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The responses of lake productivity, vegetation, and fire events in the Basin of Mexico to orbital changes from
late MIS 6 to MIS 3 (146-35 ka) have been studied based on geochemical (Ti, TIC, TOC, C/N), charcoal
(CHAR) and pollen data of the sediment core CHAO8 from Lake Chalco. The paleoenvironmental recon-
struction identifies the MIS 6 as a wetter period with episodes of dry conditions, low forest cover and low fire
activity. A sudden change from wetter to dry environments with low to high forest cover and fire activity
episodes characterized the end of the MIS 6 (132-130 ka) coincident with high spring insolation. Varia-
tions in vegetation composition, with a tendency towards higher forest cover, fire-activity, runoff, and or-
ganic matter availability, are recorded during the MIS 5, MIS 4, and MIS 3. However, a reduction in the fire-
activity was recorded for the cold and dry MIS 4. Spectral analysis based on the titanium concentration
record of Lake Chalco suggests a precessional forcing on runoff variations. We explored the impact of the In-
tertropical Convergence Zone latitudinal migrations which have been related to the summer insolation at
65 N by comparing runoff data with other sedimentary records from North and Central America. Our re-
sults highlight the sensitivity of the high altitude tropical basin to climate variations.

posed with variable temperature and moisture conditions (Lisiecki and

Raymo, 2005). During MIS5e, global temperature and sea levels in-

1. Introduction

Major climate fluctuations of the Late Quaternary led to shifts in
the isotopic composition of global seawater that were recorded in ma-
rine carbonates and have been utilized to define Marine Isotope Stages
(MIS) (Emiliani, 1955; Schackleton, 1967; Dansgaard et al., 1993;
Lisiecki and Raymo, 2005). On the continents, these are manifested as
alternations between glacial (e.g. MIS6 and MIS2) and interglacial
conditions (e.g. MIS5 and MIS1) and have been recognized globally
(Watts et al., 2000; Guiter et al., 2003; Heusser and Oppo, 2003; Muhs
et al., 2003; Yang et al., 2006; Cai et al., 2010; Moreno et al., 2012).

Records from Central America and southwestern North America
suggest that MIS6 conditions were dry and cold, with large herbaceous
communities and low recurrence of fires (Hanselman et al. 2005, 2011;
Bogoté et al., 2011; Macario-Gonzalez, 2017). Contrary to this, the
MISS5 climate is considered warmer, and five sub-stages have been pro-
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creased >4 °C and 120 m, respectively (Guiter et al., 2003; Muhs et al.,
2003). In Central America and southwestern North America woodland
communities’ composition changed drastically, with open pine forests
as the main vegetation type (Cardenes-Sandi et al., 2019; Anderson et
al., 2020). Sub-stages MIS5d and 5b were slightly drier and colder than
MIS5c and 5a. It has been proposed that the MIS4 climate was cold in
several parts of this region (Bogota et al., 2011; Glover et al., 2017;
Macario-Gonzalez, 2017). The beginning of MIS4 was drier than the
end, and a higher recurrence of fires is registered in temperate regions
from North America (Anderson et al., 2020; Glover et al., 2020). The
MIS3 was warmer and wetter than MIS4, favoring the development of
large fluvial systems and extended boreal communities with higher fire
recurrence in Central America and southwestern North America (Bush
et al., 2009; Vriend et al., 2012; Glover et al., 2017).
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Lake Chalco (Central Mexico), located between the tropical equator-
ial zone and the North Hemisphere temperate region, represents a key
site for paleoclimate research due to its location between the tropical
equatorial zone and the North Hemisphere temperate region. This lake
preserves the paleoclimatic history over the last 400 kyr in the sedimen-
tary record, representing one of the longest archives from the Neotrop-
ics (Lozano-Garcia et al., 2017; Brown et al., 2019; Martinez-Abarca,
2019a). Since the 1990s, Lake Chalco has been the subject of several
studies characterizing the climatic and limnological variability during
the last 150 kyr, with a focus on the past 40 kyr (e.g. Lozano and
Ortega, 1998; Lozano-Garcia et al., 2015; Ortega-Guerrero et al., 2017;
Caballero et al., 2019; Ortega-Guerrero et al., 2020). Previous studies
have revealed that Lake Chalco exhibited significant variations in lacus-
trine levels, redox conditions, and salinity since MIS6 (Avendafio-
Villeda et al., 2018; Torres-Rodriguez et al., 2018; Ortega-Guerrero et
al., 2020). Moreover, significant moisture and temperature changes
have been recognized, with the MIS2 the coldest period of this region
(Caballero et al., 2019). Additionally, changes in the plant cover and
composition and evidence of paleo fire-activity in the sedimentary
records of Lake Chalco have been documented principally for the last
40 kyr (Lozano-Garcia et al., 1993; Lozano-Garcia 1996; Torres-
Rodriguez et al., 2015; Martinez-Abarca et al., 2019b).

Building on previous work carried out at Lake Chalco, in this work,
we explore environmental responses of the Basin of Mexico examining
records of fire, forest cover, and lake productivity between the end of
MIS6 and the beginning of MIS3 (143-35 ka). We discuss whether vari-
ation in the fire production and organic matter input results from
global or regional factors, such as changes in runoff, evaporation, veg-
etation cover and insolation at the Basin of Mexico. Furthermore, we
compare our results with other records such as Lake Baldwin (USA),
Cariaco Basin (Venezuela) and the marine core ODP 1239 (Ecuador) to
generate an overview of regional climatic variability.

