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Editor: Shucheng Xie A geological history of pedogenic salts and their microbiomes can now be reconstructed from a review of

thousands of described paleosols ranging in age back 3700 Ma. The current diversity of evaporite minerals within

Keywords: paleosol gypsic (By) horizons may have begun with kieserite (MgSO4.H20 at 3700 Ma), then barite (BaSO4 at
Paleosol 3458 Ma), and gypsum (CaSO4.2H,0 at 3217 Ma). Pedogenic carbonate of calcic (Bk) horizons appeared later,
Paleoproductivity

first nahcolite (NaHCO3 at 3016 Ma), then dolomite ((Mg,Ca)(COs3)2 at 2403 Ma), and low-magnesium calcite
(CaCO3 at 1460 Ma). The earliest occurrence of each salt is shallow in paleosol profiles (12-25 cm), but deeper
(50-100 cm) salt horizons (By and Bk) horizons appear later in the Proterozoic and Paleozoic. These changes can
be normalized for estimated differences in mean annual precipitation in the same paleosol from both depth to
salts and from chemical composition, which demonstrated that depth to salts and soil productivity measured as
respired carbon dioxide showed unchanged relationship with mean annual precipitation in deep time. Stepwise
increases in soil respiration through time inferred from depth of soil salts reflects evolving soil microbiomes and
atmospheric composition cued to major advances in the evolution of life on land, such as the evolution of
anaerobic, then aerobic photosynthetic microbes, then land plants, and trees.

Atmospheric CO,
Atmospheric Oy
Plant evolution

1. Introduction

Salts are simple compounds of a cation and an anion formed by
precipitation from solution, mainly in aridland soils (Table 1). Their
solubility reflects degree of soil aridity from dolomite to calcite (both Bk
horizon), gypsum (By horizon), and then to mirabilite and thenardite
(both Bz) in hyperarid soils (Retallack, 2019). Salts in soils not only
reflect soil chemistry and climate, but a diversity of vegetation and
microbiomes. For example, deserts of southwestern Australia have
mulga shrubland (Acacia aneura) on lateritic residual soils without sol-
uble salts, as well as mallee woodland (Eucalyptus salubris) on calcareous
nodular soils (Anand and Paine, 2002), and lightly vegetated salt pans
within the same small areas (Benison and Bowen, 2015). The gypsif-
erous, dysaerobic salt pans have a distinctive microbiome rich in sulfur
oxidizing bacteria and actinobacteria (Mormile et al., 2009), unlike
proteobacterial-cyanobacterial-eukaryotic microbiomes of nearby aer-
obic calcareous (Benison and Bowen, 2015) and lateritic soils (O’ Brien
etal., 2019). The gypsiferous soils are also analogs for Martian (Mormile
et al., 2009; Retallack, 2014) and Archean paleosols rich in sulfate
minerals (Nabhan et al., 2016; Retallack et al., 2016; Retallack and
Noffke, 2019). The deeply weathered lateritic soils also have Precam-
brian analogs on major geological unconformities (Beaty and Planavsky,
2020). This modern soil diversity is the result of evolutionary
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diversification of life on land, which is here traced in the long fossil
record of paleosols.

This study of soil salts and microbiomes in deep time is based on a
compilation of 7342 previously published paleosols (see Supplementary
Information Online Table S1). Only paleosols with soluble salts were
included, despite an additional record of Precambrian paleosols without
salts (Rye and Holland, 1990), which also has evidence of microbial life
back at least 3 Ga from alumina enrichment and phosphate depletion
(Neaman et al., 2005; Beaty and Planavsky, 2020). Paleosols with soil
salts provide evidence of Eh, pH, and other environmental variables that
control composition of the soil microbiome and microbial productivity
(Mormile et al., 20099; Breecker and Retallack, 2014; Benison and
Bowen, 2015). This compiled record is one of ancient aridlands, regions
with excess evaporation over precipitation, allowing soil salts to accu-
mulate within the soil at the fringe of biological activity. This is not a
simple leaching process, but one of mobilization followed by precipi-
tation within a definite horizon (Monger et al., 1991; Breecker et al.,
2009). Soil salts are recognized in paleosols by the same criteria as in
modern soils: they form subsurface horizons of nodules or sand crystals
(Fig. 1-2) with replacive petrographic textures (Fig. 2), and commonly in
spherulitic “desert roses” (Nabhan et al., 2016; Retallack et al., 2016;
Retallack, 2018). Similar gypsum and barite desert roses are widely
documented in modern soils (Traveria et al., 1971; Carson et al., 1982;
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Table 1

