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Abstract

The Pilbara craton of northwestern Australia is known for what were, when reported, the old-
est known microfossils and paleosols on Earth. Both interpretations are mired in contro-
versy, and neither remain the oldest known. Both the microfossils and the paleosols have
been considered hydrothermal artefacts: carbon films of vents and a large hydrothermal
cupola, respectively. This study resampled and analyzed putative paleosols within and
below the Strelley Pool Formation (3.3 Ga), at four classic locations: Strelley Pool, Steer
Ridge, Trendall Ridge, and Streckfuss, and also at newly discovered outcrops near Marble
Bar. The same sequence of sedimentary facies and paleosols was newly recognized uncon-
formably above the locality for microfossils in chert of the Apex Basalt (3.5 Ga) near Marble
Bar. The fossiliferous Apex chert was not a hydrothermal vein but a thick (15 m) sedimentary
interbed within a sequence of pillow basalts, which form an angular unconformity capped by
the same pre-Strelley paleosol and Strelley Pool Formation facies found elsewhere in the
Pilbara region. Baritic alluvial paleosols within the Strelley Pool Formation include common
microfossil spindles (cf. Eopoikilofusa) distinct from marine microfossil communities with
septate filaments (Primaevifilum) of cherts in the Apex and Mt Ada Basalts. Phosphorus and
iron depletion in paleosols within and below the Strelley Pool Formation are evidence of soil
communities of stable landscapes living under an atmosphere of high CO, (2473 +

134 ppmv or 8.8 + 0.5 times preindustrial atmospheric level of 280 ppm) and low O, (2181 +
3018 ppmv or 0.01 £ 0.014 times modern).

Introduction

The possibility of new evidence for Archean life on land, as well as for the nature of Archean
atmosphere and climate, was opened by discovery in 1995 of a thick and distinctive paleosol
beneath the 3.3 Ga Strelley Pool Formation of the Pilbara Desert, Western Australia. The pre-
Strelley paleosol was thought to extend 50 m below a regional angular unconformity and taken
as evidence for a surprisingly large ancient landmass [1]. The hope for more paleoenvironmen-
tal and paleobiological information was frustrated when the paleosol was later interpreted as
an exhumed hydrothermal cupola some 80 m thick around the North Pole Monzogranite and
associated granitic dikes [2, 3]. Subsequently the paleosol was again interpreted as a deep
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weathering profile, but 35 m thick and including highly oxidized laterite, with implications for
a surprisingly oxidizing (>0.48 times present O,) Archean atmosphere [4]. This study
attempts to reconcile these differences and explore more fully evidence for Archean life and
paleoclimate with the first detailed geochemical and petrographic study of the pre-Strelley sur-
face at five localities, including newly recognized exposures directly above the controversial
Apex chert microfossil locality near Marble Bar [5, 6].

Discovery of Strelley Pool Formation near Marble Bar reported here, is also relevant to
interpretation of marine microfossils from the Apex Chert and Strelley Pool Formation there.
Brasier et al. [6-9] attacked previous interpretations by arguing that microfossils of the 3.46 Ga
Apex Chert were indeterminate skeins of abiotically produced carbon from a hydrothermal
feeder to a submarine vent. Prior publication in contrast, regarded microfossils in cherts near
Marble Bar as genuine [10], a position supported by additional studies of Raman spectroscopy,
carbon isotopes, three-dimensional imaging [1, 11], and nanostructural data [12, 13]. The
Apex chert microfossils are no longer the oldest evidence of life [14-17], but paleoenviron-
mental context relevant to Apex microfossils is also re-examined here as evidence for differ-
ences between Archean microbiomes on land and at sea.

Geological background

The Strelley Pool Formation is generally 28 m thick over some 30,000 km” of the East Pilbara
Craton of Western Australia (Fig 1). Intrusion of granitic complexes has deformed the Strelley
Pool Formation to near vertical so that it crops out as ridges (Fig 2A-2C and 2E). The forma-
tion has a similar succession of facies over its entire area (Fig 3A-3D), and is famous for stro-
matolites [18-20] and a variety of microfossils [8, 9, 21-25]. The angular unconformity
beneath the Strelley Pool Formation (Fig 4) has a 4-6 m thick layer of sericite (Fig 5A and 5B),
widely interpreted as a paleosol [1, 4]. This study provides the first detailed profile data on that
paleosol, but also describes in detail paleosols within the Strelley Pool Formation (Figs 3 and
5D), comparable with other Archean paleosols from Western Australia [26, 27].

A lower limit for geological age of the Strelley Pool Formation comes from dacite of the
Kangaroo Caves Formation of the Sulphur Springs Group, 9 km higher in the sequence, dated
by U-Pb on zircon as 3240 + 2 Ma [28]. An upper limit is from rhyolite zircons of the underly-
ing Panorama Formation, dated in Glen Herring Creek by U-Pb at 3430 + 4 Ma [27], and on
Panorama Ridge at 3458 + 1.9 Ma [28]. Also unconformably beneath the Strelley Pool Forma-
tion near Marble Bar is Apex Basalt onlapping Marble Bar Chert above Duffer Formation
dated at 3466 + 2 Ma [29]. Near Steer Ridge the rock below the sub-Strelley unconformity is
Mount Ada Basalt dated at 3449 + 3 and 3522 +18 Ma [26, 30], and near Strelley Pool it is on
Double Bar Basalt, conformably overlying rhyolite of the Coucal Formation dated at 3515 + 2
Ma [1]. U-Pb age of detrital zircons near Strelley Pool gave maximal deposition ages of the
Strelley Pool Formation of 3502 + 3 Ma and 3479 + 8 Ma [31], and zircons near the base of the
Euro Basalt gave ages of 3350 + 3 Ma [32-34].

Materials and methods
Study sites

This study focuses on paleoenvironmental interpretation of the Strelley Pool Formation and
the thick paleosol formed on rocks of its basal angular unconformity at five localities (Fig 1):
Strelley Pool (S21.11094° E119.13709°), Steer Ridge (S21.18848° E119.30154°), Trendall Ridge
(521.18848° E119.30154°), Streckfuss (S20.82048° E119.49197°), and Marble Bar (521.17603°
E119.69779°). Additional information regarding the ethical, cultural, and scientific consider-
ations specific to inclusivity in global research is included in the S1 File. The Strelley Pool
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Fig 1. Simplified geological map of the Strelley Pool Formation, among other Archean formations in Western Australia,
showing newly proposed distribution combined with previously published mapping [7, 46, 47, 49].

https://doi.org/10.1371/journal.pone.0291074.g001

section was measured on the north face of the ridge 300 m west of Strelley Pool (Fig 2A),
where the angular unconformity between Strelley Pool Formation (dip 82° south at 277° on
grid) and volcaniclastic sandstone of the Double Bar Formation (dip 68° east at 160° grid) is
greatest [1]: a dip of 28° east if Strelley Pool Formation is restored to horizontal. The Steer
Ridge section was measured 2.6 km northwest across the North Shaw River from base camp
on Antarctic Creek for the Trendall stromatolite locality [18], which in turn is 1 km northwest
of the Trendall Ridge paleosol site studied here (Fig 2B) [16, 17, 33]. On Steer Ridge, conglom-
erate of the basal Strelley Pool Formation has a dip of 70°W on strike 329° grid, and underlying
chert in the Mt Ada Basalt is at 65°W on 330° grid, for a restored dip of 3° west. On Trendall
Ridge, sandstone of the Strelley Pool Formation has a dip of 58°W on 329° grid, and
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Fig 2. Study locations (arrows) for the pre-Strelley paleosol west of Strelley Pool (A), on Trendall Ridge (B), and above Schopf microfossil locality in Apex
chert west of Marble Bar (C), as well as footwall lithologies: pillowed Apex Basalt west of Marble Bar (D) and ferruginous tuffaceous siltstone of Panorama
Formation at Trendall Ridge (E). Asterisk on Apex Chert is the original microfossil site [10] resampled during this work for study of graded bedding, intraclasts
and microfossils. Hammers for scale are 25 cm, and backpack is 40 cm wide.

https://doi.org/10.1371/journal.pone.0291074.9002

underlying ferruginous shales in the Panorama Formation is at 65°W on 339° grid, for a
restored dip of 4° west. These low angular discordances are clear from some angles (Fig 2B),
but have been misinterpreted as concordance [4]. The laminated ferruginous shales at Trendall
Ridge (Fig 2F) are comparable with “jasper-siderite-Fe-chlorite banded iron formation” else-
where in the Panorama Formation [35]. They lack pisolitic, boxwork, or massive textures of
laterites [36], and so were not a deep weathering horizon 12-20 m within a very deep (25 m)
pre-Strelley paleosol, as previously envisaged [4].
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Fig 3. Measured sections of Strelley Pool Formation and the pre-Strelley paleosol.
https://doi.org/10.1371/journal.pone.0291074.9003
PLOS ONE | https://doi.org/10.1371/journal.pone.0291074  September 27, 2023 5/47


https://doi.org/10.1371/journal.pone.0291074.g003
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

km
20

Coucal Formation Panorama Formation Dresser Formation K
Table Top Basalt | Double Bar Basalt \ North Pole Basalt Apex Basalt ?r(r)\

E Basalt Euro Basalt
R . Strelley Pool
Formation

“~Marble Bar
N-10

Duffer.
Formation

N\ Mt Ada
Basalt

....... - A O

Strelley Pool[ ] Steer Ridge[ ][] Trendall Ridge Marble Bar []

Fig 4. Restoration of geological relationships on an east-west cross section of the east Pilbara craton during eruption of
Euro flood basalts at 3420 Ma. The Strelley Pool Formation represents non-volcanic sedimentation following a hiatus of
millions of years and formation of the 4 m deep pre-Strelley paleosol.
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Petrographic and geochemical study

A Swift automated stage linked to a Hacker electronic counting box were used to point count
oriented thin sections prepared vertical to bedding for proportions of sand, silt, clay, and dif-
ferent mineral. Grains 5 pm in size and smaller were counted as clay, rather 2 um, because per-
vasive silicification and recrystallization produced crystallites no less than 5 um across [13],.
Pyrophyllite books had distinctive with high birefringence, splayed and locally bent layers.
Rock fragments were dominantly sedimentary, rarely metamorphic and basaltic. Evaporite
minerals are now quartz pseudomorphs, with distinctive chalcedonic fabric. Original evaporite
mineral determination followed previous identifications based on crystallography and electron
microprobe analyses [6, 37, 38]. Opaque material counted includes both irregularly shaped
kerogen and grains of opaque oxides. Two separate 500-point counts were made, one for grain
size, and another for mineral composition of each sample (S1 and S2 Tables), with errors (20)
of + 2% for common (>8%) components [39].

Chemical analyses of selected samples were by ALS Chemex of Vancouver, British Colum-
bia, using XRF on glass discs, and Pratt titration for FeO (S3 Table). The standard for the anal-
yses was Canadian Certified Reference Materials Project standard SY-4, diorite gneiss from
near Bancroft, Ontario, and 89 replicate analyses of the standard were used to calculate errors
(20). Bulk densities were determined from 20-40 g samples by weighing raw and after paraffin
coating, in and out of water [40] at the University of Oregon. Ten replicate density determina-
tions of a single Western Australian Archean chert specimen (R4309) were used to calculate
density errors. These data were used to calculate mass transfer and strain [41], concentration
factors [42], and chemical index of alteration [43]. The relevant equations in Table 1 are the
basis for calculating divergence from parent material composition.

Thin sections and their source rocks are curated in the Condon Collection of the Museum
of Natural and Cultural History of the University of Oregon, in Eugene, Oregon. Microfossils
also were examined using a FEI Helios Dual Beam, Focused Ion Beam Microscope for scan-
ning electron microscopy in the Center for Advanced Materials Characterization at Oregon
(CAMCOR) of the University of Oregon.

Detrital zircon dating

A rock sample from 46 m in the section at Marble Bar (Fig 3D: R3809 in Museum of Natural
and Cultural History of the University of Oregon) was crushed to liberate zircons for
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https://doi.org/10.1371/journal.pone.0291074.9g005

determination of U-Pb ages [44]. Small (100-200 um), equant to prismatic, euhedral to subhe-
dral zircon crystals were separated by density and magnetism in the Isotope Geology Labora-
tory of Boise State University by magnetic drum separation. The zircon separate was placed in
a muffle furnace at 900°C for 60 hours in quartz beakers in order to anneal minor radiation
damage.

Laser ablation ICPMS analysis utilized a ThermoFisher X-Series II+ quadrupole inductively
coupled plasma mass spectrometer coupled to New Wave UP213 UV laser ablation system.
Zircon was ablated with a laser spot of 20 um wide using fluence and pulse rates of ~2 J.cm™
and 5 Hz. A 45 second analysis (15 sec gas blank, 30 sec ablation) excavated a pit ~10 pm
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Table 1. Transfer functions used to interpret Archean paleosols.

Equation

Tiw = [M] [gi.w + 1} -1

p-Cip

PpCip
g, = [t —1
Lw [ﬂwﬂ.w

CIA =

100(mAly O3)
[(mAl, O3 )+(mCaO)+(mNay, 0)+(mK; 0)]

— M
C02 = [KCUQ P Dco, 1}

00 TR

0, = ot 5T
2 Ko, P~ Do, =
2 —2
A[m«m*" T

__ N-1.000.000
A= 4470

A =465.31-N -21358
A =1037.3-N -14202
A =6712.5-N -39622
A =5061.1-H -438008
A =3920-8"%

A =3987-G+5774

P = 22100197R
T=0.211-8.93

Variables

7,,j (mole fraction) = mass transfer of a specified (j) element in a soil horizon (w); p,, (g.cm’3) =
bulk density of the soil; p, (g.cm™ ) = bulk density of parent material; C;,, (weight % ) =
chemical concentration of an element (j) in a soil horizon (w); C,,,, (weight %) = chemical
concentration of an element (j) in the parent material (p): €;,, (mole fraction) = strain due to soil
formation

£ (mole fraction) = strain of a soil horizon (w) with respect to a stable chemical constituent (i);
Pw (g.cm’a) = bulk density of a soil horizon; p,, (g.cm’3) = bulk density of parent material; C; ,,
(weight % ) = chemical concentration of stable element (i) in a soil horizon (w); C,,,, (weight %)
= chemical concentration of stable element (i) in the parent material (p)

CIA (ratio) = chemical index of alteration: mAL,O3 = moles alumina: mCaO = moles lime;
mNa,O = moles soda; mK,0 = moles potash (mole is weight percent divided by molecular
weight).
pCO, (atmospheres) = partial pressure of atmospheric carbon dioxide: M (mol CO,/cmy,) =
summed mass transfer losses of MgO, CaO, Na,O and K,O through the profile

M=23"p, dv ZZ:J)”‘" (9923 Pp (g.cm™) = bulk density of parent material; C; ,(weight % ) =
chemical concentration of an element (j) in parent material (p); 7 ;,, (mole fraction) = mass
transfer of a specified (j) element in a soil horizon (w); Z (cm) = depth in soil represented by
analysis; A (years) = duration of soil formation; K, (mol./kg.bar) = Henry’s Law constant for
CO, (= 0.034, range 0.031-0.045); P (cm) = mean annual precipitation; (s.cm3/mol.year) =
seconds per year divided by volume per mole of gas at standard temperature and pressure (=
1,409); D, (cm?/s) = diffusion constant for CO, in air (= 0.162 at 20°C, range at 0-40°C of
0.139-0.181); o (fraction) = ratio of diffusion constant for CO, in soil divided by diffusion
constant for CO, in air (= 0.1, range 0.08-0.12); L (cm) = original depth to water table (after
decompaction, B below)

PO, = partial pressure of atmospheric oxygen (atmospheres); F (mol CO,/cm,) = summed mass
transfer gains of Fe,Os through the profile M = 2" p, 2% .]'ZZ;'D”” 10Z; pp (g.cm™) = bulk
density of parent material; C; ,(weight % ) = chemical concentration of an element (j) in parent
material (p); 7, (mole fraction) = mass transfer of a specified (j) element in a soil horizon (w);
Z (cm) = depth in soil represented by analysis; A (years) = duration of soil formation; K, (mol./
kg.bar) = Henry’s Law constant for O, (= 0.00125, range 0.0012-0.0013); P (cm) = mean annual
precipitation; « (s.cm®/mol.year) = seconds per year divided by volume per mole of gas at
standard temperature and pressure (= 1,409); Dy, (cm?/s) = diffusion constant for O, in air (=
0.203 at 20°C, range from 0-40°C is 0.179-0.227); o (fraction) = ratio of diffusion constant for
0, in soil divided by diffusion constant for O, in air (= 0.2, range 0.09-0.32); L (cm) = original
depth to water table (after decompaction, B below)

%wu

A (yrs) = duration of soil formation; N (cm) = total profile thickness

A (yrs) = duration of soil formation; N (cm) = total profile thickness

A (yrs) = duration of soil formation; N (cm) = total profile thickness

A (yrs) = duration of soil formation; Y = total profile clay (g.cm™)

A (yrs) = duration of soil formation; H = solum thickness (cm)

A (yrs) = duration of soil formation; S = diameter of micritic low-magnesium calcite nodules
(em)

A (yrs) = duration of soil formation; G = proportion of surface covered by gypsum crystals or
nodules (%)

P (mm) = mean annual precipitation; R (moles) = 100mAl,O;/(mAl,03;+mCaO+mNa,0)

T (°C) = mean annual palaeotemperature; I (mole fraction) = chemical index of weathering

I= 100-Aly O3
T (Aly03+Ca0+Nay0)

https://doi.org/10.1371/journal.pone.0291074.t001

Coeffic-ient
R

none

none

none

0.99
0.94
0.86
0.87
0.60
0.57

0.72
0.81

Standard
error

none

none

none

+24,608 yrs
+23,192 yrs
+5,486 yrs
+112,819 yrs
+190,883 yrs
+1,800 myrs

+15,000 yrs

+182 mm

+0.5°C

Refer-
ence

43

43

45

163

28

131
134
133
132
132
129

27

139
141

deep. Ablated material was carried by a combined 1.2 L.min"' He gas stream from the two-vol-
ume ablation cell to the nebulizer flow of the plasma. Quadrupole dwell times were 5 ms for Si
and Zr, 200 ms for **Ti and 2°’Pb, 80 ms for 2°°Pb, 40 ms for 202Hg, 204pp, 208p}y 232Th and
**%U and 10 ms for all other high field strength elements and rare earth elements; total sweep
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duration was 950 ms. Background count rates for each analyte were obtained prior to each
spot analysis and subtracted from the raw count rate for each analyte. For concentration calcu-
lations, background-subtracted count rates for each analyte were internally normalized to *’Si
and calibrated with respect to NIST SRM-610 and -612 glasses as the primary standards. Abla-
tion pits that intersected glass or mineral inclusions were identified based on Ti and P signal
excursions, and associated sweeps were generally discarded. Signals at mass 204 were normally
indistinguishable from zero following subtraction of mercury backgrounds measured during
the gas blank (<100 cps 202Hg), and thus dates are reported without common Pb correction.
Rare analyses that appear contaminated by common Pb were rejected.

For U-Pb and 2*’Pb/?°°Pb dates, instrumental fractionation of the background-subtracted
ratios was corrected and dates were calibrated by interspersed measurements of zircon stan-
dards. Plesovice zircon standard was used to monitor time-dependent instrumental fraction-
ation, with two analyses for every 10 analyses of unknown zircons. Radiogenic isotope ratio
and age error propagation for all analyses includes uncertainty contributions from counting
statistics and background subtraction. Isotopic dilution TIMS analysis used crystals previously
mounted, polished and imaged by cathodoluminence (CL), and analyzed by laser ablation
ICPMS. Single crystal fragments plucked from grain mounts were individually abraded with
concentrated HF at 180°C for 12 hours. Chemically abraded crystals were spiked with the
EARTHTIME ET535 traced, totally dissolved, Pb and U purified by anion exchange chroma-
tography, and their isotope ratios measured on an IsotopX Isoprobe-T thermal ionization
mass spectrometer in single collector, Daly detector (Pb), or static multicollector Faraday cup
(U) routines, Pb and U purified by ion exchange. U-Pb dates and uncertainties for each analy-
sis were calculated using established algorithms [44]. All data for **’Pb/*°°Pb dates are in S4-
S7 Tables- within a single Excel file.

Newly recognized Strelley Pool Formation near Marble Bar

New geological mapping

A surprise of this work was discovery that Strelley Pool Formation and the pre-Strelley paleo-
sol at well known localities (Fig 3A-3C) were identical to a white chert and its underlying
paleosol currently mapped [6, 9, 45, 46] as Apex Formation near Marble Bar (Fig 3D;
$21.17603° E119.69779°), and directly above the fossiliferous black chert [10] of the Apex For-
mation (white asterisk in Fig 2C). Five reasons for revised geological mapping of this small
area (Fig 6) are given in the following paragraphs. The distribution of lithologies is not in dis-
pute, only their stratigraphic relationships.

