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ARTICLE INFO ABSTRACT

Editorial handling by Dr F Chabaux The origin of fluids in the Hranice Karst containing the deepest flooded abyss in the world has been investigated

Keywords: using hydrogeological, hydrogeochemical, and isotopic data. At least a part of the CO, gas originates in the
Carbonate aquifer mantle as indicated by very enriched 813C(DIC) values and from existing He isotope analyses. The origin of
Recharge groundwater in the karstic aquifer which is exploited at the Teplice nad Be¢vou Spa is meteoric with a recharge

Endogenic CO,
Carbon isotope modeling
Hranicka abyss

area about 200 m above the Be¢va River valley as indicated by depleted values of §?H and §'80 compared to the
river water. Based on detectable tritium, the groundwater is from 20 to 50 years old. Water in the Hranicka
Abyss and in the ZbraSov Aragonite Caves is a mixture of carbonate aquifer groundwater with the river and/or
shallow groundwater comprising variable proportions of both end-members. Water in Death Cave Lake seems to
be affected by agriculture contaminated shallow groundwater as indicated by increased nitrate concentration.
Inverse geochemical modeling of aquifer geochemistry suggested two scenarios: (1) reaction of Mg-rich calcite
with deep hypogenic CO, (about 30 mmol/1) plus dissolution of trace amounts of halite and sylvite and cation
exchange; (2) reaction of Mg-depleted calcite and Mg-silicate (talc) as a source of Mg together with deep CO,.
Both scenarios were calibrated using 8'>C(DIC) values and gave satisfactory results. A conceptual model of the
site has been developed which includes a gravity-driven flow system where meteoric water which has recharged
in the surrounding uplands is heated at depth and acquires large amounts of hypogenic CO,, which preferentially
dissolves Mg-carbonates along the pre-existing tectonic features. The Miocene transgression followed by the later
incision of the Bec¢va Valley played an important role in groundwater circulation and the origin of fluids.

1. Introduction

Carbonated mineral/thermal waters represent water saturated by
gaseous CO, under enhanced hydrostatic pressure. Specific geological
conditions are required for their formation, such as deep tectonics in
the crust, which provides a supply of juvenile carbon dioxide.
Generation of these fluids is often related to the presence of deep tec-
tonic faults from the crust to upper mantle (reaching depths of
25-30km is not extraordinary). Three principal sources of endogenic
CO, can be identified in such waters: transformation of organic matter
during the formation of fossil coal, oil and gas, metamorphic transfor-
mation of carbonates, and de-gassing associated with volcanic activities
(Goldscheider et al., 2010). Generally, endogenous CO, moves upward
at the intersection of several faults where the CO, comes into contact
with groundwater in which it dissolves (Weinlich et al., 1999). This
creates carbonic acid that aggressively attacks rocks (e.g., with rocks

containing carbonates such as limestone, dolomite, or calcareous
sandstone). Under favorable conditions, hypogenic karst can develop
where karstification proceeds upward, with resulting complex karst
structures (Audra and Palmer, 2015), e.g. in Buda, Hungary
(Goldscheider et al., 2010; Havril et al., 2016), Italy (Minissale et al.
(2002), or Jordan (Bajjali et al., 1997). There are several types of hy-
pogenic karst, e.g. karst linked to CO, or hydrogen sulphide, although
the latter type is much less common. Where large inputs of endogenic
CO,, and favorable tectonic setting are found, deep flooded abyss and
sinkhole structures can develop, e.g. Sistema Zacatén in Mexico (Gary
and Sharp, 2006) and Pozzo del Merro in Italy (Caramana, 2002).
Groundwater in hypogenic karst is generally of meteoric origin. Surface
water is driven to depth by high topographic gradients between ele-
vated recharge zones and lower discharge zones with resulting high
hydraulic gradients (T6th, 1999). Modeling of hypogenic karst devel-
opment (Madl-Szonyi and Téth, 2015; Havril et al., 2016) has provided
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insight into the origin of hypogenic karst. In an initial confined state of
a karstic aquifer thermal convection cells can develop with buoyancy-
driven flow. In later stages, when the confining layer is partly eroded
and recharge and discharge areas develop due to tectonic uplift and
river incision, these cells are overprinted by advective gravity-driven
flow. Karst development then accelerates caused by penetration of re-
charge water into a karst system. When groundwater ascends towards
discharge areas, it cools down, dissolves carbonates and enlarges ex-
isting fractures (Andre and Rajaram, 2004; Sandeep et al., 2016).
Genesis of hypogenic caves has been reviewed by Klimchouk (2009),
who stressed the importance of permeability structures in cave forma-
tion, including the discordance of permeability between karst aquifers
and adjacent confining layers. An example of hypogenic caves which
developed under confined conditions by rising flow are Toca da Boa
Vista and Toca da Barriguda in Precambrian carbonates in Bahia State
in northeastern Brazil (Klimchouk et al., 2016).

