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Formation of micrespherulitic barite in association with organic matter within

sulfidized stromatolites of the 3.48 billieyear-old Dresser Formation, Pilbara Craton
ABSTRACT

The shallow marine and subaerial sedimentary and hydrothermal rocks of the ~3.48 billion
year-old DresserFormation are hoststame of Earth’s oldest stromatolites and microbial remains.
This study reports on texturally distinctive, spherulitic barite migiaeralization that occur in
association with primary, autochthonous organic matter within exceptionally preserved, strongly
sulfidized stroamatolite samples obtained from drill cores.

Spheruliticbarite micremineralization within the Dresser Formation sulfidized stromatolites
generally forms"submicrescale aggregates that show gradations from hollow to densely crystallized,
irregular to partially radiating crystalline interiors. Several barite mispherulites show thin outer
shells. Within=streamatolites, barite miespherulites are intimately associated with petrographically
earliest dolomitesand nanporous pyrite enriched in organic matter, the latter of which is a possible
biosignature @ssemblage that hosts microbial remains. However, barite spherulites are also observed
within layered barite in proximity to stromatolite layers, where they are overgrown by compositionally
distinct (Srrich), coarsely crystalline barite that may have been sourced from hydrothermal veins at
depth.

Micro—spherulitic barite, such as reported here, is not known from hydrothermal systems that
exceed the upper temperature limit for life. Rather, barite with-iegatical morphology and micro
textureis known from zones of high biproductivity under lowtemperature conditions in the modern
oceans, where microbial activity and/or organic matter of degrading biomass controls the formation of
spherulitic aggregates. Hence, the presence of aspherulitic barite in the organic mattbearing
Dresser Formatien:sulfidized stromatolites lends further support for a biogenic origin of these unusual,
exceptionally-wellpreserved, and very ancient microbialites.

KEY WORDS
Spherulitic barite, Paleoarchean, Dresser Formation, Stroregt@itganic matter
INTRODUCTION

The=3.48 Ga Dresser Formation in the North Pole Dome of the East Pilbara Terrane (Western
Australia)is famous for hosting exceptionatidence for some of Earth’s oldest life. Stromatolites are
widespread and common in the North Pole Chert Member of the Dresser Formation, where they occur
within shallow water to subaerial deposits that have been variably influenced by circulating
hydrothermal fluids (Walter et al., 1980; Groves et al., 1981; Van Kranendonk, 2006, 2011; Van
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Kranendonk et al., 2008; Djokic et al., 2017; Baumgartner et al., 2019,)2020@alogical origin of
these stromatolites is demonstrated by a diverse array of textural features that are indicative of
microbially mediated formation (Walter et al., 1980; Buick et al., 1981; Van Kranendonk et aj., 2008
Baumgartner et al., 2019; among others), and by the presence of associated organic matter, including
potential microbialiremains, whose syngenetic origin is demonstrated by relationships with stromatolite
geometry andsprimary mineralogy (Baumgartner et al., 2019). Additional support for ancient life in the
Dresser Formationsincludes: i) organic matter and methmahefluid inclusionsin quartz of bedded
and hydrothermal vein chert, which show carbon isotope signatures that are expected for biological
formation (Ueno et al., 2001, 2006; Morag et al., 2016; Duda et al., 2018); iii) sulfur isotope signatures
of pyrite mineralization that match the isotopical fractionation trends expected for-ewtfiumg
organisms, notably microbes dependent on sulfate reduction and/or disproportionation of elemental
sulfur (Shen et al, 2001, 2009; Philippot et al., 2008no et al., 2008; Baumgartner et al., 2020b).

The Dresser Formation also hosts large barite deposits that occur in a dense network of
hydrothermal seins, and in laterally extensive, coaysned barite layers within bedded chéBsaick
and Dunlop, 1990;=Nijman et al., 1998; Van Kranendonk et al., 2001; Rd@go and Van
Kranendonk, 2004). The beddiqgarallel barite deposits were originally interpreted as replacive
mineralization, formed after gypsum evaporites that precipitated in a restricted lagoon setting (Buick
and Dunlop et'al;,1990). However, the recognition of barite as a primary precipitate, and that the
beddingparallel,.coarsegrained barite has intrusive relationships with the host sedimentary rocks,
indicate that it precipitated from circulating and venting hydrothermal fluids in-eelaytive volcanic
caldera setting«(Nijman et al., 19¥unnegar et al., 2001; Van Kranendonk and Pirajno, 2004; Van
Kranendonk, 2006; Van Kranendonk et al., 2008). In this scenarfbjBaterpreted to have been
sourced mainly from footwall basalts through leaching by hydrothermal fluids, wheréas&GM
have been derived from both the hydrothermal systems and intermixed seawater (Nijman et al., 1998;
Van Kranendonk et al., 200¥an Kranendonk and Pirajno, 2004; Van Kranendonk, 2006; Ueno et al.,
2008; Shen etal;:200Rhilippot et al., 2012; Baumgartner et al., 2020b

