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In order to reliably distinguish between different genetic processes of cave sulfate formation and to quantify
the role of thermo-mineral waters on mineral deposition and cave morphology, it is critical to understand
sulfur (S) sources and S transformations during hydrological and speleogenetic processes. Previous work has
shown that sulfuric acid speleogenesis (SAS) often produces sulfate deposits with >4S-depleted isotopic
signatures compared to those of the original source of S in sulfate rocks. However, 2*S-depleted isotopic
composition of S-bearing minerals alone does not provide enough information to clearly distinguish SAS from
other speleogenetic processes driven by carbonic acid, geothermal heat, or other processes. The isotopic
composition (6'%0 and 6>S) of sulfate minerals (mainly gypsum) from seven caves of the Cerna Valley
(Romania) defines three distinct populations, and demonstrates that the 5>S values of SAS-precipitated cave
sulfates depend not only on the source of the S, but also on the H,S:S05~ ratio during aqueous S species
reactions and mineral precipitation. Population 1 includes sulfates that are characterized by relatively low
52S values (—19.4 to — 27.9%.) with 680 values between 0.2 and 4.3%. that are consistent with oxidation of
dissolved sulfide produced during methane-limited thermochemical sulfate reduction (TSR) that presently
characterizes the chemistry of springs in the upper Cerna Valley. Population 2 of cave sulfates has 34S-
enriched 64S values (14.3 to 19.4%.) and more '80-depleted 6'20 values (from — 1.8 to —10.0%.). These
values argue for oxidation of dissolved sulfide produced during sulfate-limited TSR that presently
characterizes the chemistry of springs further downstream in the Cerna Valley. The 5'%0 values of cave
sulfates from Population 1 are consistent with oxidation under more oxic aqueous conditions than those of
Population 2. 534S values of cave sulfates within Population 3 (834S: 5.8 to 6.5%) may be consistent with
several scenarios (i.e., pyrite oxidation, oxidation of dissolved sulfide produced during methane-limited TSR
coupled with O,-limited oxidation during SAS). However, comparatively '80-enriched 5'®0s, values (11.9 to
13.9%o) suggest the majority of this sulfate O was derived from atmospheric O, in gas-phase oxidation prior to
hydration. Thus, the combined use of oxygen- and sulfur-isotope systematics of sulfate minerals precipitated
in a variety of cave settings along Cerna Valley may serve as an example of how more complex cave systems
can be deconvoluted to allow for more complete recognition of the range of processes and parameters that
may be involved in SAS.
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1. Introduction

Although sulfates are the second most important group of cave
minerals, and gypsum is the second most abundant cave mineral after
calcite (Onac, 2005), the sources of sulfur (S) in limestone caves are
often poorly understood. Sulfur in cave minerals is thought to derive
from one of four sources: oxidation of sulfides, dissolution of
evaporites in interbedded or overlying limestone, decomposition of
bat guano, and from postvolcanic activities (Hill and Forti, 1997).
Discriminating between these sources may be aided by studies of S
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isotopic composition because large isotope fractionation occurs in
many biogeochemical reactions between reduced and oxidized
species, and causes sulfur isotopic composition to vary by as much
as 180%. in various geological materials (Hoefs, 2009; analytical
precision is < ~0.5%.). Therefore, S isotope analyses can be used for
different applications within hydrology, ore deposits, sedimentary
geology, environmental studies, etc., with the target being to obtain
information on the source of S, as well as biogeochemical reaction
progress and redox conditions (Ohmoto, 1972; Seal et al.,, 2000;
Canfield, 2004; Bottrell and Newton, 2006; Ono, 2008; Mandeville,
2010). Over 400 publications investigating the mineralogy of sulfates
in caves have been published (for a complete list see Hill and Forti,
1997; Onac and Forti, 2011), but only a few studies have used stable
isotope analysis to trace the origin of S in cave sulfates (van
Everdingen et al., 1985; Hill, 1987, 1990, 1995; Yonge and Krouse,
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1987; Bottrell, 1991; Bottrell et al., 1993, 2001; Swezey et al., 2004;
Lueth et al., 2005; Onac et al., 2007, 2009). Fewer have combined S
isotopes with information to be gained from O isotopic composition
(van Everdingen et al., 1985; Grasby et al., 2003).

Abundant gypsum deposits, combined with particular passage
morphologies (e.g., cupolas, irregular rooms, floor feeders — i.e., inlets
for deep-seated fluids, etc.) have prompted scientists to suggest a new
model of speleogenesis that is an alternative to the classical limestone
dissolution model in which CO, is the source of acidity (Jagnow et al.,
2000; Palmer and Hill, 2005; Palmer, 2007). Morehouse (1968) was
first to suggest sulfuric acid speleogenesis (SAS) by pyrite oxidation in
some small cavities in lowa. Shortly after, Egemeier (1973), based on
his work in the Kane Caves (Wyoming) proposed a new SAS model
entirely based on chemical oxidation of H,S to sulfuric acid. This
model was later recognized and shown to be an important process in
the development of some major cave systems (e.g., Carlsbad Caverns,
Lechuguilla, Villa Luz, Frasassi, Movile, etc.; Jagnow, 1977; Hill, 1981,
1987; Pisarowicz, 1994; Galdenzi and Menichetti, 1995; Sarbu et al.,
1996; Polyak et al., 1998). The SAS model was fundamentally refined
when the microbial contribution to the H,S oxidation to sulfuric acid
by subaqueous sulfur-oxidizing bacteria was documented by Angert
etal. (1998), Hose et al. (2000), Vlasceanu et al. (2000), and especially
Engel et al. (2004). Thus, the SAS biotic-pathway is now considered a
key mechanism responsible for subaqueous aggressive dissolution of
limestone bedrock, gypsum replacement of carbonate surfaces, and
subaerial precipitation of extensive gypsum deposits (Engel et al.,
2004; Barton and Northup, 2007). The oxidation of dissolved sulfide
takes place according to the following reaction (Canfield, 2001; Rye,
2005; Palmer, 2007):

2—
H,S o) + 205,92 2H" + SO (1)

Total dissolved sulfide (H,S, HS ~ and S?~) is simply denoted in this
reaction as H,S(,q); also the chemistry of the reaction is not as simple as
this reaction stoichiometry implies, but instead the oxidation of sulfide
actually passes through several intermediates of different oxidation
states (Zhang and Millero, 1994). The acid generated by this oxidation
corrodes cave limestone to liberate Ca™,

CaCO; + 2H,= Ca™" + H,0 + CO, )
which may then precipitate gypsum:

Ca™" 4 80; + 2H,0 - CaSO, - 2H,0. 3)

SAS is now recognized in caves in the United States, Italy, Mexico,
Canada, Romania, and France. A complete review of the history of
sulfuric acid theory of speleogenesis (including sources of sulfide) is
supplied by Jagnow et al. (2000), Palmer and Hill (2005), and references
cited therein.

