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ABSTRACT

The Kupferschiefer district in Central Europe contains some of the world’s highest-grade sediment-hosted
stratiform Cu (SSC) deposits. In the Saale subbasin (eastern Germany), high-grade sulfides formed via replace-
ment of calcite cement in the continental sandstones of the uppermost Rotliegend (S1), the overlying organic-rich
marine mudstones of the Kupferschiefer (T1) and the Zechstein Limestone (Cal) units. The spatial distribution of
the calcite cement, therefore, had a fundamental role to play in the Cu mineralizing system. In this study, we
investigate the origin of the calcite cement (and crosscutting calcite veins) using detailed petrography (cath-
odoluminescence, CL; scanning electron microscopy, SEM), major element chemistry (electron probe micro-
analyzer, EPMA), and secondary ion mass spectrometry (SIMS) microanalyses of 513C and 5'%0 values in drill
core samples (n = 47) from the Saale subbasin. The calcite cement in the S1, T1 and Cal has a similar CL
response and major element chemistry, suggestive of a common origin. Overlapping §'3C and §'%0 values in
calcite cement in samples from the S1 and T1 in the Sangerhausen and Wallendorf drill cores also suggest that the
calcite cement was derived from fluids of similar composition. The low §'3C values of calcite cement in samples
from the S1 (—13%o to 4.3%o, VPDB) and T1 (—10%o to 0.7%o) indicates carbonate alkalinity was sourced mainly
from seawater-derived fluids and the oxidation of organic matter. The wide range of §'%0 values in the calcite
cement in the S1 (~18%o to 31%o, VSMOW) and T1 (~ 22%o to 31%o0) samples suggest they are derived from pore
fluids with a chemical composition influenced by early diagenetic alteration of detrital clasts, mainly dissolution
of volcanic rock fragments, with minor contributions from the influx of meteoric waters and evaporated
seawater. The negative 513C values (down to —15%o) in calcite veins from the T1 and Cal indicate sources of
carbonate alkalinity derived from organic matter degradation. Our data demonstrate that no isotopic hydro-
thermal alteration haloes can be inferred from the 8'3C and §'®0 values in calcite cement associated with the
high-grade sulfide mineralization. The lack of systematic isotopic variability in the calcite cement likely indicates
the mineralizing fluid flux or temperature was not sufficient to overprint the background sources of isotopic
variability, which may help to explain the modest size of SSC deposits in this part of the Kupferschiefer district.

1. Introduction

Ehrenberg et al., 2012; Xiong et al., 2016; Yuan et al., 2019). Carbonate
dissolution facilitates the formation of some of the largest sediment-

The diagenetic evolution of sedimentary rocks plays an important
role in determining the petrophysical properties that control subsurface
mass transfer in sedimentary basins (Bjorlykke and Jahren, 2012; Giles,
1987; Morad et al., 2000). The distribution of diagenetic carbonate often
controls subsurface mass transfer, as carbonate cementation mostly oc-
cludes primary porosity but carbonate dissolution can result in the
development of secondary porosity (Bjorlykke and Jahren, 2012;

hosted base metal deposits (Kelley et al., 2004; Pinet et al., 2022;
Spinks et al., 2021; Vaughan et al., 2016; Wilkinson et al., 2015).
Therefore, understanding and detecting how and where metal-bearing
fluids have replaced and altered carbonate minerals is critical for
effective mineral exploration in sedimentary basins (Barker and Dipple,
2019).

Sediment-hosted stratiform copper (SSC) mineralization in the
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German and Polish Kupferschiefer districts is restricted to the southern
margin of the Southern Permian Basin (SPB) (Fig. 1A; Borg et al., 2012;
Mohammedyasin et al., 2023a). Here, different carbonate-bearing
sedimentary units are host to Cu- and Zn—Pb sulfide mineralized
rocks, which are broadly associated with a major stratigraphic redox
boundary between continental sandstones of the uppermost Rotliegend
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(S1) and overlying organic matter-rich mudstones of the Kupferschiefer
(T1) (Fig. 1B). Sulfide mineralized rocks are also hosted by the overlying
Zechstein Limestone (Cal) and Zechstein anhydrite (A1) (Borg et al.,
2012). The high-grade sulfide mineralized rocks in the Kupferschiefer
district are widely associated with the epigenetic hematitic alteration
known as the ‘Rote Faule’ (Borg et al., 2012; Pieczonka et al., 2008;
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Fig. 1. (A) Simplified map showing the extent of the Zechstein and Kupferschiefer in the Southern Permian Basin (SPB) (modified after Erzberger et al., 1968; Kulick
et al., 1984; Paul, 2006). The red square shows the approximate location of the Saale subbasin. (B) Simplified stratigraphy of the Kupferschiefer system in the
Southern Permian Basin consisting of the uppermost Rotliegend sandstone (S1), Kupferschiefer (T1) and Zechstein Limestone (Cal) (modified from Oszczepalski,
1999). (C) Geological map of the Saale subbasin (modified from Geologisches Landesamt Sachsen-Anhalt, 1993). The inset map highlights Cu-rich areas associated
with the Rote Faule alteration in the Sangerhausen-Mansfeld mining district (Geologisches Landesamt Sachsen-Anhalt, 2000). (D) Simplified stratigraphy of the
Rotliegend and Zechstein Groups in the Saale subbasin. Abbreviations: AF = Apolda Fault, BH-GF = Blankenheim-Geiseltal Fault, FF = Finne Fault, HTF = Horn-
burger-Tiefen Fault, KH = Kyffhauser, KHBF = Kyffhduser NE-Boundary Fault, HF = Halle Fault, HVC = Halle Volcanic Complex, KF = Kelbra Fault, NF = Nebra
Fault, Z1C = Zechstein conglomerate. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Piestrzynski et al., 2002). The Rote Faule and associated sulfide
mineralized zones are considered to represent a redox front, which has a
lateral component in the German Kupferschiefer district and an oblique
vertical component in the Polish Kupferschiefer district (Borg et al.,
2012). The lateral sulfide zoning in these districts can extend several
tens of kilometers and the vertical sulfide zoning in the Polish Kupfer-
schiefer is on the scale of meters to tens of meters (Oszczepalski et al.,
2019). The sulfide zones include a Cu zone mainly comprising chalco-
cite, bornite and chalcopyrite, an overlapping Zn—Pb zone comprising
sphalerite and galena, and a pyrite zone (Borg et al., 2012).

A recent study on drill-core samples from the Saale subbasin (eastern
Germany) has demonstrated that mineralization in the different sulfide
zones formed primarily via the replacement of carbonate cement
(Mohammedyasin et al., 2023a). The effective buffering capacity of the
carbonate host rock means that any visible mineralogical and textural
alteration is often highly cryptic in carbonate replacement systems
(Hitzman et al., 2005; Selley et al., 2005). Fluid-rock interaction can
produce isotopic haloes that can extend beyond the limit of the visible
alteration (Beinlich et al., 2019). Previous studies in the Kupferschiefer
district have reported 5'3C and 680 values from bulk-rock and mineral
separate analyses of carbonate (Bechtel et al., 2000, 2001, 2002; Bechtel
and Piittmann, 1991; Hammer et al., 1990). These studies have reported
an overall decrease in carbonate 5'C and 5'%0 values towards the Rote
Faule from the sulfide zones, which have been linked to low temperature
(100-120 °C) fluid-rock interaction (Bechtel et al., 2001, 2002; Bechtel
and Piittmann, 1991). However, the expression of hydrothermal alter-
ation in carbonate-bearing host rocks is also dependent on the compo-
sition of other mineralogical components such as detrital clasts and clay
minerals, which are known to be variable across the boundary between
the Rotliegend sandstone (S1) and the organic matter-rich, marine
Kupferschiefer (T1).

