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ABSTRACT

A lithology-based sequence stratigraphic frameworkthe Lower Cretaceous mixed carbonate-
siliciclastic sediments of the subsurface Albem&desin of eastern North Carolina was developedgusin
thin sectioned well cuttings, wireline logs, and &Bismic. Thin sections were analyzed to charaeteri
lithology, fossil components, depositional faciesd diagenetic events, because the study intesval i
confined to the deep subsurface in a basin lackorg control. Integration of lithologic data witlb2
seismic data and biostratigraphic control allowedional correlation of major transgressive-regressi
events between wells, resulting in the generatioa sequence stratigraphic framework for the onshor
basin. Dominant lithofacies include: (shallow toedge sandstone, skeletal sandstone, variably sandy
mollusk packstone/grainstone, siltstone to shaleletal wackestone, variably sandy (quartz and
glaucony) lime mudstone, and marl.

Comparison of observed facies with cores and wieelogs from the Baltimore Canyon and
Southeast Georgia Embayment confirms that many pumgiqguences consist of upward-shoaling
siliciclastic shoreface successions, with basalnogbelf mollusk-rich carbonates often marking
transgressive events. Basin-scale depositionadi$raricate greater accumulation of the carboreatie$
in the southern portion of the basin, with increafee siliciclastic material to the north. Thrend may
reflect a major siliciclastic point-source in thécimity of the ancestral Chesapeake region. The
depositional and diagenetic models generated peowvisight into the facies and reservoir properties
coeval offshore units comprising frontier explooatitargets along the Western Atlantic margin of the
U.S. and Canada.

Introduction

Hydrocarbon exploration wells have been drilledhia Albemarle Embayment of eastern North
Carolina almost 100 years, but there have beeriivel\a few published studies that focus on the
subsurface Mesozoic strata. This project presenttha@logy-based depositional model and sequence
stratigraphic framework for the subsurface Earlgt@ceous sediments of the Albemarle Embayment.
This framework provides an analogue for coevaltatedong the North Atlantic margin. It also provsde



an updip stratigraphic reference section for offshexploration targets within the basin (Manteo
Prospect; Vigil 1998).
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Figure 1. Study area in the onshore Albemarle Embayent, eastern North Carolina (USA). Lower
Cretaceous marine sediments are isolated to the ssilrface; contours show thickness of this package in
meters. Wells used in the study are labeled. Thea@ss-section shown in Figure 4 indicated in red.

The datasets employed in this project were vintagf and 2D seismic dataFig. 1). As
discontinuous core was recovered from only one wathin the basin, cuttings samples provided
invaluable lithologic control. Cuttings are rarelyidied in academia, though they commonly arezetli
in industry. The observed lithologies were compdpedore from more recently drilled offshore wetis
adjacent basins (Baltimore Canyon Trough and Sasth&eorgia Embayment) to confirm stacking
patterns and discern environments of deposifiayure 2displays the regions stratigraphic nomenclature.

The successful use of these vintage datasets graérg a regional stratigraphic framework is of
great value, as many under-explored basins in thddwack modern, easily workable datasets. By
applying the methods and techniques utilized is #itudy, costly exploration activities may be brette
planned, or avoided entirely.

Depositional Model

The observed mixed carbonate-siliciclastic lithadsgwere grouped into ten facies associations
(Table 3 that were deposited in environments ranging frorarginal marine to deep, open shelf.
Sediments were deposited on a low angle, high-wenvergy shelf or rampF{g. 3. The tropical
paleolatitude of the basin, throughout the Earlgt&reous, favoured carbonate sedimentation during
periods of reduced siliciclastic transport to tlasib from the proximal Appalachian Mountains (Ssete
1995).



Facies
Association

FA 1
Coal

01 + %

Dominated by
carbonaceous
cuttings fragments.

Plant type not
identified.

Rarely present in up-
dip positions,
typically overlies
quartz sandy units.
Mean thickness is
1.8m

Marginal marine
back-barrier, delta
plain, or tidal flat
setting: Peat swamps
or foreshore

marshes.

