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Archaeologists have traditionally thought that the development of Maya civilization
was gradual, assuming that small villages began to emerge during the Middle
Preclassic period (1000–350 bc; dates are calibrated throughout) along with the use
of ceramics and the adoption of sedentism1. Recent finds of early ceremonial
complexes are beginning to challenge this model. Here we describe an airborne lidar
survey and excavations of the previously unknown site of Aguada Fénix (Tabasco,
Mexico) with an artificial plateau, which measures 1,400 m in length and 10 to 15 m in
height and has 9 causeways radiating out from it. We dated this construction to
between 1000 and 800 bc using a Bayesian analysis of radiocarbon dates. To our
knowledge, this is the oldest monumental construction ever found in the Maya area
and the largest in the entire pre-Hispanic history of the region. Although the site
exhibits some similarities to the earlier Olmec centre of San Lorenzo, the community
of Aguada Fénix probably did not have marked social inequality comparable to that of
San Lorenzo. Aguada Fénix and other ceremonial complexes of the same period
suggest the importance of communal work in the initial development of Maya
civilization.

The period around 1200–1000 bc was a critical time of social change
in the Maya lowlands. Prior to this period, the inhabitants of this area
did not use ceramics and probably maintained mobile ways of life by
combining hunting, gathering and fishing with the cultivation of maize
and other crops2. They began to adopt ceramics and greater degrees
of sedentism at the beginning of the Middle Preclassic period, and
researchers have long thought that ceremonial centres with large
pyramids did not develop until late in the Middle Preclassic period,
or in the Late Preclassic and Terminal Preclassic periods (hereafter,
Late–Terminal Preclassic) (350 bc–ad 250). However, the discovery of
a formal ceremonial complex and an artificial plateau at Ceibal dating
to 950 bc suggests that substantial ceremonial centres developed in the
Maya lowlands earlier than was previously thought3,4. Here, the term
artificial plateau refers to horizontal buildings larger than 200 × 200 m,
as distinguished from smaller supporting platforms. A few centuries
later, other centres in the Maya lowlands—such as Cival, Komchen,
Nakbe, Yaxnohcah and Xocnaceh— also built artificial plateaus or large
platforms5–9. Our research in Tabasco (Mexico) has revealed an even
older and larger ceremonial centre, Aguada Fénix (Extended Data Fig. 1).
We began the Middle Usumacinta Archaeological Project in the area
along the Usumacinta and San Pedro Rivers in Tabasco in 2017 (Fig. 1).
Despite previous investigations10,11 in the area, the Preclassic period of
this region was poorly understood. We thought that this area, located

at the western periphery of the Maya lowlands, might hold the key to
understanding the relationship between the Olmec civilization and
Maya society. The Olmec centre of San Lorenzo—which reached its
heyday between 1400 and 1150 bc—is characterized by an enormous
artificial plateau and colossal sculptures of stone heads, but does not
have pyramids12,13. During the Middle Preclassic period (possibly after
800 bc), La Venta became a dominant Olmec centre, containing a large
pyramid and mounds14–16. Archaeologists have long debated whether
the inhabitants of the Maya lowlands inherited the legacy of San Lorenzo, and whether they received direct influence from La Venta17,18.

Survey and excavation
A high-resolution lidar survey conducted by the National Center for Airborne Laser Mapping (NCALM) and a low-resolution lidar survey by the
Instituto Nacional de Estadística y Geografía (INEGI) in our study area
revealed 21 ceremonial centres in a standardized spatial configuration,
which we call the Middle Formative Usumacinta (MFU) pattern. The
MFU pattern is characterized by a rectangular shape defined by rows
of low mounds, oriented roughly north–south (Fig. 2). At the centre of
each MFU complex is a so-called E-group assemblage, which consists of
a round or square western mound and an elongated eastern platform.
Many other sites in the Maya lowlands that date to the Middle Preclassic
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Fig. 1 | Map of the Middle Usumacinta region. The low-resolution INEGI lidar covers the entire region. MFC, Middle Formative Chiapas. Map topographic data are
from the INEGI lidar survey (www.inegi.org.mx). Scale bars, 25 km (main panel), 400 km (inset).

