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N o G

Abstract: This article presents data from monthly monitoring carried out on cave and stream waters
belonging to the Renella Cave karst system from September 2020 to April 2022. Additionally, old
data pertaining to cave waters from previous published work are discussed. The aim is to develop a
dataset for future climatic and hydrological studies on the Renella Cave and its surface recharges.
Water samples were collected and analyzed for major ions, 580 and §*H, on water molecules. The
cave sump water level, water temperature, and electrical conductivity were continuously measured
and compared to the precipitation data. Additionally, air temperature and pressure inside and outside
the cave were also monitored. The classification based on the Piper-Hill diagram indicated that both
stream and cave waters belong to the bicarbonate-alkaline earth hydrochemical facies, indicating that
their chemism is essentially determined by the dissolution of the Grezzoni Fm. Isotopic data suggest
that both stream and cave waters have a meteoric origin, and their variability mainly depends on
underground homogenization. Hydrogeochemistry, isotopic composition, and the monitoring data
allowed a deeper understanding of the cave karst system, and identified an underground circulation
network that is fragmented into independent parts.

Keywords: hydrological monitoring; karst system; Apuan Alps; hydrogeochemistry; stable isotopes

1. Introduction

Groundwater represents an important resource, exploited for agricultural, industrial,
and many other human activities [1-4], and it accounts for ~98% of the Earth’s available
fresh water [5]. Karst groundwater is one of the most important sources of the drinking wa-
ter supply and serves approximately 25% of the world’s population [6-12]. Karst aquifers
represent significant water reservoirs, both in terms of quality and water volumes that
could potentially be stored, and they often feed large, tapped springs [4]. Hence, the over-
exploitation of these groundwater resources due to human activities is a global issue [13]
and is further emphasized by climate change that modifies the hydrological cycle [14,15].
Investigation on karst groundwater is challenging due to significant karstification that deter-
mines distinctive heterogeneity and anisotropy of the aquifer’s hydraulic properties [16,17].
The high effective infiltration rates and high flow velocities determine the rapid transfer of
recharging waters into karst systems with very short water residence times, which results
in their high vulnerability [18]. The high variability of karst groundwater flows in space
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and time [19,20], which makes understanding and modelling karst groundwater circulation
even more difficult. Moreover, direct investigations and measurements of hydrodynamic
and hydrochemical features of groundwater in karst environments are often limited to the
sampling of natural springs and/or cave waters.

For these reasons, karst caves represent optimal sites to investigate the water flows
from the surface through the epikarst and vadose zone to the phreatic environment, thus
attempting to reconstruct the circulation pattern of groundwater, assessing its availability,
quality, residence times, and estimating the contribution of infiltration to the karst system
recharge [21-23].

In this paper, we provide insights into the chemical and isotopic composition and
hydrodynamics of groundwater flowing through the Renella Cave, a small cave located
in the northern Apuan Alps. This cave has recently been studied for paleoclimatic and
paleoenvironmental reconstructions [24-29], and the present work aims to characterize
water flowing within this karst system as a background for future research. For this purpose,
new hydrodynamic, chemical, and isotopic data on the cave sump waters from two-year
monitoring are presented and discussed together with previously published data [27,28].
Surface waters were also sampled, and meteorological conditions inside and outside the
cave were monitored.

2. Study Area
2.1. Geomorphological and Geological Setting

The Apuan Alps is a mountain range spreading over an area of about 650 km? in
northwestern Tuscany (Central Italy). The chain is NW-SE oriented and runs parallel to the
coastline, which is separated by a long and narrow plain area known as the Apuo-Versilia
Plain (Figure 1a) and reaches a maximum elevation of 1942 m a.s.l. at Mt. Pisanino.

The Apuan Alps represent one of the most important karst areas in Italy and Europe,
and they host large volumes of groundwater resources within metamorphic and non-
metamorphic carbonate aquifers [4,30]. According to [4], these aquifers are highly karstified
due to physical-chemical processes, and the superficial fracturing is responsible for high
rates of rainfall infiltration. These conditions imply a high hydraulic conductivity, thus
emphasizing the transfer of surface waters to groundwater. Several springs are fed by
karst aquifers [4,31], and most of them drain metamorphic carbonate aquifers and supply
drinking water for the inhabitants of the Apuan Alps and surrounding areas [4]. The highly
karst character of aquifers in the Apuan Alps area is clearly depicted by the presence of
about 1200 known karst caves [4], with the overall cave system extending for over 325 km.
Most of these caves develop within carbonate formations of metamorphic units, especially
metadolostone and marble (“Grezzoni”, Marmi Dolomitici, and Marmi Fm.).

The Renella Cave (44.09500, 10.18361) is a small shallow cave located in the northern-
most sector of the Apuan Alps, about 1.5 km upstream of the village of Forno (Figure 1a,b).
The cave is placed in a narrow valley at the confluence of the Regolo Creek and the Frigido
River (here named Secco Creek due to the absence of surface flow for most of the year)
(Figure 1a,b). The cave has only one entrance (artificially modified) (Figure 2b) at an alti-
tude of 275 m a.s.l. on the right side of the Frigido River valley on the western side of the
Apuan Alps (Figure 2a), upstream of the Frigido River spring (Forno Spring, Figure 1b).
The cave has a predominantly horizontal development for a total length of ca. 200 m,
and it extends vertically for ca. 23 m. It develops within a Triassic dolostone (Grezzoni
Fm.), close to the contact with the Palaeozoic phyllitic basement [29]. The metadolomite
beds dip almost vertically, and the cave development follows the WSW-ENE direction
of the strike [27]. The cave probably has a phreatic origin, being the marginal part of an
extensive epiphreatic system which was affected by the invasion of alluvial sediments once
it was intercepted by surface stream incision during a recent phase of downcutting [29]. It
exhibits evidence of a complex hydrodynamic evolution and presently experiences a dual
hydrological function [29]. The former is a subterranean shortcut for the Regolo Creek via a
stream sink, which is currently buried by streambed deposits; the latter reasonably plays as
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an occasional overflow spring for the local karst aquifer, whose major outflow is the Forno
Spring, with a mean flow rate of about 1.6 m*/s [32].
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Figure 1. (a) Map of the study area. Location of the Renella Cave, sampling points, and S.LR. stations.
(b) Hydrogeological sketch map of the study area. 1—metacarbonate rocks with high permeability
(mainly Grezzoni Fm. and marble). 2—metacarbonate rocks with medium permeability (Metacalcari
Selciferi Fm. and Entrochi metalimestone). 3—non-carbonate rocks with low permeability (mainly
Porfiroidi e Scisti porfirici Fm. and phyllite).

Several active speleothems are present, mostly represented by stalactites, stalagmites,
and flowstones, some of which have been sampled since the early 2000s for paleoclimatic
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and paleohydrological studies, e.g., [24-29]. Moreover, the lower part of the cave is fre-
quently flooded through a small cave sump.

