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Core samples of the Exmore beds from the USGS-NASA Langley
corehole from depths of 266.3 to 262.8 meters (873.53 to 862.15
feet). A variety of sediment and rock clasts are suspended in a
matrix of muddy quartz-glauconite sand. The Exmore beds are
interpreted as debris-flow deposits produced by ocean resurge into
the crater. See chapter C of this volume, figure C10A. Photograph
by David S. Powars, U.S. Geological Survey.

" . S A A oW

e S e 7 R

Front cover. This quartz grain from the matrix of the Exmore beds in the USGS-NASA Langley core contains two sets of
shock-induced planar deformation features, providing unequivocal evidence for the impact of an asteroid or comet nucleus near
the mouth of the present Chesapeake Bay. The grain is 0.13 millimeter (0.005 inch) in diameter and is from a depth of 250.1

meters (820.6 feet); it is also shown in chapter E of this volume (figure E2£). Photomicrograph (cross-polarized light) by Glen A.
Izett (College of William and Mary and Emeritus, U.S. Geological Survey).

Back cover. Conceptual model for sequential stages in the formation of the Chesapeake Bay impact crater as presented in
chapter A of this volume. Schematic cross sections show the western half of the crater along a west-to-east profile. From
figureA7, which has the complete caption and discussion.



Studies of the Chesapeake Bay Impact Structure—
The USGS-NASA Langley Corehole, Hampton, Virginia,
and Related Coreholes and Geophysical Surveys

Edited by J. Wright Horton, Jr.,, David S. Powars, and Gregory S. Gohn

Prepared in cooperation with the

Hampton Roads Planning District Commission,

Virginia Department of Environmental Quality, and

National Aeronautics and Space Administration Langley Research Center

This volume is published as chapters A through K.
The chapters are also available separately on the World Wide Web.

Professional Paper 1688

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
Gale A. Norton, Secretary

U.S. Geological Survey
P. Patrick Leahy, Acting Director

U.S. Geological Survey, Reston, Virginia: 2005

For product and ordering information:
World Wide Web: http://www.usgs.gov/pubprod
Telephone: 1-888-ASK-USGS

For more information on the USGS—the Federal source for science about the Earth,
its natural and living resources, natural hazards, and the environment:

World Wide Web: http://www.usgs.gov

Telephone: 1-888—-ASK-USGS

Any use of trade, product, or firm names in this publication is for descriptive purposes only and does not imply
endorsement by the U.S. Government.

Suggested citation:

Edwards, L.E., Barron, J.A., Bukry, David, Bybell, L.M., Cronin, T.M., Poag, C.W., Weems, R.E., and Wingard, G.L., 2005,
Paleontology of the upper Eocene to Quaternary postimpact section in the USGS-NASA Langley core, Hampton, Virginia,
chap. H of Horton, JW., Jr., Powars, D.S., and Gohn, G.S., eds., Studies of the Chesapeake Bay impact structure—The
USGS-NASA Langley corehole, Hampton, Virginia, and related coreholes and geophysical surveys: U.S. Geological Sur-
vey Professional Paper 1688, p. H1-H47, 9 fossil plates, 2 oversize figures. (Also available online at http://
pubs.usgs.gov/pp/2005/1688/ak/ )

Library of Congress Cataloging-in-Publication Data

Studies of the Chesapeake Bay impact structure: the USGS-NASA Langley corehole, Hampton, Virginia, and related
coreholes and geophysical surveys / edited by J. Wright Horton, Jr., David S. Powars, and Gregory S. Gohn; prepared
in cooperation with the Hampton Roads Planning District Commission, Virginia Department of Environmental Qual-
ity, and National Aeronautics and Space Administration Langley Research Center.

p. cm.—(U.S. Geological Survey professional paper ; 1688)

Includes bibliographical references.

ISBN 0-607-98598-4

1. Meteorite craters—Chesapeake Bay (Md. and Va.). 2. Geology, Structural-Virginia. 3. Geology, Stratigraphic—Ter-
tiary. 4. Geology, Stratigraphic—Quaternary. |. Horton, J. Wright, Jr. Il. Powars, David S. Ill. Gohn, Gregory S. IV.
Hampton Roads Planning District Commission (Va.). V. Virginia. Dept. of Environmental Quality. VI. Langley Research
Center. VII. Series.

(QE613.5.C48S78 2005

551.3'97'0916347—dc22

2005050400



Volume Contents

[Letters designate the chapters]

A

Studies of the Chesapeake Bay Impact Structure—Introduction and Discussion
By J. Wright Horton, Jr., David S. Powars, and Gregory S. Gohn

Petrography, Structure, Age, and Thermal History of Granitic Coastal Plain Basement in the

Chesapeake Bay Impact Structure, USGS-NASA Langley Core, Hampton, Virginia
By J. Wright Horton, Jr., John N. Aleinikoff, Michael J. Kunk, Charles W. Naeser, and
Nancy D. Naeser

Physical Geology of the impact-Modified and Impact-Generated Sediments in the
USGS-NASA Langley Core, Hampton, Virginia
By Gregory S. Gohn, David S. Powars, T. Scott Bruce, and Jean M. Self-Trail

Paleontology of the Impact-Modified and Impact-Generated Sediments in the USGS-
NASA Langley Core, Hampton, Virginia

By Norman Q. Frederiksen, Lucy E. Edwards, Jean M. Self-Trail, Laurel M. Bybell,

and Thomas M. Cronin

Crystalline-Rock Ejecta and Shocked Minerals of the Chesapeake Bay Impact Structure,
USGS-NASA Langley Core, Hampton, Virginia, with Supplemental Constraints on the
Age of Impact

By J. Wright Horton, Jr, and Glen A. Izett

Stratigraphy and Paleoenvironments of Early Postimpact Deposits at the USGS-NASA
Langley Corehole, Chesapeake Bay Impact Crater
By C. Wylie Poag and Richard D. Norris

Physical Stratigraphy of the Upper Eocene to Quatemary Postimpact Section in the
USGS-NASA Langley Core, Hampton, Virginia

By David S. Powars, T. Scott Bruce, Lucy E. Edwards, Gregory S. Gohn,

Jean M. Self-Trail, Robert E. Weems, Gerald H. Johnson, Matthew J. Smith,

and Colleen T. McCartan

Paleontology of the Upper Eocene to Quaternary Postimpact Section in the USGS-
NASA Langley Core, Hampton, Virginia

By Lucy E. Edwards, John A. Barron, David Bukry, Laurel M. Bybell,

Thomas M. Cronin, C. Whlie Poag, Robert E. Weems, and G. Lynn Wingard

High-Resolution Seismic-Reflection Image of the Chesapeake Bay Impact Structure,
NASA Langley Research Center, Hampton, Virginia
By Rufus D. Catchings, David S. Powars, Gregory S. Gohn, and Mark R. Goldman

Audio-Magnetotelluric (AMT) Soundings across the Margin of the Chesapeake Bay
Impact Structure, York-James and Middle Peninsulas, Virginia
By Herbert A. Pierce

Distribution, Origin, and Resource-Management Implications of Ground-Water Salinity
along the Western Margin of the Chesapeake Bay Impact Structure in Eastern Virginia
By E. Randolph McFarland and T. Scott Bruce



Conversion Factors and Datums

Multiply By To obtain
Length
“micrometer (pm) 0.00003937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
7 Area
square centimeter (cm?) 0.1550 square inch (in?)
) Volume -
milliliter (mL) 0.0338 fluid ounce
liter (L) 0.2642 gallon
7 Mass
milligram (mg) 0.00003527 ounce avoirdupois
gram (g) 0.03527 ounce avoirdupois
kilogram (kg) 2.205 pound avoirdupois

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8x°C) + 32
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Equipment used to drill the USGS-NASA Langley corehole at the NASA Langley Research Center in
Hampton, Va., in 2000. Photograph by E. Randolph McFarland, U.S. Geological Survey.
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Studies of the

Chesapeake Bay Impact Structure—-

Introduction and Discussion

By J. Wright Horton, Jr.,' David S. Powars," and Gregory S. Gohn'

Abstract

The late Eocene Chesapeake Bay impact structure on the
Atlantic margin of Virginia is the largest known impact crater
in the United States, and it may be the Earth’s best preserved
example of a large impact crater that formed on a predominantly
siliciclastic continental shelf. The 85-kilometer-wide (53-mile-
wide) crater also coincides with a region of saline ground water.
It has a profound influence on ground-water quality and flow in
an area of urban growth.

The USGS-NASA Langley corehole at Hampton, Va., is
the first in a series of new coreholes being drilled in the crater,
and it is the first corehole to penetrate the entire crater-fill sec-
tion and uppermost crystalline basement rock. The Langley
corehole is located in the southwestern part of the crater’s annu-
lar trough. A comprehensive effort to understand the crater’s
materials, architecture, geologic history, and formative pro-
cesses, as well as its influence on ground water, includes the
drilling of coreholes accompanied by high-resolution seismic-
reflection and seismic-refraction surveys, audio-magnetotellu-
ric surveys, and related multidisciplinary research.

The studies of the core presented in this volume provide
detailed information on the outer part of the crater, including the
crystalline basement, the overlying impact-modified and
impact-generated sediments (physical geology, paleontology,
shocked minerals, and crystalline ejecta), and the upper Eocene
to Quaternary postimpact sedimentary section (stratigraphy,
paleontology, and paleoenvironments).

The USGS-NASA Langley corehole has a total depth
below land surface of 635.1 meters (m; 2,083.8 feet (ft)). The
deepest unit in the corehole is the Neoproterozoic Langley
Granite. The top of this granite at 626.3 m (2,054.7 ft) depth is
overlain by 390.6 m (1,281.6 ft) of impact-modified and
impact-generated siliciclastic sediments. These crater-fill mate-
rials are preserved beneath a 235.6-m-thick (773.12-ft-thick)
blanket of postimpact sediments.

lys. Geological Survey, Reston, VA 20192.

A high-1esolution seismic-reflection and seismic-refrac-
tion profile that crosses the Langley drill site is tied to the core
by borehole geophysical logs, and it reveals the details of exten-
sional collapse structures in the western annular trough. Electri-
cal cross sections based on audio-magnetotelluric (AMT)
soundings image a nearly vertical zone of high resistivity at the
outer margin of the annular trough, possibly indicating fresh
ground water at that location, and they show impedance trends
that match thz curvature of the structure. They also image the
subsurface contact between conductive sediments and resistive
crystalline basement, showing that the depth to crystalline base-
ment is relatively constant in the western part of the annular
trough.

Chemical and isotopic data indicate that saline ground
water of the Virginia inland saltwater wedge or bulge is a mix-
ture of freshwater and seawater, and evidence for a mixing zone
at the crater’s. outer margin supports the concept of differential
flushing of residual seawater to create the bulge. Ground-water
brine in the czntral part of the crater was produced by evapora-
tion, and brine production from the heat of the impact is at least
theoretically possible.

Introduction

This chipter begins with an overview of the Chesapeake
Bay impact structure, including its geologic setting, the history
of previous work, and the status of current research. This over-
view provides an introduction to more detailed studies reported
in the volume. These reports contain data and interpretations
from the USGS-NASA Langley corehole at Hampton, Va.,
which is the first corehole to basement in the structure, and from
related coreholes and geophysical surveys.

This chapter also explains some style conventions used in
this volume. Discussions highlight some important results of
each chapter, as well as scientific results and issues that tran-
scend the scope of individual chapters.

The impact event.—Although our understanding of the
impact event is likely to improve as investigations continue,
researchers currently agree on the following scenario. The
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impact event occurred 35 million to 36 million years ago, when
the area that became eastern Virginia was covered by the Atlan-
tic Ocean. An asteroid or comet fragment about 3 kilometers
(km; about 2 miles (mi)) in diameter collided with Earth at a
velocity on the order of 20 km (12 mi) per second (Crawford,
2002). It blasted through the shallow ocean, wet sediments, and
rocks to leave a cavity about 38 km (24 mi) wide in the sea floor.

This explosion, approximately 100 times greater than a
detonation of Earth’s entire nuclear arsenal (Poag, 2002d),
vaporized the projectile and billions of tons of water, sediment,
and rock (Edwards and Powars, 2003). Some rocks and sedi-
ments melted instantly, and droplets solidified in the air before
raining down as tektites as far away as Texas. The shock wave
left extreme deformation features similar to those caused by
nuclear explosions. Enormous volumes of water, sediment, and
rock shot ballistically outward and upward to high altitudes,
leaving a giant short-lived cavity in the water in addition to the
hole in the seabed.

Rebound of the crater floor was followed by gravitational
collapse; the inward slumping and faulting of poorly consoli-
dated, wet sediments extended the crater to a width of about 85
km (53 mi). Ejected material fell back to Earth, and the ocean
water surged violently back into the open cavity, carrying a cha-
otic mixture of debris ranging from damaged microorganisms
to house-size blocks (Edwards and Powars, 2003). Tsunamis
spread outward in all directions. Fallout particles settled on the
seabed, and a thick pile of sediments accumulated on top of the
crater, preserving the evidence beneath the present mouth of
Chesapeake Bay until the human needs for drinkable ground
water led to its discovery in recent decades (Powars and Bruce,
1999).

The impact crater location and name.—The Chesapeake
Bay impact crater underlies the southern part of Chesapeake
Bay, its surrounding peninsulas, and a small part of the western
Atlantic Ocean (fig. Al). This buried, late Eocene complex cra-
ter is the largest known impact crater in the United States and
the seventh largest known on Earth (Earth Impact Database,
2003). It may be the Earth’s best preserved and best studied
example of a large impact structure formed in a predominantly
siliciclastic continental-shelf environment. The Chesapeake
Bay impact crater coincides closely with an unusual region of
saline ground water originally called the Virginia inland saltwa-
ter wedge (Sanford, 1913). The impact structure, therefore, has
a profound influence on ground-water flow and quality, includ-
ing salinity, across one of the fastest growing urban centers on
the east coast of North America that increasingly depends on
ground-water resources (Hampton Roads Planning District
Commission, 1999).