FA 2A: Medium- to
coarse-grained
quartz sand and
finer-grained quartz
sandstone
FA 2B: Skeletal- and
glauconite-bearing
quartz sandstone.

Quartz sandy

and grainstone.

Local disarticulated,
abraded bivalves.
Rare echinoderms.

Dominantly bivalves
(oysters, rudists, and
inoceramis); rare
corals and
gastropods.

Abundant throughout
the basin. Typically
overlies shaley or
silty units, as well as
units rich in
molluscan
fragments. Mean
thickness is 5.5 m.

Abundant throughout
the basin. Though
variable, commonly
found with shale-rich
and quartzose sand-
bearing units. Mean
thickness is 5 m.

High-energy, inner
shelf setting. Mainly
shoreface and
barrier island
settings.

Open marine,
shallow shelf; middle
ramp depositional
setting. Subject to
periodic storm wave
reworking.

molluscan packstone

Shale and siltstone.

None identified.

Abundant throughout
the basin. Found with
guartz sandstone and
mollusc packstone.
Mean thickness is 4.9
m.

Low-energy setting
below fair-weather
wave base. Distal
delta and offshore
settings, rare
protected lagoons or
estuaries.

Table 1: Albemarle Basin Facies Associations

FA 5A: Planktonic
foraminifera siltstone
and diatomaceous
shale.

FA 5B: Marl, fine-
grained skeletal
wackestone and
planktonic
foraminifera
packstone and
wackestone.

Planktonic
foraminifera and %
diatoms. Rare
sponge spicules and
thin walled bivalves

Low abundance #
association largely
confined to basinal
regions. Typically

associated with

shale. Mean
thickness is 4.6 m. %

Open marine, deep
shelf; basinal ramp
depositional settings.
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Figure 2. Regional Stratigraphic framework for the Lower Cretaceous in Eastern North America. The fous
interval of this study is shown on the far right.

The more common, siliciclastic-dominated systelfig.( 3A) consisted of marginal marine
environments (lagoons, coastal and delta plainsicwgraded seaward to open shelf settings. Biogso
consisting dominantly of mollusks (likely rudistvhalves) existed locally on the shallow shelf inaare
downdip of the quartzose, sand-dominated shorefaa®ximal to terrigenous point sources, abundant
siliciclastic material limited carbonate produdtyiresulting in thicker accumulations of silicistecs.
The deep, open shelf setting was dominated by jetagl hemipelagic sedimentation, typified by shale
diatomaceous shale, planktonic foraminifera-beasitigtone, and marl in more distal settings.

The carbonate-dominated systefig( 3B) was prominent only during the late highstand esyst
tract of the upper studied sequence (Sequence djnsisted of restricted tidal flats and lagoasisich
graded seaward to high-energy quartzose sand-peatiallow subtidal, ooid shoals and barriers. The
system graded basinward to open-marine, molluscdiostrome accumulations of the middle ramp.
Mollusc-rich carbonates were periodically reworkgdstorm and swell waves. As water depth increased,
more carbonate mud accumulated, which was rewonktfd benthic biota to form sediment dominated
by mollusks and peloids. In nutrient-rich, deep exmtof the outer ramp, bryozoans and brachiopods
flourished, resulting in the local deposition okekkal packstone showing little evidence of rewogki
The deep shelf was characterised by marls with ddminplanktonic foraminifera. Minor amounts of
siliciclastic material were deposited within thelmanate succession; storm mixing processes or tamgs
drift probably transported this material downdigathe shelf from sand-rich coastal regions.

During short-term transgressions, much of theisllistic material was trapped in updip estuaries
(cf. Galloway and Hobday 1996), favouring biogenic ocadie production on the open shelf (Millimain
al. 1968; Ginsburg and James 1974). Molluscan carbgmatiuction likely was widespread during these
periods, with pelagic sedimentation occurring iregleshelf settings. Localised hardground surfaces
developed in regions characterised by minor sediatien and/or bottom scouring by nutrient-rich
currents.
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This study documents a very heavily admixed carteesgiciclastic depositional systerrig. 3).

