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e Cluster of Excellence EXC 2124, Controlling Microbes to Fight Infection, Tübingen University, Tübingen, Germany

A R T I C L E  I N F O

Editor: Marco Fiorentini

Keywords:
Hydrothermal systems
SEDEX
Rammelsberg
SIMS
Mineral-fluid interaction

A B S T R A C T

Stable isotope compositions in pyrite are widely employed for tracing microbial sulfur and iron cycling through 
geological time. In hydrothermal sulfide systems, however, sulfur and iron pools can be affected by both mi
crobial and abiotic processes, limiting the applicability of the respective stable isotopes as biosignatures. 
Moreover, the diagenetic and metamorphic stability of sulfur and iron isotope signatures in pyrite under hy
drothermal conditions is insufficiently understood. Here, we employed coupled in-situ Secondary Ion Mass 
Spectrometry (SIMS) triple sulfur (δ34S and Δ33S) and iron (δ56Fe) isotope analysis on morphologically diverse 
pyrite in ~390 Ma sediment-hosted massive sulfides to better understand biosignature preservation in hydro
thermal systems. Petrographic analysis reveals recrystallized or cemented framboid-like pyrite that was locally 
overgrown by a secondary generation of subhedral pyrite. δ34S and Δ33S signatures of the pyrites (− 15.13 to 
+18.77 ‰ and − 0.21 to +0.26 ‰, respectively) can be explained by either microbial or thermochemical sulfate 
reduction. However, the isotopically lightest δ34S value in framboid-like pyrite (− 15.13 ‰) most likely repre
sents a mixed signal of early diagenetic microbial sulfur cycling and later sulfidic hydrothermal fluids driving 
recrystallization or cementation. The same pyrites show highly variable δ56Fe compositions (− 1.30 to +2.19 ‰), 
indicating precipitation from hydrothermal Fe(II) at varying rates and/or pyritization of a diagenetically frac
tionated iron pool. The lower median δ56Fe value in framboid-like versus subhedral pyrite points to a greater 
expression of kinetic and equilibrium fractionation in the former. This may reflect differences in precipitation 
rates between early diagenetic (microbial) processes and hydrothermal overprint of the system, consistent with 
textural evidence for framboid recrystallization or cementation, and overgrowth. Nevertheless, the likely pres
ence of microbially formed pyrite and the incomplete equilibration with hydrothermal fluids highlight that 
signatures of early diagenetic redox cycling can be preserved in hydrothermal sulfides despite alteration by 
sulfidic fluids or greenschist metamorphism. Our study stresses the challenges and potentials of coupled textural 
and in-situ stable isotope analysis for tracing microbial sulfur and iron cycling in hydrothermal sulfide systems 
through Earth’s history.

1. Introduction

Hydrothermal sulfide systems are among the most ancient habitats 
on Earth and, thus, may provide an essential window into the emergence 
and evolution of microbial metabolism (Rasmussen, 2000; Georgieva 

et al., 2021; Mißbach et al., 2021; Baumgartner et al., 2022; Runge et al., 
2023a; Weimann et al., 2024). The ancient equivalents of these envi
ronments are volcanogenic and sediment-hosted massive sulfide de
posits (Huston et al., 2010; Wilkinson, 2014; Tornos et al., 2015). In 
sedimentary systems, iron sulfide mineral formation (including pyrite, 
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cubic FeS2) is commonly mediated by microbial iron and sulfur cycling 
(Rickard, 1969; Strauss, 1997; Canfield et al., 1998; Donald and 
Southam, 1999; Picard et al., 2016; Thiel et al., 2019; Berg et al., 2020; 
Gorlas et al., 2022; Bronner et al., 2023; Truong et al., 2023; Runge 
et al., 2024; Smrzka et al., 2024). Since these processes can occur at 
temperatures exceeding 100 ◦C (e.g., Jørgensen et al., 1992; Kashefi and 
Lovley, 2003), some pyrite in hydrothermal environments may also 
derive from microbial sulfur and iron cycling. However, in these set
tings, pyrite commonly precipitates abiotically from iron-rich and sul
fidic hydrothermal fluids (Schoonen and Barnes, 1991; Butler et al., 
2004; Wang et al., 2022; Früh-Green et al., 2022) or may result from the 
abiotic sulfidation of magnetite (Canfield and Berner, 1987; Qian et al., 
2010, 2013; Bendt et al., 2019; Runge et al., 2023b, 2024) at relatively 
high temperature. Thus, gleaning information on past microbial pro
cesses from ancient hydrothermal sulfides depends on our ability to 
distinguish biogenic from abiogenic pyrite, as well as primary pyrite 
from subsequent generations.

Major sulfur and iron stable isotopes (i.e., 32S, 34S, 54Fe, 56Fe) in 
pyrite are among the most applied tools for deciphering the biogenicity 
of pyrite in modern and ancient environments (Butler et al., 2004; 
Eickmann et al., 2014; Duda et al., 2016; Marin-Carbonne et al., 2020; 
Nozaki et al., 2020, 2024; Baumgartner et al., 2020; Pokrovski et al., 
2021; Decraene et al., 2021; Moreras-Marti et al., 2022; Dupeyron et al., 
2023; Reinhardt et al., 2024). In the case of stable sulfur isotopes, the 
largest fractionations are associated with microbial sulfur cycling (MSC) 
(Canfield, 2001). Dissimilatory sulfate reduction (DSR), possibly in 
conjunction with re-oxidation of sulfide and subsequent elemental sulfur 
disproportionation, can cause isotope fractionation approaching equi
librium (Δ34Ssulfate-sulfide ≈ 70 ‰ at 20 ◦C: Sim et al., 2011a; Wing and 
Halevy, 2014; Halevy et al., 2023). Accordingly, strongly 34S-depleted 
sulfide minerals in volcanogenic and sediment-hosted deposits 
throughout the geological record were interpreted as evidence for MSC 
(Eldridge et al., 1993; Taylor, 2004; Present et al., 2017; Lode et al., 
2017; Slack et al., 2019; Velasco-Acebes et al., 2019).

The true fractionation during DSR can vary between 0 and 70 ‰, 
depending on the microbial strain and environmental parameters, such 
as carbon and sulfur availability or temperature (Chambers et al., 1975; 
Habicht et al., 2002; Farquhar et al., 2003; Bradley et al., 2016; Sim 
et al., 2023). At temperatures ≥100 ◦C, thermochemical sulfate reduc
tion (TSR) dominates and can also cause substantial sulfur isotope 
fractionation via a kinetic isotope effect (KIE; maximum Δ34Ssulfate-pyrite 
≈ 20 ‰ at 100 ◦C: Kiyosu and Krouse, 1990; Machel et al., 1995). 
Theoretical estimates suggest that the equilibrium isotope effect (EIE) 
between sulfate and sulfide (Δ34Ssulfate-pyrite) at 100 ◦C is ≈ 43 ‰, giving 
an upper limit for sulfur isotope fractionation in TSR systems (Eldridge 
et al., 2016). Notably, Rayleigh distillation due to pyrite precipitation 
following DSR or TSR occurring under closed system conditions (i.e., 
when sulfate reduction rates exceed the resupply of sulfate) would 
produce 34S-enriched sulfate in the residual porewater (Zaback et al., 
1993; Jørgensen et al., 2004; Drake et al., 2018; Paiste et al., 2022). This 
can result in microscale δ34Spyrite values close to those of the initial 
sulfate source. Therefore, sulfide minerals in hydrothermal systems may 
not be 34S-depleted even in the presence of DSR, suggesting biological 
activity remains undetected in many cases.