In this volume, the terms “Chesapeake Bay impact crater”
and “Chesapeake Bay crater” refer to the actual crater depres-
sion, whereas “Chesapeake Bay impact structure” is used in a
broader sense to include outlying impact-related structures,
such as faults in the outer fracture zone (fig. A1). The terms can
be used interchangeably where this distinction is irrelevant to
the context.
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Figure A1. Regional map showing the location of the Chesapeake Bay
impact structure, the USGS-NASA Langley corehole at Hampton, Va., and
some other coreholes in southeastern Virginia. White dashed line indicates
approximate location of schematic cross sections in figure A7. Locations of
the central crater and outer margin are from Powars and Bruce (1999). The
extent of the outer fracture zone (light gray) is based on Powars (2000) and
Johnson and others (2001); the eastern part is speculative. lllustration
modified from Powars, Johnson, and others (2002) and Edwards and Powars
(2003).

The Chesapeake Bay Impact Crater Project.—The Chesa-
peake Bay Impact Crater Project is a multidisciplinary research
collaboration begun in 2000 to understand the physical charac-
teristics, geologic history, formative processes, and hydrologic
implications of this buried structure. The project collaborators
are described in the “Acknowledgments” section.

Most of the chapters in this Professional Paper discuss
studies of samples from the USGS-NASA Langley corehole
(fig. A1) or geophysical studies in the vicinity. This corehole
was the first of four coreholes drilled for this project during the
years 2000 through 2002, and it was the first corehole to pene-
trate the entire sedimentary section and reach uppermost crys-
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talline basement rock within the crater’s annular trough

(fig. Al). Related studies of samples from additional coreholes,

although mentioned in several chapters, are still in progress.
The four coreholes drilled for the Chesapeake Bay Impact

Crater Project during 2000 through 2002 are listed below and

are plotted in figures Al and A2:

1. USGS Bayside corehole, in the western annular trough on
the Middle Peninsula at Bayside, Va. (728.5 m, 2,390.2 ft
total depth, year 2001)

2. USGS-NASA Langley corehole, in the western annular
trough in Hampton, Va. (635.1 m, 2,083.8 ft total depth,
year 2000)

3. USGS North corehole, in the western annular trough on
the Middle Peninsula, Va. (435.1 m, 1,427.5 ft total
depth, year 2001)

4. USGS Dorothy R. Watkins Elementary School corehole,
just outside the outer margin in Newport News, Va.
(300.3 m, 985.3 ft total depth, year 2002)

The Bayside, Langley, North, and Watkins School core-
holes are located approximately 8, 19, 24, and 27 km (5, 12, 15,
and 17 mi), respectively, outside the central crater (fig. A2). All
four cores penetrated impact-generated sediments of the
Exmore beds, and the cores from Bayside and Langley sampled
complete postimpact and crater sections down to Neoprotero-
zoic granites of a peri-Gondwanan basement terrane (Horton
and others, this volume, chap. B). The short names “Bayside
corehole,” “Langley corehole,” “North corehole,” and “Wat-
kins School corehole” are used in this volume.

The USGS-NASA Langley corehole is described in online
drilling reports (Gohn, Clark, and others, 2001; Powars, Bruce,
and others, 2001). The Langley corehole is located at lat
37°05'44.28" N., long 76°23'08.96" W. (North American
Datum of 1927), at a ground-surface altitude of 2.4 m (7.9 ft)
above the North American Vertical Datum of 1988. The core-
hole was drilled at the National Aeronautics and Space Admin-
istration (NASA) Langley Research Center in Hampton, Va.
Drilling by the U.S. Geological Survey (USGS) and coopera-
tors (see “Acknowledgments”) took place in July—October
2000, and geophysical logs were run in the hole on three occa-
sions.

Measurements in this volume.—Geophysical, paleonto-
logic, and petrologic studies routinely use metric units for phys-
ical parameters. However, coastal plain stratigraphic and hydro-
logic studies, as well as the drilling industry, routinely use feet
and fractions thereof as length units for stratigraphic thickness
and depth. Borehole geophysical logs typically measure depth
in feet, although unit systems for the measured parameters vary.
To accommodate this mixture, this volume uses metric units for
all measurements, with the following exceptions. Stratigraphic
positions and thicknesses and general references to depths in

cores and coreholes are made in meters or decimal fractions of
meters with equivalent values in feet or decimal fractions of feet
listed in parentheses, as in the example 73.3 m (240.6 ft). Sim-
ilarly, horizontal distances are given in kilometers or meters
with miles or feet in parentheses, as in the example 11.7 km (7.3
mi). Data collected in metric units are given in the text only in
metric units, whereas data collected in feet and inches (in.) are
given using both systems of measurement, as in the example 25
cm (101in.). Conversion factors are given after the volume table
of contents.

Previous Work

Sanford (1913) was the first to recognize and name the
Virginia inland saltwater wedge, and D.J. Cederstrom’s reports
included a more comprehensive delineation of this feature and
attributed it to differential flushing of seawater related to an
Eocene basin fill north of the James River. Cederstrom con-
ducted a series of comprehensive regional hydrogeologic inves-
tigations of the York-James Peninsula (Cederstrom, 1945a,
1957) and related studies in the southeastern Virginia Coastal
Plain (Cederstrom, 1945b,¢), providing lithologic logs of wells,
biostratigraphic data analyzed by J.A. Cushman (USGS), and
water-quality data (Cederstrom, 1943, 1946).

Cederstrom’s (1957) subsurface Mattaponi Formation
(term abandoned by Ward, 1984) included what we now recog-
nize as crater-fill deposits (the Exmore beds), as well as addi-
tional undisturbed sediments outside the crater beneath most of
the central to outer Virginia Coastal Plain (Powars and Bruce,
1999). Cederstrom proposed the “James River fault zone” to
account for his interpretation of the erratic distribution and
abrupt changes in thickness of strata. Knowledge of subsurface
geology beneath the southeastern Virginia Coastal Plain was
based mostly on water-well cuttings and geophysical logs until
the late 1980s (Brown and others, 1972; Laczniak and Meng,
1988; Meng and Harsh, 1988), at which time the surficial
deposits had already been mapped in considerable detail
(Johnson and others, 1987, and references therein).

From 1986 to 1992, the analysis of samples from coreholes
drilled by the USGS and the Virginia Department of Environ-
mental Quality (VDEQ) significantly advanced the understand-
ing of subsurface geology in southeastern Virginia (Powars and
others, 1987, 1990, 1992; Poag and others, 1992). This work,
combined with results of offshore drilling at Deep Sea Drilling
Project Site 612, led to the initial recognition that an offshore
layer of late Eocene impact ejecta (containing coesite, glass,
and shocked quartz) had a likely source in the mid-Atlantic
region (Bohor and others, 1988; Glass, 1989; Obradovich and
others, 1989; Poag and others, 1991, 1992).

Subsequently, the analysis of marine seismic-reflection
data, in the context of borehole data, revealed the existence of a
large crater (Powars and others, 1993; Poag and others, 1994).
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The seismic-reflection data were donated to the USGS by Tex-
aco, Inc., and Exxon Exploration Co. in 1993 and 1994.

Structural and stratigraphic documentation of the Chesa-
peake Bay impact structure followed (Poag and Aubry, 1995;
Koeberl and others, 1996, 2001; Poag, 1996, 1997, 2000; Poag,
Hutchinson, and others, 1999; Poag, Plescia, and Molzer, 1999;
Powars and Bruce, 1999; Powars, 2000). In 2000, the Virginia
Museum of Natural History Foundation awarded the Thomas
Jefferson Medal for Outstanding Contributions to Natural Sci-
ence jointly to C.W. Poag (USGS), D.S. Powars (USGS), and
T.S. Bruce (VDEQ) for their combined efforts to map, eluci-
date, and bring to public awareness the Chesapeake Bay impact
structure.

Detailed, nontechnical accounts of the crater and its dis-
covery are presented in Poag’s (1999) book and Tennant’s
(2001) series of articles. Tennant’s articles received the Walter
Sullivan Award for Excellence in Science Journalism from the
American Geophysical Union in 2002.

Significantly, until the crater was discovered, there was no
satisfactory explanation for the anomalous saltwater wedge
(Powars, Bruce, Poag, and Mixon, 1994; Powars and Bruce,
1999) or the region’s stratigraphic and structural complexities
(Powars and Bruce, 1999; Powars, 2000). The literature on the
Chesapeake Bay impact structure has included interpretations
based on conceptual models of craters and crater processes
(Melosh, 1989), analogies to other craters, and interpretations
of seismic-reflection profiles. Some of the fundamental con-
cepts of this crater’s morphology, internal structure, and forma-
tive processes, although widely cited, have remained untested
hypotheses.

Accordingly, the Chesapeake Bay Impact Crater Project
was undertaken in 2000 as a coordinated, multiagency effort to
better understand the physical characteristics, geologic history,
formative processes, hydrologic effects, and water-resource
implications of this buried structure. Among specific interests
are the structure’s influence on ground-water quality and avail-
ability in southeastern Virginia and planetary-science implica-
tions for understanding impacts in a continental-shelf environ-
ment.

As described above, four deep coreholes for this project
were completed in 2000 through 2002 (fig. A2). Various miner-
alogical, geochemical, isotopic, petrographic, sedimentologic,
structural, and other methods of core-sample analysis are
described in this volume. Nearly 23 km (14 mi) of land-based,
high-resolution seismic-reflection and seismic-refraction sur-
veys were conducted on the York-James Peninsula in 2001 and
on the Middle Peninsula in 2002, both crossing the outer annu-
lar trough and outer margin, and some short surveys were con-
ducted across parts of the central crater and its rim on the Del-
marva Peninsula (fig. A2). Publications highlighting the recent
studies include those by Catchings, Saulter, and others (2001),
Gohn, Clark, and others (2001), Powars, Bruce, and others
(2001), Poag (2002c), Poag, Plescia, and Molzer (2002),
Edwards and Powars (2003), Sanford (2003), Self-Trail (2003),

and Poag and others (2004); see also the abstracts listed in
appendix Al.

The Chesapeake Bay Impact Structure

The following sections provide an overview of the Chesa-
peake Bay impact structure’s complex form and structure,
asymmetric layered marine target, and spatially associated land
surface features. The term “target” is used for the area that was
hit by the asteroid or comet fragment.

Form and Structure

An impact crater can be classified either as a simple crater,
implying a bowl-shaped depression, or as a complex crater,
implying a more complicated form that commonly includes a
central uplift, a generally flat floor, and an inward collapse
around its rim. Craters on Earth that exceed a diameter of about
4 km (2.5 mi) are complex craters (French, 1998).

The complex crater beneath Chesapeake Bay has an aver-
age width of about 85 km (53 mi), ranging from about 80 to 95
km (50 to 59 mi), and it contains an excavated central crater also
termed the inner basin (Poag, Hutchinson, and others, 1999;
Powars and Bruce, 1999; Powars, 2000). The central crater is
variously interpreted on the basis of geophysical data to be
approximately 30-38 km (19-24 mi) in diameter and subquad-
rate in shape (Powars and Bruce, 1999; Powars and others,
2003) or about 35-40 km (22-25 mi) in diameter and irregular
in shape (Poag, Hutchinson, and others, 1999). Interpretations
of seismic-reflection data suggest that the floor of the central
crater penetrated crystalline basement about 1.3 km (0.8 mi)
deeper than the lip of the outer rim and 1.6 km (1.0 mi) below
sea level and that a mass of crystalline rock has a diameter of
15-20 km (9-12 mi) and rises as a central peak (uplift) about
900 m (2,950 ft) above the central crater floor (Poag, Plescia,
and Molzer, 2002).

The central crater is surrounded by a flat-floored annular
trough about 24 km (15 mi) in width (Poag and others, 1994).
The margin of the central crater is characterized by uplifted
basement rocks and has been interpreted by Poag, Plescia, and
Molzer (2002) as an irregular peak ring. The outer margin of the
annular trough is roughly circular and is characterized by a ter-
raced zone of inwardly slumped fault blocks (Poag, 1996;
Powars and Bruce, 1999). An outer escarpment ranges in relief
from ~300 m (~1,000 ft) on the northwest to ~1,000 m (~3,300
ft) or more on the southeast (Poag, 1996; Poag, Hutchinson, and
others, 1999). The outer margin of the annular trough is delin-
eated by seismic profiles, which cross it at 61 locations (Poag,
Plescia, and Molzer, 2002, p. 1083), and is generally considered
to be the edge of the crater.
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Figure A3. Satellite image of Chesapeake Bay showing location of the buried impact structure and nearby Mesozoic to Cenozoic
tectonic features. Tectonic features modified from Powars and Bruce (1999, fig. 1) and Powars (2000, fig. 1).
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The crater is surrounded by an outer fracture zone (F in
fig. A3) about 35 km (22 mi) in width that contains discontinu-
ous, concentric faults (Powars, 2000; Powars, Johnson,
Edwards, and others, 2002) and radial faults (Johnson and oth-
ers, 2000; Powars, 2000). All of the crater features are well pre-
served beneath a blanket of postimpact sediments that is about
150—400 m (490-1,300 ft) thick (Poag and others, 1994; Powars
and Bruce, 1999).

