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Introduction
Aeolian dune fields are found throughout the west-central, semi-
arid Great Plains of North America (Figure 1), and large dune 
fields (e.g. Nebraska Sand Hills) have been examined to recon-
struct prehistoric periods of activation (Forman et al., 2005; 
Goble et al., 2004; Miao et al., 2007; Muhs and Zárate, 2001; 
Muhs et al., 1997, 1999). Smaller, subregional dune fields, how-
ever, have not been studied to the same extent, but limited 
research suggests that these dune fields provide similarly useful 
paleoclimatic data (Clarke and Rendell, 2003; Gaylord, 1982, 
1990; Mayer and Mahan, 2004; Stokes and Gaylord, 1993). Better 
chronological control on activity within these dune fields will 
provide better understanding of subregional histories of dune 
activation during the Holocene, as well as help to establish a bet-
ter regional chronology for the Great Plains. Many subregional 
chronologies exists for west-central Great Plains dune fields, 
including the Fort Morgan Dunes, Greeley Dune Field, and 
Sterling Dune Field of Colorado (Clarke and Rendell, 2003; 
Forman et al., 2001; Madole, 1994, 1995; Muhs, 1985; Muhs
et al., 1996, 1999); dunes adjacent to aeolian cliff-top deposits in 
the Badlands of South Dakota (Rawling et al., 2003); and the 
Killpecker Dune Field, Ferris Dune Field, and Casper Dune Field 
of Wyoming (Albanese, 1974a,b; Albanese and Frison, 1995; 
Eckerle, 1997; Gaylord, 1982, 1990; Mayer and Mahan, 2004; 
Stokes and Gaylord, 1993) (Figure 1).

Herein we report a stratigraphic chronology for several local-
ities within the Casper Dune Field, thereby establishing the tim-
ing of dune activation and landscape stability throughout the 
Holocene. We provide new radiocarbon (14C) ages and the first 
optically stimulated luminescence (OSL) ages for the Casper 

Dune Field. This chronology serves to fill a gap in Wyoming 
dune field studies and to constrain subregional chronologies of 
landscape stability throughout the Holocene.

Study area
The Casper Dune Field (CDF) is located in the Central Wyoming 
Basin north of Casper, Wyoming and covers an area of ~ 2000 km2 
(Figure 2). The CDF is linear in shape, oriented east–west and 
extending 180 km from Glenrock to Shoshoni, Wyoming. 
Dissecting the dune field near Powder River, Wyoming, is the 
Casper Arch Thrust Fault, an Eocene-aged remnant of the Laramide 
Orogeny (Montgomery et al., 2001). The North Platte River drains 
the far eastern part of the dune field while ephemeral reaches of the 
Powder River and Poison Creek drain part of the dune field to the 
north and the west, respectively. The region is a semi-arid, midlati-
tude steppe with a mean annual temperature of 7.2°C. Summer 
winds are from the southwest and average 7.6 m/s, whereas January 
winds are from the west-northwest and average 7.1 m/s. Mean 
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annual rainfall is ~300 mm, whereas annual snowfall is ~192 cm 
(Western Regional Climate Center, 2009) but only accounts for an 
additional 100 mm of precipitation (Curtis and Grimes, 2004). 
Where vegetated, the dune field is dominated by grassland-sage-
brush mixed steppe species including Bouteloua ssp. (grama 
grasses), Agropyron smithii (wheat grass), and Artemisia spp. 
(sagebrush) (Kücher, 1964).

Based on surface soil development and dune morphology, 
we divided the dune field into eastern and western sections 
(Figure 2). Morphology of the eastern dune field is predomi-
nantly complex and hairpin parabolic dunes, up to 0.5 km wide 
and 15 km long (Figure 3A). Dunes exceed 30 m in height and 
consist of well-sorted sand derived from the North Platte River 
(Muhs, 2004). Stabilized dunes exhibit poorly developed A-C 
surface soils, with buried soils having profiles similar to those 
of the surface soils. Active dunes are found in close proximity to 

stabilized dunes, suggesting that the eastern dune field is pres-
ently at a reactivation threshold.

The western dune field differs from the eastern dune field in 
three notable ways: (1) individual dune morphology is less com-
plex and less pronounced (Figure 3B), (2) surface soils are gener-
ally well developed with typical A-Bt-C or A-Btk-C profiles, and 
(3) table-like dune morphology, not found in the eastern dune 
field, is present. The less-complex dune morphology and the 
mature surface soils are the result of prolonged stability in the 
western dune field. Wind data suggest that the North Platte River 
is not the present sediment source for the western dune field, and 
consequently, the western dune field presently lacks a regular and 
constant supply of sediment.

Located near Hiland, Wyoming are six large individual 
parabolic aeolian features found only in the western dune field. 
These six dunes, termed ‘table-dunes’ for purposes of this study, 
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Figure 1. Dune fields and major streams of the west-central Great Plains. Dune field boundaries, other than the Casper Dune Field, were 
modified from Wolfe et al. (2009)
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have a footprint ranging from 0.75 to 2.5 km2 (Figure 3C). We 
classified these features as table-dunes, because the overall 
appearance is that of a large flat, gently sloping, landform. The 
table-dunes exhibit characteristics similar to smaller dunes 
throughout the dune field, in that dune sediment is well-sorted 
medium to coarse sand, a west-southwest paleowind direction is 
indicated, the surface of the dune dips upwind at 5–8°, and cross-
bedding is present. The large sizes of the table-dunes suggest that 
sediment was once abundant in the western dune field.

Methods
Sediments and soils were described and collected from dunes 
where fluvial erosion and or active blow-outs exposed the inter-
nal stratigraphy. These locations were determined by both aerial 
imagery and field reconnaissance, and sediment was sampled 
from four of seven sites for detailed laboratory analysis and 
dating. Samples were analyzed for particle size using laser dif-
fraction (Beuselinck, 1998). A ratio of clay-to-sand size particles 
was used to analyze increased pedogenic fine particles because 
the percent of silt size particles remains relatively constant 
throughout the dune field (Figure 4). Moisture, organic matter 
(OM), and CaCO

3 
concentrations were measured using 100°C, 

550°C, and 1050°C loss-on-ignition temperatures, respectively 
(Heiri et al., 2001). Numerical age data were obtained with 14C 
and OSL dating.

