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ABSTRACT

Grain-size distribution in deserts is driven by a combination of autogenic
controls such as grain abrasion and sorting due to wind transport, and allo-
genic controls such as provenance and spatial changes in wind-direction.
Downwind grain-size trends in present day sand seas display contrasting
results, with some showing broad downwind fining and sorting (for example,
Namib and Hexi) whilst others lack any clear trend (for example, Ténére,
Australian and Sinai). To determine the relative importance of autogenic
and allogenic controls on grain-size distribution in sand seas, this study
examines the grain-size distribution along the margins of the Cretaceous
Botucatu palaeodesert across an area of >1000000 km® To quantify the
main controls on Botucatu palaeodesert grain-size distribution, this study
compares the spatial distribution of grain-size metrics with: (i) detrital zircon
geochronology as a provenance test; (ii) palaesowind patterns as a wind-
regime test; and (iii) three transects along the basin palaeomargins as a
downwind abrasion test. Grain-size dispersion shows an east to west fining
pattern, which agrees with provenance control — in contrast to a north-south
trend expected for the predominant wind-regime control. In the north-east
region there is good evidence for downwind fining due to aeolian abrasion —
of about 0.4 um by kilometre, indicating that whilst downwind fining due to
abrasion does occur, it is limited by the rounded nature of the available sand
and possibly by a mix of different provenance sources. The results suggest
that the provenance of the available sand is the primary control on the
grain-size distribution in the Botucatu sand sea and potentially in most
large-scale dune fields.

Keywords Allogenic controls, autogenic controls, Botucatu, grain-size dis-
tribution, palaeoergs, sand seas.

INTRODUCTION environmental drivers that are linked to external

forces such as tectonism, climate or base-level
The construction of dune fields by aeolian sys- changes (Jerolmack & Paola, 2010; Rodriguez-
tems is ruled by a set of external (allogenic) and Lopez et al., 2014). Jerolmack et al. (2011) pro-
internal (autogenic) forces. Autogenic forces pose that grain-size distributions in aeolian envi-
account for the granular self-organization ten- ronments are derived from coupled sorting and
dency within natural sedimentary systems (Wer- abrasion due to the saltation of grains in the
ner, 1995, 1999; Kocurek & Ewing, 2005). downwind direction. Abrasion during transport
Allogenic controls correspond to external is inherent to the aeolian system (Bagnold, 1941;
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Kuenen, 1960; Bullard et al., 2004; Durian
et al., 2006), suggesting an autogenic control on
grain-size distribution. However, studies on
grain-size distribution in modern sand seas
find conflicting patterns (Lancaster, 1981, 1985,
1986; Livingstone et al, 1999; Wang
et al., 2003; Langford et al., 2016; Bristow & Liv-
ingstone, 2019; Liang et al, 2020; Zhou
et al., 2021). For instance, in south-west Namibia
(Lancaster, 1989), the White Sands in New Mex-
ico (Jerolmack et al., 2011) and the Hexi Corridor
in China (Zhang & Dong, 2015) fining and sorting
downwind patterns occur over scales of tens of
kilometres. In contrast, in the Kalahari in Nami-
bia (Lancaster, 1986), the Ténére in the Sahara
(Warren, 1972), the Gibson Desert in Australia
(Buckley, 1989) and the Sinai (Sneh & Weiss-
brod, 1983) no downwind grain-size patterns
were identified in dune fields. Langford
et al. (2016) found evidence that mixing of sand
sources in White Sands provided additional
controls on dune-field grain-size distribution in
contrast to the simple downwind fining and sort-
ing processes proposed by Jerolmack et al. (2011)
for the same desert. Among these additional con-
trols, wind-regime and the provenance of the
available sands are related to external controls
on the grain-size dispersion. In summary, the
spatial distribution of grain size within desert
sands is a combination of the inherent organiza-
tion patterns in natural granular systems and the
available external conditions.

In the sedimentary literature, there is lack of
studies that quantify the role of allogenic and
autogenic factors that control grain-size distribu-
tion in aeolian strata at a basinal scale
(>500 000 km?). This work aims to address this
issue using the Botucatu palaeoerg as a case
study. The Botucatu palaeoerg is a large-scale
(>1 000 000 km?®) dune-field developed in Wes-
tern Gondwana during the Early Cretaceous
(Scherer, 2000; Scherer & Goldberg, 2007). Two
main allogenic factors are hypothesized to influ-
ence the development of the Botucatu palaeoerg:
(i) wind-direction zoning due to the monsoonal
climate in Gondwana (Bigarella & Sala-
muni, 1961; Bigarella & Oliveira, 1966; Scherer
& Goldberg, 2007); and (ii) provenance variation
derived from the recycling of underlying strata
from the Parand Basin (Bertolini et al., 2020,
2021). Changes in grain size and sorting in a
downwind direction can be related to aeolian
abrasion, which is intrinsic to the aeolian sys-
tem and should therefore represent an autogenic
signal. To determine the relative roles of

autogenic and allogenic controls on grain-size
dispersion in deserts, three independent tests
were applied, using multiproxy datasets: (i) spa-
tial distribution of provenance changes using
detrital zircon; (ii) spatial distribution of wind
directions utilizing palaeocurrent data; and
(iii) changes in grain size across a number of
transects. The tests are used to check and com-
pare: (i) the directionality; and (ii) the magni-
tude of each mechanism in influencing grain-
size dispersion. Ultimately, the paper aims to
develop a model that utilizes the grain-size dis-
tribution to test the importance of allogenic fac-
tors, represented by the wind-direction and
provenance zoning, and autogenic factors, evalu-
ated using downwind changes along transects.

