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Abstract: Palaeo-loess and silty aeolian-marine strata are well recognized across the Carboniferous–Permian
of equatorial Pangaea. Aeolian-transported dust and loess appear in the Late Devonian in the west, are common
by the Late Carboniferous, and predominate across equatorial Pangaea by the Permian. The thickest loess
deposits in Earth history – in excess of 1000 m – date from this time, and archive unusually dusty equatorial
conditions, especially compared to the dearth of equatorial dust in the Cenozoic. Loess archives a confluence
of silt generation, aeolian emission and transport, and ultimate accumulation in dust traps that included ephem-
erally wet surfaces and epeiric seas. Orogenic belts sourced the silt, and mountain glaciation may have exacer-
bated voluminous silt production, but remains controversial. In western Pangaea, large rivers transported silt
westward, and floodplain deflation supplied silt for loess and dust. Expansion of dust deposition in Late Penn-
sylvanian time records aridification that progressed across Pangaea, from west to east. Contemporaneous vol-
canismmay have created acidic atmospheric conditions to enhance nutrient reactivity of dusts, affecting Earth’s
carbon cycle. The late Paleozoic was Earth’s largest andmost long-lived dust bowl, and this dust represents both
an archive and agent of climate and climate change.

Supplementary material: Detrital zircon data not previously published are available at https://doi.org/10.
6084/m9.figshare.c.6299508

A multitude of studies on the modern–recent have
shown that atmospheric dust (mineral aerosols),
including loess, both records and influences Earth’s
climate system in several ways. For example, it
serves as a direct record of atmospheric circulation,
and hydroclimate (e.g. Muhs et al. 2014). Further-
more, it both scatters and absorbs incoming solar
and outgoing long-wave radiation and impacts
Earth’s energy balance locally and globally (e.g.
Tegen et al. 1996; Di Biagio et al. 2020), which in
turn affects atmospheric circulation (e.g. Mahowald
et al. 2006; Yoshioka et al. 2007), and cloud forma-
tion (particularly of mixed-phase clouds; e.g. Rose-
nfeld et al. 2001; DeMott et al. 2003; Mahowald
and Kiehl 2003; Tobo et al. 2019). Additionally, it
supplies key, limiting nutrients – notably iron – to
marine and terrestrial ecosystems that contribute to
organic carbon cycling (e.g. Martin et al. 1991;
Swap et al. 1992; Boyd et al. 2004; Jickells et al.
2005; Mahowald et al. 2005; Mahowald 2011) and
promotes microbial activity that stimulates carbonate
production (e.g. Bressac et al. 2014; Guieu et al.
2014; Swart et al. 2014).

Atmospheric mineral aerosols and dust deposits
are increasingly well recognized in Earth’s deep-
time past, particularly from the Carboniferous–
Permian, both as loess (continental aeolian silt)
deposits, and as aeolian-transported silts ultimately
captured in subaqueous environments, such as car-
bonate platforms and atolls, and swamps, lakes,
and playas. Their prevalence in the Carboniferous–
Permian record (e.g. Soreghan et al. 2008) – in
deposits that exceed by more than an order of mag-
nitude the thickest loess deposits recognized from
the Quaternary (Soreghan et al. 2008; Pfeifer et al.
2021a) – signals a remarkably dusty atmosphere
that likely influenced the late Paleozoic Earth
system.

In this contribution, we review the geological
record of dust from the late Paleozoic, with a focus
on the western and eastern Pangaean equatorial
region (Figs 1–3). Dust was sourced largely from
erosion in the equatorial Central Pangaean Moun-
tains (CPM), including auxiliary uplifts such as the
Ancestral Rocky Mountains in the western USA,
but secondarily from explosive equatorial volcanism
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(a)

(b)

Fig. 1. Pangaea A (left) and B (right) configurations for the early Permian (c. 290 Ma). Red dots show the locations
(generally) of the western USA and France (on either side of Pangaea). Maps show the locations of
Permo-Carboniferous basins in western (a; present-day coordinates) and eastern (b; palaeogeographical coordinates)
equatorial Pangaea. Numbers correspond with columns in Figures 2 and 3. Source: map of western USA is modified
from Soreghan et al. (2008), and map of western Europe is modified from Matte (2001), Pochat and Van Den
Driessche (2011), and Schneider and Lucas (2015).
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Fig. 2. Compilation of documented and hypothesized upper Paleozoic loess and dust in western equatorial Pangaea. Source: modified from Soreghan et al. (2008).
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that increased in abundance from Carboniferous into
Permian time, especially in western Europe. We
demonstrate that atmospheric dust loading became
increasingly important in the late Paleozoic Earth
system, especially as Pangaea aridified, with sub-
stantial implications for Earth’s biosphere.

Definition of loess and dust

‘Dust’ can be defined simply as a suspension of solid
particles in a gas (Pye 1987; Muhs 2013), as well as
referring to deposits of such material (Muhs 2013).
Although dust can refer colloquially to both loess
and (fine) dust, Stuut et al. (2009) emphasized the
importance of distinguishing between loess and
dust, or ‘large dust and small dust’ (cf. Livingstone

and Warren 1996). In their definition, large dust is
silt in the 16–63 µm range, and is the material com-
monly composing loess deposits, whereas small dust
is typically ,10 µm – material that can be trans-
ported for long, even global, distances (Tsoar and
Pye 1987), commonly referred to as long-range
transported (LRT) dust (Muhs et al. 2014).

In its simplest definition, ‘loess’ refers to conti-
nental deposits of windblown silt, composed primar-
ily of quartz, feldspars, and phyllosilicates (e.g. Pye
1995; Muhs and Bettis 2003). Owing to a focus in
the loess literature on the relatively recent geological
record, and the common association of loess with
soils, the silt size mode is typically taken as ranging
from 2 to 63 µm by Quaternary geologists and soil
scientists (e.g. Stuut et al. 2009; Muhs et al. 2014),
but sedimentologists consider silt to range from 4

Fig. 3. Compilation of documented upper Paleozoic loess in eastern equatorial Pangaea (#3; Salagou Formation;
Pfeifer et al. 2021a) and correlative units in continental basins within the European Variscan belt. Compilations from
Schneider et al. (2006, 2014, 2019 and references within) have been modified to include tentative interpretations
(colour) about continental silt-rich units that may represent loess deposition (interpreted from stratigraphic
descriptions in the literature; Geluk 1958; Vinchon 1984; Breitkreuz et al. 2009; Voigt et al. 2010; Pochat and Van
Den Driessche 2011; Schäfer 2012; Cassinis et al. 2012; Lagnaoui et al. 2014; Marchetti et al. 2015; Opluštil et al.
2016; Mujal et al. 2018; Buchwitz et al. 2020; Pfeifer et al. 2021b; Mercuzot et al. 2022).
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to 63 µm (Wentworth 1922; Blott and Pye 2012).
Several authors have suggested the existence of a
‘loess mode’ in the range of 20–30 µm (Assallay
et al. 1998) or 20–40 µm (Tsoar and Pye 1987) or
20–50 µm (Smalley and Krinsley 1978), although
loess commonly contains material both smaller and
larger that these proposed ‘typical’ modes (Muhs
2013). Pye (1995) noted that there is no single
loess ‘mode’ given that model size hinges on factors
such as transport distance (cf. Chinese Loess; Porter
2001). Muhs et al. (2014) noted that 60–90% of loess
consists of silt-sized particles, with minor sand
and clay.

Owing to the small particle sizes, dust travels via
suspension rather than saltation, with coarser dust (c.
20–70 µm) carried in short-term suspension and gen-
erally deposited relatively proximal to the source,
and finer dust (,20 µm) carried in LRT, and depos-
ited thousands of (or more) kilometres from the
source (Pye 1987; Muhs 2013). Total transport dis-
tance can be complicated by intermediate river trans-
port, however, especially given the importance of
rivers to loess accumulations (Smalley et al. 2009),
such that coarser silt can travel hundreds or more kil-
ometres in rivers prior to aeolian emission from
floodplains (e.g. Li et al. 2020). Exceptions to parti-
cle size generalizations include so-called giant grains
now documented in both modern and deep-time
dusts, that clearly travelled anomalously far from
their source(s) owing to various atmospheric trans-
port mechanisms (e.g. Betzer et al. 1988; Stuut
et al. 2005; Van der Does et al. 2018). Climate mod-
els often focus on the fraction c. 10 µm and finer, as
this size range is the most significant for long-range
transport, effects on radiative forcing, and fueling
nutrient release (Mahowald et al. 2006, 2011; Albani
et al. 2014, 2015).

