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Abstract: The oceanic and continental lithosphere constitutes Earth’s largest microbial habitat,
yet it is scarcely investigated and not well understood. The physical and chemical properties
here are distinctly different from the overlaying soils and the hydrosphere, which greatly impact
the microbial communities and associated geobiological and geochemical processes. Fluid-rock
interactions are key processes for microbial colonization and persistence in a nutrient-poor and extreme
environment. Investigations during recent years have spotted microbial processes, stable isotope
variations, and species that are unique to the subsurface crust. Recent advances in geochronology
have enabled the direct dating of minerals formed in response to microbial activity, which in turn have
led to an increased understanding of the evolution of the deep biosphere in (deep) time. Similarly,
the preservation of isotopic signatures, as well as organic compounds within fossilized micro-colonies
or related mineral assemblages in voids, cements, and fractures/veins in the upper crust, provides an
archive that can be tapped for knowledge about ancient microbial activity, including both prokaryotic
and eukaryotic life. This knowledge sheds light on how lifeforms have evolved in the energy-poor
subsurface, but also contributes to the understanding of the boundaries of life on Earth, of early life
when the surface was not habitable, and of the preservation of signatures of ancient life, which may
have astrobiological implications. The Special Issue “Tracking the Deep Biosphere through Time”
presents a collection of scientific contributions that provide a sample of forefront research in this
field. The contributions involve a range of case studies of deep ancient life in continental and oceanic
settings, of microbial diversity in sub-seafloor environments, of isolation of calcifying bacteria as
well as reviews of clay mineralization of fungal biofilms and of the carbon isotope records of the
deep biosphere.

Keywords: deep biosphere; geobiology; deep time; geochronology; microorganisms; evolution

1. Introduction

The deep biosphere is estimated to represent a significant portion of all live biomass on Earth [1,2].
Its realm ranges downwards into sediments, sedimentary and igneous rock [3-5]. The microbial
communities here include mainly prokaryotes (bacteria and archaea) [6] but findings of eukaryotes
such as active and fossilized fungi [7-15], as well as live and indigenous nematodes [16], have also
been reported at great depth. The strict energy limitation, absence of sunlight and dominantly anoxic
conditions of these systems make them different to other ecosystems on Earth in terms of metabolic
flexibility and recycling [4,17-22]. The deep biosphere is the second largest reservoir of live biomass
today, only surpassed by land plants. However, it has been put forward that most of Earth’s live
biomass (~80%) was to be found in the deep biosphere prior to plant colonization of land [23]. The deep
biosphere may thus have played a crucial role in the early evolution of both prokaryotes and eukaryotes,
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and dominated life on Earth for most of the planet’s history. Yet, in addition to being an understudied
environment in general when it comes to active communities, research on the deep time perspective of
the deep biosphere has been particularly neglected. Microbiological and geobiological studies of the
deep biosphere have, however, been the subject of increased interest in the last decade [10,18,24,25].
Similarly, the environmental conditions of these deep and more or less isolated settings have gained
more attention lately [26]. By initiating the Special Issue, “Tracking the Deep Biosphere through Time”,
we aim to gather a collection of scientific contributions that provide a sample of forefront research in
this emerging field of research. The contributions range from detection of ancient biosignatures in
continental and oceanic settings, to microbial diversity in sub-seafloor environments and to isolation
of calcifying bacteria. Two articles timely review clay mineral fossilization of fungal biofilms and the
carbon isotope records of the deep biosphere.

2. An Overview of the Special Issue and the Contributions

A total of seven articles were published within this Special Issue; of which, five are research
articles and two are reviews. A short summary for each contribution is given below.

Tillberg et al. [27] re-evaluate previously described fungal fossils [13] from the Lockne meteorite
crater (age: 458 Ma), Sweden, by providing new in-situ Rb/Sr geochronological constraints of secondary
calcite—albite—feldspar mineralization in veins and cavities of the impact structure, together with the
fungal fossils. This new geochronological technique has shown to be feasible for dating complex
discretely zoned mineral assemblages in fractured rock [28-32] and yielded a 357 + 7 Ma age for the
Lockne mineral assemblage. The study concludes that fungal colonization took place at least 100 Myr
after the impact event, thus long after the impact-induced hydrothermal activity ceased. Microscale
stable isotope data of 13C-enriched calcite are also presented and reveled that microbial methanogenesis
had occurred within the fracture system as well. Thus, the Lockne fungal fossils are not related to the
impact event but represent later colonization of fractures formed by the impact.

In a study from the deep borehole, COSC-1, drilled into the Silurian-Devonian Scandinavian
Caledonide mountain range in Central Sweden, Drake et al. [33] present isotopic and geochronological
constraints for ancient microbial life in deep fractures and micro-karst formations in the nappe system.
Micro-karsts at 122-178 m depth featured several generations of secondary calcite and pyrite growth.
The younger of these precipitation phases showed 34S—depletecl 6345Pyrite values consistent with
microbial sulfate reduction in situ. Laser ablation inductively coupled mass spectrometry carbonate
U-Pb geochronology [34] was applied to the late stage calcite of this assemblage and gave two separate
ages (9.6 + 1.3 Ma and 2.5 + 0.2 Ma). These ages mark fluid circulation, related bacterial activity
and mineral precipitation, following karst formation. The results show that the combined high
spatial-resolution stable isotope and geochronology approach is suitable for characterizing paleo-fluid
flow in micro-karst in nappe units.

Carlsson et al. [35] describe filamentous fossils interpreted as fungal remains from the Troodos
ophiolite (91 Ma), Cyprus. Mineralogy and fluid inclusion studies show that the microorganisms
lived in the system while the volcanism-related hydrothermal activity still was active in the seafloor,
thus before the crust was emplaced on land. The paper highlights the importance of detailed
geochemical investigations associated with descriptions of potential microfossils in the deep subsurface.
Reconstructing the past habitats, fluid regimes and geochemical conditions are key in understanding
fossilization and addressing biogenicity criteria.

Martino et al. [36] explore the microbial community of the sub-seafloor sediments obtained during
IODP (International Ocean Discovery Program) Expedition 334 at Costa Rica Margin. The correlation
assessment between microbial taxa (Bacteria, Archaea and Eukaryotes) and environmental chemistry
surprisingly diverge despite their geographical proximity, similar lithology and similar pore water
chemistry. The major taxonomic lineages identified have also been found in sub-seafloor environments
worldwide. Up to now, knowledge about habitat preferences and metabolic specializations is rather
low regarding this environment and therefore variations in their relative abundance are just partly
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explained. However, this study also shows that contamination issues for such subsurface drilling
projects seem well manageable and therefore should not hinder further necessary research.

Cacchio and Gallo [37] provide a methodical study describing calcium-carbonate precipitation
processes in bacterial strains isolated from the rhizosphere. In contrast to bacterial carbonate
precipitation in speleothems, the biomineralization potential in rhizosphere soils is understudied.
Assessing the carbonate precipitation in the original environment and in enrichment cultures, this is
the first study to show the biomineralization ability of the bacterial strains Vibrio tubiashii, Clavibacter
agropyri (Corynebacterium), Corynebacterium urealyticum, Sanguibacter suarezii, Sphingomonas
sanguinis, and Pseudomonas syringae, which are commonly not related to mineral precipitation. Initial
mineral precipitation was induced in direct vicinity of the bacterial cells and thus attributable to the
metabolic activity of the cells. Besides presenting well adapted and versatile subsurface organisms,
the authors highlight methodical approaches for efficient and cost-optimized microbial community
analysis and rapid screenings.

Sallstedt et al. [38] review the current data on clay mineralization by fossil fungal biofilms
from oceanic and continental subsurface igneous rock. The aim of the review is to compare the
nature of subsurface fungal clays from different igneous settings to evaluate the importance of host
rock and ambient redox conditions for clay speciation related to fossilization of microorganisms.
Montmorillonite-like smectite is the dominant clay involved in subsurface microbial fossilization,
independent of host rock type and geochemical regime. The paper highlights the role of fungal clay
authigenesis in the cycling of elements between host rock, ocean and precipitation of secondary minerals.

Meister and Reyes [39] review the carbon isotope record of the sub-seafloor biosphere, which
exhibits large carbon-isotope fractionation effects as a result of microbial enzymatic reactions. The review
presents a brief and timely overview on carbon isotopes, including microbial fractionation mechanisms,
transport effects, preservation in diagenetic carbonate archives, and their implications for the past
sub-seafloor biosphere. Particularly large carbon-isotope fractionation linked to methanogenesis
and fractionations occurring during this process is a focus of the review. Methane metabolisms in
Archaea and Bacteria essentially mediate through the enzymatic Wood-Ljungdahl pathway, but it
remains unclear where in the pathway carbon-isotope fractionation occurs. In marine porewaters
(and diagenetic carbonates), the highly varying C isotopic signature of dissolved inorganic carbon
and methane reflects different microbial metabolisms [40]. Carbon isotope compositions of diagenetic
carbonates may therefore act as biosignatures for ancient deep biosphere conditions.

3. Summary and Outlook

As stated in the introduction, the deep biosphere is understudied, particularly in a deep time
perspective. With this Special Issue, we have gathered a collection of well-needed additions to take
the state of knowledge further, and that we hope can inspire new research on both fossil and active
communities in this vast realm.
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Abstract: The deep biosphere hosted in fractured rocks within the upper continental crust is one of
the least understood and studied ecological realms on Earth. Scarce knowledge of ancient life and
paleo-fluid flow within this realm is owing to the lack of deep drilling into the crust. Here we apply
microscale high spatial-resolution analytical techniques to fine-grained secondary minerals in a deep
borehole (COSC-1) drilled into the Silurian-Devonian Scandinavian Caledonide mountain range in
central Sweden. The aim is to detect and date signs of ancient microbial activity and low-temperature
fluid circulation in micro-karsts (foliation-parallel dissolution cavities in the rock) and fractures
at depth in the nappe system. Vein carbonates sampled at 684 to 2210 m show a decreased C
isotope variability at depths below 1050 m; likely due to decreased influence of organic-C at great
depth. Micro-karsts at 122-178 m depth feature at least two generations of secondary calcite and
pyrite growth in the voids as shown by secondary ion mass spectrometry analytical transects within
individual grains. The younger of these two precipitation phases shows 3*S-depleted 534Spyrite values
(=19.8 £ 1.6%o vs. Vienna-Canyon Diablo Troilite (V-CDT)) suggesting microbial sulfate reduction in
situ. The calcite of this late phase can be distinguished from the older calcite by higher 3180 a1cite
values that correspond to precipitation from ambient meteoric water. The late stage calcite gave
two separate laser ablation inductively coupled mass spectrometry-derived U-Pb ages (9.6 + 1.3 Ma
and 2.5 + 0.2 Ma), marking a minimum age for widespread micro-karst formation within the nappe.
Several stages of fluid flow and mineral precipitation followed karst formation; with related bacterial
activity as late as the Neogene-Quaternary; in structures presently water conducting. The results
show that our combined high spatial-resolution stable isotope and geochronology approach is suitable
for characterizing paleo-fluid flow in micro-karst; in this case, of the crystalline crust comprising
orogenic nappe units.

Keywords: in situ U-Pb geochronology; secondary minerals; stable isotopes; Caledonides; deep
drilling (COSC-1)

1. Introduction

Fluid circulation and mixing in fractures and during vein formation can lead to metal leaching
and accumulation of ores, such as those in the Harz mountains, Germany [1]. Microbial activity in
fractured rock volumes can also be of importance for ore-forming processes [2,3] and may involve
potentially significant microbial natural gas accumulations [4,5]. Furthermore, microbial activity
and fluid flow may involve important redox processes and fluctuations that are relevant for safety
assessments of repositories for toxic wastes such as spent nuclear fuel [6,7]. Knowledge of ancient
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microbial processes and fluid flow in the upper crust can, therefore, have wide-ranging implications.
Information about these processes can be preserved as diagnostic isotope signatures within authigenic
minerals over geological timescales, for instance as excursions in '3C/!2C (§'3C) in carbonate due to
methane oxidation or formation [8-11] as well as excursions in 3#5/32S (§34S) in sulfides due to microbial
sulfate reduction (MSR) [12-14]. These isotopic markers are related to the fractionation that occurs
during microbial metabolisms, at degrees that are beyond what abiotic sources and thermochemical
reactions produce [15,16]. In addition, the 18O/160 composition (5'80) of the carbonate can reveal
origins of fluids [6,17,18] owing to the fact that the O isotope composition is a conservative tracer for
different water types [19], when temperature-related fractionation during calcite formation has been
considered [20-22].

In deep granitoid fractures of the Fennoscandian Shield in eastern Sweden (Laxemar and Forsmark
sites) and western Finland (Olkiluoto, Figure 1), several recent studies have applied micro-scale
secondary ion mass spectrometry (SIMS) techniques to fine-grained secondary low-temperature
calcite and pyrite mineral coatings, revealing several discrete events of microbial-related mineral
precipitation [14,23-27]. The isotopic variability for both 534S (=54 %, to +132 %, V-CDT, Vienna-Canyon
Diablo Troilite reference value) and 5'3C (=125%o to +37%o V-PDB, Vienna-Pee Dee Belemnite reference
value) [14,28,29], is beyond what has been reported from other settings. At Forsmark, U-Pb carbonate
geochronology using laser-ablation inductively coupled mass spectrometry (LA-ICP-MS) was
successfully applied to calcite with anaerobic oxidation of methane-related (1*C-depleted) composition,
revealing a Jurassic age [28]. In the fractured Devonian impact structure at Siljan, central Sweden,
U-Pb dating was used to constrain dominantly Eocene-Miocene ages of secondary calcite formed
following microbial methanogenesis and methane oxidation [5].

Here we use the aforementioned high spatial resolution isotopic and geochronological techniques
to decipher low-temperature fluid circulation and to trace ancient microbial activity within a single deep
borehole. The COSC-1 borehole is part of the Collisional Orogeny in the Scandinavian Caledonides
(COSC) project, part-funded through the International Continental Drilling Project (ICDP). COSC
focuses on mountain-building processes in a major mid-Paleozoic orogen in western Scandinavia
and its comparison with modern analogues [30,31]. The deep borehole and core, with ~2.5 km at
~100% recovery, offers an excellent opportunity for geophysical and geochemical characterization of
the crystalline crust. For the Scandinavian Caledonides, extensive characterization exists for tectonics
of the nappe units [32,33] and for denudation and uplift [34,35], but knowledge of low-temperature
fluid circulation and microbial activity in the deep fracture systems of the nappes is non-existent.
Secondary mineral investigations of Caledonide-related hydrothermal brine-type mineralizations have
been carried out, such as at Laisvall, Vassbo and Osen, but these mineralizations are temporally very
close to the Caledonide orogenic event itself [36]. The preliminary borehole investigations of COSC-1
have shown that there are several micro-karst horizons formed within carbonate-rich layers of the
gneisses, as well as abundant calcite veins [30,37,38], which both enable studies of low-temperature
mineral formation and consequently of fluid circulation and ancient microbial activity. This study of
secondary carbonate and sulfide mineralization in deep micro-karsts and veins of the COSC-1 core
aims to increase our understanding of low-temperature fluid circulation and microbial activity in the
nappe system of an ancient orogeny.
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Figure 1. Geological map of the study area and the location of the COSC-1 (Collisional Orogeny in the
Scandinavian Caledonides) borehole (yellow star symbol marks surface location, at coordinates 63°24’
N, 13°5” E) along with information about the thrust sheets. Modified from Lorenz et al., [30,38]. Sites of
previous geochemical and geobiological studies in fractures and veins are also indicated.

2. Geological Setting and the COSC-1 (Collisional Orogeny in the Scandinavian

Caledonides) Borehole

The COSC-1 borehole was drilled in 2014 and is a ca. 2.5 km deep (2495.8 m), cored drill hole
located close to the town of Are in Jamtland, central Sweden (Figure 1). It targeted a thick section
of the lower part of the Seve Nappe Complex and was planned to penetrate its basal thrust zone
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into the underlying lower-grade metamorphosed allochthon, but drilling did not reach that planned
horizon [30].

The Caledonides of western Scandinavia and eastern Greenland formed as the result of a set
of events that started with the closure of the Iapetus Ocean during the Ordovician, and subsequent
underthrusting of continent Laurentia by Baltica in the Silurian and Early Devonian during the Scandian
collisional orogenic stage. The allochthons were subjected to high-grade metamorphism and emplaced
onto the adjacent platforms by eastward thrust emplacement by up to several hundred kilometres [33].
In central Sweden, the thrust sheets are divided into the Lower, Middle, Upper and Uppermost
allochthons [39] that are unconformably overlying the Proterozoic crystalline basement, as marked
by a front thrust sheet that dips 1-2° to the west [31]. Sedimentary successions of Neoproterozoic
and Cambro-Silurian strata dominate the Lower Allochthon (Jimtlandian Nappes). The overlying
Middle Allochthon is of higher metamorphic grade and contains a basal basement-derived thrust
sheet, overlain by Offerdal Nappe metasandstones, and the Sarv Nappe [40,41]. The Seve Nappe
Complex is the uppermost tectonic unit in the Middle Allochthon and has a lower part that has
experienced ductile deformation in dominantly amphibolite facies; a central part (e.g., Areskutan
Nappe) of migmatites and paragneisses and an upper, amphibolite-dominated unit [42]. Absolute
ages reported from migmatite and associated rocks of the Areskutan mountain 6 km to the west of the
COSC-1 borehole are in the range of c. 455 to 420 Ma [43-47]. The Koli Nappes in the Upper Allochthon
are the tectonostratigraphically highest rocks in study area (Figure 1). This unit is dominated by
sedimentary rocks of Early Paleozoic age, and has experienced greenschist facies [42]. The Uppermost
Allochthon contains metasedimentary rocks of inferred Laurentian margin origin, but are not present
in the study area.

The drilling of the COSC-1 borehole aimed to study mountain building processes at mid-crustal
levels in a major orogen, with a focus on the Seve Nappe Complex. The borehole lithology is briefly
described in Figure S1 and, according to Lorenz et al., [30,38], the core has the following characteristics:
the upper 1800 m is dominated by gneisses of varying compositions (e.g., felsic, amphibole, Calcium
silicate) belonging to the Lower Seve Nappes. Highly strained metagabbros and amphibolites are
common, and marbles, pegmatite dykes and minor mylonites also occur. Fractures that are interpreted
to be of young, i.e., post-orogen, age are sparse. A water-conducting set of very steep fractures has
resulted in dissolution of bands in the gneisses to form foliation parallel micro-karst (e.g., at about
175 m and between 1200 and 1320 m). Narrow deformation bands and mylonites mark the first signs of
increasing strain below 1700 m. The base of the Seve nappes was interpreted to be at c. 2000-2100 m [37].
Below 2100 m, mylonites dominate. The lower part of the drill core is dominated by mylonitized
quartzites and metasandstones of unclear tectonostratigraphic position that are mylonitized to varying
degrees. A set of hydrological tests run during the drilling campaign revealed the location of likely
water-conductive fractures between the tested depth range of 300-2500 m, these occurred at 339, 507,
554, 696, 1214, 1245, 2300 and 2380 m [48]. Borehole temperature profiling suggest a geothermal
gradient of ~20 °C km™ with temperatures reaching almost 55 °C in the bottom of the hole [30].

3. Materials and Methods

Eight samples containing secondary minerals (carbonate + sulfides) were collected from the
COSC-1 borehole core (core log with samples marked in Supplementary Figure S1). The samples were
cut into thick polished blocks and analyzed with a petrographic microscope and scanning electron
microscope (SEM). Micro-karst samples were analyzed directly in the drill core specimen and euhedral
calcite and pyrite crystals were hand-picked from the karst voids and embedded in epoxy. These epoxy
grain mounts were polished to expose a cross section of the crystals, and the interiors of these crystals
were targeted with SIMS analysis for stable C, O, (calcite) and S (pyrite) isotopes and with LA-ICP-MS
for U-Pb geochronology (calcite) after SEM-documentation of zonations and impurities.
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3.1. Scanning Electron Microscopy (SEM)

The mineralogy and appearance of the uncoated fracture coatings and rock chips of veins were
examined under low-vacuum conditions in a Hitachi S-3400N scanning electron microscope (SEM)
equipped with an integrated energy-dispersive spectroscopy (EDS) system. The coatings were then
scraped off for analyses of stable isotopes and U-Pb geochronology.

3.2. Secondary Ion Mass Spectrometry for o13C, 6180, 5345

Intra-crystal SIMS-analysis (10 um lateral beam dimension, 1-2 um depth dimension) of sulfur
isotopes in pyrite and carbon and oxygen isotopes in calcite was performed on a Cameca IMS1280 ion
microprobe at the NordSIM facility at the Museum of Natural History, Stockholm, Sweden, following
the analytical settings and tuning reported previously [14,29,49]. Sulfur was sputtered using a '¥3Cs+
primary beam with 20 kV incident energy (10 kV primary, —10 kV secondary) and a primary beam
current of ~1.5 nA. A normal incidence electron gun was used for charge compensation. Analyses were
performed in automated sequences, with each analysis comprising a 70 second pre-sputter to remove
the gold coating over a rastered 15 X 15 um area, centering of the secondary beam in the field aperture
to correct for small variations in surface relief, and data acquisition in 16 four-second integration
cycles. The magnetic field was locked at the beginning of the session using a nuclear magnetic
resonance (NMR) field sensor. Secondary ion signals for 32S and 3*S were detected simultaneously
using two Faraday detectors with a common mass resolution of 4860 (M/AM). Data were normalized
for instrumental mass fractionation using matrix matched reference materials which were mounted
together with the sample mounts and analyzed after every sixth sample analysis. Results are reported
as per mil (%o) 534S based on the V-CDT reference value [50]. Analytical transects of up to ten spots
were made from core to rim in the crystals. In total, 89 analyses were made for 534S of pyrite from
11 crystals from three fracture samples. The pyrite reference material SO302A with a conventionally
determined value of 0.0%o £ 0.2%o (R. Stern, University of Alberta, pers. comm.) was used. Typical
precision on a single 534S value, after propagating the within run and external uncertainties from the
reference material measurements was +0.07 %o.

For calcite, a total number of 84 §!3C and 93 for §'80 SIMS-analyses were performed on the
same Cameca IMS1280 described above. Settings follow those described for S isotopes, with some
differences: O was measured on two Faraday cups (FC) at mass resolution 2500, C used a FC/Electron
Multiplier combination with mass resolution 2500 on the 12C peak and 4000 on the '*C peak to resolve
it from 12C'H. Calcite results are reported as per mil (%o) 513C based on the Pee Dee Belemnite (V-PDB)
reference value. Analyses were carried out running blocks of six unknowns bracketed by two standards.
Analytical transects of up to nine spots were made from core to rim in the crystals. Up to five crystals
were analyzed from each fracture sample. Analyses were made for 31 crystals from 8 fracture samples.
Isotope data from calcite were normalized using calcite reference material S0161 from a granulite facies
marble in the Adirondack Mountains, kindly provided by R.A. Stern (Univ. of Alberta). The values
used for instrumental mass fractionation correction were determined by conventional stable isotope
mass spectrometry at Stockholm University on ten separate pieces, yielding §'3C = 0.22%o + 0.35%o
V-PDB (1 std. dev.) and 680 = —5.62%o + 0.22%0 V-PDB (1 std. dev.). Precision was §180: + 0.2%, —
0.3%0 and 813C: + 0.4%0—0.5%o. Values of the reference material measurements are listed together with
the samples in Supplementary Table S1 (313C), Table S2 (5'80), and Table S3 (634S).

3.3. Laser Ablataion Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) for U-Pb Geochronology

U-Pb geochronology via the in situ LA-ICP-MS method was conducted at the Geochronology and
Tracers Facility, British Geological Survey (Nottingham, UK). The method utilizes a New Wave Research
193UC excimer laser ablation system, coupled to a Nu Instruments Attom single-collector sector-field
ICP-MS. The method follows that previously described in [51], and involves a standard-sample
bracketing with normalization to NIST 614 silicate glass for Pb-Pb ratios and WC-1 carbonate for U-Pb
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ratios. The laser parameters comprise a 80 um static spot, fired at 10 Hz, with a ~6 ]/cm2 fluence, for20 s
of ablation. Material is pre-ablated to clean the sample site with 120 um spots for 2 s. No common lead
correction is made; ages are determined by regression and the lower intercept on a Tera-Wasserburg
plot (using Isoplot 4.15; [52]). Duff Brown, a carbonate previously measured by isotope dilution mass
spectrometry was used as a validation, and pooling of all sessions yields a lower intercept age of 64.2 +
1.6 Ma (MSWD = 4.0), overlapping the published age of 64.04 + 0.67 Ma [53]. All ages are plotted and
quoted at 20 and include propagation of systematic uncertainties according to the protocol described
in Horstwood et al., [54]. Data are screened for low Pb and low U counts below detection, and very
large uncertainties on the Pb-Pb and Pb-U ratios which indicate mixed analyses. The spots are also
checked after ablation for consistent ablation pit shape, and data are rejected if the ablations were
anomalous (this results from material cleaving off, or clipping the resin mount).

Eight samples of calcite were screened from the COSC-1 drill core, but only one sample yielded
measurable radiogenic lead. This sample (178 m) yielded variably robust U-Pb ages in the first session
(based on the SIMS-analyzed crystals), and so a second session was added to this dataset using further
mounted crystals. Full analytical data from the sessions are listed in Supplementary Table S4).

4. Results

4.1. Mineralogy

Mineralogical composition was characterized in eight samples, three from micro-karst (122, 122.8,
178 m) and five from deeper veins (684, 743, 1051, 1369, 2210 m). The micro-karst samples were
investigated in the SEM in the karst cavities of the porous rocks in cut-off rock chips. The deeper veins
were studied in the SEM as polished blocks (Figure 2).

4.1.1. Micro-Karst

The micro-karsts occurred as foliation parallel cavities in the gneiss (Figure 2a,c, Supplementary
Table S5) and contained secondary fine-grained euhedral (rthombohedral) calcite crystals of up to
400 um in size (Figure 2b,d) that line the walls of the micro-karst cavities. The calcite crystals commonly
occur in aggregates of several equant crystals (see also Figure S2a—d). No growth zonations or
overgrowths are evident based on the observation of morphology of the crystals in situ within the
voids. Subhedral to euhedral pyrite crystals of up to 400 um size occur together with calcite in the karst
voids (Figure 2b,d). In sample 178 m, the zeolite chabazite is abundant, as euhedral blocky crystals of
up to 1 mm in size (Figure 2d, Figure S2b—d). Chabazite is commonly intergrown with calcite. Albite
and radiating aggregates of platy clay mineral crystals (Figure S2d) are occasionally present, and very
fine-grained Ni-rich grains, which have detectable amounts of C, P and Si (EDS-analysis). Fine-grained
C-rich filaments occur, particularly in sample 122.8, but also in sample 178 m (see SEM-images in
Supplementary Figure S3). The polished calcite cross sections from the micro-karst revealed only
scattered single-phased inclusions.

4.1.2. Veins

The sampled calcite veins were 1-10 mm in width (Figure 2e,g, more sample photos are shown in
Supplementary Table S6), and occur both as individual veins and as breccias with calcite cement and
wall rock fragments. Apart from calcite, the veins contain quartz, albite, chlorite and sulfides (pyrite
and/or pyrrhotite) (Figure 2e-h). In sample 1051, albite lines the fracture and calcite is in the vein
center. In sample 684, dolomite is abundant together with calcite (Figure 2f). Talc, pyrite and Ti-oxide
(Figure S2e) also occur in this sample intergrown with the carbonates, suggesting formation of this
mineral assemblage at a single event. There is also a younger calcite-talc filled micro-vein running along
the edge of the main vein of this sample. Ca-Al-silicates occur in two samples, as epidote in sample
from 1369 m occurring together with quartz (lining the fracture), calcite and pyrrhotite (Figure S2g),
and as laumontite in sample from 743 m, where it is intergrown with calcite (Figure S2f). The deepest
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sample (2210 m) holds secondary rare earth element (REE)-carbonate and ilmenite, intergrown with
albite (Figure S2h). See Supplementary Tables S5 and S6 for detailed sample descriptions.

chabazite

N
calcite
400 pm
e

wall rock™ <

calcite

dolomite

calcite

Figure 2. Mineral characteristics in photographed drill core samples (left) and back-scattered scanning
electron microscope (SEM) images (right). (A-B): sample 122, micro-karst, showing secondary calcite
and pyrite in a cavity. (C-D): sample 178, micro-karst, showing secondary chabazite, calcite and pyrite
in a cavity. (E-F) calcite vein that also holds dolomite, talc and pyrite, sample 684. (G-H) vein with
abundant albite, calcite and sulfides (intergrown pyrite and pyrrhotite), sample 1051.

4.2. Stable Isotopes

Calcite shows stable isotope compositions of 5180: —28.9%0 to —10.7%. V-PDB (span 18.2%o, Nspots
=93, Nsamples = 8) and §13C: —17.4%, to —3.5%0 V-PDB (span 13.9%o, nspots = 84, Ngamples = 8)- The karst
calcite generally shows different populations of C and O isotope composition than the calcite veins
(Figure 3a). The veins generally have depleted 5§'80 values, mainly lighter than —22%o (Figure 3b),
and 8'3C values that are quite invariable at —8%o + 1%, V-PDB in the two deepest samples and a larger
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variability in the three shallowest veins (—17%o to —5%. V-PDB Figure 3c). The shallow veins also show
larger spans in 5'30 than the deeper two (Figure 3b).
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Figure 3. Stable isotope scatter and depth plots, divided into micro-karst samples (blue symbols) and
vein samples (transparent symbols and black crosses). (A) 83180 a1cite VS. 818 Ocalcite, With marker for
the different micro-karst groups (spheres), as well as spans of calculated values for hypothetical calcite
precipitated from ambient meteoric or glacial water. For this comparison, temperature dependent
fractionation factors for calcite precipitation at ambient temperatures are used for 5180 [22]. See text for
details of temperatures and isotope spans of the model waters. (B) 818 0calcite VS- depth. (C) 313C alcite
vs. depth. (D) 634SPyrite vs. depth.

Two main groups of micro-karst calcite are evident, particularly manifested by the 5§80
composition, which shows a cluster at —25%o to —20%. V-PDB with most values below —22.5%.,
and one cluster with heavier values, at —14.5%o to —10.8 %0 V-PDB, with most values between —13 %o
and —11%o. The latter group occurs in samples 122 and 178, but not in sample 122.8 (Figure 3a).
In sample 178, the isotopically heavy §'0 values dominate. There is petrographic evidence for a
temporal trend in the 5'80 values. The isotopically light §'80 group is older than the isotopically
heavier group as shown in Figure 4 where the core of the crystals is '¥0-poor compared to the later
growth zone(s). In sample 122, the relatively '8O-rich overgrowths make up very small parts of the
crystal volume (Figure 4a—d), in contrast to in sample 178 where most of the crystal volume is made
up of the 180-rich younger calcite (Figure 4e,f). The outermost overgrowth in sample 122 (with high
Back Scattered Electron-intensity, Figure 4a,c) features a significant decrease in 1BC compared to the
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other parts (Figure 4b,d). This means that three generations are observed within the calcite in the
micro-karst (1: early karst, 2: late karst, 3: outermost overgrowth of late karst calcite, Figure 3a).
A similar overgrowth occurs in sample 178 ('3C: —11.2%,), but only in one spot, showing that the
second calcite group dominated this sample.
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Figure 4. Microanalytical secondary ion mass spectrometry (SIMS) transects within calcite.
Back scattered electron images of polished crystal cross sections are shown to the left (A,C,E) with spot
locations indicated, for closely spaced 10 pm 8'3C (black) and 5'80 (white) SIMS spots. Corresponding
isotopic values are shown on the graphs in B (sample 122 m), D (122 m), and F (178 m).

Pyrite shows 5348 compositions ranging from —20.5%o to +20.9%. V-CDT (span 41.4%., Nspots = 89,
Ngamples = 3)- Two samples show very narrow span, vein 1051 m: 7.8%o + 1.6%. and micro-karst 122 m:
18.8%o0 + 2.2%o. The karst sample 178 m shows two distinct groups (=19.8%o + 1.6%0 and +16.4%. +
1.0%0) and one value in between (—0.1%o), of which the isotopically heaviest group overlaps with
micro-karst sample 122 m. Petrographically, the isotopically heavy pyrite in sample 178 m is oldest, as
it is found in the inner part of a crystal with an isotopically light rim (Figure 5a). The same sample also
features pyrite crystals having both light values throughout the whole crystal (Figure 5B) as well as
heavy values throughout the whole crystal (Table S3). The isotopically light pyrite is coeval with the
calcite zonation group “late karst” with §'3C values of =7 %o to —3%.
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Figure 5. Microanalytical SIMS §34S transects within pyrite. Back Scattered Electron images of polished
crystal cross sections are shown in A and B with spot locations indicated, for closely spaced 10 um §3*S
SIMS spots. Corresponding isotopic values are shown in C. In A, a part of the crystal is not exposed in
the cross-section, as indicated by the line.

4.3. U-Pb Geochronology

The only calcite sample yielding a robust U-Pb age determination was 178 m. The spatial
correlation between the SIMS spots for stable isotopes and the U-Pb LA-ICP-MS spots shows that
the dating represents the late karst calcite group in Figure 3a (most 5'%0 values between —13%. and
~11%o and 8'3C of =7 %o to —4%o), but not the outermost overgrowths. The LA-ICP-MS spots from a
couple of different crystals within the late karst calcite population line up along two distinct regressions
(Figure 6), with ages of 9.6 + 1.3 Ma (MSWD = 1.4) and 2.5 + 0.2 Ma (MSWD = 0.9). Each of these
regressions represents several spots from multiple crystals, but each crystal only conforms to one of
the ages. The latest calcite overgrowth and the older crystal cores were not targeted in this sample due
to the small size of the crystal domains of these groups.
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Figure 6. U-Pb dating of calcite sample 178 m, ages reflect non-anchored lower intercept ages and
uncertainties are quoted at 2 s and comprise systematic uncertainties. Spot locations and details are
reported in Supplementary Table S4 and Figure S4.

5. Discussion

The different populations of isotope compositions in the mineral veins and micro-karst precipitates
suggests several discrete events of precipitation and fluid circulation in the fracture system of the
thrust sheets.

5.1. Microbial Activity

Microbial activity typically results in distinguishable C isotopic excursions [15] that can be
traced in authigenic carbonate minerals [10,55]. The samples in this study show very moderate
C-isotope variations, especially compared to fracture coatings from other sites on the Fennoscandian
shield [26,28,56]. The Cisotope signatures in the calcites of the COSC-1 core are thus no strong marker for
microbial activity in situ, at least not for processes involving methane formation or oxidation, which are
known to produce carbonates strongly enriched in 13C or depleted in 1BC, respectively [8,15,55,57],
as documented elsewhere on the Fennoscandian shield [26,28,29,58,59]. The moderate 513C—depleti0n
that is observed may, however, reflect the influence of C originating from dissolved organic carbon
that has been oxidized by microbial communities and then mixed with less '*C-depleted dissolved
inorganic carbon in the waters. The C isotope composition of calcite reflects the result of several
(cryptic) potential processes, and interpretations of §'>C compositions in the observed span are not
straightforward without additional evidence. Remnants of a biofilm occur on the karst cavity walls in
sample 122 (Figure S3) and is another indication of microbial activity. The SEM-EDS analysis confirmed
a carbonaceous composition, but the sample volume of the biofilm was too small for biomarker analysis,
which could have offered further information about what communities inhabited this cavity. The small
variation and small depletion in 5'3C values of the two deepest samples, suggest very small, if any,
influence from microbial activity here and formation from a single precipitation event and fluid source,
in contrast to the shallower samples (Figure 3c).

17



Geosciences 2020, 10, 56

The generally large fractionation of the stable sulfur isotopes associated with microbial sulfate
reduction, due to faster turnover of 325 than 34S [60], thus leading to discrimination of 345 has made
this isotope system one of the most extensively used for understanding both modern and ancient
biogeochemical cycles [61,62]. Laboratory culture measurements have reported sulfur isotope
enrichments (6%*Sqyifate-sulfide OF *¢€) as large as 66%o [63] but even larger have been inferred from
natural observations [64-66].

The low minimum 634Spyme values (—=19.8%o + 1.6%0) in the young pyrite population reflect 32S
enrichment in the produced sulfide during MSR in the micro-karst. The initial sulfate §**S composition
is unknown, but ambient water within the Fennoscandian Shield at other sites have §3*Sgn4 values in
the +15%o to +25%. range [67], which implies an isotope enrichment, 3¢ (6345504-534Spyme), of 35-45 %o
if we assumed pyrite in the studied fractures formed from water of similar 534Sgo4 composition.
This 3¢ is fully in line with MSR [66]. This younger generation of pyrite is related to the second
and dominant calcite in the micro-karst at 178 m. A calcite generation that gave two different ages
for two grain populations (2.5 + 0.2 Ma and 9.6 + 1.3 Ma) which thus also represents the age span
of this MSR-related pyrite generation. The relatively narrow span in values for this pyrite suggests
that it formed under open system conditions because there is no indication of successively increasing
values with growth, which is a typical feature of Rayleigh isotope fractionation at closed or semi-closed
conditions for sulfate [12].

The older pyrite generation in the micro-karst (dominating in sample at 122 m depth) showing
more 3*S-enriched values can be thermochemical in origin, as this process generally does not involve
significant degrees of fractionation [16,68]. Alternatively, the §3*S values of this generation can reflect a
late stage MSR-system undergoing Rayleigh fractionation in a semi-closed system, but this requires
that significant amounts of isotopically light sulfide has been produced and precipitated elsewhere
along the flow path [14].

5.2. Paleo-Fluid Flow and Water Types

The O isotope composition of the calcite crystals and veins can provide information about the
fluid source. Unfortunately, there is no hydrochemical data available from the deep fractures in the
COSC-1 borehole for comparison. Instead, we compare our determined §'80 values with model
glacial and meteoric waters at ambient temperatures, taking into account the temperature-dependent
O-isotope fractionation that occurs during calcite precipitation (Figure 3a, [22]. For the late micro-karst
precipitates, there is no temperature estimate available due to the fact that no two-phased fluid
inclusions could be detected. This feature points to fluid inclusion entrapment at temperatures below
50 °C [69], and the detection of coeval MSR-related 534Spyrite values also is in favor of low-temperature
formation. If we assign a hypothetical meteoric water (§'80: =11.5%0 to —9.5% SMOW) based on
modern precipitation in Sweden [67] and formation temperatures of 5 to 20 °C, it is in accordance
with the composition of the 2.5 + 0.2/ 9.6 + 1.3 Ma micro-karst calcite (Figure 3a). This means that
precipitation of this calcite from a meteoric water is possible. However, it should be noted that in
high latitude terrains, the §'80 values can be even lighter than those we assigned [70]. This period of
fluid flow and mineral growth in the micro-karst is temporally related to late Oligocene to Pliocene
continental uplift of Fennoscandia [71] and the present relief of the Caledonides is largely the result of
uplift during these times [35] with subsequent glacial-erosion modification [34].

The §'80 composition of glacial meltwater from Pleistocene ice sheets in Fennoscandia has been
estimated to a range of —22%. to —20%. [72], but recent studies of sub-ice sheet runoff at western
Greenland show even more depleted values. When assigning a hypothetical glacial water with §'80 of
—27%o to —20%0 SMOW, and temperatures of 5-10 °C, the temperature dependent fractionation results
in modeled values in calcite of ¢. =26%o to —=18%. V-PDB (Figure 3a), which is significantly lighter than
the young micro-karst calcite, but in line with the early micro-karst and vein calcite. This means that it
is unlikely that the young micro-karst calcite precipitated from a glacial water, but that the older calcite
and veins may be glacial precipitates. However, if we assign a brine with similar composition as at
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Sellafield (5!80: —=5% SMOW [73], Figure 1) and higher formation temperatures (100-150 °C), we will
end up with hypothetical calcite with 580 values (c. —23 to —19 V-PDB) that also match the most
180-rich precipitates of these calcite groups. Furthermore, the mineralogical assemblage of the veins,
with minerals such as epidote and laumontite, that are not formed at ambient temperatures [74,75],
also speak against low-temperature formation from glacial water. For future studies, we suggest
that the clumped isotope methodology is utilized for COSC-veins in order to potentially obtain
formation temperature estimates of the carbonates. This approach has recently been proven successful
to determine calcite precipitation temperatures in veins and constrain fluid sources, and fluxes, e.g.,
in the Peak District, UK [76]. Taken together, the calcites can be divided into groups based on their
isotopic composition (mainly decided on §'80) of which the veins seems to be of higher temperature
type based on the presence of epidote and laumontite. The young micro-karst calcite was the only
group that was dated (2.5 £ 0.2/9.6 + 1.3 Ma) and overlaps with a low-temperature meteoric water.
There is also an even younger group of overgrowths (i.e., younger than 2.5 + 0.2 Ma) with lower §13C
values than the dated calcite, but the overgrowths were too small for U-Pb LA-ICP-MS dating.

