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Two cores from calcite rafts deposits located in Cenote Ich Balam and Hoyo Negro were dated and
analyzed for 87sr/%8sr, 5180, §13C, Sr/Ca and Cl/Ca. The geochemical records show changing aquifer
salinity spanning the last ~ 8.5 cal kyrs BP and interrelationships with Holocene climate trends (wet and
dry periods). During the wet mid-Holocene, the salinity of the meteoric Water Mass (WM; at 7.8
—8.3 cal kyrs BP) was relatively high at 1.5—2.7 ppt and then became less saline (1.0—1.5 ppt) during the
last ~ 7000 yrs as climate became progressively drier. High salinity of the meteoric WM during the wet
mid-Holocene is attributed to increased turbulent mixing between the meteoric and underlying marine
WM. Increased precipitation, in terms of amount, frequency, and intensity (e.g. hurricanes) causes higher
flow of meteoric water towards the coast and mixing at the halocline, a phenomenon recorded with
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Yucatan recent instrumental monitoring of the aquifer. Conversely, during dry periods reduced precipitation and
Climate flow in the meteoric WM would result in lower salinity. Karst properties and Holocene sea-level rise also
Sea-level seem to have an effect on the aquifer. When the regionally extensive network of shallow cave passages (~
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Paleoamericans

10—12 m water depth) are flooded at ~ 8000 cal yrs BP, there is a rapid shift in salinity. This study
demonstrates that calcite raft deposits can be used as paleo-environmental recorders documenting the
effects of sea level and climate change on aquifer condition.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Human skeletal fossils from phreatic coastal karst systems on
the eastern margin of the Yucatdn Peninsula show early Pre-
Ceramic migration and settlement in the Yucatdn at the end of
the Pleistocene (Gonzalez et al., 2008, 2013, 2016). Recently, a well-
preserved, age-constrained Late Pleistocene (13-12 cal kyrs BP)
female skeleton [Homo sapiens] was found in the Hoyo Negro (HN)
pit cave (Naia; HN-5/48; Chatters et al., 2014). Her cranial and
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dental features share morphometric similarities with other early
Paleoamericans, but she has (mt)DNA of Native Americans
(Chatters et al., 2014, 2017). HN represents the first and only
example of a human skeleton found in direct association with now-
extinct Pleistocene megafauna in the Americas (Chatters et al.,
2014; Collins et al., 2015). The study of the fossil record in HN is
still ongoing, but there are many questions on how early Paleo-
american migrants adapted and subsisted on the Yucatan land-
scape. The prevailing view is that Naia and the animals entering the
cave were in search of water, although there is no geological in-
formation on the condition of the aquifer during the Pleistocene/
Holocene to substantiate this claim.


mailto:kovacs2@mcmaster.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2017.09.006&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2017.09.006
https://doi.org/10.1016/j.quascirev.2017.09.006
https://doi.org/10.1016/j.quascirev.2017.09.006

2 S.E. Kovacs et al. / Quaternary Science Reviews 175 (2017) 1-15

Calcite raft deposits which have extensive distributions
throughout Yucatan caves could possibly provide insights into how
the potability (i.e. salinity) of the aquifer has changed with Holo-
cene climate and sea-level. Calcite rafts have many advantages as
they form abiotically at the air/water interface documenting the
upper aquifer, preserve well in the stratigraphic record, and they
accumulate on the bottom in large stratified piles. However, despite
these advantages, they have never been used before in paleo-
environmental studies.

1.1. Hydrological setting

The Yucatdn Peninsula is the aerially emergent portion of the
greater Yucatan Platform, a vast limestone platform with a surface
area of 300 000 km? (Bauer-Gottwein et al., 2011). The Peninsula
itself encompasses over 165 000 km? of the total surface area,
separating the Caribbean Sea from the Gulf of Mexico, and consists
of Cenozoic Era biogenic limestone (Fig. 1; Ward et al., 1985).

The climate is tropical with distinct wet and dry seasons (Kottek
et al., 2006). Monthly average temperatures range between 23 and
29 °C, with an average annual temperature of 26 °C. The hot/wet
season is from May to November, whereas the relatively cooler dry
season is from December to April (Hodell et al., 2007). Seasonal
precipitation is determined by the movement of the ITCZ, which is
controlled by the strength and movement of the Bermuda High and
the easterly trade winds (Fig. 1; Hastenrath, 2012). Neuman and
Rahbek (2007) document a significant east-west precipitation
gradient across the Peninsula, with most of the precipitation (80%)
falling on the Caribbean coast (>1500 mm/yr) during the summer
wet season (Gonzdlez-Herrera et al., 2002). Quintana Roo surface
soil coverage is sparse and thin, hosting a tropical arid forest
comprised of palms (i.e. rain trees), broad-leafed trees and succu-
lents (Bautista et al., 2011).

The landscape has low-lying topography that has been exten-
sively karstified by the interaction of glacioeustacy, littoral pro-
cesses and mixing-zone hydrology (Smart et al, 2006).
Consequently, precipitation rapidly infiltrates through the lime-
stone to a shallow, density stratified, unconfined coastal aquifer

(Perry et al.,, 2003; Beddows et al., 2007). Hydrogeology of the
aquifer is influenced by the porous nature of the limestone, which
features structural heterogeneities (fissures and fractures), high
matrix porosity, and karstic conduits (Kambesis and Coke, 2013).
There is little surface drainage with no rivers and only a few lakes
(Perry et al., 2003).

In anchialine settings, which characterize many karst coastlines,
a meteoric Water Mass (WM) rests on a marine WM intruding from
the coast that is separated by a halocline transition zone. In HN, the
meteoric WM has a salinity of 1.1 ppt vs 35.1 ppt in the marine WM,
and the current position of the halocline is at —18.5 m (all depths
are relative to local water level unless otherwise stated; Fig. 3). The
salinity of the meteoric WM varies spatially with areas closer to the
coast having higher salinity than inland areas (Kovacs et al., 2017a).
The interaction between the meteoric and marine WM is poorly
understood in space and time, with few available paleo-environ-
mental records to understand how meteroric WM salinity may
have been affected by climate and sea-level change (Kovacs et al.,
2017a). Consequently, we do not know whether the groundwater
was potable at the end of the Pleistocene or the early Holocene,
when the climate was dry and when early Paleoamericans arrived
to the Yucatan (Chatters et al., 2014; Haug et al., 2001). Ground-
water may have been quite important to early migrants who did
not construct cisterns to store rainwater (i.e. Maya) and there were
few lakes to rely upon for freshwater (Metcalfe et al., 2000).
Therefore, groundwater from caves and cenotes may have provided
a year-round water supply for early Paleoamericans, but with low
sea level and thus groundwater during the early Holocene, only
deep caves and pits would have provided access. The spatial extent
of these deep access points may have influenced settlement and
restricted movement on the landscape for early Paleoamericans.

