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Abstract

Global circulation models (GCM’s) project enhanced warming and drying in the central Great
Plains during the next few decades in response to elevated levels of atmospheric CO,. Given the
sensitivity of sand-mantled landscapes to climate changes, paleoenvironmental research has
focused on the potential response of sand sheets and dune fields to increased aridity. Although
appreciable research has been conducted in Nebraska, Colorado, and Texas, no detailed information
has as yet emerged from Kansas.

Geomorphic research on the Great Bend Sand Prairie, a large sand sheet in south-central
Kansas, indicates that two late Quaternary stratigraphic units occur in the region. The oldest
deposits are late Wisconsinan, and the youngest are Holocene. Late Wisconsinan deposits are
widespread, consisting largely of sand and silt (defined herein as silty sand), and probably
accumulated in a very low energy fluvial environment. Radiocarbon ages from the lower part of the
silty sand range from about 20,000 yr B.P. to around 9,000 yr B.P. At all localities, the silty sand
contains one or two extremely well developed buried soils with stacked Bt horizons, indicating
long-term landscape stability following deposition. Floral (Picea cf. glauca) and faunal (e.g.,
Discus cronkhitei) remains, as well as 813C values (e.g., -25.6%o) derived from the silty sand
indicate that the late Wisconsinan climate was cooler and had more effective moisture than the
climate during the Holocene. Northwesterly winds prevailed, as indicated by the orientation of
Wilson Ridge, a late Wisconsinan lunette.

Overlying the silty sand are eolian sands of varying thicknesses. Radiocarbon ages from the
upper 5 cm (2 in) of the underlying silty sand provide an estimate of the maximum-limiting age of
dune development. At three sites, ages on the upper silty sand are late Wisconsinan, suggesting that
overlying eolian sands accumulated during the Woodfordian. In most instances, however, the upper
silty sand dates from 7,000 yr B.P. to 800 yr B.P,, indicating that overlying dunes are largely
Holocene deposits.

Mapping of Holocene landforms on uplands recognizes six categories, ranging from level sand
sheets to parabolic dunes. In comparison to late Wisconsinan deposits, dune sands are well sorted,
with a mean particle size of very fine to fine sand. Values of 33C (e.g., -15.0%0) derived from
dunes imply a warmer climate during the Holocene than the Woodfordian. The orientation of
parabolic dunes indicates prevailing, southwesterly winds. Dunes usually contain one to two,
weakly developed buried soils with A/AC/C horizonation, representing brief periods of landscape
stability. Calibrated radiocarbon ages at standard deviation (26) on buried soils imply six periods of
pedogenesis during the Holocene, with the center of probabilities at ca. 6,300, 2,300, 1,500, 1,000,
700, and 200 yr B.P. Surface soils are generally poorly developed, suggesting that dunes can easily

be mobilized if increased aridity occurs.

Introduction

This study reconstructs the history of late Quaternary
climate change and landscape evolution on the Great Bend
Sand Prairie, a large sand sheet in south-central Kansas.
Prior to this investigation, research of a similar nature had
been conducted only in surrounding areas of the Great
Plains, including northeastern Colorado, Wyoming,
Nebraska, and Texas. As a result, little was known about
the late Quaternary paleoenvironmental and geomorphic
history of the sand sheets in Kansas, specifically the record
of desertification and eolian sand mobilization. This lack
of information has precluded prediction of landscape
response should Kansas experience intensive drought in
the future, as is anticipated by greenhouse-warming
scenarios.

It is generally thought that increased levels of green-
house gases (e.g., CO,, methane) in the atmosphere will
result in global warming (e.g., Washington and Meehl,
1984; Hansen et al., 1988). Climatic modelling of green-
house scenarios (e.g., Hansen et al., 1988; Schlesinger,
1989) has demonstrated that the degree of warming may

reach levels reconstructed for the last few interglacials.
Although the models show regional variation, greater
warming is expected to cause increased dryness for the
already subhumid to semiarid Great Plains (Hansen et al.,
1988; Wetherald and Manabe, 1988; Wendland, 1993).
Landscapes within the region that consist of unconsoli-
dated sand are particularly sensitive to moisture loss
because they easily destabilize when protective vegetation
is reduced. This is significant within the context of
regional warming because large portions of the Great
Plains are mantled by sand dune fields and sand sheets
(fig. 1) that are presently stable (e.g., Smith, 1940; Muhs,
1985, 1991; Madole, 1986, 1994; Holliday, 1989; Forman
and Maat, 1990; Swinehart, 1990; Johnson, 1991).
Periodic desertification and mobilization of eolian
sand has been demonstrated elsewhere in the Great Plains
during the late Quaternary when intervals of drought
reduced vegetative cover (Madole, 1986, 1994; Holliday,
1989; Swinehart, 1990). Dune migration apparently
occurred during such cool-arid periods as the late
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Wisconsinan (e.g., Wright et al., 1985; Forman and Maat
1990) as well as such warm-arid intervals as the middle
Holocene (Ahlbrandt et al., 1983; Forman and Maat,
1990). The conditions under which these geomorphically
sensitive areas would desertify again is the focus of
increased speculation in response to predictions of
greenhouse warming and drying (e.g., Swinehart, 1990;
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al., 1983; Swinehart, 1990), and Texas (Holliday, 1985,
1989), little is known about the response to climate change
and the chronology of geomorphic events on sand-covered
landscapes in Kansas. Significant portions of the south-
central and southwestern part of Kansas are mantled by
unconsolidated sand. Most of this area is agricultural land,
portions of which were destabilized and intensively eroded
by wind during the dust bow] of the 1930’s (Smith, 1938;
Latta, 1950; Simonett, 1960). Although some research has
been conducted in the dune fields of the region (e.g., Moore,
1920; Courtier, 1934; Smith, 1938, 1940; Simonett, 1960), it
was generally descriptive in nature because of the lack of
absolute dating techniques.

The largest sand sheet in Kansas, the Great Bend Sand
Prairie (fig. 1), was chosen for detailed paleoenvironmental
and geomorphic investigations because of its potential to
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provide significant baseline data for future studies. Increased
levels of aridity are predicted for the future in the central
Great Plains, including the Great Bend Sand Prairie, if
greenhouse warming is realized. Because sand sheets have
been especially sensitive to increased warming in the past
(e.g., 1930’s), understanding the timing and magnitude of
landscape response is critical if destabilization is to be
curtailed. Accordingly, the four specific objectives of this
research were to (1) construct a detailed map of surficial
geology; (2) determine the number, character, and relative
ages of late Quaternary stratigraphic units; (3) reconstruct
the history of paleoclimatic change by analyzing the sedi-
ments of major stratigraphic units; and (4) construct a
chronology of desertification and sand mobilization on the
Great Bend Sand Prairie and compare it with that derived
from other sand sheets in the central Great Plains.

Study Area

The research discussed in this report was conducted
on the Great Bend Sand Prairie, a large sand sheet located
within the “great bend” of the Arkansas River (fig. 1).
Approximately 4,500 km? (1,100 mi?) in size, it includes
all of Stafford County, and portions of Barton, Edwards,
Kiowa, Pratt, Reno, and Rice counties. The vast majority
of investigations occurred within the jurisdiction of
Groundwater Management District 5 (GMD 5). The study
area is situated mostly within the Arkansas River Low-
lands physiographic province, except for the southern one-
half of Pratt county, which lies in the High Plains physio-
graphic province (Schoewe, 1949). Major tributaries to the
Arkansas River in the region are the North Fork Ninnescah
River, which flows generally to the southeast, and Rattle-
snake Creek, a northeasterly trending stream that bisects
the study area (fig. 2).

Geology

The geology of the Great Bend Sand Prairie is
complex. Structurally, the study area lies on the southwest-
ern flank of the Central Kansas uplift (Barton arch) and the
northern one-half of the Pratt anticline (Merriam, 1963)
(fig. 3). Basement rocks are Permian and early Cretaceous
in age, with Cretaceous rocks present and forming the
bedrock surface only in the western one-half of the study
area. Permian rocks, consisting of the Ninnescah Shale,
Stone Corral Formation, Harper Sandstone, Salt Plain
Formation, Cedar Hills Sandstone, and undifferentiated
strata (including Whitehorse and Dog Creek Formations)
are often referred to as “red beds” because they contain red
to brown shale, siltstone, and sandstone with minor beds of
limestone, dolomite, and anhydrite. Cretaceous rocks
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include the Cheyenne Sandstone, Kiowa Formation, and
Dakota Formation, and generally consist of interbedded
shales, sandy shales, and fine- to coarse-grained sand-
stones.

Overlying the Permian and Cretaceous basement
rocks on the Great Bend Sand Prairie are varying thick-
nesses of unconsolidated Tertiary and Quaternary deposits.
Tertiary deposits consist of the Pliocene Ogallala Forma-
tion. In general, the Ogallala is characterized by deposits
of silt and fine sand with interbedded caliche that were
derived from the Rocky Mountains (Fader and Stullken,
1978).

The surficial geology of the entire Great Bend Sand
Prairie is dominated by unconsolidated Quaternary
deposits of eolian and alluvial origin. Quaternary sedi-
ments of the region have a maximum thickness of about
110 m (360 ft) (table 1). The kinds of minerals (e.g.,
quartz, feldspar, granite) found in most Quaternary
deposits suggests a Rocky Mountain origin with the
Arkansas River serving as the primary source. The bend of
the Arkansas River is thought to have migrated laterally
from the south to its present position via successive
captures by its own northern tributaries, leaving a thick
deposit of sand, silt, and clay behind (Fent, 1950). In
general, five lithostratigraphic units have been recognized
(bottom to top): (1) basal sand and gravel; (2) alternating
sequences of sandy silt-clay, sand, and gravel; (3) near-
surface silt-clay bed; (4) loess; and (5) dune sand (Rosner,
1988). Of specific concern in this study is the surficial
mantle of dune sand, from O m to 15 m (049 ft) thick
(Johnson, 1991), and its relationship to underlying deposits
of silt-clay and loess (e.g., fig. 4).

Soils

Soils within the Great Bend Sand Prairie are classified
as Mollisols, Alfisols, Entisols, or Inceptisols. Categoriza-
tion is based on landscape position and parent-material
associations. Upland soils have formed in undulating to
hilly sandy sediments; in so-called old alluvium that is
predominantly sandy clay loam, silty clay loam, and clay
loam in texture; and in loess. Floodplain soils are those
that have developed in areas with a seasonally high water
table or in stream drainageways (or both).

The best-developed soils in the study area are Typic
Argiaquolls (Carwile Series), Udic Argiustolls (Naron
Series), Pachic Argiustolls (Blanket and Farnum Series),
and Vertic Argiustolls (Tabler Series). These soils are
loamy, generally considered to have formed in old allu-
vium, and occur on the broad landscapes of relatively low
relief between large dune fields. Soils in the Tabler Series
have the finest texture, generally occupy depressional
positions, and are the least well drained. Carwile soils
occur in similar topographic positions as Tabler soils but
are more coarse textured and slightly better drained. Naron
and Farnum soils contain the highest proportions of sand,
occupy slightly higher landscape positions, and are better
drained. Blanket soils are found only in Stafford County
where a significant deposit of loess occurs.

Soils that have evolved in the complex, wind-
modified dune topography of the study area consist of
Psammentic Haplustalfs (Pratt Series), Typic
Ustipsamments (Tivoli Series), and Aquic Ustipsamments
(Dillwyn Series). Each has formed in sediments classified
as loamy fine sand. Dillwyn soils are deep, somewhat
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TaBLE 1—GENERALIZED COLUMNAR SECTION OF GEOLOGIC UNITS ON THE GREAT BEND SAND PramrIE (modified from Fader and Stullken,

1978).
System Geologic Unit Maximum Physical Character
thickness (m)

Quaternary undifferentiated 110 Unconsolidated deposits of sand and gravel with
Pleistocene deposits interbedded lenses of clay, silt, and caliche. Eolian sand

occurs over most of the area.
Tertiary Ogallala Formation 20 Unconsolidated deposits of silt, fine sand, and
(Pliocene deposits) interbedded caliche.
Cretaceous undifferentiated 115 Upper unit (Dakota Formation): brown, fine- to medium-
Lower Cretaceous grained sandstone interbedded with shale. Middle unit
rocks (Kiowa Formation): dark-gray shale interbedded with
sandstone. Lower unit (Cheyenne Sandstone): gray to
brown medium-grained sandstone interbedded with shale.

undifferentiated 105 Interbedded reddish shale, siltstone, and sandstone.

Permian rocks

Cedar Hills Sandstone 60 Reddish shale, siltstone, and sandstone.

Salt Plain Formation 90 Reddish-brown sandy siltstone and sandstone.

Permian Harper Sandstone 75 Brownish-red siltstone and silty shale.
Stone Coral Formation 5 White and light-gray anhydrite and dolomite.
Ninnescah Shale 120 Red and grayish-green shale, siltstone, and silty sandstone.

Dune sand

FIGURE 4—QUTCROP OF SILTY SAND IN A DUNE FIELD in the NW, NW, sec. 24, T. 26 S., R. 15 W. (modified from Arbogast
and Johnson, 1998).
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poorly drained soils in interdunes where seasonal water
tables are relatively high. Pratt soils are well drained and
occupy the lowest, least erodable slopes on dunes. Tivoli
soils are also well drained but are found on dune crests
where eolian erosion is most likely to occur. As a result,
these soils have the poorest development of any series in
the region.

Soils that have formed in younger, fluvial landscapes
are classified as Fluvaquentic Haplustolls (Plevna Series)
and Leptic and Typic Natrustolls (Natrustolls). Natrustolls
developed in loamy, calcareous alluvium that contains
layers of sand or clay in places. They are somewhat poorly
drained and often contain high concentrations of salt.
Seasonal water tables are relatively high. Plevna soils are
often heavily gleyed and typically have developed in slight
depressions on floodplains and on chaotic, channeled
floodplains. Parent material is usually fine, sandy loam at
the surface that is underlain by sandy and clayey alluvium
(Dodge et al., 1978).

Climate

Several stations (e.g., Great Bend, Hutchinson,
Greensburg, Hudson, Larned) near or on the Great Bend
Sand Prairie have maintained temperature and precipita-
tion records since early in this century. Data indicate that
the present climate of the region is semiarid to subhumid
and strongly continental, characterized by extreme diurnal
and annual variations in temperature. Winter usually lasts
from December to February with an average low tempera-
ture of about 0°C. The summer growing season is usually
from April to October, during which time the average high
temperature is about 25.5°C. Average annual precipitation
in the study area reflects the position of the Great Bend
Sand Prairie on the boundary between the dry portion of
western Kansas that is influenced by the rain shadow of
the Rocky Mountains and the eastern regions over which
moisture-laden air from the Gulf of Mexico flows.
Although yearly precipitation may vary widely depending
upon the precise position of the boundary, mean annual
precipitation on the western border (57 cm; 22 in) is
significantly less than average yearly rainfall on the
eastern margin of the study area (80 cm; 32 in) (Fader and
Stullken, 1978). Most of the total annual precipitation
comes from convective storms in the late spring and
summer, with approximately 75% of the yearly amount
occurring in the growing season (table 2).

Vegetation

Vegetation on the Great Bend Sand Prairie can be
separated into that which was native to the area and that
which was imported by European settlers (Kuchler, 1974).
Land-use data for Stafford County serve as an estimate for
this division between native and cultivated vegetation on
the Great Bend Sand Prairie. In 1978, approximately
375,000 acres, or about 75% of the total land area in

Stafford County, was under cultivation; 96,000 acres, or
about 19% of the total land area was in pasture. The
remaining 6% of the land, such as along the Rattlesnake
Creek floodplain, was regarded as unsuited for agriculture.
Pasture in Stafford County is generally located on the very
well drained, dune topography of high relief, while culti-
vated land is found nearly everywhere.

