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Abstract

The conterminous United States contains an extensive and generally well-studied record of Last Glacial loess. The loess occurs in

diverse physiographic provinces, and under a wide range of climatic and ecological conditions. Both glacial and non-glacial loess

sources are present, and many properties of the loess vary systematically with distance from loess sources. United States’ mid-

continent Last Glacial loess is probably the thickest in the world, and our calculated mass accumulation rates (MARs) are as high as

17,500 g/m2/yr at the Bignell Hill locality in Nebraska, and many near-source localities have MARs greater than 1500 g/m2/yr. These

MARs are high relative to rates calculated in other loess provinces around the world. Recent models of Last Glacial dust sources fail

to predict the extent and magnitude of dust flux from the mid-continent of the United States. A better understanding of linkages

between climate, ice sheet behaviour, routing of glacial meltwater, land surface processes beyond the ice margin, and vegetation is

needed to improve the predictive capabilities of models simulating dust flux from this region.

r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Instrumental records of global warming over the past
century have raised concerns over the role of anthro-
pogenic greenhouse gas additions in climate change.
Recently, atmospheric scientists are also considering
that aerosolic dust may be an important component in
the Earth’s radiative transfer processes (Tegen et al.,
1996; Harrison et al., 2001). Ice core and marine records
show that atmospheric dust loading occurs in response
to climatic and environmental changes (Petit et al., 1990;
Rea, 1994). Atmospheric dust loading also affects the
radiative properties of the atmosphere and the impact of
these feedbacks could have strong effects in global,
regional, and local palaeoclimate records (Arimoto,
2001). There has been a growing appreciation of the
palaeoclimatic significance of loess sequences and their
intercalated palaeosols (Hovan et al., 1989; Beg!et, 1991;
Wang et al., 1998, 2000; Muhs and Bettis, 2000, 2003;
Muhs and Z!arate, 2001; Grimley et al., 2003). Some of
these records are considered the best continental analog

of the deep-sea oxygen isotope record as a palaeoclimate
record (Hovan et al., 1989; Rea, 1994).
The conterminous United States of America contains

a subcontinent-scale late Quaternary loess record that
covers more than 4.5 million km2 across 42� of longitude
from the Cascades eastward to the Appalachians, and
20� of latitude from Minnesota southward to Louisiana
(Fig. 1). This area encompasses a number of distinct
physiographic and geologic provinces, and a wide range
of climates and biomes (Fenneman, 1931, 1938; Bailey
et al., 1994). In this paper we discuss the stratigraphy,
lithology, chronology and mass accumulation rates
(MARs) of loess dating to the Last Glacial period
(Marine Oxygen Isotope Stage 2, MIS 2) in order to
increase the spatial extent of records that may be used to
evaluate models of the role of dust in climate change.
We present stratigraphic, chronologic, and mineralogi-
cal data gleaned from the literature, as well as data from
unpublished studies. The sedimentation system of loess
in various parts of the country, including changing
source areas through time, is also considered in this
paper because of the impact on regional and local
geographic and geochemical patterns that may influence
atmospheric loading rates and radiative effects (Kohfeld
and Harrison, 2000; Harrison et al., 2001).
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2. Distribution and genesis of loess in the mid-continent

The mid-continent of North America includes the
Great Plains and Central Lowland physiographic
provinces (Fenneman, 1931, 1938; Fig. 1). Climate and
vegetation are diverse across this enormous region.
Mean annual precipitation increases from 350 to
1000mm from west to east, and to 1500mm in the
southern part of the region (Webb et al., 1993).
Vegetation patterns reflect these climatic variations.
Steppe, short grass, and mixed grass prairies of the
Great Plains give way to tall grass prairie, savanna, and
cool-temperate deciduous woodlands of the Central
Lowland. Cold-tolerant vegetation of the north gives
way to warm temperate deciduous and mixed conifer-

ous-deciduous woodlands of the south. The mid-
continent contains the source areas of the Mississippi
River Basin’s loess sequence, and a diverse assemblage
of physiographic regions and geologic terrains that all
share a legacy of direct or indirect impact of Quaternary
glaciation and related climate change.
The Peoria Loess (also known as Peoria Silt, Peoria

Formation, Peorian loess, or Wisconsin loess), deposited
during the Last Glacial maximum (LGM) in North
America, is probably the thickest LGM loess in the
world. Peoria Loess is more than 48m thick at Bignell
Hill in central Nebraska (Dreeszen, 1970; Maat and
Johnson, 1996; Bettis et al., 2003), 41m thick at the
Loveland paratype locality in western Iowa (Muhs and
Bettis, 2000), 10–20m thick at many sections along the
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Mississippi Valley (Willman and Frye, 1970; Miller et al.,
1988; Markewich et al., 1998) and 10m thick along
the lower Wabash Valley in southeastern Indiana (Olson
and Ruhe, 1979). Even in eastern Colorado, distant
from the Laurentide Ice Sheet, Peoria Loess is as
thick as 10m (Muhs et al., 1999a). By way of
comparison, LGM loess in China is at most 41m
thick (Mangshan section) and typically is 2.5–1.4m
thick (Sun et al., 2000). The thickest Last Glacial loess in
Europe is about 20m. In the subtropical region of
Argentina the combined thickness of Late Pleistocene
and Holocene loess ranges from an average of
10–15m in the eastern Pampas to a maximum of
about 40m in the southern Buenos Aires Sierras
(Sayago et al., 2001).
Peoria Loess has silt loam texture with local