The Nysa-Morava Zone (NMZ) at the northeastern margin of the
Bohemian Massif, rich in mineral water manifestations, represents a
prominent strike-slip tectonic domain governed by deep-seated, NW-SE
trending faults of the Elbe Fault Zone. Its late Miocene to present-day
evolution is largely governed by the thrust-and-sheet tectonic style of
the overriding Western Carpathians (Spacek et al., 2015). The studied
Hranice Karst is located in the eastern central part of the NMZ, close to
the town of Teplice nad Be¢vou on the Becva River (Fig. 1). Typical
karst structures are the ZbraSov Aragonite Caves and, in particular, the
Hranicka Abyss, which is currently (2018) the deepest flooded abyss in
the world. The karst has developed in the Devonian carbonates and the
input of endogenous CO, results in the formation of sparkling waters
which are exploited in the Teplice nad Becvou spa for balneological
purposes.

The objectives of this study were to determine (1) the origin of
fluids in this hypogenic karst structure, and (2) the recharge zone of the
carbonate aquifer, exploited in the spa.

2. Site geology and hydrogeology

The hypogenic karst is found in a small outcrop (~5 x ~3km) of
Devonian to Mississippian carbonates located in the eastern part of the
Czech Republic (N 49°31/, E 17°45), at the contact between the eastern
Bohemian Massif and the Outer Western Carpathians. The study area
(Fig. 1) constitutes a part of the Palaeozoic sedimentary cover of the
Brunovistulian unit, which was deformed during the Variscan orogeny
(Kalvoda et al., 2008). The Brunovistulian basement is composed of
upper Proterozoic high- and medium-grade metamorphic acid igneous
rocks and metasediments of the Brunovistulian unit recycled during the
Variscan orogeny. This crystalline basement is covered by a Middle
Devonian (Eifelian) to Mississippian (Viséan) clastic-carbonate sedi-
mentary succession reaching an aggregate thickness of up to 7 km
(Schulmann and Gayer, 2000; Hartley and Otava, 2001; Kalvoda et al.,
2008). The Kkarstification is developed in Givetian to Tournaisian fos-
siliferous, crinoidal and coral-stromatoporoid floatstones and wacke/
packstones, pelagic nodular wacke/packstones and intraclastic carbo-
nate breccias of the Macocha and LiSeri Formation (Dvordk and
Fridkova, 1978). A part of the carbonate succession was overprinted by
late Variscan penetrative foliation, which largely controls the mor-
phology of the karst. The thickness of the carbonate succession is un-
known in the study area, however in the Choryné-9 drillhole located
11.5km SE, it reaches ~1200 m. The Palaeozoic rocks are deformed
into a thin-skinned stack of thrust sheets separated by N/NW-dipping
thrust faults (Cizek and Tomek, 1991). The Palaeozoic rocks are over-
lain by a succession of Miocene shallow-marine deposits of the Car-
pathian Foredeep. Following a long period of denudation in non-marine
environment, the area was affected by Middle Miocene (early Langhian)
transgression of the Carpathian Foredeep, associated with deposition of
siliciclastic sandstones, conglomerates, mixed with shallow-water car-
bonates with abundant bryozoans, red algae, bivalves and foraminifers
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(Kovéc et al., 2007; Holcova et al., 2015). This sequence passes laterally
to more deep-water calcareous mudstones with abundant planktonic
and benthic foraminifers, diatoms, ostracods and radiolarians. How-
ever, before the transgression, the Palaeozoic carbonates were located
above sea level and developed distinct karst morphology, as evidenced
from geophysical surveying of the buried pre-Miocene surface in the
vicinity of Hranice (Tyracek, 1962; Dlestik and Babek, 2013), from
Miocene Neptunian dykes and traces of bivalve borings found in the
Palaeozoic carbonates. In addition, the Miocene calcareous siliciclastics
are exposed in the dry parts of the Hranicka Abyss indicating that the
abyss itself was open already before the Miocene transgression. The
entire area is covered by Quaternary loess and colluvial deposits.

The tectonic structure of the area and morphology of the hypogenic
karst was strongly affected by the Oligocene-Miocene thrusting of the
Western Carpathians. In response to the thrusting, the foreland of the
eastern Bohemian Massif developed a distinct late Cenozoic structure of
the Nysa-Morava Zone (NMZ) at the intersection between the SW-NE
trending Carpathian thrust sheets and the SE-NW trending Elbe Fault
Zone (Spacek et al., 2015). The NMZ is characterized by SE-NW
trending geomorphic faults and numerous carbonate springs bound to
the deep-seated faults (épaéek et al., 2015). The faulting is associated
with Plio-Pleistocene alkali basic volcanism (Ulrych et al., 2013), evi-
dence of historical and paleoseismic events (Guterch and
Lewandowska-Marciniak, 2002; Babek et al., 2015), present-day seis-
micity, and development of horst-and-graben basins filled with Pliocene
and Quaternary clastic sediments (Novéak et al., 2017).

