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(Facing page, top) Sand sage (Artemisia filifolia) is the dominant species of sagebrush in eastern 
Colorado. As its common name implies, this small shrub thrives on sand, and thus it is particularly 
abundant in the deposits shown on the map. The vegetation shown in figure 1A on the map sheet is 
typical sand sage prairie. Drawing by Carol Quesenberry, USGS. 

(Facing page, bottom) View across the Cimarron River valley near the Oklahoma–Colorado border. 
Typical vegetation of the short-grass prairie covers the upland in the distance, whereas more luxuri­
ant vegetation covers the valley floor. Wind power is harnessed to lift groundwater to the stock tank 
in the foreground. Most streams in eastern Colorado, including several that are called rivers, are 
ephemeral (do not flow year round). Consequently, over much of the region, groundwater is relied on 
to meet agricultural and domestic needs. Photograph by Craig Brunstein, USGS. 



Introduction

This map is a product of a study of the geomorphology 
and stratigraphy of sand sheets and dune fields in eastern 
Colorado. The study was made to obtain information about the 
number, frequency, and spatial extent of droughts, especially 
those that predate historical and instrumental records. The 
study also sought to identify areas that have drought-related 
land and resource management issues. Although droughts 
cannot be prevented, an improved understanding of drought 
frequency and magnitude allows society to adopt strategies to 
mitigate their negative socioeconomic consequences.

Eolian sediment blankets about 60 percent of Colorado 
east of the Rocky Mountains (Madole, 1995a). Of this eolian 
cover, about 30 percent is sand and 70 percent is loess. The 
presence of eolian sand imposes limits on land use, especially 
where deposits are thicker than 1 m. Most eolian sand in 
eastern Colorado is stable at present, but it can be destabilized 
easily by land-use practices that disturb vegetation (fig. 1 on 
map sheet). The sand is stable now, in spite of strong winds, 
primarily because of the vegetation cover. Moisture and the 
presence of vegetation dramatically increase the threshold 
velocity at which wind entrains sand grains.

A windstorm in February 1977 eroded as much as 600 tons 
of sediment per acre in parts of southeastern Colorado in a  
24-hour period. This amount of sediment is considered to be 
equivalent to that removed during 30 years of typical erosion 
(Curry, 1977, in McCauley and others, 1981). Severe windstorms 
and sediment erosion have occurred in this region before. During 
the “dirty 30s,” a term used to describe the 1930s drought, simi-
lar severe dust storms were referred to as “black blizzards” (see 
photograph of a dust storm in fig. 2 on map sheet).

The February 1977 windstorm also impacted southwest-
ern Kansas and areas along the Texas–New Mexico border. 
Certain land-use practices in this region clearly contributed to 
the extreme wind erosion caused by this storm. McCauley and 
others (1981) described these land-use practices, which among 
other things involved attempts to produce crops on irrigated 
sand dunes, plowing and planting crops parallel to the prevail-
ing wind, removing natural vegetation from rangeland on eolian 
sediment and converting it to grain production, installing center-
pivot irrigators on fields that included bare sand, and removing 
wind breaks and shelter belts (trees planted after the 1930s 
drought) to facilitate installation of center-pivot irrigators.

Distribution of Late Quaternary 
Wind-Deposited Sand in Eastern Colorado
By Richard F. Madole, D. Paco VanSistine, and John A. Michael



Why the Map Was Made

The map was made because the project required a 
regional overview of the distribution of eolian sand, and  
previously published maps did not meet this need. The  
1:500,000-scale geologic map of Colorado (Tweto, 1979) does 
not distinguish eolian sand from loess, and it under represents 
the amount of loess and eolian sand in eastern Colorado (Mad-
ole, 1995a). Eolian deposits on the State geologic map were 
compiled from small-scale maps (mostly 1:250,000), which 
are the only sources of geologic data for much of the region. 
These maps depict dune sand accurately, but commonly 
omit large areas of sheet sand. In some places on the maps, 
sheet sand may have been omitted intentionally to emphasize 
bedrock geology, particularly in areas where eolian sand is 
extensive but thin. In other areas, however, eolian sheet sand 
probably was not recognized because it lacks distinctive geo-
morphic expression and exposures are scarce. Also, distinction 
of eolian sand from sheetwash alluvium and sandy residuum 
can be difficult.

How the Map Was Made

The distribution of eolian sand shown on this map is a 
synthesis of information from county soil maps and geologic 
maps, supplemented in some places by photogeologic map-
ping and field study. County soil maps were the principal 
sources of information in about 75 percent of the map area 
because they are published at large scales (1:15,840 to 1:
31,680) and are available for most of the region. Geologic 
maps were secondary sources of information, except in Kit 
Carson, Lincoln, and Las Animas Counties, where county soil 
maps were not available, and in parts of northwestern Elbert 
County, northern Douglas County, westernmost Arapahoe and 
Adams Counties, and El Paso County that are underlain by the 
Dawson Formation (fig. 3), which produces large amounts of 
sandy surficial material of diverse origins (residuum, alluvium, 
and eolian sand). The genesis of sandy surficial materials in 
areas where the Dawson Formation is the surface bedrock can 
be difficult to determine even in the field.

Some soil series are closely related to specific surficial 
geologic units. For example, with few exceptions, the Valent 
series (Ustic Torripsamments) is developed in Holocene eolian 
sand, and the Vona series (Ustollic Haplargids) is developed 
in Pleistocene eolian sand (table 1). However, other soils, such 
as the Bijou series (Ustollic Haplargids) and Bresser series 
(Aridic Argiustolls), developed in both alluvial and eolian 
sand, and soils of the Truckton series (Aridic Argiustolls), 
formed in an even wider range of sandy parent materials that 
include alluvium, eolian sand, and residuum (Crabb, 1980; 
Larsen and Brown, 1971; Sampson and Baber, 1974; and 
Larsen, 1981).

Little bluestem (Andropogon 
scoparius), a perennial grass 
found on plains and mountain 
areas of Colorado.  (Drawing by 
Margaret Austin, USDA.)

Blue grama (Bouteloua gracilis), 
the State grass of Colorado, 
is symbolic of the short-grass 
prairie.  (Drawing by Jennifer 
Shoemaker, USGS.)
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Figure 3.  Generalized geologic map of eastern Colorado (modified from Tweto, 1979). Knowledge of 
bedrock geology is essential to interpret the sandy surficial deposits in eastern Colorado. (See p. 6  
for a discussion of bedrock geology and sandy surficial deposits.)
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County Soil series
Ascalon Bayard Bijou Blakeland Bresser Daily Dalhart Dunday Dwyer Elsmere Haxtun Julesburg Keyner

Larimer ES -- -- -- -- -- -- -- -- -- -- -- --
N. Weld ES -- -- -- -- -- -- -- -- -- -- -- --
Logan ES, sdy L(?) ES, A -- -- -- ES -- -- -- -- ES/ESb or Lb ES --
Sedgwick ES, sdy L(?) ES -- -- -- -- -- ES -- ES ES/ESb or Lb ES --
Phillips ES -- -- -- -- -- -- ES -- -- ES/Lb ES --
Boulder ES, sdy L(?) -- -- -- -- -- -- -- -- -- -- -- --
S. Weld ES, A -- -- -- -- -- -- -- -- -- -- ES --
Morgan ES -- ES/A, A -- ES/A, A -- -- -- ES -- ES/ESb or Lb -- --

Washington ES -- -- -- -- -- -- -- -- -- ES/L ES --
Yuma ES -- -- -- -- ES -- -- ES -- ES/ESb or Lb ES --
Adams ES -- -- ES -- -- -- -- -- -- -- -- --
Arapahoe ES -- A ES A, ES -- -- -- -- -- -- -- --
Douglas -- -- A -- A -- -- -- -- -- -- -- --
E. Elbert ES -- -- ES, A A, ES -- -- -- -- -- -- -- --
El Paso -- -- A ES, A A -- -- -- -- -- -- -- --
Kiowa -- -- ES -- -- -- -- -- -- -- -- -- ESt/L
Pueblo -- -- -- -- -- -- -- -- ES -- -- -- --
Crowley -- -- -- -- -- -- -- -- -- -- -- -- --
Cheyenne ES, A -- ES, A -- -- -- -- -- -- -- -- -- --
Otero -- -- -- -- -- -- -- -- ES -- -- -- --
Bent -- -- -- -- -- -- -- -- ES -- -- -- --
Prowers -- -- -- -- -- -- -- -- -- -- -- -- --
Baca -- -- -- -- -- -- ES -- -- -- -- -- --

Table 1.  Soil series developed in eolian sand and sandy alluvium in eastern Colorado counties.

[Soil series are described in County soil reports. See Sources of Map Data for references. A, alluvium; ES, eolian sand; ESb, eolian sand buried by another deposit; ESt, eolian sand, thin cover only; L, loess; Lb, 
loess buried by another deposit; sdy, sandy; *, initially mapped as the Tivoli series, a name now restricted to soils developed in a warmer climate; forward slash (/) indicates one unit overlying another—unit to 
left of slash overlies unit to right of slash] 
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County Soil series
Ascalon Bayard Bijou Blakeland Bresser Daily Dalhart Dunday Dwyer Elsmere Haxtun Julesburg Keyner

Larimer ES -- -- -- -- -- -- -- -- -- -- -- --
N. Weld ES -- -- -- -- -- -- -- -- -- -- -- --
Logan ES, sdy L(?) ES, A -- -- -- ES -- -- -- -- ES/ESb or Lb ES --
Sedgwick ES, sdy L(?) ES -- -- -- -- -- ES -- ES ES/ESb or Lb ES --
Phillips ES -- -- -- -- -- -- ES -- -- ES/Lb ES --
Boulder ES, sdy L(?) -- -- -- -- -- -- -- -- -- -- -- --
S. Weld ES, A -- -- -- -- -- -- -- -- -- -- ES --
Morgan ES -- ES/A, A -- ES/A, A -- -- -- ES -- ES/ESb or Lb -- --

Washington ES -- -- -- -- -- -- -- -- -- ES/L ES --
Yuma ES -- -- -- -- ES -- -- ES -- ES/ESb or Lb ES --
Adams ES -- -- ES -- -- -- -- -- -- -- -- --
Arapahoe ES -- A ES A, ES -- -- -- -- -- -- -- --
Douglas -- -- A -- A -- -- -- -- -- -- -- --
E. Elbert ES -- -- ES, A A, ES -- -- -- -- -- -- -- --
El Paso -- -- A ES, A A -- -- -- -- -- -- -- --
Kiowa -- -- ES -- -- -- -- -- -- -- -- -- ESt/L
Pueblo -- -- -- -- -- -- -- -- ES -- -- -- --
Crowley -- -- -- -- -- -- -- -- -- -- -- -- --
Cheyenne ES, A -- ES, A -- -- -- -- -- -- -- -- -- --
Otero -- -- -- -- -- -- -- -- ES -- -- -- --
Bent -- -- -- -- -- -- -- -- ES -- -- -- --
Prowers -- -- -- -- -- -- -- -- -- -- -- -- --
Baca -- -- -- -- -- -- ES -- -- -- -- -- --

Kim Laird Manter Olney Osgood Otero Sundance Truckton Valent Vona
-- -- -- -- -- ES, A -- -- -- --
-- -- -- -- -- -- -- -- -- --
-- -- ES -- -- -- -- -- ES ES
-- -- -- -- -- -- -- -- ES --
-- -- ES -- -- -- -- -- ES --
-- -- ES -- -- -- -- -- -- --
-- -- ES ES, ES/A, A ES -- -- -- ES ES
-- -- -- ES, ES/A, A -- -- -- ES ES ES

-- -- ES -- ES -- -- -- ES ES
-- -- ES -- -- -- -- -- ES ES
-- -- -- -- -- -- -- ES ES ES
-- -- -- ES -- -- -- ES -- --
-- -- -- -- -- -- -- -- -- --
-- -- -- -- -- -- -- A, ES -- --
-- -- -- -- -- -- -- A ES ES
-- ES/A -- ES -- -- ES/L -- ES ES
ESt/L -- -- ES -- ES -- -- ES ES
-- -- -- ES -- ES -- -- ES* ES
-- -- ES ES -- -- ES/L -- ES ES
-- -- -- ES -- ES -- -- ES* ES
-- -- -- ES -- ES -- -- ES* ES
-- -- -- -- -- ES -- -- ES* ES
-- -- ES -- -- ES -- -- ES* ES
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Knowledge of regional bedrock geology is essential to 
interpret surficial geology from soil maps. Identification of 
sandy surficial deposits on county soil maps usually is easy 
in areas of eastern Colorado that are underlain by the Pierre 
Shale or by shale and claystone of the Laramie Formation. 
Those rocks constitute the surface bedrock in much of the 
region (fig. 3). Most residuum derived from the Pierre Shale 
is clayey. Consequently, sandy soils in areas underlain by this 
formation generally indicate the presence of allochthonous 
material (material formed elsewhere and transported to its 
present location). However, in some places, sandstone beds 
in the upper part of the Pierre Shale produce sandy residuum. 
The same is true of the Dawson Formation, parts of the Fox 
Hills Sandstone, and some sandstone beds in the Laramie For-
mation. Still, except for the Dawson Formation, the residuum 
developed from the sandstone beds in these formations typi-
cally is thin (1 meter or less), and the soils developed in it are 
not likely to be confused with those developed in either eolian 
sand or sandy alluvium.