This research aims to document the potential S sources of sulfates
in the caves of the Cerna Valley and further emphasize that SAS is, and
was an active cave-forming process in this region. We describe the
occurrence and distribution of sulfates from seven caves and relate
cave minerals to dissolved S species from the thermo-mineral springs
near Bdile Herculane, Romania. The implications of this study are not
restricted to the karst and cave environment. For instance, some SAS
by-products (e.g., alunite) can be dated by K/Ar or Ar/Ar methods
constraining timing of SAS (Polyak et al., 1998). In turn, such
information can contribute to our understanding on the local tectonic
processes, such as the incision of the Danube Gorge, and more impor-
tantly, in predicting regional groundwater dynamics and migration
patterns of thermal activity that may impact the historic spas of Bdile
Herculane.

2. Geological and hydrogeological settings

Baile Herculane, in the Cerna Valley of southwestern Romania
(Fig. 1), is a unique resort city that has exploited local thermo-mineral
waters for their balneotherapeutic qualities since before the arrival of
the Romans (A.D. 107; Cristescu, 1978; Povard, 2001). The presence of
these thermo-mineral waters with temperatures ranging between 9.8
and 60 °C is related to an intruded granitoid body, which triggered a
positive geothermal anomaly, with thermal gradients six fold higher
than the regional average, identified in the lower part of the Cerna
Valley (Gheorghe and Craciun, 1993; Demetrescu and Andreescu,
1994, Veliciu, 1998; Povara et al., 2008).

The basement of the Cerna Valley (Danubian nappes) consists of
fractured Precambrian high-grade, partly migmatitic series, intruded
by granitoids of Panafrican age (Liégeois et al., 1996; lancu et al., 2005).
Locally this basement is covered by Permian redbeds, followed by a
transgressive sequence of Lower Jurassic conglomerates, sandstones,
and white arkoses (Gresten facies). The transgressive sequence is
overlain by Middle Jurassic sandstones with carbonatic matrix and
Late Jurassic to Early Cretaceous massive platform limestones that host
most of the Cerna Valley caves. The Early Cretaceous sedimentary
sequence ends with a 200-250 m thick compact or schistose marly
limestone known as [uta Layers (Nastaseanu, 1980; Bercia et al., 1987).

Along the Cerna Valley two distinct thermo-mineral aquifer
complexes develop. The Northern Aquifer stretches over ~20 km,
between Bobot Gorges to the north and the Granite Sill to the south
(Fig. 1). The springs emerging from this aquifer are typical karst
carbonate waters (pH between 6.2 and 8.6) with very low (<0.03) ionic
strength (Marin, 1984). The total dissolved solids (TDS) rarely exceed
300 mg/L whereas the average sulfate concentration is ~9 mg/L. The
temperatures of the waters discharging from the Northern Aquifer
increase from 9.8 °C in the north to about 34 °C at the southern limit
of the aquifer. The Southern Aquifer extends for ~5 km downstream
from Aburi Cave. The subsurface thermal waters (T from well waters
ranges between 38 and 60 °C; pH from 5.1 to 7.8) are ascending from
depth along transversal fractures or karst voids. The ionic strength of
the alkali-chloride- and sulfurous-type waters is between 0.1 and
0.22. Sulfate concentrations vary from 15 to 115 mg/L and the TDS
approximately to 4500 mg/L (Wynn et al., 2010; Marin, unpubl.
data).

Downstream of Bdile Herculane, the mineralization of the Cerna
River waters is higher (average values in mg/L; TDS: 175; SO3~: 15.7;
Ca®™: 305; Nat+K™: 14.5; HCO5: 87.7; CI™: 20.7; Mg?*: 3.0)
compared to its upstream section (average values in mg/L; TDS: 76;
S037:6.1;Ca®": 14.5; Nat+K™: 1.8; HCO3: 50.2; C1: 1.2; Mg?*: 1.3)
(Marin, 1984). This is due to the discharge of thermo-mineral sources in
the area around the Baile Herculane Spa. However, the Cerna waters are
undersaturated with respect to calcite and gypsum along the entire flow
path. The average temperature of waters in the Cerna River is 11.7 °C.

3. Cave passages morphology and mineral precipitation

The caves in the Cerna Valley are either epigenic (formed from
carbonic acid dissolution at or near the surface), hypogenic (formed via
SAS), or polygenic. The majority of caves adjacent to Bdile Herculane
(later referred to as the “caves downstream in Cerna Valley”) show
morphological features indicative of SAS origin, such as ceiling pockets,
ascending blind passages, and floor feeders (Klimchouk, 2007; Palmer,
2007), whereas in the upper Cerna Valley evidence indicates polyge-
netic caves (e.g, Salitrari and Birzoni caves). These morphological
features, along with some minerals considered primary speleogenetic
by-products (DuChene, 1997; Polyak and Provencio, 2001; Palmer and
Hill, 2005; Audra et al,, 2007; Onac et al., 2007) provide unequivocal
evidence that dissolution of limestone by sulfuric acid may have played
asignificant role in the speleogenesis of at least some of the caves within
this karst region.
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Fig. 1. Location of study area showing cave locations with respect to karst and non-karst rocks

Salitrari and Birzoni caves are located north of Bdile Herculane in
the upstream section of the Cerna Valley (Fig. 1). They consist of old
fossil passages with no active stream conduits or hot steam emissions,
but only meteoric waters dripping or seeping from the roof. Both
caves are highly decorated with vadose calcite speleothems (i.e.,
stalactites, stalagmites, crusts, flowstones, etc.). Although gypsum
crusts are widespread in these two caves, the only perceptible
precipitation process is that of calcite.

