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Abstract

Access to potable water has always been a major concern for human settlement, and this is
particularly acute in coastal areas where freshwater can be compromised by saline marine waters. The
northeast portion of Mexico’s Yucatan Peninsula has a massive freshwater aquifer that today supports the
international tourist destinations of Cancun and the Riviera Maya. However, access to this aquifer in
Precolumbian times was restricted to natural features, such as cenotes (limestone sinkholes), aguadas
(freshwater ponds), and coastal springs, or cultural features like wells; the viability of which are directly
linked-torsea-evel, which has risen over 2 m in the past 3000 years. In addition, ancient Maya inhabitants
of the_Yucatan collected rainwater in reservoirs, or smaller-scale cisterns, called chultunes, or in ceramic
pots. At the coastal site of Vista Alegre, located on the north coast of the Peninsula, there is limited
evidence of potable water collection strategies, which has led members of the Proyecto Costa Escondida
to critically examine how the freshwater access at the site changed over the past three millennia. To do
this, the.nterdisciplinary research team is conducting 1) a physico-chemical characterization of accessible
surface"and groundwater using a calibrated multi-parameter probe, 2) a multi-proxy study (i.e.,
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micropaleontology, oxygen isotopic analysis) from 12 manual push cores taken in the waters surrounding
Vista Alegre, and 3) an archaeological investigation. We hope our project serves as a model for future
projects that strive to understand the complex and dynamic relationships between past peoples and their
coastlines.

Introduction

The.coastline of the Maya world extends from modern day Honduras up and around the Yucatan
Peninsula to the coast of the Mexican state of Tabasco. The coastline is dotted with settlements linked in
Precolumbian times through long-distance trade routes, and extends to islands such as Cozumel and Isla
Mujeres"*(Figure 1A). The majority of this coastline is a karst geology, where freshwater flows through
underground river systems, and is only accessible on the surface through sinkholes, or at coastal
springs #=While the Caribbean coastline and the coastline in Tabasco have high precipitation rates, the
northern’coast is characterized by < 750 mm/year precipitation, and extensive hypersaline lagoons and
mangroves. To date, the northern coastline of Quintana Roo has received cursory attention from
archaeologists. It was this lacuna in knowledge plus our previous research in the area™ that led us to form
the Proyecto/Costa Escondida (PCE), which is investigating the dynamic relationship between the Maya
and their coastal landscape over the past 3000 years.

In particular, our research has focused on the ancient Maya port site of Vista Alegre (Figure 1B).
From the inception of our project, we recognized that access to freshwater was a major logistical
challenge forwus, and we knew from local inhabitants that the neighbouring modern port site of Chiquila
was abandoned about 60 years ago for a period of time due to lack of freshwater (Don Vio, personal
communication). We began to wonder how the past inhabitants of Vista Alegre would have dealt with this
issue. From.our previous work in the area, we were familiar with larger springs along the north and east
coasts; some-discharging over 1m*/s of water’, and we had all read the historical accounts of the
conquistador Montejo and his men watering their horses off-shore at one of these springs'’, locally
referred.to as ojos de agua, but there were none near Vista Alegre. The closest springs to Vista Alegre
were small"onies about 6.5 km to the west. There was a larger one that is a popular tourist destination, but
it is 14.5'kmito the west. None of them are close enough to Vista Alegre to have been viable daily sources
for the site’s/water needs. We continued our exploration for a potable water source to the mainland south
of the site..We found four small karst depressions approximately 2.8 km south of the site’s main
habitation area, but their small size and distance from the site made us doubtful that they would have
served as the principal water source for Vista Alegre. Another tactic used by the ancient Maya to store
freshwater was the construction of chultunes, or cisterns''. While three of these have been recorded at
Vista Alegre, they certainly would not have held enough water to supply the island’s inhabitants and
visitingrtraders with water during the dry season. At Vista Alegre, therefore, we believe that a closer,
permanent.water source must exist, or previously existed during lower sea levels. In this paper we discuss
our efforts to understand how past inhabitants managed their limited freshwater resources.
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The first section of this paper describes the geology and hydrogeology of the Caribbean and
northeast coast of the Yucatan Peninsula and discusses how it has changed over the past three millennia in
order to understand the physical constraints placed on freshwater access for coastal Maya settlements.
The second section focuses on what is known about the strategies used by coastal inhabitants in the Maya
area to deal with freshwater access issues. What we find is that even when water sources (e.g. wells,
cenotes) are identified during archaeological investigations, they are more often than not unsampled,
untested, and the water quality (based on physical, chemical, and biological properties) unassessed.
Moreover, archaeologists do not always take into consideration seasonal and longer-term variability with
respect to potability. These are issues that our project is directly addressing. The third section of the paper
introduces'the interdisciplinary methodology and the initial results of the PCE’s attempts to elucidate
water aceess.and management at Vista Alegre using sediment cores, water chemistry, regional geology,
and geoarchaeology in addition to traditional archaeology. By critically assessing freshwater access, we
hope our project serves as a model for future projects that strive to understand the complex and dynamic
relationships between past peoples and their coastlines.

