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Loess is widely distributed over Asia and North America and constitutes one of the most important surﬁcial
deposits that serve as terrestrial records of the Quaternary. The oldest Pleistocene loess in China is likely
∼2.6 Ma, thus spanning much or all of the Pleistocene. In North America, most loess is no older than the
penultimate glacial period, with the exception of Alaska, where the record may go back to ∼3.0 Ma. On both
continents, loess deposits date primarily to glacial periods, and interglacial or interstadial periods are represented by paleosols. Both glacial and non-glacial sources of silts that comprise the bulk of loess deposits are
found on both continents. Although loess has been considered to be representative of the average upper continental crust, there are regionally distinctive compositions of loess in both Asia and North America. Loess
deposits in Asia from Yakutia, Tajikistan, and China have compositionally distinct major element compositions,
due to varying abundances of silicate minerals, carbonate minerals, and clay minerals. In North America, loess in
the Mississippi River valley, the Great Plains, and Alaska are also distinguishable with regard to major element
composition that reﬂects highly diverse source sediments. Trace element geochemistry (Sc-Th-Zr and the rare
earth elements) also shows regional diversity of loess bodies, in both Asia and North America. On both continents, most loess bodies show signiﬁcant contributions from later-cycle, altered sedimentary rocks, as opposed
to direct derivation from igneous rocks. Further, some loess bodies have detectable contributions from maﬁc
igneous rocks as well as major contributions from average, upper-crustal, felsic rocks. Intercalated paleosols in
loess sections show geochemical compositions that diﬀer signiﬁcantly from the underlying loess parent materials. Ratios of soluble-to-insoluble elements show depletions in paleosols due to chemical weathering losses of
calcite, dolomite, plagioclase, mica, apatite, and smectite. In Asia and North America, the last interglacial paleosol is more weathered than equivalent modern soils, which could be due either to a climate that was warmer
and more humid, a longer period of pedogenesis, or both. In Asia, early Pleistocene loess and paleosols are both
more weathered than those from the middle and late Pleistocene, forming prior to a mid-Pleistocene aridiﬁcation
of Asia from uplift of the Tibetan Plateau. Understanding the geochemistry of loess and paleosols can tell us
much about past atmospheric circulation, past temperature and moisture regimes, and even tectonic processes.

1. Introduction

intercalated paleosols (buried soils), loess provides one of the most
complete terrestrial records of interglacial-glacial cycles. Loess is also
distinctive in that it provides a direct record of atmospheric circulation.
Thus, given favorable circumstances, loess can be used to reconstruct
synoptic-scale paleoclimatology over millennial timescales, a signiﬁcant attribute for Quaternary sediments. Further, unlike many
Quaternary deposits, loess can be dated directly using methods, such as
luminescence geochronology, that require only the sediment itself.
Thus, the combination of loess deposits and intercalated paleosols
provides a highly valued source of Quaternary paleoclimate information. In some regions, such as China, the record is long enough that
inferences about Tertiary paleoclimate can even be made.
Loess can be recognized in the ﬁeld as a distinctive sedimentary
body, although its thickness is highly variable, from a few centimeters
to several hundred meters in thickness. Indeed, variability of loess

Loess is aeolian sediment that is one of the most important surﬁcial
deposits on the surface of the Earth. As used in this paper, loess can be
deﬁned as silt-dominated sediment that has been entrained, transported, and deposited by the wind and is recognizable in the ﬁeld as a
distinct sedimentary body. It occupies an intermediate position in a
continuum of aeolian sediments, with an average particle size that is
smaller than windblown sand (2–0.05 mm), but coarser than aerosolic
dust (typically < 10 μm). Commonly, loess contains 60–90% silt-sized
(50–2 μm diameter) particles, supplemented with small percentages of
sand (> 50 μm) and clay (< 2 μm).
Through a century and a half of research, loess has come to be regarded as one of the most important archives of Quaternary climate
change, particularly on the continent of Asia. Combined with
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loess is derived (its provenance) and spatial trends in its geochemical
properties reveal much about paleoclimate during times of dust entrainment and transport.
The second theme that is addressed is the stratigraphic complement
to the ﬁrst: the origin and paleoclimatic signiﬁcance of buried soils
(paleosols) that represent stable land surfaces when pedogenesis was
dominant between times of loess accumulation. Geochemistry of paleosols, particularly when combined with mineralogical analyses, can
give important clues about the duration of pedogenesis, the prevailing
climate at the time of soil formation, and sometimes even the type of
vegetation that occurred during such times.

thickness is one of its advantages as a paleoclimate indicator, as paleowind directions can often be inferred from loess thickness trends (see
examples in Muhs, 2013a, 2013b). Loess deposits are commonly draped
over preexisting landforms as a mantle, with thickest accumulations in
protected, low-lying areas or on broad, ﬂat, stable upland divides.
Thinnest accumulations of loess typically occur on narrow, rounded
hillcrests. Loess is found as the uppermost surﬁcial sediment over large
areas of Asia, Europe, North America, South America, and New Zealand
and covers smaller areas of Australia and Africa.
In this review, the geochemistry of loess is examined, with a focus
on Asian loess deposits compared to those of North America.
Interestingly, during a major part of the Quaternary, during times of
glacially lowered sea levels, Asia and North America were connected as
a contiguous landmass. Asian scientists, and particularly Chinese
geologists, have been pioneers in studies of the geochemistry of loess.
Early recognition of the importance of geochemistry to loess interpretations in China was made by Wen Qizhong, Diao Guiyi, Sun Fuqing,
and Yu Suhua, who characterized the major and trace element geochemistry of these deposits in Liu’s (1988) comprehensive volume on
the loess of China. Subsequent loess researchers in Asia have followed
this tradition of using geochemistry in interpretations of loess origins
and paleoclimatic signiﬁcance. North American loess researchers have
been slower to utilize geochemical tools in their studies, but suﬃcient
data now exist to make some useful comparisons with results derived
from studies in Asia.
Two broad themes will be addressed in this review. The ﬁrst is that
geochemistry can be a powerful tool in understanding loess origins. The
igneous and sedimentary petrology communities have used both major
element geochemistry and trace element geochemistry (including the
rare earth elements, REEs) in trying to understand the genesis and
compositional evolution of rocks. Applications of geochemical methods
to loess research naturally follow the approaches that have been taken
by sedimentary petrologists, but such eﬀorts would not be particularly
useful were it not for the years of careful geochemical studies of igneous
rocks by the petrology community. An attempt is made here to illustrate
how some relatively simple geochemical analyses can yield much potentially useful information about how loess forms. Understanding how
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Fig. 1. Distribution of loess in Asia, compiled from Velichko
et al. (1984, 2006), Liu (1988), Rozycki (1991), Dodonov
(2007), and Frechen et al. (2009). Note: loess is also reported for Japan (Watanuki et al., 2005; Matsu'ura et al.,
2011), but distribution maps are not shown in those reports.
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Loess is widespread over much of Asia, particularly in Russia, China,
and a number of countries in Central Asia (Fig. 1). In the Asian portion
of Russia, loess is extensive in central Siberia and its depositional history has been reviewed by Chlachula (2003). Farther to the northeast,
loess is also found along the Lena River in Yakutia (Péwé and Journaux,
1983). Based on mapping by Velichko et al. (1984), loess is also likely
extensive along the Arctic Ocean coast of Siberia, but further studies are
needed in this remote region to understand its true distribution. Loess
in Central Asia is found primarily in ﬁve countries: Tajikistan, Kyrgyzstan, Turkmenistan, Uzbekistan and Kazakhstan. The loess in Tajikistan is the most studied and best understood, primarily from work by
the late A.E. Dodonov and his colleagues (see review by Dodonov,
2007). Smaller areas of loess occur in Iran, Afghanistan, Pakistan and
northern India (see Ahmad and Chandra (2013) for an example of the
latter), but their spatial extent is known only approximately.
Without question, the most accurately mapped and best-studied
loess deposits are in China, due to the pioneering eﬀorts of T.S. Liu.
Loess is found in several parts of China (Fig. 2). The largest contiguous
area, and that which has received the most study, is the dissected Loess
Plateau in the central part of the country, between approximately 95°E
and 110°E longitude and centering on ∼38°N latitude (Figs. 2–4). In the
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deposits in China.
Northern China and Mongolia, including the Tian Shan and the
Altay Mountains, are part of the Central Asian Orogenic Belt (CAOB).
This tectonic belt is bordered by two Precambrian cratons, the Siberian
craton to the north and the North China-Tarim craton to the south
(Jahn, 2004). As summarized by Jahn (2004), the CAOB hosts Precambrian cratonic blocks, old island arcs, parts of oceanic islands and
seamounts, accretionary complexes, ophiolites, and rocks from passive
continental margins. Thus, rocks in mountains of this tectonic belt span
a surprising range of lithologies. However, Jahn (2004) points out that
one of the distinguishing characteristics of the CAOB is the signiﬁcant
number of granitic intrusions. Cambrian to Cretaceous age felsic intrusive rocks in the CAOB (Wang et al., 2017) are situated around the
rims of the Tarim and Junggar Basins (Fig. 2) and provide much of the
sediment that is ultimately delivered to these structural and topographic depressions.
South of the Tarim Basin, the western Kunlun Shan (Fig. 5) is a part
of the Western Kunlun orogenic belt (WKO) and is bounded by the
Tarim block to the north and the Tibetan Plateau to the south (Hu et al.,
2017). The WKO consists of four sutured terranes with a wide variety of
rock types. The northern two terranes, which deliver sediment to the
Tarim Basin, include metamorphic rocks (gneisses and schists) intruded
by granites, but clastic sedimentary rocks, carbonates, and volcanic
rocks also occur locally (Wang, 2004; Hu et al., 2017). The eastern
Kunlun Shan is also north of the Tibetan Plateau and is bordered on the
north by the Qaidam Basin (Fig. 2). These mountains are a part of the
East Kunlun Orogenic Belt (EKOB), which also hosts extensive granitic
plutons (Zhou et al., 2016). This belt has also been subdivided into
diﬀerent units, separated by suture zones. The northern unit is dominated by granitic rocks, but also has gneisses, amphibolites, sandstones,
conglomerates, volcanic rocks, and limestones. The central unit has
Precambrian basement rocks and younger granites, whereas the
southern unit is dominated by Precambrian rocks, volcaniclastic rocks,
clastic sedimentary rocks, and carbonate rocks (Zhou et al., 2016).
The northern portion of the northwest-southeast-trending mountains of the Qilian Shan are found to the east of the Kunlun Shan.
Drainages going north from this range deliver sediments to the Badain

northwestern part of the Loess Plateau, near Lanzhou, loess deposition
has been ongoing for more than 2 million years (Fig. 3). Indeed, the
accumulation of loess in the Lanzhou area may be the thickest occurrence of this deposit on Earth. Smaller but still signiﬁcant areas of loess
are found to the south of the Loess Plateau, near the eastern part of the
Qin Ling Mountains, northeast of the Loess Plateau (near Harbin), and
to the south of the Tengger (a shamo, or sandy desert) (Figs. 2 and 4).
Loess is also found around the rim of the Taklimakan Desert in the
Tarim Basin of western China (Sun, 2002a) and in extreme northwestern China to the north of the Tarim Basin, between Mongolia and
Kazakhstan (Fig. 2). Smaller occurrences of loess are found in southeastern China.
2.2. Geologic setting of loess in Asia and rock sources for loess
The ultimate origin of loess in China is in part linked to the plate
tectonic history of Asia. This history produced the high topography that
was capable of generating sediment (dust sources) and also blocked
moisture sources in interior Asia, thus producing an arid environment
that was favorable for the entrainment of dust. Northward migration of
the Indian-subcontinent plate brought about collision with the Eurasian
plate in the Eocene-Miocene (see review in Sun and Liu, 2000). This in
turn resulted in crustal shortening with uplift of the Himalaya, the
highest continental mountains on Earth. Creation of this dramatic topography has allowed, at least in part, the development of rain-shadowed, arid basins to the north, including the Tarim and Qaidam Basins, as well as other sandy desert basins (Fig. 2). In addition to uplift of
the Himalaya, initial uplift to form the Tibetan Plateau is also thought
to have begun at the time of the Indian-Eurasian plate collision. Evidence suggests, however, that uplift of the Tibetan Plateau has continued into the Pleistocene (Sun and Liu, 2000).
The raw material for loess is ultimately related to the extremely
complex geologic history of Asia. A review of the geology of all of
China’s mountain ranges is far beyond the scope of this paper.
Nevertheless, a short summary of the rock types in some selected
mountainous terrains is presented here in order to show the wide
variety of lithologies that could potentially contribute sediment to loess
83
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(a) Luochuan
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Fig. 3. (a) Exposure of a part of the classic Luochuan loesspaleosol section on the dissected Chinese Loess Plateau,
showing paleosols (reddish bands, with “S” preﬁxes) alternating with loess deposits (brownish bands, with “L” preﬁxes). Photograph courtesy of Dr. Jimin Sun, Chinese
Academy of Sciences. (b) One of the thickest loess sections
in the world, exposed at Jiuzhoutai, near Lanzhou, China,
looking east (see descriptions in Burbank and Li, 1985; Rolfe
et al., 1989, and Chen and Li, 1991). Note that the positions
of the ∼120 ka, last-interglacial paleosol (S1) and the
∼780 ka Brunhes-Matuyama Polarity Chronozones (B-M)
boundary are given only approximately in the ﬁgure. Age of
the oldest loess at ∼2.6 Ma is from Ding et al. (1998, 2005).
Photograph courtesy of Joseph Rosenbaum, U.S. Geological
Survey.

