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Abstract

The Teotihuacan Valley, Mexico has been the object of considerable interest because of its importance in the context of human history

in America. Although, archeological research has been extensively conducted to understand causes of the decline of Teotihuacan culture,

no sufficient scientific evidence has been provided. This paper is focused on paleopedological evidence, especially properties that

constitute ‘‘soil memory,’’ in order to reconstruct the spatial distribution of environment variability during the Late Pleistocene and

Holocene. Three profiles that include modern soils and buried paleosols were studied in different geomorphic positions: uplands (Cerro

Gordo site, CG), lower talus slope/transition to valley bottom (Maseca, MA), and the mouth of the Valley, at the ancient border of the

former Texcoco lake. This last site is near Tepexpan (TE) where some of the oldest human remains in Mexico were recovered. The oldest

paleosol is at CG at 3000ma.s.l. It is dated at 22,000 yrBP and exhibits a truncated profile with a very well developed Bt horizon,

dominated by kaolinite, with phytoliths of C3 plants. All of its features are related to a humid, probably warm environment. It was

classified as a Luvisol. This paleosol is buried by another Luvisol, dated at 13,000 yr BP, with morphological characteristics similar to the

previous soil, although clay mineralogy consists mostly of halloysite and a higher percentage of C4-plant phytoliths is apparent. In MA

the oldest paleosol was not recognized. It is probable that the two paleosols found in CG merge into one at MA, which shows strong

redoximorphic features, but high percentages of C4-plant phytoliths and halloysitic clays. At the TE site paleosols are less developed

Fluvisols. Modern soil cover also varies in relation to its geomorphic position. In CG it is a Phaeozem, while in MA and TE present day

soils have carbonate accumulation. We interpret prevailing conditions during the Last Glacial Maximum in the Teotihuacan valley to be

humid, with a tendency towards drying at the end of Pleistocene. Dry conditions prevail in the valley today.

r 2006 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

This paper focuses on the reconstruction of a mosaic of
trends of environmental change within the Teotihuacan
Valley during Late Pleistocene–Holocene, inferred from
different elements of paleosol memory. We further attempt
to discriminate between natural and human-induced
paleoenvironmental signals and relate landscape evolution
to cultural development on the local scale.

The study area is especially important in the context of
human history in America. It is best known for hosting one
of the greatest pre-Hispanic urban civilizations, which
e front matter r 2006 Elsevier Ltd and INQUA. All rights re
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flourished in the interval I–VII centuries A.D., reaching an
extension of approximately 20 km2 and 125,000 inhabitants
(Millon, 1970, 1973). It constituted an important center of
political power, industrial and commercial activity, ideol-
ogy, and religion (Millon, 1973; Sanders et al., 1979;
Cowgill, 1992). However, the occupation period of this
area is much more extensive than the epoch of Teotihuacan
civilization. The oldest human remains (known as ‘‘Hom-
bre de Tepexpan’’ or ‘‘Tepexpan Man’’) were found near
the mouth of the Valley by De Terra (1949), who assigned
an age of 11,000–12,000 yr BP and assumed that they
belonged to the oldest settlers of the region, Pleistocene
archaic hunters and gatherers. Although controversial, this
age coincides with other findings of fossil human remains
from El Peñón, Tlapacoya, and Chimalhuacán, dated at
served.
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12,700, 11,000, and 10,500 yr BP, respectively (Romano,
1970), and with the recently published results of direct
AMS dating of the human bones from Mexico Valley:
Peñón III—10,755775 yr BP and Tlapacoya I—
10,200765 yr BP (Gonzalez et al., 2003). Evidence for
agricultural activity is spread over the period, starting from
the Middle Formative period, and the use of small-scale
irrigation systems was intensified during the Classic
(Nichols et al., 1991).

Cultural development took place on a background of
landscape evolution, with various direct and feedback
effects. Major events of human history, such as subsistence
system change from hunting/gathering to agriculture, the
development of irrigation, and the advent of urban
civilization, followed by its rapid decline, are likely to be
linked to environmental change. On the other hand, effects
of ancient human impact, such as transformation of plant
cover, soil degradation, enhanced erosion, creation of
artificial geoforms (for example, large-scale building
activity, channel, and terrace construction) are believed
to dramatically transform original landscapes and, in turn,
affect the societies (Arnold et al., 1990).

The major trends of environmental change during the
Late Quaternary in Central Mexico, including the period of
human occupation, have been traced on the basis of
multiple records including diatoms, pollen, rock magnetic
evidence, and sedimentological studies from lacustrine
sediments (Watts and Bradbury, 1982; Lozano-Garcı́a
et al., 1993, 2005; Ortega-Guerrero et al., 2000; Heine,
2003). Two of the lacustrine sequences adjacent to the
Teotihuacan Valley were studied: Lake Texcoco in the
southwest (Lozano-Garcı́a and Ortega-Guerrero, 1998)
and Lake Tecocomulco in the northeast (Caballero-
Miranda et al., 1999). In general, the interpretation of
these datasets coincided in characterizing the main climatic
tendency as a transition from cooler and drier climates
during the Last Glacial Maximum (and part of the
Early Holocene) to warmer and moister conditions later.
Several authors (Heine, 1987; O’Hara and Metcalfe, 1995;
Caballero et al., 2002; Lozano-Garcı́a and Vásquez-Selem,
2005) have reported Holocene environmental proxies
with higher temporal resolution. They demonstrated
contrasting climatic variations on century to millennial
scale (particularly, arid episodes between 6800 and
5700 yr BP and around 1000 yr BP) and unexpectedly early
evidence of large-scale human impact related to agriculture
(Heine, 2003).

The major problem for reconstructing a reliable scenario
of regional environmental change and the history of
human–geosystem interaction in Central Mexico, is the
assessment of high spatial landscape variability, well
known in the present, but assumed to have operated as
well in the past. It is caused mainly by diverse and intensive
geological processes (e.g. tectonic activity, volcanism),
which result in the variability of relief, surface rocks,
microclimatic conditions, and types of pedogenesis. The
mode, rate, and intensity of change of each local geosystem
with time may be different, producing a regional mosaic of
transformation pathways. In such variable conditions,
resource use and landscape management by humans, as
well as their reaction towards environmental change, are
also assumed to be variable and site-specific. However,
although the available lacustrine records reflect high
temporal resolution, they demonstrate rather low spatial
resolution, thus providing a mixed environmental signal at
the scale of the entire lake basin.
We argue that paleosols provide an adequate tool for

reconstructing the distribution and variability of paleoen-
vironments in space through time. Soil memory, which
includes a set of properties formed by pedogenic processes,
is controlled by the local (in situ) combination of soil-
forming factors and furnishes paleopedological records
with high spatial resolution (Targulian and Goryachkin,
2004). In the Transmexican Volcanic Belt (TMVB),
Quaternary paleosols are found buried under recent
pyroclastic sediments in a variety of geomorphic positions.
They have already been employed as a useful complemen-
tary paleoclimate proxy on a regional scale (Sedov et al.,
2001; Solleiro-Rebolledo et al., 2003). Buried soils and
pedosediments of variable age were discovered in different
parts of the Teotihuacan Valley (McClung de Tapia et al.,
2003), thus providing an opportunity to study paleo-
toposequences for different intervals.
On the other hand, paleosol records tend to demonstrate

relatively low temporal resolution, as different paleoenvir-
onmental events recorded in one soil body are affected by
overlapping, masking, and obliteration of imprints.
According to the ‘‘Soil memory filter’’ concept (Targulian
and Sedov, 2004), paleosols register mostly long-term
processes of landscape evolution (in most cases starting
with millennial-scale trends), rather than short-term events.

