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PREFACE

The NATO Advanced Research Workshop on "Paleoclimatology and
Paleometeorology: Modern and Past Patterns of Global Atmospheric
Transport" (held at Oracle, Arizona, USA from November 17-19, 1987)
brought together atmospheric chemists, physicists, and meteorologists who
study the origin and transport of modern-day mineral and biological
aerosols with geologists and paleobotanists who study the sedimentary
record of eolian and hydrologic processes along with modelers who study
and conceptualize the processes influencing atmospheric transport at
present and in the past. Presentations at the workshop provided a guide to
our present knowledge of the entire spectrum of processes and phenomena
important to the generation, transport, and deposition of eolian terrigenous
material that ultimately becomes part of the geologic record and the
modeling techniques that used to represent these processes. The presenta-
tions on the geologic record of eolian deposition documented our present
understanding of the nature and causes of climate change on time scales of
the last glacial ages (tens of thousands of years) to time scales over which the
arrangement of continents, mountains, and oceans has changed sub-
stantially (tens of millions of years).

There has been a growing recognition of the importance of global
climatic changes to the future well-being of humanity. In particular, the
climatic response to human alterations to the earth's surface and chemical
composition has led to concern over the agricultural, ecological, and societal
impacts of such potential global changes. Recently, scientists have become
very interested in using the geologic record of past climates as a data base for
studying global climate change. These studies address fundamental
questions about the present climate system — How correct is our under-
standing of the role of radiatively active gases like CO2 in controlling
climate? — and our ability to understand past and future climate change —
What are the mechanisms of climate? How linearly do the equations we
use to model climate parameters behave when extrapolated beyond the
range of present climatic variation? How does Earth's climate respond to
catastrophic perturbation of the atmosphere? In order to answer these
questions, earth scientists need to be able to make very sophisticated
inferences about climate from the geologic record. It is no longer enough to
know that a climatic event or change occurred in the past. We need to
know how it occurred, how fast it occurred, and the conditions that were

xiii
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antecedent and subsequent to it. Within this context the study of
atmospheric transport and deposition in the past has gained momentum as
a result of its importance for understanding the perturbations to Earth's
environment that may result from changes in the composition of
atmospheric aerosol and amount of atmospheric transport.

Studies of atmospheric transport in the past also provides data to
evaluate the performance of the atmospheric circulation models that are
used to predict the results of man's alteration of Earth's climate. In order to
predict both climatic changes and the environmental consequences of such
changes, it is necessary to construct mathematical models of climate and to
drive these models with scenarios of human alteration to land surfaces and
atmospheric chemical composition — especially "greenhouse” gases such as
CO2 or methane. But before society can be expected to make changes to
activities that modify the environment, it is necessary to validate the
predictions of mathematical models of climate. Because the anticipated
changes to atmospheric conditions are larger than any modern experience,
the only viable examples against which to test the models come from
Earth's history.

The ability of climatic models to predict the location of ancient deserts
and the patterns of ancient winds can be inferred from studies of the
paleoclimatic pattern of deserts and dusts and their comparison with model-
predicted simulations of ancient deserts and dust transport patterns.
Because the ability of state-of-the-art climatic models to forecast the regional
consequences of human alteration of the climate is both more important for
impact assessment than hindcasting past conditions and less verifiable,
excellent performance by models in predicting paleoclimatic regimes is
critical to have confidence in model simulation. Thus, we view studies of
atmospheric transport in the past as the meter-stick against which we can
calibrate our understanding of how climatic changes evolve and how
human activities are altering our climatic future. Without such
understanding, public policy making will be based on speculative
formulations.

Other recent studies suggest that we do not fully understand the role of
natural terrigenous materials in geochemical cycling. For example,
terrigenous material transported to the oceans may influence biological
productivity in areas remote from surface runoff and regenerated nutrients.
Like climate models, these hypotheses are heavily biassed by present-day
compositions and fluxes of terrigenous material to the ocean. An
evaluation of the variability in the type and amount of terrigenous material
transported to the oceans in the past can put such hypotheses into
perspective.
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Eolian dust and other terrigenous materials that are transported by
atmospheric processes are potent indicators of climate change in the
geologic record, and reconciling the geological record of dust deposition
with theories and models of climate is a challenging, but rewarding effort.
Climate can be influenced by dust and by radiative processes; such as,
redistribution of heating in the atmospheric column and by microphysical
processes as nucleation. Modeling these factors is at present difficult, but the
small amount that has been done has yielded tantalizing results. Because
the resultant climate depends upon so many factors, this work impinges
upon climate prediction problems of obvious importance to society.

In order to assess our present understanding of paleoclimate and the
tools and models used to study this topic, the NATO Advanced Research
Workshop on Paleoclimatology and Paleometeorology brought together 43
participants representing 9 nations. The scientific expertise of the partici-
pants ranged from instrumental measurement of aerosol particle size in the
free troposphere to modeling of general atmospheric circulation several
millions of years ago. The workshop was organized into several sessions
which followed aerosol from its formation to its deposition and geologic
record:

¢ Dust Formation, Injection and
Continental Aridity;

¢ Meteorology of Transport,
Transport Mechanisms and
Trajectories;

¢ Dust Composition and Controls on
Composition: Evidence from
Aerosols and Sediments;

¢ Inferences from the Sedimentary
Record: Loess, Ice Cores,
and Other Land Evidence;

¢ Inferences from Deep-Sea
Sediments; and

* Modeling Atmospheric Circulation
in the Past.
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The presentations made at the workshop provided the participants
with summaries of the state of our present understanding of each of these
topics. This volume includes papers based on these presentations and is
also organized to follow aerosol from formation to deposition. The greatest
value of the workshop for its participants came from the questions and
discussions which followed each presentation and set of presentations.
These discussions identified new directions for research in each of the fields
to answer important questions. In some cases the discussions identified
problems of interest to those in other fields and opportunities which would
open cross-disciplinary work. These discussions and recommendations are
summarized by topic in a separate section at the end of the volume.

We would like to acknowledge the assistance of several organizations
and individuals. Our planning was assisted by a Steering Committee which
included John Kutzbach (U.S.), Jean Maley (France), John Merrill (U.S.),
William Nickling (Canada), and Gerd Tetzlaff (FRG). These individuals
also assisted us in identifying the exciting group of scientists who attended
the workshop and qualified reviewers of the many manuscripts. We are
grateful to these reviewers for their efforts in improving this volume.

We are indebted to the NATO Scientific Affairs Division and the
Special Programme on "Global Transport Mechanisms in the Geo-sciences"
for their financial support (Advanced Research Workshops Programme
(ARW.934/86) and sponsorship of the workshop. Additional funds for the
workshop were provided by the United States National Science Foundation
(NSF) through a grant to Margaret Leinen (NSF ATM88-00044) and by the
French Centre National de la Recherche Scientifique (CNRS) through travel
grants to individuals.

The personnel of the SunSpace Ranch Conference Center made our
stay there a fruitful and pleasant one. The logistics of the conference were
handled with efficiency and grace by Ms. Tammy King Walsh. Special
thanks are due to Ms. Rhonda Kenny, who typed and reformatted the U.S.
manuscripts and who also prepared the abstracts volume for the conference.
We would also like to thank Mrs. Nel Pols-van der Heijden along with
Mrs. Nel de Boer and staff at Kluwer for their patience and guidance in
preparing this volume.

Margaret Leinen
Narragansett, RI (U.S.A.)

Michael Sarnthein
March, 1989 Kiel, FRG
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SECTION 1.

DUST FORMATION, INJECTION, AND CONTINENTAL ARIDITY



PROCESSES OF FINE PARTICLE FORMATION, DUST SOURCE REGIONS, AND CLIMATIC
CHANGES

K. Pye

Department of Earth Sciences
University of Cambridge
Downing Street

Cambridge CB2 3EQ

England

ABSTRACT. Atmospheric dust has been supplied by two main types of source
region during the Quaternary. At times of maximum continental glaciation
much dust was blown from outwash plains and braided river channels adja-
cent to continental ice sheets and valley glaciers in mid-latitudes.

Dust flux from these sources was low in the Holocene and earlier inter-
glacials. Arid regions have been important sources of dust during both
glacial and interglacial periods. Based on observed variations in the
abundance of dust in oceans cores, several authors have suggested that

the flux of desert dust is directly related to the intensity or areal ex-
tent of continental aridity. However, this interpretation is based on an
oversimplified view of the factors which control dust supply. It is
argued in this paper that dust flux is greater from arid areas than hyper-
arid areas. Sudden increases in dust flux observed in ocean cores can be
caused either by a change from semi-arid to arid or from hyperarid to arid
conditions, or by changes in the pattern of meso- and macro-scale atmos-
pheric processes which control dust dispersion.

1. INTRODUCTION

Interpretation of climatic history from dust records in ocean cores and
loess sections is presently hampered by a limited understanding of the
precise nature of dust source regions, the relative importance of pro-
cesses which form fine particles and the atmospheric processes which con-
trol dust dispersion. Sedimentary evidence from the continents indicates
a large increase in the scale of atmospheric dust transport around the
time of the last glacial maximum (18,000 B.P.). Much of this dust was
derived from glacial outwash at the margins of continental ice sheets,
but there is also evidence of increased dust flux from at least some
deserts. Two factors may have contributed to this: (1) an increase in the
magnitude of dust source areas and/or the rate of dust formation, and
(2) higher wind energy. Several authors have inferred that there is a
positive relationship between the magnitude of non-glacial dust flux and
the intensity and extent of continental aridity. However, this inter-

3
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pretation is not based on a close examination of the factors which con-
trol dust supply and atmospheric dust dispersion. The aim of this paper
is to critically review what is presently known or not known about the
processes of fine particle formation, the terrain types which favour high
rates of dust deflation, and their relationship to climatic change.

2. EVENT SEQUENCES LEADING 70 THE FORMATION OF DUST DEPOSITS

The formation of dust deposits requires (a) a source of dust, (b) adequate
wind energy to entrain and transport the dust to the deposition site, and
(c) conditions which favour preservation of the dust at the deposition
site (Tsoar and Pye, 1987). Event sequences are involved in the formation
of all dust deposits (Smalley, 1980; Smalley and Smalley, 1983). In com-
plex cases up to a dozen stages of particle formation, transport, deposi-
tion, remobilization and redeposition may be involved, but there are many
simple cases involving only three or four. The three most common types

of event sequence are shown in Fiqure 1. Weathering and glacial abrasion/
crushing are believed to be the two most important groups of processes
which form fine particles (Smalley, 1966; Nahon and Trompette, 1982) al-
though some fine material is also produced by abrasion and crushing during
fluvial, aeolian and marine transport, and some is released from existing
fine-grained rocks (Moss et al., 1973; Whalley et al., 1982, 1987).

AEOLIAN
WEATHERING > DEFLATION OF
WEATHERED BEDS

2
FLUVIAL AEOLIAN
WEATHERING TRANSPORT/
DEFLATION
DEPOSITION
SOIL
FORMATION
3
GLACIAL
EROSION
FLUVIOGLACIAL
TI:IANSPORT/ AEOLIAN
DEFLATION
DEPOSITION
WEATHERING

Fig. 1 Three important event sequences leading to the formation of
aeolian dust deposits.



Production of fines by fluvial processes is most important in high energy
mountain streams. Aeolian abrasion and direct aeolian removal of weather-
ing debris is most important in hyper-arid environments (case 1 of Figure
1}. In arid and semi-arid areas much weathered debris experiences a

phase of fluvial transport (and sometimes soil formation) before defla-
tion (case 2 of Figure 1). At high latitudes and in high mountain envir-
onments, glacial erosion and frost weathering provide debris which is
transported by fluvio-glacial meltwater to the sites of deflation (case

3 of Figure 1). Although the sites of fine particle formation and aeolian
deflation are frequently geographically separate, the distance of fluvial
transport can range from only a few metres to thousands of kilometres.
Some fines are unguestionably produced under arid conditions, but in many
case, as in the Lake Chad Basin (McTainsh, 1987), weathered sediment has
been supplied to an arid depositional environment by fluvial transport
from a humid source region. The relative proportions of autochthonous

and allochthonous fine grained material in arid zone basins are difficult
to determine, since quantitative data about rates of particle formation
under different climatic conditions are sparse, and many such basins have
experienced dramatic climatic changes (and hence fluctuations in the rates
of operation of different processes) during the Quaternary.

3. PRODUCTION OF FINES BY WEATHERING PROCESSES

A full review of the literature dealing with the formation of fine par-
ticles is beyond the scope of this paper, but some general comments can
appropriately be made.

The nature of weathering products is governed by climate, relief and
the physical and chemical properties of the source rocks. The grain
size, porosity, permeability, mineral composition, degree of microcracking
and residual strain are critical factors which influence the effectiveness
of weathering processes.

Weathering processes include cyclic wetting and drying, temperature
fluctuations, chemical reactions, frost and salt action. In most natural
environments several processes operate together, either simultaneously or
at different times of the year.

Although the qualitative operation of these processes is relatively
well understood, there is a lack of quantitative field data about natural
weathering rates.

3.1 Frost Weathering

Laboratory experiments have demonstrated that frost can cause disintegra-
tion of many rocks in a critical degree of water saturation is achieved
(at least BO% of the porosity must be filled with water, Thomas, 1938).
When water freezes there is a 9% increase in volume which creates stresses
which may exceed the rock tensile strength if the expansion cannot be ac-
commodated by internal veids (Litvan, 1976). More important, however,

may be stresses created as supercooled moisture moves towards the free-
zing front (White, 1976; Walder & Hallet, 1986).



Soft rocks with large numbers of small pores but low permeability,
including chalks and many mudrocks, are especially prone to frost damage
and can produce a large amount of fine grained material in a relatively
short time (Lautridou and Ozouf, 1982).

Several authors have questioned the effectiveness of frost action in
cold, dry environments because the critical degree of moisture saturation
is rarely attained (White, 1976; McGreevy and Whalley, 1985; Hall, 1986).
Laboratory experiments have shown that "Antarctic" or "Siberian-type"
winter conditions, with low relative humidity and small number of freeze-
thaw cycles, tend to cause less damage in unit time than "Icelandic-type"
conditions in which humidity is higher and the number of freezing cycles
is greater (Tricart, 1956; Wiman, 1963; Martini, 1967; Potts, 1970).

In general, the effectiveness of frost action increases with the annual
number of freeze-thaw cycles and winter precipitation total. The inten-
sity of freezing is of relatively minor importance (Wiman, 1963; Potts,
1970).

Field observations suggest frost action is an important silt-forming
process on Mount Kenya (Zeuner, 1949), in sub-Arctic Canada (St. Arnaud
and Whiteside, 1963), and in Siberia (Konischev, 1982). It appears to be
less important in cold arid environments (Hall, 1986).

3.2 Salt Weathering

Laboratory experiments have also shown that the physical action of salts
is very effective in causing rock breakdown under simulated hot desert
conditions (Kwaad, 1970; Goudie et al., 1970; Goudie, 1974, 1986a,b),
although there is conflicting evidence regarding their effectiveness at
low temperatures (Williams and Robinson, 1981; McGreevy and Smith, 1982).
Significant quantities of silt-size material have been produced in some
of these investigations (Goudie et al., 1979; Goudie, 1986b; Pye and
Sperling, 1983). Doubts have been expressed about how well the labora-
tory experiments simulate salt weathering in nature (McGreevy and Smith,
1982; Smith and McGreevy, 1983), but a large volume of field observational
and experimental evidence indicates salt weathering can be rapid, at least
locally (Beaumont, 1968; Chapman, 1980; Goudie and Day, 1980; Cooke, 1981;
Goudie and Watson, 1984; Smith and McAlister, 1987). Salt action is most
intense on the margins of salt lakes or playas where saline groundwater
rises by capillary action and salts are precipitated at the surface by
evaporation. Seasonal wetting and drying of playa crusts produces signi-
ficant amounts of fine saline dust which is easily deflated (St. Amand et
al., 1986). 1In hyperarid environments airborne salts accumulate on rock
outcrops and surface sediments, where they may contribute to weathering
and tafoni development. However, rates of airborne salt accumulation are
low (Dan and Yaalon, 1982; Dan and Koyumdjisky, 1987), and the intensity
of salt weathering is much less than in lake-marginal settings. Where
mean annual rainfall exceeds 100 mm, salts accumulate in a sub-surface
horizon. Little of the fine material produced by sub-surface salt wea-
thering can be deflated unless the sediments are disturbed.

