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|ABSTRACT |

Upper Triassic bedded evaporite sulfate of the Burano Formation outcropping at Cerreto Pass between Tuscany and
Emilia-Romagna in the Northern Apennines were analyzed for sulfur and oxygen isotope compositions, yielding
&*S and 6'%0 values of 15.5+0.4%0 and 10.8+1.2%o, respectively (mean +£99% confidence intervals). Combining
these values with those of other Burano Formation sulfate deposits along the Apennine chain, mean for *S and §'*O
values are obtained (15.2+0.2%o and 10.9+0.5%o, respectively). These isotopic signatures are interpreted as preserved
primary features, despite the fact that the Burano Formation underwent anchizone to epizone metamorphism during
the Apennine orogenesis. An overall 880 value of 10.9+1.5%0 (mean =+ pooled standard deviation), obtained by
combining consistent sets of data from Italy and Spain, closely approaches that of gypsum deposited from the Tethys
ocean during the Late Triassic. In addition, reviewing the isotope data published on Late Triassic evaporite sulfates
from the Mediterranean area and abroad, several &S values appear to be lower than the inferred primary isotopic
signature, and seemly decrease from East to West in the Mediterranean region, suggesting a similar trend for the
Tethys ocean sulfate. Possibly, **S-depleted sulfate entered the ocean through oxidation of volcanic SO, emitted in the
atmosphere and degassed from the seafloor during the development of Late Triassic rifting. On the other hand, positive
shifts of 8*S and 8'®0 values also occur, defining a common trend that may be related to synsedimentary biological
effects or post-depositional metasomatic-metamorphic effects, the latter affecting particularly the %0 signature.
Therefore, the 8*S and 880 signatures of evaporite sulfate may provide a like “slide-rule” diagram to distinguish
between isotopic effects related to biological or abiological processes, thus contributing to the reconstruction of
paleoenvironments and paleogeographic settings. Based on the §*S-6'80 “slide-rule”, the isotopic composition of
sulfate dissolved in spring and stream waters of northern Tuscany was interpreted in terms of origin of the sulfate
and modifying processes in solution. It was concluded that sulfate in springs derives from Upper Triassic evaporite
existing locally at depth (Burano Formation), whereas sulfate in streams is manifestly a mixture of Burano Formation
sulfate with supergene sulfate from oxidation of sulfide in the rocks. In sulfurous springs, both sulfur and oxygen
isotope fractionations with respect to the source sulfate signatures may be ascribed to bacterial effects. However,
the oxygen isotope exchange of sulfate with water should have been a very minor process as supported by the near-
surface temperature values estimated by sulfate-water oxygen isotope thermometry.

KEYWORDS | Evaporite sulfate. Sulfur isotopes. Oxygen isotopes. Burano Formation. Late Triassic rifting.
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INTRODUCTION

Evaporite deposits preserve much information about
the Earth’s past surface conditions. Such rocks are
sensitive indicators of depositional environment (and
climate), recorded by a variety of sedimentary structures
and fabrics. Sulfate minerals are important to nearly-
exclusive components of these deposits, and can help us
to understand the geochemistry of ancient surface waters,
including seawater.

Stable isotopes of sulfate can be used, in addition
to mineralogy, chemical stratigraphy and geodynamic
features, to unravel the geochemical history of the deposits.
In fact, the dual isotope composition of sulfate minerals
allow to trace the source of sulfur and oxygen and to
possibly identify the chemical/biochemical (e.g., bacterial
sulfate reduction) and physical (mixing of waters, volcanic
events) processes that took place in the depositional basin.
However, while sulfur isotope composition of sulfate
minerals is generally preserved during burial, the oxygen
isotopic composition can be modified by recrystallization
and exchange with water. Oxygen isotope exchange kinetics
between dissolved sulfate and water is generally very slow
(Seal et al., 2000 and references therein) at temperatures
lower than about 200°C. In addition to temperature, pH
is another factor enhancing the exchange rate (Chiba and
Sakai, 1985), and the isotopic effects are determined by the
reaction time and the presence of catalysts. The latter may
include sulfate-reducing bacteria, which can substantially
enhance the oxygen isotope exchange rate between sulfate
and water (Fritz et al., 1989; Grinenko and Ustinov, 1991),
thus favouring the attainment of isotopic equilibrium even
in low temperature environments.

Several sulfur-isotope age curves have been published
for marine sulfate (e.g., Holser, 1977; Claypool et al., 1980;
Strauss, 1997), structurally substituted sulfate in marine
carbonate (SSS; Kampschulte and Strauss, 2004; Prokoph
et al. 2008), and barite (Paytan et al., 2004) deposits. The
sulfate-age record shows a sharp &S increase towards
the end of Lower Triassic (Claypool et al., 1980; see also
Cortecci et al., 1981), related to a catastrophic chemical
event in the oceans, by which stored in deeps high-
5*S(S0O,%) brine welled up and mixed with surface ocean
(Holser, 1977). A corresponding large variation of sulfate
480 was not observed, this possibly depending on a
concomitant sulfide and sulfate deposition and the isotopic
effect of crystallization on sulfate that is about twice greater
for 8'80 than for 8*S (Claypool et al., 1980). Afterwards,
the &S signature decreased sharply, reaching values about
16%o lower in the Middle Triassic, possibly followed by
a gradual decrease to about 13%o at the end of Triassic
(Kampschulte and Strauss, 2004). Seemingly, the same
trend occurred for the sulfate 60 signature (e.g. Claypool
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etal., 1980). According to Holser et al. (1979) and Claypool
et al. (1980), the isotopic composition of oceanic sulfate is
basically controlled by a dynamic balance of the erosion
input (oxidation of sulfide and dissolution of evaporite)
and sedimentary output (deposition of sulfate and sulfide)
fluxes in the ocean, and the isotopic fractionations involved
in the cycle. Variations in these fluxes determined the sulfur
and oxygen isotope age-curves over the geological time.
Still, significant isotopic variations of evaporite sulfate
most as high as about 3% were observed in different places
within a given lithostratigraphic unit both vertically and
horizontally (e.g., Claypool et al., 1980; Cortecci et al.,
1981; Longinelli and Flora, 2007), possibly depending on
a variety of depositional factors such as different degrees
of restriction of the evaporitic basin to the open ocean
(e.g., Fanlo and Ayora, 1998), bacterial sulfate reduction in
local evaporating basins, or delayed oxidation of biogenic
sulfide trapped in bottom waters. Post-depositional isotopic
changes can also be caused especially by exchange of
sulfate with water under metamorphic conditions that
should affect the oxygen isotopes only. These isotopic
effects should be nearly negligible, if metamorphism
occurs in a practically closed system, where very low
water to rock ratio is expected with anhydrous evaporite
(anhydrite). The sulfur isotope composition is basically
preserved during metamorphism, unless external fluids rich
in sulfur are involved. Metamorphosed anhydrites from
the Burano Formation of central-southern Italy (Cortecci
et al., 1981) display rather consistent &S values within
2.5%o0 with a range of about 7.5%o for the 8'30 values. Also,
a 6*S range of about 8% was observed for Keuper sulfate
in northern-central Europe, with 8*S values decreasing on
average from Germany to Denmark (Nielsen, 1989). These
two cases illustrate the problem of determining the isotopic
composition of the parental oceanic sulfate by analyzing
evaporite deposits, in the assumption that it should have
been highly uniform as observed today for most samples,
which display 0*S and 8'80 values within only 0.5%o
(Longinelli, 1989).

