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Sediments from Lake Chalco in central Mexico spanning from ca. 150 to 35 ka ago provide evidence of
paleoclimatic variability in the North American tropics associated with the end of Marine Isotopic Stage
(MIS) 6, the transition to the last interglacial (MIS 5.5, ca. 130-115 ka ago), and part of the last glacial (MIS
5.4 to early MIS 3, 115 to 35 ka ago). We applied a multiproxy approach based on the analysis of mineral
magnetism, diatom assemblages and major elements geochemistry. The reconstructed paleoenvir-
onmental history identify the end of the globally cool MIS 6 as wetter than present, with high lake level,
and a subsequent change to drier climates at the onset of the last interglacial (ca. 130 ka). Large
amplitude changes in most of the analyzed parameters from ca. 130 to 74 ka are approximately coin-
cident with MIS 5 (130-71 ka). The amplitude of these changes decreases in MIS 4 (71-57 ka) and the
early part of MIS 3 (57-35 ka). We proposed that the inferred climatic oscillations follow insolation
variations during MIS 6 and part of MIS 5 (150-88 ka). Low summer and spring insolation and lower
seasonality inhibited evaporation and favored high lake levels. Conversely, maxima in spring and sum-
mer insolation promoted dry conditions and low lake levels. The major wet-cold glacial and dry-warm
interglacial relationship found in Lake Titicaca (Bolivia) and Lake Chalco records shows the sensitivity
of high altitude tropical sites to climatic variability.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

130-115 ka) are practically nonexistent so far in the North American
tropics. In Central America the only record is available from El Valle

Lacustrine sedimentary records worldwide have been analyzed
as archives of past climatic conditions; however, published records
beyond the last glacial maximum (>20 ka) are infrequent for the
tropics of North America (e.g. Caballero et al., 1999; Ortega et al.,
2002; Metcalfe et al, 2007; Israde-Alcantara et al., 2010;
Caballero et al., 2019). Climatic records of the past 85 ka have been
published from Lake Petén Itza (Guatemala) (Hodell et al., 2008;
Mays et al., 2017), and Lake Chalco (México) (Torres Rodriguez et al.,
2015, 2018). Longer records that comprise the last interglacial (ca.
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(Panamd) spanning the time period between 137-98 ka (Cardenes-
Sandi et al.,, 2019). In central Mexico the stratigraphical and sedi-
mentological characteristics of Lake Chalco provide some in-
ferences of paleoclimate and paleoenvironments beyond the last
interglacial (Ortega-Guerrero et al., 2017; Valero-Garcés et al.,
2019). From South America, long records include the sequence
from Lake Titicaca (Bolivia) which covers the last ca. 370 ka (Fritz
et al, 2007), and Lake Faquene (Colombia) for the last 280 ka
(Groot et al., 2011). More studies on long lacustrine sedimentary
sequences will advance our understanding of climatic variations
during the last interglacial/glacial cycle. Such knowledge is relevant
to establish correlations with similar events recorded at sites on the
opposite hemisphere and to test their synchronicity and
geographical extent. These kinds of records can also be used to
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characterize the climate dynamics in the tropics, and to evaluate
the response of ecosystems to similar climatic drivers, but under
contrasting conditions; for example, as during interglacials without
(Marine Isotopic Stage 5) and with (Marine Isotopic Stage 1) human
influence.

The use of independent proxies in the interpretation of these
records is recommended, in order to achieve a more comprehen-
sible model of past environmental changes driven by climatic
fluctuations. Therefore, a multiproxy approach is necessary,
including a combination of techniques such as stable isotopes,
elemental concentrations, biological proxies and rock magnetism
analyses. Studies on environmental magnetism investigate the
changes in the detrital magnetic mineral fraction and its trans-
formation into new secondary minerals (Maher, 2007). In volcanic
settings, Ti-magnetites are a common detrital fraction in lacustrine
sediments (e.g. Thouveny et al., 1994). Weathering and pedogenesis
processes can produce secondary minerals that can be delivered to
lakes as a detrital fraction (e.g. Chen et al., 2005; Maxbauer et al.,
2016a). Anoxic conditions may lead to the dissolution of Fe oxides
and their transformation into sulfurs (e.g. Nowaczyk, 2011; Borruel-
Abadia et al., 2015); and bacterial processes can produce secondary
minerals (e.g. Lascu and Plank, 2013). The aforementioned trans-
formations suffered by magnetic minerals depend to a great extent
on climatic and environmental controls (e.g. Evans and Heller,
2003), so they are potential indicators of past climatic conditions.
We present a continuous ~115 ka (150-35 ka BP) record of paleo-
environmental change inferred from rock magnetism, elemental
geochemistry and synthetic results of diatom analyses from a 93 m
long lacustrine sedimentary sequence collected in Lake Chalco
(central México), which constitutes a unique record of most of the
last interglacial/glacial cycle in the North American tropics. New
insights of past climatic and environmental changes between the
late MIS6 and early MIS 3 are provided through diagnostic mag-
netic parameters of the alteration of the primary mineralogy and
the changes between freshwater and saline diatom taxa. This study
differs from previous from Lake Chalco as it constitutes the longest
continuous published record of past climatic and environmental
conditions based on any proxy.

2. Geological setting and climate

Lake Chalco is an intervolcanic basin located at the central-
eastern sector of the Trans Mexican Volcanic Belt (TMVB), a
transversal continental arc that resulted from the subduction of the
Cocos Plate beneath the North American Plate (Ferrari et al., 2012)
(Fig. 1). The Chalco sub-basin occupies the southeastern part of the
Basin of Mexico (19° 15’ N, 98° 58 W, 2230 m asl), at the southern
edge of Mexico City metropolitan area. Even if in past times there
was an extensive lake, it is now reduced to a shallow marsh (<3 m
depth), that occupies an area of <6 km?. The rocks in the catchment
are entirely composed of volcanic deposits, mostly ranging from
basalts to andesites in composition, which include scoria and ash
cones, shield volcanoes and associated lava flows, fisural lava flows,
domes, maars and stratovolcanoes, among them two of the highest
summits in Mexico, the Popocatépetl (5452 m asl) and Iztaccihuatl
(5238 m asl), built since 1.8 Ma to present (Macias et al., 2012; Arce
et al,, 2013).

The climate is sub-tropical high altitude, with a mean precipi-
tation of 540 mmy/yr, concentrated during the summer months (late
June to September) due to the northern migration of the Inter-
tropical Convergence Zone (ITCZ) and the onset of hurricane sea-
son; occasional rainfall occurs during the winter caused by polar air
outbreaks. Maximum temperatures (27—30 °C) occur during late
spring and the lowest temperatures (4—7 °C) are observed during
winter.

3. Materials and methods
3.1. Drilling, facies description and core correlation

The drilling details, core correlation, lithostratigraphy of the
sequence and geochronology of the upper 122 m of the sedimen-
tary sequence have been published previously (Ortega-Guerrero
et al., 2017). Three cores were drilled in 2008 at different depths
at the depocentre zone of former Lake Chalco. The cores span a
composite section between 29 and 122.4 m depth: CHAO08-IV
(85—122 m), CHAO08-V (29-72 m), CHAO08-VI (70.8—85 and
106—122.4 m). The cores were drilled with a Shelby corer in 1.10 m
sections with inner PVC tubes 1 m long and 10 cm in diameter; the
remaining 10 cm were collected from the drilling shoe. Splitting of
cores and initial description were carried out at the LacCore facility
(University of Minnesota-Twin Cities). High-resolution color scans
were acquired from each section using a DMT CoreScan digital
linescan camera, and magnetic susceptibility was measured on split
halves at 0.5 and 1 cm resolution using a Bartington MS2E sensor.
The correlation of the cores was established from stratigraphic
features, tephra markers and the magnetic susceptibility profiles.

