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ABSTRACT

Production of the silt that forms loess is attributed to processes operating in both glacial
systems (glacial grinding) and sandy deserts (saltation-induced fracturing). However, the ef-
ficacy of saltation for significant silt production is controversial. Understanding the potential
for silt production in deserts is essential for determining the paleoclimatic significance of loess.
To better assess the significance of eolian abrasion for silt production, experimental abrasion
was conducted in a device designed to simulate sand saltation at sustained storm-wind ve-
locities (~25 m/s). The design differs from previous work in (1) maintaining strong measured
velocities for long duration, (2) removing preexisting silt and utilizing control samples, (3)
and scaling results to estimate potential for loess accumulation. Scaling experimental rates
of production to geologic proportions indicates that eolian abrasion of sand produces insuf-
ficient silt to create geologically significant loess deposits.

INTRODUCTION

Silt composing many of Earth’s major loess
deposits is linked to physical grinding from gla-
cial processes (e.g., Pye, 1995; Smalley, 1995;
Assallay et al., 1998; Muhs, 2013). The desert
loess hypothesis posits that the silt that forms
loess originates largely by eolian abrasion of
sand (e.g., Smalley and Vita-Finzi, 1968; Tsoar
and Pye, 1987; Smith et al., 2002; Crouvi et al.,
2008; Enzel et al., 2010), although Muhs (2013)
noted that so-called “desert loess” could derive
from deflation of silty sources (e.g., playas) or
silt-rich protoliths.

Some assert that eolian abrasion plays a large
role in silt production (Smith et al., 2002; Crouvi
et al., 2008; Enzel et al., 2010). Evaluating the
potential for silt generation by eolian abrasion
(defined as intergranular collision during salta-
tion) is fundamental to the use of loess as a pa-
leoclimate indicator. If desert processes produce
abundant silt, then loess in the geological record
may have originated wholly or in part in deserts.
If deserts do not produce significant silt in the
loess size range through eolian abrasion, then
desert-adjacent loess deposits likely contain silt
produced by glaciation or other mechanisms.

Previous experiments have studied silt pro-
duction by processes thought to operate in des-
erts, e.g., salt weathering and saltation abrasion
(Kuenen, 1960; Goudie et al., 1979; Pye and
Sperling, 1983; Smith and McGreevy, 1987;
Whalley et al., 1987; Smith et al., 1991; Wright
et al., 1998; Wright, 2001; Bullard et al., 2004,
2007; Marshall et al., 2012; Swet et al., 2019).
Experiments designed to test the efficacy of
silt production by intergranular collisions have
yielded varying results, from negligible (Kue-
nen, 1960; Swet et al., 2019) to substantial silt
(Whalley et al., 1987; Smith et al., 1991; Wright
etal., 1998; Wright, 2001; Bullard et al., 2004,
2007; Bullard and White, 2005), with the latter
cited as supporting evidence for the hypothesis
that sandy deserts produce silt to form loess
(Smith et al., 2002; Crouvi et al., 2008; Enzel
et al., 2010).

Here, we focused on silt (operationally
defined as 5-63 um) experimentally created
from saltation-induced fracturing of eolian
sand under simulated natural wind speeds.
These experiments maintained strong storm
winds (~25 m/s) over relatively long intervals
(up to 8 d), enabling representative scaling of

geologically significant parameters. Results ad-
dress the potential for saltation-induced frac-
turing to produce sufficient silt to form loess,
and thus bear on the enduring controversy of
“desert versus glacial” origins for geologically
significant loess.

METHODS

Sand samples of ~2 kg each were col-
lected from dune crests at the upwind mar-
gins of the Algodones (California, USA) and
Little Sahara (Oklahoma) dune fields for
abrasion experiments (Tables S1 and S2 in
the Supplemental Material'). Samples were
wet sieved to remove grains <250 um. The
<63 um fraction was measured with a Malvern
Mastersizer 3000 laser particle-size analyzer
(LPSA). The >250 um fraction was split, with
one half designated as “unwashed,” and the
other designated as “washed.” Washed sam-
ples were agitated in 5% (NaPO;), dispersant
to remove clay and oxide coatings. For each
of the four starting sample types, four 100 g
aliquots were subjected to experimental abra-
sion, and one 100 g sample was designated
as a control. The experimental aliquots were
abraded for 1, 2, 4, and 8 d. Three additional
Little Sahara washed 4 d samples were abrad-
ed for reproducibility, with processing to re-
duce loss (fewer transfers between containers)
during sample collection and measurement.
Grain size was measured for unprocessed bulk
samples using LPSA (Table S2). The starting
material was subsampled for grain size and
mineralogical analyses (Tables S2 and S3).
The >250 um fraction used in abrasion was
measured by LPSA. Point counts (n = 400)
on the four types of starting material revealed
the mineralogy.

