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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini Host to some of Earth’s earliest evidence of life, the fossiliferous lowermost chert-barite sequence (DFcl) in the
~3.5 Ga Dresser Formation of the Pilbara Craton, Western Australia is interpreted to have deposited within a
dynamic volcanic-hydrothermal caldera. To date, three end-member fluid compositions (marine, hydrothermal,
and subaerial) have been identified using trace and rare earth elements. However, this data has been limited to a
few, single rock units, providing only snapshots at various depositional time intervals, and does not represent a
synthesis of habitat evolution over time. Here, we present a systematic trace and rare earth element study of 31
whole-rock samples from 10 lithofacies across the entire stratigraphic sequence. Samples include bedded cherts
(silicified chemical and clastic sedimentary rocks), hot spring geyserite and sinter terracettes, jaspilitic chert, and
silicified volcaniclastic siltstone. Four lithostratrigraphically-defined assemblages (A1-A4) in DFcl illustrate a
transition from marine (underlying pillowed North Star Basalts, deep marine cherts) to shallow water and
subaerial conditions (evaporitic carbonate-chert couplets, hot spring geyserite and sinter terracettes, channelized
conglomerates and basaltic-evolved volcaniclastics)(A1-A2), followed by a return to deep marine conditions
(jaspilitic chert, volcaniclastic siltstone and sandstone)(A3-A4). Our trace and rare earth element data enhance
the four-stage model (reflecting, A1-A4 respectively) as follows: stages 1-2, crustal inflation generated the
emplacement of a deep-rooted magmatic chamber, leading to surface uplift and a transition from deep water to
hydrothermally-influenced semi-restricted lakes, stromatolites, and subaerial hot springs. Trace and rare earth
element patterns of A2 geyserite indicate the circulation of low-temperature near-surface, non-marine
geothermal fluids through basaltic to more evolved volcaniclastic rocks. REE + Y patterns of sinter terracettes
may indicate the formation of hot spring travertine in DFc1; stages 3-4, hydrothermally-influenced jaspilites and
volcaniclastic sediments deposited in marine basins driven by caldera collapse. This stifled stromatolite growth
and represents the end of subaerial exposure. This work contributes to ongoing efforts to reconstruct Earth’s
early life habitats, which inform the search for life on Mars and origin of life studies.

1. Introduction unit (Walter et al., 1980; Buick and Dunlop, 1990; Nijman et al., 1998;
Van Kranendonk, 2006; Van Kranendonk et al., 2008; Djokic and Van
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Pole Dome, Pilbara Craton, Western Australia is a globally significant Archean habitat, informing the search for ancient life on Mars (e.g., Van
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Kranendonk et al., 2021b) and origin of life studies (e.g., Van Kra-
nendonk et al., 2021a). Inferred biosignatures, including stromatolites,
are interpreted to have formed under either passive marginal marine (e.
g., Buick and Dunlop, 1990; Noffke et al., 2013; Hickman-Lewis et al.,
2022) or active volcanic-hydrothermal conditions (Nijman et al., 1998;
Van Kranendonk et al., 2008; Harris et al., 2009; Djokic et al., 2021).
Given the significance of DFc1, resolving this debate remains important.

Palaeoenvironmental models of DFcl are based on lithostratigraphic
data, enhanced by isotopic, trace element, and REE + Y geochemistry
(Bolhar et al., 2004; Lindsay et al., 2005; Van Kranendonk et al., 2019;
Djokic et al., 2021). Extensive mapping, sedimentological, and petro-
graphic studies of DFcl document biosignatures within a complex
sequence of metasedimentary units (chemical and clastic), crosscut by
large chert-barite veins (Buick and Dunlop, 1990; Nijman et al., 1998;
Van Kranendonk et al., 2008; Tadbiri and Van Kranendonk, 2020; Djokic
et al., 2021). Emplacement of these veins led to extensive hydrothermal
alteration of footwall basalts, widespread silicification and replacement
of primary sedimentary units, and discordant and concordant chert and
barite veining within those sediments (Buick and Barnes, 1984; Van
Kranendonk, 2006). This has complicated the local lithology, making
palaeoenvironmental reconstructions challenging.

Original studies suggested DFcl formed in a passive, shallow-water,
marginal marine evaporite-dominated lagoon similar to Shark Bay,
Western Australia (Barley et al., 1979; Walter et al., 1980; Groves et al.,
1981; Buick and Dunlop, 1990). In this model, hydrothermal veins were
interpreted as post-depositional, causing late-stage baritisation and/or
silicification of precursor evaporitic gypsum beds (now barite), gypsum-
and carbonate-bearing mudstones and sandstones (now silicified), vol-
caniclastic rocks, pebble conglomerates, desiccated intraclast conglom-
erates (now silicified), and stromatolites (Buick and Dunlop, 1990).

Subsequent investigators revised the marginal marine model, doc-
umenting syngenetic hydrothermal activity and active growth faulting
within a dynamic, low eruptive piecemeal-type volcanic caldera setting
as follows:

1) rapid lateral and temporal (stratigraphic) facies changes across
active synsedimentary growth faults filled by hydrothermal chert
and barite (Nijman et al., 1998; Van Kranendonk et al., 2008; Djokic
et al., 2021)

syngenetic hydrothermal vents (chert-barite veins) passing vertically
through, and branching laterally into bedded sediments (Nijman
et al., 1998; Van Kranendonk and Pirajno, 2004; Van Kranendonk,
2006; Van Kranendonk et al., 2008; Harris et al., 2009; Tadbiri and
Van Kranendonk, 2020; Caruso et al., 2021)

a boxwork swarm of chert-barite veins (with disseminated pyrite and
organic matter) that extend 2 km down-section into underlying,
hydrothermally altered North Star Basalts. The veins are restricted
below the uppermost chert in the Dresser Formation, transitioning
from fine-grained black silica (chert) in the lower, deeper parts to
barite and epithermal quartz in the upper 70 m, near-surface parts of
veins that penetrate the sedimentary sequence (Nijman et al., 1998;
Van Kranendonk and Pirajno, 2004; Van Kranendonk et al., 2008)
advanced argillic alteration restricted to the immediate footwall
pillow basalts (North Star Basalt) of DFcl indicates a syn-deposi-
tional epithermal-hydrothermal system (Van Kranendonk and
Pirajno, 2004; Caruso et al., 2021)

the presence of eroded hydrothermal material within sandstone and
conglomerate in upper DFcl sedimentary horizons (Van Kra-
nendonk, 2006; Van Kranendonk et al., 2008)

structural and kinematic analysis identified four vein sets relating to
emplacement during repeated pulses of magma-driven surface uplift
and subsidence of a piecemeal-type volcanic caldera largely during
(sets 1-3), and post-dating (set 4), sediment deposition (Poole, 2013;
Tadbiri and Van Kranendonk, 2020). These veins caused zoned,
epithermal-type hydrothermal alteration of the footwall basaltic
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rocks (Van Kranendonk and Pirajno, 2004; Harris et al., 2009; Caruso
et al., 2021)

7) hot spring geyserite and sinter terracettes widely distributed across
DFcl (Djokic et al., 2017; Djokic et al., 2021) and fluid inclusions
from epithermal quartz veins indicate near neutral alkali-chloride
hot spring fluid circulation (Harris et al., 2009)

In this model, the evolution of a volcanic caldera is thought to have
generated growth fault networks that acted as conduits for hydrother-
mal fluid circulation during deposition of the stromatolite-bearing
sedimentary units. Multiple episodes of hydrothermal circulation
precipitated primary hydrothermal barite and chert as cross-cutting and
bedding-parallel veins into the subsurface of an at least temporally
emerged landscape and/or coastline that fed microbially-inhabited
subaerial hot springs (Djokic et al., 2021; Van Kranendonk et al., 2021a).

What remains a subject of discussion is the relationship between
stromatolite formation and the Dresser volcanic-hydrothermal system.
Alternative models based on limited sampling (Noffke et al., 2013) and a
lack of discrimination between primary and secondary siliceous units,
and stromatolitic cherts (Hickman-Lewis et al., 2022) maintain that
stromatolites formed under passive marginal marine conditions despite
acknowledging strong evidence for hydrothermal components. This
highlights the need for continued investigation of the various hydro-
thermal, marine, and terrestrial conditions that hosted life in DFcl.

To date, a few selected chemical sedimentary units in DFcl have
been geochemically linked to three end-member fluid compositions —
marine, hydrothermal, and terrestrial (and any combinations), in addi-
tion to variable clastic input. This has been limited to subaerial hot
spring geyserite (Djokic et al., 2021), cm-bedded evaporitic carbonate-
chert couplets (Van Kranendonk et al., 2003; Van Kranendonk et al.,
2019), bedded jaspilitic chert (Johnson et al., 2022a; Johnson et al.,
2022b), and stromatolitic chert (Hickman-Lewis et al., 2022). Addi-
tionally, many other silicified units of DFcl have not been geochemi-
cally investigated. This has resulted in a limited set of geochemical
snapshots across various depositional time intervals that do not repre-
sent a synthesis of the evolution of the DFcl system.

Here, we provide a systematic trace and rare earth element + yttrium
(REE + Y) investigation of the entire DFcl system, based on 31 whole-
rock samples from 10 lithostratigraphically-defined lithofacies across
the entire stratigraphy. This study aims to: 1) determine protoliths of
undefined silicified sedimentary units; 2) contextualise subaerial hot
spring units; 3) define the compositions of the bedrock that interacted
with geothermal fluids; and 4) refine the depositional setting and
geological history of DFcl. Implicit in these aims is to delineate between
primary and secondary REE + Y signatures and develop a holistic un-
derstanding of the context of the DFcl system that led to stromatolite
genesis. This work contributes to the ongoing efforts to reconstruct
Earth’s early life habitats and support astrobiological research.

1.1. Geological setting

The ca. 3.48 Ga Dresser Formation of the North Pole Dome, Pilbara
Craton, Western Australia is very well-preserved for its age (Fig. 1A)
(Thorpe, 1992; Van Kranendonk, 2000; Van Kranendonk, 2006; Hick-
man and Van Kranendonk, 2012), having only experienced lower
greenschist facies metamorphism and no penetrative strain (Van Kra-
nendonk and Pirajno, 2004; Van Kranendonk et al., 2008; Caruso et al.,
2021). Formally, it comprises two relatively thin (10’s to 100’s m)
sedimentary sequences (though five are documented) of silicified sedi-
mentary rocks (cherts), separated by up to 2 km-thick units of doleritic
and pillowed komatiitic basalt (Nijman et al., 1998; Van Kranendonk,
2000; Van Kranendonk, 2006; Van Kranendonk et al., 2007; Van Kra-
nendonk et al., 2008). The uppermost chert unit comprises millimetre to
centimetre bedded grey-white-black chert and jasper, which is locally
split by post-depositional dolerite sills (Van Kranendonk et al., 2019).
The lowermost chert unit is the fossiliferous chert-barite sequence
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McPhee Formation (c. 3477 + 2 Ma)
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Felsic volcaniclastic tuff (c. 3481 + 3.6 Ma)
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Fig. 1. Location and stratigraphy of the Dresser Formation lower chert-barite sequence. (A) Geological map of the Dresser Formation (modified from Harris et al.,
2009). Dashed red line - Dresser Formation lower chert-barite sequence (DFc1). (B) Generalized stratigraphy of the four assemblages comprising DFc1; Al - a variety
of cherty metasediments, volcaniclastic conglomerate + stromatolites; A2 - a variety of grey-black-white-jaspilitic cherts, carbonate-chert couplets with evaporative
aragonite rosette casts (‘zebra rock’), volcaniclastics, and hot spring geyserite and terracettes linked with a variety of biosignatures; A3 - jaspilitic chert, and; A4 - fine
to coarse-grained green, basaltic volcaniclastics. Composite age data from Thorpe (1992), Van Kranendonk (2006), and Van Kranendonk et al. (2002, 2008) . (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(hereafter, DFc1), formally termed the North Pole Chert Member. Well-
documented to contain various biosignatures including stromatolites
(see Section 1.2), DFc1 is the focus of this study.

