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ARTICLE INFO ABSTRACT
This manuscript was handled by Huaming Guo, Monitoring studies are necessary to better understand the hydrological processes affecting the isotopic signature
Editor-in-Chief, with the assistance of Prosun of cave waters, which are ultimately recorded in speleothems that are used as paleoclimate archives. This

Bhattacharya, Associate Editor research examines changes in the isotopic composition (5'80 and §2H) of precipitation as it infiltrates through

the epikarst and into the Jumandy cave, located in the western Amazon Basin (Ecuador). Meteorological and
hydrological parameters were monitored outside and inside the cave, and isotope analyses were carried out in
waters from rainfall, an underground river, and drip-water at two sampling sites in the cave between April 2019
Paleoclimatic reconstructions and February 2020. At monthly timescale, the rainfall weighted isotopic composition monitored at our stations
Amazon was strongly correlated with the mean precipitation amount. However, when considered at weekly time-steps,
Amount effect the correlation is only moderate. This implies that the variation of the isotopic composition in the study area
cannot be interpreted exclusively as an amount effect. Isotopic values and back-trajectory modeling show that
the isotopic signature was affected by the moisture source effect associated with upstream rainout. The moisture
flux is dominantly from an east to northeast direction and moisture mainly originates over the Atlantic Ocean,
passing through the Amazon Basin. A significant fraction of moisture is associated with local sources within the
Amazon Basin. This aspect is confirmed by d-excess values of rainfall and the Local Meteoric Water Lines
(LMWLs) that indicate an influence of the high evapotranspiration rate of the Amazon region on the isotopic
composition of local rainfall. The infiltrated water resides for about three weeks in the epikarst and then pre-
cipitates forming speleothems (residence time). However, this short residence time needs to be confirmed with a
longer monitoring period. Despite the different magnitudes of the dripping rates, the isotopic values at the two
monitored sites are similar. This suggests that the dripping discharge rate is affected by the karst structure, but
the isotopic signature reflects the mixing of individual rainfall events above the cave. Therefore, 8'%0 in spe-
leothems from these caves is mainly recording short-term precipitation changes linked to regional and large-scale
atmospheric circulation.
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Stable isotopes

1. Introduction percolated rainwater within the carbonate layers (Clark, 2015).

Thereby, these structures provide high-resolution records, capable of

Solutes dissolved in percolated water, such as calcium carbonate, retaining the isotope variability of the rainfall at interannual time-scale,

dripping in cave environments, allow for the formation of speleothems allowing us to reconstruct past climatic variability (Fairchild et al.,

that grow in layers over time as carbonate precipitates (Luo et al., 2013). 2006; Fuller et al., 2008; Matthews et al., 2000; Rozanski et al., 1997;
As they grow, the speleothems retain the isotopic signature of the Wainer et al., 2011).
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The rainfall isotopic variations in tropical regions result from the
combined effect of altitude, rainfall amount, moisture source, and
Rayleigh distillation (Gat and Matsui, 1991; Grootes et al., 1989;
Rozanski et al., 1993). The altitude effect consists of progressive isotopic
depletion due to orographic uplift and condensation of water vapor
(approximately —2 to —3 %o of §'80/km) (Gonfiantini et al., 2001), as
the uplift leads to cooling, condensation and preferential removal of the
heavier isotopes, thereby rendering the remaining water vapor
increasingly more depleted in heavy isotopes at higher elevations
(Hurley et al., 2016). In tropical South America, oxygen isotopic ratios in
speleothems are mainly reflecting the degree of rainout upstream asso-
ciated with Rayleigh distillation during transport (Dansgaard, 1964);
hence they record changes in monsoon dynamics and convective activity
over the Amazon Basin (Campos et al., 2019; Grootes et al., 1989;
Vimeux et al., 2005; Vuille et al., 2012), the amount of precipitation
(amount effect) (Moquet et al., 2016) and changes in moisture source
(source effect) (Lee et al., 2009). The amount effect is dominant in areas
close to the moisture source such as in coastal areas (Craig and Gordon,
1965; Lachniet, 2009). In the Peruvian Amazon and the Andes, on the
other hand, the long-range transport from source to sink lead to pro-
gressive loss of heavy isotopes along the moisture pathway and therefore
a stronger imprint of the degree of rainout upstream, reflecting large-
scale monsoon dynamics (Vimeux et al., 2005; Vuille et al., 2003;
Vuille et al., 2012). On the other hand, the source effect dictates the
origin and trajectory of an air mass linked to processes of evaporation,
relative humidity, and degree of rainout upstream (DRU), that influence
the isotopic signature at the ultimate precipitation site (Ampuero et al.,
2020; Kanner et al., 2013; Vimeux et al., 2005; Vuille and Werner,
2005). DRU refers to the amount of precipitation upstream, integrated
along the trajectory of an air mass. Therefore, far from the moisture
source, the isotopic composition of rainfall is not a straightforward
function of the local rainout, instead, it reflects the history of the
convective processes that occurred along the atmospheric moisture
transport pathway. This factor is relevant to the interpretation of isotope
records in the Andes.