First, the microfossiliferous black chert in the Apex Formation [10] does not taper to the
east [6], but remains 15 m thick across the valley, as later mapped [7, 9, 47]. The black chert
dips 64° east at 172° on grid (Fig 2C) conformable with basalt in the creek nearby (S§21.17597°
E119.70175°), which dips 59° east at 175° grid (Fig 2D): these are at restored angles of 8° and
12° (respectively) to the bedded white chert forming the top of the long strike-ridge, which
dips 71° west at 158° grid (Fig 5B). This low-angle restored geometry is incompatible with the
idea that the black chert filled a vertical dilational crack [6, 7, 45, 48]. The black chert does not
branch and widen vertically upwards and anastomose like proven hydrothermal dikes cutting
the Duffer Formation [48], but is conformable with pillow basalts and interbedded cherts
within the sequence (Fig 6).

Second, the black microfossiliferous chert has ripple marks, rounded rip-up clasts, and nor-
mally graded laminae [10], conformable with (Fig 2C), rather than cutting across, interbedded
pillow basalts (Fig 2D). Very mild thermal alteration of the black chert is indicated by a modest
europium anomaly [47], and a low-temperature (80-150°C) mineral suite of halloysite, alunite,
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Fig 6. Geological map of creeks west of Marble Bar Pool, with a new interpretation of formations there. The Jurta
paleosol, Strelley Pool Formation and Euro Basalt were mapped previously as Apex Basalt [7, 46, 47, 49].

https://doi.org/10.1371/journal.pone.0291074.g006

goethite, and jarosite [38]. No stockwork style brecciation, nor sulfide ore minerals were seen
as would be expected for hydrothermal hot spring interpretation [6, 7, 45]. Nor are there slick-
ensides, nor offset of the ridgeline white chert, to encourage the idea that these black cherts are
emplaced along major faults.

Third, black chert beds within the Apex Basalt protrude upwards from an angular uncon-
formity with the white ridgeline chert (Fig 5B). The basaltic portions below this unconformity
were paleotopographically lower parts of a 4-m-thick sericite mapped intermittently for 4 km
along strike (as unit AWAa-fnt [49]). This thick paleosol is rich in pyrophyllite (Fig 7H and 71)
like the pre-Strelley paleosol elsewhere (Fig 7D-7G), due to regional hydrothermal alteration
associated with domal uplift creating the angular unconformity [3]. No dispersed pyrophyllite,
only small pyrophyllite casts, were found in the ridge-capping white cherts, overlying green
tuffs, basalts, and komatiite (Fig 7B and 7C and 7]). Nor do the white ridgeline cherts have a
europium anomaly [47], nor negative 5°°Si values [50], nor halloysite-alunite-goethite-jarosite
hydrothermal alteration [38] of the black chert. The contact between the black chert and white
chert of the ridge top has been accurately mapped before [7, 9], showing black chert
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Fig 7. Petrographic thin sections of sediments of the Strelley Pool Formation and paleosols and their protoliths of the underlying
unconformity in plane-polarized light, showing massive pedogenic rather than bedded fabrics: A, basal Strelley Pool Formation
with brown clasts of underlying Jurta paleosol at Strelley Pool; B, disrupted bedding in A horizon of Jurnpa loam paleosol at
Trendall Ridge; C, bedded C horizon of Jurnpa loam paleosol in Trendall Ridge; D, A horizon Jurta clay paleosol at Trendall
Ridge; E, R horizon Jurta paleosol of felsic metatuff of Panorama Formation at Trendall Ridge; F, A horizon Jurta clay loam
paleosol at Strelley Pool; G, R horizon of Jurta clay loam paleosol of metabasalt of Double Bar Formation at Strelley Pool; H, A
horizon of Jurta silty clay loam paleosol near Marble Bar; I, R horizon of Jurta silty clay loam paleosol of metabasalt of Apex Basalt
near Marble Bar; J, C horizon of Wanta loam paleosol near Marble Bar; K, Green tuffaceous siltstone with replacive caliche vein
(upper part) near Marble Bar. Thin sections and specimen numbers in the Museum of Natural and Cultural History of the
University of Oregon are R4202 (A), R4321 (B), R4323 (C), R4504 (D), R4507 (E), R4204 (F), R4206 (G), R3784 (H), R3789 (I),
R3794 (J) and R3809 (K).

https://doi.org/10.1371/journal.pone.0291074.9g007

protruding upwards into a brecciated top and surrounded by flanking black clasts in a matrix
of white chert. This map distribution is like a fractured outcrop of chert with flanking scree on
the ancient landscape of the angular unfconformity, rather than spiracles, chimneys, rim-
pools, boxworks, or interdigitation of hydrothermal vents and flanking deposits.

Fourth, the sequence of facies within the white ridgeline chert are identical with those of
Strelley Pool Formation elsewhere (Fig 5). Near Marble Bar, this begins with (1) locally con-
glomeratic quartz sandstone, then (2) chert with evaporites, (3) banded chert with microbial
lamination and rollups, (4) intraformational conglomerate, and (5) green tuffacous siltstone
(Fig 7K), like all other outcrops of Strelley Pool Formation [18, 19, 51]. Silicified microbial car-
bonates like those elsewhere in the Strelley Pool Formation [21-25], have also been docu-
mented near Marble Bar [9]. The overlying komatiite and then basalt lack hydrothermal
alteration like Euro Basalt, and unlike Apex Basalt [52]. Felsic rocks previously mapped as
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Panorama Formation 1 km up-section to the west [46, 49] are green-gray and massive like fel-
sic tuffs within the Euro Basalt and Leilira Formation [28], but unlike grey to red Panorama
Formation in the North Pole Dome (Fig 2E).

Fifth, this newly recognized outcrop of Strelley Pool Formation (Fig 6), fills a conspicuous
gap in the strike ridge of white chert around the Corunna Downs and Mt Edgar granitic com-
plexes (Fig 1). Near Blue Bar of the Coongan River (521.409888° E119.733383°) south of Mar-
ble Bar Pool, Strelley Pool Formation is unconformable on Panorama Formation and
conformably overlain by Euro Basalt [46]. In Doolena Gap (S20.929091° E119.784748°) to the
north, Strelley Pool Formation is unusually thick (1000 m) and has eroded down through all
the Apex Basalt and Marble Bar Chert into Duffer Formation, but again is conformably over-
lain by Euro Basalt [53]. At Kittys Gap to the east (520.885075° E120.072608°), “Kittys Gap
chert” is now regarded as Strelley Pool Formation [46], and is unconformable on Panorama
Formation over Apex Basalt, and again conformably overlain by Euro Basalt [54]. Previous
mapping [6-9, 45, 46] assumes that the Panorama and Strelley Pool Formation are buried
beneath Fortescue Basalt 2-3 km to the west, and requires unsupported block faulting of at
least that magnitude.

The new interpretation offered here is that this locality shows white cherty Strelley Pool
Formation, unconformable on Apex Basalt with black chert interbeds, and overlain by basal
komatiite of Euro Basalt (Fig 6). By this interpretation the Apex Basalt onlaps the Marble Bar
Chert Member of the Duffer Formation (Fig 4), which is known to have been deformed during
caldera collapse before Apex Basalt flows [55]. This new interpretation does not contradict
past lithological mapping, but does contradict the idea that both black hillside and white ridge-
line cherts were entirely within the Apex Basalt [6-9, 45, 46]. Fundamental to the new inter-
pretation is recognition of the same 4 m thick sericitic paleosol and angular unconformity first
recognized elsewhere in the Pilbara region [1], as well as similarities in facies and paleosols
within the white cherts throughout East Pibara Shire (Fig 3).

New detrital zircon dating

Green siltstone at $21.175438° E119.697185° (at star in Fig 6), and at 43 m within the strati-
graphic section measured near Marble Bar (Fig 4E) is poorly exposed only in the creek bed.
The siltstone (sample R3809) has planar bedding and dips steeply west like the surrounding
white cherts, but is broken into a boxwork and cemented by partially replacive calcrete (Fig
7K). This siltstone has been misinterpreted as an airfall volcanic tuff [6], but is a volcaniclastic
siltstone with clear bedding and scattered shard-like quartz grains (Fig 7K).

The 65 individual detrital zircon crystals from R3809 analyzed by LA-ICPMS yielded a het-
erogeneous age spectrum with spot dates ranging from 3595 + 19 Ma to 539 + 23 Ma, includ-
ing dominant modes at 1200 (n = 9), 1850 (n = 6), 3350 (n = 15), and 3450 (n = 14) Ma,
amongst the analyses passing a <5% discordance criterion (Fig 8). Nine crystals from the ca
3350 Ma mode of LA-ICPMS data were plucked from the epoxy mounts and analyzed by
CA-IDTIMS methods. These crystals provided variable discordant U-Pb isotope ratios (Fig
8A); four near concordant analyses define a weighted mean **’Pb/**°Pb date of 3316.0 + 0.6
Ma (n = 4; MSWD = 0.17), and including three more discordant grains, define an upper inter-
cept date of 3316.2 + 0.4 Ma (n = 7; MSWD = 0.25). The remaining crystals yielded resolvably
younger and concordant to slightly discordant analyses with **’Pb/**°Pb dates of 3310.1 + 0.7
Ma and 3281.6 + 0.9 Ma. Four crystals were selected from the ca 3450 Ma mode of the
LA-ICPMS data for analysis by CA-IDTIMS. These crystals exhibit variably discordant U-Pb
isotope ratios (Fig 8B), but define a statistically significant weighted mean **’Pb/**°Pb date of
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Fig 8. Detrital zircon ages from sample R3809 of upper Strelley Pool Formation near Marble Bar: A, Kernel density
estimate diagram for LA-ICPMS spot dates: B, Concordia diagram of LA-ICPMS spot dates.

https://doi.org/10.1371/journal.pone.0291074.9008

3466.7 + 0.4 Ma (n = 4; MSWD = 2.14), and an upper intercept date of 3466.2 + 0.6 Ma (n = 4;
MSWD = 1.3).

The scatter of radiometric dates demonstrates that the sampled rock has a compendium of
detrital zircons, mostly of two distinct geological ages: 3316.2 + 0.4 Ma and 3466.2+ 0.6 Ma
(Fig 9). One or two zircons each represent the Fortescue Group which is a large igneous prov-
ince dated at about 2735 Ma [56], Ashburton Formation representing Capricorn Orogeny at
about 1827 Ma [57], Wankanki Granites of Mount West Orogeny at about 1335 Ma [58], Pint-
jantjatjara Granites of the Musgrave Orogeny at about 1197 Ma [58], and Rudall Metamorphic
Complex of Alice Springs Orogeny at about 539 Ma [59]. These younger detrital zircons are
interpreted as contaminants from Cenozoic calcrete in cracks cementing the specimen (Fig
7K), because they are so much younger than any other rocks within the mapped area (Figs 1
and 2). Similar contamination with zircons dated from 550-2700 Ma has been found in bed-
rock dated to 3100-3050 Ma in the Jack Hills, Western Australia [60]. Single grains with Prote-
rozoic to Phanerozoic ages delivered as dust to cracks in bedrock over a long period of time
widely contaminate this stable continental landscape, so we do not consider ages based on sin-
gle grains to be significant.

Our date of 3316.2 + 0.4 Ma for the maximum depositional age of the siltstone conformable
within the ridge-forming white chert is most compatible with ages for overlying dikes, dacites
and rhyolites of the Kelly Group large igneous province [61], initiated with volcanic breccias
and paraconformities during deposition of the upper Strelley Pool Formation [46, 62, 63]. It is
comparable with maximal depositional age of 3350 + 3 Ma for zircons at Strelley Pool near the
base of the Euro Basalt [33]. Our other mode of 3466.2 + 0.6 Ma is most like ages of dacites
and rhyolites of the nearby Duffer Formation (Figs 1 and 6), which is a likely source of those
zircons (Fig 2). Thus, the white ridge-forming chert is interpreted as Strelley Pool Formation

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 13/47


https://doi.org/10.1371/journal.pone.0291074.g008
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

data-point error ellipses are 26

=
©
@0
N
~
0
067 | O
©
(=]
N
0.66
0.65 Intercepts at
222 +59 & 3316.2 + 0.4 [+7.8] Ma
MSWD =0.25
207Pb1235U
0.64 " L
24.0 242 244 246 248 25.0 252 254
0.714
B =
©
©
8
0.710 re)
o
©o
(<]
N
0.706
0.702
0.698
Intercepts at
-145 + 150 & 3466.2 + 0.6 [+7.6] Ma
0.694 | MSWD = 1.3
207Pb1235U
0.690 L L L L
28.4 28.6 28.8 29.0 29.2 29.4

Fig 9. New U-Pb dates on detrital zircons from sample R3809 taken to represent the age of the Strelley Pool
Formation (A) and Apex Basalt (B). These are CA-IDTIMS dates of selected grains in the two Archean modes
identified by LA-ICPMS spot analyses.

https://doi.org/10.1371/journal.pone.0291074.9009

with maximum deposition age of 3316.2 + 0.4 Ma, and at least a 143 million-year duration for
the angular unconformity between the Strelley Pool Formation and Apex Basalt at 3459 + 2
Ma [54]. In areas with intervening Panorama Formation dated at 3446 + 5 Ma [54], the hiatus
was at least 130 Ma. This geological and radiometric evidence for a major unconformity (Fig
10B), as elsewhere in the region [1], falsifies submarine hydrothermal vent interpretation [6-
9] of these rocks (Fig 10A).

Diagenetic and metamorphic alteration

Metamorphism

This study aims to reconstruct ancient soil formation, itself is a form of early diagenetic alter-
ation: after deposition or erosion, but before burial. It is vital to separate soil formation from
post-burial, late diagenetic, hydrothermal, and metamorphic alteration. The Strelley Pool For-
mation was altered by chlorite-calcite-epidote lower greenschist metamorphism like the over-
lying Euro Basalt [2]. Metamorphism of the underlying Panorama Formation was within the
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Fig 10. Alternative scenarios for the Archean Apex chert microfossil locality, as a shallow submarine hydrothermal
vent (A) or a deformed marine bed at an angular unconformity (B).

https://doi.org/10.1371/journal.pone.0291074.9010

upper greenschist facies (ca. 350°C [64]). Pyrophyllite hydrothermal alteration at some 100-
350°C of Apex and Mt Ada Basalts and Panorama Formation unconformably underlying the
Strelley Pool Formation is linked to intrusion of the North Pole Monzogranite and mapped [3]
throughout the study area (Fig 1). Lower temperature (80-150°C) assemblages of halloysite-
goethite-jarosite-alunite [38] may have been protected by early diagenetic silicification of the
Apex chert near Marble Bar [10], unlike high temperature pyrophyllitic alteration of enclosing
Apex Basalt [3]. Raman spectroscopic ratios (D1/(D1+G)) of organic matter is evidence of
temperatures: about 400°C for the Panorama Formation, but only 200°C for the middle Strel-
ley Pool Formation, and 300-400°C for the upper Strelley Pool Formation [65]. The middle
Strelley Pool Formation organic matter may also have been protected by early diagenetic silici-
fication, as it has not been graphitized, and retained large polycyclic aromatic units [66].
Regional hydrothermal alteration predates formation of the pre-Strelley paleosol [1], because
pyrophyllitic paleosol clasts are incorporated in basal conglomerates of the Strelley Pool For-
mation (Fig 7A [18, 19]), and because pyrophyllitic alteration is much deeper below the Strel-
ley Pool Formation than the underlying sericitic paleosol [4].

Greenschist facies regional metamorphism is compatible with likely depth of burial of the
Strelley Pool Formation. Around North Pole Dome, the Strelley Pool Formation is 28 m thick,
Euro Basalt 9,400 m, Sulfur Springs Group 4,941 m [28], Gorge Creek Group 2,610 m [48], for
a total of 16,980 m overburden. Near Strelley Pool, the thickness of Euro Basalt is only 1,000 m
[1], so overburden below Lalla Rookh and Fortescue Groups would have been 8,580 m. The
Lalla Rookh Formation of the overlying De Grey Group was confined to fault basins [67], and
its 3,000 m did not overlie the studied localities. Fortescue Group basalts and sediments north-
west of Marble Bar are 5,240 m thick [53, 68], for a total burial depth of about 13,826 m.

Late diagenesis

Alunite is a common diagenetic mineral [69], and was noted during our study in veins associ-
ated with brittle deformation of the Strelley Pool Formation. Alunite has been linked to con-
tinuing hydrothermal alteration in Archean rocks of Western Australia [2], but alunite is not
always a magmatic-hydrothermal or magmatic-steam mineral [70]. Alunite used for radiomet-
ric dating of unburied or non-hydrothermal Cenozoic paleosols in Australia [71] was formed
by acid-sulphate weathering less than 30 m from the land surface [72]. Cenozoic paleosol alu-
nite is cryptocrystalline, and also forms euhedral crystals 5 um across [73].
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Illite may be another indication of deep burial alteration diverting weathering trends from
culmination in kaolinite [43, 74, 75]. The observed trends in the Strelley Pool Formation and
its underlying paleosol are more pronounced (Fig 11) than expected from less severe weather-
ing of potassium from soils before the advent of land plants [76, 77]. Illitization has not
affected paleosols within the Strelley Pool Formation, which were protected by silicification
predating deep burial [46, 63, 78]. Parts of the unsilicified pre-Strelley paleosols were demon-
strably affected by illitization, but only by a mole fraction, compared with 8-12 moles seen in
1.9 Ga Drakenstein and Shreiber Beach paleosols [77].

Early diagenetic silicification

A special problem for Archean fossils is silicification, which has replaced stromatolitic dolos-
tones, sandstones, and conglomerate of the Strelley Pool Formation [18, 19]. Beds within the
Strelley Pool Formation show little difference in silicification between different parts of the
same beds (Fig 12), but the thick pre-Strelley paleosols have much less silica, and show mild
enrichment in silica up-profile (Fig 13). Such distributions favor an early-diagenetic post-
burial rather than pedogenic origin of silicification.

One possibility is hydrothermal silicification related to chert dikes and pyrophyllitic alter-
ation associated with intrusion of the North Pole Monzogranite, or a paleovolcano in the Pan-
orama Formation, or emplacement of tuffs and flood basalts of the Euro Basalt [38, 47, 48].
Arguing against hydrothermal silicification of the Strelley Pool Formation, Hickman [38]
emphasized the tens-of-million-year age gap between basement rocks and Strelley Pool For-
mation, and redeposition of pyrophyllitic clasts of basement rocks into basal conglomerates of
the Strelley Pool Formation (Fig 7A). To this can be added the vast extent of Strelley Pool For-
mation (Fig 1), well beyond the hydrothermal cupola of North Pole Monzogranite [3]. Analy-
ses of rare earth elements from the Strelley Pool Formation fail to show the positive europium
anomaly of other Archean cherts considered hydrothermal [35, 63, 79, 80]. Fluid inclusion
studies of the stromatolitic cherts reveal silica precipitation from waters low in salinity (< 3 wt
% NaCl) and cool (<120°C) for hydrothermal solutions [81]. Additional evidence against
hydrothermal silicification is positive §>°Si isotopic compositions of “Kittys Gap Chert” [50,
82-84], regarded as Strelley Pool Formation [38]. In contrast, negative 5°°Si values of Cleaver-
ville, Point Samson, Apex and Marble Bar Cherts are considered hydrothermal [50]. Finally,
the 4-m-thick unsilicified paleosol underlying the Strelley Pool Formation separates strongly
silicified Strelley Pool Formation from silicified tuffs of the Panorama Formation and Double
Bar, Mt Ada and Apex Basalts (Fig 3). Thus, Strelley Pool Formation postdated, and was not
affected by deep hydrothermal fluids producing pyrophyllite.

Another possibility is that cherts of the Strelley Pool Formation are silcretes formed by
Cenozoic weathering, as suggested [28] from casual observations that silicification is more
common on ridges than in valleys with unaltered stromatolitic ferroan dolostones of the Strel-
ley Pool Formation. This is not a compelling argument, because creeks may have preferentially
followed carbonates rather than cherts, which remain weather-resistant (Fig 2). The cherts are
unlikely to be Cenozoic for four reasons. First, chert of the Strelley Pool Formation was found
at depths of 142.6 to 163.6 m in Coonterunah core no. 8 of the Archean Biosphere Drilling
Project [85]. Second, Strelley Pool cherts show pervasive neomorphic recrystallization to
domains at least 5 pm in size requiring deep burial [13]. Third, the uppermost Strelley Pool
Formation includes breccias with fragments of both chert and limestone redeposited from
older parts of the formation [19]. Fourth, Australian Cenozoic silcretes are different chemi-
cally: they have more titania (0.7-48.0 weight % [86, 87]) than cherts of the Strelley Pool
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Formation (0.02-1.18 wt %: S3 Table). Cenozoic silcretes also have negative 5°Si values [88],
whereas 5°°Si values of Strelley Pool Formation are positive [50].

