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Abstract

Seismic surveys in the eastern Albemarle Sound, adjacent tributaries and the inner continental shelf define the regional

geologic framework and provide insight into the sedimentary evolution of the northern North Carolina coastal system. Litho-

and chronostratigraphic data are derived from eight drill sites on the Outer Banks barrier islands, and the Mobil #1 well in

eastern Albemarle Sound. Within the study area, parallel-bedded, gently dipping Miocene beds occur at 95 to N160 m below sea

level (m bsl), and are overlain by a southward-thickening Pliocene unit characterized by steeply inclined, southward-prograding

beds. The lower Pliocene unit consists of three seismic sequences. The 55–60 m thick Quaternary section unconformably

overlies the Pliocene unit, and consists of 18 seismic sequences exhibiting numerous incised channel-fill facies. Shallow

stratigraphy (b40 m bsl) is dominated by complex fill patterns within the incised paleo-Roanoke River valley. Radiocarbon and

amino-acid racemization (AAR) ages indicate that the valley-fill is latest Pleistocene to Holocene in age. At least six distinct

valley-fill units are identified in the seismic data. Cores in the valley-fill contain a 3–6 m thick basal fluvial channel deposit that

is overlain by a 15 m thick unit of interlaminated muds and sands of brackish water origin that exhibit increasing marine

influence upwards. Organic materials within the interlaminated deposits have ages of 13–11 cal. ka. The interlaminated deposits

within the valley are overlain by several units that comprise shallow marine sediments (bay-mouth and shoreface environments)

that consist of silty, fine- to medium-grained sands containing open neritic foraminifera, suggesting that this area lacked a

fronting barrier island system and was an open embayment from ~10 ka to ~4.5 ka. Seismic data show that initial infilling of the

paleo-Roanoke River valley occurred from the north and west during the late Pleistocene and early Holocene. Later infilling
0025-3227/$ - s

doi:10.1016/j.m

T Correspondi

E-mail addr
(2005) 97–117
ee front matter D 2005 Elsevier B.V. All rights reserved.

argeo.2005.02.030

ng author. Tel.: +1 252 328 1344; fax: +1 252 328 4391.

ess: mallinsond@mail.ecu.du (D. Mallinson).



D. Mallinson et al. / Marine Geology 217 (2005) 97–11798
occurred from the south and east and is characterized by a large shoal body (Colington Island and Shoals) and adjacent inlet fill.

Establishment of a continuous barrier island system across the bay-mouth resulted in deposition of the latest phase of valley-fill,

characterized by estuarine organic-rich muds.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The North Carolina coastal system (Fig. 1)

consists of depositional environments (inner con-

tinental shelf, barrier islands, estuarine and riverine

systems, and associated mainland areas) with great

variability in depositional and erosional processes

and dynamics. The coastal zone is the product of

the interaction between coastal processes (energy

regimes, sea-level change, sediment transport and

deposition, and storm impacts), changing climatic

patterns, and the underlying geologic framework

(the stratigraphy, compositional characteristics, age

relationships, and evolutionary history) (Riggs et

al., 1992). Defining the framework and under-

standing the interactions among these processes

helps answer critical questions concerning the

coastal response to sea-level and climate change,

and land use capabilities of these complex

environments.

We have recently performed extensive seismic

and vertical beam chirp sonar surveys within

Albemarle, Currituck, Croatan, and Roanoke Sounds

and adjacent tributaries. These geophysical surveys

were conducted with the major objective of defining

the geologic framework and evolution of the North

Carolina coastal system, in order to contribute to the

understanding of the role of oceanographic processes

and antecedent geology in controlling coastal evo-

lution. Geophysical surveys were utilized to identify

fluvial paleovalleys for core drilling to examine

Quaternary sea level and climate change. Synthesis

of these data provides an assessment of the late

Neogene and Quaternary evolution of a large coastal

system on a passive continental margin. In addition

to illuminating links between the geology and

coastal evolution, these data will also provide the

basis for calibration of the Quaternary sea-level

curve, predicting future coastal behavior, and mod-

ification of siliciclastic sequence stratigraphic models
(Posamentier and Vail, 1988; Posamentier et al.,

1992; etc.).

The primary objective of this paper is to

describe the general fill history of the northern

portion of the Albemarle Embayment. This paper is

not meant to be the definitive treatise on this

system, but is designed to establish the geologic

and chronostratigraphic framework for further, more

detailed examination of individual components of

the system.
2. Study area

The Albemarle Sound (Fig. 1) occurs along the

mid-Atlantic coastline of the United States, in a

semidiurnal microtidal (~1 m range), medium to high

wave-energy setting. The Sound is a drowned river

valley estuary that was flooded and backfilled during

the Holocene sea-level rise (Riggs et al., 1992; Sager

and Riggs, 1998). Presently, the estuary occupies an

area of approximately 1240 km2. Direct connection

to the ocean is currently restricted by the presence of

a continuous barrier system extending across the

mouth of the estuary, from near the North Carolina–

Virginia border to Oregon Inlet (Fig. 1).

The Albemarle Sound estuary lies within the

Albemarle Embayment (Ward and Strickland, 1985),

which is a regional late Paleogene to Neogene

depositional basin also known as the Aurora Embay-

ment or Aurora Basin (Popenoe, 1985). The Albe-

marle Embayment is constrained by the constructional

Cape Lookout High to the south, and the Norfolk

Arch to the north (Foyle and Oertel, 1997).

