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Abstract Pac Chen Lake is located on the Yucatan
Peninsula, Mexico and is ~ 42 km from the coast and
~ 22 km NE of Coba. It has an area of ~ 36,735 m>
and maximum depth of 25 m. Four sediment cores
along a depth transect provide a 4-ka record of the
evolution of the eastern deep basin (core PC1 at 25 m
depth) and the shallow margin (cores PC2-4 at
0.25-5 m depth). PC1 shows the effect of water-level
rise and flooding of the shallow margin (2.8-1.8 ka)
through a lithological (organic to carbonate) and
geochemical (WXRF; decreased Ti, Fe, K and Ca)
change along with a reduction in sediment accumu-
lation (~ 0.2927 to 0.0343 cm year ). This change
in sedimentation matches basal ages of PC2 and PC4
at 2.5 and 1.8 ka respectively, indicating water-level
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rise and flooding of the shallowly sloped margin which
is within estimates of Holocene sea-level rise thus
indicating connection with the aquifer. Corroborating
evidence for connection with the aquifer comes from
water-level monitoring (30 min intervals; 6 months
December 12, 2018 to June 6, 2019) which shows a
semi-diurnal tidal fluctuation (1-1.5 cm). Droughts
have been thoroughly discussed as a proponent of the
decline of the Classic Maya, with lakes being inferred
to be isolated from the aquifer and experiencing water
level drawdown. However, during the Classic Maya
droughts lake drawdown in Pac Chen would be
minimal, and there is no evidence of a water level
drop in our lake margin stratigraphy (PC2—4). Water
mass characteristics measured in March 2016 (tem-
perature, conductivity) indicate some hydrological
isolation from the aquifer. This isolation would have
allowed for recording of environmental changes, but
also likely changed through time as flooding of the
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lake progressed. The shallow margin core PC4,
however, recorded several rapid drops in K and Fe
from ~ 1100 to 975, and 925-875 yr BP, which we
interpret as periods of reduced inputs of terrigenous
weathering during times of reduced rainfall and
runoff. These periods are consistent with other
regional paleoclimate records (lake and speleothem)
of the Classic Maya droughts (1200-850 yr BP).

Keywords Yucatan - Lake level change -
Hydrology - Aquifer - Sea level - Holocene - Classic
Maya droughts

Introduction

The decline of the Classic Maya civilization is seen as
a significant loss of human culture and history and a
potential analogue to modern demographic collapses
but involves a variety of complex human/environ-
mental feedbacks (Brenner et al. 2001; Costanza et al.
2009). Droughts have been a prominent part of this
discussion with a range of climate proxies being used
from 8'%0 records in speleothems and ostracods to
sediment density (Hodell et al. 1995, 2005a, b; Curtis
et al. 1996; Medina-Elizalde et al. 2010; Kennett et al.
2012; Douglas et al. 2016). Previous studies have
inferred that northern lowland lakes are surficially
closed, or effectively closed to the aquifer (leaky)
through draping of sediment and thus are sensitive to
changes in evaporation/precipitation (Curtis et al.
1996; Brenner et al. 2002; Hodell et al. 2005a, b).
During periods of drought, lake-water level is thought
to drawdown with evaporation and reduced rainfall,
although the amount of drawdown or lake volume
change has not been thoroughly quantified for northern
lowland lakes (Brenner et al. 2002; Hodell et al.
2005a, b; Douglas et al. 2016). Recently Rosenmeier
et al. (2016) modelled lake drawdown from &'®0
records from Lake Salpeten, Guatemala, but the lake is
isolated, as it is at a higher elevation relative to
groundwater. Pérez et al. (2010) used ostracods to
identify Petén Itza lake level fluctuations due to
rainfall (< 500 yrs), but long-term lake level change
has also been documented using seismic profiles and
lithological changes (Hillesheim et al. 2005; Ansel-
metti et al. 2006). However, this hydrological isolation
is not the necessarily the case for the northern lowland
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lakes of the peninsula where groundwater is closer to
the surface (Brenner et al. 2002; Perry et al.
2003, 2009). Sea level is speculated to be a control
on long-term lake-water level in the northern low-
lands, but the relationship is undocumented even
though it has been shown to be controlling ground-
water elevation (Brenner et al. 2002; Collins et al.
2015).

Using data (testate amoebae; Ti, Fe, K) from
radiocarbon dated sediment cores collected in the deep
basin and shallow margin of Pac Chen along with
recent water level monitoring, we investigate how
long-term lake level is responding to Holocene sea-
level rise and if Pac Chen is effectively closed from the
aquifer, as lakes are previously been inferred to be, or
if Pac Chen shows connection to the aquifer.

