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Abstract    1

The Effects of the Chesapeake Bay Impact Crater on the Geologic 
Framework and the Correlation of Hydrogeologic Units of 
Southeastern Virginia, South of the James River 

By D.S. Powars 

Abstract

About 35 million years ago, a large comet or meteor
slammed into the shallow shelf on the western margin
of the Atlantic Ocean, creating the Chesapeake Bay
impact crater (CBIC).  Virginia Coastal Plain
sediments, the southern part of the Chesapeake Bay,
and a small part of the Atlantic Ocean now cover the
crater. The impact apparently affected pre-impact
structures near the CBIC. Subsequent structural
adjustments of these structures likely were influenced
by the crater and by the regional post-rift stress regime
typical of the passive margin scenario described for the
Atlantic Coastal Plain. Structural adjustments
disrupted pre-impact sediments and basement rocks in
the southern Chesapeake Bay region and influenced
subsequent deposition, erosion, and preservation of
sediments. Correlations of litho- and biostratigraphic
data from borehole cores and cuttings and geophysical
logs were used to identify the location and geometry of
the CBIC and possible pre-impact structures.  This
report focuses on the Virginia Coastal Plain south of the
James River and complements a recent study of the
CBIC’s effects on the geologic framework beneath the
lower York-James Peninsula. 

Pollen data indicate that only Lower Cretaceous
deposits are present in the subsurface north of the
James River, whereas on the south side of the river,
both Lower Cretaceous (pollen zones I and II) and
Upper Cretaceous (pollen zones III, IV, and V) deposits
are present in the subsurface.  Extreme variations in
thickness of these deposits across the river, combined
with an angular unconformity that separates these
deposits from overlying, pre-impact lower Tertiary
deposits, provide evidence for a pre-impact James
River structural zone. The distribution of sediment
suggests that the region north of the river was relatively
depressed during pollen zone I, and relatively elevated

for the remainder of Cretaceous time. By contrast, the
region south of the James River was relatively
depressed during pollen zones II, III, IV, and V.

South of the James River, Upper Cretaceous
deposits younger than pollen zone III form a
southeastward-thickening wedge across the south-
eastern half of the study area, but are thin and
irregularly distributed across the northwestern half.
The pre-impact lower Tertiary deposits dip eastward to
northward and are structurally higher and thinner along
the southern side of the study area, near the Virginia-
North Carolina border, than along the northern side. 

The complex distribution of post-impact units across
the James River provides evidence for post-impact
adjustments of this James River structural zone
initiated by the emplacement of the impact crater, and
subsequent burial. The truncation of many earlier post-
impact (upper Eocene to middle Miocene) deposits
indicates that the area south of the James River
structural zone was relatively elevated during that time
or at least prior to deposition of the upper Miocene St.
Marys Formation.  The presence of thicker post-middle
Miocene deposits south of the James River, compared
to those north of the river, indicates downwarping of
the area south of the river during this period and a
complex structural history of adjustments to the CBIC.

The structural and stratigraphic features created by
the impact, and the consequent structural adjustments
of the James River structural zone, have influenced the
hydrogeology, ground-water flow system, and water
quality of a large part of the Virginia Coastal Plain.
Regional flow paths apparently were altered by
emplacement of the possibly low permeability,
lithologically heterogeneous Exmore tsunami-breccia
deposits, as well as by subsequent deposition of
primarily very fine grained deposits in the CBIC’s
structural low.  The buried CBIC created a large region
where differential flushing of seawater from the
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Coastal Plain sediments in and around the crater possibly
resulted in Virginia's "inland salt-water wedge."  The
outer rim of the crater appears to act as a boundary and/or
mixing zone separating ground water of high salinity
inside the outer rim from lower salinity water outside the
outer rim.  The James River structural zone apparently
abruptly offsets stratigraphic units that have been
preserved differently north and south of the James River. 

INTRODUCTION

The discovery of a large impact crater beneath Chesa-
peake Bay has prompted a revision of the structural,
stratigraphic, and hydrogeologic framework of a large
part of the Virginia Coastal Plain. The 56-mile-wide
Chesapeake Bay impact crater (CBIC) is located beneath
the lower Chesapeake Bay, its surrounding peninsulas,
and a small part of the Atlantic Ocean east of the lower
part of the Delmarva Peninsula (fig. 1); the approximate
center of the crater is beneath the town of Cape Charles,
Va.  The CBIC was formed when a large comet or mete-
orite crashed into shallow-shelf waters of the western
Atlantic Ocean approximately 35 million years ago (Ma).
The impact produced an inverted, sombrero-shaped,
complex crater that was immediately filled with chaoti-
cally mixed sediments and rim-collapse material and
eventually buried by younger sedimentary deposits.  A
disruption boundary separates the impact rubble from
primarily undisturbed sediments and rocks (fig. 2).
Walled terraces, central peaks, and flat floors character-
ize complex craters (Melosh, 1989), and the CBIC has all
these features.

The CBIC impactor slammed into part of an apparent
structural zone, herein referred to as the James River
structural zone, that traversed the Coastal Plain east to
west beneath the eastern part of the present-day James
River Basin.  Deformational processes such as faulting,
folding, and igneous intrusion created the unique struc-
tural features of this area. The emplacement of the crater
appears to have caused adjustments to this James River
structural zone, dramatically disrupted the pre-impact
sediments and rocks in the southern Chesapeake Bay
region, and influenced subsequent sediment deposition
and distribution patterns.  Powars and Bruce (1999)
described how the impact resulted in several regional
anomalies: (1) a large crater, partly filled by impact and
collapse debris; (2) an impact tsunami-breccia consisting
of a mixture of sea water and sediments of Lower Creta-

ceous, Upper Cretaceous, Paleocene, and lower 
upper Eocene age; (3) a large area of anomalous w
quality (Virginia’s "inland salt-water wedge"); (4) trans
formation of the depositional environment from inne
neritic (shallow-shelf) to bathyal (deep-water) dept
within the crater, in which fine-grained, low permeabilit
sediments accumulated; and (5) a regional depress
that persisted because of post-impact loading and dif
ential compaction.  The existence of the CBIC, combin
with structural adjustments of a pre-impact structur
zone, helps explain the distribution of saline water in t
Virginia Coastal Plain aquifers. This information nee
to be considered in revisions of the hydrogeologic fram
work and ground-water-flow models of the aquifer sy
tem. 

In July 1997, the U.S. Geological Survey (USGS), 
cooperation with the Hampton Roads Planning Distr
Commission (HRPDC), initiated a multi-phase study 
refine the geologic and hydrogeologic frameworks of t
Coastal Plain sediments in and near the CBIC.  T
information will be the basis for revisions of the groun
water flow models that are used to guide water-sup
management decisions. The York-James Peninsula 
the focus of Phase I (Powars and Bruce, 1999; fig. 
This report presents the results of Phase II of the stu
which focused on an area in southeastern Virginia, so
of the James River.  Additionally, this report integrat
Phase II results with the Phase I evaluation of the Yo
James Peninsula.

The discovery of the buried CBIC, and its appare
effect on a pre-impact structural zone, revealed the in
equacy of the multi-aquifer conceptual model curren
being used to represent the ground-water systems of
Virginia Coastal Plain.  The existing hydrogeolog
framework and ground-water models were built upon
geologic framework that described the Virginia Coas
Plain as an eastward dipping and thickening wedge
unconsolidated sediments, readily subdivided into aq
fers and confining units.  Knowledge of the formation 
the crater and of the structural adjustments of a p
impact structural zone has disrupted this model, howev
leading to the need for a re-appraisal of the hydrau
properties, ground-water flow, and geochemistry of t
aquifer system.  First, the physical features created 
affected by the impact crater must be defined a
described–in other words, the geologic framework mu
be established–in order to understand and refine 
hydrogeologic framework in this region. 
2    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
of Southeastern Virginia, South of the James River    
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Purpose and Scope

This report refines the geologic framework of south-
eastern Virginia, south of the James River, in and near the
CBIC, and presents evidence for the existence of a pre-
impact James River structural zone that was reactivated
by the impact.  Lithologies of cores from exploratory
holes are correlated with borehole geophysical logs to
characterize the physical properties of the stratigraphic
units and their geophysical signatures.  The correlation of
cores, cuttings from wells, and borehole geophysical logs
provides the building blocks for compilation of strati-
graphic cross sections.  To further develop our under-
standing of this structurally complex area, these cross
sections are tied into the geologic framework of the lower
York-James Peninsula as refined by Powars and Bruce
(1999).  The correlation of geologic units to hydrogeo-
logic units is an important step towards the refinement of
the hydrogeologic framework.

Description of Study Area

The study area encompasses the southeastern part of
the Virginia Coastal Plain south of the Chesapeake Bay

and the James River and extends to just west of the Suf-
folk scarp (fig. 1).  Most of this area from the Atlantic
Ocean to the Suffolk scarp has low relief, generally less
than 30 ft.  The scarp marks where the relief jumps up to
100 ft and is one of a succession of step-like terraces and
intervening scarps that trend either parallel to the coast or
to the major streams and were created by Pleistocene sea-
level oscillations.  These terraces become progressively
lower in altitude and younger in age toward the coast and
rivers; the younger the terrace surface, the less dissected
it is. The buried outer rim of the crater is geomorphically
expressed by its alignment and concentric parallelism
with various Pleistocene wave-cut scarps.   

The study area covers part of the north flank of the
Cape Fear-Norfolk block (a structural basement high).
Figure 1 shows that part of the area is underlain by buried
rift basins that have been regionally dated as Jurassic
and/or Triassic.  Other major regional structural features
of the basement include the Salisbury Embayment, the
Baltimore Canyon Trough (a major structural low), the
Hatteras Basin, and buried Jurassic-Triassic rift basins
outside the study area. 
4    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
of Southeastern Virginia, South of the James River    
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Previous Investigations 

 In the late 1930’s and early 1940’s, the need to
develop ground-water resources in the southeastern Vir-
ginia region was heightened by water demands for the
military bases and by shortages caused by a severe
drought.  These pressures led to Cederstrom's  (1945a, c)
hydrogeologic studies of the southeastern Virginia
region.  Cederstrom’s studies provide lithologic logs
from water-well cuttings, including those he logged him-
self.  His reports contain biostratigraphic data analyzed
by J.A. Cushman (USGS), and water-quality data, includ-
ing the initial delineation of Virginia’s inland salt-water
wedge and its associated Eocene basin north of the James
River.  Cederstrom first postulated the existence of a
James River fault zone to explain his interpretation of the
erratic distribution and abrupt thickening of various strata
north and south of the James River.  Until the late 1980’s,
the subsurface geology of this region was interpreted pri-
marily on the basis of water-well cuttings and geophysi-
cal logs (Brown and others, 1972; Meng and Harsh, 1988;
Hamilton and Larson, 1988).  Coch (Coch, 1968, 1971),
Oaks (Oaks and Coch, 1973), and Johnson (Johnson,
1969, 1976; Johnson and Peebles, 1985; Johnson and
others, 1985, 1987) provided detailed surficial mapping
of southeastern Virginia south of the James River. A
regional compilation of the surficial units at 1:250,000
scale was prepared by Mixon and others (1989).     

The combined efforts of the USGS, the HRPDC, and
the Virginia Department of Environmental Quality
(VDEQ) over the last 14 years have greatly changed our
understanding of the geologic framework of southeastern
Virginia (Powars and others, 1987, 1990, 1991, 1992;
Poag and others, 1992; Powars and Bruce, 1999). These
investigations document the existence of the Chesapeake
Bay impact crater (Powars and others, 1993; Poag,
Powars, and Mixon, 1994; Poag, Powars, Poppe, and
Mixon, 1994); the crater's association with the inland
salt-water wedge (Powars and others, 1994, 1998; Bruce
and Powars, 1995); and the crater's structural and strati-
graphic effects on post-impact sediment distribution and
on the development of the present-day landscape (Powars
and others, 1993, 1998; Poag, Powars, and Mixon, 1994;
Poag, Powars, Poppe, and Mixon, 1994; Poag, 1996,
1997c; Johnson and Powars, 1996; Riddle and others,
1996; Johnson, Kruse, and others, 1998; Johnson,
Powars, and others, 1998).  Most recently, Powars and
Bruce (1999) refined the geologic framework of the
Lower York-James Peninsula and described the effects

that the CBIC structure has had on the southeastern 
ginia Coastal Plain.
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METHODS OF INVESTIGATION

The geologic framework of southeastern Virginia,
south of the James River, was refined by analyzing strati-
graphic and lithologic data from cores, well cuttings, and
borehole geophysical logs.  Selected core intervals were
sampled for mineralogic and biostratigraphic analysis.
The more recent data were combined with re-evaluations
of previously published data to provide new interpreta-
tions that account for the effects of the CBIC, including
its apparent effects on the pre-impact James River struc-
tural zone.

Compilation of Lithologic Data from Cores 
and Well Cuttings

The borehole-numbering system used in this study
refers to a location number on figure 3—printed in bold
in the text, for example, (12)—and in appendixes 1 and 2.
To maintain continuity with Powars and Bruce (1999),
appendix 1 includes the local reference number, such as
the USGS Ground-Water Site Inventory (GWSI) number
or the well number assigned in other reports (Cederstrom,
1945a, b; Brown and others, 1972).  The GWSI is based
on a system in which Virginia's 7-1/2-min quadrangles
are numbered 1 through 69 from west to east, and lettered
A through Z (omitting I and O) from south to north; wells
are identified and numbered serially within each 7-1/2-
min quadrangle.  As an example, well 58A76 is in quad-
rangle 58A and is the 76th well in that quadrangle for
which the location and other data were recorded by the
USGS.  Appendix 2 lists the altitudes of the tops of strati-
graphic units used in this report. 

Litho- and biostratigraphic data derived from continu-
ous coreholes with high recovery rates  (fig. 3) provided
the stratigraphic control for this investigation.  Nine cores
were obtained between 1986 and 1995 by the USGS and
the VDEQ as part of their cooperative research efforts
(Powars and others, 1992; Powars and Bruce, 1999).
These cores are stored at the USGS core-storage areas in
Reston and Herndon, Va., or at the VDEQ in Richmond,
Va.  Corehole names are derived from nearby geographic
features and include (listed in the order drilled) Exmore,
Dismal Swamp (2), Jenkins Bridge, Fentress (12), Kipto-
peke (64), Newport News Park 2 (63), Windmill Point,
Airfield Pond, and Jamestown (61).  (Only those core-
holes assigned a borehole number are discussed in this
report.)  The Dismal Swamp (2) and Fentress (12) core-
holes are located in the southern part of the study area,

and the Newport News Park 2 (63) and Kiptopeke (64)
coreholes, which lie just outside the northern boundary
the study area, were used for control across the north
part.  An additional corehole was drilled for the City o
Chesapeake as part of its Western Branch Aquifer S
age and Recovery Project and is labeled 21 on figure 3.
This corehole is referred to as MW4-1 (the original fie
designation) in Powars and Bruce’s 1999 report, bu
herein given the name Chesapeake-Portsmouth Airp
corehole.  This core also is stored at the USGS core-s
age area in Herndon, Va. In this study, the Dismal Swa
(2), Fentress (12), and Chesapeake-Portsmouth Airpo
(21) coreholes provided the key lithostratigraphic an
biostratigraphic data for borehole log correlation. 

 Lithologic and biostratigraphic data from selecte
cored intervals in test holes drilled in the 1970’s by t
VDEQ and by the U.S. Department of Energy and t
Virginia Polytechnic Institute and State University (VP
provided additional stratigraphic control.  Subsurfa
data consisting primarily of lithologic data from cutting
borehole geophysical logs, and selected cored interv
became available from a Brackish Groundwater Develo
ment Project recently conducted by the City of Ches
peake at the Northwest River Water Treatment Plant. T
deepest borehole drilled at this site is herein referred to
the Chesapeake Northwest River Water Treatment P
(WTP) borehole (3). 

Descriptions of borehole cuttings were interpreted 
correlation to the coreholes, resulting in many reinterp
tations of stratigraphic units described by Cederstro
(1945a, b) and by Brown and others (1972).  The bi
tratigraphic data in these earlier reports were emp
sized, while noting the potential for down-hol
contamination.  The detailed Virginia Division of Min
eral Resources (VDMR) lithologic descriptions o
washed samples are from mud-rotary drilled wells a
clearly reflect down-hole contamination.  Therefore, t
descriptions were carefully scrutinized for the first occu
rences of stratigraphically significant lithologic compo
nents, for example, shells and glauconite for mari
deposits; and feldspar, gravel, lignitized wood, and o
dized, multicolored clays for deltaic and fluvial deposit
Where available, decreasing or increasing percentage
the various lithic components were also used to h
define stratigraphic horizons.  

