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ABSTRACT: Anthropogenic climate change is an existential threat to our planet, impacting everything from the delicate balance of
ecosystems to the availability of vital resources. Coastal regions, particularly vulnerable to the impacts of climate change due to rising
sea levels and changing weather patterns, are experiencing increased erosion, flooding, and habitat loss. Understanding how coastal
regions responded to past warming is crucial for developing effective adaptation and mitigation strategies. One past interval commonly
used to examine and compare with climate model projections of near future conditions is the mid-Piacenzian Warm Period (MPWP)
which occurred between ~ 3.3 and 3.0 Ma. Here we review the stratigraphy of Atlantic Coastal Plain (ACP) sediments to determine the
stratigraphic position of the MPWP by evaluating ages based upon existing and new planktic foraminifer occurrence data calibrated to
the current geologic time scale (GTS2020). We identify geologic formations representing pre-, syn-, and post-MPWP environments.
The Sunken Meadow Member of the Yorktown Formation in Virginia and North Carolina and the Wabasso beds in the subsurface of
Georgia and Florida both fall within Planktic Foraminiferal Zone PL1 and represent pre-MPWP Pliocene deposits. Parts of the
Yorktown Formation in southeastern Virginia and northern North Carolina, the Duplin Formation in North Carolina and South Carolina,
and the Raysor Formation in South Carolina and Georgia, fall within Planktic Foraminiferal Zone PL3 and were deposited following a
major regression associated with a global drop in sea level during Marine Isotope Stage (MIS) M2 and represent syn-MPWP deposits.
Representing the immediately post-MPWP climate conditions (Planktic Foraminiferal Zone PL5) are the Chowan River, Bear Bluff, and
Cypresshead Formations. This work provides a record of the MPWP from Georgia to Virginia and provides a stratigraphic framework

within which the impacts of a profound global warming on the east coast of the United States can be assessed.

1. INTRODUCTION

The changing climate is a threat to our environment, infrastruc-
ture, and public health. Climate models project conditions for
the end of this century that are generally outside of our experi-
ence (IPCC 2013; Hayhoe et al. 2017). Instrumental data and
historical records illuminate climate conditions from at most
several thousand years ago. Deep-time (e.g. Pliocene) paleocli-
mate records sample conditions similar to those projected by
Earth System Models for our future. The Pliocene, long a focus
of U.S. Geological Survey paleoclimate research, remains one
of the best deep-time process analogs for near future climate
conditions (Zubakov and Borzenkova 1983; Dowsett and Poore
1991; Burke et al. 2018). Paleoenvironmental syntheses of
Late Pliocene (3.264-3.025 Ma) marine and terrestrial condi-
tions have established global scale shifts in land cover types,
patterns of wet and dry, sea-ice distribution, elevated sea levels,
elevated sea surface temperatures (SST), and reduced pole-to-
equator temperature gradients (Dowsett et al. 2016; Haywood
et al. 2020).

The existential hazards associated with climate change call for
increased understanding of impacts on marine biodiversity and
economy at regional scales. The coastal and shallow marine
ocean economy includes fishing, shipping, transportation,
energy, and recreation, as well as crucial ecosystem services
(OECD 2016; Mehvar et al. 2018). Today, US southeastern
marine ecosystems (Virginia to Florida coastal regions) support
high biodiversity including many protected marine species. For
example, the region provides calving grounds for Eubalaena
glacialis, the endangered North Atlantic Right Whale, and

supports a diverse array of marine life (Fautin et al. 2010; Gul-
land et al. 2022). The Atlantic Coastal Plain (ACP) preserves
evidence of the effects of Late Pliocene global warming on
shelf to marginal marine regions. In this paper we summarize
Pliocene stratigraphy of the ACP (from Virginia to Georgia) to
establish a workable stratigraphic framework within which we
can identify the mid-Piacenzian Warm Period (MPWP; Dowsett
et al. 2010) and research the effects that Late Pliocene climate
change has had on shelf and shallow marine settings.

2. MATERIALS AND METHODS

2.1. Atlantic Coastal Plain Stratigraphy

Atlantic Coastal Plain sediments have been described and their
paleontology interpreted for centuries. The first written
accounts of the geology and paleontology of the lower James
River in the vicinity of Jamestown, Virginia, followed shortly
after the John Smith expedition in 1607 (Ward and Allmon
2019). German physician and naturalist Johan Schoepf’s
(1787) “Contributions to the mineralogical knowledge of the
eastern part of North America and its mountains,” published in
1787, contains astute observations and comparisons of coastal
plain units, particularly in New Jersey (Clark 1894; Smith
1914; White 1953). The published travels of naturalists like
William Bartram, who journeyed through Virginia, the Carolinas,
Georgia, and Florida, contain anecdotal accounts of coastal
plain geology and paleontology (Bartram 1791). Finch (1823,
1833) described extensive cliff exposures containing shells
along the York River in Virginia that would later be known as
the Yorktown Formation. While travelling in North America
during 1841-1842, Charles Lyell described richly fossiliferous
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Neogene sediments of the ACP recognizing the paleoclimatic
signals they contain (Lyell 1845a; Lyell 1845b). Many other
geologists also proceeded to observe and document the geol-
ogy and paleontology of the coastal plain (Hodgson 1846; Tuo-
mey 1848; Emmons 1858; Dall and Harris 1892; Clark 1906;
Veach and Stephenson 1911; Mansfield 1929; Cooke 1936;
Cooke et al. 1943), laying the groundwork for our current
understanding of the Neogene stratigraphy of the ACP.

Despite an ever expanding and impressive body of work through
the present day, correlations between some units are still problem-
atic and, in those cases, a stratigraphic framework remains tenta-
tive. Correlation of coastal plain units between basins separated
by subaerially exposed ridges and shallow marine features is chal-
lenging due to lack of lateral continuity. In addition, there are few
absolute dates available for coastal plain sediments, so biostratig-
raphy and biochronology take on prominent roles for correlating
and dating marine sediments. Planktic foraminifera in the ACP
are generally rare and occurrences are discontinuous, often
impacted by poor preservation and/or reworking. Still, as an aid
for correlation they have been used along with mollusks and other
microfossil groups (primarily calcareous nannofossils and ostrac-
odes) to place sediments in biozones. Zonation schemes referred
to in this review are listed in Table 1.

Within our stratigraphic summary we synthesize available planktic
foraminiferal occurrence data used to bracket ages of various Plio-
cene coastal plain units in light of the latest zonal schemes. Dows-
ett (2024) combined planktic foraminifer occurrence data from
previous workers with analysis of samples containing assemblages
not previously published. These data are used here to assess the
correlations made by previous workers and where possible to
update age estimates based upon calibrated biochronologic events
using the current geologic time scale, GTS2020 (Gradstein et al.
2020). To simplify comparison to the large body of 20™ Century
ACP microfossil research, we have for the most part not updated
planktic foraminifer taxonomy (e.g. we do not distinguish Globo-
conella from other globorotaliids). We use the convention of refer-
ring to “left bank” or “right bank” of rivers (when facing
downstream) when identifying locations as it is more descriptive
than using cardinal directions.

2.2. Correlation of Late Neogene Atlantic Coastal Plain Units

Atlantic Coastal Plain stratigraphy is most easily discussed by
regions (e.g. southeastern Virginia and North Carolina north of
the Neuse River, southern North Carolina and northeastern

TABLE 1

Fossil zonation schemes.

Fossil Group Zones Reference

Planktic foraminifera N Zones Blow (1969), Blow (1979)

Planktic foraminifera = PL Zones Berggren et al. (1995),
Wade et al. (2011)

Nannofossil NN Zones Martini (1971)

Nannofossil CN Zones Okada and Bukry (1980)

Mollusks M Zones Blackwelder (1981a)

Ostracodes P, inexpectata, Hazel (1971)

O.vaughani
Ostracodes A-C Cronin (1980)

South Carolina, etc.) generally bounded by structural arches
(text-figure 1).