Yucatan climate and hydrology

The Yucatan Peninsula in Mexico is an expansive
carbonate platform that separates the Gulf of Mexico
and the Caribbean Sea. It is a tectonically stable, low-
lying limestone/dolostone platform which has a Ter-
tiary cover of highly porous and permeable rocks
covering an area of approximately 165000 km?* (Ward
et al. 1985). Mixing-zone hydrology, littoral processes
and glacioeustacy have created a heavily karstified
terrain with extensive cave systems, dissolution basins
(aquadas) and sinkholes (cenotes; Beddows 2004;
Smart et al. 2006). The Yucatan aquifer is temperature
and density stratified like typical anchialine settings,
with a meteoric water mass on top of a warmer marine
water mass intruding from the coast (Beddows et al.
2007).

The climate of the Yucatan is similar to other
Caribbean regions, with rainfall largely a result of the
seasonal movement of the intertropical convergence
zone (ITCZ). The ITCZ is the equatorial low-pressure
belt that is comprised of the convergence of the
Northern and Southern Hemisphere trade winds
(Hastenrath and Polzin 2013). The north and south-
ward movements of the ITCZ causes seasonal rainfall,
with maximum levels occurring in early spring and
late fall (Schneider et al. 2014). The dry season occurs
December to April when the ITCZ is located farther
south, which leads to a low seasonal rainfall of
< 100 mm month™" on average (Negreros-Castillo
et al. 2003). Conversely, the wet season occurs from
May to November when the ITCZ has moved farther
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north and causes increased rainfall of
1000-1500 mm month™" (Metcalfe et al. 2015). This
rainfall is in turn lost by evapotranspiration (85%) and
infiltration to the aquifer through the porous karst
which then flows towards the coast (Perry et al. 2003;
Beddows 2004; Valle-Levinson et al. 2011; Null et al.
2014).

The hydraulic gradient of the aquifer is low due to
the high karst porosity and predominance of large cave
passages equating to a water table rise of
1-10 cm km™! (Beddows 2004; Bauer-Gottwein
et al. 2011). Water table elevations are relatively
continuous following predicted trends inland except in
the central hill district with its Cretaceous geology
where there is likely a perched discontinuous aquifer.
Variations in groundwater level and thus hydraulic
gradient have been shown to vary with tidal (semi-
diurnal) and seasonal (wet and dry) cycles as well as
episodic large rainfall events (hurricanes, tropical
storms). These water level changes vary in timing
(days, weeks and months) and scale (~ <1 m), with
short-term rainfall events causing the greatest change
(~ 1 m) but only lasting for days to weeks due to the
high hydraulic conductivity of Yucatan karst (10*—
10° m dayfl; Beddows 2004; Coutino et al. 2017;
Kovacs et al. 2017b, 2018). Longer period seasonal
changes are relatively small (< 0.5 m) but last for
months during the wet and dry seasons, while over the
long term, groundwater level has been shown to follow
rising Holocene sea level (Collins et al. 2015; Smart
et al. 2006).

Study site

Pac Chen is an enclosed freshwater lake consisting of
three individual basins with an area of approximately
36,735 m2, and is located in Quintana Roo, Mexico
(Fig. 1). The basins likely originated as three col-
lapsed caverns which have been subsequently infilled
with sediment. It lies approximately 42 km from the
coast and roughly 22 km NE of the archaeological site
at Coba and approximately 6 km E from Punta
Laguna. The shores are surrounded by wetlands and
forest terrain with a village and an Alltournative Eco
Tour Centre sit on the west side of the lake. The area
surrounding the lake is relatively flat with a limestone
topographic high (~ 10 m above lake level) at the
SW corner of the lake where both the village of Pac
Chen and the Alltournative facility are located. The
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Fig. 1 Map showing the location of Pac Chen Lake (red circle)
relative to cities (filled black circles) and sites with paleoclimate
records (open black circles) referenced in the text. (Color
figure online)

bottom of Pac Chen has a continuous drape of
sediment with no known cave passages connecting it
to the aquifer. There are no significant archaeological
sites surrounding Pac Chen but Coba is a large Late
Classic period Maya city (1450-1150 yr BP) and
Punta Laguna has a smaller Post-Classic site which is
close by (Leyden et al. 1998).

Materials and methods
Lake profile and depth measurements

A ~ E-W depth profile was recorded using an Archer
Field PC GPS receiver and a Vexilar LPS-1 Digital
Handheld Depth Sounder which was calibrated with a
weighted tape measure. A depth conductivity, tem-
perature profile (0—15.5 m) was also measured at 1-m
increments (March 2016) using a calibrated YSI
Model 30 conductivity meter (1.0 puS cm™' & 0.5%:
0.1 °C£ 0.1 °C).

