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GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—
NORTHEASTERN VIRGINIA COASTAL PLAIN

LITHOSTRATIGRAPHY AND MOLLUSCAN AND DIATOM
BIOSTRATIGRAPHY OF THE HAYNESVILLE CORES—
OUTER COASTAL PLAIN OF VIRGINIA

By R.B. Mi1xoN, Davip S. Powars, Lauck W. WarDp, and GEORGE W. ANDREWS

ABSTRACT

The Haynesville cores, obtained from three adjacent stratigraphic
test holes in Richmond County in east-central Virginia, provide one of
the more complete reference sections currently available for the
Tertiary strata of the Virginia and Maryland Coastal Plain. The cored
Tertiary section is 537 feet (ft) (164 meters (m)) thick and includes
strata of late Paleocene, early and middle Eocene, late Oligocene,
middle and late Miocene, and Pliocene ages. The Tertiary beds are
separated from the Lower Cretaceous Potomac Formation by an
unconformity representing a hiatus of approximately 40 million years
(m.y.). Upper Cretaceous and lower Paleocene formations are absent,
probably in part because substantial thicknesses of these strata were
never deposited in this area, and in part because of relative uplift of the
Norfolk arch and beveling of strata associated with episodic marine
transgressions across the area.

The basal 19.5 ft (5.9 m) of the core consists of fine to coarse,
quartzofeldspathic sand and mottled, rooted, sandy and clayey silts
assigned to the uppermost part of the Potomaec Formation. This
interval is believed to have been deposited in fluvial channel and flood
plain environments. The formation’s rich, nonmarine palynomorph
assemblage, which is dominated by spores of ferns, indicates assign-
ment to Cretaceous pollen zone II of Doyle and Robbins (1977) and is
Albian in age. Gymnosperm pollen and cysts of freshwater algae are
also present. The Potomac beds are considerably more consolidated
than the overlying Tertiary formations.

The glauconitic sand, silt, and clay of the Pamunkey Group
(Paleocene and Eocene) are 264 ft (80 m) thick and include the Aquia,
Nanjemoy, and Piney Point Formations and the Marlboro Clay. The
Aquia Formation, which is of Thanetian age, consists of 118.4 ft (36 m)
of variably shelly, glauconitic quartz sand and thin, sandy limestones
deposited in outer and inner sublittoral environments. The Aquia is
subdivided into the more poorly sorted, clayier, more calcareous
Piscataway Member (below) and the better sorted, coarser, less
calcareous Paspotansa Member (above). The Aquia sand grades
upward into a thin, kaolinitic clay that probably is a truncated remnant
of the Marlboro Clay. The lower Eocene Nanjemoy Formation, which
unconformably overlies the Marlboro Clay, is a poorly sorted, very
clayey and silty, fine to coarse glauconitic quartz sand about 91 ft (28 m)

Manuseript approved for publication May 13, 1988.

thick. The lower part of the Nanjemoy includes at least four repetitive
lithic units consisting of intensely burrowed, very clayey and silty, very
glauconitic sand and silt. Each unit is dominantly sand in the lower part
and dominantly sandy silt and clay in the upper part. These beds, about
51 ft (16 m) thick, are assigned to the Potapaco Member of the
Nanjemoy and are thought to be of early Ypresian age. The upper 40 ft
(12 m) of the Nanjemoy is composed of less clayey, very micaceous,
pebbly, glauconitic sand of the Woodstock Member, which is middle
and late Ypresian in age. Foraminiferal assemblages indicate that the
lower and middle Potapaco beds were deposited in gradually deepening
shelf waters, whereas the upper Potapaco and the Woodstock were
deposited in shoaling-upward, middle and inner sublittoral environ-
ments. The Woodstock Member is unconformably overlain by the
middle Eocene Piney Point Formation, which consists of 55 ft (17 m) of
richly fossiliferous, olive-gray, poorly sorted, medium to coarse glauc-
onitic sand interbedded with carbonate-cemented sand and moldic
limestone. The large oyster, Cubitostrea sellaeformsis, is a guide fossil
for this unit. Foraminiferal assemblages from the upper Piney Point
suggest deposition in an outer sublittoral environment.

The upper Oligocene Old Church Formation is a 4-ft-thick (1.2-
m-thick), shelly, muddy, fine to coarse quartz sand containing sparse
glauconite and scattered fine pebbles of quartz and phosphate. The unit
is characterized by the pelecypod Mercenaria capax and by abundant
barnacle plates. The foraminiferal assemblage suggests an outer sub-
littoral depositional environment and a correlation with the late Oli-
gocene zone N. 4a of Kennett and Srinivasan (1983). Regionally, as well
as in the core, the top and bottom of the formation are erosional
unconformities.

The diatomaceous and shelly sands of the Chesapeake Group
(Miocene and Pliocene) are about 290 ft (88 m) thick and include the
Calvert, St. Marys, Eastover, and Yorktown Formations. The Miocene
Calvert Formation, which overlies the Old Church Formation, is 132.3
ft (40 m) thick and is divided into three parts. The lower 11.3 ft (3.4 m),
herein informally named the “shelly sand beds,” is composed of muddy,
intensely bioturbated, fine to medium quartz sand containing abundant
mollusks. A well-preserved planktonic foraminiferal assemblage is
indicative of foraminiferal zone N. 8 and is of Langhian age. Above the
shelly sand beds are 56.5 ft (17 m) of diatomaceous, clayey and silty,
fine to very fine, olive-gray sand and sandy clay-silt, herein informally
called the Plum Point beds, that are approximately equivalent to the
Plum Point Marl Member of the Calvert Formation in Maryland. The
upper 64.5 ft (20 m) of the Calvert, herein called the Calvert Beach

Al



A2 GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—NORTHEASTERN VIRGINIA COASTAL PLAIN

beds, is similar to the underlying Plum Point beds but contains much
more sand. Diatom assemblages in this unit indicate equivalence to the
Calvert Beach Member of the Calvert Formation in Maryland. Diato-
maceous strata of the Choptank Formation, which overlie the Calvert
in much of the Virginia and Maryland Coastal Plain, are absent in the
Haynesville cores.

The St. Marys Formation, consisting of 37 ft (11 m) of variably
shelly, bluish- to pinkish-gray, very fine, muddy sand and clayey silt,
unconformably overlies the olive-gray upper Calvert sands. These beds
constitute two lithie sequences, herein designated units A and B, that
appear to be separated by an unconformity. Comparison of the Haynes-
ville core section with the more richly fossiliferous core hole and
outerop sections at nearby Essex Mill, southeast of Tappahannock,
Va., indicate correlation of unit B with the Windmill Point beds of
Ward (1984b). Unit A may be equivalent to the Little Cove Point beds
of Blackwelder and Ward (1976), which are typically exposed in
southernmost Calvert County, Md.

A 55.5-ft-thick (17-m-thick) section of the upper Miocene Eastover
Formation unconformably overlies the muddy, fine sand of the St.
Marys. The basal bed is a 4-ft-thick (1.2-m-thick) sand containing
pebbles of quartz and phosphate. Approximately the lower half of the
Eastover is rhythmically interbedded, laminated to thin-bedded,
bluish-gray silty clay and clayey silt and very fine, micaceous quartz
sand. The thick accumulation of fine sediment and the rhythmic
mud/sand bedding suggests deposition in tidally influenced, shallow
shelf waters behind a barrier or offshore bar complex. The upper,
sandier part of the Eastover consists mainly of clayey and silty, very
fine to fine sand that becomes cleaner and coarser (fine to medium sand)
upward in the section. Fossil assemblages in nearby outcrops indicate
that the upper Eastover was deposited in shallow, open-marine waters.

The Yorktown Formation includes about 65.5 ft (20 m) of loose, fine
to coarse, pebbly sand, crossbedded in part, composing the uppermost
part of the core section and the borrow-pit exposure at the drill site.
Large, clay-lined decapod burrows (Ophiomorpha) and biogenic struc-
tures resembling heart urchin burrows suggest deposition in littoral
and shallow neritic environments. These strata are considered to be an
updip, marginal-marine facies roughly equivalent to the abundantly
fossiliferous marine Yorktown of areas to the east and south.

INTRODUCTION

In 1984, as part of its studies of the geologic frame-
work of the Atlantic Coastal Plain, the U.S. Geological
Survey drilled a stratigraphic test hole in the outer
Coastal Plain in northeastern Virginia. The test hole, one
of a series of test holes along a Coastal Plain transect, is
located in central Richmond County, Va., 0.65 mile (mi)
(1.0 kilometer (km)) northwest of Haynesville, and 3 mi
(5 km) east of Warsaw at lat 37°57'13"’ N., long 76°40’26""
W. (see fig. 1). The test hole was drilled to a depth of 375
ft (114.3 m) from a land surface elevation of 72 ft (22 m)
above sea level in a valley, considerably below the
140-150-ft (4346 m) elevations of nearby stream
divides’. The main objective was to obtain a fairly

1 Sea level: In this report “sea level” refers to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

complete core of the Neogene section, which in this area
includes more than 100 ft (30 m) of Pliocene sand and
gravel (a marginal-marine facies of the Yorktown For-
mation) and about 215 ft (66 m) of Miocene sand, silt, and
clay assigned to the Calvert, St. Marys, and Eastover
Formations. In 1985, a second test hole (land surface
elevation 87 ft (27 m)) was drilled upslope and about 150
ft (46 m) from the other test hole. The purpose was to
complete the sampling of the Tertiary strata by coring
the Oligocene, Eocene, and Paleocene sections, including
the Old Church, Piney Point, Nanjemoy, and Aquia
Formations. This test hole was cored to a depth of 556 ft
(169 m), bottoming in sand, silt, and clay of the Lower
Cretaceous Potomac Formation. Later, using the split
spoon coring method, an additional shallow test hole was
drilled at the Haynesville 2 core site to sample the
uppermost sand and gravel section not recovered previ-
ously. Together, the cores from the three test holes
(herein designated the Haynesville 1, Haynesville 2, and
Haynesville 3 cores) provide the most complete Cenozoic
stratigraphic section currently available in the Virginia
Coastal Plain (fig. 2). (In this paper, material from the
two cores generally is treated as a composite section and
is referred to as the “Haynesville core.”) Geophysical
logs of the Haynesville 2 core hole, including single-point
and multipoint electrical resistivity logs and natural
gamma ray logs, are also available (see chap. A-pl. 1).
The Haynesville core, the Oak Grove core from Westmo-
reland County, and the Exmore core from Accomack
County, Va., (53.6 mi (86 km), southeast of Haynesville)
are key tie points for a Cenozoic cross section extending
from the Fall Line near Stafford, Va., southeastward
across the Coastal Plain to the Atlantic Coast (Rein-
hardt, Newell, and Mixon, 1980; Mixon and Powars,
1984; Powars and others, 1987).

This paper focuses on the lithostratigraphy of the core
but also briefly discusses the fauna and flora, the depo-
sitional environments, and the age and correlation of the
individual formations and members. David S. Powars
logged and photographed the cores and helped with the
lithostratigraphic deseriptions and interpretations.
Lauck W. Ward identified the molluscan assemblages
and helped with lithostratigraphic interpretations and
correlations. George W. Andrews provided the diatom
identifications and the diatom zonation for the Calvert
Formation. Accompanying papers by McCartan, Poag,
and Edwards discuss the mineralogy of the core, the
foraminiferal stratigraphy and paleoenvironments, and
the dinoflagellate cyst assemblages from the lower Ter-
tiary formations.

FIGURE 1. —Map showing location of the Haynesville, Oak Grove, p
and Essex Millpond core holes in Richmond, Westmoreland, and
Essex Counties, Va.
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FIGURE 2. —Tertiary and uppermost Cretaceous geologic column for the Haynesville, Va., area. Column extends from top of higher
drainage divides (alt. ~140 ft), believed to represent relict depositional surfaces at top of upper Pliocene formations, downward to
depth of —469 ft at bottom of Haynesville 2 core hole.
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muds in restricted shelf waters probably separated, in
part, from the open ocean by a broad, largely submarine
bar complex. The complex may have developed as an
extension of the relatively clean, coarse sands making up
the “sandbank facies” of the upper Aquia Formation in
Maryland and Virginia (see Hansen, 1974, and section
describing Paspotansa Member).

AGE AND CORRELATION

At other localities, sporomorph data from the lower
part of the Marlboro indicate a late Paleocene age
(Frederiksen, 1979; Gibson and others, 1980). The upper
Marlboro “is either uppermost Paleocene, perhaps rep-
resenting slightly younger rocks than those previously
studied in the southeastern United States, or else low-
ermost Eocene” (Gibson and others, 1980). Because of
the thinness of the Marlboro Clay and its close relation-
ship to the Aquia Formation, we believe that all of the
Marlboro Clay is probably Paleocene.

NANJEMOY FORMATION

The lower Eocene part of the Haynesville core (alt.
—240 to —330.7 ft (=73 to —101 m)) is the Nanjemoy
Formation, a poorly sorted, clayey and silty, fine to
coarse greensand that takes its name from Nanjemoy
Creek in Charles County, Md. In inner Coastal Plain
areas of both Maryland and Virginia, the Nanjemoy
unconformably overlies the Marlboro Clay or the Aquia
Formation and, in turn, is overlain with great unconfor-
mity by the lower and middle Miocene Calvert Forma-
tion. However, in the more complete sections of the
middle Coastal Plain of Virginia and of St. Marys and
Calvert Counties, Md., glauconitic sands of the middle
Eocene Piney Point Formation and the upper Oligocene
Old Church Formation are present between the Nanje-
moy and the Calvert. In the Haynesville core, the
Nanjemoy Formation differs from both the Aquia and
the Piney Point Formations in that it is less caleareous
and contains considerably more clay and silt as matrix.
The sharply contrasting clayey and silty sand lithology of
the Nanjemoy and its well-defined contacts with the
underlying Aquia-Marlboro Clay sequence and the over-
lying Piney Point Formation are clearly shown by the
electrical resistivity and gamma logs of the core hole (see
chap. A-pl. 1).

As in outerops in the inner Virginia Coastal Plain, the
Nanjemoy Formation of the Haynesville core can be
subdivided into a lower, very clayey and very glauconitic
quartz sand (the Potapaco Member) and an upper, less
clayey, very micaceous, glauconitic quartz sand contain-
ing scattered very fine to fine pebbles of quartz (the
Woodstock Member). The lithology, paleontology, and
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general distribution of the Nanjemoy Formation and the
Potapaco and Woodstock Members in Virginia and Mary-
land have been discussed by various workers (Clark and
Martin, 1901; Clark and Miller, 1912; Darton, 1947, 1951;
Glaser, 1971; Gibson and others, 1980; Reinhardt, New-
ell and Mixon, 1980; Ward and Krafft, 1984; Ward, 1985).

POTAPACO MEMBER

DEFINITION

As originally defined in the upper Potomac River
estuary area, the Potapaco Member included up to 65 ft
(20 m) of shelly and clayey glauconitic sand and sandy silt
(Clark and Martin, 1901). At the base of the Potapaco, a
thin, red to gray, compact clay unit, termed the “Marl-
boro clay,” separated the main part of the Potapaco from
the Aquia Formation and served as an important and
easily identified regional mapping horizon. Darton (1951)
considered the Marlboro Clay to be the lower member of
the Nanjemoy Formation; later, the unit was raised to
formational rank by Glaser (1971). This usage modified
the original definition of the Nanjemoy Formation and
the Potapaco Member and required redefinition of those
units by Ward (1985). Exposures along the Maryland
side of the Potomac River, about 2.5 mi (4 km) upstream
from Popes Creek in Charles County, Md., have been
designated the principal reference section (lectostrato-
type) of both the Potapaco Member and the Nanjemoy
Formation (Ward, 1985).