It is particularly difficult to identify the genesis of surficial 
deposits from soil maps in areas where soil parent materials are 
derived from thick sections of arkosic (feldspar rich) sandstone 
and very fine pebble conglomerate in the Dawson Forma-
tion. This formation and correlative strata in the Denver and 
Arapahoe Formations (fig. 3) consist of clastic material, nearly 
1 kilometer thick, that was deposited in the Denver Basin when 
the Southern Rocky Mountains were being elevated during 
Laramide time, about 70–45 Ma (Tweto, 1975). 

During the late Cenozoic, all Laramide basin-fill strata 
were eroded from the northernmost part of the Denver Basin. 
However, in the southern part of the basin, between Denver 
and Colorado Springs, only the upper part of the Dawson 
Formation was eroded. Thus, a nearly complete section of the 
Dawson Formation remains on the higher (western) part of 
the interfluve between the South Platte and Arkansas Riv-
ers. Much of the sandstone and conglomerate of the Dawson 
Formation is weakly cemented. Consequently, that forma-
tion is the source of large quantities of sandy residuum and 
alluvium. Alluvium derived from the Dawson Formation was 
the dominant source of the eolian sand in the Black Squir-
rel and Big Sandy areas south and southeast of the Palmer 
Divide, the local name for the western part of the South Platte 
River–Arkansas River drainage divide. It also was the princi-
pal source of belts of eolian sand shown on the map along the 
small valleys (Box Elder, Kiowa, and Bijou Creeks) that drain 
from the Palmer Divide north to the South Platte River.

Arkosic sand is also the parent material of the Bijou, 
Bresser, and Truckton soils, the principal soil series in the map 
area that developed in sandy material of more than one origin 
(table 1). In spite of their polygenetic parent materials, soil 
series, such as the Bijou, Bresser, and Truckton, can be used to 
identify the origin of surficial deposits. Three criteria are used 
to determine whether these soil series are developed in eolian 
sand, alluvium, or residuum: (1) position in the landscape, 
(2) shape and orientation of bodies of sandy material on soil 
maps, and (3) associated soil series.

The position of sandy soils in the landscape is a particu-
larly important clue to the likely genesis of the parent material. 
Except for old alluvial deposits that are inverted in the land-
scape and are not related to present-day streams, the distribu-
tion of alluvial parent materials parallels existing drainage sys-
tems. In contrast, the trend of eolian sand deposits parallels the 
direction of the dominant sand-transporting wind. Generally, 
it is at a high angle to, if not orthogonal to, the trend of stream 
channels that were the sources of most of the eolian sand 
(figs. 4 and 5). Unlike alluvium, eolian sand ascends hillslopes 
from valley floors to adjacent interfluves, but it tends not to 
do so equally on both sides of a valley. It is widespread on the 
leeward side of valleys, but is sparse or absent on the wind-
ward side (figs. 4 and 5). If the soil series on valley side-slopes 
and adjacent interfluves differ from those on late Pleistocene 
terrace deposits in the same area, they probably are developed 
in eolian sediment. For example, if soils of the Bresser series 
extend across interfluves between valleys in which the Nunn 
or Manzanola soil series are developed in terrace deposits, 
the parent material of the Bresser series is probably eolian. In 
contrast, if soils of the Bresser series or, more commonly, the 
Bijou series, parallel streams, they probably are developed in 
Pleistocene stream-terrace deposits. However, eolian sand caps 
Pleistocene stream terraces in some places.

The shape and orientation of bodies of sandy material on 
soil maps also help to identify parent material genesis. Eolian 
deposits tend to be elongated in the direction of the dominant 
sand-transporting winds, and narrow bands of different soil 
series alternate repetitively in a direction normal to the domi-
nant wind direction (fig. 5). The bands reflect differences in 
parent materials, slope and topography, drainage, and vegeta-
tion related to eolian bed forms. In addition, the upwind and 
downwind edges of eolian sand deposits tend to be scalloped, 
and the axes of apices and re-entrants along deposit margins 
tend to parallel the direction of the dominant sand-transporting 
winds. The margins of the South Platte and Wray sand areas 
(see map) reflect this pattern on a regional scale. These areas 
also illustrate the fact that deposits of eolian sand are most 
extensive and are elongated on the downwind sides of sandy 
stream channels, especially where the channels are at nearly 
right angles to the prevailing wind.
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(Facing page)  Physiographic subdivisions of eastern Colorado. 
Eastern Colorado encompasses all of the Colorado Piedmont sec-
tion and parts of the High Plains and Raton sections of the Great 
Plains physiographic province (Fenneman, 1931). The High Plains 
are defined as that part of the Great Plains underlain by Miocene 
fluvial rocks (Ogallala Formation). The Colorado Piedmont section 
is distinguished by having been stripped of Miocene rocks by 
the South Platte and Arkansas Rivers and their tributaries and 
by having a surface that, along its boundaries, is topographically 
lower than the adjoining regions, except where the Arkansas 
and South Platte rivers leave it. Prominent bluffs separate the 
Colorado Piedmont from the High Plains of Wyoming to the north, 
and lower, less definite escarpments separate it from the High 
Plains to the east. Similar escarpments are lacking, however, in 
most places between the Colorado Piedmont and the Raton sec-
tion. Over much of this area, the boundary is mostly arbitrary as 
slopes ascend gradually across a transition zone that is as much 
as 30–40 kilometers wide. The Raton section is distinguished by 
several extensive lava-capped mesas that stand much higher than 
the terrain in the other sections of the Great Plains.

In addition to Miocene rocks, older Cenozoic rocks (Paleo-
cene, Eocene, and Oligocene) also have been eroded from the 
Colorado Piedmont, except on the higher, western part of the 
interfluve between the South Platte and Arkansas Rivers. Much 
of the Colorado Piedmont is underlain by Upper Cretaceous shale, 
claystone, and siltstone that have been eroded into low and 
rolling topography. Maximum relief is about 450 meters, which is 
the maximum height of the divide between the South Platte and 
Arkansas Rivers. As much as 300 meters of relief exists between 
the South Platte River and the line of bluffs that forms the northern 
boundary of the region.
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Figure 4 (facing page).  Soil and geologic map of an area in 
Adams County just north of Denver (modified from Sampson and 
Baber, 1974). Note that soils on the windward (northwest) side 
of the river are developed in bedrock residuum, whereas on the 
downwind side most soil is developed in eolian sand. Also note the 
general linearity of soil units and their orientation with respect to 
the river valley and dominant paleowind direction. The eolian sand 
was derived from the flood plain of the South Platte River. The last 
major episode of eolian sand deposition in this area was during 
the late Pleistocene.
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Figure 5.  Block diagram showing relations between bedrock, surficial deposits (eolian sand and alluvium), and soil series in Otero 
County south of the Arkansas River (after Larsen and others, 1972). The soils series form in the uppermost part of the eolian sand 
and alluvium. Most eolian sand in eastern Colorado is noncalcareous.  However, the parent material of the Dwyer soil is calcareous 
because it was derived from calcareous alluvium and was not blown far enough for the CaCO3 coatings on grains to be removed by 
impact and abrasion during transport.



Map Accuracy and Reliability

Inaccuracies in the data sources used to make this map 
and in the compilation of those data are small compared to 
inaccuracies imposed by the map scale (1:700,000). Isolated 
outliers of eolian sand that are less than 1 kilometer wide can-
not be shown at the scale of this map, regardless of their length. 
Likewise, narrow, elongate re-entrants or inliers of bedrock, 
residuum, loess, and alluvium in small valleys within larger 
areas of eolian sand cannot be shown on the map. Many small 
deposits of eolian sand that are beyond the mapped margins 
of the main bodies of eolian sand are omitted, as are small 
areas of noneolian materials within large areas of eolian sand. 
In many places, especially Baca County, groups of small sand 
deposits are mapped as a single deposit. Also, contacts are 
drawn through areas of noneolian materials in order to include 
as many small, discontinuous deposits of eolian sand as possi-
ble, rather than to omit them because they are too small to show 
separately. The small scale of the map requires that highly 
intricate and irregular contacts be generalized (smoothed). It 
also precludes showing different ages of eolian sand separately, 
because many deposits are small and, in most areas, units of 
different ages are interspersed in complex patterns.

Eolian sand probably is depicted less accurately in Kit 
Carson, Lincoln, and Las Animas Counties than in other areas 
because large-scale soil maps of those counties had not been 
published when this map was compiled. Small-scale 
(1:250,000) geologic maps were the primary data sources for 
most of Lincoln and Kit Carson Counties (see “Index Show-
ing Sources of Map Data” in this pamphlet), and STATSGO 
map data were relied on for the distribution of most eolian 
sand in Las Animas County. The Natural Resources Conserva-
tion Service compiled the STATSGO (State Soil Geographic 
Data Base) units at a scale of 1:250,000. Typically, individual 
units include several soil series and, thus, are not as closely 
related to geologic units as the individual soil series on county 
soil maps. The differences in detail available from county soil 
maps, compared to STATSGO maps, explains why the bound-
aries of deposits in Baca County are more intricate than the 
boundaries in Las Animas County. The limits of eolian sand 
in Baca County are from McLaughlin’s (1954) 1:62,500-scale 
geologic map, rather than the published county soil map of 
Woodyard and others (1973). The distribution of eolian sand 
on McLaughlin’s map was compiled from an older, unpub-
lished soil map on which windblown sand was shown in more 
detail than on the map of Woodyard and others.

Drought Frequency 
Historic and Protohistoric—The term “Dust Bowl” was 

introduced in the 1930s to describe an area of nearly 100 million 
acres in the Great Plains where drought is frequent and wind 
erosion is particularly severe (Hurt, 1981). Much of eastern 
Colorado is within the Dust Bowl (fig. 6 on map sheet). Some 
part of the Dust Bowl has experienced drought in nearly every 
decade since instrumental weather data began to be recorded 
systematically in the late nineteenth century. Particularly severe 
droughts impacted the region during the 1930s, 1950s, and, to 
a lesser degree, the 1970s. Accounts in diaries and newspaper 
articles indicate that severe droughts also occurred in the nine-
teenth century (Rosenberg, 1980; Muhs and Holliday, 1995), 
prior to establishment of weather stations. Dendrochronologic 
(tree-ring) data from areas outside of Colorado, but along or 
relatively near the margin of the Great Plains, reveal a pattern 
of recurring drought that extends back several centuries (Fritts, 
1983; Stockton and Meko, 1983; Blasing and Duvick, 1984; 
Stahle and others, 1985; Stahle and Cleaveland, 1988; Cleave-
land and Duvick, 1992; Meko, 1992; Sieg and others, 1996).

Prehistoric Droughts—Deposits of windblown sand are 
indicators of prehistoric droughts. Widespread wind erosion of 
sand coincides with times of persistent drought that minimized 
soil moisture and severely reduced plant cover. As soil moisture 
and vegetation decline, so does the threshold velocity required 
for wind to mobilize sand grains. Unlike instrumental and den-
drochronological measurements, deposits of windblown sand 
only record droughts that persisted long enough to develop 
conditions that were conducive to extensive mobilization of 
sand by wind. None of the historic droughts were that severe, 
although sand was reactivated locally during the 1930s drought 
(Muhs and Maat, 1993) and, presumably, also during earlier 
droughts (historic and prehistoric) of similar magnitude.

Conditions necessary to generate new dune fields or 
to cause existing dune fields to migrate apparently require 
what Woodhouse and Overpeck (1998) referred to as “mega-
droughts.” At least three megadroughts occurred in eastern 
Colorado during the past 1,300 years. Woodhouse and Over-
peck (1998) discuss a variety of data that indicate mega-
droughts occurred in the thirteenth and sixteenth centuries, and 
as discussed later, geomorphic and stratigraphic data indicate 
that wind mobilized sand on a regional scale between A.D. 
675 and 1020 and again between A.D. 1250 and 1650. The 
latter interval includes the droughts of both the thirteenth and 
sixteenth centuries.