A HOBO® water-level sensor (U20L-04) was
attached at ~ 1.2 m water depth on a piling of the
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dock located on the east side of the lake. Absolute
atmospheric pressure was recorded with a HOBO®
U20L-04 and corrected to water depth using the
Barometric Compensation Assistant (£ 0.5 cm;
HOBOware PRO v3.7.8). Depth measurements were
recorded every 30 min between December 12, 2018
and June 6, 2019.

Sediment core recovery

Four sediment cores were recovered in Pac Chen using
Self-Contained Underwater Breathing Apparatus
(SCUBA). PC1 was collected in the eastern basin at
a depth of 25 m, and was 182 cm long. PC2, 3 and 4
were collected in a transect along the southwestern
margin at depths of 5 m, 3 m and 0.5 m and are
66 cm, 86 cm and 98 cm long respectively (Fig. 2).
Sediment compaction during coring was approxi-
mately 50% of the original penetration depth with PC2
and PC4 penetrating to refusal on underlying lime-
stone. The surrounding topography was relatively flat
around most of the lake basin, except on the SW corner
where there is a topographic high (~ 10 m). PC2, 3
and 4 were collected here, as this location was deemed
to be the most sensitive to recording terrigenous input
from runoff versus the lower topographic areas
surrounding the lake.

Core analytical methods

Element composition of the cores was analyzed using
a Cox Analytical Systems Itrax pXRF core scanner at
the McMaster Core Scanning Facility. Analysis used
the Chromium heavy element (Cr-HE) X-ray source
(30 kV, 10 mA, exp. time = 15 s, step-size = 500
pm). PC2, 3 and 4 were analyzed intact, while PC1
which was collected previously and sampled at 1-cm
resolution was thus analyzed using the Sequential
Sample Reservoir (SSR; Gregory et al. 2017b). Values
were averaged over each analysis cell to produce a
centimetre record of the core (Gregory et al. 2017b).

Microfossils (specifically, testate amoebae) were
analyzed in PC1, 2 and 4 following the methods
outlined in van Hengstum et al. (2008, 2010). Approx-
imately 1.25 cm® samples were disaggregated and
then wet sieved through a 45 pum screen to concentrate
tests. Samples were subdivided into 8 aliquots using a
wet splitter to achieve total specimen counts of ~ 100
where possible. Testate amoebae were identified using
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Fig. 2 Google Earth image of Pac Chen showing lake
physiography with depth profile (m) and core locations. White
line on Google Earth image denotes path of depth transect (cores
were not taken along the transect but have been added to depth
profile to show relative depths)

an Olympus SZX12 dissecting microscope (max. 135
X) and using taxonomy in van Hengstum et al. (2008).
Data is represented as fractional abundances (%) of
total counted specimens.

Twelve radiocarbon samples consisting of small
twigs, charcoal or bulk organic matter (OM) were
pretreated with acid/alkali/acid wash and analyzed by
Direct AMS (Table 1). The R statistical software
package Bacon 2.3 (Blaauw and Christen 2011) was
used with the northern hemisphere calibration curve
IntCall3 (Reimer et al. 2013) to calibrate raw
radiocarbon ages as ranges in calibrated years before
present (cal yrs BP) with a 95% confidence interval.
An age model was fit to the data and interpolated ages
were calculated at 1-cm (PC1) and 500-um (PC2—4)
intervals. Calibrated yr BP are used unless otherwise
noted.

Results
Water body characteristics

Surface water in Pac Chen has a measured salinity of
0.5 ppt with a thermocline at ~ 5 m where there is a
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Table 1 Radiocarbon results from PC1-4

