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Abstract

Microbial mineral weathering has been predominantly investigated at shallow depths in humid and tropical environments. Much less is
understood about its role in the deeper subsurface of arid and semi-arid environments where microbial weathering is limited by the availability
of water and energy sources for microbial metabolism. However, the deep subsurface in these climate zones may host a microbial community
that thrives on weathering of iron (Fe)-bearing minerals that serve as electron donors or acceptors.
To investigate the role of microorganisms in weathering of Fe-bearing minerals in a dry climate, we recovered a >80 m deep weathering
profile in a semi-arid region of the Chilean Coastal Cordillera. The bedrock is rich in Fe-bearing minerals (hornblende, biotite, chlorite,
magnetite and hematite) but lacks detectable organic carbon. We evaluated the bioavailability of Fe(III)-bearing minerals that may serve
as an electron acceptor for Fe(III)-reducingmicroorganisms. Using geochemical, mineralogical and cultivation-basedmethods, we found
enhanced Fe bioavailability and more in vitro microbial Fe(III) reduction at increased depth. We obtained an Fe(III)-reducing
enrichment culture from the deepest weathered rock found at 77 m depth. This enrichment culture is capable of reducing ferrihydrite
(up to 0.6 mM d–1) using lactate or dihydrogen as an electron donor and grows at circumneutral pH. The main organism in the
enrichment culture is the spore-forming Desulfotomaculum ruminis (abundance of 98.5%) as revealed by 16S rRNA gene amplicon
sequencing.
Our findings provide evidence for a microbial contribution to the weathering of Fe-bearing minerals in semi-arid environments. While
microorganisms are probably not contributing to the weathering of Fe(II)-bearing silicate minerals, they are most likely of importance
regarding reductive dissolution of secondary weathering products. The Fe(III) reduction quantified in this weathering profile by the in situ
microbial community suggests that microorganisms are active weathering agents in semi-arid climates.
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sulfate reduction
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Introduction

Microbes are active agents in mineral weathering and contribute to
the transformation of hard rock to soil in the Critical Zone
(CZ) (Ehrlich, 1998; Riebe et al., 2017; Holbrook et al., 2019; Krone
et al., 2021b; Hampl et al., 2022). The CZ is defined as Earth’s near-
surface environment, which regulates life by the interplay of
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biological, chemical, physical and geological processes (Brantley
et al., 2007). Microbial weathering occurs during all stages of rock–
soil transformation from primary rock colonization to rock break-
down and saprolite formation, whereby it also contributes to elem-
ental cycling in the regolith (Banwart et al., 2019; Samuels et al., 2020).
Most studies on microbial weathering focus on shallow and humid
tropical soils and saprolites or on transects across corestones (Buss
et al., 2008;Minyard et al., 2012; Barcellos et al., 2018; Gu et al., 2020).
However, much less is understood about the role of microorganisms
in weathering processes occurring in the deep (10s to 100s of metres)
CZ, especially in (semi-)arid climates where rocks are less intensely
weathered (Moser et al., 2003; Fredrickson andBalkwill, 2006;Onstott
et al., 2019; Bochet et al., 2020; Takamiya et al., 2021). Furthermore,
unlike sedimentary rocks, granitic rocks are a particularly challenging
environment for microbial growth because after solidification of hot
magma the rocks formed contain neither organic carbon nor cells.
Furthermore, because of the lack of microbial weathering studies in
the deep subsurface and more arid climates it is possible that we are
currently underestimating how quantitatively important and wide-
spread microbial weathering may be.

In such environments, fracturing of rocks is the first process that
may enable conditions to formmicrobial habitats (Pedersen, 1997).
Tectonic activity creates fractures on different spatial scales
(micrometres to kilometres) that serve as pathways for meteoric
water infiltration into the subsurface (Mitchell and Faulkner, 2009).
The availability of water throughout all stages of rock–soil trans-
formation is key because water acts as a transport medium for gases
such as dissolvedO2 andCO2 that alter or dissolve solubleminerals,
transport organic carbon from the surface to the subsurface and
regulate bacterial activity (Brantley et al., 2017). Bacterial activity is
not only regulated by the availability of water but also by the
presence of elements essential for life (e.g. C, N, P, S) and elements
functioning as electron sources and electron acceptors formicrobial
metabolisms, such as Fe and S of various oxidation states
(Napieralski et al., 2019, 2022; Gu et al., 2020).

In dry climatic settings, the supply of meteoric water and thus
the O2, CO2 and nutrients that are contained in it is limited.
Moreover, the available O2 is readily consumed by abiotic oxidation
of Fe(II)-bearing silicates in the upper zone of weathering profiles
(White and Yee, 1985; Perez et al., 2005). This weathering process
transforms Fe(II)-bearing silicates into secondary phases such as
Fe(III) (oxyhydr)oxides and clay minerals. The ensuing volume
expansion caused by this transformation generates weathering-
induced fractures (Isherwood and Street, 1976; Buss et al., 2005;
Bazilevskaya et al., 2015; Kim et al., 2017; Hampl et al., 2022).

The aim of this studywas to investigate the role of Fe-metabolising
bacteria in the promotion of weathering in a water- and nutrient-
deprived system.We investigated an87.2mdeepweathering profile in
granitoid (quartz monzodiorite) rock in a semi-arid region of the
Chilean Coastal Cordillera (Santa Gracia [SG]). More specifically, we:
(1) identified the presence of Fe(II)-oxidising and Fe(III)-reducing
microbes via microbial enrichments; (2) identified the mineralogical
and geochemical conditions in which they thrive via Fe extractions
and thermodynamic calculations; (3) explored whether they actively
induce major weathering by fostering alteration of solids (i.e. via
demonstrating active Fe(III) reduction by the in situ community);
and (4) investigated the in situmicrobial community composition in
the deepest weathering zone via 16S rRNA sequencing. Weathering
profile-specific thermodynamic calculations of Gibbs free energy and
energy density for chemolithotrophic and organoheterotrophic
microbial redox reactions provide constraints for the most favourable
metabolic processes (i.e. electron sources) in this deep, arid system.

Materials and methods

Study site

The study was conducted in a semi-arid climate zone of the Coastal
Cordillera in Chile, ~18 km northeast of La Serena (Coquimbo)
within the Santa Gracia National Reserve. The bedrock of the
drilling location (–29.759414°N, –71.160322°E [WGS84]) is a
quartz monzodiorite containing biotite (KFe3AlSi3O10(OH)2),
chlorite (Fe5Al2Si3O10(OH)8), hornblende (Fe7Si8O22(OH)2), mag-
netite (Fe3O4) and hematite (Fe2O3) (see Table 1) (Krone et al.,
2021b). The bedrock is part of granitic to dioritic intrusions of the
early Cretaceous (144–124 Ma), fractured by the Atacama Fault
Zone and hydrothermally overprinted (Cembrano et al., 2005;
Hampl et al., 2022; Trichandi et al., 2022). The study area is
characterised by gently dipping hillslopes, mean annual precipita-
tion of <100mmy–1, mean annual temperature of 16°C and a sparse
vegetation coverage of 30–40%, dominated by shrubs and cacti
(Ministerio de Obras Públicas de Chile, 2016; Bernhard et al.,
2018; Oeser et al., 2018; Oeser and von Blanckenburg, 2020; Über-
nickel et al., 2020). This semi-arid study site was intensively inves-
tigated by geochemical, geophysical and mineralogical methods
(Weckmann et al., 2020; Krone et al., 2021b; Hampl et al., 2022;
Trichandi et al., 2022) and thus serves as an idealmodel site to study
microbial contributions to weathering of Fe-bearing minerals from
a terrestrial hydrothermally overprinted setting under water- and
nutrient-limiting conditions. There are indications of a possible
water table in about 68–70 m depth in the form of poor core
recovery, a low amplitude zone (acoustic televiewer) and enhanced
porosity (up to 9.5%) (Krone et al., 2021b; Hampl et al., 2022), but
this is not conclusive evidence due to the lack of in situ fluid data. In
this study, the term ‘weathering’ in the context of microbial activity
includes both the chemical breakdown of primary minerals and the
turnover of secondary mineral products, which have been gener-
ated by previous hydrothermal events or meteoric weathering.

