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Abstract

Recent discoveries of geyserite and siliceous sinter with textural biosignatures in the ~3.5 Ga Dresser For-
mation of the Pilbara Craton, Western Australia, extended the record of inhabited subaerial hot springs on Earth
by ~3 billion years, back to the time when siliceous sinter deposits are known to have formed on Mars (e.g., at
Columbia Hills, Gusev Crater). Here, we present more detailed lithostratigraphic, petrographic and geochemical
data collected from 100 measured sections across a ~ 14 km strike length in the Dresser Formation. The data
indicate deposition of a wide range of hot spring and associated deposits in a restricted interval that directly
overlies a hydrothermally influenced volcanic caldera lake facies, with shoreline stromatolites. Hot spring
deposits show abrupt lateral facies changes and include associated channelized clastic deposits that support
fluvial, subaerial hot spring deposition. All Dresser hot spring and associated lithofacies have direct analogs
with proximal, middle, and distal apron hot spring facies that are characteristic of those from New Zealand,
Yellowstone National Park, USA, and Argentina. Rare earth element and yttrium geochemistry shows that the
Dresser geyserite shares identical patterns with Phanerozoic hot spring sinters. This geochemical data further
supports textural and contextual evidence that indicate the Dresser geyserite formed as a subaerial hot spring
sinter. Further, the Dresser hot spring deposits are temporally associated with a diverse suite of textural
biosignatures that indicate a thriving microbial community existed within in a Paleoarchean hot spring field.
The results presented here underscore the importance of continued study of the early geological record for
astrobiological research. In particular these findings reinforce the long-standing hypothesis that hydrothermal
systems are optimal places to search for past life on Mars. Key Words: Archean hot springs—Biosignatures—
Dresser Formation Pilbara Craton—Western Australia—Mars. Astrobiology 21, 1-38.

1. Introduction

NVESTIGATIONS of the early geological records on Earth
help identify potentially habitable environments for early
life and, thus, aid in the exploration for life beyond Earth.
Recent discoveries of geyserite and siliceous sinter accom-
panied by textural biosignatures in the ~3.5 Ga Dresser
Formation of the Pilbara Craton, Western Australia (Fig. 1),

have extended the record of inhabited subaerial hot springs
on Earth by ~ 3 billion years (Djokic et al., 2017). These
findings are relevant to the search for life on Mars given
that silica deposits interpreted as representing hot spring
sinters of similar age to the Dresser deposits have been
identified from remote sensing (Skok et al., 2010) and
Spirit Rover data (Ruff and Farmer, 2016; Ruff ez al.,
2020).
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FIG.1. (A) Geological map of the Dresser Formation in the North Pole Dome (modified from Harris et al., 2009). The lower
chert-barite sequence (DFc1) of the Dresser Formation is the blue chert horizon highlighted by inset red boxes A, B, and C. Inset
boxes also correspond to detailed geological maps: Supplementary Fig. SIA-C. (B) Generalized stratigraphy of DFcl.
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RECONSTRUCTED SUBAERIAL HOT SPRING FIELD

Subaerial (land-based) hot springs are surface manifes-
tations of magmatic/volcanic systems. Subsurface circula-
tion of magmatically heated meteoric water within the
country rock, mixed with contributions from magmatic
fluids, produces diverse hot springs and associated discharge
aprons at the land surface (Pirajno, 2009). These hot springs
exhibit a temperature range ~ 100°C to ambient, and may
have variable pH (acidic to alkaline), ionic concentrations,
metal content, and settings (e.g., pools, terraces, geysers,
fumaroles; White er al., 1964; Walter, 1976; Bignall and
Browne, 1994; Fouke et al., 2000; Guidry and Chafetz,
2003a). Many hot springs are situated in fluvio-lacustrine
environments and support diverse communities of micro-
organisms, the variability of which is controlled by tem-
perature, pH, and chemistry (Renaut and Owen, 1988;
Renaut et al., 2002; Jones et al., 2007; Guido and Campbell,
2011; Power et al., 2018).

Although subaerial hot spring settings around the world
can vary depending on climate, geology, and tectonics, they
commonly produce a range of comparable abiotic and bio-
logically mediated textures that are controlled by fluid
temperature, fluid chemistry, water flow rate, microbial
consortia, and host rock composition. In near-neutral pH
alkali-chloride settings, these textures are characterized
spatially in proximal vent to distal apron facies assemblages
(Fig. 2; Cady and Farmer, 1996; Guido and Campbell, 2011;
Campbell et al., 2015a, 2015b).

Preservation of these deposits, including associated mi-
crobial communities, occurs rapidly as a result of silica
precipitation driven by cooling and evaporation of the
thermal spring fluid discharge, as well as by microbial
mediation, resulting in a biomediated sinter apron terrace
that blankets the surrounding landscape (White et al., 1964).

Local to regional hydrothermal alteration may also occur,
leading to pervasive silicification, sulfidization, and/or
steam-heated acid-sulfate alteration (e.g., producing clay
and other alteration minerals) of the underlying lithology
(e.g., volcaniclastic sediments, volcanic units, and/or trav-
ertines; Campbell et al., 2004; Guido and Campbell, 2009,
2012; Sillitoe, 1993, 2015; Guido and Campbell, 2017).

The preservation of microbial communities in hot spring
environments may be universal if the degree of subsequent
alteration is not too severe. A high preservation potential in
siliceous hot spring (sinter) deposits is supported by the
following observations: (1) Silicification is extremely rapid
(i.e., occurs within living microbial mats); (2) silica is
chemically inert; and (3) biosignatures, including biomole-
cules, are preserved deep into the geological record (Cady
and Farmer, 1996; Trewin, 1996; Walter et al., 1998; Djokic
et al., 2017, Teece et al., 2020).

Previous work on the Dresser Formation revealed evi-
dence for subaerial hot spring deposits and documented
their local context within an epithermal environment (Van
Kranendonk and Pirajno, 2004; Van Kranendonk et al.,
2008, 2018; Harris et al., 2009; Djokic et al., 2017). In this
article, we provide more detailed lithostratigraphic obser-
vations for the hot spring occurrences and describe a hith-
erto unrecognized, diverse suite of ~3.5 Ga hot spring and
associated deposits from the Dresser Formation. Strati-
graphic, petrographic and geochemical data presented here
illustrate the characteristics and distributions of the Dresser
hot spring deposits, their spatial relationships to mineral-
ized remnants of hot spring pools, and their similarities
to Phanerozoic (fossil and modern) hot spring deposits
from New Zealand, Yellowstone National Park, USA and
Argentina.
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2. Geology of the Dresser Formation

The Dresser Formation is located in the North Pole Dome
(NPD) of the Pilbara Craton, Western Australia (Fig. 1; Van
Kranendonk et al., 2007). The formation is formally defined
as two main, relatively thin (~ 1-250 m) units of silicified
sedimentary rocks (cherts) that bound a relatively thick (up
to ~2km) unit of doleritic and pillowed komatiitic basalt
(Nijman et al., 1999; Van Kranendonk, 2006; Van Kra-
nendonk et al., 2007, 2008, 2018).

The basal chert unit of the Dresser Formation (here re-
ferred to as DFcl) is the focus of this study, and it is rec-
ognized as containing stromatolites (e.g., Walter et al.,
1980; Buick and Dunlop, 1990; Van Kranendonk, 2006,
2011). This unit is characterized by a complex stratigraphy,
1-288 m thick (Supplementary Figs. S1 and S2) that in-
cludes: bedded gray—white—black and jasplitic cherts; units
of wrinkly laminated to domical and coniform stromatolites;
a unit of interbedded carbonate-chert couplets that contain
evaporitic aragonite crystal casts; sandstone and conglom-
erate; felsic ash; chert-barite breccia; and hot spring gey-
serite and sinter terracettes (Buick, 1985; Van Kranendonk
et al., 2008, 2018; Djokic, 2015; Djokic et al., 2017; Djokic
and Van Kranendonk, 2018; Otalora et al., 2018). Thick,
bedding-parallel, units of coarse crystalline barite were
originally interpreted as baritized evaporative gypsum beds,
but they have since been demonstrated to be intrusive sills
of hydrothermal fluids (Nijman et al., 1999; Van Kra-
nendonk et al., 2008).

DFcl is underlain by pillowed and massive komatiitic
basalts (North Star Basalt) that are cut by a complex net-
work of weakly radiating hydrothermal veins up to 2km
long and 30 m thick. These veins are composed dominantly
of black chert in their lower parts, but they transition to
barite + quartz + pyrite toward the surface (Nijman et al.,
1999; Van Kranendonk et al., 2008, 2018; Tadbiri, 2017).
The black chert +barite veins have been shown to be con-
temporaneous with DFcl sedimentation (Nijman et al.,
1999; Van Kranendonk and Pirajno, 2004; Van Kranendonk,
2006; Van Kranendonk et al., 2008; Poole, 2013; Djokic,
2015), and thus they have been identified as representing
the mineralized circulation pathways of subsurface epi-
thermal hydrothermal fluids (~100-350°C: Van Kra-
nendonk and Pirajno, 2004; Van Kranendonk, 2006; Harris
et al., 2009). Overlying DFcl are doleritic to pillowed
basaltic volcanics that lack chert-barite veins and mark the
end of pervasive hydrothermal conditions (Van Kranendonk
et al., 2008).

3. Previous Paleoenvironmental Interpretations of DFc1

The initial interpretation of DFcl suggested that stro-
matolites grew in a quiet, shallow water marine environment
(Groves et al., 1981; Buick, 1985; Buick and Dunlop, 1990;
Barley, 1993). This was based on the identification of four
main lithostratigraphic assemblages characterized by two
volcanogenic (arenite and lutite) and two chemical (car-
bonate and sulfate + stromatolites) sedimentary units that
included up to 22 sedimentary lithofacies with a suite of
shallow water features (e.g., Buick, 1985; Buick and Dun-
lop, 1990). Two shallowing-upward depositional cycles of
evaporitic marine sedimentation were inferred, comparable
to the modern semi-enclosed, hypersaline basin of Shark
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Bay, Western Australia, where communities of dominantly
phototrophic microorganisms construct calcareous stromat-
olites (Buick and Dunlop, 1990; Jahnert and Collins, 2012).

These earlier studies interpreted the hydrothermal veins
as having been emplaced either after the deposition of DFc1
(e.g., Hickman, 1984; Buick, 1985) or during younger
weathering (Hocking and Cockbain, 1990). Stratiform barite
within DFcl was interpreted to have formed through bar-
itization of originally evaporative gypsum (Buick et al.,
1981; Buick, 1985; Buick and Dunlop, 1990; Barley, 1993).

Further geological work that focused on the relationship
between facies distributions and stratigraphic contacts with
the chert-barite veins led to a tectonically active, volcanic
caldera interpretation of the environment of deposition
(Nijman et al., 1999; Van Kranendonk, 2000, 2006). Critical
observations include: (1) Almost all chert-barite veins cross-
cutting the underlying basalts disperse into, and terminate at,
barite mound complexes within DFcl, or are eroded and
unconformably overlain by DFcl sediments; (2) syn-
depositional growth faults control both DFcl thickness
variations and the geometry of veins; (3) sedimentary facies
change abruptly across active growth faults; (4) uplapping
of bedded chert and diamictite occurs onto vein-derived
barite mounds; (5) eroded hydrothermal material (including
barite4chert) occurs in sandstone and diamictite at multiple
stratigraphic levels within DFcl; (6) hydrothermal veins
pass laterally into bedded sediments; and (7) alteration of
the footwall was of epithermal type and linked to the dis-
tribution of the hydrothermal veins (Nijman et al., 1999;
Van Kranendonk and Pirajno, 2004; Van Kranendonk, 2006;
Van Kranendonk er al., 2008, 2018; Poole, 2013; Djokic,
2015).

These findings collectively demonstrated the syn-
depositional nature of chert-barite hydrothermal veins rela-
tive to DFcl, where barite, chert, and associated sulfides
were viewed as primary hydrothermal precipitates derived
from Si, Ba, and sulfide-rich fluids that vented onto a
shallow (<50 m depth) seafloor, possibly as white smokers
in a caldera-type setting (Nijman et al., 1999; Van Kra-
nendonk and Pirajno, 2004).

Van Kranendonk and Pirajno (2004) showed that basalts
as deep as 1.5km beneath DFcl had experienced zoned,
advanced argillic (50-200°C; kaolinite—pyrophyllite—alunite—
barite), argillic (kaolinite), phyllic (quartz—white mica—
rutiletchloritexepidote), and propylitic (250-350°C;
chlorite—carbonate—epidote) alteration, characteristic of
epithermal hydrothermal systems (e.g., Pirajno, 2009).
Late-stage epithermal quartz textures were also observed
within the cores of chert-barite veins, indicating low tem-
peratures (~ 150-300°C) and shallow depths. This obser-
vation was later augmented by fluid inclusion data,
indicating that near-neutral pH, alkali-chloride fluids typ-
ical of epithermal systems may have fed land-based hot
springs inhabited by life (Harris et al., 2009).