BACKGROUND

Grain-size distribution in deserts

The grain-size distribution in desert sands has
been the focus of studies since the seminal work
of Bagnold (1941) documented in the ‘Physics of
Blown Sand and Desert Dunes’. Since the late
1970s, the spatial distribution of grain size
within modern deserts has been studied exten-
sively by Lancaster (1981, 1982) who pioneered
descriptive granulometry analysis in the south-
west Africa Kalahari and Namib dune fields.
Later, several deserts were the focus of grain-
size studies, such as ergs in: China - Takli-
makan, Hexi Corridor, Kumtagh (Wang
et al, 2003; Zhang & Dong, 2015; Liang
et al., 2020); Africa — Namibia, Kalahari, Sinai,
Tenéré (Lancaster, 1981, 1985; Watson, 1986;
Livingstone, 1987; Thomas, 1988; Bullard
et al.,, 1997; Livingstone et al., 1999); and Aus-
tralia — Strzelecki, Simpson (Thomas, 1988;
Buckley, 1989). These studies focussed on the
grain-size distribution at a range of difference
scales: (i) differences in grain size within single
dunes; (ii) comparison of grain size between
individual regions of different dunes such as
crests, flanks, plinth or interdune; and (ii) grain-
size changes at kilometre scales across large-
scale deserts in a downwind direction.

Overall, there are contrasting findings on
grain-size distribution at all scales (Langford
et al., 2016; Bristow & Livingstone, 2019). At the
dune and dune comparison scale, studies in the
Namib, Kalahari, Taklimakan and Australian
ergs show that dune crests can be finer (Wat-
son, 1986; Livingstone, 1987), coarser
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(Wasson, 1983; Thomas, 1988) or equal in grain
size to interdunes (Sneh & Weissbrod, 1983; Liv-
ingstone et al., 1999; Wang et al., 2003). At the
desert scale (>30 000 km?) (Wilson, 1973), some
studies suggest modifications in grain-size attri-
butes along the sand transport direction. Lan-
caster (1989) found a decrease in grain size and
skewness and an increase in sorting along a
south to north trend in the Namib Sand Sea -
which corresponds to the overall transport
direction (Garzanti et al., 2012). Studies in the
Hexi corridor desert also found upwind to
downwind fining of mean grain size (Zhang &
Dong, 2015). Studies in the Kalahari Desert pro-
duced conflicting results, Lancaster (1986)
describes finer and better-sorted sands along a
north-east/south-west transport trend, whereas
Livingstone et al. (1999) found no trend in gran-
ulometry statistics along a 28 km transect. A
similar issue occurs in the White Sands
dune field in New Mexico, where Langford
et al. (2016) found evidence of source mixtures
influencing grain-size trends using end-member
mixtures, whereas Jerolmack et al. (2011) pro-
posed a downwind autogenic abrasion control
on the fining and sorting in the dune field.
The large-scale ergs of Ténére, Gibson and
Sinai (>30 000 km®) also display negligible to
no spatial variations in grain-size distribution
(Warren, 1972; Sneh & Weissbrod, 1983; Buck-
ley, 1989). In some cases, the fluvial-aeolian
interactions can provoke a mixture of sources.
For instance, the Kumtagh Sand Sea in north-
west China, displays a relationship between
grain-size distribution and fluvial-aeolian pro-
cesses, in which downwind fining occurs, but
also a mixture of upwind and locally-derived
sands, produces a mixture of zones controlled
by either aeolian or fluvial sands (Liang
et al., 2020).

In summary, studies from modern sand seas
provide a range of different results in assessing
the controls on grain-size distribution within
dune-scale and erg-scale desert systems. Thus,
the nature of grain-size distribution and its rela-
tionship with aeolian transport and sand source
is still not well-established.

Botucatu palaeoerg

The Early Cretaceous Botucatu palaeoerg cov-
ered an area of up to 1 500 000 km? in Western
Gondwana (Fig. 1), and is preserved in South
America and south-west Africa. The palaeode-
sert is represented by a vast and thick (up to
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120 m) sandstone unit referred to as the Botu-
catu Formation (Brazil), the Rivera Member
(Uruguay) and the Twyfelfontein Formation
(Namibia). The wunit typically crops out as
stacked large cross-stratified sandstones, inter-
preted to be formed by the superimposition of
crescentic and linear dunes in a dry—aeolian sys-
tem (Scherer, 2000, 2002; Scherer & Gold-
berg, 2007). Exposures of the Botucatu
Formation are largely restricted to the margins
of the Parana Basin as it is covered by extensive
volcanic and sedimentary strata of the overlying
Serra Geral and Bauru formations (Milani
et al., 2007). The age of the formation is con-
strained at the top by radiometric dates from the
synchronous continental flood basalts of the
Parana-Etendeka large igneous province (LIP)
that are ca 134 Ma in age (Ernesto et al., 1999;
Thiede & Vasconcelos, 2010; de Assis Janasi
et al., 2011; Pinto et al., 2011; Baksi, 2018). The
onset of desert conditions is believed to have
occurred in the Early Cretaceous and is also
thought to have been relatively short-lived due
to the lack of supersurfaces and a decrease in
the size of fauna as indicated by the ichnofossil
assemblage (Francischini et al., 2015). Correla-
tion between the south American and African
units is demonstrated by: (i) U-Pb and Ar-Ar
dating on Parana-Etendeka volcanics that over-
lie the contact with the Botucatu (see review
of Gomes & Vasconcelos, 2021); (ii) volcano-
sedimentary interactions as dry-peperites
or in situ dune preservation by lava extrusion
(Jerram et al., 2000a,b; Jerram & Stollhofen, 2002;
Petry et al., 2007; Waichel et al., 2007, 2008);
and (iii) basin correlations based on sedimento-
logical and palaeontological data (Mountney &
Howell, 2000; Scherer, 2000, 2002; Marsh & Mil-
ner, 2007; Francischini et al., 2015; Porchetti &
Wagensommer, 2015; D’Orazi Porchetti
et al., 2018; Peixoto et al., 2020).