Here, we"report the discovery of miegpherulitic barite within exceptionally preserved
Dresser Formation sulfidized stromatolites from unweathered drill core samples (Kranendonk et al.,
2008). These texturally distinctive barite mienaineralization occur in two associations:ak)
agglomerations in association with organic matter (including microbial remains; c.f., Baumgartner et
al., 2019) that are preserved within petrographically earliest dolomite andpaaoos pyrite of the
sulfidized stromatolites; 2) as agglomerations within cegrsened, compositionally distinct (Srch)
barite crystals that grew in beds between horizons of the sulfidized stromatolites.ddineulitic
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barite very similar to that in this study is known to form undertemperature marine conditions in

the presence of microbial activity and/or derived organic matter (e.g., @erarioz et al., 2003,

2012; Smith et al., 2004; Stevens et al., 2015; Te@ea=spo et al., 2015Hence, micrespherulitic

barite within the 3.48 billioryear-old Dresser Formation sulfidized stromatolites supports a biological
origin for these ancient, exceptionalpreserved microbialites.

GEOLOGICAL"BACKGROUND AND SETTINGOF STROMATOLITE GROWTH

The 3481+ 2°Ma Dresser Formation of the Warrawoona Group is located in the North Pole
Dome of the East Pilbara Terrane, Western Australia (Fig. 1a; Van Kranendonk et al., 2007). A wide
variety of stromatolites occur within the North Pole Chert Member at the base of the Dresser
Formation, which.is a thin~(2-120 m) hydrothermakedimentary succession composed of
interbedded, whitegrey-black chert, thick layers of coarsely crystalline barite, silicified sandstone and
conglomerate, carbonates, siliceous hot spring sinter deposits, and jaspilitic chert (Walter et al., 1980;
Groves et al., 1981; Van Kranendonk, 2006, 2011; Van Kranendonk et al., 2008; Djokic et al., 2017).
Stromatolites aresstrongly weathered in surface outcrops, but were found to consist predominately of
pyrite and dolomite in unweathered drill cores (Van Kranendonk et al., 2008). The Dresser Formation
has been metamorphosed unglehnite-pumpellyite to lowegreenschist facies conditions (Dunlop and
Buick, 1981; Terabayashi et al., 2003).

The interpretation for a hydrothermally influenced depositional setting of stromatolite growth is
supported by the recognition of syngenicity between emplacement of the Dresser Formation and
underlying swarms of hydrothermal chdrarite veins (Nijman et al., 1998; Van Kranendonk and
Pirajno, 2004)x=TFhiss demonstrated by the fact that hydrothermal veins transect basal basalt and
komatiitic basalt but terminate within the North Pole Chert Member of the Dresser Formation, and that
clasts of hydrothermal, coarggrained barite occur in sandstones and conglomerates of the North Pole
Chert Member (Van Kranendonk and Pirajno, 2004; Van Kranendonk, 2006). Hence, the growth of
stromatolites has likely occurred in proximity to, and perhaps was directly linked with, shallow marine
to subaerial venting of hydrothermal fluids within a closed, evaporitic to subaerial volcanic caldera
basin (Van Kranendonk 2006; Van Kranendonk et al., 2008; Djokic et al.).2017
MATERIALS*AND METHODS

The stromatolite samples examined in this study are defigat~ 89 m depth in a fresh
diamond drill core (Pilbara Drilling project; PDP) that was obtained from the North Pole Chert
Member of the Dresser Formation (Fig. 1b; Philippot et al., 2007; Van Kranendonk et &)., 2008
Details on the stratigraphy of the drill core, spatial correlation with stromatolites in surface outcrops,

and inferences on the geological context of stromatolite formation, are reported in Van Kranendonk et
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al. (2008). The microtextures, mineralogy, and chemistry of the drill core stromatolites samples are
documented in Baumgartner et al. (2019, 2020ae polished thin section and two polished epoxy
mounts that were prepared in the study of Baumgartner et al. (2019) from cenSimeterock slabs
taken from the centre of the drill cores were examined in detail for contained barite mineralization.
Synchrotron Radiation-Xay Fluorescence Microscopy (SKEM)

