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Geological Studies of Cretaceous and Tertiary Section,
Test Well Je32-04, Central Delaware

ABSTRACT

A cored well 1,422 feet (433 meters) deep drilled two miles
southeast of Dover is the basis for this integrated study of the
lithology and paleontology of the Cretaceous-Tertiary section in
central Delaware. The section is subdivided into lithostrati
graphic, biostratigraphic, chronostratigraphic, and heavy
mineral units. Data and results are presented on a common base
in three plates.

,t Allowing for uncertainties due to the lack of areal
investigation, the formations identified are: Potomac, Magothy,
Merchantville, "Englishtown," lI Ma r s ha l l t own , " Pamunkey(?), Piney
Point, Calvert, and Columbia. These span from the Late Creta
ceous to the Pleistocene.

Transgression in Santonian time resulted in deposition of
the Magothy Formation on older, continental rocks. Marine
conditions persisted into the Bartonian. The greatest water
depths were present in the Paleocene and Eocene. Subaerial
erosion occurred in late Eocene-early Oligocene, followed by
marine deposition from late Oligocene to mid-Miocene. The
Tertiary closed with another interval of subaerial erosion.

Three disconformities record the intervals of subaerial
exposure. Three additional disconformities are recognized by
missing biozones within the marine section: middle
Maastrichtian-Danian, Danian-Thanetian, and Ypresian-Lutetian.

The study provides a basis for correlation in the middle
Atlantic Coastal Plain and between that area and the offshore
section. The geologic history should be applicable to the
entire basin.



INTRODUCTION

Purpose and Scope

A cored test well drilled to 1,422 feet (433 meters) at the
Dover Air Force Base near Dover, Delaware in 1957 yielded
information for a variety of investigations of the lithology,
paleontology, and stratigraphy of Cretaceous and Tertiary rocks
in the central Dart of the state. The results of additional
systematic studies, and restudies of older data, have been
assembled for this Bul~e~in.

Deep, cored wells are rare in Delaware; theretore,
comprehensive analyses of data and rock samples from this well
prov Lde a reference section important in understanding the
geology of Delaware. Noreove r , presentation of these results
should encourage and facilitate correlation with the geology of
adjacellt states and the area being explored for oil and gas in
the mid-Atlantic offshore region.

Emphasis has been placed here on the section penetrated by
the test well, designated Je32-04 in the numbering system of the
Delaware Geological Survey (DGS), rather than on regional
geology. Because the designations of some. un Lts, especially
lithostratigraphic units, depend on correlation and mapping
beyond the scope of this study of a single well, uncertainty is
indicated for some slraligraphic names.

Previous Investigations

Well Je32-04 was drilled to explore for additional ground
water supplies at the Dover Air Force Base (Figure 1).
Rasmussen, Groot, and Depman (1958) described the drilling
operations and pump test and presented descriptive and
geophysical logs. They also presented the initial, "interim"
geologic interpretations of the section penetrated, many of
which have been refined by later work.

The DGS and others have drawn heavily on information from
.Je32-04 in subsequent years. Examples of such studies include
Jordan (1962a; planktonic foraminitera), Jordan anu Adams (1962;
bentonite), Jordan (1962bi Delaware stratigraphy), Talley (1975;
correlation), Spo l j a r Lc ec a]. (1976; remote sensing), and
Woodruff (1976; geophysical logs). A cross section on the
geologic map of the Dover area (Pickett and Benson, 1983) is in
part characterized by informatio~ from the well.

2
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Figure 1. Location of well Je32-04.

Hydrologic information from Je32-04 has
such studies as those of Sundstrom and Pickett
(1972), and Leahy (1982).

been applied in
(1968), Woodruff

Stratigraphic investigations of the Delmarva region that
have used Je32-04 as a reference point include Jordan (1963),
Spoljaric (1975), and Benson (1976).

The regional geology of the Atlantic Coastal Plain that is
the context for the section treated herein is discussed by
Murray (1961), Owens et: ale (1970), and Brown, Miller and Swain
(1972). The regional stratigraphy, together with its nomen
clature and problems have been recently discussed by Jordan
(1983) and Jordan and Smith (1983; 1984). Additional references
to pertinent older works may be found in the summaries provided
by such papers and correlation charts.
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METHODS OF INVESTIGATION

Drilllny, Sampling, and Logging

Test well Je32-04 was drilled to
feet (433 m) beginning in March 1957.
to land surface datum, 23.7 feet
specified.

a
All
( 7

total depth of 1 r 422
depths are referenced
m) unless otherwise

I

~:_i

The well was drilled by the hydraulic rotary method wi th
split-spoon, wire-line cores taken approximately every 10 feet
(3 m). One hundred and forty-one cores 18 inches (46.2 cm) long
and 1-3/8 inches (3.5 em) in diameter were obtained along with
cuttings from the mud returns. Basic geophysical logs
single-point resistance, self-potential, and gamma - were run
in the open hole with DGS equipment. The original resistance
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Samples and Records

All cores from Je32-04 are entered in the DGS Core and
Sample Library under numbers 20570 through 20711. Cuttings were
described by Rasmussen, Groot, and Depman (1958), but were not
preserved. DGS sample numbers are retained permanently for all
splits, slides, and separations made from the original samples.
All processed materials are retained in the collections of the
DGS.

Mechanical Analyses

The primary mechanical analyses used in this study were
made by sieve and hydrometry techniques for the entire range of
grain sizes present. Samples were selected from every second
core, except at significant changes of texture, where denser
sampling was used, or where cores contained insufficient
material for full mechanical analysis (20594, 20603, and 20604).

The hydrometry technique used for mechanical analysis of
clay- and silt-sized particles is essentially the standard
method of the American Association of state Highway Officials
(AASHO, 1950). Results from the analyses of fine-grained
fractions were combined graphically with those from U. S.
Standard sieves for sand and gravel as cumulative frequency
curves on linear probability paper (Doeglas, 1946). Calcu
lations were done in 0 units (Krumbein, 1934) using formulas
proposed by Inman (1952) for the textural parameters. The data
points ¢16 and ¢84 did not fall within the range of sizes
measured for all samples; therefore, in some cases those points
were estimated by extending the curves, or could not be
reasonably calculated. The textural data, including notes on
these qualifications, are held in open file by the DGS. In all,
75 samples were analyzed by these methods.

Additional studies of textures in the sand-size range were
performed on samples 20692, 20684, 20680, 20676, 20668, 20652,
20636,20629,20622,20613, and 20604. Sand-size material was
separated from silt and clay by sieving. Clay was separated
from silt-size material by ultrasonic cleaning followed by
centrifuging a Sand-size glauconite pellets were segregated by a

5
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Franz Magnetic Separator. The weights of sand fractions
(including glauconite pellets) were recomputed to 100%, and
textural parameters (mean grain-size, sorting, skewness, and
kurtosis) were calculated using the statistical method of
moments.

Mineralogy

Major Constituents. Thin sections and point counts were used to
quantify the major m.Lner e I constituents. Thin sections were
prepared by a commercial labora tory by impregnating the
generally unconsolIdated sediments with epoxy resin. The
sections were cut parallel to the axes of the cores. After
general petrographic description, counts were made of at least
500 points per slide. In total 68 samples were studied, that is
every other core, except where closer control was needed.

Additional information about mineral and fossil components
contributing to the lithologies of the samples was derived from
examination of the washed residues for microfossil studies.

Hee v y h inerel.s , The samples used fOT heavy mineral separations
and analyses were those used for mechanical analyses except here
more detail was found desirable and additional samples studied.
In all 73 determinations of heavy mineral content were made.
The heavy components were separated from the medium to very fine
sand fractions (500-62 microns) by means of flotation in
t.e t r abr omoet.hane (sp gr 2.94). Subsamples were split to less
than 15 grams and boiled in dilute hydrochloric acid and in
dilute nitric acid to remove iron oxide and other grain
coatings. The "heavy" and "light" components were separated by
centrituging the washed samples in t:etrabromoethane and freezing
the bottoms of the centrifuge tubes to allow the light fractions
to be decanted, a technique similar to that suggested by
Fessenden (1959). About 100 non-opaque grains per sample were
counted in linear traverses of petrographic slides such as
described by Doeglas (1940). Samples 20636,20643, and 20663
did not yield the desired 100 non-opaque grains. Abundances of
opaque grains were noted, but these were not counted in detail
as interpretation would be confounded by authigenic minerals
dominant in some samples.

Count sheets and notes for all petrographic investigations
are availaLle for inspection at the DGS.

6
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Paleontology

Two or three samples of each core from the well were
studied for fossil content. The washed residues retained on a
sieve with mesh openings of 63 microns were examined under a
stereoscopic binocular microscope. Visual estimates of the
relative abundances of biogenic components were made accor.ding
to a scale ranging from very rare (V) (approximately five or
fewer) counted per residue to a flood (F) representing a
significant component of the residue (5 percent or greater).
Results are plotted in Plate 1.

Because the emphasis of the paleontologic study was on
biostratigraphy, species identification was limited to planktic
foraminifera, certain age-diagnostic benthic foraminifera, and
Radiolaria. For determination of paleoenvironments, benthic
foraminiferal genera, generic groups, and selected species were
noted and their abundances estimated, but the results were not
plotted.

Colors

Chemical analyses were done by atomic absorption spectro
photometry and wet chemical techniques on samples: 20684, 20680,
20676, 20668, 20652, 20636, 20629, 20622, 20613, and 20604.

Sample solutions were prepared by means of lithium
tetraborate fusion. U. S. Geological Survey I USGS) rock
standards were used in determination of each oxide. The totals
of oxide percentages for individual samples add up to less than
100%, probably indicating incomplete solution of Si0 2 and A120 3 0

The spectrophotometric analyses were performed on a Varian M1QOQ
Spectrophotometer and Varian CRA-90 Carbon Rod Atomizer.
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Descriptions of
comparisons of dry
America Color Chart .

colors used in Plate 1 were derived from
samples with the Geological Society of

Chemical Analyses

ens
Data Presentation

All data have been summarized on the plates found in the
pocket attached to the back cover of this bulletin. Plate 1
summarizes the physical attributes of the section. Plate 2
presents paleontologic information. Plate 3 contains interpre
tations derived from the data appearing on the other two charts.
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Geophysical logs and other basic information are repeated on
each plate so that the various kinds of information may be
related to stratigraphic position.

LITHOSTRATIGRAPHIC UNITS

General Statement

Rasmussen, Groot, and Depman (1958), in their preliminary
report on well Je32-04, recognized the Raritan Formation,
Magothy Formation, Matawan Group, Monmouth Group, Brightseat(?l
Formation, Piney Point Formation, Kirkwood or Calvert forma
tions, and the Talbot Formation. Importantly, this was the
"discovery" well for the Piney Point Formation in Delaware that
has since served as a major aquifer in central Kent County.
Jordan (1962b) summarized revisions to the section penetrated,
identifying the Potomac, Magothy, Matawan, and Monmouth
formations, unit A, Piney Point Formation, Chesapeake Group, and
Columbia Formation. Pickett and Benson (1983) interpreted unit
A as being the Pamunkey Formation and found the Chesapeake Group
to be represented by the Calvert Formation.

Thus, these and other less direct references to Je32-04
have refined the lithostratigraphy and nomenclature of the
section beneath central Delaware. The more detailed analyses
are presented in this report. Some conclusions appear in this
section so as to better organize the information presented.
Because this study focuses on a single well, uncertainties about
stratigraphic nomenclature are indicated pending resolution by
correlations to be established in areal studies. Names placed
in quotation marks (" 1/) are for units uncertainly cor r-e La ted
with type localities; a query (?) following a name acknowledges
that the name itself may be incorrectly applied.

Potomac Formation

Nomenclature. McGee (1886a;b) described the Potomac Formation
from exposures in the District of Columbia and adjacent Maryland
and Virginia. The use of the term in the area near the Fall
Zone of the Mid-Atlantic States has been reviewed by Jordan
(1983). The bottom (TD=total depth) of Je32-04 is in the
Potomac Formation. The interval from 1,369 feet (417 m) to TO
at 1,422 feet (433 m) is assigned to the Potomac Formation.

8
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Texture. Throughout the' Atlantic Coastal Plain the Potomac
consists of alternating beds of sand, silt, and clay. Of the
three cores analyzed from Je32-04, one is a fine sand, the
second a silt, and the third a clay (Md¢). The sand (core
20709) is moderately well sorted and positively skewed.
Typically, sorting is poorer in the silt and clay. Je32-04
penetrated 26 feet (8 m) of clay (above) and 27 feet (8 m) of
sand and st 1 t in t.he Potomac. The sand and sil t are uncon
solidated. ThQ clay is stiff, dense, and dry with a soapy feel.

Composition. The Potomac sand is quartzose and, in the case of
the sand fraction of sample 20711, highly micaceous (muscovite).
A photomicrograph of the thin section of sample 20711 is shown
in Figure 2. No feldspar, glauconite, or other rock-forming
minerals were identified except clays. Clay minerals were not
determined, but on the basis of other studies (e.g. Pickett,
1970; Obermeier, 1984) are expected to be dominated by kaolinite
and illite.

Magothy Formation

Nomenclature. The lithology described originally by Darton
(1893) is persistent and characteristic (Jordan, 1983). The
authDrs agree with the interval as~igned to the Magothy

Trace Minerals. Small pyrite nodules and flakes of lignite are
present in small amount.s , Heavy minerals in the two cores of
the Potomac studied (20709 and 20711) are, in order of
decreasing abundance: staurolite, tourmaline, zircon, rutile,
chLor i t.o t o , and very rare anatase, epidote, and s LLl.Lmen i t.e ,

Log &gnature. The contrasting lithologies of the Potomac
Formation are strongly displayed on the spontaneous potential
(SP) and gamma-ray logs. The SP is probably accentuated by
mineralization of the formation water. The resistance log is
suppressed, confirming the high dissolved solids content of the
water. Water in the Potomac at this location and depth is
expected to be bracki sh (Cushing et a1., 1973). Al though only
one sand-clay cycle was penetrated, the logs are typical of the
repetitive sequences of the Potomac (Woodruff, 1976).
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Formation by Rasmussen, Groot, and Oepman (1958) with slight
refinements. The Magothy is here found to lie between 1,369 and
1,265 feet (417 to 386 rn ) , Cores 20705 through 20695 are
available from this 103-foot (31 m) thickness. Core 20695 has
some characteristics of both the Magothy and Merchantville
formations; it is placed in the Magothy so that the contact is
located at the top of a sand-silt shown most clearly on the SP
log. The top few feet of the Magothy may be reworked.

Texture. The Magothy typically consists of alternating beds of
light-colored sand and dark silt. Aside from pyrite nodules,
the sediments are uncons o l t da t ed , Median grain sizes for two
cores (20701 and 20699) fall in the fine sand range; three
(20703,20697, and 20695) are coarse silts; one (20705) is
unusually fine, a clay. Sorting of the sand is fair~ that of
the silt and clay is poor. All samples are positively skewed.

Composibon. Four thin sections were point-counted, 20705,
20703, 20698, and 20695. Core 20702 was examined, but too many
sand grains were pulled from the slide in grinding the thin
section to permit systematic counting. The sands consist of
quartz with some admixture of "clay." Core 20695 contains 21.2
percent glauconite. About two to eight percent muscovite is
present. Opaque masses identified in reflected light as pyrite
comprise 0.4 to 5.6 percent of the samples. Lignite is present
throughout, especially in the silts.

Trace Minerals. In six cores studied (20705, 20703, 20701,
20699, 20697, 20695) the heavy mineral suite is dominated by
staurolite and tourmaline with significant amounts of zircon and
kyanite. Rutile and chloritoid are persistent in small amounts.
Trace amounts of sillimanite, garnet, epidote, anatase, and
brookite were found. Epidote and garnet are more prominent in
core 20695. Heavy mineral separates contain large quantities
(55-SO percent) of opaque grains, mostly pyrite.

Color.
sands

The silts are gray and dark
are light and very light gray.

gray, almost black. The

conitej

Log Signature. The alternating silts and sands of the Magothy
produce strong spontaneous potential and gamma-ray log signa
tures. In Je32-04 the resistance curve is suppressed due to
brackish interstitial waters.

11
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Matawan Group

Nomenclature

In their "interim report, II Rasmussen, Groot, and Depman
(1958) assigned the interval from 1,275 feet (389 m) to 952 feet
(290 m) to the Matawan Group, undifferentiated. Jordan (1962b),
restricted the Matawan to 1,275 feet (389 m) to 1,170 feet (357
m) • He thought the subdivisions of the Matawan Group at the
Chesapeake and Delaware Canal did not retain their lithologic
identities as far downdip as Je32-04. The distinctive attri
butes of the Matawan Group, relatively fine texture and signi
ficant muscovite, Rres€nt in the type areas of New Jersey
(Clark, 1894), were, however, identified in the well. Jordan
reasoned, then, that the name Matawan should be retained, but at
formational rank. In this bulletin, however, we recognize three
subdivisions of the Matawan: the Merchantville Formation and the
provisionally assigned "Englishtown" and "Marshalltown." It is
possible to describe in Je32-04 units from within the Matawan
section that resemble formations of the Matawan Group present at
the outcrop. Whether the subsurface divisions are the same ones
as those found in outcrop must be demonstrated, at least for the
"Englishtown" and Marshalltown," by correlation. That correla
tion is beyond the scope of this report, but the probabilities
of the relationships are indicated here to suggest the direction
of future research.