The initial interpretations of crater structure and form
relied on the seismic-reflection profiles donated to the USGS by
Texaco and Exxon (Powars and others, 1993; Poag and others,
1994; Poag, 1996, 1997, 1999; Powars and Bruce, 1999). These
profiles were generated from 48-fold, multichannel data col-
lected in Chesapeake Bay and its estuaries by Teledyne Explo-
ration in 1986. The USGS and the National Geographic Society
generated more than 1,200 km (750 mi) of additional marine
seismic-reflection profiles in 1996 from data acquired in a sin-
gle-channel digital format using an air-gun seismic source.
Poag, Hutchinson, and others (1999) based their interpretations
of the crater architecture on these data as well as the earlier Tex-
aco and Exxon data, noting that the single-channel seismic sys-
tem did not resolve the basement surface in the deeper, eastern
part of the crater.

Character of the Target

When the Chesapeake Bay impact structure formed on the
Atlantic continental shelf of eastern North America, the marine
target had three main components arranged as stacked layers:
crystalline rocks, clastic sediments, and seawater. The upper-
most target component consisted of seawater, estimated to have
been in the range of 0-340 m (0-1,115 ft) deep at the impact
site; water depths increased eastward across the structure as dis-
cussed below under the heading, “Water Depths—Impact and
Postimpact.”

The middle target component consisted of stratified,
unconsolidated, mostly Lower and Upper Cretaceous siliciclas-
tic deltaic sediments capped by thinner, Upper Cretaceous to
lower Tertiary shallow-shelf marine sediments. These preim-
pact target sediments formed an eastward-thickening wedge
ranging in thickness from about 400 m (about 1,300 ft) on the
west side of the structure to about 1,500 m (about 4,900 ft) on
the east side (Powars and others, 2003). Beneath the coastal
plain north of the impact structure in Maryland, preimpact sed-
iments dip toward the trough of the tectonic downwarp known
as the Salisbury embayment (fig. A3), where they thicken to as
much as 1,800 m (5,900 ft) about 90 km (60 mi) from the outer
margin (Powars and Bruce, 1999). Preimpact Cretaceous and
Cenozoic deformation of the target sediments is suggested by
coastal plain subsurface mapping at the northern end of the
Cape Fear-Norfolk structural block (J in fig. A3), south of the
crater (Powars, 2000).

The lowermost target component consisted of crystalline
metamorphic and igneous rocks ranging in age from Paleozoic
to Proterozoic and similar in general character to rocks exposed

in the Appalachian Piedmont (Daniels and Leo, 1985; Horton
and others, 1991). The tectonic significance of this crystalline
basement in the Chesapeake Bay target region has been contro-
versial because of limited information, as exemplified by the
wide range of interpretations as part of Laurentia (Sheridan and
others, 1999), Gondwana (Lefort and Max, 1991), or an inter-
vening volcanic arc (Horton and others, 1991).

The Paleozoic and Proterozoic rocks beneath the coastal
plain and continental shelf, like those of the Piedmont, contain
local rift basins of Triassic and Jurassic age. The outer margin
of the Chesapeake Bay impact crater lies about 70 km (40 mi)
east of the Petersburg-Studley rift basin, northeast of an
unnamed basin, and just west of the offshore Norfolk rift basin
(fig. A3). The crater lies west of a basement hinge zone, along
which the upper surface of basement beneath sediments of the
continental shelf deepens abruptly seaward from about 2 km (1
mi) to more than 8 km (5 mi) below sea level (Klitgord and oth-
ers, 1988; Glover and Klitgord, 1995). The hinge zone is char-
acterized by a series of half grabens bounded by seaward-dip-
ping faults, tilted blocks bounded by landward-dipping faults,
and associated sedimentary wedges, which are attributed to
Jurassic rifting that preceded the opening of the Atlantic Ocean
(Klitgord and others, 1988). Seismic-reflection interpretations
in the region must distinguish extensional features associated
with the late Eocene impact structure from those formed by the
earlier rifting.

Land Surface Features

Although the Chesapeake Bay impact crater has no surface
outcrops and can be sampled only by drilling, some features of
the land surface are spatially associated with the buried crater.
The surface geology at the USGS-NASA Langley corehole
consists of shallow bay sediments that were deposited on an
ancestral Chesapeake Bay floor when the late Pleistocene sea
level was 5.5 m (18 ft) higher than the present sea level
(Johnson, 1969). These bay-floor deposits form a flat land sur-
face known as the Hampton flat (Coch, 1971), and their associ-
ated shoreline is the Big Bethel scarp shown in figure A4. The
Big Bethel scarp is about 4 km (2.5 mi) west of the Langley drill
site. The Hampton flat and similar surfaces are commonly
described as terraces.

The geological literature characterizes the Virginia
Coastal Plain geomorphology as a succession of terraces that
descend in elevation toward the Chesapeake Bay, the Atlantic
Ocean, and the large rivers (Oaks and Coch, 1973; Johnson and
others, 1987; Mixon and others, 1989; Johnson and others,
2001). Each terrace is composed of a terrace tread (or flat) that
terminates in a landward scarp. The terrace treads are aggrada-
tional surfaces that formed by fluvial-estuarine, bay, and shal-
low-marine depositional processes (Johnson, 1969; Johnson
and others, 1987, 2001). The valley-facing scarps formed by
fluvial and estuarine erosion, and the coast-facing scarps
formed by shoreline erosion.
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The Big Bethel, Diamond Springs, Harpersville, and Ames
Ridge scarps and the northern part of the Suffolk scarp approx-
imately overlie the outer margin of the buried crater and mimic
its curvature at different locations as shown in figure A4.
Johnson and others (1998) found that Miocene, Pliocene, and
Pleistocene strata show draping and other evidence of differen-
tial movement near the scarps, possibly related to compaction
around the buried crater’s margin.

The USGS-NASA Langley Core

Table A1 and figure AS show the stratigraphic framework
of the outer annular trough as revealed by the 635.1-m-deep
(2,083.8-ft-deep) USGS-NASA Langley corehole at Hampton,
Va. (L in figs. Al and A2). The crystalline basement at this
location consists of Neoproterozoic granite (Horton and others,
2001; Horton, Aleinikoff, and others, 2002; Horton, Kunk and
others, 2002; Horton and others, this volume, chap. B). The top
of the granite at 626.3 m (2,054.7 ft) depth is overlain by 390.6
m (1,281.6 ft) of impact-modified and impact-generated silici-
clastic sediments. These crater-fill materials are preserved
beneath a 235.6-m-thick (773.12-ft-thick) blanket of postim-
pact sediments.

Cretaceous sediments that were variably disturbed by the
late Eocene asteroid or comet impact include crater units A and
B; crater unit A is block faulted, locally fluidized, and grada-
tional upward into crater unit B, which shows extensive fluidi-
zation, infiltration, and mixing (Gohn and others, this volume,
chap. C). These impact-modified sediments were scoured and
covered by ocean-water resurge deposits of the Exmore beds
(polymict, matrix-supported diamicton). The Exmore beds con-
sist of mixed Lower Cretaceous to upper Eocene sediment
clasts (up to boulder size) and minor crystalline-rock clasts
floating in a matrix of glauconitic, quartz-rich, muddy sand that
contains Cretaceous, Paleocene, and Eocene fossils (Edwards
and Powars, 2003; Self-Trail, 2003). The Exmore beds and their
crystalline clasts are discussed in chapters C (Gohn and others),
D (Frederiksen and others), and E (Horton and Izett).

The oldest postimpact stratigraphic unit, the upper Eocene
Chickahominy Formation, is discussed by Poag and Norris (this
volume, chap. F). Chapter G by Powars and others and chapter
H by Edwards and others describe the entire postimpact (upper
Eocene to Quaternary) stratigraphic section.

The stratigraphic framework in figure A5 and table Al is
used throughout this volume with one exception, chapter F, in
which Poag and Norris use the stratigraphic framework of Poag,

Table A1. Stratigraphic units, ages, and contact depths below ground surface at the USGS-NASA Langley corehole, Hampton, Va.

[The USGS-NASA Langley corehole has a total depth below ground surface of 635.1 meters (2,083.8 feet). The ground-surface altitude
of 2.4 m (7.9 ft) is given relative to the National Geodetic Vertical Datum of 1988]

Age Stratigraphic unit Base (ft) Top (ft) Base (m) Top (m)

late Pleistocene Tabb Formation, Lynnhaven 72 0.0 2.2 0.0
Member

Pliocene Yorktown Formation 76.3 7.2 233 22
late Miocene Eastover Formation 224.5 76.3 68.4 23.3
late Miocene St. Marys Formation 405.5 2245 123.6 68.4
early and middle Miocene Calvert Formation 470.9 405.5 143.5 123.6
middle Miocene Calvert Beach Member 456.1 405.5 139.0 123.6
middle Miocene Plum Point Member 461.1 456.1 140.5 139.0
early Miocene Newport News beds 470.9 461.1 143.5 140.5
late Oligocene 0Old Church Formation 5774 470.9 176.0 1435
late early Oligocene Drummonds Corner beds* 601.3 5774 1833 176.0
late Eocene Chickahominy Formation 773.12 601.3 235.65 183.3
late Eocene Exmore beds 884.0 773.12 269.4 235.65
B o nes) crater unit B 14517 8840 4425 269.4
Early Cretaceous crater unit A 2,054.7 1,451.7 626.3 442.5
Neoproterozoic Langley Granite* — 2,054.7 — 626.3

*Units named and defined in this volume.
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Koeberl, and Reimold (2004). A correlation diagram for part of
the USGS-NASA Langley core (fig. A6) shows the distinction
between the informal Exmore beds of Gohn and others (this vol-
ume, chap. C) and the informal Exmore breccia of Poag and
Norris (this volume, chap. F). Poag and Norris (p. F2) use the
term “Exmore breccia” for “the brecciated sedimentary crater-
fill deposits (underlain by either displaced sedimentary mega-
blocks or crystalline basement rocks, and overlain by the fallout
layer)” including all but the very top of the Exmore beds as well
as crater unit B. Poag and Norris also treat thin units (their “fall-
out layer” and “dead zone™) as a transitional interval distinct
from the underlying Exmore breccia and overlying Chickahom-
iny Formation. In summary, the “Exmore breccia” of Poag and
Norris is a general term for impact breccias of any type any-
where in the crater, whereas the “Exmore beds” of Gohn and
others is a term restricted in order to distinguish matrix-sup-
ported polymict sedimentary breccias that formed as water-
resurge deposits from other kinds of impact breccias.

Significant Results

Of the ten chapters (B-K) on the Chesapeake Bay impact
structure that follow this introduction, the first seven (B—H)
present the results of multidisciplinary investigations of sam-
ples from the USGS-NASA Langley corehole. In chapter B,
Horton and others discuss the petrography, structure, age, and
thermal history of granitic basement rock beneath the Atlantic
Coastal Plain at this location. The next three chapters (C-E)
concentrate on impact-generated and impact-modified sedi-
ments in the Langley core. These include Gohn and others’
analysis of the physical geology in chapter C, Frederiksen and
others’ interpretation of the paleontology in chapter D, and Hor-
ton and Izett’s investigation of shocked minerals and crystal-
line-rock ejecta in chapter E. Three additional chapters (F-H)
address the postimpact sediments in the USGS-NASA Langley
core. In chapter F, Poag and Norris interpret the record of early
postimpact deposition and paleoenvironments in the upper
Eocene Chickahominy Formation. Powars and others discuss
the physical stratigraphy of the postimpact, upper Eocene to
Quaternary sedimentary section in chapter G. In chapter H,
Edwards and others present the paleontology of the upper
Eocene to Holocene stratigraphic section.

Two chapters (I and J) use recent geophysical investiga-
tions to decipher the subsurface geology in the western annular
trough and outer margin of the impact structure. In chapter I,
Catchings and others interpret the data from a land-based, high-
resolution seismic-reflection and seismic-refraction profile on
the York-James Peninsula. In chapter J, Pierce discusses sub-
surface information gained from audio-magnetotelluric sound-
ings across the marginal area of the structure on the York-James
Peninsula and the Middle Peninsula in southeastern Virginia.

The volume concludes with chapter K by McFarland and
Bruce on the distribution, origin, and relations to flow of
ground-water salinity along the western margin of the Chesa-
peake Bay impact crater in eastern Virginia. These hydrologic
studies show how the structure, distribution and properties of
materials, and formative processes of the impact crater directly
influence ground-water flow and quality in a region of major
urban development that depends heavily on ground-water
resources.

Crystalline Basement Rocks

The stratigraphic section revealed by the USGS-NASA
Langley corehole at Hampton, Va. (fig. AS), includes the base-
ment rock concealed beneath 626.3 m (2,054.7 ft) of sedimen-
tary deposits and designated the Langley Granite of Horton and
others (this volume, chap. B). The Langley Granite, newly
described in that chapter and discussed in related abstracts
(Horton and others, 2001; Horton, Aleinikoff, and others, 2002;
Horton, Kunk, and others, 2002), is a peraluminous monzogran-
ite of Neoproterozoic age that is pervasively chloritized and
nonfoliated. In chapter B, Horton and others point out that the
absence of shocked minerals and discernible impact heating in
the Langley Granite at this location provides boundary con-
straints for computational models of the impact. The top of the
granite is weathered, but not saprolitized, and is nonconform-
ably overlain by the Cretaceous sediments.

Recent tectonic models of eastern North America have
interpreted little-known basement rocks in the Chesapeake Bay
target region alternatively as a northern extension of the
Roanoke Rapids volcanic-arc terrane (Horton and others,
1991), as a remnant of Gondwanan Archean crust now in north-
west Africa that was left behind when the Atlantic Ocean
opened (Lefort and Max, 1991), or as Mesoproterozoic (Gren-
villian) basement of Laurentia (Sheridan and others, 1999).
Horton and others (this volume, chap. B) present evidence that
the Langley Granite is Neoproterozoic in age and that it formed
in a peri-Gondwanan magmatic arc.