Drilling procedure and sample preparation

The weathering profile comprises 87.2 m of drilled core, i.e. soil,
saprolite and rock. The uppermost 2 m are additionally recovered
by a manually sampled soil pit adjacent to the drill hole. Drill core
material was obtained by wireline diamond drilling using a
PQ3-sized crown and potable water as drill fluid (including con-
tamination control) (Friese et al., 2017; Krone et al., 2021b). After
retrieving the drill cores (up to 1.5 m in length), bulk core sample
intervals with a length of ~20 cm were aseptically taken using a
hammer, a chisel and an angle grinder in the field. Afterwards, the
samples were anoxically stored at 4°C. Formicrobial cultivation, the
samples were aseptically split with a rock trimmer and separated
into an outer and an inner part in the laboratory. The outer part was
further milled to a grain size of <10 μm with a planetary ball mill
(used for selective Fe extractions in this study) while the inner part
was processed with a disk mill to obtain a grain size of <2mm (used
for all geomicrobiological investigations in this study, i.e. microbial
enrichments, ferrihydrite reduction experiments andmicrobial com-
munity sequencing). Samples for geochemical and mineralogical
analyses were further ground to a grain size of <63 μm, and an
aliquot of both the outer and inner part was taken for contamination
control (Hampl et al., 2021; Krone et al., 2021a). Strict contamination
control protocols were applied to all samples, which included the use
of a tracer in the drill fluid, strict sample handling conditions and the
retrieval of inner core samples that had not been in contact with the
drill casing, the core liners or the drill fluid (Krone et al., 2021b).
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Table 1. Metabolic reactions with minerals investigated in this study. The redox reactions (1–38) represent 14 oxidation and 24 reduction reactions for major Fe
minerals identified in the Santa Gracia drill core profile (see Krone et al., 2021b; Hampl et al., 2022). Oxygen or nitrate serve as electron acceptors for microbial Fe(II)
oxidation, while dihydrogen or organic carbon (acetate and lactate) serve as electron donors for microbial Fe(III) reduction. The amount of electrons (e–) transferred
per redox reaction (rxn) is listed on the right.

No. Mineral Reaction e–/rxn ()

Fe(II) oxidation with oxygen as electron acceptor

1 Magnetite 4Fe3O4 + 6H2O + O2 $ 12FeOOH 4

2 Biotite1 0.1KFe3AlSi3O10(OH)2 + 3.01Mg2+ + 0.755Al3+ + 2.845H4SiO4 + 0.05875O2 $ 1(Mg3.01Fe
2+
0.065Fe

3+
0.235)(Si3.145Al0.855)

O10(OH)2 + 0.1K+ + 0.695H2O + 8.185H+
188

3 Biotite2 4KFe3AlSi3O10(OH)2 + 12H2O + 16H+ + 3O2 $ 12FeOOH + 4K+ + 12H4SiO4 + 4Al3+ 12

4 Chlorite1 0.08Fe5Al2Si3O10(OH)8 + 0.3K+ + 1.34Al3+ + 3.76H4SiO4 + 0.1O2 $ 1K0.3Al1.5Fe
3+
0.4Si4O10(OH)2 + 2.44H2O + 1.96H+ 20

5 Chlorite2 4Fe5Al2Si3O10(OH)8 + 24H+ + 6H2O + 5O2 $ 20FeOOH + 8Al3+ + 12H4SiO4 20

6 Hornblende 4Fe7Si8O22(OH)2 + 74H2O + 7O2 $ 28FeOOH + 32H4SiO4 28

7 Fe2+(aq) 4Fe2+ + 6H2O + O2 $ 4FeOOH + 8H+ 4

Fe(II) oxidation with nitrate as electron acceptor

8 Magnetite 10Fe3O4 + 2NO3
– + 2H+ ! 30FeOOH + N2 10

9 Biotite1 0.1KFe3AlSi3O10(OH)2 + 3.01Mg2+ + 0.755Al3+ + 2.845H4SiO4 + 0.047NO3
– $ 1Mg3.01Fe

2+
0.065Fe

3+
0.235

Si3.145Al0.855O10(OH)2 + 0.1K
+ + 0.721H2O + 8.138H+ + 0.0235N2(aq)

47

10 Biotite2 10KFe3AlSi3O10(OH)2 + 42H2O + 46H+ + 6NO3
– $ 30FeOOH + 10K+ + 10Al3+ + 30H4SiO4 + 3N2(aq) 30

11 Chlorite1 2Fe5Al2Si3O10(OH)8 + 7.5K+ + 33.5Al3+ + 94H4SiO4 + 2NO3
– $ 25K0.3Al1.5Fe

3+
0.4Si4O10(OH)2 + 118H2O + 106H+ + N2 10

12 Chlorite2 2Fe5Al2Si3O10(OH)8 + 14H+ + 2H2O + 2NO3
– $ 10FeOOH + 6H4SiO4 + 4Al3+ + N2 10

13 Hornblende 10Fe7Si8O22(OH)2 + 178H2O + 14NO3
– + 14H+ $ 70FeOOH + 80H4SiO4 + 7N2 70

14 Fe2+(aq) 10Fe2+ + 14H2O + 2NO3
– $ 10FeOOH + 18H+ + N2 10

Fe(III) reduction with dihydrogen as electron donor

15 Magnetite Fe3O4 + 6H
+ + H2 $ 3Fe2+ + 4H2O 2

16 Goethite 2FeOOH + 4H+ + H2 $ 2Fe2+ + 4H2O 2

17 Hematite Fe2O3 + 4H
+ + H2 $ 2Fe2+ + 3H2O 2

18 Ferrihydrite 2Fe(OH)3 + 5H+ + H2 $ 2Fe2+ + 6H2O 2

19 Biotite3 2KFe2+Fe3+Si4O10(OH)2 + 8H2O + 10H+ + H2 $ 4Fe2+ + 2K+ + 8H4SiO4 2

20 Biotite2 2KFe2+Fe3+Si4O10(OH)2 + 2K+ + H2 $ K2Fe
2+
2Si4O10(OH)2 + 2H+ 2

21 Chlorite3 9.09Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 156.91H+ + H2 $ 18.18Fe2+ + 26.27Mg+ + 0.09Ca2+ + 22.64Al3+

+ 23.91H4SiO4 + 68H2O
9.09

22 Chlorite2 9.09Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 0.64Al3+ + H2 $ 9.09Mg2.89Fe

2+
2Al2.56Ca0.01Si2.63O10(OH)8 + 2H+ 9.09

Fe(III) reduction with acetate as electron donor

23 Magnetite 4Fe3O4 + 23H+ + C2H3O2
– $ 12Fe2+ + 12H2O + 2HCO3

– 8

24 Goethite 8FeOOH + 15H+ + C2H3O2
– $ 8Fe2+ + 12H2O + 2HCO3

– 8

25 Hematite 4Fe2O3 + 15H+ + C2H3O2
– $ 8Fe2+ + 8H2O + 2HCO3

– 8

26 Ferrihydrite 8Fe(OH)3 + 15H+ + C2H3O2
– $ 8Fe2+ + 20H2O + 2HCO3

– 8

27 Biotite3 8KFe2+Fe3+Si4O10(OH)2 + 36H2O + 39H+ + C2H3O2
– $ 16Fe2+ + 8K+ + 32H4SiO4 + 2HCO3

– 8

28 Biotite2 8KFe2+Fe3+Si4O10(OH)2 + 8K+ + C2H3O2
– + 4H2O $ 8K2Fe

2+
2Si4O10(OH)2 + 9H+ + 2HCO3

– 8

29 Chlorite3 72.73Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 626.64H

+ + C2H3O2
– $ 72.73Fe2+ + 105.19Mg2+ + 0.36Ca2+ + 90.55Al3+

+ 95.64H4SiO4 + 268H2O + 2HCO3
–

8

30 Chlorite2 36.36Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 2.55Al

3+ + C2H3O2
– + 4H2O $ 36.36Mg2.89Fe

2+

2Al2.56Ca0.01Si2.63O10(OH)8 + 9H+ + 2HCO3
–

8

Fe(III) reduction with lactate as electron donor

31 Magnetite 6Fe3O4 + 34H+ + C3H5O3
– $ 18Fe2+ + 18H2O + 3HCO3

– 12

32 Goethite 12FeOOH + 22H+ + C3H5O3
– $ 12Fe2+ + 18H2O + 3HCO3

– 12

33 Hematite 6Fe2O3 + 22H+ + C3H5O3
– $ 12Fe2+ + 12H2O + 3HCO3

– 12

(Continued)
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Additionally, fracture covers/fillings of five drill core samples were
removed with corundum drill bits to examine their mineralogy in
hydrothermally altered zones.

