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A B S T R A C T   

The Precambrian was characterized by unique palaeoenvironmental conditions in the Earth’s atmosphere, 
biosphere and geosphere. This study presents a global quantitative analysis of Precambrian sedimentary suc
cessions of aeolian, alluvial, fluvial, lacustrine and glacigenic origins, examined in the broader context of Earth 
evolution. In the Precambrian, an apparent scarcity of aeolian successions is observed. This may be linked to: (1) 
differences in atmospheric density, which controlled wind erosion and sedimentation; (2) different astronomical 
configurations, which may have influenced tides and atmospheric circulation, thereby affecting sand availability 
and the width of subtropical zones; (3) potentially hotter and more humid climates, restricting dry-sand avail
ability; (4) a lack of vascular vegetation that could prevent reworking of aeolian deposits; (5) poor preservation 
potential; (6) misinterpretation of the Precambrian record. Mixed aeolian-alluvial strata are more abundant, 
perhaps because their preservation in the geological record was favoured by water tables sustained by incursions 
of alluvial systems into otherwise aeolian dominated environments. Aeolian deposits were preferentially accu
mulated during phases of supercontinental breakup, where rapidly subsiding rift basins provided accommodation 
suitable for preservation. Other than in the Neoproterozoic record, where glacigenic deposits dominate, alluvial 
strata are the most common and thickest type of continental deposit in the Precambrian. Precambrian braided 
alluvial systems were more widespread than in the Phanerozoic. Major alluvial systems formed preferentially 
during phases of supercontinent assembly, whereby alluvial systems drained major orogens, and long drainage 
pathways developed from supercontinent interiors to coastlines. In the Paleoproterozoic, ephemeral, saline to 
partly arid lakes developed extensively in the desertic interior of Columbia. Glacial deposits preferentially 
formed in the breakup phase of supercontinental cycles; this supports theories invoking enhanced chemical 
weathering of uplifted rift shoulders as a driver of carbon dioxide sequestration, global cooling, and glaciation. 
Overall, the number of identified continental successions increases towards the Precambrian-Phanerozoic 
boundary. This may be an artefact of an increasingly more complete stratigraphic record as time progresses. 
However, the abundance of continental successions varies on a quasi-periodic cycle of 500 – 700 Myr, with peaks 
coinciding with the tenure and breakup of Precambrian supercontinents.   

1. Introduction 

The Precambrian accounts for ca. 88 % of geological time (ICS, 
2022). Yet, the significant majority of sedimentological studies have 
focussed on the Phanerozoic sedimentary record, for the following 
reasons: 1) generally better preservation (Bose et al., 2012; 2) a 
geological record that is more widely exposed on the Earth’s surface 
today (e.g., Goodwin, 1991); 3) a better fossil record, making it easier to 
determine a detailed biostratigraphic framework (Eriksson et al., 2005). 
Nevertheless, the Precambrian sedimentary record provides a unique 

opportunity to gain an improved understanding of the evolution of the 
early Earth’s atmosphere, hydrosphere, biosphere, and geosphere 
(Eriksson et al., 2000, 2001; Young, 2004, 2013, 2018; Bose et al., 2012; 
Basilici et al., 2020, 2021). 

The Precambrian terrestrial record is associated with a set of 
geologically unique palaeoenvironmental conditions, summarized as 
follows. 1) An absence of vascular, rooted, terrestrial vegetation and the 
limited development of soils, which directly affected rates of weath
ering, erosion and sediment supply (Cotter, 1978; Eriksson et al., 1998; 
Tirsgaard, and Øxnevad, 1998; Donaldson et al., 2002; Lebeau and Lelpi, 
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2017). 2) An absence of widespread biogenic activity and bioturbation 
until ca. 600 Ma, with the exception of microbial activity, including the 
formation of microbial mats in many terrestrial environments (Eriksson 
et al., 2000, 2001; Schieber, 2004; Sarkar et al., 2005; Schieber et al., 
2007; Basilici et al., 2020). In the absence of eukaryote grazers and 
vascular vegetation, microbial mats may have been widespread on land 
(e.g., Watanabe et al., 2000; Finke et al., 2019; McMahon et al., 2021); 
tough and relatively erosion-resistant microbial mats and films influ
enced physical and chemical processes of weathering and erosion (Bel
nap, 2001). 3) Atmospheric pressures and densities may have varied 
considerably to those present today, potentially influencing the way that 
wind-blown sediment moved (Kok et al., 2012; Runyon et al., 2017; 
Goosman et al., 2018). Different studies with antithetical views indicate 
either relatively lighter or denser Precambrian atmospheric conditions 
(e.g., Som et al., 2012, 2016; Marty et al., 2013; Kavanagh and Gold
blatt, 2015; Avice et al., 2018; Catling and Zahnle, 2020). 4) Astro
nomical variability, including the closer proximity of the Moon (e.g., 
Darwin, 1880; Turcotte et al., 1977; Davies et al., 2023) and the faster 
rotation rate of the Earth compared to the present (e.g., Touma and 
Wisdom, 1994), may have influenced various aspects of Earth’s envi
ronments, including tides, the number, distribution and extent of at
mospheric climate circulation cells, and global mean wind velocities. In 
turn, these factors may have influenced patterns of aeolian transport and 
deposition during the Precambrian. 

Collectively, these conditions may have governed patterns of sedi
mentation through time, influencing the rates and intensities of pro
cesses controlling weathering, erosion, transport, deposition, 
lithification and diagenesis (Bose et al., 2012). However, the extent to 
which this unique set of palaeoenvironmental conditions may have 
influenced patterns of sedimentation in the Precambrian remains to be 
determined. This article aims to resolve this, by evaluating the palae
oenvironmental significance of known Precambrian sedimentary suc
cessions of aeolian, alluvial, lacustrine and glacial origin. 

2. Methods 

A comprehensive review of 378 literature case studies has been un
dertaken to document known examples of: 1) aeolian deposits (18 cases; 
Fig. 1; Table S1); 2) mixed aeolian-alluvial deposits (31 cases; Fig. 1; 
Table S2); 3) alluvial deposits (171 cases; Fig. 1; Table S3); 4) lacustrine 
deposits (42 cases; Fig. 1; Table S4); and 5) glacigenic deposits (116 
cases; Fig. 1; Table S5). 

Alluvial deposits are defined here as comprising all continental de
posits created by streamflows, usually in the form of rivers, and the 
products of alluvial mass transport. Aeolian deposits comprise the 
products of wind-blown sediment (i.e. dunes, sandsheets and inter
dunes). Aeolian and alluvial deposits may occur interdigitated with each 
other (classified here as mixed aeolian-alluvial deposits), else with the 
products of other depositional environments, such as marine or evapo
rative deposits. Due to the apparent frequent and extensive interactions 
between aeolian and alluvial environments in Precambrian terrestrial 
systems, mixed aeolian-alluvial deposits are classified separately in this 
work. 

Herein, lacustrine deposits are subdivided into ‘non-saline’ and ‘sa
line to partly arid’ classifications (Table S4). The former refers to 
freshwater lakes, which are typically hydrologically open. The latter 
refers to lakes in which evaporation exceeds precipitation, resulting in a 
high concentration of salts and other dissolved minerals; a salinity value 
of at least 3 g l− 1 demarcates saline from non-saline lakes (Waiser and 
Robarts, 2009). Saline to partly arid lakes can be permanent or 
ephemeral; often these lakes have highly variable water inflows and 
vary in depth, area and salinity as they experience relatively wet and dry 
periods (Williams and Mann, 2023). Some lacustrine case studies (e.g., 
the Arai Formation) are given multiple salinity interpretations – i.e., 
they are interpreted as both ‘non-saline’ and ‘saline to partly arid’ – 
where there is evidence of changing salinity conditions through time. 