'Supplemental Material. Table S1 (GPS coordinates of sample locations), Table S2 (grain-size distribution data; https://doi.pangaea.de/10.1594/pangaea.914301),
Table S3 (point-counting data), Table S4 (automated surface observing stations [ASOS] GPS and wind data), Table S5 (scaling methods and detailed calculation),
Table S6 (law of wall calculation and plot), and Table S7 (control sample mass loss). Please visit https://doi.org/10.1130/GEOL.S.12555545 to access the supplemental
material, and contact editing @ geosociety.org with any questions.
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Abrasion Device

The experimental device (Fig. 1) employed
two vacuum motors to create an air flow of
3-35 m/s in an inclined (60°), 5-cm-diameter
polycarbonate chamber equipped with steel-
mesh filters at the base (120 um) and top
(5 um). While grains <5 um technically could
pass through the upper filter, they do not; rath-
er, they cling to the filter owing to electrostatic
formation of aggregates >5 um. Sand placed
in the chamber prior to operation settled into a
pseudo-dune, wedge shape at the chamber base
(Fig. 1). An antistatic spray prevented particles
from clinging to chamber walls.

Chamber air velocity was measured using
a hotwire anemometer with and without sand
present to determine velocity ranges and asso-
ciated hop distance of sand under experimental
conditions. This hop distance was marked on the
chamber, and the motors were adjusted to main-
tain this distance, and the corresponding veloc-
ity. If the hop distance of the sand diminished,
the power was increased. A peak wind speed of
25 m/s was selected as representative of severe
dust storms (Zhou and Wang, 2002), and thus the
most extreme natural conditions. Wind veloci-
ties varied slightly from 20 to 25 m/s (measured
2 cm above surface) during experiments owing
to sand migration.

At the end of each run, dust was collected
from both filters, and the emptied chamber
was rinsed with distilled water to collect all
particles. All materials were sieved to sepa-
rate sand (>63 pum), silt (operationally, grains
passing the 63 um sieve and retained on the
5 um sieve), and clay (operationally, grains
that passed the 5 um sieve) particles. Silt and
clay fractions were weighed prior to LPSA
analysis. Table 1 lists masses and size modes
of produced silt.
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Figure 1. Eolian abrasion
device. (A) Schematic
diagram of device with
air-flow directions (blue
arrows). Air is pulled
through the chamber
at ~25 m/s. Sand blown
upward in the chamber
descends and collides
with upward-blowing
sand. (B) Photograph of
device chamber during
operation. Arc of blown

sand is colliding with
returning sand pulses.
HEPA—high-efficiency
particulate air.

Air Out

Method for Scaling Results

The scaling method converted experimen-
tal results to a potential maximum of silt pro-
duced by a dune field annually. Maximum
annual duration for storm-wind speeds in a

desert was determined using weather station
data from windy regions (Oklahoma, Texas,
and Wyoming [USA], and China; NOAA Na-
tional Climatic Data Center, 2018; Table S4).
The windiest location averaged 322 h above