The present study was undertaken to contribute to
overcoming the general difficulty to assess the primary
isotopic composition of oceanic sulfate and evaporites
in the past, and more specifically during Late Triassic.
This is of value for paleogeographic reconstruction,
as well as for hydrogeochemistry when the isotopic
composition is used to constrain the source of aqueous
sulfate thus contributing to hydrogeological models. We
were moved to the work by our interest in the Burano
Formation of Italy, as it is frequently involved in the
hydrologic systems through the peninsula. Therefore,
the work was aimed to 1) delimit from new and past
data sets the primary (synsedimentary) sulfur- and
oxygen-isotope signatures of Burano Formation Late
Triassic oceanic sulfate in the Apennines from Emilia
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(Northern Italy) to Apulia (Southern Italy), 2) compare
the Burano Formation isotopic values directly with
those numerically reported in literature for other Upper
Triassic evaporite, barite and structurally substituted
sulfate occurrences in the Tethys area (Europe and
abroad), rather than with the isotope-age curves for
seawater sulfate which are presented as moving averages
with uncertainties (Claypool et al., 1980; Strauss, 1997;
Kampschulte and Strauss, 2004), 3) infer the syn- or
post-depositional secondary processes modifying the
primary isotopic signature of the sulfate, and 4) apply
the sulfur- and oxygen-isotopic signatures to investigate
the origin and evolution of aqueous sulfate in thermal-
spring and stream waters of the Northern Apennines
in Tuscany, where the Burano Formation occurs in the
subsurface and in outcrops. With reference to points
(1) and (4), original isotopic data on gypsum-anhydrite
samples from some Burano Formation outcrops in
Emilia and Tuscany were acquired, and treated together
with published data on evaporites from other sectors of
the Apennine chain.

GEOLOGICAL OUTLINE

Triassic sulfate evaporites in Italy are represented
by Scythian, Anisian and Carnian to Rhaetian deposits.
Lower and Middle Triassic deposits formed under
a sub-tropical arid climate mostly in a few restricted
basins of the western Alps and pre-Alps (Delfrati et
al., 2002). Late Triassic deposits, corresponding to a
paleoevolutionary phase of the Tethyan ocean domain
characterized by climate changes from arid to humid
to inter-tropical (Marcoux et al., 1993), are related
basically to three events: the Keuper event (German
facies; Carnian to Rhaetian; some outcrops in western
Sardinia), the Carnian event in the eastern Alps and pre-
Alps, and the Carnian-to-Rhaetian event in the Northern
and Southern Apennines. Foraminiferal assemblages of
carbonates in Burano Formation indicate age ranges from
Carnian to Norian in Tuscany (Martini et al., 1989) and
Norian to Rhaetian in Umbria (Ciarapica et al., 1987).
The evaporite deposits in the Northern Apennines are
represented by the Burano Formation and the Calcare
Cavernoso Formation. Burano Formation is composed
of meter-to-decameter alternations of gypsum-
anhydrite and dolostones with minor halite, which were
deposited mainly in a subaqueous environment (Lugli,
2001). Near to our study area in the Secchia River
Valley a thickness of 2,200m was inferred for Burano
Formation (Colombetti and Zerilli, 1987). In the
Secchia River Valley, the Burano sequence is disrupted
into thrust slides included tectonically into the younger
allocthonous Ligurian units. Tectonization was strong,
thus precluding a satisfactory reconstruction of the
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stratigraphy of the formation (Lugli, 2001). The Calcare
Cavernoso Formation is a rauhwacke at the base of the
Tuscan Nappe; it should be the “autoclastic” derivative
of the Burano Formation, through anhydrite hydration
followed by dissolution of the resulting gypsum.
The Calcare Cavernoso Formation is a carbonate-
siliciclastic sequence deposited during the Mesozoic
ingression of the Tethyan ocean into the rift system,
cutting the Variscan orogen and its European foreland
(Passeri, 1975). Locally, its thickness was found to be
more than 700m (Costantini et al., 2002). The “plastic”
Late Triassic lithotypes acted as glide horizons for the
detachment of the sedimentary Tuscan Nappe from
the Paleozoic basement during the formation of the
Apennine chain (Boccaletti et al., 1987; Carmignani
and Kligfield, 1990). The Burano Formation was
delineated mainly by boreholes drilled in Emilia-
Romagna, Tuscany, Umbria, Marche, Latium and
Apulia (Figures 1 and 2; Martinis and Pieri, 1963). In
Emilia (the Emilia-Romagna region’s western portion),
the Burano Formation (named Sassalbo Gypsum Unit)
crops out along the Secchia River valley up to the
divide (Western Emilia), and at Sassalbo (Northwestern
Tuscany) in the upper Rosaro River valley. During
the Apennine orogenesis, the Burano Formation and
Calcare Cavernoso Formation in the Apuane Alps sector
(Fig. 1) should have undergone anchizone to epizone
metamorphism (e.g., Cerrina Feroni et al., 1983; Lugli,
2001).

A reconstruction of the Burano Formation history
from sedimentation to the end of Northern Apennine
orogenesis in the Secchia River Valley (Fig. 1) not
far from the Apuane Alps metamorphic complex
(greenschist facies) has been proposed (Lugli, 2001;
Lugli et al., 2002): a) prevalent deposition of gypsum
in Late Triassic basins; b) gypsum dehydration during
burial to form anhydrite (Cretaceous?); c) syn-tectonic
detachment of the anhydrite-bearing horizons and rock
brecciation; d) hydrothermal deposition of minor sparry
magnesite and partial metasomatic replacement of
dolomite by magnesite. Homogenization temperatures
of fluid inclusions in metasomatic magnesite and
authigenic quartz in anhydrite beds range from
230°C to 315°C, corresponding to pressure-corrected
maximum trapping values of 380°C to 400°C (Lugli,
2001; Lugli et al., 2002). The main source of these
Mg-rich fluids was related to metamorphic reactions
in the Apuane Alps complex (Lugli et al., 2002);
e) sub-surface dissolution of halite to form residual
caprock-like anhydrite mega-breccias; f) complete
regypsification of anhydrite during exhumation at
sub-surface conditions; and g) evaporite dissolution at
surface exposure producing cellular dolomite breccias
(Calcare Cavernoso Formation).
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Some springs studied in the present work are located
on the side of the Apuane Alps massif (open triangles MN,
MS, Eq in Fig. 1). This massif underwent the Oligocene-
Miocene greenschist facies metamorphism (380-465°C;
Cortecci et al., 1989 and references therein) during the
Apennine orogenesis, and is the site of stratiform and vein
barite-iron oxide-pyrite ore deposits hosted within Middle
to Late Triassic terrains. The vein ore should have been
deposited by metamorphic fluids that remobilized the
stratiform ore at estimated isotopic temperatures of 300-
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400°C (Cortecci et al., 1989; see also Costagliola et al.,
1997).

ANALYTICAL METHODS
Chemical analyses of water samples
In the field, temperature and pH were determined

using an ORION 250A instrument equipped with a
Ross glass electrode, and total aqueous sulfide as
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FIGURE 1T Geological-structural map of the Northern Apennines sector of interest for the present work (modified from Leoni and Pertusati, 2002). 1)
Autochthonous, a: Hercynian metamorphic basement, b: Mesozoic carbonatic cover, c: Sericitic Schists and Pseudo-Macigno (Upper Cretaceous-
Oligocene); 2) Massa Unit, a: Hercynian metamorphic basement, b: Verrucano (Middle-Upper Triassic); 3) Anidriti di Burano/Calcare Cavernoso: evap-
orites, rauhwacke and tectonic breccias; 4) Tuscan Nappe, a: Rhaetavicula contorta limestone (Rhaetian), h: Macigno Fm. (Middle-Upper Oligocene);
5) Mt Modino and Mt Ventasso Units: turbiditic sandstones (Upper Oligocene-Lower Miocene) and Basal Complex (Lower Cretaceous-Upper Oligocene);
6) Cervarola Unit (Lower-Middle Miocene); 7) Canetolo Unit (Upper Cretaceous-Lower Miocene); 8) Internal and External Ligurian Units (Upper Jurassic-
Paleocene); 9) Ranzano Epiligurian Unit (Middle-Upper E -Lower Mi ); 10) intramountain basins (Pliocene-Pleistocene); 11) detritus and
alluvia; 12) and 13) thrusts and faults. Locations of handled evaporite sulfate deposits, springs and river waters are shown: for evaporites, see locality
names in Table 1; for springs, keys to symbols are in Table 3 and caption of Figure 4. In the inset, known occurrences and distribution of Upper Triassic
evaporite sulfates from outcrops (1 to 9; 1: Passo del Cerreto between Emilia-Romagna and Tuscany) and drilled cores (10 to 12 in Northern Apennines:
Fossombrone-1, Burano-1, Perugia-1 and 2 boreholes; and 13 in Central Apennines: Antrodoco-1 borehole).
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H,S%+HS-+S?" and aqueous silica as SiO,(aq) by means
of a Merck SQ300 photometer with Merck Spectroquant
kits and Eaton et al. (1995) methods. Water aliquots
for laboratory analyses were filtered by Aquaprep®
V 50mm syringe filters with Verspore® membrane
(0.45um) and then stored in the dark at 4°C. In the
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filtrate, SO,* was determined by ionic chromatography
(DX 100 DIONEX with auto-regenerated anionic
suppression). Formaldehyde solution (3ml, 36.5%) and
cadmium acetate solution (20ml, 20%, supplemented
with acetic acid) were added in field to the water aliquots
for sulfate isotope analysis (1.5liter) in order to stop