Element'mapping by SXFM was performed on polished epoxy mounts at the XFM beamline
at the Austrahan=Synchrotron in Melbourne. Parts of the acquireddBR data were already reported
in Baumgartner et al. (2020a). The beam was focused using the Kirkpatrick Baez mirror microprobe
end-station, which resulted in a monochromatic 2 pm beam with energies in the ra@gekéV. The
XFM beamline,is.equipped with the high selhgle, energydispersive multielement detector
MAIA, which allows for element mapping of large areas with um? resolution (Paterson et al.,

2011). Spectral maps were acquired over areas of several square centimetres using count-ffies of 4
M/s. The energy resolution was 0-8.4 keV. The spectral maps were processed using GeoPIXE
(CSIRO) into element concentrations by standardless correction of the raw data (Ryan et al., 2010).
The results arespresented as tricolour (red, green and blue)etartient maps.

Scanning Electron Microscopy (SEM)

Backscattered Electron imagery and Energy Dispersiray<Spectroscopy analysis was
performed using-a FEI XHR/erios 460L fieldemission SEM at the Centre for Microscopy,
Characterisation.and Analysis (CMCA), University of Western Australia (UWA). The analytical setup
involved 3- 20 kV acceleration voltage and 6-0.8 nA beam current for imaging, whereas up to 15
kV and 0.8- L.6snAiwas used for EDS analysis. Both the electron imagery and chemical analysis were
done without the use of conductive coatir§jements were determined using characteristic Ka and K3
X-ray emission lines.

Nitric—acid etching

Following.initial textural, mineralogical and chemical examination, the epoxy mounts were
ground and repolished, cleaned with ethanol and distilled water, and then etched f0@6-$®&ith 70
% nitric acid (HN@). After rinsing with distilled water and atirying in an exicator, the exposed
organic matter and mineralogy were analyzed and imaged by Raman Spectroscopy aB®SEM
analysis.

Focused ion beam (FIB) milling and Scanning Transmitted Electron MicroscopW{STE

A STEM wafer of micrespherulitic barite was prepared from nitric agtthed sample

material using a FEI Helios NanoLab G3 CX DualBeamSBM (installed at CMCA, UWA).

Preparation involved deposition of a thick protective Pt layer, following which the ultrathin wafer was
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132 milled to a thickness of ~ 150 nm using a Ga ion beam. Brigid darkfield STEM imagery was

133 performed at CMCA, UWA, using a FEI Titan G2-200 TEM/STEM with ChemiSTEM Technology

134 operated at 200 kV. Element maps were obtained by EDS with a-Sugketiector using a probe size

135 of ~ 1 nm and a probe current 009 nA. Elements were determined using characteristic Ka and K3

136 X-ray emission lines. The EDS maps were produced using ESPRIT 2 (Bruker Corporation).

137 Raman Spectroscopy (RS)

138 Raman Spectroscopy analysis of organic matter that occurs in association with micro

139 spherulitic barite was carried out at CMCA, UWA, using a WITec alpha 300RA+ Raman probe

140 combined with.a peltiecooled 1024 x 1280 pixel CCD detector, and a Toptica Photonics Xtra Il 785
141 nm laser souree. A 50x/0.9 objective was used for laser focussing. The laser power was << 5 mW. Data
142  were acquired'in the 9001800AcnT? range with 600 I/mm spectral grating. Calibration involved the
143 analysis of a silicon wafer with a distincti¥0 Acm™ band. The acquisition time was 15 s with 10

144  accumulations. Project Four (WITec GmbH) was used for background correction.

145 RESULTS

146 Texture, petrography, and chemistry of stromatolites and barite

147 The Dresser Formation sulfidized stromatolites analyzed here consist of wavy to gently

148 undulating and wrinkly sulfidedolomite laminae, as well as millimetetio centimeter scale sulfide

149 dolomite columns,.that exhibit microrscale lamination (Fig. 2a; c.f., Baumgartner et al., 2019,

150 2020a). Theewell-preserved, strongly sulfidized stromatolite structures lie within centim#teris

151 Dbeds of chert and dolomite, but finely laminated stromatolite layers also occur within horizons of

152 euhedral to subhedral, coarsely crystalline barite (plus minor quartz and dolomite) that are interlayered
153 with the stromatolites (Fig. 2a; Fig. DR1 and DR2).