The Potapaco Member in the Haynesville core (alt.
—279.8 to —330.7 ft (-85 to —101 m)) is the lower
50.9-ft-thick (16-m-thick) part of the Nanjemoy Forma-
tion (see chap A-pl. 1). The unconformable contact
relations of the Potapaco with the Aquia-Marlboro Clay
sequence have been described in the sections discussing
the Paspotansa Member of the Aquia Formation and the
Marlboro Clay. In the core, the top of the Potapaco is
difficult to define and is arbitrarily placed at the top of a
conspicuous, 4-ft-thick (1.2-m-thick) bed of medium-
olive-gray clay (chap. A-pl. 1, alt. —279.8 ft). This clay
bed is overlain by a medium to coarse, friable, glauconitic
sand section typical of the Woodstock Member of the
upper Nanjemoy; the contact between the clayey and
sandy beds is marked by deep sand-filled burrows into
the clay, suggesting a period of nondeposition. However,
thin beds of medium to very coarse, dark-olive-gray,
glauconitic quartz sand typical of the lower Woodstock
also occur as much as 10 ft (3 m), or more, below the top
of the 4-ft-thick (1.2-m-thick) clay bed. Thus, depending
on placement of the contact at the top of the clay bed or
at the base of the thin, coarse sand beds, the Potapaco-
Woodstock boundary may be interpreted as a minor
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unconformity (diastem) or as a conformable contact with
interfingering of Potapaco and Woodstock lithologies in a
10-ft (3-m) interval.

LitHoLOGY

In the core, the Potapaco is very poorly sorted, clayey
and silty, glauconitic sand and sandy clay-silt that are
sufficiently cohesive to enable complete core recovery
from the unit. Here, the Potapaco section is thinner (50.9
ft versus 65 ft in the Oak Grove core, Westmoreland
County, Va.) than in many updip areas and contains only
very rare, fragmentary shell material. As is common
elsewhere in the Virginia Coastal Plain, the Potapaco in
the Haynesville core consists of four fining-upward
sequences, herein designated units A-D. The relation of
units A-D in the core to Beds A-D of Ward (1984b, 1985)
as defined in the Potapaco outcrop belt in inner Coastal
Plain areas needs more study. However, lithic similarity,
stratigraphic position, and the dinocyst assemblage (see
Edwards, chap. C, this vol.) of unit A in the core
indicates equivalency to Ward’s Bed A of the Potapaco.
Similarly, our lithic units B and C appear to be equiva-
lent to Ward’s Bed B, and our unit D is roughly equiva-
lent to Ward’s Bed C.

Unit A.—The lower 4.8 ft (1.5 m) of the Potapaco
Member, unit A (see figs. 8, 9; chap. A-pl. 1), is
composed of thin-bedded to very thin bedded, dark- to
light-greenish-gray, very clayey sand and clay-silt that
contrast markedly with the directly underlying, very
thin remnant of Marlboro Clay and the clean, well-sorted
sand of the Paspotansa Member of the Aquia Formation.
The abrupt, burrowed contact between unit A and the
Marlboro Clay, evident in the Haynesville core and
elsewhere in Virginia and Maryland, is a regional uncon-
formity. The basal foot (0.3 m) of unit A contains
scattered fine quartz pebbles, sand-sized grains and
small nodules of phosphate, and clasts of light-gray to
yellowish-gray clay probably derived from the Marlboro
Clay (fig. 8A4). A few fragmentary bivalves are also
present. The fine to coarse, sandy lower part of unit A
grades upward to fine sand and clay-silt. Interbedded,
thin, lenticular beds and laminae of clay-silt and sand are
common in much of the unit and are characteristic of the
lowermost Nanjemoy at other localities in Virginia. The
upper part of unit A is extensively bioturbated with
sand-filled and clay-filled burrows (figs. 8B, 9).

Units B and C.—Units B and C of the Potapaco
Member in the core (=Bed B of Ward, 1985) are also
fining-upward, clayey and silty glauconitic sand and
sandy clay-silt sequences and are, respectively, about 7
ft (2.1 m) and 15 ft (4.6 m) thick. The lower half of unit B
is mostly fine to medium glauconitic sand that becomes
very clayey and silty upwards (figs. 104, 10B). The

upper part of the unit is medium-olive-gray, sandy
clay-silt (fig. 10C). Here, burrows are commonly filled
with olive-black glauconitic sand. The basal bed of unit C
consists of very glauconitic, fine to coarse sand contain-
ing scattered, very coarse quartz grains. The main part
of the unit (fig. 11A4) is very poorly sorted, intensely
bioturbated, fine to coarse, dark-olive-gray to olive-black
sand that becomes coarser and more clayey and silty in
the upper 4 ft (1.2 m) (fig. 11B). In general, units B and
C are thick- to massively bedded, but they also contain
some very thin, lenticular beds and laminae of silty clay.
Shell material is extremely sparse or absent.

Unit D.—Unit D (=Bed C of Ward, 1985) is about 25
ft (8 m) thick and consists mainly of fine to very coarse,
dark-greenish-gray to dark-olive-gray glauconitic sand
(figs. 124, 12B). The unit also contains scattered fine
quartz pebbles as much as 0.25 in (0.6 e¢m) long and pieces
of lignite as much as 1 in (2.5 em) long. Near the top of
unit D, the sandy section grades upward into a 4-ft-thick
(1.2-m-thick) bed of clay-silt (figs. 12C, 13A4). Abundant
laminae and thin, lenticular beds of clay-silt, disrupted
by biogenic activity, are present in the lower 6 ft (1.8 m).
Clay-filled burrows and clay-lined, sand-filled burrows
are the most conspicuous structures in the middle and
upper parts of the unit.

FAUNA AND FLORA

The Potapaco beds of the Haynesville core contain
extremely sparse molluscan shell material. The abundant
molluscan molds and casts and the conspicuous beds
packed with shells of the bivalve Venericardia potapa-
coensis, which are so characteristic of Bed B of the
Potapaco Member in the classic outcrop sections along
the Potomac, Rappahannock, and Pamunkey Rivers
(Ward and Krafft, 1984; Ward, 1985), are notably absent
in the core. The core contains fairly abundant dinocysts
and benthic and planktic foraminifers (see Edwards,
chap. C, and Poag, chap. D, this vol.).

ENVIRONMENT OF DEPOSITION

In the basal few feet of the Potapaco Member, thin to
very thin beds of sand and clay-silt and scattered fine
pebbles and shell fragments suggest moderate current

FIGURE 8.—Bedding, textures, and sand-filled burrows in unit A of P
the Potapaco Member of the Nanjemoy Formation. A, Thin-
bedded, basal part of unit A showing fine to very coarse,
glauconitic and phosphatic sand interbedded with finer sand and
clay-silt. Light-gray, kaolinitic clay at very bottom of photo is top
of Marlboro Clay. Oblong fragment of pale-gray clay 3 cm above
contact is eroded clast of Marlboro Clay (alt. —330.3 to —330.7
ft). B, Sandy clay-silt of upper unit A containing abundant
sand-filled burrows and, in upper right of photo, a small, vertical,
clay-filled burrow (alt. —326.7 to —327.3 ft).
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minor amounts of interbedded very thin beds and lami-
nae of silt and, rarely, very fine sand. Outcrops and other
cores in Virginia (Reinhardt, Newell, and Mixon, 1980;
Mixon and Powars, unpub. data) also show conformable
contact relationships, ranging from abrupt gradation to
interbedding of lithologies, with the underlying Aquia
Formation. We consider the Marlboro Clay to be part of
the upper Aquia depositional sequence and suggest that
the unit was deposited as regressive, peridelta muds in
restricted shelf waters. The basin of deposition may have
been separated, in part, from the open ocean by a broad,
largely submarine bar complex that developed as an
extension of the clean, coarse sands making up the
“sandbank facies” of the upper Aquia Formation in
Maryland and Virginia (see section describing Paspo-
tansa Member in this paper and Hansen, 1974). In the
Haynesville core and in our other core holes in Virginia
the contact between the Marlboro Clay and the overlying
Nanjemoy Formation is an erosional unconformity.

4. The lower Eocene Nanjemoy Formation consists
of about 91 ft (28 m) of very poorly sorted, clayey and
silty, glauconitic quartz sand and sandy clay-silt. The
lower 50.9 ft (16 m) of the Nanjemoy, assigned to the
Potapaco Member, includes four repetitive lithic units,
each consisting of intensely burrowed, very clayey and
silty, very glauconitic sediments that are dominantly
silty sand in the lower part and dominantly sandy silt and
clay in the upper part. The lithic units, which are herein
designated, from bottom to top, units A, B, C, and D,
may represent separate, minor fluctuations of sea level.
Units A-D of the Nanjemoy in the core are partly
equivalent to Beds A-D of Ward, which have been
differentiated in the inner Coastal Plain in the outcrop
area, of the Potapaco (Ward, 1984a, 1984b, 1985) and in
numerous core holes in King George, Stafford, and
Caroline Counties, Va. (Mixon and Powars, unpub.
data). The upper 39.8 ft (12 m) of the Nanjemoy consists
of less clayey and less glauconitic, very micaceous,
pebbly sand of the Woodstock Member. Lithologies
characteristic of the Potapaco and Woodstock interfinger
over a 10-15 ft (3—4.6 m) interval, and the member
boundary is arbitrarily placed at a conspicuous burrowed
contact between a 4-ft-thick (1.2-m-thick) clay (below)
and an overlying, friable sand that is typical of the
Woodstock Member. The lower and middle Potapaco
beds (units A-C) were deposited in gradually deepening
shelf waters, whereas the upper Potapaco (unit D) and
the Woodstock represent deposition in shoaling-upward
waters of middle and inner sublittoral paleodepths (Poag,
chap. D, this vol.). The combination of coarser, more
lignitic sediments and shoaling-upward watets suggests
perideltaic conditions.

5. The middle Eocene Piney Point Formation is
separated from the underlying Nanjemoy Formation by
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a regional unconformity. In the core, the Piney Point
consists of 54.6 ft (17 m) of light- to dark-olive-gray,
friable, medium to coarse, glauconitic quartz sand inter-
bedded with calcium carbonate-cemented sand and mol-
dic limestone. The Piney Point beds contain abundant
mollusks, including the large oyster Cubitostrea sellae-
formis, an important marker for the middle Eocene of
the Atlantic and Gulf Coastal Plains. Aragonitic bivalves
and gastropods are preserved only as molds and casts.
The dissolution of shell material has produced a high
moldic porosity in the Piney Point; consequently, the
formation is an important aquifer in parts of the Virginia
Coastal Plain. Foraminiferal assemblages from the Piney
Point suggest an outer sublittoral paleoenvironment.
The planktonic foraminiferal suite indicates assignment
to undifferentiated zones P. 12-13 of the middle Eocene
(Lutetian).

6. The upper Oligocene or lower Miocene Old Church
Formation in the core is a 4-ft-thick (1.2-m-thick) muddy,
fine to coarse, sparsely glauconitic quartz sand contain-
ing scattered pebbles of quartz and phosphate. The Old
Church beds are very caleareous because of abundant
molluscan shells, barnacle plates, foraminifers, and
ostracodes. The pelecypod Mercenaria capax is the
dominant mollusk. The foraminiferal assemblage in the
core suggests an outer sublittoral depositional environ-
ment and assignment to the upper Oligocene zone N. 4a
of Kennett and Srinivasan (1983). The top and bottom of
the Old Church are bounded by erosional unconformities
of regional extent.

7. The Haynesville core provides one of the thicker
and more complete sections of the lower middle Miocene
Calvert Formation currently available for study in the
Virginia Coastal Plain west of Chesapeake Bay. In the
core, the formation consists of 132.3 ft (40 m) of variably
shelly and diatomaceous, clayey and silty, olive-gray
quartz sand and sandy clay-silt; these strata are divisible
into three main lithic units. The lower, 11.3-ft-thick
(8.4-m-thick) unit is a muddy, intensely burrowed, fine to
medium sand that contains abundant mollusks and plank-
tonic foraminifers but lacks diatoms. The unit, herein
informally named the shelly sand beds, is equivalent to
the upper part of the Fairhaven Member or, possibly, the
lower part of the Plum Point Mar] Member of the Calvert
Formation of Maryland. The shelly sand beds are over-
lain by a 56.5-ft-thick (17-m-thick) unit of diatomaceous,
clayey and silty, fine to very fine sand, and sandy
clay-silt that is equivalent to the middle(?) and upper
Plum Point Marl Member.

The upper, 64.5-ft-thick (20-m-thick) Calvert unit in
the core is equivalent to the Calvert Beach Member of
the Calvert Formation in Maryland. The Calvert Beach
beds are similar, lithically, to the underlying Plum Point
beds but have much better developed sands. In Mary-
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land, the largest turnover of molluscan taxa in the lower
Chesapeake Group (Calvert and Choptank Formations)
occurs at the base of the Calvert Beach. A floral break,
involving the extinction of important diatom species and
the introduction of new species, also occurs at the Plum
Point-Calvert Beach boundary. These data suggest an
erosional unconformity at the base of the Calvert Beach
representing as much as 0.7 m.y. (Andrews, written
commun., 1987).

8. The upper middle and (or) lower upper Miocene
St. Marys Formation in the eore consists of 37 ft (11 m)
of variably shelly, clayey and silty, very fine sand and
sandy clay-silt that is commonly bluish gray, greenish
gray, and pinkish gray. These strata form two transgres-
sive sedimentary sequences that, from bottom to top, are
herein informally designated units A and B. The conspic-
uous, burrowed contact between the two units is proba-
bly a minor erosional unconformity. Unit A, which is 12
ft (3.7 m) thick and contains poorly preserved bivalves
and gastropods (“Anadara” sp., Thracia sp., Chesa-
pecten sp., Turritella sp.), may be equivalent to the
Little Cove Point beds of Blackwelder and Ward (1976)
and Ward (1984b), which crop out in the Calvert Cliffs
along the Chesapeake Bay in southern Calvert County,
Md. Unit B is 25 ft (8 m) thick and contains Isognomon
sp., Mercenaria sp., “Cardium” sp., and Turritella sp.
Unit B is considered to be equivalent to the upper St.
Marys Formation (=Windmill Point beds of Ward,
1984b) in the type area in St. Marys County, Md.
Samples from Unit B outerops at nearby Essex Millpond
in Essex County south of Tappahannock, Va., have
yielded planktonic foraminifers indicative of zone N. 16 of
the early late Miocene (P. Huddlestun, Georgia Geolog-
ical Survey, oral commun., 1986).

9. The upper Miocene Eastover Formation in the
core consists of 55.5 ft (17 m) of clayey and silty, fine
quartz sand and clay-silt that unconformably overlie
lithically similar deposits of the St. Marys Formation.
From bottom to top, the core section includes (1) a
4-ft-thick (1.2-m-thick) basal sand containing very fine to
fine pebbles of quartz and phosphate, (2) a 27-ft-thick
(8-m-thick), medium- to very thin bedded sequence of
dark-gray to bluish-gray, silty clay and clayey silt inter-
bedded with lesser amounts of clayey and silty, very fine
sand, and (3) about 25 ft (8 m) of dominantly very fine to
fine, slightly muddy sand that is cleaner and coarser (fine
to medium sand) toward the top of the unit. In the core,
the very clayey and silty, lower Eastover is unfossilifer-
ous; its rhythmic mud/sand bedding suggests deposition
in very restricted shallow-shelf waters affected by tidal
currents. The upper, sandy Eastover of the core is also
unfossiliferous; however, fairly diverse molluscan assem-
blages in equivalent beds in nearby outecrops indicate
deposition in shallow, open-marine waters. Upper East-

over beds cropping out at Laytons Landing on the
Rappahannock River, about 11 mi (17.7 km) south of
Haynesville, have yielded planktonic foraminifers indic-
ative of zone N. 17 of the middle late Miocene.

