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Abstract

Carbonate-associated sulfate (CAS) is an important proxy for reconstructing marine
sulfur cycling throughout Earth's history. In order to assess the impact of carbon-
ate neomorphism on §**S_, . data, a mineralogical-spatial transect from early diage-
netic limestone into low-temperature hydrothermal dolostone was analyzed in the
middle Triassic Latemar platform interior, northern Italy. This study addresses the
yet unconstrained question whether hydrothermal dolostone preserves a marine
8%9S_ s signature and, hence, might represent an archive for past seawater sulfate.
In this study, §*S.,s values were measured in low-temperature hydrothermal dolos-
tone and compared with data from their corresponding precursor limestone. Results
shown here reveal that 634SCAS values for dolostone and precursor limestone are
indistinguishable. This points to a rock-buffered middle Triassic marine 534S signature

not affected by hydrothermal alteration. Hence, hydrothermal dolostone represents,

1 | INTRODUCTION

Carbonate-associated sulfate (CAS) has been used for reconstructing ma-
rine sulfur cycling throughout Earth's history (Bottrell & Newton, 2006;
Gill et al., 2007; Kampschulte & Strauss, 2004). Carbonate-associated
sulfate is sulfate bound in the crystal lattice of carbonate minerals as a
replacement for the carbonate ion (Burdett et al., 1989; Takano, 1985).
Sulfate incorporation into carbonate minerals occurs without a substan-
tial sulfur isotope fractionation and the sulfate records the sulfur isotopic
composition of the ambient fluid (seawater or pore fluid) during carbon-
ate precipitation (Burdett et al., 1989; Kampschulte & Strauss, 2004;
Lyons et al., 2004, but see also Barkan et al., 2020).

Throughout Earth's rock record, dolostones are widely distributed
from the Precambrian to the Cretaceous (Given & Wilkinson, 1987;
Warren, 2000). Nevertheless, the applicability of 634SCAS values from
dolostone as a proxy for ancient seawater sulfate has not been well

under favorable conditions, an archive for unraveling past marine sulfur cycling.

constrained (Fichtner et al., 2017; Marenco et al., 2008). Sulfur isotope
data for CAS in dolostone, however, can either provide important in-
sights into the chemistry of dolomitizing fluids or, under favorable con-
ditions, reflect the marine §%%S signature of the precursor limestone.
Previous studies interpreted 634SCAS values from early diagenetic do-
lostone to reflect fluid mixing between marine and continental sulfate
(Marenco et al., 2008). In addition, sulfur isotope data can indicate mi-
crobial sulfur cycling such as microbial sulfate hate reduction or micro-
bial sulfide oxidation (Baldermann et al., 2015; Fichtner et al., 2017).
The processes related to sulfur cycling during hydrothermal dolomiti-
zation and fluid-rock interaction (Jonas et al., 2015, 2017) are complex.
Arguably, different sulfur sources are recorded as CAS in the host do-
lostone, thereby masking the original marine 634SCAS signature.
Recent hydrothermal dolomitization experiments reveal a com-
parably fast (weeks) replacement of calcite by (calcian) dolomite via
Mg-rich fluids at temperatures above 100°C (Gregg et al., 2015; Jonas
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et al.,, 2015; Montes-Hernandez et al., 2016). Based on a dissolution-
precipitation mechanism, controlled by porosity and permeability, pre-
cursor Ca-carbonate minerals are dissolved and replaced by highest-Mg
calcites and/or (calcian) dolomites (Jonas et al., 2015, 2017; Kaczmarek
& Sibley, 2014; Putnis, 2009). Furthermore, detailed geochemical stud-
ies of partially dolomitized carbonate edifices (e.g., Latemar platform)
reveal insights into the geochemical mechanisms of hydrothermal do-
lomitization on a broader scale (Jacquemyn et al., 2014; Mueller, 2020;
Mueller et al., 2020). In such settings, early diagenetic marine isotope
signatures were either reported to become altered by hydrothermal
dolomitization or display a conservative behavior even at tempera-
tures above 150°C (Jacquemyn et al., 2014; Mueller, 2020; Mueller
et al,, 2020; Swart, 2015). Clearly, these patterns strongly depend on
the parameter studied (e.g. 8Sr/85r, §1°C).