Lacustrine systems are also classified according to the drainage type; 
exorheic lacustrine systems are defined as open systems in which surface 
waters ultimately drain to the ocean and encompass fluvial systems 
temporarily impounded by perennial lacustrine systems (Williams and 
Mann, 2023). Endorheic lacustrine systems are defined as hydrologically 
closed systems, which do not drain to the sea or other water bodies; 
rather, surface waters drain to inland termini (Williams and Mann, 
2023). 

Herein, ‘glacigenic’ refers to any deposit for which a glacial influence 
may be identified. It is acknowledged that the primary sedimentary 
products of glaciers may be later considerably reworked and deposited 
in other settings (e.g. Nystuen, 1985). Glacigenic deposits include 
glacio-marine deposits (e.g., glaciomarine tillites), which carry a record 
of terrestrial processes: terrestrial glaciers flow under the influence of 
gravity and move toward the coastline (in many cases marine), picking 
up and carrying sediment from the land, potentially of all grain sizes. 
The implication of glaciated continents is key for the scope of the paper; 
as such, to ensure a full and complete analysis, glacio-marine deposits (e. 
g., Young and Gostin, 1991; Strand and Laajoki, 1993) have been 
included in the study. 

A case study is defined as a record of a terrestrial Precambrian 
sedimentary succession of given origin (e.g., the Mangabeira Formation; 
Bállico et al., 2017). Here ‘terrestrial’ is defined as relating to the Earth’s 
land surface; coastal (tidal, supratidal, estuarine and shallow marine) 
deposits are not included. Case studies have been classified according to 
their interpreted depositional environment and ordered according to 
their geological age (see Tables S1-5). For each case study examined 
here, data have been extracted on stratigraphic thickness, tectonic 
setting of the sedimentary basin and sedimentary architecture; these 
data are drawn from the original source works and related published 
literature. References to all considered literature data sources are pro
vided in Supplementary Tables 1–5. 

For all case studies deposited after 3.2 Ga, a classification of tectonic 
basin setting is provided. The tectonic basin setting is based on Kingston 
et al.,’s (1983a,b) classification scheme, as modified by Mitchell and 
Reading (1986) and Einsele (2000). Continental interior sag basins 
comprise epicontinental and intracratonic basins; continental interior 
fracture basins comprise grabens, rift valleys and aulacogens; 
subduction-related basins comprise fore-arc, back-arc and inter-arc ba
sins; collision-related basins comprise remnant, peripheral and retroarc 
foreland, intramontane and intermontane basins; strike-slip/wrench 
basins comprise pull-apart and transpressional basins. The studied suc
cessions are classified according to the phase of cycles of supercontinent 
assembly, tenure and breakup during which they formed, categorized as: 
‘no known supercontinent’, ‘assembly phase’, ‘tenure phase’, and 
‘breakup phase’ (Table S6). The ages and phase of supercontinent as
sembly, tenure and breakup are interpreted from Young (2013), Nance 
et al. (2014) and Pesonen et al. (2021). All case studies of successions 
deposited prior to 3.2 Ga (Hadean, Eoarchean, and Paleoarchean) are 
not categorized according to the tectonic classification scheme because 
evidence with which to reach a consensus on plate tectonics for the early 
Earth is scant (e.g. Korenaga, 2013; François et al., 2022; Kusky et al., 
2018; Cawood et al., 2018; Palin et al., 2020; Windley et al., 2021). Plate 
tectonics sensu lato is demonstrated to have begun in the Mesoarchean to 
early Paleoproterozoic (3.2–2.3 Ga), where early tectonic modes – 
stagnant or sluggish lid plate tectonics – operated; modern plate tec
tonics sensu stricto is unambiguously demonstrated from the Paleo
proterozoic (2.2 Ga) onwards (Brown et al., 2020). 

In this study, the thickness value reported for a case study reflects the 
maximum observed thickness of the stratigraphic unit. This methodol
ogy ensures consistency between measurements; however, it does not 
account for lateral variability in the thickness of a particular case-study 
succession and does not consider variability in data coverage and 
dimensionality. 
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Fig. 1. Global maps showing the distribution of continental systems from the Eoarchean to the Neoproterozoic. The numbers of the case studies correspond with 
Supplementary Tables 1–5. The estimated extent of Precambrian cratonic regions are shaded in brown (modified after Bleeker, 2003). 
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3. Limitations 

Studying the Precambrian rock record presents several challenges 
and limitations due to the extreme age of the rocks and the effects of 
geological processes that may have altered or destroyed much of the 
original evidence. Key limitations are as follows.  

1) Age uncertainty. In the absence of volcanic tuff layers in sedimentary 
strata – which can be dated using traditional zircon U–Pb isotopes (e. 
g., Xiong et al., 2023) – absolute dating of Precambrian sedimentary 
successions can be problematic due to the general lack of material 
suitable for dating (e.g., Rodríguez-López et al., 2014). The absence 
of well-defined stratigraphic markers, such as distinctive fossils, in 
the Precambrian rock record makes it challenging to establish precise 
age correlations or construct detailed chronostratigraphic frame
works. However, given that cases studies are typically broadly 
assigned to geological periods (or parts thereof), this limitation is not 
a significant shortcoming. 

2) Incomplete preservation and lack of well-preserved rocks. The Pre
cambrian rock record is highly incomplete. Many of the rocks from 
this period have been subject to intense metamorphism, erosion, and 
subsequent tectonic activity, which can lead to the loss or alteration 
of original evidence. As a result, significant portions of the Precam
brian record have been destroyed. The destruction of primary sedi
mentary fabric and structures that could otherwise have been used to 
accurately identify Precambrian sedimentary successions could lead 
to the omission of potential case studies. For example, some exposed 
Precambrian case studies may remain unrecognized, whereas others 
may have been erroneously misidentified as the products of different 
sedimentary environments in the wider literature; see Stewart 
(2002), Ielpi et al. (2016) and Lebeau and Ielpi (2017).  

3) Lack of representative sampling. The Precambrian spans over 4 
billion years. Thus, it is challenging to obtain a comprehensive and 
representative sampling of rocks from all periods within the Pre
cambrian. Geological studies often rely on limited exposures, iso
lated outcrops, and sparse drill core samples, making it difficult to 
draw accurate conclusions about global geological processes and 
events. Moreover, there are geographical regions (e.g., western US) 
and age ranges (e.g., the part of the Neoproterozoic associated with 
Snowball Earth) which have been more extensively sampled for 
reasons of accessibility and popularity, else have been the focus of 
intensive study for longer times than other regions or intervals in the 
Precambrian. These factors increase both the number of publications 
and the number of depositional environments reported (i.e. the 
number of case studies). This leaves a key question open: does the 
existing scientific literature accurately reflect all aspects of Pre
cambrian strata? Almost certainly not.  

