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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson Speleothem paleoclimate records from the Peruvian Andes have been interpreted to reflect the strength of the
South American monsoon. While these interpretations have been verified through comparison with other
regional and global climate records, the mechanics of the cave environment that facilitate the preservation of this

signal with such consistency remain unstudied. Here, we present four years of environmental data from Huagapo

Keywords:
South American summer monsoon

Karst cave and Pacupahuain cave, and one year from Antipayarguna cave. The data reveal that the cave environment is very
Hydrogeochemistry 1k . . s . e s .

Stable isotopes stable with little to no change in temperature and 100% relative humidity year-round. This stability in cave air is
Calcite juxtaposed with the monsoonal drip water pulse that increases drip rates over 40 times on average across all

seven monitored drip sites. Compared to the amount-weighted precipitation average éilsomdp value, the cave
drip water 5'®0py values are evaporatively %0 enriched during infiltration through the soil/epikarst. As the
monsoonal precipitation pulse fades and drip rates decrease, changes in the drip water chemistry (trace elements
Mg/Ca and Sr/Ca, dissolved inorganic carbon 613CDW, and 8180DW values) indicate that prior calcite precipi-
tation (PCP) drives the trace element and 613CDW variability. The 613Cc and 6180c values of farmed slide calcite
are highly variable. However, high drip rate and lower cave air pCO; during the monsoon combine to increase
calcite precipitation rates. This causes speleothem records from these caves to be weighted toward annual
monsoon conditions. Calcite isotope values from actively growing stalagmite tops support this finding. These
results suggest that speleothems from these caves are sensitive to changes in monsoon precipitation amount,
because it determines the duration of the monsoon drip water pulse, and therein, the extent of dry season PCP.
Further, these data indicate that heterogeneity in the dolomitic limestone massif causes offsets between the
carbon isotopes and trace metal concentrations between the caves, highlighting the need to normalize these
datasets when chronology-stacking these proxies.

1. Introduction

Speleothem paleoclimate records provide high-resolution archives of
climatic change worldwide. Dating these records via U/Th produces
chronologies with low age uncertainty (~1%), facilitating the inter-
pretation of changes from orbital to annual temporal scales (e.g., Baker
et al., 2008; Cruz et al., 2009). To interpret past climatic change, these
climate histories overwhelmingly rely on the relationship between
modern atmospheric circulation and the oxygen isotope value of pre-
cipitation (alsopmip) that is imprinted on the 5180 value of cave drip
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water (6180DW) and, ultimately, the 5180 value of speleothem calcite
(880,). Modern cave monitoring studies significantly improve our un-
derstanding of how atmospheric climate signals transfer to the cave
environment. For example, investigations into the slsoc to 6180precip
relationship in multiple regions have found correlations to precipitation
amount, i.e., the amount effect, (e.g. Bar-Matthews et al., 2003; Cobb
et al., 2007; Lases-Hernandez et al., 2019; Thatcher et al., 2020), the
degree of rainout along the water vapor trajectory (Lachniet et al., 2012;
Wolf et al., 2020), and changes in moisture source region (Fleitmann
et al., 2003). In the absence of modern calibration studies, researchers
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often employ multiple speleothem proxies to verify climatic in-
terpretations; the most common of these are trace element concentra-
tions (Cruz et al., 2009), but in some cases, these proxies provide results
that are inconsistent with isotope proxies (e.g. Liu et al., 2020). A
modern understanding of cave dynamics can aid the interpretation of
trace elements as increased concentrations can result from prior calcite
precipitation (PCP) during drying in the overlying epikarst (Fairchild
et al., 2000) or non-climatic factors such as limestone composition and
dissolution dynamics (Pracny et al., 2019). While trace elements can
have multiple sources of variability, carbon isotopes of speleothem
calcite (83C,) are equally complex and underutilized. The 8'3C, value is
measured simultaneously with oxygen isotope analysis; however, these
data are rarely used because the values are impacted by many factors
including atmospheric COj, karst hydrology (PCP), the isotopic
composition of overlying vegetation and changes in biological produc-
tivity (Breecker, 2017; Biihler et al., 2022; Fohlmeister et al., 2020).
Despite the inherent complexity in 8§'3C, records, several studies have
found that these data correlate with precipitation amount and 8'%0,
(Duan et al., 2021; Li et al., 2020; Meckler et al., 2012; Vaks et al., 2003).
Monitoring studies have shown that 5!3C, values are sensitive to pre-
cipitation and changes in water balance at some sites (Li et al., 2021)
while, at others, long residence times of water in the epikarst and PCP
can mask this relationship (Voarintsoa and Therre, 2022). Understand-
ing the modern cave environment has enabled further interpretation of
paleoclimate proxies and led to a proliferation of these types of validated
records (Bar-Matthews et al., 1999; Chen et al., 2016; Hardt et al., 2010;
Serrato Marks et al., 2021).

In South America, speleothem paleoclimate records from 29 caves
are currently in the SISALv2 database (Comas-Bru et al., 2020). Yet,
there are only a few modern cave monitoring papers from the continent,
and none at high elevations (Cruz et al., 2005; Jaqueto et al., 2016;
Sekhon et al., 2021). The lack of cave monitoring can lead to misinter-
pretation of speleothem archives. This was highlighted in a recent study
by Ward et al. (2019), who found that only one of several cave Sr isotope
records reflected South American summer monsoon (SASM) intensity
over the Holocene. Interior continental sites within the Amazon Basin
likely do not reflect SASM intensity, and these sites have been mis-
interpreted according to Ward et al. (2019). While most cave records of
5180, from South America are interpreted as reflecting the amount ef-
fect, this relation has not been verified by monitoring cave drip water. In
contemporaneous records over the past 120 thousand years (kyr), a
dipole has been present between the western and eastern sides of the
continent (Deininger et al., 2019). The dipole creates wet conditions in
the western Andes during periods of strong SASM and drought in the
eastern Nordeste region of Brazil due to atmospheric subsidence over the
region. However, the dipole is absent during episodic cold events in the
North Hemisphere (Heinrich and Bond Events and the Little Ice Age)
when proxies show wetter conditions throughout the continent (Dein-
inger et al., 2019). The apparent collapse of the dipole has been
explained by changes in the degree of moisture recycling (Wang et al.,
2017), secondary moisture sources (Zhang et al., 2016), and differences
in water residence times between cave sites (Wortham et al., 2017). A
recent comparison of Holocene 5180, and modern 6180predp in precipi-
tation by Campos et al. (2019) supports previous paleoclimates in-
terpretations showing that isotope values reflect changes in
precipitation amount throughout South America. However, further
modeling of these data by Orrison et al. (2022) suggests that multiple
factors other than precipitation amount govern isotopic variability
including air mass trajectory history, sub-grid cell centers of deep con-
vection, and atmospheric recycling. This uncertainty in our under-
standing of past speleothem records from South America needs to be
addressed. To this end, we present a multiyear cave monitoring study of
three caves from the Peruvian Andes.

To study the dominant factors influencing speleothem records in the
Junin region of the Peruvian Andes and to evaluate the potential inter-
and intra- cave stacking of these records over time, we report here an
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extensive physical and chemical dataset geared toward establishing
modern relationships between paleoclimate records and the contem-
porary cave environment including temperature, rainfall, and ventila-
tion dynamics. In this study, we hypothesis that previous paleoclimate
studies have found speleothem records of South American monsoon
strength in the Junin area caves because conditions within the cave
environment and karst hydrology facilitate the preservation of the
monsoon season in cave calcite. To test this hypothesis, we analyze four
years (2019-2023) of sensor observations from Huagapo and Pacupa-
huain caves (temperature, pressure, and relative humidity (RH)). We
combine this information with one year of periodic drip water, calcite
and cave air sampling from Huagapo, Pacupahuain, and Antipayarguna
caves to test whether or not 1) there are seasonal changes in the drip
water chemistry that correspond to changes in contemporaneously
collected precipitation (amount and isotope values) or cave conditions
(RH, drip rate, etc.), 2) farmed calcite and modern stalagmite isotope
values reflect annual or seasonal conditions, and 3) records from these
caves can be stacked even if there are systematic offsets between caves
that might persist through time. We discuss these findings in the context
of paleoclimate applications.