A better case can be made for early diagenetic Archean silicification [78], which is required
to preserve organic microfossils in both the Apex chert (Fig 14 [10, 11]) and Strelley Pool For-
mation (Fig 15 [21-25]). Clasts of white chert of the Strelley Pool Formation and black chert of
the Apex basalt are both found in pyroclastic breccia overlying the Strelley Pool Formation
near Marble Bar, so predate eruption of Euro Basalt [9]. Microfossils would not remain had
silicification not preserved them from decay during deposition. Early silicification also is indi-
cated by redeposited silicified clasts in the Apex Chert [10, 89], which we confirm here (Fig
14A). Previously reported Strelley Pool Formation microfossils include robust large spindles,
which have been accepted as genuine microfossils for reasons of carbon isotope composition,
Raman spectroscopy, and three-dimensional imaging [8, 21-25, 90, 91]. However, the Apex
chert microfossils have been questioned [6-8, 45] as disorganized skeins of abiotically pro-
duced organic matter structured by neomorphic crystal growth or accidental folding in a
hydrothermal vent. Remapping of the locality here demonstrates instead a sedimentary chert
bed, within a sequence of pillow basalts (Fig 6). Furthermore, subsequent research [5, 11, 91-
93] supports the conclusion that Apex chert has some genuine microfossils with Raman spec-
troscopy, carbon isotopic analyses and three dimensional imaging techniques. Nuclear mag-
netic resonance and pyrolysis is also evidence for aromatic hydrocarbons of biological orgin
[94], and ultrastructural examination also reveals organic microstructure [12]. Brasier et al.
[6-8, 45] are correct in documenting decay, tearing, and folding of organic matter in the Apex
chert, and such signs of decay are one of the criteria for distinguishing genune organic micro-
fossils from mineral pseudomorphs [95]. Our own studies confirm microfossil deformation by
neomorphic crystal growth (Fig 14B), common for Precambrian microfossils [96]. Back-scat-
ter scanning electron micrographs of Apex chert show widespread exclusion of organic matter
to interstices of neomorphic grains 5 pm in diameter. However, we also found a few
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weathered pre-Strelley Jurta paleosols (Fig 13).

https://doi.org/10.1371/journal.pone.0291074.9012

microfossils straddling neomorphic crystal domains, and these are original organic structures
(arrows in Fig 14B), unlike organic matter displaced by crystal growth. A comparable phenom-
enon can be seen in the Strelley Pool Formation, where spheroidal fossils have walls disrupted
by smaller (2-3 pm) neomorphic quartz (Fig 15G), and so appear to have been intact [8, 25].
Rare earth element analyses are evidence that replacive silicification of dolomite and silt-

stone of the Strelley Pool Formation was in surface or groundwater [50, 63], as envisaged for
other Precambrian stromatolitic cherts [97, 98]. One source of silica is diagenetic alteration by
dissolution and replacement within the zone of brine and fresh water mixing responsible also
for dolomitization in a Precambrian world of higher marine silica concentrations than today
before evolution of abundant siliceous plankton such as diatoms and radiolaria [97, 98]. A sec-
ond idea is diagenetic remobilization of silica spicules secreted by sulphate-reducing bacteria
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[99, 100], which can be inferred from previous studies of microfossils and sulfur isotopes of
the Strelley Pool Formation [23, 24, 101]. Silicification of evaporite minerals in the Strelley
Pool Formation and Apex Chert is near total (Fig 16), whereas stromatolitic dolostones are
only partly replaced, and this is evidence for a third alternative of formation as playa cherts,
comparable with magadiite [102, 103]. Minerals such as barite (BaSO,), gypsum
(CaSO,4.2H,0) and nahcolite (NaHCO3) are precipitated at very high pH (>9), which mobi-
lizes silica. Highly alkaline solutions dissolve opaline biogenic or volcanic silica in preference
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Fig 14. Minerals and organic matter of the microfossil locality of Schopf and Packer (1987) in chert of Apex Basalt near Marble Bar: A,
petrographic thin section in plane polarized light of microfossiliferous rounded black chert clasts in graded beds (contacts at arrows); B,
back-scatter scanning electron micrograph showing microfossils at arrows resisting tendency of exclusion by neomorphic
recrystallization; C, back-scatter scanning electron micrograph of barite external mould; D, secondary mode scanning electron
micrograph of rosettes of hematite in external mould of barite. All images are from specimen R4201B in the Museum of Natural and
Cultural History of the University of Oregon.

https://doi.org/10.1371/journal.pone.0291074.9014

to quartz, forming silica gels in playas and intertidal flats [103, 104]. A model of caustic rather
than neutral dissolution, perhaps aided by sulphate-reducing bacteria is appealing for silica
permineralization of microfossiliferous Precambrian intertidal to supratidal cherts [98].

A final source of silica for basal quarzites, thin veins, and breccias of the Strelley Pool For-
mation is dissolved silica released by illitization of clays, and by pressure solution of sand
grains [105]. Such silica is responsible also for late diagenetic neomorphic recrystallization,
best seen under crossed nicols (Fig 15B and 15D), or back-scatter scanning electron micros-
copy (Fig 14B and 14D). Late diagenetic remobilization of silica is also revealed by geochemical
evidence for illitization (Fig 11) and crushing of grain boundaries in thin sections of the Strel-
ley Pool Formation (Fig 7A-7C).
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Fig 15. Microfossils from the Strelley Pool Formation near Marble Bar, with most views in plane polarized light, but some views in crossed nicols (B, D). Most
(A-F) are enigmatic spindles cf. Eopoikilofusa [212], but spheroids are comparable with Archaeosphaeroides pilbarensis [198]. These thin sections are interpreted
as A horizon of Wanta loam Paleosol (A, B, G), of Jurl clay loam paleosol (F), and of Ngumpu loam paleosol (E) and are archived in the Museum of Natural and
Cultural History of the University of Oregon as R3795 (A, B), R3803 (C-D,F), R3807 (E), R3794 (G).

https://doi.org/10.1371/journal.pone.0291074.9015

Are there paleosols below and within Strelley Pool Formation?

Paleosols within and below the Strelley Pool Formation have been controversial, denied by
some [2, 3, 5-9], but supported by others [1, 4]. The following paragraphs address the simple
question “Was it a paleosol?” A paleoenvironmental narrative on the significance of paleosols
for Archean life and paleoenviromnents is deferred until next section.

Field observations of paleosols

The geographically extensive pre-Strelley paleosol [1] proved to be very similar at every locality
examined (Fig 3), including the new locality near Marble Bar (Figs 5B and 6). It is more than
20% sericitized clay to a depth of about 3 m, then declining amounts of sericite to none beyond
4 meters depth (Figs 3 and 13). It is conspicuous in the field: green-gray when fresh, but weath-
ering bright orange in outcrop unlike surrounding red soil (Fig 5A and 5B). Clay of the profile
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Fig 16. Evaporite sand crystal pseudomorphs in plan polarized light (left hand side) and under crossed nicols: A, B,
nodularized botryoidal barite; C, D, nahcolite needles; E, F, searlesite (?) spherulite. Samples in Museum of Natural
and Cultural History of the University of Oregon are (A-D) R34796 from By horizon of Wanta loam paleosol, and
(E-F) R3800 from By horizon of Wanta silty clay loam paleosol.

https://doi.org/10.1371/journal.pone.0291074.g016

formed at the expense of basaltic or other igneous rock fragments and corestones as expected
for hydrolytic weathering. Furthermore, fragments of surface horizon clay are found as clasts
in basal sandstones of the Strelley Pool Formation [18, 19], as evidence that weathering pre-
dated deposition of the overlying sequence. Highly birefringent pyrophyllite is also found in
varying amounts between profiles, but little changed in abundance within and below individ-
ual profiles (Fig 13), so was a part of hydrothermally altered parent material [3]. The lower
meter of these paleosols has corestones of less weathered parent material some 20-30 cm in
diameter (Fig 5A). The upper meter has fine veinlets of contorted iron-manganese: in soil ter-
minology these are mangans defining coarse blocky angular peds. This widespread thick paleo-
sol is here given the non-genetic name Jurta pedotype, from a Nyamal language word for big
[106]. These thick paleosols are comparable in clayeyness and weathering trends with the 3.0
Ga Jerico Dam pedotype of South Africa [42], but developed on pyrophyllitic-metabasalt
rather than granite.

In addition to these thick clayey unconformity paleosols, thin alluvial paleosols were also
recognized within the Strelley Pool Formation. These have been hiding in plain sight as cherty
layers with pseudomorphs of evaporites interpreted [51] to “represent sedimentation in mar-
ginal hypersaline salinasnas and low energy coastal lagoons.” Sabkha, playa and salina facies
are sedimentary facies but also soils classified as Gypsids [107], Solonchaks [108], or Sodosols
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[109]. Playas and salinasnas are inundated rarely, and their development of desiccation cracks,
salt crystals, and shear planes are soil-forming rather than sedimentary processes [110]. The
alluvial paleosols are in facies with trough cross bedding (Fig 5C) and ripple marks at strati-
graphic levels previously interpreted as estuarine to littoral talus [51], stratigraphically below
stromatolitic cherts and dolostones (Fig 3 [9, 18, 19]).

Paleosols were recognized in the field as massive chert beds with disrupted surface (A hori-
zon) abruptly overlain by bedded sandstone, and grading down into nodularized or pseudo-
morphed barite (By horizon). The baritic pseudomorphs have grain inclusions and are also
overgrown into nodular forms (Figs 5D and 16A and 16B) characteristic of “desert roses” of
modern aridland soils [111], and of alluvial paleosols widespread in the 3.5 Ga Panorama For-
mation of Western Australia [27], 3.2 Ga Moodies Group of South Africa [112], and 3.0 Ga
Farrel Quartzite of Western Australia [26]. An array of different kinds of alluvial paleosols
were recognized and sampled (Fig 12) showing incipient bedding disruption (Ngumpu), small
barite (Jurnpa), dense barite (Jurl), and with hematite-varved surfaces (Wanta), comparable
with the array of Entisols to Aridosols recognized in Proterozoic quartz-rich alluvial
sequences, but mainly green-gray rather than red [27].

Laboratory tests for paleosols

Weathering trends in rocks unconformably below the Strelley Pool Formation are duplicated
in paleosols discovered within the Strelley Pool Formation, so present a consistent view of dis-
tinctive Archean styles of soil formation. A first laboratory test for paleosols is petrographic
point-counting, which assumed 5 pm neomorphic recrystallization of clay and pervasive early
diagenetic silicification, as documented by transmission electron microscopy [15]. The thin
alluvial paleosols are comparable with the thick unconformity paleosols in showing destruc-
tion of rock-fragment grains upwards in the profile coordinated with increases in clay to a
degree proportional to thickness and degree of physical alteration of the profiles (Figs 12 and
13). Weakly developed profiles with relict bedding such as Jurnpa and Ngumpu show muted
mineral differentiation compared with well developed Jurl, Wanta and Jurta profiles. These are
trends documented in many Precambrian paleosols [113].

A second test for paleosols is geochemical: molecular weathering and concentration ratios
of major oxides (Figs 12 and 13). Geochemical depth functions are muted, with expected ele-
mental mobilization related to proportional enrichment of clay or of evaporite sand crystals
and nodules. Iron was lost from all except Wanta profiles, which have surface hematite lamina-
tion. Thick Jurta profiles show subsurface loss of lime and magnesia and soda, in contrast to
nodular intra-Strelley profiles with gains of these elements in proportion to nodule abundance.
Elemental losses vary from large in Jurta, Jurl and Wanta profiles, but are muted in Jurnpa and
Ngumpu profiles. This variation in weathering inversely proportional to preservation of bed-
ding, is also very like soils and paleosols [40]. Soda was close to limits of detection in all sam-
ples, but like potash, sometimes enriched, perhaps due to illitization (Fig 11) or to acid-
sulphate weathering [114].

A third test for paleosols is chemical mass balance or “tau analysis”, which normalizes to a
stable constituent in parent material (titania used here), and calculates mole fraction losses
and strain from weight percent and bulk density of each sample [41]. Both the unconformity
profiles (Jurta) and alluvial profiles (Jurl and Wanta) show mostly within-bed changes in the
collapse-and-loss quadrant of soils rather than the dilate-and-gain quadrant of sediments (Fig
17). Surface horizons of some Jurta paleosols, and of weakly developed Ngumpu and Jurnpa
paleosols show element gain but modest dilation of aeolian-fluvial additions incompletely
digested by pedogenesis. Hydrothermal alteration documented for Jurta profiles underlying
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the Strelley Pool Formation [3] does not compromise tau analysis, because pyrophyllitic alter-
ation of basalts predated soil formation and is the assumed parent material (Fig 13). Bed-scale
soil-like strain-transfer patterns have persisted despite later regional greenschist facies meta-
morphism of the pre-Strelley rocks [1] and syn-sedimentary silicification of the Strelley Pool
Formation [19]. Tau analysis reveals that regional metamorphism did not destroy or homoge-
nize the original signal of within-bed pedogenesis.

Each kind of paleosol (Table 2) within and below the Strelley Pool Formation offers a vari-
ety of paleoenvironmental information independent of sedimentological and paleogeographic
studies (Table 3), and these are justified in the following paragraphs to generate a model for
these ancient landscapes and their soils (Fig 18).

Discussion: Interpreting paleoenvironments of Archean paleosols

The following paragraphs offer a multifaceted interpretive narrative of what paleosols in and
below the 3.3 Ga Strelley Pool Formation can potentially reveal about Archean terrestrial
weathering and life.

Topographic setting

The sedimentary setting of the Strelley Pool Formation was coastal: alluvial levees, floodplains,
estuaries, littoral talus and stromatolitic intertidal flats [8, 18-20, 46, 51]. Erosion resistant
lithologies, such as chert, in underlying rocks created local ribs with paleorelief of up to 3 m
(Fig 5A and 5B), but the wide extent of only 30-m-thickness of Strelley Pool Formation over
some 30,000 km” (Fig 1), is evidence of regional low relief. One exception is a likely paleocan-
yon 1 km deep near Doolena Gap, on the highway north of Marble Bar (Fig 1), where 1000 m
of Strelley Pool sandstone has eroded all the way through Apex Basalt and Marble Bar Chert
into the Duffer Formation [53]. The Strelley Pool Formation thins to the west of Strelley Pool
[46, 51] and in that direction also the dip of the angular unconformity is greater than dips to
the east (Fig 4). Those relationships and the paleocanyon at Doolena Gap [53] are evidence of
paleoslope down to what is now southeast. This Pilbara Craton of tonalite-trondjheimite-
granodiorites of the 3500-3460 Ma Callina Supersuite to the west, and the 3450-3420 Ma
Tambina Supersuite to the north, predated large granitic complexes of the 3325-3290 Ma Emu
Pool and 3275-3225 Ma Cleland Supersuites [115] and domal tectonics [116]. The land mass
during deposition of the Strelley Pool Formation was about 540 km in diameter before a 3200
Ma rifting event that separated Karratha and Kurrana terranes [117].

Jurta paleosols of the pre-Strelley landscape show clay formation and corestones to a depth
of 4 m, which after decompaction (following equation in Table 1) was 9 m, and as in modern
soils, this may represent a minimum depth of the water table [118, 119]. The pre-Strelley
paleosol has been considered as deep as 50 m [1], but our examination of outcrops near Strel-
ley Pool (Fig 2A) suggests that this was not weathering but deep hydrothermal pyrophyllitic
alteration [3]. The pyrophyllite alteration cupola to the North Pole Monzogranite was also mis-
taken as a paleosol 35 m thick [4], based on misidentification of red beds some 12-20 m below
the surface as Archean laterites (Fig 2B). Our examination of these ferruginous bands found
that they were pods of banded iron formation within the Panorama Formation, rather than
nodular, pisolitic or massive laterite [36].

Paleosols within the lower Strelley Pool Formation formed on flat coastal depositional land-
scapes of estuaries, rivers and floodplains [18, 19, 46]. Permanent water table in this floodplain
was at least 25 cm below the surface of the paleosols. Above that level, evaporite sand crystals
and nodules demonstrate replacive growth characteristic of dry soils [40], evident from sedi-
mentary inclusions and dusty rims (Fig 16). Such soil crystals are distinct from crystals
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Fig 17. Tau analysis of paleosols within and below the Strelley Pool Formation. Individual paleosols vary in degree of weathering,
but are mainly in the collapse-and-loss field of soils, rather than the dilate-and-gain field of sediments [41].

https://doi.org/10.1371/journal.pone.0291074.9017

precipitated from open water or saturated sediments that are clean of inclusions because excess
water allows growth by displacement. Clean evaporite crystals are well known from marine
evaporites [120, 121], playa lakes [102, 103], and spring tufas [122-124]. Sulfur-spring barites

Table 2. Paleosol definition and classification within and below Strelley Pool Formation.

Pedotype  Nyamal Diagnosis

(52)

Jurnpa Cold ashes | Black massive cherty surface (A horizon) over barite mottle pseudomorphs in
trough cross-bedded sandstone (By horizon)

Jurl Salt Black massive cherty surface (A horizon) over barite crystal pseudomorphs in
gray chert (By horizon)

Jurta Big Cracked surface (A horizon) over thick green sericite (Bw horizon) and
sericite with corestones (C horizon)

Ngumpu | Narrow Black massive cherty surface (A horizon) over laminated gray chert (C
horizon).

Wanta Crazy Red cracked and laminated surface (A horizon) over barite mottle

pseudomorphs (By hoprison)
https://doi.org/10.1371/journal.pone.0291074.t1002
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Table 3. Paleosol interpretations within and below Strelley Pool Formation.

Pedotype | Climate Organisms Topography | Parent Soil duration
material

Jurnpa Humid (1037 + 182 mm MAP) temperate | Microbial earth dominated by methanogens and Streamside Quartz-lithic | 1,000-69,000
(6.9+0.2°C MAT) actinobacteria, with purple sulfur bacteria levee sand years

Jurl Humid (1405 + 182 mm MAP) temperate | Microbial earth dominated by purple sulfur bacteria, with | Floodplain Quartz-lithic | 2,000-82,000
(10.6 + 0.2°C MAT) actinobacteria and methanogens silt years

Jurta Humid (1376 + 182 mm MAP) temperate | Microbial earth Low hills Basalt 100,000-300,000
(10.6 +£ 0.2°C MAT) years

Ngumpu | Not diagnostic for climate Microbial earth dominated by methanogens and Streamside bar | Quartz-lithic | 10-1000 years

actinobacteria, with purple sulfur bacteria sand
Wanta Not diagnostic for climate Microbial earth dominated by iron-oxidizing bacteria Floodplain Quartz-lithic | 2,000-82,000
swale sand years

Note: MAP is mean annual precipitation and MAT is mean annual temperature.

https://doi.org/10.1371/journal.pone.0291074.t003

nonH
present

Deposition of
Strelley Pool Formation

Fig 18. Graphical abstract of reconstructed paleosols below and within the Strelley Pool Formation.

https://doi.org/10.1371/journal.pone.0291074.9018
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and other crystals are aligned with original bedding [122-124], rather than randomly oriented
as in the Strelley Pool Formation (Fig 16).

Parent material

Pre-Strelley Jurta paleosols developed on a bedrock landscape of varied formations (Fig 4):
Double Bar Basalt and Coucal Formation at Strelley Pool, Mt Ada Basalt at Steer Ridge, Pano-
rama Formation at Trendall Ridge, and Apex Basalt near Marble Bar [7, 28, 125 126]. Parent
material variation can be seen on a local scale near Marble Bar, where the Apex Basalt is deeply
and recessively weathered, but cherty interbeds were little weathered, and formed topographic
ribs on the ancient landscape (Fig 5B).

Unlike pre-Strelley Jurta paleosols (Fig 13), those within the Strelley Pool Formation (Fig
12) formed on sediments eroded from a prior cycle of weathering and do not present materials
identifiable as unweathered in petrographic thin sections. Paleosols within the Strelley Pool
Formation are developed on quartzofeldspathic sand with few clay and rock fragments, includ-
ing variably weathered volcanics, pyrophyllitic schist, and both recycled and intraformational
chert. No dolostone was detected within these paleosols or their parent material, but dolostone
is found in stromatolitic parts of the formation, and could have been recycled into paleosols.
Silicification of much of the stromatolitic part of the Strelley Pool Formation has converted
these beds to chert [18, 19], and carbonate clasts in the paleosols would have been rendered
indistinguishable from other rock fragments by silicification.

Time for formation

At a reconstructed 9 m thick and lacking duricrusts, the pre-Strelley or Jurta paleosols (Fig 9)
are strongly developed, rather than very strongly developed in a field scale devised for modern
soils [40]. They endured a long time of soil formation to convert a variety of hydrothermally
altered basalts and tuffs (Fig 7E and 7G and 71) to sericitized clay (Fig 7D and 7F and 7H). Tax-
onomic considerations illustrate differences with modern soils that compromise this interpre-
tation. Such well developed soils today have argillic horizons of Ultisols or Alfisols, or thick
kaolinitic horizons of Oxisols, but Jurta Paleosols have insufficient subsurface clay enrichment
for an argillic horizon, and are not chemically weathered enough for an oxic horizon (Fig 13).
Thus Jurta paleosols present a sequence of horizons (A-Bw-C) of Inceptisols, which are gener-
ally weakly developed [40]. Their combination of well drained but chemically reduced is also
not a combination found today [117, 118], and a new soil order of Viridisols (green clays) has
been suggested to accommodate them [127]. Viridisol has not been formally ratified [107],
and for the moment these paleosols are placed in the order Inceptisol.