Based on regional stratigraphy, geochemistry, and geo-
chronology, the Dresser Formation was deduced as forming
within an oceanic plateau equivalent to the Phanerozoic
Kerguelen Plateau, arising from hot spot magmatism (Van
Kranendonk and Pirajno, 2004). Such a model is consistent
with other regional geological and geochemical data from
across the Pilbara Craton (Smithies et al., 2007; Van Kra-
nendonk et al., 2007).
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Van Kranendonk (2006) and Van Kranendonk et al.
(2008) developed a four-stage depositional model for DFcl
that supported a volcanic caldera setting. In this model,
Stage 1 resulted from magma-driven uplift, which caused
the onset of shallow water deposition of stromatolites,
cross-bedded sandstone, and bedded carbonates. Stages 2
and 3 included multiple episodes of hydrothermal fluid
circulation accompanied by minor felsic volcanic eruptions
during caldera development, under shallow water to sub-
aerial conditions. Finally, stage 4 represented caldera col-
lapse, marked by deposition of a fining upward succession
of conglomerate and siltstone composed of mafic volcani-
clastics, as well as by cessation of hydrothermal veining.

As for the stromatolites and other microbially induced
sedimentary structures preserved in DFcl, a variety of met-
abolic pathways have been inferred based on morphological
diversity, environmental associations, and stable isotopes.
Phototrophy has been suggested from the presence of domical
and conical stromatolites (Walter et al., 1980; Buick and
Dunlop, 1990; Van Kranendonk, 2011), whereas the associ-
ation of broad domical stromatolites with inferred subaqueous
hydrothermal vents was used to suggest active chemotrophy
during the formation of some stromatolites (Van Kranendonk,
2006, 2011). Carbon isotopic data from hydrothermal black
chert veins and sulfur isotope data from microscopic pyrite
(sulfide) inclusions along barite (sulfate) growth zones were
used to suggest anaerobic methanotrophs (Ueno et al., 2006)
and sulfate-reducing microbes (Shen et al., 2009), or mi-
crobes that cycled elemental sulfur (Philippot et al., 2007).

Biogenicity of the stromatolites is strongly supported by
the recent discovery of organic remnants trapped in nano-
porous pyrite (Baumgartner et al., 2019).

Recent research has provided a direct connection between
shallow subaqueous to subaerial hydrothermal activity and
life. Surficial deposits of hot spring geyserite and sinter
terracettes were discovered, associated with a variety of
textural biosignatures in a few, thin, isolated exposures of
DFc1 (Djokic et al., 2017).

4. Methods
4.1. Field mapping

Local sites detailed in this study (16N, 1S, 24S; Supple-
mentary Fig. S1) were selected based on data collected from
more than 100 measured transects across DFcl from 2013 to
2016, which revealed the presence of hot spring deposits. The
measured sections and detailed mapping were undertaken
from across the entire ~ 14km of strike-length of DFcl, as
exposed on the eastern flank of the NPD (Fig. 1, Supple-
mentary Figs. S1 and S2). The Global Positioning System
coordinates were collected for all measured sections.

4.2. Optical microscopy

Optical microscopy was undertaken on a Nikon Eclipse
Ci POL microscope with a Nikon DS-Vil camera by using
standard polished thin sections (30 um thick) at the Uni-
versity of New South Wales.

4.3. Scanning electron microscopy-energy
dispersive spectroscopy

Rock samples with freshly broken surfaces were either
prepared with an evaporative carbon coating or wrapped

in copper tape at the Electron Microscopy Unit (EMU)
of the Mark Wainwright Analytical Centre at the University
of New South Wales, Australia. Samples were examined
by using Hitachi S-3400N scanning electron microscopy
(SEM), operating from 10 to 50kV, and fitted with a Bruker
SDD-EDS XFlash 6-30 detector.

4.4. Electron microprobe-wavelength
dispersive spectroscopy

A polished thin section of stromatolitic intraclast con-
glomerate (see Section 5.1.2.2) from site 16N (Supplemen-
tary Figs. S1 and S2) was investigated by transmitted light
microscopy before electron microprobe-wavelength disper-
sive spectroscopy (EMP-WDS) analysis to locate a single
clast with a dark coating/rind, suspected of containing Ti.
Analysis of the desired location in the single intraclast was
conducted on a JEOL JXA-8500F EPMA by using an ac-
celerating voltage of 15kV, 20 nA beam current, and beam
diameter of 1 um. Note that because the energy resolution of
energy dispersive spectroscopy (EDS) does not allow Ba and
Ti X-rays to be fully resolved, qualitative WDS mapping was
undertaken to distinguish the distributions of these two ele-
ments over the area of interest. Analytical parameters used
were 15kV accelerating voltage, 50 nA beam current, and a
dwell time of 30 ms per pixel. The system was calibrated by
using natural and synthetic mineral standards. Analysis was
performed by using an oxide matrix correction (oxygen cal-
culated by stoichiometry, H,O calculated by difference; re-
sults in oxide mass percent). Calibration was tested by using
secondary silicate mineral standards, with accuracy for NaO,
MgO, Al,0O3, SiO,, SO;, CaO & TiO, <+2% relative, and
K>0, MnO, FeO, BaO & Cl <+5% relative.

4.5. Trace element geochemistry

Samples were either lightly crushed or in the case of the
sinter/geyserite samples were milled to a powder in an agate
mill. Cleaning of the agate mill between samples involved
powdering a small amount of the subsequent sample, which
was then blown out with an air gun before the mill was
cleaned with ethanol and dried. Generally, between 140 and
470 mg of samples (25 mg for sinter/geyserite samples) were
digested with an HF-HNO; mixture in capped Teflon vials
on a hotplate overnight at 135°C, then evaporated to dry-
ness, refluxed twice with concentrated HNO;, and finally
dissolved overnight in dilute HNOj. The solutions were
transferred to transparent polycarbonate tubes and diluted
with 18.2 megohm, deionized water.

An aliquot of each solution was further diluted with a
dilute HNO; solution containing an internal standard mix-
ture to give total dilution factors ranging from 100 to 3500.
This procedure was based on a visual estimate of the mass of
solids that remained after digestion. These estimates were
informed by previous experience in digesting similar rock
types (e.g., Van Kranendonk et al., 2003).

Analytical and drift correction procedures are compre-
hensively described in Eggins et al. (1997). The method
uses a natural rock standard for calibration, internal drift
correction using multi-internal standards (Li6, Sr¥4, Rh, Re,
and U235), external drift monitors, and aggressive washout
procedures. Differences in the methods of this study from
the Eggins et al. (1997) technique were applied as follows:
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(1) Sm147, Tm, In, and Bi were not used as internal stan-
dards as these are analyses; and (2) two digestions of the
USGS standard W-2 were used for instrument calibration.
The preferred concentrations utilized for W-2 were mostly
derived by analyzing them against synthetic standards and a
literature survey of isotope dilution analyses (Kamber et al.,
2003, 2005; Babechuck et al., 2010). Because only a single
calibration standard was used, data were more easily nor-
malized to other sets of preferred values for standards.

Samples were analyzed at the School of Earth Sciences,
University of Melbourne, on an Agilent 7700 . The instru-
ment was tuned to give barium oxide levels of 0.067%. Four
replicates of 100 scans per replicate were measured for each
isotope. Long sample wash-out times of 6 min with solutions
of 0.5% Triton X-100, 0.025% HF in 5% HNO;, and 2%
HNO; and long sample uptake times of 120s were used.

Samples with Ba/Eu ratios greater than 4000 were re-
analyzed for rare earth element and yttrium (REE and Y)
under conditions with a Ba oxide level of 0.019% by using
the dilution gas mode and He mode with a 2mL/min He
flow to the collision cell.

5. Lithostratigraphy of DFc1

Mapping was conducted along the ~14km exposure of
the Dresser Formation lower chert-barite sequence (DFcl) on
the eastern flank of the NPD. These strata are tilted eastward
with an average dip of about 45° (Fig. 1, Supplementary
Fig. S1). Good exposure allows detailed mapping of facies
distributions, local unconformities, and growth fault control
on sedimentation at both regional (km) and local (m) scales.
The stratigraphic thickness of DFcl is highly variable,
ranging from ~ 1 to 288 m thickness (Fig. 1, Supplementary
Figs. S1 and S2; Nijman et al., 1999; Van Kranendonk et al.,
2008). Clear contacts between bounding basaltic units above
and below DFcl can be seen in many places.

Based on 100 measured sections, the ~14km N-S
trending exposure of DFcl is divided here into four mem-
bers, M1-M4. With the exception that in some places M3 is
interbedded with M2, these members are observed in se-
quence from base to top (Supplementary Figs. S1 and S2;
Djokic, 2015). The division of these members is based
on characteristic lithological assemblages comprising sedi-
mentarythydrothermal units that can be traced across the
study area (Supplementary Fig. S2).

M1 is characterized dominantly by a range of bedded
cherts (including jaspilitic chert), clastic sedimentary rocks,
which include felsic volcanic ash deposits, and local stro-
matolites. M2 is characterized by bedded cherts, a distinctive
unit of bedded carbonate-chert couplets, abundant stromat-
olites, and hot spring deposits. M3 is defined by bedded chert
with a dominant (>80%) component of jasplitic (hematite-
rich) chert that is in some places cut by chert-barite veins.
M4 marks the final stage of sediment deposition for DFcl,
characterized by green-gray volcaniclastic units. Hydrothermal
cherttbarite veins are synchronous with M1 and M2, are
lacking in M3, and are absent from M4.

5.1. Members M1-M4

5.1.1. Member 1. MI outcrops in only a few locations
(12N, 13N, 14N, 17N, 21S; Supplementary Figs. S1 and
S2), with thicknesses that reach a maximum of ~10m. M1
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is composed of a variety of bedded chert units, rippled
sandstone, stromatolites, and chert-barite breccia (Supple-
mentary Fig. S3). Toward the base of M1 is a distinct chert-
barite breccia that consists of a variety of cobble- to
boulder-sized (cm-decimeter) clasts supported within a
sandy, gravelly, and pebbly matrix (30-50% of the unit)
(Supplementary Fig. S3C-G). The boulders range from
angular to some that are rounded and are derived from the
surrounding, local stratigraphy; so, they include: coarsely
crystalline barite (1-5cm length crystals in 1-2 cm-thick
isopachous beds); gray, white, and black-colored, cm-
bedded chert; jaspilitic (hematite-bearing) chert that is
defined by opaque red to translucent red layering; massive
gray-colored chert; and stromatolites. The matrix includes
stromatolitic intraclasts, pumice fragments, and hydro-
thermal alteration minerals, i.e., sericite (Supplementary
Fig. S3D-G).

Bedded chert units in M1 (and overlying members)
typically display mm- to cm-thick, gray, white, and black-
colored, layered chert that commonly includes thin (1-2 mm)
horizons of mm-sized, rhombic, diagenetic carbonate casts
(weathered) at the tops of cm-thick chert beds (Supple-
mentary Fig. S3A).

Stratigraphically, the rippled sandstone in M1 is typically
confined to decimeter-thick layers and is commonly associ-
ated with stromatolites. The chert-barite breccia is observed
at multiple stratigraphic levels and, in some places, dis-
conformably overlies the North Star Basalt (e.g., at locality
14N; Supplementary Figs. S1 and S2). Bedded gray—white—
black chert units are meters thick and extensive throughout
the lower two assemblages (M1 and M2).

5.1.2. Member 2. M2 is widespread throughout DFcl,
ranging between ~0.5 and 10m in thickness (Supplemen-
tary Fig. S2). It displays a highly diverse suite of dominantly
subaerial to shallow-water sedimentary rocks and a mor-
phologically diverse array of stromatolitic forms (detailed in
Section 5.3). Lithofacies include: a well-bedded unit con-
sisting of repeated carbonate-chert couplets with diagenetic
aragonite crystal casts (Van Kranendonk et al., 2003; Ota-
lora et al., 2018); bedded gray—white—black chert; minor
jasplitic chert; tabular edgewise conglomerate (EC); roun-
ded pebble to cobble conglomerate; massive or rippled
sandstone; and localized hot spring deposits, including
geyserite and sinter terracettes (see also Djokic et al., 2017).
Facies characteristically show abrupt lateral facies changes
on the order of tens of cm to up to 100 m over the extent of
the study area (Supplementary Fig. S2).

Near the base of M2 is a widespread, distinctive evapo-
ritic unit composed of interbedded carbonate-chert couplets
referred to as ‘‘zebra rock™ (Van Kranendonk et al., 2003,
2008). This evaporitic unit is up to ~40cm thick, and it is
defined by alternating layers of Mn-rich ankerite (~2-3 cm
thick) and pale green chert (~ 1-2 cm thick), which contain
radiating, acicular, diagenetic crystal splays or ‘‘rosettes’
(<5cm in diameter) (Van Kranendonk er al., 2003, 2008,
2018). Crystal splays have pseudohexagonal crystal out-
lines, which were previously inferred as replacive after
gypsum (Buick and Dunlop, 1990), but have more recently
been identified as replacive after aragonite (Otalora et al.,
2018; Supplementary Fig. S4). Primary ankerite is only
preserved in one outcrop (see Van Kranendonk e al., 2003;
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site 4ANW; Supplementary Figs. S1 and S2), whereas at all
other localities the ankerite has been entirely silicified and
“‘zebra rock” is primarily identified by the presence of the
diagenetic crystal splays.

Contacts between couplets show gradational transitions
from carbonate horizons into overlying chert beds, but with
sharp contacts from the top of each chert layer to the
overlying carbonate. The aragonite crystal casts are present
in both compositional components of the couplets. Although
laterally discontinuous, the ‘‘zebra rock’ is distributed
across DFcl and is consistently overlain by a sequence
comprising stromatolitic facies, inferred hot spring deposits,
and other shallow water units such as edgewise and pebble
conglomerates, described below (Supplementary Fig. S2).