When conflicting data were encountered, either with
a single borehole (for example, when lithologic descr
tions did not agree with the geophysical log) or betwe
wells, priority was given to cuttings descriptions th
were made by an on-site geologist (primarily D.J. Ced
6    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
of Southeastern Virginia, South of the James River    
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Base from National Oceanic and Atmospheric Administration/National Ocean Service
Medium Resolution Coastline, 1:70,000, 1994 
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strom, and T.S. Bruce, VDEQ).  In some cases, emphasis
was placed on the interpretation of geophysical logs from
boreholes that were similar to and located near one of the
three key coreholes.  Emphasis was also placed on any
biostratigraphic data that were included.  Data from wells
that were drilled by the cable tool method also were given
priority over rotary-drilled wells because rotary methods
tend to produce greater mixing than cable methods. 

Analysis of Borehole Geophysical Logs

 Borehole geophysical logs were interpreted by estab-
lishing geophysical signatures for the various units
defined in several continuous coreholes.  These geophys-
ical signatures were then correlated to those of other logs
gathered for this investigation.  Interpretation for each
borehole was an iterative process because the detail of the
lithic descriptions ranged from generalized drillers’ logs
to microscopic descriptions of samples.  Correlations
also were made to other nearby borehole lithologic logs
published by Cederstrom (1945a, b), and by Brown and
others (1972), and to unpublished VDMR, VDEQ, and
USGS data.  Powars and Bruce (1999) found that con-
flicting data were encountered most often around the
outer rim of the CBIC, especially for the uncored bore-
holes located far from one of the continuous coreholes. 

The number and type of geophysical logs varied
greatly from borehole to borehole.  Single-point resis-
tance and natural gamma logs were the most numerous
and therefore were used for establishing the geophysical
signatures.   Correlation also was made with multipoint
resistivity, 6-foot lateral resistivity, and spontaneous
potential logs.  The cross sections in this report are based
on interpretation of the lithic descriptions and geophysi-
cal logs.

STRUCTURAL SETTING OF 
SOUTHEASTERN VIRGINIA

In contrast to the regional post-rift thermal- and load-
driven subsidence typical of the “passive margin” sce-
nario described for the Atlantic Coastal Plain (Grow and
Sheridan, 1988), the basement rocks and sediments of the
Coastal Plain of Virginia record a complex geological
history, including the effects of the catastrophic upper
Eocene comet or meteorite impact. This impact produced
the CBIC, the largest impact crater found so far in the

United States. The southwestern portion of the outer 
of the crater extends from the Newport News and Ham
ton area to the northern Norfolk and Virginia Beach ar
(fig. 3).

This section subdivides the structural history into pr
impact, syn-impact, and post-impact sections and p
sents evidence for the existence of a pre-impact Ja
River structural zone and the CBIC’s effects on this zo
Table 1 shows the geologic units described in this rep
and their correlation with geologic units of key previou
investigations, as well as Cretaceous pollen data.  T
table provides the stratigraphic nomenclature and po
tion of the geologic units discussed in this section. 
more detailed description of the geologic units is given
the Geologic Framework section. 

Pre-impact Structural History

The basement rocks beneath the Coastal Plain of V
ginia have been interpreted to be an assembly of vari
tectonostratigraphic terranes that were accreted to 
North American continent during Paleozoic continen
collisions (Horton and others, 1991).  Most of the cent
to outer Coastal Plain of Virginia is underlain by th
Chesapeake Block, which has been interpreted as Afri
Archean to Lower Proterozoic rocks that were le
accreted on to the North American continent during t
Mesozoic opening of the present Atlantic Ocean (Lef
and Max, 1991).  Recently, Sheridan and others (19
presented a rubidium/strontium date from rocks bene
the southeastern New Jersey Coastal Plain that sugge
Middle Proterozoic age for the Chesapeake Block.  L
Paleozoic granitic plutons also are present.   It appe
that some major structural zones are present in the c
talline basement rocks, some of which likely were zon
of weakness (faults) that became involved with Mesoz
rift basin formation.    

The last breakup of North America, Eurasia, an
Africa began with Triassic rifting and was associate
with an extensional stress regime that pulls apart a
thins the crust.  This rifting continued into the Ear
Jurassic and produced crustal instability and asymme
cal, down-dropped, sediment-filled basins (grabens) w
wrench and transform faults, tilting, folding, igneou
intrusion, and widespread volcanism (see fig.1 for loc
tion of rift basins beneath the Coastal Plain).  Part of 
study area is underlain by two of these rift basins, b
having northern boundaries south of the CBIC a
extending southward 10 to 20 miles into North Caroli
8    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
of Southeastern Virginia, South of the James River    
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SYSTEM SERIES Geologic units
this report

Cederstrom
(1957)

Brown and
others (1972)

Mixon, Berquist,
and others (1989)

Q
U

AT
E
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N

A
R

Y Holocene

Pleistocene

Alluvium, swamp, beach

Tabb Formation
Shirley Formation

Chuckatuck Formation

U

M

L
Windsor Formation

Bacons Castle Formation

Pliocene
U

L

Miocene

M

U

L
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P
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St. Marys Formation

C
al

ve
rt

 F
or

m
at

io
n4

Calvert Beach Member

Plum Point Member

Fairhaven Member

Recent beach

Columbia
Group

(Quaternary)

Yorktown
Formation
(Miocene)

St. Marys
Formation
(Miocene)

Calvert
Formation
(Miocene)

Moore House Member

Mogarts Beach Member

Rushmere Member

Sunken Meadow
Member

Cobham Bay
Member

Claremont Manor
Member

Unnamed beds3

Rocks of
post Miocene

age

Rocks of
late Miocene

age

Rocks of
middle Miocene

age

Coastal barriers, lagoons
alluvial, swamp, eolian

Tabb Formation
Shirley Formation

Chuckatuck Formation
Charles City FormationCharles City Formation

Windsor Formation

Bacons Castle Formation
Chowan River Formation

Yorktown
Formation

Eastover
Formation

P
lio

ce
ne

 s
an

d 
+

 g
ra

ve
l

M
io

ce
ne
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d 
+

 g
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l

Calvert
Formation

Choptank Formation

St. Marys Formation

C
H

E
S

A
P

E
A

K
E

 G
R

O
U

P

Choptank Formation
(not present in study area)

(East of the Chesapeake Bay)
Kent Island Formation
Wachapreague Formation
Nassawadox Formation

Omar Formation

U

M

Moorings unit

sand

Choptank Formation
not present east 

and south of
Chesapeake Bay

Old Church FormationOligocene

T
E

R
T

IA
R

Y

??

??
U Old Church Formation

?

2

Newport News unit

?

Pollen
Zonation1

Not
studied

1Follows Brenner (1963) and Owens and Gohn (1985). 
2Chowan River Formation.
3Powars, D.S. and Cronin, T., U.S. Geological Survey, unpub. data, 1995.
4Not present south of James River.

?

??
??

Table 1.  Correlation of stratigraphic units, including Cretaceous pollen zones of the Mid-Atlantic states. Modified from Powars and Bruce, 1999

[Upper, upper; M, middle; L, lower; Fm, formation]
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Rocks of
Middle Miocene age (?)L

Old Church Formation

Delmarva beds
Oligocene

Eocene

Chickahominy
Formation

Exmore tsunami-breccia

Piney Point
Formation4

Nanjemoy
Formation

Marlboro Clay
Aquia

Formation

Brightseat
Formation

Paleocene

Chickahominy
Formation

Nanjemoy
Formation
(Eocene)

(upper Eocene)

Aquia
Formation P

am
un

ke
y 

G
ro

up
Mattaponi
Formation

??
U

U

U

L

L

L

M

?

Rocks of
Jackson age

Rocks of
Claiborne

age

Rocks of
Sabine

age

Old Church Formation

Delmarva beds5

Chickahominy
Formation

Piney
Point

Formation

Nanjemoy
Formation

Marlboro Clay

Aquia
Formation

Brightseat
Formation

Rocks of 
Midway

age

Exmore beds5

Upper
Cenomanian

beds6

Unnamed6

Potomac
Formation

Rocks of unit A
Rocks of unit B
Rocks of unit C
Rocks of unit D

Rocks of unit E

Rocks of unit F

Rocks of unit G

Rocks of unit H

Potomac
Formation

Exmore megablock beds

Upper Cenomanian beds5

Glauconitic sand unit5Red beds5

Lower Mesozoic rift-basin
deposits

Basement rocks

Woodstock Member5

Potapaco Member5

Pasapotansa Member5

Piscataway Member5
(Eocene)

Potomac
Group

Potomac
Group
(Upper

Cretaceous)

(Lower
Cretaceous)

(Paleocene +
Upper

Cretaceous)

?

?

Upper

Lower

Newport News unit of Calvert FmMiocene Calvert Formation

SERIESSYSTEM
T

E
R

T
IA

R
Y

C
R

E
TA

C
E

O
U

S
Geologic units

this report
Cederstrom

(1957)
Brown and

others (1972)
Mixon, Berquist,
and others (1989)

Calvert Formation
(Miocene)

JURASSIC-TRIASSIC

PALEOZOIC AND PROTEROZOIC

Red beds6 Glauconitic sand unit 
6

Pollen
Zonation1

7V

IV

III

II

I
? ?

Not
studied

6Not present north of James River.

1Follows Brenner (1963) and Owens and Gohn (1985). 
2Chowan River Formation.
3Powars, D.S. and Cronin, T., U.S. Geological Survey, unpub. data, 1995.
4Not present south of James River.
5From Powars and others (1992).

7Glauconitic sand unit not studied.

??

?

??

??

??

Table 1.  Correlation of stratigraphic units, including Cretaceous pollen zones of the Mid-Atlantic states. Modified from Powars and Bruce, 1999—Continued

[Upper, upper; M, middle; L, lower; Fm, formation]



(fig. 1).  The major border faults of these rift basins gen-
erally are parallel to old Appalachian lineaments. 

Deposition of the Coastal Plain sediments began in the
Late Jurassic with the opening of the Atlantic Ocean and
the beginning of sea floor spreading.  The initial stages of
accumulation of post-rift sediments in southeastern Vir-
ginia occurred in the Early Cretaceous with deposition of
fluvial and deltaic deposits by streams and rivers.  As the
Atlantic Ocean widened, the environment of deposition
was influenced by regional-scale tectonism that involved
gentle subsidence of the entire Atlantic continental mar-
gin and major alternating marine transgressive and
regressive phases (the passive margin scenario), as well
as local independent structural movement that created a
transverse arch-basin structural configuration.  The axes
of these arches and basins trend in an easterly or south-
easterly direction transverse to the northeast- southwest
strike of the Atlantic continental margin.  This arch-basin
configuration has been explained, using tectonic models,
as block-like structures bounded by zones of weakness in
the crystalline basement rocks or resulting from the pos-
sible movement of the landward parts of oceanic trans-
form faults.  The structural blocks would have moved up
or down relative to each other in response to non-uniform
loading or basement rock tectonics.  Brown and others
(1972) suggested that structural blocks were bounded by
basement faults that created recurrently reversing vertical
movement along wrench faults during deposition to
explain the stratigraphic thinning and thickening of Cre-
taceous- and Tertiary-age formations associated with
these arches and basins.

The Norfolk arch trends eastward across southeastern
Virginia just south of the James River and appears to rep-
resent a basement and stratigraphic structural high that is
part of the north end of the Cape Fear-Norfolk block (see
fig. 1).  North of the arch is a major tectonic downwarped
basin referred to as the Salisbury Embayment; south of
the arch, in the outer Coastal Plain of North Carolina
within the Cape Fear-Norfolk block, is a minor basin
known as the Albemarle Embayment.  The Albemarle
Embayment is located on the northern side of Albemarle
Sound, just south of the study area.  The Norfolk arch
appears to coincide with (1) the north end of shallow rift
basin deposits (indurated red beds) that overlie granite
and (2) the north end of the Cape Fear-Norfolk block,
which also aligns with the onshore extension of the Nor-
folk Fracture zone.  These factors point to the existence
of a structural zone in the vicinity of the James River
Basin.  Cederstrom (1945a) originally suggested that a
basin controlled by basement faulting occupied the area

immediately north of the present James River from
Hampton Roads northwestward to at least Hog Island, in
Surry County.  Powars and Bruce (1999) interpreted
much of this postulated James River fault zone as part of
the outer rim of the crater, but also suggested some pre-
impact structural involvement.  The distribution of Creta-
ceous pollen zones, which extends outside of the crater
and its preserved ejecta, also supports the existence of a
pre-impact James River structural zone (fig. 4).  This
James River structural zone coincides with the north side
of the Norfolk arch.  A series of isopach maps by Hamil-
ton and Larson (1988) show several confining units that
dramatically thin or pinch out northward across or in
proximity to the postulated James River structural zone.  

Structure contour maps of the top of the Upper Creta-
ceous and the top of the pre-impact lower Tertiary depos-
its show east to southeast deflections of the contours,
possibly reflecting faulted zones (figs. 5 and 6); the main
deflection coincides with a previously postulated fracture
zone (Johnson and others, 1998).  Figure 5 also shows the
truncated distribution of the red beds,  which may be fault
controlled, and that in the Norfolk to Virginia Beach area
adjacent to the crater, Upper Cretaceous deposits are
truncated and overlain by the Exmore tsunami-breccia.
An isopach map of the Upper Cretaceous, younger than
pollen zone III deposits (upper Cenomanian beds, glauc-
onitic sand unit, red beds, and Upper Cretaceous and/or
Paleocene) combined shows a southeastward-thickening
wedge that thickens from 30 to 500 ft across the study
area (fig. 7).  Some of this thickening occurs because
more Upper Cretaceous units are preserved on the south-
east side of the Norfolk arch.  An isopach map of the pre-
impact lower Tertiary deposits indicates that these depos-
its thicken north of the James River and west of their trun-
cation by the CBIC (fig. 8).  These deposits thicken and
thin across the rest of the study area with their erratic dis-
tribution apparently caused primarily by syn- and post-
impact erosional and structural influences of the CBIC on
the pre-impact James River structural zone.  Part of the
pattern also appears to reflect radial fault systems that
were created by the CBIC.

Three north-south stratigraphic cross sections show
the complex stratigraphy encountered across this region
(figs. 4, 9, and 10).  Figure 9A shows the entire section of
Coastal Plain sediments and the top of the basement
rocks in a cross section that extends from near the Dismal
Swamp corehole (2) to the City of Newport News City
Hall Complex borehole (49).  This section is within the
disruption boundary that separates pre-impact units from
impact debris or syn-impact units.  Figure 9B shows the
Structural Setting of Southeastern Virginia    11
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upper part of this line of section and shows the angular
unconformity between the Upper Cretaceous deposits
younger than pollen zone III and pre-impact Tertiary
deposits and some possible upwarping of pre-impact
deposits that are  close to the outer rim of the impact cra-
ter.  Figure 10 is similar to figure 9, except that the line of
section shown is farther to the east and the northwestern
end steps into the crater across the outer rim escarpment.

As suggested by Powars and Bruce (1999) and shown
graphically in figure 4, only Lower Cretaceous deposits
are present in the subsurface of the Virginia Coastal Plain
north of the James River.  In contrast, both Lower Creta-
ceous and Upper Cretaceous deposits are present on the
south side of the James River.  The available pollen data
indicate that a very thick section of Lower Cretaceous
deposits assigned to pollen zone I is present in the subsur-
face north of the James River, west of the impact crater,
and south of the northern part of Hanover County to the
mouth of the Rappahannock River.  In contrast, on the
south side of the river, both Lower Cretaceous deposits
(pollen zones I and II) and Upper Cretaceous deposits
(pollen zones III, IV and V) are present in the subsurface.
The Upper Cretaceous deposits younger than pollen zone
III are absent in the Hog Island area and locally in the
Burwell Bay area (figs. 4 and 5).  These deposits do not
appear to thin or feather out, but end abruptly, supporting
the existence of a pre-impact James River structural zone.
These Upper Cretaceous deposits are truncated to the
north of the James River and west of the preserved limit
of impact debris by an apparent structural upwarping
prior to the impact; farther east, they are truncated by the
impact crater across the lower Chesapeake Bay region
( f i g s . 4 a n d 5 ) .

The extreme variations in thickness in the various Cre-
taceous units across the James River, combined with the
angular unconformity with the overlying pre-impact
lower Tertiary deposits and coincidence with a highly
probable basement structural zone, provide evidence for
the existence of a pre-impact James River structural zone.

In figure 11, an alternative interpretation to that shown
in figure 9, faults are shown cutting across the basement
and Coastal Plain sediments.  The interpretations
depicted in both figures 9 and 11 indicate that this region
has experienced a combination of structural events
involving pre-impact movements of the James River
structural zone, syn-impact faulting and fracturing of the
region, and post-impact adjustments to the recovery
phase of the CBIC. 