Paleosols within the Strelley Pool Formation show varying degrees of destruction of bed-
ding and ripple marks which indicate moderate (Jurl, Wanta) to weak (Jurnpa) and very weak
development (Ngumpu) in a field scale for soils [40]. Once again there are confounding differ-
ences, because moderately developed soils and paleosols are marked by nodules of gypsum
[128], or low-magnesium calcite [129], but nodules and crystals in paleosols of the Strelley
Pool Formation appear to be barite and nahcolite for which no modern chronosequences have
been studied, and which now need special hydrological and microbial constraints [114, 130].

Archean paleosols formed under very different conditions than modern soils, but such ten-
uous comparisons are needed to estimate durations of soil formation. Durations of post-Devo-
nian forested paleosols on bedrock can be estimated from a variety of chronofunctions
(Table 1) giving several orders of magnitude spread of durations (S8 Table). Of the various
options of largely temperate humid chronofunctions the extraordinarily high rate of regolith
production inferred [131] from uranium dating of weathering of pyritic black shales in
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Pennsylvania is preferred here: 138,724 + 24,069 years for the Jurta clay at Strelley Pool,
199,416 + 20,069 for the Jurta clay at Trendall Ridge and 95,373 + 24,609 for the Jurta silty clay
loam at Marble Bar. Longer estimates for soil formation come from other chronofunctions
[132-134]. Pyritic black shales show acid-sulphate weathering [135], which is more aggressive
than carbonic acid weathering. For example, acid sulphate weathering of baritic and gypsifer-
ous upland soils of the Lufkin Series in Texas reached 220 cm thickness in only 15,155 years
[114]. With high CO, comes acid rain (pH 4.0-4.5) and biogenic sulfuric acid could further
acidify soil water (pH 2-3 [4]), and increase soil production rates. Acid sulphate weathering of
Jurta paleosols is compatible with their pyrite content, and the abundance of sulphate and
likely sulfur bacteria in the overlying Strelley Pool Formation [23, 24]. Archean bedrock paleo-
sols were not necessarily thin, nor poorly differentiated chemically, as has long been apparent
from the study of Archean paleosols at major geological unconformities [42, 113, 136, 137].
Moderately developed alluvial paleosols of forested post-Devonian paleosols have discrete
nodules or sand crystals, which now take millennia to coalesce [40]. Two transfer functions for
estimating paleosol ages (Table 1) have been derived from diameter of low-magnesium calcite
nodules in radiocarbon-dated soils of New Mexico [129], and abundance of gypsum crystals of
the Negev and Atacama Deserts [128]. If the sand crystals and nodules of the Strelley Pool For-
mation were calcite and had diameters measured in the field, the duration of 18 Jurl paleosols
average 3,843 * 1,800 years, 3 Jurnpa paleosols average 4,283 + 1,800 years, and 8 Wanta paleo-
sols average 3,568 + 1,800 years (S9 Table). If on the other hand, they were gypsum crystals
and had densities measured in the field, the duration of 18 Jurl Paleosols average
42,322 + 15,000 years, 3 Jurnpa paleosols average 31,025 + 15,000 years, and 8 Wanta paleosols
average 40,162 + 15,000 years. These estimates are orders of magnitude different, but provide a
generous envelope of possibilities. They are not strictly relevant because pedogenic nodules
and crystals in the Strelley Pool Formation are silica pseudomorphs, probably mainly barite
and nahcolite [37], for which no modern chronofunctions are available. There is no prospect
for obtaining a chronofunction for precipitation of either mineral from Holocene soils,
because nahcolite requires higher than modern CO, partial pressures [130], and barite nodules
require anoxic sulfur bacterial biomineralizers [114]. Paleosols with these minerals are still few
and poorly known [114, 138]. Although accurate estimates for duration of soil formation in
the Archean remain elusive, many millenia were needed for Jurl and Wanta and proportion-
ally less for Jurnpa and Ngumpu Paleosols. Archean alluvial paleosols were not necessarily
poorly developed or unrecognizable.

Paleoclimate

Chemical Index of Alteration for paleosols both below (Fig 13) and within the Strelley Pool
Formation (Fig 12) reveals temperate weathering, neither frigid-glacial nor tropical [43].
Application of more specific pedogenic paleothermometers to Archean paleosols is risky,
because most are based on soils of modern woody vegetation [139, 140]. The best choice for
Archean paleosols predating the evolution of modern vegetation is a palaeothermometer
(Table 1) based on modern soils under tundra vegetation of Iceland [141], although even these
lichens and shrubs are very different from microbial communities responsible for weathering
of Archean paleosols [142]. These calculations give temperate mean annual paleotemperatures
for the lower A horizons of Jurl (10.6 + 0.4°C) and Jurnpa (6.9 + 0.4°C) paleosols of the Strelley
Pool Formation. The alkali index paleotheromometer [139] gives comparable results of

11.6 £ 4.4°C for Jurl, and 12.6 + 4.4°C for Jurnpa, but paleosol weathering index [140] was
much warmer with 33.1 + 2.1°C for Jurl, and for 37.9 + 2.1°C Jurnpa. The pre-Strelley Jurta
paleosols all gave similar results for the Iceland paleothermometer [141]: 11.8 + 0.4°C at
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Strelley Pool, 11.5 + 0.4°C at Trendall Ridge and 10.5 + 0.4°C near Marble Bar. Applying the
alkali index paleothermometer [139] gave 11.0 + 0.4°C at Strelley Pool, 11.6 + 0.4°C at Trendall
Ridge and 10.6 + 0.4°C near Marble Bar, but the paleosol weathering index [140] was again
much warmer, 25.8 + 0.4°C at Strelley Pool, 25.8 + 0.4°C at Trendall Ridge and 25.2 + 0.4°C
near Marble Bar.

Similar “temperate paleoclimate” (<40°C) has been inferred for the 3.4 Ga Buck Reef Chert
of South Africa, based on evidence of oxygen and hydrogen isotopic composition [143]. Earlier
unrealistic estimates of 55-85°C come from oxygen isotopic evidence alone [144]. Substantial
(6-38 volume %) original quartz in the Strelley Pool Formation is evidence of temperatures
less than 75°C (Figs 12 and 13), because quartz dissolves at higher temperatures [145]. This
line of inference may not be appropriate for little-weathered sediment of tectonically active ter-
ranes [146], but facies analysis and grain size of the Strelley Pool Formation are evidence of
subdued tectonic and volcanic activity of a continent-sized landmass [46]. Temperate paleo-
temperatures are consistent with mid-paleolatitude position of the Strelley Pool Formation:
between 20.5 + 5° for the ca. 3460 Ma upper Apex Chert [147], and 59.0 + 8.8° for the
2.86 + 0.2 Ga Millindinna Complex of the West Pilbara [148].

A widely used paleohyetometer [139] based on temperate soils of North America uses
chemical index of alteration without potash (CIA-K of Table 1). This paleohyetometer gives
humid mean annual precipitation for lower A horizons of Jurl (1405 + 182 mm) and Jurnpa
(1037+ 182 mm) paleosols, as well as Jurta Paleosols of Strelley Pool (1552 + 182 mm), Tren-
dall Ridge (1077 + 182 mm) and Marble Bar (1376 + 182 mm). These data support other indi-
cations of deep weathering such as light rare earth enrichment of some parts of the Strelley
Pool Formation [50]. However, other parts of the formation have flat or light rare earth
depleted compositions betraying marine influence [63, 79].

Jurta paleosols beneath the Strelley Pool Formation are clayey and lack salts as expected in
humid climate, but abundant evaporite pseudomorphs in paleosols within the Strelley Pool
Formation are suggestive of arid paleoclimates [128]. Paleoclimatic implications depend on
the kinds of minerals, but Archean evaporite minerals have been controversial because they
are mainly preserved as silica pseudomorphs (Fig 16). Thus their original nature can rarely be
determined by chemical analysis, and depends on crystallographic appraisal of interfacial
angles, already reported for the 3.0 Ga Farrel Quartzite [37], 3.2 Ga Moodies Group [112], 3.4
Ga Kromberg Formation [149], 3.3 Ga Strelley Pool Formation [18, 19, 48, 51, 150], 3.5 Ga
Apex Chert [6, 38], and 3.5 Ga Dresser Formation [151, 152]. Minerals inferred from pseudo-
morphs include barite (BaSO,), selenite-gypsum (CaSO,.2H,0), aragonite (CaCO3), and nah-
colite (NaHCO3), but the only evaporite mineral still detectable as chemical remnants is barite
[6, 37,151, 153, 154]. Counting against gypsum for the Apex and Strelley Pool Formations are
the lack of selenite fishtail twinning [152], and apparent absence of equant-orthorhombic
anhydrite (CaSO,), which forms from elongate-monoclinic gypsum during shallow burial
[155]. Some supporting evidence for nahcolite may come from microscopic spherulites with
very strong cleavage (Fig 16E and 16F), comparable with the phyllosilicate searlesite (NaB-
Si,05(0OH),)), a common associate of nahcolite in soda lakes [156]. Crystal fans of nahcolite
and aragonite have been confused in the past, but can be distinguished by hexagonal and
square cross sections respectively [149]. Our study did not encounter local pods of abundant
needle-like crystals interpreted as as gypsum or aragonite [28, 51], and as aragonite [20, 46],
and found only a few thin sections with hexagonal needles like nahcolite (Fig 16C and 16D).

Archean silicified barite and nahcolite crystals have been interpreted as evidence of hydro-
thermal veins [38], or evaporating saline water [18, 37, 51, 149-151, 154]. These alternatives
may be reasonable for the Apex chert which shows evidence of cleanly corroded crystal moulds
(Fig 14C and 14D), remnant clear crystals of barite [6], and other evidence for burial alteration
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[38, 47]. In contrast, the pre-Strelley paleosol and the lower Strelley Pool Formation lacks the
Raman spectroscopic [65], rare earth element [63], or distinctive mineral signatures of hydro-
thermal alteration [2]. Nor do the crystal casts form discrete beds of interlocking mosaics or
inclusion-free crystals of evaporites precipitated from a water column [121]. Instead, the crys-
tals are scattered within discrete horizons a set distance below (Fig 5D), but not at the tops, of
the beds, like evaporites in soils [127]. Furthermore, crystal pseudomorphs in the Strelley Pool
Formation show common sedimentary inclusions, nodularized overgrowths of crystal termi-
nations, and lack of disruption of bedding planes (Fig 16). Nahcolite and barite are widespread
as crystals, spherulites and nodules in sodic soils [157, 158] and playa lake crusts [102]. Nahco-
lite can form from the weathering of natrocarbonatite lavas [159], but carbonatite parent tuffs
have distinctive enriched light rare earths [138], unlike flat rare earth patterns of the Apex
Chert and Strelley Pool Formation [47, 63, 79]. Within playa lakes of semi-arid regions nahco-
lite is precipitated within sediment below the surface [102, 103], as also appears true of pre-
Quaternary evaporites [104, 156, 160]. Modern pedogenic nahcolite and barite crystals and
spherulites are mostly microscopic [157, 158], but some soils have barite nodules as much as
3.8 cm in diameter [114] like those of paleosols [114, 138]. Nahcolite has been reported in
semiarid to arid soils and playa lakes, receiving 200-500 mm mean annual precipitation [157,
158], but is more strongly controlled by partial pressure of CO, than by paleoclimate [130].
Pedogenic barite is known in humid forested soils with 1000-1200 mm mean annual precipita-
tion, but under special circumstances, including microbially induced precipitation, or redox
changes at the water table, unrelated to paleoclimate [114, 138]. Barite is favoured by acid sul-
phate weathering at low pH (<3), but gypsum at higher pH (4-9 [135]). There is as yet no
clear relationship between depth of barite or nahcolite and mean annual precipitation as there
is for gypsum [128]. Nevertheless, individual beds of the Strelley Pool Formation do show nah-
colite and barite confined to a specific horizon (By) within the bed, and variably nodularized
as in gypsic horizons of paleosols of Earth [128] and Mars [110, 161]. Salts may have been sup-
pressed from thin (5-10 cm) uppermost horizons of Archean and Martian paleosols by surfi-
cial moisture or carbonic acid from biological productivity, as in desert soils of Earth [162].

Ancient atmospheric CO,

Levels of soil CO, can be approximated using a silicate weathering paleobarometer, which has
been widely applied to rocks altered as much as greenschist facies [163], because higher tem-
perature pyrophyllitic alteration did not alter the paleosols, but created a parent material
below the angular unconformity [1, 4]. Jurta paleosols are especially suited for this because
they deeply weathered profiles with clear losses of alkali and alkaline earth cations, unlike allu-
vial paleosols with salt pseudomorphs (Jurl, Jurnpa, and Wanta), or minimally developed
paleosols (Ngumpu). Equations and variables for this CO, paleobarometer are detailed in
Table 1, and a full Gaussian error analysis [164] was conducted for this study (S10 and S11
Tables). This paleobarometer is inversely proportional to duration of soil formation [163], and
a variety of durations were calculated (S8 Table). A maximal estimate of CO, comes from
modern acid sulphate weathering [131], but much lower estimates from other chronofunctions
[132-134]. Maximal levels of atmospheric CO, calculated by this means are 3170 + 446 ppmv
(11.3 + 1.6 times preindustrial atmospheric level or PAL of 280 ppmv) for the Jurta paleosol at
Strelley Pool, 2011 + 237 ppmv (7.18 + 0.8 PAL) for the Jurta paleosol at Trendall Ridge, and
3473 +1 34 ppmv (8.8 = 0.5 PAL) for the Jurta paleosol at Marble Bar. These are all above levels
of 945 ppm soil CO, at temperatures of 7-11°C required for precipitation and maintenance of
nahcolite [130], a mineral inferred for the Wanta paleosol (Fig 16C and 16D). Nahcolite is rare
in surficial environments today because unstable under current atmospheric levels of only

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 30/47


https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

400 ppm CO,, and prone to recrystallizing to trona (Na;(CO3)(HCO3)-(2H,0) or natron
(Na,COj3:10H,0). Archean soil-respiration CO, levels are unknown, but could be determined
if gypsic or calcic paleosols were found, and probably were 500-1000 ppmv (1.8-3.6 PAL) as
in modern salty soils of deserts [162]. Atmospheric CO, then would be the difference, some
1011-2670 ppmv (3.6-9.5 PAL), which is still above the nahcolite constraint [130].

Higher Archean CO, levels (30,000 to 300,000 ppmv or 100-1000 PAL) have been inferred
[165] from nahcolite formation at assumed Archean temperatures of 70°C, but such high tem-
peratures are unlikely given oxygen and hydrogen isotopic studies [143], preservation of
quartz [145], and application of paleosol paleothermometers used here [139-141]. Minimum
levels of 2500 ppmv (8.9 PAL) CO, have been inferred from weathering rinds on 3.2 Ga fer-
rous-carbonate clasts [166], but these fluvial pebbles may have been separated from the atmo-
sphere by groundwater. Archean estimates of some 3,000 pmv (10.7 PAL) CO, come from
iron mineral stability in banded iron formations [165, 167], but these also reflect subaqueous
rather than atmospheric levels. A maximum level of 36,000 ppmv (129 PAL) CO, was inferred
from paleosols ranging in age from 2.75-2.2 Ga because of their apparent lack of siderite
[168]. This estimate suffers a variety of problems, such as choice of metamorphic rather than
pedogenic mineral thermodynamic data [163]. An estimate of 1,500-9,000 ppmv (5-32 PAL)
CO, for 3.0 Ga comes from chemical weathering trends in the Jerico Dam paleosol of South
Africa [42], and is comparable with estimates derived here [163]. This much CO, would give
acid rain (pH 4.0-4.5 [4]), and soil-microbial CO, and H,SO, could drop soil water pH to 3
favouring abundant barite precipitation observed [135].

Even the most extreme of these estimates is inadequate for a greenhouse capable of main-
taining likely temperate Archean paleotemperatures [143] given the faint young sun. Other
greenhouse gases are needed, including water vapour, CH,, C,Hg, SO, and OCS [169-171].
Much methane would have come from methanogenesis and would persist under low
(160 ppm) H, values likely for the Archean [171]. Three times the current mass of N, and a H,
mixing ratio of 0.1 in the atmosphere, would also have created an adequate greenhouse [172].
However, N, in the atmosphere was limited to 1.1 to 0.5 bars judging from nitrogen and argon
isotopic ratios in fluid inclusions of the 3.5 Ga Dresser Formation of Western Australia [173].
The gas SO, proposed theoretically for early Mars [174] and early Earth [175] is compatible
with the abundance of sulphate in paleosols of the Strelley Pool Formation.

Ancient atmospheric O,

Deeply weathered pre-Strelley Jurta paleosols can also be used to evaluate soil exposure to
atmospheric O,, thus revising earlier estimates based on a very different concept of the pre-
Strelley paleosol [4, 136]. This was done by modifying the silicate weathering paleobarometer
[163], using integrated whole profile oxidation of iron instead of base loss (Table 1), the same
estimates for duration of soil formation, and the following standards for O, diffusion constant
inair (D,, = 0.203 £ 0.024 cm?/s [176]), ratio of diffusion in air/soil (o = 0.1 + 0.02) and
Henry’s Law constant for O, (K, = 0.00125 + 0.00005) [177]. Gaussian error has been calcu-
lated as for CO, (S12 and S13 Tables). The results are 1788 + 4006 ppm (0.008 + 0.016 times
preindustrial atmospheric level or PAL) for the Jurta paleosol at Strelley Pool,

1124 + 5085 ppm (0.005 + 0.024 PAL) for the Jurta paleosol at Trendall Ridge, and

2181 + 3018 ppm (0.01 + 0.014 PAL) for the Jurta paleosol at Marble Bar. The Marble Bar
result is regarded as the most accurate because least compromised by burial illitization (Fig
11). These are maximal levels because based on the short soil formation times likely during
acid sulphate weathering [131], rather than other modern chronofunctions [132-134].
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Uncertainties are large and similar to the estimate, which should be taken as a rough approxi-
mation [27], though significantly lower O, than a previous estimate from these paleosols [4].

Low levels of atmospheric oxygen are evident from paleosols within and below the Strelley
Pool Formation because of their high ferrous to ferric iron ratios (Figs 12 and 13), comparable
with swamp soils today exhausted of oxygen by microbial respiration [40]. However good
drainage of the Strelley Pool Formation paleosols is indicated by dissolution casts and nodules
of evaporitic mineral pseudomorphs (Fig 16). Laminations of hematite and goethite are distin-
guish the surface of Wanta paleosols (Fig 7]), but all other paleosols within the Strelley Pool
Chert are gray green and unoxidized, including paleosols within and below the Strelley Pool
Formation sampled by deep drilling (Coonterunah Core no. 8 [85]). The pre-Strelley paleosol
in core and outcrop is gray and less than 4 m thick, and entirely postdates a thick pyrophyllitic
hydrothermal alteration aureole [2, 3]. The pre-Strelley paleosol does not include laterite at
Trandall Ridge [4], because these red beds are stringers of banded iron formation in parent
material of Panorama Formation well below the paleosol. Munsell hue is a guide to Archean
versus Phanerozoic iron oxides, because in most cases oxidation of the modern outcrop is goe-
thite of brownish red color (Munsell 10YR-7.5YR), whereas Archean hematite is red (Munsell
5R to 10R), like a fire engine. There are some exceptions where Archean rocks are locally
stained by overlying Mesozoic and Cenozoic paleosols [178, 179], or local oxidation along
deep fissures [180, 181]. The 3.5 Ga Marble Bar Chert, an aquatic banded-iron formation, also
shows original hematite, again as sampled by deep drilling [182]. Hematite banded iron forma-
tion and a pre-Strelley paleosol interpreted as lateritic have been used to argue for
100,000 ppm (0.48 PAL) atmospheric O, back to 3.8 Ga [4]. However, hematite in banded
iron formations formed by chemolithotrophy of iron-oxidizing bacteria under chemically
reducing conditions [183, 184]. These observations support the idea that Archean redox distri-
bution was upside-down compared with modern: oxidized biosynthetic hematite accumulated
in stagnant waterlogged soils, lakes and oceans, but overlying water and air remained chemi-
cally reduced [185, 186]. Thus, the red surface of Wanta paleosols can be taken as evidence of
an anaerobic microbial community adapted to waterlogging, whereas other communities of
anaerobic but well drained soils maintained chemically reduced iron minerals. This redox dis-
tribution is upside down compared with today’s red and oxidized well drained soils, but gray-
green and chemically reduced waterlogged soils [40].