[The Yucatan Peninsula — Geology and Hydrogeology]

The Yucatan Peninsula is the exposed portion of the extensive carbonate Yucatan Platform that
spans 800 km north-south, and 600 km from the Caribbean Basin across to the northwest into the Gulf of
Mexico. Along the Caribbean coastline, the water drops to thousands of meters of ocean depth within tens
of kilometers of the modern shoreline. Strong northward currents limit coastal sedimentation, leaving a
rocky coastline interspersed with sandy bays protected by the extensive Mesoamerican Barrier Reef
System.(MBRS). In contrast on the north coast lies the shallow Campeche Bank with water depth <100
m, even out:to ~300 km offshore. Transported sediment accumulates on this bank, and the vast area is a
modern-“‘carbonate factory” where thick accumulations of CaCO; rich muds and oozes are precipitated.
Rocky exposures on this northern coastline are quite scarce. Barrier island complexes formed with
western.openings begin at Cabo Catoche north of modern-day Cancun, and occur along the northern
coastline due to the westward flow arm of the strong currents that move from the Caribbean Basin and
bend westward around Cabo Catoche.

Rainfall on the young, porous, and permeable limestones of the Yucatan quickly infiltrates
downwards;leaving no flowing surface water throughout the northern 300 km of the Peninsula. Even
though rainfall ranges from 1500 mm in the northeast Caribbean coast (near Cancun and Puerto Morelos)
down to an arid ~400 mm in the northwest near Progreso, the vegetation throughout the Peninsula shows
evidence of adaptation to dry conditions due to the effective infiltration. This infiltrating meteoric water
forms a distinct lens of fresh groundwater, literally floating on top of higher density infiltrating marine
water that'eomes in from the coastlines. Where the fresh and saline water meet, the chemical effect of
mixing corrosion effectively dissolves flowpaths to form underground rivers, or caves, measuring
between.5 m and 50 m in width®. The dissolution of the rock to form these underground rivers is the
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process of karstification'?; as with all karst groundwater systems globally, the vast majority (~99%) of the
water flows through the cave systems formed by dissolution"’.

The elevation of the freshwater surface — the water table — is principally controlled by sea level.
During the Pleistocene, sea level has varied from present high levels down to ~120 m below sea level
with glacial-interglacial variations. At lower sea levels, the freshwater lens sinks in the Peninsula. This
cycles the depth of the cave formation due to mixing corrosion over a range of depths. This glacial-
interglacial cycling of sea level has resulted in stacked tiers of caves within the platform with some above
current flooded level, but most lower down in the platform. For a given sea level, only some of the caves
are at the right Tevel to discharge freshwater through outlet springs into the sea (Figure 2). At lower sea
levels, the'higher elevation caves are drained and air filled, and thus hydrogeologically abandoned. At
higher sea level, even high elevation caves may be flooded by marine water, or at least impeded from
discharging.freshwater. Along with sea level, however, coastal bathymetry dictates the location of springs
discharging freshwater. On the very shallow gradient of the north coast, even a small change in sea level
of 1-3 m will result in significant lateral displacement of the optimal coastal discharge point, as the
coastline may move 100-1000’s of meters on/offshore (see Figure 2). In contrast on the Caribbean coast
with a more vertical bathymetry, there will be little lateral movement of the effective coastline given such
a slight change in mean sea level.

Another factor to consider when trying to identify relic springs is the underlying geology.
Intersections of fractures are known to host many of the largest magnitude springs in karst geology. This
is expected:-to be the case along the Caribbean coast of the Peninsula where there is limited deposition of
sediments;toymask the rocky coastline. The famous calefas (bedrock estuaries or lagoons) of Xel Ha, Yal
Ku, and Xcaret (see Figure 1A) are all situated at the intersection of regional scale fracture lines and
discharge significant fresh groundwater from well-developed cave systems. Many of the caletas and other
smaller coastal discharges supported major Maya trading ports despite their relatively poor soils'* (see
below).The north coast of Quintana Roo has even more pronounced fracture sets as it is the northern end
of the Holbox Fracture Zone, characterized by linear (N/S) swales and depressions, in which wetlands
have formed, that extend more than 150 km to the south.