Salts known from paleosols.
Name Chemical formula Crystal form
anhydrite CaSOy4 orthorhombic cubic
barite BaSO,4 orthorhombic tabular
bassanite CaS04.12H,0 monoclinic needles

calcite CaCO3 trigonal rhombohedral to micrite
dolomite (Mg,Ca)(CO3), trigonal rhombohedral to micrite
gypsum CaS042H,0 monoclinic tabular, fishtail twins
kieserite MgS04.H0 monoclinic granular

mirabilite NaS0410H,0 monoclinic needles

nahcolite NaHCO3 monoclinic pseudohexagonal prisms
thenardite NaSO4 monoclinic dipyramidal

Al-Kofahi et al., 1993; Lock, 2002; Jennings and Driese, 2014). Espe-
cially soluble salts such as gypsum are prone to dissolution, but can be
identified by crystal form of pseudomorphous replacements, and by
microprobe analyses of internal remnants (Fig. 4). Evidence of a role for
microbes in their formation comes from associated microfossils and
pyrite framboids (Retallack et al., 2016), and for carbonates, isotopically
light and highly correlated 5'3C and 5'80 values from decay of rubisco-
fractionated isotopologues of CO2 used to synthesize organic matter
(Retallack, 2016; Broz et al., 2021).

2. Background to salts in soils and paleosols

A variety of salts form conspicuous horizons of nodules or desert
roses in subsurface horizons of soils and paleosols, especially calcite,
dolomite, gypsum and barite (Table 1). Nodules are massive fine-
grained, hard, lumps, cemented by salts (Fig. 1). Desert roses are
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poikilotopic (with many included grains) crystals, but the salt cement
retains optical continuity, and a distinct crystal outline (Fig. 2A-D).
Desert roses and nodules of soils and paleosols are replacive and
cementing (Fig. 3A, D-E), not displacive like limpid gypsum precipitated
in saturated marine clays (Stefano et al., 2010; Ziegenbalg et al., 2010),
or saline lakes (Benison and Goldstein, 2000; Benison and Bowen,
2015). Also limpid with few inclusions are aragonite crystals from
springs as old as the Archean (Jones, 2017; Otalora et al., 2018). Less
common in soils and paleosols (Fig. 2E-F, 3B) are small needles of the-
nardite, mirabilite, and kieserite at the soil surface, and in near-surface
vugs and cracks (Whittig and Janitzky, 1963; Smykatz-Kloss and Roy,
2010; Stoker et al., 2011; Mees and Tursina, 2018; Diaz et al., 2020).
Salt minerals are soluble, and may only be preserved within rocks as
silica or other pseudomorphs (Fig. 3C-D, F-G). The original salt can be
inferred from crystallographic axes of preserved crystal faces (Buick and
Dunlop, 1990; Lowe and Worrell, 1999), or distinctive features such as
former anhydrite cubes, within former gypsum rhombs (Fig. 3F). There
has been some debate about the original salt of Archean sand crystal
pseudomorphs, as if only one kind of mineral is likely (Otdlora et al.,
2018), but Archean paleosols had several kinds of salts, like modern soils
(Retallack et al., 2016; Retallack, 2018). Chemical analysis by ion
microprobe can also provide maps of mineral abundance, such as the
metamorphic mineral ripidolite [(Mg,Fe,Al)5(Si,Al)4019(OH)g] found in
a highly metamorphosed paleosol (Fig. 4A). In that case the original
monoclinic crystals were interpreted as sand-crystals of kieserite
(Retallack and Noffke, 2019). In other cases, microprobe mapped resi-
dues of Ca or Ba in silica-replaced sand crystals (Fig. 4B-C) can be used to
decide between former gypsum or barite (Retallack and Mao, 2019).
Barite is common in Archean paleosols (Retallack et al., 2016; Retallack,
2018), which is surprising considering its rarity, very low solubility, and
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Fig. 1. Examples of Calcid (A-E) and Gypsid (F-J) paleosols: A, Mesoproterozoic (1460 Ma) Lyons pedotype from Spokane Formation near Wolf Creek, Montana
(Winston and Link, 1993); B, Late Permian (253 Ma) “type A paleosol” from Bovevaya Gora, Russia (Kearsey et al., 2012); C, early Triassic (250 Ma) Kuta pedotype
from Bethulie, South Africa (Retallack, 2021a); D, Oligocene Wisangie pedotype Badlands National Park, South Dakota (Retallack, 1983); E, late Miocene (7.5 Ma)
Tatas pedotype near Dayville Oregon (Retallack et al., 2002); F, Archean (3700 Ma) Isi pedotype near Isukasia, Greenland (Retallack and Noffke, 2019); G, Archean
(3459 Ma) Jurl pedotype from Panorama Portal, Western Australia (Retallack, 2018); H, Tonian (706 Ma) Alkynge pedotype from Ellery Creek, Northern Territory,
Australia (Retallack, 2021b); I, Ediacaran (550 Ma) Muru pedotype from Brachina Gorge, South Australia (Retallack, 2013), J, Early Permian (281 Ma) paleosol from

