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a b s t r a c t

Sediments along the Atlantic Coastal Plain (ACP) of North America have been the focus of numerous
paleontological investigations and yielded a diverse array of vertebrate remains; yet the depositional
environments associated with their preservation are poorly understood. In this study, we present a
multidisciplinary analysis of the depositional environment at Clark Quarry, a late-Pleistocene, fossil-rich
locality located within the ACP in Georgia, USA. Clark Quarry is currently positioned 15 km west of the
Atlantic Ocean coast and lies within the Princess Anne Terrace, a 100e80 ka paleobarrier-island complex.
Fossil-bearing sediments at Clark Quarry are interpreted to have been deposited as a low-energy, fluvial
environment that subsequently reworked low-lying terrain of the Princess Anne Terrace backbarrier.
Interpretations of digital elevation models (DEM) and infrared stimulated luminescence (IRSL) ages on K-
rich feldspar sand grains indicate that this region was an estuarine zone backing (i.e., westward) the
Princess Anne paleobarrier island that was subsequently reworked by fluvial activity 68e52 ka. These
new interpretations, paired with additional radiocarbon ages from fossil carbonates and overlying soil
horizons, indicate that radiocarbon samples may have been influenced by isotopic exchange and should
be interpreted as minimum age estimates. Additionally, ground-penetrating radar (GPR) surveys in
conjunction with DEM analysis may have captured the subsurface signature of a meandering fluvial
system transitioning to a braided style, emphasizing the dynamic nature of this depositional environ-
ment. Non-preferential orientation of excavated long bones suggests multidirectional paleoflow, further
suggesting a braided stream influence. When considered in conjunction, these data: 1) indicate that Clark
Quarry represents a spatially and temporally resolved window into the late-Pleistocene ecosystem in
southeastern North America, and 2) suggest that existing radiocarbon data from late-Pleistocene ACP
localities should be considered with caution.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil-bearing localities within the southeastern Atlantic Coastal
Plain (ACP) of North America have yielded abundant Pleistocene-
aged vertebrate remains (Voorhies, 1971; Hulbert and Pratt, 1998;
Mead et al., 2006; Patterson et al., 2012). Although these fossil as-
semblages have provided important insights into the taxonomy
.T. Seminack).
(e.g., Hulbert and Pratt,1998; Parmley et al., 2020) and ecology (e.g.,
Noble et al., 2020) of several lineages, a key challenge has been
placing them within a precise depositional and temporal context.
Many fossils from the region have been collected in association
with dredging operations, thereby removing them from their pri-
mary geologic context (Hulbert and Pratt, 1998), while others were
dated using imprecise biochronological methods (Kurt�en and
Anderson, 1980).

In this study, we employ a multidisciplinary approach to better
understand the temporal and depositional context of a locality
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called Clark Quarry along coastal Georgia (Fig. 1). This locality
preserves in situ vertebrate fossils dominated by well-preserved
remains of the Columbian mammoth (Mammuthus columbi), the
giant long-horned bison (Bison latifrons; Mead et al., 2006;
Patterson et al., 2012; Noble et al., 2020), a wide array of small
mammals (Rhinehart, 2021), reptiles, and amphibians (Parmley
et al., 2020), as well as estuarine and marine mollusks.

Clark Quarry lies adjacent to the historic Brunswick-Altamaha
Canal (Fig. 1), which was first scientifically explored by Sir Charles
Lyell in 1846 (Lyell, 1849). Lyell collected several specimens
including a proboscidean molar that became the type specimen of
M. columbi (Falconer, 1857). Clark Quarry is likely within 2 km of
Watkin's Quarry (exact location is unknown), which yielded a near-
complete skeleton of Eremotherium (giant ground sloth; Voorhies,
1971). The similarity, as well as proximity of these two localities
indicate that the depositional circumstances at Clark Quarrymay be
characteristic of the broader region. Early radiocarbon ages of fos-
sils collected at Clark Quarry suggested that sediments were
deposited 22.3e19.8 cal ka BP (Mead et al., 2006; Patterson et al.,
2012).
2. Regional setting

The ACP is bounded by the Atlantic Ocean to the east, and
Precambrian-to-Paleozoic rock along the Blue Ridge and Piedmont
physiographic provinces to the west. Surficial sediments decrease
in age seaward, ranging from Cretaceous along the fall line to
modern at the present-day coast (Lawton et al., 1976). Exquisitely
preserved paleobarrier-island complexes in the form of terraces are
found along the southeastern ACP, ranging in age from late Pleis-
tocene to Holocene (Hoyt and Hails, 1967; Hoyt et al., 1968; Hails
and Hoyt, 1969a, 1969b; Wehmiller et al., 2004; Willis, 2006;
Doar and Kendall, 2014). Terraces along the ACP in Georgia were
formed by late-Pleistocene sea-level high stands. Included in each
terrace are the former barrier island and the backing lower-lying
estuary deposits. In total, six Pleistocene terraces are preserved
along the ACP in Georgia, from oldest (most landward) to youngest
Fig. 1. Digital elevation model (DEM) of the Clark Quarry area. A) Location of Clark Quarry (
extent of the barrier-island deposits (dashed line) of the Pamlico and Princess Anne Terrac
Topographic Profiles A-A0 and BeB’ (see Fig. 3). C) DEM showing the location of Clark Qu
southeast) and backbarrier (lower elevation in the center) portions of the Princess Anne Terra
northwest). The locations of GPR profiles are displayed with arrows demonstrating the dire
Princess Anne Terrace. D) DEM displaying relict geomorphic features interpreted as a mean
Anne paleobarrier islands. Black lines indicate the extent of the fluvially-influenced area. (Fo
the Web version of this article.)
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(most seaward): Wicomico, Penholoway, Talbot, Pamlico, Princess
Anne, and Silver Bluff (Hoyt and Hails, 1967; Lawton et al., 1976).
Relative ages of terraces are based on associated scarp elevation
and distance from the coast. This study primarily focuses on the
Princess Anne Terrace.

