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Subaerial volcanic ﬂank and ﬂoodplain facies of the 3.46 Ga Panorama Formation have been recognized on the
basis of trough cross-bedded sandstones, lapilli tuﬀs, and abundant nodularized barite sand crystals, like those
noted in other Archean non-marine facies. These barite-nodular layers are interpreted as alluvial paleosols for
the following reasons. They show diﬀerent degree of bedding disruption scaled to nodule size beneath a sharp
upper boundary, like desert soil proﬁles. They show multiple generations of cracking, clay skins, and up-proﬁle
destruction of feldspar and rock fragments, compatible with weathering of labile constituents of the parent
material. Loss of alkali and alkaline earth elements and phosphorus up proﬁle are also features of chemical
weathering. Geochemical mass balance calculations (tau analysis) shows that the proﬁles lost mass and labile
elements, unlike unaltered sediments and tuﬀs. Rare earth element analysis also shows light rare earth retention
as in weathering, as opposed to sedimentation or hydrothermal alteration. Barite of nodules in the paleosols is
mobilized to concentration under very acidic conditions (pH < 3) and is very stable under less acidic conditions. These Archean alluvial paleosols may have formed by acid sulfate weathering by sulfuric acid, rather than
the currently more common hydrolysis by carbonic acid. This archaic system of widespread acid sulfate
weathering has since been marginalized to a few playa lakes, deep water tables, and sulfur springs.

1. Introduction
Archean paleosols at major geological unconformities have been
studied for some time (Buick et al., 1995; Rye and Holland, 1998), but
Archean alluvial paleosols have eluded detection until recently
(Retallack, 2014a; Nabhan et al., 2016; Retallack et al., 2016). Without
clear indications like root traces, Precambrian alluvial paleosols can be
diﬃcult to distinguish from ordinary sedimentary beds (Retallack,
2011; Maslov and Grazhdankin, 2011; Kolesnikov et al., 2012, 2015).
Field indications of Precambrian paleosols include vertical threads of
likely soil crust organisms (Retallack, 2011, 2013a), calcareous nodules
(Retallack, 2011), and gypsum sand crystals (Retallack, 2012, 2013a),
but conﬁdent identiﬁcation of Precambrian alluvial paleosols requires a
variety of petrographic and geochemical analyses (Retallack, 2011,
2012, 2013a). A variety of lines of evidence for Precambrian alluvial
paleosols was reviewed by Retallack (2016): oxidation rinds, loess
texture, tsunamites, playa minerals, boron content, boron isotopes,
carbon/sulfur ratios, total/reactive iron ratios, lapilli and crystal tuﬀs,
ice deformation, birefringence fabrics, evaporitic sand crystals, geochemical tau analysis, and carbon‑oxygen isotopic covariance. Of these,
Tarhan et al. (2015) found that the most convincing were evaporite
sand crystals and nodules, of the kind commonly called desert roses

(Tarr, 1933) or Wüstenrosen (Dietrich, 1975). Such features are turning
out to be abundant in Archean alluvial paleosols in both Western
Australia (Retallack, 2014a; Retallack et al., 2016), and South Africa
(Nabhan et al., 2016). This paper documents additional examples from
the Panorama Formation of the Pilbara Craton of Western Australia, as
evidence for the idea that acid-sulfate weathering (sulfuricization of
Soil Survey Staﬀ, 2014) may have been more widespread on land
during the Archean than it has been subsequently. The paleosols described here are currently the oldest known paleosols on Earth (Ohmoto
et al., 2014; Retallack, 2014a; Nabhan et al., 2016; Retallack et al.,
2016), although paleosols as old as 3.7 Ga have been recognized on
Mars, and those also have sulfate nodules (Retallack, 2014c). Two of
the Martian paleosols may appear controversial because described as
playa lake deposits with early diagenetic sulfates (Schieber et al.,
2017), otherwise known as Solonchak soils (Food and Agriculture
Organization, 1974), or acid sulfate soils (Fitzpatrick et al., 2008).
1.1. Geological setting
The principal locality studied for this work is the Panorama
Formation in the area here informally called “Panorama Portal”, where
the road to Dresser Mine leaves the ﬂoodplain of the North Shaw River,
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Fig. 1. Geological map of a paleovolcano in the 3.46 Ga Panorama Formation, North Pole Dome, Pilbara Craton, Western Australia (after van Kranendonk, 2000; Bolhar et al., 2005),
showing location of measured sections of paleosols.

elements and Th values, similar to local tholeiites and komatiites. In
contrast, most siliciﬁed rhyolitic tuﬀs of the Panorama Formation have
light rare earth enrichment and lack negative Eu anomalies, consistent
with melting of mantle eclogite, unlike other local Archaean rhyolites of
the Duﬀer Formation (Cullers et al., 1993). Unsiliciﬁed calcareous tuﬀs
of the Panorama Formation are similar in rare earth element composition to rhyolitic tuﬀs, but have greater light rare earth enrichment,
and high Ba and Sr (Fig. 5). These calcareous tuﬀs are not as enriched in
light rare earth elements as carbonatite tuﬀs (Woolley and Kempe,
1989), including Archean (3.01 Ga) carbonatite from Greenland
(Larsen and Rex, 1992; Bizzarro et al., 2002).

and enters hills 30 km south of the Port Hedland-Marble Bar highway,
and 10 km northwest of Panorama homestead (abandoned), in east
Pilbara Shire, Western Australia (Figs. 1–2). Coordinates of the central
ridge of this locality (Fig. 2A) are 21.01580°S 119.38178°E.
The geological age of the Panorama Formation is uncertain in the
study area, but UePb ages from rhyolite zircons have been determined
in both Glen Herring Creek as 3430 ± 4 Ma (Nelson, 2002), and on
Panorama Ridge as 3458 ± 1.9 Ma (Thorpe et al., 1992). This latter
date is equivalent to the UePb age of 3459 ± 18 Ma of the intrusive
North Pole Monzogranite (Thorpe et al., 1992), which may have been a
subvolcanic intrusion to the active Panorama paleovolcano (van
Kranendonk, 2000; Bolhar et al., 2005).
The study area exposes an unusually thick sequence of the
Panorama Formation (Fig. 2A), regarded as ﬂank facies of a paleovolcanic stratocone (van Kranendonk, 2000; Bolhar et al., 2005). This
volcanic ediﬁce remained a paleotopographic high because it is overlain by Euro Basalt in the study area, whereas 28 m of Strelley Pool
Formation unconformably overlies the Panorama Formation elsewhere
(Fig. 1). The Panorama paleovolcano erupted onto pillow basalts of the
Mt. Ada Basalt (van Kranendonk, 2000; Bolhar et al., 2005). An area
identiﬁed as an ancient vent of the paleovolcano by van Kranendonk
(2000) and Bolhar et al. (2005) includes cross-cutting breccia pipes,
with large blocks of banded iron formation of a caldera lake (Fig. 2B),
and of carbonate-altered Mt. Ada Basalt. The ancient stratovolcano
ﬂank facies is at least 1 km of agglomerates, rhyolite ﬂows, and tuﬀs
(Fig. 3–4). These tuﬀs include silicate accretionary lapilli (van
Kranendonk, 2000), which disperse in water, and thus are evidence that
the volcano ﬂanks were subaerial (Retallack, 2014b). Central subaerial
volcanoes have also been inferred from a pattern of paleocurrents in
ﬂuvial facies of the Panorama Formation radiating from regional centers (DiMarco and Lowe, 1989).
The original nature of the Panorama paleovolcano is best inferred
from trace elements, because of widespread siliciﬁcation and metamorphic alteration (Brown et al., 2006). Some Panorama Formation
tuﬀaceous siltstones have high Sc and Cr values, and low rare earth