occurrences of sandier loess adjacent to valley sources,
regionally extensive erosion surfaces, and outwash
plains. Less commonly, such as in eastern Colorado,
the Peoria is clay rich. As noted above, loess becomes
finer grained and exhibits a number of geochemical
decay functions with distance from source areas. Lower
portions of the Peoria Loess were subjected to varying
degrees of reworking very shortly after initial aeolian
deposition. Evidence of secondary sedimentation is most
pervasive in the relatively narrow belts of thick loess
along the Missouri, Mississippi, and Platte River
valleys, where the silt fell on deeply dissected landscapes.
The great local relief in these areas fostered gravity-
driven processes such as large-scale slumping and creep,
as well as erosion by rainsplash, overland flow, and
channelized flow. The products of these processes,
overthickened stratigraphic sections and stacked pa-
laeosol sequences, complicate interpretations of near-
source-bluffline stratigraphic sections. Evidence for
reworking ranges from laminae and thin planar bedding
to discontinuous streaks and thin beds composed of
transported soil material that are sometimes overturned
into recumbent folds (Bettis, 1994; Mandel and Bettis,
1995). The transported and folded soil material and the
presence of coarse horizontal parting and ‘‘lensoid’’
structure in the lower part of Peoria Loess have been
attributed to the occurrence of solifluction and the
presence of permafrost during the early phases of loess
accumulation (ca 21,000–16,500 14C yr BP, Johnson,
1990; Bettis, 1994; Mandel and Bettis, 1995; Bettis et al.,
2003).
In order to compare the Last Glacial terrestrial dust

flux in the loess record of the conterminous United
States with that of marine sediments, we calculated loess
MARs in units of g/m2/yr. We chose localities that
spanned a wide range of total loess thickness and where
reliable numerical age control exists (Fig. 2).
The MAR of loess is estimated using the equation:

MAReolðg=m
2=yrÞ ¼ ARðm=yrÞfeolBDðg=m

3Þ; ð1Þ

where AR is the accumulation rate, feol is the mass
concentration of aeolian material within the sample
(for loess we assume that all the material is aeolian;
therefore feol ¼ 1), and BD is the bulk density.
Assumptions regarding maximum and minimum ages
of loess accumulation and section completeness
and representativeness are outlined in the following
discussion. Ages used to calculate the accumulation
rate were obtained by luminescence and radiocarbon
techniques. Luminescence ages are in calendar
years, while radiocarbon ages require correction to
obtain calendar years. Radiocarbon ages younger
than 20,265 14C yr BP were calibrated to calendar years
using Version 4.1 of the CALIB program (Stuiver and
Reimer, 2000). Radiocarbon ages older than 20,265 14C
yr BP were calibrated to calendar years by selecting
the closest-age marine calibration point presented in
Voelker et al. (2000). In the following discussion,
uncorrected radiocarbon ages are designated as ‘‘14C
yr BP’’ while calendar-year corrected radiocarbon ages
are designated as ‘‘cal yr BP’’ and luminescence ages are
given in yr BP.

2.1. Loess of the Central Lowland province

In this paper the Central Lowland includes Minneso-
ta, Iowa, Missouri, Arkansas, Wisconsin, Illinois,
Indiana, and western Ohio (Fig. 1). Loess in northern
and western Kentucky, western Tennessee, Mississippi
and northeastern Louisiana is genetically linked with
loess in the Central Lowland and is included in this
discussion. This is one of Earth’s most agriculturally
productive areas, and loess is its most areally extensive
surficial deposit. Loess of varying thickness forms an
extensive sediment blanket over upland parts of the
landscape and records multiple episodes of aeolian
sedimentation, separated by buried soils. Three middle-
to-late Pleistocene loess units (from oldest to youngest,
Loveland Loess, Roxana Silt/Pisgah Fm. loess, and
Peoria Loess) have been identified and correlated in this
region (Shimek, 1902, 1909; Wascher et al., 1948;
Leighton and Willman, 1950; Krinitzsky and Turnbull,
1967; Snowden and Priddy, 1968; Ruhe, 1969; Willman
and Frye, 1970; McKay, 1979a, b; Pye and Johnson,
1988; Johnson and Follmer, 1989; Autin et al., 1991;
Forman et al., 1992; Oches et al., 1996; Rodbell et al.,
1997; Markewich et al., 1998; Forman and Pierson,
2002). Remnants of older middle Pleistocene loess sheets
are present, but their stratigraphic relationships are not
well understood (Jacobs and Knox, 1994; Markewich
et al., 1998; Bettis et al., 2003). Loveland Loess is usually
no more than a few metres thick and is commonly the
stratigraphically oldest loess exposed at most localities.
Loveland Loess has the last interglacial (MIS 5 and part
of 4) Sangamon Soil developed in its upper part. This
buried soil is usually thick (2–3m), exhibits 7.5YR or
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5YR hues, has well developed angular blocky or
prismatic soil structure with continuous clay films in
the Bt horizon, and is leached of carbonates. The
Loveland Loess is typically reddened beneath the
Sangamon Soil and unaltered sections are rare.
Two Wisconsin (Last Glacial) loess sheets are present

