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A B S T R A C T

Understanding how past coastal systems have evolved is critical to predicting future coastal change. Using over
12,000 trackline kilometers of recently collected, co-located multi-channel boomer, sparker and chirp seismic
reflection profile data integrated with previously collected borehole and vibracore data, we define the upper
(< 115 m below mean lower low water) seismic stratigraphic framework offshore of the Delmarva Peninsula,
USA. Twelve seismic units and 11 regionally extensive unconformities (U1-U11) were mapped over 5900 km2 of
North America's Mid-Atlantic continental shelf. We interpret U3, U7, U9, U11 as transgressive ravinement
surfaces, while U1,2,4,5,6,8,10 are subaerial unconformities illustrating distinct periods of lower sea-level.
Based on areal distribution, stratigraphic relationships and dating results (Carbon 14 and amino acid racemi-
zation estimates) from earlier vibracore and borehole studies, we interpret the infilled channels as late Neogene
and Quaternary courses of the Susquehanna, Potomac, Rappahannock, York, James rivers and tributaries, and a
broad flood plain. These findings indicate that the region's geologic framework is more complex than previously
thought and that Pleistocene paleochannels are abundant in the Mid-Atlantic. This study synthesizes and cor-
relates the findings of other Atlantic Margin studies and establishes a large-scale Quaternary framework that
enables more detailed stratigraphic analysis in the future. Such work has implications for inner continental shelf
systems tract evolution, the relationship between antecedent geology and modern coastal systems, assessments
of eustacy, glacial isostatic adjustment, and other processes and forcings that play a role in passive margin
evolution.

1. Introduction

Seismic stratigraphic analysis provides a framework for under-
standing the depositional and erosional history of an area and defines
the antecedent geology over which modern coastal processes act (Vail
and Mitchum Jr., 1977; Belknap and Kraft, 1985). Knowledge of an
area's shallow geology is required to correctly interpret and predict
shelf and coastal change (Johnson et al., 2017; Warner et al., 2017).
Throughout the Quaternary period a series of sea-level lowstands and
highstands associated with glacial-interglacial cycles occurred (e.g.,
Spratt and Lisiecki, 2016). During sea-level lowstands large rivers
continued across many continental shelves, likely to the present-day
shelf edges (Twichell et al., 1977; Tesson et al., 2015; Yoo et al., 2017).
Where present, such remnant channels and their associated fill se-
quences can form dominant components of an area's geologic frame-
work and may exert controls on modern shorelines (e.g., Foyle and
Oertel, 1997; Posamentier, 2001; Mallinson et al., 2005; Baldwin et al.,
2006; Green, 2009; Mallinson et al., 2010a; Thieler et al., 2014; Zhuo

et al., 2015).
The Delmarva Peninsula is a 220-km-long headland, spit and barrier

island complex located in the central Mid-Atlantic Bight (Fig. 1). The
Peninsula is bounded by Chesapeake Bay, North America's second lar-
gest estuary, and Delaware Bay. Several geophysical studies have
documented regional stratigraphy and paleochannels in Chesapeake
Bay and the Delmarva inner continental shelf, however the local extents
and variations in seismic frequencies used in the studies, in addition to
the disappearance of several of the original datasets, have inhibited the
correlation of Quaternary stratigraphy across the region (e.g., Sheridan
et al., 1974; Colman and Mixon, 1988; Toscano et al., 1989; Chen et al.,
1995; Oertel and Foyle, 1995; Nebel, 2013; Krantz et al., 2015) (Fig. 2).
Thus, the stratigraphic relationships and relative ages of the pa-
leochannels have not been resolved and the overall evolution of the
Delmarva continental shelf remains uncertain (Hobbs III, 2004; Oertel
et al., 2008). In this study, we interpret over 12,000-trackline kilo-
meters of newly collected multichannel boomer, sparker and chirp
seismic reflection data collected over 5900 km2 of the continental shelf
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of the Delmarva Peninsula, to resolve the character, distribution and
geometry of seismic sequences (Fig. 3). Because character of any one
seismic unit can vary substantially over the study area, we primarily
rely upon the regionally-extensive unconformities that have broadly-
consistent characters to define the geologic framework. We incorporate
the geologic findings from previous onshore, estuarine and continental
shelf borehole and geophysical studies to ground truth our interpreta-
tions (Shideler et al., 1972; Owens and Denny, 1979; Mixon, 1985;
Toscano et al., 1989; Colman et al., 1990; Ramsey, 1999; Mattheus
et al., 2020a, 2020b; McFarland and Beach, 2019)(Fig. 2). The resulting
geologic framework lays the foundation for understanding patterns of
margin evolution likely active on many mid-latitude, passive-margin
settings.

2. Regional setting

2.1. Geologic background

The Delmarva Peninsula is located within the Atlantic Margin tec-
tonic downwarp known as the Salisbury Embayment (Klitgord et al.,
1988). Coastal Plain beds of Mesozoic and Cenozoic age characterize
the regional stratigraphy with the Cretaceous beds occurring
~400–750 m below sea level (Olsson et al., 1988; Miller et al., 2017)

while the Bethany Beach, Delaware core shows that Miocene strata
occur at 35.8 m below sea level (Miller et al., 2002; Browning et al.,
2006). Within Chesapeake Bay near the southern tip of the Delmarva
Peninsula, an impact crater occurs through upper Eocene to Lower
Cretaceous sediments 1.5–2.0 km below sea level (Poag et al., 1994).
Several studies indicate that accommodation space and ground water
salinity trends resulting from the impact crater have influenced regional
Quaternary deposition and hydrology (e.g., Powars and Bruce, 1999;
Gohn et al., 2008; Krantz et al., 2015). These structural underpinnings
have resulted in a thick and well-preserved sedimentary record (Miller
et al., 2017).

During the Quaternary and, at least part of the Neogene, present-
day Chesapeake Bay and the Delmarva Peninsula were the drainage
ways for several of the larger, east-flowing rivers of the central
Appalachian region including the Delaware, Susquehanna, Potomac,
Rappahannock, York and the James (Mixon, 1985) (Fig. 1). Throughout
the Quaternary a coastline similar to the present existed in the region
with modifications mainly associated with the prograding spit of the
southern Delmarva peninsula which occurred during major interglacial
sea-level high stands (Colman and Mixon, 1988; Mixon, 1985; Ramsey,
1992) (Fig. 3). The southern megaspit is a 2–60 m thick mantle of
unconsolidated sand, gravel, silt, clay and peat of Quaternary age that
unconformably overlies consolidated Neogene sand and clay-silt

Fig. 1. Map of the Delmarva Peninsula region. Inset of the Atlantic Margin of North America indicates the position of the circular inset. The circular inset of the Mid-
Atlantic Bight illustrates the position of the study area, major mountain ranges, rivers and water bodies and locations named in the text, NC = North Carolina,
NJ = New Jersey. Hill-shaded relief is from Andrews et al. (2016) and the U.S. Coastal Relief Model NOAA, 1999.
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(Mixon, 1985). The progradation of the southern Delmarva Peninsula
during the Quaternary pushed the Susquehanna and smaller river sys-
tems south to the present-day configuration (Colman et al., 1990; Foyle
and Oertel, 1997).

2.2. Previous works

Hobbs III (2004) provides a thorough overview of the geologic
history of Chesapeake Bay based on numerous Coastal Plain (e.g.,
Klitgord et al., 1988; Groot, 1991; Groot and Jordan, 1999), Delmarva
Peninsula (e.g., Mixon, 1985; Ramsey, 1992), Chesapeake Bay (Colman
and Hobbs III, 1988; Colman and Mixon, 1988; Colman et al., 1990)
and continental shelf studies (Oertel and Foyle, 1995). Much of the
insight into the region's Quaternary seismic stratigraphy came from an
effort in the late 1980's. The U.S. Geological Survey (USGS) working
with state geologists from Virginia and Maryland collected ~2600 km
of boomer and 3.5 kHz seismic data in Chesapeake Bay (Fig. 2) (Colman
and Hobbs, 1987). They identified Holocene and Pleistocene deposits
using those seismic data as well as boreholes collected as part of the
Chesapeake Bay Tunnel project (Table 1) (Colman and Mixon, 1988;
Colman and Mixon, 1988; Mixon et al., 1989). Later, Colman et al.

