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Abstract

Lake Chalco lies south of the Basin of Mexico and has been the subject of studies related to Late Quaternary climate vari-
ability. In 2016, the International Continental Scientific Drilling Program “MexiDrill Project” recovered a 520-m sediment
record from Lake Chalco. Magnetic susceptibility measurements revealed substantial changes in sediment physical properties
between 343 and 285 m depth, suggesting changes in composition associated with fluctuations in the depositional environ-
ment. We targeted sediments in the 343-285 m interval for high-resolution facies analysis, to develop a model of Lake Chalco
formation. We identified three facies associations, using sediment composition, texture, mineralogy and micro-morphological
characteristics: (1) detrital facies, consisting of laminated silt, massive sand, stratified silty sand, clast-supported gravel and
matrix-supported gravel; (2) biogenic facies, which include diatom ooze and bivalve coquina; and (3) volcaniclastic facies,
represented by clast-supported pumice deposits. We propose that formation of Lake Chalco occurred in four stages, which
we identified by changes in sediment characteristics. The first stage was an alluvial delta environment, in which debris and
hyper-concentrated flows were the main sediment transport agents. The second was characterized by turbulent flows in a
fluvial deltaic environment, which alternated with laminar flows associated with floodplains. The third stage was a time of
fluvio-lacustrine transition in the basin, with formation of the previously identified Paleo-Chalco-I Lake, in response to wet
conditions. During the fourth stage, a deep eutrophic lake formed (Paleo-Chalco-II), with an origin that appears to have
been related to regional volcanism. Our working age-depth model indicates establishment of the lake at ca. 400 +46 ka.
This paper presents the only available record of the transition from alluvial to lacustrine sedimentation of Lake Chalco.
Our results allow us to establish (1) how the lake was formed and what the phases of its development were, (2) how a major
volcanic event altered and transformed the lacustrine sedimentation, and (3) which climatic conditions dominated during
the lake formation. The age for the onset of the lacustrine sedimentation in Chalco is for the first time constrained to around
400 ka. This enables to expand our knowledge of the climate for a time for which there is no information from terrestrial
records of tropical North America.
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Introduction

Lake Chalco (Central Mexico) occupies the south-eastern
part of the Basin of Mexico, where Mexico City is located
(Fig. 1). Previous drilling recovered the upper 122 m
of the sequence, whose analyses yielded stratigraphic,
paleoclimatic and paleolimnological data that provided
insights into the history of Lake Chalco over the past
140 ka (Lozano-Garcia et al. 1993, 2015; Caballero and
Ortega 1998; Ortega-Guerrero and Newton 1998; Torres-
Rodriguez et al. 2015; Ortega-Guerrero et al. 2017, 2020;
Avendafno-Villeda et al. 2018; Martinez-Abarca et al.
2019; Caballero et al. 2019). It was not until recently, how-
ever, that deep cores (520 m) were drilled in this basin
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Fig. 1 Location of Lake Chalco. A Extent of the Transmexican Vol-
canic Belt (TMVB) and the Basin of Mexico. B Basin of Mexico, the
ancient lake system is indicated. C Close view to the sub-basin of
Chalco, the major ranges are indicated: a Sierra Nevada in the east,
b Sierra de Las Cruces in the west, ¢ the Chichinautzin volcanic field
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(Lozano-Garcia et al. 2017), enabling investigation into
the origin of the lake.

It is widely accepted that the Basin of Mexico was an
exorheic fluvial system that drained southward and whose
closure occurred as a consequence of the accumulation
of volcanic deposits in the south during the Pleistocene
(Mooser 1963). Subsequent studies reported closure of the
basin between 1300 and 600 ka (Martin del Pozzo 1982;
Macias et al. 2012; Arce et al. 2013), determined from the
age of the volcanic deposits that outcrop in the Basin today.
Nevertheless, because of the inaccessibility of the oldest
sediments, which are covered by younger geologic deposits,
it had not been possible to explore what geological processes
led to basin closure or when they occurred.

In 2016, the ICDP-supported (International Continental
Scientific Drilling Program) MexiDrill Project retrieved four
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in the south and d Sierra de Santa Catarina to the north. Additional
structures are indicated: Amecameca River and Pefion Monogenetic
Volcanic Group (PMVG). D Location of the MEXI-CHA16 core.
(Geological data obtained from INEGI 2020; satellite image from
Google Earth Pro 2020)
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cores from Lake Chalco, recovering a composite sequence
that extended to a maximum depth of 520 m (Lozano-Gar-
cia et al. 2017; Brown et al. 2019). The initial stratigraphic
description of the MexiDrill Chalco composite sequence
revealed that the upper 300 m are composed of fine-grained
lacustrine sediments, and the lower section is comprised
of >200 m of alluvial and fluvial deposits, as well as lavas
(Brown et al. 2019; Romero-Vera 2019).

We utilized facies analysis of the deposits between 343
and 285 m depth in Lake Chalco, which record the transition
from a fluvial-alluvial phase to a lacustrine phase, to infer
the environmental conditions under which the lake formed
and to characterize the processes that led to its develop-
ment. Analysis of the formative stages of Lake Chalco is
relevant to our understanding of the geologic evolution of
Central Mexico and contributes information about broader
questions related to lake formation in volcanically and tec-
tonically active regions.

Study area

The Basin of Mexico, located in the east-central part of the
Trans-Mexican Volcanic Belt (TMVB) (19°15'N, 98°58'W),
is an endorheic depression with a lacustrine plain at 2240 m
above sea level (m asl). Lake Chalco is the southeastern-
most water body of an ancient vast lacustrine system that
developed in the Basin of Mexico during pre-Hispanic times.
This lake system has recently undergone massive transfor-
mations and has a long history of human occupation (Nied-
erberger 1987; Sanders et al. 1979). Today, Lake Chalco is
reduced into a shallow, subsaline marsh (z,,,, <3 m), with
an area of ~5.5 km?, and is located next to Mexico City,
a megalopolis with > 25 million inhabitants (INEGI 2010).
The current water body is the depocenter of the sub-basin
of Chalco, which is morphologically delimited by the fol-
lowing volcanic ranges: (1) the Sierra de Las Cruces to the
west, (2) Sierra de Santa Catarina to the north, (3) the Sierra
Nevada to the east, and (4) the Sierra Chichinautzin Volcanic
Field to the south (Fig. 1). Other volcanic structures with
ages around 1300 ka are found north of the Sierra de Santa
Catarina and Jaimes-Viera et al. (2018) called them “Pefion
Monogenetic Volcanic Complex (PMVG)”.

The Sierra de Las Cruces is composed of lava flows,
pyroclastic and lahar deposits that are aligned NW-SE
(Mora-AlvareZ et al. 1991). The bulk of its volcanic activity
occurred during the late Miocene (Mooser et al. 1974; Osete
et al. 2000). The Sierra Nevada is composed of a chain of
stratovolcanoes that include: (a) Tlaloc-Telapon (1.8 Ma);
(b) Iztaccihuatl volcanic complex (0.9-0.08 Ma); and (c)
Popocatepetl, whose current cone was formed 0.23 Ma ago
(Nixon 1989; Macias et al. 2012; Siebe et al. 2017). At least
220 monogenetic volcanoes constitute the Sierra Chichin-
autzin Volcanic Field. It includes scoria cones (e.g., Xitle),

shield volcanoes (e.g., Teuhtli) and lava domes (e.g. Mesa
la Gloria) (Bloomfield 1975; Martin del Pozzo 1982; Mar-
quez et al. 1999). Jaimes-Viera et al. (2018) suggested that
volcanic activity in Sierra Chichinautzin occurred between
ca. 1300 ka and 7 ka ago.