2. Study area

The study area is in the Andes Mountains of central Peru between the
Coastal Batholith and the Eastern Cordillera within the Maranén Fold-
Thrust belt (Fig. 1A). The area is the headwaters of the Amazon Basin,
making it a vital drainage basin for South America. The cave systems are
developing in the Triassic dolomitic limestone massif (INGEMMET,
2017). Tectonic activity is common in the region due to the subduction
of the Nazca plate beneath the South American plate on the coast 160
km west of our study area. The cave sites are within the temperate
climate zone, receiving 330 + 85 mm in annual rainfall, data from 2001
to 2022 at the Tarma met station averaged (Senamhi, https://www.se
namhi.gob.pe/?&p=estaciones, 08-24-23). The SASM delivers 78% of
annual rainfall between December and March during austral summer.
Monsoonal moisture is driven by land-sea temperature contrast between
the Atlantic Ocean and the South American continent (Garreaud et al.,
2003). As the ITCZ moves southward during arboreal winter, water
vapor evaporated over the Atlantic Ocean moves landward, and conti-
nental scale convection across the Amazon Basin results in moisture
transport to the high Andes. Meanwhile, dry winters frequently result in
drought throughout the region. The SASM intensity is modulated on
interannual timescales by temperature changes in the Pacific due to the
El Nino Southern Oscillation (ENSO). During the La Nina (cool) ENSO
phase, enhanced easterly winds intensify the moisture transport from
the Amazon, increasing rain in the region. The El Nino (warm) ENSO
phase causes westerly wind intensification and blockage of eastern
moisture, resulting in decreased rain in the region (Vuille and Werner,
2005).

The study area is between the montane puna grassland and the
wetter forested montane shrubland at elevations below 3500 masl. Soil
organic layer thickness averages 1 m in the region, although it can be
highly variable due to landslides resulting from the high erosion rate and
steep topography of the karst landscape (Zimmermann et al., 2010).
Vegetation is dominated by C3 plants especially ichu grass (Jarava ichu)
at high elevations above tree line, and polylepis trees (Polylepis multi-
juga) and shrubs at lower elevations (Powell et al., 2012).

Antipayarguna cave (11°16'S, 75°51'W, 4050 masl) is 85 m long with
a small stream running through it to the small entrance less than a meter
wide and is shallow with only ~50 m of bedrock above the entrance
(Fig.1). Pacupahuain Cave (11°15'S, 75°49'W, 3800 masl) is 800 m in
length with ~100 m of bedrock overburden (Fig.1). A stream runs along
several sections, the entrance is narrow with a chimney climb at 20 m
into the cave restricting airflow. Huagapo Cave (11°16'S, 75°47'W, 3600
masl) is 2.8 km long, with ~500 m of bedrock overburden and a large
river running much of its length year-round (Fig.1). Huagapo has several
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Fig. 1. Map of study area in the Peruvian Andes (A) and map of cave study sites (B). Cave maps are based on maps in (Sammartino et al., 1980). Sites H2 and H4 are

temperature monitoring sites data shown in Fig. 3b.

large rooms with three siphons separating cave segments. The main
entrance of Huagapo is large (~10 m), and the first 100-m section of the
cave is easily walkable and open to tourists. Following the river into the
cave, there are several low passes between sections (named Wonderland
and Wilderland) that may restrict air flow. All data here are collected
from the first 1 km section of the cave before the first siphon.

Huagapo and Pacupahuain caves have been the focus of several pa-
leoclimatic studies that have demonstrated regional and global climate
teleconnections on decadal to millennial scales (Burns et al., 2019; Burns
et al., 2015; Kanner et al., 2013; Kanner et al., 2013).

3. Materials and methods
3.1. Sensor data

Temperature, pressure, and relative humidity autonomous data-
loggers (Onset) were installed in Huagapo and Pacupahuain caves in
May 2019. In April 2022, additional dataloggers were installed in
Huagapo and Pacupahuain caves, including Driptych Stalagmate drip
counters (see SI Table 1 for sensor instrumentation details). In Anti-
payarguna Cave, a hand-held hygrometer and temperate sensor
(KESTREL 5500) was used to take spot measurements while in the cave.

A rain gauge (Driptych Pluvimate), temperature, and pressure sensor
(Onset) were installed outside Huagapo Cave in May 2019 (11°16'S,
75°47'W, 3500 masl). Huagapo precipitation was collected monthly
from 2019 to 2022 and then weekly from 2022 to 2023. Precipitation
was also collected monthly from 2019 to 2023 in the town of Junin (11°
9'S, 75°59'W, 4115 masl). Rain gauge volume was recorded by citizen
scientists at monthly sampling intervals. Precipitation samples were
stored in 15 ml plastic centrifuge tubes (Falcon) until analysis.

To determine how and when changes in surface rainfall amount and
relative humidity impact cave relative humidity and drip rate from 2019
to 2022, we use data from the nearby Tarma meteorological station
(~20 km SW of caves at 3100 masl). Rainfall amounts at the Tarma
station closely matched the Pluvimate rain amounts recorded
(2022—2023) at the Huagapo rain gauge (r = 0.57, n = 404, p <
0.0001).

3.2. Sampling methods

Cave drip waters were collected over several days during four sam-
pling trips in April 2022, June 2022, November 2022, and June 2023. At

each drip site, bulk drip water samples were collected at fast drips in
250 ml HDPE bottles, and slower drips were collected in 15 ml Falcon™
tubes. Additionally, a Syp (Waitkato Scientific Instruments™) automated
fluid sampler system was installed in Pacupahuain Cave Loft 1, which
collected samples every 72 h. All samples were filtered in the lab
through 0.2 pm polyethersulfone syringe filters (Sartorius, 16,532-Q)
and refrigerated until analysis. At several locations, bottles were left
between trips and at hourly intervals during cave visits to collect time
averaged drip waters. Where water volumes in the bottle were sufficient,
a YSI meter was used to measure cave drip pH and temperature. These
larger water samples were also filtered (0.2 pm) in the cave and stored in
50 ml Falcon™ tubes for total alkalinity analysis. The water samples for
isotope and trace metal analysis were collected in 15 ml Falcon™ tubes.
Drip water samples for §!3C of dissolved inorganic carbon (DIC) were
taken by directly collecting hanging drips with a syringe (or from res-
ervoirs in time composite samples), then injecting 0.1 ml of water
through the septa of a helium-flushed Exetainer® vial containing
phosphoric acid. The Pacupahuain and Antipayarguna streams and
Huagapo River were also sampled for the above parameters.

Cave air samples were collected in Exetainer® vials at each of the
main study sites within the caves by first collecting air in a 10 ml sy-
ringe, then injecting it into the open vial and repeating it three times per
vial. To prevent contamination from breath, air samples were taken by
one individual slowly walking into the area alone and sampling before
all other data collection commenced. Cave air pCO2 concentrations in
November 2022 were determined by collecting air in a 10 ml syringe in
the cave and then measuring the samples on a PP Systems EGM-4
infrared CO, gas analyzer outside the cave, within several hours of
collection. In June 2023 cave air pCO, concentrations were measured
with colorimetric gas stain tubes and hand pump (Rae Systems).

Pre-scratched glass slides were placed below drips in each of the
main study sites. Slides were harvested and replaced after each visit to
the caves (~ 3 months) except for several left for the entire year of
sampling (June 2022-June 2023). Four stalagmites from Huagapo-
Wilderland with observed active drips were collected to obtain larger
modern calcite samples.

To determine endmembers of trace metal and carbon sources,
vegetation, bedrock, and soils were sampled above the caves.

