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Although continental weathering intensity has been invoked as a primary control on biogeochemistry,
tectonics, and the carbon cycle throughout geologic history, it remains poorly quantified over Earth’s his-
tory. As a direct product of continental weathering, paleosols (fossil soils) offer unique insight into past
weathering intensity, but they remain underused in efforts to constrain terrestrial weathering patterns
over geologic time. Here, we compile the largest terrestrial weathering record to date, comprising 248
paleosol and weathering profiles that span three billion years. We analyze a suite of weathering indices
to test common hypotheses around state-changes in terrestrial weathering intensity due to atmospheric
changes and terrestrial biosphere expansion. Contrary to commonly invoked assumptions, we find that
these weathering indices reflect consistent average terrestrial weathering intensity through time. No uni-
directional state changes in average weathering intensity, as have previously been hypothesized, are
detectable in the record. However, Phanerozoic paleosols preserve an increase in the total range of
Chemical Index of Alteration (CIA) values, with the increased CIA range driven by the appearance of
high-CaO paleosols. We compare the paleosol weathering record to weathering intensities recorded by
select fluvial sandstones and diamictites.
We interpret the overall stability of the continental weathering record as reflecting the baseline level of

weathering from which the Earth system deviates during periods of perturbation (i.e., major climate tran-
sitions, rapid tectonic activity). With consistent weathering intensity over geologic timescales, the record
supports subaerially-emerged continental area as a critical control on total potential erosional flux and
nutrient flux to the oceans. The paleosol community should work to build an even more complete data-
base of paleosol geochemistry to allow more nuanced analyses of terrestrial weathering through time.
� 2022 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Subaerial weathering of continents has been invoked as both a
cause and consequence of multiple major biogeochemical transi-
tions throughout geologic time, as outlined below (see
Figs. 1 and 2b for periods of interest). However, how the intensity
and style of weathering changed remains poorly understood due to
a relative dearth of direct evidence. Marine sediment geochemical
records can reflect terrestrial weathering (e.g., Fedo et al., 1996;
Blum et al., 1998; Bahlburg and Dobrzinski, 2011; von
Strandmann et al., 2021) and provide useful proxies for the timing
and magnitude of continental weathering and erosion, but as the
sediment sink, they are limited in their ability to reflect surface
conditions directly. Marine records containing terrigenous sedi-
ments are also affected by (bio)geochemical processes in the water
(A) Generalized evolution of atmospheric composition, with pCO2 from multiple s
rakami, 2015; Planavsky et al., 2018) and pO2 in orange (Lyons et al., 2014). Modifi
ntal weathering and pedogenesis through time. (C) Generalized climatic and tecto
roximate durations of supercontinents (Domeier et al., 2018; Pastor-Galán et al., 2
proximate the duration of major glaciations.
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column that can, in turn, be affected by rates of continental weath-
ering and erosional fluxes. Disentangling terrestrial signals from
marine water column geochemistry, as well as from post-
depositional alteration signals, is crucial for understanding the
co-evolution of the terrestrial geosphere, marine biosphere, and
the atmosphere. To help clarify the terrestrial weathering signal
through time, continental weathering intensity can be directly
quantified using the rock record of in situ weathering products
(i.e., paleosols and weathering profiles), and more indirectly
through fluvial sandstones which, like detrital shales and marine
basin drainage formations records (e.g., Hessler et al., 2017), can
record a basin-wide weathering intensity signal. Finally, improving
understanding of the terrestrial weathering on Earth may improve
our ability to accurately and confidently interpret similar types of
weathering records on Mars.
ources (Kasting, 1993; Berner, 2006; Sheldon, 2006a,b; Driese et al., 2011; Kanzaki
ed from Sheldon et al. (2021). (B) Major terrestrial biological innovations relevant to
nic contexts to consider as factors for weathering intensity through time. Gray bars
019), red dots are LIPs with erupted volumes >1 Mkm3 (Ernst et al., 2021), and blue



Fig. 2. (A) Cartoon representation of the general distribution of paleosols and weathering profiles included in this dataset through time. (B) CIA in paleosols and weathering
profiles (individual samples) through time, with samples with CaO > 5 % marked by hollow orange circles (Sheldon et al., 2002; Prochnow et al., 2006). Sandstones are
excluded from this plot. General periods where changes in continental weathering intensity have been posited are highlighted in yellow (i.e., the Great Oxygenation Event,
Neoproterozoic glaciations, and the evolution of the terrestrial biosphere). (C) Semi-quantitative schematic depicting the appearance of soil orders (as defined by modern
USDA soil taxonomy) in geologic time (based on Retallack 2001). Soil order names in italics have few samples in the present compilation, so their appearances are inferred
based on known terrestrial biosphere evolutions. Soil order names in italics and parentheses (Vertic) represents a designation made in the literature that remains debated.
Only soil orders commonly found in the rock record are included.
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1.1. Continental weathering, erosion, and biogeochemical transitions
through time

Continentally derived sediments are the main source of nutri-
ents (e.g., P, Fe) for the marine biosphere, and several key biogeo-
chemical transitions in Earth’s history have been linked to changes
in the intensity and magnitude of continental weathering. Conti-
nental weathering would have begun when continents first
emerged and were permanently exposed to the atmosphere
between ca. 3.3–2.5 Ga (billion years) ago (see Korenaga 2018
and refs. therein; Buick et al., 1995; Chowdhury et al., 2021;
Wang et al., 2021). As atmospheric oxygen increased during the
Neoarchean and Paleoproterozoic (Fig. 1a), the dominant weather-
ing regime shifted from abiotic CO2 acid weathering to both oxida-
tive and acid weathering (e.g., Anbar et al., 2007; Reinhard et al.,
2009; Kendall et al., 2015; Somelar et al., 2020; Lipp et al., 2021;
Sheldon et al., 2021; Sheldon, 2013). Throughout the Proterozoic,
continental weathering-derived fluxes (e.g., C, Fe, P) from the con-
tinents are thought to have contributed to changing ocean chem-
istry and shifted nutrient limitation (e.g., Anbar and Knoll, 2002;
Berner, 2004; Lenton and Watson, 2004; Mills et al., 2011; Sahoo
et al., 2012; Lyons et al., 2014; Cermeño et al., 2015; Laakso
et al., 2020).

Continental weathering during the Neoproterozoic has been
invoked as a driver of several critical biological and geochemical
changes in Earth’s history, including the rise of atmospheric oxy-
gen and the evolution of animal life (e.g., Donnadieu et al., 2004;
378
Lenton and Watson, 2004; Halverson et al., 2009). The Neoprotero-
zoic saw global glaciations, the formation and breakup of super-
continents, and potential oscillations in atmospheric composition
(Carver and Vardavas, 1994; see Och and Shields-Zhou, 2012 for
review), all of which can be tied to weathering, erosion, and
terrestrial-to-marine nutrient fluxes. In particular, weathering-
driven fluxes of P have been hypothesized as a control on marine
productivity, oxygenation, climate, and atmospheric composition
(Donnadieu et al., 2004; Campbell and Squire, 2010; Planavsky
et al., 2010; Mills et al., 2011; Och and Shields-Zhou, 2012;
Brocks et al., 2017; Reinhard et al., 2017; Reinhard et al., 2020).
But constraining that critical P flux depends, in part, on quantifying
terrestrial weathering, the style of which may have changed dra-
matically in the early Phanerozoic with the rise of rooting terres-
trial vegetation.

The evolution of rooting by vascular land plants in the Devonian
(Fig. 1b) and a resulting change in weathering intensity has been
hypothesized as a driver of change in oxygenation and climate,
ultimately culminating in the late Paleozoic ice age (e.g., Algeo
et al., 1995; Algeo and Scheckler, 1998; Berner, 1998; Lenton,
2001; Lenton and Watson, 2004; Porada et al., 2016; D’Antonio
et al., 2020; Davies et al., 2021). Additionally, changes in fluvial
geomorphology resulting from rooting by land plants and conse-
quent shifts in sediment supply could have influenced erosional
fluxes beginning around this time (e.g., Davies and Gibling, 2010;
Davies et al., 2021; see Algeo et al., 1995, Gurnell, 2013, Pawlik
et al., 2020, and Ielpi et al., 2022 for reviews).