A carbonate aquifer is exploited at the Teplice nad Be¢vou spa, with
two pumping wells 60.4m and 101.8m deep (Fig. 1). As previously
mentioned, one of the most significant associated hydrologic and geo-
morphic phenomena is the Hranicka Abyss, which is currently the
deepest underwater cave in the world with a possible depth of
700-800 m (e.g., Bunta, 2015). The Hranicka Abyss is filled with car-
bonated mineral water of largely unknown origin. However, given its
geological framework at the contact between the Bohemian Massif and
Western Carpathians, the formation of the abyss as well as the sur-
rounding mineral springs is assumed to be associated with the supply of
juvenile CO, from deeper crustal parts (Spacek et al., 2015). An un-
confined or perched aquifer might exist in the uplands above the river
valley, but boreholes drilled in the region for construction purposes
were dry and no water chemistry data are available.

3. Material and methods

Ground water was sampled from two pumping wells in the spa,
while karst water was sampled from two underground lakes in the
Zbrasov Aragonite Caves, from Death Cave (DC) and from B Cave (BC),
and from the Hranicka Abyss (HA), and river water was sampled in the
Becéva River (BR) upstream of the spa (Fig. 1). Temperature, pH and
electrical conductivity (EC) were measured on-site. The samples for
cation and trace element analyses were pre-filtered with 0.45mm
Millipore filters, acidified with HNOs-Suprapur, stored in HDPE bottles,
and analyzed with the ICP-MS technique. The analytical precision of the
individual solution analyses was below 2%. Anions were determined by
HPLC (Dionex ICS, 2000). Alkalinity was determined by titration with
HCI using the Gran plot to determine the end point. All charge balance
errors were in the range = 5%.

Isotope values for 8°H and §'®0 in water were determined at the
Czech Geological Survey in Prague using a LWIA 3000 laser analyzer
(LGR). Precision was 0.4%o for §°H and 0.12%o for 8'0. The results
were normalized to the internationally accepted standard (V-SMOW)
and reported in the usual 8-notation.

For the '3C analyses, BaCl, was added and then pH was increased to
about 12 by NaOH. The BaCOj; precipitate was used for §'>C(DIC) de-
termination. The precipitate was decomposed in 100% H3PO, in a va-
cuum at 25 °C. The C isotopes in the generated CO, were determined by
a Thermo Delta V isotope ratio mass spectrometer with precision of
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Fig. 1. (a) Location of the study site, (b) geological map, (c) cross-section illustrating the principal tectonic and karstic features in study area. ZAC-ZbraSov Aragonite
Caves, HA-Hranicka Abyss, T1,T2-pumping wells, DC-Death Cave, BC-B Cave, BR-Be¢va River.

813C better than 0.1%o. Results were expressed with respect to the PDB
standard. Sulfate sulfur from waters was precipitated with BaCl, as
BaS0,4, mixed with V5,05 and silica and decomposed in a vacuum under
a temperature of 1050 °C. Produced SO, was stored in glass ampules for
measurement. Reproducibility was + 0.3%o. Calibration of the labora-
tory standard was carried out by the IAEA international standards
(NBS122 and NBS127).

205

Measurements of *H were performed at the Institute of Nuclear
Research in ReZ by a TriCarb 3170TR/SL apparatus. Samples for >H
analyses were enriched by electrolysis in a solution of Na,O, and each
sample was measured 4 times for a period of 700 min.

Data on helium isotopes based on a previous project were taken
from the literature (Meyberg and Rinne, 1995) and interpreted together
with isotopic data acquired in this study.
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Fig. 2. Water level data for the Be¢va River (BR), Hranicka Abyss (HA), and
Death Cave (DC) between February 2005 and June 2005.

The program PHREEQC (Parkhurst and Appelo, 1999) was used to
calculate speciation and to model mass transfer using the inverse geo-
chemical modeling module. Multivariate statistics was performed using
the STATISTICA program, version 7.1. (Statsoft Inc., 2005). Data on
chemical composition were recalculated into mmol/] units. After the
Centered Log-Ratio Transformation (Aitchison, 1986; Davies, 2002;
Filzmoser et al., 2009), the data were subjected to Hierarchic Cluster
Analysis (HCA).

4. Results
4.1. Water level data

Based on water level data (Fig. 2), the water level in the Hranicka
Abyss (HA) in the study period is generally higher (average value of
244.51 m ASL) than in the river (BR) (average value of 244.12 m ASL)
and the expected flow direction is towards the river. However, the si-
tuation is complicated by a two-phase regime and resulting lower
density of water in the abyss. Also, the HA has a constant temperature
of 15 °C, which is higher than the river water temperature for most of
year. Hydraulic head data in the HA and DC corrected for the same
water density are therefore probably at similar levels as in the river
except during extreme flood events in the river such as in March 2005.
The water level data in Death Cave are affected by the pumping of
groundwater in wells T1 and T2 in the spa. In summary, it seems that
during most of year there is flow from the karst caves and the abyss
towards the river, or there is only limited exchange due to hydro-
dynamic equilibrium, but reversed flow can occur during extreme water
levels in the river.

4.2. Water chemistry data

Water chemistry data for selected sampling points and sampling in
May 2017 are provided in Table 1 and they are also plotted in a Piper
diagram in Fig. 3. We consider the data as representative because there
are no significant temporal changes in water chemistry (Gersl, 2016).