In many cases, detailed discussions of the relative stratigraphic
position of beds of the same formation from different localities
exist (Ward and Gilinsky 1993; Campbell and Campbell 1995;
Campbell et al. 1995), but analysis at this scale is beyond the
scope of this work. Instead, we take a broad view of the
Pliocene-Pleistocene coastal plain units. Our focus is an over-
view understanding of Pliocene stratigraphy resulting from
large scale paleoclimate changes prior to, during, and after the
Late Pliocene MPWP.

3. RESULTS

3.1. Southeastern Virginia and North Carolina (north of
Neuse River)

In southeastern Virginia, the Pliocene Yorktown Formation
rests unconformably on the Upper Miocene Eastover Forma-
tion. The Pleistocene Chowan River Formation rests uncon-
formably on the Yorktown and is unconformably overlain by
the James City and Bacons Castle Formations (Ward and
Blackwelder 1980). In North Carolina, north of the Neuse
River, the Yorktown rests unconformably on the Middle Mio-
cene Pungo River Formation (Weems et al. 2019). The Chowan
River and James City Formations sit above the Yorktown, and
the Late Pleistocene Flanner Beach Formation rests uncon-
formably on the James City Formation. There are other
younger Pleistocene units (e.g. Windsor, Norfolk, Tabb, etc.),
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TEXT-FIGURE 1

Major structural features of the Atlantic Coastal Plain. From north
to south: Salisbury, Albemarle, Charleston, and Southeast Georgia
Embayments. While the Albemarle Embayment may not be a struc-
tural basin (Gohn 1988), it is retained here due to its widespread
usage in the literature. Structural arches: Norfolk Arch, Cape Fear
Arch, and Yamacraw Arch. Approximate spatial distribution of
Pliocene units in the southeastern U.S. shown by green shading.
Orangeburg Scarp (dashed blue line) represents mid-Piacenzian
shoreline. The Neuse River in North Carolina divides the Yorktown
Formation to the north from the age-equivalent Duplin Formation
to the south.
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Location of type sections for formations discussed in the text.
A) Type sections of the Yorktown Formation on the right bank of
the James River at Rushmere, Isle of Wight County, Virginia, and
the Chowan River Formation on the Chowan River at Colerain
Beach, Bertie County, North Carolina. B) Type sections of the
Duplin Formation at Natural Well, in Duplin County, North
Carolina, the James City Formation on the Neuse River below Fort
Point, Craven County, North Carolina, and the Flanner Beach
Formation on the Neuse River at Flanner Beach, Craven County,
North Carolina. C) The neotype section of the Raysor Formation on
the left bank of the Edisto River, upstream from Givhans Ferry
State park, Dorchester County, South Carolina, type section of the
Bear Bluff Formation on the left bank of the Waccamaw River at
Bear Bluff, Horry County, South Carolina, the type section of the
Waccamaw Formation below Tully Lake on the Waccamaw River,
Horry County, South Carolina, and type section of the Canepatch
Formation on the right bank of the Intracoastal Waterway near
Canepatch Swamp, Horry County, South Carolina, and the Goose
Creek Limestone on Goose Creek, Berkeley County, South Carolina.
D) Type sections of the Cypresshead Formation on Goose Creek,
Wayne County, Georgia, the Satilla Formation on the right bank of
the Satilla River at Satilla Bluff, Camden County, Georgia, and the
Wabasso beds in the Phred 1 core hole south of Wabasso, Indian
River County, Florida.

but they are generally less fossiliferous and outside the scope
of this work.

The Yorktown Formation is discussed below in more detail
than other Pliocene units because of its extensive spatial cover-
age, well known occurrences of multiple fossil groups, and
excellent nearly continuous exposures along the York and
James Rivers. Thus, it forms a stratigraphic reference for dis-
cussion of units that are located farther south along the ACP.

3.1.1. Yorktown Formation

From the first use of the term “Yorktown” by Dana (1862),
through the revision of Miocene and Pliocene units of the York-
James Peninsula and adjacent areas in southeastern Virginia by
Ward and Blackwelder (1980), to most recently the reevaluation
by Dowsett et al. (2021), the Yorktown Formation has played a
pivotal role in our understanding of the Pliocene history of the
ACP (Cronin et al. 1984; Ward et al. 1991; Ward 2008).

The type section of the Yorktown Formation is on the right
bank of the James River at Rushmere (=Fergusson’s Wharf in
older literature), Isle of Wight County, Virginia (Ward and
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Blackwelder 1980) (text-figure 2A). The Yorktown, more so
than correlatives to the south, has the benefit of relatively con-
tinuous exposures, particularly along the James and York Rivers,
as well as notable quarry exposures in the literature (e.g. Rice’s
Pit in Hampton, Virginia; Yadkin Pit/Deep Creek in Chesapeake,
Virginia; Lee Creek Mine near Aurora, North Carolina). A
nearly continuous sequence of Neogene outcrops can be investi-
gated along the James River from near Hopewell in the north-
west, to Hampton Roads near the mouth of the Chesapeake Bay
in the southeast (Ward and Blackwelder 1980; Cronin et al.
1989; Ward 2008; Dowsett et al. 2021). This allows direct obser-
vation of physical stratigraphic relationships, in contrast to Plio-
cene units in the Carolinas and Georgia where outcrops are less
frequent and often have discontinuous spatial distributions
(Huddlestun 1988; Ward and Huddlestun 1988). The name
Yorktown Formation is used as far south as the Neuse River in
North Carolina (text-figure 1). South of the Neuse River, age-
equivalent sediments are mapped as the Duplin Formation
(Miller 1912; Owens 1989; Ward et al. 1991).

The Pliocene age of the Yorktown Formation was first estab-
lished by Hazel (1971) based upon ostracod biostratigraphy.
Hazel quantitatively analyzed occurrences of ostracodes from
Yorktown Formation samples and divided the formation into a
lower Pterygocythereis inexpectata Zone, roughly equivalent
to Mansfield’s Zone 1 (Mansfield 1929), and an Orionina
vaughani Zone, which represented the middle and upper parts
of the Yorktown Formation, equivalent to Mansfield’s Zone 2
(text-figure 3). Hazel indicated the base of Zone 1 was equiva-
lent to part of Planktic Foraminiferal Zone N18 of Blow (1969)
or ~5 Ma, as reported in Ward and Blackwelder (1980).
Cronin et al. (1984) summarized available biostratigraphic and
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TEXT-FIGURE 3

General lithology at Lee Creek Mine (left) after Ward (2007) showing
Yorktown Formation members and Mansfield’s (1929) zones. Lithologic
units at Lee Creek Mine according to previous author’s (Gibson 1967,
Hazel 1983; Snyder et al. 1983; Ward and Blackwelder 1987), right.
Horizontal red lines indicate different authors placement of the top of the
Yorktown Formation.
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paleomagnetic data and suggested a maximum age of 4.8 Ma
for the base of the Sunken Meadow Member, and 3.0 Ma for
the top of the Moore House Member. Krantz (1991) tied Neo-
gene units on the ACP to then available marine oxygen isotope
records, bracketing the Yorktown Formation between 4 and
3 Ma. Dowsett and Wiggs (1992) suggested a Yorktown age
between 4 and 2.9 Ma (3.1 Ma when calibrated to GPTS2020;
Gradstein et al. 2020) based upon planktic foraminifer biochro-
nology. Dowsett et al. (2021) dated Zone 2 Yorktown as ~3.3
to 3.0 Ma based upon correlation of biomarker records to off-
shore sequences. The age of the top of Zone 2 (top of the
Moore House Member) at the lectostratotype at Rushmere,
Virginia, remains unconstrained.

