and
chemical alteration caused from more hurricane activity in the
eastern Pacific (Vázquez-Castro et al., 2017). Dissimilarities in
trends of our lacustrine register and the records of oxygen
isotope compositions of speleothems from Juxtlahuaca Cave
and Cueva del Diablo might indicate different sensitivities
of both the geological records to the seasonal and annual
precipitation and near-surface processes like erosion in response
to global climate change.

CONCLUSION

A new sedimentary record from Lake Coatetelco (southwest
Mexico) helped to extend the paleoenvironmental information
of central Mesoamerica and complemented the existing
paleoclimate data by reconstructing the sources of deposited
organic matter and responses of precipitation-evaporation under
varying seasonal insolation, ITCZ positions, and ENSO activity
between the earliest Holocene and the initial phase of the settled
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Olmec societies (i.e.,∼11.5–2.1 cal ka BP). The main conclusions
of this study are as follows:

(i) Geochemical characteristics broadly deciphered two
intervals of distinct paleoenvironment modulated by the summer
insolation in orbital scale, i.e., ∼10.2–6 cal ka BP and ∼6–4.2 cal
ka BP. Lower sedimentation represented a depositional hiatus
between ∼11.2–10.2 cal ka BP. Sediments of ∼11.5–11.2 cal ka
BP, ∼9.1–8.8 cal ka BP and ∼7–6.5 cal ka BP represented the
other sub-millennial-scale arid conditions.

(ii) Generally lower C/N (≤ 10) and depleted δ13Corg
suggested more contribution from the aquatic plants during
∼11.5–6 cal ka BP. Sediments of ∼10 cal ka BP represented an
event of C4 grass dominance. Influence of C4 vegetation gradually
increased during∼6–2.1 cal ka BP and the homogeneous δ13Corg
(−17.21 to −15.80h VPDB) between ∼4.2–2.1 cal ka BP
represented an interval of stable paleoenvironment.

(iii) The middle Holocene drought of ∼6–4.2 cal ka BP
was represented by deposition of unaltered to low degree
of chemically altered siliciclastic fractions and deposition of
abundant authigenic CaCO3. Summer insolation remained low,
autumn insolation was high and the ITCZ shifted to southern
latitudes during this interval of frequent drought-like conditions.

(iv) Fluctuating paleohydrology of ∼4.2–2.1 cal ka BP
represented an unstable hydroclimate that continued until the
first settlements by the Olmec families. More frequent El Niño
conditions possibly increased water availability through the
short-lived tropical cyclones. Dissimilarity in the trend of this
lacustrine register and the oxygen isotope compositions of nearby
speleothems might indicate different sensitivities of the geological
records to changes in seasonal and annual precipitation and
near-surface processes in response to the global climate change.
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