Selective extractions

Selective Fe extractions using hydrochloric acid (0.5 M HCl) and
citrate-bicarbonate dithionite (CBD)were performed on samples of
the entire weathering profile to quantify the Fe pools available for
microbial Fe redox reactions (N = 59, technical extraction tripli-
cates). After extraction, Fe(II) and total Fe (Fe(tot)) were spectro-
photometrically quantified using the ferrozine assay (Hegler et al.,
2008). Furthermore, water-soluble organic carbon and nitrate were
extracted to quantify the potentially available amount of these com-
pounds as electron donors and acceptors for microbial Fe(II) oxida-
tion and Fe(III) reduction. Reported dissolved organic carbon and
nitrate values were blank corrected. Details of the extractions were as
follows:

0.5 M HCl. 0.5 M HCl is considered to extract bioavailable
Fe-bearing phases such as ferrihydrite, lepidocrocite, siderite and
partly magnetite, maghemite, hematite, goethite, biotite and chlor-
ite via dissolution by protonation (Sidhu et al., 1981; Raiswell et al.,
1994; Voelz et al., 2019). We extracted the bioavailable Fe with
0.5MHCl at room temperature under anoxic conditions in the dark
for 24 h, while shaking at 10 rpm (solid:liquid = 1:60) (Roden and
Zachara, 1996).

Citrate bicarbonate dithionite. CBD targets reactive Fe minerals
such as ferrihydrite, lepidocrocite, akageneite, goethite and hematite
via reductive dissolution (Voelz et al., 2019). Extractions were con-
ducted using a solution of 0.27 M trisodium citrate, 0.11 M sodium
bicarbonate and 0.1 M sodium dithionite (Lalonde et al., 2012).
Samples were extracted in the dark under oxic conditions for
15 min and in a water bath at 75–80°C (solid:liquid = 1:60). The
pH of the CBD solution was circumneutral to obtain maximum
reduction potential and to avoid precipitation of sulfides.

Water extractions. First, 10 mL of MilliQ water was added to
0.25 g of crushed rock to target water-extractable organic carbon
and nitrate. The extract was analysed with a multi N/C 2100S
elemental analyser for organic carbon concentrations (Analytik
Jena GmbH) via combustion (detection limit = 0.022 mgC g–1

rock). Nitrate in the extracts was analysed with a flow-injection
analyser (FIA) using an AA3 HR AutoAnalyser System (Seal
Analytical) (detection limit = 0.0002 mgN g–1 rock). Extractions
were performed under oxic conditions at room temperature in the
dark for 24 h on a shaker (shaking frequency, f = 180 s–1) (solid:
liquid = 1:40).

pH. The potential and active pH of drill core samples were
measured as follows: 2 g of milled drill core samples or air-dried
soil (<63 μm) were weighed into 15 mL Falcon tubes and either
10 mL of 0.01 M CaCl2 (potential pH) or 10 mL of MilliQ water
(active pH) were added. The Falcon tubes were shaken and the
slurries left untouched for 1 h. Thereafter, the Falcon tubes were
shaken again and the pH was measured in the supernatant. The
procedure was repeated after 24 h to exclude a major shift in pH
(N = 10, technical extraction triplicates).

Thermodynamic calculations

Based on Fe-bearing silicates and Fe minerals identified in the SG
weathering profile (Krone et al., 2021b; Hampl et al., 2022) we
calculated the Gibbs energy yields for 38 potential in situ chemo-
lithotrophic and organoheterotrophic microbial redox reactions to
identify potentially favourable metabolisms (Kappler et al., 2021).
Energetic yields are controlled by various factors, such as mineral
species, electron donor, electron acceptor, temperature, pH and
solute ion concentrations. Oxygen and nitrate served as electron
acceptors for microbial Fe(II) oxidation reactions, while dihydro-
gen or organic carbon (acetate or lactate) served as the electron
donor for Fe(III) reduction (Table 1) (see Kappler et al., 2021).
Calculations were performed using fixed dissolved ion and gas
concentrations, with pH ranging from 6 to 9 based on in situ pH
values of powdered drill core samples. We compared these Gibbs
energy yields with energy density yields (molar vs volumetric Gibbs
energy) (Fig. S1), as the latter scalesGibbs energy calculations by the
limiting reactant and has been shown to be amore accuratemeasure
for biomass abundance (La Rowe and Amend, 2014; Osburn et al.,
2014). Gibbs energy yields were calculated using Eq. 1:

ΔGr =ΔG
0
r +RTlnQr (1)

where ΔGr represents the Gibbs energy of a reaction, R and T
represent the gas constant and temperature (in K), respectively,
and Qr represents the activity product. The activity product Qr can
be evaluated from Eq. 2.

Qr =
Y

avii (2)

where ai represents the activity of species i and vi is its stoichio-
metric reaction coefficient.

Thermodynamic calculations are based on the geochemical and
mineralogical data of the drill core investigated in this study as well
as previous studies (Hampl et al., 2021; Krone et al., 2021a). Due to
the aridity, the sampling depths and the wireline drilling procedure,

Table 1. (Continued)

No. Mineral Reaction e–/rxn ()

34 Ferrihydrite 12Fe(OH)3 + 22H+ + C3H5O3
– $ 12Fe2+ + 30H2O + 3HCO3

– 12

35 Biotite3 12KFe2+Fe3+Si4O10(OH)2 + 54H2O + 58H+ + C3H5O3
– $ 24Fe2+ + 12K+ + 48H4SiO4 + 3HCO3

– 12

36 Biotite2 12KFe2+Fe3+Si4O10(OH)2 + 12K+ + C3H5O3
– + 6H2O $ 12K2Fe

2+
2Si4O10(OH)2 + 14H+ + 3HCO3

– 12

37 Chlorite3 54.55Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 939.45H

+ + C3H5O3
– $ 109.09Fe2+ + 157.64Mg2+ + 0.55Ca2+ + 135.82Al3+

+ 143.45H4SiO4 + 402H2O + 3HCO3
–

12

38 Chlorite2 54.55Mg2.89Fe
2+
1.78Fe

3+
0.22Al2.49Ca0.01Si2.63O10(OH)8 + 3.82Al

3+ + C3H5O3
– + 6H2O $ 54.55Mg2.89

Fe2+2Al2.56Ca0.01Si2.63O10(OH)8 + 14H+ + 3HCO3
–

12

1Biotite(bt)/chlorite(chl) ! Fe(III) oxides.
2bt/chl ! Fe(III) silicates.
3bt/chl ! Fe2+.
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it was not possible to collect in situ fluid data. Hence, we also
estimated the Gibbs free energy assuming an in situ pH of 8 for a
range of dissolved ion and gas concentrations. This range included
either (1) those typically found in comparable deep biosphere
systems (i.e. lower end of ion and gas concentration range) or
(2) those that are typically used in laboratory studies and are thus
experimentally relevant (Fig. S2) (Bach and Edwards, 2003; Boett-
ger et al., 2013; Heidari et al., 2017; Jones et al., 2018; Xiao et al.,
2021). The latter higher concentration condition (2) may also be
relevant to a drying period after a rain event because drying
increases the concentrations of elements within a microbial biofilm
(Table S1).

Microbial enrichments and incubation conditions

Cultivation of microorganisms. Aseptically crushed soil/rock sam-
ples were used as inoculum to identify zones of active microbial
Fe(II) oxidation and/or Fe(III) reduction (N = 59). Fe(II) was
provided as an FeS layer in gradient tubes for microaerophilic
Fe(II)-oxidising bacteria (three replicates per depth interval). Add-
itionally, Fe(III) was added as synthesized two-line ferrihydrite
(Fhy) (as described in Straub et al., 2005) in 96 deep-well plates
to test for Fe(III) reduction coupled to acetate/lactate or dihydrogen
oxidation (six replicates per depth interval). Under laboratory
conditions, the Fe minerals provided were assumed to be bioavail-
able in addition to the Fe already present in the environmental
samples. For inoculation of the native microbial community,
crushed core samples were mixed with anoxic mineral medium
and added to each setup.

