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Abstract

The soil mantle of the tropical karstic landscapes of Southern Mexico was shaped
by specific processes of pedogenesis and long-term human impacts of ancient Maya
agriculture. To understand the interaction between natural and human-induced soil-
forming processes in the calcareous mountains of Chiapas state, we studied soil
toposequences around the Classic Maya site of Budsilha and related them to the
archaeological evidence of settlement and land-use distribution. Soil chemical anal-
ysis, micromorphological observations, and clay mineral identification were carried
out in key soil profiles at the main geoforms. Limestone hills are occupied by shallow
Rendolls which are usually perceived as incipient soils. However, high content of sil-
icate clay composed of kaolinite and vermiculite and ferruginous clayey soil material
observed at macro- and microscale backed the hypothesis that these soils were formed
from the residues of thick Terra Rossa after their erosion. Swampy lowlands are occu-
pied by thick clayey gleyic soils with clay mineral assemblages similar to those in the
upland Rendolls. We suppose that the mineral matrix of the lowland soils is largely
derived from the pedosediments of eroded upland Terra Rossa, which lost original
ferruginous pigmentation and aggregation due to redoximorphic processes. Some
wetland soils contain neoformed gypsum that is atypical for humid tropics; sulfide-
sulfate transformation under fluctuating redox conditions could promote gypsum
synthesis. Ancient Maya land use was closely related to soil-geomorphic conditions:
settlements with homegardens occupied calcareous hills, whereas the primary agri-
cultural domain was developed on lowland soils after their drainage by artificial

canals.

Abbreviations: FWHM, full width at half maximum; HIV, hydroxy-interlayered vermiculite; LiDAR, light detection and ranging; MPERF, McMaster
Paleoethnobotanical Research Facility; NCALM, National Center for Airborne Laser Mapping; PABC, Proyecto Arqueolégico Busilja-Chocoljd; UNAM,

Universidad Nacional Auténoma de México; XRD, X-ray diffraction.
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1 | INTRODUCTION

From Southern Mexico’s Isthmus of Tehuantepec eastward to
northern Central America, Classic Maya society (c. AD 250-
900) gave rise to an ancient agricultural economy with high
efficiency and productivity developed in the humid tropics
(e.g., Dunning et al., 2002; Fedick, 1996; Krause et al., 2021;
Luzzadder-Beach et al., 2020; Morell Hart et al., 2023). A
large part of this region is occupied by karstic geosystems
formed in the sedimentary sequences dominated by cal-
careous rocks: limestones and dolomites (Espinasa-Perefia,
1990). Ancient agrosystems were developed within the
karstic landscapes and adjusted to the specific characteristics
of its soil mantle.

Pedogenesis on calcareous rocks affected by the karstifica-
tion processes differs significantly from the “central image”
of soil development in the humid tropics. Frequently, the
soils are represented by shallow Rendzina type profiles (Ren-
dolls), whereas deep strongly weathered soils—Oxisols and
Ultisols—are usually formed on the silicate materials under
humid tropical climate; on the other hand, much more devel-
oped soils enriched in silicate clay and iron oxides are also
found on the limestones that often neighbor Rendzinas. These
soils are frequently referred to as Terra Rossa and they are
mostly red Alfisols. The origin of their parent material as well
as their pedogenesis are still under debate (Durn, 2003; Durn
etal., 1999; Priori et al., 2008; Yaalon, 1997). High pedodiver-
sity of karstic soils provides both advantages and challenges
for agricultural use.

Extensive research concerning the development, utiliza-
tion, and transformation of the soil mantle in the platform
karst landscapes of the Maya Lowlands in the Yucatan Penin-
sula has been carried out over the last several decades. The
primary soil types have been characterized and their rela-
tionship with the geoforms and calcareous rock types has
been established (Bautista et al., 201 1; Bautista-Zuiiiga et al.,
2004). The detailed study of composition and structure of
mineral soil matrix has been performed both in Rendzi-
nas (Sedov et al., 2008) and Terra Rossa types of soils
(Cabadas-Baez et al., 2010a), which has aided attempts to
trace their origin and pedogenic transformation. Soil con-
straints for ancient Maya cultivation have been identified
(Beach, 1998b) and evidence of soil degradation has been
revealed (Beach et al., 2006). Short-distance variability of
soil cover has been investigated in relation to the design of
traditional Maya agrosystems (Fedick et al., 2008; Flores-
Delgadillo et al., 2011). Hidden karstic erosion, soil piping,
has been proposed as the main mechanism of soil loss in the
Maya lowlands (Sedov et al., 2008), and pedosediments of
the karstic pockets have been investigated as possible indica-
tors of soil redeposition (Cabadas-Baez et al., 2010a; Solleiro
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Core Ideas

* Ancient Maya land use was adjusted to pedodiver-
sity and impacted soil development.

* Shallow upland Rendolls developed due to erosion
of pre-existing red clayey soils.

* Depressions soils contain redeposited material
from the uplands (clay mineralogy).

* Neoformed gypsum is uncommon in humid tropics
as a result of redoximorphic processes.

et al., 2015). In addition to well-drained upland soils, the
profiles of extensive flooded depressions have been investi-
gated and a scenario of their use by ancient Maya people
has been proposed (Leonard et al., 2019; Solleiro et al.,
2015).

Much less is known about the soil mantle of the hilly
karstic landscapes which comprise the northwestern part of
the Maya region. Soilscapes of calcareous ridges which out-
line the upper Usumacinta River Valley, the location of many
famous Maya sites, like Palenque, Piedras Negras, Yaxchilan,
and Bonampak among others, are still poorly documented.
Previous paleopedological and soil-archaeological research
focused on the soil-sedimentary sequences of the alluvial
terraces of the Usumacinta, to obtain paleoenvironmental
records (Solis-Castillo et al., 2013, 2015) and show their
possible relevance for ancient Maya population patterns
(Liendo et al., 2014). Upland soils are less well documented.
In the area of Piedras Negras, Guatemala, some data about
soil resources for ancient Maya agriculture are available
including estimated rates of pedogenesis and limited studies
of cultivation indicators like phytoliths and stable carbon
isotope composition of organic matter (Fernandez et al.,
2005; Johnson et al., 2007). Only fragmentary information
exists about a scant handful of profiles of the hilly karstic
landscapes surrounding Mayan urban centers in Chiapas
(Chavez-Herrerias, 2023).

To address these research gaps, we performed an interdis-
ciplinary study of the soil mantle of the area surrounding the
ancient Maya site of Budsilha, Chiapas, to interpret the pedo-
genesis of its main constituents, understand how the ancient
land use was tailored to soil diversity, and detect soil trans-
formation due to human impact. We applied the catenary
approach which has proven to be suitable for the pedoarchaeo-
logical investigations in Maya region (Beach, 1998a). During
this research, some unexpected soil types and intriguing soil
features were encountered, which required novel interpreta-
tion of their origin, (paleo)environmental significance, and
role in the Maya cultural landscape.
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FIGURE 1

1.1 | Geographical setting

Located in the Mexican state of Chiapas, near the bor-
der with Guatemala (Figure 1), our study area has been
classified as tropical karst in faulted or folded mountains
(Espinasa-Perefia, 1990).

The geology of this region is composed of limestones and
shale-sandstone rocks folded in a NW-SE direction (INEGI,
1984a, 1984b). According to Servicio Geol6gico Mexicano
(SGM, 2006a, 2006b), two formations are present in the
area: the Tenejepa-Lacandon formation of limestone and the
Lomut formation of limestone-sandstone, both dated from the
Paleogene (SGM, 2006a, 2006b).

The climate of the area is warm humid with an average
annual rainfall of 3413 mm, evapotranspiration of 1220 mm,
and an average annual temperature of 24°C (CONAGUA,
2020).

Studies of land use and vegetation (INEGI, 2016) show a
predominance of cultivated pasture in the valley area, where
most of the study profiles are located, some patches of sec-
ondary shrub vegetation of high perennial forest to the south,
and secondary arboreal vegetation of high perennial forest to
the east, north, and southwest.