154 The stromatolites are primarily composed of organic mattdr, nane-porous pyrite that is

155 overgrown by a later generation of rprous, massive pyrite; dolomite, quartz, and sphalerite are

156 intergrown with.theepyrite types (c.f., Baumgartner et al., 2019, 202BBment mapping by SR

157 XFM documents'strong enrichments of Ni within pyrite of the stromatolites. This technique also

158 reveals that strematolitic sulfide laminae within barite generally continue across intrusive, anhedral to
159 subhedral, barite macrorystals, which generally show wedleveloped growth zonation and Sr

160 enrichment (Fig. 2ee; Fig. DR1).

161 Micro—mineralogy and chemistry of micro-spherulitic barite

162 High-resolution electron imaging of the sulfidized Dresser Formation stromatolites following
163 nitric acid etching reveals the presence of generally submiscate, platy tabular to lenticular barite
164 grains, and submicrescale barite spherulites that are intimately associated with dolomite and organic
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matterrich, naneporous pyrite (Fig. 3d; Fig. DR3). The barite micrespherulites show smoettio
rough-textured surfaces, as well as holltowvell-crystallized, irregular (framboidike) to radiating,
crystalline interiors (Fig. 3@; Fig. DR3ac). Most barite micrespherulites with wellcrystallized
cores exhibit unattached outer shells (e.g., Fig. 3c an@8ath the platy tabular/spherulitic barite
morphotypestusually have narrow size distributions (i.e., t0-3 pum), but some localities in the
samples havergreater grain size variations and grains that are significantly smaller than 100 nm (e.qg.,
Fig. 3a and f)

Some barite micrespherulites have been pseudomorphed to pyrite, particularly at the contacts
between sulfidized stromatolites and overlying, or underlying, cegnai@ed barite layers (Fig. 4a;
Fig. DR3d and.DR4). Indeed, nitric acid etching reveals that some parts of the-gransa barite
crystals that lie in proximity to stromatolite layers are actually composed of plidesdto intergrown
agglomerations of micrespherulitic barite(Fig. 4b; Fig. DR2; Fig. DR3e and f), whereas barite
crystals located away from the stromatolite layers show homogeneous internal textures and well
developed growth=zonations (Fig. DR1).

More than=40 chemical analyses (EDS) of barite mipberulites and platy tabular/lenticular
barite reveal(that they contain variable concentrations of Na, Mg, Al, Si, P, K, Ca and Sr JFig. 5a
However, the small sizes of barite miespherulites precluded their accurate analysis and assessment
of eventual relatienships between barite chemistry and morpholagjy-ridsolution electron imaging
EDS analysis,.and, Raman Spectroscopy analysis reveal that both barite morphotypes are ubiquitously
associated with thermally mature, kerogé&we organic matter (Fig. 3& Fig. 5; Fig. DR3ed),
including some=netable examples where nanoscopic barite spherulites encrust clumps and coherent
strands of organic matter (Fig.)3Complementary TEMEDS analysis o& barite micre-spherulite
assemblage resolves C enrichments iir ihéeriors (Fig. 6).
DISCUSSION

Barite lisa.commonmineral in Earth’s crust and may be used as a proxy for the geological
environment ‘and<the ambient conditions at the time of formation. For instance, barite in marine
hydrothermal*systems generally forms we#veloped, tabular and bladed crystals, acifraldiating
tapered crystals, and/or dendritic crystals (e.g., Harris et al., 2009; Griffith and Paytan, 2012; Ray et al.,
2014; Jamieson etal., 2016). On the other hand, barite in the water column and within pelagic sediment
typically occursasrounded, elliptical, or platy tabular grains (e.g., Dehairs et al., 1980; Bertram and
James, 1997; Griffith and Paytan, 2012). Although the detailed factor(s) in the development of a
specific barite morphotype are not entirely understood, laboratory experimentthsheariations can
be controlled by physical factors such as saturation index, crystal growth rate and temperature, as well
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as chemistry, especially the ratio B&?"/SO% in solution, the presence/abundance of organic
molecules, and the availability of ions that may substitute fét Bathe crystal lattice (Mg, Ca*,

and Sf*; e.g., Smith et al., 2004; Judat and Kind, 2004; Jones et al., 2007; Kowacz et al., 2007
Godinho and Stack, 2015; Rugudo et al., 2015; Widanagage et al., 2018).