(1990) mapped three paleochannels within Chesapeake Bay and across
the southern Delmarva Peninsula using the geophysical data and
borehole data (Mixon, 1985; Colman and Mixon, 1988). Following the
conventions of the borehole studies in the area (Mixon, 1985; Colman
and Mixon, 1988) that used town names, Colman et al. (1990) referred
to the distinct paleochannels as the ‘Exmore’, ‘Eastville’ and ‘Cape
Charles.’ They interpreted the paleochannels to be remnants of the
ancient Susquehanna River. Stratigraphic relationships, Carbon 14,
Uranium-series and amino acid racemization (AAR) dating estimations
suggest that these paleochannels were formed during significant sea-
level lowstands that occurred around 400 or 200 ka (Marine Isotope
Stage -MIS 12 or 8, Exmore paleochannel), 150 ka (MIS 6, Eastville
paleochannel) and 18 ka (MIS 2, Cape Charles paleochannel) when the
ancient river likely continued to the shelf edge (Colman and Hobbs III,
1988). Following those and other efforts (e.g., Shideler et al., 1984),
Oertel and Foyle (1995) used boomer seismic reflection profile data to
map seismic sequences on the inner continental shelf offshore of the
southern Delmarva Peninsula. They identified paleochannels as a major
component of the Quaternary stratigraphy and interpreted them to be
correlative to those identified by Colman et al. (1990) (Table 1).
However, Oertel and Foyle (1995) hypothesized that smaller river

Fig. 2. Map of the study area showing the tracklines,
borehole and vibracore locations as well as the in-
terpreted paleochannels of previous regional studies.
Geophysical surveys reported in Toscano et al.
(1989), Colman et al. (1990), and Oertel and Foyle
(1995) primarily collected single-channel, boomer
source seismic reflection profile data. Terrestrial
boreholes are from Hansen (1966), Owens and
Denny (1979), Mixon (1985) and McFarland and
Beach (2019). Offshore vibracores are from Toscano
et al. (1989). Tracklines and Interpreted pa-
leochannels are from Colman et al. (1990), Toscano
et al.'s (1989) figure 26, Oertel and Foyle's (1995)
Figs. 4 and 5. Seismic data used in Colman et al.
(1990) are available in Colman (1987) and Colman
(1986).
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systems as well as the Susquehanna River played a role in forming the
paleochannels (Oertel and Foyle, 1995; Foyle and Oertel, 1997). Upon
further analysis of the seismic data Foyle and Oertel (1997) reported
that transgressive deposits largely filled the paleochannels and char-
acterized the stratigraphy of the southern Delmarva shelf. Recently,
McFarland and Beach (2019) analyzed the geophysical logs, geologists'
logs of sediment core and drill-cutting lithologies, and other ancillary
data from 205 boreholes to construct the hydrogeologic framework of
the southern Delmarva peninsula. Using published maps of the top
Tertiary beds (Mixon, 1985; Powars, 2011) and analysis of new bore-
hole data, McFarland and Beach (2019) mapped the Eastville, Exmore
Paleochannels as well as an additional paleochannel, Persimmon Point
paleochannel near Wallops Island, Virginia (Fig. 2).

In addition to the work off of the southern Delmarva Peninsula,
Shideler et al. (1972) and Toscano et al. (1989) collected 268 and
580 km of geophysical data on the inner continental shelves of southern
Virginia and Maryland to define the Quaternary geologic framework.
Both studies used boomer (400–200 joule) seismic reflection profiles,
vibracore data (Fig. 2), faunal analysis and Carbon 14 dating, while the
Maryland study also incorporated AAR age estimation (Toscano et al.,
1989). Those studies identified stratigraphic units ranging from the late

Neogene to the modern day, with some units containing evidence of
paleochannels. The work of Toscano et al., (1989) largely corroborate
the onshore borehole studies conducted by Hansen (1966) and Owens
and Denny (1979). In the northern portion of the Delmarva Peninsula
numerous vibracore and borehole samples have been collected on the
inner continental shelf and onshore (Owens and Denny, 1979; Owens
and Minard, 1979; McKenna and Ramsey, 2002; Ramsey and McKenna,
2009; Mattheus et al., 2020a, 2020b) and Quaternary/Late Neogene
geologic units are well-constrained onshore (Ramsey, 1999, 2010).

3. Methods

3.1. Data types and acquisition

In 2014 and 2015 the USGS conducted geophysical surveys offshore
the Delmarva Peninsula aboard the 132′ M/V Scarlett Isabella
(Pendleton et al., 2015a; Sweeney et al., 2015). Seismic reflection
profile data were collected using two systems during the surveys. Multi-
channel seismic (MCS) data were collected using an Applied Acoustics
S-Boom ‘boomer’ source operated between 200 and 400 joules and a
100-m long Geometrics GeoEel 16-channel streamer (50-m active

Fig. 3. Map of the study area showing locations and
types of seismic reflection profile data interpreted in
this study. Locations of seismic profile data track-
lines are plotted as lines while areas of dense (200 m
or less apart) trackline spacing are designated as
polygons. Onshore green lines represent paleoshor-
elines: Dashed (1) line represents the Quaternary
shoreline at either ~200 ka (Marine Isotope State
(MIS) 7) or ~ 400 ka (MIS11) (Colman and Mixon,
1988; Ramsey, 2010). Stipled (2) line represents the
Quaternary shoreline at ~100 ka (MIS 5) (Colman
and Mixon, 1988; Mixon, 1985). Red lines denote
other figure locations. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)
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section with 3.125-m channel spacing). Geometrics CNT-1 software was
used for MCS data acquisition. We collected chirp seismic data using an
EdgeTech Geo-Star FSSB sub-bottom profiling system and a catamaran-
mounted SB-0512i towfish (0.5–12 kHz). Chesapeake Technologies'
SonarWiz software versions 5.00.015 and 5.06.0058 were used for
chirp data acquisition. We collected MCS data at 3-or 6-km line spacing
concurrently with chirp data. In addition, in the nearshore, chirp data
were collected in shore-parallel lines every 200 m (Fig. 3). We pro-
cessed all seismic reflection profile data using scripts within SIOSEIS
and Seismic Unix (Pendleton et al., 2015a; Sweeney et al., 2015).

We also examined other seismic reflection profile data recently
collected in the region. In 2013 to characterize the Maryland Wind
Energy Area (Fig. 3), Coastal Planning & Engineering, Inc., a CB&I
Company, collected chirp subbottom data using an Edgetech SB-0512i
towfish, and MCS data using a Geometrics GeoEel 24-channel streamer
with a sparker source. These data were collected in north-south lines
every 150 m with crossing lines every 900 m (Coastal Planning and
Engineering, 2014). We interpreted all seismic reflection profile data in
Kingdom Suite software version 2015 and projected and integrated
with other geospatial data in ArcGIS 10.3.1 and Global Mapper 19. A
comprehensive description of acquisition parameters, processing steps
and, in the case of USGS's efforts, the seismic reflection data themselves,
are included in Pendleton et al. (2015a), Sweeney et al. (2015) and
Coastal Planning and Engineering (2014).

3.2. Seismic stratigraphic mapping

We digitized seismic stratigraphic horizons in Kingdom Suite (KS)
2D/3DPAK version 2015 software in the two-way travel time domain.
We converted horizons from two-way travel time to depth by building
stratigraphic models with KS Dynamic Depth Conversion (DDC). We
corrected stratigraphic horizons to mean lower low water (MLLW) tide
datum with DDC by calculating the difference between the uncorrected
sea floor horizon that we digitized in KS and a composite MLLW
bathymetric grid created from data collected by the USGS (Pendleton
et al., 2015a; Sweeney et al., 2015), National Oceanic Atmospheric
Administration (NOAA) (Pendleton et al., 2015b) and Coastal Planning
and Engineering, 2014. We used constant interval velocities of 1500 m/
s for the water column, 1650 m/s for Quaternary seismic stratigraphic

units, and 1750 m/s for Neogene units. We derived these velocities
from semblance analysis of selected USGS 2014 and 2015 MCS data.

