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The Carolina Sandhills is a physiographic region of the Atlantic Coastal Plain province in the southeastern
United States. In Chesterfield County (South Carolina), the surficial sand of this region is the Pinehurst
Formation, which is interpreted as eolian sand derived from the underlying Cretaceous Middendorf
Formation. This sand has yielded three clusters of optically stimulated luminescence ages: (1) 75 to 37
thousand years ago (ka), coincident with growth of the Laurentide Ice Sheet; (2) 28 to 18 ka, coincident
with the last glacial maximum (LGM); and (3) 12 to 6 ka, mostly coincident with the Younger Dryas
through final collapse of the Laurentide Ice Sheet. Relict dune morphologies are consistent with winds
from the west or northwest, coincident with modern and inferred LGM January wind directions. Sand
sheets are more common than dunes because of effects of coarse grain size (mean range: 0.35e0.59 mm)
and vegetation. The coarse grain size would have required LGM wind velocities of at least 4e6 m/sec,
accounting for effects of colder air temperatures on eolian sand transport. The eolian interpretation of
the Carolina Sandhills is consistent with other evidence for eolian activity in the southeastern United
States during the last glaciation.

Published by Elsevier Inc. on behalf of University of Washington.
Introduction

The Carolina Sandhills is a 15e60 kmwide physiographic region
that extends from the western border of Georgia (GA) across South
Carolina (SC) to central North Carolina (NC) along the updip (north
and west) margin of the Atlantic Coastal Plain province in the
southeastern United States (Fig. 1). This region is characterized by
abundant unconsolidated sand that has been recognized for a long
time (e.g., McGee, 1890, 1891; Holmes, 1893), although previous
studies of this region are surprisingly few and previous in-
terpretations of the sand have been quite speculative. Cooke (1936),
for example, suggested that eolian processes played a role in
iversity of Washington.

ridge University Press
shaping the topography of the area (which he called the “Congaree
Sand Hills”), and he noted that the area of the sand hills corre-
sponds to the area where the Cretaceous Tuscaloosa Formation
[Middendorf Formation] is exposed. Other previous studies in
South Carolina have referred to the sand hills as being of post-
Eocene age, and speculations on depositional environment have
ranged from eolian to fluvial to marine (Johnson,1961; Otwell et al.,
1966; Ridgeway et al., 1966; Kite, 1987; Nystrom and Kite, 1988).
Nystrom et al. (1991) stated that the sand hills are widespread
deposits of sand dispersed discontinuously across the upper coastal
plain from northern Aiken County (SC) northeastward to the SC-NC
border, and that these deposits are the southwestern continuation
of the Pinehurst Formation of North Carolina, as named by Conley
(1962) and redefined by Bartlett (1967). Nystrom et al. (1991)
interpreted the sand as eolian dunes, sand sheets, and interdune
deposits of LateMiocene age. However, a subsequent detailed study
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Figure 1. Location of the Carolina Sandhills in the southeastern United States (from Griffith et al., 2001, 2002). Locations of the Cape Fear Arch and Peninsular Arch are from LeGrand
(1961).
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by Leigh (1998) in Chesterfield County (SC) interpreted the sand
hills as eolian, fluvial, and marine sediments of Pliocene to Holo-
cene age. Since the work by Leigh (1998), few studies have been
published on the Pinehurst Formation, but the debate on both the
origin and the age of the sand hills has continued vigorously among
geologists working in the area.

This paper presents new data on the Carolina Sandhills region
in Chesterfield County, South Carolina (Fig. 2). These new data
situate the sand hills in a robust stratigraphic and chronologic
framework, and they support interpretations of the sand as eolian
sand sheets and dunes that were active episodically circa (ca.) 75
to 6 thousand years ago (ka). Furthermore, the eolian nature of the
sand permits the reconstruction of several paleoclimate variables,
and comparison with previously published data suggests that
eolian activity was widespread during this time in the south-
eastern United States.

Study area

The study area is located within the Carolina Sandhills region in
Chesterfield County, South Carolina (Fig. 2). In this county, sand
hills and sand sheets occur on a relatively high plateau of Creta-
ceous strata, bounded to the west by Paleozoic schist of the Pied-
mont Province and bounded to the east by the east-facing
Orangeburg Scarp (Swift and Heron, 1969). The Orangeburg Scarp
oi.org/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
(Fig. 2) is interpreted as a shoreline formed by wave erosion during
amiddle Pliocene time of high sea level (Dowsett and Cronin,1990).
East of the scarp, the coastal plain exhibits relatively low-relief and
is dominated by oval depressions (Carolina Bays) that are thought
to have formed by eolian deflation (e.g., Thom, 1970; Kaczorowski,
1977; Ivester et al., 2002, 2003; Moore et al., 2014, 2016).

Most of the information presented in this paper is based on
detailed geologic mapping of the Middendorf and Patrick quad-
rangles within the Carolina Sandhills region of Chesterfield County.
These two adjacent quadrangles (Fig. 2) contain the following three
major geologic units:

(1) a 60- to 150-m-thick unit of weakly consolidated sandstone,
sand, and mud that extends throughout the entire study area
and is mapped as the Cretaceous Middendorf Formation.
Cores drilled in the study area show that this unit rests on an
unconformity above Paleozoic schist;

(2) a 0.3- to 10-m-thick unit of unconsolidated sand that
overlies an unconformity on the Middendorf Formation
throughout most of the study area. This unit forms the
“sandhills” of the region, and is mapped as the Quaternary
Pinehurst Formation;

(3) a <3-m-thick unit of sand, sandy mud, and mud that is
present adjacent to some of the modern drainages and is
mapped as Quaternary fluvial terrace deposits.

https://doi.org/10.1016/j.yqres.2016.08.007


Figure 2. Shaded relief map of Kershaw, Chesterfield, Lee, and Darlington Counties, South Carolina. Two-meter elevation data are derived from LiDAR point cloud data (South
Carolina LiDAR Consortium, 2007, LiDAR and related data products, last accessed July 19, 2015 at http://www.dnr.sc.gov/GIS/lidar.html). Black rectangles show the locations of the
Middendorf quadrangle (on the west) and the Patrick quadrangle (on the east), which are shown in greater detail in Fig. 3.
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Imagery of the Middendorf and Patrick quadrangles derived
from LiDAR point cloud data reveals relatively flat topographically
high areas incised by creeks and streams (Fig. 3). In the Mid-
dendorf quadrangle most of the creeks and streams are south-
flowing drainages associated with Big Black Creek, whereas in
the Patrick quadrangle most of the creeks and streams are east-
flowing drainages (e.g., Juniper Creek). A prominent north-
trending escarpment characterized by arcuate embayments at
stream headwaters forms the drainage divide between the two
major fluvial systems (Fig. 3).

Under prevailing climate conditions, the Carolina Sandhills re-
gion is stabilized by xeric sand community vegetation dominated
by pine trees (Christensen, 2000; Earley, 2004; Sorrie, 2011). In
Chesterfield County, the overstory vegetation is primarily longleaf
pine (Pinus palustris) and a groundcover of wiregrass (Aristida
stricta), which compose an ecosystem that is dependent upon
frequent ground fires (Earley, 2004). Other trees within this portion
of the Carolina Sandhills include turkey oak (Quercus laevis), dwarf
post oak (Quercus margarettae), and blackjack oak (Quercus mar-
ilandica). In addition, pond cypress (Taxodium ascendens) and
sweetgum (Liquidambar styraciflua) are present along some creeks.