in the mid-continent. The upper unit, the Peoria Loess,
accumulated during and after the LGM (equivalent to

MIS 2) and is the focus of this paper. The older
Wisconsin loess is the Roxana Silt (Willman and Frye,
1970; Leigh and Knox, 1993) and its stratigraphic
equivalent, the Pisgah Formation loess of Iowa (Bettis,
1990). The upper portion of the Roxana/Pisgah (R/P)
loess is pedogenically modified, forming the Farmdale
Soil, which is the stratigraphic horizon that marks the
base of the Peoria Loess. This loess has also been

Fig. 2. Map showing the distribution and thickness of Last Glacial loess (Peoria Loess) in the mid-continent of the United States (Central Lowland

and Great Plains physiographic provinces). Localities where MARs of Peoria Loess were calculated are indicated. See text for locality abbreviations.

Compiled from Wascher et al. (1948), Thorp and Smith (1952), Willman and Frye (1970), Clayton et al. (1976), Hole (1976), Lineback et al. (1983),

Welch and Hale (1987), Miller et al. (1988), Holliday (1989), Hallberg et al. (1991), Denne et al. (1993), Swinehart et al. (1994), and Muhs et al.

(1999a).
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referred to as the Late Sangamon Loess (Smith, 1942)
and Farmdale Loess (Leighton and Willman, 1950;
Olson and Ruhe, 1979). R/P loess buries the last
interglacial (MIS 5 and perhaps part of Stage 4)
Sangamon Soil that is developed in a variety of older
deposits, including the Loveland Loess.
R/P loess has a distribution pattern similar to, but not

as areally extensive as, the overlying Peoria Loess
(Olson and Ruhe, 1979; Fehrenbacher et al., 1986;
Johnson and Follmer, 1989). The R/P loess is signifi-
cantly thinner than the Peoria Loess and cannot be
traced as far from its likely source areas. It attains a
maximum thickness of about 4m east of the Missouri
River Valley source in western Iowa (Bettis, 1990) and
along the Lower Illinois River Valley (ancient Mis-
sissippi Valley source) in western Illinois (Leighton,
1965; Fehrenbacher et al., 1986). The distribution
pattern and lithology of R/P loess suggests that it has
source areas similar to the overlying Peoria Loess
(Smith, 1942; Frye et al., 1962; Glass et al., 1968;
Fehrenbacher et al., 1986; Johnson and Follmer, 1989;
Leigh, 1994; Grimley, 2000).
Most R/P loess has been modified by pedogenesis.

Thick sections near valley source areas in Illinois
contain multiple buried soils (Willman and Frye,
1970). Unaltered R/P loess is found in thick sections
only along the Missouri River Valley in western Iowa
and along the Mississippi River Valley and Lower
Illinois River Valley (Ancient Mississippi River Valley)
in Illinois. In most sections, however, pedologic features
associated with the Farmdale Soil, such as organic
matter and iron accumulation, weak soil structure and
matrix carbonate removal, extend through the R/P
loess.
The contact between the Farmdale Soil, developed

in the upper part of the R/P loess, and the overlying
Peoria Loess is usually gradational over a few deci-
metres. The gradational contact is a product of initial
slow Peoria Loess accumulation accompanied by mixing
(pedoturbation) and syndepositional weathering. In
some sections, the contact has been altered by con-
geliturbation associated with periglacial conditions
during the LGM (Baker et al., 1991; Woida and
Thompson, 1993; Bettis, 1994; Mandel and Bettis,
1995; Bettis et al., 2003).
R/P loess was deposited between about 55,000 and