4. Results

4.1. Delmarva continental shelf stratigraphy

We identify 11 regionally continuous acoustic reflections that define
boundaries between 12 distinct seismic stratigraphic units in the upper
~100 m of the seafloor (Tables 1, 2; Figs. 4-8). Our identification of
units and unconformities align with the observations made by Shideler
et al. (1972), Colman and Mixon (1988), Toscano et al. (1989) Colman
et al. (1990), Oertel and Foyle (1995), Foyle and Oertel (1997) and
Mattheus et al. (2020b) (Tables 1, 2).

Unit T1- The basal unit in this study, T1 generally consists of planar
seaward dipping beds and occurs over the entire study area (Figs. 4–8).
The unit can contain concave reflections suggesting paleochannels,
however these reflections are often discontinuous and difficult to map
across survey lines. Unit T1 typically underlies a high-amplitude, low-
relief, seaward-dipping, regionally-extensive reflection (U3), though
the unit may also underlie concave, high-relief unconformities asso-
ciated with fluvial incision (U1, U2). At its most shallow expression the
unit occurs within 30 m of the seafloor.

Unconformity 1 (U1)- Occurring from 38 to 112-m below MLLW in
the present-day Chincoteague Bight, are broad laterally extensive
(15–50 km width) high-amplitude concave reflections (Figs. 4, 5) that
can be mapped across survey lines and deepen in the seaward portion of
the survey area. In shore-parallel profiles, the concave reflections ex-
hibit maximum 7-m relief. These deep concave reflections vary in
amplitude and can be discontinuous. U1 is the base of Unit Tchb.

Unit Tchb- The unit overlying U1 contains discontinuous concave
reflections of variable amplitude that are conformable in places (Fig. 4).
Horizontal bedding is also present within the unit.

Unconformity 2 (U2)-Unconformity 2 is characterized by a series of
high-amplitude, concave reflections that deepen seaward. U2 occurs in
the northern, middle and southern portions of the study area and is
truncated broadly by Unconformity 3 and shoreward by younger fluvial
unconformities (Figs. 4, 5, 6).

Unit Tchy- Overlying the U-shaped reflections of U2, Unit Tchy's

Table 1
Seismic stratigraphic units and major unconformities identified in this study compared to those of other seismic studies.

This study Shideler et al., 1972 Colman and Mixon, 1988; Colman
et al., 1990

Toscano et al., 1989 Oertel and Foyle,
1995

Foyle and Oertel, 1997 Mattheus et al., 2020b

Qmn D Qhe Q5 Sequence I Qns, Qfs, Qsl, Qss, Qls, Qets
U11 R3 A1 Hr R-2
Qcch Qc Q3 Sequence I
U10 M3 Hb SR-3
Q2 C Q2 Sequences II and III Qsi

U9 R2 M2 Ptr R-6
Qe Qe Sequence IV
U8 Pel SR-9
Q1 Q1
U7 M1
Qx Qx Sequences V and VI
U6 Pxl SR-10 and SR-11
Qbd T1 Tbd
U5
Qpp
U4
T2 B
U3 R1 B1
Tchy
U2
Tchb
U1
T1 A TM
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seismic character consists of conformable, draped reflections, reflec-
tions indicative of large (2-km wide) parallel and tangential clinoforms
and chaotic, discontinuous reflections (Figs. 4, 5, 6). Unconformity 3
truncates Tchy as do younger fluvial unconformities shoreward.

Unconformity 3 (U3)–U3 is a high-amplitude, low-angle, seaward
dipping reflection. The reflection occurs at 24–95 m below MLLW
throughout the entire study area (Figs. 4–8). The surface is locally in-
cised by the basal unconformities of younger paleochannels. Though
regionally extensive, U3 is not always resolved due to geologic dis-
ruptions (e.g. paleochannels), noise, or multiples within the seismic
reflection data. U3 is not resolved in chirp data.

Unit T2 –Above the continuous, high-amplitude, regional un-
conformity U3, T2 is characterized by slightly seaward-dipping planar
beds (Figs. 5–8). Also present are smaller channel features generally less
than 5 km in width and exhibiting less than 10 m of relief. These
smaller channel complexes cannot be mapped across survey lines. Unit
T2 is usually incised by the basal unconformities of large channel
complexes (U4, U5, U6, U8). Unit T2 can also be upwardly bound by
extensive, low-relief unconformities, U7 and U9.

Unconformity 4 (U4)- Spanning much of the area under present day
Chincoteague Bight as well as discrete portion of the study area by
Ocean City, MD, Unconformity 4 produces a series of high-amplitude
concave reflections that deepen seaward (Figs. 4, 5, 9). U4 occurs from
18 to 76 m below MLLW with the unconformity exhibiting up to 15 m
of relief in shore-parallel profiles.

Unit Qpp- Unit Qpp overlies Unconformity 4 and is characterized by
sub-parallel bedding, clinoforms, chaotic and discontinuous reflections

(Figs. 4, 5). Qpp can underlie Unconformities U5, U7, U8, U9, and U10.
Unconformity 5(U5)- U5 is a high-amplitude reflection that is

continuous over the entire northern portion of the study area, but ab-
sent south of Chincoteague Bight (Figs. 5,6,9). Seaward dipping, U5
occurs between 25 and 80 m below MLLW and exhibits irregular un-
dulations on the order of 5 m (Figs. 5, 7). U5 incises T2 and Qpp.

Unit Qbd—Present in the northern portion of the study area off-
shore of Delaware, Maryland and Chincoteague Bight VA, Unit Qbd
consists of discontinuous hummocky reflections underlain by U5
(Figs. 5, 7). Many of the internal reflections are concave and channel-
like, but few structures can be traced across survey lines. The unit
thickens seaward to a maximum of 29 m, then is truncated by younger
sequences. Qbd is upwardly bound by U6, U7, and U8.

Unconformity 6 (U6)- U6 is characterized by two series of high-
amplitude, U-shape reflections that deepen seaward and are mapped
from the nearshore to the seaward extent of the survey area (Figs. 5, 8,
9). Found between 28 and 74 m below MLLW, there are greater than
30-m relief across the base of the widest (~20 km) concave high-am-
plitude reflections observed in shore-parallel seismic reflection profiles.
The southern series of U6 is smaller (4–10 km wide) and exhibits less
relief (maximum 15 m).

Unit Qx- The seismic character within Unit Qx is indicative of long
(2.5 km wide), parallel and tangential low-angle clinoforms, conform-
able fill, and chaotic and discontinuous reflections (Fig. 8). Qx underlies
the unconformities U7 or U8, while U6 forms its lower boundary.
Structures within Unit Qx in the smaller, southern series of concave
reflections (Fig. 5) are generally characterized by horizontal, to sub-

Table 2
Interpretations of seismic stratigraphic units and major unconformities.

Unit Interpretation

Qmn The highstand systems tract (HST) that includes sand bodies, ridges and the modern sandy shoreface
U11 The most recent transgressive ravinement surface (TRS) of the MIS2-MIS1 sea-level rise. U11 is the seafloor in many places
Qcch The transgressive systems tract (TST) since the Last Glacial Maximum (LGM). It fills the Cape Charles paleochannel and other channels eroded during and since the LGM. A

tidal ravinement surface is within, or at the base of Qcch. Tidal or back-barrier deposits exist above the tidal ravinement surface.
U10 Subaerial unconformity (SU) formed during the last sea-level lowstand at the LGM during MIS 2 (~18 ka). U10 in the southern portion of the study area is the base of the

Cape Charles paleochannel, ancestral bed of the Susquehanna River. Along Assateague Island and underneath present-day Chincoteague Bight U10 was formed by what
were likely tributaries that flowed into the Cape Charles paleochannel. In the northern-most portion of the study area U10 was formed by small higher-order streams that
drained south-eastward. Shoreward and along the flanks of paleochannels, U10 merges with, or is modified by a tidal ravinement surface. This composite unconformity
forms the base of Qcch.