Grassland, in the form of tall- and mixed-grass prairie,
dominates the study area, although wooded areas exist along
streams. Common native prairie grasses in high-relief dune
fields include sand bluestem (Andropogon hallii), little
bluestem (Andropogon scoparius), sand lovegrass
(Eragrostis trichodes), big sandreed (Calamovilfa gigantea),
switch grass (Panicum virgatum), indian grass (Sorghastrum
nutans), sand dropseed (Sporobolus cryptandrus), and Texas
bluegrass (Poa arachnifera). In areas of less relief, where
better-developed, heavier soils are found, big bluestem
(Andropogon gerardii), western wheatgrass (Agropyron
smithii), blue grama (Agropyron hallii), side-oats gramma
(Bouteloua curtipendula), tall dropseed (Sporobolus
giganteus), and buffalo grass (Buchloe dactyloides) are
common. Riparian trees in the Great Bend Sand Prairie
include eastern cottonwood (Populus deltoides), American
elm (Ulmus rubra), common hackberry (Celtis
occidentalis), sycamore (Platanus occidentalis), black
hickory (Carya texana), and black walnut (Juglans nigra)
(Dodge et al., 1978).

Cultural History

Archaeological evidence recovered from the Great
Bend Sand Prairie indicates human inhabitation during the
past several thousand years. Eighteen prehistoric sites have
been identified thus far, dating back to the Archaic, and
Middle and Late Ceramic. Tool assemblages, consisting
largely of projectile points and flakes, suggest the region
served as a hunting ground. The Great Bend Sand Prairie
was intermittently inhabited by nomadic bands of Native
American Wichita, Cheyenne, Comanche, Kiowa, and

TABLE 2—MEAN MONTHLY TEMPERATURE AND PRECIPITATION AT
Hupson. Data from Dodge et al. (1978, p. 56).

Temperature (°C) Precipitation

Mean Daily Max. Mean Daily Min. (mm)
J 6.0 -7.0 1.4
F 9.0 -4.4 2.3
M 13.0 -1.2 32
A 20.5 59 5.8
M 25.9 12.0 9.2
J 31.2 17.1 10.8
J 34.0 18.9 9.3
A 333 18.9 6.5
S 283 14.0 5.6
0} 222 77 5.3
N 13.3 0.0 20
D 6.8 -4.5 22




Kiowa Apache during the protohistoric (Logan et al.,
1993).

Large-scale European influence in the region began
during the 1820’s with establishment of the Santa Fe Trail
along the northern boundary of the study area. In order to
protect the trail, Fort Larned was established in 1859 near
the site of present-day Larned, Kansas. By the late
1860’s, homesteaders from the eastern United States and
Europe began to settle the area during the large westward
migration. Migration was fueled by the establishment of
the Santa Fe Railroad, which reached the town of Great
Bend in 1872 (Dodge and Roth, 1978).
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By 1900 the area was fully settled by European settlers.
Pratt, Reno, Barton, and Edwards counties were established
in 1872, whereas Edwards and Stafford counties were
organized in 1874 and 1879, respectively (Andreas, 1883).
Kiowa County was established in 1886 (Hoffman et al.,
1986). According to the 1990 census, the largest cities in the
region are Great Bend (pop. 15,427), Pratt (pop. 6,687),
Larned (pop. 4,445), Greensburg (pop. 1,792), St. John (pop.
1,274), and Stafford (pop. 1,268). Although some oil and gas
speculation occurs in the area, the regional economy is
largely based on farming, ranching, and related enterprises
(Kansas Statistical Abstracts, 1992).

Previous Research

Numerous studies have been conducted about
paleoenvironmental change in the central Great Plains,
including the history of eolian sand erosion, transport, and
deposition. The following discussion reviews significant
research that is particularly germane to this study, beginning
with the chronology and nature of paleoenvironmental
change in the region. Within that context, the known
geomorphic history of dune fields in the central Great Plains
is subsequently examined in the Arkansas River valley of
Kansas, the southern High Plains of Texas, northeastern
Colorado, and the Nebraska Sand Hills.

Late Quaternary Environmental
Change in the Central Great Plains

Paleoenvironmental studies in the central Great Plains
indicate that climatic conditions have varied dramatically
over the chronological subdivisions of the past 25,000 years
(fig. 5). Despite the numerous studies that have been
conducted, conflicting evidence exists regarding the
character of late Wisconsinan environments in the central
Great Plains. It is generally agreed that during the
Woodfordian temperatures were cooler conditions and there
was less seasonality than at present. Climatic models (e.g.,
CLIMAP Members, 1981; Kutzbach, 1987; COHMAP
Members, 1988) depicting atmospheric circulation during
the glacial maximum simulate a westerly jet stream that
divided into northern and southern branches west of the
Laurentide ice sheet. Given this split, the mean position of
the southern branch of the polar front, which is presently in
southern Canada, was around 34°N about 18,000 yr B.P.
(Delcourt , 1979; Delcourt and Delcourt, 1983). As a result,
mean annual surface temperatures in the central Great
Plains were probably 2° to 4° cooler than today (Kutzbach,
1987). Wells (1983) used the orientation of late-glacial
features to argue that prevailing winds were northwesterly.
In addition, they were perhaps 20% to 50% stronger than at
present (Crowley and North, 1991). Analysis of Pleistocene
fauna further imply decreased seasonality, indicating more
complex and diverse biological communities (Martin, 1984;
Martin and Hoffman, 1987; Martin and Martin, 1987).

Although surface temperatures for the Woodfordian
are relatively well understood, there is uncertainty regard-
ing the levels of effective moisture. The majority of
evidence suggests that the climate was relatively moist, at
least compared to the Holocene. In particular, the floral
record implies that levels of effective moisture were
comparably high. Grass phytoliths derived from Peoria
loess, exposed at the Eustis ash pit in south-central
Nebraska, indicates deposition on a well-vegetated surface
(Fredlund et al., 1985). According to Fredlund (1995), the
pollen record at Cheyenne Bottoms, located in central
Kansas, suggests a spruce parkland around 20,000 yr B.P.
In the Arkansas River floodplain, near Wichita, remains
(e.g., spruce wood and needles, cone fragments) of
coniferous species were recovered in peat that dated to
about 19,000 yr B.P. (Fredlund and Jaumann, 1987). Data
from Harlan County Lake in south-central Nebraska, as
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well as Sanders’s well in northeastern Kansas, indicate that
uplands were populated by Populus (aspen) between
24,000 and 12,800 yr B.P. (Fredlund and Jaumann, 1987;
Fredlund, 1989). Moreover, Wells and Stewart (1987)
reported that Pinus flexilis (limber pine) and Picea cf.
glauca (spruce) charcoal-dated to about 14,500 yr B.P. in
south-central Nebraska.

Although some evidence indicates relatively high
levels of effective moisture during the Woodfordian, other
data point to increased aridity. In particular, Holliday
(1987) argued that pollen data are misleading because
spruce pollen is more resistant to weathering than other
pollen taxa. Moreover, Holliday contended that buried soils
of Woodfordian age should exhibit evidence of podzoliza-
tion if conifers truly dominated. According to Feng (1991),
no evidence for podzolization (e.g., spodic horizon) exists
in the Peoria loess.

In addition to pollen and soils, some sedimentary
evidence suggests that the glacial maximum was a period
of increased aridity. During the Farmdalian, for example,
uplands were very stable, with extended soil development
in the Gilman Canyon Formation until around 22,000 yr
B.P. (Fredlund et al., 1985; Johnson, 1993; Johnson et al.,
1993). Subsequently, sedimentation of Peoria loess began,
perhaps due to less effective moisture in the region (e.g.,
Johnson, 1993; Johnson et al., 1993). According to Johnson
(1993), this hypothesis is supported by modelling of
environmental conditions at the glacial maximum (e.g.,
Kutzbach and Wright, 1985, COHMAP Members, 1988;
Crowley and North, 1991).

Evidence also points to increased late Wisconsinan
aridity in south-central Kansas. Fredlund (1995) noted a
major unconformity at Cheyenne Bottoms, one that spans
the entire Woodfordian. He hypothesized that Cheyenne
Bottoms was primarily a barren playa basin throughout the
early Woodfordian, with both eolian deposition and erosion
occurring. According to Fredlund, early Woodfordian
aridity is not necessarily incompatible with the pollen
record, which suggests the expansion of trees because
limited taxa may have persisted. In fact, Fredlund argues
that the Woodfordian may be subdivided on the basis of
climate into an early Woodfordian, which was more xeric,
and a more mesic late Woodfordian. The regional data are
inconclusive. Wells and Stewart (1987) assign an early
Woodfordian age to landsnail assemblages in Peoria loess.
Leonard (1951, 1952) in contrast, correlates the same fauna
with the late Woodfordian. Unfortunately, the record from
Cheyenne Bottoms does not resolve the issue because the
unconformity persists until the early Holocene (Fredlund,
1995).

Following the mesic environments of the
Woodfordian, the transition to the Holocene was a period
of major climatic and vegetational change across the

central Great Plains. The driving mechanism behind this
change were adjustments in the geometric relationship of
the earth to the sun. Perhelion was in July, and this, in
conjunction with a decrease in the earth’s tilt (obliquity
24.23%), resulted in summer solar radiation at the top of the
atmosphere that was about 8% greater than at present
(Kutzbach, 1981, 1985, 1987). Given the increased
radiation, the Laurentide ice sheet rapidly began to
disintegrate (Andrews, 1987), promoting generally drier,
zonal atmospheric flow (Knox, 1983). In south-central
Kansas, these new atmospheric patterns caused a dramatic
increase in Chenopodeaceae-Amarathanceae (Cheno-Am)
populations soon after 11,000 yr B.P. in the basin at
Cheyenne Bottoms (Fredlund, 1995). According to
Fredlund, this increase reflects sharp fluctuations in water
levels as the climate became more variable. At Muscotah
Marsh in northeastern Kansas, Picea sharply declined
around 12,000 yr B.P., concurrent with an increase in
populations of Quercus, Ulmus, Fraxinus, and Salix. By
the very end of the Woodfordian (~10,500 yr B.P.), Picea
had completely been replaced by deciduous forest, which,
in turn, was completely displaced by grassland by 9,000 yr
B.P. (Gruger, 1973).

As the Laurentide ice sheet continued to waste during
the early Holocene, the steep north-south temperature
gradient which had been present during the Woodfordian
further weakened, promoting further zonal flow (Knox,
1983). As a result, seasonal temperature extremes began to
increase (COHMAP Members, 1988). Ultimately, these
combined factors triggered the generally warm and dry
conditions of the Altithermal (Antevs, 1955), which
occurred from about 8,000 to 5,000 yr B.P. in central
North America (Knox, 1983; Kutzbach, 1985, 1987;
COHMAP Members, 1988; Crowley and North, 1991). By
approximately 6,000 yr B.P., mean summer temperatures
in the region were probably 2° to 4° higher than at present
(COHMAP Members, 1988; Crowley and North, 1991),
and annual precipitation was perhaps 25% less (Bartlein et
al., 1984; Kutzbach, 1987). In Cheyenne Bottoms,
Fredlund (1995) reported that water levels stabilized but
were probably lower, depressing Cheno-Am populations.

Following the Altithermal, the climate of the central
Great Plains was apparently more moist in the early part of
the late Holocene. Evidence for this shift was reported at
Muscotah Marsh in northeastern Kansas, where deciduous
forest (e.g., Quercus, Carya) briefly repopulated portions
of the landscape after 5,000 yr B.P. (Gruger, 1973). Since
that time, however, the climate has apparently fluctuated
between relatively moist and arid. According to Fredlund
(1995), for example, high percentages of Cheno-Am
pollen in late Holocene sediments in Cheyenne Bottoms
indicate that water levels have varied, resulting in periodic
drying of the basin in the past few thousand years.
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Evolution of Dune Fields in the Central Great Plains

Arkansas River Valley of Kansas

Prior to the 1950’s, geomorphic investigations of
regional sand sheets were mostly qualitative in nature. In
general, the research was speculative with regard to the
chronology of events and associated climatic history
because reliable age-determination methods (e.g., carbon-
14, thermoluminescence) were not available. According to
Ahlbrandt et al. (1983, p. 379), inferences were based
upon correlations with loess or terrace-fill sequences and
upon assumptions concerning strong katabatic winds
during glacial periods. Much of the early research was
conducted in Kansas, where interest focused on the dune
fields along the Arkansas River valley.

In a general reconnaissance of southwestern Kansas,
Hay (1893) thought the sand in the sand dunes along the
Arkansas River was from a local bedrock source (e.g., the
Ogallala Formation). Haworth (1897) conducted a study of
the physiography of western Kansas, noting that the dune
sand resembled valley sands along the river. In an over-
view of the geology of Kansas, Moore (1920) argued that
the dune sand along the Arkansas River was derived from
the floodplain, having been blown out to the south by
northwesterly winds.

The most complete, early study of the physiography
and geology of south-central Kansas was conducted by
Courtier (1934). After observing that the prevailing winds
during the early Dust Bowl years were southwesterly,
Courtier assumed similar conditions existed when the
dunes originally formed. As a result, he concluded that the
residual soils from the local Dakota, Ogallala, and Sanborn
Formations were the sand sources and not the Arkansas
River to the north. Referring to the Great Bend Sand
Prairie region specifically, he suggested the name “Great
Bend sand plains” for the portion of the area covered by
sand.

Additional paleoenvironmental evidence of dune age
in Kansas was supplied by Smith (1938) from a small
study near Hutchinson, Kansas. He observed three soil
zones exposed in a blowout, which suggested at least three
periods of “alternating sand movement and stabilization”
(p. 115). Also exposed in the section were the fossil
remains of Bison alieni, which confirmed a Pleistocene
age for a least one of the units. According to Smith, strike
and dip in a reddish-brown basal dune sand indicated
northeasterly winds prevailed when the dune formed. The
dune appeared to have been reworked by winds of varying
directions, however, with-modern blowouts resulting from
southerly winds.

Smith (1939, 1940) argued that vegetation plays an
important role in dune morphology on the Great Plains
since pervasive dune forms (e.g., parabolic) suggest that
true desert conditions have never prevailed. As a result, he
concluded that sand dunes on the Great Plains evolve in
two phases, eolian and eluvial. According to Smith, dunes

grow during the eolian phase, when deflation removes
sand from one part of the dune and deposits it nearby
where vegetation is thick. In contrast, dune degradation
occurs during the eluvial phase, when vegetation is
sufficient to stop further erosion. As the eluvial phase
progresses, dune contours are rounded by soil formation,
creep and slope wash. Smith further argued that the cycle
may be interrupted at any time and, in fact, that multiple
cycles had probably occurred, giving most dunes in
Kansas what he called a chaotic appearance.

Smith (1940) also considered the source of sand dunes
in southwestern Kansas and prevailing paleowind direc-
tions. Since the dunes are not migratory in nature, he
concluded the source for sand must be local, probably a
combination of fluvial and outcropping bedrock origins.
Interestingly, he thought that fluvial sources contributed to
the smaller dune fields in the region, but that the Arkansas
River was not the origin of sand for the massive dune field
along its length because dunes were not presently moving
across the floodplain. He acknowledged that the dune belt
along the south side of the Arkansas River valley sug-
gested that northwesterly winds had prevailed (implying a
floodplain source) when the dunes formed. According to
Smith (1940), however, dominant modern winds are
southerly because transverse ridges near Syracuse, Kansas,
face north.