In this study, we focus on the cycling of sulfur during hydro-
thermal limestone-to-dolostone transitions in the middle Triassic
Latemar platform, Italy. We aim to assess the robustness of marine
534S, data in hydrothermal dolostone and its potential for recon-
structing marine sulfur cycling.

2 | GEOLOGICAL SETTING

The Latemar platform is a well-studied isolated carbonate buildup
5 km north of Predazzo, northern Italy (Figure 1) (Bosellini, 1984;
Brack et al., 1996; Christ et al., 2012; Egenhoff et al., 1999;
Goldhammer et al., 1993; Marangon et al., 2011; Preto et al., 2001,
2005; Zihlke et al., 2003). The platform was formed over a com-
parably short-time interval (<5 Ma) during the Anisian-Ladinian as
based on 2°°Pb/?*8U ages and biostratigraphy (Brack et al., 1996;
Mundil et al., 2003). Controlled by sea-level fluctuations, the plat-
form interior is riddled with exposure horizons capping longer-term
shallowing-upward cycles (Brack et al., 1996; Christ et al., 2012;
Marangon et al., 2011; Preto et al., 2001; Zihlke et al., 2003).
During the late Ladinian (~238 Ma), the emplacement of the
Predazzo intrusion took place some 5 km to the southwest of the
Latemar platform (Mundil et al., 1996). Multiple mafic dikes cross-
cut the carbonate platform (Blendinger, 1985; Blomme et al., 2017;
Jacquemyn et al., 2014; Wilson et al., 1990). The circulation of as-
sociated hydrothermal fluids, possibly representing altered Carnian
seawater, leached the mafic dikes and Fe- and Mg-rich fluids ulti-
mately triggered dolomitization of the Latemar precursor limestones
at approximately 80°C (Blomme et al., 2017; Carmichael et al., 2008;
Jacquemyn et al., 2014; Wilson et al., 1990). The resulting meter-
scale limestone-dolostone alternations represent an ideal natural

laboratory to test the research question posed here.

3 | METHODS

Forty-two samples (lime- and dolostone) were collected at differ-
ent locations on the Latemar platform top and in the Valsorda valley

(Figure 1). For the identification of potential sulfur sources in the

Statement of significance

Carbonate-associated sulfate (CAS) is used for recon-
structing marine sulfur cycling throughout Earth's history.
The degree of preservation of marine sulfur isotope values
during hydrothermal dolomitization of limestone archives
is poorly constrained. We investigated spatial transects
across precursor limestone and hydrothermal dolostone
with respect to sulfur cycling during low-temperature
hydrothermal alteration. Our results reveal that the sul-
fur isotopic composition of CAS archived in dolostone is
preserved during hydrothermal dolomitization. The impli-
cation is that, under favorable conditions, this proxy pre-
serves marine sulfate sulfur isotopic composition despite

mineralogical change.

hydrothermal fluid, seven magmatic dikes on the Latemar platform
and four samples from the stratigraphically underlying Werfen
Formation in the Passo Feudo and Valsorda valleys were taken
(Table 1, Figure 1).

Weathered material was removed using a diamond saw and rocks
were powdered using a tungsten carbide mill. Carbonate-associated
sulfate was extracted following a sequential wet chemical procedure
detailed in (Wotte et al., 2012). Both, water-soluble sulfate (WSS) as
well as CAS was precipitated as BaSO,, and contents determined grav-
imetrically. Sulfide minerals (e.g. pyrite) were extracted via chromium
reduction following (Canfield et al., 1986) and precipitated as Ag,S.

Sulfur isotopes were measured via EA-IRMS using a Flash-EA-
IsoLink-CN elemental analyzer interfaced with a Thermo Scientific
Delta V Advantage at the University of Muenster. All samples
were calibrated to the V-CDT scale with IAEA standards (S-1, S-2,
S-3 and NBS-127). The long-term external reproducibility was
<0.5%o (2 SD).

