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Abstract

Hydroclimate interpretation of stalagmite d18O records from tropical regions requires an understanding of the temporal
integration of rainfall amount and its isotopic composition by drip waters that form stalagmite deposits. This study presents
oxygen (d18O) and hydrogen (dD) isotopic results from over 1200 groundwater, rainfall and drip water samples, collected at
�weekly time intervals, over three hydrological years at Rı́o Secreto Cave, in the Yucatán Peninsula, Mexico. Cave environ-
mental conditions and the isotopic composition of drip water were monitored in three chambers with different degrees of air
ventilation, along with temperature and relative humidity conditions at the surface. We examined 16 drips and observed that
annual dD and d18O variability reflects the isotopic variability of rainfall to varying degrees. The observed annual amplitude
of drip water isotopic variability represents between 5% and 95% of that of rainfall, reflecting epikarst water reservoir size and
the complexity of flow paths. Drips that closely reflect the isotopic variability of rainfall and best preserve the isotopic signal
of individual rainfall events are observed, but they are uncommon. Only two drips out of 16 were found to have potential to
record rainfall isotopic shifts associated with tropical cyclones if sampled at weekly resolution. The relationship between dD
and d18O in drip water suggests that recharge is biased toward the rainy season (June to November), which represents up to
80% of total annual precipitation. We find that over the course of a year most drips reflect the annual d18O composition of
rainfall, in support of quantitative precipitation estimates from stalagmite d18O records. We find evidence that the effective
recharge in this cave system is controlled by precipitation amount and that recharge is not limited to the months when
precipitation exceeds evaporation.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Paleoclimate studies provide an essential tool to predict
future climate change and to assess the extent to which
human and biological adaptation is realistic under
business-as-usual scenarios of anthropogenic greenhouse
gas emissions. Recent efforts, in particular, have utilized
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paleoclimate observations to provide an empirical assess-
ment of climate sensitivity and hydrological responses to
shifts in the concentration of atmospheric greenhouse gases
and other factors internal to the climate system (Palaeosens,
2012; Baldini et al., 2016; Medina-Elizalde et al., 2017). Sta-
lagmite calcite oxygen isotope (d18O) records represent one
of the most important terrestrial paleoclimate archives of
past hydrological variability in tropical and subtropical
regions (Frappier et al., 2007b, 2014; Medina-Elizalde
et al., 2010, 2016a, 2017; Fairchild and Baker, 2012;
Kennett et al., 2012; Lachniet et al., 2012, 2017; Medina-
Elizalde and Rohling, 2012; Akers et al., 2016; Cheng
et al., 2016; Railsback et al., 2017). Hydroclimate records
based on stalagmite d18O values are often interpreted to
reflect the amount effect; the inverse relationship between
rainfall amount and rainfall d18O described by Dansgaard
(1964), which has been observed on seasonal and interan-
nual time scales in low latitude regions (Vuille et al.,
2003; Lachniet and Patterson, 2009; Medina-Elizalde
et al., 2016a). The implicit assumption is that stalagmite
calcite is deposited at or near isotopic equilibrium and that
it preserves the variability of d18O of meteoric precipitation.
This type of data collection requires a continuous commit-
ment and expertise to access and work inside of a cave fre-
quently enough and over an extended period of time. The
evaluation of the rainfall/drip water isotopic relationship,
nevertheless, is crucial when comparing isotopic variations
within a single stalagmite and among different stalagmite
d18O records and particularly if the goal is to reconstruct
precipitation amount quantitatively (e.g. Medina-Elizalde
et al., 2010; Lachniet et al., 2012, 2017; Medina-Elizalde
and Rohling, 2012). The d18O composition of rainfall
may be altered between the ground surface and cave drips
due to isotopic fractionation in the soil, epikarst and/or
vadose zone driven by evaporation (Ayalon et al. 1998;
Bradley et al. 2010; Cuthbert et al., 2014; Beddows et al.
2016, Hartmann and Baker, 2017), and by mixing of water
reservoirs in the epikarst (Yonge et al., 1985; Ayalon et al.,
1998; Williams and Fowler, 2002; McDermott, 2004;
Fairchild et al., 2006; Lachniet and Patterson, 2009;
Genty et al., 2014; Hartmann and Baker, 2017). The resolu-
tion of a stalagmite d18O-derived rainfall record, further-
more, is ultimately not determined solely by the
stalagmite temporal sampling resolution, but by the time
integration of the rainfall signal by drip water. Because of
the type of porosity (Worthington and Ford, 2009) and spa-
tial heterogeneity of the water reservoirs and conduits of
the vadose zone in a limestone cave, drip water (and thus
stalagmites) can potentially integrate the amount-weighted
isotopic signal of rainfall accumulated over days (Luo
et al., 2014; Duan et al., 2016), a season (Cruz, 2005;
Cobb et al., 2007; Fuller et al., 2008; Genty, 2008;
Beddows et al., 2016; Duan et al. 2016), a year or even mul-
tiple years (Yonge et al., 1985; Williams and Fowler, 2002;
Onac et al., 2008; Riechelmann et al., 2011, 2017; Genty
et al., 2014; Czuppon et al., 2018). Drip water information,
therefore, is particularly relevant to studies with high-
resolution stalagmite d18O sampling that seek to character-
ize seasonal or annual precipitation variability (Medina-
Elizalde et al., 2010; Medina-Elizalde and Rohling, 2012;
Kennett et al. 2012, Lachniet et al., 2012, 2017) and to dis-
cern the negative isotopic anomalies of tropical cyclones
(Frappier et al., 2007b). Rainfall events such as subtropical
monsoons and tropical cyclones are characterized by partic-
ularly low d18O compositions, but these events are short
lived, lasting from days (cyclones) to a season (monsoons)
(Lawrence, 1998, Lawrence and Gedzelman 1996;
Gedzelman et al., 2003; Lachniet and Patterson, 2009;
Lachniet et al. 2017; Vieten et al. 2018). Interpretations of
stalagmite d18O variations in terms of monsoon intensity
and tropical cyclone activity are, therefore, contingent upon
the time integration of the rainfall isotopic signal by drip
water.

This study characterized the isotopic composition of
rainfall, drip water, and groundwater on a weekly basis,
over three hydrological years, from three different chambers
of the Rı́o Secreto cave system located in the northeastern
Yucatán Peninsula (YP). In addition, we also monitored
the cave environment in these chambers, each with a differ-
ent degree of isolation from the surface environment. This
sustained research effort was motivated by improving
hydrological interpretations from stalagmite d18O records
and by enhancing our understanding of the link between
precipitation amount and effective groundwater recharge
in the YP. Rı́o Secreto cave offered valuable stalagmite
rainfall records, including two spanning the Classic and
Preclassic Periods in Maya history and the Last Glacial
Maximum (23–26 kyr ago) (Medina-Elizalde et al., 2016a,
2017). The monitoring results presented in this study help
to better interpret paleoclimate information from stalag-
mites while guiding sampling protocols for stalagmites from
the Rı́o Secreto cave system and other similar karst envi-
ronments. The authors of this study are currently recon-
structing additional paleoclimate records from this cave.