DFcl is 1 — 288 m-thick, composed of metasedimentary units cross-
cut by a network of syngenetic hydrothermal chert-barite veins (Nij-
man et al., 1998; Van Kranendonk et al., 2019). Four distinct lithos-
tratigraphic assemblages (A1-A4) are inferred to reflect the evolution of
a low-eruptive, volcanic-hydrothermal caldera setting (Van Kranendonk
et al., 2019; Djokic et al., 2021). Al contains cherty metasedimentary
rocks including localized jaspilitic chert interpreted as a restricted
terrestrial basin (Johnson et al., 2022a; Johnson et al., 2022b), felsic
volcaniclastic conglomerate-sandstone-siltstone, and minor stromato-
litic clasts in volcanic breccia. A2 contains grey-black-white-jaspilitic
chert, carbonate-chert couplets with evaporative aragonite crystal
casts (Van Kranendonk et al., 2003; Van Kranendonk et al., 2008;
Otalora et al., 2018), volcaniclastic rocks, stromatolites displaying sul-
fidized and non-sulfidized compositions, and hot spring geyserite and
terracettes linked with a variety of biosignatures. A3 contains deep
marine jaspilitic chert (Johnson et al., 2022a; Johnson et al., 2022b). A4
consists of basaltic volcaniclastic sandstone and siltstone and local len-
ses of deep marine jaspilitic chert.

1.2. Biosignature preservation

Compared to sites of similar age, DFc1 has good exposure and di-
versity of interpreted biosignatures. Stromatolite forms include domical,
conical, wrinkly or wavy, stratiform, nodular, and columnar (Walter
et al., 1980; Buick and Dunlop, 1990; Nijman et al., 1998; Van Kra-
nendonk, 2011; Djokic et al., 2021). The independent growth of these
structures with respect to shallow water sedimentation and resemblance
to younger stromatolites supports their biogenic origin (Walter et al.,

1980; Van Kranendonk, 2006; Van Kranendonk, 2011; Van Kranendonk
et al., 2019). Biological activity is also supported by microtextural,
geochemical, and isotopic data. Sulfidized (pyrite) stromatolites from
unweathered drillcore preserve organic matter (OM) strands and fila-
ments, and a carbon isotopic signature indicative of biological matter
(613COM = —29.6%0 + 0.3%0) (Baumgartner et al., 2019). They also
preserve cyclic concentrations of transition metals and metalloids that
are known to bind to OM and are indicative of biochemical processes
(Baumgartner et al., 2020c). Putative carbonaceous microfossils, many
showing !3Coy values indicative of biological fractionation, are
observed within both bedded chert and hydrothermal chert veins
(Dunlop et al., 1978; Ueno et al., 2001a; Ueno et al., 2001b; Ueno et al.,
2004; Glikson et al., 2008; Morag et al., 2016). Methane in fluid in-
clusions from syn-depositional hydrothermal veins is used to argue for
methanogenesis (Ueno et al., 2006). Kerogen from hydrothermal veins
displays 613CTOC (—32.8 + 0.3 %o) and stable carbon isotopic composi-
tions (—29.4 to —33.3 %o) of short-chain n-alkanes, which together
indicate biological organic matter (Duda et al., 2018). Multiple sulfur
isotope analyses (AS%3 and §S%2) from barite (sulfate) and disseminated
microscopic pyrite (sulfide) indicate either microbial cycling of
elemental sulfur and/or microbial sulfate reduction (Shen et al., 2001;
Philippot et al., 2007; Shen et al., 2009; Baumgartner et al., 2020a).
Of course, researchers have long questioned biological evidence of
this antiquity. For example, stromatolites are suggested as abiogenic
crusts (Lowe, 1994; McLoughlin et al., 2008). Microfossils are suggested
as mineral artifacts or volcanic glass vesicles (Brasier et al., 2002, 2015,
Wacey et al., 2015, 2018). Negative 813C values are considered the
product of abiological Fischer-Tropsch-Type (FTT) synthesis (Brasier
et al., 2004; van Zuilen, 2019). Alternative abiogenic origins for sulfur
isotopic fractionation include photochemical reactions (Muller et al.,
2016; Liu et al., 2021) or hydrothermal fluid circulation through
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sediment — though the micro-scale heterogeneity of sulfur isotopes is
noted as more consistent with sulfate-reducing bacteria (Wacey et al.,
2015). Despite the abiological alternatives, the sheer volume and di-
versity of inferred biosignatures in DFcl strongly supports its prior
existence.

2. Origin of REE + Y in chemical sedimentary rocks

Trace and rare earth element analysis can define depositional con-
ditions of Archean chemical sedimentary rocks (Van Kranendonk et al.,
2003; Bolhar et al., 2005; Allwood et al., 2010). They are effective in
discriminating between various types of chemical precipitates because
they fractionate differently as a group under distinct physicochemical
conditions (Cox et al., 1984; Kim et al., 1991; Bolhar et al., 2004;
Johannesson et al., 2005). They can indicate primary fluid compositions
(e.g., marine and hydrothermal) (Van Kranendonk et al., 2003; Bolhar
et al., 2004; Bolhar et al., 2005; Allwood et al., 2010; Uysal et al., 2011;
Bolhar et al., 2015; Hamilton et al., 2019a) and reveal the precursor
composition of altered volcanic rocks and volcaniclastic input (Van
Kranendonk et al., 2003; Brengman and Fedo, 2018). This is important
for identifying silicified or post-depositionally altered seawater and non-
seawater deposits and fingerprinting continental, mantle, and
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hydrothermal input (Elderfield, 1988; Lewis et al., 1998; Kamber et al.,
2005; Brengman and Fedo, 2018).

Chemically precipitated rocks form from seawater or freshwater, as
carbonates or sulfates (referred to as hydrogenous sediments), but also
form hydrothermal deposits including submarine chimney vents,
bedded cherts, subaerial sinter, and hydrothermal veins (Buick and
Dunlop, 1990; Allwood et al., 2010; Uysal et al., 2011; Hofmann et al.,
2013; Feng et al., 2014; Dekov et al., 2015). Below we provide a sum-
mary of REE + Y characteristics in marine versus hydrothermal
precipitates.

2.1. Marine versus hydrothermal precipitates

Modern and ancient marine carbonates can reliably record REE + Y
compositions that reflect conditions and processes at the time of pre-
cipitation (Webb and Kamber, 2000; Kamber and Webb, 2001). REE + Y
in marine precipitates are influenced by terrestrial weathering, hydro-
thermal input, and particle-solution interactions — such as particle
scavenging that removes REEs from solution (De Baar et al., 1985) —
related to salinity, water depth, and redox (Goldberg, 1954; Elderfield,
1988; Piepgras and Jacobsen, 1992; Bertram and Elderfield, 1993;
Greaves et al., 1999). When normalized to crustal proxies i.e., estimates
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Fig. 2. REE + Y patterns of seawater versus hydrothermal precipitates. (A-B) MUQ- and chondrite-normalized REE + Y of a modern seawater carbonate (Modern
microbialite) from Heron Island (Webb and Kamber, 2000: Table 1, sample H-1 m), Archean stromatolitic carbonate (SPC) from the c. 3.43 Ga Strelley Pool For-
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of REE + Y in average continental crust represented by shale — PAAS or
MUQ (McLennan, 1989; Kamber et al., 2005), the REE + Y of modern
seawater precipitates are characterized by the following (Fig. 2A-B)
(Webb and Kamber, 2000):

e Depletion of light-mid REE (LREE — MREE) relative to heavy REE
(HREE) (Lee and Byrne, 1992; Sholkovitz et al., 1994)

e A positive lanthanum (La) anomaly (Bau and Dulski, 1996)

e Small gadolinium (Gd) and erbium (Er) anomalies (Alibert and
McCulloch, 1993; Bau and Dulski, 1996)

e A strong positive yttrium (Y) anomaly (Bau, 1996; Nozaki et al.,
1997)

e A negative Ce anomaly (typical of oxic conditions) (Tostevin et al.,
2016)

Ancient carbonates also display these REE + Y features but lack Ce
anomalies and exhibit positive europium (Eu) anomalies due to anoxic,
hydrothermal conditions inferred during the Archean. For an extended
review of the origin of these REE + Y characteristics see Supp. Data 1.

In contrast, the REE + Y composition of hydrothermal precipitates
(submarine and subaerial sinters) reflect the igneous host rocks through
which the hydrothermal fluids circulated (Fig. 2C-D) (Sveinbjornsdottir
et al., 1986; Lewis et al., 1997; Lewis et al., 1998; Douville et al., 1999;
McCarthy et al., 2005; Wood, 2006; Bao et al., 2008; Dekov et al., 2015).
Submarine hydrothermal deposits reflect the interaction of seawater
with oceanic basaltic crust and high-temperature (>300° C) hydro-
thermal fluids (Douville et al., 1999; Dekov et al., 2015). This results in
basaltic igneous REE + Y patterns with inherited seawater features, such
as Y anomalies (Douville et al., 1999; Dekov et al., 2015), and strongly
positive Eu anomalies (Mills and Elderfield, 1995). Subaerial sinters are
derived from meteoric water interaction with continental felsic rocks
with/without input from the magma chamber. These display relatively
flat shale-normalized patterns, and enriched LREE when chondrite-
normalized (Fig. 2C-D) (Lewis et al., 1997; Douville et al., 1999; Feng
et al., 2014). These lower temperature (<250 °C) subaerial sinters
typically lack positive Y and Eu anomalies (Hopf, 1993; Wood, 2006;
Uysal et al., 2011; Djokic et al., 2021: Supp. Fig. 7).

3. Methods
3.1. Mapping, sample collection and petrography

Thirty-one samples were collected during mapping in 2016-2018 of
100 measured stratigraphic sections from the 14 km-long eastern
exposure of DFcl (Djokic et al., 2021: Supp. Fig. 2). Several samples
were collected from laterally and temporally distinct locations to test the
reproducibility of trace element patterns across the studied lithofacies.
Polished and standard thin sections (30 pm-thick) were prepared for
each of the lithofacies studied by Australian Petrographics PTY LTD and
examined using a Nikon Eclipse Ci POL optical light microscope with a
Nikon DS-Vil camera.