Methods

Drilling, initial core description and preliminary
stratigraphy

The MEXI-CHA16 cores (holes 1A, 1B and 1C) were drilled
near the modern lake depocenter, in the sub-basin of Chalco
(19° 15'26" N, 98° 58’ 32" W) (Fig. 1c). The drilling effort
yielded sediment from the surface down to 520 m depth.
Drilling was carried out using a Longyear LF90 rig with
standard HQ3 wireline diamond coring tools, and sediment
cores were retrieved in polycarbonate liners that were 1.5-m
long and 6.1 cm in diameter (Brown et al. 2019). After com-
pletion of the field program, the sections were sent to the
LacCore Facility at the University of Minnesota for core
measurement, scanning and description. Cores were then
split lengthwise, cleaned and high-resolution color scans
were acquired from each section using a DMT CoreScan
digital linescan camera. Magnetic susceptibility was meas-
ured systematically at 1-cm intervals using a Bartington
MS2E sensor. Stratigraphic correlation among sequences
1A, 1B and 1C was carried out by Valero-Garces et al. (In
press), who used magnetic susceptibility and facies identifi-
cation to develop a composite sequence that minimized the
effects of gaps and artifacts from the drilling process.
Preliminary visual characterization of the MEXI-CHA16-
1C core sections (color, texture, structure, thickness, sorting
and boundary type) was done using high-resolution images,
viewed with the free distribution software CoreWall (http://
www.corewall.org/). Sediments analyzed for this study were
between 343 and 285 m deep in the composite sequence.

Sediment description

Thirty-nine smear slides of samples from the MEXI-
CHA16-1C core, prepared from sandy to clayey materials
that represent the observed major shifts in sediment texture
and composition, provided a basis for initial major com-
ponent descriptions (Schnurrenberger et al. 2003). Addi-
tionally, 21 samples of undisturbed, fine-grain (clay to
sand) sediment were prepared for thin sections in blocks of
4 x5 cm. Thin-section samples were collected in aluminum
trays, freeze-dried, embedded with epoxy resin and polished
to 30-um thickness in preparation for microscopic analyses.
The first analysis was a petrographic micro-morphological
description that included general mineralogy, geometry,
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and microstructures, as well as documenting the presence
of diatoms, charcoal and other biogenic material. The second
analysis consisted of counting exclusively quartz (Q) and
feldspar/plagioclase (F). Prior to counting, the thin sections
were stained with potassium rhodizonate and barium chlo-
ride. Mineral phase percentages were estimated by count-
ing 200 points, following the method of Gazzi-Dickinson
(Ingersoll et al. 1984). The ratio Q/(Q +F) was estimated to
infer the precipitation regime under which sediment could
have been deposited (Picurd 1971; Weltje 1994). According
to this method, sediments having a higher Q/(Q + F) ratio
are indicative of wet conditions due to the loss of feldspar
and plagioclase during chemical weathering (Van der Kamp
2010).

Texture analysis was carried out based on two different
methods. The first one was only used for determining the
grain-size distribution of coarse sand and gravel deposits,
following the Rosiwal’s intercepts methodology (Rosiwal
1898). This method consists on measuring clasts length
intersected by parallel lines regularly spaced at 3 cm, per-
pendicular to core length, on scanner images where 30 clasts
(minimum) were considered without repeating the same
clast thrice (Sarocchi et al. 2005). Measurements were car-
ried out with free distribution software ImageJ (Rasband
2018). The second method, applied on clay, silt and medium/
fine sand, was performed on 39 samples using a Beckman
Coulter Multi-Wavelength Particle Size Analyzer. Particle
sizes obtained from both methods were converted to phi
units, and later, sorting was inferred by estimating standard
deviation (SD) based on the grain size distribution using
software R version 3.5.0 (R Core Team 2018). Well-sorted
material has SD values > 0.7, whereas poorly sorted material
has SD values <0.7.

Semi-quantitative diatom analysis was carried using the
smear slide samples of fine-grained (sandy to clayey) depos-
its. We counted diatoms in two or three parallel transects on

Table 1 Data set used for the age model

the smear slides. Diatoms were identified to genus level and
at least 300 valves were counted to obtain statistically sig-
nificant results (Smol and Stoermer 2010). Additionally, 21
stratigraphic samples were processed for pollen counting to
estimate the relative percentages of the most common pollen
taxa, following the Batten (1999) methodology.

Total nitrogen (TN), total carbon (TC) and total organic
carbon (TOC) were determined on 17 samples with a
Thermo Fisher Scientific NC-Soils Analyzer FLASH 2000
Series Elemental Analyzer. Total inorganic carbon (TIC)
was estimated as TC-TOC. 8'3C and §'°N were measured
in organic matter with a DELTA PLUS Finnigan MAT Iso-
tope Ratio Mass Spectrometer at the Universidade A Coruiia
Laboratory (Spain). Identification of aquatic/terrestrial
organic matter sources was done using TN, TC, TOC and
8!3C data, following the scheme proposed by Meyers and
Teranes (2001).

Age model

A preliminary Bayesian age-depth model was constructed
using R studio and the Bacon package (Blaauw and Chris-
ten 2011). The model took 168 sections with 3.74 x 107
iterations. Depth data used for the model are referred to as
“corrected composite depth (mcc),” which considers sand
and volcaniclastics to be instantaneously deposited materi-
als. The time scale for the lacustrine sequence was devel-
oped using five '*C ages from the upper 36 m of sediment,
collected during earlier drilling at Chalco (core CHAOS;
0.5 km southwest of the MexiDrill site in the sub-basin of
Chalco) (Herrera-Hernandez 2011; Ortega-Guerrero et al.
2017) (Table 1). The “C ages were calibrated using the
IntCall3 calibration curve (Reimer et al. 2013). For sedi-
ments below 36 m depth, a 234U/*30Th date was obtained
on zircons extracted from a tephra layer in a core collected
previously at Chalco (core CHAOS, 0.5 km southwest of the

Code Age (ka)  Error (BP+1c5) Depth(m) Composite Dated material References

corrected depth

(mcc)
Beta 287,002 24.62% 120 10.09 11.21 Pollen Herrera-Hernandez (2011)
Beta 287,005 27.65% 140 16.50 18.03 Pollen Herrera-Hernandez (2011)
Beta 347,492 31.74* 210 30.46 25.82 Pollen Ortega-Guerrero et al. (2017)
Beta 347,998 34.01* 260 34.08 30.77 Pollen Ortega-Guerrero et al. (2017)
Beta 347,499 40.46* 520 35.18 32.27 Ostracod Ortega-Guerrero et al. (2017)
CHAOS date 76.7%* 4700 63.50 69.84 Zircon Ortega-Guerrero et al. (2017)
MIS6-5 transition 130 3000 106 106 NA Avendaiio-Villeda et al. (2018)

Lisiecki and Raymo (2005)

MexiDrill date 280%** 40,000 170 166.73 Lacustrine carbonates ~ David McGee (unpublished)

Data with asterisk (*) are uncalibrated '*C dates. Data with double asterisks are 2>*U/**°Th dates. Age-depth model was developed using com-
posite corrected depths (mcc), which were estimated assuming sand and volcaniclastics were deposited instantaneously
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MexiDrill site) (Ortega-Guerrero et al. 2017). Additionally,
we employed an age of 130 ka at 106 m depth defined by
Avendafio-Villeda et al. (2018), who identified the transition
between Marine Isotopic Stages 6 and 5 based on diatoms
analyses in Chalco, and assigned the age of this transition
according to the Lisiecki and Raymo (2005) chronology.
Finally, an age of 280+ 40 ka was determined for lacus-
trine carbonates at 192 m (166.73 mcc), using 234U/230Th.
The latter is a tentative age that will likely be modified in
future studies. It was estimated from four different sediment
aliquots; one returned a date of 231+ 11 ka, and another
returned a date of 332 + 14 ka (2-sigma uncertainties). Two
other aliquots returned infinite ages. We used the mean of
the two finite age results to provide a rough age estimate.