2. FIELD SITE

2.1. Study site, cave system and climate

The YP has a distinctive annual cycle in precipitation
characterized by the Nortes, Dry and Rainy seasons. The
Nortes cold front season occurs between the months of
November and February, the Dry season from March to
May and the Rainy season between June and October.
The Rainy season, also known as the hurricane season,
has a bimodal distribution of precipitation with maxima
during June and September and a precipitation drop
between July and August, known as the midsummer
drought (Magaña et al., 1999). Precipitation maxima in
the YP occur during September when the Intertropical
Convergence Zone reaches its northern most position and
when the peninsula experiences the maximum tropical
cyclone frequency. Regional models and the NCEP-
NCAR Global reanalysis, indicate that the dominant
source of moisture for the YP is the Caribbean Sea and is
linked to the Caribbean Low Level Jet (CLLJ) (Vuille
et al., 2003; Mestas-Nuñez et al., 2007; Muñoz et al.,
2008; Karmalkar et al., 2011).

Rı́o Secreto Cave (Secret River Cave) is a shallow
horizontally developed karst cave with 42 km of surveyed
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passages, located in the northeast of the YP in the State of
Quintana Roo, Mexico (20� 35.2440N; 87� 8.0420W,
Fig. 1A; Sprouse et al., 2017). The cave is 5 km south of
the city of Playa del Carmen, and the main entrance is five
km from the Caribbean coast. Daily guided tours are con-
ducted in small section of the overall cave. The climate of
the northeastern YP is sub-humid, with average annual
temperature of 25.8 �C and a range of 21–30 �C in monthly
temperatures at Playa del Carmen (14 years measured by
government meteorological stations, i.e. CONAGUA).
Average annual precipitation in Playa del Carmen is
1463 ± 280 mm and more than 70% of precipitation occurs
during the rainy season from June to November (Medina-
Elizalde et al., 2016b). Summer precipitation is sourced
by onshore trade winds off the Caribbean, and tropical
storms and cyclones that cross the YP. Winter precipitation
comes from humidity-saturated cold fronts (Orellana et al.,
2009).

The geology is a highly karstified Pliocene carbonate ris-
ing to only 20 m above sea level (López-Ramos, 1975).
High bedrock permeability leads to very little runoff and
hence the shallow aquifer is recharged only by direct
infiltration of precipitation. Caves are common along a
100 km section of the Caribbean coast from Playa del
Carmen and south to the town of Tulum, including Sac
Actum the world’s longest underwater cave system
Fig. 1. (A) Location of Rı́o Secreto cave (red dot) and of the government
Cancún (black dots). (B) Station A, collection of drip water from A4 by ha
on top a stalagmite used to farm calcite. (C) Map of the monitored sta
‘‘Corazón” chamber is off the map located �350 m to the east from stat
legend, the reader is referred to the web version of this article.)
(www.caves.org/project/qrss/qrlong.htm). The Rı́o Secreto
cave system lies at and above the water table, with extensive
semi-flooded passages, all frequently interrupted by 1–8 m
diameter sinkholes that allow ventilation of the system.
The exceptional karstification and high hydraulic conduc-
tivity of the aquifer result in a water table nearly at sea
level, with a shallow hydraulic gradient in the range of
10�5 cm per km. (Bauer-Gottwein et al., 2011). The coastal
semi-diurnal tides affect the Rı́o Secreto water table up to
several cm, while rapid recharge during heavy rainfall can
cause a short-term rise of up to 1 m (McMonigal and
Beddows, 2014).

2.1.1. Soil and epikarst composition

The ecosystem is a tropical dry forest subject to natural
fires, as well as slash-and-burn agriculture practiced by the
Maya. The current vegetation cover is young, possibly
because the area is in a state of recovery after a forest fire
�20 years ago. The bedrock is composed of Pliocene-
Pleistocene carbonates that retains much of its porosity,
allowing water penetration in addition to the more rapid
infiltration through small fractures and secondary porosity
features. As already mentioned, surface run-off is rare.
An ‘‘epikarst” has been described as the superficial part
of karst areas, where tree roots and karst processes fracture
and enlarge rock joints and cracks, creating a more
(CONAGUA) weather stations of Playa del Carmen, Cozumel and
nging a graduated cylinder using Velcro. Visible also is a glass plate
tions A, B and LF (modified from Sprouse et al. 2017). Note that
ion A. (For interpretation of the references to colour in this figure

http://www.caves.org/project/qrss/qrlong.htm
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permeable and porous zone over less permeable massive
carbonate rock (Bakalowicz, 2012). The vadose zone of
Rı́o Secreto cave and of most caves of northeast of YP fit
this description and, therefore, all the processes described
in this study are being carried out in the epikarst.

The soil above the cave is thin and variable, with pockets
rarely reaching 0.5 m between areas of exposed bedrock.
Because the roots and the soil penetrate into the bedrock,
which is 2–12 meters thick, it is possible to observe them
in the ceiling, walls and floor of the cave inside the vadose
zone. Roots of some species use fractures to access moisture
and the water table in the vadose zone. Some tree species
have roots that can help develop or create small fractures
that serve as conduits that increase the hydraulic conductiv-
ity (Bauer-Gottwein et al., 2011). Root respiration increases
the amount of CO2 in cave air (Cowan et al., 2013). Where
porous carbonates are sub-aerially exposed during times of
negative water budgets, shallow re-precipitation of carbon-
ate forms slabs of indurated caliche or calcrete (also kankar
and duricrust) (Bautista et al., 2011). Several layers of
caliche at and above the water table have been documented
along the Caribbean coast (Ward, 1985; Cabadas-Báez
et al., 2010) and are likely present above Rı́o Secreto cave.
The local vadose zone also includes patches of friable fine-
to-medium-grained carbonate, locally called sascab, which
may also store water (Bautista et al., 2011). The patchy nat-
ure of the bedrock strata and consequently infiltration and
storage, are expressed in the heterogeneity of the ceiling of
the cave, where ceilings of some sections are decorated with
hundreds of distributed stalactites, and conversely, other
sections have ceilings devoid of water infiltration.

3. METHODS

3.1. Precipitation sampling and surface weather monitoring

A total of 36 monthly composite rainfall samples were
collected over three years from June 2014 to June 2017.
Rainfall samples were collected above the cave at ground
level using HDPE 8-liter containers with a Ping-Pong ball
over a funnel connected to a hose consistent with IAEA
(2014) protocols. Rainfall samples were collected every
week and their volume measured using a graduated cylin-
der. These samples were then aggregated into monthly sam-
ples from which an aliquot was taken for d18O and dD
analysis. From June 2016, we installed a second pluviome-
ter of the same design beside the first one, to collect when
possible, samples of individual rainfall events that accumu-
lated between 1 and 7 days. Ground-level precipitation at
Rı́o Secreto may underestimate the true rainfall amount
due to the presence of dense vegetation potentially blocking
lateral rainfall associated with large storms. Therefore, in
this study we also examine the average of precipitation
amount from June 2014 to July 2017 from weather station
data from three other locales to compare with our rain
gauge data; Playa del Carmen (20�37.2000N, 87
04.2000W), Cozumel Island (20�31.2000N, 86�57.0000W)
and Cancún (21� 09,0020N, 86 � 49,2000W) (See Fig. 1A).
In order to estimate the historical recharge in Playa del
Carmen we use precipitation amount and evaporation
historical data from CONAGUA. Evaporation data was
calculated using the Penmann-Montheit method (Allen
et al., 1998).