The isotopic signature measured in the cave drip-waters may differ
from the one originally observed in rainfall due to multiple processes
acting in the soil, epikarst and fractures in the transmission zone (Con-
stantin et al., 2018; Dhungana and Aharon, 2019), which have impli-
cations to the isotopic signature recorded in the speleothem carbonate
(Dreybrodt and Scholz, 2011; Fairchild et al., 2006). Cave drip waters
reflect a long-term weighted mean of the isotopic composition of pre-
cipitation (Chapman et al., 1992; Moquet et al., 2016; Williams and
Fowler, 2002; Yonge et al., 1985) and paleoclimate reconstructions
based upon speleothems require adequate calibration, as the fraction-
ation processes are site-specific (Duan et al., 2016). Therefore, ensuring
a modern understanding of the processes that may alter the isotopic
composition in a speleothem is key to calibrate the proxy archive for
reconstructing past rainfall variability, temperature changes, or atmo-
spheric circulation at various timescales (Cobb et al., 2007; Dhungana
and Aharon, 2019; Lambert and Aharon, 2010; Polk et al., 2012).

In the Amazon Basin the study of climate controls on isotopic vari-
ability and how they related to hydroclimate, and atmospheric circula-
tion, are limited. The few existing studies indicate that, over continental
areas, DRU explains a significant fraction of the observed variance in the
isotopic composition of rainfall on weekly to monthly timescales
(Ampuero et al., 2020; Della Libera et al., 2022; Kanner et al., 2013;
Villacis et al., 2008; Vimeux et al., 2005; Vuille and Werner, 2005). In
contrast, the meaning of the speleothem isotope records from areas
covered by Amazon Forest at the Andes foothills is not fully understood
(Cheng et al., 2013; Mosblech et al., 2012). A more recent study has
attributed the differences in 8'80 variability across the basin to be a
function of the relative contribution from local recycled moisture from
evapotranspiration versus transported moisture from distal sources in
the tropical Atlantic, where the first source dominates over areas in the
western Amazon (Wang et al., 2017). Mosblech et al. (2012) performed
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a paleoclimate study over the last 100 kyrs using four stalagmites from
Santiago cave (Ecuadorian Amazon) and established that the past
recorded history of rainfall in this part of the Amazon was controlled by
the North Atlantic Oscillation (NAO). However, since this study was not
calibrated with local information, does not account for the possible in-
fluence of other regional and local effects.

The present study seeks to analyze the relationship between isotopic
variability in modern rainfall, drip-water, and water from river drain-
ages inside the Jumandy cave, located in the westernmost part of the
Amazon River basin. The results of a weekly monitoring program are
reported for the period from April 2019 to February 2020, and compared
with meteorological variables and the transport history of air masses to
determine the most relevant controls on the isotopic signature of rain-
fall. This investigation allows for a more detailed understanding of the
cave environment and provides a reference to calibrate paleoclimate
studies in this region.

2. Study area

Two rainfall collecting sites were surveyed for isotopic analysis, one
at Universidad Regional Amazonica Ikiam represented as Ikiam station
(0°57' S, 77°51' W; 610 m) and the other at the Jumandy cave entrance
referred to as Jumandy station (0°52’ S, 77°47' W; 650 m), located in
western Amazon Basin, in the Napo province, Ecuador (Fig. 1). The cave
lies in the Napo Formation, which consists of Cretaceous marine lime-
stones interbedded with shales that were uplifted during the Cenozoic
(Estupinan et al., 2010; Hoorn et al., 2010). Limestone formations cover
about 5-10 % of Ecuador’s surface area (283.560 km?) and their out-
crops lead to the formation of karst aquifers, mostly in the Amazon Basin
(Constantin et al., 2018). The Jumandy cave was formed by the disso-
lution of the 70-90 million-year-old limestones that belong to the Napo
karst system (Sanchez et al., 2017). The cave has a length of 2 km and
has a narrow entrance of 2 m that connects to several branches and an
underground river called Lluya Yaku that flows permanently inside the
cave (Bauz and Mena, 2015). The monitoring took place at 550 and
1500 m distance from the cave entrance, respectively (Fig. 2). The
average thickness of the epikarst is 8.6 m, and the strata that constitute
the vadose zone are unconsolidated material, limestone rocks, highly
fractured limestone rocks, and limestone bedrock (Rivera, 2022).

Climatological information recorded at Archidona station (0°55’ S,
77°49' W; at 2.6 km distance from the study area) from 2001 to 2014
indicates a mean annual precipitation and temperature of 4091 mm and
23.9 °C, respectively. This region is close to the equator; therefore it
receives more of its precipitation associated with the annual march of
convective activity over the site which occurs twice a year, in March to
May (Espinoza et al., 2009). The percentage of annual precipitation
recorded in austral winter (June-July-August, JJA) and spring
(September-October-November, SON) was 27 % and 23 % respectively.
The lowest precipitation amount (20 %) fell in austral summer
(December-January-February, DJF) with minimum of —-233 mm/month
recorded in January and the highest precipitation (29 %) in autumn
(March-April-May, MAM). The precipitation is quite equally distributed
around the year, as one would expect for a site located so close to the
equator. The mean annual cycle of air temperature in the Amazon Basin
shows that highest temperatures are reached ahead of the rainy season.
Once convective cloud cover builds up during the rainy season, the
surface receipt of solar radiation is reduced, thereby lowering temper-
ature at the surface (Garreaud et al., 2009).

3. Methods

Due to the Coronavirus pandemic (COVID-19), the study was inter-
rupted from March to December 2020 and was resumed in January
2021. There is a four-week gap included in the monitoring period, due to
bad weather conditions and a National Protest in Ecuador in October
2019. In the weeks where sampling did not occur, the drip volume and
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Fig. 1. Map of study site. A) The stations: Iquitos, Manaus, Urucu, Palestina, and study site. B) Location of Napo province in Ecuador. C) Napo province with Napo
and Tena geological formations. D) Locations of Ikiam and Jumandy stations where meteorological measurements and sampling of isotopic composition of rainfall

were monitored.

the isotopic composition were accumulated for 15 days. The weekly
relative drip-rate was then determined based on the drip volume and the
monitoring time. The drip-water isotopic data were plotted on the Local
Meteoric Water Line (LMWL) and Global Meteoric Water Line (GMWL),
which indicated that there is no significant difference between the iso-
topic signature accumulated during 15 and 7 days.

