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Coastal-plain paleosols in the 3.0 Ga Farrel Quartzite of Western Australia have organic surface (A horizon) and
sulfate-rich subsurface (By) horizons, like soils of the Atacama Desert of Chile, Dry Valleys of Antarctica, and
3.7 Ga paleosols of Mars. Farrel Quartzite paleosols include previously described microfossils, permineralized
by silica in away comparablewith theDevonian Rhynie Chert, awell knownpermineralizedHistosol. Fivemicro-
fossilmorphotypes in the Farrel Quartzite include a variety of spheroidal cells (Archaeosphaeroides) aswell as dis-
tinctive large spindles (new genus provisionally assigned to cf. Eopoikilofusa). Previously published cell-specific
carbon isotopic analyses of the Farrel Quartzite microfossils, and unusually abundant sulfate considering a likely
anoxic atmosphere, allow interpretation of these morphotypes as a terrestrial community of actinobacteria,
purple sulfur bacteria, and methanogenic Archaea.

© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The search for evidence of Archean life on Earth has been unusually
successful over the past three decades because of a “basic strategy: look in
black (carbon-rich) cherts that are in fine-grained (unmetamorphosed)
rocks and associated with Cryptozoon-like stromatolites” (Schopf,
1999). Like stromatolites, theArchean fossil record has been interpreted
asmarine (Allwood et al., 2006; Flannery andWalter, 2012;House et al.,
2013), and rarely lacustrine (Awramik and Buchheim, 2009), although
lacustrine is apparently controversial (Sakurai et al., 2005). The variety
of putative and likely Archean paleosols are reviewed by Rye and
Holland (1998), who assumed that all were sterile to simplify estimates
of past atmospheric conditions. Possible microfossils in paleosols have
been discounted as remnants of ephemeral ponds (Rye and Holland,
2000). Microbial mats in floodplain and intertidal facies (Homann
et al., 2015) also appear more like freshwater aquatic (Flannery and
Walter, 2012) than terrestrial crusts (Retallack, 2012). Nevertheless,
Archean coastal-plain paleosols may have been hiding in plain sight
for several decades as coastal sabkha, playa and salina facies. For
example, Buick and Dunlop (1990) concluded that 3.5 Ga evaporites
were “almost everywhere laid down in a shallow submarine to inter-
mittently exposed environment”. Lowe and Worrell (1999) conclude
that 3.4 Ga evaporites “represent sedimentation inmarginal hypersaline
salinas and low-energy coastal lagoons.” These are not only sedimento-
logical facies, but also what soil scientists regard as soils, variously
classified as Gypsids (Soil Survey Staff, 2014) or Solonchaks (Food and
Agriculture Organization, 1974). Playa and salina soils are inundated
na Research. Published by Elsevier B.V
less commonly than many floodplains, and their development of desic-
cation cracks, salt crystals, and shear planes is soil-forming rather than a
sedimentary process (Retallack, 2001). Evaporitic paleosols of the Farrel
Quartzite (3.0 Ga)were also assigned to “shallow to sub-aerial sedimen-
tary environment” by Sugitani et al. (2003). We confirm the discovery
by those authors of diagnostic non-marine features and minerals, in-
cluding sand crystals (Retallack, 2013, 2014; Nabhan et al., 2016), and
nahcolite (Lowe and Worrell, 1999; Jagniecki et al., 2015). This study
of evaporitic coastal-plain paleosols with preserved microfossils pro-
vides geochemical and microfossil evidence for Archean terrestrial mi-
crobial communities.

The 3.0 Ga Farrel Quartzite is famous for microfossils of at least
five distinct morphotypes (Sugitani et al., 2007, 2009, 2011), validated
as genuine microfossils by a variety of isotopic (House et al., 2013),
maceration (Grey and Sugitani, 2009), chemical and ultrastructural
tests (Oehler et al., 2010). The Farrel Quartzite has beenmapped though
complex structures (Sugitani et al., 2006), and its hydrothermal and
metamorphic history elucidated using whole rock and trace element
chemistry (Sugahara et al., 2010). Its sedimentary facies and structures
have also been interpreted over an outcrop strike of 7 km (Sugitani
et al., 2003). Virtually every aspect of the Farrel Quartzite has been
studied except its paleosols.

2. Materials and methods

Geological and paleosol sections of the Archean (3.0 Ga) Farrel
Quartzite near Mt. Grant in the Pilbara region of Western Australia
(Fig. 1) were measured and sampled at centimeter scale using a tape
measure, and by notingMunsell color and field reaction with dilute hy-
drochloric acid (Fig. 2). Both color and calcareousness were altered by
. All rights reserved.
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Fig. 1. Location of studied section of Archean paleosols in the Farrel Quartzite near Mt. Grant, Western Australia. Simplified after DeGrey 1:100,000 sheet geology (Smithies et al., 2004)
with updated stratigraphic nomenclature (Van Kranendonk et al., 2006).
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diagenesis andmetamorphism, but these observations are useful for lo-
cating the sections. Size, stratigraphic limits, and percentage area occu-
pied by nodules and crystals were also measured in the field. Oriented
thin sections prepared vertical to bedding were point-counted using
a Swift automated stage and Hacker counting box. Point counting was
adjusted for pervasive silicification and recrystallization to crystallites
minimally 5 μm across, so that this grain size and smaller was counted
as clay. Evaporite minerals were all quartz pseudomorphs, and counted
from a distinctive chalcedonic texture unlike simple to undulose extinc-
tion of quartz and recrystallized chert. Original evaporite mineralogy
could not be determined in thin section, but followed previous identifi-
cations based on polished slabs and microprobe analyses of Sugitani
et al. (2003). Opaque grains include both kerogen and opaque oxides.
Two counts were made from each thin section: one for grain size
and one for mineral composition (See Supplementary Information
Tables S1 and S2).

Chemical analyses of selected samples (Supplementary Informa-
tion Table S3) were performed by ALS Chemex of Vancouver, British
Columbia, using XRF on glass disk and FeO by Pratt titration. The stan-
dard for the analyseswasCanadianCertifiedReferenceMaterials Project
standard SY-4, a diorite gneiss from near Bancroft, Ontario. Errors (2σ)
are from 89 replicate analyses of the standard in the same laboratory.
This technique failed for analysis of titania, which was below detection
(b0.01 wt.%) for two samples (R4336 and R4337), but this sample level
was analyzed previously in Japan (Sugahara et al., 2010, sample GFSV6)
by XRF at 0.0053 wt.%. Many chemical compositions were identical to
those previously determined for these rocks by Sugitani et al. (2003,
2006), and Sugahara et al. (2010). Cores from the abandoned Mt.
Goldsworthy Mines were neither used by their studies nor ours,
which are based on the freshest possible samples collected from
outcrops.

Bulk densities were determined from 20 to 40 g samples using par-
affin (Retallack, 1997a) at the University of Oregon, with errors from 10
replicate density determinations of Western Australian Archean chert
(specimen R4309) in order to calculate gains and losses (mass transfer
of Brimhall et al., 1992) of elements in a soil at a given horizon (τw,j

in moles) from the bulk density of the soil (ρw in g·cm−3) and parent
material (ρp in g·cm−3) and from the chemical concentration of the
element in soils (Cj,w in wt.%) and parent material (Cp,w in wt.%).
These data are needed to calculate diagenetic and metamorphic alter-
ation aswell as soil formation. Also needed are changes in volumewith-
in a single bed during weathering, silicification and metamorphism
(strain of Brimhall et al., 1992), estimated from an immobile element
in soil (such as Ti used here) compared with parent material (εi,w as a
fraction). Parentmaterial is the rockwith sedimentary structures imme-
diately below the profile in which such structures are obscured. The
relevant Eqs. (1) and (2) (below) are the basis for calculating diver-
gence from parent material composition.

τ j;w ¼ ρw � Cj;w

ρp � Cj;p

" #
εi;w þ 1
� �

−1 ð1Þ

εi;w ¼ ρp � Cj;p

ρw � Cj;w

� �
−1 ð2Þ

Quantitative counts of abundance of five recognizedmorphotypes of
microfossils recognized by Sugitani et al. (2011) were made from ten
photomicrographs 1300 by 890 μm in size at subdivisions of oriented
thin sections. These ten counts were then averaged to obtain numbers
of each morphotype per square millimeter. Separate counts were
made for microfossils within matrix and enclosed within sand-sized
clasts (Supplementary Information Tables S4 and S5). Also counted
were spherical pyrite grains and clusters of spherules like framboids of
microbial origin (Wignall and Newton, 1998). The fossiliferous thin



Fig. 2. Field photographs of namedArchean paleosols fromWestern Australia: (A), Overviewof contact between Farrel Quartzite and site studied here (arrow) and by Sugitani et al. (2003,
2007, 2011) immediately below the Cleaverville Formation on the ridge 1.2 km east of Mt. Grant, east Pilbara County, Western Australia: (B), Jurnpa clay loam paleosol above fluvial
sandstones: (C), Jurl clay loam paleosol in floodplain deposits: (D), Kari silty clay loam paleosol in floodplain deposits. Aboriginal and texture names are particular kinds of paleosols
(pedotypes). Symbols A, By and C are interpreted soil horizons. Red colors of soil and cracks do not extend into fresh rock. Hammer handle for scale is 25 cm long. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sections and their source rocks are archived as specimens F118310-
118312 in the Condon Collection of theMuseum of Natural and Cultural
History of the University of Oregon.

Microfossils were examined using a transmission electron micro-
scope (Titan 80-300 with EDX and EELS), and a scanning electron mi-
croscope (FEI Helios Dual Beam, Focused Ion Beam Microscope) in the
Center for Advanced Materials Characterization at Oregon (CAMCOR)
of the University of Oregon.
3. Geological setting

The locality studied at S20.38058° E119.44567° is 1.2 km east of
Mt. Grant and 2 km west of Warralong Road, on the crest of the ridge
400mnorth of the vehicular track (Fig. 1). Attention focused on detailed
sampling of a short geological section (Fig. 2) corresponding to unit
CE2 of Fig. 2 of Sugitani et al. (2007) in the uppermost Farrel Quartzite,
immediately below conformably overlying shales of the Cleaverville
Formation (Fig. 3). The black cherts at this and nearby localities are
well known for well preserved microfossils (Sugitani et al., 2006,
2007, 2009).
4. Geochronology

A geological age of 3016 ± 13 Ma by SHRIMP U–Pb method on zir-
con has been determined from the youngest population of detrital
zircon in Farrel Quartzite beneath Cleaverville Formation at Nunyerry
Gap (Nelson, 1998) on the western margin of the East Pilbara Terrane
(van Kranendonk, 2010). There is a comparable age of 3058 ± 7 Ma
by the same method from another volcanic sandstone near the base of
the Cleaverville Formation on the Cleaverville Peninsula near Karratha
in the West Pilbara Block (Nelson, 1998).