Three physical processes are involved in salt weathering (Cooke and
Smalley, 1968; Evans, 1970; Cooke and Sperling, 1985): (1) crystallization
pressure exerted by salt crystals growing in a saturated or supersaturated
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solution; (2) pressure exerted during thermal expansion of salt crystals;
(3) pressure caused by an increase in volume when salts undergo hydration.
Chemical reactions between highly saline pore fluids and the host rock
may also be important in some cases (Young, 1987). Repeated fluctuations
in temperature and humidity increase the intensity of salt weathering
since the solubility of many salts is temperature dependent, and many
salts hydrate or dehydrate in response to temperature and humidity fluc-
tuations. Large diurnal differences in ambient conditions favour intense
salt weathering.

Although the local effectiveness of salt action in causing rock
disintegration has been convincingly demonstrated, its quantitative
importance as a producer of large amounts of fines is not proven. The
presence of salts in soils and sediments need not imply it is the dominant
weathering mechanism. Similarly, the presence of fine material in saline
desert soils is not proof of its in-situ formation by salt-weathering,
since much of it may represent deposited dust formed elsewhere (Peterson,
1980; Amit and Gerson, 1986; Gerson et al., 1985).

3.3 Chemical Weathering

Chemical weathering occurs under all climatic regimes, although the rates
are much higher in humid than in arid climates The rate of chemical
reactions also increases with temperature, being higher in the humid
tropics than in humid temperate areas. The principal chemical reactions
involved are hydrolysis and solution. In addition to temperature, these
processes are strongly dependent on the pH, concentration of organic and
inorganic acids, salinity and flow rate of near-surface waters. In humid,
vegetated areas, soil waters are commonly charged with carbonic and
organic acids which readily dissolve carbonates and form complexes with
the products of silicate weathering. By contrast, arid zone soil waters
are frequently alkaline and/or saline. Carbonates are less readily dis-
solved and hydrolysis of silicates is retarded. However, such waters may
accomplish significant disolution of quartz and alumino-silicate minerals
(van Lier et al., 1960; Yariv and Cross, 1979; Young, 1987).

In the humid tropics, silicate minerals rapidly decompose to form
clay and iron oxyhydroxides, whereas in the sub-humid and arid tropics
chemical alteration is limited mainly to grain boundaries and rocks break
down mainly by granular disintegration (Pye, 1985). The silt/clay ratio
of weathering products in arid and semi-arid areas is normally much
higher than in humid tropical or humid temperate areas. For example, in
the Kora area of semi-arid Kenya, Pye et al. (1985) found that soils
developed on a range of lithologies contained up to 50% silt but less
than 10% clay.

3.4 Other Weathering Processes

Stresses caused by diurnal temperature fluctuations, thermal gradients,
and the differential coefficients of thermal expansion of different min-
erals have long been suspected to be important in weathering of bare rock
surfaces in deserts, but their significance is still uncertain (Roth,
1965; Peel, 19743 Rice, 1976; Winkler, 1977; Smith, 1977). Early labora-
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tory experimental work (Blackwelder, 1925; Griggs, 1936) showed that
temperature variations alone do not cause disintegration of small rock
cubes, but that combined temperature and moisture fluctuations are ef-
fective. It has been suggested that sudden reductions in rock surface
temperatures due to rain might cause thermal shock cracking. Stresses
might alsoc be generated by the formation of an electrical double layer
following moisture absorption into fine capillaries (Ravina and
Zaslavsky, 1974). Surface temperature and moisture fluctuations are
ubiquitous in deserts and their effects warrant further investigation.

Spontaneous breakdown of rocks due to the release of strain energy
is a further process.of potential importance in both humid and arid en-
vironments (Durrance, 1965). ''Sheeting" of large rock slabs due to the
formation of unloading joints has long been recognised to be important
in the formation of inselbergs (Twidale, 1982). Unloading can also
weaken the bonds between individual mineral grains, leading to micro-
fracturing and chemical weathering at grain boundaries (Pye, 1986). The
tectonic history and residual strain characteristics of rocks must have
a profound effect on the weathering behaviour of rocks but remain to be
accurately demonstrated.

4. PARTICLE FORMATION BY ABRASION AND CRUSHING PROCESSES
4.1 Fluvial Abrasion and Crushing

Kuenen (1959) found in laboratory tumbling mill experiments that large
amounts of fine material are not produced during simulated fluvial abra-
sion of crushed Brazilian quartz, but more fine debris was produced when
steel balls were added to the mill to simulate crushing by cobbles. How-
ever, as noted by Moss (1966), much first cycle plutonic quartz contains
microfractures which enhance its rate of breakdown during fluvial trans-
port. Moss et al. (1973) and Moss and Green (1975) demonstrated experi-
mentally that silt is produced by abrasion of such material.

The amount of silt produced by fluvial processes will depend on the
size distribution, mineral composition and strain history of the source
material. High rates of silt production are likely in high energy moun-
tain streams which transport a wide range of particle sizes including
cobbles. Fewer fines are likely to be generated in rivers which trans-
port only sand or finer material. The widely observed downstream in-
crease in roundness of cobbles and gravel testifies to the effectiveness
of fluvial abrasion processes.

4.2 Aeolian Abrasion

Aeolian abrasion experiments performed on a variety of materials by

Kuenen (1960) showed that rates of abrasion increase with particle size,
wind velocity, particle angularity and surface roughness. Polished

quartz sand grains suffered virtually no abrasion. Only very fine flour
(¢2um) and a few coarse silt particles (>50um) were produced by abrasion
of crushed Brazilian quartz, though medium and coarse silt were produced
by erosion of crushed feldspar. However, Whalley et al. (1982) reported



.the production of both coarse and fine silt during simulated aeolian
abrasion of crushed vein quartz. Whalley et al. (1987) subsequently
found that the total amount of silt produced decreases with time while
the proportion of fine silt increases as the grains are progressively
rounded. These results imply that significant quantities of dust should
be produced by abrasion of angular, polymineralic, first-cycle sands,
but only a small amount of fine dust will be produced by abrasion of
mature, rounded quartz sands.

The occurrence of yardangs and ventifacts in deserts, together with
the results of laboratory experiments (Dietrich, 1977; Suzuki and
Takahashi, 1981), provides direct evidence that blowing sand can abrade
rock surfaces, but there are no published data regarding the size of the
particles produced.

4.3 Glacial Grinding

The glacial origin of much loessic silt was recognised in the late 19th
century (Tutovskii, 1899, 1900; Geikie, 1898) and subsequently emphasi-
sed by Smalley (1966). Analysis of sub-glacial deposits (Vivian, 1975;
Boulton, 1978, 1979) confirmed the presence of large quantities of silt
and clay, but there is still debate about how much is formed sub-
glacially and how much represents reworked weathered material (Whalley,
1979; Haldorsen, 1981, 19833% Nahon .and Trompette, 1982; Sharp and Gomez,
1985). Most of the fine material in the loess of North America, EFurope,
Siberia, Argentina and New Zealand has undoubtedly been glacially trans-
ported, if not glacially formed. Some of the Soviet Central Asian and
Chinese loess must also have been formed by glacial or cold weathering
processes in the adjacent mountains (Smalley and Krinsley, 1978; Smalley,
1980; Smalley and Smalley, 1983), but an unknown proportion is of desert
origin (Derbyshire, 1983; Liu et al., 1985). There is no evidence that
glacial processes have contributed to the much smaller Quaternary dust
accumulations in Australia, Nigeria, Tunisia and Israel.

5. MAJOR DUST SOURCE REGIONS

Present day dust storms are most frequent and most extensive in and
around the major deserts (Goudie, 1978, 1983; Middleton et al., 1986).
Continental ice sheets are much less extensive that during the last
glacial maximum, and areas of unvegetated outwash sediment are of res-
tricted extent, principally in high latitudes and some high mountain
valleys. Deflation of dust from outwash plains occurs today in parts of
Iceland, Alaska and Antarctica (Ashwell, 1986; Péwé, 1951), but on a
relatively small scale compared with the Pleistocene. Much larger dust
storms occur in the deserts and desert fringe areas of the Sahara,
Central Asia, the Middle East, the northwest Indian subcontinent, the
American southwest and Australia. Not all these areas are hyperarid.
Available observational data suggest that dust storm frequency is in
fact almost twice as high in arid areas with a mean annual rainfall of
100-200 mm compared with hyperarid areas (<100 mm) and semi-arid areas
(200-400 mm) (Figure 2; Goudie, 1983). To some extent this must reflect
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recent human disturbance on desert margins, but three natural may con-
tribute to the lower frequency of dust storms in hyperarid areas com-
pared with arid areas: (1) lower rates of debris production by weather-
ing, (2) less fluvial transport and disturbance of wind-stable surfaces
by surface wash, and (3) rarity of strong winds associated with mid-
latitude depressions in very arid core areas.
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£ig. 2 Frequency of modern dust storms in relation to rainfall (after
Goudie, 1983).

6. TERRAIN TYPES FAVOURABLE FOR DUST DEFLATION

Dust is raised when the drag velocity of the wind (ux) exceeds the thres-
hold (uxt) required to entrain the most erodible surface particles, or
when the surface is disturbed (e.g. by saltating sand grains). Different
terrain types have widely varying values of uxt, reflecting the nature

of the vegetation cover, surface roughness, grain size, moisture content
and cohesion of the surface sediment. Field wind tunnel measurements
have shown that threshold velocity cannot be accurately predicted from
particle size distribution alone. This is due largely to the effect of
soil moisture and surface crusting by salts, clay skins or organic mat-
ter (Clements et al., 1963; Gilette et al., 1980, 1982; Nickling and
Gillies, 1986). Measured values of ux¢ range from 0.17 m s=1 for uncrus-
ted river channel deposits and dune sands to 2.5 m s=1 for crusted or
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armoured alluvial fan sediments and playa deposits. These values corres-
pond to mean wind velocities (at a height of 10 m) of 5 - 15 m s -1,
assuming a logarithmic wind profile (Table I).

Table I. Minimum mean wind speed (10m) required to generate blowing dust
on various arid surfaces in the American Southwest

1

Surface Type U(ms ) Author
Playa, undisturbed 15 Clements et al. (1963)
Alluvial fan, crusted 16 "
Alluvial fan, loose material 9 "
Mature desert pavement 16 "
Partially formed desert pavement 8 "
Dry wash 10 "
Desert flat, partial vegetation " "
Sand dunes 6 "
Santa Cruz River, Tucson 5 Nickling & Gillies (1986)
Salt River, Tempe 5 "
Mine tailings 5-7 "
Scrub desert, Yuma 11 "
Inter-dune desert flat, Algodones 18 "
Disturbed desert, Yuma 8 "
Abandoned agricultural land, Casa Grande 8 "

A high silt and clay content does not guarantee that a sediment will
be an important source of airborne dust. The total amount of clay and
the sand/silt plus clay ratio are important controls. Sediments con-
taining more than 10% clay are not easily eroded unless the surface has a
fine aggregate structure or consists of clay curls. Equally, fine-grained
sediments which contain few particles larger than 60 um, such as loess,
fluvial silts and lacustrine silts, have high fluid threshold velocities
because small particles with large particle Reynolds numbers remain im-
mersed in the viscous sub-layer, and because cohesive forces between ad-
joining small particles are strong (Bagnold, 19471; Iversen and White,
1982). Entrainment of such material is commonly initiated by saltating
sand grains from upwind rather than by fluid drag (Gillette et al., 1974).

Field tunnel tests have shown that sediments which can be classi tied
as "sand", "loamy sand", and "sandy loam" are potentially important sources
of dust. Such sediments may have a surface crust, but if this is distur-
bed the rate of deflation is high. Figure 3 shows that playa deposits,
takyr soils, loess, and humid tropical soils are much less important
potential sources of dust than dune sands, sandy alluvium and many semi-
arid soils. Field studies (Jones et al., 1986; Khalaf et al., 1985) have
demonstrated that fluvial sediments are particularly important spurces of
dust in arid environments because they have a high silt/clay ratio and are
often not cemented or crusted.
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Fig. 3 Soil texture classification diagram showing sediments which pro-
vide the most potentially important dust sources (compiled from data in
Pye, 1987: Pye et al., 1985; Gerson et al., 1985; and Gillette et al.,
1980, 1982). 1: Non-gravel fraction of coarse desert alluvium; 2: playa
sediments, takyr and solonchak soils; 3: loess; 4: long-range dust depo-
sits; 5: semi-arid soils and regolith; 6: active dune sands; 7: stabi-
lised, weathered dune sands; 8: humid tropical soils and regolith.

Arid weathering produces debris with a high content of coarse par-
‘ticles. Fine particles at the surface are either blown away by the wind
or washed down into the subsurface by runoff. Hammadas and reg soils are
wind-stable, and such surfaces act as net dust sinks rather than dust
sources {(Gerson et al., 1985; Amit and Gerson, 1986; Gerson and Amit,
1987). Other net dust sinks in deserts include lakes, playas filled

with wet sediment, stabilised dunes and vegetated fluvial deposits
(Table II).
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-Table II. Net dust sources and sinks in arid regions

NET DUST SOURCES NET DUST SINKS
Active fluvial channels & fans Relict alluvial channel& fan deposits
Dry lake beds & playas Hammadas
Active sand dune fields Stabilised dune fields

Soft, easily abraded rock outcrops Lakes and wet playas
Bare loamy soils

Dirt roads

Urban areas & construction sites
Mine tailings

Reg soils

All types of stable sediments, including stabilised dume sands, accumu-
late fine material which includes airborne dust, opal phytoliths, and
products of situ weathering (Figure 4A). If these sediments are remo-
bilised they provide an important dust source (Figure 4B). However, the
reserve of dust is finite, so that after an initial increase, the rate
of dust emission declines again to a constant rate determined by the
rate of particle formation (Figure 5).
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Fig. 4 Build-up of fine-grained material in stabilised dune sands (A) and
subsequent release of dust in suspension when dunes are reactivated (B).
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fig. 5 Schematic diagram showing changes in the relative rate of dust
emission with time after the reactivation of a stabilised dune field.

7. CHANGES IN PARTICLE FORMATION RATES, EXTENT OF DUST SOURCE AREAS AND
DUST FLUX DUE TO CLIMATIC CHANGE

7.1 Ice Marginal Outwash Plains

A large body of evidence indicates that the major periods of dust blow-
ing and loess formation in mid latitudes coincided with cold stages of
the Quaternary when both ice sheets and glacial outwash sediments were
much more extensive than at present. During interstadials and inter-
glacials, the ice sheets retreated, the area of seasonally exposed out-
wash sediment was reduced and loess deposition slowed or ceased, allow-
ing soils to form (Fink and Kukla, 1977; Marusczak, 1980). Radiocarbon
and thermoluminescence dating of numerous loess sections in North America,
Europe and China (e.g. Pye and Johnson, 1988; Lu et al., 1987) has shown
general agreement that during the last 100,000 years dust deposition
rates were highest in stadial periods (oxygen isotope stages 2 and 4),



15

intermediate during interstadial conditions (stage 3), and low in the
Holocene and the last interglacial (stages 1 and 5). There are currently
no reliable dates for the Argentinian loess, but peak dust concentrations
recorded in Antarctic ice of last glacial maximum age (Petit et al.,
19813 Thompson and Maosley-Thompson, 1981) may correspond to maximum ice
extent in Argentina.

