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FARMED CALCITE AC AT ASCUNSA CAVE, ROMANIA,
AND ITS RELATION WITH CO, OUTGASSING AND DRIP RATE

Virgil DRAGUSIN', Ionut Cornel MIREA'23, Nicolae CRUCERU',
Vasile ERSEK* & Laura TIRLA’

ABSTRACT

When calcite precipitates in caves, its carbon stable isotope signature can be modified by the CO, outgassing gradient between
drip water and cave atmosphere. This effect is modulated by water residence time in the cave, from its emergence in the cave until
the deposition of calcite. Moreover, CO, solubility, calcite precipitation rate, and isotopic fractionation are controlled by temperature.

Here, we present up to date results of an ongoing monitoring study at Ascunsa Cave (Romania), exploring the relationship
between farmed calcite 8'°C, drip rate, and CO, outgassing. In addition to measuring CO, concentration in cave air, we also measured
the CO, concentration in the headspace of a water-air equilibrator that collects drip water without exposing it to cave atmosphere,
preventing outgassing. 8'°C from calcite farmed at two neighboring stalagmites with different drip rates was also measured.

Although caves have generally stable temperatures, we show here that temperature inside Ascunsa and Isverna caves has
risen by more than 2°C over the course of a year, bearing important implications for stable isotopic fractionation equations and
CO, dynamics.

Our results show that §3C of farmed calcite has a strong relationship with drip rate at the slow dripping site, but no correlation
at the faster dripping site. These two sites are also different when §'°C is compared to the outgassing gradient. At the slower drip site,
8"3C and the outgassing gradient are directly correlated, whereas at the faster drip site their correlation is inverse.

Our study brings new light onto speleothem 8'3C behavior in general, and at Ascunsa Cave in particular, which is crucial for
understanding the paleoclimate information captured by speleothems from this cave or elsewhere.
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RESUME

SUIVI DU AC DE LA CALCITE DES GROTTES D’ASCUNSA (ROUMANIE) ET SA RELATION AVEC LE DEGAZAGE
DE CO, ET LE TAUX D’ECOULEMENT GOUTTE-A-GOUTTE.

Lorsque la calcite précipite dans les grottes, la signature isotopique en carbone peut étre modifiée par le gradient de dégazage
du CO, entre I’eau de ruissellement et I’atmosphere de la grotte. Cet effet est modulé par le temps de s¢jour de I’eau dans la grotte,
depuis son émergence dans la grotte jusqu’au dépot de la calcite. De plus, la solubilité du CO,, le taux de précipitation de la calcite
et le fractionnement isotopique sont controlés par la température.

Dans cette étude, nous présentons des résultats actualisés d’une étude de suivi en cours dans les grottes d’Ascunsa (Roumanie),
qui explore la relation entre les valeurs de §'°C de calcite déposée, le taux d’écoulement goutte-a-goutte et le dégazage du CO,.
En plus de la mesure de la concentration de CO, de I’air de la grotte, nous avons également mesuré la concentration de CO, dans
la partie supérieure d’un équilibreur eau-air qui collecte les gouttes d’eau sans les exposer a 1’atmosphere de la grotte, empéchant
ainsi le dégazage. Les valeurs modernes de 8'°C de la calcite dans deux stalagmites voisines avec des débits d’écoulement goutte-a-
goutte différents ont également été mesurées.

Bien que les grottes aient des températures généralement stables, nous montrons ici que la température a ’intérieur des
grottes d’Ascunsa et d’Isverna a augmenté de plus de 2°C en un an, ce qui a des implications importantes pour les équations de
fractionnement d’isotopes stables et sur la dynamique du CO,.

Nos résultats montrent que les valeurs de 3"3C de la calcite et du taux d’écoulement goutte a goutte ne sont corrélées que
dans le site ayant un débit goutte-a-goutte faible. Ces deux sites différent également lorsque 1’on compare les valeurs de 3"°C avec
le gradient de dégazage. A débit d’écoulement goutte-a-goutte lent, les valeurs de 3"*C et le gradient de dégazage sont directement
corrélés, alors que lorsqu’il est rapide, ceux deux valeurs sont anti-corrélées.

Notre étude apporte donc un nouvel éclairage sur le comportement des valeurs de 8'°C des spéléothémes en général, et
dans les grottes d’Ascunsa en particulier, ce qui est crucial afin de comprendre les informations paléoclimatiques enregistrées par
les spéléothémes de ces grottes et d’autres.

