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ARTICLE INFO ABSTRACT

Keywords: The so called “boring billion” (1800-800 Ma) of Late Paleoproterozoic and early Mesoproterozoic time can now
Mesoproterozoic be reassessed from the evidence of diverse paleosols in the Ruyang Group (1749-1561 Ma) in Henan Province,
Paleosol

China. Widespread marine sulfidic facies is the reason for the term “boring billion”, but terrestrial facies and
paleosols were far from uniform or anoxic at that time. The Ruyang Group in Henan has 12 distinct kinds of
paleosols, with 5 distinct pedotypes in alluvial fan facies of the Bingmagou Formation, 6 in fluvial facies of the
Yunmengshan Formation, 3 in coastal plain facies of the Baicaoping Formation, and 4 in the coastal to intertidal
Beidajian Formation. These paleosols are evidence of hyperarid climate that was cool temperate despite prox-
imity to the paleoequator. These ancient soils were alive with iron- and manganese-fixing bacteria that created
desert varnish and vesicular structure, as well as sulfur-oxidizing bacteria creating desert roses of gypsum. The
paleosols may also have supported cyanobacteria, algae and fungi, known from palynomorphs in shales of the
Baicaoping and Beidajian formations. Consumption of alkali and alkaline earth elements in the paleosols are
evidence of 1700-20,600 ppm (6-73 times preindustrial level or PAL) of atmospheric CO», consistent with the
amount needed for a greenhouse effect to offset a faint young sun. A comparable model based on iron and
manganese oxidation in the paleosols indicates 318-16,623 ppm (0.002-0.08 PAL) Oz This was enough to
support animals (0.005 PAL O,), considering that these are minimal estimates of Oy diluted by some soil
respiration. Animals had not yet evolved, but that evolutionary process may not have been limited by atmo-
spheric composition.

North China
Atmospheric oxygen
Carbon dioxide

1. Introduction

The interval between 1800 and 800 Ma has been known as the
“boring billion” of Earth history, because it lacks major events in marine
rocks, which include a lot of pyritic dysaerobic shales (Buick et al.,
1995). The Statherian period (1800-1600 Ma) of the late Paleoproter-
ozoic extending through the Mesoproterozoic (1600-1000 Ma) is seen as
a “long period of stable one-celled-life ecosystems in apparently con-
stant environments” (Ogg et al. 2016). However, it was a time of
remarkable evolutionary diversification of acritarchs, including multi-
cellular red algae and fungi (Agic et al., 2017; Mukherjee et al., 2018).
The 1750-1600 Ma Ruyang Group of Henan Province, North China has
been especially productive of such microfossils (Yin, 1997; Yin et al.,
2004; Yin et al., 2005; Li et al., 2012; Li et al., 2020) and putative “trace
fossils” (Yang and Zhou 1995; Huang et al., 2010; Tang et al., 2011;
Zheng et al., 2012), and has been interpreted as a shallow marine and
alluvial sequence on the southern margin of the North China Craton (Hu
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et al., 2014; Yue et al., 2018). This study of paleosols formed at the
outset of the boring billion aims to reconstruct life on land and atmo-
spheric composition at that time.

Paleosols, or soils of the past exposed to the atmosphere for
millennia, have long been important guides to atmospheric composition
(Serdyuchenko, 1968). The chemical and mineral composition of their
parent materials is substantially altered by millennia of exposure to at-
mospheric oxygen, which oxidizes and fixes iron and manganese, and to
carbon dioxide, which as carbonic acid displaces alkali and alkaline
earth elements (Holland, 1984). These effects have been modeled to
provide estimates of atmospheric O3 and CO» from net losses and gains
of elements within paleosols (Sheldon, 2006; Retallack, 2018), and these
techniques are here applied to the Statherian Ruyang Group of central
China. Was the boring billion a time of low atmospheric oxidation and
high carbon dioxide greenhouse as inferred from marine records? And
what, if any, role was played by life on land during the Mesoproterozoic
diversification of life on Earth?
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2. Geological background

The Ruyang Group crops out in hill ranges to the north and west of
floodplains of the Huang He (“Yellow River™), in northern and western
Henan Province, North China (Fig. 1). It is a sequence of sandstone, with
red beds (Fig. 2), gray shales and some stromatolitic dolostones,
deposited on the southern margin of the North China Craton (Hu et al.,
2014), in alluvial fan, fluvial, and shallow marine paleoenvironments
(Zheng et al., 2008; Zheng et al., 2011; Zheng et al., 2016). This area was
within and flanking an intracratonic rift of the Xiong’er Group basalts
during the initial breakup of the Nuna supercontinent at low paleo-
latitudes (Zhang et al., 2012). The basal unit of the Ruyang Group is the
Bingmagou Formation, cropping out near Luoyang City at the Wanan-
shan section (Fig. 1 and Fig. 4A), where it overlies Archean schists of the
Dengfeng Group, and is succeeded by the Yunmengshan, Baicaoping and
Beidajian formations (Su et al., 2012; Zheng et al., 2017; Yue et al.,
2018). Further north near Jiaozou City in Yuntaishan Geopark, Yun-
mengshan Formation overlies Archean (3399-2511 Ma) gneiss and
trondhjemite of the Dengfeng Group, and is overlain by Cambrian
sandstones (Gao et al., 2006; Zheng et al., 2008; Zheng et al., 2011). To
the south near Lushan in the Wanghuazhuang section (Fig. 4B), Xiong’er
Group basalts are overlain by the Yunmengshan, Baicaoping and Bei-
dajian formations (Zheng et al., 2012). A 2-m-thick basalt flow at 80 m
in the Wanghuazhuang section (Fig. 1 and Fig. 4B) is evidence of
continuation of Xiong’er Group rift basaltic volcanism.

Basalts of the Xiong’er Group have been radiometrically dated at
1750-1800 Ma (Zhao et al., 2002; Zhao et al., 2004; Yue et al., 2018). A
weighted mean U/Pb detrital zircon approximation of depositional age
for the lowest Yunmengshan Formation is 1744 + 22 Ma (Hu et al,,
2014). AU-Pb age of 1611 + 8 Ma comes from a tuff within stromatolitic
dolostones of the Luoyukou Formation of the Luoyu Group, overlying
the Ruyang Group (Su et al., 2012). In the Sanjiaotang Formation of the
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Luoyu Group diagenetic xenotime cements have been dated at 1411 +
27 Ma (Lan et al., 2014). A similar age of detrital zircons of 1743 + 72
Ma from the lower Beidajian Formation (Li et al., 2020), is essentially
recycled from the Yunmengshan Formation. The three useful ages in the
composite section of Wanan (Fig. 1 and Fig. 4A) and Wanghuazhuang
sections (Fig. 4) yield a model for age (M) from stratigraphic level (L),
with r? = 0.99, standard error + 18 Ma, and F-test p = 0.001

M = —0.0718L +1799.3 @

This age model predicts a total age range for the Ruyang Group of
1749-1561 Ma.

3. Materials and methods

Detailed stratigraphic sections were prepared near Ludian at
Wananshan starting at N34.50028° E112.62179° (Fig. 4) and near
Lushan at Wanghuazhuang village starting at N33.78979° E112.63475°
(Fig. 5). Oriented rock samples were collected of suspected paleosols for
laboratory studies, including bulk chemical composition (Table 1).
Additional observations were made in Hongshi Gorge of Yuntaishan
Geopark near Jaiozhou (N35.42798° E113.35699°). Thin sections were
used to quantify grain size (Table 2) and mineral compositions (Table 3)
by point counting (500 points) using a Swift automated stage and
Hacker counting box on a Leitz Orthoplan Pol research microscope.
These 500-point counts have accuracy +2% for common constituents
(Murphy, 1983). Major and trace element chemical analysis was deter-
mined by XRF in fused beads at China University of Sciences, Wuhan
(R5532-5564, 5582-5624), and by ALS Chemex in Vancouver (R5567-
5579), Canada. Bulk density was measured by the clod method: from
raw weight, then clods coated in paraffin of known density, in and out of
chilled (6°C) water (Retallack, 2019b).
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Fig. 1. Map of visited localities of the Ruyang Group, in Henan Province, China (after Yue et al., 2018).
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Fig. 2. Alluvial sedimentary facies: A, Hougou paleosols with desert roses 100 m below local top of Yunmengshan Formation in Hongshi Gorge, near Yuntaishan
(N35.43063° E113.35828°); B, oversize clasts of quartzite and conglomerate in sandstone 45 m above base of Yunmengshan Formation in Wanghuazhuang section
(N35.7902° E112.65275°); C, Xiaoshan pedotype (at hammer) over Jeipan at 280 m in Bingmagou Formation near Wananshan (N34.50402° E112.62238°); D,
Alluvial ripple marks with wind scours and microbial mat drapes in upper Yunmengshan Formation near Yuntaishan (N35.42949° E113.35825°); E, Mudcracks in red
claystone of Lushan pedotype filled with sandstone in upper Yunmengshan Formation near Yuntaishan (N35.41754° E113.37174°).

4. Metamorphic and diagenetic alteration

Paleosols represent early diagenetic alteration during the interval
between deposition and burial, which must be disentangled from late
diagenesis and metamorphism before paleoenvironmental interpreta-
tion. The Ruyang Group demonstrates three early diagenetic alterations
common in red beds (Retallack 1991a): (1) drab mottles in upper por-
tions of beds due to burial gleization of buried organic matter, (2) dark
red (Munsell 10R) color from dehydration reddening of ferric hydroxide
minerals, and (3) substantial lithostatic compaction. Burial gleization is
chemical reduction of oxides and hydroxides of iron by anaerobic bac-
teria on subsidence into anoxic water, and is especially suggested by
drab mottles and tubular features radiating down from bed tops (Fig. 3A,
C), as in Cambrian (Alvaro et al., 2003; Retallack, 2008) and Proterozoic
red beds (Driese et al., 1995; Retallack, 2013). Such geologically ancient
red beds are also brick red in color from burial dehydration of ferric

oxyhydroxides (Fig. 3A-C), unlike brown to yellow modern soils and
late Pleistocene sediments (Retallack 1991a).

The Ruyang group is flat-lying to gently dipping (Fig. 2A,C). With
highly variable potash values of 0.25 to 5.89 wt% (Table 1), there is little
evidence of pervasive potash metasomatism (Novoselov and de Souza
Filho, 2015). Burial compaction (C as %) can be calculated as 73 + 3 %
from ptygmatic deformation of clastic dikes in the Dawaling paleosol
(45 min Fig. 4B) and 76 + 3 % from ptygmatically folded clastic dikes in
the Wanghua paleosol (1025 m in Fig. 4B). Burial compaction (C as %)
can also be calculated from the 2.8 km of Paleozoic overburden to the
Luoyu Group (Zuo et al, 2019) for each level in the composite
Wananshan-Wanghuazhuang section using Eq. (2), based on total depth
of burial (B in km) and physical constants for Aridisols of 0.51, 0.49, and
0.27 (Sheldon and Retallack 2001).
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Fig. 3. Mesoproterozoic paleosols: A, succession of drab topped red paleosols, from top Lushan, Jeipan and Wanghua pedotypes at 1025 m in Baicaoping Formation
near Wanghuazhuang village (N33.78102° E112.66504°); B, Hougou pedotype in upper Yunmengshan Formation near Yuntaishan (N33.42798° E112.35699°); C,
Dawaling pedotype at 511 m in Yunmengshan Formation in Wanghuazhuang section (N33.79479° E112.63729°): D, desert roses after gypsum in Hougou pedotype
530 m in Yunmengshan Formation in Wanghuazhuang section (N33.79016° E112.65279°).
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Calculated compaction was 70% for the top of the section and 75% at
the base. Such compaction estimates are needed for paleoenvironmental
interpretations based on original bed thicknesses (Retallack, 2005).
Extensive compaction and silicification of sandstones and siltstones of
the Ruyang Group, and oxidized clasts within drab beds (Fig. 7F), pre-
clude significant Phanerozoic oxidative weathering of these rocks.

C= 2)

5. Paleosol recognition

Paleosols are definitively recognized in the field as horizons of fossil
root traces (Retallack, 1977; Retallack, 1991b), but there were no rooted
vascular land plants before Silurian (Retallack, 2015a). Without root
traces, a variety of other features can be used to recognize paleosols in

Precambrian non-marine facies. Field recognition of Precambrian pale-
osols relies on a variety of features such as soil cracking structures,
pseudomorphs of sand crystals, nodules, and gradational color changes
(Retallack, 2016). The following paragraphs consider these various
paleosol criteria in turn.