2. Materials and methods
The primary activity of this ﬁeldwork was measuring sections of the
Panorama Formation (Fig. 3), regarded as a subaerial volcanic ediﬁce
by Konhauser et al. (2002). Also documented were beds considered
likely paleosols (Figs. 2C–I, 4), because of ﬁeld characters of sharp top
and gradational change below, dilational cracking patterns, and evaporitic sand crystals. Potential paleosol beds were all named in the
ﬁeld, within four distinct categories of Jurl, Ngumpu, Nganga and
Wanta, using descriptive words from Nyamal local aboriginal languages
(Burgman, 2007). Each potential pedotype is a bed with a distinctive
sequence of horizons, and the diagnostic features of each are given in
Table 1. These are ﬁeld categories to be tested as paleosol proﬁles by
laboratory data.
Oriented thin sections prepared vertical to bedding were point
counted using a Swift automated stage and Hacker electronic counting
box (Supplementary material Tables S1–S2). Point counting was adjusted for pervasive siliciﬁcation and recrystallization to crystallites
minimally 5 μm across (Lepot et al., 2013), so that 5 μm grain size and
smaller were counted as clay, rather than the standard soil-clay cutoﬀ at
2 μm of soil science. Rock fragments were mainly sedimentary, with
rare metamorphic and basaltic clasts. Evaporite minerals are now
quartz pseudomorphs, and identiﬁed from past research on polished
2
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Fig. 2. Field photographs of Panorama paleovolcano, banded iron formation, and paleosols and polished slabs of paleosol surface horizons covered with laminites, and of barite sand
crystals in Panorama Formation east Pilbara Craton, Western Australia. (A) ridge west of Panorama Portal (289–294 m in Fig. 3:21.02865°S 119.38087°E); (B) jasper-siderite banded iron
west of Panorama Portal (10-20 m in Fig. 3:21.03722°S 119.37359°E); (C) Nganga paleosol west of Panorama Portal (648 m in Fig. 3:21.03365°S 119.37915°E); (D) Jurl paleosol west of
Panorama Portal (293 m in Fig. 3:21.03229°S 119.97799°E); (E), Jurl paleosol southeast of Panorama Portal (311 m in Fig. 3:21.02554°S 119.38371°E), (F) Jurl paleosol north of
Panorama Portal (610 m in Fig. 3:21.01605°S 119.37734°E); (G) A horizon Wanta paleosol (R3774) west of Panorama Portal (63 m in Fig. 3: 21.03182°S 119.37310°E), (H) A horizon of
Jurl paleosol (R3777) west of Panorama Portal (62 m in Fig. 3: 21.03182°S 119.37310°E); (I) By horizon of Jurl paleosol (R3755) west of Panorama Portal (294 m in Fig. 3: 21.03229°S
119.97799°E). Sand crystals are at arrows.

a reﬁned blank correction in the CAMCOR instrument facility of the
University of Oregon (Donovan et al., 2011). Rare earth elements were
normalized to chondrite of Anders and Grevesse (1989). Bulk densities
were determined from 20 to 40 g samples using paraﬃn at the University of Oregon (Retallack, 1997a), with errors from 10 replicate
density determinations of one of the Panorama Formation chert specimens (R4309). Thin sections and their source rocks are archived in the
Condon Collection of the Museum of Natural and Cultural History of the
University of Oregon, in Eugene, Oregon.

slabs, large thin sections and electron microprobe analyses for comparable local Archean cherts (Lambert et al., 1978; Brasier et al., 2002;
Sugitani et al., 2003; Pinti et al., 2009). Original evaporite mineralogy
could not be determined in thin section while point counting, but the
peudomorphs have a distinctive chalcedonic fabric. Opaque material
counted includes both heavy minerals and organic matter. Two separate
500-point counts were made for grain size and for mineral composition
of each sample, with errors (2σ) of ± 2% for common (> 8%) components (Murphy, 1983). Chemical analyses of selected samples were
performed by ALS Chemex of Vancouver, British Columbia, using XRF
on glass discs for major elements, ICP on glass discs for trace elements,
and FeO by Pratt titration (Supplementary material Tables S4–S6). The
standard for the analyses was Canadian Certiﬁed Reference Materials
Project standard SY-4, diorite gneiss from near Bancroft, Ontario. Errors
(2σ) are from 89 replicate analyses of the standard in the same laboratory. Titania values were below detection (< 0.01 wt%) for the
Jurl paleosol (R3775-R3779), but these were re-analyzed by ion microprobe using an aggregation of multiple spectrometer intensities and

3. Burial alteration
Soil formation is a form of early diagenesis, but reconstructing paleosols requires a thorough understanding of subsequent alterations,
particularly metamorphism and siliciﬁcation of individual beds.
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Fig. 4. Detailed sections of Panorama Formation in the paleovolcano ﬂank facies, east
Pilbara Craton, Western Australia. Blue boxes to right of column show thickness (of A-Bk)
and degree of development of paleosols (after Retallack, 1997a), white grains of barite are
shown as volume percent, and hue is from a Munsell chart. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

hydrothermal ﬂuids, because they lack large positive europium
anomalies due to high temperature plagioclase leaching and Cl-complex
formation (Fig. 5), found in known hydrothermal chert of the Pilbara
region (Bolhar et al., 2005; Sugahara et al., 2010).
Greenschist facies regional metamorphism and pyrophyllitic hydrothermal alteration are compatible with likely burial of the Panorama
Formation to depths of 14–17 km, and deep burial alterations of the
paleosols must be disentangled from ancient soil formation. Around
North Pole Dome, the overlying Strelley Pool Formation is 28 m thick,
Euro Basalt 9400 m, Sulfur Springs Group 4941 m (van Kranendonk,
2000), Gorge Creek Group 2610 m (van Kranendonk et al., 2006), for a
total of 16,980 m of overburden. Near Strelley Pool however, the
thickness of Euro Basalt is only 1000 m (Buick et al., 1995), so overburden beneath the Lalla Rookh and Fortescue Groups would have been

Fig. 3. Geological section of Panorama Formation in the paleovolcano ﬂank facies, east
Pilbara Craton, Western Australia (with paleoenvironmental interpretations from van
Kranendonk, 2000).

3.1. Metamorphism
Panorama Formation paleosols, metasediments, rhyolites and tuﬀs
suﬀered chlorite-calcite-epidote lower greenschist facies burial metamorphism (ca. 350 °C) like the overlying Strelley Pool Formation and
Euro Basalt (Cullers et al., 1993; van Kranendonk and Pirajno, 2004;
Allwood et al., 2006). Clayey rocks of the Panorama Formation were
also inﬂuenced by contact hydrothermal alteration to pyrophyllite (also
ca. 350 °C) by intrusion of the North Pole Monzogranite (Brown et al.,
2006). The cherts studied here however were not altered by
4
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Fig. 5. Rare earth element analyses of putative paleosols of the Panorama Formation of Western Australia normalized to chondritic values of Anders and Grevesse (1989): (A) Wanta and
Nganga pedotypes; (B) Jurl and Ngumpu pedotypes.

3.3. Early diagenetic siliciﬁcation

8580 m. The Lalla Rookh Formation of the overlying De Gray Group
was conﬁned to fault basins (Krapež, 1984), so its 3000 m did not
overlie the studied localities. Fortescue Group basalts and sediments
northwest of Marble Bar are only 5240 m thick (Thorne and Trendall,
2001; van Kranendonk, 2010), so toward the east total burial depth
may have been only 13,826 m.

Most tuﬀs in the Panorama Formation have been extensively siliciﬁed like stromatolitic dolostones, sandstones and conglomerate of the
overlying Strelley Pool Formation (Allwood et al., 2007). Clues to siliciﬁcation of Panorama Formation paleosols come from organic microfossils in comparable cherts of the Strelley Pool Formation (Sugitani
et al., 2010; Wacey et al., 2010, 2011), which Hickman (2008) considers equivalent to the microfossiliferous “Kitty's Gap Chert” (Westall
et al., 2006). Microfossils are evidence of siliciﬁcation before the cells
could decay: which takes about 160 days for cyanobacteria under anoxic conditions (Harvey et al., 1995). Microfossils of the Strelley Pool
Formation are mainly robust large spindles, which are widely accepted
as genuine for reasons of carbon isotopic composition, Raman spectroscopy, and three-dimensional imaging (Sugitani et al., 2010; Wacey
et al., 2010, 2011; Schopf et al., 2007; Brasier et al., 2015). These observations contradict the idea that cherts of the Strelley Pool and Panorama Formations are silcretes formed in Archean outcrops during
Cenozoic weathering (van Kranendonk, 2000). Australian Cenozoic
silcretes are chemically distinct, with much more titania (0.7–48.0 wt
%: Wopfner, 1978; Taylor and Eggleton, 2001) than cherts of the Panorama Formation (0.006–0.14 wt%: Supplementary material Table
S3).
The following paragraphs consider three plausible mechanisms of
early diagenetic siliciﬁcation of paleosols of the Panorama Formation:
(1) hydrothermal, (2) biogenic, and (3) evaporitic. Siliciﬁcation in hot
springs would be compatible with chert dikes and pyrophyllitic alteration associated with intrusion of the North Pole Monzogranite, and
nearby vent facies of the paleovolcano in the Panorama Formation
(Kato and Nakamura, 2003; van Kranendonk, 2006). Furthermore, red
cherty banded iron formation of the basal Panorama Formation shows a
strong positive europium anomaly and heavy rare earth enrichment
characteristic of hydrothermal alternation, probably within waters of a

3.2. Late diagenesis
Illitization is a common deep burial enrichment of potassium
(Nesbitt and Young, 1989; Fedo et al., 1995; Novoselov and de Souza
Filho, 2015). Nevertheless, geochemical data on the putative paleosols
chosen for detailed analysis shows weathering rather than illitization
trends (Fig. 6A). Illitization has aﬀected red laminites (part of Wanta
proﬁle) and weathered upper portions of calcareous tuﬀs (Nganga
proﬁle) of the Panorama Formation with marked potash enrichments
(Fig. 6B). In contrast the cherty paleosols (Jurl proﬁles) show minor
depletion, not enrichment in potash, probably because of protection by
early siliciﬁcation, as documented for the overlying Strelley Pool Formation (Buick and Barnes, 1984; Hickman, 2008; Allwood et al., 2010).
Siliciﬁcation from dissolved silica released by illitization of clays
and pressure solution of sand grains is a common late diagenetic alteration of sedimentary rocks (Siever, 1962), but unlikely for extensive
siliciﬁcation of the Panorama Formation. Not only is there little evidence of a trend toward illite (Fig. 6A) or a potash enrichment in these
rocks (Fig. 6B), but they were relatively poor in clay (Fig. 7). Parent
material in these plots is below the feldspar line (50% Al2O3) in Fig. 6A
and at origin in Fig. 6B. Cherts of the Panorama Formation do show
pervasive crystal domains up to 5 μm in size, larger than usual for
geologically younger cherts with “pinpoint birefringence”, and perhaps
due to diagenetic (neomorphic) recystallization, as for cherts of the
overlying Strelley Pool Formation (Lepot et al., 2013).
Table 1
Summary of Panorama Formation paleosol deﬁnition and classiﬁcation.
Pedotype