Modern climate

The modern climate of Chesterfield County is humid and mes-
othermal with little or no water deficiency during any season
(climate classification of Thornthwaite, 1931, 1948). The mean
temperature varies from approximately 7�C in January to 27�C in
July (Fig. 4). Precipitation occurs throughout the year, mean annual
precipitation is approximately 119 cm, and average annual poten-
tial evapotranspiration is approximately 90 cm (Fig. 5). These
rg/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
values yield a ratio of annual precipitation to potential evapo-
transpiration (P:PE) of 1.32.

The directions of surface winds in the southeastern United
States vary seasonally (Fig. 4) and are mostly associated with cy-
clones and anticyclones, which are governed primarily by the
following three variables: (1) the westerlies; (2) the polar front jet
stream; and (3) the Bermuda High. During the winter (when the
latitudinal thermal gradient is greater), the polar front jet stream
moves to lower latitudes, the westerlies and the polar front jet
stream are stronger and exhibit predominantly zonal flow (flow
relatively parallel to the lines of latitude), and the Bermuda High is
weak (Sahsamanoglou, 1990; Harman, 1991; Davis et al., 1997). As
a result, surface winds over South Carolina blow predominantly
from the west and west-northwest, and most precipitation in
South Carolina is frontal in association with the polar front jet
streamwhere cold and dry continental polar air from Canada is in
contact with warm and humid maritime air from the Gulf of
Mexico (Court, 1974; Soul�e, 1998; Katz et al., 2003). In contrast,
during the summer the polar front jet stream moves to higher
latitudes, the westerlies and the polar front jet stream are weaker
and exhibit predominantly meridional flow (flow with large me-
anders and a greater north-south trajectory), and the Bermuda
High is strong (Sahsamanoglou, 1990; Harman, 1991; Davis et al.,
1997). As a result, surface winds over South Carolina change di-
rection and blow from the south via the Bermuda High, bringing
increased moisture from the Atlantic Ocean to South Carolina
(Court, 1974; Soul�e, 1998; Katz et al., 2003). Most precipitation
during the summer is associated with convection rather than
fronts. In addition, tropical cyclones (including hurricanes) occur
most frequently during June through October, and they account
for approximately 10e15% of the total precipitation in the Carolina
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Figure 3. Shaded relief map of the Middendorf and Patrick quadrangles, Chesterfield County, South Carolina. Two-meter elevation data are derived from LiDAR point cloud data
(South Carolina LiDAR Consortium, 2007, LiDAR and related data products, last accessed July 19, 2015 at http://www.dnr.sc.gov/GIS/lidar.html). White circles with numbers denote
OSL sites, and white squares denote small towns.

Figure 4. Data from January (left image) and July (right image) of modern mean temperature in degrees Celsius (Webb et al., 1993), and mean resultant velocity and direction of
surface winds based on hourly observations from 1951 through 1960 (data from Baldwin, 1975). The wind velocity in meters per second (m/s) is written inside each circle, and is also
denoted by the length of the gray arrows. The mean resultant wind is the vectorial average of all wind velocities and wind directions at a given place during the specified months for
1951 to 1960.
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Figure 5. Mean annual precipitation in centimeters (Webb et al., 1993) and mean annual evapotranspiration in centimeters (Thornthwaite, 1948).
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portion of the coastal plain (Court, 1974; Knight and Davis, 2007).
During some summers, however, the western sector of the
Bermuda High moves westward of its mean position to an inland
location over the southeastern United States, and moisture flux
from the Gulf of Mexico to the southeastern United States is
reduced (Stahle and Cleaveland, 1992).

The mean resultant velocity of surface winds in South Carolina
is <3 m/sec during any given month (Fig. 4), but there is some
variability (“gustiness”) around the mean. Detailed hourly data
from the Metropolitan Airport at the city of Columbia (Carolina
Sandhills region, approximately 100 km southwest of the Mid-
dendorf quadrangle) indicate that wind velocities of 6 m/sec or
greater occurred approximately 8% of the time per whole year
during the interval of 1981e2010 (www.ncdc.noaa.gov; accessed 18
August 2016). Using a 6 m/sec threshold wind velocity for eolian
sand mobilization, the 1981e2010 data yield a drift potential of 75
vector units (VU) and a resultant drift direction for eolian sediment
of 97� (slightly south of east). For reference, a drift potential of 75
VU is in the “low-energy wind environment” category of Fryberger
and Dean (1979).

Methods

Sediment grain sizes were described using terminology of
Wentworth (1922) and Folk (1954, 1980). Selected samples were
subjected to size analysis using a Malvern Mastersizer 2000 laser
diffractometer (Fitzwater, 2016). Other samples were subjected to
sieving analysis using mesh sizes at 0.5 phi (f) increments, and
sieving times of at least 15 min per sample (following Folk and
Ward, 1957; Folk, 1966). For sieved samples, sediment sorting
values were calculated from cumulative percent curves using the
sorting formula of Folk and Ward (1957), and sediment textural
maturity was described using terminology of Folk (1951, 1954,
1956). A binocular microscope was used to determine both
rg/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
sediment grain shape (using sphericity and roundness terminology
of Powers, 1953) and sediment grain composition. The determi-
nation of sediment composition was done visually via point
counting (following procedures of van der Plas and Tobi, 1965; Folk
et al., 1970; Folk, 1980).

Ground-penetrating radar (GPR) data were collected with a
Geophysical Survey Systems, Inc. (GSSI) towed-array data acquisi-
tion system using a Subsurface Interface Radar (SIR-3000) and 200
megahertz (MHz) antenna outfitted with an integrated survey
wheel that was calibrated in the field. Post-processing of GPR data
was conducted using RADAN (version 7) processing software.
Specific GPR setup parameters and post-processing filter con-
straints are described in Fitzwater (2016).

The ages of some sediment samples were determined using
optically stimulated luminescence (OSL) techniques at the U.S.
Geological Survey (USGS) luminescence laboratory in Denver, Col-
orado (Tables 1 and 2). Samples were collected in 0.8-m-long
opaque polyvinyl chloride (PVC) tubes that were hammered into
the sediment, in most instances at the base of pits dug into sand
hills and terraces. The tubes were then extracted and capped to
prevent light exposure. Following standard laboratory procedures
(Wintle and Murray, 2006; Mahan et al., 2007), the samples were
treated with acids to remove carbonate and organic matter, and
then sieved to extract fine-grained sand (250e180 mm). Quartz
sand was separated from other grains by heavy liquid immersion,
and quartz grains were etched by hydrofluoric acid to remove the
outermost layer. The purified quartz samples were analyzed using
the single-aliquot regeneration technique (Murray and Wintle,
2000, 2003), and a minimum of 20 aliquots were measured for
each sample. Dose response tests, preheat plateau tests, and ther-
mal transfer tests were performed to ensure that the sediment was
responsive to optical techniques and that proper preheat temper-
atures were used in producing the equivalent dose (DE) values. The
DE values were determined by the single-aliquot regenerative

http://www.ncdc.noaa.gov
https://doi.org/10.1016/j.yqres.2016.08.007


Table 1
Optically stimulated luminescence (OSL) data from sand of the Pinehurst Formation, Chesterfield County, South Carolina. CDA (Gy/ka) ¼ Cosmic Dose Additions (grays per
thousand years) as calculated using the methods of Prescott and Hutton (1994); DEPTH (cm) ¼ sample depth (centimeters below surface); DR (Gy/ka) ¼ total dose rate (grays
per thousand years) with cosmic dose additions (grays per thousand years) as calculated using the methods of Prescott and Hutton (1994); ELV (m) ¼ sample site elevation
(meters above sea level); K (%) ¼ potassium content (percentage); LAT ¼ latitude; LONG ¼ longitude; SITE # (Fig. 3) ¼ OSL site number shown in Fig. 3; Th (ppm) ¼ thorium
content (parts per million); U (ppm) ¼ uranium content (parts per million); USGS ID ¼ U.S. Geological Survey OSL laboratory sample identification code; WATER (%) ¼ field
moisture (complete sample saturation percentage in parentheses); YEAR ¼ Year during which sample age was determined.

