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Summary

Microbial rock weathering takes place in Earth’s crust, in which the fourth most abundant
element is iron (Fe). Iron occurs during all stages of rock-soil transformation such as primary
rock colonisation, rock breakdown, saprolite formation and element cycling. Microorganisms
weather rocks and minerals via alteration of pH, metal chelation, breakdown of organic matter
and redox reactions and thereby physiochemically alter their surrounding environment. Redox
reactions are the key process of biota to gain energy in all major biogeochemical cycles (i.e.
those centred around C, Fe, Mn, N, P and S) via electron transfer between a redox couple,
consisting of an electron donor and an electron acceptor. Fe-metabolising bacteria are agents
of redox reactions, which allow them to adapt and survive in oligotrophic (i.e. nutrient depleted)

environments.

Field and laboratory studies are a valuable tool to decipher microbial rock weathering at
different special and temporal scales. So far, field studies mainly focused on (a) deep
subsurface mineral weathering of granitoid weathering profiles and (b) microbial weathering of
Fe-bearing minerals in shallow depths and humid climate. However, there is barely any studies
on microbial weathering of Fe-bearing minerals in the deep subsurface of granitoid lithology in
arid and semi-arid environments. Moreover, it is also poorly constrained how microbial
weathering activity of Fe-metabolising microorganisms in the deep subsurface is linked to
different climatic conditions. Even more, due to the lack of microbial weathering studies in the
deep subsurface of more arid climates we probably underestimate how quantitatively important
and widespread microbial weathering may be. Hence, it is key to understand which factors
control microbial weathering activity in the deep subsurface along climate gradients. This
thesis addresses these issues by investigating drill core and soil samples from four weathering
profiles of felsic plutonic rock along a climate gradient from North to South. The climate
gradient ranges from arid (Pan de Azucar, PdA), to semi-arid (Santa Gracia, SG),
Mediterranean (La Campana, LC) and humid (Nahuelbuta, NA) climate zones of the Chilean

Coastal Cordillera.

The first part of this dissertation addresses the role of Fe-metabolising bacteria in the
weathering of hydrothermally altered, granitoid rock in semi-arid climate. Applying
geochemical, mineralogical and cultivation-based methods fractured and hydrothermally
altered zones were found to not be hot spots for microbial Fe(lll)-reducing activity, but rather
hamper microbial activity. To thrive, Fe-metabolising microorganisms require increased
concentrations of accessible, bioavailable Fe, independent from the alteration degree. The
data indicates that Fe-metabolising microorganisms probably do not contribute to the
weathering of Fe(ll)-bearing silicate minerals, but reveal their importance for reductive

dissolution of secondary Fe(lll) (oxyhydr)oxides. The successful cultivation of a robust Fe(lll)-



reducing enrichment culture (culture SG) from the deepest weathering zone in 77 m depth,
dominated by the spore-forming Desulfotomaculum ruminis, underpins this statement. Culture
SG is capable of Fe(lll) and sulfate reduction using lactate or dihydrogen. Hence, there is the
possibility of microbial sulfate reduction-driven weathering of Fe-bearing minerals. However,

the low amount of quantified S in this zone suggests a minor role of S in the process.

In the second part of this dissertation, controlling factors of microbial weathering of Fe-bearing
minerals along the climate gradient are elucidated. Geochemical and petrophysical data are
combined with statistics to identify locations of potential microbial in situ weathering of Fe-
bearing minerals within the four weathering profiles. The four field sites are characterised by
an increase in precipitation from North to South. However, the bedrock of the study sites differs
in terms of fracturing and hydrothermal alteration. The two Northern field sites (PdA and SG)
are characterised by a high fracture intensity, hydrothermal alteration and high inorganic
carbon (IC) concentrations. In contrast, weathering profiles of the two Southern field sites (LC
and NA) show a low fracture intensity, absence of hydrothermal alteration and low IC
concentrations. We identified an increase in the amount of extractable, adsorbed and
crystalline Fe with depth in LC and NA. Furthermore, high Fe(ll)/Fe(tot)-ratios were found to
positively correlate with low and medium fracture intensity zones. Fractures were identified as
locations of more poorly crystalline Fe-bearing minerals compared to unfractured zones in all
four sites. Finally, there is less bioavailable organic carbon in fractures compared to
unfractured zones in SG, LC and NA, while the opposite is the case for PdA. In short, the
highest probability of microbial in situ weathering of Fe-bearing minerals is linked to open

fractures.

In summary, this work has expanded our knowledge on the role of Fe-metabolising bacteria in
weathering of Fe-bearing minerals. It underlines that we are currently underestimating how
important and widespread microbial weathering may be. Investigating a hydrothermally altered
granitoid weathering profile in semi-arid climate demonstrated that Fe-metabolising
microorganisms are rather important for reductive dissolution of secondary Fe(lll)
(oxyhydr)oxides but probably do not contribute to the weathering of Fe(ll)-bearing silicate
minerals. Along the climate gradient, open fractures were found to have the highest probability
of hosting active Fe-metabolising microorganisms. The complex interplay of minerals,
geochemistry, fracturing and hydrothermal alteration and water supply with microbes highlights
that more interdisciplinary research is necessary to get an in-depth understand of microbial

weathering processes in the deep subsurface.



Zusammenfassung

Mikrobielle Gesteinsverwitterung findet in der Erdkruste statt, in der Eisen (Fe) das am
vierthaufigsten vorkommende Element ist. Eisen kommt in allen Stadien der Umwandlung von
Gestein in Boden vor, z. B. bei der Besiedlung von Primargestein, dem Abbau von Gestein,
der Saprolitbildung und den Elementkreislaufen. Mikroorganismen verwittern Gestein und
Minerale durch Veranderung des pH-Werts, Metallchelatbildung, Abbau von organischem
Material und Redoxreaktionen und verandern dadurch physiochemisch ihre Umgebung.
Redoxreaktionen sind der Schlisselprozess der Biota zur Energiegewinnung in allen wichtigen
biogeochemischen Kreislaufen (d. h. denjenigen, die sich um C, Fe, Mn, N, P und S drehen)
durch Elektronentbertragung zwischen einem Redoxpaar, bestehend aus einem
Elektronendonor und einem Elektronenakzeptor. Fe-metabolisierende Bakterien nutzen
Redoxreaktionen, um sich an oligotrophe (d. h. nahrstoffarme) Umgebungen anzupassen und

dort zu Uberleben.

Feld- und Laborstudien sind ein wertvolles Instrument zur Entschllisselung der mikrobiellen
Gesteinsverwitterung auf verschiedenen raumlichen und zeitlichen Ebenen. Bisher
konzentrierten sich Feldstudien hauptsachlich auf (a) die Mineralverwitterung im tiefen
Untergrund (von granitoiden Verwitterungsprofilen) und (b) die mikrobielle Verwitterung von
Fe-haltigen Mineralen in geringer Tiefe und feuchtem Klima. Es gibt jedoch kaum Studien tber
die mikrobielle Verwitterung von Fe-haltigen Mineralen im tiefen Untergrund von granitoiden
Gesteinen in ariden und semiariden Umgebungen. Dartber hinaus ist nur unzureichend
geklart, wie die mikrobielle Verwitterungsaktivitat von Fe-metabolisierenden Mikroorganismen
im tiefen Untergrund mit den unterschiedlichen klimatischen Bedingungen zusammenhangt.
Mehr noch, aufgrund des Mangels an Studien zur mikrobiellen Verwitterung im tiefen
Untergrund ariderer Klimazonen unterschatzen wir wahrscheinlich, wie wichtig und weit
verbreitet die mikrobielle Verwitterung quantitativ ist. Daher ist es wichtig zu verstehen, welche
Faktoren die mikrobielle Verwitterungsaktivitdt im tiefen Untergrund entlang von
Klimagradienten steuern. Die vorliegende Arbeit befasst sich mit diesen Fragen, indem sie
Bohrkerne und Bodenproben von vier Verwitterungsprofilen aus felsischem plutonischem
Gestein entlang eines Klimagradienten von Norden nach Siden untersucht. Der Klimagradient
reicht von ariden (Pan de Azucar, PdA) Gber semiaride (Santa Gracia, SG) und mediterrane
(La Campana, LC) bis hin zu feuchten (Nahuelbuta, NA) Klimazonen der chilenischen

Kistenkordillere.

Der erste Teil dieser Dissertation befasst sich mit der Rolle Fe-metabolisierender Bakterien bei
der Verwitterung von hydrothermal verandertem, granitoiden Gestein in semiaridem Klima.
Unter Anwendung geochemischer, mineralogischer und kultivierungsbasierter Methoden

wurde festgestellt, dass zerkliiftete und hydrothermal veranderte Zonen keine Hot Spots fiir



mikrobielle Fe(lll)-reduzierende Aktivitat sind, sondern die mikrobielle Aktivitat eher behindern.
Um zu wachsen, benétigen Fe-metabolisierende Mikroorganismen hdohere Konzentrationen
an zuganglichem, bioverfigbarem Fe, unabhangig vom Grad der hydrothermalen
Uberpragung. Die Daten deuten darauf hin, dass Fe-metabolisierende Mikroorganismen
wahrscheinlich nicht zur Verwitterung von Fe(ll)-haltigen Silikatmineralen beitragen, sondern
ihre Bedeutung in der reduktiven Auflésung von sekundaren Fe(lll)-(Oxyhydr)oxiden liegt. Die
erfolgreiche Kultivierung einer robusten Fe(lll)-reduzierenden Anreicherungskultur (Kultur SG)
aus der tiefsten Verwitterungszone in 77 m Tiefe, die von dem sporenbildenden Taxon
Desulfotomaculum ruminis dominiert wird, untermauert diese Aussage. Kultur SG ist in der
Lage, Fe(lll) und Sulfat unter Verwendung von Laktat oder Wasserstoff zu reduzieren. Daher
besteht die Moglichkeit einer durch mikrobielle Sulfatreduktion angetriebenen Verwitterung

von Fe-haltigen Mineralen.

Im zweiten Teil dieser Dissertation werden die Einflussfaktoren der mikrobiellen Verwitterung
von Fe-haltigen Minerale entlang des Klimagradienten untersucht. Geochemische und
petrophysikalische Daten werden mit statistischen Daten kombiniert, um die Orte potenzieller
mikrobieller In situ-Verwitterung von Fe-haltigen Mineralen innerhalb der vier
Verwitterungsprofile zu ermitteln. Die vier Feldstandorte sind durch eine Zunahme der
Niederschlage von Norden nach Suden gekennzeichnet. Das Grundgestein der untersuchten
Standorte unterscheidet sich jedoch in Bezug auf die Frakturierung und hydrothermale
Alteration. Die beiden ndrdlichen Feldstandorte (PdA und SG) sind durch eine hohe
Bruchintensitat, hydrothermale Alteration und hohe Konzentrationen anorganischen
Kohlenstoffs (IC) gekennzeichnet. Im Gegensatz dazu zeigen die Verwitterungsprofile der
beiden sudlichen Feldstandorte (LC und NA) eine geringe Bruchintensitat, keine
hydrothermale Alteration und niedrige IC-Konzentrationen. Wir stellten fest, dass die Menge
an extrahierbarem, adsorbiertem und kristallinem Fe mit der Tiefe in LC und NA zunimmt.
AuRerdem wurde festgestellt, dass hohe Fe(ll)/Fe(tot)-Verhaltnisse positiv mit Zonen geringer
und mittlerer Bruchintensitat korrelieren. An allen vier Standorten wurden Briche als Orte
identifiziert, an denen mehr gering kristalline Fe-haltige Minerale im Vergleich zu nicht-
frakturierten Zonen vorkommen. Schlief3lich gibt es in SG, LC und NA weniger bioverfiigbaren
organischen Kohlenstoff in Frakturen im Vergleich zu nicht geklufteten Zonen, wahrend in PdA
das Gegenteil der Fall ist. Kurz gesagt, die h6chste Wahrscheinlichkeit einer mikrobiellen In

situ-Verwitterung von Fe-haltigen Mineralen ist mit offenen Frakturen verbunden.

Zusammenfassend lasst sich sagen, dass diese Arbeit unser Wissen uber die Rolle von Fe-
metabolisierenden Bakterien bei der Verwitterung von Fe-haltigen Mineralen erweitert hat. Sie

unterstreicht, dass wir derzeit unterschatzen, wie wichtig und weit verbreitet die mikrobielle
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Verwitterung sein kann. Die Untersuchung eines hydrothermal veradnderten Granitoid-
Verwitterungsprofils in semiaridem Klima zeigte, dass Fe-metabolisierende Mikroorganismen
eher fur die reduktive Auflésung sekundarer Fe(lll)-(Oxyhydr)oxide wichtig sind, aber
wahrscheinlich nicht zur Verwitterung von Fe(ll)-haltigen Silikatmineralen beitragen. Entlang
des Klimagradienten wurde festgestellt, dass offene Klifte die hochste Wahrscheinlichkeit
aufweisen, aktive Fe-metabolisierende Mikroorganismen zu beherbergen. Das komplexe
Zusammenspiel von Mineralen, Geochemie, Kluftbildung, hydrothermaler Umwandlung und
Wasserversorgung mit Mikroben macht deutlich, dass mehr interdisziplinare Forschung
notwendig ist, um ein tieferes Verstandnis der mikrobiellen Verwitterungsprozesse im tiefen

Untergrund zu erlangen.
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Chapter 1: Introduction

1.1 Microbial weathering of minerals and rocks

Microorganisms are active agents shaping Earth’s surface (Ehrlich, 1996). Microbial activity
physiochemically alters their surrounding environment and thus makes essential elements
such as carbon, iron, phosphorus and sulfur available for biogeochemical cycles (Falkowski et
al., 2008; Samuels et al., 2020). This microbial activity is also known as microbial weathering
of minerals and rocks (Ehrlich, 1998). Microbial weathering contributes to biological weathering
and comprises activity and growth of both prokaryotes and eukaryotes (Brantley et al., 2012;
Ehrlich et al., 2015). It is a key process for microorganisms to adapt and survive in oligotrophic
(i.e. nutrient depleted) environments such as caves and the deep biosphere, since it facilitates
nutrient access and energy production (autolithotrophy) (Tebo et al., 2015). From a geological
perspective, microbial weathering occurs during all stages of rock-soil transformation such as
primary rock colonisation, rock breakdown, saprolite formation, and element cycling (Melton et
al., 2014; Banwart et al., 2019).

Microorganisms have a variety of mechanisms to weather rocks and minerals at their disposal
(Fig. 1). These mechanisms can be divided into four major categories for a better
understanding of the microbe-mineral/rock interactions (Uroz et al., 2009; Gadd, 2010). (1)
Firstly, microbes can alter the pH surrounding the mineral via release of organic and inorganic
acids on a microscopic to bulk-solution scale (Drever and Stillings, 1997; Konhauser, 2009).
(2) Secondly, they can use organic acids acting as chelators of (heavy) metals to remove
elements from within a mineral matrix or bulk rock (Liermann et al., 2000; Wtodarczyk et al.,
2015). (3) Thirdly, they can transform or degrade geological organic matter (Petsch et al., 2001;
Berlendis et al., 2014). (4) Fourthly, microbes can oxidise and reduce specific elements (Fe,
Mn and S) within a mineral via redox reactions resulting in mineral transformations (Barker et
al., 1998; Gadd, 2010).

(1) Alteration of pH. Microorganisms dissolve minerals and weather rocks by increasing or
decreasing the pH of their surrounding environment. The pH increase is caused by
photosynthetic microbes producing carbonate anions leading to enhanced release rates of Ca,
K, Mg and Si from rocks (Olsson-Francis et al., 2012). The pH decrease, on the other hand, is
created by protons released from inorganic and organic acids (Konhauser, 2009). Organic
acids are either actively synthesised (e.g. amino acids) or passively produced as by-products
of cellular metabolism when producing organic acids such as citrate or oxalate (e.g. LMWOAS)

(Thorley et al., 2015). This proton-promoted dissolution, also known as acidolysis, occurs via
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Figure 1.1. Summary of major microbial weathering mechanisms and their impact on
geological substrates. The sketch shows three zones, which represent fresh bedrock (“Fresh
zone”), the weathering front (“Weathered zone”) and the interface between water or air and a
substrate (“Air/solution”) (from bottom to top). Weathering processes displayed in the Fresh
zone are mineral dissolution, breakdown of organic compounds, secondary mineral formation
and solubilisation. Above in the weathered zone, microbial weathering mechanisms such as
metal chelation and redox reactions are listed. In the interface (uppermost zone),
microorganisms facilitating weathering and weathering products are shown. (Figure re-
published with permission of the author; Samuels et al. (2020))

two mechanisms. Protons can cleave aluminosilicate (Al-O-Si) and siloxane (Si-O-Si) bonds
in silicate minerals, which weakens the mineral structure and promotes dissolution (Gadd,
2010). Alternatively, protons create gaps within aluminosilicate mineral lattices by metal cation
displacement (e.g. Al, Fe, K), are subsequentially oxidised and diffuse out of the structure
(Bennett, 1991; Bennett et al., 2001). Besides organic acids, there are more sources of
biogenically derived acidity such as the (a) release of respiratory CO and subsequent carbonic
acid formation (Xiao et al., 2014; Thorley et al., 2015), (b) formation of exopolymeric
substances (EPS) (Welch et al., 1999; Hall-Stoodley et al., 2004; Pokrovsky et al., 2009), and
(c) release of inorganic acids from redox reactions (Nordstrom and Southam, 1997; Li et al.,
2014).

(2) Metal chelation. Organic acids can not only alter the pH (proton-promoted dissolution) but
can also function as effective chelators of heavy metals (ligand-promoted dissolution) (Bennett

et al., 2001). Chelation is defined as binding and immobilisation of organic acids to heavy metal
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cations via complexation leading to potential mineral precipitation (Konhauser, 2009). Microbes
utilise the release of organic ligands to obtain metals from minerals and rocks (Ahmed and
Holmstrom, 2014; Bray et al., 2015; Saad et al., 2017). The effectivity of organic ligands
depends on the amount of their hydroxyl groups (tridentate > bidentate > monodentate) (Welch
and Ullman, 1993). If deprotonated, organic ligands withdraw dissolved metals from solution.
This metal withdrawal decreases the amount of freely available cations in solution (i.e.
decrease in saturation state), which fosters even more metal release from the mineral.
Siderophores are a specific group of organic molecules that have a very high affinity for Fe3*.
These molecules are tetra- or hexadentates and their oxygen-bearing moieties directly bind to
the complexed metal (Akafia et al., 2014). The release of siderophores by microorganisms is
key to make ferric Fe at circumneutral pH bioavailable (Liermann et al., 2000; Kalinowski et
al., 2006). On top of that, numerous studies have demonstrated that siderophores enhance
dissolution rates of Fe-bearing minerals (Akafia et al., 2014; Bray et al., 2015; X Liu et al.,
2015; Saad et al., 2017).

(3) Organic matter breakdown. Microorganisms also transform and degrade organic matter
(OM), which can be found in all rock types in different amounts (Wengel et al., 2006; Nichols,
2009; Kulkarni et al., 2022). OM degradation depends on several factors such as
environmental conditions, OM composition, and microorganisms participating in the process.
Microbial processes involved are among others anaerobic methanogenesis, aerobic oxidative
breakdown and enzymatic degradation of recalcitrant OM (Petsch et al., 2001; Meslé et al.,
2013; Berlendis et al., 2014).

(4) Redox reactions. Redox reactions are the key process of biota to gain energy in all major
biogeochemical cycles (i.e. C, Fe, Mn, N, P and S) via electron transfer between a redox couple
consisting of an electron donor and electron acceptor (Hayes and Waldbauer, 2006; Pasek et
al., 2014; Keiluweit et al., 2015; Stueken et al., 2016; Jgrgensen et al., 2019; Kappler et al.,
2021). By electron transfer between a redox couple the gained energy is utilised to generate
adenosine triphosphate (ATP), which is needed by microorganisms to perform their metabolic
processes (Shen et al., 2024). Examples of weathering of minerals and rocks via redox
reactions are desert rock varnish, carbonate cave wall weathering or pyrite dissolution and
subsequent sulfur oxidation (Kuhlman et al., 2006; Carmichael et al., 2013; Jakus et al.,
2021a).

1.2 Environmental relevance of iron

Microbial rock weathering takes place in Earth's crust, in which the fourth most abundant
element is iron (Fe) (Taylor, 1964; Kappler et al., 2015). Iron is a very reactive element and
has two relevant oxidation states regarding environmental processes and biogeochemical
cycling: ferrous Fe (Fe(ll)) and ferric Fe (Fe(lll)) (Becker et al., 2021). Within Earth’s crust, Fe
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occurs in Fe(ll) minerals, Fe(lll) minerals and mixed Fe(ll)/Fe(lll) minerals of varying

crystallinity and bioavailability (Table 1.1).

Table 1.1. Relevant Fe-bearing minerals that can be found in (hydrothermally altered) granitoid soil and
rocks. Table modified from Ehrlich’s Geomicrobiology, Sixth Edition, Chapter 17, Table 17.1 (2015).
Added minerals are highlighted in italic.

Fe(ll)(-bearing) minerals Fe(lll) minerals Mixed Fe(ll)/Fe(lll) minerals
Ferrous sulfide (FeS) Goethite (a-FeO(OH)) Magnetite (FesO4)
Pyrite, marcasite (FeSz2) Akageneite (3-FeO(OH,Cl)) Greigite (FesSa)
lllite ((K,H3O)(Al,Mg,Fe)2 Lepidocrocite (y-FeO(OH))
(Si,Al)4O10[(OH)2,(H20)])
Biotite (KFesAISisO10(OH)z2) Hematite (a-Fe203)
Chlorite (FesAl2SisO10(OH)s) Maghemite (y-Fe203)
Hornblende (Fe7SisO22(OH)z) Ferrihydrite (Fe(OH)s)
Smectite

(Nao.3Fe3*2SizAlO10(OH)224(H20))

At circumneutral pH (pH 5-8), Fe(ll) is quite soluble and hence bioavailable, while Fe(lll) is
poorly soluble as expressed by the low solubility products of Fe(lll) minerals (Ks, = 10-%-102)
(Cornell and Schwertmann, 2003). This contrast of Fe minerals in solubility is reflected in its
environmental concentrations of dissolved Fe(ll) ranging from high uM to low mM, while
concentrations of dissolved Fe(lll) are in the low nM range. The solubility of Fe(ll), though, is
negatively impacted by abiotic Fe(ll) oxidation in the presence of oxygen forcing
microorganisms to adapt their growth (Emerson, 2012). Likewise, Fe(lll)-reducing
microorganisms have to adapt to the low solubility of Fe(lll) minerals by producing and
secreting Fe(lll)-complexing ligands and siderophores (see Chapter 1.1) (Ahmed and
Holmstrom, 2014; Akafia et al., 2014). Together, abiotic and biotic (here microbial) oxidation of
Fe(ll)-bearing minerals and reduction of Fe(lll)-bearing minerals in the environment are

connected by the Fe cycle (Fig. 1.2).

1.3 Microbial rock weathering studies

Field and laboratory studies are a valuable tool to decipher microbial rock weathering at
different spacial and temporal scales as demonstrated by previous weathering studies (Table
1.2). Table 1.2 lists field studies on (deep) subsurface weathering of Fe-bearing minerals and
rocks with and without Fe-metabolising microorganisms. As this compilation shows, studies
explore microbial rock weathering either on a “whole-environment” scale (Li et al., 2014;
Olsson-Francis et al., 2016) or a “reduced-complexity” scale (Matlakowska et al., 2012; Bryce

et al., 2016) — a terminology introduced by Samuels et al. (2020). The idea of “whole-environ-
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Figure 1.2. Fe cycling in the environment. Under anoxic conditions Fe(lll) can be biotically
reduced to Fe(ll) by microorganisms, if coupled to electron donors such as organic carbon
(Corg), methane (CH4), dihydrogen (H2) or ammonium (NH4") (i.e. electron donors). Abiotic
Fe(lll) reduction can occur with help of reduced organic carbon (Corg), superoxide (Oz ), light
(hv) while Fe is organically complexed and hydrogen sulfide (H2S). Under oxic conditions,
Fe(ll) can be biotically oxidised to Fe(lll) by microorganisms, if coupled to electron acceptors
such as oxygen (O2, microaerophiles), light and carbon dioxide (hv + CO,, photoferrotrophs),
or nitrate (NOs, nitrate-reducing Fe(ll) oxidisers). Abiotic Fe(ll) oxidation can happen in the
presence of oxygen (O3), residual organic sulfur (ROS), nitrite (NO>"), nitric oxide (NO) and
manganese oxide (MnO). The Fe cycle overlaps with other biogeochemical cycles relevant
for Fe-metabolising microorganisms such as C, Mn, N, P and S cycles.

ment” scale studies is to demonstrate various effects microorganisms have on a specific rock
type or weathering profile. However, it can be challenging to proof their in situ activity. Studies
have approached this challenge by showing the potential of microorganisms to performing
weathering activity via involved key genes or enzyme assays (Berlendis et al., 2014; Liermann
et al.,, 2015). Alternatively, “reduced-complexity” studies have the advantage of being
experimentally easier to constrain due to less microbe-rock interactions investigated (Uroz and
Frey-Klett, 2011; Gerrits et al., 2020). However, their findings™ application within the natural
environment must be interpretated more cautiously. To this end, studies have focused on

microbial weathering in temperate and humid climate conditions.
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Table 1.2. Summary of field studies on (deep) subsurface weathering of Fe-bearing minerals and rocks with/without Fe-metabolising microorganisms. Features as fractures,
groundwater, hydrothermal alteration and microorganisms involved in the studies are highlighted. Studies are listed in chronological order. Abbreviations used: N/A = not available, +
= presence, - = absence, +* = implication for presence, FeOx = Fe(ll) oxidation, FeR = Fe(lll) reduction, H>-SR = sulfate-reduction coupled with H2 oxidation, AOM = anaerobic
oxidation of methane, Het = heterotrophy.