Results

In this section, we present facies descriptions, using the
results of textural, mineralogical, compositional and sta-
ble isotope analyses from the targeted depth interval
(343-285 m).

Facies description

Eight facies were defined in the sequence (Fig. 2). Using the
main components, facies were grouped into three categories:
(1) detrital, which includes (a) laminated silt (LS), (b) mas-
sive sand (MS), (c) stratified silty sand (STS), (d) clast-sup-
ported gravel (CSG), and (e) matrix-supported gravel (MSG)
facies; (2) biogenic, composed of (a) diatom ooze (DO) and
(b) bivalve coquina (CO) facies; (3) volcaniclastic, which
includes clast-supported pumice (CSP) facies (Table 2).

(1) Detrital facies

The detrital facies are composed of silt, sand and
gravel deposits (Fig. 3). Minor components in detri-
tal facies include biogenic remnants such as diatoms,
organic material, and charcoal. Although detrital sedi-
ment is distributed along the sequence, coarser mate-
rial (gravel) is more abundant toward the base of the
stratigraphic column (> 315 m). Mineralogically,
sand deposits are dominated by plagioclase, feldspar,
pyroxene, olivine and volcanic glass. On the other
hand, gravel deposits are composed of andesite and
basalt fragments. Magnetic susceptibility displays a
wide range of values, with the gravel deposits show-
ing higher values (400—-1500 10~ SI) than silt depos-
its (150-250 107 SI). Massive sand deposits have the
lowest values of total nitrogen and total organic carbon
(TOC: 0.1-0.4%; TN: 0.01-0.03%), whereas laminated
silt and stratified silty sand have higher values (TOC:
0.09-1.59%; TN: 0.01-0.09%). In addition, the mas-

2)

3

sive sand sections have low values of Q/(Q+F) ratio
(<0.4).
Biogenic facies

These facies are composed mainly of diatoms, pol-
len, charcoal, organic material, ostracods, gastropods
and vascular plant remnants. They are present between
315 and 285 m depth; with the highest abundance from
306 to 286 m depth. Magnetic susceptibility in these
deposits is between 250 and 150 107> SI, the lowest in
the core record. Total nitrogen varies between 0.08 and
0.52%, while total organic carbon varies between 0.61
and 5.92%, the highest values in the core record. There
are two kinds of biogenic deposits: diatom ooze and
bivalve coquina.

The diatom ooze is composed of 90% diatom valves
and 10% feldspar-rich silt, and other components such
as pollen, phytoliths, and vascular plant remains. Dia-
toms were divided into two associations (Fig. 4f).
Association A is composed of Staurosira, Rhopalo-
dia, Cocconeis, and Navicula, which correspond to
shallow-water conditions. In contrast, association B is
formed by Stephanodiscus cf. minutulus (Kiitz) Cleve
& Moller, and Stephanodiscus niagarae-Ehrenberg, as
well as Aulacoseira sp., which are planktonic forms
that are common in eutrophic and relatively deeper-
water lakes (Edlund and Kingston 2004; Bennion and
Simpson 2011; Gabito et al. 2013). The diatom deposits
are characterized by high values of the Q/(Q + F) ratio
(>0.4). Most of the diatom deposits are intercalated
with detrital facies, particularly between 306 and 294 m
depth.

The bivalve coquina is composed of bivalve, ostra-
cod and gastropod remnants (Fig. 4g). It is present at
293 m depth as a unique deposit of 1.2 m thickness. Its
palynomorph content is composed mainly of the micro-
alga Pediastrum, and pollen of Pinus, Picea, Alnus,
Ambrosia and Quercus.

Volcaniclastic facies

Volcaniclastic facies includes four tephra deposits
between 294 and 286 m depth (Fig. 5). These are well
sorted, with sub-angular pumices. Based on their color
and mineralogy (plagioclase, muscovite and quartz),
these are from silica-rich eruptions. Magnetic sus-
ceptibility has intermediate values, between 250 and
570 107 SI. The clast-supported pumice deposits are
named here to represent their stratigraphic depth: (a)
Tephra CHA16-288, (b) Tephra CHA16-289a, (c)
Tephra CHA16-289b and (d) Tephra CHA16-294.

Tephra CHA16-288 is located at 288.1 m depth has a
thickness of 13 cm. This deposit shows inverted grada-
tion, from ash to lapilli, and has an inferior planar con-
tact. Tephra CHA16-289a is located at 289.6 m depth
and is 24 cm thick. It is a lapilli deposit with appar-
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Fig.2 Stratigraphic column for the section between 343 and 285 m
depth in the MEXI-CHA16-IC core. The column is composed of the
facies identified at the left and the particle size at the right. The four
stages proposed: a Alluvial (385-330 m), b Fluvial (330-306.5 m),

@ Springer



International Journal of Earth Sciences (2021) 110:2519-2539 2525

Table 2 Main textural, compositional, mineralogical and stable isotope features of the facies proposed in this work for Lake Chalco in the sedi-
mentary sequence from 343 to 285 m depth

Facies Sedimentological features Depositional environment

Laminated silt (LS) Distribution: Upper seven meters of the stratigraphic  Oligotrophic lake, probably shallow
column (292-285 m depth) as strata with variable
thickness (0.3—1 m)

Granulometry and sorting: Silt (~64%), fine sand
(~26%) and clay (~ 11%). Moderately sorted
(SD=0.72)

Mineralogy: Feldspar (38%), pyroxene (17%), opaque
minerals (11%), olivine (9%), quartz (6%) and
amphibole (1%)

Biogenic rests: organic material (1%) and siliceous
remnants such as phytoliths and diatoms (9%)

Magnetic susceptibility: 150 to 250 107SI

TOC: 0.9-1.1% / TN: 0.09-0.1% / TOC/TN:

9.1-13.1
8'°N: 2.9-3.3 %o / 8°C: — 24.4 t0 - 23.9 %o
Massive sand (MS) Distribution: Between 339 and 300 m depth, with Laminar flows in a fluvial low energy environment

the greatest occurrence between 324 and 309 m, as  When MS is intercalated with MGS represents the
strata with variable thickness between 0.15 and 2 m  final stage of a hyperconcentrated flow in an alluvial
Granulometry and sorting: Medium-coarse sand environment
(72%), silt (23%) and clay (6%). poorly to moder-
ately sorted (SD between 0.9 and 1.22)
Mineralogy: Monocrystalline feldspar (30%), opaque
minerals (12%), plagioclase on lathwortk lithic
(12%), pyroxene (11%), lathwortk lithic (9%),
olivine (8%), quartz (7%), biotite (4%), amphibole
(2%) and microlite lithic (2%)
Biogenic rests: Siliceous remnants such as diatoms
(mainly Cocconeis gender; (1%) and phytoliths
(4%)
Magnetic susceptibility: 400 to 700 1073SI
TOC: 0.1-0.4% / TN: 0.01-0.03% / TOC/TN:
6.4-13.9
8'°N: 1.8-5 %o / 8"3C: — 33.7 to — 20.3 %o
Special notes: Thin section data suggest the presence
mainly of basaltic-andesite angular poorly sorting
lithics (Fig. 4). Minerals show high alteration and
diagenesis, such as dissolution in pyroxene and
plagioclase crystals, as well as subparallel twinning
in plagioclase crystals
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Table 2 (continued)