6. Conclusions

We present a microanalysis study (SIMS and LA-ICP-MS) recording ancient secondary mineral
formation, fluid flow and microbial activity in a nappe unit of the Scandinavian Caledonides (utilizing
the deep COSC-1 borehole). Petrographic and isotopic evidence for several generations of calcite and
pyrite growth in micro-karst are determined. 34S-depleted composition of pyrite suggests formation
following microbial sulfate reduction in the karst and the O isotope composition of coeval calcite dated
t0 2.5 +0.2/9.6 + 1.3 Ma overlap with low-temperature meteoric water, in contrast to older calcite that
has significantly lower §'80 values. Our results mark the potential of combined SIMS and LA-ICP-MS
micro-analysis within fine-grained mineral grains to understand and temporally determine discrete
events of fluid flow and microbial activity in deep fracture systems and karsts of mountain ranges.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/10/2/56/s1:
Table S1: SIMS analyses of C isotopes in calcite and matrix matched reference material; Table S2: SIMS analyses
of O isotopes in calcite and matrix matched reference material; Table S3: SIMS analyses of S isotopes in pyrite
and matrix matched reference material; Table S4: LA-ICP-MS analyses for U-Pb calcite geochronology of sample
178 and matrix matched reference materials. Table S5: Sample photo documentation. Table S6: Sample details.
Supplementary Figures S1-S4 with captions; Figure S1. Core log with mineral samples marked. This log is based
on on-site descriptions, and the depth is subject to minor corrections post-drilling (this file is adopted from the
‘operation datasets’ for COSC-1, http://dataservices.gfz-potsdam.de/icdp/showshort.php?id=escidoc:1095929).
Figure S2. Back-scattered SEM-images showing (A) aggregates of calcite crystals on the walls of micro-karst
cavities of sample 122 m depth, (B) Euhedral and partly intergrown crystals of chabazite and calcite on the walls
of micro-karst cavities of sample 178 m depth. Chabazite is slightly darker and not as fine-grained as calcite.
(C) Euhedral and partly intergrown crystals of chabazite and calcite on the walls of micro-karst cavities of sample
178 m depth. (D) Euhedral and partly intergrown crystals of clay minerals (radiating aggregate of platy crystals),
chabazite and calcite on the walls of micro-karst cavities of sample 178 m depth. (E) Vein assemblage of calcite,
chlorite and Ti-oxide in polished block of sample 684 m. (F) Vein assemblage of calcite and laumontite (darker grey
than calcite) in polished block of sample 743 m. Note that laser-ablation spots (visible) for dating tries have altered
the sample slightly (darker areas). (G) Vein assemblage of calcite, pyrrhotite, quartz and epidote in polished block
of sample 1369 m. (H) Vein assemblage of calcite, albite and ilmenite in polished block of sample 2210 m. Figure
S3. Back-scattered SEM-images showing remnants of biofilm (carbonaceous matter) on the walls of micro-karst
cavities of sample 122.8 m depth. Figure S4. Spot locations for LA-ICP-MS U-Pb geochronology analyses in
polished calcite grains of sample 178 m, numbers and colors correspond to analytical details in Table S4.
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Abstract: Bacterial calcium-carbonate precipitation (BCP) has been studied for multiple applications
such as remediation, consolidation, and cementation. Isolation and screening of strong calcifying
bacteria is the main task of BCP-technique. In this paper, we studied CaCOj precipitation by
different bacteria isolated from a rhizospheric soil in both solid and liquid media. It has been found,
through culture-depending studies, that bacteria belonging to Actinobacteria, Gammaproteobacteria, and
Alphaproteobacteria are the dominant bacteria involved in CaCOj3 precipitation in this environment.
Pure and mixed cultures of selected strains were applied for sand biocementation experiments.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analyses of
the biotreated samples revealed the biological nature of the cementation and the effectiveness of the
biodeposition treatment by mixed cultures. X-ray diffraction (XRD) analysis confirmed that all the
calcifying strains selected for sand biocementation precipitated CaCO3, mostly in the form of calcite.
In this study, Biolog® EcoPlate is evaluated as a useful method for a more targeted choice of the
sampling site with the purpose of obtaining interesting candidates for BCP applications. Furthermore,
Image] software was investigated, for the first time to our knowledge, as a potential method to screen
high CaCOj3 producer strains.

Keywords: bacterial calcium-carbonate precipitation (BCP); calcifying bacteria selection; calcifying
mixed cultures; Image] software; Biolog EcoPlates; sand biocementation

1. Introduction

In natural environments, chemical CaCOj3 precipitation is accompanied by microbial processes
involving bacteria, particularly cyanobacteria, archaea, small algae, and fungi [1]. Bacterial
calcium-carbonate precipitation (BCP) is of major ecological and geological importance, and it
has been widely studied in soils, caves, lakes, spring, and seawater, as well as in the laboratory [2-15].
Chemical CaCOj precipitation is a rather straightforward process governed mainly by concentration of
non-precipitated calcium, concentration of the total inorganic carbon, pH, and availability of nucleation
sites for CaCOj crystal formation [16-18]. Bacteria can alter these factors, either separately or in
combinations with one another, in a number of ways linked to cell surface structures and metabolic
activities [16-36]. For example, in super-saturated solution, bacteria can become the nucleus of mineral
precipitation due to Ca?* adsorption to the capsule, cellular surface membrane, cell wall, or EPS
(exo-poly-saccharides) layer [21,23-26]. Alternatively, in under-saturated solution, bacteria can induce
precipitation of CaCOj3 through metabolic pathways associated with photosynthesis [17,19,28,29,32-34],
nitrogen and sulfur cycles [17,31], and ion exchange (Ca%*/H™) [20]. These different metabolic processes
increase pH and/or dissolved inorganic carbon concentration, favoring CaCOj precipitation.

The various ecological implications of BCP in biotechnology have been described by Zhu and
Dittrich [37]. BCP applications include: Bioremediation of metal contaminated soil and ground
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water; restoration and preservation of calcareous sculptural artefacts, historical monuments and civil
buildings; bioconcrete; different geotechnical-engineering applications such as soil/sand strength, sand
impermeability, mitigation of liquefaction, soil erosion control, impermeabilization of polluted soils
and other soil improvement projects; microbial enhanced oil recovery (EOR); CO, sequestration; filler
for rubber, plastic, and ink [38—41].

There are two ways to apply BCP technology to sand/soil improvement. The first (biostimulation)
involves increasing BCP naturally occurring in the soil, through specific nutrient injection until it
reaches the desired level. To date, because of its simplicity, the most commonly studied system
of applied BCP is urea hydrolysis via the enzyme urease. The second (bioaugmentation) involves
the use of selected calcifying bacteria that, in primis, produce CaCOj crystals at high amount and
speed, in suitable environment. Until now, calcifying bacteria for the different biotechnological uses
have been isolated mainly from soil, freshwater and seawater, different CaCO3 deposits such as
stalactites and stalagmites in caves, and screened based mostly on traditional method (which requires
a large amount of reagent and time) [41]. However, there are few studies on the rhizosphere bacteria
ability to precipitate CaCOj3 [27,42] despite the fact that root exudates include amino acids (whose
metabolization produces the pH conditions necessary for BCP), as well as low-molecular weight
organic acids whose mineralization by heterotrophic bacteria can lead to CaCOj3 precipitation in a
circumneutral environment rich in dissolved calcium [20,27].

In this study, we enriched a consortium of bacteria isolated from rhizosphere soil based on their
ability to precipitate CaCOs. Then, we isolated several individual members of this community, and
analyzed their metabolism and biomineralization to screen strong CaCOj3 depositor strains. The best
strains were further characterized based on their ability to cement sand.

The novelty of this study lies above all in the microbiological approach to biocementation. It
is based on the study of the indigenous microbial community of a rhizospheric soil (such as in
biostimulation) and then on the use of calcifying bacterial strains or their consortia (such as in
bioaugmentation) isolated from it. This is because we attempted to optimize the choice of the sampling
site by Biolog EcoPlate assay (assessing the carbonatogenic potential of the microbial community
dwelling the soil) to obtain effective calcifying strains to be used also in other sites, as well as for
biotechnological applications other than biocementation.

Biolog EcoPlates are 96-well plates, containing in triplicate 31 different substrates plus a control [43].
The substrates in the wells can be subdivided into five groups: Carbohydrates (n = 10), carboxylic acids
(n =9), amines and amides (n = 2), amino acids (n = 6), and polymers (n = 4). These compounds occur
naturally in the soil and most of them are exudate by plant root in the rhizosphere [44]. In each well
there is a redox indicator (a tetrazolium salt) that changes from colorless into purple in the presence
of metabolic activity of the microbial community. The intensity of the coloring, which is optically
measured at 590 nm, is proportional to the substrate utilization.

As to methodological novelty, we proposed the use of Image] [45,46] as a low cost and rapid
method to assess the in vitro mineralization aptitude of calcifying strains. A calcifying strain is of
interest from a biotechnological point of view, mainly, when it produces a large amount of crystals
that can be evaluated, for example, by recovering the crystals from agar and weighing them [22]. This
operation is time consuming and not always leads to the expected result because crystals can remain
embedded in the microbial biofilm. The Image], already used in many scientific applications, allows
screening in a shorter time.

2. Materials and Methods

2.1. Soil Sampling, Biolog EcoPlate Assay, and Physico-Chemical Analyses

In this study, we used the Biolog EcoPlates to assess the carbonatogenic potential of the microbial
communities dwelling the rhizosphere soil of Pinus strobus (Pinaceae), with the purpose of choosing
a proper sampling site for an efficient screening of calcifying bacterial strains (since bacterial
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mineralization of organic acids and amino acids are important metabolic pathways involved in
BCP). As the probability to select strong calcifying bacteria should likely increase starting the screening
program from a soil dwelled by metabolically active, versatile, and highly diversified microbial
community, we used the Biolog EcoPlate assay to obtain information also in this regard.

The rhizosphere soil was sampled from the garden of a residential area located near L’Aquila
(Central-Italy) at a depth of 5 cm, using sterile tools. The composite sample, placed into a sterile
container, was carried to the laboratory at room temperature and immediately subjected to Biolog
EcoPlate assay (BIOLOG Inc., Hayward, CA, USA) and microbiological analyses, performed in triplicate.
3 g of soil were added to 27 mL of sterile physiological solution (0.9% NaCl) into a sterile flask, stirred
for 30 min at room temperature and then centrifuged for 2 min at 2000 rpm. The supernatant was
collected and placed into a sterile Petri dish, under sterile condition. A multichannel pipette was used
to inoculate 150 uL of the bacterial suspension into each well of the Biolog EcoPlate. The microplates
were placed in a sterile plastic envelope, hermetically sealed, in order to limit the dehydration of the
wells and incubated at 28 °C. The metabolic fingerprints were analyzed by measuring the absorbance
at the Biolog Microstation, immediately following the inoculation procedure, considered as time zero,
then every 24 h until 216 h.

Microbial activity in each EcoPlate, was expressed as average well color development (AWCD),
which gives the index of the total metabolic potential of the community [47]. AWCD was determined
as follows Equation (1):

L oDi

= 31

AWCD = 1)

To calculate the AWCD at each reading time, the optical densities from each well (OD;) were
corrected by subtracting the initial reading at time zero of the same well, as well as of the blank one
(inoculated but without a carbon source). ODsgy = 0.25 was assumed as a threshold value, below
which a substrate was considered as unmetabolized [47].

The following metabolic-ecological indexes were calculated based on the ODs at 120 h, when the
community reached the plateau: (i) Metabolic richness index (R) as the number of oxidized substrates,
that indicates the metabolic versatility of the community [48]; (ii) the Shannon-Weaver index (H’), that
measures the metabolic diversity of the species present. It was calculated as follows Equation (2):

R
H = - Z pi (Inpi) (2)

i=1

where p; (the proportional color development of the well over total color development of all wells in
the plate) is calculated as the ratio of the corrected absorbance value of each well (ODi) to the sum
of the absorbance value (},OD;) of all wells in the plate [47] and (iii) the evenness index (E). This
index, calculated as H'/[nR, measures the variation in color development among wells and indicates
the uniformity in the microbial growth on the different substrates, which can be related to a similar
abundance of the different species [47-49].

For a better knowledge of the material, physico—chemical properties of the sampled soil including
pH, organic carbon content (%), total nitrogen (%), and assimilable phosphorous concentrations
(mg/Kg), cation exchange capacity—CEC (meq) and exchangeable Ca®*, Mg?*, K*, Na* (mg/Kg), total,
and active calcium carbonate content (%), electric conductivity—EC (mS), texture, sand, silt, and clay
fractions (%) were determined according with the official methods [9].

As shown in Table 1, the sampled soil was a sandy-loam soil containing an average amount of
total carbonates and a very high amount of Ca?*. Total pH was weak alkaline. The content of total N
and available P were low and very low, respectively.
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2.2. Isolation of CaCO3 Producing Bacteria

An amount of sample corresponding to 10 g of dried soil was resuspended in 90 mL sterile
physiological solution and stirred for 50 min to detach the bacteria, whose external surface is negatively
charged, from soil cations. Triplicate B4 agar plates [4] (2.5 g calcium acetate, 4.0 g yeast extract, 10.0 g
glucose, and 18.0 g Biolife agar per liter of distilled water, the final pH was adjusted to 8.0 with NaOH)
were inoculated with soil dilutions ranging from 1072-107° and incubated aerobically at 28 °C for
24 or 48 h (depending on the growth rate of the bacteria). B4 is an enrichment medium for calcifying
bacteria; the acetate ion is an energy source, while the Ca?* cation is used by the calcifying bacteria to
precipitate calcium carbonate. The presence of glucose speeds the process. After its first description
in 1973 [4], B4 medium was utilized by several authors [50-54] to stimulate the growth of calcifying
bacterial species. The rationale is that calcifying heterotrophic bacteria belong to various groups with
different nutritional and physiological properties so that the presence of nutrients widespread in the
environment, such as glucose and factors present in yeast extract, is expected to enlarge the platform
of enriched strains. Colonies were assessed every 24/48 h with optical microscopy (Leitz-Biomed) and
selected as positive based on visual crystal formation within 25 days. Positive isolates were purified by
repeated streaking on B4 agar plates and preliminarily characterized.

A serial dilution of the soil sample was also plated in triplicate on nutrient agar (Difco) for colony
forming unit (CFU) counting.

Calcifying bacteria were preserved by various methods. For short-term preservation, strains were
incubated at 28 °C for 2-5 days and then kept at 4 °C on slants of B4. For long-term maintenance pure
cultures were kept in glycerol at —80 °C.

2.3. Preliminary Characterization and Biolog Identification

Morphological characterization of the bacterial colony was performed on the basis of pigmentation,
form, elevation, margin, opacity, and surface [55]. Optical microscope (Leitz-Biomed, 40x and 100x)
was used to establish the shape of the heat-fixed bacterial cells after Gram staining by the Color Gram
2 Kit (bioMérieux, Marcy-1'Etoile/France), following the kit instructions. Physiological characterization
was performed on the basis of the relation to temperature (bacterial isolates were incubated on B4
agar at 4, 20, and 28 °C, significant temperatures for in situ biocementation experiments) and oxygen
presence (since anaerobic conditions are abundant in the soil, particularly when the rain saturates the
soil and gas exchange slows down almost completely) by incubating bacterial strains on B4 agar in an
anaerobic chamber (Oxoid, Hampshire, UK). The occurrence of a catalase reaction was demonstrated
by the formation of bubbles after mixing a suspension of one-day bacterial cultures with a drop of 3%
(v/v) hydrogen peroxide water-solution on slide. Urease activity of calcifying strains was detected on
Christensen agar medium containing 2% urea and phenol red as pH indicator [56,57]. We cooled the
sterilized medium (115 °C for 20 min) to 40-50 °C, before adding the urea supplement. Inoculated
agar slants were incubated at 28 °C for 24/48 h and observed for color change after 6, 24, and 48 h of
incubation. Microorganisms with urease activity hydrolyze urea with the ammonium ions production
causing a change of color of the agar medium to fuchsia (alkaline pH).

Biolog GN2 and GP2 plates (Biolog, Inc., Hayward, Calif., USA) were used for the identification of
Gram-negative and Gram-positive bacteria, respectively. One or two days (depending on the growth
rate of the bacterium) before the inoculation on Biolog GN2 and GP2 plates, bacterial strains were
streaked on Biolog universal growth agar (BUG) and incubated at 28 °C. Inoculation and reading of
micro-plates were carried out according to the instructions of manufacturer using a Biolog Microstation
with OmniLog. The Biolog method is based on oxidation tests of 93 substrates in a 96-well microtiter plate.
Each well contains a redox dye, tetrazolium violet, that allows colorimetric determination of the increased
respiration that occurs when microbial cells are oxidizing a C-substrate. Reactions were compared to the
GP or GN database based on the similarity index which must be at least 0.75 to be considered an acceptable
species identification after 4 h of incubation and at least 0.50 after 16-24 h of incubation.
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2.4. Calcification and CaCOj3 Solubilization Activities

Pure bacterial cultures on B4 agar plates were observed every 24/48 h under a light microscope
(Leitz-Biomed, 10x) for up to 25 days after inoculation, to follow crystal production by the bacterial
strains at different temperatures, under aerobic condition. Three temperatures 4, 20, and 28 °C were
selected to test the induction of carbonate precipitation by the bacterial isolates, as representative of
natural conditions. The bacterial aptitude for calcification was evaluated on the basis of: (i) CaCOj3
crystal amount on B4 agar, (ii) size of the CaCOj bioliths, (iii) presence of CaCOj3 aggregates, (iv) time
to initiate the precipitation activity. Position of crystals on B4 agar (on the colony, in proximity, or far
away in the medium) was also checked.

Calcifying bacterial strains were inoculated also into 100 mL of sterile B4 liquid medium, to
assess their capability to precipitate in liquid conditions. Inoculated flasks were incubated under static
conditions at 28 °C for two months. The presence of crystals was macroscopically assessed both at the
bottom of the flasks and on the wall.

As microbial mediated reactions can generate considerable amounts of H* ions that can dissolve
CaCO; deposits, we tested the ability of the selected calcifying strains to dissolve CaCOj after 7, 15,
and 30 days of incubation at 28 °C. Calcifying isolates were grown on the Deveze-Bruni medium (1.0 g
peptone, 1.0 g yeast extract, 5.0 g glucose, 5.0 g NaCl, 0.4 g K;HPOy, 0.5 g (NH4),SO4, 0.1 g MgCl,,
0.01g FeCly, 0.1 g CaCl,, pH = 6.8) supplemented with 0.14 or 2.5% (w/v) CaCOs [58]. Solubilization
activity was shown as clear halo that surrounded each colony in response to decreased pH [59].

2.5. Image] Analysis

In the present research, the Image] software was evaluated as a rapid screening method to estimate
the extent of CaCOj3; production on B4 agar plates by each calcifying bacterial strain, after 30 days
of growth at 28 °C. Image] analysis was performed from digital images of five different areas (total
area = 125 x 5 mm?) of the inoculated B4 agar plates (plate area = 6359 mm?) observed upside down at
optical microscope (Leitz-Biomed, 10x) (Figure 1). These areas were randomly chosen and acquired
through an iPhone, used as the camera, directly from the eyepiece of the microscope. By Image]
analysis we calculated the total area occupied by the crystals on each optical image and the mean (with
its standard deviation) on each set of the five images, to obtain the percent average surface covered by
CaCOg crystals (referred as BCP extent) deposited in vitro by each calcifying strain. In this preliminary
study, the scale bar was determined by a micrometric slide.

—

Figure 1. A digital image acquired through an iPhone (used as the camera) of an inoculated B4 agar plate,
observed upside down at optical microscope (Leitz-Biomed, 10x). Note globular CaCOj crystals of different
dimensions and their aggregates precipitated by the strain P1 (arrows), after 30 days of growth at 28 °C.

2.6. Sand Biocementation Test

Experiments of consolidation by BCP were carried out using sand samples from the Adriatic-sea
coast (Central Italy) and bacterial calcifying cultures selected during this study. Table 2 shows some of
the physical and chemical characteristics of the sand used in this study.
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The sand was characterized by a weak alkaline pH, a medium content of total carbonates and a
high level of exchangeable Ca?*. The content of organic matter as well as of total N and assimilable P
were very low.

The following biocementation experiments were set up: (i) 7 g of sand, on Petri dish, for three
weeks; (ii) 300 g of sand, in Magenta vessel, for two months; (iii) 300 g of sand, in Magenta vessel, for two
months in the presence of equimolar (1 M) urea and calcium chloride, as calcification inducing-agents.
Control specimens were sand samples treated with not inoculated B4 medium.

For sand biocementation on Petri dish, strain selection was based on: (i) Calcification extent
(% area covered by CaCOj crystals precipitated on B4 agar plates) established by Image] software.
This parameter depends on amount and size of the precipitated CaCOj crystals, presence of CaCOj3
aggregates, days to initiate bio-precipitation, CaCOj solubilization activity; (ii) calcification parameters
not included in the calcification extent, such as biodeposition in liquid medium and capability to
precipitate CaCOj at different temperatures; (iii) cell morphology; (iv) relation with oxygen; (v)
Gram-staining 7 g of washed sand, sterilized at 120 °C for 20 min and dried in an oven, were
homogenously distributed on a 90 mm Petri dish and then inoculated with 25 mL of a calcifying cell
suspension (107 CFU/mL), grown on B4 medium. Biopretreated samples were incubated at 28 °C
statically, to allow the bacteria to cement the sand.

To test BCP in depth, 300 g of sand were placed in a Magenta vessel and inoculated with 150 mL
of a calcifying cell suspension (10° CFU/mL), grown on B4 medium, in the presence or not of the
inducing agents (equimolar urea and calcium chloride). For sand biocementation in Magenta vessel,
strain selection was based on: (i) Calcification extent (established by Image] software), (ii) ability
to precipitate CaCOj crystals in B4 liquid medium, (iii) ability to hydrolyze urea, and (iv) growth
in anaerobiosis.

2.7. SEM, XRD, and EDS Analyses

Scanning electron microscopy (SEM) was used to study crystal morphology and their relationship
with microbial cells. Samples were prepared as follows: Samples on agarized media were dried at
37 °C for 40 days; agar medium was cut into flat blocks, gold-sputtered, and observed with a Philips
SEM XL30CP. For crystallite-poor samples, the agar was dissolved and crystals were collected and
purified according to the method of Rivadeneyra [22].

XRD was used to identify CaCO3 mineral phases of the bioprecipitated crystals. XRD analyses
were done by a two-circle 6/26 diffractometer with a Cu radiation source (Bruker D5000). The supply
voltage of the X-ray tube was set at 40 kV, 40 mA. The 20 scan range was between 20 and 60°; each
scan was done in steps of 0.02. A counting time between 30 and 40 s per step was selected, depending
on the sample density. The crystalline phases were identified using the ICDD database (JCPDS). XRD
samples were prepared as follows: Cultured solid media were dried at 32 °C, agar medium was cut
into 10 X 30 mm flat blocks, 0.5 mm high, and those richest in crystallites were fixed by adhesive tape
on a glass slide for X-ray measurements.

SEM and EDS were used to detect, after 20 days-treatment, the nature of sand cementation by
the calcifying cultures. For EDS, samples were dried, uniformly spread directly on adherent tabs,
and analyzed without gold film. SEM-EDS analysis was performed by a SEM-Philips XL30CP and a
EDX-INCA ENERGY 250.

XRD and EDS were also used to study the untreated sea sand.

3. Results and Discussion

3.1. Biolog EcoPlates Assay

Since BCP is influenced by the metabolic activity of the bacteria, we investigated through the
Biolog EcoPlates the metabolic activity of the bacterial communities dwelling a rhizospheric soil, with
the purpose of choosing a good sampling site for an efficient calcifying bacteria screening. In the
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literature there is a lot of information about the possibilities of using the Biolog EcoPlates to analyze
functional microbial diversity in the presence of different plant and cultivation type, and to study the
metabolic activity of microorganisms in soils contaminated with pesticides and heavy metals.

To our knowledge, Andrei et al. [60] were the first to use Biolog EcoPlates to investigate the
carbonatogenic potential of bacterial communities (dwelling a limestone statue in Romania), based on
their ability to metabolize amino acids since this metabolization promotes the pH conditions necessary
for the biomineralization process (by ammonia released in the process of oxidative deamination).
Overall, Andrei et al. study highlights the need to evaluate the carbonatogenic potential of the bacterial
communities present on a stone artwork prior to designing an efficient conservation treatment based
on resident calcifying bacteria. On the same line, we used the Biolog EcoPlate assay to assess the
carbonatogenic potential of the bacterial community dwelling a rhizospheric soil at the aim of starting
an efficient screening program of calcifying bacteria.

Unlike Andrei et al.,, in this study we have correlated the carbonatogenic potential of the
bacterial communities to the metabolic use not only of the amino acids but also of the organic acids
present in the Biolog EcoPlate. This is because both these carbon compounds occur naturally in the
rhizospheric soil environment, as plant root exudates, as well as because low-molecular weight organic
acids mineralization by heterotrophic bacteria is another microbial process that (increasing both pH
and concentration of dissolved inorganic carbon) can lead to calcium carbonate precipitation in a
circumneutral environment rich in dissolved calcium. As CaCOj; precipitation always appears to be a
response of the heterotrophic bacterial communities to an enrichment of the environment in organic
matter in aerobiosis, anaerobiosis, and microaerophilia, this mineralization process has been commonly
used in microbial carbonate precipitation experiments [17,20]. Moreover, since the probability of
obtaining efficient CaCO3 producer strains increases likely in the presence of bacterial communities
highly biodiversified with a high catabolic versatility, we used the Biolog EcoPlate assay also to obtain
information about these metabolic and ecological aspects. Based on these considerations, all the
information of the studied rhizospheric soil obtained through the Biolog EcoPlate system revealed its
usefulness to start a successful screening of calcifying bacteria. In fact, we found that at the end of
the incubation period, the soil microbial community used 29 out of 31 different substrates (metabolic
Richness index R = 29) present in the Biolog EcoPlate, including all the amino acids and almost all
the organic acids (apart from 2-hydroxybenzoic acid and «-ketobutyric acid). This means that the
microbial community under study had a high functional diversity and catabolic versatility as well
as a good mineralization potential of CaCOj (the utilization of all the six amino acids, as well as of
almost all the carboxylic acids indicates the presence in the soil of favorable conditions for the growth
of microorganisms carrying the enzymes taking part in metabolic pathways of BCP). The general
catabolic activity of the soil community to utilize the C-substrates, turned out to be not only wide
(as shown by the metabolic Richness index, R) but also high as shown by the dynamic of the AWCD
during the incubation time of the EcoPlates, at 28 °C (Figure 2).

Figure 3 showed that microbial functional diversity changed over time, and that the microbial
community initially prefer C-substrates from the carboxylic and amino acid groups (namely
D-Galacturonic acid and L-Asparagine), in addition to Glucose-1-phosphate. During the exponential
phase, an increasing number of substrates (belonging to all five groups) was utilized (Figure 3).
However, the diversification over time of the microbial substrate use from the different groups
(polymers, carbohydrates, carboxylic acids, amino acids, and amines) is beyond the aim of this research
and will not be further discussed.
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Figure 2. Dynamic of the average well color development (AWCD) of the rhizospheric-soil sample
during the incubation time (9 days), at 28 °C (AWCD points are means of three replicates). Data were
corrected subtracting the initial readings (at 590 nm) at time zero, as well as the reading of the control
well (inoculated but without a C-substrate). The curve shows how the microbial community had a long
lag-time in the development of formazan products within the Biolog-plate wells. Development was
consistent and linear over the entire incubation period (9 days). The number of positive wells increased
slowly for the first 24 h and then increased up to 192 h of incubation, when stationary phase began.
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Figure 3. Stacked columns showed the diversification over time of the substrate use from the different
groups (polymers, carbohydrates, carboxylic and ketonic acids, amino acids and amines) by the soil
microbial community. In the figure, absorbances are reported (recorded at 590 nm) for each substrate
from 0 to 48 h (from 72 to 96 h, and from 96 to 216 h. The chart shows how the substrate use in
the first 24 h (during the lag-phase, Figure 2), is limited to Glucose-1-phosphate, L-Asparagine, and
D-Galacturonic acid. During the exponential phase, an increasing number of substrates (belonging to
all five groups) was used by the microbial community.
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The substrate uniformity index (E) value was 0.95, highlighting a high uniformity in the activity of
the different substrates (that can be related to a similar abundance of the different species), indicating
from our specific point of view, a greater chance of isolating bacteria capable to perform ammonification
(of amino acids) and low-molecular weight organic acid mineralization. Finally, the Shannon-Weaver
index (H") was equal to 3.20, highlighting a high diversity of the species present related to the high
diversity of nutrients available for growth in the root zones, including amino acids and organic
acids [61].

3.2. Isolation and Preliminary Characterization of Heterotrophic Calcifying Bacterial Strains

By using traditional cultivation techniques, a discrete cultivable heterotrophic bacterial community
was isolated from the sampled rhizospheric soil (4.5 x 10° CFU/g dw). The cultivable heterotrophic
bacterial density was lower than expected (106~10'° CFU/g dw), possibly because sampling was done in
winter. Ina previous work [9], we also found that the cultivable microbial biomass is significantly related
to the silt fraction, negatively related to the clay fraction, and negatively related to the Ca?* content
(Table 1). As expected, based on the weak alkaline pH value (Table 1), bacteria represented 78% of the
cultivable microbial population. Fungi were the remaining component. Fourteen morphologically
different heterotrophic bacteria (named from P1 to P14, where P stands for pure) were isolated from
this microbial community and purified by streaking on B4 agar. Table 3 shows characterization results
of the bacterial calcifying isolates.

Table 3. Morphological, physiological, and biochemical traits of the heterotrophic calcifying bacteria
isolated from a rhizospheric soil near L’ Aquila (Central Italy).

Strain Cell Gram 4°C 20°C 28°C Anaerobic Growth Urease
P1 Short rod + - + + - ++
P2 Short rod - - + + - ++
P3 Short/irregular . B + . ) -
rod

P4 Short/irregular . B + . ) ra4
rod

P5 Rod + - + + + +

P6 Short rod + - + + + ++

P7 Rod - - + + - ++ +

P8 Short/irregular . . + . + iy
rod

P9 Short/irregular . B + . + .y
rod

P10 Short/irregular . B + . ) 4
rod

Pl1 Short/branched N B + 4 . +
rod

P12 * Rod - n.d. + + + +

P13* Rod - n.d. + + + n.d.

P14* Rod - n.d. + + + -

Gram + = Gram positive; Gram — = Gram negative; Bacterial growth at 4, 20, and 28 °C in aerobiosis and in

anaerobiosis at 28 °C: (-) = absent, (+) = present; urease activity (+) = trace, (+ +) = good, (+ + +) = very good;
n.d.= not determined. * Strains P12, P13, and P14, from the fourth purification step of strain P5, were recovered and
characterized after the loss of P5.

All the bacterial isolates formed rod-shaped cells with different length, sometimes irregular
or branched. The results of morphological characterization also showed the prevalence (64%) of
Gram-positive bacteria; only strains P2, P7, P12, P13, and P14 were Gram-negative. This prevalence
is in line with the results of previous works [6,8]. It is known from the literature that Gram-positive
bacteria are the predominant bacteria in the soil: Only coryneform bacteria of the genus Arthrobacter
alone account for approximately 20%—25% of the soil cultivable bacterial population [62]. However,
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Gram-negative bacteria tend to be more abundant in rhizospheric soil compared to the bulk soil.
Gram-negative bacteria biomass increases when rapidly decomposable C compounds (such as sugars,
organic, and amino acids) are available [63], whereas higher proportions of Gram-positive bacteria are
usually found in resource-limited area [64,65].

Strain P8 showed growth capacity at all three tested temperatures, all other strains grew only at
20 and 28 °C. Strains P5, P6, P8, P9, P12, P13, and P14 showed growth also in anaerobiosis and are
therefore considered facultative anaerobes. The use of facultative anaerobic bacteria is fundamental for
soil biocementation in situ, as in the soil co-exist aerobic and anaerobic microzones [66].

All the strains were catalase positive. Apart from the strain P14 (urease negative) and P13 (not
determined), all the calcifying bacteria hydrolyzed urea. This result is in accordance with the literature,
since urea production, even in the presence of a significant amount of ammonium, is a common feature
among soil bacteria. Urea hydrolysis producing ammonia, increases pH and leads to the production of
carbonates. This means that the application of stimulated biocalcification, based on the urea hydrolysis
by native or selected (in the laboratory) microbial strains, is potentially useful in a variety of soil
bio-engineering applications [67].

During the characterization stage, strain P5 showed serious growth problems and was replaced by
strains P12, P13, and P14, from its fourth purification step. These strains were used along this study as
a mixed calcifying culture, named M5, containing in a similar proportion the strains P12, P13, and P14.

3.3. ldentification of the Calcifying Bacterial Strains

By the Biolog identification system, all the Gram-positive short/pleomorphic rod isolates were
identified as coryneform bacteria, and Clavibacter agropyri was the most common (Tables 3 and 4).

Table 4. Identification of the calcifying bacterial isolates.

Strain Identified Species % ID

P1 Not identified

P2 Vibrio tubiashii 94
P3 Clavibacter agropyri 93
P4 Clavibacter agropyri 73
P6 Corynebacterium urealyticum 78
p7 Not identified

P8 Clavibacter agropyri 87
P9 Clavibacter agropyri 73
P10 Clavibacter agropyri 87
P11 Sanguibacter suarezii 98
P12 Sphingomonas sanguinis 98
P13 Not identified

Pseudomonas syringae

P14 }
po persicae

92

% ID = Identification index.

Isolates P3, P4, P8, P9, and P10, identified as Clavibacter agropyri (Corynebacteria), were
Gram-positive rod-shaped cells, often disposed to an angle to each other giving irregular forms
(Table 3). The genus Clavibacter contains plant pathogenic coryneform bacteria, causing gummosis,
characterized by the presence of 2,4-diaminobutyric acid as a cell wall component [68-70]. Strain
P6, a facultative anaerobic Gram-positive bacterium with good urease activity, was identified as
Corynebacterium urealyticum. The aerobic Gram-positive strain P11 was identified as Sanguibacter
suarezii, a coryneform bacterium first isolated from blood animal samples [71]. Coryneform bacteria
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are widespread in nature, being common inhabitants of water and soil, where they form alone
approximately 20%—25% of the soil fertile cultivable bacterial population [62]. They may be pathogens
or commensals of humans, animals, and plants. This ecological diversity is matched by their wide range
of biochemical properties making them an interesting group of bacteria for biotechnology purposes.
Among the Gram-negative isolates, strain P2 was identified by the Biolog system as Vibrio tubiashii
(% PROB = 94). The genus Vibrio, includes a great diversity of species that are common inhabitants
of the aquatic environment where they are usually closely associated with many kinds of marine
organisms [72]. V. tubiashii is a halophilic species, firstly isolated by Tubiash et al. [73], pathogenic
for the larvae of bivalve mollusks. Its genome consists of two chromosomes, two megaplasmids
and two plasmids. This might be a survival strategy acquired by the Vibrios that has facilitated their
adaptation to various niches, including soil environments, in the evolution process [74,75]. Strains
P12 and P14 were identified as Sphingomonas sanguinis and Pseudomonas syringae, respectively. Due to
their biodegradative and biosynthetic capabilities, both of them have been used for a wide range of
biotechnological applications. Strains P1, P13, and P7 were not identified (Table 4). The composition
of the cultivable component of the microbial community living in the rhizospheric soil of Pinus
strobus, showed the presence of a wide range of bacteria from diverse phylogenetic affiliation mainly
Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria. No other attempts were made to identify
the isolated bacterial species as our attention was directed towards the optimization of the process
stage for isolating and screening of effective calcifying bacteria.

3.4. Calcification and CaCO3 Solubilization Activities

Observation of pure solid bacterial cultures under light microscopy, showed that 100% of the
bacterial isolates were capable of forming crystalline CaCO3; on B4 agar plates at 20 and 28 °C
(Table 5). This result confirms that: (i) Biomineralization leading to CaCOj3 deposits is a quite common
phenomenon in natural habitats [1-15]; (ii) the rhizospheric soil is a good source for efficient isolation
of calcifying bacteria as karst caves and secondary carbonate soils; iii) nutrient availability is a
critical factor affecting microbial metabolism and precipitation activity [27]; (iv) the efficiency of the
Biolog EcoPlate system as a tool for estimating calcification potentiality of environmental bacterial
communities [60]; (v) the importance of bacterial calcification as a detoxification process (calcification
by bacterial species may be an important phenotype for survival in high calcium environments as the
studied soil—Table 1).

Table 5. Calcification parameters of the bacterial isolates.

Timing ? Position?  Shape  Size Amount¢  Aggregates Liquid Media
Strain  4°C 20°C 28°C 28°C 28°C  28°C 28°C 28°C 28°C
P1 - 30 14 In/Out G/O M/L + 4+ + +
P2 - 13 8 In/Out P/O S/M + 4+ + + 4+ + +
P3 - 20 8 In/Out G M/L +++ ++ ++
P4 - 23 10 In/Out G L +++ + -
P5 n.d. n.d. n.d. In/Out G/O S + - n.d.
M5 d - 16 14 In/Out G/O S 4+ + ++ -
P6 - 11 8 In G/P M/L ++++ ++ +++
p7 - 8 4 In/Out G L ++ ++ -
P8 20 8 8 In/Out G/P S/L ++ + ++
P9 - 22 10 In/Out G M/L ++++ ++/+ + + -
P10 - 13 8 In G/P S/M/L ++ - +
P11 - 12 8 In/Out G/P S +++ +/+ + +

2 Timing: Number of days required to start precipitation of CaCO3 in B4 agar cultures at 4, 20, and 28 °C; ® Position
on B4 agarized medium of the deposited crystals (inside and/or outside the bacterial colony); © visually established
by the microscope; ¢ M5 is a mixed calcifying culture composed by the strains P12 (Sphingomonas sanguinis), P13
(not identified), and P14 (Pseudomonas syringae); n.d. = not determined; In = inside the colony; Out = outside the
colony; In/Out = inside and outside the colonies; G = globular, spheric; O = oval; P = prismatic; S = small-sized;
M = medium-sized (80-100 um); L = large-sized (100-200 um); CaCOs deposition: (-) = absent, (+) = trace,
(++) = good, (+ + +) = very good, (+ + + +) = excellent.
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Table 5 shows the calcification parameters of the bacterial isolates: Number of days required to
start precipitation of CaCOj3 in B4 agar cultures at 4, 20, and 28 °C, position on B4 agarized medium of
the deposited crystals, amount and size of the crystals visually established by the microscope, presence
of bioliths aggregates and mineralization ability in liquid B4 medium.

At 28 °C, CaCOj; formation took place rapidly and all the calcifying bacteria began to precipitate
within two weeks (Table 5): High temperatures resulted in faster bacterial growth and thus, higher
acetate consumption. Vice versa, at lower temperatures bacterial metabolism slows down and resulted,
for instance, in slow rates of pH change and acetate consumption. In fact, when bacteria were cultivated
at 20 °C, the time required for crystal precipitation was longer and all the calcifying isolates began to
precipitate within four weeks (Table 5). Apart from strain P8, which precipitated after three weeks,
bacterial growth and crystal deposition was not observed at 4 °C.

The microscopic observation showed that at 28 °C, CaCOj3 precipitation always takes place inside
the bacterial colony and often in the immediate vicinity and/or in the culture medium, that is in a
microenvironment conditioned by the direct presence of the cells. This means that for the deposition
of CaCOj the presence of crystallization nuclei is not sufficient, but the role of microbial metabolism
is necessary. No crystal formation was observed in uninoculated control plates. This confirms that
CaCO; deposition was to be attributed to the bacterial cells.

Table 5 shows that, apart from strain P2 that deposited prismatic and oval crystals, all others
strains deposited spherical crystals, as the only prevalent typology. About the size, 66.6% of the
calcifying cultures deposited large-sized crystals (P1, P3, P4, P6, P7, P8, P9, and P10). Strains P2, P5,
P11, and the mixed culture M5, precipitated crystals of smaller dimensions (Table 5). Regarding the
amount of precipitated crystals, the most active cultures in calcification, were strains P1, P2, P3, P4, P6,
P9, and P11 (Table 5). The remaining strains (P7, P8, and P10) showed quantitative characteristics of
intermediate precipitation.

Strains with the larger amount of precipitates were also those that gave rise to more CaCO3
aggregates (Table 5). Based on microscopic observation of the calcifying solid cultures, the mixed
culture M5 produced larger crystal aggregates than the pure cultures of its constituent strains P12,
P13, and P14. Actually, bacteria always live in bio-diversified community, metabolically interacting,
thus extending their survival through co-metabolism. This is one of the reasons why it is sometimes
preferable to use mixed calcifying cultures.

Strain P6, identified as Corynebacterium urealyticum, precipitates the largest amount of crystals
in B4 liquid medium (Table 5). Strains P3 and P8, identified as Clavibacter agropyri, showed a good
precipitation ability in liquid B4 medium. P1, P2, P10, and P11 showed very poor ability to precipitate
in B4 medium; while P4, P7, P9, and the mixed culture M5 showed no precipitation activity in liquid
medium (Table 5).

All the calcifying cultures showed carbonate-solubilization ability when grown on 0.14% CaCOg,
after four weeks of incubation at 28 °C (Table 6). Vibrio tubiashii (P2), Clavibacter agropyri (P3, P10), the
not identified strains P1 (Figure 3), and P7 being particularly effective.

Apart from strain P9, identified as Clavibacter agropyri, which do not dissolve detectable amounts
of carbonate, all the calcifying strains showed poor CaCOj solubilization ability, when grown on 2.5%
CaCOs; (Table 6). Three calcifying cultures (P1, P2, and M5) showed spotted solubilization (Table 6
and Figure 4). The mixed calcifying culture M5 showed solubilization activity in a lesser extent
than expected.
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Table 6. Solubilization activity of the calcifying bacterial cultures obtained from a rhizospheric soil
(L’Aquila-Central Italy).

Strains Identified Species Solubilization
CaCO3 (0.14%) CaCO3 (0.5%)

P1 Not identified +++ +/-2
P2 Vibrio tubiashii +++ +/-
P3 Clavibacter agropyri +++ ++ +
P4 Clavibacter agropyri ++ ++
M5 Sphingomonas sanguinis (P12), Not identified (P13),

; ++ +

Pseudomonas syringae (P14)

P6 Corynebacterium urealyticum ++ ++
P7 Not identified +4++ +/++
P8 Clavibacter agropyri ++ +/-
P9 Clavibacter agropyri ++ -
P10 Clavibacter agropyri +++ +
P11 Sanguibacter suarezii ++ +

® +/- = spotted solubilization.

o

Figure 4. CaCOj solubilization, after 30 days incubation at 28 °C, by the not identified strain P1, firstly
named Ul. Note that the solubilization is almost complete at 0.14% (left), and as spots at 2.5% CaCOs3
(right).

3.5. Bacterial Calcification Activity by the Imagej Software

Itis possible to evaluate the CaCOj3 precipitation efficiency of a calcifying strain taking into account
different calcification parameters such as: (i) Time required to initiate precipitation, (ii) abundance
of the precipitated crystals (which is related to the precipitation rate of the calcifying strain), (iii)
crystal size, (iv) presence of crystal aggregates, and (v) CaCOj solubilization activity. The use of the
Image] software allowed us to obtain a very effective BCP index, referred in this paper as “extent” (i.e.,
calcification level as percent average surface occupied by CaCOj3 crystals biodeposited on an agarized
medium). The BCP extent, depending on all the calcification parameters mentioned above, allows to
test in a single step the calcification aptitude of each bacterial strain, optimizing the screening program.

Figure 5 shows the percent average surface occupied by CaCOj3 crystals precipitated by the
calcifying bacterial cultures, after 30 days of growth on B4 agar, at 28 °C.