No. Field site Environment Lithology Depth (m) Climate Fractures  Aquifer  Alteration Microbes Reference

1 Mineral Park mine, Kingman, mine, desert biotite-quartz- 120 dry, arid + + + FeOx (Lehman et al., 2001)
Arizona (USA) monzonite

2 Rio Icacos watershed, Luquillo  watershed, quartz diorite 7.5 humid, + - + FeOx (Buss et al., 2005)
Mountains (Puerto Rico) tropical forest tropical

3 Gold mine, Ventersgroup saline fracture metabasalt 2800 subtropical, + + + H>-SR (Lin et al., 2006; Chivian et al.,
Supergroup metabasalt (SA) water semi-arid 2008)

4 Simpewarp area, Swedish drill cores granite, quartz 900 - 1000 temperate + + + - (Drake et al., 2008)
East Coast (SWE) monzodiorite

5 Damma Glacier Forefield, glacier forefield granite <1 polar N/A - - Het (Frey et al., 2010)
Central Swiss Alps (SUI)

6 South Ice Cave, Oregon lava tube basalt a few polar N/A - - FeOx (Popa et al., 2012)
Cascades (USA)

7 Shovelers Sink, Madison, wetland soil illite, smectite 1.5 humid - + - FeOx, FeR (E Shelobolina et al., 2012)
Wisconsin (USA)

8 Outokumpu Deep Drill Hole groundwater, gneiss, schist, 2500 cold, + + + H,-SR (Purkamo et al., 2013; 2016)
(FIN) fracture zones granite subarctic

9 Sanford Underground former gold mine  basalt, 1500 semiarid + N/A + FeOx, (Osburn et al., 2014; 2019;
Research Facility (USA) metasediment FeR, SR Casar et al., 2020; 2021b)

10 Laxemar site (SWE) drill core, biofilm  granite 740 temperate + + + H,-SR, (Drake et al., 2017)

AOM
1" North Yorkshire coastline (UK) cliff surface pyrite-bearing <1 humid - - N/A FeOx, (Samuels et al., 2019)
shale Het

12 Guaba Ridge, Luquillo ridge, tropical quartz diorite 8 wet, tropical + - + FeOx (Napieralski et al., 2019;
Mountains (Puerto Rico) forest Napieralski and Roden, 2020)

13 Lysina catchment, Slavkov drill core leucogranite 30 cold, humid + + + - (Hayes et al., 2020)
Forest CZO (CZE)

14 Guidel, Ploemeur CZO fractured rock granite, 130 mild, + + - FeOx (Bethencourt et al., 2020;
(FR) aquifer micaschist temperate Bochet et al., 2020)

15 Ammer catchment, Altingen artesian well pyrite-bearing  29-35 mild, + + - FeOx, (Jakus et al., 2021a; 2021b)
(GER) limestone temperate Het

16 Santa Gracia, La Serena drill cores quartz 87.2 semi-arid + N/A + - (Krone et al., 2021b; Hampl et
(CL) monzodiorite al., 2022)

17 Susquehanna Shale Hills CZO fractured organic poor 30 temperate + + N/A FeOx (Napieralski et al., 2022)
(USA) subsurface grey shale

shale

18 Kermadoye and Guidel, fractured rock granite, 50-150 mild, + + - - (Osorio-Leon et al., 2023)
Ploemeur CZO (FR) aquifer micaschist temperate

19 Pan de Azucar, Santa Gracia, drill cores granitoid 41-94 arid - +/+/ +*[+*/ +/+/ FeOx, FeR this study; (Schwerdhelm et
La Campana, Nahuelbuta (CL) temperate +/+ [+ -/- al., 2025)
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1.4 Research objectives and hypotheses
There is a fine collection of field studies investigating (a) deep subsurface mineral weathering

of Fe-bearing weathering profiles (in granitoid lithology) and (b) microbial weathering of Fe-
bearing minerals in shallow depths and humid climate (Table 1.2). However, there is barely
any study on microbial weathering of Fe-bearing minerals in the deep subsurface of granitoid
lithology in arid and semi-arid environments, in which the availability of water and energy
sources for microbial metabolisms is limited. Additionally, it is also poorly constrained how
microbial weathering activity in the deep subsurface varies in different climate zones. Hence,

the aim of this study was to:

¢ Investigate the suitability of Fe-bearing minerals for microbial metabolism in the deep
subsurface of granitoid lithology in semi-arid climate, i.e. in a water- and nutrient

deprived system (Chapter 2).

¢ Identify mineralogical and geochemical conditions in the deep subsurface of a semi-

arid climate, in which Fe-metabolising microorganisms would thrive (Chapter 2).

¢ Elucidate the role and impact of Fe-metabolising bacteria in weathering of Fe-bearing
minerals in a semi-arid climate by assessing their presence, activity and identity
(Chapter 2).

¢ |dentify controlling factors of microbial deep subsurface weathering of Fe-bearing

minerals along a climate gradient (Chapter 3).

¢ Evaluate the relative importance of controlling factors for microbial deep subsurface

weathering of Fe-bearing minerals along a climate gradient (Chapter 3).

1.5 The Deep EarthShape study sites
The aim of the present thesis is to elucidate the effect of climate on subsurface weathering

processes by investigating the impact of Fe-metabolising microorganisms on subsurface
weathering of Fe-bearing minerals and rocks. “EarthShape - Earth’s surface shaping by Biota”
is a German-Chilean priority programme funded by the German Research Foundation (DFG-
SPP 1803) and offers ideal conditions to approach the aims of this dissertation. The goal of
the programme is to investigate the role of biota, i.e. animals, fungi, plants and
microorganismes, in shaping the Earth’s surface in short (days - months) to geological (Ma)
time scales. “Deep EarthShape” is a subproject and aimed at deciphering subsurface (< 100m)

weathering processes by combining mineralogical, geochemical, geophysical and
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geomicrobiological techniques. To do so, four granitoid weathering profiles along the Chilean

Coastal Cordillera were investigated (Fig. 1.3).
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Figure 1.3. Deep EarthShape study sites. Drill cores have been retrieved from the four field
sites Pan de Azucar (PdA), Santa Gracia (SG), La Campana (LC) and Nahuelbuta (NA). The
figure shows (a) a map of the vegetation zones in Chile with climate data and (b) a map of the
altitude zonation within Chile. (Figure reproduced from Werner et al. (2018))

The four field sites span an extreme climate gradient from arid climate in the North to humid
climate in the South between 26° and 38° S, which is caused by the Humboldt Current and
Pacific High-pressure Zone (Garreaud et al., 2009). The climate gradient (from North to South)
includes an increase in mean annual precipitation (MAP) (PdA: 39 mm, SG: 120 mm, LC: 352
mm, NA: 1153 mm) and vegetation cover, and a decrease in mean annual temperature (MAT)
(PdA: 16.0 °C, SG: 14.5 °C, LC: 13.4 °C, NA: 12.9 °C) (Ubernickel et al., 2020). These four
locations are suitable study sites to answer the research questions of this thesis as they are
characterised by (a) a similar rock type (felsic plutonic rock) (Oeser et al., 2018), (b) the
absence of glaciation during the Last Glacial Maximum (LGM) (Hulton et al., 2002) and (c) the
absence of volcanic influence. Until now, there has been a plethora of studies conducted on
studying subsurface weathering processes using the four study sites (Krone et al., 2021b,
2024; Hampl et al., 2022, 2023; Scheibe and Spohn, 2022; Trichandi et al., 2022, 2023, 2024;
Scheibe et al., 2023).
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2.1 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 donor or acceptor.

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(lll)-
bearing minerals that may serve as an electron acceptor for Fe(lll)-reducing microorganisms.
Using geochemical, mineralogical and cultivation-based methods, we found enhanced Fe
bioavailability and more in vitro microbial Fe(lll) reduction at increased depth. We obtained an
Fe(lll)-reducing enrichment culture from the deepest weathered rock found at 77 m depth. This
enrichment culture is capable of reducing ferrinydrite (up to 0.6 mM d') 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(ll)-bearing silicate minerals, they are most likely of importance regarding
reductive dissolution of secondary weathering products. The Fe(lll) reduction quantified in this
weathering profile by the in situ microbial community suggests that microorganisms are active

weathering agents in semi-arid climates.

Keywords

Critical Zone, deep weathering, hydrothermal alteration, semi-arid, Fe-metabolising bacteria,

Fe(ll) oxidation, Fe(lll) reduction, sulfate reduction
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2.2 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 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 breakdown, and saprolite
formation, whereby it also contributes to elemental 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., 2020b). 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 and Balkwill, 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, as after solidification of hot magma the rocks
formed contain neither organic carbon nor cells. Even more, due to 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 widespread microbial weathering

may be.

In such environments fracturing of rocks is the first process that may enable conditions to form
microbial habitats (Pedersen, 1997). Tectonic activity creates fractures on different spatial
scales (um to km) 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
transformation is key, as water acts as a transport medium for gases such as dissolved O, and
CO; that alter or dissolve soluble minerals, transport organic carbon from the surface to the
subsurface and regulates 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 for
microbial metabolisms, such as Fe and S of various oxidation states (Napieralski et al., 2019;
Gu et al., 2020b; Napieralski et al., 2022).

In dry climatic settings, the supply of meteoric water and thus the O,, CO; and nutrients that
are contained in it is limited. Moreover, the available O is readily consumed by abiotic
oxidation of Fe(ll)-bearing silicates in the upper zone of weathering profiles (White and Yee,
1985; Perez et al., 2005). This weathering process transforms Fe(ll)-bearing silicates into

secondary phases such as Fe(lll) (oxyhydr)oxides and clay minerals. The ensuing volume
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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 study was to investigate the role of Fe-metabolising bacteria in the promotion
of weathering in a water- and nutrient-deprived system. We investigated an 87.2 m deep
weathering 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(ll)-oxidising and Fe(lll)-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(lll) reduction by the in situ
community), and (4) investigated the in situ microbial 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.
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2.3 Materials and methods

2.3.1 Study site

The study was conducted in a semi-arid climate zone of the Coastal Cordillera in Chile, ca.
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 (KFe3AISisO10(OH)z2), chlorite (FesAl>SisO10(OH)s), hornblende
(FerSisO22(OH).), magnetite (FesO4) and hematite (Fe2Os) (see Table 2.1) (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 precipitation of <100 mm yr', mean annual temperature of
16°C, and a sparse vegetation coverage of 30-40%, dominated by shrubs and cacti (Ministerio
de Obras Publicas de Chile, 2016; Bernhard et al., 2018; Oeser et al., 2018; Oeser and von
Blanckenburg, 2020; Ubernickel et al., 2020). This semi-arid study site was intensively
investigated 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 ideal
model 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 generated by previous hydrothermal events or meteoric

weathering.

2.3.2 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 contamination control) (Friese et al., 2017; Krone et
al., 2021b). After retrieving the drill cores (up to 1.5 m length), bulk core sample intervals with
a length of ca. 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. For microbial 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 ym with a

planetary ball mill (used for selective Fe extractions in this study) while the inner part was
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processed with a disk mill to obtain a grain size of <2 mm (used for all geomicrobiological
investigations in this study; i.e. microbial enrichments, ferrihydrite reduction experiments and
microbial community sequencing). Samples for geochemical and mineralogical analyses were
further ground to a grain size of <63 um, 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). Additionally,
fracture covers/fillings of five drill core samples were removed with corundum drill bits to

examine their mineralogy in hydrothermally altered zones.

2.3.3 Selective extractions

Selective Fe extractions using hydrochloric acid (0.5 M HCI) and citrate-bicarbonate dithionite
(CBD) were performed on samples of the entire weathering profile to quantify Fe pools
available for microbial Fe redox reactions (N = 59, technical extraction ftriplicates). After
extraction, Fe(ll) and total Fe (Fe(tot)) were spectrophotometrically 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 compounds as electron
donors and acceptors for microbial Fe(ll) oxidation and Fe(lll) reduction. Reported dissolved
organic carbon and nitrate values were blank corrected. Details of the extractions were as

follows:

0.5 M HCI. 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 chlorite via dissolution by protonation (Sidhu et al., 1981; Raiswell et al., 1994; Voelz et
al., 2019). We extracted the bioavailable Fe with 0.5 M HCI 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 conducted 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. 10 mL MilliQ water was added to 0.25 g 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, Germany) via
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combustion (detection limit = 0.022 mg C g™" rock). Nitrate in the extracts was analysed with a
Flow-injection analyser (FIA) using an AA3 HR AutoAnalyser System (Seal Analytical,
Germany) (detection limit = 0.0002 mg N g™ rock). Extractions were performed under oxic
conditions at room temperature in the dark, for 24 h on a shaker (shaking frequency f = 180 s
") (solid:liquid = 1:40).

pH. Potential and active pH of drill core samples were measured as follows: 2 g of
milled drill core samples or air-dried soil (<63 pym) were weighed into 15 mL Falcon tubes and
either 10 mL of 0.01 M CaCl; (potential pH) or 10 mL MilliQ water (active pH) were added.
Falcon tubes were shaken, and the slurries left untouched for 1 h. Thereafter, 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).

2.3.4 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
chemolithotrophic and organoheterotrophic microbial redox reactions to identify potentially
favourable metabolisms (cf. 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(ll)
oxidation reactions, while dihydrogen or organic carbon (acetate or lactate) served as electron
donor for Fe(lll) reduction (Table 2.1) (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. 2.51), as the latter scales Gibbs
energy calculations by the limiting reactant and has been shown to be a more accurate
measure for biomass abundance (Kallmeyer and Wagner, 2014; Osburn et al., 2014). Gibbs
energy yields were calculated by using Eq. 1.

AG, = AG? + RT InQ, (1)
where AG;, represents the Gibbs energy of a reaction, R and T represent the gas constant and
temperature (in K), respectively, and Q; represents the activity product. The activity product Q,
can be evaluated from Eq. 2.

Qr = Ia" (2)
where a; represents the activity of species i and v; its stoichiometric reaction coefficient.
Thermodynamic calculations are based on 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, it was not possible

to collect in situ fluid data. Hence, we also estimated the Gibbs free energy assuming an in
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Table 2.1.

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(ll) oxidation, while dihydrogen or organic carbon
(acetate and lactate) serve as electron donors for microbial Fe(lll) reduction. The amount of electrons (e°) transferred per redox
reaction (rxn) is listed on the right.

No. Mineral Reaction e’/rxn ()

Fe(ll) oxidation with oxygen as electron acceptor

1 Magnetite 4Fe;04 + 6H.0 + O, « 12FeOOH 4

2 Biotite *' 0.1KFe3AlSizO10(OH), + 3.01Mg?" + 0.755A1%* + 2.845H,Si0, + 0.058750; «> 188
1(Mgg_mF82+0_065F63+0_235)(Si3_145A|0_355)O1U(OH)z +0.1K* + 0695H20 + 8.185H"

3 Biotite *2 4KFe3AISiz010(OH), + 12H,0 + 16H* + 30, <> 12FeO0H + 4K* + 12H,Si0, + 4A1%* 12

4 Chlorite *! 0.08FesAl;Siz010(0OH)s + 0.3K* + 1.34A1* + 3.76H,SiO4 + 0.10; <> 20
1 K0,3AI1,5Fe3*0,4Si4O10(OH)2 +2.44H,0 + 1.96H*

5 Chlorite *2 4FesAlSisO1o(OH)s + 24H* + 6H,0 + 50, «» 20FeO0H + 8AIF* + 12H,Si0, 20

6 Hornblende 4Fe7SigO2(0H), + 74H,0 + 70, <> 28FeOO0H + 32H,Si0O, 28

7 Feug 4Fe?"+ 6H,0 + O, > 4FeOOH + 8H* 4

Fe(ll) oxidation with nitrate as electron acceptor

8 Magnetite 10Fe304 + 2NO3 + 2H" > 30FeOOH + N, 10

9 Biotite *' 0.1KFe3AlSisO10(OH), + 3.01Mg?" + 0.755A1%* + 2.845H,Si0, + 0.047NO5 <> 47
1Mg3_01 F82+0_065Fea+0_2353i3_145A|0_355O10(OH)2 +0.1K* +0.721 Hzo + 8.138H" + 0.0235N2(aq)

10  Biotite *2 10KFe3AISizO010(OH), + 42H,0 + 46H* + 6NO;” — 30
30FeOOH + 10K* + 10A1%* + 30H,Si04 + 3Njq)

11 Chlorite *' 2FesAl,Siz019(0OH)s + 7.5K* + 33.5A1F" + 94H,Si04 + 2NO3 10
25K 3Al1 5F€%0.4S14019(OH), + 118H,0 + 106H" + N,

12 Chlorite *2 2FesAl;Siz010(OH)s + 14H" + 2H,0 + 2NO3™ «» 10FeOO0H + 6H,SiO4 + 4AP" + N, 10

13  Hornblende 10Fe7SigO22(OH), + 178H,0 + 14NO3 + 14H* «> 70FeOOH + 80H,SiO4 + 7N, 70

14 Fe? g 10Fe?*+ 14H,0 + 2NO5 <> 10FeOOH + 18H* + N, 10

Fe(lll) reduction with dihydrogen as electron donor

15  Magnetite Fe304 + 6H' + Hy <> 3Fe?" + 4H,0 2

16 Goethite 2FeOO0H + 4H* + H, «» 2Fe?" + 4H,0 2

17 Hematite Fe,0; + 4H* + H, & 2Fe? + 3H,0 2

18  Ferrihydrite 2Fe(OH); + 5H" + H, < 2Fe?* + 6H,0 2

19  Biotite ** 2KFe?'Fe* SisO19(OH), + 8H,0 + 10H* + H, «» 4Fe?" + 2K* + 8H,Si0, 2

20 Biotite *2 2KF€2+F63+Si4O10(OH)z + 2K* + Hz g K2F62+zsi4010(OH)2 + 2H* 2

21 Chilorite *3 9.OgMngggFezﬁ_73F93+0_22A|2_49C60_01Siz_esOm(OH)s + 156.91H* + Hy < 9.09
18.18Fe?" + 26.27Mg" + 0.09Ca?" + 22.64A1F" + 23.91H,SiO, + 68H,0

22 Chlorite *2 9.09M92V89F62+1_78Fe3+0_22A|2_4gC80_01Siz_eaOm(OH)g + O64A|3+ + H2 > 9.09
9.09Mg; s9F€%*2Al5 56Ca0.01Si2.63010(OH)s + 2H*

Fe(lll) reduction with acetate as electron donor

23  Magnetite 4Fe30,4 + 23H* + C,H305 «» 12Fe? + 12H,0 + 2HCOy 8

24 Goethite 8FeOOH + 15H" + C,H30, «+» 8Fe?" + 12H,0 + 2HCO3 8

25 Hematite 4Fe 03 + 15H" + C,H30, <> 8Fe?* + 8H,0 + 2HCO5 8

26  Ferrihydrite 8Fe(OH); + 15H* + C,H30,” «» 8Fe?* + 20H,0 + 2HCO5 8

27  Biotite *3 8KFe?*Fe® SisO19(OH), + 36H,0 + 39H* + C,H;0, «> 16Fe?* + 8K* + 32H,Si0O, + 2HCO3 8

28  Biotite *? 8KFe?*Fe® Sis019(OH), + 8K* + C,H30, + 4H,0 «» 8KoFe?*3SisO19(OH), + 9H* + 2HCO5 8

29 Chlorite & 72.73Mgz_ggF62+1_73Fea+0_22A|2_4gcao_01Si2_53010(OH)3 + 626.64H* + CZH302- > 8
72.73Fe?" + 105.19Mg?" + 0.36Ca?" + 90.55A1°" + 95.64H,SiO, + 268H,0 + 2HCO4

30 Chlorite g2 36.36Mgz_ggF62+1_73Fea+0_22A|2_4gcao_01Si2_53010(OH)3 + 255A|3+ + CZH302- + 4H20 > 8
36.36Mgz_ggF92+2A|2_5scao_01Siz_saOm(OH)s + 9H* + 2HCO3

Fe(lll) reduction with lactate as electron donor

31 Magnetite 6Fe304 + 34H* + C3Hs04 > 18Fe? + 18H,0 + 3HCOy 12

32  Goethite 12FeOO0H + 22H* + C3Hs05 «» 12Fe?* + 18H,0 + 3HCOs 12

33  Hematite 6Fe;03 + 22H* + C3Hs05 > 12Fe?* + 12H,0 + 3HCO3 12

34  Ferrihydrite 12Fe(OH); + 22H* + C3Hs05 «+» 12Fe?" + 30H,0 + 3HCO3 12

35 Biotite *® 12KFe?*Fe®*Siy019(OH), + 54H,0 + 58H* + C3Hs05™ «» 24Fe?" + 12K* + 48H,SiO, + 12
3HCOs

36  Biotite *? 12KFe?*Fe®*Siy019(OH), + 12K* + C3H505™ + 6H,0 «» 12K Fe?*5Si4019(OH), + 14H* + 12
3HCOs

37 Chlorite *3 54.55Mgz_39F62+1_73F93+0_22A|2_49C30_01Si2_53O1U(OH)g + 939.45H + C3H503_ > 12
109.09Fe? + 157.64Mg? + 0.55Ca?" + 135.82A1° + 143.45H,Si0, + 402H,0 + 3HCOy

38 Chlorite *? 54.55M92,39F92+1,73F€3+0,22A|2'4gcao,01Siz_eaOm(OH)8 + 3.82A1° + C3Hs03 + 6H,0 «— 12

54.55M92_39F62+2A|2_55C30_01Si2_53010(OH)3 + 14H* + 3HCO3_

*! = biotite(bt)/chlorite(chl) > Fe(lll) oxides, *2 = bt/chl = Fe(lll) silicates, ** = bt/chl > Fe?
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situ pH of 8 for a range of dissolved ion and gas concentrations. This range included either (i)
those typically found in comparable deep biosphere systems (i.e. lower end of ion and gas
concentration range), or (ii) those that are typically used in lab studies and are thus
experimentally relevant (Fig. 2.S2) (Bach and Edwards, 2003; Boettger et al., 2013; Heidari et
al., 2017; Jones et al., 2018; Xiao et al., 2021). The latter higher concentration condition ((ii))
may also be relevant to a drying period after a rain event, as drying increases the

concentrations of elements within a microbial biofilm (Table S1).

2.3.5 Microbial enrichments and incubation conditions

Cultivation of microorganisms. Aseptically crushed soil/rock samples were used as inoculum
to identify zones of active microbial Fe(ll) oxidation and/or Fe(lll) reduction (N = 59). Fe(ll) was
provided as an FeS layer in gradient tubes for microaerophilic Fe(ll)-oxidising bacteria
(3 replicates per depth interval). Additionally, Fe(lll) was added as synthesized 2-line
ferrihydrite (Fhy) (as described in Straub et al., 2005) in 96 deep-well plates to test for Fe(lll)
reduction coupled to acetate/lactate or dihydrogen oxidation (6 replicates per depth interval).
Under lab conditions, the Fe minerals provided were assumed to be bioavailable 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(ll)-oxidising bacteria were grown in gradient tubes following the protocol of
Emerson and Floyd (2005), in which we established opposing gradients of oxygen and Fe?*
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(ll)-oxidising enrichment culture from a mine (Segen
Gottes Mine, SW Germany) dominated by Curvibacter sp. (Picard et al.,, 2015) from the
laboratory culture collection (Geomicrobiology Group, Department of Geosciences, University

of Tuebingen, Germany) was used.

To enrich Fe(lll)-reducing bacteria, an anoxic mineral medium (N2:CO. 90:10; see Sl for media
composition details) was amended with Fhy as an Fe(lll) source and either a mix of 5 mM
sodium acetate and 5 mM sodium lactate, or Hz in excess were provided as an electron donor
for Fe(lll) reduction. Thereafter, the soil/rock slurry was added into 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(ll) minerals in
comparison to rusty-orange coloured control wells (Fig. 2.S3). A detailed analysis of the black-
coloured minerals can be found in the Supplementary Discussion Section. As positive control,
the Fe(lll)-reducing culture Geobacter sulfurreducens (Caccavo et al., 1994) from the

laboratory culture collection (Geomicrobiology Group, Department of Geosciences, University
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of Tuebingen, 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 Fe mineral dissolution from the Fe pool of the environmental samples, i.e. by
dissolution or microbial Fe(lll) reduction. In these control experiments, powdered drill core
samples were added into the 96 deep-well plates using the same media components as for
the cultivation experiments, but in contrast did not contain 2-line ferrihydrite as an additional
Fe(lll) source. In this study, in situ Fe(lll) reduction is defined as the activation of Fe(lll)-

reducing microbial activity within core samples inoculated into media, as described above.

Fe(lll)-reducing enrichments from the eight most promising depth intervals (i.e. which showed
most Fe(lll) reduction) were transferred four times each into Hungate tubes (N = 8, four
biological replicates each) to obtain a robust Fe(lll)-reducing enrichment culture. One robust
(i.e. healthy and reproducible) Fe(lll)-reducing culture was obtained and further characterised

as outlined below. For convenience, this Fe(lll)-reducing culture is referred to as “culture SG”.

2.3.6 Ferrihydrite reduction by an enrichment culture

Batch ferrihydrite reduction experiments were conducted to determine which electron donors
are used by enrichment culture SG to reduce Fe(lll). Experiments were carried out in 58 mL
serum bottles filled with 22.5 mL anoxic 30 mM mineral medium (N2:CO- 90:10). Biotic setups
were amended with 5 mM Fhy as an electron acceptor and either (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
can (i) use both electron donors, and (ii) 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, in order to quantify abiotic ferrihydrite 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(lll) reduction occurs based on the amount of
organics carried over from the inoculum. Both biotic and abiotic setups were conducted in

triplicates.