10. Loose, fine to very coarse, pebbly sand containing
Ophiomorpha burrows make up the uppermost 43.5 ft
(13 m) of the core and the overlying 22-ft-thick (7-
m-thick) section exposed in a borrow pit at the drill site.
These sandy strata are herein considered to be an updip,
marginal-marine facies of the Pliocene Yorktown Forma-
tion. In the core and in nearby outcrops, the Yorktown
beds unconformably overlie the Eastover Formation and
underlie thin sandy and gravelly deposits thought to
represent the Bacons Castle Formation and (or) the
“Moorings unit” of Oaks and Coch (1973). The finer
grained, better sorted, slightly clayey and silty, bur-
rowed sand of the lower Yorktown is believed to have
been deposited in a relatively low energy, nearshore-
shelf environment. In contrast, the erossbedded, rela-
tively poorly sorted, dominantly medium to very coarse,
pebbly sand of the upper Yorktown suggests deposition
in a high-energy, very shallow water environment
affected by waves and currents. Studies of planktonic
foraminiferal and ostracode assemblages from other
localities in Virginia and North Carolina indicate an early
and early late Pliocene age for the Yorktown Formation.
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significant influxes of first-cycle, relatively labile, high-
grade, low-alumina, metamorphic and igneous minerals.
During the Paleocene through the early part of the
middle Miocene, repeated switching from low- to high-
alumina source rocks occurred. This pattern is inferred
from staurolite abundance. The base of the St. Marys
Formation (middle Miocene), the Old Church Formation
(upper Oligocene and lower Miocene), and the middle of
the Potapaco Member of the Nanjemoy Formation
(lower Eocene) record significant periods of reworking of
older sedimentary rocks and unconsolidated sediment,
judging from the high ZTR (mainly tourmaline) content.
The same explanation applies to samples from the Poto-
mac Formation (464 feet (ft) below sea level; 141 meters
(m) below sea level®) and the St. Marys Formation (—38
ft; —12 m) that reflect conditions prior to the additions of
first-cycle material noted above.

A subtle trend can be discerned in the heavy mineral
column of chapter B-plate 1 that parallels the trend in
the Miocene of the light mineral column: both suites are
increasingly labile upward. Hornblende, epidote, and,
finally, actinolite, tremolite, chlorite, and chloritoid are
present in higher proportions than tourmaline and stau-
rolite in the upper part of the sequence. The lower
Tertiary light mineral trend, however, is not clearly
revealed in the heavy mineral data.

The top of the Lower Cretaceous sequence appears to
have had a large influx of epidote and a little feldspar.
Similar patterns are present in the middle of the Pota-
paco Member of the Nanjemoy Formation and in the St.
Marys Formation, and all indicate stripping of fairly
fresh Piedmont province rocks rather than recycling of
Appalachian or Coastal Plain material.

Other trends are present. Staurolite dominates the
entire nonopaque heavy mineral suite between about
~150 ft (—46 m) and —400 ft (—122 m) and is still
significant below 400 ft. Samples from the upper part of
the St. Marys Formation and the Eastover Formation,
however, have very little staurolite. Zircon, generally
more abundant through the Cretaceous and Paleocene, is
gradually replaced by tourmaline as the dominant ZTR
mineral; rutile is present in very small proportions
throughout the sequence.

The nonopaque heavy minerals in the Haynesville core
show the influence of source rock type and, to a lesser
extent, transportation and postdepositional weathering
(fig. 2J). At the base (C, Potomac Formation) and top (I,
St. Marys and Eastover Formations) of the core, the
source is first sedimentary (ZTR-rich) and then meta-

2 Sea level: In this report “sea level” refers to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

morphic (iron- and calcium-rich Piedmont rocks). The
intermediate units in the core are derived from more
aluminous sources. The exceptional sample, from the
lower part of the Aquia Formation (fig. 2D, the sample
with the most HEGAT), contains more garnet than
hornblende and epidote and is also probably derived from
aluminum-rich Piedmont rocks.

CLAY-SIZE FRACTION

True clay minerals as well as other types of minerals
are found in the clay-size fraction (less than 2 pm). The
proportions of various minerals in the clay fraction were
determined by a method designed to reflect only the
trends. The method may not represent the true propor-
tion of each mineral; nor are these results necessarily
quantitatively comparable to those in other studies.

Illite/smectite (mixed-layer clay), illite, and kaolinite
are the most important clay minerals in the Haynesville
core (chap. B-pl. 1). The wide variations in proportions
of the three types of clay minerals are probably related
mainly to size sorting by currents (Gibbs, 1977). Kaolin-
ite crystals are usually several times larger than crystals
of the other clay minerals, and the large crystals tend to
settle out of the water sooner than the smaller crystals.
Abundant kaolinite suggests a depositional environment
nearer shore and with more water motion than the
seaward domain of deposits rich in illite and illite/smec-
tite. Kaolinite is abundant in the Potomac Formation, the
Paspotansa Member of the Aquia Formation, the Marl-
boro Clay, the middle of the Calvert Formation, and the
Eastover Formation; thus, these deposits were probably
deposited relatively near shore. Conversely, kaolinite is
sparse in the Nanjemoy, Piney Point, and Old Church
Formations and is also only a minor phase in the Calvert
and St. Marys Formations. These kaolinite-poor parts of
the sequence were probably deposited farther from
shore.

NONDETRITAL MINERALS

Calcite, aragonite, apatite, and at least some of the
cristobalite in the Haynesville core were probably depos-
ited by organisms in skeletons, or are postdepositional
recrystallization products of biogenic materials. A family
of phosphates, some of which are present in the Haynes-
ville core, appears to be derived through complex post-
depositional biogenic and abiotic processes in deposits
rich in apatitic fossils. Calcareous shells, bones, and
teeth are common in many beds in the Haynesville core,
such as at the base of the Calvert Formation. Sparry
calcite crystals with pyramidal terminations are espe-
cially notable in the middle of the Piney Point Formation.
Siliceous diatoms are found only in the Calvert Forma-
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tion, but cristobalite, commonly associated with diatoms,
is found in both the Calvert and the upper part of the
Piney Point Formation. Cristobalite is also associated
with voleanogenic material.

Sulfide minerals alternate with glauconite throughout
much of the marine part of the core (Tertiary). The two
are found in deposits rich in organic carbon, the main
difference being that land-derived plant debris is more
commonly associated with the sulfide facies. Sulfides and
plant fragments in fine-grained sediment have been
interpreted elsewhere as indicative of marine deltaic
influence (Owens and Sohl, 1969; Minard and others,
1976), and they occur also in nonmarine deposits such as
at the base of the Haynesville core (Potomac Formation).

Sulfide minerals in the Haynesville core probably
crystallized from iron and sulfate ions in anoxic intersti-
tial water and in organic tissue through the microchem-
ical action of bacteria. The reduced oxidation state was
maintained mainly by the buffering action of plant mate-
rial. When sulfides are exposed to air, they immediately
tend to oxidize to sulfates; the abundance of sulfide in
this core indicates that none of the hiatuses were periods
of subaerial exposure.

Glauconite appears to form in an oxygenated shallow
marine shelf environment from illitic and smectitic clays
through a variety of processes (Triplehorn, 1966). Where-
as a sulfide-rich zone may reflect an influx of river mud,
a glauconite bed probably records a time when there was
little direct input from land areas.

WEATHERING

In the discussion above, most of the effects of “weath-
ering” (oxidation) have been ignored because they have
not played a significant role in the history of the Haynes-
ville core. Dioctahedral vermiculite, a common weather-
ing product in porous surficial deposits (Owens and
others, 1983), is absent in this core. Gibbsite and goeth-
ite, other important oxidation minerals, are generally
present only as minor components. Long-term oxidation
due to groundwater moving through sand, however, has
noticeably altered some of the minerals. Leucoxene and
iron oxide have formed at the expense of ilmenite in
many samples, and glauconite has bleached or gone to
goethite, especially in parts of the Aquia Formation.
Among the nonopaque minerals, rutile and zircon are the
least weathered—even the quartz shows pitted surfaces
and rusty rinds in many samples. In some places in the
core, such as in Calvert and Aquia samples from 86 and
421 ft (26 and 128 m) below sea level, the clayey texture
probably impeded water movement, reduced oxidation,
and helped preserve a mineral suite that is more labile
than the average for the unit. Elsewhere, such as in the
Piney Point Formation at 225 ft (69 m) below sea level,
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the presence of sand- and clay-size carbonate may have
chemically buffered the labile minerals despite free-
flowing ground water.

Some Paleocene and Eocene beds contain abundant
polished, sand-size goethite pellets (fig. 3, table 1),
presumably reworked from oxidized glauconite sand
contained in marine units that were exposed landward of
the Haynesville site. Hansen (1974), however, concluded
that the goethite pellets in the Aquia formed concur-
rently with the glauconite and were not reworked from
older material.

COMPARISON OF THE HAYNESVILLE AND
OAK GROVE CORES

The mineralogy of the Oak Grove, Va., core (Rein-
hardt, Christopher, and Owens, 1980; J.P. Owens and
M.H. Hess, in Reinhardt, Newell, and Mixon, 1980) is
generally similar to that of the Haynesville core. Most of
the same minerals in roughly the same proportions are
present in both cores. In addition, many of the trends are
similar. For example, in both cores, staurolite is the
dominant aluminosilicate throughout the Tertiary;
kaolinite is the major clay mineral at the top and base of
most units; and garnet-epidote dominates the HEGAT
field in the Calvert, where chloritoid is also an important
phase.

Vermiculite, however, was not found in the Haynes-
ville core. Its presence in the Calvert Formation and at
formational boundaries in the Pamunkey Group in the
Oak Grove core is probably due to weathering of the illite
and illite/smectite after deposition. The Calvert Forma-
tion at the Oak Grove site is yellow gray, suggesting
oxidation of the iron minerals. The dark-olive-green color
of the Calvert in the Haynesville core indicates a more
reduced state of the iron minerals. More thorough weath-
ering of the Oak Grove core is also suggested by its lower
sulfide content, although that may be due in part to a
lower influx of plant debris.

In the Oak Grove core, the proportion of unstable
heavy minerals (HEGAT) decreases upward in the
Pamunkey Group, whereas at the Haynesville site there
is less HEGAT in the middle than at the top and bottom.
This difference probably reflects local source differences
as well as the more intense weathering at the Oak Grove
site.

Proportions of clays were estimated by slightly differ-
ent techniques in the two cores, so the contrast between
the apparent dominance of illite/smectite in the Haynes-
ville clay fraction and illite in the Oak Grove core may be
an artifact.

The 60-ft-thick (18-m-thick) section of calcareous Piney
Point lithology present in the middle of the Haynesville



B8 GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—NORTHEASTERN VIRGINIA COASTAL PLAIN

10 20 30

DEGREES 26

FIGURE 3. —X-ray diffractogram of goethite (G) pellets from the top of the Aquia Formation (333 ft (101 m) below sea level). Q is the main quartz
peak; quartz is a normal accessory in goethite pellets.

core is missing from the Oak Grove core, and the
50-ft-thick (15-m-thick), kaolinite-dominated Marlboro
Clay section in the Qak Grove core is represented in the
Haynesville core by a single clast at the base of the
Nanjemoy Formation.

Mineralogic differences between the two localities are
probably related to their relative positions in the depo-
sitional basin and to the postdepositional enhancement of
weathering due to higher elevation. The elevation of the
Oak Grove site is about 180 ft (55 m), and the Haynesville
site is 72 ft (22 m) above sea level. The Oak Grove core
site has been exposed continuously since the lower
Pliocene, while the Haynesville core site has been cov-
ered by the sea at least twice during that time period.
Also, changes in the shape of the basin during the
Tertiary resulted in the Haynesville site being updip
from the Oak Grove site during the Cretaceous and early
Paleocene, but downdip from the Oak Grove site from
late Paleocene on (fig. 4).

TECTONICS AND SEDIMENTATION

MAJOR CYCLES

Mineralogic trends in the Haynesville core are useful
in the interpretation of patterns of sedimentation and

tectonics. Upward-increasing proportions of feldspar and
rock fragments suggest an acceleration of uplift in some
source areas during deposition of the Aquia Formation
and the Potapaco Member of the Nanjemoy Formation
(from about —435 ft (—133) to about —280 ft (—85 m)),
followed by relative stability during deposition of the
Woodstock Member of the Nanjemoy Formation and the
Piney Point and Old Church Formations. Rate of uplift
increased again throughout the Miocene (from about —80
ft (—24 m) to somewhere between —30 and +10 ft (—9
and +3 m)). The culmination of the cycle of uplift in
Virginia coincided with middle and late Miocene global
tectonic and igneous activity (Christiansen and Lipman,
1972; Case and Holcombe, 1980; Keller and Barron, 1983;
McCartan and Gettings, 1985).

MINOR CYCLES

Repeated episodes of relatively rapid sedimentation,
suggested by sulfide-rich beds, occurred several times
during the Tertiary, alternating with periods of slow
deposition, indicated by glauconitic beds. The two facies
are separated in some places by beds lacking either
glauconite or sulfide and by erosional or nondepositional
hiatuses.
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GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—
NORTHEASTERN VIRGINIA COASTAL PLAIN

DINOFLAGELLATE CYSTS FROM THE
LOWER TERTIARY FORMATIONS, HAYNESVILLE CORES,
RICHMOND COUNTY, VIRGINIA

By Lucy E. EDWARDS

ABSTRACT

The lower Tertiary record in the Haynesville cores includes the
Aquia Formation (upper Paleocene), the Marlbore Clay (not sampled),
the Nanjemoy Formation (lower Eocene), the Piney Point Formation
(middle Eocene), and the Old Church Formation (upper Oligocene or
lower Miocene). All contain well-preserved dinoflagellate cyst floras
which include many stratigraphically important species.

The age of the lowest Aquia Formation in the Haynesville cores is
late Paleocene but not earliest late Paleocene. Strata equivalent to the
lowest Aquia in other cores are absent. Depositional environment
ranges from high-energy open-sea to marginal-marine to inner neritic
conditions.

Deposition appears to have been essentially continuous throughout
late Paleocene and early Eocene time. However, relative to other cores
to the northwest, deposition in the Haynesville area slowed during the
early Eocene. The environment of deposition of the Nanjemoy Forma-
tion ranges from restricted marine to inner neritic. A regional uncon-
formity separates the lower Eocene Nanjemoy from the middle Eocene
Piney Point Formation. Dinocysts in the upper part of the Piney Point
show evidence of transport and do not represent their original paleoen-
vironment.

Sediments of late Eocene and early Oligocene age are absent from
the Haynesville cores. The thin Old Church Formation bears a rich
dinocyst flora of late Oligocene or early Miocene age.

INTRODUCTION

The Haynesville 1 core was drilled by the U.S. Geo-
logical Survey in July 1984 at lat 87°57'13"" N., long
76°40'26'' W., approximately 33 miles (mi) (53 kilometers
(km)) southeast of Fredericksburg in Richmond County,
Va. (fig. 1). Altitude at the drill head is 72 feet (ft) (22

Manuscript approved for publication May 13, 1988.

meters (m)) above sea level'. The core was drilled to a
depth of 375 ft (114.3 m) and bottomed in lower Eocene
sands. Sixteen months later, the Haynesville 2 core was
drilled, approximately 150 ft (46 m) from the previous
location. Altitude at the drill head is 87 ft (27 m), and the
hole penetrated 556 ft (169 m) of sediments, bottoming in
Cretaceous sands and clays. Together, the two cores
constitute a very complete stratigraphic section of the
lower Tertiary in the Virginia Coastal Plain. The litho-
stratigraphy of the cores is treated elsewhere in this
volume (Mixon and others, chap. A, this vol.).

The lower Tertiary in the Haynesville cores is repre-
sented by the Aquia Formation (upper Paleocene), the
Marlboro Clay (Paleocene or Eocene), and the Nanjemoy
(lower Eocene), Piney Point (middle Eocene), and Old
Church Formations (upper Oligocene or lower Miocene).
These units consist predominantly of glauconitic sands
and silts and contain abundant, well-preserved dino-
flagellate cysts. The biostratigraphy of these dinocysts is
the focus of this paper.

McLean (1971a), Goodman (1975), and Witmer (1975)
have described dinocyst floras from the Paleocene and
Eocene of Virginia and Maryland in unpublished theses.
Taxonomic papers on the dinocyst floras include McLean
(1971b, 1972, 1973a, 1973b, 1974, 1976), Edwards (1982),
and Goodman and Witmer (1985).

Biostratigraphic information about the dinocysts has
been presented in Goodman (1979, 1984), Edwards
(1984a), Hazel and others (1984), and Edwards and

1 Sea level: In this report “sea level” refers to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

C1



C2 GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—NORTHEASTERN VIRGINIA COASTAL PLAIN

others (1984). Of particular relevance is the detailed
biostratigraphic study of the Oak Grove core (fig. 1), a
deep core hole in Westmoreland County, Va., by Gibson
and others (1980).
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MATERIAL AND METHODS

This study is based on 20 samples from the lower
Tertiary formations in the Haynesville cores. Of these, 7
are from the Haynesville 1 core and 13 are from the
Haynesville 2 core. Throughout the text, sample posi-
tions are given relative to altitude. U.S. Geological
Survey paleobotanical numbers, depths, and altitudes
for samples are given in table 1.