[Controls on Coastal Freshwater Discharge]

While climate may seem an obvious control on groundwater flows, and how much may be
discharging along the coastline, the aquifer in northern Quintana Roo is so large in volume, that even very
large hurticanes only affect the coastal discharge for days to ~ one week>°. Thus, only multi-year
droughts are likely recorded in the coastal sediments. The two primary sub-decadal controls on freshwater
discharge are sea level, and the cave geometry of the stacked tiers of caves*’. Our investigation focuses
on sea level as the most significant control on whether a spring has been flooded by marine water and
rendered incapable of discharging freshwater.

The impact of sea level is amplified when one recognizes that the Yucatan Platform is
tectonically stable and that the Late Quaternary vertical displacement has been negligible. This is based
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on a suite of dated coral deposits from near Cancun'’, sediment records from cenotes in the vicinity of
Tulum (130 km south of Vista Alegre) that plot on the global sea-level curve'®, and the depth of dated
paleontological and human remains (i.e., the skeleton Naia) recovered from the deep underground
sinkhole Hoyo Negro'’. All available evidence points to the north coast of Quintana Roo as being at the
same relative elevation over the last 12,000 years, all while sea level continued to rise to the present
modern,msl.

With the melting since the last glacial maximum ~12,000 years ago, global sea level initially rose
rapidly; but sea levels have still been rising over 2 m over the last 3000 years'®*". This most recent
gradual rise 1s significant along the north coast as the low gradient could lead to 100-1000 m of spatial
displacément of the coastline and springs. However, local sea level may vary significantly from the global
trend, and this is true for our locale in the Western Caribbean®'**. The issues of scaling down from global
trends to,local sites have been recognized in the existing literature on climate and sea-level change in the
Maya atea® . Of particular concern is the growing number of high-resolution sea-level records revealing
multiple transgressions with some short-term drops in sea level even though overall it is rising (see
Thompson and Worth* for an example from the Southeastern U.S.). This question of spatial and temporal
resolution of the local sea-level record is of particular interest to our research, where the interruption of a
unique freshwater supply may occur, causing Maya coastal settlements to have to adjust not only to the
shifting coastline, but also the salinization and disappearance of coastal springs. A productive spring 2000
or 3000/years ago may now be a vestigial feature 1-2 m underwater, with only residual discharge under
extreme'lowssea levels. Finding drowned and vestigial springs represents a significant challenge
particularly=along the northern coast where they may be rapidly buried in sediment.

Key to locating these relic springs is an understanding of tidal cycles. Tides are ~30 cm on the
Caribbean coast increase progressively around to the north-west coast. In all cases, the semi-diurnal tides
are smallreompared to the annual cycles driven by the global ocean circulation around the Peninsula and
into the.Gulf of Mexico. The annual sea level low occurs within the dry season, but the exact timing
varies by a few weeks from year to year’°. Vestigial springs may still discharge some groundwater during
the annual low sea level, and this stage represents our best modern analogue for the paleowater resources
compared to 2000-3000 years ago at the site when global sea levels were lower than present. As we
discuss below, this is a focus of our continued research in the area.

SIDEBAR

[ Geoarcheology Requires Local Sea Level Records on Low- Lying Coastlines |

While enyironmental forcings that operate on regional scales (e.g. 100-1000 km) may be reflected in
synchronized (re)occupations and abandonment of nearby sites, it is important to recognize that sections
of coastlines'may be subject to differential sea level forcing due to a number of processes that operate on
a subsregional scale (1- 100’s km):

. Distinct relative sea level histories may occur on different sides of plate boundaries.
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. Spatial-temporal variations in glacio-eustatic adjustment across basins, for example at sites around
the Caribbean and Gulf of Mexico basins®’.

. Alluvial sediment delivery particularly from large drainage basins reaching the continental
interior (e.g. the Mississippi) are subject to sometimes distant climate and tectonic controls on sediment
weathering and transport to the marine margin. The balance between alluvial sediment delivery and
coastal erosion and subsidence may result in locally prograding or retreating coastlines.