3.2. Monitoring using data loggers

Monitoring of the cave chambers included measure-
ments using HOBO Temperature/HR U23 data loggers of
cave air relative humidity (RH) with accuracy ± 5% above
90% and air temperature (accuracy of ± 0.21 �C). Addi-
tional cave climate data was collected in the Corazón cham-
ber, and water level data in the ‘‘Mundo Perdido” section
of the cave (Fig. 1C). Cave air RH and temperature data
were measured at 4 and 6-hour intervals from April 2012
to July 2017 in Station LF, Station A, and Corazón cham-
bers (See Table 1 for more details). From July 2016 to Jan-
uary 2017 another HOBO Temperature/RH U23 was
placed outside the cave under the shade 4 m from the
ground and 20 m from the cave entrance to record at 3-
hour intervals. Cave groundwater temperature 30 cm below
the water table was determined at 1 hour intervals from
November 2015 to July 2017 in Mundo Perdido and Station
LF phreatic zones by using a HOBO Water Level U20L-01
data logger with accuracy of ±0.44 �C (see Fig. 1C and
Table 1).

Daily average temperature data of January 2016 – June
2016 from a Davis Vantage Pro 2 station (accuracy of
±0.5 �C and 1% for RH) was used for this study, the station
is located in the Planetarium of Playa del Carmen (20�
39.0450N, 87�5.2080W). An additional Davis Vantage Pro
2 weather station was installed in Rı́o Secreto Nature
Reserve above the canopy approximately midway between
the coast and the cave main entrance in June 2016.

3.3. Groundwater and drip water monitoring

The monitored portion of the Rı́o Secreto cave system is
shown in Fig. 1C. Three chambers were selected as stations
for the drip study: Laberinto del Fauno (LF), located close
to an entrance and stations A and B located �200 m from
the nearest entrance. The vadose zone bedrock above these
3 chambers is 9–12 m thick. Groundwater sampling began
in June 2014 and consisted of weekly measurements of tem-
perature, pH and electrical conductivity at the water table
of station A using a HACH multi-parameter probe pre-
calibrated with buffer pH 4, 7 and 10 and a sodium chloride
standard solution of 491 ± 2.5 mg/L (1000 ± 10 mS/cm)
with accuracy of 0.1 for pH and 0.01 mg/L for TDS. Water
samples were also collected in 30 mL Nalgene bottles at a
depth of 30 cm for d18O and dD analysis. In addition, we
selected 16 drip sites associated with stalactites known to
be hydrologically active throughout the year to take drip
water samples. Each drip was monitored quasi-weekly from
June 2014 to June 2017. The sampling protocol in station
LF included drip water from 3 individual stalactites labeled
LF1, LF2 and Fénix, and an additional point combining
drip water from several stalactites labeled LFG. At station
A, drip water from 8 individual stalactites were monitored:
A1, A2, A3, A4, A7, Andromeda, Aquiles and Atila. At
station B, four individual stalactites were monitored: B1,



Table 1
Summary of temperature data from drips, groundwater and air (�C) inside and outside Rı́o Secreto Cave system.

Station Sample Period Frequency n AVG SD MIN MAX

Corazón Air April 2012–May 2014 6 h 3104 24.8 0.0 24.7 24.9
Groundwater April 2012–May-14 3 h 6208 24.8 0.0 24.7 24.8

LF Air July 2014–July 2017 6 h 6840 22.8 1.2 18.8 24.5
Air July 2016–July 2017 6 h 1454 23.7 0.7 24.7 22.6
Groundwater Oct 2015–July 2017 1 h 13,867 22.8 0.9 20.7 24.1
Drips July 2014–July 2017 Weekly 270 23.0 1.9 18.2 24.8

A Air July 2014–July 2017 6 h 3616 24.5 0.2 23.8 24.9
Air July 2016–July 2017 6 h 1454 24.4 0.2 23.8 24.7
Groundwater Oct 2015–Nov-15 1 h 960 24.6 0.0 24.6 24.6
Groundwater July 2014–July 2017 Weekly 68 24.7 0.1 24.6 24.8
Drips July 2014–July 2017 Weekly 487 24.5 0.3 23.8 25.0

B Drips July 2014–July 2017 Weekly 232 24.6 0.3 24.6 24.8
Mundo Perdido Groundwater Dec 2015–Jul-17 1 h 12,902 24.2 0.4 23.0 24.7
Rio Davis Station Air July 2016–July 2017 6 h 1454 26.2 3.4 14.5 33.9
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B2, B3 and B4. The monitoring periods for each drip span
slightly different time intervals and only drips LF1, A3 and
B1 were sampled continuously over the three-year period.
Two of the selected chambers, LF and A, are sites where
stalagmites have been collected (Medina-Elizalde et al.,
2016a, 2017) and most of the 16 drips studied are above
active candlestick stalagmites longer than 30 cm. A repre-
sentative image of the monitoring and sampling sites is pro-
vided in Fig. 1.

For almost all drips (except LFG, A2 and LF2), drip
water was collected by hanging a clean dry 250 mL plastic
graduated cylinder from each stalactite using Velcro to
ensure that no secondary drips were collected (see
Fig. 1B). After the accumulation period (�48 h; See
Table A.1), the volume of dripwater collected and its tem-
perature were recorded, the latter, using a ThermoWorks
digital thermometer (accuracy of ±1.0 �C). Then, sample
aliquots were decanted into 15 mL and 30 mL Nalgene bot-
tles for d18O and dD analysis. If the collected water volume
was sufficient, pH and electrical conductivity were mea-
sured using the HACH probe. Drip rate is reported in
mL/hr based on total volume divided by the collection
interval. If the drip volume of a particular drip was greater
than 250 mL and the water sample overflowed the cylinder
drip rates were recorded as 8 mL/hr, thus representing a
minimum flow but still allowing characterizing infiltration
during significant rainfall events.

3.4. Stable isotopes

The d18O and dD values of groundwater, precipitation
and drip water samples collected up to the year 2016 were
determined using a Cavity Ring-Down Spectroscopy
(CRDS) Picarro Isotope Analyzer, model L1102-i at the
University of Massachusetts, Amherst. Reproducibility of
in-house standard waters was better than 0.08‰ for d18O
and 0.4‰ for dD. The d18O and dD analyses of groundwa-
ter, precipitation and drip water collected after 2016 were
performed using a Cavity Ring-Down Spectroscopy
(CRDS) Picarro Isotope Analyzer, model L2130-i at
Auburn University, Alabama. Long-term reproducibility
of in-house Picarro Zero and Mid standard waters in both
labs was better than 0.03 ‰ for d18O and at 0.2 ‰ for dD.
Results are reported in per mil (‰) relative to VSMOW
(Vienna Standard Mean Ocean Water).

4. RESULTS

4.1. Temperatures and relative humidity

A summary of the cave air, dripwater and groundwater
temperature data is presented in Table 1. During the period
between July 2016 and July 2017 the total range of air tem-
perature variation inside the cave was 1–2 �C while the total
range observed outside the cave spanned 19 �C (Fig. 2).
Groundwater, cave air and drip water temperature variabil-
ity at station LF was the most pronounced of all the sta-
tions. Observed mean annual air temperature outside the
cave and at LF and A stations was the same, although
the daily air temperature range inside the cave was only a
small fraction (<12%) of that observed outside (July
2016-July 2017) (Table 1, Supplementary Fig. A.1). Seven
months of air temperature data collected at 12 h. intervals
inside LF and outside the cave indicate that LF follows
atmospheric temperature variability within an hour. As
noted above, however, LF greatly buffers the atmospheric
air temperature range (Supplementary Fig. A.1). Cave drip
water and air temperature at stations A and LF were simi-
lar, reflecting thermal equilibrium within a 48-hour period
maximum (Supplementary Table A.1 and Fig. 2)

Rı́o Secreto surface air RH averaged 84% with a range
of 68% to 98% during 2016 and 2017. RH at LF station
ranged from 89.9% to 100%, with an average of 99.9
± 0.8% (n = 5106). At station A, RH ranged from 95.3%
to 100%, with average of 99.6 ± 0.9% (n = 3616) (Fig. 2).
Considering the small uncertainty associated with RH mea-
surements (5%), all the chambers investigated exhibit water
vapor saturation conditions.