TABLE 1. MASS AND GRAIN-SIZE RESULTS

Silt Grain-size
Number 5-63 um mass* vol% mode Clay mass Sand mass Loss mass

Sample of days )} (um) )} )} )}
Algodones washed
AL-WS-C 0 0.0000 BDLS 0 99.7778 0.2222
AL-WS-1D 1 0.0018 41.9 0 99.8301 0.1681
AL-WS-2D 2 0.0019 58.9 0.0034 99.5541 0.4406
AL-WS-4D2 4 0.0014 45.6 0.0184 99.6086 0.3716
AL-WS-8D 8 0.0037 35.3 0.0296 99.5941 0.3726
Algodones unwashed
AL-OR-C 0 0.0000 BDL 0 99.7050 0.2950
AL-OR-1D 1 0.0002 BDL 0.0032 99.4031 0.5935
AL-OR-2D 2 0.0003 BDL 0.0063 99.7735 0.2199
AL-OR-4D2 4 0.0010 31.1 0.0437 99.5493 0.4060
AL-OR-8D 8 0.0011 401 0.0476 99.4854 0.4659
Little Sahara washed
LS-WS-C 0 0.0000 BDL 0 99.9437 0.0563
LS-WS-1D 1 0.0001 BDL 0.0009 99.8534 0.1456
LS-WS-2D 2 0.0001 BDL 0.0024 99.8079 0.1896
LS-WS-4D1 4 0.0026 51.8 0.0105 99.7641 0.2228
LS-WS-4D2 4 0.0058 4341 0 99.6951 0.2991
LS-WS-4D3 4 0.0039 36.7 0 99.7557 0.2404
LS-WS-4D4 4 0.0046 50.1 0 99.7756 0.2198
LS-WS-8D 8 0.0036 45.6 0.0175 99.8391 0.1398
Little Sahara unwashed
LS-RD-C 0 0.0004 BDL 0 99.8312 0.1684
LS-RD-1D 1 0.0000 BDL 0.002 99.6918 0.3062
LS-RD-2D 2 0.0009 35.3 0.0119 99.6999 0.2873
LS-RD-4D 4 0.0011 274 0.0083 99.8051 0.1855
LS-RD-8D 8 0.0025 35.3 0.0636 99.4700 0.4639
Algodones field sites
AL-S8 NAt NA 79.0 NA NA NA
AL-S3 NA NA 83.6 NA NA NA
AL-S7 NA NA 75.5 NA NA NA
Little Sahara field sites

-S1 NA NA 73.5 NA NA NA
LS-S4 NA NA 778 NA NA NA
LS-S5 NA NA 772 NA NA NA

Note: WS—washed samples; BDL—below detectable level; RD and OR—unwashed samples. Control
sample and bulk sediment grain-size modes: AL-WS-C (368 um); AL-OR-C (393 um); LS-WS-C (426 um);
LS-RD-C (425 um); AL-S8 (336 um); LS-1 (297 um). Average lost mass of control samples and additional

error tests: 0.2347 g (see Table S7 [see text footnote 1]).

*Starting mass was 100 g, so silt mass produced in grams equates to the % starting mass.

NA—not applicable.
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Dune Field

20 m/s (measured at 10 m) annually, so we
chose 400 h as an upper limit of annual wind
speed durations above 20 m/s. Choosing a
higher annual average provides a conserva-
tive estimate for (1) remote desert locations
that are windy but have no Automated Surface
Observing Stations (ASOS) stations, and (2)
potentially gustier Pleistocene deserts (McGee
et al., 2010).

A 100 g mass of sand with a densi-
ty of 1.65 g/cm® can be represented as a
2.4 cm x 2.5 cm X 10 cm block (60 cm?). This
volume and surface area equate to that of the
sand wedge in the experimental chamber. As-
suming a dune field always maintains a sand
depth >2.4 cm, the surface area and annual abra-
sion duration at storm velocities are the key di-
mensions for scaling. These yield the amount
of silt produced annually by 25 cm? of surface
area under maximized conditions. To scale these
results, we used the surface area of a dune field.
The Namib dune system was chosen to illustrate
the scaling method because (1) it is a large, con-
tinuous dune field expected to produce abraded
fines, (2) it has readily defined borders enabling
area measurement, and (3) it has small loess de-
posits downwind (Brunotte and Heinz, 2000).

Figure 2. Namib Desert
and surface areas of
potential loess. Loess
deposit surface areas are
fractions of the parent
dune field surface area
(rectangles). Table 2
lists accumulation rates
for each loess deposit.
At 1/85" of the area of
parent desert, the loess
deposit meets the accu-
mulation rate proposed
by Pye (1984) needed to
exceed erosion and soil
formation.

Given the area, the maximum amount of silt can
be calculated by

me my

A A

where m, is mass of experimental silt, 71, is mass
of desert silt, A, is surface area of experimental
sand in the chamber, and A, is surface area
of sand in the desert. The experimental mass
was calculated using the silt mass produced
by sample LS-WS-4D2 (the sample with the
highest mass produced) and assuming a linear
production rate of 400 h of device abrasion.
Depositional rates can be calculated for theo-
retical loess using the produced silt mass re-
sults. Several rates were calculated for deposits
using a fractional area of the parent dune field
as measured in Google Earth™ (Fig. 2; Table 2;
Table S5).