R.M. Dzombak and N.D. Sheldon Gondwana Research 109 (2022) 376–393
In the Cenozoic, links between the rate of continental silicate
weathering and a cooling climate have been proposed, but whether
weathering causes cooling or vice versa remains debated (e.g.,
Molnar and England 1990; Raymo and Ruddiman, 1992;
Willenbring and von Blanckenburg, 2010; Caves et al., 2016). Links
between Cenozoic erosion and marine productivity have also been
proposed (e.g., Cermeño et al., 2015). Finally, the emplacement of
large igneous provinces (LIPs; Fig. 1c) and formation of volcanic
arcs have been invoked as drivers for weathering rate increases
and climate changes via CO2 release versus drawdown (e.g.,
Cohen and Coe, 2002; Lee et al., 2015; Cox et al., 2016; Sternai
et al., 2019; Park et al., 2020; Gernon et al., 2021; Longman et al.,
2022) because they represent relatively large pools of easily
weatherable materials (e.g., Dessert et al., 2003); however, more
data are needed to quantify the relationship between these events,
soil formation, and global average weathering intensity. Despite
the central role continental weathering plays in many fundamental
questions around climate, tectonics, and the biosphere, weathering
intensity through time remains poorly understood, with an imbal-
ance of data and analysis between the sources (i.e., paleosols, ter-
restrial sediments) and sinks (i.e., shales, from which the source is
commonly inferred).

1.2. Quantifying continental weathering

Efforts to constrain and quantify continental weathering
through time have typically focused on several tools: mass-
balance and kinetic modeling approaches based on sedimentology,
mineralogy, and atmospheric composition (e.g., Francois and
Walker, 1992; Rye and Holland, 1998; Murakami et al., 2004;
Berner, 2006; Fabre et al., 2011; Lyons et al., 2014; Kendall et al.,
2015; Hao et al., 2017, 2020); Sr and Nd isotopes (e.g., Brass,
1975; Martin and Macdougall, 1995; Blum et al., 1998; Theiling
et al., 2012; Bayon et al., 2021); weathering indices such as CIA
and clay mineralogy in shale and glacial records (Kelly et al.,
2005; Fedo et al., 1996; Bahlburg and Dobrzinski, 2011; Gaschnig
et al., 2014; Lipp et al., 2021; von Strandmann et al., 2021); and
most recently, efforts using large community-built datasets such
as MacroStrat and the Sedimentary Geochemistry and Paleoenvi-
ronments Project (Peters et al., 2018; Farrell et al., 2021; Lipp
et al., 2021). The growing use of community databases of terrestrial
geochemistry is an exciting step for the field, but paleosols and
weathering profiles with elemental rather than only isotopic data
struggle to hold attention due to their low numbers compared to
other terrestrial sediment types. Despite their relatively small con-
tribution to the overall rock record, paleosols’ weathering intensi-
ties are worth studying.

Paleosols offer a unique, direct record of climatic, biologic, and
atmospheric conditions at Earth’s surface as soils were being
formed. They have been used in a relatively limited sense to
address weathering through geologic time, with work typically
focusing on a small suite of elements of interest (e.g., Colwyn
et al., 2019), individual paleosol profiles as case studies for areas
or environments of interest, or a high-resolution basin-scale
records of paleosols through geologically short periods of time
(e.g., Bestland et al., 1997; Sheldon et al., 2002; Kraus and
Riggins, 2007; Hyland et al., 2017). Compilations of longer records
(billions of years) have been limited to a small number (ca. 15 pro-
files) of very well-studied, primarily bedrock-parented profiles
through time (e.g., Rye and Holland, 1998; Sheldon, 2006a,b;
Colwyn et al., 2019; Beaty and Planavsky, 2021). This approach
offers a thoroughly vetted but ultimately skeletal view of continen-
tal weathering through time. To understand links between conti-
nental weathering and global biogeochemical changes through
geologic time, a higher-resolution record that extends beyond only
the handful of intensely studied profiles is necessary.
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Here, we compile the largest ca. 3-billion-year record of weath-
ering intensity in paleosols and use it to test hypothesized changes
in weathering intensity, as well as to explore the nature of pedoge-
nesis through geologic history. We build such a dataset by includ-
ing select other bedrock-parented weathering profiles and
alluvium-parented paleosols, which can be compared to underly-
ing sediments and can undergo similar, if not identical, quality-
control checks (i.e., establishing reasonable parent material, avoid-
ing diagenetically-influenced profiles, only including profiles with
multiple samples) as bedrock-parented paleosols. Alluvium-
parented paleosols are frequently used for paleoclimatic and pale-
oenvironmental reconstructions and are considered viable recor-
ders of at least regional weathering intensity; therefore, we
include them here.

As a point of context and comparison, we also gathered geo-
chemical data from select fluvial deposits (i.e., sandstones, silt-
stones, mudstones) through time. While the accumulation of a
fluvial deposit is inherently a different process from soil formation,
we opted to include these because they ultimately reflect a snap-
shot of watershed-wide weathering intensity in a manner compa-
rable to detrital shales serve. Fluvial networks are the transport
mechanism between the source and sink, so it is worthwhile to
examine them for any secular evolution as well. Fluvial deposits
also depend upon, to some degree, the composition of the water-
shed’s soils. Finally, we were interested to see how well the global
weathering intensity the fluvial deposits matched that of global
paleosols for a given time; a potential positive outcome of such
an analysis could be determining what sedimentary records can
best be used to infer continental weathering when paleosols are
absent. To this end, we also compared to the weathering intensity
of glacial diamictites over time, in part because they are the only
record of terrestrial weathering processes during the ‘‘snowball
Earth” events. This expanded record provides critical new con-
straints for the terrestrial sediment supply as a counterpart to
the well-studied marine weathering sink represented by shales.

With this compilation, we can begin to address some of the out-
standing questions in weathering and biogeochemistry mentioned
above. Specifically, we address the following questions: Do pale-
osols record state changes in weathering intensity at key points
(i.e., rise of oxygen, the Neoproterozoic, land plant evolution) over
the past 3 billion years, as have been hypothesized? And how does
the paleosol record reflect changes in soil-forming processes
through time?
2. Methods

We collected bulk oxide geochemical data and descriptive infor-
mation for paleosols and weathering profiles (n profiles = 248;
bedrock-parented = 85, alluvium-parented = 138, sandstones/mud
stones = 25; Fig. 1a, Supplemental Table 1) from the literature fol-
lowing the methods below. There are thousands of stable isotopic
analyses of paleosols in the literature for used paleoaltimetry or
paleohydrological reconstructions (e.g., compilations in Sheldon
and Tabor, 2009; Jolivet and Boulvais, 2021); however, most of
those studies lack other elemental data essential for calculating
weathering intensity, so we have not included isotope-only studies
in our compilation. A complete list of the studies and samples, and
their geochemical data, contained in the following analyses can be
found in Supplemental Table 1.
2.1. Paleosol compilation and screening, and other data collection

We included a range of parent materials (bedrock and alluvial)
to capture as much variability as possible in the weathering prod-
ucts (Fig. 1a). To be included as bedrock-parented profile, paleosols
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or weathering profiles had to adhere the criteria outlined by Rye
and Holland (1998). These are:

1. Homogenous parent material and preserved in-place;
2. Up-profile changes in mineralogy,
3. in texture, and
4. in chemical composition that follow soil weathering profiles;

and
5. For Precambrian profiles, either soft-sediment deformation

between the top of the paleosol and overlying rocks or the pres-
ence of corestones/rip-up clasts

It should be noted that preserving the true tops of paleosols,
particularly compound/composite paleosols (e.g., Kraus, 1999) that
become more common in the Phanerozoic, is relatively rare. While
most of the profiles used in this work feature corestones or rip-up
clasts at their base, fewer have the full profile preserved, particu-
larly in Phanerozoic soils which tended to have erosive tops. In
cases where profile tops were eroded but the profile was confi-
dently a paleosol and fit the other four criteria, profiles were
included. Profile tops (i.e., O and A horizons in modern soils) are
further from long-term equilibrium with the climate and atmo-
sphere than lower regions in a profile (i.e., B horizons, used for
weathering indices) because they may be subject to short-term
environmental perturbations that do not affect the deeper parts
of the soil profiles. Alluvium-parented paleosols were judged on
as many of these criteria as applicable and were only included if
mineralogy, textures, and chemical compositions suggestive of
pedogenesis, along with pedogenic features (e.g., root traces,
reduction mottles, slickensides, ped structures) were present.