. Geology matters, with contrasting coastline responses at geological contacts. Non-lithified and
organic sediments are particularly prone to erosion and/or compaction. In contrast, lithified platforms are
more resistant to mechanical and biological erosion.

The interpretation of coastal archeological sites, therefore, is ideally based on local relative sea level
reconstructions, and basin-scale sea level records must be used cautiously. Within the Gulf of Mexico
basin, variable sea level responses have been documented over sections of the north coast’’, and
interestingly are also providing increasing evidence of a relative sea level “overshot” of modern levels in
the mid-Holocene™. For our site Vista Alegre located on the lithified carbonate Yucatan Platform, and on
the distinctMaya tectonic plate, we are working towards a high-resolution local relative sea level curve.
Our efforts and those of other working groups benefit from well-preserved datable material on this karst
landscape, where sinkholes and caves preserve undisturbed sediments and now flooded stalagmites®.

Thousands of sinkholes — locally called cenotes — are found across the Yucatan Peninsula
although no complete census exists as of yet. Natural access to groundwater is possible through cenotes,
which may be open water pools at the ground surface, or may involve some caving at sites away from the
coast with/even 100 m drop to the water table in the southwest of the Peninsula. Inland ponds called
aguadas form where the water table lies at the ground surface. A notable alignment of extensive aguadas
is located within the wetlands associated with the Holbox Fracture Zone. This area is particularly rich in
groundwater, which is one of the reasons the modern city of Cancun was built where it was. The
abundance'of freshwater inland and the close proximity of the water table to the ground surface®® does not
apply along the north coast.

In addition, the potability of the natural ground water varies from site to site, and systematically
with distance from the coast. Site-specific conditions that can render water unpotable include natural
deposition ofiorganics falling into the open water sites, or bat guano in enclosed sites. Two aspects of
total disselved solids are large factors in potability. First, the dissolved limestone creates very hard water
througheut-the whole Peninsula. This has significant health impacts, particularly on kidney function and
formation of kidney stones. Second, the salinity due to mixing with intruding marine groundwater leads to
the “fresh” water even some kilometers from the coast being somewhat brackish, although probably
tolerable at sites >1 km from the coast. Whereas, elevated levels of salinity are observed at sites <500 m
from the Caribbean coast (Figure 3). As we discuss below, this certainly seems like an issue for the
inhabitantsof Vista Alegre.

[Water Management amongst the Coastal Maya]
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A general overview of Precolumbian water resource management in the Maya area is not
necessary given Wyatt’s'' recent overview of the topic in this journal. As he highlights, the ancient Maya
employed a multitude of strategies ranging from making use of natural resources like cenotes, lakes or
rivers to managed strategies at the household level like chultunes to those at the communal levels like the
reservoirs at Tikal. The research on these strategies has mainly been focused on what these water
management strategies reveal about social organization and their links to political power’'*. This focus
on water resources does not seem to have translated to coastal research. Coastal researchers have had
other topics of focus, and there seems to be an implicit assumption that if there is evidence of people, then
they must have had access to water. While we do not deny the logic of that assumption, we do think that
problematizifig water access is an important avenue for research that can potentially shed light on how
these coastal sites were managed and whether or not there may have been a cyclical nature to the
occupation of coastal settlements that was strongly controlled by freshwater access.

In our review of the literature on freshwater accessibility by coastal Maya populations, we have
noted three themes. The first is the variability in freshwater procurement strategies by coastal populations.
A Precolumbian well was noted on Ambergris Cay in Belize (Elizabeth Graham, personal
1434 river mouths for
other coastal sites in Belize, and the use of rainwater harvesting. The mention of rainwater harvesting
leads to the second theme we noted in the literature, the use of modern strategies by coastal residents to

communication, 2015), coastal springs near sites on the east coast of the Yucatan

serve as'a proxy for Precolumbian strategies. As already mentioned, the hydrogeology of coastlines are
dynamicrand-can change dramatically over the centuries; therefore extreme caution must be used when
applyingsmedern-day analogies. The third theme we noted was the anecdotal nature of much of the above
evidence. While a more careful consideration of the spatial and temporal patterning of coastal water
management strategies would be of great use, it is beyond the scope of this article. We do, however,
highlight-a.few examples to draw attention to the complexity of the issue of studying coastal freshwater
access.in‘the past.