5.1. Angular silt

Some thin sections show an even mix of sand, silt and clay grains, but
others show overwhelmingly abundant, angular, silt size grains,
particularly the base of the Wanghua profile in the Baicaoping Forma-
tion (Fig. 5), and Jeipan and Lushan profiles in the Bingmagou Forma-
tion (Fig. 6). These are not claystones as they appear in hand specimen,
but grain-supported angular siltstone, and both are probably eolian
deposits. The Wanghua siltstone is largely quartz and feldspar, like other
parts of the Ruyang Group, but the Jiepan-Lushan example has
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Fig.4. Measured sections of paleosols near Wananshan (A) and Wanghuazhuang (B), after Yue et al. (2018) and Tang et al. (2011), respectively.

unusually high amounts of biotite, and may be an airfall tuff. These loess
deposits can be compared with late Quaternary Peoria Silt, which is
volcaniclastic in Kansas and Nebraska (Swineford and Frye, 1951) but
quartzose in Illinois and Mississippi (Pye and Sherwin, 1999, Bettis
et al.,, 2003). These differences reflect proximity to Cordilleran vol-
canoes in Kansas and Nebraska, but proximity to deglaciated Archean
granite and Paleozoic sediments from Wisconsin to Illinois. More eolian
silt may have fallen into the sea before the advent of land plants, but silt
grains are supported by clay and carbonate in Cambrian marine rocks
(Dalrymple et al.,, 1985), rather than grain-supported and

overwhelmingly silt, like two notable examples from the Ruyang Group
(Figs. 5 and 6), which lack fine lamination or varves of marine or
lacustrine shales.

5.2. Wind-dissected ripples

Straight crested and linguoid ripple marks of the Yunmengshan
Formation were created by alluvial to shallow-marine traction currents,
including symmetrical oscillation ripples and some bimodal current di-
rections (Zheng et al., 2008). Highly asymmetric ripples with climbing
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Table 1
Chemical composition (wt %) from XRF of samples from Henan, China.
Pedotype. Sample- SiO, TiOy Al,03 Fe;03T MnO CaO MgO Nay,O K20 P,05 LOI TOTAL g.cm’3
Daheitan R5538 94.04 0.17 1.8 2.55 0.01 0.11 0.03 0.01 0.56 0.02 0.58 99.88 2.5740
Daheitan R5539 87.3 0.43 5.68 2.92 0.01 0.4 0.23 0.01 1.97 0.16 1.27 100.38 2.5740
Daheitan R5540 63.28 1.27 15.04 11.02 0.01 0.89 0.37 0.01 4.9 0.24 3.29 100.32 2.5913
Daheitan R5541 65.89 1.35 16.28 6.6 0.01 0.85 0.48 0.01 5.19 0.34 3.42 100.42 2.6801
Daheitan R5542 65.8 1.36 16.2 6.48 0.01 0.84 0.47 0.01 5.19 0.34 3.68 100.38 2.6801
Daheitan R5543 58.98 1.44 17.11 10.94 0.02 1.35 0.41 0.01 5.59 0.27 4.29 100.41 2.6106
Hougou R5549 95.11 0.09 1.83 1.31 0.01 0.09 0.01 0.01 0.73 0.01 0.44 99.64 2.5313
Hougou R5550 95.41 0.08 1.78 1.26 0.01 0.11 0.01 0.04 0.67 0.01 0.56 99.94 2.5313
Hougou R5551 95.95 0.06 1.29 1.02 0.01 0.07 0.02 0.04 0.52 0.01 1.32 100.31 2.1243
Hougou R5552 96.87 0.07 1.17 0.49 0.01 0.04 0.01 0.01 0.48 0.01 0.47 99.63 2.4634
Hougou R5553 95.63 0.09 2.09 0.34 0.01 0.1 0.02 0.01 0.83 0.02 0.53 99.67 2.5121
Lushan R5554 77.99 0.45 9.84 5.12 0.01 0.63 0.08 0.01 3.06 0.05 2.87 100.11 2.6668
Lushan R5554 78.6 0.45 9.8 4.99 0.01 0.63 0.07 0.01 3.05 0.05 2.73 100.39 2.6668
Lushan R5555 68.5 0.7 14.62 7.06 0.01 0.92 0.12 0.01 4.53 0.04 3.88 100.39 2.5658
Dawaling R5556 89.08 0.24 4.69 3.23 0.01 0.28 0.02 0.01 1.52 0.01 0.55 99.64 2.9187
Dawaling R5557 95.12 0.08 2.08 0.87 0.01 0.13 0.05 0.01 0.65 0.01 0.67 99.68 2.9187
Dawaling R5558 89.05 0.23 4.67 3.19 0.01 0.28 0.02 0.05 1.51 0.02 0.63 99.66 2.5833
Dawaling R5559 97.57 0.06 0.75 0.67 0.01 0.06 0.01 0.07 0.24 0.01 0.25 99.7 2.5833
Dawaling R5560 97.98 0.06 0.56 0.5 0.01 0.03 0.01 0.01 0.17 0.01 0.31 99.65 2.5763
Hongshi R5561 92.79 0.16 2.02 2.92 0.01 0.13 0.02 0.3 0.79 0.02 0.56 99.72 2.6553
Hongshi R5562 57.81 1.09 17.99 10.26 0.01 1.68 0.15 0.08 5.92 0.11 5.29 100.39 2.6553
Hongshi R5563 55.74 1.08 17.75 10.48 0.02 1.86 0.19 0.08 6.04 0.152 5.76 99.21 2.6553
Hongshi R5564 56.68 1.11 18.26 11.54 0.01 1.73 0.14 0.01 6.01 0.08 4.8 100.37 2.6705
Hongshi R5564 56.6 1.11 18.12 11.31 0.01 1.72 0.17 0.01 6 0.08 5.28 100.41 2.6705
Hongshi R5565 94.33 0.8 2.22 2.26 0.02 0.14 0.01 0.03 0.69 0.02 0.21 100 2.3471
Hongshi R5566 92.72 0.1 2.13 4.1 0.03 0.14 0.02 0.03 0.66 0.022 —0.22 99.73 2.3471
Wanghua R5573 67.41 0.55 14.62 3.61 0.02 1.71 0.38 0.1 6.28 0.21 4.01 99 2.6071
Wanghua R5574 57.47 0.58 15.45 11.92 0.03 1.89 0.36 0.1 6.72 0.199 4.47 99.27 2.7636
Wanghua R5575 56.41 0.7 17.18 10.05 0.06 2.21 0.41 0.1 7.29 0.226 4.86 99.58 2.8707
Wanghua R5576 55.83 0.73 17.66 9.41 0.05 2.26 0.43 0.11 7.39 0.235 5.19 99.38 2.7883
Wanghua R5578 53.58 0.68 18.06 11.12 0.04 2.24 0.46 0.11 7.27 0.252 5.39 99.26 2.7208
Wanghua R5579 95.8 0.07 1.96 0.23 0.01 0.14 0.07 0.01 1.02 0.03 0.56 99.9 2.6602
Hougou R5582 96.87 0.04 0.95 0.96 0.01 0.07 0.02 0.04 0.28 0.01 0.36 99.61 2.6676
Hougou R5583 97.32 0.04 0.7 1.03 0.01 0.04 0.01 0.01 0.22 0.01 0.25 99.64 2.6338
Hougou R5586 97.88 0.04 0.35 0.98 0.01 0.02 0 0.01 0.11 0.01 0.25 99.66 2.6910
Yakou R5589 93.26 0.18 2.36 2.57 0.01 0.21 0.05 0.01 0.85 0.04 0.12 99.66 2.6668
Yakou R5590 94.76 0.07 2.5 0.32 0.01 0.18 0.02 0.01 1.12 0.01 0.64 99.64 2.6668
Yakou R5591 91.22 0.19 3.18 2.88 0.01 0.28 0.06 0.01 1.21 0.03 0.79 99.86 2.6668
Yakou R5592 93.2 0.13 2.35 2.01 0.01 0.17 0.05 0.05 1.06 0.02 0.62 99.67 2.6668
Lushan R5593 91.07 0.09 3.5 2.46 0.01 0.31 0.07 0.01 1.29 0.05 0.97 99.83 2.6668
Lushan R5594 85.76 0.23 6.47 2.72 0.01 0.54 0.08 0.01 2.47 0.06 1.56 99.91 2.6668
Lushan R5595 85.76 0.22 6.43 2.66 0.01 0.54 0.09 0.01 2.45 0.06 1.78 100.01 2.5658
Lushan R5596 93.93 0.01 2.13 0.81 0.01 0.2 0.11 0.02 0.82 0.07 0.97 99.08 2.6170
Lushan R5597 96.87 0.01 0.7 0.46 0.01 0.05 0.15 0.01 0.28 0.11 0.41 99.06 2.6511
Jeipan R5599 52.04 0.81 22.53 6.3 0.01 3.12 0.37 0.02 8.47 0.15 6.58 100.4 2.6668
Jeipan R5601 48.62 0.74 21.26 11.82 0.01 3.04 0.36 0.04 7.84 0.14 6.35 100.22 2.6308
Jeipan R5602 95.24 0.04 2.25 0.4 0.01 0.26 0.14 0.01 0.82 0.1 0.81 100.08 2.5806
Lushan R5603 53.2 0.72 20.34 9.23 0.01 2.93 0.42 0.02 7.78 0.17 5.58 100.4 2.6492
Lushan R5604 53.69 0.71 20.63 9.42 0.01 2.94 0.41 0.02 7.82 0.17 4.51 100.33 2.5488
Lushan R5605 88.61 0.11 2.8 5.03 0.01 0.36 0.54 0.01 1.06 0.37 1.51 100.41 2.8144
Xiatang R5606 97.63 0.04 0.61 0.44 0.01 0.06 0.17 0.01 0.24 0.12 0.28 99.61 2.5872
Xiatang R5607 98.01 0.04 0.77 0.24 0.01 0.03 0.01 0.01 0.42 0.01 0.26 99.81 2.5872
Xiatang R5607 97.76 0.04 0.75 0.23 0.01 0.03 0.01 0.01 0.41 0.01 1.12 100.38 2.5872
Xiatang R5608 99.02 0.04 0.44 0.22 0.01 0.02 0.01 0.01 0.19 0.01 0.21 100.18 2.6339
Yakou R5609 97.81 0.05 0.8 0.27 0.01 0.05 0.04 0.01 0.32 0.01 0.33 99.7 2.5872
Yakou R5610 98.27 0.04 0.63 0.21 0.01 0 0.03 0.01 0.13 0.01 0.36 99.7 2.6429
Yakou R5611 98.39 0.03 0.53 0.2 0.01 0.01 0.02 0.01 0.24 0.01 0.22 99.67 2.6451
Yakou R5612 97.68 0.03 0.85 0.27 0.01 0.02 0.01 0.01 0.5 0.01 0.27 99.66 2.6452
Yakou R5613 97.95 0.03 0.67 0.43 0.01 0.02 0.02 0.01 0.29 0.01 0.18 99.62 2.6098
Yakou R5614 95.48 0.05 213 0.34 0.01 0.06 0.02 0.01 1.41 0.01 0.3 99.82 2.5763
Yakou R5615 96.61 0.06 1.25 0.47 0.01 0.16 0.09 0.01 0.47 0.05 0.43 99.61 2.6127
Wanan R5616 62.24 1.69 13.85 6.58 0.16 2.31 2.35 3.1 2.78 0.73 4.58 100.37 1.9456
Wanan R5617 57.55 1.3 15.83 7.61 0.14 3.4 1.75 2.79 2.14 0.33 7.56 100.4 1.9456
Wanan R5617 57.36 1.3 15.72 7.46 0.14 3.44 1.77 2.8 2.09 0.32 7.57 99.97 1.9456
Wanan R5618 45.93 0.8 15.49 11.78 0.38 7.68 3.63 1.34 0.51 0.07 12.79 100.4 1.9456
Wanan R5619 43.36 0.99 15.49 12.93 0.28 7.97 3.91 0.82 0.39 0.1 13.47 99.71 1.9456
Wanan R5620 46.9 1.01 15.58 10.94 0.26 9.23 5.53 1.14 0.61 0.09 8.31 99.6 1.9456
Wanan R5621 49.56 0.98 14 13.73 0.2 6.92 9.16 1.41 0.53 0.07 3.84 100.4 2.2849
Wanan R5622 46.4 0.58 14.13 9.74 0.17 4.43 12.96 1.33 1.81 0.04 8.06 99.65 2.7903
Wanan R5623 50.07 0.73 12.67 11.51 0.19 6.49 9.21 2.38 0.77 0.08 5.48 99.58 2.8327
Wanan R5624 59.15 0.84 14.75 7.59 0.15 3.92 6.45 3.76 0.77 0.21 2 99.59 2.7021
Wanan R5624 58.98 0.82 14.77 7.54 0.15 3.88 6.42 3.76 0.78 0.21 2.29 99.6 2.7021
Daquan R5648 58.72 0.94 17.45 7.33 0.06 2.58 0.64 2.43 4.21 0.261 4.58 99.26 2.5886
Daquan R5649 57.62 0.93 17.54 7.99 0.06 2.71 0.59 2.37 4.34 0.225 4.54 98.98 2.5886
Daquan R5650 57.62 0.97 17.42 7.8 0.06 2.7 0.71 2.49 3.93 0.283 4.77 98.81 2.5638
Daquan R5651 56.61 1.01 17.86 8.57 0.05 2.92 0.71 2.25 4.2 0.261 5.1 99.61 2.5638
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Errors are from 10 replicate analyses of the standard, CANMET SDMS2 (British Columbia granodioritic sand).

translatent stratification created by wind (Retallack and Mao 2019)
were not seen, but some of the waterlain ripples show modifications
after formation. Pervasive slight offsets are from burial jointing and
veining, but scalloping orthogonal to ripple crests are best explained by
wind scour (Fig. 2D), as also illustrated for the Yunmengshan Formation
by Zheng et al. (2008) and Tang et al. (2011).