3.3. Laboratory analysis

Stable water isotope analysis (5'%0 and §2H; VSMOW) was done via
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cavity ring-down spectroscopy (L2140-i Picarro, USA) in high-precision
mode. Briefly, 1.8 pl of filtered (0.2 pm) water was injected into the
vaporization module heated to 110 °C; the sample volume was flushed
with artificial air between analyses. Sample analysis consisted of 15
repeat analyses, followed by 20 min of integration time on each injec-
tion, and the average of the final five injections were used in calculating
data to eliminate any memory effects between samples. Data were
normalized to the SMOW-SLAP scale using USGS-47 and USGS-48
standards. The VSMOW2 reference standard was run (n = 78) in each
analysis to evaluate proper calibration to determine precision. Mea-
surement precision reported as the standard deviation for §'%0, and 8°H
is 0.08 and 0.54%o, respectively.

Stable isotope analysis of calcite, DIC, and air was conducted via
isotope ratio mass spectrometry (IRMS) on a GasBench II coupled to a
Thermo-Finnegan Delta Advantage IRMS following methods in Kelemen
et al. (2017), Graniero et al. (2021), and Thermo Finnigan (2004)
respectively. Approximately 80 pg of calcite was reacted with >99%
phosphoric acid in He flushed Exetainers at 55 °C for at least 3 h. DIC
isotopes were analyzed at room temperature (27 °C), and data were
corrected for volume as described in Gillikin and Bouillon (2007). The
last seven of eleven sample injections were averaged for calcite and DIC
analysis. Air carbon isotopes were also analyzed at 27 °C, samples were
injected eleven times, and the last five injection peaks were used. Data
were normalized to the VPDB scale using IAEA 603 and NBS-18 stan-
dards for regression-based normalization. Precision for §!3C and §'%0 is
0.06%o (10) or better based on analysis of IAEA 603 (n = 40). Stable
isotope analysis of soil and plant material was done using the same IRMS
coupled to a Costech elemental analyzer via a Thermo ConFlo IV. Data
were normalized to the VPDB scale using IAEA-N-2 and IAEA-600
standards. Precision for 8'3C is 0.05%o (15) or better based on analysis
of IAEA-N-2 (n = 8).

Trace metal concentrations in drip water were determined by
inductively coupled plasma — mass spectrometry (ICP-MS). Drip water
samples were diluted to approximately 80 ppm Ca by adding 0.5 ml of
filtered drip water to a 3 ml 1% HNOjs solution prepared with trace metal
grade HNOs and deionized water (>18 MQ/cm). Samples were analyzed
for Mg, Ca, and Sr on an Aglient™ 8900 Quadrupole Inductively Coupled
Plasma- Mass Spectrometer (ICP-MS) following multiple-element stan-
dard-bracketing methods (Yu et al., 2005). Internal standards Sc and In
at 100 ppb were added in-line via the autosampler during analysis.
Calibration matrix-matched standards were run every ten samples
created from gravimetrically prepared serial dilutions of Inorganic
Ventures elemental stock solutions. Analytical precision was +/— 0.01
mmol/L (16). Accuracy for drip water analysis was determined from the
National Research Council Canada SLRS-6 (n = 70) and AQUA-1 (n =
28) certified reference materials, the relative standard deviation was
within 10% or less of reported values (see SI Table 2 for individual an-
alyte information).

Total alkalinity was determined based on methods described in
Bouillon et al. (2012, 2014) using a MetrOhm 888 Titrando™ autoti-
trator and 869 compact sample changer with 0.1 mol 1! HCI as titrant;
reproducibility (16) was typically better than +6 pmol kg~ based on 20
replicate analyses of an in-house standard.

3.4. Modern calcite modeling

The ISOLUTION model was used to predict the 5180, and 5'3C,
values of calcite from sampled drip waters under observed cave condi-
tions (Deininger et al., 2019). The model input parameters are included
in the supplement (Table SI. 3) and do not include measured calcite data.
Briefly, for each cave, the maximum and minimal observed values for
the following parameters were used: temperature, relative humidity,
drip rate, alkalinity, cave air pCO,, drip water SISODW and SIBCDW
values. We use the temperature-dependent isotopic fractionation factor
for water-calcite of —0.177%o/°C from Tremaine et al. (2011) for cave
calcite precipitation. The results of these model runs are then compared

Chemical Geology 667 (2024) 122315

to the observed isotope values of in-situ farmed calcite slides and
modern stalagmite tops. By modeling the calcite from the drip water
chemistry and sensor data alone, we can test our understanding of the
cave system and the interpretation of calcite isotope values.

4. Results
4.1. Cave monitoring

Sensor data indicate that Huagapo and Pacupahuain cave tempera-
ture fluctuate more near the entrances and during the monsoon season
(Fig.2). Exterior temperatures measured outside of Huagapo cave indi-
cate that the average range of the diurnal cycle (24-h avg. = 11.2, 6 =
6.0 °C) is greater than inter-seasonal variability (annual avg. = 11.2, ¢
=1.6 °C) (SI Fig.1). Temperature sensors at Huagapo entrance (100 m)
show a prominent dip in temperatures at the onset of the monsoon
season (November to mid-January). Internal cave temperatures at the
Wonderland section of Huagapo Cave (avg = 10.9 6 = 0.1 °C) show
small seasonal increases in temperature during the monsoon (~ 0.3 °C).
In contrast, the Wilderland Section of Huagapo Cave (avg = 10.7 ¢ =
0.1 °C), the Loft Section of Pacupahuain Cave (avg =11.5 6 = 0.0 °C) and
the Aframe Section of Pacupahuain Cave (avg =11.6, ¢ = 0.0 °C) tem-
perature sensors show no change outside of sensor accuracy (0.2 °C)
over the observed period (Figs. 2 & 3). The spot measurements of
Antipayarguna— Gravel Room in June 2023 air temperature was 13.2 °C.

Cave relative humidity was 100% in most areas of Huagapo and
Pacupahuain caves indicating that in-cave evaporation plays no role in
water/calcite isotope fractionation. Cave relative humidity at Huagapo —
Wilderland, Pacupahuain — Aframe, and Pacupahuain - Loft Room was
100% with no variation outside of the +2.5% sensor accuracy (Fig. 3).
However, relative humidity was not measured in the Wonderland area
of Huagapo or Antipayarguna.

Cave pressure recorded in the caves is slightly lower compared to
outside atmospheric pressure because of differences in the altitude of the
sensors (Fig. 2). The mean outside Huagapo pressure 670 (¢ = 2) hPa
(3500 masl), is within sensor accuracy 6 hPa of inside Huagapo- Wil-
derland 667 (c = 2) hPa (3600 masl) and is slightly higher than Pacu-
pahuain-Loft Room 643 (¢ = 1) hPa (3800 masl). Air pressure decreases
with increasing elevation due to thickness of the overlying air column.
Accounting for this offset in elevation between Pacupahuain and outside
Huagapo, there is a 25 hPa difference due to elevation and, therefore, no
difference between mean outside and in-cave pressure within sensor
accuracy. Subtracting the mean from these pressure sensor series to
account for these issues we see that the cave pressure is lower than
surface pressure throughout the year (Fig. 3). Changes in outside at-
mospheric pressure are mirrored by cave air pressure at Pacupahuain—
Loft/Aframe (r2 = 0.98) and Huagapo- Wilderland (12 = 0.96), indi-
cating diurnal exchange of air even though temperature and relative
humidity remain constant. Pressure sensor data follow a diurnal cycle
with high pressures at night and low pressures during the day. This
diurnal cycle is present in both the in-cave and outside sensor time series
(SI Fig. 3).