Core no. Lab ID D-AMS cm Material 5(30) (per mil) ¢ age (+ lo yr BP) Cal yr BP (20)
1 8976 18.5 OM — 34.6 1273 + 24 1275-1179
8977 36.5 oM — 37.6 1788 + 27 1814-1689
8362 60.5 OM — 31.6 1891 £ 23 1890-1777
8363 120.5 OM — 324 2403 £+ 27 2491-2351
8365 180.5 OM — 289 3717 £ 27 4104-3982
2 13,073 35 OM — 278 1970 £+ 30 1992-1868
13,074 51.5 Twig —249 2535 + 29 2596-2496
3 13,078 54.5 Twig — 259 857 £ 23 796-701
13,071 19 Twig — 233 367 £ 24 498-426
13,072 50.5 Twig —27.6 1153 + 24 1150-1044
13,077 76.5 Charcoal — 169 1825 £+ 24 1823-1706
13,070 94 Twig — 233 1876 + 26 1877-1734
Dates were calibrated using northern hemisphere calibration curve IntCall3 (Reimer et al. 2013)
~ 3 °C drop in temperature and specific conductivity °C
(SEC ~ 40 pS cm™!; Fig. 3). 2324 25 26 27 28
The water depth measured from December 2018 to 0
June 2019 shows tidal water-level changes in Pac
Chen (Fig. 4). A semi-diurnal tidal variation is evident -2
with regular periodicity, showing an ~ 1 to 1.5 cm
change in water depth with amplitudes of ~ 12 to 2
13 h which matches the M, tidal constituent of
12.42 h (Fig. 4; Talley et al. 2011). Tidal measure-
ments at Puerto Morelos show a similar semi-diurnal ~ 6
tidal periodicity with an ~ 10to 20 cm range which is :CE,
also observed in groundwater level (~ 10 to 12 cm; o 3
Parra et al. 2015; Kovacs et al. 2017b). There are 8
periods where the water depth departs from this semi- ,’
diurnal periodicity, which may be from wave action, -10 |
but also rainfall events which is evident from Feb ,’
~ 12 to 15, 2019 when water level rose by 5 cm and 12
then gradually fell over three days. The Pac Chen :
record also shows an overall drop in water level I
(~ 50 cm) as the dry season progresses which is a 141
similar pattern and magnitude recoded in groundwater |’
levels (Kovacs et al. 2017b, 2018). Longer term -16
monitoring of water level in Pac Chen will further Ho 2930 1010 1930
document seasonal relationships. pS cm’
===Temp ==Spec.Cond.

Fig. 3 Temperature (°C) and specific conductivity (uS/cm)
profile showing upper thermocline in the lake which was
measured at the PC1 location (Fig. 2)
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Fig. 4 Water-level data from Pac Chen Lake. Data covers December 12/18 to June 6/19 (top profile) and bottom profile shows January

30 to February 24

Sediment cores
Core lithology

PC1 was from the deep basin (— 25 m) and contains
dark, fine-grained OM (organic matter; 185-120 cm)
with increased carbonate content (marl and shells)
towards the top of the core (120-0 cm). Intact and
fragmented gastropods are found throughout the core
as well as wood and leaf fragments (ESM1). PC2
which was collected at — 5 m depth and is composed
of marl and fine OM with distinct beds of higher or
lower OM content (e.g. 50 and 29 cm; Fig. 5). Intact
and fragmented gastropods are also present, but to a
lesser extent than the other cores. PC3 and PC4 which
were collected at — 3 and — 0.5 m water depth, also
contain marl and fine OM, but also have a bed of
coarser OM and gastropod shells from ~ 63 to 52 cm
in PC 3 and ~ 50 to 40 cm in PC4 (ESM3, 4). PC4
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also has OM rich units at ~ 12-9, 22-16 and
95-91 cm.

Age models

Radiocarbon ages show no reversals with a basal age of
4104-3982 yr BP in PC1 and 1877-1434 yr BP in PC4
(ESM6; Table 1). The age models for PCI to 4 are
generally linear with some changes in accumulation
rates. PC 1 has relatively high accumulation rates
between ~ 181 and 37 cm (0.0370-0.2927 cm yearfl)
with lower accumulation rates from ~ 37 to 0 cm
(0.0144-0.0343 cm year™"). The average rate over the
entire length of the core (181 c¢cm)is0.097 cm year_l. In
PC 4, the accumulation rate from 77 to O cm was
~ 0.04 cm year ' and higher from 94 to 77 cm
(0.40 cm year™'). The average accumulation rate in
PC4 (0.14 cm year ') was ~ 1.5 X higher than PC1.
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UXRF records

The PC1 records for Ti, Fe, K show similar trends
spanning the last ~ 4 ka. Values are relatively high
from ~ 4 to 2.5 ka and then decline until ~ 1.8 ka
after which they remain relatively constant albeit with
a slight reduction until present. Calcium shows the
opposite trend increasing over the past ~ 4 ka but
with similar inflection points as Ti, Fe and K. The
increase in Ca at ~ 2.5 ka matches changes in
sediment color, with lighter colours representing
higher carbonate (shells and marl) versus OM content.
The Inc/Coh values which can be a measure of OM
content and porosity of the sediment are inversely

M-Marl G- Gastropods

correlated with Ca but show only minor trends with Fe,
Ti and K (Fig. 6, ESMS5; Jouve et al. 2013).