Seaward-draining fluvial systems have continually reworked
the ACP landscape. Leigh (2006, 2008) and Leigh et al. (2004)
suggest that river systems along the southeastern ACP transi-
tioned from braided to meandering patterns near the Pleistocene-
Holocene boundary. Leigh et al. (2004) indicate that the proximal
Altamaha-Oconee River (Fig. 1) valley transitioned from a
meandering to braided river system as early as 70 ka (Marine
Isotope Stage [MIS] 4) and back to meandering 16e14 ka (MIS 2),
with braiding being coeval with local aeolian deposit development.
The switch to a braided fluvial stylewas likely caused by an increase
in sediment load, channel bank instability, and a punctuated runoff
season in response to cooler and drier paleoclimates during this
period (Leigh et al., 2004; Leigh, 2006).
3. Local setting

Clark Quarry is located within the ACP, 15 km from the present-
day U.S. Atlantic coast, 12 km south of the Altamaha River, and 5 km
north of the Turtle River (Fig. 1). Both the Turtle and Altamaha
Rivers currently exhibit a meandering style and flow in a general
southeast direction, discharging into the Atlantic Ocean. Clark
Quarry is located within the backbarrier of the Princess Anne
Terrace, 0.5 km landward (west) of the transition to the
paleobarrier-island sediments (Hoyt et al., 1968; Ward et al., 1971;
Patterson et al., 2012). A wide range of dates for the genesis of the
Princess Anne Terrace have been proposed, ranging from 100 to 80
ka (based on uranium disequilibrium series, amino acid racemiza-
tion, and optically stimulated luminescence; Wehmiller et al.,
2004; Willis, 2006; Doar and Kendall, 2014), thereby spanning
most of MIS 5 (130e71 ka; Lisiecki and Raymo, 2005). Here, we
leverage a multi-disciplinary approach (biologic, geochronologic,
sedimentologic, and geomorphic) to establish a more precise age
red box) in relation to the U.S. Atlantic and Gulf of Mexico coasts. B) DEM showing the
es. Additionally, the extent of panels C and D are outlined, along with the locations of
arry (starred), FLETC satellite pit (starred), the barrier island (higher elevation in the
ce, in addition to a portion of the Pamlico Terrace barrier island (higher elevation to the
ction data were collected. Clark Quarry is located within the backbarrier portion of the
dering-to-braided fluvial system that once flowed between the Pamlico and Princess
r interpretation of the references to color in this figure legend, the reader is referred to
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control and depositional history for the vertebrate remains asso-
ciated with Clark Quarry.

4. Methods

4.1. Remote sensing

A digital elevation model (DEM) was analyzed to interpret and
identify geomorphic features and their spatial relationship to Clark
Quarry. Topographic profiles were constructed using the DEM. The
DEM utilized an assemblage of Light Detecting and Ranging (LIDAR)
datasets collected by the Coastal Georgia Elevation Project (GCEP;
January to March 2010); Chatham County, Georgia (February
2006); Liberty County, Georgia (March 2006); and Glynn County,
Georgia (March to April 2001). These data have a vertical resolution
of 15 cm, a horizontal resolution of 1 m, and use the North Amer-
ican Vertical Datum of 1988 (NAVD88). It is important to note that
0 m NAVD88 is equivalent to �0.16 m mean sea level (MSL) at
Fernandina Beach, FL (National Oceanic and Atmospheric Admin-
istration [NOAA] tide gauge 8720030), 63 km south of Clark Quarry
(NOAA, 2021).

4.2. Geophysics

A high-resolution ground-penetrating radar (GPR) survey was
conducted in the area proximal to Clark Quarry (Fig. 1C) with a GSSI
200 MHz shielded antenna fitted with an SIR 4000 control unit. A
total of 3.2 km of GPR transects were collected in general shore-
normal and shore-parallel orientations. Much of the data
collected was affected by signal attenuation due to a ~1 m thick
subsurface mud unit; however, two GPR transects did attain signal
penetration depths of 3.5 m or greater. Post-processing including
gain restoration, background removal, and a finite impulse
response (FIR) filter utilizing a high pass of 145MHzwas performed
using the GSSI RADAN 7 software. Because of the complex sub-
surface stratigraphy, an average dielectric constant (er) of 10 (cor-
responding to a wave velocity of 9.5 cm/ns) was utilized to
approximate for depth.

4.3. Trenching and sediment samples

Clark Quarry was excavated to a depth of 2.5 m, where the water
table was encountered. Existing excavationwidth is estimated to be
10 m. In addition to ground-truthing geophysical data, the exca-
vation served as a means of collecting sediment samples for
textural analysis, radiocarbon, and luminescence dating. Excavation
sidewalls were photographed, and the underlying shallow stratig-
raphy was visually described in terms of color, sediment size,
sedimentary structures, mineralogy, and biological content (Fig. 2).

Stratigraphic units consisting of fine-grained sediment (i.e.,
clay- and carbonate-rich units) were documented by visual
description in the field. Soil horizons were identified following the
United States Department of Agriculture (USDA) soil taxonomy
nomenclature (Soil Survey Staff, 2014). Sediment samples were
collected from the sand-dominated stratigraphic units for textural
analysis. Sand samples were desiccated and disintegrated at the
University of North Georgia Sedimentology Laboratory. Samples
were split using a Homboldt Riffle-Type Sample Splitter into
10e20 g sample sizes and sieved at 0.25 ɸ intervals with a Gilsonic
AutoSiever Sonic Sifter. Textual analysis of sand samples followed
the methods described by Folk (1980). Statistics were calculated
using the GRADISTAT macro for Microsoft Excel (Blott and Pye,
2001) and utilized the Folk and Ward method for mean, sorting,
and skewness (Folk and Ward, 1957).
3

4.4. Bone orientation

Fluvial processes can preferentially orient fossil remains (Toots,
1965a, 1965b; Voorhies, 1969; Lyman, 1994). Variables such as the
ratio between channel width and bone length/shape, articulated
versus disarticulated bones, and the makeup of channel thalweg
may affect bone orientation upon burial in a channel (Voorhies,
1969; Hanson, 1980; Frison and Todd, 1986; Lyman, 1994). Specif-
ically, streamflow tends to orient long bones with a heavier end
(e.g., limbs and thoracic vertebrae) parallel to the direction of flow,
while bones with equally distributed weight (e.g., ribs) tend to
orient their long axis perpendicular to streamflow direction
(Voorhies, 1969; Lyman, 1994). Shipman (1993) recommends at
least 72 bone measurements be utilized in a paleoflow study to
account for bone orientations that are not a function of fluvial ac-
tivity (e.g., trampling). In total, 72 inclination and orientation
measurements of M. columbi and B. latifrons limb bones (n ¼ 16),
thoracic vertebrae (n ¼ 16), and ribs (n ¼ 40) were collected during
excavations at Clark Quarry (see Fig. 2A for an image of in situ
B. latifrons bones within the excavation and Fig. 2C for the strati-
graphic context of the fossiliferous unit). Mirrored rose diagrams
(Shipman, 1993; Lyman, 1994; Martin, 1999) were constructed us-
ing orientationmeasurements of bones to determine flow direction
during their burial at a grid interval of 5�.

4.5. Radiocarbon dating

Five fossil samples were collected for 14C dating by accelerator
mass spectrometry (AMS). These samples consisted of bone
(B. latifrons) and shell (eastern oyster, Crassostrea virginica) mate-
rial. Samples were collected via excavation. Bone bioapatite was
analyzed following Cherkinsky (2009) due to the lack of collagen
preservation. Additionally, 11 soil and sediment samples from
above the fossil horizon were collected for 14C dating by AMS.
Sample analyses were conducted at the Center for Applied Isotope
Studies at the University of Georgia following standard laboratory
procedures (Cherkinsky et al., 2010). Results were calibrated in
OxCal version 4.4 (Ramsey, 2021) using the IntCal20 curve (Reimer
et al., 2020) for terrestrial samples and the Marine20 curve (Heaton
et al., 2020) for marine samples. A reservoir correction (DR)
of�286 ± 68 years was obtained from an average of nine DR values
from St. Catherines Island, GA, USA (Thomas, 2008), and applied to
marine mollusk shell samples.