A dissimilar pattern is indicated by the loess-soil record of Soviet
Central Asia, where the last glacial period appears to be represented by
four major paleosols and intervening loess units, and the last inter-
glacial by two loess units and at least one paleosol (Dodonov, 1979;
Lazarenko et al., 1981). If the stratigraphic and age interpretations
are correct, this suggests that dust transport and loess accumulation in
Soviet Central Asia has varied in response both to regional and global
factars (Pye, 1987).

At least in Europe and North America, there is strong evidence that
large-scale dust transport during cold stages mainly reflected larger
dust source areas and seasonal replenishment of the dust supply by glacial
meltwaters, though the drier, windy nature of the glacial climate may
also have contributed to the increased dust flux. Hobbs (1943a,b) sug-
gested that dust was transported mainly by strong northerly or northeas-
teriy winds blowing from anticyclones over the major continental ice
sheets. This is consistent with observed thickness and grain size trends
observed in the northwest European loess (Catt, 1977; 1979), but in North
America these criteria indicate dust transport predominantly from the
northwest (Lugn, 1960; Frye et al., 1962; Snowden and Priddy, 1968;
Saucier, 1978), possibly by mid-latitude westerlies. There is no direct
evidence that winds were stronger than at present.

7.2 Dust Transport from Desert Source Regions

Climatic fluctuations might hypothetically affect dust flux from deserts
by causing changes in the following: (1) the rate of fine particle forma-
tion, (2) the efficiency of fluvial transport/sorting processes, (3) the
area covered by unvegetated, easily deflated sediments, (4) antecedent
moisture conditions, and (5) wind energy. These changes need not all act
in the same direction at the same time and the cumulative effect could
differ depending on the balance of regional environmental conditions.

The likely effects of changes in precipitation and temperature on
different fine particle formation processes in dry regions are summarised
in Table III. Other things being constant, an increase in precipitation
will increase the rate or scale of glacial abrasion, frost weathering,
chemical weathering and fluvial abrasion. Only salt weathering and wind
abrasion are likely to be less effective. A reduction in precipitation
would have the opposite effect. Increased temperature acting in isolation
would probably reduce the effectiveness of glaciation, frost weathering
and fluvial abrasion due to its effect on evaporation and the maisture
budget. Reduced temperature would have a similar, though less marked,
effect as increased precipitation, with the exception that the rate of
chemical weathering might be lowered. The net effect of a trend from
hyperarid conditions to a cooler, more humid climate is likely to be an
increase in the rate of fine particle formation. A change from aridity to
hyperaridity would have a reverse effect.
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Table III. Net effect of environmental changes on fine debris production
by different processes in arid regions. Brackets indicate
minor change.

Process Precipitation Precipitation Temperature Temperature
increase decrease increase decrease

Glacial crushing

& abrasion + - - +-
Frost weathering + - - +

Salt weathering - + (+) (=)
Chemical

weathering + - (+) (=)
Wind abrasion - + (+) (=)
Fluvial abrasion + - (=) (+)

Many authors have assumed that greater continental aridity, caused
either by low rainfall or higher temperatures (evaporation), is the most
important cause of increased dust flux from deserts, whereas increases in
wind strength are responsible for increases in size of transported dust
(Parkin, 1974; Rea et al., 1985). According to this model, reduced soil
moisture leads to a reduction in vegetation cover and lowering of ux.

The area of bare ground increases as desert margins expand and lake levels
fall. Conversely, wetter conditions reduce dust flux through higher soil
moisture, greater vegetation cover, rising lake levels and dune stabili-
sation. The occurrence of such a sequence of events during Pleistocene
arid phases is supported by observed increases in dust activity during
recent droughts (Chepil et al., 1963; Lockertz, 1978; Prospero and Nees,
1986; Middleton, 1985, 1987). Ocean core evidence indicates an increase
in dust flux to the eastern Atlantic around the time of the last glacial
maximum when there was a large expansion of active dunefields in the
western and southern Sahara, rivers dried up and lake levels (Sarnthein,
1978; Sarnthein and Diester-Hass, 1977; Sarnthein and Koopman, 1980;
Street and Grove, 1979). During the early to mid Holocene, which was
warmer and wetter in the southern Sahara than at present, dust sedimenta-
tion in the eastern Atlantic was much reduced, though it remained centred
at about 18°N (Sarnthein et al., 1981). The grain size of dust deposited
in the eastern Atlantic indicates that at 18,000 yr B.P. the surface
trade winds north of Cape Verde were more vigorous, probably due to stee-
per meridional temperature gradients (Parkin and Padgham, 1975), but
zonal wind speeds over the eastern Atlantic were apparently reduced by
more than a third (Sarnthein et al., 1981).

An apparent association between late glacial aridity and increased
dustiness is indicated by evidence from southeast Australia. Although no
true loess is found in Australia, discontinuous sheets of silty clay
{parna) were deposited mainly during the later part of the last glacial
period (Dare-Edwards, 1984). There was also an increase in dust depo-
sition in the southwest Pacific at this time (Thiede, 1979). The period
25,000-12,000 B.P. saw falling lake levels and dune reactivation in south-
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-east Australia (Bowler et al., 1976; Bowler, 1978). Some quartz dust
was derived from the reactivated dunefields and deposited in lakes and
soils downwind, but much of the parna clay was derived in pellet form
from dry alluvial deposits. Increased frequency of strong winds assocci-
ated with with mid-latitude depressions which penetrated into the Central
Australian desert during the glacial maxima probably contributed to in-
creased sand and dust movement (Bowler, 1978).

The evidence regarding changes in the dust flux from the Chinese
deserts during the last 30,000 years is somewhat conflicting. Rea and
Leinen (1988) concluded from Northwest Pacific ocean core data that dust
flux was at a minimum around 18,000 B.P. and attained a maximum in the
mid Holocene. They suggested their results indicate maximum aridity in
the Central Asian deserts in the early to mid Holocene, which is in
accordance with the model predictions of Kutzbach and Guetter (1986).
However, Pye and Zhou (1989) have pointed out that loess accumulation
rates in the Chinese Central Loess Plateau were much higher in the late
last glacial period than in the mid Holocene. This apparent discrepancy
may be explained by the fact that different wind systems are responsible
for dust transport to the two areas. Whereas the loess was transported
mainly by low level northerly and northwesterly winds generated by out-
breaks of cold, dry air from the Mongolian anticyclone, long-range dust
transport over the North Pacific requires dust to be lifted to high
levels where it can be incorporated into a strong westerly jet. Vertical
lifting of dust occurs mainly in spring when the Mongolian anticyclone
begins to break down and dry frontal depressions cross the deserts from
the west (Pye and Zhou, 1989). Apparent changes in dust flux indicated
by the Northwest Pacific cores may reflect variations in the frequency
and effectiveness of the dust lifting mechanism (i.e. frequency of
frontal depressions) rather than degree of aridity in the desert source
areas. Support for this interpretation is provided by the fact that many
desert basins in northwest China have experienced progressive dessication
during the Holocene, but at the same time there has been a relative de-
cline in the rate of dust deposition in the North Pacific since 6,000 yr
B.P. The rate of dust deposition on the Central Loess Plateau has been
lower throughout most of the Holocene, compared with the late last
glacial period, possibly because of a weakening of the Mongolian anti-
cyclone and weaker outbreaks of cold, northerly air in late winter and
spring.

There is also no clear relationship between aridity and scale of
dust transport in the northeastern Sahara and Sinai, as indicated by the
accumulation history of loess in the northern Negev. It should be noted,
however, that all loess - soil sequences record changes in the rate of
net dust accumulation, rather than simply rate of deposition. The
nature and thickness of loess accumulated in unit time is strongly in-
fluenced by the rates of pedogenesis and fluvial rewcrking, which are
partly controlled by vegetation cover and rainfall at the deposition
site. It is therefore difficult to identify precisely the magnitude of
changes in dust deposition (Pye and Tsoar, 1987).

Allowing for these difficulties, radiocarbon and archaeological
dating has clearly shown that most of the Negev loess is of late
Pleistocene age (Margaritz, 1986; Margaritz and Goodfriend, 1987;
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Goodfriend and Margaritz, 1988). Thin deposits of primary Holocene loess
are found in some areas (Gerson and Amit, 1987), but fluvial erosion and
redeposition of the loess has been dominant throughout much of the
Holocene. Present-day rates of dust deposition, which are of the order
of 0.02-0.04 mm yr (Ganor and Mamane, 1982), are too low for the formation
of loess. This is despite the fact that the dust source areas in Sinai
and the Western Desert of Egypt have experienced an arid to hyper-arid
climate since the mid Holocene (the present mean annual rainfall is
¢50 mm). Issar and Bruins (1983) and Pye and Tsoar (1987) concluded that
dust accumulation rates in the northern Negev were significantly higher
in the late Pleistocene than in the Holocene. During the period 40,000-
10,000 yr B.P., there is evidence of three relatively wet periods centred
around 37,000, 28,000 and 13,000 B.P., separated by drier phases centred
around 33,000 and 18,000 B.P. (Goodfriend and Margaritz, 1988). During
the wet periods, which appear to correspond with high latitude inter-
stadials, rainfall in the northern Negev must have exceeded 500 mm p.a.
( > 300 mm higher than today), allowing carbonate leaching and pedogenesis
to occur. The fact that measured rates of dust deposition are too low
at the present day, despite the existence of hyperarid conditions in the
source areas of North Africa, Sinai and the southern Negev, strongly sug-
gests that wetter conditions in the source areas must have been associated
with increased rates of dust supply and loess accumulation in the late
Pleistocene. Three main factors may have been involved: (1) more frequent
slopewash and wadi floods during wet phases would have provided a larger
potential source of dust; (2) large dust storms are likely to have been
more common due to a higher incidence of mid-latitude depressions which
took a more southerly track than at present across the southern Mediterra-
nean and North Africa, and (3) thicker vegetation in the northern Negev
would have reduced the rate at which deposited dust was re-eroded by
fluvial processes. There is clear evidence of a large increase in the
scale of wadi sedimentation in northern Sinai between 25,000 and 30,000
B.P. (Smeh, 1982), and these sediments may have provided a source of
dust analogous to the glacial outwash sediments of mid and high latitudes.
A similar situation seems to have occurred in southern Tunisia, where
loess formed on the Matmata Plateau between 35,000 and 10,000 years ago
under conditions more humid than today (Coudé-Gaussen and Rognon, 1988).
Loess accumulated during a short humid period in the mid-Holocene (4,000-
6,000 B.P.). During the intervening drier periods the loess deposits were
eroded and redeposited by colluvial and fluvial processes.

8. CONCLUSION

Large scale dust activity requires (1) a large area of bare, uncrusted

and unarmoured silty sediment, and (2) incidence of strong winds capable
of entraining dust and dispersing it over large distances. At the present
day favourable dust source areas are much less extensive than during
glacial stages of the Pleistocene, when poorly sorted fluvioglacial out-
wash was deposited over thousands of square kilometres in mid-latitudes.
Some of this sediment was produced directly by glacial and cold weathering
processes, but a considerable amount consisted of reworked soil material
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formed by chemical weathering under sarlier periods of temperate climate.
Fluvio-glacial meltwaters played a crucial role in sorting this material
and depositing sediments with a high silt/clay ratio which could be easily
deflated during times of low flow.

Arid regions have provided a second impgrtant source of dust during
both glacial and interglacial periods of the Quaternary. Rates of par-
ticle formation by weathering in deserts are generally lower than in more
humid climates, and fluvial activity is restricted by low rainfall.
Nevertheless, fluvial processes (both slopewash and channel flow) play a
crucial role in maintaining the dust supply in deserts by disturbing
wind-stable gravel layers on hillslopes, by sorting the products of wea-
thering, and forming sediments with a high silt/clay ratio and low value
of uxt. Periodic floods carry fine material onto the surfaces of playas
where it can be readily deflated. Periodic floods also moisten the clay
and crust salts on playas, leading to formation of wind-erodible clay
curls and fluffy salt efflorescences during subsequent drying (Figure 68).
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Under hyperarid conditions (mean annual rainfall <80 mm), coarse wea-
thering debris accumulates in upland source areas and much of the land-
scape becomes covered by wind-stable reg soils which act as dust sinks
(Gerson, 1982; Gerson and Amit, 1987). Extreme flash flood events occur,
but they are infrequent and of limited geographical extent (Figure 6A).
In areas which receive an average rainfall of 200 mm, vegetation is able
to colonise large areas of the hillsides. This increases the aerodynamic
roughness and allows crusted soils to form, thereby raising ux{. Further-
more, coarse sediment transport into the river channels is reduced,
leading to the formation of fine-grained channel deposits which also have
a relatively high ux¢ (Figure 6C).

Modern day dust storms are almost twice as frequent in areas with a
mean annual rainfall of 100 - 200 mm compared with drier and wetter areas
(Goudie, 1983). The incidence of dust-transporting winds in different
climatic regions is obviously important, but the extent of erodible
terrain types containing fines, and their rate of regeneration by fluvial
processes, is also of crucial importance.

With respect to climatic changes during the Quaternary, it is clear
from the above discussion that an increase in dust flux could be brought
about either by a change from semi-arid to arid conditions or from hyper-
arid to arid conditions. In the former case, thinning of vegetation
cover would result in fluvial and aeolian erosion of soils and sediments
formed under semi-arid conditions. Areas of old, weathered dune sands
would be reactivated, and dry lake beds exposed to aeolian action. In
the case of a transition from hyperarid to arid conditions, accumulated
weathering products would be flushed from the uplands by more effective
fluvial processes, forming fan and channel deposits of relatively coarse,
poorly sorted sediment. The storms responsible for the more frequent
runoff might also increase the frequency of dust-transporting winds. The
effects of changes from aridity to hyperaridity or aridity to semi-arid
conditions would be opposite to those described. Repeated landscape
instability resulting from rapid fluctuations from arid to relatively
wetter conditions and vice versa would maximise the potential for a long-
term high level of dust emission from deserts.
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FORMATION OF WIND-ERODIBLE AGGREGATES FOR SALTY SOILS
AND SOILS WITH LESS THAN 50% SAND COMPOSITION IN NATURAL
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ABSTRACT. Of nine possible mechanisms for the formation of non-sandy,
wind-erodible aggregates from a more homogeneous soil or sediment, five
are found to be widespread in arid and semiarid regions. In approximate
order of significance, the most important mechanisms are tension and
compression fracturing of shrinkable mud or soil during wet/dry cycles;
tension fracturing and molding by compression during freeze/thaw cycles;
direct abrasion (corrosion); fracturing and aggregation produced by salt
efflorescence; and mechanical disturbance of surface materials by animals.
A sixth mechanism (in soils) is by surface films, colloidal matting, or
cements. Minor mechanisms are: floatation and lofting of foam and
fracturing caused by hydration expansion or other chemical weathering of
fine-grained bedrock. The flocculation of small particles in a water
suspension or wet mud is a possible minor mechanism not yet observed.
Surface soils and sediments with more than 28% clay and more than 2%
organic material formed wind-erodible aggregates, but organic-poor
materials did not. Calcareous loams, silt loams, silty clay loams, and clay
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loams formed wind-erodible aggregates, but non-calcareous materials of the
same textures did not. Salt efflorescence was locally a major mechanism for
production of wind-erodible aggregates. An experiment with expandible
(high smectite content) clay shows that wet/dry cycles (such as might result
from several summer rain showers on a dry lake bed) can produce wind-
erodible aggregates without high temperatures or lengthy droughts and in
the absence of salt efflorescence. For example, cold-climate clay dunes (now
inactive) fringe ephemeral lakes in deflation basins in Montana at windy
semiarid sites with short hot summers and intensely cold winters.