Oxygen isotopes were analyzed via TC/EA-IRMS (Thermo
Finnigan high-temperature conversion elemental analyzer con-
nected with a Thermo Scientific Delta V Plus) at the University of
Muenster. Oxygen isotope data of sulfate were calibrated to the V-
SMOW scale with IAEA standards (SO-5, SO-6 and NBS-127) and
revealed a long-term external reproducibility <1.0%. (2 SD).

4 | RESULTS

At the Latemar (sample location 1-5 at Figure 1), limestone is a
light-grey, fine-grained, laminated wackestone, and peloidal-
microbial boundstone. The limestones are crosscut by mafic dikes
with a width of approximately 2 m (Figure 2). The mafic rocks of
dikes are greyish and fine-crystalline in nature. Frequently, dikes
define the contact between precursor limestone and hydrother-

mal dolostone. Dolomite bodies have different sizes between 1



SCHURRET AL. 5 623
rra Nova g LEY- L2
(a) * Munic (b)
Germany
inhsbruck  Austria 237 Ma
Latemar platform Wengen Fm.
A 5
« Dolomites
Camp del Latemar Bolzano %ta te/r:-l/ap _% E
Italy c 5 A E
o) Sciliar Fm. o
Bivacco Latemar 'i‘ o Venice}// .'g 242 Ma *
- N ~
Zan de Montagna '.é %
A /CimadiValsorda l/ c c ] ‘0
8/3 o 0 5 c ;
. . Ory. = n 3 £ | Contrin Fm.
Rifugio Torre di Pisa (5 a S =
S E £ 247 Ma
Cima Feudo T O E c
f B < =
EEDO ®
823 £
(8)APasso Feudo 8s 3? [e) Werfen Fm.
c
©
N . . =}
/ o I Triassic 2
m =
Predazzo
Permian Bellerophon Fm.

FIGURE 1 (a)Latemar platform situated in the Dolomites, 5 km north of Predazzo (northern Italy), number 1-8 present all sample
locations (for geochemical data and coordinates of each location see Table 1). (b) Stratigraphic overview for the Latemar platform with
regional formation names (Fm.) (Jacquemyn et al., 2014) and a simplified history of the Latemar platform deposition and its dolomitization
(Blomme et al., 2017; Jacquemyn et al., 2014) [Colour figure can be viewed at wileyonlinelibrary.com]

and 10 m in dimension. Dolostones are tan brown with a fine-
crystalline texture. Carbonates from the Werfen Formation are
greyish, finely laminated microbial boundstones. Micrite is the
dominant matrix material.

Chemical and isotopic data are summarized in Table 1. The
CAS and WSS contents in the dolostone samples from the
Latemar platform (avg. CAS = 240 ppm; avg. WSS = 110 ppm) are
higher than those in limestone samples (avg. CAS = 120 ppm; avg.
WSS = 20 ppm). By contrast, the sulfur and oxygen isotopic com-
positions of WSS in the dolostone (avg. 534Swss = 17.6%o; avg.
Swowss = 13.4%o) are near-identical compared with the precursor
limestone (avg. 634swss = 16.9%o; avg. 6180\,\/5S = 12.6%o). Likewise,
dolostone samples have %S, around 20 %o and §'80, values
around 15%o. that are directly comparable when plotted against
limestone samples (Figures 2 and 3).

Sulfide minerals in mafic dikes display an average 634SCR5 value
of 1.0%0, whereas limestone and dolostone samples are devoid of
sulfide minerals. Werfen Formation limestones exhibit the isotopi-
cally highest 634SCA5 values with 30.3%o in the Valsorda valley and
39.9%o at the Passo Feudo. Oxygen isotope data of CAS for samples
from the Valsorda valley are on average 14%. compared with a value
of 19%o for a sample taken at Passo Feudo. Limestone samples from
the Werfen Formation show highly variable 634SCRS values between
~6.4%o0 and 22.5%o.

5 | DISCUSSION AND INTERPRETATION

Water-soluble sulfate displays sulfur and oxygen isotope values
(3%0 and 2%o, respectively) that are isotopically lower than the
respective 634SCAS data (Table 1). This points to sulfate (WSS frac-
tion) originating from oxidized sulfide minerals (Wotte et al., 2012),
emphasizing the importance of repeated leaching steps with 10%
NaCl-solution prior to CAS extraction in order to obtain accurate
8315 5s values.