1.2. Hoyo Negro and Ich Balam

HN is located on eastern coast of the Yucatan Peninsula (Quin-
tana Roo) within the Outland Cave System, which is a distributary
branch of the larger Sac Actun Cave system that has > 257 km of
mapped passage (Figs. 1 and 2; Quintana Roo Speleological Survey,
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Fig. 1. Map showing the geographical position of HN and other cenotes used in this study. Bathymetric contours are represented in meters. Inset shows location of Cariaco Basin
(Venezuela) and the summer/winter position of the Atlantic Intertropical Convergence Zone (ITCZ).
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2017). HN is a bell-shaped dissolution chamber which is ~ 37 m in
diameter at the top (—12 m) and ~ 62 m in diameter at the bottom
(-48 m). The pit floor consists of large fragments of limestone
breakdown from the overlying ceiling with patchy accumulations
of bat guano, seeds, calcite raftpiles,twigs, branches, and charcoal
(Chatters et al., 2014; Collins et al., 2015).

HN is connected to Cenote Ich Balam (IB) but also more distal
cenotes (e.g. Oasis; Fig. 2) via shallow cave passages. IB has a small
opening of ~ 3.5 m? in the cavern ceiling and the drop to the present
water surface is ~ 10 m. The center of the cavern contains a large
breakdown pile of limestone with the top of the pile at -2.5 m
which gradually slopes to —11 m at the periphery. The breakdown
pile is covered with seeds, twigs, fine organic matter (OM) and
calcite rafts.

Due to high porosity and permeability of the karst terrain,
groundwater levels in IB, HN and the surrounding region closely
track Holocene sea level (Collins et al., 2015; Gabriel et al., 2009;
Smart et al., 2006). Groundwater level rises inland relative to sea
level (~ 10—15 cm/km; Beddows, 2004; Beddows et al., 2007) and
HN is ~ 7 km from the coast so local water level is ~ 1 m above msl
(mean sea-level). As a result, when sea level was low, the region's
maze of subterranean passageways would have been accessible to
terrestrial animals and humans. Most of the cave passages in
Quintana Roo today are relatively shallow at ~ 10 to 12 m water
depth (Quintana Roo Speleological Survey, 2017), which is also the
case for IB and HN. However, unlike other cave systems in the area,
the cave passage in HN drops to - 48 m in a large circumference pit
that contains skeletal remains of many extinct animals as well as
Naia. HN is accessible from the surface via cave passages that
connect with proximal and more distal cenotes (Fig. 2; e.g. Cenote
IB and Cenote Oasis). Animals may have willingly entered the cave
through accessible caverns in search of water and carrion, but may
have also inadvertently fallen through the cave ceiling opening in IB
as they wandered through the forest (a natural trap; Fig. 2; Chatters
et al., 2014, Collins et al., 2015). Animals moving through the upper

ot Hoyo Negro (HN)

9t
E L
= L
2 18
e L
E L
®© o7}
= 27 i

36k

l Sediment core locations

.-y General location of HN5/48, refer to

" Chatters etal. (2014 for detailed position
"r Speleothem

[ Organic matter
Calcite rafts

&> Limestone breakdown

Host limestone

cave passages would have fallen into HN as they navigated the
lightless conditions. Humans may have entered the cave with
torches in search of water or for ceremonial purposes (burial;
Gonzalez et al., 2008). In Naia's case, speculation is she may have
slipped and fallen into the pit while accessing groundwater,
although it is unknown whether the groundwater was potable at
that time.

1.3. Caribbean sea level and groundwater

Numerous studies have documented the de-glacial sea-level
history of the Caribbean region (i.e. Blanchon et al., 2002; Blanchon
and Shaw, 1995; Fairbanks, 1989; Lighty et al., 1982). Toscano and
Macintyre (2003) created a western Atlantic sea-level curve that
encompasses both coral and intertidal peat sea-level proxies. Their
curve constrains the lower and upper boundaries of sea level, but
does not account for glacio-isostatic adjustment of the crust
(Blanchon, 2005; Toscano and Macintyre, 2003, 2006). However,
far-field locations that are both tectonically stable, and experience a
sea-level history independent of glacial isostatic adjustment (GIA),
are a good approximation of eustacy (Milne and Mitrovica, 2008;
Milne and Peros, 2013; Peltier and Fairbanks, 2006). The Yucatdn
has been tectonically stable since the Late Pleistocene (Ward et al.,
1985), and therefore the glacio-eustatic sea-level history from the
Circum- Caribbean region can be used to infer sea-level position on
the Yucatan coast (Bard et al., 2010, 1996; Milne and Mitrovica,
2008; Milne and Peros, 2013). Based on the water level indicators
from HN, the Medina-Elizalde (2013) GIA corrected sea-level curve
fits better with the cave depositional record (Fig. 4; Collins et al.,
2015). The timing for the flooding of the bottom of HN
(>12—13 cal kyrs BP) has been constrained based on skeletal
taphonomy; the animal skeletons including Naia are largely dis-
articulated and spatially scattered on the pit bottom, indicative of
floating decomposition in a body of water (Chatters et al., 2014).
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Fig. 2. Cross-section of the cave system showing core locations. Depths are relative to local water level which is ~1—2 m above msl (see text for details). Inset shows a plan view of

cave passages connecting to HN and cenotes in the immediate area.



pH Temperature (°C)
66 68 70 72 252 254 256

Meteoric Water
Mass

Transition
Zone

Halocline

Water depth (m)

Marine Water
Mass

45 ————T———

0 10 20 30 40
Salinity (ppt)

Fig. 3. HydroLab™ water mass profiles recorded in HN. The halocline transition zone is
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14. Calcite rafts

Floating “rafts” of microcrystalline calcite (Fig. 5), commonly
referred to as calcite rafts, are autochthonous CaCOs3 deposits that
precipitate at the air-water interface in cave environments (Taylor
and Chafetz, 2004). Calcite rafts form in CaCOs saturated waters
through CO, degassing and/or evaporation (Gazquez and Calaforra,
2013; Hill and Forti, 1997; Jones, 1989; Taylor et al., 2004; Taylor
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and Chafetz, 2004; van Hengstum et al., 2011). The polycrystalline
aggregates eventually sink, as a result of surface tension of the raft
being exceeded by gravitational forces and/or agitation of the sur-
face water through hanging roots or drip water. The point source of
water agitation and calcite raft sedimentation then forms conical
shaped piles on the cave bottom. Smaller raft piles may coalesce
with time, forming larger accumulations or may form sheet-like
distributions on the cave bottom if there are larger surface water
disturbances or currents transporting the calcite rafts (e.g. waves or
currents in open caverns; Fornds et al., 2009; Gazquez and
Calaforra, 2013; Taylor and Chafetz, 2004; van Hengstum et al.,
2011). Calcite raft piles are also referred to as calcite raft cones or
tower cones and may be unconsolidated or cemented together
(Gazquez and Calaforra, 2013). We use the term “piles” vs. “cones”
as piles infers sediment accumulating from above, and has strati-
graphic connotation in terms of layers accumulating with
relative age. “Pile” also fits better with other terms such as
“mounds” and “sheet-like”, which we use to describe other calcite
raft accumulations.