Nineteen sedimentary facies had been previously established
from component descriptions in smear slides and visual observa-
tions of the core faces for the entire sequence from the surficial
sediments to 122.4 m depth (Ortega-Guerrero et al., 2017). How-
ever, for the section analyzed in this work, only fourteen facies are
present and the rest occur only in the upper 29 m (Table 1). Based
on their facies association, seven lithostratigraphic units that reflect
the main stages of Lake Chalco evolution were defined for the entire
sequence, of which correspond from unit 4 to unit 7 in the analyzed
section in this work (Fig. 2).

The sedimentary facies defined were grouped into clastic, vol-
caniclastic, organic rich and chemical facies. The clastic facies are
the most abundant in the sequence (F5 to F12); they vary from
massive to faintly laminated silt with variable content of sand and
clay and are composed of siliciclastic minerals. Organic compo-
nents in these facies are commonly diatoms, ostracods, char-
ophytes, phytolites and charcoal; other components are sponge
spicules, testate amoebae, amorphous organic matter, unidentified
Arthropoda fragments and occasionally Phacotus. The organic rich
facies (F14, F15 and F17) are most commonly diatom oozes and
occur less abundant as ostracod hashes. Diatom oozes form beds
(<3 cm) and laminae; locally they form pairs of light/dark laminae.
Ostracod hashes have a variable content of sand-size fraction clasts.
The chemical facies (F18 and F19) are carbonate-rich silt beds or
laminae and micritic mud. Other minor chemical components are
crystals of struvite, vivianite, siderite, calcite and gypsum. Lithos-
tratigraphic units defined from facies association were described by
Ortega-Guerrero et al. (2017) and shown in Fig. 2.

3.2. Geochronology

In the upper 35 m of the master sequence, the age-depth model
was constructed from fourteen “C AMS dates obtained from pollen
and ostracod concentrates, and two tephrostratigraphic ages
markers (Ortega-Guerrero et al., 2017, Table 1 Supplementary Ma-
terial). For the deeper part of the section beyond the C limit,
chronology was established by dating zircons extracted from a
tephra layer at a depth of 63.5 m using 23°Th/U (Torres Rodriguez
et al.,, 2015), and including a tie-point at 106 m depth where a
major change in sedimentary components, structure and diatom
assemblage is considered to correspond to the transition from
marine isotopic stage (MIS) MIS 6 to MIS 5 (Ortega-Guerrero et al.,
2017; Avendano-Villeda et al., 2018). The age obtained in by 23°Th/U
dating was 76.7 + 4.7 ka, whereas the age of the MIS6-MIS5 limit is
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Fig. 1. Location map of Lake Chalco and drilling site. A) Extent of the Trans Mexican Volcanic Belt (TMVB) in central Mexico; red star: location of Basin of Mexico. B) Relief map
showing the southern part of Basin of Mexico (white contour). Major stratovolcanoes Popocatepetl (Popo, 5605 m asl) and Iztaccihuatl (Izta, 5460 m asl) of the Sierra Nevada and
location of Sierra Chichinautzin are shown. Gray shaded area correspond to the extent of Mexico City metropolitan area. The study area of figure C is outlined in black rectangle. C)
Relief map of Lake Chalco and drilling sites of cores CHAO8-IV, V and VI (red star). D) Lake Chalco seen from the summit of Teuhtli volcano. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

130 + 3 ka, according to Lisiecki and Raymo (2005) and Lisiecki and
Stern (2016). The age model for the sequence, including the 4C
dates, the 23°Th/U age and the MIS 6-MIS 5 tie point was con-
structed on a P-sequence deposition model (Bronk-Ramsey, 2008)
generated in the online version of OxCal 4.2 (Bronk-Ramsey, 2009)
using the IntCal 13 calibration curve (Reimer et al., 2013). The age of
the analyzed section of the master sedimentary sequence in this
work (29—-122 m) was estimated between ca. 35.6 to 150 ka
(Ortega-Guerrero et al., 2017) (Fig. 3).

3.3. Geochemical and rock magnetism analyses

The elemental geochemical composition was analyzed using a
COX ITRAX X-Ray Fluorescence (FRX) core scanner at 1 cm resolu-
tion using a Mo-tube X-ray source set to 30 kV and a current of
20 mA, with an exposure time of 60 s. Although the XRF scanner
was capable of detecting 21 elements reliably above detection
limits (Al Si, P, S, Cl, Ar, K, Ca, Ti, V, Cr, Mn, Fe, Zn, Ga, As, Se, Rb, Sr,
Zr, W), only a set of elements and their ratios were used in this work
(Ca, Ti, Fe, Mn).

Cores were sampled in roughly 10 cm intervals, with minor
adjustments to obtain samples from all of sedimentary facies in
each core. The 840 samples acquired were placed in 8 cm’
diamagnetic plastic cubes and stored in a cold room until all
measurements were completed. Rock magnetic measurements
carried out on the full set of samples consisted of mass-specific
magnetic susceptibility (), the acquisition of anhysteretic

remanent magnetization (ARM), isothermal remanent magnetiza-
tion (IRM) and hysteresis parameters (saturation magnetization
[Ms], saturation remanent magnetization [Mr], coercivity [Bc] and
coercivity of remanence [Bcr]). Magnetic susceptibility was
measured at low (976 Hz) and high (hf, 15916 Hz) frequencies in a
MFK1-FA (AGICO) susceptometer. Frequency-dependent suscepti-
bility was calculated as kfd % = [(klf-khf)/kIf]*100. ARM and IRM
were measured in a JR6 spinner magnetometer. ARM was imparted
in a peak alternating field (AF) of 100 mT in the presence of a direct
current (DC) bias field of 50 uT. The ARM susceptibility (arm) Was
obtained by normalizing the ARM by the DC biasing field. The
hysteresis parameters were measured using a Princeton Measure-
ments Corporation Micromag vibrating sample magnetometer
(VSM) at room temperatures in fields up to 1 T. Saturation IRM
(SIRM) was considered to be acquired in a 1 T field. IRM was
measured in backfields of 100 and 300 mT after the acquisition of
SIRM, and HIRM and Ss3qq ratios calculated, where HIRM = 0.5 *
(SIRM —+ ]RM_300 Il'lT)v and 5300 =- (IRM_300/SIRM).

In 46 selected samples from the representative magnetic
properties, backfield remanence curves in 100 steps were
measured in the VSM in order to identify the individual compo-
nents that contribute to the remanence by using the MAX UnMix
program (Maxbauer et al., 2016b). The temperature-dependence of
susceptibility (k-T) was measured for selected samples in a non-
controlled atmosphere from room temperature to a maximum of
700 °C using a MFK1-FA (AGICO) susceptometer.
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Main sedimentological and mineralogical features, compositional parameters for the facies defined for Lake Chalco sedimentary sequence from 29 to 122.4 m depth (Ortega-
Guerrero et al., 2017).

Facies

Sedimentological features Depositional environment

Clastic

Volcani-
clastic

Organic-
rich

Chemical

5. Olive brown sandy silt. Massive to faintly laminated and bedded. Very dark
grayish brown laminae (1 cm) and beds (1—2 c¢cm). Abundant biogenic
components: diatoms (occasionally partly dissolved), charophyte particles,
ostracods and charcoal. Occasional clay size calcareous particles and calcite,
dolomite and gypsum crystals.