During the droughts of the past 1,300 years, sand was 
mobilized in about two-thirds of the approximately 26,370 
square kilometers of eolian sand (table 2) in eastern Colorado. 
Model simulations of atmospheric circulation indicate that 
average surface temperature and estimated annual precipita-
tion varied only slightly in the region during the past 1,300 
years (Kutzbach, 1987). Given that climate has changed little 
during a time that wind has mobilized sand over large areas 
suggests that under the present climate, eastern Colorado is 
near the threshold of widespread mobilization of sediment by 
wind. This underscores the need to carefully manage land uses 
that disturb the deposits shown on this map.
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Sand area Size (km2) Thickness1 (m) Mineralogy Sources of information2

South Platte 11,090
30

(1.5-20)
Quartz
(K-feldspar)3

4, 6, 13, 16, 27, 30, 37, 43, 44, 46, 55, 58, 61, 67, 
70, 75, 78, 79, 80, 90

Wray
5,8204 

(2,000)
37 Ditto 7, 28, 55, 62, 74, 96

Black Squirrel 3,620
42

(3-12)
Ditto 8, 18, 25, 33, 48, 53, 73, 81, 82, 88, 91, 94

Baca 2,500 15 Ditto 56, 68

Big Sandy 2,430
20

(3-6)
Ditto 12

Arkansas River 570 25 Ditto 68, 69, 73, 95

Apishapa 340 not reported not reported 36, 72, 97

1Maximum thickness; numbers in parentheses are the reported range of typical thickness.
2Publications; numbers correspond to those in Reference list. Numbers in bold are 1:24,000-scale geologic maps.
3The most abundant subordinate mineral is shown in parentheses.
4The part in Colorado; estimated size of the part in Nebraska is shown in parentheses.

Eolian Sand Sources, 
Transport Directions, and Properties

Sediment Sources

Gilbert (1896), working along the Arkansas River and 
in the Black Squirrel sand area, was the first to conclude that 
stream deposits were the primary source of eolian sand in 
eastern Colorado. Since then, many studies have reached this 
conclusion (Fisher, 1906; Toepelman, 1924; Hunt, 1954; Scott, 
1962, 1982; Smith and others, 1964; Coffin, 1967; Reheis, 
1980; Shroba, 1980; Muhs, 1985; Madole, 1994, 1995a; 
Muhs and others, 1996). The conclusion is based primarily 
on the fact that eolian sand is most widespread on the leeward 
sides of valleys, and it tends to be thickest near the valley (its 
source) and become progressively thinner downwind from the 
valley. Some studies have documented this relation more rig-
orously by examining sand mineralogy and geochemistry, and 
by showing that grain size decreases systematically downwind 
from valley-floor sediment sources (Coffin, 1967; Reheis, 
1980; Shroba, 1980; Muhs, 1985; Muhs and others, 1996; 
Muhs and others, 1999). Although streams were a principal 
source of eolian sand, they were not the only source. In some 
places, eolian sediment also was derived from residuum of 
Upper Cretaceous and Tertiary sedimentary rocks.

Paleowind Directions

Conclusions about paleowind directions are based chiefly 
on dune form and orientation. The shape and orientation of 
individual eolian sand areas shown on the map reflect the 
direction of the dominant sand-transporting winds. The pal-
eowind directions shown on the map (arrows) were determined 
primarily from the orientation of middle and late Holocene 
parabolic dunes. North of the Arkansas River, the dominant 
sand-transporting winds were northwesterly; south of the river 
they were southwesterly. The location and geometry of sand 
sheets indicate that paleowind directions in latest Pleistocene 
time were similar to those in the Holocene (Madole, 1995a; 
Madole, Muhs, and Holliday, 1996).

At present, prevailing winds over most of northeastern 
and east-central Colorado and adjoining parts of Kansas 
and Nebraska are northwesterly from October to April and 
southeasterly from June through September (Muhs and others, 
1996). Southeasterly winds bring moisture inland from the 
Gulf of Mexico and are the reason why 70–80 percent of the 
annual precipitation in eastern Colorado presently is received 
between April and September (Berry, 1959).

Table 2.  Size, thickness, and mineralogy of eolian sand deposits in eastern Colorado.
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During latest Pleistocene time, the South Platte and Arkansas Rivers looked much like this present-day Alaskan river. Then, the valleys of 
the South Platte and Arkansas Rivers were not incised, as they are today, and they had flood plains that were many times wider than their 
present flood plains. Broad, braided streams occupied these valleys, and during winter months, the streams shrank to rivulets, leaving 
large expanses of bare, dry sand exposed to wind erosion. Photograph courtesy of U.S. Geological Survey Photographic Library.

(Facing page, top)  The valley floor of the present South Platte River is typically 6–12 meters lower than late 
Pleistocene terrace deposits, and the width of its flood plain is only a small fraction of Pleistocene flood-plain 
widths. Diversions and returns of water used for irrigation have altered the character of the present channel 
and flood plain. Channel narrowing has allowed gallery forests composed primarily of plains cottonwood to 
develop along the channel sides. Photograph by R.F. Madole.

(Facing page, bottom)  View of plains south of Lamar, Colorado, in Prowers County, showing examples of old 
and new devices for harnessing wind power. Windmills have been used to pump water in this region since 
the late nineteenth century, and wind farms, of which the wind turbines shown here are a part, have been 
supplying electricity to Colorado commercially since March 1998. The Great Plains are one of the windi-
est regions in the United States (Gillette and Hanson, 1989), and present-day wind velocities in most areas 
exceed what is required to erode loose, dry, bare sand 30–60 percent of the time (Muhs and Maat, 1993). At 
present, wind erosion of sand in eastern Colorado is minimal primarily because of the vegetation growing on 
it. Moisture and the presence of vegetation dramatically increase the threshold velocity required for wind 
to mobilize sand grains. Thus, land-use practices that disturb vegetation can trigger serious wind erosion. 
Model simulations of atmospheric circulation indicate that, under the present climate, eastern Colorado is 
near the threshold of widespread mobilization of sediment by wind.  Photograph by Craig Brunstein, USGS.

14    Distribution of Late Quaternary Wind-Deposited Sand in Eastern Colorado



Eolian Sand Sources, Transport Directions, and Properties    15



Sediment Properties

Deep exposures of eolian sand are comparatively rare 
in eastern Colorado. Consequently, statements about deposit 
thickness, mineralogy, and texture are based on observations 
at a relatively small number of localities. Deposit thickness is 
particularly difficult to assess because even in deep exposures 
the bottom contact generally is not well exposed. Eolian sand 
commonly overlies fluvial sand, and the contact between the 
two is difficult to distinguish, if not much of the fluvial sand is 
exposed. The maximum thicknesses reported in previous pub-
lications (table 2) are based primarily on borehole data from 
water-supply investigations. Some of the reported thicknesses 
may include sand of noneolian origin. Nevertheless, the maxi-
mum eolian sand thicknesses reported in previous publica-
tions are similar to estimates based on the assumption that 
maximum sand thickness is comparable to the topographic 
relief within dune areas, or, in other words, dune heights equal 
maximum sand thickness.

The maximum thickness of eolian sand in most areas 
of eastern Colorado probably is between 20 and 40 meters. 
However, except for parts of the Wray dune field, the Black 
Squirrel area, and the eastern part of the South Platte sand 
area, the typical thickness of eolian sand is probably between 
3 and 10 meters. The most extensive areas of thick sand and 
high dunes are in the Wray dune field and the easternmost part 
of the South Platte sand area.

Quartz is the dominant mineral in all eolian sand areas, 
and feldspar also is present in quantities that vary with sedi-
ment source. For example, in the South Platte sand area, feld-
spar is more abundant in eolian sand south of the South Platte 
River than in eolian sand north of the river (Muhs, 1985; Muhs 
and others, 1996). In some places south of the river, potas-
sium feldspar is reported to be so abundant that it colors the 
sand reddish-orange (McGovern, 1964). The eolian sand south 
of the South Platte River was derived chiefly from the river 
flood plain, which contains feldspar-bearing sediment from 
two sources. One source is the feldspar-bearing Precambrian 
crystalline rock that underlies the headwaters of the drainage 
basin in the Front Range. The other source is the sediment 
received from tributaries that head in thick arkosic (feldspar-
rich) sandstones of the Dawson Formation (Upper Cretaceous, 
Paleocene, and Eocene) on the South Platte–Arkansas River 
drainage divide (fig. 3). The arkosic sandstones in the Dawson 
Formation were derived from the same Front Range Precam-
brian rocks as much of the flood-plain deposits of the South 
Platte River.

(Facing page)  A, Mature stand of plains cottonwood (Populus deltoides subsp. monilifera), probably more than 100 years old, flanks 
Kiowa Creek near the town of Kiowa. Valley-floor gallery forests like this are common along plains streams, which are subject to 
large floods generated by intense summer thunderstorms. Cottonwoods readily germinate on bare sediment exposed or deposited by 
flooding. Photograph by Craig Brunstein, USGS. B, Four age classes of plains cottonwoods grow along West Bijou Creek near Byers, 
Colorado. These woodlands commonly are tiered, and the different levels relate to major floods. The waist-high plants adjacent to the 
channel are a few years old. The saplings in the foreground appear to be about 10 years old. The dense trees in the background on the 
left are about 15 years old, and the trees on the terrace at the right are mostly over 100 years old. Because many cottonwoods germi-
nated at about the same time after large floods and grew at similar rates, trees on a given surface are usually similar in age and height. 
Age data and photograph provided by Jonathan Friedman, USGS. C, Gallery forest of plains cottonwood and peachleaf willow (Salix 
amygdaloides) along the Arikaree River north of Idalia. This forest became established following a large flood in 1935. The swath of 
vegetation from the distant center to the lower left corner of the photograph is the Arikaree River flood plain. Except for the South Platte 
and Arkansas Rivers, most of the rivers in eastern Colorado are dry in some places for at least part of the year, and their channels are 
markedly underfit (disproportionately smaller than their valleys). Rock of the Ogallala Formation, the distribution of which defines the 
High Plains Section of the Great Plains (see map of physiographic subdivisions), crops out on the right side of the photograph.   
Photograph by Jonathan Friedman, USGS.

(Right)  Leaves and flowers of cottonwood (Populus deltoides subsp. monilifera). From 
“An Illustrated Flora of the Northern United States, Canada and the British Posses-
sions,” by N.L. Britton and A. Brown, published in 1913.
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Figure 7.  Diagram of late Holocene eolian sand stratigraphy near Hillrose, Colorado (map locality 14), showing stratigraphic units, 
soil horizons, 14C ages of buried soils, IRSL ages of sand units, 13C values of selected horizons, and percentages of sand, silt, clay, and 
organic matter in stratigraphic units. Cal yr B.P. age ranges are for the 2-sigma (95% probability) confidence interval. Photograph of this 
section is shown in figure 12.
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Map
locality

Unit1 Sand
(%)

Silt
(%)

Clay
(%)

16 3c 94.0 3.4 2.6

16 3c 91.1 5.4 3.5

17 3c 94.0 2.3 3.7

16 3b 92.2 4.9 2.9

17 3b 95.8 1.9 2.3

17 3a 96.0 2.1 1.9

10 3a 94.4 2.2 3.4
1Units as shown in figures 7 and 11; sampled below zone of soil formation.

Map
locality

Unit1

Very 
coarse

(%)

Coarse
(%)

Medium
(%)

Fine
(%)

Very fine
(%)

Total 
sand
(%)

16 3c 0 10.5 38.4 34.5 10.6 94.0

16 3c 0 7.5 35.2 35.2 13.2 91.1

17 3c 0 12.0 38.7 34.7 8.6 94.0

16 3b 0 10.6 34.2 33.7 13.6 92.1

17 3b 0 21.7 43.0 25.3 5.8 95.8

17 3a 0 16.0 37.5 29.7 8.6 91.8

17 3a 0 16.3 45.0 29.4 5.3 96.0

10 3a 0 16.3 39.0 32.9 8.5 94.4
1Units as shown in figures 7 and 11; sampled below zone of soil formation.

The eolian sand north of the South Platte River came 
from a different source than that south of the river. The 
eolian sand north of the river came chiefly from small 
drainage basins underlain by Upper Cretaceous sandstone, 
siltstone, and shale, which were deposited in marine environ-
ments that predate the Laramide uplift of the Front Range. 
The differences between the coarser grained, relatively 
young Cenozoic basin-fill sediments, derived from a rising 
Front Range, and the older pre-Laramide Upper Cretaceous 
marine rocks, capped by the Fox Hills Sandstone (fig. 3), 
explain most of the similarities and differences in mineral-
ogy and trace-element geochemistry between dune fields, as 
discussed by Muhs and others (1996). 