1. INTRODUCTION

Dune formation has been a major topic of study in geomorphology.
Recent work on mechanisms of wind erosion and dune formation were
reported in the Binghamton Symposium in Geomorphology (Nickling,
1986), which supplements the classical work of Bagnold (1941) and the more
recent work of Greeley and Iversen (1985). As described in these texts and in
much other published work on aeolian geomorphology, dunes are
dominantly composed of sandy material. However, dunes have been
recognized to arise from a non-sandy parent material. Clay dunes have
been widely observed in dry lakes in the form of "lunettes” that form on the
downwind side of the dry lake (Bowler, 1973). Sand-sized, clayey pellets
may be physically broken into clay or silt-sized grains and lofted away by the
wind (Dare-Edwards, 1982). The clayey pellets may also be carried into sand
dunes. For instance, clayey pellets are a widespread, minor (typically less
than 5%) constituent of longitudinal dunes in the Strzelecki dunefield of
Australia (Wasson, 1983).

To form dunes, a necessary condition is to have particles that may be
erodible by the wind. Gillette (1978, 1984a, b) and Gillette, et al., (1980, 1982)
studied the threshold friction velocities for wind erosion of natural
sediments. They found that the strongest predictor of wind erosion other
than wind statistics is the size of the surface aggregates. The mode of the
size distribution of dry surface aggregates correlates with threshold wind
velocity; smaller dry aggregates are erodible for smaller wind speeds. This
result is consistent with more idealized studies of wind erosion threshold
velocities, for example, those of Arvidson (1972), Chepil (1945), Greeley,
et al., (1974), Hess (1973), Ishihara and Iwagaki (1952), Iversen, et al., (1976),
Phillips (1980), Ryan (1964), Sagan and Pollack (1969), and Wood (1974).
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Studies of non-sandy dunes have been made. In his review of clay
dunes, Bowler (1973) gives a number of examples of clay dunes, relying
principally on Price's (1963) study of Texas Gulf Coast clay dunes. The
studies reviewed by Bowler conclude that seasonal flooding by salty water,
followed by drying out, leads to formation of clayey grain aggregates. The
aggregates reportedly form by salt crystallization and by disintegration of
thin, curled, sun-dried mud flakes and domal blisters. Some are modified
by filamentous algae. Bowler notes that there are no records of cold-desert
clay dunes. He argues that seasonally high temperatures with consequent
high evaporation rates are necessary; otherwise, the water table is not
lowered enough to form wide and bare salty mud flats, and clay aggregates
will not form early enough in the dry season "to permit the wind to do its
work before the onset of the next humid season...."(p.334)

Notwithstanding Bowler's (1973) conclusions, the literature is not clear
as to whether extended periods of high temperatures and no atmospheric
precipitation are necessary for clay dune formation. For instance, clay-pellet
dunes on saline tidal flats in south Texas (Huffman and Price, 1949) grow
most rapidly during prolonged droughts and during the drier months of the
summer, but movement of clay pellets can start as early as March and
continue until November. Movement of pellets ceases only when the flats
become continuously wet, frozen, or snowcovered. And, Marrs and Kolm
(1982) describe high-elevation, saline playas in Wyoming, with clay and silt
dunes and long streaks of deflated salts; winters there are very cold, and
summers are brief but hot.

Likewise, in the formation of wind-erodible pellets, we do not know
the relative importance of salt efflorescence versus desiccation cracking and
mechanical breakage of crust by wind acting on drying sediment flats. There
are only a few modern sites of active pellet formation, all of them in swall
areas (Dare-Edwards, 1984). Price (1963) states that "There seems to be no
way in which non-saline clay disintegrates in nature to produce such large
percentages of sand-sized aggregates" (p. 772). But Price (1963) and Huffman
and Price (1949) both describe how the wind physically rolls and breaks up
desiccated, cracked mud curls.

Perhaps specific salts or clay minerals promote the development and
strength of grain aggregates, or inhibit their formation. For instance, Bryan
(1974) found that the type and amount of clay minerals is important in
forming water-stable aggregates. Price (1963) suggested that the
disintegration of clay crusts is promoted by the swelling of hygroscopic
saline clay on dewey nights, followed by contraction during sunny days, and
that this process does not occur in non-saline clay.
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Caine, et al., (1977) suggested that the action of ice needles was efficient
in mechanically breaking soil aggregates into erodible sizes. Generation of
the small aggregates in the extensive erodible clay soils of the Red River
Valley of North Dakota is attributed to the freeze/thaw cycle (Norman
Prochnow, Soil Conservation Service, personal communication, 1987).

It was our purpose to study natural formation of non-sandy surface
aggregates, with emphasis on those aggregates that are subject to wind
erosion. In carrying out this research, our strategy was to find naturally
formed aggregates in a wide variety of environments including both
recently deposited sediments and natural soils. To restrict our quest
somewhat, we chose to examine only materials having composition of less
than 50% sand. For surface material having observable salt efflorescence,
however, we considered all compositions. Examination of the aggregates
for size and other characteristics then allowed us to describe a probable cause
for the aggregate formation.

2. NATURAL MECHANISMS FOR THE FORMATION OF NON-
SANDY, WIND-ERODIBLE AGGREGATES

Observations of conditions of non-sandy surface material led us to
hypothesize the following possible causes for formation of wind-erodible
aggregates:

(1) cracking caused by wetting and drying;

(2) fracturing of brittle sediment or molding of soft sediment
caused by ice crystals during freeze-thaw cycles;

(8) fracturing or molding by salt efflorescence in the capillary
fringe;

(4) direct abrasion by wind-driven clasts (Here we include related
processes such as the breaking of thin, brittle mud curls and
other large clasts as they are flipped and tumbled by the wind.);

(5) breakup of fine-grained bedrock as a result of stresses
produced by hydration swelling and related chemical
weathering (This process may be aided by freeze/thaw action
and wet/dry swelling and shrinking related to pore water.);
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(6) flocculation of clay and other fine-grained material in a sediment-
water suspension or wet mud;

(7) in soils, the formation of grain aggregates (peds) by surface films,
colloidal material, or cements; and related processes (In natural
environments, bare surfaces affected by these processes typically
crust over rather than forming into loose grain aggregates.);

(8) floatation and lofting of foam; and

(9) mechanical disturbance of surface material by animals (Since it is
obvious that this mechanism can produce some wind-erodible
surface material, it is not of primary interest to this
investigation.).

The above mechanisms may act on soil or sedimentary material that is
preconditioned to break into erodible units more easily. Examples of such
preconditioning are these:

(1) vesicular structures in the soil,
(2) small laminae, and
(3) spicules of salt efflorescence.

In our investigation, observations and detailed examination of
sediment samples were made to determine whether and how much the
first eight mechanisms could be attributed to actually produce wind-erodible
surface material. On the basis of our observations, we also ranked the
mechanisms among all the natural (non-animal and non-anthropogenic)
causes of wind erosion.

3. EXPERIMENTAL DETAILS

Locations and details, such as descriptions of the land and geological
setting for each soil or sediment sample, are given in Table 1. All soil
samples were tested for in situ conditions. Sampling locations were chosen
to be representative for surface materials having less than 50% sand
composition. Some of our samples came from mature soils (North Dakota)
exposed to wind action by tilling, natural erosion, or drought destruction of
ground cover, but most were recently deposited sediments little affected by
long-term soil processes. As far as possible, locations were chosen where
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Table 1. Identification and Location for Surface Samples

Group Number Description Location Comment
I 301 cracked crust mid, Danby L., CA curled peds
302 cracked crust mid, Danby L., CA curled peds
305a 2-5 mm pellets Hale Co., TX UdicPellustert;
fine, montmoril.,
thermic
305b 0.3-2 mm pellets  Hale Co., TX flat, erodible
306 thin peels Battle Mtn., NV center of playa
308 smooth crust El Mirage L., CA center of playa
310 cracked crust Harper L., CA center of playa
311 cracked crust Emerson L., CA center of playa
312 curled peels Emerson L., CA edge of playa
313 cracked crust Lucerne L., CA center of playa
314 cracked crust Soggy L., CA center of playa
317 crust Silver L., CA center of playa
318 cracked crust Silver L., CA edge of playa
LEW-4-4 cracked crust Wild Horse L., MT  edge of playa
LEW-4-6 cracked crust Wild Horse L., MT  edge of playa
LEW-2-1 thin cr. crust Petroleum Co., MT  dry bed of pond
RND11-2 fluffy salty North L., edge of playa
aggregate Broadview, MN
NM1 cracked crust Las Cruces, NM crusted soil
ND7 fine aggregates Fargo, ND small aggregates
ND1 fine aggregates Mapleton, ND field
ND 2 fine aggregates Fargo, ND field
COo3 fine aggregates Erie, CO flat wet soil
CO4 fine aggregates Erie, CO flat wet soil
CO5 fine aggregates Erie, CO flat wet soil
CO 6 (GW) fine aggregates Longmont, CO flat wet soil
NM 2 cracked crust Las Cruces, NM crusted soil
I 304 smooth crust Danby L., CA edge of playa
309 smooth crust El Mirage L., CA edge of playa
315 thin crust Pueblo, CO prairie flat
NM 3 cracked crust Las Cruces, NM center of playa
ND3 flat,bare soil Casleton, ND small aggregates
ND 4 flat,bare soil Casleton, ND small aggregates
ND5 Plowed field Casleton, ND flat soil
NE1 bare soil Sidney, NE flat soil
NE2 bare soil Sidney, NE flat soil
NE4 bare soil Sidney, NE flat soil
NE3 bare soil Sidney, NE flat soil
NDé6 flat, bare soil Jamestown, ND flat soil



Table 1. (Continued)

Group Number Description Location Comment

1 101 salty crust Danby L., CA center of playa
102 sand-salt crust Searles L., CA center of playa
103 salty crust Searles L., CA center of playa
104 salt crust Searles L., CA center of playa
105 salty crust Searles L., CA center of playa
106 salty crust Searles L., CA center of playa
107 fluffy salt Soda L., CA center of playa
108 fluffy salt Soda L., CA center of playa
109 salty crust Soda L., CA center of playa
110 loose salty soil Soda L., CA center of playa
111 salty crust Soda L., CA center of playa
112 loose salt soil Owens L., CA center of playa
113 salt crust Owens L., CA center of playa

37



38

natural processes were undisturbed. As might be expected for aeolian
geomorphology, our sample locations were largely in semiarid and arid
settings. Specifically, our principal sampling locations were in the Mojave
Desert, central Montana, part of the Great Basin Desert, west Texas, North
Dakota, and Colorado.

The mode of the size distribution of the surface aggregates is used by us
as a surrogate for wind erodibility. In this study, modes larger than 1 mm
are generally not wind erodible for all but unusually high winds; modes
smaller than 1 mm are erodible for winds experienced in the western
United States. The soil samples were carefully transported to our laboratory
to avoid breakage of aggregates. The dry-aggregate size distribution was
determined for each sample by dry sieving. Sieving was done slowly by
hand with care taken to minimize breakage of aggregates in the sieving
process. Dry sieving did not significantly effect sample modes, however, it
is possible that the fine fraction of the aggregate size distribution was
slightly exaggerated. From the size distribution the modes were obtained
for each sample. Mode was determined as described by Gillette, et al., 1982.

Mass percentages and size distributions of the test soils were
determined after water-soluble material, calcium carbonate, and organic
material were removed. The Pipette method and Sedigraph method were
used to determine the size distributions. The resulting compositions of
sampled soils listed in Table 1 are shown in Table 2 for those soils having
more than 28% clay composition (Group I), in Table III for those soils
having less than 28% clay composition (Group II), and in Table 4 for the
salty samples (Group III). Results of size distributions are reported using
U. S. Department of Agriculture (USDA) definitions for sand, silt, and clay:
sand designates particles with size between 50 pm and 2 mm; silt has sizes
between 2 and 50 um, and clay has sizes smaller than 2 pm (Buckman and
Brady, 1970).

Other components of the test soils are given in Tables 2, 3, and 4.
Soluble material was measured gravimetrically from a soil-water extract of a
suspension formed by intermittent stirring of soil in water for 3 hours. The
pH values, organic matter, and carbonate material were determined by
standard laboratory procedures. Obvious organic detritus was hand-picked
out before organic matter was determined. For determination of clay
mineralogy, the following procedure was used: The sample was placed in a
plastic centrifuge tube, where carbonates and soluble salts were removed
with IN NaOAc (pH=5), by use of Jackson's (1975) centrifuge washing
procedure. The carbonate- and salt-free sample was then transferred to a
beaker, and organic matter was destroyed by treatment with H2O2 and



Table 2. Composition of Samples that had More than 28% by Mass Clay
and Less than 50% Sand (Group I)

Number Silt,% Clay,% Soluble,% CO3% Organic,% pH Mode,cm

301 23.2 62.0 0.35 5.6 1.58 82 3.500
302 23.1 76.5 0.63 8.0 1.51 8.0 1.500
305a 13.5 86.0 0.09 1.9 2.66 75 0.150
305b 32.5 51.5 0.04 0.6 2.96 75 0075
306 29.9 64.2 0.24 18.8 0.33 98 9.99
308 34.8 52.0 2.11 2.8 0.39 90 999
310 29.9 60.2 3.02 6.4 1.08 84 15
311 329 4.1 22.17 2.7 0.58 83 35
312 50.9 38.3 0.29 43 1.31 91 03
313 29.5 64.0 3.36 14.0 0.3 82 35
314 294 50.1 0.27 13.9 0.44 87 35
317 238 52.0 0.35 52 0.3 92 12
318 9.4 61.6 0.26 5.1 0.3 89 12
LEW-44 2.0 97.71 0.0 1.0 0.65 86 1.05
LEW-4-6 144 8544 0.0 1.19 0.84 85 06
LEW-2-1 1786  81.84 0.0 1.03 0.97 84 03
RND11-2 4693  45.77 0.0 749 242 88 0.03
NM2 222 35.8 0.0 14.41 1.35 83 5.0
NM 1 3345  42.05 0.0 19.19 1.33 83 50
ND?7 36.2 58.8 0.0 0.98 5.73 7.1 0.0605
ND 1 60.25  34.63 0.0 0.67 5.79 74 0.061
ND 2 5217  44.72 0.0 2.58 5.08 78 0.043
COo3 33.7 31.3 0.0 0.00 1.01 63  0.043
CO4 377 31.0 0.0 20 1.03 73 0.061
CO5 33.6 354 0.0 20 0.81 73  0.043

CO6 29.6 35.8 0.0 20 1.1 75  0.043
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Table 3. Composition of Samples that have had Less than 28% Mass

Clay and Less than 50% Sand (Group II)

Number Silt,% Clay,% Soluble,% CO3,% Organic,% pH Mode,cm

304 36.0 249 1.49 8.3 1.87 7.7 1.5
309 61.5 21.5 0.07 1.6 0.87 8.8 1.5
315 32.8 204 0.04 95 0.67 7.9 3.5
NM3 46.4 25.6 0.0 15.55 242 8.3 5.0
ND3 5718 19.21 0.0 1.45 432 7.6 9.9
ND4 59.74 16.19 0.0 242 1.51 7.8 9.9
ND5 65.16 11.8 0.0 6.59 5.94 7.9 0.06
NE3 513 25.2 0.0 0.0 2.0 58 9.9
NE1 46.5 23.5 0.0 0.0 1.7 6.6 9.9
NE2 34.0 23.1 0.0 0.0 1.06 6.1 9.9
NE 4 32.0 19.1 0.0 2.0 1.55 7.3 9.9
ND 6 28.84 13.64 0.0 15.52 1.29 8.0 99
Table 4. Composition of Salty Samples (Group III)

Number Silt,% Clay,% Soluble,% CO3,% Organic,% pH Mode,cm
101 54.8 19.1 26.26 2.1 0.07 8.1 10.0
102 441 16.3 38.6 11.8 0.0 95 4.8
103 235 1.9 34.1 31.1 0.0 99 4.8
104 56.2 6.9 304 10.2 0.0 9.6 10.0
105 33.8 56.1 86.3 6.0 0.35 9.9 10.0
106 32.3 48.6 229 9.3 0.0 99 0.0
107 27.3 72.0 72.3 4.6 0.0 94 03
108 29.7 68.9 46.4 5.0 0.0 94 0.02
109 41.6 474 115 52 0.0 8.7 10.0
110 43.6 47.7 24.6 4.3 0.0 8.5 0.02
111 39.5 33.4 0.9 49 0.0 8.0 48
112 38.8 9.1 13.0 8.9 0.32 9.9 0.0
113 53.8 10.2 23.2 16.7 0.0 9.9 0.0
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dispersed with 25 ml of NagP,O7. Stirring and ultrasonication followed.
Clays were isolated by sedimentation after removal of the sand fraction by
wet sieving.