The _incorporation of organic molecules, and perh@p$ cations into the crystal lattice of
barite, plus organies promoting supersaturation and inhibiting crystal growth, are tapremote the
development=of<both platy tabular/lenticular grains and polycrystalline barite aggregates with
spherulitic shape (e.g., Smith et al., 2004; Jones et al., 2007; Widaageg@tal., 2018) The
importance of_organics in the formation of spherulitic barite is further demonstrated by experiments
involving marine.smicrobial cultures, which revealed that cellular surfaces and EPS can act as a
nucleation siteé of spherulitic barite (Fig.-3g andseeadditional data in Gonzaleklufioz et al., 2012
Stevens et al., 2015, and Tor€sespo et al., 2015). This observation, in addition to the fact that high
concentrations of’ biomass/dissolved organic matter elpovercoming barite undersaturation
(Goldberg and=Arrhenius, 1958; Dehairs et al., 1980; Bertram and James, 1997; Horner et al., 2017,
Martinez-Ruiz et=al., 2018a, 2018Ibeng et al., 2019; among others), suggest that precipitation of
spherulitic barite may be common in the pelagic zones of the oceans, such as at cold seeps where sucl
mineralization have been found to occur in association with communities of-sylfling microbes
(Stevens et al.;"2015).

Whereas..microbial activity and/or the presence of degrading biomass can facilitate the
formation of spherulitic barite aggregates,ith&izes, as well as their detailed mieextural and
micro-mineralogieal characteristics, may vary in relation to even subtle differences in ambient physical
and chemical parameters during precipitation. For instance, laboratory experiments involving humic
substances have produced frambbie spherulitic agglomerations of euhedral barite nanocrystallites
(Smith et al.; 2004). On the other hand, microbial experiments by FGnespo et al. (2015) have
formed both'densely crystalline spherulites and nscale hollow spheres with diameters in the
<<lum to >10"gm range (Fig. 3g), whereas biogeriarite precipitates in Gonzalddunoz et al.

(2012) generally*have consistent sizes and form radiating compact spherical clusters of acicular crystals
(Fig. 3h). Importantly, the 3.48 billiesyearold barite micrespherulites described in this study not

only share several micrtextural features with these spherulitic barite types known from laboratory
experiments and natural examples (compare Fig. 3a-f with Fig. 3g-h, and with additional data in
GonzalezMunoz et al., 2012, Stevens et al., 2015, and eBftrespo et al., 2015), they also have

poorly crystallized, in part narporous interiors that could indicate formation from amorphous
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precursors (compare Fig. 3d with Fig. 6 in Martifeuiz et al., 2018b), and they contain trace
concentrations of P (Fig. 5asis found in some biogenic barite examples.

An additional, critical observation in this study is that barite mpberulites are ubiquitously
found in the earliest formed mineral assemblages that make up the Dresser Formation sulfidized
stromatolites;j.ie., dolomite and najp@rous pyrite containing organic matter and enriched in various
transition metalS*(e.g., Ni and Zn); Fig—8and Fig. DR3ac; c.f., Baumgartner et al. (2019, 2020a).
The texture and“chemistry ofishorganic mattewrich, texturally distinctive nangoorous pyrite is
consistent with an origin through sulfidization of biofilms as early as during stromatolite growth (c.f.,
Baumgartner et al., 2019, 2020a%,s supported by the presence of entombed, autochthonous organic
matter strands.and filaments that closely resemble variably degraded and remineralized EPS (compare
the organic matter that is encrusted by barite mgpberulites in Fig. 3f with organic matter strands in
Baumgartner et al. [2019, their Fig. 4]). Hence, while all the physical and chemical factararthat
control barite morphology are still not entirely understood (c.f., Widanagamage et al., 2018), our data
suggest that intimately associated organics have been important factors fessptieralite formation
These organics=were likely derived from (decaying) ancient microbial mats that flouristed in
hydrothermally influenced, lowwemperature, shallow water depositional environment (Nijman et al.,
1998; Van Kranendonk and Pirajno, 2004; Van Kranendonk, 2006; Van Kranendonk et al., 2008, 2018;
Djokic et al., 2017; among others). The barium and sulfate for precipitating barite may have been
sourced from.hydrothermal fluids and intermixed seawater (c.f., Philippot et al., 2007, 2012; Ueno et
al., 2008; Shen et al., 2009; Baumgartner et al., 2020b). Living microbial communities and/or dead
microbial biomass=could have served as precipitation sites for-apnerulitic barite, through direct
formation on EPS, or promoted by strong chemical gradients established by degrading biomass and the
presence of organic matter.