Sediments were processed according to standard
palynological techniques. Sediment was treated with

TABLE 1. —Sample positions

USGS Depth in Depth in

Altitude

paleobotanical Haynesville 1 core Haynesville 2 core

number (feet) (feet) feet meters
R3341D 255.5 -183.5 —55.9
R3341CC 258.3 -186.3 —56.8
R3341BB 271.6 —199.6 —60.8
R3341AA 306.4 —-234.4 -T714
R3341C 315.5 —243.5 -T4.2
R3341B 326.4 -254.4 -T15
R3412J 360.6 —-273.6 —-83.4
R34121 371.2 —-284.2 -86.6
R3412H 381.2 —-294.2 —-89.7
R3341A 373.6 -301.6 -91.9
R3412G 400.3 -313.3 -95.5
R3412F 409.9 -322.9 -98.4
R3412E 415.8 —328.8 —100.2
R3412D-2 427.7 —340.7 -—103.8
R3412D-1 465.4 —-378.4 -115.3
R3412D-0 497.0 —410.0 -125.0
R3412D 503.0 -416.0 —126.8
R3412C 506.8 -419.8 -—128.0
R3412B 521.9 —-434.9 -132.6
R3412A-1 536.2 —449.2 -136.9
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FIGURE 1.—Index map of parts of eastern Virginia and southern
Maryland showing the location of the Haynesville and Qak Grove
cores.

hydrochloric and hydrofluoric acids and oxidized using
nitric acid. Organic material was separated using a ZnCl,
heavy liquid solution (specific gravity 1.8), stained with
Bismark brown, sieved at 10 and 20 micrometers (pum),
and mounted for light microscope observation using
glycerin jelly. One sample from the Old Church Forma-
tion was also examined under the scanning electron
microscope.

All samples were studied to determine the
dinoflagellate-cyst flora present. For each sample, the
total number of different forms present (species richness)
was tabulated (fig. 2). As all samples are based on
approximately the same amount of raw material treated
in the same way, the species richness can be used in a
general way to make paleoenvironmental inferences.
Selected stratigraphically important forms are recorded
in figure 3.
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A detailed taxonomic study of the lower Tertiary
dinocysts present in the Haynesville cores is beyond the
scope of this study. Many of the forms noted herein
remain in informal nomenclature. Selected stratigraphi-
cally important forms are illustrated in plates 1-5.

DINOCYSTS OF THE AQUIA FORMATION

The Aquia Formation in the Haynesville 2 core is 118.4
ft (36 m) thick and was encountered from —449.7 ft
(=137 m) to —331.3 ft (—101 m) altitude. The formation
consists mostly of clayey to silty, medium to coarse
glauconitic quartz sand. At —419 ft (—128 m) altitude, a
pebbly sand and a slight color change mark a lithologic
break. Carbonate-cemented beds are found in the 10 ft
(3 m) immediately below this break. Above the break,
considerable core loss occurred, owing at least in part to
a decrease in clay and silt in the upper Aquia sands.

Seven samples from the Aquia Formation were exam-
ined for dinoflagellate cysts. Species richness for these is
shown in figure 2. The occurrences of selected strati-
graphically significant dinocyst taxa are shown in
figure 3.

Three samples from the lower Aquia (R3412A-1,
R3412B, and R3412C) contain a moderately rich, well-
preserved dinocyst flora. All contain Xenikoon australis
sensu Edwards and others, 1984 (pl. 1, fig. 4) and
Deflandrea ef. D. dartmooria of Edwards and others,
1984 (pl. 1, fig. 6). The lowest sample (R3412A-1)
contains the highest occurrence of Thalassiphora deli-
cata (pl. 1, fig. 1). Palaeoperidinium pyrophorum and
Fibradinium annetorpense are econspicuously absent
from these samples. Samples R3412A-1 and R3412C are
dominated by species of Areoligera.

Two samples (R3412D and R3412D-0) directly above
the lithologic change at —419 ft (—128 m) altitude contain
well-preserved but somewhat low-diversity dinoeyst
floras dominated by Peridiniacean cyst sp. C of Edwards,
1980 (pl. 1, fig. 12). Sample R3412D contains the lowest
occurrence of Eocladopyxis peniculata (pl. 2, fig. 1).
R3412D-0 contains the lowest occurrence of the Twurbio-
sphaera magnifica-complex (pl. 2, fig. 4).

Above an interval of core loss, in the upper part of the
Aquia, sample R3412D-1 contains a rich, well-preserved
dinocyst flora. Lowest occurrences include the Apectodi-
nium homomorphum-complex (pl. 2, fig. 3), Adnato-
sphaeridium robustum (pl. 2, fig. 5), Wetzeliella? sp.
(pl. 2, fig. 6), Impagidinium sp. of Edwards and others,
1984 (pl. 2, fig. 2), Kallosphaeridium brevibarbatum
(pl. 2, fig. 9), Cassidium sp. of Edwards and others, 1984
(pl. 2, fig. 8), and Lingulodinium wmachaerophorum
(pl. 2, fig. 11). The highest sample from the Aquia,
R3412D-2, contains a rather sparse but similar dinocyst
flora.

AGE AND CORRELATIONS

The Aquia Formation as proposed by Clark and Martin
(1901) consists of nine “zones” in its type area along the
Potomac River. These “zones” were based on a combi-
nation of lithologic and biostratigraphic evidence. Using
dinocyst biostratigraphy, Gibson and others (1980) were
able to recognize some of these “zones” in the Oak Grove
core (fig. 1).

The Haynesville dinoeysts can be tied to the Oak
Grove core and to some of Clark and Martin’s “zones.”
The lower “zones” recognized in the Oak Grove core were
not found in the Haynesville core, that is, zone 1,
containing Palaeoperidinium pyrophorum, and zone 2,
containing Fibradinium annetorpense. The three lower
samples from the Aquia in the Haynesville core thus
appear to be younger than the sample from 398 ft (121 m)
in the Oak Grove core (recognized as Clark and Martin’s
zone 2 by Gibson and others, 1980). The highest occur-
rence of Xenikoon australis, at —419.8 ft (—128 m)
altitude in the Haynesville core, correlates with the top
of Clark and Martin’s zone 4 and a sample at 381 ft (116
m) in the Oak Grove core.

The lowest occurrence of Eocladopyxis peniculata
(alt. —416.0 ft (—127 m) in the Haynesville core) approx-
imates the base of Clark and Martin's zone 5 and corre-
lates with a sample at 368 ft (112 m) in the Oak Grove
core. The upper part of the Aquia Formation lacks
diagnostic dinocyst events, but there is no reason to
suspect an absence of Clark and Martin’s zones 6-9 in the
Haynesville core.

The Aquia Formation in the Oak Grove core has been
dated by calcareous nannofossils and planktonic foramin-
ifers (Gibson and others, 1980). Zone NP 5 was recog-
nized from 413 to 402 ft (126 to 123 m) in the Oak Grove
core, NP 6-?NP 7 from 398 to 387 ft (121 to 118 m),
NP 8 from 384 to 372 ft (117 to 113 m), and NP 9 from 358
to 341 ft (109 to 104 m). Foraminiferal zone P. 4 was
recognized from 384 to 378 ft (117 to 115 m). Dinocyst
correlations with the Oak Grove core suggest that the
lower three Haynesville samples (R3412A-1, R3412B,
R3412C) correspond to zones NP 6-NP 8. The upper four
Aquia samples in the Haynesville core correspond to
zone NP 9 and perhaps part of NP 8.

Jan du Chéne (1977) recognized 11 dinoflagellate asso-
ciations in the Schlieren Flysch in Switzerland. The
lower three Aquia samples from the Haynesville core
correlate with his Ceratiopsis speciosa Association. The
upper two Aquia samples (R3412D-1 and R3412D-2)
correlate with his Apectodinium homomorphum Associ-
ation. The middle two Aquia samples (R3412D and
R3412D-0) lack diagnostic forms. Both the C. speciosa
and the A. homomorphum Associations are of late
Paleocene age. A chart by Williams and Bujak (1985)
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. Impagidinium sp. of Edwards and others (1984)

. Kallosphaeridium brevibarbatum De Coninck

Cassidium sp. of Edwards and others (1984)
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correlates the C. speciosa Association with NP 5-NP 8.
The A. homomorphum Association is roughly equivalent
with NP 9, although it is unlikely that either the lower or
upper boundaries of the nannofossil and dinocyst zones
coincide (see, for example, Morton and others, 1983;
Berggren and others, 1985; Heilmann-Clausen, 1985;
Williams and Bujak, 1985).

The Haynesville dinocyst flora from the Aquia can be
compared with dinocyst floras from Gulf Coast material.
The lower three Aquia samples appear to be younger
than the Coal Bluff Member of the Naheola Formation,
which contains Fibradinium annetorpense and Xeni-
koon australis sensu Edwards and others, 1984
(Edwards, unpub. data), but older than the Nanafalia
Formation, which contains Eocladopyxis peniculata and
Apectodinium homomorphum (Edwards, 1980). The
upper four Aquia samples correlate with the Nanafalia or
Tuscahoma Formations or both.

PALEOENVIRONMENT

Two of the lower three samples from the Aquia
Formation in the Haynesville core, like the lower part of
the Aquia in the Oak Grove core, are dominated by
species of Areoligera. Downie and others (1971) postu-
lated that their Areoligera association represents an
open-sea environment. Islam (1984) noted that this asso-
ciation is thought to prefer high-energy environments
and is thus more common in sandy sediments. The
samples at —416 ft and —410 ft altitude in the Haynes-
ville 2 core are dominated by Peridiniacean cyst sp. C of
Edwards, 1980, and likely represent deposition under
other than normal marine conditions (Edwards, 1980)
(lagoonal, estuarine, or brackish-water environment).
Within the upper part of the Aquia Formation, the
diverse dinoflagellate cyst assemblage suggests an inner
neritic environment. A decrease in species richness in
the uppermost Aquia may indicate a shoaling upwards.

THE MARLBORO CLAY

The Marlboro Clay is found in the Haynesville 2 core
from —331.3 ft (—101 m) to —330.7 ft (-100.8 m)
altitude. This light-gray to pinkish-gray kaolinitic clay
overlies the coarse sands of the Aquia Formation and is
approximately 0.7 ft (0.2 m) thick. This unit is riddled
with sand-filled burrows of the overlying Nanjemoy
Formation and was not sampled for dinoflagellate cysts.
In the Oak Grove core, Frederiksen (1979) suggested on
the basis of pollen evidence that most of the Marlboro
Clay is Paleocene in age and that the Paleocene-Eocene
boundary is at or slightly below the contact between the
Marlboro Clay and the Nanjemoy Formation. Gibson and

others (1980) suggested a brackish-water environment of
deposition for the Marlboro in the Oak Grove core.

DINOCYSTS OF THE NANJEMOY FORMATION

The Nanjemoy Formation in the Haynesville 1 and 2
cores is 90.7 ft (28 m) thick and occurs from —330.7 ft
(=101 m) to —240 ft (73 m) altitude. The formation
consists of clayey, silty, fine to coarse glauconitic quartz
sand. The lower member of the Nanjemoy, the Potapaco
Member, consists of a series of fining-upwards sequences
that grade from dominantly sand to dominantly silt and
clay. The upper member of the Nanjemoy, the Wood-
stock Member, is fine to coarse glauconitic sand that is
less clayey and more micaceous than the underlying
Potapaco Member. The Potapaco-Woodstock boundary is
placed at —280 ft (85 m) altitude at the top of a 4-ft-thick
(1.2-m-thick) sandy clay (Mixon and others, chap. A, this
vol.).

Nine samples from the Nanjemoy Formation were
examined for dinocysts and acritarchs. Species rich-
nesses for these samples are shown in figure 2. The
occurrences of selected stratigraphically important taxa
are shown in figure 3.

The lowest Nanjemoy sample (R4312E), from a clayey
interval, contains the lowest occurrences of Ascostomo-
cystis hydria, (pl. 2, fig. 7), Fibrocysta radiata, (pl. 2,
fig. 10), and Muratodinium fimbriatum (pl. 3, fig. 3).
Species richness is low, and Senegalinium? dilwynense
(pl. 2, fig. 12) and A. homomorphum are relatively
abundant.

Samples R3412F and R3412G are also dominated by
S.? dilwynense. R3412F contains the lowest occurrences
of Wilsonidium tabulatum (pl. 8, fig. 8) and Wetzeliella
meckelfeldensis/similis (pl. 3, fig. 6).

Samples R3341A and R3412H are dominated by Wet-
zeliella varielongituda (pl. 3, fig. 2). R3412H contains
the lowest occurrences of Achilleodinium biformoides
(pl. 3, fig. 12) and Biconidinium longissimum (pl. 3, fig.
10).

The thin sandy clay at the top of the Potapaco Member
is separated above and below by burrowed surfaces. A
sample of this clay (R3412I) contains a rich, well-
preserved dinocyst flora. The lowest occurrences of
Kisselovia coleothrypta (pl. 3, fig. 1), Spinidinium mac-
murdoense (pl. 3, fig. 5), Wetzeliella lunaris (pl. 3, fig.
7, and Areosphaeridium polypetallum (pl. 4, fig. 2) are
found here.

Samples from the Woodstock Member of the Nanje-
moy (R3412J, R3341B, R3341C) contain rich, well-
preserved dinocyst floras dominated by Spinidinium
macmurdoense or species of Wetzeliella. Sample R3341B
contains the lowest occurrences of Hafrniasphaera good-



DINOFLAGELLATE CYSTS FROM THE LOWER TERTIARY FORMATIONS, HAYNESVILLE CORES

manit (pl. 3, fig. 11) and Homotryblium tenuispinosum
(pl. 4, fig. 1). The uppermost sample in the Nanjemoy
(R3341C) contains the lowest occurrence of Samlandia
chlamydophora (pl. 4, fig. 3).

AGE AND CORRELATIONS

The succession of dinocyst occurrences in the Nanje-
moy in the Haynesville cores is quite similar to that in
other nearby cores and outerops. For the Potomac River
area, Edwards and others (1984) recognized the follow-
ing sueccession of acritarch and dinocyst first occurrences
in the Potapaco Member of the Nanjemoy Formation (in
ascending order): Ascostomocystis hydria (base of the
member), Wilsonidium tabulatum, Wetzeliella hampde-
nensis, Biconidinium longissimum, Emmetrocysta sp.
of Edwards and others, 1984 (pl. 3, fig. 9), Homotryb-
lium tasmaniense, Achilleodinium biformoides, and
Wetzeliella varielongituda/samlandia. In the Haynes-
ville cores, A. hydria is found in the lowest Nanjemoy
sample (R3412E), followed by W. tabulatum and
Emmetrocysta sp. (R3412F), then W. varielongituda
(R3341A), and then B. longissimum and A. biformoides
(R3412H). Samples R3341A and R3412H are dominated
by W. wvarielongituda, and lithologically and florally
appear to represent Bed C, burrowed Potapaco (in the
use of Ward, 1986). The lowest occurrence of Kisselovia
coleothrypta is found in R3412I, the highest sample in
the Potapaco.

Within the Woodstock Member, Edwards and others
(1984) list range bases (in ascending order): K. coleo-
thrypta, Homotryblium caliculum, H. tenuispinosum/-
pallidum, Hafniasphaera goodmanii, Spinidinium sp.
of Goodman, 1979, and Wetzeliella sp. of Goodman, 1979,
In the Haynesville cores, H. goodmanii and H. tenui-
spinosum first occur together above an interval of core
loss in the middle of the Woodstock (R3341B).