near Gillibrand, Texas (Retallack and Huang, 2010).
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Fig. 2. Desert roses (A-D) and crystals (E-F) in hand specimens of paleosols: A, clay pseudomorph of gypsum desert rose from By horizon of Thamberalg pedotype in
Ediacaran (599 Ma) Ranford Formation, Donkey Creek, Western Australia (Retallack, 2020); B, silica pseudomorphs of gypsum desert roses in By horizon of Muru
pedotype from Ediacaran (547 Ma) Ediacara Member in Brachina Gorge, South Australia (Retallack, 2013); C, barite desert roses from Oligocene (20 Ma) Rockenberg
Formation near Rockenberg, Germany (Dietrich, 1975); D, barite desert roses from By horizon of Early Permian (270 Ma) Garber Sandstone near Cimarron City,
Oklahoma (Retallack, 2005b); E, silica pseudomorphs of mirabilite in A horizon of Viku pedotype from Cryogenian (640 Ma) Reynella Siltstone Member Hallett Cove,
South Australia (Retallack et al., 2015); F, ripidolite pseudomorphs of kieserite in By horizon of Isi pedotype from Archean (3700 Ma) Isua Greenstone near Isukasia,
Greenland (Retallack and Noffke, 2019). Specimens in Condon Collection of Museum of Natural and Cultural History, University of Oregon are (a), R4185 (b), F6345
(d), field photographs (c, e-f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

unusually low pH of mobilization in modern soils (Jennings and Driese,
2014).

Salts in soils form by desiccation and accumulate in climates with
excess evaporation over precipitation (Fig. 5A: Smykatz-Kloss and Roy,
2010; Bockheim, 2014; Mees and Tursina, 2018). Life in soils also affects
levels of water vapor and respired carbon dioxide, and thus modifies the
effects of climate on depth at which salts can precipitate. Gypsum,
calcite and dolomite all accumulate deeper within soils with higher
biological productivity in more humid climates (Fig. 5B: Retallack,
2005a; Retallack and Huang, 2011; Breecker and Retallack, 2014).

Soil salts can be reprecipitated from parent materials, or from dust
and alluvium reworked from gypsic and calcic soils within extensive
desert basins (Quade et al., 2007). Sources of carbonate and sulfate also
include atmospheric CO3, SO3 and SO, (Whittig and Janitzky, 1963;
Ganzeveld et al., 1998; Breecker et al., 2009). Salt precipitation changed
with the evolution of the atmosphere over geological time, with Oy
scarce in the atmosphere before 2.45 Ga, but CO,, SO3 and SO, more
common before then (Hazen et al., 2008). While CO3 in the atmosphere

declined dramatically with the Devonian rise of land plants (Berner,
2006), CO; in soils increased with increased soil respiration fed by
increased biomass of land plants (Retallack, 2022). Increased soil CO5
may be responsible for the ecotone from gypsic to calcic soils in the
Atacama Desert (Quade et al., 2007). Sulfur may also come from
oxidation of pyrite and other sulfides (Jennings and Driese, 2014), and
from evaporation of hypersaline water (Smykatz-Kloss and Roy, 2010;
Stefano et al., 2010). The cations Ca®*, Mg?", and Na® come largely
from dust of aridlands (Wang et al., 2012), but also from weathering of
parent materials by weak carbonic acid at perineutral pH (Breecker
et al., 2009), or by acid sulfate weathering of strong sulfuric acid at low
pH (Benison and Bowen, 2015).