(b) Lanzhou
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Indeed, dust storms are easily observed today on satellite imagery,
emanating from the arid basins of northern and northwestern China,
with movement toward the Loess Plateau (Fig. 4). The debate that
continues to this day is whether the deserts are the ultimate source of
silt-sized particles found in Chinese loess. This brings forth a question
about whether the silt-sized sediments in the desert basins owe their
origin to processes operating within the basins themselves or whether
they were formed by glacial grinding in nearby mountain ranges.
Smalley and Vita-Finzi (1968) and Smalley and Krinsley (1978)
propose that much of the silt in Chinese loess was produced by glacial
grinding in mountain ranges, such as the Tian Shan and Kunlun Shan,
rimming the desert basins (Figs. 2 and 5). Derbyshire (1983) challenged
this interpretation by suggesting that glaciation in the mountains of
northern and western China was of limited extent and that tills derived
from glaciers in these mountains are not particularly silt-rich (although
no data on silt content are reported). In Derbyshire’s (1983) view, much
of the silt in Chinese loess is produced by salt weathering and frost
shattering, either in the desert basins themselves or in the nearby
mountains. In a later paper, Smalley (1995) modiﬁed his assertion that
glacial grinding was the dominant process of silt particle production for

Jaran desert (Fig. 2). Rocks in the northern part of this mountain range
consist of a core of granite and diorite (Fang et al., 2013). Along the
northern margin of this crystalline core, there are intermediate volcanic
and pyroclastic rocks, chert, phyllite, slate, sandstones, conglomerates,
shale, mudstone, coal, and limestone (Fang et al., 2013). Still farther
southeast, and to the south of the Chinese Loess Plateau, there is an
east-west-trending range called the Qin Ling Mountains (Fig. 4). Rocks
in these mountains are dominated by granites, but diorites, gabbros,
metamorphic rocks, ultramaﬁc rocks, and ophiolites are also found
(Heberer et al., 2014; see their Fig. 2).
2.3. “Glacial” loess vs. “desert” loess
There has been much discussion about the speciﬁc origins of loess in
China, particularly centering on the issue of “glacial loess” vs. “desert
loess,” a debate that dates back to at least the mid-20th century (Bryan,
1945; Thorp, 1945). It is generally agreed, particularly on the basis of
observations of modern dust storms, that the desert basins of China and
Mongolia are the immediate sources of loess in China (Liu, 1988; Liu
et al., 1994; Derbyshire et al., 1998; Porter, 2001; Sun et al., 2001).
84
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Fig. 4. Moderate Resolution Imaging Spectroradiometer
(MODIS) image taken from the NASA Aqua satellite
showing dust originating from the Badain Jaran Shamo,
Tengger Shamo, and Ulan Buh Shamo (sandy deserts) and
heading southeast towards the Chinese Loess Plateau. Image
acquired on 10 April 2006, and used here courtesy of the
MODIS Rapid Response Team at NASA GSFC.
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Fig. 5. True-color MODIS image taken from the NASA Terra
satellite showing the rugged terrain of westernmost China,
Tajikistan and adjacent countries. The glaciated Tian Shan
and Kunlun Shan, shown in the eastern part of the image,
supply sediment to the Tarim Basin (Taklimakan Desert)
which is in turn entrained by wind and accumulates as loess
around the edges of the basin. Also shown is the location of
the Chashmanigar loess section in Tajikistan, discussed later
in the paper. Image was acquired on 28 November 2003 and
is courtesy of Jeﬀ Schmaltz, MODIS Land Rapid Response
Team at NASA GSFC.
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rocks (Frye et al., 1969; Mickelson et al., 1983; Grimley, 2000). The
Superior-Rainy lobes eroded terrains dominated by Precambrian igneous and metamorphic rocks, with smaller contributions from other
rocks. Finally, the Des Moines and James lobes of the Laurentide Ice
Sheet eroded Precambrian igneous and metamorphic rocks, large
amounts of Cretaceous shale, and smaller amounts of Paleozoic limestone and dolomite (Frye et al., 1969; Hallberg and Kemmis, 1986). The
result of these diﬀerent contributing bedrock sources is that till, outwash, and loess in the region all have varying abundances of quartz,
feldspars, carbonate minerals, and clay minerals.
The second large loess belt within central North America is the
Great Plains region. In the present paper, this region is deﬁned as the
area west of the Missouri River that was not covered by the Laurentide
Ice Sheet and includes the western parts of North and South Dakota,
Nebraska, Kansas and eastern Colorado (Fig. 7). Although loess bodies
east and west of the Missouri River are more or less continuous as depicted in generalized maps of loess distribution, isotopic, geochemical
and mineralogic studies have shown that loess in the Great Plains has a
very diﬀerent origin from that of the Mississippi River valley. Studies by
Aleinikoﬀ et al. (1999, 2008), Muhs et al. (1999, 2008a), and Yang
et al. (2017) show that loess in the Great Plains is derived partly from
ﬂuvial sources such as the Platte River system (Fig. 7). The Platte River
and its tributaries derive most of their sediment from Precambrian
crystalline rocks of the Rocky Mountains farther west in Colorado and
Wyoming. However, a more important source of Great Plains loess is
derived from Tertiary siltstone of the White River Group. This group (a
larger geologic unit consisting of one or more formations) has an extensive distribution in the States of Colorado, Wyoming, Nebraska, and
South Dakota and is dominated, by virtue of its volcaniclastic origin, by
silt-sized particles. Thus, the issue of silt particle formation by either
glacial or non-glacial processes does not apply here: silt-sized particles
are inherited from the White River Group siltstone. Field studies have
shown that some of the thickest last-glacial-aged loess is found in the
Great Plains region (Swinehart et al., 1994; Mason, 2001). In both the
Mississippi River valley and Great Plains, the history of loess deposition
is punctuated by periods of soil formation from at least the middle
Pleistocene (Fig. 9).
The third major loess region within North America that is discussed
here is loess of Alaska (Figs. 6 and 10). As is the case with Central Asia,
plate tectonic processes set the stage for the geologic evolution of
Alaska (Plafker and Berg, 1994). Movement of the Paciﬁc plate northward brought about subduction below the North American plate and
successive accretion of lithologically diverse terranes that built the
complex basins and mountain ranges that comprise the region. Subduction continues to this day, with the result that there are active
volcanoes found in the southern part of the region, on the Alaskan
Peninsula and the Aleutian Islands, stretching almost to Asia. In
southeastern Alaska, subduction was strongest about 26 Ma and has
weakened since that time (Winkler, 2000).
There are a number of rugged mountain ranges in Alaska, including
the Brooks Range in the north, the Alaska Range and Chugach
Mountains in the south, and the Wrangell-St. Elias Ranges in the
southeastern part of Alaska, continuing into adjacent Canada (Fig. 10).
The interior of the region is occupied by large basins, with smaller areas
of uplands that do not reach the elevations of the major mountain
ranges. Glaciation in Alaska is the result of (1) its relatively high latitude; (2) high elevations in the Brooks Range, Alaska Range, Chugach
Moutains, and Wrangell-St. Elias Range; and (3) abundant Paciﬁc-derived moisture from the Aleutian low-pressure cell. The Brooks Range
was extensively glaciated in the Pleistocene, though it is shielded from
much of this moisture at present and thus there are currently only a
very few, small glaciers (Hamilton, 1982). In contrast, the Alaska
Range, Chugach Mountains, and Wrangell-St. Elias Mountains still receive abundant Paciﬁc-derived moisture and have extensive glaciers,
although they were much more widespread in the Pleistocene (Figs. 10
and 11).

the origin of Chinese and Central Asian loess. Instead, Smalley (1995)
emphasized a suite of processes (although including glacial grinding)
that are all related to high-altitude glacial or periglacial activity. He
coined the term “mountain loess” to refer to silt particle production by
the collective action of a number of geomorphic processes found at high
altitudes. Wright (2001a) reiterated Derbyshire’s (1983) arguments
against a glacial origin for Chinese loess and agreed that salt weathering
and frost shattering in the desert basins are important processes of siltparticle formation. Furthermore, she suggested that chemical weathering, ﬂuvial comminution, and aeolian abrasion have all been important processes in Chinese silt particle formation.
It is important to point out that glaciers exist today in many of
China’s mountain ranges, including the Tian Shan, the Kunlun Shan,
Qilian Shan, and the Borohoro Shan, as well as over many parts of the
Tibetan Plateau and some parts of the Altay Mountains of nearby
Mongolia (Shi, 1980; see also Figure 5 of Péwé et al. (1995), which is
derived from this source). Small glaciers are even found in the Bayan
Har Mountains (Zhou et al., 2004). Thus, the potential certainly exists
for silt particle production by glacial grinding in China’s mountains at
present. Further, there is abundant geomorphic evidence that glaciers
in China’s mountains were more extensive in past glacial periods (Zhou
et al., 2004). If this is the case, then it is certainly possible that much silt
production has been the result of glacial grinding. Nevertheless, it is
also true that desert processes of silt production, as outlined by
Derbyshire (1983), have been successfully simulated in laboratory
settings (Wright, 2001b). Moreover, it is conceivable that both glacial
and non-glacial processes have contributed to silt particle production in
China and Central Asia, as these groups of processes are not mutually
exclusive.
2.4. Geography and geologic setting of loess in North America
In broadest terms, loess in North America can be found in ﬁve regions (Fig. 6). From east to west, these sediment bodies are: (1) loess of
the greater Mississippi River valley, (2) loess of the Great Plains region,
(3) loess of the Snake River Plain, (4) the Palouse loess, and (5) loess
found over diverse terrains in Alaska. Far less work has been done on
the geochemistry of loess of the Snake River Plain and the Palouse region, so the focus of the present paper will be on the other three regions.
The greater Mississippi River valley loess region includes not only
landscapes of that major drainage, but also those landscapes surrounding tributaries to this river, such as the Ohio River, Wabash River,
Illinois River, and Missouri River (Fig. 7). Loess is found along all of
these rivers. What these rivers have in common is that all were carriers
of outwash from the Laurentide Ice Sheet that covered much of the
northeastern two-thirds of the continent during successive glacial periods of the Quaternary (Figs. 6–8). In the late 19th century, T.C.
Chamberlin introduced what is now a classical model for the origin of
loess in this region. Chamberlin (1897) proposed that loess accumulated as a result of the aeolian transport of silt from valley-train outwash, in turn derived from the till of the Laurentide Ice Sheet. Outwash
from this ice sheet ﬁlled the valleys of the Missouri River, Mississippi
River, Illinois River, Wabash River and Ohio River during the most
recent glacial periods. This model of glacial outwash as the major
supplier of loess in the greater Mississippi River drainage basin has
withstood the test of time for many decades (see reviews in Ruhe
(1983), Bettis et al. (2003), and Muhs (2013a)).
Despite the common, glaciogenic origin of loess throughout the
greater Mississippi River drainage basin, loess composition diﬀers from
place to place within the region. Compositional variability reﬂects lithologically diverse terrains that the diﬀerent lobes of the Laurentide
Ice Sheet traversed (Fig. 8). For example, the Ontario-Erie, Huron, Lake
Michigan, and Green Bay lobes of the ice sheet (Fig. 7) eroded particles
from terrains dominated by Paleozoic carbonates (mainly dolomites)
and Paleozoic shales, with smaller amounts of Precambrian crystalline
86

Journal of Asian Earth Sciences 155 (2018) 81–115

D.R. Muhs

80

°

80°
RUSSIA

Arctic

ICELAND

60

60
°

Greenland
ice sheet

Ocean
°

Alaskan
loess

V
V

V

V

V
V V

V

V V

V

V
V V V
V V V

V
V

VV

V V
V

V

V

V

V

V
V

V

V

V
V

V
V

V

V

V
V
V

V
V
V
V

V

V V
V
V V
V

V
V

V

Atlantic

V

V
V

V
V V
V

V

V

V

V
V
V

V

V

V
V
V
V
V
V

V
V

V

V

V

Mississippi Ocean
Valley loess

20°

Gulf of
Mexico

V
V
V

V

V
V

Ocean

CENTRAL
AMERICA

V
V
V

V
V

V
V

V
V

KILOMETERS

120°

V

Great
Plains
loess

MEXICO

Pacific
600

V

V

20°
0

V

0°

V
V

V
V

V

V

14

V

V

V

California
Channel
Islands

°

UNITED
STATES

60

Snake
River
Plain
loess

°

40

V

V

V

Palouse
loess

V
V

V

V

°

Laurentide
ice sheet
V

V

V

V

40

CANADA

V
V

V

V

V

V

V
V
V

V

V

Cordilleran
ice sheet

100°

80°

Fig. 6. Map of North America and adjacent islands showing the distribution of loess and the extent of ice sheets during the Last Glacial Maximum. Loess distribution in Alaska is from
Péwé (1975); loess adjacent to the Snake River Plain is from Lewis and Fosberg (1982); Palouse loess distribution is from Busacca and McDonald (1994). Loess in other regions is from
Bettis et al. (2003) and Muhs et al. (2013a) and sources therein. Extent of ice sheets at the last glacial maximum is taken from Dyke et al. (2002).

2003). Loess is also found north of the Brooks Range, beyond the limit
of glaciation on the Arctic Coastal Plain, on the unglaciated northern
part of the Seward Peninsula, and in the southwestern part of the region. Holocene loess is accumulating today in the southern part of the
region, following deglaciation of last-glacial-period ice.

Most of the interior part of Alaska, between the Alaska Range and
the Brooks Range, was not glaciated during the Pleistocene, and this is
where the largest and thickest loess deposits are found (Fig. 10). The
earliest loess in this part of Alaska is as old as ∼3.0 Ma (Westgate et al.,
1990), with continuing deposition through the Holocene (Muhs et al.,
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clastic sedimentary and metasedimentary rocks, Paleozoic limestone
and dolomite, Tertiary clastic sedimentary rocks, and smaller amounts
of Cretaceous granitic intrusions. Farther south, the Chugach Mountains
are composed to a great extent of metasedimentary rocks with
greenschist and amphibolite facies. Rocks of the Wrangell-St. Elias
Mountains consist of diverse, Paleozoic to Quaternary volcanic rocks

Rock types are highly variable in Alaska, as expected in a region
consisting of accreted terranes. In the southern ﬂanks of the Brooks
Range, Paleozoic clastic sedimentary and metasedimentary rocks,
limestone and dolomite, and Paleozoic and Mesozoic maﬁc volcanic
rocks are found. The northern ﬂanks of the Alaska Range are characterized by Precambrian and Paleozoic gneiss and schist, Paleozoic
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this variability that is of most use to Quaternary geologists and geomorphologists attempting to reconstruct paleoclimate from loess records.

(basalt, andesite, dacite), but also metavolcanic rocks and limestones.
Whereas there has been considerable debate about the issue of
glacial versus desert loess in China, there is little doubt that silt production in Alaska is due to glacial grinding. The distinctive turquoise
color from “rock ﬂour” in Alaskan lakes within valleys that host glaciers
contrasts strongly with the clear water in lakes where no glaciers exist.
Analysis of suspended sediment data from streams in Alaska shows that
sediment yields are positively correlated with the amount of glacial
cover in drainage systems (Hallet et al., 1996). Indeed, Hallet et al.
(1996) show that basins with ≥30% glacier cover have sediment yields
about an order of magnitude higher than the amount of sediment in
basins without glaciers. During the autumn, when stream discharge is
low in Alaska (Crusius et al., 2011; Muhs et al., 2013b), dust storms
from ﬂoodplains of rivers that drain glaciers are common and suspended dust can travel hundreds of kilometers from its source (Fig. 11).