4.6. Infrared stimulated luminescence dating

Luminescence dating provides an age estimate of the last
exposure of minerals (typically quartz or feldspar) to light or high
heat (Aitken et al., 1964; Huntley et al., 1985). Following burial or
removal from heat, ionizing radiation from the surrounding sedi-
ments and incident cosmic radiation leads to the accumulation of
trapped charge (ionized electrons) within defects in the mineral-
lattice (Aitken, 1998). This stored energy is released as lumines-
cence (photons of light) when exposed to controlled light or heat
conditions in the luminescence laboratory. The intensity of the
luminescence signal corresponds to the amount of radiation
absorbed over time (following a linear function that becomes
saturating exponential at higher doses) and is related to the
radioactivity of the sample site (Aitken, 1998). The laboratory dose
required to reproduce the natural dose (burial dose) is known as
the DE (equivalent dose, reported in Gy). The environmental
radioactivity of the sample site is known as the DR (dose rate, re-
ported in Gy/kyr). The age is calculated by dividing the DE by the DR.

In this study, infrared stimulated luminescence (IRSL) dating on
K-rich feldspar sediment (125e212 mm) was performed on five



Fig. 2. Image and interpretation of the Clark Quarry excavation. A) Uninterpreted image of the excavation; location of Bison latifrons rib fragments highlighted. B) Image of the
excavation overlain with facies interpretations, mammal and mollusk radiocarbon sample locations and ages, and IRSL sample locations and ages. Fossils are found in Unit 4, which
is interpreted as fluvial in origin. Unit 5 is interpreted as the backbarrier environment of the Princess Anne Terrace. C) Stratigraphic column describing the lithology of the excavation
at Clark Quarry.

Fig. 3. Topographic profiles of the Pamlico and Princess Anne Terraces, in addition to the low-lying area separating the two paleobarrier islands. See Fig. 1B for the location of the
topographic profiles. V.E. ¼ vertical exaggeration. A) Topographic Profile A-A0 extending across the eastern portion of the Pamlico Terrace, Clark Quarry, the entire Princess Anne
Terrace, and the western portion of the Silver Bluff Terrace. Dashed white lines distinguish the approximate boundary of former barrier island and backbarrier environments. B)
Topographic Profile BeB0 is situated 6.8 km north of Clark Quarry. Dashed white lines distinguish the approximate boundary of former barrier island and backbarrier environments.
Note the undulating topography displaying hypothesized channels and interfluves within the fluvial sediments, just west of the Brunswick Canal.
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samples. Four samples were collected from the main excavation
(CQ-19-1, CQ-19-2, CQ-19-3, CQ-19-4; Fig. 2) and one sample was
obtained from the FLETC satellite pit 1.2 km northeast of Clark
4

Quarry (FLETC-OSL-1-19-155cm; Fig. 1). Each IRSL sample con-
tained three subsamples, the DE sample, the DR sample, and awater
content sample collected in an airtight container. Samples for DE
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analyses were collected at the trench sidewall in 3.8-cm by 20.3-cm
opaque metal tubes (so as not to expose the sample to light), and
the DR sample was collected from sediments within a 30-cm radius
of the DE sample in a plastic bag. Water content samples were
collected after tube extraction from as far back into the trench wall
as possible to avoid desiccation effects at the exposure.

The five sediment samples were processed and analyzed at the
Utah State University Luminescence Laboratory in North Logan,
Utah. DE sample tubes were opened under dim amber light
(~590 nm) and ~3 cm of potentially light-exposedmaterial from the
outer ends of tubes was removed and discarded prior to further
processing. The remaining sediment was thenwet sieved to a target
grain-size range (125e212 mm), treated with 10% hydrochloric acid
and hydrogen peroxide to dissolve carbonates and organicmaterial,
respectively. Feldspar grains were twice separated from higher
density minerals using sequential 2.7 g/cm3 and 2.58 g/cm3 a heavy
liquid sodium polytungstate solution, and dried at room tempera-
ture (Wintle, 1997).

Luminescence measurements were made on K-rich feldspar
sand grains following the IRSL single-aliquot regenerative dose
(SAR) method of Wallinga et al. (2000) on 1-mm multi-grain ali-
quots (~5e10 grains per aliquot). Infrared measurements were
performed on Risø TL/OSLModel DA-20 readers with infrared light-
emitting diodes (LEDs; 870 ± 40 nm) and reader dose rates of
0.10 Gy/s from a decaying 90Sr beta source (Bøtter-Jensen et al.,
2003). The luminescence signal was measured through a blue fil-
ter pack of 2-mm and 4-mm thick filters (BG-39 and Corning 7e39,
respectively) over 100 s (250 channels) at 50� C with LED diodes at
85% power (~120 mW). The resultant signal was calculated by
subtracting the average of the last 10 s (chnls 225e250; back-
ground signal) from the first 0.8 s (chnls 1e2; peak signal) of the
signal decay curve. Preheat conditions prior to natural, regenerative
and test dose signals were at 250� C, held for 60 s (Blair et al., 2005).
Dose response curves were fit within saturating-exponential and
saturating-exponential plus linear fits to calculate individual
aliquot DE values.

The IRSL ages were calculated by correcting individual DE
measurements for fading (loss of signal with time, g2days
%/decade) using the method of Auclair et al. (2003) and the age
correction model of Huntley and Lamothe (2001). Cumulative DE
and IRSL age values were calculated using the Central Age Model
(CAM) of Galbraith and Roberts (2012). Only one out of all aliquots
run (75 total between 5 samples) was rejected from further ana-
lyses because the natural DE value was greater than the highest
regenerative laboratory dose given. Uncertainty on DE estimates are
reported at 2-sigma standard error and 1-sigma standard error for
the IRSL age. Random and systematic uncertainties include in-
strument calibration, and dose rate and equivalent dose calcula-
tions and were calculated in quadrature using the methods of
Aitken and Alldred (1972) and Gu�erin et al. (2011).