The natural environment around the cave is heavily modified by human activity since an
abandoned dolostone quarry is located just upstream of the cave (Figure 2c). The quarry (called
Cava Serroni) has been in a state of abandonment since 1999, as no securing and restoration
activities have been carried out so far. The buildings and plants have not been dismantled;
the scraps have not been removed. The company holding the quarrying concession was also
responsible for the removal of a rocky ridge on the left side of the Regolo Creek, carried out to
open an easier access to the quarry. Consequently, during very rainy periods, part of the water
falls into the quarry from a height of over 100 m. This implies an intense washout of sludges
accumulated in the quarry yards, which may easily infiltrate the underlying karst aquifer by
means of meteoric waters, enhancing the vulnerability of the groundwater resources [24,32].
The soil is almost absent or poorly developed above the cave, mainly due to the large presence
of carbonate rocks and the high slope.

\: [ recent aliuvial deposit 272 TIMS - Renella Cave

RL2 Diver
[ siope debrs RL3 o Mygmeto

I:] meta-dolostone (Grezzoni) - 340

[:] Paleozoic basement

"I" quarry area Bt
200
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Figure 2. (a) Map of the Renella Cave, geological sketch map of the study area, and location of
sampling points and monitoring instruments (modified from [29]). (b) Entrance of the Renella Cave.

(c) Quarry area above the Renella Cave.
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2.2. Local Climate

According to Koppen's classification system [33], the climate in the Renella Cave area
can be referred to as Csb. The Apuan Alps prevalently receives its rainfall from the arrival
of Atlantic frontal air masses [34] which interact often with the most important cyclogenetic
center of the Western Mediterranean area, the Gulf of Genoa [35,36]. In this context, the
Apuan Alps reliefs act as an orographic barrier to air masses moving eastward, thus trigger-
ing local cyclogenesis [37]. According to this framework, the autumn/winter precipitation
patterns over northwestern Tuscany are influenced by the North Atlantic Oscillation (NAO)
teleconnection [38,39], as indicated by the negative correlation between the NAO index
and the rainfall amount [28,39]. The Apuan Alps experience a Mediterranean climate with
a marked North Atlantic influence [35,38,39]. The proximity to the sea and the peculiar
orography of the Apuan Alps chain, characterized by steep slopes, induce the lifting of
humid air masses and their rapid adiabatic cooling, thus producing high precipitation that
locally exceeds 3000 mm/year [4,37,40].

According to the literature [25,27-29], the temperature inside the Renella Cave is quite
constant at ca. 13 °C, while the mean monthly temperatures for the surrounding area
range from a minimum of 7.4 °C in January to a maximum of 23.1 °C in July. The mean
annual total precipitation is about 2020 mm (£410 mm) over the Renella Cave area, as
calculated using the instrumental time series measured from 1927 to 1999 (except for some
short breaks) at the closest meteorological station (Casania—TOS10000050; Figure 1a) of
the regional hydrologic service (http:/ /www.sir.toscana.it/pluviometria-pub (accessed on
1 May 2022)) about 3 km away:.

3. Materials and Methods
3.1. Samples Collection

Sporadic monthly sampling of cave drips, a drip pool, and the cave sump was carried
out during the 2009-2013 period for hydrochemistry and isotope analysis. Two systematic
monitoring of three drips, the drip pool, and the sump were also performed from March
2015 to March 2016 [41,42], and samples were analyzed for both chemical and isotopic
composition. Samples were collected from three drips (named RL1, RL2, and RL3) placed
in different cave sectors. RL1 is located in the first sector of the cave, quite close to the
entrance, where the minimum thickness of rock cover occurs. RL2 and RL3 are located
in the inner sector of the cave, quite close to the inlet point of the Regolo Creek as also
proven by the occurrence of alluvial sediments [29]. A monthly integrated sampling plan
was established for the three monitored drips. Double-sealing HDPE bottles with a volume
of 125 mL were used to collect drip waters at RL1 and RL2, whereas 500 mL bottles were
used at RL3. Different bottles were used for drips because of different drip rates among
RL1, RL2, and RL3, even though no direct drip rate measurements were performed. Water
samples from the cave sump (named RL-SIF) and the drip pool (named RL-VAS) were also
collected in double-sealing HDPE bottles with different aliquots, including 125 mL “as is”
for major anion analysis (C1-, NO3~, SO4%7), 50 mL filtered through 0.45 um cellulose
acetate filters and acidified with ultrapure HNOj3 for major cations analysis (Na*, K*, Ca?",
and Mg?*), and 50 mL filtered for isotopic analysis (580 and §?H).

The new systematic monitoring was carried out from September 2020 to April 2022.
Samples were collected monthly from the drip pool (until April 2021), cave sump, and
Regolo Creek (named REG-1). Monthly precipitations were also collected from November
2020 to March 2022 using a homemade rain gauge (named PLRL) placed at about 315
m a.s.l. quite close to the cave entrance. Part of the precipitation data has already been
published in [37], in which sampling procedures are reported. These data are used in this
work as an isotopic benchmark for precipitation in the study area. Water samples from the
drip pool, cave sump, and Regolo Creek were collected in double-sealing HDPE bottles
with different aliquots as for RL-SIF and RL-VAS.
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3.2. Field Measurements

Water temperature (T, °C), pH, and electrical conductivity (EC; uS/cm at 25 °C) of the
cave sump, drip pool, and Regolo Creek waters were measured in the field using portable
waterproof instruments (XS Instruments). Total alkalinity (totally attributable to HCO3~,
given the pH values) was also determined in situ by acidimetric titration with 0.1 N HCl
using methyl-orange as an indicator. Water temperature, electrical conductivity, and pH
accuracy was 0.25% for temperature, 0.5% for conductivity, and 0.1 for pH. The pH and EC
sensors were calibrated prior to each sampling trip with certified standard buffer solutions
of pH 4,7, 10, and 1413 pS cm ™! solutions, respectively. The error of the alkalinity analysis
was 0.01 meq L1 tested in laboratory with certified bicarbonate solutions. Flow rate
measurements of the Regolo Creek were carried out during five field samplings (November
2020-May 2021) using the salt dilution method [43,44].