Interestingly, we note that spherulitic barite is also common in close vicinity to stromatolite
layers within_beddingparallel, coarsegrained barite (Fig. 4b; Fig. DR3e and f). These large, euhedral
to subhedral “strongly zoned barite crystals are similar to barite that typically forms in hydrothermal
vein systems*and marine hydrothermal vents (compare Fig. 2d and e and Fig. DR1 with Fig. 2 in
Jamieson etral,, 2016 A lastage origin for the coarsgrained barite in the Dresser Formation
sulfidized stromatelite samples studied here is indicated by the fact that some barite crystals have
deformed, intruded into, and ripped apart some stromatolite laminae (Fig). By comparison,
spherulitic barite within the sulfidized stromatolitess intimately associated with petrogenetically
earliest dolomite and organic mattech, naneporous pyrite. An early formation of micrspherulitic
barite is further supported by the fact that these mineralizations are locally pseudomorphed to pyrite
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(Figs. 4, DR3d), and clearly are overgrown by the cearséned barite crystals. Hence, these
textural/petrographical relationships and the correspondent variations in barite morphology allow for
detailed inferences on the temporal evolution of barite precipitation: 1) precipitation of the barite
micro-spherulites in a low temperature regime, as early as during growth and sulfidization of the
stromatolites; 2) _precipitation of the coargeined barite crystals in relation to fluid percolation at
some stage following demise and burial of the stromatolites.

CONCLUSION

Sulfidized stromatolites from the ~ 3.5 Ga Dresser Formation that contain abundant organic
matter, including potential microbial remains (Baumgartner et al., 2019), host-sgphesulitic barite
aggregates and platy tabular/lenticular barite grains. These barite morphotypes, which are associated
with petrographically earliest dolomite and naporous pyrite enriched in autochthonous organic

matter, show striking textural and chemical similarities with barite precipitates that are known to

develop under lowtemperature conditions in the presence of microbial activity or degrading biomass.

This finding lends-further support to a biogenic origin of the Dresser Formation stromatolites.
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FIGURE CAPTIONS

Figure 1. Geolegy at North Pole Dome, Pilbara Craton, Western Australia, and location of the

stromatolites within the drill core examined in this study. a) Geology at North Pole Dome, where the

red circle indicates the location of the PDP2b drilling site (redrawn after Van Kranendonk et al., 2008

see also Baumgartner et al. 2019, 2020 Stratigraphy of the PDP2b drillcore, where the red circle

indicates the/stratigraphic position of the here examined sulfidized stromatolites (image taken from

Baumgartner etal., 2019).

Figure 2.SEMimages andR-XFM element mapsf pyritized stromatolites and interlayered barite.

a—) Backscattered Electron (BSE) images of pyritized, mlaroinated and columnar stromatolites

(indicated by ‘red-arrows and dashed lines) in chert plus dolomite and interlayered barite. Image (a) and

(b) are takenfrom Baumgartner et al. (2019). Note in (c) the barite crystal that intrudes and deforms a

stromatolitedamina. Mineralogy is gauged from brightness differences and supported by Energy

Dispersive Xray Spectroscopy analysis: white = barite; light grey = sulfide; dark grey = chert and

dolomite. d-e) BSE image an8R-XFM element map with colegrading of Ni (red), Ca (green) and

Sr (blue), showing a pyritized stromatolite laminadicated in (e) by Ni that is cut by coarsely

crystalline barite-indicated in (e) by Sr. Note the alignment of sulfide inclusions parallel to the growth
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zonations of barite (black and white arrows), and the large, subhedral baridgsdheggtcut into the

base of the stromatolite lamina (red arrows).