Lake Baldwin
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2. Regional setting

Lake Chalco is located at the Transmexican Volcanic Belt (TMVB)
southeastern area in the south portion of Basin of Mexico (Fig. 1),
where in prehispanic times a large ancient lake system was established.
The lake have had important transformations and currently the mod-
ern remnant lake is a shallow marsh (<3 m depth; < 6 km?2) at the
southern edge of the Mexico City metropolitan area (19 150 N, 98 58’
W, 2230 m asl) (Ortega-Guerrero et al., 2020). Lake Chalco is a de-
pocenter fed by the Sierra Nevada Mountains in the east, the Sierra de
Santa Catarina Mountains in the north and the Sierra Chichinautzin
Mountains in the south. Pleistocene and Holocene andesite and dacite
from Chichinautzin and the Sierra Nevada are the dominant lithology
around the lake. The second dominant lithology consists of Quaternary
deposits such as lacustrine sediments and alluvium.

The climate is high altitude subtropical temperate (Cw). The rainy
season occurs during the summer and a dry season from December to
April. During the rainy season, the Intertropical Convergence Zone
(ITCZ) is located at its northernmost position providing rain to Mexi-
co's central and southern regions. As the IT CZ moves southwards, most
of Mexican territory experiences drought. (Comisién Nacional Forestal
[CONAFOR], 2020), although polar fronts can deliver precipitation
during the dry season (Lozano-Garcia et al., 1993).

Most fires in Mexico mainly occur at the end of winter and during
the first weeks of spring. At present, these are nearly entirely anthro-
pogenic with only 2% of fires initiated by natural causes (CONAFOR,
2020). Previous studies in Chalco suggest a variable fire-activity and
climatic conditions associated to ITCZ position variation during the
last 40 kyr (e.g. Lozano-Garcia et al., 2015; Torres-Rodriguez et al.,
2015; Martinez-Abarca et al., 2019b; Caballero et al., 2019).
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Fig. 1. Map of Lake Chalco location: A) Transmexican Volcanic Belt (TMVB), Basin of Mexico and Intertropical Convergence Zone (ITCZ) mean position dur-
ing summer and winter months for the North Hemisphere. We also show some North Hemisphere records that will be discussed; B) Basin of Mexico and south-
ern Lake Chalco location; C) Chalco sub-basin elevation model and location of Sierra de Santa Catarina, Sierra Nevada and Sierra Chichinautzin mountains
(INEGI, 2020); D) Lake Chalco satellite image, the drill site CHAO8 is indicated with a yellow dot (Google Earth Pro, 2020). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Material and methodology

3.1. Drilling and stratigraphy

In 2008, three overlapping cores drilled from the depocenter zone of
the ancient Lake Chalco: CHAO8-IV (85-122 m), CHA08-V (29-72 m)
and CHAO8-VI (70.8-85 m and 106-122.4 m) yielded sedimentary
records representing the sequence between 29 and 122.4 m depth. Sedi-
ments were recovered with a Shelby corer in 1.10 m long sections with
inner PVC tubes 1 m long and 10 cm in diameter; the remaining 10 cm
were collected from the drilling shoe. Initial measurements and core de-
scriptions were carried out at the LacCore facility (University of Min-
nesota Twin Cities). A composite depth model for the three cores was
developed on the basis of stratigraphic features, tephra markers, and
magnetic susceptibility profiles. Seven lithostratigraphic units along
122.4 m were identified by Ortega-Guerrero et al. (2017). In this work,
we only focus on Units 4-7 (29-122.4 m depth). More details about
lithostratigraphy and facies characteristics can be found in Ortega-
Guerrero et al. (2017; 2020).

3.2. Chronology

The age-depth model (Fig. 2) here presented has been previously de-
scribed by Ortega-Guerrero et al. (2017). Overall, a Bayesian model
was carried out through free distribution R-Studio software and Bacon
package (Blaauw and Christen, 2011; R Core Team, 2018). Fourteen
radiocarbon ages calibrated by the IntCall3 curve (Reimer et al., 2013)
were considered for the upper 35 m, as well as age of two tephra de-

A
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posits: Upper Toluca Pumice and Tutti Frutti Pumice (Arce et al., 2003;
Garcia-Palomo et al., 2012; Sosa-Ceballos et al., 2012) recognized in
the Basin of Mexico. Additional age constraints, beyond the radiocar-
bon range include a?®°Th/U age from zircon extracted at 63.5 m depth
(Torres-Rodriguez et al., 2015) and an age of 130 ka at 106 m based on
stratigraphic and diatom analyses (Avendafo-Villeda et al., 2018) hy-
pothesized to represent the transition between MIS6 and MIS5
(Lisiecky and Raymo, 2005) (Table 1).

3.3. Charcoal analysis

Charcoal analyses were carried out in sediments from semi-regular
intervals (between 20 and 25 cm) along the stratigraphic sequence.
Samples of 0.5 cm® were dissolved in a 10% Na4P,0; solution and
heated to 40 °C for organic matter disaggregation. Clay was removed
by 53 pm mesh sieving and the remaining charcoal particles were pho-
tographed under a stereoscopic microscope with X 1.6 magnification.
Images were processed by ImagelJ free software, quantifying total par-
ticle area. Charcoal concentration [mm?2/cm3] and charcoal accumula-
tion rate (CHAR) [mm?/cm?yr] were calculated based on the quanti-
fied area. Low and high-frequency components of the CHAR were iso-
lated through Z-Score analyses processed by R Studio free software (R
Core Team, 2018). Additionally, the percentages of particles >100 pm
(primary signal) and <100 pm (secondary signal) were calculated for
samples between 85 and 122 m depth.
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Fig. 2. Bayesian age-depth model obtained for the CHAO8 record (Modified from Ortega-Guerrero et al., 2017; 2020): A) Model parameters estimated by
energy, accumulation range and memory (from left to right); B) Chronology of CHAOS8 core.
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Table 1
Data used for the Bayesian age-depth model. Asterisk (*) represents ages
not obtained by!4C.