Table 1 . Su b di vision of the Matawan Group in Je32-04.

Group Formation Depths Core Numbers
Feet Meters

"Marshall town" 1108-1055 338-322 20679-20674
Matawan "Englishtown" 1167-1108 356-338 20684-20680

Merchantville 1265-1167 386-356 20694-20685

Merchantville Formation

Texture. Mechanical analyses were run on the complete ranges of
sizes in five cores, 20693, 20691, 20689, 20687 and 20685. Core
20693 is coarse silt and 20687 a fine silt. Cores 20691 and
20685 are very fine sand; 20689 is a fine sand. All are poorly
sorted and all but 20687 are positively s kewed , The dominant
texture of the Merchantville is coarse silt to very fine sand ..

12



Log Signature. Aside from kicks on the spontaneous potential log
at 1,252 to 1,256 feet (382 m to 383 m) due to thin, fine sand,
logs within the Merchantville are flat and indicative of a
fine-grained section. A slight coarsening toward the top is
shown on all three curves.

Trace Minerals. Heavy minerals were separated from the four
ceres used for mechanical analyses. Major components, in order
of decreasing abundance are: tourmaline, garnet, staurolite,
chloritoid, zircon, epidote, and rutile. Anatase, andalusite,
brookite, kyanite, and zoisite occur irregularly in very small
amounts. Sixty-eight to 98 percent of the heavy grains are
opaque, largely pyrite.

Composition. In the sand-size range glauconite and quartz are
the dominant components (Figure 2). Considerable matrix is
present throughout. Glauconite averages about 35 percent of the
five samples analyzed (the same samples as used for mechanical
analyses), but varies greatly. Muscovite averages about three
percent. Opaque grains, mostly pyrite, are also conspicuous,
averaging more than two percent. A few percent of shell calcite
is present in cores 20689, 20687 and 20685. Trace amounts of
authigenic calcite occur in 20691.

pman
feet
2b I ,
(357
the

oq Lc
tri
3'ni
r sey
rden
t at
hree
the

~ is
3.wan
t at
ones
the

:la
ties
t Lon

Color.
gray.

Samples from the Matawan are primarily dark greenish-

er s

74
30
35

; of
Jer-e
and

arLy
rant.
j •

"Englishtown" Formation

Texture. The "Bnq l Lsh t own" is identified from 1,167 to 1,108
feet (356-338 m). It is unconsolidated except that hard streaks
were reported while drilling from 1,124 to 1,129 feet (343 to
344 m ) , Cores 20684 through 20680 were obtained from the
interval. Cores 20683 and 20681 were used to determine texture
and mineralogy. The "Englishtown" is a fine to very fine sand.
Sorting of the very fine sand (206831 is moderate; that of the
fine sand (20681) is good. Both samples are positively skewed.

Composition. Quartz and glauconite average 62 and 3 percent of
the two samples, respectively. The glauconite content is
variable, however, as discussed in the chapter on glauconite.
About 20 to 32 percent of the samples is matrix. A few percent
of shell calcite is present in 20683. Feldspar and muscovite
are present in both samples, averaging 2.6 and 2.1 percent,
respectively. Pyrite is noticeable in 20683.
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Trace ninerele, The dominant heavy minerals in samples from
cores 20683 and 20681, in order of decreasing abundance, are:
garnet, tourmaline, and staurolite, followed by epidote, zircon,
chloritoid, rutile, kyanite, and andalusite. Trace amounts of
sillimanite and aoLs i t.e were found. Opaque grains account for
76-80 percent of the heavy mineral suite.

Color _
of the

Samples from the "Englishtown"
section and gray-brown above.

are gray near the bottom

gradually
curve is

fresher
to be
with a

Log Signature. All three curves reflect a section that
coarsens upward. -The response of the resistance
stronger than in the units below, indicating
interstitial waters. The bottom contact appears
gradational, whereas there is a rather abrupt contact
finer grained unit above.

Chemistry. The small amount of Fe;lG 3 in sample 20684 reflects
scarci ty of glauconite in the sediment (Table 2 J • Most of the
FeG is contained in pyrite. Calcium and magnesium are probably
primarily due to fossil shells.

The analyses of this and all other samples studied appear
in Table 2.

The presence of glauconite in sample 20680 is reflected in
its Fe2D3 content (9.3 percent), which is higher than expected
for the low K2D content (1.4 percent). It appears that a
considerable portion of the Fe2D3 is contained in other than
clay minerals. The high FeD is primarily due to pyrite
developed as coating on foraminiferal shells. Most of the Ca,
however, has been leached and only a small amount is retained in
the sediment (1.5 percent).

"Marshalltown" Formation

Texture. The interval in well Je32-04 from 1,108 to 1,055 feet
(338-322 m) is designated "Marshalltown" Formation on the basis
of stratigraphic position and similarity to known Marshalltown
strata updip. The name indicates the probability that correla
tion will eventually establish the physical continuity necessary
to remove doubt about the terminology. The "Marshalltown" here
is finer grained than at the outcrop, and it is likely that
Dover is about as far downdip as the term can reasonably be
applied. Cores 20779 to 20674 were taken in the "xe r sha Ll t ownt'j
of these, 20675, 20677, and 20679 were used for determinations
of texture and composition.
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Table 2. Chemical analyses of selected samples.

* **Depth Sample SiOz Ti0 2 Al2 03 Fe2 03 FeO (Fe) MnO MgO CaO Na20 K,O Cr203 H2O
(in feet, Number Percentages

SLD2

367~369 20604 50.9 0.35 6.4 0.74 4.19 (5.4) 0.22 0.82 16.98 0.18 1.40 nil 4.96
457~459 20613 69.1 0.13 4.8 9.36 1.52 (11.05) 0.04 1.66 4.93 '0.20 3.60 0.035 3.70
547~549 20622 63.0 0.16 4.1 7.64 1.58 (9.4) 0.04 1.07 8.80 0.16 2.86 0.025 3.90
617~619 20629 55.9 0.36 6.7 4.43 3.12 (7.9) 0.04 1.48 9.30 0.46 2.60 0.02 7.25
687~689 20636 31.3 0.22 4.7 trace 4.21 (4.40 0.05 0.68 32.11 0.55 1.32 0.015 6.77

~ 847~849 20652 70.3 0.74 8.3 0.84 4.28 (5.6) 0.04 1.05 1.87 0.57 2.46 0.02 6.34
'" 997~998 20668 40.6 0.46 10.1 7.58 1.64 (9.4) 0.05 2.05 16.17 0.61 3.17 0.008 8.36

1077~1078 20676 46.6 0.50 8.4 4.02 3.76 (8.2) 0.06 1.48 28.45 0.41 3.58 nil 5.08
•1117~1119 20680 69.5 0.62 6.8 9.27 2.32 (11.85) 0.07 2.72 1.49 0.275 1.35 nil 4.32

1157~1159 20684 72.8 0.83 7.4 1.42 3.13 0.06 0.27 4.18 0.50 1.9 0.015 3.62
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Cores 20677 (Figure 2) and 20679 are poorly sorted, posi-
tively skewed, very fine sands. Core 20675 is fine silt, poorly
sorted, and nega ti vely skewed. These samples are probably re
presentative of the range of textures present. The geophysical
logs suggest variations in texture in the very fine sand- and
silt-size ranges.

Composition. In the three cores analyzed, quartz and glauconite
are the dominant components after the mud matrix. The matrix
increases upward in the sequence (fining upward) and the sand
size mineral grains decrease. Calcite increases upward, both as
shell fragments and as calcareous clay, from about two to more
than ten percent. . The thin section of core 20679 contained
about 15 percent opaque material, mostly dark brown glauconite
that is probably highly weathered. The opaque component of
20675 is mostly pyrite. Muscovite mica is present in trace
amounts, decreasing upwards.

Trace nitverele , The heavy mineral suites of cores 20675, 20677,
and 20679 are rather consistent. The minerals present are, in
order of decreasing abundance: tourmaline, staurolite, garnet,
chloritoid, zircon, kyanite, rutile, and andalusite with
scattered traces of anatase, epidote, sillimanite, titanite, and
zoisite.

Color. The rocks of the "Marshalltown" are predominantly gray,
tinted with green where the glauconite content is high or, as is
the case with core 20679, brown if the glauconite is weathered.

Pamunkey(?) Formation

Log Signature. The gamma-ray log displays a distinct signature
indicating a recognizable lithologic unit composed of alter
nating silty and sandy layers. Because of inadequate sensi
tivity the electric logs do not show the alternation well.

Chemistry. The analysis of core 20676 is characterized by low
Si0 2 content, 46.6 percent, because of a large amount of
glauconite and a correspondingly reduced amount of quartz (Table
2) . The same condition is ref lected in the relatively high
total iron content of 4.0 percent. Most of the ferrous iron is
probably contained in pyrite. The high CaO content (28.5
percent) is due to the presence of fossil shells, and perhaps to
calcareous clay.
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Nomenclature. The fine-grained sediments
section penetrated by well Je32-04 have
difficult choices in the selection
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nomenclature. Rasmussen, Groot, and Depman (1958) considered
the interval to include a part of the Matawan Group, the
Monmouth Group, and the Brightseat Formation. Jordan (1962b)
recommended that uncertainties about the assignment of names be
acknowledged by the use of informal terminology and proposed
"unit An be used for the rocks between 1,090 and 615 feet (332
to 187 m). Pickett and Benson (1983) applied "Pamunkey
Formation" to this interval, but placed its upper contact about
25 feet (8 m) higher in the cross section accompanying the
geologic map of the Dover area. In the present study we make
further adjustments to the boundaries and raise questions about
the use of the name I.'Pamunkey. II

Darton1s original (1891) description of the Pamunkey may be
applicable to rather homogeneous, fine-grained, glauconitic
rocks in the general stratigraphic position represented by the
middle of the section in Je32-04. However, comparison of the
section at Dover, Delaware (this study) with that at the
Pamunkey River, Virginia (Ward and Krafft, 1984) shows signi
ficant differences in lithologies. Control between the two
localities is rather sparse. It seems prudent to acknowledge
uncertainty about any detailed lithostratigraphic equivalency
derived from a well representing a single point source of data.
The additional information presented here may enhance the
potential for correlation, but that correlation must yet be
firmly established through three states.

The terms employed here do not include th~ Monmouth
Formation or Group, which was recognized in earlier studies. The
sandy Monmouth is replaced in the section in Je32-04 by the
lower part of the thick sequence of glauconitic silt better, 'but
not perfectly, described by the term "Pamunkey."

Pamunkey Formation( 7) is used for the rocks between 1,055
and 585 feet (322 to 178 m) characterized by fine textures and
the presence of glauconite. Darton (1891) and Clark" (1896)
early emphasized the homogeneous nature of the Pamunkey , At
Dover lithologic homogeneity is a dominant aspect, but some
subdivisions can be detected, primarily from their log
signatures:

1,055-1,045 feet (322-319 m): The two-pronged
signature on the electric logs is significant as it
may represent a marker horizon here placed in the base
of the Pamunkey (7) • The textural and composi tional
differences between this horizon and the rocks above
and below are not as great as the electric log
suggests, however. Core 20673 was taken wi thin the
horizon and is a glauconitic silt similar to most of

1 7
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the rest of the Pamunkey , The electric log signature
a ppea r s to be related to improved sorting and to the
presence of more calcareous CldY in the matrix of the
rock than found elsewhere in the well. Rasmussen,
Groot, and Depman (1958) used the term "chalk" for
essentially this interval. The sample is here con
sidered too impure to be termed chalk, but the
lithology is reasonably distinctive.

1,045-920 feet. <J19-280 m): The logs indicate that
the rocks very gradually and irregularly become finer
grained t hrouqtr this interval. The gamma log is
especially sensitive. Aside from the presence of a
bentonite in core 20666, the rocks vary in texture
within the silt-size range and are glauconitic.

920 -742 feet (280-226 m): The uniformity of this
interval is evident on the electric and gamma logs.
Measurements of t.ex t ur-e s of the cores yield median
grain sizes principally in the silt range, but rille to
clay around 800 feet (244 ml , The logs suggest
coarsening to silt above that point.

742-585 feet (226-176 m): The geophysical logs indi
cate less uniformity Lhan immediately below and a
tendency to coarsen upwards, especially in the
transition to the overlying Piney Point abov€ 600 feet
(183 mi. The gamma log is particularly sensitive to
small changes in lithology through this interval.

No further distinction is made between the four divisior.s
of the Pamunkcy ( 7) • They are reported here because they are
features of the geophysical logs that may provide bases for morc
precise subdivision of the Pernunkey t z ) and for correlation,
perhaps wit~ the formational components of the Pamunkey Group as
recognized far thee to the south in the Coastal Plain.

Texture; Forty-seven cores were t c ken in the 470-foot thick
section (143 m) termed Pamunkey(?l. Of these, 28 were used for
determinations of mechanical composition: odd:-numbered cores
be t.ween 20ti71 and 20657, plus 20668 and 20666; even-numbered
cores between 20654 and 20630, except 20646 and 20644, and with
the addition of 20647,20645, and 20643. The mechanical
analyses confirm the fine textures of the rocks in this interval

'apparent from the geophysical loqs and descriptions of the cores
and cuttings. Because the rocks are so fine-grained, it was
necessary to extend the cunc La t i ve curves into the clay-size
range by estimation in most of the analyses. Where f/J1Jlj. fell
beyond 120, the projection was considered too speculative to use
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for the calculation of textural parameters; at such points gaps
appear in the graphic displays of textural data on Plate 1. All
of the cores analyzed have median grain sizes within the silt
size range, mainly between 6 and 80, except that 20641 is a very
fine sand and 20648, 20647, and 20645 are estimated to be clays
with median diameters smaller than 100. Texture is not
completely uniform throughout the Pamunkey(?), but the·
variations determined are thought to be insignificant because
textural terms change with very small fluctuations of absolute
size at the fine end of the Wentworth scale.
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Composition. Twenty-seven thin sections were point-counted to
obtain estimates of the major mineral compositions of the
Pamunkey Lvl , Samples were taken from the same cores used for
mechanical analyses, except that cores 20671, 20669, 20668,
20648, and 20642 were not used for this purpose, and 20672,
20670, 20664, and 20649 were substituted. Photomicrographs of
20673 and 20666B appear in Figure 2. In these fine-grained
rocks "matrix" is the principal component counted in thin
section. Optically identifiable quartz is present in all
samples, averaging about 8.7 percent. This figure is skewed
upward by the unusually high quartz contents of cores 20654 and
20652, 35 and 49 percent, respectively. Those cores are also
coarser than average for the section and, thus, reflect an
increase in the influx of detrital sediment. Glauconite is also
present in all of these samples. It averages almost 13 percent
by point count and is variable, ranging from less than a percent
in 20645 and 20664 to 30 percent in 20666 and 20667, and about
half the sample in both 20641 and 20663. Shell calcite is
present in all samples except 20657, averaging about eight
percent of the points counted and ranging from trace amounts to
25-26 percent in samples 20661 and 20638. Calci te is also
identifiable in small masses amounting to about one to three
percent of the samples above 20634. The matrices of some
samples were noted to be calcareous: 20673, 20663, and those of
cores taken above 20640. Feldspar was noted in trace amount in
about half the samples. Muscovite occurs in small amounts in
most cores taken deeper than 20650. Opaque masses in the thin
sections are mostly pyrite. Rhombs of dolomite occur in the
sample from the lower part of core 20666. This same core
contains the bentonite described in detail by Jordan and Adams
(1962).

Trace Minerals. Twenty-six heavy mineral separations were made
and analyzed from the interval designated Pamunkey(?).
Subsamples were taken from the cores used for mechanical
analyses, except that 20647 and 20643 were not run. The heavy
mineral suites show gradual transitions through the interval
from those of deeper uni ts to those above. Other than in the
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transitions at the top and the bottom, suites from the Pamunkey
(?) are distinctive in that tourmaline and andalusite domip.ate.
Between these species, tourmaline is more prominent deeper in
the unit and andalusite higher. The designation of heavy
mineral suites is discussed in more detail in a later section.
The principal and persistent minerals from the Pamunkey{?) are,
in order of decreasing abundance: tourmaline, anda Lus Lt.e ,
staurolite, garnet, zircon, kyanite, and rutile. Also,
scattered in the samples in trace amounts are: sillimanite,
hornblende, epidote I ti tani te, chlori told, brooki t.e , ana t e ec ,
actinolite, and zoisite. Opaque grains comprise 60 to 70
percent of the samples from the bottom of the unit, 20673
through 20668, but decrease to e.bou t; 40 percent for the major
part of the unit.

