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Abstract: The Yorktown Formation records paleoclimate conditions along the mid-Atlantic Coastal
Plain during the mid-Piacenzian Warm Period (3.264 to 3.025 Ma), a climate interval of the Pliocene
in some ways analogous to near future climate projections. To gain insight into potential near future
changes, we investigated Yorktown Formation outcrops and cores in southeastern Virginia, refining
the stratigraphic framework. We analyzed 485 samples for alkenone-based sea surface temperature
(SST) and productivity estimates from the Holland and Dory cores, an outcrop at Morgarts Beach,
Virginia, and the lectostratotype of the Yorktown Formation at Rushmere, Virginia, and analyzed
planktonic foraminferal assemblage data from the type section. Using the structure of the SST record,
we improved the chronology of the Yorktown Formation by establishing the maximum age ranges of
the Rushmere (3.3–3.2 Ma) and Morgarts Beach (3.2–3.15 Ma) Members. SST values for these members
average ~26 ◦C, corroborating existing sclerochronological data. Increasing planktonic foraminifer
abundance, productivity, and species diversity parallel increasing SST over the MIS M2/M1 transition.
These records constitute the greatest temporal concentration of paleoecological estimates within the
Yorktown Formation, aiding our understanding of western North Atlantic temperature patterns,
seasonality and ocean circulation during this interval. We provide a chronologic framework for
future studies analyzing ecological responses to profound climate change.

Keywords: Pliocene; Piacenzian; Yorktown; paleoclimate; paleoecology; Atlantic Coastal Plain;
alkenones

1. Introduction

The Earth’s changing climate is an existential threat to the environment, public health,
and infrastructure, often dominating political, economic, and cultural dialogues. The latest
climate models project conditions for the end of this century that are generally outside
of the human experience [1–3]. Fortunately, deep-time records of paleoclimate provide
insight into the climate system over millions of years, sampling conditions different from
the present day, and in some cases similar to model projections for the future.

The Pliocene (5.33–2.59 Ma) has often been used to investigate how the climate system
works under different boundary conditions and to gain insight into the potential magnitude
of changes that might occur by the end of the 21st century [4]. One popular target for
paleoclimate research within the Pliocene Epoch is the mid-Piacenzian Warm Period
(MPWP), 3.264 to 3.025 Ma [5]. The MPWP is the most recent interval of the past with
CO2 levels similar to present day [6] and a global mean annual temperature greater than
today [7].

Excellent MPWP marine deposits are found in outcrop and shallow cores in south-
eastern Virginia, USA, along the mid-Atlantic Coastal Plain (MACP) (Figure 1). These
sediments, belonging to the Yorktown Formation, are best exposed on the York-James
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Peninsula and on the banks of the York and James Rivers. The Yorktown Formation has
played an important role in advancing our knowledge of Pliocene paleoclimate, illumi-
nating our understanding of western North Atlantic biogeography, temperature patterns,
seasonality, and ocean circulation during this warmer climate state (e.g., [8–20]). The York-
town Formation, and correlatives to the south, are the youngest marine units deposited at
the toe of the Orangeburg Scarp, delineating a major Pliocene transgression of ~25 m above
modern sea level recorded from Florida to Virginia [21–24]. Thus, in addition to a regional
paleoclimate signal contained within its sediments, the Yorktown Formation has played
a pivotal role in understanding global sea-level change, putting constraints on global ice
volume at that time [21].
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Figure 1. Map showing location of the Farm Road, Rushmere, and Pipsico localities on the south 
bank of the James River (left panel). Inset map shows these localities and two core sites discussed 
in the text, (P) Pipsico, (R) Rushmere, (FR) Farm Road, (D) Dory core, (and H) Holland core. Right 
panel shows the location of the field area covered by left panel (yellow box) in relation to Virginia 
(gray) and the U.S. Atlantic Coastal Plain. Positions of the Gulf Stream Current, a relatively cool 
southward flowing Virginia Current (blue), and a warm Carolina Current (orange) are also shown. 

2. Yorktown Formation Stratigraphy 
2.1. Previous Stratigraphic Work 

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 [25]. The richly fossiliferous Neogene sediments have been recognized for the paleo-
climatic signals they contain since the time of Lyell’s visit in 1845 [26]. The term “York-
town,” referring to beds on both the York and James Rivers in Virginia, enjoys frequent 
use in the early literature including but not limited to Dana’s “Yorktown”, “Yorktown 
Period”, and “Yorktown Epoch” [27–29]. Dall and Harris [30] referenced “the Yorktown”, 
but the first reference to the “Yorktown Formation” was made by Clark and Miller in 1906 
[31]. In 1912, Clark and Miller state “The Yorktown Formation has been so named because 
of the excellent exposure of the strata of this age in the prominent cliffs at Yorktown [32].” 
While this does not designate a specific section, they clearly refer to the sections along the 
York River, near Yorktown, composed of calcarenite and cemented shells. They indicated 

Figure 1. Map showing location of the Farm Road, Rushmere, and Pipsico localities on the south
bank of the James River (left panel). Inset map shows these localities and two core sites discussed
in the text, (P) Pipsico, (R) Rushmere, (FR) Farm Road, (D) Dory core, (and H) Holland core. Right
panel shows the location of the field area covered by left panel (yellow box) in relation to Virginia
(gray) and the U.S. Atlantic Coastal Plain. Positions of the Gulf Stream Current, a relatively cool
southward flowing Virginia Current (blue), and a warm Carolina Current (orange) are also shown.