The focus of this work was on the paleosol-parent comparison,
in part because of difficulties in confidently designating paleosol
horizons in the early Phanerozoic or prior, or where horizons were
simply not reported. In averaging the weathered profile or pale-
osol, we considered horizons above BC to be the paleosol where
such designations were provided. For Precambrian weathering pro-
files where modern horizonation does not apply, the profile was
considered weathered up to corestones and/or weathered bedrock
(reporting style and quality varies through time). For certain Pre-
cambrian weathering profiles, mineral zones by depth were used
to differentiate weathering profile from bedrock (e.g., sericite
zones over bedrock). When possible, we compared those zones to
geochemical down-profile trends (e.g., CIA, Al, or Ti) as an addi-
tional quality check. This ‘‘lumping” approach aids in avoiding
issues of defining horizons and orders, which are not typically
applicable in early Phanerozoic soils and prior.

Not all sedimentary beds called paleosols in the literature were
included, particularly during the Precambrian. Known disputed
paleosols (e.g., where one worker has identified a paleosol and
another a turbidite) were excluded.

For all profile types, we excluded profiles above greenschist-
grade metamorphism because of the potential for hydrothermal
alteration and loss of original weathering intensity signals and
excluded any profiles with significant potassium metasomatism
or hydrothermal alteration. When building future versions of this
dataset, workers could employ the Fedo et al. (1995) approach to
correct for metasomatism, potentially expanding the number of
Precambrian profiles included. Additionally, we checked for post-
pedogenic addition of material using down-profile Ti/Al and
excluded any profiles with apparent material addition (i.e., vari-
ability in Ti/Al between bedrock and overlying weathering profile/-
paleosol; see Sheldon and Tabor, 2009).

We collected or estimated soil and weathering profile thick-
nesses as available (Supplemental Table 2). Profile thickness was
taken from the uppermost horizon or part of the profile to parent
rock or the appearance of corestones (individual pieces of parent
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material above the massive parent material surface). We noted soil
orders when available, but due to sample size limitations and sam-
pling bias (i.e., certain orders tend to be both more commonly
found and more frequently sampled, such as Vertisols), we only
consider soil order data in a qualitative sense. Only paleosols were
included in the analyses of weathering intensity through time; val-
ues from fluvial and glacial sediments serve only as points of com-
parison and context.

As the middle step between soil formation and deposition in
marine basins, large fluvial sandstones are a natural complement
to paleosol geochemical record. To represent larger known catch-
ments of terrestrial weathering during periods when paleosols
were scarce (e.g., Jacobsville Sandstone, ca. 960 Ma�1.1 Ga,
Malone et al., 2016), we included select massive fluvial sandstones
and undifferentiatedmudstones. We consider that these are appro-
priate to include because while paleosols represent in situ weath-
ering intensity, these large-scale fluvial sandstones represent the
mixed weathered product of a watershed that was being eroded
and ultimately transported to the oceans, albeit biased toward
sand- and silt-sized fractions of the bedload. (A point worthy of
consideration, as the clay-sized fraction could be more likely to
record a more intense weathering signal and is likely to be trans-
ported further in the source-sink pathway; quantifying such a bias
would be valuable in quantifying baseline weathering intensities
for the source, transport, and sink.) If sandstones incorporate
reworked or eroded soil material, for the purposes here, this can
be viewed as essentially contemporaneous terrestrial weathering
signals from the same basin, fulfilling the purpose of this work.
We recognize factors other than bedrock, soil chemistry, and
weathering intensity influence fluvial sediment geochemistry;
however, particulate geochemistry and bedload composition could
be more difficult to alter than dissolved-load geochemistry, so we
posit that it is at least somewhat representative of the watershed.
Future work could explore this potential further by comparing soil
geochemistry, various fluvial deposits and intraclasts, and sink sed-
iments, capturing a complete, basin-wide picture of weathering
signals.

Similarly, glacially-derived sediments (i.e., tillites, diamictites)
can provide a point of comparison for terrestrial weathering
records during glacial periods when paleosols may be less likely
to be formed and/or preserved. We include a weathering record
from tillites through time (Fig. 6; Gaschnig et al., 2014) to fill in
gaps in the terrestrial weathering record from paleosols. Together,
these records (Fig. 1) create an interconnected picture of terrestrial
weathering for the past three billion years.

2.2. Geochemical indices

Geochemical analyses for this work focused on established
weathering indices: the Chemical Index of Alteration (CIA;
Nesbitt and Young, 1982), CIA without potash (CIA-K; Maynard,
1992), and oxic and reducing Mafic Index of Alteration (MIAox,red;
Babechuk et al., 2014). Equations for each of these indices are
below, with possible values ranging from 0 to 100 (low to high
weathering intensity) for both CIA(-K) and MIAox,red. CIA and CIA-
K reflect plagioclase weathering, where the latter excludes K to
account for K metasomatism (Maynard, 1992). MIA was developed
to reflect weathering of mafic substrates (e.g., basalt, a common
parent material through time; Babechuk et al., 2014) and includes
Fe and Mg, which are common in high-temperature silicates in
mafic rocks. By comparing patterns in these indices through time,
we can see if pedogenic processes vary in intensity.

CIA = Al2O3 / (Al2O3 + CaO + Na2O + K2O) * 100 ð1Þ

CIA-K = Al2O3 / (Al2O3 + CaO + Na2O) * 100 ð2Þ



Fig. 3. Weathering indices in paleosols (profile averages) through time, where purple dots are bedrock-parented paleosols (n = 85), teal dots are alluvium-parented paleosols
(n = 138), and gold dots are undifferentiated fluvial sandstones and mudstones (n = 25). Error bars represent 1r within an individual profile. (A) CIA, (B) CIA-K, (C), MIAoxic,
and (D) MIAreducing. Gray dashed line in all marks CIA = 100, the maximum value. Only error bars extend beyond this threshold.
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MIA(ox.) = (Al2O3 + Fe2O3) / (Al2O3 + Fe2O3 + MgO
+ CaO + Na2O + K2O) * 100

ð3Þ

MIA(red.) = Al2O3 / (Al2O3 + Fe2O3 + MgO + CaO
+ Na2O + K2O) * 100

ð4Þ

While weathering index values were calculated for all samples,
we only used values from the upper portion of a paleosol or weath-
ering profile (i.e., A/B horizon for Phanerozoic paleosols, above
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corestones or weakly-weathered parent material for Precambrian
weathering profiles) for comparisons to parent material. Individual
samples (rather than profile averages) were used for bootstrap
resampling or in other analyses where overall variation in paleosol
geochemistry was of interest. Because CaO concentration tends to
be a primary driver of variability in CIA(-K) and use of the proxy
requires CaO screening, we explored CIA both with and without
CaO screening (exclusion of samples with CaO > 5%; Dzombak
et al., 2021; Michel et al., 2022; Prochnow et al., 2006).



Fig. 4. Bootstrap resampled means of (A) Al/Ti retention and (B) CIA values in paleosols (individual samples), binned into Precambrian (purple) and Phanerozoic samples
(orange). Note x-axis scale for (B) is 58–72. (C) Kernel density estimates for Al/Ti retention in paleosols (individual samples) in Precambrian (purple) and Phanerozoic (orange)
time bins, with both distributions centered on 0 (dashed line; no retention/loss). (D) Histograms of Precambrian (purple) and Phanerozoic (orange) CIA values in paleosols
(individual samples), normalized to probability.
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For profiles where complete bulk geochemical data were avail-
able, we also calculated enrichment/depletion in the ratio of Al/Ti
in paleosols relative to their parent material [Eq. (5)], following
Beaty and Planavsky (2021). Al is mobilized primarily by organic
acids in soils, so examining its relative mobility through time can
be a test for weathering due to the presence of an active terrestrial
biosphere.