, (1)

RESULTS AND DISCUSSION

Table 1 lists grain-size modes and masses
of size classes. Table 2 presents the vertical and
mass accumulation rates (VARs and MARs) for
theoretical deposits with surface areas that are
fractions of the parent desert surface area. Table
S2 lists grain-size distributions of silt and sand.

TABLE 2. RATES TO ACCUMULATE 1 M OF LOESS OVER A FRACTION
OF THE AREA OF PARENT DESERT (NAMIB 32,385 km?)

Fraction of parent area

12 1/3 1/4 1/8 112 1/24 1/50 1/85 1/100
Rate area area area area area area area area area
VAR (mm/yr) 0.01 0.018 0.023 0.05 0.07 0.14 0.29 0.50 0.59
MAR (g/m?/yr) 19.33  29.00 38.67 7733  116.00 232.00 483.33 82167 966.67
Time required (yr) 85,344 56,897 42,672 21,336 14,224 7112 3414 2008 1707

Note: VAR—vertical accumulation rate over given area; MAR—mass accumulation rate over given area.
Time required is number of years needed to accumulate 1 m of loess over given area. Proposed required VAR

for loess formation from Pye (1984) is 0.5 mm/yr.
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Silt Mass and Grain Size

The mass of silt produced was significantly
lower, in terms of both total mass and percentage
of starting material, compared to most previ-
ous studies (Whalley et al., 1987; Smith et al.,
1991; Wright et al., 1998; Wright, 2001; Bullard
et al., 2004, 2007). Likely explanations for the
difference include (1) use of natural sand and
removal of preexisting fines, (2) chamber de-
sign, which minimized collisions with chamber
walls to focus on saltation-induced intergranu-
lar collisions, (3) use of realistic and monitored
wind speeds, and (4) use of softer polycarbonate
rather than glass for the experimental chamber,
thus eliminating artificial production of fines.

Two studies that produced more silt used
crushed Brazilian vein quartz for the start-
ing material, which has an angularity prone to
chipping and spalling of protuberances (Whal-
ley etal., 1987; Wright et al., 1998). In contrast,
natural dune sand realistically mimics a dune
system. Additionally, with the exception of one
or two samples in Bullard et al. (2004) and Swet
et al. (2019), respectively, all previous studies
using natural dune sand used samples contain-
ing preexisting fines. We removed preexisting
fines from all samples, and control samples were
also processed to measure potential fines that
survived sieving. We posit that the substantial silt
produced in previous experiments using natural
dune sand (Bullard et al., 2004, 2007) reflects the
ready release of preexisting fines in the experi-
mental device. Hence, we think the calculations
by Amit et al. (2014) that relied on the silt pro-
duction rates of Whalley et al. (1987) and Bullard
etal. (2004) likely overestimated the capacity of
deserts to produce silt by saltation fracturing.

With the exception of Swet et al. (2019), no
previous studies have controlled for, nor mea-
sured, wind speed within the abrasion chambers;
rather, they introduced compressed air, likely
producing an overly energetic and thus unreal-
istically abrasive environment relative to natural
dune systems. The ~20-25 m/s velocity we used
aligns with the most energetic sustained winds
experienced in average dust storms in deserts,
excluding short gusts (Liu et al., 2005), and
significantly exceeds velocities (8.5 m/s) used
by Swet et al. (2019). Given that energy scales
positively with velocity squared (Krinsley and
Wellendorf, 1980; Marshal et al., 2012), and sal-
tation flux scales with velocity cubed (Bagnold,
1941), the high velocities (20-25 m/s) induced a
much higher potential for silt creation, as more
sand grains were saltating in more energetic col-
lisions. This implies that the potential for silt
creation via saltation is much lower at typical
wind speeds experienced in dune fields.