Nyamal meaning
(Burgman, 2007)

Diagnosis

US taxonomy (Soil
Survey Staﬀ, 2014)

FAO map unit (Food and
Agriculture Organization, 1974)

Australian classiﬁcation
(Isbell, 1996)

Jurl

Salt

Haplogypsid

Orthic Solonchak

Gray Sodosol

Nganga

Sand

Psamment

Calcaric Regosol

Arenic Rudosol

Ngumpu

Narrow

Fluvent

Eutric Fluvisol

Stratic Rudosol

Wanta

Crazy

Black massive cherty surface (A horizon) over
gypsum crystal pseudomorphs in gray chert (By
horizon)
Brown sandstone surface (A) horizon over white
calcareous sandstone (C) horizon
Black massive cherty surface (A horizon) over
laminated gray chert (C horizon).
Red cracked and laminated surface (A horizon)
over barite mottle pseudomorphs (By horizon)

Halaquept

Gleyic Solonchak

Gray-orthic Tenosol
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Fig. 6. Illitization of paleosols in the Panorama Formation in the paleovolcano ﬂank facies, east Pilbara Craton, Western Australia, showing (A) weathering trends toward alumina pole of
Nesbitt and Young (1989) on a truncated triangular diagram, and (B) potash enrichment as tau values following Novoselov and de Souza Filho (2015).

4.1. Field observations

volcanic summit caldera (Bolhar et al., 2005). However, cherts of the
paleovolcano ﬂank facies have a diﬀerent and ﬂatter rare earth element
pattern (Fig. 6), comparable with patterns in the Strelley Pool Formation considered evidence for low temperature siliciﬁcation (van
Kranendonk, 2000; van den Boorn et al., 2010; Allwood et al., 2010).
An alternative source of silica in low temperature sedimentary environments of many Precambrian microfossiliferous cherts is waters of
higher silica concentrations than today, because predating evolution of
siliceous microbes such as diatoms and radiolarians (Eriksson and
Warren, 1983; Maliva et al., 2005). This view is undermined by demonstration that silica spicules are secreted by sulfate-reducing bacteria (Birnbaum and Wireman, 1985; Birnbaum et al., 1989), which
have independently been inferred from microfossils and sulfur isotopic
studies of the overlying 3.42 Ga Strelley Pool Formation (Wacey et al.,
2010, 2011; Bontognali et al., 2012), and underlying 3.48 Ga Dresser
Formation (Shen et al., 2001; Ueno et al., 2008). Recrystallization of
biogenic spicules may have contributed to siliciﬁcation of the Panorama
Formation.
The most likely mechanism of early siliciﬁcation is formation as
playa cherts, comparable with magadiite (Hay, 1968; Eugster, 1969).
Minerals such as gypsum (CaSO4.2H2O) are often precipitated at high
pH (> 9), which mobilizes silica, and such alkaline solutions dissolve
biogenic opaline or volcanic silica in preference to quartz, creating silica gels in playas and intertidal ﬂats (Eugster, 1969; Smith, 1979;
Larsen, 2008). This model of caustic rather than neutral solutions,
perhaps aided by sulfate-reducing bacteria is appealing for silica permineralization of many fossiliferous Precambrian intertidal to supratidal cherts (Maliva et al., 2005).

Many cherty beds of the Panorama Formation have common early
diagenetic pseudomorphs of evaporite minerals which range in form
from elongate to short crystals (Fig. 2D–F at arrows), variously corroded and or extended as rounded nodules (Fig. 2I at arrows). These
vary in abundance and size from bed to bed, from small masses with
little disrupting eﬀect (Fig. 2D) on primary bedding to abundant nodules up to 2 cm in diameter which totally obscure bedding (Fig. 2F).
Furthermore, these nodular and crystalline masses are neither at the
very top nor base of their respective beds: they are sparse in the upper
10 cm or so of a bed then increase in abundance below that and taper
oﬀ in abundance some distance above the plane or cross-bedded base of
the bed (Fig. 2E–F). In all these ways, paleosols of the Panorama Formation are superﬁcially similar to salt-rich (By) horizons of soils
(Retallack and Huang, 2010; Amundson et al., 2012), and paleosols of
the 3.0 Ga Farrel Quartzite of Western Australia (Retallack et al., 2016),
and 3.2 Ga Moodies Group of South Africa (Nabhan et al., 2016).
The bedding disruption fades downward from truncated upper
surfaces of the paleosols, including those without evaporites
(Fig. 2C–F), and this may represent the upper surface of the original
soil. These upper surfaces have organic carbon crusts with sharp upper
surface and wispy downward extensions (Fig. 2H), perhaps from microbial soil crusts (Retallack, 2014a). Some upper surfaces to beds with
numerous evaporate pseudomorphs have a few laminations of hematite,
including contorted layers (Fig. 2G), comparable with the cumulic
surface horizons of lowland soils (Retallack, 1997a). Most soils have
sharp upper surfaces, but lowland soils have increments of additional
sediment before burial by a terminating tuﬀ or river sand.

4. Testing likely paleosols

4.2. Petrographic observations

A variety of beds were identiﬁed in the ﬁeld as potential paleosols
largely on the basis of destruction of primary sedimentary features, and
these beds were sampled for a battery of geochemical and petrographic
tests to determine whether they were paleosols, or unaltered tuﬀs or
sedimentary beds. Most of these formed the top 30–40 cm of trough
cross bedded sandstone (angular discordance to bed top in Fig. 2D–E).

Bedding disruption is especially obvious in thin sections of the
upper surface of putative paleosols which show lamination above a
sharp contact to near-vertical, chaotic fabric in thin sections cut vertical
to regional bedding (Fig. 7A–E). This near-vertical fabric reveals multiple generations of bedding disruption by cracking which have
homogenized original bedding, but there also are cases where lamination is only mildly disrupted by vertical structures (Fig. 7F).
Other indications of soil formation in thin section are clay skins
6
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Fig. 7. Petrographic thin sections of paleosols in the Panorama Formation of Western Australia, under crossed nicols (A–C, F–H) and plane light (D–E): showing ﬁlamentous vertical
disruptions of surface horizons of type Wanta silt loam (A), of type Jurl clay (B,D), of type Nganga loam (C) and of type Ngumpu clay loam (E–F); G, clay skins in surface horizon of type
Jurl clay; H, rock fragments weathered to clay in A horizon of type Nganga clay loam. All thin sections were cut vertical to regional bedding and are curated in the Condon Collection
University of Oregon: A, R3774; B, D, G, R3756; C, R3765; E–F, R3761; H, R3766.

growth or simple precipitation in marine evaporites (Warren, 2006;
Ziegenbalg et al., 2010) and playa lakes (Hay, 1968; Renaut and
Tiercelin, 1994). Also diﬀerent are void-ﬁlling, inclusion-free, barites of
hydrothermal vugs and veins, such as those of the 3.48 Ga Dresser
Formation (Shen et al., 2001; Ueno et al., 2008). Diﬀerent again are
spring tufas with cavity-ﬁlling pendant and erect barite fans, and laminated to stromatolite-like isopachous barite coatings, also inclusionfree (Donovan et al., 1988; Bonny and Jones, 2008a, 2008b).
The original mineral of Archean chert pseudomorphs of evaporite
minerals in the Panorama Formation may have been barite (BaSO4),
despite low Ba (8.2–3670 ppm) remaining after thorough early diagenetic siliciﬁcation (Supplementary materials Table 3). Barite inclusions
within other Archean pseudomorphs are near stoichiometric, with 59 to
65 wt% BaO (Sugitani et al., 2003; Nabhan et al., 2016). The crystals
when best preserved have the squat form of barite (Fig. 8E), unlike
hexagonal needles of nahcolite (NaHCO3), ﬁshtail twins of selenitegypsum (CaSO4.2H2O), or cubes of anhydrite (CaSO4). Barite is the
most common of pseudomorphed evaporite minerals reported from