Color. The lowermost Pamunkey(?), from the ba s e at 1,0'55 feet
(322 m) to about 1,000 feet (305 m) is light gray, but gradually
darkens; the samples are darker gray up to about 825 feet (251
m). Above that point the color gradually returns to light ~ray,

but with a slight greenish tinge in many samples.

Chemistry. Core 20652 yielded a high (greater than 70 percent)
SiD2 concentration (Table 2). The amount of ferric iron in this
sample is small because of the presence of reduced amounts of
glauconite. Ferrous iron, however, is high and mostly contained
in pyrite. The very low CaD content indicates the scarcity of
shell material. The analysis is in agreement with the
mineralogy determined by point count; this sample is anomalously
high in quartz and low in calcite for the section.

Analyses from higher in the Pamunkey (?) reach up to 32
percent Cao , reflecting the calcareous nature of the sediment
reported above. At the top of the interval as represented by
sample 20629 the SiO l content is low (56 percent) and the Fel03
is high (4.4 percent) because of t-he high glauconite content.
Ferrous iron is mainly a component of pyrite. Both CaO and MgO
are relatively high because of the presence of calcareous shell
material.

Piney Point Formation

vomen ct.acure, The Piney Point Formation was first clearly
identified in Delaware in Je32~04 by Rasmussen, Groot, anc
Depman (1958). The Piney Point WaS ext.ended from its type well
in St. Marys County, Maryland (Otton, 1955) to the Eastern Shore
of Maryland by Rasmussen and Slaughter (1957). Its occurrence
in Je32-04 was confirmed by Jordan (1962b) and the narre has
continued in general use in central Delaware (e.g. Talley, 1975;
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Pickett and Benson, 1983; Jordan and Smith, 1983). The Piney
Point Formation is present from 585 to 336 feet (178 to 102 m)
in the well and is represented by cores 20625 through 20601.

Texture. Mechanical compositions for samples from 14 cores were
determined (odd numbers 20625 through 20605, plus 20624, 20602,
and 20601). The predominant texture is medium sand with cores
20625, 20621, 20619, and 20617 being on the coarse side of fine
sand. The lowermost cores reflect the gradational contact with
the underlying Pamunkey( '] l silts. This gradation occurs over
approximately 50 stratigraphic feet (15 m) , There is a general
tendency for the uni.t to coarsen gradually upward. Only core
20605 is negatively skewed. The sorting of the sands is
moderate except for 20624, which is well sorted. Within this
section it is apparent that quartz is coarser than associated
glauconite.

Composition. The cores studied were those selected for
mechanical analyses, but 20625 and 20602 were not u sed , The
principal minerals of the Piney Point, quartz and glauconite,
are, on the average, almost equally abundant (37.8 and 36.5
percent, respectively). Quartz tends to become more abundant
upward in the section. The lithology is illustrated by a
photomicrograph of a thin section of 20623 shown in Figure 2.

Trace Minerals. Thirteen heavy mineral determinations were made
from the same cores as those used for mechanical analyses except
for 20625. In order of decreasing abundance the principal heavy
minerals are: staurolite, tourmaline, garnet, sillimanite,
kyanite, and epidote. Less persistent, and in smaller amounts,
are: andalusi te, zircon, chlori toid, and ruti Le , Very rare
grains of hornblende, zoisi te, ti tani te, spinel, and ana tase
were identified. Sillimanite occurs persistently and addi
tionally as fibrolite. Opaque grains comprise 33 to 90 percent
of the heavy separates, with the higher amounts influenced by
altered glauconite. Andalusite abundances decrease gradually
upward.

Color. Piney Point sediments are consistently green due to their
high glauconite contents.

Log Signature. The electric log signature of the Piney Point
Formation has been described by Woodruff (1976, p. 12) as
" ••• perhaps one of the most distinctive and persistent in the
central Delaware area." The $p and resistance curves from
Je32-04 form the characteristic vase-shape, expanding gradually
from the finer units below to a broad, rounded shoulder at the
top. Gamma logs follow this form as well, but are suppressed
due to the glauconite content of the unit. The small inflec-
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Chemistry. The CaO content of the s'amp Le s taken from the Piney
Point Formation (20622 and 20613; the analysis of 20604 '....as
unreliable because of incomplete solution) ranges between nine
percent and five percent indicating the calcareous nature of the
sediments (Table 2). Relatively low Si0 2 contents (70 and 63
percent) and high F€Z03 contents (9.4 and 7.6 percent) result
from the presence of ~ignificant amounts of glauconite. The FeO
concentrations are low (1.6 percent. and 1.5 percent); pyrite is
rare.

Calvert Formation

Nomenclature. Rasmussen, Groot, and Depman (1958) suggested that
tlle interval from 340 to 44 feet (104 to 13 m) in the well at
Dover Air Force Base could be assigned to either the Calvert
Formdtion of Maryland or the Kirkwood Fo~mation of New Jersey.
The bottom contact of the Calvert is adjusted here to 336 feet
(102 m) , Cores 20600 through 20572 were recovered from the
Calvert Formation in Je32-04.

In Delaware strata of this general interval have been
called Chesapeake Group (undf f Eo r ent.Le t.ed I as, for example, by
Jordan (1962b) and Talley (1975) and, also, the Calvert Forma
tion of the Chesapeake Group, e.g. Sundstrom and Pickett (1968)
and Pickett and Benson (1983). Within the silts Marine and
Rasnussen (1955) had recognized two sands informally named the
Cheswold and Frederica aquifers.

Texture. Textures within the Calvert are those of the silt
sand-silt-sand-silt sequence identified in cerit.r-a L Delaware by
Marine and Rasmussen l1955). The predominantly sandy intervals
in Je32-04 from 238 to 177 feet (73 to 54 rn) and from 90 to 68
feet {27 to 21 m} are the Cheswold and Frederica aquifers,
respectively. These medium sands are only moderately SQrted and
are positively skewed. Most of the remainder of the unit is
silt or very fine sand with a large admixture of silt and clay.
The fine admixture is particularly notable in the strongly
positively skewed grain-size distributions of samples from cores
20600, 20596, 20S92, 20582, and 70578. However, the silt in
20686 and fine sand in 20680 are well sorted. In total, 14
cores were analyzed (even numbers 20600 through 20572 except
20594) •
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Com position. The quartzose, uncon so Lida ted, medium and fine
sands of the Calvert were difficult to prepare as thin sections;
therefore, point counts were made of only 10 of the samples, all
silts or very fine sands. Clay and silt counted as matrix
comprise almost two-thirds of the materials in these samples.
Quartz is the dominant sand-size component. About one percent
feldspar and two percent calcite shell fragments are present in
almost every sample. Traces of glauconite were found in five
samples and about six percent in another (20596). The
glauconite is thought to be reworked from older units. A very
small amount of muscovite is present in the upper half of the
section. Opaque material ranges up to 7.5 percent (20592) and
is primarily limonite, toward the top, or pyrite, toward the
bottom.

Trace Minerals. Heavy minerals were separated from 15 samples
(with the addition of 20594). The principal components of the
suite occur in almost equal average amounts: staurolite,
sillimanite, zircon, and tourmaline. Other persistent species
in order of decreasing abundance are: garnet, epidote, rutile,
chloritoid, and kyanite. Some sillimanite occurs as fibrolite.
Minor, rare minerals noted include: actinolite, andalusite,
titanite, spinel, brookite, anatase, and hypersthene.

Color. The Calvert sediments are gray, with the silts slightly
blue-gray.

Log Signature. The sequence of alternating silt and sand in the
Calvert is clearly reflected on all the geophysical logs.

Columbia Formation

Only one core was taken in the Columbia Formation. The
materials from land surface to a depth of 40 feet (13m) in
Je32-04 conform in all characteristics to the Columbia Formation
as described by Jordan (1964) and mapped in the Dover area by
Pickett and Benson (1983). It is a slightly gravelly, medium
grained, subarkosic sand with a full heavy mineral suite, one
containing all the common heavy minerals available in crystal
line source rocks (Dryden and Dryden, 1956), including a large
amount of hornblende.
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HEAVY MINERALS

Minerals Represented

Similar heavy mineral species are present in most of the
Cretaceous and Tertiary samples from the Dover well, but
proportions of the minerals vary widely (Plate 1).
Photomicrographs of selected minerals appear in r tcurc 3. The
heavy mineral suite includes some species with noteworthy
features:

Andalusite - The shapes of grains of andalusite are
quite variable a.lthough there 1S a tendency toward
tabular forms. In most grains the pleochroism is
extremely weak, but in rare cases it is colorless to
intense red. The quantity of black opaque inclusions,
presumably carbonaceous, is also variable and in no
case was a symmetrical distribution of inclusions
noted. Andalusite is not commonly reported in heavy
mineral suites from rocks of the At.Lan t Lc Coastal
Plain. This may be due in part to difficulties with
its identification.

Chloritoid Ch Loz-Lt.o i d , found in t wov t h t z-c s of the
samples, retains t t.s micaceous habit and distinctive
(from cbLorL t e ) blue to green pleochroi sm throughout
the section.

Epidote - Epidote occurs in irregular, roughly equidi
lIlenslonal grains displaying weak pleochroism in shades
of green. Most grains are cloudy. Clear, bright
green grains are very rare.

Garnet - Garnet was almost invariably found in angular
grainG commonly displaying some form of textured
surface. Most of the grains are shades of pale pink;
intense pinks and reds are very rare, except in core
20574. About one-sixth of the garnet grains are
colorless.

Sillimanite Sillimanite occurs typically in
colorless, elongate grains controlled by cleavage and
often striated parallel to the long Lc-cax i s ) dimen
sion. The variety fibrolite is relatively rare, but
persistent.
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Figure 3. Photomicrographs of selected heavy minerals.

A. Staurolite-tourmaline zone, Potomac Fro.
(sample no. 20711; depth 1,420ft, 432.9m)

B. Andalueite-tourmallne zone, Pamunkey(?) Fm.
[20659; 970ft, 295.7m)

C. Staurolite-zircon-sillimanite zone, Calvert Fro.
(20586; 187ft, 62.3m)

D. Full suite, Columbia Fm. (20570; 37ft, lL3m)
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Staurolite - Staurolite is usually found in irregular,
rather angular I roughly equidimensional grains that
display some variation 1n the intensity of brown color
and pleochroism. The staurolite is often cloudy with
min~te inclusions. Exceptionally bright, clean grains
were noted in cores 20594 and 20651.

Tourmaline - There is a great deal of variation in the
color and degree of roundness of the tourmaline. In
samples 20574 to 20570 (72 to 37 feet; 22 to 11 m) and
20632 to 20598 (647 to 307 feet; 197 to 94 rn ] the
number of. rounded and angular tourmaline grains is
approximately equal. In all other samples angular
grains greatly exceed rounded grains. Throughout, the
tourmaline tends to be prismatic and broken. Euhedra
are very rare. Where angular grains are dom Lnan t ,
basal sections comprise about five percent of the
tourmaline grains. The colors of tourmaline do not
appear to change significantly with stratigraphic
position. Grains showing pleochroism of brown to
yellow and black to brown constitute about 96 percent
of the lourmaline examined. These are f o Ll owed , in
order of decreasing abundance, by grains pleochroic
yellow to colorless, green to pink, green to brown,
blue to mauve, black to blue, blue to colorless, and
blue to pink.

Zircon - The proportion of angular to rounded zircons
is roughly equal through the section. The roundness
of zircon, in this instance, is not necessarily an
indication of its most recent transportational history
because rounded zircon is known to occur in the rocks
of the Piedmont Province (Dryden and Dryden, 1964).
Pale pink zircons are occasionally encountered; zoned
crystals are very rare.

Other minerals. Rutile and kyanite are present in
almost every s ampLe in relatively uniform and small
amounts. Amphiboles are very rare in the Tertiary
part of the section, but are common in the Pleistocene
as typified by sample 20570. Also very rare are
zoisite, anatase, brookite, titanite, hypersthene, and
spinel.
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Heavy Mineral Zones

A zonation based on heavy mineral content is shown in Plate
3. The boundaries of these heavy mineral zones were selected at
major changes in the character of the heavy mineral suites. The
designation of a particular heavy mineral zone is based on the
appearance of minerals that are characteristic or distinctive of
that zone but not necessarily dominant. Some gradation occurs
between zones; the boundaries could reasonably be adjusted by
the distance between cores in most cases.

Staurolite-Tourmaline zone This is the deepest zone of
Je32-04, from 1,422 (TD) to 1,250 feet (433 to 381 ml , The
characteristic mineral of the zone is staurolite (Figure 3). It
is the most abundant non-opaque heavy mineral, in some cases
exceeding 50 percent of the suite. Tourmaline is the second
quantitatively important heavy material. It is relatively
abundant in all samples of this zone. Kyanite is present in
significant quantities in the upper part of the zone; however,
it decreases in abundance downward and is absent from the
lowermost part of the zone. Zircon is present in more or less
uniform quantities throughout. Garnet, andalusite, and epidote
occur in small quantities in the upper part of the zone and are
rare or absent below. Sillimanite is found below 1,310 feet
(400 m) in very small quantities. The suite is similar to the
staurolite-tourmaline zone that Groot (1955) associated with the
Magothy Formation, but here it extends downward into the top of
the Potomac Formation.

Garnet-Tourmaline zone - The boundary between this zone and
the staurolite-tourmaline zone below is transitional. It is
placed arbitrarily at 1,250 feet (380 m) and is characterized by
an increase in garnet and zircon and a decrease in staurolite.
Tourmaline is present in rela tively un i form quanti ties
throughout the zone; in the zone below, tourmaline varies con~

siderably from sample to sample. The upper boundary of the
garnet-tourmaline zone is at 940 feet (387 rn l , Garnet, the
mineral most diagnostic of this zone, averages about 20 percent
of all non-opaque heavy minerals present. It is relatively
uniformly distributed with only slight tendency to decrease in
amount in the upper part of the zone. Tourmaline shows small
variations in abundance; however, it does increase in the upper
part of the zone. Zircon is present in smaller percentages than
garnet, but is uniformly distributed. staurolite is reduced
compared to the deeper staurolite-tourmaline zone but is still
an important component. other non-opaque heavy minerals are:
kyanite, andalusite, staurolite, and epidote. These vary in
percentage from sample to sample and are always present in
relatively small quantities.
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Tourmaline-Andalusite zone - The lower limit of this zone lies
at 940 feet (387 ml r the upper boundary is placed at 760 feet
(232 m). The characteristic heavy minerals of the zone are
tourmaline and anda Lu s f t.e , The criterion for distinguishing
this zone from the overlying andalusite-tourmaline zone is that
here the amount of tourmaline greatly exceeds the amount of
andalusite in each of the samples. In several cases tourmaline
exceeds 50 percent of the entire non-opaque heavy mineral suite.
Andalusite, nevertheless, occurs in important amounts. The
third quantitatively important mineral is staurolite. Occurring
in small amounts, in order of decreasing abundancp are garnet.
zircon, rutile, "kyamte , chloritoid, epidote, sillimanite,
hornblende, and very rarely, ti tani te, brookite, anatase,
actinolite, and spinel.

Andalusite~Tourmal-jnp ron e The interval between 760 feet
(232 m) and 615 feet (187 m) is designated the andalusite
tourmaline zone. This zone is distinguished by the marked
increase in the percentage of andalusite over that in the zones
above and below. Together with tourmaline, andalusite dominates
the heavy mineral suite (Figure 3). The percentage of
andalusite is very nearly equal to, and sometimes exceeds, the
percentage of tourmaline. The staurolite and rutile percentages
are similar to those of the zone below. Relative percentages of
the other minerals present decrease slightly, compared La Lhe
zones above and below, in response to the increase in
andaluslte. Aclditionnl members of the andalusite-tourmaline
suite are zircon, kyanite, and garnet. Hornblende, chloritoid,
sillimanite, and anatase are rare. The heavy mineral suite of
sample 20630 (627 feet; 191 Ill) is intermediate between those
characteristic of the andalusi te-tourmaline zone and the
over l y i nq staurolite-sillimanite zone. It is considered to be
part of the andalusite-tourmaline zone because Lhe percentages
of those minerals are almost equal although lower than average
[or that zone and also because of t~e low sillimanite content.