Al/Ti retention = (Al/Tipaleosolavg) / (Al/Tiparentavg) ð5Þ
To contextualize both this ratio and other weathering indices,

and to test for possible influences of secular evolution in the com-
position of continental crust, we also calculated Ti/Al for each indi-
vidual profile (to test for single profile provenance changes;
Sheldon and Tabor, 2009) and ran time-binned bootstrap resam-
pling for Ti, Al, and Al/Ti through time.
2.3. Data distributions and bootstrap analyses

Geochemical data were resampled using a Monte Carlo boot-
strapping method to compare between time periods and sample
types following Reinhard et al. (2017). Resampling (n = 10,000,
with replacement) showed that while shale means increase
slightly, the expansion in range increases, as found in the original
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work (Reinhard et al., 2017). Violin plots of distributions in modern
soils and paleosols were generated in Matlab based on Bechtold
(2016).
3. Results

3.1. Weathering through time

Continental weathering intensity has been posited to have
undergone state changes (increases) at several points in Earth’s
history as outlined above. Three key periods commonly proposed
to have experienced changes in weathering intensity are around
the GOE, as pCO2 decreased and pO2 increased (ca 2.4–2.2 Ga)
(Lyons et al., 2014), in the Neoproterozoic due to major oscillations
in global climate (i.e., Snowball Earth glaciations), and in the
Phanerozoic during the evolution of land plants with roots, mycor-
rhizal fungi, and organic acid weathering (Neaman et al., 2005;
Horodyskyj et al., 2012; Fig. 2b). However, during none of these
periods is there a significant increase in weathering indices
examined here (Fig. 2b, Supplemental Fig. 1,2) or by bootstrap
resampling of their means (Fig. 3a,b, Supplemental Fig. 2).
Paleosols and weathering profiles do not show a statistically
significant shift in average weathering intensity through time



Fig. 5. Distributions of CIA values in (A) modern soils and (B) combined Precambrian and Phanerozoic paleosols (profile averages). In all plots, the white dot represents the
median value and grey bars are first and third quartiles. The plots’ shapes overall suggest normal distributions, with modern B horizons somewhat closer to uniform (Hintze
and Nelson, 1998). (Modern soils are compiled in Dzombak and Sheldon, 2020.).
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(Fig. 2b; Supplemental Fig. 1). Both raw distributions and bootstrap
resampled means’ distributions overlap, indicating that the means
are within standard error of each other and therefore statistically
similar (the Phanerozoic increase in CIA range is geologically
meaningful, but not statistically significant). Compared to the dis-
tribution of CIA values in modern soils, distribution seen in
Phanerozoic paleosols’ CIA is similar but with fewer low weather-
ing intensity values preserved during the Precambrian (Fig. 5).
Between paleosols and modern soils, paleosols have higher median
CIA values by ca. 10 CIA units, and bedrock-parented paleosols in
particular have a smaller range, with almost no CIA values <30
(Fig. 5). Tillites have a smaller range of weathering intensities than
paleosols and weathering profiles (ca. 40–100; Fig. 6).

In paleosols, Al/Ti is relatively constant and enriched relative to
parent material through time (Fig. 7), supporting the results of
Beaty and Planavsky (2021) who found similar stability with a
smaller set of paleosols. Modern soils have a larger range of Al/Ti
retention (higher values) than in paleosols, but all paleosol Al/Ti
retention values fall within that range (Fig. 8). Resampled means
for Al/Ti in paleosols decrease between the Precambrian and
Phanerozoic, while still reflecting retention rather than depletion
as the dominant mode (Fig. 8a). The resampled means for TiO2

show no meaningful change between the Precambrian and
Phanerozoic (Fig. 8a), and resampled means for Al2O3 decrease in
the Phanerozoic from ca. 17.75 to 13.75% Al2O3 (Fig. 8b,c; Supple-
mental Fig. 3).

In this compilation, the maximum thickness in Precambrian
weathering profiles is higher than Phanerozoic paleosol profiles,
which have a larger overall range but lack very thick profiles (Sup-
plemental Fig. 4); however, see discussion on this point below.

3.2. Distribution of soil orders through time

For the most part, the literature refrains from describing Pre-
cambrian weathering profiles with modern soil taxonomy; most
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would likely classify as Entisols based upon a lack of well-
defined subsurface horizons, and many (particularly prior to ca.
2.0 Ga ago) are described as laterites/lateritic weathering profiles.
In this record (Fig. 2c), the earliest modern soil orders identified
are Entisols and Oxisols, both occurring by the Neoproterozoic
(Supplemental Table 2). Bandopadhyay et al. (1981) interpreted
the 3.02 Ga Keonjhar paleosol as Vertic. Driese (2004) interpreted
the 2.2 Ga Hekpoort paleosol as Vertic; Buick et al. 1995 inter-
preted it as an Oxisol. Gay and Grandstaff (1980) described the
2.3 Ga Pronto paleosol as Spodic. The Neoproterozoic ‘Baltic pale-
osol’ profiles (Liivamagi et al., 2015) have been designated as Oxi-
sols. In the Phanerozoic, Vertisols make an appearance at 450 Ma
(Beans Gap, TN; Driese and Foreman, 1991). Histosols are sparse
in this compilation, with the earliest at 323 Ma (Pennington Fm.,
KY; Kahmann et al., 2008), but the earliest coals date to the early
Devonian (Kidston and Lang, 1921; Krassilov, 1981; see Retallack
et al., 1996 for a history of coals). Inceptisols, Alfisols, Ultisols,
and Aridisols all occur following ca. 320 Ma in this compilation,
but they existed prior to then and are not captured by this compi-
lation (e.g., Morris et al., 2015). Mollisols first appear in this com-
pilation at 33 Ma but are far more extensive in the isotope-only
literature for their common carbonate analysis. No Gelisols are pre-
sent in this record.

4. Discussion

4.1. What does a stable weathering paleosol record mean?

Our finding of stability in the paleosol weathering record is
supported by previous findings of long-term, stable weathering
intensity in a smaller paleosol compilation (Beaty and
Planavsky, 2021) and in a large but non-specific analysis of sed-
imentary rocks (Lipp et al., 2021). Lipp et al. (2021) found a
stable weathering record in sedimentary rocks from ca. 2.0 Ga
ago onward, with shorter-timescale perturbations connected to



Fig. 6. (A) Kernel density estimates for CIA values in glacial tillites from Gaschnig et al. (2014). (B) Histograms of CIA values in glacial tillites from Gaschnig et al. (2014). (C)
Kernel density estimates for CIA values in paleosols (red line; this work) and tillites (blue line; Gaschnig et al., 2014). Tillites have a tighter distribution and generally
represent lower weathering intensity than paleosols, but notably lack CIA values < 40 whereas paleosols preserve those.
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changes in climate. They posit that transient perturbations in the
carbon cycle, with returns to a balanced system, explain the sta-
bility of weathering as recorded in shales. The stability in our
paleosol record supports the idea of long-term dynamic stability
in the carbon cycle with varying strength of silicate weathering-
carbon feedbacks (e.g., Caves et al., 2016; see Berner 2012 for a
review of the history of these concepts). It has been assumed
that the intensity of continental weathering has substantially
changed throughout Earth’s history as the atmosphere (e.g., high
pCO2), climate (e.g., hothouse versus glacial conditions), tectonics
(e.g., supercontinent cycle, orogenesis), and biosphere (e.g.,
rooted plants, bioturbation) changed. In contrast to expected
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variability, the weathering indices analyzed here (CIA, MIA,
Al/Ti) reflect stable weathering intensity in different pedogenic
processes through the past 3 Ga, with a Phanerozoic appearance
of low-CIA likely driven by the evolution of pedogenesis and
appearance of pedogenic carbonate rather than solely by
weathering intensity (Fig. 2b). The terrestrial weathering records
compiled here do not reflect discrete, stepped transitions in
weathering intensity, but rather an almost modern range of vari-
ability in weathering centered about a largely invariant average
weathering intensity. This could suggest a trade-off of dominant
weathering driver (e.g., transition from climate to biosphere; see
Section 4.3).