Q2 Quaternary age HST characterized by estuarine and marine sediments that are not channel fill. They overlie U9 and underlie U10 or genetically related tidal ravinement
surface, U11, or the seafloor.

U9 Pleistocene-age TRS, merges with other unconformities in some locations, including U7.
Qe The TST filling the Eastville paleochannel, tributaries and drainage networks following the MIS 6 (~150 ka) lowstand. Genetically related with Q2.
U8 U8 is the SU formed during the Pleistocene MIS 6 (~150 ka) sea-level lowstand. U8 in the southern portion of the study area is the base of the Eastville paleochannel,

ancestral bed of the Susquehanna River, and a tributary to that major river, likely the ancestral York and/or James rivers. In the northern portion of the study area U8
forms the base of likely tributaries that flow into the Eastville paleochannel. In the northernmost portion of the study area, the Maryland Wind Energy Area, U8 defines a
broad drainage network that flows south eastward.

Q1 Pleistocene age HST characterized by shelf and estuarine sediments that are not paleochannel fill. These appear generally massive, though at some locations conformable
and laminar. Directly overlie U7. Absent in the southern portion of the study area.

U7 A Pleistocene-age TRS. Merges with U9 at certain locations
Qx The TST filling the Exmore and Belle Haven paleochannels. Deposited during the Pleistocene following the sea-level lowstand either associated with MIS 12 (~400 ka) or

MIS 8 (~200 ka). Genetically related with Q1.
U6 The SU that forms the base of the Exmore paleochannel, an ancestral bed of the Susquehanna River, and the base of the Belle Haven paleochannel, an ancestral tributary to

the Susquehanna River, likely the ancestral Rappahanock River. This regressive unconformity was formed during a Pleistocene sea-level lowstand during either MIS 12
(~400 ka) or MIS 8 (~200 ka).

Qbd A lowstand system tract (LST) that is broadly distributed and relatively unconfined by organized fluvial channels across the inner shelf of Maryland and extending into
northern Virginia. Internal hummocky seismic facies suggest Qbd consists of amalgamated channel fill. Qbd is interpreted to be a braided fluvial and deltaic plain. The
upper boundary of Qbd is a TRS (U7) associated with a younger TST (Qx).

U5 A broadly-distributed SU formed during a period of lower sea level in the Pleistocene by a relatively unconfined braided drainage network. Underlies Qbd.
Qpp The TST filling the Persimmon Point and Ocean City paleochannels. Deposited during the Pleistocene.
U4 A SU is the base of the Persimmons Point and Ocean City paleochannels, formed by the Susquehanna, Potomac and possibly other, rivers. This subaerial unconformity was

formed during a sea-level lowstand during the Pleistocene.
T2 HST Coastal Plain marine sediments deposited during the Pliocene. The base (subaerial unconformities) of many Quaternary paleochannels and transgressive ravinement

surfaces (U7 and U9) form the upper boundary of this unit.
U3 TRS within the Pliocene.
Tchy TST deposited in paleochannels during the Pliocene. U3 forms the upper boundary offshore. Tchy can be truncated by Quaternary unconformities shoreward.
U2 A SU formed during a lower sea level during the Pliocene.
Tchb TST fill deposited above Pliocene paleochannels.
U1 SU formed during a period of lower sea level during the Pliocene, or a high-amplitude reflection indicative of a broader lowland.
T1 HST deposited during the later Neogene
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horizontal internal reflections.
Unconformity 7 (U7)- A regionally-continuous, low-relief, seaward-

dipping, high-amplitude reflection, U7 truncates Units Qx, Qbd and
Qpp (Figs. 5–7). In some locations, it merges with U9 (Figs. 5, 8). The
reflection occurs 18–52 m below MLLW. U7 is absent in the southern
portion of the survey area.

Unit Q1—Resolved in the chirp data, Unit Q1 directly overlies U7
and exhibits a range of seismic facies indicative of laminar bedding to
massive deposition (Figs. 5, 7, 8). Unit Q1 occurs only above U7 and is
absent in the southern portion of the study area. U8 or U9 form its
upper boundary.

Unconformity 8 (U8)- U8 is a high-amplitude, concave reflection
preserved both in the northern and southern portions of the study area
(Figs. 5,6, 7, 9) between 20 and 80 m below MLLW. It is truncated by
U9. In the northern portion of the study area, in the Maryland Wind
Energy area (Figs. 3, 7), U8 is a continuous surface that exhibits small
channel features with an east-southeast orientation. Offshore of Mary-
land and northern Virginia U8 occurs as several series of relatively
broad (2–20 km wide), concave reflections (Fig. 5) that are mapped the
full length of Assateague Island and trend south-south east (Fig. 9). The
series of concave reflections appear to converge in the seaward portion
of the study area.

In southern Delmarva two series of sub-parallel, large U-shaped

reflections occur near the shoreline and merge ~20 km offshore. U8 in
southern Delmarva exhibits greater than 20 m of relief in shore-parallel
seismic profiles (Figs. 5, 6).

Unit Qe – Unit Qe directly overlies U8. In the northern portion of
the study area Qe is characterized by conformable horizontal and
concave reflections in places, sub-horizontal and unconformable and
discontinuous reflections in others. In the southernmost portion of the
study area Qe is characterized by parallel, tangential, horizontal, sub-
horizontal, conformable and discontinuous reflections (Fig. 6). Over
much of its extent Unit Qe is truncated by Unconformity 9. It is also
locally truncated by Unconformity 10, and crops out at the seafloor,
particularly in the northern most portion of the study area.

Unconformity 9 (U9)- U9 is a regionally extensive, high-amplitude,
low-relief reflection that truncates the fill of many Quaternary pa-
leochannel complexes (Figs. 4–8). Generally planar and seaward dip-
ping, U9 occurs 14–43 m below MLLW over the entire survey area and,
in certain locations, merges with U7.

Unit Q2- Unit Q2 overlies U9 and is upwardly bounded by U10,
U11, or the seafloor (Figs. 4–8). Its seismic character includes planar
beds, channel structures, acoustically massive units and opaque zones
interpreted to reflect the presence of natural gas.

Unconformity 10 (U10)- U10 is a high-amplitude, high-relief con-
cave reflection, locally truncated by U11 or the seafloor and occurs

Fig. 4. Shore parallel, coincident Boomer (a) and chirp (c) seismic reflection profiles and interpretations (b, d) containing the deeper principle stratigraphic units and
unconformities of Chincoteague Bight. Tertiary and Quaternary paleochannnels (U1, U2, U4, U10) and fill sequences (Tchb-purple, Tchy-blue, Qpp-dark green, Qcch-
red) dominate the area's stratigraphy. Prominent in the upper ~45 m of the profile are the remnants of the Wallops paleochannel (U4, Qpp-dark green), interpreted to
be the earliest Quaternary expression of the Susquehanna River and indication of a sea level lowstand. See Table 2 for descriptions of units and major unconformities.
See Fig. 3 for location. Depth conversions in the figure are based on sound velocity of 1500 m/s in both water and sediment. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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throughout the study area (Figs. 4, 5, 6, 9) 3–6 m below MLLW. U10
reflections are abundant in the nearshore and exhibit relief on the order
of 3–8 m. Although some of the nearshore expressions of U10 can be
mapped in a general seaward direction, in other locations the series of
concave U10 reflections are mapped parallel with the shoreline.

Along Assateague Island and under Chincoteague Bight (Figs. 1, 4,
5), U10 is a mappable series of concave reflections that converge off-
shore and then continue south-south east. In southern Delmarva U10 is
two series of large (~10 km-wide) U-shaped reflections that occur and
appear to merge ~30 km offshore (Figs. 5, 6). These reflections deepen
seaward and can exhibit greater than 23 m of relief in shore-parallel
seismic reflection profiles.