The last substantative work of a qualitative nature
about sand dunes in Kansas was done by Simonett (1960)
in a study of dune development and stratigraphy along the
Arkansas River near Garden City and Syracuse. At most
localities, Simonett found Peoria loess underlying the dune
sand, a relationship that indicated to him a northerly
source for the sand because the loess crops out farther
south. Moreover, He recognized northerly dipping, low-
angle backset beds in many dunes, further suggesting a
northerly sand source. As a result, Simonett concluded that
“Wisconsin alluvials from the Arkansas River” were the
likely source for the dune sand and that most sand move-
ment occurred during the Wisconsinan when northerly
winds prevailed (1960, p. 223).

Simonett (1960) presented evidence, however, that
recent dune-forming winds have been southerly. He agreed
with Smith’s (1940) interpretation that unvegetated
transverse dunes and barchan dunes near Syracuse with
steep, north-facing, slip faces indicate southerly winds. In
addition, he recognized parabolic dunes nearby with arms
that open upwind to the south. Simonett (1960) also
discovered that the line of interdune depressions near
Garden City runs southwest to northeast. Based on this
combined evidence, he concluded that recent southerly
winds have reworked dunes initially formed by northwest-
erly winds.

After a hiatus of about 30 years, new information
regarding the origin and age of sand dunes in Kansas,
specifically from the Great Bend Sand Prairie, has recently
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emerged. In a general study of late Quaternary stratigraphy
of the region, Rosner (1988) concluded that surficial
deposits of eolian sand overlie a poorly sorted silt-clay
layer. Subsequently, Johnson (1991) referred to the silt-
clay layer as the silt layer and determined that it was
probably Peoria loess. Johnson obtained five radiocarbon
ages, largely late Holocene in age, from the upper part of
the silt layer where it was overlain by dune sand. As a
result, he concluded that the ages represented intervals
when the silt-layer was last exposed. In a review of the
early descriptions of the Arkansas River valley by 19th-
century explorers, Muhs and Holliday (1995) found
evidence for both active and inactive sand in the area of
the Great Bend Sand Prairie. At several localities, the
presence of naked sand was noted in addition to tracts that
were densely populated by sunflowers. In the western part
of the region, near Pawnee County, the dunes were
apparently more active, with large areas totally void of
vegetation. This pattern of active and inactive dunes was
described into Colorado, leading the authors to conclude
that the degree of eolian sand mobilization along the
Arkansas River in western Kansas varied spatially.

Despite the recent interest in the Great Bend Sand
Prairie, the focus of research on Great Plains sand sheets in
the past 30 years has clearly been in Texas, Colorado, and
Nebraska. Moreover, geomorphic histories of dune fields
in these areas are much more detailed and quantitatively
based than those in Kansas. Palynological evidence, for
example, has been used increasingly to determine local
paleovegetation. In addition, age-determination tech-
niques, specifically carbon-14, optical simulated lumines-
cence (OSL), and thermoluminescence (TL), have been
successfully used to establish chronologies of stability and
instability within dunes.

Southern High Plains

Although data have begun to emerge regarding
mobilization of eolian sand in Oklahoma (Brady, 1989;
Olson et al., 1995), research south of Kansas has centered
on the sand sheets and dune fields of the southern High
Plains in the Texas panhandle. The earliest extensive work
was conducted by Melton (1940), who classified the dune
fields north of Lubbock into three series based upon their
age. Reeves (1965) studied the lunettes surrounding the
playas on the southern High Plains, concluding that they
formed as playas deflated during dry interpluvials. Reeves
obtained a radiocarbon age of approximately 19,000 yr
B.P. for lacustrine strata beneath a dune on the southern
margin of a playa, indicating that encroachment occurred
during the Wisconsinan by northwesterly winds. He argued
that dunes on the playa’s northern and eastern margins had
formed in the last 5,000 years due to strong, southerly
winds.

The most extensive research on dune fields in the
region has been conducted in the past 10 years around

Lubbock Lake, Texas. Holliday (1985) excavated a lunette
associated with Cone Playa and recognized seven strati-
graphic units and five buried soils in the dune that yielded
ages ranging from about 34,000 yr B.P. to 1,400 yr B.P. A
detailed study of Holocene eolian sedimentation on the
southern High Plains was reported by Holliday (1989).
Using stratigraphic data from a variety of sites (e.g.,
Blackwater Draw, Yellowhouse Draw, Lubbock Lake), he
reached the following conclusions: (1) eolian sedimenta-
tion in the region first occurred locally between about
10,000 yr B.P. and 9,000 yr B.P; (2) eolian sedimentation
was episodic but widespread from 9,000 yr B.P. to 5,500
yr B.P,, with most areas affected by 6,500 yr B.P.; (3)
eolian sedimentation occurred at all localities between
5,500 yr B.P. and 4,500 yr B.P.; and (4) landscapes have
been stable for the past 4,500 years. Of particular impor-
tance, Holliday (1989) reported that two pulses of eolian
sedimentation, separated by a brief period of soil forma-
tion, occurred during the middle Holocene: about 6,300 yr
B.P. to 5,000 yr B.P. and 5,000 yr B.P. to 4,500 yr B.P.
Using previous research (e.g., Wendorf and Hester, 1975;
Johnson, 1986, 1987) and data on fossil gastropods
collected from the Lubbock Lake site, Pierce (1987)
reviewed the history of late Quaternary climate change on
the southern High Plains. He argued that mean annual
temperature increased from a low of 7.5°C during the late
Wisconsinan to an Altithermal high of 20°C. During the
late Holocene, increased precipitation, along with a
decrease in mean annual temperature to about 17.5°C,
temporarily re-established more mesic conditions in the
region. According to Pierce (1987), climate has changed
slightly to the present semi-arid conditions in the past
1,000 years.

The latest research from the southern High Plains was
reported by Holliday (1995). Radiocarbon ages, soils, and
archeological evidence indicate sedimentation in four
phases during the past 11,000 years. In the latest Pleis-
tocene, sand sheets accumulated in vegetated valleys and
lake basins. The first widespread dune formation occurred
between about 10,000 yr B.P. to 8,000 yr B.P. Evidence for
middle Holocene eolian deposition exists in valley fills,
but upland dunes were probably reworked in the later
Holocene. The last phase of dune construction occurred in
the past 3,000 years, with multiple episodes of stability
characterized by buried soils with A/C or A/Bw profiles.

Northeastern Colorado

Abundant, detailed research has been conducted on
the sand sheets and dune fields of northeastern Colorado,
specifically the Hudson, Wray, and Fort Morgan dune
fields. In a detailed study of these localities, Muhs (1985)
classified dune types and determined their relative ages
and source. According to Muhs, the pervasive dune type is
parabolic with arms that point 30—40° west of north,
indicating prevailing northwesterly winds and the South



Platte River as a sand source. Muhs estimated the approxi-
mate age of the dunes by comparing surface soil develop-
ment there with localities in Nebraska studied by
Ahlbrandt and Fryberger (1980) and Ahlbrandt et al.
(1983). He concluded that the soils, which are mostly
Typic Ustipsamments with A/AC/C profiles, are similar in
development. As a result, he inferred that the Wray and
Fort Morgan dune fields formed at the same time as a
major period of dune development in Nebraska (3,000
1,500 yr B.P.), once thought by Ahlbrandt and Fryberger
(1980) and Ahlbrandt et al. (1983) to correlate with the
interstade between the Triple Lakes and Audubon glacial
advances in the Front Range (Benedict, 1973).

Additional studies in northeastern Colorado have been
reported by Forman and Maat (1990), Forman et al.
(1992), and Madole (1994, 1995). Forman and Maat
(1990) used soil morphology and age to conclude that
reactivation of the Hudson dune field occurred sometime
between 9,000 yr B.P. and 7,000 yr B.P. and that the dunes
stabilized only in the past 3,000 years (Forman and Maat,
1990). Subsequently, Forman et al. (1992) analyzed the
regional dunes through principal components analyses of
Landsat Thematic Mapper (TM) imagery. In addition, the
stratigraphic record from a 7-m (23-ft)-thick section of
sheet sand near Hudson, Colorado, was described. Radio-
carbon ages from four buried soils exposed in the section
indicated that the sands at this locality have been reacti-
vated at least four times during the Holocene: 9,500-5,500
yr B.P,, 5,500-4,800 yr B.P., 4,800-1,000 yr B.P., and
<1,000 yr B.P.

The most recent research from dune fields in north-
eastern Colorado was conducted by Madole (1994, 1995).
Two buried soils were recognized in dunes at five, widely
scattered localities along the South Platte River valley.
Typically, the lower soil was better developed, with A/Bw/
C horizonation, whereas the upper one was an A/C profile.
Radiocarbon ages derived from the total humate fraction
of the sola indicated that significant activation of eolian
sand has occurred in the last 1,000 years, resulting in 3—4
m (10-13 ft) of sand accumulation. From the lower solum,
radiocarbon ages of about 1,400, 1,200, and 900 yr B.P.
were derived. In contrast, the upper soil yielded ages of
approximately 1,000, 900, and 800 yr B.P. Values of 8"*C
ranged from -18.2%o to -15.2%o (parts per thousand),
suggesting to Madole that plants with a C, pathway (warm,
dry-adapted) have inhabited the region in the past 1,000
years.

Nebraska Sand Hills

The most extensive, long-term study of sand dunes
and sand sheets in the Great Plains has been conducted in
the Sand Hills of Nebraska. The Sand Hills cover approxi-
mately 50,000 km? (12,000 mi?), by far the most extensive
area of eolian sand in the western hemisphere (Smith,
1965). Dunes are also much larger in the Sand Hills than
elsewhere on the Great Plains. Individual barchan-ridge
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dunes, for example, may be as much as 40 km (130 ft)
long and 150 m (490 ft) high. Average parabolic dune
length and height is approximately 450 m (1,475 ft) and 20
m (65 ft), respectively (Swinehart, 1990). The Pliocene
Ogallala Formation, either as in-situ deposits or reworked
alluvial sediments, is thought to be the source of the dune
sand (Lugn, 1935; Swinehart, 1990).

The age of the Sand Hills is controversial, with active
debate about whether the dunes formed during the late
Wisconsinan or Holocene. Early research suggested
primary mobilization of sand during the late Wisconsinan
in a periglacial environment. Watts and Wright (1966), for
example, obtained a radiocarbon age of about 13,000 yr
B.P. on organic sediments at the base of the core in an
alluviated lowland between two large dunes at the Rose-
bud site. Palynological evidence from the core indicated
that a boreal spruce (Picea cf. glauca) forest existed in the
region about 13,000 yr B.P. that was soon replaced first by
pine (Pinus ponderosa) and then by grassland. According
to Bradbury (1980), the palynological data obtained by
Watts and Wright (1966) placed several constraints on the
time of eolian deposition in the Sand Hills. Bradbury
argued that dunes were probably present before the boreal
forest, but that dunes could not have formed during forest
occupation of the region. Accordingly, he concluded that
the last, major period of dune movement occurred after the
forests left, most likely during the middle Holocene.

Ahlbrandt et al. (1983) suggested that ages obtained
from interdunes by Watts and Wright (1966) and Bradbury
(1980) are unreliable chronostratigraphic markers because
their association with dune sand has not been positively
established. Instead, Ahlbrandt et al. (1983) argued that the _
only reliable estimates of dune mobilization are those from
material directly underlying eolian sand. They reported
several radiocarbon ages, ranging from approximately
10,000 yr B.P. to 900 yr B.P., on organics buried by dune
sand. Based on these ages, they recognized two distinct
and one possible period of Holocene dune formation in the
Sand Hills. Radiocarbon ages of about 7,200 yr B.P. and
5,100 yr B.P. bracket the Altithermal, suggesting the first
episode of dune formation in the region. The best-docu-
mented phase of eolian activity is the period between
approximately 3,000 yr B.P. and 1,500 yr B.P. Another,
poorly documented, period of dune formation may have
occurred in the latest Holocene, as indicated by a radiocar-
bon age of about 900 yr B.P. obtained from organic-rich
sand underlying 8 m (26 ft) of dune sand.

In the most extensive report regarding the Sand Hills,
An Atlas of the Sand Hills, Swinehart (1990) included a
detailed map of the region that illustrates the distribution
of eight dune types, based on McKee’s (1979) classifica-
tion system. Swinehart also reported a radiocarbon age of
13,160 *+ 450 yr B.P. obtained from organics buried
beneath 50 m (164 ft) of dune sand and 3 m (10 ft) of
alluvial sand. In general, Swinehart (1990) concluded that
the Sand Hills most likely formed between 8,000 yr B.P.
and 5,000 yr B.P. Following about 2,000 years of stabiliza-
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tion, significant reactivation occurred between 3,500 yr B.P.
and 1,500 yr B.P. when linear and parabolic dunes devel-
oped in areas previously not covered with sand and on pre-
existing dune topography.

Since Swinehart’s (1990) study, additional data have
emerged, confirming substantial, late-Holocene mobiliza-
tion of the Sand Hills. Based on radiocarbon ages derived
from interdune fens, Ponte et al. (1994) hypothesized two
episodes of eolian activity in the Nebraska Sand Hills
during the late Holocene: from 3,500 yr B.P. to 2,800 yr B.P
and after 1,000 yr B.P. In addition, Muhs et al. (1995)
reported 17 new radiocarbon ages that showed dune
mobilization in the past 1,000 years.

Clearly, much research has been conducted in Great
Plains sand sheets and dunes this century. The earliest work
(1920’s-1960’s) focused on the dune fields of Kansas, but
was qualitative in nature and lacked absolute age control.
Conclusions were based upon loess or terrace-fill sequences
and oversimplified glacial chronologies. Generally, dunes
along the Arkansas River valley were thought to have

formed during the late Wisconsinan, when strong winds
theoretically blew off of the Laurentide ice sheet to the
north. In fact, the primary evidence of a late Wisconsinan
age for the dunes was their position on the southern side of
the river which, hypothetically, would have occurred only
as a result of persistent northerly winds.

Detailed chronologies and associated climatic
histories have been constructed for a variety of sand sheets
and dune fields on the Great Plains since the advent of the
radiocarbon dating technique in the 1950’s. Rather than a
late Wisconsinan age for most dunes, results indicate that
many dunes may have initially formed during the Ho-
locene Altithermal (9,000-6,000 yr B.P.) but have been
destabilized episodically since. Periods of stability have
often been brief, resulting in soils with A/AC/C profiles. In
addition, instability appears to have varied spatially in
dune fields, with some places active and others not.
Prevailing winds were northwesterly in the Sand Hills and
in Colorado and southwesterly on the southern High
Plains.

Significance of Previous Research to this Study

The review of relevant literature revealed several
research questions, specifically germaine to the Great
Bend Sand Prairie, which were the hypothetical foundation
of this study. With regard to the climate history of the
region, it was believed that evidence would show a change
from cool and moist during the late Wisconsinan to
relatively warm and dry in the Holocene. From a strati-
graphic perspective, Rosner (1988) recognized a near
surface silt-clay layer that, she claimed, underlies most
dunes in the study area. Johnson (1991) referred to the unit
as a silt layer that, he argued, is probably Peoria loess and
therefore late Wisconsinan in age. Given the overall lack
of data regarding this relatively fine-textured deposit, one
goal of this study was to test the following hypotheses: (1)
the deposit is indeed commonly occurring, (2) the unit
provides a maximum-limiting age for dune development,
and (3) the deposit is Peoria loess.