DR samples were dried, homogenized, and analyzed for radio-
isotope concentration of K, Rb, Th, and U using ICP-MS and ICP-AES
techniques. These concentration values were converted to alpha,
beta, and gamma dose rates using conversion factors from Adamiec
and Aitken (1998) and Gu�erin et al. (2011). Internal beta dose rate
from K was added to the dose rate calculation, assuming a mineral
composition of 12.5% K on feldspar grains (following Huntley and
Baril, 1997), and attenuated to water content and grain size using
factors outlined by Mejdahl (1979) and Aitken (1985). For the in-
ternal Rb content, we assumed 400 ppm following Huntley and
Hancock (2001) and attenuated the internal beta dose rate to wa-
ter content. Finally, due to the lack of etched edges on the feldspar
grains, an alpha effectiveness value (‘a-value’) is used to correct the
saturated nature of traps along highly ionizing alpha tracks (Aitken,
1985). We assume an alpha efficiency of 0.086 ± 0.009 following
5

Rees-Jones (1995) in the alpha contribution to the total dose rate.
Contribution of cosmic radiation to the dose rate was calculated
using sample depth, elevation, latitude, and longitude following
Prescott and Hutton (1994). Total dose rates were calculated based
on water content, radioisotope concentrations, and cosmic dose
rate (Aitken and Xie, 1990; Aitken, 1998; Adamiec and Aitken,
1998).

4.7. Constraining IRSL age uncertainties

The principle of superposition was utilized to constrain the
uncertainties associated with age-dating samples. Therefore, the
age range of each sample will continually decrease upwards in the
section, assuming the lack of significant sedimentological mixing.
The mean age and uncertainty range was plotted for each sample
according to depth. Age uncertainty ranges were truncated if a
portion of the overlying sample was older than the uncertainty
range of the underlying sample, or if a portion of the underlying
sample uncertainty range was younger than the uncertainty range
of the overlying sample. This method was utilized to further
constrain the timing of deposition withing the stratigraphic
column.

5. Results

5.1. Remote sensing

Clark Quarry is located within the former backbarrier environ-
ment (i.e., western side) of the Princess Anne Terrace based on the
geomorphic interpretation of the DEM (Fig. 1B and C). Backing the
Princess Anne Terrace (further westward) is the Pamlico Terrace. A
series of relict meandering-to-braided channels in a general north-
south orientation between the two paleobarrier islands are present
in the DEM, north of Clark Quarry (Fig. 1D).

Topographic profile A-A0 represents a northwest-southeast ori-
ented transect from the seaward (eastern) portion of the Pamlico
barrier island and across the entire Princess Anne Terrace (Figs. 1B
and 3A). The profile intersects the study site at the 1,200 mmark in
the profile. Within this profile, the Pamlico barrier island deposits
reach a maximum elevation of 4.33 m (NAVD88), then decrease to
3.82 m seaward (east). The Pamlico barrier island transitions to the
Princess Anne estuarine platform at the 970mmark along A-A'. The
estuarine platform of the Princess Anne Terrace is found between
the 970 and 1,750 m marks of Profile A-A'. Clark Quarry is located
near the center of the estuarine platform. It should be noted that
Profile A-A0 intersects the Brunswick Canal (3.13 m elevation) at the
1,180 mmark in the transect. The elevation of Profile A-A0 increases
on the Princess Anne barrier island to a maximum of 4.28 m. The
Princess Anne barrier island has a width of 3,600 m along Profile A-
A'. Generally, Profile A-A0 displays the Princess Anne barrier island
as asymmetrical in shape, with topography dipping to the south-
east. The backbarrier portion of the Silver Bluff Terrace is displayed
between the 5,420 mmark and the eastern terminus of Profile A-A'
(5,840 m mark), exhibiting undulating topography near 3.00 m in
elevation.

Topographic Profile BeB0 displays the terrain 4 km north of Clark
Quarry (Fig. 1B, D, and 3B), within the vicinity of the hypothesized
former braided channel-like features, in a northwest-southeast
orientation. The profile extends from the easternmost portion of
the Pamlico barrier island, across the Princess Anne Terrace back-
barrier platform, to the westernmost portion of the Princess Anne
barrier island (Fig. 1B, D, and 3B). Within this topographic profile,
the Pamlico barrier island reaches a natural topographic high of
4.90 m at the 32 m mark. Another topographic high is observed at
the 412 m mark for U.S. Interstate Highway 95 (Fig. 3B). Elevation



C.T. Seminack, J.D. Thornburg, A.J. Mead et al. Quaternary Science Reviews 284 (2022) 107496
decreases from the 32 m point to the seaward terminus of the
Pamlico barrier island at the 900 m mark. The Princess Anne
Terrace backbarrier platform is displayed between the 900 and
2,930 m marks and has an undulating surficial expression ranging
from 3.63 to 4.03 m in elevation. Profile BeB0 intersects the
Brunswick Canal at the 1,910 m mark. The slight topographic highs
on either side of the canal are likely dredge spoils associated with
its construction. Finally, Topographic Profile BeB0 intersects the
Princess Anne barrier island at the 2,930 m mark and continues to
the eastern terminus of the profile at the 3,446mmark. Elevation of
the Princess Anne barrier island reaches a maximum of 4.44 m at
the 3,231 m mark.
5.2. Geophysics

GPR Profile 5 was collected 0.5 km southeast of Clark Quarry and
had signal penetration of approximately 3.5 m (Figs. 1C and 4). At
least seven shore-parallel channel features were interpreted within
the 105m profile (Fig. 4B). The radargram reveals a complex system
of small, overprinted channels ~15e20 m in width. A larger 47-m
wide channel was imaged between the 8 and 55 m marks of the
transect. This is interpreted as a younger channel because it cuts
across adjacent channels. A larger channel was also imaged at the
easternmost portion of the profile (80e105 m markers); however,
the eastern boundary, as well as the bottom of the channel were not
imaged within the radargram.

GPR Profile 18 was located 1.3 km northeast of Clark Quarry and
had signal penetration of approximately 6 m (Figs. 1C and 5). Many
paleochannels were interpreted in the radargram. All channels
(except one) have a width of 10e20 m and a scouring depth of
approximately 3 m. A larger paleochannel was imaged along the
bottom half (below a depth of 3 m) of the profile. The floor of this
paleochannel was not imaged in the radargram, and thus the depth
of maximum scour exceeds 6 m. Easterly-dipping clinoforms are
imaged from 3 to 6 m in depth, west of the larger lower paleo-
channel (5e65 mmarks), as well as westerly-dipping clinoforms at
a similar depth to the east (95e120 m marks).
5.3. Trenching and sediment samples

The excavation at Clark Quarry extends 2.5 m below the surface
and is limited in depth by the presence of groundwater (Fig. 2). Five
stratigraphic units were identified within the excavation (Fig. 2B
and C). Units 1 through 3 are soil horizons. Unit 1 represents the O-
Horizon extending from a depth of 0e0.40m. Unit 2 is a Bk-Horizon
spanning from 0.40 to 0.72 m. Unit 3 represents the Bk/C-Horizon
Fig. 4. GPR data showing multiple overprinted channels. Data were collected 0.5 km southe
shows a series of at least seven stacked paleochannels within a 105 m span. The largest chan
the south, towards the Turtle River. Channels floors are delineated by numbered bolded lin
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extending from 0.72 to 1.09 m. Unit 4 is a fossil-rich unit consisting
of tan-colored, fine quartzose sand, interspersed with iron nodules
extending from 1.09 to 1.80 m of the excavation. Three shell hash
lenses span horizontally along the bottom 0.30 m of the unit. No
other sedimentary structures were identified within Unit 4. Unit 5
is greenish-gray, fine quartzose sand that spans from 1.80 m to the
bottom of the excavation (~2.5 m). The bottom of Unit 5 was not
unearthed. This unit contains abundant intact and fragmented bi-
valves (Crassostrea virginica), fragmented and intact gastropods
(Ilyanassa obsoleta), and some vertical burrows. No terrestrial fos-
sils were present within this unit.

