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ABSTRACT

At the Pollack Farm Site near Cheswold, Delaware, surficial Quaternary deposits of the Columbia, Lynch Heights, and
Scotts Corners formations unconformably overlie the Calvert Formation of Miocene age. The Quaternary units were deposit-
ed in fluvial to estuarine environments. The Calvert Formation at the site is subdivided into seven informal lithostratigraphic
units, in ascending order—shelly mud, lower shell bed, lower sand, interbedded sand and mud, cross-bedded sand, and upper
mud. The units represent deposition in shallow marine (shelly mud), subtidal (lower shell bed, lower sand, interbedded sand
and mud), and subtidal to intertidal-supratidal (cross-bedded sand, upper mud) environments. The depositional setting was
probably much like that of modern coastal Georgia with scattered barrier islands fronting small estuaries and tidal channels
with afresh-water influence and nearby uplands. Mixing of marine, estuarine, fresh-water, and terrestrial vertebrate and inver-
tebrate taxa is common in such a setting. This setting was part of a much larger deltaic progradational complex that deposit-
ed, in Delaware, the Cheswold sands of the lower part of the Calvert Formation.

INTRODUCTION

The Chesapeake Group (upper Oligocene—upper
Pliocene) of the middle Atlantic Coastal Plain has long
received attention because of the excellent molluscan faunas
preserved within its sediments (Shattuck, 1904). Most of the
attention has focused on the outcropping fossiliferous sections
of the group (Calvert, Choptank, and Saint Marys formations)
on the western shores of the Chesapeake Bay in Maryland
(Gernant, 1970; Kidwell, 1982) and along the tidal rivers of
Virginia (Ward and Blackwelder, 1980). The Choptank
Formation of middle Miocene age has been described in out-
crop aong the Choptank River on the Eastern Shore of
Maryland (Shattuck, 1904; Kidwell, 1982). Jordan (1962) rec-
ognized that rocks present in Delaware are equivalents of the
outcropping Miocene rocks of Maryland, but he did not dif-
ferentiate the Chesapeake Group into its separate formations.
In Delaware, only rare exposures of the Calvert and Choptank
formations have been noted (Pickett and Benson, 1983), but
al formations of the Chesapeske Group (Calvert through
Bethany) are present in the subsurface (Andres, 1986; Benson,
1990; Ramsey, 1993, 1997). In New Jersey, outcrops of the
age-equivalent Kirkwood and Cohansey formations have been
described in terms of fossil content (Richards and Harbison,
1942) and depositional environment (Isphording, 1970).

The Pollack Farm Site provided a unique opportunity
to study the depositional environments and fossil content of
the lower Calvert Formation in central Delaware. The site, a
borrow pit for sand aggregate for highway construction, sub-
sequently was covered and converted to a wetland. High
walls bordering the several areas of excavation within the
site were excellent places for investigating the local stratig-
raphy and for measuring sections (Fig. 1). This paper
describes and interprets the depositional environments found
within the Calvert at the site, including the fossiliferous
beds. In addition, units of Quaternary sediments overlying
the Calvert are described.
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STRATIGRAPHIC UNITS
OVERLYING THE CALVERT FORMATION

The Cavert Formation at the Pollack Farm Site is
unconformably overlain by surficial deposits of Quaternary
age (Groot et al., 1995; Ramsey, 1993, 1994, 1997): (1) on
the west by the Columbia Formation, (2) in the central por-
tion by the Lynch Heights Formation, and (3) on the east by
the Scotts Corners Formation (Fig. 2). The site straddles two
former shorelines of Delaware Bay represented by breaksin
topography (scarps) across the middle of the site (Fig. 2).
Investigation of the Quaternary units at the site was limited
owing to their removal early in the excavation process and
modification by heavy-equipment traffic. From the data
available, the units are characterized as follows.

Columbia Formation

The Columbia Formation (Jordan, 1964) at the site
consists of reddish brown to tan, medium to very coarse,
gravelly sand. A section typical of the Columbia from the
western end (west wall, Fig. 1) of the siteis shown in Figure
3. The Columbia is cross-bedded with sets of high-angle
cross beds dipping to the south or southeast that are interbed-
ded with beds of low-angle cross-bedded sands that are finer-
grained, usualy in the medium- to fine-grained size range
(Figs. 3, 4). Pebbles of quartz are common with lesser
amounts of chert and some lithic fragments. At the sharp

1in Benson. R.N., ed., 1998, Geology and paleontology of the lower Miocene Pollack Farm Fossi| Site, Delaware: Delaware Geological Survey

Specia Publication No. 21, p. 27-40.
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DEPTH (FT.) ELEV. (FT) LITHOLOGIC DESCRIPTION
0.0 37
_ SAND, gvly, m-vcrs, rdsh brn-tan; most pbl < 1" diam.;
— - some high angle x-bd dip to S-SE; slightly silty (8 to 10
. - 34— 32 ft thick)
Columbia —
—] SAND, m-f; tan; better srtd than above; x-bd, lower angle than
Fm. ] above; discontinuous across exposure (1 to 2 ft thick)
10.0 27—
GRAVEL, cbl; clast supported; r cobbles up to 18" diam.
— ) (1 ft thick)
Calvert 15.0 — — 22 SAND, m-f; tn-ylsh brn; slty; some cly zones; shp contact
Fm. with above (> 3 ft thick)
—] covered Fractures and faults at the contact between the gravel and
20.0 17 . 9
the sand below are common. The sand in the Calvert becomes
more clayey to the east. Some shear (?) zones occur at the
contact where the Calvert is a clayey sand.
Figure 3. Measured section at the west wall (Fig. 1).

i b ™ graphic position between the Columbia and Scotts Corners
original land = U formations (Ramsey, 1993, 1994, 1997). The detailed, pre-
surface . A, excavation topographic map of the Pollack Farm Site (Fig. 2)

Tt shows a narrow platform about 27 to 32 feet in elevation
= - across the central portion of the site. The Lynch Heights at
o T the north end of the site along the east wall (Fig. 1) consists
] of alight yellowish brown, medium to fine sand (Figs. 5, 6)
Sl el that fills a shallow trough (channel) cut into the underlying
¥ Calvert Formation. The sand grades down into a trough
Columbia Fm -~ cross-bedded, coarse to medium sand at t_he_ base of the
' trough that has a cobble and pebble layer within it and also
caobbles and pebbles at the base. There was not enough expo-
L - sure to determine the extent of the cobble and pebble beds,
o - ,.-:1. - which probably represent material eroded from the adjacent
o Columbia Formation and redeposited within the Lynch
. - Heights Formation.
[ - e Scotts Corners Formation

Calvert Fm. [ —-_— e F !.J .
Al The Scotts Corners Formation occurs east of a scarp at
JF,_ which land surface elevations drop from 30 to 40 ft on the
L A oy E— west to lessthan 25 ft on the east. Land surface elevations on
i the Scotts Corners at the site range from 27 to 13 ft above sea

Figure 4. Photograph of a section of the west wall showing the
Columbia Formation overlying the Calvert Formation.
Length of shovel is 1.5 ft.

contact with the underlying Calvert Formation, a bed of
gravel and gravelly sand with both pebbles and cobbles is
present (Fig. 4). An interesting feature of the contact is the
abundance of small-scale fractures (faults) and shear zones
that have disrupted the contact and in places mixed the
lithologies at the contact (Andres and Howard, 1998). It is
unknown whether the disruptions are due to loading of the
Columbia on the Calvert or some other cause such as cryo-
genic movement. Sedimentary structures within the
Columbia Formation are indicative of a fluvial deposit
(Jordan, 1964, 1974). Maximum thickness of the Columbia
at the site is about 15 feet.