Collins et al. (2015) cored and documented the distribution and
age of the calcite raft deposits in HN and IB, and used them to
reconstruct cave flooding history. Kovacs et al. (2017b) documented
seasonal trends in calcite raft precipitation using environmental
monitoring and sediment traps in three nearby locations (Cenotes
Rainbow, Feno and Monkey Dust) and showed rafts are precipi-
tating throughout the year, with only minor hiatuses (i.e. days)
during dilution of surface waters with large rainfall events. They
also showed that calcite rafts were accumulating on the bottom
using sediment traps at the monitoring locations. There are many
advantages to using calcite rafts as a paleohydrological proxy. They:
1) form at the air-water interface providing records of the upper
meteoric WM, 2) are a triphasic system (water-air-mineral) and
thus are a useful indicator of past water levels within a cave system
(i.e. presence of water; Collins et al., 2015), 3) form abiotically,
implying no vital effects for the trace element and/or isotopic
systems, and 4) are mineral material and thus readily preserve in

Age (ka cal yr BP)

o Barbados

A New Guinea
< Tahiti

Coral Compilation
Medina - Elizalde (2013)

¥ Gran Cayman

O Western Australia

6 4 2 0
-0
- 10 o
o©
- 20 Q
[=4
<
- 30 [©)
Circum-Caribbean Region wn
Milne and Peros (2013) -4 B
Peat Subset Coral Subset L 50 i
o Belize @ Toscano and Macintyre (2005) é
# Cuba -6 =
4 Florida s CE5G model L0 3
< Grand Cayman o m EUST3 model
o Jamaica - 80
© Trinidad L 90
© Tulum
- 100
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Fig. 5. Scanning electron microscope (SEM) images showing cross-sectional profiles through calcite rafts from varying depths in C9. Depths were selected at random A) 1-2 cm

interval, B) 11—12 cm interval, C) 24—25 cm interval and D) 33—34 cm interval.

the stratigraphic record. Despite these advantages, there are no
studies using calcite rafts to document past groundwater and
climate conditions and this study from HN is the first to do so.

1.5. Geochemical proxies of salinity

Previous research used 37Sr/%8Sr in biotic and abiotic carbonates
as a paleosalinity proxy in marginal marine environments (Bryant
et al, 1995; Holmden and Hudson, 2003; Peros et al., 2007;
Reinhardt et al., 1998). Using a two-component mixing equation
(87sr/%6sr, [Sr]), deviations from the worldwide marine value
(87sr/%8Sr = 0.709175) can be attributed to fresh-water dilution
(McArthur et al., 2001). Salinity can be calculated if the fresh and
marine water end-members are known or can be estimated
(Reinhardt et al., 1998). A limitation of the method relates to the

concentration of Sr in marine waters (~ 8 ppm) which is much
higher than in fresh (<1 ppm) water (Palmer and Edmond, 1992).
Thus, a large dilution by fresh water is required to alter the 87Sr/2Sr
ratio of marine waters, resulting in a hyperbolic mixing relation-
ship. The method is best suited for determining lower salinities
found in coastal systems (i.e. estuaries) but equally applicable to
anchialine aquifers. Sr isotopes are also often paired with O and C
isotopes, as well as trace elements since these analyses are rela-
tively lower-cost providing higher resolution records (Sr/Ca; e.g.
Holmden et al., 1997; Peros et al., 2007; Reinhardt et al., 2001).
However, 3'80 and 3'3C values can be affected by processes other
than mixing of fresh and marine water, including vital effects
during biotic CaCO3 precipitation, evaporation or changes in the
isotopic composition of the fresh and marine water end-members
(i.e. vegetation or precipitation; McDermott, 2004; Reinhardt
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et al., 2001). Most research using O and C isotopes has been con-
ducted on biotic CaCO3 precipitates in marginal marine coastal
environments, but can be applied to abiotic calcite rafts as well.

There has been little research on chlorine in carbonate sedi-
ments; most studies measured Cl~ extracted from pore fluid from
sediment cores which is labor intensive and results in low strati-
graphic resolution (e.g. Lazar et al., 2014; Levy et al., 2017). Chlorine
however, can be measured using XRF core scanning which offers
significant advantages in terms of resolution (<200 pum) and
analytical efficiency but has not yet been extensively applied as a
paleosalinity proxy. Recently, Peros et al. (2017) used CI~ measured
via XRF core scanning to document increased salinity and aridity in
Cenote Jennifer, Cuba during the 8.2 yrs B.P event in the Caribbean
and Chagué-Goff et al. (2016) found relationships between Cl~ and
marine diatom assemblages showing past marine water incursions
into a coastal lake in the Cook Islands.

2. Methodology
2.1. Cores

Multiple cores (n = 12; diam. 6 cm) were collected in IB and HN
with locations and stratigraphy described in Collins et al. (2015).
Cores were recovered using SCUBA and used a combination of
pushing and percussion to penetrate the calcite raft pile. Core caps
applied before extraction provided suction and retention of sedi-
ment in the core tube (see Collins et al., 2015 for details).

Calcite rafts and organic material (OM) cover the limestone
breakdown pile in the center of IB, while the calcite raft piles in HN
had a distinct cone geometry (~ 2.5 m in diameter and 1 m high)
with several coalescing lobes (Fig. 6). Calcite raft piles are not
abundant on the bottom of HN and the calcite raft distribution is
mostly thin, low-profile coverings on the breakdown limestone.
Two cores were selected for geochemical analysis, Core 4 (C4; ~
65 cm) was from -12.3 m depth in IB and Core 9 (C9; ~ 45 cm) was
collected in the largest calcite raft pile on the bottom HN at -42 m
depth. These cores were sampled at 1 cm intervals by Collins et al.
(2015). An additional core (Core 10; C10) was collected adjacent to
Core 9 in HN (approx. 5 cm away) and in the same raft pile. There
were no cemented laminae or indurated layers in the cores. Calcite
raft imaging was performed using a JEOL 6610LV Scanning Electron
Microscope (SEM) at the Canadian Centre for Electron Microscopy
(CCEM; McMaster University).