Drip rate at several sites in Huagapo and Pacupahuain caves
increased during the monsoon season but lagged precipitation onset.
Precipitation for the 2022-2023 year at the Huagapo cave rain gauge
was similar to the reported historical average from the nearby city of
Tarma, with a total rainfall of 500 mm and is seasonal with 63% falling
during the monsoon between December and March. All drip counter
data fall within the seepage flow category based on discharge and
covariance under the Smart and Friedrich (1987) classification (SI.
Fig. 4). Drip counter data indicate that the drip rate increases over 40-
fold on average for the seven drip sites during the monsoon season
compared to dry season conditions. Drip rate curves show flow along
both matrix and fractured conduits within caves (Fig. 3), as classified in
Treble et al. (2022). The drip rate response is synchronous; during the
2023 monsoon (December 2022 to April 2023), two fracture-fed drips in
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Fig. 2. Four years of monitoring data from outside and inside Huagapo and Pacupahuain caves. All data plotted in grey are from outside the caves, while inside
parameters are plotted in color and coded by cave and study area (Pacupahuain — PAC is orange, Huagapo — HUA is blue for the Wilderland area and Wonderland is
purple). Outside precipitation (grey) and relative humidity are from the nearest city of Tarma (Senamhi, https://www.senamhi.gob.pe/?&p=estaciones, 08-24-23).
Additional precipitation data (black) is from a Pluvimate sensor at the station installed outside Huagapo cave. Outside pressure and temperature are from our
meteorological station directly outside Huagapo Cave. Inside cave temperature from Huagapo Wilderland (blue) is from two overlapping temperature loggers. The
drip rate is from a fracture-fed drip in Pacupahuain Loft-1. The gap in cave sensor data was due to a lack of access during the pandemic. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Pacupahuain and one in Huagapo cave resumed on the same day
(February 21st, 2023).

4.2. "0 and d-excess of precipitation and drip water

The 6180Dw and d-excess values of drip water are higher than annual
amount-weighted precipitation values. Precipitation isotope values at
the two precipitation sampling sites, Junin (avg. 6180precip =-15.6,6 =
6.0%o; avg. d-excess = 12.0, 6 = 0.2%0) and Huagapo (avg. 6180precip =
—14.4, 6 = 7.0%o; avg. d-excess = 8.2, 6 = 3.7%o) are offset with the
higher elevation Junin site (4115 masl) being 1.2 %o lower than the
station directly outside Huagapo cave (3500 masl). These time series
show similar trends over the year, with lowest isotope values in the
monsoon season (Fig. 4). Precipitation isotopes decrease with increasing
rain amount (% = 0.58,n =66, p < 0.0001). Drip water in the caves falls
along a local evaporation line with the Antipayarguna being the least
evaporated and Pacupahuain being the most evaporated. A sinkhole
lake, Laguna Gallerina (3900 masl, area = 1 kmz), is located above
Pacupahuain cave (3800 masl). The water isotope values %0 =
—11.2%o, d-excess = 4.2) show that the lake water was evaporated
(during June 2023 sampling), this sample plots on the far end of the
local evaporation line (Fig. 5).

The 6180Dw and d-excess drip water 2022-2023 time series from the

Syp autosampler in Pacupahuain cave compared with precipitation over
the year show that drip water isotope values mirror precipitation vari-
ation over the year with some degree of lag time between the two
timeseries. The Syp autosampler was set to collect drips over a 72 h
window, and vials were empty from August to February. Then, in late
February, the drips resumed filling all remaining vials in the carousel
(the Syp malfunctioned and continuously sampled all drips instead of
moving to the next sample position after 72 h). The Syp 5'80py time
series increases +2.0%o0 during August 2022; at that time SISOPrECip is 9%
higher than the amount-weighted mean value. In contrast, the drip
waters collected during an intermittent sampling trip in April 2022
during the monsoon drip water pulse show a much smaller increase
(Fig. 5). Between April 2022 and June 2023 there was a small increase in
the difference between 8'%0pw drip water averages for Antipayarguna
(+0.4%o), Pacupahuain (+0.3%0), and Huagapo (40.2%c). While pre-
cipitation 6180precip over the year was highly variable (6 = 7%o), the
5180pw values fall within a much smaller range over the year with the
standard deviation between all trips SISODW < 0.4 (Table 1).

4.3. Cave air COz §"°Cgy and pCO; concentration seasonal changes

Cave air pCO, was measured in November 2022 and June 2023 for
Huagapo-Wilderland/Wonderland, Pacupahuain-Aframe/Loft Room


https://www.senamhi.gob.pe/?&amp;p=estaciones

E. Olson et al.

A PAC Aframe
115
HUA-Wilderland [e)
—_— 11.02
(]
— P 3
1053
(o)
10.0
HUA-Entrance
B 95
150 4 k150
>
©
O 1001 100 9
%] o
2 Q.
a Rand °
k%) 3
S 50 50 3
(o]
'_ 1
—— f"-'\wr
0 /_‘L deodcal 2l jl- Ahm Lo
Apr2022  Jul2022  Oct2022  Jan2023  Apr 2023
DATE

Chemical Geology 667 (2024) 122315

100

O

(%))
o
(%) HY

Surface-Cave Pressure (hPa)Surface-Cave Pressure (hPa)

051
2o 1Tl 1l A S AL -
-051
1.0
Apr2022  Jul2022  Oct2022  Jan2023  Apr2023
Date

Fig. 3. Sensor data for the 2022-2023 year. A) Temperature data for Huagapo and Pacupahuain. Huagapo temperature data along transect from entrance (black) to
Wonderland (purples) and Wilderland (blues). Pacupahuain temperature data for Aframe (red) and Loft 1 (yellow). B) Drip rate per day for two drip sites in Huagapo
Wilderland (blues), four drip sites in Pacupahuain Loft 1 (yellows) and Aframe (reds) shown with precipitation from outside Huagapo (grey). C) Relative humidity
inside (red) and outside (grey) the caves. D) Pressure Outside Huagapo minus inside Huagapo-Wilderland (blue). E) Pressure Outside Huagapo minus inside
Pacupahuain-Loft Room (orange). Panels D and E have the mean removed from the data series shown in Fig. 2; sensor resolution range is denoted by the dotted black
lines. Precipitation from outside Huagapo. The relative humidity data are overlapping from two sensors in Pacupahuain Loft 1 and Aframe and two sensors in
Huagapo Wilderland they do not deviate from 100% outside of sensor accuracy. The offset between Huagapo and Pacupahuain pressure is due to the elevation
difference of 200 m. Inside cave pressure mirrors outside cave pressure in time. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

and in Antipayarguna during June 2023. In Huagapo and Pacupahuain
the pCO; values are higher in November than June. But this does not
correspond with a change in the 613Cair of cave air CO».

Thed'3C,y values of cave air CO, were measured during each of the
four intermittent sampling trips. Changes in §'3C,;; values between
seasons are small (1-1.5%o) indicating that cave ventilation is likely a
diffuse gradual process (Figs. 6 and 7). The 8'3C,;; values are lowest
during the monsoon when soil biological activity is at its peak.

4.4. Mean calcite §'80, and §'3C, differences between caves

To determine the main controls on calcite oxygen isotope values
(6'%0,) we compared farmed calcite values with 5'80pw of drip water
H50 and Slsoprm-p at our two stations along the same elevation gradient
as the caves (Table 1). While the precipitation data show an small
negative shift in slsopmip with increasing elevation the calcite 5'%0, do
not. The difference between the three caves average drip water 6180Dw
is small (0.8%o., VSMOW). Similarly, the calcite 6180C values overlap.
However, the calcite 5180C range (4%o, VPDB) is much larger than that of
drip water.