Groundwater in the carbonate aquifer (T1, T2), Hranicka Abyss
(HA), and the B Cave have Ca?* concentrations of about 500 mg/l and
HCO3;™ concentrations up to 1900 mg/1. In contrast, concentrations in
Death Cave and especially in the river are much lower. Water in Death
Cave also has increased concentrations of NO3~ and Cl~, suggesting
input from the shallow contaminated aquifer. Concentrations of Na*
and Mg?* are much lower, always below 100 mg/1.

Based on the Piper diagram (Fig. 3), all waters are of the Ca-HCO3
type. Their principal differences are in Ca and alkalinity/HCO3
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Table 1

Water chemistry data.
Sample/ T1 T2 Hranicka Becdva B Cave Death
parameter Abyss (HA) River (BC) Cave

(BR) (DC)

T [°C] 24 22.5 16.8 15.7 21 23
pH 6.31 6.28 6.27 7.81 6.44 6.58
Eh [mV] 293 270 385 412 373 375
EC [mS/cm] 2.785 2.805 2.459 0.428 2.75 1.60
K [mg/1] 13.1 12.3 8.4 6.9 11.4 6.4
Na [mg/1] 92 83 55 17 87 34
Ca [mg/1] 494 490 426 58 516 316
Mg [mg/1] 58 51 38 8.8 55 20
HCO3 [mg/1] 1894 1827 1413.7 172.3 1877.3 982
SO4 [mg/1] 23.9 26.4 67.8 39.3 23.9 68.7
Cl [mg/1] 28.1 32.6 55.3 14.8 325 55.1
F [mg/1] 2.02 211 1.36 0.16 2.20 0.57
NO3 [mg/1] 0.24 0.38 1.45 8.8 1.45 17.5
Si [mg/1] 10.2 10.4 7.6 1.3 10.3 8.1
Fe [mg/1] 0.061 0.041 0.81 0.005 0.027 0.012
Mn [mg/1] 0.245 0.356 0.203 0.011 0.231 0.009
Li [ug/1] 93.78 90.64 55.18 6.048 100.4 21.58
Be [ug/1] 0.502 0.492 0.383 0.02 0.524 0.063
Ti [pg/1] 11.97 13.09 25.32 1.17 13.59 9.938
Cr [pg/1] 23.0 26.42 121.2 37.74 26.69 53.26
Ni[ug/11 28.23 2595 21.51 3.858 27.33 15.28
Cu [pg/1] 7.897 1.607 2.134 2.694 0.510 1.908
Zn [pg/1] 1.867 2.504 2.986 0.541 2.568 26.66
Rb [pug/1] 31.12 29.36 18.99 1.194 30.67 7.033
Cs [pg/1] 5.352 5.331 2.888 0.042 5.205 3.43
Sr [pg/1] 2039 1945 1299 363.6 1978 649.3
Ba [ug/1] 1001 938.3 480.1 62.34 887.3 81.3
Th [pg/1] 0.003 0.001 0.042 0.001 0.001 0.001
U [pg/1] 0.517 0.531 0.785 0.18 0.501 0.946

concentrations.

4.3. Isotopic data

Isotopic data are shown in Table 2. Data for 8?H and §'®0 isotopes
are plotted in Fig. 4 and 8'°C vs HCOj is plotted in Fig. 5.

In Fig. 4, there is no impact of evaporation on the 8§%H and §'80
isotope data, indicating relatively fast infiltration. Surface water in the
Bec¢va River (BR) has generally constant values, which are enriched
compared to other samples. The exception is sample BR-3 from Feb-
ruary 2018 with more depleted values which were comparable to the
HA value. The sampling was performed after a cold spell with snowfall
thus these values are probably caused by melting of snow at higher
altitudes of the catchment. Water from the carbonate aquifer (T1 and
T2) is isotopically depleted compared to river water, suggesting a
higher altitude of the recharge zone compared to the river altitude. The
precipitation gradient of §'®0 is from —0.15-0.5%0/100 m with values
in the range of the middle altitude European mountains of 0.2-0.3%o
(Clark and Fritz, 1997). The sample from the Hranicka Abyss (HA) falls
between river water and the carbonate aquifer water, possibly in-
dicating equal proportions of water from both sources or a significant
proportion of lower altitude precipitation. The sample from the B Cave
(BCQ) is close to the carbonate aquifer water and the sample from Death
Cave (DQ) is closer to the river water. However, this sample is located
far from the river and has increased concentration of nitrate with a low
EC value (Table 1), suggesting mixing with shallow groundwater con-
taminated by agriculture activities.

In Fig. 5, the sample from the river is isotopically depleted com-
pared to other points and has a much lower concentration of bicarbo-
nate. However, other samples have extremely enriched values of §'°C
between 0 and -2%o and their bicarbonate concentrations are the
highest in samples from the carbonate aquifer and the B-cave. Samples
from the Hranicka Abyss and from Death Cave have lower bicarbonate
values, probably caused by de-gassing, but still contain high §'°C
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Fig. 3. Piper diagram for representative water samples from pumping wells (T1, T2), abyss (HA), caves (BC, DC), and river (BR) from May 2017.