A synthesis of paleontological work at Lee Creek Mine, cover-
ing multiple fossil groups, was published in three volumes of
the Smithsonian Contributions to Paleobiology series between
1983 and 2001 (volume 4 was later published as Virginia
Museum of Natural History Special Publication 14, in 2008).
While many of the individual contributions support similar
stratigraphic conclusions, some data are anomalous. Due to the
importance of the Yorktown Formation in Virginia and North
Carolina to the stratigraphic framework of the ACP further
south, additional discussion is warranted.

Gibson (1967) documented the occurrence of the mollusk Pla-
copecten clintonius, a marker for Zone 1 Yorktown, in his Lee
Creek units 1 and 2 (text-figure 3). This firmly established a
biochronologic correlation with Zone 1 in the southeastern Vir-
ginia type region, named Sunken Meadow Member by Ward
and Blackwelder (1980). Gibson (1967) considered the top of
the Yorktown to be at the top of his unit 9 (currently considered
the top of the James City Formation).

Graphic correlation of the Lee Creek Mine section shown in
Hazel (1983) indicated the base of the Yorktown was equiva-
lent to 110.00 composite units (cu), and the top 78.17 cu, in the
graphic correlation model of Dowsett (1989a) (J. E. Hazel,
USGS, written communication, 1989). Calibration of those hori-
zons using GTS2020 yields an age of ~4.4 Ma for the base of
the Sunken Meadow Member (unconformable contact with the
Miocene Pungo River Formation) and ~3.0 Ma for the top of
the Yorktown exposed at Lee Creek Mine (top of Hazel’s Unit 4,
text-figure 3).

Snyder et al. (1983) documented the occurrences of planktic
foraminifera from a section within Lee Creek Mine using
the same unit nomenclature as Gibson (1967) and Hazel
(1983). Both Gibson and Hazel show an unconformity at the
top of Unit 2 (text-figure 3). Above the unconformity, Hazel
placed his Units 3 and 4 in his Orionina vaughani Zone,
equivalent to Yorktown Zone 2 in the type region. This is
corroborated by the molluscan stratigraphy developed by
Gibson (1987).

Snyder et al. (1983) recorded few to common Globorotalia
praescitans (= Globorotalia puncticulata) in samples through-
out the lower part of Zone 1 Yorktown (Sunken Meadow Mem-
ber) at Lee Creek Mine. Globorotalia puncticulata first
appeared in the southwest Pacific Ocean approximately 5.2 to
4.8 Ma, with a delayed migration to the northern mid-latitudes
~4.2 Ma (Dowsett 1989a, Dowsett 1989b). The presence of
Globorotalia puncticulata in the samples from Unit 1 and the
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lower part of Unit 2 at Lee Creek Mine (text-figure 3) gener-
ally supports the graphic correlation-based age of ~4.4 Ma for
the base of the Yorktown at that locality. The last occurrences
of Dentoglobigerina altispira (3.13 Ma) and Sphaeroidinel-
lopsis subdehiscens (3.16 Ma), suggest the upper part of the
Yorktown at Lee Creek (Moore House Member) may be close
to 3.0 Ma.

Snyder et al. (1983) did not show an unconformity between
their Lee Creek Units 2 and 3 (text-figure 3). In addition, they
documented rare occurrences of Globorotalia margaritae
within samples bridging their Units 3 and 4. Globorotalia mar-
garitae evolved at ~6 Ma and last appeared ~3.85 Ma in the
open ocean (Raffi et al. 2020). The LAD (last appearance
datum) of Globorotalia margaritae defines the top of Planktic
Foraminiferal Zone PL2. The seemingly anomalous occur-
rences at Lee Creek are not easily explained by contamination
or reworking. Snyder et al. (1983) obtained samples from only
fresh material and each sample was confined to a stratigraphic
interval of 5 cm. While not an explanation for the occurrences
of Globorotalia margaritae so high in the section, it is clear
that different investigators recorded sampling schemes from
the north, west, and southwestern walls of the mine (Gibson
1983a, Gibson 1983b, Hazel 1983; Snyder et al. 1983; Gibson
1987; Snyder et al. 2001) as well as several composite sections
(Curran and Parker 1983; Ward and Blackwelder 1987) as min-
ing operations expanded, yielding slightly different litho- and
biostratigraphic interpretations. Issues also arise with correlat-
ing sections at Lee Creek Mine due to several studies occurring
over a number of years (Ward 2007).

Yorktown planktic foraminifer assemblages have also been
reported by Akers (1972) who published a list of species from
Rice’s Pit on the lower York-James Peninsula. Dowsett and
Wiggs (1992) reported occurrences from Rice’s Pit, Yadkin Pit,
and outcrops at Yorktown, Sunken Meadow, Rushmere, and
Morgarts Beach. Dowsett and Spivey (2021) documented
abundances from Rushmere, and Robinson and Dowsett (2023)
from the Sunken Meadow Member at Pipsico Scout Reserva-
tion. The co-occurrence of Globorotalia puncticulata and Glo-
bigerina nepenthes (LAD 4.37 Ma) in the Sunken Meadow
Member near its type locality on the James River suggests
placement near the top of Zone PL1. This agrees with the
graphic correlation-based age of ~4.32 Ma at Lee Creek Mine
(see above). Based upon available data, we place the Sunken
Meadow Member (Zone 1 Yorktown) near the PL1/PL2 boun-
dary (~4.4 Ma). The Sunken Meadow Member correlates with
mollusk Zone M6 of Blackwelder (1981a).

Zone 2 Yorktown (Rushmere, Morgarts Beach and Moore
House members) unconformably overlies the Sunken Meadow
Member and can be confidently placed in Planktic Foramini-
feral Zones PL3 and PL4, and the occurrence of Chesapecten
septenarius places Zone 2 Yorktown in Mollusk Zone M5 of
Blackwelder (1981a). In southeastern Virginia this unconform-
ity has been associated with marine isotope stage (MIS) M2
(Dowsett et al. 2019; Dowsett et al. 2021), which occurred at
3.33 Ma (Lisiecki and Raymo 2005) (See discussion below).

3.1.2. Chowan River Formation

The Chowan River Formation was named by Blackwelder
(1981b) for an unconformity-bounded package of sometimes
shelly sands, silts and clays along the Chowan River from
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Colerain Landing to Edenhouse Landing, North Carolina. Prior
to Blackwelder (1981b) many workers used the “Croatan
Beds” proposed by Dall (1892) to indicate these units (Hazel
1971; Hazel 1983; Gibson 1983a). Beds of shelly and silty
sand previously placed in the lower Croatan were assigned to
the Chowan River Formation. The upper Croatan sands, silts
and clays became the James City Formation (see below).

The Chowan River Formation is present in southeastern Vir-
ginia and northeastern North Carolina and is divided into a
lower Edenhouse Member and upper Colerain Beach Member
(Blackwelder 1981b). The Chowan River Formation uncon-
formably overlies the Pliocene Yorktown Formation and is
unconformably overlain by the Pleistocene James City Forma-
tion. Molluscan assemblages from the type locality of the Cho-
wan River Formation at Colerain Beach, Bertie County, North
Carolina (text-figure 2A) are similar to those of the Bear Bluff
Formation in North and South Carolina (Ward and Gilinsky
1993) suggesting a probable correlation. The age of the Cho-
wan River Formation is not well constrained, but calcareous
nannofossils and planktic foraminifera indicate placement
within Zones NN16-NN18 and N21, respectively (Cronin et al.
1984). The uppermost 9 samples from Snyder and others
(1983) at Lee Creek Mine (their Unit 5 in text-figure 3) are
actually from the Chowan River Formation (Ward 2007). The
presence of Globigerina apertura suggests the unit is probably
no younger than the lowest part of Zone PTla (1.64 Ma).
Blackwelder (1981a) placed the Chowan River Formation in
Mollusk Zone M4. He/U dating of corals from the Chowan
River Formation at Mount Gould, North Carolina, and Lee
Creek Mine gave ages of 1.91 Ma and 2.4 Ma respectively
(Bender, 1973; Blackwelder, 1981a). These data are consis-
tent with an Early Pleistocene age. The Chowan River Forma-
tion is placed in Planktic Foraminiferal Zone PL5, within the
Gelasian Age of the Early Pleistocene (text-figure 4).