The conditions necessary to form a dust or loess
deposit include (Pye 1995) the need for (1) (a) silt
source(s), (2) the capacity for dust emission –mean-
ing both adequate wind energy and some amount of
aridity in the deflation region (e.g. dry floodplains
and playas), (3) transport via both the atmosphere
and rivers, and finally (4) a site suitable for accumu-
lation. A component of fluvial transport seems
important for many systems, with much loess (deflat-
ing from and) accumulating within a few tens of
kilometres of river channels and floodplains (e.g.
Smalley et al. 2009; Fenn et al. 2022), albeit the fin-
est fraction can travel much farther. Dust accumula-
tion on land (as loess) is aided by accumulation in the
lee of barriers to saltating sand transport, such as
river valleys and escarpments (Mason et al. 1999),
and by trapping caused by plants and surface mois-
ture – such that semi-aridity is better than hyperarid-
ity for accumulation (e.g. Tsoar and Pye 1987; Pye
1995). Aeolian-transported material can also be
trapped in water bodies, including lakes and seas,

where it is sometimes termed ‘aeolian-marine’
deposits (e.g. Radczewski 1955; Fischer and Sarn-
thein 1988; Soreghan 1992; Carroll et al. 1998;
Rea 2009). For the case of Quaternary loess, some
infer a post-depositional process of ‘loessification’
wherein meshes of needle-like calcite form between
grains, trapping infiltrated clays (Smalley and Mar-
kovic ́ 2014) and influencing collapsibility.

The question of source continues to be hotly
debated in the loess literature, as the manufacturing
of large volumes of silt is not as straightforward as
it might seem. Consider the case of chemical weath-
ering of a granitoid: one is left with predominantly
sand and gravel (Blatt 1967; Chiu and Ng 2014),
implying the need for physical weathering to pro-
duce silt-sized grains in the case of silt-poor parent
rocks. The predominance of loess in Earth’s recent
(late Cenozoic, especially Pleistocene) record, and
its common occurrence in mid- to high-latitude
regions close to the margins of former ice sheets,
have led to an oft-cited connection between loess
and glaciation, and recognition of the importance
of glacial grinding for the ready production of volu-
minous silt (e.g. Smalley 1966, 1995; Smalley et al.
2001; Muhs and Bettis 2003; Li et al. 2020). The
capacity for glacial grinding to crush primary sili-
cates to silt sizes is unequivocal, but occurrences of
loess and loess-like deposits linked by provenance
to volcanigenic processes, or that occur in or near
warm desert environments call for nonglacial mech-
anisms that must also be viable for silt production.
These include reworking (physical erosion) of
silt-rich precursors such as mud- or siltstone, volca-
nic ash, or phyllite, for example. Indeed, loess in
some regions is dominated by volcanic input (e.g.
South America – Zárate 2003; Alaska – Muhs
et al. 2004; Japan – Matsu’ura et al. 2011; North
America – Mason 2001; Aleinikoff et al. 2008;
Yang et al. 2017). Loess associated with warm
deserts tends to be either finer or coarser than the
‘typical’ loess mode cited above. For example,
loess exhibiting bimodal particle-size distributions
(3–8 µm and 50–60 µm) in the Negev Desert of
Israel was transported and sorted (through the
dunes of Sinai–Negev) from the lowstand-exposed
Mediterranean shelf (Crouvi et al. 2008, 2010;
Ben-Israel et al. 2015). The largest source of dust
today emanates from the Bodélé Depression – a
desert region of former lake Megachad (Washington
et al. 2003, 2006; Bristow et al. 2009; Stuut et al.
2009) that sources dust to the Canary Islands –

with modes of c. 5 µm and diatomaceous composi-
tions (Stuut et al. 2009; citing data in Coudé-Gassen
1987; Torres-Padrón et al. 2002; Menéndez et al.
2007). Although some have argued for the efficacy
of silt production by processes such as aeolian sand
saltation and associated intergranular collisions
(e.g. Whalley et al. 1987; Smith and Lowe 1991;
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Wright et al. 1998; Wright 2001; Bullard et al. 2004,
2007; Enzel et al. 2010), experiments using realistic
wind velocities, as well as empirical observations
support only a negligible role for these processes
(Kuenen 1960; Swet et al. 2019; Adams and Sore-
ghan 2020). However, debate continues over the rel-
ative efficacy of many non-glacial mechanisms to
generate silt, including fluvial comminution, chemi-
cal weathering, and frost- and salt weathering, for
example (e.g. review in Fenn et al. 2022).

The utility of dust and loess

Loess is comparable to lacustrine and oceanic sedi-
ment in its capacity to record continuous or near-
continuous deposition; furthermore, it is deposited
directly from the atmosphere. Accordingly, like
lake deposits, loess captures high-resolution
(millennial-scale) archives of climate and environ-
mental conditions on land (Beget and Hawkins
1989). For dust and loess, bulk geochemistry as
well as rock magnetism provide weathering and
provenance information (Soreghan and Soreghan
2007; Buggle et al. 2011; Maher 2011, 2016; Obreht
et al. 2019), while composition, grain size, and grain
morphology (shape) have important implications for
radiative forcing, with dust capable of imposing
either a cooling or warming effect (e.g. Mahowald
et al. 2006, 2014; Balkanski et al. 2007; Durant
et al. 2009; Atkinson et al. 2013; Di Biagio et al.
2020). Particle size distribution (PSD) can be partic-
ularly useful, especially when combined with other
metrics, for interpretation of, for example, hydrocli-
mate, dust loading, storm activity (Újvári et al.
2016), and other palaeoenvironmental data. With
the advent of laser particle size analysis (LPSA), var-
ious algorithms have been proposed for decomposi-
tion of multimodal PSDs to extract further detail
from these datasets (e.g. Liu et al. 2021). Magnetic
susceptibility and frequency dependency of suscept-
ibility provide baseline data on climate, pedogenesis,
and/or possible diagenetic effects, owing to forma-
tion or dissolution of iron minerals (e.g. Forster
et al. 1994; G.S. Soreghan et al. 1997; Maher
2011, 2016; Buggle et al. 2014; M.J. Soreghan
et al. 2014; Pfeifer et al. 2020). Quantitative colour
(spectrophotometry) of loess can reflect parameters
such as magnetic minerals, thus providing a proxy
for magnetic susceptibility and palaeoenvironmental
conditions (e.g. Ji et al. 2001; Sprafke et al. 2020).
Anisotropy of magnetic susceptibility – carefully
interpreted – can reveal insight on palaeo-wind,
and environments (e.g. pedogenically altered, biotur-
bated, subaerial v. subaqueous deposition; Tarling
and Hrouda 1993; Zhu et al. 2004; Nawrocki et al.
2006; Zeeden et al. 2015; Bradák et al. 2020). And
anhysteretic and isothermal remanent magnetization

(ARM, IRM) provide information on magnetic grain
size and concentration, which, combined with mag-
netic susceptibility, can yield information on trans-
port and provenance (Buggle et al. 2014). These
and various metrics can be used to evaluate astro-
nomical forcing (cyclicity), for example, in the use
of PSD andmagnetic susceptibility variations to con-
struct orbital age models (e.g. Heslop et al. 2000;
Basarin et al. 2014). Additionally, detrital zircon
geochronology – a well-established approach to
provenance – was first applied to (palaeo)loess
deposits by Soreghan et al. (2002) to inform loess
transport pathways, including reconstruction of
atmospheric circulation. It has subsequently been
applied widely in both Quaternary loess (e.g. Alei-
nikoff et al. 2008; Stevens et al. 2010; Dendy
et al. 2021; Fenn et al. 2022) and deep-time loess/
aeolian-marine dust (e.g. Sweet et al. 2013; Foster
et al. 2014; Pfeifer et al. 2018; Soreghan et al.
2018; McGlannan et al. 2022).

Recognition of dust in Earth’s deep-time
record

To a large degree, the same approaches used to iden-
tify loess and dust (or contributions thereof) in recent
and Plio-Pleistocene sediment are applicable to
deep-time systems (see Soreghan et al. 2008,
2022). The primary difference is the common lithifi-
cation into mudstone and siltstone for deep-time
units. In both near- and deep time, loess is recog-
nized as silt dominated, with varying modes within
the silt fraction, and the potential inclusion of both
clay- and fine sand-sized material (Pye 1995; Sore-
ghan et al. 2008; Muhs et al. 2014). Because dust
settles out of suspension, loess deposits are typically
internally massive, lacking sedimentary structures,
and creating ‘beds’ up to several metres thick. Dust
deposition competes constantly with plant coloniza-
tion, so that loess and (post-Silurian) palaeoloess
deposits commonly contain pedogenically altered
horizons that record prolonged intervals of less-arid,
less-dusty times; these palaeosols typically form the
primary bedding in loess deposits. Dust blankets the
land, so that loess deposits are laterally extensive,
and typically lack evidence of the channelling, grad-
ing, or basal erosion commonly associated with flu-
vial and floodplain deposits.