Code/Parameter Depth Uncalibrated age Material  Reference
(m) (BP * 10) dated

Beta-347500 0.47 4830 = 30 Pollen Ortega-Guerrero et
al. (2017)

Beta-347502 1.36 7220 = 30 Ostracods Ortega-Guerrero et
al. (2017)

Beta-347503 1.37 2780 = 40 Pollen Ortega-Guerrero et
al. (2017)

Beta-347501 1.76 8490 + 40 Pollen Or tega-Guerrero et
al. (2017)

UTP date 2.53 10445 = 90 n.a. Arce et al. (2003)
Garcia-Palomo et
al. (2002)

PTF date 4.88 14065 + 500 n.a. Sosa-Ceballos et al.
(2012)

Beta-359187 6.35 17180 %= 60 Pollen Ortega-Guerrero et
al. (2017)

Beta-359191 9.25 23180 = 90 Pollen Or tega-Guerrero et
al. (2017)

Beta-359189 10.25 23450 = 100 Pollen Or tega-Guerrero et
al. (2017)

Beta-359190 11.03 23720 = 110 Pollen Or tega-Guerrero et
al. (2017)

Beta-344189 15.41 24760 = 100 Pollen Or tega-Guerrero et
al. (2017)

Beta-344190 25.63 29970 * 180 Pollen Ortega-Guerrero et
al. (2017)

Beta-344191 29.47 31840 = 230 Pollen Ortega-Guerrero et
al. (2017)

Beta-344192 30.46 31940 = 210 Pollen Ortega-Guerrero et
al. (2017)

Beta-347499 35.18 40460 = 520 Ostracods Ortega-Guerrero et
al. (2017)

Th/U* 63.50 76700 + 4700 Zircons Torres-Rodriguez et
al. (2015)

MIS5-6* 106 130000 *= 3000 n.a. Avendafio-Villeda
et al. (2018)
Lisiecki and Raymo
(2005)

3.4. Geochemical analyses

Major elemental composition analyses (including Ti) were per-
formed at the Large Lakes Observatory, University of Minnesota Du-
luth, with a COX ITRAX X-Ray Fluorescence (XRF) core scanner at 1-
cm resolution using an X-Ray Mo-tube source configured at 30 kV and
20 mA (more details in Ortega-Guerrero et al., 2020). Measurements
obtained as count per second [cps] were calibrated against NIST Stan-
dard Reference Materials and the cps data were converted to percent-
age (%). Additionally, a spectrum analysis through Lomb periodogram
algorithm (simple periodogram; Press et al., 1992) was carried out on Ti
values for recognizing possible oscillation causes in runoff input. More-
over, the noise signal on the database was previously removed using a
LOESS smoothing function with a smoothing factor of 0.06. LOESS
analysis was carried out in R-Studio and the Lomb periodogram in Past
software (Hammer et al., 2001).

Samples for carbon and nitrogen analyses were dried at 40 °C, ho-
mogenized and ground with an agate pestle. Concentrations of total
carbon (TC), total organic carbon (TOC) and total nitrogen (TN) were
measured with a C/N Flash 2000 analyzer at intervals of 10 cm at the
Paleoenvironment and Climate Change laboratory, National Au-
tonomous University of Mexico (UNAM). Using TOC and TN values,
we estimated C/N molar ratios. Total inorganic carbon (TIC) was ob-
tained as TIC = TC-TOC. For the discussion section, Ti and TIC per-
centages were standardized dividing the mean value by the standard
deviation of the measured value (e.g. Roy et al., 2013; Kirby et al.,
2010).
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3.5. Pollen analysis

A total of 355 samples of 0.5 cm?® sediment were processed for pollen
extraction, according to Batten (1999), and one or two Lycopodium
clavatum spore tablets were added for pollen concentration calcula-
tions. 200 grains were quantified, excluding Pinus and non-pollen paly-
nomorphs. Identification was performed using the Basin of Mexico
Pollen Reference Collection from the Paleoecology, Paleoenvironment,
and Climate Change lab at UNAM.

4. Results

Here we show the proxy data analyzed between 29 and 122.4 m
depth from CHAO8 core (Fig. 3). All data is presented according to the
lithostratigraphic units proposed by Ortega-Guerrero et al. (2017).
Unit 7 covers from 122.4 to 106 m depth, Unit 6 from 106 to 57.5 m
depth, Unit 5 from 57.5 to 41.1 m depth, and Unit 4 from 41.1 to 29 m
depth.

Ti concentration ranges from 0.5 to 2.6% with an average of 1.8%.
Unit 7, at the bottom of the record, shows the highest amplitude varia-
tion of Ti (0.6-2.4%). Unit 6 has relatively high Ti levels (1.2-2.6%),
whereas the subsequent unit (Unit 5) presents relatively low concentra-
tions (1.1-2.4%). Unit 4 shows the lowest amplitude variation of Ti
concentration with the closest values to average content ranging from
1.0 to 2.4%.

TIC content ranges from 0.0 to 6.6% with an average of 0.9%. Sedi-
ments in Unit 7 present overall lower than the average TIC concentra-
tions (0.0-5.4%). Unit 6 and 5 show a relatively similar high amplitude
variation pattern ranging from 0.0 to 6.3% and 0.0-6.6%, respectively.
Sediments in Unit 4 present the lowest amplitude variation of TIC con-
tent (0.0-4.3%).

TOC content ranges from 0.2 to 11.4% with an average of 3.7%.
Sediments in Unit 7 present in general lower than the average TOC con-
centration (0.2-10.3%). Unit 6 shows the highest amplitude variation
of TOC concentration (0.3-11.4%), whereas concentration amplitude
variation decreases in overlying sediments from Unit 5 and Unit 4,
ranging from 0.9 to 6.5% and 0.2-6.9%, respectively.