Previous studies suggested that hydrothermal, Mg-rich flu-
ids neomorphosed Latemar precursor limestone to dolostone
(Jacquemyn et al., 2014). Consequently, a twofold higher CAS con-
tent in dolostone compared with limestone might suggest a net gain
in sulfate from secondary sulfate sources during dolomitization
(Figure 3).

Several scenarios, depending on the respective fluid source, are
conceivable and lead to a replacement of the pristine CAS during
dolomitization. These include (i) Carnian seawater, (ii) evaporite-rich
sediments within the stratigraphically underlying succession, and (iii)
the oxidation of magmatic sulfide minerals from cross-cutting dikes
to sulfate.

In the marine environment, seawater sulfate represents an im-
portant sulfur source for hydrothermal fluids (Klugel et al., 2011).
Jacquemyn et al. (2014) discussed hydrothermally heated Carnian
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TABLE 1 Geochemical data for limestones, dolostones sampled at the Latemar platform. Locations 1-8 are shown in Figure 1. Absolute
ages were determined by 206pp /238 in zircons of ash layers from different altitudes at the Latemar platform (Zihlke et al., 2003)

634SCAS 618OCAs WSS 6345wss 6180wss 634SCRS
(%o) (%o) (ppm) (%o) (%o) (%o)
Location CAS (ppm) (V-CDT) (V-SMOW) (V-CDT) (V-SMOwW)  (V-CDT)
Upper sample location (2,670 m altitude)
Age: 241.5 Ma (2,670 m altitude)
Location 1: N46°21'39.0"; E11°33'35.3"
R1-300817 1 19.3 45 16.7 13.6
R2-300817 5 19.4 23 17.4
R3-300817 24 171 13.0
Location 1: N46°21'37.3"; E11°33'38.5"
0-270817 17.2
1-270817 15 19.8 13.4 37 17.7 12.9
2-270817 7 10
3-270817 30 13.7 117 16.8 13.0
4-270817 178 19.7 14.9 161 17.4 12.9
5-27-0817 20 16.9 12.3
7-270817 43 18.0
Location 2: N46°22'53.7"; E11°33'55.3"
3B280817 19.2 12.6 171
Middle sample location (2,600 m altitude)
Age: 241.7 Ma (2,570 m altitude)
Location 3: N46°22'00.8"; E11°33'39.8"
S1 9 18.8 24 17.4 12.7
S2 30 17.3 12.5
S3 0.8
S4 390 20.5 15.5 430 18.1 13.0
S5 3.1
S6 21 20.6 14.2 161 20.2 12.9
S7 372 20.5 16.2 90 19.6 14.6
S8 -2.5
S9 578 20.5 16.0 421
S10 307 18.3 15.5 37 15.5 12.7
S11 210 20.5 14.8 &3 15.6
S12 22 12.5 12.5
Location 4: N46°21'21.7"; E11°33'47.2" to N46°22'22.3"; E11°33'58.2"
F1 56 19.7 37 17.5
F2 274 19.9 14.9 103
F3 58 171 9.7
F4 19.0
F5 17.4 11.0 16.6 10.3
Fé 20.0 17.9 12.7
F7 127 20.3 15.2 32 17.5 14.0

Lower sample location (2,350 m altitude)
Age: 242.6 Ma (2,390 m altitude)
Location 5: N46°22'22.7": E11°33'58.2"