2. Background, materials and methods

2.1. Physical setting

The Teotihuacan Valley is located NE of the Basin of
Mexico at the border of the former Lake Texcoco (Fig. 1).
Altitude varies between 3000 and 2250ma.s.l., covering an
area of 348 km2 that is influenced by Tertiary and
Quaternary volcanic activity of the TMVB. The oldest
volcanic rocks in the Valley are Late Miocene–Pliocene
andesites, dacites, and tuffs found in Sierra Patlachique
(Vázquez and Jaimes, 1989) and in Cerro Gordo (Garcı́a-
Palomo et al., 2002). During the Late Pliocene and
throughout the Quaternary, the area was affected by
volcanic activity, associated with scoria cones, shield
volcanoes, domes, and lava flows of basaltic–andesitic
composition, belonging to the Apan–Tezontepec complex
(Garcı́a-Palomo et al., 2002). Pleistocene strata in the area
include 80m of lacustrine clays and sands alternating with
tephra deposits spanning the last 170,000 yr BP (Mooser
et al., 1996). During this period, some lake regressions
occurred, allowing the formation of soils. At the end of the
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Fig. 1. Location of the Teotihuacan Valley and the three study sequences (Cerro Gordo, Maseca and Tepexpan).
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Pleistocene, the lake was partly dried out and an indurated
calcareous layer formed, dated to around 11,000 yr BP
(De Terra, 1949; Mooser et al., 1996).

The present-day climate is semiarid in most of the valley
between 2250 and 2800ma.s.l., with a mean annual
temperature of 14.9 1C and an annual precipitation of
563.3mm, and sub-humid at elevations higher than
2800ma.s.l., with a mean annual temperature of 5–12 1C
and an annual rainfall of 800mm. Based on this climate
variation, Castilla and Tejero (1983) distinguish four main
zones of distribution of plant communities: (1) at altitudes
higher than 2800m dominant genera include Pinus and
Quercus; (2) between 2250 and 2600ma.s.l. grasslands, oak
scrub, and secondary growth predominate; (3) below
2600ma.s.l. xerophytic scrub (Opuntia, Zaluzania, Mimo-

sa, and Hechtia) is generally found; and (4) below
2250ma.s.l., in salty alkaline soils of old lakebeds,
halophytic vegetation appears.

Our soil survey, together with the re-analysis of the
composition of the modern soil cover (according to the
maps of INEGI (National Institute of Statistics, Geogra-
phy and Informatics) indicates the presence of Phaeozems
(48%), Vertisols (16%), Cambisols (13%), Leptosols
(13%), and Fluvisols (10%).

2.2. Field research and sampling

Genetic horizons of paleosols were first defined accord-
ing to their morphology following the World Reference
Base (WRB) (FAO, 1998). Three profiles which include
modern soils and buried paleosols were studied in different
geomorphic positions: uplands (Cerro Gordo, CG), lower
talus slope/transition to valley bottom (Maseca, MA) and
the mouth of the Valley, at the ancient border of the former
Lake Texcoco (Tepexpan, TE; Fig. 1). All profiles were
located in extensive exposures of gullies (CG) and quarries
(MA and TE), so that behavior of different strata could be
traced along dozens of meters. TE is located approximately
100m from the archeological excavation where some of
the oldest human remains in Mesoamerica were found
(De Terra, 1949, 1951). In all cases, comparison of
paleosols with the Holocene surface soils of the same area
facilitated the paleoenvironmental interpretation of the
Quaternary paleosol–sedimentary sequences (e.g. Bronger
et al., 1998). Bulk samples for physical and chemical
analyses as well as undisturbed samples for preparation of
thin sections were collected from genetic horizons of
paleosols and modern soils.

2.3. Laboratory analyses

Selection of laboratory methods for this research was
based on parameters belonging to the block of stable
pedogenic properties, interpretable for paleoenvironmental
reconstructions and not affected by major diagenetic
changes after paleosol burial. These properties for the
specific case of volcanic paleosols were defined and
interpreted in earlier papers (Sedov et al., 2001, 2003b).

2.4. Physical and chemical properties

Soil colors were determined according to the Munsell
Soil Color Charts (2000). Thin sections were prepared from
undisturbed soil samples impregnated at room temperature
with the resin Cristal MC-40, studied under a petrographic
microscope, and described following the terminology of
Bullock et al. (1985) and some of Brewer’s (1964) concepts.
The sand fraction (2–0.02mm) was separated by sieving;

silt (0.02–0.002) and clay (o0.002mm) fractions by gravity
sedimentation with a preliminary destruction of aggregat-
ing agents; H2O2 (15%) was used for organic matter,
dithionite-citrate-bicarbonate (DCB) extraction for iron
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(Fe) oxides and HCl (10%) for carbonates, when present.
Organic carbon content and Fe, Al, and Si, extracted with
DCB and oxalate solutions were evaluated according to
USDA (1996).

2.5. Mineralogy

Sand mineralogy was studied under a petrographic
microscope using the immersion method with a liquid
having a refractive index of 1.544 (corresponding to Np
{the lowest refractive index} of quartz). The identification
of mineral grains was based on standard crystallographic
characteristics. To distinguish quartz from intermediate
plagioclases, which have a similar refractive index and are
abundant in the parent rocks of the area, in cases where no
twinning, cleavage fractures or specific secondary products
were observed, we always used interference figures. More
than 250 grains were counted in all samples. Weathering
features of primary minerals were also observed in soil
thin-sections.

Mineralogical composition of the clay fraction was
studied in profiles Cerro Gordo and Maseca. Clay minerals
were identified by X-ray diffraction, employing CuKa-
radiation in a Philips diffractometer Model 1130/96.
Oriented specimens of clay saturated with Mg were
prepared. X-ray diffraction patterns of the Mg-saturated
clay were obtained for oriented specimens after the
following pretreatments: air dry at room temperature,
saturated with glycerin, after heating at 100, 350, and
550 1C for 1 h. For many soils and paleosols of TMVB, a
major problem is to discriminate different 7 Å minerals,
which dominate the clay fractions in most cases. To
roughly evaluate the ratio between true kaolinite and
dehydrated halloysite we checked ratios between 7.2 and
4.4 Å peaks, the latter being high for halloysite and very
weak for kaolinite (Dixon and Weed, 1989).