Several questions also arose that focus on the age of
dunes on the Great Bend Sand Prairie, the chronology of
eolian activity, and the variables that caused eolian sand to

initially mobilize and subsequently remobilize. Numerous
studies (e.g., Antevs, 1955; Gile, 1979; Ahlbrandt et al.,
1983; Muhs, 1985; COHMAP Members, 1988; Holliday,
1989) indicate that a climate shift from cool conditions
with more effective moisture to a warm, semiarid and
subhumid climatic regime occurred at the Pleistocene-
Holocene boundary on the Great Plains. This shift in
climate is thought to have favored dune formation in
northeastern Colorado (Muhs, 1985), Nebraska (Ahlbrandt
et al., 1983), and in the southern High Plains (Holliday,
1985, 1989). Moreover, the data clearly indicate that dunes
have episodically mobilized throughout the region. Given
these findings, the ultimate goal of this study was to test
the following hypotheses: (1) dune fields on the Great
Bend Sand Prairie are generally Holocene landforms, (2)
mobilization of eolian sand occurred because the climate
shifted from cool and relatively moist in the late
Wisconsinan to semiarid and subhumid during the Ho-
locene, and (3) Holocene mobilization of sand has been
episodic and patchy.
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Research Methods

Data Requirements

Given the lack of geomorphic information that
previously existed from the Great Bend Sand Prairie, data
were collected in this study using standard field and
laboratory methods. Several sources of existing data
proved to be useful in the early stages of the study,
including bulletins and reports of the Kansas Geological
Survey and soil surveys published by the U.S. Department
of Agriculture Soil Conservation Service (SCS). In
addition, landscape data were derived from U.S. Geologi-
cal Survey 7.5-minute topographic maps and 1:24,000-
scale stereographic aerial photography supplied by the
Kansas Applied Remote Sensing Program (KARS).

Field and Laboratory Methods

The field investigation began with exploration of the
study area. During this phase, sand-sheet landforms were
categorized and mapped according to McKee (1979)
through a combination of aerial photograph analysis and
field survey. A major goal of the reconnaissance was to
better understand the spatial distribution of Rosner’s
(1988) silt-clay layer and Johnson’s silt layer (1991).
Accordingly, sub-dune stratigraphy was explored at 126
widely scattered and randomly selected sites throughout
the region with a Giddings coring machine and hand
bucket auger. Test depth varied considerably, ranging from
about 2.5 m (8 ft) to around 30 cm (1 ft), depending upon
the depth of the deposit. Given the inherent imprecision
associated with bucket augering, stratigraphy and texture
were only generally described. Basic characteristics (e.g.,
texture, color, structure) were noted qualitatively, with the
primary goals being to determine whether the deposit was
present at a given site, to ascertain the thickness of
overlying wind-blown deposits, and to select sites for more
intensive stratigraphic study.

Based upon the exploratory results, 24 sites were
selected and investigated in more detail. Of those, five
sites were quarries, roadcuts, or stream cutbanks where
radiocarbon ages were derived but no sampling for
chemical and physical attributes of sediments occurred.
Nineteen sites were selected for detailed stratigraphic
investigations where backhoe trenches were subsequently
excavated, either to provide a fresh exposure or to accentu-
ate an already existing cutbank, quarry, or drainage trench.
At each of these sites, pedostratigraphic units were
differentiated according to the North American Strati-
graphic Code (The North American Commission on
Stratigraphic Nomenclature, 1983) and pedologic horizons
were described according to Soil Conservation Service
standards (Soil Survey Staff, 1987).

Various laboratory procedures were employed to
characterize the physical and chemical composition of
pedostratigraphic units. Differences in sediment texture
were quantified by the pipette method (Day, 1965). In
order to graphically plot textural results, Krumbein’s
(1934) logarithmic transformation (phi scale) of the
Udden-Wentworth (Wentworth, 1922) grade scale was
used. Subsequent graphical statistics, including the mean,
median, sorting, skewness, and kurtosis (as defined by
Folk and Ward, 1957) were calculated with software by
Prante (1989). To better characterize the depositional
environments in which the silty sand and dune sand
accumulated, scatterplot analyses of textural variables
(e.g., Folk and Ward, 1957; Friedman, 1967) were con-
ducted on a total of 140 samples that were collected from
the twelve sites at which both the silty sand and dune sand
were well expressed.

Chemical characterization of late Quaternary sedi-
ments focused on calcium carbonate and organic matter
analyses. Carbonate content in sand dunes was expected to
be minimal, except where buried soils were present,
because eolian sands are relatively porous and very well
drained. In contrast, carbonate content in the silty deposits
was expected to be relatively high, owing to low
infiltratibility and the accumulation of illuvial calcium at
an unknown depth in a cool, relatively moist climate.
Accordingly, the Chittick method (Dreimanis, 1962) was
used to quantify calcium-carbonate concentrations.
Similarly, the Walkley-Black method (Allison, 1965) was
used to determine the organic-matter content in sediments,
to better define soil A horizons, and to test for “C-dating
potential.

The chronology of deposition and stability was
reconstructed from radiocarbon ages obtained from the
total humate fraction of bulk samples (=4 kg; 9 Ib)
collected from the upper and lower 5 cm (2 in) of buried A
horizons. Radiocarbon ages from the lower parts of buried
A horizons provide the closest minimum-limiting ages for
the host deposit, whereas those from the upper parts of
buried A horizons give the closest maximum-limiting ages
for overlying units. Rootlets and other detrital plant
material were removed by flotation, the sand fraction was
separated by decantation, and carbonates were eliminated
by treatment with hydrochloric acid. Samples were
subsequently oven dried, pulverized, and sent to the
University of Texas (Austin) for age determination. In
order to provide conservative radiocarbon estimates, all
ages were calculated at 26, corrected for isotopic (8"C)
fractionation (Stuiver and Polach, 1977) and calibrated to
the tree-ring curve (Stuiver and Reimer, 1993).

In an effort to fully characterize paleoenvironmental
conditions in the region, faunal and floral remains were
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collected at three sites and were subsequently identified in
The University of Kansas soil laboratory. Additional
paleofloral evidence was provided from §'*C values
obtained from buried soils in the silty deposits and dune
sand. It has been established that 8°°C values can be used
to infer vegetation and associated paleoclimate (e.g.,
Krishnamurthy et al., 1982; Delaune, 1986) at the time of
soil formation or deposition because many warm-climate
(C,) prairie grasses (e.g., Andropogon gerardii, Panicum

virgatum) typically have mean 8'*C values of -12%o
whereas cool-climate (C,) prairie grasses (e.g., Elymus
canadensis, Agropyron smithii) have average 8'"°C values
of -27%o (Deines, 1980; Krishnamurthy et al., 1982;
Cerling and Quade, 1993; Nordt et al., 1994). Buried soils
in silty deposits, for example, were expected to have more
negative 8"*C values than those obtained from buried soils
in dune sand, reflecting a climate shift from cool and
relatively moist to warmer and semiarid to subhumid.

Results

Reconnaissance

As noted above, coring, bucket augering (or both)
occurred at 126 sites in order to ascertain the distribution
of the silt-clay/silt layer. Of the 126 sites tested, 95
(75.4%) contained the silt layer, indicating that it is indeed
widespread (fig. 6). Over the course of the reconnaissance,
however, it was determined that the terms silt-clay layer or
silt layer, which imply a single stratum largely composed
of silt, are misnomers. In reality, it appears that the
deposit, as previously defined (Rosner, 1988; Johnson,
1991), may include several facies, differentiated by color
and texture, that intertongue in some fashion. Moreover,
the deposit consists largely of sand at most sites, but does
contain high, though variable, percentages of silt and clay
as compared to the overlying, wind-blown sand. At all
localites, well-developed soils with strong structure were
recognized in the deposit. Given that a generic term for the
unit(s) is useful when referring to site stratigraphy, a new
term, silty sand, is proposed to reflect the dominant
composition of the deposit. Qualitative results from
exploratory testing indicated that the silty sand changes
considerably in depth, texture, and color in the study area.
At some localites, the unit is buried by several meters of
eolian sand, whereas at others, the stratum was exposed at
the surface. Texture varies from silty clay loam to sandy
clay loam, and color ranges from black (10YR2/1; moist)
to an oxidized, strong brown (7.5YR5/6; moist). As
anticipated, the silty sand is mottled or gleyed in many
places due to reduction.

Mapping

Mapping of surficial deposits was conducted by
analyzing aerial photography, county soil surveys, and

reconnaissance. Ultimately, a map was produced that
recognizes six, primary geomorphic categories in the
uplands of the Great Bend Sand Prairie (fig. 6):

1) Loess plain, including flat to slightly undulating
topography underlain by loess in the area north and east of
Stafford.

2) Low-relief sand sheet, including landscapes of little
or no relief that are mantled by sand.

3) High-relief sand sheet, consisting of slightly
undulating, irregular sand-mantled topography without
steep faces.

4) Compound subparabolic dunes, including some
elements of category 3, but consisting largely of dune
fields displaying traces or remnants of parabolic dune
limbs and steep slip faces superimposed on one another.

5) Compound parabolic dunes, dune fields that consist
largely of superimposed parabolic forms, but may include
elements of categories 3, 4, and 6.

6) Parabolic dunes, dune fields composed of indi-
vidual parabolic forms with steep slip faces and well-
defined limbs.

Stratigraphic Investigations

Nineteen sites showing the variability of late Quater-
nary stratigraphy on the Great Bend Sand Prairie were
exposed or accentuated by backhoe trenching and system-
atically described, sampled, and analyzed according to the
methods outlined above. The results of intensive strati-
graphic investigations at each of the 19 study sites are
summarized below (for details see Arbogast, 1995).
Although the top of silty sand serves as a stratigraphic
datum because it is generally a traceable surface (fig. 7),
unit designations for deposits at each site are unique and
do not imply any correlation among or between sites.
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Belpre Trench

The Belpre Trench is a 4.11-m (13.5-ft)-deep section
(figs. 7, 8) in a drainage pit excavated on a level sand sheet
in the NE NW sec. 8, T. 24 S., R. 15 W. (fig. 6). After the
trench wall was cleaned, three pedostratigraphic units were
recognized in the exposure (figs. 8, 9). In general, deposits
are loamy, moderately to very poorly sorted, finely to very
finely skewed, and very leptokurtic to very platykurtic
(Arbogast, 1995). Three radiocarbon ages were obtained
from the site, indicating a geomorphic history that spans
the past 20,000 years.

Unit III, the lowest exposed at the site, ranges from
3.74 m (12.3 ft) to at least 4.11 m (13.5 ft), the base of the
profile. In general, the deposit consists of relatively well
sorted, oxidized, and unconsolidated sand. Because
sedimentary structures are not preserved in the stratum,
determining a depositional facies is problematic, i.e., the
unit could have accumulated in either a fluvial or eolian
environment. A brief period of pedogenesis subsequently
occurred, resulting in the formation of a moderately
developed soil with two 3Bwb horizons (fig. 9).

Overlying Unit III is Unit I, which extends from 3.44
m (11.3 ft) to 3.48 m (11.4 ft) (figs. 8, 9). In contrast to
Unit III, Unit IT consists of much siltier sediments.
Although sedimentary structures are not preserved, the
deposit is very poorly sorted, suggesting a fluvial facies in
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a presumably more moist environment than at present.
Following deposition, a period of pedogenesis occurred,
one that promoted the formation of a well-developed soil
with two 2Btgb horizons (fig. 9). The upper part of the
solum dated to approximately 20,000 yr B.P., suggesting a
Farmdalian, or perhaps Woodfordian age for both Units IIT
and II. A 8C value of -22.3 implies that a mixture of
plants with C, and C, pathways dominated at the site
during that time. The soil is mottled, with pockets of
gleying and iron oxidation present, which suggests
ponding during some unknown interval of time or,
alternatively, a periodically high water table.

The dominant pedostratigraphic unit at the Belpre
Trench is Unit I, extending from the surface to 3.44 m
(11.3 ft) (figs. 8, 9). Although the deposit is largely
composed of silt (72.6%), high percentages of clay are also
present, especially in the upper part (41.9% at 1.30 m; 4.3
ft) of the stratum (fig. 9). Sedimentary structures are not
preserved in the unit, so depositional facies can not be
determined with certainty. In fact, conflicting evidence
exists regarding both the sedimentary process responsible
for the unit and its age.

The color of the lower part (2.06-3.44 m; 6.8—11.3 ft)
of Unit I is generally consistent (pale brown; 10YR6/3;
moist) with late Wisconsinan Peoria loess (Wells and
Stewart, 1987; Johnson, 1993; Johnson et al., 1993), which
has been recognized immediately to the north and south of
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FIGURE 7—SUMMARY STRATIGRAPHIC DIAGRAM FROM THE 18 SITES where silty sand and/or loess was investigated on the Great Bend Sand

Prairie (modified from Arbogast, 1996b).
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the Great Bend Sand Prairie (Feng, 1991; Feng et al.,
1994). Moreover, abundant late Wisconsinan gastropods,

including Succinea avara, Lymnaea parva, and

Helicodiscus singleyanus (fig. 10) were recovered from
the base of the deposit. On first examination, therefore, a
Woodfordian age was suggested for deposition of Unit I.

Approximately 20 cm (7.9 ft) above the snail zone,

however, a radiocarbon age of approximately 8,500 yr B.P.
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was obtained, implying a very early Holocene age for the
deposit. Apparently, the sample that was dated must have
been contaminated in some way, possibly by Holocene
organic carbon illuviated during the extensive soil develop-
ment which has occurred. Given the age (about 20,000 yr
B.P.) derived from the top of Unit II, the presence of
gastropods, and the similarity with Peoria loess, a
Woodfordian age for the lower part of Unit I is more logical.
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FIGURE 9—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at the Belpre Trench.
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In addition, an age of about 17,000 yr B.P. was obtained by
Johnson (1991) from spruce (Picea cf. glauca) charcoal in
a similar stratigraphic position at GMD 35, site 9, approxi-
mately 0.5 km (0.2 mi) to the northwest, further suggesting
a Woodfordian age for Unit I. A 8"C value of -21.0%o
derived from the deposit, coupled with the oxidized nature
and presence of aquatic gastropods in the lower part of the
unit, indicates relatively moist conditions during sedimen-
tation.

Following deposition of Unit I, an extremely well
developed soil formed throughout the entire deposit (fig.

9). Structure is very strong in the solum, especially in the
upper 1.50 m (4.9 ft), where it is coarse prismatic, parting to
moderate blocky. Overall, the character of the soil suggests
pedogenesis over an extended interval of time, perhaps
throughout the late Holocene. In fact, the upper part of the
Btl horizon, approximately 1.0 m (3 ft) below the surface,
dated to approximately 6,000 yr B.P. A 3"*C value of -20.2%o
suggests plants with a C, pathway were present at that time.
Apparently, water has ponded periodically at the site as the
soil developed, resulting in gleying of the lower part of the A
horizon.

FIGURE 10—MOLLUSKS RECOVERED FROM THE BELPRE TRENCH (magnification x10): (A) Succinea avara, (B) Lymnea parva, (C)

Helicodiscus syngleyanus, (D) unidentified bivalve.



Crocket Cutbank

The Crocket Cutbank is an 8-m (26-ft)-high section
(figs. 7, 11) located in a compound subparabolic dune field
along a cutbank of Rattlesnake Creek in the SE SE sec. 35,
T.26 S.,R. 17 W. (fig. 6). Through backhoe trenching, the
overall height of the exposure was increased to 9.8 m (32.2
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ft). Four pedostratigraphic units were described in the
profile, with two weakly developed and narrowly sepa-
rated buried soils featured in the exposure (figs. 11, 12).
Sediments at the site are generally noncalcareous, sandy
(with a mean particle size of fine to very fine sand), poorly
to moderately sorted, finely to very finely skewed, and
mesokurtic to extremely leptokurtic (Arbogast, 1995).
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FIGURE 11—THE 9.8-M (32.2-Fr)-HIGH CROCKET CUTBANK showing the position of pedostratigraphic units and radiocarbon ages.
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The lowermost deposit is Unit IV; it extends from
8.76 m (28.7 ft) to the base of the profile and is a stratified
alluvial deposit probably associated with Rattlesnake
Creek. Although no radicarbon ages were obtained from
the unit, the lack of cementation and the floodplain
position relative to Rattlesnake Creek suggest a late
Holocene age.