Mots-clés : étude de suivi dans une grotte, CO,, dép6t de calcite en suivi contr6lé, 8°C, grotte d”Ascunsa
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1 - INTRODUCTION

Cave monitoring programs specifically designed for
speleothem studies are meant to bring information on how
speleothems are archiving environmental information.
The most used environmental proxies in speleothem
studies are 8'%0 and 6'°C, but they are influenced by a
wide range of processes that act at global, regional and
local scale (Fairchild & Baker, 2012; Lachniet, 2009;
McDermott, 2004). At local scale, not only do these
processes vary between caves, but they also vary inside
the same cave, having different impacts on different
speleothems.

One of the local factors that have an important imprint
in speleothem 6'%0 and 6"*C is the outgassing of CO, from
the groundwater that feeds a speleothem. This process
takes place both during the emergence and stagnation of
a drop of water around its entry point (e.g., a stalactite
tip), but also after the formation of a thin water film on
top of a stalagmite (Dreybrodt, 2008).

Recently, laboratory experiments were carried out
in order to test theoretical models of stable isotope
dynamics (Wiedner et al., 2008; Polag et al., 2010;
Hansen et al., 2019). Experimental work of Hansen et
al. (2013 & 2017) or Dreybrodt (2019) focused on the
outgassing and isotopic exchange processes taking
place during the presence of a thin water film on top
of a stalagmite, from which calcite precipitates. They
confirmed previous theoretical studies and identified two
outgassing steps. The first takes place by diffusion shortly
after the formation of the thin film on the stalagmite tip.
Diffusion occurs in a matter of seconds until the aqueous
CO, equilibrates with atmospheric CO,, irrespective of
the gradient between drip water and atmosphere pCO,,
and without impacting the isotopic composition of the
dissolved inorganic carbon (DIC). The second step, that
does control the isotopic composition of calcite, takes
place during carbonate precipitation from this chemically
equilibrated solution, with a duration that is one order
of magnitude longer than the first step. Moreover,
Dreybrodt et al. (2016) calculated the duration of a third
process related to isotopic exchange between drip water
CO, and cave air CO,, which is on the order of thousands
of seconds.

Apart from water and air chemistry, both CO,
outgassing and carbonate precipitation are influenced
by temperature and this is one of the main parameters
recorded during cave monitoring programs. This is
important because caves are thought to represent
stable environments, with little temperature variability,
which allows for speleothem deposition under stable
conditions. Moreover, cave air temperature is thought to
represent the mean surface temperature (Badino, 2004;
Dominguez-Villar, 2012).

Our study presents up-to-date measurements of several
parameters relevant for speleothem paleoclimatic studies
at Ascunsa Cave (Romania), that were first reported by
Dragusin et al. (2017a). We aim to investigate in more
detail the relationship between farmed calcite 3'3C on the
one hand, and the CO, outgassing gradient between drip
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water and the atmosphere on the other. We also study the
relationship between drip rate and farmed calcite 3°C,
and present the variability of the calcite saturation index
calculated based on pH, electrical conductivity and
alkalinity of drip water.

Our results allow a better understanding of how calcite
8"3C responds to local factors and will help us refine its
paleoenvironmental interpretation in speleothems from
this cave. Speleothem stable isotope records from two
stalagmites from this cave were already published by
Dragusin et al. (2014) and Staubwasser et al. (2018),
but forthcoming studies will benefit from a more
thorough understanding of local processes brought by
the present work.

2 - MATERIALS AND METHODS

Ascunsa Cave is located in SW Romania, at an altitude
of 1050 m and is part of a larger cave system, of which
Isverna Cave is the main groundwater collector and
discharge point, at 450 m. In this study we used the field
methods detailed in Dragusin ef al. (2017a) and focus
on the monitoring point associated with the POM 2
stalagmite, in the Great Chamber, where we measured
different parameters at available points, that are a few
meters apart from each other (fig. 1). For example,
because the ceiling is about 10 m high, drip water for
stable isotope analysis was taken from a more accessible
straw stalactite population. The water-air equilibrator
was installed at a different stalactite, which ensures
enough recharge for the equilibrator to have constantly
refreshed water and reduce CO, outgassing through the
water column.

The water-air equilibrator is air-tight by design and
there should be no gaseous CO, exchange with the
atmosphere except through the water column (fig. 2).
The CO, inside the headspace, as well as other gasses in
the confined atmosphere, should be at equilibrium with
the accumulated water. Dripping inside the equilibrator
contributes to the perturbation of the water surface,
ensuring fast equilibration. Thus, any change in drip
water chemistry should be reflected in the chemistry of
the headspace in a relatively short time. The only way for
CO, to escape the headspace is by being dissolved and
carried away through the syphon formed at the bottom
of the equilibrator and discharged into the cave. We note
that we discontinued the use of a second equilibrator that
was described in Dragusin ef al. (2017a), because it was
behaving as a rhythmic spring and was purging all the
water by syphoning.