@ shallow platform
with limestones (Dolomia Principale)

@ continental areas

E shales (La Spezia Basin) E lonian Tethys

shallow platform
with evaporites (Burano Fm.)

euxinic basins

Bolognag ' 1
Emilia-Romagna —'%e
A oy
//)/.
Pontremoli 1 Fossombrone 1 )

a
Florence

Late Triassic
(Norian)

Lagonegro Basin
(pelagic deposits)

0
Adriatic
Q Antrodoco 1
Qrtona-Roccamonfina
Capalbio lineament Sea
Foresta
Ancona-Anzio Umbra 1
lineament
Tyrrhenian
Sea
A outcrops
3 deep boreholes 100 km
Sea
Present-Day
Sicily

FIGURE 2T Occurrences and distribution of Upper Triassic sulfate evaporites as outcrops or drilled deposits in Italy. In the inset: paleogeographic map
of the Apulia/Adria Plate during Late Triassic (modified after Ciarapica, 2007). See also Figure 3B for tectonic plate setting in the Western Tethys.
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bacterial activity and precipitate sulfides, respectively,
then removing the latter as cadmium sulfide (CdS) by
filtration in laboratory.

Isotopic analyses of gypsum-anhydrite, aqueous
sulfate and water samples

Powered gypsum/anhydrite was milled in steel
mortar and dissolved in Milli-Q ultrapure water. The
solution was acidified with hydrochloric acid to pH=2,
heated at near boiling, and then added with BaCl,
solution to precipitate the sulfate ions as BaSO,. The
same procedure was applied to precipitate sulfate as
BaSO,fromfiltered, sulfide-free water samples. Before
precipitation, organic matter in solution was removed
before boiling by oxidation with KMnO, under acid
conditions, then destroying the permanganate excess
with KNO, solution. Cadmium sulfide was not kept
for sulfur isotope analysis, due to the quite small,
unusable amount recovered on the filter.

Aliquots of BaSO, were analyzed for S and O
isotope composition by CF-IRMS (Continuous Flow-
Ton Ratio Mass Spectrometry), following the procedures
of Giesemann et al. (1994) and Boschetti and lacumin
(2005), respectively. A Eurovector 3028 HT elemental
analyzer interfaced to a Micromass Isoprime mass
spectrometer was used at the University of Nevada-Reno
for sulfur isotopes, and a Thermo Finnigan TC/EA unit
interfaced to a Delta Plus XP mass spectrometer was
used at the University of Parma for oxygen isotopes.
The obtained 8**S and &80 values are given in %o,
relative to the Vienna Canyon Diablo Troilite (V-CDT)
standard for S and V-SMOW standard for O. The
precision of the methods (preparation and analysis) was
within £0.2%o for S and +0.4%o0 for O. Standardization
(8**S and 6'%0) of the reference gases (SO, and CO) was
made using NZ-1 (IAEA-S1; NIST RM 8554; -0.3%o vs.
V-CDT) and NZ-2 (IAEA-S-2; NIST RM 8555; 22.0%o
vs. V-CDT) for SO, (Coplen and Krouse, 1998), and
NBS-127 (NIST RM 8557; BaSO, precipitated from
seawater, with the recently assigned value of 8.6%c vs.
V-SMOW,; Brand et al., 2009) as well as IAEA-CH-6
(sucrose, 36.4%o0 vs. V-SMOW) for CO (see Boschetti
and Iacumin, 2005).

The 8'0 of waters was determined by equilibration
of CO, with water at 18°C using a Finnigan GLF 1086
automatic equilibration device on-line with a Delta
Plus Finnigan mass spectrometer (University of
Parma), and is reported in %o relative to the V-SMOW
standard; the analytical precision was +0.07%o. The
procedure was calibrated against the international
water standards recommended by the International
Atomic Energy Agency (IAEA) (V-SMOW, GISP
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and SLAP) with assigned 880 values vs. V-SMOW
of -24.8%o for GISP, and -55.5%0 for SLAP (Brand
et al., 2009).

Recently, Longinelli and Flora (2007) emphasized
that the analytical procedures used to measure the
0'80(S0,) parameter led to rather large discrepancies
between the obtained results. For instance, 8'%0 values
in the range of 8.1%o to 11%o0 were reported for modern
seawater sulfate precipitated and reacted as BaSO,
separate (see Longinelli and Flora, 2007 and reference
therein). However, these analytical uncertainties refer
to off-line preparation of CO, for mass spectrometry,
which requires inductive heating of BaSO, with
graphite plus glow-discharge conversion of produced
CO fraction to CO, (e.g., Rees and Holt, 1991). Using
this method, a first inter-comparison 8'*0 value of
9.3+0.4%0 was assigned to the NBS-127 reference
standard (seawater sulfate; IAEA; Gonfiantini et al.,
1995). Nowadays, the certified 8'80 of the NBS 127
standard is 8.6%o0 +0.2%0 as obtained by the CF-IRMS
on-line technique (NIST RM 8557; e.g., Bohlke et al.,
2003). This value was confirmed by Boschetti and
Tacumin (2005; 8.6x0.1%¢) and Halas et al. (2007;
8.73+0.05%0), and should be accepted as representative
of the oxygen isotope signature of sulfate ions in the
present-day ocean. It should be noted that the 8'*0(SO,)
of 8.6%0 measured in H. Sakai’s laboratory (Institute
for Thermal Springs Research, Okayama University,
Misasa, Japan) using the off-line technique was taken
by Claypoool et al. (1980) as the normalizing value
for their 8'*0-age curve of marine sulfate. However,
papers dealing with isotope geochemistry of marine
sulfates often do not mention any analytical calibration
or report measured values on seawater sulfate as long-
ago recommended by Cortecci et al. (1981). The §'*0
values reported in the latter article were corrected by
-0.9%o0, as a 8'0 of 9.5%0 was measured for seawater
sulfate. In conclusion, it is problematic to evaluate the
reliability degree of published oxygen isotope data
as often the application of the normalizing procedure
is not documented, this precluding the possibility of
making accurate comparisons of isotopic signatures at
local and global scales.

STATISTICAL CALCULATIONS

Mean, standard deviation (SD), Student’s t-test and
Fisher’s F-test values (for confidence intervals [C.I.] of
95% and 99%), were calculated using a Microsoft Excel
2003 spreadsheet. Pooled standard deviation (PSD)
between two sample groups with SD, and SD, standard
deviations and N, and N, sizes was calculated according to
Motulsky (1995):
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(N,-1)#SD? +(N,-1)*SD;
N, +N,-2

PSD =

RESULTS AND DISCUSSION

Localizations of handled evaporite outcrops, springs and
stream waters are shown in the geological-structural map
of Fig. 1. Evaporite samples were collected from tectonic
slides distributed in the Secchia River Valley within an
interval of more than 10km. The strong tectonization and
erosion phenomena did not allow to relate the samples to
specific beds. The analytical results for studied evaporite
sulfates are reported in Table 1. In Table 2, a compilation of
the isotopic data is given for Late Triassic evaporites from
the present work and from the literature. The analytical
results for thermal springs are reported in Table 3.