5.3. Rock avalanches

A scatter of cobbles was seen at 45 m in the Yunmengshan Formation
(Fig. 4B) on the east side of the dam 100 m north of Daheitan village
(N33.79844 E112.634794), and is striking in the separation of large
angular to rounded cobbles within medium sandstone. The cobbles are a
mix of quartzite, basalt, and fully lithified, roundstone, red, conglom-
erate on a single bedding plane (Fig. 2B). The sandstone above has
numerous angular, pale red (10R6/3), clast-supported, claystone intra-
clasts, which are also found at the base of the 3 m sandstone supporting
the scattered boulders. Another matrix-supported conglomerate with
clasts up to 5 cm in diameter caps the Dawaling profile (Fig. 5 and
Fig. 7A F) at 162 m in the Yunmengshan Formation in a road cut 350 m
south of Daheitan (N33.79479° E112.63729°).

In both cases there is hydrodynamic incongruence between the size
of the clasts and their matrix, unlike waterlain deposits of alluvial fans
(Elmore, 1984), channel lags (Mader, 1985), or shingle beaches
(Retallack, 1983). Nor is there associated frost-heave or ice wedge
deformation of periglacial soils, described by Van Vliet-Lanoe (1998).
Similar cobble-train, outsize-clast and clustered-clast conglomerates
elsewhere have been attributed to cohesionless debris flows, with larger
clasts falling and rolling from steep (5-17°) terrains (Kim et al., 1995;
Sohn et al., 1999). The large clasts may thus be outriders of rock ava-
lanches, also known as sturzstroms (Yarnold, 1993). The enclosing
trough-cross-bedded sandstone with clast-supported red-intraclast
breccias are not unusual, and have been widely reported in fluvial
sandstones from collapse of floodplain cut banks and erosion of
desiccation-cracked claystones (McBride, 1974; Retallack, 2019a).

5.4. Vesicular structure

Below the capping pebbly sandstone of the Dawaling profile dis-
cussed in the last section, thin sections reveal millimetric rounded ves-
icles. The original hollow nature of these is revealed by needles with the
orthorhombic form and other mineral properties of thenardite (NaSO4)
radiating into the cavity (Fig. 7B). The cavity is now filled by opaque
iron-manganese.

Vesicles form in igneous rocks like pumice and basalt, from degassing
of flows released from original confining pressure (Aubele et al., 1988),
but this Dawaling profile is a non-volcanic sandstone forming atop a
fluvial paleochannel. Vesicular structure is a characteristic feature of the
surface horizons of desert soils (McFadden et al., 1998), and thenardite
is a common ephemeral salt effloresence in desert soils (Gibson et al.,
1983; Hamdi-Aissa et al., 2004; Voigt et al., 2020). Two theories for the
origin of vesicular soil structure is formation after a local downpour of
rain, when dormant microbial communities produce gases that bubble
up through muddy sediment (McFadden et al., 1998), or when saturated
lower parts of the profile displace soil air upward (Lebedeva et al.,
2019). Filling of the vesicles with iron-manganese may also reflect
transient awakening of iron- and manganese-oxidizing bacteria
following downpours (Lebedeva et al., 2019), which also cemented the
uppermost part of the Dawaling profile below the clast-supported
capping sandstone (Fig. 7F).

5.5. Rock varnish

Opaque cement of amorphous iron and manganese oxides are found
near the surface of several beds, including Yakou (Fig. 7C), Hougou
(Fig. 7D), and Dawaling (Fig. 7F) profiles. A thin rind of opaque cement
most intense at the top is at the surface of the beds, but there also are
coatings of claystone clasts near the surface (Fig. 7C), and pockets of
stain with concentric structure, like ministromatolites laterally linked by
connecting threads of opaque cement (Fig. 7D).

Desert varnish is a coating of colloidal iron and manganese oxides
coating soils and rocks in deserts (Allen, 1978). Comparable encrusta-
tions also occur in lakes and rivers (Dorn and Oberlander, 1982) and as
placic horizons in gleyed parts of soils (Wu and Chen, 2005), but in those
cases are thicker and more continuous, lacking the discontinuous to
ministromatolitic form of surface-soil and rock varnish (Krinsley et al.,
1995; Garvie et al., 2008). The opaque oxides are formed by diverse
communities, including iron- and manganese-oxidizing bacteria, which
come alive from dormancy during rare rains (Taylor-George et al., 1983;
Palmer et al., 1986). These examples as old as 1.6 Ga in the Yunmeng-
shan Formation are not the oldest known examples of rock varnish in
paleosols: rock varnish has also been noted in a 2.2 Ga paleosol
(Retallack et al., 2013).

5.6. Crack patterns

Polygonal systems of cracks with v-shaped profile filled with sand in
clay (Weinberger, 2001) are widespread in the Ruyang Group (Fig. 2E,
Fig. 3C; Yang and Zhou, 1995; Zheng and Sun, 2011; Tang et al., 2011;
Zheng et al., 2016; Yue et al., 2018). In other cases, the cracks are
narrow, deep, and ptygmatically folded by burial compaction of the
surrounding clayey matrix (Fig. 3A C). Neither of these deep contorted
cracks are in especially clayey matrix: one (Fig. 3A, Fig. 5) is in siltstone,
and the other (Fig. 3C, Fig. 6) is in sandstone. The enigma of sand
cracking like clay has been explained by Prave (2002) as due to abun-
dant hydrated microbiota, like that of a microbial earth soil (Retallack,
2012a). Alternative explanations may be frost cracking in a periglacial
soil (Kokelj et al., 2007, Raffi and Stenni, 2011), but ice wedges are more
strongly tapering than the Ruyang Group examples (Fig. 2A,C).

Soils have more complex cracks that simple desiccation polygons,
with a network of intersecting modified surfaces known as cutans
defining characteristic clod shapes, known as peds (Retallack, 2019b).
Sesquans (iron and aluminum-stained cutans) defining blocky angular
peds are ptygmatically folded by compaction below the laminated cover
to paleosols (Fig. 3A-B). Microfabric of highly birefringent sheared clay
in intersecting sets also is seen in the Baicaoping Formation (Fig. 7A), a
diagnostic soil fabric reflecting the highly deviatoric stress fields
induced by soil formation, and called clinobimasepic (Retallack, 2019b).
These crack systems ranging on scales of meters to microns in size
disrupt primary sedimentary structures to create the characteristic
massive field appearance of paleosols (Fig. 3A-C). Marine or lacustrine
sandstones and shales in contrast have clear lamination or varves (Zillen
et al., 2003; Retallack and Jahren, 2008).

5.7. Sand crystals

Hougou profiles of the Yunmengshan Formation (Fig. 4B) have
spherical to ellipsoidal spherulites of acicular sand crystals after gypsum
(CaS04-2H50) which form an horizon 9-16 cm think some 11-15 cm
below the top of the profile (Fig. 3D, Fig. 5). The profile on a rock
platform north of the Taoist shrine 1 km west of Wanghuazhuang village
(N33.79016° E112.65279°) exposes many of these on a former bedding
plane, and the diameters of 500 of them are shown in Fig. 8. Radiating
laths of dark crystals are clear in the field (Fig. 3D), but more subtle in
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Table 2

Grain-size data from point counting thin sections (500 points) of Ruyang Group.
Pedotype Hoz No. % gravel % sand % silt % clay Textural class Grain fabric Plasmic fabric
Daheitan above R5539 0 43.6 32.8 23.6 loam granular silasepic
Daheitan A R5540 0 69.8 22.0 8.2 sandy loam intertextic crystic
Daheitan A R5541 0 70.0 28.2 1.8 sandy loam intertextic crystic
Daheitan Bw R5543 0 67.6 31.0 1.4 sandy loam intertextic crystic
Hougou A R5549 0 43.0 41.6 15.4 loam intertextic silasepic
Hougou By R5550 0 59.2 32.8 8.0 sandy loam intertextic silasepic
Hougou By R5551 0 56.6 33.4 10.0 sandy loam granular silasepic
Hougou C R5552 0 45.6 45.4 9.0 loam granular silasepic
Hougou C R5553 0 63.6 35.0 1.4 sandy loam intertextic silasepic
Dawaling A R5556 0 43.4 37.0 19.6 loam intertextic insepic
Dawaling A R5557 0 47.6 35.0 17.4 loam intertextic Insepic
Dawaling Bw R5558 0 62.2 21.8 16.0 sandy loam granular silasepic
Dawaling C R5560 0 66.8 14.8 18.4 sandy loam granular silasepic
Hongshi above R5561 0 74.0 18.4 7.6 sandy loam granular silasepic
Hongshi A R5563 0 18.4 53.6 28.0 silty clay loam agglomeroplasmic skelmosepic
Hongshi Bw R5564 0 25.6 45.8 28.6 clay loam porphyroskelic bimasepic
Hongshi Bg R5565 0 23.2 52.6 24.2 silt loam porphyroskelic bimasepic
Hongshi C R5566 0 50.6 30.8 18.6 loam granular silasepic
Jeipan above R5567 0 8.8 51.0 40.2 silty clay porphyroskelic argillasepic
Jeipan A R5568 0 22.2 43.0 34.8 clay loam porphyroskelic insepic
Jeipan C R5569 0 43.2 35.2 21.6 loam granular silasepic
Jeipan C R5570 0 16.2 57.4 26.4 silt loam granular silasepic
Jeipan C R5571 0 72.4 20.4 7.2 sandy loam granular silasepic
Wanghua A R5572 0 19.6 44.4 36.0 silty clay loam agglomeroplasmic skelmosepic
Wanghua A R5573 0 29.4 35.8 34.6 clay loam agglomeroplasmic skelmosepic
Wanghua Bw R5574 0 37.0 39.2 23.8 loam agglomeroplasmic isotic
Wanghua Bw R5575 0 31.8 46.2 22.0 loam agglomeroplasmic isotic
Wanghua Bw R5576 0 32.0 47.4 20.6 loam agglomeroplasmic insepic
Wanghua Bw R5577 0 38.0 47.7 14.2 loam intertextic argillasepic
Wanghua C R5578 0 1.6 86.6 11.8 silt intertextic argillasepic
Wanghua C R5579 0 80.6 12.4 7.0 loamy sand granular silasepic
Jeipan A R5580 0 5.8 79.8 14.4 silt loam intertextic insepic
Jeipan C R5581 9.0 41.0 41.6 8.4 silt loam agglomeroplasmic insepic
Hougou above R5582 0 79.8 12.8 7.4 loamy sand granular silasepic
Hougou A R5583 0 69.8 12.8 17.4 sandy loam granular silascpic
Hougou By R5586 0 85.8 5.6 8.6 loamy sand granular silasepic
Yakou above R5589 0 79.4 11.6 9.0 loamy sand granular silasepic
Yakou above R5590 0 72.0 15.2 12.8 sandy loam granular silasepic
Yakou A R5591 0 75.6 7.8 16.6 sandy loam granular silasepic
Yakou C R5592 0 77.2 11.4 11.4 sandy loam granular silasepic
Yakou A R5593 0 49.8 30.8 19.4 loam granular silasepic
Lushan A R5594 0 47.0 27.2 25.8 sandy clay loam porphyroskelic skelmosepic
Lushan C R5595 0 68.6 19.0 12.4 sandy loam granular silasepic
Lushan C R5596 0 76.4 10.8 12.8 sandy loam granular silasepic
Lushan C R5597 0 71.2 22.4 6.4 sandy loam granular silasepic
Jiepan C R5602 0 66.8 15.8 17.4 sandy loam granular silasepic
Lushan A R5603 0 54.6 22.2 23.2 sandy clay loam agglomeroplasmic skelmosepic
Lushan C R5605 0 61.6 21.4 17.0 sandy loam granular silasepic
Yakou A R5609 0 54.6 29.0 16.4 sandy loam granular silasepic
Yakou C R5610 0 60.4 30.6 9.0 sandy loam granular silasepic
Yakou C R5611 0 66.2 23.8 10.0 sandy loam granular silasepic
Yakou A R5612 0 58.8 34.2 14.0 sandy loam granular silasepic
Yakou C R5613 0 59.4 29.8 10.8 sandy loam granular silasepic
Yakou A R5614 0 65.2 19.4 15.4 sandy loam granular silasepic
Yakou C R5615 0 69.4 25.0 5.6 sandy loam granular silasepic
Wanan Bw R5620 0 62.2 25.6 12.2 sandy loam intertextic crystic
Wanan C R5621 0 64.2 30.6 5.2 sandy loam intertextic crystic
Wanan R R5622 0 64.4 32.4 3.2 sandy loam intertextic crystic
Wanan R R5623 0 65.4 30.6 4.0 sandy loam intertextic crystic
Wanan R R5624 0 88.6 11.4 0 sand intertextic crystic
Xiaoshan above R5627 0 60.8 20.0 19.2 sandy loam intertextic skelmosepic
Xiaoshan A R5628 0 50.2 18.6 31.2 sandy clay loam agglomeroplasmic bimasepic
Xiaoshan C R5629 0 48.4 31.4 20.2 loam agglomeroplasmic skelmosepic
Xiaoshan C R5630 0 48.6 34.4 17.0 loam intertextic argillasepic
Lushan above R5632 0 42.0 44.4 13.6 loam intertextic argillasepic
Lushan A R5633 0 43.8 37.6 18.6 loam porphyroskelic skelmosepic
Jeipan A R5634 0 6.4 67.0 26.6 silt loam prophyroskelic clinobimasepic
Jeipan Bw R5635 0 11.2 66.4 22.4 silt loam porphryoskelic insepic
Jeipan C R5636 0 9.4 87.2 3.4 silt intertextic argillasepic
Jeipan C R5637 0 27.6 68.8 3.6 silt loam intertextic argillasepic
Lushan A R5638 0 12.8 70.8 16.4 silt loam intertextic insepic
Lushan C R5639 0 8.2 75.0 16.8 silt loam intertextic argillasepic
Lushan C R5640 0 15.0 76.0 9.0 silt loam porphyroskelic argillasepic
Xiaoshan A R5641 0 64.4 28.2 13.4 sandy loam intertextic insepic