Provenance studies show that recycled sands
were prevalent along the desert margins, mainly
sourced from underlying Parana Basin strata. In
detail, Bertolini et al. (2020) suggest that a
change in provenance occurred from south-west
to south-east in the desert based on provenance
proxies. In particular, the Cambrian-Neoprotero-
zoic detrital zircon contribution suggests that in
the northern area there was a provenance
change from the north-west to north-east (Ber-
tolini et al., 2021). Overall, the Botucatu sands
result from intense intrabasinal reworking of
underlying Parand Basin strata (Bertolini
et al., 2020, 2021); with evidence for east to west
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Fig. 1. Grain size sampling sites (Table 1) distributed across three transects (north-west, north-east and south).

shifts in provenance governed by the spatial dis-
tribution of the underlying Parana Basin strata.

METHODOLOGY

This study utilizes 41 sand samples from 39
sites in Brazil, Uruguay and Namibia (Fig. 1).
Samples were taken solely from trough cross-
stratified sandstones [St(e) facies] to limit sam-
pling bias from different dune locations such as
on dune toesets or from aeolian sandsheet
deposits. The large-scale trough cross-stratified
sandstone sets range from 1 to 20 m in thick-
ness. This facies is interpreted to be formed by
sinuous crested dunes comprising mostly grain-
flow strata, with thinner, finer grained grain-fall

laminae and with wind ripple laminae devel-
oped at the dune toe on the lee-side (Hun-
ter, 1977; Fryberger & Schenk, 1981). This study
presents 12 new samples collected from out-
crops in Namibia, in addition to previously pub-
lished data from South America (Bertolini
et al., 2020, 2021). Samples by location, grain-
size metrics, wind direction (based on the mod-
els from the Results section) and literature
sources can be found in Appendix S1. Samples
were collected over six field trip campaigns
between 2015 to 2019, which focussed on the
exposed margins of the basin. The central por-
tion of the basin is not sampled because it is
covered by extensive volcanics of the Parana-
Etendeka LIP and overlying Cretaceous sedimen-
tary strata. The use of three transects in the
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north-east, north-west and south regions are
used to display spatially representative profiles
of the aeolian system.

Granulometry data were acquired using classi-
cal sieving methods for the sand grain size
(0.0625 to 2.00 mm) in Centro de Pesquisa Cost-
eira from Universidade Federal do Rio Grande
do Sul. Around 100 g of samples were softly
disaggregated, to avoid grain breakage, with a
rubber pestle and dried in an oven (<100°C).
The dry samples then were wet sieved using five
grain classes (0, 1, 2, 3, 4 phi). The samples
were dried again and individually weighed (Ber-
tolini et al., 2020, 2021). Silt and clay granulom-
etry consists of a mixture of detrital grains and
fine cement, so only the sand fraction was
selected. Mean grain size, sorting, skewness and
kurtosis have been calculated using geometric
method of moments by Folk & Ward (1957),
using the R package G2Sd (Fournier et al., 2014)
which is an R implementation of the Gradistat
spreadsheet (Blott & Pye, 2001) for granulometry
calculation.

The main uncertainties associated with the
dataset include: (i) laminae type (grain-flow,
grain-fall and wind-ripples); and (ii) spatial dis-
tribution of samples. Sampling was restricted to
cross-strata with dip angles >15° and with no
obvious visual changes in grain size with the
aim of solely sampling grain-flow strata. Previ-
ous studies of the Botucatu Formation show that
more massive grain-flow strata dominate over
millimetre-scale wind-ripple and grain-fall strata
(Hunter, 1977; Fryberger & Schenk, 1981; How-
ell & Mountney, 2001). Thus, whilst sampling of
wind ripple and grain-fall strata cannot be ruled
out completely, it is believed that sampling in
this study is restricted to grain-flow laminae and
that the aeolian laminae type is not a significant
source of uncertainty.

To mitigate against the lack of exposure in the
basin centre resulting from burial by younger
strata, specific sampling strategies and applied
spatial interpolation techniques were designed.
Sampling was done along a series of transects to
maximize the spatial distribution of samples
around the basin margin and to test hypotheses
regarding changes associated with transport and
sorting in downwind directions. Spatial interpo-
lation tools were applied to the grain size,
provenance and wind-direction data to visualize
the behaviour of these attributes. It is recognized
that the lack of data in the basin centre

Grain-size distribution controls 1285

introduces significant uncertainty into the inter-
pretation of the interpolated datasets; however,
given the large spatial distribution and sampling
strategy it is felt that this approach is justified
and provides valid results.