Two groups of calcifying strains were identified on the basis of their calcification ability in terms of
extent (%) of the biocemented area: A group of very highly active BCP bacteria, with percent average
surface occupied by CaCOj crystals greater than 25% and group of less active bacteria with CaCOj3
percent average surface less than 25%. The calcifying strains belonging to the first group were strains

39



Geosciences 2019, 9, 479

P2 (Vibrio tubiashii), P3, P4, and P9 (all three Clavibacter agropyri), P6 (Corynebacterium urealyticum), and
P11 (Sanguibacter suarezii). All these bacterial strains produced in vitro CaCOj crystals abundant and
medium/large sized, apart from strain P6 that formed smaller crystals (Table 5). They also showed a
good aptitude to form large aggregates and vice versa a poor or absent CaCOj3 solubilization activity
(Tables 5 and 6).

Extent of the calcified area (%)

P1 P2 P3 P4 MS P6 P7 P8 P9 P10 PI1

Bacterial cultures

Figure 5. Percent average surface (BCP extent) occupied by the CaCOj crystals precipitated in vitro by
the pure and mixed calcifying cultures, after 30 days of growth on B4 agar at 28 °C (the BCP-extent
values were obtained through ImageJ software).

3.6. Calcifying Strain Selection for Sand Biocementation

Calcifying cultures for sand biocalcification experiments on Petri dish, were selected base on their
morpho-physiological traits (Table 3) and calcification parameters (Tables 5 and 6, and Figure 5), as
stated in Materials and Methods.

Among bacterial strains with BCP extent greater than 25% (Figure 5), we selected: (i) Strain P2,
identified as Vibrio tubiashii, being the only one to have a not branched or irregular shape of the cell
(Table 3). Short rods are certainly to be preferred compared to medium, long, or branched rods because
of their greater possibility of penetration into the ground; (ii) strain P9, Clavibacter agropyri, for both
the ability to growth in the absence of oxygen (Table 3) and its no solubilization activity of CaCOj3
at 2.5% (Table 6). Facultative anaerobes are preferred because of their tolerance for the restricted
availability of oxygen that can be encountered in subsurface environments; this ability is fundamental
because aerobic and anaerobic microzones coexist in the soil, since anaerobic conditions are abundant,
particularly when the rain saturates the soil and gas exchange slows down almost completely [66];
and (iii) strain P11, identified as Sanguibacter suarezii, Gram-positive. Gram-positive bacteria are
preferable to Gram-negative ones for their thicker wall, which makes them more resistant to changes
in osmotic pressure, which is a typical condition for soil under consolidation or in recovery phase [66].
The mixed calcifying culture M5, belonging to the second group (Figure 5), was also included in the
biocementation experiments.

After 20 days of biotreatment (at 28 °C, under static conditions) there was complete cementation
of all the pre-treated sand samples (Figure 6).

No signs of calcification were observed on the sand sample not biotreated (Figure 6). This showed
that the cementing action of the sand particles was to be attributed to the bacterial cells.

Strain P6 (Corynebacterium urealyticum), belonging to the first group of calcifying strains (Figure 5),
was selected for deep sand biocementation base on its capability to precipitate CaCOj3 crystals in liquid
B4 medium, to hydrolyze urea, and to grow in anaerobiosis (Table 5). The results obtained after one
week (on the left) and two months (on the right) of treatment are shown in Figure 7.
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Figure 6. Samples of biocemented sand through CaCOj3 precipitation by strains P2, P11, M5, and P9
(starting from the upper left to the lower right) after 20 days of incubation, at 28 °C. Untreated control
at the left bottom. The plates were positioned vertically to highlight the biocementation of the sand,
not present in the control.

Figure 7. Test for deep biocementation of 300 g of sea sand in Magenta vessel (60 X 60 and 50 mm
height), by strain P6 (Corynebacterium urealyticum) grown on B4 liquid medium. On the left the sample
after a week of treatment, on the right the sand-sample after two months of treatment (note the complete
occlusion of visible pores by the biodeposition of CaCOj crystals).

After the biotreatment, the sand samples did not reach a cementation level sufficient to be subjected
to the shear strength test, even in the presence of urea, calcium chloride, and low clay fraction [38,39].
Optimization of the deep biocementation experiments, fallowing outside the objectives of this work,
has not been carried out.

3.7. SEM, XRD, and EDS Analyses

SEM observations were carried out to study the morphological characteristics of the biominerals
precipitated and the involvement of bacteria in calcite biomineralization. A variety of crystal
shapes were observed. The most frequent were single irregular spheres (Figure 8a,c—f), hemispheres
(Figure 8a,e), and their irregular aggregates (Figure 8e, in particular). Most of the formed crystals had
rough surfaces. SEM investigation also revealed the presence of bacterial cells in close contact with
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CaCO; crystals (Figure 8a,c,d, and f, in particular). The presence of CaCOj associated with bacteria
proves that bacteria served as nucleation sites during the mineralization process.
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Figure 8. Scanning electron micrograph of CaCOj crystals and calcite aggregates deposited in vitro
on agarized B4, at 28 °C by rhizospheric strains P1 (unidentified) (a-d) and P2 (Vibrio tubiashii) (e,f).
(a) Bioliths, spherical and hemispherical; magnification 50 um. (b) Enlargement of a, contact zone
between two bioliths, during the aggregation phase, showing a bridge formed by biofilm and CaCOj3
crystals of neo-deposition; 20 um magnification. (c) Enlargement of a, observe the significant amounts
of bacterial cells in the background, 20 um magnification. (d) Spherical bioliths completely immersed
in the microbial biofilm, 50 um magnification. (e) Aggregate formed by bioliths and hemi-bioliths,
surrounded by bacterial cells; 100 um magnification. (f) CaCOj5 aggregate of three bioliths, note the
cementing action of the microbial biofilm; 20 um magnification.

42



Geosciences 2019, 9, 479

X-ray diffraction was carried out to identify the types of carbonate polymorph that were precipitated
by the pure cultures selected for sand biocementation (P2 in Figure 9, P6, P9, and P11). In all the
investigated cases, crystals precipitated by bacteria were both calcite, the rhombohedral form of CaCO3
[R-3c] (card number 5-586), and vaterite, a hexagonal form of CaCOj [P63/mmc] (card number 24-30).
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Figure 9. X-ray diffraction pattern from an agar dried culture of strain P2, Vibrio tubiashii. The spectrum
shows the presence of a mixture of calcite and vaterite. The background level is due to the presence of
the agar and of the adhesive tape.

Vaterite is the CaCO3 polymorph with a high solubility that may be prone to dissolution by
meteoric water and to a low degree of consolidation, by comparison to calcite. However, it was
suggested that the microbially induced vaterite achieves similar degrees of stability as calcite by
incorporating organic molecules [76].

SEM and EDS analyses of the sand samples biotreated on Petri dishes (Figure 6) showed that
sand compaction was due to the cementing action of CaCOj bioliths that act as a bridge between the
sand particles. The EDS spectra (Figure 10) showed Ca, C, O peaks that can be associated qualitatively
with CaCOj. The presence of high carbon, calcium, and oxygen peaks in the analyzed area, showed a
high amount of CaCOj3. SEM image in Figure 10, shows that CaCOj crystals produced by strain P9,
Clavibacter agropyri, coat and bridge the sand particles, cementing the matrix.
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Figure 10. EDS spectrum and SEM image of the sand after 20 days of treatment at 28 °C with the strain
P9 (Clavibacter agropyri).

According to EDS analysis, also the untreated sand presents, besides a high content of silica and
oxygen, calcium and carbon but in low amount (Figure 11). As showed by the physico—chemical
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analyses (Table 2) and XRD (Figure 12), organic matter is the origin of C, while lithogenic carbonates
could be the origin of Ca identified by EDS.

25pm

Figure 11. EDS spectrum and SEM image of the untreated sand.
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XRD pattern of sand from sea beach
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Figure 12. XRD pattern of the sea sand. The spectrum shows the prevalence of quartz and calcite.
4. Summary and Conclusions

Successful application of BCP in the different fields of interest, depends on a variety of factors.
Much effort has been devoted to understand the factors governing BCP as well as the criteria for the
selection of bacterial strains to optimize the biodeposition of CaCOj in a variety of biotechnological
applications. To date, two strategies involving bacteria capable of inducing CaCOj3 precipitation have
been mostly used: One in which an axenic culture is used directly for biotechnological purposes and
another that utilizes the carbonatogenic potential of the autochthonous microbial communities. In this
study, we adopted a novel approach based on the study (through the Biolog EcoPlates) of the BCP
potential of the sampling site (a rhizospheric soil) and the use of selected (pure or mixed) calcifying
cultures from this community. Until now, rhizospheric soil has been scarcely explored, with most of
the studies focused on different calcium carbonate deposits in caves, freshwater, and seawater. Growth
and biodiversity of the rhizospheric bacteria are highly influenced by type of soil, moisture content,
temperature, chemicals, and above all by the plant species. Thus, choosing a proper rhizospheric
soil (by knowing that microbial community dwelling the rhizospheric soil have the possibilities to
perform ammonification of amino acids as well as mineralization of organic acids) it is possible to
increase the screening efficiency for strong CaCOj3 depositor strains, likely due to increased number of
bacteria useful to induce CaCOj3 precipitation. In this study, we used the B4 medium to isolate the
cultivable heterotrophic calcifying microflora from the rhizospheric soil of Pinus strobus, obtaining
a microbial consortium consisting exclusively of calcifying bacteria, although B4 was not a selective
medium. This confirms how the combined use of Biolog EcoPlates (for a more targeted selection of the
sampling site) and rhizospheric soil (as sampling site) can represent a useful tool to start a successful
screening of potent calcifying cultures. To our knowledge this is the first study that shows the CaCOj3
biomineralization ability of Vibrio tubiashii, Clavibacter agropyri (Corynebacterium), Corynebacterium
urealyticum, Sanguibacter suarezii, Sphingomonas sanguinis, and Pseudomonas syringae. As the metabolic
response in the Biolog EcoPlates is at community level and involves in each well cooperative as well
as competitive microbial behaviors, the real utility of the Biolog EcoPlates for a more targeted choice

46



Geosciences 2019, 9, 479

of the sampling site is conditioned by the use of mixed cultures whenever calcifying ability of the
bacterial culture decreases or disappears following bacterial strain purification. Thus, it is important to
preserve the BCP potential of the rhizospheric microbial community.

To select (pure or mixed) bacterial cultures suitable for sand biocementation, we performed an
array of tests based on carbonate precipitation (i.e., CaCOj precipitation on solid media at different
temperatures or in liquid condition at 28 °C), carbonate solubilization as well as physio-morphological
analyses. To assess the extent of calcification by each bacterial strain, we applied Image] software
as a new method for estimating BCP in solid media. Nevertheless, the positive results we obtained
both in the enrichment and in the selection of bacteria useful for sand biocementation, the approach
we proposed as well as the use of the Image]J as a screening tool, need to be further investigated
and optimized.

As a future goal, we are studying the role of cell interactions, namely the occurrence of a cell-to-cell
communication system (quorum sensing), in the BCP process mediated by Gram-negative bacteria.
Moreover, an optimization of the Image] method is in progress using a motorized microscope (Zeiss
AXIO Imager.M2) with an Axiocam 503 camera, for the automatic choice of the visual fields and an
accurate scale-bar determination and calibration.
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Abstract: The last decade has revealed the igneous oceanic crust to host a more abundant and diverse
biota than previously expected. These underexplored rock-hosted deep ecosystems dominated Earth’s
biosphere prior to plants colonized land in the Ordovician, thus the fossil record of deep endoliths
holds invaluable clues to early life and the work to decrypt them needs to be intensified. Here, we
present fossilized microorganisms found in open and sealed pore spaces in pillow lavas from the
Troodos Ophiolite (91 Ma) on Cyprus. A fungal interpretation is inferred upon the microorganisms
based on characteristic morphological features. Geochemical conditions are reconstructed using
data from mineralogy, fluid inclusions and the fossils themselves. Mineralogy indicates at least
three hydrothermal events and a continuous increase of temperature and pH. Precipitation of 1)
celadonite and saponite together with the microbial introduction was followed by 2) Na and Ca
zeolites resulting in clay adherence on the microorganisms as protection, and finally 3) Ca carbonates
resulted in final fossilization and preservation of the organisms in-situ. Deciphering the fossil record
of the deep subseafloor biosphere is a challenging task, but when successful, can unlock doors to
life’s cryptic past.

Keywords: deep biosphere; fossilized microorganisms; Ophiolite

1. Introduction

The igneous oceanic crust has been put forward as the largest potential microbial habitat on
Earth [1,2]. However, due to difficulties in sampling live species, this vast biosphere is largely
unexplored. Additional to a few successful molecular studies [3-6], paleontological material has
been used to study life in the oceanic crust [7,8]. Fossilized microorganisms holds paleobiological
information on organismal affinity [9-11], microbe-mineral interactions [12], and clues to early
evolution of multicellularity [13]. Microbial life in terrestrial and marine crust is usually referred to
as the deep biosphere, which today represents between one-tenth to one-third of all living biomass
on Earth while a majority of the rest are land plants [14]. However, before vegetation colonized land
(~400 Ma) the deep biosphere was the predominant reservoir for living biomass [14]. Elucidating the
fossil record of deep endolithic life is thus crucial to understand life’s history on Earth. For example
how and when eukaryotes evolved to occupy crucial habitats and how this process influenced the
eventual dominance of the total biosphere by multicellular eukaryotes. Investigations of subseafloor
paleontological material has further displayed the geobiological role deep microorganisms play,
including microbe-mineral interactions like weathering of secondary carbonates and zeolites, or
formation of Fe-, Mn-oxides and clays [8,10,12,15]. The connection between microorganisms, element
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cycling, and mineralization in these deep niches are essential for the preservation and fossilization of
microorganisms but far from understood [8].

The oceanic crust is a heterogeneous environment influenced by plate tectonics, volcanism,
sediment overburden, but also characterized by more local anomalies like hydrothermal activity and
methane seeps. Recycling and renewal of oceanic crust occur along spreading centers, subduction
zones, and seamounts, and it is mainly these areas that are sampled and studied with geomicrobiology
in mind [2]. However, the uncertainty in environmental, geological, and geochemical parameters
that drives and support deep life are still not well understood. Further investigations are needed to
understand the connection between microorganisms and their surrounding geological environment.

This study focus on veins and vesicles in pillow lavas from the 91 Ma Troodos ophiolite on
Cyprus [16]. Previous studies has shown the Troodos pillow lavas to host ichnofossils in volcanic
glass [17,18] but the current study focus on filamentous body fossils. To understand the past living
habitat of the microorganisms, the associated mineralogy and fluid inclusions were investigated. Results
indicate a direct relationship between microbial colonization, associated mineralogy, hydrothermal
fluids, and fossilization.

Geological Setting and Sampled Localities

Cyprusis a part of the Anatolian plate in the Mediterranean Sea. It developed in a supra-subduction
zone as an ocean spreading ridge in the Tethys Ocean during the Upper Cretaceous [19]. Crystallization
and formation of the ophiolite occurred below the carbonate compensation depth. Active spreading
ceased during the mid-Miocene when the oceanic crust was pushed up onto the African plate, creating
the Marmonian and Troodos Terrains [20]. Continued movement during the upper Miocene, Pliocene,
and Pleistocene contributed to accreted sedimentary sequences, the Circum Troodos Sedimentary and
the Keryneia Terrain.

We investigated samples from the Troodos Terrain and the Troodos ophiolite therein. Our focus is
on fresh basalt in pillow lavas, far from glassy cooling rims, commonly found in association with this
type of setting. The sampling was done in Mathiatis mine, an old open pit in which Au, Ag and Fe
was mined up until operations ceased in 1987. Two samples (A and B) were sampled at coordinates
Latitude 34 58'31.7, Longitude 33 20'49.3 and Latitude 34 58'31.9, Longitude 33 20747.0, respectively
(Figure 1). The mine stratigraphy involves pyrite-rich quartzite at the bottom of the mine overlain by
brecciated and chloritized basalts, followed by a younger lava flow. Sampling for the current study
was done on the basalt of the lower pillow lavas at the top. For this study only samples from the pillow
interiors were used to exclude later weathering.
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Figure 1. (A) Map of the geological zones of Cyprus. (B) Insert showing sampling locations 07A and
07B. From Google maps. (C) Bedrock map of the Mathiatis mine with sampling locations. (D) Pillow
lavas at the Mathiatis mine with sampling point 07B. Geological hammer for scale.

2. Materials and Methods

2.1. Microscopy

Thin sections were prepared by Vancouver Petrographics Limited and ABC Ahead in Poland with
a thickness of 150-200 pm according to protocols by [21]. Main mineralogy, secondary mineralization,
and opaque minerals were analyzed in thin sections using a Nikon Optiphot2 polarization microscope
fitted with a Las Ez3 camera. Putative fossilized microorganisms were determined by using a Nikon
SMZ1500 microscope equipped with a Nikon D80 camera. Optical microscopy was carried out at the
Department of Geological Sciences, Stockholm University, and the Department of Palaeobiology at the
Swedish Museum of Natural History in Stockholm.

2.2. Environmental Scanning Electron Microscopy

Environmental Scanning Electron microscopy (ESEM) was carried out at the Department of
Geological Science at Stockholm University. For this study, a Philips XL-30-ESEM-FEG650 and
energy-dispersive spectroscopy (EDS) were used. The electron beam was set to 20 kV and the probe
current to 6.00 nA at a working distance of 10 mm. Low vacuum was applied to the sample chamber,
giving rise to a conductive atmosphere layer such that carbon coating was not needed for analyses.
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2.3. Raman Spectroscopy

Raman spectra were collected at the Department of Geological Sciences at Stockholm University,
using a confocal laser Raman microspectrometer (Horiba instrument LabRAM HR 800; Horiba Jobin
Yvon, Villeneuve d’Ascq, France), equipped with a multichannel air-cooled (=70 °C) 1024 x 256 pixel
CCD (charge-coupled device) detector. Spectra were obtained with 1800 lines/mm grating. Excitation
was provided by an Ar-ion laser (A = 514 nm) source. Spectra were recorded using a low laser power of
0.1-1 mW at the sample surface to avoid laser-induced alteration of the samples. Analyses were carried
out using an Olympus BX41 microscope coupled to the instrument, and the laser beam was focused
through 80x (hand specimens, working distance of 8§ mm) and 100X (thin sections) objectives to obtain
a spot size of about 1 um. The spectral resolution was 0.3 cm™!/pixel, with a typical exposure time of
10 s and with 10 accumulations. The accuracy of the instrument was controlled by repeated use of a
silicon wafer calibration standard with a characteristic Raman line at 520.7 cm~!. The Raman spectra
were achieved with LabSpec 5 software. Minerals in thin sections and hand specimens of collected
samples were identified by Laser Raman spectroscopy and comparisons with reference spectra in the
RRUFF database [22].

2.4. Microthermometry

Microthermometric analyses on fluid inclusions in calcite were performed with a Linkam THM
600 stage mounted on a Nikon microscope utilizing a 40x long-working-distance objective. The
working range of the stage is —196 °C to +600 °C [23]. Calibration was made using SynFlinc®synthetic
fluid inclusions and well-defined natural inclusions in Alpine quartz. The reproducibility was +0.1 °C
for temperatures below 40 °C and +0.5 °C for temperatures above 40 °C.

3. Results

3.1. Mineralogy and Filamentous Structures

The mineralogy of the veins and vesicles was dominated by calcite, zeolites (analcime, mordenite),
clays (illite, smectite, montmorillonite) and iron oxides (goethite) according to Raman spectroscopy,
see results below. Filaments were found in both open (Figure 2a) and carbonate- and zeolite filled
(Figure 2b) veins and vesicles. The latter was studied by thin sections while the first just as hand
specimens. They all originate from a clay/iron oxide film lining the interior of the pore space (Figure 3a,b)
and protrude from the walls of the host rock into the pore space. The filaments occured either as single
features or in abundance, forming complex networks (Figure 2a). They were curvi-linear (Figure 2a),
frequently branched (Figure 3c), and occasionally partitioned by septa-like walls (Figure 2b insets).
The septation was mostly repetitive and divide the filaments in individual compartments, and in a few
filaments a nucleus occured in the center of each compartment (Figure 2b insets). The diameter of the
filaments ranged from 5 to 50 pm, and the length ranged from ~50 to several hundred pms. In most
cases, the length were reduced by thin section preparation or by damage in open pore spaces. Many
filaments also had a central strand that ranged from a few to 15 um in diameter, making up between
a few percent to more than half the diameter of the entire filaments (Figure 3d). The central strand
was distinct by its darker brown-red coloration compared to the greyish margins (Figure 3d), and it
was possible to see branching of the central strand following the general branching of the filaments
(Figure 3e). Occasionally, filaments in open pore space had a terminal precipitation of zeolites forming
a swelling at the filament tip (Figure 4).
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Figure 2. Microphotographs of filamentous structures in sample 07A in: (a) open vesicles, filamentous
structures mineralized by white clay (white arrows) on basalt and; (b) calcite filled vein. The filaments
protrude from the host rock/pore space interface, are curvi-linear and occur in abundance, forming
complex networks. Filaments partitioned by septa-like walls marked by red arrows in 2b (insets).
The septation is mostly repetitive and divide the filaments in individual compartments, and in a few
filaments a nucleus occur in the center of each compartment marked by white arrows in 2b insets.
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Figure 3. Microphotographs from sample 07A showing: (a) and (b) filaments originating from a
clay/iron oxide film lining the interior of the pore space; (c) branching of a filament; (d) hyphal central
strand and hyphal margins; (e) branching of the central strand following a general branching of the
filaments and mineralizations of clays surrounding the filaments.
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Figure 4. Microphotographs from sample 07A of filaments in open pore space with a terminal
precipitation of zeolites forming a swelling at the filament tip.

Raman analysis of the film lining the wall interiors, the filament margins and interiors showed
discernible peaks at 190, 265, 420 (with one shoulder at 360), 550, 615 and 700 cm™! together with the
strong wide band around 3600 cm™! (Figure 5). The wavenumbers are close to published data for
typical montmorillonite [(Na, Ca)g33(Al, Mg)2(SizO10)(OH),*nH, O] with strong bands near 200, 425
(broad band) and 700 cm™~! with a less intense peak around 270 cm™! together with a wide band around
3600 cm™! [24,25]. The peaks at 190, 265, 420 and 700 cm™! arise from SiOy tetrahedral unit vibrations.
The peak at 550 cm~! and the downshifted 270 cm™! peak to 265 cm~! indicates an Fe-rich composition,
the peak at 420 cm™ is influenced by an Al-rich composition and the peak that occur at the shoulder
at 360 cm™! is an indicator for some Mg [25]. The extra band at 615 em~tis usually not found in
montmorillonite spectra, but matches the 604 cm™! peak caused by interference of Fe>* with Si-O-Si
groups in the spectrum of glauconite [(K, Na)(Fe’t, Al, Mg);(Si, Al);O019(OH),] [25]. This extra band
may suggest that the Fe-rich nature of the montmorillonite is due to the presence of a glauconite-like
structure formed by replacement reactions of the montmorillonite. A mixture of smectite and mica is a
common clay association in marine sediments [26] and may also explain why the measured Raman
spectra are identified as montmorillonite and not nontronite. Good Raman spectra of clays may be
problematic to obtain owing to the ultra-fine texture of the material and low degree of crystallinity [25].
In places, small fragments of rutile appear in the clay (Figure 5). The wide band around 3600 cm™! is
assigned to OH vibrations (Figure 5). The appearance of an additional strong peak at 3075 cm ™! in the
filaments interiors compared to the margins suggest the presence of hydrocarbons and bands in the
range 3000-3100 cm™! that can be assigned to C-H stretches in aromatic compounds [27] or =CH, [28]
(Figure 5). The central strand is mineralized by goethite with distinct Raman peaks at 246, 300, 386, 483
and 550 cm™! in the interior of the structures (Figure 6). The presence of hydrocarbons and goethite in
the interiors are displayed by a colour variation in optical microscopy. Filaments with compartments
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partitioned by repetitive septum-like walls and globular nuclei of 1 or a few um show a content with a
few wt % P according to EDS (Figure 7).
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Figure 5. Raman spectra in the spectral range 100-4000 cm™" of a cavity wall and filament structure in
an analcime-filled vesicle in sample 07A. The spectra with peak positions in red numbers show that
both the cavity wall and the filaments are composed of a Fe-rich montmorillonite. The spectra from the
interior of the filament indicate that hydrocarbons are present with the peak at 3075 cm™!. Reference
spectra of montmorillonite after [25] have been incorporated in each spectral diagram. Rutile grains are
incorporated in the cavity wall montmorillonite.
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Figure 6. Upper diagram (sample 07A): Raman spectrum in the spectral range 100-1500 cm™! of
the interior of the filament in a calcite-filled vesicle. The spectrum shows peaks that are attributed
to goethite. Lower diagram (sample 07A): Raman spectrum in the spectral range 100-2000 cm™! of
a calcite-filled vesicle. Reference spectra of goethite and calcite after Downs (2006) [22] have been
incorporated in the figure.
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Figure 7. ESEM image from sample 07A with accompanying EDS spectra of filaments in cross section
showing a phosphorus-rich nucleus surrounded by the overall clay in the filament interior.

59



Geosciences 2019, 9, 456

Both the film linings and the filaments are seen in association with partially altered orthoclase
laths in the vesicles (Figure 8a). The acquired Raman spectra of altered orthoclase (Figure 8b) reflect a
gradual transition from orthoclase [KAISizOg] to analcime [NaAlSi;Og*HO]. The strongest Raman
bands from the orthoclase that appear at 513 cm ™!, 475 cm™! with a shoulder at 455 cm™! and 285 cm™!
are believed to result from the main T-O-T and O-T-O vibration modes where T = Si and/or Al [29].
Other weaker bands (~755, ~805 and 1124 cm™!) are also associated with structural changes in the
T-O-T and O-T-O region due to varying bond lengths and angles in the tetrahedral crystal structure [29].
A weaker band at 157 cm ™! is assigned to Si-O vibrations involving larger cations like K and Na (Me-O
in Figure 8b) in the structure [30]. In spectra A-E (Figure 8b) it can be seen that the replacement
by analcime causes the band at 513 cm™! to disappear and the band at 475 cm™ to shift to a higher
wavenumber at 482 cm™!. The band at 455 cm™ shifts towards a lower wavenumber at 389 cm™! in
analcime, whereas the moderately strong band at 285 cm™! for orthoclase shifts upwards to 299 cm™!.
In analcime, an additional band at 3560 cm ™! appear that is assigned to O-H stretching of structurally
bonded water [31]. The intensity of this band is gradually increasing from the intermediate phase
in spectrum B and absent in the unaltered part (A) of the orthoclase. Areas in the altered orthoclase
that have suffered different degrees of transition towards analcime are illustrated in Figure 8b where
areas A-B match the corresponding spectra A-E. One larger calcite crystal shows distinct twinning,
indicating temperatures <200 °C [32].

3.2. Fluid Inclusions

Fluid inclusions are in general rare in the samples but six inclusions in sample 07B with an aqueous
liquid and a vapor bubble were distinguished in one specific sample of calcite (Figure 9). Five of these
that were found in calcite veinlets, varied in size from 5 to 20 um and were irregular with angular
shapes. Such inclusions may have suffered post-entrapment modifications like stretching or leakage,
which can result in a shift to higher homogenization temperatures. The recorded homogenization
temperatures from these inclusions, 109 °C to 131 °C (to liquid), should be used with caution and
are probably somewhat too high. However, one large fluid inclusion (40 pm) that was found in a
cavity filled with well-preserved calcite has survived without leakage. The small size of the cavity and
the surrounding basaltic host rock has protected the fluid inclusion from deformation and leakage.
Homogenization temperature of this inclusion was measured at 75 °C (to liquid) which is a minimum
value for the formation temperature. Initial melting of all six inclusions was observed at temperatures
around —35 °C indicating a mixed composition dominated by Mg?*, Fe>*, Ca®* and Na* [23]. Final ice
melting occurred between —2.4 °C and —2.7 °C, corresponding to salinities from 4.0 to 4.4 eq. mass %
NaCl [33].
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Figure 8. (a) ESEM image from sample 07A of a orthoclase (Ort) and ilmenite (Ilm) crystal with alteration
rims (Ar) and associated filaments (Fi) as well as film lining (Fl) the mineral surfaces embedded in an
analcime (Ana); (b) Raman spectra in the spectral range 100-4000 cm™! of an altered orthoclase crystal
shown in the uppermost microphotograph and its position in the sample (lowermost microphotograph).
The Raman spectra A-E illustrate the transition from the endmember feldspar identified as orthoclase
(red spectrum A) to the endmember zeolite identified as analcime (blue spectrum E) with intermediate
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phases represented by red- to blueviolet spectra B to D. Band positions are indicated by wavenumbers
(cm~1) on the red spectrum for orthoclase and on the blue spectrum for analcime. The spectral range
for vibrational bands Me-O (Me = K, Na), T-O-T and O-T-O (T = Si, Al), and OH is given on top of the
diagram. The spectra in the diagram correspond to the areas marked A-E (with the same color) in
the middle microphotograph. These areas represent different zones of the gradual transition from the
original orthoclase still left in the core to the final phase analcime along the margin of the crystal.
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Calcite-filled
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Figure 9. Upper panel: Microphotograph from sample 07B of a large aqueous fluid inclusion in a
calcite-filled cavity. Lower panel: close up of the same fluid inclusion.
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4. Discussion

4.1. Biogenicity

The following criteria are used to test the biogenicity of the possible biological textures in the
pillow lavas: 1) the geological context, 2) the syngenicity and indigenousness to the rock and secondary
minerals, 3) the morphology, and 4) the composition of the putative fossils [21,34-36].

1) The filamentous structures are found in both open and filled veins and vesicles in pillow lavas
that represent ocean crust of Cretaceous age [19]. Similar filamentous structures has been described
from both modern oceanic crust [7,10,12,37] and ophiolites [38,39], and interpreted as fossilized
microorganisms. In previous papers, volcanic glass in pillow lavas from Troodos have been shown to
host ichnofossils interpreted as morphological remains of microbial activity that occurred prior to the
oceanic crust was pushed onto the African plate [17,18]. Furthermore, the oceanic crust is known to
host a substantial deep biosphere [12,40], thus, the geological context of the samples is compatible
with microbial life.

2) The filaments protrude from the montmorillonite film lining the walls of the pore space and
both consist of the same clay, thus the film and the filaments are contemporaneous. No secondary
mineralization occurs between the vesicle/vein walls and the suggested microfossils, thus the putative
microorganisms colonized the rock during the first alteration stage prior to the formation of the
vein-filling carbonates. The filaments are totally mineralized by clays and iron oxides formed by
circulating hydrothermal fluids (see Sections 4.2-4.4), and are thus not modern contaminants. Where
the filaments are encapsulated by carbonates or zeolites, the secondary mineralization post-dates the
growth of the putative microorganisms. Precipitation of secondary minerals and subsequent filling of
the voids normally happens 10-20 Ma after formation of the host rock [41]. The ophiolite was emplaced
onto land some 20 Ma ago, giving a minimum age of the putative fossils [20] indicating that the
microorganisms are syngenetic to early hydrothermal fluids rather than being a modern colonization.

3) No abiotic process is known to form micro-structures with morphologies and growth patterns
as those described here. However, there is a substantial literature on microbial fossils in oceanic
crust and ophiolites identical to the current structures [12,38] and the references therein. The initial
forming of a film lining the interior of the vein/vesicle walls, the subsequent perpendicular growth
from the walls into the open pore space, and mineralization by clays and iron oxides is identical to
previously described fossilized microorganisms from subseafloor crust and ophiolites, of which most
have been interpreted as remains of filamentous endolithic fungi [7,12,37-39,42]. Also, the curvi-linear
appearance, the branching, occurrence of a central strand and repeated septations are typical for such
filamentous microfossils. No conidia was observed. The width of the filaments ranging between 5 and
50 um cannot be used as a reliable criterion for biogenicity or to discriminate between prokaryotes
or eukaryotes since big bacteria are known to have diameters up to 1 mm [43]. Fungal hyphae are
known to have diameters between 227 um, but fossilized hyphae from the ocean floor have been
shown to possess wider diameters at times [8,10]. No obvious mineral growth during diagenesis can
be seen on the filaments, but due to the thick diameters, it cannot be entirely ruled out. Many of
the filaments contains a central strand mineralized by iron oxides and organic matter according to
Raman spectroscopy. This could either represent shrinkage of the cytoplasm during fossilization or the
remains of thick cell walls [37]. Occasionally, the filaments have repetitive septa resulting in cell-like
compartmentalization. Spherical micron-sized textures are found in these compartments, usually
containing P (detailed description under point 4). This could also either represent shrinkage of the
cytoplasm during fossilization or the possible remains of a cell nucleus. Due to the defined spherical
shape, the coherence throughout each compartment, and the exclusive presence of P to the nucleus we
suggest the latter. The presence of a viable cell nucleus would exclude a prokaryotic interpretation
and be in favor of a eukaryotic interpretation. The filaments appear to have a mycelium-like network,
similar to that found among fungi [44], and more or less identical to previously described fossilized
fungal mycelium in the igneous oceanic crust [8,10,12]. Actinobacteria are the only known prokaryotes
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that form mycelia but have diameters up to 2 um, thus, are excluded due to the large diameters among
the current filaments [45]. In the absence of a known abiotic explanation, and the consistency with a
well-known fossil record of the oceanic crust [12], and the references therein, a biological explanation
for the morphological characteristics of the current microstructures are the most conceivable.

4) EDS and Raman show that the filaments consist of smectite with a composition of Fe-rich
montmorillonite corresponding to fossilization of microorganisms in basaltic crust [12]. EDS also
shows P enrichment in possible cell-like interiors, which could be biologically derived. Phosphorous
is one of few elements required for all life regarding energy acquirement, genetic information and
building membranes [46-48]. Cells containing P are usually consumed by microorganisms during
diagenesis. Oxic waters, however, promote preservation of P both through the formation of insoluble
P compounds, but also through adsorption and co-precipitation of P onto ferrihydrites [49]. The latter
could explain why P has been preserved in the iron-rich central strands.

Some filaments have a carbonaceous content preserved in the central core, according to the Raman
analysis (Figure 3). This carbonaceous material is believed to be indigenous to the filaments, and thus
represent remains of primary organic matter, which would suggest a biological origin.

The above criteria for biogenicity have been addressed and successfully fulfilled in favor of a
biological interpretation. It is further suggested, based on the morphological features that the filaments
represent fossilized fungal hyphae rather than filamentous prokaryotes.

4.2. Hydrothermal Conditions of the Habitats

Modern hydrothermal vent areas have temperatures between 350 °C—400 °C along the active axial
ridge, which decreases gradually from the spreading center [50]. For Troodos, discharge temperatures
were between 300 °C-350 °C [51]. One larger calcite from the Mathiatis mine shows distinct twinning,
indicating temperatures <200 °C [32]. Homogenization temperatures of fluid inclusions in the calcite
from the Mathiatis mine further show temperatures >75 °C. Calcite formation in the sheeted dikes
on Cyprus has been estimated to 75 °C-100 °C and is considered to be somewhat higher than calcite
formation in the lavas [52]. Zeolite and smectites indicate temperatures <100 °C, and mordenite also
indicates temperatures <100 °C [53]. Celadonite is usually formed at temperatures <50 °C, where a
previous study has given a formation temperature between 15 °C-20 °C for celadonite on Cyprus, and
celadonite found together with saponite in basaltic rocks showed formation temperatures between
50 °C-90 °C [54]. The Raman analysis showed poorly crystalline carbon in the fossilized fungi, which
indicates temperatures <150 °C [55-58].

Hydrothermal alteration of the Troodos pillow lavas is given by celadonite and Fe-rich oxides,
followed by saponite seen in the vesicles and veins. This stage of alteration should have occurred at
temperatures <50 °C for celadonite, and <75 °C for saponite. This sequence is seen in most of the
samples, though celadonite is sparse, and saponite is much more abundant. Secondary filling suggests
two additional later events with hydrothermal fluids, where the first precipitated Na or Ca zeolites
with temperatures <100 °C. The last event precipitated Ca carbonates with temperatures >75 °C.

The organisms thrived in open vesicles prior to secondary precipitation of zeolite or calcite. Thus,
this gives a temperature window ranging from ~50 to 75 °C in which the microorganisms could have
occurred. The lower range of these temperatures are within the upper temperature maximum for fungi,
which is 62 °C [59], while the higher temperature range is above the fungal temperature maximum.
This suggests that temperatures partially were within the known temperature limits for fungi during
colonization. Furthermore, calcite forms as fluid temperatures increase in the system, and previous
studies combining microfossils and fluid inclusions have shown that the temperatures were lower, and
within the temperature window for life, in between hotter, mineral-forming pulses of fluids [60].

Basaltic fluids have a general pH between 8-10, but hydrothermal alterations can change the pH
in the host rock, where decreasing Mg increases the pH [61,62] Cold oceanic water has a pH between
7-8, which mixes with the magmatic fluids that have a pH between 4-6 when it percolates down into
the oceanic floor [63]. During its rise to the ocean floor, pH and/or redox changes will precipitate the
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elements in dissolution, creating new minerals. The high clay content in all the samples indicates pH
higher than 5 [64]. Mordenite is usually found in environments with a pH between 7-9 [65], analcime
is found in environments with pH higher than 8 [66], while Ca carbonates are found in environments
with pH higher than 8-9 [67]. Living fungi in aerobic environments have been cultivated and show a
preference for pH around 4.5-8.3 [68], and studies of living fungi from subterranean environments
shows that they can survive in extreme environments with pH up to 10 [69].

4.3. Mobilization of Elements

K and Fe are two of the most abundant cations found in all living organisms. They help control
biochemical functions and growth, and the uptake of these ions is thus essential for the microorganisms
to survive [70,71]. In the samples, fossilized microorganisms are often found in direct contact with
interstitial K-feldspar and Fe oxides (Figure 8b). The Fe-oxides that are in direct contact with the
fossils shows no recrystallization along the edges, which indicates either none or Fe-dissolution on a
smaller scale than our methods could discern. Recrystallization of K-feldspar at the edges is due to
mobilization of K* and recrystallization with Na*, either abiotically or biologically mediated. The close
association with the fossils suggest the latter. Fungi are known to secrete chelating compounds such as
siderophores or organic acids to dissolve minerals [72,73]. Biofilm formation is a microbial strategy to
initiate microbe—mineral interactions and control micro-environments including surface properties
and surface charges [74,75].

The high abundance of fossils and the fact that the samples are from a mine may be due to higher
metal content, as well as higher temperatures of the hydrothermal fluids, giving rise to more dissolved
ions from the host rock in general. However, the high abundance of putative fungal fossils in the ores,
and the connection to a high metal content is probably indirect. Chemoautotrophic prokaryotes favor
metal availability and would therefore fix carbon from the CO, in the fluids, while oxidizing metals
that are available in the hydrothermal system. A higher abundance of prokaryotic biomass would
mean an increased pool of carbohydrates available for the heterotrophic fungi. Thus, the high fungal
abundance in the ore might be a secondary result of a higher chemoautotrophic activity closer to the
hydrothermal system. The higher abundance of fungi could also be due to better preservation since
more elements for fossilization is available with increasing hydrothermal activity. We believe that
with increasing metal content and higher temperature of the hydrothermal fluids (i.e., more dissolved
elements), a combination of both these possibilities is likely.

4.4. Fossilization

Fossilization of the microorganisms by clays and iron oxides occurred as elements in the fluids
successively replaced the organic material. Subsequent mineralization precipitated within or between
the cells in the organisms, leaving remains of organic matter in the fossil interiors as revealed by
the Raman analysis. There is a known connection between clay minerals and the polymerization of
biomolecules, as well as complex biopolymers [72,76-78]. Biomolecules can adhere to vacant sites in
clay minerals and there is a molecular structure between the both that favors this coupling. Ivarsson
et al. (2013) [7] argued that the fossilization process of subseafloor fungi start while the organisms
were still alive, based on the non-dehydrated morphology lacking among dead fungi [79]. During
fossilization of the microorganisms in the current study, as well as in previous studies [7,37], this
coupling may be of importance in describing how organic molecules can recrystallize into clays.
Hydrocarbons contain single bonds that are easy to break. The element-rich fluids that enter the host
rock should be able to start recrystallizing the organic molecules by breaking the single bond between
the carbon and hydrogen, opening a negative carbon site. Montmorillonite smectite was found as the
more common fossilization mineral of the fungi. This is a 2:1 structured clay mineral that consists
of 2 repetitive TOT layers. Because of the layered structure in clays, elements are attracted by weak
electrostatic bonds making it easy to build the next layer. The TOT structure has an overall negative
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charge, which is balanced by inter-layered cations between the TOT layers, usually by cations like K,
Na, Ca and water molecules.

EDS and Raman analysis of hyphae in cross-section show that the clay ranges from Mg-rich in the
core to Fe- and K-rich in the outer wall, with enrichment of Ti in between. Since K and Fe is thought
to have been absorbed by the living organisms, these cations are readily available in situ, while Mg,
Ti, Na and Ca most likely have been added by later hydrothermal fluids. All the elements, except
Ti, are probably enriched from the seawater, or by the dissolution of the basalt. Mg, however, could
also have been dissolved during the breakdown of the clinopyroxene and the olivine in the original
host rock. Ti could be probably delivered with the magmatic water and precipitated when pH and
temperature changes. Besides, clay and rutile crystals are found in vacant sites of the montmorillonite,
and goethite is found in the central strand. The fossils appear to be localized around Fe-oxides, where
Fe enrichment is also seen in the clays. Goethite in the fungi might therefore have been due to a high
Fe content, and fossilization into an oxide was preferred prior to clay formation, or the fungi might
have already deposited the oxide while it was alive. Similar oxide-rich strands have been found in
other studies [10,12]. Based on the hydrothermal history, fossilization in these samples might have
occurred in the following way:

Microorganisms are introduced into the system with the early low temperature hydrothermal
fluids, responsible for the celadonite and saponite alteration. This is followed by a second hydrothermal
event with Na, Ca and Si-rich fluids precipitating zeolites, increasing the general pH in the system,
as well as the temperatures, and thus stressing the microorganisms to start precipitate clay and oxide
minerals as a defense mechanism [7]. The last stage of hydrothermal fluids precipitates Ca carbonates,
killing the microorganisms due to too high temperature and pH. Total fossilization probably occurred
before total encapsulation, based on fossilized, partly or non-encapsulated microorganisms found
in the samples (Figure 2e,f). Hyphae have zeolite precipitated at the tip, which could indicate that
the charged surface of these microorganisms might have been a favorable nucleation site. Because
the hyphae in the sample show the inner strand in the zeolite encapsulation; this indicates that these
microorganisms were encapsulated first after fossilization occurred, since the filament is broken off
showing the inner strand. Thus, fossilization seems to be highly dependent on both fluid composition
as well as rate and time of secondary precipitation.