Upper Triassic sulfate evaporites from Italy (Burano
Formation)

Several Late Triassic (from 228+2 to 199.6+0.6Ma;
Ogg, 2004) evaporite sulfate deposits in the world
were investigated for their sulfur and oxygen isotope
composition, e.g., in Israel and Canada (Claypool et al.,
1980), Italian (Cortecci et al., 1981; Longinelli and Flora,
2007) and Austrian Alps (e.g., Schroll and Rantitsch,
2005), Italian Apennines (Cortecci et al., 1981, 2000;
Bigazzi et al., 1996; Dinelli et al., 1999; Boschetti et al.,
2005), Swiss Jura Mountains (Rick, 1990; Pearson et al.,
1991), Northern and Northeastern Spain (Utrilla et al.,
1992), and Lorraine Basin (Fanlo and Ayora, 1998). The
compilation by Strauss (1997) of the 8*S values available
in 1992 for Phanerozoic evaporite sulfates was integrated
by Kampschulte and Strauss (2004 and source references
therein).

The Burano Formation sulfates analyzed in this study
refer to the northern part of the Northern Apennines, and
were sampled from Upper Triassic gypsum outcrops near
the Passo del Cerreto (Sassalbo, Tuscany; Acquabona,
Collagna and Vallisnera, Emilia-Romagna; Fig. 1). The
0*S and 880 values of the samples of bedded gypsum-
anhydrite (see Table 1) are quite consistent, with ranges of
15.1 to 16.0%0 (mean £SD=15.5+0.4%0) and 9.1 to 12.6%o
(mean +SD=10.8+1.0%o), respectively. These match with
previous data from other minor Upper Triassic outcrops
in Tuscany and Emilia-Romagna (8*S=14.6 to 16.7%o
and 8'*0=8.7 to 10.7%o; Dinelli et al., 1999; Boschetti et
al., 2005), as well as with the 8'0 values of 11.0+1.4%0
obtained by Longinelli (1968) when analyzing Burano
Formation anhydrite from deep drillings in Tuscany and
normalized to the present-day accepted seawater 'O
value of 8.6%oc. All-inclusive mean (=SD) &*S and 8'°0
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TABLE 1 T Oxygen and sulfur isotope composition of Upper Triassic
evaporite sulfates from the Burano Formation at the Passo del Cerreto
(Secchia River Valley) between Emilia-Romagna and Tuscany. The min-
eralogical composition of samples is gypsum prevalent on anhydrite
(= celestine). The statistical parameters do not include the vein sulfate

Sample 5'%0(s0,)  §*S(S0,)
%o vs. V-SMOW %o vs. V-CDT
Acquabona1 10.3 15.1
Acquabona?2 11.2 15.9
Collagna1 12.6 15.5
Sassalbo1 114 15.7
Sassalbo2 9.1 15.4
TSassalbo3 12.9 17.0
Sassalbo4 10.7 16.0
Vallisnera1 104 151
Vallisnera2 11.0 15.1
Mean 10.8 15.5
SD 1.0 0.4
Cl 95% 0.8 0.3
Cl 99% 1.2 0.4

1 vein sulfate.

values for Burano Formation sulfate in Tuscany and
Emilia-Romagna are 15.4+0.6%o for sulfur and 10.7+1.2%0
for oxygen (Table 2). A gypsum vein from the Sassalbo
deposit (Table 1) is enriched in *S and '*O by about 2%o,
as expected from the isotope fractionations involved in the
dissolution-crystallization cycle (e.g., Szaran et al., 1998).

Burano Formation anhydrites (metamorphosed) at
different depths between 2,000 and 2,300m from borehole
Burano-1 drilled in the Marche region, which borders
Tuscany and Emilia in the southern-eastern sector of the
Northern Apennines, show consistent 83*S (15.2+0.2%0)
and 00 (10.9+0.3%0) values (Cortecci et al., 1981;
Fig. 2). In this sector, however, metamorphosed anhydrite
samples from borehole Perugia-2 in the Umbria region
are appreciably enriched in **S by about 2%o and in *O
by about 6%0, and may be considered as outliers. In fact,
metamorphosed anhydrite in the more southern Apulia
region in the Southern Apennines from borehole Foresta
Umbra-1 (Cortecci et al., 1981) and outcrops (Pietre
Nere locality; Bigazzi et al., 1996; Cortecci et al., 2000)
has fairly normal 8*S of 15.0+0.8%c (N=18) and 8O
of 12.740.6%c (N=2). Finally, presumed Upper Triassic
gypsum and anhydrite from layers in boreholes drilled in
the Larderello-Travale geothermal area of Tuscany were
found to have 0**S=14.92£0.4%0 (N=5), with an outlier of
+19.3%o associated with skarn as a result of metamorphic
and metasomatic processes (Milanese, 1993). Overall, mean
(=SD) 8*S and 6'80 of 15.2+0.7%0 (N=38) and 10.9+1.3%0
(N=26) values can be assigned to primary (i.e., unaffected
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TABLE 2 | Mean isotope values and statistical parameters of Upper Triassic evaporite sulfates from Italy and other countries in the world. Treated oc-
currences are those for which hoth sulfur and oxygen isotopic data are availahle

Number as Upper Triassic 18 . 34 _
umb pp! _ Country 5°0(S0Oy) %ovs. V-SMOW  §°*S(SO,) %o vs. V-CDT References
in Fig. 2 Formations mean SD Cl N mean SD CI N
+ this work; Bigazzi et al. 1996; Boschetti et al.
1 Burano |ta|y 10.9 1.3 05 26 15.2 0.7 0.2 38 2005; Cortecci et al. 1981, 2000; Dinelli et al.
(overall excluding Umbria) 1999; TLonginelli 1968; Milanese 1993
tsh Burano tal this work; Boschetti et al. 2005; Dinelli Et Al.
Emili 107 12 06 22 154 06 03 18
not shown (TuscaayAi:r"'ﬁnZZ;"ag”a’ aly 1999; TLonginelli 1968; Milanese 1993
Burano .
10.9 0.3 - 2 15.2 0.2 - 2 Cortecci et al. 1981
not shown (Marche, N Apennines) Italy
1* Burano Italy 174 10 - 2 172 03 - 2 Corteccietal 1981
(Umbria, N Apennines)
Burano Bigazzi et al. 1996; Cortecci et al. 1981;
127 06 - 2 150 08 04 18 ;
not shown (Apulia, S Apennines) Italy Cortecai et al. 2000
2 Gypskeuper Swiss 113 17 18 6 165 07 08 6 Rick 1990
(Folded Jura)
2* Gypskeuper Swiss 132 08 10 5 146 06 08 5 Pearsonetal 1991
(Tabular Jura)
3 Keuper Spain 19 06 03 15 145 07 04 15 Alonso-Azcarate et al. 2006
3* CRA Spain 214 11 06 15 182 11 06 15 Alonso-Azcarate et al. 2006
4 TCharlie Lake Canada 122 04 - 2 142 07 05 9 Claypool etal. 1980
5 TKeuper Spain 11 17 08 21 134 15 07 21 Utillaetal 1992
6 Lorraine Basin France 13.0 08 07 8 15.4 04 02 26 Fanlo and Ayora 1998
7 TMohilla Israel 127 18 22 5 166 08 06 9 Claypool etal 1980
8 NE Alps Italy 147 12 06 20 150 04 06 4 Longinelli and Flora 2007
9 s Alps Italy 141 15 19 5 168 04 06 5 Corteccietal 1981
10 Tow Alps ltaly/Swiss 167 1.3 20 4 162 05 08 4 Cortecci et al. 1981

* significative difference in comparison with other data from the same formation; SD: standard deviation, Cl: confidence interval at 95%, N: number of samples.

T oxygen isotope values normalized to the present-day accepted value of 8.6%. for seawater sulfate.

by bacterial reduction and metamorphic effects) Burano
Formation sulfate of the Italian Apennines from Emilia
to Tuscany to Marche to Apulia, with 95% confidence
intervals of 0.2 and 0.5%o, respectively (Table 2). Based
on the concomitant positive variation of sulfur and oxygen
isotopes, the sulfate from Umbria may feel some effects
due to microbial reduction in the depositional basin, and
was not included in the Apennine mean calculation for
primary sulfate.

Let us discuss in more detail the vein sulfate from
Sassalbo. Its isotopic composition is 0%**S=17.0%o
and 0'0=12.9%0 (Table 1). These values are
consistent with the following 1) values measured
in metamorphic-vein barite from the Apuane Alps
ore showing 8*S and 8'*O values in the ranges 14-
20%o and 13-14%o, respectively (Cortecci et al., 1989),
suggesting that the vein gypsum is the hydrated product
of a metamorphic anhydrite vein deposited during the
Apennine orogenesis; 2) vein-gypsum precipitation

may have occurred from a Ca-sulfate solution similarly
to present-day thermal springs in northern Tuscany (see
later section on spring and stream waters).