The Neogene and Quaternary deposits are at least

200 m thick in this basin, and the Quaternary section

alone is approximately 60 m thick (Popenoe and

Ward, 1983; Riggs et al., 1992). In comparison, the

Quaternary section in the Salisbury Embayment on

the Virginia coast is only 30–35 m thick on average



Fig. 1. Satellite image (earthobservatory.nasa.gov) of eastern North Carolina coastal system revealing the extensive back-barrier estuarine

systems (Albemarle and Pamlico Sounds and adjacent tributaries), and barrier island system (Outer Banks). The area illustrated in Fig. 2 is

indicated.
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(Foyle and Oertel, 1997), whereas the Quaternary

section to the south of the Albemarle Embayment is

preserved only as a thin, discontinuous sand prism

(Hine and Snyder, 1985). As a result, there are well-

developed sedimentary sequences within the Albe-

marle Embayment, with as many as 18 Quaternary

depositional sequences previously identified in cores

and seismic data (Riggs et al., 1992; Boss et al., 2002;

Parham, 2003). However, as a result of Quaternary

progradation of the margin, and concomitant filling of

the basin, the Pleistocene sequences become thinner

upsection, and the Holocene section is largely con-

strained to incised fluvial paleovalleys (Riggs et al.,

1992), most notably, the ancestral Roanoke/Albemarle

River valley (Boss et al., 2002).
3. Methods

Approximately 750 km of high-resolution single-

channel seismic data and chirp sonar data were

acquired in the Albemarle, Currituck, Croatan, and

Roanoke Sounds and adjacent tributaries during July

and August of 2001 (Fig. 2). An additional 3000 km of

seismic data were acquired on the inner continental

shelf from the 8 m isobath to 11 km offshore. Seismic

data were acquired using a Geopulse Uniboom source

and an ITI hydrophone streamer, and were recorded

with Triton ISIS acquisition software. Chirp sonar data

in Albemarle Sound were acquired using a Knudsen

320 BP chirp sonar system with two 3.5-kHz centered

transducers. Chirp data on the inner shelf were

earthobservatory.nasa.gov


Fig. 2. Map showing the location of all seismic lines (gray lines) from eastern Albemarle Sound and the offshore area. Bold lines with line labels

are discussed and presented in this paper. Also shown are the locations of OBX cores (OBX-2 though -8) presented and discussed in this paper.

D. Mallinson et al. / Marine Geology 217 (2005) 97–117100
acquired with a Datasonics SIS-1000 2–7 kHz sub-

bottom profiler. All data were integrated with differ-

ential GPS for navigation. The single-channel data

were processed using Sioseis and Promax software to

apply various gains and filters to enhance the data.

Processed seismic lines were digitized and interpreted

using Kingdom Suite v.7 software (copyright, Seismic

Micro-Technology, Inc.).

Cores were drilled at eight locations on the Outer

Banks barrier island system (Fig. 2) using a rotosonic
drilling platform with maximum penetration of 58 m.

Cores were logged for lithology and subsampled for

grain size (Folk, 1980), microfossils, radiocarbon age

determination, amino-acid racemization (AAR) and

stable isotopes (13C, 15N). All references to radio-

carbon ages using units of bkaQ in the text assume a

calibrated age (Stuiver and Reimer, 1993; Stuiver et

al., 1998). Correlation of lithofacies and seismic facies

required projection of cores to the seismic lines, a

distance of 3–5 km, because the land-based cores are
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not directly positioned on seismic lines. As a result,

correlations cannot be precise.
4. Results

4.1. Seismic stratigraphic framework

At least 22 seismic sequences have been identified

within the study area within the upper 0.15 s (two-way

travel time) of seismic data (Fig. 3). Not all seismic

sequences are regionally continuous, and it is not clear

whether all boundaries represent subaerial erosion

surfaces (i.e., type 1 sequence boundaries; Van Wag-

oner et al., 1987, 1988). Sequences are bounded by

medium- to high-amplitude, regionally continuous to

discontinuous (erosionally truncated) reflections, many

of which show evidence of channelization indicating

stream rejuvenation and incision (type 1 unconform-
Fig. 3. Seismic data and line interpretation (portion of L38) illustrating ext

for the location and broader seismic context).
ities) (Posamentier and Vail, 1988). Some reflections,

however, do not show clear evidence of channelization,

and my represent flooding surfaces or type 2 uncon-

formities (VanWagoner et al., 1987, 1988; Posamentier

and Vail, 1988). In accordance with the convention of

Riggs et al. (1992), these reflections are designated R2

through R22 in ascending stratigraphic order (Fig. 3).

Correlation of seismic reflections with prominent

lithofacies transitions within cores (e.g., R22 is a high

amplitude ringing reflection at ~0.04 s that correlates

with a prominent gravel bed in OBX2 at 33 m bsl)

yields seismic velocities ranging from ~1650 m/s to

1750 m/s. Throughout the text and figures, we use a

velocity of 1700 m/s to estimate depth within the

sediment column. This velocity is consistent with that

used by Sager and Riggs (1998) in the Albemarle

Sound, as well as Foyle and Oertel (1997) on the

Virginia inner shelf, but is less than that used by Boss

et al. (2002) for the NC inner shelf (1800 m/s).
ensive channelization along sequence boundaries (see Figs. 2 and 6
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Fig. 4. Interpreted seismic profile from eastern Albemarle Sound illustrating seismic sequences 1 and 2, and Holocene valley-fill above

reflection 22 (refer to Fig. 2 for location of survey lines and seismic sections).

Fig. 5. Structure contour map of reflection 2, the depositional surface for SS-2, which is also interpreted as the top of the Miocene. Depths are in

meters below sea level.

D. Mallinson et al. / Marine Geology 217 (2005) 97–117102



D. Mallinson et al. / Marine Geology 217 (2005) 97–117 103
Seismic sequences are designated SS-1 through

SS-22 according to the basal sequence boundary

(e.g., SS-2 is the sequence overlying R2). Boss et al.

(2002) used a similar convention, however their

reflections and sequences are numbered from the

top down, whereas we follow the convention of

Riggs et al. (1992) in numbering from the bottom up.

Determining the regional continuity of reflections is

complicated as a result of extensive erosional

truncations produced by valley incision, and by

signal attenuation due to organic-rich muds within
Fig. 6. Interpreted seismic profiles from eastern Albemarle Sound illustr

Reflections discussed in the text are labeled.
the estuary. Following is the description of seismic

sequences.

Seismic sequence 1: This seismic sequence, below

R2, represents the regional acoustic basement for this

survey (Fig. 4). SS-1 is defined as a partial sequence,

as no underlying sequence boundary is defined. This

unit consists of multiple, parallel-bedded, southeast-

ward-dipping beds (parasequences) marked by dis-

continuous internal reflections. SS-1 shoals to the

north and west. Minimum sequence depth in the

eastern Albemarle is approximately 74 m bsl (Fig. 5).
ating lines 32, 22, 38, and 24 (see Fig. 2 for location of profiles).
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The sequence then dips at increasing angles to the

southeast, and drops below our data window, indicat-

ing a depth in excess of ~170 m bsl in the eastern and

southern portion of the study area.