23,000 14C yr BP (Fig. 3; Leigh and Knox, 1993). The
basal age of R/P loess decreases with distance from
source areas (Kleiss, 1973; Ruhe, 1976; Johnson and
Follmer, 1989). Leigh and Knox’s (1993) estimate of
55,000 yr BP for the beginning of R/P loess accumula-
tion along the Upper Mississippi River Valley source is
supported by TL (thermoluminescence) and IRSL
(infrared stimulated luminescence) dating at the Bonfils
Quarry site in St. Louis, Missouri (Forman and Pierson,
2002). This is considerably earlier than initiation of R/P F
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Last Glacial period (early Wisconsin time). At present,
probably too few data exist to determine which age
estimate is correct for loess unit B.
A careful sifting of data yields some constraints on the

beginning and ending of loess sedimentation for loess
unit A, which all workers agree was probably deposited
during the Last Glacial period. Forman et al. (1993)
found that the lower parts of loess unit A may date to
B25,000–28,0007 3000 yr BP based on TL age esti-
mates, which are minimum ages for the initiation of
loess accumulation. Pierce et al. (1982) reported a site
where local accumulations of loess unit A post-date the
Lake Bonneville flood, which is radiocarbon dated to
B17,000–18,400 cal yr BP, indicating that loess accu-
mulation was still in progress at that time. These
workers also thought that the degree of development
of modern soils in unit A would require at least 10,000
years. They and other workers (Scott, 1982; Kuntz et al.,
1986; Malde, 1991) also pointed out that the Holocene
basalts in the region lack a loess cover. Kuntz et al.

(1986) analysed charcoal and heated organic matter that
occurs in A horizons of soils developed in the upper part
of loess in the Craters of the Moon area and elsewhere.
Loess in this area was covered by Holocene basalt flows
that lack a loess cover. The oldest radiocarbon ages of
organic matter and charcoal from these basalt-covered
A horizons in loess thus provide limiting ages for the
termination of loess deposition. With one exception, the
oldest ages considered reliable by Kuntz et al. (1986)
range from B10,200 to 13,900 14C yr BP (B12,000–
16,700 cal yr BP). We conclude from all these data that
accumulation of loess A may have begun no later than
28,000–25,000 yr BP and terminated around 12,000–
16,000 cal yr BP.
Based on the stratigraphic studies of McDole et al.

(1973) and Pierce et al. (1982), loess unit A has a
thickness ranging from around 1m (near Driggs, Idaho)
to as much as 6m (near Blackfoot, Idaho; see Figs. 9,
BF and 10). If we assume an average loess bulk density
of 1.45� 106 g/m3 and a period of loess accretion from

Fig. 9. Distribution of loess and inferred palaeo-winds in the Columbia Plateau province. Loess distribution, inferred palaeo-winds, glacial extent,

and Lake Missoula compiled from Lewis and Fosberg (1982) and Busacca and McDonald (1994). Full names and stratigraphy of MAR localities

given in Fig. 11, except Blackfoot, Idaho (BF), which is shown in Fig. 10.
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B28,000 to B12,000 cal yr BP, MARs range from
about 90 to 540 g/m2/yr for the Last Glacial period. Use
of a shorter interval of loess deposition permitted by the
data (fromB25,000 to 16,000 cal yr BP) yields MARs of
about 160–960 g/m2/yr. These rates are comparable to
many of those discussed earlier for the Central Lowland
and Great Plains provinces.

4.2. Loess in the Palouse region of eastern Washington

In eastern Washington and adjacent parts of northern
Oregon and western Idaho, detailed studies by Busacca
and colleagues (Busacca, 1991; Busacca et al., 1992;
McDonald and Busacca, 1992; Busacca and McDonald,
1994; Berger and Busacca, 1995; Richardson et al., 1997)
have added substantially to our knowledge of loess
history in this region. Loess in eastern Washington and
adjacent parts of Idaho and Oregon may cover as much
as 50,000 km2 (Fig. 9; McDonald and Busacca, 1992). It
is as thick as 75m (Ringe, 1970) and Busacca (1991)
estimated that loess deposition may have begun as early
as 2Ma. There are dozens of palaeosols within eastern
Washington loess, indicating many periods of non-
deposition and surface stability between times of loess
accumulation (Fig. 11). The loess itself is thought to be

derived primarily from fine-grained slackwater sedi-
ments which are derived, in turn, from cataclysmic
floods of proglacial Lake Missoula (McDonald and
Busacca, 1992).
Busacca and McDonald (1994) designated the two

youngest loess units in eastern Washington ‘‘L1’’
(upper) and ‘‘L2’’(lower). Well-dated Holocene and
Late Glacial tephras from the volcanically active Cascade
Range to the west are found within eastern Washington
loess and provide valuable time lines for dating and
correlation (Busacca et al., 1992; Richardson et al.,
1997). In addition, TL ages by Berger and Busacca
(1995) and TL and IRSL (infrared stimulated lumines-
cence) ages by Richardson et al. (1997) confirm
correlations inferred from tephra data that L1 is of late
Wisconsin-to-Holocene age and L2 is of early to-middle
Wisconsin age. Agreement between TL and IRSL ages is
good back toB70,000 yr. There are differences between
these two luminescence studies, however. TL ages
reported by Richardson et al. (1997) are generally
younger than those reported by Berger and Busacca
(1995) for the same sections.
Stratigraphic and geochronologic data show that