5.1.2.1. Hot spring deposits. Hot spring geyserite has
been identified at three widely separated localities within
M2 (16N, 18, 24S: Supplementary Figs. S1 and S2; see also
Djokic et al., 2017). This characteristic sinter deposit
(Campbell et al., 2015a) is observed in the Dresser For-
mation either as <5cm-thick discontinuous beds within
cherty, layered rocks or as angular intraclasts (~20-500 um
wide and up to ~5mm long) within conglomerate that
outcrops laterally across distances of only a few meters.

Distinctive features of the geyserite include micro-
scopically thin (50 um), alternating black—white siliceous
laminae that are enriched in anatase (low-temperature
polymorph of TiO;) and kaolinite-illite, respectively
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(Fig. 3; Djokic et al., 2017). Macrotextures include: well-
laminated botryoidal to nodular geyseritic textures that
are separated by nonlaminated, homogeneous troughs
containing microscopic grains of quartz and other indis-
criminate silicified matrix material (Fig. 3B); columnar
and/or stratiform textures (Fig. 3B-D), including slump
structures (Fig. 3D); and laminae overgrowths (see Djokic
et al., 2017).

Sinter terracettes with microbial palisade fabric were
identified at locality 1S (Supplementary Figs. S1 and S2; see
also Djokic et al., 2017) in a ~ 10 cm-thick unit, which also
preserves geyserite. The terracettes are either completely
silicified or composed of fine hematitic laminae interbedded
with microquartz (Fig. 4A, B). This sinter unit is charac-
terized by centimeter-scale, wavy to convex bedding and by
individual laminae that display fine elongated quartz crystals
(<10 pm thick, up to 600 um long) that are oriented per-
pendicular to bedding and wrap around both convex and
stratiform parts of the layering (Fig. 4A—E). In one example,
the vertical quartz fabric is present in three successive layers
that show an increasing degree of recrystallization from the
top down, with epithermal microquartz textures overprinting
the lower bedding (Fig. 4E). The distinct vertical quartz
crystals have been interpreted as representing microbial
palisade fabric that forms when filamentous bacteria grow-
ing in densely packed, vertical micropillars are entombed on
the outflow aprons of hot spring pools (Weed, 1889; see also
Djokic et al., 2017).

FIG. 3. Dresser Formation geyserite. Scale bar measurements and polarized light indicated. (A) Botryoidal features in
hand sample (2 mm). (B) Botryoids (white arrow) separated by equigranular troughs (red arrow) (1 mm, ppl). (C) Plan view
of botryoid (1 mm, ppl). (D) Slump structures (1 mm, xpl). (E) Distinct fine scale black and white laminations characteristic
of geyserite (100 pm, xpl). ppl, plane polarized light; xpl, crossed polarized light.
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FIG. 4. Dresser terracettes with palisade fabric. Scale bar measurements and polarized light indicated. (A) Silicified
terracette (shrub-like structures at base) in cross-section showing convex bedding migrating to the right (1 cm). (B) Non-
silicified, hematitic layering preserved in terracettes (1 cm) and interbedded with shrub-like structures. (C,D) Palisade
fabric (C—1 mm, xpl; D—500 pm, ppl). (E) Three layers of palisade fabric with increasing recrystallization down section

(1 mm, xpl).

5.1.2.2. Clastic sedimentary rocks. Stromatolitic in-
traclast conglomerate and a variety of ECs are common and
widespread throughout M2. Such conglomerates are ob-
served interbedded with the hot spring deposits. These units
are characterized by long, thin, angular, or contorted and
commonly finely laminated clasts. Internal laminae are
generally planar. These conglomerate layers are on average
10’s of centimeters thick, to a maximum of ~50cm thick,
lack internal beds, and extend one to several meters laterally
along strike (Supplementary Fig. S2).

Stromatolitic intraclast conglomerate displays small,
contorted to curved, and dumbbell-shaped clasts, 1-6 mm
long and 1-3mm thick, that are well rounded to angular
(Fig. 5A, B). There are at least two types of clasts among
different outcrops. Some clasts exhibit very thin (<10 pm),
alternating gray—white laminations with faint grading be-

tween light and darker laminae (Fig. 5B). Other clasts are
homogeneously light gray in color, fine-grained, and display
faint or no internal layering. These latter clasts commonly
have dark, opaque (possibly due to organics; see Buick,
1985) rinds that are similar to the fine anatase laminae of the
geyserite. The rinds coat either only one side of the clasts or
the entire clast (Fig. 5C, D). Some of these clasts display
internal cracks (~10pum wide) that are commonly filled
with white mica (sericite), and they terminate into dark,
irregular bedding-parallel seams (Fig. 5C). Clasts that lack
internal bedding have granular cores composed of Fe-
oxides/hydroxides, white mica, and microquartz (Fig. 5D).
These clasts commonly have rinds with thin (<10 pm),
opaque microquartz inner mantles and thicker (up to 50 um)
outer mantles of microquartztTi (Fig. 5D, E). Many
clasts have an undulating or wavy edge on one side and a
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FIG. 5. Examples of Dresser stromatolitic intraclast conglomerate. Scale bar measurements and polarized light indicated.
(A) Hand sample showing curved, contorted, and dumbbell-shaped clasts (5 mm). (B) Intraclasts containing faint graded;
beds (1 mm, ppl). (C) Intraclasts without bedding and that contain internal mica-filled cracks terminating into dark seams
(red arrows) (1 mm, xpl). Red inset box—(E). (D) Intraclasts with core of mica and clotted Fe-oxide, and which are coated
with dark and light siliceous rinds (100 um, xpl). (E) Electron microprobe-wavelength dispersive spectroscopy map
showing Ti concentration indicating anatase at the edge of an intraclast. See inset box in (C). Dashed line marks the edge of
the clast. (F) Carbonate rhombs growing into the edge of clasts; red arrows (100 pm, ppl). (G) Intraclasts of filamentous

nature (10 um, ppl).

straight edge on the other side (Fig. 5C). In some exam-
ples, diagenetic carbonate rhombs partially replaced and/
or grew from the external matrix into the outer edges of
semi-lithified intraclasts (Fig. 5F). Rare clasts displaying
sinuous filamentous structures composed of microquartz
surrounded by light brown Fe-oxide/hydroxide haloes
are also observed (Fig. 5G; 17NW: Supplementary Figs.
S1 and S2).

At locality 16N, a stromatolitic intraclast conglomerate
is interbedded with tabular ECs and rounded pebble con-
glomerate (detailed below). These three units are also lo-
cally interbedded with layered chert, sandstone, and/or
stromatolites.

The ECs include two main types, each with slight varia-
tions. The first type (EC-i) is composed of highly elongated,
siliceous clasts (1-10 mm x 0.5-30 cm—exhibiting high
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FIG. 6. EC-i. Scale bar measurements and polarized light indicated. (A) Gently curved, elongated platy clasts; red arrows
(5§ mm). (B) Clasts stacked in fanning arrays. (C) Fe-oxide/hydroxide crust that coats edgewise clasts with euhedral pyrite at
border (red arrow) on edge of clasts (100 um, xpl). EC-i, edgewise conglomerate-i.

aspect ratios of up to 40:1) that are platy or tabular, to gently
curved and locally contorted (Fig. 6). Clasts vary in color
(i.e., white, gray, black, red, and brown) and exhibit thin
(mm), dense to porous internal laminae. The highly tabular
clasts are oriented vertically on their narrow edge (i.e.,
edgewise), and they are typically stacked as fanning bundles
or as irregular plates that radiate in all directions (Fig. 6B).
Clasts are derived from the immediately underlying lithol-
ogy, as seen by the occurrence of chert beds preserved in
lift-off position and stacked over other clasts (see Sections
6.1, 6.3).

These conglomerates are preserved as channelized lenses
(up to 3m widex3m long) with sharp margins. Petro-
graphic analysis of weathered surface outcrops shows that
the chert clasts are coated by ferruginous oxides/hydroxides
(~ 100 pm thick), contain thin laminae of Fe oxyhydroxides,
and lie within a matrix of micro- to macroquartztbaritet
rhombic carbonateteuhedral pyritexFe-oxides/hydroxides
(Fig. 6C).

The second type of EC (EC-ii) is characterized by very
thin (<0.5 mm), up to 5 mm-long, black-weathered ferruginous
clasts (Fig. 7A) that locally (locality 24S: Supplementary

FIG. 7. EC-ii. Scale bar measurements and polarized light indicated. (A) Hand sample of EC-ii (1 cm) with distinct long
black ferruginous clasts containing (B) tourmaline (200 um, xpl), which are intermixed with (C) angular geyserite clasts
(1 mm, ppl). (D) Tourmaline clasts that are still attached to, but lifting-off from, the underlying unit (200 pm, xpl). EC-ii,

edgewise conglomerate-ii.
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FIG. 8. Rounded pebble-to-cobble conglomerate in the Dresser Formation. Scale bar measurement indicated. (A) Outcrop
image. (B) Cross-section showing white translucent chert pebble overlain by tourmaline-bearing wrinkly laminates (1 cm).
Compare with Guido and Campbell (2019), their Figs. 2D and 3.

Fig. S1) contain packed, micron-sized, dark green tourma-
line crystals (Fig. 7B). In addition to these tourmaline-
bearing clasts are angular geyseritic clasts (cf. “sintraclasts”
of Jones and Renaut, 2003), shards of felsic volcanic glass,
sand-sized volcanic grains (Fig. 7) and, rarely, clasts that
resemble the bedded clasts from the stromatolitic intraclast
conglomerate (i.e., Fig. 5). The elongated clasts are typically
imbricated edgewise but may be stacked at various other
angles. The tourmaline-rich clasts derive from an underlying
unit of finely laminated, tourmaline-bearing ferruginous
crusts (<3 cm thick), demonstrated by clasts that are still
attached, but lifting off from the underlying unit (Fig. 7D;
Djokic, 2015).

The rounded pebble to cobble conglomerate is wide-
spread within M2, but is laterally discontinuous, occurring
in outcrops that extend for only a few meters along strike
(Supplementary Fig. S2). Units are 10-20cm thick and
contain well-rounded, pebble- to cobble-sized clasts, up to
6 cm in diameter, composed almost exclusively of translu-
cent white chert (Fig. 8). This unit is typically overlain by
the thin (1 mm) ferruginous layers described earlier, and it is
interbedded with EC.

A breccia unit of angular to sub-angular, blocky clasts
(~2-4mm diameter) was observed at locality 16N (Sup-
plementary Figs. S1 and S2). Clasts consist of a core of fine-
grained, subhedral to euhedral Fe-oxidestbarite, rimmed by
several coatings of Fe-oxide laminae alternating with fine-
grained silica (Fig. 9). This unit is ~ 5 cm thick, overlies the

pebble conglomerate, and is located <3 m laterally away,
and <1 m up-section, from geyserite (Djokic et al., 2017).

5.1.3. Member 3. M3 is up to 6 m thick and composed
of black—white—gray chert and red jasplitic (i.e., hematite-
bearing) bedded chert (Supplementary Fig. S5). Although
this unit is widespread, it is laterally discontinuous, typically
outcropping as lenses no more than a few hundred meters
along strike. At two locations, M3 appears to be fault con-
trolled, displaying up to ~ 6 m-thick sections ~ 100-250 m
across, bound by major listric growth faults (Supplementary
Fig. S2). M3 generally not only lies on bedded cherts and
sandstone of M2 but also lies above thinner sections of
clastic sedimentary deposits from M1-M2. Overlying M3 is
either lithologies of M4 or pillow basalt of the Dresser
Formation.

5.1.4. Member 4. M4 is up to ~150m thick and is
composed of green, silicified volcaniclastic conglomerate,
sandstone, and siltstone, fining upward from base to top
through a series of repeated depositional cycles (Supple-
mentary Fig. S6). Some clasts contain pyroxene spinifex
texture and are, thus, probably derived from uplift and
erosion of underlying komatiitic basalts (Buick, 1985; Van
Kranendonk, 2006). Sandstones are composed mainly of
green, sub-angular to sub-rounded sand grains ~0.5-1 mm
in diameter, but they may also contain sand- to pebble-sized
clasts of baritetvolcanic ashtintraclasts (Supplementary

FIG. 9. Distinct breccia unit found only at site 16N (Supplementary Fig. S2) in DFcl. Scale bar measurements and
polarized light indicated. (A) Outcrop image (5 mm). (B) Thin section image showing angular clasts with Fe-oxide-rich
coatings (5 mm). Inset box; (C) close-up micrograph of single clast showing internal Fe-oxide-hydroxide core with silicified
mantle and Fe-oxide rind (1 mm).
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Fig. S6A). Bedding typically does not show evidence of
grading or cross-stratification, and the depositional thickness
of the unit is controlled by active growth faults (Poole,
2013; Van Kranendonk et al., 2018). This unit is cut by thin,
zoned, quartz-sulfide veins, rather than by the chert-barite
veins in the underlying units (Poole, 2013).

5.2. Hydrothermal veins

Hydrothermal chert-barite veins are common in the lower
two members (M1-M2) in DFcl, but they also extend up
into M3. These veins penetrate deep (up to ~2km) into the
volcanic strata underlying DFcl as a distinct boxwork
pattern of veins, with individual veins ~ 1-30 m thick (see Van
Kranendonk, 2006: Fig. 6b). These lower parts of the veins are
composed dominantly of fine-grained, black, siliceous organic-
rich chert. However, black siliceous chert veins may also appear
as m-thick sills within the DFc1 sedimentary units.