3.1.3. James City Formation

DuBar and Solliday (1963) designated deposits exposed on the
right bank of the Neuse River, about 4.8 km below the mouth
of the Trent River, as the James City Formation. The type sec-
tion, now obscured by rip-rap, is 1 km downstream from Fort
Point, Craven County, North Carolina (text-figure 2B). The
James City Formation is a fine to medium, silty, calcareous
sand with abundant fossils. It unconformably overlies the Cho-
wan River Formation and is unconformably overlain by the
Flanner Beach Formation. The James City Formation has two
lithologically similar beds with distinct molluscan assemblages
(Ward et al. 1991). Both an upper and lower bed are evident at
Lee Creek Mine.

Globorotalia truncatulinoides is present at Lee Creek Mine
(Gibson 1983a) in sediments previously assigned to the York-
town Formation (Gibson 1967) or Croatan Beds (Hazel 1971;
Hazel 1983) but now understood to be the James City Forma-
tion (text-figure 3). This indicates placement in Zone PT1, con-
firming a Pleistocene age younger than ~ 1.9 Ma. This is in
agreement with Cronin et al. (1984) who placed the James City
Formation in an interval of reversed polarity within Planktic
Foraminiferal Zone N22, Nannofossil Zone NN19, and Mol-
lusk Zone M3 of Blackwelder (1981a). This suggests place-
ment in Zone PTla (~ 1.1 Ma), Calabrian Age of the Early
Pleistocene (text-figure 4).
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3.1.4. Flanner Beach Formation

The Flanner Beach Formation was named by DuBar and Solli-
day (1963) for Late Pleistocene unconsolidated clays, sandy
clays, argillaceous sands, and peaty sands and clays of the
lower Neuse Estuary, which unconformably overlie the James
City Formation. The type section of the Flanner Beach Forma-
tion is on the right bank of Neuse River at Flanner Beach, Cra-
ven County, North Carolina (text-figure 2). The Flanner Beach
Formation contains mollusks, rare benthic foraminifers, dia-
toms, wood, leaves, seeds, and pollen. It is exposed at Lee
Creek Mine (text-figure 3) with an extensive marine biota
(Ward 2007). No planktic foraminifers were recovered, but the
Flanner Beach Formation correlates to Ostracod Zone “C” of
Cronin (1980) and Mollusk Zone M1 of Blackwelder (1981a).
Based on uranium-series and amino acid dating of fossils,
Miller (1985) indicated the Flanner Beach Formation to be
about 200,000 years old and correlated it to MIS 7 (0.24 Ma to
0.19 Ma). However, Parham et al. (2013) obtained an OSL date
of 0.084 Ma which would suggest correlation to MIS 5.

3.2. Southern North Carolina and South Carolina

In North Carolina, south of the Neuse River, the Pliocene
Duplin Formation rests unconformably on the Eocene Castle
Hayne Formation. The Goose Creek Limestone is restricted to
the Charleston, South Carolina, area but appears to correlate to,
and for the purposes of this work is considered equivalent to,
parts of the Duplin and Raysor Formations. The Duplin is
unconformably overlain by the Bear Bluff Formation, which in
turn is unconformably overlain by the Waccamaw Formation.
The Late Pleistocene Canepatch Formation rests unconform-
ably on the Waccamaw.

3.2.1. Duplin Formation

The Duplin Formation was originally described (but not
named) by Conrad (1841) for exposures in Duplin County,
North Carolina, including the now recognized type section at
Natural Well, 2.9 kilometers southwest of Magnolia, Duplin
County, North Carolina (text-figure 2C) (DuBar et al. 1974;
Ward et al. 1991; Campbell 1992). While the Natural Well sec-
tion was discussed by others (Dall and Harris 1892), Dall (1896)
was the first to refer to the “Duplin beds at the Natural Well.”
Miller (1912) confined the Duplin Formation to sands, clays,
and shelly marls in the area south of the Neuse River resting
unconformably on Cretaceous and Eocene (Castle Hayne For-
mation) deposits. The Duplin Formation is unconformably over-
lain by the Bear Bluff Formation and interfingers with the
Raysor Formation in South Carolina (Huddlestun 1988;
Owens 1989; Ward et al. 1991). The Duplin, like most of the
units of the ACP, undoubtedly represents multiple minor
cycles of deposition. With few outcrops showing stratigraphic
sequence, we consider the Duplin Formation sensu lato, to be
correlative with Zone 2 Yorktown (Rushmere and Morgarts
Beach members) in Virginia and North Carolina north of the
Neuse River.

Cronin (1991) indicated the Duplin Formation in North Caro-
lina to be between 3.5 and 3.0 Ma using planktic foraminifera
and calcareous nannofossils. Planktic foraminifer assemblages
recovered from the Duplin Formation in cores located in Flor-
ence and Darlington Counties, South Carolina, contain among
other taxa Sphaeroidinellopsis spp., Globigerina decoraperta, and
Globorotalia inflata (Dowsett 2024). The planktic foraminifer



assemblages recovered from the Duplin Formation suggest
placement near the top of Zone PL3. This would indicate an
age of ~ 3.3 Ma to 3.0 Ma and fits well with the estimated age
assigned to the base of the Rushmere Member of the Yorktown
Formation (Zone 2) at its type locality on the James River at
Rushmere, Virginia (Dowsett et al. 2021). The presence of the
mollusk Chesapecten septenarius at the type section of the
Duplin Formation at Hidden Well, at the base of the Robeson
Farm site (=Lower Goose Creek equivalent, Britt et al., 1992),
and at other localities (Blackwelder and Ward 1979), supports
correlation with the Rushmere transgression farther north
(Ward and Blackwelder 1980).

3.2.2. Goose Creek Limestone

The Goose Creek Limestone was first described (but not named)
by Tuomey (1848), originally referred to as the Goose Creek
Phase by Sloan (1908), and formalized by Weems et al. (1982).
The type section of the Goose Creek Limestone is a bluff, 0.3 km
east of the Seaboard Coastline railroad bridge over Goose Creek,
Berkeley County, South Carolina (text-figure 2C). The Goose
Creek Limestone can be biostratigraphically separated into lower
and upper parts, separated by an unconformity (Campbell and
Campbell 1995). According to McCartan (1990), the Goose Creek
Limestone (stratotype), or lower Goose Creek [= Givhans beds]
lies below the stratotype of the Bear Bluff Formation and above
the Wabasso beds. The short ranging Chesapecten septenarius,
which first appears at the base of the Rushmere Member of the
Yorktown Formation as well as the Duplin Formation at Natural
Well, also occurs in the Raysor Formation and Goose Creek Lime-
stone in South Carolina (Campbell and Campbell 1995). With the
Raysor Formation, Duplin Formation, and Goose Creek Lime-
stone having limited exposures with which to view stratigraphic
context, and all being similar in age based upon microfossils and
mollusks (Weems et al. 1982; Dowsett 2024), we include the
Goose Creek Limestone as part of the Raysor Formation sensu
lato.