Fine and medium sand are the dominant grain sizes in 
most dunes (Muhs and others, 1996; and table 3). However, 
all sand sizes from very fine to coarse generally are present 
in eolian sand, and, in some places, most notably the Black 
Squirrel area, very coarse sand is common, primarily because 
the sand sources consist chiefly of sediment derived from the 
Dawson Formation. In addition, most deposits contain a small 
percentage (typically less than 10 percent) of silt and clay 

(table 3). Muhs (1985, table 2) reported grain-size distribu-
tions for A/C and A/AC/C soil profiles in eolian sand at two 
localities in the Wray dune field and 12 localities in the South 
Platte area between Julesburg and Fort Lupton. The silt and 
clay percentages in table 2 of Muhs (1985) are similar to 
those in table 3 of this publication. Muhs found that at 8 of 14 
localities the combined content of silt and clay was less than 
8 percent, quantities comparable to those determined in this 
study (table 3). In contrast, silt and clay are the dominant sizes 
in buried soils in late Holocene sand (fig. 7).

Few data are available with which to evaluate how sand 
size varies with local source area or deposit age. Size does, 
however, tend to decrease systematically downwind away 
from the South Platte River (Shroba, 1980; Muhs, 1985; Muhs 
and others, 1999). The roundness and sorting of sand grains 
appear to vary with sediment source. Grains derived from 
the flood plains and channels of large streams, such as the 
South Platte and Arkansas Rivers, tend to be rounded and well 
sorted, whereas a high percentage of the grains derived from 
small tributaries to these rivers commonly are subangular and 
poorly sorted.

Table 3B.  Grain-size distribution in the sand fraction of late Holocene eolian sand units.

Table 3A.  Percentages of sand, silt, and clay in late Holocene 
eolian sand units.
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Figure 9.  Vertical aerial photograph of 
an area southwest of Hillrose, Colorado, 
showing, from northwest (top, left) to 
southeast, a succession of three eolian 
deposits that vary in topographic expres-
sion, dune type, and deposit form. The 
succession consists of (1) younger topo-
graphically rough compound parabolic 
dunes (CP rough), (2) older topographi-
cally smooth (subdued) compound para-
bolic dunes (CP smooth), and (3) hairpin 
U-shaped simple parabolic dunes (SP). 
Army Map Service aerial photograph 
taken September 1953.

(Facing page, below)  Short-horned 
lizard (Phrynosoma douglassi), often 
referred to as a horned toad even 
though it is not an amphibian, is one 
of several reptiles common to east-
ern Colorado. This specimen is 11 
centimeters long (about 4.5 inches). 
In spite of the numerous spines on its 
head and back and the large pointed 
scales along its sides, this small reptile 
is harmless and tolerates handling, 
if it is done gently. This creature is 
uniquely adapted to life in places that 
are hot and dry. Its scaly, spiny skin 
minimizes evaporative loss of moisture 
and serves as camouflage. The lizard 
blends so well with rocks and soil 
that it is difficult to see until it moves. 
Photograph courtesy of the University 
of Colorado Museum.
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Dune Forms

Most dune sand is currently stable and covered with veg-
etation. Parabolic dunes are dominant throughout northeastern 
and central Colorado, whereas blowout dunes are the most com-
mon type in areas south of the Arkansas River. Both dune types 
are controlled primarily by vegetation and (or) moisture that 
partially stabilize sand rather than by wind strength and direc-
tion (McKee, 1979). Parabolic dunes approximate a parabola 
in plan view, and they have a convex front that faces downwind 
and arms that trail upwind toward the open end of the parabola. 
Blow out dunes are circular or bowl-shaped features of deflation 
(see diagrams of dune types on map). Except for the dune belt 
flanking the south side of the Arkansas River, dune fields are 
few, small, and widely scattered in southeastern Colorado. 

Two types of parabolic dunes deserve mention because 
they are widespread and represent two extremes in form 
and topographic expression. One type consists of long, low, 
topographically subdued, U-shaped (hairpin) simple parabolic 
dunes, whereas the other type consists of relatively high, 
topographically rough, compound parabolic dunes (fig. 8 on 
map sheet; fig. 9). The arms of the U-shaped simple parabolic 
dunes are notably straight and commonly 2–3 kilometers 
long, but they are only about 5 meters higher than surrounding 
terrain. These forms are conspicuous on aerial photographs 
because of the length and linearity of dune arms, but they are 
inconspicuous on the ground because of their low height. In 
some places, only the arms of this dune type are preserved; 
the concentric leading edge is often missing due to continued 
wind erosion.

(Above)  Black-tailed jackrabbit (Lepus californicus) on grasslands 
of Otero County.  During the past century the black-tailed jackrab-
bit, which is the dominant species in the southern Great Plains, 
expanded its range northward into areas formerly occupied only by 
white-tailed jackrabbits.  The black-tailed jackrabbit is now found 
throughout the eastern plains of Colorado.  This species is well 
suited to survival in areas where drought and confined grazing have 
disturbed or degraded the vegetation of the short-grass steppe.  
Photograph by Craig Brunstein, USGS.
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Coyote pup (Canis latrans) seated 
next to yucca (Yucca glauca). The 
pup is a member of a litter that 
probably was born between early 
April and the middle of May. The 
barking and howls of coyotes are 
common during the evening and 
night in eastern Colorado, even 
near urban areas. The adaptability 
and cunning of this remarkable 
canine and its ability to live in close 
proximity to humans, together 
with the demise of the wolf, have 
allowed it to expand its range 
during the past century. Photo-
graph courtesy of the University of 
Colorado Museum.
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1Munsell colors are of dry soil; 10YR 4/2 = dark grayish brown; 5/2 = grayish brown; 5/3 = brown; 6/3 = pale brown; 7/3 and 7/4 = very pale brown.  The first part of the Munsell
notation, 10YR for these soils, represents hue, the dominant spectral color.  YR stands for yellow-red; the higher the number between 1 and 10, the more yellow and the less red is the
hue.  The numerator of the fraction represents value, defined as the relative lightness or darkness of color.  The higher the number (on a scale from 0 to 10), the lighter the color.  The
denominator of the fraction represents chroma, also called saturation, which is defined as the purity or strength of the spectral color.  The lower the number on a scale from 0 to 8, the
less color.  Chromas of 0 to 1 are white, gray, or black in order of descending value.

Most compound parabolic dunes consist of clusters of 
small parabolic forms and elongated blowouts that are super-
posed on larger parabolic masses of sand (fig. 8 on map sheet). 
Within the clusters of small parabolic forms, individual dunes 
tend to be aligned in rows and often overlap in en echelon (in 
an orderly steplike arrangement) or telescoping patterns. The 
main parabolic sand masses are generally l kilometer or more 
long and have steep flanks that rise 10–20 meters above the 
surrounding terrain. The smaller parabolic forms are about as 
wide as they are long, which is typically 75–150 meters, and 
they have relatively sharp crests that are 5–10 meters high. 
Compound parabolic dunes are conspicuous both on aerial 
photographs and on the ground because of their height, surface 
roughness, and the patterns formed by clusters of individual 
dunes. Compound parabolic dunes are especially widespread 
in the South Platte and Wray sand areas.

Eolian Sand Stratigraphy 

The eolian sand deposits of eastern Colorado can be 
divided into three age groups on the basis of relative-dat-
ing criteria. The criteria include (1) topographic expression 
of dunes (fig. 9), (2) differences in degree of soil develop-
ment (fig. 10), (3) superposition and crosscutting relations of 
deposits and landforms (fig. 9), and (4) dune types (fig. 8 on 
map sheet; fig. 9). Numerical ages indicate that the three age 
groups are late Holocene (here defined as 4–0 ka), middle 
Holocene (8–4 ka), and late Pleistocene. Numerical ages 
also indicate that each of the three groups includes deposits 
of more than one age, some widely spaced in time. Unfortu-
nately, relative-age criteria do not distinguish between deposits 
resulting from different episodes of sand reactivation within 
each age group, except where the deposits are separated by 
buried soils.

Figure 10.  Diagram showing typical soil profiles in eolian sand in the South Platte and Wray sand areas. Column widths 
denote soil texture according to three classes identified at bottom. Soil structure of A horizons is generally weak and that 
of Bt horizons ranges from weak to moderate. Textures of A horizons vary; soils of the Julesburg and Vona series include 
both sandy loam and loamy sand, and the A and AC horizons of the Valent series range from sand to loamy sand.
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Differences in the degree of development of surface 
soils are used to help establish the relative ages of eolian sand 
deposits, and buried soils within sand deposits are used to 
decipher how these deposits relate to one another. Degree of 
soil development refers to attributes such as thickness, soil 
structure, quantities of translocated clay or calcium carbonate 
present, depth of leaching, and so forth. On stable surfaces 
(those not significantly modified by either erosion or deposi-
tion), soil development tends to produce more complex and 
generally thicker soil-horizon sequences with time (fig. 10).

Buried soils are particularly useful to decipher the strati-
graphic record because they provide a means to (1) visually 
distinguish windblown-sand deposits of different ages and (2) 
determine when the sand was deposited by radiocarbon dating 
of soil organic matter. Although wind erosion may eliminate 
surface soil in some places, drifting sand may also bury, and 
thus protect, uneroded soil in other places. A buried soil records 
two things. First, it demonstrates that there was a period of 
land-surface stability during which the soil formed. Second, the 
degree of soil development provides an estimate of the length 
of time that the land surface was stable based on what is known 
about the rates at which certain soil properties form. 

Organic matter in a buried soil is the source of 14C ages 
that provide estimates of when the soil formed. However, the 
age of a buried soil may or may not date the time when the soil 
parent material (windblown sand in this case) was deposited. 
Because organic matter is continually added to soil and lost 
(by chemical and biological processes) from soil while it is at 
the land surface, over time, the 14C age of the soil may become 
progressively younger than the age of the sand in which it is 
developed. Commonly, the 14C age of a buried soil dates the 
time of burial more closely than it dates the time its parent 
material was deposited. The 14C age of a buried soil is a maxi-
mum age for the overlying sand and a minimum age for the 
sand in which it is developed. 

Luminescence dating, including thermoluminescence 
(TL) and optical dating (Huntley and others, 1985), can 
determine the time elapsed since buried mineral grains were 
last exposed to sunlight or intense heat. Optical dating is also 
called optically stimulated luminescence (OSL) or photon-
stimulated luminescence. Optically stimulated luminescence is 
an umbrella term for luminescence (light caused by the release 
of electrons trapped in mineral-grain defects) resulting from 
stimulation by photons of any wavelength (Aitken, 1998). In 
practice, most studies have relied on stimulation by visible 
wavelengths (green and blue light) and infrared (commonly 
referred to as IRSL). In-depth discussions of the principles and 
applications of optical dating are available in several publica-
tions; see, for example, Wintle (1993), Berger (1995), Prescott 
and Robertson (1997), and Aitken (1998). 

Like 14C ages of buried soils, luminescence ages measure 
the time elapsed since sand was buried. However, unlike 14C 
dating, luminescence dating is not based on radioactive decay. 
Also unlike radiocarbon dating, which requires the presence of 
organic carbon, luminescence dating can be applied to almost 
any eolian sand of Quaternary age. Inheritance, which refers 
to signal or luminescence resulting from electrons that were 
not released prior to burial because of incomplete bleaching in 
sunlight or incomplete heating, is less of a problem with OSL 
methods than with the TL method. OSL requires short expo-
sure times (only seconds) to sunlight to “zero” a previously 
acquired signal, which makes it considerably more useful for 
determining the ages of late Pleistocene and Holocene deposits 
than TL dating. 

Thus far, numerical ages of eolian sand have been 
obtained at 16 different localities in eastern Colorado (see map 
and table 4). Except for late Holocene deposits, age control 
is sketchy. Consequently, most of the following discussion is 
about late Holocene deposits. 

Late Holocene

Two buried soils separate three units of late Holocene 
eolian sand (figs. 7, 11, and table 4) at several localities in the 
South Platte sand area. Calibrated 14C ages of the buried soils 
and optical ages (OSL and IRSL) of the sand units suggest the 
following sequence of late Holocene events, discussed here 
from youngest to oldest.

1. Upper Sand Unit—The upper sand unit (unit 3c, fig. 
11), where sampled, was deposited between about 700 and 
300 years ago (A.D. 1250 and 1650) (fig. 11). This time span 
includes the megadroughts of the thirteenth and sixteenth cen-
turies (Woodhouse and Overpeck, 1998) and is mostly within 
the time of the Little Ice Age. Lamb (1985) placed the onset 
of the Little Ice Age at A.D. 1300–1310, but considered the 
main phase of this interval of generally cooler climate to have 
occurred between A.D. 1550 and 1700, and the end of the 
interval to have been about A.D. 1880–1900.