Microaerophilic Fe(II)-oxidising bacteria were grown in gradi-
ent tubes following the protocol of Emerson and Floyd (2005), in
which we established opposing gradients of oxygen and Fe2+ prior
to sample injection. Positive growth was indicated by the formation
of an orange band (compared to an abiotic control tube = negative
control), as exemplified in Lueder et al. (2018). As positive control, a
microaerophilic Fe(II)-oxidising enrichment culture from a mine
(Segen Gottes Mine, southwest Germany) dominated by Curvibac-
ter sp. (Picard et al., 2015) from the laboratory culture collection
(Geomicrobiology Group, Department of Geosciences, University
of Tuebingen, Germany) was used.

To enrich Fe(III)-reducing bacteria, an anoxic mineral medium
(N2:CO2 90:10; see the Supplementary Material for media compos-
ition details) was amendedwith Fhy as an Fe(III) source and either a
mix of 5 mM sodium acetate and 5 mM sodium lactate, or H2 in
excess were provided as an electron donor for Fe(III) reduction.
Thereafter, the soil/rock slurry was added to 96 deep-well plates
which were anoxically incubated for 8 weeks at room temperature
in the dark. Positive growth evaluation was based on the formation
of black-coloured, reduced Fe(II) minerals in comparison to rusty-
orange coloured control wells (Fig. S3). A detailed analysis of the
black-coloured minerals can be found in the Supplementary Dis-
cussion section. As positive control, the Fe(III)-reducing culture
Geobacter sulfurreducens (Caccavo et al., 1994) from the laboratory
culture collection (Geomicrobiology Group, Department of Geo-
sciences, University of Tübingen, Germany) was used. As Fhy was
added as an electron source in addition to the Fe species already
present in the environmental samples, control experiments without
Fhy were carried out. These control setups included 11 powdered
drill core samples to account for background Femineral dissolution
from the Fe pool of the environmental samples, i.e. by dissolution or
microbial Fe(III) reduction. In these control experiments, pow-
dered drill core samples were added to the 96 deep-well plates using

the same media components as for the cultivation experiments, but
in contrast did not contain two-line ferrihydrite as an additional
Fe(III) source. In this study, in situ Fe(III) reduction is defined as
the activation of Fe(III)-reducing microbial activity within core
samples inoculated into media, as described above.

Fe(III)-reducing enrichments from the eight most promising
depth intervals (i.e. those that showed most Fe(III) reduction) were
transferred four times each into Hungate tubes (N = 8, four bio-
logical replicates each) to obtain a robust Fe(III)-reducing enrich-
ment culture. One robust (i.e. healthy and reproducible) Fe(III)-
reducing culture was obtained and further characterised as outlined
below. For convenience, this Fe(III)-reducing culture is referred to
as ‘culture SG’.

Ferrihydrite reduction by an enrichment culture

Batch ferrihydrite reduction experiments were conducted to deter-
mine which electron donors are used by enrichment culture SG to
reduce Fe(III). Experiments were carried out in 58mL serumbottles
filled with 22.5 mL of anoxic 30 mM mineral medium (N2:CO2

90:10). Biotic setups were amended with 5 mM Fhy as an electron
acceptor and (1) 5 mM sodium acetate, (2) 5 mM sodium lactate,
(3) a 5 mM sodium acetate/lactate mix, or (4) dihydrogen in excess
as an electron donor. The mix of sodium acetate/lactate was used to
determine if culture SG (1) can use both electron donors and
(2) prefers one over the other. Since we opted not to add inhibitors
for sulfate reduction such as molybdate, the sulfate contained in the
growth medium could also have served as an alternative electron
acceptor. All biotic setups were inoculated with 10% (vol/vol) pre-
grown enrichment culture SG. Abiotic setups were identical to
biotic setups except for addition of cells to quantify abiotic ferrihy-
drite dissolution over time. An additional biotic control was set up
with Fhy and cells, but without the addition of an electron donor. By
doing so, we assessed how much Fe(III) reduction occurs based on
the amount of organics carried over from the inoculum. Both biotic
and abiotic setups were conducted in triplicate.

Sampling and chemical analysis

For the ferrihydrite reduction experiments, sampling was performed
in an anoxic glovebox (100%N2) by taking an aliquot of 0.6mLwith a
needle and syringe (0.55 mm) into a 2 mL Eppendorf tube.

Fe quantification. The sample slurries were anoxically extracted
with 6 M HCl for 24 h to target crystalline Fe phases. Fe quantifi-
cation was conducted via a ferrozine assay (Hegler et al., 2008).

High-pressure liquid chromatography (HPLC). Lactate and acet-
atewere quantified using anHPLCdevice (Shimadzu) equippedwith
an Aminex HPX 87H column (BioRad), using a refractive index
detector for lactate and a diode array detector for acetate analysis.

Ion chromatography (IC). We quantified the water-extractable
sulfate of the rock sample, from which the enrichment culture was
obtained, as well as dissolved sulfate in the batch ferrihydrite
reduction experiment samples using a Dionex DX-120 ion chro-
matograph (Thermo).

Raman spectroscopy. Raman spectra of Fe-S minerals within the
Fhymicrocosmswere acquired with an alpha 500R confocal Raman
microscope (WITec GmbH). The microscope was equipped with a
532 nm excitation laser, UHTS 300 spectrometer and DV401-BV
CCD camera. Optical grating was 600 g mm–1 for spectra record-
ing in the range 0–3790 cm�1, while using a 40× objective with a
numerical aperture of 0.6 (EC Epiplan-neofluor, Carl Zeiss). The
laser power was adjusted to 0.1 mWusing an optical power meter
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(PM100D, Thorlabs GmbH). Three spots of each sample were
analysed using 10 integrations for 20 s each and combined to
create a composite spectrum. Relative intensities were normal-
ised to 100.

Microbial community sequencing

Fe(III)-reducing enrichment culture community compositions

To assess the adaptation of the enrichment culture to the different
electron donors provided and its effect on themicrobial community
composition, DNA was extracted from the cultures after termin-
ation of the Fhy microcosms with the DNeasy® PowerSoil® Pro” Kit
(Qiagen). DNA was amplified using forward primer 16S-515F and
reverse primer 16S-806R (Caporaso et al., 2011) targeting the V4
region. Library preparation steps (Nextera, Illumina) and 250 bp
paired-end sequencing with MiSeq (Illumina) using v2 chemistry
were performed by Microsynth AG. Between 1309 and 86,992 read
pairswereobtained for each sample (in total 580,028). Samples treated
with ferrihydrite and acetate had the lowest read counts (1309, 1312
and 1974), and all other samples had more than 45,000. Sequencing
data were analysed with nf-core/ampliseq v2.3.1, which includes all
analysis steps and software and is publicly available (Ewels et al., 2020;
Straub et al., 2020), withNextflow v21.10.3 (Di Tommaso et al., 2017)
and singularity v3.8.7 (Kurtzer et al., 2017). Primers were trimmed,
and untrimmed sequences were discarded (<30% per sample) with
Cutadapt version 3.4 (Martin, 2011). Adapter and primer-free
sequences were processed with DADA2 v1.22.0 (Callahan et al.,
2016) to eliminate PhiX contamination, trim reads (before median
quality drops below 35; forward reads were trimmed at 181 bp and
reverse reads at 206 bp), correct errors, merge read pairs and remove
polymerase chain reaction (PCR) chimeras. Ultimately, 48 amplicon
sequencing variants (ASVs) were obtained across all samples. Taxo-
nomic classification was performed with DADA2 and the SILVA
v138 database (Quast et al., 2012). Intermediate results were imported
into QIIME2 version 2021.8.0 (Bolyen et al., 2019). Five ASVs clas-
sified as chloroplasts or mitochondria were removed, totalling <1.7%
relative abundance per sample, and retaining 43 ASVs across all
samples. Alpha rarefaction curves were produced with the QIIME2
diversity alpha-rarefaction plugin, which indicated that the richness of
the samples had been fully observed, except for samples treated with
ferrihydrite and acetate.