Cores from the shallow margin of Pac Chen (PC2,
3, 4) share similar results in their Ti, Fe, K records, but
they are lower in magnitude relative to PC1 and the
overall variation in values is not as great (ESM2, 3, 4).
Ti, Fe and K all co-vary in the cores, except K in PC3,
which does differ slightly in occurrence of inflection
points and peaks in the record compared to Ti and Fe.
PC3 and 4 have overall decreasing trends in Ti, Fe, K.
Ca and Inc/Coh also show similar relationships as
described for PC1, but do not vary to the same extent,
since the sediment is more homogeneous being
composed of a gradation of marls and OM compared

@ Springer
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Fig. 6 Lithological transitions (Fe, K, Ti, Ca) in PC1 plotted relative to calibrated yr BP. Flooding evolution based on these transitions
are also shown, including the basal ages (cal yr BP) of PC2 and PC4

to PC1, which has intervals with higher OM/carbonate
content. There are two gastropod concentrations in
PC3 (63-56 c¢cm) and PC4 (50-40 cm), but otherwise
are largely undifferentiated marls and OM. PC4 has an
OM unit at the base and has higher OM contents at the
top of the core relative to PC3, but otherwise all the
shallow margin cores share similar lithologies.

Microfaunal assemblages

In PC 1, Centropyxis aculeata, Centropyxis constricta
were the dominant taxa with Difflugia oblonga present
only in minor abundance (< 5%) along with two
additional undifferentiated taxa which were also
minor (ESM1). In PC2 and 4, the dominant taxa was
C. aculeata with minor abundance of C. constricta and
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there was no clear trend in the cores (ESM2, 4).
Overall, the testate amoebae data is unchanging in the
cores with only a minor change in PC1 from 40 to
0 cm. The low-diversity assemblage is indicative of a
low-salinity stressed environment (van Hengstum
et al. 2008; Regalado et al. 2018).

Discussion

Long-term lake-level and sea-level rise

Based on the evidence in the sediment cores, there is a
progression of flooding that appears to match

Holocene sea-level rise and thus has important impli-
cations for connectivity of the lake to the aquifer.
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Evidence for this flooding sequence is from the change
in sediment rate and composition found in the deep
basin core PC1 and the basal age of the shallow margin
core PC4 (Fig. 6).

If the lake is connected to the aquifer as we surmise,
and the aquifer is in turn responding to sea-level rise as
has been demonstrated in previous studies, the bottom
of the lake would have been flooded by at least ~ 11
to 10 ka. Our basal age for PC1 is ~ 4 ka, so water
level was already at ~ — 2 to — 3 m below present at
this stage, but may have been closer to — 5 m. The
near basal age of PC2 which was collected at
~ — 5 mis ~ 2.5 ka indicating that the water level
was at this point in time, but perhaps earlier, because
there is no age for the bottom of the core, and this
elevation may have been flooded but not accreting
sediment prior to this date. This lack of sediment
accumulation with water-level rise has been noted in
previous studies which examined groundwater eleva-
tion and Holocene sea-level rise in cave sediments
(Collins et al. 2015). The sill separating the two deep
basins was connected by ~ 2.5 ka but the areal extent
of the lake was slightly smaller than present. Holocene
sea level had already begun its deceleration at ~ 7 to
6 ka, but the slowed water-level rise after 2.5 ka
allowed wetlands to develop (ESM7; Khan et al.
2017). These fringing wetlands began baffling and
accreting sediments on the shallowly sloped margin
reducing sediment input to the deep basin. This change
in the loci of sedimentation is evidenced by the higher
amount of terrigenous elements (Ti, Fe and K) in the
basal portion of PC1 relative to the top, and the
decrease in sediment accumulation at ~ 1.8 ka
(PC4).

This timing for the change in sedimentation in PC1
corresponds to the age for the flooding and accretion of
sediments on the shallow lake margin (PC4), which
occurred at ~ 1.8 ka which is consistent with the rate
and magnitude of Holocene sea-level rise. However,
the change in sediment composition (Ti, Fe and K) in
PC1 also coincides with increased carbonate content
of the sediment (Ca) and decreased Inc/Coh values, so
the decrease in Ti, Fe and K is also a matrix effect with
uXRF analysis. However, the increased carbonate
content in PC1 likely originates from this newly
created biogenic production in the shallow wetland
with the rising water-level after 2.5 ka and thus
records changing sediment sources with water-level
rise. The testate amoebae assemblage in PC 1 also

changes during this interval (40-0 cm) with increased
amounts of D. oblonga which may be due to reduced
OM content and oxygenation of the sediment/water
interface, or more likely D. oblonga is being trans-
ported downslope from the shallow margin which
forms with rising water level. D. oblonga is not found
in our shallow cores (PC2—4) but they may exist on the
margins of the eastern basin. A similar trend was found
in Little Spring in Florida, where flooding of the
shallow sloped margin caused wetland development
and increased OM deposition in the deep basin
(Gregory et al. 2017a). Sediment accumulation in
PC2, which is at — 5 m depth, stops at ~ 1.9 ka
which is close to the timing for the onset of sedimen-
tation in PC4 at ~ 1.8 ka. This also indicates
preferential trapping of sediment in the lake margin
wetlands.

