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N Abstract

Microbial biosignature assemblages captured within mineral substrates
experience extreme pressures (P) and temperatures (T) during rock burial
and metamorphism. We subjected natural microbial biofilms hosted within
thermal spring carbonate to six high pressure, high temperature (HPHT)
conditions spanning 500 and 800 MPa and 200 to 550 °C, to investigate
the initial petrographic transformation of organic and inorganic phases.
We find biogenic and amorphous silica mineralises increasingly mature
organic matter (OM) as temperature and pressure increase, with OM
expelled from recrystallised calcite at the highest HPHT, captured within
a quartz phase. Sulfur globules associated with microbial filaments persist
across all HPHT conditions in association with microbially-derived
kerogen. These data demonstrate how microbial material captured within
chemically-precipitated sediments petrographically evolves in high grade

rocks during their first stages of transformation.
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¥ Introduction

Our knowledge of microbiological evolution is informed
by organic, morphological, and geochemical biosignatures
preserved within a rock record that is destroyed or modified
over geological time (Westall, 2008). Chemically-precipitated
sediments, particularly carbonate and silica, host microfossils
spanning much of Earth history, including in association with
early evidence for microbial life on Earth (Moreau and Sharp,
2004; Westall, 2008; Wacey et al., 2011; Djokic et al., 2017).
The petrographic relationships between microbially-derived
kerogen and the inorganic matrix are important in establishing
microfossil biogenicity (Brasier et al., 2005; Wacey et al., 2011;
Foucher and Westall, 2013), in addition to understanding
broader interations of microbe-mineral systems back into the
early Archean (Westall et al., 2015).

Significant experimental effort has furthered our
understanding of microbial biomineralisation (Westall et al.,
1995; Orange et al., 2012, 2014; Li et al., 2013a and references
therein; Gaboyer et al., 2017). High pressure, high temperature
(HPHT) experiments are now shedding light on microfossil
taphonomy during geological sequestration, with a focus on
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thermal degradation of biogenic minerals (Li et al., 2013b) and
biomineralised cells (Li et al., 2014). Experiments have demon-
strated the persistence of microbiological structures such as
iron oxide organominerals up to 250 °C and 140 MPa (Picard
et al., 2015a), and the preservation of lipids and polysaccharides
within Fe-encrusted microbial cells at the same PT conditions
(Picard et al., 2015b). Recently, Alleon et al. (2016) showed that
microbial entombment within silica limited the degradation
of molecular biosignatures exposed to 25 MPa and 250 °C for
100 days.

As improving analytical techniques expand biosignature
studies into increasingly metamorphosed terrains (Bernard et
al., 2007, 2010; Galvez et al., 2012; Papineau et al., 2019), there
is a need to understand the influence of higher PT regimes (Li
et al., 2013a). We present an experimental investigation into the
effects of HPHT on carbonate-hosted microbial biofilms from a
natural thermal spring environment. We trace the first stages
of petrographic evolution of geochemical and morphological
sample components in response to 500 and 800 MPa and
temperatures spanning 200 to 550 °C, significantly expanding
the PT space previously investigated (Fig. 1a).
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Figure 1
tigated and their corresponding metamorphic grades spanning lower and upper blueschist (BS), greenschist (GS) and amphibolite
(Amph.). Grey depicts HPHT conditions investigated previously (Schiffbauer et al., 2012; Li et al., 2013b, 2014; Picard et al., 2015a,b;
Alleon et al., 2016, 2017; Miot et al., 2017). (b) Si-rich microbial filamentous material and coccoidal cell structures are observed under
SEM in the the starting material, shown in (c) by a view ~ 1 cm across; forming Si-rich biofilms around calcite grains (Fig. S-1a,b).

Starting material for experiments showing (a) Six high pressure, high temperature (HPHT) experimental conditions inves-

§ Sample Material

Porous carbonate precipitates containing green, orange,
and grey chasmolithic microbial communities (Fig. 1c) were
collected from a CO, thermal spring (Jotun Spring; Banks
et al., 1998) in Spitzbergen, Svalbard, during the Arctic Mars
Analog Svalbard Expeditions from 2006-2011 (Starke et al.,
2013). An air dried sample was subsampled into multiple ~2
mm?® fragments for six HPHT experiments. Four additional
fragments of this starting material were subjected to the same
preparation and analytical techniques. Methods are described
in the Supplementary Information.