2.6. Phytolith identification

For the phytolith study, done in the Cerro Gordo and
Maseca profiles (biogenic opal particles of TE profile are
dominated by diatoms, not included in this research), the
coarse silt fraction was separated (0.05–0.025mm). The
phytolith content was estimated by counting grains (more
than 1000 grains per sample) under a petrographic
microscope. To determine the biogenic opal in the presence
of volcanic glass, which is also isotropic and sometimes
retains forms similar to phytoliths, immersion specimens
were prepared with glycerin. The non-colored Si-rich
glasses have a minimum refractive index of 1.49 (Shoji et
al., 1993) whereas the maximum for phytoliths is 1.47
(Piperno, 1988). Glycerin, with its refractive index of 1.48 is
higher than the phytolith maximum and less than the glass
minimum, and thus appeared to be an ideal mounting
media that allows us to distinguish between these
components using the Becke test. Morphological assem-
blages of phytoliths were studied only in surface and buried
Ah horizons and selected Bt horizons with phytolith
content higher than 5%, namely the 3Bt horizons of Cerro
Gordo and 2Btg1 and 2Btg2 in Maseca. The quantities of
phytoliths in these horizons were sufficient to study them
directly on slides of the coarse silt fraction without
previous concentration with heavy liquids. In any case,
our earlier experience with volcanic paleosols has shown
that it is difficult to obtain pure biogenic opal fractions
through separation by heavy liquids, because part of the
volcanic glass has a similar specific density (Vallejo, 2002;
Sedov et al., 2003b). Again, the use of glycerin as an
immersion liquid helped to avoid mistakes. Short grass
cells were considered to be the most informative for
paleovegetation and paleoenvironment reconstruction (Pi-
perno, 1988; Twiss, 1992). About 200–300 short grass cell
phytoliths were identified in each sample and classified
according to the methods of Fredlund and Tieszen (1994).

2.7. Stable carbon isotope analysis

The 13dC value of the soil organic material in modern
and buried Ah horizons was determined in the University
Laboratory of Isotope Geochemistry at UNAM (LUGIS),
by using a combustion method slightly modified from that
described by Sofer (1980) (for details, see Sedov et al.,
2003b).

2.8. Paleosol dating

Humus of selected paleosol horizons was dated by
radiocarbon in labs of Beta Analytic Inc. (Miami Florida,
USA) and the Geological Institute, Russian Academy of
Sciences (Moscow Russia); some of the dates used here
were previously reported by McClung de Tapia et al.
(2005).

3. Results

3.1. Uplands paleosols

The uplands are represented by the Cerro Gordo profile
(CG, 1914405500N, 9814902400W, 2948ma.s.l.), that consists
of two buried paleosols under a 70 cm-thick Haplic
Phaeozem, which exhibits a very well-structured
Ap–A–AB–BC profile (Fig. 2). All soils are developed in
volcanic ash. The Ap horizon is coarser in texture (sandy-
silty loam) and paler in color (10YR 4/3, dry) than the
underlying Ah horizon (10YR 3/3). In contrast, AB is more
clayey and BC is more sandy and paler (10YR 6/3). The
first paleosol shows a 2Ab–2BEb–2Btb profile and is easily
recognized by a change in color (10YR 4/3) that provides
evidence of an increase in humus and clay content. The Bt
horizon is yellowish-brown (10YR 5/4) and has a very well-
developed prismatic-subangular blocky structure, with
abundant clay-humus cutans in root channels. Underlying
this horizon, a second Bt horizon was described (3Btb2). It
is similar to the previous one in color (10YR 5/3), but has a
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Fig. 2. Cerro Gordo profile, showing buried paleosols and modern soil.

E. Solleiro-Rebolledo et al. / Quaternary International 156–157 (2006) 13–31 17
coarser subangular blocky structure. Although clay cutans
are also common, they are yellowish-brown (10YR 5/4)
with some impregnation by organic matter. Mn films are
also present. A 3BCb2 horizon, which underlies the 3Bt
exhibits a coarser texture and a high content of subrounded
basaltic rock fragments. At first, the whole set of horizons
2Ab1–2BEb1–2Btb1–3Btb2–3BCb2 seemed to constitute a
single profile, but the distribution of various analytical
characteristics (as shown below) revealed a discontinuity
between 2Bt and 3Bt, allowing us to consider this set as a
pedocomplex. Both paleosols were classified as Haplic
Luvisol according to WRB (FAO, 1998).

Micromorphological observations provided more details
of pedogenic morphological properties. The humus hor-
izons (Ap and Ah) of the modern soil have high porosity
and a well-developed granular–crumb structure with few
subangular blocks, sometimes forming a spongy fabric. All
horizons of the modern soil have sand-size fragments of
pure yellow or reddish clay coatings with higher birefrin-
gence (clay papules) incorporated in the groundmass; some
larger clasts even show laminations (Fig. 3a). These bodies
are more abundant in the BC horizon, where they
sometimes tend to form groups. At the same time this
horizon is the only one in the modern profile that has in
situ textural pedofeatures: heterogeneous void coatings,
which include clay, silt, and humus punctuations. Their
color is dark gray with a very low and irregular interference
color that indicates poor clay orientation. When fragmen-
ted and undisturbed illuvial pedofeatures of this horizon
are located nearby, a difference in morphology between
them is clearly seen (Fig. 3b).
In the first buried paleosol (b1) blocky aggregates

generally dominate, although some micro-areas of 2Btb1
show a clear granular structure with inter-aggregate pores
filled with oriented illuvial clay (Fig. 3c and d). All
horizons have clay illuvial pedofeatures; however, they
are less frequent in 2Ab1 and 2BEb1 and become abundant
in 2Btb1 where they are transparent, and well oriented. In
larger pedofeatures yellow and brown zones coexist,
forming microlayers (Fig. 3e). Few redoximorphic features
such as ferruginous coatings and mottles are present in the
2Btb1 horizon.
The 3Btb2 horizon of the second paleosol (b2) showed

maximal accumulation of clay plasma and the most
extensive development of weathering features in the
primary mineral and rock grains: irregular substitution of
plagioclases by yellow clay (Fig. 3f), pellicular etching of
pyroxenes accompanied by precipitation of Fe oxides, and
complete ferruginous pseudomorphs, the product of biotite
alteration. Clay illuvial pedofeatures are less frequent and
smaller than in 2Btb1, some of them are deformed and
partly incorporated in the groundmass. On the contrary,
redoximorphic features are more abundant than in 2Btb1
and show a variety of sizes and shapes: simple and
compound ferruginous nodules, mottles, and coatings
(Fig. 3g). In the thin section, we found some areas enriched
with gray humus and concentrations of bleached skeletal
grains, which could be interpreted as materials from the
humus-eluvial part of the profile, incorporated in the
illuvial horizon through pedoturbation (Fig. 3e).
Analytical properties agree with the morphological

differentiation of the profile. Clay content is higher in
paleosols (ranging between 40% and 60%) than in the
modern surface soil (15–30%). Organic carbon shows a
second peak in the 2Ab1 horizon (1.8%), which is even
higher than in the modern soil (1.6%). d13C values of
organic matter do not show strong contrast: they range
between �19 and �20% in both the modern and first
paleosol humus horizons.
Contents of Fe extracted by DCB (Fed) and oxalate