Unit Qcch- Unit Qcch directly overlies U10 and occurs throughout
the study area. It is truncated by U11 or crops out at the seafloor
(Figs. 5, 6). The unit exhibits a variety of internal reflections ranging
from large (~10-m long) parallel and tangential clinoforms, horizontal
or u-shaped conformable beds, to discontinuous returns. The large
clinoforms record spit progradation, sometimes in multiple directions

(Fig. 6). Acoustic attenuation interpreted as natural gas is abundant
within this unit.

Unconformity 11 (U11)- U11 is the uppermost, high-amplitude
reflection clearly resolved in the chirp data and occasionally in the
boomer data (Figs. 5, 6). The reflection occurs 8–35 m below MLLW, is
generally planar and can appear serrated. It often intersects the modern
seafloor.

Unit Qmn- Most abundant in the nearshore, Unit Qmn is the up-
permost unit resolved in the chirp data, and occasionally in the boomer
data. Unit Qmn overlies U11 and is upwardly bounded by the modern
seafloor. This acoustically transparent unit forms most bathymetric
highs, or shoals on the inner shelf (Figs. 5, 6).

5. Discussion

5.1. Seismic stratigraphy interpretations and integration with earlier studies

Corroborating earlier studies, the 12 units and 11 unconformities

Fig. 6. Shore parallel, coincident boomer (a) and chirp (c) seismic reflection profiles and interpretations (b, d) containing the principle stratigraphic units and
unconformities associated with southern Delmarva. U8 and unit Qe (orange) denote the Eastville paleochannel, the ancestral Susquehanna River, present in the
northern end of the profile. U10, the base of the Cape Charles paleochannel, cuts into Coastal Plain sediments and U9, the transgressive unconformity that truncates
the fill (Qe-red) of the Eastville paleochannel (U8). Boomer data resolve remnants of the ancient York River deeper in the sediment column (a, b). See Table 2 for
descriptions of units and major unconformities. See Fig. 3 for location. Depth conversions in the figure are based on sound velocity of 1500 m/s in both water and
sediment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that make up our seismic framework indicate a series of transgressions
and regressions occurring since the Pliocene (Tables 1, 2). Using re-
flection character, distribution, geometry and the sequence strati-
graphic terminology of (Catuneanu et al., 2009; Catuneanu et al., 2011)
we interpret unconformities either as transgressive ravinement surfaces
or subaerial unconformities. These major unconformable surfaces
bound units which correspond to distinct systems tracts (Miller et al.,
2018) (Table 2, Fig. 5). Unconformities U3, U7, U9, U11 are high-am-
plitude, low-angle, seaward-dipping unconformities that each extend
over a significant portion of the study area. Based on these character-
istics we interpret those unconformities as transgressive ravinement
surfaces formed by wave erosion during shoreline transgression (e.g.,
Swift, 1975; Zecchin et al., 2018). Because U1, U2, U4, U5, U6, U8, U10
are broad U-shaped structures that incise underlying strata we interpret
these as subaerial unconformities formed from fluvial erosion as sea-
level retreated during regression (Vail and Mitchum Jr., 1977;
Catuneanu et al., 2009).

We estimate the age of transgressive and regressive periods based on
the findings and methods of previous regional studies (Mixon, 1985;
Colman and Mixon, 1988; Toscano et al., 1989; Colman et al., 1990).
Colman et al. (1990) robustly constrained the fluvial signature asso-
ciated with the two most recent sea-level lowstands using C14, Ur-
anium-series, AAR estimates and stratigraphic positioning. They hy-
pothesized that older paleochannels were incised during similar
magnitude sea-level events earlier in the Quaternary. Following that

example, we compare our stratigraphic framework to Quaternary and
Pliocene eustatic sea-level curves (e.g., Raymo et al., 2011; Spratt and
Lisiecki, 2016) to estimate the timing of the transgressive-regressive
cycles evident in the stratigraphic record. Please note that our age es-
timates are more speculative earlier in the geologic record.

5.1.1. Tertiary
Based on hundreds of published onshore and estuarine borehole

results (Hansen, 1966; Owens and Denny, 1979; Mixon, 1985; Colman
and Mixon, 1988; Johnson and Berquist Jr., 1989; Mixon et al., 1989;
McFarland and Beach, 2019; Powars, 2011) we interpret the deepest
units (T1-T2) and unconformities (U1-U3) to have been deposited and
formed during the Late Tertiary Period, or Neogene Period. The sea-
ward dipping planar beds exhibited by units T1 and T2 are highly
suggestive of bedding deposited during the Miocene or Pliocene Epochs
in a marine shelf setting (Olsson et al., 1988). Since the Pliocene did not
have significant sea-level lowstands (Raymo et al., 2011) the sugges-
tions for channels and channel fill in the deeper units (U1, U2, Tchy,
Tchb), and a transgressive ravinement surface (U3) are perplexing.
There could be issues with our age inferences or discrepancy between
eustatic and relative sea level in this region during that period. It is also
possible that the slightly concave and undulating shape of U1
(~70–120 km along Fig. 5D) may be indicative of a broader lowland at
that point in the Neogene (Olsson et al., 1988; Miller et al., 2017).

Onshore and estuarine borehole studies indicate Neogene-aged

Fig. 7. Shore perpendicular, coincident sparker (a)
and chirp (c) seismic reflection profiles and inter-
pretations (b, d) containing the principle strati-
graphic units and unconformities of offshore
Maryland. Visible in the sparker data, the hummocky
fill characteristic of Qbd (light green) overlies the
high amplitude reflection indicative of U5. U5 trun-
cates the seaward dipping Coastal Plains bed (T2-
gray blue). Also visible is the broad concave reflec-
tion characteristic of U8 in the northern portion of
the study area. See Table 2 for descriptions of units
and major unconformities. See Fig. 3 for location.
Depth conversions in the figure are based on sound
velocity of 1500 m/s in both water and sediment.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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sediments occur within 5–69 m of sea level and are often incised by
Pleistocene-age paleochannels (Owens and Denny, 1979; Mixon, 1985;
Mixon et al., 1989; McFarland and Beach, 2019). Thus, adjacent re-
gional geological and geophysical studies have interpreted Neogene-
aged sediments below large Pleistocene-aged paleochannels (Colman
and Hobbs III, 1988; Colman and Mixon, 1988; Oertel and Foyle, 1995;
Foyle and Oertel, 1997; Krantz et al., 2015). These observations and
interpretations correspond well to the Quaternary-Tertiary boundary
depths that we interpret offshore (Fig. 9B). We find the top of the
Tertiary surface ranges from 14 to 80 m below MLLW, with the deepest
values corresponding to the base of Quaternary paleo drainage path-
ways. The shallowest occurrence of the Tertiary is at the southern edge
of Chincoteague Bight. That location is unique in our study area be-
cause it doesn't coincide with any major Quaternary paleochannels
(Fig. 9A). Instead, the southern edge of Chincoteague Bight has per-
sisted as an interfluve over the course of several transgressive-re-
gressive cycles.

5.1.2. Quaternary
The first indication of a Quaternary sea-level lowstand is U4

(Fig. 10A). Found at Chincoteague Bight and offshore of Ocean City, U4
occurs as two discrete, deep channels (Figs. 4, 9A, 10A). Mixon (1985),
McFarland and Beach (2019) and Krantz et al. (2015) each found in-
dications of a deep paleochannel onshore and in the nearshore in the
Chincoteague Bight region. Mixon's (1985) borehole distribution was
sparse in that area, so he interpreted merely a depression in the Qua-
ternary-Tertiary boundary near the Halwall borehole (his structure map
Fig. 9), and not a paleochannel. Collecting additional boreholes in
northern Virginia during the 2000's, Powars (2011) and McFarland and
Beach (2019) fully resolved a Quaternary paleochannel onshore. Krantz
et al.'s (2015) nearshore chirp survey offshore of Wallops Island clearly
resolved a large paleochannel, which they interpreted to be Pleistocene
in age (Wikel, 2008; Krantz et al., 2015). The size, stratigraphic posi-
tioning and location of those previous observations of a paleochannel
and paleochannel fill correspond with our unconformity U4 and unit
Qpp observed off of Chincoteague Bight (Figs. 4,5,9).