Given that sediment deposition and preservation are
greater on the down-dropped side of a structural zone, it

would appear that the region north of the James River was
relatively depressed in pollen zone I time and relatively
elevated for the remainder of Cretaceous time.  By con-
trast, the region south of the James River was relatively
depressed during pollen zones II, III, IV, and V time.  Part
of this distribution has been attributed to a southward
shift in the depositional basin during Late Cretaceous
time along with a reduction in the rate of subsidence
across the region (Johnson, 1976). 

During Late Cretaceous and Early Tertiary time,
oscillations of sea level up to 400 ft produced major
transgressions and regressions across the study area.
North and south of the James River, the Paleocene to mid-
dle Eocene pre-impact deposits vary in their distribution
and thickness.  The middle Eocene Piney Point Forma-
tion is found outside the disruption boundary, primarily
north of the James River, where it is underlain by sections
of the upper Paleocene Aquia and lower Eocene Nan-
jemoy Formations that are thicker here than south of the
James River.  The limited extent of Piney Point strata
south of the James River is probably caused by a combi-
nation of syn-impact erosional processes and post-impact
uplift and removal by post-impact transgressions (Powars
and Bruce, 1999).   The distribution of the basement
rocks and the pre-impact Cretaceous and Tertiary depos-
its indicates the existence of a generally east-to-west-
trending pre-impact James River structural zone beneath
the lower James River Basin and appears to correspond to
the north side of the Cape Fear-Norfolk block. 

Syn-impact Structural History

The CBIC impactor sliced through the water column,
penetrated the full thickness of the existing Coastal Plain
sediments, slammed into the basement rock, and vapor-
ized, creating a catastrophic explosion that generated a
series of gigantic tsunamis and sent tremendous amounts
of steam and ejecta into the atmosphere.  The debris was
spread over most of the U.S. Atlantic shelf and coastal
areas (the coastline was then west of the present-day Fall
Line; Poag, Powars, Poppe, and Mixon, 1994, Powars
and Bruce, 1999).  The high-velocity impact left an
immense crater that is almost 1.2 mi deep and is partly
filled with debris and tsunami deposits.  The Coastal
Plain sediments and basement rocks lining the crater cav-
ity were melted, and the basement rocks in a region
beneath and around the crater were faulted and fractured
(fig. 2).
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The formation of the CBIC truncated and excavated
large quantities of Eocene to Cretaceous Coastal Plain
sediments and the underlying Proterozoic, Paleozoic
crystalline, and possibly Jurassic- Triassic rift-basin
basement rocks, creating the CBIC megablock beds and
the Exmore tsunami-breccia deposits.  The CBIC is a
complex peak-ring crater with an inner and outer rim, a
slumped terrace zone, and a relatively flat-floored annu-
lar trough that encircles a deep central depression into the
basement (fig. 2).  The central depression is also referred
to as the inner basin and contains a series of concentric
valleys and ridges that surround a central uplift (Powars
and Bruce, 1999). 

The seismically defined syn-impact CBIC megablock
beds are a product of large-scale slumping into the crater
that occurs during an early stage of crater filling; these
deposits covered the basement surface of the annular
trough (Poag, 1996, 1997; Powars and Bruce, 1999).

A narrow band of preserved Exmore tsunami-breccia
deposits surrounds the crater’s outer rim; these deposits
also are probably offset by the bounding outer rim fault
zone and other faults apparently produced or adjusted by
the impact.  The location of the preserved limit of the
Exmore tsunami-breccia beneath the river, however, is
uncertain.

A zone of normal-faulted slump blocks characterizes
the highly irregular outer rim of the CBIC (fig. 2).  These
features encircle and are downthrown into the annular
trough, forming a buried escarpment. On seismic reflec-
tion data, this escarpment is easily distinguished from the
nearly flat-lying Coastal Plain deposits outside the dis-
ruption boundary.  The relief of the escarpment ranges
from 1,000 to nearly 4,000 ft and its width varies from
about 0.5 to 2 mi (Poag, 1996; Powars and Bruce, 1999).
Its geometry is characterized as a steep wall in places;
elsewhere, the escarpment stair-steps down into the annu-
lar trough.  This variation is expected because the escarp-
ment was produced by a combination of complex
catastrophic events, including the collapse of the crater’s
outer wall interacting with subsequent gigantic tsunamis.
This variation also is  related to the unconsolidated nature
of the sediments involved.   Section C-C '  shows the tre-
mendous relief at the escarpment of the outer rim and
how the post-impact deposits drape over the outer rim
and thicken into the crater (fig. 10).

Post-impact Structural History

Post-impact deposits from numerous marine tran
gressions across the lower mid-Atlantic Coastal Pla
have now buried the crater with about 1,300 to 1,600 ft
sediment.   In the study area, south of the crater, the p
impact deposits form an eastward-dipping wedge of s
iments 225 to 750 ft thick.  Seismic data show that m
of these deposits dip concentrically into the crater, es
cially across the outer and inner rims (Powars and Bru
1999).

The post-impact upper Tertiary deposits outside t
crater and south of the James River are thicker than c
parable units north of the river.  The area south of the ri
apparently was downwarped during this period. Th
downwarping appears to be related to structural adju
ments of the James River structural zone.  Two featu
indicate that structural instabilities persisted in the are
adjacent to the crater’s outer rim, at least through late T
tiary time: (1) the stratigraphic anomalies found in upp
Tertiary deposits outside the disruption boundary, and
faults that displace basement rocks and Cretace
through upper Tertiary sediments observed in the seis
data north of the crater where the faults extend outside
disruption boundary (Powars and Bruce, 1999).  The
structural instabilities likely are produced by several fa
tors: (1) faulting caused by the initial impact and stru
tural adjustments to older faults; (2) post-impa
structural readjustment of the basement; (3) post-imp
differential compaction; and (4) post-impact differenti
movement of fault blocks.

The Oligocene to middle Miocene post-impact depo
its exhibit a patchy distribution pattern south of the Jam
River.  These deposits appear to be preserved adjace
the outer rim and inside the crater along the northe
boundary of the study area, as well as downdip along
Atlantic coastline. The thinness and local absence of 
Oligocene and lower Miocene strata in the boreho
make it very difficult to correlate these deposits witho
data from a corehole.  The absence of the Calvert For
tion south of the river suggests that large-scale structu
readjustments to the impact, such as movement al
faults in the James River structural zone, were still occ
ring in the middle Miocene. 

 The very clayey, upper Miocene, post-impact S
Marys Formation was the first unit distributed and pr
served across the entire region and therefore serves a
easily recognized marker unit.       
Structural Setting of Southeastern Virginia    25
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The juxtaposition of the pre-impact deposits with the
syn-impact deposits marks the disruption boundary and,
except for the narrow, relatively thin band of ejecta, coin-
cides with the outer rim of the crater.  Relatively thin
post-impact deposits outside the crater abruptly thicken
across the outer rim of the crater and are up to ten times
thicker inside the crater.  The absence of many early post-
impact deposits (upper Eocene to middle Miocene) south
of the James River and the presence of relatively thick
upper Miocene and Pliocene shallow-marine deposits
suggest that the impact crater is responsible for structural
adjustments to the pre-impact James River structural
zone.  The distribution of strata suggests that these struc-
tural adjustments have caused the area south of the river
to be uplifted or downwarped at various times.  In this
transgressive-regressive depositional setting, the uplift
causes erosion of strata or little deposition whereas the
downwarp allows deposition and preservation if sedi-
ment is available.  

Borehole data indicate that most of these post-impact
deposits are overall coarser grained (including Miocene
and Pliocene marine bioclastic sands) along the outer rim
and become finer grained toward the interior of the crater
and farther outside and away from the outer rim (Powars
and Bruce, 1999). 

Pliocene to Quaternary deposits show complex litho-
facies distribution and thickness patterns that include thin
to thick and fine to coarse beds within 12.5 miles of the
crater’s outer rim (Johnson, Powars, and others, 1998;
Powars and others, 1998).  Pliocene deposits, which dip
radially away from the center of the impact structure over
areas several miles in width, exhibit dips that are discor-
dant from the typical eastward regional dip of Tertiary
strata.  These dip reversals are generally less than one
degree and commonly include fan-like inter- and intrafor-
mational angular unconformities, indicating that defor-
mation and deposition were synchronous and a product
of post-impact deformation related to slump-block
motion near the outer rim of the crater (Johnson, Kruse,
and others, 1998; Johnson, Powars, and others, 1998;
Powars and others, 1998; Powars and Bruce, 1999).

The CBIC has also had a major effect on the
development of the regional drainage to the sea of the
mid-Atlantic rivers (from the Susquehanna River to the
James River) that converge on the crater. The location of
the outer rim of the crater and its relation to the course of
the lower James River is apparent, as the river turns
sharply northeastward as it crosses the outer rim and into
the crater. 

The Holocene transgression, along with higher subs
ence rates over the crater, has produced generally
highest measured rates of subsidence in the mid-Atla
region (Nerem and others, 1998), which possibly acco
for the abundant swamps that border the lower Che
peake Bay.

GEOLOGIC FRAMEWORK OF 
SOUTHEASTERN VIRGINIA, SOUTH 
OF THE JAMES RIVER

The following sections describe the lithology, distribu
tion, and borehole geophysical signatures for ea
Coastal Plain stratigraphic unit.  The basement rocks
also discussed briefly.

Basement Rocks

Within the study area, Coastal Plain deposits a
underlain by igneous and metamorphic Paleozoic a
Upper Proterozoic crystalline basement rocks and 
Jurassic-Triassic rift basin sedimentary rocks. The cr
talline basement rocks beneath much of the mid-Atlan
Coastal Plain, including the study area, have be
mapped by Horton and others (1991) as part of the Ch
apeake Block (a tectonostratigraphic unit) and we
defined as rocks of undetermined affinity east of t
Alleghanian “Chesapeake Bay suture” of Lefort and M
(1991).  Lefort and Max (1991) suggested that the Ch
apeake Block includes African rocks left behind in th
Mesozoic breakup of Africa and North America.  La
Paleozoic granitic plutons are included in this block (f
details, see Horton and others, 1991).

Four boreholes penetrated basement rocks within 
study area.  Two geothermal test holes, #26 Isle of Wi
(38) (top of granite at –1308 ft) and #25 Suffolk (24) (top
of granite at –1772 ft), encountered 210 to 250 ft 
mostly indurated sediments overlying granite and gre
stone basement rocks.  The cuttings from these indura
sediments consist of a mixture of reddish siltstone, sh
and feldspathic and quartz sand and represent ei
Jurassic-Triassic rift basin deposits or Lower Cretaceo
deposits.  Jurassic-Triassic rift basin rocks were a
encountered in the Dismal Swamp corehole (2) (top of
rock at –1817 ft) and at the VDEQ borehole (1) (top of
rock at –1822 ft).
26    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
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Structure contours of the top of the basement surface
show an overall eastward dip and stepping beneath Vir-
ginia Beach (Brown and others, 1972; Meng and Harsh,
1988; Powars and others, 1992).  A basement high (an
arch or ridge) trends east to west from Norfolk to the
northeastern corner of Southampton County and appears
to be coincident with the north end of the two Jurassic-
Triassic rift basins within the study area (figs. 1 and 4).
The #26 Isle of Wight (38) and #25 Suffolk (24) bore-
holes provide the main evidence for this arching.  The
arching is reflected even if the indurated sediments are
interpreted as Lower Cretaceous.  It is likely that the
basement high is a product of faulting, possibly a part of
Jurassic-Triassic rift basin faulting, which is connected to
Paleozoic fault systems. 

Two boreholes north of the study area on the lower
York-James Peninsula, just inside the outer rim of the
impact crater, penetrated a few feet of white granite.
These are the NASA-Langley Air Force Base borehole
(top of rock at –2084 ft; for location and details see
Powars and Bruce, 1999), and the Fort Monroe borehole
(53) (top of rock at –2251 ft).

Cretaceous Deposits 

Within the study area, the Cretaceous sediments con-
sist of Lower and Upper Cretaceous deposits that range in
age from about 120 to 85 Ma.  An interval in the Chesa-
peake Northwest River WTP borehole (3), however, pos-
sibly represents some younger Upper Cretaceous
sediments (85 to 65 Ma).  Updip (westward), the Lower
Cretaceous deposits (Potomac Formation) consist of a
complex array of fluvial-deltaic deposits that intertongue
downdip (eastward) with thin glauconitic sands typical of
shallow-shelf deposits.  The Lower Cretaceous deposits
extend across the study area, except where disturbed by
the impact, forming an east- to-southeast-dipping wedge
that ranges from around 725 ft thick over an apparent
basement high on the western side of the study area to
around 2,400 ft thick along the coastline at Virginia
Beach.  If the indurated sediments are interpreted as
Lower Cretaceous deposits, then the deposits are 935 ft
thick on the western side of the study area. 

Regionally, the Cretaceous section includes Upper
Cretaceous deposits that are relatively thick south and
southwest of the crater.  The Upper Cretaceous deposits
form a wedge that thickens from 377 ft in the Dismal
Swamp corehole to 628 ft in the Fentress corehole.  The
Upper Cretaceous deposits younger than pollen zone III

thicken from 252 ft thick in the Dismal Swamp coreho
(2) (pl. 1) to 350 ft thick in the Fentress corehole (12)
(pl. 1) to 449 ft thick in the Chesapeake Northwest Riv
WTP borehole (3) (pl. 1).  These deposits are abse
north of the pre-impact James River structural zon
Lower Cretaceous core samples (at -455 ft and -648
from the Newport News Park 1 borehole (62) docu-
mented that pollen zone I is present nearly to the top
the Cretaceous section (L.A. Sirkin, Adelphi Universit
written commun. to A. Meng, formerly with the USGS
1983).  This implies that the entire Cretaceous section
the Newport News Park 1 borehole (62) is represented by
a 1300-ft-thick interval of pollen zone I; however, Lowe
Cretaceous deposits that are older than zone I were fo
in the downdip Taylor #1 oil testhole, located on the De
marva Peninsula (Robbins and others, 1975), and eq
alent deposits may be present in the lower part of 
Newport News Park 1 borehole (62).  Brenner (1963)
reported that an outcrop of the Potomac Formation
Drewrys Bluff on the James River southeast of Richmo
contained pollen indicative of zone I.  The author h
found no documentation of Upper Cretaceous depo
containing pollen zones III, IV, or V in Virginia west o
the Chesapeake Bay, north of the James River, and s
of the Potomac River.  The apparent absence of Low
Cretaceous pollen zone II deposits west of the Che
peake Bay, north of the James, and south of the north
part of Hanover County to the mouth of the Rappaha
nock River (fig. 4), suggests the need to re-evaluate Me
and Harsh’s (1988) hydrogeologic subdivision an
regional correlation of Lower Cretaceous deposits acr
the entire Coastal Plain, outside the outer rim of the c
ter.   Correlation of the geologic to hydrogeologic un
outside the study area, however, is beyond the scop
this report.  The reader is referred to Meng and Ha
(1988) for a detailed and comprehensive discussion
log correlations and identification of depositional pa
terns and settings that guided the delineation of t
regional hydrogeologic units of the Potomac Formatio

Powars and Bruce (1999) concluded that the u
mapped in the southeastern Virginia Coastal Plain 
Cederstrom (1945b) as the Mattaponi Formation actua
represents Lower Cretaceous to lower Miocene depo
outside the preserved limit of Exmore tsunami-brecc
deposits.  Furthermore, inside this preserved limit a
inside the outer rim of the crater, the Mattapo
Formation is equivalent to the Exmore tsunami-brec
deposits.  
Geologic Framework of Southeastern Virginia, South of the James River    27
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Potomac Formation - Lower and Upper 
Cretaceous Deposits

Within the study area, the Potomac Formation consists
of fluvial-deltaic deposits of Early Cretaceous (Barre-
mian (?) to Albian) and Late Cretaceous (early Cenoma-
nian) age. These deposits extend across the study area,
forming an eastward-thickening wedge that ranges from
about 1,000 ft thick beneath the Hog Island to Bacons
Castle area to about 1,700 ft thick at Fentress to 2,400 ft
at Virginia Beach. The Potomac Formation variously
overlies metamorphic and igneous rocks of the crystal-
line basement and red siltstones, shales, and sandstones
of Jurassic-Triassic rift basins.