Lynch Heights For mation

To the south of the site along the present Delaware Bay
margin, the Lynch Heights Formation is found in strati-
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level. The Scotts Corners throughout the site is thin, averag-
ing less than 10 ft in thickness. It is very thin along its west-
ern extent and may be absent in places between 23 and 27
feet in elevation where the contact between the Scotts
Corners and Lynch Heightsis drawn (Fig. 2). It is character-
ized as alight yellowish brown to light reddish brown, medi-
um to fine, quartzose sand and is structureless to trough
cross-bedded. Some discontinuous, clayey silt laminae are
present as well as silty clay clasts. A zone of scattered peb-
bles is found aong its contact with the underlying Calvert
Formation. The pebbles become more common closer to the
scarp (to the west), and a few cobbles are present. In places,
light yellowish brown to white, well-sorted sands are com-
mon as well as scattered pebbly zones. Sedimentary struc-
tures are highly disrupted, probably owing to cryoturbation
(Andres and Howard, 1998). Depositional environments
within the unit are estuarine, but perhaps with a stronger flu-
vial influence than that seen about 25 miles to the southeast
in the vicinity of Milford where the formation was first
described (Ramsey, 1993, 1994, 1997).
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LITHOLOGIC DESCRIPTION
SAND, m, slty; tan; slily cly; scat pbl & cbl; plow zone?
(2 ft thick)

SAND, m-f; It yelsh brn w/rdsh brn streaks; planar-bd; in
trough cut into below {(approx 20 ft wide) (3 ft thick)

SAND; crs-m; It yelsh-rdsh brn; trough-planar x-bd; dip to SE;
cobble and pebble layer in trough and at base; chaotic bed
at edge of trough (3 ft thick)

CLAY, slty; gry; sticky; abn fract w/ yelsh brn stains; bottom
1 ft becomes sandy with fine sand lenses (7 ft thick)

SAND; f-vers, abn gran; yelsh brn; some smi pbl; in trough at
base of above (1 ft thick)

SAND; f-vf; abn cly drapes on trough x-bd; Ophiomorpha
burrows common to abun; some clay rip-ups; little structure
in sand (10 ft thick)

SAND; as above; planar-bd; thin cly bd cn 1"-3" thk; @ 29' sity
clay to clayey silt beds (3 ft thick)

SAND; m-crs; It gry; some Mn stns; some gran & pbl; striss
(3 ft thick)

SHELL,; sdy, m-crs; shl v frag; clast supp; planar-bd (>2 ft thick)

SILT, sandy, vf-f; gry; whole shell ¢cn; structureless (>3 ft thick)

Figure 5. Measured section at the east wall (Fig. 1).

Undrained Depressions

On the surface of the Scotts Corners, several undrained
depressions (Ramsey, 1994) are concentrated at the eastern
end of the site (Fig. 1, inset map and around 1d11-b). These
consist of oval toirregularly shaped depressionsthat rangein
size from <100 to 400 ft in diameter and from 1 to 3 ft in
depth from the lowest parts of the depressions to their edges.

Site 1d11-b (Fig. 1), atrench cut in May 1991 as part
of the site archaeological investigation across one of these
depressions, reveaed fine-grained sediments that nearly fill
the depression and are in contact with both the Calvert and
Scotts Corners formations (Fig 7). The contact with the
Scotts Corners ranges from obscure to sharp. The fill con-
sists of light gray, structureless, sandy silt to silty sand with
a thin layer of organic-rich sand near its contact with the

Lynch
Heights Fm.

Calvert Fm.

Figure 6. Photograph of central wall excavation (Fig. 1) showing the
Lynch Heights Formation overlying the Calvert Formation.
The upper shell beds of the Calvert were exposed approxi-
mately 100 ft to the east (right) of this excavation.
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underlying Calvert. Thefill is bowl-shaped and no more than
5 ft thick. Beneath it, the Calvert contact with the Scotts
Corners is highly contorted and disrupted with contorted
clay blocks and flame structures from the Calvert mixed in
with the sand of the Scotts Corners. A distinct, brown wesath-
ering horizon (paleosol) is present on the Calvert.

The origin of the depressions is unknown but may be
related to blow-outs or cryogenic processes during the last
glacial period (Andres and Howard, 1998). The sediments
within the depression are a combination of sands localy
reworked by seasonally ponded water and wind-blown mate-
rial (silts and sands), and they post-date the deposition of the
Scotts Corners which occurred during the preceding inter-
glacia period (Ramsey, 1993, 1997).

CALVERT FORMATION

Six stratigraphic units are recognized within the
Calvert Formation at the Pollack Farm Site on the bases of
characteristic sedimentary structures, textures, and, where
present, fossil content (Figs. 5 and 8). Figure 9 is a
schematic dip cross section of the units within the Calvert
at the site. In ascending order they are the shelly mud bed,
the lower shell bed, the lower sand, the interbedded sand
and mud, the cross-bedded sand (containing the upper shell
bed), and the upper mud. Where the term “mud” as used in
this report refers to a sediment that has a silt and clay com-
ponent greater than that of sand. The sand beds at the site
are part of the Cheswold sands (after the Cheswold aquifer
of the lower Calvert in Delaware): the lower shell bed and
lower sand correlate with the Cheswold C-3 sand, and the
cross-bedded sand (upper shell bed) with the C-4 sand of
Benson (1998).
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Figure 7. Sketch of site Id11-b (Fig. 1) showing the stratigraphic relationships of the undrained depression deposits and the Scotts Corners

and Calvert formations The photograph shows a portion

Shelly Mud Bed

The shelly mud bed was the lowest part of the Calvert
Formation exposed at the Pollack Farm Site. It was best
exposed at the northern end of the excavation. The bed dips
to the south where, at the southern end of the deep trench
(Fig. 1), it was under water and only found in spoil piles
from excavation below water level. Between the east wall
(Fig. 5) and centra wall (Fig. 8) exposures, the bed dips
approximately 20 ft over a distance of about 500 ft (Fig. 1).
Total thickness of the bed is unknown but is estimated to be
15 to 20 ft on the basis of correlation with the gamma log
from nearby well 1¢25-12 (Benson, 1998, fig. 4).