2. Upper Buried Soil—The upper buried soil is esti-
mated to have formed primarily between about 930 and 700 
years ago (A.D. 1020 and 1250). This time span is brack-
eted by the limits of IRSL ages of the upper and middle late 
Holocene sand units, and it includes a large part or all of the 
2-sigma range of six calibrated 14C ages of the upper buried 
soil (fig. 11). The interval is approximately coincident with the 
peak of the European Medieval Warm Period. Lamb (1985) 
notes that the climax of this warm interval “was not quite 
contemporaneous everywhere,” but “in the heartland of North 
America, as in European Russia and Greenland, the warmest 
times may be placed between about A.D. 950 and 1200.”
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Brown eolian sheet sand overlies reddish-brown pebbly alluvium on the Kersey terrace about 
12 kilometers south-southwest of Greeley. Light-colored areas in the alluvium are secondary 
CaCO3. The soil developed in eolian sand (Julesburg series) is representative of soils developed 
in late Pleistocene sand deposits (see also figs. 10 and 12 for comparison). The A horizon and 
uppermost part of the Bt horizon developed in alluvium apparently were eroded prior to deposi-
tion of eolian sand. Vertical part of ruler spans 1 meter. Photograph by R.F. Madole, April 1992.
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Map locality Laboratory
number

7.5-minute
quadrangle

Material Measured
14C yr B.P.

Conventional
14C age

Cal yr B.P.1

2δ
Luminescence

age yr B.P. 
References2

Unit 3c (late Holocene)

13 NT02/14 Brush East sand -- -- -- -- IRSL—535 ± 115 10

13 NT02/09 Brush East sand -- -- -- -- IRSL—595 ±  100 10

14 NT02/17 Brush East sand -- -- -- -- IRSL—370 ±  50 10

Buried soil (late Holocene)

4 GX-15841 Keenesburg buried soil 920 ± 260 -- -- -- -- 20

4 Beta-84820 Keenesburg buried soil 920 ± 80 -19.5 1010 ± 90 1075-725 -- Unpub.3

7 Beta-62192 Greasewood Lake buried soil 890 ± 100 -17.9 1000 ± 100 1140-700 -- 45, 46

10 Beta-84821 Orchard buried soil 960 ± 110 -17.7 1080 ± 110 1260-760 -- Unpub.3

12 Beta-70542 Weldona buried soil 680 ± 80 -17.1 810 ± 90 930-570 -- 45, 46

13 Beta-61143 Brush East buried soil 750 ± 90 -18.2 860 ± 90 950-660 -- 45, 46

14 Beta-52719 Brush East buried soil 770 ± 50 -16.3 910 ± 50 930-710 -- 45, 46

Unit 3b (late Holocene)

13 NT02/12 Brush East sand -- -- -- -- IRSL—805 ± 105 10

13 NT02/10 Brush East sand -- -- -- -- IRSL—1065 ±  125 10

14 NT02/16 Brush East sand -- -- -- -- IRSL—1060 ±  95 10

Buried soil (late Holocene)

9 Beta-70543 Orchard buried soil 1230 ± 80 -16.3 1370 ± 80 1410-1160 -- 45, 46

13 Beta-52846 Brush East buried soil 1380 ± 90 -- 1520 ± 904 1580-12804 -- 45, 46

14 Beta-59164 Brush East buried soil 990 ± 70 -15.2 1150 ± 70 1250-930 -- 45, 46

Unit 3a (late Holocene)

13 NT02/11 Brush East sand -- -- -- -- IRSL—2370 ±  210 10

Buried soil (late Holocene)

15 Beta-53002 Sterling North buried soil 2720 ± 60 -16.3 2860 ± 60 3160-2840 -- 46

Unit 2b (late? and middle Holocene)

1 872/1 Milton Reservoir sand -- -- -- -- OSL—4100 ± 1300 WC5

14 NT02/15 Brush East sand -- -- -- -- IRSL—4850 ± 325 10

Buried soil (middle Holocene)

4 GX-15840 Keenesburg buried soil 4765 ± 305 -- -- -- -- 20

4 GX-15785 Keenesburg buried soil 5515 ± 410 -- -- -- -- 20

9 Beta-72203 Orchard buried soil 5510 ± 90 -17.2 5640 ± 90 6650-6280 -- 46

Unit 2a (middle Holocene)

6 870/1 Hardin sand -- -- -- -- OSL—6940 ± 2100 WC4

Unit 1 (late Pleistocene)

2 Beta-29904 Hudson buried soil 7270 ± 110 -- -- -- -- 19

δ13C
0⁄00

Table 4.  Numerical age control for eolian sand units in eastern Colorado.

[WC, written communication; --, no data or not applicable]
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2 ITL-166 Hudson sand -- -- -- -- TL-—8800 ± 1700 19

3 Beta-29903 Hudson buried soil 8280 ± 150 -- -- -- -- 19

3 ITL-167 Hudson sand -- -- -- -- TL—8600 ± 1300 19

11 Beta-84822 Wiggins buried soil 8510 ± 80 -21.8 8560 ± 80 9650-9415 -- Unpub.3

15 Beta-52735 Sterling North pond? sediment 8930 ± 90 -19.7 9010 ± 100 10,380-9890 -- 46

4 GX-15784 Keenesburg buried soil 9460 ± 490 -- -- -- -- 20

4 Beta-66950 Keenesburg buried soil 9600 ± 110 -20.0 9690 ± 110 11,250-10,700 -- 46

16 CAMS-5307 Galien organic coatings 9580 ± 90 -- -- -- -- 61

16 CAMS-5308 Galien organic coatings 9570 ± 80 -- -- -- -- 61

5 873/1 Klug Ranch sand -- -- -- -- OSL—15,600 ± 4700 WC4

8 CAMS-11339 Masters CaCO3  nodules 27,300 ± 170 -- -- -- -- 61

8 CAMS-16612 Masters CaCO3  nodules 27,420 ± 300 -- -- -- -- 61

8 CAMS-16604 Masters CaCO3  nodules 26,410 ± 240 -- -- -- -- 61

1Calibrations by Beta Analytic, Inc., using INTCAL98 database of Stuiver and others (1998). 

2Numbers correspond to those listed in References.

3Madole (unpub. data, 1995).

4Conventional age and Cal yr B.P. range are based on an estimated 13C value of -16.3 0⁄00.

4Stephen Stokes, Research Laboratory for Archaeology, Oxford, U.K. (written commun., 1992).
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Figure 11.  Diagram summarizing numerical ages of late Holocene eolian sand units in the 
South Platte River area. 
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Whether or not eastern Colorado warmed between 
A.D. 1020 and 1250 is unknown, but it is likely that pre-
cipitation increased. The upper buried soil, which is simply 
a 15-centimeter-thick, weakly developed A horizon, has two 
noteworthy attributes: (1) enough organic matter to be visible 
(fig. 12) and (2) an exceptionally high content of silt and clay 
(fig. 7), especially for soil developed in a parent material that 
is 90 percent (or more) sand in most places (table 3). The 
moisture retention and bonding produced by an abundance of 
silt and clay explain why this soil survived subsequent epi-
sodes of wind erosion when soils that formed in eolian sand at 
other places and other times in the Holocene did not survive.

The formation of a 15-centimeter-thick, relatively humus-
rich interval in just a few centuries suggests that the climate of 
that time was effectively wetter and the vegetation denser than 
at present. An influx of dust probably was critical to the devel-
opment and preservation of this soil, as was the presence of 
vegetation to trap the dust and enough annual precipitation to 
translocate it into the soil profile. The channel and flood plain 
of the South Platte River were likely dust sources, particularly 
during late autumn and winter when low flows exposed areas 
that were inundated during spring and summer.

3. Middle Sand Unit—The middle sand unit (unit 3b, figs. 
7, 11) was deposited between about 1275 and 930 years ago (A.D. 
675 and 1020). These limits are the approximate maximum and 
minimum ages of the buried soils underlying and overlying the 
middle sand. Also, sand grains collected about 10 centimeters 
above the base of the middle sand at Friehauf Hill (archeological 
site name) and 20 centimeters above the base of the unit at Hillrose 
(map localities 13 and 14) have IRSL ages of 1065 ± 125 and 
1060 ± 95 yr B.P., respectively (Clarke and Rendell, 2003).

4. Lower Buried Soil—The lower soil ceased to develop 
when it was buried, which, on the basis of two calibrated 14C 
ages of the upper 10 centimeters of the buried soil and two 
IRSL ages of sand in the middle unit (unit 3b, fig. 11), is esti-
mated to have occurred about 1,275 yr B.P. (A.D. 675). The 
duration of landscape stability that allowed this soil to develop 
is unknown. However, the lower buried soil is more strongly 
developed than the upper buried soil, thus it probably repre-
sents a longer period (many centuries) of landscape stability. 

Figure 12.  Late Holocene buried soils in barrow pit near Hillrose, 
Colorado (map locality 14). View looking southeast. White ruler 
is 2 meters long. Material properties and ages of this section are 
shown in figure 7. Photograph by R.F. Madole.

Stratigraphic relations and 14C ages of the Piney Creek 
Alluvium, named for deposits along a small tributary to 
Cherry Creek southeast of Denver (Hunt, 1954), suggest that 
this period of landscape stability may have begun between 
about 2,300 and 2,000 cal yr B.P. (table 5). Furthermore, the 
properties and stratigraphy of the alluvium suggest that soil 
formation coincided with a period when the water table was 
higher than today.

The Piney Creek Alluvium is widespread in the Colorado 
Piedmont, and it is well exposed in cut banks of incised chan-
nels in many small valleys that originate on the piedmont. It 
underlies low terraces (typically 2–5 meters higher than chan-
nel level) along the larger valleys in the region, and it floors 
small, shallow (unincised) first-order channels on uplands. 
The Piney Creek Alluvium differs from other Holocene 
alluvium in most places. Most notably, it is distinctly grayer 
(generally gray to dark gray) than both younger and older 
Holocene alluvial units, which typically are pale brown. Also, 
the Piney Creek Alluvium is finer grained (chiefly silt and 
very fine sand) and more poorly sorted than other Holocene 
alluvium. Commonly, it contains beds of massive silty sand in 
which a small percentage of fine gravel, mostly 2–15 millime-
ters in size, is widely dispersed. Locally, it contains strati-
fied organic-rich alluvium that resembles a soil A-horizon. 
However, pedogenesis destroys stratification, thus the organic 
matter (which consists of coatings on mineral grains) in the 
stratified alluvium probably was derived from an organic-
rich sediment source rather than having formed in place by 
pedogenic processes. In some places, most notably the Jimmy 
Camp Creek watershed just east of Colorado Springs, the unit 
contains several discontinuous, thin beds of very dark gray-
ish brown, organic-rich silty and clayey sand, which appear 
to be thin buried soils and wetland deposits that formed on an 
aggrading flood plain.
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Radiocarbon ages of buried soil in uppermost Piney Creek Alluvium

19 Beta-172829 Cottonwood Falcon NW buried soil Top 2-10 cm of 1070 ± 70 -22.5 1110 ± 70 1180-920 48
Ab horizon

18 Beta-29697 Piney Piney Creek buried soil Top 0-10 cm of 1110 ± 70 -- -- -- Unpub.3

Ab horizon

20 Beta-165411 Jimmy Camp Elsmere buried soil Top 2-10 cm of 1360 ± 60 -18.0 1470 ± 60 1510-1280 53
Ab horizon

Radiocarbon ages of charcoal in Piney Creek Alluvium

21 Beta-24243 Turkey Stone City charcoal 20-25 cm below 1150 ± 70 -- -- 1250-930 101
top of unit

17 not reported unnamed Commerce City charcoal hearth ~45 cm 1150 ± 150 -- -- -- 30
below top of unit

21 Beta-24244 Turkey Stone City charcoal 50-55 cm below 1500 ± 70 -- -- 1540-1280 101
top of unit

Radiocarbon ages of materials near base of Piney Creek Alluvium

21 Beta-24242 Turkey Stone City charcoal 10-20 cm above 1870 ± 50 -- -- 1900-1700 101
bottom of unit

21 Beta-24246 Turkey Stone City charcoal 10-15 cm below 1910 ± 90 -- -- 2050-1730 101
bottom of unit

19 Beta-172828 Cottonwood Falcon NW buried soil 8-16 cm below 2170 ± 60 -22.1 2210 ± 60 2340-2050 48
top of Ab2 horizon

1Calendar-year calibrations by Beta Analytic, Inc., using INTCAL98 database (Stuiver and others, 1998). Charcoal samples (locality 21) assumed to have δ 13C values of -25 0⁄00.

2Numbers correspond to those in References.
3Madole (unpub. data, 1989).