6. Very dark grayish brown to dark reddish brown sandy silt. Presence of
calcareous silt. Massive strata <15 cm thick, and beds 1—3 cm. Undulating
irregular contacts. Features of vertical movement of groundwater. Scarce
biogenic components: ostracod, diatoms, herbaceous fragments and charcoal.
7. Dark grayish brown sandy silt. Discontinuous and wavy, parallel
volcaniclastic rich sandy silt beds and silt sediments. Frequent ostracods and
calcareous silt. Minor amounts of diatoms.

8. Grayish brown silt to sandy silt. Decimetric (10—60 cm) massive beds, with Shallow lake with minor influence of lotic systems, and occasional ash fall.
intercalations of silt beds (2—20 cm). Sharp and irregular contacts. Sand particles
disseminated in beds <15 cm thick, and in irregular bands 1—2 c¢m thick.
Abundant biogenic components: ostracods, diatoms, spicules.

9. Very dark grayish brown clayey silt. Massive to faintly laminated. Minor
amounts of lithic sand. Presence of Staurosira spp. and Staurosirella spp. Sharp to
gradual contacts.

10. Dark olive brown to pale yellow clayey silt. Diffuse, wavy, parallel beds 4 Shallow alkaline lake.

—10 cm. Abundant clay size calcareous (calcite, dolomite) mud. Presence of Chara

and charcoal. Scarce to common ostracod fragments. In general minor amounts

of diatoms.

11. Dark olive gray clayey silt. Mottled and massive at naked eye. Centimetric to Shallow lake and occasional subaerial exposure.

decimetric wavy bedding. Presence of clay size calcareous minerals and biogenic

components: Chara (abundant), ostracods. Diatoms relatively less abundant

partly dissolved, charcoal, phytoliths, cysts.

12. Dark olive gray to light gray bedded and laminated diatom rich silt. Sets of Shallow alkaline-saline lake.

beds (2—6 cm) and laminae. Light strata are diatom ooze with scarce ostracods,

detrital crystals (silicates), and calcareous mud. Dark strata are diatom rich silt.

Parallel, slightly wavy strata.

13. Black to gray ash layers. 74 individual medium to very fine grained mafic to Pyroclastic fall deposits and volcaniclastic reworked material of unknown
felsic ash layers. Massive to bedded. Frequent ostracods and variable content of sources. The basaltic to dacitic deposits are more likely form the near
diatoms. Thicknesses of 0.5—8 cm. Lower loaded contacts are common. Vivianite monogenetic ranges Chichinautzin and Santa Catarina. Dacitic to rhyolithic
occurs in some tephra layers. deposits are more likely from distal stratovolcano sources.

14. Light olive brown to dark olive gray laminated diatomaceous silt and  Relatively deep (few meters), stratified, hardwater facies. Vivianite associated.
diatom ooze. Sets of light/dark laminae. Light laminae are composed of diatom Variations of saline alkaline and less saline intervals.

ooze dominated by Stephanodiscus niagarae, S. oregonicus, Cyclotella quillensis, C.

meneghiniana. Presence of spicules, charcoal, and minor amounts of vivianite and

gypsum. Biogenic components are covered by calcareous microcrystals. Dark

laminae are composed of calcareous algae, ostracode fragments, testate

amoebae, Phacotus, and presence of diatoms: Surirella peisonis, Ephitemia and

C. meneghiniana.

15. Grayish brown laminated diatom ooze and dark olive gray diatomaceous Relatively deep (few meters), stratified, cold to temperate fresh water lake.
silt. Sets of rhythmic light/dark laminae. Light laminae are diatom ooze Anoxic conditions in the hypolimnion (Avendano-Villeda et al., 2018).
dominated by Stephanodiscus. niagarae and S. oregonicus. Dark laminae are silt
with minor calcareous components. Abundant diatoms: S. niagarae, Fragilaria
capuchina, Surirella peisonis. Presence of ostracodes and scarce Chara. Contacts
are planar, parallel.

17. Ostracod hash. Commonly with sand-size fraction clasts. Color variable
depending on the composition of the clast fraction. Beds 1—3 cm thick. Well
preserved ostracod valves. In the facies 11 Heterocypris spp. and Candona spp. are
abundant. Commonly associated to facies 3, 4, 6, 7, 9 and 10.

18. Dark gray to pale yellow carbonate-rich silt. Bedded (2—15 cm thick) to
laminated. Silt sized particles of autochthonous carbonate (calcite, dolomite,
ankerite). Frequent intercalations of diatom ooze laminae composed of Cyclotella
meneghiniana, Anomoeoneis costata and Campilodiscus clypeus, and cm-thick
sandy layers of ostracod hash.

19. Pale yellow micritic mud. Banded (2—5 cm thick). Calcite is dominant, Relatively deep (few meters), stratified, temperate, alkaline lake. Anoxic
followed by siderite, dolomite, and minor amounts of clay minerals. Abundant conditions in the hypolimnion (Avendano-Villeda et al., 2018).

diatoms: S. niagarae, C. clypeus, S. oregonicus, A. costata, and frequent ostracods.

Shallow lake, minor influence of lotic systems. Perimetral facies with variable
phases of vegetation growth.

Palustrine facies. Well drained environment, lixiviation. Subaereal exposure.
Slightly to moderately pedogenic processes.

Low lake levels. May represent distal deposits of detrital fluxes.

Shallow freshwater lake with minor influence of lotic systems

Shallow lake, dominant endogenic sedimentation. The well preserved
ostracod shells indicate low energy environment.

Shallower alkaline to saline lake, temperate.

3.4. Diatoms

Sediment samples for diatom analyses were collected on
average every 30 cm, and cleaned using HCI, H0, and HNOs. Clean
material was mounted in permanent slides using Naphrax, and
diatom counts were undertaken at 1000x using an Olympus BX50
microscope. Here we present summary results on the relative
abundance of small Fragilariaceae and Stephanodiscus spp., which

are considered indicative of freshwater conditions, and the sum of
alkaliphilous and halophilous taxa; these categories were defined
according to the species ecological preferences defined by the
analysis of diatom species distribution along 40 lakes in central
Mexico (Caballero et al, 2019). Main halophilous taxa were
Anomoeoneis costata, A. sphaerophora and Camphylodiscus clypeus;
main alkaliphilous taxa were Cyclotella meneghiniana, N. amphibia
and Surirella peisonis. Stephanodiscus spp includes S. niagarae which
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Fig. 2. Lithostratigraphy of the master sequence of cores CHAO08 IV-V-VI from 29 to 122.4 m depth, showing the lithostratigraphic units 4—7 described in Ortega-Guerrero et al.

(2017).

besides being indicative of freshwater conditions is also considered
indicative of cooler conditions (Avendano-Villeda et al., 2018).

4. Results
4.1. Downcore profiles

The diatoms have a distinctive distribution along the record,
which mostly correlates with the lithostratigrphic units (Fig. 4).
Geochemical composition and magnetic properties are strongly
facies-dependent and most parameters and ratios show a good
correlation with the lithostratigraphic units. Therefore, the results
are described following the lithostratigraphic boundaries. The
geochemical elemental ratios used are: Ca/Ti as an indicator of
authigenic carbonates (e.g. Haberzettl et al., 2007); Mn/Fe as an
oxidation proxy (e.g. Oliva-Urcia and Moreno, 2019); and Fe/Ti is
used to identify iron diagenetic enrichment (e.g. Aufgebauer et al.,
2012) (Fig. 4.).