The age of the Farrel Quartzite and Cleaverville Formation of the
Gorge Creek Group in the eastern Pilbara near theMt. Grant microfossil
localities is also bracketed by overlying and underlying rocks (van
Kranendonk, 2010). The age of the Lalla Rookh Formation of the uncon-
formably overlying Croydon Group is constrained by a metamorphic
age of 2907 ± 7 Ma by 40Ar/39Ar on hornblende from the Coolyia
Creek Tonalite (Wijbrans and McDougall, 1987), and intrusion ages
of 2936 ± 5 Ma by U–Pb SHRIMP on zircon of the Keep It Dark
Monzogranite (van Kranendonk, 2000), 2927 ± 3 Ma by U–Pb SHRIMP
on zircon of the Woodstock Monzogranite (van Kranendonk, 2010),
and 2928 ± 2 Ma by U–Pb SHRIMP on zircon from the Mulgandinnah



Fig. 3. Measured section of Archean paleosols in the Farrel Quartzite near Mt. Grant, Western Australia. Paleosol development scale is based on salt abundance and size (Retallack and
Huang, 2010), calcareousness is based on degree of reaction with dilute (10%) HCl. Colors are largely gray with both greenish and bluish chroma from gley Munsell sheets (see also
Fig. 6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Monzogranite (van Kranendonk, 2010). The Gorge Creek Group, which
includes the Farrel Quartzite, is younger than the Kangaroo Caves
Formation of the upper Sulfur Springs Group, which is dated by U–Pb
TIMS-multigrain on zircon as 3240 ± 2 Ma from a dacite tuff (van
Kranendonk, 2000).
5. Sedimentary paleoenvironments

Paleoenvironments of the microfossil locality near Mt. Grant have
been interpreted by sedimentary facies analysis as fluvial and coastal
plain (Sugitani et al., 2006, 2007). The base of the Farrel Quartzite is
trough cross-bedded sandstone and conglomerates filling paleovalleys
of the Sunrise Hill angular unconformity with the Kelly and
Warrawoona Groups (Dawes et al., 1995). Evaporite sand crystals
of nahcolite and barite, now pseudomorphed by silica, have been
identified from microprobe analyses and crystallographic studies, and
interpreted as evaporites of coastal salinas (Sugitani et al., 2003). The
overlying Cleaverville Formation of laminated shale and banded iron
formation is interbedded with pillow basalts of a volcanic island
arc near Karratha in the western Pilbara craton (Shibuya et al., 2007),
and includes submarine fan facies turbidites in the southern Pilbara
block (Eriksson, 1982; Eriksson et al., 1994). The East Pilbara lower
Cleaverville Formation and underlying Farrel Quartzite, however,
share slightly suprachondritic Y/Ho ratios and slight europium anoma-
lies, characteristic of freshwater, and distinct from modern open ocean
values and the marine stromatolitic, 3.4 Ga, Strelley Pool Chert
(Sugahara et al., 2010). Two of the seventeen Farrel Quartzite cherts
analyzed by Sugahara et al. (2010) have high europium anomalies
indicative of local hydrothermal springs. Hydrothermal sources may
also explain anomalously low Al2O3/TiO2 ratios in a few samples of the
Farrel Quartzite (Sugitani et al., 2006). A lacustrine lower Cleaverville
Formation near Mt. Grant is also compatible with its proposed tectonic
setting within a backarc basin (Eriksson, 1982) or intracontinental sag
(Van Kranendonk et al., 2007).
The source terrane of the Farrel Quartzite included felsic and andes-
itic volcanics, as well as tonalites, trondhjemites and granite, judging
from Th-Sc-La values (Sugitani et al., 2006) and from zircons in the
Farrel Quartzite as old as 3.71 ± 0.16 to 3.67 ± 0.16 Ga (Sugitani
et al., 2006). These deposits of a shallow sea or lake (Cleaverville
Formation) and coastal plain (Farrel Quartzite) accumulated on a
protocontinent created by the Prinsep Orogeny, which amalgamated
the Karratha and East Pilbara crustal blocks into a landmass about
500 km across (van Kranendonk et al., 2007, 2010). The Kaapvaal
craton, some 1000 km across, may have been an additional contiguous
landmass judging from alignment of greenstone belts, although paleo-
magnetic evidence for this Vaalbara supercontinent is only documented
by 2.7 Ga (de Kock et al., 2009).

The bedrock landscape represented by the Sunrise Hill unconformity
beneath the Farrel Quartzite (Dawes et al., 1995), had as much as 1 km
of relief, judging from local differences in thickness in the fluvial-coastal
Farrel Quartzite (Sugitani et al., 2003; van Kranendonk et al., 2006).
A continental calcalkaline volcanic arc on the southern and western
edge of the Karratha–East Pilbara Craton was envisaged by Eriksson
(1982), comparable with the Cascades volcanic arc of Oregon
(McCaffrey et al., 2013). In contrast, Van Kranendonk et al. (2007) did
not recognize arc volcanics and proposed that the basin of the Farrel
Quartzite was opened by intracontinental subsidence.

6. Metamorphic-diagenetic alteration

The Farrel Quartzite is folded and faulted, alongwith older basement
rocks, into near-vertical dips and isoclinal folds typical of many Archean
greenstone belts (Fig. 1). Like many outcrops in this region, they are
metamorphosed to lower greenschist facies, as indicated by metamor-
phic sericite, chlorite, epidote and apatite (Sugitani et al., 2003). The
Cleaverville Formation in the western Pilbara near Karratha shows
three distinct phases of metamorphism not observed in Cleaverville
Formation in the East Pilbara region near Mt. Grant (Kiyokawa et al.,
2002; Hickman, 2004; Shibuya et al., 2007). The Farrel Quartzite and
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Cleaverville Formation also escaped contact metamorphism of the
Warrawoona and Kelly Groups during emplacement of the Carlindi Gra-
nitic Complex about 6 km to the south (Smithies et al., 2004), mostly
3490–3225 Ma, but with minor intrusions 2955–2830 Ma in age (van
Kranendonk, 2010). Microfossil-bearing cherts near Mt. Grant are less
veined and microfaulted than cherts of the Warrawoona and Kelly
Groups. There is also evidence for less severe hydrothermal alteration
of cherts in the Farrel Quartzite from lack of MREE enrichment or pro-
nounced europium anomalies (Sugahara et al., 2010).

Another measure for post-depositional alteration is burial depth,
which for microfossil localities near Mt. Grant was not as high as
for other areas of the Farrel Quartzite, because the studied outcrops
were on a paleotopographic high between the Archean Mallina Basin
to the west and the Paleozoic–Mesozoic Canning Basin to the east
(Smithies et al., 2004). The Gorge Creek Group is up to 1900 m thick
(van Kranendonk, 2010) south of the former shelf edge (Eriksson,
1982). The Cleaverville Formation near Mt. Grant was no more than
1000 m thick (van Kranendonk et al., 2006). The Farrel Quartzite
can reach 1000 m thick to the west, but is only 80 m thick at the
investigated microfossil localities (Sugitani et al., 2003). The Lalla
Rookh Formation of the overlying Croydon Group was confined
to fault basins to the south (Krapež, 1984), and its 3000 m did not
overlie the microfossil localities, which were covered by Constantine
Sandstone of the Croydon Group no thicker than 1300 m, and a
comparable thickness of Mallina Formation (van Kranendonk, 2010).
The Fortescue Group in the vicinity of Mt. Grant is represented by
metagabbro intrusions (Smithies et al., 2004), and these widespread
lavas and sediments covered this area to a thickness of at least
620 m as in Balfour Downs to the east (Thorne and Trendall, 2001).
Mesozoic and Cenozoic overburden in the Canning Basin revealed by
nearby Chirup Well (Lipski, 1994) reached no more than 900 m.
Thus the microfossil localities near Mt. Grant may have been buried
by at least 4.8 km of overburden, which amounts to about 1.3 kbar
or 0.1 GPa pressure in typical continental crust (Thompson, 1992) as
Fig. 4.Geochemical indications of limited illitization (A–B) and silicification (C–F) bias in geoche
the upper Jurnpa paleosol form outliers (C–F), but there is no silicification trend in the remain
envisaged by Van Kranendonk et al. (2007), and would reach
greenschist facies only at an elevated geothermal gradient of a backarc
basin envisaged by Eriksson (1982).

At such depths of burial enrichment in potassium (smectite
illitization) is common (Nesbitt and Young, 1989; Fedo et al., 1995;
Novoselov and de Souza Filho, 2015), although illitization is promoted
at room temperature and pressure by the dissimilatory metal-reducing
bacterium Shewanella (Kim et al., 2004). The ternary diagram of
Nesbitt and Young (1989) shows weathering trends in mineralogically
mature paleosols but no clear illitization (Fig. 4A). Potash enrichment
is apparent from mass transfer with respect to aluminum (Fig. 4B), but
is modest compared with other Precambrian paleosols enriched in
potassium by as much as 8–12 mol (Novoselov and de Souza Filho,
2015). Two samples (R4336 and R4337) were markedly enriched in
silica, but without consistent enrichment of alkalies and alkaline earths
(Fig. 4B–F). The other samples did not show such off-scale silicification,
which must have occurred during or soon after burial to preserve the
microfossils so beautifully (Sugitani et al., 2007, 2011). These paleosols
may have been protected from extensive diagenetic and metamorphic
chemical alteration by early silicification.