These deltaic deposits are highly variable in their
lithology and thickness and probably represent stacked
deposits of meandering streams, braided streams, and
river- and wave-dominated delta-plain and delta-front
facies (Glaser, 1969; Reinhardt and others, 1980; Owens
and Gohn, 1985; Meng and Harsh, 1988). These deposits
are difficult to correlate and subdivide because of their
lateral and vertical heterogeneity, lithic similarities, and
the paucity of biostratigraphic data; pollen is the only
biostratigraphic indicator that is found consistently in
these deposits.  Recent development and refinement of a
pollen zonation for these deposits (Brenner, 1963; Rob-
bins and others, 1975) has provided a basis for subdivid-
ing the sequences into units of temporal and possibly
genetic significance (Reinhardt and others, 1980; Meng
and Harsh, 1988; Powars and others, 1992).  Some inves-
tigators (Glaser, 1969; Hansen, 1969; Brown and others,
1972) suggest that a correlation exists among the litho-
logic and depositional patterns, the five major pollen
zones (labeled  I, II, III, IV, V), and their corresponding
“formations” (table 1).  Meng and Harsh (1988) based
their hydrogeologic subdivision of the Potomac Forma-
tion primarily on geophysical log interpretations of litho-
logic characteristics, mode of deposition, available
palynostratigraphic zonation data, and hydrologic data. 

The fining-upward fluvial-deltaic deposits consist pri-
marily of light-gray to pinkish to greenish-gray to green,
in part mottled red, brown, and yellow, poorly sorted, fine
to coarse, quartzose and feldspathic sand and gravel,
which grade up into silt and clay.  The sands vary from
being thick-bedded and trough crossbedded to interbed-
ded with thin- to thick-bedded clay-silts to thick-bedded
clays.  Locally, the sands also contain clay-clast con-
glomerates and lignitic material (finely disseminated to
wood chunks to logs).  The finer grained beds range from
gray to dark-gray, finely laminated, carbonaceous clays

interbedded with thin, sandy clay beds to highly ox
dized, multicolored (reds, browns, purples, and yellow
laminated to thick-bedded clays.  The highly oxidize
clays include intervals that represent stacked paleos
typical of channel-overbank deposits that have charac
istic pedotubules (cracks and fractures) and abund
iron-rich glaebules (nodules and concretions).  

Within the crater, all deposits traditionally mapped 
Lower Cretaceous (Potomac Formation) are now int
preted as sediments disturbed by the impact and w
informally named by Powars and Bruce (1999) as t
“Chesapeake Bay impact crater megablock beds” (CB
megablock beds).  These deposits are considered
Eocene stratigraphic unit because the slump blocks w
transported and rapidly emplaced by impact crateri
processes that most likely mixed them with Exmore ts
nami-breccia and possible basement fragments a
melted rocks from the initial blast.

South of the James River and the Chesapeake B
relatively thick Upper Cretaceous marine and fluvia
deltaic deposits overlie fluvial-deltaic deposits of th
Potomac Formation.  The Upper Cretaceous fluvia
deltaic facies exhibit a sporadic, patchy distribution a
intertongue with the marine facies, which have a mo
consistent distribution.  

The resistivity and gamma logs reflect the litho-stra
graphic differences of the thin-bedded, glauconiti
shelly, marine Upper Cretaceous deposits that overlie
thicker bedded, fluvial-deltaic Potomac Formatio
Where Upper Cretaceous deltaic deposits overlie Po
mac fluvial-deltaic sediments, however, the logs do n
reflect these differences; therefore, lithic log and da
from nearby wells must be analyzed.  Generally, t
marine lower Tertiary (Aquia Formation) and Upper Cr
taceous deposits have consistently higher gamma va
(deflection to the right) and are thinner bedded than 
Potomac fluvial-deltaic deposits.  The fact that both 
these units underlie the consistently clayey Chickaho
iny and Nanjemoy-Marlboro units throughout the area
also helpful.  Overall, the deposits of the Potomac Form
tion have a blockier, thicker stratified resistivity an
gamma log signature.  Within this overall blocky patter
the resistivity and gamma logs of the Potomac depo
also show numerous gradational fining-upwar
sequences (about 5- to 100-ft-thick) that typically ha
sharp contacts between the tops of the clays and the b
sands of the overlying sequence.  These logs reflect la
scale, fining-upward cycles (about 100- to 200-ft-thic
that are typical for the Potomac deposits.  The sa
toothed appearance of the resistivity and gamma logs
28    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
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the Potomac deposits reflects their highly stratified, com-
monly relatively thin-bedded nature. The quartzo-felds-
pathic sands and tough, multicolored clays of the
Potomac deposits contrast lithologically with the glauco-
nitic, shelly Aquia Formation and Exmore tsunami-brec-
cia deposits. 

Because of the paucity of borehole and geophysical
log data from inside the crater and because of the lithic
similarities between undisturbed Potomac deposits and
the CBIC megablock beds, these units were differentiated
primarily on the basis of seismic reflection data by
Powars and Bruce (1999).   A subtle dampening of the
resistivity and gamma-log signatures for the deposits
interpreted as CBIC megablock beds distinguish them
from undisturbed Potomac deposits.

Upper Cretaceous Deposits Younger Than Pollen 
Zone III

Upper Cretaceous deposits (upper Cenomanian to
Santonian) south of the James River younger than pollen
zone III are present in the subsurface south and southwest
of the outer rim of the crater (Powars and others, 1992;
Powars and Bruce, 1999).  As shown in figure 4A, these
deposits extend eastward from central Southampton
County and eastern Surry County to Virginia Beach; they
form a wedge that thickens from 200 to 500 ft across the
southeastern half of the study area but are thinner, from
30 to 150 ft, have a irregular distribution across the north-
western half, and are abruptly truncated on the northern-
most part of the study area.  

Powars and others (1992) subdivided the Upper Creta-
ceous deposits into three lithic units on the basis of data
from the Dismal Swamp (2), Fentress (12), and Chesa-
peake-Portsmouth Airport (21) coreholes.  In ascending
order, they are (1) upper Cenomanian beds consisting of
marine and deltaic deposits, (2) a glauconitic sand unit,
and (3) oxidized red-bed fluvial-deltaic deposits that
include multiple paleosols.  Evidence for the presence of
Upper Cretaceous pollen zone III was only recently
obtained from the Fentress corehole (12) (N. Frederiksen,
USGS, written commun., 1999) and was therefore not
included in Powars and others’ (1992) subdivision.
Lithic and geophysical log data obtained from the Ches-
apeake Northwest River WTP borehole (3) (pl. 1) indi-
cate the presence of 107 ft of Upper Cretaceous and(or)
lower Paleocene deltaic sands and clays overlying the
red-bed unit.  These deposits are interpreted to be over-
lain by the upper Paleocene Aquia Formation and under-
lain by the red bed unit, which is Coniacian-Santonian in

age (pollen zone V) in the Fentress corehole (12) (N. Fre-
deriksen, USGS, written commun., 1999).  These dep
its may be partially or completely equivalent to the Bla
Creek Formation or Peedee Formation of North Caroli
and they also may be partially equivalent to the low
Paleocene Brightseat Formation that was documente
the Dismal Swamp corehole (2) (Powars and others,
1992).  Throughout the study area, relatively thin (le
than 75 ft thick) pre-impact Paleocene and lower Eoce
marine strata locally overlie these various Upper Cre
ceous deposits south of the James River.  

  Upper Cenomanian Beds (Pollen Zone IV)

The upper Cenomanian beds form a southeastwa
dipping wedge that ranges from 33 ft (54) to 212 ft (3) in
thickness.  An isopach map of this unit shows zones
thinning and thickening that are interpreted to be a pr
uct of pre-impact faulting (fig. 12).  These beds are fou
throughout the study area where they form the old
lithic unit of the Upper Cretaceous units younger th
pollen zone III.  In the Chesapeake-Portsmouth Airp
corehole (21), only the upper Cenomanian part of the
younger Upper Cretaceous units is preserved.  The up
Cenomanian beds in the Dismal Swamp (2) and Fentress
(12) coreholes contain a pollen assemblage indicative
pollen zone IV (R.J. Litwin, USGS, written commun
1988; N. Frederiksen, USGS, written commun., 199
The upper Cenomanian deposits also contain ind
macro- and microfossils that allow local and regional co
relation of this unit.  For example, the presence of t
mollusks Inoceramus arvanus and Exogyra woolmani
indicates a late Cenomanian age (N.F. Sohl, oral co
mun., 1988) and suggests correlation with unit E 
Brown and others (1972) and sequence 2 of Gohn (19

In the Fentress corehole (12) (pl. 1), the basal 50 ft of
the upper Cenomanian beds consists of two finin
upward sequences.  Abundant wood fragments sugge
nearshore-shelf to deltaic depositional environment.  T
base of the upper Cenomanian deposits here is marke
a sharp lithic contact at -1,035 ft elevation where 
olive-gray to light-gray, micaceous, lignitic, loose
medium to very coarse, glauconitic quartz sand overl
the Potomac Formation.  The Potomac Formation c
sists of greenish-gray, silty and sandy clay that grad
downward into medium to coarse, crossbedded sand.
Fentress (12) these nearshore and deltaic deposits a
overlain by 115 ft of laminated to thick-bedded, olive
gray to dark-gray silt, clay, and fine to coarse sand c
taining variable amounts of glauconite, mica, pyrit
Geologic Framework of Southeastern Virginia, South of the James River    29
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shells, microfossils, wood, and burrows that indicate a
marine origin. This section contains numerous fining-
upward sequences. The sandier, coarser grained beds at
the bases of sequences are generally more glauconitic and
shelly than the overlying sediments. Many of the sandier
shell beds and shell hashes (representing storm deposits)
are cemented by calcium carbonate. These indurated beds
are generally reflected on resistivity logs by thin, sharp,
high-resistivity spikes. 

In the Dismal Swamp (2) corehole (pl. 1), the lowest
upper Cenomanian beds consist of glauconitic sands,
which grade upward into shelly, glauconitic silt, clay, and
sand of marine origin. The base of the upper Cenomanian
is an erosional unconformity; dark-gray to black, clayey,
glauconitic, phosphatic, pyritic, carbonaceous, pebbly
quartz sand overlies and is burrowed down into the Poto-
mac Formation, consisting of white to light-gray clay
showing some yellow mottling. Within a few feet, these
Lower Cretaceous beds grade downward into multicol-
ored sands and clays, which are oxidized red, purple,
brown, and yellow.  At Dismal Swamp, 128 ft of cyclic
Cenomanian marine beds were penetrated.  Abundant
finely disseminated lignitic material indicates nearshore
deposition. This marine unit is overlain by a section of
dark gray, very fine grained, thinly laminated, very mica-
ceous clayey silt to muddy sand containing abundant
wood fragments that indicate a deltaic-lagoonal deposi-
tional environment.  This section is 21.5 ft thick in the
Dismal Swamp corehole (2) and 33.9 ft thick in the Fen-
tress corehole (12). The very abundant mica imparts a
greasy feel to the sediments and enhances recognition of
the unit in well cuttings.

The resistivity and gamma logs generally reflect
numerous fining-upwards sequences, which are repre-
sented in the cores as glauconitic shelly sands that grade
upwards into clayey silts to silty clays.  Differentiation of
these sequences from overlying similar marine Paleocene
or Eocene deposits is very difficult.  By contrast, it is rel-
atively easy to distinguish the Upper Cretaceous marine
sequences from the underlying thicker bedded, fluvial-
deltaic Potomac deposits using resistivity and gamma-log
responses.  In general, the resistivity logs of the upper
Cenomanian beds indicate an overall thick, fine-grained
section with numerous thin, indurated or slightly sandier
layers.  The upper Cenomanian log signature contrasts
well with the blocky, more distinct sand and clay logs of
the Potomac fluvial-deltaic deposits.  The gamma logs
also show consistently higher values (deflection more to
the right) for the upper Cenomanian beds as compared to
the Potomac deposits.

Glauconitic Sand Unit

The Upper Cretaceous glauconitic sand unit is loose
sand that is found only across the southern part of the
study area.  The Dismal Swamp and Fentress coreholes
penetrated 54.5 ft and 59 ft of this unit respectively, with
almost no recovery.  The lack of clay or silt and the appar-
ent well-sorted nature of the sands appear to be responsi-
ble for the poor core recovery.  The small amount of
recovered core, the drill cuttings, and the geophysical
logs indicate that most of the unit is fine to very coarse
glauconitic quartz, marine sand.  In the Dismal Swamp
corehole, the basal 0.7 ft of this unit was recovered along
with contact with the underlying deltaic-lagoonal upper
Cenomanian unit. This contact is an erosional unconfor-
mity where light-green to olive-gray, poorly sorted, peb-
bly, muddy sand sharply overlies dark-gray, finely
laminated, very micaceous, lignitic clayey silt. The basal
bed of the glauconitic sand unit contains rip-up clasts
from the underlying micaceous silt.

Upper Cretaceous Red Beds (Pollen Zone V)

The distribution of the Upper Cretaceous red beds is
similar to that of the glauconitic sand unit and is shown in
figure 5. The red beds are found throughout the southern
half of the study area but have a patchy distribution across
the northern half.  The red beds were not encountered in
the Chesapeake-Portsmouth Airport corehole (21). The
thickness of the red beds is 53.4 ft in the Dismal Swamp
corehole, 91.3 ft in the Fentress corehole (12), and 80 ft
in the Chesapeake Northwest River WTP borehole (3).
The unit has a heterogeneous lithology including uniform
gray and green and bright red, mottled purple, yellow,
orange, and brown sequences of interbedded oxidized
clay, silty clay, silty fine sand, and pebbly coarse sand.
Some beds contain scattered mica, carbonaceous
material, wood chunks, mud cracks, and rootlets.  Several
paleosols occur at the top of fining-upward sequences.
The bases of the fining-upward sequences typically
consist of muddy pebbly sand that overlies the clay to
silty clay or sandy clay of an underlying paleosol.  At the
base of the red beds in the Dismal Swamp corehole (2) is
a gray to multicolored, interbedded, micaceous clayey
sand to sandy clay, which sharply overlies the glauconitic
sand unit.  This lower unit consists of dark-green to gray-
green, fairly well sorted, fine to coarse quartz sand
containing small amounts of glauconite and phosphate.
The extensive development of these red beds indicates a
fluvial to upper-delta-plain depositional environment.
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Recent pollen analysis (N. Frederiksen, USGS, written
commun., 1999) of samples from the red bed unit in the
Fentress corehole (12) indicates assignment to Conia-
cian-Santonian pollen zone V, which is equivalent to the
Amboy Stoneware Clay Member of the Magothy Forma-
tion in New Jersey and the Black Creek or Peedee Forma-
tions in North Carolina.  This analysis provides, for the
first time, a definitive age for the red-bed unit, and for the
first time, deposits of this age have been documented in
Virginia.  The glauconitic sand unit is still not definitively
dated; however, it is positioned between the Coniacian-
Santonian age red-bed unit above and late Cenomanian
strata below, and therefore may be Cenomanian to Santo-
nian in age. This investigation found that both the glauc-
onitic sand unit and red beds correlate with unit D of
Brown and others (1972) and sequence 3 of Gohn (1988).

Upper Cretaceous and/or Paleocene Beds

In the southeastern corner of the study area, the Ches-
apeake Northwest River WTP borehole (3) (pl. 1)
encountered a 107-ft-thick section of deltaic sands and
clays that are interpreted to be underlain by the Conia-
cian-Santonian age red-bed unit and overlain by the
upper Paleocene Aquia Formation.  These deposits can
be subdivided into three units: 51-ft-thick lower glauco-
nitic sand overlain by 15-ft-thick organic-rich clay that is
capped by 41-ft-thick clayey-silty quartz sand.  Their
position between the red bed unit and the Aquia Forma-
tion indicates that the deposits are either Upper Creta-
ceous (pollen zone V or younger) and/or Paleocene
deposits.

Tertiary Deposits

Interpretations of Tertiary deposits are based on corre-
lations between corehole and borehole data, with empha-
sis placed on correlations between the Dismal Swamp
(2), Chesapeake-Portsmouth Airport (21), and Fentress
(12) coreholes. Powars and Bruce (1999) provided the
geologic framework adjacent to and including the north-
western to central part of the present study area
(figs. 1 and 2).  The Jamestown (61) and Newport News
Park 2 (63) coreholes provide lithostratigraphic interpre-
tations for the northwestern part of the study area; on the
northeastern side of the study area, the Kiptopeke core-
hole (64) gives stratigraphic control inside the crater.
Chronostratigraphic control is based on fauna and flora
analyses of core samples. Biostratigraphic information is

included on the Dismal Swamp (2) and Fentress (12)
corehole stratigraphic columns (pl. 1). 