Facies Sedimentological features Depositional environment

Stratified silty sand (STS) Distribution: Between 325 and 301.5 m, with greatest Laminar flows in a flood plain environment
recurrence between 301.5 and 307 and 318-323 m
as deposits between 0.8 and 0.2 m thickness

Granulometry and sorting: Sand (41%), silt (51%)
and clay (8%)

Mineralogy: Feldspar and plagioclase (28%), olivine
(14%), pyroxene (11%), quartz (9%), plagioclase on
lathwortk lithic (5%), opaque minerals (4%), clayey
matrix (3%), lathwortk lithic (3%), amphibole (2%),
volcanic glass (2%) and in some cases chalcedony
(1%)

Biogenic rests: Organic material and vascular plants
(15%), as well as siliceous remnants such as phyto-
liths (3%) and diatoms (2%)

Magnetic susceptibility: 500 to 700 107 SI

TOC: 0.09-1.59% / TN: 0.01-0.09% / TOC/TN:
5.7-17.9

8'N: 2.74-6.13 %0 / 8'3C: - 28.1 to — 22.5 %o

Special notes: Micromorfologic analyzes suggest the

presence of laminations associated with changes on
sorting, roundness and diameter. We observed light
layers associated with coarse (coarse sand), angular
and poorly sorting sediment; and dark layers associ-
ated with fine (fine sand), subrounded and moderate
sorting sediment. We observed charcoal and olivine
phenocrystals horizontally aligned as well as a high
concentration of organic material on dark layers.
In addition, we observed angular crystals of quartz
and plagioclase with no orientation on light layers.
In some cases, there are coal layer up to 1 cm thick
(Fig. 5)

Clast supported gravel (CSG)  Distribution: Between 321 and 295 m as strata with ~ Streamflows with high energy in a fluvial environment
variable thickness between 1 and 1.5 m

Granulometry and sorting: Gravel (100%). Subangu-
lar-rounded clasts with diameters between 4 and
2 mm. Very well sorted (SD between 0.25 and 0.43)

Mineralogy: Deposits are composed of: (1) white
pumice fragments with biotite, pyroxene, plagio-
clase and quartz crystals (35%); (2) basalt and
andesite fragments with pyroxene, feldspar and
olivine (33%); (3) conglomerate fragments com-
posed of basaltic lithics and olivine, pyroxene and
plagioclase crystal on a sandy matrix (17%); (4)
orange pumice fragments with plagioclase, quartz
and pyroxene crystals (5%); (5) rock fragments with
calcite crystals (5%); (6) plagioclase individual
crystals (3%); (7) olivine individual crystals (1%);
and (7) black scoria fragments (2%) (Fig. 6)

Biogenic rests: NA

Magnetic susceptibility: 180 to 1200 107SI

TOC: NA

8N: NA /8'3C: NA

Special notes: Deposits are massive and occasion-
ally show normal gradation. Clast supported
gravel facies (CGS) is composed of massive clast
supported gravel deposits that occasionally show
normal gradation
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Table 2 (continued)

Facies Sedimentological features Depositional environment

Matrix supported gravel (MSG) Distribution: Between 343 and 324 m depth, it is also Debris flows in an alluvial environment

present between 295 and 293.5 m. The strata have
variable thickness from 1-1.5 m

Granulometry and sorting: Gravel (100%). Subangu-
lar-rounded clasts with diameters between lower
than 10 cm. Poorly sorted (SD between 1.5 and 2.5)

Mineralogy: Clasts are angular and they have
basaltic-andesitic composition with plagioclase,
orthopyroxene (enstatite), clinopyroxene, opaque
minerals and amphibole (hornblende) (Fig. 7)

Biogenic rests: NA

Magnetic susceptibility: 400 to 1500 107 SI

TOC: NA

8'°N: NA/8"C: NA

Special notes: Deposits have two types of fabric: (1)
massive gravel and (2) gravel with normal grada-
tion followed by coarse sand with plane parallel
stratification

Diatom ooze (DO) Distribution: Between 316 and 285 m depth and it Relatively deep (few meters), cold to temperate fresh

has greatest recurrence between 307 and 286.5 m. water lake
Strata of 0.3—1.5 m thickness

Biogenic rests: Biogenic fraction constitutes 90% and
it is composed of siliceous remnants such as sponge
spicules and diatoms

Granulometry and sorting (detrital fraction): Silt
(63%), fine sand (25%) and clay (11.7%). Fine sand
grains are well sorting (SD between 0.65 and 0.85)

Mineralogy: Feldspar (40%), quartz (12%), olivine
(11%), pyroxene (9%), augite (7%) and opaque
minerals (6%)

Magnetic susceptibility: 150 to 250 107 SI

TOC: 0.61-5.92% / TN: 0.08-0.52% / TOC/TN:
8-14.3

8N: 5.61-9.13 %0 / 8'3C: - 28.1 to — 24.8 %o

Coquina (CO) Distribution: Deposit with 1.2 m thick at 293 m Shallow and eutrophic lake

depth

Biogenic rests: The 68% of the components are oval
carbonated organism’s remains such as ostracods
and bivalves (90%) and gastropods (10%) (Fig. 10).
The 30% of components are diatoms remains (4%),
sponge spicules (16%), organic material (9%) and
charcoal (1%). Diatoms are mostly composed of
S. minutulus. 76% algae (principally Pediastrum),
21% arborous pollen, 3% herbaceous pollen and
0.3% subaquatic plants characterize palynomorphic
content

Granulometry and sorting (Detrital fraction): Sand
(49%), silt (48%) and clay (3%). Sand grains are
well sorting

Mineralogy: Aragonite (47%) and calcite (42%)

Magnetic susceptibility: less than 150 107 SI

TOC: 3.1% / TN: 0.2% / TOC/TN: 15.5

8'°N: 8.2 %0 / 8"3C: - 25.2 %o

Clast supported pumice (CSP)  Four deposits located at 294, 289.9, 289.6 and Pyroclastic fall deposits probably from the Iztaccihuatl

288.1 m depth. Magnetic susceptibility: between volcanic complex
250 and 570 107 SI. The strata thickness vary
between 12 and 85 cm
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ent lamination and an inferior planar contact. Tephra
CHA16-289b is located at 289.9 m depth and is 45 cm
thick. It is a massive lapilli deposit with an inferior
planar contact. Tephra CHA16-294, located at 294 m
depth, is 85 cm thick, and the largest volcanic deposit
in the sequence (Fig. SH.4). This deposit is divided in