Hansen (1966) observed a Pleistocene paleochannel in Salisbury,

Fig. 8. Shore parallel, coincident boomer (a) and chirp (c) seismic reflection profiles and interpretations (b, d) containing the principle stratigraphic units and
unconformities associated with the Exmore paleochannel. Exhibiting over 30 m of relief between its thalweg and interfluves, the Exmore paleochannel (U6) provided
accommodation space for the deposition of extensive clinoforms (Qx-yellow). See Table 2 for descriptions of units and major unconformities. See Fig. 3 for location.
Depth conversions in the figure are based on sound velocity of 1500 m/s in both water and sediment. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Maryland in a series of boreholes collected for hydrology. He found a
“Red Gravelly” Facies of the Salisbury Formation, interpreted as Pleis-
tocene channel fill, unconformably overlying Tertiary-aged sediments
of the Yorktown Formation. Hansen (1966) reported the “Red Gravelly”
Facies to be overlain by the Beaverdam Facies. The “Red Gravelly”
Facies and underlying unconformity, occur at comparable depths and
latitude to Qpp and U4 that we identify offshore of Ocean City, Mary-
land (Figs. 2, 5, 9). We interpret U4 as the base of ancestral fluvial beds
of the Susquehanna, Potomac and, possibly, other rivers. Unit Qpp is
the transgressive systems tract (TST) sequence deposited in the Per-
simmon Point and Ocean City paleochannels during the Pleistocene.

Incising and overlying unit Qpp and Tertiary Unit T2, U5 and Qbd
are each the most unique unconformity and unit in this study (Figs. 5,
7). U5's undulating character and broad distribution are suggestive of
erosion during a sea-level fall that did not go beyond the shelf edge
(Posamentier and Allen, 1999). Therefore, we interpret U5 as a sub-
aerial unconformity formed by a diffuse drainage network, during a
period of lower sea level in the Pleistocene (Fig. 10B). Qbd fills the
channel system carved by U5. A thick and widespread unit, Qbd is
characterized by hummocky and channel-like internal reflections and
we interpret the unit as a lowstand system tract (LST) indicative of a
fluvial and deltaic plain environment.

Other studies conducted in New Jersey, Delaware and Maryland
offer potential insights into U5 and Qbd. Uptegrove et al. (2012) using
boomer seismic reflection data imaged a remarkably similar un-
conformity and unit 130 km north of our study area on the New Jersey
continental shelf. However, based on limited AAR data they interpreted
that unit (named MIS 5 cbms) to be significantly younger than our in-
terpretation of Qbd. They interpreted unit MIS 5 cbms as sediments that

were deposited as the shoreline advanced landward and/or bayward
and coastal channels migrated during Marine Isotope Stage 5. Moving
south, a comparison of our results with recent chirp and vibracore
studies in Delaware by Mattheus et al. (2020a) and the Maryland
borehole study of Owens and Denny (1979) suggests that Unit Qbd may
be equivalent to their Beaverdam Formation. The onshore depths and
spatial distribution of Owen and Denny's (1979) map of the base of the
Beaverdam Formation (their Fig. 10) correspond well to our offshore
mapping of U5 (Figs. 9, 10B). The Beaverdam Formation consists pri-
marily of fine to coarse sand with interbeds of fine silty sand to sandy
and clayey silt and is interpreted to have been deposited in fluvial to
estuarine environments (Ramsey, 1999). Though initially interpreted to
be Quaternary in age, Owens and Denny (1979) and then later Groot
et al. (1990) interpreted the Beaverdam to have been deposited in the
Late Tertiary based on the presence of palynomorphs in fine-grained
sediments that indicated a warmer climate. We interpret Units Qbd and
Qpp to be Pleistocene in age based on the underlying fluvial un-
conformities (U4, U5) associated with the units that incise stratified
dipping beds characteristic of the Coastal Plain. The recent chirp work
conducted in Delaware cannot resolve the base of the Beaverdam
(Mattheus et al., 2020a, 2020b), thus making it challenging to fully
integrate their stratigraphic framework with our study. The seismic
facies within their unit interpreted as Beaverdam has the same hum-
mocky internal character that we observe in the unit Qbd, however
better constraining the timing and geologic significance of Unit Qbd
will require additional research.

Incising Qbd is the unconformity U6. Our observations of U6 and
unit Qx correlate spatially with the Exmore paleochannel and channel
fill identified by Colman et al. (1990) and Oertel and Foyle (1995)

Fig. 9. A. Simplified vectors of Quaternary paleodrainage pathways are overlain on the modern shoreline. Paleochannels on land and inside Chesapeake Bay are from
Owens and Denny (1979), Hansen (1966), McFarland and Beach (2019) and Colman et al. (1990). Solid lines offshore are from this study. Dashed lines indicate
hypothesized pathways. B. Gridded seismic stratigraphic horizon composed of U4, U5, U6, U7, U8, U9, U10 shows the depth to the top of Tertiary-age sediments
overlain on the present shoreline with modern rivers labeled. C. The Quaternary(Q)/Tertiary(T) surface reflects the courses of the Susquehanna River and tributaries
beginning in Chincoteague Bight and south where the Persimmon Point, Exmore, Belle Haven, Eastville and Cape Charles paleochannels cut into Tertiary sediments.
In the northern portion of the study area unconformities U4 and U5, associated with Ocean City paleochannel and Beaverdam fluvial plain, eroded the lows of the Q/
T surface.
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(Figs. 2 and 9). We agree with their interpretation that the un-
conformity represents an incised valley of the ancestral Susquehanna
River and tributaries that developed during a lowstand either at MIS 8
or MIS 12 (Fig. 10D). Unit Qx is the TST that fills subaerial un-
conformity U6.

We also find evidence for another paleochannel that appears to be
coeval with the Exmore paleochannel, which we interpret as the incised
valley of the ancestral Rappahannock River (Figs. 5 and 9). Oertel and
Foyle (1995) identified a paleochannel in a similar area which they
referred to as the “Belle Haven” paleochannel (Fig. 2). Although Oertel
and Foyle (1995) identified the Belle Haven paleochannel, they were
conflicted with its relationship to other paleochannels, writing that the
Belle Haven was both a tributary to, and incised by the Eastville pa-
leochannel. We concur that the channel fill of the Belle Haven (Unit Qx)
is indeed incised by the Eastville paleochannel (U8). We observe the
transgressive ravinement surface (TRS) U7 to truncate the Belle Haven,
just as it does the Exmore paleochannel (Fig. 8), thus we interpret that
the Belle Haven and the Exmore are coeval. Neither Colman et al.
(1990), Mixon (1985) nor McFarland and Beach (2019) identified the
Belle Haven in seismic profiles collected in Chesapeake Bay or in

borehole data collected on the southern Delmarva Peninsula. The ab-
sence of evidence for the Belle Haven paleochannel in those two studies
is likely due to erosion caused by the spatially coincident Eastville and
Cape Charles paleochannels within the Chesapeake Bay, and the dearth
of boreholes collected where we would expect the Belle Haven to occur
on the southern Delmarva Peninsula (Mixon, 1985; Colman et al.,
1990).

Following the U6 sea-level lowstand (Fig. 10D) and subsequent
transgression marked by the TRS U7 and highstand systems tract (HST)
Q1 (Figs. 10E, 5) the Delmarva seismic stratigraphy shows evidence for
two additional sea-level lowstands (U8, Fig. 10F; U10, Fig. 10H) and
highstands (U9, Fig. 10G; U11, Fig. 10I). In agreement with previous
studies (Shideler et al., 1972; Toscano et al., 1989), we interpret Units
Q1, Qe, Q2 and Qcch to contain estuarine and shelf sediments deposited
during Pleistocene and early Holocene transgressions (Qe, Qcch) and
highstands (Q1, Q2). Toscano et al. (1989) sampled unit Q2 and, based
on AAR analysis, estimated the Unit's age as MIS 5.