CO, measurements were performed using a Vaisala
GMP222 probe with an accuracy expressed as the sum
of 1.5% of measurement range of the probe (in the case
of our probe, calibrated for 0 to 10,000 ppmv, this a
priori value translates to 150 ppmv) plus an additional
2% of the measured value. For example, for an 8000
ppmv measurement, the error would be 310 ppmv. The
CO, values are reported at ambient temperature and
pressure. Atmospheric pressure, was measured with a
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Fig. 1: Cave map with location of monitoring points and measured parameters (modified from Drigusin et al., 2017b).
Fig. 1 : Carte de la grotte avec emplacement des points de suivi et des paramétres mesurés (modifié a partir de Dragusin et al., 2017b).

Sunartis BKT381 barometer. Headspace CO, (CO, y)
is considered to be in equilibrium with dissolved CO,,
while CO, dissolved in water exposed to the atmosphere
is considered to be in equilibrium with atmospheric CO.,.
For the purpose of this study, we consider the values of
CO, y; as reflecting those of dissolved CO, in drip water
before entering the cave, while CO, 4, reflects dissolved
CO, after equilibration with cave atmosphere values.

Air temperature and relative humidity were measured
using Tinytag Plus2 data loggers. Due to condensation
on the RH sensor, this parameter could not be measured
reliably and will be further assumed to be close to 100%.

We installed Stalagmate drip loggers at the site of the
POM 2 stalagmite described by Dragusin et al. (2014) and
at the site of stalagmite POM 10, a few meters away. The
drip loggers at POM 2 and POM 10 were topped by glass
plates on which water dripped and deposited calcite. We
also installed a glass plate on the nearby active stalagmite
POM X. The observed drip rate at POM X is much slower
than at POM 2, but similar to that at POM 10.

Stable carbon isotope ratios of farmed calcite (5'3C)
that were not yet reported in Dragusin et al. (2017a) were
measured at Northumbria University (UK) on a Thermo
Delta V Advantage IRMS coupled to a GasBench II
sample preparation and introduction system. Typical
measurement errors are £0.1%o, and stable isotope values
are reported on the VPDB scale.

Drip water was sampled from several drip sites, pools
and water-air equilibrators in the cave and preliminary
results were presented in Dragusin et al. (2017a). In
this study we focus on the samples taken from the drip
site that fed the POM 2 stalagmite, and from the nearby
water-air equilibrator. Water pH, as well as temperature,
were measured using a WTW Sentix 41 probe, after
the pH electrode was calibrated against two buffer
solutions (7 and 10) that were left to equilibrate with
the cave temperature. Electrical conductivity (EC) was
measured using a WTW Tetra-Con 325 EC electrode.
Alkalinity was determined in the field by titration using
a Merck MColortest carbonate hardness test, whose
semiquantitative determination could have an uncertainty
as high as 30% (Vatca C., Merck, pers. comm.).

Before the installation of the drip logger at POM 2,
drip water was left to accumulate in a plastic bottle from

one visit to the next. After the drip logger was installed
in August 2014, water could be left to accumulate in a
plastic bottle only during the visit to the cave, a process
that could take several hours depending on the drip rate.
Due to such time constraints, in 2015 we discontinued
the direct sampling of this drip point. Nevertheless, we
continued to sample water from the equilibrator that is
readily available and measured physical and chemical
parameters until September 2017. Regarding the
similarity of samples left to accumulate for long periods
of time compared to those accumulated over several
hours, we note that at the POM Entrance drip site, two
such samples showed almost identical values for pH,
alkalinity, EC and chemical composition (unpublished
data). This seems to indicate that water is refreshed in
the plastic bottle over the course of hours and should not
be considered representative for longer periods of time.
Water from the equilibrator was sampled using a tube
and allowed to fill the bottle by avoiding turbulent flow

<——— stalactite

collector
tube
sampling
outlet

<———— headspace

water level

a \H\ and overflow

Fig. 2: Functioning scheme of the water-air equilibrator (from
Dragusin et al., 2017b)
Fig. 2 : Schéma de fonctionnement de I’équilibreur eau-air (d’apres
Dragusin et al., 2017b)
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as much as possible, in order to reduce CO, outgassing temperature at POM A was shown to be very stable and is

during the procedure. influenced by atmospheric thermal tides (Dragusin ef al.,
Based on field measurements, we calculated the calcite 2018).