Low oxygen calculated here from paleosols within and below the Strelley Pool Formaton is
broadly similar to other Archean estimates of atmospheric composition from paleosols. Esti-
mates of atmospheric O, based on Jurta paleosols are a little higher than 20-1,000 ppm
(0.00095-0.0047 PAL) O, estimated by calculating oxygen demand of the 3.0 Ga Jerico Dam
paleosol of South Africa, and stability of associated uraninite [42]. An unlikely oxidizing atmo-
sphere of at least 3,000 ppm (0.014 PAL) O, has been proposed for the Jerico Dam paleosol,
assuming later chemically reduction by hydrothermal fluids or by burial gleization of organic
acids [136]. However, there is no clear hydrothermal enrichment of heavy rare earth elements
in the Jericho Dam profile [187]. Furthermore, burial gleization in paleosols of Triassic forest
ecosystems much more productive than envisaged for the Archean extends only 30 cm [188],
an order of magnitude less than the 3.3 m within the Jerico Dam Paleosol [42, 187]. These later
alterations do not apply to the Nsuze paleosols of South Africa, slightly younger at 2.9 Ga, and
with a lack of oxidative Cr and U recycling suggestive of 12-63 ppm (0.0006-0.003 PAL) O, in
the atmosphere [189]. Estimates of 20-200 ppm (0.00095-0.0095 PAL) O, come from cerium
anomalies in the 3.0-3.3 Ga Keonjhar deep weathering remnant of India, although that paleo-
sol shows clear potash metasomatism and hydrothermal heavy rare earth enrichment that
might compromise the estimate [137]. Pyrite (FeS), uraninite (UO,), siderite (FeCO;) and
gersdorfffite (NiAsS) are common (57-85%) redox-sensitive minerals in heavy mineral
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separations from fluvial siliciclastic sediments dated from 3.2-2.7 Ga in the Pilbara region
[190]. This result may not apply to banded iron formations in which iron minerals are largely
hydrothermal or biogenic [191]. Detrital pyrite could survive atmospheric oxidation by rapid
burial in tectonically active regions [192], but this objection is unlikely for the Strelley Pool
Formation deposited on a non-volcanic, stable, continental landmass [46]. Low atmospheric
O, and consequent lack of an ozone layer in the stratosphere has also been suggested to explain
mass-independent fractionation of sulfur isotopes in Archean pyrites and barites of the Pilbara
region [153, 154]. Mass-independent isotopic fractionation of sulfur can also be due to chemi-
sorption with organic matter [4] at modest burial temperatures (150-200°C), so a reassess-
ment of organic effects on the mass-independent sulfur-isotopic record is needed.

Microbiota

The Strelley Pool Formation includes a variety of permineralized microfossils [8, 21-25 150].
Comparable microfossils are even better known in diverse assemblages from the 3.0 Ga Farrel
Quarzite near Mt Grant in northeastern Pilbara Shire [26, 193-197], the 3.44 Ga Mt Ada Basalt
4 km west of old Panorama Homestead [48, 125 198, 199], and the 3.46 Ga Apex chert near
Marble Bar [10, 11, 89]. Apex chert microfossils have been deformed by neomorphic recrystal-
lization, and so doubted as genuine [8], but their organic matter is biogenic [11, 66, 93, 94],
and some microfossils discovered during this work resisted matrix recrystallization (arrows
Fig 14B). The Mt Ada microfossils are very well preserved, although there have been problems
in relocating the exact site for re-evaluation of their geological context [198]. Cherty alluvial
paleosols include a variety of microfossils (Fig 15), not counting those in parent sandstones
[21-23] or in stromatolites of the Strelley Pool Formation [23].

Prominent among microfossils in paleosols of the Strelley Pool Formation are large spindles
(Fig 15A-15F). These microfossils are considered indigenous to the paleosols because nodules
within Jurl paleosols are like those in modern soils taking millennia to coalesce [128], and
decay times of microbes under anoxic conditions are less than 160 days [200]. Comparable
spindle microfossils also have been found in the 3.4 Ga Kromberg Formation of South Africa
[201], 3.2 Ga Clutha Formation of South Africa [202], 3.0 Ga Farrel Quartzite of Western Aus-
tralia [21, 26, 194], and 1.3 Ga Kendall River Formation of Canada [203, 204]. These microfos-
sil spindles have been identified with a variety of acritarch genera: Pterospermopsis,
Pterospermella, and Pterospermopsimorpha [193]. These acritarch genera differ in being dou-
ble-walled and spherical with narrow flanges, and they either lack projections [205], or have
more than two blunt-ending projections [206-208]. The Strelley Pool Formation spindles are
often clustered with their ends continuous with filaments that appear to join them in bunches
(Fig 15C and 15D), and in addition have small internal bodies (Fig 15E and 15F). Primoflagella
of the Ediacaran Kotlin Formation of Russia is a somewhat similar microfossil, and has one
end tapering to filaments, but the other end differs in being blunt [209]. The Strelley Pool For-
mation spindles also similar to Eupoikilofusa cloudii from the Cambrian Gouhou and Xiamal-
ing Formations of China [210, 211], and Eupoikilofusa sp. from the 1.2 Ga Society Cliffs
Formation of Baffin Island [212]. Strelley Pool microfossil spindles deserve their own new
name, but are provisionally referred here to Eupoikilofusa sp. Also found in Strelley Pool
paleosols were spheroidal microfossils (Fig 15G), broadly comparable with Archaeosphaeroides
pilbarensis [198]. Four distinct kinds of Archean spheroids are recognized in the Farrel
Quartzite [26, 194], and five in the the Strelley Pool Formation [25], including forms with
complex walls (Fig 15G). Comparable spindle microfossils in the 3.0 Ga Farrel Quartzite of
Western Australia have been interpreted as sporangia of actinobacteria, and the spheroidal
microfossils as sulfur-oxidizing photosynthetic bacteria, and methanogens [26].
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Microfossil assemblages of paleosols of the Strelley Pool Formation are quite different from
those of marine cherts interbedded with pillow basalts of the Apex Basalt [10-12, 91, 94] and
Mt Ada Basalt [125, 198, 199, 213]. Isotopic composition of Apex chert microfossils have been
interpreted as evidence for photosynthetic sulfur bacteria, methanogenic Archaeans, and y-
proteobacterial methanotrophs [91]. Apex and Mt Ada Basalt Archean marine assemblages are
dominated by septate filaments (Primaevifilum [10]), whereas non-marine assemblages
described here have distinctive spindles (cf. Eopoikilofusa [210]). Both assemblages include
spheroids (Archaeosphaeroides [198]).

Conclusions

Paleosols within and below the Strelley Pool Formation reveal many aspects of life and land-
scapes 3.3 billion years ago (Fig 18). The degree of weathering of the paleosols compared with
modern soils [141], reveals temperate mean annual paleotemperatures (between 6.9 and 11.8
°C) as expected for a likely paleolatitude between 20.5 + 5° for the ca. 3460 Ma upper Apex
Chert [147], and 59.0 + 8.8° for the 2.86 + 0.2 Ga Millindinna Complex of the north Western
Australia [148]. Humid paleoclimate is apparent from chemical composition of the paleosols
compared with modern soils [139]: mean annual precipitation of between 1037 and 1552 mm,
+ 182 mm for different paleosols. Paleosols beneath the Strelley Pool Formation are clayey and
lack salts as expected in humid climate, but evaporite pseudomorphs in paleosols within Strel-
ley Pool Formation give the superficial appearance of arid paleoclimates. The salts were pedo-
genic barite (BaSO,), known in humid soils receiving 1000-1200 mm mean annual
precipitation, and formed by local microbially induced precipitation, or redox changes at the
water table, independent of paleoclimate [114].

A high level of soil carbonic acid and atmospheric carbon dioxide is apparent from inte-
grated profile depletions of alkali and alkali earth cations normalized for likely time of soil for-
mation of Jurta paleosols [163]: 2011 to 3473 ppm by volume CO, (7.18 to 11.3 preindustrial
atmospheric level or PAL of 280 ppmv). Another constraint comes from pseudomorphs of
nahcolite (NaHCO3) observed in the Wanta paleosols, and prone to recrystallization to trona
(Na3(CO53)(HCOs3)-2H,0) or natron (Na,CO5-10H,0) at CO, levels of less than 840 ppm by
volume [130]. Archean soil-respired CO, levels are unknown, but may have reached 500-
1000 ppmv (1.8-3.6 PAL) like modern salty soils of deserts [162]. Atmospheric CO, then
would be the difference including the nahcolite constraint and paleosol estimates, some 945—
3616 ppmv (3.4-12.9 PAL). Even if Archean soils were lifeless, such atmospheric levels of CO,
are inadequate for a greenhouse capable of maintaining likely temperate Archean paleotem-
peratures given the faint young sun, and other greenhouse gases are needed, including CHy,
C,Hg, SO,, OCS, and water vapor [4]. Volcanogenic SO, is especially suggested by the abun-
dance of sulphate pseudomorphs in alluvial paleosols of the Strelley Pool Formation (Jurl,
Jurnpa and Wanta pedotypes).

Low levels of soil O, can be estimated from pre-Strelley Paleosols by modifying CO, algo-
rithms [163] for profile integrated oxidation of iron in Jurta paleosols: 1124 to 2181 ppm.
These can be regarded as a maximum values for the atmosphere, because of likely biological
contribution to iron oxidation, not by oxygenic photosynthesis, but by photoferrotrophs also
considered responsible for banded iron formations [184]. Although all the paleosols within
and below the Strelley Pool Formation are drab colored and have high ferrous to ferric iron
ratios (Figs 12 and 13), Wanta profiles at 155 m depth in the Coonterunah Deep drill core [85]
and in outcrop near Marble Bar present hybrid paleosols with subsurface sand crystals and
nodules like other paleosols (Fig 5D) but also surficial hematite (Fig 7]) laminated like marine
and lacustrine banded iron formation [184]. Wanta paleosols may have been episodically

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 34/47


https://doi.org/10.1371/journal.pone.0291074

PLOS ONE Archean paleosols

waterlogged to allow growth of banded iron formation photoferrotrophs. No hematite was
seen in Jurta paleosols at 163.7-170.9 m in the Coonterunah Deep Drill core [85], or in any of
the outcrop sections (Figs 2 and 5), but limited photoferrotrophy may have contributed to
iron-manganese stain of ped surfaces in these paleosols. These observations of limited atmo-
spheric oxidation do not support the idea of laterite 12-21 m below the Jurta paleosol on Tren-
dall Ridge [4]. These are thin (1-2 m) pods of banded iron formation in the parent Panorama
Formation, which is at a low angle (restored to 4° west) with the unconformable Strelley Pool
Formation. No laterite was found below the Jurta paleosol or in deeper rocks to 329.8 m in
Coonterunah core [85]. Archean hematite may have been formed by iron-oxidizing bacteria in
aquatic ecosystems of banded iron formations [184]. Well drained Archean paleosols were
drab as expected for an atmosphere very low in free oxygen, but waterlogged Archean soils
could be reddened by biogenic hematite, in a redox relationship upside-down compared with
soils today.

Microfossils have been widely reported from what are here recognized as paleosols in the
Strelley Pool Formation [23, 24, 150], and microfossil traces in pyrite grains from basal sands
of the formation may have been redeposited from Jurta paleosols [18, 19]. Microbial sulphate
reduction and sulfur disproportionation have both been inferred from sulfur isotopic data
from the Strelley Pool Formation [23]. Permineralized microfossils were found within surface
horizons of alluvial paleosols, and include spindle like forms [193] comparable with Eopoikilo-
fusa [212], and spheroidal forms comparable with Archaeosphaeroides [198], like those other
Archean terrestrial communities of sulfur oxidizing bacteria, actinobacteria and methanogens
[26]. Communities of microfossils from cherts of presumed marine origin interbedded with
pillow basalts of the Mt Ada [198] and Apex Basalts [10, 11] are distinct from those of the Strel-
ley Pool Formation paleosols [23, 24, 150], in dominance by septate filaments (Primaevifilum),
and included sulfur bacteria, methanotrophs and methanogens [91]. Microfossiliferous Apex
chert is a 15 m thick bed conformable with overlying and underlying pillow basalts, and has no
hydrothermal features such as flanking phyllitic alteration, stockwork dikes, nor copper-lead-
zinc sulfide mineralization. Clay and hydroxide minerals preserved within early diagenetic
chert are evidence of moderate burial temperatures (80-150°C [38]), lower than likely regional
metamorphic temperatures (350°C [64]). This revised context for Apex chert microfossils sup-
ports the sedimentary interpretation [10] rather than the abiotic hydrothermal hypothesis [6].
Poor preservation of many of the microfossils is not necessarily evidence of abiotic origin, but
instead evidence for decay, a key biogenic criterion [94].

Supporting information

S1 File. Inclusivity in global research.
(DOCX)

S1 Table. Grain size of Archean paleosols from point counting (500 points).
(DOCX)

$2 Table. Mineral content of Archean paleosols from point counting (500 points).
(DOCX)

$3 Table. Chemical composition (wt %) of Archean paleosols by XRF.
(DOCX)

$4 Table. Metadata for LA-ICP-MS U-(Th-)Pb analyses.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 35/47


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s005
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

S5 Table. U-Pb isotope ratios and trace element concentrations by LA-ICPMS: Sample
data.
(XLSX)

S6 Table. U-Pb isotope ratios and trace element concentrations by LA-ICPMS: Standard
data.
(XLSX)

S$7 Table. CA-TIMS U-Pb isotopic data.
(XLSX)

S8 Table. Durations of Jurta paleosols using various modern chronofunctions.
(DOCX)

S9 Table. Durations of paleosols within the Strelley Pool Formation.
(DOCX)

$10 Table. Gaussian error propagation for atmospheric CO, and O, estimates.
(DOCX)

$11 Table. Components of Gaussian error quadrature for atmospheric CO, and O,
(DOCX)

$12 Table. Errors (20) on determination of past soil CO, from Jurta paleosols.
(DOCX)

S$13 Table. Errors (20) on determination of past soil O, from Jurta paleosols.
(DOCX)

Acknowledgments

David Krinsley (deceased) provided TEM and SEM images. We are grateful for discussions
with Abigail Allwood, Bruce Runnegar, Martin Van Kranendonk, Malcolm Walter, James Far-
quhar, Axel Hofmann, and Roger Buick.

Author Contributions

Conceptualization: Gregory J. Retallack.

Data curation: Gregory J. Retallack.

Formal analysis: Gregory J. Retallack, Mark D. Schmitz.
Funding acquisition: Gregory J. Retallack.
Investigation: Gregory J. Retallack.

Methodology: Gregory J. Retallack, Mark D. Schmitz.
Project administration: Gregory J. Retallack.
Resources: Gregory J. Retallack.

Software: Gregory J. Retallack.

Supervision: Gregory J. Retallack.

Validation: Gregory J. Retallack.

Visualization: Gregory J. Retallack.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 36/47


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0291074.s014
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

Writing - original draft: Gregory J. Retallack, Mark D. Schmitz.

Writing - review & editing: Gregory J. Retallack.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Buick R, Thronetee JR, McHaughton NJ, Smith JB, Barley ME, Savage M (1995). Record of emergent
continental crust ~ 3.5 billion years ago in the Pilbara craton of Australia. Nature 375: 574-576.
https://doi.org/10.1038/375574a0

van Kranendonk MJ, Pirajno F (2004) Geochemistry of metabasalts and hydrothermal alteration
zones associated with c. 3450 Ga chert and barite deposits: implications for the geological setting of
the Warrawoona Group, Pilbara Craton, Australia. Geochemistry Exploration and Environmental Anal-
ysis 4:253-278. https://doi.org/10.1144/1467-7873/04-205.

Brown AJ, Cudahy TJ, Walter MR (2006) Hydrothermal alteration of the Panorama Formation, North
Pole Dome, Pilbara Craton, Western Australia. Precambrian Research 151: 211-233. https://doi.org/
10.1016/j.precamres.2006.08.014

Ohmoto H, Watanabe Y, Lasaga AC, Naraoka H, Johnson |, Brainard J, Chorney A (2014) Oxygen,
iron and sulfur geochemical cycles on early Earth: paradigms and contradictions. In: Shaw G.H. (Ed.),
Earth’s early atmosphere and surface environment. Geological Society of America Special Paper
504:55-95. https://doi.org/10.1130/2014.2504(09)

Schopf J.W., Kudryavtsev A.B., Agresti D.G., Wdowiak T.J., Czaja A.D., 2002. Laser-Raman imagery
of Earth’s earliest fossils. Nature 416, 73-76. https://doi.org/10.1038/416073a PMID: 11882894

Brasier MD, Green OR, Jephcoat AP, Kleppe AK, van Kranendonk MJ, Lindsay JF, Steele A, Grassi-
neau NV (2002) Questioning the evidence for Earth’s oldest fossils. Nature 416, 76—81. https://doi.
org/10.1038/416076a PMID: 11882895

Brasier MD, Green OR, Lindsay JF, McLoughlin N, Stoakes C, Brasier AC, Wacey D (2011) Geology
and putative microfossils of the c. 3460 Ma “Apex Chert”, Western Australia—a field and petrographic
guide. Geological Survey of Western Australia Record 2011/ 7: 1-60.

Brasier MD, Antcliffe J, Saunders M, Wacey D (2015) Changing the picture of Earth’s earliest fossils
(3.5-1.9 Ga) with new approaches and new discoveries. U.S. National Academy of Sciences Proceed-
ings 112:4859-4864. https://doi.org/10.1073/pnas.1405338111

Hickman-Lewis K, Garwood RJ, Brasier MD, Goral T, Jiang H, McLoughlin N, Wacey D (2016) Carbo-
naceous microstructures from sedimentary laminated chert within the 3.46 Ga Apex Basalt, Chinaman
Creek locality, Pilbara, Western Australia. Precambrian Research 278: 161-178. hitps://doi.org/10.
1016/j.precamres.2016.03.01

Schopf JW, Packer BM (1987) Early Archean (3.3-billion to 3.5 billion-year old) microfossils from War-
rawoona Group, Australia. Science 237:70-73. https://doi.org/10.1126/science.11539686 PMID:
11539686

Schopf JW, Kudryavtsev AB, Czaja AD, Tripathi AB (2007) Evidence of Archean life: stromatolites and
microfossils. Precambrian Research 158:141-155. https://doi.org/10.1016/j.precamres.2007.04.009

de Gregorio BT, Sharp TG, Flynn GJ, Wirick S, Hervig RL (2009) Biogenic origin for Earth’s oldest
putative microfossils. Geology 37:631-634. https://doi.org/10.1130/G25683A.1

Lepot K, Williford KH, Ushikubo T, Sugitani K, Mimura K, Spicuzza MJ, et al. (2013). Texture-specific
isotopic compositions in 3.4 Gyr old organic matter support selective preservation in cell-like struc-
tures. Geochimica et Cosmochimica Acta 112: 66—86. https://doi.org/10.1016/j.gca.2013.03.004

Noffke N, Christian D, Wacey D, Hazen RM (2013) Microbially induced sedimentary structures record-
ing an ancient ecosystem in the ca. 3.48 billion-year-old Dresser Formation, Pilbara, Western Austra-
lia. Astrobiology 13:1103-1124. https://doi.org/10.1089/ast.2013.1030 PMID: 24205812

van Kranendonk MJ, Philippot P, Lepot K, Bodorkos S, Pirajno F (2008) Geological setting of Earth’s
oldest fossils in the ca. 3.5 Ga Dresser Formation, Pilbara Craton, Western Australia. Precambrian
Research 167:93—124. https://doi.org/10.1016/].precamres.2008.07.0

Dodd MS, Papineau D, Grenne T, Slack JF, Rittner M, Pirajno F, et al. (2017) Evidence for early life in
Earth’s oldest hydrothermal vent precipitates. Nature 543:60-64. https://doi.org/10.1038/nature21377
PMID: 28252057

Lan Z, Kamo SL, Roberts NM, Sano Y, Li XH (2022) A Neoarchean (ca. 2500 Ma) age for jaspilite-car-
bonate BIF hosting purported micro-fossils from the Eoarchean (> 3750 Ma) Nuvvuagittuq supracrus-
tal belt (Québec, Canada). Precambrian Research 377: 106728. https://doi.org/10.1016/j.precamres.
2022.106728

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 37/47


https://doi.org/10.1038/375574a0
https://doi.org/10.1144/1467-7873/04-205
https://doi.org/10.1016/j.precamres.2006.08.014
https://doi.org/10.1016/j.precamres.2006.08.014
https://doi.org/10.1130/2014.2504(09)
https://doi.org/10.1038/416073a
http://www.ncbi.nlm.nih.gov/pubmed/11882894
https://doi.org/10.1038/416076a
https://doi.org/10.1038/416076a
http://www.ncbi.nlm.nih.gov/pubmed/11882895
https://doi.org/10.1073/pnas.1405338111
https://doi.org/10.1016/j.precamres.2016.03.01
https://doi.org/10.1016/j.precamres.2016.03.01
https://doi.org/10.1126/science.11539686
http://www.ncbi.nlm.nih.gov/pubmed/11539686
https://doi.org/10.1016/j.precamres.2007.04.009
https://doi.org/10.1130/G25683A.1
https://doi.org/10.1016/j.gca.2013.03.004
https://doi.org/10.1089/ast.2013.1030
http://www.ncbi.nlm.nih.gov/pubmed/24205812
https://doi.org/10.1016/j.precamres.2008.07.0
https://doi.org/10.1038/nature21377
http://www.ncbi.nlm.nih.gov/pubmed/28252057
https://doi.org/10.1016/j.precamres.2022.106728
https://doi.org/10.1016/j.precamres.2022.106728
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Allwood AC, Walter MR, Kamber BS, Marshall CP, Burch IW (2006) Stromatolite reef from the Early
Archean era of Australia. Nature 441:714-718. https://doi.org/10.1038/nature04764

Allwood AC, Walter MR, Burch IW, Kamber BS (2007) 3.42 billion-year-old stromatolite reef from the
Pilbara Craton of Western Australia: ecosystem-scale insights to early life on Earth. Precambrian
Research 158:198-227. https://doi.org/10.1016/j.precamres.2007.04.013

Hickman AH, Van Kranendonk MJ, Grey K (2011) State geoheritage reserve R50149 (Trendall
Reserve), North Pole, Pilbara Craton, Western Australia—geology and evidence for early Archean life.
Western Australia Geological Survey Record 2011/ 10: 32 p.