4) Interpretational challenges. The limited preservation and lack of 
well-preserved rocks from the Precambrian pose significant inter
pretational challenges. Researchers must rely on indirect evidence, 
such as isotopic ratios and geochemical signatures, to reconstruct 
past environments and processes. Interpreting these data can be 
complex and subject to multiple plausible explanations. 

5) This study relies on the accurate interpretation of the palae
oenvironmental significance of outcropping Precambrian rocks by 
the authors in all original source works. Given the lack of well- 
preserved rock units, a given case study could potentially have 
more than one interpretation of its formative depositional environ
ment. For example, some deposits have been alternatively inter
preted as fluvial or marine in origin (e.g., Panorama Formation; 
Retallack, 2018). All case studies that have equivocal interpretations 
of their depositional environment are specified in the Supplementary 
Tables 1 - 5. 

6) Extrapolations at larger scale of interpretations based on observa
tions made at smaller scales are problematic, especially in relation to 
the analysis of thickness data. For example, in the literature, 

interpretations of facies associations indicative of sub-environments 
of deposition made at member level may be extrapolated to forma
tion level without direct evidence. Thickness data are considered at 
the group or formation level where additional information is lacking. 
However, unrecognized intervening deposits of different origin may 
be present within a group or formation; thus, in such cases thickness 
data have limited value for scopes of comparison. Additionally, 
thickness data are typically derived from a specific outcrop or 
geographic location, and do not capture basin-wide variability in the 
thickness of a specific succession. In order to mitigate these issues, 
cumulative thicknesses are presented in Figs. 2 and 3, rather than 
absolute thicknesses. 

Acknowledging the above limitations regarding the incompleteness 
of the Precambrian record and variability in data quality, the quanti
tative results presented below must be treated with a note of caution. 
Notwithstanding, this study has attempted to access and utilize a wide 
spectrum of published data to reveal useful conclusions from an 
imperfect but informative sedimentary record. 

4. Results 

Alluvial systems are documented from the Paleoarchean onwards 
(Fig. 2). With the exception of the Neoproterozoic, alluvial strata are the 
most abundant type of sedimentary deposits by both number of indi
vidual case studies (Fig. 2A) and cumulative thickness (Fig. 2B). In the 
eras of the Archean, alluvial systems account for 80 – 100 % of recorded 
case studies and 78 – 100 % of the total recorded lithology (Fig. 3). In the 
eras of the Proterozoic, alluvial systems account for between 25 and 49 
% of recorded case studies and 43 – 69 % of the total recorded stratig
raphy (Fig. 3). The greatest number of alluvial case studies are found in 
fracture- (32 %), collision-related (21 %) and subduction (20 %) basins 
(Fig. 4). Alluvial systems are most abundant in supercontinent assembly 
(30 %) and rift (37 %) phases (Fig. 5A). 

Aeolian-alluvial and aeolian systems are first documented in the 
Meso- and Paleoarchean, respectively (Fig. 2). Aeolian-alluvial systems 
are most abundant in the Mesoproterozoic, forming 25 % of recorded 
case studies (Fig. 3A) and 25 % of the total recorded stratigraphy 
(Fig. 3B). Other than in the Neoproterozoic, systems of aeolian origin 
that lack alluvial interactions are consistently less abundant (Fig. 2A), 
and form less of the cumulative thickness (Fig. 2B), than mixed aeolian- 
alluvial systems. Numbers of aeolian case studies also peak in abundance 
in the Mesoproterozoic (Fig. 3A), forming 6 % of the cumulative strat
igraphic thickness (Fig. 3B). The greatest proportion of aeolian-alluvial 
and aeolian case studies are from sag basins (aeolian-alluvial = 37 %; 
aeolian = 59 %; Fig. 4) and fracture basins (aeolian-alluvial = 50 %; 
aeolian = 35 %; Fig. 4). Mixed aeolian-alluvial and aeolian systems are 
most likely to be related to the supercontinent breakup phases (aeolian- 
alluvial = 32 %; aeolian = 39 %; Fig. 4). 

Lacustrine deposits are documented from the Mesoarchean onwards 
(Fig. 2A-B). Recorded lacustrine case studies peak in the Paleo- and 
Mesoproterozoic, forming 19 % and 18 % of recorded case studies, 
respectively but form only 4 % and 2 % of the total cumulative thickness 
in these eras, respectively (Fig. 3). Lacustrine deposits have dominantly 
accumulated in continental interior fracture (51 %) basins (Fig. 4), and 
are in most part related to supercontinent assembly (42 %) and breakup 
(33 %) phases (Fig. 5). Generally, exorheic drainage patterns are the 
most common drainage type in the Precambrian lacustrine record 
(Fig. 6A). Exorheic lacustrine basins peak in abundance in the Meso
archean and Mesoproterozoic, forming 100 % of recorded lacustrine 
basin types (Fig. 6A). Endorheic basins peak in abundance in the Neo
archean and Paleoproterozoic, forming 50 % and 47 % of recorded 
lacustrine basin types, respectively (Fig. 6A). In the Precambrian non- 
saline lakes are generally the dominant lacustrine deposit (Fig. 6B); 
however, saline and partly arid lakes peak in abundance in the Neo
archean and Paleoproterozoic forming 50 % and 53 % of recorded 

G.I.E. Cosgrove et al.                                                                                                                                                                                                                           



Precambrian Research 402 (2024) 107286

5

lacustrine deposits, respectively (Fig. 6B). 
Glacigenic deposits are tentatively first documented in the Paleo

archean (Fig. 2). Glacigenic deposits are most widely documented in the 
Neoproterozoic, where they form 62 % of recorded case studies (Fig. 3A) 
and 54 % of the cumulative continental stratigraphy (Fig. 3B). Glaci
genic deposits were most commonly accumulated in continental interior 
fracture basins (53 %), and at times of supercontinent breakup (75 %; 
Fig. 5). 

The abundance of all continental deposits shows a general increase 

from the Archean towards the end of the Proterozoic (R2 = 0.4; Fig. 7A). 
However, the abundance of continental deposits exhibits some cyclic 
variation through time. Peaks in the number of documented case studies 
occur at about 2,800 Ma, 1,800 Ma, 1,200 Ma and the period from 700 to 
600 Ma (Fig. 7B). 

Fig. 2. A) Abundance of continental sedimentary deposits and B) thickness of continental deposits through geological time.  
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Fig. 3. A) Percentage of continental sedimentary deposits based on count of stratigraphic units and B) cumulative thickness of continental deposits through 
geological time. 
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5. Discussion 

5.1. Aeolian deposits 

The oldest documented occurrence of wind-blown sediment is the 
Paleoarchean (ca. 3,280 Ma) Green Sandstone Bed (Mendon Formation, 
South Africa). However, Archean aeolian systems are exceedingly rare. 
The scarcity of aeolian systems in the Archean contrasts markedly with 
the abundance of alluvial successions (Fig. 8). Both mixed aeolian- 
alluvial and aeolian systems become more abundant at ca. 2.1 Ga. 
However, compared to alluvial systems, they remain relatively under- 
represented (Figs. 2, 3, 8). Potential explanations for the limited num
ber of documented early Precambrian aeolian systems are discussed 
below. 