Nevertheless, gypsic and calcic soils form widely on extensive
non-sulfurous and non-carbonate sedimentary parent materials of both
playa lake basins and well drained desert soils of alluvial fans (Schle-
singer, 1985; Harden et al., 1991), and biogenically induced formation is
apparent in many modern soils (Hazen et al., 2008; Jennings and Driese,
2014). The particular salts precipitated depends to some extent on
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Fig. 3. Sand crystals (A, E) and pseudomorphs (B—D, F-G) in petrographic thin sections of paleosols: A, replacive poikilotopic micrite nodule in red siltstone of late
Miocene (8.5 Ma) Bk horizon of Lal pedotype in Dhok Pathan Formation, Kaulial, Pakistan (Retallack, 1991); B, silica pseudomorphs of cavity-filling thenardite in A
horizon of Dawaling pedotype in Paleoproterozoic (1738 Ma), Yunmengshan Formation near Daheitan, Henan, China; C, silica pseudomorphs of poikilotopic
nahcolite crystals in By horizon of Kari pedotype in Archean (3016 Ma) Farrel Quartzite, Mt. Grant, Western Australia (Retallack et al., 2016); D, silica pseudomorph
of gypsum desert rose from By horizon of Muru pedotype in Ediacaran (547 Ma) Ediacara Member in Brachina Gorge, South Australia (Retallack, 2013); E, gypsum
desert rose from By horizon of Ekwatha pedotype in Tonian (770 Ma) Tanner Member, Nankoweap Creek, Arizona (Retallack et al., 2021a); F, poikilotopic cubic
anhydrite within original monoclinic gypsum pseudomorph in By horizon of Nickerson pedotype Ediacaran (580 Ma) Squantum Member at Squantum, Massa-
chusetts; G, pseudomorph of poikilotopic monoclinic gypsum in By horizon of Jurl pedotype in Archean (3458 Ma) Panorama Formation at Panorama Portal, Western
Australia (Retallack, 2018). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

particular microbiomes, such as sulfate favored by prokaryotic com-
munities of sulfur-oxidizing bacteria and actinobacteria (Crits-Christoph
et al., 2013). These sulfate-forming communities of hyperarid soils in the
Atacama Desert pass laterally into arid communities of eukaryotic algae,
amoebae, and lichens which create calcareous soils (Navarro-Gonzalez
et al., 2003; Neilson et al., 2017; Araya et al., 2020), in part from decay
of lichen oxalate (Giordani et al., 2003; Vitek et al., 2013). Galactose and
rhamnose from microbial extracellular polysaccharides (EPS) are cata-
lytic for dolomite, and produced by methanogens, fermenting bacteria,
and sulfur reducing bacteria under dysaerobic conditions (Zhang et al.,
2012). In contrast, glucose and mannose EPS are catalytic for calcite,
and produced by cyanobacteria, among others in well drained soils
(Zhang et al., 2012). Fungi also promote calcite precipitation in soils
(Monger et al., 1991). Thus, dolomite versus calcite precipitation is
partly dependent on microbiomes encouraged by the CO2/02 mixing

ratio within soils, which is highest in soils and seasons of the year with
high microbial respiration (Breecker et al., 2009).

3. Materials and methods

Key field measurements compiled for this study were depths to the
salt horizon (Bk or By), thickness of the salt horizon, and size of nodules
or sand crystals. The depth measured in paleosols in the field can be
compared with modern soils after correction for burial compaction (C,
fraction) calculated from depth of burial (B, km) by Eq. (1) in which
0.51, 0.49, and 0.27, are solidity, initial porosity and a fitting constant,
respectively, for Aridisol soils (Sheldon and Retallack, 2001).

C— —0.51 x 100 O

{(x)-1}
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Fig. 4. Microprobe chemical mapping of sand crystals in paleosols: A, Archean
(3700 Ma) By horizon of Isi pedotype from Isukasia, Greenland, modes calcu-
lated from 180,000 analyses (Retallack and Noffke, 2019); B—C, Paleoproter-
ozoic (1900 Ma) By horizon of Kumbar pedotype, Stirling Range Formation,
Barnett Peak, Western Australia, elemental abundances to discriminate gypsum
from barite within poikilotopic crystal (Retallack and Mao, 2019).