Dominant mineralogy of the clay fraction was determined by x-ray
diffraction using the method described by Gillette, et al., 1982. The x-ray
diffractograms were examined by one of us (RB), and relative abundances of
the clay minerals were assigned. Table 5 lists these minerals. Some
information on the mineralogy of the soluble material is given in Table 6.

4, RESULTS

We have organized our observations into those related to the first
eight mechanisms for producing erodible non-sandy aggregates given in
Sec. 2.

4.1. Shrink/Swell Cracking Caused by Drying and Wetting

When a wet mud dries slowly, it shrinks and cracks under tension.
This process is complex, because of inhomogeneities in the material,
redistribution of stress as cracks propagate, changes in drying and shrinking
rates along growing cracks, and the material's increasing resistance to
further shrinkage as it compacts.

On natural, bare, drying surfaces, the cracking progresses only so far: a
typical end result is a network of desiccation cracks separating polygonal
blocks several centimeters or decimeters in diameter (Corte and Higashi,
1964). We investigated which factors promote further cracking so that
centimeter-sized clasts could be reduced to a loose rubble of less-than-2-mm-
sized, wind-erodible grain aggregates (also termed pellets or "peds").

We found four major variables, all related to shrink/swell cracking of
desiccating soils and sediments, which explain much of the variation in

grain size of our grain aggregates:

(1) texture: the percent of clay relative to silt and sand in
disaggregated samples;

(2) the percentage of organic material and calcium;

(3) the occurrence and timing of alternating episodes of wetting and
drying; and
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Table 5. Clay Mineralogy for Surface Material (in tenths)
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Table 6. Salt Mineralogy for Surface Material (in tenths)
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(4) inhomogeneities, especially bedding and laminations, in the
original sediment.

4.1.1 Texture (the percent clay relative to silt and sand in disaggregated
pellets)

If the soil has a "skeleton" of hard, relatively incompressible grains
such as quartz sand and silt, then shrinkage volumetric changes are strongly
limited, and there can be little or no desiccation cracking (Vershinin, 1958).
The grain-size distributions of our disaggregated pellet samples bear this
out. We plotted the data on pellet size versus the variables that were given
in Sec. 4.1. The most visible correlation resulted from a plot of the aggregate
size versus organic composition for a division of the data set into samples
having more or less than 28% clay composition (Groups I and II). Since we
used the USDA textural definitions, this separated our data set into clay,
silty clay, clay loam, and silty clay loam textures (Group I) and loam and silt
loam textures (Group II). The observed mode of the dry-aggregate size
distribution is plotted in Figure 1 versus organic percentage of the soil for
Group I. We also searched for relationships between mode value and silt,
clay, and pH but did not find any obvious relationships.

4.1.2 Percentage of organic material and calcium carbonate

Studies of soils (for example, Vershinin, 1958; Baver, et al., 1972) show
that there is stronger desiccation cracking and formation of aggregates in
soils with higher content of organic matter, and also in soils saturated with
bivalent cations (especially ca2+ or Mg2+), compared with weaker cracking
and aggregate formation with monovalent cations (such as na*).

Of these chemical parameters, our data suggest that organic content
and calcium content are very significant for Group I (more than 28% clay
content). The soils from North Dakota, Montana, and Texas that were rich
in organic material (more than 2% by mass) had aggregates that were much
smaller and were wind erodible. The other surface samples were lower in
organic content, larger, and for the most part not wind erodible. These
samples were largely from more arid regions.

The organic percentage versus mode of dry-aggregate size distribution
for Group II is plotted in Figure 2. We see no significant trend of mode size
with organic matter. We suggest that this is because desiccation cracking is
inhibited by silt and sand grains that are mostly in contact, forming a rigid
framework that resists shrinkage; the effect of high organic content is
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masked. The contrast between Figures 1 and 2 shows that the clay
percentage and organic percentage are major variables for production of
erodible-sized aggregates.

A second important compositional difference was pointed out by the
work of Chepil and Woodruff (1963). In establishing the Wind Erodibility
Group 4L classification, they recognized the effect of high calcium carbonate
percentage in increasing wind erodibility. The expected effect would be to
produce smaller, loose surface aggregates. Indeed, for example, soils ND 3
and ND 5 (in Group II) were located within 2 km of each other; both soils
were similarly farmed, flat, and had similar (approximately 3cm-thick)
crusts. ND 5 was rich in calcium carbonate, with 6.59%, while ND 3 had
1.45% carbonate. Both soils were classified as silt loam soils. Close-up
examination of the surfaces of both soils showed that the more calcareous
soil had a more disaggregated surface with an approximately 1-mm-thick
layer of loose particles having an aggregate mode of 0.06 cm. The less
calcareous soil had a smoother surface that did not possess any loose
particles.

4.1.3 Alternating episodes of wetting and drying of non-sandy soils

Atmospheric precipitation is important in production of dry aggregates
subject to wind erosion. For agricultural soils, it is observed that clods of
soil "melt" into a flattened soil structure following intense rainfall or
melting of a sufficient quantity of snow. Thus, precipitation can profoundly
modify the aggregate structure of a soil or sediment. The following selected
observations on the response of surface aggregates to precipitation are
organized by our Group I and Group II classifications.

Group I. Two samples of a clay soil, 305 A and 305 B, were obtained
prior to and following major precipitation events. 305A and B were typical
of clay soils that are rich in organic matter and that break into small erodible
aggregates after sufficient drying. Aggregate size mode was measured at
smaller than 1 mm prior to a 4-cm rain storm that soaked the soil for 2 days.
The erodible clay material was thoroughly wetted and became a thick layer
of water-saturated mud. The precipitation event was followed by a long, dry
period. Within a month, the clay had cracked into aggregates 1-2 mm in
size. The aggregates were eroded by winds at that time, but because of their
rather large size did not become suspended and were deposited within a few
tens of meters of their origin. During the next several months of severe
drought and frequent winds larger than threshold, the clay aggregates were
mechanically worn down to a size distribution having a mode of 0.075 cm.
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NM 1 and NM 2 were typical of low-organic-composition desert clay
and clay loam crusts. During a period of about 1 1/2 years, the crusts of the
two samples were never broken into a wind-erodible size.

Soils CO 4 and CO 5 were two clay loam soils located within 1 km of
each other. In October 1985, CO 4 had a smooth-loose soil condition and
CO 5 had a cloddy soil condition. Following the melting of a snow layer on
February 15, 1986 (6 cm cumulative precipitation), high winds caused drying
and wind erosion on the top layer of the water-soaked soils. The aggregate
size mode for each soil was 0.06 and 0.04 cm respectively. The melting of
the snow had destroyed the cloddy structure of soil CO 5 but had not
significantly changed the structure of soil CO 4. Had the high winds not
immediately followed the melting of the snow covering the soils, both soils
might have dried more slowly, forming wind-erosion-resistant crusts.

Experiments in wetting and drying mud chips showed that several
light rain showers on a dry mud flat could reduce large chips to loose piles
of smaller, deflatable chips. With more intense wetting, the end product
could be a weakly cohesive mass of grain aggregates that are susceptible to
erosion by wind-driven grains. The experiments also demonstrated that
order-of-magnitude reduction in grain size can occur in a short time
(several wet-dry cycles of a few hours each), with no salt efflorescence or
high temperatures required.

The chips, sample LEW-4-4, were collected from the desiccated, sun-
dried and cracked surface of the basin of Wild Horse Lake, 17 km north of
Teigen, central Montana. We noted no evidence of active deflation of grain
aggregates, but inactive clay dunes (lunettes) fringe the east shore of the lake
basin about 100 m east of the sampled site. At 47° 11' North latitude, the
basin is the northernmost large deflation basin in Montana and has the
northernmost clay dunes known to us anywhere.

The sediment (Tables 1 and 2) has 0.65% organic matter, and a very
high clay content (98%, highest of all our samples), with much smectite and
no obvious salt efflorescence (although an overflight on June 4, 1987,
showed broad, white salt crusts about 0.5 km west of our sample site). The
chips were weakly laminated. The chips were from a recently cracked mud
surface that showed no evidence of wetting by rain. The original size of the
mud chips was approximately 1 x 2 x 3 cm.

Within seconds after adding water to the upper surface of a chip, the
water began to soak into a chip, expanding the outer 1-2 mm of the wetted
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top and sides of the chip. This put the interior of the chip under tension
and the exterior under compression.

Beginning about 5 seconds after addition of the water, the chip
fractured in its compressed outer layer and probably also within its interior;
this was accompanied by audible snaps and crackles. Compressive stress in
the expanded surface layer was partially relieved by outward spalling of
flakes and needles. This was most obvious on acute edges of the chip,
where elongated needles and rods (triangular in cross section) were formed.
A few tiny flakes and needles (typically 1-3 mm long) popped off the sides of
the chip, some landing several centimeters away; others remained loosely
attached to the sides of the chip. Some needles were oriented parallel to the
lamination in the chip. The rate of audible cracking rapidly decreased after
2 or 3 minutes, but continued sporadically for as long as 30 minutes.

The audible cracking is probably in part caused by entrapment and
compression of pore air in front of the rapidly advancing wetting front
within the chip. Baver (1972) reviewed studies that suggest air entrapment
is the dominant mechanism in internally fracturing (and even violently
shattering) illite and kaolinite clods, whereas both air entrapment and
differential swelling are important in fracturing montmorillonite clods.

The water puddle on the top of the chip was gradually absorbed and the
surface eventually, after about 3-5 minutes, no longer glistened with water.
Capillarity drew some of the water into the chip interior, reducing the pore-
water content of the previously expanded surface layer; some of the water
was retained in the surface layer by smectite clay minerals. In consequence,
the interior of the chip swelled and was compressed, while the surface layer
was placed under tension and cracked. These cracks were crudely parallel to
the primary depositional laminae of the sediment and were spaced
0.1-1.0 mm apart. Most tapered inward several millimeters and ended. A
few propagated to the center of the chip and joined. Some were curved, and
possibly intersected other cracks on the upper and lower surfaces of the chip.

After air-drying then rewetting the samples at room temperature, and
(repeating this cycle several times) many of the cracks enlarged and joined
or intersected. The original chip was reduced to a mass of many nested,
small, flat-to-slightly-cupped tabular flakes and roughly equidimensional
polyhedra. These grains were all more or less still in place, but many were
loose or adhered only weakly to one another. This mass was surrounded by
many completely detached, sand-sized chips of three morphotypes: rods,
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many with triangular cross sections and needle-shaped, slightly curved
points at one or both ends; roughly equidimensional polyhedra; and tabular
flakes.

Overwetting caused our experimental clay chips to disaggregate
completely. Larger chips began to crack as described above, then "melt" into
a mass of poorly defined silt- and fine-sand-sized aggregates and
disaggregated clay grains; upon drying the material formed a porous,
slightly cohesive mass, which would probably be easily eroded as silt- and
clay-sized dust by saltating sand-sized pellets. Our experimental chips had
little cementing or bonding agents such as salts, carbonates, or iron
hydroxides, so did not crust upon drying.

Group II. Of our Group II samples, only ND 5 developed erodible-sized
aggregates. We observed soils NE 1, NE 2, NE 3, and NE 4 during a several-
month period. At no time during that period, however, did the soils
develop erodible-sized aggregates. It has been observed, however, that high
winds following driving rain and clod destruction of silt loam and loam
soils cause intense wind erosion (Tom Nightingale, University of Nebraska,
personal communication, 1986). This was also observed for the clay loam
soil CO 5 by the authors. The rather ambiguous results that intense
precipitation may be followed by intense wind erosion or by crusting and no
erosion may be differentiated by the timing of the strong drying wind
following wetting — if the wind occurs while the surface layer is still wet,
wind erosion is possible; if it occurs after the soil crust has at least partially
formed on the surface, wind erosion will probably be prevented.

4.1.4 Bedding and laminations in the original sediment

Thin beds of drying mud have a greater potential for breaking into
small, wind-erodible chips than do thick layers. Our field work suggests
that this is because thin layers of desiccating soil or sediment have more
cracks that are more closely spaced. This is supported by the work of Corte
and Higashi (1964), who studied desiccation cracks by drying soil-water
slurries in shallow trays. With a thinner layer of drying mud, the total
crack length increased, and thus the average cell area (made by intersecting
cracks) decreased.

We studied a good example of this phenomenon in central Montana.
Sediment LEW-2-1 is sun-dried, very angular chips and shards of a very
clayey sediment. The sediment was deposited from suspension as a thin
layer, about 0.5 cm thick in a shallow, ephmeral pond in a small deflation
basin northeast of Grass Range, Montana. The mode of the chips is about
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0.25 cm (Fig. 3). The clay chips would be deflatable by a strong wind. We
think that the clay bed cracked so extensively for three reasons: it contains
much water-expandible smectite clay, and thus shrinks greatly when
desiccated; it has a moderate content of organic material (0.97%), which
promotes close-spaced shrinkage cracks; and it started as a very thin layer
tightly adhered to an underlying, relatively rigid bed of laminated clayey
silt, 1 cm thick, which did not shrink much.

Thin desiccating layers also have a greater potential for separating from
an underlying bed as thin mud curls, which although large, can be moved
by the wind. This has been observed by us and described by many workers,
for instance, Huffman and Price (1949) and Roth (1960).

Lamination boundaries, even if very weakly developed, act as planes of
weakness in desiccating muds, concentrating tension stress and leading to
smaller pellets with a more tabular shape. Experiments, such as the one
described in Sec. 4.1.3 with the clayey mud chips LEW-4-4, graphically show
this.

4.2 The Freeze/Thaw Cycle

The freeze/thaw cycle is commonly thought to be an important
mechanism for formation of wind-erodible aggregates. Evidence for the
efficacy of this mechanism is that clay soils are often broken into erodible
pellets in the spring after fall plowing had formed the soil into clods of
several centimeters in size. This is especially evident in North Dakota and
Montana where cold, dry winters are common. In Colorado, the action of
ice needles on loosening of the surface soil has been documented by Caine,
et al., 1977.