(continued on next page)



G.J. Retallack et al.

Table 2 (continued)

Precambrian Research 364 (2021) 106361

Pedotype Hoz No. % gravel % sand % silt % clay Textural class Grain fabric Plasmic fabric
Xiaoshan A R5642 0 62.4 23.8 13.8 sandy loam intertextic Insepic
Xiaoshan C R5643 0 64.2 25.6 10.2 sandy loam intertextic argillasepic
Xiaoshan C R5644 0 56.0 32.4 11.6 sandy loam intertextic argillasepic
Xiaoshan C R5645 0 79.0 13.6 7.4 loamy sand intertextic argillasepic
Daquan above R5646 0 53.6 29.2 17.2 sandy loam intertextic argillasepic
Daquan A R5648 0 40.4 33.2 26.4 loam agglomeroplasmic insepic
Lushan A R5654 0 12.4 78.8 8.8 silt loam intertextic argillasepic
Lushan C R5655 0 62.4 28.0 9.6 sandy loam intertextic argillasepic

thin section (Fig. 7G). Likely halite (NaCl) casts were also seen in a thin
section of a Jiepan profile in the Baicaoping Formation: one of them
dissolved and filled from above, and another replaced with quartz
(Fig. 7E). Halite hopper casts, with concentric bowed in edges, in the
Beidajian Formation, are illustrated by Tang et al. (2011, Fig. 5E). These
halite casts were not sand crystals but limpid crystals precipitated, and
partly dissolved, at the surface.

Sand crystals form by replacement and cementation without exten-
sive displacement of matrix within the confining pressure of soil, and are
commonly known as desert roses (Watson, 1985; Al-Kofahi et al., 1993).
As in gypsic horizons of desert soils (Retallack and Huang, 2010), sand
crystals are organized into subsurface (By) horizons (Fig. 5). Limpid
crystals of halite on the other hand form in marginal marine or lacustrine
sabkhas, where precipitation from water or saturated sediment displaces
surrounding grains (Renaut and Tiercerlin, 1994; Eriksson et al., 2005;
Ziegenbalg et al., 2010).

5.8. Mineral weathering trends

Point counting of individual beds shows a considerable variation in
degree of weathering from the surficial depletion of feldspar and rock
fragments with increased surficial clay (Figs. 5 and 6). Clay enrichment
toward the surface of beds is abruptly truncated below sharp grain size
discontinuities with overlying siltstone and sandstone, and clay is
confined to intervals only 5-15 cm thick. This is seen especially in
profiles with the greatest thickness without clear sedimentary struc-
tures, but not in profiles with relict bedding and ripple marks.

Clay enrichment near the surface may thus be due to hydrolytic
weathering of feldspar and rock fragments to clay, and this was most
marked in profiles with sedimentary structures obscured by physical
cracking and chemical weathering. Clayey bed tops do not appear to be
part of graded beds such as turbidites deposited in a water column
(Komar, 1985; Korsch et al., 1993), for several reasons: their clay con-
tent is no more than 40%, bedding is not preserved, color is red and
oxidized, and some beds dominated by silt are like loess. Asymmetric
enrichment of clay in bed tops over intervals of only 15 cm is unlike
symmetrical hydrothermal or diffuse metamorphic alteration (Kelka
et al., 2017; Wallace and Hood, 2018).

5.9. Chemical weathering trends

Chemical trends within the beds are quite varied (Figs. 5 and 6). Most
profiles have very low soda/potash and alkaline earth/alumina ratios, so
were not salinized or calcified, but the Wanan profile is an exception
with high soda and carbonate. Alumina/silica and alumina/bases are
high in the two profiles (Wanan and Daheitan) on basement rocks below
the Ruyang Group, but modest in other profiles, and very low in profiles
with a lot of sedimentary structures. Alumina enrichment thus shows
trends similar to clay in the mineral weathering trends. Molar weath-
ering ratios do show sharp changes between sedimentary beds, but
smooth and subdued trends between bed boundaries. None of the
chemical trends are like those of graded beds such as turbidites, which
show surface enrichment in alumna, lime and magnesia (Korsch et al.,
1993).
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5.10. Tau analysis

A definitive method to disentangle soil formation from sedimenta-
tion is tau analysis (Brimhall et al., 1992). Tau analysis isolates two
separate aspects of weathering: mole fraction mass transport (t) of a
mobile element and mole fraction strain (g; ) of an immobile element
(Ti used here), using the following formula including bulk density (p in
g.cm’3) and oxide assay (C in weight %) for successive samples (sub-
scripts 1,j) of weathered material (subscript w) and parent material
(subscript p).

ppcjﬂ

w = || 1 3

8. |:ﬂwcj~w:| ( )
Ciy

T = {—/} [eiw+1] -1 (€))
Pplip

Soils and paleosols lose mass with weathering and so have negative
strain (g;w < 0), and also lose nutrient cations and silica, so have
negative mass transfer (tj < 0). In contrast, sediment accumulation
and diagenetic alteration adds elements and mass so has positive strain
and mass transfer. Tau analysis has been widely used for Precambrian
paleosols (Retallack and Mindszenty, 1994; Liivamagi et al., 2014), as
well as Cenozoic paleosols (Bestland et al., 1996; Sheldon and Tabor,
2013), and modern soils (Chadwick et al., 1990; Hayes et al., 2019).

From this perspective, the analyzed beds of the Ruyang Group are
largely in the negative strain and mass transfer field of soils. An
exception is the Dawaling profile, which shows negative strain, but also
appreciable gains in Mg and K, in the surface breccia, which is thus
probably not a genetic part of that profile. The surface of the Wanghua
profile also shows sedimentary addition of material at the top. De-
pletions of elements in all these paleosols, including the basal discon-
formity profiles, are modest, suggestive of limited chemical weathering.