Fig. 7. (A) Al/Ti retention/depletion in paleosols (upper profile averages) through time, showing similar results as in Beaty and Planavsky (2021). Dashed line at 0 represents
no change between Al/Ti in paleosols vs. parent material. Error bars represent 1 r of Al/Ti in an individual profile. One profile (Thelon, bedrock-parented; Gall, 1994) is not
shown at Al/Ti � 8. (B) Probability-normalized histogram of Al/Ti retention in paleosols, binned by parent material. (C) Kernel density estimates for Al/Ti retention in
Precambrian (purple line) and Phanerozoic (orange line) paleosols.

Fig. 8. Al/Ti retention in modern soils (leftmost violin plot), bedrock-parented
paleosols (middle plot), and alluvium-parented paleosols (rightmost plot). Dashed
line at 0 represents no change in Al/Ti between paleosol and parent material
Paleosol points are individual samples.
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An additional consideration in interpreting the record of CIA
through time is the difference in average CIA value between mod-
ern soils and paleosols (around 10 CIA units, Fig. 5). This lower
modern mean could be explained by increased occurrence and
preservation of carbonate minerals in very modern soils; it could
also be due to a postglacial bias in the dataset of modern soils, with
most representing ca. 100 ka at most and many likely reflecting
tens of thousands of years. Relatively short periods of soil forma-
tion could result in modern soils being less intensely weathered
or developed, biasing the CIA record slightly lower. Higher pCO2

throughout most of geologic time than in the Quaternary could
also contribute to this pattern (Sheldon et al., 2021). As the
Phanerozoic paleosol weathering record is filled in to be more
complete, closer examinations of possible correlations between
variability in pCO2 and terrestrial weathering intensity would be
useful in testing the role atmosphere plays in modern-style pedo-
genesis, as well as how tectonic activity and the creation of accom-
modation space affect preservation. As that record gets filled in,
some of the perturbations seen in the Lipp et al. (2021) sedimen-
tary weathering record could become detectable in paleosols.

We interpret the paleosol weathering records in two primary
contexts: the timescale of perturbations in weathering intensity
and the shift of dominant control on weathering intensity through
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time, including changes in pedogenic mode. We suggest that a
baseline level of terrestrial weathering was reached once conti-
nents were subaerially exposed and the atmosphere was consis-
tently oxidizing. Once continental weathering was established,
perturbations in global weathering intensity occurred but did not
lead to discrete, unidirectional state changes as hypothesized.
Rather, the weathering record reflects the variability in and evolu-
tion of soil-forming factors over time (biosphere, climate, tecton-
ics), with continental area controlling the magnitude of
weathering-driven sediment fluxes. Soil formation times and
preservation biases obfuscate potential shorter-timescale changes
in weathering intensity (e.g., rapid climate change, soils during gla-
cial periods). Additionally, the Phanerozoic increase in the range of
CIA values preserved (due to a change in style of pedogenesis and
the spread of plants into drier settings where carbonate-bearing
Aridisols are formed (e.g., Sheldon and Tabor, 2009), rather than
solely reflecting weathering intensity) suggests the value of exam-
ining multiple weathering indices.

A key takeaway from the stability of the terrestrial weathering
record is the importance of the area of subaerially exposed conti-
nent as a primary, baseline control on potential weathering-
driven elemental fluxes, as outlined previously by others (e.g.,
Hao et al., 2017, 2020). If weathering intensity is relatively consis-
tent through time and on geologic timescales, total weatherable
area (i.e., subaerially exposed continent) would therefore pose a
first-order control on how much sediment would be mobilized
via weathering. Lithology of that area (e.g., felsic versus mafic)
could be an important factor in global average weathering inten-
sity at a given time (e.g., Lipp et al., 2021; see Section 4.4.5).

4.2. Timescales of weathering intensity events and the geologic
baseline

Considering the relevant timescale of interest is important for
examining changes in terrestrial weathering intensity. There are
numerous, well-constrained, rapid changes in continental weath-
ering intensity throughout the Phanerozoic recorded by paleosols
(e.g., Bestland et al., 1997; Sheldon, 2006b; Sheldon et al., 2012;
Schaller et al., 2014; Hyland et al., 2017), demonstrating that such
events can be captured by paleosols with their relatively short for-
mation times (ca. <100 ka) and over periods of a few million years.
In the context of the geologic timescale, however, the weathering
signatures of such events effectively get swamped by the long-
term signal, which is, for the Phanerozoic, the full range of possible
weathering intensity (CIA values of 1–100). Although these rapid
events do not appear to affect the long-term trend in terrestrial
weathering significantly, they remain important when considered
in their relative timescale of interest (typically hundreds of thou-
sands to millions of years) and in the context of other major pertur-
bations at the time (e.g., icehouse/hothouse transition, mass
extinction, flood basalts, etc.). As with any index or proxy applica-
tion, considering apparent changes in the context of uncertainty
and background levels of variability is the most robust approach
to paleosol geochemistry. The same logic can apply to other pertur-
bations in weathering intensity (tectonic, biotic, etc.) where there
is a mismatch between rates of those processes, pedogenesis, and
soil preservation.

We interpret the paleosol weathering record presented here to
reflect the global ‘background’ weathering intensity for most of
geologic history, setting the baseline for potential sediment fluxes
on long timescales. This ‘long-term baseline’ interpretation sup-
ports the findings of Lipp et al. (2021), who used CO2 mass-
balance and a global compilation of shales (the sediment sink) to
estimate weathering intensity over 4 billion years. Their CO2

sequestration-based calculations found weathering to be in a
steady state on timescales of ca. 0.5 billion years and longer, with
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weathering fluxes driven by total amount of erosion, rather than
changes in weathering intensity, on long timescales. On shorter
timescales (ca. millions of years), weathering and erosion fluxes
may have been influenced by more discrete perturbations (e.g.,
pCO2 fluctuations, climate transitions, tectonics). Such perturba-
tions could have been both spatially and temporally localized. Very
short perturbations (<1 Ma) may not be captured by paleosols due
to soil formation times, which at their longest typically span the
order of 100 ka (Markewich et al., 1990; Sheldon and Tabor,
2009), or by shales, where time-averaging and seafloor erosion
could obfuscate the signal that might be better recorded by
carbonates.

It is important to note that since at least the beginning of the
Phanerozoic, the modern range of weathering intensity is repre-
sented in the paleosol CIA record (Fig. 2b). This supports arguments
for ‘modern’ pedogenesis beginning in the Phanerozoic, when vas-
cular, rooting plants evolved and pedogenic carbonate consistently
appears in the rock record (e.g., Cerling, 1991; Sheldon and Tabor,
2009; Jolivet and Boulvais, 2021). It is also possible that the Pre-
cambrian record suffers from preservation biases leading to low-
weathering intensity paleosols (and likely thin or unrecognized
as weathering surfaces) being omitted. The MIA record reflects a
modern range ca. 1.7 Ga ago, earlier than the CIA record (Fig. 4c,
d), and is less influenced by CaO concentrations than CIA because
it considers more elements. Having this context is necessary for
interpreting potential changes in weathering intensity (e.g., up-
section variability in CIA) and points to the importance of high-
resolution sampling and consideration of error and uncertainty
(e.g., Heimsath and Burke, 2013; Hyland and Sheldon, 2016;
Amorosi et al., 2021; Dzombak et al., 2021), to avoid over-
interpreting a relatively small change in a weathering index. A
broader context and preservation biases should always be consid-
ered and looking at relative (rather than absolute) changes may be
a more appropriate approach to small-scale questions of weather-
ing changes (Bahlburg and Dobrzinski, 2011; Sheldon et al., 2012;
Dzombak et al., 2021).