By definition, loess and palaeo-loess accumulate
on land, but aeolian-transported fines settle into
every environment, including, for example, marine,
lacustrine, glacial, and transitional/fluvial systems
(references above), where recognition of their origin
can be more challenging. Inferring an aeolian dust
origin for detrital siliciclastic material in these set-
tings requires – in addition to examination of the sed-
imentology – sufficient knowledge of transport
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processes to enable elimination of all but aeolian
delivery. For example, Sur et al. (2010) used the
palaeogeographical setting of isolated carbonate
buildups of the so-called ‘Horseshoe Atoll’ in the
subsurface of the Midland Basin (west Texas) to
establish an aeolian transport model for siliciclastic
fines. In this otherwise entirely carbonate setting,
thin, clearly marine mudrock marked the sequence
boundaries recording glacial lowstand and incipient
transgressive intervals. But palimpsest pedogenic
features recorded initial deposition of the mud as
loess, that was subsequently drowned and over-
printed during glacial-to-interglacial transitions.
Similarly, siliciclastic fractions interpreted to repre-
sent aeolian-transported dust contributions occur in
the Akiyoshi atoll of Japan (Qi 2016) – thousands
of kilometres from potential dust sources – as well
as in carbonate platform systems studied from sites
in western equatorial Pangaea (e.g. Soreghan
1992), and in palaeo-mid-latitudes of the northern
and southern hemispheres (e.g. Bolivia, Iran, Sval-
bard; Carvajal et al. 2018; Oordt et al. 2020; Sardar
Abadi et al. 2020).

Although an aeolian transport and delivery model
can be argued with high confidence in cases such as a
core derived from a system for which no up-slope sil-
iciclastic sources exist (e.g. a carbonate system or a
continental ice cap), an aeolian origin is murkier in
the case of units deposited in siliciclastic marine
and lacustrine systems. In near-time systems, reason-
able inferences of a dust origin have been established
for, for example, deep-sea cores situated far from
deltaic or submarine fan delivery systems (e.g.
Pacific – Rea et al. 1985; Stuut et al. 2009), or lacus-
trine cores from lakes receiving quasi-continuous
dust input (e.g. Biwa – Yamada 2004). Dust is also
a very well-recognized component of modern soils
– especially in arid regions (e.g. Yaalon and Ganor
1973; Reheis et al. 1995) – identifiable in part by a
composition that demonstrates allochthonous input
(e.g. Mason and Jacobs 1998). A composition
grossly inconsistent with the substrate also signals
allochthonous dust input, for example, quartzose
contributions to basaltic volcanic oceanic island sys-
tems (cf. Hawaii example; Muhs et al. 1990; Muhs
2013) or high clastic-carbonate contributions to oth-
erwise organic-rich lacustrine systems (cf. maar
lakes; Dietrich and Seelos 2010). In these cases,
the attributes enabling interpretation of a dust influ-
ence are particle-size characteristics (silt and finer)
consistent with aeolian transport, together with geo-
graphical circumstances that enable elimination of
fluvial or deltaic (or submarine fan) transport or
nepheloid layers, and/or mineralogical or geochem-
ical evidence for allochthonous input. Similarly, dust
is incorporated into peats, where it will ultimately
become part of the coal ash (coal-combustion resid-
uals – see below; e.g. Steinmann and Shotyk 1997;

De Vleeschouwer et al. 2012; Large and Marshall
2015; Sjöström et al. 2020; Large et al. 2021).

Analogous arguments are made for inferences of
aeolian silt transport for deep-time systems. For
example, Fischer and Sarnthein (1988) pointed to
the now well-recognized aeolian sediment transport
into marine systems occurring off the coast of the
western Sahara as an analogue for the relatively well-
sorted (fine) sandstone and siltstone that predomi-
nate in deep-water systems of the Permian Delaware
Basin of West Texas; indeed, an aeolian transport
model for these units had been raised by previous
authors as early as the 1950s (Newell et al. 1953;
Hull 1957; Harms 1974). Subsequently, aeolian
transport for anomalously silt-rich strata have been
widely recognized in deep-time units, especially
for strata from the Carboniferous–Permian (see sum-
mary in Soreghan et al. 2008, and Figs 2 & 3). More
recently, an aeolian-transport but marine deposition
model has been invoked for units as old as the late
Ordovician (Soom Shale, South Africa; Gabbott
et al. 2010), Late Devonian (Woodford Shale,
USA;McGlannan et al. 2022), and theMississippian
Sycamore and Meramecian units of the US mid-
continent (McGlannan et al. 2022). The Devono-
Mississippian interpretations are based on the diag-
nostically detrital (rather than authigenic or bio-
genic) origin of the silt-sized fraction of the
siliciclastic contribution, laterally extensive facies
distribution, and palaeogeographical setting in the
sub-tropical arid belt, far from the nearest possible
fluvio-deltaic feeder systems (McGlannan et al.
2022). Dust delivery has even been inferred for
units bearing clear signs of fluvial deposition but
composed entirely of silt-sized sediment – notably
the Permian Abo Formation – which Mack et al.
(2003) analogized to the Huang He River that drains
through the Chinese Loess Plateau.

Records of upper Paleozoic dust (equatorial
Pangaea)

Dust deposits of western equatorial Pangaea
(Western-Midcontinental USA)

Within western equatorial Pangaea, the middle–late
Paleozoic marks a transition from relative tectonic
quiescence (Cambrian–Devonian; e.g. Yonkee
et al. 2014; Scotese 2021) accompanied by carbonate
deposition in epeiric seas, to widespread orogenesis
along the western/southwestern, eastern, and south-
ern margins of the North American craton (present-
day coordinates; Fig. 1). Along the west, the early
Mississippian Antler orogeny occurred – an arc-
continent or perhaps Mediterranean-type thrust belt
(Speed and Sleep 1982; Burchfiel and Royden
1991). In contrast, the ESE involved the progressive
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collisions and orogenic episodes ultimately culmi-
nating in the Central Pangaean Mountains, including
the Appalachian (Acadian–Alleghanian) and Oua-
chita–Marathon systems (uplifts and adjacent fore-
lands) extending from the NE (Atlantic Canada) to
the SW (southwestern USA), and contiguous oro-
genic systems in Europe (Lawton et al. 2021; Sco-
tese 2021; see below). The Ancestral Rocky
Mountains contrasted greatly with these plate-
boundary orogenic systems largely characterized
by thrust belts and adjacent foreland basins reflecting
the equator-parallel suturing of Gondwana and Lau-
rentia to form Pangaea. Instead, the Ancestral Rocky

Mountains formed across a broad SE–NW-trending
swath of Laurentia, from Oklahoma to Wyoming
and consisted of intraplate, basement-involved
block uplifts and adjoining basins (e.g. Kluth and
Coney 1981; Ye et al. 1996). The history of early
Paleozoic carbonate deposition followed by later
Paleozoic collisional tectonics makes detrital zircon
geochronology an especially useful tool for recon-
structing Carboniferous–Permian sediment transport
pathways. Many of the silt-rich units of this region
lie preserved in the basins of the Ancestral Rocky
Mountains system, especially given that erosion of
the palaeo-piedmont of the Appalachian system

Fig. 4. Provenance and palaeogeography of western equatorial Pangaea. (a) Palaeogeographical map displaying
depositional and uplifted regions. Note the palaeogeography is mainly reflective of the Kasimovian, but is necessarily
time-averaged as it incorporates high-frequency glacioeustasy as well as long-term regression. Wind directions are
idealized for both zonal (pre-Kasimovian) and monsoonal (post-Kasimovian) atmospheric circulation. Rivers (blue
arrows) are idealized from Kushner et al. (2022), Lawton et al. (2021) and Thomas et al. (2020) and reflect drainage
patterns extant; these river systems were not active simultaneously, nor throughout the entire time period. Basement
ages of uplifts, terranes, and orogenic belt are from Soreghan et al. (2018), Lawton et al. (2021), and Alsalem et al.
(2021). (b) Detrital zircon age spectra for compiled palaeo-loess and silty marine carbonates (data sources available in
the supplementary data). The data are divided into pre-Kasimovian and Kasimovian (lower panel) and
post-Kasimovian (upper panel). Coloured bars in the probability plot and coloured slices of the pie charts are colour
coded the same as the uplift and terranes in part (a). Source: (a) modified from Kushner et al. (2022) and Soreghan
et al. (2018).
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essentially removed most of the Permian record of
North America east of the mid-continent region.