Sampling and chemical analysis

For the ferrihydrite reduction experiments, sampling was performed in an anoxic glovebox
(100% N3) by taking an aliquot of 0.6 mL with a needle and syringe (0.55 mm) into a 2 mL
Eppendorf tube.
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Fe quantification. The sample slurries were anoxically extracted with 6 M HCI for 24 h
to target crystalline Fe phases. Fe quantification was conducted via a ferrozine assay (Hegler
et al., 2008).

High pressure liquid chromatography (HPLC). Lactate and acetate were quantified by
using a HPLC device (Shimadzu, Kyoto, Japan) equipped with an Aminex HPX 87H column
(BioRad, Hercules, USA), using a refractive index detector for lactate and a diode array

detector for acetate analysis.

lon chromatography (IC). We quantified 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 chromatograph (Thermo,
USA).

Raman spectroscopy. Raman spectra of Fe-S minerals within the Fhy microcosms
were acquired with an alpha 500R confocal Raman microscope (WITec GmbH, Ulm,
Germany). The microscope was equipped with a 532nm excitation laser, UHTS 300
spectrometer and DV401-BV CCD camera. Optical grating was 600g mm™ for spectra
recording in the range of 0 to 3790 cm™, while using a 40x objective with a numerical aperture
of 0.6 (EC Epiplan-neofluor, Carl Zeiss, Germany). The laser power was adjusted to 0.1 mW
using an optical power meter (PM100D, Thorlabs GmbH, Dachau, Germany). Three spots of
each sample were analysed using 10 integrations for 20 s respectively and combined to create

a composite spectrum. Relative intensities were normalised to 100.

2.3.7 Microbial community sequencing

Fe(lll)-reducing enrichment culture community compositions

In order to assess the adaptation of the enrichment culture to different electron donors provided
and its effect on the microbial community composition, DNA was extracted from the cultures
after termination of the Fhy microcosms with the DNeasy® PowerSoil® Pro” Kit (QIAGEN®).
DNA was amplified by using forward primer 16S-515F and reverse primer 16S-806R
(Caporaso et al., 2011) targeting the V4 region. Library preparation steps (Nextera, lllumina)
and 250 bp paired-end sequencing with MiSeq (lllumina, San Diego, CA, USA) using v2
chemistry were performed by Microsynth AG (Switzerland). Between 1,309 and 86,992 read
pairs were obtained for each sample (in total 580,028). Samples treated with ferrihydrite and
acetate had the lowest read counts (1,309, 1,312, and 1,974), all other samples had more than
45,000. Sequencing data was 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),
with Nextflow 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
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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. Taxonomic 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). 5 ASVs classified as chloroplasts or mitochondria were removed, totaling <1.7%
relative abundance per sample, and retaining 43 ASVs across all samples. Alpha rarefaction
curves were produced with the QIIMEZ2 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. Total DNA was extracted from the uncontaminated inner rock core sample (76.5 m
depth, IGSN: https://doi.org/10.60510/GFCHS009N) using the “DNeasy® PowerSoil® 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 increase DNA
concentration. An extraction control was run during all extraction steps in order to identify
potential lab and kit contaminants. Microbial community composition was assessed using 16S-
rRNA amplicon sequencing with MiSeq (lllumina, San Diego, CA, USA) with 2x300 bp. Library
preparation, including polymerase chain reaction and DNA clean-up was done in the GFZ
Potsdam laboratories (Section 3.7 Geomicrobiology). 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 send to Eurofins Genomics Germany GmbH (Konstanz, Germany) for
sequencing on a MiSeq System. After recovery of the raw data, libraries were demultiplexed
using Cutadapt (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

singletons were removed. The contamination was assessed using the negative controls of the
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extraction and the PCR run. Potential contaminant sequences were completely removed from

the data set resulting in a total of 25878 sequences for the investigated rock sample.

2.3.8 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(lIl) 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(lll) 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 further added all significant interactions
between predictor variables to maximise the variance in Fe(lll) 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(lll) reduction, all reasonable models were explored
and selection based upon comparison of differences in the Akaike Information Criterion (AAIC)
(Zuur et al., 2009). In order to include all significant interactions while ensuring model
parsimony, the best model fit was determined by 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 2.S4-2.S8). The role of
alteration in Fe(lll) reduction is still addressed in the discussion. As the general linear model
was found to be significant, we ran post hoc paired-samples t-tests, corrected with Holm’s
sequential Bonferroni procedure (Holm, 1979), to assess whether the compared pairs of setup

type and electron donor type showed significant differences in mean Fe(lll) reduction.
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2.4 Results

2.4.1 Drill core mineralogy and geochemistry of SG weathering profile

Extractions were performed to quantify the amounts of poorly crystalline 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-metabolising microorganisms (via 0.5 M HCI) and (2) the
crystalline Fe that is present as Fe(lll) (oxyhydr)oxides (via CBD). These complement total
Fe(ll) and Fe(lll) data reported in Krone et al. (2021b). Higher amounts (>7.6 mg Fe g™ rock)
of bioavailable Fe are associated with unaltered zones (Fig. 2.1a), while altered zones
positively correlate with the presence of crystalline Fe (2.5-9.5 mg Fe g™ rock) (Fig. 2.1b). The
Fe(lll) (oxyhydr)oxide depth profile (Fig. 2.1b) mirrors the pattern of the bulk Fe(lll)/Fe(total)-

ratio profile (Fig. 2.1c) (see Krone et al., 2021b). The Fe extraction data also complements
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Fig. 2.1. 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(lll) is indicative for the amount of present Fe(lll)
(oxyhydr)oxides (crystalline Fe). Data points in (a) and (b) represent the average of technical
extraction replicates. Error bars denote standard error of the technical extraction replicates. (c)
Redox state of bulk drill core samples displayed as Fe(lll)/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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previous analysis of the bulk mineralogy of the core samples (Fig. 2.1d) (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(lll).

Furthermore, high resolution water extractable organic carbon (DOC) and nitrate data were
obtained for the whole SG weathering profile (Fig. 2.S9). DOC and nitrate potentially serve as
electron donors and acceptors for microbial Fe(lll) reduction and Fe(ll) oxidation, respectively.
The amount of DOC in the deep (<2 m) subsurface (0.17 mg g™ rock) on average was lower
compared to the uppermost soil horizon (0-2 m; 0.25 mg g™ soil), as it was for nitrate (<2 m vs.
0-2 m: 0.0008 vs. 0.0035 mg g' rock). The mean pH of SG weathering profile was 8.20 + 0.02
(potential pH) and 9.31 + 0.04 (active pH) (N = 10, technical extraction triplicates) (Fig. 2.510).

2.4.2 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. 2.2, Tables 2.1,2.54). 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(ll) oxidation reactions
listed (Table 2.1), 10 reactions are exergonic when coupled to either oxygen or nitrate
reduction (Fig. 2.2a,b). With regard to primary Fe(ll)-bearing minerals, there is a clear energetic
benefit for microbial Fe(ll) oxidation in biotite and hornblende with either oxygen or nitrate as
an electron acceptor. Magnetite and free Fe(ll) in solution could also fuel microaerophilic
and/or nitrate-dependent Fe(ll) 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 case of magnetite being the electron donor.

In stark contrast to the situation for microbial Fe(ll) oxidation, microbial Fe(lll) reduction always
requires the availability of Fe(lll) (oxyhydr)oxides as an electron acceptor (Fig. 2.2c-e), while
assuming free Fe?* to be the Fe(ll) product (Table 2.1). Of 24 Fe(lll) reduction reactions listed,
only 12 reactions are exergonic when coupled to either dihydrogen, acetate or lactate.
Reduction of Fe(lll)-bearing silicates are all endergonic meaning there is no energetic
advantage for microorganisms to use these minerals as an Fe(lll) source. Reduction of Fe(lll)
(oxyhydr)oxides showed the strongest dependence on pH, specifically decreasing in energy

yield with increasing pH but still being feasible up to pH 9.
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Fig. 2.2. Gibbs free energy of Fe(ll) oxidation and Fe(lll) reduction redox reactions per electron
transferred for in situ conditions. The 38 redox reactions (# 1-38) represent 14 oxidation (left
column) and 24 reduction (right column) reactions for major Fe-bearing minerals present in the
Santa Gracia depth profile (Table 1). Gibbs free energy per mole of electron transferred is
shown for Fe(ll) oxidation coupled to (a) O reduction; (b) nitrate reduction (electron acceptors
indicated in red letters); as well as for Fe(lll) reduction coupled to (c) dihydrogen oxidation; (d)
acetate oxidation; and (e) lactate oxidation (electron donors indicated in blue letters). Gibbs
free energy values of redox reactions are shown for fixed concentrations and a pH range of 6-
9. Black dots represent Gibbs free energy values of redox reactions for pH 8, which is about
the potential in situ pH of SG bulk drill core samples (Fig. 2.510). Gibbs free energy values of
Fe(ll) oxidation reactions #4, 5, 11, and 12 are not displayed, because they are highly positive
and hence not thermodynamically favourable, or in the case of reactions #2 and 9,
unrealistically favourable (potentially due to unreliable AG, database for Fe-bearing silicates).
Energetic yields for reactions #1 and 8 (= magnetite) and #6 and 13 (= hornblende) show
narrow to no ranges, as they are marginally to non-dependent from pH. Energetic yields for
Fe(lll) reduction reactions #19-21, 27-30, and 35-38 are not shown as they are highly
unfavourable.
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2.4.3 Fe(lll) reduction by in situ microbial communities

As Fe(lll) (oxyhydr)oxides are abundant in fracture zones marked by weathering and/or
hydrothermal alteration, and thermodynamic calculations demonstrated their potential as
prevalent Fe(lll) sources, Fe(lll) reduction enrichments were set up to identify depths in which
the in situ community could be activated to perform Fe(lll) reduction. Microbial Fe(lll) reduction
could be observed in screening/enrichment setups with ground rock powder (amended with
ferrihydrite) throughout the whole weathering profile (Fig. 2.3), independent of the provided

electron donor. In contrast, enrichments of Fe(ll)-oxidisers were successful for 8 depths.

In order to determine whether altered zones act as hot spots for Fe(lll)-reducing microbial
activity, we investigated the effect of alteration on the concentrations of bioavailable Fe,
crystalline Fe and Fe(lll) reduction (Figs 2.56-2.S8). In the presence of alteration, we found a
significant decrease in bioavailable Fe by 2.1 mg g rock (+alt = -2.06, t = -4.9, df = 92, P <
0.001) and a significant increase in crystalline Fe by 1.4 mg g™ rock (+alt = 1.371,t=4.7, df =
92, P < 0.001). However, once the effect of depth is considered, Fe(lll) reduction in altered
and unaltered zones does not appear to be substantially different (Fig. 2.3), which is supported
by Fig. 2.S8 showing no significant effect of alteration on Fe(lll) reduction. Contrastingly, 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(lll) reduction (Figs 2.5S11,2.512), unlike
crystalline Fe (Fig. 2.13). It is noteworthy that the deepest unaltered zone sampled did have
substantially greater Fe(lll) reduction than the altered zone above it (Hx: 47.5 vs 28.6%;

organics: 46.1 vs 37.3%) (Supplementary Table 2.1).

To better understand Fe(lll) reduction by in situ microbial communities along the SG
weathering profile, we analysed the data using a linear model (LM). We used Akaike
Information Criterion (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 (Feui), crystalline
Fe (Fecryst) and Fe(lll) reduction (Supplementary Table 2.2). 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(lll) reduction (= adjusted R?) (Supplementary
Table 2.3), 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, Fewic, and the interaction depth:Feuic to be highly significant (P < 0.001),
while the term Fecyst and the interactions setup:Fepic and depth:Fecyst were found to be
significant (P < 0.05). Six post hoc paired-samples t-tests, corrected with Holm’s sequential
Bonferroni procedure (Supplementary Table 2.S4), indicated that the extent of Fe(lll) reduction

is (1) significantly larger in the experimental setups than in the control setups, and (2) signifi-
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Fig. 2.3. Fe(lll) Reduction by the in situ microbial 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(lll) in the experimental setups (= Fe from mineral
powder with Fhy addition “+Fhy”; boxplots) is compared to Fe(lll) reduction in the control
setups (= Fe from mineral 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).

cantly larger in the organics setups than in the H» setups (Figs 2.514,2.515). The mean Fe(lll)
reduction extent between the two electron donor treatments differed by 6.8% (H: vs. organics:
32.8 t0 26.0%).
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2.4.4 Fe(ll) oxidation by in situ microbial communities

Enrichments of Fe(ll)-oxidisers were successful for 8 out of 47 samples (~17%) from 30.4,
34.3, 35.1, 40.0, 43.3, 50.7, 70.7 and 73.6 m depth. We identified growth in FeS tubes by the
formation of distinct orange Fe(lll) mineral accumulations within or below the orange coloured

top layer. Subsequent cultivation and isolation attempts were not successful.

2.4.5 Ferrihydrite microcosms with enrichment culture SG from the deep subsurface

Growth of Fe(lll)-reducing enrichment culture. While microbial Fe(lll) reduction could be
observed in screening (i.e. positive enrichment) setups with ground rock powder throughout
the whole weathering profile, a robust Fe(lll)-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
chemoheterotrophically with lactate as well as autotrophically with dihydrogen as an electron
donor but cannot oxidise acetate. Prior to its usage in batch ferrihydrite reduction experiments,
the culture was pre-grown on 30 mM bicarbonate-buffered anoxic mineral medium (see Sl
methods for medium composition) and had been transferred six times. The dominant sequence
(relative abundance 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 yM MQ-water extractable sulfate per g 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(lll). Ferrihydrite reduction was observed in
setups with the addition of acetate/lactate, lactate and dihydrogen, but not in setups with
acetate addition alone (Figs 2.4, 2.516). Generally, 4-5 mM added Fe(lll) was completely
reduced within 11-14 days in both acetate/lactate and dihydrogen setups. The main difference
between these was the lag-phase observed in the acetate/lactate setup (11 days), which was
not observed in the dihydrogen setup (Fig. 2.4). Additionally, we observed that the Fe(ll)
concentration in solution rose during ferrihydrite reduction but quickly decreased again once
the major part of Fe(lll) (~85 %) had been reduced. This might be due to interaction of
dissolved Fe(ll) 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 0 mM
(Fig. 2.S16). Together these observations suggest a complex interplay of processes is
occurring in the batch reactors driven by (i) Fe(lll) reduction by Fe(lll)-reducing
microorganisms, (ii) sulfate reduction by sulfate-reducing microorganisms, and (iii) further

reaction between the products of these two processes (Fe(ll) and sulfide) in the solution.
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Fig. 2.4. Ferrihydrite reduction by the enrichment culture obtained from the deepest weathering
zone (~ 77 m depth) of the Santa Gracia weathering profile. An Fe(lll)-reducing enrichment
culture (culture SG) obtained from this zone was inoculated into microcosms (6™ transfer, 10
% (v/v)) to identify the preferential substrate condition. Microcosms were set up with 5 mM
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 as well as control setups can be found in the Sl (Fig. 2.S16).
Microbially driven Fe(lll) reduction is shown over time. Data points in (a) and (b) represent the
average of three biological replicates. Error bars denote standard error of the biological
replicates.

2.4.6 Microbial community sequencing

In situ and enrichment culture samples were independently sequenced and analysed. 16S-
rRNA sequencing was 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. 2.5).
Figure 2.5 shows enrichment culture community compositions of ferrihydrite microcosms
amended with substrates culture SG can grow with, i.e. dihydrogen (“+H.”) or lactate
(“+Lactate”). Overall, in situ and enrichment culture compositions clearly differ, although it
should be highlighted that separate sequencing and analysis 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 Fe(ll)-oxidising microorganisms. The two enrichment culture communities are
dominated by a single ASV (species level) related to Desulfotomaculum ruminis, a sulfate-
reducing strain.
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Fig. 2.5. Comparison of in situ (= native) community composition versus enrichment culture
community composition retrieved from identical drill core sample 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”.



2.5 Discussion
2.5.1 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 contribute to subsurface weathering processes at the study site. We
found that unaltered zones are locations of enhanced Fe bioavailability 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 comprised of more
crystalline Fe(lll) (oxyhydr)oxides, which hampers microbial Fe(lll) reduction. However, a
particularly intense hydrothermal alteration in the deepest identified weathering zone (67-77 m
depth) hosts a microbial community which is probably contributing to weathering processes at
depth (Fig. 2.1). The presence of highly abundant bioavailable Fe(ll) (Fig. 2.1a) indicates the
potential of this environment to act as a habitat for Fe(ll)-oxidising microbes, which is supported
by the positive results of microaerophilic Fe(ll)-oxidising enrichment cultures from numerous

rock samples taken throughout the depth profile.

To facilitate microbial Fe(ll) oxidation / Fe(lll) reduction, Fe species also need to be accessible
(Figs. 2.2,2.3). Abiotic processes like weathering-induced fracturing (WIF) make mineral
surfaces more accessible for microbial Fe(ll) oxidation, but also consume O (Isherwood and
Street, 1976; Kim et al., 2017). Despite this enhanced mineral surface accessibility, it could be
argued that microbial Fe(ll) oxidation is outcompeted by abiotic Fe(ll) oxidation at an in situ pH
~8 (Fig. 2.51) (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. 2.S17) (see Krone et al.,
2021b; Hampl et al., 2022). Our results suggest that there is potential for both Fe(ll) oxidation
and Fe(lll) reduction (Figs 2.1,2.2,2.S1,2.S2). While microbial Fe(ll) oxidation is relevant in
parts of the weathering profile, microbial Fe(lll) reduction was identified over the entire depth
profile (Fig 2.3).

Thermodynamic constraints on microbial weathering 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(ll) oxidation were
found to be favourable if the Fe source was magnetite or free Fe(ll) in solution, and, to a lesser
extent, biotite and hornblende (Fig. 2.2). However, because Fe(ll) is strongly bound in the

crystal structure of poorly soluble, highly crystalline biotite and hornblende, it is less accessible
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for microbial redox reactions (Shelobolina et al., 2012; Napieralski et al., 2019; Fan et al.,
2023). Fe(ll) oxidation in pure biotite has been demonstrated previously, but only under lab
conditions using very fine-grained (<5 um) biotite (stock suspension concentration of 15 to 20
g L") (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(ll) in Fe(ll)-bearing silicates, suggest that primary Fe(ll) minerals are probably
not suitable as a main Fe source for Fe(ll) oxidisers at our study site. Nonetheless, initial
cultivation success of Fe(ll)-oxidising microorganisms demonstrates their in situ existence,
while not providing information on how active they are in in situ weathering of Fe(ll)-bearing
minerals. Hence, we can conclude that Fe-metabolising microorganisms are likely not the main
driving force for weathering of primary Fe(ll)-bearing silicates. In contrast, Fe(lll) reduction is
energetically feasible for microbes with magnetite and Fe(lll) (oxyhydr)oxides like hematite,
goethite or ferrihydrite (Crosby et al., 1983). Based on our calculation results and building upon
the minerals identified in the rock samples, we conclude that the deep biosphere at our study

site is preferentially using secondary Fe(lll) (oxyhydr)oxides for their metabolism.

Importance of 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 climate, the supply of meteoric water into the subsurface of SG via
fractures and hence the transport of Oz, CO; and nutrients essential for microbial Fe redox
reactions are limited (Napieralski et al., 2019; 2022). Even more, 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 2.2,2.51,2.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 weathering activity in our semi-arid deep weathering profile will only

occur, where environmental conditions allow for Fe redox reactions.

2.5.2 Fe-metabolising microorganisms are weathering agents

In our in situ Fe(lll) reduction enrichments, we demonstrated that microbial Fe(lll) reduction
occurs with both H, and organics as electron donor (Figs 2.3,2.514,2.S15). Overall, on
average 6.8% more Fe(lll) was reduced in the “+Fhy” setups with organic carbon added
compared to setups with dihydrogen. This has two plausible explanations. Firstly, 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
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of Fe(lll) reduction coupled to acetate/lactate oxidation over dihydrogen oxidation (see energy
densities of reactions #18, 26 and 34; Fig. 2.51). Fe(lll) reduction extent in unaltered versus
altered zones in the setup with organics added (Fig. 2.3b) does not seem to be strongly
influenced by the in situ DOC concentrations (Fig. 2.S9). Organic carbon is most probably
transported from the surface via the fracture network (Krumholz et al., 1997). Zones of
hydrothermal alteration did not show significantly more Fe(lll) reduction (Fig. 2.S8), thus
partially ruling out our initial hypothesis that hydrothermally altered zones function as hot spots

for Fe(lll)-reducing microbial activity.

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

subsurface.

2.5.3 Evidence for microbial weathering of Fe-bearing minerals from community
sequencing

We were able to enrich a robust Fe(lll)-reducing culture (Fig. 2.4) 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. 2.5), even though it is not abundant (<0.01%) in the detected in situ ASVs.
The taxon has also been found in other subsurface environments including uranium/heavy
metal-contaminated aquifers, freshwater and marine sediments, 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(lll) and sulfate reduction (Figs 2.4,2.S16), while it
is unclear if Fe(lll) reduction was driven directly (i.e. direct Fe(lll) reduction), or indirectly by
the oxidation of sulfide produced by this culture. Given that culture SG is able to reduce Fe(lll)
and sulfate, genera related to Fe(lll) and sulfate reduction, as well as Fe(ll) and sulfur oxidation
are expected. Genera and species confirming this assumption are Thiomonas, Pseudomonas
kujiense, Chlorobium, Thiodictyon, Rhodoferax, Flavobacterium, 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
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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. 2.5). In summary, this suggests a potential interconnection between microbial Fe and S
cycles in the culture (Fig. 2.6; Sl discussion section). There is the possibility of microbial 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(lll) and sulfate reduction. Most abundant ASVs are related to
microorganisms 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 hydrocarbon compounds (Lawsonella [2.8%] and Vibrionimonas
[9.1%)]), or fixing N2 (Pedosphaeraceae [3.0%]) (Fig. 2.5) (see Schrdder et al., 1997; Cruz-
Martinez 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 microorganisms oxidising
Fe(ll), sulfur and H: (Sideroxydans [<0.01%]) and utilising carbohydrates
(CL500_29 marine_group [0.2%]) (see Warnecke et al., 2004; Ludecke et al., 2010; J Liu et
al., 2015; Mcllroy et al., 2017; Chen et al., 2020; Cooper et al., 2023). Natural abiotic H> gas
can originate from biotite 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(ll), sulfur and H. oxidation; (2) Fe(lll) and sulfate reduction; and (3)
complex hydrocarbon compound metabolism. To account for the possibility of cryptic sulfur
cycling in this context, we considered the stoichiometry of probable Fe-S redox reactions (SI

discussion section).
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Fig. 2.6. Summary of potential, microbially driven weathering scenario in the deepest
weathering zone of the 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, interlinked with
a S cycle in the deepest, hydrothermally altered SG weathering zone (~77 m depth, cf. Fig.
2.1). Sulfate-reducing microorganisms reduce sulfate with help of a non-organic energy source
as Fe(lll) to reduced sulfur species (step 1a1). Subsequently, Fe(lll) minerals can be reduced
to Fe(ll) when (a) reacting with highly reactive sulfur species (e.g. H2S) (step 1a2), or (b)
coupled to oxidation of organic carbon or dihydrogen (Hz2) (step 1b). Formed Fe(ll) species
are reoxidised by Fe(ll)-oxidising microorganisms (step 2), and/or react with reduced sulfur
species and form FeS-minerals such as mackinawite or Fe(lll)-mackinawite (step 3, Fig.
2.518). Over time, FeS minerals become more crystalline (FesS4, FeS; formation). Reduced
sulfur species can be reoxidised, fueling a cryptic S cycle and by that further amplifying Fe(lll)
reduction. The cryptic sulfur cycle component is probably more important in the enrichment
culture than in situ. Abbreviations: SO = sulfate, H.S = dihydrogen sulfide, S° = elemental
sulfur, Sy = other intermediate sulfur species, Hem = hematite, Fhy = ferrihydrite, Mag =
magnetite, Fe** . = aqueous iron, FeS = (Fe(lll)-)mackinawite, FesS1 = greigite, FeS; = pyrite,
Corg = Organic carbon, H» = dihydrogen, and O, = oxygen.
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2.6 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

comprehensive cultivation approach of Fe(ll)-oxidising and Fe(lll)-reducing microorganisms

under quasi-environmental conditions (growth conditions as close to the environment as

possible). To comprehensively consider the potential for microbial Fe cycling, we included all

Fe-bearing minerals in our approach, including Fe-bearing silicates.

Our main conclusions are as follows:

1.

Zones of unaltered and altered rock with increased concentration of bioavailable Fe
provide an Fe pool that is accessible to microorganisms.

Fe present in fractured and hydrothermally altered zones are not hot spots for microbial
Fe(lll)-reducing activity, as the minerals are probably less accessible due to their more
crystalline nature.

Microorganisms are probably not contributing to the weathering of Fe(ll)-bearing
silicate minerals.

Secondary Fe(lll) (oxyhydr)oxides are required for microbial Fe(lll) reduction and
hence microbial weathering activity.

Fe and S cycles are potentially interconnected in the deepest, hydrothermally altered
weathering zone of the Santa Gracia weathering profile.

The microbiome of deep weathering zones has adapted towards most energy efficient
redox reactions (organoheterotrophy and chemolithotrophy) to ensure survival in a

water- and nutrient-deprived system.