Fig. 2. (A) Air relative humidity recorded outside and inside Rı́o Secreto cave. (B) Temperatures outside the cave: Daily record of maximum,
and minimum temperatures in Playa del Carmen measured by CONAGUA and daily average temperatures measured by two Davis Vantage
Weather Stations (See Section 3.2). Cave groundwater, drip water, and air temperatures at stations LF, A and ‘‘Mundo Perdido” (see
Section 3.2). Note minimum temperature variability within isolated chambers of stations A and ‘‘Mundo Perdido” that contrast with the more
significant temperature variability at station LF, located near an entrance. The temperature range in station LF is smaller (�6 �C) relative to
surface air (19 �C). Mean summer temperatures at station LF approximate temperatures in the isolated chambers of stations A and ‘‘Mundo
Perdido”.
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4.2. Precipitation d18O and dD

A total of 66 samples of rainfall were analyzed for d18O
and dD, including monthly samples (n = 36) and samples of
individual rainfall events (n = 30) (Figs. 3 and 4, Supple-
mentary Fig. A.2). This sample collection included a partic-
ularly intense rainfall event on October 21, 2014,
representing an accumulation of 150 mm/day, which had
the lowest isotopic values found in this study
(d18O = �9.5‰, dD = �61.4‰). This study includes the
drought year of 2016, when annual precipitation was 40%
lower than the long-term average and nearly half that of
the previous year.

Rainfall d18O and dD varied from �9.5‰ to +1.5‰ and
from �61.4‰ to +17.9‰, respectively (n = 66) (Fig. 4).
Monthly rainfall d18O and dD ranged from �7.4‰ to
�0.6‰ and from �45.8‰ to 12.3‰, respectively (n = 36;
Fig. 4). The amount-weighted mean isotopic compositions
of rainfall calculated from monthly data (n = 36) were
�3.7‰ and �17.8‰ for d18O and dD, respectively. The
amount-weighted annual d18O composition of rainfall over
the study interval, was �4.2‰ (yr. 1), �4.5‰ (yr. 2) and
�2.3‰ (yr. 3). The arithmetic average (not amount-
weighted) based on monthly samples (n = 36) was �2.6‰
and �9.3‰ for d18O and dD, respectively (Table 2). We
stress here, that the arithmetic mean does not truly repre-
sent the annual d18O composition of rainfall because it
weighs all months the same regardless of their relative con-
tribution to the total annual rainfall amount. We include
this calculation, however, because it represents one poten-
tial end-member of the mean annual drip water d18O com-
position, also estimated without weighing water amounts.
More details are provided below.

A negative relationship between precipitation amount
and precipitation d18O (i.e. an amount effect) is revealed
by our precipitation data on seasonal timescales, as
expected in tropical regions (Dansgaard, 1964; Rozanski
et al., 1993; Lachniet and Patterson, 2009). The slope of
the amount effect relationship in Rı́o Secreto is �0.0142
‰mm�1 (r2 = 0.6) (Fig. 4), very similar to observations
from Veracruz, México, and El Salvador; �0.0125 ‰mm�1

and �0.0124 ‰mm�1, respectively (Lachniet and
Patterson, 2009).

4.3. Groundwater level and isotopic composition

The average d18O and dD values of groundwater in Rı́o
Secreto cave were �4.7 ± 0.1‰ (1 standard deviation, SD)
and �25.5 ± 0.9‰ (1 SD), respectively, from July 2014 to
July 2017 (n = 78 samples). The d18O value of groundwater
was within analytical uncertainty of the annual amount-
weighted d18O composition of rainfall observed in the
three-year study period (�4.5‰ to �2.3‰), and the most
temporally stable of all the water types analyzed, suggesting



Fig. 3. Upper three panels: drip water d18O data from June 2014 to June 2017 from stations LF, B and A; Note that axes are inverted. Lower
panel: (blue triangles) monthly precipitation collected at the location of Rı́o Secreto cave; (white rectangles) monthly precipitation recorded by
CONAGUA, including weather stations in Cancún, Playa del Carmen and Cozumel; (black line) precipitation d18O from monthly samples,
and; (red dots) individual rainfall events (1–7 days) (See Section 3.1). d18O Annual amount-weighted and arithmetic averages of rainfall are
shown to ilustrate two end members (See Sections 4.4 and 5.2). Gray bars highlight conspicuous drip d18O shifts coeval with rainfall d18O
changes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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it represents the integration of about one or more years of
rainfall accumulation (Fig. 3, Supplementary Fig. A.2).
Groundwater is actively moving through Rı́o Secreto, prob-
ably toward the ocean, as mentioned in Section 2.1, water
table is affected by the coastal semi-diurnal tides and
recharge (McMonigal and Beddows, 2014).



Fig. 4. A. Comparison of the linear relationship between d18O and dD of monthly rainfall samples and samples of individual rainfall events
(local meteoric water line, LMWL), and drip waters (drip water line, DWL) of Rı́o Secreto cave. The global meteoric water line (GMWL) is
also shown to provide global context. B. Linear relationship between d18O and monthly rainfall amount collected in Rı́o Secreto. Both plots
present data collected from June 2014 to July 2017.

Table 2
d18O and dD averages and standard deviation of monthly rainfall, drips and groundwater collected from June 2014 to July 2017.

Sample description n d18O dD

AVG SD MIN MAX AVG SD MIN MAX

Monthly Rainfall
Arithmetic 36 �2.6 1.6 �7.4 �0.6 �9.3 13.9 �45.8 12.3
Amount-Weighted 36 �3.7 �17.8
A1 11 �3.9 0.4 �4.6 �3.0 �19.6 2.7 �22.8 �13.5
A2 94 �4.1 0.5 �5.4 �2.8 �20.4 4.0 �30.1 �9.0
A3 113 �4.2 0.4 �5.3 �3.3 �21.6 2.7 �27.5 �15.2
A4 83 �3.9 0.5 �5.1 �3.1 �19.5 3.5 �29.3 �11.1
A7 62 �4.3 0.4 �4.8 �3.1 �21.9 3.9 �26.9 �12.1
Andrómeda 79 �4 0.3 �4.5 �3.3 �19.7 2.8 �25.4 �13.5
Aquiles 47 �4.5 0.4 �5.6 �3.8 �24.1 2.4 �29.7 �17.9
Atila 56 �4.4 0.3 �5.1 �3.4 �22.6 2.9 �26.3 �13.9
B1 115 �3.6 0.8 �6.9 �2.0 �16.6 5.9 �42.7 �6.0
B2 42 �3.3 0.5 �4.4 �2.5 �13.7 4.5 �24.3 �6.5
B3 44 �3.3 0.6 �5.1 �2.3 �13.9 4.8 �27.8 �4.8
B4 69 �4.1 0.6 �5.4 �2.6 �20.5 4.8 �30.5 �11.3
Fénix 72 �5.5 0.2 �5.8 �4.8 �32.0 1.8 �35.1 �25.6
LF1 94 �2.4 1 �5.0 0 �7.9 8.0 �27.3 12.7
LF2 41 �2.8 1.2 �5.8 �0.2 �12.7 7.5 �31.6 4.3
LFG 21 �2.4 0.9 �4.3 �1.0 �7.2 6.4 �20.2 5.6
Total Drips 1043 �3.9 1 �6.9 0 �18.9 7.4 �42.7 12.7