N Results

Visible light microscopy of polished HPHT samples reveal
dark carbonised organic matter (OM) forming a compositional
fabric within the calcite matrix, absent in the starting material
(Fig. S-1a,c,d). Secondary electron imaging of a duplicate, acid
etched 500 MPa, 350 °C sample shows mineralised biomass
maintains its intact extracellular filamentous structure (Figs.
1b and S-1e) and coccoidal cell morphologies (Fig. S-1f). Intact
diatom frustules are preserved at the lower PT conditions (500
MPa, 200 °C and 500 MPa, 350 °C), becoming structurally
disintegrated in the higher PT experiments (500 MPa, 500 °C;
800 MPa, 300 °C and 800 MPa, 425 °C; Fig. S-1g,h).

Raman spectra of experimental sample surfaces exhibit
peaks for carbonate (1100 cm™), and D1 (1360 cm™) and G
(1610 cm™) carbon bands (Fig. 2; Pimenta et al., 2007). An addi-
tional quartz band at 465 cm™ is observed for the three highest
temperature samples (425, 500, and 550 °C), irrespective of
pressure. Secondary electron imaging shows OM transitioning
from amorphous biogenic material with cellular structures in
the starting material to increasingly crystalline structures as

PT increases (Fig. 2). This is reflected in the changing carbon
G-band centre and width, whereby temperatures of 350 °C and
above produce a sharpened (more crystalline) G-band, and
the increase in temperature from 200 to 550 °C also produces
a peak centre shift to longer wavenumbers (Fig. S-2). Across
all HPHT conditions OM maintains its original petrographic
texture, either within a biofilm structure (Fig. 1c), or bound
within diatom frustules (Fig. 1).

Raman spectroscopy and SEM+EDS elemental mapping
of experimental sample surfaces show kerogenous material
(D1 and G Raman bands) remains spatially-concurrent with
the siliceous phase (Fig. 3). At the lowest PT condition (500
MPa, 200 °C), petrographic textures are largely indistinguish-
able from those in the starting material. At 800 MPa, 425 °C
(Fig. 3d) these phases form compositional fabrics, where the
organic-rich phase exists within silicified or quartz-rich fabrics,
which also have elevated Fe (Fig. 4h,i). With increasing PT, the
silica-organic phase becomes partitioned from the recrystal-
lising calcite, eventually forming discrete petrographic end
members at 800 MPa and 550 °C, whereby kerogen either
forms an organic carbonaceous film around quartz crystals
(Fig. 3e) or is captured within the quartz itself (Fig. 3f). Water
degassing is observed in the carbonate matrix for samples
treated at 500 MPa, 350 °C; 500 MPa, 500 °C and 800 MPa,
425 °C (Fig. S-4b,c,e), and extensive fracturing (Fig. S-4b,c,d)
is observed at 500 MPa (350 °C and 500 °C) and 800 MPa
(300 °C).

Finally, discrete clusters of sulfur globules 1 — 3 pum in
size are observed within the starting material (Fig. 4a,b). These
globules persist through all thermal conditions at 800 MPa,
and at 500 MPa, 500 °C, remaining petrographically associ-
ated with the siliceous kerogen-bearing phase (Fig. 4a-g). At
the highest PT condition (800 MPa, 550 °C), globules become
irregular structures (Fig. 4f). Fe co-occurs within the Si phase
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quartz peak at 425, 500, and 550 °C (box inset); and corresponding SEM images showing the textural evolution of OM mineralisation
within the carbonate (CaCOs) matrix and siliceous (Si) phases Individual cells in the amorphous organic matrix can be seen in the
starting material (arrows). Unprocessed Raman spectra are given in Figure S-3.

for all samples, including in association with the S globules
(Fig. 4h). Despite being a strong Raman scatterer, elemental
sulfur was not detected by Raman spectroscopy (Fig. 2).

N Discussion

Within the bounds of a closed system, mm- to micron-scale
elemental (Si, S, Fe) biosignatures and microbially-derived
kerogen maintain their petrographic relationship throughout
initial exposure to HPHT (Fig. S-1c). In situ silicification of
biomass occurs without petrographic disruption to the captured
OM. With increasing PT, the organic-rich amorphous siliceous
phase crystallises into a-quartz, and the originally porous
calcite anneals into a crystalline matrix at 800 MPa, 550 °C,
expelling silicecous OM-bearing material. Extensive fracturing
of the carbonate matrix observed at 800 MPa, 300 °C may be

detrimental to preservation of biosignatures in comparison
to an annealed calcite matrix, as the fractures would provide
pathways for altering fluids. Disintegration of diatom frustules
may be an additional source of Si as PT conditions increase.