Textural analysis was performed on sandy Units 4 and 5 (Fig. 6).
Mean grain-size analysis indicated that all samples were within the
fine sand size class; however, two general vertical grain-size trends
were apparent (Fig. 6A). Samples from the lowest extent of the
excavation, 210 cme170 cm, show little fluctuation in grain size,
with all samples nearly 2.8 4 (0.14 mm) in diameter. Samples from
160 to 100 cm display a fining-upward succession; mean grain size
decreases from 2.2 4 (0.22 mm) at 160 cm to 2.7 4 (0.15 mm) at
100 cm.

Textural analysis reveals two vertical trends in sorting (Fig. 6B).
Samples from 210 to 170 cm yielded similar results, straddling the
well sorted and very-well sorted categories. A sharp decrease in
sorting occurs between the 170 and 160 cm samples, decreasing
from very-well sorted to moderately sorted, respectively. Samples
from 150 cm to 100 cm increase slightly in sorting upward, with
values in the moderately sorted category.

Finally, two vertical trends are apparent in the skewness results
from the excavation. Sediment samples from 210 to 170 cm exhibit
near symmetrical skewness and increase in value to fine skewed at
170 cm. Skewness values decrease sharply at 160 cm to the strongly
coarse skewed category. Finally, skewness values gradually increase
upwards to near symmetrical at the top of the sand units at 100 cm.
5.4. Bone orientation

M. columbi and B. latifrons limbs, thoracic vertebrae, and ribs did
not display a definitive preferred orientation. Weak evidence of
alignment may be apparent in the east-southeast to west-
northwest direction, (Fig. 7A). Additionally, some nearly north-to-
south alignment is occurring for rib bones (Fig. 7B).
5.5. Age dating

The two chronometric techniques (IRSL and radiocarbon) uti-
lized in this study yielded varying results (Tables 1 and 2). IRSL
ast of Clark Quarry. A) Uninterpreted GPR data. B) Interpreted GPR data. The radargram
nel has a width of 50 m and a depth of 3.5 m. Interpreted flow for these channels is to
e tracings.



Fig. 5. GPR data showing a change in fluvial style from meandering to braided. Data were collected 1.3 km southeast of Clark Quarry within the paleoestuary of the Princess Anne
Terrace. A) Uninterpreted GPR data. B) Interpreted GPR data. This radargram displays a larger, deeper channel between the 60- and 110-m marks, scouring more than 4.5 m below
the surface. The larger channel appears to have been meandering in a back-and-forth motion as evidenced by opposing clinoform on either side of the channel floor. Multiple
smaller, shallower channels overprint the deeper channel between approximated depths of 0e3.5 m. This radargram likely captures the transition from a meandering to braided
fluvial style. Channels floors are delineated by bolded line tracings.

Fig. 6. Textural analysis of the quartzose-dominated, sandy Units 4 and 5 at Clark Quarry. A) Mean grain size versus depth. The overlying fluvial unit displays a fining-upward
succession. B) Sorting versus depth. C) Skewness versus depth.

Fig. 7. Mirrored rose diagrams of excavated Mammuthus columbi and Bison latifrons A)
limbs (n ¼ 16) and thoracic vertebrae (n ¼ 16), and B) ribs (n ¼ 40) from Clark Quarry.
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samples generally decrease in age upward through the strati-
graphic section (Table 1; Fig. 8A). Samples from the Clark Quarry
excavation resulted in a cluster of consecutively overlapping dates
7

ranging from 68.23 to 52.24 ka, while the satellite pit sample
collected lateral to Clark Quarry (FLETC-OSL-1-19) yielded a date of
53.93 ± 5.20 ka (Table 1; Figs. 1C and 8A). Sample CQO-19-3 does
imply a slightly older age than CQO-19-4 (64.77 ± 5.92 ka vs.
62.48 ± 5.75 ka, respectively), despite being collected 15 cm above
CQO-19-4. These two samples were likely penecontemporaneous,
which explains the large overlap with the shallower sample
exhibiting the older mean age. The three IRSL ages from strati-
graphic Unit 4 at Clark Quarry and the IRSL age from the FLETC
satellite pit are interpreted as a fluvial depositional setting and have
a common overlap window of 59.13e58.85 ka based on sample
uncertainty truncations. More details on DE distribution, DR
chemistry, and luminescence properties are available in the sup-
plemental section (Table S1; Figure S1).

Direct radiocarbon dates on fossil samples collected from the
same sandy stratigraphic Units 4 and 5 resulted in a separate non-
overlapping population of dates, which are significantly younger
compared to the IRSL samples. These dates spanned from 28.6 to
19.3 cal ka BP (Table 2; Fig. 8B). Radiocarbon ages on soils and
sediments overlying the fossil bed (Units 1e3) are younger overall,
and ages generally increase with depth, with some notable strati-
graphic reversals.



Table 1
Infrared stimulated luminescence (IRSL) age information.

Sample num. USU num. Num. Of aliquotsa Sample Depth (m) Dose rate (Gy/ka) Fading Rate g2days (%/decade) Equivalent Doseb ± 2s (Gy) IRSL agec ± 1s (ka)

CQO-19-1 USU-
3090

14 (14) 1.27 3.54 ± 0.19 1.87 ± 0.30 171.83 ± 11.30 57.65 ± 5.41

CQO-19-2 USU-
3091

12 (13) 1.47 3.87 ± 0.21 1.58 ± 0.15 201.22 ± 11.59 60.03 ± 5.58

CQO-19-3 USU-
3092

16 (16) 1.72 2.86 ± 0.15 1.19 ± 0.08 166.17 ± 9.64 64.77 ± 5.92

CQO-19-4 USU-
3093

16 (16) 1.87 3.29 ± 0.17 1.23 ± 0.14 183.77 ± 10.43 62.48 ± 5.75

FLETC-OSL-1-19-
155cm

USU-
3094

16 (16) 1.55 4.46 ± 0.26 1.59 ± 0.04 208.21 ± 12.99 53.93 ± 5.20

a Age analysis using the single-aliquot regenerative-dose procedure of Wallinga et al. (2000) on 1-mm small-aliquots of feldspar sand (125e212 mm) at 50 �C IRSL. Number
of aliquots used in age calculation and number of aliquots analyzed in parentheses.

b Equivalent dose (DE) and IRSL age calculated using the Central Age Model (CAM) of Galbraith and Roberts (2012).
c IRSL age on each aliquot corrected for fading following the method by Auclair et al. (2003) and correction model of Huntley and Lamothe (2001).