Limestone
Limestone

Limestone

Limestone
Limestone
Limestone
Limestone
Limestone
Limestone

Limestone

Limestone

Limestone
Limestone
Dike

Dolostone
Dike

Dolostone
Dolostone
Dike

Dolostone
Dolostone
Limestone

Limestone

Limestone
Dolostone
Limestone
Limestone
Dolostone
Limestone

Dolostone

(Continues)
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TABLE 1 (Continued)
634SCAs 6180CAs WSS 534Swss 6180wss 634SCRS
(%) (%) (ppm) (%) (%) (%o)
Location CAS (ppm) (V-CDT) (V-SMOW) (V-CDT) (V-SMOW) (V-CDT)
01-300817 70 20.4 15.8 25 Limestone
03-300817 265 20.2 15.0 67 18.6 15.3 Dolostone
04-300817 358 20.5 17.0 7 Dolostone
05-300817 95 20.9 15.4 76 18.7 14.8 Dolostone
06-300817 59 20.4 14.3 11 Limestone
08-300817 460 19.9 15.8 26 18.6 14.7 Limestone
9-300817 125 19.9 194 18.6 Dolostone
Location 6: N46°22'36.7"; E11°34'55.9"
DOL-1 285 20.8 15.6 36 19.0 14.9 Dolostone
M (L) 12 23.4 20.8 13 16.3 10.6 Limestone
DIKE 1 CRS 2.3 Dike
DIKE 2 CRS 2.4 Dike
DOL-2 14 12.6 11.5 Dolostone
Y1-DOL 6 20.8 16.3 16.7 Dolostone
Y-2-LIM 4 14.8 Limestone
Y-3-DOL 138 20.7 15.9 31 Dolostone
Y 4 CRS 0.3 Dike
Y5 CAS 173 19.2 15.5 14 Limestone
Y6 CAS 514 20.6 15.7 37 Limestone
Location 7: N46°22'34.7"; E11°34'53.8"
P-1 CAS 1,120 30.4 14.2 140 -6.4 Limestone
P-2-Dike 0.4 Dike
P-3 CAS 1,162 30.1 14.3 195 1.6 Limestone
Werfen Fm.
Location 8: N46°20'48.2"; E11°33'29.3"
1-310817 460 39.9 19.2 83 22.4 10.4 22.5 Limestone

seawater as parent fluids for the dolomitization of the Latemar
platform. Based on §%%S measurements of Carnian evaporitic anhy-
drite, Carnian seawater is characterized by a §°4S value around 16%o
(Bernasconi et al., 2017; Schroll & Rantitsch, 2005). Sulfur isotope
values of CAS for dolostone samples display an average of 20.1%o
that is, however, substantially different from the Carnian seawater
value (Figure 3). Consequently, and irrespective of an estimated ma-
rine sulfate concentration of 210 mm sulfate (Bernasconi et al., 2017),
Carnian seawater is considered unlikely as the source of sulfur.
Dissolved sulfate in hydrothermal fluids causing the dolomiti-
zation of the Latemar platform might be derived from evaporitic
sulfates from the stratigraphic succession underneath the Latemar
edifice. The evaporite-rich Bellerophon Formation exhibits 5°4S val-
ues between 10.8%o and 18.8%o (Bernasconi et al., 2017; Newton
et al., 2004), i.e. values that are decidedly lower than the 534S data
obtained for lime- and dolostone samples at the Latemar (Figure 3).
Moreover, 6180CAS values for Latemar platform dolostone oscillate

around an average of 15.3%. and hence are slightly lower than the

respective values for evaporitic Bellerophon sulfates (avg. = 17.1%o;
Newton et al., 2004). Considering the differences in Bellerophon
sulfate sulfur and oxygen isotope data, an evaporitic source during
hydrothermal dolomitization of the Latemar platform is ruled out.
Sulfate-rich Werfen Formation sedimentary rocks are strati-
graphically situated beneath the Latemar platform and represent
another possible sulfate source. However, §%S_, . values of 30.3%o
and 39.9%o for limestones of the lower Triassic Werfen Formation
are significantly enriched in 'S compared with §*S_,¢ values for
the Latemar limestone and dolostone samples. The strongly 34s-
enriched sulfur isotopic composition reflects microbial sulfate re-
duction during early diagenesis (Bernasconi et al., 2017; Newton
et al., 2004). Sulfide minerals of the Werfen Formation show a wide
range in 534S (-6.4%0 to 22.5%o). These sulfur isotope values re-
flect pyrite precipitation from progressively 345 enriched porewater
sulfide resulting from microbial sulfate reduction in a sulfate-poor
marine sediment (Fike et al., 2015). In conclusion, sulfate mobilized

from different carbonates and evaporites from the Bellerophon
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Formation and the Werfen Formation (Figure 3) are further excluded
as sources for sulfate in the dolomitizing fluid.