Locally, the veins are uncomfortably overlain by DFcl
sedimentary rocks (e.g., 11N: Supplementary Fig. S2).

The upper avg. ~75m of the chert-barite veins commonly
contain coarse grained gray barite * chert + epithermal quartz.
Epithermal quartz textures consist of colloform to inward-
radiating quartz and stalactite-like textures, up to 6 cm long,
which are observed as either cavity-fill structures or sills (see
Harris et al., 2009).

These chert-barite veins intrude up into, and along bed-
ding within the sedimentary rocks of DFcl. Coarsely crys-
talline barite outcrops as either subsets (cm thick) of layered
parallel horizons (cm-m thick) within bedded sedimentary
rocks or mound-like masses (up to 5m?). Barite layers that
are bedding parallel link spatially to feeder hydrothermal
chert-barite veins that cross-cut sedimentary bedding. Large
barite mounds contain internal, curled, layers of coarsely
crystalline barite, and the mounds are not only intrusive into
but also onlapped by sedimentary units (see Section 6.2; see
also Nijman et al., 1999).

5.3. Stromatolite distribution

Stromatolites are widespread across the map area but
restricted to shallow-water units of M2, and locally in
M1. Their distribution is markedly patchy, outcropping as
thin (<10 cm) layers over short distances of a few meters
to tens of meters (Supplementary Fig. S2). In only one
area are stromatolites traceable laterally for a few hun-
dred meters (e.g., IN-8N; Supplementary Fig. S2).
Stromatolite morphologies are highly variable, including
wrinkly laminated to small (cm) or large (decimeter)
domes and cones, as well as elongated, pustular, and
shrub-like forms. Some morphological types are restricted
to only a few outcrops (e.g., elongated forms at 24S and
2S.A; pustular mats at 24S; domes with incipient bran-
ches at 6S; shrubs at 1S: Supplementary Fig. S2; see also
Section 6).

Most surface outcrops of stromatolites are composed of
finely laminated, Fe oxyhydroxides, chert, and barite. In
fresh drill core samples, these stromatolites were found to
consist of pyritetsphaleritercherttcarbonate (Van Kra-
nendonk et al., 2008; Baumgartner et al., 2019). Some
coniform to irregularly domical stromatolites of M2 are
found in thinly bedded chert, which may derive from silic-
ification of primary carbonate.

DJOKIC ET AL.

Thick, wrinkly laminated stromatolites commonly lie on
rippled sandstones that immediately overlie the ‘‘zebra
rock” . Stromatolites are also interbedded with, or capped by
thin units of EC. More distinct and variably distributed
stromatolite morphologies are found together with a variety
of pebble conglomerate and ECs, and with geyserite de-
posits at different stratigraphic levels within M2 (e.g., 24S).
Stromatolites may or may not contain layer-parallel units of
intrusive, hydrothermal barite and/or early diagenetic barite
crystals.

6. Stratigraphy of Hot Spring Deposits

Hot spring geyserite and siliceous sinter terracettes are
known from three well-exposed localities in M2 (i.e., 16N,
1S, 23S: Supplementary Figs. S1 and S2; see also Djokic
et al., 2017). Detailed lithostratigraphic observations of
these three key localities are presented here to aid inter-
pretation of the complete setting of the inferred Dresser hot
spring deposits.

6.1. Geyserite discovery locality (16N)

The “‘geyserite discovery locality’” (local area of 16N:
Supplementary Figs. S1 and S2) is located ~ 3 km north of
the Dresser Mine. Covering an area of ~ 150 mz, the best
exposures are found within the south-east area of a moder-
ately dipping (~40°) ridge of bedded cherts that are trun-
cated to the north and south by faults. This ridge exposes
between ~1 and ~ 15 m-thick sections of the stratigraphy,
including a diverse array of lithologic units belonging to
MI1-M4 (Fig. 10). Another possible outcrop containing
geyserite was discovered at approximately the same strati-
graphic level ~40 m to the west, on the edge of the adjacent
ridge (MVK14-034: Fig. 10).

At locality 16N, a well-exposed, ~3 m-thick section
(16N: Fig. 10) contains geyserite along with a variety of
sedimentary units and hydrothermal barite (Fig. 11). At
the base of the section is a ~30cm-thick, channelized
unit of wrinkly laminated stromatolites that is composed
of 1-3 mm-thick, wavy ferruginous (Fe oxyhydroxides)
laminae interbedded with ~ 1 cm-thick units of micro-
quartz (Fig. 12A—C). Wrinkly stromatolitic laminae are
locally interbedded with, but in some places are cross-cut
by, units containing the silicified remnants of small,
lath-shaped (<10 um long) crystals (Fig. 12C-F). These
crystals are locally oriented perpendicular to bedding, but
they are typically randomly distributed (Fig. 12D, E).
Within the microquartz layers are beds with sand grains
and minor intraclasts (Fig. 12G, H). Toward the bottom of
the wrinkly laminates are thin (1-2cm) units of finely
crystalline, stratiform barite that transition along strike
into veins that cut up through the stratigraphy into over-
lying units (Fig. 12A). Veins of barite and mesoquartz also
cross-cut the wrinkly laminated+microquartz bedding
(Fig. 12I).

Exceptionally well-preserved, botryoidal-stratiform gey-
serite was collected from a small ~4 X2 cm-sized exposure
(Fig. 3; Djokic et al., 2017) that could not be traced along
strike. The geyserite contains finely laminated (anatase+
kaolinite-illite), siliceous, botryoidal features with smooth,
rounded or turbinate to columnar shapes (Fig. 3B). Troughs
between inferred geyserite botryoids are composed of a fine-
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FIG. 11. Outcrop of measured section 16N (A) with and (B) without geological units illustrated.

grained (<25 pm), nonlaminated matrix of microquartzt
kaolinite-illite (Fig. 3B; Djokic et al., 2017).

Centimeter-thick ferruginous layers between beds of the
botryoidal geyserite contain the mineralized remnants of
round to collapsed bubbles rimmed by anatase and filled by
later hydrothermal microquartz and barite (Fig. 13; Djokic
et al., 2017). Some bubbles preserve inward-radiating ana-
tase crystal splays oriented from the rim toward the center of
the spherical cavity (Djokic et al., 2017).

Underlying the geyserite are wrinkly laminated stromat-
olites. Overlying the geyserite, from base to top, are: stro-
matolitic intraclast conglomerate (~40cm thick); massive
gray chert (~40 cm thick); a lens of rounded chert pebble
conglomerate (up to 50 cm thick by ~2m long); a lens (up
to ~20 cm thick by ~1.5m) of EC-ii; a ~5-10 cm-thick
unit of rounded, white chert pebble conglomerate; and a thin
(~10 cm) unit of EC-i. Overlying these units is a ~0.5 cm-
thick unit of massive gray chert that is capped by a stratiform
epithermal quartz vein, and overlain by a ~0.5 cm-thick unit
of jasplitic chert of M3 (Fig. 11A).

Units here vary along strike over distances of only a few
meters (Fig. 10). For example at 16N, stromatolitic in-
traclast conglomerate, EC-i and -ii, and pebble conglomer-
ate extend for <10m? and pass along strike into a breccia
unit, described in Section 5.1 (Figs. 9 and 10B).

Approximately 60 m to the south of 16N, locality 15N
lacks conglomerate or other hot spring deposits between the
underlying unit of carbonate-chert couplets and the overly-
ing jasplitic chert of M3 (Fig. 10). Approximately 15m to
the west of 16N, ECs are altogether absent and replaced by
very fine-grained, cross-bedded sandstone, as well as by
massive and bedded chert (e.g., site 62E: Fig. 10).

In general, the most laterally discontinuous and thinnest
units at the “‘geyserite locality’” are ECs (usually ~5-20cm
thick) and stromatolitic intraclast conglomerate (max. 0.5 m
thick). Pebble-to-cobble conglomerates are also thin (~ 10—
15cm) and are sparsely distributed as lensoidal, inferred
channel deposits.

6.2. The barite curl (1S)

The “‘barite curl” locality lies at the topmost part of a
wide (~5-10 m), very long (at least 250 m) black chert-

barite vein located at the southern edge of the main Dresser
Mine area. The locality is named after a ~ 10X 3 m mass
of coarse crystalline barite positioned at the very top of
this vein. The barite mass is composed of two inward-
curling sets of ~5-20cm-thick, parallel to discordant,
coarse-crystalline barite layers that are separated by thin
seams of oxidized pyrite (Fig. 14; see also Djokic et al.,
2017). Individual barite layers within this mass are thick
(~20cm) at the center of each of the curls but become
thinner toward the overlying sedimentary succession
(Figs. 14C-F and 15A), where the tops of the coarse
barite crystals have grown up into the base of these sed-
imentary layers. Wedge-shaped blocks, up to ~2m long,
of bedded gray—white chert with discordant, coarsely
crystalline vein barite and gossan are suspended within
the barite curl (Fig. 14C-F).

The sedimentary succession overlying the barite mass can
be traced laterally for ~10m along strike and includes,
from base to top (Figs. 14G and 15A): a thinly (mm) bedded
hematite-rich unit; sinter terracettes that contain internal
palisade fabric with small, low-amplitude, domical stro-
matolites (Fig. 4; see also Djokic et al., 2017); mm-thin beds
of stratiform geyserite (Fig. 15B); and up to three beds of
upward-branching, hematitic, shrub-like structures that lie
within silicified beds of volcanic ash and volcanogenic
sandstone (Fig. 15C, D). This succession is overlain by a
30-50 cm-thick unit of cm-bedded jasplitic chert of M3, and
then by pillow basalt. A few meters to the southeast, at
locality 1S (Fig. 14G), a small channelized deposit (~10cm
wide by <10 cm thick) of EC overlies the upward-branching,
hematitic microbialites (Fig. 14H).

6.3. Stromatolite creek (site 23S)

The ‘‘Stromatolite creek’ locality is situated ~3km
southwest of the Dresser Mine, and it is exposed over an
area ~ 120 x50 m along the edge of a small, unnamed creek
bed (23S: Supplementary Figs. S1 and S2). This locality
contains a diverse, ~ 3 m-thick succession that includes
sedimentary, hot spring, and microbial facies of M2 that
vary along strike over short distances of <5 m (Fig. 16). The
generalized M2 stratigraphy includes, from base to top: the
“‘zebra rock’’; black—white—gray bedded chert; stromatolites,
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FIG. 12. Location of Dresser geyserite at 16N. Scale bar measurements and polarized light indicated. (A) Outcrop photo
shows position where geyserite was discovered (star). Inset box; (B) black-red weathered wrinkly laminated stromatolites in
outcrop. (C) Thin section of stromatolitic laminates (2 mm). Inset box; (D) wrinkly laminates cross-cut and interbedded by
lath-shaped crystals (1 mm, ppl). (E) Silicified lath-shaped crystals (100 um, xpl). (F) Internal microscopic laminae of
stromatolitic unit (50 um, ppl). (G) Sand grains (100 um, ppl). (H) Intraclasts, possibly of sinter, interbedded with the
wrinkly laminated stromatolites (1 mm, ppl). (I) Veins of barite cross-cutting stromatolitic laminae (300 pm, xpl).
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FIG. 13. Mineralized remnants of round to collapsed, and
squashed bubbles within stromatolites associated with gey-
serite at site 16N (scale, 50 um).

EC-i and -ii; and pebble-to-cobble conglomerate. Jasplitic
chert of M3, and green sandstone of M4 overlie this
succession.

A spectacular plan-view exposure of EC-i is exposed in a
~5%3m, triangular-shaped outcrop. In this exposure,
straight and curved or plastically deformed edgewise clasts
(~1-2x5-40cm) display distinct fanning arrays that are
typically ~15-40cm” (Fig. 17). Both types of EC at this
locality display channelized distributions (Fig. 16C). For
example, EC-i cuts down into stromatolites and pebble
conglomerate, and it passes laterally northward into a
channelized section of EC-ii.

A wide range of microbialite textures with a patchy dis-
tribution is present, and they outcrop as relatively thin units
(<10cm) that show variable morphology up-section and
along strike (Figs. 16C and 18-20). This variability in-
cludes: irregularly undulating layers; distinct wrinkly-
irregular layers with tear-like pockets and small, rounded,
pore spaces now filled with microquartz (Fig. 18A); and
randomly oriented polygonal desiccation cracks (Fig. 18B).

Pustular mat-like structures show either clumped, stubby
pustules or layered, columnar to bulbous structures with
internal, Fe-rich, mm-thick layering (Fig. 19).

Distinctive, elongated domical and conical stromatolites
that are 2-3 cm wide and 5-10 cm long (Fig. 20) outcrop in
patches over a distance of ~25m and flank channelized
ECs (Fig. 16C). Composed of fine-scale ferruginous laminae
(Fig. 20C), the elongated stromatolites are separated by
sediment fill that consists of ribbons and more equant shards
of silicified felsic volcanic tuff, together with less abundant
volcanic sand grains. The felsic volcanic ash blankets
(~3cm) these stromatolites and appears to have resulted in
their demise at this locality (Fig. 20D). At the southwestern
edge of the valley (locality 24S), ~3cm-high, coniform
stromatolites that exhibit Fe-rich, eggshell-like laminae are
preserved within hydrothermal barite (Fig. 20E).