The lowest Nanjemoy is early Eocene in age. The
dinocyst flora correlates with the lower part of the Bashi
Formation in the Alabama Gulf Coast. In both Virginia
and the Gulf Coast, material of this age has been
assigned to nannofossil zone NP 10 (Gibson and others,
1980, 1982). The lowest occurrence of W. tabulatum is an
important dinocyst horizon that occurs within NP 10 at
approximately the level of the first occurrence of the
nannofossil Tribrachiatus contortus (Gibson and others,
1986). Gibson and Bybell (1984) report that in northern
Virginia, the Nanjemoy contains strata belonging to
NP 10, NP 11, and NP 12; in central Virginia, Nanjemoy
strata that may belong to NP 13 occur.

Goodman (1984) discussed possible correlations of the
Nanjemoy in Virginia and Maryland with European
dinocyst zonations and included comments on differences
in taxon ranges and difficulties in correlation. He con-

Ccr

cluded that the basal Nanjemoy correlates with the
Eatonicysta ursulae (LLC-2) Assemblage Zone of Bujak
and others (1980) and thus is of early, but not earliest,
Yypresian age (NP 11). Correlation with LC-2 was based
on the lowest occurrences of Adnatosphaeridium multi-
spinosum and Spiniferites monilis. Both of these species
have recently been reported in older material (NP 9 or
NP 10) in the eastern North Atlantic (Brown and
Downie, 1984).

The lowest Nanjemoy sample (R3412E) in the Haynes-
ville cores contains representatives of the Apectodinium
homomorphum-complex and lacks definitive Wetzeliella
species. As noted by Knox and others (1983, p. 73), “W.
astra should be regarded as part of the homomorpha
plexus and may not by wholly reliable as a separate zonal
index species.” This statement is particularly true in
regard to North American forms, which certainly need
further study. Thus, the lowest Nanjemoy correlates
with the A. homomorphum Association of Jan du Chéne
(1977) and probably with the Apectodinium hypercan-
thum Zone of Caro (1973) and Costa and Downie (1976),
although possibly with the Wetzeliella astra Zone of
Costa and others (1978).

The Nanjemoy sample 7.9 ft (2.4 m) above the base
(R3412F) contains Wilsonidium tabulatum and forms
transitional between Wetzeliella meckelfeldensis and W.
simalis. This sample and the next higher one (R3412G)
correlate with the W. tabulatum Association of Jan du
Chéne (1977) and with the W. meckelfeldensis or W.
similis Zones of Costa and Downie (1976). Nanjemoy
samples R3341A and R3412H correlate with the W.
varielongituda Zone of Costa and Downie (1976).

Asnoted earlier, the highest sample from the Potapaco
Member of the Nanjemoy (R3412I) contains the lowest
occurrence of Kisselovia coleothrypta. This species
marks the base of the K. coleothrypta Zone (Caro, 1973).
Costa and Downie (1976) equated the base of this zone
with the base of NP 12. However, Islam (1983) noted
that the W. varielongituda/K. coleothrypta Zone bound-
ary appears to be diachronous relative to the assemblage
zones of Bujak and others (1980). In the Oak Grove core
and in outerops in Maryland, Goodman (1984) noted the
nearly simultaneous lowest occurrences of several spe-
cies, including K. coleothrypta, Spinidinium macmur-
doense, and W. lunaris, and correlated this horizon with
the base of Bujak and others’ (1980) Kisselovia reticulata
(LC-3) Assemblage Zone. This same horizon is repre-
sented in Haynesville sample R34121. Islam (1983) con-
sidered Bujak and others’ (1980) zone L.C-3 to be equiv-
alent to zone B-1. Williams and Bujak (1985) show no
equivalence and even a hiatus between these two zones.

As noted by Goodman (1984), it is difficult to correlate
the Woodstock Member of the Nanjemoy with Bujak and
others’ (1980) zones owing to the lack of index forms in
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the middle and upper part of their Homotryblium abbre-
viatum (B-1) Assemblage Zone. The lowest occurrence
of Samlandia chlamydophora (R3341C) may prove to be
a useful horizon for correlation within zone B-1. The
lowest occurrence of Areosphaeridium arcuatum in the
same sample may be the result of burrowing from the
overlying Piney Point Formation as this species first
occurs in Bujak and others’ (1980) Areosphaeridium
arcuatum (B—4) Assemblage Zone.

PALEOENVIRONMENT

Dinocyst assemblages throughout the Nanjemoy in the
Haynesville cores are dominated by peridiniacean taxa
and thus represent predominantly estuarine to inner
neritic environments.

The three lowest Nanjemoy samples (R3412E,
R3412F, R3412G) have low-diversity dinocyst assem-
blages dominated by Senegalinium? dilwynense. They
probably represent a restricted marine environment,
gradually becoming inner neritic.

The remaining Nanjemoy samples are dominated by
species of Wetzeliella or by Spimidinium macmaur-
doense. Downie and others (1971) suggested that their
Wetzeliella association represents an estuarine environ-
ment. Williams (1977) qualified this to “lagoonal, estua-
rine, or brackish water environments.” In the Nanje-
moy, the assemblages dominated by Wetzeliella species
probably extend into inner neritic environments.

The highest sample from the Potapaco Member of the
Nanjemoy (R3412I) consists of an assemblage that is
considerably more diverse than samples above or below
it. This diversity may represent a somewhat more off-
shore environment or may simply be the result of the
smaller grain size of the sediment.

Goodman (1979) recognized six dinoflagellate cyst com-
munities in the Woodstock Member of the Nanjemoy
from Popes Creek, Md. He related these communities to
possible fluctuations in local environmental conditions
from relatively more offshore to more inshore within a
predominantly shallow neritic to estuarine regime. Ford
and Goodman (1987) found that trends in diversity
marked two cycles (from offshore to nearshore), which
correspond to Clark and Martin’s (1901) “zones” 16 and
17.

DINOCYSTS OF THE
PINEY POINT FORMATION

The Piney Point Formation in the Haynesville cores is
54.6 ft (16.6 m) thick and was encountered from altitudes
of =240 ft (~73.2 m) to —185.4 ft (—56.5 m). The
formation consists of poorly sorted, fossiliferous, glauc-
onitic quartz sand that in many places is indurated by
carbonate cement.

Three samples from the Piney Point Formation were
examined for dinoflagellate cysts. Species richnesses for
these are shown in figure 2. The occurrences of selected
stratigraphically significant dinocyst taxa are shown in
figure 3.

The lowest sample from the Piney Point (R3341AA)
contains a well-preserved, diverse dinocyst flora. Many
species have their lowest occurrences in this sample,
including Hystrichostrogylon membraniphorum (pl. 4,
fig. 6), Rhombodinium glabrum (pl. 4, fig. 7), Rhombo-
dinium sp. 1 of Edwards, 1984 (pl. 4, fig. 8), Pentadin-
wm goniferum (pl. 4, fig. 9), and vermicular forms of

- Pentadinium laticinctum (pl. 5, fig. 2).

The two upper samples from the Piney Point
(R3341BB, R3341CC) contain moderately well preserved
dinofloras in which no species is dominant. However, the
dinocysts are noticeably size-sorted; only the smaller
dinocyst forms are abundant. Sample R3341BB contains
the lowest occurrence of Trigonopyxidia fiscellata (pl. 4,
fig. 10). Sample R3341CC contains Areosphaeridium
arcuatum (pl. 4, fig. 5), which was also observed (but
probably as the result of burrowing) in the uppermost
Nanjemoy sample.

AGE AND CORRELATIONS

The dinocysts of the Piney Point Formation from the
Pamunkey River area, central Virginia, have been dis-
cussed in Edwards (1984a). The Haynesville dinocyst
flora is quite similar to this. In both the Haynesville core
and the Putneys Mill core in central Virginia, the lower
part of the Piney Point is relatively diverse and contains
distinctive species of Rhombodinium, and the upper part
is less diverse and is dominated by small dinocyst forms.
In each core, Trigonopyxidia fiscellata is restricted to
the upper part of the formation.

The dinocyst assemblages in the Piney Point indicate a
middle Eocene age and suggest correlation with the
upper two-thirds of the Lisbon Formation in Alabama
(the Cubitostrea sellaeformis zone) and the Castle
Hayne Formation in North Carolina,

Using calcareous nannofossils, DiMarzio (1984) consid-
ered the entire Piney Point Formation in the Pamunkey
River area to be middle Eocene in age and within CP14a
of Bukry (1973). This zone and subzone correlates with
the upper part of NP 16 (Berggren and others, 1985).

It is difficult to correlate the Piney Point dinoflora with
the assemblage zones of Bujak and others (1980). The
lowest occurrences of A. arcuatum and H. membra-
niphorum indicate that the Piney Point is no older than
their Areosphaeridium arcuctum (B—4) Assemblage
Zone. Edwards (1984a) noted that the uppermost Piney
Point in the Pamunkey River area could be as young as
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Thalassiphora delicata Williams & Downie. Dorsal view of dorsal surface (x 560), sample R3412A-1 (2), Aquia Formation, upper
Paleocene. Slide coordinates, 19.9%96.1.

Turbiosphaera filosa (Wilson) Archangelsky. Ventral view of ventral surface (x 560), sample R3412A-1 (2), Aquia Formation, upper
Paleocene. Slide coordinates, 17.6x94.6.

. Systematophora? sp. 1. Right lateral view, upper focus (X 510), sample R3412A-1 (2), Aquia Formation, upper Paleocene. Slide

coordinates, 35.9x79.9.

. Xenikoon australis sensu Edwards and others (1984). Focus on upper surface (x 560), sample R3412A~1 (2), Aquia Formation,

upper Paleocene. Slide coordinates, 36.1x103.3.

. Areoligera sp. Dorsal view of ventral surface (x 510), sample R3412A-1 (2), Aquia Formation, upper Paleocene. Slide coordinates,

35.0x90.3. This is one of several morphotypes probably representing several species; the species have not been differentiated
in the present study.

. Deflandrea cf. D. dartmooria of Edwards and others (1984). Ventral view of dorsal surface (x 420), sample R3412D (2), Aquia

Formation, upper Paleocene. Slide coordinates, 18.6x74.7. The concave sides of the epicyst of this form distinguish it from
D. dartmooria sensu stricto.

. Deflandrea oebisfeldensis Alberti. Dorsal view of dorsal surface (X 560), sample R3412D-2 (2), Aquia Formation, upper Paleocene.

Slide coordinates, 35.1x103.5. This species and Deflandrea phosphoritica Eisenack are grouped as Deflandrea phosphoritica/
oebisfeldensis on the occurrence chart (text fig. 3).

. Cyclopsiella? sp. of Edwards and others (1984). Focus on upper surface (X 560), sample R3412B (2), Aquia Formation, upper

Paleocene. Slide coordinates, 35.1x97.8.

. Phelodinium sp. Ventral view of mid-focus (X 560), sample R3412B (2), Aquia Formation, upper Paleocene. Slide coordinates,

29.5x76.6. This and closely similar forms are grouped as Phelodinium magnificum-complex on the occurrence chart (text
fig. 3).

Spinidinium densispinatum Stanley. Ventral view at mid-focus (X 560), sample R3412B (2), Aquia Formation, upper Paleocene.
Slide coordinates, 36.4x97.6.

Fromea fragilis (Cookson & Eisenack) Stover & Evitt. Focus on upper surface (x 560), sample R3412D-0 (2), Aquia Formation,
upper Paleocene. Slide coordinates, 28.2x107.6.

Peridiniacean cyst sp. C of Edwards (1980). Ventral view of dorsal surface (x 560), sample R3412D (2), Aquia Formation, upper
Paleocene. Slide coordinates, 34.8x100.0.
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GEOLOGY AND PALEONTOLOGY OF THE HAYNESVILLE CORES—
NORTHEASTERN VIRGINIA COASTAL PLAIN

FORAMINIFERAL STRATIGRAPHY AND PALEOENVIRONMENTS OF
CENOZOIC STRATA CORED NEAR HAYNESVILLE, VIRGINIA

By C. WyLIE Poac

ABSTRACT

Twenty-five foraminiferal samples from two adjacent core holes near
Haynesville, Va., contain marine Cenozoic assemblages ranging strati-
graphically from the upper Paleocene (planktonic foraminiferal zone P.
4) to the middle Miocene (planktonic foraminiferal zones N. 10-14).
Four regional unconformities separate five major depositional
sequences (formations) and correlate well with the regional strati-
graphic framework of the Salisbury embayment and seaward parts of
the Baltimore Canyon trough. Benthic and planktonic microfaunal
attributes (species richness, generic richness, generic predominance,
benthic percentage, and biofacies associations) reflect fluctuating inner
to outer sublittoral paleoenvironments. Five principal transgressive
deposits (Piscataway, middle Potapaco, Piney Point, Old Church, and
lower Calvert) are separated by regressive deposits or unconformities.
Peridelta environments developed during late Potapaco and Woodstock
time, and coastal upwelling produced an association of opportunistic
species during Calvert time.

INTRODUCTION

PREVIOUS STUDIES

Foraminifera from the central and western parts of the
Salisbury embayment (Coastal Plain of Virginia, Mary-
land, and Delaware; fig. 1) have been studied by many
workers during the past 40-50 years. Important compre-
hensive studies of Cenozoic assemblages were published
in the late forties when three deep wells in Maryland
were thoroughly analyzed (locations 4-6 in fig. 1; Cush-
man, 1948a, 1948b; Dorsey, 1948) and the first detailed
analysis of outcropping Aquia assemblages were pub-
lished (Shifflett, 1948). Since then, the most pertinent
published works have been those of Nogan (1964),
McLean (1966), and Gibson and others (1980) in Virginia
and Maryland. In addition, several important papers

Manuseript approved for publication May 13, 1988.

contain analyses of related assemblages from New Jer-
sey (Olsson, 1960, 1970; Youssefnia, 1978; Charletta,
1980), North Carolina (Katrosh and Snyder, 1982; Jones,
1983; Waters, 1983; Snyder and others, 1988), the central
Atlantic Coastal Plain (Gibson, 1982, 1983a, 1983b), and
the adjacent offshore region (Poag, 1984, 1985¢; Poag and
Low, 1987).

METHODS

Twenty-five whole-core samples 2—4 inches (in) (5-10
centimeters (cm)) long, taken from near the principal
lithostratigraphic boundaries and near other important
lithologic changes (see Mixon and others, chap. A, this
vol.), establish the broad biostratigraphic and paleoenvi-
ronmental framework of the Haynesville section (two
core holes approximately 150 feet (ft) (30 meters(m))
apart, altitude at surface 72 and 87 ft (22 and 27 m) above
sea level', respectively). The samples were soaked in a
solution of warm water and Calgon (to disperse the clays)
and then wet-sieved on a 74-micrometer (um) screen.
After drying, foraminiferal assemblages were separated
from the remaining sedimentary residue by floating with
tetrachloroethylene. From these floated samples, I
recorded the identifiable adult planktonic species. I then
used a microsplitter to separate the foraminiferal assem-
blages into aliquots of approximately 300 specimens for
statistical analysis (benthic percentage). An additional
aliquot of approximately 300 benthic specimens provided
values of generic predominance and generic richness. In
addition, I examined the unfloated sediment residues for

1 Sea level: In this report “sea level” refers to the National Geodetic Vertical
Datum of 1929 (NGVD of 1929)—a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.
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Bold numbers represent borehole locations (see Poag, 1985¢) --1, USGS Island Beach No. 1; 2, Anchor Gas Dickinson No. 1; 3, Dover Air Force Base, Je
32-04; 4, Ohio Oil, L.G. Hammond No. 1; 5, Socony-Vacuum Qil, J.D. Bethards No. 1; 6, Standard Oil of New Jersey, Maryland Esso No. 1; 7, USGS Qak
Grove No. 1; 8, USGS Haynesville Nos. 1 and 2; 9, USGS AMCOR No. 6008; 10, USGS AMCOR No. 6007; 11, Exxon, Chevron, Gulf, Mobil ASP No. 10;
12, Exxon, Chevron, Gulf, Mobil ASP No. 22; 13, Exxon, Chevron, Gulf, Mobil ASP No. 23

Light numbers designate multichannel seismic reflection profiles—-1 through 28 are USGS lines; 79-201 through 79-204 are Bundesanstalt fur
Geowissenschaften und Rohstoffe lines

FI1GURE 1. —Location of study area and pertinent boreholes of the Salisbury embayment and the Baltimore Canyon trough. Positions of
ancient shelfbreaks derived from an analysis of offshore boreholes and extrapolations of stratigraphy along a grid of multichannel seismic

reflection profiles (Poag, 1987; Poag and Low, 1987).
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significant lithic constituents and recorded the less abun-
dant planktonic and benthic species that appeared to
have significant stratigraphic or paleoenvironmental dis-
tribution. Selected benthic species are illustrated in
plates 1-5. Planktonic biozone identification and nomen-
clature is based principally on the extensive work of
Blow (1969, 1979), with modifications drawn from Bolli
and others (1985) and Kennett and Srinivasan (1983).
Correlation of the biozones to an age-stage framework
follows Berggren and others (1985).