Minor sulfur isotopes (33S and 36S) might help disentangle microbial 
from abiotic sulfur cycling in hydrothermal deposits further. For 
instance, the theoretical relationship between the fractionation factors 
between sulfate and sulfide (αsulfate-sulfide = Rsulfate/Rsulfide; R = isotope 
ratio) for 33S/32S and 34S/32S ratios during mass-dependent equilibrium 
fractionation is related by the exponent 33θ and described by the 
function: 

α33/32
sulfate− sulfide =

(
α34/32

sulfate− sulfide

)33λ 

However, the exponent 33λ (0.515 at low-temperature equilibrium) 
varies slightly between different mass-dependent fractionation 

processes, resulting in deviations from the theoretical EIE expressed as 
non-zero Δ33S (Farquhar et al., 2007). For instance, DSR, chemo
lithotrophic sulfide oxidation, and sulfur disproportionation are asso
ciated with 33θ between 0.5077 and 0.5187, corresponding to positive 
Δ33S deviations in the produced sulfur species of up to ca. +0.23 ‰ 
(Johnston, 2005; Sim et al., 2011b; Zerkle et al., 2016; Moreras-Marti 
et al., 2022). In contrast, Δ33S deviations associated with abiotic sulfide 
oxidation by O2 are minor (0.037 ± 0.014 ‰: Eldridge and Farquhar, 
2018). Therefore, minor sulfur isotopes may provide a powerful means 
to reconstruct sulfur cycling in hydrothermal systems.

The largest δ56Fe variations in Earth’s surface environments are 
caused by early diagenetic redox reactions (Johnson et al., 2020; Dau
phas et al., 2024). More specifically, partial oxidation (abiotic or biotic) 
of Fe(II) generates a 56Fe enriched Fe(III) pool, which then rapidly 
precipitates as Fe(III) (oxyhydr)oxide minerals with positive δ56Fe sig
natures under circumneutral conditions (Johnson et al., 2020). Partial 
reduction of Fe(III) minerals generates Fe(II) with a negative δ56Fe 
signature of down to − 3 ‰ in equilibrium (Dauphas et al., 2017; 
Johnson et al., 2020). This can occur biologically during microbial 
dissimilatory Fe(III) reduction (Beard et al., 1999; Chanda et al., 2021; 
Crosby et al., 2005; Fortney et al., 2016). Moreover, the chemical 
reduction of Fe(III) (oxyhydr)oxides by sulfide, which is considered a 
critical process in sulfidic low-temperature and hydrothermal systems 
(Canfield and Berner, 1987; Poulton et al., 2004; Runge et al., 2023b, 
2024), can produce δ56FeFe(II)aq of ca. -1 ‰ depending on mineralogy 
and reaction rates (McAnena et al., 2024).

If microbial Fe(III) reduction occurs in a closed system, the initial 
production of a light (i.e., 54Fe enriched) Fe(II) pool can drive the re
sidual iron pool towards heavier δ56Fe compositions (Chever et al., 
2015). Similarly, while the reductive dissolution of iron-bearing mineral 
particles initially yields isotopically light Fe(II), δ56Fe compositions will 
progressively approach values closer to the iron source (Chever et al., 
2015; McAnena et al., 2024). Moreover, the precipitation of isotopically 
light FeS can increase the δ56Fe value of the residual iron pool (Butler 
et al., 2005; Severmann et al., 2006; Sivan et al., 2011; Roy et al., 2012). 
The δ56Fe values of pyrite are additionally influenced by KIE and EIE. 
The KIE results in a more negative fractionation at faster precipitation 
rates, while the EIE causes a more positive fractionation at lower tem
peratures, which may be less expressed due to lower isotope exchange 
rates (Butler et al., 2005; Polyakov et al., 2007; Guilbaud et al., 2011; 
Syverson et al., 2013; Rolison et al., 2018; Mansor and Fantle, 2019). 
This inverse relationship between KIE and EIE during precipitation can 
diminish the apparent stable iron isotope fractionation, potentially 
blurring redox-dependent signals in hydrothermal pyrite.

The alteration of minerals by diagenetic hydrothermal fluids can 
affect sulfur and iron stable isotope records. For instance, in-situ sulfur 
isotope analysis of modern and ancient hydrothermal sulfides by sec
ondary ion mass spectrometry (SIMS) indicates that high-temperature 
fluids can drive the recrystallization of framboidal pyrite and its asso
ciated evolution of δ34S values towards heavier compositions (Liu et al., 
2022; Nozaki et al., 2024). Moreover, the overgrowth of early diagenetic 
pyrite with secondary hydrothermal generations is common in these 
systems (Eldridge et al., 1988; Nozaki et al., 2020, 2024; Spinks et al., 
2021; Meng et al., 2022; Martin et al., 2023). Notably, the few published 
stable iron isotope studies on sulfide minerals in ancient volcanogenic 
and sediment-hosted deposits did not reveal evidence for microbial iron 
cycling (Gagnevin et al., 2012; Otake et al., 2021), in contrast to studies 
on their modern counterparts (i.e., seafloor hydrothermal sulfide sys
tems) (Toner et al., 2016). This might suggest that ancient deposits have 
experienced a more intense alteration of their initial iron isotope re
cords. For instance, pyrite precipitation experiments at 300–450 ◦C 
demonstrated an increase in δ56Fe value in pyrite over time due to EIE 
with Fe(II)aq during recrystallization (Syverson et al., 2013; Pokrovski 
et al., 2021). Such exchange reactions can significantly alter δ56Fe sig
natures even at temperatures as low as 80 ◦C (Mansor and Fantle, 2019). 
These examples suggest a potential preservation bias against stable 
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isotope signatures of microbial sulfur and iron cycling. At the same time, 
they highlight that bulk analysis of isotopically zoned precipitates might 
yield mixed signals, potentially blurring microbial signatures (Marin- 
Carbonne et al., 2020; Nozaki et al., 2024). This underlines the need to 
assess the preservation potential of isotopic biosignatures in minerals 
from hydrothermal sulfide systems by combining textural and in-situ 
stable isotope analysis.

Here, we assessed the preservation of isotopic signatures indicative 
of microbial sulfur and iron cycling recorded in pyrite in the 390- 
million-year-old Rammelsberg deposit (Germany), a well- 
characterized example of sediment-hosted massive sulfides. We 
coupled textural analysis by reflected light (RL) and scanning electron 
microscopy (SEM) with in-situ SIMS triple sulfur (δ34S, Δ33S) and iron 
isotope data (δ56Fe). This combined approach revealed evidence for 
hydrothermal alteration of early diagenetic pyrite of likely microbial 
origin. We emphasize the challenges and potentials of coupled textural 
and in-situ sulfur and iron isotope analysis of pyrite for reconstructing 
microbial redox cycling in ancient hydrothermal sulfide systems, 
including some of the oldest rocks on Earth.

2. Geological context

The Rammelsberg sediment-hosted hydrothermal sulfide deposit is 
in the Harz Mountains, Northern Germany. The sulfide ore body occurs 
within a sedimentary succession deposited in the Goslar Trough – a 
continentally influenced semi-restricted marine basin that formed dur
ing regional extension before the Variscan orogeny (Ramdohr, 1953; 
Paul, 1975; Sperling, 1986; Walcher, 1986; Sáez et al., 2011; Moreno 
et al., 2019) (Fig. 1). The Rammelsberg deposit is hosted within the 
‘Wissenbacher Schiefer’, a local subunit of the Middle Eifelian to Middle 
Givetian Goslar Formation (Buchholz and Luppold, 2008) (Fig. 1). The 
ore equivalent horizon (i.e., the unmineralized lateral extension of the 
ore body; Fig. 1) dominantly consists of shales (with minor carbonate 
and pyrite) interbedded with siltstones and fine-grained sandstones, 
interpreted as distal turbiditic sediments (Walcher, 1986; Large and 
Walcher, 1999; Sáez et al., 2011; Moreno et al., 2019). Redox-sensitive 

trace element characteristics (V, Mo, U) in the shales suggest oxic bot
tom waters with the redox boundary below the sediment surface (Sáez 
et al., 2011). Organic carbon (Corg) contents are relatively low (<1 wt 
%), which at least in parts may be due to Corg oxidation during TSR (Sáez 
et al., 2011).