6. Paleosol interpretation
6.1. Paleosol identification

The preceding paragraphs outline a variety of paleosol features in the
Ruyang Group, but the rest of this paper explores the kinds of paleosols
present and their paleoenvironmental implications. The various kinds of
beds analyzed as putative paleosols have been given non-genetic names
(Table 4) using localities in Henan. These pedotypes can be interpreted
in terms of soil taxonomy and various soil-forming factors to build a
detailed model of their paleoenvironment (Fig. 10). Hougou profiles
with cracked surface (A horizon) over a diffuse horizon with mottles and
sand crystals (By or gypsic) are most like Gypsids (Soil Survey Staff,
2014). Wanghua profiles, on the other hand, have deeply cracked sur-
faces (A horizon) over a slickensided clayey (Bw horizon), as in Vertisols
(Soil Survey Staff, 2014). Comparable considerations can be used to
classify these paleosols in other classifications (Table 4) of Australia
(Stace et al., 1968; Isbell, 1996), and of the Food and Agriculture Or-
ganization (1977) and Food and Agriculture Organization (1978). Other
profiles are less well developed Entisols and Inceptisols (of Soil Survey
Staff, 2014), and would have been restricted to disturbed parts of the
landscape (Table 5).
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Table 3
Mineral content from point counting thin sections (500 points) of samples from Henan, China
Pedotype Hoz No. %clay  %ecalcite % thenardite = % gypsum % iddingsite = % pyroxene = %rock % feldspar % mica % quartz % opaque
Daheitan above R5539 25.4 0 0 0 0 0 4.4 33.0 1.0 32.0 4.2
Daheitan A R5540 8.4 0 0 0 0 2.2 0 54.0 6.8 9.4 19.2
Daheitan A R5541 1.6 0 0 0 0 3.0 0 55.0 16.8 9.2 14.4
Daheitan Bw R5543 0.6 0 0 0 0 13.2 0 52.4 13.8 7.4 12.4
Hougou A R5549 17.2 0 0 0 0 0 2.8 42.8 1.0 34.8 1.4
Hougou By R5550 11.6 0 0 4.0 0 0 2.0 39.8 0.6 40.4 1.6
Hougou By R5551 12.6 0 0 2.8 0 0 3.4 43.6 1.4 35.0 1.0
Hougou C R5552 10.4 0 0 0 0 0 3.2 43.2 1.0 39.4 2.8
Hougou C R5553 2.8 0 0 0 0 0 5.4 43.2 2.4 43.6 2.6
Dawaling A R5556 23.4 0 6.6 0 0 0 4.2 30.8 2.0 27.4 5.6
Dawaling A R5557 17.4 0 5.2 13.4 0 0 1.4 28.8 2.4 29.0 2.4
Dawaling Bw R5558 18.2 0 0 0 0 0 2.6 39.4 1.6 36.2 2.0
Dawaling C R5560 20.0 0 0 0 0 0 3.0 34.2 0 37.6 5.2
Dawaling C R5561 9.6 0 0 0 0 0 3.0 32.0 0.6 49.2 5.6
Hongshi A R5563 27.2 0 0 0 0 0 1.2 31.6 10.8 24.0 3.2
Hongshi Bw R5564 26.8 0 0 0 0 0 5.2 28.8 5.2 27.2 6.8
Hongshi Bg R5565 22.2 0 0 0 0 0 2.8 30.2 10.8 26.0 8.0
Hongshi C R5566 19.6 0 0 0 0 0 1.6 36.4 3.8 34.8 3.8
Jeipan above R5567 41.4 0 0 0 0 0 0.6 29.2 7.2 20.4 1.2
Jeipan A R5568 32.6 0 0 0 0 0 0.8 30.2 7.4 26.0 3.0
Jeipan C R5569 23.6 0 0 0 0 0 4.2 32.8 2.0 33.2 4.2
Jeipan C R5570 22.6 0 0 0 0 0 1.6 35.4 5.8 32.2 2.4
Jeipan C R5571 9.8 0 0 0 0 0 3.0 38.4 2.4 44.6 1.8
Wanghua A R5572 37.4 0 0 0 0 0 0.8 29.2 1.6 28.0 3.0
Wanghua A R5573 32.0 0 0 0 0 0 0.6 29.8 2.0 31.2 4.4
Wanghua Bw R5574 25.4 0 0 0 0 0 3.6 31.0 5.0 30.2 4.8
Wanghua Bw R5575 21.8 0 0 0 0 0 3.4 34.4 8.0 29.0 3.4
Wanghua Bw R5576 21.6 0 0 0 0 0 7.6 33.2 5.2 27.0 5.4
Wanghua Bw R5577 13.6 0 0 0 0 0 13.0 36.0 6.4 26.4 4.6
Wanghua C R5578 12.8 0 0 0 0 0 2.6 35.0 17.0 27.2 5.4
Wanghua C R5579 7.6 0 0 0 0 0 1.2 40.8 0.6 49.2 0.6
Jeipan A R5580 14.0 0 0 0 0 0 0.6 39.8 12.4 29.8 3.0
Jeipan C R5582 11.0 0 0 0 0 0 11.6 40.4 0.4 32.4 4.4
Hougou above R5582 8.2 0 0 0 0 0 0.6 39.0 0 50.2 2.0
Hougou A R5583 19.8 0 0 0 0 0 0.4 37.4 1.8 36.2 4.4
Hougou By R5586 6.6 0 0 0 0 0 7.6 38.6 0 44.8 2.4
Yakou above R5589 9.6 0 0 0 0 0 3.4 37.8 0.4 43.0 5.8
Yakou above  R5590 17.0 0 0 0 0 0 3.4 33.2 0.2 44.4 1.8
Yakou A R5591 21.8 0 0 0 0 0 2.8 31.0 0 38.6 5.8
Yakou C R5592 7.6 0 0 0 0 0 8.4 42.6 1.8 35.8 3.8
Yakou A R5593 21.2 0 0 0 0 0 3.8 34.2 1.6 34.2 3.2
Lushan A R5594 27.6 0 0 0 0 0 4.0 31.6 0.6 324 3.8
Lushan C R5595 14.8 0 0 0 0 0 4.4 40.6 2.2 36.0 2.0
Lushan C R5596 13.8 0 0 0 0 0 5.0 44.2 2.0 33.6 1.4
Lushan C R5597 7.2 0 0 0 0 0 2.8 41.8 2.6 42.6 3.0
Jeipan C R5602 18.8 0 0 0 0 0 1.6 34.2 0.2 43.0 2.2
Lushan A R5603 23.4 0 0 0 0 0 0.8 29.4 1.6 43.4 1.4
Lushan C R5605 18.6 0 0 0 0 0 6.2 33.2 0.6 35.0 6.4
Yakou A R5609 17.2 0 0 0 0 0 1.4 32.2 0 47.8 1.4
Yakou C R5611 11.2 0 0 0 0 0 3.4 38.2 0 44.4 2.8
Yakou A R5612 12.8 0 0 0 0 0 3.8 42.0 0 37.8 3.6
Yakou C R5613 10.2 0 0 0 0 0 4.2 39.4 0 43.0 3.2
Yakou A R5614 16.8 0 0 0 0 0 3.2 38.2 0 39.0 2.8
Yakou C R5615 6.2 0 0 0 0 0 3.2 39.8 0 47.8 3.0
Wanan Bw R5620 13.0 0 0 0 4.4 14.2 0 42.2 7.6 16.2 2.4
Wanan Bw R5621 5.2 0.2 0 0 5.4 9.2 0 39.2 9.4 26.6 4.6
Wanan Bk R5622 4.6 14.4 0 0 1.2 16.0 0 36.8 1.2 23.8 2.0
Wanan Bk R5623 5.2 6.4 0 0 5.2 28.2 0 26.2 8.0 18.0 2.8
Wanan R R5624 0 0 0 0 5.6 45.2 0 24.6 4.4 17.8 2.4
Xiaoshan above R5627 21.2 0 0 0 0 0 2.4 35.6 2.4 31.8 6.6
Xiaoshan A R5638 29.4 0 0 0 0 0 3.6 30.6 3.4 28.8 4.2
Xiaoshan C R5629 22.8 0 0 0 0 0 4.2 32.8 3.2 31.6 5.4
Xiaoshan C R5630 22.4 0 0 0 0 0 5.4 33.2 3.6 31.2 4.2
Lushan above R5632 14.2 0 0 0 0 0 4.8 36.0 8.8 30.2 6.0
Lushan A R5633 19.2 0 0 0 0 0 7.2 36.0 7.0 27.0 3.6
Jeipan A R5634 27.6 0 0 0 0 0 2.4 29.4 13.0 23.2 4.4
Jeipan Bw R5635 23.0 0 0 0 0 0 2.2 31.8 16.2 23.0 3.8
Jeipan C R5636 3.6 0 0 0 0 0 3.8 33.8 26.0 26.6 6.2
Jeipan C R5637 4.4 0 0 0 0 0 4.6 27.8 29.6 28.2 5.4
Lushan A R5638 16.4 0 0 0 0 0 2.6 314 17.6 27.8 4.2
Lushan C R5639 16.4 0 0 0 0 0 2.6 30.0 26.4 20.6 4.0
Lushan C R5640 8.0 0 0 0 0 0 9.8 23.6 35.2 19.0 4.4
Xiaoshan A R5641 13.2 0 0 0 0 0 5.6 34.2 10.4 28.6 7.6
Xiaoshan A R5642 16.8 0 0 0 0 0 2.6 36.8 7.0 32.0 2.6

(continued on next page)
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Pedotype Hoz No. %clay  %ecalcite % thenardite = % gypsum % iddingsite = % pyroxene = %rock % feldspar % mica % quartz % opaque
Xiaoshan  C R5643 11.8 0 0 0 0 0 6.0 36.2 6.0 32.0 8.0
Xiaoshan C R5644 14.4 0 0 0 0 0 3.4 38.8 7.4 31.6 4.4
Xiaoshan  C R5645 8.2 0 0 0 0 0 9.2 38.6 6.2 32.0 5.8
Daquan above R5646 19.8 0 0 0 0 0 4.2 33.8 7.6 30.8 3.8
Daquan A R5648  26.6 0 0 0 0 0 4.6 32.8 2.6 28.8 4.6
Lushan A R5654 10.6 0 0 0 0 0 4.2 36.2 14.4 30.4 4.2
Lushan C R5655  10.2 0 0 0 0 0 13.0 38.8 5.4 28.2 4.4

In the FAO map classification (Food and Agriculture Organization,
1977; Food and Agriculture Organization, 1978) the soilscape of the
Bingmagou Formation had moderately developed Vertisols (Daquan),
and would represent a map code of Vc + Bg, Bk, Rd, Jd. The closest
modern match is map unit Vc47-3b + Bk, Bv, I, Le, in the valley near
Hama, Syria, under Mediterranean high steppe vegetation and sub-
tropical Mediterranean climate (Food and Agriculture Organization,
1977). At Hama, mean annual temperature is 18.2°C and mean annual
precipitation is 330 mm, and mean annual range of precipitation 73 mm,
with no precipitation for two summer months of July and August
(Merkel, 2020). The soilscape of the Yunmengshan Formation had
moderately developed Gypsic Yermosols (Hougou), and would represent
a map code of Yy + Vc, Bx, Bd, Jd, Bg. The closest modern match is map
unit Yy20-2/3a + I, Yk, in the valley near Ar Raqqah, Syria, under
temperate semidesert vegetation and subtropical semiarid Mediterra-
nean climate (Food and Agriculture Organization, 1977). At Ar Raqqah,
mean annual temperature is 18.6°C and mean annual precipitation is
179 mm, and mean annual range of precipitation 39 mm, with no pre-
cipitation for three summer months of July to September (Merkel,
2020). The soilscape of the Baicoping Formation was again dominated
by Vertisols (Wanghua), and would represent a map code of Vc + Bd, Jd,
for a return to conditions like map unit Vc47-3b + Bk, Bv, I, Le, near
Hama, Syria. The Beidajian Formation has a more limited array of soils
in more waterlogged conditions with Gleyic Cambisols (Jeipan) which
would represent a map code Bv-Rd, Jd, like Bv15-3b + L0, V¢, E, I, near
Nawa, Syria in Mediterranean subtropical semi desert (Food and Agri-
culture Organization, 1977). Nawa mean annual temperature is 25.4°C
and mean annual precipitation is 368 mm, and mean annual range of
precipitation 87 mm, with no precipitation for four summer months of
June to September (Merkel, 2020).

6.2. Original parent material

The two paleosols on bedrock below the Ruyang Group formed on
bedrock schist (Wanan) and basalt (Daheitan). These two profiles are not
especially thick, clayey, or deeply weathered, unlike other Precambrian
unconformity paleosols with thick saprolite and saprock (Holland, 1984;
Liivamagi et al., 2014). Both have common weatherable minerals:
iddingsite weathered from olivine, much plagioclase, and common py-
roxene remaining in the Wanan profile. The basalt of the Daheitan
profile, was not much older than the basal Yunmengshan Formation,
because a 3-m-thick basalt flow is 80 m higher within the Yunmengshan
is evidence of continued volcanism (Fig. 4B). The Archean schist
(3399-2511 Ma) of the Wanan profile is much older than the basal
Bingmagou Formation (<1949 Ma: Gao et al., 2006; Zheng et al., 2008;
Zheng et al., 2011), and its lack of deep saprolite or saprock may be due
to fluvial terrace incision (Retallack and Roering, 2012).

Parent materials of paleosols within the Ruyang Group were
quartzofeldspathic gravel and sand of alluvial fans and rivers draining
the North-China Archean craton. The proportion of quartz and domi-
nance of orthoclase is evidence that this was a largely granitic terrane,
and that schist or rift valley basalt represented below Wanan and
Daheitan profiles were not widespread in source areas. A similar prov-
enance is likely for the silt-dominated parts of the Ruyang Group, which
were delivered by wind rather than rivers (Section 5.1)
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6.3. Reconstructed sedimentary setting

The Ruyang Group was deposited in valleys on the southern slope of
North China craton, east of a rift valley filled with basalt of the Xiong’er
Group, which opened onto the sea to the current south (Hu et al., 2016),
as represented by limestones of the Guandakou Group (Fig. 1). Onlap
relationships of the Bingmagou Formation are evidence of paleotopo-
graphic relief of more than 500 m (Yue et al., 2018). Away from steep
slopes of the rift margin, most of the studied area was hill ranges of
granite and gneiss deformed during the Archean, and locally elevated by
block faulting flanking the Xiong’er Rift (Peng 2015).

Conglomerates of the Bingmagou Formation have been interpreted
as alluvial fans (Meng et al., 2018; Yue et al., 2018), and sandstones of
the Yunmengshan Formation represent alluvial coastal plains (Hu et al.,
2014). The steep channeled floodplains were in places softened by loess
(Section 5.1), which today has distinctive land forms best characterized
as “rolling downs” but with steep angle of repose of terraces and
erosional gullies near streams, because of their angular silt grains
(Zakrzewska, 1963). The shaley Baicaoping Formation was deposited in
coastal lakes and lagoons, but there is no clear indication of marine
influence until stromatolitic dolostones of the Beidajian Formation
(Zheng et al., 2012). Both Baicaoping and Beidajian gray shales have a
variety of organic walled microfossils conventionally interpreted as
marine plankton (Yin, 1997; Yin et al., 2005; Agic et al., 2017).

Red color, gypsum desert roses, and thenardite-lined vesicular
structure are evidence that most of the Ruyang Group paleosols were
freely drained, and drab mottles in the surface of the profiles due to
burial gleization are evidence that water ftable was not far below many
profiles (Retallack, 1991a). Within the alluvial plains, paleosols with
thick clayey surface horizons (Daquan), desert roses (Hougou), and deep
slickensides (Hongshi, Wanghua) show the least interruption by flood-
ing or other sedimentation, and thus formed on terraces or floodplains
distant from streams (Fig. 10). In contrast, sandy and gravelly paleosols
with common ripple marks and bedding (Yakou, Lushan, Xiaoshan) may
have formed closest to flooding stream channels. Paleosols between
these extremes (Jeipan) may have been at intermediate distances from
streams on alluvial levees. This leaves one kind of thin sandy paleosol
(Xiatang) which was not well drained and oxidized, nor associated with
alluvial facies. Xiatang profiles may have been coastal wetlands.