The shelly mud consists of dark greenish-gray, very
fine, very silty sand to sandy silt (Fig. 10). The sand is quart-
zose, consisting of subrounded to subangular, clear quartz,
the characteristic signature of Chesapeake Group sands in
Delaware. Minor constituents include some phosphate and
heavy-mineral grains (in the finest sand fraction). A few radi-
olarians, foraminifers, and echinoid spines were identified as
well as afew sand-size vertebrate bone fragments and teeth.
Shell fragments are acommon constituent of the sands, rang-
ing from granule size to 1 to 3 inches in diameter. Whole
shells are also common and include disarticulated valves of
Chesapecten, which tend to be scattered in the mud and do
not form discrete shell beds. Although some shells appear to

of the exposure outlined as a box on the sketch.

lie along planes that may represent relict bedding surfaces,
no primary sedimentary structures were found within the
unit. In addition, shells of Mytilus, Mercenaria, Panopea,
Astarte, and Clementia are found scattered throughout the
bed, many in living position (Ward, 1998). Shells of gas-
tropods, including Turritella, are also present. In places, the
bed has a mottled appearance, the mottles containing fine
sand. The mottles are probably sand-filled biogenic struc-
tures, probably burrows (R. Martino, pers. comm., 1992).

The contact of the lower shelly mud with the overlying
lower shell bed is sharp (Fig. 10). Thereissomelocal relief on
the contact amounting to no more than 1 or 2 ft over tens of ft
of exposure. Although the lower shelly mud is burrowed, no
burrows were observed that extend down from the contact or
from the overlying shell bed. The marked contrast in litholo-
gies suggests that the contact represents a disconformity.

Lower Shell Bed

The lower shell bed is the major source of the verte-
brate and invertebrate fossils from the site. The primary
lithology is a fossiliferous sand consisting of abundant mol-
lusk shells (Ward, 1998). The shells are disarticulated,
densely packed, and poorly sorted; articulated bivalves are
extremely rare. The sand matrix consists of coarse to very
coarse sand with abundant granules and pebbles of quartz,
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DEPTH (FT) ELEV. (FT) LITHOLOGIC DESCRIPTION
Calvert *
Formation 0 20

— - CLAY, to SILT; gry to tn; massive; abd fractures; slightly

- sandy toward base; few molds and casts of molluscs in lower
Upper 5 _ _ 15 five feet (8 to 10 ft thick)
mud _
- 10 = — — 10 SAND, f-m; pk-tn; scat. lam m-crs; sity; scat gran; low angle
cross-beds; discontinuous across exposure (0-1.5 ft thick)
p— | SAND, f-vf; slily sity; wh-gry-rdsh brn; large scale planar with
Cross- 15 = S smaller scale trough cross-beds; Ophiomarpha burrows common
gggged in top 3 ft (6 ft thick)
] SAND, as above; abd cly drapes and ripups; abundand small
20 = 0 (1mm diam.) vertical burrows and a few larger burrows; clay lam.
_ common toward base, up to 2 in thick; som clay clasts (6 ft thick)
Interbedded . | 5 SAND,fm,vsly; It gry-dk rd; thick siity clay lam & thin bds up to
Sanc? and —— - - 6 in thick are common; planar bedded (5 ft thick)
mu

Jo. - ° SAND, crs-vcrs; it rdsh brn; abn gran & sml pbl; slily slty;
30 P =10 some Mn stains; some small scale x-bd (4 ft thick); grades into

Lower -
d —. " .°
san N D T SAND, m-crs; grnsh gry; slty; scat smi pbl; partly indurated;
3% = - Q. .. 15 scattered shelly zones; some zones oxidized rdsh brn (6 ft
o oo m°/-\ thick) ;grades into
40 :’(\/f\\ :\ . .T\: L— .20 SAND, as above; v. shly; shi concave dn; scat gran; few
Lower —AF R indurated zones; shl matrix to clast supported (approx
shell 1~ A=A 12 ft thick)
NN ey
45 — — -25
————12 5 —] covered L 30
’ — Based on spail, approx 5 ft below is SAND, vf, slty; to SILT,
Sh%lly ] scat shell, shells are delicate and thin-walled, gmsh gry
mu ]
55 -35

*About 10 ft of material was excavated
prior to measurement.

Figure 8. Measured section at the central wall (Fig. 1).

Elovation o+ chert, and phosphate in decreasing order of abun-
(feet) ° South dance. Distributed throughout the bed are disarticu-
= Quaternary lated bones and teeth of vertebrates that lived in a
. deposits variety of habitats: marine and land mammals, ter-
restrial and fresh-water reptiles, fish, and birds.
1 - - - —_ - - _ = = Only afew marine mammal vertebrae may be asso-
- = _ 7 Upper ciated with a single individual.
The sandy shell bed is cross-bedded with dom-
inant cross-sets dipping to the south-southeast and a
N secondary component, although wesak, to the north-
Cross. west (R. Martino, pers. comm., 1992), indicating a
\L N_ U N\ bedded bimoda component to flow. Imbricate shells along
S

30 —

20 — .

10 —

sand cross-bed foresets emphasize the cross-bedding
(Figs. 11, 12). The cross-bedding is compound with a
series of stacked sets of tabular to planar cross-beds
ranging from 0.5 to 2.0 ft thick. Some of the sands
within the cross-sets exhibit fining-upward textures.
Whole shells are very common, some of which are
abraded and have lost much of their ornamentation.
Others are very delicate thin shells with ornamenta-

10 —

silty sand

4" © T Shelly mud Figure 9. North (on left) to south schematic cross section

o sand 0 200 bed showing the stratigraphic relationships of beds
Y Ophiomorpha burrow ! within the Calvert Formation a the Pollack
N\ clay-draped cross-bed Farm Site. Cross section is based on measured
<

shell mold sections and other data along the east and cen-
pebble tral walls and along the deep trench excavation.
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Figure 10. Photograph of the contact between the shelly mud bed
and lower shell bed of the Calvert Formation. Section
located along the east wall at the northern tip of the
deep trench excavation (Fig. 1). Length of staff is 3 ft.

Figure 12. Photograph of small-scale fining-upward sets in the
lower shell bed. Glycimerid shells (maximum diame-
ters approximately 3 in) form the large clasts and shell
hash the smaller clasts that fine upward. Some of the
glycimerid shells are imbricated. Dip of sets is to the
south. Section located on the west side of the south end
of the deep trench excavation (Fig. 1).

tion well preserved. Broken shells are al'so very common and
with the sand form the matrix of the unit. Pieces of wood and
lignite are aso present as clasts. No bioturbation structures
were observed within the unit. A few zones of cementation
were observed (Fig. 8). The primary cement is calcium car-
bonate but reddish stains indicate that some iron oxide
cements may be present as well.

Lenses of greenish-gray, compact, clayey, dlightly
sandy silt are present within the lower shell bed (Fig. 13).
They have characteristic lens shapes that are thicker to the
northwest and thinner to the southeast. Thicknesses of the
silt beds are between 0.6 and 1.5 feet. The most noticeable
characteristic istheir lack of shell material, and, yet, they are
surrounded by extremely shelly beds.