Surface aggregate formation resulting from the freeze/thaw cycle is,
however, quite difficult to distinguish from aggregation resulting from
shrink /swell fracturing during wet/dry cycles. For example, the clay pellets
produced in a West Texas dry lake (samples 305a and b) are similar to those
in North Dakota agricultural soils (samples ND 1 and ND 7). And yet, the
Texas samples did not experience a severe winter during their formation,
whereas the North Dakota samples experienced a severe winter with
numerous freeze/thaw episodes.

The North Dakota samples were particularly susceptible to
shrink/swell breakdown during wet/dry cycles because they contained
much expandable clay (approximately 40% of the clay in ND 1 is smectite).
In North Dakota, temporary thawing and desiccation of the ground surface



Figure 3:

Sample LEW-2-1, a thin layer of very clayey, loose, sun-dried,
angular chips. The chips lie on a relatively rigid layer of very
light-grey-colored, sun-cracked, clayey silt.
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is common on warm winter and spring days during low-snow years when
the ground is bare. This leads us to believe that much of the clay pellet
formation that takes place in the winter at many sites may be caused by
expansion and contraction during wet/dry cycles, with or without the
additional effects of freeze/thaw action.

One clear-cut example of the action of freeze/thaw cycles in producing
erodible aggregates was related to one of the authors by S. Vick (P. E.,
Geotechnical Engineer, personal communication, 1988). The sediment
disturbed by freeze/thaw was a dried pond of silt-sized mining waste
containing no sand, no organic material, and no smectite. The material was
flat and did not display cracking in the summer. Following freezing and
thawing during the Irish winter, the material, previously crusted into a
smooth nonerodible surface, eroded in the wind until the crusted surface
was restored.

4.3 Salt Efflorescence in the Capillary Fringe of the Soil

The effect of salt efflorescence has been widely attributed to be a leading
cause of small pellet formation. Indeed, in a study of several Mojave playas
by Gillette, et al., 1982, salt efflorescence was observed in one of them to
generate wind-erodible aggregates.

Three dry lakes in the Mojave that were examined by us had large
quantities of surficial salt: Searles Lake, Owens Lake, and Soda Lake (all
located in southeastern California). The condition of the salt encrustation
for all three lakes was such that the surface material was actually cemented
into non-erodible crusts in most cases (samples 101, 106, 109, 111, and 113).
At Searles Lake and at Owens Lake, the salt formed dry and hard spicules
that were subject to abrasion by sandblasting but that did not erode by the
force of the wind. At Soda Lake most of the salt-encrusted soil was
nonerodible. However, there were several dome-crust, blisterlike
structures. Some of these blisters were split open, and fine soil and salt
material was in abundance in the inside of these structures (sample 110). It
was evident that some of this material had been eroded out of the blisters in
several locations. The total area covered by these blisters was less than 1%
of the entire dry lake area, so we do not feel that we saw evidence for salt
efflorescence as a major mechanism in producing erodible-sized aggregates.

44 Direct Abrasion

Several observers have noted that wind erosion often spreads into
agricultural fields from upwind eroding areas such as unpaved roads,
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barrow pits, or other agricultural fields. We have noted several examples of
erosion taking place in fields having sufficient cloddiness to prevent
erosion, or in fields having sufficient vegetative residue to prevent erosion,
by the incursion of sandblasting sand from an upwind source having a low
threshold friction velocity.

One of us has witnessed a 3-day-long dust storm at Owens Lake in
Southern California (Gillette, 1984b). Careful observations of the erosion
during that time gave evidence that the primary eroding areas of the lake
were loose deposits of relatively salt-free sand. Indeed, the areas of
minimum wind speed for active wind erosion were the areas where low-
salt-composition dunes were present. Sand was carried from these areas
onto large areas of salt efflorescence on the lake. It was evident that the
salty material was being sandblasted and that significant salty material was
being made airborne as a result of the sandblasting. Sample 112 was
collected at Owens Lake far downwind of the primary sand areas and
immediately downwind of a sandblasted salt crust area. For winds higher
than those initiating the relatively salt-free sand movement, some of the
sandy lake bottom having salt efflorescence continuously eroded, showing
that the salt had increased, not decreased, the threshold velocity. Thus, our
observations were interpreted such that the salt efflorescence increased
aggregate size, rather than decreased it. Presence of salty material in
aerosols from Owens Lake as was observed by Barone, et al. (1981), does not
demonstrate that salt efflorescence decreases dry aggregate size.

4.5 Weathering of Fine-Grained Bedrock by Hydration

The direct physical and chemical weathering of fine-grained bedrock,
such as shale and siltstone, can produce sand- and silt-sized, wind-erodible
rock fragments at windy, dry sites with little ground cover. Our
observations at two sites in Montana suggest that this is a common but
volumetrically insignificant process, in cold-temperate, semiarid areas.
Results confirm Pye's (1987) comment that it is difficult to distinguish the
effects of ice crystallization and moisture absorption in cold environments.
We also expected to find significant hydration swelling and other evidences
of chemical weathering, but did not. Previous studies (reviewed by Pye,
1987, pp. 14-15) have not dealt with the disintegration of fine-grained parent
rocks, such as shale, mudstone, and clayey siltstone. These "soft" rocks by
no means necessarily decompose by weathering to their component clay
and silt mineral grains, but rather may be reduced by weathering to sand-
and silt-sized grains suitable for deflation.
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4.5.1 Wind-erodible shale fragments

We studied coppice dunes consisting mostly of shale flakes deflated
from nearby outcrops. The shale is finely fissile, medium-dark-gray colored,
and contains subordinate siltstone laminae (Colorado Shale, Upper
Cretaceous age). Deflation of the shale fragments, along with siltstone
fragments, occurs on the upper sides and crest of wind-swept knobs and
escarpments 7-9 km north of Teigen, in central Montana.

The wind-erodible fragments form by weathering of the parent rock on
bare hillslopes, micropediments, and in water-eroded gulches less than 1 m
deep. At most sites the shale bedrock is poorly exposed and is covered with
a weathering mantle of angular shale flakes several centimeters deep.
Many of the deflating surfaces show evidence of recent sheetflow erosion
and local deposition of minature alluvial fans and terraces. This suggests
that water erosion is the main agent that keeps the shale slopes free of
vegetation, thereby enabling episodic, strong winds to also erode the
weathered bedrock grains.

Ground juniper traps the deflated sand- and fine-gravel-sized shale
and siltstone flakes, forming coppice dunes up to 2 m high. Each dune is
typically within 10 m of its sediment source.

Samples collected from both the shale-fragment mantle on bedrock
surfaces and from the coppice dunes have a bimodal grain-size distribution,
with one mode of silt and fine sand, another of medium sand to fine gravel.
The maximum diameter of shale flakes in coppice dunes is about 1 cm. The
larger shale flakes are typically very angular, 0.5-1.0 mm thick and 2-10 mm
in diameter. Most sand-sized shale fragments are more equidimensional;
some are well rounded, but others are very angular. This suggests that
many of them formed mechanically by the transverse breaking of larger
flakes at the site of weathering. There is no evidence of chemical alteration,
such as swelling by hydration, other than a slight yellowish discoloration on
some shale and siltstone grains, probably caused by iron oxides.

We interpret the sand- and gravel-sized shale fragments as having
formed primarily by frost wedging along parting planes in the thinly
laminated parent shale. The abundant silt-sized grains in the coppice dunes
are mostly individual quartz grains. They are probably released by in situ
mechanical weathering (frost action) of the siltstone grains after being
deposited in the coppice dunes.
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45.2 Wind-erodible clayey siltstone fragments

Deflation of sand-sized, roughly equidimensional siltstone fragments
is occurring at a windy hillcrest site 4 km east of Augusta, Montana. Gray-
colored siltstone of the Upper Cretaceous Two Medicine Formation is
exposed in low rock knobs along the ridgecrest, and on adjacent bare slopes
facing northwest into the prevailing wind. The bare areas are mantled with
sand- and gravel-sized siltstone fragments formed by erosion of the
underlying bedrock. Wind abrasion has locally sculpted small siltstone
yardangs ringed by deflation moats.

There are several tiny deflation basins about 15 m southeast of the
ridge crest. Portions of their beds are vegetated and stabilized with range
grasses and forbs. The remaining portions of the deflation basins are bare of
vegetation and are mantled by a thin layer of sand- and gravel-sized
siltstone fragments. The siltstone fragments increase in size with depth and
pass into irregularly jointed siltstone bedrock 3-6 cm down.

We suggest that freeze/thaw action, supplemented by cracks formed by
swelling and contraction during wetting/drying episodes, enlarges primary
joints and creates new fractures, reducing the parent siltstone into deflatible
fragments. Hydration swelling may also contribute to cracking the siltstone,
but there is no evidence of significant chemical alteration of the rock
fragments.

Production of sand-sized fragments of clayey siltstone by freeze/thaw
action can be quite rapid and efficient. We experimentally weathered seven
gravel-sized clayey siltstone chips (CHO-9-2), soaking the chips for 1 hour,
then freezing and thawing them, and repeating for a total of three cycles.
Numerous (24) curved, angular, sand-sized fragments were spalled off the
edges and corners of five of the seven chips, and four of the chips also split
crossways into two to three roughly equidimensional polyhedra. A similar
experiment with seven chips (not frozen, but wetted and dried) resulted in
eight sand-sized spalls; two chips split in half.

4.6 Flocculation of Sediment in a Water Suspension or Soft Mud

This hypothetical process has not been documented, to our knowledge.
Wasson (1983) suggests, in reference to clay pellets in the Strzelecki
dunefield of Australia, that "The saline water with montmorillonitic clays
may have aided pelletization by means of flocculation."
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4.7 Grain Aggregates Formed by Surface Films, Colloidal Material, or
Cements

In the soils of semiarid and arid regions where natural wind erosion
typically occurs, the clumping of grains into water-stable aggregates is
promoted primarily by organic matter and clay (Baver, et al., 1972). Our
work bears this out.

There are many other mechanisms for forming aggregates in soils.
Flocculation of clay and binding of the flocs and other microaggregates to
one another is aided by divalent and trivalent cations, especially calcium.
Films and cements of silica, calcite, gypsum, and iron oxides also bind and
link soil grains into water-stable aggregates. Sodium ion content is critical
in determining the presence or absence of grain aggregates in salty soils and
sediments. Very high concentrations of sodium cause flocculation of
colloidal material and clays, but moderate concentrations cause dispersion
of colloids, and breakup of grain aggregates (Baver, et al., 1972).

Soil-grain aggregates in natural, uncultivated semiarid regions are
typically protected from wind erosion by vegetative ground cover and in
more arid regions by surface crusts. We conclude that, in natural
environments the wind erodes these soil aggregates mainly when extended
drought has destroyed the ground cover or where grazing has broken up
surface crusts.

4.8 Floatation and Lofting of Foam

This mechanism was observed by one of us (DAG). It required
standing water on a playa (Soggy Dry Lake, California) and high wind that
suspended a mixture of both organic-rich residue and mineral grains in the
shallow water, which became a foamy material on the water surface. This
foam was made airborne at the downwind side of the playa by the strong
wind. It also was blown against the downwind shore of the 2cm-deep lake
where it accumulated and was aerosolized by high winds after it dried.
Another example of such accumulation of soil foam was a more salty, dried
foam found at Soda Lake (sample 108). This mechanism is thought to
represent conditions having fairly low probability of occurring.
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5. DISCUSSION

The large variety of clay mineralogies found in the California dry lakes
did not yield any that produced wind-erodible clay aggregates. Rather, it
seems that the organic additive is necessary, along with the shrinking/
swelling properties of the clay, to produce small aggregates. A possible
explanation for this behavior was offered by Robert Grossman (USDA Soil
Conservation Service, National Soils Testing Laboratory, Lincoln, Nebraska,
personal communication, 1986) that the stresses of shrinking/swelling were
resolved in a smaller distance when organic matter was present. Thus low-
organic content desert clays could develop long cracks and large aggregates;
more organic-rich areas would develop smaller sized aggregates, more
subject to wind erosion.

Our results showing that calcium carbonate in the soil results in
smaller dry aggregates supports the results of Chepil and Woodruff (1963).
Their work uses a group of soil textures including loam, silt loam, clay
loam, and silty clay loam that are more erodible when calcium carbonate is
significant in their composition. This increased erodibility would be
manifested in smaller dry-aggregate size for surface material.

Our work did not add to investigations of increased wind erodibility
caused by freeze/thaw disturbance, including the action of ice needles.
Nonetheless, we feel that others have shown this to be an important
mechanism. We also feel that some disaggregation that has been attributed
to freeze/thaw may actually be due to clay lattice expansion/contraction
accompanying the changes of moisture in the winter environment.

The effect of salt efflorescence in many of our observations increases
aggregate size and inhibits wind erosion. In some cases, however,
efflorescence has caused loose-fine material to be available to wind ablation.
Direct abrasion by particles already of wind-erodible sizes, especially sand
grains, is very important in producing erodible-sized material. We found
this mechanism especially important in producing salty material in Owens
Valley dust storms. Clayey sediment deposited in thin beds or laminae
crack into smaller wind-erodible fragments than does the same sediment
deposited in thick beds.

Our experiment in wetting and drying clay chips shows that wet/dry
cycles (such as might result from several brief, nonsoaking summer
rainshowers on a dry lake bed) can produce wind-erodible clay pellets
without high temperatures or lengthy droughts and in the absence of salt
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efflorescence. This may have happened in cold-climate clay dunes (now
inactive) that fringe ephemeral lakes in deflation basins in Montana at
windy, semiarid sites with short, hot summers and intensely cold winters.

The swelling and consequent cracking of fine-grained bedrock, such as
shale and clayey siltstone, by means of freeze/thaw and, less important,
wetting/drying cycles is an efficient means of producing sand-sized, wind-
erodible grains that can superficially look much like clay or clay-silt pellets
formed by other processes.

We did not observe hydration cracking or flocculation of fine-grained
sediment as agents for production of wind-erodible pellets.

The process of wind lofting of foam was observed for two lakes in
California. We feel, however, that this mechanism operates only during
high winds following occasional flooding of the lakes. Thus, the probability
of this mechanism producing much erodible material is fairly low.

6. CONCLUSIONS

We used 28% clay composition as a division for non-sandy surface
material with respect to organic-rich and organic-poor soils. Organic-rich
(more than 2% by mass) surface material formed wind-erodible aggregates;
organic-poor surface material did not. Calcareous loams, silt loams, silty
clay loams, and clay loams were distinguished from non-calcareous soils of
the same textural classes by forming erodible surface aggregates, whereas
non-calcareous soil of the same textures did not. The effect of wetting and
drying the soils by precipitation is less for the less-than-28%-clay soils than it
is for the greater-than-28%-clay soils. The timing of high, drying winds after
thorough soil wetting is critical for loamy soils. If the wind occurs while the
soil is still wet, wind erosion is quite likely to occur; if it follows after surface
crusting has taken place, wind erosion is avoided.