The development of high-spatial resolution in situ methods (e.g.,
secondary ion mass spectrometry, SIMS) for analyzing the stable isotope
composition of carbonate minerals now enables the investigation of
samples with complex depositional, diagenetic, and hydrothermal
paragenetic stages (Cui et al., 2021; Denny et al., 2020; Sliwiriski et al.,
2016; Sun et al., 2021). However, the value of microanalytical data is
only fully maximized when it is coupled with detailed petrographic (e.g.,
cathodoluminescence, CL and scanning electron microscopy, SEM)
characterization, which can be used to constrain paragenetic relation-
ships (Barker and Dipple, 2019; Cui et al., 2021; Denny et al., 2020;
Gotze et al., 2013). This study investigates samples collected from three
drill holes (Sangerhausen, Allstedt, Wallendorf) in the Saale subbasin
(Fig. 1C), which intersect the S1, T1 and Cal units. All the three drill
holes preserved fine-grained sulfides which are intergrown with and
partially replace the calcite cement and veins. The Rote Faule hematitic
alteration is only intersected by the Sangerhausen drill hole. The origin
of calcite (cement and veins) has been evaluated using a combination of
CL and SEM petrography, EPMA major element chemistry, and SIMS
513C and 580 values. We use the data to critically assess the existing
temperature-controlled isotopic fractionation model in calcite due to
interaction with the mineralizing fluids in the Kupferschiefer districts (e.
g., Bechtel et al., 2000, 2002) and provide a new interpretation for the
observed microscale carbon and oxygen isotopic variabilities in calcite
cement. Finally, we discuss the implications of the lack of hydrothermal
isotopic alteration haloes in calcite cement around the carbonate
replacement sulfide mineralization.

2. Geological background and previous studies

2.1. Geodynamic setting and sedimentary infill of the Southern Permian
Basin

The Southern Permian Basin (SPB; Fig. 1A) is part of the intra-
continental Central European Basin System (CEBS), which formed
contemporaneously with the assembly of Pangea during the Late
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Carboniferous to Early Permian (Plein, 1990; Ziegler, 1990). The crust
beneath the CEBS comprises the Precambrian Baltica and the
Precambrian-Paleozoic East European Cratons (Maystrenko et al., 2008;
Ziegler, 1990). The NW-SE trending CEBS is superimposed on the SW-NE
Westphalian foreland basin which developed in front of the Variscides
(Baldschuhn et al., 2001). The varying crustal domains and the differ-
ence in the basin strikes played an important role in stress and strain
localization during the post-Variscan evolution of the SPB (Maystrenko
et al., 2008). The subsidence of the SPB during the latest Carboniferous-
earliest Permian was dominantly related to wrench tectonics, intense
magmatism and thermal relaxation of the lithosphere, and sediment
loading (Breitkreuz et al., 2008; Pharaoh et al., 2010; Van Wees et al.,
2000; Wilson et al., 2004; Ziegler, 1990).

The sedimentary history of the SPB started with fluvially deposited
coarse conglomerates, lacustrine and/or carbonate sediments, and
intercalated pyroclastic deposits of the latest Carboniferous to Early
Permian Upper Rotliegend I (Gaitzsch, 1995; Schneider and Gebhardt,
1993). The Late Permian Upper Rotliegend II comprises continental
siliciclastics and minor evaporites (Glennie and Buller, 1983). Local
bioturbation and marine fauna in the uppermost part of the Rotliegend
(S1) indicate the influence of a shallow marine, wave-dominated envi-
ronment during the early Zechstein marine transgression (Legler et al.,
2005; Tucker, 1991). This transgression resulted in seven sedimentary
cycles (z1-z7, referred to in Germany as Werra, StaBfurt, Leine, Aller,
Ohre, Friesland and Fulda) of the Zechstein Group (Fig. 1D, Radzinski,
2008). These sedimentary cycles are generally composed of mudstones
at the base that progressively become carbonate-dominated in the
middle and evaporites at the top (Kaiser et al., 2003; Stollhofen et al.,
2008; Strohmenger et al., 1996; Tucker, 1991). The Upper Permian
(Wuchiapingian) organic matter-rich, carbonaceous, mudstones of the
Kupferschiefer (T1), overlying the uppermost Rotliegend (S1), or basal
limestone (Border Dolomite), is the basal unit of the Werra Formation
(Borg et al., 2012). The T1 can be subdivided into basinal, swell, and
marginal facies, which reflect variability in the organic matter and
carbonate content depending on the proximity to the basin margin
(Paul, 2006; Ruebsam et al., 2017). The T1 unit is overlain by the
Zechstein Limestone (Cal) followed by the overlying anhydrite units.

Following the end of the Zechstein marine conditions, terrestrial
redbeds of the Buntsandstein Group were deposited in some parts of the
CEBS during the Early Triassic (e.g., Saale subbasin). The Buntsandstein
Group is overlain by the marine, carbonate-dominated, Muschelkalk
Group followed by a clastic succession of the Keuper; both units are
Triassic in age (Stollhofen et al., 2008).

2.2. Overview of the Kupferschiefer system in the Saale subbasin

The Saale subbasin is located at the southern margin of the SPB
(Fig. 1C). Historically, Cu and associated metals were mined in this
subbasin from the Sangerhausen-Mansfeld mining district. A total of 2.6
Mt. of Cu and 14.2 kt of Ag were extracted from the Sangerhausen-
Mansfeld district over the past eight centuries until mining ended in
1990 (Stedingk et al., 2002). The high-grade Cu mineralization (up to
19.9 wt%) in the Sangerhausen-Mansfeld mining district is restricted to
the basal part of the T1 and spatially associated with the underlying Rote
Faule hematitic alteration, which is preserved in the uppermost part of
the S1 (Sun and Piittmann, 1997, 2000). Short intervals (1 m each) from
the Sangerhausen (102/80), Allstedt (11/86) and Wallendorf/Luppe (6/
84) drill holes investigated in this study are located at the margin of the
Rote Faule alteration, Cu mineralized, and Zn—Pb mineralized parts of
the Saale subbasin, respectively (inset Fig. 1C for locations). The San-
gerhausen (max. Cu = 1.2 wt%) and Allstedt (Cu = 2.4 wt%) drill holes
preserve Cu sulfides whereas the Wallendorf drill hole in the eastern part
of the subbasin (~ 50 km from Allstedt) preserves Zn—Pb sulfides (Zn =
3.1 wt%, Pb = 1 wt%) (Mohammedyasin et al., 2023a). Mohamme-
dyasin et al. (2023a) showed that the high-grade sulfide mineralization
in the Saale subbasin formed via the replacement of carbonate and, to a
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lesser extent, feldspar in the S1 and T1 units. The vein-type minerali-
zation in this subbasin also formed as a replacement of calcite veins that
cross-cut the host rocks (Mohammedyasin et al., 2023a). The main
diagenetic and hydrothermal assemblages in the Kupferschiefer system
that comprise the Rotliegend sandstone (S1), Kupferschiefer (T1) and
Zechstein Limestone (Cal) are summarized from Mohammedyasin et al.
(2023a):

e Rotliegend sandstone (S1): The S1 is composed of detrital clasts
including volcanic rock fragments, quartz and feldspar. There has
been minimal compaction of the detrital clasts, and most of the
volcanic and feldspar clasts were altered before calcite cementation.
The intra- and intergranular calcite cement has occluded porosity,
and forms overgrowths on rhombic dolomite and is mostly coeval
with a patchy anhydrite cement. The high-grade sulfides (bornite,
sphalerite, galena) replace and are intergrown with the calcite
cement. The timing of pore-filling diagenetic illite probably overlaps
with the sulfide formation.

Kupferschiefer (T1): There is significant mineralogical variation up
section in the T1, with the lower part dominated by phyllosilicates
and the middle and upper parts by carbonates. Therefore, the T1 has
been mineralogically subdivided as lower T1, middle T1 and upper
T1. The lower T1 contains fine-grained laminations that are
composed of clay mineral layers (mainly illite) rich in organic mat-
ter, and coarse-grained laminations that are composed of detrital
quartz, feldspar and carbonate. Framboidal pyrite is ubiquitous in
the fine-grained laminations. Carbonate (calcite and dolomite), and
some feldspar, in the coarse-grained laminations, have been replaced
by ore-stage Cu- and Zn—Pb sulfides. The middle and upper T1 are
composed of detrital quartz and feldspar and have abundant car-
bonate cements (calcite and dolomite). The intergranular calcite
cement in the T1 has been replaced by the ore-stage sulfides (bornite,
sphalerite and galena).