saturation index following the equation derived from More dramatically, at POM2 temperature rose by about

Langelier (1936): 2.5°C in 2019, from ~8°C to >10.5°C, where it seems to
SI=pH-pHs, have stabilized. By comparison, the nearby Isverna Cave
where pH is the measured pH and pHs is the saturation experienced a similar 2°C dramatic warming over 2016-

pH, calculated as 2017, from ~10°C to ~12°C (Dragusin et al., 2017a),
pHs = {93 + [(log,TDS - 1) / 10] + [-13.12 x followed by two years when temperature remained high.

log,(T+273) + 34.55]} — [(log,,Ca** - 0.4) + log,, ANC], Over the summer of 2819, temperature returned abruptly

where TDS (mg/L) =0.55 x EC (uS/em), T(°C) is the (0@ valuecloserto 10°C.

water temperature, Ca>* is expressed as CaCO, (mg/L) At this point there is no clear indication to explain

and is calculated as ANC (mmol/L) x 50.04 mg/L. the rapid increase in temperature inside Ascunsa Cave

during 2019. We cannot completely rule out a delay in
heat transfer through bedrock, if the temperature rise

3 - RESULTS AND DISCUSSION in both Isverna and Ascunsi caves was produced by a
warming episode of surface temperature in 2016 or
3.1 - AIR TEMPERATURE earlier. Nevertheless, this is less probable, as all three
points inside Ascunsa Cave start warming at the same
The temperature logger closest to the cave entrance time, even though the overburden is about 20 m at POM
(POM Entrance) records seasonal cycles related to the Entrance, 40 m at POM A and 100 m at POM 2. At Isverna
chimney effect circulation, but during 2019 a sharp 4°C Cave, the overburden is around 30 m, implying that a
rise can be seen during the warm season in comparison common surface warming would be observed roughly
to previous years (fig. 3). At POM A, air temperature at the same time at Isverna and POM A (which is more
increased by almost 2°C since January 2019 after stable than POM Entrance). Neither of the two caves are
experiencing a slight multi annual increase trend of open to the public and are seldomly visited.
about 0.2°C. One can also distinguish subdued seasonal In the vadose zone of karst systems, water and air
cycles of about 0.2°C, similar in timing to those at flow can alter the geothermal gradient, acting as cooling
POM Entrance, and probably linked to cave ventilation liquids (Luetscher and Jeannin, 2004; Badino, 2005;
regimes. On short time scales on the order of ten of hours, Dominguez-Villar, 2012). We can thus hypothesize

Isverna Cave T (°C)
N = R = R POMA T (°C)
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Fig. 3: Temperature records from POM Entrance, POM A, POM 2, and Isverna Cave. During the summer of 2016, several temperature
increases are visible at POM A that are presumably due to the presence of bats near the logger.

Fig. 3 : Enregistrements des températures de POM Entrée, de POM A, de POM 2 et de la grotte d’Isverna. Durant I’été 2016, plusieurs augmentations
de température sont visibles a la POM A, que nous supposons étre dus a la présence de chauves-souris prés de [’enregistreur.



that geothermalism is better expressed following the
overall reduction in groundwater flux to the cave, that
we measured as a general decrease in drip rate. It seems
that during 2019, a threshold was crossed at Ascunsa
Cave, where infiltrating water decreased so much that
it lost its ability to counteract the thermal effect of rock
temperature on cave air.

3.2 - DRIP RATE

Drip rate at POM 2 shows a generally decreasing
trend since 2014 when it stood at about 30 drips/min,
punctuated by fast drip periods linked to rainfall or snow
melt events (fig. 4). The aquifer feeding the drip site
reached baseline in the second half of 2017 due to lack
of recharge in spring and summer, recording values of
1-2 drips/min. Higher snowmelt and spring rainfall in
early 2018 recharged the aquifer, but drip rates indicate
a return towards baseline in early 2019. This pattern
repeated in the spring of 2019, with values decreasing
later in the year. The quick response of drip rates to
rainfall and snow melt indicates that the aquifer is fed
via fractures, possibly mixed with seepage flow that
would be responsible for maintaining baseline conditions
(Baker et al., 1997).