Impact-Modified and Impact-Generated Sediments

The Lower Cretaceous fluvial sediments are nearly pris-
tine just above the granite. The study by Gohn and others (this
volume, chap. C) indicates that, as confining pressure due to the
thickness of overburden decreased upward, the water-saturated
sand beds became increasingly fluidized, and the clay beds
became more intensely fractured. Preimpact Upper Cretaceous
and lower Tertiary marine sediments are missing from their nor-
mal stratigraphic position, but their disaggregated remnants are
mixed into the upper part of the Lower Cretaceous sedimentary
section. The overlying Exmore beds contain a mixture of clasts,
including re-sedimented Cretaceous and Tertiary sediment
clasts as well as sparse shocked minerals and crystalline ejecta.
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The mixture suggests scouring and erosion of the nearfield
ejecta and underlying sediments by the resurge of seawater and
debris flows into the crater.

The study by Frederiksen and others (this volume, chap.
D) indicates that spore-pollen samples from crater units A and
B are derived from the Cretaceous Potomac Group and that the
upper part of crater unit B also contains microfossils derived
from lower Tertiary formations. Their study of microfossils
shows that the Exmore beds contain clasts that range in age
from Early Cretaceous to late Eocene. Significantly, the
Exmore contains microfossil species known only from the
lower part of the middle Eocene and others known only from
the uppermost middle Eocene and lowermost upper Eocene.
Strata of these ages have never been recovered in the subsurface
of the Virginia Coastal Plain but were once present and possibly
have since been eroded away. In addition, some dinoflagellate
cysts from the Exmore are fused, curled, fragmented, or other-
wise degraded, and this damage is attributed to heat and abra-
sion during the oceanic impact, as also discussed by Edwards
and Powars (2003). Some calcareous nannofossils appear to
have impact-induced fractures (Self-Trail, 2003).

Horton and Izett (this volume, chap. E) confirm the pres-
ence of rare shocked quartz grains in the sandy matrix of the
Exmore beds and in reworked crystalline-rock clasts in and just
below the Exmore in the Langley core. Some crystalline-rock
clasts are interpreted to be derived from ejecta because they
contain shocked quartz and associated cataclastic fabrics. In the
Langley core, nearly all of these clasts consist of variably por-
phyritic felsite. The contrast between relatively uniform crystal-
line-ejecta compositions at this site and more varied composi-
tions at the Bayside and North sites suggests that the ejecta were
distributed unevenly, perhaps in rays (Horton and Izett, this vol-
ume, chap. E). The impact event provided a remarkable sam-
pling tool by excavating an enormous volume of target rock,
including little-known basement terranes (Horton and others,
1991; Rankin, 1994; Sheridan and others, 1999), and scattering
fragments where they can be retrieved at shallower levels.

Resurge deposits of the Exmore beds apparently were
injected and mixed into variably liquefied, slumped sediments
in the upper part of crater unit B, where Horton and Izett (this
volume, chap. E) found shocked quartz in a single clast of felsic
impact breccia (at 275.8 m (905.0 ft) depth), and where Fred-
eriksen and others (this volume, chap. D) reported the only two
matrix samples from crater unit B found to contain Tertiary
microfossils. These include one dinocyst sample (at 278.4 m
(913.4 ft) depth) and one calcareous nannofossil sample (at
298.5 m (979.3 ft) depth) that contain specimens of mixed Pale-
ocene and Eocene ages (Frederiksen and others, this volume,
chap. D), although the nannofossil sample is from the top of a
drilling run and could be contaminated (Gohn and others, this
volume, chap. C). However, zones containing glauconite of
marine origin, presumably of Late Cretaceous and Tertiary age,
occur at irregular intervals throughout crater unit B in the matrix

between blocks derived from the older Cretaceous Potomac
Formation.

Postimpact Sediments

Three chapters decipher the depositional environments,
physical stratigraphy, and paleontology of postimpact sedi-
ments in the Langley core. In chapter F, Poag and Norris use
stable-isotope, foraminifera, and bolboformid analyses of cores
from several sites inside the crater (including the USGS-NASA
Langley, Bayside, and North cores) and a variety of geophysical
data to interpret the regional record of early postimpact deposi-
tion and paleoenvironments of the upper Eocene Chickahominy
Formation. They also propose that the uppermost and latest syn-
impact fallout deposit is contained in a thin, pyrite-bearing layer
overlain by a thin postimpact “dead zone” as illustrated in figure
A6. The oxygen and carbon isotopic data characterize three
warm pulses that occurred during the deposition of the Chicka-
hominy Formation. They interpret this climate history as possi-
ble evidence for the Chesapeake Bay impact and other late
Eocene impacts collectively exerting long-term influence on
global climate that led to the early Oligocene mass extinction
event.

In chapter G, Powars and others use borehole geophysical
logs to correlate lithostratigraphy of the Langley core with the
land-based, high-resolution seismic-reflection data. They apply
the correlated lithologic and geophysical data to characterize
the physical stratigraphy of the postimpact, upper Eocene to
Quaternary sedimentary section of the Langley core. Their cor-
relation with the seismic data indicates that the postimpact units
have distinct seismic signatures and that they are faulted. Sig-
nificantly, most of the postimpact deposits are fine-grained sed-
iments that slowly filled and buried the crater and therefore pre-
served several upper Eocene to lower Miocene stratigraphic
units not found in the Virginia Coastal Plain outside the struc-
ture. A newly recognized Oligocene stratigraphic unit, the
Drummonds Corner beds (informal name) (fig. A5), is
described in chapter G by Powars and others.

In chapter H, Edwards and others present the paleontology
of the postimpact upper Eocene to Quaternary stratigraphic sec-
tion in the Langley core and include data on dinoflagellates, dia-
toms, mollusks, silicoflagellates, calcareous nannofossils,
ostracodes, foraminifera and bolboformids, and vertebrate
remains. They characterize the depositional and paleoenviron-
mental record of the postimpact sediments and discuss sediment
accumulation rates, the paleontology of the newly recognized
Drummonds Corner beds (informal name), and the reworking
of impact-damaged microfossils into postimpact units. Varia-
tions in the rate of sediment accumulation indicate at least two
episodes of rapid filling at about 20 meters per million years
(~20 m/m.y.; ~66 ft/m.y.) during the late Eocene and late
Miocene and several unconformities during the early and mid-
dle Miocene at this site.
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Water Depths—Impact and Postimpact

The impact target was located on a gently sloping conti-
nental shelf where water depths increased seaward. Interpreted
water depths for the western outer margin of the crater and esti-
mated seabed gradients are used to project water depths at the
eastern outer margin.

Target-water depth at the western outer margin of the
crater.—At the crater’s western outer margin near Newport
News, Va. (fig. Al, locality NN), the estimated late Eocene
water depth of the target is between minimum and maximum
limits of about 0 and 170 m (0 and 560 ft). This depth range is
interpreted on the basis of data from three coreholes: one updip
of the crater at Putneys Mill, Va. (P in fig. A1), one updip at
Haynesville, Va. (H in fig. A1), and one north of the crater at
Solomons Island, Md. (north of the area shown in fig. Al).
Benthic and planktonic foraminifera from the uppermost preim-
pact unit, the Piney Point Formation, in these cores indicate
middle Eocene paleodepths of about 20—~150 m (about 60-490
ft) (Poag, 1989; Bybell and Gibson, 1994; Gibson and Bybell,
1994). Projections from these locations (because the Piney
Point is not intact in the crater) along the paleoshelf slope indi-
cate middle Eocene water depths of about 20-170 m (about 60—
560 ft) at the western outer margin. Subtracting 0-50 m (0-164
ft) from the middle Eocene depths to account for eustatic sea-
level decline (Haq and others, 1988; Kominz and others, 1998)
indicates late Eocene target-water depths of about 0-170 m
(about 0-560 ft) at the western outer margin.

Target-seabed gradient.—The target seabed probably had
a gradient between minimum and maximum limits of about
1:1,000 and 1:500; this range of gradients is based on Tertiary
and modern analogs. A continental shelf gradient of 1:1,000 is
approximately equivalent to the landward part of Tertiary
reconstructions (for example, by Pekar and others, 2001) and
the modern shelf as measured from Emery and Uchupi (1972).
A gradient of 1:500 is approximately equivalent to the steeper,
seaward part of Tertiary reconstructions (for example, by Steck-
ler and others, 1999; Pekar and others, 2001).

Projected water depths across impact target.—The seabed
gradients are used here to project target-water depth limits from
the western outer margin to the center and to the eastern outer
margin of the 85-km-diameter (53-mi-diameter) impact target.
Projection of water paleodepths of 0-170 m (0-560 ft) from the
western outer margin along a 1:1,000 gradient across the target
yields paleodepths of 42.5-212.5 m (139-697 ft) at the center
and 85-255 m (279-837 ft) at the eastern outer margin, whereas
projection along a 1:500 gradient yields paleodepths of 85-255
m (279-837 ft) at the center and 170-340 m (560-1,115 ft) at
the eastern outer margin. The metric numbers are rounded in
10-m increments and summarized below.

On the basis of these projections, the estimated target-
water depths are in the range of about 0-170 m (0-560 ft) (mean
value 85 m, 280 ft) at the western outer margin, about 40-260

m (131-853 ft) (mean value 150 m, 492 ft) at the center, and
about 80-340 m (263-1,115 ft) (mean value 210 m, 689 ft) at
the eastern outer margin of the crater target. If the paleoshelf
steepened abruptly at an undetermined clinoform rollover point
between a landward gradient approaching 1:1,000 and a sea-
ward gradient approaching 1:500 as in some Tertiary recon-
structions (Steckler and others, 1999; Pekar and others, 2001),
the water depths would be within these limits.

Water depth after impact.—The postimpact Chickahom-
iny Formation was deposited in a circular depression over the
crater as illustrated on the isopach map in chapter F (Poag and
Norris, this volume, chap. F, fig. F11), and so the water paleo-
depth probably exceeded that of the preimpact target seabed.
Benthic and planktonic foraminiferal assemblages in the Chick-
ahominy indicate a seabed paleodepth of about 300 m (984 ft),
which is the outer neritic to upper bathyal environment (150
500 m (500-1,600 ft) depth) with restricted oxygen availability
and high flux of organic carbon (Poag and Norrris, this volume,
chap. F). Ostracodes also indicate that the Chickahominy For-
mation was mainly outer neritic to upper bathyal (Edwards and
others, this volume, chap. H).

Dating the Impact Event

Chapters D, F, and H on paleontology of the Langley core
agree that the age of the late Eocene Chesapeake Bay impact
event is approximately 35.7 to 35.8 Ma (million years before the
present). However, in chapter E, Horton and Izett present a
weighted mean total fusion *°Ar/**Ar age of 35.3 Ma (0.1 Ma
at 1o, +0.2 Ma at 20) for 19 analyses of 4 North American tek-
tites, and they interpret this as the age of the impact event.

Frederiksen and others (this volume, chap. D) determined
from calcareous nannofossils that the Exmore beds belong to
Zone NP 19/20 and that the impact occurred during the early
part of the time represented by that zone at approximately 35.7—
35.8 Ma. Poag and Norris (this volume, chap. F) give an extrap-
olated age of impact of about 35.78 Ma in their figures F6 and
F26, while recognizing a range of uncertainty from 35.2 to 36.0
as shown in gray in their figure F3.

Edwards and others, in chapter H, independently calcu-
lated limits on sediment accumulation rates in the postimpact
Chickahominy Formation based on zone boundaries and the
Eocene-Oligocene boundary from the time scale of Berggren
and others (1995); they note that Poag and Norris (this volume,
chap. F) arrived at nearly identical rates by using slightly differ-
ent assumptions. Then, as shown in figure H10, Edwards and
others projected the base of the Chickahominy Formation in the
Langley core into the time scale of Berggren and others (1995),
using these zone boundaries and sediment accumulation rates to
yield a value of 35.7-35.8 Ma for the age of impact. They note
that this value is ultimately based on the geomagnetic reversal
time scale of Cande and Kent (1995), which is calibrated to iso-
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topic ages of 33.7+0.4 and 46.8+0.5 Ma; the calibration uses a
cubic spline fit that does not take the age uncertainties into
account (M.J. Kunk, USGS, written commun., 2003).

For ages determined by different methods and having var-
ious accuracies, the age of impact of 35.7-35.8 Ma based on
microfossil zones calibrated to Berggren and others’ (1995)
time scale is not significantly different from the 35.3+0.2 Ma
(20) age of tektites reported in chapter E by Horton and Izett.

Structural Interpretation of Seismic Data

The first parts of the crater to be subjected to more inten-
sive study in the current phase of deep coring and high-resolu-
tion seismic-reflection surveying are the outer annular trough
and its outer margin. In 2001, the USGS completed a 9-km-long
(5.6-mi-long) high-resolution, land-based seismic-reflection
and seismic-refraction survey (common-depth-point interval
2.5 m (8.2 ft)) on the York-James Peninsula (Catchings,
Powars, and others, 2001; Catchings, Saulter, and others, 2001;
Catchings and others, 2002). This seismic survey is linked to the
adjacent Langley and Watkins School coreholes shown in fig-
ure A2 by borehole geophysical logs. The USGS investigators
completed a similar 9-km-long (5.6-mi-long), high-resolution
seismic survey along the Middle Peninsula (also crossing the
outer annular trough and outer margin) in 2002 and obtained 4.6
km (2.9 mi) of data on the southern Delmarva Peninsula across
the inner rim and central part of the crater (fig. A2). The data
processing and interpretation of these profiles are still in
progress.

In chapter I, Catchings and others (this volume) correlate a
1-km-long (0.62-mi-long) high-resolution seismic-reflection
and seismic-refraction profile with lithologic and geophysical
logs from the adjacent Langley corehole to decipher subsurface
stratigraphic and structural details in the western annular
trough. A stratabound, extensional collapse structure in that part
of the impact-disturbed sedimentary section is generally con-
fined to crater units A and B, with only a few minor offsets in
the top of the Langley Granite, as shown by Catchings and oth-
ers (this volume, chap. I). The abundance of faults in this inter-
val increases upward, suggesting that extension increased in
proportion to the decrease in overburden confining pressure.
The top of the stratabound extensional fault system appears to
be truncated at the base of the Exmore beds, except for a few
faults that may be younger or reactivated, implying that forma-
tion of the extensional collapse structure largely preceded dep-
osition of the water-resurge debris flows. More structural anal-
ysis of the faults is needed to determine if they formed by
vertical extension due to rebound or lateral extension associated
with inward slumping of sediments in the annular trough.