Concentration-dependent parameters of magnetic minerals are
shown in Fig. 5 and they include magnetic susceptibility (%), xArM,
SIRM and HIRMsgg. Particle-size dependent parameters include
fine particle-size (SD) indicator ratio karm/IRMige and ultrafine
superparamagnetic (SP) particle-size indicator «fd %; and
coercivity-dependent HIRM3pg and S3gg ratios and parameter Bcr.
They were plotted with a 5-point running average (black lines),

except for the karm/IRM1go ratio. The tephra layers were excluded
in the downcore magnetic profiles, in order to highlight the envi-
ronmental implications of the magnetic properties results.

Unit 7 (122.4—106 m depth).

The basal unit is dominantly composed of regularly laminated
sets of rhythmic light/dark fine laminae of facies 15. The diatom
assemblages are dominated by freshwater taxa (Stephanodiscus
niagarae and S. oregonicus), which in this unit reach their highest
concentration. At the lower part of the sequence, there is a 1.5 m
thick deposit of the carbonate-rich silt of facies 18. There are also 13
beds of micritic mud (F19). Peaks in Ca/Ti ratio correlate to these
micritic beds and the facies 18 sediments, but in general this ratio in
facies 15 sediments is rather low. This behavior is also observed in
the Mn/Fe ratio. Fe/Ti relation in this unit shows the highest values
in the whole sequence, and they are particularly high in the car-
bonate rich sediments of facies 18 and 19.

Concentration-dependent parameters %, Yarm, SIRM and
HIRM3gp0 show a similar pattern. Variable but high values below
118 m depth are found in the basal sediments of facies 15 and in the
carbonate-rich sediments of facies 18 ( 0.04—0.2 10-% m>/kg, yarm
0.2—2 10-% m3/kg, SIRM 0.5—5 mAm?/kg and HIRMsqg 0.02—0.6
mAm?/kg). The lowest values are present where the micritic mud
beds of facies 19 are more frequent, while some maxima are
associated with volcaniclastic deposits. The karm/IRM1gp presents
its highest values below 118 m depth (~0.007 m/A), and remains
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Fig. 3. Chronology of the Lake Chalco sedimentary sequence. The P-sequence model
generated with calibrated '“C values (shaded area) and ages of the Upper Toluca
Pumice (UTP), Tutti Frutti Pumice (TFP), the 2*°Th/U age and the age boundary of MIS
6/MIS 5 (Table 1 Supplementary Material).

mostly constant upwards the record. The kfd% is very variable (as in
all the record), with average values 3—6%. The upper section of this

unit (above 118 m depth), presents some of the lowest
concentration-dependent parameters values in all the record; ¥ is
mostly lower than 0.08 10~ m3/kg, xarm ranges from 0.05 to 1.9
10~% m?/kg, SIRM varies from 0.3 to 4.7 mAm?/kg and HIRM3ggo
from 0.01 to 0.5 mAm?/kg. This unit presents some of the lowest
coercivity values of the entire record. HIRM3qg, S300 and Bcr present
similar variations, the higher coercivity is found in the sediments of
facies 18 (HIRM3qg ~ 0.5 mAm?/kg, Szo0 ~ 0.75, Ber ~ 120 mT), the
lowest in the sections with higher abundance of facies 19 sedi-
ments (HIRM3pp 0.001—0.08, S30¢ 0.8—0.9, Bcr 52—80), while the
facies 15 sediments present intermediate values. The kfd% shows
large variations (1—10%); it peaks where concentration is high (ca.
114 m depth), and in general is lower between 113 and 106 m depth
(average 1—6%).

Unit 6 (106—57.5 m depth).

A sharp change is recorded in most parameters at 106 m depth,
with the onset of sediments of facies 7. Calcareous biogenic com-
ponents (Chara sp., ostracods, calcareous particles and some Pha-
cotus loricas) are common in the entire unit. Higher Ca/Ti ratio is
also a common characteristic of this unit. Diatoms decrease their
concentration in relation to the previous unit, and are dominated
by alkaliphilous and halophilous species such as Cyclotella mene-
ghiniana or Campylodiscus clypeus, and large struvite crystals are
found, as well as occasional calcite and gypsum. This pattern is
interrupted at around 100 m depth, where the laminated sedi-
ments of facies 14 are dominated by freshwater Stephanodiscus spp.
diatom taxa and diatom concentration slightly increases. This
variation is also observed in the decrease of Ca/Ti ratio. Upwards,
there are several changes in facies association and calcareous clayey
silt massive sediments of facies 10 (up to 83.3 m depth), and facies
11 and 5 become dominant towards the top of the unit. Along the
unit, the sandy facies 6 are frequent. Sediments of facies 6, 7, 10, 11
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and 18 present relatively high Ca/Ti. Mn/Fe ratios are relatively high
in the lower part of this unit, in facies 7 and 18. Fe/Ti remains
relatively constant along this unit.

Most of the magnetic parameters show their highest amplitude
fluctuations along this unit. ¥, xarm, SIRM, kfd%, HIRM30p0 and S3go
have their highest values in the lower part of the unit, in facies 18
and 14, and in the sandy sediments of facies 6 and 11 (y 0.06—4.5,
%ARM 0.2—1.5, SIRM 1-20, kfd% 3—15%, HIRM3qp0 0.1—1.8); and the
lowest in the facies 10, 12 and 5. The coercivity parameters also
show a strong correlation among them and with the sedimentary
facies. As in the case of the concentration parameters, the highest
coercivities are found in sediments of facies 18, and in the sandy
sediments of facies 11, 7 and 6 (S3p¢ 0.55—0.7, Bcr 70—160); while
the lowest coercivities are present in the facies 10, 12 and 5.

Unit 5 (57.5—41.1 m depth).

This unit is comprised mainly by the sediments of facies 5 and
11, and occasionally by the facies 9 and 6. Below 50.6 m depth the
sediments are mostly massive with mottled intervals, and above
this depth are bedded at centimetric to decimetric scale. Calcareous
organic and inorganic components are common. Diatoms are a
minor constituent, small Fragilariales, which have their highest
abundances in this unit, alternate with alkaliphilous and hal-
ophilous diatoms. Where facies 11 and 6 sediments are present, Ca/
Ti (~10—-50) and Mn/Fe (~0.01—0.02) are relatively higher. Fe/Ti
shows minor fluctuations between 30 and 50.

Magnetic mineral concentration proxies show their highest
values in the unit at its bottom, where the sandy sediments of facies
11 are more abundant (y 0.1-0.35, yarm 0.4—4, SIRM 1-8, HIRM3qo
0.06—3). Concentration parameters values decrease upward, above
50 m depth, in facies 5 sediments (y ~ 0.04, yarm 0.08, SIRM ~ 0.3,
HIRM300 ~ 0.03). Several higher values are associated to clastic-rich
sediments of facies 5 around 45 m depth. Coercivity variations are
similar to those found in the concentration parameters. Coercivity
is higher in facies 11 sediments (HIRM3pg ~ 3, S300 ~ 0.78, Bcr ~ 120),
and diminishes in the upper part of the unit, except around 45 m
depth where concentration values increase. kfd% varies in average
4—8%.

Unit 4 (41.1-29 m depth).

This unit is composed mainly by facies 5 and 11 and in lower
proportion by facies 6, 9 and 17. Sediments of facies 5 have higher
sand-size clastic content than in lower beds of the same facies.
Sediments are mostly massive, centimetric and decimetric beds are
visible at some intervals. In the lower section (41.1—-35.5 m depth)
the same alternation between the small Fragilariales and the
alkaliphilous and halophilous diatoms is observed. In the upper
part of this unit, the higher frequency of ostracod hash beds of
facies 17 is characteristic. Chara sp. is also a main biogenic car-
bonate producer present in this part. Diatoms are occasionally
partly dissolved and dominated by alkaliphilous and halophilous
species as Cyclotella meneghiniana, Nitzschia frustulum, Navicula
elkab and Chaetoceros spp. Ca/Ti ratio shows high values, mostly
3-10, with peaks (30) in facies 6 and 17. Mn/Fe and Fe/[Ti present
rather uniform values, similar to those of the lower part of unit 5.