The caves downstream in Cerna Valley (Fig. 1 inset) were divided
by Povara et al. (1972) into two groups: 1) caves in which H,S-rich
thermo-mineral waters discharge (e.g., Diana, Despicdturd, and
Hercules) and 2) caves with H,S-rich steam (up to 52 °C) emissions
(e.g., Aburi and Adam).

Notable for the first group is that the thermal waters (up to 53.2 °C)
either pool or flow along cave passages reacting with the limestone or
other interbedded rocks (marls, shales) to precipitate gypsum or other
sulfate minerals in the form of aggregates and wall crusts (Povard et al.,
1972; Onac et al, 2009). In addition, efflorescences of gypsum,

tamarugite, and hallotrichite-group minerals are the main products
of the bedrock alteration by acid sulfate condensate generated above
the pools or thermal waters flow paths. These caves provide a

sheltered, climatically stable micro-environment in which the alter-
ation processes of steam condensate upon limestone or other exposed
rocks causes unusual SAS Al-rich by-products to form and persist.
Despicatura Cave, however, is an exception; the two thermal springs
naturally discharging in the cave were captured and diverted to a
nearby hotel for balneotherapeutic use. Despicatura Cave hosts the
largest gypsum deposits (crusts and blocky aggregates) among any of
the downstream Cerna caves. In all three caves of this group, minerals
are also precipitated subaqueously (however, for this study, we only
collected presently subaerial samples).

Small fumaroles are typical in the floors for the second group of
caves (~0.3 to 0.5 m in diameter). Around these vents, thin (<0.5 mm)
microcrystalline gypsum crusts are actively forming. Calcite is also
forming in Aburi and Adam caves from seeping meteoric water.
Furthermore, phosphate minerals (related to the presence of large
amounts of bat guano) were documented in the Adam Shaft (Onac
et al., 2009).

The air temperature in the caves downstream in Cerna Valley varies
between 23 and 45 °C, whereas the relative humidity is in the range of
97 to 100%. In contrast to the caves upstream in Cerna Valley, sulfurous
gasses are acutely evident in all caves near Baile Herculane Spa.

107
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4. Previous work on sulfuric acid speleogenesis using
sulfur isotopes

To document the source of the large gypsum deposits of Carlsbad
Caverns, Lechuguilla, and other caves in the Guadalupe Mountains,
stable isotopic analysis has provided some of the most robust
evidence. Several studies in these caves identified gypsum with low
52%S values (6*S= —25.6%.), and attributed these values to H,S
produced by microbial dissimilatory sulfate reduction, with abundant
sulfate derived from minerals in the Castile Formation (initial 63%S of
sulfate =~+10%.; 634S of sulfide=~—20%) and electrons being
provided by hydrocarbon deposits of the Delaware Basin (Hill, 1987,
1990; Spirakis and Cunningham, 1992). Because dissimilatory sulfate
reduction here is limited by electron supply, a large fractionation
factor is evident between sulfate and sulfide (Agg;-— p,s=~30%o).
These waters, charged with relatively 34S-depleted H,S, ultimately
ascend to mix with surficial-derived oxic freshwater. The sulfuric acid
responsible for limestone replacement, gypsum deposition, and cave
enlargement was generated as this mixing occurred (Reaction 1). If
the oxidation of H,S happens in a closed system (i.e., no H,S escapes),
the sulfur isotopic composition of the sulfuric acid produced must
reflect the isotopic composition of H,S from which it is produced. And,
if the oxidation is nearly complete (low H,S:5037), little or no
fractionation is evident between reactants and products and thus, the
initially low 63S values of the ascending sulfide are retained.

Studies of Frasassi caves in central Italy also showed that these caves
were also formed via sulfuric acid dissolution. Hydrogen sulfide is
generated by microbial dissimilatory sulfate reduction, with sulfate
likely derived from anhydrite. This process happens in the underlying
Triassic limestones that also contain abundant organic C, providing
electron donors for microbial dissimilatory sulfate reduction (Galdenzi
and Menichetti, 1995). As the H,S generated later ascends through the
more oxic groundwater, it is partially oxidized to sulfuric acid by sulfur-
oxidizing bacteria (Macalady et al., 2006). Some of the H,S gas also
diffuses into the more oxic cave atmosphere, where it may be more
completely oxidized by O, to sulfuric acid in surficial condensates. The
acid reacts with limestone, which is then replaced with gypsum that
shows 64S values more depleted than the mineral source (534S from
—19 to —6%.), thus reflecting the S isotopic composition of the
dissolved sulfide. Minor &3S variation may be due to variation in the
degree of microbial oxidation or potentially during a second stage of
bacterial sulfate reduction within the cave (Galdenzi and Menichetti,
1995; Galdenzi and Maruoka, 2003).

Sulfur isotopic composition of gypsum (534S = ~—23%,) in Villa Luz
Cave (Mexico) is comparable to those in the Guadalupe Mountains
(Spirakis and Cunningham, 1992). However, the yet unconfirmed
source of H,S is considered to be the bacterial reduction of evaporite
sediments using hydrocarbons from the nearby oil fields as the source of
electron donors (Hose et al., 2000).

Oxidation of sulfides (e.g., pyrite and marcasite) is another mecha-
nism that ultimately generates sulfuric acid solutions, such as in acid
mine drainage (Taylor and Wheeler, 1994; Haubrich and Tichomirowa,
2002). However, by itself, this process alone is not known to be
responsible for producing any major cave passages. As fractionation
factors involved in this process are generally very small, the expected
isotopic composition of sulfate produced by this mechanism should
ultimately track that of the source sulfide minerals.

It can be generalized from the above discussion and other studies
that S isotope fractionation during S oxidation is comparatively small
(nil fractionation at high T, see Schoen and Rye, 1970; Ohmoto, 1972;
Ohmoto and Rye, 1979; Taylor and Wheeler, 1994; small fractionation
at low T, see Kaplan and Rittenberg, 1964; Fry et al., 1988). Hence
the S isotopic composition of oxidized SAS by-products (e.g., gypsum,
Al-sulfates) allows tracing the S pathway up to the formation of
sulfuric acid (Yonge and Krouse, 1987; Bottrell, 1991; Bottrell et al.,
1993, 2001). Because minerals produced via the SAS pathway undergo

little isotopic fractionation between sulfide and sulfate, they will
reflect the original isotopic composition of the source of reduced S.

