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Microbial life in deep-seated
selenide veins reflected by extreme
83*S fractionation of framboidal

pyrite

Stephanie Lohmeier'*, Alexandre Raphael Cabral?, Michael Wiedenbeck?, Armin Zeh*,
Graciela M. Sosa®, Alfons M. van den Kerkhof® & Bodo-Carlo Ehling®

Microbial life can be found in the continental subsurface down to depths of several kilometers, where
it may affect mineral-forming and reaction processes. Sulfur isotopes provide an important tool for
discriminating between deep microbial activity and abiotic processes. Here, we report the sulfur
isotopic composition (83S) of pyrite in selenide-rich domains of hematite-carbonate = selenide veins
hosted in black shales from Tilkerode, Harz Mountains (Germany). Framboidal pyrite (Pyll) occurs

in voids in clausthalite (PbSe) formed by hematite and carbonate dissolution, but is also enclosed

in anhedral pyrite (Pylll). Results of secondary-ion mass spectrometry yielded extreme &3S values
ranging from —8.5 to +92.5%o for Pyll, and from —40.1 to +79.1%o for Pylll. Extreme positive values
suggest microbial sulfate reduction (MSR) under closed-system conditions with limited sulfate
availability and slow metabolism, and negative values a switch to open-system conditions. All MSR
processes most likely occurred after fast uplift of the vein system from about 5 km to 1-2 km depth
during Cretaceous-Tertiary reverse faulting, accompanied by cooling from 220 °C to 30-60 °C, as
indicated by fluid-inclusion microthermometry and U-Pb carbonate dating. The results demonstrate
that microbial activity at great depth of 0.8 to 1.8 km is possible even in normally toxic Se-Pb-Ag-Hg-
rich environments.

Keywords Microbial life, Selenide mineralization, Tilkerode (Harz Mountains, Germany), 6*S fractionation,
Framboidal pyrite, Microbial sulfate reduction

Microbial life is known to thrive in the deep biosphere at depths of several kilometers (km) from the continental
subsurface!2. It is commonly limited to a depth less than about 5 km?, below which the maximum temperature
for cell proliferation 122 °C* is exceeded. Many hydrothermal ore vein systems worldwide are commonly
formed at or below this temperature limit°>, meaning that microbial life and related metabolism can potentially
be involved in mineral-forming and replacement processes®®. Such processes are commonly reflected by
typical microfabrics in sulfide minerals, such as framboidal pyrite®. Additionally, bio-remediation processes are
recorded by the presence of significant variations in sulfur isotopic ratios”*®.

Microbial sulfate reduction (MSR) by sulfate-reducing bacteria and abiotic thermochemical sulfate reduction
(TSR) are almost mutually exclusive as MSR is mainly restricted to low-temperature environments (<85 °C; up
to 110 °C’, whereas TSR occurs at > 120 °C!? with maximum temperatures of 180-200 °C!-'°. Such elevated
temperatures are typical of deep burial diagenetic settings at depths of <6 km, which contrasts with formation
depths of £2.5-3 km for low-temperature settings'*!®. There is no defined lower limit for the onset of TSR,
but reaction kinetics demand elevated temperatures'”!8 and the availability of major reactants. Therefore, TSR
is mostly inferred in Mississippi Valley-type (MVT) and sedimentary exhalative type (SEDEX) deposits, but
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also in (sour) hydrocarbon reservoirs with long formation times'*!>1°-26, The main organic reactants for MSR
are organic acids and other products of biodegradation, e.g., methane, while sulfur (S) as dissolved sulfate can
be derived from any gypsum/anhydrite source at or near the redox-reaction site'®. In particular iron-bearing
sulfides, and to a lesser extent other sulfides, can form as by-products of hydrogen sulfide generation, provided
that metals are present or transported to the reaction site!>!*!, Discrimination between MSR and TSR is
commonly ambiguous. However, petrographic observations - i.e., framboidal and finely disseminated pyrite, in
or close to kerogen-rich beds, commonly points to MSR, and prismatic pyrite, close to oil/gas deposits, to TSR!4-
and in particular S isotopic compositions (8°*S)*” as well as carbon and oxygen isotope ratios of (by-)products
can provide clear criteria, permitting discrimination of microbial from abiotic thermochemical origin'*. Results
of experiments and field observations suggest that §**S values depleted between 15 and 65%o relative to the
source sulfate result from MSR in open systems with unlimited sulfate supply”'®28-3%, whereas thermochemical
limitations permit only a smaller kinetic depletion of 15-20%o at 100 °C'*1%!7 In contrast, positive 84S
values are more characteristic for partially to completely closed systems, in which Rayleigh fractionation can
occur®3%31- i e, due to the loss of the lighter isotopes from the sulfate reservoir, MSR-produced sulfide shows
steady increases in §**S, becoming even heavier as the parental sulfate”>2.