Depth to gypsic (Dg, cm) and calcic (D, cm) horizons in soils are
related to mean annual precipitation (P, mm), by Eq. (2) (from Retal-
lack, 2005a, 2005b: 1> = 0.52, s.e. = £147, p = 0.0001) and 3 (from
Retallack and Huang, 2010: > = 0.63, s.e. = £129, p = 0.0001). The
relationship with gypsic and calcic horizons is similar in modern soils at
salt depths of less than 120 cm, but gypsic horizons deeper than that are
not known and calcic horizons are not deeper than 200 cm in soils under
precipitation of more than 1000 mm (Fig. 5A).

P = 137.24 4 6.45D,. — 0.0132(D..)’ )

P = 87.593¢%0209D: 3)

Erosion in soils compromises these relationships, especially in soils of
hillslopes and erosional landscapes (Royer, 1999). For this reason, Egs.
(2) and (3) were based only on Holocene soils of sedimentary parent
materials in aggrading fluvial sedimentary settings, and applied to long
sequences of alluvial sedimentary rocks (Retallack, 2005a, 2005b;
Retallack and Huang, 2010). A few paleosols were flagged for erosion by
overlying paleochannels or lack of converging root traces toward the
surface (Retallack, 1983, 1992; Retallack et al., 1999). Depths to salts in
long stratigraphic sequences show striking consistence and cycles of
paleoclimate in stratigraphic successions (Retallack et al., 2004; Retal-
lack, 2009).

Ecosystem variables such as primary productivity and respired soil
CO4, also increase with mean annual precipitation and depth to salts in
soils (Fig. 5B). Seasonal variation in soil CO5 is large, ranging from a
peak during spring regrowth and a low in winter dormancy, but late
growing season soil CO is critical to late growing season precipitation of
calcite and gypsum in soils (Breecker and Retallack, 2014). Depth to
gypsic (Dg, cm) and calcic (D, cm) horizons in soils are empirically
correlated with late growing season soil CO» (C,, ppm), 2014), by Eq. (4)
(r? = 0.66, s.e. = £768, p = 0.0001) and 5 (r? = 0.64, s.e. = +552, p =
0.05).

C, =253D.+ 588 ()]

C, = 42.9D, +399 (5)
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Fig. 5. Depth to salts in modern soils versus their mean annual precipitation
(A) and soil respiration (B), and enhancement factor of estimates of mean
annual precipitation from chemical weathering versus depth to salts through
geological time (C).

4. Can modern climofunctions for soil salts be used in deep
time?

Salts today precipitate in soils with moisture and acidity generated
by soil respiration waning at the end of the growing season at a char-
acteristic depth in soils for particular mean annual precipitation and
correlated ecosystem productivity (Fig. 5A-B: Breecker and Retallack,
2014;). Whether that was also true in the geological past can be
addressed from independent geochemical estimates for mean annual
precipitation in paleosols, using chemical index of alteration without
potash (I, in moles) and Egs. (6) and (7) (from Sheldon et al., 2002: =
0.72, s.e. = £182, p = 0.0001).

" mALO; + mCaO + Na,O
P =221.1"007 @

Relevant data on paleosol salt depth and matrix chemical composi-
tion includes 181 calcic paleosols and 14 gypsic paleosols (see Supple-
mentary Information Online Table S2). Calculations of mean annual
precipitation from depth to salts (Egs. (4), (5)) and chemical composi-
tion of lower A horizons of the same paleosols (Egs. (6), (7)) show a
characteristic offset: by a factor of 1.4 + 0.6 for 181 calcic paleosols, and
a factor of 9.6 + 2.2 for 15 gypsic paleosols (Fig. 5C). This offset nor-
malizes mean annual precipitation effects for different paleosols, and
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does not change significantly back in time (Fig. 5B). These differences
arise from weathering of the sedimentary parent material of the paleo-
sols in their source terranes, and the different style of weathering of
calcic and gypsic soils. The parent material effect from source terrains
more deeply weathered than the North American CIA-K paleohye-
tometer makes chemical estimates of mean annual precipitation higher
than those from depth to calcic and gypsic horizons. Unlike calcic
paleosols weathered and precipitated from carbonic acid at perineutral
pH (Breecker and Retallack, 2014), gypsic paleosols were formed by
strong sulfuric acid at pH of 3-4 (Benison and Bowen, 2015). Calcic
paleosol chemical composition overestimates mean annual precipitation
by a little, but gypsic paleosol chemical composition overestimates mean
annual precipitation by an order of magnitude due to strong acid.
Neither the calcic nor gypsic offset of chemical versus depth estimate
shows a significant trend in deep time, suggesting common cause for salt
depth and soil respiration in mean annual precipitation. Calcic micro-
biomes were an increase in productivity over gypsic microbiomes, as can
be observed in the Atacama Desert today (Navarro-Gonzalez et al., 2003;
Neilson et al., 2017; Araya et al., 2020). Thus, salt depths in paleosols
are a potentially useful proxy for microbiome respiration in deep time
(Fig. 5C) as in modern soils (Fig. 5B).