The lower shell bed thickens to the south. It is approx-
imately 4 ft thick at the northern end of the exposure and is
up to 10 ft thick at the southern end. Given the limited extent
of exposure, it is difficult to ascertain whether the thickening
of the bed is by sediment accumulation or whether it reflects
alesser degree of dissolution of the upper portion of the shell
bed with increasing depth below the present land surface.

The upper contact with the lower sand is gradational
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Figure 11. Photograph of cross-bedding in the approximately 4-ft-
thick lower shell bed. Cross-sets are dipping to the

south. Section located in the deep trench excavation
opposite the central wall (Fig. 1).

silt bed
/

Figure 13. Photograph of the silt bed in the lower shell bed.
Location of the section is about 50 ft to the north of the
shell bed in Fig. 12. The silt bed is about six inches
thick.

and is placed where the predominant sediment constituent
passes from shell to sand. In places, the contact is sharp, but
thereis no discernable difference between the sand matrix in
the shell bed and that of the overlying lower sand. A few
scattered, cemented remnants of the shell bed lie above the
contact. Along with shell “ghosts’ in the lower sand, a loss
of shell material by post-depositional dissolution is indicat-
ed. Information from excavation workers at the site suggests
that the lower shell bed thins both to the east and the west.

L ower Sand

The lower sand consists of a light-gray to greenish-
gray to light reddish-brown, coarse to very coarse sand with
abundant granules and small pebbles. Its thickness ranges
from 2 to 4 ft at the northern end of the site to 8 to 10 ft at
the southern end. Zones of black, manganese-stained sands
are common, especialy just above the lower shell bed. The
base of the lower sand is commonly marked by a zone of
greenish-gray color that contrasts with the typical light red-
dish-brown of the unit (Fig. 14). The unit is, for the most
part, structureless. Some small-scale (<0.5 ft-thick) cross-
beds were observed in the upper 2 ft of the unit. Also present
are shell “ghosts” outlines of shells in cross-section pre-
served as iron oxide stains in the sand and a few outlines of
vertical to horizontal burrows, generally no morethan 1inch
in diameter.

By dl indications, the lower sand is part of the same
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Figure 14. Photograph of the lower sand above the lower shell
bed. Location of the section is directly above that of
Fig. 13.

depositional unit as the lower shell bed. It is compositional-
ly and texturally the same as the sand matrix of the lower
shell bed. It contains pockets of cemented shell, like that
below, no more than 3 ft above the lower shell bed. No dis-
tinct break was observed between the two units. The faunal
composition and poorly preserved sedimentary structures of
the lower sand are similar to those of the underlying unit.

The contact of the lower sand with the overlying
interbedded sand and mud unit is sharp. Some cross-beds
within the lower sand appear to be truncated by the overly-
ing clayey silt beds. Minor reworking of the coarse sand
below into the overlying unit is evident from scattered coarse
laminae near the base of the unit. The contact between the
two units could be traced across the site.

Interbedded Sand and Mud

The interbedded sand and mud unit consists of light red-
dish-brown, well-sorted, fine to medium sand interbedded
with light gray to light red clayey silt laminae to thin beds. The
sands are quartzose, with minor amounts of heavy minerals.
Rare laminae of coarse to granule sand like that of the lower
sand are present, especialy near the lower contact. Most of the
granules are chert, but some phosphatic grains were aso
observed. The clayey silt laminae and thin beds contain some
very thin silt to very fine sand laminae. The clayey silt bedsare
the dominant lithology near the base of the unit (Fig. 15). The
unit grades upward into sand with clayey silt laminae and
becomes wavy to flaser bedded near the top. The flasers out-
line asymmetrical ripples with rounded crests. Small-scale
cross-beds (ripple bedding?) predominate near the top of the
unit where sand-filled, vertical to inclined burrows are aso
present and the sand becomes burrow mottled (R. Martino,
pers. comm., 1992). Bedding throughout the unit is nearly hor-
izontal and planar. The unit isidentified asthe parallel bedded
sand by Benson (1998, fig. 2).

Theinterbedded sand and mud ranges from 4 to 5 ft in
thickness. The clayey silt beds are dlightly thicker near the
southern end of the exposure where they are as much as 6 in
thick, whereas at the northern end they aretypically 2to 3in.
Pollen and diatoms were recovered from some of the clayey
silt beds (Benson, 1998; Groot, 1998).

About 500 ft to the east of the deep trench excavation
(radiolarian bed trench, Fig. 1), abed of light gray sandy silt
of undetermined thickness was found at the same elevation
as the interbedded sand and mud. The bed yielded abundant

Figure 15. Photograph of the interbedded sand and mud. Light-
colored laminae are sands; darker-colored laminae are
clay drapes and silty clay laminae. Location along the
east wall. Dip of cross-bedding is to the south.

radiolarians that identify the Stichocorys wolffii Zone, an
early Miocene (Burdigalian) global biostratigraphic zone,
and the diatom Actinoptychus heliopelta that identifies East
Coast Diatom Zone 1 (Benson, 1998). The area of the
Pollack Farm Site where the radiolarian bed was trenched
was excavated and back-filled prior to subsequent visits to
the site; therefore, the extent and stratigraphic relationship of
the bed to the interbedded sand and mud remains unknown.
See Benson (1998) for further discussion.

In most places, the contact between the interbedded
sand and mud and the overlying cross-bedded sand is sharp,
marked by the appearance above the contact of distinct
trough cross-bedding and abundant clay-pebbles. In some
places, the contact is almost gradational, but the changes in
sedimentary structures and bedding style are distinctive
enough to be able to trace the contact across the exposure.

Cross-Bedded Sand

The cross-bedded sand unit consists of light reddish-
brown, fine to very fine, trough cross-bedded sand with scat-
tered clayey silt clasts, flasers, and thin laminae. The unit is
distinctively burrowed with abundant Ophiomorpha-type
burrows as well as Skolithos (Miller et al., 1998) and rare
Rosellia burrows. The sands are quartzose with scattered
laminae of opaque heavy minerals. The unit can be subdi-
vided into two parts separated by a gradational boundary.

The lower part, 4 to 6 ft thick, consists of fine to very
fine sand with some laminae of medium sand, especialy near
the base where it is a cross-bedded sand with abundant clayey
silt drapes and rip-up clasts (Fig. 16). Rounded mud clasts
(pebbles) are common especidly near the contact with the
underlying unit. The clayey silt drapes over small ripple cross-
bedding. In places, thin rip-up mud clasts derived from the
drapes occur on the downflow sides of cross-sets. A few dis-
continuous, thin clay laminae occur near the base of the unit.
Thin (Imm) clayey-silt-lined, vertical Skolithos-type burrows
are very common in this part of the cross-bedded sand.

The upper part of the cross-bedded sand unit is
between 6 and 8 ft thick and consists of fineto very fine sand
with large-scale planar cross-beds with smaller scale trough
cross-sets (Figs. 17-19). Clayey silt drapes and rip-ups are
present, slightly less common than those in the lower part of



Tk

Figure 16. Photograph of the lower part of the cross-bedded sand.
Clay draped laminae stand out in relief. CoinisaU.S.
quarter, diameter approximately 1 in. Section located
along the east wall.