PALEOENVIRONMENTAL ANALYSES

A large body of published data has established general
relationships between modern benthic foraminiferal
assemblages and their environments; these relationships
can be used as analogs to help interpret ancient deposi-
tional conditions. Modern analogs off the central Atlantic
States have been summarized in the work of Poag and
others (1980) and Culver and Buzas (1980). More gener-
alized data of particular value come from Murray (1973)
and Poag (1981). From these and other published sources
I have selected the following five faunal attributes on
which to base assessments of the Haynesville strata.

1. Species richness. —This attribute is defined as the
number of species recorded in a sample (Dodd and
Stanton, 1981; Levinton, 1982). I use it to assess the
planktonic components of each sample (see Phleger,
1960). Under normal circumstances, low values of plank-
tonic species richness (e.g., 0-5) generally indicate shal-
low water (a thin water column) in which (1) only
near-surface species can maintain reproducing popula-
tions, (2) mainly juveniles, representing nonreproducing
populations, are present, or (3) the influence of freshwa-
ter excludes most planktonic species (which are steno-
haline). Relatively high rates of sediment deposition also
may contribute to the low planktonic species richness of
shallow-marine deposits. High values of planktonic spe-
cies richness (e.g., 10-20) generally indicate deeper,
normal marine waters that support large reproducing
populations over a wide range of water depths. Rela-
tively lower sediment deposition rates contribute to
higher planktonic-species-richness values in these
deeper waters.

2. Generic richness. —This attribute is defined as the
number of genera represented in a sample (Poag, 1981).
I use it (it mimics species richness) to assess the benthic
component of each sample. Under normal circumstances,
low values of benthic richness (e.g., 1-15) indicate gen-
erally shallow-marine to brackish waters in which sea-
sonal and diurnal environmental stress is relatively
great. High values of benthic richness (e.g., 20-30)
indicate deeper, normal marine waters characterized by
relatively low environmental stress.
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3. Generic predominance.—This attribute is defined
as the benthic genus (or genera) in a given sample that
constitutes the most abundant specimens in an aliquot of
approximately 300 specimens (or in the total assemblage,
if fewer than 300 specimens constitute an entire sample;
Poag, 1981). Generic predominance patterns in modern
oceans clearly delineate environmental characteristics,
such as relative bathymetry and substrate composition
(e.g., Walton, 1964; Poag, 1981) and have been used to
estimate depositional settings of fossil assemblages (e.g.,
Poag and Low, 1980, 1987; Poag, 1986). Under normal
conditions, two or three genera predominate in most
samples (Poag, 1981).

4. Benthic percentage.—This attribute is defined as
the number of benthic specimens present relative to the
total number of specimens (benthic plus planktonic) in a
sample. Under normal circumstances, low benthic per-
centage (e.g., 0-30 percent) generally indicates deeper,
normal marine waters supporting rich planktonic popu-
lations. High benthic percentages (e.g., 80-100 percent)
are characteristic of shallow-marine or brackish environ-
ments. Often, however, diagenesis or other taphonomic
processes may produce high benthic percentages by
eliminating or reducing the more fragile and more easily
dissolved planktonic components.

5. Biofacies associations.—An abundance of one or
more groups of specialized or opportunistic benthic spe-
cies may indicate distinctive environmental conditions.
Two such groups are present in the Haynesville samples
(see pls. 1-5) and are used to help interpret the paleoen-
vironments. The first group is characteristic of biotopes
rich in organic carbon and low in dissolved oxygen
content (e.g., oxygen-minimum zones, upwelling zones,
or peridelta environments). Genera characteristic of this
group are Bolivina, Globobulimina, Flovilus, Fursen-
koina, Epistominella, and Uvigerina (all with living
representatives) and their extinct homeomorphs, Cau-
casina, Pyramidina, Virgulinella, and Pseudouvigerina
(Phleger and Soutar, 1973; Douglas and Heitman, 1979;
Leutenegger and Hansen, 1979; Casey and others, 1981;
Poag, 1981, 1985b; Sen Gupta and others, 1981; Miller
and Lohmann, 1982; Snyder and others, 1988). The
second group is characterized by low-trochospiral, plano-
convex tests, which in life are attached by the planar side
to firm substrates, such as mineral grains, mollusk
shells, algae, and sea grasses (e.g., Murray, 1973).
Haynesville taxa falling into this category are Cibicides,
Cibicidina, Hanzawaia, Rosalina, Gavelinella, and
Anomalinoides.
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STRATIGRAPHY AND PALEOENVIRONMENTS

PALEOCENE STRATA

AQUIA FORMATION

PiscATAWAY MEMBER

Three samples were taken from the Piscataway Mem-
ber of the Aquia Formation (tables 1, 2; figs. 2-4), two
adjacent samples near the middle of the member and one
near the top. The lowest two samples (samples 1, 2) came
from an olive-gray, glauconitic, clayey, silty sand con-
taining scattered small clams (Gryphaeostrea). The sand-
size fraction retained for foraminiferal studies contains
principally rounded quartz and glauconitic grains,
cemented bioclastic debris, and a rich assemblage of
foraminifera. Benthic specimens constitute 39 and 41
percent of the total foraminiferal assemblage in samples
1 and 2, respectively. Twenty-three and twenty-two
benthic genera, respectively, were observed, and the
number of indigenous planktonic species is 13. These
planktonic suites constitute two of the three richest
indigenous planktonic assemblages encountered in the
Haynesville core holes (fig. 2). The occurrence together
of Planorotalites pseudomenardii, Subbotina triloculi-
noides, S. velascoensis, Morozovella pusilla pusilla, M.
angulata, M. acuta, M. conicotruncata, M. aequa, and
Muwicoglobigerina mckannai indicates that the section
belongs to zone P. 4 of the upper Paleocene (Thanetian).
The presence of a few older species (e.g., Morozovella
trinidadensis) indicates reworking of early Paleocene
(Danian) sediments as old as zone P. 1d or P. 2.

In the lowest sample, the predominant benthic species
(fig. 3) belong to five different genera (tables 1, 2):
Cibicidoides (12.2 percent), Cibicidina (11.2 percent),
Fissurina (11.2 percent), Pyramidina (10.7 percent),
and Spirobolivina (10.2 percent). Four genera (Cibici-
doides, 12.4 percent; Fissurina, 10.9 percent; Spirobo-
livina, 11.9 percent; and Gyroidinoides, 10.4 percent)
dominate the next to lowest sample.

This combination of attributes indicates that deposi-
tion took place in relatively deep (middle to outer sublit-

toral) conditions, where firm substrates provided attach-
ment surfaces for Cibicidoides and Cibicidina. The
water column was deep enough to support rather com-
plete late Paleocene planktonic assemblages (probably at
least 100-150 m deep; fig. 4).

The uppermost Piscataway sample (sample 3, table 2)
is quite different from the lowest two. It was taken from
a much clayier sand containing iron-stained quartz grains
and smooth, rounded, very coarse grains of goethite(?).
The washed foraminiferal residue contains rounded
quartz grains and orange glauconite grains. The total
unsplit microfossil assemblage contains notably fewer
specimens than that of the lowest two Piscataway sam-
ples (table 1), and the percentage of benthic foraminiferal
specimens per aliquot rises to 65 (fig. 4). The number of
identified planktonic species (13) is nearly identical,
however, and they are the same taxa as those in the
lower two samples, indicating zone P. 4 (upper
Paleocene). The 21 recorded benthic genera are domi-
nated by Cibicidoides (24.1 percent, table 2). Less abun-
dant genera constituting more than 10 percent of the
assemblage are Pyramidina (16.5 percent) and Epistom-
ella (10.3 percent).

This combination of attributes suggests that the water
depth was somewhat less (~50-100 m) than during
deposition of the lowest two samples (~100-150 m, fig.
4). An abundance of firm substrates is indicated by the
dominance of Cibicidoides; the secondary abundance of
Pyramidina and Epistominella indicates relative
enrichment in organic carbon and relatively low dis-
solved oxygen near the sediment-water interface. The
faunal attributes of this sample may have been altered
somewhat by subaerial exposure or ground-water perco-
lation, as suggested by the iron-stained sediments and
the close proximity of an unconformity (fig. 4; see Mixon
and others, chap. A, this vol.).

PASPOTANSA MEMBER

Five samples were taken for foraminiferal analysis
from the Paspotansa Member—two near the base, two
near the middle, and one near the top of the section
(tables 1, 2; figs. 24). All the samples came from
olive-gray, glauconitic, quartz sands whose washed for-
aminiferal residues are chiefly subrounded to angular
quartz grains and glauconite. In the lower two samples,
the glauconite is dark green; the middle two samples
contain weathered (orange) glauconite; the glauconite in
the uppermost samples also is predominantly orange,
and some quartz grains are iron stained as well.

In the lowest two samples (samples 4 and 5, table 2),
the benthic foraminiferal assemblage comprises 19 and
26 genera, respectively, and constitutes 93 percent of the
total assemblage (fig. 4; table 1). Identified indigenous
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planktonic species (seven to eight species) include some
of the Piscataway taxa, but three new species are
introduced (fig. 2). Of these three, Morozovella apan-
thesma and M. marginodentata do not range below zone
P. 5. I interpret this to mean that these samples belong
to zone P. 5 (upper Paleocene) and that the older
planktonic specimens are reworked. The benthic fora-
miniferal assemblage of the lower two Paspotansa sam-
ples contains predominantly Pseudouvigerina (23.3 and
23.6 percent) and Cibicidoides (17.3 and 20.7 percent)
(tables 1, 2).

This combination of attributes suggests that the water
shoaled (~40 m?) relative to late Piscataway time (fig. 4).
The predominance of Cibicidoides and Pseudouvigerina
suggests firm substrates and lower than normal dis-
solved oxygen near the bottom.

In the middle two Paspotansa samples (samples 6 and
7, table 2), the benthic foraminiferal percentages
decrease to 75 and 77 and the number of indigenous
planktonic species identified ranges from 7 to 10. The
overlap of Morozovella apanthesma and M. marginoden-
tata (zones P. 5-T) with M. velascoenstis (zones P. 4-5)
confirms assignment to zone P. 5. Reworking of older
specimens is still prominent, however (fig. 2). Pseudou-
vigering is strongly predominant (28.9 percent) in sam-
ple 6 but is reduced to 10 percent in sample 7 (tables 1, 2),
where Cibicidoides is predominant (21.0 percent), fol-
lowed in abundance by Gyroidinoides (15.7 percent) and
Gavelinella (14.6 percent).

These attributes suggest that inner sublittoral
paleoenvironments (~40 m) during deposition of samples
6 and 7 were similar to those during deposition of
samples 4 and 5 (fig. 4). The strong reduction of
Pseudouvigerina in sample 7, however, may indicate a
return to more normal values for dissolved oxygen. The
presence of relatively abundant Gavelinella in sample 7
probably indicates an environmental change as well, but
its particular significance is not known.

Faunal attributes change considerably in the upper-
most Paspotansa sample (sample 8, table 2). Benthic
percentage is about the same as below (75 percent, fig. 4,
table 1), but the generic richness value drops to 14 (fig.
4, table 1) and the number of indigenous planktonic
species identified drops to 2 (fig. 2). The continued
presence of Morozovella velascoensis, however, sug-
gests no change in planktonic zonal assignment (still zone
P. 5).

The relatively large number (6) of co-predominant
genera (tables 1, 2; Cassidella, 16.2 percent, Pyramid-
ma, 15.6 percent, Pulsiphonina, 13.0 percent, Epistom-
mella, 12.3 percent, Gavelinella, 11.7%, Gyroidinoides,
11.7%) is unusual, particularly because Cassidella is
predominant in only this sample. Proximity to (<1 m (3
ft) below) a regional unconformity, however (see also
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Mixon and others, chap. A, this vol.), may account for
this unusual attribute. Sample 8 is highly weathered, and
only 154 benthic specimens were extracted. Cassidella
also occurs in sample 9, immediately above the unconfor-
mity (and in only one other sample (sample 12)); Gave-
linella is predominant in sample 9 (35.1 percent), and
Pyramidina is also abundant. These relationships sug-
gest that the unusual number of co-predominant genera
represented in sample 8 is the result of faunal mixing by
the downward reworking of Cassidella, Gavelinella, and
Pyramidina in the filling of burrows that extend below
the unconformity. The predominant indigenous genera of
sample 8, therefore, appear to be Pulsiphonina and
Epistominella.

The high benthic percentage, the low benthic-richness
value, and the co-predominance of Epistominella and
Pulsiphonina suggest that inner sublittoral paleoenvi-
ronments (~40 m) were maintained at the Haynesville
site during deposition of sample 8, and that dissolved
oxygen was deficient at the sea floor.

EOCENE STRATA
NANJEMOY FORMATION

Potaraco MEMBER

Five samples were taken from the Potapaco Member
for foraminiferal analysis—two near the base, two near
the middle, and one near the top of the member (tables 1,
2, figs. 2-4).

The basal foraminiferal assemblage (sample 9, table 2),
taken from lithic unit A of the Potapaco (Mixon and
others, chap. A, this vol.), is significantly different from
the others. It was taken from a section of interbedded
greensand and greenish-gray clay-silt layers. The level
at which the sample was taken contains abundant
glauconite-filled burrows, and the washed foraminiferal
residue contains chiefly subrounded quartz grains and
abundant dark-green glauconite. Benthic percentage is
quite high (85 percent, fig. 4), 21 benthic genera are
present, and only seven indigenous planktonic species
were identified. Of these seven planktonic species, three
make their first appearance in the core hole. Morozovella
acuta, M. occlusa, M. aequa, and M. apanthesma range
upward into zone P. 6b, whereas Planorotalites wilcox-
ensis first appears in zone P. 6b. Thus I assign sample 9
to zone P. 6b of the lower Eocene. Specimens of the three
remaining planktonic species are reworked from older
strata. The predominant benthic genus in sample 9 is
Gavelinella (35.1 percent); Gyroidinoides (15.0 percent)
and Pyramidina (12.6 percent) are the only other genera
representing more than 10 percent of the assemblage.
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See plates 1-5 for

minifera in the Haynesville core holes.

FIGURE 3.—Stratigraphic distribution of selected benthic fora- ),
illustrations of these species.

planktonic foraminiferal zones (see Blow, 1969, 1979; Kennett and Srinivasan, 1983; Berggren and others, 1985; Bolli and others, 1985).

FIGURE 2. —Stratigraphic distribution of selected planktonic foraminifera in the Haynesville core holes. P. and N. numbers refer to

The second lowest Potapaco sample (sample 10, table
2) was taken from an olive-gray bed of clay-silt (from the

(-469]
This assemblage, appears to have originated in inner

sublittoral paleoenvironments (~40 m).
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predominant benthic genera emphasizes the introduction of new

upper part of lithic unit B of the Potapaco; Mixon and | residue contains mainly dark-green glauconite grains;
others, chap. A, this vol.). The washed foraminiferal | subangular to angular quartz grains and siderite(?)
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grains are subordinate. Benthic percentage decreases to
77, 12 benthic genera are present, and no adult plank-
tonic specimens were identified. The benthic assemblage
is dominated by Cibicidoides (32.7 percent, tables 1, 2);
Epistominella (18.7 percent), Pyramidina (13.3 per-
cent), Pulsiphonina (12.0 percent), and Turrilina (10.0
percent) are the other genera representing 10 percent or
more of the assemblage.

These relationships suggest inner sublittoral paleoen-
vironments (~40-60 m, fig. 4) with firm substrates and
oxygen deficiency at the sea floor. A low foraminiferal
number (only 195 specimens) suggests a rapid deposi-
tional rate and also biases the census data.