No outliers were discarded, as they were considered representing
reasonable observations of an unusual climatic situation. The statistical
procedures applied were: 1) Spearman correlation (p) to detect signifi-
cant relationships between the meteorologic and isotopic variables. This
coefficient was considered because it is range-based and robust to the
influence of outliers. 2) Simple linear regression to build the LMWLs. 3)
ANOVA to compare the regression lines (LMWLs) and detect if there are
significant differences between the intercepts and slopes.

3.1. Monitoring outside the cave

Rainwater samples were collected weekly (42 weeks) for isotopic
analyses employing two rain-gauges located at Ikiam and Jumandy
stations following the protocols of IAEA/WMO (2014) (https://www.
iaea.org/). The rain-gauges consisted of a funnel connected to a 4 L
tank placed inside a reflective white box to avoid thermal changes that
could lead to evaporation and isotopic fractionation during rainfall
collection. The water from the tank was mixed and stored in 60 mL air-
tight amber glass bottles avoiding air bubbles. The samples were kept
refrigerated at 4 °C prior to isotopic analysis. The meteorological vari-
ables were recorded with an automatic meteorological station at the
Ikiam site (https://meteorologia.ikiam.edu.ec/) and a Data-Logging
Rain Gauge RG3-M with a calibration accuracy of + 1.0 % (0.2 mm

measurement increments) installed above the Jumandy station. The
variables recorded were precipitation, air temperature and relative
humidity.

3.2. Cave monitoring

The drip-water gauges (DW1 and DW2) were installed inside the
Jumandy cave following the methodology described by Dhungana and
Aharon (2019). Each gauge consists of a funnel of 0.1 m diameter con-
nected directly to a 1 L hermetic plastic bag that stores the percolating
water from an active stalactite. Water from cave drainage was collected
at two locations as depicted in Fig. 2 (WF1 and WF2) to compare the
isotopic composition in the main drainage and its tributary. The samples
were collected weekly in amber glass bottles of 60 mL sealed without
headspace and refrigerated at 4 °C until analysis.

Two onset Hobo Pro v2 data loggers (accuracy: + 0.21 °C from 0 to
50 °C; resolution: 0.02 °C at 25 °C) were installed at 300 and 1500 m
distance from the entrance of the cave to measure the air temperature
and relative humidity every 10 min to check the climate variability in
the cave (Fig. 2). These records were converted to weekly averages to
match the temporal resolution of the isotopic water sampling. To
determine the dripping discharge rates for the speleothems and inves-
tigate the flow characteristics of the water that infiltrates in the epikarst,
the time it takes to fill a known volume was calculated weekly. Also, the
water level of the river inside the cave was measured to determine the
water fluctuation in real-time using the HOBO U20L Water Level Data
Logger (resolution: < 0.014 kPa). The water level (H) was used to
calculate the flow or runoff (Q) within the cave applying the Q-H curve
on a daily time-scale.
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Fig. 2. Jumandy cave map depicting the monitoring sites. The cave has two
main branches with three speleothem formation sites (brown dots) of which
two have been monitored. Green triangles represent the locations of the two
dripping-water gauges (DW1 and DW2). The violet circles represent sites where
the underground drainage was sampled (WF1 and WF2). Orange squares
represent the HOBO sensors located near drip-water gauges to record the air
temperature and relative humidity. The pressure sensors are located at 300 m of
the cave entrance (yellow rhombus). The water flow of the stream is to the
northeast of the Jumandy cave (blue dash line). Modified from Sanchez
et al. (2017).

3.3. Stable isotope analysis

The isotopic composition of 252 water samples was analyzed for
hydrogen and oxygen (5?H and 5'20) in rainfall (n = 84), drip-water (n
= 84), and cave drainage (n = 84). Samples with solid debris were sifted
with a 0.45 pm mesh diameter cellulose filter. The analysis was con-
ducted in the Laboratorio Nacional de Referencia del Agua (LNRA) at the
Universidad Regional Amazonica Ikiam, using Laser Spectroscopy (Los
Gatos Research LWIA — 45 EP). Water samples were processed ac-
cording to IAEA/WMO (2014) protocols with standards obtained at
different heights within Ecuador. The standards used in the study were
validated by IAEA and are listed in Supplementary material: Table A.1.
Results are expressed in parts per mil (%o) relative to the international
isotopic measurement standard Vienna Standard Mean Ocean Water (V-
SMOW), with an analytical precision of + 0.1 % for §'80 and + 0.3 %o in
the case of 52H. The monthly weighted average for precipitation and
deuterium excess were also calculated (Supplementary material: Text
A.2).