To determine the main controls on calcite carbon isotope values, we
compared farmed values with 5'3Cpw of drip water DIC, cave-air COo,
bedrock, and soil carbon (Table 2). The cave calcite SBCC is offset be-
tween the cave sites. There is no difference in vegetation 5'>C sampled
around and above the caves. The dark micritic limestone bedrock
sampled within and outside of Huagapo and Pacupahuain caves aver-
ages +1%o. Antipayarguna cave is located at the contact between the
Pucara and Mitu group. The Mitu group is comprised of red sandstones,
with 8'3Cgg around —12%. the carbonate cement in these sandstones is
closer in value to farmed calcite from the cave (avg = —6.9%o) than the
Pucara carbonate bedrock (avg = +1%o.). This likely reflects the ongoing

calcite deposition of Pucara carbonate on the poorly consolidated
eroding Mitu sandstone bedrock unit. Therefore, the Pucara group is the
dominant bedrock unit and has a consistent SISCBR value. The éilg’Cair
value of cave air COj is +3%o higher in Huagapo (avg = —16.2%o0) than
the other two caves (avg = —19.0%o), despite the soil and vegetation
samples from around the caves being nearly identical in 5'3C (avg =
—26.0%0, 6 = 1.6) (SI Fig. 2). A similar offset is observed in the § 13CDW
of drip water DIC with Huagapo values being +3.5%o higher than
Pacupahuain and Antipayarguna.

4.5. Bedrock source mixing and seasonal prior calcite precipitation (PCP)

The dolomitic limestone massif is heterogenous with respect to
common trace elements (Mg and Sr) between study sites. However, in
individual cave areas the host rock trace element ratios are constant,
with the exception of drip waters from the Huagapo — Wilderland South
Room. To calculate the limestone versus dolostone contribution to trace
elements in drip waters we use the end-members for bedrock in Trem-
aine and Froelich (2013) and the mixing lines for constant Sr and Mg
partition coefficients based on measured cave temperature and equa-
tions in Wassenburg et al. (2020). Bedrock for drip water flow paths
ranges from 20 to 90% limestone in Huagapo cave, Pacupahuain cave is
less variable with 65-85% limestone, and Antipayarguna cave is
30-20% limestone (Fig.8). The Huagapo Wonderland drip waters are
90% limestone. The two outlier samples, which plot near the Huaga-
po-Wilderland average drip waters are both from the H2 stream bed
drip site (Fig. 1) that is between Wonderland and Wilderland. Actively
growing stalagmites on the Wonderland loft and adjacent stream ledges
therefore do not have a heterogenous bedrock source. In contrast,
Huagapo-Wilderland has a large range of values from 30 to 75% lime-
stone however, this range comes from a specific section of
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Huagapo-Wilderland- South Room. All samples with <60% limestone
are from the South Room, while Drip Room and North Room fall within
the smaller 70-60% limestone range.

Increasing values along the In Mg/Ca and In Sr/Ca mixing lines
(Fig. 8) indicate that PCP occurs at each site. Pacupahuain-Loft Room
shows the greatest extent of PCP while Pacupahuain-Aframe and Hua-
gapo-Wonderland also show a wide PCP extent. In contrast, Huaga-
po-Wilderland and both areas in Antipayarguna shows a much smaller
range in PCP extent.

Intermittent sampling time series of trace elements indicate that the
timing of peak prior calcite precipitation occurs during the dry season
(Figs. 6 and 7). The increased values in Mg/Ca occur along with peaks in
6180Dw and 613CDIC values indicative of PCP in drip water at the sites.
The PCP peak occurs in the dry season at both Pacupahuain and Hua-
gapo cave (June-November). The Pacupahuain-Loft Room Syp auto-
sampler series caught this transition at its onset at that site for those

drips feeding into the autosampler funnel.
4.6. 5§80, and 5'3C, of seasonally farmed calcite

The measured isotopic composition of in-situ farmed calcite differ
from the ISOLUTION model output (Fig.9). Farmed calcite slides, in
many cases, plot outside of the expected ISOLUTION modeled values for
equilibrium calcite precipitation based on sensor and chemistry drip-
water data inputs. The model data predict that the 5'3C. values for
Antipayarguna and Pacupahuain caves should be lower than those
measured. Measured Huagapo cave 8'3C, values fall within the modeled
range. For 880, values, we find that there is a much larger range of
values measured than the model predicts suggesting that disequilibrium
processes are active throughout all caves over the course of the year.
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Fig. 5. Cave drip water and outside precipitation isotope values in 8*H and
580 space (in %o). In panel A, the local meteoric water line (dotted black,
LMWL) plots near the global meteoric water line (solid black, GMWL), the
LMWL is 5°H = 7.4 x 8'%0 + 2.5. The cave drip waters fall along the local
evaporation line (grey), 8%H = 4.77 x 5'%0 -40.8. Panel B is the same as A but
zoomed out to show full range of precipitation isotope data, box outlines extent
of plot A within B.

5. Discussion
5.1. Seasonal changes in the cave environment

5.1.1. Cave ventilation and pCO,

Previous cave monitoring studies show that cave venting events can
cause abrupt changes in air circulation leading to decreases in relative
humidity, favoring evaporation and increasingSlgOc values (Fairchild
and Baker, 2012). Likewise, venting can lower cave air pCO_, causing
calcite precipitation rates to increase (e.g. Oster et al., 2012), which
leads to incomplete exchange between air and drip water pCO; prior to
calcite precipitation resulting in higher 5!3C. values. For this reason,
understanding cave ventilation processes at a site is critical (Fairchild
et al., 2006). In convective caves, ventilation causes large swings in cave
air conditions that typically occur during winter when colder denser air
sinks into the cave displacing warmer cave air (Gomell and Pflitsch,
2022). Tropical caves may not follow this predictable model because
diurnal temperature fluctuations are greater than seasonal changes
(James et al., 2015) or in other cases, water saturation of the epikarst in

Table 1
Isotope values of cave drip water and calcite samples.
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monsoon regimes prevents seasonal ventilation and leads to CO5 accu-
mulation irrespective of temperature changes (Bernal et al., 2023). In
our study, we found that Huagapo and Pacupahuain caves are at slightly
higher pressure than the surface. This overpressure should result in a
slight pressure gradient (1 hPa) between the outside atmosphere and the
cave inducing air flow out of the caves (Fig. 3). At Huagapo—-Wonderland
we see a slight increase in the temperature during the monsoon (Fig. 2).
The increased temperature may be from increased atmospheric cave air
exchange at that time. Alternatively, this heat signature may be from the
drip water pulse as water enters the cave during the monsoon. The
temperature fluctuations at the entrance to Huagapo indicate air cir-
culation and thermal advection (Fig. 3). This effect is dampened within
the first 300 m of the cave where temperature becomes invariable when
thermal conduction likely controls cave temperature (Dominguez-Villar
et al., 2023). While the physical process of air exchange in these caves
warrants further investigation, the constant temperature and relative
humidity data sets suggest a very stable cave environment with no
abrupt events in the time series.

Seasonal shifts in cave air circulation and drip water chemistry alter
the rate of calcite precipitation and therein can lead to large geochem-
ical variability in dynamically ventilated cave systems. The geochemical
properties of stalagmites are impacted, because in these systems calcite
precipitation may outpace solute equilibration of species in the precip-
itating water film to varying degrees as cave air and drip water chem-
istry change. How calcite precipitation rates will differ in response to
seasonal changes in the cave environment can be quantified using the
equation from Dreybrodt and Fohlmeister (2022):

F = a(cea—K(T)¥/Pcoz )

Where calcite precipitation rate (F) is a function of the precipitation
constant a, the concentration of calcium in drip water (c.,) in mmol/L,
the constant K, the concentration of cave air pCO5 in atm (pco2) and
temperature in degrees Celsius (T). The constants are temperature
dependent K = —0.16 x T + 11.13 and « =0.52 + 0.04 T + 0.004 T2 *
107>, where T is in degrees Celsius. Using this equation, we see that
increased calcium concentrations and decreased cave air pCO, favor
higher precipitation rates in general. For these calculations, we assume a
water film thickness typical for speleothem surfaces of 0.01 cm. The
average precipitation rates for Huagapo and Pacupahuain caves are
higher in June 2023 than in November 2022. Huagapo-Wonderland is
30% higher in June 2023 right after the wet season (9.5 x 10 " em3/s)
as compared to November 2022 at the end of the dry season (6.9 x
10~ em®/s). While, Pacupahuain-Aframe is 50% greater in June 2023
(2.2 x 10719 ¢cm3/s) compared to November 2022 (1.1 x 10710 em3/s).
June growth rates at Huagapo-Wilderland (6.8 x 107! cm®/s) and
Pacupahuain-Loft (6.6 x 10 em?3/s) are 100% greater than November
2022 when dissolution conditions likely occur due to very high pCO; in
those areas. While we do not have measured monsoon pCO values, we
can infer that the concentration drops between November and June.
Further, the monsoon February Syp autosampler drip waters from the