Two automatic probes were placed in the inner sector of the Renella Cave to measure
the cave temperature (Tcave), atmospheric pressure, and relative humidity (RH). A Baro-
Diver probe (Schlumberger Water Services) was placed within the cave close to RL2 on
1 September 2020, to measure the cave temperature with an accuracy of £0.1 °C and a
resolution of 0.01 °C, and the atmospheric pressure with an accuracy of £0.5 cmH,0. A
Tinytag Plus 2 Logger (Gemini Data Loggers) with temperature and RH probe was used to
monitor the relative humidity inside the cave over the monitoring period. The measure-
ment range of this probe was between 0 and 100% with an accuracy of +3.0% RH readings
at 25 °C and a resolution better than 0.3% RH readings. However, the working range for
the RH probe depends on relative humidity /temperature limits, with performance tending
to deteriorate as the temperature increases and for RH values very close to 100%. The probe
was placed on 30 April 2021, and it has been working until 19 November 2021. After this
date, the instrument experienced a progressive drift toward lower values, probably due
to the high RH values inside the cave (close to 100%) which likely caused damages to the
measurement probe. The atmospheric temperature (T,m) was also monitored outside the
cave using another Baro Diver probe that was placed in the quarry yard above the cave,
very close to the rain gauge used to collect monthly precipitation.

In order to better understand the hydrodynamic and the processes behind physico-
chemical variations of the cave sump, a CTD Diver probe (Schlumberger Water Services)
was installed on 29 January 2021. Every five minutes, the probe registered the water
temperature with an accuracy of £0.1 °C and a resolution of 0.01 °C, the water level in
terms of water pressure with an accuracy of 0.5 cmH,O and a resolution of 0.2 cmH,0,
and the EC with an accuracy of £1% and a resolution of +0.1% of readings.

3.3. Laboratory Analysis

The analysis of major elements was carried out at the Institute of Geosciences and
Earth Resources of the National Research Council (IGG-CNR) of Pisa. Major anions were
determined by ion chromatography (IC) using a Metrohm 883 Basic IC Plus. Major cations
concentrations were obtained by inductively coupled plasma optical emission spectroscopy
(ICP-OES) using a PerkinElmer Optima 2000TM DV. In every case, the relative standard
deviation (RSD), calculated on three replicate injections, was <10%. The charge balance
error was used to ensure the accuracy of the analysis for major elements [45] and it was
<5% for each sample. For major anions, the analyses included replicates, blanks, and
quality-control standards measured with every set of unknown samples, the concentrations
of which were calculated from daily calibration curves. Different analytical techniques
were used to determine the oxygen and hydrogen stable isotope composition of water
samples. The 80/1°0 isotope ratios of samples collected before December 2020 were
determined using an Isotope Ratio Mass Spectrometry (Thermo Finnigan MAT252, Thermo
Fisher, Waltham, Massachusetts, USA) of gaseous CO,, previously equilibrated with water
at 25 °C [46]. Hydrogen stable isotopes were measured using a Los Gatos Research Liquid
Water Isotope Analyzer (LGR-LWIA) based on the “Off-Axis Integrated Cavity Output
Spectroscopy” technique [47]. These analyses were also performed at the IGG-CNR of
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Pisa. Samples collected in the period during 2021-2022 were analyzed in the Laboratory
of Fluid Geochemistry of the University of Florence by using a Picarro L2130-i analyzer
based on cavity ring-down spectroscopy (CRDS). The oxygen and hydrogen isotope data
are expressed as 5 %o compared to the international reference standard V-SMOW [48]. The
analytical precision was 0.1%o and 1% for §'80 and 6?H for all the adopted methods. All
the laboratories ran isotopic reference materials spanning isotope scales of interest and
calibrated them with internationally distributed isotopic reference materials obtained from
IAEA to the VSMOW-SLAP scale. An internal lab standard was run several times among
samples as a check on the instrumentation.

4. Results
4.1. Atmospheric and Cave Conditions

The raw data of the external temperature (Text) and cave temperature (Tcave) measured
at PLRL and RL2, respectively, are shown in Figure 3.
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Figure 3. Hourly and daily data of external temperature (Text) and cave temperature (Tcave). Text
was plotted on the left vertical axis, whereas Tcave was plotted on the right vertical axis.

The mean monthly atmospheric temperature outside the cave ranged from a minimum
of 7.7 °C in January to a maximum of 23.3 °C in July, with a mean value of the monthly mean
of 14.2 £ 5.8 °C. The mean cave air temperature over the monitoring period was 13.2 °C
with a standard deviation of +0.03 °C, which was less than the instrument accuracy. The
latter was very constant as indicated by the very low standard deviation (sd), and very close
to the mean annual temperature for the studied area as reported by [29]. We also measured
that the relative humidity inside the cave was always 100%, although the instrument error
was £3% and it worked poorly with high humidity values. Under these conditions, drip
waters should not be subjected to evaporative isotopic fractionation during dripping. This
has implications for the climatic significance of the 5180 of drip waters, which is generally
considered in this Mediterranean area as a proxy of paleoprecipitation [24-29,49,50]. The
5180 of drip waters should faithfully reflect the 5'80 of precipitation, if evaporation does
not occur in the epikarst and in the cave.

4.2. Physico-Chemical Parameters, Hydrogeochemistry of Stream and Cave Waters, and
Hydrodynamic Conditions of the Cave Sump

The raw data of the physico-chemical parameters (EC, pH, and T) measured on the
field of drips, drip pool, cave sump, and Regolo Creek are provided in the Supplementary
Materials (SM—Table S1). The statistics for the field parameters of the waters are reported
in Tables 1 and 2. The drip pool (RL-VAS) showed slightly variable pH values ranging from
a minimum of 7.9 to a maximum of 8.2. The hydrogen ion concentration was a little more
variable at the Regolo Creek (REG-1) and the cave sump (RL-SIF), with a pH ranging from
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7.7 to 8.3 and from 7.8 to 8.2, respectively, indicating slightly alkaline conditions. During
the entire monitoring period, the drip pool was characterized by a higher EC than the cave
sump and Regolo Creek, which, on the opposite hand, showed similar trends, with slightly
higher values in the sump. The EC varied from 375 to 454 uS/cm for the drip pool, whereas
lower values were registered in the cave sump and Regolo Creek, ranging from 244 to
154 uS/cm, and from 182 to 111 uS/cm, respectively. The drip pool temperature was the
least variable, ranging from 12.2 to 13.2 °C due to the longer residence time that allowed
the waters to thermally equilibrate with the cave temperature. The temperature of the creek
varied within a large interval from a minimum of 3.9 to a maximum of 13.9 °C, whereas the
temperature of the cave sump was less variable, ranging from 10.2 to 12.4 °C. The variations
in the physico-chemical parameters of the cave sump and Regolo Creek waters were in
agreement with the precipitation patterns, with higher values during periods characterized
by total absence or scarcity of precipitation, and lower values when heavy rainfall occurred.
The drip pool, on the other hand, showed variations that were very attenuated and not
directly attributable to the precipitation regime.

Table 1. Statistical table of physico-chemical parameters, major ions, and isotope of water samples.