According to INEGI (2007a, 2007b), which follows the
World Reference Base classification (IUSS Working Group
WRB, 2015), the soils present in the area are primarily
Luvisols, Leptosols, and Phaeozems, with chromic, humic,
rendzic, and lithic qualifiers. In the valley zone, with thick

Location of study area with some of the primary archaeological Maya sites.

fine-textured sediments, deep well-developed Luvisols pre-
dominate. The area of mountains and hills is covered with
Leptosols and Phacozems.

1.2 | Cultural history
The cultural history of the area around the site of Budsilha
is intertwined with the development of the kingdoms of
Palenque, Piedras Negras, Tonina, and La Mar from the Early
Classic, 350-600 AD, to the Terminal Classic, 810-900 AD.
The archaeological site of Budsilha is located just north-
east of the town of Nueva Esperanza Progresista, close to
the Busilja River, located 450 m to the south, is a signif-
icant tributary of the Usumacinta River that is the source
of the site name. The first description of the site was pub-
lished by Maler (1903), based on his explorations of the
region a few years prior. Andrew Scherer and Charles Golden
began research at Budsilhd more than a century later with the
Proyecto Arqueolégico Busilja-Chocolja (PABC) (Scherer &
Golden, 2012), undertaking a more detailed description, map-
ping, and excavations efforts during 2012, 2013, and 2018,
including excavations centered on the identification of prob-
able agricultural areas associated with the site and residential
groups (e.g., Dine, 2018b; Scherer et al., 2012).

From the work by the PABC (Scherer & Golden, 2012),
it is known that the site dates to at least 600 AD, historical
texts inscribed on stone monuments provide evidence of the
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Distribution of the pedological and archaeological studied profiles in the valley of Busilja. Pedological profiles: IH, Inceptic

Haprendolls; TH, Typic Haprendolls; LH, Lithic Haprendolls; GE 1, Gypsic Endoaquepts 1; GE 2, Gypsic Endoaquepts 2; TE 1, Typic Endoaquepts
1; TE 2, Typic Endoaquepts 2. The map also shows the ancient land use. Distribution of anthropic features (platforms, structures, and terraces) in the

landscape. The polylntensity raster insert shows the canals in the swampy area near the site of Budsilha. NCALM, National Center for Airborne

Laser Mapping; PABC, Proyecto Arqueoldgico Busilja-Chocolja.

relationship between the powerful royal dynasty of Piedras
Negras, and smaller royal courts in the area, including that
of La Mar, located just 3.5 km southwest of Budsilha (Hous-
ton & Inomata, 2009; Martin, 2020; Martin & Grube, 2000).
Budsilha was an important site of stone tool production during
the Late Classic period (AD 600-800), and an obsidian work-
shop has been identified in the plaza at a habitational complex,
with a density of 1723 artifacts/m> or 320 g of obsidian/m?
from El Chayal, Guatemala (Golden et al., 2020; Roche Reci-
nos, 2021). Given the proximity to the Busilja River, and one
of its tributaries, the principal architectural group tends to
become an island with seasonal inundations of the swampy
lowlands surrounding the site. This phenomenon helps to
explain the settlement pattern of the area, that includes struc-
tures located on hilltops with artificial terraces on some
hillslopes.

2 | MATERIALS AND METHODS

2.1 | Kaey soil profiles

Seven soil profiles were studied for the pedological part of the
present work, along with two profiles in operations from the
archaeological research (Figure 2). The profiles were selected
to compare the soils in two adjacent geomorphological posi-
tions, forming a catena from the hillslopes to the lowland
area. Three profiles are located on the slope of the limestone

hills, and four profiles are in a swampy depression adjacent
to the hills. The archaeological profiles correspond to two
operations from the 2018 field season: operation 1 located
atop the central platform at Budsilhd and operation 5B in
the marshy area outside the site core, north-west of proba-
ble canals identified via Google Earth Imagery (Scherer &
Golden, 2018).

The soil profiles were first described in the field following
the TUSS Working Group WRB (2015), and samples were
taken for physicochemical, micromorphological, and min-
eralogical analysis at Universidad Nacional Autonoma de
Mexico (UNAM). Only from archaeological excavations were
samples taken for archaeobotanical investigations—phytolith
and macroremains analysis—carried out at McMaster
University.

2.2 | Soil chemical and physical properties
The samples recovered from the pedogenetic horizons of the
key profiles were dried at 60°C for 2 days and then sifted
with a 2-mm opening sieve. The analyses were completed at
different laboratories at UNAM.

1. Particle size analysis: It is completed at the Laboratory
of Paleosoils of the Instituto de Geologia, UNAM, fol-
lowing Flores and Alcala (2010). From the sieved sample,
10 g were used, with a pretreatment of hydrogen peroxide
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(H,0,) and sodium dithionite (Na,S,0,) to remove the
cementing agents: organic matter and iron oxides, respec-
tively. Afterward, 10 mL of sodium hexametaphosphate
was added to each sample as a dispersion agent, with
25 mL of distilled water, and then the samples were agi-
tated for 12 h. The sand fraction was separated with a sieve,
and the silt and clay fractions were separated using the
pipette method.

2. pH, electrical conductivity (EC): It is completed at the
Laboratory of Biochemistry and Soil Organic Matter of
the Instituto de Geologia, UNAM, following Flores and
Alcalé (2010). The sieved sample was prepared in a 1:2.5
ratio with distilled water and agitated for 24 h. A Thermo
Scientific pH-meter was used.

3. Characteristics of soil solution: ionic composition by ion
chromatography: It is completed in the Laboratory of
Environmental Geochemistry of the Laboratorio Nacional
de Geoquimica y Mineralogia, UNAM. The samples
were filtered in a nitrocellulose membrane with pore size
0.45 pm. The alkalinity was determined with a 30 mL
aliquot and titrated with 0.017 N HCI. An ion chromatog-
rapher Metrohm 833 Basic IC Plus with a detector of
conductivity was used for the cations (Na*, K*, Ca>*, and
Mg?*); a column packed with a stationary phase of sil-
ica gel model Metrosep C4 250/4.0 with a mobile phase
composed of oxalic acid dihydrated with HNO; was used;
and for the anions (F~, C1~, NO?~,Br—,NO3-, PO34_, and
S0,>7), polyvinyl alcohol column with quaternary ammo-
nium groups model Metrosep A Supp 4 250/4.0 was used
with a mobile phase of NaHCO;/Na,CO; with chemical
suppression. This analysis was made only on groundwater
samples from the soils in the lower unit (Typic Endoaque-
pts 1, Typic Endoaquepts 2, and Gypsic Endoaquepts 2),
the samples were collected in 100-mL tubes at the time of
the soil description and storage in a cooler until returning
to the lab.

2.3 | Micromorphology

Thin sections were prepared from soil blocks with undisturbed
structure from the key genetic horizons and impregnated at
room temperature with the resin Cristal MC-40. After solid-
ification of the resin, the blocks were cut, polished, and
mounted on glass slides to obtain thin sections of 30 pm.
Observations were made under a petrographic microscope
Olympus model BX51 equipped with a digital camera; images
were captured and processed with the help of the Image-
Pro Plus 7.0 software. Micromorphological descriptions were
completed following the terminology of Stoops (2020). We
focused particularly on the microscopic indicators of the
pedogenetic processes as well as the anthropogenic materials
or microartifacts.

Soil Science Society of America Journal 5

24 | Clay mineral composition by X-ray
diffraction (XRD)

Granulometric clay fraction (<2 um) was separated from
bulk samples by sedimentation in distilled water according
to Stoke’s law, the same pretreatments for particle-size anal-
ysis were used in the samples prior to the separation. From
these fractions, air-dried oriented specimens were obtained
by depositing a few drops of the suspensions onto a glass
slide, which was then dried at 30°C for a few hours (Moore &
Reynolds, 1997). Clay samples were examined by XRD in the
air-dried form, saturated with ethylene glycol (EG), and after
heating (550°C). EG solvation was accomplished by exposing
the slides to EG vapor at 70°C for 24 h.

Measurements were made using an EMPYREAN XRD
diffractometer operating with an accelerating voltage of 45 kV
and a filament current of 40 mA using CuKa radiation,
nickel filter, and PIXcel 3D detector. All samples were mea-
sured with a step size of 0.04° (20) and 40 s scan step time.
Qualitative identification of the most abundant clay minerals
was based on the positions of basal diagnostic peaks. Clay
species were estimated in semiquantitative form from oriented
preparations using simple peak weighting factors. For area
estimation, we used Fityk (Wojdyr, 2010), a program for data
processing and nonlinear curve fitting, simple background
subtraction, and easy placement of peaks and changing of
peak parameters.