The analysis was run in R (R Core Team, 2021)
in RStudio Software (https://www.R-project.org/).
Data manipulation, wrangling and plots were
made using the tidyverse package (Wickham
et al., 2019), coordinate transformation to the
Early Cretaceous reference frame was under-
taken using the chronosphereR package (Kocsis
& Raja, 2020), spatial data handling and analysis
with SF and SP packages (Pebesma &
Bivand, 2005; Pebesma, 2018), interpolation
with automap (Hiemstra et al., 2008). The Full
code applied here is available at https://github.
com/gabertol/controls_grain_size and also as an
HTML file in Appendix S2.

RESULTS

The grain-size distribution for dunes from the
Botucatu Desert is displayed in Fig. 2. Mean
grain size, sorting, kurtosis and skewness were
calculated using the geometric method (Folk &
Ward, 1957) in millimetres, following the sug-
gestion of Blott & Pye (2001). The dataset dis-
plays a mean grain size ranging from 1.05 to
0.05 mm (mean 0.3 mm), sorting from 2.12
to 1.45 (mean 1.68 pm), skewness from 0.57 to
—0.35 (mean —0.11 um) and kurtosis from 1.56
to 0.74 (mean 0.99 pm). Overall, the sands are
medium-grained, moderately sorted, mesokurtic
and symmetrical to fine skewed.

In detail, the granulometry displays differ-
ences based on spatial patterns. Figure 3 dis-
plays probability functions from sands from the
north and south of the desert, based on the
wind model (see Wind-direction test section
and Fig. 3). The mean grain size, sorting and
skewness (Fig. 4A to C) shows different aver-
ages from south to north. The north Botucatu
area records fine-sands (mean 0.23 mm), moder-
ately well-sorted (mean 1.60 mm) and symmet-
rically skewed (mean -—0.09 mm). The south
Botucatu sands are medium (mean 0.35 mm),
moderately sorted (mean 1.73 pm) and fine-
skewed (mean —0.12 um). Overall, the southern
Botucatu material has coarser and more poorly
sorted sands and, consequently, is positively
skewed.
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Fig. 2. Grain-size distribution and wind-direction for Botucatu desert samples. Samples ordered from west to

east.

Figure 3 shows the changes in granulometry
based on region such that spatial changes may
be assessed through interpolation. The grain-size
metrics have been interpolated with the ordi-
nary kriging method (Fig. 4). The mean grain
size (Fig. 4A) shows a dominant trend of coarser
sand from south-west/north-east, from 0.38 to
0.10 mm. The south-west region which is
located in south-east Brazil and Namibia, com-
prises the coarsest sands in the desert. Kurtosis,
skewness and sorting (Fig. 4B to D) show minor
trends — from 50 to 100 km, where high kurtosis,
low skewness and low sorting overlap. Overall,
the sands are medium in size, moderately
sorted, mesokurtic and symmetrical to fine
skewed.

The analysis reveals trends in granulometry
metrics, in particular the mean grain size. To
test the influence of the hypothetical allogenic
and autogenic mechanisms on grain-size spatial
distribution, three independent tests have been
set up. The wind-direction test, provenance test
and downwind trend test are used to evaluate
respectively the allogenic (wind-regime and the
sand-sources) and autogenic (downwind abra-
sion) forces. The wind-direction test is used to
model the wind spatial distribution and classify
the predominant wind direction for each granu-
lometry sample. The provenance test aims to
model the spatial distribution of sand sources
using detrital zircon analyses from 21 samples.
The downwind trend test presents linear models
for downwind mean grain-size changes across

three trends (north-east, north-west and south
transects) to check the abrasion along wind
transport.

Wind-direction test

Studies of the Botucatu desert show that it
records a complex wind pattern (Bigarella &
Salamuni, 1961; Bigarella & Oliveira, 1966;
Bigarella & Van Eeden, 1970; Scherer, 2000;
Scherer & Goldberg, 2007). Three main zones of
prevalent wind-direction are documented: a
North, South and a mixed zone. The North
Botucatu zone is located from 12°S to 20°S (pre-
sent day latitudes) with a mean wind direction
of 213.0°. The South Botucatu wind-zone occurs
between 33°S to 25°S (present day latitudes),
and a mean direction of 80.2°. The mixed zone
is located in the central Botucatu (12°S to 20°S)
with polymodal wind directions, presenting a
mixture of wind-directions typical for north and
south deserts. To evaluate the prevailing wind
direction across the desert in order to compare
with the grain-size data, palaeocurrents were
interpolated from published work (Bigarella &
Salamuni, 1961; Bigarella & Oliveira, 1966;
Bigarella & Van Eeden, 1970; Mountney & How-
ell, 2000; Scherer, 2000; Silva & Scherer, 2000;
Scherer & Lavina, 2006). Wind direction vector
directions from 49 sites were compiled and
modelled using the inverse distance weighted
algorithm. Figure 5A displays the inverse dis-
tance weighted model for the Lower Cretaceous
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Fig. 3. Grain-size metrics probability density functions illustrating the dunes from the north and south of the
Botucatu palaeodesert. Red and blue dashed lines represent south and north Botucatu, respectively. (A) Mean

grain size. (B) Sorting. (C) Skewness. (D) Kurtosis.

Gondwana wind direction and a histogram with
the distribution of the direction. Appendix S1
files compile the site locations, mean direction,
the confidence interval and sources. The mean
vector directions and confidence intervals follow
the equations of Scherer & Goldberg (2007).