rimming weathered grains, which are embayed and dilated into fragments (Figs. 7G–H). Such dilation indicates alteration within a soil
under little conﬁning pressure, unlike burial diagenetic alterations
which result in overall reduction in volume. Furthermore, the clay skins
have high birefringence (Fig. 7G), a feature of soils and paleosols called
sepic plasmic fabric (Retallack, 1997a).
Evaporite pseudomorphs of the Panorama Formation in thin section
show abundant included grains characteristic of desert roses (Tarr,
1933; Dietrich, 1975), as revealed by common sedimentary inclusions,
and corroded and dusty rims (Fig. 8C–E). Some of these pseudomorphs
are radially arranged like desert roses (Fig. 8C), and others are heavily
nodularized (Fig. 8B). Graded beds overlying the paleosols have redeposited crystal pseudomorphs (Fig. 8A), demonstrating that they had
formed and were eroded during breaks in deposition. Comparable observations of sand crystals and redeposition reveal paleosols in the
3.2 Ga Moodies Group of South Africa (Nabhan et al., 2016).
Sand crystals are distinct from crystals formed in open water or
saturated sediments, which are clean of inclusions because of displacive
7
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Fig. 8. Petrographic thin sections of evaporate pseudomorphs in the Panorama Formation of Western Australia, under plane light (A–C, E) and crossed nicols (D), showing redeposited
barite at base of graded bed (A), nodularized barite (B), crystal rosette of barite (C), corroded (left) and sand crystal (right) of barite (D), and sand crystal of barite (E). Paleosols are type
Jurl clay (A–B, E), Jurl clay loam (C) and type Wanta silt loam (D). Sand crystals are within dashed outlines. Specimens in Condon Collection, University of Oregon are R3756A (A),
R3756B (B), R4309 (C), R3775 (D) and R3757 (E).

weatherable minerals until the very top, and so is grouped with the
weakly developed proﬁles (Ngumpu).

other Archean cherts: 3.0 Ga Farrel Quartzite (Sugitani et al., 2003),
3.4 Ga Kromberg Formation (Lowe and Worrell, 1999), 3.4 Ga Strelley
Pool Formation (Lowe, 1983; Allwood et al., 2007), 3.5 Ga Apex Chert
(Pinti et al., 2009) and 3.5 Ga Dresser Formation (Lambert et al., 1978;
Buick and Dunlop, 1990). In the Phanerozoic, gypsum-bearing paleosols are common (Retallack and Huang, 2010), but barite-bearing paleosols are rare and restricted to a few stratigraphic horizons (Tarr,
1933; Beattie and Haldane, 1958; Olson, 1967; Skinner and Taylor,
1967; Keyser, 1968; Laznicka, 1976; Bown and Kraus, 1988; Khalaf and
El Sayed, 1989; de Brodtkorb, 1989; Speczik and El Sayed, 1991; Garces
and Aguilar, 1994; Kreuser, 1995; Dietrich, 1975; Schrank and
Mahmoud, 2000; Retallack and Kirby, 2007; Retallack, 2009; Neuhaus,
2010; Buck et al., 2010; Brock-Hon et al., 2012; McCarthy and Plint,
2013; Jennings et al., 2015).

4.4. Major element geochemical trends
Individual beds sampled as likely paleosols also show plausible
trends in major element geochemical composition, expressed as molecular (molar) weathering ratios (Fig. 9C). Parent material in these thin
alluvial paleosols is the material directly below (labelled C for interpreted sediment, or R for interpreted rock). Furthermore these thin
proﬁles are unusually deeply weathered with high base loss (alumina
over bases) for soils with evaporites (Amundson et al., 2012). Alumina
over bases shows little weathering for the one proﬁle (Nganga), but
expected down-proﬁle decline for others, especially marked in two
superposed proﬁles (Wanta on Jurl proﬁle). Another pronounced feature is the high ratio of ferrous over ferric iron, like that of a waterlogged (gleyed) soils in the modern world (Vepraskas and Sprecher,
1997). Unlike the little-weathered calcareous tuﬀ (Nganga proﬁle), the
cherty proﬁles have local enrichments of ferric iron, very low alkalies,
alkaline earths and alumina, and modest salinization. These are features
of acidic modern soil-forming processes, such as podzolization
(Retallack, 1997a). The combination of podzolization-gleization with
evaporite minerals is a distinctive feature of these and other Archean
paleosols (Nabhan et al., 2016; Retallack et al., 2016), and some
modern soils (Benison and Bowen, 2015; Jennings et al., 2015).

4.3. Petrographic trends
Point counting within individual beds also reveals changing proportions of minerals compatible with increased intensity of weathering
from bottom to top: increased proportion of clay, quartz, and opaque
minerals toward the surface, and declining abundance of feldspar and
rock fragments (Fig. 9B). Degree of weathering revealed by this metric
varies from minimal (Ngumpu, Nganga) to moderate (Wanta, Jurl) in
proportion with bedding disruption by crystal pseudomorphs. Some
minerals such as quartz and opaque oxides are resistant to weathering,
but feldspar and rock fragments weather to clay in soils (Retallack,
1997a). Furthermore, the extent of these weathering trends vary with
the degree to which original sedimentary bedding has been homogenized by growth of nodules and cracking (Fig. 9A), revealing deeper
chemical weathering associated with physical homogenization.
Barite pseudomorphs were found only in the cherty beds, not in the
highly calcareous bed considered an alkaline tuﬀ from its unusual
abundance of light rare earth elements (Fig. 5). That thick calcareous
bed (Nganga proﬁle) shows muted changes in proportions of

4.5. Tau analysis
Geochemical mass balance or “tau analysis” is a method for calculating both the mobilization of particular elements (mass transfer) and
the change in volume (strain) of soil formation (Brimhall et al., 1992).
Mass transfer (τw,j in mass fraction) is derived from chemical concentration of the element in soils (Cj,w in weight %) compared with
parent material (Cp,w in weight %), correcting for bulk density of the
8
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Fig. 9. Mineral composition and molecular weathering ratios of paleosols in the Panorama Formation at Panorama Portal, Western Australia.

soil (ρw in g cm− 3) and parent material (ρp in g cm− 3). Strain (εi,w as a
mass fraction) is estimated from an immobile element in soil (such as Ti
used here). The relevant Eqs. (1) and (2) (below) are the basis for
calculating divergence from parent material composition.

⎡ ρ ⋅Cj, w ⎤
[εi, w + 1] − 1
τ j, w = ⎢ w
ρ ⋅C ⎥
⎣ p j, p ⎦

(1)

ρp ⋅Cj, p ⎤
εi, w = ⎡
−1
⎢ ρ ⋅Cj, w ⎥
⎣ w
⎦

(2)

Soils and paleosols have a distinctive location in this style of plotting geochemical data: in lower left quadrant of volume collapse and
elemental loss when plotted as mass transfer with strain (Fig. 10A), and
with depletion up-proﬁle when plotted as mass transfer with depth
(Fig. 10B). This is where the Panorama beds plot with a few exceptions,
primarily of the Nganga proﬁle, which is a little weathered tuﬀ
(Fig. 9C), and so plots in the dilate-and-gain quadrant of mass transfer
with strain like a sedimentary or tuﬀaceous bed (Fig. 10A). The
Ngumpu proﬁle also shows little chemical diﬀerentiation, and may also
have been a very weakly developed soil. Tight clustering of silica,
alumina, alkalies and alkaline earth elements in this kind of analysis
9
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Fig. 10. Tau analysis of paleosols in the Panorama Formation of Western Australia, showing (A) mass transfer with strain and (B) mass transfer with depth, and calculated by method of
Brimhall et al. (1992).

5. Interpretation of paleosols

(Fig. 10A) over distances of only a few tens of centimeters (Fig. 10B) is
evidence of chemical weathering.

The named beds of the Panorama Formation appear to be paleosols,
which are of interest because they yield information not only about the
diversity of landforms of the past, but about a variety of paleoenvironmental conditions ranging from time for formation to climate and
atmospheric composition (Retallack, 1997a). Each of the proﬁles
named on the basis of their ﬁeld appearance (Table 1) represents a
diﬀerent combination of formative inﬂuences, which are interpreted in
the following paragraphs (Table 2).

4.6. Trace element trends
Chemical diﬀerences over short depths within the proﬁles are also
seen in the abundance of rare earth elements, which can vary by an
order of magnitude within a single proﬁle of the Panorama Formation
(Fig. 5). The light rare earth enrichment of the Nganga bed is attributed
to alkaline tuﬀ parent material diﬀerent from that of other beds, but
depleted in rare earth elements in the subsurface (C) horizons (Fig. 5A).
Proﬁles with evaporite pseudomorphs (Wanta and Jurl) also have depletion in lower levels (Fig. 5A). A proﬁle lacking evaporites and with
clear bedding (Ngumpu proﬁle) shows little change in rare earth element composition at diﬀerent levels, and a ﬂatter pattern than the other
proﬁles (Fig. 5B). These depletions within proﬁles over only a few
centimeters and heavy-rare-earth depletion (Jurl and Wanta versus
Ngumpu and Nganga) are evidence of acidic humid weathering at the
level of the evaporate pseudomorphs (Nesbitt, 1979). These weathering
trends can be contrasted with sedimentary redistribution and marine
diagenesis of sediments. Sedimentary processes separate rare earth
elements into clay rather than sand (Morey and Setterholm, 1997), but
the Panorama beds are poor in clay and do not show large changes in
grain size (Fig. 9). Marine diagenesis of sediments (halmyrolysis) does
not change rare earth concentrations signiﬁcantly (Clauer et al., 1990;
Setti et al., 2004), unlike the relationships seen in the Panorama Formation (Fig. 5).