7. Trace Element Geochemistry

REE+Y were analyzed from the interpreted Dresser hot
spring sinter deposits to complement field and petrographic

DJOKIC ET AL.

data pertaining to their origin as terrestrial hot spring de-
posits. For comparison, REE+Y were analyzed from
Phanerozoic subaerial hot spring sinters, including modern
samples from New Zealand and Yellowstone National Park
(USA), and Devonian sinters from the Drummond Basin in
Australia.

In addition, REE+Y were analyzed from a partially si-
licified, stromatolitic dolomite sample from the ~3.4 Ga
Strelley Pool Formation for comparison with documented
Archean seawater signatures (see Van Kranendonk et al.,
2003; Bolhar et al., 2005; Allwood et al., 2010).

REE+Y data are presented in both Mud of Queensland
(MUQ)- and Chondrite- normalized diagrams. The use of
MUQ normalization as an upper continental crust estimate
(Kamber et al., 2005) to recognize marine precursors in this
study is based on the rationale presented in Bolhar et al.
(2005). To summarize, MUQ derives from riverine catch-
ments that incorporate a high basaltic contribution, which
may better reflect Archean environments that were domi-
nated by basaltic rocks. This contrasts to the more widely
used PAAS (Post-Archean Average Shale: McLennan,
1989), which derives from weathering of more intermediate
igneous compositions. As well as the input from riverine
catchment waters, REE+Y patterns of marine precipitates
reflect seawater scavenging processes and hydrothermal
fluid-rock interactions at oceanic spreading ridges (Elder-
field, 1988; Van Kranendonk et al.,, 2003 and references
therein).

Chondrite-normalized REE+Y plots (Taylor and
McLennan, 1985) are provided for comparison of the pu-
tative Dresser geyserite with Phanerozoic hot spring de-
posits. This is based on the observation that REE+Y
patterns of Phanerozoic sinters reflect their igneous host
rock composition due to water—bedrock interaction (Lewis
et al., 1997). Since REE+Y data for igneous rocks are often
normalized to abundances in chondritic meteorites (i.e., a
commonly inferred bulk composition of Earth: Mason and
Moore, 1966), we will also chondrite-normalize putative
Dresser hot spring sinters.

MUQ-normalized REE+Y plots of Dresser botryoidal
geyserite (n=2: GEYSERITE-1; GEYSERITE-2) display
relatively flat patterns with slightly enriched LREE (Pr/
Yb=1.19, 1.59; Nd/Yb=0.80, 1.05), relatively depleted Ce,
a weak La anomaly (La/La*=avg. 1.17), absent Gd or Er
anomalies, and low Y/Ho ratios (~28.7, 31.4) (Fig. 21A;
Supplementary Table S1). Samples show absent to small
positive Eu anomalies (Eu/Eu*=1.52%*, 2.03), but due to
the high abundance of barium in GEYSERITE-1** (Ba/Eu
>100,000), the positive Eu may be unreliable by up to 20%.
This error can be caused by potential isobaric interference
on Eu by Ba (e.g., **Ba'®0 and "*"Ba'®0 on '"'Eu and
I133gy, respectively; Greaves et al., 1989). For comparison,
MUQ-normalized REE+Y plots of Phanerozoic hot spring
sinter deposits (n=14: Devonian-Carboniferous Drummond
Basin, Australia; modern-Pleistocene Taupo and Cor-
omandel volcanic zones, New Zealand; modern-recent sites
at Yellowstone National Park (USA) exhibit similar, rela-
tively flat patterns (Pr/Yb=avg. 1.12; Nd/Yb=avg. 0.99)
with absent, or weakly positive La (La/La* =avg. 1), Gd and
Er anomalies, and low, but variable Y/Ho ratios (avg. ~27)
(Fig. 21A; Supplementary Fig. S7; Supplementary
Table S1).
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curl at site 1S showing pinched out chert wedge. (F) Geological units in (E). (G,H) Stratigraphy at site 18S.

17


https://www.liebertpub.com/action/showImage?doi=10.1089/ast.2019.2072&iName=master.img-013.jpg&w=433&h=618

Downloaded by UNIV OF MINNESOTA PACKAGE from www.liebertpub.com at 05/18/21. For personal use only.

18

DJOKIC ET AL.

FIG. 15. Key textures at measured section 1S. Scale bar measurements and polarized light indicated. (A) Outcrop photo.
Red arrows indicate location of parts (B) and (C) of this figure. (B) Thin (mm) beds of stratiform geyserite (1 mm, ppl). (C)
Hand sample displaying upward-branching, hematitic, shrub-like microbialites (1 cm). (D) Single branch (br) of shrub

growing upward through sediment (100 um, ppl).

Chondrite-normalized Dresser geyserite REE+Y pat-
terns are also remarkably similar to the Phanerozoic sinters
(Fig. 21A). Dresser geyserite and the Phanerozoic sinters
display consistently distinct LREE enrichment compared
with MREE and HREE (i.e., La/Lu=avg. 19.9 and ~10.6,
respectively: Supplementary Table S1; Supplementary Fig. S7).

Each suite of the Phanerozoic sinters varies slightly from
one another as a result of deposition associated with dif-
ferent host rocks (Ewers et al., 1992; Christianson, 2001;
Wilson and Rowland, 2016). New Zealand and Yellowstone
National Park sinters, for example, display negative Eu
anomalies, whereas Devonian Drummond Basin sinters
have no Eu anomaly and show variable behavior of Ce and
Y (Fig. 21A; Supplementary Fig. S7). However, a key point
from these data is that all Phanerozoic sinter samples have
REE+Y patterns that closely resemble those of their igne-
ous host rocks (e.g., Hopf, 1993; Christianson, 2001; Sup-
plementary Fig. S7).

In contrast to the Dresser geyserite and Phanerozoic sin-
ters, the MUQ-normalized REE+Y plot of a Strelley Pool
Formation marine stromatolitic dolomite is characterized by
a typical Archean seawater pattern (Fig. 21; e.g., Van Kra-
nendonk et al., 2003) that displays depleted LREE, enriched
HREE relative to MREE (Pr/Yb=0.10; Nd/Yb=0.12),
small positive Gd and Er anomalies, a positive La anomaly

(La/La*=3.35), and superchondritic Y/Ho (81) (Fig. 21B;
Supplementary Table S1).

Chondrite-normalized REE+Y plots of Dresser geyserite
also markedly contrast with Strelley Pool Chert stromato-
lites. Dresser geyserite shows enrichment in LREE (La/
Lu=16.5, 21.9) and flattening out over MREE to HREE,
whereas the Strelley Pool sample is depleted in LREE (La/
Lu=1.21, apart from a positive La anomaly) and shows
enriched HREE (Fig. 21B).

8. Discussion
8.1. A terrestrial origin of Dresser putative geyserite?

Previous studies have indicated a submerged hydro-
thermal vent setting for at least part of DFcl based on the
presence of barite veins that curl upward and over into
stromatolitic horizons (Van Kranendonk, 2006, 2011).
These observations were used to suggest that microbial
communities may have exploited chemical-rich fluids
made available from a white smoker-type hydrothermal
vent setting. Therefore, here we will consider more
carefully whether the interpreted subaerial hot spring
geyserite deposits of DFcl (Djokic et al., 2017) could
instead represent the product of subaqueous hydrothermal
venting.
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~ Stacked/rip-up clasts of bedding

. Packed fragmental edgewise conglomerate
. Underlying, horizonally-bedded chert
Barite
L r_‘,_, Chert/quartz vein
i, C/5 Cross section view
2 2 Clasts/bedding tilt direction

No outcrop

FIG. 17. (A) Outcrop image of large triangular panel of EC-i at site 23S (scale bar, ~ 1 m). (B) Diagram illustrating the
clast orientation of the EC-i panel. (scale bar, ~0.5m).

FIG. 18. Microbial mat structures from site 23S with (A) distinct wrinkly-irregular layers, tear-like pockets, and small,
rounded, open spaces or (B) randomly oriented polygonal desiccation cracks.


https://www.liebertpub.com/action/showImage?doi=10.1089/ast.2019.2072&iName=master.img-016.jpg&w=426&h=405
https://www.liebertpub.com/action/showImage?doi=10.1089/ast.2019.2072&iName=master.img-017.jpg&w=396&h=146

Downloaded by UNIV OF MINNESOTA PACKAGE from www.liebertpub.com at 05/18/21. For personal use only.

RECONSTRUCTED SUBAERIAL HOT SPRING FIELD

21

FIG. 19. Pustular mats at site 23S. Scale bar measurements indicated. (A,B) Clumped stubby pustules (Cp). Hand sample
of layered columnar (Lc) to bulbous structures in (C) oblique plan view (1 cm), and in (D) cross-section (1 cm).

Silica-rich (opal-A) deposits from known subaqueous
hydrothermal environments include Si-rich, chimney struc-
tures at marine hydrothermal vents (Dekov et al., 2015),
passive silica laminates on hydrothermal lake floors (Renaut
and Owen, 1988), and stromatolitic aggregates in marginal
marine settings (e.g., Canet ef al., 2005).

First, it has been shown that seawater is integral to the
growth of Si-chimney structures and their composition,
which includes strong mineralogical zonation from their
cores to their outer crusts (Sun et al., 2012; Dekov et al.,
2015). In contrast, Dresser geyserite lacks such composi-
tional zoning, and it instead displays distinctive botryoidal
textures with extremely fine grained (1-10 pm thick), mi-
crolaminated, dark/light couplets (2-30 pm thick) that are
indicative of rapid precipitation through evaporative pro-
cesses (Fig. 3; Campbell et al., 2015a; see also Djokic et al.,
2017).

Such textures are also distinct from hydrothermal opal-A
silica deposits forming in sublacustrine springs and stro-
matolitic aggregates depositing within marginal marine

settings. In the former, laminations are completely absent
(Renaut and Owen, 1988), and in the latter, laminations
contain abundant detrital grains (e.g., Canet et al., 2005).
Both features are markedly inconsistent with the Dresser
geyserite.

Moreover, a comparison of the Dresser geyserite REE+Y
to that from a modern low-temperature (55-71°C), sub-
aqueous, opal-A hydrothermal vent chimney (Dekov et al.,
2015) shows marked differences. Dresser geyserite displays
flat MUQ-normalized patterns with absent or minor La, Y,
and Eu anomalies (Fig. 21B). The very minor Eu anomaly
for sample GEYSERITE-1 is also possibly due to high
abundance of Ba (Greaves ef al., 1989). In contrast, the Si-
chimney displays LREE depletion (Pr/Yb=1.85; Nd/Yb=
avg. 2.41) with positive La and Y anomalies that are char-
acteristic marine features (cf. SPC.1: Fig. 21A), and a strong
positive Eu anomaly indicating high-T hydrothermal input
(Fig. 21A; Bolhar et al., 2005). Chondrite-normalized
Dresser geyserite REE+Y displays strong LREE enrich-
ment (La/Lu=avg. 19.18) and absent Eu anomalies
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FIG. 20. Stromatolites at site 23S. Scale bar measurements and polarized light indicated. (A) Elongated domical and
conical stromatolites (1 cm), and in (B) cross-section (1 cm). (C) Internal, fine-scale, black, dark brown, to cream—brown
ferruginous laminae of elongated stromatolites (1 mm, ppl). (D) Sediment infill of ash and sand between elongated stro-
matolites (1 mm, ppl). (E) Coniform stromatolite with eggshell thin laminates set in barite (Ba) (1 cm).

compared with only slight LREE enrichment (La/Lu=2.3)
and a strong positive Eu anomaly (Euw/Eu*=3.8) in the Si-
chimney deposit (Dekov et al., 2015). Likewise, REE+Y
patterns of typical mid-ocean ridge (MOR) hydrothermal
fluids are distinct from the Dresser geyserite (Fig. 21B;
Douville er al, 1999). Despite having both chondrite-
normalized patterns with LREE enrichment, the strong Eu
anomaly present in the MOR fluids is clearly absent in the
Dresser geyserite. A strong Eu anomaly is characteristic of
the high-T nature of MOR hydrothermal settings where vent
sites are typically >200°C, and subsurface circulating fluids
can reach ~700°C resulting in leaching of Eu from pla-
gioclase (Elderfield, 1988; Douville et al, 1999; Kelley
et al., 2002).

Instead, REE+Y patterns of the Dresser geyserite are
remarkably similar to well-documented Phanerozoic sub-
aerial sinter deposits, which display LREEcyon enrichment
and lack positive Eucyon (Fig. 21A; also see Lewis et al.,
1997; Uysal et al., 2011). The latter point is consistent with
the temperatures exhibited by hydrothermal fluids in sub-
aerial geothermal fields (typically 100°C at the surface and

<300°C in the subsurface; for example, Harris et al., 2009;
Campbell et al., 2015a).

Together, these observations discount a subaqueous and/
or submarine hydrothermal vent origin (cf. Haymon et al.,
1981) for the Dresser geyserite, and they instead strongly
support its formation as subaerial hot spring geyserite
(Djokic et al., 2017).