3.2. Trace element geochemistry

Trace element concentrations were measured using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) at the School of Earth
Sciences, University of Melbourne. Subsamples were extracted from the
centre of selected hand samples using a diamond-tipped rock saw to
avoid surface contamination encountered during transport and storage.
Samples were either lightly crushed, or in the case of the sinter/geyserite
samples, milled to a powder using a Retches Mixer mill with agate ball
mills. The agate mill was cleaned between each sample by powdering a
small amount of the subsequent sample, which was then blow out with
an air gun before the mill was cleaned with ethanol and dried. Between
140 and 470 mg of samples (25 mg for sinter/geyserite samples) were
digested with an HF-HNO3 (2:1) mixture (4 x Teflon distilled Merck
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analytical reagent grade HF and 2 x quartz distilled Univar analytical
reagent HNOs) in capped Teflon vials on a hotplate overnight at 135 °C,
then evaporated to dryness, refluxed twice with concentrated HNOsg,
then dissolved overnight in dilute HNO3. Double quartz distilled Univar
analytical reagent HNO3 was used. Solutions were transferred to trans-
parent polycarbonate tubes and diluted with 18.2 MQ/cm deionized
water. An aliquot of each solution was further diluted with HNOg3 so-
lution containing an internal standard mixture to give total dilution
factors including ca. 100 and 3500. Note that the lower 1:100 dilution
factor was reserved for Si-rich materials (chert/quartz) to improve
detection limits, while ca. 3500x was used for non-Si-rich samples
(Baldwin et al., 2011). The procedure was based on a visual estimate of
the mass of solids that remained after digestion, informed by previous
experience digesting similar rock types (e.g., Van Kranendonk et al.,
2003). Analytical and drift correction procedures are comprehensively
described in Eggins et al. (1997), and summarised below:

The method uses a natural rock standard for calibration, internal
drift correction using multi-internal standards (Li6, Sr84, 103Rh, 187Re,
and U?%), external drift monitors, and aggressive washout procedures.
Differences in the methods of this study from Eggins et al. (1997) were
applied as follows: 1) 147Sm, 169Tm, 115In, and 2°°Bi were not used as
internal standards as these are analytes; and (2) two digestions of the
USGS standard W-2 were used for instrument calibration. The preferred
concentrations of W-2 were mostly derived by analyzing it against
synthetic standards and a literature survey of isotope dilution analyses
(Kamber et al., 2003; Kamber et al., 2005; Babechuk et al., 2010). Long-
term reproducibility data was captured for BHVO-2 as an unknown
yielding relative standard deviation (%RSD) between 0 and 2% for el-
ements investigated in this study (Supp. Table 2).

Samples were analyzed on an Agilent 7700x ICP-MS, 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% HNOs3, and 2%
HNOs3, and long sample uptake times of 120 s were applied. Samples
with Ba/Eu ratios >4000 were reanalyzed for REE and Y under condi-
tions with a Ba oxide level of 0.019% using dilution gas mode and He
mode with a 2 ml/min He flow to the collision cell.

In this study, analyses of La, Ce, Gd, Y, and Eu anomalies are
measured as follows (Murray et al., 1991; Bau, 1996; Bolhar et al., 2004;
Kamber et al., 2005):

1. Positive La anomalies as La/La* = La/(3Pr — 2Nd) >1

2. Negative Ce anomalies as Ce/Ce* = Ce/(2Pr-1Nd) <1

3. Gd anomalies are calculated using Gd/Gd* = Gd/(2 Tb - 1Dy)
relative to 1, where >1 is positive, and < 1 is negative

4. Y anomalies are based on Y/Ho ratios relative to chondritic values of
~26. Igneous rocks typically display ratios between ~24-34,
whereas marine precipitates are strongly super-chondritic, with high
Y/Ho ratios of ~40-90

5. Positive Eu anomalies are calculated from Eu/Eu* = Eu/(0.5Sm +
0.5Gd) > 1

REE + Y analysis are presented in both Mud of Queensland (MuQ)-
and chondrite-normalized plots based on the rationale that lithofacies in
DFcl have varying input from clastic detritus, the influence of two or
more end-member fluids (marine/terrestrial + hydrothermal), and an
influence from footwall volcanic rocks during hydrothermal fluid cir-
culation. For extended method details regarding normalisation, possible
Eu errors, and data comparison considerations see Supp. Data 1.

4. Results

We present trace and rare earth elements (REE + Y) in 31 whole-rock
samples from 10 DFc1 lithofacies (Figs. 3-10). These include a variety of
“cherts” (senso lato) defined as fine-grained silicified chemical and
clastic sedimentary rocks with poorly preserved precursor sediments
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Fig. 3. DFcl bedded grey-black-white chert and carbonate-chert couplets. (A-J) Bedded grey-black-white chert samples. Six samples display two groups distin-
guished by their REE + Y patterns. (A-D) Group 1 hand sample photographs of REE + Y analysis representative sites (white box): 62.30c; 22S.E; BG.4; BG.6. (E-F)
Group 2 hand sample photographs of REE + Y analysis representative sites (white box): BG.1; BG.5. (G-H) Group 1 representative petrography: G - Hematized
dolomite rhombs (arrow) throughout a microquartz matrix (BG.4). H - Hematized dolomite rhomb cut by chalcedony and microquartz veins (arrow) (BG.6). Scale
bars, 500 pm. xpl. (I-J) Group 2 representative petrography: I - Hematized dolomite rhomb (arrow) and quartz vein (Qv) in a microquartz matrix (BG.5). Scale bar,
100 pm. xpl. J - Sub-rounded and unsorted intraclasts (arrows) set within a very fine-grained (1-100 pm) microquartz matrix (BG.1). Scale bar, 500 pm. ppl. (K) Hand
sample of carbonate-chert couplets (‘zebra rock’) showing representative sites of REE + Y analysis (black boxes FoV, ~5 mm). 62S.1 CO3 - silicified carbonate
(ankerite) layer. 62S.1 Ch — chert layer. The carbonate-chert couplet layers are linked, displaying gradational contacts between carbonate-chert and sharp contacts
between chert-carbonate of the overlying couplet (Van Kranendonk, 2006). (L) Diagenetic crystal casts after aragonite (approx. 3 cm across) interbedded with

partially silicified ankerite layers of the zebra rock.

from the lower two lithostratigraphic assemblages (A1-A2) i.e., bedded
grey-black-white chert, carbonate-chert couplets, flat laminated grey
chert, irregular layered grey chert, massive grey chert, and green-red
cm-bedded chert; hot spring geyserite and sinter terracette deposits
(Djokic et al., 2017: sites 16 N, 1S, and 23S of A2; Djokic et al., 2021);
jaspilitic chert forming A3; and, silicified green volcaniclastic siltstone
from A4. Detailed sample descriptions, location data, and stratigraphic
context are detailed in Supp. Data 1.

4.1. Trace and rare earth element geochemistry
4.1.1. Assemblage 1-2 (A1-A2)

4.1.1.1. Bedded grey-black-white chert (A1-A2). Bedded grey-black-
white chert samples (n = 6) fall into two groups with distinct REE + Y
patterns (Fig. 6; Supp. Table 1). Group 1 samples (TD18-22S.E, 62.30c,
BG.4, BG.6) display (LREE)ymyq depletion (Pr/Yb = avg. 0.17; Nd/Yb =
avg. 0.26), positive La, Gd and Ce anomalies (La/La* = avg. 2.01; Gd/

Gd* = avg. 1.04; Ce/Ce* = avg. 1.26), variable Y anomalies (Y/Ho =
29.2-31.3), and strong positive Eu anomalies (Eu/Eu* = avg. 3.35)
(Fig. 6A). Group 1 display relatively flat (REE)cgon patterns (La/Lu =
avg. 3.2), with slight (LREE)chyon enrichment and strong positive Eu
anomalies (Eu/Eu* = avg. 2.49) (Fig. 6B). In contrast, group 2 samples
(BG.1, BG.5) display convex-upward (REE + Y)myg patterns (Pr/Yb =
avg. 1.15; Nd/Yb = avg. 1.39) with no Y anomaly (Y/Ho = 24.2-27), but
with positive Eu, La, and Gd anomalies (Eu/Eu* = avg. 2.98; La/La* =
avg. 1.83; Gd/Gd* = avg. 1.05) (Fig. 6C). Group 2 displays (LREE)cyon
enrichments (La/Lu = avg. 9.39) with strong positive Eu anomalies (Eu/
Eu* = avg. 2.18) (Fig. 6D). Sample BG.5 has a negative Ceyyq (Ce/Ce*
= 0.55) and negative Cecpyon anomaly.

4.1.1.2. Cm-bedded alternating carbonate-chert couplet unit, ‘zebra rock’
(A2). Carbonate (silicified) and chert samples (n = 2) from the ‘zebra
rock’ unit display (LREE)yyq depletion (Pr/Yb = avg. 0.22; Nd/Yb =
avg. 0.24), positive La, Gd, and Eu anomalies (La/La* = avg. 1.69; Gd/
Gd* = avg. 1.02; Eu/Eu* = avg. 2.07), negative Ce anomalies (Ce/Ce* =
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Fig. 4. DFcl grey bedded cherts. (A-B) Flat laminated, grey-white bedded
chert: A - Outcrop photograph. Scale bar, 3 cm. B - Micrograph displaying
matrix-supported composition with fine-grained, indeterminate grains, shards,
and rhombs. Scale bar, 20 pm. ppl. (C-D) Irregularly layered, grey-white bedded
chert: C - Outcrop of this chert (arrow) interbedded with flat laminated grey
chert (above the stippled line). Tip of shoe for scale. D - Micrograph showing
faint irregular bedding and fine-grained ferruginous material set within
microquartz matrix. Scale bar, 500 pm. ppl. (E-H) Massive grey chert. Micro-
graphs: E - Fine layering with outlines of silicified lath-shaped crystals. Scale
bar, 500 pm. ppl. F - Cross-section of laths showing hexagonal shape. Scale bar,
100 pm. ppl. G — Hematized pyrite. Scale bar, 50 pm. ppl. H - Altered ferro-
magnesian silicate mineral. Scale bar, 50 pm. xpl.

avg. 1.09), and minor positive Y anomalies (Y/Ho = 32.6-34) (Fig. 6E;
Supp. Table 1). The silicified carbonate sample (62S.1 CO3) displays
higher REE contents than the chert sample (62S.1 CH). (REE + Y)cuon
display relatively flat (silicified ankerite: La/Lu = 1.23) to concave-
downward (chert: La/Lu = 2.54) patterns with strong positive Eu
anomalies (Eu/Eu* = avg. 1.54) (Fig. 6F).

4.1.1.3. Flat laminated grey chert (A2). Flat laminated grey chert sam-
ples (TD18-10 N.4, 29S.A4) have weak (LREE)myq depletion (Pr/Yb =
avg. 0.54; Nd/Yb = avg. 0.55), weak positive La anomalies (La/La* =
avg. 1.16), weak or absent Gd (Gd/Gd* = avg. 1.04) and positive Eu
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Fig. 5. DFcl volcaniclastic chert and jaspilitic chert. (A-B) Green-red cm-
bedded chert. A - Hand sample showing fine green and red layering. B -
Micrograph displays rounded and subrounded volcanic grains, some with ve-
sicular basaltic textures. Scale bar, 100 pm. ppl. (C-D) Jaspilitic chert (A3). C -
Outcrop image showing mm to cm bedded opaque to translucent red bedding. D
- Fe-oxide (hematite) rich, faintly rhombic grains within the layering of jaspi-
litic chert. Scale bar, 50 pm. ppl. (E-I) Green volcaniclastic siltstone (A4). E -
Hand sample showing layering cut by mm-thick quartz veins. Micrographs: F -
Fine-grained, clotted opaque minerals set within a microquartz matrix. Scale
bar, 1 mm. ppl. G -Silicified dolomite rhomb (Dm). Scale bar, 10 pm. Ppl. H -
Hematized euhedral pyrite (Py). Scale bar, 50 pm. Ppl. I - Epidote grains (Ep).
Scale bar, 20 pm. xpl. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

anomalies (Eu/Eu* = avg. 2.75), and chondritic to slightly super-
chondritic Y/Ho values (24.8-31.7) (Fig. 7A; Supp. Table 1). (REE +
Y)cuon patterns display enriched (LREE)cyon (La/Lu = avg. 4.23),
positive Eu anomalies (Eu/Eu* = avg. 2.00), and flat (MREE)choN to
(HREE)CHON (Fig. 7B).