(Feo, Sio, Alo) solutions are very low in the modern soil
(Figs. 4a and b). The Bt horizons of the paleosols (2Btb1,
3Btb2) exhibit slightly higher values of Fed and Alo,
particularly in the b1 paleosol. Feo/Fed ratios are very low
in the whole sequence (with the exception of the Ap
horizon), indicating the dominance of crystalline Fe over
amorphous Fe-minerals. The Ap horizon is an exception,
because it has a Feo/Fed ratio close to 1.
The fine sand fraction consists of typical components of

andesitic pyroclastic rocks: plagioclases, pyroxenes, am-
phiboles, and volcanic glass with minor and irregular
variation throughout the profile (Fig. 5). Quartz is present
in minor amounts, tending to increase in the lowest b2
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Fig. 3. Micromorphology of Cerro Gordo profile. (PPL—plain polarized light, N+—crossed polarizers): (a) granular-crumb microstructure of the

modern Ap horizon. Note laminated clay coating fragment (papule), marked with arrow, PPL; (b) impure clay coating (possibly agricutan) in a void of Ah

horizon. In groundmass, fragments of pure clay coatings (P), PPL; (c) area with granular structure in 2Btb1 horizon; pore space filled with illuvial clay,

PPL; (d) same as c with N+; note high birefrigence of clay infillings; (e) thick laminated clay coating in a channel, 2Btb1 horizon, PPL; (f) cross-banded

alteration of plagioclase crystals in a weathered rock fragment, 3Btb2 horizon, PPL; (g) ferruginous nodule, clay infillings with local humus punctuations

in 3Btb2 horizon, PPL; and (h) area enriched with humus (left side) and coarse grains (top) in 3Btb2 horizon, PPL.
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paleosol. The mineralogical associations of clay minerals
demonstrate a sharp differentiation along the sequence: the
modern soil and the b1 paleosol are dominated by
halloysite (7 Å in the former, both 7 Å and 10 Å in the
latter), whereas true kaolinite is abundant in the 3Btb2 and
3BCb2 horizons.
With respect to the phytolith content in coarse silt

fractions, two clear maxima are observed: in the AB
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horizon of the modern soil and (unexpectedly) in the 3Btb2
horizon (Table 1). Short grass cells typical of C3 plants
definitely dominate in the 3Btb2 horizon, whereas forms,
which are characteristic of C4 plants (mostly represented
by saddle type), become more frequent in the b1 paleosol
and in the modern soil.

The date 13,3407300 C14 yr BP was obtained from the
buried 2Ab1 horizon (GIN 12352). Earlier, in another
exposure nearby, the radiocarbon ages were estimated at
22,6707290 yr BP and 18,7407150 yr BP for the 3Btb2
and the 2Btb1 horizons, respectively (McClung de Tapia
et al., 2003).

3.2. Talus paleosols

The talus profile, Maseca (MA), was located at
2320m a.s.l. (1913903500N, 96149016.100W). It demonstrates
a strong contrast between the modern soil and the buried
paleosol, both developed in colluvial sediments consisting
Fig. 4. Selected physical and chemical properties of study s
of pyroclastic materials. The modern soil corresponds to a
Hapli Hypocalcic Calcisol showing an Ap–Bk–C profile
(Fig. 6). The Bk horizon is yellowish brown (10YR 7/3,
dry), with a coarse, moderately developed prismatic-
subangular blocky structure. Cracks and channels are
filled by secondary calcite. Underlying the Calcisol, a
truncated paleosol was clearly distinguished (although it
has no A horizon) on the basis of an abrupt change in
texture (higher clay content), color (10YR 5/3), structure
and the presence of stagnic properties. The paleosol
consists of a Bt horizon that appears to be a compound
paleosol with at least 2 colluvial layers that were
progressively overprinted by pedogenesis in younger
colluvium, so we designated them 2Btgb1, 3Btgb2, and
3Cb2 Both Btg horizons are silty clay in texture and have a
very well-developed blocky (with tendency towards pris-
matic) structure, which is coarser in 3Btgb2. Thin clay
cutans and steel-black Fe–Mn mottles are frequent on the
ped surfaces. It was classified as a Stagni Cutanic Luvisol.
equences (a) Cerro Gordo and Maseca; (b) Tepexpan.
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Fig. 4. (Continued)
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Micromorphological observations of a thin section of
the Bk horizon of the modern soil are rather unexpected.
Although at a macromorphological level this horizon is
strongly calcified, the groundmass of the blocky aggregates
appears to be free of carbonates, both primary and
secondary. Secondary calcite infillings, acicular or fibrous
are found only in larger planes and channels. Conspicuous
clay coatings (sometimes laminated) are rather frequent in
channels (Fig. 7a). When occurring together in a single
pore, neoformed carbonates always overlie illuvial clay
(Fig. 7b). Below, in the C horizon, both neoformed
carbonates and textural pedofeatures decrease consider-
ably; however, pedogenic structure is well developed,
giving rise in some micro-areas to a spongy fabric (Fig. 7c).

An increase in the abundance of illuvial clay coatings
(often juxtaposed with Fe coatings (Fig. 7d) is observed
once again in the buried 2Btgb1 horizon, reaching the
profile maximum. All clay pedofeatures have a pale yellow
color, some are limpid and demonstrate high birefrigence,
while others contain silt particles and show lower
birefrigence and irregular extinction (Fig. 7e, f). Develop-
ment of weathering features in primary minerals is
moderate; some pyroxene grains show signs of etched,
comb-shaped edges (Fig. 7g). Redoximorphic processes are
indicated by ferruginous nodules (Fig. 7h). In the under-
lying 3Btgb2 horizon, impure clay coatings containing silt
particles and having a brownish color are common. Here
we again observed micro-areas of granular structure, with
inter-aggregate pores filled with illuvial clay (as in 2Btb1
of CG).
Clay content is significantly higher in the paleosol than

in the modern soil (Fig. 4). In the latter, the amount of clay
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Fig. 5. Fine sand mineralogy, clay minerals, and phytolith content in Cerro Gordo (CG) and Maseca (MA) profiles.

E. Solleiro-Rebolledo et al. / Quaternary International 156–157 (2006) 13–31 21
significantly increases in the Bk and C horizons compared
to the Ah horizon. Organic carbon content reaches its
maximum in the surface horizon, although even there it is
rather low (0.8%). The d13C value of organic matter in this
horizon is similar to that in CG (20.51%) (Table 1).

Content of Fe extracted by DCB solution (Fed) is higher
in this sequence, in comparison to CG (Fig. 4). In the
modern soil, it ranges from 3.4 to 4.6mg/g, increasing
in 2Btgb1 and, especially, in 3Btgb2 (6.6mg/g) where the
Feo/Fed ratio is the lowest (0.22), indicating a higher
content of crystalline Fe. Values of Alo and Sio are very
low, indicating the low content of amorphous minerals.