2020-2022 2015-2016 2009-2013
Code  RL-SIF  RL-VAS REG-1 PLRL RL-SIF RL-VAS RL1 RL2 RL3 RL-SIF RL-VAS RL1 RL2 RL3
Parameter
n 7 8 8 / 7 9 5 9 / 3 4 / / /
min 10.2 10.8 3.9 / 9.2 11.4 / / / 9.2 11.4 / / /
T¢0) mean 11.1 12.3 10.1 / 11.7 12.9 / / / 10.9 12.4 / / /
sd 0.8 0.7 4.8 / 1.1 0.6 / / / 1.6 0.7 / / /
max 12.4 13.2 19.9 / 13.3 13.5 / / / 12.3 12.9 / / /
min 7.9 8.1 7.6 / 7.6 7.9 / / / 8.1 8.3 / / /
H mean 8.1 8.3 8.1 / 8.0 8.2 / / / 8.1 8.3 / / /
p sd 0.1 0.1 26 / 02 02 / / / 0 0 / / /
max 8.2 8.4 8.4 / 8.2 8.4 / / / 8.2 8.4 / / /
BC min 154 322 111 / 143 290 / / / 143 357 / / /
(uS/em  Mean 182 391 156 / 175 387 / / / 162 393 / / /
t”25 °0) sd 25 39 32 / 24 40 / / / 31 40 / / /
a max 244 454 224 / 204 444 / / / 198 444 / / /
min 732 207.5 47.0 / 76.3 195.0 1420 1420 / 75.1 140.3 / / /
HCO; mean 94.1 258.0 754 / 95.4 254.8 1480  150.0 / 90.7 230.7 / / /
(mg/L) sd 23.9 30.2 17.1 / 14.4 30.5 4.0 5.0 / 27.1 62.7 / / /
max 140.3 294.7 103.7 / 114.0 289.0 1540  159.0 / 122.0 2734 / / /
min 5.9 5.3 49 / 49 5.1 39 4.1 / 5.3 0.9 / / /
Cl mean 6.9 5.8 5.6 / 5.9 5.4 44 4.7 / 5.8 5.4 / / /
(mg/L) sd 1.0 0.6 0.6 / 0.9 0.2 0.5 0.3 / 0.7 3.1 / /
max 8.6 7.2 6.4 / 7.6 5.6 5.1 5.0 / 6.5 7.6 / / /
min 4.0 5.0 3.1 / 42 49 1.0 1.0 / 48 1.7 / / /
SOy mean 49 6.1 5.0 / 5.7 6.2 1.3 1.1 / 6.2 7.8 / / /
(mg/L) sd 12 0.9 13 / 0.8 0.6 0.2 0.1 / 2.1 47 / / /
max 74 7.6 7.0 / 6.5 7.1 1.6 1.3 / 8.7 12.9 / / /
min 0.6 0.4 0.1 / 2.0 1.0 22 3.7 / 1.2 1.2 / / /
NO; mean 1.7 0.7 0.3 / 2.8 1.3 24 44 / 1.8 1.2 / / /
(mg/L) sd 1.0 0.2 0.1 / 0.7 0.1 0.1 0.4 / 0.7 0 / / /
max 35 0.9 0.4 / 3.9 1.4 25 48 / 26 1.2 / / /
min 33 3.1 27 / 3.2 3.4 27 3.2 / 3.5 0.8 / / /
Na mean 3.8 3.3 32 / 44 37 29 3.7 / 39 34 / / /
(mg/L) sd 0.5 0.2 0.3 / 0.9 0.4 0.1 0.7 / 0.7 1.7 / / /
max 4.6 3.6 35 / 5.8 46 3.0 5.6 / 47 45 / / /
min 0.5 0.3 0.1 / 0.4 0.3 0.1 0.1 / 0.3 0.1 / / /
mean 1.1 0.7 0.2 / 0.9 0.4 0.1 0.1 / 0.4 0.3 / / /
Kmg/L) "4 04 0.6 0.0 / 04 0.1 0.0 0.0 / 0.1 0.1 / / /
max 14 22 0.3 / 1.6 0.5 0.1 0.1 / 0.5 0.5 / / /
min 16.0 29.0 11.6 / 16.8 228 257 246 / 16.1 29.1 / / /
Ca mean 17.8 37.2 18.0 / 19.4 35.8 268 265 / 18.3 35.4 / / /
(mg/L) sd 1.5 5.6 3.8 / 1.3 7.4 0.7 0.9 / 2.1 6.5 / / /
max 20.4 439 225 / 20.7 435 276 275 / 20.1 432 / / /
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Table 1. Cont.

2020-2022 2015-2016 2009-2013
Code RL-SIF RL-VAS REG-1 PLRL RL-SIF RL-VAS RL1 RL2 RL3 RL-SIF RL-VAS RL1 RL2 RL3
Parameter
n 7 8 8 / 7 5 9 / 3 4 / / /
min 6.4 28.1 3.7 / 6.0 26.7 126  14.0 / 6 29.2 / / /
Mg mean 9.3 30.2 4.9 / 9.0 30.8 136 146 / 8.4 316 / / /
(mg/L) sd 3.1 12 0.9 / 2.3 . 0.7 0.5 / 3.7 29 / / /
max 15.0 31.8 6.1 / 12.1 34.9 144 152 / 12.7 35 / / /
n 13 17 10 17 7 5 9 7 3 4 2 2 2
min —8.21 —6.01 —3595 —9.68 —6.85 —6.65 —649 —663 —667 —7.11 —6.29 —646 —626 —6.72
5180 (% mean —6.29 —5.77 —3495 —556  —6.49 —6.28 —632 —647 —65  —6.85 —5.96 —6.28 —623 —645
(%) sd 0.88 0.12 0.69 2.20 0.29 0.18 023 009 015 0.23 0.28 025 004 039
max —5.03 —5.55 —3400 —175 —6.08 —6.08 —594 —632 —632 —6.70 —5.63 —594 —620 —6.17
min —50.1 —36.0 —526  —629  —437 —41.0 —418 —41 —413 —462 —40.9 —40.0 —343 —418
S2H (% mean —36.3 —34.2 —39.0 —318 —40.1 —39.5 —39.2 —403 -—408 —42.1 —385 —385 —335 -37.6
(%) sd 6.3 0.9 7.6 16.7 25 . 18 0.4 0.6 44 2.2 13 1.1 5.9
max —275 —327 —295  -18 —37.0 —37.0 —37  —40  —40 —37.5 —-36.3 —37.0 —327 -335
min 122 10.0 13.4 8.9 105 ) 101 106 93 10.7 8.7 105 158 120
d-excess ~ mean 14.0 11.9 15.4 12.7 11.8 10.8 114 115 112 12.7 9.2 117 163 139
(%o) sd 1.0 0.9 1.9 25 0.8 X 14 0.6 1.0 3.0 0.6 14 0.8 2.8
max 15.6 13.7 19.8 16.7 126 122 137 124 122 16.1 10.0 137 169 159
Table 2. Statistical table of physico-chemical parameters, major ions, and isotope of water samples
(ionic form).
20202022 2015-2016 2009-2013
Code RL-SIF RL-VAS REG-1 PLRL RL-SIF RL-VAS RL1 RL2 RL3 RL-SIF RL-VAS RL1 RL2 RL3
Parameter
n 7 8 8 / 7 9 5 9 / 3 4 / / /
min 10.2 10.8 39 / 9.2 114 / / / 9.2 11.4 / / /
T€o mean 111 12.3 10.1 / 11.7 12.9 / / / 10.9 12.4 / / /
sd 0.8 0.7 48 / 11 0.6 / / / 16 0.7 / / /
max 124 13.2 19.9 / 13.3 135 / / / 12.3 12.9 / / /
min 79 8.1 7.6 / 7.6 7.9 / / / 8.1 83 / / /
- mean 8.1 8.3 8.1 / 8.0 8.2 / / / 8.1 8.3 / / /