5.1.1. Aeolian system development 
The development (or lack thereof) of aeolian systems in the Pre

cambrian has been widely debated (e.g., Eriksson et al., 2005; Bose 
et al., 2012); a variety of competing, or even contradictory, theories 
have been postulated (e.g., Tirsgaard, and Øxnevad, 1998; Bose et al., 
2012; Lebeau and Lelpi, 2017; Goosman et al., 2018). Competing hy
potheses primarily relate to prevailing palaeoclimate and atmospheric 
conditions during the early Precambrian. These are discussed below. 

5.1.1.1. Precambrian atmospheric conditions. There is a general 
consensus that the early Earth had an atmosphere of some form, which 
arose from mantle outgassing and/or the melting of comets (Cloud, 
1988). However, the density of the atmosphere in the early Precambrian 
remains highly contested (e.g., Som et al., 2012; Kavanagh and Gold
blatt, 2015; Marty et al., 2013; Avice et al., 2018). Postulated early 
Precambrian atmospheric densities vary between less than half that of 
the present day (Som et al., 2016), no more than the present day (Marty 
et al., 2013; Avice et al., 2018), and up to ca. 10 times that of the present 
day (e.g., Kavanagh and Goldblatt, 2015). The lack of proxies for at
mospheric pressure and density makes reliable inferences of these con
ditions challenging. The potential influence of relatively lighter and 
denser atmospheres on processes of aeolian transport are discussed next. 

Wind-tunnel experiments indicate that extreme wind velocities 
would be required to entrain sand if the atmosphere was indeed 
significantly thinner than at present (e.g., Kok et al., 2012). For example, 
threshold velocities required to induce saltation vary between Earth and 
Mars; the latter has an atmosphere roughly 100 times less than that of 
the former. At the surface of the modern Earth, for an atmospheric 
density of 1.2 kg m− 3, the threshold velocity is ca. 0.2 m s− 1; at the 
surface of Mars, for an air density of 0.02 kg m− 3, the threshold velocity 
is ca. 1.5 m s− 1 (Iversen and White, 1982; Kok et al., 2012). As such, 
under a relatively less dense atmosphere, the potential to construct 
aeolian bedforms would have been restricted to periods of extreme wind 
gustiness. A relatively less dense Precambrian atmosphere could 
potentially account for the dearth of Archean and early Paleoproterozoic 
aeolian deposits, which appears at odds with the high availability of 
sand due to high rates of continental weathering under a potentially hot 
and humid climate in the absence of vegetation (Donaldson et al., 2002; 
Ohmoto, 2004; Bose et al., 2012). The increased availability of sand that 
could be transported by the wind could then have favoured subsequent 
aeolian dune construction. 

Notwithstanding, wind tunnel experiments indicate that, for a given 
speed, under lower atmospheric densities saltation height and length 
can increase once sand has been entrained; this effect is sometimes 
called long-hop saltation (Runyon et al., 2017). Long-hop saltation can 
facilitate the suspension and saltation of larger mean grain-sizes under 
high-speed wind gusts (Runyon et al., 2017). However, limited tests of 
early Precambrian aeolian deposits do not support statistically coarser- 
than-average grain sizes (Goosman et al., 2018). Moreover, wide
spread Mesoarchean alluvial deposits (Table S1; Figs. 2, 3 and 8) imply a 

Fig. 4. Basin setting of continental deposits deposited after 3.2 Ga.  

Fig. 5. A) Frequency of continental case studies deposited during different 
phases of the supercontinent cycle. B) Percentage of supercontinent phases 
associated with different depositional environments. 
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substantial hydrological cycle. This would require large amounts of 
precipitation recharging fluvial systems in adjacent highlands, which in 
turn would require a relatively thick atmosphere (Bose et al., 2012). 
Additionally, raindrop imprints preserved in thin tuffaceous layers 
within the Ventersdorp Supergroup (South Africa) indicate that an at
mospheric density comparable to that of today had evolved by 2.7 Ga 
(van der Westhuizen et al., 1989). This suggests that a lighter early 
Precambrian atmosphere cannot fully account for the dearth of aeolian 
deposits prior to ca. 2.1 Ga. 

Conversely, a denser and thicker Precambrian atmosphere (e.g., 
Kavanagh and Goldblatt, 2015) would have had significant conse
quences for aeolian transport processes. These include: 1) drag forces: 
the drag forces acting on particles suspended in the air would be 
increased, making their transport more difficult over long distances (cf. 
Smith, 1966). Aeolian transport would therefore be limited, and the 
range and extent of sediment transport would be reduced compared to 
what we observe in the present-day atmosphere. 2) Enhanced particle 

settling: with a denser atmosphere, particles would have a higher 
settling velocity due to increased air resistance. This means that once 
particles are lifted into the air, they would settle more quickly, reducing 
their potential for long-distance transport (cf. Bagnold, 1935; White, 
1982). This settling would limit the size and distance of sediment de
posits and contribute to localized accumulation near the source regions. 
3) Limited saltation: saltation is the process of particles bouncing and 
hopping along the ground surface under the influence of wind (e.g., 
Anderson and Haff, 1988). In denser atmospheres, the increased air 
density would make it more challenging for particles to become 
entrained and initiate saltation. Consequently, the occurrence of salta
tion and the ability to transport larger particles would be reduced, 
affecting the size and distribution of aeolian deposits. 

On Venus for example, the dense atmosphere (ca. 90 times denser 
than that of the Earth) causes low saltation thresholds, short saltation 
lengths, and relatively small incipient dunes (Kreslavsly and Bondar
enko, 2017). Collectively, the aforementioned effects on aeolian 

Fig. 6. Frequency of lacustrine case studies divided according to A) drainage patterns and B) salinity.  
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transport would likely attenuate the formation of aeolian deposits in 
Archean and early Proterozoic. However, the exact conditions and dy
namics of Precambrian atmospheres remain speculative and are still the 
subject of ongoing research and investigation. Specific effects on aeolian 
transport would depend on various additional factors, including wind 
velocities, sediment properties, and topographic features of the 
landscape. 

5.1.1.2. Precambrian paleoclimates. The almost complete absence of 
Archean and early Paleoproterozoic aeolian strata has also been linked 
to the prevailing paleoclimate, which may have been warm and humid 
until ca. 2.3 Ga (e.g., Ohmoto, 2004). This potential humid setting may 
have inhibited the formation of aeolian deposits (Bose et al., 2012) such 
that extensive damp and wet substrates restricted the availability of dry 
sand for aeolian dune construction. However, other authors have sug
gested that aeolian processes would nevertheless have been able to 
operate under such potentially humid conditions due to the absence of 
stabilizing vegetation, which might otherwise have acted to bind and 
baffle sediment (e.g., Tirsgaard, and Øxnevad, 1998; Lebeau and Lelpi, 
2017). Additionally, the lack of stabilizing vegetation may have made 
aeolian deposits more susceptible to post-depositional reworking by the 
wind, since vegetation can retard the re-suspension of sand and may act 
to protect dunes from erosion (Byrne and McCann, 1990; Ruz and 
Allard, 1994). However, this raises a further question: if aeolian deposits 

were more susceptible to wind erosion, should the reworking of aeolian 
deposits by the wind result in the formation of further aeolian deposits 
downwind? Again, the climatic conditions and lack of vegetation alone 
cannot fully account for the dearth of aeolian deposits. 

5.1.1.3. Astronomical variability. The formation of Precambrian wind- 
blown deposits may have been influenced by aspects of astronomical 
variability: (1) the proximity of the Earth to the Moon; and (2) the rate of 
Earth’s rotation. Definitive evidence for larger tidal ranges and faster 
rotation rates of Earth in the Precambrian, and the effects that these may 
have had on patterns of sedimentation, is lacking. 