In the deep subsurface, Fe-metabolising microorganisms contribute to weathering in both

unfractured and fractured, altered rock and need to be considered when investigating deep

subsurface weathering processes, even within semi-arid environments.
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Supplementary Material and Methods (Detailed and extended version)

Selective extractions

Selective Fe extractions using hydrochloric acid (0.5 M HCI) and citrate-bicarbonate dithionite
(CBD) were performed on samples of the entire weathering profile to quantify Fe pools
available for microbial redox reactions (N = 59, technical extraction triplicates). 20 mL glass
vials were treated with 1 M HCI for 15 min, washed three times with DI water, and sterilized at
180°C in the oven for 4.5 h. 0.25 g of soil / rock powder were weighed into headspaces vial
with 15 mL extractant. Each sample was extracted in triplicates as described in detail below.
The extractions were carried out in the dark, under anoxic conditions with N2 headspace for
0.5 M HCl extractions and under oxic conditions for CBD extractions. An aliquot of 2 mL of the
well-mixed extraction solution was taken into a fresh 2 mL Eppendorf tube and centrifuged at
room temperature for 10 min at 12,100 g. After centrifugation, the supernatant was diluted in
anoxic 1 M HCI for Fe quantification via ferrozine assay (Hegler et al., 2008). Furthermore,
water extractable organic carbon (DOC) and nitrate were extracted to quantify the potentially
available amount of these as electron sources for microbial Fe(lll) reduction and Fe(ll)
oxidation. 0.25 g of soil / rock powder were weighed into Falcon tubes with 10 mL extractant.
After 24 h of extraction, Falcon tubes were centrifuged for 15 min at 7000 g. Supernatants
were stored at 4°C to avoid organic carbon precipitation. DOC concentrations of the water
extracts were quantified with a carbon analyser (Multi N/C 2100 s, Analytik Jena, Germany).
Water extractable nitrate was quantified by using a continuous flow analyser (CFA, AA3 HR
System, SEAL Analytical). Both reported dissolved organic carbon and nitrate values were

blank corrected. Details of the extractions are as follows:

0.5 M HCI. 0.5 M HCI is considered to extract operationally defined bioavailable Fe-

bearing phases such as ferrihydrite and lepidocrocite. We extracted the bioavailable Fe with
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0.5 M HCI at room temperature under anoxic conditions in the dark for 24 h, while shaking at
10 rpm (solid:liquid = 1:60) (Raiswell et al., 1994; 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 done 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). Extraction time
was kept short and not extended to 24 hours as done for the HCI extraction, since %
extractable Fe is primarily a function of added dithionite amount (Fisher et al., 2020). The pH
of the CBD solution was circumneutral to obtain maximal reduction potential and to avoid

precipitation of sulfides.

Water extractions. 10 mL MilliQ water was added to 0.25 g 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, Germany) via
combustion (detection limit = 0.022 mg C g™ rock). Nitrate in the extracts was analysed with a
Flow-injection analyser (FIA) using an AA3 HR AutoAnalyser System (Seal Analytical,
Germany) (detection limit = 0.0002 mg N g™ rock). Extractions were performed under oxic
conditions at room temperature in the dark, for 24 h on a shaker (shaking frequency f = 180 s
") (solid:liquid = 1:40).

X-ray diffraction (XRD)

X-ray diffraction on five representative fine-powered (<10 yuM) fracture surface samples of
Santa Gracia drill core profile was conducted to identify Fe mineral phases present in the deep
subsurface. The identified phases were later used for thermodynamic calculations. A Bruker
D2 Phaser XRD device with Bragg-Brentano geometry and Cu anode (Department of Applied
Geochemistry, Technische Universitat Berlin, Germany) was employed to record diffraction
data in the range of 3-80° 20 at a step width of 0.01° 26 and a time per step of 0.5 s (detector
opening angle: 4°, lower/upper discriminator of detector: 0.180/0.280, airscatter 1.0 mm,
divergence aperture: 1.0 mm, Ni-filter, Soller slit 2.5°, sample rotation: 20/min, voltage: 30 kV,
current: 10 mA, scantype: Coupled TwoTheta/Theta). The samples were mounted on a silicon

single crystal holder (Bruker).

pH

Potential and active pH of drill core samples taken for microbiological investigations and
thermodynamic calculations was quantified. Mean potential and active pH provide estimates
for the exchangeable activity and active activity of rock water solutions. While exchangeable
activity refers to the amount of hydrogen, aluminum and acid cations present in rock water

solution, active activity only comprises hydrogen ions. Potential pH was determined by addition
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of 0.01 M CaCl,, while MilliQ water was added to quantify active pH according to the European
Norm of International Organization for Standardisation (EN ISO 10390:2022-08). More
specifically, 2 g or air-dried soil (< 63 pym grain size) were weighed into 15 mL Falcon tubes
and either 10 mL 0.01 M CacCl; or 10 mL MilliQ water were added Falcon tubes were shaken,
and the slurries left untouched for 1 h. Thereafter, Falcon tubes were shaken again and the
pH was measured in the overlying solution. The procedure was repeated after 24 h to exclude

a major shift in pH (N = 10, technical extraction triplicates).

Cultivation of microorganisms

Aseptically crushed soil/rock samples were used as inoculum to identify zones of active
microbial Fe(ll) oxidation and/or Fe(lll) reduction (N = 59). Fe was provided as an FeS layer in
gradient tubes for microaerophilic Fe(ll)-oxidising bacteria (3 replicates per depth interval), and
as (b) synthesized 2-line ferrihydrite (Fhy) (as described in Straub et al., 2005) in 96 deep-well
plates for Fe(lll) reduction coupled to acetate/lactate or dihydrogen gas oxidation (6 replicates
per depth interval). Under lab conditions, the Fe minerals provided were assumed to be
bioavailable in addition to the Fe already present in the environmental samples. For
inoculation, crushed core samples were mixed with anoxic mineral medium and added to each

setup.

Microaerophilic Fe(ll)-oxidising bacteria were grown in gradient tubes following the protocol of
Emerson and Floyd (2005), in which we established opposing gradients of oxygen and Fe?* in
8 mL screw cap vials containing MWMM (recipe according to Emerson and Floyd, 2005) by
addition of a 760 pyL FeS plug (bottom layer) containing 1 % (wt./vol) high-melt agarose.
Thereafter, 10 pL of diluted sample from the hungate tubes were injected into the gradient
tubes. Positive growth was indicated by 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(ll)-oxidising enrichment culture from a mine (Segen Gottes Mine, SW
Germany) dominated by Curvibacter sp. (Picard et al., 2015) from the laboratory culture

collection was used.

In order to enrich Fe(lll)-reducing bacteria, an anoxic (N2:CO2 90:10) mineral medium (0.6 g/L
KH2PO4, 0.3 g/L NH4ClI, 0.5 g/L MgSO,4 x 7 H20, 0.1 CaCl, x 2 H20, 2.5 g/L NaHCOs3, 1 mL
trace elements SL10 (Widdel et al., 1983), 1 mL/L 7 vitamin solution (Widdel and Pfennig,
1981), and 1 mL/L selenite/tungstate solution (Widdel, 1980) was amended with Fhy as an Fe
source and either a mix of 5 mM sodium acetate and 5 mM sodium lactate, or Hz gas in excess
as an electron donor for Fe(lll) reduction. After media preparation, we dispensed 900 uL of the
respective media mix into each well of the 96 deep-well plate in an anoxic glovebox (N2
atmosphere), and added 100 yL soil/rock slurry. The 96 deep-well plates contained 12 samples

(first six rows = biological replicates), a negative control (seventh row, 12 replicates) and a
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positive control (eighth row, 12 replicates). The negative control consisted of mineral medium
amended with Fhy, while the positive control consisted of mineral medium amended with Fh
and addition of Geobacter sulfurreducens (see Caccavo et al.,, 1994) from the laboratory
culture collection. 96 deep-well plates were anoxically incubated with an Anaerocult System
and O indicator stick (Merck, Germany) for 8 weeks at room temperature in the dark. Positive
growth evaluation was based on the formation of black-coloured, reduced Fe(ll) minerals in

comparison to rusty-orange coloured control wells (Fig. 2.S3).

Since 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
experiments included 11 powdered drill core samples to account for background Fe mineral
dissolution from the Fe pool of the environmental samples. In these control experiments,
powdered drill core samples were added in the 96 deep-well plates using the same media
components as for the cultivation experiments, but in contrast did not contain 2-line ferrihydrite

as an additional Fe(lll) source.

Fe(lll)-reducing enrichments from the eight most promising depth intervals were transferred
four times each into Hungate tubes (N = 8, four biological replicates each) to obtain a robust
Fe(lll)-reducing enrichment culture. One robust Fe(lll)-reducing culture was obtained and
further characterised as outlined below. For convenience, the robust Fe(lll)-reducing culture is

referred to as “culture SG”.

Sampling and chemical analysis

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

Fe quantification. 0.1 mL of well mixed, resuspended slurry was diluted in 0.9 mL of
6 M HCI, vortexed and anoxically extracted for 24 h to target crystalline Fe phases. Extracts
were centrifuged at room temperature for 10 min at 12100 g, and supernatant diluted in anoxic
1 M HCI to avoid abiotic Fe(ll) oxidation and quantify Fe(ll) and Fe(tot) via a ferrozine assay
(Hegler et al., 2008).

High pressure liquid chromatography (HPLC). Prior to transfer into HPLC vials,
Eppendorf tubes were stored oxically on the lab bench to support Fe mineral precipitation.
Subsequently, the Eppendorf tubes were centrifuged and 150 uL of supernatant transferred
into HPLC vials. HPLC vials were stored cold at 4°C until measurement. Lactate and acetate
were quantified by using a HPLC device (Shimadzu, Kyoto, Japan) equipped with an Aminex
HPX 87H column (BioRad, Hercules, USA), a refractive index detector for lactate and a diode

array detector for acetate analysis.
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Supplementary Discussion Section

Potential interconnections of the Fe and S cycles

As sulfate is a part of our growth medium, the observed Fe(lll) reduction in ferrihydrite
microcosms could also be driven by microbial sulfate reduction and subsequent reaction of
reactive reduced S species with poorly crystalline and hence highly reactive Fhy (Figs
2.4,2.516,2.S18). This “cryptic sulfur cycling” occurs in marine and terrestrial environmental
systems (Pester et al., 2012; Hansel et al., 2015; Jargensen et al., 2019; Bell et al., 2020), and
our results suggest that Fe and S cycles are probably interconnected in our enrichment culture.
Sequencing data (Fig. 2.5) and 9 uM of water extractable sulfate from the deepest weathering
zone in 77 m depth suggest this is possible in situ. However, it is important to note the low
amount of S quantified in the rock which suggests that the overall impact of S cycling on

weathering is probably limited.

To assess how much Fhy (mM) in the microcosms could have been reduced by reactive

reduced S species, we considered the stoichiometry of probable Fe-S redox reactions:

Step 1: Microbially driven sulfate reduction

SO, + 2C3Hs05 => H,S + 2C;Hs0; + 2HCO35 1)

Step 2: Ferrihydrite reduction coupled with sulfide oxidation (e.g. H»>S)
HoS + 2Fe(OH)s + 4H" => 8° + Fe”" + 6H,0 2)

Step 3: Re-reduction of oxidised sulfur species S° through reduction coupled to (a) Hz, (b1, b2)

organics (Hansel et al., 2015) or (c) disproportionation (Jargensen and Nelson, 2004)

(@) S° + Hy => HS 3)
(b1) 2S° + C3Hs03 + 2H,0 => 2HS  + C,H30, + HCOs + 3H' 4)
(b2) 4S° + CH30, + 4H,0 => 4HS  + 2HCO; + 5H" (5)
(C) 4S° + 4H,0 => 3H,S + SO,~ + 2H" (6)

In essence, this means that 1 mM of sulfate results in the formation of 1 mM dihydrogen sulfide
(1). This amount of produced dihydrogen sulfide is enough to reduce 2 mM of ferrihydrite, while
forming 1 mM of elemental sulfur (2). The elemental sulfur could be reduced to H»S again, via
S° reduction or S° disproportionation (reactions (3) - (6)) (Jgrgensen et al., 2019). Since all
three reactions are possible, we cannot eliminate one or the other without further
investigations. Thus, repeated microbial cycling of S species could in theory reduce all
ferrihydrite in the enrichment culture without any necessity for direct microbial Fe(lll) reduction.
This argument assumes that Sis the sole S-containing product when H.S reacts with Fe(lIl),
which is possible as shown in previous studies (Yao and Millero, 1996; Poulton et al., 2004).

However, a portion of the H,S could react with Fe?* to form the mineral mackinawite (FeS),
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which was detected by Raman spectroscopy (Fig. 2.518). The balance between S° and FeS
formation depends on the electron transfer rate from Fe(ll) to Fe(lll) (oxyhydr)oxides, which is
controlled by the ratio between dissolved sulfide, available mineral surface sites and pH
(Hellige et al., 2012; Peiffer et al., 2015). Thus, microbial S cycling could be a mediator of
abiotic Fe(lll) reduction in our system while not excluding the contribution from direct microbial

Fe(lll) reduction.
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Supplementary Tables and Figures

Supplementary Tables

Supplementary Table 2.1. Fe(lll) reduction done by the in situ microbial community in vitro
from samples taken from the SG weathering profile. The extent of Fe(lll) reduction is compared
between altered and non-altered zones as well as between the electron donors H2 and
organics. N denotes the sample size for each zone. This summary table is complementary to
Figure 2.3.

Zone Depth (m) Alteration Fe(lll) reduction (%) N
H, organics
#1 5.3-10.3 yes 19.8 304 3
#2 10.3-14.3 no 23.2 23.8 2
#3 14.3 -19.7 yes 16.3 23.1 4
#4 19.7 - 23.0 no 18.5 30.7 3
#5 23.0 - 26.0 yes 22.0 17.2 2
#6 26.0 - 40.0 no 17.5 25.2 7
#7 40.0-47.7 yes 25.5 34.2 4
#8 47.7 -57.3 no 28.6 42.2 5
#9 57.3-60.0 yes 22.1 28.1 1
#10 60.0 - 67.0 no 25.6 31.1 3
#11 67.0-76.5 yes 28.6 37.3 7
#12 76.5-90.0 no 47.5 46.1 6

Supplementary Table 2.2. Terms within the general linear model used to explain in situ
microbial Fe(lll) reduction. Model terms used in the R statistical environment are the Akaike
Information criterion (AIC), degrees of freedom (df), log likelihood of the model (logLik),
corrected Akaike information criterion (AICc), difference in AlCc score (delta) and the
predictive model power (weight). Best-fit model is listed first, indicated by the lowest AIC and
AICc values. The best-fit model formula is fe.red_4 <- Im(fe_red ~ E_donor + depth + setup +
Fe_bio + Fe_cryst + Fe_bio*depth + Fe_bio*setup + Fe_cryst*depth, data=Fe3). For the sake
of completeness of information: fe.red_3 <- Im(fe_red ~ E_donor + depth + setup + Fe_bio +
Fe_cryst + Fe_bio*depth, data=Fe3); fe.red_2 <- Im(fe_red ~ E_donor * setup * depth * Fe_bio
* Fe_cryst, data=Fe3); fe.red_1 <- Im(fe_red ~ E_donor + setup + depth + Fe_bio + Fe_cryst,
data=Fe3).

Model AIC df logLik AlCc delta weight
fe.red 4 907.2 10 -443.605 909.3 0.00 0.939
fe.red 3 913.4 8 -448.718 914.8 5.48 0.061
fe.red 1 923.4 7 -454.705 924.4 15.14 0.000
fe.red 2 918.0 33 -425.991 945.3 36.04 0.000
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Supplementary Table 2.3. Analysis of Variance Table for best-fit model. Model terms,
degrees of freedom (df), sum of squares (Sum Sq), mean of squares (Mean Sq), effect sizes
(F values), significance (P values) and percent variance explained by terms (Var. (%)) within
the statistical model (fe.red_4) to explain variation in Fe(lll) reduction. Terms in bold were
statistically significant at P < 0.05.

Model term df Sum Sq Mean Sq F value P value Var. (%)
E_donor 1 1740.26 1740.26 13.07 0.000459 5.3
depth 1 6480.52 6480.52 48.68 < 0.0001 19.7
setup 1 2471.30 2471.30 18.56 < 0.0001 7.5
Fe_bio 1 2158.69 2158.69 16.22 0.000106 6.6
Fe_cryst 1 750.12 750.12 5.63 0.019389 2.3
depth:Fe_bio 1 1691.80 1691.80 12.71 0.000545 5.1
setup:Fe_cryst 1 578.17 578.17 4.34 0.039537 1.8
depth:Fe_cryst 1 734.50 734.50 5.52 0.020662 2.2
Residuals 107 14243.67 133.12 NA NA 49.6

Supplementary Table 2.4. post hoc paired-samples t-tests, corrected with Holm’s sequential
Bonferroni procedure, were run for comparing within-group means of the two factorial variables
'E_donor' and 'setup'. Note that negative estimate values indicate that the extent of Fe(lll)
reduction is greater for the second eda/setup-term within the pair. SE denotes standard error.
Pairwise comparisons that were significant at P < 0.05 are highlighted in bold. Scientifically
relevant comparisons are marked with an asterisk (*).

E_donor/setup comparison | Estimate SE df T ratio P value
H; ctrl - org ctrl* -7.75 2.14 107 -3.616 0.0014
H: ctrl - H; exp* -14.91 3.09 107 -4.821 < 0.0001
H2 ctrl - org exp -22.66 3.76 107 -6.022 < 0.0001
org ctrl - H2 exp -7.17 3.76 107 -1.904 0.0596
| org ctrl - org exp* -14.91 3.09 107 -4.821 <0.0001
H: exp - org exp* -7.75 2.14 107 -3.616 0.0014
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Supplementary Figures
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Fig. 2.81. Gibbs free energy of Fe(ll) oxidation and Fe(lll) reduction redox reactions per
electron transferred (left) versus energy density of identical redox reactions (right) for in situ
conditions. The redox reactions (# 1-38) represent 14 oxidation and 24 reduction reactions for
major Fe minerals present in Santa Gracia drill core profile (Table 2.1). (a) Gibbs free energy
per mole of electron transferred and (b) energy density as kilojoule per litre are shown for Fe(ll)
oxidation coupled to electron acceptors oxygen and nitrate as well as for Fe(lll) reduction
coupled to dihydrogen, acetate, and lactate. Gibbs free energy and energy density values of
redox reactions are shown for fixed concentrations and a pH range of 6-9. Black dots represent
Gibbs free energy values of redox reactions for pH 8, which is about the potential in situ pH of
SG drill core samples (Fig. 2.S3). Positive Gibbs free energy values are not shown as they are
not thermodynamically favourable, which is also true for positive energy densities values set
to “0”.
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Fig. 2.52. Gibbs free energy of Fe(ll) oxidation and Fe(lll) reduction redox reactions per
electron transferred for in situ conditions. The redox reactions (# 1-38) represent 14 oxidation
and 24 reduction reactions for major Fe minerals present in Santa Gracia drill core profile
(Table 2.1). Gibbs free energy per mole of electron transferred is shown for Fe(ll) oxidation
(left) coupled to (a) O2 reduction; (b) nitrate reduction; as well as for Fe(lll) reduction (right)
coupled to (c) dihydrogen oxidation; (d) acetate oxidation; and (e) lactate oxidation. Gibbs free
energy values of redox reactions are shown for a concentration range and a fixed pH of 8.
Gibbs free energy of Fe(ll) oxidation reactions #4, 5, 11, and 12 are not displayed, because
they are highly positive and hence not thermodynamically favourable, or in the case of
reactions #2 and 9, unrealistically favourable. Energetic yields for Fe(lll) reduction reactions
#19-21, 27-30, and 35-38 are not shown as they are highly unfavourable.
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Fig. 2.83. Fe(lll)-reducing enrichments in anoxic 96 deep-well plates. Fe(lll)-reducers within
powdered drill core samples were enriched with ferrihydrite as an Fe source (electron acceptor)
and either (a) dihydrogen (left side) or (b) organic carbon (right side) (electron donor).
Incubations were set up under anoxic conditions, in the dark, at room temperature. Brown
reddish colour at the bottom and left hand side is indicative for negative controls with
ferrihydrite but no cell addition, while blackish colour shows microbially driven Fe(lll) reduction
by the respective in situ communities (N = 6, biological replicates / depth).
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Fig. 2.84. Linear regression plot of bioavailable Fe versus depth. The amount of “bioavailable”
(amorphous) Fe (mg/g rock) does not significantly increase with depth (m), while having a very
weak correlation (R? = 0.04). For each unit increase in depth, bioavailable Fe increased by
0.017 (mg/g rock) (slope = 0.017,t= 1.8, df =92, P=0.07). The blue line shows the regression
line, while its equation is shown in the top left corner. The grey area surrounding the regression

line denotes the 95% confidence interval of the linear model fit.
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Fig. 2.S5. Linear regression plot of crystalline Fe versus depth. The amount of crystalline Fe
(mg/g rock) does significantly decrease with depth (m), while having a very weak correlation
(R?2 = 0.10). For each unit increase in depth, crystalline Fe decreased by 0.02 (mg/g rock)
(slope =-0.02, t = -3.3, df = 92, P < 0.01). The blue line shows the regression line, while its
equation is shown in the top left corner. The grey area surrounding the regression line denotes
the 95% confidence interval of the linear model fit.
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Fig. 2.S7. Beeswarm plot of crystalline Fe versus alteration. The beeswarm plot (= swarmplot)
compares the effect of alteration on the amount of crystalline Fe, while the graph presents
individual data points without overlap. The presence of alteration (“+alt”) does significantly
increase the amount of crystalline Fe (mg/g rock) compared to the absence of alteration (“-
alt”). Alteration increased the amount of crystalline Fe on average by 1.37 (mg/g rock) (+alt =
1.371,t=4.7,df = 92, P < 0.001).
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Fig. 2.S8. Beeswarm plot of Fe(lll) reduction versus alteration. The beeswarm plot compares
the effect of alteration on the amount of Fe(lll) reduction for H» and organics as electron donors.
The presence of alteration (“+alt”) does not significantly decrease the amount of Fe(lll)
reduction (%) compared to the absence of alteration (“-alt”). Alteration decreased the amount
of Fe(lll) reduction by 4.59 % for H. (t = 1.6, df = 90, P = 0.12) and by 3.85 % for organics (t =
0.6, df = 90, P = 0.56). The interaction between alteration and electron donor was not
significant either (t = 0.1, df =90, P = 0.91). Electron donors H, and organics are displayed in

orange and blue colour.
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Fig. 2.S9. Water extractable organic carbon (DOC) and nitrate of Santa Gracia bulk drill core
samples. Water extractable organic carbon and nitrate (mg/g powder) of soil (a,b) and rock
(c,d) samples respectively are plotted versus depth (m) (N = 59). They could serve as potential
electron sources for microbial Fe redox reactions. Data points represent the average of three
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replicates. Note the x-scale differences for the individual subplots. Grey boxes denote the
presence of prominent red zones and fracture (zones) (cf. Fig. 2.1).
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Fig. 2.810. pH of Santa Gracia bulk drill core samples. Potential and active pH ( ) are plotted
versus depth (m) (N = 10). Potential pH data were obtained by using 0.01 M CaCl; as leaching
agent, whereas active pH data were acquired by addition of MilliQ water. Data points represent
the average of three technical extraction replicates. Error bars denote mean + standard
deviation of the technical extraction replicates. Grey boxes denote the presence of prominent
red zones and fracture zones (cf. Fig. 2.1).
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Fig. 2.811. Fe(lll) reduction shown as function of depth for two electron donor types. The
amount of Fe(lll) reduction (%) does significantly increase with depth (m), while having a weak
correlation (Hz: R? = 0.28; organics: R? = 0.18). For each unit increase in depth, Fe(lll)
reduction increases by 0.28 % (slope = 0.28, t = 5.0, df = 92, P < 0.001). The grey ribbons in
grey represent the 95% confidence intervals for H, (orange) and organics (blue), while the lines
within show the linear regression lines.
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Fig. 2.512. Fe(lll) reduction shown as function of bioavailable Fe for two electron donor types.
The amount of Fe(lll) reduction (%) does significantly increase with the amount of bioavailable
Fe (mg/g rock), while having a weak correlation (Hz: R? = 0.28; organics: R? = 0.18). For each
unit increase in bioavailable Fe, Fe(lll) reduction increases by 3.13 % (slope = 3.13,t= 5.1, df
= 02, P < 0.001). The grey ribbons in grey represent the 95% confidence intervals for H>
(orange) and organics (blue), while the lines within show the linear regression lines.