Magnetic mineral concentration and coercivity are relatively
high along the unit (¢ ~ 0.06—0.25, ¢arm 0.2—2, and SIRM 0.7—6;
HIRM3gp 0.06—0.5, S300 0.78—0.88, Bcr 60—120). Slightly lower
concentration values are found in facies 9 sediments around 38 m
depth, in facies 5 sediments at ca. 33 m depth, and in the topmost
sediments of this unit. Coercivity fluctuations are also analogous to
the observed in concentration, it is lower in facies 9 and 5, and
relatively higher in the rest of the sediments. kfd% has no clear
relationship with the sedimentary facies, it varies between 4 and 7%
in average in most of this unit, and decreases at the top of the
sequence.

4.2. Magnetic properties of sedimentary facies

4.2.1. Temperature-dependence of susceptibility (k-T)

The thermomagnetic analyses show in all cases an increase in
magnetic susceptibility after heating. The cooling curves (Fig. 6,
blue lines), reflect the formation of new magnetic minerals during
the heating (Fig. 6, red lines). The first derivative of the heating and
cooling curves helps to identify the range of temperatures at which
the main inflection of these curves occurred. The subtle inflection
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found near 200 °C in several samples corresponds to the Curie
temperature (TC) of Ti-rich titanomagnetite (Fig. 6a). The TC range
from 400 to 500 °C correspond to Ti-poor titanomagnetite, and the
TC near 580 °C correspond to almost pure magnetite (Fig. 6b). The
samples containing Ti-magnetite/magnetite content show the most
reversible curves of all samples (Fig. 6a and b). In these samples, the
cooling curves indicate the persistence of these more thermally
stable mineral phases after heating.

Some samples exhibit an inflection around 300 °C in the heating
curves and a large increase in k in the cooling curves, which may be
due to the inversion of Ti-maghemite (Fig. 6b and d) (Ozdemir and
O'Reilly, 1982; Liu et al., 2005). Carbonate rich sediments have a
singular upward peak between 400 and 580 °C during warming
(Fig. 6¢), a behavior typical of the transformation of siderite into
magnetite (Housen et al., 1996; Isambert et al., 2003; Vazquez-
Castro et al., 2008). In this sample (Fig. 6¢), the 100-fold increase
in k after heating is remarkable.

All samples measured show a decrease in k during heating in
temperatures higher than 600 °C, which indicate the presence of
Ti-hematite or hematite. These mineral phases may correspond to
detrital minerals, or to the transformation of titanomaghemite into

(Ti)-hematite, which in turn is transformed into magnetite during
the cooling process.

4.2.2. Hysteresis properties

The Day diagram (Day et al., 1977; Dunlop, 2002a, 2002b),
represents the distribution of coercivity and magnetization pa-
rameters. However, as the diagram has been shown to be ambig-
uous for the definition of domain states (Roberts et al., 2018),
caution should be taken when using it as a guide to particle sizes.
However, the distribution in the diagram can provide information
about environmental processes (e.g. Rodelli et al., 2019). Samples
fall on the PSD region, some of them close to the SD + SP mixture
curve (Fig. 7a), but overall most of them plot away from the MD
region. Selected samples from representative sedimentary facies in
the Day diagram show the variability of hysteresis parameters
within certain facies (Fig. 7b); for instance, sediments of facies F5
and F6 plot along the main extremes of all sample population. In
general terms, the sediments with a higher content of sand-size
grains plot in the PSD region towards the MD area, whereas those
samples with finer-size particles plot close to the SD + SP mixing
lines. Samples from tephra layers are displayed to emphasize the
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range of coercivity and magnetization that relatively pristine grains
may present.

4.2.3. Decomposition of IRM demagnetization curves

IRM demagnetization measurements were conducted on a
collection of samples representative of the different sedimentary
facies. The decomposition of the IRM curves allows to quantify the
changes of the different fractions of magnetic mineralogy that
contribute to the magnetic remanence, and therefore estimate the
origin of the individual contributions and their variability over
time. After unmixing of the IRM (Maxbauer et al., 2016b), most
samples present 3 components, and a few are composed of 2 or 4
components (Fig. 1 Supplementary material, Table 2
Supplementary material). A very low coercivity component of a
mean coercivity (Bh) < 20 mT, with a dispersion parameter (DP)
from 0.11 to 0.70, and an observed contribution (OC) from 3 to 30%
of the total signal, is present in most samples. This is attributable to
pedogenic or detrital soft magnetite (Egli, 2004; Lascu and Plank,
2013). Components of intermediate coercivity have [1] Bh
20—30 mT (DP 0.26—0.67; OC 6-—23%), [2] 30—60 mT (DP
0.17—-0.53; OC 7—97%), and [3] 60—100 mT (DP 0.20—0.45; OC
6—87%), respectively. The intermediate coercivity component [1] is
typical of coarse detrital magnetite (Egli, 2003). The average DP
observed for the intermediate coercivity [2] and [3] components
are in general higher than values reported for low and high coer-
civity magnetofossils, 0.19 and 0.15, respectively (Egli, 2004), which
indicates that the higher DP components correspond to non-
biogenic or altered magnetite crystals. Components of relatively
higher coercivity have a Bh 100—125 mT (DP 0.35—-0.48; OC
54—91%), 125—200 mT (DP 0.20—0.41; OC 46—78%), and >200 mT
(DP 0.12—0.42; OC 1-7%). These higher Bh components can be
interpreted as the contribution of oxidized magnetites/maghemites
(van Velzen and Dekkers, 1999; Chen et al., 2005) or ultrafine he-
matite (Maxbauer et al., 2016c¢). Fig. 8 emphasizes the broad dis-
tribution of coercivities (Bh) and the large dispersion (DP) of
modelled components in all the sedimentary facies of Lake Chalco.
Only a constrained population of the mineral components have
coercivities and narrow DP distribution to be considered as low
coercivity magnetofossils, samples from facies 15 (118.19 and
121.47 m) and from facies 5 (54.84 and 66.5 m depth) (Table 2
Supplementary material). The relative percent contributions are

summarized and shown according to the stratigraphic position in
Fig. 5.

5. Discussion
5.1. Origin of magnetic minerals in cores CHAO8 sediments

The results of our rock magnetic study show that the remanence
is controlled mostly by low coercivity (Bh < 125 mT) ferromagnetic
minerals, held by detrital partially oxidized Ti-magnetite/
maghemite according to the k-T measurements. The detrital com-
ponents have large DP, which implies a large grain size range. The
range of coercivities found in the low coercivity (Bh < 125 mT)
fraction may be due to different degrees of partial oxidation of Ti-
magnetites. As (Ti)-magnetites are the most common detrital
magnetic mineral in the volcanic rocks that outcrop in the basin, it
is feasible that different degrees of partial oxidation of Ti-
magnetites (via maghemitization) increased the range of co-
ercivities of original minerals (e.g. van Velzen and Dekkers, 1999),
and consequently increased the Bh and DP. The oxidation occurs at
the borders of the grains inwards, while Fe?* is oxidized and
removed from the crystal (Maxbauer et al., 2016c¢). As the diffusion
of Fe?* progress, an oxidized (maghemitized) shell is formed
around an unoxidized (magnetite) core (Ge et al., 2014). The low-
temperature oxidation of (Ti) magnetite to (Ti) maghemite can
occur under oxic conditions in soils of the catchment area during
weathering or diagenetic processes (e.g. van Velzen and Dekkers,
1999; Chen et al., 2005). The effect of the oxidation may be large
in Ti-magnetites, increasing Mr/Ms and hardening the coercivity
(Roberts et al., 2018), and this could cause the shift in the position
for the most oxidized samples towards the top in the Day plot
(Fig. 7).