It also corroborates the contention that climataypla major role in controlling carbonate- versus
siliciclastic-dominated sedimentation patternsimnets of global greenhouse climate. Arid climateleyc
favour carbonate sedimentation, whereas humid tdirogcles favour siliciclastic sedimentation (Wiiso
1975; Riggs 1984; Read 1995). Sea-level also pkysajor role in controlling carbonate versus
siliciclastic abundance (Wilson 1975; MartindaledaBoreen 1997). However, the late highstand,
carbonate-rich sediments of the upper sequencéedtui@monstrate that relative sea-level falls db no
always favour siliciclastic sedimentation.

Sequence Stratigraphic Summary

Sequence stratigraphic surfaces were identifiea inanner similar to that employed by Coffey
and Read (2004). Regionally correlatable, upwaahkbhg packages 15 to 20 m (50 to 70 ft) thick were
identified in all of the studied wells. These pagés were interpreted as parasequences; and |getyd
high frequency changes in relative sea-level. Rau@snces were grouped into parasequence sets
characterised by either progressive progradatiaralretrogradational stacking patterns. Sequence
boundaries were assigned to the tops of prograddtioghstand parasequence sets (HST) that songetime
corresponded with downlapping reflectors on seisgata. Maximum flooding surfaces were placed
below facies interpreted to record the deepestiwdieies association capping transgressive,
retrogradational parasequence sets (TST). Thedacesr typically coincide with regional seismic
reflectors upon which downlaps occur. Lowstand reedits were not identified in the study area (aster
used were shallow-water facies associations ocogpgi basinal position and wedge-like, onlapping
geometries expressed on seismic profiles). If dpead, they are believed to be present downdip ef th
study area. On this basis, transgressive floodintases are considered to closely coincide with the
underlying sequence boundaries.

Three third-order sequences were identified, asith a maximum duration of approximately
four million years Fig. 2. The oldest (Sequence 0) is dominated by siésints, with regionally
extensive marls and shales marking the maximundif@psurface. The middle sequence (Sequence 1,
Fig. 4 is siliciclastic-dominated at the base, but gsddo carbonate-dominated facies associations
during late highstand conditions. The maximum fiogdsurface in this interval is seismically trackeab
in updip regions, but due to either thickness clkaray facies transitions, it is not seismicallyoteable
in basinal areas. The youngest identified sequgi@axuence 2) contains a carbonate-dominated
transgressive package that grades abruptly tdctilgtic-dominated associations during the follogvin
relative sea-level highstand. The maximum floodsagface is marked by a marl/shale unit in southern
regions, and by a thick, diatomaceous marl/shalkemorthern regions.

In all sequences, the highstand systems tractdkeththan the transgressive systems tract, and it
typically possesses shingled seismic reflectorécative of strongly progradational sedimentation. A
large, carbonate-dominated shelf-margin wedge spestted to be present downdip, deposited during the
time interval spanning the sequence boundary (8B separating Sequence 1 and Sequence 2. This is
based on the late highstand systems tract of Sequ&nbeing carbonate-dominated and capped by
evaporites (indicative of restricted conditions dolp of the study area).

The sequence boundaries identified in this progecterally correspond to the positions of the
sequence boundaries identified by Zarra (1989). él@n important differences exist between this and
previously-published studies. This study providesmare comprehensive sequence stratigraphic
framework that includes major flooding surfacesddition to the sequence boundaries. This study als
identifies a previously unrecognised sequence withe study interval. Most importantly, this study
provides valuable depositional and stratigraphidet® that incorporate lithologic, biostratigraplaied
geophysical datasets from a mixed carbonate-déigiic system that developed on an open shelf gurin
time of global greenhouse climate.
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ABSTRACT

A lithology-based sequence stratigraphic frameworkthe Lower Cretaceous mixed carbonate-
siliciclastic sediments of the subsurface Albem&desin of eastern North Carolina was developedgusin
thin sectioned well cuttings, wireline logs, and &Bismic. Thin sections were analyzed to charaeteri
lithology, fossil components, depositional faciesd diagenetic events, because the study intesval i
confined to the deep subsurface in a basin lackorg control. Integration of lithologic data witlb2
seismic data and biostratigraphic control allowedional correlation of major transgressive-regressi
events between wells, resulting in the generatioa sequence stratigraphic framework for the onshor
basin. Dominant lithofacies include: (shallow toedge sandstone, skeletal sandstone, variably sandy
mollusk packstone/grainstone, siltstone to shaleletal wackestone, variably sandy (quartz and
glaucony) lime mudstone, and marl.