90



80+

60

Fe(lll) reduction (%)
B
(=]

20+

Electron donor
H,

organics

Fig. 2.813. Fe(lll) reduction shown as function of crystalline Fe for two electron donor types.
The amount of Fe(lll) reduction (%) does not significantly decrease with the amount of
crystalline Fe (mg/g rock), while having a very weak correlation (Hz: R? = 0.04; organics: R? =
0.03). For each unit increase in crystalline Fe, Fe(lll) reduction decreases by 1.77 % (slope =
-1.77,t = -1.8, df = 92, P = 0.08). The grey ribbons in grey represent the 95% confidence
intervals for Hz (orange) and organics (blue), while the lines within show the linear regression

lines.
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Fig. 2.S14. Fe(lll) reduction shown as function of setup type. Fe(lll) reduction was predicted
by our linear multipredictor model, here indicated as bar charts. The bar charts in orange (H-)
and blue (organics) represent the predicted mean Fe(lll) reduction (95% confidence interval).
Control conditions (“-Fhy” = no ferrihydrite addition) are compared to experimental conditions
(“+Fhy” = ferrihydrite addition). The amount of Fe(lll) reduction (%) does significantly differ
within groups (electron donor) and in between groups (setup type). More specifically, there is
a significant increase in Fe(lll) reduction for both electron donors when comparing control
Fhy”) with experiment (“+Fhy”) setups, as well as when comparing Hz with organics within
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Fig. 2.815. Fe(lll) reduction shown as function of electron donor. Fe(lll) reduction was
predicted by our linear multipredictor model, here indicated as bar charts. The bar charts in
orange (H2) and blue (organics) represent the predicted mean Fe(lll) reduction (95%
confidence interval). Hz as electron donor (“H.”) is compared to organic carbon (“organics”).
The amount of Fe(lll) reduction (%) does significantly differ within groups (setup type) and in
between groups (electron donor). More specifically, there is a significant increase in Fe(lll)
reduction for both setup types when comparing Hz with organic carbon setups, as well as when
comparing setups without Fhy addition (“-Fhy”) with setups with Fhy addition (“+Fhy”) within
electron donor types (“Hz2” and “organics”).
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Fig. 2.S16. Microbially driven ferrihydrite reduction in microcosms by enrichment culture
obtained from deepest weathering zone of Santa Gracia weathering profile versus abiotic
control setups. An Fe(lll)-reducing enrichment culture (“culture SG”) obtained from the deepest
weathering zone at ~77 m depth was inoculated into microcosm setups (a-d) (6" transfer, 10
% (v/v)), while culture SG was not inoculated into microcosm control setups (e-h). Microcosms
were set up with 5 mM ferrihydrite (Fhy) (= electron acceptor) and either 5 mM acetate (a,e),
or 5 mM lactate (b,f), or 5 mM acetate/lactate (ac/lc) (c,g), or dihydrogen (H2) in excess (d,h)
(= electron donor), respectively. Successful microbially driven Fe(lll) reduction is displayed in
panels (b-d), while all abiotic control don't show any Fe(lll) reduction as expected. Data points
represent the average of three biological replicates (a-d) or three abiotic control replicates (e-
h), respectively. Data points equal to zero in Fig. 2.S16 (a-h) denote values below detection
limit, but are plotted as “0” for better visualisation. Error bars denote standard error of the
biological replicates or control replicates.
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Fig. 2.817. X-ray diffractograms of five representative fracture surface samples of Santa
Gracia drill core profile. The diffractograms span from 3 to 80° 26 to include granitoid lithology
typical minerals like biotite and hornblende as well as hydrothermal alteration transformation
products like chlorite. Sme = smectite.
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Fig. 2.518. Raman spectroscopy spot analysis of biogenically reduced ferrihydrite sample.
Raman spectrum of mineral products formed via microbially driven ferrihydrite reduction
coupled to lactate oxidation by culture Santa Gracia. Characteristic peaks support formation
of a visible blackish Fe-S mineral, here indicative for mackinawite (Mkw) and Fe(lll)-
mackinawite (Mkw*), as well as a potential presence of elemental sulfur (a-Sg). The blue line
shows a smoothed line graph version of the Raman spectrum.
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3.1 Abstract

Microbial weathering of iron (Fe)-bearing minerals has been primarily studied in the shallow
subsurface of humid and tropical environments. However, it is not well known how the activity
of microorganisms in weathering of Fe-bearing minerals in the deep subsurface is related to
differences in fracturing and partial alteration of granitoid bedrock. It is also not well
constrained, if there are differences along a precipitation gradient or climate gradient,
regarding microbial weathering activity. Investigating microbial weathering activity along a
precipitation gradient is key, since an increase in the available amount of meteoric water results
in both enhanced weathering intensity and enhanced nutrient and electron sources supply for

microbial metabolisms.

To gain insights into the controlling factors of microbial weathering of Fe-bearing minerals, we
recovered four weathering profiles in granitoid rock in arid (Pan de Azucar), semi-arid (Santa
Gracia), Mediterranean (La Campana) and humid (Nahuelbuta) regions of the Chilean Coastal
Cordillera (26°-38° S) ranging from 41 to 94 m in depth. Combining Fe and C geochemical and
petrophysical data with statistics, we found higher Fe(ll)/Fe(tot)-ratios and poorly crystalline Fe
contents at increased depth among all field sites. Contrastingly, weathering profile patterns
regarding adsorbed and crystalline Fe mineral contents varied, since the extents of
precipitation, fracturing and hydrothermal alteration differ along the gradient and bedrocks. We
found more poorly crystalline Fe but less bioavailable organic carbon in fractures. Assessing
our data in the context of the lithology, presence and intensity of fracturing and hydrothermal
alteration, and surface inputs, we were able to reveal depth intervals of most probable in situ

microbial Fe(ll) oxidation and Fe(lll) reduction along the climate gradient.

Our work demonstrates that fracturing and precipitation are key controls on microbial
weathering of Fe-bearing minerals. This work highlights the need for a pairing of mineralogy,
geochemistry, tectonics and hydrology with microbiology to adequately assess the role of Fe-
metabolising microorganisms in subsurface weathering processes, especially in more complex

geological environments.
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3.2 Introduction

Multiple environmental parameters dictate the impact of microorganisms in weathering of iron
(Fe)-bearing minerals in the deep subsurface. These environmental parameters include the
availability of water, nutrients and electron sources and are dependent on bioavailable Fe
minerals and organic carbon, lithological and mineralogical features such as fractures, fracture
density, hydrothermal alteration, Fe mineral crystallinity and surface area as well as the Fe
redox zonation (i.e. presence/absence of oxygen) (Pedersen, 1997; Buss et al., 2005; Cutting
et al., 2009; Ginn et al., 2017; Samuels et al., 2020; Kappler et al., 2021; Hampl et al., 2022;
Callahan et al., 2024). Among these proxies, the presence of fractures and availability of
oxygen are of particular importance. They control the redox status of bioavailable Fe-bearing
minerals in the subsurface and hence the potential of Fe-metabolising microorganisms to
contribute to mineral weathering (Brantley et al., 2013; Bethencourt et al., 2020; Bochet et al.,
2020; Ackerer et al., 2021).

The Fe redox status reflects the penetration depth of oxygen into the subsurface, which can
be expressed as Fe(ll)/Fe(tot)-ratio in depth profiles. High Fe(ll)/Fe(tot)-ratios are correlated
with the presence of Fe(ll)-bearing minerals such as Fe(ll) carbonates (i.e. ankerite and
siderite), which have shown to be highly sensitive towards oxygen (Bachan and Kump, 2015;
Swanner et al., 2018; Maisch et al., 2020). The amount of oxygen being transported into the
deep subsurface primarily depends on the supply of water as a transporting fluid (i.e. climate)
and the presence of fractures (i.e. tectonic deformation) (Gudmundsson, 2000; Berkowitz,
2002; Deng and Spycher, 2019). However, prior research on the impact of fractures on Fe-
mineral bioavailability has been confined to individual field sites (Smith and Roychoudhury,
2013; Hampl et al., 2021; Krone et al., 2021a; Trichandi et al., 2022; Callahan et al., 2024),
which limits our ability to understand confounding climatic effects. Besides that, it is unclear to
which extent the fracture density, rather than simply the presence of fractures, is an important

controlling factor (Tripp and Vearncombe, 2004).

To improve our knowledge on controlling factors of microbial weathering of Fe-bearing
minerals, we conducted a systematic assessment of four weathering profiles along a climate
gradient. We investigated four 41-94 m deep weathering profiles in granitoid rock in arid (Pan
de Azucar), semi-arid (Santa Gracia), Mediterranean (La Campana) and humid (Nahuelbuta)
regions of the Chilean Coastal Cordillera. We examined how climate, fracturing, and
mineralogical and geochemical conditions (bioavailable Fe mineral and C pools) effect a
potential microbial weathering activity on Fe-bearing minerals in the deep subsurface.
Eventually, we assessed whether Fe and C geochemistry paired with fracture analysis (type,

density) is a sufficient tool to predict depth intervals/zones of potential microbial activity.
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3.3 Material and methods

3.3.1 Study sites

The four EarthShape study sites Pan de Azucar (PdA), Santa Gracia (SG), La Campana (LC)
and Nahuelbuta (NA) span a climatic gradient from North to South between 26° and 38° S.

The four study sites can be summarised as following:

Pan de Azucar. Pan de Azucar is situated in an arid climate zone of the Coastal Cordillera in
Chile, ca. 17 km northeast of Chafaral. The bedrock of the drilling location (-26.302717°N, -
70.457350°E, [WGS84]) is composed of monzo- to syenogranitic intrusions of Triassic age
(240-205 Ma) (Parada et al., 2007). It is heavily fractured by the Atacama Fault Zone and has
been hydrothermally overprinted to varying degrees (Trichandi et al., 2024). The study area is
characterised by gently dipping hillslopes, mean annual precipitation of 10 mm yr', mean
annual temperature of 18°C, very sparse vegetation cover of lichens and UV-degraded shrubs,
and a Holocene net primary production (NPP) of 30 g m? yr' C (Bernhard et al., 2018; Oeser
et al., 2018; Werner et al., 2018; Oeser and von Blanckenburg, 2020; Ubernickel et al., 2020).

Santa Gracia. Santa Gracia is located in a semi-arid climate zone of the Coastal Cordillera in
Chile, ca. 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, chlorite, hornblende, magnetite and hematite (Krone et al.,
2021b). Itis 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 precipitation of <100 mm yr', mean annual temperature of 16°C, a sparse
vegetation coverage of 30-40% dominated by shrubs and cacti, and a Holocene NPP of 150 g
m2 yr' C (Ministerio de Obras Publicas de Chile, 2016; Bernhard et al., 2018; Oeser et al.,
2018; Werner et al., 2018; Oeser and von Blanckenburg, 2020; Ubernickel et al., 2020).

La Campana. La Campana is situated in a Mediterranean climate zone, ca. 60 km northwest
of Santiago de Chile, within the La Campana National Park. The bedrock of the drilling location
(-33.02833°N, -71.04354°E [WGS84]) is granodiorite (Hampl et al., 2023) which is part of
Upper Cretaceous intrusions of mainly granodiorites and tonalites with subordinate quartz
monzodiorites (Gana et al., 1996). The study area is characterised by steep slope dip angles
of 20-30°, mean annual precipitation of 346 mm yr', mean annual temperature of 15°C, a
native Mediterranean sclerophyllous forest with Cryptocarya alba and Lithraea caustica as
dominant plants as well as shrubland, and a Holocene NPP of 280 g m2 yr' C (Luebert and
Pliscoff, 2006; Bernhard et al., 2018; Oeser et al., 2018; Werner et al., 2018; Oeser and von
Blanckenburg, 2020; Ubernickel et al., 2020).
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Nahuelbuta. Nahuelbuta is located in a temperate rainforest climate zone, ca. 20 km west of
Angol in southern Chile. The basement of the drilling location (-37.79381°N, -72.95043°E
[WGS84]) is granite (Hampl et al., 2023) of the Nahuelbuta Batholith which mostly consists of
tonalites and granodiorites. The Nahuelbuta Batholith is part of the Late Carboniferous (328-
299 Ma) Chilean Coastal Batholith and situated on top of the Nahuelbuta central pluton (Herve,
1974; Deckart et al.,, 2013; Steenken et al., 2016). The study area is characterised by a
plateau-like ridge with gently dipping slopes (ca. 10°), mean annual precipitation of 1927 mm
yr'', mean annual temperature of 14°C, and a temperate forest with Araucaria araucana as the
dominant tree, which has been replaced by a sparse forest due to pastoral farming (cow
grazing) and fires, with a Holocene NPP of 520 g m2 yr' C (Luebert and Pliscoff, 2006;
Bernhard et al., 2018; Oeser et al., 2018; Werner et al., 2018; Oeser and von Blanckenburg,
2020; Ubernickel et al., 2020).

3.3.2 Drilling procedure and sample preparation

The weathering profiles comprise 93.5 m (PdA), 87.2 m (SG), 88.3 m (LC) and 40.8 m (NA1)
of drilled core material consisting of soil, saprolite and rock. The uppermost 2-6 m are
additionally recovered by a manually dug 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 contamination control) (Friese et al., 2017; Krone et al., 2021b; Hampl et al.,
2023). After retrieving the drill cores (up to 1.5 m length), bulk core sample intervals with a
length of ca. 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. The samples were aseptically
split with a rock trimmer and separated into an outer (for geochemical and mineralogical
analyses of this study) and an inner part (for microbiological analyses) in the laboratory. The

outer part was further milled to a grain size of <10 um with a planetary ball mill.

3.3.3 Sequential Fe extractions
Sequential Fe extractions using sodium acetate (1 M NaAc), hydrochloric acid (0.5 M HCI) and

concentrated hydrochloric acid (6 M HCI) were performed on 15 samples of each weathering
profile to quantify biogenic Fe pools available for microbial Fe redox reactions (N = 60,
technical extraction triplicates) (Heron et al., 1994; Cornell and Schwertmann, 2003; Lueder et
al., 2020; Grimm et al., 2024). Suspensions were centrifuged after each extraction step to
remove the supernatant for quantification of the respective Fe pools and solids resuspended
in the subsequent solvent. After extraction, Fe(ll) and total Fe (Fe(tot); i.e. Fe(ll) plus Fe(lll))
were spectrophotometrically quantified using the ferrozine assay (Hegler et al., 2008). Details

of the extractions were as follows:

1 M NaAc. 1 M NaAc targets surface-adsorbed Fe. Fe minerals dissolved are ankerite,

calcite/aragonite and siderite (amorphous FeS (moderate extent) and mackinawite (marginal
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extent)) (Voelz et al., 2019). We extracted surface-adsorbed Fe with 1 M NaAc at pH 5 and
room temperature under anoxic conditions in the dark for 24 h (solid:liquid = 1:20) (Raiswell et
al., 1994; Roden and Zachara, 1996).

0.5 M HCI. 0.5 M HCI targets poorly crystalline Fe. Fe minerals dissolved are
ferrihydrite, lepidocrocite and partly magnetite, maghemite, hematite, goethite, biotite and
chlorite via dissolution by protonation (Sidhu et al., 1981; Raiswell et al., 1994; Voelz et al.,
2019). We extracted poorly crystalline Fe with 0.5 M HCI at room temperature under anoxic
conditions in the dark for 2 h (solid:liquid = 1:20) (Raiswell et al., 1994; Roden and Zachara,
1996).

6 M HCI. 6 M HCI targets crystalline Fe. Fe minerals dissolved are goethite, hematite,
magnetite, amorphous FeS and mackinawite (Voelz et al., 2019). We extracted crystalline Fe
with 6 M HCI in the dark under anoxic conditions for 24 h (solid:liquid = 1:20) (Raiswell et al.,
1994; Roden and Zachara, 1996).

3.3.4 Carbon analysis

Carbon concentrations of organic (OC) and inorganic (IC) carbon were quantified by using the
single-run dual temperature combustion (SRDTC) method of Bisutti et al. (2007). The method
provides data on bioavailable organic carbon (“TOC400”), residual organic carbon (“ROC”)
and inorganic carbon (“TIC900”) in a single analysis run. 1g dry soil/rock powder of each
sample was measured on a soli TOC® cube analyser (Elementar, Germany) (N = 127, technical

extraction duplicates). The targeted carbon pools are more specifically:

TOC400. TOC400 is the bioavailable, total organic carbon released between 150 and

400°C in the presence of oxygen. It is called “BOC” in the following for clarification.

ROC. ROC comprises the residual oxidisable carbon pool, e.g. black carbon and soot,
released between 400 and 600° C in the presence of oxygen. TOC400 and ROC represent
TOC after acidification.

TIC900. TIC900 is the total inorganic carbon released between 600 and 900 °C in the

presence of oxygen. It is called “IC” in the following for clarification.

3.3.5 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 and C pools were analysed
using general linear models (LM). We tested the combined effect of (a) fracture type and field
site and (b) fracture density and field site (predictor variables) on quantified concentrations of
either adsorbed Fe or poorly crystalline Fe or crystalline Fe or BOC or IC (response variable).
We also ran a nonlinear model to check for the effect of the Fe(ll)/Fe(tot)-ratio on the adsorbed

Fe concentration of each field site. Model assumptions were checked for all selected models
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and found not to have been violated. As the general linear models were partly found to be
significant, we ran Tukey post hoc paired-samples t-tests of these models to determine the
difference between the mean of all possible pairs using a studentised range distribution, i.e.

testing every possible pair of all groups (Tukey, 1949).
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3.4 Results

3.4.1 Drill core Fe mineralogy of the weathering profiles

Sequential Fe extractions were performed to quantify biogenic Fe pools available for microbial
Fe redox reactions, corresponding to potentials for microbial in situ weathering of Fe-bearing
minerals. Extractions targeted (1) the Fe that is adsorbed to minerals and easily bioavailable
to microorganisms (via 0.5 M NaAc), (2) the poorly crystalline Fe, which is also bioavailable
(0.5 M HCI), and (3) the crystalline Fe that is present as Fe(lll) (oxyhydr)oxides and Fe-sulfides
(via 6 M HCI). Total Fe concentrations vary between approximately 5 and 32 mg g™ soil/rock

powder (Fig. 3.1).

The Fe mineralogy of Pan de Azucar in the upper 1.5 m is mostly comprised of crystalline Fe,
while below sorbed and poorly crystalline Fe are relatively more abundant (>1.5 m: up to 25%;
1.6 and 87.5 m: up to 55%) with Fe concentrations of approximately 5-23 mg g' soil/rock. (Fig.
3.1a). Sorbed Fe(ll) concentrations at 1.6 and 87.5 m are strikingly high (up to 5 mg Fe g™
rock). The weathering profile can be divided into an oxidised and a reduced zone, which is
clearly visible in the Fe(ll)/Fe(tot)-ratios (Table 3.S1).

Comparable to Pan de Azucar, extractable amounts of biogenic Fe are smaller in soil than in
rock (8-15 mg g™ soil vs 18-32 mg g rock) in Santa Gracia (Fig. 3.1b). Soil and rock samples
are rich in crystalline Fe (crystalline Fe pool: 80-95%). Sorbed Fe can be found throughout the
weathering profile, but is not abundant (<1 mg g'). The zone of particularly intense weathering
and hydrothermal alteration in the deepest weathering zone (67-77 m depth) (see Chapter 2)
shows less extractable Fe. Like PdA, the weathering profile of SG consists of an oxidised and

a transition/reduced zone.

Absolute Fe concentrations range from 12-31 mg g soil/rock in La Campana, while the
amount of extractable biogenic Fe increases with depth (soil < saprolite < bedrock) (Fig. 3.1c).
There is also an increase in sorbed and poorly crystalline Fe with depth, while being almost
entirely expressed as Fe(ll). Interestingly, the pool of sorbed Fe is clearly visible at a depth of
48.9 m and below. The amount of crystalline Fe increases, too. Fe(ll)/Fe(tot)-ratios suggest a
3 zone-redox zonation, i.e. an oxidised top part (0-1.6 m), a transitioning middle part (1.6-43.3
m) and a reduced bottom part (248.7 m).

Nahuelbuta is characterised by 13-31 mg Fe g™ soil/rock, while the amount of extractable Fe
in soil is smaller than in rock (Fig. 3.1d). There is a clear soil-rock boundary with sudden
appearance of adsorbed and poorly crystalline Fe, which make up to 4 mg g (adsorbed Fe)
and 9 mg g’ (poorly crystalline Fe), respectively. Overall, there is a high amount of Fe(ll)

through-
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Figure 3.1: Biogenic Fe species (mg g’ rock) as function of depth (m) for the four field sites.
The six Fe species are adsorbed Fe(ll) and Fe(lll), poorly crystalline Fe(ll) and Fe(lll), and
crystalline Fe(ll) and Fe(lll) (N = 60). The four field sites (a) Pan de Azucar, (b) Santa Gracia,
(c) La Campana, and (d) Nahuelbuta cover an extreme climate gradient from arid to humid
(North to South) along the Coastal Chilean Cordillera. Bars in (a) to (d) represent the average
of technical extraction triplicates. Error bars denote standard error of the technical extraction
replicates.

out the whole profile. Comparable to PdA and SG, the soil is oxidised, while saprolite and

bedrock are reduced.

Regarding the correlation between the Fe pools, adsorbed Fe and poorly crystalline Fe are
positively correlated (Fig. 3.S1). More specifically, the degree of correlation increases the more
South the field site is located (PdA<SG<LC<NA). Adsorbed Fe and crystalline Fe are
negatively correlated (Fig. 3.52). The more crystalline Fe is present, the less adsorbed Fe (=
easily bioavailable Fe) is present, while the degree of correlation is moderate to strong (SG<
PdA<LC<NA). Poorly crystalline Fe and crystalline Fe are negatively correlated (Fig. 3.S3).
The more crystalline Fe, the less poorly crystalline Fe is present. Correlation for all field sites
is very strong (R?= 0.96-0.99), except for PdA (R? = 0.77).

3.4.2 Organic and inorganic carbon contents of the weathering profiles

Organic and inorganic carbon pools were quantified to assess how much bioavailable organic
carbon (BOC) and inorganic carbon (IC) are available as C sources for microbial Fe(lll)
reduction and Fe(ll) oxidation. SRDTC provided data on (1) the C that is bioavailable for
heterotrophic microorganisms (BOC), (2) the C that is organic but not bioavailable for
microorganisms (residual organic carbon = ROC), and (3) the C that is inorganic and
bioavailable for autotrophic microorganisms (IC). Total C concentrations vary between
approximately 0.05 and 20 mg Fe g™ soil/rock powder (Fig. 3.2). Overall, PdA and SG are IC-
dominated, while LC and NA have relatively more BOC compared to ROC and IC pool sizes.

There is no clear indication of depth trends for the four field sites, but rather peaks of IC.

The total carbon pool size ranges from <1 to 20 mg C g' soil/rock in Pan de Azucar (Fig. 3.2a).
BOC concentrations range from 0.06-0.24 mg g soil/rock (Fig. 3.S4), but are dominated by
IC concentrations. The latter are most pronounced at 7.1, 7.2, 18.9, 19.1, 19.5, 51.5, 53.6,
54.8, 67.6, 79.6 and 87.5 m depth (n = 11).

In Santa Gracia, the total carbon pool size ranges from 0.1 to ~ 3 mg g' soil/rock (Fig. 3.2b).

BOC is consistently present throughout the profile with a concentration range of 0.03-0.53 mg
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Figure 3.2: Carbon species (mg g™' rock) as function of depth (m) for the four field sites. The
three C species are bioavailable organic carbon (BOC), residual organic carbon (ROC) and
total inorganic carbon (IC) (N = 127). The four field sites (a) Pan de Azucar, (b) Santa Gracia,
(c) La Campana, and (d) Nahuelbuta cover an extreme climate gradient from arid to humid
(North to South). Bars in (a) to (d) represent the average of technical measurement duplicates.
Error bars denote standard error of the technical measurement replicates. Note the differences
in x-axis range of the four subplots.

C g with high values in the soil. IC concentrations peak at some depths, comparable to PdA.
Depths with high IC concentrations are 15.7-26.2, 43.4-48.2, 60.0, 68.4-77.3 m (n = 22). The
IC data also complement previously identified zones of hydrothermal alteration in the SG

weathering profile as elaborated in Chapter 2, Krone et al. (2021a); Hampl et al. (2022).

In La Campana, the total carbon pool size ranges from 0.05 to 0.3 mg C g™ soil/rock, which is
less quantified carbon than in PdA and SG (Fig. 3.2c). The BOC pool size is about 0.03-0.06
mg C g, while representing 15-85% of the total carbon pool. IC carbon is present at 23.1,
26.2,48.9, 52.7, 63.7, 72.6 and 87.8 m depth.

In Nahuelbuta, the total carbon pool size ranges from 0.05 to 0.35 mg C g™ soil/rock, which
represents a similar concentration range as in LC (Fig. 3.2d). The BOC pool size is
approximately 0.03-0.22 mg g™', while being most pronounced in 5 and 8.5 m depth. ROC
(0.01-0.08 mg C g') and IC (0-0.03 mg C g™) concentrations are low compared to BOC

concentrations.

Regarding the correlation between the C pools, BOC and ROC show a very weak (SG: R?=
0.12), weak (PdA: R?= 0.35), moderate (NA: R?= 0.59) to high correlation (LC: R?= 0.78) (Fig.
3.S5). The correlation between BOC and ROC for PdA and SG is negative, while positive for
LC and NA. BOC and IC show a strong correlation (PdA, SG and LC: R?= 0.72-0.87) with one
exception (NA: R?= 0.39) (Fig. 3.S6). The correlation is negative for all four field sites, i.e. the
more IC the less BOC is present. Finally, ROC and IC show a strong (PdA, SG: R?= 0.76,
0.62), moderate (LC: R?= 0.43) or no correlation (NA: R?< 0.01) (Fig. 3.S7). The correlation is
negative in the cases where it is strong (PdA, SG), and is positive, in the case where the

strength of correlation is moderate (LC).

3.4.3 Fe-C pool interconnections

Overall, correlations between Fe and C pools are non-existent to moderate among the four
field sites (R?= <0.01-0.52) (Figs 3.S8-3.813). The correlation is strongest for LC (R?= 0.36-
0.52) and decreases over NA (R?= 0.19-0.39) to PdA (R?= 0.05-0.22) and SG (R?= <0.01-
0.12). In LC, the correlation between BOC and adsorbed Fe is slightly negative, i.e. the more
BOC, the less adsorbed Fe is present. The trend is opposite between IC and adsorbed Fe. For

poorly crystalline Fe and BOC, there is also a negative correlation, while it is hard to identify a
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clear trend for the plot of poorly crystalline Fe vs IC. Finally, the scenario for crystalline Fe is

different. If correlated with BOC, it is positive, if correlated with IC, it is negative.