Samples collected for 14C dating were from primarily buried 
soils found in the CDF: eight soil samples from site 1, two soil 
samples from site 2, and one soil sample from site 3. Other 
samples dated using 14C included one charcoal sample and one 

organic-rich (1.4% versus 0.7% above and 0.7% below) sediment 
sample from site 1. Samples were picked to remove rootlets and 
treated with 3N HCl solution to remove carbonates and fulvic 
acids, followed by a 1N NaOH solution wash to remove humic 
acids. Lastly, samples were re-washed in 3N HCl solution to 
maintain acidity prior to combustion. Ages were determined 
using the accelerator mass spectrometry (AMS) method at the 
National Science Foundation – Arizona Acceleratory Mass 
Spectrometry Laboratory. Age data were corrected for δ13C frac-
tionation and calibrated using the Fairbanks et al. radiocarbon 
calibration curve (Fairbanks et al., 2005) (Table 1).

OSL has been shown to be highly effective in dating aeolian 
sediments (Forman et al., 2008, 2009; Hanson et al., 2009; 
Mahan et al., 2009; Mason et al., 2004, 2008; Mayer and Mahan, 
2004; Miao et al., 2007; Rawling et al., 2003, 2008). Quartz-
dominated aeolian sediments were dated using OSL at the 
United States Geological Survey Luminescence Dating 
Laboratory in Denver, Colorado. OSL estimates the time a min-
eral grain was last exposed to sunlight, and hence its burial age. 
Buried sediments no longer exposed to the sun store electrons 
mostly produced from the active decay of radioactive elements 
K, Th and U.

The cosmic-ray portion of the total dose rate was estimated for 
each sample as a function of depth, elevation above sea level and 
geomagnetic latitude (Prescott and Hutton, 1994; Prescott and 
Stefan, 1982). Moisture was estimated from samples collected 
together with the OSL samples. Measured elemental concentra-
tions, associated dose rates, and cosmic ray contributions for 
instrumental neutron activation analyses (INAA) are presented in 
Table 2.

Figure 2. USGS hill shade image of the Central Wyoming Basin showing the Casper Dune Field, basin drainage networks, and study sample 
sites
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Under subdued orange-light, potential light-exposed end 
material from each sample (~ 3 cm) was discarded, and the 
remaining interior part of the sample was prepared for dating 
using established procedures (Millard and Maat, 1994; Roberts 
and Wintle, 2001; Singhvi et al., 2001). Samples were first 
treated with 10% HCl and 30% H

2
O

2
 to remove carbonates and 

organic matter, and were then sieved to extract the 250–180 
μm-size fraction. Heavy liquid separation (lithium tungstate 
2.58/2.66 g/cm3) was used to separate heavy minerals from 
quartz and feldspar grains. The quartz fraction was etched using 
40% HF for 40 min to remove the outermost layer affected by 
alpha radiation, followed by treatment of 6N HCl for 10 min to 
remove any fluorides that may have been produced during HF 
treatment. Approximately 200–250 quartz grains were mounted 
on the inner 2 mm of multiple stainless steel discs using 
Silkospray®.

Blue-light OSL analysis was performed on 250–180 μm 
quartz using the single-aliquot regenerative dose (SAR) proto-
col (Murray and Wintle, 2000) to determine the paleodose. A 
five-point measurement strategy was adopted with three dose 
points to bracket the paleodose, a fourth zero dose and a fifth 
repeat-paleodose point. The repeat paleodose was measured to 
correct for sensitivity changes and check that the protocol was 
working correctly. All measurements were made at 125°C for 40 
s after a pre-heat at 220°C or 240°C for 10 s. For all aliquots, 
the accepted recycling ratio between the first and the fifth point 
ranged within 0.85–1.15. Data were analyzed using the 
ANALYST program of Duller (1999). In each case, at least 20 
aliquots, and sometimes as many as 45 aliquots, from each 
sample were analyzed. Dose recovery and preheat plateau tests 
were performed to ensure that the sediments were responsive to 
optical techniques and that the proper temperatures were used in 

Figure 3. USGS aerial images of (A) the eastern dune field showing complex and hairpin parabolic dunes including site 5 (not sampled for 
chronology), (B) less complex linear dunes of the western dune field including sample site 2, and (C) one table-dune feature of the western 
dune field including sample site 4
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producing the equivalent dose values. Run parameters for the 
blue-light OSL are given in Table 2. Acceptable preheat tem-
peratures ranged from 200 to 280°C, although 220°C or 240°C 
were used exclusively. An IRSL stimulation of 100 s before the 
blue-light stimulation of 40 s was used to completely drain any 
residual feldspar contamination. OSL age and dosimetry data 
are reported in Table 2.

Stratigraphy
Site 1 (42°55.539′N, 106°00.260′W, 1613 m)

Site 1, on the Boner Ranch, is located in the eastern dune field on 
the north wing of a stable parabolic dune and consists of 11.5 m 
of aeolian sediment deposited on an alluvial substrate at an eleva-
tion of 1602 m. Aeolian sediments are medium to coarse sand, 
with less than 1.0% OM and 0.1–2.0% CaCO

3
, whereas buried 

soils are typically silty clay to fine sand, 0.5–2.0% OM, and 

highly variable in CaCO
3
 content (0.5–4.5%). A weak surface soil 

(A-C) is present. Though an active blowout partially exposed the 
dune stratigraphy, the complete stratigraphic column had to be 
assembled from four individual profiles created on the dune wing 
(Figure 4). Profile depths are relative to the top of the dune wing 
at profile 1.

Profile 1, consisting of 3.6 m of aeolian sand, exhibited a 
buried soil (Ab1) at 3.6 m. Two OSL samples, collected at 1.4 and 
3.6 m, yielded ages of 0.4 ka (6055) and 1.0 ka (6056), respec-
tively. A 14C age of 8.8 ka (6007) was obtained from sediment at 
2.5 m. Ab1 can be traced west along the dune wing to profile 2, 
which consist of 5.0 m of aeolian sand. Buried soils occurred 
within the profile at 3.6 m (Ab1), 4.0 m (Ab2), 4.4 m (Ab3), and 
7.4 m (Ab4) and date to 1.9 ka (6013), 2.3 ka (6015), 3.7 ka 
(6022), and 6.5 ka (6027), respectively. Sediment between Ab1 
and Ab2 was dated 1.8 ka (6057), and sediment above Ab4 was 
dated at 5.1 ka (6058). Ab4 is traceable though the dune wing to 