Though we must be careful not to confuse groundwater accessibility with potability, it is
necessary to identify and evaluate those hydrogeomorphological and cultural features associated with
coastal groundwater access. As mentioned, the well-documented coastal port sites of Xcaret, Xelha, and
Yal Ku were somewhat unique as they were situated around major coastal discharges. Of course, their
rocky caletas/served as ideal harboring locations as well. Though not uncommon along the East coast of
the Yucatan Peninsula, these brackish inlets were far from ubiquitous (see above). Nevertheless, there
was a nearly continuous corridor of regional coastal settlement crossing a range of karst terrains — even
those*wherepotable water was not nearly as accessible.

Insthé case of Xcaret, Andrews and Andrews'* suggested that closure of the rocky port during
storms or.rough seas gave purpose to the nearby site of Xamanha (now the location of modern day Playa
del Carmen), which would have afforded ancient canoes with an alternative beach landing. During their
intensive 400.ha survey of the site, Silva Rhoads and Hernandez” recorded a number of small cenotes
and human-made wells that would have been relied upon by Xamanha’s residents. The geographically
(and therefore commercially and politically) strategic nature of Xamanha, both as a port of embarkation
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for the island of Cozumel as well as an alternate port for Xcaret, would have compelled residents to adapt
to potentially more challenging potable water access realities.

Surprisingly little has been published on groundwater resources at the well-known site of Tulum,
though access to potable water in and around the cliff-top site core appears to have been difficult. In
contrast, Tulum’s sister site of Tancah to the north may have provided more ready access to potable water
via a number;of cenotes. The well-documented Tancah Cave serves as an entrance to Sistema CUTS
(acronym for Cenote Under the Sea), which is connected to Sistema Sac Actun (the second longest
surveyed underground river system in the world). Nearby discharges include Casa Cenote (also known as
Cenote Tancah, and Cenote Manati) and Punta Tulsayab, meaning “where the waters go out” (Reference
34, p88).

The situating of sites (their monumental cores, facilities, and associated settlement) along the
northeastern,and central eastern coasts of the Peninsula was certainly influenced by a range of factors
(and not exclusively by abundant or readily accessible sources of potable water). It is therefore incumbent
upon the archaeologist to question assumptions about the cultural geography of the region with respect to
freshwater. In a time of burgeoning trade, the production and distribution of commodities and other goods
compelled coastal sites to both take advantage of certain opportunities and mitigate site-specific
challenges. As evidenced by north coastal sites like Emal***’, the access to marine resources and the value
of salt and the high level of productivity afforded by the region’s expansive salinas placed coastal
inhabitants in'an otherwise precarious and marginal environmental zone, in regards to maize cultivation
and water-aceess. While one coastal spring has been noted in close proximity to the site (personal
communieation, Scott Johnson, 2014), there is much we do not know about how the ancient inhabitants of
Emal supplied themselves with freshwater in the hypersaline waters of the Rio Largartos estuary. As
mentioned, this lack of knowledge applies to the majority of coastal Maya sites, including Vista Alegre.
Without'the evidence for significant infrastructure dedicated to rainwater capture''**, does that mean
coastal.populations were limited in size by freshwater accessibility? Or, were there major efforts made by
powerful inland polities like Chichén Itza to provision coastal sites with water to facilitate circum-
peninsular trade? Or, was this trade seasonally restricted due to freshwater accessibility? These are type of
research questions that we are investigating at Vista Alegre.

[Vista Alegre — North Coast Paleohydrology]

At'the northeast tip of the Yucatan Peninsula — where the Caribbean meets the Gulf — lies the
ancient-Maya:port site of Vista Alegre. The inhabitants of this site, much like the people living nearby
today, were forced to contend with the challenging coastal environment of Laguna Holbox, also referred
to as Laguna Conil. The “lagoon” is framed to the north by the long, thin island of Holbox and by the
mainland coast to the south, which is characterized by flooded mangrove forest and north/south running
wetlands. As mentioned above, this mosaic of low-lying, non-arable zones makes access to potable water
a challeng@ for much of the year, a situation that persisted well into the 20™ century and contrasts with the
Caribbean coast, as noted above.
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[Vista Alegre Site Description and Culture History]

The boundaries of Vista Alegre are essentially defined by its geographic setting. An estuary
encircles the majority of the low-lying island. The southern portion of the site includes mangrove, fintal
(dyewood ecosystem), and tidal flats, and to the east and west lie expansive wetlands. The island covers
approximately 16 ha. The site itself is in a forested area of locally “high” topographic relief (< 2 m amsl),
certainly.a relative metric along the low-lying north coast. In general, the overall physiographic setting of
Vista Alegre is ideal for a port site with sheltered bays flanking the island. Shelter is an issue even inside
the protected Holbox Lagoon, as we ourselves have been buffeted by the nortes — winds that at times
close the small, modern port at neighboring Chiquila.