Map
locality

Laboratory
number

Creek 7.5-minute
quadrangle

Material Stratigraphic
position

Measured
14C yr B.P.

Conventional
14C yr age

Reference2δ13C
0⁄00

Cal yr B.P.1
2δ

Table 5.  Radiocarbon ages of late Holocene alluvium in the Colorado Piedmont

[--, no data or not applicable]
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In the Jimmy Camp Creek drainage basin, aggradation of 
the Piney Creek Alluvium and formation of sequences of thin 
beds of organic-rich sediment required a shallow water table. 
Today, the water table in this area is 4.5–8.0 meters lower than 
the valley floor in most places (Jenkins, 1961, 1964). Jimmy 
Camp Creek originates on the south flank of the drainage 
divide between the South Platte and Arkansas Rivers, and, in 
the middle and lower parts of its course southward to Foun-
tain Creek, it flows over alluvium that is 15–30 meters thick. 
Except during infrequent large floods, most of the channel is 
dry year-round. Jimmy Camp Creek seldom flows as far as 
6 kilometers from the valley head before being lost entirely 
to infiltration and evaporation. These were not the conditions 
under which the Piney Creek Alluvium and its multiple beds 
of organic-rich sediment aggraded.

Collectively, the properties of the Piney Creek Alluvium 
suggest it (1) was derived in part from organic-rich sediment 
during a time of high water table, (2) was delivered to valley 
floors primarily by sheet flow and low-energy streams, and 
(3) aggraded slowly. A conventional 14C age of 2,210 ± 60 
yr B.P. of organic-rich sediment in the lowermost part of the 
Piney Creek Alluvium along Cottonwood Creek (map local-
ity 19) indicates that it began to aggrade between about 2,340 
and 2,050 cal yr B.P. (table 5). Similarly, 14C ages of the upper 
10 centimeters of buried soils at the top of the Piney Creek 
Alluvium provide an estimate of when aggradation ended. 
These 14C ages range from 1,470 ± 60 yr B.P. to 1,110 ± 70 yr 
B.P. (table 5), and include an age of 1,110 ± 70 yr B.P. (uncor-
rected for isotopic fractionation) obtained at the type locality 
of the Piney Creek Alluvium (Madole, unpub. data, 1989).

The older 14C ages of the buried soil at the top of the 
Piney Creek Alluvium are similar to the 14C ages of the lower 
buried soil in eolian sand in the South Platte sand area (tables 
4 and 5). Furthermore, Plains Woodland artifacts, similar to 
those in the lower buried soil at Friehauf Hill, are common in 
the Piney Creek Alluvium (Hunt, 1954). The widespread use 
of the area by Plains Woodland people appears to have coin-
cided with aggradation of the Piney Creek Alluvium. Selected 
14C ages of Plains Woodland sites in Colorado reported by 
Cassells (1997) range from 1,780 ± 150 to 880 ± 180 yr B.P. 

5. Lower Sand Unit—The lower sand unit (unit 3a, fig. 
7) is poorly dated. Deposition of eolian sand is assumed to 
have ceased before 2,300 cal yr B.P., the inferred beginning of 
aggradation of the Piney Creek Alluvium. Also, sand grains 
near the top of the late Holocene lower eolian sand at Friehauf 
Hill (map locality 13) have an IRSL age of 2,370 ± 210 (unit 
3a, table 4). Exactly when deposition of the lower sand unit 
began has not been determined. 

A 14C age of dark-gray to black interdunal pond sedi-
ment from near the edge of the South Platte River valley at 
Sterling, Colorado (map locality 15), indicates that eolian sand 
was deposited there sometime after about 2,900 cal yr B.P. 
However, the pond sediment is both underlain and overlain 
by eolian sand, and it is not clear whether the overlying sand 
is the late Holocene middle or lower sand unit. In order for 
a pond to exist on porous eolian sand, the water table had to 
have been higher than the bottom of the pond. At present, the 
water table is lower than the pond deposit. The pond deposit 
is assumed to correlate with a time when an effectively wet-
ter climate maintained a higher water table, and that such a 
climate would have been unfavorable for eolian erosion and 
transport of sand. More stratigraphic sections and numerical 
ages are required to determine whether or not the section at 
Sterling has regional significance.

Gambel oak (Quercus gambelii ).  In the map area, 
this oak is typically a tall shrub that grows along the 
higher margins of the Colorado Piedmont (western 
and southern edges), but only in areas south of 
Denver.  It is common on slopes in a zone between 
the lower boundary of ponderosa pine forest and 
the upper boundary of grasslands or, in some 
places, piñon-juniper woodlands.  It extends onto 
the foothills of the Southern Rocky Mountains and 
over slopes that rim mesas capped by volcanic rock 
in the Raton Section of the Great Plains (see map of 
physiographic subdivisions).  Drawing by Hermione 
Dreja, USDA.
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Middle Holocene eolian sand is the least extensive of 
the three age groups (late Holocene, middle Holocene, late 
Pleistocene) at the surface. However, it probably underlies late 
Holocene sand in some places. Middle Holocene sand is most 
widespread near the downwind margins of dune fields, but it is 
also present in linear tracts between late Holocene dunes and 
is preserved locally upwind of younger dunes. All U-shaped 
simple parabolic dunes examined thus far appear to be middle 
Holocene. Topographically rough compound parabolic dunes of 
late Holocene age overlap subdued compound parabolic dunes 
(fig. 9) that we infer to be of middle Holocene age. Locally, the 
subdued compound parabolic dunes overlap U-shaped simple 
parabolic dunes. The apparent superposition and crosscutting 
relations of these two dune types give the impression that they 
are of different ages. However, differences in weathering and 
soil development between them are minor; thus, in this report, 
they are included in the same age group.

Optical dates indicate that eolian sand was deposited at 
different times during the middle Holocene. Thus far, how-
ever, neither the beginning nor the end of different episodes of 
middle Holocene sand reactivation is well dated, although 14C 
ages of buried soils developed in late Pleistocene sand provide 
a minimum date of about 7,000 cal yr B.P. for the onset of 
eolian sand deposition in the middle Holocene (table 4). An 
OSL age of 6,940 ± 2,100 of sand in a U-shaped parabolic 
dune near Hardin (map locality 6) and an IRSL age of 4,850 ± 
325 of sand near Hillrose (map locality 14) may date separate 
intervals of sand reactivation.

Forman and others (1992) obtained measured 14C ages 
(as contrasted to conventional 14C ages, table 4) of buried soils 
at map locality 4 that bracket deposition of about 3.5 meters 
of middle Holocene sand. Deposition of this sand began after 
about 5,515 ± 410 14C yr B.P. and ended prior to about 4,765 
± 305 14C yr B.P. (table 4). These 14C ages apparently were 
not corrected for isotopic fractionation. Had they been cor-
rected for isotopic fractionation, the conventional 14C ages 
probably would have been a little older given the dominance 
of C

4
 grasses (see glossary and illustration of blue grama on 

map margin for explanation of C
4
 and C

3
 plants) in the region 

(compare columns in table 4 showing measured 14C ages, δ 13C 
values, and conventional 14C ages). The older 14C age is of a 
20–30-centimeter-thick, slightly humus-rich sand that overlies 
a well-defined buried soil developed in late Pleistocene sand 
(fig. 13). The upper 10 centimeters of the well-defined buried 
soil has a 2-sigma calibrated age range of 11,250–10,800 cal 
yr B.P. (map locality 4, table 4).

The timing of middle Holocene eolian events is poorly 
understood primarily because it is difficult to recognize either 
the upper or lower contacts of superposed deposits of different 
ages. In most places, evidence of unconformities, particularly 
buried soils, is lacking, and a scarcity of exposures in which 
to observe stratigraphy compounds the problem. Although 
age differences among deposits of middle Holocene eolian 
sand are suggested in some places by crosscutting dunes and 
differences in the sharpness of dune topography, soil develop-
ment on these same deposits does not differ significantly. The 
small differences that do exist could result from differences in 
topography, microclimate, and vegetation instead of differ-
ences in duration of soil development.

Figure 13.  Diagram of stratigraphy exposed at map locality 4 (after Madole, 1995a). Forman and others (1992) also described a sec-
tion in this area. However, the buried soil that provided their 14C age of 4,765 ± 305 yr B.P. was not observed in the section shown here, 
although a 14C age of 920 ± 80 (1,010 ± 90 14C yr when corrected for isotopic fractionation; table 4) presumably was obtained from the 
same buried soil for which they reported an age of 920 ± 260 14C yr B.P. The soil developed in middle Holocene sand near its west edge 
is similar to that developed in late Holocene sand, which suggests that on the west, the upper part of the middle Holocene sand was 
eroded prior to or during deposition of late Holocene sand.
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The surface soil in middle Holocene eolian sand is not 
much more developed than the surface soil in late Holocene 
eolian sand (fig. 10). The similarity of these soils is likely 
due to the removal in many areas of soil developed in middle 
Holocene eolian sand, primarily by wind erosion, during or 
just prior to late Holocene time. In other words, the surface 
soils in middle Holocene and late Holocene eolian sand prob-
ably are of similar age, even though the parent materials are of 
different ages. 

The amount of silt and clay in the soil profile is the key 
to preservation of soil developed in eolian sand. Given that 
the soil parent materials typically are more than 90 percent 
sand (table 3, fig. 7), most of the silt and clay must have been 
added to the soil profiles after the eolian sand was deposited. 
Presumably, not enough dust (silt and clay) accumulated in 
most areas during soil formation in the middle Holocene to 
make soils resistant to erosion. Distance from the principal 
dust source, the river channel in this case, probably deter-
mines whether enough dust is deposited and then translocated 
downward into the soil to make it resistant to wind erosion. 
Deposits of middle Holocene sand are mostly downwind of 
late Holocene eolian sand and are farther from river channels.

Late Pleistocene

Late Pleistocene eolian sand is more extensive than 
Holocene eolian sand. It extends several kilometers downwind 
beyond the limits of the middle and late Holocene units, and, 
in some places, it is at the surface upwind from the younger 
units. It also is present in linear tracts between and within 
groups of younger dunes. Much late Pleistocene eolian sand 
was either reactivated to form younger eolian deposits or was 
buried by younger eolian sand.

Radiocarbon and optical ages indicate that late Pleistocene 
eolian sand approximately coincides in time with glacial depos-
its of Pinedale age (last glaciation) in the nearby Front Range 
(Madole, 1995b; Muhs and others, 1996). Deposition of eolian 
sand, primarily in sheets, may have begun as early as 30,000 
cal yr B.P. and continued, probably intermittently, until perhaps 
as late as 13,000 cal yr B.P. The maximum date estimated for 
the onset of sand deposition is based on the average of three 14C 
ages of CaCO

3
 nodules from the Bkb horizon of a soil overlain 

by late Pleistocene eolian sand at map locality 8 (Muhs and 
others, 1996). The 30,000 cal yr B.P. date is the approximate 
calendar-year equivalent of the mean age (27,280 14C yr B.P.) 
of the three carbonate nodules according to the calibrations of 
Hughen and others (2004).

Archeological data indicate that deposition of late Pleis-
tocene eolian sand ended prior to occupation of the area by 
Folsom people, a culture that existed between about 10,900 
and 10,400 14C yr B.P. (Dennis Stanford, oral communication, 
2005), dates that are equivalent to about 12,700 and 11,300 
cal yr B.P., according to the calibrations of Hughen and others 
(1998). Numerous Folsom projectile points were found at the 
Fowler-Parrish site, a bison kill site in an area of late Pleisto-
cene eolian sand just north of map locality 7. Also, the Powars 
site, which is in late Pleistocene eolian sand near Kersey, 
Colorado (map locality P), is a Folsom camp or habitation site 
that contained abundant cultural materials equivalent to those 
at the famous Lindenmeier site farther north (map locality L). 
In addition, a Clovis projectile point was found near the top of 
eolian sand just south of the Powars site (Lou Klein, oral com-
munication, 1995), and Clovis points were found at the nearby 
Klein site (map locality K), which is on Pleistocene terrace 
alluvium. The Clovis Culture existed between about 12,000 
and 10,600 14C yr B.P. (Dennis Stanford, oral communication, 
2005), dates that are equivalent to about 13,000 and 12,300 cal 
yr B.P., according to Hughen and others (1998).