Open, leaky or closed?

The progression of flooding and its effect on sedi-
mentation over the past ~ 4 ka in Pac Chen suggests
that the lake is connected to the aquifer and is
responding to sea-level rise. Presently, the water level
in Pac Chen shows a semi-diurnal tidal pattern with a
1-1.5 cm amplitude, and a similar tidal pattern has
been found in long-term monitoring of groundwater
level in nearby cave systems, but the amplitude in Pac
Chen at 43 km inland seems high (Coutino et al. 2017;
Kovacs et al. 2017b). Tidal amplitude in unconfined-
porous medium aquifers like that of the Yucatan,
theoretically decreases exponentially moving inland
(Fetter 1988). Beddows (2004) measured tidal ampli-
tude attenuation in several cenotes at Nohoch Nah
Chich noting that values deviated significantly from
theoretical values. At ~ 10 km inland, ocean tide
amplitude should be reduced to 8.6% but actual
measurements from Nohoch were higher at 16%. This
departure from theoretical values is likely due to the
connection between the aquifer and ocean via large
cave conduits (passages; Beddows 2004). So although
the tidal amplitude in Pac Chen is high versus
theoretical values (1-1.5 cm; < 1 cm) it is not unex-
pected, and will require further research to explain, but
the semi-diurnal periodicity as well as rapid draining
after large rainfall events does indicate connection
with the aquifer.

Despite this connection with the aquifer, it also
appears that the lake is hydrologically isolated in terms
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of interchange between the two water bodies (Curtis
etal. 1996; Hodell et al. 2005a). It is unclear how much
interchange occurs, but there seems to be a significant
residence time of water in the lake since there is a
distinct thermocline at — 6 m and the bottom water
temperature is ~ 24 °C while groundwater tempera-
tures are ~ 25 °C (Kovacs et al. 2018; Coutino et al.
2017; Beddows 2004). These groundwater tempera-
tures in the meteoric water mass have been recorded
closer to the coast, but the 1 °C cooler temperature
suggests that there is only limited interchange between
lake and groundwater. Rainwater is generally cooler,
which has been observed to reduce aquifer tempera-
tures after large events, so it is likely the lake water is
largely derived from rainfall (Kovacs et al. 2018). The
presence of a thermocline and increased conductivity
of surface water due to evaporation also indicates
limited interchange, although thermoclines are also
found in cenote water bodies as well (Beddows 2004).
Collectively, present water conditions in Pac Chen
indicate that water level is responding to tidal fluctu-
ations but is a separate water body (hydrologically
isolated or leaky) and thus affected by seasonal
changes in evaporation and rainfall.

However, over the long term, sea level appears to
be controlling lake-water level and the degree of
interchange with the aquifer as surrounding karst is
flooded is unknown. This is especially true before
sediment begins to blanket the basin margins occlud-
ing the highly porous limestone. Therefore, caution
should be used when interpreting long term paleocli-
matic records in the northern lowland lakes, as the
lakes may vary between open, leaky and closed with
Holocene sea-level rise (Perry et al. 2009).

Lake water drawdown during Classic Maya
droughts

Previous lake studies examining paleoclimatic records
of the Classic Maya droughts in the northern lowlands
have referred to lake level drawdown during this
period. This is predicated on the lakes being closed or
leaky basins (Curtis et al. 1996; Brenner et al. 2002;
Hodell et al. 2005b). However, there have been no
studies examining lake margin stratigraphic records
testing this hypothesis. Based on our previous discus-
sion regarding lake connectivity to the aquifer with
sea-level rise, there would be no significant water-
level drop during droughts. Groundwater level, and
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thus Pac Chen lake level, will be largely controlled by
sea level because of the anchialine hydrology and the
high hydraulic conductivity of Yucatan karst (Fig. 7;
Collins et al. 2015). During extended dry periods,
groundwater level would be lower as observed in
groundwater monitoring studies showing seasonal
changes corresponding to a thinner meteoric water
mass (< 0.5 m; Kovacs et al. 2017b, 2018). However,
during extended dry periods (years) it would be
expected that seawater would intrude from the coast
replacing the missing freshwater. The hydraulic
gradient would be affected by the thinner meteoric
water mass, but it would be minor, resulting in little
net change of water level (Kovacs et al. 2017b).
Therefore, if Pac Chen is connected to the aquifer, lake
level during the Classic Maya droughts would only
experience a minor drawdown.