Recently, framboidal pyrite aggregates were discovered in selenide-rich domains of the hematite-carbonate
vein system at Tilkerode in the Harz Mountains, Germany. This system is hosted by graptolite black shales and
keratophyre, which underwent exhumation as part of the Harz Mountains in the Late Cretaceous and Tertiary,
when more than 2 km of Paleozoic and Mesozoic cover was removed®*~*¢. The pyrite framboids are a minor
component in domains of abundant selenide minerals, which contain high concentrations of toxic metals, such
as silver (Ag), mercury (Hg), and lead (Pb). Considering this metal association, it would seem questionable
whether microbial life could exist in such a toxic ecosystem, despite the presence of framboidal microfabrics
that are indicative of a deep biosphere origin®’~*. Here, we report on Tilkerode’s pyrite framboids and their S
isotopic compositions (8%4S), and present results of fluid-inclusion microthermometric measurements placing
constraints on temperature and pressure conditions before the time of framboid formation.

Tilkerode's selenide-bearing vein system

The historical mining district of Tilkerode hosts a low-temperature, hydrothermal, carbonate-hematite
+ selenide vein-type mineralization (Fig. 1h). The deposit was intermittently mined for iron from the mid-18th
century until 1938, and for gold starting in 1825%%. Selenides form ore shoots, commonly a few centimeters
across, within carbonate-hematite veins that truncate tectonically displaced blocks of hydrothermally reddened
and/or bleached Silurian graptolite shale, as well as Devonian keratophyre and diabase of the Eastern Harz
anticline*?. A total of 18 selenide minerals have been reported from Tilkerode®, the type locality of naumannite
[Ag,Se], eskebornite [CuFeSe, ], tischendorfite [Pd,Hg.Se ] and tilkerodeite [Pd,HgSe,]**-*.

These selenide minerals are spatially associated with ankerite that postdates the predominant calcite- hematite
mineralization. Both carbonate and hematite represent ~98% of the vein system*2. According to Tischendorf*?,
there are two stages of selenide deposition: an early stage, characterized by berzelianite [Cu,  Se], umangite
[Cu,Se,], klockmannite [CuSe], and trogtalite [CoSe,]; and a late stage, characterized by tiemannite [HgSe],
naumannite and clausthalite [PbSe]. Sulfide minerals, mostly pyrite and minor chalcopyrite, postdate early-
stage but also late-stage selenide formation. All selenide and sulfide minerals are overprinted by native selenium,
cerussite and iron-oxyhydroxide aggregates (limonite), attributed to late-stage weathering®2.