The high-resolution seismic data also provide guidance for
interpreting the lower resolution marine seismic data, enabling
the recognition of numerous collapse structures across the west-

ern annular trough (Powars and others, 2003). Most of these
structures disrupt parautochthonous Cretaceous sediments,
ocean-water resurge sediments, and postimpact sediments,
thereby suggesting detachment zones within the sedimentary
section. Many extensional collapse structures are formed by
abundant short-displacement faults rather than a few normal
faults of large displacement.

The marine seismic data and preliminary interpretation of
the high-resolution land-based seismic data can be used to dis-
tinguish the discontinuous, locally inclined or offset reflectors
interpreted to be slumped fault blocks from overlying resurge
deposits of the Exmore beds; these data can also be used to dis-
tinguish the more continuous horizontal reflectors that represent
little-disturbed Cretaceous sediments outside the crater (Powars
and others, 2003). These sediments appear to be faulted to a
much lesser degree than the slump blocks. Inward-dipping nor-
mal faults and antithetic faults define the typically rotated
slump blocks. A few major normal faults displace the sediment-
crystalline rock contact, indicating that they are relatively deep
seated.

Resurge-tsunami and overlying postimpact sediments bur-
ied the irregular upper surface of the slump blocks. Observed
thickness variations, dip reversals, and fault displacements of
these sediments probably result from differential compaction
across the underlying irregular surface. The impact-generated
resurge deposits are up to 100 m (330 ft) thick in the annular
trough but abruptly thin to 7.5 m (24.6 ft) just outside the outer
margin in the Watkins School corehole (Powars and others,
2003).

Interpretation of Audio-Magnetotelluric (AMT)
Soundings

Pierce (this volume, chap. J) discusses 18 tensor audio-
magnetotelluric soundings that were collected in 2000 and 2001
to provide cross-section images of the electrical-response vari-
ations in traverses across the western outer margin of the crater
(fig. A2). These soundings use the electromagnetic signals from
distant lightning or atmospheric disturbances to determine vari-
ations in electrical resistivity of the earth as a function of depth
(Vozoff, 1991). The orthogonal magnetic and electrical fields
are measured to determine impedance tensors that account for
anisotropy. Chapter J explains how resistivities were calculated
from these impedances and used to construct two cross sections
that show electrical-response variations in the structure as a
function of depth on the York-James Peninsula and on the Mid-
dle Peninsula.

The audio-magnetotelluric soundings and resultant electri-
cal cross sections of the York-James Peninsula and Middle Pen-
insula in Pierce’s chapter J show a nearly vertical zone of high
resistivity at the outer margin of the annular trough, which can
be used to map the structure. The high resistivity may be caused
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by fresh ground water discharging from the Lower Cretaceous
sediments at the outer margin, by cementation along the fault
zone, or by compaction of the sediments as a result of the
impact event. Impedance trends to the northwest on the York-
James Peninsula and to the northeast on the Middle Peninsula
match the curvature of the structure. The electrical cross sec-
tions also image the lateral contact between conductive sedi-
ments and resistive basement, which is close to the technique’s
depth limit of resolution.

Hydrologic Effects and Water-Resources
Implications

The Chesapeake Bay impact crater coincides approxi-
mately with Virginia’s inland saltwater wedge in which saline
ground water extends about 50 km (30 mi) landward of its nor-
mally expected position along the coast of southeastern Vir-
ginia. Powars and others (this volume, chap. G) describe it as a
bulge rather than a wedge, because the saline ground water
extends into shallower depths than in the region surrounding the
crater. McFarland and Bruce (2002; this volume, chap. K) stud-
ied chemical analyses of water squeezed from sediment cores
and pumped out of water wells in order to understand the rela-
tions between crater structure and ground-water salinity. These
analyses included chloride, bromide, and chlorine-36, as well as
stable hydrogen and oxygen isotopes and specific conductance.

In chapter K, McFarland and Bruce present chemical and
isotopic analyses of ground-water samples from the USGS-
NASA Langley, Bayside, and North cores and from water wells
on the western margin of the impact structure. These analyses
indicate that the high ground-water salinities of the Virginia
inland saltwater wedge, or bulge, were more likely produced by
mixing of freshwater and seawater than by other possible mech-
anisms. Vertical profiles of specific conductance and chloride
concentrations indicate a zone of mixing along the western mar-
gin of the structure. These profiles also support the concept that
the crater structure has caused differential flushing of residual
seawater, older than 2 Ma and possibly as old as 35 Ma, to cre-
ate the saltwater bulge.

Some chloride concentrations in ground water from the
interior part of the crater (Kiptopeke well) exceed those of mod-
ern seawater. Stable hydrogen and oxygen isotopic ratios indi-
cate that these brines probably were produced by evaporation
(McFarland and Bruce, this volume, chap. K). Sanford (2002,
2003) has demonstrated that brine production from the escape
of steam caused by the heat of the impact is at least theoretically
possible. Future discovery of hydrothermal mineralization
along pathways for escaping steam would favor this interpreta-
tion, whereas discovery of ground-water brines beneath the
Adtlantic Coastal Plain outside the crater would favor alternative
explanations.

Ground water is expected during the next several decades
to provide much of the required increase in water supply for
southeastern Virginia, one of the most rapidly growing areas on
the Atlantic Coast. The potential influence of the Chesapeake
Bay impact crater on the future of this region’s ground-water
resource is profound.

Conceptual Model

A conceptual model of the Chesapeake Bay crater forma-
tion in stages, illustrated in figure A7, is derived from a synthe-
sis of the chapters in this volume and concepts of the cratering
process as summarized by French (1998). The preimpact target
on the Atlantic continental shelf consisted of three main compo-
nents as illustrated in figure A7A: (1) crystalline basement rocks
deepening eastward; (2) poorly consolidated, water-saturated
siliciclastic sediments, including nonmarine Upper Cretaceous
and Lower Cretaceous beds and a veneer of marine Upper Cre-
taceous and Paleocene to upper Eocene beds; and (3) ocean
water ranging in depth from about 0-170 m (0-560 ft) on the
west side to about 80—340 m (263-1,115 ft) on the east side.
Contact of the projectile produced shock waves in the target and
projectile, vaporizing the projectile and causing vaporization,
melting, and shock deformation in the target.

Figure A7B illustrates the crater excavation stage in which
shock-wave expansion into the target forced material outward,
upward (ejecting high-velocity particles), and downward to
form a bowl-shaped transient cavity or transient crater. The
shock wave also caused shock deformation and associated
faults and fractures, melts lining the transient cavity, outward
excavation flow of material forming an ejecta curtain, and an
uplifted rim.

The transient water cavity is interpreted to have had about
the same diameter as the transient cavity in underlying rocks
and sediments on the basis of numerical simulations of marine-
target craters (Ormo and others, 2002; Shuvalov and others,
2002). The numerical models indicate that the growing crater
rim and ejecta curtain pushed the water aside to form a water
surge, which eventually broke up and initiated tsunamis.

As soon as the transient cavity ceased to expand, crater
modification by gravity-driven processes occurred as illustrated
in figure A7C. Rebound and collapse of the central crater and
central uplift were accompanied by inward slumping of water-
saturated sediments within the annular trough beyond the cen-
tral crater and by the resurge of seawater and submarine debris
flows into the cavity as documented in other marine craters (von
Dalwigk and Ormd, 2001). The collapse structures are illus-
trated by images of seismic profiles in chapters F and I, and the
impact-modified and impact-generated sediments are described
and illustrated in chapters C, D, and E. The high-energy resurge
debris flows were followed by settling of fallout particles and
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other material suspended in the water column, which led to a
resumption of normal marine sedimentation. Figure A7D illus-
trates subsequent burial of the crater by postimpact sedimenta-
tion as documented in chapters F, G, and H.

The studies in this volume are consistent with a model for
internal structure of the sedimentary section of the annular
trough of the Chesapeake Bay impact crater as consisting of
slumped, normal-fault-bounded megablocks overlain by water-
resurge debris flows (Exmore beds). This model likely remains
accurate for the large slump blocks at the outer margin. The
shallow collapse structures are similar to shallow extensional
features recently observed in the Silverpit crater of the North
Sea (Stewart and Allen, 2002).
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Abstract

The USGS-NASA Langley corehole at Hampton, Va., was
drilled in 2000 and was the first corehole to reach coastal plain
basement in the late Eocene Chesapeake Bay impact structure.
The Langley core provided samples of granite that had been
concealed by 626.3 meters (2,054.7 feet) of preimpact, synim-
pact, and postimpact sediments. The granite, here named the
Langley Granite, is pale red, medium grained, massive, and
homogeneous in composition and fabric. It has a peraluminous
composition (alumina saturation index 1.1) and a seriate-
inequigranular, hypidiomorphic, isotropic fabric.

A pervasive secondary mineral assemblage of chlorite +
albite + clinozoisite is consistent with either deuteric alteration
or lower greenschist-facies metamorphism. Chlorite, the princi-
pal mafic mineral, occurs as tabular masses that suggest pseudo-
morphous replacement of biotite. The top of the granite is
weathered but not saprolitized and is nonconformably overlain
by Lower Cretaceous clastic sediments.

A SHRIMP 2%6Pb/238U weighted average zircon age of
612+10 Ma (20) indicates Neoproterozoic crystallization of the
Langley Granite. The “°Ar/*°Ar ages of microcline and plagio-
clase are consistent with regional cooling and uplift after the
late Paleozoic Alleghanian orogeny. Zircon and apatite fission-
track cooling ages of 375+44 Ma and 184+32 Ma (20), respec-
tively, indicate no discernible impact-related thermal distur-
bance at the Langley corehole location in the annular trough of
the structure about 19 kilometers (12 miles) outside the margin
of the central crater.

1U.S. Geological Survey, Reston, VA 20192.
ys. Geological Survey, Denver, CO 80225.

Modeling the apatite fission-track data places upper limits
on the impact-related heating at this location. For an impact-
related thermal disturbance equivalent to a modeled thermal
spike having a duration of 1 to 0.1 million years, temperatures
in this part of the impact structure could not have been higher
than about 100°C-120°C.

Most fractures, faults, and veins in the Langley Granite
contain lower greenschist-facies minerals and are inferred to
predate the impact. No shock-metamorphosed minerals or other
features clearly attributable to the impact were found in the
granite. Studies of the granite provide a glimpse into the nature
of crystalline terranes beneath the Atlantic Coastal Plain and
Chesapeake Bay and provide limits on the geographic extent of
impact-generated shock and thermal effects.

Introduction

The USGS-NASA Langley corehole at Hampton, Va., was
drilled in 2000 and was the first corehole to reach coastal plain
basement in the late Eocene Chesapeake Bay impact structure.
This structure is near the mouth of Chesapeake Bay, where it
lies buried beneath postimpact sediments of the Atlantic
Coastal Plain (fig. B1); it was described in earlier reports (Poag
and others, 1992, 1994; Poag, 1996, 1997, 1999; Powars and
Bruce, 1999; Powars, 2000). The Chesapeake Bay impact struc-
ture is one of the largest on Earth and is one of the few fully
marine impact structures that have been extensively studied by
seismic reflection and drilling (Reimold and others, 2002).

These studies reveal that the buried structure is a complex
impact crater 85 kilometers (km; 53 miles (mi)) wide. It consists
of an excavated central crater, which is 30-38 km (18-24 mi)
wide and 1-2 km (0.6-1.2 mi) deep, surrounded by a flat-
floored annular trough, which is 21-31 km (13-19 mi) wide and
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Figure B1. Regional map showing the location of the Chesapeake Bay impact
structure, the USGS-NASA Langley corehole at Hampton, Va., and some other
coreholes in southeastern Virginia. Locations of the central crater and outer
margin are from Powars and Bruce (1999). The extent of the outer fracture
zone (light gray) is based on Powars (2000) and Johnson and others (2001);
the eastern part is speculative. lllustration modified from Powars, Johnson,
and others (2002) and Edwards and Powars (2003).

contains disrupted sediments, a slumped terrace zone, and an
eroded escarpment (Poag, 2002; Powars, Gohn, and others,
2002; Powars, Johnson, and others, 2002). This annular trough
is encircled by a 35-km-wide (22-mi-wide) outer fracture zone
of concentric faults (Powars, Gohn, and others, 2002; Powars,
Johnson, and others, 2002).

The innermost part of the annular trough is interpreted by
some workers (Poag, Hutchinson, and others, 1999; Poag,
2002; Poag and Norris, this volume, chap. F) to be underlain by
a crystalline-rock peak ring that surrounds the central crater. In
Poag’s (2002) interpretation, a peak ring was inferred to be
about 9 km (5.6 mi) wide and to have about 126 meters (m; 413
feet (ft)) of relief, and the central crater was inferred to contain

37°06" [0

Al il

LANGLEVAI,RPO“( EB F b i
':;‘ y

77} uscswasa K. ,5' ;

2 L
® /K
i /’:z Y7 N

Ry D (S Ly \\\ﬂmsz:‘ X

>

37°05'

0 05KILOMETER

0 7 05MILE

Base from U.S. Geological Survey
Newport News North, 1986, 1:24,000

Figure B2. Detailed map showing the locations of the USGS-NASA Langley
corehole (59E 31) and the 1974 NASA Langley test well (59E 5) at the NASA
Langley Research Center, Hampton, Va. In 2000, the corehole provided sam-
ples of granite; for the 1974 well, “granite” was also reported beneath sedi-
ments of the coastal plain (Johnson, 1975).

a 5-km-wide (3-mi-wide) central peak having about 620 m
(2,034 ft) of relief.