and Late–Terminal Preclassic periods have E-group assemblages, but
no rectangular site plans are found to the east of our study area19. We
also found smaller versions of the MFU complex—measuring less than
400 m in length—that we call ‘minor MFU’ complexes. Moreover, there
are roughly rectangular complexes that exhibit less formal shapes,
without a clear E-group assemblage.
The MFU pattern is probably related to what has previously been
referred to as the Middle Formative Chiapas pattern, which is found at
sites of the Middle Preclassic period (including La Venta, centres in the
Grijalva River basin, Tzutzuculi and Ceibal)17,20. The Middle Formative
Chiapas pattern consists of an E-group assemblage and large platforms
that are arranged along a north–south axis, but lacks the delineated rectangular shape of the MFU pattern. Middle Formative Chiapas complexes
appear to have been built between 1000 and 350 bc. Excavations at the
Middle Formative Chiapas centres of La Venta, San Isidro, Chiapa de Corzo
and Ceibal have unearthed a series of caches with greenstone axes: these
communities probably shared similar ritual concepts and practices14,21–23.
The largest of the MFU sites in our study region is Aguada Fénix
(Fig. 1). The high-resolution lidar shows that the main plateau of this
site has a rectangular form, measuring 1,413 m from north to south
and 399 m from east to west, and that its edges were lined with low
platforms. Square wings attached to the eastern and western sides of
this plateau give it a narrow cruciform-like overall shape (Fig. 2). The
large southwest platform may have been added later to this original
form. Unlike other MFU sites (which do not have substantial build-ups
of plaza areas), this construction rises 10 to 15 m above the surrounding
ground surface. This site was not known before our research, probably
because a horizontal construction on this scale is difficult to recognize
from the ground level. A large E-group assemblage, with the eastern
platform measuring 401 m in length, occupies the centre of the formation. The plateau is surrounded by one MFU complex, five minor MFU
complexes, multiple rectangular complexes and artificial reservoirs,
as well as by wetlands on the east. In addition, nine causeways extend
from the plateau. The northern and southern causeways are connected
to the plateau by large ramps. The northwest causeway is the longest of
all and extends 6.3 km, connecting multiple complexes along the way
(Extended Data Fig. 2). The west plateau is another large construction,
measuring 390 × 270 m horizontally and 15–18 m in height; it stands
1.7 km to the west of the main plateau.
Our excavation results indicate that the main plateau was raised
multiple times with clay and earth fills, and reached a size close to the
2 | Nature | www.nature.com

current one around 800 bc. In the 7.5-m-deep operation NR3A (for
definitions of excavation designations, see ‘Excavation’ in Methods),
we uncovered a dense deposit of ceramics, bones and shells covering
bedrock, which appears to predate the construction of the plateau
(Extended Data Figs. 3, 4). The plateau construction events included
two episodes, in which clays and other soils of various colour were
placed in multiple layers, each layer forming checkerboard-like horizontal patterns (Extended Data Fig. 5). The presence of similar—albeit
thinner—fills in operations NR5A, NR7A and NR9A indicates that the
builders placed elaborate fills of multiple colours over a large part of
the plateau, which they covered with a floor at the end of each construction event.
The results from operation NR7A showed that this edge platform
was also constructed mostly with earthen fills during the Middle Preclassic period. Nevertheless, four structures located directly west
of the E group have walls made of roughly shaped megalithic blocks
(Extended Data Fig. 6). Operation NR8A revealed blocks measuring
up to 3.0 × 1.0 × 0.7 m. Through excavations in two of the causeways
(operations NR4A and NR6A), we also confirmed that these wide streets
were built during the Middle Preclassic period, with fill thicknesses of
around 2.6 m.

Radiocarbon dates
We obtained 69 radiocarbon dates, which we analysed using Bayesian
statistics (Extended Data Fig. 7, Supplementary Methods, Supplementary Data, Supplementary Table 1). Charcoal samples from the earliest
deposits in operations NR3A and NR7A at Aguada Fénix yielded dates
of around 1250–1150 bc and 1150–1050 bc, respectively. These data
indicate that the people of this region had begun to use ceramics by
1200 bc, one to two centuries earlier than those of Ceibal, Tikal, Cahal
Pech, Cuello and other Maya communities2. Plateau construction
began by 1000 bc if not earlier, slightly before the initial construction
of the ceremonial complex at Ceibal. However, construction activity
at Aguada Fénix ceased soon after 800 bc. Carbon samples from two
of the causeways yielded radiocarbon dates of 950–800 bc. In addition, samples taken from test excavations in areas around the plateau,
where residences may have existed, returned dates of 1000–750 bc.
At the MFU site of La Carmelita, carbon samples from the lowest layer
yielded dates of around 900 bc, and samples from the upper layers gave
dates of around 750 bc (Extended Data Fig. 8). We suspect that other
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Fig. 2 | High-resolution lidar images of Aguada Fénix and La Carmelita. Main panel, Aguada Fénix; inset, La Carmelita. Scale bar, 500 m (both images are on the
same scale).

MFU sites in the region were also built during the period between 1000
and 750 bc. Aguada Fénix and other MFU sites appear to have been
abandoned by 750 bc. Small groups returned to Aguada Fénix during
the Late–Terminal Preclassic and Late Classic periods.

Volume estimates
In addition to the excavations, we conducted auger tests in the main and
west plateaus at Aguada Fénix to estimate their construction volumes.
The results suggest that the builders constructed the main plateau
over a natural rise of bedrock (Extended Data Fig. 9a, Supplementary
Table 2). On the basis of the reconstructed bedrock surface and lidar
data, we estimate the fill volume for the Middle Preclassic portion of the
main plateau at 3,200,000–4,300,000 m3. We calculate that this Middle
Preclassic construction required 10,000,000–13,000,000 person-days
(Extended Data Fig. 9b).
The volume of the main plateau surpasses that of the La Danta complex at the Late–Terminal Preclassic centre of El Mirador, the largest
construction previously known in the Maya lowlands7 (Extended Data
Fig. 9c). Pyramids built during the Classic period in the Maya lowlands
are substantially smaller24. In other words, the main plateau of Aguada
Fénix is the largest construction in the pre-Hispanic Maya area. The volume of the plateau at San Lorenzo is larger but after the decline of this
Olmec centre, Aguada Fénix represented the largest construction effort
during the Middle Preclassic and Late–Terminal Preclassic periods in
Mesoamerica13. It is noteworthy that this enormous construction at
Aguada Fénix was built in a short span, of roughly 200 years.