Marine carbonate strata predominate in the upper
Devonian to Carboniferous of western-midcontinent
North America, but sporadic marine ‘shale’ and silty
carbonate units occur, with unclear origins. The ori-
gins are unclear because they contain substantial
amounts of siliciclastic material in the (predomi-
nantly) silt size fraction, but with no evidence of
proximal fluvial-deltaic feeder systems to have trans-
ported this material to ultimate deposition in the
marine system. Owing in part to this perplexing asso-
ciation, Soreghan et al. (2008) suggested that many
of these are aeolian-marine units, fed by winds and
sourced by the erosion of growing orogenic belts
of the (primarily) Appalachian and Ouachita sys-
tems. More recently, McGlannan et al. (2022)
amassed various data to explicitly posit aeolian ori-
gins for several enigmatic shaley and silty units of
the Late Devonian–Mississippian that punctuate
the otherwise carbonate-dominated stratigraphy of
this middle– to early–late Paleozoic interval within
the US mid-continent (Oklahoma). For example,
the Upper Devonian Woodford Shale (Oklahoma),
and (Fammenian) correlatives occur across the
greater region, from the NW (e.g. Exshaw and
Three Forks of Montana) to the ESE (e.g. Ohio
and Chattanooga shales of Kentucky and Tennessee;
McGlannan et al. 2022). Throughout the Lower Car-
boniferous, silty to cherty intervals punctuate car-
bonates of the midcontinent to eastern USA,
increasingly ascribed to aeolian delivery of siliciclas-
tic material (e.g. Soreghan et al. 2008; Cecil et al.
2018; McGlannan et al. 2022).

By Late Carboniferous (Pennsylvanian) time, the
evolving palaeogeography of the western-
midcontinent region appears to have set the stage
for the appearance of continental aeolian deposits.
The harbinger of this shift is the Molas Formation,
a red siltstone of Bashkirian (Early Pennsylvanian)
age that occurs at the unconformable contact
between the Mississippian Leadville Limestone
and overlying Carboniferous strata. This siltstone is
interpreted as loess that was trapped and incorpo-
rated into the palaeokarst formed atop the Leadville
Limestone (Evans and Reed 2007). The detrital zir-
cons in the Molas Formation are dominated by Gren-
ville (1300–900 Ma) and Paleozoic (440–380 Ma)
U–Pb ages that reflect transportation from peri-
Gondwanan terranes and the Appalachian–Ouachita
orogenic system (Fig. 4a), c. 2000 km distant (Evans
and Soreghan 2015), and appears to be the first true
loess deposit of the late Paleozoic in western equato-
rial Pangaea. Interestingly, there are few U–Pb ages
in the Molas Formation that reflect the local
basement-cored uplifts dominated by Yavapai–
Mazatzal age rocks (1800–1600 Ma) within the
Ancestral Rocky Mountains (Fig. 4a; Evans and

Soreghan 2015). However, by Late Carboniferous
(Moscovian) time, loess deposits were widespread
in and around the core of the Ancestral RockyMoun-
tains (ARM) uplifts of modern-day Colorado and
northeastern Arizona, and detrital zircons in these
strata exhibit U–Pb ages that match the local
basement-cored uplifts, with Yavapai–Mazatzal
basement ages, as well as zircons matching the peri-
Gondwanan terranes and Appalachian–Ouachita
orogenic belt (Fig. 4b – pre-Kasimovian). The
increase in loess deposits likely reflects in part the
growing prominence of this intraplate orogenic sys-
tem (Fig. 4a), and perhaps the dust-trapping capacity
of the ensuing topographic relief, although zircons in
these strata also indicate derivation from the distal
Appalachian–Ouachita orogen and peri-Gondwanan
terranes. In regions a bit farther from the core ARM,
anomalous siliciclastic silt appears in epeiric-sea car-
bonate strata – for example within the Moscovian
(Middle Pennsylvanian) and later Ely and Bird
Springs limestones (Nevada), to the Horquilla Lime-
stone of southern Arizona (Soreghan et al. 2008) –
analogous to its occurrences in Lower Carboniferous
limestones that, like their continental counterparts,
suggest both local (ARM uplifts) and distal (Appala-
chian–Ouachita orogen) sources.

In contrast to the pre-Kasimovian (Late Pennsyl-
vanian) interval, the post-Kasimovian comprises
widespread and well-documented palaeo-loess
deposits, in addition to a continuation of the marine-
deposited aeolian silt well recognized in many parts
of western equatorial Pangaea (Fig. 2). Following the
initial appearance of loess deposits first in regions
within and surrounding the core Ancestral Rocky
Mountains, loess began to predominate across the
greater region. By the Carboniferous–Permian boun-
dary, great thicknesses of silt- and mudstone inter-
preted as palaeo-loess prevail from the SW (Grand
Canyon) to the mid-continent (Oklahoma–Kansas),
and inferred aeolian-marine siltstone units populate
regions inboard of the remnant Antler orogenic mar-
gin (Fig. 4a). The detrital zircon signature of these
deposits shows subtle differences from older
(pre-Kasimovian) dust deposits (Fig. 4b) that reflect
evolution of the orogenic system as well as palaeo-
geography, including the development of trans-con-
tinental fluvial systems (Fig. 4a). Although zircons
with ages matching the Yavapai–Mazatzal terranes
(1800–1600 Ma) are present, particularly in palaeo-
loess within and adjacent to the ARM (e.g. Maroon
Formation and Cutler Group (Fig. 2; Soreghan
et al. 2002, 2014)), this age grouping becomes less
prominent over time, although locally important in
upper Carboniferous–lower Permian strata as mon-
soonal (westerly) winds directed dust transport
back eastward (Soreghan et al. 2002, 2014). For
palaeo-loess in the Mid-Continent region (Okla-
homa, Kansas, eastern New Mexico), U–Pb ages
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are dominated by Grenville (1300–900 Ma) and
Paleozoic (3800–440 Ma) ages, reflecting far-
travelled silt likely aided by transport in river sys-
tems prior to deflation. But these deposits also con-
tain zircons with younger Paleozoic ages as well as
Neoproterozoic ages (740–570 Ma; Fig. 4b), sug-
gesting that rivers began tapping different terranes
juxtaposed within the orogenic system. From the
Asselian (early Permian) onward, loess predomi-
nates in the stratigraphic record across many parts
of the western and midcontinental USA

It has long been known that assembly and
breakup of supercontinents impacts sea level, via
effects related to both seafloor age, and dynamic
topography (e.g. Hallam 1984; Haq and Schutter
2008; Young et al. 2022). Both observations and
modelling indicate that the hypsography of Pangaea
evolved such that – on the first-order scale – sea lev-
els generally fell from Late Devonian through Perm-
ian time (Young et al. 2022), reflected in the
increasingly common occurrence of continental
facies in the later Carboniferous and Permian across
equatorial Pangaea. From this perspective, the long-
term shift in western equatorial Pangaea from largely
aeolian-marine units in the pre-Kasimovian, to
increasingly aeolian-continental (loess, as well as
aeolian sandstone) strata in the post-Kasimovian is
perhaps unsurprising. However, independent of the
shift in ultimate depositional setting, this shift
records a significant increase in the sheer volume
of atmospheric dust through time, and significantly

so following the Kasimovian (Late Pennsylvanian).
In other words, dust generation and sourcing
increased substantially from the pre-Kasimovian to
the post-Kasimovian world.

Dust deposits of central equatorial Pangaea
(North–Central Appalachian Basin)

The shift to an increasingly dusty atmosphere is qual-
itatively reflected in the compilation of loess deposits
(Figs 2 & 3), but perhaps quantitatively verified by
compilations of the ash contents of coals, which
are now argued to be a good proxy for atmospheric
dust deposition (Large and Marshall 2015; Marshall
et al. 2016; Large et al. 2021). Cecil et al. (1985)
reported that mean ash content in Lower Pennsylva-
nian coals of the Northern/Central Appalachian
Basin was c. 6–8%. However, in the Middle and
Upper Pennsylvanian, there were three excursions
toward much higher ash contents, culminating in
coals of the Dunkard Formation in the latest portion
of the Upper Pennsylvanian, reaching a mean ash
content of 23%.

Naively, such a long-term increase in ash content
would imply an increase in dust deposition rates of
3–4×. However, simple translation from ash con-
tents to dust deposition rates would ignore confound-
ing factors such as ash enrichment by volatile loss
during coalification (Large and Marshall 2015; Mar-
shall et al. 2016; Large et al. 2021), input of mineral
matter from surface runoff and groundwater

(a) (b) (c)

Fig. 5. Box and whisker plot of ash content (%), SiO2 content (%), and SO3 content (%) in the sampled coal beds.
Orange markers indicate median values (or the only value if there is one sample from the bed). Bed names are
omitted for clarity.
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infiltration rather than airfall deposition (e.g. Shotyk
1988), and input of volcanic ash rather than aeolian
dust (e.g. Holmes et al. 1999; Chesworth et al.
2006; Spears 2012).

As described in Appendix A, we have repeated
the analysis of Cecil et al. (1985) with an expanded
coal chemistry database (Palmer et al. 2015) and a
method that isolates the deposition of non-volcanic
mineral matter that is likely deposited by airfall,
enabling a reconstruction of dust deposition in a
key region of Central Equatorial Pangaea across
the Pennsylvanian.