Water, %0 VSMOW

Calcite, %o VPDB

Cave Avg. 580w 0 5%0pw Avg. c Avg. d-excess n Avg. c n
Area 8%Hpw 8%Hpw 880, 8'%0,
Antipayarguna
Flowstone Room -14.7 0.4 —110 2.0 7.6 7 - -
Gravel Room -14.6 0.2 —-109 0.7 7.8 7 -12.5 1.6 5
Huagapo
Wilderland —14.4 0.2 -109 0.9 6.2 67 —10.4 2.9 10
Wonderland -14.8 0.2 -111 1.2 7.4 26 -12.0 1.3 5
Pacupahuain
Aframe Room —14.0 0.2 —106 1.2 6.0 17 —9.2 2.8 13
Loft Room —14.0 0.3 —110 1.2 2.0 114 -85 2.0 10
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Fig. 6. Intermittent sampling of drip water from the two main study areas in Huagapo. Increased values on all shown variables indicate drying conditions. The
highest range in values for all parameters occurs right before the start of the monsoon season in November.

Pacupahuain-Loft had the highest measured calcium concentration of
the year (data not shown). The combination of lower pCO; and higher
calcium concentration in drip rate, therefore, will favor higher calcite
precipitation rates during the monsoon and directly after. These factors
will combine to produce speleothem calcite records that have a greater
amount of calcite from the monsoon season. It is important to note that
both Huagapo and Pacupahuain have an increasing pCO, gradient from
the entrance inward. These pCO; gradients will cause the calcite satu-
ration state to depend more on the distance from the entrance rather
than seasonal changes. This means that growth rates for Huaga-
po-Wonderland and Pacupahuain-Aframe will be faster than Huaga-
po-Wilderland and Pacupahuain-Loft.

Since cave ventilation can profoundly impact the composition of
precipitating calcite, many cave monitoring studies focus on the timing
of cave ventilation (eg. Borsato et al., 2024; Genty and Deflandre, 1998;
Gomell and Pflitsch, 2022). For example, daily cyclic ventilation in
Anjohibe Cave in Madagascar was observed by changes in both pCOy
and RH (Voarintsoa et al., 2021). While in Buraca Gloriosa Cave
Portugal, three stochastic ventilation events occurring over a six-year
period were recorded by abrupt decreases in RH (Thatcher et al.,
2020). In Pacupahuain and Huagapo Caves where we have multiple
years of hourly monitoring data, we see no deviations in RH or tem-
perature outside of the sensor accuracy. However, we do see a decrease
in the pCO, of cave air following the monsoon season (2000 ppm dif-
ference between seasons; Fig. 6). It is difficult to explain why cave air
pCO2 would decrease during the monsoon as drip rates increase since
drip water is the primary source of CO; in most caves. However, CO, can
fluctuate in response to in-cave stream absorption, biological produc-
tivity, or even influx from deep-seated thermal geogenic sources. While
our measurements were taken with two different methods between
November 2022 and June 2023, the measured difference between

sampling trips (30-80%) is greater than the reported accuracy of these
methods (10%). Therefore, we do not think this decrease is due to
analytical techniques. We hypothesize that cave air COy drawdown
during the wet season may be biologically mediated, though future
research should test this. The change in pCOy combined with our
chemistry and sensor data provide evidence for diffuse cave-
atmospheric exchange rather than rapid ventilation events. Rapid
shifts in cave atmosphere can lead to kinetic fractionation effects in
calcite and the absence of these events in our caves suggests that this
diffuse air exchange is a more favorable ventilation mechanism for in-
cubation of speleothems for paleoclimate records.

5.1.2. Karst Storage and prior calcite precipitation

Karst storage, defined here as the water held for a time in the
interconnected fissures, fractures and conduits within a relatively low-
permeability rock matrix, can cause differences in lag time between
precipitation events and cave drip water chemistry. Karst terrains with
larger storage have greater potential for longer lag times between sur-
face climate conditions and preservation in the speleothem record
(Genty et al., 2014; Suri¢ et al., 2018). The drip rate data show an in-
crease during the monsoon (Fig. 3), indicating that there is low karst
storage. Drip sensor data show that at diffuse and fracture flow type
dominated drip sites waters travel through both primary (pore space)
and secondary (fractures) porosity. The fracture dominant flow paths
stop during the dry season in the Pacupahuain-Loft Room Syp time se-
ries and one drip counter from Huagapo-Wilderland. These drips
resumed on February 21st, 2023. Total monsoon rainfall prior to
February 21st was 194 mm, which may mark a reservoir threshold.
However, it is possible that the threshold for effective recharge is lower
due to lag time in flow paths. The reservoir threshold may be as low as
100 mm, the average monthly evapotranspiration rate, which is
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Fig. 7. Intermittent sampling of drip water from the two main study areas (color coded) in Pacupahuain. Continuous Syp autosampler drip waters (black triangles)
show the higher dry season peak in Juen and lower monsoon season values in late February. Increased values on all shown variables indicate drying conditions. The
highest range in values for all parameters occurs in June-August 2022, but this peak does not repeat in June 2023.

invariable throughout the year in this tropical location (Munoz et al.,
2021). During our November sampling trip, drips were difficult to find.
In fact, many attempts to continuously monitor a single drip during this
project were thwarted by drips stopping between visits. We attribute this

to low karst storage capacity in the system.
Low karst storage is also suggested by the drip water time series and
precipitation comparison. The Syp autosampler was located under

several fracture-fed drips, and the 5!80pwvalues over the year increased
from the monsoon to dry seasons. This increase may also be caused by
evaporation in the epikarst of monsoon season recharge along flow paths
or by infiltration of higher 5'80 precipitation during the dry season. We
find the second scenario most likely because the most evaporated
5180pw values in the Syp time series occur August 14-17th following an
isolated large rain event on August 7th (10.6 mm). Prior to this drip

Table 2
Summary of cave carbon isotope values in %o VPDB.
Cave Calcite Avg. n Drip water Avg. n Cave Air n Bedrock n Soil n Vegetation Avg. n
Area 813C, (o) 51%Cpw Avg. Avg. Avg. 8"3Cyeg
© 8"Cair 81Car 8"l ()
(o) (©) (o)
Antipayarguna -12.8 4 —25.6 2 —25.6 2
0.4 (0.1) (2.6)
Flowstone Room —97 6 - -
(0.9)
Gravel Room -10.9 -18.9
—6.9 (2.7) 5 0.5) 4 ©0.1) 2
0.9 —25.0 —26.6
Hi
uagapo (1.5) 6 0.1) 3 1.4 >
. -7.8 -16.4
Wilderland —-3.9(1.8) 10 a.3) 53 0.5) 8
-7.5 -16.0
Wonderland —5.0 (1.9) 5 0.6) 19 01 2
. 1.1 —25.1 —26.6
Pacupahuain 0.2) 8 0.1) 4 (2.3) 8
—-11.2 -18.9
Aframe Room -3.901.49 13 ©7) 14 ©.5) 4
Loft Room -11.0 -19.1
-2.8 (1. 1
8(1.7) 0 0.8) 89 ©0.8) 4

10
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Fig. 8. Trace element In Sr/Ca and In Mg/Ca ratios of drip water from all three
caves. Dotted lines are the fraction of limestone mixing lines for constant Sr and
Mg partition coefficients based on measured cave temperature an equations in
(Wassenburg et al., 2020). Samples from each site fall along a fixed mixing ratio
line. PCP increases along mixing lines with increased values indicating greater
PCP contribution. At Huagapo — Wilderland there is a large range of bedrock
mixing proportions from 30 to 60% limestone, with most samples plotting
around 55% limestone. All other sites show a much smaller range in the
bedrock mixing extent and PCP dominates the observed trends in trace
element ratios.

water collection, no drips had occurred for a month, with the previous
drip on July 15th. The next rain event, over 10 mm, occurred on
November 2nd, but this did not result in drip water in the Syp. Factors
such as the rate of rainfall, soil moisture level, and volume of water in
epikarst stores could potentially explain why the August event reached
the cave while the November event did not. Future work could use dye
tracing or radiogenic tracers to determine water residence times and the
extent of seasonal drying in the epikarst.