The weather stations used in this study mea-
sure wind velocity at a height of 10 m. Given the
logarithmic decline in velocity approaching the
surface (law of the wall), the values recorded at
or above 20 m/s would produce lower velocities
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near ground level, where grains collide with the
bed. Scaling up from 2 cm height (measured in
the chamber) to 10 m, 20 m/s in the chamber
corresponds to ~40 m/s recorded by a weather
station (Table S6). Marshall et al. (2012) placed
the required velocity for large-scale chipping
and spalling at ~17-19 m/s, depending on grain
shape, whereas Krinsley and Wellendorf (1980)
estimated 40 m/s. Both of these previous ex-
periments used crushed Brazilian quartz and in-
ferred that saltation at most natural wind speeds
would not produce silt by saltation breakage.
This imparts confidence that our experiments
provide a conservative estimate of the energy
experienced by most saltating grains, even in
extreme climates, including the Pleistocene,
which might have had a higher frequency of
gusty events (McGee et al., 2010).

Our experimentally produced silt exhibit
grain-size distributions consistent with oth-
er studies (Wright et al., 1998; Bullard et al.,
2004, 2007). The modal range of the produced
silt (23-52 um) falls in the range of the Peoria
loess (Wang et al., 2006) and (coarser modes
of) West African offshore dust (8—42 um; Stu-
ut et al., 2005), but it is coarser than typical
Chinese loess (~25 wm) and finer than silt at
North African desert margins (~60 um; Assal-
lay et al., 1998). The modes of the experimen-
tally produced silt were finer than the modes
of the preexisting particles removed from our
starting material (66.9—76.0 um for Algodones,
73.5-77.8 um for Little Sahara).

Our samples consisted of quartz as well as
potentially abrasion-prone phases such as feld-
spars and lithics (Table S3), consistent with typi-
cal dune sands of the Namib (Garzanti et al.,
2012). Yet, results showed minimal evidence for
abrasion despite the presence of these relatively
fragile phases. This raises the issue of potential
limitations to our approach, which include the
(necessarily) limited number of sample locations
and abrasion tests, and any effects of removing
the fine fraction. However, the samples are typi-
cal eolian quartzose sand with similar durability
to average dune sand. Previous experiments are
similarly limited in terms of sample numbers.

Scaling

Table 2 lists the accumulation rates (ARs)
for fractional areas of the Namib dune field.
These values assume no loss from erosion after
deposition, and they assume that all silt that is
produced accumulates, which is a conservative
overestimate. The ARs extrapolated from the
experimental results maximize silt production
since they: (1) assume abrasion with equal vig-
or everywhere, whereas—realistically—energy
varies spatially across a desert, and distal round-
ing and fining of sand produce a downwind re-
duction in abrasion potential as protuberances
are removed, and (2) employ the highest rate of
silt produced in the experiments.
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After scaling to maximize silt produced,
the results indicate that depositional rates are
extremely low until the area of deposition is
<1/85th the area of the parent desert (Table 2).
Using 0.5 mm/yr as the minimum VAR required
to produce a recognizable loess deposit (Pye,
1984), the results imply that a desert loess de-
posit requires a parent dune field ~85 times larg-
er than the area of loess accumulation. While
the minimum rate would vary locally depending
on rates of erosion and pedogenesis, our results
imply that silt production by eolian abrasion is
insufficient to outpace soil formation and ero-
sion, and thus these processes are unlikely to
form geologically significant loess deposits. For
very large dune fields, where produced silt could
be effectively concentrated and accumulated,
small adjacent loess deposits are possible; e.g.,
the northern Nigerian loess is thought to origi-
nate by deflation of fines from the Chad Basin
(McTainsh, 1987).

CONCLUSIONS

Experimental eolian saltation of natural
sands using realistic wind speeds and conser-
vative scaling of production rates indicates
that eolian sand saltation is unlikely to pro-
duce geologically significant loess. Although
silt in loess could contain a small fraction of
material produced from eolian abrasion of sand,
the majority of silt in loess likely originated
via other processes. These results suggest that
formation of loess composed of silt generated
by eolian sand saltation requires—at mini-
mum—an active dune field with a surface area
nearly two orders of magnitude larger than the
loess deposit. For extensive loess deposits in
the geological record, the absence of evidence
for such a parent dune field, or the need for a
dune field of unreasonably large dimensions
should raise the possibility that the silt origi-
nated via different processes. Viable processes
include glacial grinding, deflation of silt-rich
exposed delta systems, and/or derivation from
silt-rich precursors. The difficulty of making
voluminous loess from sand saltation suggests
that geographically extensive primary loess de-
posits (e.g., comparable to the Chinese Loess
Plateau) might be unlikely or unable to form in
the absence of glaciation.
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