The formation of the Rammelsberg sulfide ore body was tightly 
coupled to the subsidence of the Rhenohercynian basin (Large and 
Walcher, 1999; Moreno et al., 2019). Accordingly, metal-rich hydro
thermal fluids were channeled to the seafloor via deeply rooted exten
sional faults. The ‘Kniest’ zone crosscuts the footwall shale horizon and 
likely served as the central feeder zone during ore formation (Large and 
Walcher, 1999; Moreno et al., 2019). The cyclic intercalation of the 
sulfide ores with partially replaced black shale layers and fragments 
demonstrates that the ore formation proceeded in several pulses and 
syngenetically to the deposition of the Wissenbacher Schiefer (Large and 
Walcher, 1999; Sáez et al., 2011).

The major minerals in the ore body are sphalerite [ZnS], galena 
[PbS], barite [BaSO4], chalcopyrite [CuFeS2], and pyrite [FeS2], with 
pyrite as the dominant iron sulfide (Large and Walcher, 1999; Sáez et al., 
2011; Moreno et al., 2019). Microthermometric analysis of fluid in
clusions in the Kniest and sulfur isotope pairs between sphalerite, 
galena, and chalcopyrite in the ore body suggest minimum temperatures 
of 130–180 ◦C for the mineralizing brine (Nielsen, 1985; Muchez and 
Stassen, 2006). Sulfur input from hydrothermal sources is evident by the 
higher pyrite content of the Rammelsberg deposit (up to 25 wt.-%) 
compared to the ore equivalent horizon in the Wissenbacher Schiefer, 
which only has minor authigenic framboidal and euhedral pyrite 
(Walcher, 1986; Sáez et al., 2011). The fluid circulation was also asso
ciated with hydrothermal iron input, as evidenced by iron enrichment in 
chlorites from the Kniest compared to the ore equivalent horizon (Large 
and Walcher, 1999). Fe:S ratios in the ore equivalent horizon exceed the 
stoichiometry of pyrite, partly due to the presence of iron carbonates of 
possible hydrothermal origin (Large and Walcher, 1999; Sáez et al., 
2011). Hydrothermal alteration of the ore equivalent horizon is also 
reflected in increased carbonate and silica content near the Kniest (Large 
and Walcher, 1999). Deformation of the Rammelsberg deposit occurred 
during the Variscan orogeny, although at a low metamorphic grade (up 
to 260 ◦C: Ramdohr, 1953; Muchez and Stassen, 2006).

3. Materials and methods

3.1. Reflected light (RL) and scanning electron microscopy (SEM)

The analyzed sample originates from the ‘banded ore’ of the Ram
melsberg deposit (Goslar, Harz mountains, Germany), a UNESCO World 
Heritage site. It was stored in the rock collection of the Department of 
Geobiology at the University of Göttingen (sample ID: Rammelsberg 
2120). Before reflected light (RL) and scanning electron microscopy 
(SEM), the sample was polished using 1 and 0.25 μm diamond paste. RL 
microscopy images were recorded using a Keyence VHX-6000 digital 
microscope at the University of Göttingen. SEM was performed using a 
Crossbeam 550 L SEM (Zeiss, Oberkochen, Germany) operating at an 
acceleration voltage of 20 kV and working distances of 9.1 mm. All 
micrographs were taken using the backscattered electron detector 
(BSD). The textural classification of the analyzed pyrite grains was based 
on SEM observation of the following criteria: ‘framboid-like pyrite’ in
cludes sensu stricto framboids (i.e., spherical aggregates of microcrystals 
exhibiting a raspberry-like texture) and morphologically similar spher
ical grains; ‘subhedral pyrite’ has at least one well-developed crystal face 
(see Supplementary Fig. 1 for SEM images of all selected grains).

3.2. Secondary ion mass spectrometry (SIMS)

In total, 51 pyrite grains were analyzed for their iron isotope 
composition using the SIMS instrument (Cameca IMS 1280-HR) at the 
SwissSIMS facility of the University of Lausanne. 25 out of 51 pyrite 

Fig. 1. Schematic of the Goslar Trough during the initial rift stage of the 
Variscan orogeny (not to scale). Hydrothermal fluid circulation and sulfide ore 
formation occurred during deposition of the Middle Eifelian Wissenbacher 
Schiefer. The sample analyzed in this study originates from the ore body. 
Redrawn after Sáez et al. (2011) and Moreno et al. (2019).
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grains were additionally analyzed for their sulfur isotope composition 
using the same instrument. The sample was cut from a polished petro
graphic thin section using a diamond wire saw and embedded in indium 
in an aluminum sample mount. The topography of the sample mount’s 
surface was assessed using a white light microscope and was less than 3 
μm. Two reference standard grains (Balmat and Ruttan pyrite, White
house and Fedo, 2007; Pasquier et al., 2024) were included in each 
sample mount, and the mounts were gold-coated before analysis. The 
placement of SIMS spots within the target grains was verified by SEM 
after the analysis (Supplementary Fig. 1). The uncertainties associated 
with the SIMS analyses presented in this study are shown as 2σ.

SIMS analyses of iron isotope compositions followed the procedure 
detailed in Decraene et al. (2021). Pyrite grains were sputtered by a ~ 
3.0 nA primary O− beam focused to a 2.5–3 μm spot. The isotopes of 
52Cr, 54Fe, 56Fe, and 57Fe were measured in multicollection mode with 
three off-axis Faraday cups and one electron multiplier for 52Cr. The 
mass resolving power (MRP) was set at ~6800 to resolve interferences 
on 54Fe+ (53CrH+, MRP: +6088) and 56Fe+ (55MnH+, MRP: +5118). The 
mass of 52Cr+ was measured to correct the 54Cr+ isobaric interference on 
54Fe+ (Marin-Carbonne et al., 2011), as some samples display relatively 
high Cr content. Iron isotope compositions are reported as per mil var
iations of 56Fe/54Fe ratios measured in the samples normalized to that of 
the international standard (Institute for Reference Materials and 
Measurements-014, IRMM-014; Eq. (1)). 

δ56Fe =

⎡

⎢
⎢
⎢
⎣

(
56Fe
54Fe

)

sample
(

56Fe
54Fe

)

IRMM− 014

− 1

⎤

⎥
⎥
⎥
⎦

*1000 (1) 

One analysis consisted of 90 s of pre-sputtering, during which 
centering of the primary beam and calibration of the Faraday cups was 
performed, followed by 40 cycles of analyses (total of 300 s). Balmat 
(δ56Fetrue = − 0.40 ± 0.01 ‰: Whitehouse and Fedo, 2007) was used as a 
primary reference material to correct the instrumental mass fraction
ation (IMF) inherent to the SIMS technique. The IMF corrected (IMFcorr) 
for the unknowns (ukn; δ56Feukn,IMFcorr) is calculated according to Eq. 
(2)

δ56Feukn,IMFcorr = 1000 •

⎡

⎢
⎢
⎣

1 +
δ56Feukn,meas

1000
α − 1

⎤

⎥
⎥
⎦ (2) 

where 

α =
1
n
∑n

i=1

1 +
δ56FeRM,meas,i

1000

1 +
δ56FeRM,true

1000

(3) 

and RM stands for reference material, meas for measured by SIMS, n is 
the total number of measurements performed on the reference material 
throughout the SIMS session, and true refers to the bulk ratio of the 
reference material determined by Multi Collector Inductively Coupled 
Mass Spectrometry (MC-ICP-MS). The reproducibility of the primary 
standard was ±0.19 ‰ (July 2022 session).