The drip logger on the POM 10 stalagmite recorded very
low values since its placement in 2016. The maximum
value recorded was 1.2 drips/min in November 2019,
but values did seldomly surpass 0.6 drips/min, possibly
indicating a seepage flow regime. Overall, the POM 10
record mirrors the POM 2, although at such slow drip
rates even small increases appear to stand out from the
generally low background.

3.3 - CO, CONCENTRATION

CO, concentration in the headspace of the water-air
equilibrator (CO,,;) is several times higher than the one
in the cave atmosphere (CO,,;,,). While the headspace
values were between 6000 ppmv and 8000 ppmv, the
ones in the cave atmosphere did not exceed 4000 ppmv
(fig. 5 & tab. 1). CO, 5 values were generally around
8000 ppmv between the summer of 2015 and the summer
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Fig. 4: Drip rate at POM 2 and POM 10.
Fig. 4 : Taux d’écoulement goutte-a-goutte a POM 2 et POM 10.

0f 2017, but decreased to a level below 6000 ppmv by the
end of 2019. Dragusin et al. (2017a) suggested that such
high values throughout the year indicate the presence of
an organic matter reservoir deep inside the epikarst that
continues to decompose and to produce CO, over the
winter.

Both CO, s and CO, 4 records show a decreasing
trend over the five years of monitoring, that is steeper in
the headspace values. The overall decrease in CO, ,,, is
very small and the trend in our data is imposed by two
high values recorded at the end of 2015 and beginning
of 2016. The full record sits mostly around 2000 ppmv,
and it might indicate a possible modulation by other
factors.

The correlation coefficient between CO, ., and drip
rate is 0.7, p-value = 0.02 (tab. 2), suggesting that either
CO, is introduced to the cave atmosphere mostly via drip
water or that they might have a common process behind
their covariance. At Chauvet Cave in France, Bourges
et al. (2020) too, identified a link between atmospheric
CO, and drip rates, but with an inverse correlation that
was imposed by a combination of external processes that
include outside air temperature and water excess. We
have no estimation of CO, transport to the cave via open
fractures as identified for example in Gibraltar by Mattey
etal (2016).

Thedifferencebetween CO,sand CO, \py,, ACO,, isused
to describe the gradient between the CO, concentration in
equilibrium with drip water before entering the cave, and
the CO, concentration in water that is at equilibrium with
the cave atmosphere. The correlation between CO,y and

__ 8000

6000

4000

CO2 concentration (ppmv

2000

Fig. 5: Records of CO, .y (blue),
CO, 45 (red), and A CO, (orange).

| ' | ' [ ! I
Jan-2015 Jan-2016 Jan-2017 Jan-2018
Date

Jan-2019

Fig. 5 : Enregistrements du CO,
(bleu), du CO, s (rouge), et du 4 CO,

Jan-2020 (orange).
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monirng o || JOMISC | FOMXSC | |, )| A O | emaecO.
8/15-11/15 20 -11.03 -10.02 1.01 5410 2630 8040
1/16-3/16 19 -10.75 -10.32 0.43 4500 2925 7425
3/16-4/16 29 -11.16 -10.81 0.35 4935 2625 7560
1/17-3/17 9 -11.501 -9.752 1.75 5730 1865 7595
3/17-4/17 9 -11.217 -9.830 1.39 5995 1900 7895
9/17-10/17 3 -11.215 -9.445 1.77 5220 1320 6540
10/17-1/18 2 -11.099 -10.413 0.69 5303 1713 7016
1/18-5/18 3 -10.826 -9.290 1.54 5345 2015 7360
7/18-8/18 13 -10.891 -10.001 0.89 4790 2405 7195
8/18-10/18 6 -10.982 -10.417 0.57 N/A N/A N/A
10/18-2/19 5 -10.792 -9.641 1.15 N/A N/A N/A
2/19-5/19 20 -10.681 -10.349 0.33 3365 1865 5230
Tab. 1: Monitoring results.
Tab. 1 : Résultats du suivi.
Average dri;.) 5,56(??;/;2” POM X 653C (%0 | APC (%o 4Co, Average CO, | Average CO,
rate (drips/min) VPDB) vs VPDB) vs VPDB) (ppmv) L (PDIY) (ppmv)
Average drip rate (drips/min) 1.0
POM 2 3"C (%0 vs VPDB) 0.1 1.0
POM X 8C (%o vs VPDB) -0.6 -0.1 1.0
ABC (%0 vs VPDB) -0.6 -0.5 0.9 1.0
ACO, (ppmv) -0.5 -0.7 0.4 0.7 1.0
Average CO, y (ppmv) 0.7 0.4 -0.5 -0.6 -0.2 1.0
Average CO, ¢ (ppmv) 0.0 -0.4 0.1 0.3 0.8 0.4 1.0