USGS
ID

YEAR SITE #
(Fig. 3)

LAT (North) LONG (West) ELV (m) DPTH
(cm)

WATER
(%)

K (%) U (ppm) Th (ppm) CDA
(Gy/ka)

DR (Gy/ka)

1585 2013 3 34.56355 �80.13365 113 42e47 2 (22) 0.24 ± 0.04 1.57 ± 0.21 5.75 ± 0.52 0.20 ± 0.02 1.10 ± 0.08
1586 2013 3 34.56355 �80.13365 113 65e70 2 (16) 0.23 ± 0.04 1.51 ± 0.20 6.20 ± 0.56 0.19 ± 0.01 1.14 ± 0.08
1588 2013 5 34.58355 �80.10430 125 42 5 (19) 0.24 ± 0.04 1.07 ± 0.24 3.82 ± 0.35 0.20 ± 0.02 0.89 ± 0.39
1589 2013 5 34.58355 �80.10430 125 85 3 (22) 0.25 ± 0.02 1.70 ± 0.11 6.55 ± 0.26 0.19 ± 0.01 2.31 ± 0.87
1642 2013 4 34.55686 �80.12839 119 200 4 (27) 0.21 ± 0.04 1.05 ± 0.18 6.77 ± 0.37 0.16 ± 0.01 0.96 ± 0.05
1643 2013 4 34.55686 �80.12839 119 60 7 (28) 0.24 ± 0.04 1.80 ± 0.23 8.52 ± 0.47 0.19 ± 0.01 1.27 ± 0.06
1715 2014 6 34.62072 �80.05958 76 210 6 (28) 0.22 ± 0.04 1.88 ± 0.24 10.5 ± 0.31 0.16 ± 0.01 1.35 ± 0.04
1716 2014 6 34.62072 �80.05958 76 250 3 (26) 0.12 ± 0.06 1.33 ± 0.33 5.36 ± 0.43 0.15 ± 0.01 0.85 ± 0.07
1717 2014 6 34.62072 �80.05958 76 250 4 (25) 0.17 ± 0.04 1.28 ± 0.28 6.07 ± 0.59 0.15 ± 0.01 0.93 ± 0.08
1718 2014 2 34.52557 �80.22427 122 40 6 (30) 0.35 ± 0.03 0.84 ± 0.21 3.02 ± 0.53 0.21 ± 0.02 0.83 ± 0.10
1719 2014 2 34.52557 �80.22427 122 145 6 (25) 0.14 ± 0.04 1.04 ± 0.23 2.16 ± 0.47 0.17 ± 0.01 0.63 ± 0.10
1720 2014 1 34.62237 �80.23235 125 90 9 (30) 0.25 ± 0.05 1.26 ± 0.21 5.90 ± 0.41 0.19 ± 0.02 0.99 ± 0.05
1721 2014 1 34.62237 �80.23235 125 160 7 (28) 0.40 ± 0.06 2.67 ± 0.27 10.2 ± 0.68 0.17 ± 0.01 1.65 ± 0.09
1722 2014 1 34.62237 �80.23235 125 210 10 (25) 0.43 ± 0.04 2.67 ± 0.28 10.60 ± 0.48 0.16 ± 0.01 1.72 ± 0.07

Table 2
Optically stimulated luminescence (OSL) equivalent dose data and ages from sand of the Pinehurst Formation, Chesterfield County, South Carolina. Preferred ages (the ages
estimated to be the most accurate) are shown in bold (see text for explanation). AGE (ka) MAM ¼ age in thousands of years (ka) ago using the OSL Minimum Age Model-3 for
equivalent dose (DE) determinations; AGE (ka) Mean ¼ age in thousands of years (ka) ago using the mean OSL value for equivalent dose (DE) determinations; AGE (ka)
Weighted ¼ age in thousands of years (ka) ago using the weighted mean OSL value for equivalent dose (DE) determinations. The ages presented in this table are reported in
years before the date of age determination, and are presented with a one-sigma standard deviation of the age uncertainty; DE (Gy) MAM ¼ equivalent dose (grays) using the
Minimum Age Model-3 for DE determinations; DE (Gy) Mean ¼ equivalent dose (grays) using the mean OSL value for DE determinations (average of all DE with no filter or
model); DE (Gy)Weighted¼ equivalent dose (grays) using theweightedmean OSL value for DE determinations; disp. (%)¼ dispersion (percentage) calculated as the average of
the equivalent dose divided by the standard deviation of the equivalent dose; (n) DE¼ number of replicated equivalent dose estimates used to calculate themean value (total in
parentheses denotes the total number of measurements of subsamples or aliquots, including failed runs with unusable data); SITE # (Fig. 3)¼ OSL site number shown in Fig. 3;
USGS ID ¼ U.S. Geological Survey OSL laboratory sample identification code.

USGS ID SITE # (Fig. 3) DE (Gy) MAM DE (Gy) Weighted DE (Gy) Mean (n) DE Disp. (%) Age (ka) MAM Age (ka) Weighted Age (ka) Mean

1585 3 11.20 ± 0.45 12.40 ± 0.58 11.90 ± 0.70 12 (25) 26 10.16 ± 0.84 11.27 ± 0.98 10.82 ± 1.02
1586 3 27.50 ± 1.49 12.40 ± 1.15 29.10 ± 1.31 8 (30) 32 24.09 ± 2.20 24.12 ± 2.05 25.58 ± 2.22
1588 5 8.08 ± 0.33 8.36 ± 0.39 8.54 ± 0.49 24 (28) 11 9.08 ± 0.80 9.40 ± 0.82 9.60 ± 0.89
1589 5 22.60 ± 0.95 23.10 ± 0.87 26.60 ± 1.12 14 (24) 28 19.32 ± 1.63 19.65 ± 1.61 22.74 ± 1.91
1642 4 44.40 ± 1.91 44.20 ± 1.14 44.90 ± 3.04 9 (25) 40 46.29 ± 3.13 46.04 ± 2.67 46.77 ± 4.00
1643 4 32.90 ± 2.47 32.90 ± 2.47 33.60 ± 1.63 4 (17) 38 25.50 ± 2.30 26.46 ± 1.80 25.94 ± 2.30
1715 6 53.70 ± 3.20 63.80 ± 3.19 69.20 ± 3.18 15 (24) 31 39.80 ± 2.67 47.30 ± 2.78 51.30 ± 2.85
1716 6 53.20 ± 2.39 59.20 ± 1.36 57.00 ± 1.31 19 (24) 24 62.60 ± 5.64 69.60 ± 5.65 67.10 ± 5.46
1717 6 49.90 ± 2.25 44.00 ± 1.23 52.20 ± 1.30 18 (24) 41 53.70 ± 5.11 47.30 ± 4.19 56.10 ± 4.90
1718 2 5.78 ± 0.22 6.42 ± 0.38 7.33 ± 0.63 16 (20) 33 6.96 ± 0.91 7.73 ± 0.93 8.83 ± 1.33
1719 2 30.20 ± 1.45 30.80 ± 1.45 29.80 ± 1.62 21 (24) 20 47.90 ± 7.59 48.90 ± 7.73 47.30 ± 7.59
1720 1 36.50 ± 2.23 49.30 ± 2.22 52.40 ± 2.36 16 (20) 23 36.90 ± 3.16 49.80 ± 3.74 53.00 ± 3.89
1721 1 13.80 ± 0.65 15.20 ± 0.58 16.60 ± 0.75 18 (20) 21 8.41 ± 0.60 9.22 ± 0.61 10.10 ± 0.71
1722 1 18.80 ± 0.81 18.20 ± 0.82 19.00 ± 0.82 18 (24) 31 10.90 ± 0.64 10.60 ± 0.63 11.00 ± 0.64
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(SAR) dose protocol (Murray andWintle, 2000; Wintle and Murray,
2006).