SIMS analysis of sulfur isotope compositions followed an established 
routine procedure (Whitehouse, 2013). A Cs+ primary beam of ~1.1 nA 
intensity was focused to a spot of approximately 10–15 μm. The typical 
32S− intensity was between 8.2 × 108 and 1.3 × 109 counts per second 
for sulfide. The 32S− , 33S− , and 34S− were measured in multicollection 
mode with three off-axis Faraday cups. The mass resolution was set to 
~5000 to resolve the isobaric interferences due to the hydride contri
bution on 33S− (32SH− , MRP: +3911). A typical analysis consisted of two 
minutes of pre-sputtering in raster mode and data acquisition in 40 cy
cles of five seconds each. The background of the detectors was measured 
during the pre-sputtering and was then corrected for each analysis. 
Sulfur isotope compositions are reported as per mil variations of 34S/32S 

and 33S/32S ratios measured in the samples normalized to that of the 
international standard (Vienna-Canyon Diablo Troilite, V-CDT; Eq. (4)) 

δ3xS =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

(
3xS
32S

)

sample
(

3xS
32S

)

V− CDT

− 1

⎤

⎥
⎥
⎥
⎥
⎥
⎦

*1000 (4) 

where x = 33 or 34.
The internal precision achieved under these conditions was better 

than ±0.16 ‰ for δ34S and better than ±0.12 ‰ for δ33S values. Several 
pyrite reference materials (Maine: δ34S = − 20.61 ± 0.05 ‰, δ33S =
− 10.63 ± 0.02 ‰; Spain: δ34S = − 1.56 ± 0.26 ‰, δ33S = − 0.78 ± 0.13 
‰; and Balmat: δ34S = +15.84 ± 0.92 ‰, δ33S = +8.12 ± 0.48 ‰; 
Muller et al., 2017) were measured to determine the reference mass 
discrimination line, from which Δ33S values were calculated. Balmat 
was used as a primary reference material to correct for IMF, and 
δ33SIMFcorr and δ34SIMFcorr were both calculated following the procedure 
described above for δ56Feukn,IMFcorr. Ruttan was used as a secondary 
reference material to crosscheck the instrumental stability and calibra
tion. The reproducibility was found to be ±0.17 ‰ (δ34S) and ± 0.28 ‰ 
(δ33S) for the primary standard and ± 0.28 ‰ (δ34S) and ± 0.26 ‰ 
(δ33S) for the secondary standard (September 2022 session). The Δ33S 
values presented in this article were calculated according to Eq. (5). The 
uncertainties associated with the Δ33S values are shown as the square 
root of the sum of the squared internal and external errors for each sulfur 
isotope. 

Δ33S = δ33S − 1000*

[(

1+

(
δ34S
1000

)0.516)

− 1

]

+0.013 (5) 

4. Results

4.1. Reflected light (RL) microscopy and scanning electron microscopy 
(SEM)

RL microscopy revealed the presence of layers rich in pyrite, chal
copyrite, sphalerite, and galena (Fig. 2A). Pyrite occurred as framboid- 
like and subhedral grains (Fig. 2B-D). Locally, the sample contained 
pyrite-bearing black shale fragments (Fig. 2D). Framboid-like pyrite was 
generally ca. 10 to 20 μm in size (Fig. 3A; Supplementary Fig. 1). 
Notably, some framboid-like pyrite did not show the characteristic 
raspberry-like internal texture observed in pristine framboids (Fig. 3A; 
Supplementary Fig. 1). Subhedral pyrite was 10 to several tens of μm in 
diameter (Figs. 3C-D, Supplementary Fig. 1). Subhedral pyrite locally 
overgrows framboid-like pyrite (Fig. 3B) and displays growth zonation 
(Fig. 3D). Notably, the distribution of pyrite morphotypes across the 
sample is heterogeneous (Fig. 4). While framboid-like pyrite is evenly 
distributed, subhedral pyrite seems to be particularly abundant in 
chalcopyrite-rich layers.

4.2. Secondary ion mass spectrometry (SIMS)

Microscale δ34S values in pyrite ranged from − 15.13 ‰ to +18.77 ‰ 
(median = +15.03 ‰; average ± 1SD = +12.62 ± 7.24 ‰; n = 25; 
Table 1, Fig. 5). Framboid-like pyrite varied between − 15.13 ‰ and +
17.01 ‰ (median = +14.99 ‰; average ± 1SD = +12.16 ± 8.28 ‰; n =
14). Subhedral pyrite ranged from − 0.30 to +18.77 ‰ (median =
+15.98 ‰; average ± 1SD =+13.21 ± 6.01 ‰; n = 11) (Table 1; Fig. 5). 
The analyzed pyrite grains showed large variations in microscale δ56Fe 
values ranging from − 1.30 to +2.19 ‰ (median = +0.77 ‰; average ±
1SD = +0.55 ± 0.81 ‰; n = 51; Table 1; Fig. 5). The δ56Fe value of 
framboid-like pyrite varied between − 1.15 ‰ and + 1.99 ‰ (median =
+0.39 ‰; average ± 1SD = +0.43 ± 0.78 ‰; n = 32). Subhedral pyrite 
ranged from − 1.30 to +2.19 ‰ (median = +0.99 ‰; average ± 1SD =
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0.84 ± 0.76 ‰; n = 19) (Table 1; Fig. 5). All SIMS data are available in 
the Supplementary Materials.

5. Discussion

5.1. Spatial relations and growth sequence of pyrite

The co-occurrence of multiple pyrite morphotypes in hydrothermal 
systems is commonly interpreted as a growth sequence (e.g., early 
diagenetic framboids vs. late diagenetic/hydrothermal euhedral grains: 
Eldridge et al., 1988, 1993; Sawlowicz, 1993; Nozaki et al., 2024). 
Indeed, the Rammelsberg deposit formed in a sediment-hosted hydro
thermal sulfide system characterized by the deposition of silt- and clay- 
rich sediments affected by repeated pulses of sulfidic hydrothermal fluid 
circulation (Ramdohr, 1953; Large and Walcher, 1999; Sáez et al., 2011) 
(Fig. 1). Therefore, pyrite in the Rammelsberg deposit could have 
formed in multiple steps, driven by (microbial) low-temperature pro
cesses and hot, metal-rich fluids.