Directly overlying this unit is Unit ITI, which extends
from 5.88 m to 8.76 m (19.3-28.7 ft). The lower part of
Unit III appears to be transitional from alluvial to eolian
sedimentation at the site. A radiocarbon age of approxi-
mately 3,300 yr B.P. was obtained from a silty deposit that
extends from 8.06 m to 8.23 m (26.4-27.0 ft). A 83C value
of -17.7%o suggests that the site was largely populated by
plants with a C, pathway. Given its close proximity,
Rattlesnake Creek is believed to be the primary source for
both floodplain and eolian facies in the unit.

The upper part of Unit I1I is entirely eolian, as
indicated by its consistent sandy texture and moderate
sorting. Formed in the upper part of the unit is a weakly
developed buried soil, one that consists of a 3Ab horizon
overlying a 3ACb horizon (fig. 12). The degree of devel-
opment in this soil indicates that landscape stability and
accompanying soil formation was relatively brief. A
radiocarbon age of approximately 900 yr B.P. on humates
from the upper 5 cm (2 in) of the soil provides a late
Holocene age for the host eolian sand. A §'*C value of
-16.6%o suggests that plants with a C, pathway dominated
at the site.

Unit II consists of a nearly 1-m (3-ft)-thick deposit of
eolian sand (figs. 11, 12) that contains a weakly developed
buried soil with a 2Ab horizon and a 2ACb horizon.
Virtually identical to the buried soil at the top of Unit III
(fig. 12), the soil in Unit II reflects another, brief period of
landscape stability that occurred sometime after approxi-
mately 900 yr B.P. Despite their close proximity, it is
unclear what the exact temporal relationship is between
the two soils. Theoretically, deposition of Unit II, and
subsequent soil formation, could have occurred shortly
after the period of stability reflected by the 3Ab. Given
this scenario, sedimentation of Unit II suggests a very brief
depositional episode, one that exceeded pedogenic
thresholds in the 3Ab. Conversely, deposition of Unit II
and development of the 2Ab could have transpired after
truncation of an older deposit that had previously buried
the 3Ab. Although no radiocarbon age was obtained from
the 2Ab to estimate the age of the host sand, the lack of
any visible unconformities between Unit III and II
suggests that Unit II sedimentation, followed by formation
of the 2Ab, occurred soon after the 3Ab developed.

The uppermost stratigraphic unit at the Crocket
Cutbank, Unit I, consists of a 4.91-m (16.1-ft)-thick
deposit of eolian sand that extends from the surface to the
top of Unit II (figs. 11, 12). Sedimentological data indicate
that the unit is remarkably consistent in character, includ-
ing deposits that are moderately sorted and as much as
97% sand (fig. 12). This evidence, coupled with the lack of

any visibile unconformities, suggests that eolian sedimenta-
tion at the site has been relatively consistent in the past few
hundred years. Given the availability of fluvial sediments,
Rattlesnake Creek may have been the primary source for
eolian sands at the site. Recently, a poorly developed surface
soil (A/AC/C horizonation) has formed, one that is consis-
tent in its development with the buried soils recognized in
Units II and ITI. This indicates that the dune had been stable
for a brief period of time, perhaps less than 500 years.

Cullison Quarry

The Cullison Quarry is a 5.95 m (19.5 ft) section (figs.
7, 13) exposed in a quarry located in a high-relief sand sheet
in the NE SWsec. 34., T.27S.,R. I5W. (fig. 6). Four
pedostratigraphic units were recognized in the profile, with
the lower pair consisting of silty sand and the upper two of
dune sand (figs. 13, 14). In general, units are loamy to
sandy, very poorly to moderately sorted, very finely to finely
skewed, and platykurtic to very leptokurtic (Arbogast,
1995).

Extending from 4.70 m (15.4 ft) to the base of the
profile are Units IV and III (figs. 13, 14), which contain
relatively high percentages of silt and clay. Unit IV, in
particular, has as much as 46.0% silt and 26.5% clay.
Although sedimentary structures were not observed in either
unit, sorting is very poor, suggesting a fluvial facies.
Following deposition of each deposit, a period of landscape
stability and soil formation occurred, resulting in well-
developed soils. Pedogenesis was especially intense in Unit
IV, promoting development of two 4Btgssb horizons (fig.
14) with strong, prismatic structures. A radiocarbon age of
approximately 7,900 yr B.P. derived from the 4Btgssbl
horizon suggests that Unit IV accumulated between the very
late Wisconsinan or early Holocene. A §3C value of -20.0%o
indicates a mixture of plants with C, and C, pathways
inhabited the site. Water tables must have been periodically
high, for in addition to the relatively high percentage (5.2%)
of carbonate in the 4Btkgssb2 horizon, all of Unit IV is
heavily gleyed.

At some point, an interval of erosion apparently
occurred, one that removed a theorized 4Ab. The sandier
sediments of Unit III were subsequently deposited and a soil
again formed. The original thickness of Unit III is unknown,
because only one 3Btb horizon remains. The matrix of the
3Btb horizon, seen in thin section, consists of a skeleton
fabric and a fine-textured plasma and mineralogy that is
dominated by quartz, with occasional feldspars and rock
fragments (fig. 15A). Striations are apparent in the birefrin-
gent material that separates sand grains, indicating illuvia-
tion of clay. In addition, illuvial clay lines the internal wall
of voids in many places, providing further evidence of clay
translocation. Many of the clays are twisted, suggesting their
expansion and contraction through time.

A radiocarbon age of about 3,800 yr B.P. from the upper
part of Unit III suggests final exposure during the late
Holocene when higher temperatures and probably less
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FIGURE 13—THE 5.95-M (19.5-FT)-HiGH CULLISON QUARRY, showing the position of pedostratigraphic
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effective moisture prevailed, as indicated by a 8"3C value
of -14.8%eo. In short, the character of Units IV and III,
coupled with the ages derived from them, are generally
consistent with other deposits (e.g., Edwards 1-3, Stafford
3, Reno 4, for which descriptions follow) categorized as
silty sand on the Great Bend Sand Prairie.

Unconformably overlying the silty sand are a pair of
units, Units II and I, that are consistent in texture, struc-
ture, color, and topographic position and expression with
deposits categorized as dune sand in the region. Each unit
represents a period of sand accumulation, presumably
during a more arid climate interval, followed by relative
stability and soil formation when more effective moisture
was present. A radiocarbon age of approximately 3,800 yr
B.P. from the top of Unit III (figs. 13, 14) suggests that
Units II and I are late Holocene deposits. Although the
2Ab was not dated, its position and degree of development

(fig. 14) is consistent with buried sola in the region (e.g.,
Crocket Cutbank, Reno 3, Reno 4), from which ages less
than 1,000 years have been derived. The matrix of the soil,
seen in thin section, further indicates very little develop-
ment because it consists largely of skeleton grains that lack
plasma. Mineralogy is dominated by quartz with scattered
grains of feldspar and miscellaneous rock fragments (fig.
15B). In contrast to the thin section of the 3Btb1 horizon
(fig. 15A), the 2Ab shows very little indication of post-
depositional alteration. Some sand grains are coated with
birefringent material, probably clay, that may reflect
illuviation, but this material may have also been present on
the grain as it was transported. Either way, very little clay
translocation has occurred relative to the 3Btb1 (fig. 15B).
Overlying Unit IT is Unit I (figs. 13, 14), which, as
indicated by a small piece of barbed wire recovered from
the center of the deposit, is probably less than 200 years

FIGURE 15—THIN sections (FOV = 1.85 x 2.69 mm) of the (A) 3Btb1 and (B) 2Ab horizons at the Cullison Quarry (from Arbogast

and Johnson, in press).



old. A weakly developed surface soil, consisting of an Ap
horizon and C horizons, coupled with the barbed wire
found beneath it (fig. 14), strongly implies that the dune
has been stable for a very brief period of time, probably
around 200 years.

Edwards 1

Edwards 1 is a 3.30-m (10.8-ft)-deep section (figs. 7,
16), exposed by backhoe trenching, located in a compound
subparabolic dune field in the SW NE sec. 11, T. 25 S., R.
16 W. (fig. 6). Three pedostratigraphic units—consisting of
a basal silty sand, an intermediate stratum of sandier
sediments, and a surficial eolian deposit—were described
(figs. 16, 17). In each of the lower two units, a well-
developed buried soil was recognized, but none was.
observed in the overlying eolian sand (fig. 17). Sediments
in the silty sand are noncalcareous, loamy, very poorly
sorted, very finely to finely skewed, and mesokurtic to
very leptokurtic. Overlying eolian deposits are
noncalcareous, very sandy, poorly sorted, very finely to
finely skewed, and very leptokurtic to leptokurtic
(Arbogast, 1995).

At the base of the profile is Unit III, which contains a
consistently high percentage of silt (about 60%) and clay
(about 25%) and is very poorly sorted, suggesting that it
accumulated in a low-energy environment, possibly fluvial
or lacustrine. Contained within the unit is an extremely
well developed buried soil, consisting of stacked Btb
horizons (fig. 17) indicating that the surface was exposed
for long periods of time. The lowermost horizon is gleyed,
resulting from periodically high water tables or long-term
infiltration of water from the surface. A radicarbon age of
about 9,000 yr B.P. from humates in the upper 5 cm (2 in)
of the 3Btb1 suggests that the underlying deposits are late
Wisconsinan or very early Holocene in age. A 8'*C value
of -22.2%o indicates the prevalence of C, plants, further
suggesting a relatively cool environment with probably
more effective moisture.

Unit II, which is approximately 50 cm (20 in) thick, is
the intermediate deposit at Edwards 1 (figs. 16, 17). The
contact between Units III and II is a major unconformity,
as suggested by the lack of an Ab horizon in Unit Il and a
late Holocene age of about 3,200 yr B.P. taken from the
top of Unit II. Unit II is much coarser than the underlying
deposit, indicating that some change in depositional
environment occurred at the site. The increase in sand in
Unit II, coupled with an apparent late Holocene age, favors
eolian deposition. No change in sorting can be discerned
from the underlying strata, however, as relatively high
percentages of silt and clay (about 20% and 15%, respec-
tively) persist (fig. 17). Theoretically, Unit II could have
accumulated when the surface occupied an interdune
position on the landscape, and a combination of eolian and
alluvial processes might have contributed to sedimenta-
tion. The unit must have been exposed periodically and for
some time, as indicated by the strong soil that developed
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throughout the unit. A radiocarbon age of about 3,200 yrs
B.P. (figs. 7, 16, 17) suggests that the last exposure of Unit
II was during the late Holocene. There were apparently less
effective moisture and warmer temperatures than during the
Early Holocene, as implied by a 8'*C value of -13.2%o from
the upper part of the stratum.

The uppermost pedostratigraphic unit at Edwards 1 is
Unit I (figs. 16, 17). Illustrated on fig. 17 by a sharp textural
contact, the deposit consists of an approximately 1.10-m
(3.6-ft)-thick deposit of sand that is consistent in texture,
color, and topographic position and expression with other
deposits in the region identified as dune sand. Following a
period of erosion that removed the Ab from the upper part of
Unit I, Unit I apparently accumulated during the late
Holocene. Although it is unclear when that occurred, two
pieces of evidence suggest that the surface of the site has
been stable for a relatively long period of time: the degree of
surface soil development (including a Bw and two Bt
horizons with lamelli) and oxidation in the Bt2 horizon.
Given this evidence, especially the extent of surface soil
development, it is estimated that Edwards 1 has been
relatively stable for at least 1,000 years.

Edwards 2

Edwards 2 is a 3.15-m (10.3-ft)-deep section (figs. 7,
18), exposed by backhoe trenching, located in a compound
parabolic dune field in the SE NW sec. 22, T.26 S.,R. 18
W. (fig. 6). Three pedostratigraphic units were described,
with two consisting of silty sand and one of surficial, eolian
sand (figs. 18, 19). In general, sediments are noncalcareous,
loamy, very poorly to poorly sorted, finely to very finely
skewed, very leptokurtic to platykurtic, and have a mean
particle size of fine to coarse silt (Arbogast, 1995).

Unit III extends from 1.78 m (5.8 ft) to the base of the
profile (figs. 18, 19). Texture fines sharply from loamy fine
sand at the base to loam at the top (fig. 19). Deposits in the
lower part are consistent in texture and distribution with
surficial wind-blown sands, suggesting an eolian facies. The
heavy texture and very poor sorting of the upper portion of
Unit III, however, indicates a shift in depositional environ-
ment to some form of low-energy fluvial process. Mottling
and gleying in the unit indicate periodically high water
tables or long-term ponding.

Unit I is characterized by its color (7.5YR4/4; moist),
which suggests oxidation, and by a coarsening in texture
toward the top of the unit (figs. 18, 19). At the base of Unit
I1, the sediment is loam, but the percentage of sand increases
sharply (77%) at the top of the unit (fig. 19). Sorting is very
poor from bottom to top. A radiocarbon age of about 19,000
yr B.P. and a '*C value of -19.8%o, taken from the upper
part of the unit, indicate that underlying deposits, including
all of Units III and II, accumulated by the early late
Wisconsinan at a time when C, plants were abundant at the
site.

Although sedimentological evidence in Units III and II
generally points to alluvial sedimentation, the degree of soil
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formation observed in each unit indicates that stable

surfaces existed for some time at the site. During intervals  erosion occurred, truncating the upper part of the soil. In
of soil formation, intense illuviation occurred that leached ~ many places, clay skins can be traced from the top of Unit

carbonate from the lower part of the deposit, and may have II to the base of Unit III, indicating that the soils are now
contributed to mottling and gleying of Unit III. The lack of ~ welded.

buried A horizons suggests that, following stability,
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9,050 * 560 yr B.P.

Unit Il

FIGURE 16—THE 3.3-m (10.8-FT)-HIGH EXPOSURE AT EpwARDS 1, showing the position of pedostratigraphic
units and radiocarbon ages.
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FIGURE 17—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Edwards 1.
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A sharp contact at 1.23 m (4.0 ft) separates the expression) with other eolian units observed on the Great
underlying deposits of Units III and II from the surficial, Bend Sand Prairie that accumulated in a warm, relatively
sandy sediments of Unit I (figs. 18, 19). Containing as dry environment. Uncharacteristically, the deposit is very
much as 88% sand (fig. 19), Unit I is consistent in charac-  poor to poorly sorted, owing to the relatively large

ter (e.g., texture, structure, color, topographic position and ~ percentage of silt (17%) and clay (11%). Theoretically,
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FIGURE 18—T#E 3.15-m (10.3-FT)-HIGH EXPOSURE at Edwards 2, showing the position of pedostratigraphic
units and radiocarbon ages.
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FIGURE 19—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Edwards 2.
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Unit I may represent both fluvial and eolian facies. The
sharp decrease in sorting at 82 cm (32 in), for example,
may reflect alluvial deposition in an interdunal environ-
ment, with subsequent burial by eolian sand. Alternatively,
the local source for Unit I may have contained abundant
silt and clay as well as sand.