Williams (2000) used evidence obtained from tidal rhythmites to 
determine that the distance between the Earth and the Moon was 0.094 
% and 0.035 % less than its current value at 2.45 Ga and 0.62 Ga, 
respectively. It has been postulated that the closer proximity of the 
Moon in the Precambrian may have resulted in stronger gravitational 
forces, leading to higher tides compared to the present day (Williams, 
2000). The larger tidal range could have affected the exposure and 
availability of coastal sand for potential aeolian transport and deposi
tion. Repeated marine wetting of large swathes of the coast and adjacent 
areas would inhibit the availability of dry sand for dune construction 
and destroy any incipient coastal dunes, or prevent their formation. 
However, other analyses of tidal rhythmites (e.g., Eriksson and Simpson, 
2011) indicate that despite closer distances between the Earth and the 

Fig. 7. A) Scatter and B) bar charts showing the abundance of all continental case studies through geological time. The letters and arrows at the top indicate the age 
range and name of proposed supercontinents. V = Vaalbaara; K = Kenorland; C = Columbia; R = Rodinia; P = Pannotia. The green, yellow and red colours indicate 
phases of the supercontinent cycle (assembly, tenure and breakup). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Moon, bedforms were of a similar scale as present-day ones and extreme 
tidal ranges were unlikely in the Precambrian. 

Additionally, in the Precambrian, the faster rotation rate of the Earth 
could have affected both patterns of atmospheric circulation and the 
global mean wind velocity. Modelling suggests that the rotation rate of 
the Earth has a profound effect on the general circulation of the atmo
sphere; faster rotation rates have been suggested to be associated with a 
greater number of Hadley cells compared to the present, resulting in a 
more complex atmospheric circulation pattern. This increased number 
of Hadley cells would have influenced wind patterns, affecting the dis
tribution and transport of aeolian sediments across different regions. 
Additionally, modelling has indicated marked tropospheric latitudinal 
temperature gradients, a very narrow arid zone in the tropics, and a very 
dry and cold high-latitude region (Hunt, 1979). Given that modern 
aeolian systems are most likely to develop in the subtropics (Wilson, 
1973), this effect may have spatially restricted the development of 
aeolian systems. 

The faster rotation rate of the Earth in the Precambrian may have 
also increased the global mean wind velocities compared to today (Allen 
and Hoffman, 2005). Higher wind speeds would have potentially 
increased the erosive power and transport capacity of the wind. Stronger 
wind velocities increase the likelihood on entraining sand for the con
struction of aeolian dunes, but also increase the likelihood of existing 
dunes being extensively reworked. In the absence of stabilizing 

vegetation, the wind-driven deflation of aeolian dunes is likely to have 
been extensive. Again, this begs the question – what ultimately 
happened to this eroded sand if aeolian deposits were not permanently 
sequestered into the geological record? Ultimately, aeolian sand may 
have been sequestered in fluvial or marine environments. However, for 
the Precambrian record, data on sediment texture or microtexture that 
indicates preceding aeolian transport in other types of successions re
mains scant. 

The extensive presence of microbial mats in terrestrial environments 
may have stabilized the sedimentary interface such that, even under 
higher velocity winds, the entrainment of sand was limited. In modern 
arid conditions, where the presence of vegetation is restricted, crypto
biotic films and crusts play a fundamental role in stabilizing surfaces and 
have been shown to increase resistance to wind erosion by up to four 
times, compared to non-stabilized surfaces (Belnap et al., 2001). Cryp
tobiotic films (such as microbial mats) may also protect previously 
accumulated aeolian deposits from wind reworking, and thus restrict 
sediment supply by limiting the chances of stored aeolian sands being 
recycles as time-lagged sediment sources for downwind aeolian accu
mulations (Basilici et al., 2020). 

The implications of a closer Moon, faster rotation rate, and their 
effects on Precambrian aeolian deposits are still an area of ongoing 
research. The complex interactions between tides, atmospheric circu
lation, and sediment transport make it challenging to fully reconstruct 

Fig. 8. A) Frequency of continental sedimentary systems through geological time, crustal growth models, supercontinent cycles, and paleoclimatic and atmospheric 
conditions. The frequency of fluvial, mixed aeolian-fluvial, aeolian, lacustrine and glacigenic case studies is represented by an appropriately coloured box; each box 
represents a 100 million year period; the number of case studies defined by that coloured box is written inside it. GOE = Great Oxidation Event. 
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the exact conditions and their consequences during that time. 
Aeolian deposits only show a noteworthy increase in abundance at 

ca. 2.1 Ga, yet even this trend is restricted to mixed aeolian-alluvial 
systems (Fig. 8). This increase coincides with the global formation of 
2.1 – 1.7 Ga orogenic systems, indicating substantial changes in paleo
geography and growth of larger landmasses. However, the degree to 
which these orogenic systems were connected remains contested (Zhao 
et al., 2002, 2003; Meert and Santosh, 2017). Following this episode, the 
supercontinent of Columbia, which comprised almost all of the Earth’s 
continental blocks, existed for approximately 300 million years (Huang 
and Li, 2023); the maximum extent of Columbia occurred at ca. 
1500–1400 Ma (Meert and Santosh, 2017; Fig. 8). 

The large continental interior of Columbia, parts of which were 
located at subtropical latitudes (Meert and Santosh, 2017), may have 
provided favourable conditions for the development of mixed aeolian 
and alluvial systems. This increase in aeolian-alluvial deposits also 
corresponds with a greenhouse phase (2.2 – 0.8 Ga; Fig. 8); greenhouse 
conditions have been shown to provide a greater chance of preserving 
thicker aeolian deposits relative to icehouse conditions (Cosgrove et al., 
2021b). 

5.1.2. Aeolian preservation 
Generally, Precambrian aeolian systems that occur coeval with al

luvial systems are more abundant, thicker and form a greater fraction of 
continental stratigraphy, compared to aeolian systems that develop 
without an alluvial influence (Figs. 2 & 3). This may reflect a preser
vational bias, such that aeolian-alluvial systems were more likely to be 
preserved in the long-term geological record. In this scenario, relatively 
high near-surface water-tables, recharged by incursions of alluvial sys
tems into coeval aeolian environments, could increase the chances of 
preserving mixed aeolian-alluvial deposits. This is because the water 
table commonly defines the erosional baseline. Consequently, higher 
water tables could result in the rapid sequestration of aeolian deposits 
into the long-term geological record (Kocurek and Havholm, 1993). 
However, it can be envisaged that this effect would have likely been 
counteracted by the erosive power of non-vegetated alluvial systems; the 
lack of stabilizing vegetation would likely have made these systems 
highly sensitive to palaeoclimatic fluctuations, and prone to rapid 
channel migration and incursion into pre-existing aeolian systems (e.g. 
Eriksson and Simpson, 1998; Tirsgaard & Øxnevad, 1998). High-water 
tables associated with shorelines and low-energy transgressive shore
lines may have drowned aeolian deposits. In Proterozoic coastal aeolian 
systems, marine reworking of aeolian deposits was also widespread, for 
example in the Whitworth Formation, Australia (Simpson and Eriksson, 
1993) and the Venkatpur Sandstone, India (Chakraborty, 1991). 