P sd 0.1 0.1 26 / 02 0.2 / / / 0 0 / / /
max 8.2 8.4 8.4 / 8.2 8.4 / / / 8.2 8.4 / / /
min 154 322 111 / 143 290 / / / 143 357 / / /

EC (uS/cm at25  mean 182 391 156 / 175 387 / / / 162 393 / / /
°Q) sd 25 39 32 / 24 40 / / / 31 40 / / /
max 244 454 224 / 204 444 / / / 198 444 / / /
HCO-— hvd min 73.2 207.5 47.0 / 76.3 195.0 1420 1420 / 75.1 140.3 / / /
2 Yy :"' mean  94.1 258.0 75.4 / 95.4 254.8 148.0 1500 / 90.7 230.7 / / /
ge“(c“ /‘il)“‘ € sd 23.9 30.2 17.1 / 14.4 30.5 40 50 / 27.1 62.7 / / /
mg max 1403 294.7 103.7 / 114.0 289.0 1540 159.0 / 122.0 2734 / / /
min 5.9 5.3 49 / 4.9 5.1 39 41 / 5.3 0.9 / / /
Cl- chloride (1)  mean 6.9 5.8 5.6 / 5.9 5.4 44 47 / 5.8 5.4 / / /
(mg/L) sd 1.0 0.6 0.6 / 0.9 0.2 05 03 / 0.7 3.1 / /
max 8.6 7.2 6.4 / 7.6 5.6 51 50 / 6.5 7.6 / / /
SO min 4.0 5.0 3.1 / 42 4.9 1.0 1.0 / 48 1.7 / / /
tetraoidosulfab mean 4.9 6.1 5.0 / 5.7 6.2 1.3 11 / 6.2 7.8 / / /
€ rz‘z"’)“( °S“L)a € sd 12 0.9 13 / 0.8 0.6 02 01 / 2.1 47 / / /
-) (mg/ max 74 7.6 7.0 / 6.5 7.1 16 13 / 8.7 12.9 / / /
NO.— min 0.6 0.4 0.1 / 2.0 1.0 22 37 / 12 1.2 / / /
AN mean 1.7 0.7 0.3 / 2.8 1.3 24 44 / 1.8 1.2 / / /

trioxidonitrat
f‘("l"; ("‘“ S‘ € sd 1.0 0.2 0.1 / 0.7 0.1 01 04 / 0.7 0 / / /
) (mg/ max 35 0.9 04 / 39 14 25 48  / 26 12 / / /
min 3.3 3.1 2.7 / 3.2 34 27 32 / 35 0.8 / / /
Na* sodium (1+) mean 3.8 3.3 3.2 / 4.4 3.7 2.9 3.7 / 3.9 34 / / /
(mg/L) sd 05 0.2 0.3 / 0.9 0.4 01 07 / 0.7 1.7 / / /
max 4.6 3.6 35 / 5.8 4.6 30 56 / 47 45 / / /
min 0.5 0.3 0.1 / 0.4 0.3 01 01 / 0.3 0.1 / / /
K* potassium mean 1.1 0.7 0.2 / 0.9 0.4 0.1 0.1 / 0.4 0.3 / / /
(1+) (mg/L) sd 0.4 0.6 0.0 / 0.4 0.1 00 00 / 0.1 0.1 / / /

g

max 14 22 0.3 / 16 0.5 01 01 / 0.5 05 / / /
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Table 2. Cont.

20202022 2015-2016 2009-2013

Code RL-SIF RL-VAS REG-1 PLRL RL-SIF RL-VAS RL1 RL2 RL3 RL-SIF RL-VAS RL1 RL2 RL3
Parameter

n 7 8 8 / 7 9 5 9 / 3 4 / / /
min 16.0 29.0 11.6 / 16.8 22.8 257 246 / 16.1 29.1 / / /
Ca?* calcium (2+4) mean  17.8 37.2 18.0 / 19.4 35.8 268 265 / 18.3 35.4 / / /
(mg/L) sd 15 5.6 3.8 / 13 74 0.7 09 / 2.1 6.5 / / /
max 20.4 439 225 / 20.7 435 276 275 / 20.1 432 / / /
min 6.4 28.1 37 / 6.0 26.7 126 140 / 6 29.2 / / /
Mg2+ magnesium mean 9.3 30.2 4.9 / 9.0 30.8 13.6 14.6 / 8.4 31.6 / / /
(2+) (mg/L) sd 3.1 12 0.9 / 2.3 24 07 05 / 3.7 29 / / /
max 15.0 31.8 6.1 / 12.1 34.9 144 152 / 12.7 35 / / /
n 13 17 10 17 7 9 5 9 7 3 4 2 2 2

min -821 —6.01 —3595 —9.68 —6.85 —6.65 —649 —6.63 —6.67 —7.11 —6.29 —646 —626 —6.72

5180 oxygen-18  mean  —6.29 —5.77 —3495 —556 —6.49 —6.28 —6.32 —647 —6.5 —6.85 —5.96 —6.28 —6.23 —6.45
(%o) sd 0.88 0.12 0.69 220 0.29 0.18 023 0.09 015 0.23 0.28 025 004 039

max —5.03 —5.55 —3400 —175 —6.08 —6.08 —594 —632 —632 —6.70 —5.63 —594 —620 —6.17

min —50.1 —36.0 —526  —629 —437 —41.0 —41.8 —41 —413 —462 —40.9 —40.0 —343 —41.8

52H deuterium  mean  —36.3 —34.2 —39.0 —31.8 —40.1 —39.5 —39.2 —40.3 —40.8 —42.1 —385 —385 —33.5 —37.6
(%) sd 6.3 0.9 7.6 16.7 2.5 13 18 04 06 44 22 13 11 59

max —27.5 —32.7 —295 —-18  —370 —37.0 —37 —40 —40 375 —-36.3 —37.0 —32.7 -335

min 12.2 10.0 134 8.9 10.5 926 101 106 9.3 10.7 8.7 105 158 120

d %) mean  14.0 11.9 15.4 12.7 11.8 10.8 114 115 112 12.7 9.2 11.7 163 13.9
-excess (/o sd 1.0 0.9 1.9 25 0.8 0.9 14 06 10 3.0 0.6 14 08 28
max 15.6 13.7 19.8 16.7 126 122 137 124 122 16.1 10.0 137 169 159

The hydrograph, thermograph, chemograph (HTC) §!80, and Mg/Ca ratio of the
cave sump and Regolo Creek waters, the flow rate measures of the Regolo Creek, and
the 15 min mean precipitation amount in the studied area are reported in Figure 4. The
15 min mean precipitation amount was calculated by averaging the pluviometric data taken
from two meteorological stations (Canevara—T0S02004011 and Vergheto—TOS02000047;
Figure 1a) of the Regional Hydrologic Service (http:/ /www.sir.toscana.it/pluviometria-pub
(accessed on 1 May 2022)).