Displacement of kerogen during diagenetic coarsening
of quartz has been identified as a mechanism to explain petro-
graphic relationships in the microfossil-bearing Gunflint chert
(Moreau and Sharp, 2004; Foucher and Westall, 2013). This
has implications for the longevity of biosignatures, whereby
the quartz fraction resists weathering or secondary aqueous
alteration, protecting captured OM (Toporski et al., 2002). The
preservation of OM within silicious material is consistent with
Alleon et al. (2016), who demonstrated the role of silica in
limiting thermally-induced molecular degradation of OM in
experimental samples. The transformation of Fe minerals to
more stable, crystalline phases has also been shown to be
conducive to the preservation of organic components (Ferris
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of the same region, where fuchsia = calcite (1006 cm™ band), orange/yellow = quartz (465 cm™ band), green = carbon (combined D1
and G bands), light pink = resin, black = masked fluorescence. (a) Starting material; (b) 800 MPa, 300 °C; (c) 500 MPa, 200 °C; (d) 800
MPa, 425 °C; (e) 500 MPa, 350 °C; (f) 800 MPa, 550 °C; (g) 500 MPa, 500 °C; (h) 800 MPa, 550 °C. EDS spectra are provided in Figure S-5.

800 MPa

BSE+EDS elemental maps or plain BSE image (left), where red = Ca and green = Si, and corresponding Raman maps (right)

et al., 1988; Picard et al., 2015a). Finally, the sulfur globules
observed in the starting material and experimental samples
are consistent in size and shape to intracellular sulfur globules
found within filamentous sulfide oxidising bacteria (Dahl and
Prange, 2006). Their preservation at the highest HPHT condi-
tion holds promise for establishing the biogenicity of similar
features in filmentous microfossils (Wacey et al., 2011; Bailey
et al., 2013) and distinguishing them from abiotic S microstruc-
tures (Cosmidis and Templeton, 2016).

While the OM Raman spectra are relatively close to
those observed in the Gunflint and Draken formation (Foucher
et al., 2015), such experiments are inheritently limited by their
short duration. Even with the addition of P, Raman D1 and G

bands of experiment sample OM are broader than those from
metasediments of equivalent metamorphic grade (Beyssac et
al., 2002), indicating they are less mature. This limitation was
also observed by Li et al. (2014) for experiments at similar
temperatures (300 °C, 600 °C) in the absence of pressure.

§ Conclusions

This study presents an experimental investigation into the
first stages of HPHT evolution of microbial biosignatures
within a natural siliceous-carbonate matrix. While thermal
maturation of OM is well understood (Vandenbroucke and
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Figure 4 (a-g) BSE+EDS elemental maps (red = Ca, green = Si, yellow = S) and SEM images of sulfur globules in (a, b) Starting mate-

rial; (c) 800 MPa, 425 °C; (d, e) 800 MPa, 300 °C; (f) 800 MPa, 550 °C; and (g) 500 MPa, 500 °C; (h) BSE+EDS elemental map showing
the co-location of Fe (Fe = purple) with S (S = yellow) within a silica-rich (Si = red) fabric (i) in the 800 MPa, 425 °C experiment.

Largeau, 2007), we show that the early effects of temperature
and pressure play an important role in the petrographic redis-
tribution and capture of OM due to the transformation of the
low temperature silica and carbonate phases. We demonstrate
that exposure up to 800 MPa and 550 °C does not disrupt the
petrographic relationship of captured microbial material with
its inorganic host phase during the first stages of metamor-
phism. Future experimental work should address open system
effects, including the influence of fluids on the modification of
sample components, and longer duration experiments.
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Methods

Experimental HPHT conditions

Individual samples were exposed to HPHT conditions for 24 hours using a Depths of the Earth QUICKpress™ piston-cylinder press
at the Geophysical Laboratory, Carnegie Institute of Washington, USA. For a review on experimental petrology, including an
overview of the piston cylinder apparatus, see Holloway and Wood, (1988). The samples were sealed by welding in gold capsules.
The assembly consisted of a barium carbonate outer sleeve wrapped in lead foil enveloping a pyrex sleeve containing the graphite
furnace and crushable MgO components. The welded gold capsules were hosted within MgO sleeves and MgO powder was pressed
into the spaces to ensure static pressure conditions. Note, while external pressure conditions applied were static, the heterogeneous
nature of natural material mean that internally, uniform compaction during static compression cannot be expected, and is an
important aspect of replicating natural systems. Temperature was measured using a type-S thermocouple and monitored and
maintained using a Eurotherm control. Six HPHT conditions were selected based on their representation of metamorphic PT-space
(Fig. S-1c). These were three experiments at 500 MPa: (i) 500 MPa, 200 °C; (ii) 500 MPa, 350 °C; (iii) 500 MPa, 500 °C; and three
experiments at 800 MPa: (iv) 800 MPa, 300 °C; (v) 800 MPa, 425 °C; (vi) 800 MPa, 550 °C. Of these, an additional duplicate run of the
500 MPa, 350 °C experiment was conducted for additional analysis of an acid-etched, unpolished surface. Experiments ran for 24
hours, after which they were quenched by shutting off the power to the press while maintaining pressure until the sample reached
room temperature. For subsequent analysis, each experimental charge and the positive controls were rough-polished on one side
using alumina polishing powder to reveal a sample surface, before being mounted in epoxy resin and polished using alumina
polishing powder. Polished starting material samples and experiment charges were first analysed by Raman spectroscopy, followed
by SEM analysis. The duplicate 500 MPa, 350 °C experimental sample and an additional starting material sample were etched on the
sample surface to remove a surface layer of carbonate, revealing organic and siliceous sample components for SEM imaging. Samples
were etched with 10 % HCI for 30 minutes, rinsed in DI water, then air-dried. These samples were not polished so to preserve the
natural structures revealed by the etching process.