Figure 3. SEM and STEM images of miespherulitic barite from the Dresser Formation
stromatolites, and compad with modern analogues. a) Backscattered Electron (BSE) image of platy
tabular to lenticular barite (Brt) that occurs in association with dolomite (Dol) and pyrite (Py) of the
sulfidized stromatalites. b) Platy tabular to lenticular barite grains embedded matio-porous pyrite

(red arrow) and=organic matter (Om) c) Assemblage of msmiwerulitic barite and organic matter.
The white arrow indicates nangorous pyrite enriched in organic mattdihe arrow in the inset
indicates the oet shell of a barite micrespherulite. The asterisk indicates the location of Raman
Spectroscopysanalysis of organic matter (). d) Darkfield STEM image showing the poorly
crystallized tofirregular or radiating crystalline interiors of some barite mgpberulites (arrows from

left to right, respectively). See thechemical analysis in Fig. 6. €) Smoetbrfaced barite micro
spherulites in dolomite (Dol). The image of the inset was taken at relativelgrlaigteleration voltage

(5 kV versus#20=kV). It indicates the partially hollde entirely nanecrystalline interiors of the
spherulites. )-Barite micre-spherulites encrusting a coherent organic matter strand. The red arrow
indicate nangporous pyrite and associated organic matteh) dgSpherulitic barite of laboratory
experiments using marine microbes. The images are taken from fomespo et al. (2015) and
GonzalezMunoz-et al. (2012), respectively. The inset in (g) shows the hollow interiors (red arrow) of
precipitating barite. micrespherulites; compare with (e) in this figure panel. Note in (h) the radiating
crystalline microtexture (red arrow) of spherulites. Imaggs-f) were acquired on nitric aciétched
surfaces. Seethesimaging locations in Fig. DR2.

Figure 4. Backscattered Electron (BSE) images of mgpgberulitic pyrite (a) and mickspherulitic

barite (b) at contacts between stromagdéitninae and layers of coarsely crystalline barite. Chemical
analysis of micrespherulitic pyrite in (a) is shown in Fig. DR4. Note in (b) the range of textures from
closely packed micrespherulites (left red arrow), to intergrown, globular agglomerations of micro
spherulites (rightred arrow). See imaging locations in Fig. DR2. Brt = barite; Om = organic matter; Py
= pyrite.

Figure 5. Chemical analysis of miegpherulitic barite and Raman Spectroscopy analysis of associated
organic matter. ayEnergy Dispersiver®y Spectroscopy analyses of spherulitic barite. The green
spectrum is from platy tabular/lenticular barite in Fig. 3a. The black and pink spectra are from barite
spherulites in Fig. 3c. The grey spectrum is from barite mégoerulites in Fig. DR3b and c. Note the
overlaps of Si and Sr peaks, and the small but distinctive peaks of P at ~ 2.0 keV. In the absence of

strong Ca and Mg peaks relating to carbonates (e.g., green EDS spectrum of platy tabular/lenticular
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barite shown in Fig. 3a), carbon peaks presumably relate to organic matter. The signals of S and Fe at
least partially relate to the €analysis of pyrite. b) Raman Spectroscopy analysis of organic matter

using a 785 nm laser (see Methods). Analysis location is indicated in Fig. 3c.The high intensity of the
disorderinduced 'Dband (~1315 Acm™) relative to the ordeinduced 'G' band (~1600 Acm™) is

typical for thermally mature organic matter in the Dresser Formation; compare with Raman
Spectroscopysanalyses of Dresser Formation organic matter using a 785 nm laser in Harris et al. (2015)
andin Baumgartner-et al. (2019, 2020a).

Figure 6. STEM images and elemental distribution maps of barite-rapherulites in sulfide of the

Dresser Formation stromatolitesby Dark-field STEM and brightfield STEM images of a milled

cross section‘through barite miespherulites. The homogeneous material around the spherulites is Pt
from sample preparation by Focused lon Beam (FIB) milling) &nergy Dispersive Xay

Spectroscopy element maps showing the distributions of Ba, O, and C, respectively. Platinum (blue)
and Ga (red) are contamination from FIB milling. Note the thin shells around (white arrows), and the
concentric enrichment of C (red arrow) within, the barite migpberulites. The FIB wafer was

prepared following=nitric acid etching, which strongly dissolved pyrite but left barite essentially
unaffected. The lack of Pt within the spherulites indicates that the enrichments of C are original and not
the result of contamination relating to R&) deposition during FIB milling. Ba = barite; Pt =

platinum; Py ="pwyrite.
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