Evidence indicates that the surface soil has been stable
for a relatively long period of time, at least for a deposit of
eolian sand on the Great Bend Sand Prairie. Three Bt
horizons (fig. 19) were described on the basis of clay films
that lined root traces, indicating an extended period of soil
formation for a dune in the study area. Most importantly, a
radiocarbon age of approximately 19,000 yr B.P. obtained
from the top of Unit II (figs. 7, 18, 19) provides a maxi-
mum-limiting, late Wisconsinan age for the base of Unit L.
Although truncation of a part of Unit I may have occurred
during the Holocene, it is apparent that the basal, eolian
deposits in the unit are of late Wisconsinan age. Overall,
the evidence suggests that the dune at Edwards 2 has been
stable for a relatively long period of time.

Edwards 3

Edwards 3 is a 3.3-m (10.8-ft)-deep section (figs. 7,
20) exposed by backhoe trenching on a level sand sheet in
the NW NW sec. 17, T. 25 S., R. 16 W. (fig. 6). Four
pedostratigraphic units were described, with three consist-
ing of silty sand and one of surficial, eolian sand (figs. 20,
21). In general, deposits are noncalcareous, loamy, with a
mean particle size of very fine to coarse silt, are very
poorly sorted, finely to very finely skewed, and platykurtic
to very leptokurtic (Arbogast, 1995). The sedimentological
difference between the silty sand and the overlying sand
probably represents a change in depositional environment
from low-energy fluvial or lacustrine to eolian.

From 30 cm (12 in) to the base of the profile, the
deposits consist of silty sand. Three, distinguishable
fining-upward sequences were observed, with each
comprising a single pedostratigraphic unit. At the base of
the exposure, Unit IV fines from loam at the base to clay-
loam at the top of the unit. In the lower part of Unit III, the
texture coarsens to sandy clay-loam, with a subsequent
fining to clay-loam towards the top of Unit IIL. In Unit II,
the sediment fines dramatically, culminating in 42% clay
and 7% sand in the upper part of the unit. The fining-
upward sequences, coupled with the very high percentage
of clay and very poor sorting, strongly suggest deposition
in a fluvial environment where energy fluctuated from
relatively high to very low. Although radiocarbon ages
from the middle and base of the deposit are inverted, they
generally suggest that deposits accumulated during the late
Wisconsinan. Values of 6"°C from the silty sands range
from -25.6%o to -24.7%, indicating that a proportionately
high number of C, plants inhabited the site.

Although the sedimentological evidence favors fluvial
deposition, the formation of three, well-developed buried

soils in the silty sand indicates that stable surfaces existed
for long periods of time. Each soil consists of stacked Btb
horizons with no Ab (fig. 21), suggesting that stability was
followed by an erosional episode that truncated the upper
part of the solum. In many instances, clay skins can be
traced from the top of Unit II to the bottom of the profile,
indicating that the soils are now welded.

A sharp contact at 30 cm (12 in) separates the underly-
ing silty sands from the surficial sediments of Unit I (figs.
20, 21). Composed largely of sand, Unit I is consistent in
texture, structure, and color with dune sand, deposits that
accumulated in a relatively warm, arid environment.
Uncharacteristically, the sediment in Unit I is very poorly
sorted, owing to the high percentages of silt (ca. 10%) and
clay (ca. 10%; fig. 21). Although a precise determination
of facies can not be made, because of conflicting evidence,
it may have resulted from eolian input of different intensi-
ties. Theoretically, the sand could have accumulated
initially, followed by a subsequent and infiltrating input of
silt and clay. Alternatively, the local source for Unit I may
have contained a high percentage of silt and clay that was
reworked. The moderate development of the surface soil
suggests that deposition of Unit I occurred during the late
Holocene, probably in the past 1,000 years.

Edwards 4

Edwards 4 is a 3.31-m (10.9-ft)-deep section (figs. 7,
22) exposed by backhoe trenching in a compound
subparabolic dune field in the SW NE sec. 16, T. 25 S., R.
16 W. (fig. 6). Three pedostratigraphic units, consisting of
one in silty sand and two in surficial eolian sand, were
described in the profile (figs. 22, 23). The sedimentologi-
cal difference between the silty sand and the overlying
sand may record a shift from a low-energy fluvial or
lacustrine environment to one where eolian processes
dominated in a time of increased aridity. In general,
sediments at the site are noncalcerous, loamy, have a mean
particle size of medium to coarse silt, are very poorly to
poorly sorted, very finely skewed, and leptokurtic to very
leptokurtic in their distribution (Arbogast, 1995).
The lowermost stratigraphic unit, Unit III, ranges from
1.58 m (5.2 ft) to the base of the profile (fig. 22, 23).
Texture within the unit generally fines from loamy fine
sand at the base of the exposure to loam towards the top.
In addition, sorting is very poor due to high percentages of
silt and clay, suggesting a mixed sediment load and
accumulation in a very low energy environment. Although
Unit III appears to be an alluvial deposit, a stable, exposed
surface must have existed periodically, for a buried soil is
present that is very well developed (i.e., two 3Btb horizons
and one 3Btkb3 horizon; fig. 23). Long-term stability is
further indicated by the oxidized color (e.g., 7.5YR4/4;
moist), prismatic structure, and intense illuviation of
carbonate to the lower part of the unit. Overall, the deposit
is consistent with silty sand elsewhere in the region (e.g.,
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Edwards 1 and 2, Stafford 1 and 2), suggesting accumula- ~ suggests the site was inhabited by relatively high percent-

tion during the Woodfordian. The surface of the deposit ages of C, plants.

appears to have been severly truncated, probably by fluvial Overlying Unit III is Unit II, extending from 79 cm to
processes. An age of about 2,300 yr B.P. (figs. 7, 22, 23) 1.58 m (2.6-5.2 ft) (figs. 22, 23). Classified as loamy fine
from the uppermost 5 cm (2 in) of the unit implies last sand, loam, and fine sandy loam (fig. 23), the deposits in

exposure during the late Holocene. A §"°C value of -17.3%0  Unit II are consistent in texture, structure, color, and
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FIGURE 20—THE 3.3-M (10.8-FT)-HIGH EXPOSURE at Edwards 3, showing the position of pedostratigraphic units and
radiocarbon ages.
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FIGURE 21—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE AT EDWARDs 3. The radiocarbon ages are inverted, which

may have resulted from slight contamination of one or both of the samples. Taken together, however, they verify a late
Wisconsinan age for the silty sand at this site.
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topographic position and expression with other units of
eolian sand on the Great Bend Sand Prairie, those that
accumulated in a relatively warm, probably more arid

environment. The sediments are very poorly sorted,

Unit |

Unit Il

Unit Il

however, suggesting variable wind intensity or a nearby,
poorly sorted source. Potentially, sediments in Unit IT
originated from exposures of the silty sand that were
deflated during periods of aridity and high wind. Formed

2,730 * 180 yr B.P.

FIGURE 22—THE 3.31-m (10.9-FT)-HIGH EXPOSURE AT EDWARDS 4 showing the position of pedostratigraphic units and radiocarbon
age. Pedostratigraphy, soil horizonation, and texture at Edwards 4.
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within Unit II is a poorly developed buried soil, consisting
of an 11-cm (4.3-in)-thick 2Ab horizon overlying three 2C
horizons. The overall lack of structure (e.g., single grain,
granular), as compared to that in the underlying silty sand
(e.g., prismatic), in the soil further reflects eolian origins.
Evidence suggests that Unit I accumulated during the late
Holocene. Although a radiocarbon age was not obtained
from the 2Ab, the age of the upper 3Btb1 (fig. 23) pro-
vides a maximum-limiting age for the deposit. The slightly
oxidized color (e.g., 7.5YR3/4; moist) of the 2C horizons
suggests a minimum-limiting age of greater than 1,000
years. Apparently, the period of stability was less than
1,000 years, as indicated by the overall lack of develop-
ment.

Unit I extends from the surface to 79 cm (2.6 ft) (figs.
22, 23). In its sediments (fine sandy loam and sand) and
structure (single grain to granular), Unit I is consistent
with other deposits of eolian sand observed in the region.
Sorting ranges from very poor to poor in the unit, suggest-
ing winds of variable intensity or a nearby, poorly sorted
source (e.g. silty sand). Contained within Unit I is a
moderately to weakly developed surface soil consisting of
two A horizons, a Bw and a C horizon (fig. 23). The
character of the soil, coupled with its unoxidized color
(10YR3/4; moist), suggests that the site has been stable for
500 to 1,000 years.

Phillips Trench

The Phillips Trench is a 2.7-m (8.9-ft)-deep section
(figs. 7, 24) in a drainage pit located in a level sand sheet
in the NE NE sec. 25, T. 13 S., R. 20 W. (fig. 6). Three
pedostratigraphic units were described, with the lower pair
in silty sand and the upper in sand (figs. 24, 25). These
units indicate that at least three intervals of rapid sedimen-
tation, interrupted by landscape stability and soil forma-
tion, occurred at the site during the late Quaternary. In
general, deposits are loamy, very poorly sorted, finely to
very finely skewed, and very platykurtic to leptokurtic
(Arbogast, 1995).

Unit III is the basal deposit, ranging from about 2.35
m to 2.7 m (7.7-8.9 ft) (figs. 24, 25) and consisting of very
poorly sorted, sandy sediments that are rich in silt. The
deposit is slightly oxidized, indicating that some wetting
and drying occurred following sedimentation. A well-
developed soil subsequently formed, consisting of at least
two 3Btb horizons (fig. 25). Although a radiocarbon age
was not obtained from the soil, the solum is very similar in
color, texture, and stratigraphic position with a buried soil
recognized at the Belpre Trench that was dated to about
21,000 yr B.P. (figs. 8, 9). As a result, Unit III is assigned a
late Farmdalian age.

Unit IT is a 1.98-cm (6.5-in)-thick deposit (figs. 24,
25), mostly composed of calcareous silt and clay (fig. 25).
The lower 58 cm (23 in) of Unit II is slightly oxidized,
suggesting periodically moist conditions. Abundant gastro-
pods, the majority of which were fragmented, were also

Arbogast—Late Quaternary Paleoenvironments 29

observed at the base of the deposit. A few intact specimens
were recovered and identified. The presence of Discus
cronkhitei, Helicodiscus singleyanus, Succinea avara, and
Vertigo tridentata (fig. 26) provides additional evidence
for a cooler environment with probably more effective
moisture, possibly during the early Woodfordian. Above
this 58-cm (23-in) deposit is a 1.12-m (3.7-ft)-thick de-
posit of silt and clay that is slightly calcareous. In general,
the stratum is similar in character (e.g., color, texture) with
Peoria loess (Wells and Stewart, 1987; Johnson, 1993;
Johnson et al., 1993), which has been recognized to the
north and south of the Great Bend Sand Prairie (Feng,
1991; Feng et al., 1994). Given the late Farmdalian age
assigned to the top of Unit III, a Woodfordian age is logi-
cal for Unit II. Although no sedimentary structures were
observed, the very poorly sorted nature of Unit II, coupled
with its loesslike nature, implies deposition by eolian
processes. A long period of landscape stability must have
subsequently occurred, promoting formation of a very well
developed soil. A radiocarbon age of about 2,400 yr B.P.
was obtained from the upper 5 cm (2 in) of Unit II, sug-
gesting exposure during the late Holocene.

Overlying Unit II, with an extremely sharp strati-
graphic contact, is Unit I (figs 24, 25). Whereas Unit II
consists largely of silt and clay, Unit I consists predomi-
nantly of sand (fig. 25). Unit I is very poorly sorted,
suggesting a nearby source (e.g., silty sand) that had a
wide range of textures available for transport. A maxi-
mum-limiting age of approximately 2,400 yr B.P., derived
from the top of Unit I, indicates that Unit I is a late
Holocene deposit. Moreover, a 8°C value of -15.8%o
implies that the climate was warmer and probably drier
than when gastropods inhabited the site during the
Woodfordian. The surface has been stable for a relatively
brief period of time, as indicated by the weak development
of the surface soil.

Reno 3

Reno 3 is a 3.24-m (10.6-ft)-deep section (figs. 7, 27)
exposed by backhoe trenching in a compound parabolic
dune field in the SE SE sec. 12, T. 25 S., R. 10 W. (figs. 6,
27). Four pedostratigraphic units were recognized, one in
silty sand and three in sediments predominantly composed
of sand (figs. 27, 28). The sedimentological differences
between the silty sand and the overlying sand suggest a
shift in depositional environment from low-energy alluvial
or lacustrine to one where eolian processes dominated in a
relatively warm, possibly more arid climate. In general,
sediments at Reno 3 are noncalcareous, loamy, very poorly
to moderately sorted, very finely to finely skewed,
platykurtic to very leptokurtic, and have a mean particle
size of medium silt to very fine sand (Arbogast, 1995).

The lowermost deposit is Unit IV, extending from
2.70 m (8.9 ft) to the base of the profile (figs. 27, 28). Unit
IV includes very poorly sorted sediments, sandy clay-loam
in texture, that are consistent with other deposits in the
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region generically categorized as silty sand. Evidence
(e.g., very poor sorting, fining-upward sequences) ob-
tained elsewhere (e.g., Edwards 2—4) suggests that these
deposits accumulated during the late Wisconsinan or very
early Holocene in a relatively moist, low-energy environ-
ment where fluvial or lacustrine processes probably
dominated. Periodically, Unit IV must have been exposed

and stable, as evidenced by a well-developed buried soil,
consisting of two Btb horizons with prismatic structure, that
formed in the deposit (fig. 28). Gleying in the lowermost
horizon suggests long-term ponding of surface water or
high ground-water tables from time to time.

Unit III ranges from 2.57 m to 2.70 m (8.4-8.9 ft) (figs.
27, 28). In general, this unit is consistent in texture, struc-
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FIGURE 24—THE 2.7-M (8.9-F1)-DEEP PHILLIPS TRENCH, showing the position of pedostratigraphic units

and radiocarbon age.
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FIGURE 25—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at the Phillips Trench.



ture, and color with sediments categorized as eolian sand
in the region, deposits that accumulated in a relatively
warm, arid environment. Texture, for example, shows an
abrupt increase in sand from the underlying, presumably
alluvial Unit IV. Although sorting is improved in Unit III,
it is still very poor, suggesting a nearby, very poorly sorted
source area such as the underlying silty sand. Alterna-
tively, mobilizing winds could have varied in intensity,
resulting in accumulation of various textures. Essentially,
Unit III consists of a 3Ab soil horizon (fig. 28) with weak,
subangular blocky structure, parting to single grain, that is
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also characteristic of a soil buried in eolian sand. A
radiocarbon age of about 700 yr B.P. (figs. 27, 28) sug-
gests accumulation during the very late Holocene when the
climate was apparently warm with less effective moisture,
one that promoted inhabitation by C, plants, as implied by
a 8"C value of -14.4%o.