In addition to Ti-magnetites/maghemites, the component of
higher coercivity identified (Bh > 125 mT), suggests also the pres-
ence of hematite or goethite. The k-T measurements also suggest
the presence of hematite. In soils, goethite is favored in cool and
moist conditions that only rarely experience prolonged intervals of
aridity (e.g. Maxbauer et al., 2016¢). By contrast, hematite is more
abundant in subtropical or tropical soils with frequent episodes of
prolonged dryness (e.g. Cornell and Schwertmann, 2003). The
alteration of magnetite/maghemite or clay minerals, and the
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dehydratation of goethite to hematite, can result in the formation of
hematite (Maxbauer et al., 2016¢). Hematite tends to have broad
coercivity spectra that extends from low to high values, depending
on the grain size; fine-grained hematite (16—100 nm) have coer-
civity values of ~10—200 mT, while large hematite crystals
(0.1—2 mm) have even lower coercivity values of ~10—30 mT
(Ozdemir and Dunlop, 2014). Given the Bh values of the higher
coercivity components in Lake Chalco sediments (>125 mT), they
could reflect fine-grained hematite.

The relative abundance of the softest magnetic component
(Bh < 20 mT), which can be attributable to pedogenic or detrital
magnetite, was found in most of the analyzed samples. This soft
component has no apparent clear relationship with the sedimen-
tary facies or stratigraphic position, which make us think it can be
both of origins. The presence of ultrafine SP minerals is suggested
by kfd% > 6% in all units, in particular in unit 6 sediments (Fig. 5;
Table 2 Supplementary Material), but they may have several
possible origins and mineralogy. They can be either authigenic,
detrital pedogenic, or magmatic minerals included in the detrital
silicates, both magnetite or hematite. The formation of new min-
erals concerning redox processes is an aspect that is discussed later.
The interplay between the magnetic minerals and past climatic
fluctuations is discussed below.

5.2. Paleoenvironmental implications

The deposition of Unit 7 sediments occurred between ca. 146 to
130 ka (122.4—106 m depth), during the late part of Marine Isotopic
Stage 6 (MIS 6, 191-130 ka BP), in cooler than present conditions as
inferred from the presence of Stephanodiscus spp., a genus that
today has a very restricted distribution in Mexico, but that was
abundant in sedimentary sequences dating to the last glacial
maximum in several records from the region (Bradbury, 2000;
Metcalfe et al., 1991; Caballero et al., 2002; Valadez et al., 2005)
(Fig. 9). The diatoms indicate also a fresh and relatively deep lake
and thus relatively humid conditions (Avendano-Villeda et al,,
2018), a deep lake with anoxic bottom conditions was also favor-
able for the preservation of bands and laminae in the sediments.
Diatom productivity is at its highest during this period. In the

sediments below 118 m depth (ca. 146-141.5 ka, facies 15 and 18),
the locally high yarm, karm/IRM and kfd% values suggest the pres-
ence of SD and SP particles in some horizons, although it has been
documented that interacting SP or PSD particles behave as SD
(Muxworthy et al.,, 2003). In this section, the coercivity analysis
shows that ~60% of the coercivity has a mean Bh of ~107 mT (Fig. 5),
which is attributable to partially oxidized Ti-magnetite. However,
there is also a magnetically soft component that contributes ~20%
to the remanence, which may correspond to soft magnetosomes
(Bh ~33 mT, DP ~ 0.2) (Egli, 2004; Lascu and Plank, 2013). The high
values of ¢ and SIRM indicate higher ferrimagnetic (e.g. magnetite)
mineral content, and higher Fe/Ti ratios point to an iron diagenetic
enrichment, or lack of dissolution, which we suggest represents the
magnetosomes. In agreement with the preserved laminae, this
implies the existence of an oxic-anoxic interface, where the mag-
netotactic bacteria exist (Moskowitz et al., 2008). Therefore, the
magnetic properties indicate that, in the lowest section of the re-
cord, higher sedimentary input by runoff under wetter environ-
ments coexisted with lower oxygen concentrations at the water/
sediment interface, conditions that temporally favored the forma-
tion and preservation of magnetotactic bacteria. Together, these
processes resulted in the accumulation of detrital Ti-magnetite and
fine-grained non-interacting SD equidimensional magnetite in the
sediment (Egli, 2004; Lascu and Plank, 2013). At around 120 m
depth (ca. 144 ka) the lake records a temporary change in envi-
ronmental conditions. The facies 18 carbonate-rich sediments, the
lower diatom concentration dominated by alkaliphilous and hal-
ophilous species and the higher values of Ca/Ti and Mn/Fe, indicate
higher salinity, oxic bottom water conditions and thus suggest a
lowering in lake level. The magnetic mineral parameters are highly
variable in this section, but a moderate increase in coercivity is
observed. Later on, a return to the previous higher lake level and
anoxic bottom-water conditions is recorded.

In the upper part between 118 and 106 m depth (ca. 141.5-130
ka), where the laminae are best preserved, magnetic mineral con-
centration parameters decrease, large MD grains (low kagm/IRM)
were found, and coercivity analysis point to the lack of magneto-
somes. This suggests a change in environmental conditions with
respect to the previous stage. Siderite was observed in the
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carbonate rich sediments of this section, where Fe/Ti has some of
the highest values in the record and Ca/Ti shows extreme peaks. k-T
measurements also pointed to the presence of siderite in the
warming curve, which showed a characteristic peak above 400 °C
as converted to magnetite (Housen et al., 1996; Vazquez-Castro
et al., 2008). Under anoxic-non-sulfidic conditions, magnetite is
unstable and may transform to siderite (FeCO3) (Berner, 1981). The
decrease in kagv/IRM ratio and the lower kfd% indicate a coarsening
of magnetic minerals. These characteristics suggest the preferential
dissolution of the finest Fe-oxide magnetic minerals under
reducing-non-sulfidic conditions and the re-precipitation of the
paramagnetic siderite. A deeper lake with periods of anoxic
reducing conditions in the bottom may have prevented the pres-
ervation of magnetosome crystals, if they were formed at all. As the
diatom assemblages in the micritic mud are mostly of freshwater
habitats (Avendano-Villeda et al., 2018), higher biological produc-
tivity must trigger an increase of pH and reduced the solubility of
carbonates (Kelts and Hsii, 1978), promoting the precipitation of
calcite and occasionally siderite in an anoxic bottom.

In this section, between 118 and 106 m depth, the most abun-
dant magnetic component (~46—70%) is consistently harder (Bh
126—144 mT, DP 0.3—0.4) than in the lower part. This relatively
hard phase may correspond to highly oxidized detrital Ti-
magnetite/maghemite, hematite or goethite. We cannot make a
definitive conclusion about the presence of goethite as our satu-
rating fields (1 T) were too low to magnetize this mineral (Rochette
et al., 2005). Hematite is less reactive in reducing environments
than Ti-magnetites (Franke et al., 2007; Garming et al., 2007),
whereas goethite is likely to have formed in the soils during the, in
general, moist and cool climates inferred from diatoms. Regardless
the composition of the Fe-oxides present, this implies that, in spite
the existence of recurring anoxic conditions inferred for this sec-
tion, the dissolution did not affect the totality of the Fe oxides and
coarser particles were preserved (Jelinowska et al., 1997). The end
of the MIS 6 (ca. 132-130 ka, 108.5—106 m depth) is characterized by
oscillations in the diatom concentration and species, showing
fluctuations between freshwater Fragilariales and halophilous and
alkaliphilous species, which suggest relatively short-term alterna-
tions between drier and moister climate.