Outcrops of the Yorktown Formation in southeastern Virginia have undergone con-
siderable changes in the 40 years since a lectostratotype was designated [9]. Many of the
sections have been lost to erosion or development. In this paper we identify and describe
three outcrop sections that are still accessible along the James River and correlate them to
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two cores collected from southeastern Virginia. In doing so, we refine the stratigraphic
framework of the Yorktown Formation. In addition, using alkenone time series data, we
greatly improve the Yorktown Formation chronology and present new temperature and
productivity estimates. Combined with foraminiferal assemblage data, these records con-
stitute the greatest temporal concentration of paleoecological estimates of the MPWP in
this region and provide a high-resolution chronologic framework for future studies.

2. Yorktown Formation Stratigraphy
2.1. Previous Stratigraphic Work

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 [25]. The richly fossiliferous Neogene sediments have been recognized for the paleocli-
matic signals they contain since the time of Lyell’s visit in 1845 [26]. The term “Yorktown,”
referring to beds on both the York and James Rivers in Virginia, enjoys frequent use in
the early literature including but not limited to Dana’s “Yorktown”, “Yorktown Period”,
and “Yorktown Epoch” [27–29]. Dall and Harris [30] referenced “the Yorktown”, but the
first reference to the “Yorktown Formation” was made by Clark and Miller in 1906 [31]. In
1912, Clark and Miller state “The Yorktown Formation has been so named because of the
excellent exposure of the strata of this age in the prominent cliffs at Yorktown [32].” While
this does not designate a specific section, they clearly refer to the sections along the York
River, near Yorktown, composed of calcarenite and cemented shells. They indicated the
lithology could be seen at other locations including along the James River. Their description
of the Yorktown Formation also included beds of sand and blue sandy clay [32].

Mansfield provided a brief outline of the Chesapeake Group (Figure 2) in which he
established two biostratigraphic units within the Yorktown Formation [33]. The lower unit
(Zone 1) contained the bivalve Pecten clintonius. The upper unit (Zone 2) was distinguished
by the presence of the gastropod Turritella alticostata and further subdivided into a lower,
middle, and upper part. The middle part of Zone 2 referred to fragmental beds, the lower
part to sediments under the fragmental beds, and the upper part to sediments resting
on the fragmented beds and therefore representing the youngest Yorktown deposits in
Virginia. These subzones, in ascending order, were later referred to as the Chama-bearing
beds, the beds at Yorktown, and the beds at Suffolk (Figure 3) [34]. These subdivisions of
Zone 2 were informal as they were not defined in terms of lithology or paleontology.
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Hazel quantitatively analyzed occurrences of ostracods from Yorktown Formation
samples and divided the formation into a lower Pterygocythereis inexpectata Zone, roughly
equivalent to Mansfield’s Zone 1, and an Orionina vaughani Zone, which represented the
middle and upper parts of the Yorktown Formation, equivalent to Mansfield’s Zone 2
(Figure 3) [36].

Ward and Blackwelder [9] revised the stratigraphy of the Upper Miocene and Lower
Pliocene of the MACP. They formally described the Yorktown Formation (designated
a lectotype section) and subdivided it into a lowermost coarse-grained sand (Sunken
Meadow Member), a shelly fine-grained sand (Rushmere Member), a very fine grained
sandy-clay unit (Morgarts Beach Member), and an uppermost shell hash (the Moore House
Member) (Figure 3).

The Sunken Meadow Member, equivalent to Mansfield’s Zone 1 and Hazel’s Pterygo-
cythereis inexpectata Zone, is separated from the underlying Miocene Eastover Formation by
an erosional unconformity. The combined Rushmere, Morgarts Beach, and Moore House
Members are equivalent to Mansfield’s Zone 2 and Hazel’s Orionina vaughani Zone. The
Rushmere Member, which equates to the Chama-bearing beds, unconformably rests on the
Sunken Meadow Member and grades into the overlying Morgarts Beach Member.

The silty and fine sandy clays of the Morgarts Beach Member are separated from the
overlying Moore House Member by an unconformity representing a brief drop in relative
sea level [37]. The Moore House, which corresponds to Mansfield’s middle part of Zone
2, is unconformably overlain by the Chowan River Formation and equivalents, which
would most likely have been considered the “upper part” of Zone 2 by Mansfield [33]
and included in his concept of the Yorktown (see Figure 3). The stratigraphy presented
by Ward and Blackwelder [9] can be readily applied to the James River sections, but, in
the absence of macrofossil data, subsurface units encountered in cores are not always
lithologically distinctive, making member assignments problematic. It should also be
noted that Campbell [15] advanced a multiple lithofacies model of deposition, in which he
stressed the units exposed at the Yorktown lectostratotype section at Rushmere were facies
repeated both spatially and temporally elsewhere in the region. The workable applied
stratigraphic framework for our study area, confined to the James River in the southeastern
Virginia part of the MACP, recognizes the Yorktown Formation as defined by Ward and
Blackwelder [9], but at times defaults to the simple two-zone construct of Mansfield [33].

2.2. Chronology

The Pliocene age of the Yorktown Formation is well-established based upon mollusk,
foraminifer, and ostracod faunas from localities in southeastern Virginia and northeastern
North Carolina (e.g., [8–11,14,15,36,38]). Planktic foraminiferal data are consistent with
a zonal assignment of N19 of Blow [39] or PLlb—PL4 of Berggren [40]. The presence of
Globoconella puncticulata (first appearance in the northern mid-latitudes ~4.1–3.9 Ma) and
Dentoglobigerina altispira (last appearance ~2.9 Ma) in some Yorktown samples was used
to suggest an age range of 4.0–2.9 Ma for the Yorktown in the type area [14]. Revisions
to the geomagnetic polarity time scale used to calibrate these events now places the last



Geosciences 2021, 11, 486 5 of 21

appearance of D. altispira at ~3.1 Ma [41]. Only the base of the Moore House Member was
dated, thus the top of the Yorktown Formation may be younger than 3.1 Ma.