Following Powars and Bruce (1999), the Tertiary
deposits beneath southeastern Virginia are grouped into
pre-impact, syn-impact, and post-impact deposits.  The
pre-impact deposits consist of shallow-shelf to marginal-
marine facies that are characteristically thinly stratified,
partly shelly, glauconitic, clayey sands and silts.  These
deposits include the Brightseat Formation (lower Pale-
ocene), Aquia Formation (upper Paleocene), Marlboro
Clay (which straddles the Paleocene-Eocene boundary),
Nanjemoy Formation (lower Eocene), and Piney Point
Formation (middle Eocene).  The syn-impact deposits are
represented by the instantaneously deposited Exmore
tsunami-breccia that has a highly variable mixture of
autochthonous sedimentary intraclasts (from Early Cre-
taceous to late Eocene age) and by the CBIC megablock
beds, defined by Powars and Bruce (1999) on seismic
data.  The upper Eocene to Middle Miocene post-impact
deposits consist of bathyal, shallow shelf and marginal-
marine sediments that have progressively filled much of
the upper part of the crater.  The upper Miocene to
Pliocene shallow shelf, and marginal-marine deposits
filled the upper part of the crater and blanketed the entire
region, thereby burying the crater.  Post-impact deposits
include, in ascending order: the very clayey Chickahom-
iny Formation (upper Eocene); the glauconitic, phos-
phatic, and partly shelly Delmarva beds (lower
Oligocene) and Old Church Formation (upper Oli-
gocene); the shelly and sandy beds of the Calvert Forma-
tion (lower Miocene); the primarily siliciclastic, fine-
grained, Calvert (middle Miocene), St. Marys (upper
Miocene), and lower Eastover (upper Miocene) Forma-
tions; the siliciclastic, locally glauconitic, fine- to coarse-
grained fossiliferous upper Eastover (upper Miocene),
Yorktown (lower and upper Pliocene), and Chowan River
(upper Pliocene) Formations; and fluvial to estuarine
Quaternary units.

Pre-impact Tertiary Deposits (Paleocene and lower 
and middle Eocene)

Within the study area, the pre-impact Tertiary deposits
consist of shallow-shelf to marginal-marine facies that
are characteristically thinly stratified, shelly, glauconitic,
clayey sands and silts, and include the Brightseat, Aquia,
Nanjemoy, and Piney Point Formations and the Marlboro
Clay. The pre-impact lower Tertiary deposits dip east-
ward to northward and are higher and thinner near the
Virginia-North Carolina border.
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The Brightseat Formation is a muddy, glauconitic sand
only a few feet thick (Powars and others, 1992). It is bio-
stratigraphically documented only in the Dismal Swamp
corehole (2) (pl. 1) on the basis of Foraminifera (T.G.
Gibson, formerly USGS, written commun., 1988), cal-
careous nannofossils (L.N. Bybell, USGS, oral commun.,
1988), and dinoflagellates (L.E. Edwards, USGS, written
commun., 1988). 

 The Aquia Formation (upper Paleocene) consists of
massive to thinly stratified, black to greenish-black to
light-greenish-gray clayey and silty, fine to coarse glauc-
onitic quartz sands, with variable amounts of shells,
microfossils, mica, pyrite, lignitic material, and calcium-
carbonate cemented layers and concretions.  The glauco-
nitic sand typically is found floating in a clay-silt matrix,
and some intervals have abundant burrows.  Quartz and
phosphatic pebbles and very coarse glauconitic quartz
sand mark the base of the unit.  South of the James River,
a few hard streaks of shells or thin “rock” layers are fairly
abundant and show up as sharp peaks on the resistivity
logs.  Drillers’ logs use a variety of lithic descriptions for
this unit such as a “black sand” or “black pepper sand” or
“marl” or “clay and shell” or “shell rock.” 

South of the James River, the Aquia Formation ranges
in thickness from 30 to 60 ft at Hog Island (60, 58) to
21 ft in the town of Rescue (45), 13 ft in the Chesapeake-
Portsmouth Airport corehole (21), 19 ft in the Dismal
Swamp corehole (2), 42 ft in the Fentress corehole (12),
and 24 ft in the Chesapeake Northwest River WTP bore-
hole (3). The regional distribution of the Aquia Forma-
tion is similar to that of the overlying Marlboro Clay and
Nanjemoy Formations (Powars and Bruce, 1999). 

A distinctive suite of micro- and macrofossils (for
example, the brachiopod Oleneothyris harlani) found in
the lower part of the Aquia in the Fentress corehole indi-
cates a late Paleocene age and equivalence to the Piscat-
away Member (Powars and others, 1992).  Dinocyst data
(analyzed by L.E. Edwards) also establish that the entire
unit in the Dismal Swamp corehole and the upper part of
the Aquia in the Fentress corehole (12) are equivalent to
the updip outcrop Paspotansa Member of the Aquia
(Powars and others, 1992).  A summary of the chrono-
stratigraphic data is included on the stratigraphic col-
umns of the Dismal Swamp (2) and Fentress (12) core-
holes  (pl. 1) and on the stratigraphic column of the
Chesapeake-Portsmouth Airport corehole (21) (Powars
and Bruce, 1999, MW4-1 corehole, pl. 5).   These Aquia
micro- and macrofossil assemblages are also found as
intraclasts in the Exmore tsunami-breccia deposits.  

The resistivity log signatures from the three key cor
holes (2, 12, and 21) within the study area are typical fo
the Aquia Formation and reflect the sandy nature of 
section.  Thin calcium-carbonate-cemented layers 
reflected on the resistivity log by sharp peaks.  T
gamma readings reflect the variable amount (20-75 p
cent) of glauconite (and some phosphate) found in 
Aquia strata, which generally causes deflections to 
right, indicating increasing radiation.  

It is difficult to differentiate the Aquia strata from th
underlying Upper Cretaceous marine deposits south
the James River.  Differentiating the Aquia from th
Exmore tsunami-breccia outside the outer rim also is d
ficult because these units are thin and have similar lit
logic and borehole signatures.  Powars and Bruce (19
suggested that differentiation might be aided by noti
the vertical stacking order of the units. They pointed o
that the Marlboro Clay and Nanjemoy Formation a
most likely underlain by the Aquia Formation wherea
the Chickahominy Formation is most likely underlain b
the Exmore tsunami-breccia.  The distinctive, nearly f
resistivity signature of the homogeneous, clayey Chic
hominy Formation has thus far only been found overlyi
the Exmore tsunami-breccia.  This signature contra
well with the more irregular, curvy resistivity signature o
the Nanjemoy and Marlboro Clay logs above the Aqu
Formation; this irregular, curvy signature is caused 
variations in the sand content and the sand-filled burro
in the Marlboro Clay.

The Marlboro Clay (upper Paleocene and lowermo
Eocene) ranges in thickness from 8 ft in the Chesapea
Portsmouth Airport corehole (21), to 16 ft in the Dismal
Swamp corehole (2), 10 ft in the Fentress corehole (12),
and 14 ft in the Chesapeake Northwest River WTP bo
hole (3).  It consists of light-gray to pinkish-gray and red
dish-brown kaolinitic clay and is found consistentl
outside the crater between the glauconitic Aquia a
Nanjemoy Formations.  The clays are massive to thi
laminated with silt and very fine, micaceous-rich sand
The contact between the Marlboro Clay and underlyi
Aquia is gradational, whereas a sharp, burrowed con
exists between the Marlboro Clay and the overlying Na
jemoy beds.  The contrast in lithology and color betwe
the Marlboro Clay and the underlying and overlyin
glauconitic units facilitates identification.  Resistivit
logs reflect the very clayey nature of the Marlboro; how
ever, the lowest Nanjemoy beds are often described
gray clay, making differentiation between these two un
difficult.
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The Nanjemoy Formation (lower Eocene) ranges in
thickness from about 3 to 40 ft south of the James River.
Powars and Bruce (1999) described its regional distribu-
tion pattern as similar to those of the Aquia and Marlboro
Clay Formations.  The Nanjemoy Formation consists of
massive to thin-bedded, dark-olive-gray, greenish-gray,
and olive-black, variably clayey, silty, fine to coarse glau-
conitic-quartz sand, with varying amounts of shells,
microfossils, mica, lignitic material, pyrite, and goethite.
The unit is characteristically intensely burrowed (includ-
ing clay-filled, clay-lined, and sand-filled types) and con-
tains several fining-upwards sequences that are usually
capped with a sandy clay-silt.  South of the James River,
the Nanjemoy section contains thin deposits of both the
Woodstock and Potapaco members (Powars and others,
1992). The Nanjemoy has a sharp, burrowed contact with
the underlying Marlboro Clay.

The Nanjemoy Formation contains a distinctive suite
of early Eocene micro- and macrofossils (Powars and
others, 1992).  Dinocyst data (analyzed by L.E. Edwards,
USGS) from the Dismal Swamp corehole (2) indicate
that the Nanjemoy Formation includes Beds A and B of
the Potapaco Member (Powars and others, 1992).
Dinocyst data (also analyzed by L.E. Edwards) from the
Fentress corehole (12) indicate that the Nanjemoy For-
mation consists of 8 ft of the Woodstock Member, which
consists of poorly sorted, black, fine to coarse, rounded,
glauconitic sand in a muddy matrix.

At Hog Island in the northwestern corner of the study
area, the Nanjemoy Formation appears to be overlain by
the shelly, glauconitic Piney Point Formation.  A high-
resistivity signature is characteristic of the Piney Point
and distinguishes it from the underlying Nanjemoy.
Along the northern side of the study area (adjacent to and
stepping into the CBIC), the Nanjemoy is overlain by a
patchy distribution of shelly, sandy, Oligocene and/or
lower Miocene deposits that have distinctively high-
resistivity and high gamma-log signatures.  

In the Fentress corehole (12) (pl. 1), the Nanjemoy is
overlain by 15 ft of coarser glauconitic sand containing
middle or late Eocene or early Oligocene dinocysts (L.E.
Edwards, written commun., 1989).  The middle and late
Eocene dinocysts are probably reworked into lower Oli-
gocene deposits (Powars and others, 1992).  The very
clayey upper Miocene St. Marys Formation overlies the
Nanjemoy farther west, in the Dismal Swamp corehole
(2).  The clayey nature of these upper Miocene deposits
exhibits a fairly uniform low resistivity signature; there-
fore, they are readily distinguishable from the Nanjemoy.
The thin sandy basal beds of the Calvert and St. Marys

Formations often contain phosphate, which causes a
high-radiation peak on the gamma log.  The Nanjemo
variable percentage of glauconite and phosphate (20 to
percent) creates high-radiation gamma-log signatur
similar to the Aquia Formation and the thin basal beds
the Oligocene to middle Miocene deposits. 

The Piney Point Formation (middle Eocene) is a rich
fossiliferous, olive-gray to grayish-olive-green, poor
sorted, medium to coarse, glauconitic quartz sand t
commonly contains interbedded calcium-carbona
cemented sand to shelly sand and moldic limestone (h
"shell rock" with voids).  The sand contains varyin
amounts of clay, silt, shells, microfossils and glaucon
(25 to 50 percent).  The Piney Point Formation is p
served mainly north of the James River, and its pres
distribution is due to the immense erosional power of 
impact blast and subsequent train of tsunamis that larg
shaped the upper surface of the Piney Point. The Pi
Point is present only in the northwestern corner of t
study area, beneath Hog Island.  Its thickness varies fr
7 to 17 ft in wells on Hog Island.  On the north side of t
James River, 6.6 ft of the Piney Point strata were do
mented in the Jamestown corehole, which represents
only biostratigraphically dated section of this unit clo
to the study area (Powars and Bruce, 1999).

High resistivity-log signatures are characteristic of t
interbedded sand and limestone of the Piney Point F
mation (Powars and Bruce, 1999).  Piney Point strata
Hog Island appear to be overlain by Oligocene glauc
nitic sands and shelly sands and are underlain by lo
Eocene glauconitic clayey sands of the Nanjemoy F
mation. These interpretations are based largely on co
lation with the Jamestown corehole. 

Syn-impact Deposits (upper Eocene)

The syn-impact deposits are divisible into two princ
pal depositional units: the Exmore tsunami-breccia (t
upper deposit) and the CBIC megablock beds (the low
deposit). The Exmore tsunami-breccia overlies either 
CBIC megablock beds or the relatively undisturbed or 
tle disturbed Upper and Lower Cretaceous depos
(fig. 2).  The Exmore tsunami-breccia has a highly va
able lithology, which consists of an overall fining
upwards sequence of pebble- to boulder-size intracla
in a gray, shelly, clayey and silty, fine to granular, glau
onitic sand matrix (partially sublithified).  The abunda
intraclasts contain fauna and flora from Lower Cret
ceous (Albian), Upper Cretaceous (Cenomanian, San
nian, Campanian, and Maestrichtian), Paleocene, 
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lower, lower middle, and upper Eocene deposits (Powars
and others, 1992; Powars and Bruce, 1999).  The clasts
consist of a wide variety of lithologies and sizes and are
rounded to angular, mostly deformed fragments up to
6.5 ft in diameter.  They occur isolated to amalgamated,
and are composed of soft, friable, marine to fluvial-del-
taic sands and clays, hard silty clays, and indurated sands
and bioclastic limestones.  As expected, these clasts dis-
play a wide variety of colors, from black to various grays
and greens to oxidation colors (red, purple, yellow, and
brown). 

Core samples of the Exmore tsunami-breccia contain
trace amounts of shocked quartz, a high-pressure mineral
produced only by the high pressures created by impact
events (Powars and Bruce, 1999).  Koeberl and others
(1996) also found abundant, centimeter-sized fragments
of melt rock and scattered clasts of crystalline basement
that contain many quartz and feldspar deformation fea-
tures in core samples.

The syn-impact Exmore tsunami-breccia ranges in
thickness from 30 to 110 ft outside the outer rim of the
crater to about 125 to 664 ft a short distance inside the
outer rim (50, 51, 53).  Farther into the crater, seismic
data (recorded in two-way traveltime) indicate that the
unit is 1,200 to 1,300 ft thick and up to approximately
2,300 ft thick inside the crater’s inner basin (Powars and
Bruce, 1999).  It abruptly thickens across the faulted
outer rim of the crater and across the faulted peak ring of
the inner basin but generally thins above the variably
uplifted peak ring (fig. 2)

The Exmore tsunami-breccia is overlain by the clayey
post-impact Chickahominy Formation, which also is
found only inside the disruption boundary that separates
pre-impact units from syn-impact units.  Core data indi-
cate that this stratigraphic contact is gradational and that
the Exmore tsunami-breccia deposits are capped by a thin
(2 to 20 ft), olive-gray to brownish-purple, very clayey
unit that contains abundant, coarse-grained to fine peb-
ble-size intraclasts and mixed fauna similar in lithology
to the Chickahominy Formation. Except for this thin clay
cap, the characteristic flat resistivity signature of the
Chickahominy strata is easily differentiated from the
irregular resistivity signature typical of the rest of the
Exmore tsunami-breccia (Powars and Bruce, 1999).

Within the study area, the Exmore tsunami-breccia
deposits are underlain by pre-impact Upper and Lower
Cretaceous deposits outside the outer rim of the crater
and by the CBIC megablock beds inside the outer rim.
The location of the disruption boundary beneath the
irregular, near-surface outer rim is uncertain, and undis-

turbed Lower Cretaceous deposits may extend far into
annular trough.  Powars and Bruce (1999) pointed 
that differentiating the Exmore tsunami-breccia from t
Lower Cretaceous fluvial-deltaic deposits is difficult, bu
in general, the Lower Cretaceous deposits have block
thicker stratified, resistivity and gamma log signatur
than the more subdued signatures of the thinner strati
Exmore tsunami-breccia deposits.

Powars and Bruce (1999) defined the CBI
megablock beds as a seismic-stratigraphic unit fou
inside the disruption boundary.  This unit represents
the deposits (700 to 2,500 ft thick) found in the annu
trough beneath the Exmore tsunami-breccia and ab
the basement rocks.  The syn-impact CBIC megablo
beds are interpreted to consist primarily of Lower Cre
ceous fluvial-deltaic deposits that slumped into the cra
during an early stage of crater filling and covered t
floor (basement surface) of the annular trough (Po
1996, 1997; Powars, and Bruce, 1999). 

Post-impact Deposits

The post-impact deposits consist of approximate
1,300 to 1,600 ft of upper Eocene to Holocene depo
that buried the crater and the syn-impact deposits (fig
Powars and Bruce, 1999, pl. 7a).  Except for some Q
ternary fluvial-estuarine deposits, most of the pos
impact deposits are marine clays, silts, and very fine
very coarse sands that may include diatomaceous, gla
onitic, shelly, and thin calcium carbonate indurated int
vals.  Microfauna and macrofauna indicate a marine
restricted marine origin. 