Sugitani K, Mimura K, Nagaoka T, Lepot K, Takeuchi M (2013) Microfossil assemblage from the 3400
Ma Strelley Pool Formation in the Pilbara Craton, Western Australia: results from a new locality. Pre-
cambrian Research 226:59-74. https://doi.org/10.1016/j.precamres.2012.11.00

Wacey D, Kilburn MR, McLoughlin N, Parnell J, Stokes CA, Brasier MD (2008) Use of NanoSIMS to
investigate early life on Earth: ambient inclusion trails within a ca. 3400 Ma sandstone. Geological
Society of London Journal 165:43-45. https://doi.org/10.1144/0016-76492007-032

Wacey D, McLoughlin N, Whitehouse MJ, Kilburn MR (2010) Two coexisting sulfur metabolisms in a
ca. 3400 Ma sandstone. Geology 38:1115-1118. https://doi.org/10.1130/G31329.1

Wacey D, Kilburn MR, Saunders M, Cliff J, Brasier MD (2011) Microfossils of sulphur-metabolizing
cells in 3.4-billion-year-old rock of Western Australia. Nature Geoscience 4:698-702. https://doi.org/
10.1038/ngeo1238

Coutant M, Lepot K, Fadel A, Addad A, Richard E, Troadec D, et al. (2022) Distinguishing cellular from
abiotic spheroidal microstructures in the ca. 3.4 Ga Strelley Pool Formation. Geobiology 20:599-622.
https://doi.org/10.1111/gbi.12506

Retallack GJ, Krinsley DH, Fischer R, Razink JJ, Langworthy KA (2016) Archean coastal-plain paleo-
sols and life on land. Gondwana Research 40, 1-20. https://doi.org/10.1016/j.gr.2016.08.003

Retallack GJ (2018) The oldest known paleosol profiles on Earth: 3.46 Ga Panorama Formation, west-
ern Australia. Palaeogeography Palaeoclimatology Palaeoecology 489:230-248. https://doi.org/10.
1016/j.palaeo.2017.10.013

van Kranendonk MJ (2000) Geology of the North Shaw 1:100,000 sheet. Geological Survey of West-
ern Australia Explanatory Notes, 86 p.

Nelson DR (2002) Tuffaceous rhyolite, Shark Well (sample 160221). Western Australia Geological
Survey Geochronological Dataset 238:106-108.

Thorpe RI, Hickman AH, Davis DW, Mortensen JK, Trendall AF (1992) U-Pb zircon geochronology of
Archean felsic units in the Marble Bar region, Pilbara Cratron, Western Australia. Precambrian
Research 56:169-189. https://doi.org/10.1016/0301-9268(92)90100-3

Barley ME, Loader SE, McNaughton NJ (1998) 3420 to 3417 Ma calcalkaline volcanism in the McPhee
Dome and Kelly Belt, and growth of the eastern Pilbara Craton. Precambrian Research 88:2-23.
https://doi.org/10.1016/S0301-9268(97)00061-2

Thorpe RI, Hickman AH, Davis DW, Mortensen JK, Trendall AF (1992). Constraints to models for
Archean lead evolution from precise zircon U-Pb geochronology for the Marble Bar region, Pilbara Cra-
ton, Western Australia. In: Glover JE, Ho SE (Eds.), The Archean: terrains, processes and metallo-
geny. University of Western Australia Geology Extension Publication 22:395-407.

Nelson DR (2005) Quartz-lithic sandstone Strelley Pool (sample 178043). Western Australia Geologi-
cal Survey Geochronological Dataset 565:1-5.

Nelson DR [2005] Altered volcaniclastic sandstone Table Top Well (sample 178042). Western Austra-
lia Geological Survey Geochronological Dataset 564:1-4.

Bolhar R, Van Kranendonk MJ, Kamber KS (2005) A trace element study of siderite-jasper banded iron
formation in the 3.45 Ga Warrawoona Group, Pilbara Craton: formation from shallow hydrothermal fluids
and seawater. Precambrian Research 137:93-114. https://doi.org/10.1016/j.precamres.2005.02.001

Retallack GJ (2010) Lateritization and bauxitization events. Economic Geology 105:655-667. https:/
doi.org/10.2113/gsecongeo.105.3.655

Sugitani K, Mimura K, Suzuki K, Nagamine K, Sugisaki R (2003) Stratigraphy and sedimentary petrol-
ogy of an Archean volcanic/sedimentary succession at Mt. Goldsworthy in the Pilbara Block, Western
Australia: implications of evaporite (nahcolite) and barite deposition. Precambrian Research 120:55
=79. https://doi.org/10.1016/S0301-9268(02)00145-

Pinti DL, Mineau R, Clement V (2009) Hydrothermal alteration and microfossil artefacts of the 3,465-
million-year-old Apex chert. Nature Geoscience 2, 640-643. https://doi.org/10.1038/ngeo601

Murphy CP (1983) Point counting pores and illuvial clay in thin section. Geoderma 31:133-150.
https://doi.org/10.1016/0016-7061(83)90004-6

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 38/47


https://doi.org/10.1038/nature04764
https://doi.org/10.1016/j.precamres.2007.04.013
https://doi.org/10.1016/j.precamres.2012.11.00
https://doi.org/10.1144/0016-76492007-032
https://doi.org/10.1130/G31329.1
https://doi.org/10.1038/ngeo1238
https://doi.org/10.1038/ngeo1238
https://doi.org/10.1111/gbi.12506
https://doi.org/10.1016/j.gr.2016.08.003
https://doi.org/10.1016/j.palaeo.2017.10.013
https://doi.org/10.1016/j.palaeo.2017.10.013
https://doi.org/10.1016/0301-9268(92)90100-3
https://doi.org/10.1016/S0301-9268(97)00061-2
https://doi.org/10.1016/j.precamres.2005.02.001
https://doi.org/10.2113/gsecongeo.105.3.655
https://doi.org/10.2113/gsecongeo.105.3.655
https://doi.org/10.1016/S0301-9268(02)00145-
https://doi.org/10.1038/ngeo601
https://doi.org/10.1016/0016-7061(83)90004-6
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

40.
41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Retallack GJ (1997) A colour guide to Paleosols. Wiley, Chichester, 346 p.

Brimhall GH, Chadwick OA, Lewis CJ, Compston W, Williams IS, Danti KJ, et al. (1992) Deformational
mass transport and invasive processes in soil evolution. Science 255:695-702. https://doi.org/10.
1126/science.255.5045.695 PMID: 17756948

Grandstaff DE, Edelman MJ, Foster RW, Zbinden E, Kimberley MM (1986) Chemistry and mineralogy
of Precambrian Paleosols at the base of the Dominion and Pongola Groups (Transvaal, South Africa).
Precambrian Research 32:97-131. https://doi.org/10.1016/0301-9268(86)90003-3

Nesbitt HW, Young GM (1982) Early Proterozoic climates and plate motions inferred from major ele-
ment chemistry of lutites. Nature 299:715-717. https://doi.org/10.1038/299715a0

Schmitz MD, Schoene B (2007) Derivation of isotope ratios, errors and error correlations for U-Pb geo-
chronology using 205Pb-235U-(233U)-spiked isotope dilution thermal ionization mass spectrometric
data. Geochemistry Geophysics Geosystems 8:Q08006. https://doi.org/10.1029/2006GC001492

Brasier MD, Green OR, Lindsay JF, McLoughlin N, Steele A, Stoakes C (2005) Critical testing of
Earth’s oldest putative fossil assemblage from the ~ 3.5 Ga Apex Chert, Chinaman Creek, Western
Australia. Precambrian Research 140:55-102. https://doi.org/10.1016/j.precamres.2005.06.008

Hickman AH (2008) Regional review of the 3424—3350 Ma Strelley Pool Formation, Pilbara Craton,
Western Australia. Western Australia Geological Survey Record 2008/ 15: 61 p.

Kato Y, Nakamura K (2003) Origin and global tectonic significance of Early Archean cherts from the
Marble Bar Greenstone Belt, Pilbara Craton, Western Australia. Precambrian Research 125:191
—243. https://doi.org/10.1016/S0301-9268(03)00043-3

van Kranendonk MJ (2006) Volcanic degassing, hydrothermal circulation and the flourishing of early
life on Earth: a review of the evidence from c. 3490-3420 Ma rocks of the Pilbara Supergroup, Pilbara
Craton, Western Australia. Earth Science Reviews 74:197-240. https://doi.org/10.1016/j.earscirev.
2005.09.005

Hickman AH (2010) Geology of the Marble Bar 1:250 000 Sheet. Western Australia Geological Survey,
Perth, 1 p.

van den Boorn, SH-JM, van Bergen MJ, Vroon PZ, de Vries ST, Nijman W(2010) Silicon isotope and
trace element constraints on the origin of ~ 3.5 Ga cherts: implications for early Archean marine envi-
ronments. Geochimica Cosmochimica Acta 74: 1077-1103. https://doi.org/10.1016/j.gca.2009.09.009

Lowe DR (1983) Restricted shallow-water sedimentation of early Archean stromatolitic and evaporitic
strata of the Strelley Pool Chert, Pilbara Block, Western Australia. Precambrian Research 19:239
-283. https://doi.org/10.1016/0301-9268(83)90016-5

Smithies RH, van Kranendonk MJ, Champion DC (2005) It started with a plume early Archean basaltic
proto-continental crust. Earth and Planetary Science Letters 238: 284-297. https://doi.org/10.1016/].
epsl.2005.07.023

van Kranendonk MJ (2010) Geology of the 1:100,000 Coongan Sheet. Geological Survey of Western
Australia Explanatory Notes, p. 1-67.

de Vries ST, Nijman W, Wijbrans JR, Nelson DR (2006) Stratigraphic continuity and early deformation
of the central part of the Coppin Gap Greenstone Belt, Pilbara, Western Australia. Precambrian
Research 147:1-27. https://doi.org/10.1016/j.precamres.2006.01.004

Oliver NHS, Cawood PA (2001) Early tectonic dewatering and brecciation on the overturned sequence
at Marble Bar, Pilbara Craton, Western Australia: dome-related or not? Precambrian Research
105:1-15. https://doi.org/10.1016/S0301-9268(00)00098-X

Mole DR, Barnes SJ, Yao Z, White AJ, Maas R, Kirkland CL (2018) The Archaean Fortescue large
igneous province: A result of komatiite contamination by a distinct Eo-Paleoarchaean crust. Precam-
brian Research 310:365-390. https://doi.org/10.1016/j.precamres.2018.02.017

Johnson SP, Thorne AM, Tyler IM, Korsch RJ, Kennett BLN, Cutten HN, et al. (2013) Crustal architec-
ture of the Capricorn Orogen, Western Australia and associated metallogeny. Australian Journal of
Earth Sciences 60:681-70. https://doi.org/10.1080/08120099.2013.826735

Smithies RH, Howard HM, Evins PM, Kirkland CL, Bodorkos S, Wingate MTD (2008) The west Mus-
grave Complex—new geological insights from recent mapping, geochronology, and geochemical stud-
ies. Geological Survey of Western Australia Records 2008/ 19, 20 p.

Chin R, de Laeter JR (1981) The relationship of new Rb-Sr isotopic dates from the Rudall Metamorphic
Complex to the geology of the Paterson Province. Geological Survey of Western Australia Annual
Report 1980:80-87.

Kinny PD, Clark C, Kirkland CL, Hartnady M, Gillespie J, Johnson TE, et al. (2022) How old are the
Jack Hills metasediments really? The case for contamination of bedrock by zircon grains in transported
regolith. Geology 50:721-725. https://doi.org/10.1130/G49822.1

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 39/47


https://doi.org/10.1126/science.255.5045.695
https://doi.org/10.1126/science.255.5045.695
http://www.ncbi.nlm.nih.gov/pubmed/17756948
https://doi.org/10.1016/0301-9268(86)90003-3
https://doi.org/10.1038/299715a0
https://doi.org/10.1029/2006GC001492
https://doi.org/10.1016/j.precamres.2005.06.008
https://doi.org/10.1016/S0301-9268(03)00043-3
https://doi.org/10.1016/j.earscirev.2005.09.005
https://doi.org/10.1016/j.earscirev.2005.09.005
https://doi.org/10.1016/j.gca.2009.09.009
https://doi.org/10.1016/0301-9268(83)90016-5
https://doi.org/10.1016/j.epsl.2005.07.023
https://doi.org/10.1016/j.epsl.2005.07.023
https://doi.org/10.1016/j.precamres.2006.01.004
https://doi.org/10.1016/S0301-9268(00)00098-X
https://doi.org/10.1016/j.precamres.2018.02.017
https://doi.org/10.1080/08120099.2013.826735
https://doi.org/10.1130/G49822.1
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Petersson A, Kemp AlS, Denyszyn SW (2022) The Kelly Dyke swarm, Pilbara Craton: a 3317 Ma
large igneous province? Australian Journal of Earth Sciences 69:1207-1214. https://doi.org/10.1080/
08120099.2023.2126007

Hickman AH (2021) East Pilbara Craton: a record of one billion years in the growth of Archean conti-
nental crust. Geological Survey of Western Australia Report 143, 187 p.

Allwood AC, Kamber BS, Walter MR, Burch IW, Kanik | (2010) Trace elements record depositional his-
tory of an Early Archean stromatolitic carbonate platform. Chemical Geology 270:148-163. https:/
doi.org/10.1016/j.chemge0.2009.11.013

Cullers RL, DiMarco MJ, Lowe DR, Stone J (1993) Geochemistry of silicified, felsic, volcaniclastic sedi-
ments from the early Archean Panorama Formation, Pilbara Block, Western Australia: an evaluation of
depositional and post-depositional processes with special emphasis on rare earth elements. Precam-
brian Research 60:99-116. https://doi.org/10.1016/0301-9268(93)90046-5

Allwood AC, Walter MR, Marshall CP (2006) Raman spectroscopy reveals thermal palaeoenviron-
ments of ¢.3.5 billion-year-old organic matter. Vibrational Spectroscopy 41:190-197. https://doi.org/
10.1016/j.vibspec.2006.02.006

Marshall CP, Love GD, Snape CE, Hill AC, Allwood AC, Walter MR, et al. (2007) Structural characteri-
zation of kerogen in 3.4 Ga Archean cherts from the Pilbara Craton, Western Australia. Precambrian
Research 155:1-283. https://doi.org/10.1016/j.precamres.2006.12.01

Krapez B (1984) Sedimentation in a small, fault-bounded basin—Lalla Rookh Sandstone, East Pilbara
Block. In: Muhling J., Groves D.I., Blake T.S. (Eds), Archean and Proterozoic basins of the Pilbara,
Western Australia—evolution and mineralization potential. Univ. Western Australia Geology Depart-
ment University Extension Publication 9:89-110.

Thorne AM, Trendall AF (2001) Geology of the Fortescue Group, Pilbara Basin, Western Australia.
Geological Survey Western Australia Bulletin 144:1-249.

Long DT, Fegan NE, McKee JD, Lyons WB, Hines ME, Macumber PG (1992) Formation of alunite, jar-
osite and hydrous iron oxides in a hypersaline system: Lake Tyrrell, Victoria, Australia. Chemical Geol-
ogy 96:183-202. https://doi.org/10.1016/0009-2541(92)90128-R

Landis GP, Rye RO (2005) Characterization of gas chemistry and noble-gas isotope ratios of inclusion
fluids in magmatic-hydrothermal and magmatic-steam alunite. Chemical Geology 215:155-184.
https://doi.org/10.1016/j.chemgeo.2004.06.03

Bird MI, Chivas AR, McDougall | (1990) An isotopic study of surficial alunite in Australia. 2. Potassium-
argon geochronology. Chemical Geology 80:133-145. https://doi.org/10.1016/0168-9622(90)90022-5

Bladh KW (1982) The formation of goethite, jarosite, and alunite during the weathering of sulfide-bear-
ing felsic rocks. Economic Geology 77:1776-1784. https://doi.org/10.2113/gsecongeo.77.1.176

Meyer R, Pena dos Reis RB (1985) Paleosols and alunite silcretes in continental Cenozoic of western
Portugal. Journal of Sedimentary Research 55:76-85. https://doi.org/10.1306/212F8616-2B24-11D7-
8648000102C1865D

Fedo CM, Nesbitt HW, Young GM (1995) Unraveling the effects of potsssium metasomatism in sedi-
mentary rocks and paleosols, with implications for paleoweathering conditions and provenance. Geol-
ogy 23:921-924. https://doi.org/10.1130/0091-7613(1995)023<0921:UTEOPM>2.3.CO;2

Novoselov AA, de Souza Filho CR (2015) Potassium metasomatism of Precambrian paleosols. Pre-
cambrian Research 262:67-83. https://doi.org/10.1016/j.precamres.2015.02.02

Dott RH (2003) The importance of eolian abrasion in supermature quartz sandstones and the paradox
of weathering on vegetation-free landscapes. Journal of Geology 111:387-405. https://doi.org/10.
1086/375286

Jutras P, Quilan RS, Leforte MJ (2009) Evidence from Middle Ordovician paleosols for the predomi-
nance of alkaline groundwater at the dawn of land plant radiation. Geology 37:91-94. https://doi.org/
10.1130/G25447A.1

Buick R, Barnes KR (1984) Cherts in the Warrawoona Group: Erly Archean silifcified sediments depos-
ited in shallow-water environments. In: Muhling J., Groves D.I., Blake T.S. (Eds), Archean and Protero-
zoic basins of the Pilbara, Western Australia—evolution and mineralization potential. University of
Western Australia Geology Department University Extension Publication 9:37-53.

van Kranendonk MJ, Webb GE, Kamber BS (2003) Geological and trace element evidence for a
marine sedimentary environment of deposition and biogenicity of 3.45 Ga stromatolitic carbonates in
the Pilbara Craton, and support for a reducing Archean ocean. Geobiology 1:91-108. https://doi.org/
10.1046/j.1472-4669.2003.00014.x

Sugahara H, Sugitani K, Mimura K, Yamashita F, Yamamoto K (2010) A systematic rare-earth ele-
ments and yttrium study of Archean cherts at the Mount Goldsworthy greenstone belt in the Pilbara

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 40/ 47


https://doi.org/10.1080/08120099.2023.2126007
https://doi.org/10.1080/08120099.2023.2126007
https://doi.org/10.1016/j.chemgeo.2009.11.013
https://doi.org/10.1016/j.chemgeo.2009.11.013
https://doi.org/10.1016/0301-9268(93)90046-5
https://doi.org/10.1016/j.vibspec.2006.02.006
https://doi.org/10.1016/j.vibspec.2006.02.006
https://doi.org/10.1016/j.precamres.2006.12.01
https://doi.org/10.1016/0009-2541(92)90128-R
https://doi.org/10.1016/j.chemgeo.2004.06.03
https://doi.org/10.1016/0168-9622(90)90022-5
https://doi.org/10.2113/gsecongeo.77.1.176
https://doi.org/10.1306/212F8616-2B24-11D7-8648000102C1865D
https://doi.org/10.1306/212F8616-2B24-11D7-8648000102C1865D
https://doi.org/10.1130/0091-7613(1995)0230921:UTEOPM2.3.CO;2
https://doi.org/10.1016/j.precamres.2015.02.02
https://doi.org/10.1086/375286
https://doi.org/10.1086/375286
https://doi.org/10.1130/G25447A.1
https://doi.org/10.1130/G25447A.1
https://doi.org/10.1046/j.1472-4669.2003.00014.x
https://doi.org/10.1046/j.1472-4669.2003.00014.x
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

Craton: Implications for the origin of microfossil-bearing black cherts. Precambrian Research 177:73
-87. https://doi.org/10.1016/j.precamres.2009.10.00

Harris AC, White NC, McPhie J, Bull SW, Line MA, Skrzeczynski R, et al. (2006) Early Archean hot
springs above epithermal veins, North Pole, Western Australia: new insights from fluid inclusion analy-
sis. Economic Geology 104:793-814. https://doi.org/10.2113/gsecongeo.104.6.79

Rouchon V, Orberger B (2008) Origin and mechanisms of K-Si-metasomatism of ca. 3.4—3.3 Ga vol-
caniclastic deposits and implications for Archean seawater evolution: examples from cherts of Kittys
Gap (Pilbara craton, Australia) and Msauli (Barberton Greenstone Belt, South Africa). Precambrian
Reserarch 165:169-189. https://doi.org/10.1016/j.precamres.2008.06.003

van den Boorn SH-JM, van Bergen MJ, Nijman W, Vroon PZ(2007) Dual role of seawater and hydro-
thermal fluids in Early Archean chert formation: evidence from silicon isotopes. Geology 35:939-942.
https://doi.org/10.1130/G24096A.1

de Vries ST, Nijman W, de Boer PL (2010) Sedimentary geology of the PalaeoArchean Buck Ridge
(South Africa) and Kittys Gap (Western Australia) volcano-sedimentary complexes. Precambrian
Research 183:749-769. https://doi.org/10.1016/j.precamres.2010.09.00

Archean Biosphere Drilling Project (ABDP), 2014. Strelley Pool core # 8 tray photos. http://www.psu.
edu/spacegrant/ABDP/abdp8trayphotos.htm accessed August 24, 2014.