Zechstein Limestone (Cal): The lowermost part of the Cal is
composed of abundant rounded-subrounded dolomite, detrital
quartz and feldspar, and phyllosilicates (mainly illite). The detrital
clasts and dolomite have been cemented by very fine-grained (< 10
pm) intercrystalline calcite and minor anhydrite. The high-grade
sulfides are mostly formed in vuggy pores.

2.3. Previous carbon and oxygen isotope studies in the Kupferschiefer
district

2.3.1. Carbon isotopes of organic matter (613Curg)

A decreasing trend of 613C0rg values in the T1 from the Cu zone
through the overlapping Zn—Pb zone to the pyrite zone has been used to
infer post-depositional organic matter degradation associated with the
sulfide mineralization (Bechtel et al., 2000, 2001, 2002; Bechtel and
Pilittmann, 1991; Hammer et al., 1990). For example, the 613Corg values
(—24.8%0 to —28.7%o, up-section) in the Lubin-Sieroszowice mining
district (SW Poland) are higher in the Cu zone relative to the Zn—Pb
zone, which has been linked to post-depositional oxidation of organic
matter by ascending oxidizing, mineralizing fluids (Bechtel et al., 2002).
Similarly, the 613C0,g values in the T1 samples from the Richelsdorf Hills
(Germany) are variable in different drill cores, but generally decrease
up-section (Bechtel and Piittmann, 1991). The 513C values of the soluble
(bitumen, —24.4%o to —27.2%0) and insoluble (kerogen, —23.7%o to
—26.1%0) organic matter in the T1 samples from the Sangerhausen
mining district also decreases upward (Bechtel et al., 2001).

2.3.2. Carbon and oxygen isotopes of carbonates

The §'3C and 580 values of bulk carbonate (bulk-rock and mineral
separate) in the Kupferschiefer districts generally increase from the Rote
Faule to the different sulfide zones (Bechtel et al., 2000, 2001, 2002;
Bechtel and Piittmann, 1991). For example, the §'3C (—3.4%o to 4.1%o)
and 580 (25%o to 33.5%o0) values of carbonate from the Sangerhausen
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mining district generally increase from the Rote Faule through the Cu-,
overlapping Zn—Pb and pyrite zones, respectively (Bechtel et al., 2001).

The low §'3C values of carbonate within, and adjacent to, the Rote
Faule from the Sangerhausen mining district and Richelsdorf Hills in
Germany and the Polish Kupferschiefer districts have been explained by
oxidation of organic matter derived from the T1 during the minerali-
zation (Bechtel et al., 2000, 2001, 2002; Bechtel and Piittmann, 1991).
The low 8'3C values of carbonate in the Rote Faule from these districts
have been used to argue for enhanced fluid-rock interactions caused by
ascending, metal-bearing solutions and organic matter degradation in
the T1 (Bechtel and Piittmann, 1991). This is based on the association of
lower 8'3C values of carbonate with higher 613C0rg values in the lower
T1, compared to the other sulfide zones, which were interpreted for
preferential fractionation of '2C into calcite and '°C into the organic
matter during the mineralization. The systematic increase in §'°C values
in carbonate from the Cu zone into the Zn—Pb and pyrite zones, in
contrast to 613C0rg values, has been associated with a progressive
decrease in organic matter degradation by the mineralizing fluids
(Bechtel et al., 2000, 2002). The decrease in the extent of organic matter
degradation has also been inferred from the decreasing trend in the
temperature of maximum pyrolysis yield (Tpax) values from the Rote
Faule through the Cu zone to the overlapping Zn—Pb zone in the T1 of
the Lubin-Sieroszowice mining district in SW Poland (Bechtel et al.,
2002).

The covariation between 5'3C and §'80 values of carbonate in these
previous studies from the German and Polish Kupferschiefer districts has
been associated with temperature-controlled fluid-rock interactions
between the carbonate and the mineralizing fluids (Bechtel et al., 2000,
2001, 2002; Bechtel and Piittmann, 1991). The decreasing 5180 values
of calcite towards the Rote Faule in the Lubin-Sieroszowice mining
district were interpreted to be the result of isotopic exchange between
carbonate and isotopically distinct oxidizing brines at temperatures of
100-120 °C (Bechtel et al., 2002). In contrast, the progressive increase in
513C and 5'®0 values in the bulk carbonate data towards the Cu zone
through to the pyrite zone implies cooling of the mineralizing fluids
along the pathways and, therefore, less interactions with carbonates and
organic matter degradation.

3. Sampling and methods
3.1. Sampling and petrography

Samples for this study were selected from the Sangerhausen (SHN-
102/80, n = 17), Allstedt (AST-110/86, n = 17) and Wallendorf/Luppe
(WDF-6/84, n = 13) drill holes in the Saale subbasin, eastern Germany.
All three drill holes intersect the uppermost part of the Rotliegend
sandstone (S1), Kupferschiefer (T1) and Zechstein Limestone (Cal)
(Fig. 2). Samples were examined using a binocular microscope to
document visible lithological and mineralogical variations. Standard
polished thin- and thick sections were prepared from all samples (n =
47). Thin sections were examined using standard transmitted-reflected
light microscopy. The distribution of carbonate cement was then
examined using hot-cathode source cathodoluminescence (CL) equipped
with a polarizing microscope, using 14 kV pre-set voltage and 0.1-0.2
mA current on carbon-coated (~5 nm) thin sections. Electron dispersive
spectrometry analyses for detailed mineral identification and back-
scattered electron (BSE) imaging for establishing mineral paragenesis
were performed using a Zeiss ultra plus scanning electron microscope
(SEM) at GFZ Potsdam (Germany). Electron dispersive spectrometry
false-color elemental composite maps were also acquired to show the
distribution of the different mineral phases. Electron dispersive spec-
trometry analyses were operated at 20 kV accelerated voltage.



M.S. Mohammedyasin et al.

Sangerhausen
Unit SHN =.

Bn+Cv+Py

Allstedt

DoI+CaI

CRE

Cal veln
5 N

i 7

Py-rich lamination

Rote Faule [CUZone |

Chemical Geology 642 (2023) 121811

Wallendorf

—
[*2]
0
[s2]

Ca1

S1

360.1+

=== Marlstone Mudstone E= Limestone

Fig. 2. Stratigraphic and lithological logs together with selected sample photographs for the three drill cores from Sangerhausen (SHN), Allstedt (AST) and Wal-
lendorf (WDF). The sampled intervals are annotated numerically alongside each graphical log. (A) Drill core photo showing the red color in the Rote Faule alteration
in the Rotliegend sandstone (S1) (Samples SHN3 and SHN4). (B) Binocular image showing the red color Rote Faule alteration in the S1 (Sample SHN4). (C) Binocular
image of mineralized Kupferschiefer (T1) with host-rock cross-cutting calcite vein (Sample SHN11). (D) Binocular image showing vuggy pores filled with bornite
(Bn), covellite (Cv) and pyrite (Py) in the Zechstein Limestone (Cal) (Sample SHN16). (E) Drill core photo showing white sandstone without red color alteration in
the S1 (Sample AST3). (F) Binocular image showing lateral calcite vein and a coarse-grained lens/lamination filled with bornite (Bn) and sphalerite (Sp) in the lower
T1 (Sample AST6). (G) Drill core photo showing the boundary between the T1 and Ca. (H) Drill core photo showing brecciated clasts without red color alteration in
the S1 (Sample WDF3). (I) Binocular image showing a host-rock cross-cutting calcite-pyrite vein in the middle T1 (Sample WDF7). (J) Binocular image showing
vuggy pores filled with galena, sphalerite and pyrite in the Cal. Samples analyzed by SIMS are indicated by red color. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

3.2. Major element analysis of carbonates by electron probe
microanalyzer (EPMA)

Major elements (Ca, Mg, Fe, Mn, Na and Sr) were analyzed in calcite
and dolomite using the JEOL Superprobe JXA-8230 electron probe
microanalyzer (EPMA) equipped with wavelength-dispersive spec-
trometry (WDS) at GFZ Potsdam. Analyses were performed using a 5-20
pm beam size, 15 kV accelerating voltage, and 10 nA beam current, with
a relatively short measurement time of 10-20 s (peaks) and 5-10 s
(background). The measurements were conducted on carbon-coated
thin sections using reference materials of dolomite (Ca, Mg), siderite
(Fe), albite (Na), rhodonite (Mn), strontianite (Sr), BaSi,Os (Ba), Cry03
(Cr), chalcopyrite (Cu) and gahnite (Zn). The detection limits of the
method for these elements (in ppm = pg/g) were 780 (Ca), 720 (Mg),
820 (Fe), 650 (Na), 520 (Mn), 750 (Sr), 1100 (Ba, Zn), 1000 (Cr) and 850
(Cu).