Table 2
Ages and descriptions of 14C samples. Calibrated ages rounded to nearest hundred.

SAMPLE ID
DEPTH (m) MATERIAL d13C (‰ VPDB) 14C YR BP CAL YR BP 95% PROBABILITY RANGE

Soils/sediments
CQ-RAD-A1 0e.02 A1 soil, bulk organics �27.2 modern 0
CQ-RAD-A1 .08e.12 A1 soil, bulk organics �26.9 160 ± 20 300e0
CQ-RAD-A1 .26e.30 A1 soil, bulk organics �23.2 1,710 ± 20 1,700e1,500
CQ-RAD-Abc .35e.37 ABc soil, bulk organics �22.9 1,910 ± 20 1,900e1,700
CQ-RAD-Bc .52e.55 Bc soil, bulk organics �26.4 1,630 ± 20 1,600e1,400
concretion .62e.68 carbonate concretion �10.5 3,780 ± 25 4,300e4,000
CQ-RAD-Bc2Ab .77e.82 Bc2AB buried soil, bulk organics �24.5 3,390 ± 25 3,700e3,500
CQ-RAD-2Ab .86e.90 2AB buried soil, bulk organics �25.3 5,520 ± 30 6,400e6,200
CQ-RAD-2AB 1.00e1.05 2AB buried soil, bulk organics �23.9 5,980 ± 30 7,000e6,700
CQ-RAD-2Bf 1.22e1.25 2Bf buried soil, bulk organics �25.5 5,820 ± 30 6,800e6,500
CQ-RAD-2BfC 1.42e1.45 2BfC sediment, bulk organics �26.2 3,020 ± 30 3,400e3,000
Fossils
1-6-3-19 b 1.33 B. latifrons rib, bioapatite �6.5 16,150 ± 40 19,600e19,300
1-6-3-19a 1.45 B. latifrons rib, bioapatite �6.5 17,140 ± 40 20,900e20,500
CQ-RAD-5 1.77 mollusk shell �1.6 24,490 ± 60 26,500e25,800
CQ-RAD-2 1.79 mollusk shell �1.7 24,790 ± 60 26,800e26,100
CQ-RAD-1 1.86 mollusk shell �2.4 20,090 ± 50 21,900e21,300

Fig. 8. Chronometric results. A) IRSL sample results with multiple age constraints. CQ-19-1, CQ-19-2, CQ-19-3, and CQ-19-4 were collected from the Clark Quarry excavation. FLETC-
1-19-155 cmwas collected from the FLETC satellite pit (Table 1; Fig. 1C). B) Radiocarbon results. The vertical stratigraphic discrepancy of radiocarbon dates may have been caused by
younger carbon contamination. Please note the difference in depth scale between pane A and B. See Table 2 for radiocarbon dates.
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Fig. 9. Proposed evolutionary model of Princess Anne Terrace estuarine environment
and Clark Quarry. A) Stage 1 occurred 100e80 ka during the formation of the Princess
Anne Terrace, based on previous work (Wehmiller et al., 2004; Willis, 2006; Doar and
Kendall, 2014). The backbarrier at this time was likely characterized by a meandering
tidal creek within marsh. B) Stage 2 is marked by the transition from meandering tidal
creek and marsh to a braided stream 68.23e58.85 ka. C) Stage 3 represents the waning
and infilling of the braided stream system, ending by 52.24 ka. D) Stage 4 occurred a
minimum of 7 ka as soil development took place overlying the fluvial sediments.
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6. Discussion

6.1. Evidence of a fluvial environment

The DEM and topographic profiles indicate a low-lying area
between the Pamlico and Princess Anne paleobarrier islands. Pre-
vious studies (Hoyt and Hails, 1967; Hails and Hoyt, 1969b; Lawton
et al., 1976) suggest this low-lying terrain is representative of the
backbarrier environment of the Princess Anne Terrace. Our results
indicate: 1) fluvial reworking resulted in sediment deposits that are
currently overlying the backbarrier sediments within this localized
segment of the Princess Anne Terrace, and 2) the northern segment
of this depositional space between the Pamlico and Princess Anne
paleobarrier islands is dominated by a meandering-to-braided
fluvial pattern (Fig. 1B and D). These findings are consistent with
existing studies (Ivester and Leigh, 2003; Leigh et al., 2004; Leigh,
2006, 2008) that indicate the adjacent Altamaha River has a his-
tory of switching between meandering and braided styles ulti-
mately based on climatic conditions during late-Pleistocene
glaciations. We interpret the fossiliferous stratigraphic unit (Unit 4,
Fig. 2B) at Clark Quarry to be of fluvial origin because of lack of in
situ brackish and marine fossils, abundance of terrestrial
mammalian fossils, lack of peat or vegetative material, vertical
textural trends (indicating likely sheet sands), DEM data, and GPR
interpretations. Additionally, at the time of deposition, Clark Quarry
would have been situated ~150 km landward of the shoreline,
based on late-Pleistocene sea-level data from Hine et al. (2017).
Therefore, this fluvial system would have been dominated by
inland fluvial processes, not coastal processes. The geometry of
these relict channels suggests a general southward direction of flow
between the Pamlico and Princess Anne paleobarrier-island com-
plexes (Fig. 9). This is consistent with the general southeast direc-
tion of flow in the contemporary depositional environments in the
region, especially tributaries of major rivers that are situated in
low-lying terrain, between the topographic highs of paleobarrier
islands. Mirrored rose diagrams constructed from bone orientation
data are consistent with an east-west dominated flow orientated
stream (limbs and thoracic vertebrae orientated east-southeast to
west-northwest, ribs nearly normal at a north-south orientation);
however, these results are not definitive (Fig. 7). Two possibilities
may explain these weakly preferentially orientated bones: 1) a
braided stream would show evidence of multiple directions of
localized streamflow because of the interweaving and highly dy-
namic nature of the fluvial style, and 2) the number of bone ori-
entations measured is at the lower limit (n ¼ 72) of what Shipman
(1993) suggests for a paleoflow study utilizing elongated bone
material.

GPR profiles (Figs. 4 and 5) display multiple stacked and over-
printed paleochannels. Fig. 4 displays at least seven in-filled pale-
ochannels, with the largest being 50 m wide and approximately
3.5 m in depth. Potentially larger channels may be present at
deeper depths but are not fully imaged in the radargram. Fig. 5
displays a single, larger channel approximately 60 m wide, scour-
ing more than 6 m below the surface. This channel appears to have
meandered, apparent by clinoforms between 3 and 6 m in depth
dipping in both the east and west directions. Additionally, multiple
smaller channels (10e20 m in width, 2e3 m in depth), interpreted
as a braided fluvial style, overly the single larger channel. This
configuration of channel stacking may have captured the mor-
phostratigraphic signature of the stream system switching from an
older meandering style to a younger braided style.