2.2. Isotopic analysis

Oxygen and carbon isotope analyses on aliquots of ~ 100 ug
CaCOs3 (n = 53) were conducted at McMaster University, Hamilton
Ontario (Research Group for Stable Isotopologues - MSRI) using a
VG Autocarb system attached to an Optima stable isotope ratio
mass spectrometer. d values are expressed in permil (%o) relative to
Vienna PeeDee Belemnite (VPDB). The precision of the analyses is
+0.05%o for both §'3C and §'80 and are calibrated with NBS 19 and
NBS 18 calcite standards. Samples for strontium isotope analysis
(n = 19) were dissolved in 1 M HCI, then separated using cation
exchange columns and a Sr selective crown ether resin (Pin and
Bassin, 1992). Analyses used a VG 354 multi-collector mass-spec-
trometer in the Radiogenic Isotope Laboratory at McMaster Uni-
versity. National Bureau of Standards (NBS) 987 yielded a 87Sr/%6sr
ratio of 0.71025 + 2 x 10° on replicate analyses.

2.3. Elemental analysis

Elemental composition was measured using an ITRAX-XRF core
scanner (Cox Analytical Systems; X-ray Fluorescence) at the

McMaster University Core Scanning Facility. Individual samples
from C4 and C9 were rinsed with deionized water before analysis to
remove any pore water and the intact C10 was flushed several times
by adding deionized water at the top and allowing it to percolate
and drain through the bottom. Previously sampled cores (C4 and 9)
used a sequential sample holder to analyze the sediment at 1 cm
intervals (Gregory et al., 2017). Each sample reservoir (~ 1 cm>) was
evenly packed with sediment and analyzed using the Cr heavy
element (Cr-HE) X-ray source (30kv, 10 mA, exp. time = 15 s, step-
size = 200 um). Ten measurements from the central portion of each
sample reservoir were averaged. The intact C10 was analyzed with
similar parameters as the sampled core (C9) for comparative pur-
poses (Fig. 10).

2.4. Paleosalinity

Salinity can be estimated with a two-component mixing equa-
tion using the fresh and marine water end-member Sr concentra-
tions ([Sr]; ppm) and 87Sr/86sr values (e.g. Peros et al., 2007;
Reinhardt et al., 2001). However, the mixing relationship can also
be empirically derived using 7Sr/®Sr measurements from waters
over a range of salinities. We calibrated our mixing curve using data
from three cenotes that are precipitating calcite rafts: Box Ek, La
Concha, and Feno, which are in a landward transect from the coast
(located at 2.43 km, 6.46 km and 6.70 km). Salinities in the three
locations were 2.6 ppt, 1.1 ppt and 1.3 ppt respectively, and had
875r/%5Sr values (0.70845, 0.70825, 0.70834) that reflect salinity
relative to mixing with modern seawater (0.709175 @ 35 ppt;
Fig. 7). Hodell et al. (2004) recorded an 87Sr/26Sr value of 0.70831
for the surface waters of Aktun Ha and salinity was measured in
2007 at 1.5 ppt in van Hengstum et al. (2009; Fig. 7).

Conductivity and strontium concentrations of cenote water
were measured by Actlabs Activation Laboratories Ltd. (Ancaster,
Ontario, Canada). A Perkin Elmer Sciex ELAN 9000 Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) was used to deter-
mine strontium concentrations. Salinity was calculated using
software from Five Creeks™ (http://www.fivecreeks.org/monitor/
sal.html).

Water mass characteristics (temperature, pH and salinity) were
measured using a calibrated MS5 Hydrolab MiniSonde® (June 4th,
2011). The sonde was gradually lowered through the water column
in HN using SCUBA (Kovacs et al., 2017a).

2.5. Radiocarbon dating

Calcite rafts and seeds were 'C dated by DirectAMS™ in Seattle,
Washington, US.A. Six paired seed/calcite rafts “C ages were used
to estimate the hard-water effect. Seeds and calcite rafts were
selected from the same intervals in C4 and C9, but additional
samples were also obtained from cores C3, C5, C6 described in
Collins et al. (2015; Table 1). Seeds were pretreated using an acid/
alkali/acid wash prior to analysis and calcite rafts were cleaned
with deionized water. A hard-water offset of ~ 1300 'C years BP
was obtained for all samples (Fig. 8) and is similar to that found by
Curtis et al. (1996; 1200-1300 yrs). The %C activity of the dissolved
inorganic carbon (DIC) in the water column in HN was also
analyzed at the WM Keck Carbon Cycle AMS Laboratory at UC Irvine
(Table 2). The DIC in the meteoric WM measured at —12 m had an
age offset of ~ 1600 C years BP, which is consistent with our value
(~ 1300 'C years BP) from the calcite rafts which records the upper
surface water DIC.

Dates are calibrated using the northern hemisphere terrestrial
calibration curve IntCal13.14C (Reimer et al., 2013) using the R
statistical software package Clam and a hard-water effect of
1300 yrs based on our estimate (Blaauw, 2010; version 2.2, Table 1).
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Fig. 6. Underwater photomosaic of HN compiled from 2200 images aligned on a 3-D model and projected in 2-D. Detailed 3-D image shows the geometry of the calcite raft pile and
core locations (C9 and C10). Pit bottom is ~ 62 m in diameter.
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Fig. 7. Salinity mixing curve empirically compiled with salinity (ppt) and 87Sr/®6sr
measured from calcite rafts precipitating in nearby cenotes.

Table 1
Radiocarbon results. * from Collins et al. (2015).
Lab ID Core Interval Material 3'3C (%) '“CyearsBP 1o
D-AMS 006412 IB-C3-7—8 cm CR -8.8 7332 32
D-AMS 002371 IB-C3-8 cm* SD -28.9 5990 32
D-AMS 006413 IB-C3-21—-22 cm CR -10.7 7545 33
D-AMS 002369 IB-C3-22 cm* SD —-33.5 6400 39
D-AMS 005586 IB-C4-1-2 cm CR -51 1848 26
D-AMS 005587 1B-C4-17—18 cm CR —-5.7 4145 27
D-AMS 005588 1B-C4-33—34 cm CR -94 4744 29
D-AMS 005589 1B-C4-49—50 cm CR -8.1 5973 32
D-AMS 005590 IB-C4-63—64 cm CR -54 7328 32
D-AMS 005591 IB-C4-63—64 cm SD -38.9 6156 33
D-AMS 002373 IB-C5-107 cm* SD -26.9 5909 35
D-AMS 006414 IB-C5-106—107 cm CR -8.7 7017 33
D-AMS 002372 IB-C6-26 cm* SD -26.4 3510 31
D-AMS 006415 IB-C6-25—26 cm CR -6.9 5461 32
D-AMS 005592 HN-C9-0—1 cm CR -3.7 8258 36
D-AMS 005593 HN-C9-10—11 cm CR —4.2 8353 34
D-AMS 005594 HN-C9-21-22 cm CR -1.6 8459 35
D-AMS 005595 HN-C9-30—31 cm CR -3.5 8468 32
D-AMS 005596 HN-C9-43—44 cm CR -6.1 8747 33
D-AMS 005597 HN-C9-45—46 cm CR -6.3 9709 38
D-AMS 003404 HN-C9-46 cm* SD —33.8 8826 31

Five calcite raft samples (1—2,17—18, 33—34, 49—50 and 63—64 cm)
and one seed (63—64 cm) are used for C4, and six calcite raft
samples (0—1, 10—11, 2122, 30—31, 43—44, and 45—46 cm) and
one seed (45—46 cm) for C9 (Table 1).