Seismic sequence 2: The base of SS-2 is indicated

by a regionally discontinuous southeastward-dipping

reflection (R2) ranging in depth from a minimum of

~74 m bsl in the north portion of the study area, to a

maximum detected depth of ~170 m bsl in the

eastern portion of the study area (Figs. 4 and 5). SS-

2 consists of south to southwestward-dipping oblique

prograding clinoforms, downlapping onto R2. The

sequence is a wedge of sediment that thickens from

b10 m in the northern portion of the study area to

N90 m in the southern region, a distance of only

~10–15 km.

Seismic sequence 3: The base of SS-3 is repre-

sented by a high-amplitude, regionally continuous

subhorizontal reflection (R3) that regionally truncates

the top of SS-2 (Fig. 6). R3 dips to the east and occurs

at approximately 53–58 m bsl in central Albemarle
Fig. 7. Structure contour map of reflection 5, interpreted as the Quaternary d

sea level.
Sound, and approximately 85 m bsl in the eastern

Albemarle Sound. SS-3 ranges from 0 to 16 m in

thickness, and thins southward. This sequence is

characterized by southward-prograding, shallow- to

steeply dipping clinoforms, and channel cut-and-fill.

Seismic sequences 4–21: Seismic sequences 4

through 21 are thin (3–5 m thick) depositional

sequences, except where significant valley-fill occurs,

that are most readily resolved on the southeastern side

of Albemarle Sound and into Croatan Sound (Figs. 3

and 6). These sequences thin and dip gently toward

the southeast (Fig. 7).

Seismic sequence 22 (paleo-Roanoke River valley-

fill complex): SS-22 exhibits extremely complex

stratigraphy including multiple subhorizontal, discon-

tinuous reflections, and steeply inclined southward-

prograding clinoforms, that define a broad (~10 km

wide), deeply incised (~30–40 m) paleovalley com-

plex (Figs. 7 and 8). This paleovalley complex is

herein referred to as the paleo-Roanoke River valley-

fill complex (PRVC). The base of the PRVC is marked
epositional surface (top of the Pliocene). Depths are in meters below



Fig. 8. Line interpretations of the paleo-Roanoke River valley complex (shaded) in lines 32, 22, and 38.
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by multiple high amplitude reflections at an average

depth of approximately 35 m bsl. Along seismic line

38, the valley is incised to a maximum depth of ~42 m

bsl. The valley-fill is characterized by very complex

sets of reflections exhibiting aggradational and pro-

gradational morphologies, and erosional truncations.

Valley-fill units: At least six distinct valley-fill units

are identified in the seismic data along line 38 and line

35, based upon reflection geometry (Fig. 9). The

earliest fill (VF1) occurs at the base of the PRVC and

its bottom corresponds to R22. VF1 is characterized

by horizontal to subhorizontal, high amplitude reflec-

tions indicating a very high impedance contrast. VF1

is bounded at the base by the sequence boundary, and

cut by a bay ravinement surface (BRS).

The overlying fill (VF2) is laterally discontinuous

due to local truncation by a tidal ravinement surface

(TRS) in eastern Albemarle Sound, but is the

dominant unit in the central to western Albemarle

Sound. The reflectors corresponding to this unit are

subhorizontal, and discontinuous, showing some

evidence of seaward progradation in the central
Albemarle Sound. The top of VF2 is truncated by a

tidal ravinement surface (TRS). The offshore seismic

line (Fig. 10) reveals that VF1 and VF2 are combined

and thinner than to the west. The boundary between

VF1 and VF2 is not as distinct as it is beneath

Albemarle Sound, nor is there a predominant direction

of fill for either.

VF3 occurs above the TRS and consists of gently

to steeply dipping, discontinuous reflections indicat-

ing southward-prograding clinoforms associated with

sand bodies accreting to the north side of the valley

and filling the valley from the northwest (Fig. 10).

Seismic line 35 reveals a possible wave ravinement

surface (WRS) that truncates VF3 seaward of line 22

(Fig. 11). This WRS is indicated by a seaward-sloping

reflection separating the southward- and seaward-

prograding fill from reflections that onlap toward the

west (VF4). This WRS does not occur in lines 22 and

32 to the west (Fig. 8).

VF4 is characterized by steeply dipping clinoforms

prograding away from a central mound, and defining a

shoal structure west of Colington Island (Fig. 2). This



Fig. 9. Valley-fill units (VF1–6) along seismic line 38. See Fig. 2 for the location of seismic profiles.
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sand body has been referred to as Colington Shoals by

Riggs et al. (1995). North of Colington Shoals, VF4 is

characterized by gently dipping clinoforms represent-

ing aggradation and progradation of shoreface sands

above the wave ravinement surface (Fig. 9).
Fig. 10. Interpretation of offshore seismic line ATSV01004_43 and s

Interpretation shows paleo-Roanoke valley-fill units (VF1/VF2 and VF3) as

Fig. 9).
VF5 exhibits southward-prograding reflections that

lap out onto the top of VF4 and Colington Shoals, and

is interpreted as inlet fill. VF6 is the uppermost

horizontal unit that drapes across all underlying VF

units.
egment of seismic profile. See Fig. 2 for seismic line location.

they correlate to valley-fill units from eastern Albemarle Sound (see



Fig. 11. Seismic data and line interpretation of line 35, illustrating an east–west profile along the axis of the paleo-Roanoke River valley complex. Valley-fill (VF) units are indicated,

as are the bay ravinement surface (BRS), tidal ravinement surface (TRS), and wave ravinement surface (WRS).
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Fig. 12. Lithologic logs of cores OBX 1–8 illustrating AMS ages (see Table 1) in calibrated ka (the 1.1 to 1.8 Ma age is based on amino-acid

racemization analysis), interpreted depositional facies, valley-fill units (VF1 through VF5) and approximate isochronous boundaries based on

the seismic framework (see Fig. 2 for core locations).
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4.2. Lithostratigraphic framework