Samples and methods

Nine samples from Tilkerode’s selenide-bearing carbonate-hematite vein were obtained from the collection
stored at, and with permission of, the ‘Landesamt fiir Geologie und Bergwesen Sachsen-Anhalt’. Sample aliquots
provided material for reconnaissance whole-rock chemical analyses (for details see*, and polished thin and thick
sections for reflected-light microscopy. In four of the polished thick sections (samples TK4 and TK6), framboidal
aggregates of pyrite were identified using reflected-light microscopy. The pyrite composition of these aggregates,
i.e,, their Fe: S ratios (ESM Table 1), was determined by means of a Cameca SX FIVE field-emission electron
microprobe at the Clausthal University of Technology, Germany. Subsequently, the framboidal aggregates and
the surrounding subhedral pyrite were measured in situ for S/32S ratios at GFZ (Geoforschungszentrum
Potsdam, Germany), using secondary ion mass spectrometry (SIMS; 1280-HR instrument). Fluid inclusions
hosted in carbonate, spatially associated with selenide minerals, were investigated by Raman spectroscopy and
microthermometry at the Georg-August University Gottingen, Germany. To place additional constraints on the
timing of sulfide formation, carbonate from a highly oxidized calcite vein, post-dating pyrite formation, was
dated in situ by laser ablation - inductively coupled plasma - mass spectrometry (LA-ICP-MS) at Karlsruhe
Institute of Technology, Germany. Details about instrument conditions and analytical protocols are presented
as Electronic Supplementary Material (ESM) together with detailed documentation of the SIMS spots and laser
spots.

Results

Sulfur isotopic composition of framboidal aggregates and anhedral pyrite

Three generations of pyrite have been distinguished within the investigated samples. Pyrite I (PyI) occurs as
massive crystals, <50 um across, included in chalcopyrite, commonly surrounded by clausthalite (Fig. 1a).
Pyrite II (PyII) forms framboidal aggregates, <20 pm across, in tabular voids of dissolved hematite (Fig. 1b,
e, f), and in rhomboidal voids of dissolved carbonate (Fig. 1c). The aggregates are made up of densely packed
framboids, each <1 pm in diameter, with interstitial cement®. Pyrite III (PyIII) consists of massive/anhedral
crystals and aggregates, up to > 100 um across, commonly enclosing framboidal PyII, and locally embedded in a
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Fig. 1. Pyrite in Tilkerode’s carbonate-hematite + selenide vein. a: Subhedral to euhedral Pyl crystals, spatially
associated with chalcopyrite in clausthalite. b: PyII aggregates of framboids, <1 pm size in diameter. The
framboids display pyritohedron and octahedron morphologies. c¢: Clusters of aggregates of framboidal PyII in
carbonate-dissolution voids. d: Framboidal PylI aggregates of different sizes overgrown by massive, subhedral
to anhedral PylIIl. The gray material with brownish internal reflections is limonite, formed during late-stage
weathering. e, f: Clusters of aggregates of framboidal PylI in hematite-dissolution voids. Round holes in

PyIl aggregates are SIMS spots. g: Framboidal PyII surrounded by subhedral PyIII. h: Carbonate-hematite

+ selenide vein-type mineralization. The whitish mineral is carbonate; the reddish color indicates hematite;
selenides appear dark gray. a-d: Photomicrographs, reflected light, oil immersion. e-g: BSE images showing
SIMS spot positions. h: Photograph. Abbreviations: Cb - carbonate; Cla - clausthalite; Ccp - chalcopyrite;
Hem - hematite; Lim - limonite; Py - pyrite; Se — selenides.
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late, supergene Fe-oxyhydroxide-rich, limonite-like groundmass (Fig. 1d, g). SIMS analyses of framboidal PyII
from two samples show extreme variations in S isotopes from -8.5+0.6%o to +92.5+3.9%0 6%S (n=34), with
a total difference of A3*S=101%o. SIMS analyses of PylIII vary from -40.2 +0.5%o to +79.1£0.3%o0 8>S (n=19),
with a total difference of A*S=119%o (Fig. 2; ESM Table S2).