The OSL ages were determined using an exponential and linear
fit on the DE data, and the ages are reported in years before the
measured date with a one-sigma standard deviation of the age
uncertainty (Tables 1 and 2). Determination of DE values was made
using the Minimum Age Model-3 (Galbraith and Laslett, 1993;
Galbraith et al., 1999), the weighted mean (similar to the Central
Age Model of Galbraith et al., 1999), and themean (average of all DE
values with no filter or model). All of the DE determinations and the
resultant ages are shown in Table 2.

The dosimetry samples were taken from the tube OSL samples,
and thus the dosimetry or dose rate (DR) data were measured
from the same sediment as each OSL sample. This sediment was
dried, homogenized by disaggregation, weighed, sealed in plan-
chets (techniques modified from Murray et al., 1987), and placed
in a gamma-ray spectrometer for determination of elemental
oi.org/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
concentration of potassium (K), uranium (U), and thorium (Th).
Field moisture (water content) was measured from the sediment
at the center of each tube in which the sample was collected.
Saturation moisture was determined by putting dry sediment in a
tube, weighing the tube, filling the tube with water, centrifuging
the tube (to simulate compaction), and then draining the water
out of the tube and reweighing the sediment. The saturation
moisture content is the difference between this new weight and
the initial dry sediment weight.

Description of the Carolina Sandhills in the Middendorf and
Patrick quadrangles

In the Middendorf and Patrick quadrangles, most of the land-
scape is covered by amantle of unconsolidated sand that is mapped
as the Pinehurst Formation. At many locations, the unconsolidated
sand is <2 m thick and forms a sand sheet of low relief. In areas of

https://doi.org/10.1016/j.yqres.2016.08.007


Figure 7. Outcrop of Cretaceous Middendorf Formation, capped by unconformity,
which is overlain by Quaternary Pinehurst Formation with OSL ages obtained using the
Minimum Age Model-3 (modified from Swezey et al., 2016). Shovel and hoe provide a
sense of scale. This location is OSL site #4 (Tables 1 and 2). Location of outcrop is
shown in Fig. 3. Similar details about the other OSL sites are available in Swezey et al.
(2016).
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higher elevation, however, the unconsolidated sand can be up to
10 m thick and forms subdued hills of up to 6 m relief with steeper
sides on the east and southeast (Fig. 6).

The unconsolidated sand (Pinehurst Formation) rests on an
unconformity above a unit of sandstone, muddy sandstone to
muddy sand, andmud that is mapped collectively as the Cretaceous
Middendorf Formation (Fig. 7). There is considerable relief on this
unconformity (up to 5m in places). Most outcrops of the Cretaceous
strata consist of grayish red (5R 4/2) to dark yellowish orange (10YR
6/6) medium to coarse sandstone or sand (color nomenclature from
Goddard et al., 1963). At many locations, the Cretaceous strata
immediately beneath the unconformity display pedogenic
mottling, and primary sedimentary structures are not obvious.
Sieving analyses of individual samples of Cretaceous sand revealed
that the most frequently occurring grain size ranges from medium
sand (lower) to coarse sand (lower), and the most frequently
occurring sorting values (sf) range from 1.01 to 1.80 (poorly sor-
ted). The sand-size grains consist mostly of quartz (99%) with 1%
mica and opaque minerals. Most of the quartz grains of medium
sand size and coarser are subrounded to subangular, ranging from
high sphericity to low sphericity.

The unconsolidated sediment (Pinehurst Formation) above the
Cretaceous strata consists of grayish orange (10 YR 7/4) sand. Visual
inspection of samples in the field showed that most of the sediment
is medium sand (upper) to coarse sand (lower). Sieving analyses
revealed that most samples have grain sizes ranging from fine
(lower) sand (2.75 f, or 0.149 mm) to coarse (lower) sand (0.75 f,
or 0.59 mm), and the most frequently occurring grain size of indi-
vidual samples ranges frommedium (upper) to coarse (lower) sand
(1.5e0.74 f, or 0.35e0.59 mm). Sorting values (sf) vary from 0.76
to 1.65 (moderately sorted to poorly sorted). The sand-size grains
consist predominantly of quartz (99%) with 1% mica and opaque
minerals. Most of the quartz grains of medium sand size and
coarser are subrounded to subangular, ranging from high sphericity
to low sphericity. Textural maturity of the samples ranges from
immature to submature.

Exposures of the unconsolidated sand (Pinehurst Formation)
do not display primary sedimentary structures, although some
structures are visible in GPR data. For example, several GPR tra-
verses across sand hills revealed 2e5-m thick sets of southeast-
dipping cross-bedding at depths below 2 m (Fig. 8). Most expo-
sures display evidence of bioturbation by vegetation (plant roots),
Figure 6. Shaded relief map showing details of “sandhill” morphology in the Mid-
dendorf quadrangle, Chesterfield County, South Carolina. Two-meter elevation data are
derived from LiDAR point cloud data (South Carolina LiDAR Consortium, 2007, LiDAR
and related data products, last accessed July 19, 2015 at http://www.dnr.sc.gov/GIS/
lidar.html). Location of image is shown in Fig. 3.
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and pedogenic features such as soil lamellae and modest argillic
horizons. Soil types range from deeply weathered plinthitic ulti-
sols to argillic ultisols to sandy entisols, and a few exposures
reveal a buried argillic Bt horizon. In the U.S. Department of
Agriculture soil survey of Chesterfield County (Morton, 1995),
most of the area covered by the Pinehurst Formation is mapped as
Alpin sand or Candor sand.

The OSL ages provide an absolute chronology for the Pinehurst
Formation. Samples from 6 sites yielded OSL ages ranging from ca.
75 to 6 ka ago (Table 2; Fig. 9). One of these sites is shown in
Figure 7, and additional details of these sites are given in Swezey
et al. (2016). Using a one-sigma standard deviation of the age un-
certainty, one group of OSL ages ranges from ca. 75 to 37 ka, another
group of OSL ages ranges from ca. 28 to 18 ka, and a third group of
OSL ages ranges from ca. 12 to 6 ka.