Table 2
Isotopic data.

Sample/isotope T1 T2 HA River BC DC
82H [%o] 2016 -711  -71.3 - -66.2 - -

82H [%o0] 2018 -71.9 =72 -70.9 -68 -71.7 =706
82H [%o] 2018 —-70.63

880 [%o] 2016 -10.3 -101 - -9.7 - -
8180 [%o0] 2017 -101 -10 -9.9 -9.6 -101 -98
8180 [%o] 2018 -9.94

8'3C(DIC) [%0] 2016 —0.25 —0.18 - -18.77 - -
813C(DIC) [%o] 2017 —1.24 —1.05 -1.86 —1515 -0.64 —0.91
8>S [%o] 2017 - -27 -45 -26 -1 -1.8
Tritium [TU] 2017 2.9 3.2 2.1 8.7 1.2 2.9

values.

Values of 8%S(SO,4) vs. sulfate concentrations are shown in Fig. 6.
Samples from the river (RB) and carbonate aquifer (T2) have similar
83S(S0,) values and sulfate concentrations, suggesting the same origin
of sulfate. The most probable source of sulfate is atmospheric deposi-
tion from industrial sources of contamination in northern Moravia with
§%45(S0,) values between —2.5 and — 3%o (Buzek et al., 2017). Only a
small fractionation was seen between SO, and SO, and values for sul-
fate are close to those for their atmospheric source Clark and Fritz,
1997). Samples from Death Cave (DC) and the Hranice Abyss (HA) have
more negative values around —4.0%o and higher sulfate concentrations

-60

D [%d]

80 1 o T o T2 A T2 A T22
o BR1 m BR2 o BR3 e BC
0 DC o HA —GMAL
85 : . :
1.0 405 -10.0 95 90
5'80 [%o]

Fig. 4. Data for 8°H and 8'20.

of about 69 mg/1. The DC sample also has an increased nitrate con-
centration (Table 1) and seems to be affected by agricultural con-
tamination.

Tritium activity of 8.7 TU in the river is within the range from 4 TU
to 10 TU reported for precipitation in Czech Republic (Jankovec et al.,
2017). Tritium activities in the carbonate aquifer are 2.9 and 3.2 TU, in
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the abyss 2.1 TU, and in Death Cave and B Cave 2.9 and 1.2 TU, re-
spectively (Table 2). If a river water activity of 8.7 TU is considered as
activity of recharged groundwater, the age of samples would be about
20 years. However, groundwater in the soil profile above the aquifer
probably infiltrated earlier and the values in the carbonate aquifer in-
dicate a minimum age which is somewhere between 20 and 50 years
(tritium detection limit as indicated by Clark and Fritz, 1997). Sur-
prisingly, tritium activity in B Cave is lower compared to deep carbo-
nate aquifer, indicating an older water component. However, wells in
the carbonate aquifer are pumped and thus could be partly recharged
by younger water from their depression cones.

4.4. Speciation modeling

Selected results of speciation modeling are provided in Table 3.

All samples are supersaturated with respect to calcite and aragonite.
Supersaturation with respect to dolomite is not reached in the sample
from the Hranice Abyss (HA) and again in the DC sample. All samples
are undersaturated with respect to gypsum. Several samples, especially
T1 and T2 from the carbonate aquifer, are supersaturated with respect
to fluorite. All samples are undersaturated with respect to Mg-minerals:
magnezite, talc, and huntite (values not shown). In contrast, samples
are supersaturated with respect to quartz. The most striking feature is
extremely high values of log Pco,, reaching —0.11 in the samples from
the carbonate aquifer. The HA sample from the surface lake of the abyss
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Table 3

Selected results of speciation modeling.
Sample/parameter ~ T1 T2 HA River BC DC
SI aragonite 0.39 0.33 0.10 0.72 0.50 0.27
SI calcite 0.54 0.48 0.25 0.87 0.64 0.41
SI dolomite 0.49 0.29 -0.31 1.15 0.63 —0.05
SI magnezite -1.17 -1.27 —1.45 —-1.23 -1.06 —-1.56
SI tale —7.69 —8.16 —-9.75 —-5.11 -7.30 -7.67
SI fluorite 0.13 0.18 -0.12 —2.54 0.24 —-0.96
SI gypsum —-1.84 -1.78 -1.36 —-2.02 —-1.82 -1.36
SI quartz 0.21 0.28 0.19 —0.55 0.27 0.12
Log Pcoz -0.11 -0.11 —-0.23 —-3.34 -0.27 —0.65
Total C [mmol/1] 57.76 58.26 48.29 2.758 51.24 24.06

Bold-supersaturation.

is influenced by de-gassing, but its log Pcoy value is still —0.23. In
contrast, sample BR from the river is almost at equilibrium with at-
mospheric Pcos. Values of total C in the carbonate aquifer are about 20
times higher than in the river, with a maximum of 58.26 mmol/l1 in the
sample from well T2.