Upper Triassic sulfate evaporites from Italy and
abroad

In Fig. 3, the reported data refer only to deposits for
which dual sulfur and oxygen isotopic data are available.
Note especially the high 6%*S consistency of the Upper
Triassic evaporite sulfates from Italian occurrences
(like the Northern Apennines and Northeastern Alps)
and the Carnian ones from the Austrian Eastern Alps,
with a 0**S mean of 15.8+0.4%0 (Go6tzinger et al., 2001;
quoted in Schroll and Rantitsch, 2005), which in turn
is nearly equal to the mean S of 14.6x+1.1%0 shown
by barites from the Bleiberg deposit (Eastern Alps,
Carinthia, Austria) and presumed to be Carnian and
marine (Schroll et al., 1983; Schroll and Rantitsch,
2005).
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TABLE 3 I Isotopic compositions of dissolved sulfate and water of the springs sampled in northern Tuscany, and relevant hydrochemical data

Spring (code) Sampling date  Catchment | pH 1PS Si0y(aq) H,S $0,% 5'°0(S0,%) §*5(S0,%) §'0(H,0)

Ttemperature & chemical classification o mg/L mg/L mg/L  mg/L %o vs. SMOW %o vs. CDT %o vs. SMOW
Bergondola (Brg) 12-Oct-2006 Magra 14.2 7.24 16283 9.3 - 372 10.8 19.6 -7.50
14.2-15.3°C (orthothermal), Na-Cl 05-Jul-2007 Magra 15.3 7.50 16885 8.5 0.6 338 - 19.6 -7.48

Ponte Magra (PM) 2005 Magra - - 15500 - - 84 - - -

16.8°C (orthothermal), Na-Cl 05-Jul-2007 Magra 16.8 7.84 14294 6.4 12 95 12.2 231 -7.82
Equi Terme (Eq) 31-Aug-2004 Lucido 25.0 6.82 5121 12.6 1.1 890 11.6 16.4 -7.56
23.8-25.0°C (thermal), Na-Cl 14-Apr-2005 Lucido 23.8 7.10 3369 9.8 0.6 554 1.4 15.7 -7.49
Monzone Nera (MN) 31-Aug-2004 Lucido 16.4 7.60 3135 5.0 0.5 229 11.5 15.9 -7.10
14.3-16.4°C (orthothermal), Na-Cl 14-Apr-2005 Lucido 14.3 7.66 2692 4.7 0.7 131 10.8 15.8 -7.16
Monzone Salata (MS) 31-Aug-2004 Lucido 17.1 7.42 10064 9.3 0.6 688 12.0 16.6 -7.20
15.5-17.1°C (orthothermal), Na-Cl 14-Apr-2005 Lucido 15.5 7.33 6336 7.4 0.7 551 10.9 16.5 -7.04
Pieve Fosciana (PF) 31-Aug-2004" Serch?o 32.3 6.44 5983 23.0 0.5 1905 124 15.8 -7.82
14-Apr-2005" Serchio 33.4 6.66 6098 23.4 0.8 1751 124 16.0 -7.87
32.3-36.3°C (thermal), Na-Cl 14-Apr-2005* Serchio 36.3 6.63 6365 251 - 2075 12.3 16.3 -7.84

Tthermal: T > Ta + 4°C, orthothermal: Ta < T < Ta + 4°C; where T and Ta are spring and mean annual air temperature of the area, respectively (Schoeller, 1962).

T well 1; * well 2.

Our mean 0*S and 0O values for Late Triassic
evaporites from the Northern Apennines are compared
in Fig. 3 with those of coeval occurrences in the Italian
Alps and abroad. The data seem to show a triangular
distribution. The lowest 8'®0 values presumably better
approach the oxygen isotopic signature of primary Upper
Triassic sulfate minerals, whose 8>S in coeval basins may
have been variable at nearly constant 8'®0, depending on a)
bacterial reduction that may have significantly altered the
sulfur isotope composition of the residual aqueous sulfate
and only slightly altered the oxygen isotope composition,
as found for fast cell-specific sulfate reduction rates
(high sSRR; Brunner et al., 2005); b) oxidation of pre-
Late Triassic biogenic sulfide minerals (Longinelli and
Flora, 2007) providing sulfate similar for 6'0 (see Van
Stempvoort and Krouse, 1994) but distinct for S with
respect to seawater sulfate; and possibly c¢) conspicuous
undersea SO, degassing during the active Late Triassic
oceanic rifting (e.g., Tanner et al., 2004). On the other hand,
the S and '30 enrichments towards the apex of the triangle
can be related to syndepositional effects (mainly for sulfur
isotopes via bacterial reduction at slow to intermediate
sSRR values; Brunner et al., 2005) or to postdepositional
effects (mainly for oxygen isotopes via exchange with
aqueous fluids at metamorphic temperatures). The highest
enrichments are shown by secondary gypsum from the
lacustrine sequence in the Cameros Basin of Spain (Alonso-
Azcarate et al., 2006; point 3* in Fig. 3). This sequence
is Late Jurassic, but sulfate in the evaporating lake was
basically provided by dissolution of older Late Triassic
(Keuper) marine evaporite (point 3 in Fig. 3). According to
Alonso-Azcdrate et al. (2006), the 5*S signature of CRA
sulfate is influenced by the effects of bacterial reduction
before crystallization, whereas the '%0 signature should
be related to metamorphic effects due to water-mediated
exchange with host dolomite before exhumation to

the surface. In our opinion, however, an alternative
explanation may be provided by the synsedimentary
bacterial reduction of sulfate in the lake under slow cell-
sSRR, in agreement with the steep slope of the §*#S-8'0
line connecting points 3 and 3* in Fig. 3 (Brunner et
al., 2005). It is possible that a large number of sulfate-
reducing bacteria was at work in the lake sediments due
to the presumably high abundance of organic matter, thus
resulting in a high bulk sulfate reduction rate. These two
alternatives (metamorphic or microbial effects) can also
be considered for the other isotopically heavier evaporite
sulfates, including the outlier anhydrite samples (point 1*
in Fig. 3) from Umbria. On the other hand, the different
isotopic composition of Keuper sulfates in Swiss (Table 2)
from an outcrop (point 2 in Fig. 3; Folded Jura; Rick,
1990) and a borehole (2* in Fig. 3 and Table 2; Tabular
Jura; Pearson et al., 1991) might be interpreted in terms
of a contribution to the borehole of *S-depleted sulfate
from oxidation of sulfide minerals during the exhumation
and hydration of the anhydrite after the metamorphic
peak. This result agrees with the finding of pyrite with
0%S of -33%o in the underlying Muschelkalk bituminous
dolomitic mudstone (Pearson et al., 1991) and the
observation that the hydration of the anhydrite from the
borehole was pervasive and complete (Dronkert, 1987).
The higher 8'80 sulfate signature in the borehole does not
conflict with the above interpretation based on the S
signature, if a stepwise oxidation mechanism for pyrite
is accepted with the formation of intermediate sulfite ion
(van Stempvoort and Krouse, 1994). Moreover, it should
be noted that in another borehole drilled in the Tabular
Jura, sulfate in deep waters interacting with the Keuper
deposit showed &*S values of 15.5 to 16.6%0 and 6'0
values of 10.6 to 11.4%o (Pearson et al., 1991), in keeping
with the values found by Rick (1990) for outcropping
Keuper deposits.
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FIGURE 3T A) 5'80(S0,) vs. 53*S(S0,) of Upper Triassic evaporite sulfates. Grey area delimits the “primary sulfate” values and the pooled standard devia-
tion for the oxygen isotope data (see text for details). Diamonds and bars denote mean values and their 95% confidence intervals (C.l.), respectively.
Filled symbols: the 5'80 values were normalized to +8.6%. (see text); open symbols refer to uncorrected 5'80 values. 1: this work, Longinelli (1968)
and Cortecci et al. (1981) (1* = outlier mean values from Cortecci et al., 1981, with standard deviations); 2: Rick et al. (1990); 3: Alonso-Azcarate et
al. (2006; 3* = CRA unit, Keuper evaporite sulfate reworked to form Late Jurassic deposits); 4: Claypool et al. (1980); 5: Utrilla et al. (1992); 6: Fanlo
and Ayora (1998); 7: Claypool et al. (1980); 8: Longinelli and Flora (2007); 9:, 10: Cortecci et al. (1981). These identification numbers correspond to
those reported in Table 2. The 5*S ranges of other Upper Triassic materials are also reported for comparison: SSS: structurally substituted sulfate in
microfossils and rock carbonate (Kampschulte and Strauss, 2004); Gy: gypsum samples from Turkey (Giindogan et al., 2008); Ba: Carnian marine barite
from Eastern Alps in Austria (Schroll and Rantitsch, 2005). B) Late Triassic paleogeography of Western Tethys (modified after Stampfli and Marchant,
1997 and Stampfli and Borel, 2002). Numbers localize approximately the evaporite sulfate deposits reported in Table 2 and Figure 2A. Kii: Kiire basin