Discussion
Artificial plateaus may be characterized as horizontal monumentality,
which contrasts with the vertical dimensions of pyramids. The construction of the plateaus at Aguada Fénix most probably followed the
tradition established at San Lorenzo. The builders combined this legacy

of the previous era with elements that emerged after the decline of San
Lorenzo, including standardized site plans, the E-group assemblage and
other pyramidal constructions. These innovations probably occurred
through intensive interregional interaction. The Pacific coast may
have been an important area for the development of pyramidal structures25,26. Aguada Fénix and other MFU complexes shared standardized
spatial configurations and the E-group assemblage with the Middle
Formative Chiapas centres in the Grijalva River region. A greenstone
axe cache found in the E-group plaza of Aguada Fénix indicates that
its inhabitants also practiced rituals similar to those of La Venta, the
Grijalva River region and Ceibal (Extended Data Fig. 10). Aguada Fénix
appears to have had a central role in this dynamic process of social and
cultural innovation between 1100 and 800 bc.
Despite their architectural and ritual commonality, the political and
cultural settings of these regions were diverse. The ceramics found at
Aguada Fénix resemble the Real ceramics from Ceibal and are markedly different from those of the La Venta or the Grijalva River region.
Although the ceramics do not necessarily indicate that the builders
of Aguada Fénix were speakers of a Mayan language, they appear to
have had closer cultural affinities with the Maya lowlands than with the
Olmec area. This interpretation is bolstered by the observation that
all analysed obsidian pieces from our study area originated from El
Chayal and other Guatemalan sources (Supplementary Table 3). This
finding contrasts with the pattern at San Lorenzo, where a substantial
portion of obsidian was imported from Mexican sources27. It is also
likely that social inequality at Aguada Fénix was not as pronounced
as at San Lorenzo and La Venta. Unlike those Olmec centres, Aguada
Fénix does not exhibit clear indicators of marked social inequality,
such as sculptures representing high-status individuals. The only stone
sculpture found so far at Aguada Fénix depicts an animal (Extended
Data Fig. 10). If these interpretations are correct, they imply that the
Gulf Coast Olmec region was not the only centre of cultural development and that innovations did not always emanate from the most
hierarchical polities.
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An important factor for the emergence of Aguada Fénix and related
sites may have been the transition from a mobile lifeway to sedentism,
stimulated by a heavier reliance on maize agriculture2,28–31. The scarcity
of residential platforms around many of the MFU sites suggests that a
substantial portion of the inhabitants of the Middle Usumacinta region
maintained a degree of residential mobility. At the same time, results
from the analysis of starch grains found on grinding stones are consistent with the assumption that the use of maize was common during
the period of plateau construction (Supplementary Table 4). Under
rapidly changing social conditions, many inhabitants of the region may
have actively participated in the transformation of the lived landscape
to create new places of gathering without coercion from powerful
elites. Although the tradition of horizontal monumentality was first
established at the hierarchical polity of San Lorenzo, the inclusive
forms of plateaus may have been appealing to communities without
marked social inequality. With the development of more hierarchical organization, later sites—including La Venta, Takalik Abaj, Nakbe
and Tikal—emphasized tall pyramids, access to which was possibly
restricted to a privileged few.
Aguada Fénix may be analogous to early ceremonial constructions
that emerged during pre-agricultural or incipient agricultural periods
in other parts of the world, including the Near East, the Andes and the
American Southeast32–36. However, Aguada Fénix is different from these
examples in that Mesoamerican groups had domesticated maize and
other crops several millennia before the rise of Aguada Fénix37. These
observations urge us to explore the diverse processes that existed in
the construction of monumental structures in societies with limited
social inequality.
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Methods
Lidar
Lidar data are now commonly used in archaeological investigations
in southern Mesoamerica, as well as in other tropical regions of the
world38–51. In our research, the high-resolution lidar data were obtained
by NCALM. The NCALM crew collected lidar data for 109 km2 on 6 May
2017. After the discovery of Aguada Fénix, we acquired additional lidar
data for a nominal area of 745 km2 between 9 June 2019 and 17 June
2019. The site of La Carmelita was surveyed in the 2017 NCALM campaign, and the entire extent of Aguada Fénix was covered by the NCALM
high-resolution lidar data of 2019.
For both campaigns, the NCALM team used an Optech Titan lidar
system, which is equipped with three channels of laser at wavelengths
of 1,550, 1,064 and 532 nm52,53. The following parameters were used for
the 2019 survey: a flying height of 650 m above ground level; a pulse
repetition frequency of 150 kHz; a scan frequency of 25 Hz; and a scan
angle of ±30°. This configuration produced swath widths of 750 m,
which were laterally overlapped by 50%, with a flight line spacing of
345 m. Assessed over a 298.2-km2 section of the 2019 survey and 10-m
pixels, these settings yielded densities of 14.7 pulses per m2, 18.5 returns
per m2 and 10.4 ground returns per m2. To assess the precision of the
lidar height model, the NCALM crew compared the lidar data against
965 kinematic GPS measurements processed with differential and dual
wavelength geodetic techniques. The results indicate that the precision
of the lidar models is within ±1.9 cm (1 s.d.) of the GPS measurements.
NCALM researchers classified laser points using TerraScan software,
and created a digital elevation model (DEM; a bare-earth model without
vegetation and modern buildings) and a digital first surface model
(including vegetation and buildings) at a horizontal spacing of 1 m for
the 2017 data and 0.5 m for the 2019 data. NCALM researchers delivered
the DEM and digital first surface model to the archaeologists in ESRI .flt
raster format, and delivered the point cloud data in LAS format.
The examination of point clouds indicates that the high-resolution
lidar used by NCALM penetrated the dense canopies of high secondary vegetation. However, where there is dense vegetation close to the
ground surface (vegetation shorter than 2m (such as dense undergrowth, dense, low secondary vegetation and dense grass)), there may
be mixed returns with the signals of both vegetation and the terrain.
The results of our field validation suggest that, under these conditions, subtle archaeological features may be difficult to detect, but
structures higher than 1.5 m can be identified in the DEM derived from
the high-resolution lidar54–56. Most parts of our study area are covered
by pasture, mature secondary vegetation or tree plantations. In these
areas, low mounds and platforms—measuring 0.2 to 0.5 m in height—
can usually be detected in the high-resolution lidar.
The low-resolution lidar data were collected by the INEGI (a Mexican
government agency) in 2012. These data were intended for diverse uses
by the Mexican government, industries, researchers of various fields
and the general public. The INEGI used a Leica Geosystems ALS50-II
lidar system and produced DEMs and digital first surface models at
a horizontal spacing of 5 m, which are publicly available through the
INEGI website (www.inegi.org.mx). The INEGI does not publish the
parameters used for the acquisition of lidar data, but the laser point
density appears to be generally low. We began to analyse these publicly
available data in 2017. Our analysis shows that the INEGI DEMs often do
not represent details of the ground topography well in forested areas.
Substantial parts of our study areas, however, are deforested and used
as pastures. The low-resolution INEGI lidar images show many of the
large archaeological features under these conditions57.
To examine the distribution of archaeological sites, we analysed
the NCALM and INEGI lidar data using ArcGIS. We applied various
visualization techniques, including hillshades, principal component
analysis of multi-directional hillshades, slope gradient, sky view factor analysis, simple local relief models and red relief image map56,58–65.