2.5 | Phytoliths and macroremains

In addition to pedological investigations, archaeobotani-
cal analyses were performed on samples recovered from
archaeological excavations, closely related to the key soil
profiles. Sample processing at the McMaster Paleoethnob-
otanical Research Facility (MPERF) was conducted following
the phytolith-processing protocol designed by Morell-Hart
(2018). Following this protocol, phytolith samples underwent
deflocculation, sieving, clay removal, chemical digestion
with pressurized microwaving, and heavy liquid flotation
(Morell-Hart, 2018). Concentrated botanical residues were
analyzed in the field laboratory, at Brown University in James
Russell’s laboratory in the Department of Earth, Environ-
mental and Planetary Sciences, at Boston University in John
Marston’s Environmental Archaeology Laboratory, and at the
MPEREF.

2.6 | Study of ancient land use

Documentation of the structures related to the ancient land use
of the area has been carried out through a combination of data
collected by airborne light detection and ranging (LiDAR)
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Scheme of the Busilja soil catena and profile photos. The upland unit is comprised of the profiles Typic Haprendolls (TH), Lithic

Haprendolls (LH) and Inceptic Haprendolls (IH); the lowland unit is comprised of the profiles Gypsic Endoaquepts 1 (GE 1), Gypsic Endoaquepts 2

(GE 2), Typic Endoaquepts 1 (TE 1), and Typic Endoaquepts 2 (TE 2).

and over a decade of pedestrian survey by the PABC. For the
airborne LiDAR, a working group of the PABC team iden-
tified archaeological features in the National Center for
Airborne Laser Mapping (NCALM) LiDAR (Golden et al.,
2021), using the Relief Visualization Toolbox (Kokalj &
Somrak, 2019), to create a Red Relief Image Map, a visu-
alization for archaeological topography, and other useful
visualizations. The features identified were then categorized
by type of construction, like residential structures, platforms,
or terraces. A Polylntensity raster was also created from the
NCALM lidar points by Whittaker Schroder, following the
methodology of Beach et al. (2019) to help with the identi-
fication of features not visible in the digital elevation model
and satellite imagery.

3 | RESULTS

3.1 | Morphological description of key
sections

Three profiles such as: Typic Haprendolls, Lithic Hapren-
dolls, and Inceptic Haprendolls characterize the soils devel-
oped on the limestone hills. These profiles conform to the
upland unit of the studied toposequence (Figure 3, Table 1).
All of them have similar profile architecture: dark loose gran-
ular A horizons of different thicknesses are underlain by the
coarse calcareous regolith. These A horizons fit into def-
inition of Mollic epipedon. Thus, all these profiles were

attributed to the Rendoll suborder of soil taxonomy (Soil
Survey Staff, 2022).

The Inceptic Haprendolls Profile is located close to the
top of a minor hill near the Budsilha site and exposed in a
small quarry for limestone extraction. The A horizon con-
tinuously covers the hill surface; however, the middle and
lower horizons are developed inside a thin and deep (down
to 2 m) karstic pocket filled with pedosediment; that is why
this profile is the deepest in the Rendoll group. It consists of a
A1-A2-B-BC sequence of horizons. The loose, granular, dark
gray A horizon extends down to 80 cm, followed by a reddish-
brown B horizon with presence of anthropogenic materials
(ceramic sherds, bones, shell, and charcoal). The rest of the
profile is a BC horizon with abundant fragments of limestone.

The Typic Haprendolls profile is located at the lower slope
of the limestone hill, upon which the ancient Maya settlement
of Budsilhd was constructed. It is a thin soil of only 25-cm
deep with a sequence of horizons typical of an incipient soil:
A-AB-BC. Differences between the horizons consist mostly
of an abundance of stones which increases with depth and
reaches approximately 80% in the BC horizon. The fine soil
material is dark colored with granular structure most devel-
oped in the A horizon. It contains archaeological materials:
several ceramic sherds and charcoal.

The Lithic Haprendolls profile is located on top of lime-
stone hill above an archaeological structure in the site of
Budsilh4; it represents the soil formation after the abandon-
ment of the site at the end of the Classic Period (900 AD). It
is very shallow and consists of only one dark-colored granular
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TABLE 1 Soil properties of the studied profiles.
Horizon Depth (cm) Color (dry) Structure Texture
Inceptic Haprendolls 15N 672634.46°E 1893394.33°N
Al 0-30 7.5YR 2.5/2 GR Clay loam
A2 30-80 7.5YR 2.5/2 GR Silty clay
B 80-130 7.5YR 5/6 SB Clay
- 130-140 ND ND ND
BC 140-200 7.5YR 5/8 MA Silty clay
Typic Haprendolls 15N 672584.44°E 1893792.33°N
A 0-12 7.5YR 2.5/3 GR Clay
AB 12-25 7.5YR 3/4 SB Silty clay
BC >25 7.5YR 3/3 SB -
Lithic Haprendolls 15N 672602.17°E 1893792.48°N
A 0-10 GR Silt loam
Typic Endoaquepts 1 15N 672560.46°E 1893832.09°N
Ag 0-15 10YR 3/1 GR Clay
Cg 15-30 10YR 5/4 SB Clay
Gypsic Endoaquepts 1 15N 672580.26°E 1893584.48°N
AB 0-15 10YR 3/3 SB Clay
By 15-25 10YR 4/4 SB Clay
Cgyl 25-52 10YR 4/3 AB Clay
Cgy2 52-80 10YR 4/3 AB Clay

Gypsic Endoaquetps 2 15N 672532.26°E 1893668.93°'N

A 0-15 10YR 2/1 GR Clay
Ceiy 15-40 10YR 3/2 AB Silt clay
Cgy 40-70 10YR 372 SB Clay
Typic Endoaquepts 2 15N 672649.2°E 1893470.08°'N

Agl 0-15 10YR 2/1 GR Clay
Ag2 5-15 10YR 2/1 GR Clay
Cg 15-25 10YR 4/2 SB Clay
2Ag 25-35 10YR 3/2 SB Clay
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Consistence
(dry) HCl reaction Observations
1 I Presence of roots
1 ++ Presence of roots
2 +++ Anthropogenic materials (ceramics,
bones, charcoal)
ND ND Limestone rock slabs
Anthropogenic materials
0 ND Calcareous parent material
1 NR Presence of roots
2 + High pedregosity (40%) Anthropogenic
materials
3 ++ High pedregosity (60%)
1 NR
2 NR Gleyic properties
3 NR Gleyic properties
2 NR
4 NR Coarse sand size gypsum crystals
3 NR Gleyic properties and gypsum crystals
3 + Increase the presence of large gypsum
crystals
2 NR Presence of roots
3 NR Slickensides, and neoformed gypsum
3 +++ Presence of neoformed gypsum
NR Abundance of fresh roots
NR Gleyic properties
AFF Gleyic properties, limestone and snail
fragments
2 NR Presence of decomposed roots

Note: Consistence = 0: Loose, 1: Soft, 2: Slightly hard, 3: Hard, 4: Very hard; HCI reaction = +: low, ++: medium, +++: strong.
Abbreviations: AB, angular blocky; GR, granular structure; MA, massive; ND, not determined; NR, no reaction; SB, subangular blocky structure. The codes of color are

presented following the Munsell Color Chart.

A horizon directly underlain by a large limestone slab—part
of ancient Maya construction.

The second group consists of four profiles located in the
flat depression between the limestone hills, which repre-
sent the lowland domain of the Busilja catena. These are
deep loamy-clayey soils; major part of their profile is per-
manently saturated with groundwater, and during the period
of intensive rains, they are flooded. They do not have high
accumulation of organic matter in the form of peat, sapric
materials, or dark humus; however, all their horizons show

strong redoximorphic features; we concluded that these pro-
files belong to Endoaquepts Great Group. The profiles could
be grouped into two units, related to their position within the
depression.