3.4. Back-trajectory model

Seven-day air parcel back-trajectories were computed with the
HYSPLIT 5.1 model (HYbrid Single-Parcel Lagrangian Integrated Tra-
jectory 5.1) (Rolph et al., 2017; Stein et al., 2015) using ERA 5 data on
pressure levels (Hersbach et al., 2018a) and at the surface (Hersbach
et al.,, 2018b) in 0.75° x 0.75° resolution (~80 km). Back-trajectories
were initiated at the Ikiam station, at the height of 1000 m above
ground level (~730 hPa), within the lower atmospheric layer where the
most significant moisture transport to the study site takes place. They
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were simulated once a day over the monitoring period, accounting only
for the back-trajectories that initiate on precipitation days at the Ikiam
station. Although this period is too short to describe the climatology, we
consider it appropriate to illustrate the source variability during the
observation period (for more details about the calculations see Supple-
mentary material: Text A.3). Due to the proximity of the monitoring
stations (about 10 km), back-trajectory simulations are performed only
at the Ikiam station, as computations at Jumandy station would lead to
very similar results. To obtain the representative patterns of the back-
trajectories and assess their frequency and timing, a cluster analysis
was performed. The Hierarchical Clustering Analysis algorithm with
Squared Euclidean distance from the HYSPLIT was applied. To further
assess these results, we compared the clusters with composites of the
regional anomalies of precipitation and vertically integrated moisture
flux.

3.5. Degree of rainout upstream (DRU)

Precipitation along the moisture transport pathway, often referred to
as degree of rainout upstream (DRU) is a major control on the isotopic
composition of precipitation in continental locations where precipita-
tion results from large-scale moisture transport. We estimated DRU by
pairing GPM daily precipitation with the calculated back-trajectories,
and accumulated precipitation along the back-trajectory up to the
monitoring site. Only precipitation over the continent was considered.

To compare DRU with the isotopic data, we calculated weighted
mean values using the local precipitation amount observed at the Ikiam
station. Thereby, we account more accurately for the contribution of
each precipitation event with a unique DRU value, to the monitored
isotopic signature of precipitation.

4. Results and discussion
4.1. Isotopic composition of rainfall

The meteorological variables and isotopic composition of rainfall
recorded at Jumandy and Ikiam stations indicate that they behave very
similarly as they fluctuated mostly in-phase on a weekly basis (Fig. 3).
The 82H and 8'®0 of precipitation are closely correlated (p = 0.99; p-
value < 0.01) at both stations. The isotopic rainfall samples ranged from
~16.9 to 1.0 (%0) for §'80 and from —124.1 to 17.8 (%) for 5°H at
Jumandy station; and from —16.5 to 0.3 (%o) for 580 and from —122.8
to 10.8 (%o) for 82H at the Ikiam station. The mean §'80 and 8H values
at Jumandy station were —6.4 and —38.3 (%o) respectively, whereas at
Ikiam station they were —5.8 and —34.2 (%o) (Fig. 3C and D). Monthly
values of §'%0 at Ikiam and Jumandy stations were estimated through
means weighted by the amount of rainfall. The depleted monthly §'%0
values at Ikiam and Jumandy stations coincide with the highest pre-
cipitation amounts (Fig. 4). The 8'80 timeseries at the study site were
compared with two nearby sites in the Amazon Basin available in the
Global Network of Isotopes in Precipitation (GNIP) database hosted
within the IAEA (Fig. 4B) and with data from two independent studies.
IAEA stations included were: Manaus (3.70°S, 60.10°W, data from 1965
to 1999) and Iquitos (3.49°S, 73.22°W, data from 2006 to 2012), located
in Brazil and Peru, respectively. The other records were published as
part of a study conducted by Ampuero et al. (2020) from 2012 to 2018 at
the Palestina station (5.92°S, 77.35°W) in the Peruvian Amazon and a
stable isotopes study carried out by Souza et al. (2015) from 2008 to
2009 in the Urucu Oil Province (4.52°S, 65.18°W) in the Brazilian
Amazon. The mean §'80 value from the Palestina station (—6.59 %o),
Urucu (—6.36 %o) and Iquitos-GNIP station (—5.72 %o) feature similar
values as Ikiam (—5.7 %o) and Jumandy (—6.3 %o) stations. On the other
hand, the most eastern station is characterized by less depleted values
(Manaus, —4.07 %o), due to a shorter distance to the moisture source in
the Atlantic (reduced Rayleigh fractionation). The most negative values
are recorded in the periods of March-June and October-December
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Fig. 3. Isotopic monitoring of rainfall and
meteorological variables. The monitoring was
realized at Jumandy station (blue color) and
Ikiam station (orange color) on a weekly time
scale. A) Rainfall amount. B) Air temperature.
C) '%0 values of rainfall. D) 8°H values of
rainfall. E) d-excess values of rainfall. The light
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(Fig. 4B). The ANOVA results show that the means of the isotopic values
were similar between all stations and the information reported in this
study (F = 1.32; p-value = 0.269). This means that despite the difference
in the monitoring time, the seasonality of the monthly mean isotopic
composition did not change.

For Jumandy station, the 8'30 and 82H values of rainfall display a
moderate negative correlation with the weekly precipitation amount,
significant at the 95 % level (p = —0.39 and p = —0.38, respectively;
Table 1). In comparison a higher correlation, significant at 99 % level is
observed between 8'80 and 82H values with precipitation accumulation
at Ikiam station (p = —0.51 and p = —0.50 respectively; Table 1). The
rainfall amount effect is more strongly observed on monthly, intra-
seasonal, or interannual time scales than in weeks, days, or hours (Risi
et al., 2008; Rozanski et al., 1993). In the Jumandy cave, the correlation
of rainfall amount and isotopic data, taken at weekly timescales,
explained 15 % of the variance. However, when the temporal weighting
for the isotopes of precipitation shifted from weekly to monthly values,
the correlation increased (p = —0.65; p-value = 0.03), which means that
42 % of the variance was explained. In a study carried out at Cajas in the
southwest of Ecuador a moderate correlation between 880 and rainfall
amount on a weekly scale (r = —0.37; p-value < 0.01) and a strong one a
monthly scale (r = —0.60; p-value < 0.01) were found (Esquivel-
Hernandez et al., 2019). This large unexplained variance in the short-
term variations is a consequence of processes that were omitted in the
regression analysis, such as convection, cloud microphysics, cloud types,
and humidity transport that affect the isotopic composition of rainfall
(Aggarwal et al., 2016; Hastenrath, 1997). These processes are included
when calculating monthly means, despite not being directly controlled
by rainfall amount, but by factors mentioned above (Hoffmann, 2003;