@ Springer

two units. The first, at the bottom, is composed of mas-
sive lapilli with an inferior planar contact, whereas the
second unit overlies the first one and is a massive ash
deposit with an inferior sharp contact.
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«Fig. 3 Core images of detrital facies; vertical scale in cm. A Lami-
nated silt (MEXI-CHA16-1C-170Y-1). B Massive sand (MEXI-
CHA16-1C-189Y-1), and the different kind of clasts in this facies:
B.1 Lithic type lathwortk with plagioclase phenocrysts. B.2 Pyrox-
ene phenocrystal with high degree of weathering. B.3 plagioclase
monocrystal with hacksaw twinning. B.4 Lithic microlith type in
a crystalline matrix. C Stratified silty sand (MEXI-CHA16-1C-
185Y-1): C.1 and C.2 cross-polarized and plane-polarized light
microphotographs, respectively, of a light layer, plagioclase crystals
are observed without alignment. C.3 and C.4 Cross-polarized and
plane-polarized light microphotographs, respectively, of a dark layer;
the alignment of the layers can be observed on plagioclase crystals
and charcoal. C.5 Coal layer intercalated between the light layers; and
C.6 chalcedony (red color) enveloping a quartz crystal. D Clast-sup-
ported gravel (MEXI-CHA16-IC-189Y-1): D.1 white pumice frag-
ments; D.2 and D.4 andesitic fragments. D.3 Calcite fragment. D.5
detrital rock fragment. E Matrix-supported gravel (MEXI-CHA16-
IC-203Y-1): E.1 Olivine (Ol), feldspar (Fd) and hornblende (Hb).
E.2 Fragment of plagioclase (Pg). E.3 Fragment of augite (Aug) with
high degree of weathering. E.4 Opaque minerals in a hypocrystalline
matrix of plagioclase and glass

Age model

The Bayesian age-depth model suggests that the upper 343 m
of the MexiDrill Chalco sequence spans the last 408 +47 ka
(Fig. 6). Eighty-nine percent of the ages obtained in the age-
depth model are within the 95% confidence range (uncer-
tainties <44 ka). The model provides a preliminary estimate
for the age of the deepest lacustrine deposits in the Mexi-
Drill core. As discussed below, deposits associated with
the establishment of a permanent lake are at 293.1 m depth
(236 mcc), and have a model age of 400+ 46 ka. The age-
depth model indicates that the section analyzed in this work
(343-285 m; 240-229 mcc) spans ~21 ka of the depositional
evolution before and during the formation of Lake Chalco.

Discussion
Formative history of Lake Chalco

We divided the stratigraphic column from Lake Chalco into
four phases using the stratigraphy, magnetic susceptibility
data, and the Q/(Q +F) ratio. These stages are, from deepest
to shallowest: (a) alluvial, (b) fluvial, (¢) transitional fluvial-
lacustrine, and (d) lacustrine (Fig. 2). In this section, we
describe the characteristics of each stage and its associated
environmental processes.

Alluvial stage

Deposits associated with this phase are located between 343
and 330 m depth. They are characterized for the most part by
MSG facies. The main features of this stage are the absence
of organic material and high magnetic susceptibility values

(Table 2). Angularity in clasts could indicate active collision
between clasts during the sediment transport. Particle size
is>?2 cm, indicating high-energy transport.

There are two types of features in the MSG facies. The
first is dominated by massive, poorly sorted and ungraded
gravel, suggesting the presence of debris flows. They are
gravity-driven flows of highly concentrated mixtures of sedi-
ment and water (>80 wt% [percentage of total dry mass]),
whose deposition occurs abruptly (Sohn et al. 1999). The
second feature consists of moderately sorted, usually graded
gravel, with gradual coarsening upward contacts at the bot-
tom, and stratified sand at the top. These characteristics sug-
gest the presence of hyper-concentrated flows (Cao and Qian
1990; Cronin et al. 1999). These are gravity-driven flows,
but unlike debris flows, they have a suspended sand sediment
content between 20 and 60 wt% (Beverage and Culbertson
1964) and their deposition can generate graded deposits
(Pierson 2005). Presence of both hyper-concentrated and
debris flow deposits leads us to propose that this section
corresponds to an alluvial environment (Lowe 1982; Smith
1986).

According to our preliminary chronology, sediments in
this stage may have been deposited around 408 +46 ka.
Additionally, presence of rock fragments rich in plagioclase,
orthopyroxene, clinopyroxene and amphibole in both types
of deposits suggests that the material came from ranges in
the basin with basalt-andesite composition, such as the Chi-
chinautzin, Santa Catarina, Las Cruces and Nevada ranges
(Fig. 3e).

Effusive volcanic activity younger than 250 ka has been
recorded in the Chichinautzin and Santa Catarina Volcanic
Fields (Lugo-Hubp et al. 1994; Marquez et al. 1999; Arce
et al. 2015; Ortiz-Enriquez 2017; Jaimes-Viera et al. 2018),
which make them unlikely sources of the MGS deposits of
the alluvial stage. Volcanic activity around the basin, which
is older than 400 ka and could have been the source of the
MGS deposits, occurred in the Sierra de Las Cruces (Osete
et al. 2000; Aguirre-Diaz et al. 2006; Arce et al. 2008),
Pefion Monogenetic Volcanic Group (Jaimes-Viera et al.
2018) and Sierra Nevada (Nixon 1989).

Fluvial stage

CSG, MS, and STS facies constitute the fluvial stage depos-
its from 330 to 306.5 m depth. The main characteristic of
this core interval is the first appearance in the record of
organic materials including vascular plant remains, amor-
phous organic matter, and charcoal layers. These sedi-
ments, however, are devoid of remains of aquatic organ-
isms. According to our age model, sediments of this stage
are likely older than 407 + 46 ka.

Results of the Rosiwal method show that clasts in the
CSG facies are > 2 mm, but <2 cm, suggesting a high-energy
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l Association A

Fig.4 Core images of biogenic facies. Vertical scale in cm. F Dia-
tom ooze (MEXI-CHA16-IC-174Y-1): (F.1 and F.2) Representative
diatoms from association A (Staurosira sp.); (F.3, F.4 and F.5) Repre-
sentative diatoms from association B (Stephanodiscus niagarae, Aul-
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acoseira sp., and Stephanodiscus minutula, respectively). G Coquina
(MEXI-CHA16-IC-175Y-1): (G.1) Gastropod; (G.2) Ostracod, (G.3
and G.4) Bivalve (the arrow indicates the lamellae that allowed their
identification)

@
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Fig.5 Core images of volcaniclastic facies; horizontal scale in cm. H.1 Tephra CHA16-261 (MEXI-CHA16-IC-172Y-1); H.2 Tephra CHA16-
263a (MEXI-CHA16-IC-173Y-1); H.3 Tephra CHA16-263b (MEXI-CHA16-1C-173Y-1); H.4 Tephra CHA16-294 (MEXI-CHA16-IC-175Y-1)

transport into the water body such as a streamflow, but with
lower energy than during the alluvial stage. Also, textural
and compositional sediment characteristics of the CSG,
such as subangular-rounded and very well-sorted clastic
deposits, in the absence of lacustrine organisms, suggest

@ Springer

reworking (Beverage and Culbertson 1964; Smith 1986).
These lithological characteristics have been recognized
on the ancient lake Chalco shoreline, along with sorted
sand and mud associated with recent sediments from the
Amecameca River (Fig. 1b) (Frederick and Cordoba 2019).
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Fig.6 Bayesian age-depth model for the upper 343 m (240 mcc) of
the MEXI-CHA16-1C core. a Parameters obtained during model
development. b Uncertainty along the sequence; 95% confidence
range is marked in a green square. ¢ Age-depth model; depth data
correspond to the corrected composite depth that considers deposi-
tion of sand and volcaniclastic material as instantaneous events. Some
specific dates referred to in this study are indicated. Additionally,
stratigraphic markers are shown: Coquina (green dotted point line)
and Tephra CHA16-294 (blue dotted point line)

Lithological heterogeneity in CSG clasts, such as pumice,
basalt, and andesite fragments, suggests that the sediment
came from multiple sources (Fig. 3d). A sediment source
located > 30 km from the drill site could significantly rework
and sort the clasts. The pumice fragments present in the
CSG facies (Fig. 3D1), products of silica-rich explosive vol-
canism, are unlikely to have come from the Sierra Chichin-
autzin Volcanic Field, as their products are associated more
with effusive to explosive materials of basaltic to andesitic
composition (Siebe et al. 2005).