5. Conclusions

This study focuses on filamentous fossils from the Troodos ophiolite (91 Ma), Cyprus. Based
on fungal characteristics such as size, growth behavior, hyphae, frequent branching, central strand,
repetitive septa, and potential cell nucleus, a fungal interpretation was inferred for the fossils. Microbial
colonization is found on K- and Fe-rich minerals, which they probably adhere to for elemental
dissolution. Fossilization of the microorganisms has mainly been done by Fe- and Mg-rich clays, where
some fungi have been fossilized by goethite in the central strand, and rutile crystals in vacant sites
of the montmorillonite. Elements such as Mg, Ca, and Na have been introduced with the oceanic
water, and Ti with the magmatic water. Fossilization was initiated during temperature and pH changes
of later hydrothermal activity, where at least three hydrothermal events can be identified. An early
hydrothermal event was initiated with temperatures <75 °C, precipitating celadonite and saponite
in open vesicles and veins, as well as introduced microbial life into open pore spaces. A second
event with temperatures <100 °C precipitated Na and Ca zeolites, increasing the pH to 7-9, stressing
the microorganisms into starting to adhere clays as protection. Fossilization was finalized with a
last hydrothermal event with temperatures >75 °C, precipitating Ca carbonates, increasing pH to
>8-9, as well as making the environment inhabitable for the microorganisms. We, thus, suggest the
hydrothermal fluids, temperature, as well as the rate and time of secondary precipitation in open
vesicles and veins are the main factors that control preservation.
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Abstract: The exploration of the deep biosphere continues to reveal a great diversity of microorganisms,
many of which remain poorly understood. This study provides a first look at the microbial community
composition of the Costa Rica Margin sub-seafloor from two sites on the upper plate of the subduction
zone, between the Cocos and Caribbean plates. Despite being in close geographical proximity,
with similar lithologies, both sites show distinctions in the relative abundance of the archaeal
domain and major microbial phyla, assessed using a pair of universal primers and supported by the
sequencing of six metagenomes. Elusimicrobia, Chloroflexi, Aerophobetes, Actinobacteria, Lokiarchaeota,
and Atribacteria were dominant phyla at Site 1378, and Bathyarchaeota, Chloroflexi, Hadesarchaeota,
Aerophobetes, Elusimicrobia, and Lokiarchaeota were dominant at Site 1379. Correlations of microbial
taxa with geochemistry were examined and notable relationships were seen with ammonia, sulfate,
and depth. With deep sediments, there is always a concern that drilling technologies impact
analyses due to contamination of the sediments via drilling fluid. Here, we use analysis of the
drilling fluid in conjunction with the sediment analysis, to assess the level of contamination and
remove any problematic sequences. In the majority of samples, we find the level of drilling fluid
contamination, negligible.

Keywords: subsurface; sediment; bacteria; archaea; deep biosphere

1. Introduction

Scientific drilling programs (Deep Sea Drilling Program-DSDP, Ocean Drilling Program-ODP,
Integrated Ocean Drilling Program-IODP, and the International Ocean Discovery Program-IODP)
have enabled successful studies of microbiology in the deep marine sub-surface. The Peru Margin,
Canterbury Basin, Nankai Trough, and Cascadia Margin are just a few of the areas of sediment drilled
in order to examine the deep biosphere [1-4]. However, many areas of ocean sediment remain to
be explored. This study provides the first information on microbial community composition and
potential biogeochemical relationships present at one of these previously unexplored locations. The
Costa Rica Margin sub-seafloor has been targeted by the larger IODP community, due to the unique
properties and history of the erosive subduction zone, between the Cocos and Caribbean plates [5]. The
Costa Rica subduction system is of interest as it may be a tangible way to see the connection between
geology and biology, as influenced by subductive processes [6]. For the deep biosphere, this location is
a useful comparison to those that have been investigated previously in other coastal margin locations
(for example: Peru, Nankai, Cascadia margin). While some previous margin studies have shown
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archaea to constitute only a very minor portion of the microbial population of the seafloor [3,7,8],
others have suggested a greater influence [9,10]. The environmental conditions in the sub-seafloor that
constrain archaeal abundance are currently unknown, and the dominant microbial populations of the
Costa Rica Margin are also unknown.

In addition to examining the microbial community composition, this paper also examines the
influence of drilling fluid contamination in deep sediment cores. While numerous sub-seafloor
sediment microbial communities have now been examined, much of the research has been focused on
the first 100-200 m of the sediment column, as this is generally the depth at which advanced piston
coring (APC) is successful. Beyond these depths, the sediment column becomes more compacted,
requiring extended core barrel (XCB) drilling. Contamination control protocols, developed during
ODP Leg 185, and applied during most of the microbiological sampling thereafter, have shown that a
substantial increase in penetration of contaminating drilling fluid into the sediment core occurs after the
switchover to XCB coring [11-13]. Since contaminating microbes may mask or out-compete indigenous
subsurface life, current practices focus on reducing the potential for contamination introduction, which
has limited most microbiological research to APC-retrieved samples. While it may not be possible,
with current drilling methods, to entirely eliminate the contamination of samples during XCB drilling,
several studies suggest that the development of methods to investigate indigenous subsurface microbes,
despite the presence of contaminating microbes, is worth pursuing [14,15]. Identifying the methods
of handling the potential contamination of XCB coring would allow an increased usage of deeper
samples for studies of the deep biosphere. Hence, another important feature of the present study, is the
utilization of XCB-drilled sub-seafloor sediment cores, through the concurrent molecular analysis of
both the sediment samples of interest, and the drilling fluid used in obtaining those samples.

Initial DNA-based studies of the sub-seafloor microbial community composition utilized PCR
reactions, targeting the 16S rRNA gene, followed by the construction of clone libraries, in order
to amplify DNA fragments prior to Sanger sequencing, from which one would generally obtain
several hundred DNA sequences to analyze, as reviewed in [16,17]. In contrast, next-generation DNA
sequencing methods, not only eliminate the need for extra steps involved in clone library creation, and
thus reduce bias, but also reduce the time and cost of sample preparation. These high throughput
sequencing methods allow a more confident assessment of microbial community composition, including
the ability to analyze in-situ samples with different measures of contamination [18]. Given the nature of
the sampling process used for sub-seafloor microbiology, it is important to have a solid understanding
of the potential influence of drilling fluid contamination on molecular-based community composition
and diversity analyses. While few studies have looked at the composition of drilling fluid microbial
communities [14,19], there is still need for a comprehensive examination of the potential influence
of those sequences on in-situ community analyses. A direct comparison of the lineages found in the
sediment samples to those found in the drilling fluid, used in obtaining those samples, from both
advanced piston coring (APC) and extended core barrel (XCB) methods, would allow for isolation of
the in-situ signal. This type of analysis was recently produced for samples from the R/V Chikyu drilled
by different methods, and the successful identification and removal of potential contaminants was
demonstrated [18].

In the following, we present the first microbial community analysis of the Costa Rica Margin
sub-seafloor environment, using 16 sediment samples obtained during IODP Expedition 334. We
provide a thorough comparison of the community composition of the sub-seafloor sediment samples
to that of a sample of the drilling fluid used to obtain the samples during coring operations. We used a
16S rRNA primer set, designed to target both domains for high throughput PCR-based sequencing.
In order to provide some means of analyzing the accuracy of the primer set, as all PCR primers are
subject to bias, we include further testing results of the primer set used on several environmental
samples where the expected archaeal: Bacterial ratio is well known, and supplement PCR results with
those of metagenomic sequencing, which does not utilize specific primers. We determine shifts in the
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community composition, with depth and with sampling site, and assess correlations between microbial
taxa and environmental chemistry.

2. Materials and Methods

2.1. Sample Collection

Sediment samples were collected in March and April of 2011, from sites 1378 and 1379 of IODP
Expedition 334, Costa Rica Seismogenesis Project (CRISP: Figure 1, Table S1). Detailed site descriptions
can be found in the IODP Proceedings for Expedition 334 [5], but those descriptions are summarized
as follows: Both sites were located along the Costa Rica Margin, on the upper plate of a convergent
plate boundary between the Cocos plate and the Caribbean plate (part of the larger Middle America
Trench system). At Site U1378, located on the middle slope region 38 km offshore of the Osa Peninsula
of Costa Rica, sediment extended ~750 m to the upper-plate basement. Coring was successful down
to a total of 523 m below seafloor (mbsf), at which point hole conditions prevented further drilling,
with the first 128 m taken with the APC coring system before switching to the XCB system [5]. At Site
U1379, located on the upper slope region 34 km offshore of Osa Peninsula, sediment extended ~890 m
to basement. Coring was successful all the way through the sediment and into the upper basement,
with the switchover from the APC to XCB system, occurring at 91 mbsf. The sediments at both sites
were described as being dominantly silty clay to clay, with interspersed sandy layers (cm scale for
Site 1378 and decimeter scale for 1379) [5]. At site 1378, tephra layers were observed between 0 and
128 mbsf, whereas tephras were located below 177 mbsf at Site 1379. Cell counts performed in the
upper 250 m of sediments from Site 1378 and the upper 215 m of sediment from Site 1379 ranged from
10° and 108 cells per cubic centimeter and generally declined with depth [5].

U1380
347 mbsf
U1381 Jrut3zs HrU1379
164 mbst 526.7 mbsf 949 mbsf Osa Peninsula— .

~35 km to section

0

Depth (km)
(9]

20 30 40 50 60 70
Distance (km)

Figure 1. Wide-angle seismic section showing locations and depths of sites drilled during International
Ocean Discovery Program (IODP) Expedition 334. Stars indicate sites utilized in current study [5,20].

Microbiology samples were obtained at intervals down to 500 mbsf at 1378 and 780 mbsf at 1379.
The microbiology samples, retrieved during this expedition, were always taken from the section of
sediment core immediately adjacent to samples used for pore-water geochemistry analyses. Further,
samples were taken with great care to reduce any possible sources of outside contamination. Whole
round sediment core samples were cut from the intact core sections on deck with sterile instruments.
These whole round cores were subsampled with modified sterile syringes (luer-lock end removed to
allow large opening) after the removal of the upper few millimeters of sediment from the core surface.
Subsamples were then immediately placed into —80 °C freezers and were kept frozen until subsequent
DNA extraction. Additionally, a sample of the drilling fluid, used during operations on this cruise,
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was taken directly from the supply in-use during drilling at site 1378 and stored at —80 °C until later
DNA extraction.

Three additional samples were utilized for the purpose of supplementary testing of our 16S
rRNA universal primer set. The Dead Sea water sample was obtained in 2007, and details have been
previously described [21]. The Pacific Ocean seawater sample was collected during IODP Expedition
334, from sampling surface water while stationed at Site 1379 on 25 March 2011. Lastly, the anaerobic
digester effluent sample was extracted from a lab-scale fixed-film anaerobic digester system located at
Penn State University Department of Geosciences.

2.2. DNA Extraction

PCR-amplifiable DNA was successfully extracted from 9 samples from site 1378, 9 samples from
site 1379, and the sample of drilling fluid. DNA was extracted using the PowerSoil DNA Isolation Kit
(MO-BIO Laboratories, INC., USA) according to the manufacturer’s protocol with modifications as
follows. For the sediment samples, 4 aliquots were used per sample, each 0.3-0.4 g. For the drilling
fluid, 4 aliquots of 200 uL each were used. After the addition of solution C1 in the beginning of
the protocol, the samples were incubated in a 65 °C water bath for 15 min. Following this step, for
each sample, 2 of the replicates received 20 s. of bead beating and 2 received 30 s, and all 4 were
combined during the elution step of the extraction, to concentrate retrieved DNA. The extractions
for each sample were carried out independently to avoid cross-contamination, and each was done
with a blank as well, to which no sample was added, but on which all steps of the procedure were
carried out. A representative extraction blank was selected for sequencing as a quality control measure
(though all blanks were checked with PCR and no bands were visible). Additionally, all extractions
were performed in a laminar flow hood located in a PCR-free laboratory.

Extraction of DNA from the 3 supplementary samples used for primer validation was as follows:
1. Dead Sea sample: DNA extraction was carried out previously as described [21]; 2. Pacific Ocean
seawater sample: Approximately 235 mL of the seawater sample was passed through a Sterivex-GV
Durapore 0.22 um filter (EMD Millipore Corp.), from which the filter was then removed and placed
into a bead tube from the FastDNA Spin Kit for Soil (MP Biomedicals). DNA was then extracted
following the manufacturer’s protocol. At the final step, DNA was eluted to a volume of 100 pL;
3. Anaerobic digester effluent sample: DNA was isolated, using a Powersoil kit (MoBio), according to
the manufacturer’s instructions, with 40 s of bead beating.

2.3. 165 rRNA PCR and Amplicon Sequencing

For 16S rRNA analyses, a fragment of the gene encompassing the V6-V9 hypervariable regions
was targeted with the primer pair 926F (5'- AAACTYAAAKGAATTGRCGG-3") and a modified
version of 1392R (5-ACGGGCGGTGTGTRC-3’), developed previously for amplification of DNA from
oil sands [21]. The primers were modified further with the addition of 454 Life Science’s A or B
sequencing adapters, as well as multiplex identifier (MID) tags permitting multiple samples to be
sequenced together. PCR reactions were set up utilizing illustra PuReTaq Ready-To-Go PCR beads
(GE HealthCare), with 10 uM of each the forward and reverse primers, and 2 pL of extracted DNA
in a total volume of 25 uL. PCR cycling conditions included an initial 5 minute denaturing at 94 °C,
followed by 32 cycles (for Costa Rica sediment samples) of 1 min 94 °C, 30 sec at 53 °C, and 2 min
at 72 °C, followed by a final 10 minute extension at 72 °C. For the Pacific Ocean seawater sample,
only 25 cycles were needed, and for the anaerobic digester sample, 4 separate PCR reactions were
run with 15, 20, 25, and 30 cycles, in order to analyze possible effects of cycle number on community
composition analysis. PCR cycling conditions for the Dead Sea sample were as described [21]. All PCR
products were gel-purified using a PrepEase Gel Extraction Kit (Affymetrix, Inc.) according to the
manufacturer’s instructions. Sequencing was carried out at the Pennsylvania State University on a
Roche 454 Genome Sequencer FLX+ sequencing system (454 Life Sciences) using Titanium chemistry.
Amplicons were sequenced in one direction only.
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2.4. 165 rRNA Amplicon Data Analysis

Sample demultiplexing was performed using the mothur package [22], as well as some preliminary
quality controls, eliminating sequences shorter than 100 bp, with more than one mismatch in their
barcode sequence, or with more than 2 mismatches in their primer sequence. In addition, sequences
were screened by quality score using the “qwindowaverage” function in mothur, set at a quality
of 35. Resulting individual fasta files were then processed with the NGS analysis pipeline of the
SILVA rRNA gene database project (SILVAngs 1.0) [23]. This pipeline included alignment with the
SILVA Incremental Aligner (SINA v 1.2.10 for ARB SVN (revision 21008)) [24] against the SILVA SSU
rRNA SEED as well as quality control steps [23]. Specifically, reads that had fewer than 50 aligned
nucleotides and/or more than 2% ambiguities or homopolymers were excluded from further analysis,
as well as putative contaminants, artefacts, and reads with low alignment quality. The remaining
sequences were de-replicated and clustered into OTUs on a per sample basis, using cd-hit-est (version
3.1.2) [25] running in accurate mode, ignoring overhangs, and applying identity criteria of 1.00, and 0.98,
respectively. A reference sequence from each OTU was classified using a local nucleotide BLAST search
against the non-redundant version of the SILVA SSU Ref dataset (release 115; [26]) using blastn (version
2.2.28+; [27]) with standard settings [28]. Because of some of the limitations in BLAST, classification
was only assigned to a read if the value of the function (%sequence identity+% alignment coverage)/2
was greater than 93. Unclassified reads were assigned to the group “No Relative.” Classifications of
the reference sequences were then mapped onto all reads within their respective OTUs. Additional
information on the processing of sequencing blanks is available in the supplemental material.

2.5. Metagenomic Sequencing and Analysis

Five of the six Costa Rica sediment samples were sequenced on an Illumina HiSeq, while one
was sequenced with 454 Life Sciences pyrosequencing technology. For the 3 samples from Site 1378,
extracted DNA was sent to the Marine Biology Laboratory (Woods Hole, MA, USA) had libraries
constructed and were sequenced on an Illumina Hiseq 1000. Libraries were constructed to be ~170bp
long molecules with ~25-30 bp partial overlap between pairs of reads. Each sample received 1/6th of a
lane of sequencing. The sample from 2.88 mbsf had 79,382,253 sequences, 32.29 mbsf had 33,398,960
sequences and 93.98 mbsf had 31,536,056 sequences. For 2 samples from site 1379 (22 mbsf and
45 mbsf) extracted DNA had libraries were constructed with a 350 bp insert and was sequenced by
the Schuster lab at Penn State University on an Illumina HiSeq 1000. Each sample received about
1/9th of a lane of sequencing. After removal of adapter sequences, and due to quality issues the first
15 nucleotides and any sequences with ambiguous bases, the sample from 22 mbsf had 118,990,546
sequences, and that from 45 mbsf had 19,804,126 sequences. One additional sample from 1379 (3 mbsf)
was sequenced with a different method as it was originally sequenced for a different study. This sample
was also sequenced by the Schuster lab, but on a Roche 454 Genome Sequencer FLX sequencing system
(454 Life Sciences) with Titanium chemistry. The sample had 300,922 sequences with an average length
of 529 bp. Metagenomic sequencing information for primer validation samples is provided in the
supplementary material.

Metagenomes, resulting from the 454 sequencing platform, were quality controlled using the
prinseq program [29]. Parameters were set to remove any sequence shorter than 60 bp, longer
than 800 bp, with an average quality score less than 20, with greater than one ambiguous base,
and all replicates. Metagenomes resulting from Illumina sequencing were quality controlled using
the trimmomatic program [30] and default parameters. All metagenomes reads were subsequently
assigned to taxa using the Kaiju web server [31]. Reads were annotated against the nr + euk database
using the greedy run mode with a minimum match length of 11, minimum match score of 75, and five
allowed mismatches. Metagenomes were also classified using marker genes by the PhyloSift program
using default parameters [32]. In order to standardize analysis across sequencing platforms, we found
that using 1 million of the shorter, paired-end Illumina reads, resulted in a similar percentage of protein
coding genes being detected as the full dataset (300K reads) of the longer 454 reads.
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2.6. Correlations

Geochemical data was obtained from the IODP data repository, with refinements from a shipboard
geochemist ([5]; E. Solomon, pers. comm.; (Br Data) [33]; (Sr, B, and Li Data) [34]). The software
package SPSS Statistics (IBM) was used to run bivariate correlations between microbial phyla and
geochemical parameters, using the default settings for this function. For each phylum, all geochemical
correlations were run simultaneously, allowing for the calculation of significance values taking into
account the total number of variables tested. These tests produced Pearson Correlation Coefficients
and associated significance values (from a 2-tailed test) for each pair of variables tested.

2.7. Accession Numbers

All new amplicon and metagenomic datasets for this study have been deposited in the EMBL-EBI
European Nucleotide Archive (ENA) under the study accession number PRJEB11766. The metagenomic
and amplicon datasets from the Dead Sea samples were obtained from previously published studies [21,35].

3. Results and Discussion

3.1. Microbial Community Analysis Reveals High Proportion Archaea

Eight samples from Site 1378, and seven samples from Site 1379, were used to examine the
microbial community composition of the Costa Rica Margin sub-seafloor environment by amplicon
sequencing using universal primers. Examining the results of the 165 rRNA data analysis, we found
a significant proportion of archaea represented at both sites (Figure 2, Panel A). For Site 1378, the
proportion of total classified amplicon sequences identified as Archaea was 58.4% for the shallowest
sample examined (2.88 mbsf). The proportion of archaea then declined to 23.7% at 32.29 mbsf, which
is no longer greater than bacteria, but a significant portion of the population remaining through
158.24 mbsf. The lowest proportion was then observed at the greatest depth, with only 1.3% of
sequences from the 329.1 mbsf sample. At Site 1379, sequences identified as archaea made up 60.9% of
classified amplicon sequences for the shallowest sample analyzed (2.90 mbsf), out-numbering bacterial
sequences from that depth. However at this site, archaea remained dominant with depth, with more
archaeal sequences than bacterial sequences at 3 additional depths: 67.28 mbsf (60.4%), 89.38 mbsf
(66.9%), and 115.07 mbsf (71.7%). Of the 3 depths where this was not the case, the lowest that the
archaeal proportion dropped was to 26.0% of sequences identified, which occurred in the deepest
sample at 211.53 mbsf. It should also be noted that the greatest proportion of archaea at Site 1379
occurred not in the shallowest sample, but rather at 115.07 mbsf (71.7%).

One of the major differences in these sites is sedimentation rate, which would potentially vary
the composition of organic matter at depth [5]. More archaea may be at Site 1379, due to its nearly
doubled sedimentation rate compared to Site 1378, which suggests more readily available organic
matter is delivered to depth. Previous margin work suggests the majority of subsurface archaea are
heterotrophic and would be reliant on this organic matter [9,10]. However, detailed measurements on
the state of organic matter are not available from this site and beyond the scope of the current study,
leaving us with this testable hypothesis for the future.

While the primers were not designed to target Eukaryotes, some matches occurred, and were
left in the domain-level analysis, in order to show that there is evidence of a Eukaryotic signature in
some locations at these sites (Figure 2; Panel A). Because the primers are not optimized for Eukaryotes,
however, it should be cautioned that these data likely do not provide an accurate representation of
the abundance or diversity of Eukaryotes. In the domain-level analysis presented, the matches to
Eukaryote sequences represented much less than 1% of the total classified sequences for most samples,
with exceptions at Site 1378 of 2.3% identified at 158.24 mbsf and 9.1% identified at 329.1 mbsf.

76



Geosciences 2019, 9, 218

A. 165 rRNA amplicons B. Protein-coding from C. Phylosift marker genes
1378 metagenome from metagenome

5220

6352

9398

12478

15824

2109

3201

2208 2208 208

4538 4538 4538

728 67.28 6728

"

238 89.38 838

11507 115,07 1507

21 21153 21153

W%Eukarya I %Bacteria M%Archaea

Figure 2. Relative proportions of Bacteria, Archaea and Eukaryotes for Sites 1378 and 1379 assessed
using 3 methods. Shown are the percentages of total classified reads for each method. A. 16S rRNA
amplicons produced via PCR with universal primers were classified with the SILVAngs pipeline. B.
Protein-coding genes from metagenomic sequences were classified using Kaiju. C. A set of phylogenetic
marker genes from the metagenomic sequences were classified using Phylosift.

Due to the known bias created by PCR primers, we endeavored to assess the utility of our primer
set as “universal” 16S rRNA primers through several confirmation tests. First, we used a second
method of analysis on a selection of our Costa Rica Samples to see if any significant discrepancies
were observed. We performed metagenomic sequencing on 3 samples from Site 1378 and 3 samples
from Site 1379. Metagenomic sequencing does not rely on specific PCR primers, and so bias from
primer specificity is not a factor, although other biases still exist. The 6 samples used for metagenomic
sequencing were chosen with the aim of getting representation at multiple depths, but limited by
the fact that our metagenomic sequencing procedure required a higher concentration of DNA for
success, and many of our deeper samples did not produce enough DNA without using whole genome
amplification, which would have further biased the results.

The metagenomic sequences were classified using two different methods, again for purposes of
comparison, in this case due to possible database bias. The first method was to obtain taxonomic
information from all protein-coding sequences using the program Kaiju, which ranged from 8 to 16%
of the total data [31] (Figure 2, Panel B), and the second was to use only single-copy phylogenetically
informative marker genes using the PhyloSift platform [32] (Figure 2, Panel C). Both methods of
metagenomic sequence analysis of the selected samples corroborated the idea that archaea are a
significant portion of the microbial community at these two sub-seafloor locations. The proportions of
archaea to bacteria differed in some samples compared to the amplicon analysis however, so the true
trend of archaeal abundance with depth at these sites is difficult to determine from these data.

In addition to the metagenome to amplicon comparison of the Costa Rica sub-seafloor samples,
we also assessed the primer set using a similar comparison on three well-characterized environments
not directly related to this study, with known, and differing, archaeal proportions. Sequence results
from both methods again (amplicon sequencing and metagenomic sequencing) were obtained from a
water sample of the Dead Sea (archaeal dominated environment), a Pacific Ocean surface seawater
sample (a bacterial dominated environment), and an effluent sample from a laboratory microbial
anaerobic digester (bacteria dominated but with a significant number of archaea as well). In all cases,
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the archaea-to-bacteria ratio remained highly consistent (Figure 3). For the archaeal-dominated Dead
Sea, the archaea comprised 95.3% of protein-coding reads from the metagenome, 92.2% of the marker
genes from the metagenome, and 98.4% of the amplicon dataset. For the bacterial-dominated sample,
Pacific Ocean seawater, archaea comprised 2.9% of the protein-coding reads from the metagenome,
11.8% of the marker genes from the metagenome, and 10.2% of the amplicon dataset. For our second
bacterial-dominated sample, anaerobic digester effluent, archaea made up 16.4% of the protein-coding
reads from the metagenome, 16.9% of the marker genes from the metagenome, and 14.4% of the
amplicon dataset, measured after 25 PCR cycles. For this sample, we also examined the possible
changes in bias, due to number of PCR cycles, and thus have data representing the composition at 15,
20, 25, and 30 PCR cycles (Figure 3). While this analysis shows an increase in proportion of archaea
with cycle number (6.4%, 8.2%, 14.4%, 19.1%, respectively), that proportion remains well below the
proportion of bacteria and still very close to results from the metagenomic analysis. These results
show that in these three separate environments, the primer set successfully approximated the expected
archaeal ratio when compared to that obtained from metagenomic analysis, and when compared to the
ratio expected for these domains in these well-studied environments.
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Figure 3. Taxonomy calls based on protein coding genes from metagenome (left), phylogeny from
marker genes in metagenomes (center) and 165 rRNA amplicon reads using universal primers (right)
on additional samples to show universal primer effectiveness. (A) Data from the Dead Sea; (B) Data
from seawater; (C) Data from an anaerobic digester, with additional investigations into the robustness
of PCR cycles for amplicon data. Archaea are indicated by white and bacteria are indicated by gray, all
samples shown as percentage abundances.

3.2. Taxonomic Analysis Beyond the Domain Level

At the phylum level, when considering each site as a whole (all depths examined together), the
dominant phyla identified were Elusimicrobia, Chloroflexi, Aerophobetes, Actinobacteria, Lokiarchaeota,
and Atribacteria for Site 1378, and Bathyarchaeota, Chloroflexi, Hadesarchaeota, Aerophobetes, Elusimicrobia,
and Lokiarchaeota for Site 1379 (Figure 4). One of the most notable differences in phylum-level
composition between the two sites, is the difference in abundance of Bathyarchaeota, being much more
abundant at Site 1379. Examining the Bathyarchaeota (formerly known as Miscellaneous Crenarchaeotal
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Group, MCG) with depth at each site (Table 1), the phylum is present in a high proportion, at both
sites, at the most shallow depth examined, 30.54% for Site 1378, and 34.81% for 1379. However,
while that proportion remains high and even goes higher at times with depth at Site 1379, it is
fairly low at all other depths of Site 1378. Bathyarchaeota have been found to be common and
widespread in the sub-seafloor environment, and their metabolic capabilities are very broad, including
acetogenesis, methane metabolism, dissimilatory nitrogen and sulfur reduction, and others [36]. In this
taxonomic classification, bathyarchaeal sequences were not able to be further sub-classified beyond the

phylum level.
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Figure 4. Detailed taxonomic breakdown of overall 16S rRNA amplicon sequences at (A) Site 1378 and
(B) Site 1379. Data shown by percentage abundance.

When examining which phyla appeared less often in 1379 as compared with 1378, the most notable
is the Elusimicrobia, so it may be that Bathyarchaeota is occupying a niche space of Elusimicrobia, at Site
1379, and vice versa. Previously, Bathyarchaeota have been described as anaerobic protein degrading
microbes [36], which is similar to the functions given to Elusimicrobia, determined in the termite
gut [37]. Examining the trend with depth, at Site 1378 Elusimicrobia are present in low abundance at
2.88 mbsf and 32.39 mbsf, but then are prominent over the next 4 depths examined, from 63.82 mbsf
to 158.24 mbsf, dipping some at 240.90 mbsf before soaring to 54.81% at 329.1 mbsf. At Site 1379,
Elusimicrobia reach notable proportions at only 2 depths, 45.38 mbsf and 211.53 mbsf, but are still
present throughout all samples (Table 1). Other notable taxa that are present in lower abundance at
Site 1379 and therefore may be influenced by the dominance of Bathyarchaeota include Actinobacteria,
Atribacteria and Lokiarchaeota. Also notable, at Site 1378 when Elusimicrobia dips to only 5% of the
sequence reads at 240.90 mbsf, Actinobacteria rises to 44.58% of all sequences for that depth, its highest
prominence by far. For that 1378 sample, the rise in Actinobacteria was nearly all due to sequences
classified as group “OPB41,” which was also the most common Actinobacteria in numerous other
samples as well.
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Table 1. Detailed taxonomic percent abundances by depth of 165 rRNA amplicon sequencing.

1378 1379
San}ll::lejs]?;plh 2.88 3229 63.82 93.98 124.78 158.24 240.90 329.10 2.90 22.08 4538 67.28 89.38 115.07 211.53
Archaea:

Bathyarchaeota 30.54 188 0.00 088 429 366 208 024 3481 1821 2857 50.86 51.59 4630 20.04
Lokiarchaeota 16.65 1446 1429 346 822  6.00 176 105 751 3.81 527 046 004 0.01 3.39
Thaumarchaeota 400 091 048 021 057 033 002 0.00 177 174 103 159 114 069 0.14
Euryarchaeota 194 078 000 4.64 118 1.01 003 0.00 254 104 223 032 037 001 0.00
Hadesarchaea 1.34 114 012 000 052 416 016 000 1130 3.69 11.56 553 12.84 2423 1.22

AndentArchacal 0, 453 171 000 027 000 000 000 000 000 000 000 000 000 000
Group (AAG)

Bacteria:

Chloroflexi 20.61 2729 1319 1983 1452 2530 23.64 552 2218 4748 2230 28.00 1693 13.09 1471
Planctomycetes 583 353 148  0.89 143 471 374 000 600 29 230 187 136 140 2.05
Deltaproteobacteria 507 356 359 425 082 132 038 012 253 269 161 061 0.09 006 231
Aminicenantes 209 077 16l 010 000 026 0.01 000 034 023 037 050 019 013 0.10
Microgenomates 163 000 000 000 0.00 0.00 000 0.00 1.01 0.00 0.00 0.11 0.00  0.00  0.00

Aerophobetes 1.32 1035 1472 20.05 10.66 19.08 4.46 0.38 240 4.18 5.06 2.56 8.68 7.14  36.96
AC1 068 213 224 175 08 026 006 000 014 035 075 092 013 003 039
Spirochaetae 0.64 0.61 237 0.90 1.20 0.61 044 1156 0.23 0.20 0.27 0.00 0.00 0.00 0.00
Elusimicrobia 040 307 2365 2972 4260 1916 503 5481 196 195 1466 175 289 499 1598
Atribacteria 0.37 9.34 3.65 8.39 8.12 3.10 935 1022 0.08 0.28 0.07 0.12 0.04 0.03 0.53
Marinimicrobia
(SAR406 clade) 032 217 270 058 038 091 158 161 013 008 032 008 0.03 005 0.00

Actinobacteria 023 10.17 1253 051 217 494 4458 051 020 7.8 144 040 059 093  0.00
Bacteroidetes 0.05 1.60 1.09 012 034 023 071 093 005 002 008 002 000 002 006
Alphaproteobacteria 0.00 000 000 006 006 197 057 3.00 000 000 000 000 001 0.09  0.00

Eukaryota:

Tracheophyta 000 000 000 000 000 000 000 861 000 000 000 000 000 000 0.00
Phyla with <1.5%
Representationor ~ 625 198 058 3.69 179 298 142 144 481 323 212 431 308 079 211
No Relative

While some taxa seemed to vary greatly between the two sites, others were very similar. Chloroflexi,
for example, appeared to have a similar abundance in both Site 1378 and 1379 (Table 1). In addition,
the abundance with depth for Chloroflexi was also generally stable, ranging from about 13-28% in
most samples. One exception was found in the deepest sample examined at Site 1378 (329.1 mbsf)
where the proportion was considerably lower than normal at only 5.52% of all sequences. Within that
sample, Elusimicrobia reached its high at 54.81% of all sequences, but Spirochaetae also had a substantial
increase, as well as in influx of eukaryal sequences matching to conifers (Tracheophyta; Spermatophyta;
Pinophyta; Pinales), likely from either preserved organic remnants or possible contamination. Chloroflexi
also went higher than typical in one sample, comprising 47.48% of all sequences at 22.08 mbsf, Site
1379. Within that sample, actinobacterial sequences were also found at their highest proportion for Site
1379 (7.85%), and bathyarchaeal sequenced showed a notable drop (18.21%).

Aerophobetes was another phylum that showed similar abundance in Site 1378 as 1379, however
the abundance of this phyla with depth was somewhat less stable (Table 1). At Site 1378, its abundance
ranged from 0.38% to 20.05%, with the highest amounts occurring at mid-range depths, while at 1379,
it ranged from 2.40% to 8.68% from 2.90 to 115.07 mbsf, but reached 36.96% in the deepest 1379 sample
at 211.53 mbsf. Aerophobetes is one of many taxa found in sub-seafloor sediments for which still little
is known about its diversity and metabolic capabilities, though some previous work has provided
evidence of acetogenic fermentation in at least some members [38]. Aerophobetes sequences could not
be classified beyond the phylum level.

Overall, the two sites show a large amount of divergence in their relative compositions. This
is surprising, considering that the sites are geographically close (Figure 1), and very similar in
lithologies with clay, claystone, silt, siltstone, sand and sandstone, and pore water chemistry profiles,
showing sulfate and methane transition zones, with sulfate being removed at 14 mbsf at Site 1378 and
30 mbsf at Site 1379 [5]. As most of the dominant microbial phyla in these sites have very few or no
cultured representatives, very little is known about their habitat preferences and possible metabolic
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strategies [39]. In order to examine possible influences of environmental parameters on community
composition at these sites, bivariate correlations were carried out between relative abundance of
phyla in the sediment samples and available pore water chemistry variables. Correlations were
performed simultaneously for all chemical variables to provide a measure of statistical significance.
Significant correlations (<0.05, 2-tailed test) to environmental parameters were found for Bathyarchaeota,
Lokiarchaeota, Planctomycetes, Deltaproteobacteria, Elusimicrobia, Atribacteria, and Aerophobetes (Table S2,
Figure 5). Many of the chemistry variables also co-varied with depth and with each other, so depth
correlations, to the chemistry variables examined, are also given for reference (Table 52). While some
correlations were seen with magnesium, lithium, and boron (Table S2), we excluded them from further
analysis due to the fact they are typically uninvolved in anaerobic microbial metabolisms (Figure 5).

For Site 1378, significant correlations were observed between available pore water chemistry
data and Bathyarchaeota, Lokiarchaeaota, Planctomycetes, Deltaproteobacteria, Elusimicrobia and Atribacteria
(Table S2; Figure 5). The presence of many significant correlations, which generally all correlated with
depth as well, complicates any interpretation. While co-variance with depth does not preclude any
significant relationships to microbial phyla, it is difficult to determine from these data alone, whether
or not the trend was due to a direct relationship or a consequence of co-variance. The relationship
with sulfate, however, was an exception in that sulfate did not correlate significantly with depth, but
did show a significant positive correlation with Bathyarchaeota (0.984). However, Bathyarchaeota are
in higher abundance at Site 1379, yet no such relationship with sulfate was seen. Relationships of
Bathyarchaeota with sulfate or sulfide may only be able to be seen at individual group levels, which are
difficult to determine with the short sequences used in this study [40].

The increase in ammonium, with depth in the sediment column, is generally attributed to the
breakdown of organic matter by heterotrophic organisms. At Site 1378, as Bathyarchaeota, Lokiarchaeota,
Planctomycetes, and Deltaproteobacteria decline in proportion with depth, they show a negative correlation
with ammonium, which is also likely the reason for the Lokiarchaetoa and Deltaproteobacteria to show
negative correlations with bromine, which tends to increase at depth. Elusimicrobia and Atribacteria,
show a positive relationship with ammonium (0.774 and 0.725, respectively), suggesting that they
might be a part of the active heterotrophic community at this site (Figure 5). At Site 1379, candidate
phylum Aerophobetes has a similar positive correlation with ammonia (0.759), and additionally has
a concurrent positive relationship with bromine (0.871). The Aerophobetes have previously been
suggested to be anaerobic autotrophs performing hydrogen oxidation, but more diversity may be
found in this group [39]. The correlation in this study could be suggestive of a potential relationship to
the degradation of brominated organic matter, a metabolism of interest to the sub-seafloor research
community [41-43]. Also at Site 1379, Planctomycetes showed a positive correlation with sulfate (0.955),
but this is likely due to the decrease in cells with depth, as had been seen for the previous ammonium
correlations. Finally at Site 1379, Lokiarchaeota and Bathyarchaeota correlated with ammonia, in opposite
trends, with Lokiarchaeaota correlating negatively and Bathyarchaeota correlating positively (Table S2;
Figure 5).

While significant correlations between pore water chemistry data and microbial phyla are not
strong evidence for microbial metabolisms, some of the relationships seen here hint at possible metabolic
causes and can guide current efforts underway to rebuild metabolic profiles from the metagenomics
datasets in this study. Geologic parameters may also exert influences, including proximity to the
subduction zone as Site 1378 is closer, but this is difficult to precisely constrain for this study [5].
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Figure 5. Taxon abundances with depth and their correlated geochemistry for Sites (A) 1378 and (B)
1379. Significant Pearson correlation values are shown.

3.3. Influence of Drilling Fluid

A sample of drilling fluid was obtained directly from the supply utilized during drilling operations
of IODP Expedition 334, which included seawater, as well as a mineral component. The sample was
processed and sequenced in the same manner as sediment samples obtained from Sites 1378 and 1379
drilled during this expedition. The classification of sequences from the drilling fluid was examined, and
sequences were found to be primarily from Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes
(for full list of classified sequences see Table S3). The sequences in the drilling fluid were then carefully
compared with those in the sediment samples in order to assess the potential influence of drilling fluid
on microbial community analysis using universal 16S rRNA amplicon sequencing (Figure 6).
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Figure 6. Proportion of classified sequences from each sediment sample that matched those present in
the drilling fluid at the taxonomic level of “order.” The matched sequences for each order taxon were
totaled for each phylum/subphylum depicted above. (A) Sequences from Site 1378; (B) Sequences from
Site 1379; (C) Sequences from the drilling mud. Stars represent samples taken from XCB cores. All
other were retrieved from APC coring.

For samples taken by the APC coring system, these sequences made up no more than 0.2% of the
total classified reads from Site 1378, and no more than 0.4% of total classified reads from Site 1379.
At Site 1378, there was a noticeable increase in the proportion of the potential drilling-fluid-sourced
sequences in samples taken with XCB coring (158, 241, and 329 mbsf); however, their percentages were
still relatively low with respect to the total identified reads (7.0, 1.2, and 5.7 % respectively). At Site
1379, the proportion of potential drilling-fluid-sourced sequences in samples taken with XCB coring
remained as low as the APC cored samples from 115 and 212 mbsf (0.5, and 0.10%, respectively), but
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was very high (89.2%) in the deepest sample (496 mbsf), due to an unusually high number of sequences
in one particular lineage of Gammaproteobacteria, the genus Oceanospirillum (Figure 6).

Significantly, in nearly all samples examined, the contribution of sequences, potentially originating
from drilling fluid was relatively small, even in XCB cored samples taken from up to 329 meters below
seafloor (where the switchover from APC to XCB occurred at 128 mbsf). There can be exceptions where
contamination may coincide with increased drilling difficulty or sediment porosity, potentially seen by
the single sample at 496 mbsf that overlapped greatly with potential contaminants (Figure 6). Overall,
the results presented here show that, most often, drilling fluid contributes only a minor amount to
the community DNA profile, which lends confidence to the conclusions drawn even when it is not
possible to remove all ambiguous lineages. Grouping at the level of order, instead of the operational
taxonomic unit (OTU), may allow for additional contaminant lineages to be removed even if diversity
is not completely determined, without removing many subsurface inhabitants. We suggest that with
thorough sampling of contaminating drilling fluid, sediment cores, including the XCB cores of harder
sediment packages, can be confidently utilized for biological study with molecular methods.

4. Conclusions

Microbial community analyses of Sites 1378 and 1379 of the Costa Rica margin sub-seafloor
show that, at the domain level, both Bacteria and Archaea constitute significant portions of the
microbial community—a result confirmed by primer validation efforts and sequencing of metagenomes.
Archaea are particularly abundant at Site 1379. Both sites revealed similar proportions of the phyla
Chloroflexi and Aerophobetes; Site 1378 had a notably higher proportion of Elusimicrobia, Actinobacteria,
Lokiarchaeota and Atribacteria; and Site 1379 had a notably higher proportion of Bathyarchaeota and
Hadesarchaeota. Many of the taxonomic lineages identified in this study have been found often in
sub-seafloor environments around the globe, but changes in their relative proportions, depending
on their specific location, suggest that they may be influenced by variations not yet observed in
environmental parameters within the sub-seafloor. Correlations to pore water chemistry, included
here, revealed some possible metabolic strategies for sub-seafloor lineages, including the importance of
heterotrophic activity on ammonia concentrations, and these relationships are being explored via the
continued analysis of metagenomic datasets presented in this study. Finally, we suggest that drilling
contamination, while an issue that needs routine monitoring, is not a major hindrance for the molecular
analysis of microbial community composition in deep sub-seafloor samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3263/9/5/218/s1,
Supporting methods; Table S1: Sample information; Table S2: Correlation values; Table S3: Drilling
fluid composition.
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Abstract: Impact-generated hydrothermal systems have been suggested as favourable environments
for deep microbial ecosystems on Earth, and possibly beyond. Fossil evidence from a handful
of impact craters worldwide have been used to support this notion. However, as always with
mineralized remains of microorganisms in crystalline rock, certain time constraints with respect to the
ecosystems and their subsequent fossilization are difficult to obtain. Here we re-evaluate previously
described fungal fossils from the Lockne crater (458 Ma), Sweden. Based on in-situ Rb/Sr dating of
secondary calcite-albite-feldspar (356.6 + 6.7 Ma) we conclude that the fungal colonization took place
at least 100 Myr after the impact event, thus long after the impact-induced hydrothermal activity
ceased. We also present microscale stable isotope data of '3C-enriched calcite suggesting the presence
of methanogens contemporary with the fungi. Thus, the Lockne fungi fossils are not, as previously
thought, related to the impact event, but nevertheless have colonized fractures that may have been
formed or were reactivated by the impact. Instead, the Lockne fossils show similar features as recent
findings of ancient microbial remains elsewhere in the fractured Swedish Precambrian basement and
may thus represent a more general feature in this scarcely explored habitat than previously known.