5.1. Classiﬁcation of panorama formation paleosols
Field observations, together with geochemical and petrographic
information (Fig. 9) on the paleosols allow interpretation within classiﬁcations of modern soils of the various ﬁeld pedotypes recognized in
the Panorama Formation (Table 1). Point count data (Fig. 9) also give
the option of naming particular paleosols from soil textural categories
of their surface horizons, such as Jurl silt loam versus Jurl clay loam.
Persistence of bedding, thin proﬁles, and muted chemical variation
mark the Nganga and Ngumpu proﬁles as Entisols in the U.S Taxonomy
(Soil Survey Staﬀ, 2014). Surface lamination like banded iron formation, an aquatic facies of the Panorama Formation (Bolhar et al., 2005),
may be evidence that Wanta paleosols were intermittently waterlogged,
as well as developing small barite nodules and crystals below when
better drained, so gleyed Inceptisols. Although banded iron formations
have been considered deep water, this does not seem to be the case for
10
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Table 2
Summary of Panorama Formation paleosol interpretations.
Pedotype

Climate

Organisms

Topography

Parent material

Soil duration

Jurl
Nganga

Humid (1154–1343 ± 182 mm MAP) temperate (8.7–10.3 ± 0.5 °C MAT)
Not diagnostic for climate

Microbial earth
Uncertain

Floodplain
Coastal dunes

2408–70,151 years
10–1000 years

Ngumpu
Wanta

Not diagnostic for climate
Not diagnostic for climate

Microbial earth
Microbial earth dominated
by iron-oxidizing bacteria

Streamside bar
Floodplain
swale

Quartz-lithic silt
Calcareous sand
and gravel
Quartz-lithic sand
Quartz-lithic sand

10–1000 years
1571–69,505 years

Note: MAP is mean annual precipitation and MAT is mean annual temperature.
Table 3
Occurrences of pedogenic barite.
Ma

Geological age

Formation

Location

Reference

0.015 ± 0.0011
0.015 ± 0.0011
0.014 ± 0.0010
0.100 ± 0.05
2 ± 2
5 ± 2
10 ± 6
10 ± 1
16 ± 1
16 ± 1
26 ± 0.2
27 ± 2
35 ± 5
36 ± 1
50 ± 5
90 ± 10
90 ± 10
90 ± 10
135 ± 5
151 ± 2
200 ± 5
235 ± 2
250 ± 3
260 ± 2
270 ± 2
270 ± 2
270 ± 2
359 ± 10
2765 ± 10
3016 ± 13
3220 ± 10
3458 ± 1.9

Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pleistocene
Pliocene
Mio-Pliocene
Miocene
Barstovian
Barstovian
Chattian
Arikareean
Chadronian
Priabonian
Ypresian
Cenomanian
Cenomanian
Cenomanian
Berriasian
Tithonian
Hettangian
Carnian
Griesbachian
Guadalupian
Kungurian
Kungurian
Kungurian
Late Devonian
Archean
Archean
Archean
Archean

Lufkin loam soil
Falba ﬁne sandy loam soil
Bluford silt loam soil
High terrace Ultisol
High terrace calcrete
Brucedale Parna
Kuwait Group
Edelény variegated clay
Cucaracha Formation
Fort Randall Formation
Rockenberg Formation
Monroe Creek Formation
Carroza Formation
Qasr el Sagha Formation
El Naab Formation
Dunvegan Formation
Sabaya Formation
Bahariya Formation
Morrison Formation
Morrison Formation
Elliott Formation
Cacheuta Formation
Upper Beaufort Group
Unidad Roja Superior
Mbuyura Formation
Garber Sandstone
Rotliegend
Horn River Formation
Mt Roe Basalt
Farrel Quartzite
Moodies Group
Panorama Formation

College Station, Texas
Huntsville, Texas
Bluford, Illinois
Bellavista, Peru
Mormon Mesa, Nevada
Wagga Wagga, New South Wales
Kuwait
Rudabánya, Hungary
Panama
Bijou Hills, South Dakota
Rockenberg, Germany
Ovid, Colorado
La Papa, Mexico
Fayum Depression, Egypt
Bahariya Oasis, Egypt
Clayhurst, British Columbia
Kharga Oasis, Egypt
Bahariya Oasis, Egypt
Como Bluﬀ, Wyoming
Thermopolis, Wyoming
Bethleham, South Africa
Cacheuta, Argentina
Thaba Ncha, South Africa
Jaca, Spain
Ruhuhu, Tanzania
Norman, Oklahoma
Rothenberg, Gembeck, Germany
Twitya River, NWT, Canada
Whim Creek, Western Australia
Mt Grant Western Australia
Barberton, South Africa
North Pole Dome, Western Australia

Jennings et al., 2015
Carson et al., 1982
Darmody et al., 1989
Stoops and Zavaleta, 1978
Brock-Hon et al., 2012
Beattie and Haldane, 1958
Khalaf and El Sayed, 1989
de Brodtkorb, 1989
Retallack and Kirby, 2007
Skinner and Taylor, 1967
Neuhaus, 2010
de Brodtkorb, 1989
Buck et al., 2010
Bown and Kraus, 1988
Speczik and El Sayed, 1991
McCarthy and Plint, 2013
Schrank and Mahmoud, 2000
Speczik and El Sayed, 1991
Retallack, 2009
Jennings et al., 2015
Keyser, 1968
de Brodtkorb, 1989
Keyser, 1968
Garces and Aguilar, 1994
Kreuser, 1995
Tarr, 1933, Olson, 1967
Dietrich, 1975
Laznicka, 1976
Teitler et al., 2015
Retallack, 2014a
Nabhan et al., 2016
Herein

wooded “wheat belt”, for a range of mean annual precipitation of
260–340 mm (Benison and Bowen, 2013, 2015). This region has mean
annual temperature of 18–20 °C (Bureau of Meteorology, 2016). These
parts of Western Australia have a mix of desert soils developed on
deeply weathered lateritic residuum from thick Ultisol and Oxisol paleosols of the Miocene (McKenzie et al., 2004). These Solonchak soils
are also called “acid saline lakes” (Benison et al., 2007; Benison and
Bowen, 2013), even though dry more often than ﬂooded. A distinctive
feature of these lakes despite abundant salts is very acidic waters
(pH 1.4–3.9), due to oxidation of sulﬁdes unbuﬀered by local carbonate
in soils or bedrock (Benison and Bowen, 2015). Halite and gypsum are
the principal evaporite minerals of the acidic lakes (Benison and
Bowen, 2013), but barite is also recorded in Western Australian acid
sulfate soils with pH < 3 (Fitzpatrick et al., 2008). Another analog is
cold sulfur springs where barite is precipitated at pH 7.3–8.4 from
oxidation and neutralization of anoxic and acidic brines from the subsurface (Donovan et al., 1988; Bonny and Jones, 2008a, 2008b).

banded iron formation in the Panorama Formation (Bolhar et al., 2005),
and likely photoferrotrophic origin is not possible in deep water (Crowe
et al., 2008). There are no baritic soils in the US taxonomy, although
some Ultisols have abundant barite at depth, and baritic paleosols are
locally abundant (Table 3). Nevertheless, Gypsids (with gypsum rather
than barite in Soil Survey Staﬀ, 2014) are a match for Jurl paleosols in
proﬁle form and evaporite density. Comparable considerations can be
used to classify the paleosols in classiﬁcations of Australia (Isbell, 1996)
and of the Food and Agriculture Organization (1974). Classiﬁcation of
the Jurl paleosols in the FAO system as a Solonchak (among others in
Table 1) opens the possibility of ﬁnding modern soil map units comparable with the Panorama paleosol assemblage, which can be described by the FAO code as Zo with inclusions of Zg, Jd, and Rc (Orthic
Solonchak, with Gleyic Solonchak, Dystric Fluvisol and Calcaric Regosol). The closest match to this in all mapped soil units around the
world is map unit Zo36-2a, with associated Zg, and inclusions of Rc, Rd,
Xk and Yh (Calcaric Regosol, Dystric Regosol, Haplic Xerosol, and
Haplic Yermosol) on alluvial sediments widespread in Western Australia, but most extensive near Lakes Disappointment and Carnegie
(Food and Agriculture, Organization, 1978). Such soils are found in
regions of arid grasslands and shrublands, but extend into the formerly

5.2. Parent material
Two distinct parent materials for paleosols of the Panorama
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formulae:

Formation are revealed by rare earth element analyses (Fig. 5) and
point counting (Fig. 9), and these are now calcareous tuﬀ and cherty
tuﬀ. The calcareous tuﬀ is an unsiliciﬁed lithic tuﬀ with only thin and
weakly developed paleosols (Nganga pedotype). The cherty tuﬀs were
also largely a lithic tuﬀ, although acicular shapes are suggestive of a
vitric component, which may have aided siliciﬁcation. Interbedded
ﬂows and chemical composition of the Panorama Formation has been
taken as evidence that these siliciﬁed tuﬀs were originally rhyodacitic
in composition (Cullers et al., 1993). These were parent materials to
most of the paleosols recognized: Ngumpu, Jurl and Wanta pedotypes.