Ash content variability in the amplified dataset
validates the basic pattern found by Cecil et al.
(1985) (Fig. 5a). Ash is typically low (median value
of c. 10%) throughout Bashkirian and much of Mos-
covian time. Later inMoscovian time, extreme values
of ash of up to 40% appear, thoughmedian ash values
remain typical of the earlier period. Median ash val-
ues then briefly increase in Kasimovian time, fol-
lowed by a period of large, extreme values in
Gzhelian time, and then an increase to median ash
contents of up to 35% in the youngest sampled
coals near the Carboniferous–Permian boundary.
Thus, ash content throughout coal beds increases
about a factor of 3–4 through the Late Carboniferous
(Slansky 1984) with some extreme events occurring,
particularly later in the Moscovian and in the Gzhe-
lian, which explain the shifts in mean ash content
observed by Cecil et al. (1985).

There is no particularly strong trend in SiO2 con-
tent (Fig. 5b). Moscovian and Kasimovian coal ashes

seem to be slightly less rich in SiO2 than in other
intervals. Median SO3 values are typically ,5%,
except in some Bashkirian beds (Fig. 5c). However,
extreme values of .20% occur in some Gzhelian
beds and in one bed of Moscovian age, the Middle
Kittanning. The significance of SO3 in coal is dis-
puted. Under most circumstances, S content in
coals is proportional to intrusion of marine waters
(Chou 2012), so the outlier values may indicate inter-
vals of large sea-level fluctuations.

The reconstructed deposition rates provide a new
perspective on the trends in ash content. Kaolinite
deposition fluxes are generally dominant (Fig. 6c).
Median fluxes vary between 1 and 10 g m−2 a−1

but typically are fairly close to 3 g m−2 a−1. Outlier
values of .10 g m−2 a−1 occur during the Mosco-
vian and Gzhelian. However, there is a definite tem-
poral trend in quartz and illite deposition rates
(Fig. 6a, b), with median mineral matter deposition
in beds trending richer in quartz and illite toward
the Gzhelian and the Asselian. As in the case of kao-
linite, outlier values of illite and quartz deposition
fluxes are common later in Kasimovian and Gzhelian
time. The dominance of kaolinite suggests that these
coals largely formed from minerotrophic peats, or
else received relatively weathered material from
airfall deposition.

Some of this mineral matter was of volcanic
origin. Coal ash is moderately enriched in yttrium
throughout the Bashkirian and Moscovian, followed
by a gradual decrease during the Kasimovian and
Gzhelian to the beginning of the Permian (Fig. 7c).

(a) (b) (c)

Fig. 6. Box and whisker plot of estimated deposition rates (g m−2 a−1) of quartz, illite, and kaolinite. Orange markers
indicate median values (or the only value if there is one sample from the bed). Bed names are omitted for clarity.
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Outlier values of yttrium enrichment occur later in the
Moscovian, suggesting there were occasional, signif-
icant contributions from volcanic ashes. Note, how-
ever, that the high variability in quartz, illite, and
kaolinite deposition later in Moscovian time aligns
with high variability in yttrium enrichment.

Corrected for this yttrium enrichment, the pattern
of atmospheric dust deposition emerges (Fig. 8a).
This dust can be presumed to be distal enough
from dust sources to be transported from sufficiently
long distances to be ,10 µm. Median dust deposi-
tion was generally ,1 g m−2 a−1 throughout most
of the Late Carboniferous. It increased to c. 3 g m−2

a−1 in particular beds during the Bashkirian and the
Kasimovian and reached as high as 7 g m−2 a−1 late
in the Gzhelian. Variability was highest late in Mos-
covian time, when median dust deposition was c. 1
g m−2 a−1 but possibly up to 10–20 g m−2 a−1 in
individual samples.

The typical level of dust deposition reconstructed
during the Late Carboniferous (,1 g m−2 a−1) is
close to that estimated for Holocene equatorial
South America (Albani et al. 2015). This level of
dust deposition suggests that subtropical dust
sources in Pangaea were relatively weak by analogy
with present-day South America, where dust depos-
ited in the Amazonian basin is about as influenced by
long distance transport from stronger, distal African
sources as proximal, weaker sources like the Argen-
tine pampas (Nogueira et al. 2021). Dust deposition

rates of 3 g m−2 a−1 would be closer to those mod-
elled in Holocene equatorial Africa, indicating stron-
ger, proximal dust sources (Albani et al. 2015).
Some upward adjustment must be made to expected
dust deposition earlier in the Pennsylvanian, when
the area was at higher latitude (van Hinsbergen
et al. 2015) and closer to speculative dust sources
in Gondwanaland inferred from high ash contents
in Permian coals from Brazil (Marshall et al.
2016). However, this adjustment for latitude is not
likely to apply as much for the Moscovian and Gzhe-
lian outlier dust deposition and the peak in median
dust deposition late in Gzhelian time. These values
are close to c. 5–20 g m−2 a−1 expected for equato-
rial Africa (up to 10° N) at the Last Glacial Maxi-
mum (LGM), which implies dust sources may have
been supplied by silt generated by glacial grinding,
which must be invoked in climate models to explain
increased dust emission and deposition recon-
structed for the LGM (Mahowald et al. 2006).

The key interpretive factor to keep in mind when
thinking about the median, range of variability, and
outlier values for a given coal bed is that peat forma-
tion in the Appalachian Basin was cyclical; coals
appear within fluvial successions interrupted by
occasional marine intrusions (e.g. Veevers and Pow-
ell 1987; Heckel 1990; Fielding 2021). Forests are
more likely to flourish in humid phases, while glacio-
eustatic sea-level rise and fall can make the differ-
ence between peat mires drying out and being

(b) (c)(a)

Fig. 7. Box and whisker plot of estimated deposition rates (g m−2 a−1) of quartz and illite and of the ratio of Y in ash
to Y in UCC (21 ppm). Orange markers indicate median values (or the only value if there is one sample from the
bed). Bed names are omitted for clarity.
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drowned. The hypothesis that coal bed thickness
translates into a well-constrained depositional time-
scale (Large and Marshall 2015; Large et al. 2021)
suggests that thicker coal beds of a similar grade,
age, and palaeolatitude were deposited over a longer
time interval than thinner coal beds. These condi-
tions are ably met for the Appalachian Basin coals
sampled here.

However, bed or seam thickness (strictly speak-
ing) is not easy to consistently evaluate (Hohn and
Britton 2013), and there is no consistently calculated
database of seam thickness across the West Virginia
coal sequences. The limited data available from Eble
et al. (2013) suggest that Monongahela Formation
(∼Gzhelian) coal beds average .4 times the thick-
ness ofWashington andWaynesburg Formation (lat-
est Gzhelian–Asselian) coal beds. Thus, coal beds
from near the Gzhelian–Asselian boundary are prob-
ably sampling the most optimal and presumably
most humid period, whereas Gzhelian coals are sam-
pling over a broader climatic range.

In the absence of thickness data, we can use sam-
ple number (Fig. 8b) as an approximate proxy. This
proxy is not perfect. The Pittsburgh coal bed of the
Monongahela Formation (Gzhelian) is the thickest
coal bed in the Appalachian Basin (Tewalt et al.
2000). However, this analysis suggests that Alle-
gheny Formation (Moscovian) coals are the most
thoroughly sampled, even if they are not necessarily
as thick as the coals of the Monongahela Formation,

and thus they best sample the full spectrum of var-
iability within a glacial–interglacial climate cycle.
If this reasoning is valid, then the coals deposited
in late Moscovian time and in some parts of Gzhe-
lian time may be capturing drier intervals that are
likely missing in the thinner coals of the Waynes-
burg and Washington formations. But accounting
for this difference in sampling leads to two exciting
conclusions. First, the subtropics near the Appala-
chian Basin in late Moscovian time and during the
deposition of the Monongahela Formation in Gzhe-
lian time must have experienced an extraordinary
amplitude of climate variability from humid to at
least semi-arid conditions (with potentially
enhanced glacial sediment supply). As this late
Moscovian interval also seems to have been a
time of significant explosive volcanism near the
Appalachian Basin and a time of major sea-level
excursions and associated marine intrusions (based
on SO3 variability), the late Moscovian captures a
time of profound environmental disturbance. This
conclusion is substantiated by a broad ecological
study of Euramerican coal forests by Falcon-Lang
and DiMichele (2010), which found a significant
change in diversity and coal forest extent through-
out Euramerica across the Moscovian–Kasimovian
boundary.