Groundwater 101 �4.7 0.15 �5.0 �4.2 �26.0 1.4 �28.4 �19.5
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4.4. Drip water d18O and dD

A total of 1043 samples from 16 different drip sites were
analyzed for d18O and dD (Supplementary Table A.1, Fig. 3
and Fig. A.2). This study examines the annual average and
amplitude d18O variability of drips, because of its applica-
tion to hydroclimate reconstructions from speleothems.
We note that the annual d18O composition of drip water
of each site is not from samples that are amount-weighted
because our sampling protocol involves the collection of
temporally discrete water samples that represent aliquots
from a reservoir of unknown size. Thus, the annual mean
drip water d18O composition that we determine is not
expected to perfectly represent the d18O composition of
all the drip water that actually drained over the course of
a year. This is analogous to estimating the annual d18O
composition of rainfall from monthly precipitation d18O
data without taking into account the monthly amount of
rainfall: this calculation would not provide the true annual
d18O composition of rainfall over the course of that year.
We anticipate, therefore, that our sampling protocol would
yield a drip annual mean d18O composition more closely



Fig. 5. Rı́o Secreto amount-weighted and unweighted (arithmetic) annual drip water and rainfall d18O data; Note that axis is inverted. Values
were calculated from June 2014 to May 2015 (year 1), June 2015 to May 2016 (year 2) and June 2016 to May 2017 (year 3). Only drip data
with more than 15 data points per year were included (see Supplementary Table A.3). Drips at station A have a similar isotopic composition
to the amount-weighted d18O composition of rainfall during year 1 and 2. Drips at station B have an isotopic composition in between the
amount-weighted and unweighted d18O composition of rainfall. Lastly, drips at station LF have an isotopic composition similar to the mean
d18O composition of rainfall, unweighted. During year 3 the YP experienced a drought reflected by a positive shift in the isotopic composition
of rainfall (black triangle and square shown in year 3). Bar errors of 1 SD are showed for drip waters.
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resembling the annual arithmetic mean d18O composition
of rainfall (i.e. amount-unweighted) when a drip integrates
rainfall over a short time. Conversely, a drip annual mean
d18O composition resembling the annual amount-weighted
d18O composition of rainfall would be indicative of a reser-
voir that accumulates rainfall for one year. We note, fur-
thermore, that drip sites that integrate one year of rainfall
are expected to show a modest response to rainfall d18O
variability and thus minor d18O variability during the year.
We find drips that fall within these two annual isotopic end
members as described below.

4.4.1. Station A

With the exception of Fénix, the drip sites with the
smallest annual d18O variability (�2‰) were those at sta-
tion A (Figs. 3 and 5). The annual mean d18O composition
of these drip waters closely resembles the annual amount-
weighted d18O composition of rainfall during years 1 and
2 (Fig. 5). During year 3, drip waters at station A display
lower d18O values than coeval rainfall, and closely resemble
the isotopic composition of rainfall in the previous year
(Fig. 5).

4.4.2. Station B

The mean annual d18O composition of drips from sta-
tion B had values between the annual amount-weighted
and unweighted d18O composition of rainfall during year
1, and similar to the annual amount-weighted d18O compo-
sition of rainfall during year 2. Similar to drip waters at sta-
tion A, during year 3, the mean annual d18O composition of
drip water at station B is more negative relative to that of
rainfall (both amount-weighted and unweighted), and sim-
ilar to the d18O mean composition of rainfall in the previous
year (Fig. 5). Drip waters from station B show larger d18O
variability during 2015 (�4‰) than during 2014 and 2016
(�2–3‰).

4.4.3. Station LF

Drip Fénix at station LF had the lowest isotopic values
and lowest temporal variability of all drip waters
(d18O = �5.5 ± 0.2‰) (Fig. 3, Table 2). Fénix has d18O val-
ues that range from �5.8 to �4.8‰ and are up to �2‰
lower than the annual amount-weighted d18O composition
of rainfall (�3.7 ± 1‰, n = 3 years). Drips LF1 and LF2,
from the same chamber, in contrast, show the largest
d18O variability (�6‰) of all the drips examined in this
study. LF1 and LF2 d18O variability (�6‰) closely resem-
bles that of rainfall over the same time interval (9‰) (Fig. 3
and Fig. A.3). It is notable that these drip sites are located
only 5 m away from Fénix (Fig. 1C). The mean annual d18O
compositions of LF1 and LF2 are close to the mean d18O
value of rainfall (unweighted) during all three years (Fig. 5).



Fig. 6. Upper Panel: Drip rate in mL/hr at stations LF, B and A. Lower Panel: Monthly rainfall amount collected near the main entrance of
Rı́o Secreto cave (red line) and daily rainfall amount recorded by CONAGUA (2017) in Playa del Carmen. Gray bars highlight drip rate
increases during the rainy season. Pink bars highlight drip rate increases in response to individual rainfall events. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.5. Discharge variability of cave drips

In order to examine the infiltration of rainwater into the
karst system and its relationship with the isotopic composi-
tion of drip water, drip rates were determined throughout
the three-year monitoring effort. Drip rate variability ran-
ged from 0.01 mL/h. to more than 16 mL/h, including all
drips (Supplementary Table A.1). Despite discharge rates
increasing in most drips during the rainy season, marked
differences among them were observed (Fig. 6). In some
cases, an increase in drip discharge immediately followed
individual rainfall events (e.g. Drips B1, A3, Fénix). How-
ever, other drip discharge lagged rainfall amount shifts by a
few weeks and to three months (e.g. Drips A7, Andromeda,
Aquiles and Atila). We note that a similar lag between drip
discharge and rainfall amount has been documented for
Rı́o Secreto cave at station A, via a calibration study of
automatic drip sensors (Beddows and Mallon, 2018).

We determined the hydrological behavior of the drips
using the maximum discharge and the coefficient of varia-
tion (i.e. the quotient of the standard deviation over the
mean drip rate value expressed as a percentage) of the dis-
charge according to the classification of Fairchild et al.
2006 (Fig. 7). We found that several of the drips that main-
tain a high and temporally constant drip rate seasonally can
be classified as Seepage flow (e.g., A7, Andromeda, B4,
Fénix, A3). Atila, Aquiles, A4, B1, B2, B3 and LF1 drips
are classified as Seasonal Drips, i.e. drips that have both
the lowest and highest drip rates of those examined. We
note that the observed drip rate variability associated with
B1 was distinct from all the other drips which suggests a
threshold response to rainfall amount, as an ‘‘overflow”



Fig. 7. (a) Hydrological behavior of Rio Secreto cave drip sites expressed in terms of maximum discharge versus variability in discharge
defined by Fairchild et al. (2006). (b) Comparison between drip d18O and discharge rate variability. All data correspond to the period between
July 2014 and July 2017.
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drip (Smart and Friederich, 1987; Arbel et al., 2010;
Bradley et al., 2010).