The North Botucatu area registers mean winds
blowing to the south/south-west, and the South
Botucatu shows prevailing winds blowing
towards the north-east. In terms of mode, the
wind directions are 80° and 213°. The zone from
20°S to 25°S shows a mixture from both

dominant winds, but mostly from northern
winds. The model agrees with previous palaeo-
wind studies for the Botucatu Desert (Scherer &
Goldberg, 2007) and global circulation models
(Moore et al., 1992) that display a monsoon
bimodal wind pattern over West Gondwana.

Provenance test

The Botucatu palaeoerg has been the focus of
several detrital zircon U-Pb dating studies
(Canile et al., 2016; Bertolini et al., 2020, 2021).
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Fig. 4. (A) Mean grain size (mm). (B) Sorting. (C) Skewness. (D) Kurtosis ordinary kriege models.

In this study, 3975 U-Pb detrital ages from 44
samples from Brazil, Uruguay, Argentina and
Namibia were compiled. The detrital zircon
studies have polymodal distributions, so an
appropriate form of representation of their rela-
tionships are made using dimensional reduction
techniques. An approach widely applied in sedi-
mentary provenance studies, is to use multidi-
mensional scaling plots (Vermeesch, 2013;
Vermeesch & Garzanti, 2015). Dimensions 1 and

2 are the most significant, such that a ratio of
them simplifies the results into a single proxy.
Figure 5B displays the ordinary krieged interpo-
lation with the provenance proxy, indicating a
west to east trend in the desert provenance. This
agrees with previous provenance studies, that
found west—east trends in the provenance of the
southern Botucatu Desert — mostly related to
changes in the composition of the material in
the underlying Parana Basin strata.
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Fig. 5. (A) Inverse distance weight model for Botucatu desert wind-directions. The wind direction distributions

show a dominant 80.2° wind in south Botucatu and 213° in north Botucatu. (B) Ordinary kriege interpolation of

provenance, using detrital zircon dataset from Canile et al. (2016), Bertolini et al. (2020, 2021), Zieger et al.
(2020). The plotted values are a ratio of dimensions 1 and 2 of multidimensional scaling plot.

Downwind trend test

To evaluate the role of wind direction in con-
trolling grain-size distribution, mean grain size
was plotted along three transects: north-west,
north-east and south (Fig. 6). The transect loca-
tions are shown in Fig. 1. The trends vary over
hundreds of kilometres. The longitudinal trends
correspond to west to east distances, which are
equivalent to upwind to downwind due the
prevalent north-east wind in the southern
region. The latitude trends in the north region
(north-east and north-west trends) correspond to
north to south distances — equivalent to upwind
to downwind in the northern Botucatu zone.
The north-east transect (Fig. 6A) displays a
trend of grain-size fining related to palaeolati-
tude changes in a downwind direction. In the
north-west region (Fig. 6B), there is no apparent
relationship between latitude and grain size.
Lastly, the southern region (Fig. 6C) shows coar-
ser sand towards the west, indicating an upwind

fining trend. Linear models and statistics for
each model are plotted in Fig. 6.

DISCUSSION

Grain-size distribution of the Botucatu and
present-day large-scale ergs

The overall grain-size distribution of the Early
Cretaceous Botucatu desert comprises fine to
medium, moderately sorted, symmetrical to fine
skewed and mesokurtic sands (Figs 2 and 3). The
spatial grain-size distribution shows coarser sand
overall along the eastern margin (Fig. 3A), while
sorting, kurtosis and skewness distribution is
constrained to local changes. The wind-direction
model (Fig. 5B) shows that in the North and
South Botucatu zones, contrasting wind-
directions, blowing towards 174° and 73°, respec-
tively, occur. The central region of the desert
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Fig. 6. (A) to (C) Models for mean granulometry along regional transects across palaeolatitude and palaeolongi-

tude distances. Pale-pink area represents standard error.

displays a mixture of both northerly and south-
erly directed winds, with southerlies predominat-
ing. The provenance test (Fig. 5A) shows an east—
west trend, in agreement with Bertolini
et al. (2020) that describes significant changes in
detrital zircon and petrographic patterns along a
west to east trend in southern Brazil.

In detail, the mean grain-size variation was
modelled in a downwind direction in the three
transects. The distribution in the north-east tran-
sect is explained by a simple linear model
(Fig. 6A), which finds P = 0.02 and R? of 0.55.
The model indicates a fining of 0.0004 mm per
kilometre in mean grain size. There is no rela-
tionship between grain size and downwind dis-
tance in the north-west region, as the model in
Fig. 6B shows. Along the southern transect a
coarsening trend in a downwind direction is
observed. The model (Fig. 6) finds a linear rela-
tionship with P = 0.01 and R* of 0.28, with a
coarsening of 0.46 um in mean grain size per
kilometre. Bigarella (1979) described fining and
sorted trends in sands from the north-east Botu-
catu area, with mean grain size from 2.03 to
1.78 mm and Trask sorting coefficients from 1.44
to 1.32 (Minas Gerais to Parand states from Bra-
zil). Also, Bigarella (1979) described finer and
sorted sands from Rio Grande do Sul to Santa
Catarina states (south-north trend in southern
Botucatu), with grain size trending from 2.33 to
2.15 mm and Trask sorting from 1.46 to 1.39. The
fining trend registered in the north-east region of
the Botucatu by Bigarella (1979) is consistent
with trends in the present study (Fig. 6A), whilst
the southern fining trend is not present in the

dataset. However, uncertainties associated with
the sampling methodology of Bigarella (1979)
mean that it is not possible to undertake a
detailed comparison with our datasets.