Figure 18. Close-up of Figure 17 showing Ophiomorpha burrows
(arrows).

the unit. Clay pebbles are rare. The unit has abundant
Ophiomorpha burrows throughout its extent (Miller et al.,
1998). Where the exposure is sculpted by blowing wind,
both the trough cross-bedding and the burrows stand out in
relief (Figs. 17, 18). Heavy-mineral laminae are also found
within the unit. Individual cross-sets are defined texturally,
generaly fining-upward. Limited measurements of cross-
sets indicate a paleocurrent flow to the east-southeast.

Total thickness of the cross-bedded sand ranges from 10
ft on the north to 15 ft on the south. Ophiomor pha burrows may
to be less common to the south, but this part of the section was
not well exposed at the southern end of the excavation.

Three other lithologies are found within the cross-bed-
ded sand unit but are not continuous throughout the Pollack
Farm Site. The first, and most laterally persistent, is a light
reddish-brown, fine to medium sand with scattered laminae
of medium to coarse sand with scattered granules. The sand
isfound just below the contact with the overlying upper mud
and ranges from 0 to 1.5 ft in thickness. Low-angle planar
cross beds are the most common sedimentary structure.
Some clayey silt rip-up clasts are found along the foresets of
the cross beds. No burrows were observed in this lithol ogy.
The contact with the underlying sands is sharp; a few
Ophiomorpha burrows are truncated by the sand.

The second lithology is a light gray to light reddish-
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Figure 17. Photograph of the upper part of the cross-bedded sand.
Burrows, clay drapes, and clay rip-up clasts stand out in
relief in the sand. Knife body is approximately 3 inches
long. Section located along north end of the east wall.

Figure 19. Photograph of the upper 10 ft of the cross-bedded sand.
Clay laminae and drapes stand out in relief in the sand.
Section located along the south end of the east wall
near the north end of the deep trench excavation.

brown, slightly silty, fine sand that is restricted to a bowl-
shaped channel feature found between the upper mud and
the cross-bedded sand (Fig. 20). The channel feature was
observed in an exposure on the east wall near the bend
where edge of the pit turns to the east, and again on the
south wall of the exposure at the deep trench (Fig. 1). It was
also seen in a short-lived exposure about halfway between
these two exposures. The sands filling the channel display
planar-bedding, roughly parallel to the shape of the chan-
nel. The lowermost contact with the underlying sands is
sharp. No burrows were observed within the unit. It is
sharply truncated by the overlying upper mud unit. The fea-
ture is about 12 ft wide and 3 ft. deep in the northern expo-
sure and about 20 ft wide and 6 ft deep at the southern end
of the exposure.

A third lithol ogy, the upper shell beds (Benson, 1998, fig.
2), isadensely packed, poorly sorted, shell hash with a medi-
um to coarse sand matrix with scattered granules and pebbles
(Figs. 21, 22). Thislithology was found along a haul road exca
vation heading to the eastern part of the excavation to the east
of the main exposure (Fig. 1). It was subsequently removed as
excavation proceeded. Continuous exposure with the main part
of the excavation to the west allows for placing the shell hash
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Figure 20. Photograph of a channel (light gray) at the base of the
upper mud. Channel cuts into cross-bedded sand
below. Approximately 20-ft exposure located along
south wall.

dissolution
collapse

Upper shell bed \

Figure 22. Photograph of the dissolution collapse at the eastern
end of the upper shell bed. Coin is a U.S. quarter.
Section location about 3 ft to the east of Fig. 21.

(or upper shell bed) within the upper part of the cross-bedded
sand unit. The upper shell bed consists of a mixture of broken
shell with some whole shell, primarily Crassostrea, and some
bones and teeth of vertebrates, including abundant turtle-shell
fragments. The shell beds form mound-like features surround-
ed by sand. At the edges of these mounds, collapse features
indicate dissolution of shell and collapse of the adjacent sur-
rounding sand (Fig. 22). The contact of the shell “mound” with
the sand is very sharp. Lateraly from the shelly zones, shell
“ghosts’ were found in the sandsthat laterally gradeto the west
into the upper part of the cross-bedded sand.

Upper Mud

The upper mud unit is the uppermost portion of the
Calvert Formation exposed at the Pollack Farm Site. It con-
sists of a light gray to light reddish-brown clayey silt. The
unit tends to be massive; bedding is generally absent. A few
very fine sand laminae up to 3 in thick were observed near
the base of the unit, and some very fine silty sand beds were
seen at the contact between the Calvert and Columbia for-
mations at the west wall of the exposure (Fig. 1). A few
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Figure 21. Photograph of the shell hash of the upper shell bed.
Note pebbles just below and to the left of the U.S.
quarter. Section located in the east-central portion of
the site (Fig. 1).

molds and casts of bivalve shellswere found near the base of
the unit. These were not identifiable as to genera. Within the
upper mud unit, a few pyritized diatoms were found, but no
other microfossils such as radiolarians or foraminifers. The
most distinguishing characteristic of this unit is its highly
fractured appearance. Both horizontal and vertical fractures
are found throughout the unit. Some of these have slicken-
sides, and many have mineralized zones of sulfate salt min-
erals. The unit thickens dlightly from north to south from
about 15 to 20 ft.

CALVERT DEPOSITIONAL ENVIRONMENTS

On the bases of its lithologies, stratigraphic relation-
ships, and fauna and ichnologic remains (Ward, 1998;
Benson, 1998; Miller et al., 1998), the Calvert Formation at
the Pollack Farm Site is interpreted to have been deposited
primarily in a marginal marine to intertidal setting; open
marine environments were subordinate. The Cheswold sands
at the Pollack Farm Site are part of aregional deltaic depo-
sitional system that extended from New Jersey into northern
Delaware and that distributed sands over wide areas that are
interbedded with correlatable mud beds also of regiona
extent (Benson, 1998).

The Pollack Farm Siteisin a sense a snapshot of just a
small portion of the entire system. It is interpreted by the
author to represent a shallowing-upward sequence deposited
in shallow marine to intertidal depositiona environments. A
setting for this site may be similar to the tidal streams and
estuaries of the present Georgia barrier island coast (Greer,
1975) where small embayments and tidal flats are in juxtapo-
sition to an open ocean setting. A difference is that the sand
supply for the Calvert Formation was much higher than that
for the Georgia coast. The following interpretations are based
primarily on the observations of sedimentary structures and
stratigraphic relationships observed at the Pollack Farm Site.

Shelly Mud Bed

The shelly mud bed (and the radiolarian bed of
Benson, 1998) represents the deepest water and probably the
most marine of any of the local stratigraphic units within the
Calvert Formation exposed at the site. The uniformity of
lithology, silty texture, and lack of abundant sedimentary
structures indicate deposition in a relatively open marine,



inner shelf, quiet-water setting below storm wave base where
there may have been a steady influx of sediment. The occur-
rences of foraminifers, radiolarians, and diatoms (Benson,
1998), and inner shelf mollusks in living position (Ward,
1998), as well as burrows, support this conclusion. Shell
fragments indicate transport of some coarser materia into
the area. There is little evidence of in situ fragmentation of
shells; most of the whole shells arein good condition with no
indication of breakage or fragmentation. The deposits are
similar to those described by Greer (1975) for inner shelf
deposits off Ossabow Sound, Georgia (Fig. 23).