Irregularly layered grey chert samples (TD18-10 N.3, TD18-21S.A.2,
BG.7) display (REE + Y)muq patterns with (LREE)yyq enrichment (Pr/
Yb = avg. 2.52; Nd/Yb = avg. 2.93), positive La and Eu anomalies (La/
La* = avg. 1.41; Eu/Eu* = avg. 2.33), weak positive, or absent Gd (Gd/
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Fig. 6. REE and trace elements of DFc1 grey-black-white chert and carbonate-chert couplets. (A-D) REE + Y plots of bedded grey-black-white chert. (A-B) Group 1
samples and an unweathered drill core sample (Rividi, 2010: Appendix 3, sample F92.6cPC) from DFcl are comparable to Archean seawater stromatolitic carbonates
(SPC). (C-D) Group 2 bedded grey-black-white chert samples display hydrothermal patterns comparable to mid-ocean ridge hydrothermal fluids (MORB HT fluid). (E-
F) REE + Y plots of the carbonate-chert couplets (‘zebra rock’). Chert layer - 62S.1 CH. Silicified carbonate (62S.1 CO3) and primary carbonate (Ankerite) samples
(Van Kranendonk et al., 2003) are comparable to Archean seawater carbonates (SPC) but contrast with mid-ocean ridge hydrothermal fluid patterns (MORB HT
fluid). Note the more positive Eu anomaly in the silicified carbonate (62S.1 CO3) compared with the primary carbonate (ankerite), indicating silicification has not
significantly affected the overall REE + Y content in 62S.1 CO3. Plot data references: SPC and Ankerite - Van Kranendonk et al., 2003: Table 1, sample 177882-1/4
and sample 177887, respectively; MORB HT fluid - Douville et al., 1999: Table 3, sample ND17G2, Mg-free end-member.

Gd* = avg. 1.17), and chondritic Y/Ho ratios (25.5-29.9) (Fig. 7C; Supp.
Table 1). (REE + Y)chon patterns exhibit strong LREE enrichment with
steep positive profiles (La/Lu = avg. 32.69) and positive Eu anomalies
(Eu/Eu* = 1.70) (Fig. 7D).

4.1.1.4. Massive grey chert (A2). Massive grey chert samples (BG.2,

BG.8) display relatively flat (REE + Y)wyo patterns with convex-
upward, profiles defined by a positive (LREE)myq slope and a negative
slope across the MREE to HREE (Pr/Yb = 1.26; Nd/Yb = avg. 1.48)
(Fig. 7E; Supp. Table 1). They display positive Eu anomalies (Eu/Eu* =
avg. 1.83), and no La, Ce, Gd or Y anomalies (La/La* = avg. 1.05; Ce/
Ce* = avg. 1.05; Gd/Gd* = avg. 0.98; Y/Ho = avg. 21). (REE + Y)cuon
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Fig. 7. REE and trace elements of DFcl grey cherts and green-red bedded chert. (A-B) Flat laminated, grey-white bedded chert patterns contrast with Archean
seawater carbonate (SPC) patterns but resemble patterns of evolved basalt-dacite suites. (C-D) Irregular layered, grey-white bedded chert samples also contrast with
Archean seawater patterns (SPC) but are comparable to patterns of Archean Tonalite-Trondjemite-Granodiorite (TTG). (E-F) Massive grey cherts contrast with
Archean seawater carbonate (SPC) signatures but have REE + Y that resemble mid-ocean ridge hydrothermal fluid patterns (MORB HT-fluid) and evolved basalt-
dacite. (G-H) Green-red bedded chert is comparable to Archean seawater carbonate (SPC) signatures but resembles some features of relatively unaltered Dresser
Formation basalt. Plot data references: SPC - Van Kranendonk et al., 2003: Table 1, sample 177882-1/4; Basalt-dacite - Hollings and Kerrich, 2000: Table 3, sample
SB95-17; TTG - Martin et al., 2005: Table 1, samples TTG > 3.5 Ga; MORB HT-fluid - Douville et al., 1999: Table 3, sample ND17G2, Mg-free end-member; Dresser
basalt - Van Kranendonk and Pirajno, 2004: Table 1, sample 159638.
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Fig. 8. Dresser hot spring sinters versus Phanerozoic sinters and Si-seafloor chimneys. (A) MUQ- and chondrite-normalized REE + Y of Dresser geyserite
(GEYSERITE-1 and -2) versus a Dresser basalt (Van Kranendonk and Pirajno, 2004: Table 1, sample 159638), grey-white bedded chert (sample TD18-10N.4 -
resembling evolved basalt-dacite suites), and a felsic unit from the Panorama Formation (Panorama Felsic) (Smithies et al., 2019: Table 20.3, sample 179895). X-Y
plots show (B) Y/Ho versus Zr (C) (La/Lu)cuon versus Y/Ho and (D) (La/Lu)cuon versus (Eu/Eu*)cuon for Dresser hot spring deposits (Dresser Geyserite and
Terracettes), Phanerozoic subaerial hot spring sinter deposits including modern-Pleistocene Taupo and Coromandel volcanic zone sinters of New Zealand, modern-
recent sinters from Yellowstone National Park, USA and Devonian sinters from the Drummond Basin, QLD, Australia (Djokic et al., 2021: Supp. Table S1), and Si-rich
seafloor hydrothermal chimney vent deposits (Si-seafloor chimneys) from the East Pacific Rise, 18 S (Dekov et al., 2015: Table 1, samples ND16-08-1, ND16-08-3,
ND16-08-4, ND16-08-5). For seawater value (Y/Ho > 34) and positive Eu anomaly see Bau (1996), Bolhar et al. (2004), Kamber et al. (2005), and Murray

et al. (1991).

patterns display enriched (LREE)cyon over (HREE)chon and small pos-
itive Eu anomalies (Eu/Eu* = avg. 1.33) (Fig. 7F).

4.1.1.5. Green-red bedded chert (A2). Green-red cm-bedded chert sam-
ples (45S.A1, 23S-H1) display (REE + Y)mug patterns with (LREE)mug
depletion (Pr/Yb = avg. 0.14; Nd/Yb = 0.19) and positive La, Eu, and Ce
anomalies (La/La* = avg. 5.57; Eu/Eu* = avg. 1.64; Ce/Ce* = avg.
1.32), weakly positive Gd anomalies (Gd/Gd* = avg. 1.05) and super-
chondritic Y/Ho (29.2-41.7) (Fig. 7G; Supp. Table 1). (REE + Y)cuon
patterns display LREE depletion (La/Lu = 0.92) and positive Eu anom-
alies (Eu/Eu* = avg. 1.29) (Fig. 7H).

4.1.1.6. Dresser hot spring deposits (A2). Dresser geyserite samples
(GEYSERITE-1, GEYSERITE-2) display (REE + Y)cgon patterns with
LREE enrichment (La/Lu = 21.9, 16.5, respectively) (Fig. 8A; Supp.
Table 1). Ce is depleted relative to the neighbouring Pr. A flattening out
over MREE to HREE is observed. Both samples display slight positive Eu
anomalies (Eu/Eu* = 1.117, 1.47). However, an Eu error of up to 20% in
GEYSERITE-1" is possible (see Supp. Data 1 for details). (REE + Y)muo
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patterns are not used in this study, and are documented in Djokic et al.
(2021). Zr values are 16.7 and 23.4.

Dresser sinter terracettes from the base to the top of a single hand
sample (1S.TRCT-1, 1S.TRCT-2, 1S.TRCT.UP.1, respectively) display
(LREE)muq depletion (Pr/Yb = 0.6, 0.91, 0.91; Nd/Yb = 0.64, 0.98,
0.98), a shift to slight positive La anomalies upsection (La/La* = 0.93,
1.08, 1.08), and chondritic Y anomalies (Y/Ho = 26, 25, 28) (Fig. 9A-B;
Supp. Table 1). All samples show absent or weakly depleted Ce anom-
alies (Ce/Ce* = avg. 0.90) and small positive Eu anomalies (Eu/Eu* =
1.35, 1.17%, 1.59%). However, Eu errors of up to 20% may exist in 18.
TRCT-2" and 1S.TRCT.UP.1" (see Supp. Data 1 for details). (REE +
Y)cuon patterns are negatively sloping, with relatively flat HREE and no
Eu anomalies. (LREE)cyon enrichment is less pronounced for sample 18.
TRCT.UP.1 (La/Lu = 4.70) relative to the underlying terracette samples
(La/Lu = avg. 7.62). Zr values range 1.3-5.1.

4.1.2. Assemblage 3 (A3) facies

4.1.2.1. Jaspilitic chert. Jaspilitic chert samples (BG.3, 48S.2, TD18-
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Fig. 9. REE and trace elements of Dresser terracettes versus Phanerozoic sinters and non-marine hydrothermal carbonate sinters. (A-B) REE + Y of Dresser terracettes
show marked contrast with Archean seawater carbonate (SPC - Van Kranendonk et al., 2003: Table 1, 177882-1/4)) and (LREE)cyon enrichment, comparable to mid-
ocean ridge hydrothermal fluids (MOR HT fluid) but lack the strong positive Eu and Y anomalies. (C-D) Dresser terracettes display flat (REE)yuo patterns and
(LREE)chon enrichment broadly comparable to Phanerozoic sinter from the Devonian Drummond Basin of Queensland, Australia (sample 28.2/6/92), the Taupo
Volcanic Zone in New Zealand (sample UMA-SINTER), and Yellowstone National Park in the USA (sample LGB-SC-4-18) (For plot data see Djokic et al., 2021: Supp.
Table S1). (E-F) Comparison of the Dresser terracettes with non-marine hydrothermal carbonates. The lower terracette layers (TRCT-1, TRCT-2) resemble patterns of
an opal, calcite hot spring sinter (Feng et al., 2014: Table 4, sample YBJ-6C). The upper layer (TRCT.UP.1) resembles a low-Mg calcite hot spring sinter (Feng et al.,
2014: Table 4, sample CP-1) and a lacustrine hydrothermal carbonate chimney deposit from Lake Tanganyika (Barrat et al., 1999: Table 4, sample ‘Avg. ext.
wall carbonate’).
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Fig. 10. REE and trace elements of DFcl jaspilitic chert and volcaniclastic chert. (A-D) REE + Y plots of jaspilitic chert (A3) display two groups. (A-B) Group 1
displays mixed seawater-hydrothermal patterns. Seawater features include (LREE)yyq with positive La and Y comparable to Archean seawater carbonates (SPC).
Hydrothermal features include strong positive Eu. Group 1 is also comparable to an unweathered drill core sample of jaspilitic chert (Rividi, 2010: sample, F92.7bj)
but which has less (LREE)yyq fractionation, more flattened chondrite-normalized patterns, and a stronger positive Eu anomaly. (C-D) Group 2 patterns resemble mid-
ocean ridge hydrothermal fluids (MOR HT fluid) but without strong positive Eu and Y anomalies. (E-F) REE + Y plots of Dresser green volcaniclastic siltstone (A4) are
variable, with some seawater-like features (cf. SPC) i.e., (LREE)yqyq depletion, but also with features that resemble relatively unaltered Dresser basalt patterns that
have smooth (LREE)yyq depletion. Dresser volcaniclastic siltstone patterns may therefore be composed of altered basaltic material from the Dresser Formation e.g.,
cf. Dresser altered basalts (Kaolinised basalt) and pyrophyllite-quartz-sericite schistose basalts (Pyrophyllite) from elsewhere in the Pilbara. Plot data references: SPC
- Van Kranendonk et al., 2003: Table 1, sample 177882-1/4; MOR HT fluid - Douville et al., 1999: Table 3, sample ND17G2, Mg-free end-member; Dresser basalt and
Pyrophyllite- Van Kranendonk and Pirajno, 2004: Table 1, sample 159368 and sample 177893, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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14N.1, 1S.JASPER) display two broad groups (Fig. 10A-D; Supp. Fig. 2;
Supp. Table 1). Group 1 (sample BG.3) displays (LREE)yuq depletion
(Pr/Yb = 0.03; Nd/Yb = 0.04), positive La and Eu anomalies (La/La*
2.78; Eu/Eu* = 2.41), weak to absent Gd and Ce anomalies (Gd/Gd* =
1.05; Ce/Ce* = 1.28), and superchondritic Y/Ho ratios (41.2). (REE +
Y)cuon patterns show strong LREE depletion (La/Lu = 0.25) and a
positive Eu anomaly (Eu/Eu* = 2.19).