5. DISCUSSION

5.1. Temperature and cave ventilation

The observed modest variability of cave air, dripwater
and groundwater temperatures at stations A and B is con-
sistent with their isolation from the cave exterior. There is
no difference between mean cave air and mean surface air
temperatures (Fig. 2), reflecting the thermal equilibrium
with surface heating by conduction (Smerdon et al.,
2003), as has been reported in many caves around the world
(Rau et al., 2015). Temperature variability in LF Station
(groundwater, air and drip waters) in contrast with the iso-
lated chambers (stations A and B) is more pronounced and
closely follows seasonal air surface temperature variability,
although with an amplitude modulation (Fig. 2 and Supple-
mentary Fig. A.1.). An amplitude-modulated response of
cave air temperature to surface air temperature may result
from the ‘‘chimney effect”; the predominant effect of sea-
sonal air circulation within a cave with two or more
entrances. Cave temperature is expected to be constant over
the course of a year in a closed environment, but variable
when the cave is open to surface air. In this case, differences
of temperature and air density between the surface and cave
environments drives cave ventilation due to pressure dise-
quilibrium (Wigley and Brown, 1976; Oh and Kim, 2011).
Ventilation in Rı́o Secreto cave is enhanced during the win-
ter season, when the surface-to-cave air temperature con-
trast increases, thus cooling the cave. Due to the high
heat capacity and thermal inertia of groundwater relative
to air within the cave, its temperature variability is more
modest (�3 �C) than air temperature (�6 �C). We note that
later in the summer when the highest air surface tempera-
ture is reached (�34 �C), LF reaches a maximum air tem-
perature similar to the annual mean temperature observed
in the more isolated chambers (24.5 �C). Temperature in
LF station does not increase beyond this point and does
not reach typical, higher peak summer surface air tempera-
ture because it becomes thermally isolated like stations A
and B. ‘‘Mundo Perdido” is another section of the cave that
represents temperature variations between LF and the iso-
lated chambers A and B. This chamber is located near an
opening to the surface but not as close as LF is from a sim-
ilar opening (Fig. 1). Groundwater at this location, as
expected, shows larger temporal temperature variability
than the isolated chambers but lower than station LF
(Fig. 2, Table 1). Comparing coeval air temperatures at
LF and A stations and outside temperature measured using
data loggers, we find that cooling by ventilation is occurring
also on a daily basis; we did not detect a lag in the temper-
ature cave-surface coupling (Fig. A.1. Supplementary). In
some caves temperature changes have been related to visita-
tions (Baldini et al 2006; Frisia et al., 2011; Vieten et al.,
2016), but the close coupling between surface air and cave
temperatures and the minimum annual variability at station
A does not support this scenario for Rı́o Secreto (Table1,
Fig. 2 and Fig. A.1. Supplementary). Rı́o Secreto cave rep-
resents over 40 km passages, and tourist activity in the sys-
tem consists of about 12 visitors at a time traversing about
1 km of cave, and rarely spending more than 5 minutes in
any chamber of the system.
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5.2. Infiltration and transmission of the rainfall isotopic

signature

Due to the thin �10 m permeable vadose zone above
Rı́o Secreto cave, infiltration of rainfall from the surface
to stalactites (drip waters) occurs rapidly, as suggested by
our isotopic and discharge data. Different infiltration pat-
terns, however, are observed among and within the 3 stud-
ied chambers. Because drip water data represents a brief
interval of time (�48 h, every one or two weeks), we cannot
calculate an annual amount-weighted isotopic composition
for each drip and directly assess the degree to which drip
water integrates the rainfall amount and isotopic signals,
as mentioned previously. We observed, however, that the
isotopic composition of drip water has annual values that
fall between two end members: (1) drip waters whose
annual mean d18O values are close to the annual amount-
weighted d18O composition of rainfall, and; (2) drip waters
whose annual mean d18O values are close to the arithmetic
average isotopic composition of rainfall (amount-
unweighted). Drip waters from stations A, B and LF fall
at or within these two end members. Fénix seems to be
an exception and is discussed in more detail below.

When considering discharge rates, we find that changes
in drip flow and drip isotopic values are not always coeval
with rainfall changes even within an individual drip site.
For instance, the isotopic composition and drip rates of
LF1 and B4 peaked at the same time in association with
some rainfall amount maxima events, but lagged other sim-
ilar rainfall events by weeks (e.g. June 2015) to months (e.g.
October 2015) (Figs. 3 and 6). We find a significant correla-
tion between the total variability of drip discharge and d18O
composition (r = 0.61, p < 0.05). LF1 is a particular case
that has significant variability of both drip rate and d18O
values in comparison with the other drips. Removing the
information from this drip, yields a more significant corre-
lation (r = 0.81, p < 0.05) (Fig. 7) between drip rate and
d18O variability: the greater the drip rate variability, the
greater the associated d18O variability. In karst systems
drips are fed by a combination of preferential flows (fissure
and conduit) and through the matrix (seepage) converging
between discrete water storages (Bradley et al., 2010). As
a result of the complexity of the conduits through which
water infiltrates and flows, water feeding each drip has a
specific seepage behavior even when drips are only a few
meters apart, such as in the case of Fénix and LF1 and
LF2 (See Section 4.5).

Fig. 8 shows our proposed conceptual models to illus-
trate the different flow patterns as a function of reservoir
size and infiltration flow, at stations A, B and LF. These
conceptual models seek to explain drip rate and isotopic
observations, as explained in more detail below.

Drip waters at station A integrate at least a year of rain-
fall accumulation and this reflects a larger epikarst water
reservoir relative to the other two stations (Fig. 8). This
inference is supported by the observation of modest annual
drip d18O variability relative to that of rainfall and an
annual mean d18O composition resembling the annual
amount-weighted d18O composition of rainfall during years
1 and 2 (Fig. 5). The drips of station A are classified as both
seepage and seasonal flow, with maximum drip rates above
10�6 (L/s). An exception is A4, which seems to be fed by
matrix flow (Figs. 7 and 8).

At station B, drip waters show larger isotopic variability
than at station A and an annual d18O values that fall
between the annual amount-weighted and unweighted
mean d18O composition of rainfall, during years 1 and 2
(Fig. 5). This suggests an integration of rainfall accumula-
tion of few months and less than a year, suggesting a smal-
ler reservoir than at station A (Fig. 8). We also note that
differences in reservoir effects are observed within B station
drips. Drips B4 and B1, for instance, located 1 meter apart,
show a consistent d18O difference of about 0.5‰. B4 also
presents marked differences in drip rate variability in com-
parison with B1, B2 and B3, suggesting they are associated
with two different reservoirs (Figs. 3, 7, 8 and Table 2).

At station LF, with the exception of Fénix, drip waters
show the largest isotopic variability, closely reflecting that
of rainfall, with an annual d18O composition similar to
the mean d18O composition of rainfall (unweighted). These
observations suggest an integration of few weeks of rainfall
accumulation, thus reflecting the smallest water reservoir of
all stations. As expected, during year 3 when the YP expe-
rienced a drought, the only drips that capture the high rain-
fall d18O values associated with this drought are those from
station LF (Fig. 5). Conversely, drip waters from stations A
and B reflecting a larger integration time and, therefore, a
larger water reservoir size, show more isotopic ’inertia’ to
a rainfall isotopic shift. This isotopic inertia is clearly
expressed in year 3, when the d18O values of these drip
waters increase by �0.5 per mil relative to the previous
year, despite the �2 per mil positive change in precipitation
d18O associated with this drought (Fig. 5). Drip waters that
resemble the monthly and seasonal isotopic variability of
rainfall have been found in previous studies but with a
greater degree of amplitude modulation than it is observed
in this study (Li et al., 2000; Cruz, 2005; Cobb et al., 2007;
Luo et al., 2014; Beddows et al., 2016; Duan et al., 2016).