The second conclusion is that the thinner beds of
the Washington and Waynesburg (latest Gzhelian–
Asselian) may be recording the most humid interval

(a) (b)

Fig. 8. (a) Box and whisker plot of estimated deposition rates (g m−2 a−1) of poorly chemical weathered mineral
matter from non-volcanic sources. Orange markers indicate median values (or the only value if there is one sample
from the bed). (b) Number of valid samples used in bed averaging. Bed names are omitted for clarity.
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of a relatively arid glacial–interglacial cycle. (Note
that, because the correlation between humidity/arid-
ity and glacial/interglacial phases during late Paleo-
zoic time remains disputed (see Heavens et al. 2015
and references therein), we speak of the humid and
arid phases of a glacial–interglacial cycle rather
than the glacial or interglacial phases.) Thus, the
median deposition rates should be compared to the
lower end of dust deposition rates in the thicker
coals of the Monongahela or Allegheny formations,
suggesting that dust deposition rates may have
increased from c. 0.2 g m−2 a−1 to 7 g m−2 a−1 in
equivalent parts of a glacial–interglacial cycle, indi-
cating a significant increase in aridity and/or sedi-
ment supply in dust source regions, even at the
most humid point of the cycle.

These data also can be used to test when dust dep-
osition occurred within the glacial cycle, given that
the sulfur content in these coals is commonly linked
to a marine source (e.g. Chou 2012). In individual
Allegheny Formation coal samples, dust deposition
is anti-correlated with SO3 content (r = −0.22, n
= 679, p = 5×10−9). This anti-correlation improves
for the logarithm of dust deposition and SO3 on a lin-
ear scale or both on logarithmic scales (r = −0.43, n
= 679, p = 2×10−32; r = −0.46, n = 679, p =
3×10−37), suggesting that high dust deposition
rates and marine intrusions were rarely synchronous.
Thus, dust deposition mostly took place at times of
lower sea level during glacials, supporting the
hypothesis of tropical (or at least subtropical) aridity
during glacial phases.

Dust deposits of eastern equatorial Pangaea
(western Europe)

The Central Pangaean Mountains formed as the
northern supercontinent of Laurussia and southern
supercontinent of Gondwanaland began colliding,
which progressed roughly from eastern equatorial
Pangaea (western Europe) to western equatorial Pan-
gaea (western USA). Hence, the Hercynian–Varis-
can orogenic belts of western Europe slightly
predate those (Appalachian–Ouachita–Marathon)
of the USA. The Variscan–Hercynian highlands
developed in a long-lived polyphase arc–continent
collision (Matte 1986). Many of the upper Paleozoic
units appearing in Figure 3 lie preserved in continen-
tal basins throughout central and western Europe
(Fig. 1; palaeogeographical coordinates) that formed
as a result of late Carboniferous syn-orogenic col-
lapse of the overthickened Variscan crust (e.g.
Ménard and Molnar 1988; Burg et al. 1994; Faure
et al. 2009). The nature of this syn-orogenic exten-
sion ultimately created a dismembered terrane with
many discrete intramontane basins that archive cor-
relative records of upper Paleozoic sedimentation

derived from erosion of the Variscan Mountains
(e.g. Van Den Driessche and Brun 1989; Malavieille
et al. 1990; Burg et al. 1994; Schneider and Scholze
2018). Correlations (cf. Fig. 3; Schneider et al. 2006,
2019; Schneider and Lucas 2015) among continental
basins within the European Variscan belt continue to
improve with emerging radiometric and biostrati-
graphic data and – where the upper Paleozoic record
is complete – stratigraphy includes a ‘grey to red’
transition near the Asselian–Sakmarian boundary
(e.g. Pochat and Van Den Driessche 2011) that is
broadly interpreted through continental basins of
Laurussia and Gondwana to reflect a shift from wet
to dry climates (e.g. Parrish 1993; Schneider et al.
2006; Mujal et al. 2018), although distinguishing cli-
matic controls from the local and regional exten-
sional tectonic controls in the Variscan belt
remains challenging (Pochat and Van Den Driessche
2011). Upper Carboniferous–lower Permian
(Gzhelian–Asselian) fluvial–alluvial and lacustrine
organic-rich deposits tend to be coal-rich (cf.
Autun Basin, France; Mercuzot et al. 2022) and
locally contain (hypothesized) evidence for perigla-
cial features (cf. Lodève Basin, France; Becq-
Giraudon et al. 1996; Pfeifer et al. 2021b). Pervasive
redbed deposits that first appear at the Asselian–Sak-
marian boundary reflect predominantly ‘wet’ (flu-
vial–alluvial) sedimentation in the Sakmarian and
Artinskian (e.g. the Rabejac Formation, Lodeve
Basin; Lower Nahe Subgroup, Saar–Nahe Basin;
Schneider et al. 2006 and refs within), but by around
the Kungurian (and through the Capitanian) evi-
dence of fluvial systems subsides, replaced by a
shift to what have been widely interpreted as playa
lake, arid-fan, or floodplain deposits, consisting of
large volumes of red mudstone. The lower–middle
Salagou Formation in the Lodève Basin (southern
France) is among the thickest (.1 km) and most
complete record of this fine, almost exclusively red
Permian mudstone, but for example (Fig. 3): the
Upper Nahe Subgroup (Saar–Nahe Basin), the Eise-
nach Formation (Thuringian Forest Basin), Trutnov
Formation (Krkonose Piedmont and Intrasudetic
basins; Schneider et al. 2006 and refs within), and
Upper Red Unit (Pyrenean Basin; Mujal et al.
2018) display analogous silty continental facies and
characteristics consistent with oxidation and aridity.

Palaeo-loess units of western equatorial Pangaea
were previously interpreted as tidal flat or deltaic
shales, yet lack the typical facies attributes of these
systems as well as the fluvial feeder systems neces-
sary to deliver such large volumes of fine-grained
sediment to the depositional area (e.g. Sweet et al.
2013; Foster et al. 2014). Using analogous criteria,
Pfeifer et al. (2021a) hypothesized that thick succes-
sions of exclusively fine red mudstone in the lower–
middle Permian Salagou Formation (Lodève Basin,
France) record loess deposition, sourced by the
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erosion of local, rapidly-exhuming Variscan palaeo-
highlands (Fig. 9; Pfeifer et al. 2018). And while the
Salagou Formation may represent the most com-
plete, and perhaps oldest deposit of Permian loess
in western Europe, we speculate that the similar
facies attributes of many of the uniformly fine-
grained ‘playa’ and ‘floodplain’ deposits across
western Europe might include unrecognized palaeo-
loess deposits (e.g. correlative units in other basins in
France, Germany, Morocco, Spain mentioned
above; Fig. 3). Further investigation is required to
test this working hypothesis, and to document the
nature and extent of Permian dust deposits in western
Europe (in progress; Pfeifer et al. 2022), including
whether other Permian European loess deposits are
also sourced from proximal Variscan palaeo-uplifts.
The generation and accumulation of kilometres-thick
– and potentially widespread – Permian loess depos-
its in western Europe has significant palaeoclimatic
implications for eastern equatorial Pangaea, and
calls into question the conditions that created such

large volumes of silt. If this material indeed records
dust and loess deposition, it implies widespread dust
generation that increased substantially following the
Kasimovian, and likely before the Kasimovian.

Discussion: the late Paleozoic dust bowl of
equatorial Pangaea

Dust as an archive of climate and climate
change in the late Paleozoic

As the most abundant sedimentary deposit on land
today (Catt 1988; Li et al. 2020), loess is so well
known that many have termed it characteristic of
the Quaternary (Catt 1988; Smalley 1995; Muhs
and Bettis 2003; Li et al. 2020). Indeed, Muhs and
Bettis (2003) labelled Quaternary loess a ‘sedimen-
tary extreme’. There has long been a close genetic
association between glaciation and loess, owing to
the proximity of the world’s large loess deposits to

Fig. 9. Provenance of the lower–middle Permian Salagou Formation (Lodève Basin, France). Detrital zircon age
spectra from Salagou Formation samples yield three prominent age populations that correspond with the primary
lithologies (c. 294–330 Ma granites and ≥450 Ma orthogneiss and schist) that comprise the Montagne Noire Dome, a
metamorphic core complex that is the interpreted source of Salagou Formation sediment. Inset: Red box denotes the
location of the Lodève Basin, southern French Massif Central, France. The French Massif Central is one of many
crystalline massifs within the Variscan Mountains of eastern equatorial Pangaea (western Europe). Source: modified
from Pfeifer et al. (2018).
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formerly glaciated regions (e.g. many loess deposits
of North America and Europe), or catchments down-
wind of glaciated regions (e.g. the Chinese Loess
Plateau), and the known capacity for glaciers to pro-
duce silt. But loess also occurs in warm deserts,
although the comparably thin and patchy character
fuels the persistent controversy regarding the
modes of silt generation in these systems: It seems
difficult to generate voluminous silt to form loess
via aridity alone.

The near ubiquity of loess in the late Cenozoic
contrasts with its dearth in most of Earth’s Phanero-
zoic record, outside of the Late Devonian–Permian.
Assuming this contrast captures a real phenomenon
rather than a simple lack of recognition of deep-time
loess, it behooves us to understand the potential
implications, and the similarities and differences
between Cenozoic and Paleozoic loess.