The sand fraction is made up of a volcanic mineral
assemblage dominated by plagioclases with very low and
irregular profile variation. In the clay fraction 7 Å

´
minerals

prevail, halloysite being more abundant in the modern soil
and kaolinite in the buried paleosol (Fig. 5).
Conspicuously, phytolith content in the coarse silt
fraction showed two maxima again, as in CG: in the
surface Ap horizon and in the lower 3Btgb2 horizon of the
buried Luvisol. In all cases the phytolith assemblages
(Table 1) present a mixture of short grass cells, typical for
C3 and C4 plants with a predominance of the latter (saddle
type).
Although we do not have radiometric ages from this site,

the C horizon of the surface soil of a similar profile studied
in a neighboring area (Sierra Patlachique) was dated at
11,670760 yr BP (McClung de Tapia et al., 2005).

3.3. Border of the former lake Texcoco paleosols

The base of the TE profile (TE, 1913605200N, 9815604700W,
2255ma.s.l.) (Fig. 8) is formed by a sequence of more than
5m of laminated lacustrine sediments, alternating with



ARTICLE IN PRESS

Table 1

Organic carbon content, phytolith assemblages and d13C values of study

sites

Horizon Organic

carbon (%)

Phytolith assemblages (%

of short grass cells)

d13C
VPDB

C4a C3b

CG-Ap 1.58 64.9 35.1 �20.66

CG-A 1.60 65.2 34.8 �20.15

CG-2A 1.80 64.9 35.1 �20.92

CG-3Bt 0.17 42.1 57.9 nd

MA-Ap 0.80 56.4 43.6 �20.51

MA-2Btg 0.23 77.2 28.8 nd

MA-3Btg 0.17 63.9 36.1 nd

TE-Ap 4.98 nd nd �16.36

TE-2A 1.36 nd nd �16.34

TE-3A 1.55 nd nd �15.54

TE-4A1 1.94 nd nd �17.21

TE-4A2 0.62 nd nd �17.77

TE-5AC1 0.08 nd nd �21.86

TE-5AC2 0.16 nd nd �25.72

TE-5AC3 0.31 nd nd �22.25

nd—not determined.
aMainly saddle type and some panicoide.
bPyramidal, conic, quill types.

Fig. 6. Maseca profile showing a buried paleosol and a modern soil.
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dark volcanic ash. It is overlain by a 60 cm-thick, dark
gray-black (GLEY12.5N) (Munsell Soil Color Charts,
2000) layer with fluvic properties, which we interpret as a
syn-sedimentary-formed Fluvisol. It has no clear pedogenic
horizonation, but some horizontal layers of different
sedimentary strata are seen within this body (5AC-
b4–5ACqb4–5CAb4). White soft and hardened silica
infillings are abundant in root channels, especially in the
middle 5ACqb4 horizon (Fig. 9a). No reaction with HCl
was observed either in groundmass or in pore infillings.
Three paleosols and a modern soil with developed
horizonation were found above this pedosediment. All of
them are formed on the pyroclastic sediments, partly
redeposited by fluvial processes. The lower (b3) paleosol is
thicker (75 cm) and shows a better-developed profile
(4Ahb3–4ABb3–4BCb3), classified as a Fluvic Cambisol.
The next paleosol b3 has the profile 3Ahb2–3ACkb2.
The ACk horizon is massive, hard, saturated with
carbonates, and shows stratification of fluvial origin, which
allow its division into three sub-horizons. Its characteristic
feature is the presence of dark brown–black channel
infillings (Fig. 9b) that strongly contrast with the pale
grayish (10YR 5/2) groundmass. The uppermost paleosol
(2Ahb1, 2ACkb1) and the surface soil (Fig. 10) are thinner
(less than 50 cm) and have dark-brown Ah horizons.
Abundant powdery neoformed calcite saturates the ACk.
Paleosols b2, b1, and the modern soils are classified as
Calcaric Fluvisols.
In an extensive exposure we observed a set of deep

narrow fissures (Fig. 11a), starting from the top of the b3
paleosol and crossing the b4 Fluvisol and the upper part of
the underlying lacustrine sequence. Cracks are filled with
brown clayey material (Fig. 11b).
Micromorphological observations demonstrated marked

differences among the pedofeatures of these soils. In the b4
paleosol, the most conspicuous feature is loose amorphous
silica channel infillings (isotropic, with a low refraction
index) (Fig. 12a). They often show fibrous shapes, thought
to be pseudomorphs of plant (root?) tissues. The ground-
mass consists predominantly of fine sand and silt-size
volcanic mineral fragments (frequently including dark
volcanic glass) and fine brown clay-humus material. No
carbonates are present in the groundmass, although we
found a few neoformed large rombohedral calcite crystals
in voids (Fig. 12b). In all cases they overlie the neoformed
silica.
The overlying b3 paleosol has a quite different type of

pore pedofeatures. We found frequent Fe–Mn hypocoat-
ings in the majority of channels (Fig. 12c). They contrast
sharply with the groundmass that is saturated with
carbonates: micrite in the fine material and large ostracod
shells with a characteristic curved shape (Fig. 12d). Less
frequent are illuvial pedofeatures, present in the form of
impure clay coatings and infillings with abundant silt,
humus and even micrite particles (Fig. 12e)—rather
unusual for carbonate-rich soils. In the b2 paleosol the
void pedofeatures are similar, but the impure clay coatings
are thinner and discontinuous (Fig. 12f).
In the b1 paleosol the micromorphological properties

change again. No Fe or textural pedofeatures are present
here. Channel walls are outlined by thick micrite hypocoat-
ings (Fig. 12g). Some neofomed micrite is also found in the
modern soil, welded with the first paleosol. A distinctive
feature of the surface Ah horizon is its well-developed
structure, consisting of compact ooidal aggregates of
different size (Fig. 12h). Few impure clay-silt coatings
appear in the modern soil.
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Fig. 7. Micromorphology of Maseca profile (PPL—plain polarized light; N+—crossed polarizers): (a) thin clay coating in a channel in Bk horizon of

modern soil, PPL; (b) calcite infilling (Ca) overlying a clay cutan (Cu), in Bk horizon, PPL; (c) spongy fabric in C horizon of modern soil, PPL; (d) iron

coating juxtaposed on clay coating in 2Btgb1 horizon, PPL; (e) clay infilling of planar void in 2Btgb1 horizon, lower part contains silt, PPL; (f) same as (e)

with N+; note low birefrigence of the lower part, silt enriched, (g) pellicular etching of a pyroxene grain in 2Btgb1 horizon, PPL; and (h) ferruginous

nodule and mottle in 2Btgb1 horizon, PPL.
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Analytical results show that this sequence mainly has a
coarse texture with similar proportions of sand and silt
(Fig. 13). The major clay accumulation is found in the third
paleosol (around 20%), while overlying paleosols and the
modern soil have low content (less than 10%). Sio values
are low in the b4 and b3 paleosols, although the b4 has
silica infillings. It follows that such infillings cannot be
extracted with the oxalate solution. The upper part of the
sequence has higher Sio values indicating the presence of
amorphous minerals. Organic matter content is very low in



ARTICLE IN PRESS

Fig. 8. Overview of the Tepexpan sequence. The base is composed of

lacustrine sediments overlain by 4 paleosols and a modern soil.

Fig. 9. Infillings in the paleosols of the Tepexpan sequence: (a) white

opaline infillings in the syn-sedimentary Fluvisol b4 (5ACqb4 horizon)

and (b) dark brown-black iron-clay-humus infillings in 3ACb3 horizon.