The field validation of archaeological sites is ongoing. We have visited 42 areas, which were all confirmed to be archaeological sites. In
addition to Aguada Fénix and La Carmelita, five sites (Buenavista, El
Macabil, El Saraguato, Rancho Zaragoza and Chrisóforo Chiñas) have
been confirmed to have the MFU pattern.

Excavation
Excavations followed methods established during the investigation of
Ceibal66. To control the proveniences of artefacts, we use a hierarchical
recording system of excavation contexts, consisting of (from largest to
smallest division) site code, operation, suboperation, unit, level and lot.
The site codes consist of two letters: NR for the central part of Aguada
Fénix; AF for peripheral areas of Aguada Fénix; LC for La Carmelita;
TR for El Tiradero; and ZR for Rancho Zaragoza. An operation refers
to the excavation of a mound group or a similar area; a suboperation
refers to the excavation of individual structures or a small area; a unit
is a horizontal division, usually of 2 × 2 m; a level is a major group of
stratigraphic layers; and a lot is any natural or arbitrary division within a
unit and a level. We screened all excavated soils with 1/4-inch (or smaller)
mesh. We collected soil samples for floatation from important contexts
(such as middens), in which we collected both floated organic materials
and heavy fractions.
Middle Preclassic fills of the Aguada Fénix main plateau consisted
mostly of dark clay, and floors were made of dark clay or lighter coloured earth. In operation NR3A, we identified nine Middle Preclassic
floors. Thin layers of earthen fills mixed with stones were added over
the Middle Preclassic construction during the Late–Terminal Preclassic (350 bc–ad 250) and the Late Classic (ad 600–810) periods. The
results of operation NR7A suggest that most platforms placed along
the edges of the main plateau were constructed during the Middle
Preclassic period—probably before 800 bc—with earthen fills. Operations NR4A and NR6A showed that the south and west causeways were
built between 950 and 800 bc with 19 to 25 successive floors, reaching
total fill thicknesses of around 2.6 m.
Ceramic analysis
Because the ceramics of Aguada Fénix and La Carmelita were similar to those from Ceibal, we began our ceramic analysis by applying
the ceramic typology of Ceibal67–69. We used Ceibal type names (such
as Abelino Red, Hueche White and Crisanto Black) for ceramics that
exhibited close similarities to those of Ceibal. We gave preliminary
type and group names to ceramics unique to the region. They include
the Tiradero group, which is characterized by thin buff to white pastes
with volcanic ash temper. Some Tiradero vessels have red paint. Only a
very small portion of the ceramics appears to have some affinities with
materials from the Gulf Coast or Chiapas. We placed those ceramics in
temporary categories. We will decide whether we will use type names
from the Gulf Coast or Chiapas or whether we give new type names after
we conduct thorough comparative studies with materials from other
regions. We also conducted modal analysis, particularly focusing on
vessel forms. Modal data also helped us to correlate the occupation of
the Middle Usumacinta region with ceramic phases of Ceibal and other
lowland Maya sites. We have yet to give phase names to the occupation
of Aguada Fénix and La Carmelita: we will do so after we obtain more
excavation data from various sites in the region.
Auger tests
We first used a hand-operated bucket auger, following the method
used in the Olmec area70. However, it was difficult to penetrate through
limestone cobbles, which are often present in the upper layers of the
Aguada Fénix plateau. We then contracted a mechanical auger, which
is generally used for digging wells in the region. We used a Deeprock
hydraulic rotary auger DR20, which was equipped with a 4-inch point
made of tungsten carbide drill tips and with metal tubes of 2-inch diameter and 5-feet length. The auger was powered by a gasoline motor,
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and bored holes of 11-cm diameter. A water pump supplied water to the
drill point, which extracted excavated materials. Although it is possible
to use compressed air instead of water, this method was substantially
more expensive. We thus decided to use the hydraulic auger.
By collecting the materials extracted with the water with a fine mesh,
we could gain a general understanding of the stratigraphy as the auger
advanced. The auger penetrated soft limestone blocks, but it had difficulty in penetrating hard crystallized carbonate rock or large nodules
of chert. The bedrock of the area generally consists of a thin layer of
soft, white marl that overlies hard carbonate rock. When the auger
reached this sequence of soft and hard materials, we interpreted it as
bedrock. When we encountered hard materials at depths shallower
than expected, we excavated 1 × 1-m test units to verify whether we had
reached bedrock. At auger test 2, we found that the auger was blocked
by a large nodule of chert; at auger test 6, we confirmed that bedrock
was at a depth of 1.5 m. At auger test 11 (placed on the west plateau), we
reached soft, white material at depths of 7.0 and 15.0 m and hard material at 19.5 m, which made the interpretation of stratigraphy difficult.
Our stratigraphic interpretations based on the auger tests are tentative, and need to be verified with future excavations. Nonetheless,
these interpretations serve the purpose of avoiding an overestimation
of construction volume. Although it was sometimes difficult to determine whether soft, white layers represented the beginning of bedrock
or materials included in fills, black clay layers could be reasonably
interpreted as construction fills. In other words, there is the possibility
that future research could reveal deeper bedrock surfaces (leading to
larger estimates of construction volumes), but it is less likely that our
current volume estimates become substantially smaller.