The USGS-NASA Langley corehole is on the York-James
Peninsula at the National Aeronautics and Space Administra-
tion (NASA) Langley Research Center in Hampton, Va., about
19 km (12 mi) outside the margin of the central crater and about
8 km (5 mi) inside the outer margin of the annular trough as
mapped by Powars and Bruce (1999) (figs. Bl and B2). The
hole was drilled by the U.S. Geological Survey (USGS) and
cooperators (see “Acknowledgments™). Preliminary descrip-
tions of the core are available in Gohn, Clark, and others (2001),
Gohn, Powars, and others (2001), Horton and others (2001),
and Powars and others (2001).



The core shows a weathered granite below 626.3 m
(2,054.7 ft) depth. This granite is overlain by weakly to strongly
impact-disturbed preimpact sediments (crater units A and B of
Gohn and others, this volume, chap. C), followed by a crater-fill
unit informally known as the Exmore beds (Powars and others,
1992; Gohn and others, this volume, chap. C) and by postimpact
sediments (Powars and others, this volume, chap. G).

The impact-disturbed sediments include a basal crater unit
A, consisting of autochthonous Lower Cretaceous sediments of
the Potomac Formation, which Gohn and others (this volume,
chap. C) divide into lower beds (nonfluidized) and upper beds
(variably fluidized). Crater unit A is present in the Langley core
between depths of 626.3 and 442.5 m (2,054.7 and 1,451.7 ft)
and is 183.8 m (603.0 ft) thick.

The overlying crater unit B consists of Lower Cretaceous
sediments that have zones of extensive fluidization, injection,
and mixing (Powars, Gohn, and others, 2002; Gohn, Powars,
and others, 2001 and this volume, chap. C). Crater unit B is
present in the Langley core between depths of 442.5 and 269.4
m (1,451.7 and 884.0 ft) and is 173.0 m (567.7 ft) thick.

The overlying unit known as the Exmore beds is a
polymict diamicton composed of mixed sediments previously
interpreted as tsunami deposits (Powars and Bruce, 1999;
Powars, 2000) and reinterpreted as mainly seawater-resurge
deposits (Gohn and others, this volume, chap. C). The Exmore
beds in the Langley core extend from 269.4 to 235.65 m (884.0
to 773.12 ft) depth and have a thickness of 33.8 m (110.9 ft).

Crystalline rocks hidden under the thick blanket of Atlan-
tic Coastal Plain and continental margin sediments make up one
of the most poorly understood areas of geology in the United
States (LeVan and Pharr, 1963; Denison and others, 1967;
Daniels and Leo, 1985; Russell and others, 1985; Pratt and oth-
ers, 1988; Horton and others, 1991; Rankin, 1994; Glover and
others, 1997; Sheridan and others, 1999). Initial results of inves-
tigations on crystalline basement and impact-derived clasts
from the most recent coreholes in the Chesapeake Bay impact
structure were summarized in Horton and others (2001), Hor-
ton, Aleinikoff, and others (2002), and Horton, Kunk, and oth-
ers (2002).

Studies of granite in the USGS-NASA Langley core, pre-
sented below, provide insight into the nature of crystalline base-
ment terranes beneath the Atlantic Coastal Plain and Chesa-
peake Bay. They also provide boundary constraints on the
geographic extent of impact-generated shock and thermal
effects for numerical models of the late Eocene impact event.

Langley Granite (Here Named)

The Langley Granite is here named for the NASA Langley
Research Center in Hampton, Va., where it was recovered in
drill core from the USGS-NASA Langley corehole. The core-
hole site (fig. B2) is designated the type locality. It is “a short

Granitic Coastal Plain Basement, USGS-NASA Langley Core B3

distance north of Langley Boulevard and southwest of Building
1190 in an open grassy area” (Powars and others, 2001, p. 3).
The corehole is at lat 37°05'44.28" N., long 76°23'08.96" W.
(North American Datum of 1927), at a ground-surface altitude
of 2.4 m (7.9 ft) above the North American Vertical Datum of
1988.

Chloritized granite in the core extends from the upper con-
tact at a depth of 626.3 m (2,054.7 ft) to the end of the core at
635.1 m (2,083.8 ft) below the ground surface (fig. B3A). In the
corehole, the Langley Granite is overlain by clastic sediments of
crater unit A, which are derived from the Cretaceous Potomac
Formation; the upper contact of the granite is visible in the core
as a sharp nonconformity (figs. B3B8 and B3C). The uppermost
granite is highly weathered and crumbly, but no saprolite is
present. Of the 8.9 m (29.1 ft) of granite core recovered, only
the lowest ~0.9 m (~3 ft) is mostly unweathered except along
fractures. The core shows a weathering profile in granite that
appears to have been essentially homogeneous in original com-
position and grain size. The progressive decrease in weathering
with increasing depth below the upper contact is conspicuous.

The top of the coastal plain basement in this area is char-
acterized on seismic-reflection profiles by a distinct pair of
reflectors (Catchings and others, this volume, chap. I), which
we interpret as the top of the weathered granite (or other crys-
talline rock) and the base of the underlying transition from
weathered to unweathered rock. The thickness of the weather-
ing profile based on these data is about 40 m (about 130 ft).

Rounded pebbles of the granite in overlying Cretaceous
sediments are present within about 2 m (6 ft) of the contact in
the Langley core (fig. B3B,C); the pebbles diminish upward in
size and abundance. The upper contact of the granite in the core
is not faulted, although irregularly spaced faults were observed
in the Langley core through the overlying Cretaceous sedi-
ments.

The areal extent of the Langley Granite beyond the USGS-
NASA Langley corehole is undetermined because the body is
concealed by coastal plain sediments. The Langley Granite was
apparently drilled in 1974 in well 59E 5 (fig. B2), where “gran-
ite” cuttings were reported from a depth of about 636 m (2,088
ft) (table 1 of Johnson, 1975); a full description of the rock in
these cuttings is unavailable. The location of this well in figure
B2 is from unpublished USGS drilling records provided by Gre-
gory S. Gohn (USGS, written commun., 2001) and is consistent
with Powars and Bruce (1999, appendix 1A); it is at lat
37°05'38" N., long 76°22'43" W. Both the 59E 5 well and the
newer USGS-NASA Langley corehole are located within a
poorly defined 28-milligal gravity low, which was interpreted
as evidence for a buried granitoid pluton in the vicinity of the
NASA Langley Research Center before the Langley corchole
was drilled (Daniels and Leo, 1985; Horton and others, 1991).
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Figure B3. Photographs of sections of the USGS-NASA Langley core
showing the Langley Granite and its upper contact. In core boxes, depth
increases from left to right and top to bottom. Depths handwritten on the
core boxes in feet are repeated in type for clarity. A, Core box 206 show-
ing the deepest, least weathered section of Langley Granite core from
633.6 to 635.1 m (2,078.9 to 2,083.8 ft) depth; the granite is massive,
medium grained, homogeneous in composition and fabric, nonfoliated,
and mostly unweathered except along fractures. White spacer in the
third column replaces slab from which sample NL2083.1 was taken. The
scales are in centimeters (right side) and inches (left side). B, Upper con-
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tact of the Langley Granite in core box 202. Arrow points to the noncon-
formable contact between the weathered Langley Granite and over-
lying sediments of crater unit A derived from the Cretaceous Potomac
Formation; the contact was drilled at 626.3 m (2,054.7 ft) depth. The
contact was in the third column from left, 1.5 cm (0.59 in.) above the
tick mark on the cardboard divider when the photograph was taken. The
scales are in centimeters (right side) and inches (left side). C, Same
nonconformable contact (at arrow) in closeup view. The centimeter
scale has millimeter subdivisions.
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Figure B3. Continued.

Petrography, Mineralogy, and Texture

The Langley Granite in the USGS-NASA Langley core is
pale red, medium grained, massive, homogeneous in composi-
tion and fabric, and nonfoliated (fig. B3C; see sample descrip-
tions in appendix B1). The fabric is seriate-inequigranular,
hypidiomorphic, homogeneous, and isotropic. The granite con-
sists of oligoclase and albite (33-35 percent by volume), micro-
cline (21-25 percent including perthite), quartz (3240 per-
cent), greenish-black chlorite (4-8 percent), and less than 1
percent opaque minerals (table B1). The rocks in all four of the
thin sections examined are classified as monzogranite. Trace
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minerals identified by optical microscope, scanning-electron
microscope (SEM), and X-ray diffraction include monazite, cli-
nozoisite, titanite (within chlorite), hematite, iron-titanium
oxides, apatite, and zircon. No amphibole, biotite, muscovite,
garnet, or cordierite were found.

The microcline is mostly perthitic, having albite inter-
growths and clean albite-free rims (fig. B4A). Plagioclase crys-
tals are euhedral to subhedral, have concentric zones accentu-
ated by differences in saussuritization, and locally coalesce as
glomerocrysts. Both oligoclase and albite are present. In thin
section under transmitted light, the oligoclase and albite appear
cloudy, whereas quartz is clear. Quartz commonly has undula-
tory extinction, and some of the largest crystals have deforma-
tion bands. Disseminated micrographic (granophyric) inter-
growths of microcline, quartz, and plagioclase make up about
10 percent of the rock. This granophyre, formed by the simulta-
neous crystallization of feldspars and quartz, is interpreted to
represent the last fraction of granite to crystallize from a water-
saturated melt.

Chlorite, the principal mafic mineral, occurs as tabular
masses (fig. B4B), suggesting pseudomorphous replacement of
biotite. The chlorite is magnesium-rich (as indicated by SEM
backscatter data) clinochlore (as determined by X-ray diffrac-
tion). SEM backscatter imaging indicates that the chlorite has
abundant inclusions of other minerals, including albite, an epi-
dote mineral (clinozoisite?), titanite, and a low-titanium iron
oxide. Trace amounts of magnetite evident in hand samples are
associated with chlorite.

The granite has been pervasively chloritized, as evidenced
by the abundant chlorite in shapes suggesting pseudomorphous
replacement of biotite and by the apparent absence of igneous
biotite or amphibole. The secondary assemblage of chlorite +
albite + clinozoisite is consistent with either (1) subsolidus deu-
teric alteration of igneous minerals by hydrothermal solutions
residual from the magma when the granite was still hot and
water saturated (autometamorphism) or (2) lower greenschist-
facies regional metamorphism. The lack of foliation or other
ductile fabrics suggests essentially static conditions during the
chloritization. An apparent lack of pegmatite and aplite may not
be meaningful because of the limited amount of granite drill
core.

Chemical analyses show that concentrations of major and
trace elements in a Langley Granite sample are typical of
monzogranite (table B2 and Horton and Izett, this volume, chap.
E, table E2). The granite is slightly peraluminous, having an
alumina saturation index (A/CNK = Al,05/[CaO+Na,0+K,0],
mol proportion) of 1.1 and corundum in the CIPW norm. The
inferred primary mafic and accessory mineral assemblage of
biotite (now totally replaced by chlorite), monazite, and iron-
titanium oxides is also consistent with peraluminous rocks.

Chemical analyses were also obtained for a rhyolite clast
(NL790.9) from the Exmore beds of the Langley core (table
B2). This clast, which is interpreted to be impact derived, is
slightly peraluminous and is similar in composition to the gran-
ite (Horton and others, 2001; Horton and Izett, this volume,
chap. E).
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Table B1. Modal composition and rock classification of the Langley Granite from the
USGS-NASA Langley core.

[Mineral percentages were estimated visually from thin sections in transmitted light.
Plagioclase includes oligoclase + albite, microcline includes perthite, and chlorite has
trace-mineral inclusions. The rock classification was based on proportions of quartz (Q),
alkali feldspar (A), and plagioclase (P) in the diagram by Streckeisen (1973, 1976).

tr, trace amount (less than 1 percent)]

A, Modal composition (volume percent)

Sample no..........coeneens NL2080.1 NL2083.1

Mean Range
Thin section................. 1 2 1 2
[6]37:1 - SRR 32 35 36 40 35.75 32-40
Plagioclase................. 35 33 35 35 34.50 33-35
Microcline. . 25 25 25 21 24.00 21-25
Chlorite.......cceveveuneee 8 7 ks 4 5.75 4-8
Opaque minerals......... tr tr tr tr tr tr
Other minerals............ tr tr tr tr tr tr

Total...coveeeriirene 100 100 100 100 100.00

Sample no......cceinenns NL2080.1 NL2083.1
36 40
27 24
37 36
58 60
Name.......ccoovveviieinnns Monzogranite Monzogranite

Figure B4. Photographs of pieces of the USGS-NASA Langley core
and photomicrographs of thin sections of the core showing mineral-
ogy, texture, and structure of the Langley Granite. A, B, and D are
phatomicrographs of thin sections in plane-polarized light; C, E, F,
and G are photographs of core. A, Typical Langley Granite com-
posed of cloudy plagioclase (P) that includes both albite and oligo-
clase, quartz (Q), perthitic microcline (M) having albite intergrowths
and albite-free rims, and chlorite (C) (sample NL2083.1, stained thin
section 1, plane-polarized light; vertical dimension is 4 millimeters
(mm; 0.16 in.)). B, Chlorite (C), in euhedral, tabular shape suggesting
pseudomorphous replacement of biotite, contains inclusions of
albite (A) and opaque minerals (sample NL2083.1, thin section 2,
plane-polarized light). C, Joint surface coated by white albite crys-
tals from 633.1 m (2,077.2 ft) depth. D, Fracture filled by albite (A)
and smaller amounts of chlorite (C) (NL2080.1, thin section 2, plane-
polarized light; vertical dimension is 2 mm (0.078 in.)). £, Fault sur-
face coated by slickensided chlorite from 631.2 m (2,071.0 ft) depth.
F, Clinozoisite vein from 631.3 m (2,071.3 ft) depth (see arrow point).
G, Fracture having open cavities coated by drusy quartz crystals
from 631.3 m (2,071.2 ft) depth.
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Table B2. Chemical and normative mineral compositions of
two samples of crystalline rocks from the USGS-NASA Langley
core.