Table 1 compiles the granulometry statistics
for several modern deserts, including the dune
types, the sampling position and whether there
are any spatial changes within transects. The
mean grain size found for the Botucatu is coarser
than that documented in modern deserts, such as
the south-west Kalahari (Lancaster, 1986), Namib
(Lancaster, 1981), Libya (Ahlbrandt, 1979), Simp-
son (Folk, 1971), Thar (Goudie et al., 1973) and
Sinai (Tsoar, 1978). Additionally, the Botucatu is
more poorly sorted than other deserts. The mean
grain size compared to other deserts is relatively
similar, as Table 1 shows that grain size in
deserts tends to be centred around 2 phi - corre-
sponding to medium to fine sands. The sorting
usually has values around 0.5 — considered to be
well-sorted to moderately-sorted. The fining
trend in the north-eastern region is similar to that
found in other deserts, such as the Namib, Kala-
hari and Hexi Corridor deserts (Lancaster, 1981,
1986; Zhang & Dong, 2015). Other deserts such as
the Ténére, Sinai or Australian erg show no spa-
tial grain-size relationship (Warren, 1972; Sneh &
Weissbrod, 1983; Buckley, 1989) and this is also
seen in the north-western Botucatu region. In
addition, downwind coarsening occurs in the
southern region. Results from this study indicate
the existence of large-scale downwind abrasion
in the north-eastern region, however this is not
seen elsewhere in the basin. Previous studies
(Kuenen, 1960; Bullard et al, 2004; Durian
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et al., 2006, 2007) show that downwind abrasion
should be expected, so additional controls must
be acting on the north-western and southern
regions. Langford et al. (2016) suggested the exis-
tence of a mixture of sand sources in the White
Dunes desert, interrupting and negating a long-
distance trend of sand fining due to wind abra-
sion. From this perspective, the north-west Botu-
catu may record a greater mixing of sand sources
than seen in the north-east transect.

Allogenic and autogenic controls in grain-size
distribution of Botucatu palaeoerg

Dune fields develop under allogenic (environmen-
tal factors) and autogenic (self-organization) condi-
tions. In the aeolian realm, the autogenic process is
exemplified by dune interactions, deformation dur-
ing migration, scour of the substrate, or grain-size
selection/abrasion (Lancaster, 1981, 1986; Coleman
& Melville, 1996; Bridge & Best, 1997; Wer-
ner, 1999; Ewing et al., 2015; Pedersen et al., 2015;
Zhang & Dong, 2015; Gao et al., 2015a; Swanson
et al., 2016, 2019; Cardenas et al., 2019). Allogenic
factors relate to the water-table rise/fall, wind and
transport direction, source of sand and sand avail-
ability (Rubin & Hunter, 1987; Crabaugh &
Kocurek, 1993; du Pont et al, 2014; Ping
et al., 2014; Ewing et al., 2015; Gao et al., 2015b;
Swanson et al., 2017). Allogenic factors are con-
trolled, ultimately, by basin-scale tectonism, cli-
mate and base-level changes (Jerolmack &
Paola, 2010; Rodriguez-Lépez et al., 2014). Within
the Botucatu palaeoerg, the: (i) bimodal wind-
direction; and (ii) provenance sources are external
forces, so correspond to allogenic variables; whilst
(iii) downwind effects are effectively self-
organizing and correspond to an autogenic process.

The wind model (Fig. 3) displays two end-
member zones of different wind regimes con-
trolled by global circulation patterns and the
monsoonal climate (Moore et al., 1992; Scherer
& Goldberg, 2007). Grain-size statistics (Fig. 3)
show differences from north to south within the
different wind regions. At first glance, these may
represent a wind-direction control on the Botu-
catu palaeoerg grain-size distribution; however,
apart from the south-west samples, both the
northern and southern regions have very similar
mean grain size and grain-size metrics (Fig. 2).
In contrast, provenance appears to have played
an essential role in Botucatu palaeoerg grain-
size dispersion, considering the overall east—
west shift in provenance (Bertolini et al., 2020,
2021). Downwind fining in the north-east region

Grain-size distribution controls 1293

(Fig. 5A) suggests that the autogenic process
occurs, which is consistent with previous stud-
ies (Bigarella, 1979). However, such an effect is
less dominant than the changes in provenance
(allogenic), as revealed by downwind coarsening
in the south, the lack of downwind fining in the
north-west transect, and east-west grain-size
trend in the interpolation model (Fig. 5A).

The ordinary kriege model for the basin (Fig. 4)
shows a general grain size fining from east to
west, ranging from 0.38 to 0.10 mm. This is in
contrast to the regional northerly and southerly
trending winds illustrating that the wind direc-
tion had a limited effect on grain-size distribu-
tion. Skewness, sorting and kurtosis interpolation
shows local changes within the southern and
northern regions. For instance, kurtosis (Fig. 4D)
displays a wider distribution (negative kurtosis
values) in the extreme north and south-west
regions, suggesting minor shifts in sorting — possi-
bly related to autogenic forces. The sorting, skew-
ness and kurtosis interpolation models (Fig. 4B to
D) display regional clusters (from 50 to 100 km),
which may show that downwind fining may still
operate at smaller scales. Previous studies (Liv-
ingstone et al., 1999; Jerolmack et al., 2011; Lang-
ford et al., 2016) show variations of around 5 to
30 km which is compatible with the clusters
found. However, the regional nature of the dataset
limits a more local evaluation. The local sources
of sand across the Botucatu (Bertolini et al., 2020,
2021), marked by heavy mineral peaks, suggest
that locally derived sands were mixed with
‘abraded’ sands that were already in the aeolian
system.