Soils of the lowest part of the depression are represented by
the Typic Endoaquepts 1 and 2 profiles. Groundwater was so
near to the surface that description and sampling were done in
the soil blocks cut and uplifted with the spade—this limited
the depth of the studied section to 30 cm. In Typic Endoaque-
pts 1, only two horizons were identified: Ag-Cg, both with
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strong gleyic properties such as pale greenish color and fer-
ruginous mottles. Typic Endoaquepts 2 profile, located close
to the foot of the limestone hill where Typic Endoaquepts 1
was described, has an additional pale brown 2Agb horizon
below Cg.

Slightly elevated part of the depression, adjacent to the
hill where Budsilh4 site is located, is represented by the pro-
files Gypsic Endoaquepts 1 and 2. The groundwater level
here is lower that allowed us to study sections down to
80 cm. Grayish-brown humus Ag horizon is underlain, from
15 cm downward, with a set of ABgy-Cgy1-Cgy2 horizons
of reduced greenish color with gleyic and—unexpectedly—
gypsic properties. The presence of neoformed gypsum crys-
tals is evident in the field; they are observed as white powdery
mottles directly below the A horizon, while deeper large
clearly visible gypsum crystals of several millimeters in
length were also found. We propose to define these complex
profiles as Gypsic Endoaquepts, although such a subgroup is
not specified in the Keys to Soil Taxonomy (1998).

3.2 | Soil physical and chemical properties
According to the results of the particle size analysis, the stud-
ied soils have relatively high clay content. Already in the
upland profile, Inceptic Haprendolls clay content reaches 40%
in the A horizons, increasing to more than 50% in the B
horizon. In the hydromorphic soils of the depression area,
clay content is even higher, reaching 60%-80% in the Typic
Endoaquepts 2, Gypsic Endoaquepts 1 and 2 sections. Within
the coarser material, silt fractions are more abundant. Only
in the upper A horizon of Inceptic Haprendolls is a strong
increase of sand (more than 30%) observed (Figure 4).

pH values in all profiles vary in the range from 6 to 8; simi-
lar pH ranges were observed both in the upland profiles and in
the depression. In the profiles Inceptic Haprendolls and Gyp-
sic Endoaquepts 2, we observed decrease in the pH values in
the upper horizons, an expected tendency explained by the
enrichment of topsoil with carbon dioxide and organic acids
due to decomposition of the plant residues. The opposite trend
was documented in the profile Typic Haprendolls—probably
generated by the downslope redeposition of carbonate mate-
rials. The behavior of the EC is much more variable. The
upland profiles have moderate values: in the range 200-500
puS/cm in the profile Inceptic Haprendolls and 600-800 in
Typic Haprendolls. Much higher conductivity is encountered
in the hydromorphic profiles within the depression: 1000-
2000 pS/cm in Typic Endoaquepts 2 and even more than 2400
uS/cm in the profiles Gypsic Endoaquepts 1 and 2 (Figure 4).

Water from the swamp in the Typic Endoaquepts 1 had a
pH of 6.4 and an EC of 1760uS at 33°C, and in the Typic
Endoaquepts 2, a pH of 7.49 and an EC of 600 uS at 32°C
were observed.

GARCIA-RAMIREZ ET AL.

Results from the analysis of the ionic composition of soil
solutions obtained directly from the hydromorphic profiles
show that in the profiles without morphological evidence
of gypsum neoformation—Typic Endoaquepts 1 and 2—
the dominant anion was hydrogen carbonate ion (HCO*"),
whereas among the cations Ca>* and Mg>* were present in
similar quantities. On the contrary, in the gypsiferous pro-
file Gypsic Endoaquepts 2, the anion pool was dominated by
sulfate (SO,%7), and among cations Ca’* prevails (Figure 5).

3.3 | Micromorphological observations

In the profile Inceptic Haprendolls, the A horizon is charac-
terized by very high porosity, strong development of structure
conformed by granules and small rounded blocks, pigmen-
tation of the groundmass with dark humus and frequent
plant residues showing different degrees of decomposition
(Figure 6a). The B and BC horizons of this profile show
a quite different arrangement: they are compact, and pores
are few, being presented mostly by tortuous fissures which
delimit larger subangular blocks (Figure 6b). The ground-
mass has reddish-brown color due to ferruginous pigment.
This groundmass contains abundant carbonates—both coarse
particles of irregular shape and micrite incorporated into the
fine material. However, we observed some aggregates free of
carbonate particles; they consist only of clay and iron oxides
and have much stronger red pigmentation than the host mate-
rial (Figure 6¢). Clay component of these aggregates does
not show any birefringence. Various human-introduced com-
ponents were observed throughout the profile, especially in
the B horizon: fragmented mollusk shells (Figure 6d), bone
(Figure 6e), and charcoal particles (Figure 6b).

The groundmass in the A and AB horizons of the Typic
Haprendolls profile is also enriched with dark humus and
contains carbonates—coarse particles and micrite. Human-
introduced components are few, although some small charcoal
particles were encountered (Figure 6f). As in the case of the
Inceptic Haprendolls profile, here we also observed aggre-
gates of red clayey-ferruginous material free of carbonates,
also with undifferentiated b-fabric (Figure 6g,h).

Micromorphological observations in the Gypsic Endoaque-
pts 1 profile revealed a quite specific set of pedogenetic
features. The matrix of its Ag horizon is moderately pig-
mented with humus; however, it is rather compact and
has blocky structure. Clusters of zoogenic aggregates—
excrements of mesofauna—are few and encountered only
within the fragments of plant tissues. In the lower C horizons,
the material becomes even more compact, and the ground-
mass is comprised mostly of clayey fine material. Contrary
to the upland profiles, the clay component here shows rather
strong interference colors, producing speckled and striated b-
fabric. Few rounded iron-manganese nodules are immersed in
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FIGURE 4 Physical and chemical properties of soil profiles analyzed: texture, pH, and electrical conductivity (EC).
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FIGURE 5 Ionic composition of soil solutions from the hydromorphic profiles: TE 1, Typic Endoaquepts 1; TE 2, Typic Endoaquepts 2; and

GE 2, Gypsic Endoaquepts 2.
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FIGURE 6 Micromorphology of the upland soils. (a)—(e) Inceptic Haprendolls profile: (a) Coprogenic structure, high porosity, fragments of
partly decomposed plant tissues; A horizon, PPL. (b) Compact arrangement, few fissures, black charcoal particles; B horizon, PPL. (c) Aggregate
enriched in clay and ferruginous pigment, free of carbonates; BC horizon, PPL. (d) Fragment of mollusk shell; B horizon, N+. (e) Porous bone
fragment; B horizon, PPL. (f)—(h) Typic Haprendolls profile: (f) Charcoal particles incorporated into compact groundmass; AB horizon, PPL. (g)
Aggregate enriched in clay and ferruginous pigment, AB horizon, PPL. (h) Same as (g), N+, note abundant micritic and sand-size carbonate
particles with strong interference colors in the groundmass, whereas in the clayey aggregate such particles are absent. PPL, plain polarized light; N+,
crossed polarizers.
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FIGURE 7

Micromorphology of the lowland gypsiferous soil, all photos under crossed polarizers. (a)—(c) Gypsic Endoaquepts 1 profile: (a)

Compact microcrystalline gypsum infilling in a large pore, A horizon. (b) Large isometric tabular crystal of gypsum, C horizon. (c) Zonal tabular

gypsum crystal, C horizon. (d)—(f) Gypsic Endoaquepts 2 profile: (d) Large elongated twinned crystal of gypsum, Cr horizon. (e) Heterogeneous

gypsum infilling: clusters of microcrystalline particles are surrounded by larger sand-size grains, Ag horizon. (f) same as (e) under crossed polarizers.

the clayey groundmass. The most peculiar observation in this
profile is the abundance of neoformed gypsum pedofeatures.
In the A horizon, these features are presented by compact
microcrystalline infillings in the pores (Figure 7a). Below,
in the C horizons, large isometric tabular crystals appear
(Figure 7b), and some of them are zonal (Figure 7c). No signs
of dissolution or degradation of gypsum, like etching pits, sub-
stitution by carbonates, or penetration of clayey material, were
observed. The Gypsic Endoaquepts 2 profile has rather sim-
ilar micromorphological characteristics. However, it shows
some additional features of neoformed gypsum. In the Cr hori-
zon, we encountered elongated gypsum crystals (Figure 7d).
We observed variability of crystal sizes within a single ped-
ofeature: within the infillings in the Ag horizon, clusters of
microcrystalline particles are surrounded by larger sand-size
grains (Figure 7e,f).