L ower Shell Bed

This bed has received the most attention at the site
because of the abundance of the molluscan and vertebrate
fossils. In terms of depositional environment, it may be the
most difficult to interpret because of the mixed signals that
the fossils present. The textures and bedding of the sedi-
ments clearly indicate strong currents and transport to the
south-southeast with a lesser component in the opposite
direction. Currents were strong enough to move quartz,
chert, and phosphate pebbles and molluscan shells, and to
disarticulate shells, as well as to transport large bones such
as whale vertebrae and mammalian ribs. Stacked cross-sets
within the bed indicate multiple periods of deposition, per-
haps within a short interval of time. Within the bed, howev-
er, are lenses of silt entirely devoid of fossils, presumably
indicative of quiet water. These lenses indicate that there
were times when deposition of the coarse sediment and fos-
sils ceased and fine-grained material was deposited.

The mixed molluscan assemblage consists of brackish
and normal-saline marine taxa; it includes back-barrier,
intertidal, shoreface, and shallow shelf forms (Ward, 1998).
The shells themselves range from highly abraded specimens
to delicate forms with ornamentation preserved. Estuarine
(including abundant large oyster, Crassostrea, shells) and
marine forms dominate the assemblage. The vertebrates
range from open land to forest-dwelling mammals (Emry
and Eshelman, 1998), birds (Rasmussen, 1998), and terres-
trial and aquatic reptiles (Holman, 1998) to marine mammals
such as whales (Bohaska, 1998) and abundant sharks and
other fishes (Purdy, 1998). Also present are corals and abun-
dant pieces of wood. Many of the land vertebrate bonesindi-
cate some time of subaerial exposure prior to their final
deposition (Cutler, 1998).

Clearly the environment must have been one in which
the various faunal elements could be concentrated and
mixed. The most likely setting was at or near the mouth of an
estuary or tidal channel. A comparable modern analog is that
found along the present coast of Georgia where shell accu-
mulations along with vertebrate remains have been docu-
mented (Wiedemann, 1972; Dérjes and Howard, 1975; Frey
et al., 1975; Greer, 1975) in an area of mixed estuarine and
marine influence. The lower shell bed does not appear to
have the characteristics of the shell accumulations in a
younger portion of the Calvert Formation along the western
shore of the Chesapeake Bay in Maryland and Virginia
(Kidwell, 1988) where the setting was more marine and had
lower sedimentation rates.

Greer (1975) reports that tidal channel bars at the
mouth of the Ogeechee River where it becomes Ossabow
Sound consist of coarse-grained sand, shell debris, and mud
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balls, as well as lenses of fine sand and laminated mud
deposited in deeper holes within the channel. This is the
same area where Dérjes and Howard (1975) describe a
lower middle estuarine facies composed of coarse sand and
shell with a mud component. The lower shell bed has the
basic characteristics of migrating bodies of sand and shell
(hence the imbricate structure and stacked nature of the
cross-sets and shells) with abimodality in the cross-bedding
and the presence of lenses of mud deposited in protected
swales within the channel (Fig. 23). The areais aso a like-
ly setting for the mixing of the various faunal elements
found in the bed. Marine vertebrates such as porpoises,
sharks, and other marine fish are common visitors to the
lower reaches of estuaries and tidal channels. Marine mol-
lusks are present on the shoals and inner shelf adjacent to
the inlet and would be readily mixed with the estuarine
forms being transported down the estuary or tidal channel to
the sea. Land vertebrate remains have been reported in late
Pleistocene estuarine deposits of the Georgia Coastal Plain
that occur with shark teeth and estuarine mollusks (Frey et
a., 1975) that, in turn, have been reworked into estuarine
deposits of the modern tidal rivers.

L ower Sand

The lower sand was deposited in much the same envi-
ronment as that of the lower shell bed. The lack of much
shell material isin part attributable to post-depositional dis-
solution. The unit, however, does have a few vertical to hor-
izontal burrows and lacks the distinctive cross-bedding of the
unit below. Texturaly, there is little difference between the
lower sand and the matrix of the lower shell bed. Thisunit is
still associated with atidal channel environment, but it may
represent an influx of sand that diluted the amount of shell in
the channel and that signaled the beginning of the prograda-
tional cycle of tidal flat environments on the margins of the
tidal channel that dominate the rest of the section above the
lower sand. The unit is similar to the swash bar deposits of
Greer (1975) deposited in an area still subtidal, but shallow-
er and closer to the channel margin than the lower shell bed
(Fig. 23).

Interbedded Sand and Mud

Theinterbedded sand and mud unit represents the tran-
sition from tidal channel to tidal flat depositional environ-
ments. The contact between the interbedded sand and mud
and the underlying lower sand is sharp and, if placed in con-
text with the units lying above and below, represents a
ravinement surface produced along the margins of the tidal
channel asit migrated away from the site during the progra-
dation of the tidal flat environments. At the same strati-
graphic level in the eastern portion of the Pollack Farm Site
but in close proximity (~500 ft) to the marginal marine envi-
ronment interpreted for the interbedded sand and mud unit,
the bed of light gray sandy silt with abundant radiolarians
and diatoms indicates an environment of biologicaly pro-
ductive open marine waters (Benson, 1998).

The interbedded sand and mud unit istypical of lower
tidal flat environments that are primarily subtidal and are the
result of fluctuating tides with intervening periods of sand
and mud deposition (Greer, 1975; Dorjes and Howard, 1975;
Reineck and Singh, 1980). The unit records progressively
shallower water deposits from bottom to top (Fig. 23) as



UNIT DEPOSITIONAL ESTUARINE SEQUENCE
ENVIRONMENT (GREER, 1975)
O OO e Xe]
O O\O
H O
Columbia Fm. O O O major unconformity
Calvert Fm. -
—___ — intertiqal to inner shelf ;_u‘
Upper mud | - supratidal JZ>
— tidal flat )
- o)
— —_— = ravinement surface shoal F?I
Q)Qj\@ﬁcr subtidal to intertidal &
OIS tidal flat , o)
Wﬂ& estuarine Z
Cross-bedded sand __@\:O& [ channels
U
U . tidal flat 1]
— uZ= subtidal It h A
L T - sand flat salt mars
= )
*Interbedded - subti(_ial channel ravinement surface estuarine s}
sand and mud margin g:swnformiry channels 8
Lowersand |-~ °. 0.0 tidal channel/shoal »
o 19}
> o9 shoal 2]
%Y N tidal channel Ie)
Lower shell /\\C/\\/\D\\//\\O < disconformity z
Shellymud | = — Z\Z\ marine inner shelf inner shelf
=~ _ y

*A transgresssive (inner shelf]
environment) interval
represented by the radiolariand
bearing beds is found in this
position to the east of the
main part of the excavation.