5. Order of salt appearance in soils

Hesperian paleosols on Mars (Retallack, 2014) and Archean paleo-
sols on Earth (Retallack et al., 2016; Retallack, 2018; Retallack and
Noffke, 2019) have abundant sulfate crystals and nodules (Fig. 1d). This
was an unexpected discovery because other redox sensitive elements
such as iron and manganese in these paleosols are evidence of atmo-
spheric oxygen levels too low to oxidize sulfur to sulfate (Retallack et al.,
2021b). Such low atmospheric oxidation left much sulfur in Archean
paleosols as pyrite framboids and other sulfides, which then could be
microbially oxidized to sulfate (Retallack et al., 2016). Furthermore,
Archean marine rocks lack sulfate evaporites and have mass-
independent isotopic differentiation of sulfur, indicating very low sul-
fate ion concentrations in the Archean ocean (Canfield and Farquhar,
2009). Gypsic paleosols of the 3016 Ma Farrel Quartzite of Western
Australia also have permineralized microfossils, with carbon isotopic
compositions and organic morphologies compatible with interpretation
as sulfur-oxidizing bacteria, actinobacteria, and methanogens (Retallack
et al., 2016). Sulfate may have been produced by hydrothermal sulfur
disproportionation (Einaudi et al., 2003), but given lack of evidence for
hydrothermal alteration from rare earth elements (Sugahara et al.,
2010), and associated microfossils and framboids, sulfate in these
paleosols more likely came from biological oxidation of anaerobic sulfur
by bacterial photosynthesis (Retallack et al., 2016).

The most ancient pedogenic sulfate may have been kieserite, not
preserved, but inferred from metamorphic pseudomorphs of ripidolite in
a 3700 Ma paleosol from Greenland (Fig. 4a). Kieserite is also known
from 3500 to 3200 Ma Martian paleosols (Retallack, 2014). Barite is
next to appear, and widespread, in 3470 Ma paleosols in both Western
Australia (Retallack, 2018) and South Africa (Lowe and Worrell, 1999).
Gypsum is next to appear in 3.2 Ga paleosols in South Africa (Nabhan
et al., 2016). Similar bassanite is known in 3700 Ma paleosols on Mars
(Retallack, 2014).

The oldest known carbonate in paleosols is nahcolite documented in
3016 Ma paleosols from Western Australia (Retallack et al., 2016), but
similar chert pseudomorphs from rocks as old as 3470 Ma in South Af-
rica and Western Australia may also have been paleosols (Lowe and
Worrell, 1999). Nahcolite forms in acidic and evaporitic playa lakes,
often with gypsum (Howari et al., 2002; Lowenstein et al., 2017).

Dolomite may be the next carbonate to appear along with traces of
calcite in 2600 Ma paleosols in South Africa (Watanabe et al., 2004),
although that particular dolomite is in layers rather than replacive
nodules, so is more likely marine or lacustrine than pedogenic carbon-
ate. More convincing are dispersed dolomite nodules in 2403 Ma
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Fig. 6. Time series of compaction-corrected depth within paleosols to sulfate
salts (A), and carbonate salts (B—C).

paleosols in Finland (Pekkarinen, 1979). The appearance of dolomite in
soils marks a turn from acid-sulfate soils toward perineutral soil pH
(Zhang et al., 2012). Pisolitic dolomite at the top of the 1850 Ma Mara
Formation of Bathurst Inlet has also been regarded as a paleosol
(Campbell and Cecile, 1981; Grotzinger et al., 1987).