Native microbial community composition

The community composition of the enrichment was compared to the
native (in situ)microbial community. TotalDNAwas extracted from
the uncontaminated inner rock core sample (76.5 m depth, IGSN,
https://doi.org/10.60510/GFCHS009N) using the “DNeasy® Power-
Soil® Pro” Kit (Qiagen). Therefore, three replicates containing 1 g of
rock powder were weighed into PowerBead Pro Tubes and extracted
according to the protocol of the kit manufacturer. During the silica
binding step of the extraction, replicates were pooled together to
increaseDNAconcentration.An extraction controlwas runduring all
extraction steps to identify potential laboratory and kit contaminants.
Microbial community composition was assessed using 16S-rRNA
amplicon sequencing with MiSeq (Illumina) with 2 × 300 bp. Library
preparation, including polymerase chain reaction andDNA clean-up,
was done in the GFZ Potsdam laboratories (Section 3.6 Geomicro-
biology). The V4 region of bacterial and archaeal DNA was targeted
using the universal primer pair 16S-515F and 16S-806R (Caporaso
et al., 2011). During PCR an additional control containing PCR

grade water instead of DNA template was performed to identify
PCR contaminants. Barcoded versions of the primers were used
to later distinguish between sample, extraction control and PCR
control. After successful amplification, the products were purified
using the Agencourt AMPure XP PCR Purification Kit (Beckman
Coulter) and sent to EurofinsGenomicsGermanyGmbH (Konstanz,
Germany) for sequencing on a MiSeq System. After recovery of the
raw data, libraries were demultiplexed usingCutadapt (Martin, 2011).
Taxonomic classification was performed using the DADA2 pipeline
(Callahan et al., 2016). Reads were truncated (250 forward, 200
reverse) and quality-filtered before the error model was generated.
The amplicon sequence variants (ASVs) were assigned to the SILVA
taxonomy (Quast et al., 2012). Chloroplast, mitochondria and single-
tons were removed. The contamination was assessed using the nega-
tive controls of the extraction and the PCR run. Potential contaminant
sequences were completely removed from the data set, resulting in a
total of 25,878 sequences for the investigated rock sample.

Data and statistical analysis

Data analyses were performed in the R statistical environment
(R Core Team, 2024) and plots were produced with the package
ggplot2 (Wickham, 2016). Fe(III) reduction by in situ microbial
communities along the SG weathering profile was analysed using a
general linear model (LM). We tested the combined effect of
electron donor and setup type treatments on Fe(III) reduction
(response variable) in a multipredictor model. Setting up the model
we included six predictor variables, which can be classified into two
experimental variables (electron donor and setup type), two simple
environmental variables (bioavailable and crystalline Fe) and two
complex environmental variables (depth and alteration). We fur-
ther added all significant interactions between predictor variables to
maximise the variance in Fe(III) reduction values explained by the
model. Model assumptions were checked for all selected models
and found not to have been violated. For statistical analyses of
Fe(III) reduction, all reasonable models were explored and selection
based on comparison of differences in the Akaike Information Cri-
terion (ΔAIC) (Zuur et al., 2009). To include all significant interactions
while ensuringmodel parsimony, the bestmodel fit was determinedby
the dredge() function in the MuMIn package (Barton and Barton,
2015). However, we excluded alteration as predictor variable from our
model during the model building process to avoid collinearity (Figs
S4–S8). The role of alteration in Fe(III) reduction is still addressed in
the discussion. As the general linearmodel was found to be significant,
we ran post hoc paired-samples t-tests, corrected with Holm’s sequen-
tial Bonferroni procedure (Holm, 1979), to assess whether the com-
pared pairs of setup type and electron donor type showed significant
differences in mean Fe(III) reduction.

Results

Drill coremineralogy and geochemistry of SGweathering profile

Extractions were performed to quantify the amounts of poorly crys-
talline and crystalline Fe phases in the drill core samples. Extractions
targeted (1) the Fe that is poorly crystalline and prone to be more
‘bioavailable’ to Fe-metabolisingmicroorganisms (via 0.5MHCl) and
(2) the crystalline Fe that is present as Fe(III) (oxyhydr)oxides (via
CBD). These complement total Fe(II) and Fe(III) data reported in
Krone et al. (2021b). Higher amounts (>7.6 mgFe g–1 rock) of
bioavailable Fe are associated with unaltered zones (Fig. 1a), while
altered zones positively correlate with the presence of crystalline Fe
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(2.5–9.5 mg Fe g–1 rock) (Fig. 1b). The Fe(III) (oxyhydr)oxide depth
profile (Fig. 1b) mirrors the pattern of the bulk Fe(III)/Fe(total)-ratio
profile (Fig. 1c) (see Krone et al., 2021b). The Fe extraction data also
complement previous analysis of the bulk mineralogy of the core
samples (Fig. 1d) (Hampl et al., 2022). This highlights a zone of
particularly intense weathering and hydrothermal alteration in the
deepest weathering zone (67–77 m depth) rich in Fe(III).

Furthermore, high-resolution water-extractable organic carbon
(DOC) and nitrate data were obtained for the whole SG weathering
profile (Fig. S9). DOC andnitrate potentially serve as electron donors
and acceptors for microbial Fe(III) reduction and Fe(II) oxidation,
respectively. The amount of DOC in the deep (<2 m) subsurface
(0.17 mg g–1 rock) on average was lower compared to the uppermost
soil horizon (0–2 m, 0.25 mg g–1 soil), as it was for nitrate (<2 m vs
0–2 m, 0.0008 vs 0.0035 mg g–1 rock). The mean pH of the SG
weathering profile was 8.20 ± 0.02 (potential pH) and 9.31 ± 0.04
(active pH) (N = 10, technical extraction triplicates) (Fig. S10).

Gibbs free energy of metabolic reactions with Fe-bearing
minerals

We calculated Gibbs free energy yields for 38 Fe redox reactions
based on the previously reported primary Fe-bearing minerals

(Krone et al., 2021b; Hampl et al., 2022) and secondary minerals
formed by weathering (Fig. 2, Tables 1, S4). Overall, there is a wide
range from highly exergonic (i.e. release of energy) to highly
endergonic (i.e. requires energy supply) yields depending on the
electron donor and acceptor chosen. Of 14 Fe(II) oxidation reac-
tions listed (Table 1), 10 reactions are exergonic when coupled to
either oxygen or nitrate reduction (Fig. 2a,b). With regard to
primary Fe(II)-bearing minerals, there is a clear energetic benefit
for microbial Fe(II) oxidation in biotite and hornblende with
either oxygen or nitrate as an electron acceptor. Magnetite and
free Fe(II) in solution could also fuel microaerophilic and/or
nitrate-dependent Fe(II) oxidation, while chlorite oxidation
would not provide enough energy to be energetically feasible.
Moreover, reactions with nitrate as an electron acceptor could
provide more energy than oxygen, e.g. in the case of magnetite
being the electron donor.

In stark contrast to the situation for microbial Fe(II) oxidation,
microbial Fe(III) reduction always requires the availability of Fe(III)
(oxyhydr)oxides as an electron acceptor (Fig. 2c–e), while assuming
free Fe2+ to be the Fe(II) product (Table 1). Of 24 Fe(III) reduction
reactions listed, only 12 reactions are exergonic when coupled to
either dihydrogen, acetate or lactate. Reduction of Fe(III)-bearing
silicates are all endergonic, meaning there is no energetic advantage

Figure 1. Geochemical, mineralogical and geophysical data of the Santa Gracia drill core. (a) 0.5 M HCl extractable Fe(tot) represents the bioavailable Fe pool, while (b) citrate-
bicarbonate-dithionite (CBD) extractable Fe(III) is indicative of the amount of Fe(III) (oxyhydr)oxides (crystalline Fe) present. Data points in (a) and (b) represent the average of
technical extraction replicates. Error bars denote the standard error of the technical extraction replicates. (c) Redox state of bulk drill core samples displayed as Fe(III)/Fe(total)
ratios (replotted after Krone et al., 2021b; Hampl et al., 2022). (d) Relative abundances of Fe-bearing silicates biotite (bt), chlorite (chl) and hornblende (hbl) (modified after Hampl
et al., 2022). Grey boxes display the presence of prominent reddish zones, fracture (zones) and zones of correlating mineral abundances (see Weckmann et al., 2020). Hampl et al.
(2022) provides a more detailed overview of the connections between fracture zones, hydrothermal alteration and mineral abundances (see Figs 2–4).
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for microorganisms to use theseminerals as an Fe(III) source. Reduc-
tion of Fe(III) (oxyhydr)oxides showed the strongest dependence on
pH, specifically decreasing in energy yield with increasing pH but still
being feasible up to pH 9.

Fe(III) reduction by in situ microbial communities

As Fe(III) (oxyhydr)oxides are abundant in fracture zones marked
by weathering and/or hydrothermal alteration, and thermo-
dynamic calculations demonstrated their potential as prevalent
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Fe(III) sources, Fe(III) reduction enrichments were set up to iden-
tify depths in which the in situ community could be activated to
perform Fe(III) reduction. Microbial Fe(III) reduction could be
observed in screening/enrichment setups with ground rock powder
(amended with ferrihydrite) throughout the whole weathering
profile (Fig. 3), independent of the provided electron donor. In
contrast, enrichments of Fe(II) oxidisers were successful for eight
depths.