3.2.3. Raysor Formation

The Raysor Formation was named for a 1 meter section of
shelly, dark-blue marl on the right bank of the Edisto River,
0.4 kilometers downriver from the Raysor Bridge, 12.9 kilometers
southwest of St. George, South Carolina (Cooke 1936), based
upon a description by Sloan (1908). Mansfield (1943) corre-
lated the Raysor beds to his Zone 1 Yorktown in southeastern
Virginia. Since the location of the original type section was
lost, Blackwelder and Ward (1979) designated a neostratotype
section at Givhans Ferry State Park, on the left bank of the
Edisto River, 1.1 km above the Route 61 bridge crossing,
Dorchester County, South Carolina (text-figure 2C). In that
same publication, they indicated the Raysor was correlative
to Zone 2 Yorktown, based upon mollusks. The Raysor is rec-
ognized from Georgia to southeastern South Carolina and
grades into the Duplin Formation to the north (Ward and Hud-
dlestun 1988; Ward et al. 1991). Cronin (1991) suggested the
Raysor and Duplin Formations correlate with each other and
together represent a marine transgression that occupied the
Orangeburg scarp. Ward et al. (1991) described the Raysor
Formation as a shallow-shelf calcareous lithofacies that inter-
fingers with the correlative Duplin Formation, a more near-
shore clastic-rich shelly unit. Huddlestun (1988) identified a
diverse planktic foraminiferal assemblage indicating a Late
Pliocene age for the Raysor Formation in Georgia. The
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presence of both Dentoglobigerina altispira and Sphaeroidi-
nellopsis seminulina preclude an age younger than PL4, and
the presence of Globorotalia puncticulata suggests the Ray-
sor Formation is no older than PL2. No other marker species
defining the lower bounds of the Raysor Formation are
present. A similar planktic foraminiferal assemblage was
identified by Ward and Huddlestun (1988) and Dowsett
(2024) from South Carolina. Based upon current planktic for-
aminiferal biochronology, the Raysor Formation most likely
records deposition somewhere within Zone PL3, equivalent
to the Rushmere and Morgarts Beach Members of the York-
town Formation (Zone 2 Yorktown) in Virginia and North
Carolina.

3.2.4. Bear Bluff Formation

The Bear Bluff Formation (DuBar 1969) was originally described
as a gray to cream, fossiliferous, coarse-grained calcareous sand
and sandy limestone present in northeastern South Carolina and
southeastern North Carolina. The type section is located on the
left bank of the Waccamaw River at Bear Bluff, ~3 km east of
Conway, Horry County, South Carolina (text-figure 2C). The defi-
nition was modified by DuBar et al. (1974) and Owens (1989) to
include a range of marine facies. The Bear Bluff Formation is
unconformably overlain by the Waccamaw Formation in South
Carolina and the James City Formation in North Carolina. The
Bear Bluff Formation is contemporaneous with the lower Chowan
River Formation found in North Carolina and southeastern Vir-
ginia based upon a number of molluscan taxa stratigraphically
restricted to the Chowan River Formation (Blackwelder and Ward
1979; Ward et al. 1991; Ward and Gilinsky 1993). Conversely,
Campbell (1992) considered the upper Goose Creek Limestone
and Bear Bluff Formation to be the same unit based upon the
occurrence of a single molluscan subspecies restricted to the upper
Goose Creek.

Weems et al. (1982) indicate the Bear Bluff Formation falls
within Nannofossil Zones NN16-NN18, making the Bear Bluff
younger than the Goose Creek Limestone. Further south in
Georgia, Markewich et al. (1992) indicate the Bear Bluff For-
mation to be equivalent to the Cypress Head Formation, which
unconformably overlies the Raysor Formation. Planktic fora-
minifera from the Cypress Head Formation indicate an age no
younger than Early Calabrian (PT1a) based upon the presence of
Globigerinoides obliquus and Globigerina apertura (Huddlestun
1988). These taxa place the Cypress Head and Bear Bluff
Formations in Planktic Foraminiferal Zone PLS5, suggesting a
Late Pliocene age somewhere between 3 Ma and 2.4 Ma.
Planktic foraminifer assemblages recovered from the Bear Bluff
Formation at Elizabethtown, North Carolina, and Parkers Land-
ing, South Carolina, include specimens of Globigerina decora-
perta and Globorotalia inflata, which support placement in
Zone PL5 (Late Piacenzian to Early Gelasian). We tentatively
place the Bear Bluff at ~2.75 Ma.

3.2.5. Waccamaw Formation

Dall (1892) named the “Waccamaw Beds” for exposures along
the Waccamaw River, Horry County, South Carolina. In North
Carolina (south of the Neuse River) the name was applied to
Pliocene marine beds equivalent to the Croatan sand north of
the Cape Fear Arch. Blackwelder (1979) redefined the Wacca-
maw to include shelly medium-grained quartz sands of the
original type area not included in the Bear Bluff Formation. An
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exposure 180 m downstream from Tilly Lake on the Wacca-
maw River, Horry County, South Carolina, was designated as
the lectostratotype (text-figure 2C). There, the Waccamaw For-
mation sits unconformably on Cretaceous sediments. Else-
where (e.g., an exposure on the shore of Lake Waccamaw in
North Carolina) the Waccamaw Formation is unconformably
overlain by the Canepatch Formation (Pleistocene) and is
underlain by the Bear Bluff Formation (Upper Pliocene). In
such places, the Waccamaw Formation consists of two beds of
similar lithology but somewhat different molluscan faunas, and
separated by a disconformity. This is interpreted as deposition
during two separate sea level high stands (Ward et al. 1991;
Campbell and Campbell 1995).

Akers (1972) recorded diverse Waccamaw planktic foramini-
fera assemblages from Walkers Bluff, sections in Columbus
County, North Carolina, and North Myrtle Beach, South Caro-
lina (Crescent Beach Airport), south of the Intracoastal Water-
way. A sample from the Waccamaw Formation along the
intracoastal waterway near Myrtle Beach produced many of
the same taxa with the addition of Turborotalita quinqueloba
(Dowsett 2024). The presence of Globorotalia truncatulinoides
and Globigerinoides obliquus (Akers 1972; Huddlestun 1988;
Dowsett 2024) places the Waccamaw in the Pleistocene, within
the lower part of Zone PTla (~1.9-1.3 Ma). Mollusks found
in the Waccamaw suggest placement in Zone M3 of Black-
welder (1981a), and these are in agreement with the planktic
foraminifer occurrence data.

3.2.6. Canepatch Formation

DuBar et al. (1974) defined the Canepatch Formation as mar-
ginal marine shelly sands, silts, clays, and peats unconformably
overlying the Waccamaw or Bear Bluff formations in north-
eastern South Carolina. The type section is on the south bank
of the Intracoastal Waterway near Canepatch Swamp, 10.4 km
northeast of Myrtle Beach, Horry County, South Carolina
(text-figure 2C). Molluscan assemblages place the Canepatch
Formation in Zone M3 of Blackwelder (1981a). Hollin and
Hearty (1990) used amino acid racemization to place the Cane-
patch Formation within MIS 5Se.

3.3. Georgia

In Georgia the Early Pliocene Wabasso beds are unconform-
ably overlain by the Raysor Formation. The Raysor extends
southward from South Carolina where it correlates to the
Duplin Formation. The Cypress Head Formation unconform-
ably overlies the Raysor Formation, and unconformably under-
lies the Late Pleistocene Satilla Formation. It should be noted
that the Pliocene is well represented in western Florida (i.e. the
Gulf Coastal Plain) and that mollusc-based correlations with
the ACP sequence have been made (Petuch and Roberts 2007).
However, our current study is restricted to the ACP from Vir-
ginia to Georgia.