5. Materials and methodology

Onac et al. (2009) investigated 13 caves of the Cerna region and
found 22 minerals, including 16 minerals that had not previously been
identified in the region. Additional mineralogical information on the
Great Salitrari Cave was reported by Puscas et al. (2010). The most
common sulfate mineral was gypsum (sampled as crusts from all
investigated caves), and the most exotic mineral assemblages were
documented in Diana and the Great Salitrari caves. For this study, we
sampled S-bearing cave minerals from a total of seven caves
(locations shown in Fig. 1) with 37 samples total. These samples
included sulfates (gypsum, CaSO,4-2H,0; alunite, KAl3(SO4),(OH)g;
aluminite, Al,SO4(OH)4-7H,0; and tamarugite, NaAl(SO4),-6H,0)
and one hydrous nitrate and sulfate of sodium [darapskite; Na3(SO,4)
(NO3)-H,0)] in the form of crusts, efflorescent masses, aggregates,
and anhedral crystals (see Table 1 for details). In addition, three grains
of diagenitic pyrite (confirmed by X-ray powder diffraction analyses)
were recovered from the limestone bedrock that hosts Birzoni Cave.
The pyrite grains (less than 0.7 mm across) consist of subhedral
crystals with cubo-pyritohedral morphologies.

An Isotope Ratio Mass Spectrometer (IRMS; [Delta V; Thermo-
Finnigan, Bremen]) at the University of South Florida Stable Isotope
Lab was used to measure 3*S/32S ratio of S-bearing minerals. Results
are reported in delta (8)-notation with respect to the Cafion Diablo
Troilite (CDT) standard, where: 8**Sgmple_cor =

34
{( Y 325) I /
34 sample
S ) —1|1000%o.
( % ’S) cor }

Isotope ratios were measured by coupled Elemental Analysis EA-
IRMS ([Costech ECS 4100, Milano]); Grassineau et al., 2001). The results
were normalized to CDT using 6>S values of the four IAEA standards
(IAEA, International Atomic Energy Agency, S-2, 6>%S =22.7%. and IAEA
S-3, %S = — 32.3%,, for sulfides and IAEA SO-5, 53*S = 0.5%,, and IAEA
S0-6, 634S= —34.1%. for sulfates). The reproducibility between
replicate standards in each run was estimated to be better than
+0.1% (10). An IRMS at the Environmental Isotope Laboratory
(University of Arizona) was used to measure the isotopic composition
of oxygen in the sulfate site of all sulfate-bearing minerals. Results
are reported in delta (8)-notation with respect to the Vienna Standard
Mean Ocean Water (VSMOW) standard, where 6'8Ogmple_vsmow =

{(180 160) / <180 ]60) _1}1000%0_ Isotope ratios were
sample VSMOW

measured on CO gas in a continuous-flow IRMS (ThermoQuest Finnigan
Delta PlusXL; Nehring et al., 1977). Samples were combusted with
excess C at 1350 °C using a thermal combustion elemental analyzer
(ThermoQuest TC/EA) coupled to the IRMS. Standardization is based on
the international standard OGS-1, with a recommended &'80 value of
9.2%.. Precision is estimated to be +0.7%. or better (10), based on
replicate internal standards in each run.

6. Results and discussion

The isotopic composition (680 and 64S) of sulfates and sulfides
from the investigated caves is listed in Table 1. Plotted in Fig. 2, the
data show three distinct populations with significant variations
between them, but relatively homogeneous within each cave location.
Population 1 includes gypsum crusts from Birzoni Cave and the inner
portion of Salitrari Cave that are characterized by relatively low 534S
values (—19.4%. to — 27.9%.) with 680 values between 0.2 and 4.3%..
Population 2 includes samples of gypsum and tamarugite crusts and
efflorescent masses from Hercules, Despicatura, and Diana caves,
which are located in the Biile Herculane Spa, and have 34S-enriched
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Table 1
Sulfur and oxygen isotope values of cave sulfate minerals.
Cave Sample no. GPS 521 5180 Occurrence Mineral Mineral
location (%0) (%0) habit
Birzoni 1699 a —27.2 2.0 Crust Gypsum Granular
1700 —26.4 3.7 Crust Gypsum Granular
1701 —26.3 1.7 Crust Gypsum Granular
1702 —27.7 1.5 Crust Gypsum Granular
1703a —275 0.9 Crust Gypsum Granular
1703b —274 1.2 Crust Gypsum Granular
1704 —279 0.2 Crust Gypsum Granular
1705 —23.0 43 Crust Gypsum Granular
PB-1 9.4 - Disseminated Pyrite Disseminated
PB-2 7.9 - Disseminated Pyrite Disseminated
PB-3 7.1 - Disseminated Pyrite Disseminated
Diana 1770 N44°53,367' 194 —89 Efflorescence Tamarugite Fibrous/acicular
1771 E22°25,414' 18.0 —9.1 Efflorescence Tamarugite Fibrous/acicular
1772 18.6 —-92 Efflorescence Gypsum Fibrous/acicular
1773 19.1 —-9.1 Efflorescence Gypsum Fibrous/acicular
1774 193 —10.0 Crust Gypsum Granular
1775 19.5 —9.7 Crust Gypsum Granular
1776 19.2 —-78 Crust Gypsum Granular
1777 18.8 —94 Efflorescence Gypsum Efflorescence
Despicatura 1779 N44°53,684" 185 —6.0 Crust Gypsum Granular
1782 E22°25,690 17.0 —5.6 Crust Gypsum Granular
1783 17.6 —58 Crust Gypsum Granular
1784 143 —5.9 Crust Gypsum Granular
Hercules 1787 N44°53,670" 14.1 —1.8 Crust Gypsum Granular
1787a E22°25,697 13.7 —2.6 Crust Gypsum Granular
Great Salitrari (inner part) 1788 B —19.8 4.2 Crust Gypsum Granular
1789 —224 4.0 Crust Gypsum Granular
1790 —21.6 43 Crust Gypsum Granular
1792 —21.1 3.9 Crust Gypsum Granular
Great Salitrari 1799a B 6.5 139 Crystal Darapskite Acicular
(Nitrate Passage) 1799b 5.6 134 Aggregate Alunite Tabular
1801 5.9 13.1 Aggregate Aluminite Earthy
1802a 5.7 133 Crusts Gypsum Granular
Aburi 1806 44°53,907’ 6.5 12.9 Crust Gypsum Granular
1807 22°25,618’ 5.8 124 Crust Gypsum Granular
Adam 1811 44°53,849’ 6.5 12.7 Crust Gypsum Granular
1812 22°25,648’ 6.3 11.9 Crust Gypsum Granular