Group 2 samples (48S.2, TD18-14N.1, 1S.JASPER) have relatively
flat (REE + Y)myq patterns, but with minor LREE enrichment (Pr/Yb =
avg. 3.19; Nd/Yb = avg. 2.61), weakly positive to absent La and Gd
anomalies (La/La* = avg. 1.48; Gd/Gd* = avg. 1.10), chondritic to
weakly superchondritic Y/Ho ratios (26.4-31.8), and positive Eu
anomalies (Eu/Eu* = avg. 4.38). (REE + Y)cnon patterns display strong
LREE enrichment (La/Lu = avg. 45.6) and positive Eu anomalies (Eu/
Eu* = avg. 3.26).

4.1.3. Assemblage 4 (A4) facies

4.1.3.1. Green, silicified volcaniclastic siltstone. Green, silicified volca-
niclastic siltstone samples (41A.1, INW.2, INW.5) display varied REE +
Y patterns (Fig. 10E; Supp. Table 1). Samples 41A.1 and 1NW.2 display
(REE + Y)muq patterns with LREE and MREE depletion relative to HREE
(Pr/Yb = avg. 0.27; Nd/Yb = avg. 0.31), small positive La anomalies
(La/La* = avg. 1.29) and chondritic Y/Ho ratios (~26). Sample 1INW.5
displays minor (LREE)Myq enrichment (Pr/Yb = 1.07; Nd/Yb = 1.31),
no La anomaly (La/La* = 0.97), and subchondritic Y/Ho ratios (~21.9).
(REE + Y)cuon patterns display some variability (Fig. 10F). Sample
1INW.2 displays negative Sm and positive Eu anomalies relative to
neighbouring elements. Sample 41A.1 displays a concave upward
pattern from the HREEs to LREEs and small negative Y. Sample 1INW.5 is
enriched in LREE with a concave up trend from Sm-La. Samples 1INW.2
and 41A.1 have generally flat (REE + Y)chon patterns, whereas sample
1INW.5 displays (LREE)chon enrichment (La/Lu = 4.21).

5. Discussion
5.1. Reliability of REE + Y data

Although the expected behaviour of REE + Y fractionation in modern
depositional environments is relatively well understood, various pre-
and post-depositional processes can alter the REE + Y composition of
ancient rocks. Therefore, we consider factors influencing REE + Y
fractionation, including differential partitioning, crustal contamination,
and post-depositional alteration.

Differential REE + Y partitioning from solution into various mineral
phases can affect the overall REE + Y content. Fe-oxides are known to
readily sorb REE onto their surface, causing sub-chondritic Y/Ho ratios,
even when seawater is enriched with Y (Prakash et al., 2012). REE + Y
partitioning into Fe-oxides and chert (silica) during deposition is ruled
out for all lithofacies studied here, except for Fe-oxides in jasper (see
Section 5.2.2; Jaspilitic chert) (Johnson et al., 2022a; Johnson et al.,
2022b). In most DFc1 lithofacies, Fe-oxides/hydroxides are secondary
mineral phases that result from diagenetic alteration (Van Kranendonk
et al., 2008) or surface oxidative processes e.g., Fe-oxides/hydroxide
pseudomorphs after carbonate or pyrite (Fig. 5H). In this study, the
impact of hematization on REE + Y patterns of altered metacarbonate
rocks appears negligible. Despite containing hematized siderite,
weathered samples compared with their unweathered (drillcore)
equivalents show largely consistent REE + Y patterns (Fig. 6A-B).

“Cherts” represent a large proportion of DFcl units and reflect post-
depositional silicification of precursor sedimentary rocks during hy-
drothermal fluid flow (Buick and Barnes, 1984; Van Kranendonk et al.,
2008). However, some silica may have precipitated directly out of hy-
drothermal solution during sedimentary deposition as amorphous silica
and/or geyserite. There is limited experimental data for REE + Y
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partitioning into amorphous silica from solution, though the following
reasons suggest that this does not affect the overall REE + Y. LREE/
HREE ratios are relatively unaffected during binding of REE to silica at
low pH and low dissolved Si (DSi) of 4 pmol/kg (Akagi, 2013). It is not
known if the high DSi concentrations estimated in Archean oceans
(>1500 pmol/kg) (Siever, 1992; Maliva et al., 2005) would affect REE
fractionation. However, REE + Y patterns of Archean and modern car-
bonates appear unaffected by temporal variations in the ocean Si in-
ventory (e.g., Bolhar et al., 2004). Likewise, REE + Y patterns of
terrestrial siliceous sinters closely mimic those of the basement
(igneous) rocks and geothermal fluids, regardless of Si content in solu-
tion (Fig. 2C-D) (Lewis et al., 1997; Lewis et al., 1998).

As is the case for many deposits of similar age to the Dresser For-
mation, siliciclastic input may be obscured by diagenesis and silicifica-
tion. Studies can use correlations (or anti-correlations) of immobile
elements such as Th, Zr, Hf, and Sc representative of upper continental
crustal components (Bolhar et al., 2004), or Ti/Zr ratios that fall in the
range for igneous rocks to signal crustal ‘contamination’ (Smithies et al.,
2007; Frimmel, 2009). Conversely, hot plate digestion and certain acid
mixtures (2:1 HF-HNO3 sans HCI) can avoid leeching some refractory
minerals (e.g., zircon, chromite, rutile) during analysis that concentrate
these immobile elements. In this work, we opted for the latter to assess
the chemical sedimentary lithofacies in our sample suite.

Post-depositional processes such as high-T and/or reducing hydro-
thermal fluids can cause remobilization of Eu (Bilal, 1991; MacRae et al.,
1992), imprint marine REE + Y on igneous rocks (Brengman and Fedo,
2018 and references therein), and alter LREE contents (e.g., Van Kra-
nendonk and Pirajno, 2004). However, we rule out any significant post-
depositional effects in our study because REE + Y signatures from
samples of the same lithofacies that are separated by hundreds to
thousands of meters exhibit a high degree of reproducibility (Figs. 6, 7,
and 10; Supp. Data 1) (See also stratigraphy published in Djokic et al.,
2021: Supp. Figs. 1 and 2). In addition, samples with petrographic evi-
dence for clastic input yield igneous REE + Y patterns (discussed in
Section 5.2).

5.2. Origin of REE + Y in Dresser lithofacies

Previous lithostratigraphic and geochemical evidence for distinct
contributions from marine, subaerial, hydrothermal, and clastic depo-
sitional environments is supported by the REE + Y profiles of the 10
Dresser lithofacies analyzed here, as discussed below.

5.2.1. Assemblage 1-2

5.2.1.1. Marine carbonate deposition in hydrothermal basin/s (Bedded
grey-black-white chert, A1-A2). Grey-black-white bedded chert display
REE + Y patterns comparable to either mixed seawater-hydrothermal
fluids (Group 1; n = 4) or high-temperature (>300 °C) mid-ocean
ridge hydrothermal fluids (Group 2; n = 2) (Figs. 3A-J and 6A-D;
Supp. Table 1; Supp. Data 1). Group 1 samples contain abundant hem-
atized rhombic carbonate (siderite or ankerite), and their (REE + Y)mug
patterns resemble silicified marine stromatolitic carbonates from the c.
3.43 Ga Strelley Pool Formation, situated geographically nearby DFcl
(Figs. 3G-H and 6A-B; Supp. Table 1). In contrast to the Strelley Pool
carbonates, Group 1 samples display subdued La and Y anomalies, and
more positive Eu anomalies. These features in addition to increased
overall REE contents may be attributed to crustal contamination (cf. Van
Kranendonk et al., 2003; Allwood et al., 2010). These strong positive
(Eu/Eu*)muq anomalies (2.92-4.45) indicate either primary input from
high-temperature hydrothermal fluids (Fig. 6A-B) or later hydrothermal
silicification (Bau and Dulski, 1996). Evidence for hydrothermal quartz
veins cross-cutting rhombic carbonate supports the latter interpretation
(Fig. 3H). However, secondary silicification does not typically produce
such strong Eu anomalies - for example, the silicified carbonate-chert
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couplets in this study have (Eu/Eu*)myg = 1.98-2.15. The slight positive
Ce anomaly in sample TD18-22S.E is attributed to post-depositional
oxidative weathering (e.g., Planavsky et al., 2020) given that un-
weathered bedded grey-black-white chert from drill core lacks this
feature (Fig. 6A-B) (Rividi, 2010).

Group 2 samples display slight (LREE)cyon enrichment and minor
positive Eu, resembling high-temperature (>300 °C) mid-ocean ridge
hydrothermal fluids (Fig. 6C-D; Supp. Table 1; Supp. Data 1) (Douville
etal., 1999). In contrast, (REE + Y)muyq of group 2 samples lack positive
Y and show slight concave upward patterns with positive La and Eu
(Fig. 6C) that may reflect either primary hydrothermal exhalative de-
posits and/or post-depositional hydrothermal alteration. Evidence for
cross-cutting quartz veins at least in part supports the latter interpre-
tation (e.g., Fig. 3I). However, we suggest that (REE + Y)cpon of group 2
samples reflect a strong hydrothermal influence based on their MOR
hydrothermal fluid pattern and positive (Eu/Eu*)yyg anomalies. The
negative Ce anomaly in sample BG.5 is attributed to post-depositional
oxidative weathering (e.g., Planavsky et al., 2020).

In summary, grey-black-white bedded cherts likely reflect the mixing
of seawater with hydrothermal fluid exhalation (e.g., Van Kranendonk
et al., 2003; Bolhar et al., 2005; Allwood et al., 2010) during the
development of near-shore basins adjacent to shallow water and sub-
aerial deposition (Supp. Data 1).

5.2.1.2. Semi-restricted, evaporative marine-hydrothermal basins (Car-
bonate-chert couplets, A2). Carbonate (silicified ankerite)-chert couplet
samples (n = 2; Fig. 3K-L; Supp. Data 1) display REE + Y patterns similar
to Archean stromatolitic seawater carbonates, with slightly depleted
(LREE)myq and positive La, Y, and Eu anomalies (Fig. 6E-F; Supp.
Table 1) (Van Kranendonk et al., 2003; Van Kranendonk et al., 2019).
The increased LREE concentration (Fig. 6E-F) suggest minor crustal
input (Van Kranendonk et al., 2003). The strong positive (Eu/Eu*)yyq
anomaly of 2.07 in the silicified ankerite analyzed here (Fig. 6E-F,
sample 62S.1 CO3; Supp. Table 1) is attributed to Eu remobilization
during post-depositional silicification (Bau and Dulski, 1996). However,
the slightly positive (Eu/Eu*)myq anomaly of 1.26 recorded in a primary
ankerite sample from previous work is attributed to synsedimentary
hydrothermal activity (Van Kranendonk et al., 2003). In combination
with the lithostratigraphic context (i.e., the presence of aragonite crystal
casts, and association with shallow water to subaerial deposits; Supp.
Data 1), the REE + Y data supports deposition in one or more shallow
water, semi-restricted, evaporitic basins (volcanic caldera lakes), where
seawater and hydrothermal fluids intermixed and evaporated to make a
more highly concentrated brine (Van Kranendonk et al., 2003; Otalora
et al., 2018; Van Kranendonk et al., 2019; Djokic et al., 2021).