3.4.4 Fe-fracture interconnections

Based on the findings of this study, we systemically investigated, if there are interconnections
between fractures (type and density) and Fe minerals, we have defined the following four
working hypothesis (H7 - H4):

H1: Fe(ll)/Fe(tot)-ratio is a good indicator for the penetration depth of oxygen, with high
Fe(ll)/Fe(tot)-ratios representing the presence of adsorbed Fe. (see Chapter 3.4.5)

H2: Fracture density controls the Fe redox zonation of the weathering profile. (see Chapter
3.4.6)

H3: Poorly crystalline Fe is a good indicator for predicting the presence of fractures. (see
Chapter 3.4.7)

H4: The amount of BOC is higher in open fractures than in closed fractures. (see Chapter
3.4.7)

3.4.5 Fe(ll)/Fe(tot)-ratio as proxy for the penetration depth of oxygen

We found a redox zonation comprised of two to three zones (see Chapter 3.1.1) in all four
weathering profiles (Fig. 3.1; Table 3.S1). To determine, if there is an effect of penetration depth
of oxygen on the Fe redox status, i.e. the Fe(ll)/Fe(tot)-ratio, we plotted Fe(ll)/Fe(tot)-ratios
against adsorbed Fe concentrations for 15 samples of each of the four field sites (Fig. 3.3)
(hypothesis H7).

Overall, there was a moderate to very strong positive correlation between Fe(ll)/Fe(tot)-ratio
and adsorbed Fe, which increased from North to South (nonlinear least squares fit equation:
y=a*e™, R?= 0.42-0.93). These results suggest that Fe(ll)/Fe(tot)-ratios are indicative for the
oxygen penetration depth of each of the four weathering profiles (Table 3.S1), which is reflected
in the adsorbed Fe concentrations (Fig. 3.1). Hence, the presence of adsorbed Fe marks depth

zones, which oxygen does not reach and in which Fe(ll) is preserved.

3.4.6 Does fracture density impact the Fe redox zonation of the weathering profiles?

The Fe(ll)/Fe(tot)-ratio was found to be a good indicator for the penetration depth of oxygen
(see Chapter 3.4.5). As oxygen is transported into the subsurface via fractures, we tested, if
fracture density controlled the Fe redox zonation of the weathering profiles (Fig. 3.4)
(hypothesis H2). An overview of the fracture density distribution of the four field sites can be

found in the Sl (Table 3.S2). The amount of fractures (x) was counted for 5m intervals and
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Figure 3.3: Adsorbed Fe concentration (mg g™ rock) as function of the Fe(ll)/Fe(tot)-ratio for
the four field sites. The equation displays the function of the nonlinear least squares fit,
accompanied by the adjusted R?, which increases from North to South (R?= 0.42-0.93).

assigned to the categories (a) “low”, if x<=10, (b) “medium”, if 10<x>25, and (c) “high”, if x>=25.
We found an indication for a statistically significant difference in the Fe(ll)/Fe(tot)-ratio
according to fracture density (F(2)=4.39, P<0.05) and a strong indication for a statistically

significant difference in the Fe-ratio according to field site (F(3)=4.50, P<0.001) (Table 3.S3).

A Tukey post-hoc test revealed a significant pairwise difference between fracture density types

low and medium (P<0.01), but none for the fracture density type pairs low-high and medium-

high (Table 3.S4). It also revealed significant pairwise differences between field sites NA and
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field sites are displayed top-down from North to South. Significant differences in treatment
contrasts revealed by a Tukey post-hoc test are highlighted as respective significance level
(***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant). "n.d.” denotes no data.

SG (diff=0.329, P<0.01). These findings suggest that a low fracture density is associated with
a moderate mean Fe(ll)/Fe(tot)-ratio (n=28, mean=0.49), while a medium fracture density is
associated with an on average 0.21 units higher Fe(ll)/Fe(tot)-ratio (n=24, mean=0.70). In
summary, fracture density can be used to predict an expected Fe(ll)/Fe(tot)- ratio, if “low” and
“medium” fracture density samples are referred to, while it fails to clearly distinguish Fe(ll)/(tot)-

ratios, if fracture density intervals are “high”.

Similarly to the Fe(ll)/Fe(tot)-ratios, we systemically determined, if there is an effect of fracture
density on adsorbed Fe (F=2.16, P=0.12) (Fig. 3.S14), poorly crystalline (F=1.62, P=0.21) (Fig.
3.515), crystalline Fe (F=1.89, P=0.16) (Fig. 3.S16) and BOC (F=0.18, P=0.83) (Fig. 3.S17) or
IC (F=4.87, P<0.01) (Fig. 3.S18) in the weathering profiles. In short, there were no significant
effects of fracture density on any of these, but IC.

Regarding IC, there were indications for (a) an effect of fracture density (F=4.87, P<0.01), (b)
an effect of site (F=12.3, P<0.001), and (c) an interaction effect (F=2.56, P<0.001). Fracture
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density difference between levels medium-low was found to be significant (diff=1.64, P<0.01).
We also found significant pairwise differences between sites NA-PdA (diff=-2.82, P<0.01), LC-
PdA (diff=-2.45, P<0.05) and NA-PdA (diff=-2.85, P<0.001). These findings suggest an overall
significant difference in IC between medium and low fracture density, but not for the pairs "high-

low" and "high-medium".

In summary, fracture density can be potentially used as a proxy for the Fe(ll)/Fe(tot)-ratio and

IC concentrations, if only low and medium densely fractured depth intervals are considered.

3.4.7 Is there more poorly crystalline Fe and BOC in fractures compared to non-
fractured zones?

As Fe(lll) (oxyhydr)oxides were found to be abundant in fracture zones of Santa Gracia
(Chapter 2), we followed up on this finding by assessing if this is true for all four field sites
(hypothesis H3). Therefore, we plotted the four fracture types “none”, “open” (including weak
zones), “closed” and “vein” against poorly crystalline Fe concentration for all field sites and
tested, if there was a significant difference between the absence and presence of fractures

(Fig. 3.5).

We found that poorly crystalline Fe concentrations were significantly higher for the three
fracture types ("open", "closed" and "vein") compared to their absence ("none") (i.e. in between
group means: "open-none" (diff=1.51, P<0.05), "closed-none" (diff=1.69, P<0.01), and "vein-
none" (diff=1.96, P<0.05) (Tables 3.S5,3.S6). More detailed statistical analysis revealed three
significant treatment contrasts for fracture type, four for field site and three for the interactions
of fracture type and field site. Regarding the amount of poorly crystalline Fe found at the
different field sites, there is significantly more Fe in LC and NA than in PdA, and significantly
more Fe in LC and NA than in SG. Besides that, we found significantly more Fe in closed
fractures in NA compared to closed fractures of PdA and SG. In summary, these results
suggest that the amount of poorly crystalline Fe is a good indicator to predict the presence of

fractures.

Based on our finding that poorly crystalline Fe is a good indicator to predict the presence of
fractures, we further investigated its importance in fractured vs non-fractured zones (Table 3.1).
We could identify that there is more poorly crystalline Fe in fractures compared to non-fractured
zones for field sites PdA (5.7-fold), SG (1.6-fold) and NA (3.3-fold), but an almost identical
amount in LC (1.0-fold).
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Figure 3.5: Poorly crystalline Fe concentration (mg g™ rock) as function of fracture type for the
four field sites. The four fractures types are “none” (orange, n=20), “open” (yellow, n=15),
“closed” (black, n=21) and “vein” (blue, n=6), with “none” serving as reference for the absence
of fractures. The four field sites are displayed top-down from North to South.

Table 3.1. Relative proportion of poorly crystalline Fe (P) of total bioavailable Fe pool (unitless),
i.e. the sum of adsorbed (A), poorly crystalline (P) and crystalline (C) Fe (P/(A+P+C)) based
on mean values, comparing non-fractured with fractured zones of the four field sites. For the
mean, the median was used, since the mean will be distorted by outliers.

Field site Fracture type Factor
“none”  “open” ‘closed”  “vein” (v) (o+c+v)/ (fractured /
(0) (c) 3 non-fractured)
PdA 0.04 0.20 0.27 0.23 0.23 5.7
SG 0.07 0.12 0.10 0.12 0.11 1.6
LC 0.19 0.20 0.18 0.20 0.20 1.0
NA 0.07 0.23 0.25 0.24 0.24 33
average 0.09 0.19 0.20 0.19 0.19 2.1

As crystalline Fe is abundant in all of four field sites, we investigated, if it served as a proxy for
the presence of fractures, too. We found that the amount of crystalline Fe significantly differs
between the absence of fractures (“none”) and “open”/’vein” fractures, but not between the
absence of fractures and “closed” fractures (Fig. 3.S19). More specifically, the differences in

treatment contrasts were "open-none" (diff=3.94, P<0.01), "vein-none" (diff=1.77, P=0.34),
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"closed-none" (diff=4.97, P<0.05). These findings suggest that the type of fracture needs to be

known to make use of crystalline Fe as indicator for the presence fractures.

Eventually, we statistically tested, if the amount of BOC found in open fractures is higher than
in closed fractures (Fig. 3.6) (hypothesis H4). This is interesting to know, since we found poorly
crystalline Fe to be significantly higher in open fractures (Fig. 3.5), which functions as electron
acceptor for microbial Fe(lll) reduction, while BOC functions as electron donor. Therefore, we
further assumed that elevated BOC concentrations in open fractures required (a) an ongoing

transport of BOC into the subsurface and (b) a preservation mechanism of BOC at depth.
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Figure 3.6: Bioavailable organic carbon concentration (mg g rock) as function of fracture type
for the four field sites. The four fractures types are “none” (orange, n=16), “open” (yellow,
n=39), “closed” (black, n=61) and “vein” (blue, n=13), with “none” serving as reference for the
absence of fractures. The four field sites are displayed top-down from North to South.

Overall, there was significantly less BOC in fractures compared to non-fractured depth
intervals (F=6.67, P<0.001) (Table 3.S7). Differences between treatment levels were
significant for the pairs “open-none” (diff=-0.06, P<0.001), “closed-none” (diff=-0.05, P<0.001)
and “vein-none” (diff=-0.05, P<0.05) (Table 3.S8). The amount of BOC in open fractures is not
significantly higher than in closed fractures (“closed-open”: diff=0.004, P=0.97). Hence, we
could not prove that the amount of BOC in open fractures is significantly higher than in closed

fractures.
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Furthermore, we found a statistically significant difference in BOC concentration according to
field site for the presence of fractures vs their absence (F=20.4, P<0.001). A Tukey post-hoc
test revealed strong significant pairwise differences between PdA and each of the other field
sites (SG, LC and NA) for open fractures (PdA-SG: diff=-0.06, P<0.001; PdA-LC: diff=-0.09,
P<0.001; and PdA-NA: diff=-0.06, P<0.001), but not among other field site pairings.

Regarding interactions of fracture type and field site, a Tukey post-hoc test revealed that there
is significantly more BOC in (a) open fractures of PdA than in open fractures of the other field
sites SG (P<0.001), LC (P<0.05) and NA (P<0.01), and (b) non-fractured zones compared to
fractured zones of SG (P<0.001) (Table 3.S8).

Further statistical tests revealed that there was no significant difference in the mean (a)
adsorbed Fe concentration (F=1.62, P=0.20) (Fig. 3.520), and (b) the mean IC concentration
(F(3)=1.44, P=0.24) (Fig. 3.S21) when comparing the absence of fractures (“none”) with the
presence of fractures (i.e. “open”, “closed”, “vein”). In summary, we found evidence that the
presence of fractures can be predicted by poorly crystalline Fe, while this is only partially true

for crystalline Fe and BOC.
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3.5 Discussion

3.5.1 Drivers of Fe and C geochemistry in the deep subsurface along a climate
gradient

The Fe and C geochemistry depth profile patterns of the field sites may be driven by differences
in lithology, presence of fractures, hydrothermal alteration, surface inputs such as water,
oxygen, acids and OC, and activity of microorganisms (Samuels et al., 2019; 2020; Krone et
al., 2021b; 2024; Hampl et al., 2022; 2023; Trichandi et al., 2022; 2023; 2024). The granitoid
lithology differs with depth and among field sites, since quartz, alkali feldspar and plagioclase
contents of the bedrocks vary (see Chapter 3.3.1). Besides that, there are differences in the
amount (wt.-%) of Fe-bearing minerals biotite, chlorite, hornblende, magnetite, hematite and
accessory minerals such as pyrite and chalcopyrite. Consequences are a distinction in the
degree of resistance to weathering as well as in the extractable crystalline Fe pools of the field
sites, as, for example, magnetite being abundant in the SG weathering profile (Fig. 3.1) (see
Hampl et al., 2022).

Tectonic activity creates fractures on a ym to km scale which play a vital role in weathering
processes, since they are pathways for fluids to depth and hence control the weathering depth
(Berkowitz, 2002; Deng and Spycher, 2019; Andrews et al., 2023). A feature of fracture zones
in the study sites investigated in this dissertation is the accumulation of poorly crystalline Fe(lll)
(oxyhydr)oxides, which have proven to be a robust proxy (Fig. 3.5, Table 3.1). The same is
conditionally true for crystalline Fe minerals (i.e. for open and closed fractures, but not for
veins) (Fig. 3.S3). However, adsorbed Fe(ll) concentrations were not significantly higher in
fracture zones compared to unfractured zones, suggesting that this Fe pool is not stable
enough to prevail, since easily oxidisable by oxygen (Fig. 3.520) (Byrne et al., 2015; Schad et
al., 2022).

Hydrothermal alteration alters the mineral composition of the bedrock. Typical features
associated with hydrothermal alteration are the (a) chloritisation of biotite, (b) formation of
expandable inter-stratified chlorite-smectite, (c) formation of zeolites, (d) partial transformation
of magnetite to hematite (martitisation), and (e) Al and C depletion in fractures due to feldspar
breakdown and related porosity increase (Eliasson, 1993; Drake et al., 2008; Nishimoto and
Yoshida, 2010; Sandstréom et al., 2010; Kralj, 2016; Hampl et al., 2022). In PdA and SG, the
impact of hydrothermal alteration is evident by the crystallinity of the Fe pool, high degrees of
Fe(ll) oxidation, fracture filings (i.e. carbonates (= IC) and poorly crystalline Fe(lll)
(oxyhyr)oxides) and other features listed above, while it is virtually absent in LC and NA (Figs
3.1,3.2) (see Hampl et al., 2022; Krone et al., 2024).

Fe and C geochemistry patterns have also been linked to surface inputs such as water, oxygen,

acids and OC (Eppes and Keanini, 2017). The amount of meteoric water introduced into the
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subsurface depends on the climate zone which controls the weathering intensity of a system
(Ubernickel et al., 2020; Deng et al., 2022). Additionally, water can also be supplied via deep
aquifers, which have not been investigated in depth at the four study sites (see Herrera et al.,
2018; Taucare et al., 2020a; Taucare et al., 2020b). O entering the subsurface is rapidly
consumed by abiotic oxidation of Fe(ll)-bearing silicates in the upper zone of weathering
profiles resulting in the formation of secondary Fe minerals (White and Yee, 1985; Perez et al.,
2005). Acid and OC patterns are primarily controlled by the net primary production (NPP) of a
system with more nutrient cycling the wetter the climate (Oeser and von Blanckenburg, 2020;
Koester et al., 2021; Stock et al., 2021). Hence, the NPP varies as a function of the climate
zone (Werner et al., 2018). However, the bioavailable organic carbon contents in the deep
subsurface of the four study sites are comparably high (0.03-0.53 mg C g™ rock) (Fig 3.54).
This implies that (a) there is a transport of OC to depth but no accumulation (Fig. 3.6), and that
(b) the type and quantity of biogenic Fe pool are the primary controls whether microbial

weathering of Fe-bearing minerals occurred.

Finally, Fe-metabolising microorganisms play a role in weathering of Fe-bearing minerals
(Chapter 2) (Cockell et al., 2011; Napieralski et al., 2019). Microbial weathering of Fe-bearing
minerals has been investigated among others in shale (Samuels et al., 2019; Napieralski et
al.,, 2022), limestone (Jakus et al., 2021a; 2021b), diorite (Buss et al., 2005) and granite
(Napieralski et al., 2019; Bethencourt et al., 2020; Bochet et al., 2020). In presence of water,
essential elements (e.g. C, N, P, S) and suitable electron sources, Fe-metabolising
microorganisms impact the weathering process by Fe(ll) oxidation and Fe(lll) reduction
resulting in the (trans)formation of biogenic Fe minerals. In the context of characterisation of
the Fe and C geochemistry (Figs 3.1,3.2), depth intervals with bioavailable Fe minerals (i.e.
Fe carbonates, ferrinydrite and magnetite) and BOC are probable zones of microbial

weathering activity.

3.5.2 Tectonic control on Fe geochemistry
The subsurface weathering structure along the Chilean Coastal Cordillera is influenced by

active fault systems such as the Atacama Fault System, Central Coastal Forarc and Southern
Chile Forarc (Riquelme et al., 2003; Cembrano et al., 2005; Rehak et al., 2008; Melnick et al.,
2019; Maldonado et al., 2021). Active fault systems create fractures (um to km scale) and
hence open pathways for water, O,, CO; and nutrients to enter the subsurface (Brantley et al.,
2017). These fractures promote the propagation of the weathering front to depth. The
advancement of this front can either be connected to ‘bottom-up’ or ‘top-down’ systems.
‘Bottom-up’ systems are controlled by groundwater (GW) level and surface topography
(Rempe and Dietrich, 2014), whereas ‘top-down’ systems are driven by infiltration of meteoric
water and oxygen into the bedrock (Brantley and White, 2009; Eppes et al., 2018). Regarding

the study sites of this thesis, there are three scenarios. Firstly, we can assign PdA to the
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‘bottom-up’ type, since GW and surface topography are more relevant than the limited
precipitation rate of this site. Secondly, LC can be classified as ‘top-down’ system, since it has
a higher precipitation rate than PdA and lacks a groundwater table according to seismic
investigations (Trichandi et al., 2023). Thirdly, we have a less distinct situation in SG and NA,
which may be best explained by a mixture of a ‘bottom-up’ and ‘top-down’ system. In SG,
combined seismic and borehole investigation suggest the presence of a major fault zone
functioning as a fluid pathway, while signs for a potentially groundwater-influenced zone at
depth (approx. 67-77 m) have been determined too (Krone et al., 2021b; Trichandi et al., 2022).

In NA, we have a combination of high precipitation and presence of a groundwater table.

This classification of the four study systems helps us to explain the observed Fe geochemistry
patterns (Figs 3.1,3.3). Since open fractures are pathways for the infiltration of fluids, they
control how deep water and oxygen can be transported into the subsurface. Contrastingly,
closed fractures will hamper the fluid transport to depth. This is confirmed by the positive
correlation between Fe redox status (i.e. Fe(ll)/Fe(tot)-ratio) and adsorbed Fe concentration,

assuming higher Fe(ll)/Fe(tot)-ratios (i.e. less oxygen) with increasing depth (Fig. 3.3).

Fracture density is another relevant parameter controlling the Fe(ll)/Fe(tot)-ratio (Ehlen, 1999).
Using statistics, we found a significant pairwise difference in the Fe(ll)/Fe(tot)-ratio between
fracture density types “low” and “medium” (P<0.01; mean(low)= 0.49, mean(medium)= 0.70),
but no significant pairwise differences related to a “high” fracture density (Fig. 3.4). Andrews et
al. (2023) found that a higher fracture density is related to more weathering and a slower
mineral dissolution rate, while a lower fracture density is connected to less weathering and a
higher mineral dissolution rate. More weathering implies more water infiltration and oxygen
transport to depth resulting in Fe(ll) oxidation of Fe-bearing minerals (Hampl et al., 2023;
Trichandi et al., 2023). Hence, a high fracture density disrupts the preservation of the redox-
sensitive Fe(ll)/Fe(tot)-ratio, since the supply of oxygen is higher at a high fracture density,

while the Fe(ll)/Fe(tot)-ratio is preserved at a low and medium fracture density.

3.5.3 Implications for potential subsurface microbial Fe cycling along the climate
gradient

Together the site-specific observations of lithology, fracturing, hydrothermal alteration and
surface inputs suggest that fracturing, water availability and secondary Fe mineral formation
are the key factors driving Fe cycling in the deep subsurface of the four study sites. More
specifically, there are several key features of each site:

e PdA: very low precipitation (Ubernickel et al., 2020), high fracture density (Stroncik et
al., in prep.), hydrothermal alteration (Krone, 2024), no major change in amount of
extractable adsorbed and crystalline Fe with depth (this thesis), high IC content (this
thesis) and signs for a deep aquifer (Houston, 2002; Herrera et al., 2018; Gamboa et
al., 2019; 2022);

120



e SG: low precipitation (Ubernickel et al., 2020), high fracture density (Stroncik et al., in
prep.), hydrothermal alteration (Hampl et al., 2022), no major change in amount of
extractable adsorbed and crystalline Fe with depth (this thesis), high IC content (this
thesis) and signs for a deep aquifer (Weckmann et al., 2020; Krone et al., 2021b;
Trichandi et al., 2022);

e LC: moderate precipitation (Ubernickel et al., 2020), low fracture density (Stroncik et
al., in prep.), no hydrothermal alteration (Krone, 2024), increase in amount of
extractable adsorbed and crystalline Fe with depth (this thesis), low IC content (this
thesis), no deep aquifer (Trichandi et al., 2023);

e NA: high precipitation (Ubernickel et al., 2020), low fracture density (Stroncik et al., in
prep.), no hydrothermal alteration (Krone, 2024), increase in amount of extractable
adsorbed and crystalline Fe with depth (this thesis), low IC content (this thesis), and

implications for a deep aquifer (Rehak et al., 2008).

Systematic assessment of the observations and site-specific key features reveals depth
intervals of most probable in situ microbial Fe(ll) oxidation and Fe(lll) reduction along the
climate gradient (Table 3.2). Generally, depth intervals with a potential microbial activity
classified as “excellent”, “high” or “moderate” are considered to realistically host Fe-cycling
microorganisms. These depth intervals can deviate for Fe(ll)-oxidising and Fe(lll)-reducing
microorganisms, since the required electron and C sources needed for redox reactions differ.
The highest probability for a potential in situ microbial weathering activity of Fe-bearing
minerals across all sites is linked to the presence of open fractures (Table 3.2; Figs
3.5,3.520,3.S21). These findings demonstrate that a pairing of Fe and C geochemistry with
lithology and fracturing is a powerful tool to identify hotspots of potential microbial in situ

weathering activity.
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Table 3.2. Heatmap highlighting depths of potential hotspots of microbial weathering activity.
The ranking is based on the weighted assessment of fracture density, fracture type,
concentrations of adsorbed Fe(ll), inorganic carbon, poorly crystalline Fe(lll) and bioavailable
organic carbon, and Fe(ll)/Fe(tot)-ratio (i.e. Fe redox state) (see Supplementary Methods for
more information on criteria definition and ranking determination). It results in a potential for
microbial Fe(ll) oxidation and Fe(lll) reduction (levels: very low, low, moderate, high and
excellent). Columns fracture type, Fe(ll)/Fe(tot)-ratio and potential for microbial Fe(ll)
ox./Fe(lll) red. are colour-coded to highlight key features.

field|depth |fracture |fracture |Fe_ad I IC |Fe_p Il BOC Fe(Il)/Fe(tot)- Fe redox| potential for microbial
site | (m) | density [ type (mg/g) (mg/g)| (mg/g) (mg/g) ratio state Fe(Il) ox. Fe(II) red.
PdA| 9.3 | medium| closed 0.09 0.51 0.12 0.13 0.77 red low low
PdA| 19.1 | high open 0.02 2.34 0.14 0.14 0.66 red moderate  moderate
PdA| 259 | high closed 0.17 0.44 0.09 0.09 0.89 red low low
PdA[37.5 high closed 0.07 0.95 0.14 0.10 0.88 red low low
PdA| 46.1 | medium | closed 0.10 1.89 0.14 0.11 0.87 red low low
PdA| 53.6 | medium | closed 0.07 1495| 0.24 0.10 0.69 red moderate low
PdA| 67.6 | high open 0.05 3.39 0.07 0.09 0.79 red moderate  moderate
PdA| 76.4 | medium | closed 0.28 1.84 0.18 0.13 0.84 red low low
PdA| 85.9 | medium| closed 0.01 0.71 0.09 0.06 0.75 red low low
PdA| 875 | medium| open | 539 491 | 004 0.17 0.88 red  [WEXCSHIGREY moderate |
SG| 23 low none 0.00 0.02 2.90 0.53 0.10 ox low high
SG| 6.8 low closed 0.31 0.01 0.16 0.07 0.68 red low low
SG | 11.8 | medium | closed 0.00 0.34 0.39 0.08 0.30 0x low low
SG | 19.8 | medium| open 0.22 0.45 0.50 0.04 0.57 trans moderate  moderate
SG | 26.2 | high closed 0.09 1.12 0.38 0.06 0.43 trans moderate low
SG | 35.1 | medium| vein 0.27 0.07 0.28 0.03 0.62 red moderate low
SG | 45.8 | high open 0.11 0.26 0.28 0.03 0.54 trans moderate  moderate
SG | 56.9 | medium| open 0.36 0.16 0.31 0.06 0.68 red moderate  moderate
SG | 65.8 | high closed 0.77 0.37 0.07 0.03 0.74 red moderate low
SG | 74.4 | high open 0.06 1.05 0.27 0.03 0.47 trans moderate  moderate
SG | 76.5 | high open 0.55 0.26 0.04 0.05 0.73 red moderate  moderate
SG | 82.8 | medium| open 0.27 0.12 0.12 0.04 0.71 red moderate  moderate
SG | 82.8 | medium| vein 0.27 0.12 0.12 0.04 0.71 red low low
LC| 9.6 low none 0.09 0.00 2.04 0.05 0.34 ox moderate
LC | 20.6 | low open 0.00 0.00 1.35 0.05 0.35 0X high
LC | 33.8 | low none 0.00 0.00 1.10 0.04 0.43 trans low
LC | 392 | low closed 0.01 0.00 1.11 0.04 0.40 trans low moderate
LC 432 | low none 0.13 0.00 1.78 0.03 0.53 trans low moderate
LC | 48.9 | medium| open 2.05 0.01 0.00 0.04 0.82 red high moderate
LC | 52.7 | high open 2.23 0.01 0.44 0.04 0.72 red high moderate
LC | 63.7 | medium | closed 1.92 0.00 0.04 0.04 0.73 red moderate low
LC | 726 | low vein 2.37 0.01 1.12 0.04 0.78 red moderate  moderate
LC | 87.8 low none 2.18 0.11 0.00 0.04 0.85 red moderate

NA | 3.1 low none 2.62 0.02 0.00 0.14 0.89 red moderate low
NA| 6.1 | low | closed | 326 001 | 000 005 [0 095 | red high low
NA | 8.7 low closed 2.16 0.01 0.00 0.03 0.84 red moderate low
NA| 129 | low none 3.31 0.01 0.13 0.06 0.88 red i low
NA | 14.5 low closed 3.62 0.01 0.00 0.03 0.92 red low
NA | 17.9 | medium| open 2.66 0.01 0.00 0.06 0.91 red moderate
NA | 19.2 | medium| open 2.38 0.01 0.00 0.05 0.89 red moderate
NA | 21.0 | medium| open 2.60 0.01 0.00 0.04 0.87 red moderate
NA|[255| low | closed | 3.00 001 | 000 004 [ 095 = red low
NA | 30.4 | medium| closed 2.97 0.01 0.01 0.04 0.92 red moderate
NA | 30.4 | medium| vein 2.97 0.01 0.01 0.04 0.92 red moderate
NA | 33.7 | medium| closed | 3.81 003 | 000 009 006 | red low

122



3.6 Conclusion

In this study we characterised four granitoid weathering profiles along the Chilean Coastal
Cordillera, which span a climatic gradient from arid desert to temperate rain forest between
26° and 38° S. We combined geochemical and petrophysical data with statistics to assess
potential microbial in situ weathering of Fe-bearing minerals in the deep subsurface along the

gradient.