The oldest pedogenic low-magnesium calcite known to me is only as
old as 1460 Ma (Winston and Link, 1993) in Montana (Fig. 1A). Judging
from comparable modern soils (Navarro-Gonzalez et al., 2003; O’Brien
et al., 2019), this may also mark a turn toward a diverse eukaryotic
microbiome. Experimental studies have shown that dolomite rather than
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Fig. 7. Time series of raw field measurements of depth in paleosols to sulfate
salts (A) and carbonate (B) with depth of burial by overburden. The overall
pattern is similar to that of compaction-corrected data (Fig. 2).

calcite is favored by sugars from decay of extracellular polysaccharides.
Galactose and rhamnose catalytic for dolomite are produced mainly by
methanogens, fermenting bacteria and sulfur reducing bacteria under
dysaerobic conditions. Glucose and mannose catalytic for calcite are
produced by cyanobacteria, among others in well drained soils (Zhang
et al., 2012). The geologically early appearance of dolomite in soils
shortly after initial oxygenation of the 2450 Ma Great Oxidation Event,
and its recurrence during Phanerozoic greenhouse CO; spikes, may have
been due to transient soil anoxia and dysaerobic soil microbiomes
(Kearsey et al., 2012). Conversely the transition from dolomite or sulfate
paleosols toward calcite paleosols may reflect a shift to more highly
oxidized soils under higher atmospheric oxygen during cooling to 720
Ma Neoproterozoic Snowball Earth (Retallack, 2021a; Retallack et al.,
2021b).

6. Increasing salt depth in soils

Soil salts may be very common within subsurface horizons of nodules
or sand crystals of carbonate (Bk horizon) or sulfate (By horizon) with a
depth in the profile (Fig. 1) related to ppm soil CO5 respired by the soil
microbiome (Egs. (2), (3) from Breecker and Retallack, 2014), and to
tree height (Retallack and Huang, 2011), and both are proportional to
mean annual precipitation (Retallack, 2005a). Soil salts are soluble in
water, especially acidic water (Krumbein and Garrels, 1952). Productive
ecosystems produce high soil CO2 and the weak acid, carbonic acid
(Breecker and Retallack, 2014). In contrast, oxidation of sulfide pro-
duces strong acid, sulfuric acid (Benison and Bowen, 2015). Compilation
of depths below the truncated upper surface of paleosols to the salt
horizons (Bk and By) shows stepwise increases through time (Fig. 5).
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This depth in sedimentary sequences is consistent within local sequences
of paleosols, and paleosols beneath erosional sandstones and conglom-
erates were avoided (Retallack, 2011, 2013, Retallack, 2015). Original
depth to salt horizons is needed for comparison with modern soil, but
paleosols are variably compacted by overburden during burial. Known
depth of burial inferred from regional stratigraphic thicknesses, or
coalification, or metamorphic grade, has been used to calculate original
depth to salts in the profile (Supplementary Information Table S1) using
physical constants for Aridisols (Eq. (1) from Sheldon and Retallack,
2001). Data transformed for burial compaction (Fig. 6) shows increases
through time comparable with raw data (Fig. 5), because burial depths
did not vary greatly (Fig. 7).

Compaction-corrected depth to gypsic and calcic horizons can be
used to calculate secondary soil productivity (ppm CO3) from transfer
functions (Egs. (4), (5)) derived from late growing season soil CO in
modern aridland soils (Breecker and Retallack, 2014). The late growing
season was chosen as it is at the end of a stable plateau of soil CO; be-
tween the unpredictable spring flush of productivity and very low levels
in the dormant season. Levels of 2000 ppm are common in modern
desert soils (Montanez, 2013), but soil respiration can be much higher in
soils completely flushed of salts under humid temperate (4000-10,000
ppm: Montanez, 2013), and tropical forests (up to 104,000 ppm: Mat-
sumoto et al., 1997).