Post-impact deposits include, in ascending order:  
very clayey Chickahominy Formation (upper Eocene
the glauconitic, phosphatic, and partly shelly Delmar
beds (lower Oligocene) and Old Church Formatio
(upper Oligocene); the shelly and sandy beds of the C
vert Formation (lower Miocene); the primarily siliciclas
tic, fine-grained Calvert (middle Miocene), the St. Mary
(upper Miocene) and lower Eastover (upper Miocen
Formations; the siliciclastic, locally glauconitic, fine- t
coarse-grained fossiliferous upper Eastover (upp
Miocene), Yorktown (lower and upper Pliocene), an
Chowan River (upper Pliocene) Formations; and vario
fluvial to estuarine Quaternary and Holocene units. 
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Upper Eocene, Oligocene, and lower Miocene 
Post-impact Deposits

The upper Eocene Chickahominy Formation is the
first post-impact deposit and conformably overlies the
Exmore tsunami-breccia.  Within the study area, this unit
ranges in thickness from 55 ft (32) to 227 ft (51).  The
Chickahominy Formation consists of massive to thin-
bedded, olive-gray, very compact, dry, micaceous, clayey
silt to silty clay (Powars and Bruce, 1999).  It contains
variable amounts of fine-sand to silt-sized, primarily
black to dark green glauconite, shells including solitary
corals, abundant iron sulfides, and pyrite.  The abundant
microfauna impart a white-speckled appearance to some
intervals.  The entire unit contains a wide variety of
locally scattered to extensive burrows.  The lower part of
the section coarsens downward to very fine-to-fine sand
and contains pebbles and reworked microfauna from
Upper Cretaceous through middle Eocene deposits
(Powars and others, 1992).

The Oligocene to middle Miocene post-impact depos-
its exhibit a patchy, very thin distribution pattern south of
the James River.  These deposits appear to be preserved
adjacent to the outer rim and to thicken inside the crater
along the northern boundary of the study area (Powars
and Bruce, 1999).   In the Fentress corehole (12) (pl. 1),
dinocyst data (L.E. Edwards, USGS, written commun.,
1989) indicate the presence of 15 ft of lower Oligocene
Delmarva beds consisting of black, very fine, glauconitic
and phosphatic sand in an olive-brown clay-silt matrix
(Powars and others, 1992).   Therefore, the unit is most
likely locally present along the Virginia Beach coastal
area. 

The upper Oligocene deposits are found in the
Jamestown corehole (61) and probably are also present in
the northwest corner of the study area.  However, they
were not encountered in the Dismal Swamp (2) or Fen-
tress coreholes (12) and, therefore, probably are absent
over most of the study area outside the crater.

Powars and Bruce (1999) presented biostratigraphic
and strontium-isotope data that document the presence of
lower Miocene marine bioclastic sand deposits in the Vir-
ginia Coastal Plain, which they informally named the
Newport News unit of the Calvert Formation.  Strontium-
isotope analysis of shells from these deposits indicates
that they range in age from about 20.1 to 17.1 Ma. 

Within the study area, the thinness and local absence
of the Oligocene and lower Miocene strata, combined
with their general lithologic similarity, make it difficult to
correlate these deposits between cores.  Therefore, in this

report the thin lower Oligocene Delmarva beds are com-
bined with the overlying upper Oligocene Old Church
Formation and lower Miocene Newport News unit of the
Calvert Formation into a single stratigraphic unit.  The
shelly, sandy, Oligocene and/or lower Miocene deposits
characteristically have high-resistivity and high gamma-
log signatures, which contrast with the characteristic
low-resistivity signatures (deflection to the left) of the
underlying fine-grained Nanjemoy or Chickahominy
Formations and overlying finer grained Calvert or St.
Marys Formations. 

 Middle and upper Miocene, Pliocene, and 
Quaternary Post-impact Deposits

Post-impact deposits from numerous marine trans-
gressions and regressions across the lower mid-Atlantic
Coastal Plain have covered the study area with a gener-
ally eastward-dipping wedge of sediments that ranges
from 225 to 750-ft-thick outside the crater.  These depos-
its thicken and dip into the crater, becoming up to 1,300
to 1,600 ft thick.  Miocene and Pliocene shallow-shelf to
nearshore marine deposits account for most of the section
and are overlain by relatively thin Quaternary fluvial-
estuarine deposits. 

Most of the post-impact middle and upper Miocene
deposits cored in Virginia’s central to outer Coastal Pla
have been found to consist of fining-upward sequen
that have thin basal sands overlain by thick, very fi
grained clays, silts, and sands with scattered shell m
rial.  These deposits consistently display a low-resistiv
signature except along and adjacent to the outer rim of
crater, where the deposits become coarser grained, w
results in higher resistivity signatures. In general, t
uppermost part of the upper Miocene Eastover Format
and parts of the Pliocene Yorktown Formation ha
shelly sands that produce high-resistivity signatur
throughout the study area.

The middle Miocene Calvert Formation is absent fro
the Dismal Swamp corehole (2) and consists of 12 ft of
shelly sand in the Fentress corehole (12); northeast of the
study area (within the crater) it thickens to 458 ft of p
marily very fine grained sediments in the Kiptopeke cor
hole (64).  A thin section of Calvert Formation is
therefore, locally present along the eastern side of 
study area.  The thicker beds in the crater contain sp
to abundant diagnostic diatoms that are easily visi
using a 10X hand lens, and were not visible in the F
tress core.  Similar to the other thin pre-impact and po
36    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
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impact units, differentiation of thin units is very difficult
between cores.

The St. Marys Formation is the oldest post-impact unit
that extends across the entire study area and progressively
onlaps and truncates older units west to southwest of the
crater. The St. Marys appears to be thickest in the south-
ern part of the crater and south of the crater in the Norfolk
to Virginia Beach area (Powars and Bruce, 1999).  In the
Dismal Swamp corehole (2), Foraminifera (T. Gibson,
written commun., 1987) from a thin, benthic-foramin-
ifera-rich, brownish gray, sandy clay indicates that the
upper Miocene St. Marys Formation overlies the Nan-
jemoy Formation.  The St. Marys consists of up to 330 ft
(51) of mostly muddy, very fine sand and sandy clay and
silt containing scattered shells, abundant iron sulfide, and
finely disseminated organic material. 

Ostracode (T. Cronin, USGS, written commun., 1995)
and Foraminifera (S. Ishman, formerly with the USGS,
written commun., 1995) data from the upper part of the
Eastover Formation in the Dismal Swamp (2) and Fen-
tress (12) coreholes indicate the presence of a thick
younger section that has no correlative units in outcrop
(Powars and Bruce, 1999).  Powars and Bruce (1999)
reported strontium-isotope ages for the St. Marys strata
that range from about 6.7 to 5.5 Ma, which extrapolates
to foraminiferal zone N17.

The Eastover Formation (upper Miocene) also extends
across the entire study area and ranges in thickness from
140 ft in the Dismal Swamp corehole (2) to 174 ft in the
Fentress corehole (12).  The Eastover consists of dark-
gray to bluish-gray to greenish-gray, muddy fine sand
interbedded with finer and coarser grained beds.  The
Eastover is sparsely to abundantly shelly, contains shell
hashes and indurated beds, and is locally glauconitic and
micaceous. Macrofauna and microfauna indicate a shal-
low-water, marine to restricted-marine depositional envi-
ronment. The pearly luster, tabular mollusk Isognomon
maxillata is a common species in the upper part of the
Eastover Formation, but not present in the overlying
Yorktown Formation.  Throughout the study area, the
lower part of the Eastover Formation consists of a clayey,
fine-grained facies and the upper part is a shelly, coarser
grained, sandy facies.  Powars and Bruce (1999) pointed
out that regionally the lower, finer grained facies has
characteristically low resistivity-log signatures (deflec-
tion to the left) that show an upward-coarsening trend
into the upper shelly, coarse-grained facies that has char-
acteristically high resistivity-log signatures (deflection to
the right).

The Yorktown Formation (lower and lower upper
Pliocene) extends across the entire study area except
where it has been cut out by Quaternary James River
paleochannels (see Powars and Bruce, 1999).  The York-
town deposits overlie the Eastover strata throughout the
study area and locally are overlain by shallow-marine
deposits of the Chowan River Formation (late Pliocene).
The Yorktown consists of bluish-gray, greenish-gray, and
dark greenish-gray, very fine to coarse sand, in part glau-
conitic and phosphatic, commonly very shelly and inter-
bedded with gray and blue-gray sandy and silty clay.  The
Yorktown also contains abundant microfauna and locally
includes cross-bedded biofragmental lenticular sand bod-
ies.

Subdivision of the Yorktown Formation into its four
members (from oldest to youngest: Sunken Meadow,
Rushmere, Mogarts Beach, and Moore House) is beyond
the scope of this report.  Within the study area, however,
outcrops of the Yorktown Formation found along much
of the James River shoreline in Isle of Wight County
expose the upper part of the Rushmere Member and the
Mogarts Beach and Moore House Members.  The York-
town has been documented to range in thickness from
42 ft in the Dismal Swamp corehole (2) to 107 ft in the
Fentress corehole (12).  Ostracode data (T. Cronin, writ-
ten commun., 1995) from these two coreholes indicate
that the Yorktown consists of the Sunken Meadows,
Rushmere, and Mogarts Beach Members.  The youngest
Moore House Member may be present at the Fentress
corehole (12) site but was not resolved because of poor
core recovery from the upper section of the Yorktown. 

The Chowan River Formation (upper Pliocene) has a
very limited, irregular distribution across the southeast-
ern part of the study area. It consists of interbedded, silty,
fine sand, clayey silt, and bioclastic sand.  The Chowan
River Formation (upper Pliocene) was reported (Gibson,
1983) in the Moores Bridge well (31) at depths from 90
to 115 ft and consists of blue-green fossiliferous clayey
fine sand. It is also reported (Johnson and others, 1987)
1ocally only in a few borrow pits (the Gomez and Yadkin
pits) and in the subsurface of southeastern Virginia.
Exposure of the Chowan River Formation in relatively
shallow borrow pits less than 5 miles south of the NOR-
T-12 well (32) suggests that either a steep gradient exists
between these sites (possibly caused by structural effects)
or that identification was incorrect.  A bioclastic, silty,
fine to medium sand found in the Fentress corehole from
-51 to -65 ft elevation is assigned to the Chowan River
Formation.  Where present, this unit unconformably
overlies the Yorktown Formation and is truncated by
Geologic Framework of Southeastern Virginia, South of the James River    37
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Quaternary fluvial to estuarine and marginal-marine
deposits.  The lithology of the Chowan River is so similar
to the underlying Yorktown Formation that biostrati-
graphic differentiation is required.  No attempt was made
to differentiate the Chowan River from the Yorktown,
however, because of the lack of biostratigraphic data, the
Chowan River’s patchy distribution, and their similar
hydrogeologic characteristics. 

Quaternary strata in the study area include fluvial,
estuarine, marginal-marine, and nearshore-shelf sedi-
ments deposited during the Pleistocene epoch.  The early,
middle, and late Pleistocene deposits form a step-like
succession of terraces and intervening scarps that parallel
the coast (or the buried outer rim of the crater) and major
streams, thereby dominating the topography of the
Coastal Plain (Johnson and Ramsey, 1987).  These ter-
races decrease in elevation and age towards the coast and
major streams. The Pleistocene and Holocene deposits
consist of light- to dark-gray, blue-gray, to oxidized var-
iegated (brown, yellow, orange, red), interbedded sand,
gravel, silt, clay, and locally include shells and peat. The
estuarine and coast- facing deposits east of the Suffolk
scarp commonly include scattered to dense shell accumu-
lations.  The Holocene deposits include estuarine, marsh,
swamp, dune, alluvial and colluvial sediments.  

Across the study area, Pleistocene scarps and paleo-
channels cut into the older units (Johnson, 1969;  Johnson
and Ramsey, 1987; Powars and Bruce, 1999). Near the
mouth of the James River, a paleochannel cuts down to
nearly -160 ft beneath the modern James River (fig. 9B).
Paleochannel fills of the Atlantic Coastal Plain generally
are transgressive sequences consisting, from bottom to
top, of coarse fluvial gravel and sand, estuarine muds,
and fossiliferous lower estuarine to open-bay sand and
sandy mud. The channel fills are overlain by nearshore
shelf and barrier-spit deposits representing deposition
during interglacial highstands (when the sea level is high
due to melting of continental glaciers and partial melting
of the polar  ice caps). 

The Pleistocene scarps were formed by fluvial and
estuarine erosion (valley-facing scarps) and shoreline
erosion (coast-facing scarps) caused by changes in sea
level that occurred during the glacial-interglacial period.
The proximity and parallelism of the coast-facing scarps
to the outer rim of the crater, and the stacked nature of
some of the scarps near the outer rim, indicate an influ-
ence by episodic differential movement around the buried
outer rim and continued higher subsidence rates inside
the crater.   In addition, late Pleistocene and Holocene
deposits appear to be the only surficial units found inside

the buried outer rim of the crater (Powars and Bruc
1999).

Subdivision of the Quaternary deposits is beyond 
scope of this report.  For more information about indivi
ual Quaternary units, the reader is referred to the geolo
map of the Virginia Coastal Plain (Mixon, Berquist, an
others, 1989), which shows the surficial distribution a
briefly describes the lithology of the Quaternary units.

CORRELATION OF GEOLOGIC 
UNITS TO HYDROGEOLOGIC UNITS

On the basis of lithology, biostratigraphy, and bor
hole geophysical logs, the geologic units described in t
report are correlated with the hydrogeologic units of t
Virginia Coastal Plain described by Meng and Har
(1988) as part of the Regional Aquifer-System Analys
(RASA) program (table 2).  The 56-mi-wide CBIC trun
cated the aquifers and confining units (Lower Potom
through the lower part of the Chickahominy-Piney Poin
that were identified by Meng and Harsh (1988).  The 
Marys-Choptank aquifer, an important aquifer in th
Maryland Coastal Plain, is not present in this area (L
zniak and Meng, 1988), and the Virginia Beach aquifer
present only south of the James River and Chesape
Bay (Hamilton and Larson, 1988).  

The variability of correlation of the geologic an
hydrogeologic units across the study area is shown in 
ure 13.  For example, the Virginia Beach aquifer is cor
lated to (1) the top of the upper Cenomanian beds, (2)
glauconitic sands unit, (3) the red beds unit, and (4) 
lower part of the Upper Cretaceous and/or Paleocene
unit.  In some places, very clayey or fine-grained stra
correlate with intervals assigned to aquifers instead
confining units.  These correlations call for the revisio
of the hydrogeologic units of Meng and Harsh (1988) a
Hamilton and Larson (1988).

Various structural and stratigraphic complexitie
related to the CBIC and its burial have altered the hydr
lic characteristics of the aquifers and confining uni
inside and adjacent to the crater.  Regional ground-wa
flow paths apparently were altered by emplacement
the lithically heterogeneous, seawater-saturated Exm
tsunami-breccia and its burial by fine-grained pos
impact deposits in the structural low. The combine
effect apparently resulted in differential flushing of fres
water over and around the primarily fine-grained depos
inside the crater.  The distribution of Virginia's inlan
38    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
of Southeastern Virginia, South of the James River    
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this report

Holocene

Pleistocene

Alluvium, swamp, + beach

Tabb Formation
Shirley Formation

Chuckatuck Formation
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Windsor Formation

Bacons Castle Formation

Pliocene
U
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Calvert Beach Member

Plum Point Member

Fairhaven Member

Moore House Member

Mogarts Beach
Member

Rushmere Member

Sunken Meadow
Member

Cobham Bay
Member

Claremont Manor
Member

Unnamed beds2

Charles City Formation

Choptank Formation
(not present in study area)

Old Church Formation
Oligocene

U

Hydrogeologic units

Meng and Harsh
(1988)

Hamilton and Larson
(1988)

Columbia
aquifer

Virginia
RASA

model unit1

Yorktown confining unit

Yorktown-Eastover
aquifer

St. Marys
confining unit

St. Marys-Choptank
aquifer

Calvert
confining unit

AQ10

CU9

AQ9

CU8

AQ8

CU7

Columbia
aquifer

Yorktown confining unit

Yorktown-Eastover
aquifer

St. Marys
confining unit

Calvert
confining unit

Newport News unit

?

Chickahominy-
Piney Point

aquifer
AQ7

Chickahominy-
Piney Point

aquifer

1Meng and Harsh (1988).
2Powars, D.S. and Cronin, T., U.S. Geological Survey, unpub. data, 1995.