Keywords: Impact structure; fungal hyphae; in situ radiometric dating; secondary minerals;
stable isotopes

1. Introduction

Impact craters and associated impact-generated hydrothermal systems have been suggested as
favourable environments for microbial life [1-4]. Extensive fracturing at depth caused by impacts
provides pore space for endolithic communities, and heat generated by the impact drives hydrothermal
convection favourable for deep ecosystems [5,6]. Depending on the size and extension of the impact
melt, heat can sustain for hundreds of thousands, up to millions of years [7-11]. A handful of reports
of fossil- and geochemical signatures support post-impact colonization of impact paleo-hydrothermal
systems. Sulfur isotope signatures of sulfates from the Haughton crater, Canada, suggest rapid
colonization of the impact-generated hydrothermal system by sulfate-reducing bacteria [12]. Tubular
ichnofossils in impact glass from the Ries crater, Germany, indicate microbial activity in a post-impact
hydrothermal system [13]. The presence of putative fossilized microorganisms in samples from the
Dellen crater in Sweden [14] as well as fossilized biofilm in the Siljan crater [15], suggests colonization
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of the hydrothermal systems, respectively. Exceptionally well preserved fungal fossils were described
in drill cores at a depth of ~170 to 220 meters below the surface from the Lockne crater (458 Ma),
Sweden [16]. The fungal fossils were preserved as carbonaceous matter, and displayed characteristic
fungal morphologies such as repetitive septa, frequent branching and anastomosis between branches
resulting in mycelium-like communities. The close association with oils and minerals interpreted as
products of the hydrothermal activity was used to relate the fossils to the post-impact hydrothermal
system, presumed to have prevailed about 10,000 years after the impact, and thus indirectly providing
an age constraint for the fossils.

With the exception of the subseafloor igneous crust, the fossil archive of the deep biosphere is
generally less explored as its living and modern counterpart [17] and age determination of those fossils is
often associated with large uncertainties. Commonly, ages of fossils are associated with the radiometric
age of the host rock and/or to major tectonic events affecting the rock, which, however, cannot directly
be assigned to microbial colonization and subsequent fossilization [18]. In recent years, application of
in situ radiometric dating of authigenic minerals produced by the ancient microbial community have
been demonstrated to be successful in gaining time constraints on the colonization, both by utilization
of U-Pb dating of secondary carbonate [19] and Rb/Sr dating of secondary calcite/fluorite-feldspar and
calcite-clay minerals [19-22]. In situ stable carbon isotope analysis of secondary calcite (313C), sulfide
and sulfate (53*S, mainly for pyrite, but also chalcopyrite and barite) have been used to understand the
microbial processes (e.g., methane oxidation, methanogenesis and microbial sulfate reduction) in deep
fracture systems within the continental crystalline crust [23-26].

Here, we present in situ dating of secondary vein minerals associated with the Lockne fungal
fossils [10], which challenges the fossil association with the impact-generated system, and suggests that
fracture-reactivation due to hydrothermal activity occurred in the fracture system long after the impact
(100 Ma) and thus infers a previously unknown, younger maximum age, for the fossils. In addition, we
present microscale stable isotope data of *C-enriched calcite suggesting the presence of methanogens
contemporary with the fungi. Collectively, the Lockne community bears close similarities to other
fossil fungal-prokaryotic consortia described in Swedish crystalline basement [23,27].

2. Geological Setting

The Lockne impact crater, Sweden, is a concentric structure with an inner crater diameter of
7.5 km developed in the crystalline basement. The oldest post-impact sediments have been dated at
458 Ma [28]. At the time of impact, the area was covered by a more than 500 m deep sea [29]. The targets
were the 1.86-1.85 Ga Revsund granitoids [30] and the 1250-1200 Ma alkali- and olivine-rich Asby
dolerite [31] overlain by a sedimentary cover of Cambrian bituminous black mud (today alum shale)
and Ordovician consolidated limestone [32].

The drill core used in this study intersects the north-western part of the Lockne impact structure [33].
Structurally, this represents the marginal, shallower rim of the final crater, and not the deeper central
parts. The cored sequence comprises crystalline impact breccia and fractured basement rock, slump-
and resurge deposits, and secular sediments. Veins and vugs in the brecciated basement rock are partly
filled with hydrothermally formed calcite and quartz and to minor extent with pyrite, chalcopyrite,
galena and sphalerite [33]. Bitumen is abundant and associated with kerogenous matter that covers
the hydrothermal minerals as a thin film. This film is a couple of micrometers thick and has a
yellow-brownish appearance in optical microscopy. The C-rich film is associated with long, undulating
and curvilinear filaments that are preserved as complex networks forming entangled, almost chaotic
assemblages. Based on morphological traits identical to fungi the filaments were interpreted as
fossilized hyphae forming myecelia in the open pore space of the granitoids [16]. The fungi were
introduced into the system after the impact, and colonized the secondary mineralizations by the
formation of an initial biofilm from which hyphae grew and formed the mycelium (Figure 1). The fungi
were described to have colonized the rock during the hydrothermal activity and upon death become
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impregnated by oils migrating through the hydrothermal system. This process eventually preserved
the fungal mycelia as carbonaceous fossils [16].

3. Sample Material

Mineral samples with fungal mycelia (Figure 1) were taken from drill core LOCI (total length
225.15 m), and are the samples as presented in [16]. Bitumen occurs in a section between 171.30
and 219.90 m depth in the core in veins and vugs in the fractured and brecciated basement rock.
A carbonaceous film from which fungal hyphae propagate and form complex mycelium-like networks
covers many euhedral blocky (short c-axis) calcite crystals that occur together with quartz, K-feldspar
(adularia), albite and chalcopyrite.

4. Methods

Crystals were physically removed from the fracture voids of the impact breccia, and individually
embedded in epoxy. The epoxy mounts were polished and examined by a scanning electron microscope
(SEM, Hitachi) equipped with an energy-dispersive spectrometer (EDS), at the University of Gothenburg,
Sweden. Sample characterization of the polished crystals was carried out before isotope analysis
described below.

4.1. Secondary Ion Mass Spectrometry (SIMS) Stable Isotope Analysis

Calcite and chalcopyrite crystals were mounted in epoxy, polished to expose cross-sections and
examined with SEM to trace zonations and impurities prior to SIMS analysis. Intra-crystal SIMS-analysis
(10 pm lateral beam dimension, 1-2 um depth dimension) of sulfur isotopes in chalcopyrite and
carbon isotopes in calcite was performed on a CAMECA IMS1280 ion microprobe (CAMECA, SAS,
Gennevilliers, France) following the analytical settings and tuning reported previously [19,20]. Sulfur
was sputtered using a '**Cs* primary beam with 20 kV incident energy (10 kV primary, —10 kV
secondary) and a primary beam current of ~1.5nA. A normal incidence electron gun was used for charge
compensation. Analyses were performed in automated sequences, with each analysis comprising
a 70 second pre-sputter to remove the gold coating over a rastered 15 X 15 um area, centering of
the secondary beam in the field aperture to correct for small variations in surface relief and data
acquisition in sixteen four second integration cycles. The magnetic field was locked at the beginning
of the session using a nuclear magnetic resonance (NMR) field sensor. Secondary ion signals for 325
and 345 were detected simultaneously using two Faraday detectors with a common mass resolution
of 4860 (M/AM). Data were normalised for instrumental mass fractionation using matrix-matched
reference materials which were mounted together with the sample mounts and analysed after every
sixth sample analysis. Results are reported as per mil (%0) §**S based on the Canon Diablo Troilite
(V-CDT)-reference value. Up to 17 crystals were analysed from each fracture sample. In total, 37
analyses were made for 534S (3#5/32S) of chalcopyrite from 15 crystals from fracture-coating sample
185 m. The Trout Lake chalcopyrite reference material with a conventionally determined value of
+0.3%o [34] was used. Typical precision on a single §**S value, after propagating the within run and
external uncertainties from the reference material measurements was +0.08 %o.

For calcite, 13 §'3C SIMS-analyses were performed on the same CAMECA IMS1280 described
above. Settings follow those described for S isotopes, with some differences: a Faraday cage/electron
multiplier (FC/EM) combination with mass resolution 2500 on the >C peak and 4000 on the 13C
peak was used to resolve it from >?C!'H. Influence of organic carbon was avoided by careful spot
placement to areas in the crystals without micro-fractures or inclusions and at a sufficient distance
from grain-boundaries where fine-grained clusters of other minerals and remnants of organic material
may appear. The uncertainty associated with potential organic inclusions and matrix composition
is therefore considered to be insignificant compared to the isotopic variations. Calcite results are
reported as per mil (%0) 5'C based on the Pee Dee Belemnite (V-PDB) reference value. Analyses were
carried out running blocks of six unknowns bracketed by two reference material analyses. Analytical
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transects of up to six spots were made from core to rim in the crystals. Analyses were made in three
crystals from two fracture samples (181 and 185 m). Isotope data from calcite were normalised using
calcite reference material S0161 from a granulite facies marble in the Adirondack Mountains, kindly
provided by R.A. Stern (University of Alberta). The values used for IMF correction were determined by
conventional stable isotope mass spectrometry at Stockholm University on ten separate pieces, yielding
513C = 0.22 + 0.11%0 V-PDB (1 std. dev.). Precision was §'3C: +0.4-0.5%0. Values of the reference
material measurements are listed together with the samples in Tables 1 and 2.

4.2. Laser Ablation Multi-Collector Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS)
875156 Sr

The 87Sr/%Sr values of calcite in sample 185 m were determined by laser ablation multi-collector
inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) analysis at the Vegacenter, Swedish
Museum of Natural History, Stockholm, Sweden, using a Nu plasma II MC-ICP-MS (Nu Instruments
Ltd, Wrexham, UK), and an electrospray ionization (ESI) NWR193 ArF excimer laser ablation system
(Elemental Scientific Lasers, Bozeman, MT, USA). Four of the six spots analysed for '3C using SIMS
were also analysed for Sr isotopes by LA-ICP-MS (using larger spots). Ablation frequency was 15 Hz,
spot size was 80 um and fluence was 2.8 J/em?. Samples were ablated for 45 seconds, followed by
45 seconds wash-out time. The 87Sr/80Sr analyses were normalised to an in-house brachiopod reference
material "Ecnomiosa gerda’ (linear drift and accuracy correction) using a value established by thermal
ionisation mass spectrometry (TIMS) of 0.709181 (2sd 0.000004, [35]). A modern oyster shell from
Western Australia was used as a secondary reference material and analysed at regular intervals together
with the primary reference. The accuracy of these analyses was quantified by comparison to the
modern seawater value for 8Sr/80Sr of 0.7091792 + 0.0000021 [36]. Values of the reference material
measurements are listed together with the sample data in Table 2.

4.3. LA-ICP-MS Analyses for Rb-Sr Dating

The Rb-Sr dating system builds on the beta-decay of #Rb to 8”Sr in minerals. One or several Rb-rich
minerals (showing increased #Sr/%0Sr and decreased 8 Rb/%Sr with time) along with a co-genetic
Sr-rich mineral (constant 8Sr/36Sr with time), in our case secondary adularia in paragenesis with calcite
or albite, were analysed by Rb-Sr geochronology via high spatial resolution LA-ICP-MS [37] at the
Earth Sciences Centre, University of Gothenburg, Sweden. The Rb/Sr spot analyses in fine-grained
adularia (n = 10), calcite (n = 4) and albite (n = 6 (of which 3 = rejected)) from sample 185 m and adularia
from sample 216 m (n = 13) were performed using an ESI 213NWR laser ablation system (Elemental
Scientific Lasers, Bozeman, MT, USA) connected to Agilent 8800QQQ ICP-MS (Agilent Technologies
Inc, Santa Clara, CA, USA) with an ORS3 octopole reaction system reaction cell sandwiched between
two quadrupoles. Following laser warm-up, ablation occurred with static spot mode in a constant
He flow (800 mL/min). The ablated material was mixed with N, and Ar before entering the ICP-MS
torch region and reacted with N,O gas in the reaction cell to chemically separate Rb from Sr by
producing oxide of 8Sr, and thereby enable calculation of 8 Rb/%Sr and 8Sr/%Sr ratios [38]. While the
octopole bias was set to negative voltage, NoO flow rates in the reaction cell were varied to obtain
optimal SrO* production rates. In tandem mass spectrometry (MS/MS) mode both quadrupoles were
controlled while reactive gas was in the reaction cell with the quadrupoles set at different masses to
measure reaction products in mass-shifted mode. On mass #Rb/mass-shifted #Sr and mass-shifted
87Sr/mass-shifted 8Sr raw ratios were used to calculate 8 Rb/3%¢Sr and 87Sr/80Sr, respectively. 85Rb is
used as a proxy for %Rb as it is constant on Earth and within 0.02-0.05% [39]. The raw ratios were
converted by correction factors derived from repeated analysis of reference materials NIST SRM 610
and BCR-2G, which are documented to be feasible for calibration of in situ LA-ICP-MS/MS Rb-Sr
isotopic data [37,38]. The reference materials were selected to ensure that the pulse/analog setting of
each measured isotope was identical in samples and reference materials. The NIST SRM 610 certified
reference material with 87Sr/80Sr of 0.7097 [40] was used for 8 Sr/86Sr ratio calibration of the sample data.
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87Rb/%°Sr calibration was performed by using glass reference material BCR-2G [41], shown in Table 3.
For 8Rb/0Sr and 8Sr/8Sr respectively, BCR-2G yielded precisions at 1.12% and 0.21%, while NIST
SRM 610 yielded 1.16% and 0.35%. The secondary reference material was LP01, a sample constituting
mme-sized euhedral biotite from granodiorite of the La Posta intrusion, California. As suggested by [37],
we use a weighted mean age of 91.6 + 1.2 Ma derived from U-Pb TIMS, Ar-Ar and Rb-Sr studies.
The isochron age of LP01 in the analytical session was 94.2 + 2.9 Ma (n = 13, Table 3). The resulting
ages are isochron model fits constructed using the Rb decay constant of Villa et al. [42]. Rho (p) values
for each spot were calculated using 85Rb/80Sr, 87Sr/80Sr and 8°Rb/%7Sr ratios (Table 4). Average count
rate calculation of reference material data is conducted by Glitter®, whereas sample data reduction and
within-run error calculation of important element and isotopic ratios is performed using an in-house
spreadsheet. Isotopic homogeneity is ensured through evaluation of analytically reliable laser ablation
signals on the scales of single spots, grains and assemblages (justification of rejected spots given in
Table 4). No error propagation from uncertainties in literature data or within-run errors of reference
materials is applied to sample errors as internally calculated errors are significantly larger as the
established 1.5% external errors of this method [38].

5. Results

Polished cross sections reveal growth zonation in the calcite crystals (Figure 2c). Ivarsson et al. [16]
interpreted the fossils propagating from calcite crystals as fungi based on the size and appearance
of the filaments and mycelia, as well as the presence of fungal characteristic morphologies like
frequent branching, anastomoses between branches and repeated septa. All fungal fossils including
the film are preserved as disordered carbonaceous matter according to Raman spectroscopy and
Time-of-Flight-SIMS analyses [16].

Figure 1. (A) Photograph of a piece of drill core from 181.7 meters depth. (B) Close up from (A) of a
vug containing fossilized mycelia. (C) Microphotograph of a calcite covered by a carbonaceous biofilm
from which black hyphae is protruding (black arrow). (D) Environmental scanning electron microscope
(ESEM) image of fungal mycelia. (E) ESEM image of branching and coiled hyphae.

93



Geosciences 2019, 9, 202

5.1. Isotope Compositions

The overall variability of the §3C in calcite is large, (Table 2, Figure 2), ranging from 3C-depleted
(~19.4%0, V-PDB) to 13C-enriched values (+12.3%o, V-PDB). The 5'3C composition is, however, highly
sample specific, and even crystal specific. Sample 181 m has >C-depleted values: Crystal 1 has values
of —8.8%o to —6.7 %o, and crystal 2 —19.4%o to —16.9 %o. In contrast, the crystal analysed in sample 185 m
has 3C-enriched composition throughout all spots (n = 6): +9.9%o to +12.7%o., as shown in the spot
transects (Figure 2d). The correlation of the isotopic variance to the growth zonation is related to minor
temporal chemical and isotopic fluctuation in the precipitating fluids. The 8Sr/%Sr values of the calcite
crystal in sample 185 m also shows small differences of 0.7444 + 0.0015 to 0.7471 + 0.0012 (Figure 2d).
The 634Scha1wpyrite values in sample 185 m, show a span from +0.4%o to +3.6%0 V-CDT (n = 37, Table 1),
and there is no significant variation within the crystals targeted by several microanalyses (examples in
Figure 3).

&

Cru

151 Crystal 2

&"Ccalcite (%o, V-PDB)

-25 T T T
1 2 3 4

Spotin transect
15 0.750

14 { 87Sr/8Sr
0.745

0.740

STSHEeS

111 8”C 0.735

5'3Ccalcite (%o, V-PDB)

0.730

8 T T T T T 0.725
) 2 3 4 5 6

Spot in transect

Figure 2. Transects of '3C and %7Sr/36Sr values from microanalyses within polished calcite crystals
mounted in epoxy. (a) Back-scattered electron (BSE) image of two crystals from sample 181 m with
813C for each crystal transect shown in (b). (c) BSE image of a crystal from sample 185 m with 5'3C and
87Sr/%Sr values shown in (d). The crystal in (c) is more heterogeneous in §'C and BSE intensity than
crystals in (a), due to higher degree of growth zonation in the former. Note the larger spot size of the Sr
isotope analysis (80 pum, spot craters shown in Figure 4) compared to C isotope analysis (10 um). Error
bars represent 20.
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Table 1. SIMS-analyses of 5S in chalcopyrite in sample 185 m. Sample and Trout Lake chalcopyrite
reference material, in analytical sequence.

34g/32
Crystal/Reference 328 cps (x 10%) /s *abs 8%4Scpr (°) +0 (°)
Drift Corrected
Reference 0.66 0.0442764 0.0000017 0.36 0.06
Reference 0.68 0.0442713 0.0000023 0.24 0.07
1 0.66 0.0443742 0.0000021 2.57 0.07
1 0.66 0.0443723 0.0000018 252 0.07
1 0.65 0.0443817 0.0000030 273 0.09
2 0.66 0.0443697 0.0000026 246 0.08
2 0.66 0.0443756 0.0000018 2.60 0.07
3 0.65 0.0443733 0.0000019 2.55 0.07
Reference 0.66 0.0442731 0.0000013 0.28 0.06
3 0.66 0.0443553 0.0000031 214 0.09
3 0.66 0.0443692 0.0000023 245 0.07
3 0.66 0.0443696 0.0000020 246 0.07
3 0.66 0.0443794 0.0000029 2.68 0.08
4 0.66 0.0443826 0.0000045 2.76 0.11
4 0.66 0.0443832 0.0000020 2.77 0.07
Reference 0.66 0.0442755 0.0000018 0.34 0.07
4 0.66 0.0443779 0.0000025 2.65 0.08
5 0.65 0.0443602 0.0000021 2.25 0.07
6 0.65 0.0443216 0.0000023 1.38 0.07
7 0.66 0.0443781 0.0000026 2.65 0.08
8 0.66 0.0443895 0.0000026 291 0.08
8 0.66 0.0443752 0.0000024 2.59 0.07
Reference 0.66 0.0442745 0.0000027 0.31 0.08
9 0.65 0.0443958 0.0000019 3.05 0.07
9 0.65 0.0444002 0.0000023 3.15 0.07
9 0.66 0.0443685 0.0000030 244 0.08
9 0.66 0.0443857 0.0000017 2.83 0.06
10 0.66 0.0444065 0.0000030 3.30 0.09
10 0.65 0.0444176 0.0000021 3.55 0.07
Reference 0.64 0.0442718 0.0000022 0.25 0.07
10 0.64 0.0444125 0.0000028 343 0.08
10 0.63 0.0444023 0.0000035 3.20 0.09
11 0.63 0.0443028 0.0000034 0.95 0.09
11 0.64 0.0442781 0.0000025 0.39 0.08
11 0.64 0.0444033 0.0000022 3.22 0.07
12 0.64 0.0443509 0.0000027 2.04 0.08
Reference 0.64 0.0442744 0.0000020 0.31 0.07
13 0.63 0.0443912 0.0000024 2.95 0.07
13 0.64 0.0444193 0.0000022 3.59 0.07
14 0.63 0.0443902 0.0000027 293 0.08
14 0.64 0.0443839 0.0000021 2.79 0.07
14 0.63 0.0443679 0.0000025 242 0.08
14 0.66 0.0443547 0.0000032 2.12 0.09
15 0.64 0.0443929 0.0000042 299 0.11
Reference 0.65 0.0442740 0.0000026 0.30 0.08
Reference 0.65 0.0442776 0.0000023 0.38 0.07
Reference 0.65 0.0442705 0.0000024 0.22 0.07
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Figure 3. Transects of 534S values in polished chalcopyrite crystals. (a) BSE image with analytical spots
marked. (b) 534S values of three crystals.

5.2. Rb/Sr Dating

The isochron constructed from 10 LA-ICP-MS analyses of adularia and three LA-ICP-MS analyses
in addition to four LA-MC-ICP-MS analyses of calcite for sample 185 m yield an age of 356.6 + 6.7 Ma
(Figure 4, Table 4). Adularia crystals from sample 216 m paired with albite acquired in the 185 m
fracture yield an age of 1457 + 63 Ma (Appendix A Figure A1), but as this age represents fracture
formation at more than 1 Gyr before the Lockne impact structure formed, we do not discuss it in more
detail. It is, nevertheless, an important and expected observation that shows that pre-existing fractures
were reactivated during the impact.

6. Discussion

The isotope record of the carbonate and sulfide crystals serves as an archive for processes in the
fracture system over long time periods [19,20,43,44]. In the following sections the various (mostly
microbial) processes that can be responsible for the observed isotope signatures are discussed. It is
important to emphasize that the isotope composition of the minerals may represent the result of one
or several (cryptic) processes in the fracture system. These processes (wWhen biological) are usually
distinguished by the kinetic isotope effect that occurs when microbial populations utilize a substrate
(i.e., they alter the isotope composition due to preferential utilization of a specific isotope). In addition,
the source of the C and S compounds and processes occurring during transport can also influence the
isotope composition before the element is incorporated into a mineral. Several of the potential source
compounds may also overlap in isotope composition making certain diagnostic determinations about
processes and sources difficult when using isotope composition of minerals only. Abiotic fractionation
can also overlap in magnitude with microbial fractionation, which may inhibit certain conclusions
about microbial processes in the fracture system. However, some magnitudes of isotope fractionation
and systematics have been used extensively as diagnostic tracers for specific microbial processes.
These include C isotope markers for methanogenesis and methane oxidation and S isotope markers for
microbial sulfate reduction [45-48].

6.1. Ancient Methanogenesis in the Fracture Voids

Methane is usually '3C-depleted compared to other carbon compounds [49], especially when the
methane is microbial in origin. As a consequence of the fractionation occurring during methanogenesis,
which discriminates against 13C, the residual CO, becomes *C-rich [50]. Subsequent involvement of
the residual C into precipitating carbonate minerals is therefore a useful diagnostic C-isotope tracer
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for methanogenesis, for instance by 13C-rich secondary carbonates in sedimentary basins [51] or in
fractured crystalline rocks in the Fennoscandian shield [24,43,52,53]. The significantly 3C-enriched
calcite in the Lockne sample 185 m (813Ca1cite Values as heavy as +12.7 %o, Figure 2d) is thus a strong line
of evidence for microbial methanogenesis in situ in the deep fracture system especially since potential
abiotic methane-forming chemical processes such as serpentinization, graphite metamorphism or
Fischer-Tropsch type reactions [54,55] are unlikely under the local physico-chemical and geological
conditions. Strong '3C-enrichment in carbonate is typically associated with microbial methane formed
by carbonate reduction, as opposed to acetate (methyle-type) fermentation that involves smaller kinetic
carbon isotope effects [56]. Heavy §'3Cco, values are particularly typical for secondary microbial
methane formed from thermogenic precursors [56], which may involve a previous methane oxidation
step that can occur anaerobically, if associated with microbial reduction of e.g., sulfate [56]. Sulfide
minerals can form as a result of microbial sulfate reduction (MSR) and the chalcopyrite observed in
sample 185 m may, therefore, have formed due to MSR in a step preceding methanogenesis. The MSR
metabolism involves a kinetic isotope effect that discriminates against 3S resulting in production of a
typically strongly 3#S-depleted hydrogen sulfide [57]. As there is no significant S isotope fractionation
during sulfide precipitation the 5**S.ifide composition serves as a diagnostic marker for MSR, because
abiotic sulfate reduction at higher temperatures involves smaller fractionation [58]. However, the
634Schalc0pyrite values determined by SIMS (+0.4 to 3.6%o) are not very depleted. The initial 5348
composition of the sulfate in the system is unknown, which makes estimates of the fractionation
difficult. If we anticipate that the source sulfate had a similar composition as Paleozoic seawater (+15 to
+35%o [59]) an isotope enrichment of 10-35%. would be needed to produce the detected 5348Cha|c0pyme
values. This degree of isotope enrichment and uncertainty of initial sulfate composition, inhibit any
certain interpretation of the 634Scha1c0pyrite values as microbial in origin, because they cannot be fully
distinguished from thermochemical reduction, and furthermore are overlapping with hydrothermal
sulfide of magmatic origin [58,60,61]. Rayleigh isotope reservoir effects may also have occurred in the
fracture system, which can modify the S isotope signature significantly [20].

The overall low §'3Cg,cite values of the 181 m sample are more in line with an organic origin, such
as plants or oil/petroleum/kerogen/bitumen [62,63], and may reflect microbial utilization (oxidation) of
such carbon sources, for instance coupled with sulfate reduction. The crystal-specific 5'*C variance
in this sample can be due to temporal variation of the microbial processes and substrates in the
fracture and/or due to spatial micro-scale variability within the fracture voids, as reported in other
deep fractured bedrock systems in the Fennoscandian Shield [19,24]. Organic compounds may have
descended from overlying, but presently completely eroded Paleozoic sedimentary successions that
once covered the Fennoscandian shield [64]. Thermochronological studies show that the sedimentary
successions had considerable thickness in the mid-Paleozoic era [65]. Infiltration of bitumen and other
organic compounds of surficial origin into the crystalline bedrock occurred presumably from thermally
heated organic-rich shales in the lower parts of the sedimentary pile [19,66] of the Fennoscandian shield,
and elsewhere (e.g., UK and Australia [67,68]). Putative bitumen occurrences have also been reported
from the Lockne fracture system [33], and may thus have been influential for the deep biosphere
community in the deep fracture system.

6.2. New Age Constraints for the Fracture Assemblage in the Impact Structure and Microbial Communities

The age of the feldspar-calcite assemblage in sample 185 m of 356.6 + 6.7 Ma (Figure 4) is about
100 Myr younger than the estimated age of the impact [28]. The fracture system and mineral paragenesis
of the impact structure have previously been considered to be of the same age as the impact [33], and
consequently the fossilized microbial communities (dominantly fungi) observed in the fracture system
have been assigned the same age [16]. Our new radiometric age determination requires an updated
model for the timing of the fracture system activation in the impact structure, and consequently also for
the preserved microbial remains within this system. The obtained age, at the Devonian-Carboniferous
transition, is in line with secondary mineral assemblages in fractures elsewhere in the Fennoscandian
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shield, i.e., feldspar-calcite veins, with fossilized microorganisms at 300 m depth at Forsmark, Sweden,
dated to between 355 + 14 and 402 + 10 Ma, and at Oskarshamn dated to 358 + 12 and 393 + 15 Ma by in
situ Rb/Sr geochronology [19-21]. At Forsmark, a few calcite crystals showed methanogenesis-related
13C-rich composition, and/or '3C-depleted values typical for anaerobic oxidation of methane [19,21].
This suggests that a regional fracture-activation event at these times enabled fluid circulation, which
induced microbial activity and secondary mineral formation in the bedrock. Fluids from overlying
organic-rich shales were at this event allowed to descend into the deeper crystalline bedrock fracture
network, such as the deeply fragmented bedrock at Lockne and thereby provided substrates to the
otherwise energy-poor deep biosphere.

2.1 B a 4‘\0
19 r . \)\3{\3
17 v X z

LS 2
15 + & R LOC1:185m
1y L& LdEiE Age: 356.6+6.7 Ma
i1 L n=7 Initial Sr/%Sr:
. 0.749+0.013
09 S7Rb/%Sr MSWD: 2.9
o7

0 50 100 150 200 250

Calcite

Figure 4. In situ Rb-Sr dating results of the 185m sample with (a) the isochron diagram and data,
and (b,c) individual spots marked as black circles on BSE images of the analysed adularia and calcite
mineral grains.

Fluid inclusions of secondary calcite from the current drill core have indicated fluids with a
salinity around 20 eq. wt% CaCl, corresponding to brine, and homogenization temperatures in the
range of 77-218 °C [33], which at least for the salinities correspond to fluid inclusions in similar fracture
coating calcite in Oskarshamn and Forsmark in Sweden, from southern Finland, and to Caledonian
mineralizations [19,53,69-71]. The 580 values of calcite and quartz [33,72] at Lockne are also in
line with compositions of the fracture-filling calcite reported from other parts of the Fennoscandian
shield [19,53,69-71,73]. Most of the fluid inclusion homogenization temperatures in the previous
study [33] were in the 100-180 °C range, which is generally too high for microbial activity. The large
temperature span of 77-218 °C, however, does suggest that fluid temperatures dropped at later stages
of the fluid circulation event in the fractures. During the early part of the fluid circulation when
temperatures were >100 °C, K-feldspar-albite-calcite-quartz formed and thermally mature bitumen
was probably transported from overlying sediments, because asphaltite can become viscous and
mobilized at elevated temperatures [66]. The occurrence of methane in the fluid inclusions in calcite of
this stage also marks mobility of thermogenic hydrocarbons from the shale source [33] into the deeper
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fracture system. When temperatures decreased after the initial phase of hydrothermal circulation, deep
subsurface microbial communities could use the bitumen as an energy source by oxidizing the organic
matter and subsequently producing secondary methane as discussed above, as well as sustaining
heterotrophic eukaryotic activity in the form of fungi. This late stage calcite formation is in line with
brine type fluid inclusions with lower homogenization temperatures, down to 77 °C, which is more
suitable for microbial colonization, or alternatively a group of calcite crystals in the 50-70 °C span [33].

The revised radiometric ages of the fracture re-activation set the fungal colonization in a different
environmental context. At the time of the impact, the area was covered by a shallow sea [33], and it
was believed that marine fungi were introduced into the impact-generated hydrothermal system by
ingress of seawater through the fractured oceanic crust [16]. Similarly, a seawater origin is suggested
for biological material responsible for sulfur reduction in the Rochechouart impact crater in France [74].
However, 356 Myr ago the current area of the Fennoscandian shield hosting the Lockne crater was
not marine but continental [31], which indicates that the fungi are not marine but represent fungi
belonging to the continental deep biosphere at that time. Although the brine-type fluid inclusions of
the calcites may, at first glance, point to a marine origin, it is relevant to consider that deep continental
brines are result of several different processes. In addition to marine infiltration, these processes
include prolonged water-rock interaction, mixing of fluids with different sources, concentration during
freezing and descent of sedimentary brines [75-78]. The latter has importance in Canada where this
process has been studied extensively [79]. There, it has been suggested that deep continental brines
result from infiltration of saline water to the crystalline basement aquifer from basinal sedimentary
brines and evaporites when the shield was covered by sedimentary successions in the Paleozoic [79].
This means that brines may develop under continental conditions if marine sedimentary successions
overlay the shield.

Contemporaneous methanogenesis is in agreement with previous fossilized fungal-prokaryotic
communities in granitic deep settings [23], and suggest a potential synergy. Methanogenic activity and
formation of sulfides indicates anoxic conditions in the system and explain the pristine carbonaceous
nature of the fungal fossils and lack of mineralization by clays and Fe-oxides, which is common among
fungal fossilization in oxygenated deep environments and dominates the findings in the oceanic
crust [80].

Although impact craters and associated impact-generated hydrothermal systems likely are
favourable environments for microbial life [1,2] owing to their increased pore space for endolithic
communities, and heat convection favourable for ecosystems [5], our revised model for the ancient
Lockne microbial community shows that colonization took place long after the impact, in contrast to
previous models. The role of the impact-induced hydrothermal system is, therefore, negligible for the
fossilized community observed in the fractures. Instead, reactivation of the fractures occurred 100 Myr
after the impact event, in a post-Caledonian extension event documented previously throughout the
Fennoscandian shield. Fractures and pore space opened as a result of the impact thus likely provided
pathways for the extension-related fluids. However, the extent of reutilization is likely to be local
given that the relatively small amounts of melt rocks are scattered along the crater rims, implying
that small-scale hydrothermal cells did not produce extensive wall-rock dissolution. This extension
correlates with a heating episode in the crystalline basement of southern Sweden that relates to burial
by Caledonian foreland sediments [65], whereas Caledonian nappe structures overthrusted the Lockne
area during the Silurian and early Devonian [81]. Tectonothermal or thermometamorphic overprinting
has caused resetting of “*Ar/* Ar melt rock ages in several impact structures, including Gardnos in
Norway [82], Acraman in Australia [83] and Charlevoix in Canada [84]. Following rapid uplift after
Caledonian orogenic collapse, thermochronology records temperatures of 250-300 °C at 350 Ma [85]
towards western Norway where the metamorphic temperatures were the highest during the orogeny
as well as in northwestern Norway [86]. In the nappes immediately west to the Lockne area, cooling
rates of 15 °C/Myr brought the rocks through 475 °C at 425 Ma [87]. Similar rapid cooling episodes
at 350 Ma in western Norway have been attributed to extension concurrent with rapid uplift [88].
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Despite the fact that the Rb-Sr isotopic system is more resistant to heating than Ar systems, the lack of
thermochronological constraints in the Lockne area at 350 Ma means that temperatures high enough
to disturb the radiogenic chronometer cannot be ruled out. However, the hydrothermal minerals of
Lockne neither feature any traces of such an overprint in terms of diffusion or dissolution textures
nor radiogenic isotopic inhomogeneity or disturbances on spatial and depth scales. Furthermore,
no signs of severe degradation of the fossils are observed, which would certainly be expected if
experiencing a regional thermal event. Instead, the pristine fungi structure indicates precipitation
through extension-facilitated hydrothermal activity where bituminous material from overlying shales
was introduced into the fracture system and provided energy for microbial activity. In that sense,
the majority of the studied hydrothermal mineralizations are not impact induced and thus not of
astrobiological importance in a Martian context as was previously suggested [16].

7. Conclusions

The age of previously described fungal fossils from the Lockne crater (458 Ma), Sweden, is here
revised. In situ Rb/Sr dating of secondary calcite-feldspar (356.6 + 6.7 Ma) shows that the fungal
colonization is not associated with the impact-induced hydrothermal system but took place at least
100 Myr after the impact event. This revised age excludes the previous notion that marine fungi were
introduced by seawater recharge, and instead suggests that the fungi may have been established in
the deep continental crust underneath remnant marine successions already at 356 Ma or shortly after.
Microscale stable isotope data of 13C-enriched calcite further suggest methanogenesis occurred in the
fracture system, potentially in synergy with the fungi.
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Appendix A
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Figure Al. In situ Rb-Sr dating results of the 216 m sample with (a) albite spots as white circles, rejected
albite spots as red circles, (b) adularia spots in one of three grains as black circles on BSE images and
(c) the isochron diagram and the resulting data.
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Abstract: Sub-seafloor microbial environments exhibit large carbon-isotope fractionation effects as a
result of microbial enzymatic reactions. Isotopically light, dissolved inorganic carbon (DIC) derived
from organic carbon is commonly released into the interstitial water due to microbial dissimilatory
processes prevailing in the sub-surface biosphere. Much stronger carbon-isotope fractionation
occurs, however, during methanogenesis, whereby methane is depleted in 13C and, by mass balance,
DIC is enriched in 3C, such that isotopic distributions are predominantly influenced by microbial
metabolisms involving methane. Methane metabolisms are essentially mediated through a single
enzymatic pathway in both Archaea and Bacteria, the Wood-Ljungdahl (WL) pathway, but it remains
unclear where in the pathway carbon-isotope fractionation occurs. While it is generally assumed
that fractionation arises from kinetic effects of enzymatic reactions, it has recently been suggested
that partial carbon-isotope equilibration occurs within the pathway of anaerobic methane oxidation.
Equilibrium fractionation might also occur during methanogenesis, as the isotopic difference between
DIC and methane is commonly on the order of 75%o., which is near the thermodynamic equilibrium.
The isotopic signature in DIC and methane highly varies in marine porewaters, reflecting the
distribution of different microbial metabolisms contributing to DIC. If carbon isotopes are preserved
in diagenetic carbonates, they may provide a powerful biosignature for the conditions in the deep
biosphere, specifically in proximity to the sulphate-methane transition zone. Large variations in
isotopic signatures in diagenetic archives have been found that document dramatic changes in
sub-seafloor biosphere activity over geological time scales. We present a brief overview on carbon
isotopes, including microbial fractionation mechanisms, transport effects, preservation in diagenetic
carbonate archives, and their implications for the past sub-seafloor biosphere and its role in the global
carbon cycle. We discuss open questions and future potentials of carbon isotopes as archives to trace
the deep biosphere through time.

Keywords: carbon isotopes; deep biosphere; diagenetic carbonates; methanogenesis; anaerobic
methane oxidation; Wood-Ljungdahl pathway

1. Introduction

Carbon, in its reduced form, is not only the essential building material of life, but due to its large
isotope variations, it can also serve as a tracer of biogeochemical processes in the environment and
as an indicator of the state of the global carbon cycle. During assimilation of CO, to organic matter
in the water column, carbon is depleted in BC by 20-30%.; however, variations in 513C in ocean and
atmosphere are usually in the few-permil range. These variations are essentially balanced by input to
and output from the ocean and atmosphere, and they only change upon variations in rates of primary
production and burial of organic carbon relative to inorganic carbon (Broeker, 1970) [1].
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In contrast, isotopic compositions of dissolved carbon species in marine sedimentary porewater
show a large range of values. These systems, which are part of a deep biosphere, are exclusively
inhabited by Prokaryotes, whereby the “deep subsurface biosphere” has been operationally defined
as an “ecosystem that persists at least one metre, if not more” (Edwards et al., 2012) [2]. The deep
biosphere is organized as zones of different metabolic activity in the sequence of downward decreasing
redox potential (Froelich et al., 1979) [3], whereby the presence and extension of these zones vary
considerably in different regions of the ocean (D'Hondst et al., 2004) [4]. Sulphate reduction represents
the most abundant anaerobic respiration process, and, although dissimilatory degradation of organic
matter generally exhibits small fractionation effects (e.g., Hayes et al., 1989) [5], it delivers dissolved
inorganic carbon (DIC) strongly depleted in 3C to the porewater. Furthermore, large fractionation
effects are observed during fermentation reactions where the pools of CO, and CHy are involved.
Biogenic methane often shows 5'3C values as negative as ~100%o relative to the Vienna Peedee
Belemnite (VPDB) standard (Claypool and Kaplan, 1974) [6], while positive values of up to +35%o
have been observed in dissolved inorganic carbon (DIC) related to methane production (Heuer et al.,
2009) [7]. In turn, strongly 13C-depleted DIC is produced as a result of anaerobic oxidation of methane
(AOM). Ultimately, the different metabolic processes result in a large variability in inorganic carbon,
especially in proximity to the sulphate-methane transition zone.

Inorganic carbon can be incorporated in diagenetic carbonates and thereby become preserved
as part of the mineral phase. Often, diagenetic carbonates form as a result of microbial dissimilatory
activity, which also contributes to global carbon burial (Schrag et al., 2013) [8]. Diagenetic carbonates
can trap the isotopic signature of the surrounding fluid from which they were precipitated, and preserve
it for millions of years as part of the geological record. As opposed to carbon isotopes in marine
carbonates, which vary in §!3C in the few-permil range and can be used to reconstruct the global carbon
cycle, diagenetic carbonates can show large variations based on type and rate of microbial activity and
provide information on past biogeochemical conditions at a specific location. Indeed, previous studies
have shown that carbon-isotope values preserved in diagenetic carbonates can be used as an archive of
past deep biosphere activity (e.g., Kelts and McKenzie, 1984; Malone et al., 2002; Meister et al., 2007;
Meister, 2015) [9-12]. Recent studies also showed that other light isotope systems (i.e., isotopes of light
elements) in diagenetic phases, e.g., sulphur isotopes preserved in diagenetic pyrite (Meister et al.,
2019a) [13], provide evidence similar to carbon isotopes, indicating that in the past, the conditions
in the deep biosphere were different from today, and that biogeochemical zones migrated upwards
and downwards in the sediment. Despite these insights, currently there are several problems that
hamper a more detailed interpretation of diagenetic carbon-isotope records: (1) Fractionation effects
are incompletely understood; (2) diffusive mixing and non-steady state conditions result in a complex
mixture of isotopic compositions from different sources; and (3) models to quantitatively predict
carbonate precipitation are not sufficiently developed.