7. Criteria for microfossil biogenicity

Putative Archean microfossils from the very same beds of the Farrel
Quartzite sampled here (Fig. 5) passed a variety of critical tests for
biogenicity by Sugitani et al. (2007, 2009, 2011, 2013). The microfossils
are common in both clasts and matrix of silicified sediments (Sugitani
et al., 2007, 2011). Abundant microfossils show a limited range of simi-
lar morphologies in petrographic thin section (Sugitani et al., 2011), are
extractable by palynological techniques (Grey and Sugitani, 2009), and
have individually distinct δ13C compositions (House et al., 2013), C/CN
ratios and S concentrations (Oehler et al., 2010). Our additional observa-
tions support their interpretation as microfossils and shed light on
mechanisms of preservation.
mical composition of Archean paleosols fromnearMt. Grant. Two samples of black chert in
ing specimens (G).



Fig. 5. Selected microfossils and framboids from Farrel Quartzite, Western Australia (for comprehensive illustration see Sugitani et al., 2007, 2009, 2011): (A) clusters of large thick wall
spheroid (left: some deformed by crystal growth) and small spheroid (right) morphotypes; (B) cluster of small spheroid morphotype; (C) spindle morphotype; (D–E) isolated and clus-
tered spindles, respectively; (F–G) sandstone with grains of fossiliferous chert (grey) and quartz (white), including marginal opaque framboids of possible endolithic microbes;
(H) deformed biotite grain with pyrite framboids concentrated along selected cleavage planes. Thin sections in the Condon Collection of the Museum of Natural and Cultural History of
the University of Oregon are (A–D) F118310B = R4336 from A horizon of Jurnpa clay loam, (E) F118311F = R4346 from C horizon of Ngumpu silty clay loam, (F–G) F118310E =
R4339 from By horizon of Jurnpa clay loam, and (H) R4340 from C horizon of Jurnpa clay loam.
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7.1. Taphonomic series

A key test of biogenicity for Precambrian fossils is an array of preser-
vation (Hofmann, 2004) from well preserved to partly decayed. The
best microfossil preservation in the rocks studied was seen at the top
of the bed at 1.8 m in the measured section of Fig. 3, but quality of
preservation and abundance ofmicrofossils decreased downwardwith-
in that bed. The other two beds sampled intensively also showed this
relationship of preservation better toward at the top of the bed, but
also more abundant framboids toward the base of the bed (Fig. 6).

7.2. Late diagenetic chert neomorphism

Examination of the microfossils under the scanning electron micro-
scope and transmission electron microscope (Fig. 7) demonstrates
that cell lumens have been infiltrated by silica in the same way as
permineralized wood (Retallack, 2011). The cell walls have been partly
broken by recrystallization of silica revealed as domains of uniform grey
tone in back-scatter scanning electron microscopy (Fig. 7A–B). These
neomorphic domains about 2–5 μm across are apparent as a pixelated
effect when examined under a crossed polarizers in a petrographic
microscope (Fig. 8A), compared with plane light (Fig. 8B). Such re-
crystallization can give the misimpression of reticulate and spinose
walls, widely recognized in permineralized microfossils (Sergeev et al.,
2012). Under transmission electron microscopy, however, the cell
walls can be traced across neomorphic crystal boundaries (Fig. 7D).
Thus, these fossils are not entirely artifacts of organic matter displace-
ment by crystal growth, as suspected for other microfossils (Brasier
et al., 2015).

7.3. Organic matter maturity

Under the high-resolution transmission electronmicroscope, the or-
ganicmatter is degraded into ropes 1 nmwide, distinct fromparticulate



Fig. 6.Microfossil distribution, petrography and chemical weathering ratios of Archean paleosols from Western Australia: (a) Sections measured in the field with tape and Munsell Soil
Color Chart; (b) Microfossil morphotypes after Sugitani et al. (2011) tallied from 10 photomicrographs from each sampled level: (c) Grain size and mineral content from point counting
petrographic thin sections: (d) Molecular weathering ratios based on whole rock XRF analyses (See Supplementary Data for tabulated data).

Fig. 7. Microfossil preservation in the type Jurnpa paleosol of the Farrel Quartzite, Western Australia: (A–B) backscatter scanning electron micrographs showing degraded organic
spheroids larger than and little displaced by neomorphic quartz (small grey fields) and a large pyrite framboids (white in A) and crystals (white in B): (C) transmission electron micro-
graph of spindle microfossil (upper) showing ropy degradation of organic matter (above), compared with particulate organic matter in matrix (below): (D) microfossil spindle and fila-
ments little deformed by neomorphic quartz crystals. All from Condon Collection of the Museum of Natural and Cultural History of the University of Oregon specimen F18310B= R4336
from A horizon of Jurnpa clay loam.
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Fig. 8. Petrography of paleosols of the Farrel Quartzite,WesternAustralia, all the same viewwith crossed nicols to left and plane light to right: (A–B) late quartz veinwith alteration halo in
fossiliferous chert; (C–D)nahcolite sand crystalswithmany (above right) and few(below left)mineral inclusions; (E–F) barite sand crystal (center). Thin sections in theCondonCollection
of the Museum of Natural and Cultural History of the University of Oregon are (A–B) R4336 from A horizon of Jurnpa clay loam, (C–D) R4334 from un-named Kari paleosol, (E–F) R4338
from By horizon of Jurnpa paleosol.
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organic matter in the cherty matrix (Fig. 7D). Ropes of this size are
comparable in diameter with 15 fused aromatic rings, and distinct from
crystalline graphite (Derenne et al., 2008).

7.4. Mechanisms of permineralization

Preservation of the Mt. Grant microfossils is comparable with
permineralization of fossil plants in the Rhynie Chert of the Early
Devonian, Old Red Sandstone, Scotland (Rice et al., 1995), as confirmed
by comparison with thin sections of Rhynie Chert (Condon Collection
Museum of Natural and Cultural History F10670, 107011, 108385).
The Rhynie Chert has been interpreted as a sequence of marsh
paleosols at the margins of a volcanic hot spring (Rice et al., 1995).
The precursor Devonian peats of the Rhynie Chert can be classified
in various soil classifications as Fibrists (Soil Survey Staff, 2014),
Dystric Histosols (Food and Agriculture Organization, 1974), and Fibric
Organosols (Isbell, 1996). From a geological perspective, the Rhynie
chert was a sintered peat, in which cellular permineralization was
favored by siliceous hot waters and by exclusion of decomposers and
oxygen underwaterlogged conditions (Rice et al., 1995).Microbial silic-
ification is also apparent inmodern hot springs, but occurs in laminated
sinters, unlike the Rhynie Chert and Farrel Quartzite (Konhauser et al.,
2001; Kyle et al., 2007). Both Farrel and Rhynie cherts are black with
structured organic matter, neomorphically recrystallized, and cut by
narrow quartz veins (Fig. 8A–B). In both cases, massive fossiliferous
chert is distinct from interbedded, laminated, shale and sandstone
(Fig. 9).

Independent evidence for local hot spring activity during accumula-
tion of the Farrel Quartzite comes from two samples with unusually low
Al2O3/TiO2 ratios (Sugitani et al., 2006) and unusually high europium
anomalies (Sugahara et al., 2010). Comparable silica enrichment of the
surface horizon of the bed at 1.8 m in Fig. 3 is especially suggested by
its extremely low titania and alumina (Supplementary Information
Table S3), so that clastic input was overwhelmed by silica enrichment.
(Fig. 4C–F).

Differences are also instructive, especially the abundance and variety
of early diagenetic evaporite pseudomorphs (Sugitani et al., 2003) in
the Mt. Grant cherts (Fig. 10), which are absent from Rhynie Chert.
Thus, silicifcation of Farrel Quartzite also may be related to formation
of playa cherts (Hay, 1968; Eugster, 1969) A combination of volcanic
glass precursors, very high pH (N9), and silica-accumulating microbes
mobilize silica gels in playa lakes (Eugster, 1969; Larsen, 2008). Sulfate-
reducing bacteria, evident from framboids in the Farrel Quartzite
paleosols (Fig. 5F–H), excrete silica spicules and are capable of silicifica-
tion of evaporites (Birnbaum and Wireman, 1985; Birnbaum et al.,
1989). In addition,microorganisms can bepreserved inflocculant organic
oozes, which persist by desiccation and salt-pickling in dry soda lakes
for later permineralization (Birnbaum et al., 1989). Microfossiliferous



Fig. 9. Petrography of paleosols (A–B) versus sediments (C–E) of the Farrel Quartzite, Western Australia: (A) massive fossiliferous and pyritic chert of A horizon of weakly developed
paleosol; (B) crudely layered fossiliferous and pyritic chert of very weakly developed paleosol; (C) crudely bedded crystal lithic tuff with biotite and feldspar pseudomorphs (oxidation
in frommodern outcrop): (D) varved siltstone disrupted by syndepositional cracking; (E) five successive varves fining upwards from siltstone to neomorphic cherty shale. Thin sections
in the Condon Collection of theMuseumof Natural and Cultural History of the University of Oregon are (A) R4336 A horizon of Jurnpa clay loam; (B) R4346 A horizon of Ngumpu silty clay
loam, (C) R4339 tuff above Ngumpu silty clay loam; (D) sandstone above Jurl clay loam; (E) shale below Jurl clay loam.
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cherts (Fig. 8A–B) can be contrasted with silicified sediments poor in
microfossils (Fig. 8C-E). The playa chert model for silicification is ap-
pealing for many fossiliferous Precambrian intertidal cherts (Maliva
et al., 2005), and is especially plausible for beds of the Farrel Quartzite
with evaporite pseudomorphs (Sugitani et al., 2003).

Thus two mechanisms are envisaged for the fine preservation
of microfossils near hot springs and indifferent preservation of micro-
fossils in coastal salinas. Microfossiliferous cherts are evidence of
silicification before cells could decay, which takes about 160 days for
cyanobacteria under anoxic conditions (Harvey et al., 1995). In con-
trast to these fossiliferous black cherts, unfossiliferous sedimentary
rocks and the lower parts of paleosols may have been silicified by a
third mechanism, namely diagenetic and metamorphic silica released
from pressure solution, deep groundwaters, and clay diagenesis (Siever,
1962).