Salt efflorescence was not seen to be a major mechanism for erodible
aggregation production. Some of the erosion that has been formerly
attributed to salt efflorescence may actually be due to direct abrasion of
sandblasting and by floatation and lofting of foam. Moderate concentrations
of soluble sodium salts disperse flocculated material such as organic colloids
and clay aggregates. In such cases, and also where salts of various
compositions have formed hard surface crusts, wind erosion would be
strongly inhibited, rather than promoted.
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Our observations lead to the following ranking for mechanisms
producing wind-erodible, non-sandy aggregates — not including animal or
human disturbance:

(1) dlay lattice expansion/contraction during wet/dry cycles;
(2) freeze/thaw cycle;

(3) direct abrasion;

(4) salt efflorescence;

(5) surface films, colloidal material, or cements;

(6) floatation and lofting of foam;

(7) hydration cycles in fine-grained bedrock; and

(8) flocculation of clay and other fine-grained material.
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DUST AND CLIMATE IN THE AMERICAN SOUTHWEST

ANTHONY J. BRAZEL
Laboratory of Climatology
Arizona State University
Tempe, AZ 85287

US.A.

1. INTRODUCTION

The primary purpose of this paper is to present a dust climatology of
the American Southwest, emphasizing data tabulation from weather sites
in Arizona, discussing related issues of dust generating factors, and
hypothesizing on the reasons for the variability of dust frequencies and
interrelated forcing factors across the southwestern landscape. Much of this
paper is from the analyses of Nickling and Brazel (1984); Brazel and
Nickling (1986); Brazel, Nickling, and Lee (1986); Brazel and Nickling (1987);
and Lougeay, Brazel, and Miller (1987). The major point of this review
paper is to coalesce individual analyses into a synthesis of ideas, and to
highlight the variability of dust generation and dust frequencies across
differing environments of the American Southwest region of the Sonoran
and Mojave Deserts.

2. THESTUDY REGION

Figure 1 shows the Southwest study region and stations for which dust
frequency information is readily obtainable (Changery, 1983). Records are
also available for some sites not shown, but of main concern are the
Sonoran and Mojave desert areas of the region. One additional station not
shown in Figure 1 in Arizona (Winslow, in the high desert country of the
Colorado Plateau northeast of Prescott) will be discussed in sections on
synoptic weather types and wind characteristics of dust events in Arizona.
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Figure 1: Station locations (coded by number, see Tables 1 and 2) which
record blowing dust (after Brazel and Nickling, 1987).
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A tabular summary of climate for the region is given in Table 1.
Stations range from -34m to over 1500m in elevation and experience
annual precipitation from less than 100 mm to over 400 mm. Average
minimum temperatures are above freezing and maximums commonly
exceed 25-30°C. Potential evaporation far exceeds precipitation (by 500 to
1000%). Thunderstorm probabilities associated with blowing dust range
from 1-41% and indicate that the summer monsoon promotes dust
processes particularly in the eastern sector of the desert region, whereas in
Nevada and California blowing dust is primarily generated by cyclonic
activity during winter and spring.

The surface terrain across this region is highly variable and consists of
the classical basin and range topography, with over 400 mountain ranges
and intervening basins evident (Dohrenwend, 1987). Correspondingly,
sediment sources for blowing dust are quite variable, with large playa
environments in the western portions and basin silts and clays in colluvial-
alluvial deposits generally throughout the area. Ephemeral streams are
widespread. Natural vegetation cover in the region is highly variable
depending on elevation and precipitation sources. Very little desert
vegetation cover exists in the southwestern and southcentral portions of
the region.

3. DUST DATA USED IN THE STUDY

Station weather records from 17 locations were accessed to identify
blowing dust events in the region for the period 1948-1982. These records
were obtained from Changery (1983). Detailed records of dust and weather
conditions were catalogued from original surface weather observation
forms for the sites in Arizona. Two major sources of dust information are
the MF-10A surface weather observation forms of the National Weather
Service of NOAA and the Local Climatological Data (LCD) publication of
the U.S. Department of Commerce. The former form is not generally
available to a researcher without extended efforts of acquisition. The latter
publication can be readily obtained from state or federal climate offices.

Dust information from weather records consists of visual observations
by an observer of obstructions to vision less than 11.3 km (7 miles). Details
of visibility changes during a blowing dust event are logged on the MF-10A
form by the observer. A key in this process is the network of visibility
markers used to determine close-in degradation of visibility. Also
important is the timing of the dust event relative to the routine standard
hourly observation that is taken at each weather station. Consulting the
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Figure 2a:  Sample of Local Climatological Data Publication and MF-10A
Form of the National Weather Service recording of August 24,
1985 dust event at Phoenix, AZ by listing and visibility values.
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Figure 2b:  Sample of MF-10A Form identification of blowing dust event

at Phoenix, AZ for July 28, 1977. The LCD publication omitted
this event.
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Annual Number Dust Days from MF-10A Form
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Correlation of dust day identification from the LCD and
MEF-10A Form summaries, for Phoenix, AZ, 1952-1982.



TABLE2. Southwestern United States Dust Event Summary+

FREQUENCY PER YEAR

Ratio
STATION 11.3 km 1 km (1 km/11.3 km)
(1) Douglas 18 0.1 0.06
(2) Ft. Huachuca 0.9 0.3 0.33
(3) Gila Bend 10.8 2.1 0.19
(4) Phoenix 18.1 1.6 0.08
(5) Tucson 3.8 0.3 0.08
(6) Yuma 239 4.7 0.19
(7) Prescott 0.5 0.03 0.06
(8) Blythe 12.7 3.0 0.23
(9) Daggett 9.1 1.2 0.13
(10) Edwards AFB 203 5.0 0.25
(11) George AFB 13.0 3.0 0.23
(12) Imperial 228 25 0.11
(13) Inyokern 8.0 1.8 0.22
(14) Needles 2.8 0.2 0.07
(15) Thermal 35.6 5.1 0.14
(16) Las Vegas 13.2 3.6 0.27
(17) Tonopah 20 0.2 0.10
Mean 12.0 21 0.16

t Data from Changery (1983)
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Figure 41  Percentage of dust events (vis. < 11.3 km) by month in a
transect across the southwestern U.S.A. (after Brazel and
Nickling, 1987).
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abbreviated LCD dust data source for the identification of frequencies of
blowing dust may skew results. Many events are not shown in this source,
although they are captured by referring to the original MF-10A forms.
Figures 2a, 2b, and Figure 3 show an illustration of this problem. For
August 24, 1985 in Phoenix, a dust event is indicated in both sources and the
visibility drops well below 7 miles (visibility is plotted directly from the data
in the MF-10A and LCD). However, for July 28, 1977 the MF-10A data
indicates a dust event occurred, while the LCD data do not. An analysis of
the 1952-1982 period (in reference to both MF-10A and LCD dust event
detection for Phoenix) indicates a low correlation between the two sources
and a very large absolute difference in frequencies between the two sources
(Fig. 3). One must also remember, of course, that both sources of
information omit the detection of blowing dust events which may affect
visibility but do not drop the values below 7 miles.

The data from Changery (1983) and for Arizona (Nickling and Brazel,
1984) were extracted from the more detailed records of the MF-10A forms.
The data, however, only capture the more severe blowing dust conditions
around a particular site. Intervening areas and more mild events are not
sampled adequately at present with the available network of stations in the
region. Historical dust records from these stations, therefore, have limited
value in any analysis.

4. REGIONAL VARIABILITY OF DUST

Table 2 displays an annual summary of dust frequencies for the
17-station network shown in Figure 1. Two frequency values are shown for
each station: (1) frequency of events that impair visibility to less than 11.3
km, and (2) frequency of events that reduce visibility to less than 1 km (the
international definition of the threshold that can be labeled a dust storm,
Goudie, 1983). The annual mean frequency for the entire region attains a
value of 12.0 and 2.1, respectively. However, note considerable variation
among sites, ranging from 0.5 to 35.6 (11.3 km) and 0.03 to 5.1 (1 km). Some
of this variation relates to the nature of individual site attributes and some
to differences in atmospheric effects. The higher ratios of 1 km/11.3 km
blowing dust events might suggest more frequent intense storms when they
do occur and/or higher concentrations of dust per event.

In addition to the spatial variation of dust frequencies throughout the
region, the timing of frequent blowing dust incidences during the year
differs from place to place. Figure 4 illustrates monthly frequencies of
blowing dust from west (Edwards Air Force Base, California), to central



74

(Blythe, California), to east (Phoenix, Arizona) across the study region.
These data reflect the dominant synoptic controls. Note the shift from
frequent winter/spring blowing dust in the west to the summer monsoon-
related peak frequencies experienced in the east. Blythe, California lies in a
transitional location where equal frequencies occur in winter and summer.

Raw frequencies per month shadow another important, variable
characteristic of dust in the region. Table 3 illustrates two frequencies that
are considerably different in some cases: (1) the percent of events occurring
in a month, and (2) the percent of the time that blowing dust occurs. This
latter characteristic includes the concept of duration time of blowing dust.
In general, the more frequent the events are for a month, the longer the
total time of blowing dust for that month. This would be particularly true if
the same kind of storm consistently led to blowing dust events. However,
for Yuma, Arizona (as indicated in Table 3), the month with the most
frequent dust events is not the month with the longest duration of time of
blowing dust. In August, 27% of all dust events occur. However, the
percent of time blowing dust is observed is highest in April due to sustained
cyclonic wind activity. During summertime short duration thunderstorm
activity causes blowing dust to occur for only minutes in some cases. Note
that to a lesser extent, the same can be said for Phoenix dust regimes. Even
for Tucson the month with the highest frequency does not match the
month with the longer time of blowing dust.

5. ROLE OF WEATHER TYPES IN DUST GENERATION

Weather types should play a significant role in dust generation, dust
frequencies, and % time of blowing dust during various seasons and on an
annual basis. Tables 4 and 5 list characteristics of dust events and weather
types associated with dust events for selected stations in Arizona. An
analysis by Brazel and Nickling (1986) of dust events for the period 1965 to
1980 included identification of 5 major synoptic types (see footnote of Table
5) associated with dust generation at major weather stations. Type 1 is sub-
divided into pre-frontal (1B) and post-frontal (1A) blowing dust. The
thunderstorm type (2) requires much further subdivision based on an
understanding of a mesoscale convective system, which we do not have. In
Table 4 the mean time of occurrence, wind direction (in degrees),
degradation rate of visibility from 11.3 to 1.6 km during an event (labeled
Delta Time [min]), and event duration (min) are listed. These data are
organized by the five synoptic conditions. In addition, Table 5 presents the
total number of dust events by synoptic type (Dust) and the total number of
that synoptic type whether dust was observed or not (Tot).
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If synoptic forcing were the only control on dust generation and dust
frequencies, the ratio of Dust/Tot should remain relatively constant among
all sites. Of the Arizona sites Yuma has the highest ratios of Dust/Tot
followed by Phoenix, Winslow, and Tucson. Ratios are inversely related to
the total annual number of synoptic weather events at respective sites.
Therefore, dust storms are not generated simply because a localized region
experiences a higher number of synoptic events during a year than other
locales. Instead, the four sites rank directly in order with the annual
precipitation of respective sites; that is, the drier the location, the higher the
ratio. Despite similarities in synoptic conditions, the local pressure
gradients for a given event may not be sufficient to generate winds of a high
enough velocity to initiate sediment transport. Beyond the immediate
scope of this paper is the issue of within-type variance of surface wind fields
associated with the general synoptic types identified for the region. The
western sectors of the study region, areas of more winter generation of dust,
have not yet been analyzed in the manner of the Arizona sites. In the
eastern areas of the region, summer convective patterns are more
influential in dust generation.

A further test of the importance of interannual variability in synoptic
conditions related to dust generation over time can be achieved by
examining the Circulation Index of Carleton (1987). Carleton developed
several indices of circulation for the period 1945 to 1985 by analyzing daily
surface and 500 mb weather maps. He performed a synoptic classification
exercise yielding summer synoptic types. Some of these types were
associated with major "bursts" in the summer monsoon period in Arizona.
Others were correlated with "breaks" in the flow of monsoon air. Usually,
burst periods are characterized by massive mesoscale convective system
development and imbedded thunderstorm activity. Often dust storms
accompany these outbreaks. The break periods are lulls in the action.
Carleton (1987) found that upon northward expansion of the Bermuda High
Pressure Ridge, more burst activities occurred in Arizona. His index relates
the ratio of anticyclonic (wet) to anticyclonic (dry) synoptic types as
influenced by the latitudinal location of centers of ridging activity in
summer (Fig. 5a). This ratio varied from less than 0.2 to over 7.0 during the
1945 to 1985 period. The time series of this index was random according to
Carleton, 1987. Dust frequencies by year for Yuma and Phoenix (Figs. 5b and
5c) were correlated with this index as a test of the sole importance of large-
scale synoptics on interannual variability of dust generation. For Phoenix,
an r2 value of 0.0341 was obtained; for Yuma, a value of only 0.0995. Also,
annual dust frequencies correlated between Phoenix and Yuma attained an
12 value of only 0.183. None of these r2 values are significant at the 95%
confidence level. From this analysis and that of Nickling and Brazel (1986),
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dust event frequencies across the study region do not appear to be solely
predictable by large-scale parameters of the general circulation, nor even by
thunderstorm frequencies, although some general correspondence is
indicated.

6. ROLE OF ANNUAL AND SEASONAL MOISTURE

Surficial conditions, both annually and seasonally, control dust
generation (Chepil, et al., 1962; Gillette, et al., 1982; Kimberlin, et al., 1977;
Lyles, 1983; Nickling, 1984; and Pewe, 1981). Goudie (1978 and 1983),
Middleton (1984), and others have illustrated a moderate correlation of
annual dust frequencies with precipitation. Table 6 lists the results of a
regression and correlation analysis of sites within and near Arizona.
Interannual variations of precipitation and dust frequencies have a low
correlation. A mean spatial correlation of these two parameters is stronger
(see Fig. 6). The mean conditions of moisture over the long term at a
location do indeed attain a statistically significant correlation with mean
frequencies (e.g., Goudie, 1978 and 1983; Middleton, 1984). However, surface
conditions, such as crusting effects and variable year-to-year percent cover of
vegetation, appartently decreases this mean regional correlation when an
interannual timeframe is analyzed.

A search for a link between moisture and dust frequencies over short
time periods (less than a year) assists in the understanding of dust
generation, restricted in this case to the eastern portions of the study area
(i.e., primarily Arizona). Two straightforward analyses were performed:
(1) moisture and dust correlations on a seasonal basis, and (2) short-term
antecedent relationships (daily) between dust frequencies and precipitation.

Addressing the second point first, a measure of the significance of
antecedent conditions on blowing dust is the comparison of antecedent
precipitation as recorded at a station prior to dust events with conditions
prior to non-dust days chosen at random from the population of summer
days as a whole. Seventy days were chosen at random from the Phoenix
weather records as well as 70 dust days from the period 1948 to 1980. A
calculation of antecedent dryness was performed on these two data sets
(how far back in time to precipitation of various magnitudes). Several
levels of moisture amounts prior to both dust days and non-dust days were
analyzed. A non-parametric Kolmorgorov-Smirnov test, using a Chi-
Square test statistic at a 0.05 level of significance was used to determine if
the two antecedent dryness data sets were significantly different. The data
sets were composed of a 1-t0-30 day antecedence data set and a 30-to-180 day
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antecedence data set. Results suggest that there was no significant difference
at both these time scales in the timing of antecedent precipitation for non-
dust days and dust days.

Part of the problem is the erroneous nature of point rainfall evaluated
for a station and used to represent what really should be a "spatial zone, or
dust source" antecedent moisture value. At present, the weather network is
not adequate to capture such zones or source areas, unless they are
immediately around a site. Figure 7 illustrates the drop in correlation
between the single Phoenix station antecedent dryness time period and an
aggregate antecedent length from a network of stations surrounding
Phoenix (approximately 100 km radius). For low daily rainfall totals (e.g.,
0.05 inches), Phoenix station dryness prior to dust events correlates well
with the larger region. For intense, more significant rainfall correlations
are low. Beyond about 25 km, Phoenix antecedent dryness length has no
statistically significant correlation with the surrounding region in summer.
These findings are typical of the eastern monsoon summer regions of the
Sonoran desert.