8.2. A terrestrial geothermal field
in the Dresser Formation

The focus here is on the setting of the relatively thin
and highly variable succession within M2 that contains
the interpreted hot spring and associated facies. Detailed
examination of M2 reveals common and widespread fea-
tures of very shallow water, including ripples, desiccation
cracks, and evaporative crystal splays (Fig. 18B; Supple-
mentary Fig. S3B, Groves et al., 1981; Buick and Dunlop,
1990; Van Kranendonk and Pirajno, 2004; Van Kranendonk,
2006). These features can form in either shallow marine or
evaporative fluvio-lacustrine settings (Campbell et al.,
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2004; Guido and Campbell, 2009; Jahnert and Collins,
2012).

At the base of M2, rippled sandstone is overlain by the
carbonate-chert ‘‘zebra rock’. Evaporative crystal casts in
the “‘zebra rock’ were recently interpreted as after aragonite
(Van Kranendonk et al., 2003; Otélora et al., 2018). Tex-
tural evidence, 6'3Cwb values, and REE + Y data, combined
with high Fe, Mn, Ba, and Zn contents of the ankerite within
the “‘zebra rock’ indicate evaporative concentration of
anoxic Archean seawater that was heavily influenced by a
hydrothermal fluid component (Van Kranendonk et al.,
2003, 2018, 2020; Lindsay et al., 2005).

Such observations, in combination with the widespread
(~10km) distribution of the ‘‘zebra rock” across DFcl,
support previous interpretations that suggest deposition
occurred within an evaporative, semi-enclosed basin (cf.
Buick, 1985). However, the strong hydrothermal component
and less pronounced La and Y anomalies (Van Kranendonk
et al., 2003 cf. Allwood et al., 2010) are inconsistent with a
solely marine, lagoon setting.

Rather, a shallow alkaline volcanic lake (or lakes), sub-
ject to hydrothermal and fluctuating hydrological conditions,
may better explain the origin of the ‘“‘zebra rock.” Alkaline
volcanic lakes are hydrothermally fed, can have high daily
evaporation rates (e.g., 20 mm/day: Dawson, 2008), produce
evaporative carbonate crystals such as aragonite (e.g., Lake
Venere, Italy: Cangemi er al, 2010; Christenson et al.,
2015), and span tens of kilometers (e.g., Lake Natron, East
African Rift Zone: Christenson et al., 2015).

An upward transition from the ‘“‘zebra rock’ unit to rip-
pled sandstone and stromatolites suggests, through the ap-
plication of Walther’s law, a shallowing upward sequence in
which stromatolites occupied the shoreline of one or more
caldera lakes (Supplementary Fig. S2).

The morphological variety of the stromatolites and their
patchy distribution—as observed both regionally (Supple-
mentary Fig. S2) and locally (Figs. 10, 14, and 16)—is
consistent with a highly variable and unstable volcanic-
hydrothermal environment (e.g., Kremer et al., 2012), rather
than a marine setting. Djokic (2015) pointed out that Dresser
stromatolites generally display morphological variation over
lateral distances of one to tens of meters, as well as variable
stromatolite morphologies up-section over centimeters to
decimeters (Figs. 10, 14, and 16; Supplementary Fig. S2);
whereas stromatolites from marine settings, both modern
and fossil, display lateral continuity and zoning across
hundreds of meters to hundreds of kilometers, in 10 to100-m
thick successions, as a result of reef dynamics and water
depth (e.g., Hamelin Pool, Shark Bay and the c. 3.4 Ga
Strelley Pool Formation of the Pilbara Craton, Western
Australia: Walter, 1976; Allwood et al., 2006; Van Kra-
nendonk, 2011; Jahnert and Collins, 2012). The presence of
channelized deposits of rounded pebble and ECs infer flu-
vial settings, including rivers, creeks, or streams (Figs. 10,
11, 16, and 17), which are a common component of Phan-
erozoic geothermal fields (Campbell et al., 2004; Guido and
Campbell, 2009; Drake et al., 2014). Periodic, low-volume,
felsic eruptives locally buried (and likely stifled) Dresser
stromatolites within these inferred fluvial settings (e.g., lo-
cality 23S: Fig. 20). In geothermal systems, fluvial and la-
custrine settings (such as is interpreted for the Dresser
Formation from channelized conglomerates and the ‘“‘zebra
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rock’) are common and are influenced by input from hy-
drothermal fluids, including a magmatic component (Walter,
1976; Renaut et al., 2002; Guido and Campbell, 2011).

The overall abruptly, changing litho- and bio-facies as-
sociated with Dresser Formation hot spring deposits in M2
is strongly consistent with geothermal fields (Section 6;
Supplementary Fig. S2). Studies of Phanerozoic subaerial
hot spring systems show that fluid compositions may vary
over short distances (10’s—100’s m) and over relatively short
timeframes (years, to decades). Fluid fluctuations cause a
highly variable temperature regime that periodically will
promote or diminish microbial colonization (Guidry and
Chafetz, 2003a).

Surface changes can occur relatively quickly (months to
years), such that thermal features may transition from
springs to fumaroles, or geysers to quiescent pools (Guidry
and Chafetz, 2003a). For these reasons, hot spring facies
models are complicated, resulting in confined and highly
variable bio- and litho-facies distributions controlled by the
ever-changing, variable, and unstable geothermal environ-
ment (Guidry and Chafetz, 2003a).

Djokic (2015) argued that the rapid (meter-scale) facies
variability observed in M2 displays a similar complicated
and variable model and distinguishes M2 as a hot spring
setting. In Yellowstone National Park ‘‘no models can
completely describe the tremendous variability observed in
all siliceous hot springs’ (Guidry and Chafetz, 2003a, p. 78;
Walter, 1976). At site 16N in the Dresser Formation, the
transition from botryoidal geyserite to hydrothermally
influenced edgewise and pebble conglomerates to sinter
breccia (Fig. 10) is an example of rapidly changing condi-
tions in an ancient hot spring setting, that is, from geysers, to
hydrothermally fed rivers/streams, to drying spring apron
surfaces. Changing conditions can also be inferred for site
23S, based on the abrupt spatiotemporal distribution of a
wide variety of microbial textures that accompany inferred
fluvial conglomerates, and hot spring deposits (Figs. 10, 14,
and 16). Similarly, abrupt lateral facies changes are ob-
served regionally across DFcl stratigraphy, where units can
rarely be traced along strike for more than a few meters
(Supplementary Fig. S2; Nijman et al., 1999; Van Kra-
nendonk et al., 2008; Djokic, 2015).

Possible evidence for explosive hydrothermal activity
similar to that which occurs in modern geothermal fields
(Browne and Lawless, 2001) is indicated from the presence
of the distinct chert-barite breccia that first appears in M1
(Supplementary Fig. S3C-G). Previous studies referred to
this chert-barite breccia unit as a boulder breccia (Buick,
1985), diamictite (Van Kranendonk, 2006), or volcaniclastic
conglomerate (Djokic, 2015). Van Kranendonk et al. (2008)
suggested that the unit could have derived as a fault breccia
during episodes of block faulting. However, the features of
the chert-barite breccia (Supplementary Fig. S3C-G) are also
consistent with hydrothermal eruption breccias that display
similar angular, unsorted blocks of surrounding lithologies set
within a hydrothermally altered, unsorted matrix (Browne and
Lawless, 2001). Explosive hydrothermal eruptions can occur
either through the direct interaction of magma and water
(phreatomagmatic) or through indirect interaction (phreatic)
of magmatic heat and water/steam (Tamas and Milési, 2003).
The resultant energy released during these subsurface in-
teractions can blast the country rock apart leaving behind
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meters to hundreds of meters, and in some cases kilome-
ters, of eruption breccia piles (Browne and Lawless, 2001).
Often, these events develop eruption craters, a feature that
due to the restricted and patchy exposures of the chert-barite
breccia is so far unknown. Therefore, explosive hydrother-
mal activity in DFcl represented by the chert-barite breccia
is a possibility, but more work is warranted.

Epithermal-style hydrothermal alteration of the underly-
ing basalts produced the local development of steam-heated
acid-sulfate alteration (advanced argillic) at the Dresser
Mine and in local pockets elsewhere along strike (Van
Kranendonk and Pirajno, 2004). This advanced argillic al-
teration type can be used to infer the circulation of highly
acidic fluids that would likely have formed mud pools and/
or fumaroles at the land surface (e.g., Bignall and Browne,
1994). However, these surface features have not been
identified in the Dresser Formation.

Hot spring geyserite and fluid inclusion data from epither-
mal quartz (Harris et al., 2009; Djokic et al., 2017) indicates
<~ 120°C, near-neutral Ph, alkali-chloride hydrothermal flu-
ids circulated at other times, and in other parts of the system.
Alkali-chloride hot springs on modern Earth result in the
formation of large hot spring pools, which accords well with
the interpretation of large barite masses at the tops of hydro-
thermal chert-barite veins as representing the mineralized
remnants of hot spring pools (Van Kranendonk, 2006; Djokic
et al., 2017; Van Kranendonk et al., 2018).

Together, these observations strongly support the depo-
sition of M2 within a terrestrial geothermal field, where
microbial life thrived at the edges of hot spring pools and
within hydrothermally influenced fluvio-lacustrine settings.

Below, key comparisons are made between hot spring
related facies in the Dresser Formation and well-described
components observed in proximal, middle, and distal vent
facies of modern geothermal springs (Fig. 2; Walter, 1976;
Cady and Farmer, 1996; Guidry and Chafetz, 2003a; Hin-
man and Walter, 2005).

8.2.1. Proximal vent facies. Proximal vent facies in the
Dresser Formation are identified by a range of surface de-
posits. Foremost is the observation of geyserite at three
separate localities across DFcl (See Section 6). Features of
the Dresser geyserite are characteristic of geyserite precip-
itation from modern, near-neutral pH, alkali-chloride hot
spring fluids (Figs. 3 and 22; Campbell ef al., 2015a; Djokic
et al., 2017). Botryoidal textures in modern hot springs form
most proximal to geyser and/or hot spring vent pool rims
due to boiling (>90°C) of silica-saturated (>300 ppm) fluids
that eject onto the edge of the pool and precipitate non-
crystalline opaline silica (opal-A) through air-cooled spray
(Fig. 20A, C, G; Campbell et al., 2015a). Subsequent dia-
genesis transforms opal-A to microcrystalline (micro-
)quartz through a series of silica mineral phase transitions
(Rodgers et al., 2004; Campbell et al., 2015a).

Microlaminations in the Dresser geyserite display variable
thicknesses across morphological types (Figs. 3 and 20A, D).
Such microlaminae are similar to those observed in modern
geyserite, where accretion is controlled by the rate of evapo-
rative wicking and drying on surfaces reached by splashing and
surging vent effluent. For example, preferential growth occurs
fastest on high relief structures such as geyserite spicules and
columns, which exhibit rapid, dense, localized accretion due to
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oversaturation of silicic acid (H4SiO,) as hot fluid drains from
their tops (Fig. 20A, B; Campbell et al., 2015a). In contrast,
wavy to stratiform silica sinter polymerizes more slowly in
subaqueous vent pools, resulting in slower accumulation
rates and less dense precipitation of siliceous laminations
(Fig. 20D, E; Walter, 1976; Lynne and Campbell, 2004;
Campbell et al., 2015a; Watts-Henwood et al., 2017). This
variation in silica precipitation is seen in Dresser geyserite,
where the tops of botryoids show more densely precipitated
microlaminations than in stratiform geyserite (Figs. 3B and
22A, D). Other textural features identical to modern gey-
serite include slump structures (Fig. 22D-F) and pool rim
overgrowths (Djokic et al., 2017).

Modern hot spring geyserite only occurs in vent mounds
and at the edges of boiling pools, or as geyser eggs/beads or
sintraclasts on the closely adjacent hot spring apron
(Fig. 22G; White et al., 1964; Walter, 1976). Similarly,
Dresser geyserite is only found in cm-area patches (16N, 1S,
248S: Supplementary Fig. S1 and S2; Djokic et al., 2017), or
as sinter clasts intermixed in fluvial deposits (16N, 1S, 24S;
Figs. 7C, 10, and 16).

The sparse distribution of Dresser geyserite, its associa-
tion with riverine and fluvio-lacustrine sedimentary deposits
(Djokic, 2015, this study; Djokic et al., 2017), the numerous
textural and mineralogical features identical to modern
geyserite, and a non-marine, hydrothermal REE+Y pattern
are all consistent with its formation in the proximal vent facies
of subaerial hydrothermal springs (Fig. 22; Cady and Farmer,
1996; Guidry and Chafetz, 2003a; Campbell et al., 2015a).

Former bubbles situated in layers interbedded with the
Dresser botryoidal geyserite (Site 16N) were interpreted to
have been trapped within microbial exopolymeric substance
(EPS), similar to that observed in the mid-apron facies of
modern sinter terraces (Fig. 13; Djokic et al., 2017). Coated
bubbles of carbon dioxide, methane, and/or oxygen are well
known to rapidly mineralize in modern hot and cold springs
(e.g., Chafetz and Folk, 1984; Bonny and Jones, 2008a
references therein).

The ancient bubbles described here may have been trap-
ped in a lower temperature niche that occurred directly
adjacent to and was physically protected from the higher-
temperature, proximal vent facies forming geyserite, as
occurs today in Yellowstone National Park (Fig. 22C;
Supplementary Video S1) and New Zealand’s Taupo Vol-
canic Zone (e.g., Currie, 2005).

More recently, the bubbles were interpreted as volcanic
glass vesicles, which form through the release of gas within
volcanic rocks (Wacey et al., 2018).