Here, we provide a brief overview of the current state of knowledge of carbon-isotope effects related
to the main anaerobic metabolic processes, sulphate reduction, methanogenesis, and AOM, occurring in
marine sediments (Section 2). We discuss the different fractionation mechanisms, as part of enzymatic
pathways, including a distinction between kinetic and potential equilibrium fractionation effects.
In Section 3, we assess how different microbial processes affect carbon-isotope profiles in DIC and CHy
in marine porewaters and how these profiles are subject to diffusive mixing and advective transport.
Section 4 is focused on the controls on diagenetic carbonate formation in the sub-seafloor biosphere
and how combined effects of carbon-isotope fractionation, transport, and mineral precipitation result
in diagenetic carbon-isotope records. In Section 5, we discuss the importance of diagenetic carbonate
burial on secular variation in the global carbon cycle and its 13C signature and how we can trace
these variations back in time to reconstruct the evolution of a dynamic sub-seafloor biosphere through
Earth'’s history.
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2. Carbon-Isotope Fractionation by Different Microbial Pathways

2.1. Kinetic Fractionation

Stable isotope fractionation strongly depends on the molecular pathways of metabolic reactions
and is mostly the result of a kinetic effect, whereby a molecule having the same thermal vibration
energy but higher mass is less likely to overcome the activation energy barrier of the reaction (Hoefs,
2018) [14]. Molecular pathways are mostly known in detail, but it remains unclear at which step of the
pathway the isotope fraction occurs. Hence, from an isotopic point of view, many metabolic reactions
represent a black box, and fractionation effects have been determined for the overall reactions.

In practice, two approaches have been used to determine microbial carbon-isotope fractionation
effects: First, measuring carbon-isotope distributions in metabolites, such as CHy, DIC, and other
organic intermediates dissolved in natural porewaters can provide an “apparent” fractionation
factor. Second, carbon-isotope fractionation factors have been determined directly from microcosm
(Alperin et al., 1992) [15] or pure culture experiments. By convention, the fractionation factor « is
defined as the isotope ratio of the reactant divided by the isotope ratio of the product. For convenience,
fractionation can also be expressed by the separation factor, which is the difference in permil of the
313C of reactant and the product (¢ = (x — 1) - 1000; Hayes, 1993; 2004) [16,17].

Sulphate reduction: Fractionation during dissimilatory sulphate reduction (Equation (1)) is
considered insignificant (e.g., Claypool and Kaplan, 1974) [6].

2 [CH,0] +S03~ — HS™ +2HCO; + H" @

Assuming that average organic matter [CH,O] is consumed quantitatively, while intermediate
pools are very small, essentially no fractionation effects should be expected in natural sediments.
In addition, fractionation factors determined in culture experiments using defined substrates for
dissimilatory sulphate reduction (Londry and Des Marais, 2003) [18] were near to one.

Anaerobic methane oxidation: Whiticar and Faber (1986) and Alperin et al. (1988) [19,20] showed
that a small kinetic fractionation (« = 1.0088) occurs if sulphate reduction is linked to the anaerobic
oxidation of methane (AOM; Equation (2)), resulting in a 13C enrichment of the residual CHy pool.

CH; +SO2™ — HS™ + HCOj + HO )

AOM culture experiments yielded significantly higher kinetic fractionation factors (x = 1.012-1.039)
than were evident from field observations (e.g., Holler et al., 2009) [21]. The reason for this discrepancy
is unclear at present.

Methanogenesis: Fractionation effects during methanogenesis vary over a large range dependent
on the enzymatic pathway and experimental conditions as shown in the histogram of separation factors
compiled from the literature (Figure 1). During acetoclastic methanogenesis:

2 CH3;COOH — CO, + CHy 3)
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Figure 1. Compilation of separation factors ¢ from culture experiments using species of Methanosarcina,
Methanococcus, Methanobacterium, Methanothermobacter, and Methanothermococcus grown under different
conditions: (A) Histogram showing the abundance distribution of separation factors for methanogens
grown with acetate, hydrogen, and methanol/trimethylamine. Distinctively larger isotope effects
are observed during hydrogenotrophic growth, in particular, under substrate limitation, whereas
minor fractionation occurs during acetoclastic growth. Thereby, obligate acetoclasts show insignificant
fractionation. Data are compiled from Games et al. (1978) [22]; Fuchs et al. (1979) [23]; Belyaev et al.
(1983) [24]; Balabane et al. (1987) [25]; Krzycki et al. (1987) [26]; Gelwicks et al. (1994) [27];
Botz et al. (1996) [28]; Summons et al., 1998 [29]; Valentine et al. (2004) [30]; Londry et al. (2008) [31];
Okumura et al., (2016) [32]; and Miller et al. (2018) [33]. (B) Temperature dependence of separation
factors in experiments with Methanococcus growing under H limitation (Botz et al., 1996) [28] in

Temperature (°C)

comparison to the thermodynamic isotope equilibrium from Horita (2001) [34].
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which is a fermentation reaction, the observed fractionation factor between reactant (acetate) and
product (CHy) is small. While fractionation of the carboxyl carbon may be uncoupled from the
methyl carbon, Sugimoto and Wada (1993) [35] showed in sediment incubation experiments that this
reaction only produces a minor intramolecular isotopic difference. Pure-culture incubations with the
facultative acetoclast Methanosarcina barkeri by Krzycki et al. (1987) [26], Gelwicks et al. (1994) [27],
and Londry et al. (2008) [31] show a fractionation effect in the range of —20%o to —30%., in contrast to
the obligate acetoclast Methanosaeta thermophila, showing insignificant fractionation (Valentine et al.,
2004 [30]; Figure 1A).

Much larger fractionation effects were found for hydrogenotrophic methanogenesis (Whiticar et al.,
1986) [36] with an apparent fractionation factor o = 1.05-1.09. However, it needs to be taken into
account that for each mole of H, produced by fermentation of organic matter also 0.5 mol of CO, are
produced, following the overall reaction:

-2H,0

0 5 co, +4H, 0 co, +cH, @)

2 [CH,0]

Therefore, the apparent separation factors determined in the field do not provide the exclusive
fractionation factors of the pure methanogenic step but include the CO, from fermentation.
Methanogenic culture experiments have been performed with Methanosarcina barkeri (Games et al.,
1978 [22]; Krzycki et al., 1987 [26]; Londry et al., 2008 [31]), an acetoclastic methanogen capable of
growing autotrophically, as well as with several strains of the obligate autotrophic methanogens
Methanococcus (Botz et al., 1996) [28], Methanobacterium (Games et al., 1978 [22]; Fuchs et al., 1979 [23];
Belyaev et al., 1983 [24]; Balabane et al., 1987 [25]; Okumura et al., 2016 [32]; Miller et al., 2018 [33]),
Methanothermobacter (Valentine et al., 2004 [30]; Okumura et al., 2016) [32], and Methanothermococcus
(Okumura et al., 2016) [32] under conditions supplied with H, and CO,. As shown by the histogram
in Figure 1A, distinctly larger separation factors (¢) are observed for hydrogenotrophic than for
acetoclastic methanogenesis, independent of the organism used. Also, a great range of separation
factors is observed during methylotrophic growth, using M. barkeri or Methanococcoides burtonii supplied
with methanol or trimethylamine (Summons et al., 1998 [29]; Londry et al., 2008 [31]; data included in
Figure 1A).

Using a flow-through fermentor system, Botz et al. (1996) [28] were able to maintain growth
of different species of Methanococcus under substrate limitation, which generally resulted in larger
separation factors. A similar effect was achieved using a fermenting coculture, providing limited
hydrogen substrate (Okumura et al., 2016 [32]), or under strongly alkaline conditions (Miller et al.,
2018 [33]). Orange bars in Figure 1A highlight the significantly larger isotope effects under
substrate-limited conditions. These conditions may better resemble the natural system, where
often substrate limitation prevails and organisms grow extremely slowly (cf. “the starving majority”;
Jorgensen and D’Hondt, 2006) [37].

2.2. Equilibrium Fractionation

Not entirely clear is the observation that methane often shows extremely negative §'3C values at
sulphate—methane transition zones (SMTZ), i.e., at the depth at which it is almost entirely consumed.
If this were the result of kinetic fractionation, CHy would be expected to show less negative values
(because light CHy is preferentially oxidized). Even though autotrophic methanogenesis may contribute
to lower values, the isotope effect of AOM should dominate.

Recently, Holler et al. (2009, 2011) [21,38] and Yoshinaga et al. (2014) [39] published results
of experimental studies using mixed cultures of sulphate-reducing bacteria and methanotrophic
archaea, forming a consortium capable of anaerobically oxidizing methane. They suggest that the
AOM reaction is reversible, as an amount of dissolved inorganic carbon (DIC) is channelled back into
the methane pool. This was demonstrated by addition of 1*C-labelled DIC, which ended up in the
methane during the experiment. This finding is remarkable since it provides insight into the enzymatic
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pathway. Yoshinaga et al. (2014) [39] suggested that a partial isotopic equilibration occurs within this
process, and this isotopic fractionation could explain the formation of methane with strongly negative
313C ey values at the sulphate-methane transition (SMT) zones in marine sediments. In the study of
Yoshinaga et al. (2014) [39], a kinetic fractionation model was used, where kinetic fractionation occurs
in both forward and backward directions and a steady state is reached in a diffusion-limited system (cf.
Hayes et al., 2004 [17]). Since isotopic equilibrium can only be reached if true chemical equilibrium
occurs (Urey and Greiff, 1935) [40], it is assumed that also the AOM reaction under natural porewater
conditions is close to thermodynamic equilibrium. This is indeed the case as the free energy yield of
AOM is minimal and depends on the concentration levels of reactant and product. While abiotically,
CO; does not exchange isotopes with CHy under Earth surface temperature (Giggenbach, 1982) [41],
the equilibrium fractionation effect between CH, and CO; is extrapolated from high temperature
(Richet et al., 1977 [42]; Horita, 2001 [34]). The separation factor is rather large, on the order of 70%o. at
ambient temperature, and indeed, such a large isotopic difference is observed in marine porewaters.

The idea of equilibrium carbon-isotope fractionation is not entirely new. It was already suggested
by Bottinga (1969) [43] for methanogenesis and is supported by culture experiments (Valentine et al.,
2004 [30]; Penning et al., 2005 [44]; Moran et al., 2005 [45]; Takai et al., 2008 [46]). While experiments
performed under different conditions show large scatter in the separation factors, the experiments under
substrate limitation show significantly larger separation factors (Figure 1A). Plotting exclusively the
values from experiments with Methanococcus by Botz et al. (1996) [28] against incubation temperature
(Figure 1B), whereby the initial time steps were omitted, results in a regression line that fits very well to
the thermodynamic equilibrium separation factor from Horita (2001) [34]. These experiments strongly
suggest that also during methanogenesis, isotopic equilibration occurs.

2.3. Potential Fractionation Effects within the Molecular Pathway

While radiotracer experiments provide valuable information on fractionation mechanisms, these
findings can now be considered to discuss fractionation effects within the actual biochemical pathways.
We focus here on the Wood-Ljungdahl pathway (WL pathway; also known as acetyl coenzyme-A
pathway), which is the essential pathway used by methanogens, acetogens, as well as methanotrophs.
The WL pathway is at the centre of all methane metabolisms and, therefore, should be mainly
responsible for carbon-isotope fractionation in natural aquatic sediments.

The Wood-Ljungdahl pathway: The backbone of the WL pathway is shown in Figure 2. It starts
with CO; being first reduced to formate by formate-dehydrogenase (FDH). Alternatively, methylated
substrates, such as methanol or methylamine, may be used. In Archaea, the formate is further
reduced along a cascade of reduction steps to methyl-tetrahydromethanopterin (4H-MTP). In Bacteria,
tetrahydrofolate is used instead of 4H-MTP. At the core of the WL pathway, acetyl-coenzyme-A synthase
(ACS) combines a methyl group, containing a reduced carbon, with a carboxyl carbon when forming
acetyl-coenzyme-A. The carboxyl carbon is supplied from CO; via a carbon monoxide-dehydrogenase
(CODH), which is part of the ACS-CODH cluster (also called CO-methylating acetyl-CoA synthase;
Adam et al. 2018 [47]). The pathway ends with the production of acetate or may continue from
acetyl-CoA further to biosynthesis. In methanogens, the methyl group from methyl-4H-MTP is passed
to coenzyme-M (CoM) and released as CHy.
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Figure 2. Wood-Ljungdahl pathway (black lines) and different directions in which metabolic reactions
can run through the pathway: (A) Autotrophic methanogenesis (solid red line) and acetogenesis (blue
line; via Tetrahydrofolate); (B) anaerobic methane oxidation; (C) acetoclastic methanogenesis. Also,
the biosynthetic branch is indicated by dashed red lines. The scheme is drawn according to the WL
pathway shown in Martin and Russel (2007) [48]. Abbreviations: Acetyl-CoA synthase: ACS; carbon
monoxyde dehydrogenase: CODH; coenzyme-A: CoA; coenzyme-M: CoM; formate-dehydrogenase:
FDH; tetrahydro-methanopterin: 4HMTP.

While the WL-pathway represents the most ancient pathway of carbon fixation that still exists in
modern Archaea and Bacteria (cf. Weiss et al., 2016) [49], different organisms run the pathway in different
directions, depending on the biogeochemical conditions, to gain energy and biomass. Figure 2 shows
the three directions in which different organisms use the pathway. Autotrophic (i.e., hydrogenotrophic)
methanogens such as Methanococcus (Figure 2A) use the MTP branch to reduce carbon and then pass
the methyl group to CoM. However, they also use the ACS-CODH cluster for anabolism (dashed
red line; Berghuis et al., 2019) [50]. Acetogens follow the same route (blue lines), but they do not
produce CoM.

In the second case (Figure 2B), methanotrophs use CoM and the MTP-chain to oxidize CHy4 to CO,
by running the pathway backwards. Nevertheless, for biosynthesis they still rely on carboxyl-carbon,
which is directly fixed via the ACS-CODH cluster and, hence, not derived from methane. This has been
confirmed by radiotracer experiments (Kellermann et al., 2012) [51], although isotopically light DIC
that is delivered by AOM may be directly used within the community cluster (Alperin et al., 2009) [52].
Besides, the same pathway is also used by methanotrophic bacteria (Skennerton et al., 2017) [53].

Methanogens, using acetate as a substrate (acetoclastic methanogens, such as Methanosarcina), run
the WL-pathway sideways (Figure 2C; see Thauer et al., 2008) [54]. They use the ACS-CODH cluster in
reverse to cleave the carboxyl group from acetate and oxidize it to CO,, while the methyl group is
transferred to 4H-MTP and CoM.

Isotope fractionation in the WL-pathway: Having established the general pathways, we can now
consider, where in the pathway the essential fractionation effect occurs. Valentine et al. (2004) [30]
discuss the concept of differential reversibility within the WL pathway, where the hydrogenotrophic
methanogenic steps from CO, to 4H-MTP are reversible but the methyl transfer to CoM represents
a kinetic bottleneck (Figure 3). This step would only become reversible under strong substrate
limitation, and indeed, isotopic equilibration seems to occur under such conditions as evidenced by
separation factors of substrate-limited autotrophic (hydrogenotrophic) methanogens in Figure 1A,B.
It is also conceivable that in the opposite direction, during AOM, the methyl transfer from CoM to
4H-MTP (Figure 3) would be the critical step, becoming reversible under electron acceptor limitation.
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Meister et al. (2019b) [55] propose a model, where isotopic equilibration in fact occurs within the
pathway, which would most likely be localized at this particular step.

AOM
—
bottleneck
€, g J; & g,
< | € <+ < 1, & =
CO, o| formate [L | 4H-MTP [ 2 1 Com CH
g, g, = g,
L §
1 ] 1 |
full equilibration full equilibration
——

Methanogenesis

Figure 3. Scheme showing the differential reversibility of steps in the methanopterin-branch of the
autotrophic methanogenic Wood-Ljungdahl pathway, as proposed by Valentine et al. (2004) [30].
The transfer of methyl groups by methyl-transferase to coenzyme-M may represent the bottleneck in
the entire pathway, only becoming reversible under strong substrate limitation.

While differential reversibility could explain isotope fractionation for hydrogenotrophic
methanogens, fractionation during acetoclastic methanogenesis (Figure 1A) is very small and not
anywhere near isotopic equilibrium. Isotopic fractionation during acetoclastic methanogenesis could
also not explain the large difference in §!3C between CH; and CO, in marine sediments, while the
intra-molecular difference between the methyl and carboxyl carbons in acetate is only in the range
of 7%0—14%o (Blair and Carter, 1992; Sugimoto and Wada, 1993) [35,56]. While acetate is split into a
methyl-group and a carboxyl-group within the ACS-CODH cluster, a direct exchange of the methyl-C
and the carboxyl-C would not be possible, due to the high energy barrier involved in cleaving the
C=0 double bond. Also, in most cases, acetate represents a small intermediate pool and cannot
significantly fractionate against CHy and CO,. Fractionation in the anabolic branch (Figure 2) is also
not likely to be a major cause of '3C-depleted methane, since archaeal lipids are themselves depleted in
1BC (e.g., Hinrichs et al., 2000; Pancost et al., 2000; Contreras et al., 2013) [57-59]. Isotope exchange
may still occur through the MTP branch in facultative hydrogenotrophic Methanosarcina (capable of
hydrogenotrophic and acetoclastic methanogensis). Indeed, Methanosarcina growing acetoclastically
shows 20%0-30%o fractionation, while fractionation in the obligate acetoclastic Methanosaeta, which is a
common organism in marine sediments (Carr et al., 2017) [60], is entirely insignificant (Figure 1A).

Overall, isotopic equilibration through the WL pathway may represent the most predominant
carbon-isotope fractionation mechanism in natural marine sediments. However, this concept requires
further investigation. Radiotracer experiments with methanogens or incubations with purified enzymes
could clarify some of the fundamental fractionation mechanisms.

2.4. The Effects of Substrate and Carbon Limitation

Energy limitation: It is well known that microorganisms in the deep biosphere often operate under
extreme energy limitation (Jergensen and D’'Hondt, 2006) [37]. Under such conditions, enzymatic
reactions are likely reversible, leading to isotopic exchange. An isotopic equilibration is possible as long
as the reaction is also approaching a chemical equilibrium (Urey and Greiff, 1935) [40]. This is clearly the
case for hydrogenotrophic methanogens under Hj limitation, while ample inorganic carbon may still
be available. This is also the case during AOM because the energy yield of AOM is minimal and subject
to concentration levels of methane and sulphate. Yoshinaga et al. (2014) [39] observed an increasing
reverse AOM flux and accordingly, more complete isotopic equilibration with decreasing sulphate
concentration. In their model, equilibrium fractionation results from the difference in fractionation of
the forward and reverse reactions within a diffusion-limited system.
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Organic carbon substrate limitation: Also, organic carbon substrates are often limiting under
deep-biosphere conditions. In particular, small molecules, such as acetate or methyl groups, are
common intermediates produced by other, fermenting organisms at rather low rates. Under sluggish
turnover rates, not only is the energy source limited, but also the carbon source, in which case, complete
turnover may result in a minimal fractionation effect.

Inorganic carbon limitation: It is very unlikely that in normal marine sediments dissolved inorganic
carbon (DIC) becomes limiting. This is because, according to Equation (4), for each mole of H, produced
by fermentation of organic matter, approximately half a mole of CO, is produced (i.e., two moles
of CO, per mole of CHy). CO,-limitation may, however, occur if an excess of Hj is supplied from
abiotic sources. Such observations have been made in off-ridge hydrothermal systems, such as the
Lost-City hydrothermal field in the Atlantic, where large amounts of H, are produced due to alteration
of ultramafic rocks by seawater (serpentinization; see McCollom and Bach, 2009) [61]. Ultramafic fluids
are often highly alkaline and conducive to intense carbonate precipitation if they come in contact with
seawater, i.e. their DIC content is usually very low. Under high H; content and concomitantly low DIC
content, the system may indeed become DIC-limited. Under CO;-limitation a complete Rayleigh effect
would occur and, hence, isotope fractionation would become small. In these cases, biogenic methane
production would produce CHy with a rather high 13C content, thus mimicking an isotopic signature of
methane that was generally thought to be of abiotic origin (Meister et al., 2018) [62]. The experiments
by Miller et al. (2018) [33] seem to confirm that methanogenesis under alkaline conditions with strong
Ca-carbonate supersaturation indeed produce methane with very small fractionation relative to CO5.

Considering all these different effects, we may conclude that carbon-isotope equilibrium
fractionation is most likely to prevail in normal marine sediments.

3. Carbon-Isotope Distribution in Porewater Systems

3.1. Isotope Effects in Diffusive Mixing Profiles

While the exact mechanisms of fractionation remain incompletely understood, and further
experiments are necessary to shed light on this matter, a further aspect that needs consideration is how
the fractionation manifests in isotopic differences in natural methane and DIC profiles in sedimentary
porewater. In unlithified marine sediments, porosity is usually large, allowing for diffusive transport
of solutes along concentration gradients. While advective transport may substantially contribute to
methane and DIC transport (see Section 3.4), diffusive mixing alone leads to considerable complexity
in isotopic distributions. The main C-constituents in sedimentary porewaters are DIC and methane.
Although dissolved organic carbon (DOC) compounds can be detected, which are largely fermentation
products, such as acetate, serving as intermediates in microbial metabolic networks, their concentration
gradients are generally too small to give rise to significant diffusive transport. Even though their
turnover may exhibit substantial fractionation effects (e.g., Heuer et al., 2008 [7]; Jjiri et al., 2012 [63]),
these effects do not manifest in the end products if these compounds undergo quantitative production
and consumption, resulting in a complete Rayleigh effect.

Diffusive mixing between seawater and porewater: Inorganic carbon dissolved in seawater has a §13C
around 0%, but its concentration is only on the order of 2 mmol/L. DIC concentration often steeply
increases with depth in the sediment, often reaching 10 mmol/L within a few centimetres. Most DIC
in the sediment is derived from dissimilatory degradation of organic carbon, exhibiting an isotopic
composition on the order of —20%., while the influence of the small amounts of DIC from seawater
rapidly decreases with depth (Figure 4A). Diffusive mixing is then manifested as a mixing hyperbola,
resulting in rather negative values at shallow depth in a diffusive boundary layer (Zeebe, 2007) [64].
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Figure 4. Scheme of isotope fractionation effects due to metabolic activity on §'>C of DIC across the
SMT. Essentially, three different zones can be distinguished based on metabolic activity and isotopic
signatures in the porewater (from top to bottom): (A) Sulphate reduction zone; (B) SMT showing
anaerobic oxidation of methane; (C) methanogenic zone. The thick blue bars represent the isotopic
compositions of the instantaneously produced metabolic DIC; the thin blue line represents the resulting
isotope profile of DIC.

Isotope profiles at the SMT: Further complexity arises near the SMT, where even more '3C-depleted
DIC from AOM is mixing with DIC from the sulphate reduction zone (Figure 4B). Because isotopically
light methane is quantitatively converted to DIC, §!3C of DIC may become much more negative
than 613C of TOC at the SMTZ. Extremely negative 313Cpyc values (<—90%0) were measured in deep
continental crust fracture systems (Drake et al., 2015, 2017 [65,66]). However, such negative values
are only possible under DIC limitation, which is not usually the case in marine sediments (see above
section). The negative effect from AOM is usually balanced by diffusive mixing with 1*C-enriched DIC
from the methanogenic zone (Figure 4C).

Isotope profiles in the methanogenic zone: As shown above and in Figure 1A, fractionation effects
are rather strong during hydrogenotrophic methanogenesis, resulting in isotopically light CHy
(813C < —60%o0) and isotopically heavy DIC (613C > 0%o; Figure 4C), whereby some intermediate CO,
is also produced by fermentation (Equation (4)). Acetoclastic methanogenesis may occur, as indicated
by enriched 5'C values in acetate observed by Heuer et al. (2008) [7]. However, this process probably
does not occur alone and does not explain the large isotopic differences between DIC and CH, observed
in most methanogenic zones. As a result of diffusive mixing, DIC shows a mixing curve between the
negative values at the SMT and moderately positive values in the methanogenic zone (Figure 4C).

3.2. Towards a Simulation of Carbon-Isotope Profiles

Closed-system Rayleigh models: Several studies have been dedicated to understanding these effects
using closed-system Rayleigh fractionation models (Nissenbaum et al., 1972 [67]; Claypool and Kaplan,
1974 [6]; Whiticar and Faber, 1986 [19]; and Paull et al., 2000 [68]). §!3C was calculated as a function of
the fraction of CO, converted to CHy (Rayleigh function), without CO, production by fermentation,
but including the input by CO, advection and the removal by carbonate precipitation. The model was
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solved for separate compartments in a sedimentary porewater profile, yet, the model does not simulate
diffusive mixing. It would be incorrect to fit a Rayleigh curve, representing an exponential function, to
a porewater profile showing a mixing hyperbola.

Reaction-diffusion models: Instead, Alperin et al. (1988) [20] was among the first to use a numerical
reaction-transport model to simulate diffusion and fractionation of CH4 above the SMT. By fixing
the 613CCH4 at the SMT and near the sediment surface as boundary conditions, he realized that the
shape of the curve in the sulphate-reduction zone is very sensitive to the kinetic fractionation factor of
AOM (the forward reaction). Chatterjee et al. (2011) [69] simulated 313Cpic through the SMT using
a reaction-transport model, which very well reproduced the measured profiles from several sites at
Hydrate Ridge and in the Gulf of Mexico.

Models including isotopic equilibration: Despite the above studies, it still remained unclear what
caused the strongly negative §'*Ccyyy values at the SMT. The key insight came from Yoshinaga et al.
(2014) [39], demonstrating a reverse flux and isotope equilibration during AOM. These authors could
satisfactorily reproduce 8'3Ccyyy profiles across the SMT at the Cascadia Margin (Figure 5; Bull’s eye
vent; Pohlman et al., 2008) [70], and this concept was successfully applied to reproduce profiles in
the South China Sea (Wu et al., 2018 [71]; Chuang et al., 2019 [72]). Now it is possible to simulate
both 613CCH4 and 513CDIC including the complete stoichiometries of metabolic reactions in diffusive
sedimentary systems. Meister et al. (2019b) [55] developed and tested such a model system, including
the SMT and methanogenic zone over a depth range of 200 m. The modelling confirmed previous
insights that isotopic equilibration at the SMT must occur.
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Figure 5. Measured 813Ccpyy and §13Cpye profiles from SMTs at Site C-2, Bullseye vent, Cascadia
Margin (data from Pohlman et al., 2008 [56]; figure modified from Meister et al., 2019b [35]).

3.3. Assessing the Factors Influencing Carbon-Isotope Profiles

Having a full reaction-diffusion model at hand, Meister et al. (2019b) [55] discuss the sensitivity
of carbon-isotope profiles to variations in organic matter burial and fractionation factors through the
SMT and into the methanogenic zone. One observation is that fractionation factors determined in
culture experiments with Methanosarcina barkeri under different conditions (Krzycki et al., 1987 [26];
Gelwicks et al., 1994 [27]; Londry, et al., 2008 [31]; etc.; Figure 1) result in too small isotopic differences
between CH4 and CO, compared to the differences observed in natural environments. Larger
fractionation was observed in cultures using strains of Methanococcus, an obligate hydrogenotrophic
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methanogen, under substrate limitation (Botz et al., 1996) [28] (Figure 1). These larger fractionation
factors would be necessary to reproduce the measured porewater profile (Meister et al., 2019b) [55],
including the effect of CO, production by fermentation as shown by Equation (4).

Overall, methanogenesis results in 13C-depleted CH, and BC-enriched DIC, and, from a
stoichiometric point of view, isotopic values of CHy and DIC should be symmetrical with respect to
the organic matter substrate from which all DIC and CHy originates, independent of the pathway.
The 5'3Ccp4 and 53Cpyc approach a symmetrical distribution relative to 513Croc, which is indeed
observed in many measured isotope profiles (Figure 6A). While the (apparent) separation factor ¢
between §'3Ccpyy and §'3Cpje remains constant, the §'3Cepa—51Cpye couple may be shifted to lower
values if the organic matter decay is slow or if most organic matter rapidly decays in the sulphate
reduction zone (resulting in a deep SMT and curved sulphate profile; Meister et al., 2013a) [73]. This is
because the 53Cpjc would then be more influenced by 13C-depleted DIC diffusing down from the
sulphate-reduction zone (Figure 2B). However, no shift to more positive values (as seen in Figure 6B;
Heuer et al., 2009) [7] can ever occur in a steady-state diffusive system. In general, it is difficult to

reproduce §'3Cpjc more positive than about 10%. and impossible to produce the 35%. observed by
Heuer et al. (2009) [7].
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Figure 6. Measured 5'*Ccpyy and §'3Cpyc profiles from natural methanogenic zones: (A) Blake Ridge,
ODP Site 995 (Paull et al., 2000) [54]: The profiles largely approach symmetry with respect to §'*Croc
in the methanogenic zone. (B) Cascadia Margin, IODP Site U1329 (Heuer et al., 2009) [7]: Profiles are
shifted towards more positive values, with DIC reaching +35%o. at 100 mbsf.

In conclusion, most features of '3C profiles of CH, and DIC in marine porewaters can be well
reproduced with numerical reaction-diffusion models, but to explain very positive values in DIC

observed in some methanogenic zones further advective or, perhaps, non-steady state conditions need
to be taken into account.

3.4. Non-Steady-State Effects and Gas Transport

Non-steady state effects: Although it is clear that porewater profiles are often not in a steady state
due to changes in sediment deposition and microbial activity (e.g., Dale et al., 2008a; Contreras et al.,
2013) [59,74], the effects on isotope profiles are still poorly assessed. It is possible that upward and
downward migration of the SMT results in a temporary offset of isotope profiles with respect to
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the redox zonation. Also, increase and decrease in overall microbial activity may shift the isotopic
signatures (Meister et al., 2019b) [55], as will be further discussed below.

Methane and CO; rise: In organic carbon-rich sediments both CHy- and CO,-gas fugacities may
exceed solubility in porewater, which then leads to exsolution of a gas phase. Gas systematics are
rather complex, as many factors play a role, while gas transport is often unpredictable, abrupt, and
anisotropic, i.e., it follows discrete conduits. Starting from oversaturated CHy, rates of gas bubble
formation can be calculated according to Mogollén et al. (2009) [75]. While methane gas saturation is
soon reached, CO, may not readily be oversaturated due to the buffering effect of porewater alkalinity
(see discussion below). Nevertheless, once a gas phase is present, as methane bubbles, CO, readily
equilibrates with the gas phase, following Le Chatelier’s principle (Smrzka et al., 2015) [76]. While
parts of the methane bubbles adhere to the sediment particles by capillary forces, the rise velocity of
methane bubbles can be calculated using the formulations of Boudreau (2012) [77]. Thereby; it is critical
to consider that methane bubble rise is facilitated if conduits, such as fractures or porous sediment,
are present. Once the bubbles reach a zone with a lower CHy fugacity near the SMT, bubbles start
to re-dissolve into the aqueous phase, but depending on the dissolution kinetics (see Mogollén et al.,
2009) [75] and the thickness of the sulphate zone, parts of the methane bubbles may reach the seafloor
and escape to the water column (seepage; e.g., Dale et al., 2008b) [78]. While methane seepage out of
marine sediments is not commonly reported to be CO,-rich, parts of the CO, are probably re-dissolved
due to the pH-buffering effect of AOM at the SMT. The diffusion constant of CO, only shows minor
dependence on isotopic mass (Zeebe et al., 2011) [79]; however, the fact that CO,, which is depleted
in 13C by ca. 9%o relative to HCO;~, rises more rapidly (due to a higher diffusion constant, or in the
gas phase) may also have an effect on the overall isotopic composition of DIC. However, this effect is
limited by the carbonate equilibrium, preventing a runaway Rayleigh effect.

Deep methane sources: Methane gas may not only evolve within the considered sediment sequence,
but may rise from deeper intervals of organic carbon-rich sediments, from the gas hydrate stability
zone (e.g., Borowski et al., 1999; Kennett et al., 2000) [80,81], or even from the thermogenic zone, where
methane is generated from the thermogenic decomposition of organic matter. In particular, thermogenic
methane is generally less depleted in 13C (e.g., Whiticar, 1999) [82]. It still remains unexplained how
DIC with extremely positive 5'*Cpyc values could be produced in the methanogenic zone. However, if
thermogenic methane could re-equilibrate, isotopically, with the DIC pool through the WL-pathway,
this could explain the positive values observed at the Cascadia margin (Heuer et al., 2009) [7], where
the CH4-DIC couple is shifted to more positive 513C than symmetry with respect to TOC (Figure 6B).
Testing such scenarios requires more elaborate numerical models under non-steady-state conditions.

4. The Isotope Signature of Diagenetic Carbonates

4.1. Processes Inducing Carbonate Formation in the Deep Biosphere

Before discussing how carbon-isotope patterns characteristic for particular biogeochemical zones
are preserved in diagenetic carbonates, the factors controlling authigenic (incl. diagenetic) carbonate
formation in sediments need to be briefly summarized. Generally, carbonates precipitate due to an
increase of the saturation state (here expressed as saturation index SI = log IAP - log Ksp, where IAP
is the ion activity product and Kgp is the solubility product). Most commonly, cations (mainly Ca%*
and Mg?") are sufficiently supplied from seawater in the uppermost few metres (Baker and Burns,
1985; Meister et al., 2007) [11,83] or sometimes through deep circulating fluids (Meister et al., 2011) [84].
Carbonate saturation can be significantly increased due to microbial metabolic activity, whereby it
is still debated which microbial processes indeed can induce carbonate precipitation. Under marine
conditions, sulphate reduction, which is producing DIC and alkalinity at a 1:1 ratio, may even lead
to a lowering of the saturation state due to a drop in pH (Meister, 2013 [85]; and references therein),
unless most of the 28 mmol/L of sulphate in seawater are turned over. In contrast, AOM produces two
moles of alkalinity per mole of DIC and, thus, efficiently increases the SI of carbonates (Moore et al.,
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2004; Ussler III. et al., 2008; Meister, 2013) [85-87]. Furthermore, methanogenesis always produces
CO; and no alkalinity (as seen from Equation (3)), but the acidification effect is largely buffered by
alkalinity produced near the SMT and the release of ammonia. Further alkalinity may originate from
the alteration of silicates (mainly volcanic glass but possibly also by clay minerals; Wallmann et al., 2008;
Meister et al., 2011; Wehrmann et al., 2016) [84,88,89]. These sources of alkalinity production, perhaps
in combination with exsolution of CO, via methane bubbles, may prevent carbonate undersaturation
in the methanogenic zone. Although these effects have not been precisely quantified yet, and it remains
unclear how focused diagenetic beds of carbonate can form in the methanogenic zone, it is most likely
due to the dynamics of a supersaturation front (cf. Moore et al., 2004) [86].

4.2. Controls of 5'3C Composition of Diagenetic Carbonates

Carbonate precipitation itself is subject to fractionation effects, whereby equilibrium fractionation
prevails at slow precipitation rates observed in the deep biosphere (Turner, 1982) [90]. The carbonate
mineral phase is, in most cases, enriched in >C by a few permil relative to the inorganic carbon (~2%o
for calcite; Deines et al., 1974) [91]. For dolomite, the separation factor relative to CO, is on the order of
12%0-14%o0 at ambient temperatures (Ohmoto and Rye, 1979; Golyshev et al., 1981) [92,93]. Subtracting
the isotope effect of 9%. between CO, and HCOj3;™ (Mook, 1974) [94] results in a range of 3 %o—5 %o
for dolomite and HCO3™. As a result of this fractionation effect, it was suggested that the residual
DIC is depleted in '3C due to a Rayleigh effect (Michaelis et al., 1985) [95]. However, since carbonate
precipitation is limited by the production of alkalinity and the supply of major cations from seawater,
while DIC is usually not limited in the deep biosphere, as it is produced in ample amounts from
microbial dissimilation reactions, carbonate precipitation has most likely a minor effect on the isotopic
composition of DIC. This has also been confirmed by model calculations (e.g., Chuang et al., 2019) [72].
Thus, the carbon-isotope signature of the porewater becomes trapped in the diagenetic carbonate,
providing a signature for past biogeochemical conditions at the location and time of precipitation.

Suboxic vs. anoxic zones: It is often seen in carbonates, especially if they occur in organic carbon-rich
sediments, that §13C values are in a range between 0%. and —10%o, but not as negative as to indicate a
signature typical for a sulphate reduction zone. This could be the result of a precipitation in the top few
centimetres below the sediment surface, where carbon isotopes follow a mixing hyperbola. Typically,
in suboxic sediments, where the dissimilatory rates are moderate, and the redox zonation accordingly
expanded, 8'3C values fall into this intermediate range, as observed in Ca-rich rhodochrosite occurring
within mottled and bioturbated sediments of the Eastern Equatorial Pacific (Meister et al., 2009) [96].
Thereby Fe- and Mn-reduction may contribute to carbonate supersaturation (Kasina et al., 2017, and
references therein) [97]. Intermediate values may also occur in shallow sulphate-reduction zones, e.g.,
in bituminous sediments, where laminae of authigenic carbonate form just below the sediment/water
interface and, hence, early with respect to burial along the mixing gradient (cf. the Triassic Besano
Fm., Ticino, Switzerland; Bernasconi et al., 1994 [98]; see discussion in Meister et al., 2013b) [99].
Alternatively, the isotope values may represent a mixture of different carbonate phases of different
origin, e.g., dolomite mud from an adjacent platform, showing normal marine isotope values. Therefore,
a further petrographic analysis is often necessary to determine the origin of the carbonate, in order to
interpret its carbon-isotope signature.

Sulphate-methane transition zone: While sulphate reduction alone rather lowers the saturation state
of carbonates, an early onset of AOM has been suggested to induce the formation of carbonates, such
as carbonate concretions in organic carbon-rich shale of the Santana Fm. (Brazil; Heimhofer et al.,
2018) [100] at very shallow depths. Shallow SMT zones are well documented from modern settings
(e.g., Thang et al., 2013) [101] and they may indeed induce carbonate cementation (e.g., Jorgensen et al.,
1992) [102]. However, an actual AOM signature in §'3C with values below —35%o is only exceptionally
preserved, such as in a dolomite layer at the Peru Trench at 6.5 m below seafloor (mbsf; Meister et al.,
2007) [11]. Instead, a great range of carbon-isotope values have been reported from dolomite layers
intercalated in organic carbon-rich diatom ooze drilled from upwelling regions offshore California
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(Pisciotto and Mahoney, 1981) [103], in the Gulf of California (Kelts and McKenzie, 1982) [104], or
in Miocene diatomite of the Monterey Fm. (California; Murata et al., 1969; Kelts and McKenzie;
1984) [9,105]. Also, Rodriguez et al. (2000) [106] report strongly positive 513C values in siderites from
a methanogenic zone at Blake Ridge. While the positive §'3C values were interpreted as a result of
precipitation in the methanogenic zone, negative values in dolomites of the Messinan Tripoli Fm. in
Sicily were interpreted as indicative of precipitation in the sulphate-reduction zone. This explanation
seems obvious, but it still remains unclear what caused precipitation of carbonates in the methanogenic
zone, as methanogenesis should not per se lead to a focused supersaturation of carbonates.

Deep methanogenic zone: A case in which dolomite cements are indeed observed to form in the
methanogenic zone is OPD Site 1230, located in the Peru Trench. This site, at a water depth of 5000 m,
is located on the Peruvian accretionary prism, where the sedimentary succession is dissected by a fault
zone at 230 mbsf). A dolomite breccia was drilled at this depth, showing more radiogenic 8Sr/%Sr
ratios than modern seawater, indicating precipitation from a fluid that was derived from interaction
with continental basement rocks, deep in the prism (Meister et al., 2011) [84], presumably delivering
alkalinity and Ca?* to induce dolomite precipitation. While this site represents a special case, it is still
not understandable how dolomite can otherwise form in a methanogenic zone.

4.3. Interpreting 5'3C Archives Through Time

Carbon isotopes were measured in diagenetic dolomites through a 150 m thick interval on the Peru
Margin, showing varying s13C (Figure 7A-C; ODP Site 1229; Meister et al., 2007) [11]. The dolomites
also show 87Sr/86Sr ratios near to Pleistocene—Holocene seawater, while the ratios in the porewater
strongly decrease with depth, indicating that the dolomites formed near to the sediment— water
interface. The dolomites thus formed in the past and document an actively evolving biosphere
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Figure 7. Patterns of carbon isotopes preserved in diagenetic carbonates from the Peru Margin: (A)
Fragment of discrete, hard lithified, diagenetic dolomite; (B) distribution of dolomite layers through
the sequence at ODP Site 1229; (C) carbon-isotope values in diagenetic dolomites in comparison to
carbon-isotope composition of the present porewater.
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Episodic carbonate formation: The dolomite beds do not present uniform conditions through time,
as otherwise fine-grained dolomite would have been homogeneously distributed throughout the
sediment. Instead precipitation must have occurred episodically, at focused locations. Based on
their regular spacing on the order of glacial-interglacial cycles in the sediment, Compton (1988) [107]
proposed that diagenetic dolomite beds in the Monterey Fm. could be linked to Milankovitch cyclicity
in sediment deposition. Meister et al. (2008) [108] followed this idea by showing that oxygen isotopes
in dolomites, that occur with a spacing of ca. 10 m, reflect marine 5'0 values and bottom water
temperatures of glacial periods on the Peru Margin. Contreras et al. (2013) [59] found enrichments of
dolomite, barite, and isotopically light archaeol (§!3C = —73%o) as an imprint of an earlier shallow SMT
zone far above the present SMT, which has shifted downward since then. In this manner, the isotopic
signature of archaeol can be explained by fractionation as part of the Wood-Ljungdahl pathway (see
discussion above). Reaction-transport modelling then confirmed that an upward and downward
migration over 30 meters within the time frame of 100 ka is feasible. In conclusion, the dolomite layers
on the Peru Margin formed in the aftermath of a rapid deposition of an organic carbon-rich, interglacial
sediment layer that, during its burial, triggered a temporary onset of a shallow SMT zone. During this
time, a dolomite layer formed at the upper SMT.