3. Results
3.1. Age models and accumulation rates

Core 9 in HN shows rapid accumulation (~ 45 cm) over
approximately 400 yrs from 7900 to 8300 cal yrs BP (~ 0.11 cm/yr;
Fig. 9). This accumulation rate is fairly high relative to the modern
sediment trap studies in Kovacs et al. (2017b), but that rate
(0.007 cm/yr) was from only three sites and represents only 2 years
of measurement, so we do not have extensive data for comparison.
In contrast, the accumulation rate for C4 from IB is lower. The
accumulation rate over approximately 7000 cal yrs BP in C4 is ~
0.010 cm/yr and is very similar to the accumulation rate that was
calculated in Kovacs et al. (2017b).

Reservoir effect (average offset) = 1266.83 uncalibrated e years BP

8000
|

DIC = 1595 20 uncalibrated ' C years BP
@ 12 m depth

6000
]

SeedMC age (uncalibrated)

Coefficient of determination = 0.9886
Pearson correlation = 0.9943
Spearman correlation = 0.9429

4000

I | I I
6000 7000 8000 9000

Calcite raft "*C age (uncalibrated)

Fig. 8. Reservoir correction based on paired seed and calcite raft radiocarbon ages
from selected intervals using cores C4 and C9 from this study, as well as cores from
Collins et al. (2015; C3, C5, C6; 2015; Table 1).

Table 2

14C activity of DIC in water column.
UCIAMS Water depth (m) Fraction A'C 14C years
Lab ID Modern + (%o) + (BP) +
136749 12 m 0.8200 0.0017 -186.3 1.7 1595 20
136750 18 m 0.8180 0.0019 -188.3 1.9 1615 20
136751 28 m 0.2186 0.0022 -783.1 2.2 12210 90
136752 40 m 0.1964 0.0023 -805.1 2.3 13070 100
136753 45 m 0.1681 0.0024 —-833.2 24 14330 120

3.2. Isotopic proxies: 87Sr/%6sr, 6180 and 63C

The 87Sr/%5Sr and 5'3C values from C4 (0—7000 cal yrs BP) and
C9 (7900—8300 cal yrs BP) show a shift in aquifer hydrology
sometime between 7000 and 8000 cal yrs BP (Tables 3 and 4;
Fig. 11). The 87Sr/36sr values in C9 from HN vary between 0.70840
and 0.70860 and the 3'3C values are between —5.0 and —8.0%o. C4
from IB has lower 87Sr/%5Sr values ranging from 0.70820 to 0.70840
and the 3'3C values range from —11.3 to —11.6%o, but also have a
decreasing trend with time (Fig. 11). Based on the Sr mixing rela-
tionship between fresh and marine water, this corresponds to a
salinity shift of ~ 1.5—2.7 ppt in C9 to 1—1.5 ppt in C4. 880 values
show little difference between C4 and C9, varying between —6.6
and —7.2%o but are in the typical range for calcite in equilibrium
with local freshwater (i.e. van Hengstum et al., 2009). As found in
previous studies from coastal lagoons and estuaries, there is often a
strong positive correlation between 37Sr/%6Sr and §'3C, which is
related to the mixing of fresh and marine waters. 520 values,
however, do not always show a good relationship with 87Sr/80sr for
a variety of reasons (i.e. evaporation; Peros et al., 2007; Reinhardt
et al.,, 2003).

3.3. Elemental proxies: Cl/Ca and Sr/Ca

The Cl/Ca and Sr/Ca records in C9 which are measured at 1 cm
intervals show good correspondence with the intact C10 measured
at 200 pm. Average Cl/Ca values for C9 and C10 are 0.016 (+0.02 15)
and 0.023 (+0.02 1c) while Sr/Ca is 0.061 (+0.06 1c) and 0.053
(+0.05 15). The slight differences in the records can be attributed to
the orientation of the rafts which are mostly flat-lying in the intact
C10 versus the random orientation of calcite rafts in the sample
reservoirs used for C9. In C10, measurements would be mostly
cross-sectional as the core preserves its original depositional fabric,
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Fig. 9. Age Models of IB-C4 and HN-C9 using Clam 2.2 (Blaauw, 2010; Reimer et al., 2013). Grey shading represents calibrated age ranges (yrs BP) at 26 confidence intervals.

while the samples loaded into reservoirs (C9) would include cross-
sectional as well as surface area measurements (Fig. 10). There are
also stratigraphic differences between C9 and C10 that are likely
playing a role. Although C10 was collected in close proximity to C9,
the point source of surface water agitation (i.e. drip water) may
have moved slightly through time which could favor calcite raft
deposition on one side of the pile versus another. Further research
will be required to understand this process, but despite these minor
differences, the average values for Cl/Ca and Sr/Ca for C9 and C10
are similar and are higher than those in C4 at 0.0011 (+0.003 10)
and 0.0041 (+0.001 10) which is the most significant aspect in our
analysis and discussion.

Sr/Ca ratios in abiotic calcite can be a reflection of temperature
partitioning of Sr into the calcite crystal lattice, but in this instance,
it is more likely a reflection of salinity and the mixing of fresh and
marine water as the change is so large. The [Sr] in freshwater is
lower (i.e. < 3 ppm; Reeve and Perry, 1994) than that of marine
water (~ 8 ppm, Levinson, 1968) which is corroborated with our
cenote  measurements showing that the freshwater
contains < 1.6 ppm [Sr] (Fig. 7).

The Cl/Ca records match the overall trend in Sr/Ca values
(Fig. 11). Chlorine (Cl™) behaves conservatively with the mixing of
fresh and marine waters and its concentration is directly related to
salinity (i.e. Perry et al., 2009). However, Cl~ is not partitioned into
the calcite crystal lattice like other ions (i.e. Sr**, Mg?*, Ba’*;
Fairchild et al., 2001, 2006) and the samples were washed with
deionized water to remove any pore water, so one would not expect
to see trends in the data. Scanning Electron Microscope (SEM)
analysis of the calcite rafts shows crystal rhombs extending down
from the flat top of the raft (Fig. 5). The intersecting rhombs of
calcite appear to be trapping fluid inclusions as the crystals coalesce
and grow in size, so Cl/Ca would reflect changing meteoric WM
salinity assuming the formation of fluid inclusions (i.e. volume)
remained constant through time. This assumption seems to be valid
at least in this case, as there is a very good relationship between Sr/
Ca that is measured from the mineral phase and Cl/Ca that is from
the fluid inclusions. If the volume of fluid inclusions varied through
time we would not expect such a good relationship (Fig. 12). The
slight spread in data is likely a result of minor changes in fluid in-
clusion volume but also variability in the [Sr] of the meteoric WM
(i.e. weathering inputs of Sr2*). In this study however, we place
emphasis on the large difference in values between C4 and C9
rather than intra-core variation.