Feb Mar

Villacis et al., 2008; Vimeux et al., 2005). Therefore, the weekly moni-
toring scale of this study allows for a better perspective of the physical
convective processes that influence the isotopic signature compared to
those accumulated over periods of months.

The parameters that control the rainfall isotopic composition in
tropical areas have not been fully understood due to the limited spatial
coverage and temporal resolution of the available data (Hoffmann,
2003; Vuille, 2018). The amount effect is expected to be significant in
places closer to the moisture source, as long as no long-range transport
has occurred. Studies carried out in the tropics (Munksgaard et al.,
2019), especially those performed in South America (Gastmans et al.,
2017; Salati et al., 1979; Souza et al., 2015; Vimeux et al., 2005)
including the Amazon Basin in Ecuador (Windhorst et al., 2013) show
that isotopic variability is associated primarily with regional, rather
than local, upstream convective activity. Consequently, 8180 values in
this study site are not solely controlled by the amount effect, but, by
moisture source effects and the transport history (condensation, rainout,
and mixing with air masses that have undergone evapotranspiration) of
air masses (Wang et al., 2017). The 8180 values did not increase when
precipitation declined at the end of rainy season, during the first and
second week of June, when the 8'0 values remained very negative,
reaching values of —16.7 and —13.6 (%o), even though rainfall remained
below 100 mm. One explanation for these values is that at the end of the
rainy season, precipitation is fueled by moisture that is very depleted in
180 reflecting the end of intense convection upstream over the Amazon
Basin. This delayed effect was documented over the Peruvian Andes by
Hurley et al (2015). Hence, at the end of the rainy season highly
depleted moisture produces lighter than expected §'80 values, even for
small accumulation events.



A. Jiménez-Iniguez et al.

A
D |kiam station . Jumandy station
600
£ 400
3
£
©
4
200
0
B - |kiam station (2018-2020)
- Jumandy station (2019-2020)
Palestina station (2012-2018)
01 - Iquitos (2006-2012)
- Urucu (2008-2009)
- Manaus (1965-1990)
C
2
T
-10

Mar  Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb

Fig. 4. Behavior from 8'®0 of rainfall in relation to precipitation. A) Monthly
record of precipitation at Jumandy station (blue bars) and Ikiam station (orange
bars). B) Variation of §'80 at stations located in the Amazon basin at Palestina
(yellow dot-line) and Iquitos (brown dot-line), located in Peru; Urucu (green
dot-line) and Manaus (purple dot-line), located in Brazil; Ikiam station (orange
dot-line) and Jumandy station (blue dot-line) of this study in Ecuadorian
Amazon. The 580 values at Palestina, Ikiam, and Jumandy station represent
monthly means, weighted by the amount of rainfall, while the others are
monthly mean GNIP values. §'80 values of rainfall have bimodal behavior that
is impoverished between March-June and September-November.

There is a weak negative correlation between the §'80 values of
rainfall and air temperature (T) and relative humidity (RH), both at
Jumandy station (T: p = —0.02; RH: p = —0.12) and Ikiam station (T: p
= —0.05; RH: p = —0.04); none of these correlations are significant at
the 95 % level (Table 1). This indicates that the temperature effect does
not influence the §'80 variations of the local rainfall on short timescales,
which is consistent with previous studies in the Andes (Vuille et al.,
2003; Hardy et al., 2003). The study site experiences a mean annual
temperature of 23 °C that increases by 1 °C in August and September,
therefore the lack of a significant temperature-relationship is entirely
consistent with its very low seasonal amplitude. Also, there was no
correlation, significant at the 95 % level, between weekly d-excess and
temperature at Jumandy station (p = —0.19; Table 1), but there was a
moderate correlation, significant at the 99 % level, between d-excess
and temperature at Ikiam station (p = —0.45; Table 1). This means that
the seasonal temperature variation in the study area is just too low to
imprint any significant isotope effect in rainfall but it could leave an
imprint in the d-excess. However, the monitoring time is too short to
draw any firm conclusions.