Early diagenetic pyrite formation in the Rammelsberg system is 
evident from the presence of framboidal and euhedral grains in the ore 
equivalent horizon of the Wissenbacher Schiefer (Large and Walcher, 
1999). In our sample, this pyrite generation may be reflected by the 
grains within the black shale fragment (Fig. 2D, 4). Overgrowths of 
subhedral on framboid-like pyrite demonstrate that the latter formed 
earlier (Fig. 3B). Moreover, growth zonation in subhedral pyrite 
(Fig. 3D) suggests that the relative influence of different pyrite forma
tion mechanisms and/or fluid conditions might even vary during the 
growth of individual grains, as implied by commonly observed zonation 
features in pyrite elsewhere (e.g., England et al., 2002; Marin-Carbonne 
et al., 2014; Reinhardt et al., 2024). This is supported by the predomi
nant spatial association of subhedral pyrite with chalcopyrite (Fig. 4), 

suggesting paragenetic precipitation in different events or under 
different microenvironmental conditions than framboid-like pyrite. Due 
to the absence of the characteristic raspberry-like internal texture in 
some framboid-like pyrite (Figs. 2C-D, 3A-B), it cannot be excluded that 
some of these grains are analogous to similarly sized spheroidal pyrite 
from pyritization experiments in cultures of sulfur- and iron-cycling 
microorganisms, in the presence of organic matter, or in black 
smokers (Berg et al., 2020; Runge et al., 2024; Truong et al., 2024). 
However, considering the presence of multiple pyrite generations, it 
seems plausible that most of these framboid-like grains were recrystal
lized or cemented by a secondary generation of pyrite due to interaction 
with sulfidic fluids, as previously suggested (Ramdohr, 1953; Runge 
et al., 2023a). These observations demonstrate a complex pyrite for
mation sequence from early framboid-like to later subhedral pyrite.

5.2. Hydrothermal versus microbial sulfide sources: Insights from triple 
sulfur isotopes (δ34S, Δ33S)

Due to the complex pyrite formation sequence in the Rammelsberg 
deposit, bulk (bio)geochemical approaches may not allow for resolving 
potential isotopic variabilities but yield average compositions, even in 
the case of isolated grains. Microscale in-situ approaches, such as those 
presented here, could be much better suited to disentangle potential 
isotopic fingerprints of microbial redox cycling in pyrite from hydro
thermally influenced environments (e.g., Eldridge et al., 1988, 1993; 
Marin-Carbonne et al., 2020; Nozaki et al., 2020, 2024).

The range of δ34S values in pyrite measured in this study (δ34S ≈ − 15 
to +19 ‰; Table 1) matches previously analyzed bulk and in-situ pyrite 
δ34S values from the Rammelsberg deposit (− 20 ‰ to +20 ‰: Anger 
et al., 1966; Nielsen, 1985; Eldridge et al., 1988; Large and Walcher, 
1999) and comparable to other Phanerozoic sediment-hosted 

Fig. 2. Reflected light (RL) microscopy images of sulfides in the Rammelsberg deposit. A: Layered sulfide ore consisting of alternating (chalco)pyrite (brass-colored) 
and sphalerite with accessory galena (greyish colors); B-D: Close-up views of chalcopyrite, sphalerite (Sph), galena (Gn), framboid-like and subhedral pyrite (f-Py and 
s-Py, respectively). Note the pyrite-bearing black shale (BSh) fragment, likely a remnant of the precursor sediment. The dark pits in the pyrite grains (one example 
highlighted in C) are the secondary ion mass spectrometry (SIMS) analysis spots (~3–4 μm each).
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hydrothermal sulfides (e.g., Buschendorf et al., 1963; Goodfellow, 1987; 
Kelley et al., 2004). In the Rammelsberg deposit, this range was inter
preted to reflect a co-occurrence of sulfide from MSC (δ34Spyrite < 0 ‰) 
and TSR (δ34Spyrite ≈ +5 to +20 ‰) of seawater (δ34Ssulfate = +20.4 ±
0.30 ‰; Wu et al., 2014) or sedimentary sulfate in the deep subsurface 
(Eldridge et al., 1988; Sáez et al., 2011). The co-occurrence of sulfide 
from MSC and TSR in pyrite from the Rammelsberg deposit is plausible 
since periods of low-temperature marine sedimentation (conducive to 
MSC) likely alternated with periods of hydrothermal fluid circulation 
(conducive to TSR) (Large and Walcher, 1999). Thus, the range of δ34S 
values observed here could be explained by the (near) complete 
reduction of seawater sulfate or the partial reduction of a 34S-enriched 
sulfate reservoir by DSR or TSR. Such enrichment could have resulted 
from Rayleigh distillation in the porewater under closed system condi
tions (Sansjofre et al., 2016; Thomazo et al., 2019). Closed system 
conditions could have been favored in the Rammelsberg system via 
sediment burial and the semi-restricted paleogeographic situation of the 
Goslar Trough, limiting exchange with the seawater sulfate pool 
(Walcher, 1986; Sáez et al., 2011; Moreno et al., 2019).

To investigate the role of TSR and DSR in the Rammelsberg system, 
we modeled the evolution of sulfide δ34S versus Δ33S during Rayleigh- 
type isotope distillation (Fig. 7). We assumed an initial δ34Ssulfate value 
of +20.4 ± 0.30 ‰ and Δ33S = +0.026 ± 0.094 ‰ for the contempo
raneous middle Eifelian seawater as derived from carbonate-associated 
sulfate (Wu et al., 2014). Equilibrium fractionation factors were 
applied for low temperature DSR (20 ◦C) and TSR in the range of min
imum fluid temperature estimates in the Rammelsberg ore-forming 
system (130 ◦C and 180 ◦C) (34α[H2S-SO4

2− ] = 0.9287, 0.9600, 
0.9676, and 33λ = 0.5147, 0.5151, 0.5153, respectively; Johnston et al., 

2007; Eldridge et al., 2021). Considering the maximum recorded frac
tionation (Δ34Ssulfate-pyrite ≈ 35 ‰) and the uncertainties of the Δ33S 
values, our triple sulfur isotope data are consistent with either DSR or 
TSR, or sulfide contributions from both (Fig. 7).

A strong contribution from TSR is supported by the much higher 
pyrite content (up to 25 wt.-%) in the Rammelsberg deposit compared to 
the ore equivalent horizon, and the ore body’s organic carbon depletion 
alongside secondary carbonates, likely due to carbon oxidation during 
TSR (Walcher, 1986; Machel et al., 1995; Sáez et al., 2011; Cai et al., 
2022). Moreover, chalcopyrite in the Rammelsberg deposit, most likely 
a hydrothermal precipitate (e.g., Large and Walcher, 1999), is consis
tently heavy (i.e., δ34S ≈ 13 ‰; Eldridge et al., 1988), supporting a TSR 
origin of the paragenetic subhedral pyrite (δ34S = − 0.30 to +18.77 ‰) 
(Fig. 4). TSR also generally produces nodular or euhedral pyrite grains, 
possibly exhibiting growth zonation (Liang et al., 2024), as observed 
here (Fig. 3D). However, the multiple generations and morphological 
variety of pyrite suggest TSR was not the only driver of pyrite formation 
(Figs. 2–3). The most negative δ34S value (− 15.13 ‰) presented in this 
study appears in framboid-like pyrite (Fig. 5, Table 1), which is 
demonstrably an early phase (Fig. 3B). Since pyrite framboids most 
commonly form during early diagenetic MSC (Popa et al., 2004; Maclean 
et al., 2008; Wacey et al., 2015; Duda et al., 2016; Rickard, 2019; Marin- 
Carbonne et al., 2022), it seems plausible that this grain inherited its 
δ34S value from microbial processes in the precursor sediments of the 
Rammelsberg deposit. Indeed, MSC is recorded in highly fractionated 
δ34Spyrite values of − 32.7 to +53.7 ‰ in the hydrothermally unaffected 
Wissenbacher Schiefer (Anger et al., 1966). Considering the evidence for 
framboid recrystallization and overgrowth by subhedral pyrite (Fig. 3A- 
B), we interpret the isotopically lightest pyrite in our study (δ34S =

Fig. 3. Scanning electron microscopy (SEM) photographs of pyrite textures in the Rammelsberg deposit. A: framboid-like pyrite (f-Py) in sphalerite (Sph) and 
chalcopyrite (Cpy) dominated matrix; B: framboid-like pyrite with subhedral pyrite (s-Py) overgrowth, indicating an earlier formation of f-Py; C: s-Py in Cpy matrix; 
D: s-Py with growth zonation texture and a recrystallized rim (white dotted line). Note that some f-Py appears recrystallized or cemented by a secondary generation 
(example highlighted in A, red circle). The dark pits in the pyrite grains (example highlighted in A) are the secondary ion mass spectrometry (SIMS) analysis spots 
(~3–4 μm each). The bright materials around grain boundaries and cracks are remnants of gold coating for SIMS analysis. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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− 15.13 ‰, framboid-like) as an originally early diagenetic framboid 
that interacted with 34S-enriched hydrothermal sulfide.