The HTC-graph shows a typical karst system regime [51] characterized by sharp
increases in the water level in the cave sump, with a very short response time, to heavy
precipitations. The water level peaks occurred after a few hours from the meteoric events,
and after those, the system quickly returned to pre-event conditions (one up to three days).
At the cave sump, the highest water levels were reached during February, April-May, and
September—-December 2021, up to 600 cm H,O, due to abundant long-lasting precipitation
with possible snow melt contributions, especially during spring. The flow rates measured
in the Regolo Creek were in accordance with both the precipitation pattern and the water
level variation in the cave sump, reaching the highest values (105 and 110 L/s on 30 April
and 29 January 2021, respectively) after heavy and/or long-lasting precipitations, and the
lowest values (2 and 20 L/s on 31 and 1 March 2021, respectively) when precipitations
were scarce or absent. From September to December 2021, the pattern was characterized by
sharp increases in the water level and almost undisturbed recession phases. These peaks
were related to intense but short-time rainfall events. The summer of 2021 was marked by
weak and sporadic precipitation, leading to a significant decrease in the water level until
dry conditions were reached. The water level fluctuations were accompanied by the T and
EC oscillations. Both parameters showed different patterns with the highest mean values
occurring in March 2021 and September 2021 for the EC, and from September to November
2021 for the T. Lower values lasted during May and from September to December 2021. The
EC significantly decreased from about 230 pS/cm to roughly 130 uS/cm after the strongest
precipitations. During precipitation events, the EC showed a significant variation (up to
—100 puS/cm when the system was very dry), quickly decreasing when the water level
peaks occurred, whereas the T did not always show the same pattern. Such behavior is
unusual, since the temperature normally decreases due to the infiltration of meteoric and
stream waters, which also normally results in a marked lowering of the EC [52]. The 5180
patterns of the cave sump and Regolo Creek waters were very similar, characterized by an
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enrichment in heavy isotopes due to the seasonal and amount effect during spring 2021.
The 5'80 isotopic composition of RL-TOR, a water sample collected on 30 April 2021 from
a tiny water flow inside the cave that was not active during other monitoring campaigns,
was —5.68%o, very close to the §'80 isotopic values of the cave sump and Regolo Creek
samples collected during the same campaign (—5.59%0 and —5.66 %o for RL-SIF and REG-1,
respectively). The Mg/Ca ratio was almost constant for the Regolo Creek, ranging from
0.44 to 0.46 mmol/L, whereas the Mg/Ca ratio of the cave sump varied as a function of the
precipitation rates with the lowest values after heavy and/or long-lasting precipitations
(0.60 and 0.63 mmol/L on 29 January and 30 April 2021, respectively) and had the highest
value when scarce or no precipitation occurred (1.17 mmol/L on 1 March 2021).
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Figure 4. HTC-graph, 5'80, and Mg/Ca ratio of the cave sump related to 15 min mean precipitation
amount in the studied area from 29 January 2021 to 7 April 2022. Red lined squares: §'80 of the
Regolo Creek. Dark red pointed squares: Regolo Creek flow rate. Black lined squares: Mg/Ca ratio
of the Regolo Creek. Brown cross: §!80 of RL-TOR sample.

The summary statistics of the major chemical elements and isotopic variables for each
sampling point are reported in Tables 1 and 2. The hydrochemistry data are given in the
Supplementary Materials (SM—Table S1). The identification of the hydrochemical facies
of the waters was performed by plotting the results of the analysis for each sample on a
Piper-Hill diagram [53]; Figure 5a. Two main hydrochemical facies were recognized.
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Figure 5. (a) Piper-Hill classification diagram of stream and cave waters. (b) HCO3~ + Cl~ vs. SO,2~
diagram of stream and cave waters (TIS, total ionic salinity).

Ca-HCQ;3 is the hydrochemical facies most representative of the Regolo Creek samples,
and partially of the sump. The dominant anion is HCO3 ™. The percentages of Na* + K* in
the Regolo Creek waters were higher if compared to those measured in the sump and drip
pool (percentages between 9 and 12.5%).

Ca-Mg-HCO;3 is the predominant hydrochemical facies in the drip pool waters. The

main anion is HCO3 ~. The Mg?* content was always above 50%, up to percentage values
close to 70% of the total concentration of cations in the solution. The Na* and K* content
were less than 5%. The RL1 and RL2 drips also showed a Ca-Mg-HCO3; composition, but
in contrast to the drip pool, the Mg?* content was slightly lower and equal, in percentage,
to the Ca®* content. During some sampling, the sump also showed an enrichment in Mg?*
with a trend moving to a Ca-Mg-HCO3 composition.

The drip waters and the drip pool differ from the sump and the Regolo Creek stream
waters by higher bicarbonate, Ca?*, and Mg?" concentrations. These data agree with
the highest EC values measured in the drip pool and the highest TIS (total ionic salin-
ity) values (5.5 to 7.0 meq/L) (Figure 5b). The drip waters showed TIS values close to
4.0 meq/L for RL2 and RL3, and slightly lower for RL1 (around 3.5 meq/L). The sump and
Regolo Creek waters, on the other hand, generally showed lower TIS values, ranging from
1.8 to 3.4 meq/L, except for the sump sample collected in September 2020, which had a
higher salinity (4.5 meq/L). In general, the TIS is quite variable in the different sampling
campaigns for the sump, drip pool, and Regolo Creek waters, whereas the drip waters’ TIS
is almost stable throughout the monitoring period. The NO3;~ and SO4>~ content were
very low for all sampling periods.

4.3. Isotopic Composition of Precipitation, Stream, and Cave Waters

The isotope data of the precipitation, stream, and cave water samples collected during
different monitoring can be found in the Supplementary Materials (SM—Table S1), and the
statistics are given in Tables 1 and 2. The isotope data of the local precipitation, stream, and
cave waters are displayed in the typical §°H vs. 5§80 diagram, along with five different
meteoric water lines (MWLs, Figure 6) which were useful for understanding the origin of
the investigated waters.
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Figure 6. 52H-5180 diagram of stream, cave waters, and local precipitations [37,54,55].