Figure 23. Comparison of the Calvert depositional environments at the Pollack Farm Site to those of a modern prograding tidal system

(Greer, 1975).

indicated by the transition from thicker silt laminae horizon-
tally interlaminated with sand to sand with wavy to flaser
bedding with the flasers draping asymmetrical ripples.

Cross-Bedded Sand

The cross-bedded sand represents the transition
between a subtidal environment of the interbedded sand and
mud to the subtidal to intertidal environment. Both the sedi-
mentary structures and the characteristic trace fossils of the
unit (Miller et al., 1998) indicate deposition along the mar-
gins of atidal channel in a sand-dominated system in pro-
gressively shallowing water as the channel filled and/or
migrated away from the site. The presence of dlightly coars-
er sand, abundant mud rip-up clasts, and abundant clayey silt
drapes in the lower part of the unit are typical of subtidal
deposits dlightly off the channel center where flow is high
enough to rip up and redeposit clay laminae and also has
enough depth that, during slack water, clay laminae and
drapes are deposited (Klein, 1977). Upward in the unit, these
features give way to large-scale planar cross-sets with small-
er-scale trough cross-sets composed of stacks of ripple-bed-
ded, fining-upward sand laminae. These types of sand
deposits are typical of sand flat deposits found in the shallow
subtidal to intertidal margins of tidal channels (Greer, 1975;
Reineck and Singh, 1980). Abundant Ophiomorpha burrows
are found within this portion of the unit, and their presence

is consistent with the above interpretation (Miller et a.,
1998).

Within the upper part of the unit are rare “mounds” of
densely packed shell hash with a coarse sand matrix (upper
shell beds). The mounds are composed primarily of whole
and broken shells of Crassostrea plus Mercenaria, Busycon
and other typical estuarine taxa. Mixed in with the shells are
vertebrate remains; most common are turtle shell plates and
shark teeth. Similar deposits are found in the modern inter-
tidal and shallow subtidal environments in the salt-marsh
estuaries of the Georgia coast (Wiedemann, 1972). They
form by accumulation of shell material from various envi-
ronments within the estuary into bars produced by intermit-
tent storm surge events. The steep-sided, densely packed
shell beds are typical of these deposits. It is possible that the
vertebrate remains, as well as some of the shell and the
coarse matrix of the bars may have been contributed by ero-
sion of the underlying lower shell bed somewhere updip.
Frey et a. (1975) report the reworking of late Pleistocene
land and marine vertebrates into the modern tidal channels
in the Georgia estuaries by updip erosion of older beds and
incorporation of the fossil remains into the modern chan-
nels. The abraded nature of the vertebrate remains and some
of the shells as well as the fragmented nature of some of the
shells and the admixture of the coarse sediment and pebbles
that are much like those of the lower shell bed support this
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conclusion.

Near the top of the unit are two other lithologies
common to the upper sand. The first is found underlying
the contact with the overlying upper mud and consists of
laminae of fine to medium sand interlaminated with medi-
um to coarse sand and granules. This unit represents the
intertidal zone between the sand flats below and the mud
flats of the overlying upper mud. It was deposited by ebb-
flow emergence runoff (Klein, 1977) that concentrated
coarser grains in laminae and deposited sand in ripple-bed-
ding that resulted in the low-angle planar bedding seen in
cross-sectional view. The other lithology is a slightly silty,
fine sand that fills a bowl-shaped channel feature that cuts
across the site at the top of the cross-bedded sand. It repre-
sents deposition in a small tidal channel that cut across the
sand flat prior to the progradation of the muds of the upper
flat. Deposition within the channel was rapid as indicated
by the lack of bioturbation structures within the silty sands
of the channel.

Upper Mud

The upper mud represents the transition from the sand-
dominated intertidal and subtidal sand flat to the mud-domi-
nated intertidal (and supratidal?) mud flat. The upper unit is
the equivalent of the mud flats of Reineck and Singh (1980).
The sandy intervals at the base of the unit represent periodic
influx of sand, but as whole, the silts and clays of the mud
flat dominate the unit. The lack of sedimentary structures
within most of the unit is likely due to bioturbation by ani-
mals rather than by rooted vegetation.

SUMMARY OF CALVERT
DEPOSITIONAL HISTORY

The deposits at the Pollack Farm Site represent a
shallowing-upward estuarine to intertidal sequence.
Estuarine should be taken here to be descriptive of an area
of semi-enclosed tidally influenced deposition which has
both marine and fresh-water influence rather than descrip-
tive of a geomorphic feature such as adrowned river valley.
The sedimentary fill is progradational (Fig. 23) and is sim-
ilar to the regressive sequence for sedimentary facies at the
estuary-marine transition zone proposed by Greer (1975).
The portion of the section missing from Greer's (1975)
model is the shoal deposits which would correspond in
position to the break between the shelly mud unit and the
lower shell bed (Figs. 23, 9). These shoal deposits may
have been removed by the scour and tidal currents associ-
ated with the estuarine channel in which the lower shell bed
was deposited.

After the deposition of the fine-grained shelf deposits
of the shelly mud bed, a coastal zone began to develop over
the site that included an estuarine channel and associated
shoals and sand bars. The channel was a zone of mixing of
faunal elements, including brackish and normal-saline
marine mollusks, as well as fragmentary remains of marine
and terrestrial vertebrates. The tidal currents of the channel
served to concentrate the coarse fossil material over time
until finally buried in the bars in the channel.

Biologic productivity was high in the area as shown by
the abundant molluscan and marine vertebrate remains found
in the lower shell bed. The terrestrial mammal assemblage
suggests habitats of nearby forested areas with some open
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grassy areas and fresh-water ponds, a possible modern analog
being a delta with streams, oxbow lakes and ponds, with
marshes and swamps developed in the lowlands and forest
and open park-like grasslands on the higher elevations (Emry
and Eshelman, 1998). The vertebrate remains indicate a his-
tory of post-mortem disarticulation, subaerial exposure, bur-
ial, and permineralization prior to transport and accumulation
in the lower shell bed in the tidal channel (Cutler, 1998).

The lower sand represents a filling of the channel
which was in turn truncated by the progradation of a rela
tively completetidal flat assemblage of the subtidal deposits
of the interbedded sand and mud, the subtidal to intertidal
sand flat deposits of the cross-bedded sand, and the intertidal
to supratidal deposits of the mud flats of the upper mud. The
tidal flat deposits prograded across the area and were fol-
lowed by a new cycle of marine deposition as preserved
downdip from the Pollack Farm Site (Benson, et a., 1985;
Groot, 1992; Benson, 1998).

REFERENCESCITED

Andres, A.S.,, 1986, Stratigraphy and depositional history of the
post-Choptank Chesapeake Group: Delaware Geological
Survey Report of Investigations No. 42, 39 p.

Andres, A.S., and Howard, C.S., 1998, Analysis of deformation fea-
tures at the Pollack Farm Site, Delaware, in Benson, R.N., ed.,
Geology and paleontology of the lower Miocene Pollack Farm
Fossil Site, Delaware: Delaware Geological Survey Special
Publication No. 21, p. 47-53.