Volume calculation
Using stratigraphic data obtained from the excavations and the auger
tests, we estimated the fill volume of the main plateau of Aguada Fénix.
We followed the method that was used in the analysis of the plateau of
Ceibal4. To summarize in brief, we created a three-dimensional (3D)
model of the bedrock, using the Microstation CAD program. We first
drew the positions of the bedrock that were found in excavations and
auger tests. We then drew areas between them by assuming a smooth
surface of the bedrock. For those areas, we made three versions of
estimated bedrock positions: (1) the estimate that we think most likely;
(2) the highest probable positions; and (3) the lowest probable positions. The 3D data of the bedrock were then imported into ArcGIS.
We used the DEM derived from the NCALM high-resolution lidar as
an approximation of the final form of the plateau. By subtracting the
bedrock model raster files from the DEM raster, we obtained the most
likely, high and low estimates of 3,790,000, 4,480,000 and 3,390,000
m3, respectively, for the total plateau fill volume. In many areas of the
plateau, we encountered fills dating to the Late–Terminal Preclassic
or Classic period that measured 0.1 to 0.5 m in thickness. By using 0.3
m as an average thickness of these later constructions, we estimated
the fill volume for the Late–Terminal Preclassic and Classic periods at
160,000 m3. By subtracting this amount from the total estimated volumes, we reached the most likely, high and low estimates of 3,630,000,
4,320,000 and 3,230,000 m3, respectively, for the Middle Preclassic
fill volume (Extended Data Fig. 9b).
We determined that the effects of lidar measurement errors on these
calculations are minimal, and we did not incorporate them in our volume estimates. The error range of ±1.9 cm in the NCALM lidar height
model is negligible compared to the level of uncertainty in the estimates
of bedrock positions. In addition, the positions of bedrock in our 3D
models were plotted relative to the lidar-derived DEM, and, thus, vertical errors in lidar do not affect volume estimates in any meaningful way.
Other potential factors that might affect the volume estimates include:
(1) mixed returns of lidar caused by dense, low vegetation; and (2) soil
erosion that happened after the abandonment of the site. There are
areas of mixed returns around the east wing and the southern end of the