The most likely explanation for the preferential association of coeval 
aeolian-alluvial systems is the absence of vegetation during the Pre
cambrian. Under these conditions, the following can be inferred: i) 
braided alluvial systems were more common across a variety of palae
oclimatic regimes (Long, 2019); and ii) aeolian processes of erosion, 
transport and deposition were more active, even under markedly more 
humid climates (Eriksson and Simpson, 1998; Tirsgaard & Øxnevad, 
1998). Collectively, these effects would result in a greater overlap of 
depositional environments and more likely interactions between aeolian 
and alluvial systems. The presence of microbial mats may also have 
influenced aeolian-fluvial interactions through their capacity to retain 
water (Perillo et al., 2019), even in arid environments. This water 
retention may have enhanced fluvial processes by providing a localized 
water source for fluvial runoff, perhaps enhancing aeolian-alluvial 
interactions. 

Both aeolian and mixed aeolian-alluvial deposits are most likely to be 
preserved in continental interior sag (i.e. intracratonic) and fracture (i.e. 
rift) basins (Fig. 3). Interior sag basins may have provided favourable 
conditions for aeolian preservation, such that accumulated aeolian de
posits were sequestered into tectonically stable interior basins that 
experienced gradual, but long-lived, subsidence and sedimentary 

accumulation. The deep burial of aeolian deposits and the lack of 
extensive post-depositional erosion until much later in geological time 
(in many cases in the Phanerozoic; e.g., McArthur Basin, Australia; 
Vindhyan Basin, India) increased the preservation potential of aeolian 
deposits in these settings. Fracture basins, associated with the frag
mentation of supercontinents, represent favourable settings for the 
development and preservation of aeolian deposits. 

Due to the topographic funneling of winds through the high-sided 
walls of rift basins – which can channel and accelerate airflow 
through the basin – dunes can easily accumulate along the margin of rifts 
Additionally, as rift basins are amongst the most rapidly subsiding basins 
(Xie and Heller, 2009), aeolian deposits may have been rapidly 
sequestered beneath the erosional baseline (commonly defined by the 
level of the water table), thereby increasing their chance of long-term 
preservation in the geological record (Kocurek and Havholm, 1993; 
Cosgrove et al., 2023). In the Precambrian, there are multiple episodes 
of continental rifting associated with the break-up of supercontinents 
(Kenorland, Rodinia, Columbia; Young, 2013; Fig. 6). In non-rifting 
phases, or during hiatuses in accommodation generation, aeolian sys
tems may have been present, but these systems may have had a lower 
preservation potential. 

5.1.3. Misidentification of aeolian deposits 
Typically, unambiguous identification of aeolian deposits in the 

geological record relies on observations of inversely graded wind-ripple, 
grainfall, grainflow and adhesion strata in fine to medium sandstone. 
These recognition criteria are supported by: 1) the identification of 
decimetre or larger-scale sets of cross-beds. 2) Foresets inclined at the 
angle of repose for dry sand (accounting for the effects of sediment 
compaction). 3) The geometry of depositional units, for example where 
inclined strata grade laterally into a plinth deposit (e.g. Hunter, 1977; 
Kocurek and Dott, 1981; Eriksson and Simpson, 1998). 4) Characteristic 
lateral and vertical facies associations. 5) Micro-scale criteria of char
acteristic grain size, composition, sorting and roundness. However, 
intense diagenesis, deformation and metamorphism acted to destroy 
many diagnostic aeolian structures and textures in Precambrian aeolian 
deposits, given their great age (Eriksson and Simpson, 1998; Simpson 
et al., 2012; Basilici et al., 2021). Precambrian aeolian deposits also tend 
to be associated with an abundance of sandsheet deposits, which are 
generally coarser-grained than their Phanerozoic counterparts (e.g. 
Biswas, 2005; Cosgrove et al., 2022). For these reasons, some instances 
of what are now widely considered to be Precambrian aeolian deposits 
have been previously misidentified as sheet-like alluvial bodies or 
shoreface marine deposits (e.g. Stewart, 2002; Lebeau and Ielpi, 2017). 
It is possible that a significant part of the Precambrian aeolian record 
remains misinterpreted. 

5.2. Alluvial deposits 

The majority of alluvial successions are interpreted to be the deposits 
of alluvial fans (both debris-flow and streamflow dominated), gravel- 
and sand-bed braided rivers, and non-confined sheet-like systems 
(Table S3). A broad consensus on fluvial systems of Precambrian age is 
that they were in many cases – but not always – characterized by: 1) 
broad channel systems occupying large braidplains. 2) Heightened rates 
of channel migration, relative to channel size. 3) Flashy surface runoff 
and high discharge rates. 4) A bedload-dominated character. 5) Limited 
bank stability and cohesion due to relatively reduced clay production 
and scant soil development arising from the lack of vegetation (e.g., 
Cotter, 1978; Eriksson et al., 1998; Smith, 1998). These characteristics 
may have made Precambrian rivers sensitive to changes in palae
oclimate and allowed braided fluvial systems to operate under a wider 
range of climatic conditions compared to modern and Phanerozoic 
systems (Tirsgaard and Øxnevad, 1998; Bose et al., 2012; Long, 2019). 
The relatively broad palaeoclimatic distribution of braided fluvial sys
tems may partly account for the abundance of alluvial systems in the 
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Precambrian (Long, 2019). 
In the Mesoarchean and Neoarchean the inferred presence of high- 

gradient alluvial-fan deposits and low-sinuosity river deposits in 
greenstone belts (e.g., Windley, 1995; Eriksson et al., 2007; Fedo et al., 
2001) has been linked by some authors to the onset of Eoarchean plate 
tectonics (Windley et al., 2021). However, even in the absence of plate 
tectonics – which other authors considered to have started after 3.2 Ga 
(e.g., Brown et al., 2020) – gravitational mass-wasting depositional and 
erosional processes could have played a role in shaping the landscape 
(Leeder, 2011). While large-scale plate tectonics may not have been 
operating, localized tectonic activity (e.g., relative uplift and subsi
dence) could have been present during the Precambrian (Cawood et al., 
2018). Faulting, subsidence, and uplift associated with intracontinental 
or local tectonic events could have created basins and mountainous re
gions, providing the necessary conditions for alluvial-fan formation. 

Post 3.2 Ga, alluvial systems were common across all phases of the 
supercontinental cycle, but their development peaked during super
continent assembly (Figs. 7 & 8), where they were more widespread 
than all other continental depositional systems (Fig. 5). Alluvial sedi
mentation may have been enhanced during times of supercontinent 
assembly due to the genesis of major active mountain belts from which 
alluvial systems could develop. The basin setting of alluvial systems is 
notable; unlike all other continental deposits, alluvial systems are 
commonly found as part of the fills of collision- and subduction-related 
basins (Fig. 4). The thickness of these successions may reflect rapid 
sediment shedding from orogenic belts, in combination with generally 
high rates of subsidence and accommodation generation in these basin 
settings (Einsele, 2000; Cosgrove et al., 2023). 