TN concentration varies from 0.0 to 0.7% and sediments exhibit C/
N (TOC/TN) ratio values varying from 3.6 to 38.8. In Unit 7 C/N is
low, typically <10, whereas sediments in the other units (Unit 6, 5 and
4) exhibit C/N > 10 values with the highest peak in Unit 5 at 51.6 m
depth.

Charcoal concentrations range from 0.0 to 71.5 mm?2/cm? with the
lowest values in the deepest part of the sequence, and the highest value
at 59.3 m. Fig. 4 shows the CHAR dataset and peaks detected by Z-
Score analysis. CHAR oscillates from 0.0 to 83.8 mm?/cm?yr and, as
concentration data, increases to the upper section. In Unit 7 we de-
tected lower Z-Score values (up to 1.3) and scarce peaks (6 detected),
whereas in the upper units they increased up to 6.9, 6.1 and 4.3 in Unit
6, 5 and 4, respectively. Unit 6 presents the highest peak number de-
tected by Z-Score analysis (111 peaks).

Pollen data is presented as percentages in Fig. 4, showing only the
relationship between the arboreal pollen and non-arboreal. At Unit 7
the non-arboreal pollen attains the highest values (25-52%). The non-
arboreal pollen percentage decreases in Unit 6, and in Unit 5 and 4 ex-
hibits the lowest values of the record.

5. Discussion
5.1. Proxy interpretation

TOC content in bulk sediment reflects the amount of primary pro-
ductivity (Cohen, 2003), whereas the C/N mass ratio reflects the contri-

bution of terrestrial vegetation and lacustrine algae on the deposited
organic matter (Meyers and Ishiwatari, 1995). Lacustrine algae and
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Fig. 3. Lithostratigraphy and proxy data of the sedimentary record CHAO8 between 122.4 and 29 m depth. These include Ti percentages, total inorganic
carbon percentages (TIC), total organic carbon content (TOC), C/N ratio and Charcoal concentrations. Results are presented with the sedimentary units of

Ortega-Guerrero et al. (2017).

terrestrial plants have differing nitrogen contents, so organic material
with lower C/N (< 10) is primarily from aquatic plants, whereas higher
C/N (>10) indicates that the organic matter mainly from terrestrial
sources (Talbot and Johannessen, 1992; Meyers and Ishiwatari, 1995;
Cohen, 2003). Organic matter with contributions from both lacustrine
and terrestrial sources has C/N values between 10 and 20. However, for
a more specific determination of the organic matter source in sedi-
ments, lipid biomarkers analysis would be necessary for determining al-
gal and bacterial biomass, aquatic microfauna and surrounding vege-
tation organic matter variable input.

Titanium (T1i) is an insoluble element, essentially immobile in chemi-
cal weathering, and it does not respond to environmental redox varia-
tion. This means that Ti does not reprecipitate as authigenic fraction
nor can be adsorbed into clay minerals (Mason and Moore, 1982;
Yarincik et al., 2000; Boyle, 2002). Ti also represents the abundance of
mafic and heavy minerals in the sediments. The Ti content of sediments
may be considered a proxy indicator of runoff as in the Basin of Mexico
the main watershed rocks are volcanic with intermediate composition
(Delgado Granados and Martin del Pozzo, 1999; Arce et al., 2019).

There are no surface exposures of carbonate-bearing exposed rocks
in the Chalco watershed. Therefore, we consider carbonate-enriched
sediments (high TIC concentrations) to have been deposited during in-
tervals of higher salinity associated with relatively arid conditions
(Torres-Rodriguez et al., 2015).

CHAR data is an indicator of fire-activity (Whitlock and Larsen,
2001), which, in turn, is impacted by multiple factors. Long term
records indicate that fire-activity in the Basin of Mexico depends on
drought, spring insolation, and abundance of vegetation/fuel (Torres-
Rodriguez et al., 2015). We use low Ti levels coupled with high TIC
concentrations as indicators of drought periods. In addition, we use the
20°N spring and summer insolation curves to visually relate charcoal

maximum with insolation variation. Furthermore, arboreal/non-
arboreal pollen percentages are used as an indicator of forest cover and
hence for fuel availability (Tinner and Hu, 2003).

To evaluate proximity of fires, CHAR was separated into high and
low frequency components through Z-Score analysis, a normal distribu-
tion test that estimates the standard deviation from average data. The
high frequency (also called peak signal) is associated with local fires oc-
curring in the immediate lake area (Oris et al., 2014). Most of the peak
signal is composed of primary charcoal particles (>100 pm diameter).
On the other hand, the low frequency background signal, typically com-
posed of secondary charcoal particles (<100 pm diameter) (Whitlock
and Millspaugh, 1996), is usually associated with more distant regional
fires, as well as charcoal transported by slope-wash processes (water
and wind) (Whitlock and Larsen, 2001; Oris et al., 2014). LOESS poly-
nomial regressions may be used to examine charcoal distributions in
lakes with relatively constant sedimentation rates that are modified
during fire events (e.g. Clark and Royall, 1996; Long et al., 1998;
Higuera et al., 2007). It has been previously applied in studies of Chalco
sediments (e.g. Torres-Rodriguez et al., 2015; Martinez-Abarca et al.,
2019b). However, the charcoal accumulation rate in central Mexico is
variable due to the diversity of vegetation, well-marked changes in the
microclimate between regions, and volcanic and tectonic processes
(Lopez-Pérez, 2014). Therefore, in this paper, we present Z-Score analy-
sis as a new method for separating high and low charcoal frequency in
the region as it is independent of charcoal accumulation rates and sam-
pling resolution (Briicher et al., 2014; Glantz et al., 2016). Positive Z-
Score values are the peak signal and in consequence can be interpreted
as local fires (e.g. Power et al., 2008; Briicher et al., 2014; Leunda et al.,
2020).
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Fig. 4. Comparison of proxy records of CHAO8 sequence between 14 3 and 35 ka divided by grey horizontal dotted lines indicating the transition between dif-
ferent stages and sub-stages. Light blue shades indicate periods of colder conditions. It is showed: 1) Total organic carbon to total nitrogen ratio (C/N) as a
marker of organic matter source, 2) standardized Ti as an indicator of runoff, where grey dotted line represents mean value, 3) TIC percentage as a marker of
evaporation rate, 4) Pollen data (arboreal/non-arboreal percentages), 5) Spring and summer insolation variation at 20°N, 6) CHAR data that indicates paleo-
fire activity, 7) Z-Score results where local fires are marked as red bars and separated from regional fires (black bars). Additionally, a close-up of the CHAR
data and peaks detected during MIS6, MIS5e and MIS5d, and the percentage of primary and secondary particles present in the sediment is shown. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5.2. The environmental history of Lake Chalco during MIS6-MIS3