Results from Fénix, located �5 m from LF1, LF2 and
LFG, show the smallest flow rate variability and the lowest
average isotopic values of all drip waters (Figs. 3, 7 and
Table 2). Fénix drip rates suggest a discharge flow coeval
with seasonal rainfall changes, but its mean isotopic values
are 1 to 2‰ lower than the annual amount-weighted d18O
composition of rainfall. Constant isotope composition of
Fénix reveals that the residence time of its reservoir is
greater than three hydrological years, and it is likely a very
large reservoir with few discharge points. Drip waters with
constant d18O that can have variable discharges have been
documented and result from a complicated system of infil-
tration flows that always have a long water residence time
(Duan et al. 2016). We propose that the low permeability
of the epikarst above Fénix allows primarily infiltration
only of intense rainfall events that exceed a certain volume
threshold. Observed rainfall d18O values associated with
intense rainfall events are sufficiently negative to explain
Fénix’s low isotopic values (Fig. 4). However, it is possible
that due to this low permeability the water that infiltrates
during any rainfall event does not have enough volume to
significantly modify the isotopic signature of a very large



Fig. 8. Rı́o Secreto conceptual model of infiltration of rainwater through the karst vadose zone at stations A, B and LF (modified from
Hartmann and Baker, 2017). This was constructed based on drip rate and isotopic responses of the most widely monitored drips on a quasi-
weekly time scale, from August 2014 to July 2017 (Table 2). We consider the infiltration pathways as a combination of matrix flow (i.e. slow
flow) and preferential flow (i.e. fast flow) between discrete water storages. Station A is suggested to have a relatively large reservoir since its
drips have average isotopic values very close to the annual amount-weighted d18O composition of rainfall. Station LF is proposed to have two
reservoirs: the smallest one with discharge points for LF1; the drip that most closely resembles the isotopic amplitude of rainfall (Fig. A.2),
and; the largest reservoir with few discharge points that supply Fénix, the drip with constant isotopic signature that preferably allows the
infiltration of very low isotopically events (intense rainfall events). We propose at least two different reservoirs for station B: one reservoir
associated with B4 that behaves similar to the reservoir of station A, and one reservoir for B1 the drip that shows a threshold response to
rainfall amount; an overflow drip (see Section 4.2).
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reservoir such as the Fénix reservoir, so it remains constant.
Comparing with the other drip waters, the coefficient of
variation of discharge and d18O both are very low at Fénix
(35% and 4%, respectively; Fig. 7). This result implies that
amongst all drip waters studied at Rı́o Secreto cave, Fénix
is the only one whose stalagmite does not reflect the annual
or sub-annual rainfall variability, but would likely integrate
several years of rainfall.

5.2.1. Deuterium excess variability

The deuterium excess defined by Dansgaard (1964) as
d-excess = dD – 8 * d18O, is a value that depends on the
temperature and relative humidity in the moisture source
region (Merlivat and Jouzel, 1979). Fig. 9 shows that the
d-excess of the local rainfall at Rı́o Secreto has a variability
that is not controlled by temperature but likely controlled
by the contributions of moisture from different sources on
seasonal and interannual timescales. For instance, most of
the rainfall that falls in this region originates from the trop-
ical Caribbean with an influence also from the Tropical
Pacific (Vuille et al., 2003). However, there are other contri-
butions from the North Pacific that can modify the isotopic
signature of local rainfall and therefore its d-excess (Vuille
et al., 2003). Most of the d-excess values of local precipita-
tion are above the global average value of 10 ‰ (Craig,
1961), indicating that most of the water masses were formed
in regions with relative humidity higher than 85%. The d-
excess variability of rainwater follows the same trend as
that of drip water in Rı́o Secreto cave during the three
hydrological years, suggesting the transmission of d-excess
from rainfall to drip water is happening rapidly. The d-
excess variability of rainfall is modulated by drips from sta-
tion A to a larger extent than those from station LF.
Abrupt changes in d-excess are coeval with abrupt changes
in drip rates from station B, providing evidence of a rapid
response of the system to changes in the amount of precip-
itation (Supplementary Fig. A.4.). Surprisingly, the d-
excess of groundwater and drip water of Fénix shows
weekly variability, which indicates that although both reser-
voirs are likely very large, and therefore maintain a very
stable composition of d18O, both are influenced by moisture
source changes. Groundwater and Fénix d-excess variabil-
ity is modest, however, compared to the other drips and
rainfall (Fig. 9).

5.3. Local Meteoric Water Line and the role of evaporation

Fig. 4 shows linear relationships between d18O and dD
of local rainfall (i.e. local meteoric water line, LMWL)
and of drip waters (i.e. drip water line DWL). The observed
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LMWL (slope = 8.17‰, 95% confidence interval, CI =
7.7–8.6‰) is very close to the global meteoric water line
(GMWL, slope = 8‰) (Craig, 1961; Rozanski et al.,
1993). The slope of the DWL, however, is lower and statis-
tically distinct (slope = 7.40‰, CI 95% = 7.3–7.5‰) from
the LMWL. We propose that the lower slope of the
DWL relative to the LMWL does not reflect evaporation
of drip water, but that drip waters preferentially incorpo-
rate summer/rainy season precipitation (June-Nov), which
makes up 80% of total annual rainfall. A LMWL including
only the rainy season (slope = 7.6 ‰, CI 95% = 6.7–8.5‰)
is statistically indistinguishable from the DWL (7.4‰), sup-
porting this inference (Supplementary Table A.2). Further-
more, linear relationships between d18O and dD of 12 out of
15 drip sites have slopes statistically similar to that of the
rainy season LMWL (Table A.2). Exceptions were Aquiles,
A3 and Fénix, probably due to their different water resi-
dence times and integration periods relative to rainfall vari-
ability (See Supplementary Table A.2). Fénix has a very
shallow slope since the composition of d18O is practically
constant, and its values are located above the GMWL.
There are several lines of evidence that suggest evaporative
processes did not control the isotopic composition of drip
water: (i) drip water isotopic values are similar to the
LMWL; (ii) a drip water isotopic composition is similar
to that of coeval rainfall; (iii) drip water mean annual
d18O compositions from stations A and B closely resemble
the annual amount-weighted d18O composition of rainfall;
(iv) drip water average d18O composition from Fénix is
1-2‰ more negative than the annual amount-weighted
d18O composition of rainfall, and; (v) cave air relative
humidity was at or near 100% during the entire recorded
period.

5.4. Groundwater

As previously mentioned, the isotopic composition of
groundwater is consistent with the annual amount-
weighted isotopic composition of rainfall. The temporal
isotopic stability of groundwater in the Rı́o Secreto system
over the three hydrologic years studied suggests that it
integrates several years of rainfall. It is well known
that groundwater integrates long-term rainfall events (e.g.
5–10 years) which is reflected in its isotopic composition
(Clark and Fritz, 1997; Wassenaar et al., 2009).

5.5. Effective recharge

In regions of little surface runoff, such as the YP, the
conventional approach to estimate an effective recharge
has been to use precipitation (P) minus evapotranspiration
(E) (Gondwe et al. 2010, Bauer-Gottwein et al., 2011).
Based on this approach, instrumental weather data suggests
that effective recharge in most of the YP would occur from
only June to November, and that some locales would expe-
rience no recharge throughout the year (Lases-Hernández,
2013). Playa del Carmen in particular would experience
effective recharge only during the months of June, Septem-
ber, October and November, representing �16% of total
annual rainfall (Supplementary Table A.4). This result is
consistent with independent estimates of effective recharge
in the YP based on P-E (15–17% of total annual precipita-
tion) (Gondwe et al., 2010, Bauer-Gottwein et al., 2011).