Raman Spectroscopy

Polished samples were analysed using a WITec Alpha500 Confocal Raman spectrometer at CNRS, CBM, Orléans, France. For this, a
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Nd:YAG frequency doubled green laser (wavelength 532 nm) was used. Initial transmitted light observation of the sample was
performed and images of target areas captured. Maps were acquired using a Nikon E Plan 50x objective with a numerical aperture
N.A. =0.75. The corresponding diameter of the laser spot was thus approximately 850 nm (d=1.22*Lambda/N.A.). The grating used
was a 600 g/mm associated with a spectral resolution of approximately 3.8 cm-!. Raman imaging was conducted by scanning the
samples over areas ranging from 80 x 80 pm? and 600 x 600 um?2. Maps were acquired during continuous scans whereby the sample
is continuously moved below the laser. The exposure time is thus dependent of the spot size, the scan size, the resolution of the map
and the integration time (more details can be found in Foucher et al., 2017). Power was tuned in order to prevent burning of sample
materials, which was determined by visual inspection before and after data acquisition. The collected imaging data were then
analysed using Witec proprietary software (Witec Project). False-colour compositional maps were produced using the peak area over
the baseline. For low P T samples, masks were created to select only pixels associated with satisfactory signal to noise ratio for the
carbonaceous mateer (low background level and high G band intensity), and the corresponding spectra were averaged. For higher P
T samples, the signal to noise was good enough to obtain the average spectrum from the full maps.

Field Emission Gun-Scanning Electron Microscope analysis

Following Raman spectral mapping, experimental and starting material samples were carbon coated and analysed using a Field
Emission Gun Scanning Electron Microscope (FEG-SEM) at the University of Edinburgh, UK, with elemental quantification achieved
via Energy Dispersive System (EDS) analysis. An accelerating voltage of 20 KeV and working distance of 7 mm was used.

Supplementary Figures

Figure S-1  Reflected light microscope images (a, ¢, d) of exposed polished surfaces (all approximately 2-3 mm across) of (a) starting material (c) 800 MPa, 300 °C
experiment; and (d) 800 MPa, 425 °C experiment, where dark organic matter can be seen forming a defined fabric within the light grey calcite matrix, a feature
absent from the starting material. (b) EDS elemental map of Si (cyan) of the exposed surface in (a); SEM images (e-f) of the acid-etched duplicate 500 MPa, 350 °C
experiment showing (e) silicified filament structures and (f) intact coccoidal structures; and (g=h) SEM image showing intact (g) and partially-degraded (h) diatom
frustule structures in the starting material and at 800 MPa, 300 °C, respectively.
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Figure S-2  Pixel histograms of the G band peak centre across the six experiments, in order of increasing temperature.
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Figure S-3 Raman spectra for the six experimental conditions before background fluorescence is removed. Note that for the starting material, very high

fluorescence masked all Raman signals, and so is not included here.
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Figure S-4 SEM images of experimental samples showing (a) 500 MPa, 200 °C with no degassing or fracturing; (b) fracturing and minor degassing at 500 MPa,
350 °C; (c) fracturing and extensive degassing at 500 MPa, 500 °C; (d) fracturing but no degassing at 800 MPa, 300 °C, (e) 800 MPa, 425 °C with minor degassing
and no fracturing; and (f) recrystallisation of the calcite matrix and minor degassing at 800 MPa, 550 °C.
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Figure S-5 EDS spectra measured from the example mapped regions depicted within the manuscript. Scale bar = 100 um, with the exception of 500 MPa, 500 °C
and 800 MPa, 300 °C, which are 25 um.
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