Staurolite-Sillimanite zone The staurolite-sillimanite zone
lies between 615 dlld 340 feet (187 to 104 mI. ~hese boundaries
are arbitrarily chosen to coincide with those of the Piney Point
Formation. Here sillimanite becomes a significant member of the
hea vy mineral sui te, accompanied by a general Lncr-ee oe in the
percentages of staurolite, garnet, kyan t te, and epidote. The
andalusite content decreases greatly from that of the zone
below. The percentage of tourmaline is also somewhat reduced.
Zircon, rutile, chloritoid, hornblende, anatase, z o t s Lte ,
hypers Lhene, and spinel are the mi nor a nd rare members of the
suite.
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Staurolite-Zircon-Sillimanite zone - The uppermost Tertiary heavy
mineral zone extends from 340 feet to 40 feet (104 to 12 m) ,
Here zircon becomes a major component of the suite (Figure 3).
This zone also contrasts with the underlying staurolite
sillimanite zone in that the epidote content increases and the
percentages of kyani t.e ," tourmaline, and stauroli te decrease;
andalusite almost vanishes. Sillimanite and garnet remain as
major members of the suite. Other minerals present, minor and
rare, are rutile, chlori toid, hornblende, z o i s Lte, actinoli te,
brookite, titanite, hypersthene, and spinel.

Hornblende zone - The staurolite-zircon-sillimanite zone is
overlain by 40 feet' (12 m) of Columbia sand. The Columbia is
represented here only by sample 20570 (Figure 3), which yielded
a heavy mineral suite very high in epidote and hornblende.
Hornblende is one of the dominant minerals of the full suite of
the Pleistocene sands of Delaware (Jordan, 1964). At Dover the
full suite contrasts strongly with the heavy mineral suites of
the underlying sediments.

GLAUCONITE

Types of Glauconite Present

The sediments of the Matawan Group, Pamunkey(?), and Piney
Point formations in the Dover Air Force Base well are all
glauconitic (Plate 1). Glauconite is present in these sediments
mainly in the form of pellets or as matrix.

Sand-size pellets remaining after ultrasonic treatment were
investigated and found to vary in amounts throughout the
section. The pellets reach a maximum of 71 weight percent in
the Merchantville Formation, a little less in the lower part of
the Pamunkey(?) Formation, and are present only in trace amounts
in the "Englishtown" Formation.

The most common type is spheroidal pellets characterized by
equidimensional form and smooth, rounded surfaces. Mammillated
pellets are also quite common. They are composed of rounded
knobs and are characterized primarily by shallow sutures,
although deep sutures are found in some grains.

Composite pellets are rare and composed of small glauconite
grains embedded in glauconite or other clayey "cement." These
pellets are usually the largest of all types present.
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Vermicular pellets are also rare. They are worm-shaped and
curved in complex forms. The surface is rough and they appear
to be least resistant to physical breakage.

Capsule-shaped pellets are similar to mammillated pellets;
however, they are elongated and sutures are very shallow. The
break-up of these pellets produces glauconite grains smooth on
the outside and very angular in the inner side.

These
variations
displayed
siderable
from dark

different types of pellets show significant
in the shades of green color. The darkest green is

by spheroidal pellets. The other types show con
variations within each group and the color may vary
green to yellowish-green.

Stratigraphic Associations

Merchantville Formation. Sample 20692 is a highly glauconitic
sand. The weight percent of glauconite pellets in the sand
fraction after ultrasonic treatment was found to be 71 percent.
The pellets are well-sorted, show typical microcrystalline
texture, are mainly dark green in color, and appear to be fresh.
They are quite uniform in size, reaching about 0.5 mm in long
diameter.

"Englishtown" Formation. The ultrasonic treatment of glauconite
from sample 20684 revealed that glauconite is developed either
as a coating on other grains, or is easily disintegrated. The
weight percent of pellets remaining after the treatment was less
than two percent of the sand fraction. The pellets are
primarily small, less than 0.5 mm in long diameter, although a
few larger ones were observed. The glauconite is dark green and
displays typical microcrystalline texture.

The characteristics of glauconite from sample 20680 are
similar to those from 20684. True glauconite pellets are rare,
making up less than one percent of the sand fraction. They are
dark green and quite large, reaching up to about 1 mm in long
diameter.

"Marshalltown" Formation. Core 20676 contained 69 percent
glauconite by weight in the s and c s Lze range after ultrasonic
treatment. The glauconite pellets are rounded, mainly light to
dark green, and vary in size from only a fraction of a
millimeter to about one millimeter. Most display typical
microcrystalline texture.
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Psmunkey(?) Formation. Weight percentages of glauconite found in
sand-size fractions after ultrasonic cleaning range from nine
percent in sample 20636 to 69 percent in 20668. Higher con
centrations of glauconite were found in separations from the
upper and lower parts of the Pamunkey(?) than in the middle.
The glauconite pellets are mainly light to dark green, and vary
in size from only a fraction of a millimeter to about one
millimeter. Most display typical microcrystalline texture. In
thin section much of the glauconite in the Pamunkey(?) appears
to be authigenic, a product of alteration of the clayey matrix
of the mud.

Piney Point Formation. The glauconite tends to be better sorted
and finer grained than the quartz in any given sample. Most
glauconite occurs in roughly spherical, polylobate forms with
only small amounts of elongate, platy grains. The sand-size
glauconite in the Piney Point is thought to be allogenic.

The amount of glauconite pellets in samples 20622, 20613,
and 20604 after ultrasonic treatment is quite consistent and
ranges between 25 and 32 percent by weight of sand size frac
tions. The pellets are primarily dark green, display typical
microcrystalline texture, and appear to be well-socted.

Significance of Glauconite

There is still considerable controversy regarding the
origin of glauconite. A team of scientists in the Federal
Republic of Germany concluded that pelagic conditions involving
upwelling of cold water from great depths into the marginal
areas of cooler seas are the necessary conditions for the
formation of glauconi te (Kemper, 1982) , ra ther than the
conditions of slow rate of sedimentation and a transgressive
sea, as commonly assumed. Similar conclusions were reached by
L. Orkeny Bondar (personal communication, 1982) in Hungary and
Berg-Madsen {1983) in Sweden. Our study also seems to support
this conclusion as seen in Figure 4 Lp , 51 ) where the
glauconite-bearing sediments occupy the part of the diagram
represented by the Campanian to Chattian stratigraphic sequence.

Bondor determined that slow rate of sedimentation is not a
controlling factor in the process of glauconite formation.
Berg-Madsen, in her study of some Middle Cambrian glauconites
concurs with the German scientists that cool water is a
necessary condition for the glauconitization process. These new
findings, particularly elimination of slow sedimentation rate as
a requirement for the formation of glauconite, contradict older
assumptions.
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The recent discovery of glauconite in the Pacific Ocean off
the coast of Mexico at depths of 1,000 to 2,000 meters brings to
light additional problems (Odin and Stephen, 1981). Although
the known limitations for the formation of glauconite do not
seem to require a shallow water depth, several hundred meters
has been generally accepted as the depth-limit for glauconiti
zation process. Thus these occurrences at great depths are yet
to be satisfactorily explained. The problem of the origin of
this mineral is unresolved. For this reason, interpretation of
the significance of glauconite in the Dover Air Force Base well
would be premature.

TEXTURES OF SAND FRACTIONS OF SELECTED SAMPLES

Sand fractions of 10 selected samples in the depth interval
between 367 feet and 1,239 feet (112-378 m) were chosen for de
tailed textural analysis (Table 3). Both the percent of sand
and the amount of glauconite pellets in the sand for each of the
samples are shown in Plate 1.

The sand fraction, which is the coarsest fraction of the
samples examined, is most likely to best reflect deposi tional
processes and thus prOVide some information on the sedimentation
of these deposits.

It is apparent that the significant amounts of glauconite
pellets in sand fraction have a major influence on interpre
tation of textural parameters. For this reason, an attempt was
made to determine whether glauconite is detrital or authigenic.

Visual inspection of both pellets and glauconitic matrix in
the samples was inconclusive. Because of this, the samples
containing t he highest percentages of glauconite pellets (nos.
20668 and 20676; about 70% glauconite pellets) were chosen to
determine the effect of the pellets on the textural parameters.
Sands of both samples are well sorted in spite of relatively
high matrix content (9% and 11%, respectively). They are
negatively skewed and their kurtosis is close to normal.

These results are difficult to interpret meaningfully. The
major problem is an apparent discrepancy between sorting and
content of matrix. The problem is enhanced by the fact that
most of the matrix is composed of glauconite as well. The
presence of glauconite in the matrix could be suggestive of its
authi-genic origin, or it may be the result of mechanical
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Table 3. Textural Parameters of Sand Fractions of Selected Samples.

Depth Sample Mean Grain Size Sorting Skewness Kurtosis
(in feel, SLD) Number (Phi units) (Phi units) (Phi units) (Phi units)

367 - 369 20604 1. 31 0.93 0.018 0.49

457 - 459 20613 1.65 0.85 0.064 1.01

547 - 549 20622 2.10 1.02 - 0.002 0.98

617 619 20629 2.70 0.61 - 0.406 1.01

687 - 689 20636 2.90 0.47 - 0.457 1.05

847 - 849 20652 3.39 0.17 - 0.052 1.06

997 - 998 20668 2.84 0.40 - 0.223 0.94

1077 - 1078 20676 2.48 0.59 - 0.103 0.89

1117 - 1119 20680 2.40 0.48 0.002 0.70

1157 - 1159 20684 2.71 0.37 0.009 1.13

1237 - 1239 20692 1.88 1.30 - 0.408 0.74

breakdown of glauconite pellets. On the other hand, a high
degree of sorting (sorting coefficient of 0.4 and 0.6,
respectively) indicates a rather mature sediment, assuming the
pellets are detrital.

The presence of glauconite in the examined samples compli
cates interpretation of the textural parameters and depositional
processes. The origin of the glauconite must be understood to
overcome this problem.
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BIOSTRATIGRAPHY AND CHRONOSTRATIGRAPHY

General Statement

Biostratigraphic and chronostratigraphic information is
summarized in Plate 2. Age determinations are based on bio
stratigraphic information, most of which is sufficient for the
recognition of standard radiolarian and foraminiferal biozones.
Except for diatoms (Abbott, 1978) no other microfossil groups in
the core samples have yet been studied.

Cretaceous planktic foraminiferal zones used are those of
Petters ('977), whose zonation of the marine Cretaceous of New
Jersey is based primarily on Pessagno' s (1967) zonation of the
western Gulf Coastal Plain. Petters I modifications elevated
Pessagno's subzones and zonules to zones (concurrent-range or
taxon-range zones). Al though Petters I usage has been followed
for the current study, where some key species he used in
defining zones are missing in Je32-04, Pessagno's information on
taxon ranges is used.

Tertiary planktic foraminiferal zones used are those of
Stainforth et a1. (1975). Their zonation scheme has practical
utility in that it can be applied to areas other than tropical
to subtropical ones, and it emphasizes those Cenozoic planktic
foraminifera most useful in regional and interregional correl
ation and age determination. In their Figures 12 and 15
Stainforth et a1. provide comparisons with other zonal schemes,
including the numerical designations of Blow (1969,1970) and
Berggren (1971). Later revisions by Blow (1979) are not incor
porated in the present study, but note is made of significant
changes that may have a bearing on the zonal scheme given for
Je32-04. Generic designations by Berggren (1977) are sub
stituted for those used by Stainforth et el., (1975), otherwise
the biozone names are the same as those of Stainforth ee el.,
Numerical designations of the biozones are from Stainforth ec al.
(1975, Figures 12 and 15) and, if applicable, from Blow (1979).

Geochronometric ages in millions of years (Ma) are
estimated from Harland et 81. (1982) for the Cretaceous,
Hardenbol and Berggren (1978) for the Paleogene, and Berggren
and Van Couvering (1974) for the Neogene. Age estimates are
given for rocks immediately above and below unconformities, at
stage boundaries, and at some biozone boundaries.
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Species lists with taxonomic notes are beyond the scope of
this paper. Instead, the following authors I species concepts
were used. For the Radiolaria they include Riedel and
Sanfilippo (1978), Sanfilippo and Riedel (1980), and Sanfilippo
et a1. (1973). Identifications of Cretaceous foraminifera were
based on Cushman (1946), Frizzell (1954), Hiltermann and Koch
(1962)1 Olsson (1964), Pessagno (1967), Petters (1977), and
Smith and Pessagno (1973). Works on Tertiary foraminifera
include Berggren (1977)1 Blow (1979), Bolli (1957a l 1957bl l

Cushman (1935), Dorsey (1948), Jones (1983), Loeblich and Tappan
(1957), Nogan (1964), Poag (1981), Stain forth and Lamb (1981),
and Stainforth et el , (019751.

Cenomanian(?)

Cores 20706-20711 (1,377-1,422 feet; 420-433 m), from the
Potomac Formation, are barren of calcareous and siliceous
microfossils. Doyle and Robbins (1977) studied palynomorphs
from the nonmarine Cretaceous rocks in two Delaware wells
(Dc53-07 and Ec14~01) near Delaware City, about 30-35 miles
updip from Je32-04. They also studied the same stratigraphic
interval in three wells located downdip from the Dover well: the
Hammond and Bethards wells in Maryland, about 55-60 miles to the
south, and the Taylor well in Virginia, about 85 miles to the
south. In the Delaware City wells and the Hammond we l L, they
assigned the uppermost part of the Potomac Formation or Group to
palynomorph Zone III. In the Bethards and Taylor wells they
assigned the uppermost part to Zone IV. They provisionally
dated Zone III as early Cenomanian and Zone IV as ranging from
middle Cenomanian to perhaps early Turonian.

Inasmuch as the Dover well is in an approximate mid-dip
position between the northern and southern groups of wells
studied by Doyle 'and Robb Lns , it is likely that the Potomac
Formation in Je23-04 would yield palynomorphs representative of
Zone III., Zone IV cannot be ruled out, but it is recognized
only in the two wells located farthest downdip. The uncon
formity recognized by Doyle an~ Robbins (1977) between the
Potomac and either the overlying '·'Magqthy or the marine upper
Cretaceous truncates younger strata of 'the Potomac in a downdip
direction.

Santonian(?), Campanian(?)

Another interval nearly barren of calcareous and siliceous
microfossils extends from core 20695 to 20705 (1 / 267 - 1 , 369 feet;
386-417 m), representing the Magothy Formation. By palynologic
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analysis of outcrop samples of the Magothy from New Jersey,
Wolfe and ?akiser (1971) dated the formation as late Santonian
or early Campanian. They also suggested that the type Magothy
section in Maryland is of the same age.

If the ages of the Potomac and Magothy sections of Je32-04
are the same as those determined for the formations elsewhere,
there is a mai or unconformity between the two units. On the
electrical and gamma logs of Je32-04 this was picked at a depth
of about 1,368 feet (417 m).

Campanian

Benthic and planktic foraminiferal species of Campanian age
occur sporadically in cores 20676 through 20694 (1.077-1,259
feet; 328-384 mI , Because most of this interval was deposited
in the inner to middle neritic environment, planktic foramini
feral assemblages were not well developed, and, consequently,
marker species are rare if present.

The top of the Campanian is placed provisionally at core
20676 where r.Ave7inella dumblei (» Planulina d u m alei ) last occurs.
This species is characteristic of Tayloran (= Campanian) strata
of the Gulf Coast (Cushman, 1946; Frizzell, 1954) and Cretaceous
Uni t B (= Campanian) of the Atlantic Coastal Plain section
(Brown, Miller, and Swain, 1972). From the same core one
specimen questionably identified as Globccr u ncen e elevate may be a
transitional form between G. ecuercitormie and C. elevata and, if
so, indicates a late Campanian age (Pessagno, 1967).

The base of the Campanian interval is below core 20694
where Globotru nce n e ventricosa was found. Pessagno (1967)
indicates that this species is confined to the Campanian and had
its greatest abundance during the latest Campanian of the Gulf
Coast region. Core 20695 is nearly barren and is probably from
the older Magothy section.

Other diagnostic Campanian species present in the interval
between 1,077-1,259 feet include Archaeoglobigerina olowi, A.
cz-eracee , Bolivinoides oecor-e cus , Kyphopyxa ctirietneri , Globorotalites
michelinia nils. and Gavelinella subcclll:ldLu.:,.

Petters (1977) recognized four biozones in the Campanian of
New Jersey: in ascending order the Archaeoglobigeri.na b Io wi ,
ventil ebrell e gl ebret:e , Clobotruncana elev et:e , and G. ce.Ic e r c ce zone s ,
The uppermost zone can be detected only by the occurrence of C.
celcerece , This species was not found in Je32-04, but it has
been found updip at and near the Chesapeake and Delaware Canal
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(Olsson, 1964; Houlick et: £11., 1983) and downdip in the Hammond
well of the Maryland Eastern Shore (Cushman, 1948). Its absence
in the Dover well may reflect a shallower water environment than
the updip and downdip sites; therefore, the time-equivalent
section may be present in Je32-04 but only the Globotiru n c a n e
elev et:e zone can be identified. The absence of Planoglobuline. (»
Ventilabrella) gl.eb r et:e precludes de t.ec t.Lon of the V. gl.ebr st:e zone
in Je32-04, and the presence of Globotruncana ventricosa in core
20694 indicates that the base of the Campanian section is
probably still within the G. elevata zone (Pessagno, 1967).