The monthly precipitation-weighted isotopic values were used to

Table 1
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construct the LMWLs which were plotted together with the GMWL
(Fig. 5). The LMWL of Jumandy and Ikiam stations are: &°H =8.30 +
0.10 8'80 + 14.64 + 0.33, n = 42 and §°H = 8.33 + 0.20 8'%0 + 14.65
+ 1.28, n = 42, respectively. The slopes of the LMWLs from Jumandy
station (8.30) and the Ikiam station (8.33) overlap and are consistent
with the GMWL slope (8.0). The LMWLs intersections of Jumandy sta-
tion (14.64) and the Ikiam station (14.65) are higher than the global
average value of 10 (Fig. 5). In comparison, the LMWLs from other
nearby places in the Amazon Basin were §2H = 8.40 §!%0 + 16.74 for
Palestina station, 8°H = 8.50 880 + 13.65 for Iquitos, §%H = 7.96 §'%0
+10.25 for Urucu, and §%H = 8.14 880 + 12.96 for Manaus station. The
intercept values from the LMWLs (d-excess) presented here are slightly
above of the range of 9.80 to 14.60 (%o) proposed by Salati et al. (1979)
as typical values in precipitation resulting from air masses that cross the
Amazon. It can be attributed to the reduced recycling and to secondary
processes of re-evaporation and mixing of air masses that move across
the Amazon and precipitate in the local area (Dhungana and Aharon,
2019; Rozanski et al., 1993). A study conducted by Staal et al. (2018)
established that 32 % of rainfall over the Amazon Basin is produced by
total evapotranspiration. The Amazon rainforest reintroduces heavy
isotopes into the atmospheric vapor (recycled moisture) where §'%0
values of these air masses are thereby enriched in heavy isotopes (Gat
and Matsui, 1991; Martinelli et al., 1996; Villacis et al., 2008). D-excess
allows evaluating the extent of moisture recycling (Araguas-Araguds
et al., 2000; Froehlich et al., 2002; Gat and Matsui, 1991; Salati et al.,
1979). At Jumandy station, the monthly average values of d-excess

Monitoring sites
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Fig. 5. Scatter plot of 5'80 and 6H in precipitation, cave drip-water, and water
from river drainages. LMWL of Jumandy station (blue line) and Ikiam station
(orange line) plotted in relation to the GMWL (red line). Shown are the values
of §'80 and §°H of drip-water at site 1 (DW1, red dots), site 2 (DW2, dark blue
dots), of meteoric water at Jumandy station (MWC, blue dots) and at Ikiam
station (MWI, orange dots), and of water from river drainages at site 1 (WF1,
pink dots) and at site 2 (WF2, green dots). Central part of this graph (dashed
box) is enlarged for clarity.

Spearman’s correlations between isotopic values from rainfall and meteorological variables. §'%0 and §2H in relation to temperature (5§'%0 - T, 82H - T), precipitation
(8'80 - P, 8°H - P), and relative humidity (§'®0 - RH, 8°H - RH) and the correlation between temperature and d-excess (T — d-excess) on the weekly time scale.

Stations Temperature Precipitation Relative humidity

5% &H d-excess 80 &H 80 &H
Jumandy station —0.02 —0.01 —0.19 —0.39* —0.38* -0.12 —0.13
Ikiam station —0.05 —0.07 —0.45%* —0.51** —0.50** —0.04 —0.05

* Denotes significant p-value < 0.05.
** Denotes significant p-value < 0.01.
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during the monitoring period was 12.7 %o. The highest monthly values
were measured from July to September (13.9, 15.6, and 14.8 %o). The
lowest values were measured from April to May (10.7 and 11.0 %o.) and
from December to January (9.8 and 10.9 %o).

4.2. Stable isotopic composition of cave drip waters

The 880 drip-water values ranged from —6.8 to —6.3 (%o) for DW1,
and from —6.9 to —6.3 (%0) for DW2. The 8%H ranged from —41.9 to
—40.3 (%o) for DW1, and from —42.6 to —40.6 (%0) for DW2. The
average value of weekly 8'80 drip-water was —6.6 and —6.7 (%) for the
sites DW1 and DW2, respectively, while the values of §2H were —41.0
and —41.6 (%o0) for DW1 and DW2, respectively. This average difference
of 0.1 %o for 8'%0 is on the order of the analytical precision, while the
8%H is higher (0.5 %o). This indicates that there were no strong local
effects altering the 5!80 signature between the two monitoring sites. The
reasonable variability of mean values together with the low amplitude of
8180 and 8%H values for drip-water values eliminates the possibility of
strong evaporation of meteoric water along with the percolation of the
water inside the cave. Therefore, it is likely that the O'® values of pre-
cipitation are well preserved in the drips that precipitate and form
speleothems.

The discharge characteristics differ at the two monitoring dripping
sites (DW1 and DW2) within the same cave. The dripping discharge rate
ranged from 3.66 to 11.60 (mL/h) for DW1 at dripping site 1 (Fig. 6) and
from 6.07 to 6.97 (mL/h) for DW2 at dripping site 2 (Fig. 7), and the
average rate collected weekly was 7.71 and 6.56 (mL/h) respectively. At
DWI1, rainfall measurements recorded a peak in the last week of May

A
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(Fig. 6A), which is reflected three weeks later in the depleted §'80 drip-
water values (Fig. 6B). Likewise, in the first week of June precipitation
decreases, and three weeks later an increase of 820 drip-water values is
observed (Fig. 6C). AtDW2, the correspondence between the increase in
precipitation during the last week of May and the depletion of 8'20 in
the first week of June is more clearly observed (Fig. 7). The slightly
inverse response three weeks after each event indicates a negative cor-
relation between the two parameters. The behavior of dripping water is
related to the intensity of the events since, after an intense event, part of
the water infiltrates and the rest contributes to runoff. If these events are
repetitive, the water saturates the epikarst, favoring infiltration. This is
what happens in the Jumandy cave, mainly at DW2, where the drip
volume responds relatively quickly in a way that is typical of caves with
a shallow epikarst.