A change in environmental conditions is clearly observed in
sedimentological, geochemical and magnetic characteristics and
the diatom record after ca. 130 ka (106 m depth), at the beginning of
the last interglacial (Fig. 9). Variations in magnetic parameters
(mainly concentration and coercivity) are coeval with the change in
facies deposition. The increase of the calcareous sedimentary
components is reflected in increased Ca/Ti and in the alkaliphilous
and halophilous diatoms. More oxic environment (>Mn/Fe)
allowed the preservation of Fe oxides, and the diatom concentra-
tion records the lowest values (Fig. 5). The low concentration of
diatoms may be a result to dilution by higher clastic components
input (silt and clay), and lower diatom productivity during drier
periods with higher lake salinity.

In units 6, 5 and 4, k-T measurements and unmixed demagne-
tization of IRM curves indicate that the magnetic mineralogy is
essentially the same, partially oxidized detrital Ti-magnetites are
the main magnetic carriers and a smaller fraction (<21%) that may
correspond to pedogenic magnetite (Bh < 20), and only the pro-
portion among the fractions of different coercivity varies. Higher
HIRM300 also point to higher production of magnetically harder
minerals (e.g maghemite, partially oxidized magnetite, hematite or
goethite), especially in Unit 6 sediments (Fig. 5). The frequency
dependence (kfd%, 2—5%, mean 5%) found in units 6, 5 and 4 in-
dicates the existence of ultrafine SP minerals, which may be asso-
ciated with the pedogenic component. Hematite may also be
present, but its origin is probably secondary as a result of low-

temperature oxidation of primary Ti-magnetite.

The changes in the concentration and in the coercivity spectra
are related to the variability in the magnetic mineralogy. The
carbonate-rich sediments tend to have higher coercivities and also
higher abundance of alkaliphilous and halophilous diatoms (Fig. 9).
The carbonate precipitation, the diatom species and the abundance
of calcareous components as ostracods and Chara, indicates a
saturated water column, a shallower lake, and in consequence en-
vironments with negative evaporation/precipitation balance. This
suggests that higher oxidation of Ti-magnetites occurred during
dry periods. The amplitude of fluctuations of rock magnetism pa-
rameters is higher in Unit 6, which is roughly coincident with MIS 5
(130-71 ka), but decrease in units 5 and 4, whose sediments were
accumulated approximately during MIS 4 (71-57 ka) and the early
part of MIS 3 (57-35 ka), respectively.

During the global warmer temperatures of MIS 5 occur the
highest amplitude variability of the analyzed proxies. The
maximum in coercivity parameters (e.g. Bcr) and alkaliphilous and
halophilous diatoms, along with calcareous sedimentary compo-
nents and higher carbonate content (>Ca/Ti), indicate that higher
evaporation and prolonged dry periods during warmer conditions
alternated with less dry and probably temperate environments
(Fig. 9). At the early MIS 5 (ca. 130-123 ka, 106-101 m depth), the
increases in sedimentary input (>7), in coercivity (Bcr), in the
geochemical ratios Ca/Ti and Mn/Fe, and the dominance of alka-
liphilous and halophilous diatoms, mark the onset of dry condi-
tions. This interval was followed by a return of a phase (ca. 123 to
118 ka, 101-97 m depth), after the peak of the last interglacial period
(5.5,123 ka), of conditions similar than those present during MIS 6,
as indicated by the diatom freshwater species and the lowering of
Ca/Ti. Later, during the MIS 5 (ca. 118 to 80 ka, 97-66 m depth),
Stephanodiscus spp. disappears, diatom concentration decreases
and alkaliphilous and halophilous diatom species become domi-
nant, with only the sporadic presence of small Fragilariales. During
this period, higher carbonate content (>Ca/Ti) and higher coercivity
is found, whose maximum are at around ca. 102 and 86 ka (84 and
71 m, respectively). Decreases in the carbonate content (<Ca/Ti)
occur when halophilous diatoms are dominant (as at ca. 116, 106, 93
and 84 ka). Together, all these characteristics indicate that dry
conditions prevailed during most of the MIS 5. Under this envi-
ronment the higher oxidation of Fe-bearing minerals occurred, and
Chalco was a shallow lake of alkaline-saline waters as result of high
evaporation, whose conditions were unfavorable for the flowering
and preservation of diatoms. The end of MIS 5 (80—71 ka, 66-61 m
depth) is characterized by swings between small Fragilariales
freshwater diatoms and alkaliphilous - halophilous diatom species.
The peaks of Fragilariales are coeval with lower Ca/Ti and coercivity,
which indicate a change towards less dry climatic conditions.

Through the globally colder MIS 4 (71-57 ka, 58.2—46.3 m
depth), freshwater and saline-alkaline diatoms oscillate as during
the end of MIS 5, although the Fragilariales show higher abundance
than during the previous stage; however, diatom concentration
remains low. Minimum [maximum] in carbonate content (Ca/Ti)
correlate to peaks of Fragilariales [alkaliphilous + halophilous] ca.
69, 65 and 59 ka [ca. 63 and 67.5 ka], which are nearly coincident
with decreases [increases] in Bcr. The characteristics of MIS 4
suggest that periods of higher evaporation, dry conditions and a
saline-alkaline environment in the lake alternated with reduced
evaporation, less dry conditions and freshwater lake periods, the
later probably associated to colder climate. Even though Fragilar-
iales diatoms point to a moderate amelioration of dry conditions,
the climate was mostly dry. This period (69—59 ka) has been
associated with high fire activity and drought frequency in the
Chalco basin (Torres Rodriguez et al., 2015, 2018).

Similar characteristics to those that occurred during MIS 4 are
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recorded during the analyzed period of MIS 3 (57—35 Kka,
46.3—29 m depth). At the early MIS 3 (ca. 55 to 51 ka, 44.5—41 m
depth) lower carbonate content (<Ca/Ti) coincide with higher
content of halophilous diatoms and low concentrations of Fragi-
lariales. After ca. 51 ka, variations between freshwater and alkaline-
saline lake alternate until ca. 39 ka, thereafter halophilous diatoms
become dominant. Peaks in drier conditions occur around ca. 55
and 38 ka. These drier conditions are also documented in the pollen
record of Lake Chalco (Torres-Rodriguez et al.,, 2018). Our data
suggest that even if dry conditions persisted in the globally cooler
MIS 4 and in the less cool early MIS 3, they were of lesser intensity
than in MIS 5.

In contrast to MIS 6, in which high values of magnetic suscep-
tibility (y) and magnetic concentration-dependent parameters are
associated with higher runoff under wetter conditions and the
preservation of magnetotactic bacteria, high % is coeval with
several of the inferred drier conditions during MIS 5-3 (except
around ca. 102, 90, 74 and 68 ka). In several paleoclimatic records, .
is interpreted as a proxy of increased rainfall (e.g. Hodell et al.,
2008). However, the Lake Chalco data show that mineral mag-
netic concentration is also associated to sedimentary input by
surficial runoff under drier conditions, probably associated with an
unprotected catchment surface or littoral by the lack of vegetation
cover and, hence, higher sediment availability.