3.2. Major element geochemistry as a function of mineralogy in loess
The concentrations of major elements in loess are a reﬂection of the
minerals present in the sediments. Based on studies from a number of
regions within both Asia and North America, the most common minerals found in loess are quartz, plagioclase, K-feldspar, micas, chlorite,
amphiboles, calcite, dolomite, and phyllosilicate clay minerals (Frye
et al., 1962, 1968; Péwé and Journaux, 1983; Liu, 1988; Eden et al.,
1994; Grimley et al., 1998; Grimley, 2000; Muhs and Bettis, 2000; Sun,
2002a, 2002b; Muhs et al., 2003, 2008a, 2013b, 2016; Sun et al., 2007;
Jeong et al., 2008). Almost all loess deposits also contain small amounts
of heavy minerals, but identiﬁcation of these species is diﬃcult because
of the small particle size and low abundances.
Concentrations of complementary major elements on bivariate plots
display some of the common mineralogical diﬀerences between loess
bodies derived from distinctive source regions (Fig. 12). Phyllosilicate
clay minerals (smectite, mica, kaolinite, chlorite) are relatively rich in
Al and often are also enriched in Fe (certain smectites and chlorites).
Thus, concentrations of Al2O3 and Fe2O3 are frequently positively
correlated, as is seen in the plots for loess from Yakutia (northern Siberia), the Chinese Loess Plateau, and Tajikistan (Fig. 12a). In North
America, this is also apparent in the concentrations of Al2O3 and Fe2O3
(except for Mississippi River valley loess). The lower values for both
Al2O3 and Fe2O3 in Mississippi River valley loess are due primarily to
dilution by high amounts of carbonate minerals, calcite and dolomite,
as seen in concentrations of CaO and MgO (Fig. 12b). Central Alaska
loess lacks signiﬁcant amounts of carbonate minerals (Fig. 12b), but is
rich in chlorite and mica in both silt and clay sizes (Muhs et al., 2003,
2008c), so CaO and MgO are lower and Al2O3 and Fe2O3 are higher
than in Mississippi River valley loess. Loess in the Great Plains region of
Nebraska contains carbonates, but not in amounts as abundant as in the
Mississippi River valley, so it has intermediate values of concentrations
of Al2O3 and Fe2O3. Plots of CaO vs. MgO for Asian loess bodies indicate
that loess in Tajikistan has very high amounts of carbonate minerals,
consistent with data in Dodonov et al. (2006) whereas loess in Yakutia

3. Major element geochemistry of loess and implications for
origins
3.1. Loess as a proxy for average upper continental crust composition
A concept that has been put forward periodically over the past three
decades is that loess is a broad natural sample of the Earth’s upper
continental crust (Taylor et al., 1983; Taylor and McLennan, 1985,
1995, 2009; Liu et al., 1993; Gallet et al., 1996, 1998; McLennan,
2001). The rationale behind this concept is that erosion of broad areas
by continental ice sheets (as was the case in North America and Europe)
or ﬂuvial/glacial erosion of mountainous terrain with diverse rock
types surrounding large desert basins (as in many parts of Asia), followed by regional- or continental-scale aeolian transport provides a
widespread and representative sampling of many upper crustal rock
types. In principle, then, such a natural sampling process could yield a
composition that is close to average upper continental crust. In broadscale comparisons of rock compositions, e.g., oceanic crust vs. continental crust, this concept certainly has validity and has been a useful
index for average upper crustal compositions. At a ﬁner scale, loess
composition has variability from region to region and that will become
evident in both the major element geochemistry and trace element
geochemistry discussions that follow. Indeed, it is emphasized that it is
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and feldspars are highest within the coarse silt fraction and micas and
chlorite are highest within the ﬁne silt fraction. A more recent study by
Yang et al. (2006) is a detailed geochemical analysis of sediments, also
from the Chinese Loess Plateau, showing concentrations of major elements within six particle size classes, including sands, clays, and four
size ranges of silts (Fig. 13). Consistent with the results of Eden et al.
(1994), both SiO2 and Na2O show increasing concentrations with increasing particle diameter classes, indicating higher abundances of
quartz and plagioclase in the coarser fractions. Concentrations of Al2O3
and Fe2O3 show decreases with increasing particle size classes, indicating that these elements are likely concentrated in phyllosilicate
clay minerals, as discussed above. Some Fe2O3 may also reﬂect the
presence of chlorite, which is also proxied by MgO and shows a decrease in concentrations with coarser size classes. Finally, K2O shows
decreasing abundances with increasing particle size, suggesting that
this element is most likely representing clay- and ﬁne-silt-sized micas.
The results of this study are highly signiﬁcant, as they demonstrate the
importance of understanding both the particle size distribution of a
loess body as well as its mineralogy before geochemical interpretations
can be made with conﬁdence.

has low amounts of carbonate minerals, consistent with mineralogical
data reported by Péwé and Journaux (1983). In the Chinese Loess
Plateau, sediments have intermediate amounts of carbonate minerals
(Eden et al., 1994), which is in agreement with intermediate concentrations of CaO and MgO (Fig. 12b). Plots of Na2O vs. K2O show that
loess bodies are also distinct from one another for abundances of plagioclase (and to some extent, hornblende), as proxied by Na2O and Kfeldspar and micas, as proxied by K2O (Fig. 12c).
Although loess is dominated by silt and is, by comparison with
many other sediments, relatively well sorted, it does of course contain a
range in particle sizes. Most loess deposits contain some sand
(> 50 μm), some clay (< 2 μm), and a variable spectrum of particles
within the silt-sized class in between. This raises an important issue:
does mineralogy (and therefore also geochemistry) change as a function
of particle size in loess?
Two studies indicate that mineralogy does indeed vary between
diﬀerent particle size classes in loess. Eden et al. (1994) studied deposits on the Chinese Loess Plateau and did separate mineralogical
analyses of coarse silts (60–20 μm), ﬁne silts (20–2 μm), and clays
(< 2 μm). Their results indicate that within the two silt fractions, quartz
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part of the Chinese Loess Plateau. Another explanation might be an
increase in anorthite (Ca-plagioclase) and/or Ca-bearing pyroxenes in a
downwind direction.
Loess in North America shows some of the same geochemical trends
away from a hypothesized source as those seen on the Chinese Loess
Plateau. Muhs and Bettis (2000) examined last-glacial-aged (“Peoria”
Loess; equivalent to L1-1 Loess in Chinese stratigraphic nomenclature)
loess along a transect east of the Missouri River in western Iowa. As
seen in Fig. 7, loess in this area is thickest adjacent to the Missouri River
and thins eastward (Hallberg et al., 1991), consistent with a decrease in
mean particle size in the same direction (Ruhe, 1983; Muhs and Bettis,
2003). These observations imply a Missouri River ﬂoodplain source, as
per the classic model proposed by Chamberlin (1897) for North
American loess origins. As is the case with the Chinese Loess Plateau,
Al2O3, Fe2O3, TiO2, and K2O all show increases from west to east,
consistent with downwind increases in ﬁne-grained particles that are
dominated by micas and other phyllosilicate clay minerals (Fig. 15
shows two of these trends). Surprisingly, unlike the Chinese Loess
Plateau, concentrations of SiO2 show a modest increase from west to
east, but while signiﬁcant, the degree of explanation (∼33%) is not
high (Fig. 15).
In their transect in western Iowa, Muhs and Bettis (2000) also report
that CaO, MgO, and Sr, all elements found in carbonate minerals, show
decreases with distance east of the Missouri River. This same mineralogical trend is shown in Fig. 15 as CaO+LOI (%) versus distance east
of the Missouri River, in order to make direct comparisons with the
Chinese Loess Plateau. This proxy for calcite also shows an eastward
decrease. More than seven decades ago, Smith (1942), studying Peoria
Loess in the State of Illinois (Fig. 7) postulated that with lower rates of
sedimentation as one moves away from a source, one should expect
increased syndepositional weathering of carbonate minerals. In this
concept, distal areas of loess accumulation have sedimentation rates
that are low enough for carbonate leaching to keep pace with particle
accretion. With the recognition that Peoria Loess in Illinois contains
distinct mineralogical zones, including zones with high and low
amounts of detrital carbonate grains (Frye et al., 1968), some subsequent workers (e.g., Fehrenbacher, 1973; Kleiss, 1973) rejected

3.3. Spatial variability of major element geochemistry in loess
Many studies have demonstrated that loess in both Asia and North
America shows signiﬁcant changes in mean particle size as a function of
distance downwind from what are inferred to be probable immediate
sources (Smith, 1942; Frazee et al., 1970; Ruhe, 1983; Liu, 1988; Muhs
and Bettis, 2000, 2003; Porter et al., 2001; Muhs et al., 2004; Ding
et al., 2005). The most important trends, with respect to distance from a
source, are a decrease in sand and coarse silt contents, decrease in mean
particle size, and increase in ﬁne silt and clay contents. Based on the
discussion above on how diﬀerent minerals (and therefore major elements) tend to be partitioned into speciﬁc size classes, one could expect
that there should be spatial variability in major element concentrations.
Eden et al. (1994) explored this on the Chinese Loess Plateau and found
that in a north-to-south transect from the Mu Us Desert’s southern
margin across the plateau (Fig. 2), SiO2 concentrations show decreases
to the south and Al2O3, Fe2O3, TiO2, and K2O show increases. Other
elements display either weak trends or no trends. Based on the relations
between these elements and particle sizes shown in Fig. 13, decreases in
SiO2 concentrations are likely due to the north-to-south decreases in
sand and coarse silt content (dominated by quartz) and the increases in
Al2O3, Fe2O3, TiO2, and K2O concentrations are a function of the northto-south increase in ﬁne silt and clay contents (dominated by micas,
chlorite, and phyllosilicate clay minerals). Thus, the trends reported by
Eden et al. (1994) are consistent with the spatial trends in particle sizes
for the Chinese Loess Plateau reported by Liu (1988) and Ding et al.
(2005). Geochemical data for a north-to-south transect across the Chinese Loess Plateau were also reported by Ding et al. (2001), although
for a fewer number of sites. Their data also show a downwind decrease
in SiO2 concentrations, related to quartz-dominated sand and coarse
silt, along with a downwind increase in Fe2O3, related to greater
abundances of clay minerals downwind (Fig. 14). Surprisingly, Al2O3
concentrations, expected to increase to the south, display only a weak
trend. An unexpected trend is a signiﬁcant increase in CaO+LOI (where
LOI is loss on ignition) from north to south (Fig. 14). The sum of CaO
+LOI can be a proxy for calcite (and perhaps dolomite to a lesser extent) and indicates that calcite content could be greater in the southern
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Garrels and Mackenzie (1971) provide two useful geochemical arrays in
this regard. Although these graphical presentations were designed for
geochemical classiﬁcation of sedimentary rocks and to trace their
compositional evolution, they serve as highly informative plots for ascertaining likely source materials for loess. Loess from dominantly basaltic Iceland, while strictly speaking is not part of either Asia or North
America, is included in the discussions here because it illustrates how
an end-member composition appears on these plots.
The ﬁrst of the Garrels and Mackenzie (1971) plots considers the
geochemistry of three of the most important sedimentary rocks, shales
(and slates derived from shales), carbonates (limestone and dolomite),
and sandstones, as well as a felsic-maﬁc continuum of igneous rocks
(Fig. 16). The horizontal axis is log [(CaO+Na2O)/K2O], essentially a
measure of carbonates plus plagioclase to K-feldspar. The vertical axis is
log (SiO2/Al2O3), essentially a measure of quartz to feldspars and clay
minerals. Thus, limestones and dolostones, with their high calcite and
dolomite contents (and therefore high Ca contents), will plot far to the
right, whereas sandstones, with their high quartz contents (and therefore high Si contents) will plot near the top. Shales, with their high mica
and clay mineral contents (and therefore high K and Al contents) will
plot to the left but lower than sandstones. The average plutonic rock
plots approximately where the ﬁelds for shales and sandstones nearly
intersect; basalts fall to the right of this and granites fall to the left
(Fig. 16).

Smith’s (1942) model. Nevertheless, the data from western Iowa and
similar data reported by Muhs et al. (2008a) from northeastern Nebraska seem to support Smith’s (1942) model.
These considerations, therefore, raise some interesting questions
about the observed trend of increasing carbonate contents as a function
of distance south of the Mu Us Desert on the Chinese Loess Plateau
(Fig. 14). There is little question that sedimentation rates decrease to
the southeast away from the Mu Us Desert (see Porter et al., 2001; their
Fig. 6b), so it could be anticipated that the potential for syndepositional
leaching exists on this basis alone. In addition, mean annual precipitation increases in the same direction (see Porter et al., 2001; their
Fig. 4b), which would enhance the already favorable setting for syndepositional carbonate leaching. Thus, the observation of geochemical
data indicating possible higher carbonate mineral content southward
across the Chinese Loess Plateau (Fig. 14) is unexpected. One possible
explanation is that there is a secondary, carbonate-rich source of dust in
the southern part of the Loess Plateau that does not aﬀect the northern
part of the region, but this requires further testing.
3.4. Use of major element geochemistry to infer source rocks for loess
Because loess is ultimately derived from rocks with diverse compositions, much can be learned about a loess body’s origins by comparing its major element geochemistry with that of common rock types.
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sources as follows: Yakutia (Péwé and Journaux, 1983); Chinese Loess Plateau (Gallet et al., 1996; Ding et al., 2001; Jahn et al., 2001); Tajikistan (Li et al., 2016); Mississippi River valley
loess (Pye and Johnson, 1988; Muhs et al., 2001); central Alaska loess (Muhs et al., 2003, 2008c); Great Plains loess (Muhs et al., 2008a).

compares K2O/Al2O3 versus Na2O/Al2O3 (Fig. 17) as a measure of relative contributions from felsic rocks (granites and rhyolites) versus
maﬁc rocks (basalts and gabbros). Sediments that plot to the right have
greater contributions from felsic sources and those with greater contributions from maﬁc sources will plot to the left. The vertical axis is a
measure of the relative contributions from igneous rocks versus shales.
The shale trend line is an empirically derived graph showing a range of
low-Na2O, but high-Al2O3, ﬁne-grained sedimentary or metasedimentary rocks that include shales, slates, pelites, schists, and phyllites. The
shale trend line occurs below the ﬁeld for igneous rocks because shales
and other clastic sedimentary rocks have lower Na2O than igneous
rocks due to a history of depletion of plagioclase by chemical weathering. Put another way, low-Na2O rocks, as shown here, are sedimentary rock source indicators. The curve trends downward and to the right
indicating increasing amounts of K2O and decreasing Na2O, and ends
with illite, having a Na2O/Al2O3 value of essentially 0.0 and a K2O/
Al2O3 value of just a bit over 0.40. Average plutonic rocks plot within
the lower part of the igneous rock ﬁeld, just above the highest Na2O/
Al2O3 value on the shale trend line. Gallet et al. (1996, 1998) used these
plots in their studies of loess from a variety of localities worldwide.
Several interesting observations can be made from loess bodies
when viewed on a K2O/Al2O3 versus Na2O/Al2O3 plot. The ﬁrst is that
loess bodies in China have signiﬁcantly diﬀerent compositions in each
region (Fig. 17a). Loess from northeastern China, near Harbin (Fig. 2)
has signiﬁcantly higher Na2O/Al2O3 values than samples from the Loess
Plateau, and the latter have higher Na2O/Al2O3 values than loess
samples collected near the Qinling Mountains. All three Chinese loess