6.4. Time for formation

The time over which individual paleosols form gives information on
sediment accumulation rates of sequences of paleosols. Duration of soil
formation for Hougou palsosols can be calculated from a chronofunction
for modern aridland soils. Abundance of gypsum in a profile (G as %
surface area using comparison chart of Terry and Chilingar, 1955) is a
metric for age (A in kyrs) in the Negev Desert of Israel = 0.95,s.e. =
+15, and p < 0.01), as follows (Retallack, 2013).

A =3987G+5.774 5)

This gypsic chronofunction applied to 11 Hougou paleosols in the
Yunmengshan Formation (Table 6) gives durations of 66-105 + 15 kyr
at a level of 70 m to 26 + 15 kyr at a depth of 940 m. These Statherian
paleosols are thus strongly developed, in the usual scale in which Ho-
locene (up to 10 kyr) soils are moderately developed (Retallack, 2019b).
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Fig.6. Petrographic and chemical composition of moderately developed paleosols.
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Fig.7. Petrographic thin sections of paleosols (locations hown in Figs. 5 and 6): A, skelmasepic plasmic fabric in A horizon of Wanghua pedotype (R5572); B,
thenardite crystals (arrows) lining vesicles filled with birnessite in A horizon of Dawaling pedotype (R5557); C, claystone clast (arrow) and threadlike structures in A
horizon of Yakou paleosol (R5566); D, argillans and interconnected birnessite in A horizon of Hougou pedotype (R5583); E, halite casts (right one filled with clear
quartz) in A horizon of Jiepan pedotype (R5570); F, red claystone clasts (arrows) in breccia zone atop Dawaling pedotype (R5557), G, radiating pseudomorphs of

gypsum of desert rose in By horizon of Hougou pedotype (R5551).

This slowing of sediment accumulation rate in the Yunmengshan For-
mation was an interlude between more rapid sedimentation of alluvial
fans of the Bingmagou Formation and marine transgression of the Bai-
caoping and Beidajian Fomrtions which have much less developed
paleosols.

Another chronofunction developed for bedrock soils of the eastern
United States coastal plain (Markewich et al., 1990) derives soil age (A
in kyrs) from total profile clay = 0.94,s.e. = +12, and p < 0.01)

©

These calculations give 10,910 years for the Daheitan profile with
37.2 g.cm 2 clay and 14,798 years for the Wanan profile with 66.7 g.
em 3 clay.

A few millennia are likely for Dawaling, Daquan and Wanghua

A =0.136C +5.865
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paleosols with sedimentary structures obscured by cracking to depths of
up to 60 cm, and a century or less for Yakou, Lushan, Xiaoshan, and
Xiatang paleosols with clear relict bedding. These are maximal esti-
mates, because based on comparison with homogenization of bedding in
Pleistocene soils of the San Joaquin Valley, California (Harden, 1982),
which were more actively rooted and burrowed than likely for Sta-
therian soils.

6.5. Paleoclimate

Gypsic horizons are today found at depths in soils proportional to
mean annual precipitation (Retallack and Huang, 2010). Calcic soils are
widespread in aridlands, but gypsic soils form in extreme deserts such as
the Atacama Desert of Chile (Navarro-Gonzdlez et al., 2003; Ewing et al.,
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140 Table 4
120 Pedotypes and diagnosis for Mesoproterozoic red beds of Henan, China
1 Pedotype  Diagnosis USDA ( FAO CLASSIC ( AUSTRAL-
a 100 4 Soil (1977) Stace IAN (Isbell
c + Survey and FAO et al. 1996)
Y 801 Staff (1978) 1968)
E’- 60 | 2014)
- T Daheitan  Cracked Ochrept Dystric Lithosol Orthic
40 1 1 ferruginized Cambisol Tenosol
] basalt (A)
20 T over red
0 i . i : o, . clayey basalt
0 5 10 15 20 25 30 35 40 (Bw) and
. basaltic tuff
Diameter (mm) ©
Daquan Drab mottled Ochrept Chromic Red clay Brown
Fig.8. Diameters of desert roses in Hougou pedotype from 530 m in Yun- red siltstone Vertisol Vertosol
mengshan Formation in Wanghuazhuang section (Fig. 3B). The curve is a (A) over
computed normal curve for the same mean and standard deviation. slickensided
siltstone
. ) o . (Bw) and red
2008). For gypsic soils, another global compilation gives mean annua; bedded
precipitation from depth to gypsum (D, again compaction corrected: r siltstone (C)
=0.63,s.e. = £129, and p < 0.00001), as follows (Retallack and Huang, Dawaling  Red cracked Turbel Gelic Brown Dystric
2010). sandstone Cambisol Earth Tenosol
(A) over red
P = 87.593¢%02090, @ massive
sandstone
The gypsic climofunction applied to 11 Hougou paleosols after cor- (Bw) and red
recting for compaction using Eq. (2) gives paleoprecipitation of 120 + bedgetd
129 mm at a level of 70 m to 152 + 129 mm at a level of 940 m in the facr)l stone
Yunmengshan Formation (Table 6). This trend is not significant because Hongshi  Red cracked  Vertisol Chromic  Red clay Brown
the means and standard deviation for paleoprecipitation of all 11 pale- claystone (A) Vertisol Vertosol
osols are 132 4+ 9 mm. over deep
A very different result comes from another paleohyetometer appli- ::lﬁf:; i
cable to chemically analyzed paleosols is chemical index of alteration red claystone
minus potash, because of pervasive K-metasomatism (Novoselov and de (Bw) and
Souza Filho, 2015). The CIA-K (K) index of paleosol B horizons increases gray
with mean annual precipitation (P) according to Eq. (8) (Sheldon et al., Eac‘)‘ds“me
2 _ . . _
2002: r* = 0.?2, st.e. =+182,p < 0.00001, anq is derived from the well Hougou Red-green Gypsid Gypsic Solonchak  Brown
known chemical index of alteration (I) of Nesbitt and Young (1982) as a mottled Yermosol Sodosol
general proxy for the hydrolytic weathering by carbonic acid of feldspar sandstone
to clay. (A) over red
sandstone
= 100(mAL O5) ®) with large
" [(mALO3) + (mCa0) + (mNa,O) + (mK,0) | crystal casts
(By) and
bedded
0.0197.
P = 221" ©)] sandstone
e . (9]
. Mean e.mnual prec.1p1t.at10n predlctefi by CIA-K for Ruyang paleosols Jeipan Red-green Aquept Vertic Wiesen- Orthic
is much higher than indicated by gypsic depth (Table 6), between 822 mottled Cambisol  boden Tenosol
and 736 mm (Table 7). This unexpected degree of chemical weathering claystone (A)
may be due to acid sulfate weathering, evident from desert roses of over red
Hougou paleosols (Fig. 3B, D), but perhaps promoted by a similar ?g;i;o::d
microbiome of sulfur bacteria in other paleosols (Benison et al., 2008). gray
Acid-sulfate weathering is by strong sulfuric acid at pH around 3 sandstone
(Benison et al., 2007; Benison et al., 2008), unlike modern hydrolytic ©
weathering, which is the basis for CIA and CIA-K, by weak carbonic acid Lushan Red-green Fluvent Dystric Alluvial Stratic
mottled Fluvisol soil Rudosol

at pH 7 (Nesbitt and Young, 1982). Acid sulfate weathering is uncom- claystone (A)

mon and local today (Benison and Bowen, 2013; Benison and Bowen, over gray

2015) and in the Neoproterozoic (Retallack, 2020), but was widespread sandstone

in Archean paleosols (Retallack et al., 2016; Retallack, 2018; Retallack ©

and Mao, 2019; Retallack and Noffke, 2019). Wanan Rled A Calcid gaki; | Lithosol galce"ilc
Pedogenic paleothermometers based on modern soils of desert z:grs;(:;fm(”) ambise enoso

(Sheldon et al., 2002) and tundra vegetation (Oskarsson et al., 2012) are sandy

preferred to those based on modern woody vegetation (Gallagher and claystone

Sheldon, 2013). One of these predicts temperature (T in °C) from sz:;l’nctzglte

chemical index of weathering (W Eq. (10)), another base depletion hard pan

metric (Oskarsson et al., 2012), using Eq. (11) = 0.81, s.e. = £0.5°C, (Bk), and

p = 0.001). A second paleothermometer based on modern soils is alkali (continued on next page)
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Table 4 (continued)

Pedotype  Diagnosis USDA ( FAO CLASSIC ( AUSTRAL-

Soil (1977) Stace IAN (Isbell
Survey and FAO et al. 1996)
Staff (1978) 1968)
2014)

green-gray

pyroxenite

schist (C)

Wanghua  Green Vertisol Chromic Brown Brown
claystone (A) Vertisol clay Vertosol
over red
slickensided
claystone
(Bw), and
bedded red
siltstone (C).

Xiaoshan  Yellow Psamment  Dystric Siliceous Arenic
sandstone Regosol sand Rudosol
(A) over
bedded red
sandstone
©.

Xiatang Gray cracked  Aquent Dystric Humic Oxyaaquic
siltstone (A) Fluvisol gley Hydrosol
over bedded
gray
sandstone
©

Yakou Red Psamment  Dystric Earthy Arenic
sandstone Regosol sand Rudosol

with cracks
(A) over red
bedded
sandstone

©

index (Sheldon et al., 2002), predicts temperature (T in °C) from the
ratio of soda + potash/alumina (M as mole fraction) using Eq. (12) =
0.37, s.e. = 4.4°, p < 0.0001).

~ [(mALO3) + (mCa0) + (mNa,0) |
T = 021W— —893 an
T=—185M+17.3 12)

Both chemical proxies gives temperate mean annual temperature of
9.1 + 44°Cto 11.1 £ 0.5 °C for most of the paleosols, except Wanan
which gives different results for each paleobarometer (Table 7). Cool
temperatures are also compatible with CIA values of 64-73%, because
<65 is found in glacial-frigid climates and greater than 80 in tropical
climates (Nesbitt and Young, 1982). This result indicates non-analog
Mesoproterozoic climate, because paleomagnetic studies are evidence
of tropical paleolatitudes of <10° during deposition of the Ruyang
Group between 1740 and 1590 Ma (Zhang et al., 2009; Zhang et al.,
2012). Climate modelling of the Mesoproterozoic without polar ice caps
gives tropical temperatures of over 30°C at 1520 Ma (Liu et al., 2019).
Cooler tropical temperatures estimated here are compatible with
climate modelling from CO; levels in the Proterozoic atmosphere
(Kanzaki and Murakami, 2018b).

6.6. Life on land

Two independent metrics are evidence of microbial life in Ruyang
paleosols. Depletion of the essential micronutrient P in paleosols is one
indication (Neaman et al., 2005a; Neaman et al., 2005b), and tau
analysis (Egs. (3) and (4)) shows up to 16-59 % surficial depletion of
phosphorus (Fig. 9, Table 7). Marine sediments, in contrast, show little
change in phosphate with depth or enrichment in phosphate (Filippelli,
2011). A second indication of life in Hougou paleosols is depth to gypsic
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horizons, corrected for burial compaction (D,, calculated using Eq. (2))
as a proxy for soil-respired CO5 (R in ppm: Breecker and Retallack,
2014), using Eq. (12) (r? = 0.64; S.E. + 552; p < 0.05).

R =35.2D,+ 588 13)

Secondary productivity of COy controls the level at which soluble
salts can be precipitated in the soil, and like primary productivity
(Retallack and Huang, 2010), is also related to mean annual precipita-
tion (Eq. (6)). These values calculated for Ruyang paleosols are
1031-1521 + 552 ppm (Table 6), similar to modern microbial gas
production in desert soils (Breecker and Retallack, 2014).

A variety of megafossils have been reported from the Ruyang Group.
These include stromatolites: Luoyukouella, Lushanella, and Parashihsiella
from the marine-influenced Beidajian Formation (Tang et al., 2011).
Ruyangichnus in the Beidajian Formation (Yang and Zhou, 1995) is a
spiral ridge like the aquatic cyanobacterial or algal fossil Grypania (Han
and Runnegar, 1992). Putative trace fossils in the Beidajian Formation,
Changchengia, Torrowangea, and Squamodictyon (Yang and Zhou, 1995)
have also been interpreted as marine animal traces, but are more likely
folded mudcrack fills, rather than trace fossils (Zheng and Sun 2011).
Putative vermiform trace fossils cf. Rhysonetron in the Baicaoping For-
mation (Hu, 1997) are also like rolled and deformed mudcracks (Zheng
and Sun, 2011). These sand-filled cracks in claystone are not as bio-
logically significant as their trace fossil names imply, and are a feature of
Lushan paleosols (Fig. 2E). Deformation into spindles of a sort which
have been called Manchuriophycus, was aided by microbial mats (Cowan
and James, 1992). These high relief and overturned examples cases are
not subaqueous syneresis (McMahon et al., 2017; Lee et al., 2020).