In this scenario, the similar median δ34S compositions of framboid- 
like and subhedral pyrite (Table 1, Fig. 3A) could reflect an early 
diagenetic microbial pyrite generation with initial δ34S compositions of 
<0 ‰ that experienced isotope exchange with 34S-enriched hydrother
mal fluids (δ34S > 0 ‰) during recrystallization, and/or signal mixing 
due to cementation and overgrowth by a secondary subhedral genera
tion (Eldridge et al., 1988; Nozaki et al., 2020, 2024; Liu et al., 2022; 
Meng et al., 2022; Martin et al., 2023). Such an evolution is consistent 

with previous interpretations from the Rammelsberg deposit and other 
sediment-hosted hydrothermal sulfide deposits, as well as TSR-affected 
sedimentary basins (Anger et al., 1966; Nielsen, 1985; Eldridge et al., 
1988; Large and Walcher, 1999; Lyons et al., 2006; Sáez et al., 2011; 
Paiste et al., 2024). If correct, the strong similarity of most framboid-like 
pyrite with subhedral pyrite suggests a pervasive alteration of original 
framboids. This may have resulted in the unimodal δ34S distribution 
around near-seawater δ34S values, independent of pyrite morphology in 
our study (Fig. 6). Thus, the most likely scenario is a two-step process 
involving early diagenetic MSC-driven pyrite formation during low- 
temperature conditions, followed by TSR-driven framboid recrystalli
zation and subhedral pyrite formation.

5.3. Hydrothermal versus early diagenetic pyrite formation - insights from 
iron isotopes (δ56Fe)

The two-step model of MSC during early diagenesis, followed by 
TSR, allows for different predictions concerning the iron cycle during 
pyrite formation in the Rammelsberg system: either sulfidic hydrother
mal fluids drove the pyritization of sedimentary iron-bearing precursors, 
or hydrothermal Fe(II) delivery was involved in secondary pyrite for
mation with TSR-derived sulfide, or both.

Microscale δ56Fe values in sedimentary pyrite typically range be
tween ca. -4 ‰ to +4 ‰ (Dupeyron et al., 2023). Sedimentary pyrite 
forms via the reaction of aqueous FeS (FeSaq) with polysulfides or H2S 
(Rickard, 1975, 1997; Luther, 1991) or surface-mediated sulfidation of 
Fe(III) (oxyhydr)oxides (Peiffer et al., 2015; Wan et al., 2017). The FeSaq 
precursor commonly results from mackinawite (FeSm) dissolution 
(Rickard, 1997). FeSm, in turn, can either precipitate from negative 
δ56Fe pore water Fe(II)aq or positive δ56Fe Fe(II) after the complete 
reduction of Fe(III) (oxyhydr)oxides (Crosby et al., 2007; Guilbaud et al., 
2011; Marin-Carbonne et al., 2020). Hence, the δ56Fe variation in 
sedimentary pyrite might reflect the early diagenetic or hydrothermal 
pyritization of isotopically different precursors (Marin-Carbonne et al., 
2020; Decraene et al., 2021) (Fig. 6). Iron redox reactions during the 
production of pyrite precursors affect its δ56Fe records via the low- 
temperature Fe(II)-Fe(III) equilibrium (Δ56FeFe(III)-Fe(II) = +3 ‰; Dau
phas et al., 2017; Johnson et al., 2020). Moreover, rapid pyrite precip
itation can induce a KIE of down to Δ56Fepyrite-Fe(II)aq = − 3 ‰ (Guilbaud 
et al., 2011). Isotope exchange with porewater Fe(II) induces an 
opposing EIE of Δ56Fepyrite-Fe(II)aq = +6.1 ‰ at 25 ◦C (Polyakov and 
Soultanov, 2011), although this is not expressed in natural environments 
due to slow exchange rates at low temperatures. Accordingly, the 
strongest fractionations in sedimentary pyrite are commonly interpreted 
to reflect precursors cycled through multiple redox cycles and/or the 
combined effects of Fe(III) reduction and rapid pyrite precipitation 
(Johnson et al., 2008; Mansor and Fantle, 2019; Dupeyron et al., 2023).

If the δ56Fe variation in our sample results from isotopically different 
precursors, the measured pyrite endmembers would approximate the 
composition of the heavier and lighter precursors. Isotopically heavy 
precursors may derive from the complete dissolution of Fe(III) (oxyhydr) 
oxides like magnetite (Poulton et al., 2004; Runge et al., 2023b, 2024), 
which is an accessory mineral in the Rammelsberg deposit (Ramdohr, 
1953). Isotopically lighter precursors could derive from partial Fe(III) 
reduction by dissimilatory Fe(III) reduction or reducing hydrothermal 
fluids (Beard et al., 1999; Butler et al., 2005; McAnena et al., 2024), with 
or without an additional KIE from pyrite precipitation. The difference 
between these endmembers in our sample is +3.49 ‰, similar to the Fe 
(III)-Fe(II) equilibrium. Therefore, the pyritization of isotopically 
distinct precursors can explain the overall δ56Fe variability in our study. 
Notably, the similar δ56Fe ranges of framboid-like and subhedral pyrite 
(Figs. 5, 6) suggest this could apply to all observed pyrite morphotypes. 
The production of such precursors requires iron redox cycling in the 
sediment, which is dominantly driven by microorganisms during early 
diagenesis (Picard et al., 2016; Berg et al., 2020; Planavsky et al., 2021; 
Kappler et al., 2021), consistent with periods of low-temperature 

Fig. 4. Reflected light microscopy mosaic image and pyrite morphotype dis
tribution. Framboid-like pyrite (blue circles) was evenly distributed. Subhedral 
pyrite (red squares) was more abundant in chalcopyrite-rich zones (Cpy, brass- 
colored areas) than in sphalerite-rich zones (Sph, grey). This implies a para
genetic relationship between subhedral pyrite and chalcopyrite. The black shale 
fragment (BSh) likely represents a remnant of the precursor sediment. The field 
of view is ~2.5 mm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 1 
Iron and sulfur isotope compositions of framboid-like and subhedral pyrite (f-Py 
and s-Py, respectively) in the Rammelsberg deposit. All data points are available 
in the Supplementary Materials (n = number of analyses).

Framboid-like (f-Py) Subhedral (s-Py) All

δ56Fe Min [‰] − 1.15 − 1.30 − 1.30
δ56Fe Max [‰] 1.99 2.19 2.19
δ56Fe Average [‰] 0.43 0.76 0.55
δ56Fe Median [‰] 0.39 0.99 0.77
δ56Fe 1σ [‰] 0.78 0.84 0.81
δ56Fe n 32 19 51
δ34S Min [‰] − 15.13 − 0.30 − 15.13
δ34S Max [‰] 17.01 18.77 18.77
δ34S Average [‰] 12.16 13.21 12.62
δ34S Median [‰] 14.99 15.98 15.03
δ34S 1σ [‰] 8.28 6.01 7.24
δ34S n 14 11 25
Δ33S Min [‰] − 0.03 − 0.21 − 0.21
Δ33S Max [‰] 0.21 0.26 0.26
Δ33S Average [‰] 0.10 0.01 0.06
Δ33S Median [‰] 0.09 0.00 0.08
Δ33S 1σ [‰] 0.07 0.16 0.12
Δ33S n 14 11 25
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conditions in the Rammelsberg system. Thus, the δ56Fe variability dis
played here may record a diagenetic fractionation of the sedimentary 
iron pool by microbial activity.