8. Criteria for recognizing paleosols

Microfossils of the Farrel Quartzite have been considered marine
(House et al., 2013), but their matrix lacks lamination, stromatolites,
or soft-sediment deformation (Fig. 9) found in Archean lacustrine
and marine rocks (Allwood et al., 2006; Flannery and Walter, 2012).
Prior facies analysis (Sugitani et al., 2007), concluded that the Farrel
Quartzite was deposited in fluvial to coastal-plain paleoenvironments.
Furthermore, the terrestrial playa mineral nahcolite (Na2CO3) has been
recognized from crystal pseudomorphs of the Farrel Quartzite (Sugitani
et al., 2003).
8.1. Field appearance

A first test of the paleosol hypothesis is field observations of sharp
tops and gradational changes downward like a soil profile, and a variety
of disruptions that obscure bedding and ripple marks of lower layers
like soil structure. Especially soil-like structures are near-vertical cracks
joining a systemof subhorizontal cracks (cutans), and generallymassive
unlaminated structure (especially evident in thin sections cut vertical to
bedding: Fig. 8A–B).

Also diagnostic of paleosols are nodularized and etched pseudo-
morphs of evaporite minerals with clayey seams and many included
grains like pedogenic sand crystals (Fig. 10D), comparable with those
widespread in Precambrian paleosols (Retallack, 2013; Nabhan et al.,
2016). Replacive evaporite sand crystals are characteristic of aridland
soils, whereasmarine and lacustrine evaporite crystals are clean of inclu-
sions and displacive (Campbell and Claridge, 1987; Amundson et al.,
2012; Retallack, 2012, 2014). Familiar examples of non-marine sand
crystals are the “barite roses” of Oklahoma (London, 2008), which can
be contrasted with transparent marine gypsum in “chrysanthemum
stones” of China (Zhao et al., 1998). The large (5–20 mm) sand crystal
pseudomorphs of the Farrel Quartzite are scattered within particular
beds, unlike hydrothermal barite or nahcolite, which is confined to
veins and microinclusions (Samson et al., 1995; Kamenetsky et al.,
2002; Rye, 2005).

Finally, black cherty beds suspected to be paleosols were traceable
over 7 km laterally (Sugitani et al., 2007), like soils of an extensive
coastal plain (Retallack, 1997, 2013).



Fig. 10. Petrography of evaporite sand-crystal pseudomorphs in paleosols of the Farrel Quartzite,Western Australia: (A) spherulite of distinctive small crystals; (B–D) degraded rhomboids
and nodules of barite (BaSO4); (E) pseudohexagonal laths of nahcolite (NaHCO3) cutting beddingwithout deforming displacement. Thin sections in the Condon Collection of theMuseum
ofNatural andCulturalHistory of theUniversity of Oregon are (A) R4343 fromByhorizon of Kari silty clay loam; (B) R4351 fromByhorizon of Jurl clay loam; (C–D)R4344 fromByhorizon
of Kari silty clay; (E) R4341 from By horizon of un-named Kari paleosol. Identification of nahcolite and barite is based on crystallographic andmicroprobe studies of Sugitani et al. (2003).
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8.2. Mineral variation within beds

A second test of the paleosol hypothesis was to quantify mineral
composition of the beds by petrographic point-counting to see if
there was a loss of weatherable minerals upwards within individual
profiles. These counts assumed 5 μm neomorphic recrystallization
of permineralizing silica documented by transmission electron micros-
copy (Fig. 7D). There is marked fragmentation and embayment of
rock-fragment grains upwards in the profile, as well as a decline in
abundance of silicified feldspar, coordinated with increases in clay rims
andmatrix (Fig. 6). This pattern is compatiblewithhydrolyticweathering
reactions within a paleosol (Amundson et al., 2012; Retallack, 2012,
2014).

8.3. Geochemical mass balance

A third test for paleosols was to analyze chemical data within
a framework of chemical mass balance, or “tau analysis”, to see if
within-bed changes fall within the collapse-and-loss quadrant of soils
or the dilate-and-gain quadrant of sedimentation (Fig. 11), cementa-
tion, silicification, illitization, or oremineralization (Fig. 4). This analysis
normalizes to a stable constituent in parent material (titanium was
used in this case), and calculates mole fractions from weight percent
and bulk density of each sample using Eqs. (1) and (2) (Brimhall et al.,
1992). Most sampled beds qualified as paleosols, with the exception
of two specimens of the bed at 1.8 m showing off-scale additions
(Figs. 4C–F, 11). This anomaly in the surface of the bed at 1.8 m is also
seen in molecular weathering ratios of alumina/bases (Fig. 6). These
geochemical differences are too large to be explained by sediment addi-
tion, and are best explained by silicification of a sediment-poor, organic
surface horizon. Tau analysis also reveals a marked depletion of phos-
phorus in one of the profiles, with modest change in the other two
(Fig. 11). Phosphorus requires organic ligands, and thus biological ac-
tivity for mobilization (Neaman et al., 2005). Furthermore, the degree
of phosphorus depletion is proportional to the degree of soil develop-
ment judged by destruction of sedimentary structures and size of
nodules (Fig. 10D). Phosphorus depletion in the least baritic profiles is
most instructive, because barite requires pH low enough to leach phos-
phorus abiotically (Neaman et al., 2005; Jennings et al., 2015).

8.4. Microfossil distribution within beds

A fourth test of the paleosol hypothesis is the distribution of micro-
fossils, which would be evenly distributed if they lived in accreting mi-
crobialmats, but show pronounced horizonation (Fig. 6), as in paleosols
(Retallack, 2012). Even in the silicified upper part of the bed at 1.8 m in
Fig. 2 they are not aligned between microbial mat laminae (Fig. 5A–C),
and in other parts of the profiles they are intergranular (Fig. 5D–E) or
entirely within dislodged soil peds or grains (Fig. 5F–H).

Five distinct microfossil morphotypes of carbonaceous microfossils
have been recognized by Sugitani et al. (2011) andmostly characterized
isotopically (House et al., 2013). Thesemorphotypes (Fig. 5A–E) as well
as opaque pyrite framboids (Fig. 5F–H) as possible traces of the activity
of sulfur reducing microbes, were counted from photomicrographs of
known area to determine abundance of each microfossil morphotype
(number·mm−2). Microfossils in matrix were counted separately
from those entirely within clasts, because of erosion and redeposition
of fossiliferous clasts (Sugitani et al., 2007). Microfossils within clasts
and clasts are erratic in their distribution within beds, but microfossils
in matrix show much greater abundance at the surface of beds (just



Fig. 11.Mass balance geochemistry of Archean paleosols fromWestern Australia: (a) deviation of paleosol samples (mole fraction) fromparentmaterial composition (at cross hairs) due to
changes in volume (strain or epsilon) and changes in amounts of constituents (mass transfer or tau of Brimhall et al., 1992): (b) deviation of amounts of constituents (mass transfer or tau)
with depth in paleosols. Most samples fall in paleosol field, but two surface samples of the Jurnpa paleosol showoff-scale enrichment attributed to early silicification comparable with that
found in the Devonian Rhynie Chert (Rice et al., 1995), thus accounting for extraordinary microfossil preservation in that horizon (Sugitani et al., 2007, 2011).
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below 0 levels in Fig. 6), as expected for microbial earth paleosols
(Retallack, 2012).

9. Interpreted paleoenvironments of the paleosols

Each kind of paleosol (Table 1) in the Farrel Quartzite, recognized
from the evidence outlined above, offers paleoenvironmental informa-
tion (Table 2). This is justified in the following paragraphs to generate
a coherent model for their paleoenvironment (Fig. 12). Non-genetic
pedotype names are from the East Pilbara aboriginal language Nyamal
(Burgman, 2007), combined with an equally non-genetic textural
Table 1
Summary of Farrel Quartzite paleosol definition and classification.

Pedotype Nyamal (52) Diagnosis

Jurnpa Cold ashes Black massive cherty surface (A horizon) over barite mottle ps
cross-bedded sandstone (By horizon)

Jurl Salt Black massive cherty surface (A horizon) over barite crystal ps
chert (By horizon)

Kari Bitter salt Black massive cherty surface (A horizon) over barite and nahco
in grey chert (By horizon)

Ngumpu Narrow Black massive cherty surface (A horizon) over laminated grey c
term to specify a particular paleosol. The following paragraphs follow
the five classical soil forming factors (Retallack, 2001), as well as atmo-
spheric CO2 and O2.

9.1. Parent material

Paleosols of the Farrel Quartzite are developed on quartzofeldspathic
sand with small amounts of clay and rock fragments (Fig. 6), including
volcanics, schist and chert. These clasts are evidence of provenance
from continental volcanic arc of felsic and andesitic volcanics, and
older continental terranes with chert, metamorphic rocks, tonalites,
US
taxonomy

FAO map unit Australian
classification

eudomorphs in trough Ustept Eutric Cambisol Grey-orthic Tenosol

eudomorphs in grey Cambid Orthic Solonchak Grey Sodosol

lite crystal fan pseudomorphs Cambid Orthic Solonchak Grey Sodosol

hert (C horizon). Fluvent Eutric Fluvisol Stratic Rudosol



Table 2
Summary of Farrel Quartzite paleosol interpretations.