Since 2005 we have registered and mapped a total of 33 structures and features, including
platformsymounds, and a principal pyramidal structure, which dominates the central plaza. The steep-
sided pyramid measures 11 m tall and appears to have been damaged by both looters and hurricanes.
Along with the pyramid, two other features are particularly interesting. One is a wall that traverses the
island east/west and terminates in the harbor areas on both sides of the islands. The other is an andador,
or walkway,that runs from the southern portion of the island 1.4 km across tidal flats onto the mainland
and terminates at collapsed Maya structure.

Our preliminary archaeological fieldwork along the coast has revealed artifacts and features that
evidence almost 3000 years of human habitation, ranging from the Middle Preclassic period (800-400
B.C.) to the early 20™ century. For those not familiar with Maya archaeology, relative site chronologies
are constructed based on stylistic changes in pottery. These changes are pegged to absolute chronologies
at certain sites to help anchor these more relative sequences. At this point in time, our occupational
history is based predominantly on these relative chronologies, but as we move forward with our
interdisciplinary project, it is imperative that we more tightly correlate our cultural history with the
environmental data collected. With that caveat, what is clear is that the occupational history of Vista
Alegre was not continuous over the past 3000 years. Our research has revealed four periods of occupation
between the'Middle Preclassic (800/700-400 B.C.) and Postclassic periods (A.D. 1100-1521) with the two
major periods corresponding to the Terminal Preclassic and Early Classic (AD 75 — 400) and the
Terminal, Classic (AD 850 — 1100) periods (for further discussion of the site’s settlement history
including.a.timeline of occupation as it is presently known**~").

In addition to the archaeological features mentioned above, there are a few channels or natural
fractures in the bedrock that are interesting to note as they might have been modified by the Maya for
navigation of trading canoes and access to freshwater at the site. The longest and most easily visible in
remote sensing imagery is a linear channel located directly to the northwest of the site. It runs for about
800 m and-frames the northern side of a hypersaline, shallow basin. If used by canoe traffic, this cut
would hayverallowed boats to avoid the shallow shoals directly north of Vista Alegre. A smaller channel to
the northeast of the site would also have allowed boats to avoid the shoals and move from the main body
of the lagoon“to the harbor area. The final channel is not as straight as the other two and meanders 250 m
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from the southern end of the western harbor area to Rio Xuxub. As we discuss below, it is the southern
portion of Rio Xuxub where the freshest water (although still not potable) was identified during our
geochemical survey.

[Results — Water Chemistry Analysis in the Present]

Arfirst pass in our search for coastal discharge springs that may have supported coastal settlement
included.mapping coastal water salinity and temperatures in the dry and wet seasons. Field methods
included canoe and kayak-side transects for physico-chemical characterization of accessible surface and
groundwater using a calibrated multi-parameter probe (Hydrolab). The information included data on
water temperature, conductivity/salinity, pH, dissolved O,, and Eh (redox). The two principal signatures
for discharging fresh groundwater are salinity and temperature as the Yucatan groundwater is 2°C cooler
than the ‘coastal marine water™®. In addition to identifying possible springs, these data are critical for
creating'a profile of the seasonal variability of freshwater in the region.

This'waters surrounding Vista Alegre have strong seasonality of water chemistry. There are high
volumes-of'meteoric water input during the rainy season (Jun-Nov) and significant evaporation during the
dry season.(Dec-May). In May 2011 at the end of the dry season, the waters surrounding Vista Alegre
were all very warm (26-36 °C) and hypersaline (39.2 — 65.9 psu, compared to normal of 36 psu for sea
water) with the warmest, saltiest water the farthest inland. Maximum salinity values of 65.9 psu were
measured in the mangrove “dead zone” (Figure 4). This indicates evaporation is an important control as
the freshwater inputs evolve into hypersaline water during the dry season. In December 2011 at the end of
the rainy season, the water temperatures were slightly lower (24-34 °C) and the salinity was much lower,
ranging from 3.3 - 24.2 psu. The distribution of the salinity was reversed compared to the May
observations."The freshest water was found the farthest inland with salinity increasing outward into the
lagoon =typical for the mixing of seawater and fresh meteoric water.