Maastrichtian

Of Pctters' (1977) three New Jersey Maastrichtian biozones,
only the two lower ones were identified in Je32-04. The lower
Maastrichtian Ru gotr uncen e subcircumnodifer zone includes cores
20673-20675 (1,047-1,069 feet; 319-326 mI , The top is defined
at core 20673 where Globotruncana Lirmei e n e and G. torni.cet:e last
occur (Pessagno, 1967). The base is placed between core 20675
and the top of the Campanian at core 20676.

The middle Maastrichtian Globotruncana g anseeri Zone was
identified in cores 20667-20672 (987-1,039 feet; 301-317 rn ) ,
The base of the zone is defined by the first occurrence of
Guembelitria cretacea and Gtooocrunceo e e eg y ptzice in core 20672.
Other species present in the interval with stratigraphic ranges
beginning at the base of or wi thin the G. g eneser-i Zone
(Pessagno, 1967; Smi th and Pessagno, 1973) Lnc I ude
Globotruncanella mon eoutrieneie , Rugoglobigerina tiexece meret:e , and
Planoglobulina cersevo«, The top of the zone lies between the
uppermost Cretaceous core 20667 and the lowermost Tertiary core
20666. Core 20667 contains Glabigednelloides p r air-iob il.l.enei.e ; whi ch
ranges into (Pet ters, 1977) or to the top (Smi th and Pessagno,
1973) of the zone, and Guembelitria cretacea whose stratigraphic
range~ according to Pessagno (1967) and Smith and Pessagno
(1973), is confined to the zone. On the other hand, Petters
(1977) indicates that G. cr-ere cee ranges throughout all three
Maastrichtian zones in New Jersey. However, he does not present
clear proof that the uppermost Maastrichtian biozone, the
Abathomphalus mayaroensis Zone, is present. The only species
that Pessagno (1967) shows as confined to the zone, and thus
capable of defining it, is A. mayaroensis, which Petters (1977)
did not identify from New Jersey rocks. With the exception of
Guembelitria cr-erecee , all species that Petters (1967, Fig. 2)
shows ranging into the A. mayaroensis Zone in New Jersey also do
so in the Gulf Coast region (Pessagno, 1967; Smith and Pessagno,
1973). It is possible that the A. mayaroensis biochronozone is
represented by rocks in New Jersey that so far have not yielded
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any specimens of A. m a y oroenois ; Until Cue mbelit.ri e cretacea can be
demonstrated to co-occur with A. mayaroensis, the uppermost
Cretaceous zone identified in Je32-04 is the Gtobotru nce n e
gansseri Zene. There is, therefore, a hiatus at the Cr-e t.a oeou s-.
Tertiary contact wherein' the latest Maastrichtian and earliest
Danian are missing.

Cretaceous-Tertiary Contact

Jordan (1962a, 1963) previously placed the Cretaceous
Tertiary contact in Je32-04 between cor~s 20666 and 20667, at a
depth of 983 feet (300 ml. He studied the planktic foraminifera
(Jordan, 1962a) before the publication of more detailed
zonations and compilations of stratigraphic ranges of key
species for the Cretaceous and Tertiary (e.g., Pessagno, 1967;
Bolli, 1966; Stainforth et 81., 1975). He cited the presence of
Pl e nom elin e messinae eubc arin et:e (Bronnimann) in core 20669 and
Rugoglobigerina jerseyensis Olsson in cores 20668 and 20669 as
evidence for the presence of the Abathomphalus mayaroensis Zone.
Pessagno (1967) subsequently placed the former species in
synonymy with Globigerinelloides su bcarinatus (Bronnimann), which he
abowe ranging from latest Campanian through the A. me y eroeneis
Zone. He placed R. jerseyensis in synonymy with G1obotruncanella
petaloidea (Gandolfi), which ranges from the Globotruncana g eneeeri
(or earlier ?) through A. mayaroensis zones. Because these
species' ranges are not confined to the A. ffl3yaroensis ZonA, th~y

can no longer be offered as proof of the' existence of the zone.

Nei t.he r- in the present study nor in Jordan's (1 962a) was
the earliest Paleocene zone, the Glotn.gert.n e eu g u bLue Zone,
identified. Stainforth et a1. (1975, p. 63) note that this zone,
first described from Italy in 1964 by Luterbacher and Primoli
Silva, is known only" . . . patchily around the world," and that in
its absence from a sedimentary section "Authors tend to
postulate a hiatus or condensed section ••• "

In Je32-D4 the Cretaceous-Tertiary contact must lie wi thin
the approximately eight feet of rock between cores 20666 and
20667 (979-987 feet, 298.4-300.8 ml , It is possible that a
condensed stratigraphic section containing the A. mayaroensis and
G. eugubina zones might be found in this eight-foot interval.
The drill cuttings from this interval have not been located,
al though they were described by Rasmussen er a1. (1958, p , 19)
as "CLa y , sandy, fine, dark gray (contaminated with small bits
of gravel and shell). JI Jordan and Adams (1962) found no
significant difference in texture or mineralogy between
Cretaceous and Tertiary cores immediately below and above the
contact.
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Jordan and Adams (1962) reported a thin bentonite layer
containing altered volcanic shards at the top of core 20666
(depth 977 feet: 297.8 m), the lowest Tertiary core in the hole
(Danian). At the base of the same core (depth 979 feet, 298.4
m) they found a4thigenic dolomite in a matrix of montmorillonite
clay (Figure 2). Core 20666 is below the lower of a two-pronged
peak of the gamma-ray log {Plates 1-3). Woodruff (1976) reports
the double peak is well-developed at about the Cretaceous
Tertiary contact in northern Delaware but becomes one distinct
peak in central and southern Delaware. Core 20G6S is from the
interval giving the lower qernrra peak, and Jordan and Adams
(1962) described it as a silty clay, chiefly montmorillonite,
with some quartz and glauconite. Tulley (1975) ascribed the
high gamma peak to unusally high concentrations of glauconite in
well Nc13-03 near Greenwood. He picked the Cretaceous-Tertiary
contact right at the maximum gamma peak.

If, as the data seem to suggest, the latest Maastrichtian
and oc r Lf e s t; Danian are nt s s i nc in Je32-04, it may be very
difficult to locate a stratigraphic section in the Coastal Plain
that is complete across the cretaceous-Tertiary boundary. A
depositional hiatus or condensed section in the interval
spanning the boundary, if of regional extent in the Atlantic
continental margin, precludes finding the iridium abundance
anomaly first reported by Alvarez et el., (1980) at t r;e precise
Cretaceous-Tertiary boundary in Italy, Denmark, and New Zealand.

Danian

The co-occurrence of "Glotngerin e" (» Globastica Blow, 1979)
a euo jergenete, Pl e norocal it.ce compr oesre , 8uhhotina incocstene, s.
trilocul.inoiaee, and s. peeu dotnslloi.aee, and the absence of s.
crinta e aeoeie ; S. preecureorie , and Morozovella uncinata in cores
20664--20666 (957-979 fRet; 292-298 ml identify the upper part of
the Subbotina pseudobulloides Zone as defined by Stainforth et: el ,
(1975). This is equivalent to Blow's (1979) Zone P.l, and
spe~ifi~~lly his Zone P.1B, the base of which he defines as the
first evolutionary appearance of Globorotalia ( Tu rooroce Lt e )
compressa compressa. The rare specimens of Planorotalites compressa
from Je32-04 are more like Blow's G. (T.) compressa pl enocom prosee
or G. (T.) erctvoocom presee which evo Lved earlier, however, there
are a f ew that show the more acute peripheral margin and more
ogyval 1ater chambers typical of C. (T.) COQ pressa com pressa.
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Thanetian

The Thanetian is represented by the Planorotalites
pseudomenardii Zone (P.4) identified in cores 20659-20663 (907
949 feet; 276-289 mI , Stainforth et: el , (1975) defined this
zone as the total range of P. oecu dc mon e r dt i , which is present in
cores 20659-20662. Blow (1979), on the other hand, extended the
range of this species to within Zone P.? (into earliest Eocene).
The presence of Acerini.n e p u eil.l e ; which both Stainforth et: <11.
(1975) and Blow (1979) show as not ranging higher than Zone P.4,
conf irms the presence of this zone in Je32-0 4. In addition,
species present in the P.4 interval are shown by Stainforth et
el , (1975) to have the overlapping of their ranges confined to
the zone: Morozovella aequ.a.. M. e ng u.Late , M. corucorr-unce ce , and
Su b bor.r n a cril.ocul i noi des.

A hiatus
P.2 and P.3 is
and 20664 (top
where a strong

or condensed section representing missing Zones
recognized between cores 20663 (base of Zone P~4)

of Zone P.l) at a depth of about 950 feet (290 m)
gamma peak occurs.

Thanetian{?), Ypresian(?)

Cores 20652-20658 (847-899 feet; 258-274 reI are nearly
barren of microfossils. Although the electrical and gamma logs
do not reflect a significant change, the textures of the
sediments coarsen from very fine silt below to coarse silt
within the barren interval to medium clay above (Plate 1). This
might indicate an influx of sediment in this interval that was
rapidly deposited, perhaps from a nearby delta system, into the
outer neritic/upper bathyal envd r-onmerrt , This would have
diluted or masked the biogenic contribution to the sediments,
resulting in a nearly barren interval. The water depth may not
have been appreciably changed; therefore, the paleoenvironment
curve (Plates 2 and 3) is dashed where it shows an apparent
shallowing in this interval~

An alternative explandtion is no change in the sedimentary
environment but an increased rate of carbonate dissolution. The
basal core 20658 has rare planktic foraminifera that are poorly
preserved, suggestive of an increased rate of dissolution.
Radiolarians are common, which suggests outer neritic/upper
bathyal conditions, and the increase in their numbers may simply
reflect their concentration through dissolution of calcareous
fossils.
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The interval represented by cores 20652-20658 could not be
zoned. Core 20651 immediately above the interval is placed in
the basal zone of the Eocene, the Morozovella subbotinae Zone
(Stainforth et a1., 1975) of Ypresian age. The H. velascoensis
Zone (P.5 and lower part of Po6, late Thanetian) cannot be
recognized although the time-equivalent stratigraphic section
may be present in the unzoned interval. The first appearance of
Morozovella eubbocin ee marks the base of Zone P.6 according to
Blow (1979), but Stainforth ez el , (1975) indicate its first
appearance wi thin the upper part of their M. velascoensis Zone
(within but not at the base of Zone P.6). In Je32-04, M.
subbobnae was noted in the uppermost core of Zone P.4., 20659,
but its presence may be the result of downhole contamination.
In the overlying unzoned interval it first appears in core
20653.

The unzoned interval may represent continuous deposition
across the Paleocene-Eocene boundary (Thanetian-Ypresian) • If
there is a hiatus or condensed stratigraphic section within or
bounding this interval, it cannot be recognized either by
paleontological means or on the gamma and electrical logs.
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Ypresian

Lower Eocene (Ypresian) rocks are represented by the
Morozovella eubbocinoe Zone in cores 20641-20651 (737-839 feet;
225-256 m). As defined by Stainforth et 091. (1975, p. 67, Fig.
12) this zone is equivalent to Zone P.6b, the interval from the
II ••• extinction of Globorotalia veleecoeneie to first occurrence of
Globorotalia eregoneneie , II Zone P. 6a is equivalent to the upper
part of their immediately underlying Globorotalia v eleecoeneie Zone
and represents the interval between the first occurrence of
Morozovella subbotinae and the extinction of Morozovella eregoneneie ,

Species present in the core 20641-20651 interval that occur
no higher in the well and do not range higher than the H.
subbotinae Zone of Stainforth er 091. (1975) include Planorotalites
ch e p meru , Subbotina v eleecoeneie, and Morozovella eeq u e , Species
that occur no lower than core 20651 and that range no lower than
Zone P.6b include Acarinina oroeaermetuvi, Morozovella gracilis, and
M. leoeitormie , Other species present in the interval that
Stainforth et 091. (1975) indicate as part of the normal
assemblage of the zone or that evolved during the time
represented by the zone include Morozovella eub trocin ee, M.
mergi.noaent:et:e , Acarirdn e sol da doensis sold a aoeneie, A. wilcoxensis,
and Peeu don eet.igerin e wilcoxeneie , Berggren ec 091. (1967) claim
that P. wilcoxen sis developed from Planorotalites chapmani at the
base of the Ypresian (Paleocene-Eocene boundary).
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Specimens of Pseudohastigerina wi]L.oxensis. Morozovella
suhbotinae, and Acarinina wilcoxensls found in the uppermost core
(20659) of Zone P .. 4 are stratigraphically out of place, most
likely the result of downhole contamination.. Also, down-section
stratigraphic mixing, perhaps through downhole contamination or
by bioturbationC?I, is indicated by the presence of specimens of
middle Eocene species Acarinina liu ll brook i , A. spinuloinflata group,
Globorotalia cer-roaeureo ere Eroncoee , Subbotina eocaena, and
Peeu aob eect.gerin e eb ark r-iverensrie in the two uppermost cores
(20641-20642) of the Morozovella subbotinae Zone. It is possible,
however, that these specimens are stratigraphically in place
within Zone P.11 LLut.e t.Lan ) and that the species identifying
Zone P.6 in cores 20641-20642 were r~worked into the base of the
overlying middle Eocene section. This would put the top of Zone
p.6 (Yprcsian) between cores 20642 and 20643 (749-757 feet;
228-231 rn). The gamma log, however, shows a peak. suggestive of
a depositional hiatus, higher than this at 734-741 feet (224-226
m)i therefore, the down-section stratigraphic mixing explanation
is favored.

Lutetian

Rocks of known Lutetian age in Je32-04 are represented by
Zones P. 11 and P.1 2 (Hardenbol and Berggren, 1978) , the
ctootgerin ethetc e subconglobata and Horoeov ol.Le tetmeci zones,
respectively, as defined by Stainforth et a1. (1975). Typical
middle Eocene species identified from these zones are listed in
Plate 2.

Zone P.11 is identified on the basis of the co-occurrence
of Subbotina eoc aene and 4Ci:lrinina b roerter man ni within the core
20631-20640 interval (637-729 reet r 194-222 rn) , Stainforth es:
el , (1975) indicate the first occurrence of S. eoceene at the
base of the Globigerin ethek:e euoconglob et:e Zone and the last
occurrence of A. broedermanni at the top of the aone ,

Zone P.12 represents the 617-629-foot (188-192-ml cored
interval between the highest occurrence of Acarinina b soedormen m
and the h i ghest occurrence of Globorotalia cerroaeul.orusie tronroee in
core 20629. Stainforth et 81. (1975) indicate the highest
occurrence of G. cerroaauIem aia trontos e a t the top of the
Morozovella Len neri Zone.
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Lutetian-Bartonian(?)

Middle Eocene rocks of Lutetian-Bartonian(?) age comprise
the unreworked portion of the Piney Point Formation from cores
20605-20628 (377-609 feet; 115-186 m} , Because of shoaling to
middle neritic (or shallower?) water depths, planktic
foraminifera are rare to absent above core 20628, making it
difficult to assign zones to this interval. Acarinina
pentacamerata occurs as high as core 20625, and a specimen with
conferred designation of this species was found in core 20619.
According to Stainforth er: a1. (1975) this species ranges no
higher than Zone P.12. Jones (1983), on the other hand,
identified it in North Carolina rocks assigned to Zones P.12-13
but later decided that it was not this species and assigned it
to A. sp. a f f , A. oencece merece , A specimen of Pseudohastigerina
wilcoxeneis was found in core 20615 and a questionable one in
core 20613. According to Stainforth et el , (1975) this species
last occurs in the middle of Zone P.12. The interval from cores
20613-20627 (457-599 feet; 139-183 mi, therefore, could be
assigned to Zone P.12 (Lutetian), but because this is based on d

few single occurrences of key species in cores, such a
designation is tenuous. Because a younger zone (or aone s Z l
cannot be ruled out, the interval is at least as old as Zone
P.12 (Lutetian) and may include the next. younger zone P.13,
Orbu1inoides beckmanni Zone (Bartonian). Garry D. Jones (personal
communication) examined the samples from the interval and
concluded that the foraminiferal assemblages are definitely of
middle Eocene age and similar to the ones from Zones P.12-13 he
studied from North Carolina (Jones, 1983).

The upper part of the unreworked portion of the Piney Point
Formation (cores 20605-20612) is nearly barren of planktic
foraminifera and cannot be zoned. The rare benthic foraminifera
present, such as A1abamina mississippiensis and "Eponides cocoeensas "
(Cushman, 1935) indicated in Plate 2, are of Eocene age. The
highest occurrence of Acarinina spp. in core 20604 just above the
base of the reworked part of the Piney Point indicates that the
unreworked part of the formation is no younger than middle
Eocene (Berggren, 1977). This confirms the work of Brown,
Miller, and Swain (1972, Pl. 39) who assigned a Claibornian age
(middle Eocene) to the Piney Point in Je32-04 (including, as it
turns out, the reworked portion of late Oligocene age). They
also recognized the Claibornian age of the type section of this
formation, rather than Jacksonian age (late Eocene) as indicated
by Otton (1955), who first defined it.