L Delmarva beds

Table 2.  Correlation of geologic units to hydrogeologic units. Modified from Powars and Bruce, 1999

[U, upper; M, middle; L, lower; RASA, Regional Aquifer-System Analysis; Fm, formation; AQ, aquifer; CU, confining unit]
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Fairhaven Member of the Calvert Fm

Old Church Formation

Delmarva beds
Oligocene

Eocene

Chickahominy
Formation

Exmore tsunami-breccia

Piney Point
Formation

Nanjemoy
Formation

Marlboro Clay

Aquia
Formation

Brightseat
Formation

Paleocene

U

U

U

L

L

L

M

upper
Cenomanian

beds

Potomac
Formation

Exmore megablock beds

Rift-basin deposits

Chickahominy-
Piney Point

aquifer

Nanjemoy-
Marlboro Clay
confining unit

Aquia aquifer

Brightseat
confining unit

Brightseat aquifer

Upper Potomac
confining unit

Upper Potomac
aquifer

Mid-Potomac confining unit

Mid-Potomac aquifer

Lower Potomac confining unit

Lower Potomac aquifer

AQ7

CU6

AQ6

CU3

AQ3

CU3

AQ3

CU2

AQ2

CU1
AQ1

Chickahominy-
Piney Point

aquifer

Nanjemoy-
Marlboro Clay
confining unit

Aquia aquifer

Not present
in study area

Virginia Beach

CU4
Virginia Beach
confining unit

AQ4

Upper Potomac confining unit

Upper Potomac aquifer

Mid-Potomac confining unit

Mid-Potomac aquifer

Lower Potomac confining unit
Lower Potomac aquifer

aquifer

1Meng and Harsh (1988).
2Powars, D.S. and Cronin, T., U.S. Geological Survey, unpub. data, 1995.

Upper

Lower

Basement rocks

Newport News unit of the Calvert Fm

MMiocene
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Geologic units
this report

Meng and Harsh
(1988)

Hamilton and Larson
(1988)

Virginia
RASA

model unit1

Calvert
confining unit

CU7 Calvert
confining unit

Hydrogeologic units

Plum Point Member of the Calvert Fm

JURASSIC-TRIASSIC

PALEOZOIC AND PROTEROZOIC

Glauconitic sand unit

Red beds

Unnamed

Table 2.  Correlation of geologic units to hydrogeologic units. Modified from Powars and Bruce, 1999—Continued
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(A)
DISMAL SWAMP COREHOLE

ALTITUDE
(IN FEET)

Sea
level

33

-418

      upper
Cenomanian
      beds

Glauconitic
    sands

Red beds

 Potomac
Formation

-560

-361

Aqiua Formation

Marlboro Clay

-308
-289
-273
-269

-167

St.  Marys
Formation

 Eastover
Formation

    Yorktown
 confining unit

-13

-50

 Yorktown 
Formation

Shirley Formation

-222

-167

Nanjemoy Formation

Yorktown-Eastover
         aquifer

    Calvert
confining unit

Chickahominy-
   Piney Point
      aquifer

Tn-Tm conf. unit
-288

-308

upper Potomac
     aquifer

upper Potomac
 confining unit

-684

-600

-422

-381

-366

 Aquia
aquifer

Virginia Beach
     aquifer

VA Beach conf. unit

Geologic units
   this report

     Hydrogeologic units
Hamilton and Larson, 1988

-27

15

-900

-500

-100

-200

-800

    Columbia
      aquifer

Figure 13.  Correlation of geologic and 
hydrogeologic units in three key boreholes—
the Dismal Swamp corehole (A), the Fentress 
corehole (B), and the Chesapeake Northwest 
River WTP borehole (C)—showing the variability 
in unit correlation across the study area. 
Hydrogeologic unit contacts include estimates 
from structure contour and isopach maps 
of units by Hamilton and Larson (1988).
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-600

Tabb
 Formation

Chowan River Formation(?)

Yorktown
Formation

Eastover
Formation

St. Marys
Formation

Calvert Formation
Delmarva beds

Nanjemoy Formation
Marlboro Clay

Aquia Formation

Red beds

Glauconitic
 sands

upper
 Cenomanian beds

ALTITUDE
(IN FEET)Sea

level

-172

-346

-65
-52

?

-600
-612
-620
-635
-645

-687

-778

-836

-1,035

15

FENTRESS COREHOLE
Geologic units
   this report

     Hydrogeologic units
Hamilton and Larson, 1988

Yorktown-Eastover
         aquifer

Yorktown conf. unit

VA Beach conf. unit

 Potomac
Formation

        upper
Potomac aquifer

upper Potomac
 confining unit

Virginia Beach
     aquifer

-1,012

-820

-720

-710

-603

Chickahominy-
  Piney Point
     aquifer

-353

    Calvert
confining unit

-54

-79

CHESAPEAKE NORTHWEST 
RIVER WTP BOREHOLE

Yorktown Formation

Eastover Formation

St. Marys Formation

Calvert Formation

Delmarva beds
Nanjemoy Formation

ALTITUDE
(IN FEET)

10
Sea
levelChowan River Formation

Upper Cretaceous
and (or)

Paleocene (?)

Tabb Formation

Aquia Formation

Marlboro Clay

Potomac Formation

upper
Cenomanian

beds

Red beds

Glauconitic sands

-1,057

-845

-795

-715

-608

-584
-570
-555

-540

-521

-306

-170

-30

-70
   Yorktown
confining unit

-100

-356

    Yorktown-
Eastover aquifer

     Calvert
confining unit

-536

-650

Chickahominy-
    Piney Point
      aquifer

-678
VA Beach conf. unit

-875

-1,100

upper Potomac
confining unit

     Virginia
Beach aquifer

upper Potomac
      aquifer

     Hydrogeologic units
Hamilton and Larson, 1988

Geologic units
   this report

-900

-500

-100

-1000

-800

-400

-200 -200

-400

-600

-800

-1000

Columbia aquifer Columbia aquifer

(B) (C)

Tn-Tm Nanjemoy-Marlboro

conf. confining

EXPLANATION

Figure 13.  Correlation of geologic and hydrogeologic units in three key boreholes—the Dismal 
Swamp corehole (A), the Fentress corehole (B), and the Chesapeake Northwest River WTP borehole 
(C)—showing the variability in unit correlation across the study area. Hydrogeologic unit contacts 
include estimates from structure contour and isopach maps of units by Hamilton and Larson 
(1988)—Continued.
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salt-water wedge coincides with the location of the CBIC.
Prior to the discovery of the CBIC, Focazio and others
(1993) compiled contour maps depicting the quality of
ground water across the Virginia Coastal Plain.  Figure 14
shows that an increase in the concentration of total dis-
solved solids in the middle Potomac aquifer coincides
with the outer rim of the crater. The Brightseat-upper
Potomac and Chickahominy-Piney Point aquifers have
similar contour patterns (Focazio and others, 1993).

The location of the CBIC with respect to the transverse
arch-basin configuration apparently provides a relatively
easy downslope flow pathway around the northeastward
side of the crater toward the axis of the Salisbury Embay-
ment.  In contrast, the Norfolk arch, which is close to the
crater on the south side, possibly inhibits flow southeast-
ward around the crater.  The abrupt juxtaposition of dis-
similar stratigraphic sections north and south of the river
produced by the James River structural zone, and the
indurated red beds associated with the Norfolk arch, prob-
ably also inhibits flow southeastward around the crater by
adding barriers to flow paths or by creating more vertical
flow paths. In addition, if the CBIC partially truncated a
portion of the pre-existing structural zone, as Powars and
Bruce (1999) have suggested, then the area along and
adjacent to that truncation would be more faulted and
fractured than other areas and therefore would possibly
provide more barriers or vertical flow paths.  

 Increasing our knowledge of the  complex geologic
framework in this area is important for water-resource
management.  Alternate water supplies are lacking, and
water utilities in this region have begun to develop
projects that withdraw brackish ground water from just
outside the outer rim of the crater. The results of this study
indicate that the area south of the lower James River is
structurally more complex than other areas adjacent to the
crater because of the CBIC’s effects on the James River
structural zone. These structural complexities apparently
have disrupted the pre-impact aquifers and confining
units; as a result, the physical properties of the ground-
water flow system have been altered significantly.

SUMMARY AND CONCLUSIONS

The influence of the Chesapeake Bay impact crater
(CBIC) on the structural, stratigraphic, and hydrogeologic
framework of southeastern Virginia’s Coastal Plain is
complicated by the presence of a pre-impact James River
structural zone.  The emplacement of the CBIC and sub-

sequent structural adjustments to this James River st
tural zone help explain the complex distribution patter
of post-impact deposits found across the region. 

Litho- and biostratigraphic data from cores and we
cuttings and borehole geophysical log data were comp
and analyzed to refine the geologic framework of sou
eastern Virginia south of the James River.   Cross secti
were constructed to show the stratigraphic and structu
configuration west of the crater and the configuration 
the south to southwest side of the crater.  The west
cross section, which traverses a region that apparently 
little affected by the impact crater, was constructed
show the existence of the pre-impact James River str
tural zone.  The other two cross sections connect the g
logic framework south of the James River to that of t
lower York-James Peninsula; these sections illustrate 
structural and stratigraphic relations of geologic un
inside and adjacent to the outer rim of the impact crate

The abrupt truncation and variations in thickness of t
various fluvial, deltaic, and marginal marine Cretaceo
units across the James River, combined with the ang
unconformity with the overlying pre-impact lower Ter
tiary marine deposits, provide evidence of a pre-imp
James River structural zone.  Given that sediment dep
tion and preservation are greater on the down-dropp
side of structural zones, it would appear that the reg
north of the James River was relatively depressed dur
pollen zone I and relatively elevated for the remainder
Cretaceous time.  In contrast, the region south of 
James River was relatively elevated during pollen zon
and relatively depressed during the time periods rep
sen ted  by  po l len  zones  I I ,  I I I ,  IV,  and  V

The Upper Cretaceous deposits consisting of pol
zones III, IV, and V form a wedge that thickens fro
377 ft in the Dismal Swamp corehole to 628 ft in the Fe
tress corehole.  The Upper Cretaceous deposits youn
than pollen zone III thicken from 200 to 500 ft across t
southeastern part of the study area. The deposits are 
ner, 30 to 150 ft, and have an irregular distribution acro
much of the northwestern part of the study area. T
Upper Cretaceous deposits are abruptly truncated al
the northernmost part of the study area.  On the wes
side of the study area,  the truncation appears to be a p
uct of pre-impact movements of the James River structu
zone; on the eastern side of the study area, the CBIC 
responsible for the truncation.  An isopach map of the p
impact lower Tertiary deposits shows that these depo
thicken north of the James River and west of their abr
truncation by the CBIC. The variable thickness of the
deposits across the rest of the study area apparently
Summary and Conclusions    43
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Figure 14.  Relation of dissolved-solids concentrations in 
the middle Potomac aquifer to the location of the Chesa-
peake Bay impact crater. (Modified from Smith, 1999.)
result of syn- and post-impact structural influences of the
CBIC that caused  erosion of uplifted areas.  Part of the
pattern also appears to reflect radial fault systems that
were created by the Chesapeake Bay impact crater.
Within the study area, the pre-impact lower Tertiary
deposits dip eastward to northward and are higher and
thinner near the Virginia-North Carolina border.  East to
southeast deflections of structure contours on top of the
Upper Cretaceous and pre-impact Tertiary deposits show
possible structural effects; the southernmost deflections
coincide with a previously postulated fracture zone.   

Complex distributions and truncations of post-impact
units across the James River suggest post-impact struc-
tural influences of the CBIC on the James River struc-
tural zone.  The truncation of many of the earlier post-
impact units, such as the upper Eocene to middle
Miocene deposits, indicates that the area south of the
James River structural zone was relatively up during that

time or at least prior to deposition of the upper Miocene
St. Marys Formation.  

 The pre-impact Tertiary deposits south of the James
River consist of shallow-shelf to marginal-marine depos-
its, including the Brightseat Formation (lower Pale-
ocene), Aquia Formation (upper Paleocene), Marlboro
Clay (straddles the Paleocene-Eocene boundary), Nan-
jemoy Formation (lower Eocene), and Piney Point For-
mation (middle Eocene). These pre-impact units are
characteristically thin, partly shelly, glauconitic, clayey
sands and silts that are bounded by unconformities. 

The syn-impact deposits consist of the upper Eocene
Exmore tsunami-breccia and the seismically defined
CBIC megablock beds.  The Exmore tsunami-breccia
fills much of the relatively flat-floored annular trough
and central basin.  The CBIC megablock beds appear to
form a concentric wedge that thins toward the center of
44    The Effects of the Chesapeake Bay Impact Crater on the Geologic Framework and the Correlation of Hydrogeologic Units 
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the crater and covers nearly all the rest of the flat-floored
annular trough.

Post-impact upper Eocene to Holocene deposition bur-
ied the crater and the syn-impact deposits with approxi-
mately 1,300 to 1,600 ft of sediment, which explains the
abrupt thickening of these stratigraphic units into the cra-
ter across the northeastern part of the study area. 

The Pliocene and Quaternary deposits have a complex
distribution of lithofacies within 12.5 miles of the crater’s
outer rim, indicating synchronous deposition and defor-
mation. This deformation is attributed to episodic differ-
ential movement of the bounding faults associated with
the buried outer rim of the crater and the rotation of slump
blocks near the crater’s perimeter.

The structural and stratigraphic features created by the
impact and adjustments to the James River structural
zone also have influenced our understanding of the
hydrogeologic framework, ground-water flow system,
and regional water quality of the Virginia Coastal Plain.
Pre-impact aquifers and confining units were truncated
and disrupted in and adjacent to the crater.  

Regional flow paths possibly were altered by emplace-
ment of the lithically heterogeneous, seawater-saturated
Exmore tsunami-breccia and its burial by fine-grained
post-impact deposits in the structural low. The result was
differential flushing of fresh water over and around the
primarily fine-grained deposits inside the crater. The
location of the CBIC with respect to the pre-existing
transverse arch-basin configuration also apparently has
provided a relatively easy downslope flow pathway
around the northeastward side of the crater toward the
axis of the Salisbury Embayment. The proximity of the
Norfolk arch to the south side of the crater possibly inhib-
its flow southeastward around the crater.  The distribution
of Virginia's anomalous inland salt-water wedge coin-
cides with the CBIC's location.  An increase in concentra-
tions of total dissolved-solids in the middle Potomac,
Brightseat-upper Potomac, and Chickahominy-Piney
Point aquifers coincides with the outer rim of the crater.
In the absence of alternate water supplies, water utilities
in this region have begun to develop projects that with-
draw brackish ground water along the edge of the CBIC.

The location and geometry of the outer rim of the
CBIC beneath the lower York-James Peninsula and the
Norfolk to Virginia Beach area are poorly understood,
and additional data are needed to enhance that under-
standing.  The outer rim coincides with an increase in
concentrations of total dissolved solids and chloride;
therefore, the outer rim separates ground water of high
salinity inside the outer rim from fresher water outside

the outer rim.  To locate this boundary accurately, w
need additional land-based seismic reflection profile
cores, and borehole geophysical logs, especially a so
velocity log that would allow for accurate depth correl
tion between borehole and seismic data.  Hydrologic d
for the western side of the crater, such as flow directi
water quality, and permeability, are non-existent, a
information about the depositional processes associa
with such a large impactor into water-saturated, unco
solidated sediments is sparse.  Obtaining cores 
installing observation wells in and around the crat
would help us understand how this impact crater h
affected the regional ground-water resources.  This inf
mation also is needed to more accurately model and e
uate the ground-water flow and the potential for saltwa
intrusion in the vicinity of the impact crater.  As ground
water use increases in the Hampton Roads region an
public water utilities increasingly rely on brackish-wate
aquifers as sources of drinking water, additional inform
tion about the CBIC will be needed for future manag
ment of these ground-water resources.
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Appendix 1. List of boreholes used in this report

[Altitudes are in feet; latitude and longitude are in degrees, minutes, and seconds; VDEQ, Virginia Department of Environmental Quality; VPI, Virginia 
Polytechnic Institute; VEPCO, Virginia Electric Power Company; --, local number not assigned]

Bore-
hole 
loca-
tion 

number 
on

figure 3

Local 
number

Identifying name, owner, or
organization, and some references

Latitude Longitude
Surface 
altitude

Bottom 
altitude

1 58A2 VDEQ 36 34 08 76 35 00 58 –1,959

2 58A76 Dismal Swamp corehole (Powars and others,1992;
unpub. data, D.S. Powars, USGS, and T.S. Bruce, 
VDEQ)

36 36 55 76 33 20 33 –1,827

3 61A15 City of Chesapeake-Northwest River Water Treatment 
Plant

36 34 50 76 12 10 10 –1,769

4 62A4 VPI geothermal well # C32 36 36 25 76 00 26 7 –1,014

5 57B6 City of Suffolk 36 42 48 76 39 13 55 –662

6 58B270 VDEQ, Kilby 36 43 20 76 36 55 26 –674

7 58B115 City of Suffolk, City farm 1 36 44 52 76 35 14 30 –986

8 58B11 NAN-P-8 (Brown and others, 1972) 36 44 28 76 33 32 20 –654

9 60B1 Clay Bank Motorlodge (Cederstrom, 1945a) 36 38 11 76 22 22 17 –6

10 60B3 VDEQ 36 38 40 76 20 20 16 –984

11 60B2 CHE-P-5 (Brown and others, 1972) 36 41 49 76 20 19 14 –806

12 61B11 Fentress corehole (Powars and others, 1992; unpub. data, 
D.S. Powars, USGS and T.S. Bruce, VDEQ)

36 42 27 76 07 47 15 –2,005

13 57C17 City of Norfolk, Lake Prince 4 (Cederstrom) 36 48 10 76 39 21 30 –88

14 58C7 City of Norolk, Lake Prince 1 (Cederstrom) 36 48 38 76 37 09 43 –90

15 58C48 City of Norfolk, Well #80 (Cederstrom, 1945a) 36 48 52 76 37 30 54 –92

16 58C10 City of Suffolk, Well #1 36 46 05 76 32 24 24 –611

17 58C5 Well #37 (Cederstrom, 1945a) Drivers-Monogram Farm 36 49 04 76 32 50 20 –520

18 58C51 City of Norfolk, DR Well #1 36 49 00 76 33 10 20 –1,040

19 58C6 Well #8 (Cederstrom, 1945a) Chuckatuck-Cedarbrook 
Farm

36 51 16 76 33 26 15 –535

20 58C8 Nimmo Well, Chuckatuck, Va. 36 52 18 76 31 30 22 –563

21 59C39 MW4-1 corehole (Powars and others, 1992); Chesapeake-
Portsmouth Airport (this report)

36 47 10 76 26 52 17 –983

22 59C28 City of Chesapeake-Bowers Hill-production well #1 36 47 02 76 24 55 21 –979

23 59C2 Virginia Division of Forestry 36 48 08 76 23 15 20 –633

24 59C40 VPI geothermal well #25 36 51 01 76 28 49 22 –1,978

25 59C13 Tidewater Water Co., NAN-P-13 (Brown and others, 
1972)

36 52 18 76 27 47 16 –639

26 60C40 City of Chesapeake IW1 36 47 00 76 22 00 20 –95

27 60C6 Lone Star Cement Corp. 36 48 53 76 17 09 5 –790

28 60C7 City of Portsmouth 36 51 15 76 19 17 10 –1,144

29 60C25 Campbell Soup Co., Well #1 36 51 30 76 18 30 5 –90

30 -- Well #9 (Cederstrom, 1945a) Lamberts Point-Norfolk & 
Western Railway Co.