Pedotype Climate Organisms Topography Parent material Soil duration

Jurnpa Humid (1112 ± 182 mm MAP)
temperate (8.3 ± 0.4 °C MAT)

Microbial earth dominated by methanogens and
actinobacteria, with purple sulfur bacteria

Streamside levee Quartz-lithic sand 1000–69,000 years

Jurl Humid (1443 ± 182 mm MAP)
temperate (11.1 ± 0.4 °C MAT)

Microbial earth dominated by purple sulfur bacteria,
with actinobacteria and methanogens

Floodplain Quartz-lithic silt 2000–82,000 years

Kari Humid (1319 ± 182 mm MAP)
temperate (10.1 ± 0.4 °C MAT)

Microbial earth dominated by purple sulfur bacteria
and methogens, with actinobacteria

Floodplain Quartz-lithic silt 6000–116,000 years

Ngumpu Not diagnostic for climate Microbial earth dominated by methanogens and
actinobacteria, with purple sulfur bacteria

Streamside bar Quartz-lithic sand 10–1000 years

Note: MAP is mean annual precipitation and MAT is mean annual temperature.
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trondhjemites, and large expanses of granite. These petrographic obser-
vations of Sugitani et al. (2006) are also supported by their analysis of
Th–Sc–La values. In this backarc-intracontinental geological setting
(Eriksson, 1982; Van Kranendonk et al., 2007), lack of first-cycle volca-
nic fragments in the form of shards, scoria and pumice is surprising, but
devitrification of volcanic glassesmay have contributed to the pervasive
silicification and neomorphism of the Farrel Quartzite. Detrital zircons
dated at 3016±13 and 3058±7by SHRIMPU–Pb agreewith the inter-
polated geological age of the Farrel Quartzite (Nelson, 1998), and are
evidence of active felsic volcanism.
Fig. 12. Reconstructed soils and microbes of the
9.2. Topographic setting

The sedimentary setting of the Farrel Quartzite was a coastal plain
(Sugitani et al., 2006, 2007), perhaps beside a lake with later marine
influence, now represented by the Cleaverville Formation (Sugahara
et al., 2010). There may have been as much as 1 km of relief in hinter-
lands (Dawes et al., 1995; van Kranendonk et al., 2006), but the
paleosols developed on flat landforms, as demonstrated by the Kari
pedotype, which is traceable for 7 km along strike (Sugitani et al.,
2003).
3.0 Ga Farrel Quartzite, Western Australia.
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Permanent water table in this floodplain was at least 25 cm below
the surface of the paleosols because above that level evaporite sand
crystals and nodules show replacive growth, which is characteristic
of soils (Retallack, 2012), as revealed by common sedimentary inclu-
sions (Figs. 8C–D, 10D–E), zones of dissolution (Fig. 10D–E), dusty
rims (Fig. 10C), and undeformed bedding planes (Fig. 10E), as in playa
lakes (Hay, 1968; Renaut and Tiecerlin, 1994). In contrast, evaporite
crystals precipitated from open water or saturated sediments are
free of inclusions because they grow displacively: such crystals are
well known from marine evaporates (Warren, 2006; Ziegenbalg et al.,
2010), and spring tufas (Donovan et al., 1988; Bonny and Jones,
2008a, 2008b). Barites that formed below water table in sulfur springs
also differ from those of the Farrel Quartzite in being aligned with
original bedding (Donovan et al., 1988; Bonny and Jones, 2008a,
2008b). Hot spring water is discernible in the surface horizon of the
Jurnpa paleosol from its off-scale silica enrichment tau value (Fig. 11)
and large europium anomalies (Sugahara et al., 2010). However, these
geochemical proxies for hot springs are found only in the two upper
samples of that paleosol, and not in the other paleosols. Floodplains
of the Farrel Quartzite may have been dotted with spring mounds and
artesian blisters (Fig. 12), like those on the shore of Lake Bogoria,
Kenya (Ashley et al., 2002; Owen et al., 2008). Barite spring mounds
and their feeder dikes have not yet been found in the Farrel Quartzite,
but are documented for the 3.5 Ga Dresser Formation of Western
Australia (van Kranendonk and Pirajno, 2004; van Kranendonk et al.,
2008).

9.3. Time for soil development

Paleosols of the Farrel Quartzite range from moderately developed
for the Jurl and Kari pedotypes to weakly developed for the Jurnpa
pedotype and very weakly developed for the Ngumpu pedotype, in a
field scale devised for modern soils (Retallack, 2001). A critical field ob-
servation is the relative destruction of bedding,which is difficult to trace
in moderately developed paleosols because laminations and cross bed-
ding have beendisrupted by soil cracking and settling (Fig. 3C–D). These
field observations have been confirmed by thin sections cut perpendic-
ular to bedding to show massive fabrics in the paleosols (Fig. 9A–B),
compared with laminated fabrics above and below (Fig. 9D–E), and
mixed massive-bedded fabrics in between (Fig. 9C).

A more important index of soil development is the formation of dis-
crete nodules or sand crystals, which define moderate development,
and take many millenia to form in modern soils (Retallack, 2001). For
example, low magnesium calcite nodules in radiocarbon-dated soils
of New Mexico grow in diameter (S in cm) with soil age (A in kyrs)
according to the following equation (Retallack, 2005, R2 = 0.57;
S.E. ± 1.8 kyrs).

A ¼ 3:92S0:34 ð3Þ

Gypsum sand crystals in the Negev and Atacama Deserts increase in
abundance (G in area %) with soil age (A in k.yrs) according to another
equation (Retallack, 2013, R2 = 0.95, S.E ± 15 kyrs).

A ¼ 3:987Gþ 5:774 ð4Þ

If the sand crystals and nodules of Farrel Quartzite paleosols were
calcite and had original diameters as now measured in the field
(Fig. 2), Eq. (3) would yield 3.6. ± 1.8 kyrs for Jurl, 7.9 ± 1.8 kyrs for
upper Kari, 8.3 ± 1.8 kyrs for lower Kari, and 3.3 ± 1.8 kyrs for Jurnpa
paleosols. If the crystals and nodules were gypsum in volume percent
averaged from point counting (Fig. 10), Eq. (4) would yield 67.2 ±
15 kyrs for Jurl, 101.5 ± 15 kyrs for upper Kari, 80.7 ± 15 kyrs for
lower Kari, and 44.0 ± 15 kyrs for Jurnpa paleosols. These estimates
are orders of magnitude different, but provide broad constraints. They
are not strictly relevant because pedogenic nodules and crystals in
Farrel Quartzite are silica pseudomorphs of barite and nahcolite
(Sugitani et al., 2003). Because nahcolite requires much higher than
modern CO2 partial pressures (Eugster, 1966; Jagniecki et al., 2015)
and barite nodules require anoxic sulfur bacterial biomineralizers
(Jennings et al., 2015), there is little hope for obtaining chronofunctions
for formation of eithermineral fromHolocene soils (Retallack andKirby,
2007; Jennings et al., 2015). Although quantitative estimates for dura-
tion of soil formation in the Archean remain elusive, many millenia
were needed for Jurl, Kari and Jurnpa paleosols, and proportionally
less for Ngumpu paleosols.

9.4. Paleoclimate

Most pedogenic paleothermometers are based on modern forest to
desert shrubland soils (Sheldon et al., 2002; Gallagher and Sheldon,
2013), but a pedogenic paleothermometer based on modern soils
under tundra of Iceland (Óskarsson et al., 2012) is more appropriate
for Archeanpaleosols. This linear regression betweenmean annual tem-
perature (T in °C) and chemical index of weathering (I = 100 mAl2O3/
(mAl2O3 + mCaO + mNa2O), in molar proportions is given in Eq. (3)
(R2 = 0.81; S.E. = ± 0.4 °C).

T ¼ 0:21I−8:93 ð5Þ

These calculations yield temperate mean annual paleotemperatures
for the lower A horizons of Jurl (11.1±0.4 °C), Jurnpa (8.3±0.4 °C) and
Kari (10.1 ± 0.4 °C) paleosols of the Farrel Quartzite.

These results are comparable with application of this paleother-
mometer to the thick (6 m) Jericho Dam paleosol below the 3.0 Ga
Pongola Supergroup in South Africa (Grandstaff et al., 1986), which
may have been within the same paleoclimatic belt as the 3.0 Ga Farrel
Quartzite (de Kock et al., 2009). The Jericho Dam sample at 1.7 m
depth yielded mean annual temperature of 11.1 ± 0.4 °C for chemical
index of weathering (Óskarsson et al., 2012). These results are also con-
sistent with “temperate paleoclimate” (b40 °C) inferred for the 3.4 Ga
Buck Reef Chert of South Africa, using combined oxygen and hydrogen
isotopic evidence (Hren et al., 2009), and revising earlier estimates
of 55–85 °C from oxygen isotopic evidence throughout the Archean
(Knauth and Lowe, 2003). Temperatures less than 75 °C are also indi-
cated by 16–36 volume % original quartz in the Farrel Quartzite (Fig. 6),
because quartz would be prone to dissolution at higher temperature
and pH (Sleep and Hessler, 2006). This line of inference is inappropri-
ate for little-weathered sediment of tectonically active terranes (Lowe,
2007), but facies and grain size of the Farrel Quartzite are evidence of
subdued tectonic activity (Eriksson, 1982; Sugitani et al., 2003, 2006).

Awidely used paleohyetometer (Sheldon et al., 2002) based on tem-
perate soils of North America uses chemical index of alteration without
potash (R=100mAl2O3/(mAl2O3+mCaO+mNa2O) inmoles), which
increases with mean annual precipitation (P in mm) in modern soils
(R2 = 0.72; S.E. = ±182 mm), as follows.

P ¼ 221e0:0197R ð6Þ

Eq. (6) is based on the hydrolysis equation of weathering, which
enriches alumina at the expense of lime, magnesia, potash and soda.
Magnesia is ignored because it is insignificant for most clastic sedimen-
tary rocks (Maynard, 1992), and potash is excluded because it can be
enriched during deep burial alteration of sediments (Novoselov and
de Souza Filho, 2015). This paleohyetometer is not effective for little-
weathered gypsic soils, but works for modern baritic soils and paleosols
because they are deeply weathered (Jennings and Driese, 2014;
Jennings et al., 2015). This chemical index of alteration paleohyetometer
yields humid mean annual precipitation for lower A horizons of Jurl
(1443 mm ± 182), Jurnpa (1112 ± 182) and Kari (1319 mm ± 182)
paleosols of the Farrel Quartzite.
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These data support other indications of deep weathering such as
light rare earth enrichment of the Farrel Quartzite and its cherts
(Sugahara et al., 2010). The 3.0 Ga Jericho Dam paleosol of South
Africa is also deeply weathered (6m) and indicative of a humid climate
(Grandstaff et al., 1986): mean annual precipitation of 1452 mm can be
calculated from a sample at 1.7m using the chemical index of alteration
without potash equation (Sheldon et al., 2002).