Fig. 10. Upper part of the Tepexpan sequence showing 2 paleosols (upper

part of b2 and b1) and the modern soil.

E. Solleiro-Rebolledo et al. / Quaternary International 156–157 (2006) 13–3124
the b4 soil, ranging from 0.1% to 0.5%. These values
increase in all overlying paleosols, which have a mean value
of 2.5% in the Ah horizons. The maximum organic matter
accumulation was detected in the b1 paleosol (3.3%),
although this value is quite low in comparison to the
modern soil (8.6%).
Stable carbon isotope composition clearly reveals

differences in the whole sequence. The lowest d13C values
were found in the b4 synsedimentary soil (�25%),
increasing in 4Ahb3 (�17.5%) reaching the maximum in
3Ahb2 (�15.5%). The youngest paleosol b1 and the
modern soil have similar values (�16.3%) (Table 1).
One Accelerator Mass Spectrometry (AMS) date is

available for the TE profile. The humus of the 4Ahb3
horizon is dated to 5600740 yr BP (Beta 205077), that we
consider to be the minimum age of the b3 Fluvic Cambisol.

4. Discussion

4.1. Pedogenetic interpretation of modern soils and paleosols

The major pedogenetic processes were deduced from soil
features, as a first step towards understanding the
differences in site conditions, which further support
environmental interpretation and correlation between soil
units.
In the modern soil of CG, the main process is humus

accumulation, with some signs of clay illuviation. How-
ever, clay cutans are very heterogeneous with abundant silt
and humus material, and poorly oriented, so we interpret
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Fig. 11. Fissures in Tepexpan sequence: (a) fissures extending from the

top of b3 paleosol through the b4 Fluvisol and the upper part of lacustrine

sediments and (b) fissures filled with brown clayey material.
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them as agricutans, related to plowing (currently slopes
of Cerro Gordo are extensively used for cultivation of
nopal—domesticated varieties of Opuntia). In this soil,
there is no evidence of either carbonate neoformation or
redoximorphic conditions, which indicates free drainage
and low evapotranspiration rates. Fragments of pure clay
illuvial pedofeatures are thought to be derived from the
earlier formed Luvisols. Their breakdown and mixing in
the groundmass reveal colluviation processes (also prob-
ably human induced).

In the underlying b1 paleosol, the main pedogenic
process was typical clay illuviation, which produced well-
oriented laminated coatings and the increase of clay
content. At the same time, the occurrence of a granular
structure is interpreted as a relict feature of the earlier
Andosol stage of soil development, which was followed by
illuviation that filled the inter-granular space with translo-
cated clay (Sedov et al., 2001). Those are signs of the
evolution from Andosol to Luvisol that is very common in
volcanic paleosols of Central Mexico (Sedov et al., 2003a),
an indication that this paleosol corresponds to a ‘‘young’’
Luvisol.
We rely on a variety of evidence when separating 3Btb2

as a different event of paleopedogenesis: (1) micromor-
phological evidence of material from humus and eluvial
horizons (probably the remains of these earlier horizons
overlying 3Bt but eroded before burial); (2) phytolith
content maximum; and (3) contrasting changes in the
associations of clay minerals. This lowest paleosol shows
the most advanced weathering status, indicated by etched
Fe–Mg minerals, clay substitution in plagioclases, and the
presence of true kaolinite. Redoximorphic processes are
interpreted by the occurrence of Fe–Mn nodules. Signs of
clay illuviation are visible, although the abundance of clay
cutans is lower than in the upper paleosol. We speculate
that this difference is not due to less intensive illuviation,
rather to the destruction of clay pedofeatures through
pedoturbation (soil mixing due to fauna activity and
shrink-swell processes, which are also observed micromor-
phologically).
In MA, the modern soil shows strong differences in

relation to CG. Here, there is not high humus accumula-
tion. Two main and contradictory processes were detected:
clay illuviation and calcification. The former should occur
in an initial stage of pedogenesis, preceded by decalcifica-
tion, while carbonate accumulation is restricted to a second
phase of soil formation. This interpretation is based on
micromorphological evidence: clay cutans in channels and
larger planes are sometimes overlain by neoformed calcite,
although the soil matrix itself is free of carbonates.
In the underlying MA-paleosols clay illuviation and

redoximorphic processes were recognized as the major
components of soil formation. It should be noted that clay
translocation in the Bk horizon of the ‘‘modern’’ soil and in
the buried 2Btgb1 and 3Btgb2 horizons correspond to
different events, because there is a zone of minimal
occurrence of textural pedofeatures in the modern C
horizon. As in 2Bt of CG, this paleosol is related to a
‘‘young’’ Luvisol, because of the development of a granular
structure with inter-aggregate pores filled with illuvial clay.
Weathering status is higher in paleosols than in the modern
soil, as indicated by more frequent and developed features
of primary mineral alteration, higher clay content and
kaolinite formation.
We interpret the TE profile as a whole to represent a sort

of a regressive sequence. Its base was formed in a volcano-
lacustrine system. The lower b4 syn-sedimentary Fluvisol
was developed in a transitional environment characteristic
of the periphery of a drying lake. Sedimentation was still
intensive, hampering formation of a typical soil profile,
although some soil forming processes could develop: weak
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Fig. 12. Micromorphology of Tepexpan profile (PPL—plain polarized light, N+—crossed polarizers): (a) fibrous infilling of amorphous silica in 5ACqb4

horizon, PPL; (b) large rombohedral calcite crystals in the channel in 5ACqb4, N+; (c) iron–manganese hypocoatings in a channel of 4Ahb3 horizon,

PPL; (d) same as (c) with N+, note curved carbonate particles of ostracode shells; (e) thick impure clay infillings in 4Ahb3 horizon, PPL; (f) thin impure

discontinuous clay coating in 3Ahb2 horizon, PPL; (g) micritic hypocoating in a channel of 2ACkb1 horizon, PPL; and (h) ooid aggregates in the modern

A horizon, PPL.
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humus accumulation, silica neoformation and a very
restricted and late calcite precipitation. It is important to
note that precipitation of silica is also reported in the
hydromorphic soils of the actual periphery of the Texcoco
former lake that drained just 20–100 years ago (Gutiérrez-
Castorena et al., 2005). However there, pedogenic opal is
accompanied by abundant carbonates and even salts (trona
and thenardite)—all absent in the b4 paleosol of TE.
In the underlying paleosols, sedimentary processes

become more discontinuous and less intensive, allowing
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Fig. 13. Soil catena showing correlation among the three study sequences.
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the formation of typical soil profiles. These paleosols have
properties related to hydromorphic conditions, a conse-
quence of the high groundwater level indicated by Fe–Mn
(with humus) hypocoatings in the voids. However, these
features were found to be accompanied by others, usually
related to ‘‘dry’’ pedogenesis: formation of deep fissures
(indicating intense desiccation) and secondary carbonate
precipitation. The redoximorphic features decrease and
calcification becomes more intense in the uppermost
paleosols and modern soil.