[Results =Sediment Cores]

The contemporary water chemistry provides critical baseline data for our analysis of the sediment
cores. We collected 12 manual push-cores from the shallow waters surrounding Vista Alegre, which have
been analyzed at 1 cm resolution using standard methods for Loss on Ignition (LOI), ’ B0 and " *Cears
of bulkecarbonate, granulometry, micropaleontology, and AMS radiocarbon dating. The sediment cores
have se farbéen dated with 34 C'* dates on 7 of the 12 cores. The mangrove shorelines and shallow bays
around Vista Alegre are mantled in well-preserved sedimentary sequences. This project provides records
of past water salinity using two powerful proxies applied to the cores. First is the use of stable isotope
analysis on the oxygen molecules in the carbonate portion of the core sediments (" "®Ocar). The isotopic
composition of geological materials reflects the source materials (such as the water in which it formed)
and processes to which they have been subjected. These data are then compared to the oxygen " '*O values
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of freshwater and seawater today*"**. Meteoric precipitation is isotopically lighter than seawater*’. By
extension, the fresh groundwater recharged by meteoric water will discharge isotopically light waters into
the coastal seawater. When these datasets are combined we get a paleosalinity index. Second, the different
species of microscopic foraminifera, single-cell marine and brackish organisms that are present
worldwide and are commonly used for environmental reconstructions, and thecamoebians, single cell
freshwater organisms used for the same purpose, preserved in the sediment are highly selective for
specific salinity ranges. Our preliminary cores' sediments confirmed the preservation of abundant, well-
preserved micropaleontological species with varying salinity tolerances. The separation from the core
sediments; Couiting of species types and abundances, followed by " '*O., on them, provides the “gold
standardofpaleosalinity reconstruction®*.

The modern surface community assemblages of foraminifera are used as an analogue for past
conditions. In this study, the assemblages provide a proxy for shoreline and sea-level reconstruction at the
site. Previous works elsewhere have used surface sample assemblages as an indicator for zonation in
marshland and mangrove areas* ', and in this study this approach is being used to reconstruct the site’s
environmental settings over time. From the results to date, we can observe changes in the foraminifera
assemblages within changing layers in the cores, as well as between different cores and surface samples.
These resultsitell us about different microenvironments, i.e., zonation of the site at present, and support
the argument that environmental changes have occurred across the site in different time periods. For
example; we observe some foraminifer types, such as Laevipeneroplis, that are present at some horizons
in the coresyzbut absent in others, which is an indicator of environmental change that can be related to
shifts such-asswater chemistry variation, sea-level change, and shoreline movement. In many horizons in
the cores we observe changing ratios and relative abundance between the same foraminifers, Elphidium,
Quingueloculina and Miliolinella; that may reflect particular environmental changes. In several samples
with lower.total foraminifera abundance we find higher proportions of Ammonia, a genus with certain
species.kriown to have wide environmental tolerances, and therefore indicative of transitional or high-
stress conditions such as lower or higher than typical salinities. A few core intervals have no foraminifera
present whatsoever (and no marine fauna in general). One possible reason is that the interval was
terrestrial at the time it was deposited, an alternative explanation is that post-depositional dissolution of
the calcareous foraminifera occurred due to lower pH levels, such as those sometimes present in
mangrove soils’>>*. We try to differentiate between these two options by looking for mangrove evidence
in the sample, and using other proxies such as grain size, LOI analysis and calcite precipitation from the
sediment. The sediments are presenting useful information and, generally, well-preserved foraminifera,
whichrallowfor a detailed environmental reconstruction of the site.

Within each core, shell beds correlate with high salinity based on the oxygen isotopic data and are
interpreted as.sea-level highstands. Fine grain intervals in between the shell beds have lower carbonate
content and are interpreted as sea-level lowstands. Four alternating pairs of these beds lie beneath a
mangrove peat cap. The strata are continuous between the three of the cores based on carbon-14 dates. As
demonstrated in Core 9, retreat of freshwater correlates with the base of each of the shell beds, suggesting
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they are transgressive cycles of sea-level rise (Figure 5). They have a consistent 500 year cyclicity
correlated across all of the cores.

Overall, the chemical proxies, lithology, and paleosalinity model reconstructed to date reveal four
onlapping parasequences representing an overall transgression of the coastline with strong seasonality of
water chemistry that has been changing under the control of rising sea levels over the past 3000 years.
The sedimentation rate and timing of the transition to marine is in reasonable agreement with local sea-
level curves™ meaning that the shoreline and possible terrestrial features during some of the occupational
phases of Vista Alegre are most likely drowned today. The isotope record indicates large changes in the
proportion of freshwater and high evaporation rates have occurred throughout the site’s history.
Supetposition of these seasonal cycles on the long-term rise in sea level means that water may have been
much more readily accessible to the Maya who inhabited this site than it is today.