A major contrast between loess of the Cenozoic
and Paleozoic is thickness of the deposits. Inferred
palaeo-loess of the late Paleozoic can be an order
of magnitude thicker (..1000 m) than the thickest
loess successions of the late Cenozoic (generally c.
100 m), although the difference could reflect the per-
sistence of loess-forming conditions over a more
prolonged time. Sedimentation rates (neglecting the
effects of compaction) of the Maroon Formation
palaeo-loess of western equatorial Pangaea (c. 70
mm a−1; Soreghan et al. 2015) approximate those of
the Quaternary Chinese loess (Vandenberghe et al.
1997), yet loess deposition in this general region of
equatorial Pangaea persisted for as much as 28 myr
(approx. middle Late Carboniferous through early
Permian).

A second major contrast is the deposition of loess
on or near the Equator during the Carboniferous–
Permian. Today, significant loess deposits are con-
fined to the mid- or high latitudes (e.g. Catt 1988;
Muhs and Bettis 2003; Muhs et al. 2014; Li et al.
2020). The few exceptions that occur in low-latitude
regions (e.g. Nigeria, McTainsh 1987) are so thin
that they could not produce anything near the level
of thickness of upper Paleozoic loess, even over
the space of 28 myr. Explaining the prevalence of
loess in late Paleozoic equatorial regions is challeng-
ing. Beyond the need for a suitable trapping area, the
formation of loess deposits implies a confluence of
conditions prevailing within several hundred kilo-
metres (,5°) of the deposit, namely (1) an abundant
silt supply; (2) a semi-arid, poorly vegetated surface;
and (3) sufficiently high winds to support saltation
and dust emission. All these conditions are unusual
near the Equator today.

But it is possible to explain the emergence of all
these factors in the course of the tectonic and climatic
evolution of Pangaea during late Paleozoic time.
Silt production is a critical first step. Glacial grinding
is a viable way to produce large volumes of silt

formed predominantly of primary silicates – that is,
clay-poor – (references above). This is the attraction
of considering the possibility of glacial silt produc-
tion in the widespread uplands of the CPMs and
associated orogenic systems. This is an admittedly
speculative suggestion. Nevertheless, of the few
pre-Quaternary loess deposits inferred from non-
icehouse intervals (Triassic, Cretaceous), all are rich
in clay minerals and/or carbonates (Chan 1999; Jef-
ferson et al. 2002; Wilkins et al. 2018; Wilson et al.
2019; Mao et al. 2021), and thus contrast signifi-
cantly with those of icehouse intervals.

However, non-glacigenic loess is documented in
both icehouse and pre-icehouse strata of the Ceno-
zoic: the thickest loess of the Late Pleistocene in
North America is the Peoria Loess of the central
Great Plains, which exceeds the volume of the glaci-
genic Peoria Loess along the Mississippi River, and
was derived from silt-and very fine sand-rich sources
of the (primarily) Oligocene White River and Ari-
karee groups (Aleinikoff et al. 2008). Notably,
these sources are predominantly volcanigenic, even
interpreted previously as volcaniclastic loess (Hunt
1990; LaGarry 1998). Furthermore, Fan et al.
(2020) documented significant loess in the late
Eocene–Oligocene also sourced in part from volca-
niclastic material, but linked to aridification exacer-
bated by both tectonic uplift and global cooling. A
major difference between these examples and those
of the late Paleozoic is the lack of a (predominant)
volcaniclastic source for the Paleozoic material,
especially for western equatorial Pangaea.

Glaciation could form part of the explanation for
the widespread appearance of aeolian-marine dusts
in the latest Devonian record of western Pangaea
(McGlannan et al. 2022), which was situated in
mid-latitudes at the time, and hosted glaciation in
the Appalachian Mountains (Brezinski et al. 2008,
2009, 2010). Furthermore, various indicators sug-
gest aridity in the Late Devonian sub-tropics (e.g.
Boucot et al. 2013), which would have been exacer-
bated by glaciation. In contrast, eastern equatorial
Pangaea was situated nearer the equator during the
Late Devonian, with insignificant highlands, and
no records of glaciation, nor dust deposits.

As the North American part of Laurussia shifted
equatorward (Fig. 1) over Carboniferous time, and
with it the Ancestral Rocky Mountains/Midconti-
nent/Appalachian–Ouachita regions, some silt from
Devonian time would remain in the system and grad-
ually be incorporated into long-term sinks. Initially,
precipitation was driven by easterly winds emanat-
ing from the Palaeo-Tethys, so western equatorial
Pangaea would have been slightly drier than eastern
equatorial Pangaea (Parrish 1993). Vegetation,
including macrofloras, would have spread widely
across equatorial Pangaea. Ongoing orogenesis in
the Appalachian–Ouachita and Ancestral Rocky
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Mountains systems, however, would have altered the
precipitation dynamics by creating a double rain
shadow between the Ancestral Rocky Mountains
and the Ouachitas, gradually aridifying the Midcon-
tinent (recorded by a widespread transition to redbed
deposition in the stratigraphic record; cf. Fig. 2).

Simultaneously, mantle flow models show that,
in the Late Carboniferous, central-western North
America underwent dynamic subsidence (Cocks
and Torsvik 2011; Cao et al. 2019), resulting in the
vast low-lying area of the Midcontinent hosting an
epeiric sea, especially at interglacial highstands
(e.g. Algeo and Heckel 2008). This seaway helps
to explain the very well-known contrast in the S con-
tent between coals of the Illinois Basin v. those of the
Appalachian Basin; additionally, this sea aided dust
trapping. The Midcontinent would have been sensi-
tive to sea-level changes, and the epeiric sea pro-
vided a source of additional moisture to support
precipitation from airmass thunderstorms, as sug-
gested by climate model simulations (Heavens
et al. 2015), and the glacial–interglacial variability
in macrofloras from dryland to wetland assemblages
observed in Atlantic Canada and potentially else-
where (Falcon-Lang and DiMichele 2010; Falcon-
Lang et al. 2011). As the Appalachian orogen pro-
gressed, crustal loading would have induced further
subsidence, magnifying the effects of glacioeustatic
changes. In contrast, western-central Europe was
the site of (generally) dynamic uplift (cf., Cao
et al. 2019) associated with construction of the
Variscan–Hercynian system – the complement to
the Appalachian system of eastern North America.

A vast contraction of swamp forests toward more
drought-tolerant species occurred around the time of
the Kasimovian (e.g. Phillips et al. 1985; DiMichele
and Phillips 1996; Cleal and Thomas 2005), record-
ing a significant shift in the equatorial climate sys-
tem. This shift is attributed to glacial expansion in
Gondwanaland, resulting in extreme lowstands and
more seasonal precipitation, particularly in western
equatorial Pangaea, followed by warming (e.g.
Falcon-Lang and DiMichele 2010; Falcon-Lang
et al. 2011). Using modelling, Richey et al. (2020)
recently ascribed these vegetational changes to
threshold shifts in pCO2 and precipitation. This
shift coincides with the proliferation of palaeo-loess
deposits, (e.g. Kessler et al. 2001; Soreghan et al.
2008) as well as arid-type palaeosols (e.g. Tabor
and Montanez 2004).

Thus, western and sometimes central equatorial
Pangaea became drier and less vegetated. Further-
more, the windward sides of the Ancestral Rocky
Mountains and the Appalachians (i.e. the east and
SE) remained quite wet (Peyser and Poulsen 2008;
Heavens et al. 2015). Under Pleistocene glacial
conditions, equilibrium line altitudes for mountain
glaciers could reach as low as 3525 m in high

precipitation areas near the Equator (Hastenrath
2009), and unstable glacier fronts reached below
2100–2400 m (Osmaston 1989; Kaser and Osmas-
ton 2002), reinforcing the viability of the hypothesis
that glacial grinding was possible at elevations above
c. 2000 m over the largest set of equatorial orogenic
belts in the Earth’s known history. Admittedly, such
a large orogenic system could have exacerbated silt
production via processes such as tectonic stresses,
in addition to, for example, frost shattering – mech-
anisms linked to the ‘mountain’ loess mode (cf.
Smalley and Derbyshire 1990; Li et al. 2020; Fenn
et al. 2022), albeit the efficacy of these relative to
glacial grinding remains unknown.

Glaciation of the mountain belts would have
driven large temperature contrasts across complex
topography, likely leading to the development of
mesoscale wind systems such as foehn. The initia-
tion of the Pangaean megamonsoon (Soreghan
et al. 2002; Tabor and Montanez 2002) would
have resulted in the development of a low-level jet
(Heavens et al. 2015) that could have been a source
of momentum to be mixed down to the surface dur-
ing any thunderstorms, though Heavens et al. (2015)
also suggested that convection and convective pre-
cipitation would have been suppressed over the
mountain belts if they were substantially glaciated.
This reduction of precipitation would have raised
the elevation band over which glaciation was stable,
but the inherent instability of the system might have
led to even more glacial erosion. The monsoon also
may have enhanced the seasonality of precipitation
or evaporation at the palaeo-equator generally by
displacing the inter-tropical convergence zone
(ITCZ) from the palaeo-equator in winter and sum-
mer (e.g. Peyser and Poulsen 2008; Tabor and Poul-
sen 2008), but the monsoon simply may have
widened the ITCZ rather than displaced it (Heavens
et al. 2015).