Dowsett et al. [18] correlated the Holland Core alkenone record to Integrated Ocean
Drilling Program (IODP) Site U1313 in the North Atlantic, and ultimately to the LR04
timescale [42]. This correlation places the Marine Isotope Stage (MIS) M2/M1 transition
(~3.30 Ma to ~3.24 Ma) as extending from the unconformity at the base of the transgressive
Rushmere Member (45.9 m) up into the lower Morgarts Beach Member in the Holland core.
The Rushmere Member therefore represents a rapid transgression following the global sea
level lowstand associated with MIS M2 [18].The occurrence of the dinoflagellate species
Invertocysta lacrymosa at 10.27 m (Edwards, unpublished data, 8 January 2018) suggests an
age for the uppermost Morgarts Beach sediments of ~2.74 Ma [43].

In the study area, the marine regression corresponding to the MIS M2 glacial event
removed part or all of Zone 1 Yorktown sediments. Within the Holland Core, this regression
resulted in erosion of all of Zone 1 (Zanclean stage) as well as latest Messinian aged material.
Immediately below the unconformity, sediments of the Eastover Formation are assigned to
the Miocene dinoflagellate zone DN10 [43] (Edwards, unpublished data, 8 January 2018).

2.3. James River Composite Section

Ward and Blackwelder [9] chose a lectostratoype for the Yorktown Formation at
Rushmere, Virginia, on the south bank of the James River, ~300 m down-river of the former
Fergusson’s Wharf locality described by Clark and Miller [32] (Figure 1). The Rushmere
locality exposes the Rushmere, Morgarts Beach, and Moore House Members, and is also
designated as the stratotype for the Rushmere Member.

The basal unit at the Rushmere locality is ~1.4 m of blue–gray fine sandy clay with
abundant shells, the Rushmere Member, which grades into the overlying Morgarts Beach
Member. The Morgarts Beach Member is 5.5 m of blue-gray silty to fine sandy clay, which
is in turn overlain by about 4 m of fragmental, often cemented bioclastic sand belonging
to the Moore House Member of Ward and Blackwelder [9]. This can be found as large
boulder-size pieces that have fallen to the beach (Figure 4).

At extreme low tide, Chesapecten valves, the majority of which are C. jeffersonius, an
index fossil for Zone 1 Yorktown and the Sunken Meadow Member, are exposed along the
outer beach at the Rushmere locality. Excavation at the base of the outcrop shows that C.
jeffersonius is encountered ~1 m below the base of the section. Thus, while not noted by
Ward and Blackwelder [9], their choice for the lectostratotype contains all four members
(both Zone 1 and Zone 2) of the Yorktown Formation.

Clark and Miller also described a section downriver from Fergussons Bluff on the
“south bank of James River at Morgarts, five miles north of Smithfield” [32]. At that
time there were bluffs from Fort Boykins south to Days Point Farm at the intersection of
the Pagan and James Rivers (Figure 1). Based upon their description, Clark and Miller
were most likely describing a section near Fort Boykins, immediately north of the present
day Morgarts Beach community. The term “Mogart” used on the USGS Mulberry Island
7 1/2 min quadrangle for this location, and perpetuated on other documents, appears to
be an error. A proposal to the U.S. Board on Geographic Names (BGN) to correct the
name of Mogarts Beach in Isle of Wight County to Morgarts Beach, is under review. The
now covered Fort Boykins section exposed Rushmere, Morgarts Beach, and Moore House
lithologies, overlain by a Pleistocene unit [37]. The upper bed of the Yorktown Formation
described by Clark and Miller [32] is equivalent to the Moore House while the lowest unit
“bearing numerous fossils” would be equivalent to the Rushmere Member of Ward and
Blackwelder [9]. The section between these upper and lower beds is referred to as the
Morgarts Beach Member.
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Figure 4. James River composite section. In stratigraphic order, (A) Claremont Manor Member and
(B) Cobham Bay Member of the Miocene Eastover Formation. (C) Sunken Meadow Member of the
Yorktown Formation. All three units are well exposed at the Pipsico locality. At the Rushmere locality,
the abrupt but conformable contact between the (D) Rushmere Member and (E) Morgarts Beach
Member of the Yorktown Formation is well exposed. The burrowed contact between the (F) Morgarts
Beach Member and (G) Moore House Member of the Yorktown Formation is best exposed at the
Farm Road locality. Fragmented and cemented (H) Moore House boulders can be found on the beach
at the Rushmere locality. Black bars on the right indicate units exposed at the three localities. See text
for further description of sections.

Ward and Blackwelder [9] chose a section closer to Days Point, about 1 km below
the community of Morgarts Beach, as the stratotype for their Morgarts Beach Member.
They describe the section as having Rushmere lithology at the base overlain by “gray
fine slightly sandy clay (tan where weathered) containing abundant small shell (Mulinia)
throughout.” Unfortunately, neither the Morgarts Beach type section, nor the section at
Fort Boykin, are accessible, having been graded and rip-rapped to retard bluff retreat. Here,
we propose the section at Rushmere as the neostratotype locality for the Morgarts Beach
Member (Figure 1).