Table 1. Calibrated radiocarbon ages from the Casper Dune Field

Field number Lab. number Material dated δ13C (‰) Sample depth 
(m from surface) 

Corrected age 
(14C yr BP) 

Calibrated agea 
(yr BP) 

Site 1 (Boner Ranch) 
6007 AA-72641 Total OMb -23.9 2.25–2.30   7910 ± 400   8783 ± 476 
6013 AA-72651 Total OM -23.2 3.60–3.65   1970 ± 70   1915 ± 77 
6015 AA-72650 Total OM  -24.2 4.25–4.30   2240 ± 120   2249 ± 151
6022 AA-72642 Total OM -22.7 4.45–4.50   3460 ± 40   3717 ± 60 
6027 AA-72655 Total OM -22.0 7.45–7.50   5700 ± 90   6484 ± 104 
6029 AA-72645 Total OM -21.9 8.00–8.05   8190 ± 60   9134 ± 93 
6067 AA-72654 Total OM -25.4 8.25–8.30   4710 ± 580   5371 ± 711 
6068 AA-72648 Total OM -22.1 8.60–8.65   5410 ± 60   6212 ± 67 
6069 AA-72652 Charcoal -23.4 8.40–8.50 35,800 ± 1000 41,063 ± 924 
Site 2 (Beck Road) 
6043 AA-72640 Total OM -21.5 0.30–0.35 Post Bomb -
6045 AA-72644 Total OM -27.4 0.50–0.55 Post Bomb -
6048 AA-72638 Total OM -22.9 0.95–1.00   3730 ± 50   4078 ± 74 
Site 3 (Notches Road)
6035 AA-72639 Total OM -21.5 2.00–2.05 Post Bomb -
aRadiocarbon ages were calibrated using the Fairbanks et al. calibration curve (Fairbanks et al., 2005). 
bOrganic matter. 

Table 2. Luminescence ages from the Casper Dune Field

Field Number Sample Depth 
(m from surface)

K (%) Th (ppm) U (ppm) H
2
Oa,b(%) Dose Rate

(Gy/ka)c
De (Gy)d Aliquotse Agef

Site 1 (Boner Ranch)
6055 1.45–1.50 2.39 3.97 1.27 0.4 ± 0.5 2.93 ± 0.05 1.19 ± 0.54 16 (45)  410 ± 190
6056 3.60–3.65 2.09 3.87 1.45 4.0 ± 0.5 2.64 ± 0.03 2.63 ± 0.53 13 (40) 1000 ± 220
6057 4.00–4.05 2.25 3.86 1.07 1.0 ± 0.5 2.67 ± 0.03 4.71 ± 0.51 14 (23) 1760 ± 190
6058 7.25–7.30 2.29 6.00 1.32 5.0 ± 0.5 2.87 ± 0.04 14.7 ± 0.33 18 (25) 5140 ± 210
6059 9.25–9.30 2.38 7.42 1.43 4.0 ± 0.5 3.03 ± 0.04 21.3 ± 0.80 25 (35) 7020 ± 220

Site 2 (Beck Road)
6061 0.35–0.40 2.03 11.0 2.22 1.0 ± 0.5 3.35 ± 0.03 1.38 ± 0.15 17 (20)  410 ± 50
6062 0.90–0.95 2.07 5.07 1.70 2.0 ± 0.5 2.87 ± 0.04 1.20 ± 0.12 16 (30)  420 ± 40

Site 3 (Notches Road)
6060 3.10–3.15 2.04 5.37 1.46 3.0 ± 0.5 2.77 ± 0.04 16.9 ± 0.59 16 (25) 6100 ± 230

Site 4 (Table-Dune)
6063 0.60–0.65 1.96 7.20 1.82 1.0 ± 0.5 2.87 ± 0.04 12.2 ± 0.78 22 (40) 4260 ± 280
6064 1.45–1.50 2.03 5.68 1.61 3.0 ± 0.5 2.76 ± 0.04 11.2 ± 0.82 17 (20) 4070 ± 300
6065 1.50–1.55 1.92 7.08 1.94 4.0 ± 0.5 2.79 ± 0.04 18.6 ± 1.22 22 (30) 6670 ± 450
6066 0.50–0.50 2.27 6.28 1.91 2.0 ± 0.5 3.00 ± 0.04 24.6 ± 1.15 29 (35) 8150 ± 390

a Field moisture, ages measured at 10% moisture contact, recording wetter than field but drier than saturation moisture values.
b Total dose rate is calculated from 10% water content.
c Reported to one sigma, fit to an exponential + linear regression.
d Accepted disks (all disks).
e Lab used fine sand grains (250–180 micron size).
f Reported in yrs ka.
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profile 3, which consists of 4.0 m of aeolian sand. Ab4 is not eas-
ily recognizable in profile 3, though increased OM and CaCO

3
 

suggest that the soil lies between 8.0 and 8.5 m. Three 14C ages 
were determined for Ab4 in profile 3: 9.1 ka (6029), 5.4 ka 
(6067), and 6.2 ka (6068). A high concentration of charcoal, 
found within Ab4 at 8.4 m dated to 41.0 ka (6069). Aeolian sedi-
ment at 9.2 m was dated 7.0 ka (6059).

Site 2 (43°02.243′N, 106°48.572′W, 1720 m)

Site 2 is located on the eastern edge of the western dune field, 
north of Natrona, Wyoming, along Beck Road, which cuts 
through several parabolic dune wings, exposing dune stratigra-
phy. A 3.6-m profile, constructed on the east side of the road on a 
well-exposed dune wing (Figure 4), exposed aeolian sediments 
similar to those of the eastern dune field, i.e. typically medium to 
coarse sand, 0.7–1.5% OM, and 1.0–2.5% CaCO

3
. A weak sur-

face soil with no subsoil development is underlain by a well-
developed Ab-Btb-Cb buried soil located between 0.5 and 1.5 m. 
An OSL sample above the soil dated 0.4 ka (6061), and another 
below the soil A horizon was dated to 0.4 ka (6062). A bucket 
auger was used to extend the profile to 3.6 m where another bur-
ied soil (Ab2) was encountered, but was not accessible for sam-
pling. Two 14C samples collected from Ab1 yielded modern ages 
(6043, 6045). Collectively, the OSL and 14C ages indicate that 
surface sediment (i.e. the upper 0.5 m of sediment) was recently 
deposited.