Tab. 2: Matrix correlation between average drip rate, POM 2 $"*C, POM X §"C, A”C, ACO,, average CO, ,;\;, and average CO, .
Tab. 2 : Corrélation matricielle entre le taux d’écoulement moyen, POM 2 6°C, POM X 6"*C, 4°C, ACO,, la moyenne de CO, ,,, et la moyenne de CO, ;s

ACO, (r = 0.8, p-value = 0.01) indicates that ACO, is
imposed by CO, ;s. This has relevance for the outgassing
of CO, from drip water, as higher CO, ;4 values would
impose a higher ACO,. As we will see further, this is
important for defining isotopic fractionation conditions.

3.4 - WATER CHEMISTRY

The pH of the POM 2 drip point ranges between 7.5
and 8.1 (fig. 6 & tab. 3) and shows a negative correlation
with CO, ,p (r = -0.8, p-value = 0.005). This inverse
correlation could indicate that the pH of drip water
reached equilibrium with CO, . If the pH of drip
water equilibrates with cave air CO,, it does so in a short
time, on the order of seconds as suggested by laboratory
experiments (Hansen et al, 2017; Dreybrodt, 2019).
Moreover, the strong correlation along all the record
indicates no influence of water sampling method, with
no difference in behavior between plastic bottles left to
accumulate drip water on the order of hours compared to
those on the order of weeks. Inside the equilibrator, pH
values are lower and more stable, between 7.3 and 7.7.,
and show no significant correlation with neither CO,
nor CO, .. Lower values could be explained by the

higher concentration of dissolved CO, in drip water prior
to outgassing.

Alkalinity was relatively stable at the drip site, with
values between 4.7 and 5.7 mg/L H* (tab. 3). Inside the
equilibrator, values varied between 4.6 and 5.8 mg/L H',
and the longer dataset allows one to distinguish more
variability.

Electrical conductivity of the drip site was stable in
the first part of the record, around ~445 uS/cm, but rose
to values of ~480 puS/cm at the end of the measurement
period. Water sampled from the equilibrator shows
values above ~465 uS/cm for the whole period and a
generally rising trend, up to ~490 uS/cm. One might
also distinguish slight reductions in values during the
late autumn (at the beginning and end of the record) and,
more clearly, during the winters of 2015-2016 and 2016-
2017.

The calcite saturation index is positive at the POM 2
drip site, with values ranging from 0.1 to 0.6. Its variability
closely resembles that of pH (r = 0.9), indicating the
strong control that pH has in defining the saturation
index. Inside the equilibrator, the saturation index shows
periods with fluctuating positive and negative values,
between -0.2 and 0.3, varying in step with pH values.



If the saturation index follows cave air CO, evolution
(mediated by the evolution of pH), it should also be
influenced by the residence time of drip water at the
stalactite tip and as a water film on top of the stalagmite.
At high drip rates (e.g. 60 drips/min), water might not
have enough time to outgas and equilibrate with air CO,,
thus retaining a lower pH and saturation index, leading to
less calcite deposition. This is obvious at POM 2, where
calcite deposited on glass plates almost continuously
since January 2017, when drip rate reached baseline at 1-2
drips/min, which translates to a residence time of 30-60
seconds. This might explain why there are more periods
with calcite deposition at POM X, where the drip rate is
similar to that recorded at POM 10, below 1 drip/min.

3.5 - ABC VALUES OF FARMED CALCITE

The 8"°C values of farmed calcite are discussed here as
being representative for the whole period the glass plates
spent under the drip point. Nevertheless, we need to
acknowledge that calcite deposition might not take place
continuously, being ultimately controlled by the calcite
saturation index of the drip water, that could itself vary
during the several weeks of glass plate emplacement.
Moreover, we compare isotopic values of farmed calcite
to average values of CO, measured at the beginning and
end of the deposition period, lacking a high-resolution
record that could be available by using CO, data loggers
for both CO, ,;, and CO, . We also lack data on the
isotopic composition of the dissolved inorganic carbon
(DIC) as a crucial parameter in calcite "*C dynamics.
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Fig. 6: Records of Electrical conductivity, alkalinity, pH and
calcite saturation index of water samples from the drip site POM 2
(triangles) and the water-air equilibrator (dots).

Fig. 6 : Enregistrements de la conductivité électrique, de [’alcalinité,
du pH et indice de saturation en calcite des échantillons d’eau
provenant du site d’écoulement goutte-a-goutte POM 2 (triangles) et
de I’équilibreur eau-air (points).