5.2.1. Marine Isotope Stage 6 (146-130 ka)

The deepest section corresponds with the last part of the Marine Iso-
tope Stage 6 (MIS6) between 146 and 130 ka (122.4-106 m; Unit 7;
Fig. 4). Previous studies based on magnetic minerals composition and
diatoms content suggest the Chalco Basin was occupied by a deep,
freshwater, anoxic, relatively cold and eutrophic lake in an environ-
ment colder than MIS2 (Avendafio-Villeda et al., 2018; Ortega-
Guerrero et al., 2020; Avendafio-Villeda et al. in revision).

During this period, low C/N and low TIC suggest conditions of a
highly productive lake and low evaporation rate confirming previous
reconstructions made in Chalco (e.g. Ortega-Guerrero et al., 2020). In-
creasing values of TIC and a drop in Ti between 145.2 and 143 ka sug-
gest a period of dryer conditions (lower runoff) with relatively higher
evaporation rate. These might have caused a drop in lake level around
ca. 144 ka, promoting occurrence of emergent plants with higher C/N
(e.g. Chéavez-Lara et al., 2019). Low CHAR values (0.0-8.2
mm?/cm?yr) suggest a low fire-activity despite dry conditions. How-
ever, particle signal data shows a high percentage of primary charcoal
(50-80%) along MIS6, indicating that fire activity was close to the lake
(Fig. 4). The low recurrence of fires during MIS6 can be related to two
possible factors. The first could be the establishment of open forest as
indicated by the low forest cover with abundant non-arboreal vegeta-
tion (representing low fuel availability). Nowadays, most plant com-
munities in the region are represented by forests with several Pinus
species and Abies, and Quercus communities where fire plays an impor-
tant role (Lozano-Garcia, 1996). High values of non-arboreal vegeta-
tion suggest the establishment of grasslands in response to colder condi-
tions at the basin. Similar fire conditions and pollen composition was

reported at Chalco as well as at the adjacent high-altitude Lerma basin
during the MIS2 by Torres-Rodriguez et al. (2015) and Lozano-Garcia
et al. (1993, 2005). The second factor corresponds to low values of
spring insolation along MIS6. Currently, spring insolation is associated
with natural forest fires in the Basin of Mexico (CONAFOR, 2020).

A similar response in the low fire-activity signal and non-arboreal
communities abundance was reported for MIS 6 in temperate records
from North America such as Lake Baldwin (California, USA; Glover et
al., 2017, 2020), Ziegles Reservoir (Colorado, USA; Anderson et al.,
2020) and Lake Bear (Utah, USA; Kaufman et al., 2009), as well as in a
record from Lake Biwa in Japan (Inoue et al., 2018) and the marine
record MD 45-2042 from southwestern Iberia (Daniau et al., 2007).

As previously reported by Ortega-Guerrero et al. (2020) in a multi-
proxy approach including diatoms content, mineral magnetism and
geochemistry, the aquatic ecosystem changed quickly during the end of
MIS6 (ca. 132-130 ka). Our study confirms the indication of relatively
short-term alternation between moister and drier climates with Ti, TIC,
and C/N fluctuations and lower to higher forest cover and fire events.

5.2.2. Marine Isotope Stage 5 (130-72 ka; 106-57.5 m)

Previous work suggests that the lake level in Chalco dropped during
MIS5 resulting in a shallow, rich-carbonate and oxic lake (Ortega-
Guerrero et al., 2020). While the regional climate was generally dry and
warm during this period, it was punctuated by times of less arid and
cooler conditions (Ortega-Guerrero et al., 2020). Data here presented
(Unit 6; Fig. 4) reveals considerable fluctuations during the substages of
MISS.