In the southern portion of the study area, our observations of U8
spatially correspond with those made by Colman et al. (1990) in Che-
sapeake Bay and Oertel and Foyle (1995) on the inner shelf (Figs. 2, 9),

Fig. 9. (continued)
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we therefore interpret U8 as the ancestral bed of the Susquehanna
River, developed at the MIS 6 lowstand (Fig. 10F). We also find evi-
dence offshore of a tributary to the ancient Susquehanna, likely the
ancient York and, or James Rivers (Figs. 9, 10F). In the northern portion
of the study area where Toscano et al., (1989) reported paleochannels
(Fig. 2) U8 indicates higher-order streams that had a NW-SE orientation

(Fig. 9). We hypothesize that those streams fed into the Eastville pa-
leochannel near the present-day mid-to-outer shelf (Fig. 10F). In the
northern most portion of the study area in the Maryland Wind Energy
Area (Fig. 3), U8 suggests a broad regional drainage network that
drained southeastward (Figs. 9, 10F).

Our observations of U10, in the southern portion of the study area,

Fig. 10. Panels A-I illustrate the evolution of the Delmarva Peninsula and continental shelf since the Late Pleistocene. The outline of the present-day Delmarva
Peninsula overlies a hillshaded-relief map of the Mid-Atlantic Bight region, while light green represents land and gray represents submerged areas. Offshore solid
gray lines are paleodrainage pathways mapped in this study. Drainage pathways are named, and estimated MIS labeled. Question marks and white dashes denote
speculated drainage pathways or highstand sea-level positions. A. Sea-level lowstand associated with U4. Onshore position of the Ocean City paleochannel comes
from Hansen (1966). Onshore position of the Persimmon Point paleochannel comes from McFarland and Beach hydrogeologic borehole study (2019). B. Lower sea
level associated with U5. Onshore location of the Beaverdam paleodrainage comes from Owen and Denny (1979). C. Hypothesized Middle Pleistocene sea level
highstand. D. Sea-level lowstand associated with U6. Location of the Exmore paleochannel onshore and inside the Chesapeake Bay come from Mixon stratigraphic
borehole study (1985) and Colman et al. (1990) respectively. E. Sea-level highstand position from Mixon (1985). F. Sea-level lowstand associated with U8. Location
of the Eastville paleochannel onshore and inside the Chesapeake Bay come from Mixon (1985) and Colman et al. (1990) respectively. G. Sea-level highstand position
from Mixon (1985). H. Sea-level lowstand associated with U10. Location of the Cape Charles paleochannel onshore and inside the Chesapeake Bay come from Mixon
(1985) and Colman et al. (1990) respectively. I. Present-day configuration of Chesapeake Bay (CB) and the Delmarva Peninsula with modern rivers labeled.
SR = Susquehanna River, PR = Potomac River, RR = Rappahannock River, YR = York River, JR = James River. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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spatially correspond with those made by Colman et al. (1990) in Che-
sapeake Bay and Oertel and Foyle (1995) on the inner shelf (Figs. 2, 9).
Therefore, we interpret U10 as the incised valley of the ancestral Sus-
quehanna River in the southern portion of the study area, developed at
the MIS 2 lowstand (Fig. 10H). Seaward of present-day Maryland and
Chincoteague Bight, streams and rivers converged in a N-S flow direc-
tion (Fig. 9). We hypothesize that this tributary merged with the Cape
Charles toward the present mid-to-outer shelf (Fig. 10H). In the most
northern portion of the study area, similar to the earlier U8 drainage
pattern in the Wind Energy Area, our observations of U10 suggest that
the area drained southeastward. The unit that fills U10 channels is unit
Qcch. Previous studies that sampled the unit or reported age estimates
found it to be younger than 18 ka (Toscano et al., 1989; Colman et al.,
1990). This unit represents the TST of the most recent sea-level rise.

We note that maps of U8 and U10 offshore of Maryland do not
correspond precisely to the paleochannels identified by Toscano et al.
(1989) (our Fig. 2, after their Figure 26). We attribute these dis-
crepancies to relatively coarse survey line spacing, lack of high-re-
solution chirp data and the short sampling depth of vibracores in the
earlier study. As Toscano et al. (1989) wrote, their map of pa-
leochannels is actually an amalgamation of three unconformities (their
M3, M2, M1) that they interpreted to be entirely filled with sediments
deposited since the LGM (their unit Q3; our unit Qcch; Table 1). Based
on cross-cutting relationships evident in our high-resolution seismic
study we know that the channel systems combined in that figure were
formed at different times and most have channel fills that pre-date the
LGM. We think that much of what Toscano et al. (1989) mapped in that
figure are paleochannels coeval with the Eastville Paleochannel, and
thus filled with Qe. Recent reviews of the Toscano et al. (1989) cores
suggest that they indeed penetrated the Qe unit, and analysis of shells
for AAR data may make it possible to conclusively reconcile these in-
terpretations (Wehmiller et al., 2019).

U11 is the most recent TRS in the study and is overlain by Qmn.

Based on acoustic character, distribution and previous regional coring
and sampling studies (Shideler et al., 1972; Field, 1980; Toscano et al.,
1989; Pendleton et al., 2017a; Pendleton et al., 2017b; Pendleton et al.,
2019) we interpret Unit Qmn as a HST consisting of the modern sandy
shoreface and shelf, sand bodies and ridges.

5.2. Regional evolution: preservation and erosion

In general, TSTs and HSTs are well- preserved over much of the
study area. This high degree of preservation may, at least in part, be the
reason for the comparable depths of channel incision at progressively
shallower stratigraphic positions over time that characterizes this shelf
(Fig. 5D). However, preservation of HSTs is not uniform throughout the
region's shallow stratigraphy. For instance, there is no evidence for
TRSs and related HSTs in the stratigraphic record between the subaerial
unconformities U4, U5, U6, whereas they are evident elsewhere (e.g,
U3, T2, U7, Q1, U9, Q2, U11, Qmn). We presume a sea-level highstand
(Fig. 10C) preceded the sea-level lowstand associated with U6 (Exmore
and Belle Haven paleochannels) (Fig. 10D) and possibly the lower sea-
level indicated by U5 (Fig. 10B). We interpret the lack of preserved
wave-ravinement surfaces as evidence of extreme erosion on the shelf
during Pleistocene glacial and interglacial cycles. Oertel and Foyle
(1995)’s model of spit progradation, channel shifting and channel
filling for the Chesapeake Bay entrance illustrates a mechanism for how
a TRS may be eroded in the course of sea-level fluctuations by repeated
channel migration and incision.

We also observe abundant evidence of younger paleochannels
eroding older units. In the southern portion of the study area we see
several iterations of an ancient York and, or James river in the strati-
graphic record (Figs. 5, 9a). These findings corroborate Oertel and
Foyle's (1995) model of channel diversion and shifting of the Susque-
hanna. As the southern Delmarva Peninsula prograded south (Figs. 10C,
E, G), the Susquehanna River captured the Potomac (Fig. 10D),

Fig. 10. (continued)
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Rappahanock and the York (Fig. 10F) and finally, the James rivers
(Fig. 10H). Colman et al.'s (1990) map of the successive iterations of
paleochannels in the Chesapeake Bay does not resolve the Potomac,
Rappahanock, York or James rivers continuing toward the shelf edge
independently of the Susquehanna River (Fig. 2). This is likely a result
of the younger iterations of the Susquehanna, with their successively
larger drainages, eroding the underlying stratigraphic records of the
regional rivers.

5.3. Broader implications

Regional Quaternary framework studies, such as this, have a host of
broader implications including: linking adjacent regional frameworks
(e.g., Yoo et al., 2016); where applicable, better constraining glacio
isostatic adjustment in margin evolution (e.g., Barnhardt et al., 1995;
Todd and Shaw, 2012); and resolving the role of antecedent geology in
modern coastal processes (e.g., Schwab et al., 2017). Though each of
these topics warrants its own focused and detailed analysis, our fra-
mework establishes a context in which we can examine them in brief
below.