Site 3 (43°07.211′N, 107°01.738′W, 1746 m)

Site 3 is located in a small isolated section of the dune field north 
of Waltman, Wyoming. Parabolic dunes are present but are less 
pronounced than those of the eastern dune field. Notches Road 
cuts through several dune wings, providing natural exposures of 
dune stratigraphy where a 3.6 m profile was excavated on the east 
side of the road (Figure 4). Unlike other sample sites, Site 3 has 
a silt-dominated surface soil (A-B) with 1–2% OM and 2–3% 
CaCO

3
. A buried soil is was located at 2.6 m above sediment OSL 

dated at 6.1 ka (6060).

Site 4 (43°07.496′N, 107°22.007′W, 1878 m)

Site 4 is located west of Hiland, Wyoming, on the south flank of 
a table-dune. The surface of Site 4 is stabilized by vegetation, 
and, because of the size of the dune, it was not possible to expose 
the complete internal stratigraphy. However, three profiles, cre-
ated from natural exposures within an ephemeral stream dissect-
ing the dune, are believed to be representative of the upper, 
middle, and lower stratigraphic units of the dune (Figure 4). 
Aeolian sediment is medium to coarse sand and contains 0.5–
1.0% OM and 1.3–2.5% CaCO

3
. A downward coarsening of 

sediment was noted at the base of the dune.
Profile 1, located at the top of the dune, is characterized by an 

A horizon formed in 3.0 m of aeolian sand. A buried soil 
(Ab-Btkb1), located at 0.8 m, yielded an OSL age of 4.3 ka 
(6063, 6064). Bedding planes are visible within the profile and 
dip in the upwind direction between 5 and 8°. A bucket auger 
used to extend the profile into the dune detected no visible 
changes in grain size or color. Profile 2 is located in the middle 
of the dune, ~ 15.0 m down in elevation from profile 1, and is 
characterized by 3.0 m of aeolian sand underlain by a buried soil 

(Ab-Btkb2) at 0.3 m. A bucket auger was used to extend the pro-
file to 3.0 m, again with no discernable color or texture changes. 
Aeolian sediment below the Ab-Btkb2 dated with OSL to 6.7 ka 
(6065). Profile 3 is located at the base of the dune, ~ 15.0 m down 
in elevation from profile 2 yielded an OSL age of 8.2 ka (6066) 
and is characterized by an overall coarsening of sediment and 
lack visible buried soils.

Discussion
Problematic 14C and OSL ages

Over- and underestimation of 14C ages can occur for multiple rea-
sons, especially when total organic matter dating is used to derive the 
age (see Mathews, 1985; Mayer et al., 2008; Wang and Amundson, 
1996). Nevertheless, investigations have used 14C dating with good 
results in similar studies (Holliday, 2001; Mason et al., 2004; Mayer 
and Mahan, 2004; Rawling et al., 2003). Though the majority of 14C 
ages reported in this study are stratigraphically consistent and sup-
port the OSL-derived chronology of aeolian activation, four 14C ages 
derived from site 1 are rejected (6007, 6029, 6067 and 6069). Upon 
re-examination, modern root contamination, bioturbation, and the 
presence of Pleistocene-aged charcoal collectively have probably 
influenced ages of these samples. An age of 8783 ± 476 (6007) was 
obtained from sediment with higher organic concentrations than the 
surrounding soils (1.4% versus 0.7 % above and 0.7% below). This 
age, bracketed between two OSL ages of 0.4 ka and 1.0 ka, is too old 
and is therefore excluded from our chronology. Also from site 1, two 
14C ages of soil Ab4, 9134 ± 93 (6029) and 5371 ± 711 (6067) are 
very different. We speculate that the discrepancies in these ages can 
be attributed to contamination by older charcoal and modern rootlets, 
respectively. An age of 6484 ± 104 (6027), taken from the base of 
profile 2, is likely the best representative age of soil Ab4. This age 
was sampled below stratified sediment with no evidence of current 
or past sediment mixing by soil biota; furthermore, no charcoal was 
found in profile 2. The age of 6218 ± 67 (6068), dated from profile 
3, corroborates the previous age from the same buried soil. Together 
the ages of 6.5 and 6.2 ka provide a good age range for soil Ab4. 
Finally, the age of 41,063 ± 924 (6069) likely represents older char-
coal incorporated into the dune during aeolian sedimentation but 
does not represent an age of dune formation. 

Two OSL samples (6055, 6056) from site 1 produced question-
able ages because of a low number of accepted aliquots (<20 out 
of 45). These sediments suffered from unacceptable recycle ratios 
on equivalent dose analyses (e.g. >20%) and poor test dose 
responses (e.g. ranges from >25% to <50%). This sort of behavior 
is seen in sediment that has not been through repeated cycles of 
erosion and deposition (e.g. debris flows, some colluvium and 
alluvium), sediment that is either very young or very old, sediment 
that contains quartz without a common OSL component, or sedi-
ment that contains inclusions of other minerals within the quartz 
(Arnold et al., 2009; Preusser et al., 2009; Sohn et al., 2007).

We ruled out several possibilities (e.g. old samples, inclusions 
of minerals in quartz, no common OSL component), since we 
tested for many of these problems and did not find them. Three 
possibilities remain: the last burial of the quartz was recent and 
without single grain analyses this can not be adequately deter-
mined; some of the quartz has not been through multiple erosion/
deposition cycles; and finally, the quartz is a mixture of very 
young aeolian and older partially bleached alluvium. There 
remain too few aliquots to address the problem of partial bleach-
ing, but the averaged age from the samples (0.4 ka and 1.0 ka) 
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could still be a true depositional age based on observable stratig-
raphy in the CDF. Nevertheless, these ages are duplicated else-
where in the CDF (e.g. Beck Road samples show the same 0.4 ka 
activation ages) and the previously reported chronology of the 
Killpecker dune field shows that aeolian sedimentation occurred 
after 1.0 ka (Mayer and Mahan, 2004).

Finally, two OSL ages at site 4 have similar ages but are sepa-
rated by a distinctive Ab-Btkb soil. Considering the time needed 
to form Btk horizons, it is unlikely that both of these ages are 
correct. Based on site stratigraphy, specifically that sample 6064 
below the soil in undisturbed sediment, we accept the age of 
4.1 ka (6064) as most likely a correct age. We reject the age of 
4.3 ka (6063).