Alternatively, pyrite could have precipitated from hydrothermal Fe 
(II). The δ56Fe of such pyrite should variably express KIE and EIE as a 
function of precipitation rate (Syverson et al., 2013; Mansor and Fantle, 

2019; Pokrovski et al., 2021). Pyrite in recent seafloor hydrothermal 
sulfides typically has δ56Fe values between ca. -2.0 and 0.0 ‰ (Rouxel 
et al., 2004, 2008; Dauphas et al., 2017). Within the temperature esti
mates for the Rammelsberg system of 130 to 180 ◦C (Muchez and 
Stassen, 2006), the apparent isotope fractionation during pyrite pre
cipitation should be Δ56Fepyrite-Fe(II)aq ≈ − 1.9 to − 1.5 ‰ (Syverson et al., 

Fig. 5. Pyrite sulfur (δ34S, Δ33S) and iron (δ56Fe) isotope composition for framboid-like (blue circles) and subhedral (red squares) pyrite in the Rammelsberg deposit. 
A, B: Violin plots of sulfur isotope composition and systematics. Starting from middle-Eifelian seawater (δ34S = +20.4‰; Wu et al., 2014), equilibrium isotope effects 
(EIE) during thermochemical sulfate reduction (TSR) can generate pyrite with down to δ34S ≈ − 19 ‰ at 130 ◦C (Eldridge et al., 2016), the minimum fluid tem
perature reconstruction for the Rammelsberg system (Muchez and Stassen, 2006). Microbial sulfur cycling (MSC) could generate pyrite down to δ34S ≈ − 50 ‰. B: 
Violin plots of iron isotope composition and systematics. Kinetic isotope effects (KIE) during pyrite precipitation can generate pyrite with δ56Fe < − 3.0 ‰ relative to 
the hydrothermal Fe(II) source (− 0.8 to − 0.1 ‰) (Guilbaud et al., 2011). Full expression of the EIE between pyrite and hydrothermal Fe(II) during pyrite precip
itation and mineral-fluid interactions may generate pyrite with up to δ56Fe = +3.3 ‰ at 130 ◦C (Polyakov and Soultanov, 2011). Iron redox reactions affecting pyrite 
precursors can generate pyrite with δ56Fe = − 3 to +3 ‰ (Johnson et al., 2020). C: δ56Fe vs. δ34S cross plot. D: δ56Fe vs. Δ33S cross plot. The violin plot’s middle lines 
represent the median values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Histograms of sulfur (δ34S) and iron (δ56Fe) isotope compositions of the different pyrite morphotypes from the Rammelsberg deposit. Each histogram’s 
number of bins (k) was selected following the Rice rule (k = 2 £ n1/3; n = number of analyses).
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2013; Mansor and Fantle, 2019), resulting in δ56Fepyrite ≈ − 2.7 to − 1.6 
‰ at typical δ56Fe values of Fe(II)aq in recent hydrothermal fluids 
(δ56FeFe(II)aq = − 0.8 to − 0.1 ‰.: Severmann et al., 2004; Johnson et al., 
2008; Rouxel et al., 2008) (Fig. 5B). This is inconsistent with the δ56Fe 
variability and the strongly positive values we observed (Table 1; Figs. 5, 
6). Hence, the KIE associated with rapid pyrite precipitation from hy
drothermal Fe(II) is not expressed in δ56Fe data. On the other hand, the 
expected Δ56Fepyrite-Fe(II)aq equilibrium fractionation in the Rammels
berg system ranges from +2.7 to +3.4 ‰ at 180 and 130 ◦C, respectively 

(Polyakov and Soultanov, 2011) (Fig. 5B). Therefore, if pyrite precipi
tated from hydrothermal fluids, it reflects various degrees of equilibra
tion with Fe(II), which drives pyrite δ56Fe to more positive values with 
lower fractionation factors but increased isotope exchange rates at 
higher temperatures. Moreover, it cannot be excluded that precipitation 
of isotopically light pyrite elsewhere in the system enriched the residual 
hydrothermal Fe(II) in 56Fe (Butler et al., 2005; Severmann et al., 2006; 
Sivan et al., 2011; Roy et al., 2012), resulting in relatively heavy pyrite.

Partial equilibration with hydrothermal Fe(II) is supported by the 
lower median δ56Fe in framboid-like pyrite compared to subhedral py
rite (+0.39 vs. +0.99 ‰; Table 1) suggesting the latter may be more 
affected by EIE, and the common mode of both morphotypes at ca. +1 ‰ 
(Fig. 5). This is consistent with textural evidence for framboid-like pyrite 
recrystallization and overgrowth by subhedral pyrite (Fig. 3). Thus, the 
δ56Fe variability between morphotypes may be due to a stronger 
expression of isotope exchange and/or lower relative precipitation rates 
in later pyrite generations. Pyrite formation rates depend on various 
parameters, including temperature, pH, Eh, pyrite saturation, iron/sul
fide ratio, type and stoichiometry of the iron source, trace metal abun
dance, as well as content and composition of organic matter (Berner, 
1984; Canfield et al., 1992; Benning et al., 2000; Wan et al., 2017; Baya 
et al., 2021; Nie et al., 2023; Wang et al., 2023; Domingos et al., 2023; 
Runge et al., 2023b, 2024). Notably, pyritization rates also affect pyrite 
morphology (Murowchick and Barnes, 1987; Wang and Morse, 1996; 
Wang et al., 2022; Domingos et al., 2023; Runge et al., 2023b, 2024). 
Thus, variations in pyritization rates among different microenviron
ments within a sedimentary body and over time during progressive 
diagenesis can lead to the co-occurrence of various pyrite morphotypes 
after compaction (Chang et al., 2022). Framboidal pyrite in sediments 
and sedimentary rocks is usually considered an early diagenetic micro
bially induced precipitate characterized by rapid nucleation (e.g., 
Rickard, 2019). On the other hand, subhedral to euhedral pyrite grains, 
such as those presented here (Figs. 2, 3), commonly result from the slow 
growth of microcrystalline grains or framboid recrystallization 
(Sawlowicz, 1993; Domingos et al., 2023). Accordingly, framboid-like 
pyrite should reflect a dominant expression of KIE (i.e., lower δ56Fe), 
while subhedral pyrite expresses a stronger EIE (i.e., higher δ56Fe) 
(Butler et al., 2005; Polyakov et al., 2007; Guilbaud et al., 2011; 

Fig. 7. Triple sulfur isotope plot and model results for closed-system Rayleigh 
distillation during thermochemical sulfate reduction (TSR) and dissimilatory 
sulfate reduction (DSR). The modeled fractionation trends are achieved using 
an initial δ34Ssulfate = +20.4 ‰, Δ33S = +0.026 ‰ for middle Eifelian seawater 
(Wu et al., 2014). We assumed equilibrium conditions for DSR at 20 ◦C and TSR 
at 130 ◦C and 180 ◦C (34α[H2S-SO4

2− ] = 0.9287, 0.9600, 0.9676, and 33λ =
0.5147, 0.5151, 0.5153, respectively). Dashed lines refer to the evolution of 
sulfur species during closed-system DSR and TSR. Instantaneous sulfide corre
sponds to sulfide formed at the respective time point. Residual sulfate refers to 
the corresponding sulfate reservoir at that time point. The bold lines are the 
cumulated pyrite predicted by the model.