While there is an increase in precipitation from North to South (PdA < SG < LC < NA), the four
field sites are divided into two groups regarding fracturing and hydrothermal alteration. PdA
and SG are characterised by a high fracture density (i.e. intensity), hydrothermally overprinted
weathering profiles and high IC concentrations. In contrast, weathering profiles of LC and NA
show a low fracture density, absence of hydrothermal alteration and low IC concentrations.
Our analysis shows that precipitation and fracturing are the two major controls on subsurface
Fe and C geochemistry. Firstly, there is no major change in the amount of extractable adsorbed
and crystalline Fe with depth in PdA and SG. Conversely, there is an increase with depth in LC
and NA. Secondly, high Fe(ll)/Fe(tot)-ratios positively correlate with low and medium fracture
density zones. Thirdly, fractures were identified as locations of more poorly crystalline Fe
compared to unfractured zones in all four sites. Fourthly, there is less BOC in fractures

compared to unfractured zones in SG, LC and NA, while the opposite is the case for PdA.

Together these findings enable the identification of locations of potential microbial in situ
weathering of Fe-bearing minerals within the four weathering profiles. Apparently, the highest
probability of microbial in situ weathering of Fe-bearing minerals is linked to open fractures.
This work highlights the need for a pairing of mineralogy, geochemistry, tectonics and
hydrology with microbiology to adequately assess the role of Fe-metabolising microorganisms

in subsurface weathering processes, especially in more complex geologic environments.
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3.8 Supplementary Information

Supplementary Methods

Microbial weathering activity heatmap. Columns displayed in the heatmap of potential hotspots
of microbial weathering activity within the four weathering profiles are: field site (PdA, SG, LC
and NA), fracture density (= fracture intensity), fracture type (vein, closed, open, none),
adsorbed Fe(ll) (mg g™ rock), inorganic carbon (IC) (mg g' rock), poorly crystalline Fe(lll) (mg
g rock), bioavailable organic carbon (BOC) (mg g rock), Fe(ll)/Fe(tot)-ratio, Fe redox state
(oxidised (ox), transition (trans), reduced (red)), and potential for microbial Fe(ll) oxidation and
Fe(lll) reduction. The weighted ranking is based on these columns. A maximum of 17 points
could be reached for each of the two microorganism categories, i.e. Fe(ll)-oxidising and Fe(lll)-
reducing microorganisms. Points for each depth / site were summed up, expressed as rel. %
and binned into five categories regarding in situ weathering potential: very low = 0-25%, low =
25-40%, moderate = 40-55%, high = 55-70% or excellent = 70-100%. Points achievable in the

respective categories were:

o fracture density (0-1 point): high = 1 point, medium = 0.5 point, low = 0 points
o fracture type (1-3 points): open fracture (including weak zones) = 3 points, closed
fracture/vein = 1 point, none = 0 points
o field site (representing precipitation, i.e. amount of available water) (1-4 points): PdA =
1,SG=2,LC=3,NA=4
e Fe redox state (depending on favourability for Fe(ll)-oxidising and Fe(lll)-reducing
microorganisms) (0-1 point) (see also Table S1):
o (a) Fe(ll)-oxidising microorganisms: oxidised (i.e. Fe(ll)/(tot)-ratio = 0-0.35) = 0
points, transition (i.e. Fe(ll)/(tot)-ratio = 0.35-0.60) = 0.5 point, reduced = 1 point
(i.e. Fe(ll)/(tot)-ratio = 0.60-1)
o (b) Fe(lll)-reducing microorganisms: oxidised (i.e. Fe(ll)/(tot)-ratio = 0-0.35) = 1
point, transition (i.e. Fe(ll)/(tot)-ratio = 0.35-0.60) = 0.5 point, reduced = 0 points
(i.e. Fe(ll)/(tot)-ratio = 0.60-1)
e Fe and C source (0-8 points):
o (a) Fe(ll)-oxidising microorganisms: Fe(Fe(ll) ox) = 0-5 points, quantitatively,
points given for relative amount of adsorbed Fe(ll) regarding all depths / sites;
C(Fe(Il) ox) = 0-3 points, quantitatively, points given for relative amount of IC
regarding all depths / sites
o (b) Fe(lll)-reducing microorganisms: Fe(Fe(lll) red) = 0-5 points, quantitatively,
points given for relative amount of poorly crystalline Fe(lll) regarding all depths
/ sites; C(Fe(lll) red) = 0-3 points, quantitatively, points given for relative amount
of BOC regarding all depths / sites

130



Supplementary Tables

Table 3.S1. Fe redox zonation of the four EarthShape field sites. 15 samples of each site were
analysed (N = 60). The column “ratio” displays Fe(ll)/Fe(tot)-ratios of bioavailable Fe, while
the column “redox” indicates oxidised (ox), transition (trans) or reduced (red) zones.

Pan de Azucar Santa Gracia La Campana Nahuelbuta
depth ratio redox depth ratio redox depth ratio redox depth ratio redox
(m) (m) (m) (m)

0.025 0.1 (0)4 0.025 0.18 (0)4 0.025 0.15 (0)4 0.025 0.06 (0)4
0.5 0.24 oX 0.5 0.14 oX 0.5 0.04 (0)4 0.5 0.03 ox
1.5 0.15 red 1.5 0.14 OoX 1.5 0.06 OoX 1.5 0.13 0X
1.6 093 red 2.3 0.10 (0)4 9.6 0.34 (0)4 3.1 0.89 red
9.3 0.77 red 6.8 0.68 red 206 0.35 (0)4 6.1 0.95 red

19.1 0.66 red 1.8 0.30 (0)4 26.2 0.41 trans 8.7 0.84 red
259 089 red 19.8 057 trans 338 043 trans 119 092 red
37.5 0.88 red 26.2 043 trans 393 040 trans 129 0.88 red
46.1 0.87 red 351 0.62 red 43.2 053 trans 145 092 red
53.6 0.69 red 458 054 trans 489 082 red 179 0.91 red
67.6 0.79 red 56.9 0.68 red 52.7 0.72 red 19.2 0.89 red
76.4 084 red 658 0.74 red 63.7 0.73 red 21.0 0.87 red
859 0.75 red 744 047 trans 726 0.78 red 255 095 red
87.5 0.88 red 76.5 0.73 red 726 0.81 red 304 092 red
92.5 084 red 82.8 0.71 red 87.8 0.85 red 33.7 0.96 red
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Table 3.82. Fracture density distribution of the four weathering profiles investigated in this
study. The fracture density (= intensity) distribution has been divided into three categories.
Therefore, the amount of fractures (x) was counted for 5m intervals and assigned to the
categories (a) “low”, if x<=10, (b) “medium”, if 10<x>25, and (c) “high”, if x>=25. Overall,
sample sizes of the three categories were: “low” (red, n=22), “medium” (yellow, n=29) and
“high” (green, n=13). “n.d.” denotes “not determined”.

A 5m PdA SG LC NA

0-5m 11 NA NA NA
5-10 m 23 4 0 0
10-15m 26 20 1 3
15-20 m 32 22 4 17
20-25m 18 17 4 12
25-30 m 28 25 1 9
30-35m 30 16 2 22
35-40 m 37 17 1 9
40-45 m 26 16 0 1
45-50 m 21 27 12 n.d.
50-55m 21 22 25 n.d.
55-60 m 21 13 21 n.d.
60-65 m 22 17 19 n.d.
65-70 m 26 26 17 n.d.
70-75m 21 28 7 n.d.
75-80 m 16 27 7 n.d.
80-85m 18 14 12 n.d.
85-90 m 13 10 9 n.d.
90-95m 5 n.d. n.d. n.d.
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Table 3.S3. Analysis of Variance Table for Fe(ll)/Fe(tot)-ratio as function of fracture density
(frac_dens), field site (site) and their interaction. Model terms, degrees of freedom (df), sum of
squares (Sum Sq), mean of squares (Mean Sq), effect sizes (F values), and significance (P
values) within the statistical model (Fe ratio ~ frac_dens * site) to explain variation in
Fe(ll)/Fe(tot)-ratios. Terms in bold were statistically significant at P < 0.05.

Model term df Sum Sq Mean Sq F value P value
frac_dens 2 0.6451 0.32256 4.39 0.017340
site 3 0.9913 0.33042 4.50 0.007062
frac_dens:site 5 0.2637 0.05273 0.72 0.612550
Residuals 51 3.7431 0.07339 NA NA

Table 3.S4. post hoc paired-samples t-tests, corrected with Tukey's procedure, were run for
comparing within-group means of the two factorial variables frac_dens' and 'site’. Note that
negative values for ‘diff indicate that the Fe(ll)/Fe(tot)-ratio is greater for the second
frac_dens/site-term within the pair. lwr and upr denote the lower and upper range of data, while
‘p adj’ represents the adjusted significance value P. Pairwise comparisons that were significant
at P < 0.05 are highlighted in bold. To focus on scientifically relevant comparisons, not all pairs
are listed below and regarding interaction effects only, if viable.

type comparison diff Iwr upr p adj
frac_dens | medium-low 0.209 0.027 0.391 0.020630
frac_dens | high-low 0.194 -0.047 0.435 0.136976
frac_dens | high-medium -0.015 -0.261 0.231 0.987813
site SG-PdA -0.150 -0.409 0.108 0.418791
site LC-PdA -0.042 -0.304 0.221 0.974594
site NA-PdA 0.179 -0.080 0.437 0.268640
site LC-SG 0.109 -0.150 0.367 0.680806
site NA-SG 0.329 0.075 0.584 0.006282
site NA-LC 0.220 -0.038 0.479 0.120144

Table 3.S5. Analysis of Variance Table for poorly crystalline Fe as function of fracture type
(frac_type), field site (site) and their interaction. Model terms, degrees of freedom (df), sum of
squares (Sum Sq), mean of squares (Mean Sq), effect sizes (F values), and significance (P
values) within the statistical model (Fe pc ~ frac_type * site) to explain variation in
Fe(ll)/Fe(tot)-ratios. Terms in bold were statistically significant at P < 0.05.

Model term df Sum Sq Mean Sq F value P value

frac_type 3 38.479 12.826 5.50 0.002591
site 3 112.589 37.530 16.09 < 0.0001
frac_type:site 9 13.106 1.456 0.62 0.770244
Residuals 46 107.310 2.333 NA NA
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Table 3.S6. post hoc paired-samples t-tests, corrected with Tukey's procedure, were run for
comparing within-group means of the two factorial variables frac_type' and 'site’. Note that
negative values for ‘diff indicate that the amount of poorly crystalline Fe is greater for the
second frac_type/site-term within the pair. lwr and upr denote the lower and upper range of
data, while ‘p adj’ represents the adjusted significance value P. Pairwise comparisons that
were significant at P < 0.05 are highlighted in bold. To focus on scientifically relevant
comparisons, not all pairs are listed below and regarding interaction effects only, if viable.

type comparison diff Iwr upr p adj
frac_type open-none 1.507 0.116 2.898 0.028978
frac_type closed-none 1.690 0.418 2.962 0.004939
frac_type vein-none 1.968 0.073 3.863 0.039056
frac_type closed-open 0.183 -1.193 1.560 0.984472
frac_type vein-open 0.461 -1.505 2.428 0.923534
frac_type vein-closed 0.278 -1.607 2.162 0.979173
site SG-PdA -0.480 -1.943 0.983 0.817826
site LC-PdA 2.226 0.739 3.712 0.001299
site NA-PdA 2.531 1.068 3.994 0.000183
site LC-SG 2.706 1.243 4.169 <0.0001
site NA-SG 3.011 1.572 4.450 <0.0001
site NA-LC 0.305 -1.158 1.768 0.944509
frac_type:site | closed:NA-closed:PdA 3.199 0.243 6.155 0.022582
frac_type:site | closed:NA-closed:SG 3.917 0.451 7.383 0.013860
frac_type:site | closed:NA-none:NA 3.460 0.222 6.698 0.025872

Table 3.S7. Analysis of Variance Table for bioavailable organic carbon (BOC) as function of
fracture type (frac_type), field site (site) and their interaction. Model terms, degrees of freedom
(df), sum of squares (Sum Sq), mean of squares (Mean Sq), effect sizes (F values), and
significance (P values) within the statistical model (BOC ~ frac_type * site) to explain variation
in Fe(ll)/Fe(tot)-ratios. Terms in bold were statistically significant at P < 0.05.

Model term df Sum Sq Mean Sq F value P value

frac_type 3 0.039087 | 0.013029 6.67 0.000344
site 3 0.119432 0.039811 20.39 < 0.0001
frac_type:site 9 0.092961 0.010329 5.29 <0.0001
Residuals 113 0.220584 | 0.001952 NA NA
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Table 3.S8. post hoc paired-samples t-tests, corrected with Tukey's procedure, were run for
comparing within-group means of the two factorial variables frac_type' and 'site’. Note that
negative values for ‘diff indicate that the amount of BOC is greater for the second
frac_type/site-term within the pair. lwr and upr denote the lower and upper range of data, while
‘p adj’ represents the adjusted significance value P. Pairwise comparisons that were significant
at P < 0.05 are highlighted in bold. To focus on scientifically relevant comparisons, not all pairs
are listed below and regarding interaction effects only, if viable.

type comparison diff Iwr upr p adj
frac_type open-none -0.055 -0.089 -0.021 0.000307
frac_type closed-none -0.051 -0.083 -0.019 0.000423
frac_type vein-none -0.052 -0.095 -0.008 0.011706
frac_type closed-open 0.004 -0.020 0.028 0.970478
frac_type vein-open 0.003 -0.033 0.040 0.994906
frac_type vein-closed -0.001 -0.036 0.035 0.999970
site SG-PdA -0.059 -0.084 -0.033 <0.0001
site LC-PdA -0.090 -0.129 -0.052 <0.0001
site NA-PdA -0.063 -0.091 -0.035 <0.0001
site LC-SG -0.031 -0.068 0.006 0.126007
site NA-SG -0.004 -0.030 0.022 0.980001
site NA-LC 0.028 -0.011 0.066 0.254962
frac_type:site | open:SG-open:PdA -0.105 -0.173 -0.037 <0.0001
frac_type:site | open:LC-open:PdA -0.107 -0.214 -0.0001 0.049315
frac_type:site | open:NA-open:PdA -0.099 -0177 -0.021 0.002180
frac_type:site | vein:SG-vein:PdA -0.145 -0.250 -0.040 0.000452
frac_type:site | open:SG-none:SG -0.179 -0.264 -0.094 <0.0001
frac_type:site | closed:SG-none:SG -0.173 -0.258 -0.870 <0.0001
frac_type:site | vein:SG-none:SG -0.190 -0.284 -0.095 <0.0001
frac_type:site | none:LC-none:SG -0.183 -0.292 -0.073 <0.0001
frac_type:site | none:NA-none:SG -0.120 -0.220 -0.020 0.005021
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Supplementary Figures
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Figure 3.S1: Relative adsorbed Fe concentration (%) as function of the poorly crystalline
concentration (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the two Fe pools is weak to very
strong and positive, while the adjusted R? increases from North to South (Pan de Azucar <
Santa Gracia < La Campana < Nahuelbuta).

136



Pan de Azlcar Santa Gracia
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Figure 3.S2: Relative adsorbed Fe concentration (%) as function of the crystalline
concentration (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the two Fe pools is decent to very
strong and negative, while the adjusted R? generally increases from North to South apart from
Santa Gracia (Santa Gracia < Pan de Azucar < La Campana < Nahuelbuta).
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Figure 3.S3: Relative poorly crystalline Fe concentration (%) as function of the crystalline
concentration (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R?. The correlation between the two Fe pools is very strong and
negative, while the adjusted R? generally increases from North to South (Pan de Azucar < La
Campana < Santa Gracia < Nahuelbuta).
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Figure 3.S4: Bioavailable organic carbon (BOC) (mg g' rock) as function of depth (m) for the
four study field sites (N = 127). The four field sites (a) Pan de Azucar, (b) Santa Gracia, (c) La
Campana, and (d) Nahuelbuta cover an extreme climate gradient from North to South. Bars in
(a) to (d) represent the average of technical measurement duplicates.
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Figure 3.S5: Relative amount of bioavailable organic carbon (BOC) (%) as function of residual
organic carbon (ROC) (%) for the four field sites. The equations display the function of the
linear fit, accompanied by the adjusted R2. The correlation between the two C pools is weak
and negative or strong and positive, while the adjusted R? does not generally increase from
North to South (Santa Gracia < Pan de Azucar < Nahuelbuta < La Campana).
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Figure 3.S6: Relative amount of bioavailable organic carbon (BOC) (%) as function of
inorganic carbon (IC) (%) for the four field sites. The equations display the function of the linear
fit, accompanied by the adjusted R?. The correlation between the two C pools is moderate to
strong and negative, while the adjusted R?is smaller in NA than in the other field sites
(Nahuelbuta < Santa Gracia < Pan de Azucar < La Campana).
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Figure 3.S7: Relative amount of residual organic carbon (ROC) (%) as function of inorganic
carbon (IC) (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the two C pools is decently strong
and negative for PdA and SG, while moderate in LC and not existing in NA. The adjusted R?
decreases from North to South (Nahuelbuta < La Campana < Santa Gracia < Pan de Azucar).
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Figure 3.S8: Relative amount of adsorbed Fe (%) as function of bioavailable organic carbon
(BOC) (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the C and Fe pools ranges from
non-existent to moderate and is negative, if present. There is no clear trend in the adjusted R?
from North to South (Santa Gracia < Pan de Azucar < Nahuelbuta < La Campana).
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Figure 3.S9: Relative amount of adsorbed Fe (%) as function of inorganic carbon (IC) (%) for
the four field sites. The equations display the function of the linear fit, accompanied by the
adjusted R2. The correlation between the C and Fe pools ranges from non-existent to moderate
and is positive, if present. There is no clear trend in the adjusted R?from North to South (Santa
Gracia < Pan de Azucar < Nahuelbuta < La Campana).
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Figure 3.S10: Relative amount of poorly crystalline Fe (%) as function of bioavailable organic
carbon (BOC) (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the C and Fe pools ranges from
non-existent to weak and is negative, if present. The adjusted R? generally decreases from
North to South (Santa Gracia < Pan de Azucar < La Campana < Nahuelbuta).
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Figure 3.511: Relative amount of poorly crystalline Fe (%) as function of inorganic carbon (IC)
(%) for the four field sites. The equations display the function of the linear fit, accompanied by
the adjusted R2. The correlation between the C and Fe pools ranges from very weak to weak
and is positive for PdA, LC and NA while negative for SG. There is no clear trend in the adjusted
R?from North to South (Santa Gracia < Pan de AzUlcar < Nahuelbuta < La Campana).
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Figure 3.512: Relative amount of crystalline Fe (%) as function of bioavailable organic carbon
(BOC) (%) for the four field sites. The equations display the function of the linear fit,
accompanied by the adjusted R2. The correlation between the C and Fe pools ranges from
non-existent to moderate and is positive, if present. The adjusted R2is lower for the two field
sites in the North compared to the two field sites in the South (Santa Gracia < Pan de Azucar
< Nahuelbuta < La Campana).
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Figure 3.S13: Relative amount of crystalline Fe (%) as function of inorganic carbon (IC) (%)
for the four field sites. The equations display the function of the linear fit, accompanied by the
adjusted R2. The correlation between the C and Fe pools ranges from very weak to moderate
and is negative except for SG. The adjusted R?is highest in LC (Santa Gracia < Pan de AzUcar
< Nahuelbuta < La Campana).
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Figure 3.S14: Adsorbed Fe concentration (mg g™ rock) as function of fracture density (low,
medium, high) for the four field sites. The three fracture density types are “low” (grey, n=28),
“medium” (green, n=24) and “high” (purple, n=10). The amount of fractures (x) was counted
for 5m intervals and assigned to the categories (a) “low”, if x<=10, (b) “medium”, if 10<x>25,
and (c) “high”, if x>=25. The four field sites are displayed top-down from North to South.
Significant differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted
as respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant). ’n.d.”
denotes no data.
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Figure 3.515: Poorly crystalline Fe concentration (mg g™ rock) as function of fracture density
(low, medium, high) for the four field sites. The three fracture density types are “low” (grey,
n=28), “medium” (green, n=24) and “high” (purple, n=10). The amount of fractures (x) was
counted for 5m intervals and assigned to the categories (a) “low”, if x<=10, (b) “medium”, if
10<x>25, and (c) “high”, if x>=25. The four field sites are displayed top-down from North to
South. Significant differences in treatment contrasts revealed by a Tukey post-hoc test are
highlighted as respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not
significant). "n.d.” denotes no data.
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Figure 3.S16: Crystalline Fe concentration (mg g™ rock) as function of fracture density (low,
medium, high) for the four field sites. The three fracture density types are “low” (grey, n=28),
“medium” (green, n=24) and “high” (purple, n=10). The amount of fractures (x) was counted
for 5m intervals and assigned to the categories (a) “low”, if x<=10, (b) “medium”, if 10<x>25,
and (c) “high”, if x>=25. The four field sites are displayed top-down from North to South.
Significant differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted
as respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant). "n.d.”
denotes no data.
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Figure 3.S17: Bioavailable organic carbon concentration (mg g™ rock) as function of fracture
density (low, medium, high) for the four field sites. The three fracture density types are “low”
(grey, n=28), “medium” (green, n=24) and “high” (purple, n=10). The amount of fractures (x)
was counted for 5m intervals and assigned to the categories (a) “low”, if x<=10, (b) “medium”,
if 10<x>25, and (c) “high”, if x>=25. The four field sites are displayed top-down from North to
South. Significant differences in treatment contrasts revealed by a Tukey post-hoc test are
highlighted as respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not
significant). "n.d.” denotes no data.
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Figure 3.S18: Inorganic carbon concentration (mg g™ rock) as function of fracture density (low,
medium, high) for the four field sites. The three fracture density types are “low” (grey, n=28),
“medium” (green, n=24) and “high” (purple, n=10). The amount of fractures (x) was counted
for 5m intervals and assigned to the categories (a) “low”, if x<=10, (b) “medium”, if 10<x>25,
and (c) “high”, if x>=25. The four field sites are displayed top-down from North to South.
Significant differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted
as respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant). ’n.d.”
denotes no data.
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Figure 3.S19: Crystalline Fe concentration (mg g™ rock) as function of fracture type for the
four field sites. The four fractures types are “none” (orange, n=20), “open” (yellow, n=15),
“closed” (black, n=21) and “vein” (blue, n=6), with “none” serving as reference for the absence
of fractures. The four field sites are displayed top-down from North to South. Significant
differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted as
respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant).
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Figure 3.S20: Adsorbed Fe concentration (mg g™ rock) as function of fracture type for the four
field sites. The four fractures types are “none” (orange, n=20), “open” (yellow, n=15), “closed”
(black, n=21) and “vein” (blue, n=6), with “none” serving as reference for the absence of
fractures. The four field sites are displayed top-down from North to South. Significant
differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted as
respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant).
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Figure 3.S21: Inorganic carbon concentration (mg g™' rock) as function of fracture type for the
four field sites. The four fractures types are “none” (orange, n=16), “open” (yellow, n=39),
“closed” (black, n=61) and “vein” (blue, n=13), with “none” serving as reference for the absence
of fractures. The four field sites are displayed top-down from North to South. Significant
differences in treatment contrasts revealed by a Tukey post-hoc test are highlighted as
respective significance level (***: P<0.001, **: P<0.01, *: P<0.05, n.s.= not significant).
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Chapter 4: Discussion and Outlook

Microbial weathering occurs during all stages of rock-soil transformation such as rock
colonisation, rock breakdown, saprolite formation and element cycling (Melton et al., 2014;
Banwart et al., 2019). It has been primarily investigated at shallow depths in humid and tropical
environments (Buss et al., 2005; Minyard et al., 2012; Brantley et al., 2013; Napieralski et al.,
2019). Until now, there are not many studies deciphering 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 and
Balkwill, 2006; Onstott et al., 2019; Takamiya et al., 2021). Even more, we might currently
underestimate how quantitatively important and widespread microbial weathering may be.
Besides that, there is a knowledge gap in understanding the impact of microorganisms on rock
and mineral weathering in the deep subsurface along climate gradients. Hence, this thesis
contributes to overcoming these knowledge gaps by studying the role of Fe-metabolising
microorganisms in weathering of Fe-bearing minerals in granitoid lithology in the deep

terrestrial subsurface along a climate gradient (Chilean Coastal Cordillera).