Evaporites, such as gypsum, which is widespread in desert soils
(Retallack and Huang, 2010) are potential evidence against humid
paleoclimate. The original composition of Archean evaporites (Fig. 9)
has been addressed by crystallographic work on interfacial angles of
pseudomorphs in the 3.0 Ga Farrel Quartzite (Sugitani et al., 2003), as
well as in the 3.2 Ga Moodies Group (Nabhan et al., 2016), the 3.4 Ga
Kromberg Formation (Lowe and Worrell, 1999), the 3.4 Ga Strelley
Pool Formation (Lowe, 1983; Allwood et al., 2007), the 3.5 Ga Apex
Chert (Pinti et al., 2009) and the 3.5 Ga Dresser Formation (Lambert
et al., 1978; Buick and Dunlop, 1990; Runnegar et al., 2001) to suggest
that they were barite (BaSO4), selenite-gypsum (CaSO4.2H2O), and
nahcolite (NaHCO3). Evidence that sand crystals and nodules in
the Farrel Quartzite were barite comes from glide twinning, and
63–64 wt.% BaO in relict cores of some pseudomorphs (Sugitani et al.,
2003). Evidence against the former presence of gypsum in the Farrel
Quartzite includes the lack of observed selenite fishtail twinning, and
absence of pseudomorphs of equant-orthorhombic anhydrite (CaSO4),
which forms readily from elongate-monoclinic gypsum during shallow
burial (Klimchouk, 1996). Equant cubes and rhombs in the Farrel
Quartzite are iron-stained, and presumed to have been pyrite and sider-
ite, respectively (Sugitani et al., 2003).

Archean silicified barite and nahcolite crystals have been attributed
to hydrothermal vein crystallization (Runnegar et al., 2001; Pinti et al.,
2009), or to precipitation from saline water (Lambert et al., 1978;
Lowe, 1983; Buick and Dunlop, 1990; Lowe and Worrell, 1999;
Sugitani et al., 2003; Allwood et al., 2006; Shen et al., 2009). These alter-
natives may be reasonable for other cases, but are not favored for the
Farrel Quartzite because its crystal pseudomorphs have common inclu-
sions (Fig. 8C–E), zones of dissolution (Fig. 8D–E), and dusty rims
(Fig. 8C), resembling other Archean pedogenic evaporates (Nabhan
et al., 2016). Dissolution planes, birdseye textures, enterolithic folds
and nodules are additional field evidence of alternating desiccation
and wetting (Sugitani et al., 2003). Nahcolite and barite are widespread
as crystals, spherulites and nodules in sodic soils (Kohut and Durdas,
1993; Shahid and Jenkins, 1994; Howari et al., 2002; Jennings and
Driese, 2014) and playa lake crusts (Hay, 1968; Renaut and Tiecerlin,
1994). Nahcolite also forms from the weathering of natrocarbonatite
lavas (Zaitsev and Keller, 2006), but the flat REE patterns of Farrel
Quartzite rules out carbonatite tuffs (Retallack and Kirby, 2007;
Sugahara et al., 2010). In playa lakes of semi-arid regions, nahcolite is
precipitated within sediment below the surface (Hay, 1968; Eugster,
1969; Smith, 1979), but large crystal fans and lawns comparable with
theKari paleosol have only been reported for pre-Quaternary evaporites
(Bradley, 1973; Surdam and Stanley, 1979; Larsen, 2008; Garcia-Veigas
et al., 2013). In modern soils, nahcolite and barite crystals and spheru-
lites are generally microscopic (Kohut and Durdas, 1993; Shahid and
Jenkins, 1994; Howari et al., 2002), but some soils have barite nodules
up to 3.8 cm in diameter (Jennings and Driese, 2014; Jennings et al.,
2015), like those of paleosols (Retallack and Kirby, 2007; Jennings
et al., 2015). Nahcolite has been reported in playa lakes and soils re-
ceiving 200–500 mm mean annual precipitation (Kohut and Durdas,
1993; Shahid and Jenkins, 1994; Howari et al., 2002), but its presence
is more strongly controlled by the partial pressure of carbon dioxide
than by paleoclimate (Eugster, 1966; Jagniecki et al., 2015). Pedogenic
barite, on the other hand, is best known from humid forested soils
with 1000–1200mmmean annual precipitation, andmay be controlled
by microbially induced precipitation, or by redox changes at the water
table, rather than by paleoclimate (Retallack and Kirby, 2007; Jennings
et al., 2015). The growth of barite is favored by acid sulfate weathering
at low pH (b3), but that of gypsum at higher pH (4–9: Carson et al.,
1982). There is as yet no clear relationship between the depth of barite
or nahcolite growth, and mean annual precipitation as there is for
gypsum (Retallack and Huang, 2010). Thus it is puzzling that crystals
of both nahcolite and barite are confined to a specific horizon (By)
within the paleosols, andmorphologically comparablewith gypsic hori-
zons in paleosols of Earth (Retallack and Huang, 2010) and Mars
(Retallack, 2014). The growth of salts may have been suppressed in
thin (5–10 cm) uppermost horizons of Archean and Martian paleosols
by surficial moisture and carbonic acid from biological productivity, as
in desert soils of Earth (Retallack, 2009).

9.5. Atmospheric CO2

High levels of carbon dioxide are critical for the precipitation
and maintenance of nahcolite (Eugster, 1966). It is a rare mineral in
surficial environments today because current atmospheric levels
of only 408 ppm CO2 make it prone to recrystallization to trona
(Na3(CO3)(HCO3)·2H2O) or natron (Na2CO3·10H2O). As for other
greenhouse crises (Lowenstein and Demicco, 2006), nahcolite crystal
pseudomorphs in the Kari paleosol may be evidence of at least
945 ppm CO2 in the atmosphere at temperatures of 10–11 °C (Jagniecki
et al., 2015).

Much higher Archean CO2 levels (100–1000 times present atmo-
spheric level or 30,000 to 300,000 ppm) have been inferred by Lowe
and Tice (2004) from nahcolite formation in South Africa at assumed
Archean temperatures of 70 °C, but such high temperatures are unlikely
given more recent oxygen and hydrogen isotopic studies (Hren et al.,
2009), preservation of quartz (Sleep andHessler, 2006), and application
of paleosol paleothermometers used here (Óskarsson et al., 2012).
A minimum level of 2500 ppm CO2 has been inferred from 3.2 Ga
ferrous-carbonate weathering rinds (Hessler et al., 2004), but such
fluvial pebbles may have been isolated from the atmosphere by
groundwater. Estimates of about 3000 pmCO2 comes from ironmineral
stability in banded iron formations (Lowe and Tice, 2004; Ohmoto et al.,
2004), which also reflect aquatic rather than atmospheric levels. A
maximum level of 36,000 ppm CO2 has been inferred from paleosols
ranging in age from 2.75–2.2 Ga because of a presumed lack of siderite
in paleosols (Rye et al., 1995). This estimate suffers from choice ofmeta-
morphic rather than pedogenic mineral thermodynamic data (Sheldon,
2006), and there are rhombic pseudomorphs in Farrel Quartzite that
may have been siderite (Sugitani et al., 2003). An estimate of 1500 to
9000 ppm atmospheric CO2 at 3.0 Ga comes from chemical weathering
of the Jericho Dampaleosol of South Africa (Grandstaff et al., 1986). This
much CO2 would result in acid rain (pH 4.0–4.5 according to Ohmoto
et al., 2004), and soil-microbial CO2 and H2SO4 could drop soil water
pH to 3, and thus favor the abundant barite precipitation observed
(Carson et al., 1982).

Even the most extreme of these estimates is short of the amount
needed for a greenhouse capable of maintaining temperate Archean
paleotemperatures given the faint young sun, and other greenhouse
gases are required, including water vapor, ammonia, sulfur oxides,
and methane (Ohmoto et al., 2004; Rosing et al., 2010; Kasting
and Kirschvink, 2012). Much methane would have come from
methanogenesis inferred from isotopic values of small spheroids
(House et al., 2013) in Farrel Quartzite paleosols and allowed by low
(160 ppm) H2 values likely for the Archean (Kasting and Kirschvink,
2012). An atmosphere with three times the current mass of N2 and a
H2mixing ratio of 0.1, would also have created an adequate greenhouse
(Wordsworth and Pierrehumbert, 2013), but N2 in the atmosphere was
limited to 1.1 to 0.5 bars, judging fromnitrogen and argon isotopic ratios
in fluid inclusions of the 3.5 Ga Dresser Formation of Western Australia
(Marty et al., 2013). Atmospheric pressure is constrained to no more
than twice the modern value by 2.7 Ga raindrop imprints (Som et al.,
2012) and no more than half the modern value by 2.7 Ga vesicle sizes
in lava flows (Som et al., 2016). The volcanogenic greenhouse gas SO2
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proposed on theoretical grounds for earlyMars (Halevy et al., 2007) and
early Earth (Claire et al., 2014) is compatible with the abundance of sul-
fate in paleosols of the Farrel Quartzite.

9.6. Atmospheric O2

Very low levels of atmospheric oxygen are evident from paleosols of
the Farrel Quartzite because of their high ferrous to ferric iron ratios,
comparable with swamp soils today exhausted of oxygen by microbial
respiration (Retallack, 2001). However, the Farrel Quartzite paleosols
were not waterlogged, but exposed to air as indicated by dissolution
planes, birdseye textures, enterolithic folds and nodules of evaporitic
mineral pseudomorphs (Sugitani et al., 2003). No highly oxidized min-
erals such as hematite or goethite were observed in fresh samples of the
Farrel Quartzite paleosols.