5.2.2.1. Sub-stage 5e (130-122 ka; 106-102 m). Sub-stage 5e appears
to have had conditions similar to those between 145.2 and 143 ka. C/N
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data suggests increasing proportions of terrestrial organic matter input
into the lake. However, Ti data shows lower runoff. Therefore, en-
hanced input of terrestrial organic matter being washed into the basin
seems a bit unlikely. Moreover, TIC data reflects relatively higher
evaporation rates. Because of that, we suggest that increasing values
of C/N might be reflecting the appearance of emergent plants on lit-
torals with higher C/N signal (Cohen, 2003; Chavez-Lara et al., 2019)
due to possible shallower conditions as TIC data suggests. This corre-
lates well with previous diatom record dominated by alkaliphilous and
halophilous in Chalco that documents increasing salinity and lowering
lake level (Ortega-Guerrero et al., 2020). CHAR values increase to 24.1
mm?/cm?yr and the Z-Score reveals seven peaks that correlate with in-
creasing TIC concentration at the beginning of this sub-stage. The high
percentage of primary charcoal found in this section suggests that these
are associated with local fires, and the high CHAR indicates an increase
in fire-activity, possibly due to the increase in the spring insolation.
Pollen data reveals an increase in forest cover at 130 ka, contributing
to fuel availability and being consistent with the observed increase in
charcoal. The surrounding terrestrial ecosystem changed considerably
during MIS5e with an expansion of the forests between 127 and 125 ka
and with evidence of local fires, in contrast with other tropical sites
such as Lake Titicaca (Peru; Hanselman et al., 2005), Lake Fuquene
(Colombia; Bogota et al., 2011) and El Valle (Panama; Cardenes-Sandi
et al., 2019) where grassland communities and low fire-activity have
been reported.

5.2.2.2. Sub-stage 5d (122-109 ka; 102-90 m). During sub-stage 5d,
lower C/N values suggest increasing lake productivity as runoff input
seems to enhance, based on relatively increasing Ti concentration. We
suggest aquatic conditions favored lake productivity, especially
around 120 ka, as more oxygenated runoff water got into the lake.
However, after 119 ka, terrestrial organic matter input seems to in-
crease (higher C/N values) correlating with increasing runoff based on
Ti data. Furthermore, the lower TIC concentration in the record sug-
gests fresher water likely associated with a low evaporation rate. Ac-
cording to the pollen data, forest cover diminished during this stage in
comparison with the end of the previous period. CHAR values also in-
crease during this period and Z-Score reveals 21 peaks associated with
local fires. Although Z-Score analysis can distinguish local fires (Power
et al., 2008), our data indicates a high percentage of secondary char-
coal signal (>60%) in all the Z-Score peaks, as well as adverse envi-
ronmental conditions for fire-activity such as low insolation values
and relatively low forest cover suggested by high percentage of non-
arboreal pollen. Although, we also consider the possibility of high
charcoal particle delivery through runoff.

5.2.2.3. Sub-stage 5c¢ (109-97 ka; 90-80.9 m). During sub-stage 5c,
C/N values suggest that organic matter input was dominated by ter-
restrial components from 109 to 100 ka, whereas during the latter of
this sub-stage, the sources shifted to a mixture of lacustrine and terres-
trial vegetation. More variable Ti values might suggest a period of
variable runoff input, but with drier conditions than during MIS5d.
This is consistent with increased TIC concentration, suggesting higher
evaporation rates. However, low CHAR values and two Z-Score peaks
between 109 and 100 ka suggest reduction of local fires. The low fire-
activity incidence at the beginning of the period from 109 to 100 ka
might be the result of scarce fuel available, as pollen data suggest in-
creased herbaceous communities. Towards the end of sub-stage 5c
(100-97 ka), increasing fire-activity was recorded, along with higher
TIC concentration than at the beginning of MIS5c, suggesting a
higher evaporation rate and a significant burning of vegetation.

5.2.2.4. Sub-stage 5b (97-87 ka; 80.9-71.9 m). During sub-stage 5b,
C/N values varied from 10 to 20, suggesting that organic matter in the
lake was made up of relatively similar proportions of lacustrine and
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terrestrial vegetation. This was accompanied by increased Ti suggest-
ing relatively higher runoff input than MIS5c. Lower TIC concentra-
tions indicate lower evaporation rate conditions, which might have en-
hanced the aquatic productivity. However, a sudden increase in carbon
flux and 27 detected Z-Score peaks indicate more local fires. Increasing
fire-activity during this period seems to be linked to a gradual change
of vegetation communities, such as the establishment of arboreal vege-
tation which probably worked as available fuel. Moreover, this was a
time of increasing spring insolation, which would also enhance fire-
activity. However, similar to the case of sub-stage 5d, we do not rule
out the possibility that secondary charcoal could be associated with in-
creased runoff.

5.2.2.5. Sub-stage 5a (87-72 ka; 71.9-57.5 m). Sub-stage 5a repre-
sents a period of higher variability in proxy records. C/N values sug-
gest that terrestrial vegetation input dominated in the lake, especially
during 80-77 ka and 73-71 ka, with higher runoff input, suggested by
relatively high levels of Ti. Moreover, increasing TIC concentrations
suggest increasing evaporation rate after 77 ka. Sediments represent-
ing this sub-stage reflect the highest CHAR of MIS5. Optimal condi-
tions for fire recurrence occurred during this period. Forty-four Z-
Score peaks in this period are associated with local fires and represent
the shortest fire recurrence intervals of the entire record. According to
the pollen data, the dominant vegetation is represented by forests
(80-90%), a similar palynological data is recorded for the Holocene
pollen records in Chalco (Lozano-Garcia et al., 1993; Lozano and
Ortega, 1998; Caballero et al., 2010) which suggest up-slope forest
migration. Forest expansion likely provided sufficient fuel for fires
during this sub-stage. Increases in spring insolation with low summer
isolation could have promoted dryness during the summer and higher
temperatures in the spring which can explain fire frequencies during
this period.

5.2.3. Marine Isotope Stage 4 (72-56 ka; 57.5-41.1 m)

Previous studies of MIS4 in Chalco pointed out the alternation of
Chalco limnological characteristics from a shallow, alkaline, saline
lake with a high evaporation rate to a freshwater lake with a low
evaporation rate (Ortega-Guerrero et al., 2020). Moreover, this period
seems to have been dominated by cold conditions, although not as cold
as during MIS6 (Ortega-Guerrero et al., 2020).