3.3.1. Wabasso beds

Named by Huddlestun (1988), the Wabasso beds are known
from the subsurface in southeastern South Carolina, Georgia,
and eastern Florida. They are described as phosphatic, calcare-
ous, and microfossiliferous, silty, fine-grained sands discon-
formably overlying the Coosawhatchie Formation in Georgia,
and are disconformably overlain by the Satilla Formation. The
reference section of the Wabasso beds is located between 65 and
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39 m in the Florida Geological Survey core Phred 1 (W-13958),
located 5.6 km south of Wabasso, Indian River County, Florida
(text-figure 2D). A diverse assemblage of planktic foraminifera
were identified from the Wabasso beds in Georgia and Florida by
Huddlestun (1988). The occurrence of Globigerina nepenthes
(LAD ~4.37 Ma) indicates the Wabasso beds are no younger
than Zone PL1 or Early Pliocene (Zanclean) (Raffi et al. 2020).
The occurrence of Globorotalia margaritae (range 6.08-3.85
Ma) suggests an age no older than Planktic Foraminiferal Zone
M13 or Late Miocene (Messinian). This planktic assemblage
potentially correlates the Wabasso beds in South Carolina, Geor-
gia, and Florida with Zone 1 Yorktown (Sunken Meadow Mem-
ber) in southeast Virginia and northeast North Carolina. The age
of 4.4 Ma from the Sunken Meadow at Lee Creek Mine corrob-
orates this correlation.

3.3.2. Cypresshead Formation

Huddlestun (1988) named the Cypresshead Formation for
fossil-poor sediments above the Raysor Formation in Georgia.
The Cypresshead Formation was described as a “thin-to-thick
bedded and massive, planar to cross bedded, variably burrowed
and bioturbated, fine-grained to pebbly, coarse-grained sand in
the terrace region of eastern Georgia. The type locality is on Goose
Creek, 0.4 km southeast of the junction of Cypresshead Branch
and Goose Creek, 7.5 km north-northwest of Jessup, Wayne
County, Georgia (text-figure 2D). The Cypresshead Formation dis-
conformably overlies the Miocene Coosawhatchie Formation and
the Raysor Formation along the Altamaha River. The Cypresshead
is disconformably overlain by the Satilla Formation.

Planktic foraminifera are rare in the unit, but the assemblage
recovered, combined with the stratigraphic relationships to
other formations, indicates a probable assignment to Zone PLS5.
The presence of Globigerina decoraperta (LAD in the middle
of PL5) in the Cypresshead Formation suggests an age no
younger than 2.75 Ma. This fits with Markewich et al. (1992)
who correlate the Cypresshead Formation to the Bear Bluff
Formation in the Carolinas.

3.3.3. Satilla Formation

The Satilla Formation was named and described as unconsoli-
dated greenish and bluish marine clays, gray, white, and yellow
sands, and thin layers of gravel in Georgia by Veach and Ste-
phenson (1911). Since a type section was not named, a lectos-
tratotype was designated by Huddlestun (1988) on the Satilla
River at Satilla Bluff, 5 km downriver of Woodbine, Camden
County, Georgia (text-figure 2D). Markewich et al. (1992)
suggested an age younger than 200 ka, based on previous work by
McCartan et al. (1982), McCartan et al. (1984), Owens (1989) and
McCartan (1990). A planktic foraminiferal assemblage recovered
by Huddlestun (1988) from Chatham County, Georgia, while not
age diagnostic, is compatible with a Late Pleistocene age.

4. DISCUSSION

The foregoing summary of Pliocene and Pleistocene units forms
the basis of a stratigraphic framework for the ACP within which
the MPWP can be located. The correlations shown in Figure 4
have for the most part been proposed by others (e.g. Blackwelder
and Ward, 1979; Hazel, 1983; Cronin and others, 1984; Huddles-
tun, 1988; Ward and others, 1991; Campbell and Campbell, 1995;
Ward, 2007; etc.). Here we have updated the stratigraphic frame-
work through a reanalysis of planktic foraminiferal data available



from coastal plain localities (Dowsett 2024) and recent additions
to the ACP stratigraphic literature (e.g. Denison and others, 1993;
Graybill and others, 2009; McGregor and others, 2011; Dowsett
and others, 2021).

4.1. Biostratigraphy and Biochronology

A recurring issue in coastal plain stratigraphy is the mixing of
litho- and bio- stratigraphic concepts. Both lithostratigraphic
formations and biostratigraphic zones are time transgressive,
and therefore age plays no proper role in their definitions
(North American Commission on Stratigraphic Nomenclature,
2021). On the ACP, where absolute age estimates (radiometric
dates) are rare, and successive lithologies have minor differen-
ces (one shelly sand looks like another), distinguishing one for-
mation from another can be difficult. In a practical sense it
becomes necessary to use fossil occurrences and similarity of
fossil assemblages to assess temporal equivalence and to place
approximate ages on units (Kauffman and Hazel 1977). How-
ever, comparison of the presence or absence of benthic taxa
(generally more sensitive to substrate and otherwise local con-
ditions than planktic organisms) between two localities, may
represent environmental differences as much or more so than
temporal diachrony. Though generally rare in shallow environ-
ments, planktic microfossil events (evolutionary first and last
appearances) have higher relative biostratigraphic value due to
their extensive spatial distributions and facies independence.
Thus, events are often calibrated to geologic time scales and used
to estimate ages of units (Berggren 1973; Berggren et al. 1985;
Wade et al. 2011). Since biostratigraphic events are to some
degree diachronous (Shaw 1964; Dowsett 1989a, 1989b; Wade
et al. 2011; Lam et al. 2022), calibrated biochronologies can, and
sometimes do, add additional uncertainty to correlations. Scott
(1978) put it plainly: “the logical distinction between sequence
and time, so well made by Huxley, has not been appreciated and
the “double-talk™ about synchroneity continues unabated.”

Another complication in evaluating age of Coastal Plain units
based largely upon calibrated fossil events is that our under-
standing of when individual taxa evolved and became extinct, as
well as the geologic time scale itself, has changed over historical
time. Ever more refined data from many sources, including the
Deep Sea Drilling Project (DSDP) and its successors, have pro-
vided a wealth of quantitative data on the temporal, geographic,
and ecologic distribution and paleoceanographic implications of
microfossils (Saito and Burckle 1975; Kennett 1978; Talwani
et al. 1979; Berggren et al. 1985; Bolli et al. 1989; Dowsett
1989a, Berggren et al. 1995). Many previous ACP planktic
foraminifera-based age assignments relied upon the original
N-zones of Blow (1969) or PL-zones of Berggren (1973). Changes
to nominate species of some zones over time, or new information
on the times of origination and extinction of taxa, resulted in con-
fusion over age estimates. In one example, the presence of the
planktic foraminifer Dentoglobigerina altispira in samples from
the Raysor Formation in South Carolina was used to estimate the
formation as being older than 3.9 Ma (Bybell 1990). This was
based upon an assumed LAD of 3.9 Ma. Today we recognize the
Dentoglobigerina altispira LAD to be closer to 3.13 Ma. Thus,
interpreting and assessing age assignments from previous workers
requires knowledge of the historical development of biostrati-
graphic zonations, as well as the geologic time scales used to
calibrate fossil events. In this work, we have relied primarily
on foraminiferal occurrence data to determine placement of
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units in the zonation of Wade et al. (2011) as presented in
GTS2020 (Gradstein et al. 2020).