loess accumulation took place in eastern Washington
late in the glacial cycle. The loess is derived primarily
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from sediments derived from cataclysmic floods of
proglacial Lake Missoula (Fig. 9). Because the Cordil-
leran Ice Sheet had to reach its southernmost limit for
Glacial Lake Missoula to form, outburst flooding
apparently did not begin until sometime after the
glacial maximum. This interpretation is supported
by the fact that thin loess underlies the flood sets at
one locality (Clyde; A. Busacca, pers. comm., 2002)
and that Mount St. Helens ‘‘S’’ tephra (calendar-year
age of B15,300 yr) lies slightly above, on top of, or
in the upper part of a well-developed buried soil
called the Washtucna Soil (Fig. 11; Busacca and
McDonald, 1994). The tephra also occurs in the flood
deposit silts (Bjornstad et al., 1991). Thus, there may
have been little loess accumulation during glacial
maximum conditions, and Busacca and co-workers
interpret full glacial time to be a period primarily
of soil formation. Loess accumulation may have taken
place rather rapidly in Late Glacial time, around or
shortly after B15,000 yr BP. Another soil, called the
Sand Hills Coulee Soil, is weakly developed and occurs
in loess above Mount St. Helens ‘‘S’’ tephra. In addition
to Late Glacial loess accumulation, substantial deposition
apparently occurred in the Holocene. This interpreta-
tion is based on observations of up to 1m of loess

overlying Mount Mazama tephra (B7700 yr), which, in
turn, lies above the Sand Hills Coulee Soil (Busacca,
1991; Busacca and McDonald, 1994). Holocene loess at
these localities is almost half as thick as the underlying
Late Glacial loess. Given the relatively low trapping
efficiency of surfaces in the Palouse and Snake River
Plain, this may suggest that MARs for Holocene loess
in the region may be similar to those for the Late Glacial.
Current studies suggest that the glacial slackwater
sediment sources continued to feed the loess sedimenta-
tion system during the Holocene (Alan Busacca, pers.
comm., 2002). Eastern Washington loess becomes
thinner and finer-grained from southwest to northeast,
indicating that mid-Wisconsin and latest Wisconsin
winds were from the southwest, similar to present
winds (Busacca, 1991; Busacca and McDonald, 1994;
Fig. 9).

5. Aeolian silt and clay in the Basin and Range province

Although thick loess has not been reported in the
semi-arid and arid Basin and Range province, detailed
soil and stratigraphic studies have shown that significant
amounts of aeolian silt and clay have been deposited in

Fig. 11. Loess stratigraphy and luminescence chronology at selected localities in the Palouse region of the Columbia Plateau. Localities shown in

Fig. 9. MSH, Mount St. Helens tephras. MSH-C is estimated to be 36,000–38,000 14C yr BP (B41,000 cal yr BP) and MSH-S is 12,000–14,000 14C yr
BP (13,680–16, 934 cal yr BP) (Crandell et al., 1981; Mullineaux, 1986). Re-drawn from Richardson et al. (1997).
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the region. Silt-loam or loam vesicular A horizons,
interpreted as aeolian mantles, have been described from
numerous localities in California and Nevada (Muhs,
1983; Wells et al., 1985, 1987; McFadden et al., 1987;
McFadden, 1988; Reheis et al., 1989, 1995; Chadwick
and Davis, 1990). However, it has only been in the past
couple of decades that many investigators have agreed
that fine-grained aeolian inputs are important in deserts
of the southwestern United States, and this conclusion,
to a great extent, is based on soil studies.
In the Basin and Range province, many investigations

have suggested that there were major fluxes of aeolian
silt and clay shortly after the disappearance of lakes that
were extensive in the region during Late Glacial time.
Studies adjacent to Lake Lahontan (Chadwick and
Davis, 1990) and smaller lakes in the Mojave Desert
(Wells et al., 1985, 1987; McFadden et al., 1987;
McFadden, 1988; Reheis et al., 1989, 1995) show that
the abundance of silt, clay and carbonate in soils can
best be explained by pulses of aeolian sediment input
derived from newly exposed lacustrine sediments. The
maximum extent of many of the lakes of the Basin and
Range province is now known to date from Late Glacial
(as opposed to full-glacial) time (Benson et al., 1990;
Thompson et al., 1990; Oviatt et al., 1992). Thus,
exposure of the sediments to deflation must have
occurred either in latest glacial or early Holocene time.
Furthermore, some lakes receded in stages and it is
probable that there were multiple pulses of aeolian
sediment as recession took place. For example, the
lacustrine record from Lake Bonneville indicates that
there could have been pulses of sediment after recession
from the Bonneville, Provo and Gilbert high stands
(going from oldest to youngest), all in latest Pleistocene
time (Oviatt et al., 1992).
Detailed studies by Wells et al. (1985) and Reheis et al.