Correlations between the Casper Dune Field and other 
Wyoming dune fields

Numerical age data presented in this study support a variable 
dune field response to landscape changes throughout the 
Holocene. Diverse sample sites and disparate age control limit 
our chronological interpretations to select areas within the CDF. 
Nevertheless, our data suggest an activation and stabilization 
chronology similar to previous CDF chronologies (Albanese, 
1974a, b; Albanese and Frison, 1995), and to other Wyoming 
dune fields, specifically an episode of dune activation around 
~4.2–4.1 ka (Gaylord, 1982, 1990; Mayer and Mahan. 2004; 
Stokes and Gaylord, 1993) (Figure 5). Prior to aeolian activation, 
alluvium was deposited in the Central Wyoming Basin at the 
onset of the Holocene (Albanese and Frison, 1995), which is cor-
roborated by the presence of alluvium found at the bottom of the 
dune documented at site 1.

Albanese (1974a, b) suggested that activation began in the 
CDF after 10.3 ka, based on the presence of bison bones within 
aeolian dune sediment at the Casper Archeological Site, north of 
Casper, Wyoming. Ages in our study suggest that aeolian activity 
occurred in both the eastern and western dune fields at 7.0 and 
8.2 ka, respectively, and supports the assertion that activation had 
occurred after ~ 10.0 ka. Dune activity occurred throughout the 
early Holocene in both eastern and western parts of the CDF and 
lasted until about ~ 6.1–6.7 ka. The 14C ages of 6.2 and 6.5 ka
on a buried soil at site 1 document this period of stability. Soils 
above aeolian sediment at site 1, 3 and site 4 suggest that some 
degree of stability occurred after 7.0, 6.1 and 6.7 ka, respectively. 
Dune activity between 8.2 and 6.1 ka coincides with an interval 
of warming and drought recorded throughout the Great Plains 
(Holliday et al., 2008; Nordt et al., 2008).

Albanese (1974a, b) and Albanese and Frison (1995) described 
a subregional soil, termed the Haplargid soil (informal term, 
derived from inferred soil taxonomic classification), in the Ferris 
Dune Field and on the eastern and western edges of the CDF. The 
Haplargid soil has an aeolian-derived clay-rich B horizon that at 
some locations is highly calcareous (Albanese and Frison, 1995). 
Albanese and Frison (1995) bracket the Haplargid soil formation 
as beginning at 5.7 ka. Eckerle (1997) also found a soil with 
similar characteristics south of Casper, Wyoming within aeolian 
sediment, which dated to 4.5 ka. Mayer and Mahan (2004) dated 
Farson soil development in the Killpecker Dune Field to 5.9 ka. 
Based on ages of soil development, the Farson soil and Haplargid 
soil may represent the same period of stability.

Our study also documents stability and soil development 
(sites 1, 3, and 4) between ~ 6.7 and 6.1 ka. Ages of dune field 

stability presented in this study support an older regional soil than 
that suggested by Albanese and Frison (1995) and Eckerle 
(1997). However, Mayer and Mahan (2004) also support older 
dune stabilization in the Killpecker Dune Field at 5.9 ka, and 
Stokes and Gaylord (1993) show a minor degree of stability in 
one section of the Ferris Dune Field at ~ 6.8 to ~ 6.7 ka. It is 
likely that all Wyoming dune fields stabilized in the middle 
Holocene, although the stabilization for some areas occurred 
earlier than others.

The length of the middle Holocene stabilization was variable 
within our sample sites with some sites suggesting relatively short 
stability and others, long periods of stability. At site 1, in the east-
ern dune field, another episode of dune activity stratigraphically 
above the 6.5 ka soil was dated at 5.1 ka suggesting a period of 
stability of less than 1.5 ka. At site 4, in the western dune field, 
dune activity was dated at 4.1 ka and suggests that stability at 6.7 
ka lasted for ~ 2.5 ka. At site 3, in the western dune field, no ages 
directly support the reactivation of the dune following stability at 
~ 6.1 ka. Although reactivation is not supported by numerical 
ages, a gap in soil development at 2.0 to 2.5 m suggests that a 
minor episode of reactivation occurred following 6.1 ka. It is pos-
sible that the episodic dune activation recorded in site 1 at 5.1 ka 
and within the stratigraphy at site 4 represents localized dune 
mobilization rather than a broader response to regional climate 
change.

One OSL age from site 4 indicates that aeolian activity in the 
CDF began again around 4.1 ka. Although reactivation is not sup-
ported by ages from all sample sites in the CDF, OSL ages from 
the Killpecker Dune Field and the Ferris Dune Field also show 
activation around 4.2 ka. These ages, coupled with ages from our 
study, suggest that regional activation of Wyoming dune fields 
occurred at 4.2 to 4.1 ka. Following a brief period of dune activity 
at 4.1 ka, the CDF appeared to stabilize. At sites 2, 3, and 4, stra-
tigraphy suggests that stability prevailed for the rest of the 
Holocene, except for a possible short reactivation at sites 2 and 4. 
At site 2, two OSL samples indicate aeolian activity at 0.4 ka. 
Reactivation is documented at site 1 through the late Holocene: 
activation at 1.8 ka is noted between two bracketed 14C ages on 
buried soils. This period of activation at site 1 around 1.8 ka also 
coincides with that in the Killpecker Dune Field (Mayer and 
Mahan, 2004). Most recent dune activation is indicated at site 1 
around 1.0 ka and coincides with the Medieval Climate Anomaly 
(MCA) drought. Similar aeolian activation is noted in the 
Killpecker and Ferris Dune Fields.

The chronology established from four sites in the CDF sug-
gests that three widespread periods of dune activation occurred 
during the Holocene. These periods of activation are ~10.0–6.2, 
~4.2–4.1 ka, and from 1.0 ka to 0.4 ka, and are also noted in other 
Wyoming dune fields. It is evident that localized reactivation 
occurred at specific sites throughout the Holocene, with greater 
localized reactivation occurring in the eastern dune field. Dune 
morphology supports a more active eastern dune field and more 
frequently stable western dune field. In the eastern dune field 
parabolic dunes are more elongated, suggesting long-term move-
ment and development. Many of these elongated dunes have 
paleocrest features downwind of the current crest, suggesting 
multiple stability and activation cycles. The complex dune mor-
phology of the eastern dune field also indicates that it remains 
closer to a reactivation threshold, making dunes more susceptible 
to changes in environmental conditions. We hypothesize that one 
localized control of reactivation in the eastern dune field is 
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related to an influx of sediment from the North Platte River. 
Sediment influx could explain why the eastern dune field was 
reactivated several times, while the western dune field, lacking a 
regular supply of sediment, remained relatively stable.