3.3. Carbon isotope analysis of organic matter by isotope ratio mass
spectrometry (IRMS)

The carbon isotope composition of organic matter (613C0rg) was
determined using the Delta V Advantage isotope ratio mass spectrometer
(IRMS) at GFZ Potsdam. Powdered samples (3 mg each) were decalcified
in a Ag-capsule with 3% HCI and then 20% HCI, and heated at 75 °C for
3 h. The analyses were calibrated using a certified reference material

(IAEA-CH-7) and a known internal laboratory sample (from Tiefer See
Klocksin, TSK). The carbon isotope ratios are expressed relative to the
Vienna Pee-Dee Belemnite (VPDB) in permil (%o). The repeatability of
replicate analyses was better than 0.2%o (1 standard deviation, 1s).

3.4. Carbon and oxygen isotope analyses of calcite by secondary ion mass
spectrometry (SIMS)

A binocular microscope was used to identify regions of interest in
polished thick sections. A micro drill press was used to extract the re-
gions of interest (< 4 mm diameter), thereby enabling circular discs of
30 different samples to be mounted into two epoxy discs with a diameter
of 25.4 mm. Mount 1 contains 15 circular discs from 8 samples of the
Sangerhausen drill core and Mount 2 contains 15 circular discs from 7
samples of the Wallendorf drill core. The calcite reference materials
UWC-3 (6"®0vsmow = 12.49%0, §'3C = —0.91%0; Kozdon et al., 2009)
and IAEA-603 (8'®0ppp = —2.37%0, 5'°C = 2.46%q; IAEA, 2016) were
mounted together with the rock samples; both reference materials and
unknowns were located in the central part of the two epoxy discs (> 5
mm from the edges to avoid X-Y effects; Kita et al., 2009). The epoxy
discs were cleaned with a high-purity ethanol ultrasonic bath and were
then coated with a 35 nm thick Au layer. White-light profilometry was
used to check the polishing relief (< 5 pm) in each sample. Before SIMS
analyses, the two Au-coated mounts (10 nm) were SEM-BSE imaged to
select the desired locations for the SIMS analysis on calcite. Oxygen and
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carbon isotope analyses were performed during four analytical sessions
using the CAMECA IMS 1280-HR Secondary Ion Mass Spectrometer
(SIMS) at GFZ Potsdam (Supplementary Tables 3-5, Mohammedyasin
et al., 2023b).

A ~ 2 nA (1st and 2nd sessions) and ~ 1 nA (3rd and 4th sessions)
133¢s+t primary ion beam was focused to a 10 pm diameter spot with a
total impact energy of 20 keV. Before data collection, each analytical
target was sputtered for 75 s (65 s in the 3rd session) with a 15 pm raster
to remove the Au-coat. Data collection used an 8 pm raster to ensure a
flat-bottom crater geometry. Additionally, adjustment of the electron
multiplier (EM) and sample high-voltages was also performed during
carbon isotope analysis. The field aperture was set to 4000 x 4000 pm
(resulting in a field of view of 40 pm) and the contrast aperture had a
400 pm diameter. The energy slit had a width of 40 eV and it was me-
chanically positioned 5 V below maximum transmission at the start of
each of the analytical sequences. Data were collected in multicollection
mode using two Faraday cup detectors for oxygen isotope analysis (L’2
for 1°0~, H'2 for '®07) and a Faraday cup/Axial Electron multiplier
(Mono-EM) configuration for carbon isotope analysis (L’2 for 12¢c-,
Mono-EM for 3C™). The entrance slit had a width of 82-110 pm for
carbon isotope analysis and 120 pm for oxygen isotope analysis, while
the exit slit had a width of 270-300 pm for carbon isotope analysis and
500 (L’2)-300 (EM) pm for oxygen isotope analysis. The count rates in
UWCG-3 were typically 1.6 to 3.0 x 10° counts per second (cps) on 160~
and 1.3t0 1.7 x 107 cps on 2C™. The mass resolution of the SIMS was set
at M/AM = 2000 (O) and 3200 (C), at 10% of peak height. Each analysis
lasted ~3 (O) to 4 (C) minutes including pre-sputtering, auto-centering
and data acquisition routines, which consisted of 20 integrations of 4 s
each for oxygen isotopes and 30 integrations of 4 s each for carbon
isotopes.

The instrumental mass fractionation (IMF) and signal drift with time
were monitored by repeated measurements throughout the analytical
sessions in grains of the UWC-3 calcite reference material. A time-
dependent drift was observed only at the start of the 3rd session dur-
ing carbon isotope analysis in Mount 1, and measured isotope ratios
were therefore corrected for drift. The repeatability (1 standard devia-
tion, 1s) varied from +0.13%o to +0.19%o for the oxygen isotopes and
from +0.25%0 to +0.36%o for the carbon isotopes. We used the IAEA-
603 calcite reference material as a quality control to assess the accu-
racy of the analytical bias correction defined by the results from the
UWC-3 reference material. The corrected 5'>C and §'80 values of IAEA-
603 were within 2s uncertainty in UWC-3 from the published value. The
reported errors are therefore better than +0.20%o (1SE) for 5180 values
and =+ 0.40%o (1SE) for 5!C values. Oxygen isotope ratios are expressed
relative to the Vienna Standard Mean Ocean Water (VSMOW; 180,160
= 0.0020052; Baertschi, 1976) and carbon isotope ratios are expressed
relative to the Vienna Pee-Dee Belemnite (VPDB; B¢c/12¢ = 0.01 12372;
Craig, 1957, Allison et al., 1995).

All SIMS spots were SEM-BSE imaged and analyses were rejected if
the corresponding pits touched other mineral phases, cracks, or porosity.
Finally, 267 (130 for carbon and 137 for oxygen) analyses out of the
total 404 (227 for carbon and 177 for oxygen) isotope analyses were
considered trustworthy for further interpretation.

4. Results
4.1. Petrography of carbonates

Cathodoluminescence (CL) and BSE images show the distribution
and morphology of carbonate (dolomite and calcite) cements in samples
from the S1, T1 and Cal. In the S1 samples, calcite is the dominant
carbonate phase and occurs in both intra- and intergranular pores
(Fig. 3A, B). The calcite cement in both types of pore spaces has a bright
red CL luminescence (Fig. 3C, D). The zoning in the intergranular calcite
in the S1 samples from the Sangerhausen drill core is only apparent in
BSE images (Fig. 3E-F). Hematite is intergrown with calcite cement,
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mostly at its rims (Fig. 3E-F). Minor rhombic dolomite (~5-10 pm) is
overgrown by intergranular calcite cement in the S1 samples in all drill
cores (e.g., Fig. 3F). Dolomite has a slightly darker red CL color
compared to calcite (Fig. 4A). Additionally, the S1 samples in the San-
gerhausen drill core also contain rhombic dolomite cemented by calcite
(+ trace ankerite) in large dolomitized clasts (Fig. 4B-D).

In samples from the T1, the calcite cement is fine-grained (< 20 pm),
and overgrows on rhombic dolomite (< 10 pm) (Fig. 5A-D). However,
the resolution of the CL microscope did not allow the fine-grained calcite
and dolomite to be distinguished from each other. The calcite veins
mostly occur in the Wallendorf drill core samples. In contrast to the
calcite cement, the calcite veins have darker red and brighter red CL
luminescence colors (Fig. 5E). In Fig. 5F, a cross-cutting calcite vein has
internal zoning with brighter and darker red CL luminescence colors.

In samples from the Cal, dolomite has a red luminescence CL color
(Fig. 6A). Rhombic dolomite crystals (~ 5-10 pm) have been cemented
by fine-grained calcite cement (< 5 pm) (Fig. 6B). In the Allstedt drill
core samples, host rock cross-cutting anhydrite veins, with minor calcite
(yellow CL luminescence color), have blue CL luminescence color
(Fig. 6C-E).