In the CHAO8 record of MIS4 (57.5-41.1 m; Unit 5) C/N values sug-
gest productive lake conditions with significant input of terrestrial veg-
etation. However, between 65 and 64 ka the terrestrial signal became
dominant, corresponding to a drop in Ti with a corresponding enhance-
ment in TIC concentration that together indicate less runoff and a
higher evaporation rate. Therefore, we infer that at ca. 64 ka the lake
level dropped, triggering the appearance of emergent plants with a ter-
restrial C/N signal (e.g. Chavez-Lara et al., 2019). After 63 ka, a rise in
Ti and drop in TIC suggest that the lake level might have risen with in-
creased runoff.

CHAR data show twenty-seven recognized Z-Score peaks that can
be divided into two groups. The first group includes 10 peaks (72-64
ka; 57.5-52.5 m) associated with local fires and high fire-activity. This
could have resulted from enhanced spring insolation, fuel availability
based on high percentage of arboreal communities (>95%), and rela-
tively dry conditions and high evaporation rate as previously discussed.
The second group corresponds to 17 peaks (64-56 ka; 52.5-41.1 m) as-
sociated with local fires. However, CHAR is reduced (maximum point
of 39.9 mm?/cm?yr), suggesting a diminished fire-activity in the Chalco
area, possibly due to lower spring insolation.

5.2.4. Marine Isotope Stage 3 (56-35 ka; 41.1-29 m)

This section extends through most of MIS3, covering the period of
56 to 35 ka. During this period, Lake Chalco's limnological characteris-
tics were similar to those of MIS4, with the lake varying between alka-
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line-saline and freshwater conditions. Climate was dry and cold but
warmer than during MIS4 (Ortega-Guerrero et al., 2020). High fire-
activity has been reported in the area during this period (Torres-
Rodriguez et al., 2015; ).

C/N values suggest conditions of a productive lake, especially at 50
and 52 ka with a constant input of terrestrial organic matter, which is
consistent with the low amplitude variations observed in Ti, possibly
indicating relatively more stable runoff input. However, a high and
variable evaporation rate is suggested by TIC concentration
(0.1-4.3%). CHAR and Z-Score data reveal two significant peak
groups. The first group is composed of 17 peaks associated with local
fires from 57 to 47 ka (41.1-38 m) and with a low carbon flux (0-18.5
mm?/cm?yr). The relatively low fire-activity during the first part of
MIS3 seems similar to the fire-activity recorded at MIS4. Forest cover is
high, with no important changes. The spring insolation curve exhibits
lower amplitude oscillation, but its mean values are higher than those
present late in MIS4, representing a positive factor for fire-activity. On
the other hand, the second group of charcoal peaks is composed of 33
peaks associated with local fires from 47 to 35 ka (38-29 m). During
this period, the charcoal flux rose (0.1-63.5 mm?/cm?yr), but it was not
as high as during sub-stage 5a. We thus suggest that environmental
conditions were optimal for enhanced fire-activity with high arboreal
pollen taxa (>90%), providing the necessary fuel.

5.3. North Hemisphere climatic forces in Lake Chalco

Several studies have proposed that glacial-interglacial cycles during
the last 2.5 Myr are strongly linked to terrestrial changes. In particular,
the 100 kyr eccentricity cycle has been clearly identified on marine and
ice-core records (Raymo et al., 1989; Raymo, 1992; Schimidt and
Spero, 2011). For example, climatic responses in southwestern North
America and Central American during Termination II and the MIS5
transition, have been identified in several lacustrine records (e.g.
Kaufman et al., 2009; Ma cario-Gonzalez 2017; Cardenes-Sandi et al.,
2019). Lake Chalco adds to this body of knowledge as it has recorded
changes in the aquatic environment during MIS6-5 transition
(Avendarfio-Villeda et al., 2018; Ortega-Guerrero et al., 2020). Further-
more, data presented reveals gradual but significant variations on ter-
restrial ecosystems regarding fire-activity, vegetation composition, or-
ganic matter availability and runoff. Similar changes have also been
reported in Lake Chalco during MIS2-1 transition (Torres-Rodriguez et
al., 2015; Caballero et al., 2019). Spectral analysis carried out on Ti
data reveals a statistical significant periodicity of 40-28 kyr (Fig. 5).
However, we consider it dubious due to the relatively short temporality
of our record (111 kyr). A cycle of 20 kyr (+2 kyr; Fig. 5) could be in-
dicative of precessional forcing of runoff variation in Lake Chalco. A 23
kyr cyclicity for the ITZC mean latitudinal migration over the last 350
kyr has been reported in §'80 marine records from the Caribbean (e.g.
Schimidt and Spero, 2011), and thisis a plausible mechanism as the dri-
ver of the observed variations in Chalco runoff. Several studies have
suggested that these ITCZ migrations are mainly produced by variation
of the energetic balance determined by summer insolation (Schneider et
al., 2014), particularly at 65°N (Bosmans et al., 2015; Lachniet et al.,
2014). However, during short time scale periods (e.g. Holocene) other
factors may also influence the ITCZ mean position (6°N currently) such
as the Pacific and Atlantic SST, solar irradiance and teleconnections
(e.g. Pacific Decadal Oscillation, El Nifio South Oscillation) (Magafa et
al., 2003; Knight et al., 2006; Metcalfe et al., 2015).

Lake Chalco runoff results (based on Ti concentration) are congru-
ent with other sedimentary records such as Lake Baldwin (Gloveret al.,
2017), Cariaco Basin (Yarincik et al., 2000), and the equatorial record
of 1239 ODP site (Rincon-Martinez et al., 2010), along a North-South
transect from North and Central America (Fig. 6). These results might
be evaluated in the context of changes in 65°N summer insolation,
which has a significant impact on ITZC position, as discussed above
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Fig. 5. Spectral analysis of Ti data from 143 to 35 ka using the Lomb peri-
odogram algorithm for unevenly sampled data from Past software (Hamm er
et al.,, 2001). The analysis shows three main periodicities. The cycle of
20 + 2 kyr is associated with the precessional cycle. Frequency highest
peaks are indicated.