Barite and gypsum were deeper in soils than calcite and dolomite
within the same profiles during the past (Fig. 5), as they are still today
(Retallack and Huang, 2010; Jennings and Driese, 2014). Shallow
depths are evidence of low biological productivity in aridlands until the
Ediacaran (549 Ma), when diverse biota appeared (Retallack, 2016).
Ediacaran depths to salts and inferred soil productivity are not much
different from Cambrian levels, but there is a peak during the Late
Ordovician (447 Ma), coinciding with the rise of land plants (Retallack,
2015). The large increase in depth from Middle to Late Devonian
(386-359 Ma) coincides with evolution and spread of trees (Retallack,
2011). The next step to deeper salts was during the Late Triassic (216
Ma) spread of broadleaf pteridosperms and gnetaleans, and perhaps
ancestors of angiosperms (Herendeen et al., 2017). Increased vascular
efficiency of angiosperm leaves and wood, and thus more voluminous
transpiration, has also been proposed to have increased global humidity
(Boyce and Leslie, 2012), and this would have driven salts deeper in
soils. Increased penetration and exudates from roots also increased soil
respiration and productivity (Algeo and Scheckler, 2010), with conse-
quences for ocean anoxia and productivity (Algeo et al., 1995). The
Phanerozoic record is dense enough to show also a series of greenhouse
spikes induced by catastrophic bolide impacts and basaltic eruptions of
large igneous provinces. These stand out in the Phanerozoic data used
here, because they were chosen from particular regions with long se-
quences of calcareous paleosols ordered by superposition (Retallack,
2009). Randomly selected data would show great variance at all ages,
but define similar plateaus.

7. Evolution of life and atmosphere

These new data quantify for aridlands biotic enhancement of
weathering through time. Schwartzman (2017) proposed global biotic
enhancement of weathering of a factor of 5-10 from Archean to Prote-
rozoic, factor of 2-5 with early Paleozoic non-vascular land plants and
factor of 10 after mid-Paleozoic trees for a total enhancement of 50 to
offset 30% increase in solar energy with stellar evolution by greenhouse
gas consumption. Archean to Paleoproterozoic paleosols demonstrate
aggressive acid-sulfate weathering by sulfuric acid at pH 3-4 creating
gypsic horizons (Retallack et al., 2016; Retallack, 2018), but perineutral
hydrolytic weathering by carbonic acid also by microbial earth com-
munities begins around Mesoproterozoic creating rare calcic horizons.
Calcic soils remained rare until Neoproterozoic (Retallack, 2021b;
Retallack et al., 2021a). Archean-Paleoproterozoic levels of 1500-2000
ppm late growing season CO2 persisted until late Neoproterozic under
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microbial earths, but then rose to 2000-5000 ppm under polsterlands
(ground-hugging clumped vegetation: Retallack, 1992) of early non-
vascular land plants, and later to almost 10,000 ppm under forests
(Fig. 8). These figures match Schwartzman (2017) global estimates
reasonably well, but only apply to aridlands of unknown global distri-
bution. Other data from humid climate paleosols (Neaman et al., 2005;
Beaty and Planavsky, 2020) and paleogeographic mapping of paleo-
climate promise more accurate accounting of the progress of biotic
enhancement of weathering in deep time.

The transition from gypsic to calcic paleosols around the time of the
Great Oxidation Event (2460 Ma: Gumsley et al., 2017) may also be
related to changing soil microbiomes, comparable with the gyspic to
calcic soil transition in the Atacama Desert (Navarro-Gonzalez et al.,
2003; Neilson et al., 2017; Araya et al., 2020). Paleosol profiles have
long been important proxies for atmospheric composition (Rye and
Holland, 1990; Sheldon, 2006), independent of global greenhouse
temperature models (Berner, 2006), sedimentary rock inventories
(Kump, 2008), and marine geochemical proxies (Canfield and Farquhar,
2009). Terrestrial communities of anoxic purple sulfur bacteria in gypsic
paleosols lived in an Archean low O; atmosphere (Retallack et al.,
2016), terminated at the Great Oxidation Event, during appearance of
carbonate paleosols of cyanobacteria (Figs. 2-3). Gains in atmospheric
oxygen were consolidated with evolution of land plants and trees, and
their deeper and more effective rhizospheres (Retallack and Huang,
2011; Retallack, 2015). The fossil record of salts in soils is thus a proxy
for the coevolution of life and climate in dry regions, demonstrating
changes confirmed by the independent record of non-calcareous paleo-
sols of humid regions (Rye and Holland, 1990; Beaty and Planavsky,
2020).

The record of soil salts in deep time thus supports the conclusion of
Hazen et al. (2008, p.1706) “minerals at Earth’s surface have co-evolved
with life. Indeed, most of Earth’s mineral diversity today may be a
consequence, direct or indirect, of the biosphere.”
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