A = 3920·S 0.34

(3)

2

with r = 0.57, s.e. = ± 1800 yrs

A = 3987·G + 5774

4

2

with r = 0.95, s.e. = ± 15,000 yrs
If the sand crystals and nodules of the Panorama Formation were
calcite, their size in 13 Jurl paleosols would be evidence of
4208 ± 1800 yr, and in 7 Wanta paleosols, of 3371 ± 1800 yr
(Supplementary information Table S6). If on the other hand, they were
gypsum crystals and had densities measured in the ﬁeld, the duration of
13 Jurl paleosols average 55,151 ± 15,000 years, and 7 Wanta paleosols average 44,505 ± 15,000 years. These estimates vary by an
order of magnitude, but provide an envelope of possibilities. A 130Xe
isotopic estimate of exposure time before burial of < 40,000 years was
obtained for bedded (non-pedogenic) barite of the 3.48 Ga Dresser
Formation (Pujol et al., 2009).

5.3. Paleotopographic position
Evidence that the parent tuﬀs formed a well-drained volcanic apron
comes from facies analysis using observations such as accretionary lapilli (van Kranendonk, 2000), and measurements such as paleocurrents
and stratigraphic thickness variations (Cullers et al., 1993). Calcareous
sands capped by Nganga paleosols have cross bedding 1.5 m thick
(Fig. 2C), which may have been coastal eolian dunes with as much
relief. Then there is the evidence of abundant barite sand crystals in
Jurl and Wanta paleosols, which requires desiccation and precipitation
in a porous medium (Tarr, 1933; Dietrich, 1975). The distribution of
barite, scarce at the surface and peaking in abundance a short distance
below (Figs. 2D–F, 9), is comparable with the distribution of gypsum in
excessively drained modern desert soils (Retallack and Huang, 2010;
Amundson et al., 2012). Barite in modern soils forms near the water
table, because it requires neutralization, evaporation and oxidation
from highly acidic and chemically reducing groundwater (Jennings and
Driese, 2014; Jennings et al., 2015). Barite nodules in Jurl and Wanta
paleosols do not extend much below 30 cm from the top of the proﬁle,
and this may have been the level of water table in dry playas, comparable with Western Australian saline lakes (Benison and Bowen,
2015).
Another indication of high water table may be laminae of hematite
in the surface horizons of Wanta paleosols (Fig. 2G). These are most like
banded iron formations elsewhere in the Panorama Formation (Bolhar
et al., 2005), thought to have formed in an aqueous medium by microbial photoferrolysis (Crowe et al., 2008). Although widely considered marine, banded iron formations also have been recorded from
freshwater crater lakes (Bolhar et al., 2005), and ﬂuviodeltaic facies
(Pufahl et al., 2013). This situation is the reverse of the situation in
modern soils, in which waterlogged soils are gray-green and well
drained soils red-brown (Vepraskas and Sprecher, 1997). Such upsidedown redox relationships have been predicted as a consequence of
anoxic Archean atmosphere (Walker, 1987; Domagal-Goldman, 2014).

5.5. Paleoclimate
Chemical index of alteration (I) is a general ratio of alumina over
bases, calculated as follows

I=

100(mAl2 O3 )
[(mAl2 O3) + (mCaO) + (mNa2 O) + (mK2 O)]

(5)

This ratio is < 65 in glacial-frigid climates and > 80 in tropical
climates, but between these limits in temperate climates (Nesbitt and
Young, 1989). Burial illitization would reduce this value toward cooler
climates, but was not a discernible problem for most of the early-siliciﬁed paleosols (Fig. 6). The 19 available analyses of the cherty paleosols (Ngumpu, Jurl, Wanta), and of their parent materials as a guide
to sedimentary source terranes, have a chemical index of alteration of
67 ± 12, which suggests cool temperate to periglacial climate.
More speciﬁc pedogenic paleothermometers are based on soils of
modern woody vegetation (Sheldon et al., 2002; Gallagher and
Sheldon, 2013), not applicable to likely microbial earths of Archean
paleosols (Retallack, 2014a). A paleothermometer based on modern
soils under lichen-shrub tundra vegetation of Iceland (Óskarsson et al.,
2012) may be the best available option, predicting temperature (T in
°C) from chemical index of weathering (W), another base depletion
metric, as in the following formula

W=

100(mAl2 O3 )
[(mAl2 O3) + (mCaO) + (mNa2 O)]

T = 0.21 W –8.93
2

5.4. Time for formation

(6)
(7)

with r = 0.81, s.e. = ± 0.5 °C.
These calculations give the following temperate mean annual paleotemperatures for the lower A horizons of moderately developed
paleosols: 10.3 ± 0.5 °C for type Jurl clay, 9.1 ± 0.5 °C for Jurl silt
loam, and 8.7 ± 0.5 °C for Jurl clay loam. These results are consistent
with “temperate paleoclimate” (< 40 °C) interpreted for the 3.4 Ga
Buck Reef Chert of South Africa, from combined oxygen and hydrogen
isotopes (Hren et al., 2009), revising earlier estimates of 55-85 °C from
oxygen isotopes alone (Knauth and Lowe, 2003). Temperatures < 75 °C
are indicated by 6–24 vol% original quartz in the Panorama Formation
paleosols (Fig. 9): most quartz would have dissolved at higher temperatures (Sleep and Hessler, 2006). One counterargument is that active volcanism may have buried quartz before it dissolved (Lowe,
2007), but quartz was exposed for millennia given the degree of chemical weathering of the paleosols (Figs. 5 and 10). Temperate paleotemperatures are reasonable considering likely mid-paleolatitude position of the Panorama Formation: between 20.5 ± 5o for the ca.
3.46 Ga upper Apex Chert (Suganuma et al., 2006), and 59.0 ± 8.8o
for the 2.86 ± 0.2 Ga Millindinna Complex of the West Pilbara
(Schmidt and Embleton, 1985).

Paleosols within the Panorama Formation show diﬀerent degrees of
destruction of bedding and ripple marks as if they were moderately
(Jurl, Wanta) to very weakly developed (Ngumpu, Nganga) in the ﬁeld
scale of Retallack (1997a). The application of this scale to these paleosols is problematic because their nodules are barite, rather than
gypsum (Retallack and Huang, 2010), or low‑magnesium calcite of
modern soils (Retallack, 2005).There are no modern chronosequences
for barite in soils (Jennings and Driese, 2014; Jennings et al., 2015).
Barite is rare under acidic (< pH 3) conditions of saline lakes with
gypsum and halite (Fitzpatrick et al., 2008), but barite also precipitates
from waters of pH 7.3–8.4 in cold sulfur springs (Donovan et al., 1988;
Bonny and Jones, 2008a, 2008b).
Despite these caveats, nodules in soils take millennia to coalesce
(Retallack, 1997a). Two transfer function for estimating paleosol ages
(A in years) come from diameter of low magnesium calcite nodules (S in
cm) in radiocarbon-dated soils of New Mexico (Retallack, 2005), and
abundance of gypsum crystals (G as % surface area) of the Negev and
Atacama Deserts (Retallack, 2013a), according to the following
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sun. Other greenhouse gases are needed, including water vapor, CH4,
C2H6, SO2, and COS (carbonyl sulﬁde: Ohmoto et al., 2014; Haqq-Misra
et al., 2008; Ueno et al., 2009; Rosing et al., 2010; Kasting and
Kirschvink, 2012). Methane is 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 H2 mixing 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 from nitrogen and argon isotopic ratios in ﬂuid inclusions of the 3.5 Ga Dresser Formation of Western Australia (Marty
et al., 2013). The gas SO2 proposed theoretically for early Mars (Halevy
et al., 2007) and early Earth (Claire et al., 2014) is compatible with the
paleovolcanic setting and abundance of sulfate in paleosols of the Panorama Formation.

A widely used indicator of mean annual precipitation (mm) for
paleosols (Sheldon et al., 2002) uses chemical index of alteration
without potash (A of Eq. (5) without mK2O), in the following relationship.