and IA: Izmir-Ankara basin (Turkey).
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It would seem from the above discussion that the &*S
and 0'80 values and their relation for metamorphosed
sulfates do not help to distinguish the isotopic effects due
to metamorphism from those related to bacterial reduction.
Anyway, these processes should enrich the sulfate in S
and/or '80, and then the best approximate S- and O-isotopic
signatures of the possibly unaffected parental sulfate should
be the lowest ones within a set of data. In this sense, the
diagram of Fig. 3 may be used as a slide-rule to evaluate
the primary or secondary (altered) isotopic signature of
Upper Triassic sulfates.

Seawater sulfate isotopes and tectonic rifting dur-
ing Late Triassic

Student’s #-test for means and Fisher’s F-test for
variances confirmed that the 8'®0 values of the Burano
Formation sulfates from this work and the -0.7%o corrected
values of the Keuper sulfates from Spain (Utrilla et
al.,, 1992) are statistically consistent, thus allowing the
calculation of an overall mean (xPSD) 8'®0 value of
10.9+1.5%0 (grey field in Fig. 3). This 0O signature
should closely approach the oxygen isotope composition
of gypsum deposited from the Tethyan ocean. The lower
O3S values of the ranges observed for Spain and Canada,
presumably primary sulfates (Fig. 3), cannot be explained
as isotopic effects due to different degrees of restriction
of the basins to the open ocean, as these effects tend to
increase rather than decrease the isotopic composition of
the evaporite relative to seawater sulfate (e.g., Fanlo and
Ayora, 1998). Instead, the entry of *S-depleted sulfate
in the evaporating basins from oxidation of biogenic
sulfide is a more reliable candidate. However, the supply
of 3S-depleted sulfate from oxidation of volcanogenic
S-bearing volatiles entering the ocean during the rifting in
the western Tethys cannot be excluded. This sulfur may
have entered directly the ocean from seafloor degassing
or may have entered the atmosphere first and then was
removed as sulfate in meteoric precipitation. The amount
of S (as SO,) introduced in the atmosphere by the Central
Atlantic Magmatic Province in end-Triassic times was
estimated to have been of 2.3*¥10'? metric tons (McHone,
2003). To this volcanogenic sulfur a §**S value close to 0%o
may be assigned, as observed for OIB and MORB fluids
(e.g. Taylor, 1986), thus providing substantial amounts
of 3*S-depleted sulfate to the ocean through oxidation
processes. The disproportionation of volcanic SO, with
seawater should produce a sulfate with a similar 6*S value
both at low and high temperature, provided that SO, in
the supplied gas is largely prevailing with respect to H,S
(Kusakabe and Komoda, 1992).

We conclude this subsection with some selected gypsum
(after anhydrite) samples from western Turkey deposits (03*S
values of 15.1 to 18.1%o, N=4), hosted in the Lycian Nappes

Isotope composition of Upper Triassic sulfate

(Fig. 3) and interpreted to be Late Triassic (Glindogan et al.,
2008). The history of these sulfates may have been complex
as was also the geodynamic history of the Cimmerian Plate,
thus resulting in the observed range of isotopic values.
During the Late Triassic, the Neotethys was forming along
the margin of the Tauride-Anatolide continental fragment,
which was itself rifted from Gondwana, followed by the
collisional event along the Eurasian margin that determined
the diachronous closure of the Paleotethys in the area
from Iran to Turkey and the opening of the Kiire marginal
basin (Robertson et al., 2004; Fig. 3B). Some authors have
suggested that the Lycian Nappes come from the Izmir-
Ankara basin (Eurasian-derived), others that they come
from the Tauride-Anatolide (Gondwana-derived) or both.
In any case, the progressive evolution of the Lycian Nappe
complex from continental rifting to passive margin to ocean
basin during the Triassic to the Late Cretaceous was followed
by metamorphism related to regional compression up to the
Late Miocene. It is possible that the **S-enriched isotopic
composition of the evaporite deposits was influenced by the
latter tectonic event.

The structurally substituted sulfate age-curve

Recently, an original sulfur isotope age-curve for
Phanerozoic marine sulfate was presented by Kampschulte
and Strauss (2004), based on the analysis of the structurally
substituted sulfate (SSS; 8**Syss values) in biogenic calcites
(microfossils) and rock carbonates. This was followed by
a compilation and time-series analysis of the 6*S database
of sulfate in marine carbonate (i.e., SSS) through Earth
history by Prokoph et al. (2008). According to the authors,
the 03*Sqq record should replace the previous datasets on
marine evaporite sulfates. This recommendation apparently
matches results obtained by Nishimura and Kajiwara (2000)
in a study on the sulfur-isotope fractionation of SSS in
modern marine mollusk shells, as the isotope fractionation
of SSS with respect to seawater was found to be in general
smaller than that of gypsum obtained from fractional
crystallization of seawater (Raab and Spiro, 1991).
Support for the reliability of the seawater §**Sgsq record
can be found in the 80 analyses of sulfate associated with
modern marine shells (Cortecci and Longinelli, 1971),
but not in the 8O analyses of fossil shells due to post-
depositional alteration (Cortecci and Longinelli, 1973).
The same conclusions were basically reached by Newton
et al. (2004) for ancient carbonate-associated sulfate (CAS,
i.e., SSS), i.e., the **S signature of this material is thought
to correspond closely to that of seawater sulfate, whereas
the 880 signature may be less reliable. Specifically, for
the Late Triassic (Fig. 3), mean 0*Sgg values of 18.5 to
19.7%o obtained for Carnian microfossils from the Western
Carpathians in Slovakia (Kampschulte and Strauss, 2004)
are about 4%o higher than those of coeval marine evaporites
(15.8+0.4%0) and barites (15+1%o) in the Eastern Alps of
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Austria (Schroll and Rantitsch, 2005). Lower mean &**Sqsq
values down to about 16%0 were obtained for Norian to
Rhaetian samples from Austria and Hungary (Kampschulte
and Strauss, 2004). On the other hand, the 6*S signature
of Upper Triassic evaporites was found to be 2 to 4%o
lower with respect to that of microfossils from the same
stratigraphic unit, with mean values of 14.9%o and 17.8%o,
respectively (Kampschulte and Strauss, 2004). Are vital
effects the cause of this discrepancy?