There is an outcrop along Morgarts Beach Road (0.25 km northwest of the intersection
of Farm Road and Morgarts Beach Road) located south of Fort Boykins (Figure 1). To avoid
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confusion with the original Morgarts Beach type locality of Ward and Blackwelder [9], we
refer to this as the Farm Road locality. The locality exposes 6.5 m of dark gray (weathers
to tan) silty clay and clay-rich fine sand. The lowest ~2 m is more clayey with abundant
Mulinia, similar to the Morgarts Beach Member at Rushmere. This basal clay-rich layer
is separated from the overlying silt and fine sand by an irregular and burrowed surface
(Figure 4). This is the contact between the Morgarts Beach Member (below) and the Moore
House Member (above). The sequence is capped by buff-colored cemented fragmented
fossil layers that are also assigned to the Moore House Member. Notably absent are
specimens of Chesapecten. However, at extreme low tide, shells of Chesapecten madisonius
are found which suggests the presence of the Rushmere Member in the shallow subsurface.
Thus, the Farm Road section at Morgarts Beach is essentially the same as the section
described from Fort Boykins [37].

These two sections, Rushmere and Farm Road, together, provide accessible contacts
between the Rushmere, Morgarts Beach, and Moore House Members or Zone 2 of the
Yorktown Formation.

Zone 1 Yorktown (Sunken Meadow Member of Ward and Blackwelder [9]) is exposed
at Pipsico Scout Reservation, on the south bank of the James River, 5 km southeast of
Sunken Meadow Lake (Figure 1). Here, the base of the cliff is obscured by vegetation
and slumping. About 16–17 m above beach level, a well sorted silt with few fossils
is encountered. Above that is approximately 2 m of fossiliferous sand with common
specimens of Isognomon sp. with a characteristic pearlescent luster [9]. These two beds,
separated by an unconformity, correspond to the Claremont Manor and Cobham Bay
Members, respectively, of the Miocene Eastover Formation. An unconformity separates
the Cobham Bay Member from the overlying Sunken Meadow Member of the Yorktown
Formation. The Sunken Meadow Member is coarse sand with abundant mollusks including
Chesapecten jeffersonius, the marker for Zone 1 of the Yorktown. At the Pipsico locality, the
Sunken Meadow Member is about 2.0 m in thickness. At the very top of the section, there
are small patches of the Rushmere Member with abundant specimens of Chama congregata
(Figure 4).

These three sections (Pipsico, Rushmere, and Farm Road) can be composited to
provide a stratigraphic framework for the Yorktown Formation, providing access to all
four members (Figure 4).

In addition to the outcrop sections described above, we analyzed core samples from
two Coastal Plain cores (see Table 1, Figure 1): the Holland Ball Park (DEQ 161-592) and
Dory Murphy Brown Farm (DEQ 187-262) cores, hereinafter referred to simply as the
Holland and Dory cores.

Table 1. Localities.

Locality Designation Latitude Longitude Members Present

Farm Road – 37.033 76.604 Rushmere 1, Morgarts Beach, Moore House

Rushmere – 37.067 76.669 Sunken Meadow 1, Rushmere, Morgarts
Beach, Moore House

Pipsico – 37.202 76.882 Claremont Manor, Cobham Bay, Sunken
Meadow, Rushmere

Holland core DEQ 161-592 36.682 76.781 Eastover Fm. 2, Rushmere, Morgarts Beach

Dory core DEQ 187-262 36.856 77.038 Claremont Manor, Cobham Bay, Rushmere,
Morgarts Beach

1 encountered only at extreme low tides; 2 identified to formation only.

3. Materials and Methods
3.1. Alkenones

Paleotemperatures were estimated for 485 Yorktown Formation samples at the Rush-
mere and Farm Road localities and in the Holland and Dory cores [44], using the UK′

37 index,
which is based on the temperature dependence of double and triple carbon bonds in the
alkenones produced by haptophyte algae [45–48]. Temperature estimates derived using
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this technique have an analytical error of 0.1 ◦C and are calibrated using the Müller coretop
calibration [49] with a calibration uncertainty of ±1.38 ◦C [48].

All alkenone data were generated at the Brown University Alkenone Lab. Details
of the technique have been previously published but are included here for completeness.
Sediment samples of 1–5 g dry weight were extracted via a Dionex ASE (methylene chloride
as solvent) and prepared for gas chromatography using toluene as the solvent for sample
injection. Gas chromatographic analyses were carried out on Agilent 5890 and 6890 gas
chromatographs equipped with 60 m DB-1 chromatographic columns and Flame Ionization
Detection, with a temperature ramp at 25 ◦C to 240 ◦C, followed by ramping at 1.5 ◦C to
320 ◦C. Gas chromatographic quality control is maintained by daily analysis of a laboratory
standard alkenone mixture and by running the same sample at the beginning and end of
each gas chromatograph run to determine sample drift due to changing chromatographic
conditions. Analysis of both lab standard and sample replication indicates a long-term
replication of UK′

37 values equivalent to 0.1–0.2 ◦C. C37 total was used as an indicator for
productivity [50,51].

3.2. Planktonic Foraminifera

Our Coastal Plain microfossil sediment samples varied in volume and weight, but
generally ~300–500 g of sediment were oven dried at ≤50 ◦C and agitated in a dilute
(5 gL−1 water) sodium hexametaphosphate solution for up to 2 h. Samples were then
wet-sieved on a 63 µm mesh until clean, dried at ≤50 ◦C, and dry-sieved to concentrate
the >150 µm coarse fraction. In some cases, the coarse fraction was further processed
using a soap floating technique [52] to concentrate foraminifers. After drying, specimens
were picked from the floated material, and the residual sample was scanned for additional
specimens.