For autogenic processes, grain abrasion by par-
ticle—particle or particle-bed shock is experimen-
tally shown to govern sand size and shape during
aeolian transport, but only the north-east region
displays a downwind fining trend. The 0.4 pum
per kilometre downwind fining is one order of
magnitude below that documented in the
gypsum-sands of the White Sands Dunefield
(Langford et al., 2016). Three main reasons are
hypothesized for the lower abrasion rates: (i)
hardness difference between quartz and gypsum
sands; (ii) low angularity of the multicycle sands
of the Botucatu; and (iii) scale differences from
the 5 to 10 km transects from Jerolmack
et al. (2011) and Langford et al. (2016) compared
to the 400 km transect of this study. Due to the
open nature of the desert, where sand can be sup-
plied from around the desert margins, sand mix-
ing will limit strong downwind fining patterns.
However, the spatial distributions of sorting,
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skewness and kurtosis suggest that autogenic pro-
cesses do occur but at a more local scale.

Previous studies have determined that down-
wind fining is not always present in sediments
transported by aeolian processes in sand seas
(Warren, 1972; Sneh & Weissbrod, 1983; Buck-
ley, 1989; Livingstone et al., 1999). Although it
should be noted that loess deposits appear to be
spatially linked with sand seas (Crouvi
et al., 2008, 2010). Loess deposits of coarse silt
to very-fine sand, typically occur downwind of
major sand seas (review in Crouvi et al., 2010).
From an experimental aeolian transport perspec-
tive, studies (Durian et al., 2006, 2007; Roth
et al., 2011) show that erosion drives grains into
a sphere independent of the original shape.
However, erosion is a stationary process (Durian
et al., 2007), meaning that after a grain reaches a
determinate rounding degree, the process loses
its effectiveness. Furthermore, experiments on
aeolian abrasion (Kuenen, 1960) find a positive
correlation of angularity, grain size and surface
roughness with aeolian abrasion rates. The
experimental results demonstrate that the fining
of sands is very dependent on the angularity of
the grains, where rounded grains chip harder
than very angular sands. Botucatu sands are
comprised of multicycle sands — i.e. sands that
have been deposited and reworked several times
— thus, the sand grains were rounded prior to
entering the sand sea. For instance, in the
south-west Botucatu region a mean of 9% of
angular grains was recorded by Bertolini
et al. (2020), as such, only 9% of the grains are
susceptible to intense spallation. Most Botucatu
palaeoerg sands are sub-rounded to sub-angular,
agreeing with other deserts (Goudie & Wat-
son, 1981). In such a case, the effects of down-
wind fining are constrained by the availability
of recycled sands from the underlying Parana
Basin sandstones. In summary, the strongly
reworked sands available to the Botucatu aeo-
lian system limit regional scale grain-size fining.

Maodels for Botucatu grain-size controls and
implications for grain-size spatial distribution
in sand seas

Considering the wind-direction, provenance and
downwind trend tests, provenance changes are
the most influential control on the spatial distri-
bution of grain size in the Botucatu Desert. How-
ever, other controls can be significant such as
aeolian abrasion and source composition and can
dominate if the provenance of the sand is

considered constant along the desert margin.
Figure 7A compiles the grain-size metrics, prove-
nance and wind-direction from each transect in a
schematic representation of the Botucatu palaeo-
erg. The southern transect exhibits a downwind
grain-size coarsening due to lateral changes in
provenance (Fig. 7A). The north-east transect pre-
sents a downwind fining consistent with experi-
mental data on aeolian abrasion (Jerolmack
et al., 2011). The north-west transect displays a
consistent provenance and grain size along the
downwind traverse which suggests a mixture of
sands supplied from similar source rocks.

The results suggest that when the source
material changes upwind, the mean grain size in
the dune-field mirrors these changes in source
material. The southern Botucatu sands show a
concomitant change in dune sand grain size and
lateral variation in the composition of underly-
ing strata that sourced recycled sand material
into the dune-field (Bertolini et al., 2020). The
magnitude of the lateral variation in grain size
can be abrupt and large when provenance domi-
nates the spatial grain-size distribution. For aeo-
lian abrasion to control the grain size in the
dune-field, the provenance of the sand must
remain constant and have a spatially limited
source. If this does not occur, then a provenance
signature and variability in the source material
will dominate over the aeolian abrasion signal.
In summary, the south-east to south-west coars-
ening and the grain-size interpolation map show
that provenance controls the granulometry dis-
tribution. In contrast, the northern transect dis-
plays evidence of mixing of sand sources and
aeolian abrasion. Autogenic forces do occur, but
their influence appears to be localized and
prone to be removed due to mixing of sands
from input points distributed along the desert
margins. This conclusion is in contrast to the
threshold sand sea hypothesis of Jerolmack &
Brzinski (2010), which states that: “predominant
grain size in a sand sea represents particles that
are not too far above the threshold for entrain-
ment under the dominant wind”. The southern
Botucatu displays a downwind coarsening trend
which shows that the same dominant wind can
potentially carry different sand sizes due to a
provenance change. Thus, there is not a single
threshold for sand entrainment, but several con-
sidering that each provenance zone has its own
energy potential rather than a single one for the
whole erg. The available sand for the south
Botucatu region is derived from erosion of
underlying strata which change laterally, which
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is a control that is difficult to incorporate into
the threshold sand sea hypothesis. The conun-
drum is that ultimately the threshold hypothesis
implies that the grain size in a sand sea is gov-
erned by wind-strength, in some cases, as in the
Botucatu desert, however, the wind should be
able to carry coarser sands, but the available
sand is finer. For a sand sea to be ruled by the
threshold hypothesis, the available sand should
always be coarser than the threshold grain size
for entrainment in the predominant wind. If the
entrainment energy of the available sands is
lower than the energy of the predominant wind,
the provenance changes rule the predominant
particle size in a sand sea.