DISSOLVED SULFATE IN SPRING AND STREAM WATERS

The &*S and &'0 values from this study (Table 3) and
from the literature (Boschetti et al., 2005; Cortecci et al.,
2008) for sulfate dissolved in orthothermal to thermal
springs and in stream waters of the Northern Apennines
(Tuscany-Emilia sector) are compared in Fig. 4 with
the slide-rule diagram of Fig. 3, that is with the isotopic
signature (+ PSD for oxygen) of the primary Late Triassic
sulfate (grey field) and the mean isotopic signature for
Tuscany-Emilia Burano Formation sulfate (+ 95% and
99% confidence intervals). Since dissolution of evaporite
sulfate basically does not involve isotopic fractionation of
sulfur and oxygen isotopes (e.g., Claypool et al., 1980),
the main source of aqueous sulfates within the grey field
should be Burano Formation evaporite sulfate. Stream
water samples are from the Serchio River catchment
in northern Tuscany, and include the main river and its
tributaries (Cortecci et al., 2008). The catchment hosts
Upper Triassic gypsum outcrops and thermal springs. The
sulfate 5**S and 0'80 values of the stream samples show
a statistically sound relationship (r=0.97; N=17), with
ranges from -8.9 to 13.6%o for sulfur and -2.3 to 11.4%o
for oxygen. The highest values are shown in Fig. 4 and
denote a substantial contribution of Upper Triassic sulfate
from dissolution of outcropping evaporites or mixing with
thermal springs that leach evaporite beds at depth. The other
major source of sulfate should be supergene sulfate from
oxidation of sedimentary sulfide (pyrite) disseminated in
the drained rocks. Upper Triassic evaporite should be the
nearly exclusive source of sulfate in the PA cold spring
sample from the Secchia River catchment on the Emilia
side of the Northern Apennines, as well as an important
source of sulfate in cold springs 107 and 110 issuing in the
same catchment (Fig. 1; Boschetti et al., 2005). The Na-Cl
salinization of spring PA (6 to 8g/L as total dissolved solids
(TDS); Forti et al., 1988 and our unpublished data) was
attributed to dissolution of Upper Triassic halite at depth.
Salt deposits of this age are also the source of sulfate (and
sodium and chloride) in the thermal springs of northern
Tuscany for both Na-ClI (Pieve Fosciana, Gallicano, Equi,
Monzone Nera, Monzone Salata, Bergondola and Ponte
Magra samples; 14°C to 36°C) and Ca-SO, (M and Bagni
di Lucca samples; 31°C to 53°C) waters (see Fig. 4), whose
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TDS ranges between 3 and 25g/L (Boschetti et al. 2005 and
our unpublished data). The Bagni di Lucca, Monsummano,
Bergondola and Ponte Magra springs fall outside the
isotopic field of evaporite sulfate in the Tuscany-Emilia
sector of the Apennines (Burano Formation), as well as
the band including other Upper Triassic sulfates from Italy
and elsewhere. However, it is worth noting that the isotopic
composition of the sulfate dissolved in these spring waters
is distributed within a fanwise space (Fig. 4) with the apex
at the Burano Formation mean value obtained in this study
and with a spreading towards higher 8-values delimited
by trend lines describing the isotopic effects expected
for sulfate undergoing bacterial reduction at low (higher
slope trend) and high (lower slope trend) cell-specific
rates (Brunner et al., 2005; see also Turchyn et al., 2010).
The fanwise space also includes other experimentally
determined isotopic effects during bacterial reduction
that yielded linear 6'*0-8%*S relationships with A8O/A%**S
slopes ranging from 0.25 to 0.4 (cf. Seal et al., 2000). In
keeping with the absence of H,S in the Bagni di Lucca
springs (Boschetti et al., 2005), it may be argued that
the aqueous sulfate does not suffer bacterial reduction
during its travel to the surface, but simply records the
isotopic composition of the parental sulfate. This sulfate
can be searched locally in the Burano Formation-Calcare
Cavernoso Formation occurring at a depth of about
2,500m, (“Brecce di Casoli”; Fazzuoli et al., 1998), and
its enrichments in **S and '*O may feel the isotopic effects
of syn-sedimentary reducing bacteria (see also Boschetti
et al., 2005).

Sulfate-water oxygen isotope geothermometry

The sulfate-water oxygen isotope fractionation factor
can be used as geothermometer of thermal water reservoirs.
Very recently, Zeebe (2010) showed theoretically by
quantum-chemistry computation that the isotopic behaviour
of the SO,*-H,0O pair as a function of temperature is
substantially different than those of the HSO,-H,O
(Lloyd, 1968; Mizutani and Rafter, 1969; Zeebe, 2010) and
anhydrite -H,O (Lloyd, 1968; Chiba et al., 1981; Zheng,
1999) pairs. Therefore, a speciation analysis of the aqueous
sulfate cannot be omitted when applying the oxygen
isotope sulfate-water geothermometry. Unfortunately,
oxygen isotope fractionation between CaSO,” and water is
unknown. However, because the aqueous ion pair CaSO,°
is the predominant sulfate species in water supersaturated
with respect to anhydrite, we may suppose that oxygen isotope
fractionation-temperature equation of the CaSO,>-H,O pair
will be approximated by the anhydrite- H,O equation.

In Fig. 5, the available oxygen isotope fractionations
between sulfate species and water are graphically reported
as a function of temperature limitedly to the interval O
to 150°C. Bisulfate-water fractionations were merged,
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obtaining a quite good relationship with temperature
(R>=0.994). The same was done successfully for the
anhydrite-water systems (R?=0.989), discarding the
Lloyd’s (1968) anhydrite-water fractionations following
the censure by Chiba et al. (1981). The bisulfate-water
curve is shown just for sake of completeness, as the pH
values of studied spring waters are near neutral, and then
HSO, is totally negligible compared to SO,* and CaSO,°
species.

The sulfate-water isotopic fractionations in springs of
Table 3 (all Na-Cl type) and other two (Ca-SO,> type)
from Bagni di Lucca (Doccione spring) and Monsummano
(Parlanti and Giusti springs) vary between 17.4 to 20.4%o,
defining the dashed area in Fig. 5. Therefore, isotopic
temperatures of about 30 to 110°C can be drawn, depending
on sulfate SO,* and CaSO," proportions. As an exercise,
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molality percentage of the dissolved sulfate species in the
Bergondola sulfurous spring was calculated (EQ3/6 code;
Wolery and Jarek, 2003) from a complete chemical analysis
to be 84% SO,* and 16% CaSO,° assuming a temperature
of 81°C as inferred from a nearby borehole (Pontremoli-1
well log; Reutter et al., 1983) in correspondence of a halite-
anhydrite deposit set at about 3km (Bernini and Papani,
2002), and in keeping with the Na-Cl character of the
water and its high TDS value (table 3). The sulfate-water
oxygen isotope fractionation in the spring is 18.3%o, and
yields a considerably lower temperature estimate of 50°C
or 59°C combining the molality percentage and the relative
fractionation equation of the dissolved sulfate species,
respectively. Instead a comparable isotopic temperature of
92°C is obtained applying the HSO,™ - H,O thermometer
(Table 4), but this conflicts with the calculated speciation
of dissolved sulfates. Similar results are obtained for the

) vs. V-SMOW

2
4

§"°0(SO

D Ca-bicarbonate

O Ca-sulfate

A Na-chloride

e Upper Triassic
(Burano Formation)

12 13 14 15 16 17

18 19 20 21 22 23 24

§*'S(S0O%) vs. V-CDT

FIGURE 4T 5'80(S0,%) vs. 5°*S(S0,2) plot for cold to thermal springs and stream waters in the Northern Apennines (Southern Emilia and Northern Tus-
cany). Grey area delimits the Upper Triassic “primary evaporite sulfate” values and the pooled standard deviation for the oxygen isotope composition
values (see text for details). Dotted ellipse delimits the C.I. at 99% of the mean &-values (filled diamond) of Upper Triassic sulfate evaporites in Emilia
and Tuscany. Open symbols with analytical error bars refer to springs in southern Emilia and northern Tuscany, and stream waters in northern Tuscany
(see Figure 1). S: streams (main stem and tributaries) from the Serchio River catchment, northern Tuscany (Cortecci et al., 2008); PA, 107 and 110:
cold springs in the Secchia River catchment, southern Emilia (Boschetti et al., 2005); PF: Pieve Fosciana thermal springs in the Serchio River catchment
(this work); GAL and BL (not shown in Figure 1): Gallicano and Bagni di Lucca thermal springs in the Serchio River catchment (Boschetti et al., 2005);
Eq, MN, MS: Equi, Monzone Nera, Monzone Salata orthothermal springs in the Lucido River catchment (this work); Brg and PM = Bergondola and Ponte
Magra orthothermal springs in the Magra River catchment (this work). sSRR: microbial cell-specific sulfate reduction rate (see Brunner et al., 2005).
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FIGURE 51 Oxygen isotope fractionations as a function of temperature
for different sulfate-water systems. Curves: A) is from Zeebe (2010),
B) is a combination of Zeebe (2010), Mizutani and Rafter (1969) and
Lloyd (1968), and C) is a combination of Chiba et al. (1981) and Zheng
(1999). Coefficients of determination (R?) are 0.994 for B) and 0.989
for C).The grey area accounts for the sulfate-water oxygen isotope frac-
tionations in the investigated springs (see Table 4).
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mean chemical composition of the Doccione spring (Bagni
di Lucca) speciated at the depth conditions (73°C at about
3.3km; see Boschetti et al., 2005): 79% SO,* and
21% CaSO,, with an isotopic temperature of 37°C
by SO,*-H,0 equation or 49°C by sulfate species
combination, both lower than 73°C at depth and 53°C at
the outlet. Therefore, it may be concluded that the sulfate-
water system in the Bergondola and Doccione springs is
not in isotopic equilibrium, as well as also in the other
springs shown in Table 4. This interpretation agrees with
the sluggishness of sulfate to exchange oxygen with
water at low temperature, in keeping with the remarkable
uniformity of the 80 (SO,*) values in the studied springs.
The lack of equilibrium also occurs in the sulfurous springs
in which the sulfate-water oxygen isotope exchange may
have been enhanced by sulfate-reducing bacteria, especially
those with a slow cell-specific reduction rate (Turchyn et
al., 2010; see also Fig. 4).