SM facies are intercalated with CSG facies and the tran-
sition between the two facies is sometimes characterized
by gravel deposits, which gradually are replaced by sand.
This change may be associated with low-energy periods in
streamflow during which fine suspended sand was deposited
in standing ponds (Lespez et al. 2011; Miall 2012). Ero-
sive contacts in the transition from sand to gravel deposits
may have been associated with an increase in the stream-
flow energy. SM deposits show low %N and %C org values

(TOC: 0.1-0.4%; TN: 0.01-0.03%), indicating low quanti-
ties of organic material, both terrestrial and aquatic (Fig. 7c).

Grain size and mineralogical analyses on STS facies
show that the sedimentation pattern consists of an alter-
nation between light quartz-plagioclase massive coarse
sand layers and dark silty-sand layers rich in charcoal and
plagioclase, with parallel laminations. The light layers are
characterized by poorly sorted crystals and have erosive
lower contacts. These characteristics may be associated
with relatively short-distance transport, which precluded
sorting of the sediment, but its energy could have eroded
underlying sediments (Fig. 3 C1 and C2). In contrast, dark
layers are composed of plagioclase crystals with horizon-
tal alignment, charcoal particles, and gradual lower con-
tacts, suggesting settling in still waters of shallow (cm)
ponds (Fig. 3 C3 and C4). Lespez et al. (2011) described
laminated silty sand with numerous charcoal and vege-
tal remains on thin sections similar to STS facies from a
Holocene fluvial record in West Africa. Those deposits
seem to be associated with periodic occurrence of fluvial
inputs (floods) to a floodplain. We suggest that STS facies
are associated with channel abandonment and the devel-
opment of a floodplain, where light layers may represent
flooding periods. Reduction of the ratio Q/(Q + F) in dark-
layer deposits suggests dry periods between 322 and 311 m
depth (Van der Kamp 2010), and explains the presence of
0.5-cm charcoal layers associated with fires in the region
(Fig. 3 C5). We suggest that during dark layer deposition,
the floodplain level and energy declined because of dry
conditions in the region.

Characteristics of the terrestrial organic matter deposited
during the fluvial stage were explored using the TOC, §!*C
and TOC/TN values. Data were divided into two groups,
the first corresponding to samples from greater depths
(>307 m) and the second corresponding to samples from
depths <307 m (Fig. 7a). Older samples have lower 8'°C
(=33.7 to —25.3 %o) and TOC/TN (4.4-6.9) than younger
ones (8'3C: —23.7 to —19.8 %o; TOC/TN: 14.4-18.3). We
would expect a post-burial diagenesis effect in the organic
matter in samples under 307 m depth. Meyers et al. (1995)
showed that selective degradation of terrestrial organic mat-
ter during post-burial diagenesis can diminish the TOC/TN
ratios in sedimentary samples. The latest is associated with
a selective degradation of carbon-rich sugars and lipids
in plant matter buried. In this way, younger organic mat-
ter samples are generally higher in TOC/TN than the older
ones (Hodell and Schelske 1998). In absence of post-burial
processes, the 8'3C and TOC/TN values suggest a greater
input of terrestrial organic matter towards the end of this
fluvial stage (Meyers and Teranes 2002) (Fig. 7a). In addi-
tion, the presence of vascular plant remains and amorphous
organic matter suggest the development of soil and vegeta-
tion around the water body.
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Fig.7 a Relation between 8'°C and TOC/TN, illustrating the main
origin of incoming organic material among the different stages of
Lake Chalco. Envelopes (rectangles) for source types come from
Meyers and Teranes (2001). b Percent total organic carbon (TOC)
and total nitrogen (TN) that shows the main source of organic mate-
rial among the sedimentary facies. ¢ TN versus TOC/TN ratio that

Fluvial-lacustrine transition stage

From 306.5 to 294 m depth, the facies are constituted by
MS, CSG, LS, STS, DO and MSG. The principal character-
istic of this stage is the novel presence of diatoms (Fig. 8).
Our age model suggests that these sediments are older than
400 +46 ka. This interval was divided into three sub-stages.

Sub-stage 1 (Sub1)

The first sub-stage deposits span from 306.5 to 302.8 m
depth. The interval is characterized by a transitional fin-
ing upward contact from CGS to LS facies that suggests a
decrease in the transport energy.
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There are intercalations of laminated sediments of DO
facies, which have high diatom content (90%) and a minor
proportion of well-sorted silt (10%). Diatoms from associa-
tion A (Staurosira, Rhopalodia and Cocconeis), are present
between 306.8 and 302.8 m depth (Fig. 8). Several authors
have observed that small species of the family Fragilari-
aceae, such as Staurosira, are facultative planktonic taxa
that can be fast colonizers after environmental disruptions
(Vos and de Wolf 1988; Gell et al. 2002; Augustinus et al.
2008). Both Cocconeis and Rhopalodia are epiphytic forms
that suggest shallow-water conditions (Gasse et al. 1997).

Multiple factors control the 8'°N of bulk lacustrine
organic matter, such as source, depositional environment
and diagenetic changes. However, an increasing number of
study suggests that lower values of 8'°N show more intense
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denitrification processes and point to more oxic environ-
ments (Hollander et al. 1992; Brenner et al. 1999; Talbot and
Ladak 2000; Talbot 2001; Zhong et al. 2017). The limited
8N results (8'°N: 2.8-3.0%o) are coherent with a relatively
shallow and oligotrophic lake (Fig. 7d). Characteristics of
this sub-stage indicate fluctuating conditions, but a trend
from proximal littoral facies toward the formation of a shal-
low, oligotrophic and probable oxic lake, which we call
“Paleo-Chalco-I” (Fig. 8).

Presence of a 10-cm carbonate layer (aragonite and cal-
cite) at 303.8 m depth suggests that Paleo-Chalco-I became
a highly concentrated shallow water body. Deposits over-
lying the carbonate layer (303.8-302.8 m depth) are char-
acterized by an increase in Cocconeis and Navicula, and
later rise in planktonic species characteristic of diatom
association B (Stephanodiscus and Aulacoseira) (Fig. 8).
This shift in diatom assemblages suggests evolution to a
deeper eutrophic lake (Edlund and Kingston 2004; Bennion
and Simpson 2011; Gabito et al. 2013). Additionally, TN
data (0.01-0.08%) and the TOC/TN ratio (8.0-11.2) indi-
cate a mix of terrestrial and aquatic organic material input
(Fig. 7¢).

Sub-stage 2 (Sub2)

A second sub-stage, between 302.8 and 296.2 m depth, is
characterized by a transitional coarsening upward from the
DO deposit to the CSG facies. The DO facies is dominated
by diatoms of association A (Staurosira and Cocconeis),
which are indicative of shallow-water conditions, particu-
larly between 299.3 and 298.3 m depth (Fig. 8). The pres-
ence of rounded and well-sorted gravel in CSG, as well as
transitional changes between CSG and DO facies, indicate
periodic changes in lake level and in-lake migration of

DLaminated silt D Clast supported gravel . Matrix supported gravel [98

. Massive sand D Stratified silty sand

- - Deposit environment change

] Clast supported pumice

. Diatom ooze

- - - Carbonate layer

D Coquina

littoral facies. Our Q/(Q +F) data indicate wet conditions
during this sub-stage. However, because of limited data
resolution, we cannot correlate changes in humidity with
littoral facies migration. A recent geomorphological study
of abandoned Chalco shorelines revealed large sand and
gravel deposits associated with river deltas during the last
7000 years (Frederick and Cordova 2019), suggesting that
there is no simple correlation between climate and sedi-
mentation. The evidence indicates that Paleo-Chalco-I had
a lower lake level during sub-stage 2, and that littoral facies
were deposited at the drill site, dominated by well-sorted
and rounded coarse size fractions (gravels and sands), as
result of wave action in the lake. During this generally low
lake period, an intermittent shallow and oligotrophic lake
developed.