Reliability of OSL data

For all OSL samples, the DR results were relatively homogenous
(Table 1) and thus several potential problems such as OSL signal
variation or disequilibrium in the UeTh decay chain were not
considered to be significant impediments to age determination.
Some DE recovery tests had less scatter than the natural tests,
indicating that some grains in the natural test carried larger
luminescence signals. Such larger luminescence signals are
thought to have been caused by in-situ dose hot-spots (concen-
trations of heavy minerals or minerals with large K or U contents)
that accumulated during sediment deposition. The larger lumi-
nescence signals are not thought to have been caused by partial
bleaching (non-zeroing) because: (1) the associated skew and
scatter of DE were not indicative of partial bleaching (i.e., there
were only a few outliers rather than a uniform skew of progres-
sively larger DE); (2) the DR results were low with observed
scattered grains of apatite, potassium feldspar, and zircon; and (3)
the dispersion in the results ranged from 11 to 41% (average ~26%).
Thus, the most probable cause of the observed patterns of scatter
in the DE values is that a few grains of quartz were subjected to
increased local radiation by proximity to feldspar or heavy min-
eral grains.

http://www.dnr.sc.gov/GIS/lidar.html
http://www.dnr.sc.gov/GIS/lidar.html
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Figure 8. Ground-penetrating radar (GPR) traverse over a sand hill in the Patrick quadrangle, Chesterfield County, South Carolina. Traverse location is shown in Fig. 3.
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For many of the samples, the effects of bioturbation on the OSL
ages are thought to be negligible because of the absence of the
following features that are typically associated with bioturbation
(e.g., Bateman et al., 2007a,b): (1) high dispersion values (e.g.,
consistently >25%); (2) apparently zero-dose grains declining
with depth from the surface; (3) significant differences between
single grains and single aliquots; and (4) greatly skewed multi-
modal DE distributions. Some of the OSL samples, however, have
relatively high dispersion values (26e41%), which may indicate
that some local dose heterogeneity, sediment mixing, or bio-
turbation has occurred. In these instances, any potential effects of
possible bioturbation are not thought to be very great, possibly
because bioturbation in the area is caused primarily by plant roots
rather than by animal activity that would be more likely to move
buried grains to the surface. Three samples from OSL site #6
(USGS1715, -1716, -1717), for example, have significant differences
in dispersion values (24%, 31%, and 41%), but relatively similar OSL
ages. The similarity of the ages suggests that bioturbation may not
be a significant problem, or that bioturbation occurred only
within discrete beds. Two samples from OSL site #4 (USGS1642,
-1643) also have higher dispersion values (38%, 40%), and it is
possible that these samples have been subjected to bioturbation,
and thus the ages should be considered to be minimum ages of
eolian sediment mobilization. Nevertheless, the ages of these two
samples are consistent with the ages of other samples with lower
dispersion values. Two samples from OSL site #2 (USGS1718,
-1719) have very different dispersion values (20%, 33%), and the
sample with the larger dispersion value yielded a very young age
of ca. 7 ka. It is possible that this sample has been subjected to
bioturbation, and thus the age should be considered to be a
minimum age of eolian sediment mobilization. The OSL age of this
sample, however, is similar to the age of sample USGS1588 from
OSL site #5, which had a dispersion value of only 11%, and thus the
age of the sample with the 33% dispersion value (USGS1718) may
be reliable.

Table 2 shows separate columns with OSL age estimates ac-
cording to various statistical models (Minimum Age Model-3,
Weighted, Mean). In these columns, the preferred ages (those
estimated to be the most accurate) are shown in bold. These
preferred ages were chosen as follows: If the dispersion is <25% (as
determined by the R program radial plot, following Galbraith and
Roberts, 2012), then the preferred age is that obtained by the
weighted mean. If the dispersion is� 25%, then the preferred age is
that obtained by the Minimum Age Model-3. This choice of statis-
tical models for the equivalent dose and the resulting ages follows
the recommendations of Galbraith and Roberts (2012) and
Reimann et al. (2012), although these authors used a dispersion
cutoff value of 20%. For the Carolina Sandhills samples, however, a
20% cutoff value was considered to be too restrictive and a 25%
cutoff value was used instead because of the possibility of grains
oi.org/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
having been mixed in the initial deposit via post-depositional dis-
turbances (as discussed by Galbriath et al., 2012).

Interpretation of depositional environments

The unconsolidated sand (Pinehurst Formation) of the Carolina
Sandhills is interpreted as eolian sand sheets and dunes derived
from the underlying Cretaceous sand, mobilized repeatedly during
conditions of colder temperatures and reduced vegetation cover,
and then subsequently degraded and stabilized by pedogenesis and
vegetation. As outlined below, the eolian interpretation of the
Pinehurst Formation is derived from an assemblage of the
following five characteristics: (1) sandhill location; (2) sandhill
morphology and primary sedimentary structures; (3) OSL ages; (4)
grain-size data; and (5) bioturbation and pedogenic features. Any
one of these characteristics alone is not necessarily diagnostic of an
eolian depositional environment, but the total assemblage of these
characteristics, as well as the overall setting and relations with
underlying strata, suggest that an eolian interpretation is most
likely.

Sandhill location

The location of the Pinehurst Formation places some constraints
on possible sediment sources and rules out some depositional en-
vironments. For example, the sand of the Pinehurst Formation is
not located adjacent to obvious Quaternary fluvial channels that
might have provided a sediment source. However, the sand is
located exclusively in areas where the Cretaceous Middendorf
Formation is near the surface (noted by Cooke, 1936; Ridgeway
et al., 1966). This spatial association of the Pinehurst Formation
with outcrops of the Cretaceous sandstone and sand strongly sug-
gests that the Pinehurst Formation was derived from the underly-
ing Cretaceous strata.

Sandhill morphology and primary sedimentary structures

In relatively flat topographically high areas, the sand of the
Pinehurst Formation forms hills of up to 6 m relief, with steeper
sides on the east and southeast (Fig. 6). Although primary sedi-
mentary structures are not visible in exposures of the Pinehurst
Formation, the steeper sides of the hills being on the east and
southeast is consistent with dip directions of cross-bedding in GPR
data (Fig. 8), thus suggesting that the hill morphology is relict
depositional topography of bedforms (dunes) rather than erosional
topography unrelated to depositional processes. Furthermore, if the
steeper sides of the hills are the lee sides of bedforms, then the fluid
that mobilized the bedforms would have flowed from west to east
and (or) northwest to southeast.

https://doi.org/10.1016/j.yqres.2016.08.007


Figure 9. Chart of OSL ages from the Carolina Sandhills (using the preferred OSL ages as indicated in Table 2), OSL ages from parabolic eolian dunes in coastal plain river valleys
(from Swezey et al., 2013), and OSL ages from eolian sand rims of Carolina Bays (from Ivester et al., 2002, 2003; Moore et al., 2014, 2016), as well as evidence for wind activity from
ODP site 1060 (from Lopez-Martinez et al., 2006). The numbers above the Carolina Sandhills columns refer to OSL sites shown in Fig. 3. Data for these samples are given in Tables 1
and 2. LGM ¼ last glacial maximum; YD¼Younger Dryas event.
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OSL ages

The OSL ages from the Pinehurst Formation range from ca. 75 to
6 ka ago (Table 2; Fig. 9), and thus provide some constraints on
possible depositional environments. Most of the OSL ages range
from ca. 75 to 22 ka, and are approximately coincident with ice
sheet growth and the last glacial maximum (LGM) in the northern
hemisphere, using the dates of ca. 115 ka for the inception of the
Laurentide Ice Sheet (Mix, 1992; Kleman et al., 2010) and ca. 31,100
to 23,200 calibrated years before present (cal yr BP) for the LGM
rg/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
[reported by Clark et al. (2009) as 26.5 to 19e20 ka in radiocarbon
years before present (14C yr BP), and converted to cal yr BP using the
program CALIB 6.1.1 (available at http://calib.qub.ac.uk/calib), in
conjunction with Stuiver and Reimer (1993) and Reimer et al.
(2009)]. There are apparent gaps in the OSL ages from ca. 37 to
28 ka and from ca. 18 to 12 ka. A final episode of eolian sediment
mobilization is revealed by several OSL ages ca. 12 to 6 ka. Most of
these ages are approximately coincident with the interval from the
Younger Dryas event, which is dated at 12,800 to 11,500 cal yr BP
(Alley et al., 1993), through the final collapse of the Laurentide Ice

http://calib.qub.ac.uk/calib
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Sheet, which is dated at ca. 8.2 ka (Barber et al., 1999; Shuman et al.,
2002). No OSL ages from the study area are younger than ca. 6 ka,
and thus it appears that since this date the dune morphology has
been degraded, and the sand has been stabilized by vegetation and
subjected to pedogenic processes.