Wopfner H (1978) Silcretes of northern South Australia and adjacent regions. In: Langford-Smith T (Ed.),
Silcrete in Australia. Department of Geography, University of New England, Armidale, pp. 93—141.

Taylor G, Eggleton RA (2001) Regolith geology and geomorphology. Wiley, Chichester, 375 p.

Basile-Doelsch I, Meunier J-D, Parron C (2005) Another continental pool in the terrestrial silicon cycle.
Nature 433:399-402. https://doi.org/10.1038/nature03217 PMID: 15674287

Schopf JW (1993) Microfossils of the Early Archean Apex Chert: new evidence of the antiquity of life.
Science 260:640-646. https://doi.org/10.1126/science.260.5108.640 PMID: 11539831

Westall F, de Vries ST, Nijman JN, Marchesini D, Severine A (2006) The 3.446 Ga “Kittys Gap Chert’, an
early Archean microbial ecosystem. In: Reimold WU, Gibson RL (Eds.), Processes on the early Earth.
Geological Society of America Special Paper 405: 105-131. https://doi.org/10.1130/2006.2405(07).

Schopf JW, Kitajima K, Spicuzza MJ, Kudryavtsev AB, Valley JW (2018) SIMS analyses of the oldest
known assemblage of microfossils document their taxon-correlated carbon isotope compositions. Pro-
ceedings of the U.S. National Academy of Sciences 115, 53-58 https://doi.org/10.1073/pnas.
1718063115 PMID: 29255053

Pasteris JD, Wopenka B, (2002) Images of Earth’s earliest fossils? Discussion and reply. Nature
420:476-477. https://doi.org/10.1038/420476b

Marshall AC, Marshall CP (2013) Comment on “Biogenicity of Earth’s earliest fossils: A resolution of
the controversy” by J. W. Schopf and A. B. Kudryavtsev. Gondwana Research 22:761-771. : https:/
doi.org/10.1016/j.gr.2012.12.005.

Derenne S, Robert F, Skrzypczak-Bonduelle A, Gourier D, Binet L, Rouzaud J-N (2008) Molecular evi-
dence for life in the 3.5 billion year old Warrawoona chert. Earth and Planetary Science Letters
272:476-480. hitps://doi.org/10.1016/j.epsl.2008.05.014

Hofmann HJ (2004) Archean microfossils and abiomorphs. Astrobiology 4:35-36. https://doi.org/10.
1089/153110704323175115 PMID: 15253835

Sergeev VN, Sharma M, Shukla Y (2012) Proterozoic fossil Cyanobacteria. Palaeobotanist 61:189
—-358. https://doi.org/10.54991/jop.2012.359

Eriksson KA, Warren JK (1983) A paleohydrologic model for Early Proterozoic dolomitization and silici-
fication. Precambrian Research 21:299-321. https://doi.org/10.1016/0301-9268(83)90045-1

Maliva RG, Knoll AH, Simonson BM (2005) Secular change in the Precambrian silica cycle: insights
from chert petrology. Geological Society of America Bulletin 117: 835-845. https://doi.org/10.1130/
B25555.1

Birnbaum SJ, Wireman JW (1985) Sulphate-reducing bacteria and silica solubility: a possible mecha-
nism for evaporite diagenesis and silica precipitation in banded iron formations. Canadian Journal of
Earth Sciences 22:1905-1909. https://doi.org/10.1139/e85-206

Birnbaum SJ, Wireman JW, Borowski R (1989) Silica precipitation induced by the anaerobic sulphate
reducing bacterium Desulfovibrio desulfuricans: effects upon cell morphology and implications for
preservation. In Crick R.E. (Ed.), Origin, evolution, and modern aspects of biomineralization in plants
and animals. Springer, New York, pp. 507-516.

Bontognali TRR, Sessions AL, Allwood AC, Fischer WW, Grotzinger JP, Summons RE, et al. (2012)
Sulfur isotopes of organic matter preserved in 3.45-billion-year-old stromatolites reveal microbial
metabolism. U.S. National Academy of Science Proceedings 109:15,146-15,151. https://doi.org/10.
1073/pnas.12074911

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 41/47


https://doi.org/10.1016/j.precamres.2009.10.00
https://doi.org/10.2113/gsecongeo.104.6.79
https://doi.org/10.1016/j.precamres.2008.06.003
https://doi.org/10.1130/G24096A.1
https://doi.org/10.1016/j.precamres.2010.09.00
http://www.psu.edu/spacegrant/ABDP/abdp8trayphotos.htm
http://www.psu.edu/spacegrant/ABDP/abdp8trayphotos.htm
https://doi.org/10.1038/nature03217
http://www.ncbi.nlm.nih.gov/pubmed/15674287
https://doi.org/10.1126/science.260.5108.640
http://www.ncbi.nlm.nih.gov/pubmed/11539831
https://doi.org/10.1130/2006.2405(07)
https://doi.org/10.1073/pnas.1718063115
https://doi.org/10.1073/pnas.1718063115
http://www.ncbi.nlm.nih.gov/pubmed/29255053
https://doi.org/10.1038/420476b
https://doi.org/10.1016/j.gr.2012.12.005
https://doi.org/10.1016/j.gr.2012.12.005
https://doi.org/10.1016/j.epsl.2008.05.014
https://doi.org/10.1089/153110704323175115
https://doi.org/10.1089/153110704323175115
http://www.ncbi.nlm.nih.gov/pubmed/15253835
https://doi.org/10.54991/jop.2012.359
https://doi.org/10.1016/0301-9268(83)90045-1
https://doi.org/10.1130/B25555.1
https://doi.org/10.1130/B25555.1
https://doi.org/10.1139/e85-206
https://doi.org/10.1073/pnas.12074911
https://doi.org/10.1073/pnas.12074911
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.
121.

122,

123.

124,

125.

Hay RL (1968) Chert and its sodium-silicate precursors in sodium-carbonate lakes of East Africa. Con-
tributions to Mineralogy and Petrology 17:255-274. https://doi.org/10.1007/BF00380740

Eugster HP (1969) Inorganic bedded cherts from the Magadi area, Kenya. Contributions to Mineralogy
and Petrology 22:1-31. https://doi.org/10.1007/BF00388011

Larsen D (2008) Reuvisiting silicate authigenesis in the Pliocene-Pleistocene Lake Tecopa beds, south-
eastern California: depositional and hydrological controls. Geosphere 4:612-639. https://doi.org/10.
1130/GES00152.1

Siever R (1962) Silica solubility, 0°-200°C., and the diagenesis of siliceous sediments. Journal of Geol-
ogy 70:127-150. https://doi.org/10.1086/626804

Burgman A (2007) Nyamal dictionary, English-Nyamal finderlist and topical wordlist. Wangka Maya
Aboriginal Language Centre, South Hedland, Western Australia, 29 p.

Soil Survey Staff (2020) Keys to soil taxonomy. Natural Resources Conservation Service, Washington,
600 p.

Food and Agriculture Organization (1974) Soil map of the world. Volume I: Legend. U.N.E.S.C.O.,
Paris, 59 p.

Isbell RF (1996) The Australian soil classification. C.S.I.R.O., Collingwood, 152 p.

Retallack GJ, Jepson S, Broz A (2023) Petrogypsic paleosols on Mars. Icarus: 115436. https://doi.org/
10.1016/j.icarus.2023.11543

Amundson R, Dietrich W, Bellugi D, Ewing S, Nishiishima K, Chong ES, et al. (2012) Geomorphologi-
cal evidence for the late Pliocene onset of hyperaridity in the Atacama Desert. Geological Society of
America Bulletin 124:1048-1070. https://doi.org/10.1130/B30445.1

Nabhan S., Luber T, Scheffler F, Heubeck C., 2016. Climatic and geochemical implications of Archean
pedogenic gypsum in the Moodies Group ( ~ 3.2 Ga), Barberton Greenstone Belt, South Africa. Pre-
cambrian Res. 275, 119-134.

Rye R, Holland HD (1998) Paleosols and the evolution of atmospheric oxygen: a critical review. Ameri-
can Journal of Science 298:621-672. https://doi.org/10.2475/ajs.298.8.621 PMID: 11542256

Jennings DS, Driese SG, Dworkin S| (2015) Comparison of modern and ancient barite-bearing acid-
sulphate soils using micromorphology, geochemistry and field relationships. Sedimentology 62:1078—
1099. https://doi.org/10.1111/sed. 12177

van Kranendonk MJ, Hickman AH, Smithies RH, Nelson DR (2007) Geology and tectonic evolution of
the Archean North Pilbara Terrane, Pilbara Craton, Western Australia. Economic Geology 97:695
-732. https://doi.org/10.2113/gsecongeo.97.4.695

Blewett RS, Shevchenko S, Bell B (2004) The North Pole Dome: a non-diapiric dome in the Archean
Pilbara Craton, Western Australia. Precambrian Research 133:105-120. https://doi.org/10.1016/.
precamres.2004.04.002

van Kranendonk MJ, Smithies RH, Hickman AH, Wingate MTD, Bodorkos S (2010) Evidence for
MesoArchean (~ 3.2 Ga) rifting of the Pilbara Craton: The missing link in an early Precambrian Wilson
cycle. Precambrian Research 177:145-161. https://doi.org/10.1016/j.precamres.2009.11.007

Graham RC, Rossi AM, Hubbert R (2010) Rock to regolith conversion: producing hospitable sub-
strates for terrestrial ecosystems. GSA Today 20(2):4-9. https://doi.org/0.1130/GSAT57A.1

Retallack GJ, Roering JJ (2012) Wave-cut or water-table platforms of rocky coasts and rivers? GSA
Today 22(6):4-9. https://doi.org/10.1130/GSATG144A.1

Warren J.K., 2006. Evaporites; sediments, resources, and hydrocarbons. Springer, Berlin, 1035 p.
Ziegenbalg SB, Brunner B, Rouchy JM, Birgel D, Pierred C, Béttcher ME, et al. (2010) Formation of

secondary carbonates and native sulfur in sulphate-rich Messinian strata, Sicily. Sedimentary Geology
227:37-50. https://doi.org/10.1016/j.sedge0.2010.03.007

Donovan RN, Younger P, Ditzell C (1988) Some aspects of the geology of Zodletone Mountain, Okla-
homa. In: Hayward O.T. (Ed.), Geological Society of America Centennial Field Guide Southeast Sec-
tion. Geological Society of America, Boulder, pp. 99-102. https://doi.org/10.1130/0-8137-5404-6.99

Bonny SM, Jones B (2008) Petrography and textural development of inorganic and biogenic lithotypes
in a relict barite tufa deposit at Flybye Springs, NT, Canada. Sedimentology 55:275-303. https://doi.
org/10.1111/j.1365-3091.2007.00899.x

Bonny SM, Jones B (2008). Experimental precipitation of barite (BaSO4) among streamers of sulfur-
oxidizing bacteria. Journal of Sedimentary Research 78:357-365. https://doi.org/10.2110/jsr.2008.038

Hickman AH (2013) Geology of the North Shaw 1:100 000 Sheet. Western Australia Geological Sur-
vey, Perth, 1p

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 42/47


https://doi.org/10.1007/BF00380740
https://doi.org/10.1007/BF00388011
https://doi.org/10.1130/GES00152.1
https://doi.org/10.1130/GES00152.1
https://doi.org/10.1086/626804
https://doi.org/10.1016/j.icarus.2023.11543
https://doi.org/10.1016/j.icarus.2023.11543
https://doi.org/10.1130/B30445.1
https://doi.org/10.2475/ajs.298.8.621
http://www.ncbi.nlm.nih.gov/pubmed/11542256
https://doi.org/10.1111/sed.12177
https://doi.org/10.2113/gsecongeo.97.4.695
https://doi.org/10.1016/j.precamres.2004.04.002
https://doi.org/10.1016/j.precamres.2004.04.002
https://doi.org/10.1016/j.precamres.2009.11.007
https://doi.org/0.1130/GSAT57A.1
https://doi.org/10.1130/GSATG144A.1
https://doi.org/10.1016/j.sedgeo.2010.03.007
https://doi.org/10.1130/0-8137-5404-6.99
https://doi.org/10.1111/j.1365-3091.2007.00899.x
https://doi.org/10.1111/j.1365-3091.2007.00899.x
https://doi.org/10.2110/jsr.2008.038
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

144.

145.

146.

147.

Lindsay JF, Brasier MD, McLoughlin N, Green OR, Fogel M, Steele A, et al. (2005) The problem of
deep carbon—an Archean paradox. Precambrian Research 143:1-22. https://doi.org/10.1016/j.
precamres.2005.09.00

Retallack GJ (2013) A short history and long future of paleopedology. In: Driese S.G. (Ed.), New fron-
tiers in paleopedology and terrestrial paleoclimatology. Society of Economic Paleontologists and Min-
eralogists Speccial Paper 44:5-16. https://doi.org/10.2110/sepmsp.104-1.

Retallack GJ, Huang C-M (2010) Depth to gypsic horizon as a proxy for paleoprecipitation in paleosols
of sedimentary environments. Geology 38:403-406. https://doi.org/10.1130/G30514.1

Retallack GJ (2005) Pedogenic carbonate proxies for amount and seasonality of precipitation in Paleo-
sols. Geology 33:333-336. https://doi.org/10.1130/G21263.1

Jagniecki EA, Lowenstein TK, Jenkins DM, Demicco RV (2015) Eocene atmospheric CO, from the
nahcolite proxy. Geology 43:1075-1078. https://doi.org/10.1130/G36886.1

Ma L, Chabaux F, Pelt E, Blaes E, Jin L, Brantley S (2010) Regolith production rates calculated with
uranium-series isotopes at Susquehanna/Shale Hills Critical Zone Observatory. Earth and Planetary
Science Letters 297:211-225. https://doi.org/10.1016/j.epsl.2010.06.022

Markewich HW, Pavich MJ, Buell GR (1990) Contrasting soils and landscapes of the Piedmont and
Coastal Plain, eastern United States. Geomorphology 3, 417-447. https://doi.org/10.1016/0169-555X
(90)90015-I

Heimsath AM, Fink D, Hancock GR (2009) The ‘humped’ soil production function: eroding Arnhem
Land, Australia. Earth Surface Processes and Landforms 34: 1674—1684. https://doi.org/10.1002/
esp.185

Lindeburg KS, Almond P, Roering JJ, Chadwick OA (2013) Pathways of soil genesis in the Coast
Range of Oregon, USA. Plant and Soil 367:57-75. https://doi.org/10.1007/s11104-012-1566-z

Carson CD, Fanning DS, Dixon JB (1982) Alfisols and Ultisols with acid sulfate weathering in Texas.
In: Kittrick J.A., Fanning D.S., Hossner L.R. (Eds), Acid sulfate weathering. Soil Science Society of
America Special Publication 10:127-146.

Ohmoto H (1996) Evidence in pre-2.2 Ga Paleosols for the early evolution of atmospheric oxygen and
terrestrial biota. Geology 24:1135-1138. https://doi.org/10.1130/0091-7613(1996)024<1135:
eipgpf>2.3.co;2 PMID: 11540480

Mukhopadhyay J, Crowley QG, Ghosh S, Ghosh G, Charkrabarti K, Misra B, et al. (2014) Oxygenation
of the Archean atmosphere: new Paleosol constraints from eastern India. Geology 42:923-926.
https://doi.org/10.1130/G36091.1

Retallack GJ, Kirby MX (2007) Middle Miocene global change and paleogeography of Panama.
Palaios 22: 667-679. https://doi.org/10.2110/palo.2006.p06-130r

Sheldon ND, Retallack GJ, Tanaka S [2002] Geochemical climofunctions from North American soils
and application to paleosols across the Eocene-Oligocene boundary in Oregon. Journal of Geology
110:687-696. https://doi.org/10.1086/342865

Gallagher TM, Sheldon ND (2013) A new paleothermometer for forest paleosols and its implications
for Cenozoic climate. Geology 41:647-651. https://doi.org/10.1130/G34074.1

Oskarsson BV, Riishuus MS, Arnalds O (2012) Climate-dependent chemical weathering of volcanic
soils in Iceland. Geoderma 189—-190:635-651. https://doi.org/10.1016/j.geoderma.2012.05.030

Retallack GJ (2012) Criteria for distinguishing between microbial mats and earths. In: Noffke N, Cha-
fetz H (Ed.), Microbial mats in siliciclastic sediments. Society of Economic Paleontologists Mineralo-
gists Special Paper 101:136-152. https://doi.org/10.2110/sepmsp.101.139

Hren MT, Tice MM, Chamberlain CP (2009) Oxygen and hydrogen isotope evidence for a temperate
climate 3.42 billion years ago. Nature 462:205-208. https://doi.org/10.1038/nature08518 PMID:
19907491

Knauth LP, Lowe DR (2003) High Archean climatic temperature inferred from oxygen isotope geo-
chemistry of cherts in the 3.5 Ga Swaziland Supergroup, South Africa. Geological Society of America
Bulletin 115:566-580. https://doi.org/10.1130/0016-7606(2003)115<0566:HACTIF>2.0.CO;2

Sleep NH, Hessler AM (2006) Weathering of quartz as an Archean climatic indicator. Earth and Plane-
tary Science Letters 241:594—602. https://doi.org/10.1016/j.epsl.2005.11.020

Lowe DR (2007) A comment on “Weathering of quartz as an Archean climatic indicator” by N.H. Sleep
and A.M. Hessler. Earth and Planetary Science Letters 253:530-533. https://doi.org/10.1016/j.epsl.
2006.11.006

Suganuma Y, Hamano Y, Niitsuma S, Hoashi M, Hisamitsu T, Niitsuma N, et al. (2006) Paleomagne-
tism of the Marble Bar Chert member, Western Australia: implications for apparent polar wander path
for Pilbara Craton during Archean time. Earth and Planetary Science Letters 252:360—371. https://doi.
org/10.1016/j.epsl.2006.10.003

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 43/47


https://doi.org/10.1016/j.precamres.2005.09.00
https://doi.org/10.1016/j.precamres.2005.09.00
https://doi.org/10.2110/sepmsp.104-1
https://doi.org/10.1130/G30514.1
https://doi.org/10.1130/G21263.1
https://doi.org/10.1130/G36886.1
https://doi.org/10.1016/j.epsl.2010.06.022
https://doi.org/10.1016/0169-555X(90)90015-I
https://doi.org/10.1016/0169-555X(90)90015-I
https://doi.org/10.1002/esp.185
https://doi.org/10.1002/esp.185
https://doi.org/10.1007/s11104-012-1566-z
https://doi.org/10.1130/0091-7613(1996)0241135:eipgpf2.3.co;2
https://doi.org/10.1130/0091-7613(1996)0241135:eipgpf2.3.co;2
http://www.ncbi.nlm.nih.gov/pubmed/11540480
https://doi.org/10.1130/G36091.1
https://doi.org/10.2110/palo.2006.p06-130r
https://doi.org/10.1086/342865
https://doi.org/10.1130/G34074.1
https://doi.org/10.1016/j.geoderma.2012.05.030
https://doi.org/10.2110/sepmsp.101.139
https://doi.org/10.1038/nature08518
http://www.ncbi.nlm.nih.gov/pubmed/19907491
https://doi.org/10.1130/0016-7606(2003)1150566:HACTIF2.0.CO;2
https://doi.org/10.1016/j.epsl.2005.11.020
https://doi.org/10.1016/j.epsl.2006.11.006
https://doi.org/10.1016/j.epsl.2006.11.006
https://doi.org/10.1016/j.epsl.2006.10.003
https://doi.org/10.1016/j.epsl.2006.10.003
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

148.

149.

150.

151.