Trenching, visual descriptions, and textural analysis of the
shallow subsurface suggests a definitive distinction between the
lower sandy Units 4 and 5 (Figs. 2 and 6). Unit 5 is the bottommost
exposed unit and is interpreted as backbarrier deposits associated
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with the Princess Anne Terrace. A change in sediment color, pre-
served fauna, and sediment texture is observed at approximately
170 cm in depth and likely indicates a switch to a fluvial deposi-
tional environment due to the fining-upward succession in grain
size, and the sediment being less sorted and more coarsely skewed
relative to the underlying Unit 5 (Fig. 6). Therefore, Unit 4 is
interpreted as sheet sands of small channels with no distinctive
structure indicative of lateral accretion by a shallow braided fluvial
system (Miall, 2010).

The fluvial unit thickens laterally in an eastward direction, from
Clark Quarry to the locations of the GPR profiles and indicates that
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Clark Quarry may have been representative of a flood plain or braid
bar environment when deposited, in contrast to the GPR profiles
displaying the deeper scoured channels. Trample marks and evi-
dence of scavenger gnaw-marks on the B. latifrons bones suggest
Fig. 10. Sample of Clark Quarry Bison latifrons skeletal modifications. A) GCVP 10089; comp
GCVP 10507; sacrum. D) Arrow points to gnaw marks on anterior-dorsal median sacral cre
surface of GCVP 19988. G) GCVP 15538; right humerus. Arrow points to a proximal spiral f
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that their skeletons were exposed subaerially for some amount of
time before burial (Fig. 10). We hypothesize that vertebrate remains
were entrained by a flooding event (possibly exacerbated by the
variable discharge nature of braided streams) and buriedwithin the
lete right rib. B) Arrows point to tooth puncture marks on distal end of GCVP 10089. C)
st of GCVP 10507. E) GCVP 19988; rib fragment. F) Arrows point to trample marks on
racture.
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flood plain. Furthermore, some limbs unearthed at Clark Quarry
were orientated near vertically, suggesting the bones were depos-
ited quickly.

6.2. Age-dating discrepancy

Previously published ages for Clark Quarry were based on 14C
from bone and enamel apatite of M. columbi and B. latifrons
(Patterson et al., 2012). While these results agree with our current
14C ages of bison rib bioapatite, they differ significantly from those
obtained from our more recent IRSL ages. A limitation of the
radiocarbon dating method as applied to carbonate materials,
including mollusk shells and carbonate substituted within bone
bioapatite, is the possibility of isotopic exchange with carbonates of
soil solution groundwater, or atmospheric CO2 (Cherkinsky, 2009;
Zazzo and Sali�ege, 2011; Zazzo, 2014). The alteration of the mineral
(carbonate) fraction of bone, enamel, and shell can involve the
precipitation of secondary minerals (calcite) and/or isotopic ex-
change between structural carbonate and the dissolved inorganic
carbon (DIC) in groundwater. Chemical pretreatments are neces-
sary to remove diagenetic, secondary carbonates from bioapatite;
however, these methods are not sufficient if the bone bioapatite
structure has been degraded completely and exposed to isotope
exchange. In the majority of such cases, the altered bone samples
tend to give younger, rather than older, ages (Zazzo and Sali�ege,
2011). The possibility of isotope exchange at Clark Quarry, and
likely the ACP in general, is increased due to the combined effects of
a fluctuating water table and alternating wet and dry seasons. Thus,
radiocarbon dates on carbonate samples, including dates on bone
bioapatite, likely underestimate the age of the fossils and should be
interpreted as a minimum age estimate.

IRSL ages (including overlap of uncertainty ranges) agree with
the stratigraphic position from where they were collected (i.e., the
bottom sample is the oldest date and ages of subsequent samples
decrease upward). Additionally, all IRSL ages yielded a temporal
overlap window from 59.13 to 58.85 ka, which may even suggest a
single depositional pulse or rapid aggradation. The luminescence
method is not without limitations that can lead to age over- or
underestimation. If sediments are transported a short distance,
particularly in high energy geomorphic settings and then rapidly
buried, the previous signals may not have been fully reset by sun-
light prior to deposition. Partial bleaching is the incomplete
resetting of a prior signal, and if not properly identified and miti-
gated through single grain dating and age modelling, this could
lead to an age overestimation (e.g., Rittenour, 2008; Rhodes, 2015).
Generally, for Holocene-aged deposits, the effects of partial
bleaching can lead to substantial residual doses and age over-
estimates given the low natural doses in young sediments (Olley
et al., 1998), while Pleistocene ages are less affected by these
small residuals. Additionally, spread in the individual DE data is low
and distributions are largely symmetrical with no tail toward high
DE values (Fig. S1), indicating most grains were fully reset prior to
deposition. IRSL measurements can suffer from athermal decay of
trapped charges over geologic time, known as fading, and thus IRSL
DEs and ages need to be corrected for this signal loss (e.g., Auclair
et al., 2003). We have made laboratory measurements to estimate
the degree of fading and results indicate a relatively low and
consistent amount of fading can be accounted for (Table 1). Given
that the IRSL ages followed stratigraphic agreement and the
radiocarbon samples lacked stratigraphic order, which can be
explained by carbon isotopic exchange, we rely on the IRSL ages to
represent the true age of sediment deposition.

Taken together, the most conservative interpretation of the
direct dating methods suggests that the radiocarbon ages provide a
minimum age estimate for the fossil-bearing deposit of
11
20.9e19.3 cal ka BP, while the IRSL ages provide a maximum con-
servative age estimate of 68e52 ka (rounded to the nearest
1000 yr), with the possibility of further age constraints. Addition-
ally, based on paleoclimatic data discussed below, we suggest that
the true age of the fossil deposit is closer to the IRSL ages.

6.3. Comparison of IRSL ages to climate and fluvial models

The Wisconsinan glaciation occurred during MIS 4e2. IRSL ages
collected from Clark Quarry and FLETC-1 straddle MIS 4 and 3
(Fig. 8); however, the time window of overlap for all samples
(59.13e58.85 ka) occurs within MIS 4. Vandenberghe (1993)
developed a periglacial fluvial cycle which describes fluvial style
and associated sedimentological and hydrological factors accom-
panying the climate cycles for both inland and coastal environ-
ments. During the IRSL sample overlap window, sea level was
estimated to be 80 m lower than present day (Hine et al., 2017);
thus, shifting the shoreline 150 km eastward. This in turn would
make the fluvial system at Clark Quarry behave as an inland river as
opposed to a coastal river. Vandenberghe (1993) suggests that
periglacial inland rivers aggrade and switch to a braided fluvial
style during mid-glacial cycles because of high peak discharge, high
sediment supply, low vegetation density, and cooler temperatures.
Evidence of a braided fluvial system proximal to the Clark Quarry
site is observed within the DEM, GPR, and textural analysis data
(Figs. 1D, 4-6). Furthermore, the IRSL age overlap window may
suggest a single event or rapid deposition occurred during MIS 4
(Fig. 8A). Therefore, the morphostratigraphic and geochronologic
data complement the Vandenberghe (1993) periglacial fluvial cycle
model and its climatic implications. In doing so, it is reasonable to
suggest that the age range of IRSL ages for the deposition of the
Clark Quarry site can be constrained to 59.13e58.85 ka (MIS 4).