Cores discussed in this paper targeted the valley-

fill above R22. Above ~35 m bsl (correlating to
Table 1

Generalized lithofacies found within the paleo-Roanoke River valley-fill

Lithofacies Description

Fsg poorly sorted, medium to very coarse quartz sand and gr

Esm interlaminated mud and fine to medium sand; variable or

soft-sediment deformation and burrows; transitional from

low-brackish to marine salinities

Ms sl. fossiliferous, silty, moderately sorted, fine to coarse qu

Eorm structureless organic-rich mud with variable sand content

BIs sl. fossiliferous, moderately to well sorted, medium quart
R22), several distinct valley-fill lithofacies occur

within the cores (Fig. 12; Table 1). Core data show

that sediments at the base of the paleovalley are

fluvial coarse sands and gravels (Fsg) approximately
Environmental interpretation Correlative

valley-fill unit

avel fluvial channel VF1

ganics, open, upper to middle estuarine

bay-head delta or tidal deposits

VF2

artz sand bay-mouth; shoal and inlet with

full marine circulation

VF3, 4 and 5

restricted central basin VF6

z sand barrier island facies; overwash to

aeolian

N/A



Table 2

Age data from shells and organic matter in the OBX cores (see Fig. 2 for core locations)

Core Depth

(m)

Depth

(m bsl)

Type Laboratory # d13C 14C age Age error Cal. age (2r range)

OBX-01 16.8 15.2 Plant fragments Beta 168060 �28 7830 50 8944–8433

OBX-02 27.7 25.2 Wood OS-36173 �28.92 11350 55 13776–13042

OBX-02 33.0 30.5 Shell (oyster) Beta 168061 �3.4 9720 40 11105–10209

OBX-02 33.0 30.5 Plant fragments OS-36098 �27.21 10900 45 13132–12657

OBX-03 36.1 35.6 Plant fragments OS-36174 �14.64 9460 40 11061–10561

OBX-04 4.6 1.5 Wood (root) Beta 168062 �25.6 320 60 505–162

OBX-04 4.6–6.1 1.5–3 Plant fragments OS-36099 �13.33 340 35 479–309

OBX-04 20.6 17.5 Peat OS-36175 �28.28 23700 140

OBX-05 32.3 28.8 Peat OS-36100 �26.35 10250 40 12348–11700

OBX-05 33.7 30.2 Peat Beta 168063 �24.6 9720 40 11225–10874

OBX-05 33.7 30.2 Peat OS-36176 �25.48 9930 45 11552–11201

OBX-05 35.0 31.5 Peat OS-36101 �25.48 10950 45 13148–12665

OBX-08 19.5 17.8 Plant fragments OS-36046 �24.07 38400 320

OBX-08 19.6 17.9 Wood OS-36102 �29.01 39300 280

OBX-08 19.7 18.0 Plant fragments OS-36103 �26.47 N48000 7800

OBX-08 29.7 28.0 Wood Beta 168064 �26.2 N48000

OBX-08 31.6 29.9 Wood OS-36104 �29.64 N48000 1900

OBX-08 31.7 30.0 Wood OS-36105 �26.67 N48000 2100

Radiocarbon ages were calibrated using CALIB ver.4.4 software (Stuiver and Reimer, 1993; Stuiver et al., 1998). Plant fragments, peat, and wood

samples were calibrated using intcal98.14 c; the shell sample was calibrated using marine98.14 c which includes a 402-year reservoir correction.
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3–6 m thick, occurring at ~33 to 40 m bsl. This

basal channel layer was recovered in cores from sites

OBX-2, OBX-3, and OBX-5 (Fig. 12). Overlying the

basal sand and gravel layer is a 12–15 m thick unit

of interlaminated sand and mud (Esm). The base of

this interlaminated unit contains vivianite (a domi-

nantly freshwater diagenetic mineral) as well as

freshwater plant material, low-brackish to freshwater

diatoms (e.g., Navicula heufleri, Nitzschia tryblio-

nella, Cyclotella bodanica, Nitzschia amphibia), but

no foraminifera. This unit grades upward into inter-

laminated muds and sands containing high brackish

to marine diatoms (e.g., Coscinodiscus nitidus,

Cymatosira belgica, Rhaphoneis amphiceros, Rha-

phoneis surilella, Cyclotella striata, Nitzschia punc-

tata). Organic materials within the Esm lithofacies

have ages of 11–13 ka (Table 2), and are overlain by

beds comprising shallow marine sediments (Ms

lithofacies). Shallow marine sediments within the

valley are silty, fine- to medium-grained sands (Ms)

with a shallow-shelf foraminiferal assemblage (e.g.,

Elphidium excavatum, Ammonia parkinsoniana,

Asterigerinata sp., Bucella frigida, Elphidium mex-

icanum, Hanzawaia strattoni). These deposits are in

turn overlain by ~5 m of Holocene barrier island

sands (BIs).
5. Interpretation and discussion

5.1. Neogene evolution

The deepest seismic sequence recognized through-

out the region is SS-1 (Figs. 4, 6 and 7). Reflection 2

(R2) represents the upper sequence boundary for SS-

1, and the depositional surface for the overlying unit.

Reflection 2 also represents a transition in prograda-

tional style from parallel-bedded, low-angle (~0.58)
dipping beds below, to higher angle (~38 to 48)
oblique to sigmoidal clinoforms above (SS-2) (Figs. 6

and 7).

Popenoe (1985) presented seismic data showing

the filling of the Aurora Basin. In the northern part

of the Albemarle Embayment, corresponding to our

study area, data from Popenoe (1985) reveal low-

angle southward-dipping beds overlain by high-

angle, southward-prograding beds. Biostratigraphic

indicators in offshore wells suggest a late Miocene

age for the low-angle beds, and an early Pliocene

age (the Yorktown Formation or its lateral equiv-

alent) for the overlying beds. The reflection geo-

metries and depths of SS-1 and SS-2 are similar to

the late Miocene and lower Pliocene units as

described by Popenoe (1985). The depth of R2



Fig. 13. Diagram illustrating AAR ages and the stratigraphic relationship between the seismic sequences (R=reflections; SS=seismic sequence)

identified in this study, the biostratigraphic sequences identified by Zarra (1989), the seismic sequences (S) of Boss et al. (2002), and the

depositional sequences (DS) of Riggs et al. (1992). Depths to boundaries are approximate.
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closely approximates the depth to the top of the

Miocene as mapped by Miller (1971).