Microbially induced sedimentary structures (MISS) are also guides to
microbial life in paleosols of the Ruyang Group, particularly Rivularites
repertus (Fig. 11B), a texture of complex intersecting wrinkles and
cracks, healed by suturing, as well as gaping (Retallack and Broz, 2020).
Rivularites repertus is not flexuous, with domes and detached flakes like
microbial mats (Noffke, 2010), but matches the biologically mediated
shrink-swell patterns of well drained microbial earths (Retallack,
2012a), otherwise known as biological soil crusts (Belnap et al., 2001).
Different varieties of MISS from the Ruyang Group represent known
variations of biological soil crust (Belnap, 2003), including smooth
(Tang et al., 2011, Fig. 6B; Zheng et al., 2016, Fig. 2A), rolling (Yue
etal., 2018, Fig. 8G), rugose (Zheng et al., 2016, Fig. 2B), and pinnacled
(Tang et al. 2011, Fig. 5F; Zheng et al., 2016, Fig. 4A). These four va-
rieties of biological soil crusts were also observed during our work
(Fig. 11).

Below the capping pebbly sandstone of the Dawaling profile dis-
cussed in the last section, thin sections reveal millimetric rounded ves-
icles. The original hollow nature of these is revealed by needles with the
orthorhombic form and other mineral properties of thenardite (NaSO4)
radiating into the cavity (Fig. 7B). The cavity is now filled by opaque
iron-manganese. Vesicular structure (Section 5.4; Fig. 7F) and Fe-Mn
rock varnish (Fig. 7C-D) are considered bubbles and precipitates
(respectively) of gas from soil microbes (McFadden et al., 1998). Iron-
and manganese-oxidizing bacteria are responsible for varnish minis-
tromatolites and vesicle fills, but microbiome studies of these structures
in modern soils show that they have a great diversity of bacteria and
fungi (Taylor-George et al., 1983; Palmer et al., 1986; Lebedeva et al.
2019).

The exact nature of microbes in paleosols of the Ruyang Group is
unknown, but some clues and an evolutionary perspective come from
organic microfossils in lacustrine shales of the Ruyang Group, (Yin,
1977; Yin et al., 2005; Yin and Yuan, 2007; Li et al., 2012; Pang et al.,
2015; Agic et al., 2017). Filament sheaths may have been cyanobacteria,
and large ornamented spheres (such as Dictyosphaera) have been
considered planktonic algae (Meng et al., 2005; Agic et al., 2017), but
fungal affinities have been proposed for both Tappania with hyphal ex-
tensions (Retallack, 2015b), and chains of Arctacellularia (Hermann and
Podkovyrov, 2008). These microfossils are in marine or freshwater
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Fig.9. Tau analysis of Mesoproterozoic paleosols of the Ruyang Group.

aquatic shales in the Baicaoping and Beidajian Formations, but prove
that these groups had evolved by the Statherian. Cyanobacteria, uni-

cellular algae, and fungi now thrive on land in biological soil crusts
(Belnap et al., 2001).

6.7. Atmospheric carbon dioxide

Paleosols of the Ruyang Group show evidence of hydrolytic weath-
ering by carbonic acid, so that the moles of CO2 used to displace alkali
and alkaline earths during weathering assessed by tau analysis (Egs. (3)
and (4)) can be applied to calculate soil COy (ppm) using the paleo-
barometer of Sheldon (2006), as follows.

F
pCO,=—F—— 14
A h%f +K D(‘Zz “J
C' Z=Dj v
JP
F=23_ PrT00 ﬂ:o w92 1s)

Variables needed for these calculations are F (mol COZ.cm’2) =
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summed molar mass transfer loss of CaO, MgO, NazO and K20 through
the profile using Eq. (14); p (g.cm™3) = bulk density of parent material;
Cjp (weight %) = chemical concentration of an element (j) in parent
material (p); 7j, (mole fraction) = mass transfer of a specified (j)
element in a soil horizon (w); Z (cm) = depth in soil represented by
analysis corrected for compaction using Eq. (2); A (years) = duration of
soil formation calculated here, in part using Eq. (5); Kgoz (mol./kg.bar)
= Henry’s Law constant for CO5 (=0.034, range 0.031-0.0045); P (cm)
= mean annual precipitation calculated here using Eq. (8); « (s.cm®.
(mol.year) 1) = seconds per year divided by volume per mole of gas at
standard temperature and pressure (=1430); Dco2 (cmz.s’l) = diffusion
constant for CO; in air (=0.162); « (fraction) = ratio of diffusion con-
stant for COs in soil divided by diffusion constant for CO; in air (=0.1,
range 0.08-0.12); L (cm) = original depth to water table (after decom-
pacted using Eq. (2)). Each one of these variables has its own error, and
total error was calculated using Gaussian error propagation in quadra-
ture (Hughes and Hase, 2010). The final value is a likely overestimate for
atmospheric CO3, because of respired CO», which in desert soils today is
commonly 1000-2000 ppm (3-7 PAL: Breecker and Retallack, 2014),
and in modern tropical soils up to 104,000 ppm (371 PAL: Matsumoto
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Fig.10. Reconstructions of Mesoproterozoic paleosols of the Ruyang Group.

et al., 1997). Depth to gypsic horizon corrected for burial compaction in
the Ruyang Group gives 1031-1521 + 552 ppm CO-, of biological pro-
ductivity for the paleosols using Eq. (13). This low but significant level
of respired CO, in the paleosols inferred from compaction-corrected
depth to Bk, and other evidence for respiring microbial life in the
paleosols (Section 6.6), implies that we overestimate atmospheric CO2
by the respired amount. There is also some uncertainty concerning the
fraction of COy present that reacted as acid, implying ours are un-
derestimates of CO5 (Sheldon et al., 2021). This effect is included in
error estimates using temperature-dependent laboratory diffusion con-
stants and other parameters (Sheldon, 2006).

Only a few paleosols of the Ruyang Group are appropriate for this
analysis (Table 8), because paleosols with common evaporite minerals
formed in part by strong sulfuric acid weathering (Benison and Bowen,
2013) rather than dilute carbonic weathering on which the formulation
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is based, and other paleosols are not strongly enough developed to
reflect atmospheric composition (Sheldon, 2006). The results for soil
CO; consumption are 1741-20,562 ppm or 6-73 times preindustrial
level (PAL), consistent with a theoretical envelope (Fig. 12) of green-
house gas required to offset a faint young sun (Kasting, 1987; Kanzaki
and Murakami, 2018b). Also comparable is a Paleoproterozoic (2.1 Ga)
estimate of atmospheric CO2 of 6440 + 194 ppm or 23 PAL (Sheldon,
2006) using the same model for the Waterval Onder paleosol (Retallack
et al., 2013), 11480 + 6050 ppm for the 2.69 Ga Alpine Lake paleosol
(Driese et al., 2011), 1421 £+ 552 ppm for the 1.1 Ga Sturgeon Falls
paleosol (Mitchell and Sheldon, 2010). and a different model yielding
1500-9000 ppmv (5-32 PAL) CO; for the Archean (3.0 Ga) Jerico Dam
paleosol of South Africa (Grandstaff et al., 1986). From this perspective,
a recent calculation of 564 + 46 ppm or 2 PAL CO, for a 1.9 Ga paleosol
from the Stirling Range Quartzite of Western Australia (Retallack and
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Table 5

Interpretation of pedotypes for Mesoproterozoic red beds of Henan, China
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Pedotype Paleoclimate Ecosystems Parent Material Palaeotop- Time for formation
ography (yrs)
Daheitan Subhumid (769 + 182 mm MAP), temperate 10.9 + 4.40C Microbial earth Basalt flow Bedrock terrace 10,910 + 12,000
MAT), seasonally dry
Daquan Subhumid (846 + 182 mm MAP), temperate 8.2 + 4.40C Microbial earth Quarztofeld-spathic Alluvial terrace 2000
MAT), seasonally dry silt
Dawaling  Subhumid (783 + 182 mm MAP), temperate 10.9 + 4.40C  Manganese oxidizing bacteria of Quarztofeld-spathic Alluvial terrace 1000
MAT), seasonally dry microbial earth silt
Hongshi Subhumid (785 + 182 mm MAP), temperate 10.7 + 4.40C  Microbial earth Quarztofeld-spathic Low alluvial 2000
MAT), seasonally dry silt terrace
Hougou Arid (120-152 mm MAP), temperate 10.6 + 4.4°C MAT) Manganese oxidizing bacteria of Quarztofeld-spathic Near-stream 26,000-106,000
microbial earth sand levee
Jeipan Subhumid (736 + 182 mm MAP), cool temperate 9.9 + Microbial earth Quarztofeld-spathic Near-stream 500
4.40C MAT), seasonally dry silt levee
Lushan Not diagnostic for climate Microbial earth Quarztofeld-spathic Near-stream 100
silt levee
Wanan Subhumid (822 + 182 mm MAP), warm temperate 15.2 + Microbial earth Pyroxenite schist Well drained 14,798+12,000
4.40C MAT), seasonally dry terrace
Wanghua  Subhumid (685 + 182 mm MAP), cool temperate 8.6 + Microbial earth Quarztofeld-spathic Near-stream 2000
4.40C MAT), seasonally dry silt levee
Xiaoshan Not diagnostic for climate Microbial earth Quarztofeld-spathic Near-stream 100
sand levee
Xiatang Not diagnostic for climate Microbial earth Quarztofeld-spathic Near-stream 100
sand levee
Yakou Not diagnostic for climate Manganese oxidizing bacteria of Quarztofeld-spathic Near-stream 100
microbial earth sand levee
Table 6
Petrographic and chemical composition of moderately and weakly developed paleosols.
Location Coordinates (°N.W) Lev-el Age Depth to By  Thick-ness Cryst-al Crystal Burial depth  MAP Time Soil CO,
(m) (Ma) (cm) By (cm) size (cm) density (%) (km) (mm) (kyr) (ppm)
Hongshi 35.42949, 940 1732 19 9 0.9 5 5.600 152 26 1521
113.35825
Wanghua  33.78270, 939 1732 14 13 0.8 9 5.599 132 42 1226
112.66037
Nanchan 35.51641,113.51419 930 1732 18 14 0.8 10 5.590 148 46 1462
Wanghua  33.78455, 890 1735 13 9 1.2 12 5.550 128 54 1165
112.66012
Wanghua  33.78452, 870 1737 13 17 2 15 5.530 128 66 1165
112.65907
Hongshi 35.42798, 840 1739 14 10 0.6 4 5.500 131 22 1223
113.35699
Hongshi 35.42798, 839 1739 13 11 0.7 4 5.499 128 22 1164
113.35699
Wanghua  33.78927, 560 1759 13 9 0.8 10 5.220 127 46 1158
112.65822
Wanghua  33.79020, 530 1761 14 13 1.5 20 5.190 131 86 1215
112.65275
Daheitan ~ 33.79776, 70 1794 14 10 3 25 4.730 130 105 1203
112.63534
Daheitan 33.79776, 70 1794 11 9 1 15 4.730 120 66 1031
112.63534
Table 7
Paleoclimate inferred from chemical composition of Ruyang Group paleosols, China
Location Pedotype Coordinates (N.W) Level (m) Age (Ma) MAP (mm) CIA-K MAT Calkali MAT C-CIW CIA (%) Tau P (mole fraction)
Wanghuazhuang Jeipan 33.77592, 112.66504 1980 1657 736 9.9 11.4 70 -0.35
Wanghuazhuang Wanghua 33.78102, 112.66504 1970 1658 685 8.6 11.0 66 0.06
Wanghuazhuang Hougou 33.79016, 112.65271 1200 1713 793 10.6 11.1 69 —0.16
Wanghuazhuang Hongshi 33.79444, 112.6369 1160 1716 785 10.7 11.8 73 0.59
Wanghuazhuang Dawaling 33.79479, 112.63729 820 1740 783 10.9 11.0 72 —0.50
Wanghuazhuang Hougou 33.79776, 11,263,534 740 1746 741 9.1 11.1 69 -0.16
Wanghuazhuang Daheitan 33.79879, 112.63475 670 1751 769 10.9 11.0 71 —0.23
Wananshan Daquan 34.50724, 112.62098 350 1774 846 8.2 7.4 64 0.07
Wananshan Wanan 34.50028, 112.62179 0 1799 822 15.2 4.7 64 —0.43

Mao, 2019) now seems too low, and may have been compromised by
acid-sulfate weathering evident from gypsum pseudomorphs in the
profile. Soil COy is higher than atmospheric CO; because of soil

respiration (Paw et al., 2006; Elberling et al., 2011). Although Sheldon
et al. (2021) assumed zero soil respiration in order to simplify CO es-
timates, many lines of evidence now support low but significant
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Fig. 11. MISS of the Yunmengshan Formation associated with mudcracks comparable with the modern biological soil crust classification as (A) smooth, (B) rolling,
(C) rugose, and (D) pinnacled: A, surface of Yakou pedotype at 550 m in Fig. 4B; B, surface of Hougou pedotype at 470 m in Fig. 4B; C, surface of Dawaling pedotype

at 511 m in Fig. 4B; D, surface of Hougou pedotype at 125 m in Fig. 4B.