2 The precise location is not specified in order to protect these caves from potential vandalism.

534S values (14.3 to 19.4%.), whereas the &'80 values range from — 1.8
to —10.0%.. Within this group of three caves, the isotopic composition
of sulfates progressively becomes more '80-enriched and 34s-
depleted in a downstream direction towards Diana Cave (Fig. 2).
Population 3 includes sulfates (and one nitrate) from Aburi Cave, the
Nitrate Passage of Salitrari Cave, and Adam Shaft (Table 1) and is
characterized by high 680 values (11.9 to 13.9%.) and moderately
high &3S values (5.8 to 6.5%.).

To ascertain the cause of stable isotopic variations seen between
the three populations, we utilize a dual isotopic approach of S and O in
sulfates, and discuss the compositions of both elements separately
below. Sulfur isotopic composition provides information on the source
and reaction pathway of S involved in the initial stage of sulfate
reduction (either by biotic or abiotic), but very little information on the
secondary processes of oxidation during SAS. Oxygen isotopic
composition of sulfate provides information of the source and reaction
pathway of O involved in this secondary stage of oxidation of sulfides,
independent of information gained on origin of S in sulfides.

6.1. S-isotope evolution during TSR and preservation of 6>*S values
during subsequent SAS

Sufur isotopic composition of sulfate mineral Populations 1 and 2
partly overlap with those of dissolved S in the two karst aquifers, each of
which have distinct water chemistries and 6>4S values (Fig. 2). We
directly relate these S isotopic compositions to the water chemistry of
the two Cerna aquifers. Wynn et al. (2010) described the unique set of

conditions in the aquifers of the Cerna region, which allow the various
stages of methane-mediated thermochemical sulfate reduction (TSR) to
be expressed in the springs and wells surrounding Bdile Herculane Spa.
Using this study of dissolved sulfur species, we apply a model from
Ohmoto and Rye (1979) that predicts §*4S evolution during sulfur
reduction (TSR) and oxidation (SAS) stages in a system that is closed
with respect to sulfate. In Fig. 3, we show this model, using values of
initial 534S of sulfate and the isotope enrichment factor from Wynn et al.
(2010). Dissolved sulfate with an initial 5>4S value of 17.4%. (derived
from dissolution of primary sulfate from marine limestones, Fig. 3, a) is
reduced by TSR, leaving remaining SO3~ increasingly >“S-enriched by
Rayleigh distillation (yellow path). The H,S produced by TSR (red path)
is initially 3*S-depleted (Fig. 3, b) by the isotope enrichment factor

34 34 N )
( g73'§1R = |:< S 325> " /( S 325> " _1:| 1000%~ sulfate _6sulﬁdev
sulfate sulfate

the magnitude of £3¢; is T-dependent for TSR). As TSR reaction progress
proceeds (moving to the left of the diagram) the reaction is either
limited by the amount of electron donating hydrocarbons (e.g., methane
in the Cerna Valley, Fig. 3, c) or by the amount of sulfate (Fig. 3, f). Both
cases leave characteristic 6>4S values of coexisting dissolved S species,
which are recognized in two groups of water chemistries in the aquifers
of the Cernaregion (Marin, 1984; Povard et al., 2008; Wynn et al,, 2010).
The first group comprises the Northern Aquifer Complex, in which TSR is
methane-limited, so the H,S:503~ ratio remains low. The resulting low
534S values of sulfide reflect the T-dependent enrichment factor
between sulfide and sulfate (Fig. 3, c). The second group of water
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Fig. 2. Sulfur (6°*S) and oxygen (5'%0) isotope composition for cave sulfate minerals, in comparison to potential sources. The range of 5>*S values for pyrite from Birzoni cave is also plotted
for reference, as are the ranges of 534S values for dissolved sulfide from the Northern and Southern Aquifer complexes, and mean value of total dissolved sulfur (TSV) of the Cerna Valley
(from Wynn et al., 2010). Data for Cretaceous and modern seawater are from Turchyn et al. (2009), Claypool et al. (1980), and Holser et al. (1979), assuming slggypsum of ~3.5%. and
534gyp5um of ~1.1%.. 5'80 values of atmospheric 0, and meteoric water from the Cerna Valley are from Lloyd (1968) and Wynn et al. (2010), respectively. Sulfur and oxygen isotope
enrichment factors (¢34, £'®) for TSR, sulfide oxidation to sulfate, and gypsum precipitation from sulfate is also shown for reference (values are T- and pathway-dependent).

80—+
60—+
T (g)
o1 | 7% (Op-limited)
A
Esas e
i N
538 oo+ b b (@.h)
(%o, CDT) TSR quantitative oxidation|
Tis0z - limited) (35\ |
> e
0 igh HS:80; ‘q (0, limited) €1er
A Y
— .
© . |
204+ R —p-9 (b,€)
(CH, ~Tmiteq) quantitative
T . | low HQS:SIOA |
-2 -1 0 1 2
-« ) o .
Reduction Iogﬁ Oxidation»
2

Reaction path of sulfate during TSR (reduction)
=== Reaction path of sulfide during TSR (reduction)

=== Reaction path of sulfate during SAS (oxidation)

Fig. 3. Model of evolution of 5>*S values during TSR (reduction) and SAS (oxidation) in a
closed system (modified from Ohmoto and Rye, 1979). Alpha labels denote specific
points in the process relevant to the SAS in the Cerna Valley, and are discussed more
thoroughly in the text. a) initial lithogenic source sulfate, b) initial sulfide produced by
TSR, ¢) methane-limited sulfide produced by TSR (low H,S:SO7~ ratio), d) sulfate
produced by oxidation of (c) under anoxic conditions, e) sulfate produced by oxidation
of (¢) under oxic conditions, f) sulfate-limited sulfide produced by TSR (high H,S:50%~
ratio), g) sulfate produced by oxidation of (f) under anoxic conditions, h) sulfate
produced by oxidation of (f) under oxic conditions.