4.2. Pliocene sea level

Coastal Plain outcrops generally represent spatially discontinu-
ous records of fleetingly short intervals of time, separated by
intervals of uncertain duration, or in some cases, highly con-
densed and time averaged beds (Barrell 1917; Dott 1983;
Davies et al. 2019; Zimmt et al. 2022). Sedimentary units from
the Coastal Plain of Virginia through Florida also record
marine deposition over a warped and evolving surface (Ward
et al. 1991). Depositional sequences are controlled in large part
by glacioeustatic sea level and a combination of mantle dynam-
ics (dynamic topography) and glacial isostatic adjustment
(GIA). Rowley et al. (2013) showed that dynamic topography
has a significant effect on ACP sea-level estimates based upon
analysis of the elevation of the Orangeburg Scarp, a marker for
the mid-Piacenzian shoreline. Dowsett and Cronin (1990) used
the Orangeburg Scarp to estimate a late Pliocene sea-level of
435 (£17) m. That work used simple assumptions about rates
of tectonic uplift. Moucha and Ruetenik (2017) demonstrated
that in addition to dynamic topography, inclusion of flexural
isostasy is required to fully explain deformation of the Orange-
burg Scarp within the ACP. That work suggested an estimated
sea level rise of +15 m. Miller et al. (2012) obtained global sea
level estimates of 422 (+5) m (68% confidence level) from
backstripping in Virginia, New Zealand, and Enewetak Atoll.
Dowsett et al. (2016) presented a paleogeographic reconstruc-
tion based upon GIA, adjustments due to mantle convection,
and estimated ice-volume to suggest a global mean sea level
(GMSL) +24 m relative to present day. Halberstadt et al.
(2024) indicate a dynamic Pliocene Antarctic ice sheet reveal-
ing 25m of GMSL rise. Conversely, a recent estimate of mid-
Piacenzian GMSL, based upon geodynamically corrected Plio-
cene shoreline elevations in Australia, is +16.0 m (£5.5m)
(Richards et al. 2023), and another by Dumitru et al. (2019),
based upon phreatic overgrowths on speleothems from the
western Mediterranean, suggests GMSL +16.2 m to +17.4 m
relative to present day. Despite the spread, these estimates of
past GMSL provide critical paleoclimatic information by
bracketing global ice volume.

While documentation of the elevation of the Orangeburg Scarp
along its length has been made (Rovere et al. 2015), for the
purpose of determining the stratigraphic position of the
MPWP, it is the spatial location of the scarp that is most impor-
tant. Regardless of the GMSL, the ACP was submerged during
parts of the Pliocene with the western-most extent of marine
sediments occurring at the toe of the Orangeburg Scarp (DuBar
et al. 1974; Winker and Howard 1977; Colquhoun 1986;
Huddlestun 1988; Owens 1989; Dowsett and Cronin 1990).

Obliquity driven sea level cyclicity during the Pliocene suggests
transgressive-regressive cycles on the ACP of around 40,000
years. Given the 1 My length of the Late Pliocene (Piacenzian),
there could have been ~ 25 Piacenzian transgressive-regressive
cycles. The correlation of the Duplin, Raysor, and Goose Creek
formations differs between authors (Ward et al. 1991; Campbell
and Campbell 1995; Willoughby et al. 1999). What has been
described in the literature are three cycles that can be accurately
attached to type sections. Thus, at most, only three of these poten-
tial Piacenzian transgressive-regressive cycles have been described
based on type sections, leaving 22 cycles not covered by any of
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TEXT-FIGURE 5

The Pliocene portion of the LR04 benthic stable isotope stack of
Lisiecki and Raymo (2005). Horizontal dashed lines indicate the
Zanclean — Piacenzian and Piacenzian — Gelasian (also the Pliocene —
Pleistocene) boundaries. Numbers refer to selected marine isotope
stages. Horizontal shaded bands do not represent duration of sedi-
mentation of respective units, but rather indicate the temporal inter-
val within which the units most likely reside. Vertical red line at
right indicates the interval covered by the PRISM3 mid-Piacenzian
Warm Period (Dowsett et al. 2010).

the existing lithostratigraphic terminology. This implies that any
new Late Pliocene exposure may represent a transgressive-
regressive cycle not previously described in the existing literature.
We are dealing with many short transgressive-regressive cycles
that are nearly impossible to separate based upon observed faunal
successions (R. Weems, USGS, written communication, 2024).

Krantz (1991) discussed the chronology of Pliocene sea-level
fluctuations on the U.S. Middle ACP based on marine and
marginal-marine sediments. Considering the ACP records the
feather edge of transgressions due to changes in sea level, he
correlated transgressions onto the ACP with deep-ocean
benthic stable isotopic records. This was a particularly elegant
way to determine relative (and to estimate absolute) ages of
units. Krantz presented the model as a hypothesis to be tested
when additional data became available. The Krantz model has
since been applied to sedimentary sequences in Virginia, North
Carolina, and South Carolina to help determine relative age
and to facilitate correlation throughout the ACP (Ward et al.
1991; Campbell 1993; Campbell and Campbell 1995; Harding
et al. 2015; Spivey et al. 2022).

Our summary of Pliocene ACP stratigraphy and identification

of the MPWP is also based, in part, upon the deep-sea oxygen
isotopic record. Krantz (1991) used available oxygen isotope
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records at that time (Deep Sea Drilling Project Sites 552A,
572C, 588, 606, 607 and Ocean Drilling Program Site 665A)
to develop a sea level curve, tying the Yorktown Formation
and its members to specific times of estimated high sea level.
The global oxygen isotopic record of the past 5 million years
has since been synthesized in a seminal paper by Lisiecki and
Raymo (2005), and for the past two decades the so called
“LR04 stack™ has been the de facto standard for marine age
models.

4.3. Isotope Stratigraphy

The single largest 3'*0 enrichment in the LR04 record during
the first two million years of the Pliocene occurs at ~3.3 Ma
and is designated marine isotope stage (MIS) M2 (text-figure 5).
The M2 event can be interpreted as an increase in global ice vol-
ume and concomitant decrease in GMSL. The magnitude of sea-
level drop associated with the M2 event has been estimated at
~60 m by Dwyer and Chandler (2009) using coupled Mg/Ca
and oxygen isotope analyses in North Atlantic deep sea cores.
Many have analyzed the M2 event, its possible causes, and the
role it may have played in the development of Pliocene paleo-
ceanographic and paleoclimatic changes (De Schepper et al.
2009; Dolan et al. 2015; de la Vega et al. 2020).

The increase in global ice volume associated with MIS M2 led
to widespread regression on the ACP (Dowsett et al. 2021).
The ensuing transition from MIS M2 to MIS M1 resulted in an
extensive transgression occurring over ~0.04 My. Following
MIS M1 the benthic isotope record remains depleted with
low amplitude variability through MIS KM3. Marine Isotope
Stage KM2 is the next strong 8'80 enrichment occurring
~3.15 Ma (text-figure 5). The time interval between MIS
M2 and MIS KM2 (~0.16 Ma) is equivalent to the first half
of the MPWP of Dowsett et al. (2010).

4.4. Atlantic Coastal Plain mid-Piacenzian Warm Period

By definition, the MPWP lies between the transition of MIS
M2/M1 (3.264 Ma) and MIS G21/G20 (3.025 Ma), in the mid-
dle part of the Gauss Normal Polarity Chron (Dowsett et al.
2010). The MPWP ranges from C2An.2r (Mammoth reversed
polarity) to near the bottom of C2An.ln (just above Kaena
reversed polarity). This interval correlates in part to Planktic
Foraminiferal Zones PL3 (Sphaeroidinellopsis seminulina High-
est Occurrence Zone), PL4 (Dentoglobigerina altispira Highest
Occurrence Zone) and PL5 (Globorotalia miocenica Highest
Occurrence Zone) of Wade et al. (2011). The MPWP sits within
the limits of Calcareous Nannofossil Zones NN16 of Martini
(1971), CM12a of Okada and Bukry (1980), and Mollusk Zone
MS5 of Blackwelder (1981a) (text-figure 4).