5.2.1.3. Quiet water marginal-marine(?) facies (Flat laminated grey chert,
A2). Flat laminated grey chert samples (n = 2) have (REE + Y)muq
patterns that resemble those formed from a mix of Archean seawater
carbonates and Late Archean evolved basalt-dacite suites e.g., weak
(LREE)myq depletion with weak positive La and Y anomalies, positive Eu
anomalies (Fig. 7A) (Hollings and Kerrich, 2000), and enriched
(LREE)chonN, flattened (MREE)cyon to (HREE)cyon and positive Eu
anomalies (Fig. 7B; Supp. Table 1). The strong positive Eu likely reflects
either primary in-mixing with hydrothermal fluids or post-depositional
alteration. In combination with the stratigraphic context (association
with other inferred shallow water facies bearing felsic volcaniclastic
input such as massive grey chert; Supp. Data 1), the REE + Y data of flat
laminated grey chert may reflect deposition in quiet water possibly
marginal-marine conditions affected by evolved basaltic-dacitic ash or
detritus in the earlier stages (A1-A2) of the Dresser caldera system.
Indeterminate grains, volcanic ash shards, and siliceous and ferrugi-
nized dolomite (Fig. 4A-B) support input from carbonate and volcani-
clastic sediment.
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5.2.1.4. Shallow-water, intermediate-felsic volcaniclastic facies (Irregular
layered grey chert, A2). Irregular layered grey bedded chert samples (n
= 3) display REE + Y patterns that resemble Archean Tonalite-
Trondjemite-Granodiorite (TTG) e.g., (LREE)wyq enrichment and
strong (LREE)cyon enrichment with steep profiles (Fig. 7C-D; Supp.
Table 1; Supp. Data 1) (Martin et al., 2005). However, these samples
display strong positive Eu anomalies indicating either remobilization of
Eu during silicification (Bau and Dulski, 1996) or hydrothermal input.

Buick (1985) suggested a basaltic origin for the volcaniclastic
component in similar bedded grey-white cherts (lutite), based on the
presence of minor Fe-Ti-Mg mineralogy (sericite-chlorite-anatase-
goethite). However, our data indicate more evolved igneous composi-
tions for the silt-sized grains (Fig. 7C-D). Perhaps a variety of igneous
components entered the sedimentary regime via terrestrial weathering
and/or volcanic infall. We suggest that the REE + Y composition and the
presence of ash reflect input from intermediate to felsic volcaniclastic
material. The very fine grain size, thin bedding, poor sorting, and minor
ripples support deposition in a low-energy, shallow-water environment
(see also Buick, 1985).

5.2.1.5. Evaporite-bearing volcaniclastic facies (Massive grey chert, Al-
A2). Massive grey chert samples (n = 2) display mixed REE + Y pat-
terns, resembling evolved basalt-dacite compositions with (LREE)cyon
enrichment and mid-ocean ridge hydrothermal fluid-type patterns
including a positive Eu anomaly and (LREE)cyon enrichment (Fig. 7E-F;
Supp. Table 1; Supp. Data 1) (Douville et al., 1999). These samples lack
La, Ce, Gd, or Y anomalies characteristic of Archean seawater pre-
cipitates and display distinct (REE + Y)wyg patterns indicative of a
mixed sedimentary composition e.g., positive (LREE)yuyq slope and a
negative slope across the MREE to HREE (Fig. 7E-F). Sediment vari-
ability is supported by a silicified muddy matrix, ferromagnesian sili-
cates, and (pseudo-)hexagonal evaporative crystals (now silicified)
(Fig. 4E-H). Given that the samples are laterally and temporally sepa-
rated but share similar patterns (Fig. 7E-F), the silicified diagenetic
crystal laths (Fig. 3E-F) and accessory minerals (constituting <10% in
total) (Fig. 3G-H) do not likely affect the overall REE + Y patterns.
Massive grey chert has previously been described as gypsum-bearing
siltstone with a fine-grained basaltic mud matrix similar to other grey
bedded cherts (Buick, 1985: ‘gypsiferous lutite’). However, the evolved
basalt-dacite REE + Y profiles of massive grey chert are distinct from
other grey bedded chert units (Fig. 7A-D) and Dresser basalts (see
Fig. 7G-H). Rather, massive grey chert likely reflects quiet, shallow
water deposition of evolved-basaltic mud with periods of evaporite
deposition. Evaporative crystal-bearing layers (1-5 mm) interbedded
with crystal-free layers (Fig. 4E) suggest local fluctuations in water
chemistry driven by evaporation and thus shallow water conditions.
This unit is interlayered with other low-energy, shallow water, or mar-
ginal marine facies (bedded grey cherts, stromatolites; Supp. Data 1).

5.2.1.6. Channelized mafic-volcaniclastic facies influenced by seawater
(Green-red cm-bedded chert, A2). Green-red cm-bedded chert samples (n
= 2) resemble a mix of Dresser basalt and seawater carbonate REE + Y
patterns e.g., (LREE)yuq depletion with variable La, Y, and Eu (Fig. 7G-
H; Supp. Table 1; Supp. Data 1). These findings support previous work
that described this unit as a basaltic wacke containing a silty volcanic
ash matrix that has been silicified by circulating marine fluids (Buick,
1985). Seawater REE + Y features may be due to: 1. post-depositional
alteration of the parent basaltic sediment via hydrothermal circulation
(e.g., Brengman and Fedo, 2018) prior to reworking and transport into
the sedimentary environment, or 2. Deposition within a mixed silici-
clastic-carbonate (i.e., calc-silicate) environment (Olivier and Boyet,
2006). However, there is a lack of textural evidence for carbonate.
Cross and flat laminated beds indicative of meandering or braided
rivers have been observed in this unit but were discounted as being of
fluvial origin based on the absence of other recognized channelized
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deposits (Buick, 1985). Recent work, however, has demonstrated the
presence of channelized edgewise and pebble conglomerates inter-
bedded with green-red cm-bedded chert (Djokic et al., 2021). Collec-
tively, these observations may indicate that green-red cm-bedded chert
represents a fluvial deposit influenced by seawater pre- or during
deposition, though this is not conclusive.

5.2.1.7. Subaerial hot spring sinter facies (Dresser geyserite and sinter
terracettes, A2). Dresser Geyserite: Previous work demonstrated that the
context, texture, and geochemistry (including REE + Y) of Dresser
geyserite closely resemble Phanerozoic-Modern hot spring deposits
(Djokic et al., 2017; Djokic et al., 2021: Fig. 8) that precipitate from
relatively low temperature terrestrial geothermal fluids (<250 °C at
depth and ~ 120 °C at the surface) derived from meteoric + magmatic
water-bedrock interaction (e.g., Harris et al., 2009; Campbell et al.,
2015). Data presented here for Dresser geyserite (n = 2) supports this
interpretation and indicates the composition of the bedrock.

A terrestrial origin of Dresser geyserite is supported by non-marine
Y/Ho values (<34) and relatively high Zr values (16-23) (Fig. 8B)
(Djokic et al., 2021: Supp. Fig. 1). Felsic igneous rocks common in
terrestrial settings are enriched in Zr relative to mafic igneous rocks,
which is reflected in associated sedimentary rocks (Mielke, 1979). In
contrast, high Y/Ho and low Zr in deep-sea hydrothermal Si-chimneys
reflect marine, mafic-rock-hosted depositional settings (Fig. 8B)
(Dekov et al., 2015). A correlation between terrestrial hot spring de-
posits and Dresser geyserite is further supported by their shared
non-marine Y/Ho (< 34) and (La/Lu)cyon (Fig. 8C). Terrestrial sinters
exhibit chondritic to sub-chondritic Y/Ho ratios (~24-34) reflecting the
igneous host rock (Fig. 2) (McDonough and Sun, 1995). This is in
contrast to deep-sea Si-chimneys that display high Y/Ho and relatively
low La/Lu values consistent with marine origins (Dekov et al., 2015).

Precipitation of Dresser geyserite from low-temperature fluids is
supported by low (Eu/Eu*)cyon values and relatively enriched
(LREE)cuon consistent with Phanerozoic sinters that form from low-
temperature hydrothermal fluids (<250 °C) (Fig. 8D). In contrast,
deep-sea Si-chimney deposits display strong positive Eu and low La/Lu
values that form within high-temperature (>300 °C), marine conditions
(Dekov et al., 2015). Possibly, the relatively lower temperatures
(<250 °C) or lower water-to-rock ratio of terrestrial hydrothermal set-
tings may result in less feldspar breakdown and Eu mobilization; tem-
perature and pH rather than bedrock composition may influence this
REE behaviour (Michard, 1989).

Given the origin of Dresser geyserite as a terrestrial geothermal
sinter, its REE + Y patterns should reflect its igneous host rocks (Fig. 2)
(Hopf, 1993; Christiansen, 2001). For example, New Zealand and Yel-
lowstone National Park sinters display negative Eu anomalies consistent
with their rhyolitic host rocks, whereas Drummond Basin sinters have no
Eu anomalies and variable Ce and Y that reflect predicted intermediate-
felsic volcanic bedrock (Fig. 2) (Ewers et al., 1992; e.g., Christiansen,
2001; Wilson and Rowland, 2016; Djokic et al., 2021).

Compared to relatively unaltered basalts from the Dresser Formation
(Van Kranendonk and Pirajno, 2004: Table 1, sample 159638) the
Dresser geyserite has highly fractionated (LREE)chon (La/Lu = avg.
19.2) (Fig. 8). These patterns reflect more evolved felsic compositions e.
g., Archean Panorama Formation rhyolite (Smithies et al., 2019:
Table 20.3, sample 179895). Indeed, the local presence of evolved
igneous components in DFcl is supported by felsic volcaniclastic units
throughout Al and A2 (e.g., Fig. 7A-F) (Van Kranendonk et al., 2008)
and high p values (?%8y,/2%4pb) of 9.45 from Pb in barite (Thorpe, 1992).
However, Dresser geyserite has more strongly fractionated LREE than
any known felsic source from the Archean Warrawoona Group of the
Pilbara Craton (Fig. 8) (Smithies et al., 2019). A possible explanation is
the extreme advanced argillic alteration of DFc1 footwall basalts, which
could have driven preferential breakdown of feldspars and thus
enrichment of LREE into circulating geothermal fluids (Van Kranendonk
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and Pirajno, 2004; Caruso et al., 2021; Caruso et al., 2023).

Dresser Terracettes: REE + Y patterns of Dresser terracettes lack ma-
rine (positive Y and La, depleted LREEyyg) or high temperature
(>300 °C) hydrothermal fluid patterns (positive Eu) (Fig. 9; Supp.
Table 1). Indeed, these patterns are remarkably flat (REE)myg and only
show slight (LREE)cyon enrichments, suggesting a source rock compo-
sition that is basaltic to slightly intermediate composition. However, a
subdued seawater pattern appears in the uppermost layer based on
minor LREE depletion and weak positive La.