chemistries comprises springs and wells downstream the intersection of
the Cerna Syncline and Cerna Graben (Southern Aquifer Complex),
below which point the waters have encountered high dissolved
methane concentrations and geothermal heat, both of which drive the
TSR reaction to completion (H,S:SO;™ ratios). Because these waters
have relatively high concentrations of electron donors (methane), TSR is
sulfate-limited, resulting in comparatively high H,S:SO7™ ratios. Such
conditions produce dissolved sulfide with §34S values similar to those of
the initial source sulfate (17.4%., Fig. 3, f). An important caveat is that
some of the waters chemistries are further modified by open-system
conditions, and disproportion of intermediate S species may cause some
further variation (Wynn et al., 2010).

These two endmembers of water chemistry provide initial condi-
tions for the isotopic evolution of sulfate minerals produced by SAS
(blue paths, reaction progress moves towards the right of Fig. 3).
Because the fractionation factor during oxidation is generally small,
initial sulfate produced by SAS has the S value of dissolved
sulfide (plus any small fractionation factor during SAS (&3 =

34 34 .
S S —1|1000%0~6 — ; Fig. 3
|: < 32 5) lide / < %2 S) e :| sulfide —Osulfates 18 g

and d). However, if the oxidation is quantitative, i.e. in oxic conditions,
and no H.,S gas escapes, the sulfate produced by SAS takes on the 534S
value of total dissolved sulfide (Fig. 3, h and e, solid blue paths). Thus,
SAS results in 534S values of sulfate minerals that track the source of
dissolved sulfide, as is generally the case with sufide oxidation (Ohmoto,
1972; Ohmoto and Rye, 1979; Taylor and Wheeler, 1994). However, if
oxidation is incomplete, i.e. anoxic conditions, the sulfate produced may
take on intermediate 6>*S values, notably so if there is significant escape
of H,S gas, or other loss such as oxidation of H,S by microbes or into base
metal sulfides, or disproportionation of intermediate S species (Fig. 3 g
and d, dashed blue paths).

Applying this model to the three endmember populations, we
interpret the processes of S evolution during TSR and SAS; we later
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validate and refine these interpretations using 6'0 values of the three
populations.

Population 1 63*S values of these sulfates are consistent with oxidation
of dissolved sulfide produced during methane-limited
TSR (low H,S:5037) that characterizes the chemistry of
springs in this area of the Northern Aquifer Complex
(Wynn et al,, 2010). In contrast, pyrites from the lime-
stone bedrock in Birzoni cave have &3S values between
+7.1%0 and +9.4%. (Fig. 2). Such high values for pyrite
are generally not characteristic of sedimentary pyrite
produced by sulfate reducing bacteria where sulfate is
abundant, as is typical of the sea floor (“open system”
conditions; Canfield, 2001). Rather, these high 534S values
are most parsimoniously attributed to a diagenetic origin,
deriving from sulfate reduction in groundwater under
sulfate-limited conditions (in an approximately “closed
system” with respect to sulfate; Canfield, 2001). Irrespec-
tive of the source of this pyrite, acidic solutions resulting
from its oxidation can not account for 534S values of the
sulfates sampled in these caves.

Population 2 534S values of these sulfates is compatible with oxidation
of dissolved sulfide in springs of the Southern Aquifer
Complex, which has 3%S values characteristic of sulfate-
limited, TSR (high H,S:5S0% ™). Here, dissolved sulfide has
taken on the isotopic composition of initial dissolved
sulfate before TSR (Wynn et al., 2010). Many of the
springs in this Southern Aquifer Complex group show
chemical compositions indicative of open system be-
havior with respect to reduced S species, which would
tend to increase the 534S value of dissolved sulfide. This
factor may contribute to 534S variation within this group,
and we discuss this variation in more detail in light of
5180 values of sulfate minerals below.

Population 3Based solely on the intermediate %S values of these
sulfates, their formation may be consistent with two
scenarios, and S isotopic composition does not uniquely
identify the S source in this population. First, the 534S
values of these cave sulfates are very similar to S isotopic
composition of pyrite found in the limestone bedrock of
Birzoni cave; as such they may derive from the oxidation of
this diagenetic pyrite. Second, these intermediate &34S
values may also be produced by oxidation of dissolved
sulfide formed during methane-limited TSR, but with
incomplete oxidation during SAS. We discuss these
potential hypotheses below, in light of 580 values and
considering two features which uniquely characterize the
caves of this group. First, in Aburi Cave and Adam Shaft,
large amounts of H,S-rich steam outgas along a system of
deep fractures. Second, ancient desiccated guano deposits,
rich in speleogenetic by-products (alunite, aluminite,
darapskite) overlie the siliciclastic sediment sequence in
the Nitrate Passage of Salitrari Cave. Thus, it can be
reasonably inferred that the Nitrate Passage was once a
steam-heated environment (similar to Adam Shaft and
Aburi Cave) in which oxidation of H,S by atmospheric O,
led to the acid-sulfate alteration and formation of gypsum,
alunite, and other Al-sulfates with isotopic values in the
same population as the other two steam caves (Fig. 2).

All 534S values of these sulfate minerals are consistent with oxidation
of dissolved sulfide produced by TSR in the Cerna Valley geothermal
field, with a Mesozoic marine limestone as the initial source of S
involved in TSR. Given that there is currently no stratigraphic evidence
of evaporite deposits in the shallow- and deep-water siliciclastic or
carbonate rocks of the region (Nastaseanu, 1980), at least two line of

evidence independently support an initial marine source for sulfur
involved in TSR: 1) the 6*S values of total dissolved sulfur (TSV) in the
region's thermo-mineral waters (Wynn et al., 2010) and 2) the high 534S
value (8.1%) of the diagenetic pyrite in limestone, which is difficult to
explain without invoking a sulfate-limited, brackish to shallow marine
environment (Berner and Raiswell, 1984; Bloch and Krouse, 1992).