The application of quartz (Fournier, 1977; Verma,
2001) and chalcedony (Fournier, 1977; Arnorsson, 1983)
geothermometers yield discordant estimations, which in

TABLE 4 | Oxygen isotope and silica geothermometric estimates for the springs sampled in northern Tuscany. When samples have N>1, standard devia-

tion on replicates is reported

Spring (code)

Isotopic (sulfate-water)

Chemical (**SiO5)

3042"H20 HSO,-H,0 anhydrite-H,0O Quartz Chalchedony
N=number of samples (reference) (A) (B) ©) Fournier (1977) Verma (2001) Fournier (1977)  Arnorsson (1983)
"temperature & chemical classification *0-150°C 70-350°C 0-1200°C 0-250°C 0-374°C 0-250°C 25-180°C
Ponte Magra (PM)
N=1 (this work) 40 79 93 27 15 (n) (fd)
16.8°C (orthothermal), Na-ClI
Bergondola (Brg)
N=2 (this work) 50 92 106 38+2 26+2 (fd) (fd)
14.2-15.3°C (orthothermal), Na-Cl
Pieve Fosciana (PF)
N=3 (this work) 38+1 78 £1 92+ 1 72+2 62+2 40+ 2 44 +2
32.3-36.3°C (thermal), Na-ClI
Bagni di Lucca (BdL; Doccione spring)
N=2 for isotope; 4 for chemical (Boschetti et al. 2005) 37 +1 78 +1 90 +1 106 +7 1017 767 777
53.3°C (thermal), Ca-SO,
Monsummano (M)
N=2 (Boschetti et al. 2005) 53+3 96 +3 111+3 70+£2 62+2 40+ 2 44+ 2
30.6-31.5°C (thermal), Ca-SO,4
Equi Terme (Eq)
N=2 (this work) 45+1 87+2 101 +1 45+ 6 34+6 176 126
23.8-25.0°C (thermal), Na-Cl
Monzone Salata (MS)
N=2 (this work) 48 +4 90 +5 1055 35+1 24+5 (fd) (fd)
15.5-17.1°C (orthothermal), Na-Cl
Monzone Nera (MN)
N=2 (this work) 50+ 1 93+2 107 £2 40+ 2 44 + 2 (n) (n)

14.3-16.4°C (orthothermal), Na-Cl

*thermal: T > Ta + 4°C, orthothermal: Ta < T < Ta + 4°C; where T and Ta are spring and mean annual air temperature of the area, respectively (Schoeller, 1962).

(A) Zeebe (2010); (B) combination of Lloyd (1968), Mizutani and Rafter (1969) and Zeebe (2010), i.e. 1000Ina = 2.99x10°T2 - 4.15 (r2 =0.989); (C) combination of Chiba et al. (1981)

and Zheng (1999), i.e. 1000Ina = 3.31x10°T2 — 4.69 (* = 0.994). a = oxygen isotope fractionation factor. *Calibration range.

**When reservoir temperature is presumed to be less than 180°C, both quartz and chalcedony silica geothermometers should be calculated and compared (Fournier 1991).

(n): negative value; (fd) a few °C.



T. BOSCHETTI et al.

turn are contradictory with the isotopic ones or unrealistic
for springs with lower temperature (orthothermal springs
in Table 4). In this latter case, as was verified elsewhere for
low enthalpy systems (<150°C; e.g. Adam and Dowgiatto,
2009), we have to do with chemical and isotopic
disequilibrium situation for which the application and
comparison of respective geothermometers is not suitable.

CONCLUSIONS

Upper Triassic bedded evaporite sulfate of the Burano
Formation cropping out at Cerreto Pass between Tuscany
and Emilia-Romagna in the Northern Apennines gave
sulfur and oxygen isotope composition mean values, at
99% confidence level, of 15.5+0.4%0 and 10.8+1.2%o,
respectively. Combining the values for these sulfates
with those of other Burano Formation occurrences along
the Apennine chain, *S and 8'O values of 15.2+0.2%0
and of 10.9+0.5%0 are respectively obtained (mean
+99% confidence intervals). These isotope values are
interpreted as preserved primary features, despite the fact
that Burano Formation underwent metamorphism during
the Apennine orogenesis. Isotopic effects possibly related
to metamorphism or synsedimentary bio-reduction are
suggested in a few cases (e.g., Umbria and some Tuscany
borehole samples) by statistically significant higher
isotopic signatures.

The average 0'80 value of 10.9+1.5%0 (mean + PSD),
obtained by combining consistent sets of data on evaporite
deposits from Italy and Spain, can be considered to closely
approach that of gypsum deposited from unaffected
ocean sulfate. This isotopic signature may characterize
the Upper Triassic evaporite sulfate deposited in the large
domain of the Western Tethys ocean between Laurasian
and Gondwana. Also, it can be used as a reference value
to distinguish evaporite sulfate altered by syn- or post-
depositional processes.

A possible interpretation of the observed negative bias
in the 8*S range of the Upper Triassic evaporite sulfate
throughout the world is that sulfate in the Tethys ocean
have been altered at times by the entry of 34S-depleted
volcanic sulfur during rifting episodes. This sulfur may
have entered directly the ocean from seafloor or may
have entered the atmosphere first and then was removed
as sulfate in meteoric precipitation. A &S value lower
than about 13.5%o for oceanic Late Triassic sulfate may be
considered to be largely affected by volcanogenic sulfate,
compared to a value of 13.5 to 15.5%o that should sign the
normal sulfate. Evidently, sulfur and oxygen isotope data
on selected evaporite sulfate deposits must be acquired to
try to mark geological effects on the marine sulfate isotopic
composition related to the switch between Eastern Paleo-

Isotope composition of Upper Triassic sulfate

Tethys and Neo-Tethys during the Late Triassic. These
deposits should be situated in the Cimmerian Plate, at
present represented by Turkey, Iran, Afghanistan, Tibet,
Indo-China and Malaysia.

Adding the isotope composition of dissolved sulfates
in spring and stream waters of northern Tuscany to the
&**S-8'30 “slide-rule” diagram for solid sulfate has allowed
us to: i) recognize deviations from the primary sulfur and
oxygen isotope compositions expected for local Burano
Formation sulfate evaporite, due to synsedimentary effects
on the evaporite (e.g. sulfate in thermal, not sulfurous Bagni
di Lucca springs) or nowadays bacterial reduction of sulfate
in solution (e.g. in orthothermal, sulfurous Bergondola
and Ponte Magra springs); ii) highlight that in sulfurous
springs both sulfur and oxygen isotope fractionations from
the source sulfate should be ascribed to bacterial effects;
however, the oxygen isotope exchange of sulfate with water
appears to have been a very minor process as supported by
the near-surface temperature values estimated by sulfate-
water oxygen isotope thermometry, iii) identify mixing
phenomena involving Upper Triassic and supergene sulfate
in stream water, and iv) cross-check the primary Upper
Triassic sulfate isotopic signature and the mean oxygen
and sulfur isotope compositions of gypsum-anhydrite from
the local Burano Formation.
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