Sub-stage 3 (Sub3)

A third sub-stage, between 296.2 and 294.0 m depth, is
characterized by high values of magnetic susceptibil-
ity (600—1800 107> SI) and the presence of subangular to
rounded and poorly sorted clasts, 2—10 cm in diameter, in
the MSG facies. These characteristics suggest deposition
of volcaniclastic material by debris and hyper-concentrated
flows that reached the Paleo-Chalco-I, at least at the location
of the drill site (Lowe 1982; Smith 1986).

Lacustrine stage

The last stage is characterized by a substantial increase in
diatom content of the sediments, as well as the presence of
tephra layers in the analyzed sequence and a bivalve coquina
deposit. This stage is constituted by DO, CSP, CO, and LS
facies. The 85-cm-thick white pumice deposit at 294 m
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depth, which we name “Tephra CHA16-294,” is overlain by
the CO facies, which in turn is covered by the DO and LS
facies (Fig. SH4).

The thickness of CHA16-294 tephra had not previously
been observed in the Chalco lacustrine sequence. The thick-
est tephra layer (35 cm) recorded in the younger sediments
of Lake Chalco is a deposit from a Plinian eruption that
occurred ca. 17 cal ka BP and came from Popocatepetl
(50 km from the drill site), whose major dispersion axes
was in the direction of Chalco (Sosa-Ceballos et al. 2012;
Ortega-Guerrero et al. 2018). The source of tephra CHA16-
294 is unknown, but its thickness and mineralogy suggest
it came from eruption of nearby stratovolcanoes. Based on
the estimated age for the CHA16-294 tephra (400 +46 ka)
and known regional volcanic activity (Table 3), we suggest
that it may be associated with activity in the Iztaccihuatl
volcanic complex, related to the collapse of the Los Pies
cone (Garcia-Tenorio 2008; Macias et al. 2012). Regardless
of the mechanism and source that produced the CHA16-
294 tephra, it is clear that the hydrographic features of the
basin changed as a consequence of this volcanic activity and
helped establish a second lacustrine phase after ca. 400 ka,
which we name “Paleo-Chalco-1I".

Above the CHA16-294 tephra (293.1 m depth), there is a
gradual change to a unique coquina deposit that is composed
of bivalve, ostracod, and gastropod remains, which indicate
that these organisms were abundant in the lake during its
initial filling (Fig. 4g). Presence of gastropods and bivalves
suggests that Paleo-Chalco-II was initially a carbonate-rich
shallow lake (Tavares et al. 2015).

Microalgae such as Pediastrum and Coelastrum were
found at the top of the coquina facies deposit (291.9 m).
Pediastrum and Coelastrum have been reported as indica-
tors of eutrophic conditions (Janssen and Ijzermans-Lut-
gerhorst 1973; Whitney and Mayle 2012; Acosta-Noriega
2019). These algae suggest that after the deposition of the
coquina, water level in Paleo-Chalco-II rose and the water
body became eutrophic. This inference is supported by the
85N (> 6.8%0) and 8'3C (< —25.7%0) values, which suggest
a deeper and more productive lake (Fig. 7d).

From the top of the coquina deposit (291.9 m) to 285 m
depth, a significant increase in association B diatoms (Steph-
anodiscus niagarae and Aulacoseira) suggests an increase
in water depth (Fig. 8). Stephanodiscus niagarae is a spe-
cies that was abundant in Lake Chalco during glacial stages
such as Marine Isotopic Stages 2 and 6 (Avendafio-Villeda
et al. 2018). This would suggest that Paleo-Chalco-II formed
during a cold interval, which according to our age model,
correlates with Marine Isotopic Stage 10 (374 ka) (Lisiecki
and Raymo 2005). However, our chronology requires a bet-
ter age control for sediments, as it is possible that the age of
these deposits may be older than MIS10 even MIS12. Such
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old and cold periods have not yet been known in Central
Mexico.

Higher diatom concentrations and TN values in Paleo-
Chalco-II than Paleo-Chalco-I suggest an increase in pro-
duction of aquatic organic matter as a result of large quanti-
ties of nutrients entering the water body, possibly associated
with the weathering of the volcanic material from tephra
CHA16-294 and subsequent ash falls (Tephras CHA16-
288, CHA16-289a and CHA16-289b). Volcanic eruptions
can promote changes in lacustrine systems. For instance,
volcanic material in the water column could reduce available
light to photosynthetic organisms, thereby lowering primary
production (Barcker et al. 2000). On the other hand, input
of nutrients associated with volcanic material can foster
increased primary production of diatoms and other algae.
This effect has been documented in Lakes Alberta (Canada)
and Patzcuaro (Mexico) (Hickman and Reasoner 1994; Tel-
ford et al. 2004).

Stratigraphic correlation with previous cores

Previous information regarding the stratigraphy of the lacus-
trine sequence and the lower rock units in the Basin of Mex-
ico came from deep drillings at sites north of the MexiDrill
location (Fig. 9; Oviedo de Leon 1967; Arce et al. 2013).
At the “San Lorenzo Tezonco” core (17.6 km northwest of
Chalco), lacustrine deposits were found between the surface
and 70 m depth; in addition, microalgae such as Pedias-
trum and Botryococcus were encountered in several sam-
ples of lacustrine clay from 604 to 590 m depth, and dated
to>250 ka (Lozano-Garcia and Sosa-Najera 2015). This was
interpreted to indicate a deep and eutrophic water body. In
the “Texcoco” core (24.3 km north of Chalco), lacustrine
deposits were reported from 485 m depth to the surface;
presence of clay layers with microalgae such as Botryococ-
cus, Pediastrum and pollen of aquatic taxa as Potamogeton
in several samples between 642 and 425 m depth, suggests
the presence of an ancient water body in a wet environment
(Lozano-Garcia and Sosa-Najera 2015). Palynological,
stratigraphic and chronological data from the San Lorenzo
Tezonco and Texcoco cores suggest that a correlation exists
between clay deposits reported by Lozano-Garcia and Sosa-
Najera (2015), and sediments from Paleo-Chalco-I (Fig. 9).