6.4. Morphostratigraphic evolutionary model of Clark Quarry

The multidisciplinary methods utilized in this study allowed for
the construction of a morphostratigraphic evolutionary model of
Clark Quarry and the surrounding area (Fig. 9). A four-stage mor-
phostratigraphic model was developed using sedimentologic,
geomorphic, geophysical, geochronologic, and biologic data.

6.4.1. Stage 1
Stage 1 represents the period when the Princess Anne barrier

island formed, 100e80 ka (Wehmiller et al., 2004; Willis, 2006;
Doar and Kendall, 2014, Fig. 9A), most likely during the MIS 5c or 5a
interglacial. During its formation, the Princess Anne barrier island
developed just seaward of the older Pamlico barrier island. Much
like the modern barrier islands along the Georgia coast, low-lying
estuarine deposits likely separated the two paleobarrier islands
(e.g., modern Sapelo and Blackbeard Islands, GA, USA; Oertel, 1979;
Hayes, 1994; McBride et al., 2022). Sediment samples collected
from Unit 5 (Princess Anne backbarrier) consisted of fine sand.
These sediments were likely deposited by a meandering tidal creek
environment because of the coarseness of sediment grains, lack of
mud, bioturbation (sporadic, localized burrows), abundance of mud
snail shells, and fine shell hash within Unit 5 (Seminack and
Buynevich, 2013; Seminack and McBride, 2019).

6.4.2. Stage 2
Stage 2 begins as the backbarrier tidal creek transitioned into an

inland fluvial system (Fig. 9B). Textural analysis suggests this was
an abrupt transition. The boundary between the Princess Anne
estuarine sediments and fluvially-derived sediments is defined by a
change in color and a sudden increase in grain size. The source
sediment for the hypothesized braided stream was likely locally
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reworked well-sorted estuarine and barrier-island deposits con-
sisting of fine sand. This would account for the lack of size variation
within the fluvially deposited sediment of stratigraphic Unit 4
(Fig. 2B and C, and 6A). This further emphasizes the importance of
the sudden increase in grain size at the base of Unit 4. IRSL ages
suggest that the change from an estuary to fluvial setting occurred
68.23e58.85 ka (MIS 4), based on the overlap of IRSL samples CQ-
19-3 and CQ-19-4 (Fig. 8A). GPR data likely recorded the signature
of the fluvial system transitioning from a meandering to braided
style (Fig. 5) during this stage. The fluvial system ceased sediment
deposition by 52.24 ka (MIS 3, IRSL sample CQ-19-1); however, if
the fluvial unit was deposited as a single event, or rapid deposition,
the time of deposition can be constrained to 59.13e58.85 ka (MIS
4), based on age uncertainty overlap of IRSL samples CQ-19-1, CQ-
19-2, CQ-19-3, and FLETC-OSL-1-19-155cm (Fig. 8). The fluvial unit
is interpreted at Clark Quarry as sheet sands from a braided stream
(Miall, 1985, 2010). Stage 2 also represents the period where the
faunal remains were exposed subaerially for some time, long
enough to develop trample- and scavenger gnaw-marks. A subse-
quent flooding event entrained and buried the faunal remains
within the fluvial unit quickly.

6.4.3. Stage 3
Stage 3 occurred as the braided stream waned and flow

decreased (Fig. 9C). This stage likely ended by 52.24 ka (MIS 3). The
waning of fluvial activity is inferred from the fining-upward trend
in sediment grain size, thus indicating a decrease in fluvial energy.

6.4.4. Stage 4
Stage 4 is represented by soil development forming Units 1e3

(Fig. 9D). Soils represent landscape stability and suggest a lack of
fluvial activity. The area transitioned into the present-day land-
scape during Stage 4. Radiocarbon ages suggest that this process
began occurring 7 ka at a minimum.

6.5. Larger implications

Fossil deposits in southeastern North America provide a unique
window into late-Pleistocene ecosystems in North America due to
their removal from glacial conditions that dominate much of this
period (Russell et al., 2009). Although the region has a rich history
of geologic and paleontologic exploration (e.g., Hulbert and Pratt,
1998; Webb et al., 2006), data from these localities has been chal-
lenging to integrate into hypotheses focused on late-Pleistocene
paleoecology due to their imprecise temporal context. Given their
ubiquity, backbarrier depositional environments along the ACP
potentially represent a valuable source of late-Pleistocene paleo-
ecologic data. However, our work highlights the need for closer
examination of the effects of diagenesis on the radiocarbon record
of these depositional environments, particularly the direct dating of
late-Pleistocene aged vertebrate remains, whose ages are likely
underestimated due to isotopic exchange with surrounding sedi-
ments. Finally, our work highlights the importance of luminescence
methods as reliable geochronologic tools in Pleistocene coastal
settings of the ACP and elsewhere.

7. Conclusions

A multidisciplinary approach, including sedimentological,
geomorphic, geophysical, geochronological, biological, and remote
sensing techniques were employed to reconstruct the depositional
environment of a well-documented, fossil-rich site in Brunswick,
GA, USA, known as Clark Quarry, which yielded late-Pleistocene
fossils including B. latifrons and M. columbi. The fossil-rich sandy
unit at Clark Quarry is interpreted to have been deposited by a
12
braided fluvial system active 68.23e52.24 ka, with possible likely
further age constraint to 59.13e58.85 ka. Evidence of the fluvial
system includes relict channel patterns imaged by a DEM, a stacked
channel complex within the shallow subsurface (likely capturing a
change frommeandering to braided stream style), textural analysis,
and paleoflow reconstruction. Post-mortem bone modifications
(e.g., carnivore gnaw and trampling marks) identified on B. latifrons
bones unearthed at Clark Quarry suggest that the organisms were
likely exposed subaerially for some time before being disarticulated
and entrained by a likely flooding event and quickly buried. A
discrepancy in IRSL and 14C ages stresses the importance of utilizing
multiple age-dating techniques to identify limitations of each
method. In this case, isotopic exchange likely resulted in fossil ages
being underestimated by the radiocarbon dating method. Finally,
findings from this study demonstrate the important role that fluvial
reworking plays in preserved transitional settings (former back-
barrier and barrier island environments).
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