Benson, R.N., 1990, Geologic and hydrologic studies of the
Oligocene-Pleistocene section near Lewes, Delaware: Delaware
Geologica Survey Report of Investigations No. 48, 34 p.

__ 1998, Radiolarians and diatoms from the Pollack Farm Site,
Delaware: Marine—terrestrial correlation of Miocene vertebrate
assemblages of the middle Atlantic Coastal Plain, in Benson,
R.N., ed., Geology and paleontology of the lower Miocene
Pollack Farm Fossil Site, Delaware: Delaware Geological
Survey Special Publication No. 21, p. 5-19.

Benson, R.N., Jordan, R.R., and Spoljaric, N., 1985, Geological
studies of Cretaceous and Tertiary section, test well Je32-04,
central Delaware: Delaware Geological Survey Bulletin No.
17,69 p.

Cutler, A.H., 1998, A note on the taphonomy of lower Miocene fos-
sil land mammals from the marine Calvert Formation at the
Pollack Farm Site, Delaware, in Benson, R.N., ed., Geology
and paleontology of the lower Miocene Pollack Farm Fossil
Site, Delaware: Delaware Geological Survey Special
Publication No. 21, p. 175-178.

Ddrjes, J., and Howard, J.D., 1975, Estuaries of the Georgia coast,
U.S.A.: Sedimentology and biology. IV. Fluvial-marine transi-
tion indicators in an estuarine environment, Ogeechee River-
Ossabaw Sound: Senckenbergiana Maritima, v. 7, p. 137-179.

Frey, RW., Voorhies, M.R., and Howard, J.D., 1975, Estuaries of
the Georgia Coast, U.S.A.: Sedimentology and Biology. VIII.
Fossil and recent skeletal remains in Georgia estuaries:
Senckenbergiana Maritima, v. 7, p. 257-295.

Gernant, R.E., 1970, Invertebrate biofacies and pal eoenvironments,
in Gernant, R.E., Gibson, T.G., and Whitmore, F.C., Jr., eds.,
Environmental history of Maryland Miocene: Maryland
Geological Survey Guidebook 3, p. 19-30.

Greer, S., 1975, Estuaries of the Georgia Coast, U.SA.:
Sedimentology and Biology. I11. Sandbody geometry and sedi-
mentary facies at the estuary-marine transition zone, Ossabaw
Sound, Georgia: Senckenbergiana Maritima, v. 7, p. 105-135.

Groot, J.J., 1992, Plant microfossils of the Calvert Formation of



Delaware: Delaware Geological Survey Report of

Investigations No. 50, 13 p.

__ 1998, Pdynomorphs from the lower Miocene Pollack Farm Site,
Delaware, in Benson, R.N., ed., Geology and paleontology of the
lower Miocene Pollack Farm Fossil Site, Delaware: Delaware
Geological Survey Specia Publication No. 21, p. 55-57.

Groot, J.J., Benson, R.N., and Wehmiller, J.F., 1995, Palynological,
foraminiferal, and aminostratigraphic studies of Quaternary
sediments from the U.S. middle Atlantic upper continental
slope, continental shelf, and Coastal Plain: Quaternary Science
Reviews, v. 14, p. 17-49.

Isphording, W.C., 1970, Petrology, stratigraphy, and re-definition of
the Kirkwood Formation (Miocene) of New Jersey: Journal of
Sedimentary Petrology, v. 40, p. 986-997.

Jordan, R.R., 1962, Stratigraphy of the sedimentary rocks of
Delaware: Delaware Geological Survey Bulletin No. 9, 51 p.

__ 1964, Columbia (Pleistocene) sediments of Delaware:
Delaware Geologica Survey Bulletin No. 12, 69 p.

__ 1974, Pleistocene deposits of Delaware, in Oaks, R.Q., and
DuBar, J.R., eds., Post-Miocene stratigraphy central and south-
ern Atlantic Coastal Plain: Logan, Utah, Utah State University
Press, p. 30-52.

Kidwell, SM., 1982, Stratigraphy, invertebrate taphonomy, and
depositional history of the Miocene Calvert and Choptank for-
mations, Atlantic Coastal Plain: New Haven, Conn., Yale
University, Ph.D. dissertation, 514 p.

1988, Taphonomic comparison of passive and active continen-
tal margins: Neogene shell beds of the Atlantic Coastal Plain
and northern Gulf of Californiaz Palaeogeography,
Pal aeoclimatol ogy, Palaeoecology, v. 63, p. 201-223.

Klein, G., deV., 1977, Clastic tidal facies: Champaign, IlI.,
Continuing Education Publishing Company, 149 p.

Miller, M.F., Curran, H.A., and Martino, R.L., 1998, Ophiomorpha
nodosa in estuarine sands of the lower Miocene Calvert
Formation at the Pollack Farm Site, Delaware, in Benson. R.N.,
ed., Geology and paleontology of the lower Miocene Pollack
Farm Fossil Site, Delaware: Delaware Geological Survey
Special Publication No. 21, p. 41-46.

Pickett, T.E., and Benson, R.N., 1983, Geology of the Dover Area,

40

Delaware: Delaware Geological Survey Geologic Map Series
No. 6, scale 1:24,000.

Ramsey, K.W., 1993, Geologic Map of the Milford and Mispillion
River quadrangles: Delaware Geological Survey Geologic Map
Series No. 8, scale 1:24,000.

_ 1994, Geomorphology and stratigraphy of the Quaternary of
Delaware: 1994 Southeastern Friends of the Pleistocene Field
Trip Guidebook, 66 p.

_ 1997, Geology of the Milford and Mispillion River quadran-
gles: Delaware Geological Survey Report of Investigations No.
55, 40 p.

Reineck, H.-E., and Singh, 1.B., 1980, Depositional sedimentary
environments-with reference to terrigenous clastics; ond e -
New York, Springer-Verlag, 549 p.

Richards, H.G., and Harbison, A., 1942, Miocene invertebrate
fauna of New Jersey: Proceedings of the Academy of Natural
Sciences of Philadelphia, v. 94, p. 167-266.

Shattuck, G.B., 1904, Geological and paleontological relations,
with a review of earlier investigations: Maryland Geological
Survey, Miocene volume, p. XXXiii—CXXxvii.

Ward, L.W., 1998, Mollusks from the lower Miocene Pollack Farm
Site, Kent County, Delaware: A preliminary analysis, in
Benson, R.N., ed., Geology and paeontology of the lower
Miocene Pollack Farm Fossil Site, Delaware: Delaware
Geological Survey Specia Publication No. 21, p. 59-131.

Ward, L.W., and Blackwelder, B.W., 1980, Stratigraphic revision of
upper Miocene and lower Pliocene beds of the Chesapeake
Group, middle Atlantic Coastal Plain: U. S. Geological Survey
Professional Paper 1482-D, 61 p.

Wiedemann, H.U., 1972, Shell deposits and shell preservation in
Quaternary and Tertiary estuarine sedimentsin Georgia, U.S.A:
Sedimentary Geology, v. 7, p. 103-125.