3.4. Diagenesis

There is no evidence indicating that the calcite raft material in
C4 and C9 has been diagenetically altered (also C10). There are no
cemented layers and SEM analysis of the calcite rafts shows that
they retain their original crystal fabric with no overgrowths or
pitting (i.e. secondary alteration effects; Figs. 5 and 10). Calcite rafts
form through the addition of down- and out-ward precipitating
crystal rhombs which form a flat top at the air water interface.
Diagenetic calcite overgrowths would form on all surfaces, but we
observed no rhombs on the flat, upper portion of the rafts (Fig. 5).
As discussed previously, there is also close agreement between the
isotopic (3'3C, 87Sr/®0sr) and elemental (Cl/Ca, Sr/Ca) proxies,
although the 3'30 values did not show a significant change through
time. In terms of diagenesis, the similarity in 3'0 values from C4
and C9 is worth noting, as we might expect 5'80 values in C9 to be
affected by sea water (i.e. 3'80 ~ 0%o) as it was immersed in the
marine WM with Holocene sea-level rise.

4. Discussion
4.1. Water level and calcite raft distribution in HN and IB

The sedimentary and micropaleontological evidence indicates
that there was water at the bottom of HN by at least ~ 10 ca kyrs BP
which is a good fit with Holocene sea-level records, but skeletal
taphonomy is consistent with the presence of water at the bottom
of the pit prior to that date (—42 m, Fig. 4; Collins et al., 2015;
Chatters et al., 2014). Collins et al. (2015) speculated that there
may have been an underlying aquitard, allowing “ponding” of
water raising water levels during large rainfalls in HN. These were
likely shortterm events and are evidenced by the depth distribution
of skeletal elements, and 'C dates from OM on ledges in HN.
However, shortterm sea-level oscillations may also be raising water
levels in HN as evidenced during the mid-late Holocene from a
speleothem in a nearby cave (Balam Can Chee) in the Sac Actun
cave System (1.6 kms from the coast; Moseley et al., 2015).

Calcite raft formation would not begin until groundwater level
rose permanently flooding the bottom of HN after ~ 10 cal kyrs BP;
however, calcite rafts in C9 didn’t begin to accumulate until much
later (7900—8300 cal yrs BP). There is no direct data for water level
between 8 and 10 cal kyrs BP, but groundwater reaches the floor of
the upper cave passages by ~ 8000 cal yrs BP (~ —12 m) based on the
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Table 3 Table 4

IB-C4 Geochemical data. HN-C9 Geochemical data.
Core Depth (cm)  Cl/Ca Sr/Ca 313C (%)  8'%0 (%)  ¥7sr/%6sr Core Depth (cm) Cl/Ca Sr/Ca 313C (%o) 3180 (%) 875r /865y
0.5 0.0020  0.0036 0.5 0014 0029 -80 -6.9 0.70847
1.5 0.0010  0.0034 -11.7 —-6.4 0.70839 1.5 0.008  0.030
2.5 0.0011  0.0034 2.5 0009 0030 -71 6.4
35 0.0010  0.0034 -114 —6.4 35 0.023  0.044
45 0.0011  0.0035 45 0.021  0.043
55 0.0009  0.0030 -11.5 -6.5 0.70828 5.5 0015 0038 —62 -6.2 0.70847
6.5 0.0009  0.0025 6.5 0.011 0.038
75 0.0009 00028 -11.5 -6.6 7.5 0019 0053 -6.1 6.4
8.5 0.0009  0.0032 8.5 0014  0.048
9.5 0.0007  0.0029 -11.4 -6.5 0.70836 9.5 0.025  0.067
105 0.0009  0.0032 105 0.023  0.061 -6.2 -6.6 0.70851
115 0.0009  0.0030 114 ~6.4 115 0.034  0.071
12,5 0.0010  0.0033 125 0050 0089  -7.0 -6.3
135 0.0009  0.0035 -11.3 -6.3 135 0.037  0.072
14.5 0.0009  0.0035 14.5 0.041  0.073
155 0.0011  0.0038 -11.3 -6.3 155 0025 0058 —63 -6.5 0.70852
16.5 0.0012  0.0037 16.5 0019 0076
17.5 0.0012  0.0038 -11.3 -6.3 0.70832 17.5 0020 0060 -73 -6.6
185 0.0008  0.0040 185 0.020  0.059
19.5 0.0008 00034 —11.4 -6.5 19.5 0020 0057 —68 -6.3
20.5 0.0011  0.0036 205 0.022  0.054
21.5 0.0011  0.0034 -11.3 6.4 215 0020 0060 —65 6.4 0.70843
22,5 0.0011  0.0037 225 0039 0085  -58 -6.3
23,5 0.0009  0.0035 -11.2 -6.3 235 0.044  0.090
24,5 0.0013  0.0043 245 0.034  0.080
25.5 0.0011  0.0038 -114 6.4 0.70830 25.5 0014 0045 —63 -6.5 0.70842
265 0.0007  0.0026 26.5 0016  0.050
275 0.0007  0.0025 -114 -6.5 275 0015 0038 -54 6.4
28.5 0.0006  0.0026 285 0011  0.031
29.5 0.0007 00026 —11.4 -6.5 295 0.025  0.044
30.5 0.0005  0.0025 30.5 0026 0045 —63 -6.7 0.70842
315 0.0007  0.0026 -114 -6.3 315 0.027  0.051
32,5 0.0010  0.0036 32,5 0032 0052 -65 -6.8
335 0.0010  0.0040 -11.3 —6.4 33,5 0.022  0.044
34,5 0.0011  0.0035 34.5 0017  0.038
35.5 0.0008  0.0029 -114 6.4 35.5 0040 0049  -56 -6.5 0.70847
36.5 0.0009  0.0030 36.5 0.020  0.043
375 0.0008  0.0027 -114 -6.6 37.5 0.021 0033 -64 -6.7
385 0.0010  0.0039 385 0012  0.029
39,5 0.0011  0.0043 -114 -6.7 39.5 0019 0033
405 0.0010  0.0034 40.5 0006 0014 -55 -6.7
415 0.0009  0.0035 -11.5 -6.6 0.70830 415 0.008  0.009
425 0.0013  0.0045 42,5 0.003  0.007
435 0.0008  0.0034 -11.5 -6.7 435 0010 0008 -7.0 -6.5 0.70847
445 0.0009  0.0039 445 0014 0011
455 0.0010  0.0045 -114 -6.6 0.70828
465 0.0009  0.0035
475 0.0009 00036 -11.4 -6.8
485 0.0010  0.0038 column. Calcite raft formations have not been studied in the
49,5 0.0011 00042 -11.3 6.4 0.70832 Yucatan, and we only have observations from shallow water depths
50.5 0.0013  0.0061 (i.e. <10 m) with no deep water examples to provide a basis for
g;g 8288}; g:gggg -1 -63 assessment. However, a 30 m water column seems large for the
53.5 00014 00058 —11.2 65 0.70827 formation of such a distinctive, cone-shaped raft pile. It could be
54.5 0.0013  0.0050 that this location had a vigorous point-source of water agitation (i.e.
55.5 0.0015 00065  -11.5 —6.5 drip water) creating a concentrated stream of calcite rafts settling
56.5 0.0017  0.0062 through the water column that was active over a short time-period
57.5 0.0017  0.0070 -11.4 -6.8 0.70820 . . . . . .
585 00016  0.0061 which would explain the high sediment accumulation rate in C9
59.5 00022 00075 -113 65 (~ 0.11 cm/yr). More research is required from analogous environ-
60.5 0.0016  0.0068 ments, but regardless of the water depth in HN, the calcite rafts
61.5 00013 00071  -11.1 —67 formed at the air/water interface as water level was rising in the pit,
gg:g 823812 g:gg;ﬁ: :}}i :% but was below the base of the upper cave passages (—12 m).
64.5 0.0013  0.0077 In IB, calcite rafts formed large accumulations as groundwater