Zarra (1989) described the biostratigraphy in the

Mobil #1 well from the eastern Albemarle Sound (Fig.

1). He recognized the lower Miocene/lower Pliocene

boundary in the Mobil #1 well (Fig. 2) at approx-

imately 120 m bsl, roughly correlating with R2

occurring at ~120–130 m bsl in the same area. His

interpretation does not distinguish any middle or

upper Miocene sediments in the Mobil #1 area, but
does differentiate them in more basinward cores to the

south. Zarra’s data suggest that the upper Miocene

sediments, recognized by Popenoe in the more

seaward setting, have been removed within our study

area. Zarra (1989) described upper lower Miocene,

and lower Pliocene units as inner to middle neritic,

sandy to silty clay beds. He correlated the upper lower

Miocene unit with planktic foraminifer zone N7,

which is correlated to the Tejas B2.2 third-order cycle

of Haq et al. (1988). On the basis of the seismic
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transition (R2) and Zarra’s (1989) and Popenoe’s

(1985) data, we tentatively interpret SS-1 as upper

lower Miocene, and SS-2 as lower Pliocene (Fig. 13).

Popenoe (1985) interpreted the middle Miocene

and upper Miocene units deposited within the

Albemarle Embayment as shelf sands deposited under

relatively low energy conditions. Such conditions

would have existed in a shelf basin protected from

shelf currents by the Cape Lookout High to the south.

We envision a similar setting for the lower Miocene

beds of SS-1, as suggested by the low-angle dip and

parallel bedding (Figs. 5 and 6).

A clear transition in the manner of margin

progradation occurs across R2. If the biostratigraphic

interpretations of Zarra (1989) are correct, R2

represents a hiatus of some 15 my. A hiatus is also

indicated by localized channelization and downlap of

the overlying sequence.

Seismic sequence 2, the lower Pliocene sequence,

may be interpreted either as a deltaic deposit with a

point source to the northeast, or simply as prograding

shelf sands (Popenoe, 1985). The angle (38 to 48) and
height of the clinoforms (Fig. 6) indicate rapid

deposition of a prograding clastic unit into a basin

of at least 200 m depth (on the basis of data from

Popenoe, 1985). This sequence may be a prodelta

facies of the Yorktown Formation filling in the

Albemarle Embayment from the northeast. Zarra

(1989) described the sediments of the lower Pliocene

unit within Mobil #1 as inner to middle neritic (based

on foraminiferal indicators) fine-grained sand, sand-

stone, siltstone, and clay. He correlated the lower

Pliocene unit (SS-2) with Zone N19, and with the

Tejas B3.4 third-order cycle of Haq et al. (1988). The

TB3.4 cycle represents the maximum sea level in the

Pliocene; perhaps the highest since the mid-Miocene.

The upper sequence boundary to SS-2 occurs at

approximately 85 m bsl near the Mobil#1 well.

Zarra (1989) recognized the lower Pliocene/post-

lower Pliocene (undifferentiated) boundary at ~57 m

bsl, which suggests that SS-3 and SS-4 are also lower

Pliocene deposits. Seismic sequence 3 is approxi-

mately 10 m thick, and exhibits steeply dipping

prograding clinoforms along seismic line 38 (Fig.

6). The upper boundary of SS-3 is highly dissected by

incised fluvial paleochannels. Seismic sequence 4 is

also approximately 10 m thick, but thins toward the

south and exhibits some internal discontinuous
parallel bedding. The upper boundary of SS-4 is also

dissected by fluvial paleochannels. Seismic sequences

3 and 4 are interpreted as representing the deposition

of shelf sands during sea-level highstands, followed

by channel incision during lowstands.

Assuming that the Miocene section was deposited

in inner to middle neritic depths (Zarra, 1989) of

approximately 50 m and a sea level similar to today

(Greenlee and Moore, 1988), then the corresponding

subsidence rate is approximately 8 mm/ky (120 m in

approximately 15 million years). Backstripping the

Pliocene section using this estimate places the top (at

80 m bsl) of the prograding unit SS-2 (also defined as

inner to middle neritic by Zarra, 1989) in ~40 m of

water.

5.2. Quaternary evolution

Zarra (1989) recognized the boundary between

lower Pliocene and undifferentiated upper Pliocene–

Recent sediments at 57 m bsl (F~3 m) in the Mobil

#1 well. Riggs et al. (1992) recognized the top of the

Pliocene at ~55–60 m bsl in seismic data in western

Pamlico Sound to the south. This depth corresponds

very well to R5 in southeastern Albemarle Sound at a

depth of approximately 60 m bsl (Figs. 6 and 7). We

therefore define R5 as the boundary between early

Pliocene sediments and undifferentiated late Pliocene

to Recent sediments. Zarra (1989) suggested the

occurrence of late Pliocene sediments at depths of

b56 m bsl; however, amino-acid racemization (AAR)

data from OBX-2 on the Outer Banks (Fig. 12)

indicate a Pleistocene age (approximately 1.8 to 1.1

Ma) for sediments at 50 m bsl, corresponding to SS-9

or SS-10. The interpretation of Riggs et al. (1992) and

the AAR data, suggest that most, if not all, of the

depositional sequences above R5 are Quaternary, with

little or no late Pliocene.

All depositional sequences above R5 exhibit either

horizontal, or very gently southward-dipping beds,

likely indicating both a steady sediment supply from

the north, with sediment transported into the study

area by shelf currents, and higher subsidence rates

toward the south. Seismic sequences are thin (3–5 m

thick) and numerous, with approximately 18 sequen-

ces in the Quaternary section (above 60 m bsl) (Fig.

3). This number corresponds well with the 18

Quaternary depositional sequences recognized by
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Riggs et al. (1992) in seismic data from the western

Pamlico Sound to the south of our study area. Parham

(2003) also recognized at least 13 depositional

sequences in cores and seismic data in the upper 45

m of section beneath Croatan Sound at the southeast

corner of our study area. Sequence boundaries exhibit

numerous channel-fill structures indicating lowstand

fluvial incision (Figs. 4, 6 and 7).