Modern precipitation in central Mexico occurs substantially
during the summer, when tropical convective activity as in the
northward migration of Intertropical Convergence Zone, the east-
erly waves or tropical cyclones, constitutes the elements that result
in precipitation (Magana et al., 2003). The highest temperatures are
reached in spring, just before the summer rainy season starts. A
relative minimum in precipitation in the middle of the rainy season
is observed over southern Mexico, related to fluctuations in sea
surface temperature over tropical eastern Pacific, in turn modu-
lated by the effects of incoming insolation (Magana et al., 2003).
Previous studies have shown that Lake Chalco display a pattern of
orbital scale climatic variability that follows evaporation-insolation
and seasonality (highest summer and lowest winter insolation)
over the last ca. 40 ka (Lozano Garcia et al., 2015; Caballero et al.,
2019). In those studies, the highest carbonate content and salinity
are associated to maxima in summer insolation and seasonality. In
contrast, lower salinities and lowest temperatures during the last
glacial maximum (LGM) correspond with minima in spring and
summer insolation. In the longer record of Lake Chalco presented in
this work, these relationships are recognized for some intervals.
The cold and humid conditions recorded at the end of MIS 6 (except
during a short period around ca. 144 ka), correlate with low spring
insolation (Fig. 9). As discussed before, the freshwater diatom
species found in the micritic mud suggest that carbonate content is
related to a reduced the solubility of carbonates rather than a car-
bonate precipitation controlled by evaporative concentration.
Minima of spring and summer insolation and lower evaporation
(<Ca/Ti) are also observed at ca. 122-112 ka, and less clearly at ca.
100-88 ka. At the onset of MIS 5, maxima in spring and summer
insolation and seasonality correlate with higher Ca/Ti, and this
relationship is also observed between ca. 112-100 ka. For younger
times, as seasonality decreases, the relation between carbonate
content and insolation is not evident, which highlights that other
climatic forcing than orbital scale precession induced insolation
exerts higher control over climatic variability.

5.3. Regional patterns of climatic variability
In the pollen record of El Valle at the Central Panamanian low-

lands, warmer than present conditions have been inferred between
126-118 ka, peaking around MIS 5.5 (123 ka), which are coeval to a

decrease in precipitation with a propensity toward drought
(Cardenes-Sandi et al., 2019). The authors also found that during
the following 118-97 ka period precipitation was similar or slightly
wetter than modern. The Lake Chalco record shown here also
suggests very dry conditions at ca. 127 ka, which prevail during
most of the last interglacial, which is not consistent with the rela-
tively humid conditions in Panamanian lowlands. Further south in
the austral hemisphere, the Lake Titicaca records positive water
balance and high lake levels coincide with glacial extent in adjacent
Andes cordillera; conversely, a negative water balance and
extremely low lake levels correspond to global warm periods, with
the most saline (driest) periods occur during the last interglacial
(D’Agostino et al., 2002; Fritz et al., 2007). The cold and wet con-
ditions found in the Lake Titicaca record during global glacial stages
are similar to those found in Lake Chalco during late MIS 6. On
Iztaccihuatl volcano (at the southeastern part of the basin of
Mexico), the most extensive recorded glacial advance (Nexcolango)
occurred during MIS 6 at around 190 ka and reached ca. 3000 m
a.sl. (Vazquez-Selem and Heine, 2011). This altitude is nearly
coincident with the upper limit of the Sierra Nevada piedmont. This
suggests that the MIS 6 is recorded in central Mexico as a particular
cold and humid glacial period, more intense than MIS 2. In the Lake
Petén Itzd sedimentary sequence in lowland Guatemala, moist
conditions are recorded from ca. 85 to 48 ka (Hodell et al., 2008),
which are contemporary to the drier/wetter oscillations found in
Lake Chalco during the late MIS 5, the MIS 4 and the early MIS 3. In
the Lake Peten Itza record, a shift towards drier conditions and the
onset of dry-wet alternations were found in sediments after ca. 48
ka, which, in Lake Chalco, coincide with the return to dry
conditions.

The major wet-cold/dry-warm changes found along the Titicaca
and Chalco lacustrine records imply a strong influence of the ec-
centricity. This cold/wet relationship is not found during the Last
Glacial Maximum (ca. 26.5—19 ka BP) in the Lake Chalco diatom
record, where the coldest phases are coincident with low precipi-
tation (Caballero et al., 2019), suggesting that the MIS 6 and the
LGM are not perfect analogues. Our data highlights the influence on
local and regional climate of shorter scale climatic variability
(orbital and millennial).

Within the uncertainties and limits of our time-scale model, the
150-32 ka Lake Chalco record, precession-induced insolation
apparently influenced the precipitation along the last glacial.

6. Conclusions

The multiproxy investigation in the sediments of Lake Chalco
presented here provides one of the longest records of the paleo-
climatic conditions in the North American tropics.

Our results indicate that coeval variations of magnetic proper-
ties with geochemical data and diatom assemblages reflect the
major climatic changes that occurred between ca. 35 and 150 ka BP,
since the transition from the glacial MIS 6 to the last interglacial
MIS 5.5, and through the last glacial (MIS 5.4 to the initial part of
MIS 3).

The mineral magnetic assemblage of lacustrine sediments is
controlled by relatively low coercivity (Bh < 125 mT) ferromagnetic
minerals, likely held by detrital partially oxidized Ti-magnetite/
maghemite. Weathering or diagenetic processes have altered in
different degrees the detrital low coercivity mineral population by
partial oxidation of Ti-magnetites (via maghemitization). The
nearly opposite distribution of freshwater diatom taxa (small Fra-
gilariales and Stephanodiscus spp.), and alkaliphilous and hal-
ophilous taxa enabled us to infer changes from deep to shallow lake
levels, the later also recognized by higher carbonate content.

Humid and cooler than present conditions occurred during the
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MIS 6 record, with deeper lake levels after ca. 141.5 ka. The main
environmental change is observed in all analyzed parameters after
ca. 130 ka, at the beginning of the last interglacial when lake level
dropped and climate became drier. A return to moister and cooler
conditions is recorded after the peak of the last interglacial period
(5.5, 123 ka). Large amplitude changes between 130-74 ka are
roughly coincident with the MIS 5. The higher magnetic concen-
tration and higher coercivity, along with larger carbonate content
and the predominance of alkaliphilous and halophilous diatoms
suggest that higher oxidation of Ti-magnetites occurred during dry
periods. The amplitude of these changes decreases in MIS 4 (71-57
ka) and the early part of MIS 3 (57-35 ka).

Within the limitations of our age model, we observe that the
variations in the analyzed parameters follow orbital-scale climatic
oscillations at the early part of our Lake Chalco record. Low summer
and spring insolation and lower seasonality inhibited evaporation
and favored high lake levels during the MIS 6. During the global
warmer MIS 5 correlation between maxima in spring and summer
insolation and drier conditions is found around ca. 130-122 and
112-100 ka.

The Lake Chalco data shown in this work also suggest very dry
conditions by ca. 127 ka, and their persistence during most of the
last glacial, which contrast with the relatively humid conditions in
Panamanian lowlands. The cold and wet conditions found in the
Lake Titicaca record during global glacial stages are similar to those
found in Lake Chalco during the glacial MIS 6.

This cold/wet relationship is not found during the Last Glacial
Maximum (ca. 26.5—19 ka BP) in the Lake Chalco diatom record,
where the coldest phases are coincident with drier conditions
(Caballero et al., 2019), suggesting that the MIS 6 and the LGM are
not perfect analogues.

These major wet-cold/dry-warm changes are related to the
global glacial/interglacial transition from MIS 6 to the last inter-
glacial MIS 5.5, which implies a strong influence of eccentricity.
However, in the last glacial between 144-88 ka, precession-induced
insolation changes controlled precipitation.
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