4.2. Major element chemistry of carbonates

The carbonate chemistry of samples from the three drill cores is
available in the Supplementary data (Mohammedyasin et al., 2023b).
The CaCO3-MgCOs3-(Fe,Mn)CO3 concentrations of calcite and dolomite
plot near the stochiometric calcite and dolomite compositions, respec-
tively (Fig. 7). Both styles of calcite (cement and veins) contain rela-
tively minor concentrations of MgCOs3, FeCO3 and MnCO3 which are
below 8.6 mol%, 2.0 mol% and 6.8 mol%, respectively. Dolomite from
the three units contains relatively minor concentrations of FeCO3 (mean
= 0.7 mol%) and MnCO3 (mean = 0.8 mol%).

The Mn concentration is higher in calcite than dolomite and varies
slightly between drill cores (Fig. 8A). For example, the Mn concentration
is slightly higher in samples from the Sangerhausen drill core compared
to the Wallendorf and Allstedt drill cores (Fig. 8A). In contrast, the Na
and Sr concentrations are relatively higher in dolomite than calcite
(Fig. 8B-D). Trace elements such as Ba, Cr, Cu and Zn are mostly below
the detection limit in both mineral phases.

4.3. Carbon isotope composition of organic matter (513C0,g)

The 613C0rg values for samples from the three drill cores are available
in the Supplementary data (Mohammedyasin et al., 2023b) and sum-
marized in Fig. 9. The 613C0rg values in the three drill cores have a
narrow range (—27.4%o to —25.8%o, in VPDB hereafter). Vertical profiles
of 813C0rg values in the three drill cores are relatively similar, with the
lowest values mostly confined to the middle T1 (Fig. 9A-C). The corre-
lations between TOC and 613C0rg in the T1 samples differ between drill
cores, ranging from weak (r? = 0.21 to 0.24) in samples from the San-
gerhausen and Allstedt drill cores to moderate (r® = 0.53) in those from
the Wallendorf drill core (Appendix Fig. A1). In the Cal samples, 5">Corg
values were only measured in samples from the Wallendorf drill core
(range — 27%o to —26%o, Fig. 9C) as organic carbon was below the
detection limit in samples from the other drill cores.

4.4. In situ §"3C and §'®0 values of calcite

The 6'3C and 5'®0 values for calcite in samples from the Sanger-
hausen and Wallendorf drill cores are available in the Supplementary
data (Mohammedyasin et al., 2023b) and summarized in Fig. 10. The
samples from the Allstedt drill hole were not considered for SIMS
analysis because of a lack of sample material. The 8'3C values are in
VPDB and the §'80 values are in VSMOW unless otherwise stated
hereafter. The 5'3C and 5'%0 values of calcite cement in the S1 and T1
have high microscale variabilities (> 10 %o for both isotopes) (Fig. 10A,



M.S. Mohammedyasin et al. Chemical Geology 642 (2023) 121811

Hem+Mag

15 um

Fig. 3. (A, B) Backscattered electron (BSE) image and electron dispersive spectrometry (EDS) false-color elemental composite map showing the distribution of
detrital quartz (Qz), albite (Ab) and K-feldspar (Kfs), extensive calcite (Cal) cement and minor anhydrite (Anh) and kaolinite (KIn) in the Rotliegend sandstone (S1)
(Sample AST3). (C, D) Cathodoluminescence (CL) images showing bright red color calcite cement formed as intra- and intergranular pore filling in the Sangerhausen
(Sample SHN5) and Allstedt (Sample AST2) drill cores. The white arrows highlight the boundary of detrital clasts that are partially or nearly completely replaced by
calcite. (E) BSE image showing detrital clast replaced by calcite and intergranular calcite cement (Sample SHN4). The inset shows calcite cement zoning with the
outer zone having hematite (+magnetite, Mag). The red arrows highlight internal zoning in intergranular calcite cement. (F) BSE image showing a detailed view of
hematite (Hem) intergrown with one of the intergranular calcite cement zones, showing an overlapping paragenetic relationship. The meshwork illite (Ilt) formed as
an intergranular pore-filling phase, after calcite dissolution. Key for the EDS false color elemental map: Al = kaolinite, Ca = calcite, K = K-feldspar, Na = albite, S =
anhydrite, Si = quartz. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (A) CL image showing calcite (Cal) and dolomite (Dol) with brighter and darker red CL colors, respectively in the S1 (Sample SHN4). (B) BSE image showing a
large cavity filled with dolomite crystals (Sample SHN4). (C) BSE image showing altered volcanic rock fragment with albite (Ab) replaced by the intergrowth of
dolomite, calcite and kaolinite (Kln), surrounded with macropore-filling rhombs of dolomite with minor calcite cement (Sample SHN4). (D) BSE image showing a
detailed view of macropore-filling rhombic dolomite with calcite cement (+ trace ankerite, Ank) and illite (Ilt). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

B). In general, the in situ isotope analysis of calcite cement in this study
reproduces the overall range of 5180 (~ 18%o to 31%) and 8'3C (~ 0%o
to —10%o) values of calcite mineral separate from the Polish Basin
(Bechtel et al., 2000, 2002). However, the §'°C values of calcite cement
in this study have shifted by 5%o to lower values compared to previous
studies from the Polish Basin.

The 8'3C and §'%0 values of intra- and intergranular calcite cement
in the S1 samples from the two drill cores largely overlap (Figs. 11A,
12A, B). In samples from the Sangerhausen drill core, the 5'3C values of
calcite cement in the S1 are between —10.1%. and 4.3%. (mean =
—4.6%o, n = 44) and 5'80 values are between 18.3%o and 38.7%. (mean
= 24.4%o, n = 53) (Fig. 10A). Three spot analyses from intragranular
calcite cement in the Sangerhausen drill core have high 5'3C values, i.e.,
3.5%o in SHN2 and 4.3%o and 3.7%o in SHN7 with paired 5'80 values of
29.2%o, 27.5%0, 38.7%, respectively (Fig. 11A, Appendix Fig. A2A, B). In
samples from the Wallendorf drill core, the §'3C values of calcite cement
are between —12.9%o and — 0.3%0 (mean = —5.6%o0, n = 20) and 5%
values are between 18.8%o0 and 27.8%. (mean = 23.6%., n = 18)
(Fig. 10B).

The 8'3C and 5'%0 values of calcite cement in the T1 are also rela-
tively similar in the Sangerhausen and Wallendorf drill cores (Figs. 11B;
12C, D). The 5'3C values of calcite cement in the Sangerhausen samples
are between —6.8%o and — 3.0%0 (mean = —5.4 %o, n = 6) and 5'°0
values between 26.9%o0 and 30.7%. (mean = 28.9%o, n = 2). In the

Wallendorf samples, the 8'3C values of calcite cement are between
—10.3%o and 0.7%o (mean = —4.3%o0, n = 17) and the 5'80 values be-
tween 11.7%o and 29.5%0 (mean = 23.7%o, n = 21).

The 5'3C and 8'80 values of calcite veins in the T1 and Cal from the
two drill cores fall on a similar trend (Figs. 11C, 13A-D). The 513C values
of calcite veins in the T1 from the Sangerhausen drill core are between
—2.2%0 and — 1.2%o (mean = —1.7%o, n = 8) and 5180 values are be-
tween 20.3%o and 20.8%o (mean = 20.6%o, n = 7). The 8'C values of
calcite veins in the T1 from the Wallendorf drill core are between
—14.8%o0 to —1.4%0 (mean = —8.9%o0, n = 27) and 5180 values are be-
tween 21.1%o and 25.2%o (mean = 23.5%o, n = 26) (Fig. 11C). In the Cal,
calcite veins were only analyzed in the Wallendorf drill core where the
§'3C values are between —6.2%0 and — 0.8%o (mean = —3.0%0, n = 8)
and the 880 values are between 18.6%o and 23.7%o (mean = 21.9%o, n
=10).