Radiocarbon ages of buried soils in the uppermost part 
of late Pleistocene eolian sand at map localities 4, 11, and 15 
(table 4) range from 11,250 to 9,415 cal yr B.P. These ages are 
the mean age of organic matter that formed over an interval of 
unknown duration; therefore, the soils could be much younger 
than the sand in which they are developed. In any case, the 
soil ages indicate that the time between 11,250 and 9,415 cal 
yr B.P was favorable for soil formation, and, therefore, was an 
unlikely time for extensive erosion and deposition of eolian 
sand. Furthermore, the δ 13C values of these buried soils (see 
column 6, table 4) show that they formed under vegetation that 
included a higher proportion of C

3
 grasses than exist today. C

4
 

grasses thrive in hotter and drier conditions than C
3
 grasses; 

hence, an increase in C
3
 grasses suggests a shift toward a 

cooler and, therefore, probably an effectively wetter climate. 
The ranges of δ 13C values of C

3
 and C

4
 plants do not overlap; 

the values of C
4
 plants range from –17 ‰ to –9 ‰ and those 

of C
3
 plants range from about –32 ‰ to –20 ‰.
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View of large mammoth tusks embedded in late Pleistocene 
alluvium in an arroyo bank near the Arkansas River southwest 
of Caddoa, Colorado, in Bent County. This scene recalls a time 
when hairy elephants, long since extinct, roamed the plains of 
eastern Colorado. Photograph by Junius Henderson, Septem-
ber 1922, courtesy of the University of Colorado Museum.

View of the Lindenmeier archeo-
logical site in the Lindenmeier 
valley near the Colorado–Wyoming 
State line (map locality L).  This 
famous Folsom habitation site was 
discovered in 1924.  However, it 
did not draw much attention until 
a Colorado Museum of Natural 
History expedition found a fluted 
projectile point (like those found 
in the Lindenmeier valley) embed-
ded in bone of an extinct species 
of bison near the town of Folsom 
in northeastern New Mexico in 
1926 (Photograph by Kevin Black, 
Colorado Historical Society).
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Summary

Most of eastern Colorado is in a region that, since the 
1930s, has been referred to as the Dust Bowl (Hurt, 1981). 
This part of North America has a long history of recurring 
drought. Diaries and newspaper articles show that severe 
droughts occurred here before establishment of weather sta-
tions, and tree-ring data reveal a pattern of recurring drought 
that extends back several centuries. An even longer record of 
extreme drought is recorded in deposits of windblown sand 
that form extensive dune fields and sand sheets. 

Dune fields and sand sheets cover nearly 30 percent of 
eastern Colorado. Most of this sand is stable at present, in spite 
of frequent strong winds, primarily because of the vegetation 
cover. However, sand can be easily destabilized by land-use 
practices that disturb vegetation. Evidently, under the present 
climate, much of eastern Colorado is near the threshold at which 
wind can erode and transport sediment. The conditions that con-
trol climate in eastern Colorado have remained nearly the same 
over the past 1,000 years, and, according to model simulations 
of atmospheric circulation (Kutzbach, 1987), average surface 
temperature and estimated annual precipitation in the region 
have varied only slightly. Nevertheless, a variety of climate-
proxy data (Woodhouse and Overpeck, 1998) indicate that some 
droughts during this time have been more severe than the worst 
droughts of the past century, which, of course, included the 
“dirty 30s” drought that gave rise to the term Dust Bowl.

The sand in dune fields and sand sheets in eastern Colo-
rado came primarily from stream channels and flood plains; 
stream terraces and residuum of Cretaceous and Tertiary rocks 
were secondary sources. Dune orientations and the distribu-
tion of windblown sand with respect to source areas show 
that the dominant sand-transporting winds were northwesterly 
in northeast and east-central Colorado and southwesterly in 
southeast and south-central Colorado. Eolian sand stratigraphy 
indicates that paleowind directions in latest Pleistocene time 
were similar to those in the Holocene.

The largest dunes and dune fields are in the northern part 
of the region. Here, parabolic dunes are the dominant type and 
are present in forms that range from simple long, low, hair-
pin U-shaped dunes to compound dunes consisting of small 
parabolic dunes formed on masses of sand that are themselves 
parabolic in outline. South of the Arkansas River, dunes and 
dune fields are smaller and blowout dunes are the most com-
mon type of dune.

Typically, eolian sand is 3–10 meters thick, but in parts 
of the Wray dune field, the eastern South Platte sand area, and 
the Black Squirrel sand area, it is as much as 20–40 meters 
thick. Quartz is the principal mineral in all areas, and potas-
sium feldspar is the next most abundant mineral. Grain size, 
sorting, and roundness vary with sediment source. Fine and 
medium sand are dominant in most dunes, but generally all 
sand sizes and some silt and clay are present also.

Eolian sand deposits can be divided into at least three 
age groups on the basis of relative-dating criteria (primarily 
differences in topographic expression of dunes and degree 
of soil development). Numerical ages indicate that the three 
age groups are late Holocene (4–0 ka), middle Holocene (8–4 
ka), and late Pleistocene. Each group may include deposits 
that were emplaced at different times, but which are indistin-
guishable solely by relative-dating criteria, except where the 
deposits are separated by buried soils. 

Late Holocene eolian sand is particularly widespread in 
northeastern Colorado. Over much of the South Platte River 
area, three units of late Holocene eolian sand are recognized 
because they are separated by buried soils. Calibrated 14C 
ages of the buried soils and optical ages (OSL and IRSL) of 
the three sand units indicate that (1) the upper sand unit was 
deposited between about 700 and 300 cal yr B.P., (2) the 
middle sand unit was deposited between about 1,275 and 930 
cal yr B.P., and (3) deposition of the lower sand unit may have 
begun sometime between 3,500 and 2,800 cal yr B.P. and 
ceased prior to 2,340 cal yr B.P.

Preservation of the late Holocene buried soils is attributed 
primarily to a content of silt and clay that is unusually high 
for eolian sand. Several numerical ages indicate that the upper 
buried soil formed between about 930 and 700 cal yr B.P., and 
two calibrated 14C ages of buried soil and two IRSL ages of 
sand in the middle unit indicate that the late Holocene lower 
soil probably was buried about 1,275 cal yr B.P.

Middle Holocene eolian sand is the least extensive and 
most poorly dated of the three age groups. The eolian history 
of this time is vague because good exposures of middle Holo-
cene sand are few and evidence of unconformities between 
superposed deposits is difficult to discern. Optical ages indi-
cate that eolian sand was deposited at different times, but nei-
ther the beginning nor the end of any episode of sand reactiva-
tion has been determined. Calibrated 14C ages of buried soils 
developed in Pleistocene eolian sand, which underlies middle 
Holocene sand at a few localities, suggest a minimum date of 
about 7,000 cal yr B.P. for the onset of eolian sand deposition 
in middle Holocene time (table 4). Two optical ages provide 
meager evidence that eolian sand was deposited during at least 
two intervals during the middle Holocene. 

Late Pleistocene eolian sand is more extensive than 
Holocene eolian sand, although much of it was remobilized 
into younger eolian deposits during the Holocene or was bur-
ied by Holocene eolian sand. It is present primarily in sheets 
that extend several kilometers downwind beyond the limits 
of middle and late Holocene units. Radiocarbon and optical 
ages suggest that late Pleistocene eolian sand is approximately 
coeval with glacial deposits of Pinedale age (last glaciation) in 
the nearby Front Range. Deposition of eolian sand may have 
begun as early as 30,000 cal yr B.P. and continued, probably 
intermittently, until about 13,000 cal yr B.P. 
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Glossary

Some terms in this glossary have multiple 
meanings or are defined differently by different 
scientific disciplines. The definitions listed here 
are for this publication, and are not necessar-
ily all-inclusive. Several definitions have been 
adapted from the Glossary of Geology (Gary 
and others, 1972; Bates and Jackson, 1995).

A

A horizon  A soil layer at the ground surface, 
or underlying an O horizon (organic litter), 
that is characterized by humified organic mat-
ter mixed with the mineral fraction of soil.

AB horizon  A transitional horizon between 
A and B soil horizons. It has properties of 
both horizons, but those of the A horizon 
are dominant.

AC horizon  A transitional horizon between 
A and C soil horizons. It has properties of 
both horizons, but those of the A horizon 
are dominant. 

Alluvium  Sediment deposited by streams or 
by unconfined runoff, such as sheet flow.

Arkose  A feldspar-rich sedimentary rock. 
It commonly is pink or reddish and consists 
chiefly of angular to subangular coarse sand-
size grains derived from the disintegration of 
granite or granitic rocks, including high-grade 
metamorphic rocks.

B

B horizon  A soil layer that underlies an O, A, 
or E horizon that is dominated by obliteration 
of all or much of the original rock structure, 
including stratification in unconsolidated sedi-
ment, and development of various properties 
that distinguish several kinds of B horizons 
(Soil Survey Division Staff, 1993). Only those 
kinds of B horizons referred to in the pamphlet 
are defined in this glossary. For definitions of 
other kinds of B horizons see Soil Survey Divi-
sion Staff (1993) and Birkeland (1999).

BA horizon  A transitional horizon between 
A and B soil horizons. It has properties of 
both horizons, but those of the B horizon 
are dominant.

BC horizon  A transitional horizon between 
B and C soil horizons. It has properties of 
both horizons, but those of the B horizon 
are dominant.

Bkb horizon  A buried soil B horizon con-
taining a visible accumulation of alkaline 
earth carbonates, primarily calcium carbonate. 
The lower case k indicates the presence of the 
accumulated carbonate, and the b indicates 
that the horizon is part of a soil that is buried 
by younger sediment.

Blowout dune  A circular or bowl-shaped 
dune that is primarily a feature of deflation. 
Its form is apparently controlled more by 
partial stabilization by vegetation and (or) 
moisture, than by wind strength or direction 
(after McKee, 1979).

Bt horizon  A soil layer characterized by 
the accumulation of silicate clay that either 
formed in place or was translocated down-
ward within or into the horizon. A Bt horizon 
has more clay than the deposit in which it 
formed (parent material).

C

C horizon  A soil layer in various stages of 
weathering, excluding bedrock, that lacks 
properties of A and B horizons (after Birke-
land, 1999).
14C yr B.P.  An abbreviation for radiocarbon 
years before present. The base (zero) year for 
the present is A.D. 1950, or, in other words, 
before present is defined as before A.D. 1950 
(see definition of conventional 14C age).

C3 plants  Plants that incorporate carbon 
dioxide into a 3-carbon sugar in the initial 
step of photosynthesis. Their δ13C values 
range from –20 to –35 ‰, but most are 
between –24 and –28 ‰. The majority of 
plant species, including most trees and shrubs 
and cool season grasses, are C

3
 plants.

C4 plants  Plants that incorporate carbon 
dioxide into a 4-carbon sugar in the initial 
step of photosynthesis. The C

4
 pathway is a 

water conservation strategy used by buffalo 
and grama grass, major constituents of the 
short-grass prairies of eastern Colorado. C

4
 

plants discriminate less against 13CO
2
 than 

C
3
 plants and thus have more positive δ13C 

values, –9 to –17 ‰ with a mean between –12 
and –13‰. 
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Cal yr B.P.  An abbreviation for calendar 
years before present. Calendar years are 
determined by calibrating (with tree-ring 
chronologies, for example) a radiocarbon age 
to correct for the fluctuations in the produc-
tion of atmospheric radiocarbon that occur 
over time. As with 14C yr B.P., before present 
is defined as before A.D. 1950.

Clastic  Pertains to sediment or rock com-
posed primarily of fragments derived from 
pre-existing rocks or minerals and transported 
some distance from their place of origin.

Clay  A particle size that in the Wentworth 
scale (used by geologists) is smaller than 1/256 
millimeter or 4 microns and in the USDA (U.S. 
Department of Agriculture) scale (used by soil 
scientists) is smaller than 2 microns. This term 
also is used for a complex group of layered sili-
cate minerals formed chiefly by the alteration 
of primary silicate minerals. Clay minerals are 
characterized by small particle size (colloidal) 
and the capacity to adsorb significant amounts 
of water and ions on their surfaces.

Claystone  Rock that like shale is composed 
chiefly of clay- and silt-size particles, but 
lacks the fine lamination or fissility of shale.

Clovis  A culture identified by the associa-
tion of several distinct tool types, including 
well-made, fluted spear points, used in many 
parts of North America between about 12,000 
and 10,600 14C yr B.P. (age range from Dennis 
Stanford, oral communication, 2005).

Coarse sand  A geologic term (Wentworth 
scale) for sand particles having a diameter in 
the range of 0.5–1.0 millimeter (500–1,000 
microns).

Complex dune  Two or more dunes of differ-
ent types that overlap or are superimposed on 
one another (after McKee, 1979).

Compound dune  Two or more dunes of the 
same type that overlap or are superimposed on 
one another (after McKee, 1979).

Conglomerate  A sedimentary rock consisting of 
subangular to rounded clasts in a matrix of mostly 
sand and silt; the lithified equivalent of gravel. 

Contact  Boundary between two different 
types or ages of rocks or surficial deposits.