Date C(ifnﬁ?)v[ Water T (°C) pH EC (uS/em) Alcal“;‘{ﬁy) (mg/L LSI
Eq. Drip Eq. Drip Eq. Drip Eq. Drip Eq. Drip
12/12/2013 2030 5.2 7.9 442 5.0 0.3
6/2/2014 1550 7.2 8.0 446 5.1 0.6
23/3/2014 960 8.2 8.0 443 5.0 0.5
27/6/2014 1770 8.5 7.7 442 5.0 0.3
17/8/2014 2270 8.3 7.7 447 5.1 0.2
22/9/2014 2470 7.6 7.7 7.4 7.7 466 452 4.6 5.1 -0.1 0.2
31/10/2014 3440 7.3 7.0 7.5 7.5 473 462 53 53 0.0 0.1
13/12/2014 3319 7.1 7.4 7.5 7.7 472 466 5.6 5.7 0.1 0.4
14/3/2015 1880 8.3 7.2 7.5 8.0 478 461 5.2 4.7 0.1 0.4
14/5/2015 1400 7.8 6.6 7.5 8.1 478 458
4/7/2015 8.9 476 5.2
27/8/2015 8.1 7.7 470 5.4 0.3
13/10/2015 7.1 7.0 7.6 7.7 472 478 5.1 5.0 0.2 0.2
29/11/2015 8.2 7.3 469 4.7 -0.2
5/3/2016 4.8
2/4/2016 8.1 7.4 478 4.9 -0.1
15/5/2016 7.6 7.3 483 4.7 -0.2
22/6/2016 7.9 7.4 476 5.4 0.0
14/8/2016 8.6 7.5 474 5.2 0.0
17/10/2016 8.4 7.5 475 5.2 0.1
5/11/2016 8.1 7.3 471 5.0 -0.1
7/1/2017 7.2 471
4/3/2017 7.6 7.5 485 5.8 0.2
25/4/2017 7.9 7.4 488 5.3 0.0
8/7/2017 8.1 7.4 486 49 -0.1
7/9/2017 8.2 7.4 478 53 -0.1

Tab. 3: Spot measurements of water samples.
Tab. 3 : Mesures ponctuelles d’échantillons d’eau.



128

9.5 — "
- - N
7 : ¥ =L
g 10— — S SRR T
o oo - i Vo ! E N 4 !
> - = 4o : IR [
2 A A I Bt
2 -10.5 — \\H ; — .. : . -
o - \ [ = vy [ T i
© Vol B i 'y I
o 11 — R A ! - ' -
- ] 3 @ i -___._
S i Fig. 7: 8"*C record of farmed calcite
-11.56 — b= at POM 2 (blue) and POM X (red).
I T I T I T I T I T I T I T I T | Flg 7 Enregistrement du 8"C de
calcite moderne a POM 2 (bleu) et
Jan-12 Jan-13 Jan-14 Jan-15 Jan-16 Jan-17 Jan-18 Jan-19 Jan-20 POM X (rouge).
Date

POM 2 3C shows 1%o trend towards lower values
between 2012 and 2017, from ~ -10.5%o to ~ -11.5%o,
followed by a return to almost -10.5%o in 2019 (fig. 7).
POM X values are much more variable, with more than
2%o amplitude.

d13C values at POM 2 and POM X are not correlated (r
=-0.1). The difference between them, A"*C, is important
for comparisons between speleothems formed beneath
relatively fast and slow drip sites, such as POM 2 on one
side and POM X and POM 10 on the other side.

POM X 6°C has a very good correlation with ABC (r
= 0.9, p-value = 0.0001), while POM 2 §'3C and A"*C
are inversely, and only moderately correlated (» = -0.5,
p-value = 0.18). This strongly suggests that the difference
between POM 2 and POM X stalagmites is controlled by
the variability of the latter.

The correlation between drip rate and POM X §3C is
inverse (» = -0.6, p-value = 0.04), with two outlier values
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corresponding to the periods between October 2017 to
January 2018, and August 2018 to October 2018. If the
two POM X outliers are omitted from the calculation,
r becomes 0.96 (p-value = 6E-6). There is no apparent
correlation between 8"*C and drip rate at POM 2 (fig. 8A).