Comparison of observed facies with cores and wieelogs from the Baltimore Canyon and
Southeast Georgia Embayment confirms that many pumgiqguences consist of upward-shoaling
siliciclastic shoreface successions, with basalnogbelf mollusk-rich carbonates often marking
transgressive events. Basin-scale depositionadi$raricate greater accumulation of the carboreatie$
in the southern portion of the basin, with increafee siliciclastic material to the north. Thrend may
reflect a major siliciclastic point-source in thécimity of the ancestral Chesapeake region. The
depositional and diagenetic models generated peowvisight into the facies and reservoir properties
coeval offshore units comprising frontier explooatitargets along the Western Atlantic margin of the
U.S. and Canada.

Introduction

Hydrocarbon exploration wells have been drilledhia Albemarle Embayment of eastern North
Carolina almost 100 years, but there have beeriivel\a few published studies that focus on the
subsurface Mesozoic strata. This project presenttha@logy-based depositional model and sequence
stratigraphic framework for the subsurface Earlgt@ceous sediments of the Albemarle Embayment.
This framework provides an analogue for coevaltatedong the North Atlantic margin. It also provsde



an updip stratigraphic reference section for offshexploration targets within the basin (Manteo
Prospect; Vigil 1998).

Figure 1. Study area in the onshore Albemarle Embayent, eastern North Carolina (USA). Lower
Cretaceous marine sediments are isolated to the ssilrface; contours show thickness of this package in
meters. Wells used in the study are labeled. Thea@ss-section shown in Figure 4 indicated in red.

The datasets employed in this project were vintagf and 2D seismic dataFig. 1). As
discontinuous core was recovered from only one wathin the basin, cuttings samples provided
invaluable lithologic control. Cuttings are rarelyidied in academia, though they commonly arezetli
in industry. The observed lithologies were compdpedore from more recently drilled offshore wetis
adjacent basins (Baltimore Canyon Trough and Sasth&eorgia Embayment) to confirm stacking
patterns and discern environments of deposifiayure 2displays the regions stratigraphic nomenclature.

The successful use of these vintage datasets graérg a regional stratigraphic framework is of
great value, as many under-explored basins in thddwack modern, easily workable datasets. By
applying the methods and techniques utilized is #itudy, costly exploration activities may be brette
planned, or avoided entirely.

Depositional Model

The observed mixed carbonate-siliciclastic lithadsgwere grouped into ten facies associations
(Table 3 that were deposited in environments ranging frorarginal marine to deep, open shelf.
Sediments were deposited on a low angle, high-wenvergy shelf or rampF{g. 3. The tropical
paleolatitude of the basin, throughout the Earlgt&reous, favoured carbonate sedimentation during
periods of reduced siliciclastic transport to tlasib from the proximal Appalachian Mountains (Ssete
1995).



Facies
Association

FA 1
Coal

01 + %

Dominated by
carbonaceous
cuttings fragments.

Plant type not
identified.

Rarely present in up-
dip positions,
typically overlies
quartz sandy units.
Mean thickness is
1.8m

Marginal marine
back-barrier, delta
plain, or tidal flat
setting: Peat swamps
or foreshore

marshes.

FA 2A: Medium- to
coarse-grained
quartz sand and
finer-grained quartz
sandstone
FA 2B: Skeletal- and
glauconite-bearing
quartz sandstone.

Quartz sandy

and grainstone.

Local disarticulated,
abraded bivalves.
Rare echinoderms.