In the lowermost Typic Endoaquepts 2 profile, some areas
with zoogenic granular structure are observed (Figure 8a)
only in the uppermost part of the A horizon, while other
parts of the profile are compact and blocky. Groundmass is
clayey, pigmented with humus. Numerous plant tissue frag-
ments show different stages of decomposition but no signs
of mesofauna activity (Figure 8b). Human-introduced com-
ponents (microartifacts) were practically invisible with the
exception of very few quite small charcoal particles in the Ag
horizons (Figure 8c). Below, in the Cr horizon, clayey fine
material shows rather strong interference colors, groundmass
incorporates rounded Fe-Mn nodules, better developed in the
profile Typic Endoaquepts 1 (Figure 8d). These features are
quite similar to the lower parts of the Gypsic Endoaquepts
profiles. However, in the Typic Endoaquepts profiles, no neo-
formed gypsum was encountered. Also, no carbonates (coarse

2SULOIT SUOWIW0) dAREa1) dqedridde oyy £q paUIdA0S A1k SAOIIE V() OSN JO SN 10§ AIRIQIT dUIUQ AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqI[aur[uo//:sdpy) SuonIpuoy) pue swd ], oy 39S “[4707/80/60] U0 Axeiqi suruQ ASIM ‘€202 2[eS/2001 0 1/10p/wod A1’ AIRIQI[OUI[UOsSasory/:sdyy woly papeo[umo( ‘0 ‘19905 h |



12 Soil Science Society of America Journal

GARCIA-RAMIREZ ET AL.

FIGURE 8 Micromorphology of the lowland swampy soils without gypsum, all photos under plain polarized light. (a)—(c) Profile Inceptic

Haprendolls, Ag horizon: (a) Area with zoogenic granular structure in the upper part of the viewfield, neighboring blocky structure in the lower part,

Ag horizon; (b) large fragments of plant tissues, strongly decomposed; and (c) small charcoal fragment. (d) Typic Endoaquepts 1 profile, Cr horizon:

ferruginous nodule within the clayey groundmass.

or micritic) were observed in groundmass of any lowland
soils. Human-introduced components (microartifacts) were
practically invisible with the exception of very few quite small
charcoal particles in the Ag horizons (Figure 8d).

3.4 | Clay mineral assemblages

Clay mineral assemblages were studied in the samples from
selected horizons of the profiles (B horizon of the Inceptic
Haprendolls profile, AB horizon in the Typic Haprendolls
profile, Cgyl horizon of the Gypsic Endoaquepts 1 profile,
Cg horizon in the Typic Endoaquepts 1 profile, and C in
the Inceptic Haprendolls profile), to use as an indicator of
the weathering status and a tracer of the provenance of soil
mineral mass. Despite contrasting differences of the mor-
phological and physicochemical properties, all soils of the
studied chronosequence showed a similar composition of the
clay mineral assemblages. Below, we list the main identi-
fied clay components and briefly describe their diagnostics by
XRD, according to the position of diagnostic peaks and their
reaction to the applied pre-treatments.

In all studied samples, we observed major abundance of a
group of 2:1 clay minerals that produced prominent 1.4 nm
basal spacing in the air-dry sample. Within this group, the
following individual components were discriminated: (1) Ver-

miculite: 1.4 maximum remains unchanged after glycolation
but shifts to 1.0 nm after heating. (2) hydroxy-interlayered
vermiculite (HIV) is differentiated from normal vermiculite
by an incomplete shift of the 1.4 nm maximum after heat-
ing: it is expressed in asymmetry of the 1.0 nm peak that
had a clear “shoulder” toward smaller angles. This asymme-
try is interpreted as evidence of the incomplete collapse of
the vermiculite structure after heating caused by the presence
of a fragmentary additional octahedral layer, characteristic for
HIV (Barnhisel & Bertsch, 1989), also called “soil chlorite.”
(3) Smectite is characterized by a shift of 1.4 nm maximum to
smaller angles after glycolation, producing a spacing of 1.5—
1.6 nm. Smectitic component is also recorded by the behavior
of the 0.7 nm maximum which is displaced after glycolation
to approximately 0.76 nm.

The second most abundant component is kaolinite that pro-
duces well-defined 0.7 nm basal spacing in the air-dry sample
that stays unchanged after glycolation but disappears in the
samples heated to 550°C. Finally, illite is detected by the
1.0 nm basal peak, that is not modified by the pre-treatments;
this component is present in minor amounts since it only
appears as a small shoulder of the 1.4 nm peak.

The proportions of the components within the clay min-
eral assemblages differed significantly in the upland Rendolls
and lowland Endoaquepts. In all the samples of the upland
unit, we found only two defined components, the strongest
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one of 1.4 nm and the other of 0.7 nm of basal spacing. The
1.4 nm peak in the air-dried sample has full width at half
maximum (FWHM) values close to 1 (intermediate crys-
tallinity). The 1.4 nm component splits in two when the
sample is glycolated; one remains at 1.4 nm, and the other
partially expands to 1.5 nm. The non-expansive component
predominated and shifted to approximately 1.0 nm after heat-
ing at 550°C. The expansive component is not very relevant.
In all diffractograms of the heated specimens, we observed
clear asymmetry of the 1.0 nm peak of the collapsed vermi-
culite: it had a clear “shoulder” toward smaller angles. We
interpret this observation as evidence of the incomplete col-
lapse of the vermiculite structure after heating caused by the
presence of a fragmentary additional octahedral layer. This
component could be interpreted as HIV (Barnhisel & Bertsch,
1989), also called “soil chlorite.” The 0.7 nm component is not
modified in glycolation, but disappears when heated, thus, it
is interpreted as kaolinite that has high crystallinity (FWHM
< 0.7). The 1.0 nm illitic component is only observed in one
sample in a very small proportion, <5% (Figure 9a, Table 1).

10 15
Position [°26] (Copper (Cu))

Difractograms: (a) Upland Unit: TH, Typic Haprendolls and (b) Lowland Unit: GE 1, Gypsic Endoaquepts 1. FWHM, full width at

In all the samples of the lowland unit, we found three
components, one of 1.4 nm, a second of 1 nm (minority),
and another of 0.7 nm of basal spacing. The 1.4 nm peak
in the untreated sample has higher FWHM values (lower
crystallinity) than the upper samples. The 1.4 nm compo-
nent does not split upon glycolation and expands to about
1.6 nm. The expansion is clearer than for the samples of the
upper unit; for this reason, it is interpreted that the smec-
titic component is the predominant one. Such modification
by expansion can also be observed in the 0.7 nm peak. The
HIV or smectite component is minor, but still is observed
in the heated samples, as indicated by incomplete collapse
of the vermiculite structure after heating. The component
of 0.7 nm is modified in the glycolation; it has low crys-
tallinity (FWHM > 1) and is interpreted mainly as smectitic
type, but also with the contribution of kaolinite (in some
samples, the presence of the two differentiated peaks can
be observed). The peak located at 1.0 nm corresponds to
illite of low crystallinity and is found only in the samples of
this lower unit and is always a minority phase since it only
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TABLE 2 Semiquantitative values obtained using Fityk (Wojdyr, 2010) software.
Sample Typic Haprendolls Inceptic Haprendolls
Upland Unit Smectitic component XX XX
Vermiculite and hydroxy-interlayered vermiculite (HIV) XXXX XXXX
illite X) X)
Kaolinite X X
Sample Typic Endoaquepts 1 Gypsic Endoaquepts 1 Typic Endoaquepts 2
Lowland Unit Smectitic component XXX XXXX XXXX
Vermiculite and HIV XX X XX
Tllite X X X
Kaolinite X X X

Note: (X) = <5%; X = 5%—15%; XX = 15%-30%; XXX = 30%-50%; XXXX = >50%.

appears as a small shoulder of the 1.4 nm peak (Figure 9b,
Table 2).