5. Discussion

The variabilities in chemical and isotopic (613C and 6180) composi-
tions in calcite cement could be attributable to variable pore fluid
chemistry during precipitation or fluid-rock interactions related to
diagenetic and hydrothermal processes (Reis et al., 2019; Schobben
et al., 2016; Sliwinski et al., 2016). In the following sections, we discuss
the CL response and major element chemistry of carbonates, the 813C0rg
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Fig. 5. (A, B) BSE images showing the distribution of calcite (Cal) cement in the middle Kupferschiefer (T1) from the Sangerhausen (Sample SHN10) and Wallendorf
(WDF?7) drill cores. The fine-grained calcite cement is mostly overgrown on rhombic dolomite (Dol) or detrital albite (Ab). The calcite cement is partially replaced by
sphalerite (Sp). (C, D) BSE image showing the distribution and replacement of calcite cement by bornite (Bn) in the middle T1 from the Sangerhausen drill core
(Sample SHN11). (E) CL image showing a host rock cross-cutting calcite vein with darker and brighter red CL color. (F) CL image showing a host rock cross-cutting
calcite vein (darker red) internally cemented by calcite cement (brighter red). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

values, and microscale §'2C and §'%0 values of calcite cement and veins 5.1. CL response and major element chemistry of carbonates

to constrain their origins. We also assess if the isotopic composition of

the calcite cement has been altered by hot, Cu mineralizing fluids. The CL response in carbonate minerals is mainly a function of acti-
vating (e.g., Mn?") and quenching (e.g., Fe?") ions, which substitute for
Ca®" in the calcite crystal lattice (Baele et al., 2019; Machel and Burton,
1991; Marshall, 1988). The calcite cements in the S1, T1 and Cal are
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Fig. 6. (A) CL image showing dolomite (Dol) and vuggy pores filled with sulfides in the Zechstein Limestone (Cal) from Sangerhausen drill core (Sample SHN16). (B)
BSE image showing a detailed view of euhedral-subhedral dolomite crystals cemented by fine-grained calcite (Cal) cement, illite (Ilt) and trace barite (Brt) (Sample
SHN16). (C, D) BSE and false-color EDS images showing anhydrite (Anh) vein with calcite and the host rock dolomite rich in quartz, albite and phyllosilicates in the
Cal from the Allstedt drill core (Sample AST15). (E) CL image showing anhydrite vein, dolomite and calcite with blue, darker red and yellow CL luminescence color,
respectively, in the Cal from the Allstedt drill core (Sample AST15). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 7. Ternary diagram of CaCO3-(Fe,Mn)CO3-MgCO3 (EPMA, mol%) showing
endmember calcite and dolomite in samples from the Rotliegend sandstone
(S1), Kupferschiefer (T1) and Zechstein Limestone (Cal) in the Sangerhausen,
Allstedt and Wallendorf drill cores.

10

characterized by similar CL luminescence (Figs. 3C, D, 4A), which sug-
gests that the calcite cements have similar Ca, Mn and Fe chemistry
(Pierson, 1981). This also applies to both the intra- and intergranular
calcite cement in the S1 that have similar CL luminescence. The CL
observations in calcite are consistent with the high Mn and low Fe
concentrations recorded in the major element data (Fig. 8A). The slight
difference in CL intensity between dolomite and calcite cement is the
result of lower Mn and higher Fe in the dolomite than the calcite
(Fig. 8A-D). The major element composition of dolomite in the S1, T1
and Cal samples from the two drill cores is also similar, reflecting their
origin from fluids of similar chemistry.

The calcite veins have almost similar CL responses as the calcite
cements (Fig. 5E, F). The cross-cutting calcite veins in the T1 samples
from the Wallendorf drill core show internal zoning characterized by
darker and brighter red CL luminescence, which is not apparent in the
BSE images (Fig. 5E, F). The internal zoning in calcite veins is consistent
with the microscale variabilities in Mn and Fe concentrations in these
veins (Fig. 8A). However, the similarities in the CL response and major
element chemistry between calcite cement and veins indicate their
formation from fluids with similar major element chemistry, although
the crosscutting relationship indicates they were not coeval.

5.2. The 513Corg trend in different drill cores

Previous studies in the Kupferschiefer district have described post-
depositional organic matter degradation associated with sulfide miner-
alization (Bechtel et al., 2000, 2001, 2002; Bechtel and Piittmann, 1991;
Hammer et al., 1990). In the Saale subbasin, organic matter degradation
is not only linked with the mineralizing event but also with early
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Fig. 8. (A) Plot of Mn (ppm) vs. Fe (ppm) showing that both calcite and dolomite fall on the luminescent field of Pierson (1981), and that calcite has more bright CL
than dolomite where quenched, dull and bright CL fields are from Machel and Burton (1991). (B) Bivariate plot of Fe (ppm) vs. Na (ppm). (C) Bivariate plot of
1000Mn/Ca (ppm/ppm) vs. 1000Na/Ca (ppm/ppm). (D) Bivariate plot of 1000Mn/Ca (ppm/ppm) vs. 1000Sr/Ca (ppm/ppm).

diagenetic carbonate formation. Within analytical uncertainties, the low
813C0rg values in the carbonate-rich intervals, mostly in the middle T1
(Fig. 9), can probably be explained by the preferential fractionation of
13C from the organic matter into the precipitating carbonate minerals
during early diagenesis. The reason for the slight difference in the
613C0rg trend between the dolomite-dominated Sangerhausen and All-
stedt drill cores and the calcite-dominated Wallendorf drill core is not
clear. One possible explanation could be the rate of organic matter
oxidation, i.e., higher organic matter degradation favored dolomite
precipitation and lower organic matter degradation favored calcite

11

precipitation (e.g., Mozley and Burns, 1993). In contrast, the highest
613C0rg value is preserved in the lowermost T1 of the Sangerhausen drill
core (Fig. 9A), which also preserves the Rote Faule alteration and may
indicate the preferential fractionation of '2C into the fluid, meaning
more residual 13C remains in the organic matter during progressive
organic matter degradation (see Bechtel et al., 2002).
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Fig. 9. Down-hole plot of 813Corg values mainly in samples from the Kupferschiefer (T1) in the (A) Sangerhausen (SHN), (B) Allstedt (AST) and (C) Wallendorf (WDF)

drill cores. S1 = Rotliegend sandstone, Cal = Zechstein Limestone.
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Fig. 10. Box and whisker plot of 5'3C and 5'%0 values of calcite (cement and veins) in samples from the Rotliegend sandstone (S1), Kupferschiefer (T1) and Zechstein

limestone (Cal) in the (A) Sangerhausen and (B) Wallendorf drill cores.

5.3. Origin of calcite cement and veins

5.3.1. Sources of carbon for calcite cement and veins

The general overlap in the isotopic composition of the calcite cement
from both units (S1 and T1) and drill cores is consistent with the simi-
larity in major element chemistry, and indicates the calcite cement was
derived from fluids of similar composition (Fig. 11A, B). The 5'3C values
of calcite cement plot between the 5'3C values of the Permian Zechstein
seawater (inferred from the Zechstein brachiopods; Korte et al., 2005)
and organic matter (Hoefs, 2019). In general, calcite precipitated from
alkalinity derived from seawater has a §'3C value of close to 0%o whereas
calcite precipitated from the breakdown of organic matter and

12

hydrocarbons has a §'3C value of around —20%o (e.g., Fayek et al.,
2001). Therefore, the alkalinity of the calcite cement in the S1 and T1
samples was sourced from seawater-derived fluids and organic matter
degradation in the T1. The two positive 8'>C values (up to 4.3%o) from
the S1 samples in the Sangerhausen drill core have similar isotopic
values to the Zechstein brachiopods and could represent the earliest
formed calcite cement (Fig. 11A).