The average epikarst is 8.6 m, and the strata that constitute the
vadose zone consist of unconsolidated material, limestone rocks, highly
fractured limestone rocks, and limestone bedrock (Rivera, 2022). The
cave is located in a tropical zone characterized by the presence of
organic matter over the cave and high amounts of precipitation, which
means that there is a high dissolution of the carbonate rocks that favor
the conduits and fractures exist that allow a fast flow of water in the
karst (Hu et al., 2015; Maloszewski et al., 2002). The discharge rates in
both sites varied because after a precipitation event the hydraulic head
increases within the karst, where the drip volume is dampened and
redistributed due to the complexity of the karstic system (Tooth and
Fairchild, 2003). The §'%0 and 8%H values for drip-water compared to
the rainfall signature (Figs. 6 and 7) and drip-water values plotted over
the LMWLs (Fig. 5), confirms water and (therefore) isotopic mixing in
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Fig. 6. Characteristics of the weekly drip water at site 1. A) Weekly rainfall amount. B) Dripping discharge rate. C) 5'%0 values.
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Fig. 7. Characteristics of the weekly drip water at site 2. A) Weekly rainfall amount. B) Dripping discharge rate. C) 5'80 values.

the epikarst. This result was expected because the drip-water isotopic
signature results from multiple precipitation events that supply water
that is mixed within the epikarst (Bar-Matthews et al., 1996; Cruz et al.,
2005). Caves with a shallow epikarst are generally ideal for high-
resolution paleoclimatic studies since the water infiltrated into the soil
and vadose zone experiences shorter residence times (Cruz et al., 2009;
Strikis et al., 2011).

The d-excess is a useful parameter to check if evaporation is occur-
ring as water percolates through a karst aquifer (Dansgaard, 1964). The
d-excess of drip-water ranged from 9.8 to 13.3 (%o) at DW1, and from
10.0 to 13.5 (%0) at DW2. The average values of d-excess were 11.6 and
11.8 (%o) similar to the rainfall values of Ikiam and Jumandy stations
(Fig. 3E), which indicates absence of evaporation during water seepage
through the soil and epikarst. Evaporation within the cave associated
with low relative humidity could also affect the d-excess measured in the
drip water, however, evaporation is negligible in Jumandy cave where
temperature fluctuations are minimal year-round (ranging from 22.46 to
22.82 °C at site 1 and from 22.58 to 23.13 °C at site 2) and relative
humidity always remained at 100 %. It also indicates optimal conditions
for paleoclimatic studies based on speleothem isotope records.

The isotope values from the river drainages at WF1 ranged from —7.2
to —6.1 (%o) for 8'%0 and —44.5 to —38.9 (%) for 82H. At WF2 they
ranged from —7.0 to —5.2 (%o) for 8'80 and from —45.2 to —31.6 (%o) for
82H. The average 820 values of water from river drainages were —6.6
%o at WF1 and —6.5 %o at WF2. The average 82H values were —41.7 %o at
WF1 and —40.1 at WF2. 8'80 values from the cave waters, covary be-
tween the two monitoring points considering the analytical un-
certainties (0.1 %o). The correlation between isotopic composition of

rainfall and river drainages for WF1 is weak and non-significant (p =
0.08; p-value = 0.62) whereas at WF2 the correlation is strong and
significant (p = 0.53; p-value < 0.01). These results are consistent with
the idea of higher transmissibility of water that percolates the main
drainage of the cave (WF2) that is more directly fed by rainfall by
conduit porosity, while its tributary receives a significant contribution
from water from a fissured aquifer that accumulates in the vadose zone.
In Fig. 5, this is evident as WF2 values are dispersed in the LMWLs
(susceptible to fractionation processes greater than stored water in the
epikarst) in response to the fast infiltration. Also, there was a significant
correlation at 99 % between rainfall amount and the water level inside
the cave, as well as rainfall and water flow. The weekly hydrograph
depicted in Fig. 8, corroborates that the behavior of the flow inside the
cave showed an instantaneous response following a precipitation event.

4.3. Variability of moisture sources

In this section, the dynamical aspects of moisture transport that
characterize the precipitation 8'80 signature areassessed through wind
back-trajectory analyses using the HYSPLIT model (e.g., Ampuero et al.,
2020; Fiorella et al., 2015). In addition, composite maps of vertically
integrated moisture-flux and rainfall anomalies are computed consid-
ering each cluster of the back-trajectories. Overall, 8'0 of rainfall
showed a stronger correlation with DRU (r = —0.55, p < 0.01), than
with local precipitation (r = —0.41, p < 0.01) during the monitoring
period (Supplementary material: Table A.5). In the different seasons, the
isotopic signature of tropical rainfall is influenced by the origin of air
masses (moisture source effect) (Villacis et al., 2008). The results
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Fig. 8. Weekly hydrograph related to §'30 values inside the cave. A) The flow
of cave drainage water (red line) with respect to precipitation (blue bars). The
cave is recharged directly by rainfall. B) Weekly 130 values of drip water at site
1 (DW1, dark blue dot-line) and at site 2 (DW2, light blue dot-line) and water
from river drainages at site 1 (WF1, orange-red dot-line) and at site 2 (WF2,
pink dot-line). The figure provides evidence of rapid water entry into the
karst system.

confirm that air masses that reach the study site represent a combination
of large-scale moisture transport and local sources (Fig. 9). Large-scale
atmospheric circulation transports moisture originating primarily over
the Atlantic Ocean and passing through the Amazon Basin, following
mainly pathways from the northeast, east and southeast. Local moisture
sources are mainly associated with Mesoscale Convective Complexes
(MCCQ) (Fig. 9).