plateau. Their total area measures 152,000 m2. Examinations of the DEM
and point clouds, as well as observations during a pedestrian survey,
suggest that mixed returns may have caused the DEM to be an average of 0.1 m higher than the real ground surface in those areas. These
errors may have increased a plateau volume estimate by 15,200 m3,
which is a fairly small effect. We do not have data with which to assess
the quantity of soil erosion. We simply assumed that the volume loss
caused by soil erosion offsets the addition by mixed returns of lidar.
The west plateau was explored with only one auger test, and its construction sequence is not clear. The auger reached possible bedrock,
consisting of soft limestone or marl, at depths of 7.0 m and 15.0 m. It
also hit hard rock at a depth of 19.5 m. However, this level is lower than
the current surrounding ground surface, and we suspect that it is below
the bedrock surface. If the bedrock surface is at 7.0 m, the volume of the
west plateau would be roughly 600,000 m3. Alternatively, the depth
of 15.0 m would indicate a volume of 1,100,000 m3.
Although calculations of volumes can contain substantial margins of
error, the estimates for the main plateau are considerably larger than
the volume of 2,800,000 m3 estimated for the La Danta complex at El
Mirador, the largest building complex previously known for the Maya
lowlands7 (Extended Data Fig. 9c). In addition, the estimate for the
La Danta complex assumed that the underlying bedrock surface was
flat. Because many large buildings in the Maya area were constructed
on naturally elevated locations (as in the case of the main plateau of
Aguada Fénix, and the group A plateau of Ceibal), this figure for the
La Danta complex may be an overestimate. It is unlikely that the real
volume of the main plateau of Aguada Fénix is smaller than that of the
La Danta complex of El Mirador.
Extended Data Figure 9b lists estimates of labour investment, corresponding to different estimates of volume. Detailed methods of
calculating the labour investment have been discussed in a previous
publication4. Our study followed previous research by other scholars
(including experimental work), and assumed that the plateau of Aguada
Fénix is made mostly of earth24,71–73. For the procurement of construction materials, we used a value of 2.6 m3 of earth dug by one person
a day71. For the transport of materials, we used an average transport
distance of 500 m and assumed that a worker carried 500 kg or 0.384 m3
of earth a day71. Plateau fills contained small iron and manganese oxide
nodules, which suggests that they were taken from redoximorphic
soils located nearby74. We think that the reservoirs found west of the
plateau were originally burrows that were the result of the extraction
of construction material. In addition, builders possibly invested some
labour in the construction of fills beyond simply dumping transported
earth. However, except for the fills with coloured clays, labour investments in the construction of most fills appear to have been small. To
avoid an overestimation of labour investment, we did not include labour
for fill construction. Such an estimate of labour investment may have a
substantial margin of error. Our purpose is to give a general idea about
how many builders could have participated, and to begin to think about
the social processes associated with the construction of the plateau.

Radiocarbon dating
The 69 radiocarbon samples from Aguada Fénix and La Carmelita
were analysed at the University of Tokyo Radiocarbon Dating laboratory (Supplementary Table 1). Most samples were treated with the
acid–alkali–acid method, but three samples with low carbon contents
(TKA-21334, TKA-21339 and TKA-21344) were treated with acid only. In
addition, three more samples (TKA-21330, TKA-21336 and TKA-21337)
had carbon contents lower than 10%. These six samples appear to have
consisted mainly of soil organic matter rather than wood charcoal, and
gave dates older than other samples. Those radiocarbon dates were
treated as anomalous dates.
We conducted the Bayesian analysis of radiocarbon dates using
the OxCal 4.3 program and the IntCal13 calibration curve75–78. For
studies in the Maya region, some scholars recommend mixing IntCal

(which primarily represents conditions in the northern hemisphere),
with SHCal (which represents the southern hemisphere)79,80. However,
we do not have sufficient data to understand atmospheric mixing in
the region, and we decided to use IntCal13 alone, which is based on
higher-quality calibration data. In addition, chronologies of many
Mesoamerican sites are based on IntCal, and the use of IntCal thus
facilitates chronological comparisons between different regions of
Mesoamerica.
Methods of Bayesian analysis have been discussed in detail68,81–85:
here we present a brief summary. Bayesian analysis serves to refine
radiocarbon dates by incorporating stratigraphic information and
other archaeological data. It also estimates the beginning and end dates
for an occupation phase. Moreover, Bayesian analysis helps to identify
problematic dates through the visual representation of probability
distributions and statistical measures (agreement indices and outlier models). These problematic dates are excluded from subsequent
Bayesian models as outliers. For a radiocarbon date with an agreement
index below 60%, we need to consider the possibility that it is an outlier.
Whereas agreement indices facilitate the manual rejection of outliers,
outlier models statistically identify probable outliers86. In examining
radiocarbon dates from our excavations, we made separate Bayesian models for individual operations, incorporating information on
stratigraphic sequences as a prior (Supplementary Methods). Because
we are in the process of building a ceramic chronology for this region,
we did not incorporate ceramic sequences in the Bayesian models.
In our primary Bayesian model (model 1), we manually rejected
outliers, considering contextual information and agreement indices.
At Aguada Fénix and other Mesoamerican sites, problematic dates
often result from the recycling of old construction materials and the
stratigraphic redeposition of old construction fills. In these cases,
carbon samples give radiocarbon dates older than the dates of their
final depositions. Stratigraphic mixing of younger carbons through
animal burrows and root growths can occur, but such cases are less
frequent. Thus, when inconsistencies among stratigraphically related
radiocarbon dates existed, we usually assumed that radiocarbon dates
older than expected dates were outliers. In addition to model 1, we
created an outlier model (model 2). The results of the two models are
generally consistent, which confirms the robustness of the models.
Extended Data Figure 7 presents the main results of model 1, and the
complete results of model 1 are shown in Supplementary Data and
Supplementary Table 1.
Six radiocarbon dates from the deposit found in operation NR3A
suggest that the use of ceramics at this site started around 1250 bc
(1300–1130 bc at 95.4% level). The sequence of operation NR3A also
indicates that the construction of the main plateau started around
1050 bc (1130–980 bc). Bayesian model 1 gives a slightly later date for
the beginning of construction at operation NR7A (1070–925 bc), but
this may be because of the small number of radiocarbon dates from
this excavation. Although we favour the date around 1050 bc as a conservative estimate for the beginning of plateau construction, there
remains the possibility that the construction started earlier. It is not
clear whether the earliest deposits found on bedrock in operations
NR3A and NR7A represent middens or construction fills. These deposits
contained considerable quantities of partial ceramic vessels, large
sherds, shells and bones, mixed in sticky black clay. Layers of similar
black clay—although with lower densities of artefacts—were found on
bedrock in other excavation units across the main plateau. Although
we tentatively think that the earliest deposits in operations NR3A and
NR7A were placed before the initial construction of the plateau, the
nature of these layers should be further investigated.
In addition, the beginning of construction in the area around the E
group is not clear. Sample TKA-20670, taken from the lowest layer (under
floor 23) of operation NR5A in the E-group plaza, yielded one of the earliest dates at Aguada Fénix (1385–1135 bc). For now, we tentatively assume
that this context represents occupation before plateau construction