P = 221e 0.0197W

(8)

2

with r = 0.72, s.e. = ± 182 mm.
This paleohyetometer gives humid mean annual precipitation:
1343 ± 182 mm for the type Jurl clay, 1154 ± 182 mm for Jurl clay
loam, 1200 ± 182 mm for Jurl silt loam. These estimates are based on
soils of vascular plants unlike Archean vegetation, if any, so must be
treated with suspicion. However, other indications of weathering such
as light rare earth enrichment of the Panorama Formation (Fig. 5) are
comparable with modern weathering under forests (Nesbitt, 1979;
Morey and Setterholm, 1997).
Abundant evaporite pseudomorphs in paleosols within the
Panorama Formation give the superﬁcial appearance of soils of arid
paleoclimates (Retallack and Huang, 2010). Unlike gypsum reported
from some Archean paleosols (Nabhan et al., 2016), crystals and nodules pseudomorphed by chert in the Panorama Formation may have
been barite (BaSO4), as indicated by elevated Ba (8.2–3670 ppm) and
crystal form (Fig. 8D–E). Modern pedogenic barite crystals and spherulites are mostly 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 some paleosols (Retallack and Kirby, 2007; Jennings
et al., 2015). Pedogenic barite is best known in humid forested soils
with 1000–1200 mm mean annual precipitation, and is controlled more
by microbially induced precipitation, and pH or redox changes at the
water table, than by paleoclimate (Retallack and Kirby, 2007; Jennings
et al., 2015). In cold sulfur springs barite is precipitated from oxidation
and neutralization of saline anoxic brines from the subsurface (Donovan
et al., 1988; Bonny and Jones, 2008a, 2008b). Barite is favored by acid
sulfate weathering at low pH (< 3) and is insoluble at higher pH, but
gypsum forms and also is soluble at higher pH (4–9: Carson et al.,
1982). There is no clear relationship between depth of barite and mean
annual precipitation as there is for gypsum (Retallack and Huang,
2010).

5.7. Paleoatmospheric oxygen
Very low levels of atmospheric oxygen are indicated by high ferrous
to ferric iron ratios of paleosols in the Panorama Formation (Fig. 9),
comparable with swamp soils today exhausted of oxygen by microbial
respiration (Vepraskas and Sprecher, 1997). However, paleosols of the
Panorama Formation were not waterlogged, as indicated by sand
crystals and nodules of barite (Fig. 8), like those of other Archean well
drained paleosols (Nabhan et al., 2016). Laminations of hematite and
goethite are a feature of the uppermost surface of Wanta paleosols
(Fig. 2G), comparable with aquatic banded iron formation in the Panorama Formation (Bolhar et al., 2005). The 3.5 Ga Marble Bar Chert is
also an aquatic banded‑iron formation with original hematite (Hoashi
et al., 2009), best explained by chemolithotrophy of iron-oxidizing
bacteria under reducing conditions (Konhauser et al., 2002; Crowe
et al., 2008). In most cases Archean and Cenozoic hematite can be
distinguished by Munsell hue, because oxidation of the modern outcrop
is brownish red (10YR-7.5YR), whereas Archean hematite is ﬁre engine
red (5R to 10R). Exceptions are Archean rocks locally stained by
overlying Mesozoic and Cenozoic paleosols (McLoughlin, 1996; Morris
and Ramanaidou, 2007), or local oxidation along deep ﬁssures (Kato
et al., 2009; Li et al., 2012).
Deeply weathered Panorama paleosols are a guide to soil exposure
to O2, and thus partial pressure of atmospheric O2 (pO2 in atmospheres). This can be done by modifying the method of Sheldon (2006),
using integrated whole proﬁle oxidation of iron and manganese instead
of base loss, by Eq. 9 below.

5.6. Paleoatmospheric carbon dioxide
Paleosols of the Panorama Formation are thin but deeply weathered
(Fig. 9) and could be used to calculate soil CO2 using the paleobarometer of Sheldon (2006), if barite did not introduce the probability of
acid sulfate weathering found in modern baritic soils (Jennings and
Driese, 2014). The model of Sheldon (2006) is predicated on alkali and
alkaline earth depletion by carbonic acid from soil CO2, but these
baritic paleosols may have been weathered by sulfuric acid as well. The
strong chemical weathering observed is compatible with high Archean
CO2 levels of 30,000 to 300,000 ppmv (100–1000 PAL) inferred by
Lowe and Tice (2004) from nahcolite formation at assumed Archean
temperatures of 70 °C, but such high temperatures are not supported by
chemical composition of Panorama paleosols (section 6.5), oxygen and
hydrogen isotopic studies (Hren et al., 2009), or preservation of quartz
(Sleep and Hessler, 2006). A minimum level of 2500 ppmv (8.9 PAL)
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 1500–9000 ppmv
(5–32 PAL) CO2 for 3.0 Ga come from chemical weathering of the
Jerico Dam paleosol of South Africa (Grandstaﬀ et al., 1986). This much
CO2 would give acid rain (pH 4.0–4.5 according to Ohmoto et al.,
2014), and soil-microbial CO2 and H2SO4 could drop soil water pH to 3
favoring acid sulfate weathering (Carson et al., 1982).
Even the most extreme of these estimates is short of the amount
needed for a greenhouse capable of maintaining likely temperate
Archean paleotemperatures (Hren et al., 2009) given the faint young

pO2 =

F
KO2 P

A ⎢ 1000 + κ
⎣

M = 2 ∑ ρp

B=

Cj, p

DO 2 α
L

⎥
⎦

Z = Dj, w

∫
100 Z = 0

(9)

τj, w (z ) δZ

(10)

−0.51
0.49
e 0.27k

−1

(11)

Variables needed for these calculations are F (mol O2/cm2)
= summed molar mass transfer gains of Fe2O3 and MnO through the
proﬁle using Eq. (10); ρp (g.cm− 3) = bulk density of parent material;
Cj,p (weight %) = chemical concentration of an element (j) in parent
material (p); τ,j,w (mass 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 calculated here using
Eq. (3); KO2(mol./kg.bar) = Henry's Law constant for O2 (= 0.00125,
range 0.0012–0.0013 from Aachib et al., 2004); P (cm) = mean annual
precipitation calculated here using Eq. (8); κ (s cm3/mol year) = seconds per year divided by volume per mole of gas at standard temperature and pressure (=1409); DO2(cm2/s) = diﬀusion constant for O2
in air (= 0.203 at 20 °C, range from 0 to 40 °C is 0.179–0.227 from
Denny, 1993); α (fraction) = ratio of diﬀusion constant for O2 in soil
13
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Modern acid-sulfate soils are not inimical to life but have a distinctive
array of acidophilic microbes, including Actinobacteria, Proteobacteria
and Bacteroidetes in acidic Gypsids (Solonchaks) of Western Australia
(Benison et al., 2008; Mormile et al., 2009).
A line of evidence commonly used to infer life in Precambrian paleosols does not work for the Panorama Formation. Signiﬁcant molar
depletion of phosphorus (Fig. 10) requires organic ligands at pH > 5.5
and stable aluminum (Neaman et al., 2005). Aluminum may appear
erratic or retained compared with other elements (Figs. 6,9), but tau
analysis shows that aluminum was mildly leached from the paleosols
except for ferruginous top of Wanta (Fig. 10). This and abundant barite
are evidence of pH < 3 (Carson et al., 1982; Fitzpatrick et al., 2008).
Thus apatite may have been dissolved abiotically by sulfuric acid in
these paleosols.
There is evidence of life in intertidal stromatolites before and after
deposition of the Panorama Formation from permineralized microfossils in the overlying Strelley Pool Formation (Sugitani et al., 2010,
2013; Wacey et al., 2010, 2011; Brasier et al., 2015; Duda et al., 2016)
and underlying Mt. Ada Basalt (Awramik et al., 1983, 1988; van
Kranendonk, 2006; Hickman, 2013) and Dresser Formation (van
Kranendonk et al., 2008). Even older claims of aquatic life in stromatolites and banded iron formations come from 3.7-Ga rocks west
Greenland (Nutman et al., 2016) and 4.2-Ga rocks of northern Quebec
(Dodd et al., 2017).