The OSL ages rule out the possibility of the Pinehurst Formation
being beach deposits because sea level was well below the eleva-
tion of the Carolina Sandhills region during the time of the OSL
ages. Likewise, the OSL ages rule out the possibility of the sand
being associated with the Chesapeake Bay impact crater, which
formed during the Eocene (Powars, 2000). The OSL ages also rule
against fluvial deposits because the sand blankets most of the
landscape and is not spatially associated with obvious fluvial
channels. Furthermore, the OSL ages from the Pinehurst Formation
are coincident with OSL ages from other known eolian features
elsewhere in the southeastern United States (e.g., Ivester et al.,
2001; Swezey et al., 2013; Markewich et al., 2015; Moore et al.,
2016).

Grain-size data

In the Middendorf and Patrick quadrangles, the Pinehurst For-
mation consists primarily of moderately sorted to poorly sorted
medium sand (upper) to coarse sand (lower). The relatively coarse
grain size and poor sorting suggest that the sand has not traveled
very far from its source, which is believed to be the underlying
Cretaceous sand. The interpretation that the Pinehurst Formation is
derived from the underlying Cretaceous sand is strengthened by
the fact that sand of the Pinehurst Formation has only slightly finer
grain size modes and only slightly better sorting than the Creta-
ceous sand. This conclusion is consistent with observations by
Ridgeway et al. (1966), who noted that the two units (Pinehurst
Formation and underlying Middendorf Formation) have similar
grain sizes and similar abundance and composition of heavy
minerals.

For the interpretation of an eolian environment, the Pinehurst
Formation grain-size data can appear to be misleading at first
because many eolian sediments are moderately sorted to well
sorted fine sand (e.g., Ahlbrandt, 1979; Goudie and Watson, 1981;
Lancaster, 1986, 1989; Goudie et al., 1987). A search of the litera-
ture, however, reveals numerous examples of relatively coarse-
grained eolian sand dunes and sand sheets. Restricting the dis-
cussion to quartz grains, eolian dunes composed of predominantly
coarse sand have been described from several cold-climate settings
such as Colorado in the United States (Ahlbrandt, 1979; Fryberger
et al., 1979), the east side of Hudson Bay in Canada (Ruz and
Allard, 1995), and the coasts of England and Denmark (Knight
et al., 1998; Saye and Pye, 2006; Clemmensen et al., 2007). Eolian
sand sheets and (or) wind ripples composed of coarse sand to
granule size grains have been described from several cold-climate
settings such as Colorado (Andrews, 1981), various locations in
Canada (Cailleux, 1974; Good and Bryant, 1985; McKenna-Neuman
and Gilbert, 1986; McKenna Neuman, 1990; Germain and Filion,
2002), Greenland (Willemse et al., 2003), Scotland (Ballantyne and
Whittington, 1987), and Antarctica (Calkin and Rutford, 1974; Selby
et al., 1974; Ackert, 1989; Gillies et al., 2012).

Many examples of relatively coarse eolian sediments are from
cold environments because cold winds are more effective at eolian
transport than warm winds (Selby et al., 1974; McKenna Neuman,
1989, 1993, 2003, 2004). Specifically, grain impacts on cold sur-
faces are more elastic than impacts onwarm surfaces. Furthermore,
as air temperature decreases, there is an increase in air density, an
increase in turbulence intensity of the air flow, a decrease in air
viscosity, a decrease in the amount of water vapor in the air, and a
decrease in cohesion among grains. Air density is proportional to
oi.org/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
the drag force on a grain moving in air, and thus as air density in-
creases there is a decrease in the threshold shear velocity and an
increase in the movement of relatively coarse grains for any given
drag velocity. In other words, it is easier to entrain particles at lower
temperatures. As a specific example, wind tunnel experiments have
shown that �12�C air can entrain particles 40e50% larger in
diameter than þ32�C air (McKenna Neuman, 2003).

As a final comment about grain-size data, a previous study of the
Carolina Sandhills used moment method statistics to create bivar-
iate plots of grain-size data (mean grain size, sorting, kurtosis,
skewness), and these plots were then used to make interpretations
of depositional environments (Leigh, 1998). The interpretation of
such plots is based on claims that they yield viable information for
discriminating depositional environments (e.g., Friedman, 1961,
1979; Moiola and Weiser, 1968; Moiola et al., 1968). However,
many subsequent studies using different bivariate plots have
revealed no distinct segregation of data according to depositional
environment (Slee et al., 1964; Gees, 1965; Solohub and Klovan,
1970; Glaister and Nelson, 1974; Stapor and Tanner, 1975; Taira
and Scholle, 1979; Tucker and Vacher, 1980; Thomas, 1987).
Despite a long history of attempts to use bivariate plots of grain-size
data to identify depositional environments, the general conclusion
from these studies is that bivariate plot field boundaries for depo-
sitional environments are subjective and not reliable, and their use
results in oversimplification and ambiguous (or contradictory) re-
sults (Amaral and Pryor, 1977; Tucker and Vacher, 1980; Ehrlich,
1983; Forrest and Clark, 1989).

Bioturbation and pedogenic features

The lack of primary sedimentary structures in exposures of the
Pinehurst Formation is attributed to bioturbation (plant roots) and
pedogenesis, which can be common in vegetated eolian sands (e.g.,
Glennie and Evamy,1968; Ahlbrandt et al., 1978). Certain pedogenic
features such as soil lamellae and modest argillic Bt horizons may
indicate a lower limit to significant bioturbation, especially at lo-
cations where these features appear 1e2 m below the ground
surface. Buried Bt horizons are visible in several exposures of the
Candor soil series (Morton, 1995; Whittecar and Fitzwater, 2016).
These pedogenic features and the lack of obvious primary sedi-
mentary structures in the upper few meters of the Pinehurst For-
mation suggest that the surfaces of sand sheets and dunes were
stabilized by vegetation during one or more episodes for a duration
long enough to form soil profiles and for bioturbation to obliterate
primary sedimentary structures.

Discussion

The OSL ages suggest that there may have been several episodes
of eolian sediment mobilization in the Carolina Sandhills region.
One group of ages ranges from ca. 75 to 37 ka (coincident with ice
sheet growth in the northern hemisphere), and another group of
ages ranges from ca. 28 to 18 ka (approximately coincident with the
LGM in the northern hemisphere). There appear to be gaps in the
OSL ages from ca. 37 to 28 ka and from ca. 18 to 12 ka. It is possible
that the eolian sediment may have been stabilized during these
times, but it is also possible that additional OSL ages may fill in
these gaps.

The interpretation of the Carolina Sandhills (Pinehurst Forma-
tion) as eolian sand sheets and dunes is consistent with other ev-
idence for eolian activity in the southeastern United States during
the last glaciation. For example, parabolic eolian dunes were active
ca. 40 to 19 ka in river valleys of the coastal plain from Georgia to
Delaware (Markewich and Markewich, 1994; Ivester et al., 2001;
Swezey et al., 2013; Markewich et al., 2015). Additional evidence
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comes from Carolina Bays, where eolian sand ridges on the
southeast margins of various bays have yielded OSL ages ranging
from ca. 44.3 to 18.8 ka (Ivester et al., 2002, 2003; Moore et al.,
2014, 2016). In addition, compounds of higher terrestrial plants
off the east coast of the United States at Blake Outer Ridge (ODP Site
1060, ~31� N latitude) provide a record of several abrupt changes in
westerly winds from ca. 60 to 30 ka (Lopez-Martinez et al., 2006).
At this site, greater concentrations of terrestrial plant compounds
(derived from the continent by eolian processes) are correlated
with cold events and stronger westerly winds blowing off the
continent.