5. Discussion

There are at least two pieces of evidence suggesting a deep mantle
origin of CO,. First, values of 8'°C for the carbonate aquifer and karst
water samples are highly enriched, in the range from —0.25 to
—1.05%o. In contrast, surface water in the Be¢va River has values in the
range from —15.15 to —18.77%o depending on the season, which is in
good agreement with values expected for an open CO, system after
reaction with carbonates (Clark and Fritz, 1997). Highly enriched §'°C
values are even higher than those in the Eger Rift in western Bohemia
(Dupalova et al., 2012; Noseck et al., 2009), where the input of mantle
CO, has been proven (Weinlich et al., 1999). High inputs of hypogenic
CO, are also consistent with very high calculated log Pco. values
(Table 3), which are much higher compared to the values typical for
CO,, from the epikarst zone (Faimon et al., 2012; Pracny et al., 2016a,
2016b).

Helium isotopes are used in groundwater studies to constrain
groundwater age and origin (Phillips and Castro, 2003; Plummer et al.,
2012). Isotopes of helium dissolved in the water of the Hranicka Abyss
provide another piece of evidence for mantle origin of gases. Here we
present a brief summary of data from the literature (Meyberg and
Rinne, 1995). In this research, samples were taken by speleo-divers at a
depth of about 40 m. The *He/*He ratios were 4.5 x 10~°, with a re-
sulting R/R, ratio = 3.2 where R, is an atmospheric value of
1.4 x 10~%. The R/R, value is similar to values of mantle-derived he-
lium in springs of central Italy (Minissale, 2004). Assuming a value of
1-3 x 10~ ° for mantle helium isotopes, the mantle helium input would
be 15-45% (average 30%). Concentrations of total dissolved helium
were from 6.915 X 107° to 2.074 x 10~ ° cm® STP/cm?, i.e., which is
150-450 times higher than the concentration of helium dissolved in
water in contact with air at a given temperature. Contamination by
atmospheric gases dissolved in groundwater at shallow depth is also
possible (Clark, 2015). However, the 20Ne/*He value of 6 x 10~ 2 was
much lower than the atmospheric value of 4, thus excluding the impact
of mixing with waters equilibrated with the air.

The origin of water in the Hranice Karst is more problematic and is
less constrained than the origin of dissolved gases. Potential sources are
the Becva River, recharge directly on karst or inflow from non-karstic
rocks. Results of a Hierarchical Cluster Analysis (HCA) for water sam-
ples are shown in Fig. 7. Samples from the deep carbonate aquifer (T1
and T2), B Cave (BC) and the Hranicka Abyss (HA) lie in the same
cluster, which suggests the same origin. Sample from the river (BR) is
partly linked to Death Cave (DC) sample, also suggesting similar com-
position. This is supported by the Piper diagram (Fig. 3), in which both
the river (BR) and Death Cave (DC) samples are located close to each
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Fig. 7. Results of Hierarchical Cluster Analysis (HCA) of water sample data
based on principal ions and trace elements.

other. However, the river water probably represents groundwater from
the shallow aquifer connected to the river. Furthermore, the DC water
seems to be influenced by agriculture contamination as indicated by
high nitrate concentrations. Another piece of evidence is based on
isotopic 8'%0 data (Fig. 4), where T1 and T2 samples in the carbonate
aquifer are depleted by 0.5-0.6%o compared to the river, suggesting,
under the assumption of a precipitation gradient of 0.2-0.3%0/100 m
for 8'80 (Clark and Fritz), that the recharge zone should be situated at
altitude about 160-200 m higher than the river valley. The precipita-
tion altitude isotopic gradient is generally lower in warmer low-relief
regions (Squeo et al., 2006; Clark, 2015) and the value of 0.2%o seems
to be reasonable for the moderate hilly region of central Moravia. Iso-
topic composition of the river water is generally similar all year around,
and recharge of isotopically more depleted river water in late winter is
not likely. Water samples from the Hranicka Abyss (HA) show a sig-
nificant river water component.

Inverse geochemical modeling has been performed with the
PHREEQC code to evaluate potential scenarios of aquifer water chem-
istry formation. Initial water composition was lacking because no data
for shallow groundwater above the river valley were available. For this
reason, water chemistry in the river was used because the river in the
period without rain is supplied by groundwater, which represents a
shallow groundwater chemical composition. The final water composi-
tion was groundwater from the carbonate aquifer in well T1. The
models were calibrated using 8'3C(DIC) data in well T1, i.e., —0.25%o.
The initial §'3C values were set to +4.0%o for carbonates (consistent
with unpublished data of 4.2%o0, M. Gersl) and —1%o for endogenous
CO,, respectively. These values resulted in the best convergence of
models. Modeling results are shown in Table 4.