Conventional 14C age  A term that implies 
(1) the use of the 5,568-yr half-life of 14C, (2) 
assumed constancy of atmospheric 14C in the 
past, (3) the use of oxalic acid as a standard, 
(4) the δ13C value was determined and used to 
correct for isotopic fractionation, and (5) A.D. 
1950 is the base (zero) year (after Stuiver and 
Polach, 1977). The term is not a synonym for 
radiometric 14C age in contrast to an AMS 
(accelerator mass spectrometer) 14C age.

Crystalline rock  A rock consisting entirely 
of intergrown crystals or fragments of crys-
tals. Term is most commonly used in referring 
to bodies of igneous and metamorphic rocks.

D

Deflation  Pertains to the sorting, lifting, or 
removal of particles by wind.

δ 13C value  The ratio between the 13C/12C 
of the radiocarbon sample and the 13C/12C of 
the PDB standard (a fossil belemnite from 
the PeeDee Formation in South Carolina) 
expressed as per mil (‰). This value indicates 
the degree to which the isotopic composition 
of the sample varies from the PDB standard. 
It is used to adjust 14C ages to correct for 
isotopic fractionation. This correction may be 
especially significant in areas where both C

3
 

and C
4
 plants are common (see definitions of 

C
3
 and C

4
 plants).

Drought  A relative term that is defined in 
different ways by meteorologists, hydrolo-
gists, agronomists, and others. Common to 
most definitions of drought is the notion 
that conditions are drier than average over 
a specific area for longer than is normal or 
expected (see Beaudoin, 2002, for a useful 
discussion of the characterization of drought).

Dune field  Informal term for localities where 
dunes are extensive, but cover small areas 
compared to sand seas whose volumes are 
large and measured in cubic kilometers (after 
Lancaster, 1995).

E

Eolian  Pertains to the wind and materials 
moved, shaped, or deposited by wind.
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F

Feldspar  The most abundant group of 
minerals in the earth’s crust. All members are 
closely related in form and physical proper-
ties, but fall into two subgroups, orthoclase 
and plagioclase.

Fine sand  A geologic term (Wentworth 
scale) for sand particles having a diameter in 
the range of 0.125–0.25 millimeter (125–250 
microns).

Flood plain  Flat area adjacent to a stream 
channel that was constructed by the stream 
in the present climate and that is flooded fre-
quently (after Dunne and Leopold, 1978).

Fluvial  Pertains to stream processes, depos-
its, and landforms.

Folsom  A culture that overlapped and fol-
lowed the Clovis culture but was less wide-
spread. It existed between about 10,900 and 
10,400 14C yr B.P. (Dennis Stanford, oral 
communication, 2005) and is identified by the 
association of several tool types, including 
distinctive, fluted spear points.

G

Geomorphology  The scientific study of 
landscapes and the processes that shape them 
(Bloom, 1998).

Gravel  A deposit that consists chiefly of abun-
dant subangular to rounded clasts larger than 2 
millimeters, but also containing variable amounts 
of matrix (material smaller than 2 millimeters).

H

Humus  Soil organic-matter, typically dark 
colored, that is resistant to biological and 
chemical attack and is so decomposed that the 
source materials cannot be identified.

I

Infrared stimulated luminescence (IRSL)  A 
subdivision of OSL dating that uses photons 
of infrared wavelengths (1.4 eV excitation) 
to stimulate luminescence from potassium 
feldspars (after Aitken, 1998). See definition 
of luminescence dating.

Interfluve  The area between streams; a ridge 
or upland between valleys.

K

ka  An abbreviation for kilo-annum (1,000 

years).

L

Laramide age  Pertains to a time of mountain 
building in the Rocky Mountain region that 
began 70–65 million years ago and ended by 
about 45 million years ago (latest Cretaceous 
and early Tertiary time).

Leeside  The side away from the wind, or 
downwind; also called leeward.

Lithify  To change to stone, as in consolidat-
ing loose sediment into solid rock.

Loamy sand  A texture term for soil that is 
70–85 percent sand and the remaining15–30 
percent is mostly silt plus a small percentage 
of clay.

Loess  A surficial deposit of windblown 
origin that consists chiefly of silt (dust) that 
where unweathered is typically pale brown, 
homogeneous, and nonstratified.

Luminescence dating  A general term for 
methods that determine the time elapsed since 
buried mineral grains were last exposed to 
sunlight or intense heat. The methods utilize 
luminescence from the release of electrons 
trapped in defects in quartz or feldspar. The 
electrons were trapped after being displaced 
by radioactivity in the surrounding sediment. 
Luminescence is stimulated by heat (TL) or 
photon bombardment (OSL). These dating 
methods require that the electron traps be emp-
tied by exposure to light or heat prior to burial.

M

Ma  An abbreviation for Mega-annum 
(1,000,000 years).

Massive  As applied to stratified rocks and 
sediment, massive denotes thick, homoge-
neous layers in which stratification or other 
internal structures, such as minor joints or 
laminations, are not present or are obscure. 

Medium sand  A geologic term (Wentworth 
scale) for sand particles having a diameter in 
the range of 0.25–0.5 millimeter (250–500 
microns).
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Megadrought  A drought of extraordinary 
severity (dryness and duration). The term does 
not apply to droughts of a few years or less, but 
rather to droughts comparable to or longer than 
that of the 1930s when precipitation was sig-
nificantly below average for most of a decade.

Microclimate  Pertains to generally minor 
differences in climate experienced over small 
parts of the landscape, such as a south-facing 
slope versus a north-facing slope, or a ridge 
crest compared to a valley bottom.

N

Numerical age  The age of a material or 
feature calculated and expressed in units of 
time, usually years

O

Optical date or age  A numerical date or age 
obtained by photon-stimulated (often called 
optical-stimulated) luminescence. See also the 
definition of luminescence dating.

Optically stimulated luminescence (OSL)   
An umbrella term for luminescence dating 
that uses photons of any wavelength to stimu-
late luminescence (after Aitkin, 1998). The 
term implies a signal can be related directly to 
the trapped-charge population via stimulation 
with light. See also the definition of lumines-
cence dating.

P

Paleowind  Prehistoric wind.

Parabolic dune  A sand dune that approxi-
mates a parabola in plan view. The convex 
front of the parabola faces downwind and 
the arms trail upwind toward the open end 
of the parabola. 

Parent material  The material from and in 
which soil forms.

Parts per mil (‰)  Parts per thousand.

Pebble  A rock fragment that is at least 
somewhat rounded having a diameter between 
2 and 64 millimeters (0.17 and 2.5 inches).

Pedogenesis  Soil genesis.

Pedogenic  Pertaining to soil formation.

Plains Woodland  A culture influenced by 
developments in the eastern woodlands such 
as the manufacture of distinctive pottery. The 
culture is recognized in eastern Colorado 
including the Front Range starting about A.D. 
100 and persisting there until about A.D. 1000 
(K.D. Black, written communication, 2005).

Plano  A big-game hunting culture that 
existed on the plains of eastern Colorado 
between about 10,000 and 7,000 14C yr B.P. 
(Cassells, 1997). It appeared as the Folsom 
culture was ending. Like Folsom people, 
Plano people utilized long, finely flaked pro-
jectile points, but without the fluting charac-
teristic of Folsom points.

Protohistoric  The time during the earliest 
part of recorded history. In eastern Colorado, it 
may be defined as beginning with the arrival of 
the horse about A.D. 1700 and the appearance 
of European trade goods among Native Ameri-
can artifacts in archeological excavations (J.B. 
Benedict, written communication, 2005).

Q

Quartz  Crystalline silica (SiO
2
); next to 

feldspar, it is the most common rock-forming 
mineral.

R

Radiometric age  An age that is determined 
from nuclear decay and is expressed in years. 
Age estimates in years are derived from equa-
tions that relate the ratio of decay products to 
the parent products in the sample.

Relative dating  The chronologic placement 
of a feature or event in a relative sense rather 
than by a date or age expressed in years. 
Superposition and crosscutting relations are 
examples.

Residuum  Unconsolidated to weakly 
consolidated material essentially formed in 
place by disintegration and decomposition of 
underlying bedrock.

S

Saltation  Sediment transport by bounding 
or skipping in a downwind or downstream 
direction. Transport is driven by impact and 
rebound in fluid flow that is insufficient to 
keep the bouncing particles in suspension.
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Sandy loam  A soil texture term for a soil 
that is 50–70 percent sand (after Birkeland, 
1999), less than 20 percent clay, and less than 
50 percent silt.

Sedimentary rock  A rock formed of sedi-
ment, organic matter, or material precipitated 
from solution that was deposited or accumu-
lated on the earth’s surface.

Shale  A thinly bedded sedimentary rock 
formed from mud (mainly silt- and clay-size 
particles).

Sheetwash alluvium  Sediment deposited by 
unconfined runoff or sheet flow, also called 
overland flow.

Silt  Geologic term (Wentworth scale) for par-
ticles having a diameter in the range of 1/256 to 
1/16 millimeter (4–62 microns), which is smaller 
than very fine sand and larger than clay.

Simple dune  Single or individual dunes of 
any of the basic types that are not in contact 
with other dunes (see definitions for com-
pound and complex dunes).

Soil  Engineers and soil scientists define soil 
in a variety of ways. In this publication, soil 
refers to a natural body consisting of layers 
(horizons) of mineral and (or) organic con-
stituents of variable thicknesses, which differ 
from their parent materials in morphological, 
physical, chemical, and mineralogical proper-
ties (after Birkeland, 1999).

Soil horizon  A layer of soil approximately 
parallel to the ground or soil surface having 
properties produced by soil-forming pro-
cesses, and some of the properties are not 
like those of the layers just above or beneath 
it (after Soil Survey Division Staff, 1993). 
Horizons may be distinguished from adjacent 
layers (horizons) by properties such as color, 
texture, structure, consistence, and the pres-
ence or absence of carbonates.

Soil profile  A vertical section of soil that 
includes all of its horizons and the parent 
material. Parent material is not soil, but is part 
of the soil profile.

Soil series  A group of soils having horizons 
that, except for the texture of the A or surface 
horizon, are similar in all profile characteris-
tics and in arrangement in the soil profile.

Soil texture  Refers to the relative propor-
tions of sand, silt, and clay in a mass of soil or 
a soil horizon. 

Sorting  Processes by which particles of 
similar size, shape, or specific gravity are 
separated from dissimilar particles. Better 
sorting indicates a greater similarity among 
particles. Sorting is a measure of the range in 
particle sizes present and provides informa-
tion about conditions of sediment transport 
and deposition.

Stratigraphy  The definition, description, and 
interpretation of stratified rocks and sediment 
in terms of a variety of attributes including their 
properties, origin, age, and spatial distribution.

Superposition  In a vertical succession of 
strata, the stratum on top is younger than the 
stratum upon which it lies.

Surficial deposit  Unconsolidated to weakly 
consolidated transported deposits lying 
on bedrock at or near the earth’s surface. 
Residuum is regarded as a surficial material 
rather than a deposit because the term deposit 
conveys a sense of transport.

Surficial geology  Geology of surficial materi-
als, including those that formed in place as well 
as those that were transported and deposited.

T

Terrace deposit  A surficial deposit, usually 
alluvium but may include eolian sediment, 
underlying a terrace. The terrace itself is a 
surface or two-dimensional landform that is 
higher than the flood plain.

Thermoluminescence (TL)  A luminescence 
dating method in which heat is used to stimu-
late luminescence (see also the definition of 
luminescence dating).

Two sigma (2σ)  Sigma (σ) is used in sta-
tistics to denote the standard deviation of the 
measured population. In this publication, the 
two-sigma (two standard deviations) limits 
of several conventional 14C ages are listed in 
tables and discussed in the text. There is a 
95 percent probability that a given 14C age is 
between the two-sigma limits listed for it.
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U

Unconformity  A gap or interruption in strati-
graphic succession.

Upper Republican  A culture of the “Plains 
Village Tradition” in Nebraska, Kansas, 
southeastern Wyoming, and northeastern 
Colorado, between A.D. 1000 and 1400. 
Characterized by part-time bison hunting and, 
in eastern territories, corn farming and earth-
lodge villages. They are considered ancestral 
to the historic Pawnee tribe (K.D. Black, writ-
ten communication, 2005).

V

Very coarse sand  A geologic term (Went-
worth scale) for sand particles having a diam-
eter in the range of 1–2 millimeters.

Very fine sand  Geologic term (Wentworth 
scale) for sand particles having a diameter in 
the range of 0.125–0.0625 millimeter (125–62.5 
microns).

W

Weathering  A general term for several 
processes operating at or near the earth’s 
surface that cause the physical disintegration 
and (or) chemical decomposition of rock and 
surficial materials.

Windward  Term for the side facing the 
wind or in the direction from which the wind 
is blowing.
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