152,

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Schmidt PW, Embleton BJJ (1985) Prefolding and overprint magnetic signatures in Precambrian (2.9—
2.7 Ga) igneous rocks from the Pilbara Craton and Hamersley Basin, NW Australia. Journal of Geo-
physical Research 90:2967-2984. https://doi.org/10.1029/JB090iB04p02967

Lowe DR, Worrell GF (1999) Sedimentology, mineralogy, and implications of silicified evaporites in the
Kromberg Formation, Barberton Greenstone Belt, South Africa. In: Lowe DR, Byerly GR (Ed.), Geo-
logic evolution of the Barberton Greenstone Belt, South Africa. Geolological Society of America Spe-
cial Publication 329:167-188. https://doi.org/10.1130/0-8137-2329-9.167

Sugitani K, Lepot K, Nagaoka T, Mimura K, Van Kranendonk M, Oehler DZ, et al. (2010) Biogenicity of
morphologically diverse carbonaceous microstructures from the ca. 3400 Ma Strelley Pool Formation, in
the Pilbara Craton, Western Australia. Astrobiology 10: 899-920. https://doi.org/10.1089/ast.2010.0513

Lambert IB, Donnelly TH, Dunlop JSR, Groves DI (1978) Stable isotopic compositions of early
Archean sulphate deposits of probably evaporitic and volcanogenic origins. Nature 276:808-811.
https://doi.org/10.1038/276808a0

Buick R, Dunlop JSR (1990) Evaporitic sediments of early Archean age from the Warrawoona, North
Pole, Western Australia. Sedimentology 37:247-277. https://doi.org/10.1111/j.1365-3091.1990.
tb00958.x

Ueno Y, Ono S, Rumble D, Maruyama S (2008) Quadruple sulfur isotopic analysis of ca. 3.5 Ga
Dresser Formation: new evidence for microbial sulphate reduction in the early Archean. Geochimica
Cosmochimica Acta 72:5675-5691. https://doi.org/10.1016/j.gca.2008.08.026

Shen'Y, Farquhar J, Masterson A, Kaufman AJ, Buick R (2009) Evaluating the role of microbial sul-
phate reduction in the early Archean using quadruple isotope systematics. Earth and Planetary Sci-
ence Letters 279:383-391. https://doi.org/10.1016/j.epsl.2009.01.018

Klimchouk A (1996) The dissolution and conversion of gypsum and anhydrite. International Jourenal of
Speleology 21:25-36. https://doi.org/10.5038/1827-806X.25.3.2

Garcia-Veigas J, Gundogan J, Helvaci C, Prats E (2013) A genetic model for Na-carbonate mineral
precipitation in the Miocene Baypazari trona deposit, Ankara Province, Turkey. Sedimentary Geology
294:310-327. https://doi.org/10.1016/j.sedge0.2013.06.011

Shahid SA, Jenkins DA (1994) Minerallogy and micromorphology of salt crusts in Punjab, Pakistan. In:
Ringrose-Voase AJ, Humphreys GS (Eds.), Soil micromorphology: Studies in management and gene-
sis. Elsevier, Amsterdam, pp. 799-810. https://doi.org/10.1016/S0166-2481(08)70464-1

Howari FM, Goodell PC, Miyamoto S (2002) Spectral properties of salt crusts formed on saline soils.
Journal of Environmental Quality 31:453-1461. https://doi.org/10.2134/jeq2002.1453 PMID: 12371161

Zaitsev AN, Keller J (2006) Mineralogical and chemical transformation of Oldoinyo Lengai natrocarbo-
natites, Tanzania. Lithos 91:191-207. https://doi.org/10.1016/).lithos.2006.03.01

Surdam RC, Stanley KO (1979) Lacustrine sedimentation during the culminating phase of Eocene
Lake Gosiute, Wyoming (Green River Formation). Geological Society of America Bulletin 90;93-110.
https://doi.org/10.1130/0016-7606(1979)90<93:LSDTCP>2.0.CO;2

Retallack GJ (2014) Paleosols and paleoenvironments of early Mars. Geology 42:755-758. https://
doi.org/10.1130/G35912.1

Breecker DO, Retallack GJ (2014) Refining the pedogenic carbonate atmospheric CO, proxy and
application to Miocene CO.. Palaeogeography Palaeoclimatology Palaeoecology 406:1-8. hitps://
doi.org/10.1016/j.palaeo.2014.04.01

Sheldon ND (2006) Precambrian paleosols and atmospheric CO2 levels. Precambrian Research
147:148-155. https://doi.org/10.1016/j.precamres.2006.02.00

Hughes |, Hase IPA (2010) Measurements and their uncertainties: a practical guide to modern error
analysis. Oxford Univ. Press, Oxford, 136 p.

Lowe DR, Tice MM (2004) Geologic evidence for Archean atmospheric and climatic evolution: fluctuat-
ing levels of CO,, CH,4, and O, with an overriding tectonic control. Geology 32:493—496. https://doi.
org/10.1130/G20342.1

Hessler AM, Lowe DR, Jones RL, Bird DK (2004) A lower limit for atmospheric carbon dioxide levels
3.2 billion years ago. Nature 428:736—738. https://doi.org/10.1038/nature02471 PMID: 15085128

Ohmoto H, Watanabe Y, Kumazawa K (2004) Evidence from massive siderite beds for a CO,-rich
atmosphere before approximately 1.8 billion years ago. Nature 429: 395-399. https://doi.org/10.1038/
nature02573

Rye R, Kuo PH, Holland HD (1995) Atmospheric carbon dioxide concentrations before 2.2 billion years
ago. Nature 378:603-605. https://doi.org/10.1038/37860320 PMID: 11536713

Ueno Y, Johnson MS, Danielache SO, Eskeberg C, Pandey A, Yoshida N (2009) Geological sulfur iso-
topes indicate elevated OCS in the Archean atmosphere, solving faint young sun paradox. U.S.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 4447


https://doi.org/10.1029/JB090iB04p02967
https://doi.org/10.1130/0-8137-2329-9.167
https://doi.org/10.1089/ast.2010.0513
https://doi.org/10.1038/276808a0
https://doi.org/10.1111/j.1365-3091.1990.tb00958.x
https://doi.org/10.1111/j.1365-3091.1990.tb00958.x
https://doi.org/10.1016/j.gca.2008.08.026
https://doi.org/10.1016/j.epsl.2009.01.018
https://doi.org/10.5038/1827-806X.25.3.2
https://doi.org/10.1016/j.sedgeo.2013.06.011
https://doi.org/10.1016/S0166-2481
https://doi.org/10.2134/jeq2002.1453
http://www.ncbi.nlm.nih.gov/pubmed/12371161
https://doi.org/10.1016/j.lithos.2006.03.01
https://doi.org/10.1130/0016-7606(1979)9093:LSDTCP2.0.CO;2
https://doi.org/10.1130/G35912.1
https://doi.org/10.1130/G35912.1
https://doi.org/10.1016/j.palaeo.2014.04.01
https://doi.org/10.1016/j.palaeo.2014.04.01
https://doi.org/10.1016/j.precamres.2006.02.00
https://doi.org/10.1130/G20342.1
https://doi.org/10.1130/G20342.1
https://doi.org/10.1038/nature02471
http://www.ncbi.nlm.nih.gov/pubmed/15085128
https://doi.org/10.1038/nature02573
https://doi.org/10.1038/nature02573
https://doi.org/10.1038/378603a0
http://www.ncbi.nlm.nih.gov/pubmed/11536713
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Nationa Academy of Sciences Proceedings 106: 14784-14789. https://doi.org/10.1073/pnas.
0903518106

Rosing MT, Bird DK, Sleep NH, Bjerrum CJ (2010) No climate paradox under the faint early Sun.
Nature 464:744-747. https://doi.org/10.1038/nature08955 PMID: 20360739

Kasting J, Kirschvink J (2012) Evolution of a habitable planet. In: Impey C., Lunine J., Funes J. (Eds.),
Frontiers of Astrobiology. Cambridge Univ. Press, New York, pp. 115-131.

Wordsworth R, Pierrehumbert R (2013) Hydrogen-nitrogen greenhouse warming in Earth’s early
atmosphere. Science 339:64-67. https://doi.org/10.1126/science.1225759 PMID: 23288536

Marty B, Zimmermann L, Pujol M, Burgess R, Philippot P (2013) Nitrogen isotope composition and
density of the Archean atmosphere. Science 342:101-104. https://doi.org/10.1126/science.12409

Halevy |, Zuber MT, Schrag DP (2007) A sulfur dioxide climate feedback on early Mars. Science
318:1903-1907. https://doi.org/10.1126/science.1147039 PMID: 18096802

Claire M.W., Kasting J.F., Domagal-Goldman S.D., Stuéken E., Buick R., Meadows V.S., 2014.
Modeling the signature of sulfur mass-independent fractionation produced in the Archean atmosphere.
Geochim. Cosmochim. Acta 141, 365-380.

Denny MW (1993) Air and water: the biology and physics of life’s media. Princeton Univ. Press,
Princeton, 343 p.

Aachib M, Mbonimpa M, Aubertin M (2004) Measurement and prediction of the oxygen diffusion coeffi-
cient in unsaturated media with applications to soil covers. Water Air Soil Pollution 156:163-193.
https://doi.org/10.1023/B:WATE.0000036803.84061.e5

McLoughlin S (1996) Early Cretaceous floras of Western Australia. Western Australian Museum Rec-
ords 18:19-65.

Morris RC, Ramanaidou ER (2007) Genesis of the channel iron deposits (CID) of the Pilbara region
Western Australia. Australian Jouirnal of Earth Science 54:733-756. https://doi.org/10.1080/
08120090701305251

Kato Y, Suzuki K, Nakamura K, Hickman AH, Nedachie M, Kusakabe M, et al. (2009) Hematite forma-
tion by oxygenated groundwater more than 2.76 billion years ago. Earth and Planetary Scienc Letters
278:40—-44. https://doi.org/10.1016/j.epsl.2008.11.021

Li W, Johnson CM, Beard BL (2012) U-Th—Pb isotope data indicate Phanerozoic age for oxidation of
the 3.4 Ga Apex Basalt. Earth and Planetary Science Letters 319-320:197-206. https://doi.org/10.
1016/j.epsl.2011.12.03

Hoashi M, Bevacqua DC, Otake T, Watanabe Y, Hickman AH, Utsunomiya S, et al. (2009) Primary
hematite formation in an oxygenated sea 3.46 billion years ago. Nature Geoscience 2:301-306.
https://doi.org/10.1038/nge0465

Konhauser KO, Hamade T, Raiswell R, Morris RC, Ferris FG, Southam G, et al. (2002) Could bacteria
have formed the Precambrian banded iron formations? Geology 30:1079-1082. https://doi.org/10.
1130/0091-7613(2002)030<1079:CBHFTP>2.0.CO;2

Crowe SA, Jones C, Katsev S, Magen C, O’Neil AH, Sturm A, et al. (2008) Photoferrotrophs thrive in
an Archean Ocean analogue. U.S. National Academy of Science Proceedings 105:15,938—15,943.
https://doi.org/10.1073/pnas.0805313105

Walker JCG (1987) Was the Archean biosphere upside down? Nature 329:710-712. https://doi.org/
10.1038/329710a0.pdf

Domagal-Goldman S (2014). The upside-down biosphere: Evidence for the partially oxygenated
oceans during the Archean Eon. In: Shaw GH (Ed.), Earth’s early atmosphere and surface environment.
Geological Society of America Speccial Paper 504:97-99. https://doi.org/10.1130/2014.2504(10)

Kimberly MM, Grandstaff DE. (1986) Profiles of elemental concentrations in Precambrian paleosols in
basaltic and granitic parent materials. Precambrian Research 32:133-154. https://doi.org/10.1016/
0301-9268(86)90004-5

Retallack GJ (1997) Paleosols in the upper Narrabeen Group of New South Wales as evidence of
Early Triassic palaeoenvironments without exact modern analogues. Australian Journal of Earth Sci-
ence 44:185-201. https://doi.org/10.1080/08120099708728303

Crowe SA, Dgssing LN, Beukes NJ, Bau M, Kruger SJ, Frei R, et al. (2013) Atmospheric oxygenation
three billion years ago. Nature 501:535-538. https://doi.org/10.1038/nature12426 PMID: 24067713

Rasmussen B, Buick R (1999) Redox state of the Archean atmosphere: evidence from detrital heavy
minerals in ca. 3250—2750 Ma sandstones from the Pilbara Craton, Australia. Geology 27:115-118.
https://doi.org/10.1130/0091-7613(1999)027<0115:RSOTAA>2.3.CO;2

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 45/ 47


https://doi.org/10.1073/pnas.0903518106
https://doi.org/10.1073/pnas.0903518106
https://doi.org/10.1038/nature08955
http://www.ncbi.nlm.nih.gov/pubmed/20360739
https://doi.org/10.1126/science.1225759
http://www.ncbi.nlm.nih.gov/pubmed/23288536
https://doi.org/10.1126/science.12409
https://doi.org/10.1126/science.1147039
http://www.ncbi.nlm.nih.gov/pubmed/18096802
https://doi.org/10.1023/B:WATE.0000036803.84061.e5
https://doi.org/10.1080/08120090701305251
https://doi.org/10.1080/08120090701305251
https://doi.org/10.1016/j.epsl.2008.11.021
https://doi.org/10.1016/j.epsl.2011.12.03
https://doi.org/10.1016/j.epsl.2011.12.03
https://doi.org/10.1038/ngeo465
https://doi.org/10.1130/0091-7613(2002)0301079:CBHFTP2.0.CO;2
https://doi.org/10.1130/0091-7613(2002)0301079:CBHFTP2.0.CO;2
https://doi.org/10.1073/pnas.0805313105
https://doi.org/10.1038/329710a0.pdf
https://doi.org/10.1038/329710a0.pdf
https://doi.org/10.1130/2014.2504(10)
https://doi.org/10.1016/0301-9268(86)90004-5
https://doi.org/10.1016/0301-9268(86)90004-5
https://doi.org/10.1080/08120099708728303
https://doi.org/10.1038/nature12426
http://www.ncbi.nlm.nih.gov/pubmed/24067713
https://doi.org/10.1130/0091-7613(1999)0270115:RSOTAA2.3.CO;2
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE

Archean paleosols

191.

192,

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Kojima S, Hanamuro T, Hayashi K, Haruna M, Ohmoto M (1998) Sulphide minerals in Early Archean
chemical sedimentary rocks of the eastern Pilbara district. Contributions to Mineralogy and Petrology
64:219-235. https://doi.org/10.1007/BF01226570

Ohmoto H, Rasmussen B, Buick R (1999) Redox state of the Archean atmosphere: evidence from detri-
tal heavy minerals in ca. 32502750 Ma sandstones from the Pilbara Craton, Australia: comment and
reply. Geology 27:1151-1152. https://doi.org/10.1130/0091-7613(1999)027<1151:RSOTAA>2.3.CO;2

Sugitani K, Grey K, Nagaoka T, Mimura K (2009) Three-dimensional morphological and textural com-
plexity of Archean putative microfossils from the northeastern Pilbara Craton: indications of biogenicity
of large (> 15 y m) spheroidal and spindle-like structures. Astrobiology 9:603-615. https://doi.org/10.
1089/ast.2008.0268

Sugitani K, Mimura K, Walter MR (2011) Farrel Quartzite microfossils in the Goldsworthy Greenstone
Belt, Pilbara Craton, Western Australia. In: Tewari V.C., Seckbach J. (Ed.), Stromatolites: interaction of
microbes with sediments. Springer, Berlin, pp. 117-132. https://doi.org/10.1007/978-94-007-0397-1_6

Grey K, Sugitani K (2009) Palynology of Archean microfossils (c. 3.0 Ga) from the Mount Grant area,
Pilbara Craton, Western Australia: Further evidence of biogenicity. Precambrian Research 173:60—
69. https://doi.org/10.1016/j.precamres.2009.02.003

Oehler DZ, Robert F, Walter MR, Sugitani K, Meibom A, Mostefaou S, et al. (2010) Diversity in the
Archean biosphere: new insights from NanoSIMS. Astrobiology 10:413-424. https://doi.org/10.1089/
ast.2009.0426 PMID: 20528196

House CH, Oehler DZ, Sugitani K, Mimura K (2013) Carbon isotopic analyses of ca. 3.0 Ga microstruc-
tures imply planktonic autotrophs inhabited Earth’s early oceans. Geology 41:651-654. https://doi.
org/10.1130/G34055.1

Awramik SM, Schopf JW, Walter MR (1983) Filamentous fossil bacteria from the Archean of Western
Australia. Precambrian Research 20:357-374. https://doi.org/10.1016/S0166-2635(08)70251-

Awramik SM, Schopf JW, Walter MR (1988) Carbonaceous filaments from North Pole, Western Aus-
tralia: are they bacteria in Archean stromatolites? Precambrian Research 39:303-309. https://doi.org/
10.1016/0301-9268(88)90023-X

Harvey HR, Tuttle JH, Bell JT (1995) Kinetics of phytoplankton decay during simulated sedimentation:
changes in biochemical composition and microbial activity under oxic and anoxic conditions. Geochi-
mica Cosmochimica Acta 59:3367—-3377. https://doi.org/10.1016/0016-7037(95)00217-N

Walsh M (2010) Microbial mats on the early Earth: the Archean fossil record. In: Seckbach J., Oren A.
(Eds.), Microbial mats: modern and ancient microorganisms in stratified systems. Springer,
Berlin, pp. 41-51. https://doi.org/10.1007/978-90-481-3799-2_3

Javaux EJ, Marshall CP, Bekker A (2010) Organic-walled microfossils in 3.2-billion-year-old shallow-
marine siliciclastic deposits. Nature 463:934-938. https://doi.org/10.1038/nature08793 PMID:
20139963

Horodyski RJ, Donaldson JA (1980) Microfossils from the Middle Proterozoic Dismal Lakes Group,
Arctic Canada. Precambrian Research 11:125-159. https://doi.org/10.1016/0301-9268(80)90043-1

Kah LC, Bartley KH, Frank TD, Lyons TW (2006) Reconstructing sea-level change from the internal
architecture of stromatolite reefs: an example from the Mesoproterozoic Sulky Formation, Dismal
lakes Group, arctic Canada. Canadian Journal of Earth Sciences 43:653-669. https://doi.org/10.
1139/e06-013

Timofeev B.V., 1966. Mikropaleofitologicheskoe issledovanie drevnikh svit (Micropaleophytological
investigations of ancient formations). Nauka, Moscow, 147 p.

Eisenack A (1972) Kritische Bemerkung zur Gattung Pterospermopsis (Chlorophyta Prasinophyceae).
Neues Jahrbuch fir Geolgie und Paldontologie Monatshefte 10:596—601.

Yankauskas TV (1980) Shishenyakskaya mikrobiota verchnego rifeya Yuzhnogo Urala (Shishenya
microbiota from the upper Riphean of the Urals). Doklady Akademia Nauk SSSR 251:190-192.

Samuelsson J, Dawes PR, Vidal G (1999) Organic-walled microfossils from the Proterozoic Thule
Supergroup, Northwest Greenland. Precambrian Research 96:1-23. https://doi.org/10.1016/S0301-
9268(98)00123-5

Gnilovskaya MB (1983) Vendotaenids. In: Urbanek A, Rozanov AY (Eds.), Upper Precambrian and
Cambrian palaeontology of the East-European Platform. Wydawnictwa, Warsaw, pp. 46-55.

Xing Y-S (1987) Precambrian micropaleontology in our country, its development and application [in
Chinese]. Professional Paper Stratigraphy Paleontology 17:18-28.

Yin L-M (1987) Microbiotas of latest Precambrian sequences in China (in Chinese). In: Zhang W.T.
(Ed.), Stratigraphy and palaeontology of systemic boundaries in China. Precambrian-Cambrian
boundary. Academica Sinica, Nanjing, pp. 415-522.

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 46/47


https://doi.org/10.1007/BF01226570
https://doi.org/10.1130/0091-7613(1999)0271151:RSOTAA2.3.CO;2
https://doi.org/10.1089/ast.2008.0268
https://doi.org/10.1089/ast.2008.0268
https://doi.org/10.1007/978-94-007-0397-1_6
https://doi.org/10.1016/j.precamres.2009.02.003
https://doi.org/10.1089/ast.2009.0426
https://doi.org/10.1089/ast.2009.0426
http://www.ncbi.nlm.nih.gov/pubmed/20528196
https://doi.org/10.1130/G34055.1
https://doi.org/10.1130/G34055.1
https://doi.org/10.1016/S0166-2635
https://doi.org/10.1016/0301-9268(88)90023-X
https://doi.org/10.1016/0301-9268(88)90023-X
https://doi.org/10.1016/0016-7037(95)00217-N
https://doi.org/10.1007/978-90-481-3799-2_3
https://doi.org/10.1038/nature08793
http://www.ncbi.nlm.nih.gov/pubmed/20139963
https://doi.org/10.1016/0301-9268(80)90043-1
https://doi.org/10.1139/e06-013
https://doi.org/10.1139/e06-013
https://doi.org/10.1016/S0301-9268(98)00123-5
https://doi.org/10.1016/S0301-9268(98)00123-5
https://doi.org/10.1371/journal.pone.0291074

PLOS ONE Archean paleosols

212. Hofmann HJ, Jackson GD (1991) Shelf-facies microfossils from the Uluksan Group (Proterozoic Bylot
Supergroup), Baffin Island, Canada. Journal of Paleontology 65:361-382. https://doi.org/10.1017/
S0022336000030353

213. Buick R (1988) Carbonaceous filaments from North Pole, Western Australia: are they fossil bacteria in
Archean stromatolites? Precambrian Research 39: 311-317. https://doi.org/10.1016/0301-9268(88)
90024-1

PLOS ONE | https://doi.org/10.1371/journal.pone.0291074 September 27, 2023 47147


https://doi.org/10.1017/S0022336000030353
https://doi.org/10.1017/S0022336000030353
https://doi.org/10.1016/0301-9268(88)90024-1
https://doi.org/10.1016/0301-9268(88)90024-1
https://doi.org/10.1371/journal.pone.0291074

	Archean (3.3 Ga) Paleosols and Paleoenvironments of Western Australia
	Archean (3.3 Ga) paleosols and paleoenvironments of Western Australia