Planktonic foraminifer specimens were obtained from the Rushmere locality and the
Holland and Dory cores. At Rushmere 1699 specimens were recovered from nine samples
and identified to species level following the taxonomic concepts of Parker [53,54], Blow [39],
and Dowsett and Robinson [55].

Species richness (S), Shannon Diversity (H′), and Evenness (E) were calculated for all
planktonic foraminifer bearing samples using Equations (1) and (2):

H′ = −
S

∑
i=1

pi ln pi (1)

E = eH/S (2)

where S is the total number of species and pi the proportion of S made up of the ith
species [56–58].

4. Results
4.1. Alkenone SST and Productivity

Temperature estimates based upon UK′
37 suggested a sea surface temperature (SST) of

~26.12 ◦C for the Yorktown Formation. At the Rushmere locality, temperatures ranged from
25.98 ◦C to 26.78 ◦C. Holland core temperatures ranged from 24.62 ◦C to 26.79 ◦C, and the
Dory core SST estimates ranged from 24.59 ◦C to 27.38 ◦C. Twenty-seven samples from
three levels in the Morgarts Beach Member at the Farm Road locality [44] yielded a mean
annual SST estimate of 26.03 ◦C with a minimum of 25.88 ◦C and a maximum of 26.23 ◦C.

The three localities that preserve the Rushmere—Morgarts Beach transition (Figure 5)
showed overall similarities in both SST and productivity. All three sites showed tempera-
tures that first increase and then decrease within the Rushmere and rise again in the lower
Morgarts Beach Member. Low amplitude variability in productivity (measured by total
C37) throughout the Rushmere Member was followed by peak productivity in the lower
part of the Morgarts Beach Member at all three sites. Total C37 ranged between 1.00 µg/g
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and 7.22 µg/g (mean = 3.50 µg/g) at Rushmere, 0 µg/g and 6.10 µg/g (mean = 2.16 µg/g)
at the Holland core, and 0.03 µg/g and 4.04 µg/g (mean = 1.28 µg/g) at the Dory core.
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4.2. Faunal Analysis

Nine samples were examined for planktonic foraminifers at the Rushmere locality
(Table 2). Calcareous microfossils were dissolved in the uppermost sample at 510 cm, and
only seven specimens, belonging to Globigerina bulloides and Neogloboquadrina acostaensis,
both dissolution resistant taxa, were recovered. The remaining samples had a mean
recovery of 212 specimens. The number of planktonic foraminifers per gram increased
upward through the Rushmere Member and peaked in the lower part of the Morgarts
Beach Member (Table 2, Figure 5). Species richness also increased upward through the
Rushmere Member and peaked in the lower part of the Morgarts Beach Member, then
decreased above 187 cm. Samples combined from the type locality exhibited a species
richness of 25, though no sample had more than 17 species. Shannon Diversity (H’) [55]
and Evenness (E) [56] indices followed similar trends with little variation other than the
uppermost sample with only seven specimens and signs of dissolution.

Samples were quantitatively dominated by G. bulloides, Globigerinoides obliquus, Gs.
ruber, Trilobatus sacculifer, and Globigerinita gutinata. The overall Yorktown assemblage has
closest affinities with the Low Latitude—Mid Latitude [55], Tropical–Transitional [18] and
Warm [59] assemblages of the North Atlantic.
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Table 2. Planktonic foraminifer abundances from the Yorktown Formation Rushmere and Morgarts Beach Members at the Rushmere locality [60].
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5. Discussion
5.1. Chronology

The Pliocene age of the Yorktown Formation was first established by Hazel based upon
ostracod biostratigraphy [36]. Cronin et al. [61] summarized available biostratigraphic and
paleomagnetic data and suggested an age of 4.8 Ma for the base of the Sunken Meadow
Member and 3 Ma for the top of the Moore House Member. Krantz [13] tied Neogene units
on the MACP to marine oxygen isotope records from Deep Sea Drilling Project (DSDP)
Sites 552, 572, 588, 606, and 607, and the Ocean Drilling Program (ODP) Site 655 [62–67],
bracketing the Yorktown Formation as being between 4 and 3 Ma. Dowsett and Wiggs
suggested a Yorktown age between 4 and 2.9 Ma (3.1 Ma when calibrated to the current
GPTS [41]) based upon planktonic foraminifer biochronology [14].

Yorktown Formation sediments recovered from the Holland core have been correlated
to IODP Site 1313 using alkenone biomarkers [18]. This allowed correlation to MIS and
paleomagnetic reversal stratigraphy in the LR04 timescale [68]. Zone 1 Yorktown is not
present in the Holland core so that Rushmere sediments sit unconformably on the Miocene
Eastover Formation (Figure 5).