PCP along drying conduits in the epikarst or on stalactites alters the
drip water chemistry and the chemical compositions of underlying sta-
lagmites such that they will differ from the original drip water compo-
sition along flow paths where PCP is not occurring. Increases in both the
calcite carbon and oxygen isotope values are due to PCP, while increases
in only carbon are likely due to non-equilibrium degassing of pCO5
during calcite precipitation (Tremaine et al., 2011). In our caves, both
513C. and 5180, increase from the wet to the dry season (Fig. 9). The drip
water isotope and trace element data indicate that PCP increases in the
dry season. While incongruent bedrock dissolution can create similar
dry season increases in trace metals, the isotope data indicate that the
process here is PCP. The low karst storage above these caves and the
large changes in water balance due to the monsoonal climate likely
cause PCP to be a very consistent process. In Golgotha Cave in Australia,
low drip rate sites had chemistry indicative of PCP, while fast flow sites
did not (Treble et al., 2015). A recent review of cave monitoring studies
Lyu et al. (2023) found that in caves with large seasonal differences in
rainfall amount and a narrow range of pCO», like ours, the degree of PCP
reflected in trace element ratios is driven by hydroclimate. We similarly
find that PCP is greater during the dry season when drip rates slow and
matrix flow dominates throughout the caves.

Previous research has demonstrated that speleothem calcite from
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Fig. 9. Isotope values (in %o) of farmed calcite slides collected over the wet
season (cross), dry season(square), and entire year (circle), as well as actively
dripping stalagmite tops (triangle). The expected range of equilibrium calcite
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sensor and chemistry data for each cave is plotted in the transparent boxes with
colors corresponding to individual caves as per the individual observations.
Best fit lines are plotted through the slide data.

Junin area caves record monsoon strength over time (Burns et al., 2019;
Burns et al., 2015; Kanner et al., 2013; Kanner et al., 2012), and com-
parison with Junin lake levels over the Last Glacial Maximum (LGM)
confirms this relationship with local hydrologic balance (Woods et al.,
2020). Yet, the systematics responsible for preserving this recorded
signal had not been investigated. Here, we show that monsoon season
precipitation increases drip rate/water in the Junin area caves. This
monsoon drip water pulse occurs during a period of relatively lower
pCO;, and leads to higher rates of calcite precipitation. While these
waters fill fractures during the monsoon season, their subsequent
drainage in the dry season creates a ubiquitous PCP signal in the
continued matrix flow. The quick flow paths through fractured bedrock
and low karst storage facilitate the pulse of monsoon water occurring
and subsequent drying of the system. In this way, the cave environment
and karst hydrology facilitate the preservation of the monsoon season in
calcite from these caves.

Therefore, the speleothems in the Junin caves record changes in
hydrology in their chemistry. This is a bit surprising as previous work by
Borsato et al. (2016) demonstrated that along an elevation transect high-
altitude cave sites, calcite reflected temperature rather than hydrology,
which is recorded in lower elevation caves. This phenomenon occurs
because soil pCO, from vegetation, which drives speleothem growth, is
temperature-limited in high alpine environments. In contrast, we find
that due to the tropical alpine location of our caves, the drip water
seasonality and PCP are controlled by hydrology, not temperature.
However, during glacial periods when tropical temperatures are lower,
decreased vegetation productivity and soil pCO» may cause speleothem
records from our study region to be temperature-controlled or may
prohibit speleothem growth altogether.
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5.2. Combing speleothem paleoclimate records from different caves

5.2.1. Mean calcite §'%0 and §'3C differences between caves

Speleothem records from wide regional areas are often combined to
create composites (e.g., Chen et al.,, 2016; Meckler et al., 2012).
Comparing oxygen isotope values of cave drip water globally, Baker
et al. (2019) demonstrated that drip water SIBODW values are controlled
by differences in mean annual temperature (MAT). At sites where MAT
<10 °C drip waters correspond to the annual precipitation amount-
weighted 6180precip value and at sites with MAT between 10 and 16 °C
the recharge-weighted 8'%0 value controls drip water §'%0py. This
suggests that within zones of equal MAT, stalagmite records may be
combined to create composites. However, difference in kinetic frac-
tionation between drip sites often causes inconsistency among stalag-
mite records from within the same cave (Stoll et al., 2015). In a global
survey of drip water SlsODW, Treble et al. (2022) found that variability is
controlled by flow path and primarily by the degree of fractures along
each path length. This suggests, then, that stalagmite selection is critical
when creating composite paleoclimate records and that combining re-
cords with similar flow path types from different caves within the same
climate region may indeed be more logical than the combination of two
stalagmites from the same cave that are from different flow path types.

This modern cave monitoring program is the first step toward
determining if speleothem records can be combined from multiple caves
in the Junin region. By comparing modern cave chemistry, we can
anticipate offsets between these cave systems. Drip waterd'0Opy values
are offset along the evaporation line between the cave sites (Fig. 5), and
this offset is also seen in the calcites'®0, values. This suggests that
Huagapo and Antipayarguna will have overlapping paleo §'80, values,
but contemporaneous Pacupahuain §'80. values will be higher. One
potential reason for the higher 5'%0pw values in Pacupahuain is the
contribution of shallow groundwater that is more evaporated. The
Laguna Gallerina lake provides an analogous sample for long residence
time shallow groundwater stores. A simple two-endmember mixing
model between mean weighted Huagapo precipitation and Laguna
Gallerina lake water estimates that Pacupahuain cave drip waters
comprise 41% lake water. The lake water was not sampled during the
other times of year, so changes to this end member likely would lower
the estimated contribution as lower alsopredp monsoon rains are added
to the lake over the wet season. The more evaporation-sensitive karst
storage above Pacupahuain will cause an !0, offset between caves and
indicates that during very dry periods, stalagmite growth in the cave
may cease due to the sensitivity of this system to aridity. To combine the
Pacupahuain records with stalagmites from the other caves in the re-
gion, we now know that equilibrium offsets as large as 2% in 5'%0,
between caves could occur in the paleorecord due to non-climatic fac-
tors. This suggests that normalization of the oxygen isotope value may
be the best approach when combining stalagmite records from these
caves with large observed offsets.