3.5 | Phytoliths and macroremains
The excavations at Op.1, in the Central platform at Budsilh4,
revealed a number of charred remains from wild and/or man-
aged plants. The BU-01-B-05-04 excavation unit yielded
a domesticated tomatillo (cf. Physalis ixocarpa Brot. ex
Hornem) seed at an upper anthropogenic level, and a cf. chile
pepper (Capsicum annuum L.) seed, maize (Zea mays L.)
cupule, and cactus fruit (Melocactus sp.) seed in a lower,
earlier level (BU-01-B-05-06; Figure 10). An even earlier
anthropogenic deposit in the BU-01-B-05-07 unit yielded a
nance (Byrsonima crassifolia L.) fruit seed. All these charred
botanical remains come from primary or secondary deposits
identified as construction fills, and do not represent plants
grown in situ atop the constructed platform.

The excavations at Op 5B, in the swampy area, lots 2 and
3 of unit BU-05-B-01, yielded no preserved or identifiable
remains from domesticated plants, though they did reveal sev-
eral charred remains and phytoliths from wild and/or managed
plants of the Onagraceae, Asteraceae, Solanaceae, Verbe-
naceae, Vitaceae, Polygonaceae, Poaceae, and Chenopodi-
aceae families. Decorated spherical phytoliths likely from the
palm family were also recovered in this unit. Unit BU-05-B-
02 yielded no botanical remains that could be identified even
to family, and no artifacts.

3.6 | Ancient land use

Analysis of LiDAR and pedestrian archaeological surveys in
the study region have helped to clarify ancient settlement
patterns. Archaeological features, including residential struc-
tures, platforms, terraces, and canals, are distributed through
the geoforms (Figure 2).

e - |

FIGURE 10
of Caribbean grape (Vitis tiliifolia Humb & Bonpl. ex Schult.)
(BU-1-B-05-02-LF), (b) cupules of Zea mays (BU-1-B-05-04-HF), (c)
fragment of a seed of Melocactus sp. (BU-1-B-05-06-LF), and (d)
perforated opaque phytolith corresponding with the sunflower family

Examples of phytoliths and macroremains. (a) Seed

(Asteraceae).

Constructed platforms and structures are located on the
upper parts of the terrain, atop mountains or hills, as is the
case for some architecture at Budsilh4 and the site on top of the
hill in Rancho Maria, the hill where the Inceptic Haprendolls
profile is at.

Constructed terraces are present in the upper and lower
parts of the terrain, although they are more visible in the upper
zones. They are present in slopes close to the valley bottom
or near the top of the mountains, close to the platforms and
structures.

In higher zones, where slope could have been an issue
for settlement construction, terraces were probably more fre-
quently used for habitation purposes and potentially home
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gardens, while terraces in lower zones of the terrain could
have been more frequently used for agricultural purposes, as
far as their soils are deeper and more fertile due to collu-
vial pedosediment accumulation. The more frequent use of
lower zones for agricultural production is additionally sup-
ported by the presence of rectilinear canals, identified through
the PolyIntensity raster (Figure 2).

4 | DISCUSSION

4.1 | Upland soils: Human-induced erosion
and development of shallow upland Rendolls

Soil profiles developed on the limestone hills (which host
the ruins of ancient buildings and rich cultural layers with
artifacts) are composed predominantly of thin dark humus
horizons underlain by continuous limestone, coarse lime-
stone colluvium or debris from collapsed constructions—also
calcareous. Indeed, profiles Typic Haprendolls and Lithic
Haprendolls are of this kind, whereas in the Inceptic Hapren-
dolls profile under humus horizons, we observed a deeper
solum (Bw and BC horizons)—but only locally, in a thin
karst pocket. The morphology of these profiles might suggest
that they be interpreted as quite primitive soils, a product of
incipient pedogenesis. However, from our viewpoint, this is
a deceiving impression: the properties of soil mass disagree
and point to an alternative explanation. The granulometric
analysis points to relatively high content of clay fraction.
Micromorphological observations show that although some
carbonates (mostly primary) are present in the groundmass,
its larger part consists of silicate clay. Further mineralogi-
cal investigation by XRD revealed the composition of clay:
it is dominated by vermiculite (including HIV) and kaolinite
(Table 1). These components indicate the intermediate to high
weathering status of these soils that require an advanced stage
of pedogenesis under leaching and acidification conditions
(Dixon, 1989; Douglas et al., 1989). We strongly doubt that
abundant neoformation of these clay components could take
place within the soil environment of a thin calcareous alkaline
soil because in such medium, acidic products of organic mat-
ter decomposition—that are the main agents of weathering
and clay mineral formation—should be quickly neutralized
by calcium carbonate. Thus, we suppose that they are inher-
ited from a different soil system, now absent in the studied
geoforms.

Micromorphology provides hints to infer characteristics
of this pre-existing soil on the limestone hills. In the pro-
file Inceptic Haprendolls and profile Typic Haprendolls, we
observed fragments of red clayey soil material free of calcite,
immersed in the humic or in the carbonate host ground-
mass. We speculate that these fragments are inherited from
a thick ferruginous clay-rich soil originally developed on the
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limestone hills of Busilja. Such soils are common for pedoge-
nesis on karstified carbonate rocks, especially in subtropical
and tropical regions, and have been referred to as Terra
Rossa (e.g., Mediterranean basin, Southern China, Caribbean,
among others), and their genesis remains a subject of discus-
sion (e.g., Cabadas-Baez et al., 2010b; Merino & Banerjee,
2008). These soils were found in the mountainous landscapes
of Chiapas (Solis-Castillo et al., 2014) and were observed
in some exposures close to the study area in similar geo-
morphic positions but without evidence of anthropogenic
activity (see Arriva Cueva profile in Sedov et al., 2023).
We suppose that Terra Rossa soils once covered the lime-
stone hills of Busilja but have been destroyed by erosion. The
residues of these soils are presented by the still recogniz-
able red clayey microfragments incorporated into the slope
colluvial soils (Typic Haprendoll profile) or into the fills of
karstic hollows (as in Inceptic Haprendoll), and also by the
fine kaolinitic-vermiculitic material, mixed with humus and
lithogenic carbonates in the groundmass of the upper dark
horizons of the Rendoll soils. The latter are strongly affected
by soil fauna activity that is evidenced by their well-developed
granular structure of coprogenic origin. This activity results in
pedoturbation and translocation of fine soil material toward
the surface and could be responsible for development of
dark soils over archaeological monuments. This is a well-
known phenomenon described already by Darwin (1881) who
attributed soil development on ancient Roman ruins to the
continuous earthworm activity.

Soil erosion in the upland areas, to a large extent, could have
been provoked by ancient Maya land use. Construction and
settlement activities are documented by the PABC archaeo-
logical excavations and LiDAR data, mostly on the calcareous
hills. Such activities would be accompanied by the destruc-
tion of natural vegetation and soil disturbance, precursors to
erosion processes. The presence of macro- and microscopic
artifacts associated with redeposited red soil fragments in the
Rendolls supports the supposition of mostly human-induced
colluviation process. Large-scale human-induced erosion of
soils in the upland areas and deposition of pedosediments in
the lowlands, which started in the preclassic and culminated
during the Classic period, have been documented in various
Mayaregions (Beach et al., 2006, 2018). In the Yucatan penin-
sula, erosion of Terra Rossa soils and their substitution by dark
shallow Rendolls was accompanied by deposition of large
amounts of red pedosediments in the underground karstic hol-
lows: sinkholes and cave floors (Cabadas-Baez et al., 2010a;
Sedov et al., 2023). We further speculate that in the study area,
erosion provoked by humans took place rather early. Excava-
tions at Budsilha and other neighboring sites have not revealed
red soils below the constructions and cultural layers of the
Classic period. This means that already before the develop-
ment of these settlements, deep red soils were largely eroded
due to earlier Preclassic landuse, thus the timing of earliest
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land degradation processes in the region is set before 1.7-2
kyr BP, in agreement with paleopedological results from the
other Maya regions of Southern Mexico (Sedov et al., 2023).