A last possible source of sulfate in the hydrothermal flu-
ids is the oxidation of sulfide minerals from the mafic dikes (avg.
5345 = 1.0%o0) displaying a magmatic sulfur source (Sakai et al., 1984).
Hydrothermal fluids interacted with mafic dikes, thereby oxidizing
magmatic sulfides to sulfate. The resulting sulfate is expected to
exhibit a sulfur isotopic composition that is similar to the magmatic
sulfide with only a small sulfur isotope fractionation (ca. —-0.7%o;
Balci et al., 2007) associated with abiotic sulfide oxidation. If sulfate
resulted from oxidized magmatic sulfide minerals, oxidized sulfate
would represent an important source of sulfate in the dolomitizing
fluid. Consequently, 534SCAS values of dolostone are expected to
display a significantly lower sulfur isotope signature compared with
the precursor limestone.

The average CAS content in dolostone samples is two-fold
higher compared with that in limestone samples, but respec-
tive §%%S and 50 values are indistinguishable. This result is in
clear contrast to previous work (Marenco et al., 2008), reporting
an eight-fold higher CAS content for early diagenetic (calcian)

: 34
dolostone. Corresponding 8°"S.,¢ values, however, were up to

5%o lower than those in the precursor limestone and were best
assigned to a continentally-derived fluid source during dolomiti-
zation. Moreover, no correlation between the CAS and the Mg
content of the dolostone in the Latemar platform is discernible,
again much in contrast to previous studies, which reported a cor-
relation between a higher Mg-content in Mg-carbonates and a
lower CAS content (Baldermann et al., 2015; Fichtner et al., 2017).
These authors reasoned that a higher degree of crystallographic
order caused a reduction in space in the crystal lattice too small
for the relatively large sulfate ion. At present, the combination of
an elevated CAS content in dolostone samples from the Latemar
and the directly comparable sulfur isotopic composition (634SCAS)
in precursor limestone remains enigmatic.

Thus far, 834SCAS values determined for dolostone and precur-
sor limestone at the Latemar platform are indistinguishable and
no secondary sulfate sources were identified that altered or even
replaced the marine 5345<:As signature during hydrothermal dolo-
mitization (Figure 3). In the light of this observation, CAS data also
for hydrothermal dolostone at the Latemar are considered to re-
flect the isotopic composition of middle Triassic seawater sulfate.

Consequently, 634SCAS data obtained here for limestone, but also for
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FIGURE 3 (a) Dolostones (n =14, 1 SD = 260 ppm) reveal

a higher carbonate-associated sulfate (CAS) content compared
with limestones (n = 15, 1 SD = 260 ppm). (b) The average §%*S ¢
value of 20.1%o. for dolostones (n = 15, 1 SD = 1.0%.), however, is
indistinguishable to the average of 19.9%. for limestones (n = 16, 1
SD = 1.0%o). (c) Sulfur isotope data for all CAS samples (limestones,
n = 15, and dolostones, n = 16) of the Latemar platform combined
with sulfur isotopes of Carnian seawater (anhydrite, n = 165,
(Bernasconi et al., 2017), Bellerophon Formation (CAS, n = 11,
Newton et al., 2004), Werfen Formation (CAS, n = 3, this study) and
magmatic sulfide (CRS, n = 7, this study)

dolostone samples, provide insight into marine sulfur cycling during
the Anisian-Ladinian stages (Figure 4).

6 | CONCLUSION

Sulfur isotope data for CAS from limestone and hydrothermal low-
temperature dolostone from the middle Triassic Latemar platform,
Italy, were assessed in order to constrain the robustness of 634SCAS
data in dolostone archives. Irrespective of significant fluid-rock in-
teraction during hydrothermal dolomitization, no shift in dolostone
534SCAS data due to diagenetic sulfur sources (Carnian seawater
sulfate, sulfate-rich sediments, and oxidation of magmatic sulfide
minerals) is found. This study documents a genuine rock-buffered
diagenetic system that did not reset marine 634SCAS values reflect-
ing middle Triassic seawater sulfate. Evidence is presented that,
under favorable conditions, the marine 634SCA5 signature remains
well preserved during low-temperature hydrothermal alteration and

dolomitization of marine limestone. This outcome is of significance

for those concerned with deep-time carbonate archives often domi-

nated by early marine or hydrothermal diagenetic dolostone.
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