A subsequent episode of eolian mobilization of the Pinehurst
Formation is revealed by several OSL ages ranging from ca.12 to 6 ka,
and most of these ages are approximately coincident with the
Younger Dryas (ca. 12,800 to 11,500 cal yr BP) through the final
collapse of the Laurentide Ice Sheet at ca. 8.2 ka. Of the six sites with
multipleOSL ages in vertical succession (Fig. 9), theuppermost age at
four sites fallswithin this ca.12 to 6 ka range. It is possible that eolian
sandmobilization began at many places in the study area during the
Younger Dryas, and that the OSL ages indicate not the total time of
eolian sand mobilization but only the time that eolian mobilization
ceased at specific sites. The interpretation of eolian sediment
mobilization during the Younger Dryas in the Carolina Sandhills is
consistent with evidence for eolian mobilization of dunes on the
floodplain of the Savannah River ca. 14.4 to 11.4 ka (Swezey et al.,
2013) and eolian mobilization of Carolina Bay sand rims ca. 13.6 to
10.3 ka (Ivester et al., 2002, 2003; Moore et al., 2014, 2016).

Finally, no OSL ages from the Pinehurst Formation are younger
than ca. 6 ka, and thus it appears that since this date the sand has
remained stabilized by vegetation and has been subjected to
pedogenic processes. In other words, climate changes since ca. 6 ka
have not exceeded thresholds for eolian mobilization of the sand.

Vegetation during episodes of eolian sediment mobilization

Some eolian sand sheets may develop simply because of coarse
grain size, whereas othersmay develop because of a combination of
coarse grain size and the presence of vegetation (Kocurek and
Nielson, 1986). In the case of the Carolina Sandhills, it seems
likely that some vegetation was present when the eolian sand was
mobile. The paleosols in the study area imply the presence of for-
ests that were capable of producing enough organic litter during a
long enough time to generate the acids needed to form Bt soil
horizons.

Coincident with the proposed eolian activity during the last
glaciation, pollen data from nearby sites within the Carolina
Sandhills indicate that from ca. 22,860 to 20,750 cal yr BP the region
was dominated by a forest of boreal spruce and pine (Watts, 1980;
Taylor et al., 2011), although the tree cover then was much less
dense than in modern boreal forests (Watts, 1983; Overpeck et al.,
1992; Cowling, 1999; Williams et al., 2000; Williams, 2002). Data
reported by Watts (1980) from White Pond (Kershaw County, SC)
approximately 70 km SW of the Middendorf quadrangle indicate
that the time interval of ca. 19,100 14C yr BP (ca. 22,860 cal yr BP)
was characterized by high abundance of spruce (Picea) and pine
(Pinus), low abundance of oak (Quercus), and absence of hickory
(Carya) and beech (Fagus). Likewise, data reported by Taylor et al.
(2011) from Ft. Jackson (Richland County, SC) approximately
90 km SW of the Middendorf quadrangle indicate that the time
interval of ca. 18,100 to 17,400 14C yr BP (ca. 21,650 to 20,750 cal yr
BP) was characterized by high abundance of spruce and pine, low
abundance of oak, and absence of beech. They interpreted this taxa
association (especially the abundant spruce with pine) as being
correlative with a dry and cool climate. In contrast, however, the
interpretation of dry conditions during the last glaciation is not
rg/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
consistent with interpretations by Leigh and Feeney (1995) of
greater precipitation ca. 31 to 28 ka on the basis of fluvial paleo-
channel morphologies in Georgia.

Although not a record of great resolution, data fromWhite Pond
indicate that the time interval of ca. 12,800 to 9550 14C yr BP (ca.
15,400e14,300 to 11,000e10,800 cal yr BP) was characterized high
abundance of hickory, beech, and oak, low abundance of pine, and
absence of spruce (Watts, 1980). This interval encompasses both
the time of deglaciation and the Younger Dryas (Fig. 9).

Coincident with a proposed subsequent episode of eolian ac-
tivity during the Younger Dryas through the final collapse of the
Laurentide Ice Sheet, high-resolution pollen records from Florida
indicate that the Younger Dryas was dry and cool, with an initial
slightly drier phase ca. 12.9 to 12.3 ka and a later significantly drier
phase ca. 12.3 to 11.4 ka (Willard et al., 2007; Bernhardt et al., 2012).
In contrast, some lower-resolution pollen studies from fluvial set-
tings have suggested that the Younger Dryas may have been moist
and cool in the southeastern United States (e.g., LaMoreaux et al.,
2009). Yet other studies have concluded that the Younger Dryas
record is not readily apparent in the regional fluvial record (e.g.,
Leigh, 2008).

Post-Younger Dryas pollen data from the Carolina Sandhills are
reported from Ft. Bragg (Cumberland County, NC) approximately
125 km NE of the Middendorf quadrangle, and from Ft. Jackson
(Richland County, SC). The data from Ft. Bragg indicate that the time
interval of ca. 9110 14C yr BP (ca. 10,270 to 10,210 cal yr BP) was
characterized by relatively high abundance of pine and low abun-
dance of oak, whereas the time interval of ca. 8950 to 8420 14C yr BP
(ca. 10,210 to 9310 cal yr BP) was characterized by relatively low
abundance of pine and increased abundance of oak (Goman and
Leigh, 2004). Likewise, the data from Ft. Jackson indicate that the
time interval of ca. 8900 to 5800 14C yr BP (ca. 10,020 to 6660 cal yr
BP) was characterized by high abundance of oak and beech, low
abundance of pine, and absence of spruce (Taylor et al., 2011). The
authors interpreted the greater abundance of oak as being correl-
ative with greater precipitation and a warmer climate. This inter-
pretation of greater precipitation during the early Holocene is
consistent with conclusions by Leigh and Feeney (1995) on the
basis of fluvial paleochannel morphologies in Georgia.

A compilation of regional pollen data suggests that during the
LGM the tree species of Chesterfield County were dominated by
jack pine (Pinus banksiana), that spruce composed approximately
10% of the trees, and that fir (Abies) composed approximately 3e4%
of the trees (Delcourt and Delcourt, 1985). For comparison, jack
pine is the dominant tree today in boreal forests of southern
Manitoba and east-central Ontario (Whitehead, 1973; Delcourt and
Delcourt, 1985). Sand plains similar to the Carolina Sandhills are a
favored habitat of jack pine in the Great Lakes region of North
America (Watts, 1980).