Relative to western equatorial Pangaea, onset of
aridification was delayed in the European basins of
eastern equatorial Pangaea (Parrish 1993; Rees
et al. 2002; Tabor and Poulsen 2008). These areas
occupied the windward (southeastern) side of the
Central Pangaean Mountains and thus remained
wet, except perhaps under conditions of widespread
local mountain glaciation (Soreghan et al. 2022).
Consider the stratigraphy of the United Kingdom
where coals occur interspersed with and capped by
redbeds, suggesting coal forest collapse and more
arid conditions by about the latest Kasimovian
from the youngest Carboniferous strata in the basins
of Bristol and Gloucestershire as well as perhaps
slightly later in the Warwickshire Group of the Pen-
nine Basin (Waters et al. 2009). This timing seems
closer to the Appalachian Basin of central equatorial
Pangaea than the French basins to the south of the
Variscan front (Pfeifer et al. 2021a). But because
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of the possibility of the youngest coals being
removed by the Variscan unconformity, it would
be worth investigating how dust deposition in coals
changed in eastern equatorial Pangaea, which
would yield tighter constraints on the timing of
aridification.

The significant difference in the proximity of
dust/loess accumulation sites to their source regions
in eastern (Fig. 9; 102 km) v. western (Fig. 4; 103 km)
Pangaea relates to the lateral variation in tectonic and
climatic controls (discussed above) across the equa-
torial Central Pangean Mountains. In eastern equato-
rial Pangaea, orogenic collapse produced a
dismembered landscape that precluded development
of continental-scale river systems, resulting in
highland-proximal silt deposition. In southern
France, the Salagou Formation loessite accumulated
,50 km from its upland source (Fig. 9; Massif Cen-
tral, France; Pfeifer et al. 2018), despite exhibiting a
fine grain size mode (10–17 µm) that would likely be
interpreted as distal loess in the western US system.
This fine mode may reflect the predominant role of
aeolian transport here, given the (inferred) lack of
involvement of river transport in the ultimate
source-to-sink journey. The Salagou Formation and
similar, candidate loess correlatives across eastern
equatorial Pangaea (Fig. 3) are confined to small, iso-
lated rift basins adjacent to palaeohighlands. Con-
versely in the west, numerous detrital zircon studies
confirm the existence of transcontinental river sys-
tems that would have played a key role in transport-
ing the silt from its mountainous source regions
(primarily in the Appalachian system and seconda-
rily the ARM; e.g. Gehrels et al. 2011; Leary et al.
2017, 2020; Chapman and Laskowski 2019; Thomas
et al. 2020; Lawton et al. 2021; Kushner et al. 2022),
fromwhich the silt could be deflated fromfloodplains
and ultimately deposited thousands of kilometres
from its origin (Fig. 4).

Dust as agent of climate change in the late
Paleozoic earth system

Geological archives of the late Paleozoic, reviewed
above, demonstrate that atmospheric dust – both
mineral aerosols and volcanic ash – played an
increasingly large role in the low-latitude climate
system across Pangaea, especially in post-
Kasimovian time. We hypothesize that dust likely
played a key role in explaining the peak of the late
Paleozoic ice age, as marked by the most widespread
glacial deposits in the Asselian (Montañez and Poul-
sen 2013; Soreghan et al. 2019).

Recent research focused on early Permian (Asse-
lian) climate highlights a perplexing issue: How did
Earth scrub CO2 from its atmosphere c. 300 Ma, and
what were the biospheric consequences? The general

story is familiar: throughout most of the Phanero-
zoic, pCO2 fluctuated as volcanic outgassing vied
with silicate weathering and organic/inorganic car-
bon burial (Berner 2004; Feulner 2017). To the
first order, the unprecedented proliferation of vascu-
lar land plants in the Carboniferous explains the
pCO2 low that drove the late Paleozoic icehouse.
But the details defy explanation: pCO2 reached its
nadir c. 298 Ma (,200 ppm; Montañez et al. 2016;
Richey et al. 2020), whereas the burial flux of terres-
trial organic carbon (coal formation) peaked c.
20 myr prior (Nelsen et al. 2016) – a significant tem-
poral mismatch. Goddéris et al. (2017) highlighted
this mismatch to argue for the primacy of silicate
weathering during peak Pangaean orogenesis to con-
sume pCO2 and drive the nadir. But more recently,
Chen et al. (2018) used 87Sr/86Sr data to demon-
strate reduced continental weathering coincident
with the early Permian pCO2 low, thus challenging
the weathering hypothesis. Given the inadequacies
of both terrestrial organic carbon burial and conti-
nental weathering as viable explanations, Chen
et al. (2018) cited Sur et al.’s (2015) hypothesis of
dust-driven fertilization of marine ecosystems that
effectively led to a shift in the locus of organic car-
bon burial to the marine realm.

Sur et al. (2015) demonstrated a remarkable find-
ing: enriched values of highly reactive iron in atmo-
spheric dusts from Upper Pennsylvanian–lower
Permian loess and related dust across equatorial Pan-
gaea, with major implication for marine carbon
cycling. More recently, Sardar Abadi et al. (2020)
extended Sur et al.’s (2015) findings to mid-latitude
regions and used lipid biomarker analyses to docu-
ment high cyanobacterial activity in shallow marine
sediments subjected to dust influx. Furthermore, Sor-
eghan et al. (2019) documented an especially pro-
nounced peak of explosive felsic-intermediate
volcanism c. 298–295 Ma – centred spatially at the
equator. We speculate that the coincidence of high
atmospheric dust loading with high volcanic output
would have caused acidic atmospheric processing
of dusts that enhanced nutrient (especially iron) bio-
availability, thus fertilizing marine ecosystems –

likely leading to widespread eutrophia. Subse-
quently, as Pangaea aridified and epeiric seas dissi-
pated, the potential to sequester carbon via either
the mechanisms of silicate weathering or biological
carbon burial greatly diminished, leaving few
means to scrub the CO2 that continued to outgas
from volcanism, thus enabling a rapid increase in
pCO2 that ultimately initiated the massive collapse
of glaciers nearly everywhere but for remnants in
highest-latitude Gondwana (Australia). Essentially,
volcanic outgassing outpaced the Earth’s capacity
to sequester atmospheric CO2.

The early Permian nadir in atmospheric carbon
brought the Earth system to near-snowball
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conditions (Feulner 2017), before pCO2 levels
increased (Montañez et al. 2016; Richey et al.
2020), leading to the massive loss of ice across
most of formerly glaciated Gondwana. Attendant
with the well-established record (references above)
of non-volcanic mineral aerosols (loess and associ-
ated dust deposits) common in the geological record
of this early Permian time is a predominance of algal
and microbial activity in many epeiric marine eco-
systems. Signs of this activity predominate across
both shallow-water shelves (Soreghan and Soreghan
2002; Sardar et al. 2019), and basins such as the
greater Permian Basin, where silt-rich mudstones
of the lower Permian host an estimated c. 1010 metric
tonnes of CO2; USGS 2016, 2018) – a sign of wide-
spread eutrophic conditions – potentially fertilized
by dust.

Conclusions

The Late Carboniferous–Permian archives enormous
volumes of dust, preserved in both continental
(loess) and marine settings. Such vast deposits of
dust and loess are unusual in Earth history, and
record remarkable atmospheric dustiness in equato-
rial Pangaea, in contrast with typical occurrences
of loess on the modern–recent Earth. Explaining
this proliferation of dust begins with generation of
the requisite silt-sized material, which cannot be
accomplished by aridity alone. Rather, a hypothesis
that reconciles the generation, primary silicate com-
position, and provenance of this vast volume of silt
involves glacial grinding and associated erosion in
the Central Pangaean Mountains and auxiliary oro-
genic belts, followed by transport via both rivers
and wind deflation. Although dust deposition
began in western equatorial Pangaea as early as the
latest Devonian (Fammenian) in marine systems,
the earliest palaeo-loess deposits date from the Bas-
kirian. In western equatorial Pangaea, the Kasimo-
vian captures the transition between dust trapped in
marine systems and the proliferation of true loess
deposits. Dust acts as both an archive of Earth’s cli-
mate, and an agent of climate change. It likely pro-
vides at least part of the answer to explaining the
temporal discordance between the pCO2 nadir (asso-
ciated with peak glaciation) and peak carbon burial
by either terrestrial organic carbon (coal formation),
or silicate rock weathering (references above).
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