A reasonable estimate of 0.002 to 0.1% atmospheric O2 for 3.0 Ga
is derived from chemical weathering of the Jericho Dam paleosol of
South Africa and associated uraniferous conglomerates (Grandstaff
et al., 1986). The Jericho Dam paleosol has been considered altered by
hydrothermal fluids or by burial gleization of organic acids after forma-
tion in an oxidizing atmosphere (Ohmoto, 1996) of at least 0.3% O2.
However, there is no clear hydrothermal enrichment of heavy rare
earth elements in the Jericho Dam profile (Kimberly and Grandstaff,
1986). Furthermore, burial gleization in paleosols of Triassic forest eco-
systems (which were much more productive than envisaged for the
Archean) extends to a depth of only 30 cm (Retallack, 1997), an order
of magnitude less than the 3.3 m required to explain the deep spike in
ferrous iron within the Jerico Dam paleosol (Grandstaff et al., 1986;
Kimberly and Grandstaff, 1986). These objections do not apply to
the Nsuze paleosols of South Africa, geologically younger at 2.9 Ga,
and with a lack of oxidative Cr and U recycling suggestive of 0.006
to 0.001% O2 in the atmosphere (Crowe et al., 2013). Comparable esti-
mates of 0.002 to 0.02% O2 come from cerium anomalies, despite potash
metasomatism and hydrothermal heavy rare earth enrichment of
the 3.0–3.3 Ga Keonjhar paleosol deep weathering remnant of India
(Mukhopadhyay et al., 2014). Redox-sensitiveminerals including pyrite
(FeS), uraninite (UO2), siderite (FeCO3) and gersdorfffite (NiAsS) are
common (57–85%) in heavymineral separations from fluvial siliciclastic
sediments some 3.2–2.7 Ga in age in the Pilbara region (Rasmussen
and Buick, 1999). This result has been challenged for pyrite in Pilbara
sediments (Kojima et al., 1998), but the rounded nature of both
authigenic framboids and detrital pyrite makes such distinctions diffi-
cult (Fig. 5F-H). Such grains could survive atmospheric oxidation by
rapid burial in tectonically active regions (Ohmoto et al., 1999), but
rapid burial was not the case considering the durations of soil formation
in the Farrel Quartzite estimated in Section 9.3. Low O2 and consequent
lack of an ozone layer in the stratosphere is also indicated by mass-
independent fractionation of sulfur isotopes in Archean pyrites and
barites of the Pilbara region (Ueno et al., 2008; Shen et al., 2009) and
Barberton Mountain Land of southern Africa (Roerdink et al., 2012).

9.7. Microbiota

Microfossils in paleosols of the Farrel Quartzite have been studied by
numerous methods but not taxonomically (Sugitani et al., 2007; Grey
and Sugitani, 2009; Oehler et al., 2010; House et al., 2013). This account
evaluates the five recognizedmorphotypes recognized by Sugitani et al.
(2011), both from the perspectives of paleobotanical form taxonomy
and of biological affinities (Table 3). This is not the full taxonomic
study these microfossils deserve, but a provisional study using only
comparable fossil taxa already described.

The Farrel Quartzite microbiota has some similarities with micro-
fossils described from a locality 4 kmwest of old Panorama Homestead
in the East Pilbara region (Awramik et al., 1983), which includes
Archaeosphaeroides pilbarensis, resembling the Farrel Quartzite diffuse-
wall spheroids, and Archaeotrichon contortum, resembling Farrel
Quartzite filaments. The Panorama Homestead locality is currently
mapped within the 3.5 Ga Mt. Ada Basalt (Van Kranendonk, 2006;
Hickman, 2013), but the exact location and geological setting of these
microfossils are uncertain (Awramik et al., 1983). Some specimens of
A. pilbarensis have walls comparable with the folded-wall spheroids of
Sugitani et al. (2011), and their other two morphotypes with simple
walls and thick walls fit within the same generic, if not specific, concept.
The small spheroids in the Farrel Quartzite are comparablewith the form
species Archaeosphaeroides barbertonensis known from the Fig Tree
Group near Barberton, South Africa (Schopf and Barghoorn, 1967), and
assigned to the 3.2 Ga Haki Ironstone Member of the Sheba Formation
(Lowe and Byerly, 1999).

Spindle-shaped microfossils in the Farrel Quartzite are distinctive,
with a bulging cavity containing small internal bodies and a lateral rib
that extends to a point at either end (Sugitani et al., 2007, 2009). Com-
parable spindle-shaped microfossils also have been reported from the
3.4 Ga Strelley Pool Formation of Western Australia (Sugitani et al.,
2013), the 3.4 Ga Kromberg Formation of South Africa (Walsh, 2010),
the 3.2 Ga Clutha Formation of South Africa (Javaux et al., 2010),
and the 1.3 Ga Kendall River Formation of Arctic Canada (Horodyski
and Donaldson, 1980; Kah et al., 2006). These spindles deserve their
own new form-generic name based on the best studied material
of Sugitani et al. (2011), but have been compared with the acritarch
genera Pterospermopsis, Pterospermella, and Pterospermopsimorpha
by Sugitani et al. (2009). All three acritarch taxa are double-walled,
near spherical with narrow flanges, and have either no projections
(Timofeev, 1966), or more than two blunt-ending projections (Eisenack,
1972; Yankauskas, 1980; Samuelsson et al., 1999), unlike the acutely
tipped, simple-walled spindles of the Farrel Quartzite. The Farrel Quartzite
spindle-shaped microfossils are commonly clustered with their ends
continuouswith filaments that appear to join them together, and, in ad-
dition, have small internal bodies (Sugitani et al., 2007, 2009). The form
genus Primoflagella of the Ediacaran Kotlin Formation of Russia shares
these characters, but has only one end tapering to filaments while the
other end is blunt (Gnilovskaya, 1983). The Farrel Quartzite spindles
are generally similar to Eupoikilofusa cloudii from the Cambrian Gouhou
and Xiamaling Formations of China (Xing, 1987; Yin, 1987), and to
Eupoikilofusa sp. from the 1.2 Ga Society Cliffs Formation of Baffin Island
(Hofmann and Jackson, 1991). Canadian Arctic permineralizations
show a similar curvature as the Farrel Quartzite spindles and some
have filaments attached at one end. Eopoikilofusa is the most similar
valid form genus to the Farrel Quartzite microfossil spindles.

The Farrel Quartzite also contains numerous perfectly spherical
opaque grains of pyrite, which are notmicrofossils, but likely framboids,
and may represent results of microbial sulfur reduction (Sawlowicz,
1993). Archean biological sulfate reduction and atmospheric sources
of sulfur come from fractionations of sulfur isotopes in pyrite associated
with barite of the 3.5 Ga Dresser Formation of Western Australia (Ueno
et al., 2008; Shen et al., 2009). Like microfossils, framboids were found
in both matrix and clasts, but in some cases the framboids are so regu-
larly arranged just inside the grain edge (Fig. 5F-G) that they may
mark cavities occupied by endolithic organisms (McLoughlin et al.,
2009).

There also are rare sinuously deformed fragments of microbial mats
up to 1 mm long in the Farrel Quartzite (Sugitani et al., 2007, Fig. 10;
Sugitani et al., 2011, Fig. 7A–C). For these fragments, the ichnogenus
Eoclathrus is suitable, although that genus is based on dimpled impres-
sions rather than permineralizations, and has been regarded as prob-
lematic (Häntzschel, 1975). These mat fragments have fine lamination
characteristic of aquatic microbial mats (Retallack, 2012), which con-
trasts with the massive to brecciated matrix of most of the microfossils
in paleosols (Fig. 9A–B). Similar mat fragments have been described
from intertidal facies of the 3.2 Ga Moodies Group of South Africa
(Heubeck, 2009;Homann et al., 2015), and the Farrel Quartzitemicrobial
mat fragments may have been derived from tidal flats nearby. The
detachment of fragments of laminated aquatic microbial mats is a key



Table 3
Microfossils of the 3.0 Ga Farrel Quartzite.

Morphotype Precambrian microfossil form
taxonomy

Carbon isotopic composition
(δ13CPDB)

Plausible taxonomic affinities Inferred metabolism

Thread Archaeotrichon contortum -35.2 ± 1.0
(−34.4 to −36.3, n = 3)

Actinobacteria Anaerobic fermentation

Simple wall spheroid
(10–60 μm)

Archaeosphaeroides sp. -28.7, n = 1 Chromatiaceae (purple sulfur bacteria) Anaerobic photosynthesis

Diffuse wall spheroid
(20–40 μm)

Archaeosphaeroides pilbarensis -36.5 ± 2.3
(−34.3 to − 38.6, n = 4)

Chromatiaceae (purple sulfur bacteria) Anaerobic photosynthesis

Thick wall spheroid
(30–40 μm)

Archaeosphaeroides sp. Not analyzed Chromatiaceae (purple sulfur bacteria)
with sulfur globules)

Anaerobic photosynthesis

Folded wall spheroid
(20–40 μm)

Archaeosphaeroides sp. -34.1 ± 0.1
(−34.0 to −34.1, n = 2)

Chromatiaceae (purple sulfur bacteria)
with sulfur globules)

Anaerobic photosynthesis

Small (b15 μm) spheroid Archaeosphaeroides barbertonensis -37.9 ± 3.3
(−33.8 to −44.2, n = 13)

Methanosarcinaceae (Archaea) Methanogenesis

Thick laminated film “Eoclathrus” sp. -31.5 ± 4,0
(−26.0 to −40.3, n = 13)

Mixed microbial mat fragment Mixed anaerobic microbial mat

Spindle (10–90 μm) cf. Eupoikilofusa sp. -36.9 ± 1.7
(−35.6 to −40.5, n = 8)

Actinobacteria Anaerobic Fermentation
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feature distinguishing them from microbial earths, in which microbes
are mixed with unlaminated grains (Retallack, 2012), as envisaged for
paleosols of the Farrel Quartzite.

Biological affinities of the Farrel Quartzite microfossils are inferred
partly from their morphology and partly from their carbon isotopic
composition (Table 3; House et al., 2013). Unusually light carbon iso-
topic composition (−33.8 to −44.2 δ13Corg) of small spheroids com-
parable with A. barbertonensis are comparable with methanotrophic
Proteobacteria and methanogenic Archaea (Schidlowski, 2001).
Archaeospheroides barbertonenis is larger than most methanotrophs,
although Archaea such asMethanosarcina barkeri have cells 4 μmdiam-
eter and spherical walled colonies 10 μm in diameter (Sowers et al.,
1993). Methanogenesis is also evident from isotopic composition
of methane in fluid inclusions from the 3.5 Ga Dresser Formation of
Western Australia (Ueno et al., 2006).

The large spheroids comparable with A. pilbarensis also have a
distinctive carbon isotope composition (−34.3 to−38.4 δ13Corg) com-
parable with that of purple sulfur bacteria (Chromatiaceae), which is
unlike that of other bacteria including Cyanobacteria, Chloroflexi
or Chlorobiaceae (Schidlowski, 2001). Purple sulfur bacteria have an
array of morphologies and characteristic arrays (Fjerdingstad, 1979),
but modern forms comparable with the Farrel simple wall spheroids
are Chromatium obovatum (Fjerdingstad, 1979), while diffuse wall
spheroids superficially resemble Thiophaeococcus mangrovi (Kumar
et al., 2008), thick-walled spheroids are like Rhodothece nuda
(Fjerdingstad, 1979) and folded-wall spheroids are like Chromatium
densegranulatum (Fjerdingstad, 1979).