In terms of environmental and agronomic quality, the major
problem with the upland Rendolls is their shallow and uneven
thickness. On the other hand, high humus content and well-
developed structure are beneficial properties for agriculture.
At present, these soils are not targeted for cultivation, how-
ever, they support abundant natural selva vegetation that
has developed on the abandoned Classic Maya settlements.
These soils could also have been used by ancient inhabi-
tants for planting homegardens within the settlement areas,
thought to be an important part of Maya agricultural land-
scapes (Morell-Hart et al., 2023). To cope with the small and
variable thickness of Rendolls, high-precision “container gar-
dening” technology could have been applied (Fedick et al.,
2008; Flores-Delgadillo et al., 2011).

4.2 | Lowland soils: Possible impact of
redeposition, the origin of gypsum, potential for
ancient agriculture

The hypothesis of strong erosion as a key factor of soil evo-
lution on the calcareous hills should have some implications
also for the lowland areas, which should receive at least part
of the eroded material, leaving identifiable footprints. At first
glance, we do not find these eroded materials in the studied
profiles, apart from small charcoal fragments that could be
in situ. No features that could be attributed to the pedosedi-
mentary material were observed at the macro- or microscale.
However, we speculate that the clay minerals could provide
a hint for detecting redeposition. Clay mineral assemblages
show a striking similarity in the upland and lowland profiles—
despite their contrasting morphological differences (Table 1).
In both cases, the clay mineral assemblage is constituted by
two major components: 1.4 nm—vermiculite and smectite,
with different grades of chloritization and 0.7 nm— kaolinite.
This similarity is uncommon by far in tropical soil topose-
quences. Usually, the mineralogy of elevated positions and
depressions differs significantly because of contrasting weath-
ering intensities, controlled by drainage (Duchaufour, 1982).
For example, in classic “black and red” toposequences, the
clay of well-drained slope soils consists mostly of kaolin-
ite, whereas smectites dominate in depressions (Kantor &
Schwertmann, 1974).

This similarity could be explained by the common origin of
these mineral associations: A large part of the fine clay mate-
rial in the depressions could arrive from the eroded soils of the
limestone hills. Some minor differences in the proportions of
clay components between the upland and lowland soils could
be explained by some further transformation of minerals in
the water-saturated environments of the latter. In particular,
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we attribute the higher proportion of the smectitic compo-
nent within the 1.4 nm phase to the degradation of vermiculite
(Novikoff et al., 1972). There are other reports of tropical
soil catenas with contrasting morphological characteristics
but quite uniform clay mineral composition, for example,
in coastal Brazil (Pacheco et al., 2018). Pacheco and col-
leagues explained this phenomenon with erosion/redeposition
of pre-weathered material along the hillslope gradient.

If our hypothesis is correct and the depression soils
received large amounts of redeposited soil materials, why
are these materials not detected morphologically? In partic-
ular, why have the fragments of red clayey soil, observed
in the thin sections of upland Rendolls, not been found
in the lowland Gleysols? We think that the hydromorphic
pedogenetic processes within the swampy depression could
sweep away morphological features of pedosedimentary
materials. Microbial reduction under anaerobic conditions
causes translocation of iron from the reduced depletion areas
toward oxidation sites where Fe-Mn pedofeatures are formed
(Vepraskas et al., 2018). We suppose that, in our case, it results
in the decomposition of red ferruginous pigment of pedosed-
iments and concentration of Fe and Mn hydroxides in the
nodules observed in the thin sections. This redistribution of
iron could also affect the orientation pattern of clay particles.
Undifferentiated b-fabric, which we observed in the red soil
fragments in the upland profiles, is due to the presence of
tiny ferruginous grains which prevent the orientation of platy
clay mineral particles. When this ferruginous component is
removed due to reduction in the hydromorphic soils of the
depression, clay particles could orient and produce striated
b-fabric. The main factor of clay particle orientation in the
soils is the shear stress related to swelling pressure (Stoops
& Mees, 2018). Parallel-oriented clay particles occupy less
space than randomly oriented; thus, they are aligned along the
planes of sharing, producing striac. We suppose that presence
of smectites with high swelling capacity should increase shear
stress effects in the studied hydromorphic soils and support
development of striated b-fabric. As a result, the set of mor-
phological features of soil mass is deeply transformed, being
affected by redoximorphic processes, whereas composition of
silicate clay minerals suffers only minor changes and permits
us to trace the pedosedimentary origin of the material.

The most intriguing pedogenetic phenomenon in the
depression is the presence of abundant neoformed gypsum
crystals in some profiles. Gypsum is a moderately soluble
component. Thus, gypsiferous soils are common predom-
inantly in the (semi)arid regions where evapotranspiration
exceeds precipitation, leaching processes are restricted, or
upward transport of dissolved sulfates in the soil profile
takes place (Casby-Horton et al., 2015; IUSS Working Group
WRB, 2015; Sposito et al., 2008). There are previous find-
ings of neoformed gypsum in the soils of the Maya lowlands,
particularly in the pedosedimentary sequences of the coastal
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lowlands in Belize (Beach et al., 2006; Krause et al., 2019;
Luzzadder-Beach et al., 2012; Pohl et al., 1996). These
authors all explain abundant precipitation of sulfates together
with carbonates by the same mechanism: evaporation of
highly mineralized groundwater that ascended in the Late
Holocene due to the sea level rise.

The soils surrounding the site of Budsilha are formed under
a perhumid tropical climate, thus neoformed gypsum is in
apparent discordance with the environmental setting. The pre-
cipitation here is two to three times higher than further north
in the Yucatan peninsula, and thus should produce strong dis-
solution effect in the surface soil horizons. For this reason,
the evaporation mechanism is improbable even in the lowland
profiles saturated with groundwater.

Our first idea was that gypsum is a relict feature related to
more arid phases in the past. Dry periods occurring through-
out the late Holocene in the Maya region are inferred from
different proxies: lacustrine (Hodell et al., 2005; Leyden
et al., 1996; Torrescano-Valle & Islebe, 2015), speleologi-
cal (Medina-Elizade et al., 2010; Webster et al., 2007), and
marine (Haug et al., 2003). The hypothesis of a drought (or
series of droughts) as the main cause of the decline of south-
ern Classic Maya communities has become dominant during
the last decades. Thus, we were tempted to interpret the gyp-
sum accumulations as a legacy of ancient droughts, especially
taking into account that in the regional lacustrine records,
gypsum presence in lake sediment cores is presented as a
reliable indicator of aridity (Brenner et al., 2003). Never-
theless, micromorphological observations cast doubt on this
hypothesis. If gypsum crystals were inherited from a past
environment, in disequilibrium with present-day soil condi-
tions, we would expect some signs of their decomposition:
surface dissolution features like etching pits, phantom voids,
and so forth (Poch et al., 2018). However, such features
were never observed in the gypsum of the wetland soils sur-
rounding Budsilha. On the contrary, the crystals look fresh
and complete even in the A horizon, indicating their recent
development.

In the framework of the relict feature version, we should
also consider the possibility of the ancient anthropogenic
origin of gypsum. Gypsiferous soils have been reported in
archaeological contexts where gypsum was derived from
ancient construction materials (Golyeva et al., 2018). The
archaeological and pedological observations in the wetlands
of Busilja do not support this version. Ancient anthropic activ-
ities there are restricted to digging of the drainage canals, no
traces of construction or settlement development are found
there, and very few artifacts are clearly redeposited. Macro-
and micromorphological studies revealed only neoformed
gypsum crystals, and no traces of gypseous construction
materials were found.

We argue that redoximorphic processes could be respon-
sible for the Ca sulfate precipitation in the hydromorphic
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soils of the depression. The initial source of sulfur could
be dissolved groundwater sulfate; however, in the reduc-
tion conditions of wetland soil, it could be transformed into
sulfide. Iron from the ferruginous pigment of the red soil
pedosediments is also reduced (as discussed above), and
thus conditions for iron sulfide precipitation (so-called acid-
volatile sulfides and more stable pyrite) appear (Chesworth
et al., 2008). Precipitation of sulfides limits sulfur mobility
and detains its further migration with groundwater discharge.
When groundwater level lowers temporally in slightly ele-
vated parts of wetland, oxidizing conditions make sulfate
formation possible again as the result of sulfide oxidation.
In the absence of carbonates, acid sulfate soils develop as a
result of sulfide oxidation process (Chesworth et al., 2008).
However, in our case, sulfate further reacts with the abundant
calcium bicarbonate dissolved in the groundwater (provided
by the limestone karstification in the surrounding hills). This
interaction produces gypsum and neutralizes acidity (Fanning
et al., 2002).