Longer term antecedence reveals a clearer picture of moisture controls
on dust frequencies. Figure 8 shows for Yuma and Phoenix regionally
averaged Palmer Drought Severity Index (Palmer, 1965; Karl and Knight,
1985) correlations with dust frequencies. The prior November to April
mean PDSI correlates significantly with dust frequencies for the year
(January to December). Ten stations in Figure 1 were tested for this
relationship, using mean PDSI winter values as the independent variable
(PDSI values are for large areas surrounding each site) and annual dust
frequencies as the dependent variable. Six of the sites have such low
frequency values that they were eliminated from this analysis (Douglas, Ft.
Huachuca, Tucson, Prescott, Needles, and Tonopah). The r2 values
developed ranged from over 0.38 to virtually zero across the network of
sites. Table 7 lists the ranks of the r2 values and the corresponding sites.
Note that r2 values are progressively lower from the eastern sectors of the
region to the western zones of the Sonoran and Mojave desert. The exact
explanation for this systematic progression is unclear. One hypothesis may
relate to initiation of a wet winter development of substantial vegetation
cover on the surface of the desert that may persist (even in stubble form)
into the moist monsoon summer season of the eastern zones of the
Sonoran region. This cover provides a mechanism for dust suppression
over widespread areas and surfaces prone to blowing dust. Lougeay, Brazel,
and Miller (1987) have suggested this process in analysis of Central Arizona
MSS Landsat data for very dry and very wet years.
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r DECAY OF PHOENIX WSO VERSUS SURROUNDING
STATIONS FOR ANTECEDENT DRYNESS RELATIVE TO

STATED PRECIPITATION VALUE.
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Figure 7: Antecedent dryness by precipitation category for Phoenix, WSO
versus surrounding stations within 100 km of Phoenix, AZ.
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Nickling, 1987).
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Table 7: Correlation of PDSI (November-April) with annual dust
frequencies (January-December) for ten selected stations in
Figure 1.

Site r2 Values

Yuma 0.38
Phoenix 0.36
Blythe 0.26
Las Vegas 0.21
Inyokern 0.14
Edwards 0.08
Daggett 0.08
Imperial 0.06
George 0.04
Thermal 0.00

* The top four places, all in the central and eastern portions of the region,
attain significant 12 values at the 95% confidence level. All others show
no statistical significance at the 95% confidence level.
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The clearest signal from analysis of antecedent moisture is a winter
season moisture control on subsequent annual dust frequencies. However,
this finding is restricted spatially to specific zones of the study region —
primarily the summer monsoon dust regions of the central to eastern
Sonoran desert. Processes of winter dust generation in the playa
environments of the Mojave Desert (for example) also relate to more
complex factors of surface crusting, saltation, and surficial disturbances
(Cahill, 1984; Gillette, et al., 1978 and 1982).

7. 'WIND CHARACTERISTICS OF DUST STORMS

Wind characteristics and threshold wind velocities for various surface
types have been extensively studied (e.g., Gillette, et al., 1972, 1974, 1982;
Nickling, 1978; Nickling and Gillies, 1986). An example of threshold values
is shown in Table 8 after Clements, et al., (1963) and Nickling and Gillies
(1986) for various surface types in the Southwest. An example of the
variable wind characteristics associated with Arizona dust events is
illustrated in Figure 9. Wind frequency data for the Arizona sites for all
hours indicate that speeds in excess of 5-15 m/s occur between 12 to less
than 1.0 % of the time (Andersen, et al., 1981). However, dust events occur
with high winds only 0.05-1.5 % of the time (see Table 3). Thus, even when
thresholds are attained or even exceeded, blowing dust may not occur.

Mean and peak gust wind speeds for dust events were analyzed for
Yuma, Phoenix, Tucson, and Winslow. Mean speeds are 9.0, 11.0, 15.0, and
15.5 m/sec, respectively. Mean peak gusts are 16.8, 17.8, 21.2, and 22.3 m/sec,
respectively. For reference, mean cumulative frequencies for eight Western
Sahara sites recently investigated by Helgren and Prospero (1987) are shown
in Figure 9 in addition to the data for Arizona. The mean speeds associated
with dust events in Arizona range from 9.0 to 15.5 m/sec, and in general,
exceed those for the Western Sahara. However, Yuma values very closely
approximate those of the Sahara sites.

The values for Yuma and Phoenix exceed stated threshold wind speeds
for alluvial fans (loose), partially formed desert pavement, dry washes,
sparsely vegetated desert flats, mine tailings (not near each of these places in
this case), abandoned land, and disturbed desert surfaces. Thus, sources of
blowing dust are highly variable depending on wind direction and distances
to source areas. Most of these surface types exist nearby these two sites.
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Table 8: Wind Threshold Values for Type Surfaces in the Southwest
(after Clements, et al., 1963 and Nickling and Gillies, 1986).

Surface Type Threshold Speed (m/sec)
Mine Tailings 5.1
River Channel 6.7
Abandoned Land 7.8
Desert Pavement, Partly Formed 8.0
Disturbed Desert 8.1
Alluvial Fan, Loose 9.0
Dry Wash 10.0
Desert Flat, Partly Vegetated 11.0
Scrub Desert 11.3
Playa (dry lake) Undisturbed 15.0
Agriculture 15.6
Alluvial Fan, Crusted 16.0

Desert Pavement, Mature >16.0
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Agriculturally induced dust storms during the mid-summer period are
unlikely due to irrigation practices and the high threshold velocities
required, as indicated by the data of Nickling and Gillies (1987).

For Tucson and Winslow, mean speeds during dust events are higher.
These sites are more typical of scrub desert terrain with substantial
vegetation cover. The results presented here for mean speeds and peak gust
values follow closely the analysis of Hall (1981). Hall also suggests that
mean speeds for these two sites coincide with threshold values for
undisturbed surfaces in an analysis of the data from 1940 to 1950. The more
recent data suggest lower mean speeds during dust events and closer to
threshold values for disturbed surfaces. Thus, Hall implies a long-term
increased anthropogenic effect on dust generation may be evidenced in the
dust frequency and wind records for these two sites. This long-term,
increased anthropogenic effect has not been investigated for the other sites.

Considerable spatial variability of mean speeds associated with dust
events is seen from these data. Part of this variability may be attributed to
spatial differences in storm dynamics. This point remains as a major
research objective. Note, however, that the ranking of the speeds follows
the environmental moisture and vegetation cover gradient among sites
(see Fig. 9).

8. CONCLUSIONS

Data are available on dust event frequency and climatic characteristics
of the Sonoran and Mojave desert regions of the Southwest, U.S.A..
Although the dust/weather record indeed has limitations in understanding
dust emission rates, dust source areas, and system control factors, insights
still can be achieved of the relative importance of various controlling
factors on dust generation.

In this study, long-term records reveal the spatial and temporal
complexity of dust generation within relatively small regions of the desert
environment. Mean annual and seasonal dust frequency patterns across
the Southwest correspond to dominant synoptic and moisture controls.
However, temporal variability of dust frequencies among sites appears to
show some correspondence to the interannually variable vegetative cover,
crusting effects, and possible anthropogenic effects over time.
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More detailed dynamic and synoptic climatic research, historical land
surveys, research on vegetative distributions, and anthropogenic
disturbance effect identification are required to fully explain changes in dust
storm activity both geographically and through time. All of these processes
cannot be adequately modeled at present solely with historical weather
records of visibility. The analysis using the meteorological data base yields
still a significant degree of unexplained variance in the variability of dust
generation from place to place and through time across the desert
Southwest.

ACKNOWLEDGEMENTS

I am indebted to my co-author on much of this research, Dr. William G.
Nickling, Department of Geography, University of Guelph, Ontario. This
research was made possible through grants from Arizona State University
(Provost Research Fund), Arizona Department of Transportation (Contract
# N-800-251), National Science and Engineering Research Council of
Canada (Dr. Nickling, Grant A7427), and the National Science Foundation
(Dr. R. Lougeay, Grant # SES-8407587). The following people helped in field
and/or data analysis: H. Bulk, J. Gillies, V. Gobel, S. Kelly, R. Kelly,

A. Marcus, T. Miller, K. Nast, and M. Puddister.

REFERENCES

Andersen, S.R., Barchet, W.R,, Elliott, D.L., Freeman, D.L. , George, R.L., and
Hadley, D.L., 1981: WIND ENERGY RESOURCE ATLAS, Volume 8 -
The Southern Rocky Mountain Region, Prepared by ERT/Western
Scientific Services, Inc. for Pacific Northwest Laboratory, Richland,
Washington, 166 pp.

Brazel, A.J., Quinn, J.A., McQueen, J.D., Catalano, J.A., and Chico, T., 1981:
Final Report Arizona Climate Inventory, v. 1, Aero Comp., Inc., BLM
Contract YA-553-CT1-1021.

Brazel, A]., and Nickling, W.G. , 1986: The relationship of weather types to
dust storm generation in Arizona (1965-1980), J. Climatology,
6: 255-275.

Brazel, A.]., Nickling, W.G., and Lee, J., 1986: Effect of antecedent moisture
conditions on dust storm generation in Arizona, In: Nickling, W.G,,
Ed., Aeolian Geomorphology, Allen & Unwin Press, pp. 261-271.



94

Brazel, A.J., and Nickling, W.G., 1987: Dust storms and their relation to
moisture in the Sonoran-Mojave Desert Region of the southwestern
United States, J. Environ. Mgmt., 24: 279-291.

Cahill, T.A., 1984: Study of particulate episodes at Mono Lake, Final Report
to the California Air Resources Board, Contract No. A1-144-32, 16 pp.

Carleton, A.M., 1987: Summer circulation climate of the American
southwest, 1945-1984, Annals of the Association of American
Geographers, 77, No. 4. 619-634.

Changery, M. J., 1983: A dust climatology of the western United States,
Prepared for the Division of Health, Siting, and Waste Management
Office, Nuclear Regulatory Commission, National Climatic Data
Center, Asheville, NC, 25 pp.

Chepil, W.S., Siddoway, F.H., and Armburst, D.V., 1962: Climatic factor for
estimating wind erodibility of farm fields, J. Soil and Water
Conservation, 17: 162-165.

Clements, T., Mann, J.F,, Jr., Stone, R.O., and Erymann, J.L., 1963: A study of
windborne sand and dust in desert areas, Tech. Report ES-8, U. S. Army
Natick Laboratories, Earth Science Division, 61pp.

Dohrenwend, J.C., 1987: Basin and range in geomorphic systems of North
America, (Ed. W. L. Graf), Centennial Special Volume 2, The
Geological Society of America, pp. 303-342.

Farnsworth, R.K., Thompson, E.S., and Peck, E.L., 1982: Evaporation Atlas
for the Contiguous 48 States, NOAA Technical Report NWS 33, Office
of Hydrology, National Weather Service, Washington, DC.

Gillette, D.A., Blifford, LH. , Jr., and Fenster, C.R., 1972: Measurements of
aerosol size distributions and vertical fluxes of land subject to wind
erosion, J. App. Met., 11: 977-987.

Gillette, D.A,, Blifford, L.H., and Fryrear, D.W., 1974: The influence of wind
velocity on the size distribution of aerosols generated by the erosion of
soils, J. Geo. Res., 79, 4068-4075.

Gillette, D.A., Clayton, R.N., Mayeda, T.K., Jackson, M.L. , and Sridhar, K.,
1978: Tropospheric aerosols from some major dust storms of the
southwestern United States, J. App. Met., 17: 832-845.



95

Gillette, D. A., Adams, J., Muhs, D., and Kihl], R., 1982: Threshold friction
velocities and rupture moduli for crusted desert soils for the input of
soil particles into the air, J. Geo. Res., 87: 9003-9015.

Goudie, A.S., 1978: Dust storms and their ceomorphological implications,
J. Arid Environments, 1: 291-310.

Goudie, A.S., 1983: Dust storms in space and time, Prog. Phys. Geography, 7:
502-530.

Hall, F.F., Jr., 1981: Visibility reductions from soil dust in the Western U. S,,
Atmo. Environment, 15: 1929-1933.

Helgren, D.M., and Prospero, J.M., 1987: Wind velocities associated with
dust deflation events in the western Sahara, ]. Climate App. Met., 26:
1147-1151.

Karl, T.R., and Knight, RW., 1985: Atlas of palmer drought severity indices
(1931-1983) for the contiguous United States, National Climatic Data
Center, Historical Climatology Series, No. 11, Asheville, NC.

Kimberlin, L.W., Hidlebaugh, A.L., and Grunewald, A.R., 1977: The
potential wind erosion problem in the United States, Transactions of
the American Society of Agricultural Engineers, 20: 873-879.

Lougeay, R., Brazel, AJ.,, and Miller, T.A., 1987: Monitoring changing desert
biomass through video digitization of Landsat MSS data: an
application to dust storm generation, Photogrammetric Engineering
and Remote Sensing, 53: 1251-1254.

Lyles, L., 1983: Erosive wind energy distributions and climatic factors for the
West," J. Soil Water Conservation, 38: 106-109.

Middleton, N.J., 1984: Dust storms in australia: frequency, distribution, and
seasonality, Search, 15: 46-47.

Nickling, W.G., 1978: Eolian sediment transport during dust storms: Slims
River Valley, Yukon Territory, Canadian ]. Earth Sciences, 15:
1069-1084.

Nickling, W.G., and Brazel, A]., 1984: Temporal and spatial characteristics
of Arizona dust storms (1965-1980), J. Clim., 4: 645-660.



96

Nickling, W.G., 1984: The stabilizing role of bonding agents on the
entrainment of sediment by wind, Sedimentology, 31: 111-117.

Nickling, W.G., and Gillies, J.A., 1986: Evaluation of aerosol production
potential of type surfaces in Arizona, EPA Contract No. 68-02-388,
MND Associates, Guelph, Ontario, 48 pp.

Palmer, W.C., 1965: Meteorological drought, Research Paper 45, U. S.
Weather Bureau, U.S. Department of Commerce.

Pewe, T.L., 1981: Desert dust: origin, characteristics and effect on man,
U. S. Geological Survey Special Paper 186., Boulder, Colorado, 303 pp.



CLIMATIC CONTROLS ON THE FREQUENCY, MAGNITUDE AND
DISTRIBUTION OF DUST STORMS: EXAMPLES FROM INDIA/PAKISTAN
MAURITANIA AND MONGOLIA

Nicholas J. Middleton
School of Geography
University of Oxford
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England

ABSTRACT. Analysis of terrestrially observed meteorological
data is used to fill some of the gaps in our knowledge of
the dust storm systems in a number of world regions.

In NW India and Pakistan, dust is raised from the
alluvial soils of the Ganges and Indus and the Thar desert
by localised convective cells (’Andhi’), while synoptic
scale dust-raising and transport is caused by the ’‘Loo’
wind, a pressure gradient airflow. Mapping of twice-daily
meteorological reports enables tracking of dust events which
follow distinct patterns of dust transport. A tentative
model of dust raising and transport in the area is proposed.

Below-average rainfall in the Sahelian latitudes of
Mauritania, West Africa, which began in the late 1960s, has
been partly instrumental in causing increases in dust-
raising activity. At Nouakchott, data show the drought to
have continued into 1986, with continued high levels of dust
storm activity. Correlations of annual dust storm frequency
with 3-year antecedent rainfall averages at Nouakchott, show
significant relationships.
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