The third lowest Potapaco sample (sample 11, table 2)
came from a sandy, gray clay containing burrows filled
with quartz, glauconite, and phosphate(?) grains (upper
part of lithic unit C of the Potapaco; Mixon and others,
chap. A, this vol.). The washed foraminiferal residue
contains chiefly angular to subangular quartz and sparse
dark-green to black glauconite grains. The benthic per-
centage is low (42 percent), but the number of benthic
genera is relatively high (24), and the number of identi-
fied indigenous planktonie species is low (6). Of the six
planktonic forms, three, Morozovella albeari, M. his-
pidicidaris, and Planorotalites chapmani, are intro-
duced for the first time in the Haynesville section; each
ranges no higher than zone P. 6b. Muricoglobigerina
aquiensis, Mu. chasconona, and Morozovella aequa also
range into zone P. 6b, so sample 11 is assigned to zone P.
6b. Three other species are reworked older forms.

Three benthic genera predominate in sample 11 (tables
1, 2; fig. 4): Turrilina (19.3 percent), Cibicidoides (17.4
percent), and Pulsiphonina (14.8 percent). The low
benthic percentage (42 percent) and the introduction of
Turrilina as the predominant form signal a significant
change from older paleoenvironments. Twurrilina is an
extinct Paleogene genus which appears to be related to
the modern buliminids and caucasinids (see pl. 2, figs.
4-7; also see Revets, 1987). Thus its predominance may
reflect muddy substrates with lowered dissolved oxygen
contents. Modern buliminids are predominant in rela-
tively deep water (>100 m), so the abundance of Turri-
lina, along with the relatively high percentage of plank-
tonic specimens, suggests deepening waters (100-150 m)
relative to the paleoenvironments of samples 9 and 10
(fig. 4).

The fourth lowest Potapaco sample (sample 12, table 2)
was taken near the base of a dark-gray, medium to
coarse, glauconite sand (base of lithic unit D of the
Potapaco; Mixon and others, chap. A, this vol.). The
washed foraminiferal residue contains chiefly dark-green
glauconite; subordinate grains include subrounded
quartz and siderite(?). The benthic percentage is 68; 20
benthic genera are present, and two indigenous plank-

tonic species are recorded. The introduction of Acarin-
ina aspensts (zones P. 9-11) suggests assignment to zone
P.9.

Cibicidoides (21.8 percent) is the predominant genus
in sample 12 (tables 1, 2), followed by Gyroidinoides
(13.8 percent) and Turrilina (10.8 percent). The renewed
dominance of Cibicidoides, the decreased planktonic
component, and the reduction in Turrilina suggest shoal-
ing waters (60-100 m, fig. 4), firmer (less muddy) sub-
strates, and more normal dissolved oxygen contents
compared with sample 11.

The highest Potapaco sample (sample 13, table 2) came
from an olive-gray, micaceous, lignitic clay-silt (near the
top of lithic unit D of the Potapaco; Mixon and others,
chap. A, this vol.). The washed foraminiferal residue
contains abundant mica, glauconite, and quartz grains.
Fish skeletal debris, lignite, internal casts of gastropods,
and a few radiolarians and diatoms also are present. The
foraminiferal assemblage is small (only 189 indigenous
specimens), and 68 percent are benthic species. The
paucity of specimens also is reflected in the low number
(13) of benthic genera represented and the presence of
only four indigenous adult planktonic specimens. The
biostratigraphic value of the scanty planktonic assem-
blage is low, but the species represented (fig. 2) probably
are part of the zone P. 9 association.

Cibicidoides is the predominant benthic taxon in sam-
ple 13 (25.6 percent), followed by Bolivina (18.6 per-
cent). Bolivina is often associated with this type of
sediment, in which the abundance of lignite indicates
high organic carbon and low oxygen content of the
surface sediments during deposition (Poag, 1985¢). The
abundance of benthic specimens, dominated by Cibici-
doides, suggests relatively shallow water (20-40 m, fig.
4), perhaps supporting a crop of sea grass that provided
attachment surfaces for the benthic foraminifera above
the muddy bottom. The lithic and microfaunal attributes
of sample 13 are typical of peridelta biotopes.

Wo0oDSTOCK MEMBER

Two samples were taken from the Woodstock Member
for foraminiferal analysis, one near the middle and one
near the top (tables 1, 2; figs. 2-4). The lower sample
(sample 14, table 2) came from a micaceous, glauconitic,
quartz sand, which yielded a washed residue of sub-
rounded quartz and dark-green and orange glauconite
grains. Many of the quartz grains are also iron stained.
Siderite(?) and mica are minor constituents.

The benthic percentage of sample 14 is 61, the number
of benthic genera is 17, and the number of identified
indigenous planktonic species is three (fig. 2). The pres-
ence of Acarinina tribulosa suggests that this sample is
stratigraphically no higher than zone P. 9 (lower
Eocene). Predominant benthic genera are Turrilina
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(17.4 percent) and Cibicidoides (16.7 percent), followed
by Fursenkoina (11.5 percent) and Cibicidina (10.4
percent). These lithic and microfaunal relationships sug-
gest an inner sublittoral paleoenvironment similar to that
of sample 13 (2040 m, fig. 4). The abundance of Turri-
lina and Fursenkoina suggests marine waters having
lower than normal dissolved oxygen content.

The upper Woodstock sample (sample 15, table 2) came
from a micaceous glauconite sand, which yielded a
washed residue of abundant mica, iron-stained glauco-
nite, and iron-stained quartz grains. Siderite(?) is a
subordinate constituent. The benthic foraminiferal per-
centage is 73, 18 benthic genera are present, and only
four indigenous planktonic species are identified. The
sparse planktonic assemblage contains two species that
range no lower than zone P. 9, probably indicating
assignment to this zone (lower Eocene). Subbotina fron-
tosa, which normally ranges no lower than zone P. 10,
appears to have been reworked downward by burrowing
across the superjacent unconformity.

The unusual benthic assemblage of sample 15 (fig. 3) is
strongly dominated by a single species of the aggluti-
nated genus Spiroplectammina (31.8 percent; tables 1,
2). Cibicidoides (13.5 percent) and Turrilina (11.9 per-
cent) are subordinate genera. The lithic and microfaunal
attributes recorded suggest an inner sublittoral (40-60 m,
fig. 4) environment with firm, sandy substrates. Weath-
ering during the hiatus at the end of Woodstock deposi-
tion is reflected by the iron-stained sediments, and,
undoubtedly, this has altered the faunal composition
somewhat. The dominant taxon, Spiroplectammina, was
not found in any of the older samples, however, and
appears to have been a significant component of the
original assemblage.

PINEY POINT FORMATION

Two samples were taken for foraminiferal analysis
from the Piney Point section, one near the middle and
one near the top (tables 1, 2; figs. 2—4). Both samples
came from intervals of carbonate-cemented, shelly, glau-
conitic, quartz sands interbedded with loose, sandy
strata of the same constituents.

The lower Piney Point sample (sample 16, table 2)
produced a washed residue of shelly quartz sand having
relatively little glauconite (both weathered and dark-
green grains are present). Calcite-cemented lithoclasts
are common, and spar-filled cavities are abundant. No
foraminiferal specimens floated from this residue
because of the calcite infilling air spaces within the tests.
Therefore, I examined the entire washed residue. The
foraminiferal assemblage therein contains only benthic
specimens (fig. 4), of which 80.7 percent belong to
Cibicidoides. No other genus represents 10 percent or
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more of the assemblage, although 13 genera are present
(table 1). Many specimens are severely dissolved, bro-
ken, or thickly coated with overgrowths of sparry calcite
(see Collen and Burgess, 1979, for a detailed discussion of
the effects of this diagenetic process on benthic foramin-
ifera). This is a severely altered assemblage, in which
chiefly the more robust tests have survived. The total
number of species (14) and the taxonomic makeup of the
entire assemblage (tables 1, 2) indicates, however, that
the original environment of deposition was probably a
normal marine biotope (fig. 4). The lack of planktonic
species precludes precise zonal assignment.

The washed residue of the upper Piney Point sample
(sample 17, table 2) is similar to that of the lower sample,
but a more complete foraminiferal suite is present and a
large number of specimens floated from the residue. The
benthic percentage is still high (91 percent), but 22
genera are represented (table 1) and four indigenous
planktonic species are identified (fig. 2). The planktonie
suite contains three species that appear for the first time
in the Haynesville section. The co-occurrence of Trun-
corotaloides rohri (zones P. 12-15), Tr. topilensis (zones
P. 12-14), and Subbotina frontosa (zones P. 10-13)
indicates that this sample probably belongs to zone P.
12-13 of the middle Eocene (Lutetian).

The floated benthic assemblage of sample 17 is
strongly dominated (53.7 percent) by Globulina rather
than Cibicidoides (which dominated sample 16), but an
examination of the washed residue revealed that a large
portion of the residual foraminiferal assemblage (mainly
Cibicidoides) did not float off, owing to extensive recal-
cification. Furthermore, dissolution and recalcification
have altered this assemblage and reduced the number of
fragile and thin-wall forms (such as planktonic species).
The statistical analysis, therefore, does not accurately
reflect the original assemblage, but the general taxo-
nomic composition of the altered assemblage, the rela-
tively high generic richness (table 1), and the well-
developed (large) planktonic specimens indicate that
outer sublittoral (100-150 m), normal marine paleo-
environments probably existed during its accumulation
(fig. 4).

OLIGOCENE STRATA

OLD CHURCH FORMATION

Two samples were taken for foraminiferal analysis
from the thin section of the Old Church Formation
(tables 1, 2; figs. 2-4), one (sample 18) from the base and
one (sample 19) near the top. The Old Church section
consists of calcareous, shelly, poorly sorted, muddy, very
fine to coarse sand containing scattered granules and fine
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pebbles (see Mixon and others, chap. A, this vol.). The
washed residues contain angular to subangular quartz
sand, echinoid debris, mollusk fragments, and barnacle
plates, as well as rich foraminiferal assemblages. Benthic
foraminifera constitute 66-87 percent of the assem-
blages, 23 genera are represented in each sample, and 10
planktonic species are identified.

The biozonation based on planktonic species is difficult
to determine precisely, although a middle to late Oli-
gocene age is certain. Four species (Chiloguembelina
cubensts, Globigerina anguliofficinalis, G. ouachitaen-
sis, and Dentoglobigerina galavisi) normally range no
higher than zone P. 21a, and one of the most abundant
species (G. angulisuturalis) ranges no lower than P. 21a.
This overlap suggests assignment to zone P. 21a, of
latest early Oligocene age. On the other hand, three
species (G. angulisuturalis, G. ciperoensis, and Globoro-
talia opima nana) range as high as zone N. 4a, whereas
Globigerinoides primordius ranges no lower than the
upper part of zone N. 4a, which is of latest Oligocene age
(Kennett and Srinivasan, 1983). Part of the problem is
that the Old Church section is only about 1 m (3 ft) thick,
and reworking upward and downward is so prevalent in
these updip Coastal Plain strata that positive zonal
assignment is difficult. I tentatively assume that Gn.
primordius is in place, and that the Old Church section
belongs to the late Oligocene zone N. 4a (of Kennett and
Srinivasan, 1983), having a moderate but significant
suite of reworked early Oligocene forms. This opinion is
based on consideration of the regional stratigraphic and
depositional history derived from other boreholes (Poag,
1985a, 1985b, 1987), which indicates that lower Oligocene
strata have been removed from broad areas of the U.S.
Atlantic margin during a sea-level fall in the early part of
the late Oligocene. In addition, the absence of Globoro-
talia kugleri, which is normally abundant high in zone N.
4a and in zone N. 4b, suggests that the upper part of zone
N. 4a is missing. Furthermore, the distinctly Miocene
elements of the overlying Calvert Formation are not
present in the Old Church samples, indicating that
Globigerinoides primordius, which elsewhere does
range into the early Miocene (zone N. 5), is probably
indigenous to the Old Church.

The benthic assemblage of the lower Old Church
sample (sample 18, table 2) contains predominantly Cas-
sidulina (21.7 percent), Cibicidoides (18.6 percent),
Spiroplectammina (14.3 percent), and Nonionella (12.9
percent). In the upper Old Church sample (sample 19,
table 2), the suite of predominant taxa is nearly the same:
Uvigerina (17.6 percent), Spiroplectammina (15.6 per-
cent), Cassidulina (11.7 percent) and Nonionella (11.7
percent). These assemblages are taxonomically quite
different from older assemblages (introduction of abun-
dant Cassidulina, Uvigerina, and Nonionella and 10

new benthic species; figs. 3, 4), reflecting, in part,
evolutionary changes in the benthic foraminiferal com-
munity. The predominant genera, benthic generic rich-
ness, and planktonic species richness characterizing
these assemblages suggest outer sublittoral environ-
ments (100-150 m), having abundant organic carbon and
reduced dissolved oxygen at the sea floor.

MIOCENE STRATA

CALVERT FORMATION

Seven samples were taken from the Calvert Forma-
tion for foraminiferal analysis (tables 1, 2; figs.
2-4)—three near the bottom, two near the middle, and
two near the top of the section. The lower two samples
(samples 20 and 21, table 2) came from a shelly, clayey,
silty sand, which yielded a washed residue of subangular
quartz, fish skeletal debris, echinoid spines, mollusk
fragments, and siderite(?). The foraminiferal contents of
these lower two samples are quite different from the
higher Calvert samples (samples 22-25). In the lowest
sample (sample 20, table 2), the benthic assemblage
constitutes only 36 percent of the foraminifera and 18
benthic genera are represented. Twelve indigenous
planktonic species are identified, 11 of which appear for
the first time in the Haynesville section (fig. 2).

The planktonic assemblage is a distinctly Miocene one,
though some species range into the Oligocene and
Pliocene. The stratigraphically limiting species are Glo-
bigerinoides altiaperturus and Gn. sicanus (fig. 2),
whose overlapping ranges suggest assignment to zone N.
8 of the middle Miocene (Langhian). A few reworked
older species (e.g., Globigerina angulisuturalis, Globi-
gerinoides primordius, and Globoquadrina praedehis-
cens) are also present.

The predominant benthic foraminifera in sample 20 are
Florilus (21.2 percent) and Rosalina (15.5 percent);
subordinate genera are Caucasina (11.6 percent), Uvi-
gerina (11.6 percent), and Virgulinella (11.3 percent).
Except for Uvigerina, each of these genera is repre-
sented by a single species (fig. 3; pls. 4, 5). This assem-
blage is not encountered lower in the Haynesville sec-
tion. It reflects a peculiar set of circumstances that were
rather widespread along the U.S. Atlantic margin during
the middle Miocene. All the predominant genera
(species), except perhaps Rosalina, are indicators of
high-nutrient/low-oxygen conditions associated with
shallow-water delta margins or areas of coastal
upwelling. In fact, 7 of the 19 genera represented
(including Epistominella and Buliminella, table 1) in
this assemblage are generally prominent in such condi-
tions. In this case, the presence of an abundant and
species-rich planktonic assemblage and the lack of lignite
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in the sediments suggest that upwelling, not terrigenous
deltaic deposition, was the source of nutrient enrich-
ment. The abundance of fish skeletal debris, which is also
common in regions of upwelling (Diester-Haass, 1978),
supports this conelusion. Palmer (1986) found that radi-
olarian assemblages in lower Calvert strata (Fairhaven
Member) also suggest the influence of coastal upwelling.
The other attributes suggest outer sublittoral paleoenvi-
ronments (100-150 m) having muddy substrates (fig. 4).

In sample 21 (table 2), the foraminiferal assemblage
changes to 43 percent benthics (including 24 indigenous
benthic genera) and contains 10 indigenous planktonic
species. The planktonic assemblage is similar to that of
sample 20, but three new species are introduced into the
section (fig. 2). No change in biozonation is suggested by
this assemblage.

The predominant benthic genera in sample 21 are
Uvigerina (26.8 percent) and Rosalina (21.5 percent),
which, along with the other assemblage attributes, sug-
gests a paleodepth of ~100 m and continued nutrient
enrichment and low oxygen values in the bottom water
(fig. 4). The other genera characteristic of high-
nutrient/low-oxygen conditions are still present (except
for Buliminella), but each constitutes less than 10 per-
cent of the assemblage.