Because loess particles have a particle size distribution dominated
by silts, between the modal particle sizes of sandstones and shales, it
can be hypothesized that they ought to plot close to the intersection of
these two ﬁelds. Results for a wide variety of loess bodies indicate that
this is largely true (Fig. 16). Loess from Yakutia, the Chinese Loess
Plateau, central Alaska, and the Great Plains of Nebraska plot very close
to the composition of average plutonic rocks, suggesting that rocks with
an average upper crustal composition (i.e., close to a granodiorite) were
important suppliers to these loess bodies (Fig. 16a–c). Not surprisingly,
many samples of loess from Iceland plot close to the average basalt
value, but many points do not plot right on the position of average
basalt (Fig. 16a). However, the low Na2O values in some Icelandic loess
could be due to input from felsic volcanic rocks, which do occur in
Iceland despite the basalt-dominated nature of the island (Thordarson
and Larsen, 2007; Jakobsson et al., 2008). Moreover, because much of
Iceland's basalt is tholeiitic, it is more “primitive” and therefore lower
in Na2O (Jakobsson et al., 2008). Loess from Tajikistan, southeastern
Alaska, and to a lesser extent, the Mississippi River valley plot to the
right of the ﬁelds for both sandstone and shale, in the direction of the
carbonate rocks ﬁeld, indicating that there have been contributions
from limestones and/or dolomites to these loess bodies (Fig. 16b–d).
Great Plains loess and Mississippi River valley loess plot well above the
ﬁeld for shale, indicating that mica-rich rocks were perhaps not as
important as contributing source rocks compared to loess from Yakutia,
the Chinese Loess Plateau, and central Alaska (but see discussion
below).
The second compositional plot from Garrels and Mackenzie (1971)
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from data in Yang et al. (2006).
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lower in Na2O (Jakobsson et al., 2008). Both Great Plains and Mississippi River valley loess fall close to the values of average plutonic
rocks on the K2O/Al2O3 axis, but are well below the ﬁeld for igneous
rocks, indicating important contributions from sedimentary or metasedimentary rocks. Loess bodies in diﬀerent parts of Alaska are compositionally distinct. In contrast to Great Plains and Mississippi River
valley loess, both southeastern Alaskan loess and central Alaskan loess
fall very clearly on the maﬁc side of the igneous rock ﬁeld. However,
whereas southeastern Alaskan loess appears to have little input from
metasedimentary or sedimentary rocks, central Alaskan loess falls well
below the igneous rock ﬁeld, indicating some input from sedimentary
rocks that have experienced prior weathering.
Both of the Garrels and Mackenzie (1971) plots can yield important
clues about loess origins and they are most useful when utilized together. The log [(CaO+Na2O)/K2O] versus log (SiO2/Al2O3) plot has
its greatest utility in showing how loess compares directly with the
composition of other sediments or sedimentary rocks, but is less useful

bodies have K2O/Al2O3 values that are in the range of average upper
crustal rocks, but all plot well below the range of igneous rocks. From
this one can infer that all three loess bodies have, in addition to derivation from igneous rocks, varying contributions from ﬁne-grained sedimentary or metasedimentary rocks. Elsewhere in Asia, it can be seen
that loess in Yakutia and Tajikistan have distinct compositions
(Fig. 17b). Loess from Yakutia has a more felsic composition than loess
from Tajikistan and the former appears to have had more contributions
from igneous rocks than the latter, which has a greater component of
shale-like contributions. Icelandic loess falls, not surprisingly, on the
maﬁc side of the K2O/Al2O3 versus Na2O/Al2O3 plot, but many points
have surprisingly low Na2O/Al2O3 contents (Fig. 17c). However, as
discussed above, the low Na2O/Al2O3 values in Icelandic loess could be
due to input from felsic volcanic rocks, which do occur in Iceland despite the basalt-dominated nature of the island (Thordarson and Larsen,
2007; Jakobsson et al., 2008). Also, as discussed above, because much
of Iceland's basalt is tholeiitic, it is more “primitive” and therefore
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Fig. 14. Changes in concentrations of major elements in the
L1 loess as a function of distance southeast of the southern
boundary of the Mu Us Desert (Fig. 2). Regression equations, coeﬃcients of determination, and distances south of
the Mu Us Desert calculated by the author from data in Ding
et al. (2001). Note: Ding et al. (2001) presented major element data on a volatile-free basis, but those values have
been recalculated to include volatiles in the presentation
given here.
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do for all geologic materials, and use of the Garrels and Mackenzie plots
shows how they can provide useful information about source rocks.
Nevertheless, the igneous petrology community has long recognized
that trace elements are powerful tools for deciphering rock origins.
Trace element geochemistry is becoming a more commonly used
method for sediment provenance (see examples in Taylor and
McLennan, 1985, 1995; Bhatia and Crook, 1986; McLennan, 1989;
Gallet et al., 1996, 1998; Jahn et al., 2001; Sun, 2002a, 2002b; Zhang,
2004; Muhs and Budahn, 2006; Muhs et al., 2007a, 2007b, 2013b,
2016; Sun et al., 2007; Yang et al., 2007; Tao et al., 2014; Hu et al.,
2017).
For provenance studies, the most useful elements to consider, on the
basis of high ionic potential, are those that have little mobility in lowtemperature, near-surface environments. Such elements include Cr, Sc,
Ta, Th, Zr, Hf, As, and Sb, as well as Y and the rare earth elements

with regard to speciﬁc igneous rock contributions. The K2O/Al2O3
versus Na2O/Al2O3 plot yields less information about how loess composition compares with other sediments (and gives virtually no information about components derived from carbonate rocks) but gives
detailed information about how loess composition compares to igneous
rock sources and shales. Used together, the two plots are highly complementary and can provide much information about loess sources.
4. Trace element geochemistry of loess and implications for
origins
4.1. Use of immobile trace elements (Sc-Th-La-Zr) to infer source rocks for
loess
Major elements, of course, compose the bulk of loess bodies as they
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Sc-Th-La diagrams, average upper continental crust (UC) falls in the
upper center of the triangle, reﬂecting the dominance of Th and La;
average oceanic crust falls near the lower right corner, reﬂecting the
dominance of Sc (Fig. 18). Results for the Channel Islands show that
andesite, dominant on three of the islands, falls between the composition of oceanic crust (OC) and UC, and basalt, dominant on Santa
Barbara Island, falls very close to OC. Mojave Desert dust, derived to a
great extent from granitic terrains, shows variability, but its composition centers around UC values. Silts (53–2 μm) from the loess mantles
on all four islands fall within the range of Mojave Desert dust, close to
UC values, and none overlap the values for andesite or basalt. These
results suggest that the silt component of the loess mantles is externally
derived, not from the island bedrock, but with the Mojave Desert on the
mainland as a candidate source. Clays (< 2 μm) fall between the ﬁelds
for local bedrock and Mojave Desert dust, suggesting that they may be
derived in part from an external source and in part by in situ weathering of the local volcanic rocks.
With this simple example from California as an illustration, it is
possible to expand the trace element provenance concept to incorporate
a broader-scale exploration of rock sources for loess. Bhatia and Crook
(1986) conducted a study of the provenance of Australian graywackes
using these methods, tying the highly variable compositions to source
rocks from diﬀerent tectonic settings. These investigators used a suite of
trace element plots to accomplish this, but two of the most eﬀective are
Sc-Th-La, as illustrated above, and Zr-Sc-Th. Using these two trace
element arrays, Bhatia and Crook (1986) succeeded in identifying
compositional variability for rocks derived from four tectonic settings,
going from maﬁc to felsic: (1) oceanic island arc; (2) continental island
arc; (3) active continental margin; and (4) passive continental margin
(Fig. 19).
Loess from China falls virtually on top of the average upper continental crustal (UC) value on a Sc-Th-La diagram, indicating dominantly felsic sources (Fig. 19a). Loess from Tibet shows greater abundances of Th and La relative to Sc, indicating an even more felsic source

(REEs), La to Lu. Titanium, a minor element usually reported with
major elements, is also useful in provenance studies. These minimally
mobile elements are found in a wide variety of minerals (Mason and
Moore, 1982). Common host minerals for Ti are ilmenite, pyroxene,
hornblende and biotite. Two trace elements that substitute for Fe are Cr
(enriched in pyroxenes as well as chromite), and Sc, found in pyroxenes, micas, amphiboles, titanite, and clay minerals. Micas, amphiboles,
zircon, sphene and clay minerals can host Th and Ta. In addition, Ta can
be found in magnetite or ilmenite. Zircon is the exclusive host of Zr and
Hf. Both As and Sb most likely occur as substitutes for Fe in magnetite
(Onishi and Sandell, 1955). The REE and Y are found in apatite,
monazite, zircon, titanite, feldspars, and clay minerals.
One of the most useful suites of elements for provenance studies is
Sc-Th-La, usually expressed graphically as a ternary diagram (Taylor
and McLennan, 1985). Scandium is enriched in pyroxenes (thus it is
higher in maﬁc rocks) whereas Th and La are enriched in granitic rocks.
As a result, sediments derived from more maﬁc sources will tend to plot
near the Sc pole and those derived from felsic sources will plot between
the Th and La poles.
A simple example from some “natural” dust trap island landscapes
illustrates the use of Sc-Th-La plots for identifying the provenance of
suspected aeolian sediments. The California Channel Islands are situated oﬀ the Paciﬁc Coast of North America and four of them are
characterized wholly or largely by Miocene volcanic rocks, andesite or
basalt. Soils on these islands have a mantle of silt-rich material 5–20 cm
thick that contains minerals (quartz and mica) not found in the bedrock
of the volcanic rocks. Muhs et al. (2007a, 2008b) hypothesized that
these silt-rich mantles were essentially young loess derived from
mainland California, accumulating when the typical northwesterly
winds are reversed under “Santa Ana” conditions and westward transport of particles from the Mojave Desert on the mainland is possible.
These investigators report Sc-Th-La data for the local bedrock (basalt
and andesite), Mojave Desert dust (the most likely external, mainland
source), and the clay and silt fractions of the loess mantles. On ternary
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Fig. 19. Sc-Th-La and Zr/10-Sc-Th plots for loesses from
various parts of Asia and New Zealand. Also shown are
ﬁelds of Sc-Th-La and Zr/10-Sc-Th compositions for potential source rocks from various tectonic settings (from Bhatia
and Crook, 1986). Sources for Sc, Th, La, and Zr data: Tibetan loess (Sun et al., 2007); Tajikistan loess (Li et al.,
2016); northeastern Chinese loess (Xie and Chi, 2016);
Chinese Loess Plateau (Sun et al., 2007); New Zealand loess
(Graham et al., 2001).

On a Zr-Sc-Th plot, the same general interpretations can be made, and
both Alaskan loess bodies again fall into the ﬁeld deﬁned by rocks with
a “continental island arc” tectonic regime. However, lower Mississippi
River valley loess has a composition intermediate between this ﬁeld and
that occupied by rocks with an even more felsic “active continental
margin” regime (Fig. 20b).

or sources. To provide an extreme example of a diﬀering composition
(although not from Asia), loess from New Zealand plots within the
compositional ﬁeld of an “oceanic island arc” tectonic setting, which is
consistent with the geology of these islands.
On a Zr-Sc-Th diagram, there is general consistency with the interpretation of probable source rocks for Asian loess as seen with the ScTh-La data (Fig. 19b). Loesses from both regions of China have similar
compositions, suggesting dominantly felsic source rocks, but Tibetan
loess appears to have an even more felsic source than is the case for
Chinese loess. In contrast, loess from Tajikistan has relatively higher
amounts of Sc, indicating a more maﬁc source. As is the case with the
Sc-Th-La diagram, loess from New Zealand indicates that this sediment
has the most maﬁc sources of all.
In North America, all loess bodies, when plotted on a Sc-Th-La
diagram, fall within the ﬁeld of rocks deﬁning the felsic “continental
island arc” tectonic regime, similar to Asian loess, except for Great
Plains (Kansas) loess, which falls into the “passive continental margin”
ﬁeld, at least for Zr-Sc-Th (Fig. 20a). Nevertheless, the ﬁelds are distinct
for each of the loess bodies and it is possible to make some inferences
about diﬀerent source rocks that could have supplied the sediments.
Lower Mississippi River valley loess (the < 20 μm fraction, from Muhs
et al. (2007b), which are the only data available) has a Sc-Th-La composition that is very similar to Chinese loess, and falls on the average
UC composition. This is consistent with a Canadian Shield crystalline
rock source, which is considered to be one of the more important glaciogenic supplies of loess in this valley (Grimley, 2000). The Great
Plains loess samples from Kansas, reported by Taylor et al. (1983) have
uncertain locations, but if they are similar to other localities adjacent to
Nebraska described by Aleinikoﬀ et al. (2008) and Muhs et al. (2008a),
they reﬂect the very felsic White River Group volcaniclastic siltstone
and Rocky Mountain crystalline rock sources described by those authors. Central Alaskan loess, on the other hand, shows contributions
from somewhat more maﬁc sources, which could be some of the metasedimentary rocks of the Alaska Range, consistent with the interpretations of Muhs and Budahn (2006). Southeastern Alaskan loess has
the most maﬁc signature of the three North American loesses considered here, but this loess body likely has received signiﬁcant inputs
from basaltic or andesitic source rocks in the Wrangell Mountains, plus
metasedimentary rocks that had maﬁc protoliths (Muhs et al., 2013b).

4.2. Use of rare earth elements to infer source rocks for loess
The rare earth elements (REEs) have been used extensively in studies of igneous petrology to infer rock-forming processes and source
magmas. However, by extension, the REE in sediments can yield important clues about what source rocks supplied the particles for those
sediments. As is the case with Sc, Th, La, and Zr, discussed above, the
REE have minimal mobility within near-surface environments.
However, one advantage of the REE over certain other immobile trace
elements for provenance studies is that they are found in a broad suite
of minerals. Whereas Zr and Hf and As and Sb are found in heavy minerals (zircon and magnetite, respectively), the REE are found in both
heavy and light minerals (amphiboles, micas, zircon, chlorite, clay
minerals, apatite and even trace amounts in feldspars). Thus although
Zr, Hf, As and Sb may be biased somewhat towards indicators of heavy
minerals that reﬂect nearby sources, the REE in aeolian sediments potentially can reﬂect both proximal and distal sources.
In using REE in sedimentary geochemistry, plots are typically made
of the abundances of elements relative to chondritic meteorites, as is
done in igneous petrology. Oceanic crust has little diﬀerentiation and
generally shows a “ﬂat” abundance curve from the lightest of the REE
(La) to the heaviest (Lu). With increasing diﬀerentiation, the light REE
(LREE) become enriched and the heavy REE (HREE) are depleted.
Europium has special signiﬁcance in that it alone among the REE
can exist stably in a divalent state and has an ionic radius that is close to
Sr. Thus, Eu can substitute for Sr in plagioclase. Igneous rocks derived
from purely mantle sources, including mid-ocean ridge basalts and island-arc basalts, have not only a “ﬂat” REE abundance curve, but
abundances of Eu, relative to its lighter and heavier neighbors, Sm and
Gd, are similar. In felsic rocks of the upper continental crust, however,
this is not the case. Not only do the LREE become relatively enriched
and the HREE relatively depleted, Eu shows depletions relative to Sm
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Fig. 20. Sc-Th-La and Zr/10-Sc-Th plots for loesses from
various parts of North America. Also shown are ﬁelds of ScTh-La and Zr/10-Sc-Th compositions for potential source
rocks from various tectonic settings (from Bhatia and Crook,
1986). Sources for Sc, Th, La, and Zr data: southeastern
Alaskan loess (Muhs et al., 2013b); central Alaskan loess
(Muhs and Budahn, 2006); Mississippi River valley loess
(Muhs et al., 2007b); Great Plains (Kansas) loess (Taylor
et al., 1983). Note that southeastern Alaskan loess is for
the < 53 μm fraction only and Mississippi River valley loess
is for the < 20 μm fraction only; data for central Alaskan
loess and Great Plains (Kansas) loess are derived from bulk
sediment analyses.