The negative §13C values (down to —14.8%o) in calcite veins indicate
carbonate alkalinity derived from the oxidation of organic matter in the
T1. The calcite vein in the lower T1 from the Sangerhausen drill core has
relatively higher §'3C values than the calcite veins in the middle T1 and
Cal samples from the Wallendorf drill core (Fig. 13A, B). However, in
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Fig. 11. Plot of 8'80 (%o, VSMOW or VPDB) vs 8'3C (%o, VPDB) values of calcite cement in samples from the (A) Rotliegend sandstone (S1) and (B) Kupferschiefer
(T1), and (C) calcite veins in samples from the T1 and Zechstein Limestone (Cal) from the Sangerhausen and Wallendorf drill cores. Only paired §'3C and §'%0 values
are plotted here, refer to Mohammedyasin et al. (2023b) for the full dataset. The 8'3C and §'®0 values for the Zechstein brachiopods from Germany and Poland are
from Korte et al. (2005), while for those organic matter (5'3C = —30%o to —15%o, 5180 = 24%o to 30%o) are from Hoefs (2019). (D) Comparison between 5'3C and
880 values of bulk carbonate (Bechtel et al. (2000, 2002) and in situ analyses in calcite cement from the S1 and T1 units in this study. The other literature data
includes (1) calcite in the Rotliegend sandstone in the northern margin of the Central European Basin System (8*3C = 0.5%0 to —3%o and 5'80 = —7%o to —12%o, both
in VPDB, Schoner and Gaupp, 2005), (2) calcite in the Rotliegend sandstone in north Germany (83C = —6.7%o0 to —1.8%c and 580 = —13.4%0 to —9.7%o, both in
VPDB; Platt, 1994) and (3) calcite cement in condensed basal Zechstein limestone (Paproc 28) from western Poland (5'3C = —4.5%o to —1.9%o, and 6'80 = —4.1%. to
—2.1%o, both in VPDB; Peryt et al., 2015). Fig. D is plotted 1:1 to show the isotopic covariation trend of Bechtel et al. (2000, 2002).

13



M.S. Mohammedyasin et al.

2,

O5°C (%o, VPDB) .

1O 80 (%0, VSMOW)

L T =,

Chemical Geology 642 (2023) 121811

Fig. 12. BSE images with SIMS analysis-pit locations (circles) annotated with the respective 51%C (%o, VPDB) and 5'%0 (%o, VSMOW) values in calcite cement in the
S1 (A, B) and T1 (C, D) samples from the Sangerhausen (SHN) and Wallendorf (WDF) drill cores. The inset BSE images in D shows SIMS analysis pits (~ 10 pm in
diameter). Note sample names on the top right of each image. Abbreviations: Ab = albite, Cal = calcite, Chl = chlorite, Ilt = illite, Qz = quartz.

the studied samples, it is worth mentioning that there is no significant
difference in the 8'3C and 580 values of calcite cement between sam-
ples with the Rote Faule in the Sangerhausen drill core and without it in
the Wallendorf drill core. This means it is difficult to associate the iso-
topic values of the calcite vein from the Sangerhausen drill core with the
Rote Faule alteration. Both unmineralized and mineralized calcite veins
in the Wallendorf drill core preserve a wide range of §'3C values
(—14.8%o to —1.4%o). The cause for this isotopic variability in calcite
veins is not clear. One possible explanation is the variability in rates of
organic matter degradation. For example, low rates of organic matter
degradation result in higher carbon isotope variability in the precipi-
tating calcite (Mozley and Burns, 1993).

5.3.2. Controls on oxygen isotope composition of calcite cement and veins

A wide range of processes and fluid reservoirs can influence the §'%0
values of carbonates in sedimentary basins. The oxygen isotopic
composition of marine carbonate cement is largely controlled by the
isotopic composition of pore fluids and precipitation temperature
(Dietzel et al., 2009; Mozley and Burns, 1993). The precipitation tem-
peratures of carbonate cement are commonly calculated using mineral-
water equilibrium fractionation factors based on estimations of pore
fluid 5180 values and measured 5'80 values of the carbonate cement (e.
g., Fayek et al., 2001; Sliwiriski et al., 2016; Sun et al., 2021). Here, we
use the calcite-water equilibrium fractionation of O’Neil et al. (1969) to
calculate the precipitation temperature of calcite cement in the S1 and
T1 units. To test the temperature control on the oxygen isotope

14

fractionation in the presented dataset, we assume that the oxygen iso-
topic composition of the pore fluids was dominantly influenced by the
Zechstein seawater, which had a 5180 value inferred from the Zechstein
brachiopods in Germany and Poland (—1.2%o to 2.5%., Korte et al.,
2005). With the above constraints, the precipitation temperatures of
calcite cement in the S1 and T1 are calculated at lower (—1.2%o, scenario
1) and higher (2.5%o, scenario 2) 5'80 values of the Zechstein brachio-
pods from the Zechstein Limestone in Germany and Poland (Korte et al.,
2005).

Scenario 1: Initial pore-fluid composition for marine transgressive
mudstones (T1) and underlying sandstones (S1) likely to be dominated
by Zechstein seawater at the earliest stages of diagenesis. Therefore, we
assume (1) the lower 5180 value (—1.2%o) of the Zechstein brachiopods
(Korte et al., 2005) could represent the unaltered pore fluids derived
from the Zechstein seawater and (2) the highest (31%o for both units)
5'%0 value of calcite cement represents the earliest formed calcite
cement at the lowest temperature. This gives the minimum calculated
temperature for calcite cement in the S1 and T1 samples as low as 9 °C
(see Fig. 14). This temperature is slightly lower than the calculated
precipitation temperature (16 °C at 29.2%o for sample SHN2 and 26 °C at
27.5 for sample SHN7) of calcite cement with positive 8'3C values,
which have similar isotopic values to the Zechstein seawater. These
temperatures in general suggest calcite cementation starts, near the
sediment-water interface, soon after sediment deposition (Brodie et al.,
2018; Fayek et al., 2001). This is consistent with the preservation of
intergranular, early diagenetic, poikilotopic calcite cement that formed
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Fig. 13. The distribution of 5'3C (%o, VPDB) and 5'%0 (%o, VSMOW) values in calcite veins in samples from the T1 in the Sangerhausen (A) and Wallendorf drill (B, C)
cores, and (D) Cal in the Wallendorf drill core. Abbreviations: Cal = calcite, Py = pyrite, Sp = sphalerite.

at shallower depths before significant compaction (Mohammedyasin
et al., 2023a). The high intergranular volume that has been occupied by
calcite cement suggests that the calcite cement precipitation started
during the earliest stages, as shown by several studies (e.g., Brodie et al.,
2018; Fayek et al., 2001; Taylor et al., 2000).

Scenario 2: The second scenario assumes that the 5'%0 value of the
pore fluid has progressively evolved from the starting value of —1.2%o
(scenario 1) due to seawater evaporation. The high §'0 value (up to
2.5%0) in the Zechstein brachiopods has been attributed to the high
evaporation rates of the Zechstein seawater (Korte et al., 2005). Addi-
tionally, this scenario assumes that the lowest 5'80 values of calcite
cement in the S1 (19%o) and T1 (22%o) represents precipitation at higher
temperatures, which is more favorable for seawater evaporation. The
patchy intergranular anhydrite that is coeval with calcite cement likely
precipitated from an evaporative fluid in the Saale subbasin (Moham-
medyasin et al., 2023a). In samples from the Spremberg subbasin
(eastern Germany), the strong enrichment of deuterium in n-alkanes (up
to —36%o) and isoprenoids (up to —20%q) also showed hydrogen ex-
change with an evaporitic fluid at temperatures <110 °C (Poetz et al.,
2022). Notably, the maximum calculated temperatures for calcite
cement in the S1 (106 °C, 5'80 calcite = 19%0) and T1 (80 °C, 5'%0
calcite = 22%o) are lower than the suggested temperature for mineral-
izing fluids from the Spremberg subbasin (~ 110 °C, Poetz et al., 2022)
and the Polish Kupferschiefer districts (100-120 °C, Bechtel et al., 2001,
2002; Bechtel and Piittmann, 1991).

The calculated temperatures from the two end-members have wider
ranges (9-106 °C in the S1 and 9-80 °C in the T1) compared to previous
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studies in the S1 and T1 (e.g., Peryt et al., 2015; Platt, 1994). For
example, Peryt et al. (2015) found a precipitation temperature of
23-34 °C for calcite in the T1 from western Poland assuming pore fluids
5180 value similar to pristine modern seawater (0%o). The large range of
calculated temperatures together with the lack of any specific isotopic
trend in calcite cement in the studied samples do not represent a
temperature-controlled system. This can be further supported by the
lack of systematic covariation between 8'3C and §!%0 values of calcite
cement in the Rote Faule and across the different sulfide zones. Instead,
the microscale isotopic variability provides evidence that pore-scale
factors may have exerted a stronger control on the 5'%0 values that
are preserved by the calcite cement (Bojanowski et al., 2015).