Firstly, we identified mineralogical and geochemical conditions in the deep subsurface of
hydrothermally altered granitoid lithology in semi-arid climate, in which Fe-metabolising
microorganisms would thrive in most by performing Fe extractions, XRD and uXRD analyses.
Secondly, we investigated the suitability of Fe-bearing minerals for microbial Fe-mineral
weathering in the deep subsurface of semi-arid climate, i.e. in a water- and nutrient deprived
system, via thermodynamic calculations. Based on a profound characterisation of the
mineralogical, geochemical and thermodynamic conditions, we thirdly elucidated the role and
impact of Fe-metabolising bacteria in weathering of Fe-bearing minerals in a semi-arid climate
by (1) exploring whether they actively induce major weathering by fostering alteration of solids
(i.e. via demonstrating active Fe(lll) reduction by the in situ community), and (2) investigating
the in situ microbial community composition in the deepest weathering zone via 16S rRNA

sequencing (Chapter 2).

Next, we zoomed out from our hydrothermally altered granitoid weathering profile in semi-arid
climate to the whole weathering gradient covering granitoid lithology in arid, semi-arid,
Mediterranean and humid climate (from North to South). To assess the potential role of Fe-
metabolising microorganisms in weathering of Fe-bearing minerals, we quantified bioavailable
Fe and C pools by performing sequential Fe and C extractions for all four field sites.
Subsequently, we identified controlling factors of microbial deep subsurface weathering of Fe-
bearing minerals by evaluating the relative importance of climate (field sites), tectonic activity

(presence/absence of fractures, fracture density), and mineralogical and geochemical
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conditions (bioavailable Fe mineral and C pools) for each field site along the climate gradient.
Eventually, we assessed whether Fe and C geochemistry paired with fracture analysis (type
and density) is a sufficient tool to predict depth intervals/zones of potential microbial activity
(Chapter 3).

In the following, the findings of this thesis and its subprojects, cultivation efforts, “lessons

learned” (troubleshooting) and potential future experiments are discussed.

4.1 Microorganisms are agents of weathering of Fe-bearing minerals

Microbial weathering comprises growth and activity of both prokaryotes and eukaryotes
(Brantley et al., 2012; Ehrlich et al., 2015). It is a key process for microorganisms to adapt and
survive in oligotrophic (i.e. nutrient depleted) environments such as the deep biosphere, since
it facilitates nutrient access and energy production (autolithotrophy) (Tebo et al., 2015). Among
the four main mechanisms for microorganisms to break down minerals and rocks (Chapter 1),

microbial weathering via redox reactions comprehends the main focus of this work.

Research investigating 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 is scarce. Schwerdhelm et al. (2025) is the first study that investigated the
role of Fe-metabolising microorganisms in a hydrothermally altered granitoid weathering profile
in a semi-arid climate (Santa Gracia). Intense investigations of our study site Santa Gracia
(Weckmann et al.,, 2020; Krone et al., 2021b; Trichandi et al., 2022), especially the
disentanglement of hydrothermal alteration and weathering features (Hampl et al., 2022),
allowed us to use it as a model site to study microbial contributions to weathering of Fe-bearing
minerals under water- and nutrient-limiting conditions. Due to the lack of in situ fluid data,
observations made in previous studies are not conclusive evidence for a potential water table

in the deepest weathering zone (Krone et al., 2021b; Hampl et al., 2022).

Regarding Fe-bearing minerals, it depends on their nature, whether Fe-metabolising
microorganisms can use them as an energy source. Granitoid lithology found in SG mainly
consists of hornblende, biotite and chlorite, which are primary Fe(ll)-bearing silicates (Chapter
2). Microbial Fe(ll) oxidation of these silicates under in situ conditions is energetically not
feasible. Since Fe(ll) is strongly bound in the crystal structure of poorly soluble, highly
crystalline silicates, it is less accessible for microbial redox reactions (Shelobolina et al., 2012;
Napieralski et al., 2019; Fan et al., 2023). Still, we observed microbial Fe(ll) oxidation in our
microaerophilic Fe(ll)-oxidising SG enrichments, which is proof for their in situ existence but
does not provide information on their in situ activity in weathering of Fe(ll)-bearing minerals
(Chapter 2). Microniches with micromolar concentrations of oxygen as electron acceptor are
a potential environment, in which microaerophiles might thrive in. Eventually, primary Fe-

bearing minerals could be rather accessible to microorganisms excreting acids, i.e. by proton-
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promoted dissolution. Contrastingly, we could demonstrate that secondary Fe-bearing
minerals (= Fe(lll) (oxyhydr)oxides) can be used as feasible energy source by microbial Fe(lll)
reduction throughout the whole weathering profile (Schwerdhelm et al., 2025).

Fe(ll)-bearing silicates are often oxidised abiotically by O, in meteoric water, limiting O2 supply
for microbial metabolisms at greater depths (White and Yee, 1985; Perez et al., 2005). Hence,
overall weathering rates in SG might depend on seasonal fluctuations in O, concentrations in
the deep subsurface. In this context, the work of Frey et al. (2010) should be highlighted. They
grew several strains isolated from granitic rock material of an Alpine Glacier forefield. In granite
dissolution experiments, more specifically cell suspension experiments (approx. 5x108 cells
ml"), they quantified strain-specific 0-140 uM Fe in solution after 4 or 8 days of incubation.
Hence, microbial metabolisation of fresh Fe(ll) silicates may occur to a minor extent under
ideal conditions. Regarding our field site SG, weathering induced fracturing generates
secondary Fe(lll) (oxyhydr)oxides, but also consumes water and O, during Fe(ll)-bearing
silicate transformation. The weathering rates of secondary Fe(lll) (oxyhydr)oxides by microbial
reduction would probably be further increased by this, if enough water for microbial
metabolisms was available. However, the amount of cells (ml™) in situ is lower than in cell
suspension experiments and the amount of available meteoric water being transported into the
(deep) subsurface (= precipitation (mm)) of SG even in the wettest months is limited (10-30
mm month') compared to wetter field sites like the Shale Hills catchment (Gu et al., 2020a),
the Alpine Damme Glacier forefield (Frey et al., 2010) or also the other EarthShape field sites
La Campana and Nahuelbuta (Oeser et al., 2018). This suggests that there might be
seasonally dependent and locally limited accelerated weathering by microbes in fracture zones
with pockets of water (e.g. a potential water table in approx. 68-70 m depth). In summary, we
can conclude that the impact of Fe-metabolising microorganisms in the SG weathering profile
is higher regarding Fe(lll) reduction than Fe(ll) oxidation and that Fe(lll) (oxyhydr)oxides are

preferentially used for microbial metabolisms.

4.2 Impact of microorganisms on weathering of Fe-bearing minerals along a climate
gradient

Assuming that our findings from SG (Chapter 2) are generally applicable for the whole climate
gradient, we can formulate two working hypotheses. Firstly, Fe-metabolising microorganisms
are probably not the main driving force for weathering of primary Fe(ll)-bearing silicates, since
energetically not feasible with regard to activation energy needed. Secondly, Fe(lll) reduction
of minerals such as magnetite and Fe(lll) (oxyhydr)oxides like hematite, goethite or ferrihydrite
is energetically feasible for microbes, as demonstrated for Fe(lll)-reducing microorganisms in
SG. To this end, we are limited to a data set consisting of geochemical, mineralogical,

thermodynamic and fracture data when discussing microbial weathering of Fe-bearing
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minerals in the context of deep subsurface. Hence, a comprehensive overview of the four field

sites and its main controlling factors is given below.

4.2.1 Role of aridification for microbial Fe-cycling

The four EarthShape field sites are located along a climate gradient, which is expressed as
differences in solar radiation, mean annual temperature and precipitation. As water is key for
microbial metabolisms, the role of aridification along the climate gradient has to be considered
(Gaviria-Lugo et al., 2023). The amount of meteoric water introduced into the subsurface
depends on the climate zone while controlling the weathering intensity of a system (Ubernickel
et al., 2020; Deng et al., 2022). It has to be noted that the role of groundwater has not been
investigated in the EarthShape projects, which would be a valuable addition to the data set.
Water is limiting. In arid Pan de Azucar and semi-arid Santa Gracia, there is a high fracture
density (Stroncik et al., in prep.). Importantly, the amount of available water for microbial redox
reactions is very low (10 mm yr') and low (<100 mm yr') and hence the rate limiting factor
(Ubernickel et al., 2020). However, there are implications for a deep aquifer (Houston, 2002;
Herrera et al., 2018; Krone et al., 2021b; Gamboa et al., 2022; Trichandi et al., 2022). Microbial
redox reactions are primarily bound to the presence of secondary Fe(lll) minerals or a potential
aquifer at depth (Schwerdhelm et al., 2025).

Water is potentially limiting. The fracture density in mediterranean La Campana is low, while
the MAP is higher (346 mm yr') (Ubernickel et al., 2020; Stroncik et al., in prep.). There was
no clear evidence for a deep aquifer (Trichandi et al., 2023). An increase in amount of
extractable adsorbed and crystalline Fe could be observed with depth. In summary, the amount
of water is potentially one factor, fracture density and type another factor (Chapter 3).

Water is not limiting. The fracture density in humid Nahuelbuta is low, while NA has the by far
highest MAP among the four field sites (1927 mm yr") (Ubernickel et al., 2020; Stroncik et al.,
in prep.). There is an increase in amount of extractable adsorbed and crystalline Fe with depth
(Chapter 3). Interestingly, weathering was not found to be intense below the upper few metres
of the weathering profile (Hampl et al., 2023). The authors explained this feature by a
hampering via clay minerals, which seal of the subsurface from the input of meteoric water. In

short, water is not the primary control for microbial weathering in NA, but mineralogy.

4.2.2 Role of geochemistry, mineralogy, thermodynamics and fractures for predicting the
impact of Fe-metabolising microorganisms on weathering of Fe-bearing minerals

In the absence of a robust microbiological dataset regarding the activity of Fe-metabolising

microorganisms, the pairing of mineralogy, geochemistry, fracturing and hydrology helps to

identify locations of potential microbial in situ weathering of Fe-bearing minerals within the four

weathering profiles. Site-specific observations of lithology, fracturing, hydrothermal alteration

and surface inputs suggest that fracturing, water availability and secondary Fe mineral

formation are the key factors driving Fe cycling in the deep subsurface of the four study sites.
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The highest probability of microbial in situ weathering of Fe-bearing minerals is linked to open
fractures (Chapter 3). Fe-metabolising microorganisms thrive most in zones of unaltered and
altered rock with increased concentrations of bioavailable and accessible Fe. Thereby, they
can even further enhance abiotically produced secondary Fe(lll) (oxyhydr)oxides mineral
weathering. Interconnections of Fe and S cycles also foster the probability of microbiomes to

adapt and survive at great depth in water- and nutrient -deprived systems (Chapter 2).

The investigation of groundwater and gas data during and after the conducted drilling
campaigns would have been highly beneficial for an in-depth understanding of the deep
subsurface microbial weathering processes along the climate gradient. Especially with regard
to running thermodynamic calculations, identified amounts of soluble gases and ions help to
identify reaction limiting steps (Amend and Shock, 2001; Amend et al., 2019; LaRowe and
Amend, 2019; Schwerdhelm et al., 2025).

4.2.3 Microbial Fe-cycling in the shallow subsurface (< 2m) along the climate gradient
Unless for the deep subsurface, there is data on microbial weathering of Fe-bearing minerals
in the shallow subsurface (< 2m) along the EarthShape gradient. Two master theses
investigated the changes in Fe(lll) mineral bioavailability along the climate gradient within the
framework of this PhD project. The first study utilised microcosms to quantify the effect of Fe-
metabolising bacteria on weathering rates of Fe(lll)-minerals and mineral transformation along
a precipitation gradient, i.e. the EarthShape field sites (Sauter et al., in prep.). Therefore, the
role of the model strain Shewanella oneidensis MR-1 in Fe(lll) reduction was investigated by
performing cell suspension experiments for a set of shallow (< 2m) soil samples. As a result,
two key findings were made. Firstly, there is a clear order of bioavailability of Fe(lll)-minerals
for the model strain as function of the field site: SG > LC > NA > PdA. Secondly, the
bioavailability of Fe(lll)-minerals was independent from Fe(lll)-mineral abundances. This
suggests mineral bioavailability to be rather related to mineral reactivity, which is controlled by
crystallinity.

The second study quantified the effect of Fe-metabolising bacteria on weathering rates of
Fe(lll)-minerals and mineral transformation along a precipitation gradient, too. However,
enrichment cultures obtained soil samples from the EarthShape gradient were used in this
follow-up study (Tian et al., in prep.). Fe(lll)-reducing microorganisms could be successfully
enriched from SG, LC and NA, but not from PdA. The most active enrichment culture from LC
was used as microbial strain for the Fe(lll)-microcosms. In contrast to the previous study, the
order of observed Fe(lll) reduction was SG > NA > LC > PdA. Hence, the absolute amounts of
Fe(lll) reduction by enriched native Fe(lll)-reducing microorganisms can completely differ from

laboratory model strains such as Shewanella oneidensis MR-1.
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4.3 Enrichment culture efforts, outcome and improvement ideas for future approaches
Fe-metabolising microorganisms have been shown to contribute to deep (> 7m) subsurface

rock weathering of various granitoid lithology in different climatic conditions (Lehman et al.,
2001; Buss et al., 2005; Osburn et al., 2014; Napieralski et al., 2019; Bethencourt et al., 2020;
Bochet et al., 2020; Napieralski and Roden, 2020; Jakus et al., 2021a; 2021b). Obtaining
enrichment cultures and isolates from the investigated field site allows to unravel microbial in
situ interactions. It is noteworthy that the obtainment of an Fe-metabolising enrichment culture
is proof for its in situ existence but does not provide information on its in situ activity in
weathering of Fe(ll)-bearing minerals. However, in order to study the potential role of Fe-
metabolising microorganisms under conditions as close to the natural setting as possible,

microbial enrichment cultures shed light on key metabolisms within a subsurface microbiome.

In granitoid lithology as present for our field site Santa Gracia, lithotrophic Fe(ll)-oxidising and
Fe(lll)-reducing microorganisms were expected to be found. Hence, we set up gradient tubes
for the enrichment of microaerophilic Fe(ll)-oxidising microorganisms as well as hungate tubes
and deep-well plates for the enrichment of Fe(lll)-reducing microorganisms at circumneutral
pH (Chapter 2). Enrichments of microaerophilic Fe(ll) 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 73.6 m depth. We
identified growth in FeS tubes by the formation of distinct orange Fe(lll) mineral accumulations
within or below the orange-coloured top layer. Subsequent cultivation and isolation attempts
were not successful. One possible explanation for unsuccessful subsequent cultivation and
isolation attempts might have been low cell numbers, as we only observed growth in gradient
tubes with a dilution of 10"" and 102, Other explanations might be missing co-cultures or energy
sources. A few enrichments got affected by contamination, which might have been introduced
by access of too high oxygen concentrations when alternating between gradient tubes and ZVI

plates in order to obtain a robust enrichment culture.

Fe(lll)-reduction could be quantified throughout the whole weathering profile. However, a
robust Fe(lll)-reducing enrichment culture could only be obtained from the deepest weathering
zone in ~ 77 m depth. The novel obligately anaerobic culture SG reduces Fe(lll) and sulfate.
It grows chemoheterotrophically with lactate as well as autotrophically with dihydrogen as an
electron donor but cannot oxidise acetate. Culture SG is capable of reducing ferrihydrite (up
to 0.6 mM d-") and dominated by the spore-forming Desulfotomaculum ruminis (abundance of
98.5%) as revealed by 16S rRNA gene amplicon sequencing. In the following, we aimed for
obtaining an isolate by using agar shakes and picking single colonies. To this end, the outcome
of the isolation effort is unclear, since the enrichment has not been sequenced yet. Besides
that, we did metagenomics on the enrichment culture, but struggled to get sufficient quality
DNA for sequencing. In order to obtain enough biomass during DNA extraction, pooling of

material obtained enough biomass but accumulated inhibiting compounds of the culture media.
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Hence, a library generation could not be achieved. Prior to our Fhy reduction experiments we
tried to wash the cells in order to minimise a carry-over of substrates, but observed the death
of cells expressed as a net Fe(lll) reduction of 0 mM. Cell death might have been caused by
washing with buffer solution itself and/or the subsequent centrifugation step. Therefore, we run
the Fhy experiments without a cell washing step. Encouraged by the reproducibility of the

growth of culture SG, there is a couple of interesting research questions:

1. Can culture SG reduce ferrihydrite (Fhy) in sulfate-free medium, while adding lactate
or dihydrogen as electron donors?

How do Fhy reduction rates compare, if sulfate is added in different concentrations?

3. Which other Fe(lll) minerals besides ferrihydrite can culture SG reduce?

4. What are the Fe(lll) reduction rates of the (potential) Fe(lll) minerals culture SG can
reduce?

5. Which preparation steps would be needed to get sufficient quality DNA for sequencing
(metagenomics), i.e. enough biomass, but less inhibiting compounds from culture
media accumulated?

Besides enriching Fe(ll)-oxidising and Fe(lll)-reducing microorganisms at circumneutral pH,
we tried to enrich acidophilic Fe-metabolising microorganisms. Preparing the growth medium
for acidophilic microaerophilic Fe(ll)-oxidising microbes (pH 4) was a major challenge. We
used the growth medium of the acidophilic, heterotrophic strain Acidophilum SJH (DSMZ 269)
(Johnson and McGinness, 1991). Unless for the enrichments at circumneutral pH, bicarbonate
buffer could not be used due to its lower end of buffer range being > pH 4. pH of the medium
was adjusted to 4 with 1N sulfuric acid, but did not buffer the system. Enriching Fe(lll)-reducing
microorganisms at pH 3 did not succeed either. This time, we did not manage to modify the
agar recipe in the way that the agar would solidify. Hence, it was impossible to streak out the
agar plates for cell counts and isolation. Eventually, we dropped our cultivation efforts. Another
approach for trying to enrich acidophilic Fe(ll)-oxidisers could be by using phosphate buffer,
while an alternative approach to enriching heterotrophic Fe(lll)-reducers could be using liquid
media, more specifically DSMZ 269 medium. Finally, setting up less enrichments at the same

time might be an improvement to keep track of all of them.

4.4 Can Fe(ll)-oxidising microorganisms oxidise structural Fe(ll) in biotite and chlorite?
Granitoid lithology found in SG mainly consists of the primary Fe(ll)-bearing silicate minerals
hornblende, biotite and chlorite, as well as magnetite and hematite (Chapter 2). Besides that,
chloritisation is common at all four Deep EarthShape drill sites. Hence, the key question is:
Can Fe(ll)-oxidising microorganisms use structural Fe(ll) of Fe(ll)-bearing silicates such as
biotite and chlorite as sole energy source? If not, does microbial Fe(ll) oxidation require prior
mineral dissolution? Microbial Fe(ll) oxidation of Fe(ll)-bearing silicates under SG in situ

conditions is energetically not feasible. Interestingly, Shelobolina et al. (2012) demonstrated
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microbial oxidation of structural Fe(ll) in very fine-grained (<5 um) biotite (stock suspension
concentration of 15 to 20 g L") by nitrate-reducing, Fe(ll)-oxidising (NRFeOXx) culture KS.
Therefore, we aimed for replicating this observation by adapting our experimental setup so
that we accounted for (a) the chloritisation feature found at all four Deep EarthShape drill sites,
and (b) coarser grain size ranges reflecting in situ conditions. More specifically, we quantified
microbial oxidation of structural Fe(ll) in biotite and chlorite for three NRFeOx cultures

(Schwerdhelm et al., in prep.).

In Schwerdhelm et al. (in prep.), six batch experiments were set up, one for each NRFeOx
culture (culture KS, AG, BoFeN1) and mineral (biotite, chlorite) combination with respective
controls. The three NRFeOx cultures originate in case of (a) lithoautotrophic culture KS from a
freshwater sediment, (b) chemolithoautotrophic culture AG from a fractured, anoxic, pyrite-rich
limestone aquifer, and (c) mixotrophic culture BoFeN1 from lake sediments (Straub et al.,
1996; Kappler et al., 2005; Klueglein and Kappler, 2013; Jakus et al., 2021a; Huang et al.,
2022). We run experiments with powdered biotite and chlorite with a grain size of 63-25 yM

and < 25 pM and a Fe(ll) concentration of 20 mM.

Overall, NRFeOx microcosms did not show clear evidence for microbial oxidation of structural
Fe(ll) in biotite and chlorite. Hence, it is crucial to consider how bioavailable structural Fe(ll) in
Fe(ll)-bearing silicates is. We argue that grain size and dissolution degree of Fe(ll) in biotite
and chlorite control the extent of microbial Fe(ll) oxidation. The smaller the grain size and the
higher the amount of dissolution structural Fe(ll) from the mineral matrix, the higher the amount
of quantifiable microbial Fe(ll) oxidation. If we assume our mineral grains have a cube shape,
the difference in available surface area will become obvious. 125 cubes of 5 uM side length fit
into one cube of 25 um side length, which equals respective surface areas of 18650 um? versus
3750 um?. Hence, the expected amount of microbial Fe(Il) oxidation is five times higher in the
setup for biotite with a grain size < 5 ym. Shelobolina et al. (2012) further suggest microbial
oxidation of structural Fe(ll) to take place in subsurface environments such as deep granitic
aquifers. This is an interesting possibility, although not probable in (semi-)arid field sites such
as Pan de Azucar and Santa Gracia due to the lack of water. Mineral dissolution is clearly a
factor to consider in in situ systems, but was negligible in our setups. In summary, our results
suggest microorganisms to most probably not being the main driving force for oxidation of
structural Fe(ll) in Fe(ll)-bearing silicates in the deep subsurface of (semi-)arid terrestrial

granitoid systems.

4.5 Future research projects
Open fractures were identified as locations with the highest probability of microbial in situ
weathering of Fe-bearing minerals (Chapter 3). We characterised the mineralogy of SG

fracture surface samples with uXRD (Chapter 2). However, attempts to screen our fracture
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surface samples for microbe-mineral interactions with a SEM were not sufficient. Therefore, it
might be a valuable attempt to characterise promising fracture surface samples on a
nanometer scale. X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique,
which irradiates the sample surface with a beam of X-rays. These X-rays have known
wavelength corresponding to a known photon energy. This photon energy allows for measuring
the top 10-12 nm of the surface. High-speed atomic force microscopy (HS-AFM) maps the
sample topography with nanometre lateral and sub-atomic height resolution over mm-sized
areas. This technique can be used to observe nm- and mm-scale processes with millisecond
temporal resolution. Applying these two techniques could answer the following open research

questions:

1. Can we see a microtopography on our weathered SG fracture surface samples?
2. How does the elemental composition of the surfaces look like?

3. Are fracture surfaces coated?
4

How does coating affect weathering, i.e. the dissolution of fracture surfaces?

Nugent et al. (1998) showed a patchy coating of particles ranging from nm to mm in size and
from 5mm to 1um in thickness. Mineral coatings can be largely undetected under SEM, but
visible under AFM. They do not only alter the surface chemistry but may also partially inhibit in

situ dissolution, which includes microbial weathering activity.

Open fractures within the subsurface of our four Deep EarthShape field sites PdA, SG, LC and
NA are fluid pathways. Hence, they are potent locations of quantifying geogenic gases linked
to volcanic activity such as CO,, H2 and CH4. Gas flow rates could be quantified with measuring
sensors installed in regular intervals (e.g. 5 m) throughout the weathering profiles and would
be a valuable addition to our data sets to assess which energy sources are available for

microbial weathering activity.

The obtainment of our Fe(lll)-reducing enrichment culture SG is proof for its in situ existence
but does not provide information on its in situ activity in weathering of Fe(ll)-bearing minerals.
Hence, it would be interesting to carry out in situ Fe(lll) reduction experiments. In a first
experiment, Fhy mineral bags could be placed within the borehole at the depth from which
culture SG was obtained. Fe(lll) reduction rates could then be monitored in a sacrificial setup
by sampling these bags to quantify Fe(lll) reduction over time. In follow up experiments, the
same setup could be repeated with goethite, hematite and magnetite to obtain a systematic
overview about different Fe minerals. In situ Fe(lll) reduction rates could then be compared
with Fe(lll) reduction rates predicted with thermodynamics to evaluate, whether our fluid

concentration assumptions (Chapter 2) were correct.
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