6.2. O-isotope evolution during SAS: elucidation of sources of O

Because O in sulfate minerals is acquired during oxidation of
sulfides, 5'80 values of sulfate can be informative of conditions present
during SAS. Several factors are known to be important in controlling
the O isotopic composition of sulfate minerals, providing constraints
on their origins (Lloyd, 1968; Holser et al., 1979; Holt and Kumar,
1991; Taylor and Wheeler, 1994; Van Stempvoort and Krouse, 1994;
Haubrich and Tichomirowa, 2002). These include: ambient conditions
(pH, pO,, T) and the type of sulfate-forming reactions (whether gas or
aqueous phase) and resulting fractionation factors, as well as the
amount and isotopic composition of O incorporated from two
potential sources: (1) O, (either aqueous or gaseous, or potentially
other oxidants such as NO3, PO3 ™) and (2) H,0 (either gas or liquid
phase). Therefore, two fundamental limitations are provided by the
5180 values of H,0 and of O, (see Reactions 1-3 above). With these
constraints, 5'%0 values of sulfate can be described by the equation:

18 18 18 18 18
6" O5p2- = X(b Ou,o + 850}*71420) + (1-X) (5 0o, + 8503(702)

where X is the fraction of O derived from water, € the oxygen isotope
enrichment factors between sulfate and water or oxygen:

18 18 "
s, = [< 0/60>504 / ( 0/60>y—1]10004m5504 —6,, where

y is either O, or H,0). s}%‘zf,oz varies significantly, but is always
negative (0 to —11.4%.; can be near zero only when O, is
stoichiometrically limited). Reported values for abiotic and biotic
pathways are bound between —4.3 and —11.4%., respectively (Van
Stempvoort and Krouse, 1994 and references cited therein). 5535 _m,oalso
varies significantly, but is always positive (0 to +9.7%.), and varies
predominantly as a function of oxidation rate and extent of sulfite-water
exchange during intermediate oxidation steps (Van Stempvoort and
Krouse, 1994 and references cited therein). Although the stoichiometric
value of X represented in Reactions 1-3 is 0.25, sulfide oxidation occurs
during several steps, and X can vary significantly depending on reaction
conditions such as oxygen exchange between SO3~ (an intermediate
product) and H,O. Typical values are ~0.75 for saturated, anoxic
conditions, but X can range from ~0 for “primary sulfate” to ~0.25 for
oxic aqueous conditions to near 1 for abiotic reaction in saturated, anoxic
conditions. Since we have no a priori knowledge of &i5;- _, values, we
cannot quantitatively determine X, although we can qualitatively
discriminate between the dominant O sources of the three populations
of cave sulfates.

All cave sulfates 6'80 values from the Cerna Valley fall between
the theoretical limitations outlined above (8180H20 + &s03- — H,0 and
8800, + €503~ — 0,; Fig. 2, where 580 of local meteoric water is ~—11%,
Wynn et al., 2010, and that of atmospheric O, is + 23.8%.; Horibe et al.,
1973; note that equilibrium fractionation between dissolved and
gaseous O, is comparatively small, ~0.75%o; Benson et al., 1979). Sulfate
minerals of Population 1 (Birzoni and Salitrari caves) suggest oxidation
under more oxic conditions than those of Population 2 (Hercules,
Despicatura and Diana caves), which showed §3S values indicating
more complete, sulfate-limited TSR (high H,S:5057). The negative
correlation between 634S and 6'80 values in the latter group of cave
sulfates is consistent with increasing H,S:S03~ ratios downstream
(higher &3S values), and more anoxic conditions downstream (lower
5180 values). This trend culminates in 5'80 values indicating near
complete exclusion of O derived from O, in sulfate minerals from Diana
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Cave. Thus, through the entire sequence of cave sulfates in the Cerna
Valley, there is an increasing trend towards higher values of X
downstream, confirming an increase in anoxic conditions of SAS in
that direction. This is clearly consistent with the trend of increasingly
complete TSR, higher H,S:504 ™ ratios, and greater anoxia in the same
direction.

5180 values from the “steam caves” (Adam, Aburi, and presumably
the Nitrate Passage of Salitrari Cave) are an outlier to this trend, and
are indicative of the majority of sulfate O derived from atmospheric
0,, with little incorporation of O derived from local meteoric water.
The very high 680 values of these sulfates are consistent with
“primary” sulfates as described by Holt and Kumar (1991), in which
oxidation occurs prior to hydration. This process takes place in gas
phase reactions during which 80 is exchanged very abundantly with
atmospheric O,(g), and negligibly with atmospheric H,Oq). Since little
or no equilibration occurs between sulfate and water during and after
subsequent gypsum precipitation, these high-T sulfate minerals
preserve the '®0-enriched signature of the gas-phase oxidation
reaction with nearly all O provided by O,.

6.3. S and O isotope evolution during SAS

The scenario we propose to explain S and O isotope variation in the
caves of the Cerna Valley is described here in two distinct stages: TSR
and SAS (Fig. 4). Regional groundwaters migrating towards the
geothermal anomaly acquire the two reactants required for thermo-
chemical sulfate reduction (TSR): dissolved sulfate and electron donors
(in this case, predominantly methane). Meteoric-derived groundwater
circulates through the Mesozoic sequence of karst rocks dissolving
interstitial or bedded marine sulfates, which have a 534S value of about
+17%., producing total dissolved S concentrations that generally
increase down-gradient. As these sulfate-bearing mineral waters

Population 3 Population 1
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Salitrari Cave Birzoni Cave
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migrate along the Cerna Syncline towards the geothermal anomaly at
Baile Herculane, they are heated and react with methane, which is likely
produced from bacteriogenic processes in nearby coal deposits and
migrates into the aquifers along faults transverse to the syncline.
Although both the Northern and Southern Aquifer water chemistries
provide reactants for TSR, divergent concentrations and redox condi-
tions characterize each. Electron donors are present in low activity in the
Northern Aquifer, but their activity is much higher in the Southern
Aquifer, due to the presence of methane. This methane reduces large
concentrations of dissolved SO7~ in waters of the Southern Aquifer
Complex, giving these waters relatively high H,S:SO%™ ratios. Mean-
while, methane limits the extent of reduction in the Northern Aquifer
Complex, so H,S:507 ™ ratios remain relatively low. These two pathways
lead to diagnostic 6>4S and 6'3C values of dissolved sulfide and inorganic
carbon (Fig. 4). The 63“S signature of reduced S produced by TSR is later
transferred to sulfate minerals during oxidation.