To determine whether altered zones act as hot spots for Fe(III)-
reducing microbial activity, we investigated the effect of alteration
on the concentrations of bioavailable Fe, crystalline Fe and Fe(III)
reduction (Figs S6–S8). In the presence of alteration, we found
a significant decrease in bioavailable Fe by 2.1 mg g–1 rock (+alt =
–2.06, t = –4.9, df = 92, P < 0.001) and a significant increase in
crystalline Fe by 1.4 mg g–1 rock (+alt = 1.371, t = 4.7, df = 92,
P < 0.001). However, once the effect of depth is considered, Fe(III)
reduction in altered and unaltered zones does not appear to be
substantially different (Fig. 3), which is supported by Fig. S8 show-
ing no significant effect of alteration on Fe(III) reduction. Con-
trastingly, depth (t = 5.0, df = 92, P < 0.001) and increased
bioavailable Fe concentrations (t = 5.1, df = 92, P < 0.001) did both

significantly increase the amount of Fe(III) reduction (Figs S11,
S12), unlike crystalline Fe (Fig. 13). It is noteworthy that the deepest
unaltered zone sampled did have substantially greater Fe(III)
reduction than the altered zone above it (H2: 47.5 vs 28.6%; organ-
ics: 46.1 vs 37.3%) (Table S1).

To better understand Fe(III) reduction by in situ microbial
communities along the SG weathering profile, we analysed the data
using a LM. We used AIC model selection to distinguish among a
set of possible statistical models describing the relationship between
setup type (control ‘–Fhy’ vs experiment ‘+Fhy’), electron donor
(H2 vs organics), depth, bioavailable (poorly crystalline) Fe (Febio),
crystalline Fe (Fecryst) and Fe(III) reduction (Table S2). The best-fit
model, carrying 94% of the cumulative model weight, included
every parameter with three interaction effects (AIC = 907.2). It
explains 50.4% of the variation in Fe(III) reduction (= adjusted R2)
(Table S3) and has a significant fit to the data (F = 15.59, df = 8,
107, P < 0.001), leaving a residual standard error of 11.54 with
107 degrees of freedom. The LM identified the setup type, electron
donor, depth, Febio and the interaction depth:Febio to be highly
significant (P < 0.001), while the term Fecryst and the interactions
setup:Febio and depth:Fecryst were found to be significant (P < 0.05).
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Figure 3. Fe(III) reduction by the in situmicrobial community in the weathering profile of Santa Gracia. Drill core samples were amended with 5 mM ferrihydrite (Fhy) (= electron
acceptor) and either (a) dihydrogen (H2) in excess or (b) 5 mM acetate and lactate (= electron donor). Relative amount of microbially reduced Fe(III) in the experimental setups (= Fe
frommineral powder with Fhy addition “+Fhy”; boxplots) is compared to Fe(III) reduction in the control setups (= Fe frommineral powder without Fhy addition “–Fhy”, identical to
background reduction; filled, light-coloured circles). Fe concentrations were determined after 6–8 weeks of incubation. Boxplots show the variance of six biological replicates for
each depth. Black dots represent boxplots outliers. Grey boxes display the presence of prominent reddish zones and fracture (zones).
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Six post hoc paired-samples t-tests, corrected with Holm’s sequen-
tial Bonferroni procedure (Table S4), indicated that the extent of
Fe(III) reduction is (1) significantly larger in the experimental
setups than in the control setups and (2) significantly larger in
the organics setups than in the H2 setups (Figs S14, S15). The mean
Fe(III) reduction extent between the two electron donor treatments
differed by 6.8% (H2 vs organics: 32.8 to 26.0%).

Fe(II) oxidation by in situ microbial communities

Enrichments of Fe(II) oxidisers were successful for eight out of
47 samples (~17%) from 30.4, 34.3, 35.1, 40.0, 43.3, 50.7, 70.7 and
73.6m depth.We identified growth in FeS tubes by the formation of
distinct orange Fe(III) mineral accumulations within or below the
orange-coloured top layer. Subsequent cultivation and isolation
attempts were not successful.

Ferrihydrite microcosms with enrichment culture SG from the
deep subsurface

Growth of Fe(III)-reducing enrichment culture. While microbial
Fe(III) reduction could be observed in screening (i.e. positive enrich-
ment) setups with ground rock powder throughout the whole
weathering profile, a robust Fe(III)-reducing enrichment culture
could only be obtained from crushed rock sample of a single depth
interval located within the deepest identified weathering zone at
~77 m depth. The obligately anaerobic culture can grow chemohe-
terotrophically with lactate as well as autotrophically with dihydro-
gen as an electron donor but cannot oxidise acetate. Prior to its usage
in batch ferrihydrite reduction experiments, the culture was pre-
grown on 30mM bicarbonate-buffered anoxic mineral medium (see
Supporting Informationmethods formedium composition) and had
been transferred six times. The dominant sequence (relative abun-
dance of ~98.5%) in the enrichment culture community composition
analysis was found to be 100% identical to the spore-forming sulfate-
reducing Desulfotomaculum ruminis (Coleman, 1960; Spring et al.,
2012). It is noteworthy that the crushed rock powder sample contains
about 9 μMMQ-water extractable sulfate per gram of powder while
2 mM sodium sulfate is included in the growth medium.

Batch ferrihydrite reduction experiments were conducted to
determine which electron donors are used by the enrichment culture
to reduce Fe(III). Ferrihydrite reduction was observed in setups with
the addition of acetate/lactate, lactate and dihydrogen, but not in
setups with acetate addition alone (Figs 4, S16). Generally, 4–5 mM
added Fe(III) was completely reduced within 11–14 days in both
acetate/lactate and dihydrogen setups. The main difference between
thesewas the lag phase observed in the acetate/lactate setup (11 days),
which was not observed in the dihydrogen setup (Fig. 4). Addition-
ally, we observed that the Fe(II) concentration in solution rose during
ferrihydrite reduction but quickly decreased again once the major
part of Fe(III) (~85%) had been reduced. This might be due to
interaction of dissolved Fe(II) with reduced sulfur species. As this
strain is closely related to a known sulfate-reducing microorganism
and there is some sulfate present in the growth medium, we also
measured sulfate concentrations during the incubations, which
decreased from~1.8 to 0mM (Fig. S16). Together these observations
suggest a complex interplay of processes is occurring in the batch
reactors driven by (1) Fe(III) reduction by Fe(III)-reducing micro-
organisms, (2) sulfate reduction by sulfate-reducingmicroorganisms
and (3) further reaction between the products of these two processes
(Fe(II) and sulfide) in the solution.

Microbial community sequencing

In situ and enrichment culture samples were independently
sequenced and analysed. 16S-rRNA sequencingwas conducted based
on total DNA extracted from the uncontaminated inner rock core as
well as from the final timepoint of Fhy microcosms for comparison
(Fig. 5). Figure 5 shows enrichment culture community compositions
of ferrihydrite microcosms amended with substrates with which
culture SG can grow, i.e. dihydrogen (‘+H2’) or lactate (‘+Lactate’).
Overall, in situ and enrichment culture compositions clearly differ,
although it should be highlighted that separate sequencing and ana-
lysis for each composition could lead to batch effects. The in situ
community composition displays a variety of ASVs typical for
extreme environments. Only the two low abundant ASVs (genus
level) Sideroxydans (0.04%) and CL500_29_marine_group (0.15%)
can be attributed to the Fe cycle, here in the form of microaerophilic
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Figure 4. Ferrihydrite reduction by the enrichment culture obtained from the deepest weathering zone (~77 m depth) of the Santa Gracia weathering profile. An Fe(III)-reducing
enrichment culture (culture SG) obtained from this zone was inoculated into microcosms (6th transfer, 10% (v/v)) to identify the preferential substrate condition. Microcosms were
set up with 5mM ferrihydrite (Fhy) (= electron acceptor) and either (a) 5 mM acetate and lactate or (b) dihydrogen (H2) in excess (= electron donor). Further treatments with acetate
or lactate addition as sole electron donor aswell as control setups can be found in the SupplementaryMaterial (Fig. S16). Microbially driven Fe(III) reduction is shownover time. Data
points in (a) and (b) represent the average of three biological replicates. Error bars denote the standard error of the biological replicates.
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Fe(II)-oxidising microorganisms. The two enrichment culture com-
munities are dominated by a single ASV (species level) related to
Desulfotomaculum ruminis, a sulfate-reducing strain.