mountain ranges, rimming structural depressions, ﬂanked by alluvial
fan deposits, and the basins are ﬁlled with dune sand and ﬁner-grained
sediments (Figs. 2, 4 and 5). Thus, while there is general agreement that
some parts of the northwestern China region are the sources of dust,
identiﬁcation of speciﬁc dust-generating basins as sources for the Chinese Loess Plateau has been more controversial. Sun (2002a) reviewed
the various hypotheses that had been proposed up to that point in time
by a number of investigators. Sources as close as the Tengger Shamo
Basin and as far away as the Tarim Basin have been suggested as possible sources for dust. Examination of satellite imagery shows that dust
is entrained in many of these regions, so all are reasonable suggestions
as sources based on modern observations (Fig. 23).
Sun (2002b) pointed out that loess deposits are found not only on
the Loess Plateau itself, but also along the rims of the Tarim, Junggar,
and Qaidam basins (Fig. 2). Reasoning that these loess deposits are
likely derived from the respective basins to which they are adjacent,
Sun (2002a) sampled loess from areas adjacent to these basins and
isolated the < 20 μm fraction, the ﬁnest-grained component that could
conceivably be subject to long-range transport to the Loess Plateau. He
then isolated the < 20 μm fraction of samples from the Loess Plateau
itself and did REE analyses of all < 20 μm materials. Results, shown
here on a LaN/YbN vs. Eu/Eu∗ plot, indicate that Chinese Loess Plateau
sediments that are < 20 μm have a REE composition very close to that
of the UC (Fig. 24a). Loess samples fractionated to < 20 μm from the
other regions have REE compositions that are not as close to that of the
UC and are distinct from the composition of the Loess Plateau
(Fig. 24a–c). Qaidam Basin-derived loess and Tarim Basin-derived loess
have some overlap with the ﬁeld deﬁned by samples from the Loess
Plateau, but numerous samples fall outside this ﬁeld. Samples from the
Junggar Basin have no overlap at all with those from the Loess Plateau.
Sun (2002a) also provided other geochemical, mineralogical, and Srisotopic data that showed that loess bodies adjacent to these three basins are compositionally distinct and diﬀer from the Chinese Loess
Plateau. He concluded that more likely sources for the Loess Plateau are
silts derived from alluvial fan deposits ﬂanking the Qilian Shan in
China, and the Gobi Altay and Hangayn Mountains in Mongolia (Fig. 2).
In support of this concept, Sun (2002a) points out that surface winds
strong enough to transport dust in the Tarim Basin are frequently from
the northeast (Fig. 23a). While this explains the occurrence of loess on

and Gd. The sign and degree of any Eu “anomaly” can be quantiﬁed by
the Eu/Eu∗ value, where Eu is the chondrite-normalized Eu concentration (EuN), and Eu∗ is (SmN x GdN)0.5 (where the subscript “N”
refers to chondrite-normalized values for that element). Basalts that
reﬂect a relatively pure mantle origin typically have no Eu anomaly and
therefore have Eu/Eu∗ of 1.0 (see examples in Budahn and Schmitt,
1985). Values less than 1.0 indicate “negative” Eu anomalies; values
greater than 1.0 indicate “positive” Eu anomalies. Lower crustal rocks
typically have positive Eu anomalies, but upper crustal igneous rocks,
as well as sedimentary rocks derived from them, typically have “negative” Eu anomalies, with Eu/Eu∗ values ranging from 0.6 to just
under 1.0 (Taylor and McLennan, 1985, 1995; McLennan, 1989). Two
other measures of REE composition reﬂect abundances of light and
heavy REE. LaN/YbN is a measure of the overall enrichment of light
REE, where high values reﬂect signiﬁcant light REE enrichment. GdN/
YbN is a measure of heavy REE depletion, where high GdN/YbN values
indicate signiﬁcant depletion of the heavy REE.
To illustrate the use of the REE in provenance studies, the example
of loess mantles on the California Channel Islands is again referenced
(Muhs et al., 2007a, 2008b). Basalt on Santa Barbara Island has the
classic “ﬂat” REE curve and shows no Eu anomaly (Fig. 21a). In contrast, both silt and clay fractions of the loess mantles above the basalt
on this island show relative enrichment of the LREE, a negative Eu
anomaly, and a ﬂat HREE portion of the curve (Fig. 21b). On East
Anacapa Island, the dominant rock type is andesite, and its more felsic
character is seen with a slightly enriched LREE suite and a slight negative Eu anomaly (Fig. 21c). However, both the silts and the clays
within the loess mantles on this island also show greater LREE enrichment and a more strongly negative Eu anomaly (Fig. 21d). Using
the LaN/YbN vs. Eu/Eu∗ measures described above, bivariate graphs
show how REE plots can be reduced in an easy-to-interpret fashion with
regard to provenance (Fig. 22). In this case, it is apparent that silts and
clays in the loess mantles have closer REE compositions to Mojave
Desert dust compared to the local islands’ bedrock, consistent with the
interpretations made from the Sc-Th-La plots discussed above (Fig. 18).
The REE have been applied to loess provenance studies in both Asia
and North America. For the Chinese Loess Plateau, Liu (1988) identiﬁed
a broad area to the northwest of the main loess body as the dominant
source area for dust. Within this area, however, there are numerous
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Fig. 21. Chondrite-normalized plots of rare earth element
concentrations in local volcanic rocks and in the silt
(53–2 μm) and clay (< 2 μm) fractions of loess mantles on
the California Channel Islands. Data from Muhs et al.
(2008b).
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loess in the Harbin region of northeastern China (Fig. 2) has a REE
composition that shows considerable overlap with the Chinese Loess
Plateau, loess from the Qinling Mountains shows less overlap, and loess
from the Xigaze area of Tibet (Fig. 2) shows no overlap at all
(Fig. 25a–c). A worthwhile eﬀort would be to inventory the REE composition of the smaller, more isolated loess bodies in southern China,
well south of the Loess Plateau, to investigate whether their compositions are distinct.
Use of the REE has also been conducted in China to determine if
sources for dust on the Loess Plateau have changed over time. Ding
et al. (2001) investigated a thick section at Jiaxian, in the northern
Chinese Loess Plateau (Fig. 2), that has, in its lower part, many meters
of red clay deposits, thought to date from the Tertiary. These deposits
are similar in character to those shown in the lower part of the section
near Lanzhou (Fig. 3b). Results show that some of the Tertiary red clay
deposits at Jiaxian have REE compositions that overlap those of Quaternary silts on the Loess Plateau, indicating the possibility of similar
sources. However, many red clay samples have Eu/Eu∗ values that are
signiﬁcantly higher than those of Quaternary loess samples (Fig. 25d).
The higher Eu/Eu∗ values are indicative of a more maﬁc source material, an intriguing notion that invites further study.

the north side of the Kunlun Shan, it is contrary to the idea that dust
from the Tarim Basin is delivered to the Loess Plateau. On the other
hand, modern, dust-transporting winds in the region around the Badain
Jaran Shamo and Tengger Shamo are typically from the northwest,
which could supply dust to the Loess Plateau (Fig. 23b). Hu and Yang
(2016) note that alluvial fan sediments are delivered to the Badain
Jaran and Tengger basins from the Altay Mountains, Gobi Altay, and
the Qilian Shan (Fig. 2). From a number of studies, Hu and Yang (2016)
compiled REE compositions of rocks from these mountains. Not surprisingly, given the diverse rock types in these mountain ranges, their
results show a considerable range of variability in REE compositions
(Fig. 24d). Nevertheless, a compilation of samples (mostly bulk analyses, but the < 20 μm samples from Sun (2002a) are also shown) from
the Loess Plateau fall squarely between the ranges of values for rocks in
the Qilian Shan, the Altay Mountains, and the Mongolian Gobi
(Fig. 24d). These results at least permit an interpretation that the Badain
Jaran Shamo and Tengger Shamo, supplied with ﬁne-grained sediments
from these mountains, could be the immediate sources of dust for the
Loess Plateau, in support of Sun's (2002a) proposal.
Other studies show that loess bodies elsewhere in China have distinct REE compositions, indicating separate sources for each. Although

Fig. 22. Plots of LaN/YbN vs. Eu/Eu* for silt (53–2 μm) and
clay (< 2 μm) fractions of loess mantles on the California
Channel Islands compared to local island volcanic rocks and
Mojave Desert dust. Channel Islands data are from Muhs
et al. (2008b); Mojave Desert dust data are from Reheis
(2003) and Reheis et al. (2002).
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Fig. 26a are from Taylor et al. (1983) and as discussed earlier, speciﬁc
localities where these samples were collected are unknown. Nevertheless, if they are derived from the same sources as loess in adjacent
Nebraska, then as with the Sc-Th-La composition, the REE composition
of this loess is consistent with a combination of felsic, non-glacial,
volcaniclastic siltstone and silts from felsic Precambrian crystalline
rocks of the Rocky Mountains of Colorado and Wyoming.
Loess from central Alaska (Fig. 10), studied by Muhs and Budahn
(2006) also has a REE composition similar to that of the Chinese Loess
Plateau and the UC (Fig. 26b). This composition is consistent with other
data presented earlier indicating that this loess is derived primarily
from felsic sources in granitic mountain ranges, as well as metasedimentary rocks. In contrast, loess from the Matanuska Valley of southcentral Alaska (Fig. 10) has signiﬁcantly higher Eu/Eu∗ and signiﬁcantly lower LaN/YbN, indicating more maﬁc sources (Fig. 26c).
Muhs et al. (2016) concluded, based on comparisons with alluvial silts,
that the main source of loess in this region is the Matanuska River,
which is fed by glaciogenic silts derived from the Talkeetna and Chugach Mountains. Although both mountain ranges host granitic rocks,
they also contain larger amounts of metasedimentary rocks with maﬁc
protoliths, which explains this composition.
An even more dramatic example of a maﬁc composition is seen in
Holocene loess from southeastern Alaska, near the dominantly volcanic
Wrangell-St. Elias Mountains (Fig. 10). These mountains, which still
host large glaciers (Figs. 10 and 11) are composed of a wide variety of
rocks, but include maﬁc volcanic rocks, plus older metasedimentary
rocks with maﬁc protoliths. Furthermore, loess in this area also receives
contributions from the Chugach Mountains, a range that contains
abundant maﬁc metasedimentary rocks as well (Muhs et al., 2013b).
Thus, loess in this part of Alaska has the highest Eu/Eu∗ of any aeolian
silts yet studied in Alaska, as well as relatively low LaN/YbN (Fig. 26d).
One inference that can be drawn from these examples is that in a lithologically diverse region such as Alaska, loess compositions are expected to vary considerably from location to location, but REE concentrations, when expressed as Eu/Eu∗ vs. LaN/YbN, seem to be capable
of allowing direct ties to the most likely immediate-source rivers and
the ultimate-source rocks that supply the particles.
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Fig. 23. MODIS images of arid basins in China showing modern dust sources and directions of movement. (a) Tarim Basin (Taklimakan Shamo) and surrounding glaciated
mountains (Tian Shan and Kunlun Shan), with dust moving from northeast to southwest
towards the northern ﬂank of the Kunlun Shan. Image acquired on 3 December 2005 from
the Aqua satellite. (b) MODIS image of southern Mongolia and northern China showing
dust sources such as the Badain Jaran Shamo and Tennger Shamo (sandy deserts) and
alluvial fans, and dust plumes moving from west-northwest to east-southeast towards the
Chinese Loess Plateau. Image acquired from the Aqua satellite on 27 November 2012.
Images in both (a) and (b) courtesy of Jeﬀ Schmaltz, MODIS Rapid Response Team,
NASA-Goddard Space Flight Center.

5. Chemical weathering in loess-derived paleosols and
implications for paleoclimate
5.1. Soil formation versus loess sedimentation and chemical weathering as a
function of climate
One characteristic of loess sequences worldwide, making them
particularly valuable as archives of Quaternary climate change, is that
in addition to accumulations of aeolian silt (which yield direct records
of atmospheric circulation), loess units are separated stratigraphically
by buried soils, or paleosols. Soils form when rates of sedimentation
diminish to the point where pedogenic processes can become dominant
and soil proﬁle diﬀerentiation, expressed as horizons, can commence.
In certain regions, such as Europe and the glaciated portion of North
America, loess supplies at present are largely absent and soil formation
has been ongoing since the end of the last glacial period. Thus, periods
of loess deposition mark glacial periods and paleosols mark interglacial
or interstadial periods. This has led to the concept that loess-paleosol
sequences are the closest terrestrial equivalent of the deep-sea oxygen
isotope record, because in some regions, loess production “turns on”
during glacial periods and “turns oﬀ” during interglacial periods.
Indeed, even by the 1980s, there were attempts at correlation of loess
records in Europe (Wintle et al., 1984) and China (Kukla et al., 1988)
with the deep-sea oxygen isotope record.
While the “turn on/turn oﬀ” loess/paleosol sedimentation concept
has some validity, at least in broad terms, for some parts of Europe and
North America (where large ice sheets provided the silts for loess), it
has complications in other regions. In Alaska, glacial supplies still exist,

In North America, studies of REE compositions of loess for inferences about provenance have not been as extensive as in China, but
some data are available. The ﬁne-grained (< 20 μm) fraction of lower
Mississippi River valley loess (from localities in Louisiana, Mississippi,
and Tennessee shown in Fig. 7) was investigated as a possible longrange-transported aeolian source for soils on Caribbean islands (Muhs
et al., 2007b). Thus, although bulk analyses are not presently available,
these data allow at least some preliminary comparisons with REE
compositions of Chinese loess. The two loess bodies show considerable
overlap and both have values close to the UC (Fig. 26a). Loess from the
lower Mississippi River is derived from outwash of the Laurentide Ice
Sheet. The southern lobes of this glacier that reached the Mississippi
River drainage (Fig. 7) eroded terrains rich in Precambrian crystalline
rocks (granitic rocks and gneisses), Paleozoic shales and carbonate
rocks, and Cretaceous shales (Fig. 8). Such a broad mix of upper continental crustal material not surprisingly results in a REE composition
for loess that is very close to that of the UC. Data on the REE composition of loess from the Great Plains region (Kansas; see Fig. 7) shown in
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and modern dust sources, pathways, and end points have been well
studied (Derbyshire et al., 1998; Sun et al., 2001). Thus, the view that
dust transport and loess accretion in China are limited to glacial periods
is clearly oversimpliﬁed. What is more appropriate as a concept for
Chinese loess-paleosol sequences in China (and by extension for Alaska)
was nicely articulated by Verosub et al. (1993) when they stated that
loess accretion and pedogenesis in China are essentially competing
processes. During glacial periods, loess accretion is dominant, but
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with dust transport and loess accumulation still taking place (Fig. 11).
Where loess accumulation is rapid, soil formation processes cannot
keep up. In contrast, well downwind of zones of loess accumulation, soil
formation is an ongoing process. Between these two extremes are zones
where loess accumulation and soil formation are both active processes:
soil formation occurs, but small increments of dust are added to developing soils (Muhs et al., 2004). In China, there is little question that
dust is still being transported at the present time (see Figs. 4 and 23)