4.3. Changes in dominant weathering mechanisms over time

Stability in the terrestrial weathering record does not mean
pedogenesis and continental environments were static through
time; rather, we interpret it as supporting a dynamic equilibrium
in global tectonic-climate-silicate weathering feedbacks over geo-
logic time. The dominant control or controls on weathering inten-
sity likely varied through time, as the atmosphere evolved, the
terrestrial biosphere expanded, and tectonic activity waxed and
waned. For example, on the Archean Earth, under high pCO2 and
with relatively little terrestrial biosphere, terrestrial weathering
could have been largely controlled by CO2-dominated weathering
(Sheldon, 2006a; Sheldon, 2013). Pedogenesis is generally consid-
ered to have changed as these weathering variables evolved
through time, shifting first from abiotic CO2 acid weathering to
both acid and oxidative weathering at the Great Oxygenation Event
around 2.4–2.2 Ga (Fig. 1a). There is evidence that by the end of the
Archean, organic acid weathering was occurring due to the pres-
ence of a terrestrial (microbial) biosphere, contributing to early
leaching and weathering profile formation (Rye and Holland,
2000; Driese et al., 2011; Beaty and Planavsky, 2021). An increase
in the total diversity of redox-sensitive minerals (i.e., clays, oxides,
and oxyhydroxides) has also been used as evidence for changes in
oxidative weathering through time (Kennedy et al., 2006; Hazen
et al., 2008).

Once weathering mechanisms stabilized as the atmosphere was
dominantly oxic and continents were consistently emerged, tran-
sient or shorter-term shifts in the driver of weathering intensity
would have changed over both space and time. As pCO2 dropped
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from bars of CO2 to thousands of ppm of CO2 (Kasting, 1993;
Kanzaki and Murakami, 2015; Sheldon et al., 2021) and tectonic
activity increased, tectonics may have begun to play a more impor-
tant role in weathering rate than pCO2 by delivering high volumes
of readily-weatherable material to the surface (see Section 4.4.6 for
LIPs and volcanic arcs). Similarly, as the terrestrial biosphere
expanded and global climates alternated between glacial and hot-
house periods, those may have increased their contribution to the
global weathering intensity signature, trading off as one waxed and
the other waned. Climate and relief would also have played differ-
ent roles in weathering intensity (and therefore soil production)
and soil erosion through space and time, contributing variability
in paleosol geochemistry, thickness, and preservation (e.g., Dixon
et al., 2009; Dixon and von Blanckenburg, 2012; West, 2012; Cao
et al., 2019). The overall effect of this continuous interplay of fac-
tors could have resulted in the seemingly stable weathering inten-
sity reflected in this compilation.

A final consideration is how these results might be applicable to
the study of other planets in the Solar System or eventually, exo-
planets. For example, while there is a substantial literature of the
geomorphology of Mars and of its changing surface environments
(e.g., Smith et al., 1999) and of the surface mineralogy (e.g.,
Chevrier and Mathé, 2007), until recently, it has only been through
analogue experiments (e.g., Baron et al., 2019) that Martian weath-
ering processes have been explored in detail. The ongoing Perse-
verance mission and the future sample return missions will make
direct comparison between early Earth and early Mars weathering
possible through databases like the one compiled here.
4.4. Distribution through time and biases in the paleosol record

Several biases related to paleosol soil formation and preserva-
tion complicate the interpretation of weathering records on geo-
logic timescales. We note that while this compilation is the
largest to date, it is not exhaustive and only includes paleosols
and weathering profiles with the relevant bulk geochemical data
available. In the Phanerozoic, paleosol studies with isotope data,
rather than bulk geochemistry, are more common. These biases
are evident in the gaps in the distribution of paleosols (Fig. 2a)
as well as trends in paleosol geochemistry, and we discuss each
potential source of bias here.
4.4.1. Weathering profile and paleosol thickness through time
Because this record is limited to paleosols and weathering pro-

files with bulk geochemical data available, we hesitate to draw
strong conclusions about changes in soil profile thickness through
time (Supplemental Fig. 4). One potential trend is an increase in
the range of soil profile thicknesses preserved in the Phanerozoic
as compared to the Precambrian, with thinner (often stacked/com-
posite) paleosols more likely to be preserved. This could be due to
the Sadler effect (Sadler et al., 1999), the evolution of terrestrial
geomorphology, sampling bias, or a combination of those factors.
While the record needs to be improved before drawing conclusions
about profile thicknesses, we note its importance for understand-
ing the evolution of pedogenesis through time—a critical step for
interpreting the paleosol record—and for points of comparison to
modern soils and pedogenesis. The thickness of certain Precam-
brian weathering profiles has been noted with interest, perhaps
being reflective of prolonged periods of exposure; however, deep
weathering profiles (>10 m) exist in a range of environments today
as well (e.g., Nott, 1994; Modenesi-Gauttieri et al., 2011;
Hewawasam et al., 2013; Olesen et al., 2013; Regmi et al., 2014;
Biondino et al., 2020). Therefore, we should be conservative in
interpreting trends in profile thickness before we constrain the
true range of both modern soil and paleosol profile thicknesses.
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4.4.2. Paleosol bias and climate
Changes in climate (temperature, precipitation, seasonality) can

cause perturbations in global weathering and erosion intensity
(e.g., Jenny, 1941; Jenny and Amundson, 1994; Bluth and Kump,
1994; Cao et al., 2019). As a primary driver of weathering, climate
can facilitate or slow pedogenesis directly (e.g., increased temper-
ature/precipitation) and indirectly (e.g., facilitating terrestrial bio-
sphere). The distribution of climates globally, and the variability
of that distribution, fluctuates through time (i.e., the latitudinal
temperature gradient in transitional/icehouse conditions vs. stable
greenhouse). Based on the weathering records presented here,
these changes likely occurred on geologically short timescales
(e.g., the Paleocene-Eocene Thermal Maximum, mass extinction
events, etc.) or in spatially limited settings (e.g., basin-wide), mak-
ing such discrete events unlikely to be captured by a coarse or gen-
eralized paleosol compilation such as the one presented here.
However, basin-scale records with sufficient temporal resolution
certainly may reflect rapid or intense changes in weathering inten-
sity (e.g., Sheldon et al., 2012; Hyland et al., 2017; Pogge von Stran-
demann et al., 2021). Climate would also have affected soil
preservation through weathering-erosion relationships (see
Section 4.4.4).

Global glaciations and icehouse-greenhouse transitions are the
primary exception to the short-term impact of climate on soil for-
mation and preservation, as evidenced by the significant gap in the
paleosol record during Neoproterozoic glaciations, although some
weathering can still occur during glacial periods (Fig. 2b). While
weathering likely slows during global glacial periods, studies of
modern glacial environments suggest that chemical weathering
at the surface would have continued, even if those terrestrial
records were ultimately lost (e.g., Dubnick et al., 2017; Graly
et al., 2020; Martin et al., 2020).

4.4.3. Paleosol bias from the biosphere
Prior to the advent of land plants and fungi, the terrestrial bio-

sphere consisted of microbial life, similar to microbial mats and
early-stage biological soil crusts present today (e.g., Beraldi-
Campesi et al., 2009; Wellman and Strother, 2015). While those
communities would have influenced early pedogenesis through
organic acid weathering, chemolithotrophy, and landscape stabi-
lization, their potential biosignature may be limited due to erosion
and lack of preservation. Compared to the likely impact of rooted
plants, particularly roots with symbiotic mycorrhizal fungi, micro-
bial biosignatures could be difficult to detect or establish biogenic-
ity (e.g., Retallack, 2012).