(1995) have generated estimates of MARs of aeolian silt,
clay and carbonate in the Mojave Desert portion of the
Basin and Range province. Study of aeolian mantles on
a B17,000 yr old volcanic flow and under an early
Holocene alluvial fan in the Cima volcanic field in
California yields MAR estimates of 50 g/m2/yr (if
material was deposited over the past B17,000 yr) to
800 g/m2/yr (if deposited in a short period of B1000 yr
after adjacent lake desiccation). A comprehensive study
of several soil chronosequences and modern dust fluxes
in the Mojave Desert by Reheis et al. (1995) has given
the most detailed picture thus far of aeolian inputs to
this region. These investigators also conclude that much
of the silt, clay and carbonate in Basin and Range
province soils is of aeolian origin, based on similarities
in major element chemistry between soils and dust
collected in traps. Furthermore, study of the abundance
of aeolian silt, clay and carbonate in soil chronose-
quences shows that rates of dust flux varied through the
late Quaternary. The last full-glacial period was a time

of relatively low dust flux except during latest glacial
time and into the early Holocene, when greater aridity
and lake desiccation increased MARs. Modern MARs
in the region (based on dust trap collections) range from
7 to 28 g/m2/yr, based on the sum of aeolian silt, clay
and carbonate. In those areas near former lakes, late
Holocene MARs, calculated from the amount of silt,
clay and carbonate in soils, range from 3 to 31 g/m2/yr.
In the same areas, latest Pleistocene to mid-Holocene
rates range from 4 to 25 g/m2/yr, but are, on average,
higher than the late Holocene rates, reflecting the
increased input from newly exposed lacustrine sources.
Overall, however, MARs of the Basin and Range
province are low compared to those of the Central
Lowland, Great Plains, and Columbia Plateau pro-
vinces, in agreement with the modelling results of
Mahowald et al. (1999).

6. Discussion

The MARs of Last Glacial loess varied regionally
across the conterminous United States. The lowest
calculated rates are from the Great Basin province
where source availability and vegetation conditions did
not favour significant dust production until the latest
glacial and early Holocene. Loess in the Colorado
Plateau accumulated during the Last Glacial period at
rates higher than in the Great Basin, but at rates
generally lower than loess in the Great Plains and
Central Lowland. Great Plains loess is very extensive,
and MARs in this region range from 3198 g/m2/yr in
thick sections in central Nebraska (Bignell Hill) to 104 g/
m2/yr in central Kansas (Barton Country), and decrease
systematically to the south (Table 4). The highest Late
Glacial MAR calculated for the conterminous United
States (4216 g/m2/yr) is from the Loveland paratype
section along the Missouri River Valley in the Central
Lowland province. These MARs are based on pre-
viously published radiocarbon dates (Table 3). It should
be noted, however, that if the basal age of Last Glacial
loess at thick sections in central Nebraska is younger
than assumed in this paper, the highest Last Glacial
loess MARs may be in the thick loess region of
Nebraska. Recent OSL dating of Peoria Loess in
Nebraska indicates that accumulation rates fluctuate
by as much as an order of magnitude over the Last
Glacial period, with extremely high average MARs
(>10,000 g/m2/yr) over the period from about 18,000 to
14,000 yr BP (Roberts et al., 2003). MARs calculated
using OSL ages from the top and bottom of Peoria
Loess sections at Bignell Hill and Eustis are approxi-
mately twice those calculated using radiocarbon dates
from palaeosols that bracket the Peoria Loess. This
suggests that MARs calculated using radiocarbon dates
may be underestimating the true accumulation rate, in
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addition to being insensitive to fluctuations in MARs
during the Last Glacial period. Last Glacial MARs in
the Central Lowland province were high compared to
other areas in the United States, were highest near linear
valley-train sources, and decreased systematically to the
east/southeast from those sources.
Many physical, mineralogical, and chemical proper-

ties of the loess show distance-from-source decay
functions that have been attributed to northwesterly
loess-transporting winds during the Last Glacial period
(Muhs and Bettis, 2000). These authors point out that a
dominance of northwesterly winds is not consistent with
the palaeo-wind direction under the glacial anticyclonic
circulation predicted by AGCMs (Fig. 12) (e.g. COH-
MAP Members, 1988; Bartlein et al., 1998). Muhs and
Bettis (2000) suggest that large-scale dust entrainment
may have been restricted to periods when strong low-
pressure systems passed through the region during
infrequent northward shifts of the jet stream. Thus,
some models fail to reconstruct the dominant wind fields
and dust-transporting winds. As a result, these models
may lead to significant underestimation of dust delivery
to eastern North America, Greenland, and the North
Atlantic.