Given a late Pleistocene sea-level oscillation

frequency of 100 ky (since ~700 ka; Shackleton,

1987) and a subsidence rate of ~8 mm/ky, less than 1

m of new accommodation space is developed by

subsidence per sea-level cycle. Assuming this rate of

accommodation space development, once the Albe-

marle Embayment was filled to roughly present sea

level, there could be no additional significant accu-

mulation of depositional sequences, unless accommo-

dation space was created by erosion of pre-existing

sequences or by increased subsidence rates. Based

upon AAR results, the Pleistocene surface underlying

the Holocene barrier islands ranges from approx-

imately 0.5 to 0.1 Ma (Marine Isotope Stages 13 to 5;

Emiliani, 1955, 1966) (Riggs et al., 1992). Thus,

accommodation space is now limited to incised

paleovalleys such as the paleo-Roanoke River valley,

or paleo-Pamlico River valley underlying Pamlico

Sound to the south. Little to no sediment accumu-

lation occurs on the Pleistocene highs, except for

organic deposits that have low preservation potential

during subsequent sea-level events.

5.3. Depositional response to latest Pleistocene to

Holocene sea level change

The multiple fill events indicated by the seismic

character of the valley-fill (SS-22), and the lithofacies

present within the cores, reflect variations in the style

of sediment transport within the system in response to

the last postglacial sea-level rise. Dalrymple et al.

(1992) proposed estuarine fill models to explain these

lithofacies successions in the context of the relative

strength of wave, tidal and fluvial energies, and valley

dimensions. Similar facies successions and boundaries

within valley-fill have been described by Foyle and

Oertel (1997) in ancestral (Pleistocene) Chesapeake

Bay valleys on the Virginia shelf, and Dabrio et al.

(2000) on the mesotidal, medium wave energy coast

of southern Spain (the estuaries associated with the
Guadelete, Odiel, and Tinto Rivers in the Gulf of

Cadiz). Anthony et al. (1996) discussed the fill history

of a tropical, microtidal, wave dominated estuary that

was completely cut off from marine circulation by

establishment of a continuous bay-mouth barrier (the

Ouémé River estuary of Benin, West Africa). The

dimensions of the valleys vary in these studies, with

the Guadalete, Ouémé, and ancestral-Chesapeake Bay

valleys being most similar to the Albemarle (~5 km to

10 km in width, 30 m to 40 m in depth). As a result of

the very low regional slope of the North Carolina

coast, the Albemarle Sound is the largest of these

estuaries.

The upper portion (b10 m) of the paleo-Roanoke

River valley-fill is known to be entirely Holocene

(Sager and Riggs, 1998). However, based on their

shallow vibracore sections, Sager and Riggs (1998)

were not able to determine how much of the lower

portion of the fill complex is late Pleistocene in age

versus earlier Pleistocene. Given the great degree of

incision and resulting accommodation space repre-

sented by the valley, it was initially assumed that a

considerable thickness of Pleistocene sediments might

occur within portions of the valley-fill complex.

However, AAR ages of shells, and radiocarbon ages

for organic material from 35.7 to 34.0 m bsl at site

OBX2, and 36.1 m bsl at OBX3 provide very late

Pleistocene ages (~11 to 13 ka) (Table 2). Based upon

these ages, the stratigraphic relationships within the

valley-fill, and the law of superposition, it appears that

most of the valley-fill (SS-22) is Holocene in age.

Based on most sea-level estimates (e.g., Bard et al.,

1996; Fairbanks, 1989), sea level at ~12–13 ka (the

oldest AMS ages in the OBX cores) was approx-

imately 55–60 m below present. Considering that the

base of the valley is at 35–40 m bsl, it is evident that

the processes filling the valley at this time were

fluvial as opposed to estuarine. We interpret the basal

sand and gravel facies (Fsg) within the cores as a

fluvial channel deposit and correlate it to the high

amplitude reflections of VF1 (Figs. 7–10). This facies

overlies the sequence boundary, represents the aggra-

dational fluvial component of the transgressive

systems tract (TST) (Nummedal and Swift, 1987;

Van Wagoner et al., 1987, 1988; Posamentier and

Vail, 1988) and is truncated by the bay ravinement

surface (BRS) which is indicative of the first

significant paralic-marine flooding event within the
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paleovalley-fill succession (Fig. 12) (Nummedal and

Swift, 1987; Posamentier et al., 1988; Foyle and

Oertel, 1997). Seismic data from Foyle and Oertel

(1997) also indicate the local preservation of a

transgressive fluvial facies within the ancestral Ches-

apeake Bay valley. The Guadalete valley-fill differs in

that it does not record a strictly fluvial transgressive

component, but instead has an interbedded fluvial and

marine unit overlying the sequence boundary (Dabrio

et al., 2000).

VF2 directly overlies the BRS, and is best

preserved in lines west of L32 (Fig. 11). It is only

locally preserved east of L32 due to erosion during

tidal ravinement. Vibracores west of L32 (Sager and

Riggs, 1998; Fig. 2) recovered fluvial to estuarine

sediments (interlaminated sand and mud, laminated

mud, organic-rich mud), which Sager and Riggs

(1998) interpreted as tidalites throughout the Holo-

cene valley-fill to a depth of 16 m below sea level.

This facies appears to be our Esm lithofacies. The

stratigraphic position of Esm above Fsg and the BRS

indicates that these interlaminated sands and muds

likely correlate to VF2 (Table 1; Figs. 7–9). In the

context of Dalrymple et al. (1992), these sediments

likely correspond to distal bay-head delta deposits,

and central basin deposits exhibiting some tidal

depositional characteristics. Dabrio et al. (2000) also

recognize a similar lithofacies above the sequence

boundary in the Guadalete estuary, at approximately

30 m bsl, with a radiocarbon age of 9.6 ka

(uncalibrated). They interpret this lithofacies as a

largely transgressed, reworked bay-head delta. Foyle

and Oertel (1997) recognize this depositional facies as

subhorizontal, continuous reflectors.

Radiocarbon ages from near the base of lithofa-

cies Esm (30.5 m bsl in OBX-2; 35.6 m bsl in OBX-

3; Table 2) indicate ages of 13.1 ka to 10.5 ka for

the low brackish mud immediately overlying the

basal fluvial sand and gravel layer (Fsg) and BRS.