IB core stratigraphy (Collins et al., 2015). There is considerable
uncertainty on sea-level position from 8 to 10 cal kyrs BP, but using
the sea-level curve and the date for the flooding of the upper cave
passage as a guide, the water level in HN was anywhere from ~ —12
to —30 msl when the raft pile formed (Fig. 4; C9; Moseley et al.,
2015). This would be equivalent to a ~ 15—30 m thick water

level rise decelerated in the mid-Holocene. In IB, they are covering
the breakdown pile to the extent that many of the limestone
boulders are buried under calcite rafts and OM with no recogniz-
able cone-shaped piles (see Collins et al., 2015 for details on stra-
tigraphy). The more extensive calcite raft coverage might be due to
the deceleration of sea-level rise over the past 7 cal kyrs BP coupled
with a drier climate, which would allow for prolonged periods of
supersaturation of CaCOs in the upper meteoric WM (Taylor and
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Fig. 10. Correlation between Cl/Ca and Sr/Ca data in C9 and C10. C9 was analyzed at
1 cm resolution vs C10 which was intact and measured at 200 pum. Correlation co-
efficients (r-value) between C9 and C10 records are also shown. The optical and
radiographic image of C10 shows slightly inclined bedding and laminae which is due to
calcite rafts accumulating from a point source and forming a cone-shaped pile. There
were no cemented or indurated layers within the core.

Chafetz, 2004). Kovacs et al. (2017b) found seasonal trends (wet vs.
dry) in the formation of calcite rafts in modern-day localities, with
large rainfalls diluting CaCOs saturated surface water hindering
calcite raft formation for short periods of time. Further research is
required to determine whether this dilution effect is scalable and
applicable to long-term trends.

4.2. Aquifer salinity and relationship with wet and dry periods

4.2.1. Consistency between geochemical proxies

The isotopic and elemental proxies show a consistent pattern of
change between C9 and C4 indicative of a change in the salinity of
the meteoric WM. Calcite raft geochemistry shows a marked shift
as groundwater floods the upper cave passages at ~ 8000 cal yrs BP
(Collins et al., 2015). C9 from HN provides a short record of the
meteoric WM (7900—8300 cal yrs BP) and the data differs in terms
of magnitude and variability relative to that of C4 in IB, which spans
a longer period of time (~ last 7000 cal yrs BP). The values of
875r/86sr, Cl/Ca, Sr/Ca and 3'3C show the largest changes, whereas
3180 shows little change between the cores.

The Sr isotopes indicate a negative (1—3 ppt) shift in meteoric
WM salinity between C9 and C4 but this maybe an underestimate
of the salinity change, as our mixing equation assumes that the
875r/36sr value of freshwater is similar to that of present day. When
groundwater level was lower and dissolving older limestone, the
875r/355r of the freshwater end-member may have been lower than
present values which would result in a higher salinity estimate for
C9 relative to C4 (i.e. 87Sr/86Sr = 0.7082; McArthur et al., 2001). The
3'3C record also shows a similar shift in salinity; however, the shift
in 3'3C from C9 to C4 is large (~ —5%o) relative to the estimated
change of 1-3 ppt and must be due to other factors affecting 83C of
the DIC composition (e.g., our salinity estimates; composition of
surficial vegetation; e.g. Peros et al., 2007; Pohlman et al., 1997).

Similarly, Cl/Ca and Sr/Ca show a large change from C9 to C4,
which is consistent with a decrease in salinity, as concentrations of
Cl~ and Sr?* are lower in fresh water than in marine water (Perry
et al., 2009). Seawater (~ 35 ppt) has an approximate CI~ concen-
tration of 19 400 mg/l while freshwater (0.001-0.5 ppt) typically
ranges from 1 to 250 mg/L. Therefore, the decrease in Cl/Ca be-
tween C9 and C4 is consistent with the 3 ppt salinity change (~
1500 mg/L CI™), assuming the freshwater end-member is < 100 mg/
L. The Cl/Ca ratio is 10—20 times higher in C9 relative to C4 in IB
where the modern salinity is 1.1 ppt (Figs. 3 and 11). Further
research is required to calibrate the relationship between Cl/Ca and
salinity to be definitive, but the evidence does indicate a shift in
salinity between C9 and C4, which is corroborated with some of the
isotopic data.

In contrast, the 380 values, only show a minor difference be-
tween C9 and C4, with values ranging from —7.2 to —6.6%o in both
cores. 3'%0 values, alone, are not always useful for salinity re-
constructions in coastal environments (e.g. Peros et al., 2007). As
will be discussed, aquifer hydrology over wet/dry periods is likely
obscuring the effect of salinity shift on the 3'80 values.