MARs of Last Glacial loess in the Great Plains are
two to three times higher than those of Holocene loess in
central Nebraska, but the magnitude of the difference
between Last Glacial and Holocene flux rates decreases
southward into central Kansas. Although low compared
to Last Glacial dust flux in other dust-producing regions
of North America, the latest glacial and early Holocene
dust fluxes in the Great Basin were, on average, higher
than late Holocene rates. Holocene loess has not been
recognized in the Central Lowland, but physical and
chemical properties of modern soils in the northern part
of the area suggest that dust has had significant impacts
on the soils (Mason and Jacobs, 1998; Muhs et al.,
2001).
The flux of dust from the North American mid-

continent (Great Plains and Central Lowland) during
the Last Glacial period has been underestimated by
existing model simulations (e.g., Mahowald et al., 1999;
Kohfeld and Harrison, 2000). The MARs of Last
Glacial loess in the mid-continent are significantly
higher than those documented for the Chinese Loess
Plateau (Sun et al., 2000). A number of possibilities
could account for this, including differences between
the regions in silt availability, climatic/meteorological
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Fig. 12. Map of North America showing extent of the Laurentide Ice Sheet at the Last Glacial maximum and wind patterns derived from a modelled

glacial anticyclone (COHMAP Members, 1988) compared to those derived from loess distributions. From Muhs and Bettis (2000).
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conditions, trapping efficiencies related to vegetation
and/or topography, and ice sheet effects. The non-
glacial loess in both the Great Plains and in the Central
Lowland (associated with the IES) is not represented in
a recent linked AGCM-biome-atmospheric transport
model simulation of Last Glacial dust sources (Maho-
wald et al., 1999; Kohfeld and Harrison, 2000). The
amount of dust (loess) generated from these sources far
exceeds that recorded in other North American source
areas (e.g., southwestern USA, see Reheis et al. (1995)
and Alaska, see Muhs et al. (this issue)) and simulated
by the model of Mahowald et al. (1999). Also,
available simulations do not accurately predict the
magnitude of the dust flux from mid-continent valley-
train loess sources. Data presented above show that
valley trains were very significant loess sources over a
large part of the central United States during the Last
Glacial period.
It has been demonstrated that loess from different

source areas, as well as loess generated by both glacial
and non-glacial mechanisms, is present in the United
States. Glacial loess sources include valleys carrying
valley-train outwash, such as the Missouri, Mississippi,
Wabash, and Ohio River Valleys in the Central Low-
land, as well as slackwater basins influenced by glacial
lake outburst floods, such as the Palouse region in the
Columbia Plateau. Improved understanding of dust flux
from these sources will require more refined chronolo-
gies for the various lobes of the Laurentide and
Cordilleran ice sheets and a better understanding of silt
transport pathways in glaciolacustrine environments
around the ice sheet margin, and in proximal and distal
glaciofluvial environments. Sites along the Mississippi
River Valley record high MARs between about 25,000
and 20,600 cal yr BP with a significant decline thereafter,
even though the meltwater input from the Laurentide
Ice Sheet into the valley was probably greatest after
19,000 cal yr BP (Fairbanks, 1989; Teller, 1990). Silt
trapping in extensive proglacial lakes that formed along
the ice sheet margin during deglaciation (Teller, 1987,
1990; Johnson et al., 1999) may have decreased the
amount of silt delivered to valley-train sources, thus
lowering loess MARs after 20,000 cal yr BP. The
thickest and most areally extensive belts of Last Glacial
loess along the Missouri and Upper Mississippi River
Valleys occur east and southeast of northwest-south-
east-trending valley segments. This valley orientation
afforded a long fetch that increased the effectiveness of
northwest sediment-transporting winds during the Last
Glacial period.
Bioclimatic factors may also have had impacts on the

production and availability of silt in the Last Glacial
landscape. A variety of physical evidence indicates that
periglacial processes became active north of about
43�N, from the Rocky Mountains to the Appalachians
during the full-glacial period, ca 24,000–19,000 cal yr BP

(P!ew!e, 1983; Bettis and Kemmis, 1992; Walters, 1994;
Mason and Knox, 1997). Ice wedge casts, solifluction
deposits and thick colluvial deposits along valley
margins date to this full-glacial period, and suggest that
local mass wasting induced by cold conditions may have
contributed to landscape instability and silt delivery to
valley sources. Erosion surfaces that developed in the
northern Great Plains and Central Lowland during the
full-glacial period have a much thinner loess cover than
adjacent landscapes where permafrost was discontin-
uous or absent. Pollen and plant macrofossil records
indicate that boreal forest was replaced by a Picea-Larix

krummholz with extensive tundra openings in the
northern part of the Central Lowland at the onset of
the full glacial about 24,000 cal yr BP (Baker et al., 1986,
1989; Gary et al., 1990). The dust (loess) and sand
trapping efficiency of the tundra vegetation on the active
erosion surfaces was probably lower than that of
adjacent boreal forests. Thus, areas of sparse tundra
vegetation were likely important sources of aeolian
sediment production during the Last Glacial period. As
the climate ameliorated about 19,000 cal yr BP, tundra
was replaced by boreal forest (Webb et al., 1993;
Schwert et al., 1997; Bartlein et al., 1998) and Late
Glacial loess began to accumulate in some of these
areas.
The Central Lowlands, IES and Great Plains became