Here, we extend the chronology from the Holland core to the lectotype section of the
Yorktown at Rushmere (Figure 6). Assuming the Rushmere Member represents a rapidly
transgressing unit following the low stand of sea level associated with MIS M2, it is logical
to assume sediment accumulation began sometime after 3.30 Ma due to nondeposition
during maximum regression. Our correlations suggest the Rushmere Member represents
deposition during the latter part of the MIS M2-M1 transition, the gradational change
from Rushmere to Morgarts Beach lithology correlates to MIS KM6, and the Morgarts
Beach Member at Rushmere contains sediments deposited during KM5–KM3 (3.2–3.15 Ma).
This interpretation is supported by unpublished paleomagnetic data (Liddicoat, personal
communication, 29 April 2021) that indicates the Morgarts Beach at the Yorktown type
section exhibits normal polarity. The Morgarts Beach—Moore House contact then may
represent the brief lowstand associated with MIS KM2 (3.13 Ma). These correlations suggest
a sediment accumulation rate of ~1.2 cm·ky−1 for the upper part of the Rushmere Member
and lower part of the Morgarts Beach Member. While our work does not yet bear on
the ages of the top and bottom of the Yorktown Formation, we have established detailed
chronology for the Rushmere and Morgarts Beach Members. We date Zone 2 Yorktown
exposed at the type locality as ~3.3 Ma to ~3.0 Ma, though the top of the Moore House
Member at Rushmere is unconstrained.

Our age model would place MIS KM5c within the lower part of the Morgarts Beach
Member at ~150 cm at the Rushmere locality, and at ~34 m and ~20 m depth in the
Holland and Dory cores, respectively. Identification of KM5c in the Yorktown Formation
is important since it was the interval chosen for investigation by the second phase of the
Pliocene Model Intercomparison Project (PlioMIP2) [69]. With this updated age model,
aside from improved control on SST data, it may be possible to obtain mollusks from within
the KM5c interval for sclerochronological analyses. These analyses could shed light on
seasonality and productivity from the MACP that can be integrated with a global network
of existing paleoenvironmental data [5,18,70–72] as well as results from seventeen PlioMIP2
paleoclimate experiments [7,73–87].
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5.2. Mid-Piacenzian Conditions on the MACP

Previously published isotopic analyses of mollusks from the Rushmere Member
at Fort Boykins are available from a single specimen of Chesapecten madisonius and six
specimens of Mercenaria spp. [88,89]. Using a δ18OSW of +1.1‰, winter and summer
bottom water temperatures (BWT) recorded by C. madisonius were 13.3 ◦C and 29.3 ◦C,
respectively [16,17]. A difference of ~4–6 ◦C exists between the maximum temperatures of
bottom and surface waters at a depth of 30 m on the shelf today [90]. Assuming a similar
water depth and allowing for a 4 ◦C difference between BWT and SST for the Rushmere,
summer SST could have been 33.5 ◦C [17]. If a δ18OSW value of +0.7‰ is adopted, a slightly
cooler summer BWT of 27.3 ◦C (SST 31.3 ◦C) results. The δ18OSW value depends upon the
global ice volume offset one chooses [16,17].

The Mercenaria shells from Fort Boyken together document ~18 annual temperature
cycles with a mean winter BWT of 17 ◦C and a mean summer BWT of 25 ◦C. Assuming
again a potential 4 ◦C difference between bottom and surface waters, this would represent
summer temperatures of ~29 ◦C.

Our SST estimate of ~26 ◦C for the MPWP, if interpreted as an indicator of spring or
summer conditions, is compatible with the existing isotopic analyses for the Rushmere
Member.

A single specimen of Carolinapecten eboreus from the up-dip limits of the Morgarts
Beach Member at Petersburg, ~65 km WNW of the Rushmere Type Section, was analyzed
for oxygen isotopes [88] and yielded BWT of 12.5 ◦C in winter and 18.8 ◦C in summer. If a
δ18OSW of +0.7‰ is used winter and summer BWT would be 10.9 ◦C and 17.1 ◦C respec-
tively [16,17,19]. Four additional specimens of C. eboreus were analyzed from the Morgarts
Beach Member near Suffolk, ~40 km south of the Rushmere locality on the Nansemond
River [19]. These specimens provide a mean for winter (summer) BWT of 9.4 ◦C (21.1◦C)
using δ18OSW of +0.7‰, and hence, a depth-corrected summer SST of 25.1 ◦C, close to
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our alkenone based estimate of 26 ◦C. While the UK′
37 index is calibrated to mean annual

SST [18,91], seasonal biases may exist due to changes in timing of production [92]. If our
alkenone based SSTs are indicating late spring or summer productivity, the agreement
between the two paleothermometers is improved.

Comparison of our SST estimates with BWT estimates based upon δ18O of indi-
vidual mollusk shells is useful in characterizing MACP conditions but requires several
assumptions. Choice of δ18OSW (+0.7‰ or +1.1‰) makes a difference in the summer BWT
estimates, for the analyses discussed above, of up to 2 ◦C. Water depth estimates at the time
of Yorktown deposition are qualitative, based upon mollusk and foraminiferal assemblages,
and range from 20 to 40 m. Present day conditions off the coast of southeastern Virginia
show summer BWT can vary by as much as 6 ◦C over that depth range [90]. Conversion
of BWT to SST then requires the additional assumption that modern vertical temperature
profiles at similar shelf depths were the same during deposition of the Yorktown. This
assumes a similar degree of stratification in the water column. A seasonal bias to surface
water productivity could shift the UK′

37 SST estimate from a mean annual temperature to late
spring or summer. Any changes to the timing of productivity with respect to the annual
cycle, potentially more likely in a coastal setting than in the open ocean, would require a
different interpretation. In addition, there is a tendency to neglect some basic features of
the geologic record when comparing different systems. The Yorktown includes discontinu-
ous sedimentary packages deposited during several transgressions, separated by varying
amounts of time. All units examined show signs of bioturbation. Thus, our alkenone
records are time averaged, as in the open ocean, but possibly more so in a shallower
setting [70]. This places real limits on obtainable resolution.