The surficial deposits at Reno 3 consist of two
stratigraphic units, Units II and I. Similar in character
(figs. 27, 28), the sediments clearly represent a period of
eolian sand deposition, one that was punctuated by a brief
period of soil formation at the end of Unit II sedimenta-

FIGURE 26—MOLLUSKS RECOVERED FROM THE PHILLIPS TRENCH (magnification xX10): (A) Discus cronkhitei, (B) unidentified
bivalve, (C) Helicodiscus syngleyanus, (D) Succinea avara, (E) Vertigo tridentata.
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tion. The deposits in both units are classified as sand, with  sorting improves considerably, becoming moderate; this
as much as 97.4% sand present (e.g., 1.0 m; 3.3 ft). suggests that eolian processes were dominant and the
Compared to the underlying deposits, in Units II and I source was relatively well sorted. Each unit contains a
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Unit IV

FIGURE 27—T&E 3.24-M (10.6-FT)-HIGH EXPOSURE AT RENO 3, showing the position of pedostratigraphic units and
the radiocarbon age.
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FIGURE 28—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Reno 3.



weakly developed soil virtually identical in character,
consisting of thin A horizons overlying thick E&Bt
horizons. Although the development of Bt horizons (fig.
28) suggests long-term stability, they are distinguished
only by the presence of thin, weakly developed silt and
clay lamellae that could have formed in a relatively brief
period of time. In addition, the structure of the E&Bt
horizons is single grain, further indicating short-term
pedogenesis. Overall, both Units II and I appear to have
accumulated sometime in the very late Holocene, as
suggested by a maximum-limiting age of about 700 yr B.P.
from the underlying 3Ab (figs. 27, 28). The last millen-
nium at Reno 3, therefore, can be characterized as a period
of episodic, eolian sand deposition. The lack of a well-
developed surface soil suggests that the site has been

stable for only a brief period of time.

Reno 4

Reno 4 is a 4-m (13-ft)-deep section (figs. 7, 29),
exposed by backhoe trenching, located in a compound
subparabolic dune field in the SE SW sec. 10, T. 25 S., R.
10 W. (fig. 6). Three pedostratigraphic units, consisting of
silty sand overlain by eolian sand, were described (figs.
29, 30). The sedimentological and pedogenic differences
among the units appear to reflect diachronous depositional
environments at the site in the past 20,000 years. Sedi-
ments are generally noncalcareous, loamy, poorly to very
poorly sorted, finely skewed, mesokurtic to very
leptokurtic, and have a mean particle size ranging from
fine silt to fine sand (Arbogast, 1995).

The lowest unit, Unit III, ranges from 2.27 m (7.4 ft) to
the base of the profile (figs. 29, 30) and consists largely of
gleyed silt, with significant amounts of sand and clay (fig.
30). Essentially, Unit I1I is very poorly sorted but is ex-
tremely poorly sorted in some places. A radiocarbon age of
about 17,000 yr B.P. was derived from the lower part of the
stratum (figs. 29, 30), suggesting sedimentation during the
Woodfordian. Unfortunately, diagnostic sedimentary struc-
tures are not preserved, making a precise facies determina-
tion problematic. The very poorly sorted nature of the
deposit, coupled with a distinct fining-upward sequence
(fig. 30), however, suggests a low-energy fluvial or lacus-
trine environment. Cool conditions, with possibly more
effective moisture, apparently existed during sedimenta-
tion, as implied by a 8"*C value of -19.9%o near the base of
the unit. Overall, the character of Unit III is entirely consis-
tent with other deposits (Edwards 1-4, Reno 3) generally
categorized as silty sand on the Great Bend Sand Prairie.

Subsequent to the deposition of Unit III, an extremely
well developed soil formed. Whether the soil formed in
one interval or several is impossible to determine. The
solum is slightly gleyed and contains very little carbonate,
suggesting intensive illuviation or high ground-water
tables. A radiocarbon age of about 5,400 yr B.P. was
obtained from the top of the soil (figs. 7, 29, 30), implying
exposure during the late Holocene.
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Overlying, with a very sharp contact, are Units II and
I (figs. 29, 30). Although Units II and I represent different
pedostratigraphic intervals, they can be grouped together
because they are so similar in nature. In stark contrast to
the underlying silty sand, Units II and I consist of very
sandy deposits that are much better sorted (fig. 30). Units
II and I are virtually identical in character (e.g., texture,
color, structure, stratigraphic position, topographic
expression) to deposits recognized throughout the Great
Bend Sand Praire as wind-blown, dune sand. Such an
eolian source implies a relatively warm environment with
less effective moisture than that in which the silty sand
was deposited.

A maximum-limiting age of approximately 5,300 yr
B.P, taken from the top of Unit III, suggests that dune
sand accumulated during the late Holocene at Reno 4.
Sedimentation of eolian sand has been episodic, as
indicated by the buried soil recognized at the top of Unit
IL. A radiocarbon age of about 700 yr B.P. from the upper
part of the soil (figs. 7, 29, 30) suggests stability occurred
between 1,000 and 500 years ago. Soil formation evidently
lasted for some time, as indicated by the Btb horizons and
E&Btb horizon (fig. 30) observed in the solum. Appar-
ently, the soil was rapidly buried by an influx of relatively
coarse, better-sorted eolian sand. Approximately 1.10 m
(3.6 ft) of sand has accumulated at Reno 4 in the past few
hundred years. The degree of surface soil development
(i.e., two A horizons, E&Bt horizon; fig. 30) indicates that
the dune has been stable for perhaps several hundred

years.

Stafford 1

Stafford 1 is a 2.50-m (8.2-ft)-deep section (figs. 7,
31), exposed by backhoe trenching, in a compound
parabolic dune field in the NW NW sec. 15, T.25 S, R. 15
W. (fig. 6). Two pedostratigraphic units were described in
the profile, one in silty sand and another in dune sand
(figs. 31, 32). In general, the deposits at Stafford 1 are
noncalcareous, loamy, have a mean particle size ranging
from medium to coarse silt, are very poorly to poorly
sorted, and are very finely skewed and leptokurtic to very
leptokurtic (Arbogast, 1995). The sedimentology of Unit II
suggests a low-energy fluvial or lacustrine depositional
environment. That of Unit I suggests a predominantly
eolian environment.

Unit II is the thickest deposit, extending from 98 cm
(39 in) to the base of the profile. Deposits are generally
sandy loam, containing as much as 46.4% silt and 16.6%
clay (fig. 32), and are very poorly sorted. Overall, Unit II
is consistent with other silty-sand deposits in the region.
The degree of sorting, coupled with a subtle but steady
fining-upward sequence, suggests accumulation in a low-
energy alluvial or lacustrine environment during a time of
increased effective moisture. Periods of exposure and
relatively long-term stability must have occurred, however,
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as indicated by the thick, well-developed soil with pris- characteristics. Towards the base, the solum is gleyed,
matic structure that formed within the unit. Alternating mottled, and relatively rich in calcium carbonate, suggesting
periods of wetting and drying are suggested by soil ponded water or high ground-water tables. In the middle,
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16,670 + 360 yr B.P.

FIGURE 29—THE 4-m (13-FT)-HIGH EXPOSURE AT RENO 4, showing the position of pedostratigraphic units and
radiocarbon ages.
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FIGURE 30—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Reno 4.



Arbogast—Late Quaternary Paleoenvironments 35

however, the sediment is slightly oxidized, indicating return to moist conditions. Ultimately, the soil must have
weathering in a more arid environment. In the upper part been exposed again, and for some time, resulting in
of the soil, the sediment is once again gleyed, implying a complete truncation of the A horizon. A radiocarbon age of
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FIGURE 31—THE 2.50-M (8.2-FT)-HIGH EXPOSURE AT STAFFORD |, showing the position of
pedostratigraphic units and radiocarbon ages.
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FIGURE 32—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 1.
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about 17,000 yr B.P. from the upper part of the soil indi-
cates that Unit II is probably a late Wisconsinan deposit. A
8"°C value of -21.9%o suggests proportionately high per-
centages of C, plants inhabited the site, further implying a
relatively cool climate with possibly more effective mois-
ture.

The surficial deposit, Unit I, consists largely of single-
grained sand between the surface and 98 cm (39 in) (figs.
31, 32). At the base of the unit, the deposit contains ap-
proximately 90% sand, but texture fines sharply in the
middle of the stratum, with about 36% silt and 10% clay
present. Towards the top of the unit, the sand content
increases sharply again to around 90% (fig. 32).

Overall, the character (e.g., texture, structure, color,
topographic position and expression) of Unit I is consistent
with other deposits generally classified as eolian sand in the
region. A sharp increase in sorting in the lowermost stratum
of Unit I, as compared to the underlying deposits, is
indicative of eolian sedimentation. Apparently, this change
in facies occurred sometime during the late Wisconsinan, as
suggested by an approximate age of 17,000 yr B.P. from the
uppermost part of Unit II. Varied textures in the middle of
Unit I, coupled with a sharp decrease in sorting, imply
mixed alluvial and eolian deposition, possibly when the site
occupied an interdunal position. Near the surface, a sharp
improvement in sorting, coupled with percentages of sand
of about 90%, suggests a return to eolian sedimentation.

It is difficult to estimate the age of Unit I. Evidence
suggests that the unit is relatively old, possibly early Holo-
cene. Based on the late Wisconsinan age of the underlying
Unit II, the lowermost part of Unit I appears to be a late
Wisconsinan deposit. Assuming no truncation, the entire
thickness of Unit I would then be of a similar age. In con-
trast, the development of the surface soil, although excellent
for one in eolian sand, does not imply great antiquity.
Accordingly, it appears that an unconformity exists between
the upper and lower parts of Unit I and that two periods of
eolian sedimentation are represented. The development of
the surface soil, with illuviated clays lining root casts,
strongly suggests that Stafford 1 has been stable for a
relatively long period of time for an eolian deposit on the
Great Bend Sand Prairie, possibly since the early Holocene.

Stafford 2

Stafford 2 is a 3.65-m (11.9-ft)-deep section (figs. 7,
33), exposed by backhoe trenching, in a high-relief sand
sheet in the NE NE sec. 24, T. 24 S.,R. 13 W. (fig. 6). Four
pedostratigraphic units were recognized in the profile (figs.
33, 34). In general, the deposits are noncalcareous, loamy,
fine sand with a mean particle size ranging from fine to

coarse silt. The sediments are poorly to very poorly sorted,
consistently very finely skewed, and very leptokuric to
mesokurtic (Arbogast, 1995).

The deposits at Stafford 2 can be considered as two
units: Unit I, a surficial deposit of unoxidized dune sand,
and Units II-1V, an underlying sequence of oxidized, siltier
sediments. The origin of the upper unit can be determined
with certainty. Conflicting evidence exists, however, as to
the depositional environment in which Units II through IV
accumulated.

Three variables suggest that Units II-IV have a fluvial
origin. First, the deposit is very poorly sorted, suggesting a
mixed sediment load that may occur in a low-energy
fluvial or lacustrine environment. Second, a §'*C value of
-23.6%o, derived from the top of the deposit, suggests that
C, plants were present in high numbers at the site, evi-
dence of a cool climate with possibly more effective
moisture. Third, the deposit contains two, well-defined
fining-upward sequences, further indicative of alluvial
sedimentation.

Other evidence, however, favors an eolian source for
Units II-IV. Sand is a much larger component in the
stratum at Stafford 2 than in other silty sands, making up
as much as 85.1% (fig. 34). The radiocarbon age of
approximately 10,400 yr B.P,, obtained from the base of
the deposit (figs. 7, 33, 34), also points to an eolian source.
At other localities where the lower part of the silty sand
was dated (e.g., Edwards 2 and 3, Reno 4), late
Wisconsinan ages greater than 13,000 yr B.P. were
derived. The age obtained from the base of Stafford 2,
however, strongly suggests that the remainder of the
section accumulated during the Holocene, a time of
demonstrably warmer, more arid conditions. Overall, Units
IT through IV appear to be predominantly eolian in nature,
especially in the lower part, but probably include some
deposits of a very low-energy (e.g, interdune) fluvial
origin. The presence of three, well-developed buried soils
indicate that sedimentation was episodic and was punctu-
ated by periods of long-term stability.

Although the origin of the underlying deposits is
problematic, the surficial deposit, Unit I, clearly consists
of eolian sand, for it is similar in stratigraphic position,
topographic expression, age, color, texture, and structure to
other deposits in the region identified as wind-blown sand.
Moreover, the sorting of the upper unit, although poor, is
much better than the deposits it overlies. The overall lack
of sorting in the sand, in fact, suggests that Unit II, or a
nearby outcrop of very poorly sorted sediments (e.g., silty
sand) was the sediment source. A radiocarbon age of about
1,000 yr B.P. from the upper part of the underlying 2Ab
(figs. 33, 34) provides a maximum-limiting, late Holocene
age for Unit I. In addition, a §*C value of -13.3%o clearly
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implies that the associated climate was relatively warm suggests that, in general, the dune field immediately
with probably less effective moisture. The degree of surrounding Stafford 2 has been stable for a relatively
surface soil development (i.e.,, A/AC/C horizonation) short period of time, probably less than 500 years.
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Unit IV

FIGURE 33—THE 3.65-M (11.9-FT)-HIGH EXPOSURE AT STAFFORD 2, showing the position of pedostratigraphic
units and radiocarbon ages.
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FIGURE 34—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 2.
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Stafford 3 parabolic dune field, in the NW NW sec. 23, T. 24 S., R.

13 W. (fig. 6). Three pedostratgraphic units were recog-
Stafford 3 is a 4.58-m (15.0-ft)-deep section (figs. 7, nized, Unit I1I in silty sand and Units I and II in eolian

35), exposed by backhoe trenching, in a compound sand (figs. 35, 36). Skewness (finely skewed) and kurtosis
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FIGURE 35—THE 4.58-M (15.0-FT)-HIGH EXPOSURE AT STAFFORD 3, showing the position of pedostratigraphic
unts and radiocarbon ages.
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FIGURE 36—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 3.



(very leptokurtic to leptokurtic) are consistent in these
deposits, all of which are basically noncalcareous. Unit III
is much more poorly sorted, however, than the overlying
deposits and contains abundant silt and clay. In contrast,
Units IT and I are much sandier and better sorted
(Arbogast, 1995). The sedimentological differences
between the lower (Unit IIT) and upper (Units II and I)
units reflect diachronous depositional environments.
Theoretically, Unit III represents a predominantly low-
energy fluvial or lacustrine facies that accumulated in a
wetter climate, whereas Units II and I represent eolian
sedimentation in a relatively arid environment.

Unit III is consistent with silty sands recognized
elsewhere on the Great Bend Sand Prairie. The strati-
graphic position of the deposit (i.e., beneath eolian sand),
coupled with the degree of sorting and high percentages of
silt and clay, favors this correlation. Unfortunately,
deposits such as Unit III contain no sedimentary features,
rendering facies categorization difficult. Sedimentologi-
cally, Unit III is very poorly sorted, indicative of a low-
energy fluvial or lacustrine environment where a mixed
sediment load existed. In addition, the deposit contains
two, very distinct, fining-upward sequences (fig. 36),
which futher imply fluvial sedimentation. The deposit
could be the result of both fluvial and eolian sedimenta-
tion. Because the deposit contained no measurable organic
carbon, its age could not be determined through radiocar-
bon dating. Based on ages obtained from similar units
elsewhere (e.g., Edwards 2 and 3, Stafford 1, Reno 4),
which were deposited sometime between 20,000 and
13,000 yr B.P., Unit III is assigned a late Wisconsinan age.

Regardless of when and how Unit III accumulated, it
is clear that following sedimentation, a stable surface
existed for some time, one that promoted formation of a
very strongly developed soil (fig. 36). Each horizon is
strongly mottled, with the lower three heavily gleyed,
suggesting that ponded water at the surface or high water
tables promoted chemical illuviation. At some point, a
period of surficial erosion must have truncated the A
horizon from the top of the soil.