Conclusion

While there is still much work to be done in our investigation of freshwater access at the ancient
Maya portssite of Vista Alegre, some intriguing patterns have emerged. As discussed, the rise in sea level
and the abundance of meteoric water appear to be inversely related over the past 3000 years. This is not
surprising given what we know about the hydrogeology of the Yucatan. What is interesting is how these
preliminary data correlate with our settlement history of the site’”. As indicated in Figure 5, there are four
periods of high sea stands where there is limited freshwater at the site. The first of these dates to the
middle of the third century B.C. This is a time period when we do not have much evidence for people
living at'thessite. Based on the ceramic data, it appears as though people repopulated the island in the first
century A.D:'a time period when freshwater was more abundant. The next high sea stand, however,
seems to have occurred when the site still had a robust population. This high sea stand has been linked to
the abandonment of the interior of the Yalahau region®® due to the impact it would have had on the
interior wetlands that were actively managed by the ancient Maya for agricultural purposes ®*’. The third
high sea stand does seem to correlate with the other period of depopulation at the site. In fact, we have
found some"evidence that indicates the site’s inhabitants were trying to build-up the western portion of the
island during 7th century A.D., perhaps in response to rising sea levels. After being abandoned for the
better part of'a century, the site is again reoccupied during a period when freshwater seems to have been
locally abundant. It is during the 9th through 11th centuries A.D. that Vista Alegre became engaged in
long-distance trade and connected to major inland powers like Chichén Itza. However, the site is again
abandoned at some point toward the beginning of the 12th century A.D. Was this a result of rising sea
levels and the decreasing availability of freshwater at the site or more tightly connected to broader
geopolitical shifts that mark Chichén Itza’s decline as a regional power, or are the cultural and natural
processesrelated?

This*is one line of inquiry that we will continue to follow as our project moves forward. By
correlating multiple facets of the changing paleoenvironment with broader social and economic changes,
the PCE research team will continue to investigate the challenges faced, and opportunities pursued, by
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these coastal peoples as they adapted to their changing coastal landscape. This episodic settlement history
at Vista Alegre provides tantalizing clues to the vulnerabilities and resilience of these coastal peoples. We
also hope that the interdisciplinary research program described here provides others with a template to
more critically evaluate coastal water access in the past, so that we can more clearly elucidate the scope of
human ingenuity or the limitations placed on that ingenuity by the scarcity of potable water.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

A. A selection of Maya sites in the Lowland Yucatan Peninsula, with emphasis on coastal
sites on the Caribbean and north coast. B. The port site of Vista Alegre on the north-east
shore of the Yucatan Peninsula.

On shallow platform slopes, such as on the north coast of the Yucatan Peninsula, even
small changes in sea level may laterally displace the coastline, and affect the function of
spring locations. A. The coastline and springs were located 10-100’s of km from the
current shoreline in the early Holocene. B. With rising sea levels over the Holocene
towards our modern high levels, the lower tiers of caves and now-offshore springs are
drowned. Global sea levels have risen 2-3 m in the last 3000 years.

Salinity with distance inland from the Caribbean Coast for sites located south of Cancun
and north of Sian Ka’an Biosphere (reproduced from Beddows et al., 2004). All sites
located within 0.5 km from the coast are somewhat to very brackish, even grading into
marine salinity. Sites further inland than 0.5 km may represent tolerable water supplies.
California drinking water limit of ~1.5 mS/cm as horizontal black line. In all cases,
rainwater would represent a far superior source of potable water.

Sampled salinity around the Vista Alegre site in May (left) and December (right) 2011,
which is at the end of the dry season and rainy season respectively. Values are in PSU
salinity units, where rainwater is <0.5 PSU, and 100% normal marine water is 36 PSU.
All sampled waters in May 2011 were hypersaline. Only one sample in December 2011
in the Rio Xuxub (lower left of image) was 3 PSU and might be considered potable.

Reconstruction of meteoric water inputs and evaporation rates compared to shell beds.
Chronology model shown in leftmost vertical scale, with absolute depth in core (cm) on
second Y axis. Occurrence of shell beds correlates with reduced meteoric water
determined based on isotopic *O of the sediments.
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