The terracette REE + Y patterns in combination with Y/Ho versus Zr,
(La/Lu)chon versus Y/Ho, and (La/Lu)chon versus (Eu/Eu*)chon ratios
are consistent with a low-temperature, non-marine origin (Fig. 8B-D).
The Dresser terracettes broadly compare to Phanerozoic sinters i.e.,
generally flat (REE)myq and enriched (LREE)chon patterns, minor var-
iable Ce and Eu anomalies, and chondritic Y (Fig. 9C-D; Supp. Table 1).
However, they more closely resemble opal-calcite hot spring sinter de-
posits i.e., flat (REE)mug and (LREE)chon enriched REE + Y patterns
(Fig. 9E-F) (Feng et al., 2014). REE + Y patterns of the lower terracette
layers (TRCT-1 and TRCT-2) most closely resemble that of an opal-
calcite hot spring sinter (Feng et al., 2014: Table 4, sample YBJ-6C),
whereas the upper terracette layer (TRCT.UP.1) resembles a low-Mg
calcite hot spring sinter from the Tibetan Plateau, China (Feng et al.,
2014) and hydrothermal lake carbonate chimneys from Lake Tanga-
nyika of East Africa (Fig. 9E-F) (Barrat et al., 1999).

Minor differences between the upper terracette layer and hydro-
thermal carbonates include variable Ce, Gd and Y. REE + Y variability
among hydrothermal carbonates is common (Barrat et al., 1999; Dekov
etal., 2014; Feng et al., 2014). In the case of subaerial carbonate sinters,
this variability can be attributed to complexation driven by factors such
as salinity (e.g., Feng et al., 2014). The only other difference is the
variable Eu (Fig. 9G-H). The small positive Eu in the upper terracette
layer might be attributed to water-rock interaction causing preferential
dissolution of feldspar, which can occur for subaerial sinters (Feng et al.,
2014). However, an analytical artifact cannot be excluded (see section
on Eu errors in Supp. Data 1).

These findings suggest that the Dresser Terracettes could have
formed as either siliceous sinter or a non-marine, thermogene carbonate
(travertine). A comparison with modern hot spring travertine is not
possible due to a lack of REE + Y data on these types of deposits as
pointed out by Teboul et al. (2016). The association of siliceous geyserite
and terracettes may be explained by a fluctuating hot spring environ-
ment. Mixed silica-carbonate hot spring deposits can form on the
macroscale and microscale driven by either fluctuating lake levels or
precipitation e.g., Lake Bogoria, Kenya (Renaut and Jones, 1997) and
the intertidal vent springs of Bahia Concepcién Bay, Mexico (Canet et al.,
2005), or the microchemical conditions e.g., Pavlova spring, Ngata-
mariki, New Zealand (Campbell et al., 2002).

REE + Y in hot spring sinter deposits vary widely across terrains and
between pools due to bedrock composition, temperature, pH and Eh,
sulfate concentration, and the levels of chloride, fluoride, and calcium in
low salinity waters (White et al., 1964; Walter, 1976; Michard, 1989;
Lewis et al., 1997; Lewis et al., 1998; Fouke et al., 2000; Guidry and
Chafetz, 2003; Uysal et al., 2011), as well as microbial activity (Feng
et al.,, 2014). This leads to distinct REE + Y compositions among
different hydrothermal deposit types and between different geograph-
ical areas that otherwise contain similar hydrothermal settings e.g.,
Yellowstone National Park, USA versus New Zealand (Djokic et al.,
2021: Supp. Fig. 7). This same variability has been observed for DFc1
hot spring deposits.

5.2.2. Assemblage 3: Deep water iron-carbonate facies (jaspilitic chert)
Jaspilitic chert displays two groups of REE + Y patterns (Fig. 10A-D).
Group 1 (sample BG.3) displays mixed seawater-hydrothermal patterns
e.g., (LREE)yyq with positive La, Y, and Eu anomalies. This matches the
pattern of unweathered jaspilitic chert from drill core (Rividi, 2010:
sample, F92.7bj), although (LREE)myq is relatively more depleted in our
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group 1 sample (Fig. 10A; Supp. Data 2; Supp. Table 1). Group 1 REE +Y
data aligns with previous work that indicated a high-salinity end-
member of jasper that reflects a marine source (Van Kranendonk et al.,
2003; Bolhar et al., 2005; Djokic, 2015; Johnson et al., 2022a; Johnson
et al., 2022b). The sub-micron crystals preserved within A3 jasper
represent near-primary hematite (Fe-isotope and trace element data),
although a detailed study of the iron isotopic composition of this unit
indicated the primary iron-bearing phase was originally siderite, with
the hematite having formed during early diagenesis (Johnson et al.,
2022a; Johnson et al., 2022b).

Group 2 sample 1S.JASPER more closely resembles mid-ocean ridge
hydrothermal fluids (Fig. 10C-D), whereas sample TD18.14N.1 aligns
with previous work that indicated a contribution from a low-
temperature hydrothermal fluid source interacting with more evolved
volcanic rocks (Johnson et al., 2022a). The results from sample 1S.
JASPER contrasts with previous work, which indicated a seawater pro-
file (Johnson et al., 2022a). In this and previous work, sample 1S.
JASPER was collected from a ~ 0.5 m-thick, laterally restricted unit
(several meters) of jasper directly overlying subaerial hot spring
geyserite and terracettes at site 1S (Fig. 11) (Djokic et al., 2017; Djokic
et al., 2021). The contrasting REE + Y results may represent differences
in the subsampling of the 1S.JASPER unit and could reflect a hydro-
thermal end-member or a variation in fluid sources during deposition.

A3 jaspilitic chert ranges 50 cm to several meters thick and is var-
iably interbedded with marine carbonate facies (grey-white-black
bedded chert; Section 5.2.1), shallow water, evaporite-bearing volca-
niclastic facies (massive grey chert; Section 5.2.1), and channelized
volcaniclastic facies (green-red bedded chert, A2) (Supp Data 1). Across
DFcl, A3 jaspilitic chert is overlain by green volcaniclastic sandstone of
A4. Deposition of A3 jaspilitic chert is thought to have occurred during
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times of subsidence, developing quiescent marine-hydrothermal basins
during the later stages of the Dresser caldera system.

5.2.3. Assemblage 4: Deep water mafic-volcaniclasitc facies (green
volcaniclastic silstone)

Green volcaniclastic siltstone samples INW.2 and 41A.1 have REE +
Y patterns that resemble unaltered and more strongly (advanced argillic-
)altered Dresser basalt (Fig. 10E-F; Supp. Table 1; Supp. Data 1) (Van
Kranendonk and Pirajno, 2004). Hydrothermal alteration of a basaltic
igneous source is supported by epidote grains (Fig. 5E-I; Supp. Data 1).
Sample INW.5 resembles pyropyhillite-quartz-sericite altered basalt
from the slightly younger (c. 3.4 Ga) Strelley Pool Formation (Van
Kranendonk and Pirajno, 2004). The positive Eu anomaly in these
samples may reflect components of the depositional environment and/
or later silicification (e.g., Brengman and Fedo, 2018). The green vol-
caniclastic siltstone of A4 lies atop thick (10s-100s of meters) sections of
green volcaniclastic pebble-cobble conglomerate and sandstone.
Collectively, these units reflect the effects of rapid caldera collapse and
infill by basaltic volcaniclastics (Supp Data 1) (Van Kranendonk, 2006;
Van Kranendonk et al., 2019).

5.3. Temporal REE + Y variations in DFc1 stratigraphy

Three stratigraphic profiles enhanced by REE + Y data across the
lateral extent of DFcl illustrate a shallowing-upward transition
(regressive sequence tract) from a submarine (i.e., footwall pillow basalt
and A1l marine bedded cherts), to subaerial exposure (A2), followed by a
deepening-upwards transition (transgressive sequence tract) back to
submarine conditions (A3-A4) (Figs. 11 and 12).

The ‘geyserite discovery’ locality (16 N) preserves the transition
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Fig. 11. Lithostratigraphy showing marine-terrestrial-marine transition up section within DFcl. (A) Section 16 N (The geyserite discovery locality) shows the
transition from marine conditions (e.g., A1 bedded grey-black-white bedded chert) through to fluviolacustrine and subaerial hot spring development (e.g., A2
carbonate-chert couplets, hot spring geyserite/terracettes, and channelized deposits), and then back to marine conditions (e.g., A3 jaspilitic chert)(Fig. 11). (B)
Section 1S (the barite curl locality) preserves the transition from subaerial hot springs of A2 (e.g., Fe-rich shrub-like microbialites, geyserite, and sinter terracettes) to
deeper water A3 jaspilitic chert. (C) Section 23S (The stromatolite creek locality) displays similar A1-A2 stratigraphy of section 16 N and is overlain by A4 vol-
caniclastic sandstone. These sections and their corresponding localities are detailed in Djokic et al., 2021.
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Fig. 12. Four-stage model illustrating the rise and fall of a low-eruptive volcanic caldera complex during deposition of DFc1 linked with REE + Y. (A) Representative
REE + Y for precipitated rocks in assemblages 1-3 (A1-A3), and mafic volcaniclastic signatures of assemblage 4 (A4). (B) Stage 1: Initial crustal uplift caused by
magmatic inflation. Deposition of deep-water sediments, intermediate-felsic ashes, breccias, and stromatolites during syngenetic emplacement of hydrothermal chert-
barite veins. Stage 2: Nested calderas emerged above sea level allowing the formation of semi-restricted volcanic lakes, subaerial hot springs, and microbial com-
munities. Stage 3: Subsiding calderas, allowed the inundation of seawater into hydrothermal caldera basins and the deposition of jaspilitic chert. Stage 4: Final
caldera collapse caused by deflation of the underlying magma chamber. Erosion of caldera rocks (dominantly basalt) filling in basins.

from marine conditions (Al bedded grey-black-white bedded chert)
through to evaporative, hydrothermally-charged marine caldera lakes
(A2 carbonate-chert couplets), to subaerial hot spring development and
fluvial conditions (A2 geyserite and channelized deposits), and then
back to deep water marine conditions (A3 jaspilitic chert) (Fig. 11A).
The barite curl locality (1S) preserves the transition from subaerial hot
springs of A2 (Fe-rich shrub-like microbialites, geyserite, and sinter
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terracettes: Djokic et al., 2017; Djokic et al., 2021) to deep marine
conditions (A3 jaspilitic chert) (Fig. 11B). The ‘stromatolite creek’ lo-
cality (23S) displays the same A1-A2 stratigraphy of the geyserite lo-
cality (16 N), though is overlain by A4 basaltic conglomerate-sandstone-
siltstone reflecting a transition from subaerial hot spring deposits to
caldera collapse and basin infill (Fig. 11C; Fig. 12) (Van Kranendonk
et al., 2008; Djokic, 2015).
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This regression-transgression cycle, supplemented by REE + Y sig-
natures, reflect changing fluid sources (marine, terrestrial, and/or low-
high temperature hydrothermal) accompanying an evolving deposi-
tional environment (Fig. 12). These changes are interpreted to reflect a
rise and fall of the crust relative to sea level (not sea level change),
related to magmatic inflation (regression) and deflation (transgression)
of the local land surface, during the evolution of a caldera system
(Fig. 12) (Van Kranendonk, 2006; Van Kranendonk et al., 2008; Van
Kranendonk et al., 2019 and references therein; Tadbiri and Van Kra-
nendonk, 2020; Djokic et al., 2021).