Alluvial successions were also extensively deposited during phases of 
supercontinent tenure (Fig. 5A). This phase of the supercontinent cycle 
may have promoted the formation of large drainage areas extending 
from supercontinent interiors to coastlines, leading to the formation of 
alluvial systems larger than any documented today – a time of dis
assembled continents and sea-level highstand. This is supported by the 
dominance of exorheic lacustrine drainage systems (Fig. 6A), suggesting 
the prevalence of open systems in which surface waters ultimately 
drained to the ocean (Williams and Mann, 2022). The peak in exorheic 
lacustrine drainage systems occurs in the Mesoproterozoic; the early 
Mesoproterozoic overlaps with the tenure phase of the largest Precam
brian supercontinent – Columbia. 

5.3. Lacustrine deposits 

The relative rarity of lacustrine deposits in the Precambrian may be 
partly explained by the difficulty of recognizing them. Lacustrine de
posits may be unrecognized or misidentified for a number of reasons. In 
the Phanerozoic record, lacustrine deposits typically contain fossils of 
freshwater organisms such as algae, molluscs, and fish (e.g, Park and 
Gierlowski-Kordesch, 2007). However, the absence of fossils of complex 
lifeforms in the Precambrian makes it harder to confirm the lacustrine 
origin of certain deposits. In the Phanerozoic, the presence of lacustrine 
evaporites (e.g. Eugster, 1980) can be used, where relevant, as a diag
nostic criterion for lacustrine deposits. However, identification of 
evaporitic Precambrian lacustrine deposits is more challenging, since 
evaporites are commonly pseudomorphic and thus are poor diagnostic 
indicators of environment of origin (Donnelly and Crick, 1988). In some 
cases, ancient lacustrine deposits can resemble analogous shallow- 
marine deposits; without clear evidence of freshwater fauna and flora, 
it can be challenging to distinguish between lacustrine and marine 
sediments (e.g., Picard and High, 1972). This is because sedimentary 
cyclicity common to lacustrine sediments is also found in many marine 
mesosequences (Friedman et al., 1992) and stromatolites occur in the 
deposits of both environments (e.g., Hoffman, 1976; Fedorchuk et al., 
2016). Also, modern lakes can provide valuable insights into the for
mation of lacustrine deposits, but the conditions of Precambrian lakes 
may have been significantly different from those of modern lakes (e.g., 

Swanner et al., 2020). This lack of modern analogues makes it chal
lenging to interpret ancient lacustrine environments accurately. 

From the Middle Paleoproterozoic onwards, lacustrine successions 
show a relative increase in abundance (Fig. 8). Precambrian lacustrine 
deposits are most common in continental fracture basins (rift basins). In 
simple terms, the stretching and thinning of the lithosphere, leading to 
subsidence of the crust in the rift basin, are likely to have created large 
depressions in which water could accumulate to form a lake. As the rift 
basin continues to subside over time, the depth and size of the lake may 
increase; many additional factors may however determine whether a 
lake is ultimately formed, including subsidence rate and rates or sedi
ment supply, amongst others. Rifting can impact groundwater flow 
patterns, such that faults and fractures associated with the rift provide 
pathways for groundwater to accumulate and contribute to the forma
tion of lakes. Rift shoulders may have also influenced the meteorological 
cycle, creating a rain-shadow effect, providing rainfall that would ulti
mately recharge the groundwater, flooding the rift valley to form a lake. 

The formation of large continents in the Precambrian is also likely to 
have had significant impacts on the drainage of lake systems. Super
continent building is likely to have generated closed-interior basins with 
endorheic internal drainage; Precambrian lacustrine systems show 
maximum recorded endorheic lacustrine systems associated with the 
formation of Kenorland (Neoarchean) and the assembly and tenure of 
Columbia (Paleoproterozoic; Figs. 7 & 9). 

Moreover, in the Paleoproterozoic, lakes associated with saline or 
partly arid conditions are the dominant lake type (Fig. 6B). This trend is 
coincident with an increase in aeolian and mixed aeolian-alluvial de
posits (Fig. 3) and may reflect the establishment of desertic conditions in 
the continental interior of Columbia (Young, 2013). However, this 
observation is caveated by the fact that partly arid or saline lakes in the 
Precambrian record are relatively easier to identify compared to hy
drologically open and more permanent lakes (e.g. Unrug, 1984; Eriksson 
et al., 2004). 

5.4. Glacial deposits 

There is a necessary temporal control on the occurrence of glacial 
deposits (e.g. Young, 2004; Fig. 8). Archean glacial deposits are recor
ded from the Pongola Supergroup (e.g. Young et al., 1998) and in the 
Witwatersrand Basin (e.g., Wiebols, 1955; Harland, 1981; Crowell, 
1983); putative glacial deposits are also documented in Montana (USA; 
e.g. Page and Koski, 1973), Southern India and elsewhere (Supple
mentary Table S5), but their origin is ambiguous and has been contested. 
The lack of Archean glacial deposits is curious given that the solar 
radiance may have been ca. 25–20 % less than at present. However, the 
atmosphere was high in carbon dioxide and methane; the former at ca. 
10 to 2,500 times greater than present concentrations, and the latter at 
102 ––104 times greater than present concentrations (Catling and 
Zahnle, 2020). Therefore, the atmosphere would have retained a high 
proportion of radiative energy (Young, 2018). The lack of glacial de
posits from the Eo- and Paleoarchean may reflect higher surface tem
peratures, due to the high atmospheric greenhouse gas content (Fig. 8; 
Young, 2018). Alternatively, the lack of evidence for early Archean 
glaciations in the geological record may reflect the scarcity of conti
nental lithosphere that could have housed glacigenic deposits on a 
frozen water-covered planet (Young, 2018). Alternatively, considering 
the vastness of Archean time and paucity of suitably preserved strata, 
the paucity of glacigenic deposits of this age may simply reflect a lack of 
preservation. 

The first widespread glacioera occurred at ca. 2.5 – 2.2 Ga (Huronian 
Glaciation; Fralick and Miall, 1989). The Huronian glaciation occurred 
in broad temporal proximity with the Great Oxidation Event (GOE; 
Goldblatt et al., 2006), where increased atmospheric oxygen caused a 
concomitant decrease in levels of atmospheric methane (Goldblatt et al., 
2006). This resulted in a decrease in the greenhouse effect, causing net 
global cooling (Kopp et al., 2005; Kasting and Howard, 2006; Goldblatt 
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et al., 2006). The Huronian Glaciation occurs coeval with documented 
occurrences of platform carbonates and Banded Iron Formations (BIF), 
which accumulated on several cratons (Young, 2018). This trend may 
have arisen because of Neoarchean crustal growth (e.g. Veizer and 
Jansen, 1979; McLennan and Taylor, 1982; Nelson and DePaolo, 1985; 
Fig. 8), when rapid expansion of mid-ocean ridges and the formation of 
emergent cratons caused eustatic sea-level rise (Eriksson et al., 2001). 
However, given that Neoarchean crustal growth peaked at ca. 2.7 Ga, 
this may not have had a bearing on sea level at ca. 2.5 Ga. 