Carbonate-hosted fluid inclusions

Transmitted-light microscopy and Raman spectroscopy results reveal that the white carbonate closely
intergrown with clausthalite is ankerite, forming clear, non-luminescent crystals, as well as polycrystalline
aggregates. The ankerite crystals commonly host two-phase (liquid+vapor) fluid inclusions at room temperature.
Together, Raman spectroscopy and microthermometric measurements indicate a complex brine composition.
Eutectic melting temperatures (T,) from - 53 to -51 °C point to CaCl,-NaCl-dominated solutions. Ice-melting
temperatures (T, ) indicate total salinity between 19 and 27% NaCl, (mass-percent equivalent in NaCl;
Fig. 3b). The homogenization temperatures range from 89 to 174 °C (n=34), though most analyses fall in a
narrow range from 136 to 162 °C (n=24; Fig. 3a). A list of all relevant temperatures for eutectic melting (T,),
hydrohalite melting (T, ;;,,), final ice melting (T_, ), and total homogenization (T, ,...,) is presented in ESM
Table S3. Combined data indicate a brine composition of 73-80% H,0, 3-14% NaCl and 7-21% CaCl, (Fig. 3c).
Isochores calculated for the fluid inclusions indicate fluid entrapment conditions of 200-250 °C at 1.4-1.6 kbar
(0.14-0.16 GPa), which corresponds to crustal depths of 4.8 to 5.6 km by applying a lithostatic geothermal
gradient of 40 °C/km (Fig. 4).

Uranium-Pb dating of carbonate

To place constraints on the age of pyrite formation, calcite was dated from an oxidized domain of a carbonate
vein, where the commonly white calcite has been dyed red by fine dispersed iron-oxide minerals (Fig. 5a). In situ
U-Pb analyses of 91 spots of this domain yielded an age of 60.3+£6.0 Ma (MSWD=0.81; n="79 of 91; Fig. 5b),
indicating equilibration of the U-Pb system under oxidizing conditions during the Early Tertiary.

Discussion

The microthermometry results provide evidence that ankerite, coexisting with clausthalite, formed at
temperatures of 200-250 °C (Fig. 4), well compatible with the conditions under which abiotic TSR operates,
but at odds with the presence of the selenium-mineral umangite. This mineral was reported in the early-stage
selenide assemblage as defined by Tischendorf*’; however, it cannot be formed at temperatures above 112 °C*.
We further note that TSR commonly results in §34S shifts of less than 15-20%o relative to the source sulfate!*1%17,
whereas the analyzed framboidal pyrite (PylI) and the anhedral pyrite (PyIII) from Tilkerode record an extreme
range covering 133%o 8°4S. This suggests that both generations were mainly formed as a result of MSR rather
than abiotic TSR. Extremely positive 84S values, as analyzed from PylII (up to +92.5+3.9%o), but also from
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Fig. 2. Histogram of ion-microprobe analyses of S isotopic compositions of framboidal PyII and anhedral
PylIL.
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Fig. 3. Microthermometric results of fluid inclusions in carbonate (ankerite). a: Histogram of homogenization
temperature (T, , ) of fluid inclusions. b: Histogram of total salinity of fluid inclusions. c: Brine
H,0-NaCl-CaCl, composition of fluid inclusions.

PyIII (up to +79.1 £ 0.3%o), can only be reached by MSR under closed system conditions, when a limited amount
of sulfate was progressively depleted at a slow cell-specific rate’. The §**S values down to -8.5+0.6%o (PylIl) and
-40.2+0.5%o (PylIII) suggest that the environment changed during MSR, perhaps from closed- to more open-
system conditions, and accompanied by an increase in sulfate availability.