This lack of drawdown during the Maya droughts is
reinforced by our lake margin stratigraphy (PC2—4;
Fig. 5). PC4 which is the shallowest core (— 0.25 m)
shows OM at the base, which likely represents a
shallow wetland as the karst is initially flooded,
followed by an interval of carbonate mud indicative of
deeper water and then an increase in OM towards the
top of the core as sedimentation infills the reducing
accommodation space causing shallowing. The only
notable interval within this sequence of sediments is
the gastropod shell layer (~ 50 to 40 cm) which dates
(~ 1150 to 1050 yr BP) to the Maya droughts
(1200-850 yr BP), but doesn’t appear to be related
to water depth (Hodell et al. 2005a). Gastropods don’t
dominate the upper portion of PC4 which is at
— 0.5 m and observations of the modern surface
found no existing concentrations. PC3 is more
carbonate mud rich, suggestive of deeper conditions
as the core was collected at — 3 m and further away
from the fringing wetland vegetation. Again, the only
notable feature is another gastropod layer (~ 63 to
56 cm) with slightly higher OM contents, which has a
younger age to that in PC4 (~ 800 to 700 yr BP), but
does not date to the period of droughts (1200-850 yr
BP). The gastropod layer in PC4 could be interpreted
as a slight decrease in water depth during the time of
the droughts (< 0.5 m), which may be the case, but
there is no evidence of subaerial exposure. No
depositional hiatuses or roots, indicating a water level
drop are observed. Nor are there indurated or
cemented layers which can occur with subaerial
exposure in carbonate mud rich sediments. While it
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is true that the concentration of gastropods may relate
to changing salinity or other ecological effects of the
droughts, the gastropod layers don’t appear to be
reliable indicator of changing water depth. There is
also no change in the testate amoebae over this time
interval, in terms of water depth or salinity change,
although the stressed Centropyxis spp. dominated
assemblage is likely not sensitive enough to record
these changes (Regalado et al. 2018; van Hengstum
et al. 2018). Based on this evidence, at least in Pac
Chen, the water level during the droughts doesn’t seem
to have been significantly lower, and the lake would
have largely remained at its current size in terms of
areal extent.

Potassium record of the Classic Maya droughts

PC2-4 have relatively consistent lithologies, with
higher sediment accumulation rates and PC4’s loca-
tion closest to the source of karst weathering input
from the topographic high makes it the best to record
climatic effects.

Fe, Ti and K show direct interrelationships in PC4,
but the Ti record in PC4 is not as useful as Fe and K,

because its concentration is not high enough in
portions of the core. Fe and K however, are within
the detection limits of the uXRF and co-vary with only
minor differences. There is an indirect relationship
between K and Inc/Coh in PC2-4, but also a large
spread in values, and Fe shows little relationship with
Inc/Coh. However, Fe and K both still share a similar
trend in the cores. Potassium is likely more affected by
changes in OM content in the sediment because of the
secondary plant source, while Fe will be less so,
because the source of the latter is largely from
lithogenic weathering of limestone and aeolian dust.
So, there is an overall minor matrix effect with K
which is in part OM dependent. Nevertheless, the K
trend towards lower values towards the top of PC4
seems to be a primary environmental signal as it is
replicated in the Fe record. Fe may be affected by
redox diagenesis, while Ti and K will be unaffected by
post depositional migration within the sediment,
although this doesn’t appear to be significant as Fe
covaries similarly with K and Ti (McNeill-Jewer et al.
2019).

Because the Yucatan peninsula is composed of
limestone, there is little siliciclastic sediment as an Fe
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«Fig. 8 Comparison of PC4 potassium record (cal yr BP; uXRF
total counts—orange) with paleoclimate records from Yok
Balum speleothem (8'80—dashed grey; Kennett et al. 2012),
Punta Laguna (6180—blue; Curtis et al. 1996), Lake Chichan-
canab (sediment density—red; Hodell et al. 2005a), Chaac
speleothem (3'80—green; Medina-Elizalde et al. 2010). Grey
boxes denote dry periods as defined by rapid drops followed by
rapid increases in K from PC4. (Color figure online)

source, so most of the Fe oxyhydroxides deposited in
the lake basin originate from dissolution of limestone
and aeolian dust (Norris and Rohl 1999). Potassium
also has a similar source but can also be secondarily
concentrated in plant material. It would be expected to
behave similarly during wet periods, with increased
OM decay and input to the lake basin with increased
runoff from the land surface (Steinke et al. 1993).
McNeill-Jewer et al. (2019) found that potassium
measured in bi-annually collected sediment traps was
a good indicator of rainfall in the nearby Yax Chen
cave system.