or a natural soil layer. In operation NR8A (placed to the west of the E
group), we did not reach bedrock. Samples TKA-21370 and TKA-21371,
collected from floor 19 of this excavation, returned modelled dates of
1090–980 bc and 1095–980 bc; Bayesian model 1 gives an estimate of
1965–945 bc for the beginning of the sequence at this location. With the
currently available data, we cannot determine whether TKA-21370 and
TKA-21371 resulted from old wood. Thus, there is the possibility that
the area around the E group was constructed earlier than the southern
and northern portions of the main plateau (thus, before 1050 bc). This
possibility needs to be examined with more excavations.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
The results of field investigations and laboratory analyses are described
more in detail in annual reports presented to the Instituto Nacional de
Antropología e Historia. Those reports, as well as the 3D models for
volume calculation, are available at the University of Arizona Campus
Repository (https://repository.arizona.edu/handle/10150/635527).

Code availability
The OxCal code used for Bayesian analysis is provided in the Supplementary Information.
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Extended Data Fig. 1 | Geographical and chronological contexts of the
study. a, Map of Mesoamerica, showing the locations of the sites mentioned in
the text. Map topographic data from the NASA-JPL Shuttle Radar Topographic
Mission (https://www2.jpl.nasa.gov/srtm/). b, Chronology of Mesoamerica,

indicating the construction dates of the Aguada Fénix main plateau and other
major buildings listed in Extended Data Fig. 9c. Each bar shows the period in
which a large portion of the building was constructed. Minor renovations and
additions occurred outside of the indicated ranges.
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Extended Data Fig. 2 | High-resolution lidar image of the north causeways of Aguada Fénix. The causeways are connected to the main plateau by large ramps.
The northwest causeway is the longest at the site, and connects multiple MFU complexes and rectangular complexes along the way.

Extended Data Fig. 3 | Locations of excavations and auger tests at Aguada Fénix. The footprint of the main plateau indicated in this figure was used for the
calculations of plateau fill volumes. The locations of the section drawings shown in Extended Data Fig. 9 are also indicated.
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Extended Data Fig. 4 | Composite 3D photogrammetry image of operation
NR3, showing the north and east profiles. The locations of radiocarbon
samples are projected to the nearest profiles. The image shows that a

substantial part of the plateau fills was placed during the period between 1000
and 800 bc. The fills between floors 10 and 11b consist of clays and other soils of
multiple colours in checkerboard-like patterns.

Extended Data Fig. 5 | Construction fills with clays and other soils of
multiple colours found in operation NR3 (a 4 × 4-m excavation, viewed from
the south). a, Upper layer directly under floor 10. b, Middle layer. c, Lower layer.
Blocks of soils in different colours are separated by dividers made of black clay

and other soils. d, North profile. This sequence shows that blocks of soils in
different colours were placed in multiple layers above floor 11a in one
construction event. They were covered by floor 10 at the end of the sequence.
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Extended Data Fig. 6 | Megalithic structure found in operation NR8.
a, Composite 3D photogrammetry image of the structure and the excavation.
b, Back wall viewed from the interior (from the southwest). c, Back wall viewed

from the exterior (from the east) (2-m-wide trench). There was a deposit of
broken ceramics placed at the end of the Late Classic period. d, Back terrace
retaining wall, viewed from the east (2-m-wide trench).

Extended Data Fig. 7 | Radiocarbon dates from Aguada Fénix and La
Carmelita. Radiocarbon dates for the Middle Preclassic period and key
boundary dates are shown, excluding outliers. Black areas indicate the
probability distributions of modelled dates obtained with model 1, and grey
areas show those of unmodelled calibrated dates. Dates in blue represent
boundary dates. The entire OxCal results of model 1 are provided in
Supplementary Table 1 and Supplementary Data.
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Extended Data Fig. 8 | Locations of excavations at La Carmelita. The northern part of the site, including the northern portion of the eastern platform of the
E group, was damaged by a modern development project. The construction was halted by the Mexican government after initial destruction.