The 12–13 ka ages within Esm likely represent older

allochthonous organic material that was reworked

from the periphery of the valley during formation of

the BRS. The transit-ion from low brackish to

mostly marine diatom assemblages occurs between

34 m bsl and 28 m bsl in OBX2 and 36 to 35 m bsl

in OBX3 (Fig. 12). Based on the tight constraint in

OBX3, these data place sea level at a depth above

the 35 m bsl level between 11 and 10.5 ka. Using
Peltier’s (1996, 2002) calculations for isostatic

adjustment and the changing geoid height due to

collapse of the proglacial forebulge for this region

(~�0.2 to �0.4 mm/year), the 35 m bsl level would

have been at approximately 31 to 33 m bsl at the

time of deposition. This estimate is consistent with

the sea-level curves of Bard et al. (1996), and

Fairbanks (1989).

A tidal ravinement surface (TRS) appears to have

eroded much of VF2 in the eastern region of the study

area (Fig. 11). Tidal ravinement surfaces are created in

the mouth of an open estuary by tidal current scour

(Allen and Posamentier, 1993; Foyle and Oertel,

1997). The TRS is distinguished by the superjacent

occurrence of downlapping, large, parallel, tangential

clinoforms. These large clinoforms characterize much

of the valley-fill in L32 and eastward (Fig. 12), and

indicate estuary-mouth deposits (Foyle and Oertel,

1997). The clinoforms form as the tidal ravinement

surface migrates laterally and landward, while down-

lapping sand beds are fed by littoral drift, and

reworked orthogonally by tidal currents (Ludwick,

1972; Colman et al., 1988; Foyle and Oertel, 1997).

As the source of the sand is the shallow shelf, the

corresponding lithofacies is Ms, and the correlative

seismic unit is VF3. The steep southward prograda-

tion evident in N–S oriented (cross-valley) seismic

lines (Figs. 6 and 9), and the longitudinal continuity

and shape of the clinoforms (Fig. 11) is suggestive of

large tidal shoals that accreted to the north side of the

valley. Southward progradation may be in response to

the Coriolis effect and northward deflection of the

flood current and associated headward sediment

transport.

The shallow-marine sands (Ms) contain abundant

neritic forams, indicating that, during initial Hol-

ocene flooding, the eastern Albemarle Embayment

was an open embayment with shallow shelf charac-

teristics and full marine circulation. The Ms lith-

ofacies and VF3 are interpreted as representing bay-

mouth sands associated with flood tidal deltas and

sand shoals. These data argue against the existence

of barrier islands directly fronting the embayment

for an undetermined period of time during the

Holocene, and suggest that the barrier islands

fronting the Albemarle Sound area did not transgress

uniformly across the shelf, but formed approxi-

mately in-place (but slightly eastward) in association
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with shoreface ravinement of adjacent Pleistocene

highs and redistribution of sediment within the

littoral zone. Alternatively, it is possible that trans-

gressive barrier islands existed on the interstream

divides to the north and south of the PRVC, and

eventually coalesced across the bay-mouth. The

absence of the islands fronting the embayment is

most likely a response to the lack of adequate

sediment supply to maintain them in the face of the

high rates of sea-level rise following the Younger

Dryas (Fairbanks, 1989). Additionally, the presence

of a thick bay-mouth sand deposit suggests that a

significant volume of sand within the longshore

transport pathway was captured by the embayment,

and that the tidal prism was sufficient to maintain

inlet activity (Anthony et al., 2002). A similar

scenario is proposed for the Ouémé River estuary,

which contains a thick inlet-fill/flood-tidal delta

deposit that formed prior to the establishment of a

continuous barrier (Anthony et al., 2002).

Seismic line 35 reveals a possible wave ravinement

surface (WRS) that truncates VF3 seaward of line 22

(Fig. 11). This WRS is indicated by a seaward-sloping

reflection separating the southward- and seaward-

prograding fill from reflections that onlap toward the

west (VF4). Based on the seismic data, we interpret

this transition in basin fill style to represent the

contact between the bay-mouth sands deposited under

significant tidal influence, and shoreface sediments

associated with wave driven transport and the devel-

oping barrier system at the estuary mouth. Valley-fill

at this time was derived from littoral sources and

shoreface ravinement of Pleistocene deposits on

adjacent interfluves. The regressive Kitty Hawk beach

ridges and the rest of the modern barrier islands occur

above this WRS. Sediments associated with VF4 are

classified as lithofacies Ms. These data suggest that

shoreface ravinement, and associated shoreface sed-

imentation occurred well to the west of the present

shoreline at a time preceding or corresponding to the

development of the Kitty Hawk beach ridges and

Colington Island.

The seismic architecture of the complex, steeply

dipping clinoforms that characterize Colington Shoals

(VF4) (Fig. 9) suggest that the shoals developed as a

marine sand body or bsand-plugQ (Dalrymple et al.,

1992) characteristic of the mouth of wave-dominated

estuaries that are fed by shallow marine sands
(Dalrymple et al., 1992; Anthony et al., 1996; Dabrio

et al., 2000). A beach-ridge/spit complex accreted on

top of the shoals as the bay-mouth filled. Colington

Island represents the remnants of the spit. Fisher

(1967) suggested a spit origin for subaerial Colington

Island based on the orientation of arcuate beach

ridges. The Kitty Hawk beach ridges may be

equivalent in age to Colington Island. The shallow-

dipping, concave-up reflections of VF5 are suggestive

of the presence of a broad, long-lived inlet, approx-

imately 15 m to 20 m deep and 2 km wide (Fig. 9)

that occurred between Colington Island and Kitty

Hawk. The regressive nature of the beach ridges

indicates that a wave (shoreface) ravinement surface

must also exist within cores OBX2, OBX3, OBX5,

and OBX6. The position of the wave ravinement may

be nearly coincident with the tidal ravinement surface

beneath the barrier islands, as in the Ouémé River

estuary (Anthony et al., 2002). This succession

(transgressive subtidal shoals overlain by a beach/

shoreface barrier and cut by tidal inlets) fits the

bwave-dominated estuaryQ model of Dalrymple et al.

(1992).