The period between 1.8 Ga and 800 Ma is informally known as the 
‘boring billion’ (Holland, 2006), because there is little evidence of 
glacial activity and a perceived paucity of significant global change 
overall (Fig. 8). The glacigenic deposits that do exist are mainly glacio- 
alluvial and periglacial in origin (Young, 2018; Table S5). Glacigenic 
deposits peak in frequency and cumulative thickness in the Neo
proterozoic. Typically, three widespread glacial episodes are docu
mented in the Neoproterozoic: the Sturtian (717 – 659 Ma), Marinoan 
(640 – 635 Ma) and Gaskiers glaciations (579 Ma; Young, 2018). These 
Cryogenian glaciations are associated with extreme glaciation and 
extensive ice cover down to sea level in tropical latitudes; two theories 
have been proposed: the Snowball Earth hypothesis (cf. Kirschvink, 
1992) and the high obliquity theory (cf. Williams, 1975). The former 
advocates that glaciers spread from polar to equatorial regions, whereas 
the latter advocates that glaciers only developed in relatively low- 
latitude regions, which would have experienced a tropical climate at 
other times, due to the high obliquity of the Earth; for a summary of 
these hypotheses see Young (2018). At this time, the radiative power of 
the sun was ca. 6 % less than at present (Feulner, 2012). However, 
decreased solar luminosity cannot account for the Neoproterozoic gla
ciations alone: during earlier periods of Earth history, solar luminosity 
was relatively lower, yet no glaciation is documented (Fig. 8; Eyles and 
Januszczak, 2004). 

It has been postulated that cycles of supercontinent assembly and 
break-up during the Precambrian acted as drivers of glacigenic activity, 
such that glacigenic deposits tended to accumulate in supercontinental 
breakup phases (Fig. 5). Proposed models suggest that during these 
phases of supercontinent breakup, enhanced chemical weathering of 
uplifted rift shoulders, orogenic belts and new continental margins led to 
the sequestration of carbon dioxide and consequent climate cooling and 
glaciation (Hoffman and Schrag, 2002; Eyles and Januszczak, 2004). 
The data presented here indicate that glacial deposits were most likely to 
be deposited in continental fracture (i.e. rift) basins (Fig. 4), and that 
glacial deposits are preferentially found in the breakup phase of the 
supercontinental cycle (Figs. 6 & 9). 

5.5. Continental record of Earth surface processes 

Patterns of continental sedimentation may be related to crustal 
evolution, through its direct impact on Earth surface processes (Eriksson 
et al., 2001). As the evolution of the Precambrian crust progressed, 
possible source terrains for clastic sediment would have evolved through 
time. As with many aspects of Precambrian geology, models of crustal 
evolution remain equivocal; a variety of different models describing 
crustal evolution have been proposed, which exhibit considerable di
versity (e.g., Veizer and Jansen, 1979; McLennan and Taylor, 1982; 
Nelson and DePaolo, 1985; Bleeker, 2003; Percival et al., 2012; Stern 
et al., 2016; Cawood et al., 2018; Dhuime et al., 2018; Hawkesworth and 
Brown, 2018; Hawkesworth et al., 2018, 2020, amongst many others). 

A brief synthesis of crustal evolution and plate tectonics, which re
flects the current literature is presented below. However, this topic re
mains highly debated in the literature. During the Hadean Eon (>4.0 Ga) 
Earth’s surface was associated with intense volcanic activity, frequent 
meteorite impacts, and a largely molten or partially molten crust. There 
is limited direct geological evidence from this period, but it is believed 
that the earliest continental crust began to form, albeit in small, isolated 
patches (e.g., Harrison, 2009). The Archean Eon (4.0 – 2.5 Ga) saw 

significant progress in the formation of continental crust, likely through 
volcanic and tectonic processes. Evidence suggests that small conti
nental landmasses, known as proto-continents, started to emerge during 
this time (e.g., Laurent et al., 2014). Plate tectonic processes, if they 
operated at all, may have been in an early or transitional stage, with 
some evidence pointing to subduction-like processes (e.g., de Wit, 1998; 
Komiya et al., 1999; Kusky et al., 2001; Moyen and Hunen, 2012). The 
Proterozoic Eon (2.5 – 0.54 Ga) witnessed the continued growth and 
amalgamation of continental landmasses, leading to the formation of 
larger continental blocks and proto-supercontinents (e.g., Zhao et al., 
2003; Scotese, 2009). Evidence for the emergence of modern-style plate 
tectonics becomes more pronounced during this eon, including the 
presence of ophiolite complexes (e.g., Huang et al., 2021). 

Conditions on early Earth may have not been favourable for the 
development of continental deposits: intense meteorite bombardment 
took place prior to 3.9 Ga, whereas during 3.9 – 3.0 Ga large oceans and 
small (<5%) portions of continental crust existed across the Earth’s 
surface (Eriksson and Simpson, 1998; Fig. 8). The first peak in the 
abundance of continental deposits at 2.8 Ga occurs prior to the major 
postulated phase of crustal growth at 2.5 Ga, and broadly coincides with 
the stabilization of the hypothetical Valbaaran supercontinent (Zegers 
et al., 1998). However, geochronological and paleomagnetic un
certainties have led to yet unresolved debate about the timing, config
uration – and even the existence – of Vaalbara (Evans et al., 2017; de 
Kock et al., 2021). 

From the Proterozoic onwards, the development of stable cratons 
would have resulted in more conducive conditions for the preservation 
of continental deposits (Eriksson et al., 2005; Bose et al., 2012). Peaks in 
numbers of identified case-study successions of known ages vary (quasi-) 
periodically on a timescale of ~ 700–500 million years (Figs. 8 & 9). 
This variation coincides with the cycles of supercontinent assembly and 
disassembly (Pesonen et al., 2021); the supercontinent cycle is in turn 
intimately linked with whole mantle convection (Young, 2013; Nance 
et al., 2014; Pesonen et al., 2021). Thus, the evolution of Precambrian 
continental landscapes recorded in sedimentary successions chimes with 
evidence on supercontinent cyclicity resulting from multidisciplinary 
observations from geophysics (palaeomagnetism, heat flow, and seis
mology), palaeogeography and palaeontology (matching continental 
borders, stratigraphic sections, and fossil assemblages), stratigraphy, 
geochronology, and geochemistry (Young, 2013; Nance et al., 2014; 
Pesonen et al., 2021). 

6. Conclusions 

This study presents the first quantitative global assessment of the 
Precambrian continental sedimentary record, and ties the frequency, 
thickness and basin setting of these deposits to global events in the 
Earth’s geosphere, biosphere and atmosphere. The examined Precam
brian sedimentary record provides an insight into the surface processes 
shaping the early Earth. The vegetation-free Precambrian led to the 
widespread development of laterally extensive alluvial systems, which 
were present in a wide variety of palaeoclimatic regimes during super
continent assembly and tenure. Aeolian and lacustrine systems are 
rarely recognized in the continental stratigraphic record, in part perhaps 
because of the challenges of accurately identifying these deposit types in 
very ancient successions. However, successions of saline and partly arid 
lakes and of mixed aeolian-alluvial systems increase in abundance at the 
time of formation of greenhouse desertic conditions in the continental 
interior of Columbia. Aeolian systems are preferentially preserved in 
fracture basins following the breakup of Columbia but remain relatively 
rare overall, likely due to aeolian deflation and reworking by alluvial 
and marine agents, in the absence of vegetation. The timing of deposi
tion of glacigenic deposits coincides with phases of supercontinent 
breakup, when enhanced weathering of uplifted rift shoulders may have 
caused the sequestration of carbon dioxide, driving global atmospheric 
cooling. Overall, instances of continental deposits increase in number 
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towards the Precambrian-Phanerozoic border. However, the abundance 
of continental deposits varies over quasi-periodic cycles of 500 – 700 
million years, coinciding with the tenure and breakup of Precambrian 
supercontinents. 
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