The derivation of Units II and I (figs. 35, 36) can be
ascertained with relative certainty. Both are consistent in
stratigraphic position, texture, cohesiveness, color, and
sorting with eolian sand. Unit II, which is 11-cm (4.3-in)-
thick, sits unconformably on Unit III. Essentially, Unit II
consists of a 2Ab horizon that formed following deposition
of wind-blown sand. A radiocarbon age of about 6,200 yr
B.P. from the upper part of the 2Ab (fig. 36) suggests last
exposure during the middle Holocene when climate was
relatively warm, and this is further indicated by a §°C
value of -17.9%o. Moreover, the age provides a maximum-
limiting age for the overlying, 1.96-m (6.4-ft)-thick dune
deposits of Unit I. Unit I contains a moderately developed
surface soil, containing one Bw horizon. Although the
6,200-yr-B.P. age obtained from Unit II implies a middle
Holocene age for Unit I, the relative lack of soil formation
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_ at the surface suggests it is younger. Apparently, an

unconformity exists somewhere in Unit I, one that
represents a period of erosion in the later Holocene that
removed the upper part of a pre-existing dune, but did not
scour Unit II. Subsequently, the remainder of Unit I was
deposited and the surface soil developed. Overall, the
degree of soil formation suggests that the dune has been
stable for less than 1,000 years.

Stafford 4

Stafford 4 is a 3.75 m (12.3 ft) section of loess (figs.
7, 37), exposed by backhoe trenching, located in the loess
plain in the NW NE sec. 16, T. 24 S., R. 12 W. (fig. 6).
Although the trench was excavated to 3.75 m (12.3 ft),
instability precluded sampling below 2.85 m (9.4 ft). Two
pedostratigraphic units were recognized at the site (figs.
37, 38). Deposits at the site are basically noncalcareous
and loamy, have a mean particle size ranging from coarse
to fine silt, are very poorly sorted, and are very fine to
finely skewed and very leptokurtic to mesokurtic
(Arbogast, 1995).

In general, the lowermost part of Unit II consists of
very sandy (>83% sand), slightly laminated sediments that
lack structure. The character (e.g., texture, structure,
sorting) of these deposits is consistent with dune sand. In
the upper part of Unit II, the sediment is much siltier (e.g.,
40%) in the presence of a moderately well developed
buried soil, one that consists of one 2Ab horizon, one
2ABD horizon, and two 2Btb horizons. A radiocarbon age
of approximately 12,800 yr B.P. from the upper part of the
soil (fig. 38) indicates that Unit II is likely a late
Wisconsinan deposit. In addition, the unit is slightly
oxidized (e.g., 7.5YR4/6; moist), further suggesting
relative antiquity. At most localities where late
Wisconsinan ages have been obtained (e.g., Edwards 1-3,
Stafford 1, Reno 4), the associated deposits imply a fluvial
or lacustrine facies of mixed energy. The age obtained
from the 2Ab at Stafford 4 suggests that dune formation
apparently occurred in some parts of the study area
between 20,000 and 10,000 yr B.P. A '*C value of -14.2%0
suggests that plants specialized for sandy, well-drained
landscapes dominated the site.

Unit I conformably overlies Unit II and extends from
the surface to 1.66 m (5.4 ft) (figs. 37, 38). Fundamentally,
Unit I is silty, very poorly sorted, and lacks defineable
sedimentary structures. At first glance, the unit is similar to
other strata in the study area categorized as silty sand, but
in this case it is not buried. However, the radiocarbon age
of approximately 12,800 yr B.P. from the underlying 2Ab
(fig. 38) provides a maximum-limiting, late Wisconsinan
age for the unit, a chronology recognized at several
localities (e.g., Edwards 3; Stafford 11) where the silty
sand has been recognized. On closer examination, how-
ever, several variables suggest that Unit I reflects a
different environment from that in which the silty sand
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accumulated. First, the unit lies conformably over Unit II,

a relationship unrecognized elsewhere in the region.

Second, the deposits associated with Unit I have not been
reduced or oxidized as has the silty sand at other localities.

Unit |

Unit 1l

Third and most importantly, the soil horizons associated with
Unit I have relatively poor structure, largely weak prismatic
parting to weak subangular blocky, when compared to the
moderate to strong prismatic structure observed elsewhere in

12,820 * 340 yr B.P.

FIGURE 37—THE 3.75-M (12.3-FT)-HIGH EXPOSURE AT STAFFORD 4, showing the position of pedostratigraphic units

and radiocarbon age.
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FIGURE 38—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 4.



the silty sand. The character of Unit I implies an eolian
facies that consisted predominantly of silt at Stafford 4
rather than sand. As a result, Unit I is interpreted to be a
Holocene wind-blown deposit. Apparently, the site has
been stable for at least 1,000 years, as suggested by a well-
developed surface soil that includes two Bt horizons.

Stafford 5

Stafford 5 is a 3.46-m (11.4-ft)-high section (figs. 7,
39), exposed by backhoe trenching, in a compound
parabolic dune field in the SW SW sec. 6, T. 24 S., R. 13
W. (fig. 6). Three pedostratigraphic units were described
(figs. 39, 40), one in very poorly sorted deposits of sand,
silt, and clay, and two in overlying, relatively well sorted
dune sand. In general, the contrasting sedimentology
between Unit III and the overlying deposits appears to
reflect changes in depositional environments at the site in
the past 20,000 years. Two buried soils were described,
indicating that sedimentation was punctuated by periods of
stability and pedogenesis (fig. 40). The deposits at Stafford
5 are noncalcareous, loamy, very poorly to moderately
sorted, very finely to finely skewed, mesokurtic to very
leptokurtic, and have a mean particle size of medium silt to
very fine sand (Arbogast, 1995).

Unit III ranges from 2.03 m (6.7 ft) to the base of the
profile (figs. 39, 40). Although abundant in sand (e.g.,
66.2%), it also contains relatively high amounts of silt
(e.g., 36.5%) and clay (21.8%; fig. 40) and, as a result, is
very poorly sorted. The overall lack of sorting, coupled
with the presence of three fining-upward sequences in the
stratum, suggest accumulation in a very low-energy fluvial
or lacustrine environment. A fluvial association is tenta-
tive, however, because sedimentary structures are not
preserved. Deposition must have been episodic, because
the stratum contains a well-developed soil, one that
consists of a heavily gleyed Btgb horizon. Implicit in the
presumed sedimentary environment is a climate of more
effective moisture than the present climate. In addition, the
gleyed nature of the soil suggests ponded water at the
surface or higher ground-water tables. Although no
radiocarbon ages were obtained from Unit III, the charac-
ter of the unit is consistent with other silty sands recog-
nized elsewhere (e.g., Stafford 1, Edwards 2, Reno 4),
demonstrated to be late Wisconsinan in age. As a result,
Unit III at Stafford 5 is assigned a Woodfordian age.

Although the origin of the facies associated with Unit
III is uncertain, the origins of Units II and I (figs. 39, 40)
can be made with confidence. In general, the sediments in
Units II and I consist of massive, single-grain sand that is
much better sorted than the underlying deposits. The
character of the deposits, coupled with their topographic
position and expression, correlates very well with dune
sand. Inherent in dune development is a relatively warm,
arid environment, one promoting destabilization and eolian
mobilization of sand. Soil development throughout Unit II,
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and at the surface of Unit I, indicate episodic sedimenta-
tion. Following deposition of Unit II, a brief period of
pedogenesis occurred that resulted in the development of a
soil with A/Bw horizonation. Although no radiocarbon
ages were obtained from the 2Ab, its character (e.g., color,
structure, position) suggests a middle to late Holocene age.
Subsequent to development of the 2Ab, at least 1.40 m
(4.6 ft) of eolian sand accumulated. The weakly developed
surface soil, with A/AC/C horizonation (fig. 40), suggests
that Stafford 5 has been stabilized for only a brief period
of time.

Stafford 6

Stafford 6 is a 2.30-m (7.5-ft)-thick section (figs. 7,
41), exposed by backhoe trenching, in a parabolic dune
field located in the SW NE sec. 29, T. 23 S., R. 12 W. (fig.
6). In general, the sediments at Stafford 6 are noncalcare-
ous, loamy (with a mean particle size ranging from coarse
silt to very fine sand), very poorly sorted to moderately
sorted, very fine to finely skewed, and leptokurtic to very
leptokurtic (Arbogast, 1995). Four pedostratigraphic units
are recognized in the profile, with one in deposits rich in
silt and three in surficial dune sand (figs. 41, 42). Essen-
tially, these diachronous strata represent contrasting
depositional regimes in the past 20,000 years that were
punctuated by periods of soil formation.

Unit IV extends from 1.52 m (4.9 ft) to the base of the
profile. The deposits are loamy and very poorly sorted
because of high percentages of sand, silt, and clay (fig.
42). As a result, the sediments are extremely cohesive. In
its character (e.g., texture, structure, color, stratigraphic
position), Unit IV is similar to other silty sands (e.g.,
Edwards 14, Stafford 1 and 2) in the region. Unfortu-
nately, unlike other localities, sedimentary structures are
not preserved that would attest to the facies. The overall
lack of sorting, coupled with a clear fining-upward
sequence in the middle of the deposit, suggests a low-
energy fluvial or lacustrine facies. A climate that was
apparently more moist than the present is also implied.
Although the age of Unit IV was not estimated through
radiocarbon dating, the deposit is consistent with others
(e.g., Edwards 1 and 2, Reno 4, Stafford 1) assigned a late
Wisconsinan age and is considered to be a late
Wisconsinan stratigraphic unit. Regardless of when and
how the stratum accumulated, the formation of a strongly
developed soil (fig. 42) indicates that the unit was exposed
for some period of time. A rather intense period of erosion
must have subsequently occurred, one that truncated the
4Ab that is presumed to have existed.

A sequence of relatively uncohesive, sandy sediments,
extending from the surface to 1.52 m (4.9 ft), is included
within Units I to III (figs. 41, 42). The overall character of
these sediments—including very sandy texture, poor
structure, relatively good sorting, color, and topographic
position and expression—qualify them as wind-blown
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dune sand. Given no significant truncation, the sequence effective moisture. Following deposition of Unit III, a poorly
represents at least three cycles of rapid eolian sedimenta- developed soil formed. Radiocarbon ages of about 550 yr
tion during a relatively warm, arid climate, followed by B.P. from the base of the 3ABb and 480 yr B.P. from the top
brief periods of soil formation during periods of more of the 3Ab (fig. 42) suggest that sedimentation occurred in
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FIGURE 39—THE 3.46-M (11.4-FT)-HIGH EXPOSURE AT STAFFORD 5, showing the position of pedostratigraphic
units.
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FIGURE 40—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 5.
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the past 1,000 years and pedogenesis lasted for, at most,a  occurred, one that altered the upper part of Unit II. A

few hundred years. Soon after this soil formed, at least 70~ radiocarbon age of about 270 yr B.P. from the upper part of
cm (28 in) of sediment accumulated that buried the 3Ab. the 2Ab verifies a very late Holocene age for the overall
Another brief period of soil formation subsequently deposit. Values of 8"°C are about 15.0%o in both buried soils,

Unit |
270 + 80 yr B.P.
Unit Il
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Unit 11l
550 * 80 yr B.P.
Unit IV

FIGURE 41—THE 2.30-M (7.5-FT)-HIGH EXPOSURE AT STAFFORD 6, showing the position of pedostratigraphic units
and radiocarbon ages.
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FIGURE 42—PEDOSTRATIGRAPHY, SOIL HORIZONATION, AND TEXTURE at Stafford 6.
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suggesting C, plants dominated the site in the past 1,000
years. Subsequent to the development of the 2Ab, at least
53 cm (21 in) of eolian sand accumulated. The overall lack
of surface soil development, which includes an A and AC
horizon, coupled with the radiocarbon ages obtained from
the underlying soils, suggests that Stafford 6 has been
stable for a brief period of time.

Stafford 10

Stafford 10 is a 3.0-m (9.8-ft)-deep section (figs. 6,
43), exposed by backhoe trenching, in a compound
subparabolic dune field in the SW SW sec. 11, T. 25 S., R.
15 W. (fig. 6). Four pedostratigraphic units were described
in the profile, with two in silty sand and two in sand (figs.
43, 44). The silty sand is loamy, ranging from sandy loam
to loam. Dune sand, in contrast, is classified as sand (fig.
44). Mean particle size in the silty sand ranges from coarse
to fine silt, with two, distinct fining-upward sequences,
and the deposit is very poorly sorted, fine to very finely
skewed, and mesokurtic to very leptokurtic. In the dune
sand, mean particle size is coarse silt to very fine sand,
sorting is poor, and the deposit is very fine to finely
skewed and platykurtic to very leptokurtic (Arbogast,
1995). In general, the sedimentological differences
between the dune sand and silty sand appear to reflect
changes in depositional environments due to a shift in
climate at the site in the past 20,000 years. Both the silty
sand and dune sand are basically noncalcareous.

In general, Units IV and III can be grouped together.
Although each represents a unique period of deposition,
they are sedimentologically similar because they are
loamy, have relatively strong structure, and are very poorly
sorted. The primary difference is color, with Unit IV being
slightly oxidized. Both units are also gleyed to some
degree, suggesting a period of sediment saturation.
Although sedimentary features are not preserved, the
presence of two, distinct fining-upward sequences indi-
cates deposition in a fluvial or lacustrine environment of
mixed energy. After each unit was deposited, intervals of
long-term landscape stability occurred, resulting in
extremely well developed buried soils with stacked Bt
horizons (fig. 44). Subsequently, there must have been a
period of erosion since soil A horizons are truncated.
Overall, Units IV and III are consistent with silty sand
described elsewhere in the region (e.g., Edwards 1-4,
Reno 4). A radiocarbon age of approximately 20,230 yr
B.P. obtained from the top of Unit III suggests that the
underlying silty sand is probably a late Wisconsinan
deposit. In addition, a §"*C value of -20.1%o suggests
relatively high proportions of C, plants inhabited the site,
providing evidence of a relatively cool climate with
possibly more effective moisture.

Unconformably overlying these units is Unit II, a 12-
cm (5-in)-thick deposit of stratified sand, silt, and clay

(figs. 43, 44). Overall, the relationship of Units III and II
suggests a mixed environment, one that promoted both
erosion and deposition. The contact between Units 11 and
II is very uneven, with small channels visible in cross
section (fig. 45) that indicate flowing water of unknown
energy. Following truncation of Unit III, Unit II apparently
resulted from fluvial processes that culminated in deposi-
tion of a 2-cm-thick silty-clay drape toward the top of the
unit. Given the late Wisconsinan age of the top of Unit III,
it is theorized that truncation of Unit III and subsequent
deposition of Unit II occurred sometime between approxi-
mately 20,000 and 15,000 yr B.P.

Overlying Units II to IV, ranging from the surface to
1.20 m (3.9 ft), is Unit I (figs. 43, 44). Over 90% sand (fig.
44), Unit I is consistent with other deposits in the region
categorized as dune sand in topographic position and
expression, color, structure, and texture of the stratum. In
contrast to the underlying silty sand, Unit I probably was
deposited during a period of increased aridity that pro-
moted accumulation of wind-blown sand. Conflicting
evidence exists as to the time of this deposition. Based on
a maximum-limiting age of approximately 20,230 yr B.P.
from the upper part of the silty sand 12 cm (5 in) below the
base of the dune (figs. 43, 44), it appears that Unit I is a
late Wisconsinan deposit. However, Unit Il may have been
a much thicker deposit that was eroded during the early or
middle Holocene. Because the silty-clay drape in Unit I
resisted further truncation, this erosion did not reach the
top of Unit III. Subsequently, eolian processes promoted
deposition of Unit I on the remnants of Unit II. The
Holocene age of Unit I is supported by surface soil
development. Although the soil is relatively well devel-
oped, consisting of A/Bw horizonation (fig. 44), it does not
appear to reflect 20,000 years of landscape stability. In
fact, equilibrium throughout the Holocene is difficult to
imagine. More likely, Unit I is a middle to early late
Holocene deposit that has been stable only during the late
Holocene.

Stafford 11