Discussion

Potential for Fe-cycling in the deep biosphere of a semi-arid
region

Localisation of relevant depth intervals for microbial weathering of
Fe-bearing minerals. The SG weathering profile comprises multiple
weathering zones that are partly situated in Fe-rich hydrothermally
overprinted intervals of the profile (Krone et al., 2021b; Hampl
et al., 2022). However, it is unknown if these locations represent
hotspots for microbial activity and if microbial metabolisms con-
tribute to subsurface weathering processes at the study site. We
found that unaltered zones are locations of enhanced Fe bioavail-
ability with poorly crystalline Fe serving as potential electron
acceptor for microbial Fe metabolisms. In contrast, hydrothermally
overprinted fractures and fracture zones were found to be com-
posed of more crystalline Fe(III) (oxyhydr)oxides, which hampers
microbial Fe(III) reduction. However, a particularly intense hydro-
thermal alteration in the deepest identified weathering zone (67–
77 m depth) hosts a microbial community that is probably con-
tributing to weathering processes at depth (Fig. 1). The presence of
highly abundant bioavailable Fe(II) (Fig. 1a) indicates the potential
of this environment to act as a habitat for Fe(II)-oxidisingmicrobes,
which is supported by the positive results of microaerophilic Fe(II)-
oxidising enrichment cultures from numerous rock samples taken
throughout the depth profile.

To facilitate microbial Fe(II) oxidation/Fe(III) reduction, Fe
species also need to be accessible (Figs. 2, 3). Abiotic processes like
weathering-induced fracturing make mineral surfaces more access-
ible for microbial Fe(II) oxidation, but also consumeO2 (Isherwood
and Street, 1976; Kim et al., 2017). Despite this enhanced mineral
surface accessibility, it could be argued that microbial Fe(II) oxidation

is outcompeted by abiotic Fe(II) oxidation at an in situ pH~8 (Fig. S1)
(see Peiffer et al., 2024). However, the measured pH of ground bulk
core samples might be biased towards higher values by carbonates
such as calcite, which were identified in hydrothermally altered
fractures and fracture zones (Fig. S17) (see Krone et al., 2021b; Hampl
et al., 2022). Our results suggest that there is potential for both
Fe(II) oxidation and Fe(III) reduction (Figs 1, 2, S1, S2). While
microbial Fe(II) oxidation is relevant inparts of theweatheringprofile,
microbial Fe(III) reductionwas identified over the entire depth profile
(Fig 3).

Thermodynamic constraints onmicrobialweathering of Fe-bearing
minerals. To study the potential impact of Fe-metabolising microbes
on the weathering of primary and secondary Fe-bearing minerals
within the SG weathering profile, energetically favourable Fe redox
reactions were identified. Gibbs free energy yields for microbial
Fe(II) oxidation were found to be favourable if the Fe source was
magnetite or free Fe(II) in solution, and, to a lesser extent, biotite and
hornblende (Fig. 2). However, because Fe(II) is strongly bound in the
crystal structure of poorly soluble, highly crystalline biotite and
hornblende, it is less accessible for microbial redox reactions
(Shelobolina et al., 2012; Napieralski et al., 2019; Fan et al., 2023).
Fe(II) oxidation in pure biotite has been demonstrated previously, but
only under laboratory conditions using very fine-grained (<5 μm)
biotite (stock suspension concentration of 15–20 g l–1) (Shelobolina
et al., 2012). These conditions and characteristics do not match the
natural samples we were analysing. Thermodynamic calculations and
the incorporation of Fe as structural Fe(II) in Fe(II)-bearing silicates
suggest that primary Fe(II) minerals are probably not suitable as a
main Fe source for Fe(II) oxidisers at our study site. Nonetheless,
initial cultivation success of Fe(II)-oxidising microorganisms demon-
strates their in situ existence, while not providing information on how
active they are in in situweathering of Fe(II)-bearingminerals. Hence,
we can conclude that Fe-metabolising microorganisms are likely not
the main driving force for weathering of primary Fe(II)-bearing
silicates. In contrast, Fe(III) reduction is energetically feasible for
microbes with magnetite and Fe(III) (oxyhydr)oxides like hematite,

Figure 5. Comparison of in situ (= native)
community composition versus enrichment
culture community composition retrieved from
identical drill core samples from ~77 m depth. In
situ and enrichment culture samples were
independently sequenced and analysed. The in
situ community composition (“In situ”) reflects the
relative amplicon sequence variants (ASV)
abundance pre-enrichment (top panel).
Enrichment culture compositions reflect shifted
community compositions after substrate addition
of ferrihydrite and dihydrogen (H2)
(“Dihydrogen”) or ferrihydrite and lactate
(“Lactate”) (shown ASVs represent average
abundances of three biological replicates; mid
and bottom panel). In the top panel (“In situ"),
relative abundances of the 15 most abundant
ASVs (“top15”) are shown. The remaining genera
≤2.0% are summarised in “Other”. In the middle
(“Dihydrogen”) and bottom (“Lactate”) panels,
only two ASVs with a cumulative abundance of
99.5% are displayed. Genera <0.2% are summarised
in “Other”.
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goethite or ferrihydrite (Crosby et al., 1983). Based on our calculation
results and building on theminerals identified in the rock samples, we
conclude that the deep biosphere at our study site is preferentially
using secondary Fe(III) (oxyhydr)oxides for their metabolism.

Importance of the semi-arid climatic setting on microbial
weathering
The semi-arid nature of the climatic setting at our field site SG is of
importance when evaluating the potential for microbial Fe-cycling
in the deep subsurface. Unlike for weathering profiles situated in
more humid climates, the supply of meteoric water into the sub-
surface of SG via fractures and hence the transport of O2, CO2 and
nutrients essential for microbial Fe redox reactions are limited
(Napieralski et al., 2019; 2022). Furthermore, organoheterotrophic-
based subsurface microbial activity in (semi-)arid climates heavily
feeds on the input of young organic C (Scheibe et al., 2023). These
limitations in available amounts of water and nutrients force
Fe-metabolising microorganisms towards most energy-efficient
redox reactions to ensure survival (Figs 2, S1, S2). Alternatively,
microorganisms can form endospores or minimise their genome
size (to reduce the cost of replication) to facilitate survival under
water and nutrient deprivation (Lin et al., 2006; Chivian et al., 2008;
Suzuki et al., 2017; Fones et al., 2019). In short, microbial weather-
ing activity in our semi-arid deep weathering profile will only occur
where environmental conditions allow for Fe redox reactions.

Fe-metabolising microorganisms are weathering agents
In our in situ Fe(III) reduction enrichments, we demonstrated that
microbial Fe(III) reduction occurs with both H2 and organics as
electron donor (Figs 3, S14, S15). Overall, on average 6.8% more
Fe(III) was reduced in the ‘+Fhy’ setups with organic carbon added
compared to setups with dihydrogen. This has two plausible explan-
ations. First, bicarbonate was the only previously identified C source
in the dihydrogen setups and thus the differences in Fe reduction
extent may be related to different efficiencies of autotrophic vs
heterotrophic carbon metabolism. Secondly, the observation might
be a result of the higher energetic yield of Fe(III) reduction coupled to
acetate/lactate oxidation over dihydrogen oxidation (see energy
densities of reactions #18, 26 and 34; Fig. S1). Fe(III) reduction extent
in unaltered versus altered zones in the setup with organics added
(Fig. 3b) does not seem to be strongly influenced by the in situDOC
concentrations (Fig. S9). Organic carbon is most probably trans-
ported from the surface via the fracture network (Krumholz et al.,
1997). Zones of hydrothermal alteration did not show significantly
more Fe(III) reduction (Fig. S8), thus partially ruling out our initial
hypothesis that hydrothermally altered zones function as hot spots
for Fe(III)-reducing microbial activity.