We note that extreme S isotopic fractionation has already been recorded from different settings in the
deep biosphere. For example, a total §**S range from —54%o to + 132%o 84S, was found for pyrite (both with
and without framboidal habit) in fractures transecting granitic rocks of the Baltic shield in Sweden®”. These,
currently most extreme **S enrichment of fracture-hosted pyrite, sampled from the surface down to 1,660 m
below sea level, has been attributed to a slow MSR rate in response to a combination of factors, comprising
shortage of nutrient and/or electron donor, and Rayleigh fractionation of limited sulfate?”. The latter has also
been invoked to account for a similar 34S enrichment in the range of 70 to 100%o, found in framboidal pyrite in a
low-temperature hydrothermal system of the Taupo Volcanic zone in New Zealand*3, although temperature and
depth for that vein system are not well established.

For the Tilkerode vein system neither the depth nor the temperature exceeded approximately 5 km and 200-
250 °C, as indicated by our fluid inclusion data from ankerite (Fig. 4). These represent boundary conditions for the
deep biosphere. However, the upper temperature limit for microbial life is 122 °C as determined by experiments*.
This apparent discrepancy is solved by taking the tectono-thermal evolution of the Harz Mountains, hosting the
Tilkerode vein system, into account. Results of apatite fission track and U-Th(He) dating® indicate rapid uplift
and erosion of the Harz Mountains of about 2-3 km during the Late Cretaceous at ca. 85 Ma, traversing quickly
through the partial annealing zone from >120 °C to <60 °C. Taking this into account, the fluid inclusion data
from ankerite represent the P-T conditions prior to Late Cretaceous uplift caused by reverse faulting along
the “Harznordrand” fault (stage I in Fig. 6). In contrast, the framboidal PyII and anhedral PyIII were formed
during a syn- to post-uplift period (stage II). Fast uplift not only caused rapid cooling from approximately
250 °C down to <120 °C, but also the reactivation of existing vein systems. Furthermore, it enabled oxygenated,
surface-derived aqueous fluids to percolate from overlying Paleozoic and Mesozoic cover rocks, including
sulfate successions of the Zechstein sulfates with §%S of 11+1%0, into the underlying crystalline basement,
where these interacted with the pre-existing selenide-bearing carbonate-hematite vein system (Fig. 6). Coarse-
grained laths of hematite, exceeding 50 pm in length, would then have been dissolved, resulting in tabular voids
filled with framboidal PyII (Fig. 1b, ¢). In this context, it is worthwhile noting that coarse-grained hematite is
chemically stable at near-surface conditions, but becomes increasingly soluble at temperatures above 50 °C in
the presence of organic acids®!, which also could account for the dissolution of ankerite, now forming voids filled
with framboidal PyII (Fig. 1c). A potential source for the organic acids, but also for the methane needed to drive
MSR at temperatures < 120 °C%, could have been the wall-rock graptolite shale*. In addition, it is likely that
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Fig. 4. Diagram of temperature vs. pressure (depth), showing the intersection of isochores, calculated from
microthermometric measurements of fluid inclusions in ankerite, with a Mesozoic lithostatic geothermal
gradient of 40 °C/km and a present lithostatic gradient of 27 °C, calculated for a density of 2.73 g/cm?®
(graptolite shale). The gray vertical lines marked with CPL indicate the high-temperature and high-pressure
limit for possible cell proliferation (after®.

hematite, as a potential iron donator, was directly replaced during MSR, leading to the formation of framboidal
PylL.

The sulfate needed for MSR was either transported with downward percolating oxidizing surface fluids, e.g.,
from overlying Zechstein sulfate layers, or resulted from the interaction of Se-bearing oxidizing fluids with
existing sulfides, such as Pyl, chalcopyrite, or even galena [PbS]. Galena perhaps was extensively replaced by
clausthalite [PbSe]*?, and the released sulfate then available for metabolization by microorganisms.