Variation in luminescence dating techniques may account for 
some of the age variability between our ages and those reported in 
other studies. For example, early IRSL and OSL ages were likely 
reported with larger errors, on the order of 10 to 20% (e.g. Stokes and 
Gaylord, 1993; Forman et al., 1995). Ages produced using SAR (e.g. 
Forman et al., 2008, 2009; Goble et al., 2004; Mayer and Mahan, 
2004) have smaller errors, on the order of 15 to 5%. Examples of 
variables that can affect OSL ages include the use of different 
equivalent dose protocols (i.e. multiple aliquot additive dose on silt, 
multiple aliquot regeneration on sand-sized grains, or single aliquot 
regeneration on sand-sized grains) and different approaches to mea-
surement of the signal (i.e. continuous-wave, linearly modulated, 
pulsed, etc.).

Correlation with the west-central Great Plains

Although age data regarding timing and duration of dune activa-
tion in the CDF are limited, several ages correlate with dune 
activation in other west-central Great Plains dune fields (Figure 
5). Dune activation was widespread in most dune fields during 
the early Holocene, including the CDF (Albanese and Frison, 
1995; this study), Ferris Dune Field (Stokes and Gayloard, 1993), 
Hudson Dune Field (Forman and Maat, 1990), Arkansas River 
valley dunes (Forman et al., 2008), and the Nebraska Sand Hills 
(Miao et al., 2007). Original dune activity in these dune fields is 
dated to the early Holocene, and activity continued through 8.2 
ka, a globally recognized drought event (Alley and Ágústsdóttir, 
2005; Bond et al., 2001). The correlation of dune activation in 
west-central Great Plains dune fields during early Holocene 
drought supports a region-wide drought prior to the 8.2 ka event, 
and drought at 8.2 ka may have intensified dune activity in some 
dune fields of the west-central Great Plains. Many dune fields 

were active into the middle Holocene, though activation did not 
cease simultaneously in all dune fields. For example, Forman 
et al. (2001) documents dune activity within the Fort Morgan 
Dune Field from ~7.0 to 5.5 ka, whereas the Nebraska Sand Hills 
are stable from ~6.5 to 4.5 ka (Miao et al., 2007). Whereas the 
Nebraska Sand Hills were generally stable from 6.5 to 4.5 ka, 
local activation occurred during this interval (Miao et al., 2007). 
Similarly, at least one site in the CDF (Site 1) exhibits episodic 
aeolian activity throughout the middle Holocene. It is hypothe-
sized that this localized signal may represent aeolian sediment 
influx to the dune field rather than regional climate change.

Following regional stabilization in the middle Holocene, 
drought again appeared to cause widespread dune activity in the 
west-central Great Plains. Clarke and Rendell (2003) reported 
dune activation beginning at ~ 4.9 ka in the Fort Morgan Dune 
Field, and the Killpecker Dune Field, Ferris Dune Field, and the 
Casper Dune Field all indicate activity beginning around ~ 4.2 ka 
(Mayer and Mahan, 2004; Stokes and Gaylord, 1993; this study). 
Activation of these dune fields at this time may be coincident with 
the 4.2 ka event, a global cooling event (Bond et al., 2001). Booth 
et al. (2005) reported that this event is recorded in North America 
and suggested that it may be linked to La Niña-like sea surface 
temperature gradients in the tropical Pacific Ocean. Dune activity 
at 4.2 ka in Wyoming and is short lived and may be tied to drought 
recognized in the Nebraska Sand Hills centered at 3.8 ka (Miao 
et al., 2007). It is possible that dry conditions persisted longer in 
the Nebraska Sand Hills than in Wyoming. The difference in age 
may not be significant, however, given the estimated errors.

Activation is documented in the Fort Morgan Dune Field at ~ 
1.1, 0.8, 0.6 and 0.4 ka (Clarke and Rendell, 2003), the Nebraska 
Sand Hills at 1.4, 0.7, 0.5, 0.2, and 0.1 ka (Forman et al., 2005), the 
Arkansas River valley dunes centered at 1.5, 0.4, 0.4–0.3, 0.2, and 
0.1 ka (Forman et al., 2008), and the Killpecker Dune Field at 2.0 
and by at least 0.7 ka (Mayer and Mahan, 2004). Miao et al. (2007) 
attributed activity in the Nebraska Sand Hills to drought during the 
MWP. Drought at ~0.5 ka has been recorded in tree rings and may 
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Figure 5. Comparison of OSL ages from this study to ages of other west-central Great Plains dune field studies.  Vertical shading represent 
periods of dune activity identified in the Nebraska Sand Hills (Miao et al., 2007)
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coincide with aeolian activity recorded in the Nebraska Sand Hills 
(e.g. Forman et al., 2005). Miao et al. (2007) suggested that lags in 
aeolian system response might explain some age variability of 
aeolian activations during the latest Holocene. Undocumented, 
lagged responses and variations in dating techniques might ade-
quately explain the variable aeolian activity in many of the west-
central Great Plains dune fields. It is apparent from the many 
chronologies that dune fields were active throughout the region 
during the late Holocene in response to widespread droughts.

Conclusions
Widespread dune activity occurred in the CDF after ~ 10 ka, fol-
lowing deposition of alluvium at the end of the Pleistocene. 
Activity continued through the middle Holocene until about 6.2 ka 
and was followed by stability and soil development. Another epi-
sode of activation occurred around ~ 4.1 ka, followed by stability 
and a final episode of activation between 1.0 and 0.4 ka. Localized 
activation occurred in at least one site several times during noted 
periods of regional stability. These activations suggest that local-
ized factors, such as sediment supply and water-table fluctuations, 
may play an important role in dictating dune field stability. 
Activity in the CDF, the Killpecker Dune Field, and the Ferris 
Dune Field occurred at 8.2, and correlate very well at 4.1, and 1.0 
ka. Activity in the CDF also corresponds to activity in other west-
central Great Plains dune fields. This study supports the conten-
tion that widespread droughts throughout the Holocene led to 
dune field activation, and also suggests that localized controls on 
dune fields can also play significant roles in landscape instability.