Fig. 8. Plausible sulfur (δ34S) and iron (δ56Fe) isotope systematics in the Rammelsberg system. Yellow features denote reservoirs and processes affecting the sulfur 
pool. Orange features denote reservoirs and processes affecting the iron pool. FeOx: Fe(III) (oxyhydr)oxides, KIE: Kinetic isotope effect, EIE: Equilibrium isotope 
effect, DIR: Dissimilatory Fe(III) reduction, MSC: Microbial sulfur cycling, TSR: Thermochemical sulfate reduction. Geological context, isotopic compositions of 
reservoirs, and fractionation factors (ε) associated with relevant processes were compiled from Anger et al. (1966); Eldridge et al. (1988); Ono, 2008; Sáez et al. 
(2011); Mansor and Fantle (2019); Hoefs (2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Syverson et al., 2013; Rolison et al., 2018; Mansor and Fantle, 2019), 
matching our observation.

In summary, either (hydrothermal) pyritization of isotopically 
distinct precursors or partial equilibration of pyrite with hydrothermal 
Fe(II), or a combination of both, can explain the observed δ56Fe vari
ability. Thus, our iron isotope data are inconclusive regarding signatures 
of microbial iron cycling. At the same time, however, they are consistent 
with the two-step model of early diagenetic microbial pyrite formation 
and strong secondary isotope exchange during hydrothermal overprint 
inferred from textural observation and sulfur isotope data.

5.4. Implications for biosignature detection in modern and ancient 
hydrothermal deposits

Volcanogenic and sediment-hosted massive sulfide deposits 
commonly show bulk and in-situ Δ34Spyrite variations of ~30 ‰ 
(Eldridge et al., 1988, 1993; Taylor, 2004; Present et al., 2017; Lode 
et al., 2017; Slack et al., 2019; Velasco-Acebes et al., 2019; Nozaki et al., 
2020, 2024; Liu et al., 2022). These δ34S signatures are typically texture- 
specific and interpreted as an early low-δ34S framboid-like pyrite, 
resulting from MSC, and a late high-δ34S subhedral to euhedral pyrite, 
precipitated from a hydrothermal sulfur source. Despite sulfur isotope 
evidence for a minor microbial contribution to pyrite formation in the 
Rammelsberg deposit and the Wissenbacher Schiefer (Anger et al., 1966; 
Nielsen, 1985; Eldridge et al., 1988; Large and Walcher, 1999; this 
study), it cannot be conclusively resolved for most of our sulfur isotope 
data. Moreover, the similar δ56Fe ranges and distributions between 
framboid-like and subhedral pyrite did not allow for discrimination 
between early diagenetic (microbial) versus secondary hydrothermal 
processes. This suggests that detecting signatures of microbial iron 
cycling in the hitherto poorly explored δ56Fe record of sediment-hosted 
massive sulfide deposits may prove challenging in future studies. 
Instead, our textural, δ34S, Δ33S, and δ56Fe data collectively suggest a 
strong hydrothermal contribution to pyrite formation. Possible diag
nostic signatures of early diagenetic redox cycling were likely erased or 
altered by secondary hydrothermal processes in most cases (Fig. 8). 
Thus, our results stress that resolving microbial redox cycling in hy
drothermal sulfides is challenging, even in low-temperature systems 
(130–180 ◦C) that experienced only greenschist facies metamorphism 
later in their history.

Despite these challenges, the likely detection of microbial pyrite in 
the Rammelsberg deposit was possible by reconstructing its diagenetic 
history using textural observations, stable isotope data, and the specific 
geological context of our sample. Regardless of an abiogenic or biogenic 
pyrite origin, δ34S and δ56Fe values consistent with microbial redox 
cycling were not fully equilibrated with hydrothermal fluids, as 
observed in previous studies on other localities (e.g., Marin-Carbonne 
et al., 2020). This highlights that potential biosignatures can survive 
hydrothermal alteration of the precursor sediment and low-grade post- 
depositional metamorphism (Ramdohr, 1953; Muchez and Stassen, 
2006; Runge et al., 2023a).

The oldest hydrothermal sulfides occur in up to 3.5-billion-year-old 
(Ga) rocks of the Barberton Greenstone Belt and Pilbara Craton (South 
Africa and Western Australia, respectively). This includes the Bien 
Venue Formation and Sulphur Springs Group (both ca. 3.2 Ga) as well as 
the Dresser Formation (ca. 3.5 Ga), the latter of which hosts some of the 
oldest well-preserved evidence for life on Earth (Vearncombe et al., 
1995; Van Kranendonk et al., 2008; Hofmann, 2011; Duda et al., 2018; 
Mißbach et al., 2021; Runge et al., 2023a; Weimann et al., 2024; 
Baumgartner et al., 2024). Notably, these deposits experienced no more 
than greenschist facies metamorphism (Buick et al., 2002; Kohler and 
Anheusser, 2002; Terabayashi et al., 2003; Tice et al., 2004), similar to 
the Rammelsberg deposit (Ramdohr, 1953; Muchez and Stassen, 2006). 
Hence, our study stresses that Earth’s most ancient hydrothermal sulfide 
systems may still be valuable targets for deciphering past microbial 
processes by in-situ sulfur and iron isotope analysis.

6. Conclusions

Our integrated textural and secondary ion mass spectrometry stable 
isotope analysis (δ34S, Δ33S, δ56Fe) of pyrite from the 390 Ma Ram
melsberg sediment-hosted sulfide deposit revealed multiple generations 
of pyrite formation. While all our δ34S and Δ33S compositions are 
consistent with either hydrothermal or microbial sulfide, the isotopi
cally lightest pyrite (δ34S = − 15.13 ‰; framboid-like) is best explained 
by an early diagenetic (microbial) origin and secondary hydrothermal 
recrystallization or cementation by sulfide from thermochemical sulfate 
reduction. This is supported by differences in median δ56Fe between 
framboid-like and subhedral pyrite, suggesting a variable expression of 
kinetic and equilibrium effects between earlier and later pyrite. The 
overall δ56Fe variability in our sample was inconclusive regarding mi
crobial iron cycling but may reflect the pyritization of a diagenetically 
fractionated iron pool and/or varying degrees of equilibration with 
hydrothermal Fe(II). In concert, these results imply a sequence from 
early diagenetic framboid-like pyrite to hydrothermal alteration and 
subhedral pyrite formation. Our study highlights that detecting signa
tures of microbial redox cycling in hydrothermal sulfides comes with 
unique challenges. However, the likely detection of originally microbial 
pyrite and the incomplete equilibration of stable isotope signatures 
demonstrates that such signals can be preserved in sediment-hosted 
massive sulfides, despite pervasive alteration of the precursor sedi
ments by hydrothermal fluids and later greenschist metamorphism. We 
stress that coupling in-situ sulfur and iron isotope analysis with detailed 
textural analysis of pyrite is crucial for tracking biogeochemical cycles 
throughout the geological record, perhaps including some of the oldest 
rocks on Earth.
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Reitner, J., 2016. A rare glimpse of paleoarchean life: Geobiology of an exceptionally 
preserved microbial mat facies from the 3.4 Ga Strelley Pool Formation, Western 
Australia. PLoS ONE 11, e0147629. https://doi.org/10.1371/journal.pone.0147629.

Duda, J.-P., Thiel, V., Bauersachs, T., Mißbach, H., Reinhardt, M., Schäfer, N., Van 
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