According to pollen data, the southern limit of the boreal forest
during the LGM was located at ~33e34� N latitude (Delcourt and
Delcourt, 1983, 1984, 1985). Woodcock and Wells (1990) place
this boundary closer to 33� N latitude (Fig. 10). For comparison, this
boundary in North America today is located in northern Michigan
and southern Ontario at ~47e48� N latitude (Brandt, 2009).
Although Brandt (2009) cautions that extremes of weather rather
than mean conditions may be more important for governing the
distribution of plants, the southern boundary of the boreal forest
today corresponds with an average number of 120 frost-free days
(Watts, 1983) and a mean temperature of 20�C for the warmest
month (Wolfe, 1979). An LGM July temperature of 20�C at 33� N
latitude is only slightly different from estimates by Jackson et al.
(2000), who indicated that the area of Chesterfield County had a
mean LGM July temperature of ca. 21�C and a mean LGM January
temperature of ca. �17�C (Fig. 10).

https://doi.org/10.1016/j.yqres.2016.08.007


Figure 10. Estimates of paleoclimate conditions for January and July during the last glacial maximum. Shaded area denotes the Carolina Sandhills. Temperature estimates in degrees
Celsius are from Jackson et al. (2000). Southern limit of boreal forest is from Woodcock and Wells (1990).
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Paleo-wind interpretations

In addition to temperature parameters, the southern boundary
of the boreal forest today corresponds with the mean winter po-
sition of the polar front jet stream (Delcourt and Delcourt, 1983,
1984, 1985). If this coincidence also occurred during the LGM, then
the mean winter position of the polar front jet stream during the
LGM would have been located at ~33e34� N latitude. This inter-
pretation is consistent with many climate models, which suggest
that the polar front jet stream and the westerlies shifted to lower
latitudes during the LGM (CLIMAP, 1976; Gates, 1976; McIntyre
et al., 1976; Street and Grove, 1979; Broccoli and Manabe, 1987;
COHMAP Members, 1988; Kutzbach et al., 1993, 1998; Bartlein
et al., 1998; Whitlock et al., 2001; Shin et al., 2003; Otto-Bliesner
et al., 2006; Li and Battisti, 2008).

In Chesterfield County, the relict dune morphologies are
consistent with winds that mobilized these dunes blowing from
west to east and (or) from northwest to southeast. These in-
terpretations of wind direction are consistent with previous studies
of parabolic eolian dunes in coastal plain river valleys that suggest
that the winds that mobilized the river valley dunes blew from the
west in Georgia, that the winds shifted gradually across the Caro-
linas to blow from the southwest in North Carolina, and that the
winds blew from the northwest in Maryland and Delaware (Carver
and Brook, 1989; Markewich and Markewich, 1994; Ivester and
Leigh, 2003; Swezey et al., 2013).

The dune morphologies of the Carolina Sandhills (Pinehurst
Formation) are more consistent with modern January wind di-
rections than July wind directions (Fig. 4), prompting speculation
that dune mobilization may have occurred preferentially during
the winter. Consistent with modern wind directions, models by
Kutzbach et al. (1998) suggest that surface winds in the south-
eastern United States blew generally from the west during the
oi.org/10.1016/j.yqres.2016.08.007 Published online by Cambridge University Press
LGM winter and from the southeast during the LGM summer
(Fig. 10). Under modern conditions, the westerlies and the polar
front jet stream are certainly stronger during winter than summer.
Furthermore, the Bermuda High (which dominates much of the
present summer wind behavior) is thought to have been weaker
during the LGM (Oglesby et al., 1989; Bartlein et al., 1998) and/or is
thought to have been displaced to the east relative to its position
today (Forman et al., 1995).

The relatively coarse grain size of the Pinehurst Formation
(mean range of 0.35e0.59 mm) provides some indication of wind
velocities that might have mobilized the sand. In relatively warm
low-latitude regions, typical threshold wind velocities for sus-
tained eolian mobilization of 0.25e0.50 mm diameter quartz sand
are 4e6 m/sec (e.g., Hsu, 1974). Fryberger and Dean (1979), for
example, used a threshold wind velocity of 11.6 knots (6 m/sec) in
their calculations of a threshold wind velocity for eolian sediment
drift potential of 0.25e0.33 mm diameter quartz sand. In the
Carolina Sandhills, modern wind velocities of 6 m/sec or greater
occur approximately 8% of the time per whole year (Weber et al.,
2003) (www.ncdc.noaa.gov; accessed 18 August 2016). This low
frequency of modern higher-velocity winds does not necessarily
preclude modern eolian sand transport in the Carolina Sandhills.
For example, in a study from the Ordos Plateau in China, Liu et al.
(2005) documented eolian mobilization of dune sand, even
though the total duration of sand-transporting winds was 8.4% of
the year at one locationwhere the vegetation cover ranged mostly
from semi-fixed (5e50%) to fixed (>50%) and 6.6% of the year at
another location where the vegetation cover ranged mostly from
shifting (<5%) to semi-fixed (5e50%). Nevertheless, none of the
OSL ages from the Carolina Sandhills is younger than ca. 6 ka.

With regards to eolian mobilization of 0.35e0.59 mm diameter
sand during the LGM, it is important to consider the effects of air
temperature, which would have been much cooler than modern

http://www.ncdc.noaa.gov
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temperatures. As mentioned above, it is easier to entrain particles
at lower air temperatures, and experiments have shown that�12�C
air can entrain particles 40e50% larger in diameter than þ32�C air
(McKenna Neuman, 2003). Thus, as a rough approximation, the
wind velocity required for sustained eolian mobilization of
0.35e0.59 mm diameter sand (mean size range of the Pinehurst
Formation) during the LGM winter (January temperature of
ca. �17�C, according to Jackson et al., 2000) would have been
approximately the same as the wind velocity required for sustained
eolian mobilization of 0.25e0.50 mm diameter sand under rela-
tively warm conditions today (such as those investigated by Hsu,
1974). In other words, sustained eolian mobilization of the Car-
olina Sandhills (Pinehurst Formation) during the LGM winter
would have required wind velocities of at least 4e6 m/sec. Air
temperatures during the LGM summer would have been warmer,
and thus even greater wind velocities would have been required to
mobilize the sand during the LGM summer.

Conclusions

The Carolina Sandhills is a 15e60 kmwide physiographic region
of abundant sand that extends from the western border of Georgia
to central North Carolina in the updip portion of the Atlantic Coastal
Plain province of the southeastern United States. In Chesterfield
County of South Carolina, the “sandhills” consist of moderately
sorted to poorly sortedmedium to coarse sand. This unconsolidated
sand is mapped as the Pinehurst Formation, and is interpreted as
eolian sand sheets and dunes derived from the underlying Creta-
ceous sand during conditions of cooler temperatures and reduced
vegetation cover. OSL ages indicate that there have been several
episodes of eolian sand mobilization. Two sets of OSL ages range
from ca. 75 to 37 ka and 28 to 18 ka, and are generally coincident
with growth of the Laurentide Ice Sheet and the last glacial
maximum (LGM). Another set of OSL ages ranges from ca. 12 to 6 ka
andmost of these ages are coincident with the Younger Dryas event
through final collapse of the Laurentide Ice Sheet. These OSL ages
from the Carolina Sandhills are coincident with other evidence for
eolian sediment mobilization in the southeastern United States
during this time (e.g., parabolic eolian dunes in coastal plain river
valleys, Carolina Bays). Since ca. 6 ka, however, eolian dune mor-
phologies have been degraded, and the sand has been stabilized by
vegetation and subjected to pedogenic processes. This stabilization
by vegetation has occurred in associationwith a general increase in
air temperature, an increase in vegetation density, and an overall
change to a less arid climate.

Although dunes are less common than sand sheets within the
Carolina Sandhills, the relict dune morphologies and cross-
bedding are consistent with winds blowing from the west and
(or) northwest. These inferred wind directions are most consis-
tent with modern January wind directions and inferred LGM
January wind directions, suggesting that eolian sand mobilization
may have occurred preferentially during the winter. The pre-
dominance of sand sheets over dunes is attributed to the coarse
grain size and to the likely presence of some vegetation when the
sand was mobilized (although vegetation density would have
been less than it is today). Finally, the relatively coarse grain size
suggests that eolian sand mobilization during the LGM winter
would have required wind velocities of at least 4e6 m/sec, after
taking into account the effects of colder air temperatures on eolian
sand transport.
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