There is some minor contamination of a few core samples
from the unreworked portion of the Piney Point with foraminifera
from the overlying Oligocene-Miocene section. As shown in Plate
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2, the following species typical of the Chesapeake Group occur
rarely and sporadically in the interval from cores 20610-20622:
Buliminella eleg eocieei me , B. elan g et:e, Florilue oieeereneia, Bolivina
paula, and Uv i gorin e eu b p ereg ri n e ,

Eocene-Oligocene Contact

A major regional unconformity between rocks of Eocene age
and Oligocene or Miocene age is present throughout the Atlantic
Coastal Plain from South Carolina northward (Jordan and Smith,
1983) and in the offshore Baltimore Canyon trough as well (Poag,
1980; Valentine, 1980). The magnitude of the hiatus in Je32-04
is estimated at about 12 Ma (Plate 2), but biostratigraphic
control is lacking immediately above and below the unconformity.
From Poag 1s (1980, Figs. 23 and 24) data for the offshore COST
B-3 and COST B-2 wells in the Baltimore Canyon trough, the
magnitude of the hiatus, according to Hardenbol and Berggren's
(1978) Paleogene time scale, is 6.5-10 Ma and 5.5-8.5 Ma, res
pectively. Late but not latest Eocene-age rocks are present in
the wells. Olsson et al. (1980, Fig. 5l show the magnitude of
the hiatus in New Jersey decreasing from 25 Ma at the outcrop to
about 11 Ma in the Dickinson No.1 well at Cape May.

Chattian

The unconformity between middle Eocene and late Oligocene
(Chattian)-age rocks in Je32-04 is placed at a depth of 370 feet
(113 m), between cores 20604 and 20605, at slight deflections of
the resistance curve to the low side and of the spontaneous
potential curve to the positive side on the electrical log.
This marks the base of the upper 34 feet of the Piney Point
Formation that was reworked into sediments of Chattian age.
Cores 20601-20604 (337-369 feet; 103-112 rn) are from the
reworked interval in which benthic species Bu l i mirvel I e etong et:e ,
Florilus pizzarensis. Uvigerina subperegrina, and Hanzawaia concentrica
are rare to common (Plate 2) among other species present that
are typical of the Chesapeake Group. One planktic species,
Globigerina praebulloides, which ranges from late Eocene to late
Miocene (Blow, 1979), was identified from core 20601 at the top
of the reworked Piney Point.

Above the reworked Piney Point, planktic foraminifera
present in cores 20597-20599 (297-319 feet; 91-97 m) identify
the Globigerina ciperoensis Zone of late Oligocene (Chattian) age.
Stainforth and Lamb (1981) indicate that this zone, whose
nominate species disappears at or just above the top, is
equivalent to most of Blow's (1969) Zone P.22, the uppermost
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part of which they correlate with the lower half of the
Globorotalia kug1eri Zone. The co-occurrence of Globigerin e
ciperoensis and Globigerinoides q u e drilob ecue primordius in core 20597
strongly suggests but does not prove beyond doubt the presence
of the Globigerin e ciperoensis Zone. Stainforth and Lamb (1981,
Fig. SA-B), working from coreholes and surface sections in the
Gulf Coast-Atlantic region, extended the range of G1obigerinoides
quadrilobatus primordius downward from its first appearance at the
base of the Globorotalia kugleri Zone to the base of the Globigeri n e
ciperoensis Zone, which places core 20597 (and cores 20598-20599)
in the G. ci oeroeneie Zone. By extension, on the basis of the
benthic species present in the reworked part of the Piney Point
Formation, the entire section represented by cores 20597-20604
is considered of Chattian age.

Although biostratigraphic
studied for this report is
(Rupelian) age cannot be ruled
unreworked Piney Point and Zone

evidence from the fossil groups
lacking, an early Oligocene

out for the section between the
P.22.

Age of the Piney Point Formation

Considerable controversy exists with regard to the age of
all or just the upper part of the Piney Point Formation (Brown,
Miller, and Swain, 1972; Valia et a1., 1977, 1978; Benson and
Jordan, 1978; Olsson et el , , 1980). Data from a single well are
not sufficient to solve all of the problems, but conclusions
based on study of the closely spaced cores of Je32-04 rather
than on ditch samples (which are typical of most Coastal Plain
drill holes) must be acknowledged.

Age determinations for the Piney Point in Je32-04 were
based on judgments as to (1) which fossils are in situ in core
samples, (2) which are present as the result of downhole
contamination or other means of down-section stratigraphic
mixing, and (3) of those that are in situ which are present as
the resul t of having been reworked from older into younger
sediments during deposition of the latter. Our conclusions
support in part those of Valia et el , (1977, p , 727) who
observed from study of ditch samples from a few Delaware drill
holes that the upper part of the Piney Point, a " .... pebbly ••• II

glauconi tic greensand, " ..... represents the transgressive basal
unit of the undifferentiated Miocene Chesapeake Group in
Delaware .... " Their conclusion was based on the presence in the
upper Piney Point of benthic and a few long-ranging planktic
foraminiferal species typical of the Chesapeake Group.. However,
Benson and Jordan (19781 considered their evidence inconclusive
because of the problems posed by ditch s arnpLe s , Valia er el.,
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(1977) assumed the Chesapeake Group to be of middle Miocene age
and the Piney Point of late Eocene agea From their study they
concluded that the basal sandy facies of the Chesapeake Group
derived from reworking of the underlying Piney Point Formation
is of large areal extent, consisting of a relatively thin veneer
at least 20-50 feet (6-15 m) thick. We disagree because it is
premature to assume a thin veneer everywhere overlying the
unreworked Piney Point until more drill holes are evaluated. We
also have not observed pebbles in the uppermost Piney Point in
Delaware.

It is more difficult to evaluate the late Oligocene age
assigned to the entire Piney Point Formation in New Jersey and
Maryland by Olsson et el , (1980). Inasmuch as the formation is
confined to the subsurface, it has been recognized on the bases
of its electric log characteristics and its glauconitic quartz
sand lithology. Because most of the subsurface work on this
formation was done by hydrogeologists, its age was seldom
investigated. Both the original marine deposit of middle Eocene
age and a basal sand of the Chesapeake Group (or Kirkwood
Formation in New Jersey) of Oligocene-Miocene age that was
derived from erosion of Eocene-age glauconitic sands, such as
the Piney Point or units of the Rancocas Group, could and
probably do give similar electric log responses and have similar
lithologies. A completely reworked Piney Point Formation in the
wells they studied would explain the age assignment of Olsson et
81. (1980) .. In their paper they do not document their
paleontologic work in Maryland; only in New Jersey do they
present evidence for the Oligocene age of the glauconitic sand
unit they refer to as Piney Point. They emphasize the weathered
nature of the glauconite in the Maryland and New Jersey drill
hole samples they studied. In Je32-04 and other wells in
Delaware, the Piney Point glauconite is generally fresh
appearing, and weathered glauconite is present only at a few
stratigraphic horizons, particularly, in the uppermost part. We
believe that the originally deposited Piney Point Formation is
of middle Eocene age and that its upper beds in places but not
everywhere (J. H. Talley and K. D.. Woodruff, personal com
munication) have been reworked during the Oligocene-Miocene
transgression f o Ll owi.nq a long period of subaerial erosion. In
New Jersey the so-called Piney Point may in some places be a
completely reworked formation of Oligocene-Miocene age, but we
do not recognize this situation in Delaware.

46



Aguitanian(?)-Burdigalian

Because of the absence of diagnostic microfossils, the
precise contact between Oligocene- and Miocene-age rocks cannot
be located. The uncertain contact is placed between core 20597,
the highest core representing the late Oligocene Glabigerin e
cipf:;'["oelJt;ls Zone (P .. 22), and core 20596, from the base of a
shallow to marginal marine section lacking diagnostic fossils,
at a depth between 289-297 feet (88-91 ro).

Diagnostic planktic foraminifera are absent above Zone
P.22 , but diatoms and radiolarians provide biostratigraphic
control for the middle part of the Calvert Formation present in
Je32-04. Abbott (1978) studied the diatoms from the cores in
the Tertiary section of the well and was able to identify three
diatom biozones that he could co~relate with Blow's (1969)
planktic foraminiferal zones.
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He Lden t.Lf jed his Zone I, tlctinoptych us fleliupe1LeJ zone ,
between 52 and 60 m below sea level which corresponds to cores
20587-20589 (197-229 feet; 60-70 m). He writes that this zone
is best preserved in the Fairhaven {d i a t.omi. te) Member of the
Calvert Formation near Dunkirk, Maryland, and that it is of
early Miocene age and probably is equivalent to Blow's (1969)
Zones N.6-N.7. Blow's Zone N.6 straddles the Aquitanian
Burdigalian boundary, as shown in his Figure 20, but Berggren
and Van Couvering (1974) place zones N.6 and N.7 wholly within
the Burdigalian. Aquitanian-age rocks might be present in the
unzoned interval between the top of Zone P.o22 and the base of
Abbott's Zone I.

Langhian

Abbott (1978) correlates Zone II, Delphineis ov et:e Zone [25
52 m below sea level corresponding to cores 20579-20586 (117-189
feet; 36-58 m)], with Blow's (1969) Zones N.8-N.9( and Zone III,
Delphineis ovata/D. penelliptica Zone [24-25 m below sea level
corresponding to core 20578 (107-109 feet; 33 m)] with Blow's
Zone N.9. Zones N.B-N.9 comprise the Langhian Stage (Berggren
and Van Couvering ( 1974) • On the basis of Abbott's diatom
zonation, the early/middle Miocene contact in Je32-04 is between
cores 20586 and 20587 (189-197 feet; 58-60 m).

Radiolarian data support the age determinations of Abbott
(1978) & The undifferentiated Calocyc1etta coscece-Dorce doep yr;e
alata combined zones are recognized from core 20577 through core
20587 (97-199 feet; 30-61 m). The C. coatat:e Zone is defined
from the first appearance of the C. costata morphotype to the
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first appearance of the D. alata morphotype (Riedel and
Sanfilippo, 1978). Because C. costata ranges into the lowermost
part of the D. ef e t e Zone and D. el.et:e was not found in Je32-04,
the two zones cannot be differentiated. Species listed in Plate
2 occur throughout or wi thin part of the combined zones. The
combined zones straddle the early/middle Miocene boundary which
Riedel and Sanfilippo (1978) placed between the two zones but,
later, Westberg and Riedel (1982) placed in the lower D. alate
Zone.

The unzoned interval represented by cores 20571-20576 (47
89 feet; 14-27 m) is consitlered of middle Miocene age-Langhian
and perhaps, in part, Serravallian.

Pleistocene

The base of the Columbia Formation is at 40 feet (12 ml ,
The only core from the formation is 20570 (37-39 feet; 11-12 m)
which is barren of all fossils. Although not proven, Jordan
(1964, 1974l a t t r Lbu t e s the fluvial deposition of the Columbia
sand sheet to conditions that prevailed during the transition
from a glacial to interglacial stage of the Pleistocene that
probably predates the Wisconsinan () 0.08 Ma, Stuiver et: a1.,
1978). We assume this age for the formation beca~se we believe
that an earlier age (Owens and Denny, 1979) based on
palynological analysis is inconclusive. We also agree with
Hansen (1981) who presents evidence that the Columbia
unconformably overlies rocks of Miocene age and does not
interfinger with them as postulated by Owens and Denny (1979).

PALEOENVIRONMENTAL INTERPRETATIONS

A detailed analysis of the benthic foraminifera and other
microfossil groups present in the core samples that are useful
in jnterpretation of paleoenvironments is beyond the scope of
this report. Bandy and Arnal 11957 .. 1960), Phleger {19601, and
Poag (1981), among others, present general methods of
Eor-amf.nd f e r-a I biofacies analysis and review works Df others.
Gibson (1967), Gernant (1970), Poag (1980), Jones (1983), and
Olsson and Nyong (1984) have applied these and other methods to
the interpretation of Atlantic Coastal Plain and offshore
stratigraphic sections.

The pe Leoenv i ronments indicated on the curve in Plates 2
and 3 were interpreted for each core primarily on the bes i.s of
the quantity, quality, and diversity of the benthic foraminifera
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and the quantity and diversity of the planktic f or-am i nd f e r a ,
The range chart of foraminifera in Plate 2 is primarily for the
planktic species ~ Benthic genera, generic groups, and selected
species were noted and their dbundances estimated for each core
sample examined, but their analysis was not sufficiently
comprehensive to include them on the distribution char t., The
quantity and diversity of other biogenic components (Plate 1)
and the lithology determined from sample descriptions and
qeoprrys Lce L log responses were also considered in the
paleoenvironmental determinations, especially for cores lacking
foraminifera~

The paleoenvironmental cur-ve shown in Plates 2 and 3 was
constructed by joining the points representing the environmental
interpretation for each ccr-e , This results in a curve that is
more detailed and apparently more precise than it really is.
For example, the apparent shallowing of the marine environment
interpreted for the unz oned Paleocene (?) -Eooene ( ?) section may
not be real because of possible dilution of the foraminiferal
assemblage by a high rate of clastic sedimentation. Or,
diagenetic effects such as carbonate dissolution may have
removed calcareous fossils from parts of the sedimentary
section, for example, from the diatomaceous part of the Calvert
Formation~ Both Gibson (1967) and Poag (1980) noted the absence
of f or am t n i fera in diatomaceous beds of equivalent age
elsewhere~

The water depths in feet are indicated for the marine
paleoenvironments, but they should not be taken literally. They
are on the chart to provide some magnitude of the range of water
depth for each environment. Van Hintc (1978, Fig. 19)
illustrates the magnitude of uncertainty of water depth
int8rpretations made for individual samples but points out that
a succession of such determinations shows a trend that can
establish relative changes in water depth between parts of the
~ection. Water depth determin~tions also put restraints on the
interpretations of environments of depoa.i tion ~ For example, a
sand represented on the geophysical logs is unlikely to be
interpreted as a beach sand if the pal eoenviranmental
interpretation is outer neritic.

The paleoenvironmental curve of Je32-04, interpreted
broadly, clearly shows the transition from continental deposits
of the Potomac thrnugh transitional marine to marine deposition
during the Upper Cretaceous~ Deepest marine environments
attained during Paleocene and Eocene times match the time of the
deepest environments interpreted for t he offshore COST B-2 and
B-3 wells (Poag, 1980). Shoaling during deposition of the Piney
Point Formation followed by a major period of erosion probably
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reflects eustatic lowering of sea level and consequent
regression or, possibly, regional tectonic uplift. Oligocene
Miocene transgression followed by shoaling marks the final cycle
of marine deposition that was characterized by progradation of a
clastic wedge across the entire middle Atlantic continental
margin, reflecting renewed uplift of the Appalachian area.

The history of deposition summarized in Plate 3 was
interpreted by combining information from lithology and the
paleoenvironmental curve with that supplied by the character of
the electrical log of the corresponding units.

SEDIMENT ACCUMULATION RATES

Sediment accumulation rates for Je32-04 are illustrated in
Figure 4, which is a plot of estimated time points VS4 their
depth in the drill hole. The rates are properly designated as
sediment accumulation rates rather than rates of deposition
because corrections for compaction were not made as described by
van Hinte (1978). Because sediments arc predominantly silts and
sands compaction effects for the section drilled are less than
for one with clay as the dominant lithology.

Biostratigraphic control points are mainly confined to the
silty intervals 4 Sandy intervals probably represent higher
rates of accumulation that could not be determined from the
available data. Rates of accumulation noted on the diagram,
therefore, are averaged over both sandy and silty intervals.

Of the six unconformities shown, the two youngest ones and
the oldest one are interpreted as representing subaerial
exposure and ez-oe Lcn , The others are submarine unconformities
that represent significant submarine erosion and/or periods of
nondeposition or very slow sedimention. A seventh unconformity
or hiatus (submarine origin) might be present in the upper
Oligocene-lower Miocene interval where the average sediment
accum~lation rate is quite low.

GEOHISTORY DIAGRAM

The geohistory diagram shown in Figure 5 was constructed
according to t he method of van Hinte (1978). Estimated time
points with biostratigraphic control are represented by solid
triangles and circles; those without such control are open
triangles and circles. The paleobathymetry at each time point
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was determined from the paleoenvironment curve of Plate 2 and
plotted as a triangle. The cumulative thickness of sediment at
each time point is plotted as a circle. Because the circles
represent current thicknesses, they are uncorrected for
compaction and thus do not represent restored thicknesses.
Lines connecting the circles therefore represent the uncorrected
subsidence rate of the total depth lTD) of the well, not of the
basement, which is estimated at -3,600 feet. Lines connecting
the triangles trace the altitude, with respect to the sea level
of the time, of the sediment-air or-water interface.