Acknowledgments

We express our gratitude to the landowners Steve Amick, Brad 
Boner, and Wayne Richey who graciously provided access to field 
sites. In particular, we thank the NSF – Arizona Accelerator Mass 
Spectrometry (AMS) Laboratory for funding support. Comments 
from Xiaodong Miao and an anonymous reviewer are appreciated 
and improved the manuscript significantly. Also, Bill Johnson 
reviewed several drafts of this manuscript and made many helpful 
edits and comments. This research was funded in part by a 
Geological Society of America Student Research Grant and by a 
University of Wisconsin-Milwaukee Mary Jo Read Research Grant.

References

Albanese JP (1974a) Geology of the Casper archeological site. In: 

Frison GC (ed.) The Casper Site. Academic Press, 173–190.

Albanese JP (1974b) Geology of the Casper archeological site, 

Natrona County, Wyoming. In: Wilson M (ed.) Applied Geology 

and Archeology: The Holocene History of Wyoming. Geological 

Survey of Wyoming, 46–50.

Albanese JP, Frison GC (1995) Cultural and landscape change dur-

ing the middle Holocene, Rocky Mountain area, Wyoming and 

Montana. In: Bettis EA III (ed.) Archaeological Geology of the 

Archaic Period in North America. Geological Society of America 

Special Paper 297, 1–19.

Alley RB, Ágústsdóttir AM (2005) The 8k event: Cause and conse-

quences of a major Holocene abrupt climate change. Quaternary 

Science Reviews 24: 1123–1149.

Arnold LJ, Roberts RG, Galbraith RF and DeLong SB (2009) A 

revised burial dose estimation procedure for optical dating of 

young and modern-age sediments. Quaternary Geochronology 4: 

306–325.

Beuselinck L (1998) Grain-size analysis by laser diffractometry: 

Comparison with the sieve-pipette method. Catena 32: 193–208.

Bond G, Kromer B, Beer J, Muscheler R, Evans MN, Showers W 

et al. (2001) Persistent solar influence on North Atlantic climate 

during the Holocene. Science 294: 2130–2136.

Booth RK, Jackson ST, Forman SL, Kutzbach JE, Bettis EA III, 

Kreig J et al. (2005) A severe centennial-scale drought in mid-

continental North American 4200 years ago and apparent global 

linkages. The Holocene 15: 321–328.

Clarke HM, Rendell HM (2003) Late Holocene dune accretion and 

episodes of persistent drought in the Great Plains of Northeastern 

Colorado. Quaternary Science Reviews 22: 1051–1058.

Curtis J, Grimes K (2004) Wyoming Climate Atlas. Laramie: 

University of Wyoming Press.

Duller GAT (1999) Luminescence Analyst Computer Program 

V2.18. Department of Geography and Environmental Sciences, 

University of  Wales.

Eckerle WP (1997) Aeolian geoarchaeology of the Wyoming Basin: 

Changing environments and Archaic subsistence in the Holocene. 

In: Larson ML, Frances JE (eds) Changing Perspectives on 

the Archaic on the Northwestern Plains and Rocky Mountains. 

University of South Dakota Press, 139–167.

Fairbanks RG, Mortlock RA, Chiu T, Cao L, Kaplan A, Guilderson TP 

et al. (2005) Marine radiocarbon calibration curve spanning

0 to 50,000 years B.P. based on paired 230Th/234U/238U and 

14C dates on pristine corals. Quaternary Science Reviews 24: 

1781–1796.

Forman SL, Maat PB (1990) Stratigraphic evidence for late 

Quaternary dune activity near Hudson on the Piedmont of north-

ern Colorado. Geology 18: 745–748.

Forman SL, Oglesby R, Markgraf V and Stafford T (1995) 

Paleoclimatic significance of late Quaternary aeolian deposition 

on the Piedmont and High Plains, Central United States. Global 

and Planetary Change 11: 35–55.

Forman SL, Oglesby R and Webb RS (2001) Temporal and spatial 

patterns of Holocene dune activity on the Great Plains of North 

America: Megadroughts and climate links. Global and Planetary 

Change 29: 1–29.

Forman SL, Marín L, Pierson J, Gómez J, Miller GH and Webb RS 

(2005) Aaeolian sand depositional records from western 

Nebraska: landscape response to droughts in the past 1500 years. 

The Holocene 15: 973–981.

Forman SL, Marín L, Gómez J and Pierson J (2008) Late 

Quaternary aeolian sand depositional record for southwestern 

Kansas: Landscape sensitivity to droughts. Palaeogeography, 

Palaeoclimatology, Palaeoecology 265: 107–120.

Forman SL, Nordt L, Gómez J and Pierson J (2009) Late Holocene 

dune migration on the south Texas sand sheet. Geomorphology 

108: 159–170.

Gaylord DR (1982) Geological history of the Ferris dune field, south 

central Wyoming. Geological Society of America Special Paper 

192: 65–82.

Gaylord DR (1990) Holocene paleoclimatic fluctuations revealed 

from dune and interdune strata in Wyoming. Journal of Arid 

Environments 18: 123–138.

Goble RJ, Mason JA, Loope DB and Swinehart JB (2004) Optically 

stimulated luminescence dating of stacked paleosols, Nebraska 

Sand Hills. Quaternary Science Reviews 23: 1173–1182.

Hanson PR, Joeckel RM, Young AR and Horn J (2009) Late Holocene 

dune activity in the eastern Platte River Valley, Nebraska. 

Geomorphology 103: 555–561.

 at PORTLAND STATE UNIV on October 27, 2012hol.sagepub.comDownloaded from 

http://hol.sagepub.com/


Halfen et al. 783

Heiri O, Lotter AF and Lemcke G (2001) Loss on ignition as a 

method for estimating organic and carbonate content in sedi-

ments: Reproducibility and comparability of results. Journal of 

Paleolimnology 25: 101–110.

Holliday VT (2001) Stratigraphy and geochronology of upper 

Quaternary aeolian sand on the southern high plains of Texas and 

New Mexico, United States. Geological Society of America Bulletin 

113: 88–108.

Holliday VT, Mayer JH and Fredlund GG (2008) Late Quaternary 

sedimentology and geochronology of small playas on the Southern 

High Plains, Texas and New Mexico, USA. Quaternary Research 

70: 11–25.

Kücher AW (1964) Potential Natural Vegetation of the Conterminous 

United States. Special Research Publication of the American 

Geographical Society 36, Map.

Madole RF (1994) Stratigraphic evidence of desertification in the 

west-central Great Plains within the past 1000 years. Geology 22: 

483–486.

Madole RF (1995) Spatial and temporal patterns of late Quaternary 

aeolian deposition, eastern Colorado, USA. Quaternary Science 

Reviews 14: 155–177.