As lower drip rates translate into longer residence times
of drip water, this inverse correlation can be explained by
a longer precipitation time of CaCO,, resulting in higher
calcite 6"°C (Hansen et al., 2019). Longer carbonate
precipitation times can also lead to calcite precipitating
at the stalactite tip or upstream of the stalactite tip (prior
calcite precipitation - PCP) a process that leads to higher
stalagmite 6'*C (Fairchild et al., 2000). The occurrence
of PCP would be indicated by increased ratios of minor
or trace elements such as Mg or Sr to Ca (Fairchild and
Treble, 2009). Although Dragusin ez al. (2017b) presented
Mg/Ca values from four POM X calcite samples and
several drip water samples, a forthcoming study will take
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Fig. 8: Correlations between monitored parameters. A. 8"*C and drip rate at POM X (red) and POM 2 (blue); B. *C and ACO, at POM X

(red) and POM 2 (blue).

Fig. 8 : Corrélations entre les paramétres controlés. A. 0°C et taux d’écoulement @ POM X (rouge) et POM 2 (bleu) ; B. 6"°C et ACO, @ POM X (rouge)

et POM 2 (bleu,).



a more detailed look at the chemical variability of drip
water and farmed calcite at Ascunsa Cave.

ABC, the isotopic difference between the two
stalagmites, is directly correlated with the average
outgassing gradient, ACO, (» = 0.7, p-value = 0.03).
We envisage this as being the result of a possible series
of processes. Following a decrease in drip rate, the
contribution of dissolved CO, as a source of CO, ,;,, also
decreases, leading to an increase in ACO, if drip water
dissolved CO, still retains high values. More importantly,
slower drip rates translate to longer precipitation times of
CaCO,. The increase in CO, gradient, outgassing time,
and carbonate precipitation time lead to higher 3"3C at
POM X which further leads to higher A'*C. This dynamic
is particularly useful if 3"°C in the fast and slow drip
stalagmites are compared (e.g., POM 2 versus POM 10),
as larger differences in 3"3C between them would reflect
decreasing drip rates and decreasing water availability.

One of the most intriguing results is that POM 2 33C
is inversely correlated with the average ACO, (r = -0.7,
p-value = 0.01). This shows that stronger CO, gradients
do not necessarily lead to isotopic enrichment of calcite
at POM 2. Knowing that ACO, is strongly controlled by
CO, s, we would expect to see a stronger link between
POM 2 §"C and CO, , but the correlation coefficient
is rather weak (r= -0.4, p-value = 0.19). The correlation
with CO, .., 1s also weak (r = 0.4), while there is almost
no correlation with drip rate (r = 0.1). Thus, it is possible
that 8'3C at POM 2 is controlled by other factors that
were not taken into account in this study, such as the
isotopic composition of DIC. It is also possible that the
effect of drip rate and CO, outgassing could be masked
or countered by other factors.

4 - CONCLUSIONS

We used drip loggers at two points with highly different
drip rates and identified stalagmite POM 10 as being fed
by a very slow drip site, <l drip/min, while POM 2 has
drip rates ranging from 1 drip/min at baseline to 90 drips/
min after rain or snow melt events.

Since 2015, CO, concentration in the cave
atmosphere was largely stable around 2000 ppmv,
while the concentration measured in the headspace of a
stalactite-fed water-air equilibrator was as high as 8000
ppmv. The difference between drip water dissolved CO,
and cave atmospheric CO, is controlled by the former,
which has constantly higher concentrations.

Calcite 3"3C at the POM X stalagmite varies within
2%o and is strongly controlled by drip rate, whereas drip
rate has no impact on 6'*C at POM 2. Therefore, the §'*C
difference between stalagmites from the faster dripping
site of POM 2 and the slower dripping sites of POM X
and POM 10, could be used in the future to study past
hydrological changes.

Analysis of drip water sampled at the drip site
of stalagmite POM 2 and from inside the water-air
equilibrator shows that the water exposed to the cave
atmosphere has a higher pH that prior to entering the
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cave and that its pH value is in equilibrium with the CO,
content of the cave atmosphere. During the measurement
period, drip water calcite saturation index, controlled by
pH, was always positive between 0.1 and 0.6. Since 2017
when drip rate values dropped below 10 drips/min calcite
deposition took place more continuously at POM 2,
indicating yet again the control of drip rates on calcite
formation and isotopic values.

We also observed a dramatic ~2°C rise in cave air
temperature over the year 2019, that could have been
the result of reduced groundwater cooling of host rock
and cave air. This shows that cave air temperature,
which controls water-calcite fractionation, is not truly
stable for long periods of time but it could be controlled
by hydrology, with implications for stable isotope
fractionation during calcite deposition.
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