divided by diﬀusion constant for O2 in air (=0.2, range 0.09–0.32 from
Aachib et al., 2004); L (cm) = original depth to water table (after decompaction using fractional compaction B); B (fraction) = compaction
of inceptisol due to burial (using Eq. (11) after Sheldon and Retallack,
2001); k (km) = depth of burial (= 13.826 km following van
Kranendonk, 2000; van Kranendonk et al., 2006). Each one of these
variables has its own error, and Gaussian error propagation has been
calculated for O2 following Hughes and Hase (2010) and equations
given in Supplementary information Table S7.
The
results
for
Archean
O2
are
711 ± 131 ppm
(0.0034 ± 0.00063 times preindustrial atmospheric level or PAL) for
the Jurl clay, 75 ± 191 ppm (0.00026 ± 0.00091 PAL) for the Jurl
clay loam, 88 ± 222 ppm (0.00042 ± 0.0011 PAL) for the Jurl silt
loam, and 57 ± 208 ppm (0.00027 ± 0.00099 PAL) for the Wanta
silt loam. These are maximal levels of O2 because based on the short soil
formation times inferred from Eq. (3), rather than Eq. (4) which would
give minimal levels of O2 an order of magnitude lower. These estimates
of atmospheric O2 based on Panorama paleosols are within the range of
20–1000 ppm (0.00095–0.0047 PAL) O2 estimated by a diﬀerent
method of calculating oxygen demand of the 3.0 Ga Jerico Dam paleosol of South Africa and associated uraniferous conglomerates
(Grandstaﬀ et al., 1986). Other comparable estimates of 12–63 ppm
(0.0006–0.003 PAL) O2 come from lack of oxidative Cr and U recycling
in 2.9 Ga Nsuze paleosols of South Africa (Crowe et al., 2013), and of
20–200 ppm (0.00095–0.0095 PAL) O2 from cerium anomalies in the
3.0–3.3 Ga Keonjhar paleosol deep weathering remnant of India
(Mukhopadhyay et al., 2014). Low atmospheric O2 is also indicated by
redox-sensitive minerals, including pyrite (FeS), uraninite (UO2), siderite (FeCO3) and gersdorﬀﬁte (NiAsS), common (57–85%) in heavy
mineral separations from ﬂuvial siliciclastic sediments some 3.2–2.7 Ga
in age in the Pilbara region (Rasmussen and Buick, 1999). Consequent
lack of an ozone layer in the stratosphere is also indicated by massindependent fractionation of sulfur isotopes in Archean pyrites and
barites of the Pilbara region (Ueno et al., 2008; Shen et al., 2009). In
contrast, Ohmoto et al. (2014) has argued for 100,000 ppm (0.48 PAL)
atmospheric O2 based on the 3.42 Ga pre-Strelley paleosols of Western
Australia (Ohmoto et al., 2014), and considers the chemically reduced
condition of the Jerico Dam paleosol due to hydrothermal ﬂuids or
burial gleization by organic acids after formation in an oxidizing atmosphere of at least 3000 ppm (0.014 PAL) O2 (Ohmoto, 1996). My
own ﬁeld inspection of the pre-Strelley “laterites” of Ohmoto et al.
(2014) found that they were instead banded iron formations unrelated
to the paleosol. There is no clear hydrothermal enrichment of heavy
rare earth elements in the Jericho Dam proﬁle (Kimberly and
Grandstaﬀ, 1986) and burial gleization to 3.3 m depth in that paleosol
is unlikely considering an order of magnitude less gleization in paleosols of productive Triassic forest ecosystems (Retallack, 1997b).

6. Archean acid sulfate weathering
Baritic paleosols are common and widespread in siliciﬁed tuﬀs of
the 3.46 Ga Panorama Formation. Although exposure of the Panorama
Formation is imperfect (Fig. 2A), detailed sections show an average of
1.4 baritic paleosols per meter, and with 90 m of suitable facies in the
formation (Fig. 3), the formation may contain at least 126 successive
baritic paleosols. Furthermore, baritic paleosol intervals can be traced
over 4 km laterally from the fault separated volcanic vent facies toward
the northern margin of outcrop (Fig. 1). Individual paleosols can be
walked 2 km laterally along the most resistant ridges (Fig. 2A). These
paleosols formed on a small dacitic stratovolcano (Fig. 11), but baritic
paleosols in the 3.2 Ga Moodies Group of South Africa formed in quartz
sandstones of braided streams in a stable cratonic back-arc basin with
reworked rhyodacitic tuﬀs (Nabhan et al., 2016). In South Africa,
baritic paleosols are common within 220 m of section traceable regionally for 80 km laterally. Baritic nodular paleosols were thus widespread globally during the Archean, and this contrasts with the rarity of
barite in modern and fossil soils (Table 3).
Baritic paleosols represent a distinctive style of acid-sulfate weathering rare in three distinct settings of modern soils. First are thin proﬁles of Gypsids (Solonchaks, Sodosols) in and around acidic playa lakes
in subhumid to semiarid regions (McKenzie et al., 2004; Fitzpatrick
et al., 2008; Benison and Bowen, 2013, 2015). Second are at depths of a
meter or so near the water table in acidic Ultisols (Podzoluvisols) of
humid uplands (Stoops and Zavaleta, 1978; Darmody et al., 1989;
Jennings and Driese, 2014; Jennings et al., 2015). Third are thick terraces of Entisols (Solonchaks) around cold sulfur springs of humid climates (Donovan et al., 1988; Bonny and Jones, 2008a, 2008b). The
playa option may be the best analog to Archean paleosols considering
their proﬁle form, but barite is rare in such settings (Fitzpatrick et al.,
2008), and not included in the list of minerals by Benison and Bowen
(2013). The deep water table option sometimes has common and large
nodules (Jennings et al., 2015), and is like barite nodules in the 2.65-Ga
Mt. Roe paleosol (Teitler et al., 2015), but is not like the shallow baritic
paleosols of Panorama Formation (Fig. 9), Farrel Quartzite (Retallack
et al., 2016), or Moodies Group (Nabhan et al., 2016). The barite deposits of cold sulfur springs match the abundance of barite in Archean
paleosols, but are limited in lateral distribution and have very diﬀerent
textures, including cavity-ﬁlling barite fans and stromatolite-like isopachous barite coatings (Donovan et al., 1988; Bonny and Jones,

5.8. Organisms
Direct evidence of life in paleosols of the Panorama Formation remains elusive, although Jurl paleosols in the 3.0 Ga Farrel Quartzite
included microfossils interpreted as photosynthetic sulfur bacteria,
methanogens and actinobacteria (Retallack et al., 2016). Microbes may
explain how paleosols in the Panorama Formation have such oxidized
minerals as barite (Wanta and Jurl) and hematite (Wanta) in the nearly
anoxic atmosphere inferred for these paleosols (section 5.7). Photosynthetic 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 at Zodletone Spring, Oklahoma (Senko et al., 2004). Hematite in banded iron formations is thought to have formed in an anoxic
aqueous medium by microbial photoferrolysis (Konhauser et al., 2002;
Crowe et al., 2008), and a comparable origin is likely for banded iron
formation within the Panorama Formation (Bolhar et al., 2005).
14
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Fig. 11. Graphical abstract of reconstructed soils in the
3.46 Ga Panorama Formation of Western Australia.

7. Conclusions

2008a, 2008b).
Baritic paleosols are rare through the Phanerozoic (Table 3), when
they are found mainly at times of CO2 greenhouse crises (Retallack and
Kirby, 2007). Gypsum-bearing paleosols are much more common at
other times in the fossil record (Retallack and Huang, 2010). At several
points during Permian-Triassic transition, for example, CO2 estimated
from stomatal index reached an astounding 7832 ppm (Retallack,
2009), with consequent decline in both pH and Eh of paleosols
(Retallack et al., 2011; Retallack, 2013b). Such transient atmospheric
crises can be regarded as a reversion of life history toward Precambrian
biotic and atmospheric conditions, enabling a resurgence of baritic
paleosols.
A common thread in all occurrences of barite in soils is extreme
ﬂuctuation of pH and redox (Carson et al., 1982; Jennings et al., 2015).
Barium and barite is remarkably insoluble at pH > 3, which promotes
its persistence and precipitation, but can only be transported and concentrated in solution at pH < 3 (Tarr, 1933; Carson et al., 1982). In
acid sulfate soils such low pH is created by sulfuric acid from the oxidation of pyrite, and the pyrite in turn requires an anoxic environment
(Carson et al., 1982). Thus unlike post Archean weathering dominated
by the weak acid, carbonic acid, Archean weathering may have been
largely produced by the strong acid, sulfuric acid. This diﬀerence may
have contributed to the surprising degree of weathering of Archean
shales and paleosols weathered to bauxites (Serdyuchenko, 1968; Dash
et al., 1987) considering likely low productivity microbial earth communities (Retallack, 2014a), or perhaps abiotic weathering sometimes
assumed (Rye and Holland, 1998). This whole archaic system of
widespread acid sulfate weathering has been driven underground and
into marginal environments. Data on baritic paleosols of the Proterozoic and early Paleozoic are lacking (Table 3), so it remains a mystery
when and how that marginalization occurred.

Baritic paleosols are common and widespread, not only in volcanic
apron facies of the 3.46-Ga Panorama Formation, but in thick paleosols
between ﬂows of 2.76-Ga Mt. Roe Basalt of Western Australia, on
ﬂoodplain facies of the 3.2-Ga Moodies Group of South Africa, and
coastal plain facies of the 3.0-Ga Farrel Quartzite of Western Australia
(Table. 3). At 3.46 Ga, baritic paleosols of the Panorama Formation are
currently the oldest known on Earth. Baritic nodular paleosols of acid
sulfate weathering may have been widespread during the Archean, in
contrast with the rarity of barite in modern soils and Phanerozoic paleosols. Barite in soils requires extreme ﬂuctuation of pH and redox, and
can only be transported and concentrated in solution at pH < 3. In acid
sulfate modern soils, such low pH is created by sulfuric acid from the
oxidation of pyrite in an oxidizing atmosphere. Archean paleosols such
as those of the Panorama Formation have utilization of iron and manganese indicative of anoxic atmosphere, so that oxidation may have
been provided by photosynthetic sulfur-oxidizing bacteria. Unlike post
Archean weathering dominated by fungi and weak acid (carbonic acid),
Archean weathering may have been largely produced by sulfur bacteria
and strong acid (sulfuric acid). Archaic and widespread surﬁcial acidsulfate weathering has been driven underground and into marginal
environments by Palaeoproterozoic atmospheric oxidation, into playa
lakes, cold sulfur springs, and deep water tables within soils.
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