5.3.1. Regional architecture and glacial isostatic adjustment
The Delmarva continental shelf's geologic framework is analogous

to those of New Jersey and North Carolina (Fig. 1). Both of those
shelves host complexly cut and filled Quaternary sequences (Carey
et al., 2005; Mallinson et al., 2005; Mallinson et al., 2010a; Mallinson
et al., 2010b; Uptegrove et al., 2012; Miller et al., 2013; Thieler et al.,
2014). Uptegrove et al. (2012) report Quaternary sequences greater
~20 m thick on the New Jersey inner shelf. Using the extensive datasets
from Integrated Ocean Drilling Program (IODP) Expedition 313
(Mountain et al., 2010), Miller et al. (2013) found minimal Holocene
sediments and a thinning of the Pleistocene sequences to 3–10 m
thickness on the middle shelf. An exception to thin Pleistocene se-
quences were those sequences found within incised valleys, interpreted
as the ancestral Hudson shelf valley. Thieler et al., 2014 and Mallinson
et al.'s (2010a) geologic framework studies show a similar, though
much thicker (> 60 m) Quaternary sediment package existing to the
south in Albemarle Bay and the inner continental shelf of North Car-
olina. They map the depth to Tertiary to −5-95 m below present sea
level (Thieler et al. (2014) their Fig. 3A), comparable to the depths that
we interpret in Delmarva (Fig. 9B). Mallinson et al. (2010b) and Thieler
et al. (2014) map several paleochannels, including those of the ances-
tral Roanoake, Nuese, Tar rivers and Pamlico Creek that were incised
during the sea level lowstand associated with the Last Glacial Maximum
(MIS 2).

Though Uptegrove et al. (2012) interpret MIS 3 sediment in the New
Jersey inner continental shelf (their unit MIS 3 ecbr), in the mid con-
tinental shelf Miller et al. (2013) revised the interpretation of sediments
previously identified as MIS 3 (Sheridan et al., 2003; Carey et al., 2005)
to MIS 5 (their units Up2, Up3). In Delmarva (Toscano et al., 1989, this
study) and North Carolina (Mallinson et al., 2010b; Thieler et al.
(2014)) the youngest Pleistocene highstand sediments (Q2-Toscano
et al., 1989; SSU V-Mallinson et al., 2010a) are also interpreted as MIS
5. Miller et al. (2013) concluded that on the mid-Atlantic continental
shelf only some of the peak Pleistocene sea-level events are preserved.

Several onshore studies in Albemarle Bay North Carolina, southern
Virginia and Chesapeake Bay (Parham et al., 2007; Scott et al., 2010;
Parham et al., 2013; Dejong et al., 2015) have identified MIS 3 deposits
using optically stimulated luminescence methods. These studies invoke
glacial isostatic adjustment (GIA) in response to the Laurentide Ice
sheet to explain MIS 3 deposits at elevations significantly higher than
predicted by global mean sea level (Railsback et al., 2015). Using those
OSL dates and others as sea-level indicators, Pico et al. (2017) modelled
the rheologic and ice conditions necessary to accommodate a local sea-
level highstand at MIS 3. A comprehensive review and reconciliation of
Mid-Atlantic geochronology data and sea-level indicators is outside the

scope of this study. However, the availability of well-mapped Qua-
ternary frameworks across the Mid Atlantic (Mallinson et al., 2010a;
Uptegrove et al., 2012; Miller et al., 2013; Thieler et al. (2014);
Mattheus et al., 2020b; this study) presents an opportunity. The cited
offshore geologic studies span hundreds of kilometers over 4 degrees of
latitude and could be examined for stratigraphic evidence of the lati-
tudinal variability in GIA predicted by Pico et al. (2017) during MIS-3,
or GIA related to earlier glacial cycles. Such a study would test the
model and provide greater understanding of ice sheet and continental
shelf dynamics.

5.3.2. The role of antecedent geology
Although a thorough quantitative assessment of antecedent topo-

graphic controls is also beyond the scope of this manuscript, the
Delmarva geologic framework appears to exert controls on large-scale
geomorphic characteristics similar to that of North Carolina (Mallinson
et al., 2010a; Thieler et al. (2014)). The modern coastline is offset at the
southern end of Assateague Island with adjacent Wallops Island oc-
curring 7-km westward of Assateague Island (Fig. 1). This offset in-
itiates Chincoteague Bight (Fig. 1, Fig. 9) where the barrier islands in
that region and to the south have high rates (> − 18 m/yr) of long-
term shoreline change and exhibit patterns of widespread retreat, in
contrast to the relatively stable shoreline of Assateague Island to the
north (Hapke et al., 2010; Himmelstoss et al., 2010). The offset in the
present-day shoreline and shoreline retreat patterns also coincides with
significant changes in the Quaternary stratigraphy. Beginning in Chin-
coteague Bight with the Persimmon Point paleochannel (Figs. 5d, 9)
and continuing south, the stratigraphy is dominated by deeply incised
valleys (U4, U6, U8, U10) and valley fills (Qpp,Qx, Qe, Qcch) of the
ancestral Susquehanna River (Fig. 5d). This is distinct from the shallow
stratigraphy in the north which is characterized by the broad fluvial
flood plain deposits of Qbd and more abundant HSTs (Q1, Qmn)
(Fig. 5d). Based on the spatial correspondence of shoreline change
patterns and changes in Quaternary stratigraphy, we hypothesize that
the antecedent geology exerts a first order control on the modern
configuration and behavior of the Delmarva Peninsula's coastline. This
control may relate to the lithologic composition or consolidation
properties of the valley fills, or the dearth of Qbd, Q1, Qmn in the
southern portion of the study area. Several studies have outlined the
role underlying topography and slope of ravinement surfaces can play
in barrier island and sand ridge dynamics with steeper and rougher
surfaces generally associated with slower rates of barrier island mi-
gration and more likely to host sand bodies (Belknap and Kraft, 1985;
Fruegaard et al., 2015; Fruegaard et al., 2018; Durán et al., 2018; Raff
et al., 2018). It is possible that the Quaternary stratigraphy of southern
Delmarva sets up conditions where mobile sand is less likely to accu-
mulate, and thus the shoreline is setback and retreats rapidly. Of course,
many processes contribute to coastline dynamics and more analysis is
required to resolve the role of shallow stratigraphy.

6. Conclusions

Using over 12,000 trackline kilometers of new subbottom and
seismic reflection profile data we define the upper seismic stratigraphic
framework offshore of the Delmarva Peninsula, USA. We identify 12
system tracts bounded by 11 regional unconformities. Our framework
builds upon and reconciles many of the earlier, smaller-scale seismic
and litho stratrigraphic investigations in the area. Corroborating the
results of earlier studies, we find that erosion and deposition related to
paleodrainage and sea-level history dominate the region's Quaternary
stratigraphy. Our study shows that more paleochannels exist on the
continental shelf than previously mapped and that the drainage history
and related stratigraphy of the Mid-Atlantic Bight are significantly more
complex than previously indicated. In addition, our geologic framework
fills a spatial gap between other established Mid-Atlantic frameworks.
These findings show that high-resolution, regional scale (hundreds of
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kilometers) mapping efforts can reconcile observations from disparate
studies and are required to accurately resolve an area's Quaternary
history. Further examination of the seismic stratigraphy presented here
could elucidate the roles of GIA, antecedent geology and other pro-
cesses that contribute to the evolution of the U.S. Atlantic margin and
many other mid-latitude passive margins.

Data availability

For a comprehensive description of acquisition parameters, pro-
cessing steps and, in the 2014 and 2015 USGS seismic reflection data
please refer to Pendleton et al. (2015a) https://doi.org/10.5066/
F7MW2F60 and Sweeney et al. (2015) https://doi.org/10.5066/
F7P55KK3. Data from the Maryland Wind Energy Area are available
by request from the state or the Bureau of Ocean Energy Management
(BOEM). Seismic data used in Colman et al. (1990) are available in
Colman (1987) https://cmgds.marine.usgs.gov/fan_info.php?fan=
1987-027-FA and Colman (1986) https://cmgds.marine.usgs.gov/fan_
info.php?fan=1986-022-FA.
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