Volcanic calderas may be marine, lacustrine, or terrestrial (subaer-
ial) and consist of one or several (nested) calderas (Cole et al., 2005;
Benson et al., 2017). Although Phanerozoic calderas commonly occur in
extensional rift settings and produce peralkaline igneous rocks, they are
known in basaltic settings on Earth and Mars (Cole et al., 2005; Wilson
and Rowland, 2016). Calderas experience faulting and/or eruptive
events, and low to high volumes of hydrothermal fluids including mixes
of seawater, meteoric water, and/or magmatic fluids (Cole et al., 2005;
Pirajno, 2009). Emergent/subaerial caldera basins can be distant from
the sea such as Yellowstone National Park (Hurwitz and Lowenstern,
2014), or within volcanic islands restricted from, and/or open on one
side to marine conditions such as the volcanic island of Niuafo‘ou, Tonga
(Kremer et al., 2012) and Satonda Crater Lake, Indonesia (Kempe and
Kazmierczak, 1993). Microbial communities (including stromatolites)
thrive in volcanic caldera lakes and geothermal fields despite the vola-
tility of these settings (Kempe and Kazmierczak, 1993; Kazmierczak and
Kempe, 2006; Hurwitz and Lowenstern, 2014). Eruptions, ground-level
inflation/collapse cycles, erosion, and faulting make calderas highly
active depositional environments, resulting in complex structural
collapse centers and rapid changes in the elevation of the caldera floor i.
e., so-called piecemeal calderas (Cole et al., 2005). All of these criteria
are present in DFcl, explaining its abruptly changing stratigraphy,
abundant hydrothermal deposits, active growth faults, and variable REE
+ Y data (Fig. 12) (Nijman et al., 1998; Van Kranendonk and Pirajno,
2004; Van Kranendonk, 2006; Van Kranendonk et al., 2008; Van Kra-
nendonk et al., 2019).

5.4. Evolution of the Dresser Formation volcanic caldera complex

REE + Y analyses presented here support deposition of DFc1 in four
distinct caldera stages reflecting assemblages 1-4 (A-A4) (Fig. 12; Supp.
Data 1; Djokic et al., 2021). These include the rise of a low-eruptive
volcanic caldera, leading to felsic volcanism, crustal inflation, shallow
water environments and stromatolites (stage 1); the development of
emergent crust with widespread geothermal fields and volcanic lakes
inhabited by microbial life (stage 2), iron-rich marine-hydrothermal
basins (stage 3), and the final collapse of the Dresser caldera complex
(stage 4) (Van Kranendonk, 2006; Van Kranendonk et al., 2008; Djokic
et al., 2017; Van Kranendonk et al., 2019; Djokic et al., 2021; Johnson
et al., 2022a; Johnson et al., 2022b). DFcl may have deposited within a
13 + 2 My period based on relative age dates of the underlying c. 3490
Ma North Star Basalt and overlying c. 3477 + 2 Ma Duffer Formation
(Thorpe, 1992; Van Kranendonk et al., 2002; Van Kranendonk, 2006;
Van Kranendonk et al., 2008). This age range is comparable to Yel-
lowstone National Park’s volcanic lifespan (17 Ma), with individual
calderas spanning ~1-3 million years, contributing to a complex
volcanic-hydrothermal stratigraphy (Christiansen, 2001; Pierce and
Morgan, 2009; Camp and Wells, 2021).

5.4.1. Stage 1: The rise of a low-eruptive volcanic caldera complex

The transition from basalt deposition to fossiliferous, chemical, and
volcaniclastic sedimentary rocks of DFcl was likely driven by crustal
uplift, relative to sea level (Fig. 12: Stage 1), with evidence for a felsic-
differentiated magmatic chamber (felsic tuffaceous rocks, Al & A2)
(Van Kranendonk et al., 2008; Djokic, 2015; Djokic et al., 2021). A low-
eruptive piecemeal volcanic caldera accompanied extensive

18

Chemical Geology 644 (2024) 121865

hydrothermal fluid flow (Nijman et al., 1998; Van Kranendonk, 2006;
Van Kranendonk et al., 2008) through conjugate fracturing of the foot-
wall (Tadbiri, 2018; Tadbiri and Van Kranendonk, 2020). This produced
a complex stratigraphy of marine to shallow water deposits and volca-
niclastic sedimentation including felsic volcaniclastic rocks, bedded
grey-black-white chert, sandstone, and chert-barite breccia including
stromatolites (Van Kranendonk et al., 2008; Djokic, 2020).

Although there is no clear evidence of subaerial deposits, the pres-
ence of local boulder conglomerate with jaspilitic chert, barite, and
stromatolites in a felsic volcaniclastic matrix attests to the early onset of
volcanic-hydrothermal processes and shallow-water environments.
Notably, minor bedded jasper horizons indicate low-salinity terrestrial
hydrothermal basins occurred during this time (Johnson et al., 2022a;
Johnson et al., 2022b).

5.4.2. Stage 2: Shallow water conditions, volcanic lakes, stromatolites, and
widespread geothermal field/s

This stage marks the establishment of a caldera complex with vol-
canic lakes, widespread geothermal field/s and diverse microbial com-
munities (Fig. 12: Stage 2). The discontinuous, widespread distribution
of the carbonate-chert unit (‘zebra rock’) associated with strongly sul-
fidized stromatolites implies shallow, wave-rippled volcanic lake
shorelines were colonized by microbial communities (Van Kranendonk
et al., 2008; Baumgartner et al., 2020a). Sulfide precipitation is known
to occur in anoxygenic phototrophic hydrothermal microbial mats
within Yellowstone National Park (Havig and Hamilton, 2019).

Geysers and hot spring pools/terraces formed alongside fluvial set-
tings (channelized conglomerates interbedded with cross and flat
laminated basaltic wacke i.e., green-red bedded chert; Section 5.2.1)
(Djokic et al., 2017; Djokic, 2020; Djokic et al., 2021) and variable
evolved basaltic-intermediate-felsic volcaniclastic sedimentation (grey-
white bedded and massive grey chert units; see Section 5.2.1) (Van
Kranendonk, 2006; Djokic et al., 2021).

Geochemical analysis of hot spring deposits and footwall basalt
alteration suggest varied fluid chemistries (Van Kranendonk and
Pirajno, 2004; Djokic et al., 2021). For example, Dresser geyserite and
epithermal quartz veins point to the circulation of cool (120 °C), low-
salinity (<3 wt% NaCl equiv.) geothermal fluids (Harris et al., 2009;
Campbell et al., 2015), whereas tourmaline-bearing pyritic crusts with
negative 5!1B values infer boron-bearing hot spring fluids (Ghosh et al.,
2012; Steller et al., 2019; Van Kranendonk et al., 2019). The REE + Y of
the Dresser terracettes (opal-carbonate sinter?) suggests another
geothermal fluid chemistry (Section 5.2.1).

A diverse suite of inferred microbial structures is associated with the
presumablyvaried hot spring fluid chemistries (Van Kranendonk et al.,
2008; Stellar, 2016; Djokic et al., 2017; Djokic, 2020; Djokic et al.,
2021). Indeed, a variety of stromatolite morphologies (wrinkly, wavy,
domical, conical, elongate, pustular, columnar), microbialites (iron-
shrubs), and microbialite-related fabrics (palisade, bubbles trapped in
EPS) (Van Kranendonk et al., 2008; Djokic et al., 2017; Djokic et al.,
2021) may have utilized chemosynthetic and/or photosynthetic (likely
anoxygenic) metabolic regimes, typical of modern hot springs (Jones
et al., 1998; Fouke et al., 2000; Stout et al., 2009; Ghosh et al., 2012;
Campbell et al., 2015;Hamilton, 2019; Hamilton et al., 2019b).

Marine-influenced units such as bedded grey-black-white chert, flat
laminated grey chert, and green-red bedded chert (Section 5.2.1), sug-
gest the development of local caldera sub-basins that allowed temporary
marine incursions. These could have been regularly inundated with
seawater by the estimated 6 m-high tides that may have caused greater,
more frequent, onshore-offshore interaction during shorter Archean
days (e.g., Crawford et al., 2022). Many Recent and modern calderas
persist at sea level and succumb to the relatively subdued modern tidal
activity e.g., Santorini, Greece (Perissoratis, 1995), Aira caldera, Japan
(Aramaki, 1984), Rabaul caldera, Papua New Guinea (Nairn et al.,
1995), and Taal caldera, Philippines (Ramos, 2002).

These findings depict a complex volcanic-hydrothermal landscape,
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where islands of nested calderas emerged and subsided into the sea.
White Island in New Zealand, or the Phanerozoic Kerguelen Archipelago
(Van Kranendonk and Pirajno, 2004; Djokic, 2015), may serve as rele-
vant present-day analogs.

5.4.3. Stage 3: Iron-rich hydrothermal basins

A shift from Stage 2 subaerial deposits to Stage 3 deep-marine-
hydrothermal conditions is marked by discontinuous, fault-controlled
lenses of Jaspilitic chert in DFcl structural blocks (Fig. 12: Stage 3)
(Djokic, 2015; Johnson et al., 2022a; Johnson et al., 2022b). The
absence of stromatolites supports deposition under deep-water condi-
tions below the photic zone. Rapid deposition within a deepening basin
may be why the thin hot spring deposits are preserved, as is suggested
for the preservation of geothermal (and other delicate) deposits world-
wide (e.g., Christiansen, 2001; Guido and Campbell, 2011 and refer-
ences therein). Subdued hydrothermal fluid circulation evidenced by a
low volume of chert-barite veining, suggests initial caldera subsidence
via permanent inundation of seawater into the caldera(s) (Tadbiri, 2018;
Tadbiri and Van Kranendonk, 2020).

5.4.4. Stage 4: Final collapse of the Dresser caldera complex

This final depositional stage reflects rapid basin subsidence and
clastic infill (Fig. 12: Stage 4) (Van Kranendonk and Pirajno, 2004;
Djokic, 2015). Basin subsidence is highlighted by a large growth-fault-
controlled sedimentary wedge, north of the Dresser Mine, filled by
tens of meters of green volcaniclastic conglomerate-sandstone-siltstone
(Section 5.2.3) (Poole, 2013; Djokic, 2015; Tadbiri, 2018; Djokic,
2020: see sites 1IN - 21N Supp. Fig. 4.1; Tadbiri and Van Kranendonk,
2020). Major listric growth faults are identified as the final vein set,
which extends to the tops of the Dresser Formation and represents
asymmetric ‘trapdoor-type’ collapse of caldera floor segments (Tadbiri,
2018; Tadbiri and Van Kranendonk, 2020). Collapse may have been
triggered by a large tuff-forming eruption that is not preserved. Volcanic
ash can disperse tens of kilometers away from an eruptive center and if
any such eruption occurred the remnant unit is not intersected by the
portion of Dresser Formation exposed. The absence of stromatolites and
presence of cross-cutting quartz-sulfide veins suggest several hundred
meters of basin depth where sunlight did not penetrate and hydrother-
mal fluids did not boil (Buchanan, 1981; Van Kranendonk and Pirajno,
2004; Poole, 2013). Some periods of low clastic input are indicated by
minor marine-hydrothermal jaspers (Johnson et al., 2022a; Johnson
et al., 2022b). Subsequent to A4, extrusion of basalt filled the remaining
areas of the caldera (Fig. 1), marking the end of this early life habitat.

6. Conclusions

Integrated datasets are required to accurately reconstruct and
develop holistic depositional models of early life sites such as the Dresser
Formation lower chert-barite sequence (DFcl). These datasets must
include investigation of regional and lithostratigraphic successions,
local lithofacies variations, sedimentology, hydrothermal veins, hydro-
thermal alteration, structural geology, and geochemistry. Here we pro-
vide evidence from variations in REE + Y geochemistry linked with
lithostratigraphy to demonstrate that DFc1 deposited across a transition
from deep marine to shallow-water (A1) to subaerial (A2), and back to
marine (A3-A4) conditions. Evaporative lacustrine, fluvial, and terres-
trial hot spring deposits developed during a period of emerged crust,
when life flourished. REE + Y helped to characterize protoliths and trace
fluid sources of terrestrial hot spring deposits, seawater signatures, hy-
drothermal fluids, and igneous input. These findings highlight the
complex nature and evolution of the Dresser Formation caldera system,
based on similarities with modern hydrothermal systems. This provides
context for early life and informs the search for life on Mars and origin of
life studies.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.chemgeo.2023.121865.
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