However, none of the Dresser bubbles are associated with
volcanic rock. Indeed, at least two of the three examples of
Dresser bubbles are from putative microbial units (Djokic
etal.,2017; Wacey et al., 2018). The third occurrence is from
a chert-barite breccia that also contains stromatolitic frag-
ments (i.e., chert-barite breccia: Supplementary Fig. S3B).
Therefore, we maintain that the bubbles were preserved due
to trapping in a sticky microbial exudate, i.e., EPS.

8.2.2. Middle apron facies

8.2.2.1. Middle apron discharge channel facies. Middle
apron hot springs facies in the Dresser Formation include
discharge channel deposits (thermally influenced streams and
creeks) represented by edgewise and stromatolitic intraclast
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FIG. 22. Proximal vent facies—ancient and modern comparisons. Scale bar measurements and polarized light indicated.
(A) Dresser geyserite cornices (100 um, ppl) compared with (B) geyserite cornice from NZ sinter (250 um, ppl). (C)
Botryoidal geyserite with orange microbial mats growing in low-temperature niches at the base of a cobble adjacent to
Boulder Geyser Creek, Lower Geyser Basin, YNP, USA (2 cm). (D) Slump textures in Dresser stratiform geyserite (500 um,
ppl) compared with (E) slump structures associated with NZ stratiform geyserite (500 um). (F) Petrographic image of slump
structures in (E) (500 um, xpl). (G) Hot spring geyser pool in Lower Geyser Basin, YNP, USA. Red arrow—splash zone;
columnar geyserite forming. Yellow arrow—pooling water; stratiform geyserite forming (0.5 m).

conglomerates. These Dresser conglomerate units are directly
comparable with ‘‘packed fragmental” sinters from the
modern Waimangu Volcanic Valley and c. 9.4 ka Mangatete
sinter deposits of New Zealand (Fig. 23; Drake et al., 2014:
Fig. 5¢; Guido and Campbell, 2011, p. 43), as well as from
the Devonian Drummond Basin (Walter et al., 1996).
Clasts in modern packed fragmental deposits display
high aspect ratios, bent and contorted shapes with/without
very fine internal layering, and thin sets of siliceous rinds
that are all features comparable to the Dresser deposits
(Figs. 5A-D, 6, 7, and 23; cf. Fig. 23B-E). High aspect
ratios indicate limited reworking or transport. The flexible
nature of the Dresser clasts implies a microbial component
acting as a binding agent, allowing soft microbial mats to
deform and bend, but not completely break before, and/or

while undergoing desiccation or fluvial reworking during a
storm or flood event (Figs. 5A, 6A, and 23E; Drake et al.,
2014). The coatings or rinds on clasts in the packed frag-
mental deposits represent adhesion or precipitation of sil-
ica around the clasts, deriving from hot spring fluids that
flow over the sinter apron (Figs. 5D cf. 23D-E; Jones and
Renaut, 1997).

Buick (1985) suggested that the Dresser stromatolitic
intraclast conglomerate (‘‘stromatoloidal intraclast rudite’:
Buick 1985; Buick and Dunlop, 1990) was composed of
carbonate mudstorganics (Dunlop et al., 1978; see also
Buick, 1985) and derived from stromatolitic units such as
the thick, Fe-oxide weathered, wrinkly laminated stromat-
olites common in DFcl, which are preserved as pyrite in
unweathered drill core (Van Kranendonk et al., 2008).
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FIG. 23. Mid-apron sinter facies—
ancient and modern comparison. Scale
bar measurements and polarized light
indicated. (A) Dresser geyserite EC-i
compared with (B) packed fragmental
facies at Waimangu Volcanic Valley, NZ
(20cm). (C) Hand sample of ~9 ka
Mangatete packed fragmental sinter, NZ
(1cm). (D) Irregular (100 pm, ppl) and
(E) bent (100um, ppl) clasts within
Mangatete packed fragmental sinter. (F)
Desiccated microbial mats, NZ.
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However, the intraclasts are compositionally distinct from
the wrinkly laminated stromatolites (Van Kranendonk et al.,
2008: Fig. 10), and they instead consist of fine-grained
micaceous muds scattered with grains of microquartz, and
coated by rinds containing Ti inferred as anatase from pet-
rographic analysis (Fig. 5C, D). We concur with the mi-
crobial origin suggested by Buick (1985), but we add that
the clast coatings resemble hydrothermal mineral rinds or
weathering of clast surfaces (Figs. 5B-D cf. 23D, E; see also
Guido and Campbell, 2019).

In situ silicification of clasts within hydrothermal streams
or outflows has been documented (e.g., Jones and Renaut,
1997). Alternately, silicification of clast weathering rinds is
also known to occur (e.g., Heller et al., 2001).

However, the concentration of anatase (TiO,) in some
Dresser stromatolitic intraclast rinds (Fig. SE) draws a
compositional link with anatase, also found in the Dresser
geyserite, and supports the hypothesis of in situ precipitation
of these rinds from similar hydrothermal fluids.

The angularity of geyserite sinter clasts within EC-ii
(Fig. 7C) implies limited reworking of such clasts and infers
deposition only a short distance downstream from a near-
neutral pH alkali-chloride hot spring vent (cf. Jones and
Renaut, 2003; Campbell et al., 2015a). The restricted

presence of tourmaline in the long, thin clasts of EC-ii
(Fig. 7B, D) suggests close proximity to a boron rich hot
spring vent (e.g., Ghosh et al., 2012; Steller et al., 2019).

The textural and compositional differences of the Dresser
units (EC-i, EC-ii, stromatolitic intraclast conglomerate)
appear to be a function of inputs from compositionally
varied hot spring vents and pools as are known to develop
within the sedimentary environments of New Zealand and
Yellowstone National Park.

Variable mineralogy is also common in modern hot
spring deposits, with precipitation of accessory minerals,
including carbonate, gypsum, halite, jarosite, and alumino-
silicate, reported for sinter (Jones and Renaut 2003).

Variations in the textures of packed fragmental hot spring
sinters are caused by microbial mats that have undergone
variable degrees of in situ silicification, such as in the mats
that colonize the banks of hot spring outflow-fed creeks and
streams (Guido and Campbell, 2011; Drake et al., 2014).
Erosion and reworking of the variably silicified mats occur
not only due to fluctuations in the water table and tectonic
activity but also commonly from seasonal storms and floods
(Jones and Renaut, 2012). During drying events particularly
in summer, microbial mats become partly to completely
silicified and desiccate, commonly curling up into bent
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FIG. 24. (A) Hand sample image of Dresser Formation breccia unit (Fig. 9): hash, showing inset box indicating SEM
image of single angular fragment (D1)—Dashed line represents outer edge (D2). Inner dotted line indicates transition
between porous core (D3) composed of Fe-oxide (light gray)+barite (white) and the dense, fine-grained rim of silica (dark
gray). (B) Hand sample image of sinter breccia from an extinct hot spring in Norris Geyser Basin, YNP, USA, showing inset
box indicating SEM image of sinter breccia (Y 1)—Outer dashed line represents outer edge of sinter fragment (Y2). Inner
dotted line indicates transition between microbially derived porous sinter core now containing silica spheres (Y3) and the

dense coating of silica. SEM, scanning electron microscopy.

fragments. During subsequent winter flooding and/or hot
spring surge events, increased outflow flushes these dried-
out mat fragments downstream, where they may settle at the
bottom of creeks and/or accumulate in point bars as “‘packed
fragmental” deposits (Fig. 23B; Supplementary Video S2;
Drake et al., 2014; Guido and Campbell, 2011). It is this
latter formation mechanism that best explains the imbri-
cated, fanning clast arrays in Dresser EC-i channelized de-
posits (Figs. 6A, 17, and 23A).

The final mid-apron facies deposit is the breccia unit
described from the geyserite locality (16N), with porous Fe-

oxide+barite-rich core zones of clasts that are coated by rims
of fine-grained silica and Fe-rich silica (Figs. 9 and 24A).
Although these blocky clasts resemble oncoids, they lack
concentric layers coating a solid core (e.g., Jones and Re-
naut, 1997; Peryt, 2012). Instead, this facies is more similar
to brecciated intraclast sinter deposits known from New
Zealand and Yellowstone National Park, which generate
sinter fragments with the same internal primary porosity and
external silica coatings (Fig. 24B).

These sinter breccias form when microbially precipitated
sinter is broken up mechanically by periodic wetting and
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FIG. 25. Variety of stromatolite morphologies that occur in modern mid-apron pool facies of geothermal spring settings
from NZ and YNP, USA. Scale bar measurements indicated. (A) Conical stromatolite from sinter buttress, Te Kopia, NZ
(2cm). (B) Pustular mats, Hot Water Creek, Waimangu Volcanic Valley, NZ (5cm). (C) Pustular stromatolites, Lake
Rotokawa shoreline, NZ. (D) Columnar stromatolites, Orakei Korako, NZ (20 cm). (E) Low, broad pustular domes at edge

of Great Fountain Geyser, YNP (30 cm).

drying (caused by change in discharge channel direction or
seasonal variations), or freeze-thaw (seasonal or diurnal), or
faunal disruption. The breccia is subsequently coated by
silica-rich hot spring waters within the mid-apron area
(Hamilton et al., 2019). This can occur relatively close to
hot spring pools that intermittently discharge silica-rich
water in between periods of mat growth and sinter brecci-
ation (Guidry and Chafetz, 2003a). Primary porosity in
sinter breccias is characteristic of microbial activity and
may be caused by either accumulation of microbially pro-
duced gases and/or dissolution of organic matter.

8.2.2.2. Middle apron pool facies. Although the strati-
graphically lowermost, and most widespread wrinkly lami-
nated stromatolites may be related to hydrothermally fed
marine or lacustrine evaporative basins, there is a variety of
unique stromatolite morphologies in the upper stratigraphic
levels of M2 that are consistent with formation in subaerial
hot spring pool environments. These unique Dresser stro-
matolites are interbedded with hot spring deposits (Figs. 12,

15, 18, 19, and 20) and vary substantially over short lateral
(i.e., ~1-15m) distances, for example, at site 24S.
Unique and variable stromatolite morphologies are con-
sistent with middle apron facies of modern hot springs
where stratiform, conical, pustular, columnar, and domical
stromatolites are variably distributed over very short dis-
tances (10’s of cm to m) (Fig. 25). Middle apron pool
stromatolite facies are found on sinter terraces within, or at
the edge of, mid-temperature pools, in hydrothermally
influenced lakes, and/or in mid-apron channels (Walter
et al., 1972; Guido and Campbell, 2011; Hamilton et al.,
2019). Hot spring systems typically vary over months to
years due to seasonal variations, plumbing blockage through
cementation and/or tectonically influenced hydrodynamic
fluctuations that cause channel migration on the apron or
waning thermal fluid upflow (Fournier ef al., 1994; Guidry
and Chafetz, 2003a; Soto et al., 2019). These system fluc-
tuations affect the buildup, or lack thereof, of microbially
influenced deposits, which results in the highly variable and
patchy distributions (Guidry and Chafetz, 2003a), as well as
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deposits of broken-up, and resedimented mats (e.g., EC-i
and EC-ii).

The Fe-rich, shrub-like structures found at site 1S in DFc1
are morphologically identical to modern and fossil arbo-
rescent shrubby microbialites that form within travertine
terrace pool deposits (Figs. 15C cf. 26E; Chafetz and Folk,
1984; Chafetz and Guidry, 1999; Guido and Campbell,
2017). This observation implies that the multiple horizons of
Dresser shrub structures likely grew as shrubby micro-
bialites within travertine terrace pools in mid- to distal apron
areas. The local association of Dresser shrubs interbedded
with sinter terracette deposits (Fig. 4; Djokic et al., 2017)
implies that fluid flow from nearby springs shifted between
relatively deep terrace pools to relatively shallow terrac-
ettes. A well-studied modern example is that from Mam-
moth Hot Springs, Yellowstone National Park, where shrubs
are found flooring terrace pond facies that variably shift in
shape and depth across the local landscape (Fig. 26A-D;
Pentecost, 1990; Fouke et al., 2000).

Geyserite at the shrub locality (1S) supports a hot spring
setting, and it has been documented that travertine and si-
liceous sinter can develop together in the same geothermal
area (Smith et al., 2010; Guido and Campbell, 2014).

Modern shrub morphology is indicated as resulting from
bacterial clumping (Chafetz and Guidry, 1999) and typically
shrubs are composed of thermogene carbonate (travertine).
However, the final composition of shrubs can vary due to
environmental factors, such as water chemistry, community
composition, hydrothermal alteration, and/or diagenesis
(e.g., Guidry and Chafetz, 2003b; Guido and Campbell,
2017). In fact, shrub-like microbialites are known to exhibit
variable compositions, for example, siliceous (Guidry and
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Chafetz, 2003b) and Mn- and Fe-rich (Chafetz et al., 1998),
as well as display variable diagenesis and silica replacement
due to hydrothermal alteration (Guido and Campbell, 2017).
Such factors may explain why the Dresser shrubs preserve
both hematite and silica compositions (e.g., Fig. 4A, B).

Tear mats in DFcl are characterized by distinct rips,
tears, or desiccation scars preserved on stromatolite bedding
planes at site 24S (Fig. 18), where they closely underlie a
deposit of EC-ii, which contains geyserite clasts. Tear
structures and twisted, ropy morphology features of micro-
bial mats in the mid-apron channel facies of modern hot
springs form as a result of burst pockets of gas (i.e., meta-
bolic gas bubbles that accumulate between mat layers),
periods of turbulent fluid discharge, and/or desiccation as
spring flow ceases (Fig. 27; Guido and Campbell, 2009;
Hamilton et al., 2019).