4.2.2. Hydrological implications

Previous studies have shown Holocene changes in annual pre-
cipitation linked with the migration of the ITCZ (i.e. Hodell et al.,
2005; Metcalfe et al., 2000). Haug et al. (2001) used Ti records
from laminated sediments from the Cariaco basin near Venezuela
to show dry conditions during the Younger Dryas (~11—13 cal kyrs
BP) and then a rapid rise in moisture between 11 and 10 cal kyrs BP.
Levels then peak at 9 cal kyrs BP, followed by a gradual drying trend
to present. Further to the north, the 5'®0 record from ostracod
shells (Candona sp.) in Lake Miragoane, Haiti shows dry conditions
at ~ 12 cal kyrs BP and then increasing moisture to ~ 7 cal kyrs BP
and then a gradual drying to present (Curtis and Hodell, 1993;
Hillesheim et al., 2005; Hodell et al., 1991). Based on the calcite
raft geochemistry, the aquifer was more saline (>1—3 ppt) during
wetter conditions at 7.9—8.3 cal kyrs BP than it was after 7 cal kyrs
BP, when climate conditions were becoming more arid (1—2 ppt).
The salinity change likely reflects, in part, a change in hydrology
associated with decreasing flow in the meteoric WM.

We can understand this seeming contradictory relationship, by
consideration of measurements of modern cave waters during
times of intense precipitation. Recent instrumental monitoring of
meteoric WM salinity (~ 4 yrs) shows that intense rainfalls (i.e.
hurricanes and tropical depressions) cause turbulent mixing be-
tween it, and the underlying marine WM increasing its salinity (a
change from 6 ppt to > 9 ppt; Coutino et al., 2017; Kovacs et al.,
2017a). Kovacs et al. (2017b) found a similar relationship between
salinity and rainfall in cenote surface waters. Assuming that it is a
scalable effect, during drier periods, the meteoric WM might be
thinner, but less saline, due to less frequent and intense rainfall
events.

There are however, likely other factors affecting the salinity of
the meteoric WM. The shift in salinity between C9 (HN) and C4 (IB)
is sudden and relatively large, suggesting a rapid change of state in
the hydrology. This sudden change in meteoric WM salinity cor-
responds to water level rise and flooding of the upper cave passages
(=12 m). Regionally, this is the approximate depth for most of the
explored cave passages in Quintana Roo which are large anasto-
mosing systems that are interconnected. There is little information
on the early hydrological regime (e.g. stratification) when
groundwater levels were lower, but the lack of cave passages in the
older, deeper limestone (i.e., mega-porosity) suggests that the hy-
drology may have been quite different than present. The presence
of abundant detrital OM scattered at the bottom of HN and on
ledges which originated from cenote openings (eg. IB, La Concha),
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cludes C4 and C9.

suggests precipitation induced flows in the upper cave passages
that emptied into HN and may have caused increased turbulent
mixing with the underlying marine WM. Because of the ~ 1 Ka gap
in the depositional sequence, we have no record of the transition
when water levels rose and flooded the upper passages, but the
change in hydrological regime does appear to have occurred
quickly, suggested by the large change in salinity between C9 and
C4. Further research is needed, but the flooding of shallow cave
passages with Holocene sea-level rise, in addition to climatic
change, may have influenced aquifer hydrology.

The salinity records from IB show a gradual decrease associated
with the increase in aridity since the mid-Holocene as documented
in Lake Miragoane and the Cariaco Basin. In a nearby but separate
cave system (Aktun Ha) microfossils, (thecamoebians and forami-
nifera) also show a gradual decrease in meteoric WM salinity over
the past 7 Ka demonstrating that the aquifer is responding on a
regional basis to climate trends but also perhaps to deceleration of
sea-level since ~ 6 ks BP (e.g. coastal plugging with shoreline pro-
gradation; van Hengstum et al., 2010).

As discussed, 3'80 values show little change over the past
8.3 cal kyrs BP, unlike the other geochemical data. However, they do
corroborate with other records when the 320 change in precipi-
tation is considered over wet and dry periods. Based on the data
from the stalagmite (“Chaac”) collected from the Tzabnah (Tecoh)
Cave in the northern Yucatan (20° 45'N, 89° 28’W; 20 m above sea
level), 3180 values are ~ 3%o higher during dry periods (—3.4%o) than
during wet ones (—6.4%o0; Medina-Elizalde et al., 2010). So during
wet periods, the 5'80 of the meteoric WM would be expected to be
isotopically lighter (i.e. ~ —6%o), but increased mixing with the
underlying marine water (5'80 values ~ 0%0) would counter that
change. During dry periods, the meteoric WM would be less saline,
s0 5180 values would be closer to the precipitation value of ~ —3%o.
Thus, over wet and dry periods there would be little change in 8'%0
values which is what we document in our data.

4.2.3. Implications for the early Holocene aquifer

The results from IB and HN demonstrate that the inter-
relationship among aquifer salinity (i.e. potability), precipitation
and cave geomorphology is complex and not necessarily predict-
able with the present state of knowledge. More paleo-hydrological
data from the early Holocene is required to be definitive, but our
results from HN present important questions on early Paleoamer-
ican subsistence in the Yucatan. Based on the Cariaco runoff proxy,
elemental titanium (Ti) records indicate that regional climates in

the Caribbean would have been relatively dry during the Younger
Dryas (c.12 900 to c. 11700 cal yrs BP; Haug et al., 2001). This aridity
coupled with lower groundwater levels would have limited the
extent and accessibility of surficial water (e.g. lakes), and if as
predicted, groundwater was potable, it would have been the only
year-round water source other than small cave pools which would
not be large or abundant (e.g. rimstone dams). Most of the explored
cave passages in Quintana Roo are shallow (~ —10 to —12 m) with
few known deep passages or caverns in the vicinity of HN to access
groundwater (i.e. Fig. 2; The Pit, Cenote Angelita; Quintana Roo
Speleological Survey, 2017). If our arguments hold true, early
Paleoamericans would not be able to range extensively and
movements would need to be carefully planned especially in the
dry-season.

5. Conclusions

This study shows for the first time that geochemical records
from calcite raft deposits can be used as a proxy for paleohydro-
logical conditions. Calcite rafts record aquifer chemistry as they
precipitate at the air-water interface and form large and spatially
extensive accumulations in Yucatan caves. The geochemical records
(87sr/®sr, Cl/Ca, Sr/Ca and §'3C) from IB and HN show similar
trends in aquifer salinity with the Cl/Ca records showing the most
promise in terms of understanding groundwater hydrology.
Analyzing intact cores with the efficiencies of XRF core scanners
(i.e. ITRAX) will provide increased temporal resolution and spatial
extent.

The hydrology of the aquifer also seems to be responding to
regional climate with wet periods having higher meteoric WM
salinity vs. drier intervals where it is less saline. It is unclear how
the aquifer was affected by cave geomorphology, but it seems likely
that Holocene sea-level rise is having an effect with the flooding of
the extensive shallow cave passages in the Yucatdan. Further
research will extend the spatial and temporal data to determine
variability in the aquifer response which may prove useful for
predicting future trends with climate and sea-level change. How-
ever, our results from HN and Cenote Ich Balam (IB) show that
calcite raft deposits have potential as a paleohydrological archive
for the Yucatan, but also for karst aquifers world-wide.
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