Regional implications

Lake Chalco sediments provide a unique archive of long-
term record of climatic variability. Our data suggest that
the formation of the lake occurred ca. 400 ka ago, which
implies that the drill-core sequence recovered is the longest
late Quaternary lacustrine record from the North Ameri-
can tropics. The analyzed section of the MexiDrill record
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Table 3 Age compilation for different volcanoes from Sierra Chichinautzin volcanic field (SCVF) and Sierra Nevada (SN)

Range Volcano Age (ka) Dated material Method References

SN Iztaccihuatl (La Joya Andesite) 270 Whole rock 40Ar/39Ar Nixon (1989)

SN Popocatepetl (Nexpayantla) 270 Lava flow 40Ar/39Ar Delgado Granados et al. (2017)
SN Telapon (Domo Telapon) 274 Rock in matrix 40Ar/39Ar Garcia-Tovar and Martinez-Serrano (2011)
SN Popocatepetl (Nexpayantla) 280 Lava flow 40Ar/39Ar Delgado Granados et al. 2017)
SN Popocatepetl (Nexpayantla) 280 Lava flow 40Ar/39Ar Delgado Granados et al. (2017)
SN Popocatepetl (Nexpayantla) 306 Lava flow 40Ar/39Ar Delgado Granados et al. (2017)
SN Popocatepetl (Nexpayantla) 324 Lava flow 40Ar/39Ar Delgado Granados et al. (2017)
SN Iztaccihuatl (Pies) 340 Plagioclase 40Ar/39Ar Nixon (1989)

SN Popocatepetl (Nexpayantla) 380 Lava flow 40A1/39Ar Delgado Granados et al. (2017)
SN Iztaccihuatl (Pies) 410 Plagioclase 40Ar/39Ar Nixon (1989)

SN Iztaccihuatl (Pies) 450 Plagioclase 40Ar/39Ar Macias et al. (2012)

SN Popocatepetl (Tlamacas) 538 Dome 40Ar/39Ar Delgado Granados et al. (2017)
SN Iztaccihuatl (Llano grande) 580 Whole rock 40Ar/39Ar Nixon (1989)

SN Tlaloc (C. Tlapanco) 685 Groundmass 40Ar/39Ar Nixon (1989)

SCVF C. La Estrella 765 Whole rock 40Ar/39Ar Jaimes Viera et al. (2018)

SCVF La Corona 820 Whole rock 40Ar/39Ar Jaimes Viera et al. (2018)

They are ordered from younger to older. It is indicated the material which was measured, dating method and the reference. On bold are high-
lighted the eruptive events that could be associated with Paleo-Chalco-II formation

(343-285 m depth) allows us to study the formation of a lake
in volcanic settings such as the Basin of Mexico.

Gradual changes in the sedimentary environments (allu-
vial and fluvial) dominated the landscape of the southern
Basin of Mexico before the establishment of a lacustrine
environment. Paleo-Chalco-II settlement is clearly linked
to a major volcanic event, after which the lake deepened
and its productivity increased. These changes in the lake
could be a response to the alteration of the hydrology of the
basin caused by the volcanic event. The role of volcanism
in the formation of lakes has been also noted in other loca-
tions, i.e., Lake Kivu, West Africa (Pasteels et al. 1989) and
Laacher See, Germany (Park and Schmincke 1997). In both
cases, deposits from volcanic eruptions blocked fluvial sys-
tems and/or diverted the natural runoff in the basins.

The stratigraphy and evolution of the Basin of Mexico
has been extensively studied through surficial geology and
previous drill cores. Volcanic stratigraphy since the Mio-
cene has been developed from outcrops (e.g., Enciso de la
Vega 1992; Siebe et al. 2005; Jaimes-Viera et al. 2018; Arce
et al. 2019), and the drill cores have provided a knowledge
of the general stratigraphy of the upper 3 km (Oviedo de
Leén 1967; Pérez-Cruz 1988; Arce et al. 2015). However,
because of discontinuous sediment recovery in the drillings,
as well as the lack of outcrops of fluvial and alluvial materi-
als underlying the lacustrine deposits, the alluvial-lacustrine
transition is for the first time reported in this work.

Conclusions

Sediment between 343 and 285 m depth in the MEXI-
CHA16 1C core is composed of three facies groups: (1)
Detrital (Laminated Silt [LS], Massive Sand [MS], Strati-
fied Silty Sand [STS], Clast-Supported Gravel [CSG],
Matrix-Supported Gravel [MSG]); (2) Biogenic (Diatom
Ooze [DO], Coquina [CO]), and (3) Volcaniclastic (Clast-
Supported Pumice [CSP]). We identified four environmental
stages in the deposit: (1) alluvial (343-330 m depth), (2) flu-
vial (330-306.5 m depth), (3) transitional fluvial-lacustrine
(306.5-294 m depth), and (4) lacustrine (294-285 m depth).
During the alluvial stage, debris flows and hyper-concen-
trated flows dominated; streamflows and floodplain deposits
characterized the fluvial stage; in the transitional stage, there
were lacustrine and littoral deposits. Finally, volcanic and
lacustrine deposits dominated during the lacustrine stage.
During the formation of Lake Chalco, there were two lake
periods: Paleo-Chalco-I, when a nutrient-poor and shallow
water body prevailed, and Paleo-Chalco-II, when a eutrophic
and deep lake existed.

Formation of Paleo-Chalco-II seems to have been associ-
ated with volcanic activity, which could modify the basin
morphology, increased nutrient content in the lake and
deposited the tephra layer CHA16-294. The thickness of
CHA16-294 tephra (85 cm) is peculiar, since this is the
thickest tephra known in the Chalco lacustrine sequence. It
is likely that tephra CHA16-294 was the result of the col-
lapse of Los Pies cone on the Iztaccihuatl volcanic complex.
However, more studies are required to test this hypothesis.

@ Springer
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Fig.9 Stratigraphic correla-
tion between the San Lorenzo
Tezonco (SLT) and Texcoco
(TX-1) cores (Oviedo de Leon, recmmd
1967; Arce et al. 2013) and the

MexiDrill (CHA) core from
Chalco (this study). Gray lines
point to possible correlations
between Paleo-Chalco I and II
lacustrine phases and lacustrine
deposits reported by Lozano-
Garcia y Sosa-Najera (2015) in
TX-1 (642 and 425 m depth)

Texcoco-1

180 m =

485 m

and SLT (between 604 and >
590 m depth). Modified from NI
Lozano-Garcia and Sosa-Najera é”
(2015). On the right is a map (g\@
showing locations of the TX-1, © -
SLT and CHA sites @(\"
N
&
>
N
&
Q@
&
2000 m
2065 m

San Lorenzo
Tezonco

Chalco (285-343 m)
285 m=T"

Paleo-Chalco-II
S
o
S
s 292'm
294 m/236 mcc _
(0.40 Ma) 294 m
Tt 296 m
-
512544 F7(0.25 Ma) 398m | baleo-Chalco-l
-

-
-

662064 [n (0.9 Ma)
...
.....

780 m (5 Ma)

€—964-966 m (13.5 Ma)

m

1190 m (14.4 Ma)
€4—1286 m (17.1 Ma)

1550 m (18.3 Ma)

1654 m (17 Ma)

19°16'30"N  19°21'0"N  19°25'30"N  19°30'0"N

98°56'10"W

99°1'40"W

343 m
[ ] Lacustrine sediments

[_] Clay with anhydrite [l Calcareous conglomerate Bl Fuvial sediments

[ Anhydrite

Our data indicates that Lake Chalco was formed during a
cold interval ~400 446 ka ago, which could correlate with
Marine Isotopic Stage 10 (374 ka). As we refine the age
control for these sediments, the Chalco Basin will provide
insights into global climate changes during key transitions,
such as between Marine Isotope Stages 10 and 9, and even
Marine Isotope Stages 12 and 11.

Although the emplacement of volcanic deposits in the
Basin of Mexico since Miocene, and the recent depositional
history at Lake Chalco (last 143 ka) have been widely stud-
ied, a gap of information existed between the volcanic land-
scape and the lacustrine onset. This work is a link between
those scenarios and a clue in the recent evolution of the
Basin of Mexico. Finally, this paper provides a wide range
of open questions to be explored and answered in future
research (e.g., refine sampling, enhance the age-depth
model, describe <285 m depth sediments, analyze tephra
deposits, etc.).
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