In reading the diagram note that the apparent uplifts of TO
shown along the curve do not necessarily imply tectonic uplifts
or temporary decreases in the rate of subsidence; they only
indicate the position of TO with respect to the sea level at the
time. The position of sea level with respect to land at any
time is a combination of the effects of tectonic subsidence or
uplift, rate of sediment deposition and compaction, and eustatic
rise or fall of sea level.

The diagram indicates three intervals when the area of the
well was above sea level. The first interval was during
deposition of the nonmarine Potomac Formation followed by a
period of subaerial erosion of the formation prior to the first
major marine transgression heralded by the Magothy Formation.
The last interval, during the late Cenozoic, probably was of
shorter duration than that shown on the diagram. There may have
been additional marine section deposited above the Calvert
Formation at the well site that was removed by erosion at a much
later time during lowered sea levels of Pliocene-Pleistocene
glacial times. The middle interval of Eocene-Oligocene age
represents a widespread unconformity and might have resulted, in
part, from regional tectonic uplift instead of or in addition to
a eustatic fall of sea level.

Olsson et 81. (1980, p , 552) propose that the Eocene
Oligocene unconformi ty " ••• resul ted from a eustatic lowering of
sea level, which resulted in the largest regional hiatus of the
Late Cretaceous to Tertiary in the northeast Atlantic
continental margin. It They point to the Gulf Coast and Europe
where the same hiatus is observed and argue that a low stand of
sea level during the late Eocene-early Oligocene is supported by
Pitman's (1978) sea-level curve derived from volume changes of
the mid-ocean ridge system.

Vail and Hardenbol (1979), however, indicate a major
eustatic fall of sea level during the late Oligocene (29 Ma
ago). From the record of Je32-04, this occurred just before the
regional marine transgression that reworked the upper part of
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the Piney Point Formation prior to deposition of the Calvert
Formation. The uppermost cores of the unreworked portion
(middle Eocene age) of the Piney Point in Je32-04 show evidence,
in the form of iron-oxide staining, that the formation was
subaerially exposed prior to the late Oligocene marine
transgression. If Vail and Hardenbol's sea level curve is
valid, marine deposition should have occur-red throughout late
Eocene and early Oligocene time, the period of time represented
instead by the major regional unconformity. Whether or not
marine sediments of this age were ever deposited on the Coastal
Plain or continental shelf of the northeastern United States is
not certain. If they weie, according to the Vail and Hardenbol
curve they would have been removed by erosion following the late
Oligocene fall of sea level 29 million years ago.

On the basis of studies of Oligocene foraminiferal 180
records, Miller et: 81. (1985) suggest that ice caps developed at
about 36, 31, and 25 million years ago. They speculate that
erosion during an inferred glacio-eustatic fall of sea level
near the early/late Oligocene boundary (32-31 Ma) developed a
regional unconformity on the U. S. mid-Atlantic and Irish
continental margins.

.,:
•,

Regional uplift of the northeastern United States
continental margin during late Eocene-early Oligocene time is an
alternative to eustatic fall of sea level for explaining the
regional Eocene/Oligocene-Miocene unconformity. Heating of the
lithosphere beneath the continent in this region at about this
time would have provided the mechanism for uplift. However, the
only evidence for continental igneous activity is of an earlier
but still Eocene age in the eastern United States. Towe and
Gibson (1968) found altered volcanic ash in rocks of early
Eocene age (50-52 Ma old) from widely separated localities in
the western North Atlantic region. This suggested to them a
significant volcanic event or series of events that produced
large quantities of silicic volcanic ash. Fullagar and Bottino
(1969) dated Eocene-age felsite intrusives from west-central
Virginia at about 47 million years (middle Eocene) and concluded
from isotopic studies that the magma was derived from the lower
crust or upper mantle. Dennison and Johnson (1971) associate
doming of the Schooley erosion surface in the Appalachian
Plateau and adjacent Valley and Ridge region in Virginia and
West Virginia with these Eocene intrusive rocks.

Later volcanic activity and regional uplift occurred in the
North Atlantic ocean basin. Tucholke and Vogt (1979) estimated
that uplift of the Bermuda Rise began about 42-43 million years
ago (middle Eocene) and continued into late Eocene time. They
were uncertain of the nature of the (thermal?) event that formed
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the Rise. There could have been a similar event at about the
same time but beneath the northeastern U. S. continental margin
that resulted in uplift of the margin and subsequent development
of the regional Eocene-Oligocene unconformity.

CONCLUSIONS

This Bulletin has presented the results of an integrated
study of the materials generated by drilling a deep test well in
central Delaware. It is important that such wells be drilled
for essential subsurface geologic information and that their
usefulness be maximized by comprehensive investigation and
documentation. Opportunities for this type of investigation
have been rare in the Atlantic Coastal Plain, and exceedingly
rare in Delaware. The information presented here establishes a
reference section that will enhance investigation of the
subsurface for a variety of purposes throughout much of the
State.

The integration of a variety of studies in this
investigation of a single well has been particularly beneficial
because the interrelationships of physical, paleontologic, and
temporal aspects of the section may reinforce or modify
interpretations of geologic history. Further, because other
wells generally are not cored or otherwise closely controlled, a
comprehensive reference is required to use whatever fragmentary
information they may produce.
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Several "packages" of sediment have been defined by the
various techniques employed here. Different techniques do not
necessarily produce the same subdivisions of the section. In
some cases there is a clear coincidence of change recorded in
lithology, trace mineralogy, paleontology, and other character
istics; at other points these properties vary independently. It
may be concluded that the geologic history of the mid-Atlantic
Coastal Plain is more complex than has generally been recognized
in the literature.

The stratigraphic division of the Cretaceous and Tertiary
sections has been refined, especially with regard to biostrati
graphy and chronostratigraphy. However, this study is primarily
a presentation and interpretation of data from one point (well)
and, therefore, cannot be a "stratigraphy." A study of the
stratigraphy requires areally distributed, mappable information
and correlation within the region. The study of a single well
provides the bases for correlations and points the way to the
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development of an improved regional stratigraphy. Work is in
progress toward an improved understanding of the stratigraphic
framework based in large part on the information herein.

Unconformities represent one major basis for the
subdivision of the stratigraphic section. Six, possibly seven,
disconformities are recognized in this study. Three of these
are interpreted as representing subaerial exposure: (1) between
the Potomac and Magothy formations, (2) between middle-Eocene
and late-Oligocene-age rocks, and (3) between Pliocene
Pleistocene-age rocks. The other three are submarine uncon
formities within the Pamu~key(?l Formation at places that could
only be recognized through close sampling and detailed study:
(1) middle Maastrichtian-Danian, (2) Danian-Thanetian, and (3)
Ypresian-Lutetian. Detection of these disconformities is
significant in understanding basinal history and in regional
correlation. Future work will undoubtedly attempt to relate
them to regional or worldwide tectonic and eustatic events.

The unconformable contact between the Potomac Formation
below and the Magothy Formation above 1s characterized by a
significant change in lithology. The Potomac clays are in
sharp contact wi th the overlying Magothy sands. The sediment
accumulation rates in both formations were high (Fig. 4). The
staurolite-tourmaline heavy mineral zone extends into both
formations at this point. Spoljaric (1972) interpreted this
similarity in heavy mineral composition to indicate that the
lower (older) part of the Potomac was the source for the Magothy
Formation in northern and central Delaware.

The first Late Cretaceous marine transgressive-regressive
phase is represented by the Merchantvi 1] e and "EnqLf.aht.own"
forma t t.ons • The phase correlates wi th the tourmaline-garnet
heavy mineral zone suggesting a sediment source area different
from that of the underlying formation. Groot (1955) proposed a
source south of the present area of distribution of these
formations, with the sediments brought in by the action of the
s ee , The sediment accumulation rate during the deposition of
the Merchantville and "Enq l Laht.own" formations appears to have
been rather uniform.

The second Late Cretaceous transgressive phase resulted in
the deposition of the "Nar-eha L'l t.own" and lower part of the
Pamunkey(?) formations. It is also characterized by an increase
in both benthic and planktic foraminifera. The content of these
microfossils remains high through the remainder of the
Pamunkey(?) Formation. The Danian-age segment of the
Pamunkey(?), bounded by small unconformities, signifies the
first major appearance of Ra d i.o La r-i a , The "Marshalltown" and

,
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the part of the Pamunkey (?) up to the
correlate with the tourmaline-andalusite
The rest of the Parnunkey(?) coincides
tourmaline zone as well as with the
Paleogene Radiolariaa

base of the Lutetian
heavy mineral zonea

with the andalusite
last occurrences of

The segments of the "Marshalltown"-Pamunkey(?) sequence
described above are also characterized by corresponding changes
in sediment accumulation rates possibly reflecting .subtle
tectonic movements both in the source areas of the sediments and
their depositional environments.

Most of the Piney Point Formation is in the staurolite
sillimanite heavy mineral zone, and the sediments character
istically do not contain siliceous biogenic material. The
deposition of the Piney Point occurred during a regressive phase
which began with the deposi tion of the uppermost part of the
Pamunkey(?) Formationa The rate of sediment accumulation is the
highest recorded in the whole stratigraphic section studied.

The Calvert Formation correlates well with the staurolite
zircon-sillimanite heavy mineral zone and is also characterized
by the presence of siliceous microfossils, both radiolarians and
diatoms. Uplift of western source areas is indicated by a
significant increase in sediment accumulation rate during the
middle Miocene.

Reliable biostratigraphic control has been developed from
closely spaced core samples for the _entire marine section for
the first time in Delaware. Only a small portion of the section
penetrated by Je32-04 could not be zoned. Pu t.ur-e biostrati
graphic studies should be conducted on other microfossil groups,
particularly calcareous nannofossils, ostracodes, and
palynomorphs, to fill in the gaps and calibrate the results
obtained from planktic foraminifera, diatoms, and radiolarians a

Although reasonably comprehensive, this study has not been
exhaustive. In addition to the remaining potential for
paleontologic study, investigation of the clay mineralogy, and
especially the glauconite, of the section remainsa study of the
clay mineralogy is underway in mid-1985. The geologic history
will not be fully understood until the origin(s) of the
glauconi tic components of the section is satisfactorily
explained.
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The test well at the Dover Air Force Base has been used for
many purposes since it was drilled in 1958. It is for Delaware
something of a geologic monument pointing downward. The data it
has yielded are now made available as contributions to future
studies of the subsurface of Delaware.

58



REFERENCES

Abbott, W. H., 1978, Correlation and zonation of Miocene strata
along the Atlantic margin of North America using diatoms and

. silicoflagellates: Marine Micropaleontology, v. 3, p. 15-34.

Alvarez, L. w., Alvarez, W., Asaro, Fo, and Michel, H. V., 1980,
Extraterrestrial cause for the Cretaceous-Tertiary extinc
tion: Science, v. 208, p. 1095-1108.

AASHO (American Association of State Highway Officials), 1950,
Standard specifications for highway materials and methods of
sampling and testing: The American Association of State
Highway Officials, 6th Ed., pt. II, p. 215-224.

Bandy, O. L" and Arnal, R. E., 1957, Distribution of Recent
Foraminifera off west coast of Central America: American
Association of Petroleum Geologists Bulletin, v. 41, p.
2037-2053.

Bandy, O. L., and Arnal, R. E., 1960, Concepts of foraminiferal
paleoecology: American Association of Petroleum Geologists
Bulletin, v. 44, p. 1921-1932.

Benson, R. N., 1976, Review of
resource potential of southern
Survey Open File Report No.7,

the subsurface geology and
Delaware: Delaware Geological
23 p.

Benson, R. N., 1984, Structure contour map of pre-Mesozoic
basement beneath Baltimore Canyon trough and adjacent middle
Atlantic Coastal Plain: Delaware Geological Survey
Miscellaneous Map No.2, with discussion. Scale 1 :500,000.

Benson, R. N., and Jordan, R. R., 1978, Recorrelation of Eocene
Miocene boundary of Delaware Coastal Plain: Discussion:
American Association of Petroleum Geologists Bulletin, v. 62,
p , 1714-1715.

Berggren, W. A., 1971, Tertiary boundaries and correlations: in
Funnell, B. M" and Riedel, W. R., (eds.), Micropaleontology
of the oceans: Cambridge University Press, p. 693-809.

Berggren, W.
inifera,
ontology:

A" 1977, Atlas of Palaeogene planktonic foram
in Ramsay, A. T. S., Led v ) , Oceanic micropale
Academic Press, London, v. 1, p. 205-299.

59



, ....--_.
Berggren, W. A" Olsson, R. K., and Reyment, R. A., 1967, Origin

and development of the foraminiferal genus Pseudohastigerina
Banner and Blow, 1959: Micropaleontology, v. 13, p. 265-288.

Berggren, W. A., and Van Couvering, J. A., 1974, The late
Neogene: biostratigraphy, geochronology and paleoclimatology
of the last 15 million years in marine and continental
sequences: Palaeogeography, Palaeoclimatology, Palaeoecology,
v. 16, p , 1-216.

Berg-Madsen, V., 1983, High-alumina glaucony from the Middle
Cambrian of Oland and Bornholm, southern Baltoscandia:
Journal of Sedimentary Petrology, v. 53, no. 3, p. 839-839.

Blow, w. H., 1969, Late middle Eocene to Recent planktonic
foraminiferal biostratigraphy, in Bronnimann, P., and Renz,
H. H., (eds.), Proceedings of the First International
Conference on Planktonic Microfossils, v , 1: E. J. Brill,
Leiden, p. 199-422.

Blow, W. H.,
based on
257-268.

1970, Validity of
the Globigerinacea:

biostratigraphic correlations
Micropaleontology, v. 16, p.

Blow, W. H., 1979, The Cainozoic Globigerinida: E. J. Brill,
Leiden, Netherlands, v. 1-3, 1413 p., 264 pl.

Bolli, H. M., 1957a, Planktonic Foraminifera from the Oligocene
Miocene Cipero and Lengua formations of Trinidad, B.W.I.:
u. S. National Museum Bulletin 215, p , 97-123.

Bolli, H. M., 1957b, Planktonic Foraminifera from the Eocene
Navet and San Fernando formations of Trinidad, B.W.I.: U. S.
National Museum Bulletin 215, p. 155-172.

J !

Bolli, H. M., 1966,
sediments based
Venezolana de
Informativo v. 9,

Zonation of Cretaceous to Pliocene marine
on planktonic Foraminifera: Asociacion

Geologia, Mineria y Petroleo Boletin
p , 3-32.

Brown, p. M., Miller, J. A., and Swain, F. M., 1972, Structural
and stratigraphic framework, and spatial distribution of
permeability of the Atlantic Coastal Plain, North Carolina
to New York: U. S. Geological Survey Professional Paper
796, 79 p., 59 pIs.

Clark, W. B., 1894, Origin and classification of the greensands
of New Jersey: Journal of Geology, v. 2, p. 161-177.

60



Clark, W. B., 1886, The Potomac River section
Atlantic coast Eocene: American Journal of
ser., v. 1, p. 365-374.

Cushing, E. M., Kantrowitz, 1. H., and Taylor,
Water resources of the Delmarva Peninsula: U.
Survey Professional Paper 822, 57 p.

of the middle
Science, 4th

K. R., 1973,
S. Geological

Cushman, J. A., 1935, Upper
southeastern United States: U.
sional Paper 181, 88 p.

Eocene Foraminifera
S. Geological Survey

of the
Profes-

Cushman, J. A., 1946, Upper Cretaceous Foraminifera of the Gulf
coastal region of the United States and adjacent areas: U. S.
Geological Survey Professional Paper 206, 241 p.

Cushman, J. A.,
Department of
p. 213-267.

1948, Foraminifera, Hammond well: Maryland
Geology, Mines, and Water Resources Bulletin 2,

Darton, N. H., 1891, Mesozoic and Cenozoic
Virginia and Maryland: Geological
Bulletin, v , 2, p , 431-450.

formations of
Society of

eastern
America

Darton, N. H., 1893,
Maryland: American
407-419.

The Magothy Formation of northeastern
Journal of Science, 3rd Series, v. 49, p.

Dennison, J. M., and Johnson, R. W., Jr., 1971, Tertiary
intrusions and associated phenomena near the thirty-eighth
parallel fracture zone in Virginia and West Virginia:
Geological Society of America Bulletin, v , 82, p , 501-508.

Doeglas, D. J., 1940, The importance of heavy minerals analysis
of regional sedimentary petrology: National Research
Council, Committee on Sedimentation Report 1939-1940, p.
102-121.

Doeglas, D. J., 1946, Interpretations of the results of mech
anical analyses: Journal of Sedimentary Petrology, v. 16, p.
102-121.

Dorsey, A.,
Maryland
Bulletin

1948, Miocene foraminifera,
Department of Geology, Mines

2, p , 268-322.