Rooted plants have been hypothesized to have both increased
(e.g., Algeo et al., 1995; Algeo and Scheckler, 1998; Lenton and
Watson, 2004; Algeo and Twitchett, 2010) or decreased (e.g.,
D’Antonio et al., 2020) the intensity of terrestrial weathering. They
could increase weathering by organic acid weathering enhanced by
mycorrhizal fungi (e.g., Lenton andWatson, 2004; Horodyskyj et al,
2012) and physical weathering by roots, or decrease weathering by
increasing the volume of soil mantle (therefore shielding bedrock
from further weathering; e.g., Burke et al., 2007; Stockmann
et al., 2014; Hartmann et al., 2014). Our weathering record and
previous work (Beaty and Planavsky 2021; Lipp et al., 2021) show
no state change in average weathering intensity during the rise of
land plants in the Silurian-Devonian. However, rooting plants
could have increased the weathering rate of some elements and
minerals (e.g., aluminosilicates) while increasing the retention of
elements (e.g., Ca, P; Jobbagy and Jackson, 2001, Horodyskyj
et al., 2012), resulting in little net change in average weathering
intensity. That balance, and particularly a tendency to accumulate
Ca, could also explain the increase in the range of weathering
intensities during the Phanerozoic. Some modern soil scientists
view soil profiles as existing in a state of plant-stabilized ‘dynamic
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equilibrium’ (e.g., Lucas, 2001) which lends support to the stability
of this record. Additionally, while it is highly likely that rooting
land plants altered the overall weathering state and pedogenic
style, other competing controls on continental scale weathering
intensity could overprint biosphere weathering signatures at
times.

The Phanerozoic mean Al2O3 decrease in the upper portions of
paleosols (Supplemental Fig. 3) may reflect increased Al mobility
due to plant- and fungi-mediated dissolution (Hausrath et al.,
2009; Beaty and Planavsky, 2021) or a change in the composition
of continental crust. The latter is an unlikely explanation; multiple
studies have found relatively little change in Archean vs. bulk con-
tinental crust, with Al2O3 estimates for between 14 and 15.2%
Al2O3 throughout geologic history (Taylor and McLennan, 1985,
1995; Rudnick and Gao, 2003; Lipp et al., 2021). Paleosol Al com-
positions are approximately centered around the continental crust
average (Supplemental Fig. 3), supporting the interpretation of
long-term stability at the surface with transient weathering per-
turbations, and potentially an increase in Al mobility with the
advent of rooting by land plants. Geochemical evidence of element
mobilization via organic acids is taken as support for fungi-
mediated terrestrial weathering due to fungal production of
organic acids (e.g., Lenton and Watson, 2004; Horodyskyj et al.,
2012). However, differentiating between fungal acid weathering
and plant organic acid weathering (e.g., in the Al/Ti record) without
other evidence for the presence of fungi is difficult. Terrestrial fun-
gus species tend to be highly specialized (i.e., forming a symbiosis
with a single plant species) due to different plant nutrient needs.
To see changes in terrestrial biogeochemistry due to fungi, then,
considering plant-specific metal incorporation on a smaller scale
might be more appropriate than bulk changes in soil P, regardless
of vegetation type. The increase in Al in the Phanerozoic (Supple-
mental Fig. 3) likely reflects an increase in clay mineral (alumi-
nosilicates) mobility as well. Because clay minerals tend to carry
nutrients, an increase in their mobility could have increased mar-
ine productivity; however, that increased mobility could also have
episodically negatively impacted marine primary productivity by
increasing turbidity and reducing light penetration as has been
proposed for some Phanerozoic mass extinction events.

4.4.4. Geomorphologic evolution and soil order through time
In the Phanerozoic, paleosol preservation increases, and the

number of alluvium-parented paleosols increases as well. Both
increases could be due to a combination of preservation bias in
which younger rocks are more likely to be preserved than older
rocks and fluctuations in sedimentation rate over geologic time
(Sadler et al., 1999; Schumer and Jerolmack, 2009; Meyers and
Peters, 2011; Peters and Husson, 2017). If sedimentation and accu-
mulation rates are presumed to fluctuate over time, rather than sec-
ularly increase or decrease, the stability of the record remains
robust. With more paleosols preserved towards the present and
with those paleosols tending to have a wider range of weathering
intensities (i.e., retaining the low-CIA values), it is reasonable to
expect that if more paleosols were preserved in earlier periods, they
would be more likely to capture a wider range of weathering condi-
tions as well. However, preservation biases and the lack of carbon-
ate prior to the Phanerozoic (either from a lack of rooting land
plants, higher pCO2, or both) create the CIA record presented here.

The complex relationships between soil production rates, soil
thickness, and erosion rates observed in modern soils could also
be considered in interpreting paleosols and understanding the evo-
lution of pedogenesis through geologic time. When a soil mantle is
present, it tends to decrease the degree of weathering intensity in
the bedrock, a relationship that could affect the paleosol weather-
ing record (e.g., Burke et al., 2007; Goddéris et al., 2008; West,
2012; Stockmann et al., 2014; see also Section 10 in Goudie and
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Viles, 2012). Additionally, high erosion rates beyond a certain
threshold tend to correlate with lower weathering intensity on
average (see Dixon and von Blanckenburg, 2012). Because soil
thickness, weathering intensity, and erosion can all be impacted
by conflated factors such as climate and tectonics that would also
vary with the supercontinent cycle (and indeed the complexity and
distribution of terrestrial landscapes), these soil thickness-
weathering-erosion relationships and controls likely varied
through time (as an additional ‘changing weathering mechanism’
to covary). This point becomes increasingly important because
paleosols may be preserved preferentially during one part of the
supercontinent cycle (Dzombak, 2021). The relative relationships
may have been different during stable cratonic periods (e.g.,
Millot et al., 2002) and varied as alluvium- or regolith-parented
soils (rather than bedrock-parented) became more common (e.g.,
Phillips, 2010; Norton et al., 2014). Therefore, as our understanding
of those factors evolves, preservation biases due to geomorphic
evolution should be reconsidered. An in-depth analysis and discus-
sion of these complex interactions is beyond the scope of this work
but is an interesting point for future study.

As climate, biosphere, and depositional environments evolved,
so too did the range of soils it was possible to form. Although this
record is incomplete, we can use it to improve upon previous
purely qualitative efforts at constraining the appearance of various
soil orders through time (Retallack, 2001). Some orders tend to be
over-represented in the compilation, likely due to a combination of
preservation, formation, preservation, and sampling biases (e.g.,
Vertisols being associated with mountain-building events and of
particular interest to parts of the paleosol community). For the
record of soil order through time, though, it is essential to consider
soil formation and preservation biases. Some soils, such as Gelisols,
form in environments that are spatially limited and unlikely to pre-
serve (i.e., thin soils in cold environments). Considering modern
depositional environments and soil formation, it is likely that, like
the small percentage of marine particles that are eventually pre-
served on the seafloor, a small subset of soils that ever existed
are preserved in the rock record.

Stacked or composite paleosols become more dominant during
the Phanerozoic (see Supplemental Table 2; Kraus, 1999). Beyond a
general preservation bias towards the modern, which is present in
essentially all geologic records, this could reflect changes in terres-
trial geomorphology (i.e., the influence of plants on forming mean-
dering rivers; Davies and Gibling, 2010; Davies et al., 2021; Ielpi
et al., 2022) and a potential overall increase in the global volume
of sediments beginning in the Neoproterozoic (Husson and
Peters, 2017). The rise of deeper rooting by vascular plants during
the early Phanerozoic could well have played a role in increasing
preservation, especially of thinner profiles that could otherwise
be readily eroded, serving as a landscape-stabilizing mechanism.

4.4.5. Weathering in LIPs and volcanic arcs
The emplacements of LIPs occur steadily throughout the geo-

logic record (Fig. 1c; Ernst et al., 2021), and while volcanic arc
activity waxes and wanes with the Wilson cycle (Macdonald
et al., 2019), it contributes a relatively consistent and long wave-
length change through time. Because of their relatively consistent
presence, and along with the steadiness of the paleosol weathering
record (as well as the shale record; Lipp et al., 2021), we consider
these processes to contribute to the baseline of weathering inten-
sity through time, creating relatively transient perturbations in
weathering intensity. Timescales of perturbation vary from
extreme but rapid events (e.g., mass extinctions associated with
LIP emplacement, disturbances lasting hundreds of thousands of
years; Sheldon, 2006b,c; Schaller et al., 2011; Gastaldo et al.,
2014; Sayyed, 2014; Schaller et al., 2014; van de Schootbrugge
et al., 2020; Longman et al., 2021) to longer changes in the silicate
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weathering distribution, on millions of years, as supercontinents
assemble and break apart. The precise relationship between LIPs
and global weathering (along with climate and the biosphere) is
equivocal. LIP emplacement and volcanic arc activity have been
posited as primary controls on weathering and erosion (e.g.,
Macdonald et al., 2019; Sternai et al., 2019; Gernon et al., 2021).
Although volcanism associated with LIP emplacement adds atmo-
spheric CO2, high weathering rates of the large bodies of fresh
basalt may be enough to offset added CO2 (e.g., Dessert et al.,
2003; Dupré et al., 2003; Goddéris et al., 2003). Links between
magmatism, topography, and associated climate-topography-
erosion forcing could also play a role in weathering rates and vol-
canic rock bodies as net C sinks (e.g., Lee et al., 2015; Sternai et al.,
2019). Thus, it is still an open question of whether LIPs represent a
net carbon sink or carbon source; filling out the paleosol record
through time and using it to ascertain changes in terrestrial geo-
chemistry may help answer this.