As observed in this diagram, the local monthly precipitations collected over the monitor-
ing period were characterized by a high isotope variability, with the isotopic values ranging
from a minimum of —9.68%. for 680 and —62.9%. for 5*°H recorded in January 2021 to a
maximum of —1.75%. and —1.8%. in March 2021, respectively, for §'80 and §*H. The amount-
weighted mean isotopic composition of precipitation was —6.16 %o for 8'®0 and —35.6%o for
§?H, and was depleted in heavy isotopes compared with its mean (—5.56 =& 2.20%o for §!80
and —31.8 + 16.6%. for 5°H). The Regolo Creek and cave waters were distributed close to the
Tuscany Meteoric Water Line TMWL [54], IMWL [55], and LMWL in the Apuan Alps area as
calculated for the monthly precipitation collected at PLRL from November 2020 to August
2021 [37], confirming their origin by the infiltration of local precipitations.

As expected, both the stream and cave waters were characterized by a much narrower
range of 5!80 and §?H values if compared to the precipitation. The RL2 and RL3 drips
and the drip pool presented the lowest isotopic variability, while the RL1 showed a larger
isotope variability. The isotopic composition of the oxygen and hydrogen of the cave
sump and the Regolo Creek water samples was rather variable, characterized by a high
standard deviation compared to their mean value (—6.42 3= 0.70%. and —6.80 &= 1.1%o for
8180, —38.2 + 5.5%0 and —39.0 4 7.6%o for 5°H, respectively), but lower with respect to
the precipitation. The mean isotopic composition calculated for the drip pool waters was
—5.95 + 0.28 %o for 8180 and —36.4 + 2.8%o for 62H, and it was rather similar to the amount-
weighted mean precipitation composition. The mean oxygen and hydrogen isotopic values
of the RL2 (—6.43 + 0.13%o for 680 and —39.1 4 2.8 %, for 8°H) and RL3 (—6.49 4 0.19%o
for 6180 and —40.1 4 2.5% for °H) drips were depleted in heavy isotopes if compared to
the amount-weighted mean isotope composition of precipitation and showed no significant
differences between them. The mean isotopic composition of the RL1 drip (—6.35 £ 0.21 %o
for 8180 and —38.8 + 2.7%. for §°H) was also depleted in heavy isotopes if compared to
the precipitation, but it was characterized by a larger variability than the other two drips.

Most of the water samples tended to have a more negative isotopic composition
compared to the weighted average precipitation. Both the summer and low precipitations,
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which were generally more positive, played a minor role in the recharge; indeed, the
isotopic signal of the cave and stream waters were mostly distributed along more negative
values, which were more representative of the winter, autumn, and spring precipitations.

The isotopic monitoring of the precipitation, cave sump, Regolo Creek, and drip pool
has permitted the recording of the isotopic variability over time, which is useful for tracking
the current hydrologic processes. As shown in Figure 7, a marked isotopic depletion was
registered in the stream and sump waters in winter 2020-2021, starting from December
2020, as a consequence of high precipitation isotopically depleted. As a matter of fact,
the isotopic changes registered in the stream and sump waters closely reflect the isotopic
variations in the precipitation, which showed more negative values in December 2020 and
January 2021. Thereafter, the precipitation became more enriched in heavy isotopes, and
the sump and Regolo Creek waters also showed the same pattern until the isotopic values
of the latter tends to stabilize at slightly more enriched values. Starting from September
2021, the isotopic composition of the sump waters tends to negativize again as a result of
heavy rainfall. The isotopic composition of the drip pool was almost steady during the
entire monitoring period, characterized by an enrichment in §!80 content with respect to
the 580 amount-weighted mean of precipitations.
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Figure 7. Time plot of '80 values of the cave sump (RL-SIF), drip pool (RL-VAS), Regolo Creek
(REG-1) waters, and local precipitations (PLRL) collected from September 2020 to April 2022. Monthly
precipitations (SIR) are calculated by averaging monthly pluviometric data taken from two meteo-

rological stations (Canevara—T0OS02004011 and Vergheto—T0OS02000047) of the Regional Hydro-
logic Service.

5. Discussion
5.1. Hydrochemical Processes: Carbonate Dissolution, Dilution, and Calcite Precipitation

The results of the chemical analyses conducted on the water samples, in agreement
with Piper-Hill’s diagram, indicated that the chemistry of the cave waters was essentially
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determined by the dissolution processes of the carbonate lithotypes present in the investi-
gated area and the dilution processes that occurred as a result of intense events. According
to formulae (1) and (2), the dissolution of carbonate (calcite and/or dolomite), which pro-
duced Ca-HCO3 or Ca-Mg-HCO; waters, was the predominant process in the study area.

CaCOj; + H,O + CO, = Ca’" + 2HCO;3 ™~ 1)

CaxMg; ,(CO3) +2CO; + HyO = xCa?* + (1 — x)Mg?* + 4HCO3 ™~ ()

The different content of HCO3~, Ca®*, and Mg?* in the collected samples depends
substantially on the water residence time, the intensity of the water—rock interaction
processes, and the amount and frequency of precipitation.

As shown in the binary diagram of Ca + Mg vs. HCOj (Figure 8a), the cave and
stream water samples were displayed along the 1:1 line, evidencing that the dissolution
of calcite and /or dolomite was the predominant reaction in the groundwater system. The
Mg?* + Ca?* and HCO;~ concentrations of the different samples highlighted how these
waters were characterized by distinct degrees of maturity. The cave sump and Regolo Creek
waters showed the largest compositional variability and were the least mature; the gradual
decrease in the ionic content of these waters when heavy and/or prolonged precipitations
occurred suggested dilution. The drip waters were the least variable in terms of ionic
content, and they were more enriched in Mg?* + Ca?* and HCO3~ due to more intense
and prolonged water—rock interaction processes, also promoted by lower water-rock ratios
and longer residence times within the soil as well as in the epikarst. At last, the drip pool
waters were characterized by the highest ionic content and exhibit a certain compositional
variability, probably related to the calcite and/or dolomite precipitation from oversaturated
solutions (samples with Mg?* > Ca®*). Longer residence times of waters feeding the drip
pool can lead to incongruent dissolution phenomena, whereby the waters acquire larger
amounts of Mg?* depending on the different solubility of calcite and dolomite [40].
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Figure 8. Binary diagrams for water samples. The black lines correspond to the 1:1 ratio. (a) Ca®* +
Mg?* vs. HCO3 ™. (b) Na* vs. Cl~.