Sclerochronology provides a temporally highly resolved window of temperature and
growth variation over the course of a couple of years, something rarely achieved in deep-
time marine studies. However, these short records cannot typically be placed in sequence
within a chronologic framework. Conversely, time averaged (through natural processes)
but continuous records of paleotemperature based upon chemical and faunal assemblage
analyses can provide context for the individual data points of shells.

These proxies estimate different aspects of paleotemperature and need not (and in
most cases should not) be concordant. Even if water depth was known, and timing of
alkenone production during the annual cycle could be ascertained with confidence, there
would be differences. A more robust understanding of paleoclimate conditions can be
obtained by analyzing the situations that lead to different estimates [93]. Our refined
chronology and SST record for the Rushmere–Morgarts Beach transgression provides a
framework within which these and future studies can be assessed.

5.3. Paleoclimate Interpretations from Yorktown Formation Data

In one of the first paleoclimatic interpretations of the Yorktown Formation, Lyell
described exposures of richly fossiliferous beds along the lower James River that today
belong to the Eastover and Yorktown Formations [26,94]. His comparisons with faunas on
the opposite shores of the Atlantic suggested a climate for southeastern Virginia warmer
than that of the crags in Suffolk, England, cooler than that of the Bordeaux region in France,
and possibly equal to that of the Faluns of Touraine [26]. Since that time many studies
including those based upon mollusks, foraminifers, ostracods, and bryozoans have led to
a nuanced understanding of paleoceanographic conditions during the deposition of the
Yorktown Formation (e.g., [8,9,12,36,61,88,95,96]).

Yorktown mollusk occurrences suggest temperate conditions during deposition of
the early Pliocene (Zanclean Age) Sunken Meadow Member [97]. This is further sup-
ported by paleotemperature estimates based upon stable isotopic analysis of mollusk
shells [16,17,88,98,99]. Micropaleontological evidence from the shallow marine record of
the Caribbean northward along the Coastal Plain of North America suggests that the Cen-
tral American Seaway (CAS) was open during the Zanclean, and conditions were cooler
and less saline along the Atlantic coast as a result [8,12,17,95,100–102].
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Restriction of Caribbean and Pacific surface waters due to closure of the CAS was
fully established by ~4.2 Ma [103,104]. While this set up the present-day salinity contrast
on either side of the Isthmus of Panama, occasional breaches of the isthmus subsequent
to the mid-Piacenzian have been documented (e.g., [18,100,105]). Closure of the CAS
resulted in warm salty water moving northward along the east coast of North America
as the Gulf Stream Current. Ostracod assemblages from the Yorktown Formation in Vir-
ginia and the correlative Duplin Formation in North Carolina indicate increasing numbers
of thermophilic taxa presumably associated with the closing of the CAS [8,61,96]. Pia-
cenzian mollusk assemblages from the Rushmere and Morgarts Beach Members suggest
open-marine warm temperate conditions with a subtropical influence [37,106]. Isotopic
analysis of specimens of Chesapecten madisonius, Carolinapecten eboreus, and Mercenaria spp.
also indicate much warmer conditions during deposition of the Rushmere and Morgarts
Beach Members (e.g., [17,88,89]). Reduced seasonality relative to present day, due to
warmer winter temperatures, has been recorded by mollusks, planktonic foraminifers, and
bryozoans [14,16,17,89,107].

At the Rushmere locality, our alkenone data show a general increase in SST through
the Rushmere Member and into the Morgarts Beach Member. Over this same interval, our
faunal data show a steady increase in number of planktic specimens per gram (Figure 5,
Table 2) as well as relative abundance of Globigerinoides ruber, a species with tropical
affinities [55]. These data all corroborate increasing warmth on the MACP during the MIS
M2–M1 transition.

Our data also suggest an overall increase in productivity from the M2–M1 transition
into the Morgarts Beach Member. While fine scale details of the total productivity (mea-
sured by total C37) differ between localities (Figure 5), the highest values occur within the
Morgarts Beach Member. Globigerina bulloides and Globigerinita glutinata are indicators of
increased nutrients and together, in samples with greater than 100 specimens, account for
~50% of the faunal assemblage at Rushmere. Other factors can affect both the abundance of
individual species as well as the amount of total C37 in shallow shelf sediments. However,
taken together, we interpret our data to suggest that while variation exists, mean productiv-
ity is high and associated with conditions markedly warmer than during the pre-industrial
period.

Today the Gulf Stream diverges from North America at Cape Hatteras and becomes the
North Atlantic Current, directing warm salty water toward the northeastern North Atlantic.
Planktonic foraminifer assemblages indicate warming of 2.9 ◦C relative to pre-industrial
conditions 600 km to the ESE of the Yorktown type section, in the path of the Gulf Stream
Current, at DSDP Site 603 [70]. Other sites in the North Atlantic also suggest a warmer
Gulf Stream–North Atlantic Drift and a less steep latitudinal temperature gradient than
today [18,59,70,72,101,108–115]. The Gulf Stream North Atlantic Drift system migrated
northward over the M2/M1 transition, exhibited high-frequency migrations north and
south during M1 and KM6, and attained its most northern position by KM5, the interval
selected by PlioMIP2 for paleoclimate simulations [18].