Chesapeake Group:
and Water Resources

Doyle, J. A., and Robbins, E. I., 1977, Angiosperm pollen
zonation of the continental Cretaceous of the Atlantic
Coastal Plain and its application to deep wells in the

61



\

Sali sbury Embayment: Palynology,
Eighth Annual Meeting of the
Stratigraphic Palynologists, Inc.,

v , 1, Proceedings of
American Association
1975, p , 43-78.

the
of

Dryden, L., and Dryden, C., 1956, Atlantic Coastal Plain heavy
minerals: a Speculative Summary: Preprint of paper presented
before 10th International Geological Congress, Mexico, 18 p.

Dryden, L. t and Dryden,
the Pennsylvania
published, 58 p.

C., 1964, Source-rock heavy minerals of
area: Bryn Mawr College, privately

Fessenden, R. W., 1959, Removal of heavy liquid aepa re t.es from
glass centrifuge tubes: Journal of Sedimentary Petrology, v.
29, p , 621.

Frizzell, D. L.,
Texas: Texas
Investigations

1954, Handbook of Cretaceous foraminifera
Bureau of Economic Geology, Report

No. 22, 232 p.

of
of

Fullager, P. D., and Bottino, M. L., 1969, Tertiary felsite
intrusions in the Valley and Ridge Province, Virginia:
Geological Society of America Bulletin, v. 80, p.
1853-1858.

Gernant, R. E.,
(Miocene) of
Survey Report

1970, Paleoecology of the Choptank Formation
Maryland and Virginia: Maryland Geological

of Investigations No. 12, 90 p.

Hansen, H. J., 1981, Stratigraphic discussion in support of a
major unconformity separating the Columbia Group from the
underlying upper Miocene aquifer complex in eastern Maryland:
Southeastern Geology, v. 22, p. 123-138.

and paleoenvironments of the
North Carolina: Geological

78, p. 631-650.

Sedimentary petrology of the Cretaceous
northern Delaware in relation to
problems: Delaware Geological Survey

p.

1967, Stratigraphy
Miocene strata of

America Bulletin, v.

Groot, J. J., 1955,
sediments of
paleogeographic
Bulletin 5, 157

Gibson, T. G.,
phosphatic
Society of

Hardenbol. J., and Berggren, W. A.• 1978, A new Paleogene
numerical time scale. in Cohee, G.V., Glaessner. M. F., and
Hedberg, H. D., t eds c ) , 1978, Contributions to the geologic
time scale: American Association of Petroleum Geologists,
Studies in Geology NO.6, p. 213-234.

62



e
f

Harland, W. B., Cox, A. v., Llewellyn, P.G., Pickton, C. A. G.,
Smith, A. G., and Walters, Ro, 1982, A geologic time scale:
Cambridge University Press, Cambridge, 131 p.

v
j

Hil termann, H., and Koch , W., 1962, Oberkreide des nordlichen
Mitteleuropa, in Leltfossilien der Mikropalaontologie:
Gebruder Borntraeger, Berlin-Nikolassee, v. 1, p. 298-338; v.
2, Table 19, pIs. 47-51.

Houlick, C. W., Jr.,
Upper Cretaceous
the subsurface of
24, p , 57-65.

Olsson, R. K., and Aurisano, R. W., 1983,
(Campanian-Maestrichtian) marine strata in
northern Delaware: Southeastern Geology, v.

Inman, D.
bution
22, p ,

L., 1952, Measures for describing the size distri
of sediments: Journal of Sedimentary Petrology, v.
125-145.

Jones, G. D., 1983, Foraminiferal biostratigraphy and deposi
tional history of the middle Eocene rocks of the Coastal
Plain of North Carolina: North Carolina Department of Natural
Resources and Community Development, Division of Land
Resources, Geological Survey Section, Special Publication 8,
80 p.

Jordan, R. R., 1962a, Planktonic Foraminifera and the
Cretaceous-Tertiary boundary in central Delaware: Delaware
Geological Survey Report of Investigations No.5, 13 p.

Jordan, R. R., 1962b,
Delaware: Delaware

stratigraphy of the sedimentary rocks of
Geological Survey Bulletin No.9, 51 p.

of the Cretaceous-Tertiary
Peninsula and vicinity:

187-198.

Jordan, R. R., 1963, Configuration
boundary in the Delmarva
Southeastern Geology, v. 4, p.

Jordan, R. R., 1964, Columbia (Pleistocene)
Delaware: Delaware Geological Survey Bulletin

sediments
No. 12, 69

of
p.

Jordan, R. R., 1974, Pleistocene deposits of Delaware, in Oakes,
R. Q., Jr., and nubar , J. R., (eds.), Post-Miocene Strati
graphy Central and Southern Atlantic Coastal Plain: Utah
State University Press, p. 30-52.

Jordan, R. R., 1983, Stratigraphic nomenclature of nonmarine
Cretaceous rocks of inner margin of Coastal Plain in
Delaware and adjacent States: Delaware Geological Survey
Report of Investigations No. 37, 43 p.

63



Jordan, R. R., and Adams, J. K., 1962, Early
from the subsurface of central Delaware:
of America Bulletin, v. 73, p. 395-398.

Tertiary bentonite
Geological Society

Jordan, R. R., and Smith, R. V., 1983, (Coordinators), Atlantic
Coastal Plain correlation chart: American Association of
Petroleum Geologists, COSUNA Project, Tulsa.

Jordan, R. R., and
correlation chart
Geology, v. 24, p.

Smith, R. V., 1984, Not e s on COSUNA
for Atlantic Coastal Plain: Southeastern
195-205.

Kemper, E. (Coordinator), 1982, Das spate Apt und fruhe Alb
Nordwestdeutschlands, Versuch der umfassenden Analyse einer
Schichtenfolge: Geologisches Jahrbuch, Hrft 65, 679 p.

Krumbein, W. C., 1934, Size frequency distribution of sediments:
Journal of Sedimentary Petrology, v. 4, p. 65-77.

Leahy, P. P., 1982, Ground-water resources of the Piney Point and
Cheswold aquifers in central Delaware as determined by a flow
model: Delaware Geological Survey Bulletin No. 16, 68 p.

Loeblich, A. R., Jr., and Tappan,
Foraminifera of Paleocene and early
and Atlantic Coastal Plains: U. s.
215, p , 173-198.

H., 1957, Planktonic
Eocene age from the Gulf
National Museum Bulletin

Marine, I. w., and Rasmussen, W. C., 1955, Preliminary report on
the geology and ground-water resources of Delaware: Delaware
Geological Survey Bulletin No.4, 336 p.

McGee, W J, 1886a, Geological formations underlying Washington
and vicinity: Report of the Health Officer of the District of
Colambia for the year ending June 30, 1885, p. 19-20; 23-25.

McGee, W J, 1886b, Geological formations underlying Washington
and vicinity: American Journal of Science, 3rd Series, v. 35,
p , 120-143; 328-330; 367-388; 448-466.

Miller, K. G., Mountain, G. S., and Tucholke, B. E.,
Oligocene glacio-eustasy and erosion on the margins
North Atlantic: Geology, v. 13, p. 10-13.

1985,
of the

Murray. G. E.,
Province of

1961 ,
North

Geology
America:

of the Atlantic and Gulf Coastal
Harper and Bros., New York, 692 p.

64



e
y

f

b

Nagan, D. S., 1964, Foraminifera, stratigraphy, and paleoecology
of the Aquia Formation of Maryland and Virginia: Cushman
Foundation for Foraminiferal Research Special Publication No.
7, 50 p ,

Obermeier, S. F., 1984, Engineering geology of Potomac Formation
deposits in Fairfax County, Virginia, and vicinity, with
emphasis on landslides, in Obermeier, S. F., Editor,
Engineering geology and design of slopes for Cretaceous
Potomac deposits in Fairfax County, Virginia, and vicinity:
U. S. Geological Survey Bulletin 1556, p. 5-48.

Odin, G. S., and Stephen, J. F., 1981 I The occurrence of deep
water glauconite from the Eastern Pacific: The result of in
situ genesis or subsidence, from Watkins, J. S _, et 81., 1981,
Initial Reports of the Deep Sea Drilling Project, Vol. LXVI,
Washington, u. S. Government Printing Office, p. 419-428.

Olsson, R. K., 1964, Late Cretaceous planktonic foraminifera from
New Jersey and Delaware: Micropaleontology, v. 10, 157-188.j,

Olsson, R. K., Miller, K. G.,
Oligocene transgression of
Geology, v. 8, p. 549-554.

and Ungrady, T.
middle Atlantic

E., 1980, Late
Coastal Plain:

E
1

Olsson, R. K., and Nyong, E. E., 1984, A paleoslope model for
Campanian-lower Maestrichtian foraminifera of New Jersey and
Delaware: Journal of Foraminiferal Research, v. 14, p. 50-68.

1

a Otton, E. G., 1955, Ground-water resources of the
Maryland Coastal Plain: Maryland Department of
Mines and Water Resources Bulletin No. 15, 347 p.

southern
Geology,

Owens, J. P., and Denny, C. S., 1979, Upper Cenozoic deposits of
the central Delmarva Peninsula, Maryland and Delaware: U. s.
Geological Survey Professional Paper 1067-A, 28 p.

Owens, J .. P., Minard, J. P., Sohl, N. F., and Mello, J. F., 1970,
Stratigraphy of the outcropping post-Magothy Upper Cretaceous
formations in southern New Jersey and northern Delmarva
Peninsula, Delaware and Maryland: U. S. Geological Survey
Professional Paper 674, 60 p.

Pessagno, E.
inifera
graphica

A. , .rr ,.;
from the
Americana,

1967, Upper Cretaceous planktonic Foram
western Gulf Coastal Plain: Palaeonto
v. 5, no. 37, p. 245-445.

65

~----~---- -- ~ -------- -- ---~- - .~~~



Petters, S. W., 1977, Upper Cretaceous planktonic foraminifera
from the subsurface of the Atlantic Coastal Plain of New
Jersey: Journal of Foraminiferal Research, v. 7, p. 165-187.

Phleger, F.
inifera:

B., 1960, Ecology and distribution of
Johns Hopkins Press, Baltimore, 297 p.

Recent Fcc-am-

Pickett, T.
Geological

E. , 1970, Delaware clay resources:
Survey Report of Investigations No. 14,

Delaware
70 p.

Pickett, T. E., and Benson, R. N., 1983,
area, Delaware: Delaware Geological
Series No.6. 1 :7.4,000.

Geology
Survey

of the Dover
Geologic Map

Pitman, W. C., III, 1978, Relationship
stra tigraphic sequences of pass i ve
Society of America Bulletin, v. 89, p.

between
margins:

1389-1403.

eustacy and
Geological

Poag, C. W., 1980, Foraminiferal stratigraphy, paleoenvir
onments, and depositional cycles in the outer Baltimore
Canyon trough, in Scholle, p. A., (ed.}, 1980, Geological
studies of the COST No. B-3 well, United States Mid-Atlantic
continental slope area: U. S. Geological Survey Circular
833, p , 44-65.

Poag, C. N., 1981, Ecologic
Gulf of Mpxi co: Marine
Massachusetts, 174 p.

atlas of
Science

benthic foraminifera of the
International, Woods Hole,

Rasmussen, W. C., Groot, J. J. I and
capacity test well developed at
Delaware Geological Survey Report
p.

riepman , A .. J., 1958,
the Dover Air Force
of Investigations No.

High
Base:
2, 36

Rasmussen, W. C., and Slaughter, T. H., 1957, The ground-water
resources, in, The water resources of Caroline, Dorchester,
and Talbot counties: Maryland Department of Geology, Mines
and Water Resources Bulletin 18, p. 1-371, 447-465.

Riedel, W. R., and Sanfilippo, A., 1978, Stratigraphy and
evolution of tropical Cenozoic radiolarians: Micropaleon
tology, v. 24, p. 61-96.

Sanfilippo, A., Burckle, L. H., Martini, E., and Riedel, W. R.,
1973, Radiolarians, diatoms, silicoflagellates and calcareous
nannofossils in the Mediterranean Neogene: Micropaleontology,
v. 19, p. 209-234.

66



'a

1-

'e

Sanfilippo, A" and Riedel, W., 1980, A revised generic and
suprageneric classification of the artiscins (Radiolaria):
Journal of Paleontology, v. 54, p. 1008-1011.

Smith, C. C., and Pessagno, E. A., Jr., 1973, Planktonic foram
inifera and stratigraphy of the Corsicana Formation
(Maestrichtian) North-Central Texas: Cushman Foundation for
Foraminiferal Research Special Publication No. 12,
68 p.

Ip
Spoljaric, N., 1975, Geologic cross-sections, Cenozoic

of the Delmarva Peninsula and adjacent area:
Geological Survey Open File Report No.6.

sediments
Delaware

Spoljaric, N., 1972,
northern Delaware:

Upper Cretaceous marine transgression
Southeastern Geology, v. 14, p. 25-37.

in

,
l

Spoljaric, N., Sheridan, R. E., and Jordan, R. R., 1976,
Inference of tectonic evolution from LANDSAT-1 imagery:
Photogrammetric Engineering and Remote Sensing, v , 51, p ,
1069-1082.

Stainforth, R. M., Lamb, J. L., Luterbacher, H., Beard, J. H.,
and Jeffords, R. M., 1975, Cenozoic planktonic foraminiferal
zonation and characteristics of index forms: The University
of Kansas Paleontological Contributions, Article 62, 425 p.

Ie,,

1-

Stainforth, R.
planktonic
University
104, 34 p ; ,

M., and Lamb, J. L., 1981, An evaluation of
foraminiferal zonation of the Oligocene: The
of Kansas Paleontological Contributions, Paper
8 pi.

16
Stuiver, M., Heusser, C. J.,

American glacial history
Science, v. 200, p. 16-21.

and Yang, I. C.,
extended to 75,000

1978,
years

North
ago:

s

ld
1-

"fS
r,

Sundstrom, R. N., and Pickett, T. E., 1968, The availability of
ground water in Kent County, Delaware, with special reference
to the Dover area: Water Resources Center, University of
Delaware, Newark, 223 p.

Talley, J. H., 1975, Cretaceous and Tertiary section, deep test
well, Greenwood, Delaware: Delaware Geological Survey Report
of Investigations No. 23, 51 p.

Towe, K. M., and Gibson, T. G., 1968, Stratigraphic evidence
for widespread late early Eocene volcanism, eastern North
America (abstract): Geological Society of American Program,
1968 Annual Meeting, Mexico City, p. 299-300.

67



·,

Tucholke, B. E., and Vogt, P. R., 1979, Western North Atlantic:
sedimentary evolution and aspects of tectonic history, in
Tucholke, B. E., vogt, P. Ro, et al., 1979, Initial Reports
of the Deep Sea Drilling Project,-v. 43: Washington (D. S.
Government Printing Office), p. 791-825.

Vail, p. R,. , and Hardenbol, J.,
the Tertiary: Oceanus. v. 22,

1979, Sea-level
p , 71-79.

changes during

Valentine, P. C., 1980, Calcareous nannofossil biostratigraphy,
paleoenvironments, and post-Jurassic continental margin
development, in Scholle., P. A. Led , ) I 1980, Geological
studies of the COST No. B-3 well, United States Mid-Atlantic
continental slope area: U. S. Geological Survey Circular 833,
p. 67-83.

Valia, H. S., Khalifa, H., and Cameron, B., 1977, Recorrelation
of Eocene-Miocene boundary of Delaware Coasta 1 Plain:
American Association of Petroleum Geologists Bulletin, v. 61,
p , 723-740.

Valia, H. 5., Cameron, B., and Khalifa, H., 1978, Recorrelation
of Eocene-Miocene boundary of Delaware Coastal Plain: Reply:
American Association of Petroleum Geologists Bulletin, v. 62,
p , 1715-1717.

van Hinte, J. E., 1978, Geohistory analysis application of
micropaleontology in exploration: American Association of
Petroleum Geologists Bulletin, v. 62, p. 201-222.

Ward, L. W., and Krafft, K., 1984, {eds v I , Stratigraphy and
paleontology of the outcropping Tertiary beds in the Pamunkey
river region, central Virginia Coastal Plain: Atlantic
Coastal Plain Geological Association Guidebook for the 1984
Field Trip, 280 p.

Westberg, M. J., and Riedel, W. R., 1982, Radiolarians from the
Middle America Trench off Guatemala, Deep Sea Drilling
Project Leg 67, in Aubouin, J., von Huene, R., et al., 1982,
Initial Reports of the Deep Sea DrilUng Projec~ v , 67:
Washinqton (U. S. Government Printing Office), p. 401-424.

Wolfe, ,1. A., and Pakiser, H. M., 1971, Stratigraphic inter
pretations of some Cretaceous microfossil floras of the
Middle Atlantic States: U. S. Geological Survey Professional
Paper 750-B, p. B35-B47.

68



Woodruff, K.
Delaware
1:24,00.

D., 1972, Geohydrology of the Dover
Geological Survey Hydrologic Map

area, Delaware:
Series No.1,

Woodruff, K. D., 1976, selected logging data and examples of
geophysical logs for the coastal Plain of Delaware: Delaware
Geological Survey Report of Investigations No. 25, 40 p.

69

___...( r • __ •

__________________________....4