Table 8

Atmospheric CO, and O, inferred from paleosols of the Ruyang Group, China
Pedotype Coordinates (°N.W) Level (m)  Age (Ma) MAP (mm) Format-ion (yrs) Depth (cm) CO, (ppm) CO, (PAL) O, (ppm) 0O, (PAL)
Wanghua 33.78102, 112.66504 1025 1700 689 8000 203 1741 + 818 6+3 16623 + 87 0.08 + 0.004
Daheitan 33.79879, 112.63475 670 1751 769 10,910 218 11853 + 187 42 +1 1025 + 110 0.005 + 0.0005
Daquan 34.50724, 112.62098 350 1774 846 2000 115 5569 + 23 20 + 0.08 2455 + 38 0.01 £ 0.0002
Wanan 34.50028, 112.62179 0 1799 438 14,798 110 20562 + 676 73+3 318 + 295 0.002 + 0.001

Precambrian soil biomass and respiration (Neaman et al.,, 2005a;
(Neaman et al., 2005b; Retallack et al., 2013; Retallack et al., 2016;
Retallack and Mao, 2019).

A different model based on thermodynamics of reconstructed soil
minerals by Kanzaki and Murakami (2015) gives higher Paleoproter-
ozoic values (vertical dashed bars in Fig. 12), better aligned with the
need for greenhouse gasses to offset the faint young sun (Catling and
Kasting 2017). However, in addition to the assumptions about original
mineralogy, the Kanzaki and Murakami (2015) results are higher than
calculations here because based on temperature of 15°C rather than
9-11°C (Section 6.5), and on dissolution kinetics determined in even

20

warmer laboratory settings (Sheldon et al., 2021). Kanzaki and Mur-
akami (2018a) and Kanzaki and Murakami (2018b) further refine their
model and propose that both their and Sheldon’s (2006) model define an
envelope of possibilities for a cool Proterozoic climate. CO, data for the
past 600 Ma in Fig. 12A are from a separate theoretical mass balance
model of Berner (2006).

Paleoproterozoic CO, concentrations<10 PAL are suspect because
greenhouse gases are needed to maintain temperate paleotemperatures
given a young sun 18-5 % more faint than now over the course of the
Proterozoic (Fiorella and Sheldon, 2017). No special pleading is needed
for our maximal determinations of atmospheric CO, here (Table 8)
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Fig.12. Atmospheric O, and CO, inferred from paleosols of the 1749-1561 Ma Ruyang Group (open symbols) compared with other Precambrian paleosols (1 =
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balance model of Berner (2006).

which fall within the envelope needed for greenhouse warming
(Fig. 12), but there are other explanations for temperate Proterozoic
paleoclimates, even at the equator, which seems to be the case for the
Ruyang Group (Zhang et al., 2009; Zhang et al., 2012). There may have
been other greenhouse gases, including water vapor, CH4, CoHg, SOo,
and COS (carbonyl sulfide: Kasting and Kirschvink, 2012; Ohmoto et al.,
2014). An atmosphere with three times the current mass of Ny and 10%
Hy may have created an adequate greenhouse (Wordsworth and Pier-
rehumbert, 2013), but most Hy would have been converted to CH4 by
methanogenic microbes or escaped to space before the Proterozoic
(Catling and Kasting, 2017). Overall atmospheric pressure is another
constraint, estimated for the late Archean (2.7 Ga) as <1.1 bars judging
from size of raindrop prints (Som et al., 2012), and no greater than 0.5
bars judging from basaltic vesicle sizes at sea level (Som et al., 2016).

6.8. Atmospheric oxygen

Paleosols of the Ruyang Group are also a guide to soil exposure to Oo,
and thus partial pressure of atmospheric O3 (pO; in atmospheres). This
can be done by modifying the method of Sheldon (2006), using inte-
grated whole profile oxidation of iron and manganese instead of base
loss, by Eq. (15) below.
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Variables needed for these calculations are F (mol Oj.cm™2) =
summed molar mass transfer gains of Fe;O3 and MnO through the
profile using Eq. (10); pp (g.cm™2) = bulk density of parent material; Cip
(weight %) = chemical concentration of an element (j) in parent mate-
rial (p); 7,j,w (mole fraction) = mass transfer of a specified (j) element in a
soil horizon (w); Z (cm) = depth in soil represented by analysis corrected
for burial compaction using Eq. (1); A (years) = duration of soil for-
mation calculated here using Eq. (5); Ko, (mol./kg.bar) = Henry’s Law
constant for O (=0.00125, range 0.0012-0.0013 from Aachib et al.,
2004); P (cm) = mean annual precipitation calculated here using Eq. (8);
k (s.cm®/mol.year) = seconds per year divided by volume per mole of
gas at standard temperature and pressure (=1409); Do, (cmz/s) =
diffusion constant for O in air (=0.203 at 20°C, range from 0 to 40°C is
0.179-0.227 from Denny, 1993); a (fraction) = ratio of diffusion con-
stant for O, in soil divided by diffusion constant for O in air (=0.2,
range 0.09-0.32 from Aachib et al., 2004); L (cm) = original depth to
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water table (after decompacted 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. Each one of
these variables has its own error with total error calculated by Gaussian
error propagation (Hughes and Hase, 2010). This method gives precise
errors, but that does not mean they are realistic: true errors may be
closer to those derived from sensitivity analyses (Sheldon, 2006).

Unlike comparable Oy demand equations of Holland and Zbiunden
(1988), this approach includes bulk density, paleoprecipitation, dura-
tion of formation, decompacted thickness, and other constants analo-
gous with Sheldon’s (2006) formulation for CO5 (Eq. (14)). Anaerobic
microbial of Mn and Fe requires light as a catalyst and waterlogging, as
in banded iron formations (Konhauser et al., 2017; Daye et al., 2019),
unlike the crack patterns (Section 5.6) and sand crystals (Section 5.7)
deep within Ruyang paleosols. Nor is a primary carbonate pathway
facilitating Mn-enrichment (Wittkop et al., 2020), likely in non-
calcareous paleosols. Formation of oxidized rock varnish (Section 5.5)
is possible in illuminated but anaerobic conditions (Daye et al., 2019),
but the method used to estimate Oy demand here integrates whole
profile oxidation, not just surficial crusts. Significant microbial oxida-
tion of Mn and Fe without free oxygen is unlikely considering fungi,
cyanobacteria and other aerobic microbes inferred for paleosols and
associated lacustrine palynomorphs of the Ruyang Group (Section 6.6).
Abiotic and biotic components to overall oxidation of sediments are
complex today (Learman et al., 2011), and will be challenging to
incorporate in paleosol redox models.

Results for the Ruyang Group (Table 8) are 318-16,623 ppm, which
is 0.03-1.6 %, or 0.002-0.08 PAL O,. Soil O is lower than atmospheric
O3, sometimes by a little in well drained soils (Paw et al., 2006), and
sometimes by a lot in waterlogged soils (Vepraskas and Sprecher, 1997;
Elberling et al., 2011). The reason for this is soil respiration, which was
not zero in our paleosols because of phosphorus depletion and By depth
(Section 6.6). Thus, the highest values in the reddest paleosols are a
better reflection of atmospheric Oy. Our calculations for paleosols fall
within the theoretical range needed (>0.001 PAL) for oxidation of red
beds (Kump, 2008; Kump, 2014) and also low O3 (<0.4 PAL) encour-
aging sulfide in anoxic Proterozoic oceans (Canfield, 2005). These
peculiar Proterozoic oceans are sometimes called “ferruginous oceans”
(Poulton and Canfield, 2011), but ferruginous literally means brown in
Latin, and is widely used in soil science to describe red or rust colors (Pal
et al., 2014). Better names for these odd Proterozoic oceans are “ferrous
ocean” (Mikucki et al., 2009) or “Canfield Ocean” (Buick, 2007). Our
estimates of Oy are also compatible with minima indicated by a variety
of Proterozoic paleosols (Rye and Holland, 1998). Also within theoret-
ical range is an estimate of 433 ppm (0.002 PAL) O, for a 1.9 Ga paleosol
from the Stirling Range Quartzite of Western Australia (Retallack and
Mao, 2019). These values are much greater than for Archean paleosols
(Fig. 11: Grandstaff et al., 1986; Mukhopadhyay et al., 2014). Data for
the past 600 Ma in Fig. 12A is from the mass balance model of Berner
(2006).

Among other estimates of Proterozoic atmospheric oxygen from
marine proxies, such as chromium isotopes in marine shales are con-
tradictory: <0.001 PAL O; from 1800 to 800 Ma (Planavsky et al.,
2014), <0.01 PAL O, from 1600 to 1000 Ma (Cole et al., 2016), but more
than 0.01 PAL O, from 1459 to 1108 Ma (Canfield et al., 2018). These
discrepancies may be from geographic and temporal redox variation in
marine shales which formed at varying distances from the atmosphere
(Lyons et al., 2014; Diamond et al., 2018). Our result of 0.002-0.08 PAL
O, (Table 8) is above requirements for eukaryotic cells (0.002 PAL).
Only our basal paleosol falls below the requirement for invertebrate
animals (0.005-0.04 PAL). Our uppermost paleosol is above re-
quirements for vertebrates (0.05 PAL), and permanent human settle-
ments at high altitude (0.07 PAL: Peacock, 1998; Mills et al., 2014). Our
results contradict studies which have linked the rise of metazoa to Late
Neoproterozoic atmospheric and ocean oxygenation (Boag et al., 2018;
Cole et al., 2020). Furthermore, our measured P-depletion (Fig. 9A;
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Table 7) and depth to By (Table 6) in these late Paleoproterozoic to early
Mesoproterozoic paleosols are comparable with those measured in
Ediacaran (Retallack, 2012b), Ordovician (Retallack, 2015c¢), and arid-
land Miocene paleosols (Retallack, 2012b; Retallack, 2015c¢), suggesting
that microbial exploitation of soils and soil respiration were non-zero for
all that time. Some studies have assumed that low isotopic or abundance
ratios over long periods of time reflect long term anoxia (Cole et al.,
2016, Canfield et al., 2018), but perhaps redox instability was more
important in hindering metazoan evolution (Johnston et al., 2012).
Paleosols can individually give estimates of atmospheric oxygen, and
may in future reveal such instabilities, such as the spread of estimates
from the Ruyang Group (Table 8). Our results support the conclusion of
Mills et al. (2014), that “the origin and earliest evolution of animal life
on Earth was not triggered by a rise of atmospheric and marine oxygen
in the Neoproterozoic Era.... Instead, other ecological and develop-
mental processes are needed to adequately explain the origin and
earliest evolution of animal life on Earth.”

7. Conclusions

Paleosols of the Ruyang Group (1749-1561 Ma) in central China
formed at the outset of the so called “boring billion” (1800-800 Ma) of
Paleoproterozoic to Mesoproterozoic time. Marine rocks of that age are
monotonous sulfidic shaley facies, but terrestrial facies and paleosols
were as varied and colorful as Phanerozoic paleosol sequences. Distinct
associations of named pedotypes were found in alluvial fan facies of the
Bingmagou Formation, in fluvial facies of the Yunmengshan Formation,
in coastal plain facies of the Baicaoping Formation, and in the coastal to
intertidal Beidajian Formation. Hyperarid paleoclimate was cool
temperate. The paleosols were alive with iron- and manganese-fixing
bacteria that created desert varnish and vesicular structure, as well as
sulfur-oxidizing bacteria creating desert roses of gypsum. Combined
atmospheric and soil CO2 mean levels experienced during weathering
can be calculated from mass balances as 1741-20,562 ppm (6-73 times
preindustrial level or PAL) of atmospheric CO,, consistent with the
amount needed for a greenhouse effect to offset a faint young sun. A
similar model indicates no more than 318-16,623 ppm (0.002-0.08
PAL) O,. This was more than enough to support animals, as much as a
billion years before they evolved for reasons other than atmospheric
oxidation.
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