Mahan SA, Noe DC and McCalpin JP (2009) Use of OSL dating to 

establish the stratigraphic framework of Quaternary aeolian sedi-

ments, Anton scarp upper trench, Northeastern Colorado High 

Plains, USA. Quaternary International 199: 92–103.

Mason JA, Swinehart JB, Goble RJ and Loope DB (2004) Late-

Holocene dune activity linked to hydrological drought, Nebraska 

Sand Hills, USA. The Holocene 14: 209–217.

Mason JA, Miao X, Hanson PR, Johnson WC, Jacobs PM and 

Goble RJ (2008) Loess record of the Pleistocene–Holocene tran-

sition on the northern and central Great Plains, USA. Quaternary 

Science Reviews 27: 1772–1783.

Matthews JA (1985) Radiocarbon dating of surface and buried soils: 

principles, problems, and prospects. In: Richards KS, Arnett RR 

and Ellis S (eds) Geomorphology and Soils. London: George 

Allen and Unwin, 269–288.

Mayer JH, Mahan SA (2004) Late Quaternary stratigraphy and geo-

chronology of the western Killpecker Dunes, Wyoming, USA. 

Quaternary Research 61: 72–84.

Mayer JH, Burr GS and Holliday VT (2008) Comparisons and inter-

pretations of charcoal and organic matter radiocarbon ages from 

buried soils in north-central Colorado, USA. Radiocarbon 50: 

331–346.

Miao X, Mason JA, Swinehart JB, Loope DB, Hanson PR, Goble RJ 

et al. (2007) A 10,000 year record of dune activity, dust storms, 

and severe drought in the central Great Plains. Geology 35:

119–122.

Millard HT, Maat PB (1994) Thermoluminescence Dating Procedures 

in use at the U.S. Geological Survey, Denver, Colorado. U.S. 

Geological Survey Open-File Report 94-249, 112.

Montgomery SL, Barret F, Vickery K, Natali S, Roux R and Dea P 

(2001) Cave Gulch Field, Natrona County, Wyoming: Large gas 

discovery in the Rocky Mountain foreland, Wind River Basin. 

AAPG Bulletin 85: 1543–1564.

Muhs DR (1985) Age and paleoclimatic significance of Holocene 

dune sands in northeastern Colorado. Annals of the Association of 

American Geographers 75: 566–582.

Muhs DR (2004) Mineralogical maturity in dunefields of North 

America, Africa and Australia. Geomorphology 59: 247–269.

Muhs DR, Zárate M (2001) Late Quaternary aeolian records of the 

Americas and their paleoclimatic significance. In: Markgraf V 

(ed.) Interhemispheric Climate Linkages. San Diego: Academic 

Press, 183–216.

Muhs DR, Stafford TW, Cowherd SD, Mahan SA, Kihl R, Maat BP 

et al. (1996) Origin of the late quaternary dune fields of northeast-

ern Colorado. Geomorphology 17: 129–149.

Muhs DR, Stafford TW, Swinehart JB, Cowherd SD, Mahan SA, 

Bush CA et al. (1997) Late Holocene aeolian activity in the mineralog-

ical mature Nebraska Sand Hills. Quaternary Research 48: 162–176.

Muhs DR, Swinehart JB, Loope DB, Aleinikoff JN and Been J (1999) 

200,000 years of climate change record in aeolian sediments 

of the High Plains of eastern Colorado and western Nebraska. 

Geological Society of America Field Guide 1: 71–91.

Murray AS, Wintle AG (2000) Luminescence dating of quartz using 

an improved single-aliquot regenerative-dose protocol. Radiation 

Measurements 32: 57–73.

Nordt L, Von Fisher J, Tieszen L and Tubbs J (2008) Coherent 

changes in relative C4 plant productivity and climate during the 

late Quaternary in the North American Great Plains. Quaternary 

Science Reviews 27: 1600–1611.

Prescott JR, Hutton JT (1994) Cosmic ray contributions to dose rates 

for luminescence and ESR dating: Large depths and long-term 

time variations. Radiation Measurements 23: 497–500.

Prescott JR, Stephan LG (1982) Contribution of cosmic radiation to 

environmental dose. PACT 6: 17–25.

Preusser F, Chithambo ML, Gotte T, Martini M, Ramseyer K, 

Sendezera EJ et al. (2009) Quartz as a natural luminescence 

dosimeter. Earth-Science Reviews 97: 196–226.

Rawling JE III, Fredlund GG and Mahan SA (2003) Aaeolian cliff-

top deposits and buried soils in the White River Badlands, South 

Dakota, USA. The Holocene 13: 121–129.

Rawling JE III, Hanson PR, Young AR and Attig JW (2008) Late 

Pleistocene dune construction in the Central Sand Plain of 

Wisconsin, USA. Geomorphology 100: 494–505.

Roberts HM, Wintle AG (2001) Equivalent dose determinations for 

polymineralic fine-grains using the SAR protocol: Application to 

a Holocene sequence of the Chinese Loess plateau. Quaternary 

Science Reviews 20: 859–863.

Singhvi AK, Bluszcz A, Bateman MD and Rao MS (2001) 

Luminescence dating of loess-palaeosol sequences and cover-

sands: Methodological aspects and palaeoclimatic implications. 

Earth-Science Reviews 54: 193–211.

Sohn MF, Mahan SA, Knott JR and Bowman DD (2007) 

Luminescence ages for alluvial-fan deposits in Southern Death 

Valley: Implications for climate-driven sedimentation along a 

tectonically active mountain front. Quaternary International 166: 

49–60.

Stokes S, Gaylord DR (1993) Optical dating of Holocene dune sands 

in the Ferris Dune Field, Wyoming. Quaternary Research 39: 

274–281.

Wang Y, Amundson R (1996) Radiocarbon dating of soil organic 

matter. Quaternary Research 45: 282–288.

Western Regional Climate Center (2009) CASPER WSO AP,

Wyoming – Climate Summary. Available at: http://www.wrcc.dri.

edu/cgi-bin/cliMAIN.pl?wycasp.html

Wolfe SA, Robertson L and Gillis A (2009) Late Quaternary Aeolian 

Deposits of Northern North America: Age and Extent. Geological 

Survey of Canada, Open File 6006, CD-ROM.

 at PORTLAND STATE UNIV on October 27, 2012hol.sagepub.comDownloaded from 

http://hol.sagepub.com/