A peculiar sign is the development of textural pedofea-
tures, such as impure clay coatings, in the strongly calcified
environment of the b3 and b2 paleosols (a phenomenon
described by Fédoroff and Courty, 1987). In this case (in
contrast to the Bk horizon of MA), it is impossible to relate
their formation to some earlier phase, when the soil was
decalcified. Presence of primary (lithogenic) calcite suggests
that the b3 and b2 paleosols of TE were never carbonate-
free. We attribute this particle translocation to a specific
process of infiltration of flood waters, saturated with
suspended material. In such conditions formation of
illuvial pedofeatures is possible even in the carbonate-rich
soils of arid environments. We observe that these
pedofeatures have maximum abundance and size in the
lowest b3 paleosol, decrease in the b1 until their
disappearance in the upper b1 paleosol, to reappear in
the modern profile. This distribution is believed to reflect
the changes in flood intensity.
4.2. Profile correlation and paleocatena reconstruction

Although we do not have radiometric ages for all of the
studied profiles, a chronostratigraphical correlation is
proposed (Fig. 13) according to analyzed properties and
ages proposed by McClung de Tapia et al. (2003, 2005). In
general, soil characteristics vary in accordance with their
geomorphic position and constitute a toposequence.
Modern soil cover—Phaeozem (CG), Calcisol (MA), and
Fluvisol (TE)—reflects both the differences in microcli-
matic conditions, internal soil drainage, and the effects of
surface and ground waters. In CG, the absence of
carbonates, a higher proportion of clay, and a clay
mineralogy dominated mainly by halloysite, reflect condi-
tions of greater stability, protected by a forest vegetation
(still present in some areas preserved from deforestation) as
well as a more leaching environment, determined by the
upslope position and moister climate of the uplands. In
contrast, high carbonate accumulation in the MA profile
results both from drier mesoclimatic conditions of the
valley bottom, together with its down slope geomorphic
position. The latter hampers leaching, on one hand, and
facilitates the precipitation of carbonates in solution
arriving from higher areas by lateral transport. In this
profile a combination of halloysite and kaolinite were
found. This apparent contradiction can be explained
because of its geomorphic position, in the talus of Sierra
Patlachique, where the mixture and reworking of materials
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is possible. Thus, older sediments (including remains of
former soils) are mixed with younger volcanic materials. In
the lowest position, represented by the TE profile, the
carbonate precipitation is accompanied by features related
to occasional flooding by surface waters (impure clay
coatings within a matrix of carbonate-rich groundmass).

The two paleosols in CG, b2 dated at 22,670 yrBP and b1
at 13,340 (earlier date from 2Btb1 was 18,470 yrBP according
to McClung de Tapia et al., 2003), have no direct correlation
in MA. We consider that both soils of CG merge into one
paleosol (2Btg). It is probable that the upper b1 paleosol of
CG corresponds to 2Btgb1 of MA, and CG-b2 to 3Btgb2.
This latter correlation is supported by the higher phytolith
content observed in both CG-3Btb2 and MA-3Btgb2 (Table
1). Again, geomorphological position provides a good
explanation for the differences in pedogenesis. CG paleosols
have fewer redoximorphic features and demonstrate more
advanced weathering and clay illuviation reflecting free
drainage, whereas in MA, the relative development of
gleization versus illuviation and weathering is the inverse,
thus providing evidence that soils in this position were
affected by hydromorphism and poor drainage.

The relationship is not so clear with respect to the clay
minerals. In CG, 3Bt is constituted mainly of kaolinite and
the 2Bt of halloysite, while in MA both Btgb horizons are
dominated by kaolinite. As in the case of the modern
surface soil, we suppose that part of the kaolinite in the
MA paleosol profiles is not the product of in situ
weathering, but has been redeposited from higher geomor-
phological positions.

In TE the upper set of three (b3, b2, b1) paleosols and
the surface soil belong to the Holocene (taking into
account the 14C age of the of the 4Ahb3 horizon—
5600 yr BP, which we considered to be its minimum age)
and thus corresponds to the surface soils in CG (Phaeo-
zem) and MA (Calcisol). This allows us to suppose that the
events of Luvisol pedogenesis in CG and MA correspond
in TE to the accumulation of the lacustrine deposits at the
base of the sequence and, probably to the formation of
black syn-sedimentary Fluvisol. In TE, the local geomor-
phologic conditions (the lowest landsurface, at the edge of
the former lake) influence all paleosol units. In the b4
Fluvisol, they are reflected by the presence of stratification,
fluvial sedimentation, and hydrogenic silica accumulations,
which precipitated from groundwater solutions. In the
overlying paleosols the impact of local conditions results in
the gley features resulting from a high groundwater table
and evidence of flooding (textural pedofeatures). However,
we think that the distribution of the soil features along the
profile, together with their pedogenetic and paleoenviron-
mental significance, supports the proposed correlation. It is
logical to relate carbonate-free groundmass and silica
precipitation in the syn-sedimentary b4 Fluvisol of TE to
clay illuvial and redoximorphic features in the buried
Luvisols of CG and MA, since both are evidence of
pedogenesis in more humid conditions. On the other hand,
the upper Fluvic Cambisol–Calcaric Fluvisol sequence has
both primary and secondary carbonates, signs of more arid
soil and sedimentary environments. In agreement with this,
the corresponding soils—surface soils of CG and MA—
also show evidence of soil formation under drier condi-
tions, in comparison with the underlying paleosols.
We also consider it is necessary to link our TE sequence

to the nearby profile where ‘‘TE Man’’ was reported to be
found and in this way contribute to a better understanding
of the chronological and paleoenvironmental context of
these human remains. In fact, this is not an easy task,
taking into account the variability of the strata (especially
the upper units) within rather short distances (Arellano,
1951). For the correlation we considered the following
characteristics, properties, and features mentioned by De
Terra (1947, 1949) and Arellano (1951): the depth of the
location where the remains were found, morphological
features of different strata (color, root traces, etc), and
carbonate distribution.
Relying on this evidence we suggest that the position of

the remains of TE Man corresponds to the b3 Fluvic
Cambisol, thus correlating to the ‘‘Becerra buff clayey silt’’
of De Terra and Arellano, which according to the latter
still produce a reaction with HCl. We further associate the
underlying b4 syn-sedimentary Fluvisol with the ‘‘Becerra
olive gray clayey silt’’ (no reaction with HCl); the massive
pale b2 Calcaric Fluvisol with the ‘‘Barrilaco pedocal;’’ and
finally, the darker b1 paleosol directly below the modern
soil profile, with the ‘‘Totoltsingo’’ stratum. The total
thickness of the modern soil together with b1 and b2
paleosols is about 1m, similar to De Terra’s measurements
of the layer overlying the location of the human remains
(1949).
The proposed correlation has some implications for the

discussion about the age of TE Man, which has gone on for
over 50 yr. If we consider the date of 5600740 yr BP as
indicative of the minimum age of this paleosol (time of
burial plus the mean residence time of C, which is thought
to be 100–300 yr for the soils of Teotihuacan valley) as
shown by McClung de Tapia et al. (2005) the age of the
human remains incorporated within the soil could be
somewhat older. However, they should fall within the
limits of the formation period of this rather primitive
paleosol, not likely to exceed a few thousand years. Thus,
we relate TE Man to the Middle Holocene and not to the
Late Pleistocene (as De Terra and Arellano argued), which,
according to our correlation, is represented by the still
deeper lacustrine sediments. Our estimations agree with
Lorenzo (1989) and other authors who set the age of these
fossils much younger than originally proposed by their
discoverers.