5.1. Model 1

In this model, Mg-rich calcite with composition CaggeMgo.14CO3
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was used. Any lower value of Mg resulted in convergence problems.
Halite and sylvite (KCl) were used to provide Cl- and corresponding
anions. Sulfate was ignored because its concentration changes were
relatively small and saturation indices for gypsum were negative
(Table 3). The model suggested dissolution of 9.888 mmol/l of Mg-
calcite and the input of a large amount of CO,, 29.7 mmol/1. Dissolution
of trace amounts of halite and sylvite was also suggested, being
0.655mmol/l and 0.028 mmol/], respectively. Also, removal of
0.378 mmol/1 Mg by cation exchange and input of 0.757 mmol/]1 of
exchangeable Na was also predicted. Although the model could re-
produce the formation of groundwater in the carbonate aquifer, the Mg
content in calcite was too high. Data for carbonate rocks at this site
were much lower (Zimak and Stecl, 2004). However, it is possible that
carbonates with higher Mg contents are present locally because avail-
able data are based on only a few samples collected in caves. Also, the
dissolution of Mg-carbonates is frequently non-stoichiometric and Mg is
preferentially enriched in solution (Pracny et al., 2017). Furthermore,
for an estimated bulk solids density of 2.0 kg/dm® and a porosity of
0.10, 1L of water is in contact with 20kg of solids, or more than
200 mol of Mg-calcite, i.e., a large reservoir is available for dissolution.
Porosities of the carbonate matrix, where water acquires its composi-
tion, are probably even lower.

5.2. Model 2

In the second modeling scenario, Mg-silicate talc was used as an
additional potential source of Mg. This mineral dissolves congruently
(Drever, 1997). Aluminosilicates such as biotite could be also used, but
they dissolve incongruently and formation of secondary minerals, e.g.,
kaolinite has to be taken into account. In this model, a much lower
content of Mg in calcite is needed with the resulting formula of
Cag.985Mg0.015C03. Compared to the previous model, precipitation of
quartz is allowed. The suggested amount of dissolving Mg-calcite is
lower, equalling 7.509 mmol/], but there is a slightly higher input of
CO,, equalling 30.63 mmol/l. Approximately 0.716 mmol/1 of talc dis-
solves and 2.715mmol/l of quartz precipitates. The amount of dis-
solved sylvite is 0.588 mmol/l. Again, there is a removal of
0.894mmol/l of Mg and 0.43mmol/l of K, and an input of
2.218 mmol/1 of Na by cation exchange. Both models can reproduce
formation of the carbonate aquifer groundwater, but the second model
gives more realistic contents of Mg in the carbonates.

Based on the similarity of water chemistries, a hypothesis of water
mixing was tested. A simple mixing model was proposed for two end-
members: (1) “mature” carbonate aquifer water, Tyean, produced by
interaction of endogenous CO, with carbonate matrix and represented
by average water from wells T1 and T2, and (2) shallow aquifer water,
represented by river water, BR, which has a similar chemistry to the
shallow aquifer water (compare position of Death Cave water and river
water in Figs. 3 and 7):

RM = by Thpean + (1 — b1)BR (€D)]

where RM is the resulting mix and b, is the mixing parameter.

RM, Tpean, and SW represent vectors of compositions. The ratio by/
(1-b;) gives the resulting mixing ratio.

The parameter b; was determined by regression analysis. For the
analysis, only the cumulative components were applied, i.e., species
values and concentrations, EC, total C, §2H, and 8'80. The results of the

Table 4

Transfer of phases resulting from the inverse geochemical modeling (in mmol/1).
Model Mg-calcite COx(g) Talc SiO, Halite Sylvite MgX2 NaX KX
Model 1 +9.888 +29.7 - - +0.655 +0.028 —0.378 +0.757 -
Model 2 +7.509 +30.63 +0.716 —-2.715 - +0.588 —0.894 +2.218 —0.430