The TSR process described above provides the reduced S species that
are the fuel for oxidative reactions which occur as anoxic groundwaters
migrate upwards towards the oxic vadose zone, including many cave
passages. Again, two distinct processes dominate in the Northern and
Southern Aquifer systems, which differ largely in their oxidation
potential (Fig. 4). Sulfide in the Northern Aquifer is oxidized by
relatively abundant Oy(,q), with most of the O in sulfate minerals
ultimately derived from Oy(,q), and the balance provided by H,O;y. This
reaction produces 6'20 values of sulfates minerals near those that would
be predicted for hydration prior to oxidation and where all reactions
attain equilibrium. Meanwhile in the Southern Aquifer complex,
groundwaters are more anoxic due to more active TSR, and have
relatively high H,S:SO7 ™ ratios. Here the oxidation of sulfide occurs in
more anoxic conditions, which leaves 580 values of sulfate minerals
near values that would be predicted for hydration occurring prior to
complete oxidation. However, anoxic conditions of these waters lead to

Population 2
Hercules Cave
Despicatura Cave
Diana Cave

8%4S~ +17%o
8'80~~-7 %o
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Aquifer
(H2S = SO4%)

vadose

anoxic
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3%S~ +8%o [vadose \ | W g —
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18 = ) 3
SS~-2500| O O~ 1% %283
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seawater SO4*
= 534S ~+17%0"™

Fig. 4. Model of the processes leading to distinct populations of S and O isotopic composition in groundwaters and cave sulfate minerals (predominantly gypsum) in the Cerna Valley.
Arrows representing fluxes of C, 0, and S are color-coded by source (red = atmospheric O,, blue = meteoric H,0, brown = Mesozoic SO, and green = bacteriogenic CH,). Arrow

sizes are roughly proportional to fluxes.
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abundant '®0 exchange with H,0(;, during hydration, and limited %0
exchange with Oy(,q). Increasing contributions of O from H,O(-
exchange are evident in increasingly anoxic conditions down-gradient
(downstream in the Cerna Valley). A third population of sulfate minerals
is found in association with steam caves. Here, the S is likely derived
from methane-limited TSR, but some portion of dissolved sulfide may
derive from pyrite that is found nearby, having intermediate signatures
between the two endmembers. The oxygen isotopic composition of
these sulfate minerals is unique in that there is no evidence of O derived
from H,O(g nor H,O(); rather the 6'30 values are consistent with
equilibrium oxidation of sulfides with O, in the gas phase, similar to
“primary” sulfates in which sulfur is oxidized prior to hydration.

7. Conclusions and implications for SAS diagnoses

SAS has been shown in other karst regions of the world to produce
sulfate deposits predominantly with >*S-depleted isotopic signatures
compared to their original sources of S in sulfate rocks. However, >4S-
depleted isotopic composition of the minerals alone does not provide
enough information to clearly distinguish SAS from other more
complex speleogenetic processes. Therefore it is important to note
that complete studies investigating other parameters (concentrations
of electron donors, initial isotopic composition of reservoirs, H,S:503
ratios in groundwaters, etc.) are needed to precisely diagnose SAS.
Caves in the Cerna region suggest strongly that SAS was the driving
form of speleogenesis. Whether the main SAS phase occurred at or
near the water table or deeper in the karst system is still debatable and
important for understanding carbonate dissolution and sulfate
precipitation mechanisms.

Sulfate mineral 6>4S values in the Cerna region show that cave
sulfate isotope values from SAS depend not only on the source of the S,
but also on the completeness of subsequent S species reactions. This
study has demonstrated that in a single hydrological system, this
variation produces a relatively wide range of 6>S values (from —27.9
to +19.2%.). A study of the S isotopic composition of the thermo-
mineral waters (Wynn et al., 2010), showed that relatively variable
concentrations of an electron donor (methane) coupled with increas-
ing concentrations of total dissolved S, drives differences in the extent
of sulfate reduction, allowing for the progression of sulfate reduction
to be seen in the waters of the wells and springs of the Cerna region.
Other aquifers and systems where SAS occurs tend to have large sulfate
sources compared to the concentration of electron donors, resulting in
partial, or incomplete reduction, accompanied by large fractionation
factors (i.e., electron donors are consumed before the reservoir of
sulfate significantly changes isotopic composition). The correspon-
dence between the sulfur isotopic composition of sulfate minerals in
the Cerna Valley and that of dissolved S species in the Cerna aquifer
waters clearly indicates that cave minerals are produced from these
reservoirs.

The importance of this study lies, in part, in its description of a
unique mineralogical and geochemical setting that provides impor-
tant information on the S cycle in the region and the processes and
conditions occurring in caves along the Cerna Valley that can be
applied elsewhere. It also provides an approach for the identification
and interpretation of multiple and temporally disparate events of
speleogenesis that may not be uniquely preserved as diagnostic
morphologic features or mineral assemblages. As such, the integration
of cave mineralogy and morphology studies with broad hydrogeo-
chemical data used in this study serves as an example of how we may
more completely recognize additional processes and parameters that
may be involved in SAS.

The ability to reliably document different cave sulfate populations is
critical to understanding of S sources, hydrological and speleogenetic
processes, and to quantifying the role of thermo-mineral waters on
mineral deposition and cave morphology. In addition, the presence of
large guano deposits can play an important role and provide a

geochemical system that produces sulfate deposits with varying isotopic
compositions. Finally, the use of oxygen- and sulfur-isotope systematics
of sulfate minerals precipitated in a variety of cave settings my also shed
light on similar processes occurring during emplacement of ore deposits
or in acid sulfate alteration environments. For example, given the
present understanding of the oxygen isotopic composition of sulfate, the
oxygen isotope fractionation between sulfate and OH™ in some sulfates
(mainly alunite) may now be used as a geothermometer for alunite
formation (Rye, 2005). Such studies are valuable in deciphering the
source of fluids, degree of mixing, regional groundwater dynamics, and
other hydrogeochemical processes.
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