[Complete analyses and details are in Horton and Izett (this
volume, chap. E)]

Sample no........ NL2083.1 NL790.9
Rock type......... monzogranite rhyolite clast
1| ]] CH—— Langley Granite Exmore beds

Chemical compasition, in weight percent

71.0 74.9

14.2 12.8
1.90 .83
1.03 97
77 .64
1.29 91
3.98 4.11
3.48 2.69

9 8

1 .1
.38 25
13 A1
.06 .06
<.01 14
42 .18
.04 .02

99.7 99.5

Normative mineral composition (CIPW norms),
in weight percent

Quartz.............. 30.98 37.74
Orthoclase........ 20.56 15.90
Albite: e 33.67 34.77
Anorthite 5.55 3.80
Hypersthene..... 1.92 2.39
Magnetite......... 241 1.20
Iimenite.. A2 47
24 .00

1.85 1.74

.30 25

98.2 98.26

Oxides for alumina saturation index, in mol percent

9.1 12.6
1.5 1.6
4.2 6.6
2.4 2.9

1.1 11

*The alumina saturation index A/CNK = Al,05/[CaO+Na,0+K,0].

Petrologic studies of the chemical and physical parameters
that controlled the genesis and evolution of the Langley Granite
(including the history of melt production, ascent, and emplace-
ment conditions) and regional geochemical comparisons would
require additional rock analyses. Having less than 1 m (3 ft) of
granite core that is mostly unweathered is a current limitation.

Fractures, Faults, and Veins

Most of the fractures, faults, and veins in the Langley
Granite are coated or filled by chlorite, albite, and clinozoisite,
which are typical of lower greenschist-facies metamorphic or
similar deuteric alteration conditions, and by quartz. Figure
B4C shows a joint surface coated by albite, figure B4D shows a
similar fracture filled by albite and smaller amounts of chlorite,
figure B4E shows a fault surface coated by chlorite, and figure
B4F shows a clinozoisite vein. These fracture-fill minerals
probably formed at temperatures higher than the effective clo-
sure temperature of about 90°C—-100°C for fission tracks in apa-
tite, which yield an age (presented below) far older than the late
Eocene impact event. An attempt to directly date albite on a
joint surface by the *°Ar/*Ar method is described below.

Figure B4G shows a quartz-filled fracture in which open
cavities are coated by drusy, comb quartz crystals. Similar dila-
tional fractures are commonly associated with early Mesozoic
extensional faults in eastern North America (Garihan and oth-
ers, 1993). Whether the quartz-filled fractures in the Langley
Granite are related to the early Mesozoic continental rifting,
earlier deuteric alteration or lower greenschist-facies mineral-
ization, and (or) the late Eocene impact event is undetermined.
Fractures in the granite core do not appear unusually abundant
in comparison to fractures in drill cores from the Piedmont of
the southeastern United States.

The variably mineralized joints in the granite have a wide
range of dip angles. Dips were measured for 24 joints (exclud-
ing freshly broken surfaces) in the least weathered core section
from 633.6 to 635.1 m (2,078.9 to 2,083.8 ft) depth (shown in
fig. B3A). Dips for the 24 joints are grouped as follows:

» 8 percent are horizontal to subhorizontal (0°-10° dip)
e 21 percent are gently inclined (11°-30° dip)

e 29 percent are moderately inclined (31°-60° dip)

e 38 percent are steeply inclined (61°-80° dip)

* 4 percent are subvertical to vertical (81°-90° dip)

Faults in the overlying Cretaceous sediments are irregu-
larly spaced in the core, where they are clearly recognizable as
planes or planar zones of offset. Although not studied in detail,
they include moderately dipping normal faults (identified on the
basis of slickensides and rotation of adjacent material) and a
few subhorizontal faults, which are visible in the core as local
slickensided detachments (J.W. Horton, Jr., unpub. data).



Careful examination of the core revealed no such faults at
the upper contact of the weathered granite. There is no evidence
from this study of the granite, or from studies of the overlying
Cretaceous sediments in the Langley core (Gohn and others,
this volume, chap. C), to indicate a major décollement zone just
above the granite. Such a zone had been suggested after a pre-
liminary examination of this core (Poag and others, 2001) in
order to explain earlier seismic evidence that most normal faults
in the overlying sediments do not extend into the crystalline
basement (Poag, Plescia, and Molzer, 1999). However, décolle-
ments may be found higher in the sedimentary section along the
deepest subhorizontal fluidized zone at 558.1 m (1,831.0 ft)
depth and in the upper tluidized part of crater unit A (Gohn and
others, this volume, chap. C). The seismic-reflection data are
more consistent with numerous small-displacement faults than
a few large-displacement faults in the preimpact sediments
(Catchings and others, this volume, chap. I).

Seismic-reflection data from parts of the Chesapeake Bay
impact structure indicate that the top of coastal plain basement
is locally offset by high-angle normal faults and low-angle
reverse faults, although broad areas of the basement surface
appear relatively flat and unfaulted (Poag, Hutchinson, and oth-
ers, 1999). Catchings and others’ (2002) 13.6-km-long (8.5-mi-
long) seismic-reflection profile, which is linked to the core sam-
ples and to the sonic velocity log from the USGS-NASA Lang-
ley corehole, shows nearly 200 m (nearly 650 ft) of relief on the
top of basement. Numerous diffractions on the unmigrated pro-
file suggest that inhomogeneities such as the variably mineral-
ized fractures, veins, and faults observed in the granite core are
widespread throughout the Langley Granite. Other possible dif-
fractions due to multiple injections, pegmatites, country-rock
screens, or xenoliths were not observed in the core but cannot
be ruled out because the granite core section is so short. The
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seismic profile also shows faults in the overlying sedimentary
section, which are interpreted to be related to the late Eocene
impact event. A few of these faults are inferred to penetrate and
slightly offset the top of the Langley Granite in the general
vicinity of the USGS-NASA Langley corehole (Catchings and
others, this volume, chap. I). The impact-related faults antici-
pated from regional seismic-reflection data were not found in
the Langley Granite core samples, but the small section (8.9 m
or 29.1 ft) of granite core limited the chance of intersecting such
faults.

Neoproterozoic Uranium-Lead (SHRIMP)
Zircon Age

About 2 kilograms (about 4.4 pounds) of slightly weath-
ered granite from a sawed half of the USGS-NASA Langley
core from 633.98 m to 634.81 m (2,080.0 ft to 2,082.7 ft) depth
made up sample NL2081; the sample was processed for zircons
by standard mineral separation procedures, including crushing,
pulverizing, and concentrating heavy minerals by use of a Wil-
fley table, methylene iodide, and a magnetic separator. Zircons
to be dated by sensitive high resolution ion microprobe
(SHRIMP) were hand picked, mounted in epoxy, ground to
about half-thickness using 1,500-grit wet-dry sandpaper, and
polished with 6-micrometer (um) and 1-um diamond suspen-
sions. All grains were imaged in cathodoluminescence and were
photographed in both transmitted and reflected light prior to
SHRIMP measurements to identify pristine areas for analysis
and to determine whether components having multiple ages
(such as cores and overgrowths) were present (fig. BS).

Figure B5. Transmitted-light photo-
micrograph and matching cathodo-
luminescence image of zircon crystals
analyzed to determine a SHRIMP U-Pb
zircon age of the Langley Granite in
sample NL2081 from the USGS-NASA
Langley core. A, Transmitted-light
photomicrograph showing external
morphology; age data are in table B3.
B, Matching cathodoluminescence im-
age showing oscillatory internal zones
of relatively high (lighter) and low
(darker) uranium content. SHRIMP spot
diameter is ~25 micrometers.
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The USGS/Stanford sensitive high resolution ion micro-
probe-reverse geometry (SHRIMP-RG) at Stanford University
was used to date this sample. Analytical procedures followed
the methods described in Compston and others (1984) and Wil-
liams and Claesson (1987). Zircon standard R33 was used to
correct Pb/U ratios for instrumental fractionation. Standard R33
is zircon from monzodiorite of the Braintree Complex, Ver-
mont, that has been dated at 419 Ma (Roland Mundil, Berkeley
Geochronology Center, and Sandra L. Kamo, University of
Toronto, unpub. data).

Concentrations of U and Th (table B3) are believed to be
accurate to about 20 percent. A Tera-Wasserburg plot of 2**Pb-
corrected isotopic data (plotted as 2o error ellipses, fig. B6) was
used only for visual assessment of the data array to determine
which points to include in the age calculation. The age of the
sample NL2081 was determined by calculating the weighted
average of the 2“°Pb/>38U ages (using the 2*’Pb-common Pb cor-
rection method of Compston and others, 1984), shown in the
figure B6 inset (2 error bars).

Zircons from the granite are light brown, are euhedral,
have length/width ratios of about 3 to 4, and contain fine
concentric, oscillatory zoning in cathodoluminescence (fig.
BS5). A total of 15 grains were analyzed with one analysis per
grain. Except in grain NL1, U concentrations are relatively low
and have a limited range (129-269 parts per million, ppm)
(table B3).

The 2%Pb/>33U ages range from 589+9 Ma to 634+9 Ma.
The weighted average age from all 15 analysesis 611.6+£9.5 Ma
(mean square of the weighted deviates (MSWD)=2.5). Exclud-
ing five analyses that give ages of 600 Ma or younger results in
anage of 621.2+7.6 Ma (MSWD=0.81). However, exclusion of
these data based on age alone is subjective and possibly inap-
propriate. It is possible that these five 2’°Pb/?*%U ages are some-
what low due to a small loss of Pb, but there is no observable
evidence in the images of the grains to substantiate this possi-
bility. Thus, the preferred age of igneous zircon, combining iso-
topic data from all analyzed grains, is rounded to 612+10 Ma
(20), which is interpreted to indicate a Neoproterozoic crystal-
lization age for the granite.

Thermal History from Argon and
Fission-Track Geochronology

Mineral ages that record different closure temperatures
collectively provide information on the cooling history of the
Langley Granite at the USGS-NASA Langley corehole. Newly
determined “°Ar/*?Ar ages of microcline and plagioclase and
fission-track ages of zircon and apatite are presented below.

Both the microcline and the plagioclase are altered and
have a cloudy appearance in thin section. The alteration is prob-
ably to clay or sericite and could be a result of the lower green-
schist-facies metamorphism and (or) chemical weathering evi-
dent in the core samples.

“ArAr Analysis of Feldspars
Methods

Three feldspar separates were dated from the USGS-
NASA Langley corehole by using the *°Ar/3°Ar age-spectrum
dating technique (fig. B7, table B4). Microcline and plagioclase
were separated from the Langley Granite in half the core from
633.98 m to 634.81 m (2,080.0 ft to 2,082.7 ft) depth; this mate-
rial made up sample NL2081, the same sample from which zir-
cons were also separated, as described above. Albite (sample
NL2083) was scraped from a joint surface in the core between
634.81 m and 634.93 m (2,082.7 ft and 2,083.1 ft) depth.

All three mineral concentrates were prepared by using
standard techniques, including magnetic separation, density
separation, ultrasonic cleaning, and hand picking, to an appar-
ent purity of >99 percent for the microcline and plagioclase and
>99.9 percent for the albite. The samples were then re-sieved to
remove fine material and were washed in acetone, in alcohol,
and three times in deionized water, all in an ultrasonic cleaner.

The “°Ar/3°Ar age-spectrum dating of the three feldspars
was done at the U.S. Geological Survey’s thermochronology
laboratory in Denver, Colo. The samples were packaged in Cu
foil capsules and sealed under vacuum into fused silica vials
before irradiation in the U.S. Geological Survey’s TRIGA reac-
tor (Dalrymple and others, 1981) to convert a portion of their
39K to ¥ Ar. To monitor this conversion, packets of the standard
MMhb-1 hornblende were intercalated with the samples.
MMhb-1 has an age of 519.4+2.4 Ma (Alexander and others,
1978; Dalrymple and others, 1981).

The samples dated for this study were analyzed with a VG
mm1200b or a MAP 216 mass spectrometer using the “’Ar/**Ar
age-spectrum dating method. Data from procedural blanks were
subtracted from the analytical results prior to data reduction. All
data reduction for these samples was accomplished by using a
modified version of the computer program ArAr* (Haugerud
and Kunk, 1988). All estimates of analytical precision are at the
lo level. Decay constants used are those recommended by
Steiger and Jager (1977). Corrections for the production of
interfering reactor-produced argon isotopes from Ca, K, and Cl
are those given in Dalrymple and others (1981) and Roddick
(1983). Details of the argon analytical technique are in
Haugerud and Kunk (1988).

Inverse-isotope-correlation diagrams were prepared by
using the method of York (1969). For inverse-isotope-correla-
tion age results to be considered meaningful, we require an
MSWD (a goodness-of-fit indicator for the fit of the data to the
line) <2.5, an initial **Ar/*%Ar ratio >295.5 (the ratio in the mod-
ern atmosphere), and contiguous regression points.

Microcline from Granite Sample NL2081

Sample NL2081 microcline has the most straightforward
results of the three feldspars dated by the 4OArPAr age-spec-
trum technique (fig. B7, table B4). The first four steps in the
microcline age spectrum (600°C-900°C) decrease in apparent



Table B3. SHRIMP U-Th-Pb data for zircons from sample NL2081 of the Langley Granite from the USGS-NASA Langley core.