Marine Isotope Stage (MIS) M2, responsible for the regression and resulting unconfor-
mity between Zone 1 and Zone 2 Yorktown, has been related to a brief reopening of the
CAS that weakened the North Atlantic Current and temporarily reduced northward ocean
heat transport [43,116]. The transition out of MIS M2 is associated with increasing SST’s
and sea level recorded by the Rushmere–Morgarts Beach transgression. Our alkenone
results document the M2–M1 warming at three locations in SE Virginia.

Climate model simulations suggest that an open CAS allowed mixing of Atlantic and
Pacific waters thereby reducing the salinity contrast between the two basins. A less saline
North Atlantic diminishes high latitude production of North Atlantic Deep water resulting
in a much weaker Atlantic Meridional Overturning Circulation (AMOC) compared to
simulations with a closed CAS [117]. In contrast, a closed CAS increases temperatures
and salinity in the North Atlantic leading to increased production of deep waters at high
latitudes and a comparatively stronger AMOC. These simulations support geological
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evidence for enhanced warming along the ACP as well as salinity changes in the Caribbean
mentioned above.

There is ample geological evidence for the Bering Strait initially opening in the late
Miocene [118,119] creating a connection between the Atlantic and Pacific via the Arctic
also documented during at least parts of the Pliocene and early Pleistocene (e.g., [120,121]).
However, the open or closed state of the Bering Strait, since the mid Piacenzian, is de-
termined by glacioeustatic sea level and regional tectonic processes. The present-day
shallow depth of the seaway (~50 m) as well as evidence for repeated episodes of subaerial
exposure during the early Pliocene and Pleistocene [122–124] leave open the possibility of
an intermittently closed Bering Strait during the MPWP [18,21].

Climate model experiments indicate that a closed Bering Strait has the effect of increas-
ing salinity in the high-latitude North Atlantic by cutting off input of relatively less saline
Pacific water to the Arctic. Higher salinity in the high latitude North Atlantic increases the
AMOC and ocean heat transport [125–127]. This fits well with existing proxy based North
Atlantic SST estimates [18,70,72] and the results of PlioMIP2 modeling experiments, which
used the PRISM4 paleogeographic reconstruction featuring a closed BS [21].

The warm Pliocene conditions on the ACP represented by the Yorktown Formation,
documented by multiple fossil groups as well as our biomarker data, can be explained as
the combined result of a closing CAS, enhanced warming due to a closed Bering Strait,
and shifts in the subtropical gyre to the north of its present location [18]. An alternative
explanation for Pliocene conditions in southeastern Virginia has been put forward by
Johnson et al. [17]. They argue for generally warmer Pliocene conditions moderated at times
by a cool Virginia Current from the north. We feel this hypothesis, which does not require
direct Gulf Stream influence to explain Pliocene warmth, fits well with our data. Variability
in the productivity data presented here (Figure 5) may support a persistent yet highly
variable cool Virginia Current from the north, an extension of the Labrador Current. The
position of the gyre and Gulf Stream have been shown to affect the Labrador Current and its
extensions to the south [128]. In addition, the PRISM4 paleogeographic reconstruction [21]
suggests closure of the Canadian Arctic Archipelago, effectively shutting off the Atlantic
connection to the Arctic through the Labrador Sea and Baffin Bay. Linkages between the
North Atlantic circulation, Labrador, and Virginia Currents, need to be explored for this
part of the Pliocene. We feel the mechanism for providing cool waters from the north,
along the coast, is closely coupled to the position of the gyre and fits the available isotopic
data on mollusks and the alkenone data presented here. Additional data in the form of
improved age models, microfossil abundances, alkenone analyses, and isotopic analyses
of mollusks will allow for a more nuanced reconstruction of the Pliocene environment in
southeastern Virginia.

6. Conclusions

Despite extensive erosion and development along riverbanks in southeastern Virginia,
excellent outcrops exposing the Yorktown Formation are available. Still exposed is the
lectostratoype for the Yorktown Formation (also the stratotype for the Rushmere Member)
at Rushmere, Virginia [9], where the Rushmere, Morgarts Beach, and Moore House Mem-
bers are exposed above beach level, and the Sunken Meadow Member can be accessed
by digging. Because the stratotype locality for the Morgarts Beach Member is now inac-
cessible, we proposed the section at Rushmere as its neostratotype locality. We introduce
a composite section comprised of the Rushmere section and newly described sections at
Pipsico and Farm Road. Through correlation with the Dory and Holland cores, collected
from areas to the west and south of the section at Rushmere, we provided an improved
stratigraphic framework for the Yorktown Formation. We improved the chronology of the
Yorktown Formation by establishing the maximum age ranges of the Rushmere Member
(3.3.–3.2 Ma) and the Morgarts Beach Member (3.2–3.15 Ma).
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The Yorktown Formation records paleoclimate conditions along the mid-Atlantic
Coastal Plain during the mid-Piacenzian Warm Period (3.264 to 3.025 Ma), a climate
interval of the Pliocene in some ways analogous to near future climate projections.

The biomarker data presented here represent the greatest concentration of paleotem-
perature estimates to date, for the Yorktown Formation, and more specifically the MPWP
on the MACP, adding to our understanding of western North Atlantic temperature pat-
terns, seasonality, and ocean circulation during the MPWP. These data supported previous
estimates of warm conditions with reduced seasonality for the early Piacenzian of the
MACP. We documented high frequency variability in productivity, which may support the
persistence of a cool variable Virginia Coastal Current from the north.

The increased temporal resolution for the MPWP on the MACP provides a chrono-
logic framework within which future studies analyzing the assembly and disassembly of
ecological systems during intervals of profound climate change can be conducted.
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