Dominantly bivalves
(oysters, rudists, and
inoceramis); rare
corals and
gastropods.

Abundant throughout
the basin. Typically
overlies shaley or
silty units, as well as
units rich in
molluscan
fragments. Mean
thickness is 5.5 m.

Abundant throughout
the basin. Though
variable, commonly
found with shale-rich
and quartzose sand-
bearing units. Mean
thickness is 5 m.

High-energy, inner
shelf setting. Mainly
shoreface and
barrier island
settings.

Open marine,
shallow shelf; middle
ramp depositional
setting. Subject to
periodic storm wave
reworking.

molluscan packstone

Shale and siltstone.

None identified.

Abundant throughout
the basin. Found with
guartz sandstone and
mollusc packstone.
Mean thickness is 4.9
m.

Low-energy setting
below fair-weather
wave base. Distal
delta and offshore
settings, rare
protected lagoons or
estuaries.

Table 1: Albemarle Basin Facies Associations

FA 5A: Planktonic
foraminifera siltstone
and diatomaceous
shale.

FA 5B: Marl, fine-
grained skeletal
wackestone and
planktonic
foraminifera
packstone and
wackestone.

Planktonic
foraminifera and %
diatoms. Rare
sponge spicules and
thin walled bivalves

Low abundance #
association largely
confined to basinal
regions. Typically

associated with

shale. Mean
thickness is 4.6 m. %

Open marine, deep
shelf; basinal ramp
depositional settings.
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Figure 2. Regional Stratigraphic framework for the Lower Cretaceous in Eastern North America. The fous
interval of this study is shown on the far right.

The more common, siliciclastic-dominated systelfig.( 3A) consisted of marginal marine
environments (lagoons, coastal and delta plainsicwgraded seaward to open shelf settings. Biogso
consisting dominantly of mollusks (likely rudistvhalves) existed locally on the shallow shelf inaare
downdip of the quartzose, sand-dominated shorefaa®ximal to terrigenous point sources, abundant
siliciclastic material limited carbonate produdtyiresulting in thicker accumulations of silicistecs.
The deep, open shelf setting was dominated by jetagl hemipelagic sedimentation, typified by shale
diatomaceous shale, planktonic foraminifera-beasitigtone, and marl in more distal settings.

The carbonate-dominated systefig( 3B) was prominent only during the late highstand esyst
tract of the upper studied sequence (Sequence djnsisted of restricted tidal flats and lagoasisich
graded seaward to high-energy quartzose sand-peatiallow subtidal, ooid shoals and barriers. The
system graded basinward to open-marine, molluscdiostrome accumulations of the middle ramp.
Mollusc-rich carbonates were periodically reworkgdstorm and swell waves. As water depth increased,
more carbonate mud accumulated, which was rewonktfd benthic biota to form sediment dominated
by mollusks and peloids. In nutrient-rich, deep exmtof the outer ramp, bryozoans and brachiopods
flourished, resulting in the local deposition okekkal packstone showing little evidence of rewogki
The deep shelf was characterised by marls with ddminplanktonic foraminifera. Minor amounts of
siliciclastic material were deposited within thelmanate succession; storm mixing processes or tamgs
drift probably transported this material downdigathe shelf from sand-rich coastal regions.

During short-term transgressions, much of theisllistic material was trapped in updip estuaries
(cf. Galloway and Hobday 1996), favouring biogenic ocadie production on the open shelf (Millimain
al. 1968; Ginsburg and James 1974). Molluscan carbgmatiuction likely was widespread during these
periods, with pelagic sedimentation occurring iregleshelf settings. Localised hardground surfaces
developed in regions characterised by minor sediatien and/or bottom scouring by nutrient-rich
currents.
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This study documents a very heavily admixed carteesgiciclastic depositional systerrig. 3).