While some key LIP events such as the Deccan Traps (e.g.,
Dzombak et al., 2020), Central Atlantic Magmatic Province (e.g.,
Schaller et al., 2011), and Columbia River Flood Basalt Province
(e.g., Sheldon, 2006c) preserve intra-basaltic paleosols that can
be used to examine relationships between weathering intensity
and climate directly (see Sayyed, 2014), adding additional pale-
osols during other Phanerozoic LIPs could help settle the debate
about whether the LIPs enhanced weathering through direct
greenhouse gas emissions or by increasing the size the of the C sink
available for silicate weathering.

4.4.6. Sampling biases in paleosol research
Sampling biases—both in space and time—obfuscate true trends

in the paleosol record, as with any field-based sampling. As is evi-
dent during the GOE in this record, certain time periods of interest
may be over-sampled relative to the number of profiles that exist
during that timeframe. Certain soil orders of interest may also be
overrepresented; for instance, Vertisols account for nearly a quarter
of Phanerozoic profiles in this record, despite forming in a limited
range of environments (Vertisols cover only about 2.4% of ice-free
land area today; USDA-NRCS, 2005). In the Precambrian, weather-
ing profiles with low weathering intensities may be under-
sampled due to low profile thicknesses or simply due to our failure
to recognize them as weathering profiles (e.g., they were logged as
clastic rocks). This could contribute to the narrower range of weath-
ering intensities in Precambrian profiles. Paleosols yielding pedo-
genic carbonate (i.e., arid and semi-arid regions) may also be
over-sampled for carbon and oxygen isotope analysis (Sheldon
and Tabor, 2009, Jolivet and Boulvais, 2021), whereas tropical areas
where pedogenic carbonate is unlikely to form or be preservedmay
be under-sampled. Globally, access to field sites and a history of
high-resolution geologic mapping varies widely, typically biasing
our knowledge of paleosols to areas with good access and active
geologic research. Not all types of data are available for every pale-
osol or weathering profile, limiting the conclusions that can be
drawn from different subsets of a compilation. For example, many
paleosol studies focusing on carbonate isotope geochemistry report
only those values rather than also reporting bulk oxides, so the
record here may under-represent carbonate-bearing paleosols,
whichwould also lead to under-sampling of low CIA values. Consid-
ering sampling biases is useful when comparing different types of
records (i.e., are they biased in similar ways?) and can make inter-
pretations of geochemical records more robust.

4.5. Implications for reconstructing past climates and biogeochemical
cycling

Biogeochemical models inherently include assumptions about
the timing, rates, and magnitude of continental weathering and
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resultant sediment fluxes to oceans; however, until now, no quan-
titative record has existed to informmodel parameters. Despite the
gaps in the paleosol record, this compilation provides a baseline for
weathering, suggesting that an essentially modern range of weath-
ering intensities could have occurred at most points during Earth’s
history. Perhaps because the record reflects this background vari-
ability, some transient events that are known to have been cap-
tured by paleosols (e.g., the EECO, PETM; Sheldon et al., 2012;
Gallagher and Sheldon, 2013; Hyland et al., 2017; Ramos et al.,
2022) are not reflected. Therefore, the weathering intensity record
could be used as a baseline distribution, with known perturbations
essentially shifting the distribution of weathering values higher
only for a short time. Models should not necessarily rely on secular
or discrete increases in terrestrial weathering as a driver for long-
term, biogeochemical state changes. Biogeochemical models
should also take the Phanerozoic increase in paleosol CaO into
account when modeling Phanerozoic carbon cycling and other con-
nected biogeochemical systems.

An important implication for the practical application of pale-
osol geochemistry in reconstructing past climates and biogeo-
chemical changes is the need to quantify background variability
on the temporal and spatial scales of interest. If, at any given time
from 3 Ga ago onwards, a paleosol CIA value could be 0–100, indi-
vidual profiles are of little use unless they are placed in environ-
mental and tectonic context. Including multiple profiles in space
and time, as well as comparing paleosol geochemistry to other
proxies (e.g., Tabor et al., 2008; Gulbranson et al., 2015; Hyland
and Sheldon, 2016; Hyland et al., 2017; Dzombak et al. 2021;
Gulbranson et al., 2022) constrains local to regional geochemical
variability and allows more robust interpretation of paleosol geo-
chemical trends. Additionally, considering relative rather than
absolute changes may be appropriate if other external factors can
only be poorly constrained (e.g., Hyland et al., 2017; Dzombak
et al., 2021).
4.6. Next steps

The compilation presented here highlights the need for a collab-
orative and comprehensive paleosol database that will allow some
outstanding ‘‘big questions” in the field to be addressed and iden-
tifies high-value sampling targets as such a database is built (e.g.,
Neoproterozoic weathering profiles). The Phanerozoic record in
particular should be filled in to robustly test hypotheses related
to the rise of land plants and the distribution of soil orders though
(relatively recent) geologic time, which would shed light on the
distribution of terrestrial ecosystems and depositional environ-
ments through time as well. Filling in the Phanerozoic paleosol
record could also help elucidate relationships between tectonics,
weathering and erosion, and climate, particularly at the basin
scale. Additionally, constraining modern soils globally in a similar
approach—profile thicknesses, weathering intensity, geochemical
composition, etc.—is necessary to provide a baseline or point of ref-
erence for interpreting potential trends or changes in the paleosol
record. Finally, exploring individual elements in detail—particu-
larly for the Phanerozoic record—could provide unique insights
into specific biogeochemical cycles.
5. Conclusions

In contrast with common assumptions about how terrestrial
weathering intensity has changed through geologic time, our
new compilation shows a stable average in terrestrial weathering
intensity in a suite of weathering indices (CIA(-K), MIA, and Al/
Ti), providing support for two recent long-term weathering records
that were stable on long timescales. There we no discrete, step
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changes in continental weathering intensity, but rather a range of
variability centered about a stable average value. While the weath-
ering indices’ averages are similar over the past three billion years,
one—CIA—exhibits an increase in range in the Phanerozoic due to
the increased presence of low-CIA paleosols. This could suggest a
fundamental change in pedogenesis during the Phanerozoic (i.e.,
the formation of pedogenic carbonate), a preservation and or/sam-
pling bias in lightly weathered Precambrian paleosols, or a combi-
nation of the two. We interpret the �10-unit difference in mean
CIA between modern soils and paleosols as a preservation bias
imposed by North American glaciation in the late Quaternary.

Overall, these stable records reflect the long-term baseline of
terrestrial weathering intensity, which can be perturbed on geolog-
ically short timescales (e.g., rapid climate transitions, tectonic
events) before returning to its dynamic, steady state. Over geologic
time, factors such as supercontinent assembly and breakup, LIP
emplacement and volcanic arc activity, climate, and the biosphere
likely trade off in dominating the signal of weathering intensity,
resulting in a stable average with a large range in variability
through time. In this context, subaerially exposed, weatherable
land area is a fundamental control on the volume of sediment
mobilized through weathering through time, and lithology (mafic,
felsic) could contribute to the rate of weathering at a given time for
a given area. Biogeochemical models could incorporate the average
and range of weathering intensity, and associated uncertainty,
when estimating erosional and nutrient fluxes to marine ecosys-
tems through time.
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