(Bosmans et al., 2015; Lachniet et al., 2014). Previous works have sug-
gested wet conditions in temperate regions during MIS6 (e.g. Kaufman
et al., 2009), whereas dry environments have been reported in tropical
regions for this period (e.g. Bogota et al., 2011; Cardenes-Sandi et al.,
2019). The MIS 6 record in the Chalco shows general wet conditions
punctuated by drier episodes (e.g. 143 ka), as well as a tendency to a
sudden increase of runoff (e.g. 132 ka) with a clear dry episode at the
end of the period (e.g. 130 ka). The precipitation distribution model of
Metcalfe et al. (2015) compares various sites from North and Central
America showing that the end of MIS2 (12.9-11.6 ka) was character-
ized by opposite conditions to those we propose for the end of MIS6.
This model suggests that ca. 12 ka the ITCZ was in a southern location,
depriving moisture to southern Mexico and Central America during this
period. In contrast, records from northern Mexico and the southern
United States indicate that these mid-latitude areas were impacted by
precipitation associated with strong Pacific westerly activity during
the same time. We suggest that an opposite set of conditions may have
occurred during 134-130 ka, leading to increased runoff at Lake
Chalco during the MIS6-5e.

Coastal marine records (1239 ODP and Cariaco Basin) appear to be
more responsive to ITCZ shifts (Fig. 6), recording sudden terrestrial in-
put changes during MIS5, particularly in the MIS5e and MIS5c periods
(Yarincik et al., 2000; Rincon-Martinez et al., 2010). In comparison,
the Chalco record also shows a trend of increasing runoff with subtle
variation during MIS5e. We note that this response in runoff appears to
have a delay relative to the equatorial records, consistent with the hy-
pothesized IT CZ migration mechanism, but recognize that our chrono-
logical control is insufficient for definite conclusions of the relative tim-
ing of events in these records. Finally, during MIS5a, MIS4 and MIS3,
the datasets do not show clear correlation. We suggest that other re-
gional atmospheric-oceanic factors (e.g. Pacific and Atlantic SST) may
be affecting the runoff conditions in these sites as Metcalfe et al. (2015)
have suggested for the Mid Holocene.

6. Conclusions

In this paper, we explored the responses of Lake Chalco productiv-
ity, forest cover and fire history at the high tropical altitude of the
Basin of Mexico from 146 to 35 ka. We used total organic Carbon to to-
tal Nitrogen ratio (C/N) as a marker of organic matter source, the total
inorganic Carbon concentration as an indicator of evaporation rate,
and Titanium content as an indicator of runoff. Forest cover was recon-
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Fig. 6. Comparison of summer insolation at 65°N with terrigenous input proxies from regional records. A) Ecuador (1239 ODP site; Rinc6n-Martinez et al.,
2010), B) Cariaco Basin (Yarincik et al., 2000), C) Lake Chalco (this study) and D) Lake Baldwin in California-USA (Glover et al., 2017). Proxies are shown
as standardized data. Marine Isotopic Stages and sub-stages are marked. Colored arrows indicate the record response to increasing summer insolation: red)
MIS6-5e transition, blue) MIS5d-c stages, and green) MIS5a sub-stage. The lengths of colored arrows correspond to the duration of periods of increasing iso-
lation or terrigenous inputs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

structed based on arboreal and non-arboreal pollen data. Charcoal ac-
cumulation rate (CHAR) and the Z-Score analysis were estimated to de-
termine fire-activity, the latter used for the first time in Central Mexico.

Our main findings are the conditions between 146 and 130 ka (end
of MIS6) corresponding to a highly productive lake with low evapora-
tion rate. At the basin, poor forest-cover with low fire recurrence is
recorded. A short period of shallow lake level with a decrease in runoff
and lake productivity, and increased charcoal accumulation suggest a
rapid change during the MIS5e transition. Dry conditions occurred dur-
ing the MIS5e, with low runoff and a period with high forest cover be-
tween 127 and 125 ka. The charcoal records indicate the occurrence of
local fires.

For the MIS 5, pollen data and charcoal accumulation rate indicate
a trend towards an increase in the forest cover with periods of fire-
activity during the MIS 5d, 5b, and 5a, the latter related to higher
spring insolation. Even the peak signal detected by Z-Score analysis, the
MIS 5d fire record could correspond to carry-over of carbonized parti-
cles by runoff and not to fire activity. The lake productivity was vari-
able and dry conditions were reconstructed for the MIS5c. The Chalco

record shows that during MIS 4, the interval between 72 and 65 ka was
dry with few fire events; this period corresponds to high spring insola-
tion. After 63 ka an increase on runoff was recorded. The MIS 3 reveals
low amplitude variations in runoff, lake productivity, evaporation rate
and fire activity, despite high forest cover from 56 to 47 ka. After 47
ka, episodes of high evaporation rate and high fire-activity with evi-
dence of local fires are documented.

The spectral analysis performed on Ti concentration data reveals a
20 = 2 ka cyclicity. We suggest this might correspond to the preces-
sional forcing reflected on runoff variation in Chalco. We hypothesize
that the ITCZ migration with a 23 ka cyclicity might be the probable
mechanism for explaining runoff changes in Chalco. A visual compari-
son from Lake Chalco runoff results with other sedimentary records
from North and Central America, and the 65°N summer insolation pre-
viously proposed impacting the ITCZ, reflect a similar pattern for the
MIS 6 to MIS 5 transition.
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