Dynamics in carbon-isotope preservation: While the episodic precipitation of dolomites can be
explained by a 100 ka cyclicity in deep biosphere activity, longer-term changes on the order of several
100 ka are superimposed and manifested in the 5'3C record. In theory, three explanations can be
proposed (Figure 8A-C): (A) Precipitation in different zones as suggested by Kelts and McKenzie
(1984) [9], whereby the carbon-isotope signature is controlled by the depth of a carbonate saturation
front relative to the redox zonation and §'3C profile in the porewater. The saturation front could be
uncoupled from the redox zonation due to outgassing of CO, from the methanogenic zone. (B) At a
shallow SMT, outgassing of CH, is frequently observed (e.g., Dale et al., 2008b) [78], resulting in the loss
of 13C-depleted carbon and accordingly, less negative 5'*Cpyc near the SMT. This mechanism can be
well reproduced with reaction transport modelling (Meister et al., 2019b, Figure 7 therein) [55]. (C) Due
to an increase in methanogenic activity, 513C in both CH,4 and DIC may increase in the methanogenic
zone. This is clearly the case at Peru Margin ODP Site 1229, where the modern-day 613CD1C is negative
in the methanogenic zone, but was positive in the past (Meister et al., 2019a; and references therein) [13].
The observation that the variations of §'C in diagenetic dolomites are coupled to variations of §34S in
pyrite provides independent evidence that two episodes of enhanced deep-biosphere activity involving
stronger methanogenic activity occurred throughout the Pleistocene. Most likely, a combination of the
effects A-C occurs in a dynamic way. Ultimately, reaction-transport modelling under non-steady-state
conditions will clarify the mechanisms that generated these diagenetic records.
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Figure 8. Possible scenarios of carbon-isotope incorporation in diagenetic dolomites: (A) Dolomite
precipitation in different redox zones; (B) dolomite formation at the SMT showing variable 313Cpyc as
a result of CHy escape; (C) changing 313Cpyc due to variations in methanogenic activity.
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5. Implications for the Global Carbon Cycle

5.1. The Importance of Diagenetic Carbonates for Global Carbon Fluxes

Carbonates are besides sedimentary organic carbon the largest sink of CO, from the exogenic
cycle. The capacity of the ocean to precipitate carbonate relies on the delivery of alkalinity from
continental silicate weathering. Also, a significant portion of carbonate forms as a result of submarine
alteration of ultramafic rocks, so that subduction of ophicarbonates substantially contributes to the
global carbon cycle (e.g., Alt and Teagle, 1999) [109]. Diagenetic carbonates forming as a result of
dissimilatory microbial activity in marine sediments provide a further carbon sink. Their formation
does not rely on alkalinity supplied by continental silicate weathering; they are induced by anaerobic
terminal electron accepting processes acting as an alkalinity pump. This alkalinity remains in the
sediment, as long as sulphide is trapped as iron sulphides and not re-oxidized at the sediment
surface. Microbial alkalinity production contributes to retaining a significant portion of DIC, derived
from organic matter, that otherwise would be cycled back to the water column and atmosphere
(Figure 9). Schrag et al. (2013) [8] estimated that diagenetic carbonates significantly contribute to the
global carbonate burial flux, in particular at times of widespread anoxia, and that this flux also may
substantially affect global carbon-isotope composition. Burial of isotopically light carbon, as diagenetic
carbonate, would contribute to an increase in §13C in ocean and atmosphere. In turn, formation of
isotopically heavy diagenetic carbonates would decrease 5'3C in the ocean and atmosphere, and
therefore, understanding the controls of methanogenic carbonate formation would be significant for
assessing the deep biosphere’s influence on the carbon cycle.
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Figure 9. Schematic drawing representing the role of the deep biosphere in the global carbon cycle.
Parts of the organic carbon deposited on the seafloor are re-mineralized and cycled back to the water
column. Some inorganic carbon is buried as diagenetic carbonate. The latter is mainly induced
by additional alkalinity from anaerobic metabolisms and is decoupled from sedimentary carbonate
induced by alkalinity from continental weathering. Most carbon is stored in the rock record, but the
deep biosphere has a significant effect on what goes into this reservoir.

5.2. Diagenetic vs. Atmospheric Signatures?

Certain time periods in Earth’s history stand out due to significant excursions in the global
carbon-isotope composition. These excursions may be largely influenced by the activity of the deep
biosphere. For example, methane released from the dissociation of gas hydrates as a result of warming of
bottom water during the Palaeocene-Eocene thermal maximum has caused a perturbation in the carbon
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cycle, manifested in a negative excursion in the atmospheric §13C (Dickens, 1997) [110]. Also, positive
excursions occurred during the Neoproterozoic (Knoll et al., 1986) [111] or near the Permian-Triassic
boundary (Payne et al., 2004) [112], presumably due to enhanced burial of organic carbon.

While signatures in the carbon-isotope record can often be globally correlated, it still has to be
confirmed that these are not results of diagenetic overprint. One indication that the signatures indeed
represent the conditions in the water column would be that isotope records in the organic carbon show
a similar excursion as the inorganic carbon, i.e., the organic and inorganic fractions run in parallel, offset
by 20%0-30%o, depending on the separation factor of the primary production (Knoll et al., 1986) [111].
Isotopically light signatures in organic carbon from the Peru Margin were initially interpreted as
signatures of a large-scale methane escape to the water column along the Peru Margin, presumably as
a result of gas hydrate dissociation (Wefer et al., 1994) [113]. However, the finding of accumulated
isotopically light archaeol, in combination with barite and dolomite enrichments, supports the concept
that these signatures instead represent the imprint of a former SMT (Contreras et al., 2013) [59] and
are thus a diagenetic feature. Similarly, Louis-Schmid et al. (2007) [114] found that a 4%o. negative
excursion in a Late Jurassic hemipelagic succession at Beauvoisin (SE France) is the result of local
anaerobic methane oxidation and precipitation of authigenic carbonates, rather than a global signal.

An even more extreme carbon-isotope excursion can be found in the Palaeoproterozoic record.
The so-called Lomagundi-Jatuli event (ca. 2.2-2.1 Ga) lasted more than 100 Ma and is the most positive
excursion in §13C (up to +14%o) in Earth’s history. It was thought that this excursion is the result of
strongly enhanced organic carbon burial rates as a result of the onset of oxygenic photosynthesis at the
time of the great oxidation event, i.e., when Earth’s atmosphere first became oxidized (Schidlowski et al.,
1984) [115]. However, the excursion is not observed in the organic carbon record, which casts some
doubt on the explanation that organic carbon burial is responsible for such a large isotope excursion.
Hayes and Waldbauer (2006) [116] challenged this interpretation, using a global model of carbon
and energy fluxes. According to their calculation, such a large carbon burial would have resulted in
unrealistically high oxygen concentrations (up to 100 times the present level). Instead, they suggested
that organic carbon production was enhanced and, while the sulphur cycle was not fully developed
yet, organic matter would have been converted to CHy and CO, at shallow depths, with minimal AOM
taking place. Escape of isotopically light methane would have led to an isotopically heavier residual
DIC pool. Presumably, CO, outgassing was partially prevented by a high alkalinity of the ocean due
to silicate weathering, causing carbonates to precipitate. In other words, the signature observed in the
carbonate record represents a diagenetic signal and, since this signal occurs simultaneously around the
Earth, it would represent a “global diagenetic event”.

That this process indeed can occur has been demonstrated for modern stromatolites in a brackish
to seasonally evaporative, coastal pond in Brazil (Lagoa Salgada), showing extremely positive
carbon-isotope signatures of >15%o (Birgel et al., 2015) [117]. In fact, this system has been suggested as
a modern analogue to explain the large excursions in §'3C in the aftermath of the GOE. Also, in this
case, carbon-isotope signatures provide an archive of major dynamics in the “shallow” deep biosphere
of global scale.

6. Conclusions

This synopsis provides an overview of processes affecting carbon isotopes preserved in diagenetic
carbonates and the potential of these isotopic signatures to serve as indicators of past conditions in
the marine deep biosphere. Culture experiments using different organisms under a range of different
growth conditions, as well as radiocarbon tracer experiments, provide insight on potential fractionation
mechanisms as part of the Wood-Ljungdahl pathway, which is the main methane metabolizing pathway.
It is indicated that during AOM, but also during methanogenesis, isotopic equilibration between
CO; and CHy could play a role and could explain natural isotope distributions, which are near to
a distribution expected at thermodynamic equilibrium. Taking these effects into account, isotopic
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distributions in diffusive porewater profiles, in response to organic matter content, reactivity, and
sedimentation rate, are largely reproducible using numerical reaction-transport models.
Carbon-isotope signatures preserved in diagenetic carbonates show strongly variable values, but
they are still not fully understood. Most likely, diagenetic carbonates form episodically, reflecting
dynamic conditions and probably upward and downward shifts in the redox zonation. Most likely,
activity of the deep biosphere is linked to cyclicity in oceanographic conditions and sediment deposition
on different timescales, partially affecting the isotopic signatures. Advective transport of gas phase CHy
and CO; may also affect the carbonate isotope profiles. Carbonate precipitation is generally induced by
alkalinity production by microbial activity, most importantly, AOM and ammonium release, but perhaps
also silicate alteration. Upon discharge of CO, from the methanogenic zone, the supersaturation
front may be decoupled from the depth of the SMT. Most urgently, though, numerical models
under non-steady-state conditions are needed to disentangle such dynamics and to resolve peculiar
carbon-isotope distributions in the deep-time geological record. This will ultimately reveal the potential
of carbon-isotope signatures in diagenetic carbonates as archives of past deep-biosphere conditions.

Author Contributions: PM. contributed the geochemical parts. C.R. contributed the biochemistry parts.

Funding: The work was partially supported by the through the Marie Sktfodowska-Curie Actions Research
Fellowship Programme: Project TRIADOL (grant agreement no. 626025) and the Department of Geodynamics
and Sedimentology at the University of Vienna. Open Access Funding by the University of Vienna.

Acknowledgments: We thank S. Rittmann for comments related to the Wood-Ljungdahl pathway, as well as M.E.
Bottcher, B. Liu, and B.B. Jergensen for insightful discussions. We also thank three anonymous reviewers for
constructive comments to the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Broeker, W.S. A boundary condition on the evolution of atmospheric oxygen. |. Geophys. Res. 1970, 75,
3553-3557. [CrossRef]

2. Edwards, K.J.; Becker, K.; Colwell, F. The deep, dark energy biosphere: Intraterrestrial life on Earth. Annu.
Rev. Earth Planet. Sci. 2012, 40, 551-568. [CrossRef]

3. Froelich, PN.; Klinkhammer, G.P.; Bender, M.L.; Luedtke, N.A.; Heath, G.R.; Cullen, D.; Dauphin, P;
Hammond, D.; Hartman, B.; Maynard, V. Early oxidation of organic matter in pelagic sediments of the
eastern equatorial Atlantic: Suboxic diagenesis. Geochim. Cosmochim. Acta 1979, 43, 1075-1090. [CrossRef]

4. D’Hondt, S.; Jergensen, B.B.; Miller, J.; Batzke, A.; Blake, R.; Cragg, B.A.; Cypionka, H.; Dickens, G.R.;
Ferdelman, T.; Hinrichs, K.U.; et al. Distributions of Microbial Activities in Deep Subseafloor Sediments.
Science 2004, 306, 2216-2221. [CrossRef] [PubMed]

5. Hayes, ].M.; Popp, B.N.; Takigiku, R.; Johnson, M.W. An isotopic study of biogeochemical relationships
between carbonates and organic carbon in the Greenhorn Formation. Geochim. Cosmochim. Acta 1989, 53,
2961-2972. [CrossRef]

6.  Claypool, G.E.; Kaplan, LR. The origin and distribution of methane in marine sediments. In Natural Gases in
Marine Sediments; Kaplan, LR., Ed.; Plenum Press: New York, NY, USA, 1974; pp. 99-140.

7. Heuer, V.B.; Pohlman, ].W.; Torres, M.E.; Elvert, M.; Hinrichs, K.U. The stable carbon isotope biogeochemistry
of acetate and other dissolved carbon species in deep sub-seafloor sediments at the northern Cascadia Margin.
Geochim. Cosmochim. Acta 2009, 73, 3323-3336. [CrossRef]

8.  Schrag, D.P; Higgins, ].A.; Macdonald, F.A_; Johnston, D.T. Authigenic carbonate and the history of the
global carbon cycle. Science 2013, 339, 540-543. [CrossRef]

9.  Kelts, K,; McKenzie, ].A. A comparison of anoxic dolomite from deep-sea sediments: Quaternary Gulf
of California and Messinian Tripoli Formation of Sicily. In Dolomites of the Monterey Formation and Other
Organic-Rich Units; Garrison, R.E., Kastner, M., Zenger, D.H., Eds.; Pacific Section SEPM: Los Angeles, CA,
USA, 1984; Volume 41, pp. 19-28.

10. Malone, M.J.; Claypool, G.; Martin, J.B.; Dickens, G.R. Variable methane fluxes in shallow marine systems
over geologic time: The composition and origin of pore waters and authigenic carbonates on the New Jersey
shelf. Mar. Geol. 2002, 189, 175-196. [CrossRef]

129



Geosciences 2019, 9, 507

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Meister, P.; Bernasconi, S.; McKenzie, J.A.; Vasconcelos, C.; Frank, M.; Gutjahr, M.; Schrag, D. Dolomite
formation in the dynamic deep biosphere: Results from the Peru Margin (ODP Leg 201). Sedimentology 2007,
54,1007-1032. [CrossRef]

Meister, P. For the deep biosphere, the present is not always the key to the past: What we can learn from the
geological record. Terra Nova 2015, 27, 400-408. [CrossRef]

Meister, P.; Brunner, B.; Picard, A.; Bottcher, M.E.; Jorgensen, B.B. Sulphur and carbon isotopes as tracers of
past sub-seafloor microbial activity. Nat. Sci. Rep. 2019, 9, 604. [CrossRef] [PubMed]

Hoefs, . Stable Isotope Geochemistry, 8th ed.; Springer: Berlin/Heidelberg, Germany, 2018; p. 437.

Alperin, M.J.; Blair, N.E.; Albert, D.B.; Hoehler, T.M.; Martens, C.S. Factors that control the stable carbon
isotopic composition of methane produced in an anoxic marine sediment. Glob. Biogeochem. Cycles 1992, 6,
271-291. [CrossRef]

Hayes, J. Factors controlling 13C contents of sedimentary organic compounds: Principles and evidence. Mar.
Geol. 1993, 113, 111-125. [CrossRef]

Hayes, ].M. An Introduction to Isotopic Calculations; Woods Hole Oceanographic Institution: Woods Hole, MA,
USA, 2004.

Londry, K.L.; Des Marais, D.]. Stable carbon isotope fractionation by sulfate-reducing bacteria. Appl. Environ.
Microbiol. 2003, 69, 2942-2949. [CrossRef] [PubMed]

Whiticar, M.].; Faber, E. Methane oxidation in sediment and water column environments—Isotope evidence.
Org. Geochem. 1986, 10, 759-768. [CrossRef]

Alperin, M.J.; Reeburgh, W.S.; Whiticar, M.J. Carbon and hydrogen isotope fractionation resulting from
anaerobic methane oxidation. Glob. Biogeochem. Cycles 1988, 2, 279-288. [CrossRef]

Holler, T.; Wegener, G.; Knittel, K.; Boetius, A.; Brunner, B.; et al. Substantial 13C/12C and D/H fractionation
during anaerobic oxidation of methane by marine consortia enriched in vitro. Environ. Microbiol. Rep. 2009,
1,370-376. [CrossRef]

Games, L.M.; Hayes, ].M.; Gunsalus, R.P. Methane-producing bacteria: Natural fractionations of the stable
carbon isotopes. Geochim. Cosmochim. Acta 1978, 42, 1295-1297. [CrossRef]

Fuchs, G.; Thauer, R.; Ziegler, H.; Stichler, W. Carbon isotope fractionation by Methanobacterium
thermoautotrophicum. Arch. Microbiol. 1979, 120, 135-139. [CrossRef]

Belyaev, S.S.; Wolkin, R.; Kenealy, W.R.; DeNiro, M.].; Epstein, S.; Zeikus, ].G. Methanogenic bacteria from
the Bondyuzhskoe oil field: General characterization and analysis of stable-carbon isotopic fractionation.
Appl. Environ. Microbiol. 1983, 45, 691-697.

Balabane, M.; Galimov, E.; Hermann, M.; Létolle, R. Hydrogen and carbon isotope fractionation during
experimental production of bacterial methane. Org. Geochem. 1987, 11, 115-119. [CrossRef]

Krzycki, J.A.; Kenealy, W.R.; DeNiro, M.].; Zeikus, ].G. Stable carbon isotope fractionation by Methanosarcina
barkeri during methanogenesis from acetate, methanol or carbon dioxide-hydrogen. Appl. Environ. Microbiol.
1987, 53, 2597-2599. [PubMed]

Gelwicks, J.T.; Risatti, ].B.; Hayes, ].M. Carbon isotope effects associated with aceticlastic methanogenesis.
Appl. Environ. Microbiol. 1994, 60, 467-472. [PubMed]

Botz, R.; Pokojski, H.D.; Schmitt, M.; Thomm, M. Carbon isotope fractionation during bacterial
methanogenesis by CO, reduction. Org. Geochem. 1996, 25, 255-262. [CrossRef]

Summons, R.E.; Franzmann, P.D.; Nichols, P.D. Carbon isotopic fractionation associated with methylotrophic
methanogenesis. Org. Geochem. 1998, 28, 465-475. [CrossRef]

Valentine, D.L.; Chidthaisong, A.; Rice, A.; Reeburgh, W.S.; Tyler, S.C. Carbon and hydrogen isotope
fractionation by moderately thermophilic methanogens. Geochim. Cosmochim. Acta 2004, 68, 1571-1590.
[CrossRef]

Londry, K.L.; Dawson, K.G.; Grover, H.D.; Summons, R.E.; Bradley, A.S. Stable carbon isotope fractionation
between substrates and products of Methanosarcina barkeri. Org. Geochem. 2008, 39, 608-621. [CrossRef]
Okumura, T.; Kawagucci, S.; Saito, Y.; Matsui, Y.; Takai, K.; Imachi, H. Hydrogen and carbon isotope
systematics in hydrogenotrophic methanogenesis under Hy-limited and Hp-enriched conditions: Implications
for the origin of methane and its isotopic diagnosis. Prog. Earth Planet. Sci. 2016, 3, 1-19. [CrossRef]
Miller, HM.; Chaudhry, N.; Conrad, M.E.; Bill, M.; Kopf, S.H.; Templeton, A.S. Large carbon isotope
variability during methanogenesis under alkaline conditions. Geochim. Cosmochim. Acta 2018, 237, 18-31.
[CrossRef]

130



Geosciences 2019, 9, 507

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Horita, J. Carbon isotope exchange in the system CO,-CHy at elevated temperatures. Geochim. Cosmochim.
Acta 2001, 65, 1907-1919. [CrossRef]

Sugimoto, A.; Wada, E. Carbon isotopic composition of bacterial methane in a soil incubation experiment:
Contributions of acetate and CO,/H,. Geochim. Cosmochim. Acta 1993, 57, 4015-4027. [CrossRef]

Whiticar, M.].; Faber, E.; Schoell, M. Biogenic methane formation in marine and freshwater environments:
CO; reduction vs. acetate fermentation—Isotope evidence. Geochim. Cosmochim. Acta 1986, 50, 693-709.
[CrossRef]

Jorgensen, B.B.; D’'Hondt, S. A starving majority deep beneath the seafloor. Science 2006, 314, 932-934.
[CrossRef] [PubMed]

Holler, T.; Wegener, G.; Niemann, H.; Deusner, C.; Ferdelman, T.G.; Boetius, A.; Brunner, B.; Widdel, E.
Carbon and sulfur back flux during anaerobic microbial oxidation of methane and coupled sulfate reduction.
Proc. Natl. Acad. Sci. USA 2011, 108, 1484-1490. [CrossRef]

Yoshinaga, M.Y.; Holler, T.; Goldhammer, T.; Wegener, G.; Pohlman, ].W.; Brunner, B.; Kuypers, M.M.M.;
Hinrichs, K.U.; Elvert, M. Carbon isotope equilibration during sulphate-limited anaerobic oxidation of
methane. Nat. Geosci. 2014, 7, 190-194. [CrossRef]

Urey, H.C.; Greiff, L.]. Isotopic exchange equilbria. |. Am. Chem. Soc. 1935, 57, 321-327. [CrossRef]
Giggenbach, W.F. Carbon-13 exchange between CO, and CH, under geothermal conditions. Geochim.
Cosmochim. Acta 1982, 46, 159-165. [CrossRef]

Richet, P; Bottinga, Y.; Javay, M. A review of hydrogen, carbon, nitrogen, oxygen, sulphur, and chlorine stable
isotope fractionation among gaseous molecules. Ann. Rev. Earth Planet. Sci. 1977, 5, 65-110. [CrossRef]
Bottinga, Y. Calculated fractionation factors for carbon and hydrogen isotope exchange in the system
calcite-carbon dioxide-graphite-methane-hydrogen-water vapour. Geochim. Cosniochim. Acta 1969, 33, 49-64.
[CrossRef]

Penning, H.; Plugge, C.M.; Galand, P.E.; Conrad, R. Variation of carbon isotope fractionation in
hydrogenotrophic methanogenic microbial cultures and environmental samples at different energy status.
Glob. Chang. Biol. 2005, 11, 2103-2113. [CrossRef]

Moran, J.J.; House, C.H.; Freeman, K.H.; Ferry, ].G. Trace methane oxidation studied in several Euryarchaeota
under diverse conditions. Archaea 2005, 1, 303-309. [CrossRef] [PubMed]

Takai, K.; Nakamura, K.; Toki, T.; Tsunogai, U.; Miyazaki, M.; Miyazaki, J.; Hirayama, H.; Nakagawa, S.;
Nunoura, T.; Horikoshi, K. Cell proliferation at 122 °C and isotopically heavy CH, production by a
hyperthermophilic methanogen under high-pressure cultivation. Proc. Natl. Acad. Sci. USA 2008, 105,
10949-10954. [CrossRef] [PubMed]

Adam, PS.; Borrel, G.; Gribaldo, S. Evolutionary history of carbon monoxide dehydrogenase/acetyl-CoA
synthase, one of the oldest enzymatic complexes. Proc. Natl. Acad. Sci. USA 2018, 115, 1166-1173. [CrossRef]
[PubMed]

Martin, W.; Russel, M.J. On the origin of biochemistry at an alkaline hydrothermal vent. Phil. Trans. R. Soc. B
2007, 362, 1887-1925. [CrossRef] [PubMed]

Weiss, M.C.; Sousa, FL.; Mrnjavac, N.; Neukirchen, S.; Roettger, M.; Nelson-Sathi, S.; Martin, W.E.
The physiology and habitat of the last universal common ancestor. Nat. Microbiol. 2016, 1, 16116.
[CrossRef]

Berghuis, B.A.; Yu, EB.; Schulz, F; Blainey, P.C.; Woyke, T.; Quake, S.R. Hydrogenotrophic methanogenesis
in archaeal phylum Verstraetearchaeota reveals the shared ancestry of all methanogens. Proc. Natl. Acad. Sci.
USA 2019, 116, 5037-5044. [CrossRef]

Kellermann, M.Y.; Wegener, G.; Elvert, M.; Yoshinaga, M.Y.; Lin, Y.S.; Thomas, H.; Prieto Mollar, X.; Knittel, K.;
Hinrichs, K.U. Autotrophy as a predominant mode of carbon fixation in anaerobic methane-oxidizing
microbial communities. Proc. Natl. Acad. Sci. USA 2012, 109, 19321-19326. [CrossRef]

Alperin, M.J.; Hoehler, T.M. Anaerobic methane oxidation by Archaea/sulfate-reducing Bacteria aggregates:
2. isotopic constraints. Am. J. Sci. 2009, 309, 958-984. [CrossRef]

Skennerton, C.T.; Chourey, K.; Iyer, R.; Hettich, R.L.; Tyson, G.W.; Orphan, V.J. Methane-fueled syntrophy
through extracellular electron transfer: Uncovering the genomic traits conserved within diverse bacterial
partners of anaerobic methanotrophic Archaea. mBio 2017, 8, e00530-17. [CrossRef]

Thauer, R.K.; Kaster, A.K.; Seedorf, H.; Buckel, W.; Hedderich, R. Methanogenic archaea: Ecologically
relevant differences in energy conservation. Nat. Rev. 2008, 6, 579-591. [CrossRef]

131



Geosciences 2019, 9, 507

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Meister, P.; Liu, B.; Khalili, A.; Bottcher, M.E.; Jorgensen, B.B. Factors controlling the carbon isotope
composition of dissolved inorganic carbon and methane in marine porewater: An evaluation by
reactive-transport modelling. J. Mar. Syst. 2019, 200, 103227. [CrossRef]

Blair, N.E.; Carter, W.D., Jr. The carbon isotope biogeochemistry of acetate from a methanogenic marine
sediment. Geochim. Cosmochim. Acta 1992, 56, 1247-1258. [CrossRef]

Hinrichs, K.U.; Summons, R.E.; Orphan, V.; Sylva, S.P.; Hayes, ].M. Molecular and isotopic analyses of
anaerobic methane-oxidizing communities in marine sediments. Org. Geochem. 2000, 31, 1685-1701.
[CrossRef]

Pancost, R.D.; Sinninghe Damsté, ].S.; de Lint, S.; van der Maarel, M.].; Gottschal, ].C. The Medinaut Shipboard
Scientific Party Biomarker evidence for widespread anaerobic methane oxidation in Mediterranean sediments
by a consortium of methanogenic Archaea and bacteria. Appl. Environ. Microbiol. 2000, 66, 1126-1132.
[CrossRef]

Contreras, S.; Meister, P; Liu, B.; Prieto-Mollar, X.; Hinrichs, K.U.; Khalili, A.; Ferdelman, T.G.; Kuypers, M.;
Jorgensen, B.B. Strong glacial-interglacial variation of sub-seafloor microbial activity on the Peruvian shelf.
Proc. Natl. Acad. Sci. USA 2013, 110, 18098-18103. [CrossRef]

Carr, S.A.; Schubotz, F.; Dunbar, R.B.; Mills, C.T.; Dias, R.; Summons, R.E.; Mandernack, K.W. Acetoclastic
Methanosaeta are dominant methanogens in organic-rich Antarctic marine sediments. Int. Soc. Microb. Ecol.
J. 2018, 12, 330-342. [CrossRef]

McCollom, T.M.; Bach, W. Thermodynamic constraints on hydrogen generation during serpentinization of
ultramafic rocks. Geochim. Cosmochim. Acta 2009, 73, 856-875. [CrossRef]

Meister, P.; Wiedling, J.; Lott, C.; Bach, W.; Kuhfuf$, H.; Wegener, G.; Bottcher, M.E.; Deusner, C.; Lichtschlag, A.;
Bernasconi, S.M.; et al. Anaerobic methane oxidation inducing carbonate precipitation at abiogenic methane
seeps in the Tuscan archipelago (Italy). PLoS ONE 2018, 13, e0207305. [CrossRef]

Ijiri, A.; Harada, N.; Hirota, A.; Tsunogai, U.; Ogawa, N.O.; Itaki, T.; Khim, B.K.; Uchida, M. Biogeochemical
processes involving acetate in sub-seafloor sediments from the Bering Sea shelf break. Org. Geochem. 2012,
48, 47-55. [CrossRef]

Zeebe, R.E. Modeling CO, chemistry, 513C, and oxidation of organic carbon and methane in sediment
porewater: Implications for paleo-proxies in benthic foraminifera. Geochim. Cosmochim. Acta 2007, 71,
3238-3256. [CrossRef]

Drake, H.; Astr(‘jm, M.E.; Heim, C.; Broman, C.; Astrém, J.; Whitehouse, M.; Ivarsson, M.; Siljestrom, S.;
Sjovall, P. Extreme 13 C depletion of carbonates formed during oxidation of biogenic methane in fractured
granite. Nat. Commun. 2015, 6, 7020. [CrossRef] [PubMed]

Drake, H.; Heim, C.; Roberts, N.M.W.; Zack, T.; Tillberg, M.; Broman, C.; Ivarsson, M.; Whitehouse, M.J.;
Astrom, M.E. Isotopic evidence for microbial production and consumption of methane in the upper
continental crust throughout the Phanerozoic eon. Earth Planet. Sci. Lett. 2017, 470, 108-118. [CrossRef]
Nissenbaum, A.; Presley, B.J.; Kaplan, I.R. Early diagenesis in a reducing fjord, Saanich Inlet, British
Columbia-I. Chemical and isotopic changes in major components of interstitial water. Geochim. Cosmochim.
Acta 1972, 36, 1007-1027. [CrossRef]

Paull, C.K,; Lorenson, T.D.; Borowski, W.S.; Ussler, W., III; Olsen, K.; Rodriguez, N.M. Isotopic composition
of CHy, CO; species, and sedimentary organic matter within samples from the Blake Ridge: Gas source
implications. Proc. ODP Sci. Results 2000, 164, 67-78.

Chatterjee, S.; Dickens, G.R.; Bhatnagar, G.; Chapman, W.G.; Dugan, B.; Snyder, G.T.; Hirasaki, G.J. Pore
water sulfate, alkalinity, and carbon isotope profiles in shallow sediment above marine gas hydrate systems:
A numerical modeling perspective. |. Geophys. Res. 2011, 116, B9. [CrossRef]

Pohlman, J.W.; Ruppel, C.; Hutchinson, D.R.; Coffin, R.B. Assessing sulfate reduction and methane cycling
in a high salinity pore water system in the northern Gulf of Mexico. Mar. Pet. Geol. 2008, 25, 942-951.
[CrossRef]

Wu, Z.; Liu, B.; Escher, P.; Kowalski, N.; Bottcher, M.LE. Carbon diagenesis in different sedimentary
environments of the subtropical Beibu Gulf, South China Sea. J. Mar. Syst. 2018, 186, 68-84. [CrossRef]
Chuang, P.C.; Yang, T.E; Wallmann, K.; Matsumoto, R.; Hu, C.Y.; Chen, HW; Lin, S.; Sun, CH,; Li, H.C,;
Wang, Y.; et al. Carbon isotope exchange during anaerobic oxidation of methane (AOM) in sediments of the
northeastern South China Sea. Geochim. Cosmochim. Acta 2019, 246, 138-155. [CrossRef]

132



Geosciences 2019, 9, 507

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Meister, P; Liu, B.; Ferdelman, T.G.; Jergensen, B.B.; Khalili, A. Control of sulphate and methane distributions
in marine sediments by organic matter reactivity. Geochim. Cosmochim. Acta 2013, 104, 183-193. [CrossRef]
Dale, A.W.; Aguilera, D.R.; Regnier, P,; Fossing, H.; Knab, N.J.; Jergensen, B.B. Seasonal dynamics of the
depth and rate of anaerobic oxidation of methane in Aarhus Bay (Denmark) sediments. J. Mar. Res. 2008, 66,
127-155. [CrossRef]

Mogollon, ].M.; L'Heureux, L; Dale, A.W.; Regnier, P. Methane gas-phase dynamics in marine sediments: A
model study. Am. J. Sci. 2009, 309, 189-220. [CrossRef]

Smrzka, D.; Kraemer, S.M.; Zwicker, J.; Birgel, D.; Fischer, D.; Kasten, S.; Goedert, J.L.; Peckmann, J.
Constraining silica diagenesis in methane-seep deposits. Palaeogeogr. Palacoclim. Palaeoecol. 2015, 420, 13-26.
[CrossRef]

Boudreau, B.P. The physics of bubbles in surficial, soft, cohesive sediments. Mar. Pet. Geol. 2012, 38, 1-18.
[CrossRef]

Dale, A.W.; Van Cappellen, P; Aguilera, D.R.; Regnier, P. Methane efflux from marine sediments in passive
and active margins: Estimations from bioenergetic reaction-transport simulations. Earth Planet. Sci. Lett.
2008, 265, 329-344. [CrossRef]

Zeebe, R.E. On the molecular diffusion coefficients of dissolved CO,, HCO3~, and CO32~, and their
dependence on isotopic mass. Geochim. Cosmochim. Acta 2011, 75, 2483-2498. [CrossRef]

Borowski, W.S.; Paull, C.K.; Ussler, W., IIl. Global and local variations of interstitial sulfate gradients in
deep-water, continental margin sediments: Sensitivity to underlying methane and gas hydrates. Mar. Geol.
1999, 159, 131-154. [CrossRef]

Kennett, ].P; Cannariato, K.G.; Hendy, L.L.; Behl, R.]. Carbon isotopic evidence for methane hydrate instability
during Quaternary Interstadials. Science 2000, 288, 128-133. [CrossRef]

Whiticar, M.J. Carbon and hydrogen isotope systematics of bacterial formation and oxidation of methane.
Chem. Geol. 1999, 161, 291-314. [CrossRef]

Baker, P.A.; Burns, S.J. Occurrence and formation of dolomite in organic-rich continental margin sediments.
Am. Assoc. Pet. Geol. Bull. 1985, 69, 1917-1930.

Meister, P.; Gutjahr, M.; Frank, M.; Bernasconi, S.; McKenzie, J.A.; Vasconcelos, C. Dolomite formation within
the methanogenic zone induced by tectonically-driven fluids in the Peru accretionary prism. Geology 2011,
39, 563-566. [CrossRef]

Meister, P. Two opposing effects of sulfate reduction on calcite and dolomite precipitation in marine,
hypersaline and alkaline environments. Geology 2013, 41, 499-502. [CrossRef]

Moore, T.S.; Murray, RW.; Kurtz, A.C.; Schrag, D.P. Anaerobic methane oxidation and the formation of
dolomite. Earth Planet. Sci. Lett. 2004, 229, 141-154. [CrossRef]

Ussler, W., III; Paull, C.K. Rates of anaerobic oxidation of methane and authigenic carbonate mineralization
in methane-rich deep-sea sediments inferred from models and geochemical profiles. Earth Planet. Sci. Lett.
2008, 266, 271-287. [CrossRef]

Wallmann, K.; Aloisi, G.; Haeckel, M.; Tishchenko, P.; Pavlova, G.; Greinert, ].; Kutterolf, S.; Eisenhauer, A.
Silicate weathering in anoxic marine sediments. Geochim. Cosmochim. Acta 2008, 72, 3067-3090. [CrossRef]
Wehrmann, L.M.; Ockert, C.; Mix, A.; Gussone, N.; Teichert, B.M.A.; Meister, P. Multiple onset of methanogenic
zones, diagenetic dolomite formation, and silicate alteration under varying organic carbon deposition in
Bering Sea sediments (Bowers Ridge, IODP Exp. 323 Site U1341). Deep Sea Res. I 2016, 125, 117-132.
[CrossRef]

Turner, ].V. Kinetic fractionation of carbon-13 during calcium carbonate precipitation. Geochim. Cosmochim.
Acta 1982, 46, 1183-1191. [CrossRef]

Deines, P.; Langmuir, D.; Harmon, R.S. Stable Carbon isotope ratios and the existence of a gas phase in the
evolution of carbonate ground waters. Geochim. Cosmochim. Acta 1974, 38, 1147-1164. [CrossRef]

Ohmoto, H.; Rye, R.O. Isotopes of sulphur and carbon. In Geochemistry of Hydrothermal Deposits; Barnes, H.L.,
Ed.; John Wiley & Sons: Hoboken, NJ, USA, 1979; pp. 509-567.

Golyshev, S.I.; Padalko, N.L.; Pechenkin, S.A. Fractionation of stable oxygen and carbon isotopes in carbonate
systems. Geochem. Int. 1981, 18, 85-99.

Mook, W.G.; Bommerson, J.C.; Staverman, W.H. Carbon isotope fractionation between dissolved bicarbonate
and gaseous carbon dioxide. Earth Planet. Sci. Lett. 1974, 22, 169-176. [CrossRef]

133



Geosciences 2019, 9, 507

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

Michaelis, J.; Usdowski, E.; Menschel, G. Partitioning of 13C and 12C on the degassing of CO, and the
precipitation of calcite—Rayleigh-type fractionation and a kinetic model. Am. J. Sci. 1985, 285, 318-327.
[CrossRef]

Meister, P.; Bernasconi, S.M.; Aiello, LW.; Vasconcelos, C.; McKenzie, J.A. Depth and controls of
Ca-rhodochrosite precipitation in bioturbated sediments of the Eastern Equatorial Pacific, ODP Leg 201, Site
1226 and DSDP Leg 68, Site 503. Sedimentology 2009, 56, 1552-1568. [CrossRef]

Kasina, M.; Bock, S.; Wuerdemann, H.; Pudlo, D.; Picard, A.; Lichtschlag, A.; Mérz, C.E.; Wagenknecht, L.;
Wehrmann, L.M.; Vogt, C.; et al. Mineralogical and geochemical analysis of Fe-phases in drill-cores from the
Triassic Stuttgart Formation at Ketzin CO, storage site before CO, arrival. Environ. Earth Sci. 2017, 161, 161.
[CrossRef]

Bernasconi, S.M. Geochemical and microbial controls on dolomite formation in anoxic environments: A case
study from the Middle Triassic (Ticino, Switzerland). In Contributions to Sedimentology; E. Schweizerbart
Science Publishers: Stuttgart, Germany, 1994; Volume 19, pp. 1-109.

Meister, P.; McKenzie, ].A.; Bernasconi, S.M.; Brack, P. Dolomite formation in the shallow seas of the Alpine
Triassic. Sedimentology 2013, 60, 270-291. [CrossRef]

Heimhofer, U.; Meister, P.; Bernasconi, S.M.; Ariztegui, D.; Martill, D.M.; Rios-Netto, A.M.; Schwark, L.
Isotope and elemental geochemistry of black shale-hosted fossiliferous concretions (Early Cretaceous Santana
Formation, Brazil). Sedimentology 2017, 64, 150-167. [CrossRef]

Thang, N.M.; Briichert, V.; Formolo, M.; Wegener, G.; Ginters, L.; Jorgensen, B.B.; Ferdelman, T.G. The impact
of sediment and carbon fluxes on the biogeochemistry of methane and sulfur in littoral Baltic Sea sediments
(Himmerfjarden, Sweden). Estuar. Coasts 2013, 36, 98-115. [CrossRef]

Jorgensen, N.O. Methane-derived carbonate cementation of marine sediments from the Kattegat, Denmark:
Geochemical and geological evidence. Mar. Geol. 1992, 103, 1-13. [CrossRef]

Pisciotto, K.A.; Mahoney, J.J. Isotopic survey of diagenetic carbonates, Deep Sea Drilling Project Leg 63.
In Initial Reports of the Deep Sea Drilling Project; Yeats, R.S., Haq, B.U., Eds.; U.S. Govt. Printing Office:
Washington, DC, USA, 1981; Volume 63, pp. 595-609.

Kelts, K.; McKenzie, ].A. Diagenetic dolomite formation in Quaternary anoxic diatomaceous muds of Deep
Sea Drilling Project Leg 64, Gulf of California. In Init. Repts. DSDP; Curray, ].R., Moore, D.G., Eds.; U.S.
Govt. Printing Office: Washington, DC, USA, 1982; Volume 64, pp. 553-569.

Murata, K.J.; Friedman, I.; Madsen, B.H. Isotopic Composition of Diagenetic Carbonates in Marine Miocene
Formations of California and Oregon; USGS Prof. Paper; U.S. Govt. Printing Office: Washington, DC, USA,
1969; p. 24.

Rodriguez, N.M.; Paull, C.K.; Borowski, W.S. Zonation of authigenic carbonates within gas hydrate-bearing
sedimentary sections on the blake ridge: Offshore southeastern North America. In Proc. ODP, Sci. Results;
Paull, C.K., Matsumoto, R., Wallace, PJ., Dillon, W.P,, Eds.; Ocean Drilling Program: College Station, TX,
USA, 2000; Volume 164, pp. 301-312.

Compton, J.S. Sediment composition and precipitation of dolomite and pyrite in the Neogene Monterey
and Sisquoc Formations, Santa Maria Basin area, California. In Sedimentology and Geochemistry of Dolostones;
Shukla, V., Baker, P.A., Eds.; SEPM Spec. Pub.: Tulsa, OK, USA, 1988; Volume 43, pp. 53-64.

Meister, P.; Bernasconi, S.; McKenzie, J.A.; Vasconcelos, C. Sea-level changes control diagenetic dolomite
formation in hemipelagic sediments of the Peru Margin. Mar. Geol. 2008, 252, 166-173. [CrossRef]

Alt, J.C.; Teagle, D.A.H. The uptake of carbon during alteration of ocean crust. Geochim. Cosmochim. Acta
1999, 63, 1527-1535. [CrossRef]

Dickens, G.R. A blast of gas in the latest Paleocene: Simulating first-order effects of massive dissociation of
oceanic methane hydrate. Geology 1997, 25, 259-262. [CrossRef]

Knoll, A.H.; Hayes, ].M.; Kaufmann, A ].; Swett, K.; Lambert, L B. Secular variation in carbon isotope ratios
from Upper Proterozoic successions of Svalbard and East Greenland. Nature 1986, 321, 832-838. [CrossRef]
Payne, J.L.; Lehrmann, D.J.; Wei, J.; Orchard, M.].; Schrag, D.P.; Knoll, A.H. Large perturbations of the carbon
cycle during recovery from the end-Permian extinction. Science 2004, 305, 506-509. [CrossRef] [PubMed]
Wefer, G.; Heinze, PM.; Berger, W.H. Clues to ancient methane release. Nature 1994, 369, 282. [CrossRef]
Louis-Schmid, B.; Rais, P.; Logvinovich, D.; Bernasconi, S.M.; Weissert, H. Impact of methane seeps on the
local carbon-isotope record: A case study from a Late Jurassic hemipelagic section. Terra Nova 2007, 19,
259-265. [CrossRef]

134



Geosciences 2019, 9, 507

115. Schidlowski, M.; Matzigkeit, U.; Krumbein, W.E. Superheavy organic carbon from hypersaline microbial
mats: Assimilatory pathway and geochemical implications. Naturwissenschaften 1984, 71, 303-308. [CrossRef]

116. Hayes, ].M.; Waldbauer, J., Jr. The carbon cycle and associated redox processes through time. Philos. Trans. R.
Soc. B Biol. Sci. 2006, 361, 931-950. [CrossRef]

117. Birgel, D.; Meister, P.,; Lundberg, R.; Horat, T.; Bontognali, T.; Bahniuk, A.; Rezende, C.; Vasconcelos, C.;
McKenzie, J.A. Methanogenesis produces strong 3C-enrichment in stromatolites of Lagoa Salgada, Brazil: A
modern analogue for Palaeo-/Neoproterozoic stromatolites? Geobiology 2015, 13, 245-266. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

135






= geosciences ﬁw\l)\l’y

Review

Instant Attraction: Clay Authigenesis in Fossil
Fungal Biofilms

Therese Sallstedt I*, Magnus Ivarsson 12, Henrik Drake  and Henrik Skogby *

Department of Paleobiology, Swedish Museum of Natural History, 11418 Stockholm, Sweden

Department of Biology, University of Southern Denmark, Campusvej 55, Odense M, 5230 Odense, Denmark
Department of Biology and Environmental Science, Linnaeus University, 39182 Kalmar, Sweden
Department of Geology, Swedish Museum of Natural History, 11418 Stockholm, Sweden

*  Correspondence: therese.sallstedt@nrm.se

W N =

Received: 25 June 2019; Accepted: 21 August 2019; Published: 24 August 2019

Abstract: Clay authigenesis associated with the activity of microorganisms is an important process
for biofilm preservation and may provide clues to the formation of biominerals on the ancient
Earth. Fossilization of fungal biofilms attached to vesicles or cracks in igneous rock, is characterized
by fungal-induced clay mineralization and can be tracked in deep rock and deep time, from late
Paleoproterozoic (2.4 Ga), to the present. Here we briefly review the current data on clay mineralization
by fossil fungal biofilms from oceanic and continental subsurface igneous rock. The aim of this
study was to compare the nature of subsurface fungal clays from different igneous settings to
evaluate the importance of host rock and ambient redox conditions for clay speciation related
to fossil microorganisms. Our study suggests that the most common type of authigenic clay
associated with pristine fossil fungal biofilms in both oxic (basaltic) and anoxic (granitic) settings
are montmorillonite-like smectites and confirms a significant role of fungal biofilms in the cycling
of elements between host rock, ocean and secondary precipitates. The presence of life in the deep
subsurface may thus prove more significant than host rock geochemistry in directing the precipitation
of authigenic clays in the igneous crust, the extent of which remains to be fully understood.