The pore fluid chemistry across major sequence boundaries will be
influenced by a number of factors, including seawater chemistry,
meteoric water mixing, evaporative fluids, and diagenetic fluids derived
from fluid-rock interaction, all of which can influence the §'%0 values
preserved by calcite cements (Bojanowski, 2014; Mozley and Burns,
1993). The higher 5!80 values in calcite cement could be derived from
evaporative fluids (Dreybrodt and Deininger, 2014; Horton et al., 2016),
clay mineral diagenesis (e.g., Wilkinson et al., 1992) and hydrothermal
brines (Reis et al., 2019; Sliwinski et al., 2016). The higher 5'80 values
(up to 38.7%o with 5'3C value of 3.7%o, sample SHN4) of calcite cement,
together with petrographic evidence that show coeval pore-filling
anhydrite cement with calcite cement in the S1 (Mohammedyasin
et al., 2023a), could reflect the influence of evaporated Zechstein
seawater during its precipitation or burial diagenesis. The higher 5'80
values of calcite cement in the S1 and T1 are nearly similar to those of
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calcite-water equilibrium fractionation factor of O’Neil et al. (1969). The sub-
parallel lines stretching across the plot are 520 isopleths, representing constant
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the higher §'%0 values (up to 2.6%o, VPDB) in the Zechstein brachiopods
and have been attributed to the evaporation effect (Korte et al., 2005).

The decrease in the 5'80 values in the Rote Fiule from the Sanger-
hausen mining district has been linked to the inflow of meteoric
groundwaters with low 5'80 values ascending from the Rotliegend
sandstone (Hammer et al., 1990). The meteoric water may have derived
from residual meteoric water within the Rotliegend (before the depo-
sition of the T1), from the influx of meteoric water along erosional
surfaces associated with paleohighs, or penetration along major faults in
basin margin settings. The low 5'20 values in calcite from the Rotliegend
sandstone in northern Germany have also been attributed to the influ-
ence of meteoric water from the basin margins during shallow burial,
which is typical of carbonates precipitated in a playa lake environment
(Platt, 1994). Similarly, the low 5'80 values in calcite cement in the
studied S1 samples from the Sangerhausen and Wallendorf drill cores
could indicate an influx of meteoric water. Some diagenetic alteration
phases (e.g., kaolinite) have also been linked with meteoric water input
in these samples (see Mohammedyasin et al., 2023a). Importantly, the
host rock contribution, particularly the diagenetic alteration of volcanic
rock fragments, could have resulted in lower 580 values in calcite
cement. For instance, in the S1, in-situ alteration of mafic volcanic rock
fragments mostly predates the extensive porosity occluding calcite
cement (Mohammedyasin et al., 2023a).

5.4. Implications

The Cu and Pb—Zn mineralized rocks in the Allstedt, Wallendorf and
Sangerhausen drill cores formed via the replacement of diagenetic car-
bonate (Mohammedyasin et al., 2023a). In other types of carbonate-
replacement deposits (Carlin-type Au, intrusion-related Manto Zn), the
surrounding host rocks commonly preserve km-scale isotopic alteration
haloes as a result of fluid-rock interaction at elevated temperatures (e.g.,
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175-250 °C, Arehart, 1996; Hofstra and Cline, 2000; 250-500 °C,
Beinlich et al., 2019). Indeed, previous studies in the Kupferschiefer
district have suggested that covariation between the §'3C and §'%0
values in carbonate in the S1 and T1 units was caused by a temperature
gradient (Fig. 11D), with the lowest 5!80 values in the Rote Faule
interpreted as an isotopic exchange between carbonate and isotopically
distinct oxidizing mineralizing fluids (Bechtel et al., 2000, 2002).
However, comparably low §!80 values have also been reported in calcite
from the Rotliegend sandstone in northern Germany, where they have
been attributed to the influence of meteoric water from the basin mar-
gins during shallow burial (Platt, 1994).

Differentiating isotopic haloes that are derived from hydrothermal
input from those derived from background processes (authigenic,
diagenetic) is a major challenge in several mineral deposit systems
(Friehauf and Pareja, 1998; Hickey et al., 2014; Stenger et al., 1998).
Host rocks need to be subjected to high water/rock ratios (> 3) across a
temperature gradient for the development of widespread isotopic
haloes, which typically develop around systems with a large flux of
reactive hydrothermal fluids through permeable host rocks (Beinlich
et al., 2019; Stenger et al., 1998; Vazquez et al., 1998). The lack of
systematic variability in the 5'%0 values of calcite in the three drill cores
indicates the temperature gradient and hydrothermal fluid flux (water/
rock ratios) were not high enough to overprint and homogenize these
background sources of isotopic variability. The maximum temperature
estimates in the Sangerhausen mining district based on the maturation
of organic matter (vitrinite reflectance values) are approximately 130 °C
(Sun and Piittmann, 1997), which is further supported by recent con-
straints in the Spremberg subbasin (Poetz et al., 2022). In such low-
temperature systems, the generation of an oxygen isotope halo in car-
bonates will largely be a function of the hydrothermal fluid flux and
fluid flow pathways (Barker et al., 2013). The hydrothermal fluid flux
would also have provided an overarching control on the size of the de-
posits in the Saale subbasin, which are relatively small compared to SSC
deposits elsewhere in the SPB (e.g., Lubin-Sieroszowice mining district,
SW Poland). In the Sangerhausen district, local variability in the hy-
drothermal fluid flux may help to explain discrepancies with previous
studies (cf. Bechtel et al., 2002). In the samples investigated here, the
lack of an isotopic halo may indicate that the hydrothermal flux was
insufficient to overprint the background variability. Future studies
should therefore focus on whether isotopic haloes are resolvable around
larger SSC deposits in the Kupferschiefer district.

6. Conclusions

The southern margin of the Southern Permian Basin (SPB) in Central
Europe is well-known for SSC mineralization hosted in carbonaceous
host rocks. In the Saale subbasin, the Kupferschiefer system that includes
the uppermost part of the Rotliegend sandstone (S1), Kupferschiefer
(T1), and lowermost part of the Zechstein Limestone (Cal), has a sig-
nificant proportion of diagenetic carbonate cement. A detailed cath-
odoluminescence (CL) characterization of calcite cement in the S1, T1
and Cal showed a similar, CL luminescent calcite cement. The high-
spatial resolution in situ carbon and oxygen isotope analysis of the
calcite cement in the S1 and T1 units from different drill cores showed a
wide range of isotopic values (> 10%o) and microscale variabilities in
calcite cement. The similar CL response, major element chemistry, and
overlapping §'°C and 580 values in calcite cement in samples from both
units indicate that calcite cement was derived from fluids of similar
composition. The 513C values (S1 = —10.1%o to 4.3%o, T1 = —12.9%o to
—0.3%o) of calcite cement indicate sources of alkalinity for the calcite
cement derived from seawater-derived fluids and organic matter
degradation. The calcite veins have relatively more negative 5!3C values
(—14.8%o to —1.4%o) that indicate carbonate alkalinity derived from the
oxidation of organic matter in the T1. The lack of systematic covariation
between 5'3C and 580 values of calcite cement, together with the iso-
topic variabilities at the microscale and the similarities in isotopic values
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in the Rote Fule and different sulfide zones, indicate the §'80 values in
calcite cement were dominantly influenced by variable pore fluid
compositions, not by temperature. The higher 5'80 values of calcite
cement could reflect a very minimal influence of evaporated Zechstein
seawater. The lower §'80 values in calcite cement suggest oxygen iso-
topes influenced by the diagenetic alteration of detrital clasts as shown
by widespread in situ alteration of mafic volcanic rock fragments with a
minor contribution from meteoric water. The lack of systematic isotopic
variability in the calcite cement of the studied samples indicates the
mineralizing fluid flux or temperature was insufficient to overprint the
background sources of isotopic variability. This may also help to explain
the modest size of SSC deposits in this part of the Kupferschiefer district.
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