(a)

Fig. 24. (a–c): Plots of LaN/YbN vs. Eu/Eu* for the < 20 μm
fraction of loess deposits in various parts of China compared
to the same size fraction for deposits of the Chinese Loess
Plateau; data from Sun (2002a, 2002b). Also shown for
comparison is the composition of the average upper continential crust (from Taylor and McLennan, 1985). (d) Plot
of LaN/YbN vs. Eu/Eu* for loess of the Chinese Loess Plateau
(both bulk samples and < 20 μm fraction) compared to
range of compositions of rocks from the Qilian Shan (see
Figs. 2 and 23b for location) and the Altay Mountains and
Mongolian Gobi (see Fig. 2 for location). Chinese Loess
Plateau LaN/YbN and Eu/Eu* data are from Gallet et al.
(1996), Ding et al. (2001), Jahn et al. (2001), Sun (2002a),
and Sun et al. (2007); ranges of LaN/YbN and Eu/Eu* values
for the Qilian Shan, Altay Mountains, and Mongolian Gobi
are from compilation by Hu and Yang (2016) and sources
therein.
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Fig. 25. (a–c): Plots of LaN/YbN vs. Eu/Eu* in bulk loess (i.e.,
all size fractions) for deposits from the Harbin region of
northeastern China, the Qinling Mountains, and Tibet (locations shown in Fig. 2) compared to the Chinese Loess
Plateau. Sources of Chinese Loess Plateau data are the same
as in Fig. 24; data for other localities are from Sun et al.
(2007) [Tibet], Zhang et al. (2012) [Qinling Mountains],
and Xie and Chi (2016) [Harbin area, northeastern China].
(d) Plot of LaN/YbN vs. Eu/Eu* in Tertiary “red clay” deposits from Jiaxian, China (see Fig. 2 for location; data
source is Ding et al. (2001)) compared to bulk loess from the
Chinese Loess Plateau (sources as above).
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Fig. 24.
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the Mississippi River valley (the “parent material” factor), and forested
vegetation is typical along the entire length of the river valley (the
“organisms” factor). What is left is a mix of climate variables, where
precipitation and mean annual temperatures are higher in the southern
part of the valley (Louisiana and Mississippi) and lower in the northern
part of the valley (Iowa and Illinois). Because chemical weathering of
minerals requires water and proceeds at higher rates with higher temperatures, loss of soluble elements due to weathering should be greatest
in the southern part of the valley and least in the northern part of the
valley. Muhs et al. (2001) tested this hypothesis in a soil climosequence
study of 22 pedons developed in last-glacial Peoria Loess over the
length of the valley, covering a precipitation gradient from
∼1550 mm/yr in the south to ∼780 mm/yr in the north. Minerals in
Peoria Loess along the Mississippi River valley include quartz, plagioclase, K-feldspar, mica, amphiboles, calcite, dolomite, and clay minerals
such as smectite, mica, kaolinite, and possibly chlorite (Frye et al.,
1962, 1968; Snowden and Priddy, 1968; Grimley et al., 2003). With the
exception of quartz, all of these minerals can potentially experience
chemical weathering given favorable climatic conditions and enough
time (Birkeland, 1999). Using various lines of evidence, Bettis et al.
(2003) estimate that Peoria Loess deposition in the Mississippi River
valley probably ended around 14,000–13,000 cal yr B.P. Although it is
assumed that precipitation amounts were diﬀerent from present at
times during the past ∼14,000 yr, it is likely that the present precipitation gradient existed during all or most of the time of pedogenesis.
Results from the soil climosequence study indicate that many of the
primary minerals have experienced losses, with greatest losses in the
southern portion of the transect (Fig. 27). Abundances of soluble major
elements (CaO, MgO, Na2O, K2O) were compared to abundances of
relatively immobile TiO2 and ZrO2 and summed as proﬁle averages.
Results for major element depletions are similar whether normalized to
TiO2 or ZrO2. All soluble major element losses indicate logarithmic or
linear decreases as a function of mean annual precipitation. Coeﬃcients
of determination are high, with ∼75% of the variability explained by
mean annual precipitation. Loss of CaO likely represents depletion of
calcite, dolomite, and possibly some Ca-plagioclase; MgO loss is likely
also from depletion of these minerals (Fig. 27a and b). Depletion of Na-

syndepositional weathering and incipient soil formation can still take
place. During interglacial periods, pedogenesis becomes dominant, but
loess accretion, albeit at a lower rate, can continue. Even in areas of
North America where the “turn-on/turn-oﬀ” glaciogenic loess deposition concept has some validity, minimally developed paleosols, consisting of pale, thin incipient A horizons, can be found within last-glacial-aged Peoria Loess, although sedimentation rates overall were quite
high (Ruhe, 1983). Recognition of the complex interplay of loess sedimentation and pedogenesis is crucial to valid paleoclimatic interpretations of loess-paleosol sequences in general and the geochemistry
of paleosols in particular. With these qualiﬁcations in mind, it is possible, however, to explore what the geologic record of loess-derived
paleosols presents using geochemistry and what it implies for paleoclimatic interpretations.
Use of paleosols for paleoclimatic interpretations requires an understanding of the ﬁve soil-forming factors, as articulated by Jenny
(1941) and explored in modern pedology texts by Birkeland (1999) and
Schaetzl and Thompson (2015). These factors are climate, organisms
(biota), relief (topographic position), parent material, and time. Over
the past several decades, there have been a number of attempts to
isolate the particular importance of each factor by keeping the other
factors constant (or as much as the natural world will allow, anyway)
and developing soil chronosequences, soil toposequences, and so on. In
studying loess-paleosol sequences for paleoclimatic interpretations, the
importance of both soil chronosequences (in order to estimate the
duration of pedogenesis) and soil climosequences (in order to understand how climate aﬀects rates and directions of pedogenesis) on
modern landscapes become the most critical.
There are few locations where one can reliably develop a soil climosequence to understand how the geochemistry of soils developed in
loess might change as a function of climate, keeping all the other factors
of soil formation constant. However, one such area that has been explored for this purpose is the Mississippi River valley (Fig. 7), where the
ﬁnal episodes of loess deposition during the last glacial period occurred
at approximately the same time (thus controlling the “time” factor), site
locations can be chosen for similar topographic positions (the “relief”
factor), the underlying loess is compositionally similar, all derived from
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Fig. 27. Plots of soluble major elements (and the minerals
they represent) in Peoria Loess-derived modern soils relative to immobile TiO2 in a soil climosequence along a
moisture gradient in the Mississippi River valley (see Fig. 7
for localities). Note that element ratios are weighted proﬁle
averages, using soil horizon thicknesses as weights. Precipitation data are from the National Climatic Data Center,
Asheville, North Carolina; geochemical data are from Muhs
et al. (2001).
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dolomite, and Na-plagioclase than the modern S0 soil, due either to a
longer period of pedogenesis, a paleoclimate more favorable to mineral
dissolution (i.e., warmer and wetter, with an enhanced summer monsoon) or more likely both of these factors.
Yang et al. (2006) developed a chemical weathering index for this
section, based on the sum of CaO and MgO (representing carbonate minerals) and Na2O (representing plagioclase) relative to TiO2 (representing
resistant Ti-bearing heavy minerals). They report that this chemical
weathering index (CaO+MgO+Na2O)/TiO2, shows variability at two
diﬀerent timescales at Lingtai. Variability is apparent on a glacial-interglacial timescale, and this trend is parallel to the plots for individual
major elements, as discussed above. However, there is also variability of
their weathering index at a longer timescale, also seen in the individual
element plots for CaO/TiO2, MgO/TiO2, and Na2O/TiO2. Yang et al.
(2006) note that the alternations of high index values, or minimal evidence of weathering (during periods of loess deposition) and low index
values, or greater weathering (during periods of soil formation) fall within
a relatively narrow range of variability during the earliest part of the
record, from ∼1.5 Ma to ∼0.65 Ma. A regression line they computed
(and recomputed identically here) for variability of their chemical
weathering index as a function of depth is essentially vertical during the
time interval from 1.5 Ma to 0.65 Ma (Fig. 28). In contrast, from the midPleistocene (∼0.65 Ma) to the present, the chemical weathering index
shows increasing values, during both glacial and interglacial periods. A
regression line computed by Yang et al. (2006) (and recomputed here) for
this later period shows a distinct slope, indicating diminished chemical
weathering, regardless of climatic conditions, towards the present. Yang
et al. (2006) point out that a decrease in chemical weathering of both loess
and paleosols since the mid-Pleistocene must be due to decreased chemical weathering in loess source areas. Diminished chemical weathering
can be caused by both colder and drier climatic conditions. Yang et al.
(2006) note that both of these climatic conditions could have occurred in
China since the mid-Pleistocene. Colder conditions since the mid-Pleistocene could be due to the shift from a 41 ka to a 100 ka glacial-interglacial orbital forcing cycle and generally greater global ice volume and
colder conditions in the latter part of the Pleistocene (Ding et al., 1995;
Liu and Ding, 1998). Drier conditions since the mid-Pleistocene could
have resulted from tectonic uplift of the Tibetan Plateau (Li, 1991; Sun
and Liu, 2000), which would have brought about a more arid climate in
the loess source areas.

plagioclase (and possibly some hornblende) is inferred from lower
Na2O/TiO2 values (Fig. 27c), while decreases in K2O/TiO2 are likely
due to losses of mica and possibly some K-feldspar depletion (Fig. 27d).
Trace elements that follow these major elements (normalized to Zr) also
decrease as a function of precipitation. Strontium, which substitutes for
Ca in Ca-bearing minerals, shows a logarithmic increase in loss with
higher precipitation (r2 = 0.86). Rubidium and Ba, which substitute for
K in K-feldspars and micas, also show greater losses with greater precipitation, although the degree of explanation (r2 = 0.51 and 0.43,
respectively) is not as high. This observation is important, as there has
been a tendency for investigators in loess research to use Rb/Sr as a
weathering index, with the assumption that Rb is more resistant to loss
by solution than Sr. This practice is not recommended, as the results
indicate that Rb is also subject to loss.
5.2. Chemical weathering in loess-derived paleosols in Asia
One of the most dramatic Quaternary loess sections that has received detailed study for its geochemistry is in the southern Chinese
Loess Plateau at Lingtai (Fig. 2). At this locality, Yang et al. (2006)
describe a section more than ∼100 m thick, extending back in time to
∼1.5 Ma, and containing 20 paleosols. These investigators did major
element analyses of the entire section and compared mobile elements to
relatively immobile elements such as Al2O3 and TiO2. Here, their data
are replotted as individual mobile element abundances relative to TiO2
with a view to examining how they represent speciﬁc minerals.
An overall pattern that emerges is variability of soluble element
concentrations (normalized to TiO2) at glacial-interglacial timescales
(Fig. 28). Although, as discussed earlier, loess deposition and soil formation are competing processes on the Chinese Loess Plateau, soils
show more depletion of soluble major elements compared to subjacent
loess deposits that serve as their parent material. For example, the
modern soil, S0, is developed in loess of last-glacial age, L1. This soil
shows depletion of carbonate minerals, calcite and dolomite, as shown
by lower CaO/TiO2 values compared to L1 loess. Loss of Na-plagioclase
(and possibly hornblende) in this soil is also inferred from lower Na2O/
TiO2 values compared to the underlying loess. Somewhat more modest
losses of K-bearing minerals (K-feldspar and mica) are apparent in the
plot of K2O/TiO2. The last-interglacial soil (S1) and the penultimate
interglacial soil (S2) show even more dramatic losses of calcite,
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Fig. 28. Changes in major element ratios (CaO/TiO2, Na2O/TiO2, MgO/TiO2, K2O/TiO2, and a chemical weathering index) in a loess section at Lingtai, China (see Fig. 2 for location) over
the past 1500 ka (Yang et al., 2006). Ratios other than the chemical weathering index calculated by the author from data in Yang et al. (2006). White zones with “L” preﬁxes are loess
units (glacials and stadials); shaded zones with “S” preﬁxes are paleosols (interglacials and interstadials). The time scale is taken from Ding et al. (2002a).

accumulates a much more carbonate-rich dust from its sources compared to the Chinese Loess Plateau. Additionally, the K2O/TiO2 plot at
Chashmanigar does not always show depletions in the paleosols compared to the loess units with which they are associated. Examples of this
include the S4-L5, S5-L6, S8-L9 paleosol-loess couplets (Fig. 29). These
observations may suggest that there has been little or no weathering of
K-bearing minerals and that the section is exhibiting the natural range
of variability in K-bearing minerals, unrelated to weathering. Apart
from these diﬀerences, plots of MgO/TiO2 and Na2O/TiO2 show depletions in paleosols compared to underlying loess units. Using the
same chemical weathering index, (CaO+MgO+Na2O)/TiO2, as at
Lingtai, Yang et al. (2006) point out that there is also a change in
overall major element geochemistry in the mid-Pleistocene. Based on
ﬁtted regression lines, at Chashmanigar the change in regime seems to
be at ∼0.85 Ma, earlier than that observed at Lingtai. Despite this
diﬀerence, Yang et al. (2006) attribute the mid-Pleistocene change in
composition at Chashmanigar to be due to the same causes as those
observed at Lingtai.

It is interesting to consider if additional Asian loess-paleosol sequences exhibit similar geochemical records of both glacial-interglacial
cycles and longer-term trends of diminished weathering in source areas.
Thick loess sections are also found in Central Asia (Dodonov, 2007) and
some of the best are found in Tajikistan, such as that shown in Fig. 4 of
Dodonov (2007) at Chashmanigar (see location on Fig. 5). As discussed
earlier, loess in Tajikistan has much higher abundances of carbonate
minerals (see Fig. 16b), which is consistent with carbonate mineral
abundance data reported for loess in this region by Dodonov et al.
(2006). This compositional diﬀerence is seen in the stratigraphic section at Chashmanigar, also studied by Yang et al. (2006). Here, CaO/
TiO2 values are much higher than those seen in the section at Lingtai
(Figs. 28 and 29). Ding et al. (2002b) consider that the sandy deserts to
the west of Tajikistan, the Karakum and Kyzylkum (see map of these
dune ﬁelds in Maman et al. (2011)), are the most likely sources of dust
that has accumulated as loess, and these regions are the likely sources
of the higher carbonate mineral content.
The loess section at Chashmanigar shows the same signiﬁcant alternations of mineral depletion in the modern soil and paleosols as in
the loess section at Lingtai (Fig. 29). One diﬀerence, however, is that
some of the interglacial paleosols (S1, S2, S5) show spikes of high
carbonate content, based on the CaO/TiO2 plot. A drier climate in the
past could conceivably explain this diﬀerence, but this seems unlikely,
as Lingtai currently receives ∼600 mm/yr precipitation and Chashmanigar receives ∼842 mm/yr (Yang et al., 2006). Thus, unless the
precipitation gradient between the two localities was drastically different in the past, it seems more likely that southern Tajikistan simply

5.3. Chemical weathering in loess-derived paleosols in North America
One signiﬁcant diﬀerence between the loess-paleosol records of Asia
and those of North America is that the latter records contain only a
fraction of the time period of their Asian counterparts. Apart from
Alaska, where the record may go back to ∼3.0 Ma (Westgate et al.,
1990), in midcontinental North America, loess records older than the
penultimate glacial period (equivalent to Chinese loess unit L2) rarely
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Fig. 29. Changes in major element ratios (CaO/TiO2, Na2O/TiO2, MgO/TiO2, K2O/TiO2, and a chemical weathering index) in a loess section at Chashmanigar, Tajikistan (see Fig. 5 for
location) over the past 1750 ka (Yang et al., 2006). Major element ratios other than the chemical weathering index were calculated by the author from data in Yang et al. (2006). White
zones with “L” preﬁxes are loess units (glacials and stadials); shaded zones with “S” preﬁxes are paleosols (interglacials and interstadials). The time scale is taken from Ding et al. (2002b).