Keywords: clay authigenesis; fossil fungi; igneous crust; cryptoendoliths; subseafloor habitats

1. Introduction

The formation of authigenic minerals is a fundamental aspect of the interaction between microbial
life and the ambient environment [1-10]. Throughout major parts of Earth history, clay minerals and
low-crystalline amorphous aluminosilicate-phases dominated by a Fe-Al-Si composition, have been
associated with biology, often in the form of clay mineralized prokaryotic [4,5,7,11,12] or eukaryotic
cells and biofilms [13-19]. The close association and interconnection between microbes and authigenic
clays have been demonstrated in vitro from laboratory culture experiments [20,21], but also from
natural sedimentary environments, lacustrine sediments [2,4,5,22], hydrothermal areas [23], terrestrial
rock habitats [24] and within the subsurface igneous biosphere of both continents and oceans [15-18,25].
Over the past decade, several studies have emphasized the importance of a subsurface crustal
biota and its prominent role in element cycling, rock weathering and precipitation of secondary
minerals [15-19,25-28]. Because of the vastness and relative inaccessibility of the deep biosphere in
the oceanic and continental crust, however, more work is needed in order to fully comprehend and
characterize the specific nature of life and trophic systems in the subsurface crust.

The current knowledge of deep biosphere-ecology is primarily based on traces of presumed
microbial activity within the glassy rim of basaltic rocks [29-31], as well as body fossils within
subseafloor igneous settings [13-19,25,32-39]. In particular, fungal filaments and biofilms preserved by
authigenic clays seems to represent a large fraction of the deep biosphere fossil biotas [16-19,33-36,38].
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While the presence of fossil fungi from the oceanic crust have been well established during the
last decade, new research confirms a significant fungal presence also within the anoxic continental
crust [25,39,40]. In drill cores from the Laxemar site, near Aspo hard rock laboratory in Sweden, partly
carbonaceous and clay mineralized fungi have been identified within a granite hosted vein-system,
associated with reducing minerals such as pyrite, which indicates that the granite-dwelling fungal
communities had a largely anaerobic lifestyle [25].

The mode of clay encrustation within microorganisms in deep subsurface habitats resembles that
identified within bacteria and prokaryotic biofilms in lake sediments, previously described by Ferris
et al. [1,3], Konhauser and Urrutia [7] and Konhauser et al. [12], among others. This similarity not only
suggests a common genesis, but, more importantly, highlights the affinity of microbial cells and their
extracellular polymeric substances (EPS) to attract clay-forming elements leading to the formation of
authigenic minerals. An important characteristic, therefore, of all cellular surfaces and their EPS, is
the high reactivity and potential to adsorb, retain and exchange chemical species, including elements
essential for microbial metabolism [41,42]. These characteristics can lower activation-energy and
thus invoke nucleation of secondary minerals in association with microbial walls or sheaths [8,43—47].
This is also true of phyllosilicate minerals per se, and both clays and the reactive cell or biofilm surfaces,
can therefore be considered important targets for understanding biogeochemical element cycling and
the transfer of elements between rock, hydrosphere and the biota [48].

Most previous studies concerning microbial clay mineralization have focused on the role of
prokaryotic microorganisms in shallow settings, such as soils, riverine, ocean and geothermal-sediments,
as well as terrestrial flood basalts [1,2,4,5,11,23]. However, the increased understanding and
characterization of extreme oligotrophic habitats in igneous rock calls for a closer examination
of clay authigenesis within the subsurface crust. Understanding fossilization processes and the timing
and mode of microbial preservation, can give important clues to the nature of life and its interaction with
the environment. Therefore, the overall aim of this study is to add insight into the unexplored subject
of fungal clay fossilization, by comparing the geochemistry of fungal clay precipitates from various
igneous subsurface localities. New X-ray powder diffraction (XRD) and Mossbauer Spectroscopy
data from Pacific Ocean pillow basalt and two anoxic fractured granite cores from Laxemar, Sweden,
was added in order to determine and compare clay chemistry and Fe oxidation states between anoxic
and oxic settings.

Our review suggests that intrinsic factors such as the structure of fungal biofilms may have a
larger effect on the mineralogy of fungal clays compared to abiotically precipitated clays forming solely
in equilibrium with surrounding source rock and fluids.

2. Methods

2.1. X-Ray Powder Diffraction

We used X-ray powder diffraction in order to analyse the mineralogical composition of authigenic
clays from subsurface anoxic granite rocks and oxygenated basaltic seafloor rocks. The samples were
removed from different depths and carefully extracted from split drill-cores using sterile forceps.
The first sample consisted entirely of fungal filaments from a well-preserved biofilm (granite sample
XLX09). A second, darker, clay phase represented a less well-preserved biofilm matrix (granite sample
XCXO04). A third clay sample (basalt sample 1205A-024R) associated with fungal filaments was scraped
from a split drill core originating from the Pacific Ocean Nintoku seamount. The XRD patterns were
collected using a Panalytical Xpert powder diffractometer (PANalytical B.V., Almelo, The Netherlands)
equipped with an X'celerator silicon-strip detector. The range 5-80° (20) was scanned with a step-size
of 0.017° using a sample spinner with finely ground sample material mounted on a background-free
silicon holder. All samples were mixed with dH,O and run a second time, to evaluate the potential
effect of clay swelling on the XRD spectra.
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2.2. Mossbauer Spectroscopy

To characterize the redox state of Fe within the three clay samples investigated with XRD described
above, Mossbauer spectra were measured on samples XLX09 (anoxic granite), XCX04 (anoxic granite)
and 1205A-024R (oxic Pacific Ocean basalt) using a conventional spectrometer system operated in
constant-acceleration mode. Due to limited amounts of sample material, a 57Co rhodium matrix
point-source with a nominal activity of 10 mCi was used. The absorbers were prepared by a mixture
of sample material (<1 mg) and thermoplastic resin, which was shaped to ca. 1-mm sized cylinders
under mild heating (<100 °C), placed on strip tape and positioned close to the source. The spectra
were collected at room-temperature over the velocity range —4.2 to +4.2 mm™! distributed over 1024
channels and were calibrated against an a-Fe foil before folding and spectral fitting using the software
MossA [49].

3. Microbial Clay Mineralization

Several studies emphasize the importance of microbial cells in the precipitation of iron rich
minerals, in particular authigenic clays [1-5,7,22,50,51]. Studies focused on prokaryotic mineralization
show that biogenic clay authigenesis occurs through a two-step process, where the initial encrustation of
iron surrounding cells or filaments is followed by a secondary step of Al-Si complexion [7]. This process
can result in the formation of amorphous aluminosilicate phases surrounding the microbial cell wall or
EPS. Microorganisms can thus become completely or partly mineralized, with the newly formed clay
grains tangentially attached to the cell wall [7]. An early cellularly bound iron-phase seems to act as a
ligand that initiates subsequent precipitation of poorly crystallized aluminosilicates, potentially in the
form of a precursor gel, which eventually mature into more crystalline clay phases, with the potential
for fossil record preservation [13-19,25,32,52,53].

While clay formation may occur as a result of abiotic processes, for example chemical weathering
resulting from interaction between oxygenated seawater and reducing basaltic rock, or hydrothermal
water circulation [54], the presence of microbial cells and the biofilm EPS, appear to play a significant
role in clay authigenesis [1-3,7,51-53]. One way to differentiate between biotically precipitated clay
phases and those formed by abiotic processes, is to compare the degree of heterogeneity and crystallinity
within the clay phases [7]. For example, Si has been proposed to play a larger role in the structure
of abiotic clays, compared to biogenic bacterial precipitates, which are characterized by a lower Si
concentration, smaller grain size, and frequently a more amorphous structure [7]. Further, the ratio
of various elements within the clays has a large impact on the physical stability and geochemical
characteristics of the mineral [55]. In smectites, for example, the amount of structural Fe affects the
swelling ability of the clay phase; and Fe-rich smectites have a reduced expansion ability compared with
lower Fe smectites [56]. The association and interaction between microbes and clay-forming elements
described above appears to occur in many types of environments. For example, Sanchez-Navaz
et al. [52] described the mineralization of iron-rich, poorly ordered and amorphous smectites in
association with apatite grains within phosphatic stromatolites from the Upper Jurassic. They suggest
that the presence of authigenic smectites in microbially produced stromatolite lamina are the result of
a biogenically produced precursor-phase rich in Fe-Si-Al, which matures into a smectite phase during
early diagenesis [52]. Here, the presence of the microbial biofilm EPS presumably acts as a catalyst
for the attraction of cations and other chemical species forming the precursor gel-like phase, which
subsequently develops into a clay like aluminosilicates [52]. Further, in oligotrophic granite at the Aspd
hard rock laboratory near Oskarshamn in Sweden, experiments were initiated where microorganisms
from Aspo were isolated and cultured within water from the area [57]. The results showed significant
precipitation of minute-sized clay particles within the presence of microbial communities, and in
contrast, controlled experiments without microorganisms showed no precipitation of aluminosilicate
phases [57]. Results from this experiment, therefore, suggested that either the metabolic activity, or the
active surface of biological cells and matrices, were important components for the precipitation of
authigenic clay phases.
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Wierzchos et al. [24] similarly reported bacterial sheaths and potential fungal hyphae surrounded
by Fe-rich aluminosilicate phases, in cracks or fissures within Antarctic rocks. They suggested that
the combination of filaments covered in an Fe-oxyhydroxide layer and associated lamina of clay-like
material, could be used as a biosignature in other similar type of settings [24]. According to the
authors, it was also possible to distinguish between clays associated with well-preserved filamentous
microfossils, and those of more taphonomically altered specimens; the clays surrounding dead and
lysed cells tended to have a larger Fe-concentration, and in turn less Si and Al present within the clay
matrix. The opposite relationship could be established among exceptionally preserved specimens [24].

Further, Fe-rich minerals close in composition to Nontronite, the Fe3*-rich endmember of the
smectite group, formed around microbial cells and their EPS within pillow lavas from the North East
Pacific Ocean [50]. The smectite-covered communities were found in the vicinity of hydrothermal
vents, which could have provided a source for Fe and Mn, which were observed in the form of
oxides in association to biogenic clays. It could be established by Transmission Electron Microscopy
(TEM) that the smectite phases were clearly growing from the cell walls of bacteria [50], again
confirming the importance of the reactive cell surface to the nucleation and subsequent precipitation of
clay-like minerals.

Similarly, within submerged laboratory cultures, Fomina and Gadd [20] examined the effect of
clay on the formation of fungal pellets. Their results showed a significant thickening and lengthening
of the fungal hyphae as a result of micro-sized clay particles that attached to the filaments from
their suspension in the surrounding water. The absorption of clay particles onto hyphae affected the
geochemical properties and permeability of the fungal pellets as well as added physical stability and
strength [20].

As mentioned in the above section, the presence of an active cell surface or organic matrix like EPS,
seem to play a ubiquitous part in the initial nucleation and precipitation of amorphous clay phases:
The intimate relationship between microbial EPS and authigenic clays among both prokaryotes and
eukaryotes is presumably due to the natural effect of microbial biofilms to attract and bind cations
from the ambient fluids onto negatively charged functional groups [46,47,58-60]. Microbial EPS have
often been highlighted as important agents in mineral precipitation. This has been especially noted
in relation to the precipitation of calcite [44,45,47,59,61], which can precipitate within the EPS either
as a result of the metabolic activity of cells, or simply by acting as a cation-trap and nucleation spot
associated with acidic functional groups [45]. Important to note, however, is the dual role of EPS
in mineral precipitation; because of the adsorptive properties of the organic substances, an initial
inhibition of nucleation is to be expected, which is only surpassed once the cation binding-capacity of
the biofilm EPS has been reached [45-47]. It is, therefore, easy to imagine a similar scenario with respect
to for example Fe (e.g., [1-3,7]), in settings less supersaturated with calcite, that might instead lead to
the formation of an amorphous clay-like phase in association with the EPS, depending on the ambient
source of metals. Hence, extrinsic factors, such as element-availability, alkalinity, pH and saturation
state of ambient fluids are all parameters that may have an effect on the type of mineralization that
occurs [47].

Although a majority of studies have focused on the mineral promoting effect of prokaryotic
biofilms [1-4,7], many fungal communities likewise produce large amounts of EPS, with similar
cation-attracting characteristics [62-65]. Most fungi that produce EPS are aerobic, or possibly facultative
anaerobs [62], and fungal production of EPS can be stimulated by increased pO, [65]. Ueshima and
Tazaki [63], for example, showed a connection between fungal EPS and the formation of Fe-rich clay
phases in the form of nontronite, which formed within the EPS, again highlighting the connection
between microbes and EPS, but this time among heterotrophic eukaryotes.

One of the most important extrinsic factors that may have an effect on the production of fungal
biofilm EPS, and thus in turn for clay precipitation, is the ambient pH of the host solution and growth
medium [64,66]. For example, variations in pH can influence the molecular weight, as well as yield,
of fungal EPS [66]. It appears as though an acidic pH generally promotes EPS production among
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fungi [66], and, in turn, gives a lower EPS yield, but with a higher molecular weight, compared to high
pH settings that promote a low molecular weight but high EPS yield [66]. This means that the ambient
environment is expected to have a large influence on fungal EPS production in general, but also on the
type of mineralization that will occur. Thus, for fungal clay authigenesis, pH and EPS yield may be
locally important and variable factors.

3.1. Benefits of Clay Authigenesis for Microbial Communities

Although a close spatial relationship between microbial cells, filaments and more or less
well-crystallized clay phases, has been established repeatedly and from a variety of settings, the
exact reason for, or nature of, the relationship between microbes and clay is still not entirely clear. While
it may simply be the result of geochemical processes associated with the specific structure of active
microbial surfaces, several studies suggest it may in fact be beneficial for microbial communities to
surround the cells and EPS with clay phases as a way to modify the ambient surroundings favorably [67].
Because clays, like microbial expolymers, are characterized by the capacity to attract and exchange a
multitude of nutrients and chemical species, this may indicate that the clay phases serve as a proximal
nutrient-source for the communities [7]. This may be particularly important in extreme settings such as
the highly oligotrophic igneous crust. Swelling smectite minerals such as montmorillonite, could help
to stabilize the microenvironment with respect to pH, which may act beneficial on parameters such as
microbial growth and respiration [7,68]. The clay can also form a protective matrix to guard viable cells
against harmful effects of the surroundings, such as toxic species or damaging UV radiation [7,11,69-73].
Even many metals such as Na, K, Cu, Zn, Co, Ca, Mg, Mn, Fe, which can be considered bio-essential
for fungal growth in lower concentrations, may become inhibiting in larger concentrations and can be
bioremediated by means of fungal activity [20,21,69,70,74]. Within the laboratory environment, it has
also been noted that clay mineralization induced by fungal pellets in suspension, may have diffusive
effects on oxygen and nutrient uptake-exchange within the pellets, and that the clay particles can act as
a barrier to remove toxic compounds [20].

3.2. Clays as Biosignatures

Iron is an omnipresent component of many, if not most, clays [75]. This is presumably a result
of its great abundance in Earths’ crust [75]. The valency and internal ratio of Fe?" to Fe?* within
clay structures have a significant effect on the physiochemical properties of clays, such as their ability
to expand, cation-exchange capacity (CEC) and surface area (e.g., [56,76]), meaning that variations
in clay mineralogy may be linked to the redox capacity of the precipitating fluids. Because of the
element-complexing properties found within the clay structure, clay minerals are known to form
complexes with many different chemical species, including organic molecules [77-79]. This may be
partly attributed to the interconnection between clays and iron, including Fe oxides, which has a
special affinity to complex organic molecules that prevent the prevalent oxidation of organics [80,81].
Therefore, the suggested stepwise accretion of Fe onto microbial cells followed by subsequent attraction
and complexation of Al and Si [7] may be responsible for the high organic content of clays. Since clays
thus can act as a protective barrier of organics, this may be a relevant reason to focus on iron rich clays
or reactive Fe-species when it comes to the search for biomarkers in sedimentary deposits on Earth or
possibly on Mars [81,82].

A majority of studies concerning microbial clay authigenesis have focused on prokaryote
communities in more or less shallow sedimentary environments. There is, however, a glaring
gap in the knowledge of microbial clay authigenesis within the igneous crust of continents and ocean,
which together represents some of the world’s largest microbial habitats [83]. The oceanic crust can
also provide an analogous setting for a potential subsurface-biosphere on Mars and understanding
microbial preservation in cryptic subseafloor habitats on Earth may thus help us to better recognize
similar processes on other planets. Therefore, the following sections will more specifically focus on
mineralization of clays within the subsurface igneous crust, primarily but not exclusively, among fossil
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fungi. We will try to summarize the type of clay minerals that are primarily associated with biofilms in
these types of extreme settings.

4. Microbial Clay Mineralization in the Igneous Crust: 2.4 Ga-48 Ma

4.1. Clay Fossilized Filaments from the Ongeluk Formation, South Africa

Ophiolitic pillow basalts from the Paleoproterozoic (2.4. Ga) Ongeluk formation, Griquatown
West Basin, South Africa, was investigated by Bengtson et al. [19], who described filamentous fossils
from secondary infilled amygdales in the basalt (Figure 1A-D). The Ongeluk basalt is estimated to have
undergone low grade-type metamorphism, and the chlorite-mineralized filaments show metamorphic
temperatures of 179-260 °C [19]. Individual filaments vary in size between 2-12 pum, but each filament
has a consistent width throughout the length (Figure 1D). The filaments form intricate mycelium-like
networks with morphological characteristics that suggest a fungal-like affinity (Figure 1D), which
makes the Ongeluk fossils the currently oldest known fungus-like organisms in the fossil record,
with large implications for the divergence of early opisthokonts [19].

Figure 1. Optical micrographs of basalt from the Ongeluk formation, South Africa, showing a vesicle
with extensive fungal-like mycelia consisting of chlorite. (A) Vesicle in basalt matrix with fungal
chloritized hyphae surrounded by secondary infilled calcite. Boxed area is enlarged in (B). Scale bar
equals 200 pm (B) Enlarged area from (A) showing dense fungal-like mycelia protruding from the walls
into a vesicle. Filaments consist of chlorite and are enclosed in calcite. Scale bar is 100 um. (C) Detail
of chloritic fungal hyphae surrounded by calcite. Chlorite is yellow, calcite white. Scale bar equals
50 um. (D) Chlorite filaments with even diameters show fungal like characteristics such as potential
anastomosis (arrow). Scale bar equals 10 um.

SEM-EDS analysis from the study showed that the chloritized filaments have elemental
compositions corresponding to the basal fossil biofilms, from which they extend [19], suggesting a
similar biological origin of both filaments and biofilm. All examined samples have matrices composed
of chlorite, quartz, feldspar and calcite, with apatite and Fe-Ti oxides as main accessory minerals [19].
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The metamorphic nature of the chloritized filaments made it difficult to identify the composition
of the original clay phases of the Ongeluk filaments; a potential precursor mineral might have been a
smectite such as saponite, or berthierine from the chlorine-group [84]. A secondary chlorite phase in the
Ongeluk samples is associated with chalcopyrite and were thus presumably affected by a higher-degree
metamorphism with subsequent circulation of hydrothermal fluids (i.e., [19]). Due to the endolithic
characteristics of the fossils, the microorganisms must have entered the basalt during the time-window
where the cooling cracks and vug-system of the basalt was still open to sea-water circulation [19],
but prior to the closure of the system by secondary mineralizations. A conservative age estimate of the
filaments was therefore 2.06 Ga; after the termination of fluid circulation within the rocks and closing
of the amygdales [19]. By 2.06 Ga, the deep oceans were presumably largely anoxic [85], which would
imply that the Ongeluk biota had a largely anaerobic lifestyle.

4.2. Fungal Fossils from Fractured Granitic Rock

Drake et al. [25] described the first known occurrence of presumed anaerobic fossil fungi from a
cored borehole within fractured granitic rock from the Laxemar-site, near the Aspo research laboratory,
in Sweden. The samples described in the study are from a sectioned core taken at 740 m depth,
where fossil filamentous microbes show distinctive mycelia-like characteristics (Figure 2A-F). Due to
difficulties of constraining the timing of colonization, as well as the age of secondary mineralizations,
the exact age of the filaments remains unknown. They are however presumably of Phanerozoic age,
resting in 1.8 Ga granite host rock. The filaments are preserved as partly kerogenous, and partly clay
mineralized fossils (e.g., Figure 2C) and occur in open fractures that run through a quartz-vein [25].
Stable carbon isotope SIMS microanalyses showed that the calcite precipitated along the edges of the
fossil-bearing crack have substantially negative isotope values, down to §'3C-43 %, V-PDB, indicative
of anaerobic methane oxidizing metabolisms, in association to the fungal communities [25]. The fungi
have diameters ranging from 2-20 um, and both EDS and Raman spectroscopic analysis reveal that the
filaments consist of clay-like Fe-Mg-Ca- phases, as well as some minor Fe oxides [25].

For this study, we looked closer at two cores from the Laxemar area: XLX09 taken at 740 m depth
and XCX04 taken at 678 m depth, to identify clay mineralogy and to characterize the redox state of iron
by investigating the ratio of structural Fe?*/Feyo; within the clays (Figure 2D,E,G). The clay phase in the
XLX09 core is a light beige-white substance, constricted to filamentous fungal hyphae (Figure 2D,E).
The second core, XCX04, contains a more mature biofilm with less well-preserved hyphae and a darker,
brown, clay phase (Figure 2G). Subsequent XRD analysis show that the main clay phase associated
with the fungi from core XLX09, is a swelling smectite of dioctahedral montmorillonite-type (with
some peaks also matching that of the trioctahedral smectite saponite), with a FeZ* [Feyor ratio of 33.9
% (Figure 3A,B). The second core (XCX04), with a darker clay phase, showed no significant swelling
during a second XRD run with prepared wet-samples, however the analysed peaks were closest
matched by montmorillonite, again with some peak overlap of saponite. Fe?*[Feyor was 30.6 %, Le., it
showed a small but significantly lower proportion of Fe?* within the mineral structure compared to
the white fungal clay phase in XLX09 (Figure 3A,C).
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Figure 2. Scanning electron (A-C,F,G) and stereo (D,E) micrographs of fungal fossils from fractured
granitic rock, Laxemar drill-cores, Sweden. The fossils are preserved mainly by clay mineralization but
also as carbonaceous filaments. (A) Clay mineralized hyphae with a central strand. Scale bar equals
25 um. (B) Close-up of clay mineralized hyphae with a central strand (arrow). Scale bar equals 25 pm.
(C) Part clay-part carbonaceous fungal hyphae preserved within a hollow fracture. Scale bar equals
20 um. (D) Sample of flight fungal biofilm from Laxemar run by XRD and Mdssbauer spectroscopy for
this review. Calcite surround the biofilm. Scale bar equals 300 um. (E) Close-up of light fungal clay
mineralized hyphae run by XRD and Mdssbauer spectroscopy for this review. Scale bar equals 100 pm
(F) Poorly preserved fungal hyphae with uneven clay encrustation. Scale bar equals 300 um. (G) XRD
and Mossbauer spectroscopy sample showing a dark clay phase assumed to represent altered fungal

biofilm from Laxemar. Scale bar equals 200 pm.
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Figure 3. XRD (A) and Mossbauer spectra (B-D) of sample 1205A-024R (Nintoku seamount, clay
mineralized hyphae) and two fungal biofilm samples (light and dark) from Laxemar, Sweden.
(A) Summary of all XRD spectra encoded by color showing XRD peaks most closely related to
smectites, in particular montmorillonite (there are also some peak matches with the smectite-group
mineral saponite). (B) Mossbauer spectrum of light-colored clay mineralized fungal filaments from
Laxemar. Diamonds represent the measured spectrum; the thick solid line represents the sum of the two
fitted doublets (thin lines) assigned to Fe>* and Fe?* (Fe*[Feior: 33.9%). (C) Mdssbauer spectrum of
slightly altered dark-colored clay mineralized biofilm from Laxemar. Diamonds represent the measured
spectrum; the thick solid line represents the sum of the two fitted doublets (thin lines) assigned to
Fe?* and Fe?* (Fe?*/Feot: 30.6%). (D) Mossbauer spectrum of green-colored clay mineralized fungal
filaments from sample 1205A-024R, Nontoku seamount. Diamonds represent the measured spectrum;
the thick solid line represents the sum of the two fitted doublets (thin lines) assigned to Fe** and Fe?*
(Fe?* [Feyor: 33.5%).

4.3. Fungal Biofilms within The Emperor Seamounts

Together with Hawaii, the Emperor seamounts, a submarine volcanic chain named in large after
famous Japanese Emperors, extends over 5000 km in the Pacific Ocean and contains a sequence of
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volcanic islands and seamounts, presumably resulting from hotspot volcanism [25]. The chain has a
north-south trend after which it bends to the south east- the oldest part, approximately 81 Ma, lies in
the North East and the chain becomes successively younger until, by about 43 Ma, it bends towards
the younger Hawaii islands.

Detroit seamount is situated in the northernmost, and oldest, part of the Emperor chain, and was
drilled at several locations in 2001 (ODP leg197, cores 1203, 1204A and 1204B) [86]. The seamount holds
pillow basalts with an age of approximately 81 Ma [35], dating back to the Cretaceous period. Within
these cores, Ivarsson et al. [15,16], reported the presence of clay-fossilized fungi from a depth of 936.65
mbsf within the seamount (Figure 4A-D). The fossil fungal filaments and sporophore-like structures
(e.g., Figure 4D) were closely associated with the presence of botryoidal Mn-oxides (Figure 4A-C),
suggested to have a biological and possibly fungal, origin [16]. The fossil biofilms, green in stereo
microscopic-reflected light, were identified in open vesicles (Figure 4A,C) and the filaments are attached
to a basal biofilm, from which they protruded into the open space of the vug [16].

Figure 4. Stereo (A-C) and Scanning Electron micrographs of fungal biofilms protruding from the
walls into empty or partly filled vescicles within basalt from Detroit seamount, samples 1204B-16R-01
and 1203A-57R3. (A) vesicle filled with authigenic clay (yellow-cream) and Mn-oxides (black). Fungal
hyphae are preserved in clay within the vesicle. Scale bar equals 500 um. (B) Close-up of hyphae
and basal biofilm preserved as clay with a basalt matrix. Scale bar equals 200 pm. (C) Vesicle with
green-colored clay mineralized filaments and biofilm protruding into an empty void surrounded by
basalt matrix. Scale bar equals 200 um. (D) Fungal mycelia with potential sporophore structures
(arrows). Scale bar equals 50 pm.

The basal biofilm as well as the filaments have similar compositions and consist of Fe-rich
smectites [16]. The smectite phases were analysed using Raman spectroscopy, and showed distinct peaks
most closely corresponding to Nontronite, the Fe>*-rich smectite endmember. A few spectral variations
however suggested the possibility of a mixed signal for the clay phases, possibly corresponding to a
Ca-poor montmorillonite (e.g., see [16]).

Ivarsson etal. [17], also investigated basaltic drill core samples from the Nintoku seamount, situated
centrally within the Emperor submarine chain of Paleocene/Eocene age, dated to approximately 56 Ma.
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The authors examined a cored section from IODP sample site 197-1206-34R, and therein described
an extensive fracture system, split open to expose fossil biofilms and associated microbial structures
which had formed along the fracture-walls (Figure 5A-F). The exposed biofilm was 20-100 um thick
and contained cell-like structures comparable to yeast growth-phases (Figure 5E,F). Filamentous fungi,
15-25 pum in diameter, extended from the basal film in a complex mycelia-like fashion, comparable to
that of other samples from the Emperor chain (e.g., Ivarsson et al. [15,16]. XRD and Raman spectroscopy
analysis showed that both biofilm and filaments consisted of a swelling smectite-layer, most closely
related to montmorillonite. In association to the hypha, cauliflower-like hematite bodies similar to
microstromatolites were found, consisting of banded hematite [17].

Another IODP sample (197-1205A-024R) from Nintoku seamount was analysed using XRD and
Mossbauer spectroscopy for this review in order to ascertain the clay composition and iron redox
state at a different location within the seamount. The sample contained a green clay phase with a
basal biofilm and filaments corresponding in morphology to fungal hyphae similar to those described
by Ivarsson et al. above (Figure 5G). The hyphae consisted of a swelling smectite phase closely
corresponding to XRD spectra from montmorillonite (with some peaks also matching that of saponite),
with FeZ*/Fe (o ratio of 33.5 % (Figure 3A,D). These results correspond well to the XRD results obtained
by Ivarsson et al. [17] from other depths at site 1205A and suggests a consistency with respect to the
main clay phases present at different locations and depths within the Nintoku seamount, but also
between different seamounts within the Emperor chain as well.

One of the youngest seamounts in the Emperor chain is Koko seamount, an underwater volcano
dated to the Eocene epoch at 48 Ma [35]. Koko seamount rises approximately 5000 m from the abyssal
plain, and Bengtson et al. [18] described from IODP sample 197-1206A-4R filamentous mycelia-like
networks consisting of hematite tubules surrounded by a montmorillonite-like clay layer that extended
from partly open vugs and vesicles in the basalt (Figure 6A-D). The fossil filaments were attached to a
basal biofilm, with an outer crust consisting of a montmorillonite-phase similar to those surrounding
the filaments. The base of the biofilm, however, was found to consist of hematite with carbon, and an
upper hematite layer and montmorillonite type clay on top [18]. The hyphae extending from the basal
film were often associated with cauliflower-like iron rich microstromatolites (Figure 6D), similar to the
fungal systems present in Nintoku seamount (e.g., [17]).
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Figure 5. Stereo (A-D,G) and Scanning Electron micrographs showing fungal biofilm with yeast-
like structures preserved in green clay from samples 1205-34R-5 (A-F) and 1206A-024R (G), Nintoku
seamount. (A) Open fracture exposing filamentous fungal biofilms preserved in clay, partly intergrown
and overgrown by zeolites (translucent minerals) with dark Mn-oxides present. Boxed area is magnified
in (B). Scale bar is 1 mm. (B) Close-up of boxed area from (A) showing clay mineralixed hyphae
intergrown with zeolite crystal. Boxed area is magnified in (C). Scale bar is 200 pm. (C) Close-up
of boxed area from (B). Evenly preserved clay mineralized fungal hyphae with spore-like structures
attached. Scale bar is 50 um. (D) Fungal mycelium intergrown with zeolites. Scale bar is 100 pm.
(E) Fungal biofilm with yeast-like cells attached to the surface. Scale bar is 250 um. (F) Close-up of
yeast-like cells from fungal biofilm. All cells and hyphae are preserved as authigenic clays. Scale bar
is 50 pm. (G) XRD and Mdgssbauer-run sample 1206A-024R, showing green clay mineralized fungal
filaments. Scale bar is 100 pm.
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Figure 6. Stereo (A-B) and Scanning Electron micrographs (C-D) of clay mineralized fungal biofilms
from Koko seamount, sample 1206-4R-2. (A) Vesicle containing clay encrusted mycelia that branch
and diverge. Scale bar is 400 um. (B) Close-up of pristine mycelia network preserved in a rust-colored
clay. Scale bar is 200 um. (C) Close-up of evenly clay encrusted fungal hyphae. Scale bar is 24 um. (D)
Fungal mycelia with embedded cauliflower-like microstromatolites of Frutexites-type (arrow).

4.4. Authigenic Clays within Late Devonian Pillow Basalts

Eickmann et al. [14] described the presence of fossilized cryptoendolithic filaments, of uncertain
biological affinity, found in calcite-filled vesicles from ophiolitic Late Devonian pillow basalts in
Germany. The filaments were preserved by clay mineralization, with an endmember composition
similar to berthierine (with 36% of Fe as Fe?*)-chamosite/illite for the central strand, and illite-glauconite
precipitated like a halo around the central strand. The precipitation of clay as described by Eickmann
et al. [14] presumably proceeded as a passive mineralization of active functional groups on filament
surfaces, similar to the process described by [7]. The most pristine filaments in the study contained
Chamosite, the Fe?* endmember of the chlorite group, indicating that encrustation of microbial cells
proceeded from a poorly ordered Fe, Al silicate phase to a more crystalline chamosite (e.g., [2,13]).
Similarly, Peckmann et al. [13] described microbial clay encrustation analogous to the Fe-Si encrustation
explained from many other studies of mainly prokaryote biofilms (e.g., [1-5,7] and references therein),
related to cryptoendolithic filamentous microorganisms from another German ophiolitic pillow basalt.
Two kind of filaments were identified in the study; the first with an illite center consisting of a thin
outer chamosite rim, and the other with a central TiO; strand surrounded by illite with an outer rim
of chamosite.

5. Redox Variability in Crustal Biosphere Habitats

Studies of microbial clay authigenesis in the igneous crust have so far only scratched the surface.
However, the antiquity of for example the fungus-like Ongeluk fossils (Figure 1) described by
Bengtson et al. [17], testifies to the fundamental nature of microbial clay mineralization in the deep
subseafloor crust, extending as far back as the Paleoproterozoic. It is apparent from many studies
ie., [1-5,7-10,13-19,25,33-39] that authigenic mineral precipitation, in particular clay authigenesis,
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related to microbial communities and their EPS seems to follow a similar pattern (see e.g., [7]) among
prokaryotes as well as within most fungal biofilms. This suggests an analogous mode of formation,
albeit with some variations, particularly in the style and degree of microbial preservation within the
igneous crust. Variations in the orogenic history of the source rock, may be one reason for these
differences. How variations in oxygen levels and thus the redox state of a system affects fungal clay
authigenesis, including the type of clay that forms, is however more uncertain: Seamounts and oceanic
spreading centers are commonly uncovered by sediments, and can work as oxygen pumps of sorts,
circulating oxygenated seawater through the porous upper oceanic crust, i.e., [87]. Generally, within
the deep ocean sediments, oxygen is rapidly used up through reactions with organic material in the
shallow upper layers, which leave significant parts of deep-sea sediments essentially anoxic [87].
At the sediment-basalt interface, however, increased oxygen concentrations are to be expected due
to the input of oxygen-rich oceanic water circulating within the crust and diffusing upwards, into
the sediments [87]. The description of especially Fe and Mn oxides in amygdales and cracks within
oceanic basalts (e.g., [16,35]) are good indications of at least partly oxygenated conditions within the
oceanic crust, permitting the transportation of otherwise insoluble Fe and Mn species. However, the
oceanic crust is heterogenous, and even if the oceanic crust in general is believed to be more or less
oxygenated [88], locally reducing conditions may prevail in places where anoxic or sub-oxic fluids
from hydrothermal sources reach the crust [87] or in areas extending away from mid-ocean ridges
and hotspots.

Oxygenation within a sealed space may also be subject to variations on the temporal scale
during which colonization of the basalt takes place affecting the subsequent precipitation of secondary
minerals: For example, McKinley et al. [11], describe clay authigenesis in Miocene flood basalts, where
fractures containing clay-fossilized filaments of presumed prokaryotic nature also contain a range
of secondary minerals such as oxic ferrihydrite, trioctahedral Fe?*-rich smectites, pyrite and quartz,
together suggesting that local conditions were initially oxic, but turned progressively anoxic [11],
emphasizing the variable nature of the basaltic crust.

Our review of authigenic clay precipitation within fungal communities suggest that the impact
of oxygen on the precipitating clay phase may in fact be rather negligible, at least within the deep
crust, seeing as the preferred mineralogy associated with fossil fungi from both anoxic deep granite
rocks as well as oxygenic seamount basalts, are similar types of swelling montmorillonites (see Table 1
for comparison of clay mineralization among various herein discussed localities). Similarities in
our XRD spectra with that of the trioctahedral smectite saponite is also worth to mention, seeing as
saponite clay have been attributed to the activity of microbial communities in hydrothermal settings
from Iceland, recently described by Geptner et al. [53]. Various members of the chlorite group have
been more sporadically described associated with deep biosphere microbial fossils, i.e., [13,14,19],
all with ages ranging from Devonian or older. Also, the degree of structural Fe?* is roughly equal
between these settings, with a small but significant difference of about 2.9% more Fe?* within
montmorillonites/smectites precipitated under anoxic conditions.
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Noteworthy is that the preservation of filamentous fungi from the Pacific Ocean Emperor
seamounts appears to have occurred in vivo, or possibly very early post mortem, considering the
pristine nature of the clay-encrusted filaments (i.e., Figures 4-6). The mycelia are evenly encrusted
and structurally intact, forming complex 3D networks (i.e., Figure 6). They do not appear collapsed,
and filaments can rather often be seen protruding in or out of associated secondary minerals such as
zeolites (Figure 5A-D). All filaments described by Ivarsson et al. and Bengtson et al. from the Emperor
seamounts [15-19,33-38], are thus encrusted by mainly smectites in the form of montmorillonite-type
clays. Swelling smectites such as montmorillonite in particular, are particularly sensitive to alteration
processes that can affect the structure and mineralogy of the clay, i.e., [89]. Smectites are also among the
most prone to destabilization due to for example microbial iron reduction [90], which make smectites
including montmorillonite-type clays good indicators of fairly juvenile, or unaltered, conditions within
sealed vesicles or cracks. These characteristics of smectites corresponds well to the structural fidelity of
the montmorillonite-encrusted fungi from especially the Emperor seamounts. Intriguingly, the fungi
preserved by clay mineralization in the anoxic deep crust, exemplified here by the Laxemar fungal
fossils (Figure 2), appear less well-preserved, compared with the pristine fossils of basaltic seamounts
(i.e., compare Figure 2C,F to Figures 5 and 6). In a few cases, it is possible to observe that the Laxemar
filaments are only partly encrusted with montmorillonite clays and the remainder of the filament is
instead preserved as kerogenous fossils (Figure 2C). In all, mineralization in these settings appear
to have been less continuous, and this together with the irregularity of preserved specimens, might
suggest that mineralization did not occur while the organisms were alive, but rather as a post mortem
process on top of carbonaceous filaments. Thus, the presence of oxygen in the ambient environment
appears to have a small effect on the type of clay mineral that forms. However, the effect of oxygen
may be larger when it comes to the timing and mode of fossil preservation, especially related to the
preservation of kerogenous filaments, which may be more pronounced in low oxygen settings.

One potential driving mechanism behind the structural differences exhibited by
montmorillonite-covered fungi in anoxic granitic versus oxic basaltic settings, may be related to
the production and structure of fungal EPS, which can differ greatly between oxygen-variable settings;
In general, fungal EPS production is stimulated by the presence of oxygen and can be lower or absent
among anaerobic fungi [62]. Fungal EPS, like microbial EPS in general, is expected to play a significant
part in the mineralization process, acting as a cation-trap and potential mineral nucleation-source,
eventually promoting further mineral precipitation [45]. Therefore, the amount as well as the structure
of the fungal EPS may well affect the degree and style of mineralization within fungal communities
as well.

Looking closer at some of the ophiolitic settings described by Bengtson et al. [19], Peckmann
et al. [13] and Eickmann et al. [14], the taphonomy of microbial preservation here seems rather similar;
with filaments preserved as a central strand surrounded first by a halo and then by an outer rim,
with different mineral compositions. This may suggest that various physical and diagenetic processes
related to the uplift of oceanic crust onto continents have affected both the mineralogy and taphonomy
of the cryptoendolithic microbes. The abundance of chlorite mineral members from all of these
locations support such a theory, seeing as chlorite derived from various precursor clay minerals are
common processes during low temperature (<200 °C) alterations (e.g., [84]). The complex nature of
preservation, with several different mineral phases or “zones”, may thus be the result of a complex
diagenetic and orogenic history, compared to microbial fossils containing only one juvenile clay phase,
such as smectites of montmorillonite-type (see e.g., [89]).

Further supporting a more complex mode of microfossil-preservation in relation to low temperature
alterations, are microfossil-finds by Sakakibara et al. [91] within pre-Jurassic age metabasaltic rocks
from central Shikoku, Japan. This study described the presence of branching filamentous microbes
within previously water-filled vesicles within the basalt, which allowed the formation of microbial clay
within the open space, thus preserving the putative microorganisms. In the case of the Sakakibara [91]
fossils, these are preserved as central filamentous strands composed of Fe oxides and surrounded by

152



Geosciences 2019, 9, 369

a halo of phengite with a rim of pumpellyite—all of which could have formed from microbial clay
precursors such as illite-glauconite (for phengite) and illite-chamosite (for pumpellyite) during light
metamorphism [91].

6. Summary

Preservation of cryptoendolithic microbial communities, especially fungi, within Earths igneous
crust is intimately linked to the precipitation of authigenic clays. In particular swelling smectite
minerals such as montmorillonite, have been described from various deep subsurface localities.
Our study suggests a larger input from biology on the formation of clays in the subsurface igneous
crust of both land and oceans, than what has hitherto been recognized. While traditionally, the external
environment has been suggested to control the mineralogy of precipitating clays to a large extent,
our results suggest that similar type of swelling smectites form associated with fungal filaments and
biofilms in subsurface crustal settings highly variable with respect to both source rock (felsic granite
versus basic basalt) and ambient pO,. The effect of oxygen on fungal clay precipitation, however,
is likely complex, and may affect the timing as well as the taphonomy of the mineralized microbe.
Overall, we suggest that intrinsic factors, such as the extracellular organic matrix, have a large impact
on the type of clay that precipitates around microbial cells and EPS. This, in turn, suggests that the
presence of life in the deep oligotrophic crust probably have a far greater effect on the cycling of
chemical species, such as Fe, Al and Si than what has been previously established and may in fact be
responsible for a great fraction of secondary clay minerals in the deep subsurface biosphere.
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