The drip water in all three caves falls along the local evaporation
line, this has previously been observed at arid cave sites (Cuthbert et al.,
2014; Duan et al., 2016). Evaporation during infiltration likely causes
this offset and informs us that water residence times are reflected in the
previously published paleoclimate records from these caves. This
finding has important implications for interpreting these records
because, during arid periods, similar to today, the water residence time
could cause shifts in the §'80, that are due to local hydrologic balance
and not changes in the 8'80 of precipitation. For example, fluid inclu-
sion work in Cueva del Tigre Perdido in the Peruvian Amazon, atmo-
spherically upstream of our study area, shows in that cave drip waters in
the Holocene fall on the global meteoric water line and are not evapo-
rated (van Breukelen et al., 2008). During the LGM, there is no shift in
the mean 5'80, at Cueva del Tigre Perdido, but at Pacupahuain and
Huagapo, there is a 3%o increase between the glacial and interglacial
records. Wang et al. (2017) proposed that moisture recycling facilitated
by plant transpiration in the Amazon basin is responsible for the
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continental §'80, gradient shifting from 0% to —2.8%c over the
interglacial-glacial boundary between Cueva Paraiso in the eastern
Amazon and Cueva Diamante and Cueva del Tigre Perdido in the
western Amazon. Given our findings that drip water today is on average
+ 1%o higher than mean precipitation at the Junin region sites, this
difference between glacial and interglacial oxygen isotope gradients
may be explained in part by evaporation differences from the intergla-
cial to glacial and not solely moisture recycling. Future work on fluid
inclusions from these caves could be done to test if the evaporative
signal was present during previous time periods, as has been done at
other sites (Bar-Matthews et al., 2003; Fleitmann et al., 2003; Millo
et al., 2017).

The value of the actively dripping stalagmite tops measured in
Huagapo suggests that the calcite 5'%0, value will be weighted toward
calcite precipitated in isotopic equilibrium, as modeled by ISOLUTION.
However, the farmed calcite slides show lower wet season §'%0, values
and higher dry season values, with the latter plotting outside the
modeled equilibrium range in many cases. While PCP can explain some
of this range in the 880, values, it is possible that long water residence
times on the flat glass plates, which are not perfectly analogous to
curved stalagmite tops, is responsible for the higher measured values.
513C. values of calcite were expected to be offset due to the range in
613CDIC measured. However, differences between the caves are absent in
513C. of calcite, with overlapping values for all sites. However, in
Pacupahuain Cave, there are several measured calcite slides where 5'3C,
values are above the equilibrium value based on drip water and cave
conditions. We hypothesize that non-equilibrium degassing of pCO,
occurs in Pacupahuain Cave because of the higher pCO, (5000-8000
patm, Loft Room). Under these very high pCO, conditions, calcite pre-
cipitation rates will be slow (Dreybrodt and Fohlmeister, 2022) while
drip rates are high as the quick change over of the water in the precip-
itating film will cause disequilibrium between the HCO3 and COs
(Carlson et al., 2020).

Therefore, we infer that the carbon and oxygen isotope paleoclimate
records from these caves will produce similar results for most drip sites.
This is due to 1) calcite precipitation rates being highest during the
monsoon, 2) ubiquitous PCP in all caves and 3) the higher 813CC values
of calcite from Antipayarguna and Pacupahuain Caves due to kinetic
effects during non-equilibrium degassing. While isotope trends are
similar between flow path types, the trace element drip water data show
evidence for flow path mixing between dolomitic limestone host rock
compositions.

5.2.2. Trace element concentration differences between cave sites

Trace element concentrations in speleothems are often used as a
proxy for precipitation amounts to verify and support isotope in-
terpretations (e.g., Verheyden et al., 2000; Borsato et al., 2007).
Applying this proxy assumes that the trace element ratio to calcium
concentration will increase if PCP occurs as calcium is preferentially
precipitated into the calcite over other trace elements in the water. The
inherent assumption is that the trace element composition of the
bedrock being dissolved along the flow path does not change. For this
reason, trace element concentrations in speleothems are often tested by
correlation analysis between Sr/Ca and Mg/Ca ratios, since the slope
between these two ratios should remain constant if there is a single
source. In our trace element analysis of drip water in each cave (Fig. 8),
we found differences in slopes, implying that the host rock trace element
composition in the basin was highly variable, suggesting the proportion
of dolomitic limestone is variable. Differences in slopes suggest that
Wonderland-Huagapo has drip water flow paths through 90% limestone
bedrock, whereas waters in Antipayarguna cave are 90% dolostone
bedrock hosted. Even though the dolomitic limestone massif is appar-
ently spatially variable, the proportion of limestone-dolostone is
consistent at each cave site, except for South Room in Huaga-
po-Wilderland. Trace element data from the South Room shows a sig-
nificant range of mixing between bedrock sources with 30 to 60%
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limestone endmembers for drip waters, suggesting stalagmites from this
cave area are not good candidates for trace element-based paleoclimate
reconstruction. At all our other cave sites, the trace elements show a
consistent evolution along PCP vectors, suggesting that trace element
analysis would be useful in these areas for determining if changes in
8180, correspond with changes in precipitation amount.

6. Conclusions

Speleothem proxy records from South America are often inferred to
reflect monsoon strength at cave sites throughout the continent. How-
ever, the lack of modern cave monitoring in the region prohibits further
interpretation of these records, specifically when they are discordant. To
aid in the continental-scale interpretation of monsoonal paleoclimate
histories, we monitored three important caves in the Peruvian Andes.

While many cave monitoring studies are focused on the assessment
of caves and drip sites for future paleoclimate record development, this
study has the benefits of previously published paleoclimate records.
Rather than asking if the caves are suitable for paleoclimate work, we
are asking- what about these caves makes them such good speleothem
incubators? We find cave conditions are stable with respect to temper-
ature and relative humidity. The atmospheric pressure data show that
cave and outside atmospheric conditions are coupled, signifying that
small-scale air exchange likely occurs on a diurnal scale but has little to
no impact on the cave environment (i.e., temperature and RH). Seasonal
drip water chemistry changes over the year with monsoon fracture flow
contribution, and PCP occurring throughout the caves in the dry season.
The isotopic composition of drip waters falls along the local evaporation
line, so evaporation in the unsaturated zone alters the initial rainfall
composition. These findings in an exploratory cave study could be used
to suggest that these caves would not be good candidates for paleo-
climate work. However, given past publications showing the exceptional
correlation among stalagmites from these caves and extratropical and
regional climate forcings, we hypothesize that the large drip water pulse
during the monsoon dominates many of these records. This is supported
by our finding that the isotope values in the modern stalagmite tops fall
within the equilibrium modeled range. This monsoonal weighting of
cave calcite occurs because of low karst storage and high calcite pre-
cipitation rates during wet conditions. In this way, the cave processes
amplify the monsoon signal, preserving this hydrologic response in the
speleothem records. These records are, therefore, highly seasonal, and
comparison with other paleo-records may provide information on
changing seasonality over time.

Proxy offsets between the cave sites include differences in oxygen/
carbon isotopes and trace element concentrations. The calcite and drip
water isotope values for Huagapo differ slightly from those for Pacu-
pahuain and Antipayarguna caves. The combination of isotope records
from the caves should consider that offsets may exist and should be
considered for overlapping stalagmite records from different caves.
Specifically, our data show that Pacupahuain Cave is expected to have
higher carbon and oxygen isotope values than Huagapo Cave. The
observed range provides a baseline for contemporaneous offsets in
paleo-records from these caves. The offset in trace elements is likely due
to the variable flow paths through different host rocks. The combination
of trace element data must account for these different host rock base-
lines. Given the wide range of bedrock values, future trace metal work
will likely need to normalize data to compare individual speleothems
and certainly between the different caves.

While our study has multiple years of monitoring data from the
caves. Future work could improve our understanding of paleoclimate
records by monitoring drip water geochemistry over multiple years.
However, after monsoon intensity, the El Nino Sothern Oscillation is the
main source of local variability in the slsopredp of precipitation in the
region (Thompson et al., 2017; Thompson et al., 2013; Vuille and
Werner, 2005). Future work should contain at least a few ENSO cycles of
data to address cave conditional response to these drivers of atmospheric
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variability. Alternatively, high-resolution work on a modern growing
speleothem could address questions concerning inter-annual variations.
Monitoring of the Antipayarguna Cave was minimal (wet versus dry
season), and further monitoring would improve the interpretation of
records from it.

This study improves the interpretation of speleothem records from
High Andean caves by determining the seasonality of calcite precipita-
tion rates and the offsets between cave sites, which may persist in the
paleorecord. Future work will apply these findings to the paleoclimatic
record from the region.
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