8.2.3. Distal apron facies. Hot spring sinter terracettes
with microbial palisade fabric were identified at locality 1S
from their macroscopic and microscopic features (Djokic
et al., 2017). In Phanerozoic hot spring systems, vertically
oriented microbial filaments lead to the development of
palisade fabric on lithification, where they build up as ter-
racettes along the mid- to distal hot spring apron (Campbell
et al., 2015b). Palisade fabric is commonly produced by
cyanobacteria (e.g., Calothrix) that cover distal areas of the
sinter apron with brown to dark green mats, where water
temperatures are <40°C and water depths are only a few mm
(Cady and Farmer, 1996; Walter et al., 1996; Guido and
Campbell, 2011; Campbell et al., 2015b). Given the antig-
uity of the Dresser Formation and its degree of recrystalli-
zation, we cannot conclude whether cyanobacteria formed

FIG. 26. Recent and modern travertine terrace deposits. Scale bar measurements indicated. (A-D) Mammoth Hot Springs,
YNP, USA: (A) terrace slope. White area represents dried terrace. Orange and green areas of microbial growth are still
exposed to spring discharge (1 m); (B-D) terrace pools with shrubs growing at their bases (B—25 cm; C—1 m; D-30cm).
(E) Hand sample of shrubs in Jurrasic travertine, El Macanudo, Argentina.
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FIG. 27. Middle apron channel fa-
cies in ancient and Phanerozoic hot
spring deposits. Scale bar measure-
ments indicated. (A,B) Tear mat
structures in the Dresser Formation
(B—5cm). (C) Jurassic wavy mat
sinter, San Agustin, Argentine Pata-
gonia. (D) Recent silicified microbial
mat sinter, Orakei Korako, NZ (5 cm).
(E) Formation of microbial mats un-
der a few cm of water, NZ (2 cm). (F)
Microbial mat buildup at edge of hy-
drothermally fed stream, Waimangu
Volcanic Valley, NZ (25 cm).

the observed palisade fabric. However, the vertical ar-
rangement suggests some form of phototrophy.

Rounded pebble to cobble conglomerate occupies thin
(<20 cm), few-meter-wide channels at two (16N, 24S) of the
three localities in DFcl that contain known hot spring de-
posits. Although channelized pebble conglomerates can
form in tidal flats (Reading, 2009), the abrupt lateral facies
variations, association with strongly channelized EC de-
posits, and hot spring sinter (Fig. 16C) all point to a fluvial
rather than a marine tidal and/or shoreline depositional en-
vironment. Recent studies have documented white silica
pebble conglomerates encrusted by microbial laminates as a
fluvial hot spring facies from Jurassic and Miocene deposits
(Guido and Campbell, 2019). Although some of these peb-
bles show plastic deformation, which is unknown for the
Dresser conglomerate, the paleoenvironment and thin, fer-
ruginous layers inferred as microbial crusts draping the
Dresser conglomerate are remarkably similar (Fig. 8B cf.
Guido and Campbell, 2019).

8.2.4. Mineralized hot spring pools. Based on previous
studies that are supported by results herein, it is suggested
that at least some barite within DFcl represents the miner-
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alized remnants of subaerial hot spring pools (Djokic et al.,
2017), baritic travertine, and/or hydrothermal lake venting.
The evidence is based on context, morphology, and an in-
ferred origin from hydrothermal fluids (see also Van Kra-
nendonk et al., 2008).

All sites containing interpreted proximal hot spring vent
facies (e.g., geyserite at sites 16N, 1S and 23S) are located
immediately above the tops of wide, deep (to avg. estimated
1km) hydrothermal chert-barite veins (Supplementary
Fig. S1). At the interfaces are large (to 10 m2) barite masses
displaying morphological features identical to those from
mineralized vents of subaerial hot springs.

For example, the observation of curled masses of coarsely
crystalline, isopachous barite layers that envelop wedges of
overlying sedimentary rock (e.g., locality 1S: Fig. 14C-F;
Djokic et al., 2017) is comparable to isopachous minerali-
zation of subterranean hot spring cavities found on the edge
of Lake Bogoria, Chemurkeu, Kenya Rift Valley (Renaut
and Jones, 1997).

Angular blocks of bedded chert-barite filling an inferred
subterranean hot spring conduit at sites 1S (Fig. 14C-F;
Supplementary Fig. S2; Van Kranendonk, 2006: Fig. 13;
Djokic et al., 2017) and the barite gully are comparable to
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collapse features that commonly occur along the rims of hot
spring pools (Fig. 28).

Although rare, relatively small subaerial barite deposits
have been documented from a variety of modern hot and
cold springs (Cecile et al., 1984; Bonny and Jones, 2008a,
b). In these settings, the formation of barite may be re-
stricted by the insolubility of barium in oxygenated fluids
(e.g., Bonny and Jones, 2008a), which have dominated
Phanerozoic surface environments. In contrast, Archean
fluid reservoirs would have been mainly anoxic, allowing
for high concentrations of barium to be liberated from
feldspars in volcanic rocks via hydrothermal leaching,
and carried toward the surface (see Van Kranendonk and
Pirajno, 2004).

When these fluids were supersaturated with Ba, and then
exposed to sulfate, barite could precipitate (e.g., Bonny and
Jones, 2008b). The sheer volume of barite in the Dresser
Formation (several million tons: Hickman, 1983) indicates
that high volumes of Ba®* and SO,>~ were available.

Although the availability of Ba can be explained by re-
ducing hydrothermal conditions, sulfate levels were gener-
ally vanishingly small in Earth’s early oceans (Crowe et al.,
2014). In contrast, the high volume of barite in the Dresser
Formation indicates an abundant source of sulfate, which
may have derived from H,SO, produced as a by-product of
acid-sulfate, steam-heated alteration during deposition of
the Dresser Formation (H,S and/or SO, mixing with mete-
oric- or sea-water), and/or through photochemical oxidation
of volcanogenic SO, (Fig. 29; Runnegar et al., 2001; Van
Kranendonk and Pirajno, 2004; Van Kranendonk, 2006; Van
Kranendonk er al., 2008). A more evolved (felsic) magmatic
reservoir, as has been inferred for the Dresser Formation
(Van Kranendonk et al., 2008), could release a sufficient
amount of SO, (Andres et al., 1991), helping to explain the
large volume of barite within the Dresser Formation.

DJOKIC ET AL.

Although the anoxic Archean volcanic-hydrothermal en-
vironment of the Dresser Formation was clearly conducive
to forming large volumes of barite, the depositional history
of barite precipitation remains complicated.

The formation of Dresser barite in a subaerial context
is implied by evidence of mineralized hot spring pools
(Figs. 14 and 28; Djokic er al, 2017). In this scenario,
mineralization could have occurred through precipitation of
briny, volcanic lake waters into the hydrothermal plumbing
of emergent hot spring pools that flank lake edges, such as
exists in Lake Bogoria (Renaut and Jones, 1997).

In contrast, previous studies proposed that the barite
precipitated within a collapsing caldera basin that was in-
undated by seawater (Van Kranendonk, 2006). The deeply
penetrating nature of hydrothermal veins and large clearly
intrusive deposits of barite within the Dresser Formation
does imply voluminous fluid circulation, indicating the need
for a large body of water such as a shallow sea or basin. In
this scenario, once emerged hot spring pools become buried,
or submerged under seawater, barite mineralizes the sub-
surface hot spring cavities through diagenetic processes.

The first scenario is supported by the fact that many
Phanerozoic volcanic- hydrothermal lakes are flanked by
compositionally varied deposits, for example, travertine
(thermogene carbonate) or sinter (silica), which are often
associated with stromatolites or microbial communities
(Renaut and Jones, 1997; Kazmierczak and Kempe, 2006;
Guido et al., 2010; Guido and Campbell, 2012). Hydro-
thermal lake bottoms are also known to form composition-
ally diverse venting structures related to fluid chemistry
(e.g., Jones et al., 2007; Guido and Campbell, 2012, 2014,
Dekov et al., 2014). Some barite structures documented
elsewhere in the Dresser Formation have been suggested as
possible vent structures, although such structures can also
form in a shallow sea (Van Kranendonk, 2006).

FIG. 28. Analogues for the onset of Dresser mineralized hot spring pools. (A) Collapsed block (~1.5m long) from the
edge of a hot spring pool, YNP, USA. (B) Edge of a hot spring pool that has collapsed at a once-active spring-pool edge, but
now resedimentation has infilled around the collapsed edge and shifted the margin of the active spring, Rotokawa, NZ
(collapsed edge protruding ~ 50 cm).
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FIG. 29. Schematic diagram of the Dresser Formation hot spring model for M2 in DFcl depicting the variety of hot
spring-related facies. Inferred proximal vent (geysers and boratic springs) and mid- to distal apron (sinter breccia/intraclasts,
packed fragmental deposits/edgewise) facies, including related fluvio-lacustrine settings.

Possibly, components of both settings may apply to the
precipitation of barite. It has been well documented that
barite in DFc1 did not form all at once but it entered in the
system during multiple pulses (Van Kranendonk et al.,
2008). There could have been several rise-and-fall epi-
sodes of crust relative to sea level over time, both locally
and regionally, given the intensity of block faulting across
the area.

Therefore, although hot spring sites documented here
(e.g., sites 1S) show strong evidence for barite mineralizing
the shallow subterranean feeders to subaerial geyserite-
bearing springs (Figs. 14 and 28; Djokic et al., 2017; cf.
Renaut and Jones, 1997), further investigations are needed
to contrain the depositional details of barite formation.

9. Conclusions

A geothermal field on an exposed land surface is inferred
for at least part of M2 of the lower chert-barite sequence
(DFcl) of the Dresser Formation (Fig. 29). This interpre-
tation is based on a variety of local lithology within M2 that
is consistent with proximal, middle, and distal portions of
hot spring discharge aprons, as observed in Phanerozoic
geothermal fields.

Key observations include:

(1) M2 deposits within DFc1 display abrupt lateral facies

(@)

3

“)

changes consistent with highly variable bio- and
litho-facies distributions in modern hot springs,
where the ever-changing geothermal environment
controls depositional characteristics.

The variety of hot spring deposits in the Dresser
Formation, including geyserite and sinter terracettes
that accompanied channelized edgewise and pebble
conglomerate deposition, combined with a wide va-
riety of stromatolite morphologies (e.g., elongated,
domical, conical, pustular, columnar), supports the
interpretation that hot springs and associated riverine/
fluvial deposits were inhabited by a diverse terrestrial
microbial community at ~3.5 Ga.

All known hot spring deposits of the Dresser For-
mation are located immediately above the termina-
tions of subsurface faults/fractures filled by black
chert+barite hydrothermal veins. This is consistent
with modern geothermal fields that are mostly si-
tuated on faults or fractures that act as conduits for
hot, chemical-rich, fluids to reach the surface (Cha-
fetz and Folk, 1984; Bignall and Browne, 1994;
Guido and Campbell, 2011).

The association of Dresser sinter terracettes with
shrub-like microbialites is similar to travertine pool
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deposits such as those from Mammoth Hot Springs,
Yellowstone National Park (Pentecost, 1990).

(5) The association of geyserite and boron-rich
(tourmaline-bearing) rip-up clasts, as well as the as-
sociation of geyserite and possible travertine deposits,
suggests that a variety of hot spring chemistries were
present in DFc1 (e.g., Campbell ef al., 2015a; Steller
et al., 2019).

(6) Textural and mineralogical data supporting the pres-
ence of geyserite in DFcl are reinforced by REE+Y
patterns, consistent with Phanerozoic hot spring de-
posits and inconsistent with modern and contempo-
raneous Archean marine precipitates.

Based on these results, a variety of fluid compositions can
be inferred for the Dresser hot springs, including acidic
(steam-heated acid-sulfate alteration; Van Kranendonk and
Pirajno, 2004), alkaline (shrub-like microbialites and ter-
racettes; Djokic et al, 2017; this study), alkali-chloride
(Harris et al., 2009; Djokic et al., 2017), and boron-rich
compositions (cf. Van Kranendonk et al., 2020).

Fluid chemistry likely varied both temporally and/or
spatially, as it does in Phanerozoic systems that evolve
through time. Collectively, lithostratigraphic data from the
three widespread (sites are 3km apart) hot spring sites
identified in M2 illustrate the diverse nature and extensive
distribution of an inhabited geothermal field in the ~3.5 Ga
Dresser Formation.

The results presented here underscore the importance of a
continued study of the early geological record for astro-
biological research. In particular these findings reinforce the
long-standing hypothesis that hydrothermal systems are
optimal places to search for past life on Mars.
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Abbreviations Used

Ba =barite
br =branch
Cp =clumped stubby pustules
EC =edgewise conglomerate
EDS =energy dispersive spectroscopy
EMP-WDS = electron microprobe-wavelength
dispersive spectroscopy
EMU = Electron Microscopy Unit
EPS = exopolymeric substance
Lc =layered columnar
MI1-M4 = members 14
MOR = mid-ocean ridge
MUQ = Mud of Queensland
NPD = North Pole Dome
PAAS = Post-Archean Average Shale
ppl = plane polarized light
REE+Y =rare earth element and yttrium
SEM = scanning electron microscopy
xpl = crossed polarized light
YNP = Yellowstone National Park
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