aeolian sediment sources during the Last Glacial period,
probably as a result of vegetation cover reduction and
surface disturbance under periglacial conditions. As
mentioned earlier, existing models do not simulate
conditions indicating that these areas acted as dust
sources during the Last Glacial period (Mahowald et al.,
1999; Kohfeld and Harrison, 2000). It is possible that
the reduction of boreal forest as ice advanced into the
upper mid-continent enhanced the cooling caused by
glacial boundary conditions (Kohfeld and Harrison,
2000). This, in turn, produced a positive feedback that
activated these loess source areas through vegetation
reduction and enhanced mass wasting. Poor chronologic
control in most areas limits our understanding of
important linkages between climatic, biotic, and land
surface characteristics in Last Glacial dust production
and loess accumulation. A general lack of palaeoenvir-
onmental information for the period of the onset of Last
Glacial loess accumulation during full-glacial conditions
in the Great Plains frustrates attempts at better under-
standing of the linkages between climate, vegetation,
surface processes, and dust production across a sig-
nificant portion of the mid-continent United States.
MARs in the North American mid-continent, Alaska

(see Muhs et al., 2003) and the Chinese Loess Plateau
are significantly higher than MARs of aeolian sediments
in the world’s oceans. Compilations of Last Glacial
aeolian MARs derived from marine sediments have
recently been published by Mahowald et al. (1999) and
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Kohfeld and Harrison (2000, 2001). The highest rates,
off the coast of Oman in the Arabian Sea, are 100–330 g/
m2/yr. However, rates in most other oceans are much
lower. Aeolian sediments in the northwestern Pacific
Ocean, just east of Japan, are presumably derived at
least in part from the Chinese Loess Plateau, but have
MARs of only 2–13 g/m2/yr. Dust in the Tasman Sea,
probably derived from Australia, has MARs of 0.6–8 g/
m2/yr. In the North Atlantic Ocean, dust derived from
the Sahara and Sahel regions of Africa has been an
important part of sediment flux to the western hemi-
sphere for much of the Quaternary (Muhs et al., 1990).
Last Glacial aeolian MARs for the North Atlantic
Ocean range from about 5 g/m2/yr near the equator to as
much as 80 g/m2/yr between about 20 and 25�N
(Kohfeld and Harrison, 2001). Compared to the MARs
for the interiors of the North American and Asian
continents, these data suggest that the flux of sediment
decreases significantly from the continents to the oceans.
Fine-grained components of the sediment flux from
the continents to the oceans may, however, have
significant indirect effects on the atmosphere. Dust
may act as a source of some limiting micronutrients,
such as iron, and thus increase primary oceanic
productivity; this, in turn, may draw down levels of
atmospheric CO2 (Harvey, 1988; Martin, 1990; Boyd
et al., 2000; Watson et al., 2000). Loess from the
central United States contains significant amounts of
available iron (Allen, 1971; Ruhe and Olson, 1978;
Miller et al., 1984), and downwind components of the
loess could have had significant effects on the produc-
tivity of the North Atlantic Ocean during the Last
Glacial period.

7. Conclusions

1. Last Glacial loess is widespread in the conterminous
United States and is thicker, on average, than at most
other localities in the world.

2. MARs for Last Glacial loess in the United States are
higher than in other loess regions of the world.

3. MARs of Holocene loess are an order of magnitude
lower than those of Last Glacial loess in the mid-
continent, but are similar to, or slightly less than, Last
Glacial rates in the Great Basin, Colorado Plateau
and Columbia Plateau. Lower trapping efficiencies in
the drier parts of the continent may be a source of
significant underestimation of the Holocene dust flux.

4. Last Glacial loess occurs in a wide range of physio-
graphic provinces across the United States, and was
derived from both glacial and non-glacial sources.

5. Interactions between glaciers, climate, vegetation,
and land surface processes controlled the rate of silt
production, availability of silt for deflation, and loess
accumulation.

6. Last Glacial loess in the mid-continent accumulated
over a period of 10,000–14,000 years through the
Last Glacial cycle. In the northwestern United States,
Last Glacial loess accumulated after episodic glacial
lake outburst events late in the glacial cycle and may
have continued through the Holocene. In the Great
Basin, loess accumulated at the end of the Last
Glacial period and into the early Holocene when
declining lake levels resulted in mineral grains being
made available for transport.

7. At present, chronological control is inadequate for
the evaluation of regional variations in loess MARs
during the Last Glacial period across the United
States. The existing chronology for the loess is based
primarily on radiocarbon ages from SOM, plant
remains and gastropod shells. A number of uncer-
tainties limit the usefulness of existing luminescence
ages on the loess, although new developments in OSL
dating are beginning to provide high-resolution
information of Last Glacial loess MARs.

8. Existing models of Last Glacial dust production fail
to predict the location and magnitude of significant
mid-continent United States loess sources. Loess
sources in the Columbia Plateau, Great Plains, and
Central Lowland produced an enormous volume of
Last Glacial loess that could have resulted in
significant downwind radiative and biogeochemical
effects.
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