Loveland Loess, in which the Sangamon Soil has developed (Fig. 30).
Below Loveland Loess is a unit called Crowleys Ridge Loess and the
Yarmouth Soil has developed in this oldest loess. Loss of calcite and
dolomite in the modern soil developed in Peoria Loess is apparent based
on low CaO/TiO2 values. The modern soil has also experienced some
loss of plagioclase, based on lower Na2O/TiO2 values in the uppermost
horizons but apparently little or no loss of mica or K-feldspar, based on
K2O/TiO2 values. Apatite loss is apparent in the lower horizons of the
modern soil, based on lower P2O5/TiO2 values (in upper horizons, it is
higher due to biocycling; see Runge et al., 1974). Alteration of the same
minerals is apparent in the Farmdale Soil developed in Roxana Loess,
with also some mica or K-feldspar loss, based on somewhat lower K2O/
TiO2 values. The Sangamon Soil, developed in Loveland Loess, displays
signiﬁcant mineral alteration, with lower values for CaO/TiO2, (CaO
+MgO+Na2O)/TiO2, Na2O/TiO2, K2O/TiO2, and P2O5/TiO2 compared
to the modern soil (Fig. 30). An even greater degree of weathering is
apparent in the oldest paleosol, the Yarmouth Soil, developed in
Crowleys Ridge Loess.
The greater degree of chemical weathering exhibited in the
Sangamon Soil compared to the modern soil is consistent with morphological data that show better proﬁle development (thicker soil
proﬁles, higher clay content, better ped structures, redder hues) that are
typical of the Sangamon Soil throughout much of the North American
midcontinent (Thorp et al., 1951; Simonson, 1954; Ruhe, 1969, 1974;
Ruhe et al., 1974; Hall and Anderson, 2000; Grimley et al., 2003;
Markewich et al., 2011). More intense weathering of the Sangamon Soil
in comparison to the modern soil raises the question of whether climate
or time was a factor, as either could bring about the observed

are exposed or even apparent from drilling. In the few places where
older loess units are exposed (e.g., Fig. 9b), they are typically altered
throughout due to pedogenesis. Furthermore, unlike Asia, two of the
youngest loess units in midcontinental North America (Loveland Loess,
equivalent to Chinese L2 and Peoria Loess, equivalent to Chinese
L1LL1) are much thicker than older units. Indeed, glaciogenic Peoria
Loess (in Iowa) has a thickness of up to ∼40 m (Muhs and Bettis, 2000;
Muhs et al., 2013a) and nonglaciogenic Peoria Loess (in Nebraska) has
a thickness of up to ∼45 m (Mason, 2001; Muhs et al., 2008a). In
contrast, the underlying Roxana Loess (as it is called in the Mississippi
River valley; approximately equivalent to Chinese L1LL2) and its
equivalent the Gilman Canyon Formation (as it is called in the Great
Plains) is much thinner. In fact, Roxana Loess and the Farmdale Soil
(approximately equivalent to Chinese L1SS1) developed in it sometimes
are so thin that they are misidentiﬁed as a buried A horizon of the
underlying Sangamon Soil (Fig. 9a). Deposits older than Loveland Loess
are extremely rare and are very thin where they exist at all. The reasons
for both the lack of older loess records and the extraordinary thickness
of last-glacial-aged loess in midcontinental North America have been
discussed by Mason et al. (2007), who oﬀer two explanations: (1) much
greater dust production during the last glacial period and (2) widespread erosional removal of the older loess record, to a far greater extent than that seen on other continents.
In the Mississippi River valley, a more complete loess section that
has been described is a locality near Thebes, Illinois (Fig. 7). The loess
at this locality has been studied previously by Grimley et al. (2003).
Here, more than 6 m of Peoria Loess are exposed, underlain by Roxana
Loess, in which the Farmdale Soil has developed, in turn underlain by
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presence of these animals in Illinois would require year-round temperatures above freezing, a condition signiﬁcantly warmer than is the
case at present.
Although the Sangamon Soil in North America correlates broadly
with the S1 paleosol in China, there are some diﬀerences. In parts of
China where loess sedimentation rates are high (see hypothetical example in Fig. 2 of Porter (2001)), the S1 paleosol can be subdivided into
three separate paleosols, S1SS3 (=MIS 5.5), S1SS2 (=MIS 5.3), and
S1SS1 (=MIS 5.1), separated by brief periods of loess deposition.
Markewich et al. (2011) infer that periods of Sangamon Soil formation
may have been episodic and they suggest that the two periods of soil
formation occurred from ∼130–90 ka (MIS 5.5, 5.4, 5.3, 5.2) and again
from ∼74–58 ka (MIS 4). At the Thebes locality shown in Fig. 30, it can
only be inferred that there was a single, but perhaps long period of
pedogenesis.
Some of the same characteristics in the Thebes, Illinois section are
found at Lingtai, where the S1 paleosol also seems to be recorded as a
single unit (Fig. 28). Compared to its modern soil, the S1 paleosol at
Lingtai has greater depletions of carbonate minerals and plagioclase (as
seen in the plots for CaO/TiO2, MgO/TiO2, and Na2O/TiO2). Thus, it is
possible that during S1 time (the last interglacial period) in China, there
was an enhanced summer monsoon (Fig. 31b) or one that had a greater
residence time, promoting greater chemical weathering. Like the North
American midcontinent, however, time may have played a role in the
greater weathering observed.
In the Great Plains loess belt, at a locality near Eustis, Nebraska
(Fig. 7), there is a good example of a loess-paleosol sequence in a
semiarid region. Whereas Thebes, Illinois, described above, has a present mean annual precipitation of ∼1200 mm, Eustis, Nebraska has a
present mean annual precipitation of ∼550 mm, less than half that of
the Thebes area. Eustis and Thebes have the same upper three loess
stratigraphic units, from youngest to oldest, Peoria Loess, Roxana Loess
(called the “Gilman Canyon Formation” in the Great Plains), and
Loveland Loess (Fig. 32). Optically stimulated luminescence (OSL),
thermoluminescence (TL), and radiocarbon ages of the three loess units
at Eustis (Fig. 32) show the same ages as those reported for these units
in the Mississippi River valley (see ages in Bettis et al. (2003) and
Markewich et al. (2011)). In the modern soil at Eustis, there are slight
depletions of Na2O relative to TiO2 in the subsoil and slight depletions
of K2O in surface horizons. Apatite weathering in the modern soil is

diﬀerences. Thorp et al. (1951), working in an era before modern
geochronological methods were established, considered that the Sangamon Soil developed over a very long interglacial period. Ruhe (1969,
p. 177) thought that both climate and time (i.e., greater moisture and
warmth and a long period of pedogenesis) were factors that explained
the greater degree of development of the Sangamon Soil. In a later
study, however, Ruhe (1974) and Ruhe et al. (1974) seem to have favored climate as a factor, comparing the Sangamon Soil to the Ultisols
of the southeastern U.S. This is essentially a scenario with an enhanced
monsoonal ﬂow of air to the North American midcontinent, similar to
that described for China by Porter and An (1995) and illustrated in
Fig. 31. Ruhe (1974) hypothesized that during Sangamon time, a
greater residence time and intensity of monsoonal air ﬂow from the
Gulf of Mexico generated an “extension” of the subtropical Ultisol belt
to the north (Fig. 31c). Hall and Anderson (2000), on the other hand,
considered that the Sangamon Soil likely developed over a much longer
period than the Holocene and that this explained the greater degree of
development. Grimley et al. (2003) also considered that time was much
more important than climate in explaining the greater degree of
weathering of Sangamon Soils, and oﬀered the possibility that Sangamon Soils developed over ∼50,000 years whereas modern soils developed over ∼10,000 years. Luminescence ages indicate that Loveland
Loess along the lower Mississippi River valley accumulated between
∼184 ka and ∼122 ka (Markewich et al., 2011), correlating this sediment with Marine Isotope Stage (MIS) 6, using the chronology of
Martinson et al. (1987), similar to the age of the L2 loess in China.
Luminescence ages of ∼56 ka to ∼34 ka have been reported for Roxana
Silt in the lower Mississippi River valley (Markewich et al., 2011). All
these ages indicate that the Sangamon Soil in the lower Mississippi
River valley could have been developing between ∼122 ka and
∼56 ka, a time period of ∼66 ka. This is in good agreement with 10Be
accumulation-rate ages, also reported by Markewich et al. (2011) that
indicate the Sangamon Soil could have been developing over a
60–80 ka period. Thus, these reported ages indicate clearly that time is
a major factor in the greater chemical weathering of the Sangamon Soil.
However, Markewich et al. (2011) also indicate that they consider
climate to have played an important role. This interpretation is supported by the ﬁndings of King and Saunders (1986), who reported the
existence of Geochelone (giant tortoise) fossils in Sangamon-aged deposits in the State of Illinois in the Mississippi River valley. The
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Fig. 31. (a and b) Distribution of loess (brown shaded areas), sandy deserts (dotted areas), and synoptic climatology of China during winter (A) and summer (B) showing pressure systems
and dominant surface winds (arrows). Climatic data from Porter and An (1995); loess distribution from Liu (1988). (c) Reconstruction of possible greater monsoonal ﬂow of Gulf of
Mexico air to the interior of North America during the last interglacial (Sangamon) period, resulting in an “extension” of the subtropical Ultisol belt northward, expressed in the geological
record of loess as the Sangamon Soil. Redrawn from Ruhe (1974).

It has been axiomatic in geology and pedology that rates of chemical
weathering and/or soil formation should be greatly diminished in
colder climates. Indeed, Van’t Hoﬀ’s Law states that for each 10°C rise
in temperature, rates of chemical reactions should increase between
two and three times. Thus, the reverse of this would be that in cold
climates, rates of chemical reactions, including rates of mineral
weathering, should diminish compared to those in mid-latitudes or low
latitudes. Anderson (2007) reviewed this topic and pointed out that
chemical weathering in cold climates is in fact greatly diminished, but
under favorable circumstances, chemical weathering can proceed.
There have been a number of studies of loess and loess-derived soils in
Alaska, with some oﬀering evidence that there is little or no measurable
chemical weathering and other studies indicating that chemical
weathering is signiﬁcant (see review in Muhs et al., 2008c).
A ﬁnal example from North America given here represents the loess
record of past pedogenesis in a subarctic environment at high latitude
in central Alaska (Fig. 33). Detailed study of loess exposures in central
Alaska conﬁrms that paleosols do exist in these sections (an observation
not always accepted by some Alaskan investigators in the past) and
chemical weathering has taken place within these buried soils (Muhs
et al., 2003, 2008c). Muhs et al. (2008c) showed that plagioclase has
been lost during pedogenesis of both modern and buried soils. This is
expressed both in plots of Na2O/TiO2 (Fig. 33) and SiO2/TiO2 (not

indicated by lower P2O5/TiO2 values. Loss of carbonate minerals, calcite and dolomite, is indicated by low CaO/TiO2 values in the upper
part of the modern soil, but a calcic horizon has accumulated here, as
indicated by higher CaO/TiO2 values in the lower part of the modern
soil. The upper part of the paleosol portion of the Gilman Canyon
Formation shows that weathering of plagioclase, mica, apatite, and
carbonate minerals occurred, as indicated by lower values of Na2O/
TiO2, K2O/TiO2, (CaO+MgO+Na2O)/TiO2, P2O5/TiO2, and CaO/TiO2
relative to the lower horizons of this paleosol (Fig. 32). The same is true
for the Sangamon Soil except that it too, like the modern soil, has a
well-developed calcic horizon, with very high CaO/TiO2 values. Thus,
although the Sangamon Soil at Thebes is leached of carbonates
throughout its depth, at Eustis this soil has experienced a net accumulation of secondary carbonates, visible in the ﬁeld as coatings on ped
faces and pore ﬁllings. These observations suggest that the present
humid to semiarid precipitation gradient, going west from the Mississippi River valley to the Great Plains, likely also existed at the time of
Sangamon Soil formation, during the last interglacial period and
afterward. This inference requires more testing using data from a
greater number of localities along this moisture gradient, but is worthy
of further study. A similar sort of study could be done with the S1 (last
interglacial paleosol) on the Chinese Loess Plateau (Fig. 2), where a
north-to-south (arid to humid) moisture gradient also exists.
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Fig. 32. Stratigraphy and changes in major element ratios (CaO/TiO2, Na2O/TiO2, P2O5/TiO2, K2O/TiO2, and a chemical weathering index from Yang et al. (2006)) in a loess section near
Eustis, Nebraska, USA (see Fig. 7 for location). Brown shaded zones represent paleosols; names in bold green font are probable equivalent units in the Chinese loess stratigraphic
nomenclature. Stratigraphic data and some age data are from Muhs et al. (2008a); other age data are from Maat and Johnson (1996) and Roberts et al. (2003). Geochemical data are from
Muhs et al. (2008a; see Supplementary Data).

sediments from at least three rivers, the most important of which are
the Tanana River and the Yukon River. Based on clay mineralogical
studies by Muhs et al. (2008c), smectite is an important species among
the clay minerals found in these ﬂuvial sediments. Modern, loess-derived soils in the area contain only small amounts of smectite, if any,
and paleosols contain virtually no smectite. These observations indicate
that smectite was likely originally present in the loess, but during
pedogenesis has been depleted. The same line of reasoning applies to
the presence or absence of carbonate minerals. Based on detailed mineralogical studies by Eberl (2004), both calcite and dolomite are
present in the modern ﬂoodplain sediments of the Tanana River and
Yukon River. Depletion of these minerals in the modern soils and paleosols in this area is indicated by both the CaO/TiO2 values and the
chemical weathering index of Yang et al. (2006), (CaO+MgO+Na2O)/
TiO2 (Fig. 33). Both of these weathering indicators show varying
amounts of depletion in paleosols relative to underlying loesses, part of
which can be explained by depletion of calcite and dolomite during
pedogenesis. Although Muhs et al. (2008c) did not have Ti data for
ﬂuvial sediments of the Tanana River and Yukon River, they did have
CaO and ZrO2 abundances for both the river sediments and the loess
sections. Their calculated CaO/ZrO2 values in the loess sections, whether they are in the paleosols or in “unaltered” loess show values that
are, with few exceptions, lower than all but the very lowest values in
sediments from both rivers. This observation suggests the possibility

shown here, but see Muhs et al. (2008c), their Fig. 6 for the same loess
section). All paleosols shown in Fig. 33 show depletions of Na2O/TiO2
relative to underlying loess deposits that are the likely soil parent
materials. Bulk mineralogical studies by Muhs et al. (2008c) show that
plagioclase/quartz plots parallel those of Na2O/TiO2, indicating that
Na2O/TiO2 is faithfully recording plagioclase losses. The K2O/TiO2 plot
shows depletion of some K-bearing mineral or minerals in most (but not
all) paleosols. It is likely that silt- and clay-sized muscovite is one of the
K-bearing minerals being depleted. This mineral is abundant in the silt
fraction and is visible in hand specimens. X-ray diﬀractometry studies
show that mica is present in the clay fraction as well and loss of this
mineral could explain some of the lower K2O/TiO2 values. Loss of
apatite is apparent in the P2O5/TiO2 data of the loess section in most of
the paleosols, although not in the upper part of the modern soil
(Fig. 33). This is expected, however, as P concentrations tend to be high
in unweathered parent material (too deep for leaching), low in the
lower horizons of the soil (where P is either leached or taken up by
plants), and high again in upper horizons where it is recycled by plants
(Runge et al., 1974).
Evidence for other mineral depletions represented by the element
ratios comes from comparisons of soil and paleosol compositions and
the compositions of silts in ﬂuvial source sediments. Muhs and Budahn
(2006), using immobile trace element geochemistry, showed that central Alaskan loesses near Fairbanks (Fig. 10) are derived from a mix of
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Fig. 33. Stratigraphy and changes in major element ratios (CaO/TiO2, Na2O/TiO2, P2O5/TiO2, K2O/TiO2, and a chemical weathering index from Yang et al. (2006)) in a loess section near
Fairbanks, Alaska, USA (see Fig. 10 for location), informally referred to as the Chena Hot Springs Road section. Brown shaded zones represent paleosols. Stratigraphic and age data are
from Muhs et al. (2003, 2008c).