4.3. Paleoenvironmental reconstruction: putting scenarios

together

Paleosol records from all studied profiles in the different
relief elements coincide in discriminating two major recent
paleoclimate stages of millennial scale in Teotihuacan.
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4.3.1. Stage I: more humid-late pleistocene

We propose that forest ecosystems occupied the higher
well-drained geomorphological positions giving rise to
weathering and clay illuviation in the soils. More moist
forests developed on the lower slopes, providing a specific
combination of weaker clay illuviation with surface
gleying, typical of hydromorphic conditions. This agrees
well with the lacustrine sedimentation, registered in TE,
reflecting high levels of Lake Texcoco, which thus reached
the mouth of the Teotihuacan valley. Other data from the
buried paleosols of the Transmexican Volcanic Belt also
point to cooler but still predominantly humid climate
during the period 10,000–20,000 yr ago (Sedov et al., 2001;
Solleiro-Rebolledo et al., 2003).

These inferences disagree with the widespread concept of
a ‘‘cool and dry’’ period proposed for Central Mexico
during the Last Glacial Maximum. As mentioned above,
this concept relies on various lacustrine records, including
those from lakes close to the Teotihuacan Valley: Chalco
(Lozano-Garcı́a et al., 1993) and Tecocomulco (Caballero-
Miranda et al., 1999). The apparent contradiction between
the proxies, based on paleosols and lake sediments, is still
not resolved definitely. However, it should be mentioned
that not all interpretations of the lacustrine records are
consistent. In the particular case of Texcoco, the pollen
assemblages indicated humid climate during the period
between 25,000–15,000 yr BP (Lozano-Garcı́a and Xel-
huantzi, 1997). On a broader regional scale, Bradbury
(1997) proposed an alternative scenario, marked by a
humid paleoclimate controlled by Pacific sources of
moisture during the LGM in Mexico to the west of 951W
longitude. In a recent paper about the vegetation history of
the Upper Lerma Basin, although referring to LGM in
Central Mexico as being relatively dry, Lozano-Garcı́a
et al. (2005) present some new ideas with respect to the
interpretation of the palynological spectra. They acknowl-
edge that the increase of grass pollen in Late Pleistocene
strata could be due to the lowering of the tree line to about
3000m a.s.l. (actually it is close to 4000m a.s.l.) and the
expansion of alpine meadows—the phenomenon being
controlled more by cooling than by aridization. This
interpretation is consistent with our scenario of woodland
domination in the Teotihuacan valley, which has lower
altitudes; thus the forests could be partly open only on the
highest landsurfaces, together with patches of alpine
grassland.

Another important aspect in solving the problem of
contradictions among the proxies lies in considering the
impact of short-term paleoclimatic variability. Most of the
published Late Pleistocene lacustrine records for Central
Mexico show rather sharp fluctuations between alternate
dry and humid episodes on a century scale (e.g. Ortega-
Guerrero et al., 2000; Lozano-Garcı́a et al., 2005). It
should be taken into account that it is difficult to detect
such oscillations in the paleopedological record because:
(1) the temporal resolution of soil memory is rather low,
and (2) many pedogenetic properties indicative of dry
pedogenesis are unstable and easily obliterated during the
subsequent humid phases. However, some of the char-
acteristics of volcanic paleosols such as the stable carbon
isotope composition of humus, and phytolith assemblages,
are able to record short dry episodes that occurred within
the period of paleosol formation (Sedov et al., 2003b). In
the particular case of the Late Pleistocene paleosols of
Teotihuacan, we interpret the increase of C4 plant
phytoliths in the b1 paleosol of CG and in the buried
Luvisol of MA as evidence of drier episodes, which
occurred in the final phase of their development.

4.3.2. Stage II: drier holocene

Carbonate accumulation in the B horizon and higher
values of d13C from humus in the MA surface soil (pointing
to the presence of C4 and CAM plants) reflect semiarid
climatic conditions and xerophytic vegetation on the lower
slopes and valley bottom (such as Opuntia, Agave, and
Yucca). Some forest could persist on the higher slopes and
summits of the surrounding hills like Cerro Gordo,
growing in Phaeozems leached of carbonates, with rather
low d13C values of humus indicative of C3 plants.
The TE profile offers an extraordinarily detailed record

of the establishment of the dry environment. The syn-
sedimentary b4 paleosol with silica infillings and the
minimum d13C value of �25 reflect the lowering of lake
level and development of a swamp ecosystem, although still
within relatively humid climatic conditions during the
Pleistocene–Holocene transition. The sharp enhancement
of d13C values accompanied by carbonate precipitation in
the overlying paleosol marks a change towards drier
environmental conditions. However, we suggest that this
transition was gradual, based on the presence of some
features related to hydromorphic conditions (Fe–Mn
hypocoatings, some ostracods) and on strong evidence
for flooding. The b2 paleosol shows the highest d13C value
in the whole TE profile, supporting the mentioned
tendency towards a drier climate like that, which prevails
in the Valley today. Lacustrine records that suggest
increased humidity during the Holocene in general, based
on the increase of tree pollen in the palynological spectra,
also refer to dry intervals, in particular between 6000 and
5000 14C years BP (Lozano-Garcı́a and Vásquez-Selem,
2005).
In fact our interpretation of the new paleosol records

revives the ideas of Bryan (1948) who relied on paleope-
dological and sedimentological evidence to argue that a
humid climate with dry episodes prevailed in the central
highlands of Mexico during the Late Wisconsin, followed
by aridization in the post-glacial period. The proposed
scenario has certain implications for the understanding of
the paleoenvironmental aspects of the history of human
occupation in the Teotihuacan Valley. We speculate that
only the earliest settlers, hunters and gatherers who
appeared in the valley during the Pleistocene–Holocene
transition, would still have found humid climatic condi-
tions. The later cultural development and, particularly,
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such events as the introduction of agriculture, formative
period settlement expansions, and the rise and fall of
Teotihuacan civilization took place on a background of a
rather dry climate, similar to or even drier than at present.
This could be one of the reasons for the large-scale ancient
water management and irrigation features, the traces of
which are reported by archeologists (McClung de Tapia,
2000; Nichols et al., 1991).

Intensive use of resources, land cultivation and defor-
estation, associated with enhanced erosion and soil
degradation in Teotihuacan is reflected in such soil features
as agricutans, reworked and redeposited soil material.
These processes are active at least during the last
2000–3000 yr, as indicated by sets of radiocarbon determi-
nations from pedosediments (McClung de Tapia et al.
(2005)) and demonstrated by new results from the
lacustrine record (Lozano-Garcı́a et al., 2005).
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Americas: new evidence from México. Journal of Human Evolution

44, 379–387.

Gutiérrez-Castorena, M.C., Stoops, G., Ortiz Solorio, C.A., López Avila,
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