VF6 has been extensively sampled using vibra-

cores and shallow push-cores throughout Albemarle

Sound (Sager and Riggs, 1998; Letrick, 2003), and

consists of estuarine muddy sands, to organic-rich

muds (lithofacies Eorm), averaging 9.3 wt.% organic

matter (based on loss-on-ignition analyses) (Letrick,

2003). Sediment accumulation rates, estimated via

radionuclide tracer data, range between 0.1 and 0.7

cm year�1 (Letrick, 2003). Highest rates of accumu-

lation were found in the fresher reaches of the

Albemarle Sound, decreasing toward the east. Sedi-

ments of VF6 represent deposition in a sheltered

estuarine setting with limited but variable connections

to marine waters via ephemeral inlets through an

otherwise continuous barrier island system. The oldest

estuarine sediments beneath the northern Outer Banks

date from 4.5 ka (Riggs, unpublished data), thus

providing a lower limit for the formation of a barrier

island system in this area. The horizontal reflection

occurring at 10–13 m bsl (the base of VF6) is

therefore interpreted to represent the transition from

marine sedimentation to estuarine sedimentation

following the establishment of a relatively continuous

barrier island chain at the mouth of the Albemarle

Sound.
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5.4. Correlations to previous work

Boss et al. (2002) identified six prominent

reflections separating five mappable seismic units

in the upper 60 m seaward of the barrier islands at

the eastern extent of our study area (Fig. 13). Their

S1 unit clearly correlates with SS-22 based on its

relationship to the sequence boundary associated

with the incised paleo-Roanoke River valley. Other

reflections cannot be confidently correlated because

of the 10 km separation between seismic data, and

the lack of any tie lines between the two data sets.

Correlations are additionally difficult due to the fact

that the Boss et al. (2002) study area occurs where

shoreface ravinement repeatedly removes large por-

tions of preexisting depositional sequences during

each successive sea-level rise. Our study area has

probably not been subjected to as many ravinement

episodes, and so likely preserves more depositional

sequences, or at least more coastal facies and

associated flooding surfaces associated with the

transgressive to highstand systems tracts (i.e., estuar-

ine and barrier island facies). Tentative correlations

(Fig. 13) suggest that SS-9 (this study) correlates to

S5 (Boss et al., 2002). This correlation is also

supported by AAR ages for both of these units of

1.8–1.1 Ma (Riggs et al., 1992; Boss et al., 2002).

This would also suggest that SS-9 and S5 correlate

to DS-1 and DS-2 of Riggs et al. (1992). Progressing

upward, SS-10 and SS-11 may correlate to S4, SS-12

and SS-13 may correlate to S3, and SS-14 and SS-15

may correlate to S2. All younger sequences, except

for the base of SS-22, have been removed by

shoreface ravinement on the inner continental shelf

(Boss et al., 2002).

Riggs et al. (1992) defined the shallow strati-

graphic framework of the eastern Albemarle Embay-

ment using seismic data, drill-hole data, and various

chronometric techniques including AAR. Their data

reveal a complex framework of preserved lithosomes

that formed in response to Quaternary sea-level

fluctuations. Based on AAR ages (York et al.,

1989) and lithostratigraphy, Riggs et al. (1992)

defined seven depositional sequences (DS) in the

eastern Albemarle Sound and adjacent mainland area

(Fig. 13). Five sequences (DS-3 through DS-7) are

found above ~30 m just east of seismic line 38

(Riggs et al., 1992). Our seismic data show 11
seismic sequences (SS-12 through SS-22) above ~30

m bsl in eastern Albemarle Sound, suggesting that

some of our reflections may represent flooding and

ravinement surfaces, as opposed to actual deposi-

tional sequence boundaries. As discussed above, the

deepest two sequences (DS-1 and DS-2; Riggs et al.,

1992) appear to correlate with SS-9 through SS-11

(this study) and S5 and S4 (Boss et al., 2002). DS-3

has an AAR age of 530–330 ka, and appears to

correlate with S3 of Boss et al. (2002), and with SS-

12 through SS-17 (this study) based on depth alone.

We tentatively correlate SS-18 with DS-4, SS-19

with DS-5, and SS-20 and SS-21 with DS-6 (Fig.

13) of Riggs et al. (1992). Seismic sequence 22 is

the latest Pleistocene to Holocene partial depositional

sequence characterized by valley-fill consisting of

fluvial, estuarine, and shallow marine (open bay)

sediments, which correlates with DS-7 of Riggs et al.

(1992).
6. Conclusions

The Neogene infilling history of the Albemarle

Embayment is dominated by sediment transport and

progradation from the north. Gently dipping, parallel-

bedded Miocene shelf sands are overlain by more

steeply dipping clinoforms interpreted as lower

Pliocene prodelta or shelf margin sediments, rapidly

deposited in a marginal basin at least 200 m deep.

Pleistocene sequences are characterized by parallel

bedded, gently southeastward-dipping shelf sands and

muds bounded by type 1 sequence boundaries. The

paleo-Roanoke River valley complex is incised ~35 to

40 m into Pleistocene sediments. The valley-fill

consists of a basal (latest Pleistocene) transgressive

fluvial sand and gravel unit bounded at the base by the

sequence boundary, and cut by a bay ravinement

surface (initial flooding surface). Overlying the fluvial

unit is an interlaminated mud and sand unit that

records a transition from low brackish to marine

conditions, and represents deposition in a transgres-

sive bay-head delta and central basin, under the

influence of tidal conditions. The transitional deposits

are truncated by a tidal ravinement surface and

overlain by early Holocene bay-mouth sands consist-

ing of flood tidal delta and inlet fill deposits

representing several episodes of open-embayment,
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shallow marine sedimentation. The bay-mouth depos-

its are truncated by a wave ravinement surface

representing shoreface erosion and subsequent bay-

mouth barrier formation and progradation. The thick

unit of bay-mouth sands indicates the absence of a

continuous barrier island system during much of the

Holocene. Final valley-fill is characterized by central

basin organic-rich muds that were deposited in

response to decreased wave and tidal influence, as a

barrier was fully established across the mouth of the

estuary. The succession of lithofacies and seismic

facies indicates a history of valley-fill that is

consistent with the wave-dominated model of Dal-

rymple et al. (1992), with some tidal modifications to

the system.
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