It also corroborates the contention that climataypla major role in controlling carbonate- versus
siliciclastic-dominated sedimentation patternsimnets of global greenhouse climate. Arid climateleyc
favour carbonate sedimentation, whereas humid tdirogcles favour siliciclastic sedimentation (Wiiso
1975; Riggs 1984; Read 1995). Sea-level also pkysajor role in controlling carbonate versus
siliciclastic abundance (Wilson 1975; MartindaledaBoreen 1997). However, the late highstand,
carbonate-rich sediments of the upper sequencéedtui@monstrate that relative sea-level falls db no
always favour siliciclastic sedimentation.

Sequence Stratigraphic Summary

Sequence stratigraphic surfaces were identifiea inanner similar to that employed by Coffey
and Read (2004). Regionally correlatable, upwaahkbhg packages 15 to 20 m (50 to 70 ft) thick were
identified in all of the studied wells. These pagés were interpreted as parasequences; and |getyd
high frequency changes in relative sea-level. Rau@snces were grouped into parasequence sets
characterised by either progressive progradatiaralretrogradational stacking patterns. Sequence
boundaries were assigned to the tops of prograddtioghstand parasequence sets (HST) that songetime
corresponded with downlapping reflectors on seisgata. Maximum flooding surfaces were placed
below facies interpreted to record the deepestiwdieies association capping transgressive,
retrogradational parasequence sets (TST). Thedacesr typically coincide with regional seismic
reflectors upon which downlaps occur. Lowstand reedits were not identified in the study area (aster
used were shallow-water facies associations ocogpgi basinal position and wedge-like, onlapping
geometries expressed on seismic profiles). If dpead, they are believed to be present downdip ef th
study area. On this basis, transgressive floodintases are considered to closely coincide with the
underlying sequence boundaries.

Three third-order sequences were identified, asith a maximum duration of approximately
four million years Fig. 2. The oldest (Sequence 0) is dominated by siésints, with regionally
extensive marls and shales marking the maximundif@psurface. The middle sequence (Sequence 1,
Fig. 4 is siliciclastic-dominated at the base, but gsddo carbonate-dominated facies associations
during late highstand conditions. The maximum fiogdsurface in this interval is seismically trackeab
in updip regions, but due to either thickness clkaray facies transitions, it is not seismicallyoteable
in basinal areas. The youngest identified sequgi@axuence 2) contains a carbonate-dominated
transgressive package that grades abruptly tdctilgtic-dominated associations during the follogvin
relative sea-level highstand. The maximum floodsagface is marked by a marl/shale unit in southern
regions, and by a thick, diatomaceous marl/shalkemorthern regions.

In all sequences, the highstand systems tractdkeththan the transgressive systems tract, and it
typically possesses shingled seismic reflectorécative of strongly progradational sedimentation. A
large, carbonate-dominated shelf-margin wedge spestted to be present downdip, deposited during the
time interval spanning the sequence boundary (8B separating Sequence 1 and Sequence 2. This is
based on the late highstand systems tract of Sequ&nbeing carbonate-dominated and capped by
evaporites (indicative of restricted conditions dolp of the study area).

The sequence boundaries identified in this progecterally correspond to the positions of the
sequence boundaries identified by Zarra (1989). él@n important differences exist between this and
previously-published studies. This study providesmare comprehensive sequence stratigraphic
framework that includes major flooding surfacesddition to the sequence boundaries. This study als
identifies a previously unrecognised sequence withe study interval. Most importantly, this study
provides valuable depositional and stratigraphidet® that incorporate lithologic, biostratigraplaied
geophysical datasets from a mixed carbonate-déigiic system that developed on an open shelf gurin
time of global greenhouse climate.



Figure 4. Interpreted stratigraphic cross section 6Sequence 1. Gross correlations were accomplishbyg incorporating available 2D seismic data; while rare detailed correlations were accomplished using ®itherian principles (1894). Surface names are
shown at the extreme left and right. Flooding surfaes are black, maximum flooding surfaces are bluand composite sequence boundaries and transgressil@oding surfaces are red. Orientation of cross stion is shown on Figure 1. Facies association
legend can be found in Figure 3. Measured depth displayed (in feet). Section is flattened on the evlying sequence boundary, as this architecture moslosely resembled that shown by the seismic reéirs.
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