36 52 26 76 18 56 10 –606

31    -- Well #20 (Cederstrom, 1945a) Moores Bridge 36 52 21 76 12 13 10 –1,730

32 61C1 NOR-T-12 (Brown and others, 1972) 36 52 23 76 12 21 15 –2,563

33 62C5 VDEQ 36 47 15 76 03 15 14 –386

34 62C4 VDEQ 36 47 11 76 06 01 13 –387

35 62C2 VDEQ 36 47 15 76 03 08 14 –386

36 63C1 VB-P-3 (Brown and others, 1972) 36 52 00 75 58 51 5 –1,583
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37 57D20 City of Virginia Beach, Isle of Wight 2 36 52 32 76 40 56 50 –970

38 57D28 VPI geothermal well #26,Town of Isle of Wight 36 54 29 76 42 07 75 –1,310

39 57D2 Well #81 (Cederstrom, 1945a) Smithfield Ice Plant 36 59 05 76 37 21 10 –311

40 57D1 IW-P-13 (Brown and others, 1972) 36 59 42 76 37 53 40 –414

41 58D3 Well #108 (Cederstrom, 1945a) Carrolton 36 58 02 76 34 48 8 –382

42 58D9 Tidewater Virginia Properties-Graymor Estates 36 57 27 76 31 39 15 –541

43 58D7 Town of Smithfield-Red Point Heights 36 59 12 76 36 50 35 –477

44 58D2 Well #54 (Cederstrom, 1945a) Battery Park Water Co. 36 59 32 76 29 44 13 –333

45 58D6 Rescue Water Company 36 59 39 76 33 30 22 –528

46 -- Well #25 (Cederstrom, 1945a) Lone Star Cement Co., near 
Mogarts Beach

37 00 29 76 36 24 12 –324

47 59D6 CHE-P-11 (Brown and others, 1972) 36 52 41 76 23 17 3 –597

48 59D1 Tidewater Water Co. 36 52 55 76 23 11 15 –573

49 59D20 City of Newport News-City Hall Complex 36 58 40 76 25 50 30 –870

50 60D7 VPI geothermal well #c24 -Willoughby Bay 36 57 27 76 29 19 5 1,030

51 61D5 City of Virginia Beach, ferry slip 36 54 25 76 10 50 11 –1,589

52 62D2 VB-T-4 (Brown and others, 1972) 36 57 59 76 06 47 –35 –1,500

53 60E1 Well #8 (Cederstrom, 1945b, 1957)-Fort Monroe 37 00 05 76 18 25 3 –2,251

54 57E10 VDEQ, Moonlight, Isle of Wight Co. 37 02 36 76 42 59 85 –615

55 -- Well #7 (Cederstrom, 1945a) Burwells Bay 37 03 23 76 40 13 15 –306

56 -- Well #3a (Cederstrom, 1945a) Rushmere 37 04 34 76 40 05 5 –381

57 -- Well #42a (Cederstrom, 1945a) Bacons Castle test well 37 06 10 76 44 13 70 –985

58 57F5 Hog Island Nuclear Power Plant 37 09 50 76 41 52 34 –386

59 57F26 VEPCO 37 09 51 76 41 57 35 –385

60 57F16 Hog Island (unpub. data, T.S. Bruce, VDEQ, and 
D.S. Powars, USGS)

37 11 33 76 40 53 5 –1,235

61   -- Jamestown corehole (unpub. data, D.S. Powars, USGS) 37 13 05 76 46 37 1 –27

62 58F50 Newport News Park 1 corehole (Meng and Harsh, 1988; 
unpub. data, T.S. Bruce, VDEQ, and D.S. Powars, 
USGS)

37 12 08 76 34 11 55 –1,423

63 58F67 Newport News Park 2 corehole (unpub. data, T.S. Bruce, 
VDEQ, and D.S. Powars, USGS)

37 12 08 76 34 11 52 –570

64 63F50 Kiptopeke corehole (Powars and others, 1992;
unpub. data, D.S. Powars, USGS, and T.S. Bruce,
VDEQ)

37 08 07 75 57 08 7 –1,993

651 -- Airfield Pond corehole (unpub. data, J.S. Schindler, R. 
Weems, and D.S. Powars, USGS)

36 54 48 77 01 28 91 –130

661 -- Mann Tract Monitor well #1 (unpub. data, D.S. Powars, 
USGS, and T.S. Bruce, VDEQ)

37 26 21 76 40 42 90 –1,225

671 66M1 Taylor #1, Oil test well 37 53 03 75 31 01 42 –6,237

681 -- Haynesville corehole (Mixon, Berquist, and others, 1989) 37 57 14 76 40 10 87 –469

691 -- Oak Grove corehole (Reinhardt and others, 1980) 38 10 10 77 02 19 180 –1,180

Appendix 1. List of boreholes used in this report—Continued

[Altitudes are in feet; latitude and longitude are in degrees, minutes, and seconds; VDEQ, Virginia Department of Environmental Quality; VPI, Virginia 
Polytechnic Institute; VEPCO, Virginia Electric Power Company; --, local number not assigned]

Bore-
hole 
loca-
tion 

number 
on

figure 3

Local 
number

Identifying name, owner, or
organization, and some references

Latitude Longitude
Surface 
altitude

Bottom 
altitude

1Borehole lies outside the study area and is not shown on figure 3.
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122 –22 8 60

167 –27 15 33

306 –170 –30 10

318 ?–183 ?–60 7

118 ?–24 6 26

127 ?–20 8 30

202 ?–50 –2 20

205 ? ?–39 17

222 ? ?–44 16

198 ? ?–43 14

346 –172 –65 15

110 ?–8 18 30

143 ?–21 ?21 43

140 ?–10 ?–28 54

156 ?–57 ?–6 24

? ? ?–25 8

120 ? ?–30 20

nd nd nd 15

152 ?–60 ?2 22

186 –43 –24 17

186 –45 6 21

227 ?–77 ? 20

166 ?–28 *–5 22

194 ? –7 16

242 ? ? 20
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Appendix 2. Altitudes of the tops of stratigraphic units

[Altitudes are in feet; ?, unit present, contact uncertain; --, unit not present; nd, no data available; ??, insufficient data; *, contact extrapolated from co
Fm., Formation]

Bore-
hole 
loca-
tion 

number 
on 

figure 3

Potomac 
Fm.

Upper 
Cenom-

anian
beds

Glauc-
onitic
sand
unit

Red
beds

Aquia 
Fm.

Marlboro 
Clay

Nan-
jemoy 
Fm.

Piney 
Point
Fm.

Exmore 
tsunami-
breccia 
deposit

Chicka-
hominy 

Fm.

Del-
marva 
beds

Old 
Church 

Fm.

Calvert 
Fm. 

Newport 
News 
unit

Calvert 
Fm. M

1 –589 –438 –339 –292 –262 –252 –242 -- -- -- -- -- -- -- –
2 –560 –418 –361 –308 –289 –273 –269 -- -- -- -- -- -- -- –

3 –1,057 –845 ?–795 ?–715 ?–584 ?–570 ?–555 -- -- -- ?–540 ?? ?? ?–521 ?–

4 nd –985 –922 –815 ?–771 ?–754 ?–738 -- -- -- ?–721 ?? ?? ?? ?–

5

6 –452 –294 -- -- ?–279 ?–268 ?–231 -- -- -- -- ?? ?? -- ?–

7 –448 –324 -- -- –306 –290 –260 -- -- -- -- -- ?–233 -- ?–

8 –550 ?–378 -- -- ?–365 ?–352 ?–340 -- -- -- -- -- ?? ?? ?–

9 nd ?–599 –543 –495 –432 –420 –408 -- -- -- -- -- ?? ?–346 –

10 –808 –644 –602 –504 –471 –452 –441 -- -- -- ?? -- ?? ?–390 –

11 –728 –626 -- –564 –508 –500 –464 -- -- -- ?? -- ?? ?–416 –

12 –1,035 –836 –778 –687 –645 –635 –620 -- -- -- –612 -- -- –600 –

13 –375 –294 -- -- –254 –242 ?–215 -- -- -- -- -- -- -- ?–

14 ?–365 ?–313 -- -- ?–287 ?–267 ?–253 -- -- -- -- -- -- -- ?–

15 –373 ?–318 -- -- ?–286 –269 –241 -- -- -- -- -- -- ?? ?–

16 –458 ?–346 -- -- ?–326 ?–300 ?–282 -- -- -- -- -- ?? ?? ?–

17 –489 –334 -- -- ?? ?–295 ?–285 -- -- -- ? ? –271 --

18 –454 –336 -- -- –320 ?–297 ?–269 -- -- -- -- -- ?? ?? ?–

19 –535 –415 -- -- ?–365 ? ? -- -- -- nd nd nd nd

20 ?–410 ?–313 -- -- ?–278 ?–268 ?–260 -- ?? ?? ?? ?? ?? ?? ?–

21 –540 –397 -- -- –384 –372 –350 -- -- -- -- ?? –339 –325 –

22 –526 –407 –386 –378 –367 -- -- -- ? ? –349 –330 –

23 –534 ?–446 ?–423 ?–388 –366 ?–352 ?? -- -- -- ?? ?? ?? ?? ?–

24 *–486 –378 -- -- –342 –333 –316 -- -- -- ?? ?? ?? ?–281 ?–

25 –467 ?–391 -- -- ?–360 ?–347 ?–344 -- ?? ?? ?? ?? ?–334 ?–304 ?–

26 –604 –449 -- -- –433 –415 –382 -- -- -- ?? ?? ?? ?? ?–

27 ?–735 ?–572 -- -- ?–525 ?–511 ?–495 -- 27 17 ?? ?? ?? ?–459 –

28 ?–640 –487 -- -- –453 –448 –430 -- ?? ?? ?? ?? ?–418 ?–403 ?–

29 ?–610 –515 -- -- –475 –462 –450 -- ?? ?? ?? ?? ?–439 ?–409 ?–

30 nd ?–524 -- -- ?? ?? ?? -- ?–397 ?–387 ?? ?? ?? ?? ?–

31 ?–775 –705 -- -- -- -- -- -- ?–655 ?–625 ?–615 ?? ? ? ?–

32 ?–777 ?–701 -- -- -- -- -- -- ?–650 ?–610 ?–606 ?? ?–595 ?–540 ?–

33 nd nd nd nd nd nd nd nd nd nd nd nd nd nd

34 nd nd nd nd nd nd nd nd nd nd nd nd nd nd

35 nd nd nd nd nd nd nd nd nd nd nd nd nd nd

36 –1,110 ?–949 -- ?–859 -- -- -- -- ?? ?? ?? ?? ?? ?–700 –
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–100 ? ?40 50

?–97 ?–27 ?45 75

nd nd nd nd

0 ?–124 ?–36 ?18 ?40

nd nd nd nd

–182 –43 15 --

–144 –40 –4 35

nd nd nd nd

–149 –34 22 --

nd nd nd nd

3 –227 ? ? 3

4 –210 ? ? 15

–228 –35 12 30

–240 –85 –15 5

?–317 ?–177 ?–51 11

? –290 ? –160 ? –35

–292 –95 –47 ?3

–172 ?–3 ?27 85

nd nd nd nd

nd nd nd nd

–105 ?–18 49 70

–92 –66 -- 34

?–106 ? ? 35

–125 ?? -- –15

–55 –24 -- –14

–127 –19 25 52

–455 –189 –74 7

pilation of cross section B–B' ; 

t. 
rys 
m.

East-
over
Fm.

York-
town
Fm.

Pleisto-
cene 
beds
37 ?–363 ?–251 -- -- –226 –212 ?–180 -- -- -- -- -- -- --

38 –375 –263 -- -- –231 –220 –190 -- -- -- -- -- ?? ?–172

39 ?? –280 -- -- ? ? ?–230 -- -- -- nd nd nd nd

40 –356 ?–300 -- -- ?–258 ?–238 ?–218 ?? ?? ?? ?? ?? ?? ?–21

41 ?? ?–325 -- ?–252 ? ? ? nd nd nd nd nd nd nd

42 ?–425 ?–298 -- -- –280 –262 –245 -- ?? ?? ?? ?–241 ?–235 ?

43 ?–352 ?–247 -- -- –227 –219 ?–216 -- ?? ?? ?? ?? ?? ?

44 ?? ?–297 -- –272 –247 ? ? nd nd nd nd nd nd nd

45 ?–418 ?–305 -- –276 –255 –246 –208 -- -- -- nd ? ?–191 ?

46 ?? ?–283 -- -- –253 ? ? nd nd nd nd nd nd nd

47 ?–568 ?–433 -- -- ?–413 ?–405 ?–398 -- ?? ?? ?? ?? ?? ?–37

48 ?–540 ?–423 -- -- ?–390 ?–385 ?–379 -- ?? ?? ?? ?? ?–367 ?–34

49 –700 -- -- -- -- -- -- -- –574 –410 –392 –378 –368 –323

50 nd -- -- -- -- -- -- -- –769 –654 –623 –613 –603 –540

51 -- -- -- -- -- -- -- -- –925 –739 ? ?–709 ?–698 –647

52 -- -- -- -- -- -- -- -- ?–910 –830 ? ? –810 ?–508

53 ?? -- -- -- -- -- -- -- –837 –637 ?–628 ?–618 –607 ?–400

54 ?–265 ?–232 -- -- ?–215 ?–204 ?–175 -- -- -- -- -- -- --

55 –290 -- -- -- ? ? –245 nd nd nd nd nd nd nd

56 ?–355 ?–295 -- -- ? ? –225 -- -- -- ? ? ?–214 nd

57 –334 –250 -- -- –231 ? ? ? -- -- ? –169 –167 --

58 –333 -- -- -- –270 –254 –212 –205 -- -- –196 –187 –168 ? –162

59 ?–355 -- -- -- ?–293 ?–277 –223 ?–218 -- -- ?? ?? ?? ??

60 –330 -- -- -- –300 –286 –232 –215 -- -- ? –200 –185 –166

61 –258 -- -- -- –217 –203 –159 –152 -- -- -- –139 –120 ?–115

63 –411 -- -- -- -- -- -- -- –357 –323 –308 –293 –279 –216

64 -- -- -- -- -- -- -- -- –1,279 –1.077 –1,063 -- ?–1,028 –613

Appendix 2. Altitudes of the tops of stratigraphic units—Continued

[Altitudes are in feet; ?, unit present, contact uncertain; --, unit not present; nd, no data available; ??, insufficient data; *, contact extrapolated from com
Fm., Formation]
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