This conventional approach to estimate effective
recharge, however, does not take into consideration the per-
meability of the local karst. In the case of the YP, where
regional permeability is high and varies significantly
(Bauer-Gottwein et al., 2011), these estimates are expected
to underestimate recharge, as suggested by independent
approaches (Thomas, 1999; Beddows, 2004). Our study
provides compelling evidence that the true recharge in the
Rı́o Secreto Cave system closely reflects precipitation
amount and not P-E. This inference is supported by: (i)
annual drip water d18O composition similar to the annual
amount-weighted d18O composition of rainfall at stations
A and B (Fig. 5); (ii) annual d18O values of drip waters at
station LF, which show a strong flow response to individual
precipitation events, almost identical to the annual mean
d18O composition of rainfall (unweighted) over three con-
secutive years (Fig. 5); (iii) drip water stable isotopic vari-
ability in all stations following that of rainfall throughout
the year, even during months where P-E is negative (Sup-
plementary Table A.4), and; (iv) drip rate variability at all
stations responding to rainfall amount variability through-
out the year. This inference is in agreement with previous
studies that determined the effective recharge in the north-
eastern YP based on field measurements, which also suggest
that the conventional approach to estimate effective
recharge (i.e. P-E) underestimates the true recharge
(Thomas, 1999; Beddows, 2004). The expectation a priori

that effective recharge simply reflects the precipitation to
evapotranspiration balance is, therefore, unrealistic in some
karstic regions with high permeability, e.g., the northeast-
ern YP.

5.6. Paleoclimate implications

Our results have implications for paleo-rainfall recon-
struction from stalagmite d18O records, which offer a
unique opportunity to reconstruct the history of precipita-
tion, monsoon intensity and tropical cyclone activity going
back thousands of years. (Burns, 2004; Frappier et al.,
2007b; Medina-Elizalde et al., 2010; Wang et al., 2001,
2007). Rarely, however, have these studies included infor-
mation on how the rainfall isotopic signal is transferred
to cave drip water, which are the values ultimately recorded
in speleothems. This information is important in assessing
how much time is integrated into the drip water isotopic
signal for a given stalagmite. The results from this study
suggest that individual drip waters can represent a range
of integration of the isotopic composition of rainfall, and
therefore, of rainfall accumulation. In addition, this study
shows that significant variability among drips may be
observed when sampling locations are only few meters
apart.

We observe two basic time-integration modes of rainfall
as reflected by the isotopic composition of drip waters. In
one, drip waters isotopic values closely record individual
rainfall events albeit with a slight amplitude modulation.
In the second, drip waters isotopic values represent an



Fig. 9. Upper Panel shows the minimum, maximum, average and historical temperatures of Playa del Carmen. LF, B and A panels show the
d-excess data from rainfall and drip waters at each of these stations. Lower Panel shows precipitation amount collected at Rı́o Secreto cave
and by CONAGUA in Cancún, Playa del Carmen and Cozumel (See Section 3.1), and the d-excess from rainfall and groundwater.
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entire year or more of rainfall accumulation. Additionally,
we find that a drip can integrate several years of large pre-
cipitation events (e.g. Fénix). In light of this evidence, par-
ticular caution needs to be applied when stalagmite d18O
records are sampled at subannual time scales. At this tem-
poral resolution, stalagmites may represent cumulative
rainfall amounts from individual rainfall events (e.g. LF1)
or integrate over a year or longer (e.g. A3). Subannual
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sampling resolution of a stalagmite almost never provides
an accurate representation of the true seasonal cycle of pre-
cipitation. Furthermore, out of the 16 drips examined in
this study perhaps only two, LF1 and LF2, could be poten-
tially suitable for reconstructing the history of tropical
cyclones sensu Frappier et al. (2007a). Amplitude reduction
of the isotopic signal of short-lived rainfall events is
expected in nearly all cases, however, which would greatly
lessen the negative isotopic anomalies characteristic of trop-
ical cyclones (Lawrence and Gedzelman, 1996; Lawrence,
1998; Gedzelman et al., 2003; Vieten et al., 2018).

The observation that most drip waters record the
amount-weighted d18O composition of precipitation when
integrated over a year or longer provides support to quan-
titative reconstructions of annual precipitation variability
(Bar-Matthews and Ayalon, 2004; Lachniet et al., 2012,
2017; Medina-Elizalde and Rohling, 2012; Medina-
Elizalde et al., 2017). A potential bias in these records could
be produced, however, when stalagmite d18O values reflect
a long-term integration of a summer-biased drip, such as
Fénix. Our study suggests that this type of drip, at least
in Rı́o Secreto cave, is uncommon. Another potential bias
could occur in association with drought years when summer
monsoon precipitation fails, as we document in this study
for the year 2016. In this case, due to the isotopic inertia
of drips fed by relatively large water reservoirs, stalagmite
d18O could underestimate the magnitude of a drought dur-
ing year one and would be expected to record the full mag-
nitude of multiyear drought with a delay of at least one
year. Finally, because the cave can experience ventilation
in some chambers and some drips are seasonal, more
detailed studies with farmed calcite should be carried out
to assess potential seasonal stalagmite growth biases.

6. CONCLUSIONS

We monitored surface and cave physicochemical condi-
tions, including the d18O and dD of over 1200 groundwater,
drip water and rainfall samples in the Rı́o Secreto cave sys-
tem, located in the Yucatán Peninsula, México, for three
consecutive years. Isotopic data from drip water is inter-
preted to reflect two end-members of integration of rainfall
amount: approximating the annual amount-weighted iso-
topic composition of rainfall or the annual arithmetic aver-
age isotopic composition (unweighted). Drip waters
represent different integration times of rainfall accumula-
tion with a lag from few days to up to three months and
can be placed within the context of these two end-
members. The intra-annual isotopic amplitude variability
of 16 drips examined represents 5% to 95% of the observed
isotopic amplitude of rainfall. Drip waters that do not mod-
ulate the isotopic amplitude of rainfall and that preserve the
isotopic signal of individual rainfall events are, however,
rare. Only 2 drips out of 16 were found to have potential
to record the negative rainfall isotopic excursions associ-
ated with tropical cyclones if sampled at weekly resolution,
but these still underrepresent the isotopic magnitude of
individual rainfall events. Because the isotopic composition
of drip waters approximate either the annual arithmetic
average of rainfall (small reservoir effect) or the annual
amount-weighted isotopic composition of rainfall (larger
reservoir effect) when integrated over a year, quantitative
rainfall reconstructions from stalagmite d18O records are
feasible on annual or longer resolutions (e.g. sensu

Medina-Elizalde and Rohling, 2012). Stalagmite d18O
sub-annual variability, however, is likely to underestimate
the seasonal variability of rainfall amount due to amplitude
modulation of the rainfall isotopic signal during infiltration
into the cave environment. We found that an individual
drip may record the most intense rainfall events that occur
during the summer season or, alternatively, may integrate
over three years of rainfall accumulation. Isotopic inertia
associated with most drip waters results in an underestima-
tion of the magnitude of a drought that lasts one year, and
a delay of at least one year in recording multiyear droughts
by stalagmite d18O records. Lastly, we provide evidence
that the effective recharge in the YP karst system is not lim-
ited to the months when precipitation exceeds evaporation.
This important hydrological finding has implications for
freshwater management and adaptation strategies to cli-
mate change in the YP.
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