The K record from PC4 spanning the last 1600 yr
BP shows an overall decreasing trend, and based on
the previous discussion, a trend towards drier condi-
tions with an inflexion point at ~ 650 yr BP. Proxy
records from other nearby locations on the Yucatan do
not show this overall trend, neither the Chaac
speleothem (Medina-Elizalde et al. 2010), nor the
Punta Laguna or Lake Chichancanab records (Curtis
et al. 1996; Hodell et al. 2005a), although the Punta
Laguna record does show highly variable and low
5'80 values from ~ 950 yr BP to present (Fig. 8).
The Yok Balum speleothem from Belize has the best
correspondence with Pac Chen K trend showing an
overall drying, but also an inflection point at 600 yr BP
(Kennett et al. 2012). It doesn’t appear that this K trend
is significantly affected by matrix effects associated
with pXRF analysis as discussed previously.

During the Classic Maya droughts (1200-850 yr
BP), there is also several rapid drops in K values from
~ 1100-975 to 925-875 yr BP that span the Terminal
Classic to Early Postclassic transition (~ 900 yr BP).
The decrease in K is between ~ 55 and 45 cm in PC4,
which does overlap the gastropod layer between ~ 50
and 40 cm, so there may be a slight matrix affect with
these values (ESM4). However, the reduction in K
between 50 and 45 cm which is in the marly sediment
below the gastropod layer indicates that the lower
values is a primary signal, as opposed to a matrix

effect (ESM4). These lower K values match the
droughts recorded in Punta Laguna at ~ 1150 to
950 yr BP and Lake Chichancanab at ~ 1200 to
900 yr BP which record changing water chemistry
(8'"%0 and gypsum/sediment density g cm™>; Curtis
etal. 1996; Hodell et al. 2005a). These proxies may be
more responsive to short-term variations versus
weathering and eventual input of K and Fe through
runoff into the lake basin, although the density record
in Lake Chichancanab is a binary record, responding
once the evaporative threshold for gypsum precipita-
tion has been reached, and thus would record extreme
dry periods. The nearby Punta Laguna 5'%0 would be
more sensitive over a wider range of evaporative
change than the gypsum, but both of these records
show two drought phases like that of Pac Chen, albeit
with offsets in timing (~ 50 years; Fig. 8; Curtis et al.
1996; Hodell et al. 2005a). The speleothem &'°0
records which will be sensitive and high resolution,
show some similarity as well, with droughts coincid-
ing with the Pac Chen dry period as defined by our K
record (Medina-Elizalde et al. 2010; Kennett et al.
2012).

Overall, K and Fe show good correspondence with
the previously established drought records but are
perhaps not as sensitive for recording temporal
changes. Slight differences in age for the drought
period can be attributed to inaccuracies in radiometric
dating of the various proxies (i.e. sediment and
speleothem) and their individual sensitivities in
recording environmental change (Hodell et al.
2005a). However, pXRF core scanning of shallow
lake sediments does show potential, even if it may not
be as sensitive as other proxies. This is because it can
provide additional information on weathering inputs
of terrigenous sediment into the lake basin which may
provide additional insight on the droughts, but also
anthropogenic effects of Maya forest clearing and
agriculture in other settings (Torrescano-Valle and
Islebe 2015; Battistel et al. 2018).

Conclusions

This study documenting the deep basin and shallow
margin stratigraphy of Pac Chen shows that water
level is mostly controlled by rising Holocene sea level
and thus the lake is connected to the aquifer. Water
column characteristics (temperature, conductivity)
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and water depth monitoring (tidal influence) both
reinforce this interpretation, but also suggest that the
lake is hydrologically isolated, thus recording envi-
ronmental change. This isolation from the aquifer
however, may have changed through the flooding
progression. The connection with the aquifer, coupled
with a lack of stratigraphic evidence, indicates that
there was little, to no lake drawdown during the
Classic Maya droughts, because marine water intru-
sion from the coast would replace the reduced amount
of freshwater thus keeping water level near its original
position.

The shallow margin cores (PC4) also show reduced
terrigenous weathering inputs (K, Fe) with the Classic
Maya Droughts that match other paleoclimatic records
from nearby lakes and speleothem. However, these
weathering proxy indicators (K, Fe) likely have lags in
their production and transport which may not record
short-term changes in rainfall. Despite this limitation,
the advantages of pXRF core scanning in terms of its
high-resolution and efficacy presents opportunities for
greater temporal and spatial coverage of the Maya
droughts that may prove worthwhile in future studies.
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