In sample 22, a distinct lithologic change takes place.
The washed sample contains residual lumps of diatom-
radiolarian clay with a few angular quartz grains and
scattered skeletal remains of fish. The benthic percent-
age ascends to 94, but only 14 benthic genera are
represented. No adult planktonic specimens are identi-
fied. A single species, Caucasina elongata (an opportun-
ist that, like some species of Bolivina [Phleger and
Soutar, 1973; Poag, 1985a], proliferated in high-nutrient,
sublittoral environments), forms more than half (54.4
percent) the benthic assemblage. Spiroplectamminag
(15.5 percent) is the only other genus constituting more
than 10 percent of the assemblage. The other forms
characteristic of high-nutrient/low-oxygen conditions are
still present, however. The abundance of diatoms and
radiolarians is, in itself, evidence of high rates of primary
productivity brought about by nutrient-enriched waters.
The dominance of Caucasina elongata corroborates the
presence of high-nutrient/low-oxygen conditions. The
high benthic percentage and low generie richness would
seem to suggest relatively shallow waters for deposition
of sample 22, but I interpret these attributes, in this
case, to reflect the opportunistic proliferation of Cau-
casina elongata and the reduction of planktonic foramin-
ifera by relatively large populations of siliceous plankton
(radiolarians and diatoms), a common attribute of
upwelling regions (Diester-Haass, 1978). Sample 22
probably represents a mid-sublittoral (~100 m) paleo-
environment.
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Diatoms and radiolarians are even more abundant in
the washed residue of sample 23; Caucasina elongata is
again strongly predominant (42.2 percent), and the
benthic percentage remains high (85 pereent). Six of the
familiar high-nutrient/low-oxygen genera are repre-
sented among the total of 12 benthic genera present. An
assemblage of 15 indigenous planktonic species intro-
duces a significant new suite of 8 new species to the
Haynesville section (fig. 2). The stratigraphically most
reliable species in this new suite are Globorotalia periph-
eroronda and Gl. praefohsi, whose overlap indicates
assignment to zone N. 10 of the middle Miocene (lower
Serravallian). Several of the other species are reworked
from older strata. These lithic and microfaunal attributes
suggest continued deposition in a mid-sublittoral (~100
m) paleoenvironment characterized by upwelling nutri-
ents.

Another change in lithology and microfossil content
takes place in sample 24. The washed sample yielded
residual lumps of micaceous clay and echinoid spines;
radiolarians and diatoms are much less abundant than in
samples 22 and 23. The benthic foraminiferal component
reaches 96 percent, although only 13 benthic genera were
recorded (table 1, fig. 4). The planktonic assemblage
congsists of only four indigenous species, all of which are
long ranging (fig. 2). The introduction of Globorotalia
siakensis suggests, however, that the section is strati-
graphically no higher than zone N. 14 of the middle
Miocene (middle-Serravallian).

The benthic foraminiferal assemblage is strongly dom-
inated by Rosalina (34.7 percent), which is not one of the
high-nutrient/low-oxygen indicators, though it often
occurs with them. However, six species of the high-
nutrient group are still present in low numbers (fig. 3;
pls. 4, 5). These attributes suggest an inner sublittoral
paleoenvironment having firm substrates for Rosalina
attachment and water depths of 40-60 m (fig. 4). The
composition of the microfauna indicates that the influ-
ence of upwelling had diminished at the Haynesville site
during deposition of sample 24.

Only the lower of the upper two Calvert samples
contained foraminifera. The washed residue of sample 25
yielded small lumps of diatomaceous clay containing fish
skeletal debris. The benthic component constitutes 100
percent of the foraminiferal assemblage. Thirteen indig-
enous genera are represented (table 1), and at least six
additional genera are represented by reworked older
specimens, principally derived from Paleocene and
Eocene strata (e.g., Tappanina selmensis, Alabamina
midwayensis, Gavelinella compressa, Pyramiding vir-
giniana; table 1; fig. 3). The dominant indigenous taxon
is Florilus (40.9 percent), followed by Caucasina (20.2
percent and Rosalina (20.2 percent). This sample repre-
sents another interval of inner sublittoral deposition
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(40-60 m) under the influence of nutrient enrichment due
to upwelling (fig. 4). The benthic species represented
here are known to range as high as the Pliocene (Poag,
1984), but their relative abundance and the absence of
species restricted to the Pliocene suggest that the sample
is still of Miocene (probably middle Miocene) age (see
Poag, 1984).

GENERAL DEPOSITIONAL FRAMEWORK

The Haynesville core site (two core holes, 150 ft (30 m)
apart) is approximately 70 kilometers (km) (43 miles (mi))
downdip (eastward) from the inner edge of the Virginia
Coastal Plain (Fall Line) and 40-50 km (25-30 mi)
downdip from the Oak Grove core site (Gibson and
others, 1980; Reinhardt and others, 1980) and from the
Pamunkey River outerops (Ward, 1984), where similar
but shallower water sedimentary sections have been
reported. Drilling at the Haynesville site penetrated the
Cenozoic section on the southwestern flank of the Salis-
bury embayment, a landward extension of the Baltimore
Canyon trough (fig. 1). Extensive stratigraphic studies
offshore (Poag, 1987; Poag and Low, 1987) have shown
that the shelfbreak, during the principal depositional
phases of the Cenozoic, was approximately 200 km (~125
mi) offshore (eastward) from the Haynesville site. Thus
we know that the Cenozoic sediments at Haynesville
accumulated in an inner-shelf paleophysiographic set-
ting. This knowledge helps to constrain the relative
paleodepths of the sampled microfossil assemblages. It
should be emphasized, though, that paleodepth is not
necessarily a direct function of paleophysiography. For
example, bathyal depths (>200 m) can develop on a
continental shelf if sea level rises coincident with basin
subsidence (e.g., the continental shelf of Antarctica,
today). Such a condition appears to have developed in the
Baltimore Canyon trough during the middle Eocene
(Poag and Low, 1987), which is characterized by the
greatest paleodepths of the Cenozoic, along the Virginia-
New Jersey margin. Taphonomic alteration of microfos-
sil assemblages, however, has obscured the record of this
regional deepening in the deposits of the Haynesville
cores.

What we see in the depositional succession of the
Haynesville cores is a series of inner sublittoral (20—40 m)
to outer sublittoral (100-150 m) marine sedimentary
sequences separated by erosional unconformities (fig. 4;
see Mixon and others, chap. A, this vol.). The generally
shallow water origin of the strata and the reworking of
older strata by erosion and of younger strata by burrow-
ing have created difficulties in determining which plank-
tonic zonal markers are indigenous in some of the units
(fig. 2). Interpretations are, in some cases, based on a

general assessment of the regional stratigraphic and
depositional framework (fig. 5; Poag, 1987). They repre-
sent the most logical conclusions allowed by the limited
data at hand, but they should be considered tentative
interpretations subject to revision as new data are
gathered from more complete, deeper marine sections.

The duration of hiatuses shown in figure 4 (identified
by lithostratigraphic or biostratigraphic discontinuities)
is estimated by using the biochronology of Berggren and
others (1985). If an unconformity should fall within as
single biozone, or between two consecutive biozones (as
often is the case), the duration of the hiatus is given as an
arbitrary fraction of the biochron. The accuracy of hiatal
estimates is, therefore, variable, depending on the posi-
tion of the unconformity relative to the biochronologic
scale. The stratigraphic positions of the four principal
unconformities (fig. 4) and the hiatuses represented by
them, however, fit well into the regional framework (fig.
5), which supports their general reliability.

Taphonomic changes in the benthic assemblages (such
as reworking upward and downward, selective dissolu-
tion, and secondary calcification) also have impeded
paleoenvironmental reconstruction. Because of these
problems, statistical faunal attributes (e.g., species rich-
ness, planktonic/benthie ratio) that are widely applied in
deeper marine biotopes (outer sublittoral, bathyal, abys-
sal) are often inaccurate when applied to foraminiferal
assemblages deposited in shallower water strata of the
coastal plain. It is critical, therefore, to place the Coastal
Plain foraminiferal data in the context of the regional
lithologic, geochemical, and depositional/erosional frame-
work in order to draw the most reasonable paleoenviron-
mental inferences. As only the broad-scale regional rela-
tionships are well known in the study area (Poag, 1987),
the more detailed aspects of paleoenvironmental recon-
struction presented herein must be considered prelimi-
nary. However, the cyclic pattern of five principal trans-
gressive sequences (Piscataway, middle Potapaco, Piney
Point, Old Church, and lower Calvert; figs. 4, 5) sepa-
rated by regressive sequences or unconformities,
appears to be firmly supported by the evidence at hand.
Also, the inference of perideltaic paleoenvironments for
the upper Potapaco and Woodstock sections and of high
primary productivity (due to upwelling) during Calvert
deposition appears to be valid.

CONCLUSIONS

Analysis of 25 foraminiferal assemblages taken from
five Cenozoic formations encountered in two adjacent
core holes near Haynesville, Va., yields the following
principal conclusions regarding the Haynesville strati-
graphic section:
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FIGURE 5. —Comparison of stratigraphy of core holes at the Haynesville
site with that of other boreholes in the Salisbury embayment, the
Baltimore Canyon trough, and the North American basin and with
depositional supersequences and global unconformities of the Vail model

1. On the basis of planktonic foraminifera, the lowest
sample from the Piscataway Member of the Aquia For-
mation is placed in zone P. 4 of the upper Paleocene. A
local unconformity (hiatus of probably less than 0.5 m.y.)
separates the Piscataway from the Paspotansa Member,
which belongs to zone P. 5, also of the upper Paleocene
(fig. 4).

2. A regional unconformity representing a hiatus of
about 1 m.y. separates the Paspotansa Member from the

(Vail and others, 1977; Vail and Mitchum, 1979; Haq and others, 1987).
Time scale for Cenozoic from Berggren and others (1985) and for
Mesozoic from Kent and Gradstein (1985). Total depths listed represent
thickness of stratigraphic column. Modified from Poag (1987).

Potapaco Member of the Nanjemoy Formation (figs. 4,
5). The basal section of the Potapaco belongs to zone
P. 6b of the lower Eocene; the upper section belongs to
zone P. 9, and the two sections are separated by a local
unconformity (hiatus estimated to be about 2.5 m.y.;
fig. 4). The overlying Woodstock Member of the Nanje-
moy also belongs to zone P. 9, but it is separated from the
Potapaco by a local unconformity (hiatus estimated to be
less than 0.5 m.y.; fig. 4).
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3. The top of the Woodstock Member is an unconform-
able surface of regional extent, representing a hiatus
that could be as long as 6 m.y. (fig. 4, 5). The upper part
of the overlying Piney Point Formation belongs to zone
P. 12 of the middle Eocene. Assignment of 6 m.y. to the
hiatus assumes that the base of the Piney Point also
belongs to zone P. 12.

4, The thin section of the Old Church Formation,
which overlies the Piney Point, belongs to zone N. 4a of
the upper Oligocene, thereby indicating that an hiatus of
18 m.y. is represented by the regional unconformity at
its base (figs. 4, 5).

5. Another regional unconformity separates the Old
Church from the overlying Calvert Formation (figs. 4, 5).
A hiatus of 8 m.y. is indicated by the superposition of
zone N. 8 (middle Miocene) on zone N. 4a (upper Oli-
gocene). The middle and upper parts of the Calvert
section belong to zones N. 10-14 (middle Miocene).

6. Benthic foraminifera indicate that inner to outer
sublittoral paleoenvironments were prevalent during the
Cenozoic at the Haynesville site (fig. 4). The shelfedge,
as determined from seismostratigraphic analysis (Poag,
1987), lay well to the east of the Haynesville sites during
the middle Eocene, late Oligocene, and middle Miocene
(fig. 1). The shelfedge positions for the Paleocene and
early Eocene were also well to the east, but their precise
locations are difficult to determine from available seismic
data. Deepest water conditions at the Haynesville local-
ity developed during deposition of the Piscataway, mid-
dle Potapaco, Piney Point, Old Church, and lower Cal-
vert sections.

7. During late Potapaco and all of Woodstock time, the
Haynesville site accumulated lignitie, micaceous sedi-
ments whose benthic foraminifera suggest the high-
nutrient/low-oxygen conditions typical of peridelta
biotopes (fig. 4).

8. An association of opportunistic benthic foraminifera
(adapted to high-nutrient/low oxygen conditions) and
rich planktonic assemblages (especially diatoms and radi-
olarians) occupied the Haynesville site during Calvert
time, indicating the strong influence of coastal upwelling
(fig. 4).

9. Reworking (both upward and downward) is preva-
lent in the Haynesville section (especially near the uncon-
formable contacts) and complicates identification of
indigenous assemblages (figs. 2, 3). Carbonate diagene-
sis is also a significant taphonomic process in parts of the
section (especially prevalent in the Piney Point Forma-
tion) and has altered the original foraminiferal assem-
blages of several samples.

10. The Haynesville section fits well into the regional
stratigraphic and paleoenvironmental framework of the
Salisbury embayment and Baltimore Canyon trough

(figs. 1, 5). The only unusual aspect is the presence of
foraminifera belonging to probable upper Oligocene zone
N. 4a, which have not been reported previously from the
subsurface of the western margin of the Salisbury
embayment. The Old Church Formation, which contains
similar N. 4a assemblages, is known, however, farther
updip (to the southwest), where it crops out along the
Pamunkey River (fig. 1; Ward, 1984; Ward and Strick-
land, 1985).
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PLATE 1

[Scale bar=>50 pwm; specimens without scale bars are same magnification as preceding specimen]

Alabamina midwayensis Brotzen, 1948. Haynesville core hole 2, 521 ft 2-6 in (altitude —434 ft 2-6 in). Piscataway Member,
Aquia Formation. 1, umbilical view; 2, edge view; 3, spiral view.

Alabamina wilcoxensis Toulmin, 1941. Haynesville core hole 2, 499 ft 0—4 in (altitude —412 ft 04 in). Paspotansa Member, Aquia
Formation. 4, umbilical view; 5, edge view; 6, spiral view.

Anomalinoides neelyi (Jennings, 1936). Haynesville core hole 2, 521 ft 6-10 in (altitude —434 ft 6-10 in). Piscataway Member,
Aquia Formation. 7, spiral view; 8, edge view; 9, umbilical view.

Biapertorbis sp. Haynesville core hole 2, 521 ft 6-10 in (altitude —434 ft 6-10 in). Piscataway Member, Aquia Formation.
10, umbilical view; 11, edge view; 12, spiral view.

Cibicidina umbonifera (Schwager, 1883). Haynesville core hole 2, 521 ft 2-6 in (altitude —434 ft 2-6 in). Piscataway Member,
Aquia Formation. 13, spiral view; 14, edge view; 15, umbilical view.

Epistominella sp. Haynesville core hole 2, 500 ft 0-2 in (altitude —413 ft 0-2 in). Paspotansa Member, Aquia Formation.
16, spiral view; 17, edge view; 18, umbilical view.

Gavelinella compresse (Olsson, 1960). Haynesville core hole 2, 507 ft 0-2 in (altitude —420 ft 0-2 in). Piscataway Member, Aquia
Formation. 19, spiral view; 20, edge view; 21, umbilical view.

Lozostomum sp. Haynesville core hole 2, 521 ft 2-6 in (altitude —434 ft 2-6 in). Piscataway Member, Aquia Formation.
22, lateral view; 23, edge view; 24, apertural view.

Spirobolivina emmendorferi (Jennings, 1936). Haynesville core hole 2, 521 ft 2-6 in (altitude —434 ft, 2-6 in). Piscataway
Member, Aquia Formation. 25, lateral view; 26, apertural view.

Pulsiphonina prima (Plummer, 1926). Haynesville core hole 2, 463 ft 5-9 in (altitude —376 ft 5-9 in). Paspotansa Member, Aquia
Formation. 27, umbilical view; 28, edge view; 29, spiral view.

Pyramidina virginiana (Cushman, 1944). Haynesville core hole 2, 521 ft 2-6 in (altitude —434 ft 2-6 in). Piscataway Member,
Aquia Formation. 30, 31, lateral views; 32, apertural view.






