Extended Data Fig. 9 | Calculation of the volume of the main plateau at
Aguada Fénix. a, Section drawings of the plateau, showing the current ground
surface and the estimated positions of bedrock. Vertical dimensions are
exaggerated. The locations of the section lines are shown in Extended Data
Fig. 3. Red lines indicate the depths of bedrock reached by excavations and
auger tests. When excavations and auger tests are not on the section lines, their
elevations may not correspond exactly with the positions of the current
ground surface and bedrock shown here. b, Estimated construction volumes of

the main plateau and the west plateau of Aguada Fénix, and estimates of labour
investment. c, Comparison of the Aguada Fénix plateaus with other major
buildings4,5,7,13,24,87–89 in Mesoamerica. The construction volume of the main
plateau of Aguada Fénix is larger than that of the La Danta complex (the largest
construction in the Maya lowlands previously known) and that of the Pyramid
of the Sun of Teotihuacan, the largest city in Preclassic-to-Classic
Mesoamerica. The Great Pyramid of Cholula is larger, but it was expanded over
more than 1,000 years.

Article

Extended Data Fig. 10 | Early Middle Preclassic caches found at Aguada
Fénix. a, b, Cache NR3 (found in operation NR5B), which was placed on the
east–west axis of the E-group plaza. It contained six axes and a perforator (all
made of greenstone), as well as three small pieces of greenstone. The pointed
end of the perforator is broken. The contents and location of this cache closely
resemble those found at San Isidro, Chiapa de Corzo, Ceibal and Cival. Similar
caches of greenstone axes were also found at La Venta, although not in the

E-group plaza. These deposits, along with the similarities in site layout, show
that these Middle Preclassic centres shared spatial and ritual concepts.
c–e, Cache AF1, found in operation AF1D. It contained a limestone sculpture—
possibly representing a white-lipped peccary—that we named ‘Choco’.
The naturalistic image of an animal contrasts with Olmec art, which depicts
supernatural beings and high-status individuals.

Last updated by author(s): Apr 6, 2020

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

nature research | reporting summary

Corresponding author(s): Takeshi Inomata

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code
Data collection

Lidar data acquisition and processing were done with Optech LMS 4.4.0, Terrasolid TerraScan 019.003 and Golden Software Surfer 12.

Data analysis

Lidar-derived DEMs were analyzed with ESRI ArcGIS 10.7.1.
The production of a 3D model of bedrock and fill volume calculation were done with ArcGIS and Bentley Microstation 08.11.09.829.
The composite phogrammetry image of excavation (Extended Data Figure 4) was made with Agisoft PhotoScan 1.4.4.
The Bayesian analysis of radiocarbon dates was done with Oxcal 4.3.
The Oxcal codes for this analysis are included as Supplementary Information.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

The results of field investigations and lab analyses are described more in detail in the annual reports presented to the Instituto Nacional de Antropología e Historia.
Those reports, as well as the 3D models for volume calculation, are available at the University of Arizona Campus Repository (https://repository.arizona.edu/
arizona/).
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Behavioural & social sciences study design
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Study description

This is an archaeological study of past society, including excavations, surveys, lidar, artifact analysis and radiocarbon dating. It involves
quantitative data on structures sizes and radiocarbon dates, as well as the qualitative study of social processes.

Research sample

The research sample consists of archaeological data obtained from lidar, ground surveys, excavations, artifact analysis and radiocarbon
dates. We used existing low-resolution lidar data, which were made publicly avaible by the INEGI (www.inegi.org.mx) and covers the
entire study area. We selected the areas for high-resolution lidar, where important sites were found in the INEGI lidar. At Aguada Fénix,
we selected 5 excavation areas on the plateau, 2 areas on causeways, and 5 areas in the periphery to examine construction history across
the site. At La Carmelita, we selected 5 excavation areas to examine the construction history of this smaller site. We chose sixty nine
radiocarbon dates to date the entire the entire occupation history of Aguada Fénix and La Carmelita.

Sampling strategy

No sample size calculation was performed. The high-resolution lidar covers the entire sites of Aguada Fénix and La Carmelita. The
locations of excavations and auger tests were selected to cover different parts of the sites. Thus, the excavation samples are
representative of the construction volume and occupation history. The excavations at La Carmelita provide representative data to
reconstruction the construction history of its ceremonial core. Sixty nine radiocarbon dates cover the entire occupation sequences and
are representative.

Data collection

The high-resolution lidar data were collected with Optech Titan lidar. Excavation data were recorded on paper forms in the field and then
input in computer files. Photographs of excavations were taken with Nikon D750 and D7000 digital cameras.
In addition to the authors of this paper, other archaeologists, archaeology students, and local community members participated in
excavations.

Timing

Archaeological fieldwork was conducted July-August 2017, February-April 2018, February-April 2019 and February-March 2020. Highresolution lidar data were collected in May 2017 and June 2019.

Data exclusions

No excavation data were excluded. In the Bayesian analysis of radiocarbon dates, we followed the pre-established and commonly
accepted criteria for exclusion (agreement indices lower than about 60 and the results of outlier models). Fourteen dates were excluded
as outliers from the models.

Non-participation

The study does not involve participants.

Randomization

Locations for excavations and lidar surveys were not randomized. As the lidar covers the entire sites and excavations targeted different
parts of the sites, they provided necessary data for the reconstruction of construction sequences and fill volumes.
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Materials & experimental systems

Methods

n/a Involved in the study

n/a Involved in the study

Antibodies

ChIP-seq

Eukaryotic cell lines

Flow cytometry

Palaeontology

MRI-based neuroimaging

Animals and other organisms
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