6. Summary

that loess in this area was originally calcareous, but experienced carbonate mineral loss syndepositionally, even before periods of stability
and pedogenesis. Muhs et al. (2008c) infer, therefore that even during
periods of active loess accumulation, the vegetation in the region was
acidic enough (i.e., either boreal forest or moist, acidic tundra) that
through-leaching of carbonates could be accomplished, although carbonate solubility would also be enhanced under cooler paleotemperatures.
The observations from Alaska show that loess-derived soils can experience chemical weathering even under the subarctic climate of a
high-latitude region. A worthwhile study would be to determine if Asia
has comparable evidence of chemical weathering in loess-derived soils
and paleosols. An obvious target for such research would be the loess
deposits of Siberia, including the area of Yakutia along the Aldan and
Lena Rivers (Fig. 1) and along the Arctic Ocean coastal plain of Russia.
Another potentially fruitful area for study would be the high-altitude
(analogous to high-latitude) loess deposits and intercalated paleosols in
the mountains of northwestern China. In the northern Tian Shan
(Fig. 2), loess is found as high as 2400 m above sea level and paleosols
are reported in these deposits (Sun, 2002b). In the northern Kunlun
Shan (Fig. 2), loess is found between 2500 m and 5300 m; although
paleosols are reported to be rare (Sun, 2002b), detailed exploration
might reveal loess-paleosol records worth investigating.

Loess is widely distributed over Asia and constitutes one of the most
important surﬁcial deposits on that continent. It is found in China,
Russia, and several countries in Central Asia, but has been mapped the
most carefully and studied in the most detail in China. Pleistocene loess
has accumulated to tremendous thicknesses in parts of Asia. In parts of
Tajikistan, loess can be as much as ∼100 m thick and in the northwestern parts of the Loess Plateau of China, thicknesses of more than
∼300 m have been measured. The oldest Pleistocene loess in China is
likely ∼2.6 Ma, thus spanning much or all of the Pleistocene. In addition, older Tertiary “red clays,” now interpreted to be largely or wholly
of aeolian origin, underlie the oldest Pleistocene loess and may span
several millions of years of aeolian accretion.
Despite the long history of loess accretion in Asia, deposition was
not continuous. Paleosols intercalated within the loess indicate periods
when deposition rates were lower, such that loess sedimentation slowed
to the point where rates of pedogenesis exceeded rates of dust deposition. In China and Tajikistan, periods of loess accumulation have been
linked to glacial periods and periods of soil formation to interglacial
periods. However, dust deposition probably continued even during
times of pedogenesis and vice versa, and investigators have referred to
loess accumulation and pedogenesis as competing processes.
Geochemistry is the key to identifying which rock types have been
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In addition to being regionally distinctive, there is spatial variation
of sediment geochemistry of loess within a region. Abundances of SiO2
and Na2O decrease to the southeast from the Mu Us desert margin to the
northern Chinese Loess Plateau, as coarse-grained quartz and plagioclase are winnowed. In contrast, clay mineral content increases downwind, to the southeast, and this is reﬂected in higher Fe2O3 contents. In
the North American midcontinent, similar spatial trends in loess geochemistry are also apparent, moving eastward from loess sources such
as the Missouri River.
Plots of log [(CaO+Na2O)/K2O] vs. log SiO2/Al2O3 provide a geochemical portrayal of three of the most abundant sedimentary rocks on
the Earth: sandstones, shales, and carbonate rocks. Most loess bodies
plot between the ﬁelds for sandstones and shales, but some plot away
from these ﬁelds and towards the ﬁeld for carbonate rocks due to
greater inputs of calcite and dolomite from carbonate source rocks.
Another useful graphical portrayal of sedimentary rocks is K2O/Al2O3
vs. Na2O/Al2O3. This plot is particularly useful for comparing the
nature of igneous rock input (maﬁc vs. felsic) to a loess body and the
degree of ﬁne-grained sedimentary or metasedimentary rock input
(shales and slates) to a loess body. Almost all loess bodies plot below
the ﬁelds for igneous rocks, indicating that most all of them are not
simply “ground-up igneous rocks,” but have components derived from
second-cycle (or later) sediments that have experienced some loss of
Na2O relative to Al2O3. Loess bodies from diﬀerent parts of China show
distinctive compositions along this axis, indicating that some loess sediments are more directly derived from igneous rocks than others. The
same is true for loess bodies in North America, where some fall within
the igneous rock ﬁeld, but most do not. Furthermore, contributions
from igneous rock types can be discerned from such plots, where some
loess bodies have more maﬁc source rocks than others.
Trace elements also have tremendous power in deciphering loess
sources. Chief among these are relatively immobile trace elements such
as Sc, Th, Zr and the REE. Ternary plots of Sc-Th-La and Zr-Sc-Th are
particularly useful in determining the degree of maﬁc vs. felsic rock
inputs. Most Asian loesses clearly have felsic source rocks, suggesting
dominantly rocks of granitic composition as sources, whereas others
have had more inputs from rocks of maﬁc composition. In North
America, loess bodies from diﬀerent parts of the continent show a
considerable range of maﬁc to felsic source materials based on Sc-Th-La
and Zr-Sc-Th plots.
Rare earth elements are among the most useful trace elements for
provenance studies in loess. REE compositions of loess in Asia show
both similarities and diﬀerences between regions. Loess in the Harbin
region of northeastern China has similar REE compositions to silts on
the Chinese Loess Plateau. However, loess from the Qinling Mountains
shows only partial overlap with the Chinese Loess Plateau and loess
from Tibet shows no overlap at all, having a much more felsic signature.
Fewer studies of the REE composition of loess in North America have
been conducted, but some data are available that allow for identiﬁcation of regional distinctiveness in loess. Loess from the Great Plains, the
ﬁne-grained (< 20 μm) component of Mississippi River valley loess,
and loess from central Alaska all show considerable overlap with the
Chinese Loess Plateau, demonstrating a dominantly average upper
continental crustal REE composition. However, loess from other localities in Alaska have distinctive compositions on LaN/YbN vs. Eu/Eu∗
plots, indicating more maﬁc source rocks.
Part of the richness of the loess-paleosol stratigraphic record stems
from its ability not only to document past atmospheric circulation
during glacial periods (the loess component of the record), but also past
vegetation and moisture regime during interglacials (the paleosol
component of the record). One of the most eﬀective means of elucidating past interglacial moisture regimes is to examine the geochemistry of loess-derived paleosols, because this composition reﬂects the
degree of mineral alteration. Virtually all mineral-alteration processes
of a chemical nature require water, so degree of mineral alteration,
represented by geochemistry, says much about overall moisture regime

most important in generating the dust that accumulates as loess.
Mountains in China contain an astounding diversity of rock types that
can contribute particles to loess. These include granitic plutons,
gneisses, amphibolites, sandstones, conglomerates, volcanic rocks, and
carbonate rocks. Desert basins of western and northern China, long
thought to be the source areas for loess, receive sediments from an
extremely wide range of rock types, with granitic rocks always being a
primary, but not sole contributor.
In most of North America, loess does not have the long history that
is evident in Asia, with the exception of Alaska, where the record may
go back to ∼3.0 Ma. Elsewhere, the oldest widespread loess that is
preserved is that from the penultimate glacial period. Loess in the
greater Mississippi River valley of midcontinental North America is
dominantly glacially derived, deﬂated from outwash along major river
valleys that drained the Laurentide Ice Sheet. Lobes of the Laurentide
Ice Sheet eroded diﬀerent bedrock terrains in North America, including
Precambrian crystalline rocks (granites and gneisses), but also carbonate rocks and shales. West of the Missouri River, in the Great Plains
region, loess is dominantly non-glaciogenic. Two contributors are important: felsic Tertiary volcaniclastic siltstones of the White River
Group and silts from a variety of ﬂuvial sources, most importantly the
Platte River system that drains Precambrian crystalline rocks of the
Rocky Mountains.
In spite of the diﬀerent source sediments for loess in the Mississippi
River valley and the Great Plains, the youngest loess deposits are of
broadly similar age and date to the late last glacial period (MIS 2, or
Chinese equivalent L1LL1), the early last glacial period (MIS 4, or
Chinese equivalent L1LL2), and the penultimate glacial period (MIS 6,
or Chinese equivalent L2). Paleosols formed between times of loess
deposition, similar to those in China. However, unlike Asia, older, preMIS 6 loess deposits are rare in midcontinental North America, and
where present are thin, possibly the result of widespread erosion and/or
signiﬁcant dust production only during later glacial periods of the
Quaternary.
In Alaska, loess is dominantly glaciogenic and glacial ﬂour produces
dust storms and loess accumulation continues to this day. Derivation of
loess comes from glacial erosion of rocks that compose a series of accreted terranes and lithologies are diverse, ranging from granitic intrusions to very young maﬁc volcanic rocks and a large suite of metasedimentary rocks of maﬁc to felsic composition. Unlike the North
American midcontinent, loess in Alaska has some similarities to Asia in
that the record is much longer and loess accumulation is not simply a
“turn on” (glacial periods) and “turn oﬀ” (interglacial periods) cycle. In
Alaska, there is accumulation of ﬁne-grained particles even when
pedogenesis is dominant and there is syndepositional weathering when
loess accumulation is dominant.
The major element composition of loess is a function of its mineralogy and has similarities to, but is not identical to average upper
continental crust, except at the broadest level of generalization. Indeed,
there are regional diﬀerences in major element concentrations that are
indicative of distinctive mineralogy and speciﬁc source rocks for different loess bodies. In Asia, higher concentrations of carbonate minerals
are apparent from high concentrations of CaO and MgO in loess of
Tajikistan, whereas loess in Yakutia has low concentrations of these
elements and low concentrations of carbonate minerals. Deposits in the
Chinese Loess Plateau have intermediate amounts of CaO and MgO. The
reverse is true for concentrations of plagioclase and K-feldspar/mica:
these minerals are most abundant in loess of Yakutia, based on concentrations of Na2O and K2O, and least abundant in loess of Tajikistan.
The same kind of regional diﬀerences are apparent in North America:
Mississippi River valley loess has high amounts of carbonate minerals
and therefore high CaO and MgO, whereas central Alaskan loess has
low concentrations of carbonate minerals and low CaO and MgO. These
observations show that loess bodies are not all uniform, monotonous
replicas of average upper continental crust, but have distinctive compositions that reﬂect diﬀerent source rocks.
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during the period of soil formation.
A soil climosequence study in the Mississippi River valley of North
America shows that the geochemistry of loess-derived modern soils
shows a strong reliance on climate. Proﬁle averaged CaO/TiO2, MgO/
TiO2, Na2O/TiO2, and K2O/TiO2 all show strong negative relations with
present mean annual precipitation, indicating that the degree of mineral alteration increases with increased precipitation. Trace element
ratios that represent these same minerals, Sr/Zr, Rb/Zr, and Ba/Zr also
show decreases in values with increasing precipitation. These observations show that simple mobile-to-immobile element ratios can be
powerful tools in interpreting degree of mineral alteration in paleosols.
In Asia, detailed geochemical studies of long-term loess-paleosol
records have been carried out in the Chinese Loess Plateau and in
Tajikistan. These records show signiﬁcant mineral depletions in all
paleosols relative to the underlying loess parent materials. On the
Chinese Loess Plateau, paleosols from the previous ﬁve interglacials all
show greater mineral depletions than their modern soil counterparts,
indicating greater moisture during those times, a longer period of
chemical weathering, or both. Prior to ∼600 ka, however, the degree of
mineral alteration is even greater and diﬀerences between interglacials
and glacials, with respect to mineral weathering, are greatly diminished
overall. These data are interpreted to reﬂect a greater degree of
weathering of source materials prior to ∼600 ka during both glacials
and interglacials. This diﬀerent weathering regime in the early
Pleistocene is considered to be due not only to orbital forcing (which
generated shorter interglacial-glacial cycles at this time), but also was a
time prior to complete uplift of the Tibetan Plateau, which later blocked
tropical moisture from reaching China’s interior, increasing aridity and
decreasing weathering.
In North America, the record of earlier loess accumulation and paleosol formation does not go back nearly as far as in Asia and the only
widespread paleosol is the Sangamon Soil. This paleosol appears to
have developed over a long time period, during all of MIS 5 and likely
at least part of MIS 4. In the relatively humid Mississippi River valley, as
on the Loess Plateau, it exhibits a signiﬁcant degree of mineral alteration with losses of carbonate minerals, plagioclase, mica, and apatite
(from Na2O/TiO2, CaO/TiO2, K2O/TiO2, and P2O5/TiO2). In addition to
time, however, the last interglacial period may have been warmer and
more humid, with a strengthened monsoon, analogous to the summer
monsoon of China, which would have enhanced mineral weathering in
the Sangamon Soil. In the semiarid Great Plains, the Sangamon Soil
shows only modest evidence of plagioclase, mica, and apatite depletion
but evidence of subsoil accumulation of carbonates in a calcic horizon.
This suggests that the east-to-west, humid to semiarid moisture gradient
from the Mississippi River valley that is present today also existed
during the last interglacial period. This hypothesis is worthy of more
detailed testing in North America and is one that could also be tested
along the moisture gradient of the Chinese Loess Plateau. In any such
study, just as in those described throughout this review, major and trace
element geochemistry, combined with traditional stratigraphy and
mineralogy, will be critical tools in deciphering the geologic record.
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