+ dissolution, - precipitation, X — cation exchanger.
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Table 5
Regression models with the parameter b; (o = 0.05).
Model b, estimate Standard error t-value p-value Lo. Conf Up. Conf
HA = f(Tmean, BR) 0.638 0.022 29.38 0.000 0.594 0.683
BC = f(Tmean BR) 0.991 0.007 152.40 0.000 0.978 1.004
DC = f(Tmeans BR) 0.152 0.018 8.47 0.000 0.115 0.189
1600 HCO; Abyss is somewhat worse (R% = 0.977). It shows some deviations for
1400 - (a) Sr minor aqueous components (Cr, Ba, Sr) and also for major components
© (Ca, HCO3 ™) that might be due to post-mixing processes. The model is
1200 ~ justified by the accessibility of runoff from the slope adjacent to the
1000 - , abyss and observed hydraulic connection between the river and the
R?=0.977 abyss.
8064 The model DC = 0.152 Tyean + 0.848 BR (Fig. 8c) for Death Cave is
600 Ca Ba the worst (R = 0.906) although still of a high statistical significance.
400 4 © © This is the result of two larger deviations of Ca and Ba concentrations.
The enhanced Ca concentrations can be caused by mixing with water
200 A e, from another source not accounted for in the mixing models. The water
0 - HA=0.638 Typgan + 0.362 SW is affected by contamination and has high nitrate concentration. The
models express the share of shallow water in the actual mineral water
-200 S = é 8' é é 8' é é S composition.
=t N S © 0 © o & © The conceptual model of the studied aquifer is shown in Fig. 9. The
2500 greatest fraction of water infiltrates at the elevated uplands at altitudes
(b) of about 160-200 m higher than the river valley as indicated by de-
2000 4 pleted §%H and 880 values. A part of the water is probably recharged in
non-karstic regions, but it cannot be quantified due to the lack of water
o chemistry data from non-carbonate rocks. The water then descends and
% 1500 R’=0.999 warms up. During its migration, the water acquires high concentrations
= of dissolved CO, with 8'3C values of about — 1%o and dissolves Mg-rich
g 1000 - carbonates and silicates. The karstification already starts at depth and
2 when the water ascends, it cools down and becomes more aggressive
© 500 1 towards carbonates, widening the pre-existing conduits created by
tectonic processes. Flow directions are generally towards the river, but
0 1 can be reversed during high water level periods in the river. Extremely
BC=0.991 Tpnegn *+0.009 SW high dissolved concentrations of CO, (log Pcoz up to —0.11, Table 3)
-500 T T T T I result in two-phase flow which increases water levels in the caves and
§ < § § § § § in the abyss. In the Hranicka Abyss, the water chemistry is affected by
' - - o~ o mixing of deep water with the water recharged at the eastern slope of
1000 © the abyss and from the river. Some degree of mixing with water from
(C) HCOy the river and possibly also from the shallow aquifer is observed in
800 samples from caves, especially from Death Cave.
Several stages of karstification were identified at the study site
600 R®=0.836 (Otava, 2005). The initial karstification with the development of mo-
gote-type karst probably already occurred in late Paleozoikum and
400 continued until Miocene transgression, when the region was covered by
Ca© a thick layer of clastic sediments. During this period, there was limited
200 - recharge across confining units and buoyancy-driven flow probably
Ba©® occurred, similar to the initial stages of the Buda Thermal Karst for-
04 mation (Havril et al., 2016). The erosion of the confining units and
DC=0.301 Ty + 0.699 SW incision of the Be¢va River valley resulted in gravity-driven circulation
200 . . . . . and cooling of ascending groundwater with resulting enlargement of
= e o o o = o pre-existent tectonic features by dissolution (Andre and Rajaram, 2004;
& & g 3 S § Sandeep et al., 2016). Currently the dissolution can be enhanced by

Predicted Values

Fig. 8. Mixing models — regression results of deep aquifer groundwater Tpean
and shallow groundwater SW. (a) Water HA, (b) water BC (c); water DC.

regression analysis are in Table 5 and Fig. 8.

All calculated parameters b; and models (Table 5) are statistically
significant at o = 0.05. The best model fit was observed for B Cave,
BC = 0.991 Tyean+0.009 BR (Fig. 8b) as indicated by R? = 0.999. In
fact, the share of BR water in this sample is minimal and the BC water is
dominated by the deep aquifer water.

The model HA = 0.638 Tpean+0.362 BR (Fig. 8a) for Hranicka

210

mixing with river water during extreme flood events. The role of fluids
is consistent with their role in development of several other hypogenic
caves in the world as summarized by Klimchouk (2009) such as Wind
Cave in Black Hills in South Dakota, USA, and Lechuguilla Cave in New
Mexico, USA.

6. Conclusions

Fluid origins in the Hranice Karst can only be partly constrained.
The conceptual model indicates that at least a part of the CO, gas ori-
ginates in the mantle as indicated by very enriched §'3C(DIC) values
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Fig. 9. Conceptual model of water and gas fluxes indicated by arrows in the Hranice Karst, representative isotopic data are included.

and He isotope values from the literature. The origin of groundwater in
the karstic aquifer exploited in the Teplice nad Be¢vou Spa is meteoric
with a recharge area in the uplands about 200 m above the Be¢va River
valley as indicated by depleted values of 8*H and §'80 compared to the
river water. Based on detectable tritium, the groundwater is from 20 to
50 years old. Water in the Hranicka Abyss and in the ZbraSovské
Aragonitové Caves is a mixture of carbonate aquifer groundwater with
the river water with variable amounts of both components. Water in
Death Cave Lake is probably affected by shallow groundwater recharge
contaminated by agricultural activities. Inverse geochemical modeling
suggested reaction of Mg-rich calcite with very high amount of deep
CO,, (about 30 mmol/1) plus dissolution of trace amounts of halite and
sylvite and cation exchange. Another possible scenario includes Mg-
depleted calcite and a Mg-silicate (talc) as a source of Mg. Both sce-
narios were calibrated using §'*C(DIC) values and gave satisfactory
results. A conceptual model of the site has been developed which in-
cludes a gravity-driven flow system, (T6th, 1999), where recharged
meteoric water is heated at depth and acquires large amounts of hy-
pogenic CO,. The water cools down during its ascent, becomes more
undersaturated with respect to calcite and has created karst features
such as the ZbraSovské Aragonitové Caves and the Hranicka Abyss. The

Hranice Karst is an example of a multi-stage development system in
which flow conditions were changing along with the presence or ab-
sence of confining units. The Miocene transgression and later incision of
the Bec¢va River Valley played an important role in the development of
flow patterns and, thus, in the formation of water chemistry.
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