In southeastern Virginia, the Yorktown Formation rests uncon-
formably on the Late Miocene Eastover Formation, which is
placed in Nannofossil Zones NN11 of Martini (1971) or CN9
of Okada and Bukry (1980) (M. Utsunomiya, JGS, written
communication, 2024) (text-figure 4). The basal Sunken Meadow
Member of the Yorktown Formation is dated at ~4.3 Ma.
Planktic foraminiferal assemblages indicate assignment to
Zone PL1 (Robinson and Dowsett 2023), and the molluscan
assemblage is placed in Zone M6. Any number of regressions
may be responsible for removing large parts of the Lower Pliocene
sedimentary record (prior to 3.3 Ma), but the MIS M2 event was
the strongest 8'%0 enrichment since the beginning of the Zanclean.



The reduction in GMSL and concomitant regression removed part,
in some cases all, of the Sunken Meadow Member (Yorktown
Zone 1), so that the Rushmere Member locally sits on Miocene
units. Mollusk faunas are different across the unconformity, sug-
gesting an appreciable amount of time missing from the geologic
record (Ward and Blackwelder 1980). Based upon biochronology
and the few dates available for the Yorktown Formation (Bender
1973; Hazel 1983; Denison et al. 1993; Browning et al. 2009), the
Sunken Meadow Member of the Yorktown Formation is separated
by ~1 My from the overlying Rushmere Member. In Georgia and
Florida, the Wabasso beds, like the Sunken Meadow, can be placed
in Planktic Foraminiferal Zone PL1. The Wabasso beds are uncon-
formably overlain by the Duplin and Raysor Formations, both
of which fall within Zone PL3, showing a similar stratigraphic
arrangement as seen in southeast Virginia and northeast North
Carolina within the Yorktown Formation.

Deposition during the MIS M2-M1 glacioeustatic rise in sea
level marks the start of the MPWP (text-figure 5). This rapid
transgression is recorded by the Rushmere Member of the
Yorktown Formation in Virginia and northern North Carolina
(Ward and Blackwelder 1980; Dowsett et al. 2021). The Rushmere-
Morgarts Beach transgression was the most extensive of Pliocene
depositional events, covering an area inland to just west of the Tide-
water fall line (Ward and Blackwelder 1980; Fig. 12 of Ward, 2008)
and thus comprises the extent of the modern ACP in southeastern
Virginia and northeastern North Carolina (Weems 1998). Following
relatively high stands of sea level associated with MIS M1, KMS,
and KM3, the next major glacial event, and presumed drop in sea
level (MIS KM2, text-figure 5), could be a candidate for the
regression resulting in the unconformable contact between the
Morgarts Beach and Moore House members of the Yorktown For-
mation. This would put the age of the Moore House Member
within the interval of ~3.1 Ma to 3.0 Ma (Dowsett et al. 2021).
Thus, while multiple short transgressive-regressive cycles were
probably responsible for the existing sediments, there are at least
two pulses of relative rise in sea level evident in southeastern Vir-
ginia and northeastern North Carolina during the first half of the
Piacenzian.

Cronin et al. (1984), Dowsett and Cronin (1990), and Ward
et al. (1991) suggested the Raysor, Duplin, and Yorktown For-
mations were correlative and represented parts of a marine
transgression that occupied the Orangeburg Scarp. A large
amount of time is missing between the Early Pliocene Wabasso
beds of Georgia and the overlying Raysor Formation (Huddlestun
1988). Elsewhere on the ACP, the Raysor and Duplin Formations
rest unconformably on much older (Cretaceous, Eocene, Oligo-
cene, and Miocene) units (Ward et al. 1991).

The Chowan River Formation and age equivalent Bear Bluff
Formation may have been deposited following the MIS G20
glacial event or possibly the MIS G10 glacial event, which is
followed by nearly 100,000 years of relatively high sea levels
(Dowsett et al 2021). However, at present these correlations
are conjectural and additional chronologic data are required to
accurately date post-MPWP units.

Blackwelder (1981a) Mollusk Zone M5 is defined by the
occurrence of Chesapecten septenarius, which first occurs at
the base of the Rushmere Member of the Yorktown Formation
(=Zone 2 Yorktown) but it is not present in the overlying
Moore House Member. This short ranging taxon has thus been
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used as a marker for the transgression that deposited the Late
Pliocene Rushmere and Morgarts Beach Members of the York-
town. Chesapecten septenarius is also found at the type locality
of the Duplin Formation at Hidden Well (Dall 1903), in the
Raysor Formation at its type locality on the Edisto River (Ward
and Huddlestun 1988), and in the informal upper and lower
beds of the Goose Creek Limestone (Campbell and Campbell
1995). This suggests the Duplin Formation, Raysor Formation,
and Goose Creek Limestone are at least in part equivalent, fall
within Mollusk Zone M5, were deposited post 3.3 Ma, and rep-
resent the MPWP on the southeastern ACP.

5. SUMMARY AND CONCLUSIONS

We reinterpreted existing and generated new planktic foramini-
feral occurrence data for Pliocene-Pleistocene units of the ACP
(Dowsett, 2024) using the presently accepted zonation schemes
calibrated to GTS2020 (Raffi et al. 2020). These data were
used to confirm correlations and, to the extent possible, ages of
Coastal Plain units. We recognize there is no a priori reason to
assume synchroneity of fossil first and last appearance events
(Shaw 1964; Hazel 1977; Scott 1978; Dowsett 1989a, Lam
et al. 2022) and therefore use the calibrated ages of evolution-
ary events provided in Raffi et al. (2020) only as a general
guide to age.

The MIS M2 event was of large enough magnitude that the
associated regression removed sediments along the length of
the southeastern ACP. Thus, in most cases, post-MIS M2 sedi-
mentary units rest unconformably on Miocene or older rocks.
The base of the MPWP is coincident with the MIS M2-M1
transition and the MPWP is probably represented by several
transgressive-regressive cycles on the ACP. Our review of the
stratigraphy of the coastal plain suggests this extensive trans-
gression is recorded by the Rushmere and Morgarts Beach
Members of the Yorktown Formation of Virginia and North
Carolina, the Duplin Formation in North Carolina, and the
Raysor and Goose Creek Formations in South Carolina and
Georgia (text-figure 4).

The ACP provides a unique and accessible fossil-rich labora-
tory within which detailed and nuanced analyses of marine
paleobiology and paleoenvironments can take place (Stanley
and Campbell 1981; Allmon et al. 1996; Saupe et al. 2014,
Friend et al. 2023; Anderson et al. 2024). We identify several
peri-MPWP intervals: the Sunken Meadow Member of the
Yorktown Formation and the correlative Wabasso beds in
Georgia represent a pre-MPWP interval within the Zanclean
that may be equivalent in age to the 4.474 Ma PRISM 5.1
time-slice (Dowsett et al. 2023), one of two Early Pliocene tar-
gets currently being analyzed by paleoclimate modeling groups
(Haywood et al. 2024). The Rushmere (and Morgarts Beach)
Member of the Yorktown Formation in Virginia and North Car-
olina was deposited during the MPWP. The Duplin and Raysor
Formations, and Goose Creek Limestone, are correlated to the
Rushmere Member of the Yorktown Formation and represent
the MPWP and PRISM4 paleoenvironmental reconstruction
focused on 3.205 Ma or MIS KMS5c (Dowsett et al. 2016). A
post-MPWP interval near the Pliocene-Pleistocene boundary is
represented by the Chowan River, Bear Bluff and Cypress
Head Formations from Virginia to Georgia. A second, younger
post-MPWP interval is represented by the James City Forma-
tion in the north and Waccamaw Formation further south.
Based upon mollusk faunas, both units can be separated into a
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first and second pulse. This provides four (and possibly 5) time
bands within which comparative paleobiological, paleoenvir-
onmental, and paleoclimatic research can be pursued.
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