Eupoikilofusa microfossil spindles have been regarded as marine
plankton because of their wide geographic distribution, “flanged lentic-
ular shape, occasional internal vacuole-like structures, and the possible
association with small non-clustered spheroids” (House et al., 2013).
A planktonic life style, however, is unlikely considering two non-
hydrodynamic features: their connection by filaments into bunches,
and their asymmetric curve and lateral ridge like a calzone (Fig. 5C–E).
Internal hollows and associated spheroids are more likely spores or
other propagules, than internal or remnant vacuoles. Farrel Quartzite fil-
aments have a narrow range of isotopic composition because only three
were analyzed (−34.4 to −36.3 δ13Corg), but eight spindles from this
and other Pilbara Archean cherts (House et al., 2013; Lepot et al.,
2013) had awide spreadof values (−35.6 to−40.5 δ13Corg), straddling
values of both purple sulfur bacteria and methanogens as would be
expected of heterotrophic bacteria (Schidlowski, 2001). Attachment of
spindles of cf. Eupoikilofusa to Archaeotrichon threads (Sugitani et al.,
2007) is comparable with Primoflagella (Gnilovskaya, 1983), and as in
that case, can be interpreted as sporangia of actinobacteria. Comparable
smooth sporangiawith apical spines and attached to the ends of hyphae
are found in living Streptosporangium roseum (Nolan et al., 2010). If cf.
Eupoikilofusa from the Farrel Quartzite were actinobacteria, then they
are much older than the hitherto earliest known actinobacteria of the
2.2 Ga Gowganda Formation of Canada (Jackson, 1967). Nevertheless,
actinobacteria on land would explain the organic-lean nature of
paleosols, including the 3.0 Ga Jericho Dam paleosol of South Africa
(Grandstaff et al., 1986), and a 2.7 ± 0.3 Ga molecular divergence of
Actinobacteria (Battistuzzi and Hedges, 2009).

Sulfur bacteria (Chromatiaceae and Chlorobiaceae; Youssef et al.,
2010) play a major role in precipitation of barite in modern cold sulfur
springs within 12 m of the source, as demonstrated by diel fluctuations
in aqueous sulfate and incubations, and stable isotopic comparisons
from source to sink at Zodletone Spring, Oklahoma (Senko et al.,
2004). Soil around Zodletone Spring is black in contact with the water,
but grey with alunogen (Al2(SO4)3·17H2O) and white with gypsum
(CaSO4·2H2O) above thewater (Donovan et al., 1988). Zodletone barite
tufa shows amix of groundwater features, such as cavity filling pendant
and erect fans, and soil features, such as such as 6-mm-diameter barite
roses with growth chevrons, suggestive of fluctuating water levels. Less
similar to Archean paleosol barite is the barite tufa of Flyebye Springs in
the Canadian Northwest Territories (Bonny and Jones, 2008a) and of
Jasper Cold Sulphur Springs Alberta (Bonny and Jones, 2008b). Both
Canadian springs are more heavily vegetated than Zodletone Spring
and their barite tufas are distinctly laminated or stromatolitic with
submillimetric barite as isopachous coatings and replacements of
microbes, alongwith small crystals and spherulites. Crystals andnodules
are also typical of barite in modern soils (Kohut and Durdas, 1993;
Shahid and Jenkins, 1994; Howari et al., 2002; Jennings and Driese,
2014), in which both sulfur-oxidizing and sulfur-reducing bacteria
are limited in distribution by atmospheric oxygen. Methanogens and
methanotrophs also are largely limited to oxygen-poor aquatic environ-
ments, such as the guts of ruminants, swamp soils and rice paddy
(Conrad, 2007). In the anoxic atmosphere of the Archean, however,
aquatic methanotrophs and sulfur bacteria would not have been ex-
cluded from the intermittently wet pores of soils that were mostly
well drained.

Distinctive microfossil morphology associated with sulfate pseudo-
morphs in the Farrel Quartzite may be evidence of differences between
microbiota of land and sea during the Archean. Archean marine assem-
blages are characterized by common septate filaments (Primaevifilum;
Awramik et al., 1983; Schopf et al., 2007), although some of these may
be carbon-displacing vermicular phyllosilicate (Brasier et al., 2015;
Wacey et al., 2016). In contrast, likely non-marine assemblages de-
scribed here are characterized bymicrofossil spindles (cf. Eopoikilofusa:
Fig. 5C–E), interpreted as actinobacteria. The many spheroids of
Archaeosphaeroides in the Farrel Quartzite paleosols (Fig. 5A–B) are
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interpreted here as photosynthetic sulfur bacteria responsible for
the accumulation of barite in the profiles and fueling the activity
of sulfate-reducing bacteria represented by framboids (Fig. 5F–H).
This confirmsgeochemicalmodeling that envisages evolution of the sul-
fur cycle on land before it extended to the sea (Stüeken et al., 2012).
Archean sulfur isotopic evidence has been used to infer b2.5 μMmarine
sulfate, which is b0.01% of modern marine sulfate (Crowe et al., 2014;
Zhelezinskaia et al., 2014), but microbial sulfate reduction is evident
from shallow-marine to lagoonal Archean carbonates (Paris et al.,
2014). Sulfate may have been limited to only the shallowest parts of
the Archean ocean, but the paleosols described here and by Nabhan
et al. (2016) are evidence of widespread Archean sulfate on land.

10. Conclusions

Paleosols of the Farrel Quartzite provide a first quantitative appraisal
of Archeanmicrobial earth communities (Retallack, 2012). Morphology
and isotopic composition allow educated guesses on the nature of the
various microfossil morphotypes. The distinctive microfossil spindles
(Fig. 5C–E), provisionally referred to cf. Eupoikilofusa (Hofmann and
Jackson, 1991), are attached to and closely associated with fine fila-
ments comparable with the hyphalike microfossil genus Archaeotrichon
(Awramik et al., 1983). The spindles are hollow structures which have
internal bodies (Sugitani et al., 2007), like spores of actinobacterial
sporangia (Battistuzzi and Hedges, 2009; Nolan et al., 2010). Both cf.
Eupoikilofusa and Archaeotrichonhave awide range of isotopic composi-
tion (House et al., 2013), perhaps reflecting a varied diet. Archean
paleosols of Mt. Grant also include a variety of spherical cells generally
similar to the microfossil genus Archaeosphaeroides (Awramik et al.,
1983). Small (5–15 μm diameter) spheroids in clusters (Fig. 2A–B),
have a distinctive light isotopic composition (−33.8 to −44.2 δ13Corg)
of methanogens (Schidlowski, 2001; House et al., 2013). Methanogenic
bacteria and archaea are mostly smaller than the fossils, but Archaea
such as M. barkeri have coccoids up to 4 μm in diameter and spher-
ical walled colonies 10 μm in diameter (Sowers et al., 1993). Large
(10–60 μm diameter) spheroids with heavier isotopic composition
(−34.3 to −38.4 δ13C) than photosynthetic bacteria (Cyanobacteria),
green sulfur bacteria (Chlorobiacaeae) or green non-sulfur bacteria
(Chloroflexiacae), are isotopically (Schidlowski, 2001) comparable
with purple sulfur bacteria (Chromatiaceae).

Such biological affinities support other indications of anaerobic
soil forming conditions. High ferrous/ferric molecular weathering ratios
(Fig. 6) and iron depletion (Fig. 11) from the paleosols is comparable
with that of swamp soils today (Retallack, 2001). These paleosols
were not waterlogged because they are dominated by evaporite sand-
crystal pseudomorphs including long pseudohexagonal columns
interpreted as nahcolite (NaHCO3) in the Kari pedotype, and short
rhombs and nodularized rhombs interpreted as barite (BaSO4) in the
Jurl and Jurnpa pedotypes (Sugitani et al., 2003). Disturbed lamination
(Fig. 9A–B) and hydrolytic weathering (Figs. 6, 11) in the profiles also
are indications of free drainage, as in comparable soil profiles of Chile
(Amundson et al., 2012) and Antarctica (Campbell and Claridge,
1987), and 3.7 Ga paleosols of Mars (Retallack, 2014). These thin
sulfate-rich (A–By) paleosols, together with comparable 3.2 Ga profiles
in South Africa (Nabhan et al., 2016), at last reveal the appearance of
Archean alluvial soils.

The abundance of oxidized minerals such as pedogenic barite in
the paleosols is surprising for anaerobic and methanogenic soils, and
may have been due to biological oxidation by purple sulfur bacteria,
as in cold sulfur springs today (Senko et al., 2004). The abundance
of sulfate in these paleosols is especially surprising compared with
likely Archean ocean concentrations of b2.5 μM, which is b0.01% of
modern marine sulfate (Crowe et al., 2014). Sulfur may have been a
limiting nutrient in the ocean, but not on land where phosphorus was
mobilized as a limitingnutrient (Fig. 11). Production of sulfate bymicro-
bial chemolithotrophy (Senko et al., 2004), rather than atmospheric
oxidation (Crowe et al., 2014), may have been mainly in terrestrial
environments during the Archean. Despite lack of ozone and thus high
ultraviolet radiation in a near-anaerobic atmosphere of 3.0 Ga (Ueno
et al., 2008; Shen et al., 2009), paleosols of the Farrel Quartzite show im-
pressive biodiversity, biological productivity, and degree of chemical
weathering (Fig. 6). Archean intertidal stromatolites (Allwood et al.,
2006, 2007) are also evidence against traditional arguments that land
surfaces were sterilized by ultraviolet radiation (Schopf, 1999). Soils
may have been better than water as a refuge from ultraviolet light,
because metabolically useful light energy is reflected from mineral faces
and harmful light shielded by opaque grains (Sagan and Pollack, 1974).
Archean soils were far from sterile and played a role in phosphorus,
sulfur, iron, and carbon cycling.
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