All waters were characterized by low sodium and chloride contents, generally close
to the stoichiometric 1:1 ratio, as shown in Figure 8b, demonstrating that their origin was
mainly attributable to marine chloride wet and dry deposition [56,57].

5.2. Isotope Hydrogeochemistry of Drip Pool and Drip Waters and Relation with Precipitation

The drip pool waters collected from September 2020 to April 2022 were enriched in
heavy isotopes compared to the weighted mean isotopic composition of local precipitation
(Figure 9a), as a consequence of possible equilibrium fractionations. The variations in the
isotopic content did not temporally follow the local precipitation pattern, demonstrating
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that the drip pool was the expression of a karst circuit that allowed the precipitation to
homogenize isotopically during infiltration. The isotopic composition of the drip pool, RL2,
and RL3 drips collected during the 2015-2016 monitoring campaign (Figure 9b) was almost
constant, and they exhibited a similar pattern characterized by more negative isotopic
values for drips, which was probably due to their shorter residence times and shortest
circulation in the karst system; the stationarity of the isotopic composition suggested the
presence of a karst circuit that allowed isotopic homogenization of the infiltration waters
that supplied them. The RL1 drip, on the other hand, showed a more pronounced temporal
variability due to its shallower position, resulting in a quicker response to the precipitations
that did not allow the isotopic homogenization of the infiltration waters.
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Figure 9. §'80 time plot of the drip pool (RL-VAS), drips (RL1, RL2, RL3), and local precipitation
(PLRL) related to monthly precipitations from March 2015 to March 2016, and from September 2020
to March 2022. Monthly P (SIR) are calculated by averaging monthly pluviometric data taken from
two meteorological stations (Canevara—T0S02004011 and Vergheto—T0S02000047) of the Regional
Hydrologic Service.
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5.3. Cave Sump Water Sources: Hydrology, Hydrogeochemistry, and Its Relationship with
Regolo Creek

As shown in the HTC-graph (Figure 4), the sump exhibited a typical karst hydro-
dynamic regime [51]. The sharp rises in the water level in response to significant me-
teorological events, followed by a relatively quick return (usually within 2-3 days) to
pre-event conditions indicates elevated hydraulic conductivity of the karst system. The
residual rise in the water level that persisted after the peaks was tiny in comparison with
the peaks values and tended to decrease in a relatively short time. These hydrodynamic
characteristics and the presence of a complex karst system upstream of the Renella Cave
suggested that the cave sump is probably an occasional overflow of the local karst aquifer
that is partially supplied by the Regolo Creek and its tributaries. A possible minor con-
tribution due to the direct infiltration of local precipitation cannot be ruled out, given the
high permeability by the fracturing and karstification of the rocks outcropping in the area,
combined with the presence of a quarry area above the cave. The discharge peaks measured
in the Regolo Creek on 29 January and 30 April 2021 were both in agreement with the
very low EC values and the very high water level measured in the sump on 30 April 2021
(over 400 cm HyO). The minimum EC values were the result of the strong dilution related
to the potential inflow of waters from the local karst aquifer into the cave sump when
heavy precipitations occurred. The maximum EC values were probably the consequence
of different co-occurring phenomena. When the system was very dry, the Regolo Creek
stream waters, that partially supply the local karst aquifer, were more mature as a result of
longer water-rock interactions. Additionally, as the waters entered the karst circulation
system, they became enriched as a result of possible mixing with the waters from small
pools presented within the cave, which were much more concentrated in anions and cations
due to prolonged interaction with the surrounding rocks. The variability of the Mg/Ca
ratio and isotopic composition of the cave sump and Regolo Creek waters as a function of
the precipitation pattern were both in agreement with the hydrodynamic, physico-chemical,
and flow rate data, suggesting that the cave sump responded rather rapidly to the precipita-
tions, likely through the inflow of the Regolo Creek diluted waters during the flood stages,
characterized by lower values of Mg/Ca ratio and a minimum difference in the isotopic
composition, that were also consistent with the isotopic composition of RL-TOR.

6. Conclusions

In this article, the monthly monitoring of the Renella Cave karst system is resumed,
attempting to hydrochemically and isotopically characterize cave waters and understand
as much as possible the hydrology of the system, the relations that exist with local precipi-
tations and the Regolo Creek stream waters, and with the surrounding hydrogeological
system. The aim is to provide a dataset to better understand the climatic signal present in
different geochemical proxies and to reconstruct the hydrological relations existing between
the cave sump and the karst system recharges, given the importance of the Apuan Alps in
terms of groundwater resources.

The classification based on the Piper-Hill diagram indicated that both the Regolo Creek
and cave waters belong to the bicarbonate-alkaline earth hydrochemical facies, indicating
that their chemism is essentially determined by the dissolution of the Grezzoni Fm.

As shown in the Ca-Mg-HCOQOj plot, there were differences in the chemism of stream
and cave waters. The Regolo Creek and the cave sump waters were strongly influenced
by the amount of local precipitations. The lower interaction of the cave sump waters with
carbonate rocks, which were mainly derived from the contribution of the local aquifer
and Regolo Creek waters during the flood stages, resulted in their low maturity and their
predominantly bicarbonate-calcic chemism. The contribution of the Regolo Creek waters to
the cave sump was also highlighted by the EC and T patterns measured by the CTD-Diver,
which showed rapid fluctuations depending on the amount of local precipitations, whereas
the water level rises in the cave sump could not be directly linked to an increase in the flow
rate until the overflow threshold was exceeded.



Water 2023, 15, 1764

18 of 21

References

The drips and drip pool were supplied by waters that come from a slower karst circuit,
so depending on the duration and intensity of the water—rock interaction processes, they
were more mature and enriched in ions. The low concentrations of Na* and CI~ in the
stream and groundwater samples were presumably due to the contribution of wet and dry
deposition by marine aerosols; in contrast, the contribution of the marine component to the
total value of Ca?* and Mg?* concentrations was almost zero.

A correlation between the local precipitation patterns and temporal variation in the
isotopic composition of the waters was observed. The lower variability of 5'80 and §°H
values measured in the drips and drip pool samples would indicate that their supplies were
related to a longer karst circuit that permitted meteoric waters to homogenize isotopically
during infiltration. The more variable isotopic values measured in the cave sump and
Regolo Creek samples, on the other hand, suggested a short infiltration time and a direct
connection with meteoric events that did not allow the waters to homogenize isotopically.

Further research is required to confirm the presence of a circulation network frag-
mented into independent parts and to make considerations about the residence and infil-
tration times of meteoric waters. It would be interesting for future research to carry on the
monitoring of local precipitations, stream, and cave waters in order to obtain a multi-year
framework of the hydrochemical and isotopic variability of these waters, and highlight the
sensitivity of the site to the precipitation seasonality.

Therefore, the study of this karst system and the data given and processed in this
paper could be a good starting point to begin an activity aimed to carry out detailed
hydrogeological reconstructions.
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