The threshold hypothesis can operate in
small-scale deserts such as the White Sands (ca
400 km?) or single-sourced deserts, but for large-

scale deserts such as the Botucatu (ca
1 000 000 km®) the number and magnitude of
sources and their mixtures across the dominant
wind need to be considered. Furthermore, to
predict the mixture of sources in sand seas can
be difficult due to different geological/geomor-
phic factors that may be unique to each desert
(Rittner et al., 2016; Farrant et al.,, 2019; Gar-
zanti et al., 2020, 2021; Pastore et al., 2021). An
alternative interpretation for the sand sea thresh-
old hypothesis, is to consider that n sources of
sand within a desert are ruled by the hypothesis
individually, while the predominant grain size
in a sand sea should be a product of the mixture
of these n sources after the effects of sorting and
fining downwind.

The grain size, provenance and wind-
direction distribution of each transect are
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provenance changes, illustrating dune field schemes and relationships with detrital grain sizes from river catch-

ments.

hypothesized to be controlled by three processes
(Fig. 8); provenance (south transect), mixing
(north-west transect) and aeolian abrasion
(north-east transect). For grain size controlled by
provenance, the catchment rivers should display
different sources along the downwind direction
(Fig. 8). The change in provenance does not

necessarily relate to sand sourced from outside
the basin but can be related to lateral facies
changes or stratigraphic changes within underly-
ing strata. For grain size to be controlled by aeo-
lian abrasion, there must not be any change in
provenance within the catchment of the rivers
supplying sediment to the basin, and the sands
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that are supplied can only have a limited mix-
ture. For the aeolian abrasion model, Fig. 8 pro-
poses that a single catchment sourced the sand
upwind of the desert with no mixing of sources
in a downwind direction. In this scenario, the
spatial distribution of the grain size is explained
directly by the magnitude of the aeolian abra-
sion. The aeolian abrasion is controlled by the
desert sand morphology together with the wind-
strength and direction. The grain size controlled
by mixing occurs when provenance does not
change in a downwind direction, but when mix-
ing of the abraded sands that have been trans-
ported into the aeolian system through input of
‘immature’ sands from basin margin rivers over-
rides the downwind fining. This process records
a balance of two opposing controls on: (i) the
mean grain size; (ii) the aeolian abrasion
decreasing the grain size downwind; and (iii)
the input of coarser sands from catchment
sources along the downwind direction.

Overall, these autogenic and allogenic controls
relate to conditions expected to be universal for
aeolian systems. For instance, several ancient
aeolian systems register regional changes in
wind direction (Parrish & Peterson, 1988; Peter-
son, 1988; Giannini et al., 2004; Mescolotti
et al., 2019; Shozaki & Hasegawa, 2021; Yu
et al., 2021a,b), modern deserts display changes
in provenance along their margins (Garzanti
et al, 2012; Rittner et al, 2016; Pastore
et al., 2021), as well as aeolian abrasion that is
shown to be observed in both the field (Crouvi
et al., 2008, 2010) and experiments (Kue-
nen, 1960; Bullard et al.,, 2004; Durian
et al., 2006, 2007; Roth et al., 2011). Thus, the
provenance, aeolian abrasion, and mixture of
these process recorded in the Botucatu
palaeodesert are potentially important in aeolian
desert systems in general. The predominance of
each process relates to specific aspects of each
geological context that define features such as
variations in provenance, wind regimes and
strength, and sand mineralogy and morphologies
(for example, angular-rounded or bladded-
spheric, quartz-bearing or gypsum-bearing
sands).

CONCLUSION

Based on 41 granulometry samples from cross-
stratified sandstones of the Botucatu palaeoerg
in Brazil, Uruguay and Namibia, this study
detailed the spatial distribution of grain size in

Grain-size distribution controls 1297

an ancient large-scale dune field. Furthermore,
the study assessed the grain-size distribution
with a palaesowind direction model and a prove-
nance model, based on previously published
data obtained in sandstone palaeodunes. From
these data it can be concluded that:

® Minor to non-existent changes in granulome-
try are related to zones with different predomi-
nant winds.

® Basin-scale grain-size changes were con-
trolled primarily by provenance sources rather
than by wind-direction, downwind fining or
sorting due abrasion during transport.

® Available recycled sand controls the grain-
size distribution.

® Recycled and rounded sands and mixture of
sources limits the downwind fining.

® Downwind selection effects are probably lim-
ited to local scale, within 50 to 100 km.
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