This scenario may explain the unexpected variations in
the ionic composition of the groundwater within the Busilja
swampy lowland. Indeed, we found substantial difference
between the soil water from the slightly elevated part (Gyp-
sic Endoaquepts profiles), where the most abundant anion is
sulfate, and that from the lower center of depression (profile
Typic Endoaquepts 1), dominated by bicarbonate—despite
the fact that both belong to the same continuous groundwa-
ter body. We suppose that, only in the periodically aerated
elevated part, sulfide oxidation and sulfate formation take
place. The latter further reacts with the dissolved bicarbonate,
consuming it and generating calcium sulfate; after reach-
ing saturation, it precipitates as gypsum. In the permanently
water-saturated central part of the depression, reduced con-
ditions are permanent, sulfate does not form, and hydrogen
carbonate remains dominant anion.

The process of gypsum synthesis at the expense of sulfide
oxidation in presence of calcium (bi)carbonate is the second
most important pathway of formation of this mineral in the
soils and continental sediments apart from evaporative pre-
cipitation. It is interesting that the shape of gypsum crystals
depends on their origin: sulfide oxidation produces predom-
inantly elongated and tabular morphology (as in the studied
case!), whereas very common lenticular shapes are gener-
ated by the evaporation in arid environments (Mees & Stoops,
2018). The oxidative synthesis of gypsum process is well stud-
ied in coastal wetlands (Poch et al., 2009) but is also known
in the inland hydromorphic geosystems (Lamontagne et al.,
2006); it is frequently also found in the artificial soils on sul-
fidic mine waste ameliorated with carbonates (Fanning et al.,
2002).

Concerning the Maya region, Beach et al. (2008, p. 327)
considered the possibility of neoformation of gypsum due
to pyrite oxidation unlikely in the lowlands of Belize, but

2SULOIT SUOWIW0) dAREa1) dqedridde oyy £q paUIdA0S A1k SAOIIE V() OSN JO SN 10§ AIRIQIT dUIUQ AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqI[aur[uo//:sdpy) SuonIpuoy) pue swd ], oy 39S “[4707/80/60] U0 Axeiqi suruQ ASIM ‘€202 2[eS/2001 0 1/10p/wod A1’ AIRIQI[OUI[UOsSasory/:sdyy woly papeo[umo( ‘0 ‘19905 h |



18 Soil Science Society of America Journal

without discussing this possibility in detail. On the other
hand, Leonard et al. (2019) found pyrite—possible precur-
sor for gypsum—in the carbonateous wetland soil-sediment
sequences in the north of Yucatin Peninsula. We hypothe-
size that neoformation of gypsum due to the sulfide oxidation
in presence of calcium (bi)carbonate could be a widespread
process in the wetland and possibly also in the lacustrine land-
scapes of the Maya lowlands, where karstified limestone is the
most common geological subsoil material.

If our hypothesis is valid, it will have important implica-
tions for paleoecological interpretations of gypsum when it
is found in the soils and sediments of the region. In lacus-
trine sequences, abundance of gypsum (frequently estimated
by measuring the sulfur content) is usually judged as an indi-
cator of higher evaporation rates in relation to precipitation
and thus seen as a reliable indicator for aridization (Bren-
ner et al., 2003). This interpretation supposes the evaporative
origin of gypsum and does not consider the possibility of
its formation due to sulfide oxidation. However, if the lat-
ter is true, the paleoclimatic interpretation of this component
is quite ambiguous because oxidative synthesis of gypsum
could also take place under humid climate, as shown above.
Anyway, at present, our version of gypsum neoformation is
far from being strictly proven; further research is needed
to check this hypothesis. In particular, a thorough search
for sulfides—the supposed precursor of gypsum—should be
undertaken in the deeper horizons of the wetland soils of
Busilja.

Apparently, the presence of neoformed gypsum does not
limit biological productivity of the wetland soils. Being a
neutral salt with relatively low solubility, it does not affect
chemical soil quality. Gypseous horizons could have a neg-
ative effect on soil physical properties in case of their
cementation (Sposito et al., 2008), although this is not the
case in the studied wetland soils. At present, this area has
abundant grass vegetation and is used as a pasture. The soils
could be cultivated after drainage, and the presence of arti-
ficial canals in the area indicates that these soils could form
the main agricultural domain of the Classic Maya soilscape.
Cultivable plants in these contexts could include a variety
of annuals, such as the milpa triumvirate (maize, beans, and
squash) or root crops such as manioc (Manihot esculenta) and
edible cocoyams (Xanthosoma spp.); commodity and tithe
crops such as cotton (Gossypium spp.); leafy plants such as
chaya (Cnidoscolus chayamayansa McVaugh); and shrubby
fruit plants such as more shallow-rooted nance or annatto
(Horseman, 2022). It is likely that taller trees with deeper root
systems, such as copal (Protium copal Schltdl. & Cham.) or
breadnut (Brosimum alicastrum Swartz) trees, would suffer
in periods of higher groundwater levels, even where artificial
drainage was employed.

Even with taphonomic conditions that hindered preser-
vation and limited sampling capacity, we see the local
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consumption of expected domesticates by residents at the
ancient site of Budsilhd. However, the samples taken from
the units in the likely agricultural area (Op. 5B) yielded no
agricultural products, instead presenting a wide suite of wild
and/or non-domesticated plants. These plants may represent
the fallowing period of an agricultural cycle. The presence
of expected domesticates such as maize, chile peppers, and
nance fruits in trash deposits and construction fills demon-
strate that Budsilha residents were making use of some other
portion of the landscape to grow these plant foods or were
gaining food products in trade. These cultivation areas are
likely located in the artificially drained flat lowlands under-
going continuous managed successional cropping, yielding a
variety of economic plants dependent on the succession phase
of the zone (Morell-Hart et al., 2023). The importance of the
lowland agricultural domain should have especially increased
during the Classic period when the population (especially
urban) grew, whereas upland soil resources had already been
largely destroyed by human-induced erosion, as discussed
above.

S | CONCLUSIONS

The studied catenas in the mountainous karstic landscape of
Busilja, Chiapas, show a particular pedogenesis that differs
from what is expected of the soil cover in both the tropics and
in the karstic geosystems. This phenomenon is in part related
to the semicontinuous anthropic occupation of the area. Four
primary conclusions are drawn from this study:

1. The rendzic-type soils (of shallow profile and high humus
content) are not incipient soils but instead are highly
eroded. This erosion has occurred primarily through the
anthropic activities in the upper part of the terrain that have
been taking place in the area for the past 2000 years.

2. The soils in the lower parts of the terrain present abun-
dant pedosediments that have been affected and modified
by gleyic processes. The relationship between the upper
and lower soils is not easily recognizable in the profiles but
the clay mineralogy and the micromorphology shed some
light on the matter.

3. The appearance of neoformed gypsum, in the lower parts
of the terrain, is proposed to be of recent formation and
not related to the archaeological occupation. This is likely
the result of reductomorphic processes and is related to
the presence of the water table which contains dissolved
hydrocarbonates.

4. The distribution of the anthropic activities is closely
related to location on the geoform. In the upper parts of
the terrain, there is a higher concentration of architectural
structures, along the slopes there are terraces that could
serve both as agricultural and living spaces, and the lower
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parts of the terrain seem to have been reserved for agri-
cultural purposes with some modifications to moderate
seasonal overabundance of water.

The soil development and ancient Maya land use in the area
were closely intertwined with the geoform and the presence
of anthropic activities. Ancient inhabitants clearly designated
particular areas for architecture, agriculture, and other activi-
ties. However, these inhabitants were necessarily attentive to
the pre-existing affordances and limitations of the same areas,
such as soil fertility, relatively flat areas for construction,
and location in regard to other occupants of the landscape.
Over time, transformations to the landscape—transformations
some of these ancient inhabitants engendered—could have led
to new affordances. Given the soil history now documented
in and around Budsilh4, we see new limitations brought on
by the erosion of rich soils from agricultural areas, and the
overall degeneration of previously reliable upland agricultural
zones.
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