Regarding microbial Fe(II) oxidation, the failure to subsequently
cultivate microaerophilic Fe(II)-oxidising microorganisms does not
invalidate the fact that they grew initially. As abiotic Fe(II) oxidation
can be ruled out based on the conducted control experiments,
observed growth suggests that gradient tubes were an accurate meas-
ure of microbial Fe(II)-oxidising activity. In summary, these results
suggest that microbial Fe(III) reduction is relatively more important
than microbial Fe(II) oxidation with regard to transformation of
Fe-bearing minerals in the subsurface.

Evidence for microbial weathering of Fe-bearing minerals from
community sequencing
Wewere able to enrich a robust Fe(III)-reducing culture (Fig. 4) and
we can rule out that the obtained enrichment culture has entered
the subsurface via a contamination, a common risk when retrieving

subsurface samples. This leads us to be confident that the detected
taxon Desulfotomaculum in the enrichment culture (abundance of
98.5%) is part of the in situ community (Fig. 5), even though it is not
abundant (<0.01%) in the detected in situASVs. The taxon has also
been found in other subsurface environments, including uranium/
heavy metal-contaminated aquifers, freshwater and marine sedi-
ments, mines and oil reservoirs (Magot et al., 2000; Chang et al.,
2001; Kaksonen et al., 2006; Ollivier et al., 2007; Wang et al., 2008;
Aullo et al., 2013).

Desulfotomaculum ruminis is capable of Fe(III) and sulfate
reduction (Figs 4, S16), while it is unclear if Fe(III) reduction was
driven directly (i.e. direct Fe(III) reduction) or indirectly by the
oxidation of sulfide produced by this culture. Given that culture SG
is able to reduce Fe(III) and sulfate, genera related to Fe(III) and
sulfate reduction, as well as Fe(II) and sulfur oxidation are expected.
Genera and species confirming this assumption are Thiomonas,
Pseudomonas kujiense, Chlorobium, Thiodictyon, Rhodoferax, Fla-
vobacterium, Paludibacter blasticus, Gallionella capsiferriformans,
Sulfuricurvum kujiense and Thiodictyon ruminis (Widdel et al.,
1993; Ehrenreich and Widdel, 1994; Heising et al., 1999; Finneran
et al., 2003; Croal et al., 2004; Harris et al., 2004; Kodama and
Watanabe, 2004; Hegler et al., 2008; Gregersen et al., 2009; Hegler
et al., 2010; Zhuang et al., 2011; Walter et al., 2014; Fabisch et al.,
2016; Gauger et al., 2016; Ghosh et al., 2018; Akob et al., 2020; Ross
et al., 2022). They could also be quantified in minor (<0.01%) to
larger (up to 8.5%) amounts in the enrichments in this study
(Fig. 5). In summary, this suggests a potential interconnection
between microbial Fe and S cycles in the culture (Fig. 6; Supporting
Information Discussion section). There is the possibility of micro-
bial sulfate reduction-driven weathering of Fe-bearing minerals,
but the low amount of quantified S in the rock suggests the impact
of S in situ is limited.

The in situ community composition in the deepest weathering
zone is not dominated by ASVs related to microbial Fe(III) and
sulfate reduction. Most abundant ASVs are related to microorgan-
isms living in the rhizosphere (Bacillus [12.5%]), saline (Halomonas
[10.1%]) or hot environments (Aeribacillus [4.6%],Mycobacterium
[2.4%] and Rhodobacter [2.3%]), metabolizing complex hydrocar-
bon compounds (Lawsonella [2.8%] and Vibrionimonas [9.1%]) or
fixing N2 (Pedosphaeraceae [3.0%]) (Fig. 5) (see Schröder et al.,
1997; Cruz-Martínez et al., 2009; Yasawong et al., 2011; Filippidou
et al., 2015; Khan et al., 2019; Xian et al., 2020; Campbell et al., 2021;
Mahmoud et al., 2023). Moreover, in situ ASVs of minor relative
abundance (≤2%) can be assigned to genera related to microorgan-
isms oxidising Fe(II), sulfur and H2 (Sideroxydans [<0.01%]) and
utilising carbohydrates (CL500_29_marine_group [0.2%]) (see
Warnecke et al., 2004; Lüdecke et al., 2010; Liu et al., 2015; McIlroy
et al., 2017; Chen et al., 2020; Cooper et al., 2023). Natural abiotic
H2 gas can originate frombiotite hydration in granite (Murray et al.,
2020) or rock comminution (i.e. fracture-induced water reduction)
(Sato et al., 1984; Klein et al., 2020). Overall, the sequencing results
of the in situ community might be explained by the low cell
abundance of specific strains and high degree of adaptation and
specialisation in such a water- and nutrient-deprived subsurface
system. In summary, the ASVs identified from the deep subsurface
of our study site paired with the geochemical/mineralogical setting
most probably indicate microbial involvement in (1) Fe(II), sulfur
andH2 oxidation, (2) Fe(III) and sulfate reduction, and (3) complex
hydrocarbon compoundmetabolism. To account for the possibility
of cryptic sulfur cycling in this context, we considered the stoichi-
ometry of probable Fe-S redox reactions (Supplementary Material
Discussion section).
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Conclusions and environmental implications

This study has revealed the potential of microorganisms in
weathering of Fe-bearing minerals in the deep subsurface of a
semi-arid environment. We underpin its existence with a com-
prehensive cultivation approach of Fe(II)-oxidising and Fe(III)-
reducing microorganisms under quasi-environmental conditions
(growth conditions as close to the environment as possible).

To comprehensively consider the potential for microbial Fe cyc-
ling, we included all Fe-bearing minerals in our approach, includ-
ing Fe-bearing silicates.

Our main conclusions are as follows.

1) Zones of unaltered and altered rock with increased concen-
tration of bioavailable Fe provide an Fe pool that is accessible
to microorganisms.

Figure 6. Summary of potential, microbially driven weathering scenario in the deepest weathering zone of the Santa Gracia (SG) weathering profile. (a) The subsurface is
characterised by (tectonic) fracturing, hydrothermal alteration and weathering. Hydrothermal alteration and weathering are often superimposed. (b) Cartoon of a proposed
microbially driven Fe cycle, interlinkedwith a S cycle in the deepest, hydrothermally altered SGweathering zone (~77mdepth, cf. Fig. 1). Sulfate-reducingmicroorganisms reduce sulfate
with help of a non-organic energy source as Fe(III) to reduced sulfur species (step 1a1). Subsequently, Fe(III) minerals can be reduced to Fe(II) when (a) reactingwith highly reactive sulfur
species (e.g. H2S) (step 1a2) or (b) coupled to oxidation of organic carbon or dihydrogen (H2) (step 1b). Formed Fe(II) species are reoxidised by Fe(II)-oxidising microorganisms (step 2)
and/or reactwith reduced sulfur species and formFeSminerals suchasmackinawiteorFe(III)-mackinawite (step 3, Fig. S18). Over time, FeSmineralsbecomemore crystalline (Fe3S4, FeS2
formation). Reduced sulfur species can be reoxidised, fueling a cryptic S cycle and by that further amplifying Fe(III) reduction. The cryptic sulfur cycle component is probably more
important in the enrichment culture than in situ. Abbreviations: SO4

2– = sulfate; H2S = dihydrogen sulfide; S
0 = elemental sulfur; Sx

– = other intermediate sulfur species; Hem = hematite;
Fhy = ferrihydrite; Mag = magnetite; Fe2+(aq) = aqueous iron; FeS = (Fe(III)-)mackinawite; Fe3S4 = greigite; FeS2 = pyrite; Corg = organic carbon; H2 = dihydrogen; O2 = oxygen.
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2) Fe present in fractured and hydrothermally altered zones are
not hot spots for microbial Fe(III)-reducing activity because
the minerals are probably less accessible due to their more
crystalline nature.

3) Microorganisms are probably not contributing to the weather-
ing of Fe(II)-bearing silicate minerals. Secondary Fe(III) (oxy-
hydr)oxides are required for microbial Fe(III) reduction and
hence microbial weathering activity.

4) Fe and S cycles are potentially interconnected in the deepest,
hydrothermally altered weathering zone of the SG weathering
profile.

5) The microbiome of deep weathering zones has adapted
towards the most energy-efficient redox reactions (organohe-
terotrophy and chemolithotrophy) to ensure survival in a
water- and nutrient-deprived system.

6) In the deep subsurface, Fe-metabolising microorganisms con-
tribute to weathering in both unfractured and fractured altered
rock and need to be considered when investigating deep
subsurface weathering processes, even within semi-arid envir-
onments.
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found at http://doi.org/10.1180/gbi.2025.2.
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