Microorganisms in the deep biosphere are expected to metabolize 10*- to 10°-fold slower than those
in nutrient-rich environments®. Such slow MSR rates, in addition to a limited sulfate availability, are ideal
conditions for MSR that yields framboidal pyrite with extremely positive §*4S values. Lower §*4S down to -8%o
measured on the framboidal PylII could be explained by temporal and spatial variations in bacterial activity
and sulfate availability in the Tilkerode vein system. The lowest §**S of -41%o estimated on PylIll perhaps also
resulted from MSR, but in an open-system environment, which was reached during ongoing uplift and erosion
of the Harz Mountains, allowing for a more voluminous infiltration of surface fluids at lower temperatures, and
higher bacterial activity. We note that the lowest 8*S values overlap those measured on pyrite in marine black
shales of the Lower Permian Kupferschiefer’*. The high and variable §S values of the anhedral PyIII might also
result from partial reworking of the pre-existing framboidal Pyll, in line with observed overgrowth microfabrics
(Fig. 1d). Overgrowths relationships further indicate, that all MSR activities occurred prior to the formation of
limonite, which represents a very late-stage phase of fluid alteration related to the final exhumation of the Harz
Mountains during the Cenozoic®. Our new results of carbonate dating suggest that formation of framboidal
PyII and anhedral PyIII occurred prior to the Early Tertiary at 60+ 6 Ma, when the U-Pb system of carbonate
veins became equilibrated under oxidizing conditions (Fig. 5). At this time, the Tilkerode vein system was still
at 1-2 km depth (T=30-60 °C), as is constrained by U-Th(He) modelling results carried out for the Paleozoic
basement of the Eastern Harz Mountains®.
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Fig. 5. Results of U-Pb carbonate dating by LA-ICP-MS. (a) Laser spot positions - indicated by the red square
- within a highly oxidized carbonate domain, red dyed by iron oxide. The domain occurs in a typical white
carbonate-hematite vein. (b) Tera-Wasserburg diagram with dating results.

Conclusion

Tilkerode’s framboidal pyrite shows an extreme diversity in §*4S values, extending from - 8%o to +93%o0 63%S.
The extreme S enrichment is attributed to MSR in an essentially closed, albeit toxic system of limited sulfate
availability. Pyrite framboids (PylI) formed during hematite dissolution at depths of 0.8-1.8 km, after rapid
uplift and cooling of the Tilkerode vein system from ~ 5 to ~ 2 km depth, and from 220 °C to <120 °C during the
Cretaceous. Anhedral pyrite (PylIl), also with extreme 8%*S values from - 40 to +79%o formed afterwards under
successively more open-system conditions, related to ongoing uplift and cooling until the Early Tertiary, but
prior to highly oxygenated conditions reflected by late-stage limonite. Tilkerodes vein system records the deep-
biosphere transition from low-temperature hydrothermal conditions at <120 °C to a near-surface weathering
environment.
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Fig. 6. Two-stage model explaining the formation of framboidal pyrite with extreme S isotopic fractionation
in Se-bearing hematite-carbonate veins of the Harz Mountains. a: Late Cretaceous reverse faulting along the
Harz-Nordrand (H.N.) fault caused uplift and cooling of the Tilkerode vein system from stage I (~ 5 km depth,
T=200-250 °C) to stage II (~2 km depth, T <120 °C), and downward percolation of oxidizing, sulfate-bearing
fluids into the Paleozoic basement, resulting in microbial sulfate reduction (MSR). b: Stage I hematite and
ankerite enclosed in clausthalite were partially dissolved during stage IT and the voids filled with framboidal
pyrite (PylI), showing extreme variations in §**S values typical for MSR under closed-system conditions with
very limited sulfate availability and slow metabolism. Subsequently, PyII was overgrown by anhedral PyIII,
also showing extreme 833, albeit with more negative values, perhaps reflecting MSR under successively more
open-system conditions. Late-stage limonite replacing PyIII indicates the final oxidation stage. Fluid inclusions
in ankerite reflect conditions during stage I. Abbreviations: Ank — ankerite; Cla — clausthalite; Hem - hematite;
Lim - limonite; Py - pyrite.
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