From December 2019 to February 2020, local sources associated
with cluster 3 (C3) are the most important for precipitation at the study
site (Fig. 10D). In fact, this period was marked by a drought in southern
Brazil, caused by a regional reduction of the moisture flux over the
continent and other large-scale processes (Gomes et al., 2021). This is
also evident in the composite analysis of precipitation, which does not
show large-scale systems organizing convection in C3, and shows
pervasive negative precipitation anomalies in the Amazon in all clusters
(Fig. A.4). Northeastern, eastern and southeastern sources (C1, C4, C5
and C6) also appear but their contributions to precipitation are small.
Moreover, DRU shows low values throughout this period (Fig. 10D).
Consequently, 8'80 of precipitation during this season was the highest
recorded (—4.75 %o) (Supplementary material: Table A.6).
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From April to May 2019, the main transport pathways are local,
represented by C1 and C3, and from the northeast, represented by C4
(Fig. 10A). As this is a transition period, it is expected that rainfall is
largely related to Mesoscale Convective Systems (MCSs). Moreover,
composites also show large-scale moisture transport from east to west
(Fig. A.4), and there is a very high DRU value associated with C4
(Fig. 10A). Convection related to the Intertropical Convergence Zone
(ITCZ) landward extension and associated upstream rainout along the
transport pathway (Villacis et al., 2008) lead to the most negative §'%0
of rainfall observed during the monitoring (—11.73 %o) (Supplementary
material: Table A.6).

From June to August 2019, the most frequent trajectories are local,
represented by C1 and C3, and from the southeast, represented by C2
(Fig. 10B). Large-scale moisture transport from the southeast and east
(Fig. A.4) are characterized by a lower depth of the trade winds, where
the wind speeds decrease. Conversely, DRU values of the most important
clusters are low. Hence, §'80 values of rainfall at the study site are
influenced by DRU, local moisture sources and evapotranspiration over
the Amazon Basin. Consequently, the 810 mean is relatively low (—6.12
%o) (Supplementary material: Table A.6). The d-excess of local rainfall is
the highest during this period (14.65 %), coherent with the moisture
flux pathways. Higher values of d-excess (>15) occur from July to
September, peaking in July and August, when the frequency of moisture
flux originating in the Amazon Basin is higher compared to the rest of
the monitored time series. This relationship supports the notion that d-
excess from the Amazon reflects the relative contribution of large-scale
moisture recycling to precipitation at the study site (Ampuero et al.,
2020).

Finally, from September to November 2019, the second transition
season the most frequent back-trajectories are related to local sources
represented by C3, and northeastern sources represented by C4
(Fig. 10B). DRU values remain low in all clusters. Under these condi-
tions, 5180 is relatively low (—6.30 %o) (Supplementary material:
Table A.6).

Although there are few back-trajectories originating in the Pacific
Ocean (C3 and C1), significant moisture contributions from the Pacific
to the study site are not likely under normal conditions. As air masses
from the Pacific reach the Andes, the orographic lift leads to cooling,
condensation and rainout over the western slope of the Andes. Once the
air masses descend on the eastern side and reach the study site, the
moisture content is too low to contribute significantly to precipitation.
In order for water vapor to cross the Andes from west to east, favorable
conditions with anomalously warm sea surface temperature (SST) in the
Pacific region linked to the weakening of the trade winds (i.e., El Nino
events) are necessary (Mayta et al., 2018). Hence it is unlikely that the
Pacific is a significant moisture source for the study site during the
monitoring period, although further monitoring should confirm this
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Fig. 9. Seven-day back-trajectories starting at the Ikiam station (star), at 1000 m above ground level (~730 hPa), from April 2019 to February 2020, considering
only back-trajectories starting on precipitation days. The panel on the left shows the average path with the frequency of back-trajectories in percentage for each

cluster, and the one on the right shows all back-trajectories.
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Fig. 10. Precipitation, DRU and 880 associated with each cluster of back-trajectories per season during the monitoring period. Accumulated precipitation (colored
bars), weighted mean DRU (line with dots) and weighted mean 5'80 (black bar) for A) April - May 2019; B) June - July - August 2019; C) September - October -

November 2019; and D) December 2019 - January - February 2020.

hypothesis. Rainfall during these periods is associated with moisture
transport originating over the tropical Atlantic, mixing with evapo-
transpiration in the Amazon and local moisture.

5. Conclusions

The LMWLs of rainfall at the Jumandy and Ikiam stations, plot on top
of the GMWL. The isotopic composition of precipitation shows a sea-
sonal cycle, varying with the moisture transport patterns resulting from
a combination of meso and large-scale convective systems. The isotopic
values and the calculated back-trajectories confirm that the water vapor
precipitating over the cave site presents the lowest 580 values in austral
autumn, which reflects the strong convection associated with upstream
rainout along the transport pathway, originating principally over the
landward extension of ITCZ region. The significant recycling of moisture
that occurs over the Amazon Basin influences the isotopic composition
of rainfall as indicated by the d-excess, with maximum values during
austral winter. These results are consistent with rainfall isotopic values
reported by other studies in the region.

The two dripping sites inside the cave present different discharge
characteristics. However, the isotopic signature of drip-water in both
sites is similar. This means that the isotopic signature of the drip-water is
buffered within the karst system and the drip-water represents a mixture
of precipitation from multiple rainfall events. It is suggested that the
storage time of the water within the epikarst is three weeks, typical of
caves with shallow epikarst. However, confirming this hypothesis would
require a longer monitoring period. On the other hand, isotopic values
and hydrological response of water from river drainages allow us to

10

conclude that the Jumandy cave, mainly site WF2, is fed directly by
rainfall at a local scale. Thus, the Jumandy cave has fractures in the
transmission zone that allow the continuous flow of water into the cave
and small fissures where the water seeps into the subsoil and trickles into
the epikarst.
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