[The USGS/Stanford sensitive high resolution ion microprobe-reverse geometry (SHRIMP-RG) at Stanford University was used to date 15 igneous zircon grains (one analysis per grain).

Analyst: J.N. Aleinikoff. Analytical procedures are discussed in the text. Definitions of terms: %, percent; ppm, parts per million; Ma, millions of years before present; —, not detected]
Zirc.on M;:;sured Miﬁ: ured Ct;mmon u Ag;::m Error, 16 238t Error, 16 Wipyt Error, 16
grain Pb Pb 06p|, Th/U R 0 - 0

analysis 204py, 206py, (weight %) (ppm) By (Ma) 26pyy (%) 26pyy (%)
(Ma)

NL1 2,658.0 0.0627 0.38 741 0.89 589 9 10.49 1.50 0.0572 2.51

NL2 — .0590 — 176 5 600 9 10.27 1.54 .0590 2.09

NL3 — .0624 28 184 73 608 9 10.09 1.54 .0624 2.06

NL4 17,872 .0608 .02 269 98 629 9 9.77 1.49 .0600 1.86

NL5 — 0615 17 149 d2 608 10 10.09 1.75 .0615 222

NL6 14,415 .0586 — 222 1.14 598 9 10.32 1.51 .0576 1.99

NL7 4,305.1 .0630 32 155 1.03 619 10 9.93 1.58 .0596 2.96

NL8 — 0626 .36 230 93 590 10 10.39 1.81 .0626 1.79

NL9Y 3,531.7 0621 21 160 95 618 12 9.97 1.92 .0580 2.48

NL10 — .0615 12 129 49 621 11 9.87 1.85 .0615 2.71

NL11 6,138.2 .0600 — 142 .87 619 9 9.95 1.57 0577 2.88

NL12 — .0591 — 140 78 623 10 9.87 1.56 .0591 2.28

NLI13 — .0611 .03 197 .67 634 9 9.68 1.52 .0611 1.91

NL14 10,086 .0616 22 154 .70 596 9 10.31 1.59 .0602 242

NLI15 — .0611 .05 239 18 629 9 9.74 1.50 .0611 1.74

TRadiogenic ratios corrected for common Pb on the basis of the model by Stacey and Kramers (1975).
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Figure B6. Graph showing SHRIMP U-Pb ages of zircon from  the weighted deviates. The weighted average age from all 15
the Langley Granite in sample NL2081 from the USGS-NASA  analyses is 611.6+9.5 Ma (MSWD=2.5). This age is rounded
Langley core. The main figure is a Tera-Wasserburg concordia ~ to 612+10 Ma (2c) and is interpreted to indicate a Neoprot-
diagram with 2o error ellipses. The inset shows the SHRIMP  erozoic crystallization age for the Langley Granite. See text

206pp/238() ages with 2 error bars. MSWD, mean square of

for discussion.

Figure B7 (facing page). Graphs of “?Ar/**Ar age spectra (left)
and inverse-isotope-correlation diagrams (right) for three feldspars
from samples NL2081 and NL2083 of the Langley Granite from the
USGS-NASA Langley core. Data are in table B4. The first step and
the last two steps of sample NL2081 plagioclase do not fit in the
age-spectra diagram because of the scale used. Height of horizon-
tal boxes indicates 2o error. For inverse-correlation ages, we re-
quire that the mean square of the weighted deviates (MSWD) be
<2.5, that the initial “°Ar/3Ar ratio be >295.5 (the ratio in the mod-
ern atmosphere), and that the regressed points be contiguous. Only
the regression results presented in the diagrams for microcline and
plagioclase meet these criteria. See text for discussion.
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Table B4. “°Ar/*%Ar age results for three feldspars from samples NL2081 and NL2083 of the Langley Granite from the USGS-NASA Langley core.

[The “°Ar/>°Ar age-spectrum dating of the three feldspars was done at the U.S. Geological Survey’s thermochronology laboratory in Denver, Colo. Analyst:
M.J. Kunk. The methods used are discussed in the text. Inverse-isotope-correlation diagrams for these data are in figure B7. Definitions of terms: Temp,
temperature; °C, degrees Celsius; %, percent; *’Ar*, radiogenic yield, which is the percentage of “°Ar that was derived from decay of *°K; *°Ary, the Par
derived from 3°K produced during the irradiation of the sample; Ma, millions of years before present; J, a conversion factor, which is a measure of the fraction
of 3K converted to °Ar by the fast neutron reaction (39K(n,p)39Ar)] '

Temp 3ar App Barg Apparent age Error, 1
Step ce) (% total) @ iomey TR K wel (Ma) (Ma)
Microcline from sample NL2081
[0.0286 grams, age spectrum 9KD19, J=0.007534+0.25%]
A 600 1.1 89.1 0.039199 41.886 14.80 21 494.78 0.89
B 700 34 98.6 121731 24.832 40.10 206 309.38 .82
C 800 3.1 99.3 111704 20.644 34.75 686 260.79 74
D 900 3.8 99.6 137321 19.268 45.09 2,120 244.53 .60
E 1,000 4.0 99.3 146344 19.388 19.72 1,314 245.96 71
F 1,100 5.8 99.0 210381 19.945 10.94 759 252.55 .16
G 1,125 4.6 99.0 168561 20.518 20.28 572 259.31 .30
H 1,150 5.6 99.0 .203593 21.072 27.29 457 265.82 .16
I 1,175 7.2 98.9 .260340 21.321 25.38 409 268.73 34
J 1,200 7.9 98.7 285571 21.627 24.00 372 272.32 .08
K 1,225 9.5 98.7 .343665 21.998 29.78 147 276.65 .14
L 1,250 12.0 99.0 434244 21.990 4431 311 276.55 .10
M 1,275 14.5 99.1 525724 22.210 73.10 350 279.12 15
N 1,300 12.0 99.1 436300 23.846 81.45 362 298.06 .20
o} 1,325 45 99.0 .164820 25.530 67.47 368 317.36 23
P 1,350 1.0 98.0 037128 26.108 15.42 285 323.94 .80
Total gas 100.0 98.9 3.626626 22.195 43.65 482 278.94
No plateau
Plagioclase from sample NL2081
{0.2725 grams, age spectrum 5KD19, J=0.007558+0.25%)
A 650 2.3 93.2 0.045288 236.379 5.16 5 1,848.75 1.84
B 700 2.9 93.3 .056942 47.487 5.86 37 553.25 .70
C 750 3.8 98.2 074788 20.321 4.38 294 257.75 45
D 800 43 98.7 .082818 20.547 4.52 418 260.42 41
E 850 5.1 99.1 .098523 21.691 6.47 574 273.86 34
F 900 5.8 99.2 113019 22.082 8.04 795 278.44 .28
G 950 6.4 99.2 124015 22.407 4.56 839 282.24 26
H 1,000 8.0 99.2 .156203 23.242 3.95 816 291.95 25
I 1,050 9.5 99.4 .184779 23.594 2.92 873 296.02 .28
J 1,100 6.6 98.8 128125 22.479 1.72 404 283.08 27
K 1,150 7.5 98.4 145397 21.449 2.39 305 271.03 .52
L 1,200 10.3 97.8 199574 21.052 2.19 50 266.37 .26
M 1,250 13.7 96.6 266530 22.438 2.34 142 282.60 27
N 1,300 11.2 96.1 217501 30.137 2.07 74 370.19 22
O 1,350 2.0 94.4 .038967 123.251 .90 11 1,187.60 47
P 1,400 i 93.7 .014592 492.026 .62 2 2,798.98 .62
Total gas 100.0 97.8 1.947061 34.282 342 389 415.65

No plateau
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Table B4. “OAr/*°Ar age results for three feldspars from samples NL2081 and NL2083 of the Langley Granite from the USGS-NASA Langley

core.—Continued

Temp 39y 404+ Barg Apparent age Error, 1o
Step re) (% total) % protemey A Kl Kl (Ma) (Ma)
Albite from sample NL2083
[0.0094 grams, age spectrum 10KD19, J=0.007528+0.25%]
A 825 20 51.3 0.000572 598.471 0.44 1 3,077.10 2.48
B 950 8.0 46.0 002243 134.994 75 3 1,265.03 222
C 1,050 8.9 51.2 .002483 91.566 1 6 945.88 1.41
D 1,150 8.3 45.9 002317 64.060 78 10 709.98 1.76
E 1,250 119 42.0 .003318 42.101 95 18 496.66 1.36
F 1,300 14.5 582 004039 52.076 1.11 23 596.69 98
G 1,320 11.6 68.1 .003243 72.865 .85 20 788.90 92
H 1.340 8.8 71.9 002455 98.427 .62 16 1.000.20 1.00
I 1,360 6.3 71.7 .001761 117.923 .51 13 1,146.21 1.26
J 1.380 5.2 73.9 .001455 140.442 46 11 1,301.35 1.37
K 1.400 4.2 73.2 .001182 158.587 41 10 1,417.32 1.46
L 1,450 3.2 65.0 .000893 173.499 .39 8 1,507.35 2.02
M 1,500 23 46.8 .000632 186.013 .39 5 1,579.58 3.89
N 1,550 1.8 343 .000514 210.816 .33 3 1,714.72 4.46
0 1.575 1.3 335 .000355 241.463 .28 3 1,868.82 5.42
P 1,600 1.0 32.1 .000281 226.286 .30 3 1,794.15 5.38
Q 1,650 i 27.0 .000200 255.220 .28 2 1,933.94 7.77
Total gas 100.0 56.9 027943 108.417 .73 13 1,076.49
No plateau

age from 495 Ma to 245 Ma with increasing temperature of
release, suggesting the presence of excess argon represented by
this part of the age spectrum. The gas represented by the re-
mainder of the age spectrum climbs in apparent age from 245
Ma in the 900°C step to a maximum of 324 Ma in the 1,350°C
step. This climbing pattern is almost certainly the result of slow
cooling through argon closure in the microcline.
Inverse-isotope-correlation analysis of the age-spectrum
data, regressing only points B, C, and D, indicates an apparent
age of 228.3+10.6 Ma (1c). This is not different from the min-
imum age of 245 Ma in the 900°C step of the age spectrum at
the 2o level of uncertainty. We interpret the maximum age in
the age spectrum of 324 Ma to represent cooling through a tem-
perature of about 250°C and the minimum age of 245 Ma to rep-
resent cooling through a temperature of about 150°C (McDou-
gall and Harrison, 1999). These ages are consistent with slow
cooling following the late Paleozoic Alleghanian metamorphic
event. However, it is possible that these ages represent very
slow cooling from an earlier Acadian metamorphic event or
Alleghanian uplift following Acadian metamorphism.

Plagioclase from Granite Sample NL2081

Sample NL2081 plagioclase has a more complex age spec-
trum than the microcline has (fig. B7, table B4). The apparent
age decreases in the first three steps from 1,849 Ma to 258 Ma,
indicating the presence of some excess argon. The apparent
ages then increase to 296 Ma in the 1,050°C step, before declin-
ing to 266 Ma in the 1,200°C step, and finally climbing to 2,799
Ma in the 1,400°C step. The climb in apparent ages in the high-
temperature parts of the age spectrum is again the result of the
inclusion of excess argon in the sample. The bulk of the gas was
released between the 750°C and 1,250°C steps and has apparent
ages ranging from 258 Ma to 296 Ma. Although we do not
understand the convex upward shape of the age spectrum in this
temperature range. which may be the result of alteration or
weathering of the sample, the age results are consistent with
those of NL2081 microcline and suggest cooling through clo-
sure following the late Paleozoic Alleghanian orogenic event.

Inverse-isotope-correlation analysis of the age-spectrum
data from this sample produces an interesting apparent age
result. By regressing only the last four steps in the age spectrum
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(points M, N, O and P), a very imprecise apparent age of
144+17 Ma can be calculated. Regional palynological data
(Doyle and Robbins, 1977; Reinhardt and others, 1980) indicate
that the sediments deposited directly on crystalline basement in
the vicinity of the Langley corehole are Aptian in age (about
121 to 112 Ma), suggesting that the weathering profile observed
in the granite developed in the Aptian or earlier. The apparent
age of 144+17 Ma is consistent with that timing for weathering.
No other acceptable apparent ages were resolvable from the
inverse-isotope-correlation diagram.

Albite from Joint-Surface Sample NL2083

The age spectrum of sample NL2083 albite from a joint
surface is dominated by the effects of excess argon (fig. B7,
table B4). Apparent ages decrease from 3,077 Ma in the 825°C
step to a minimum of 497 Ma in the 1,250°C step and then climb
to 1,934 Ma in the 1,650°C step. The age spectrum has a classic
U-shape that is indicative of the presence of excess argon.

Inverse-isotope-correlation analysis of the age-spectrum
data from this sample does not provide a meaningful age. The
pattern of the points in the correlation diagram suggests that the
isotopic composition of excess argon could have been changing
in the geologic environment of the joint as the albite was crys-
tallizing. We interpret the minimum apparent age in the age
spectrum of 497 Ma as the maximum possible age for the for-
mation of this albite. It is important to note that it could have
formed hundreds of millions of years after this time.

Fission-Track Analysis of Zircon and Apatite

Fission tracks in a mineral result from spontaneous fission
of 238U present in trace amounts in the mineral. The age of a
mineral can be calculated from the number of tracks and amount
of uranium it contains. However, when a mineral containing fis-
sion tracks is heated at a sufficiently high temperature, the
tracks shorten and ultimately disappear. The thermal annealing
(shortening) of fission tracks and resulting reduction in fission-
track age and track lengths provide information on the temper-
ature history of rocks (Naeser, 1979; Gleadow and others,
1986). In a relatively stable geologic environment, apatite
undergoes significant annealing between about 60°C and 110°C
(Fitzgerald and others, 1995) and has an effective closure tem-
perature (Dodson, 1979) of about 90°C—100°C. Higher temper-
atures would be required to produce annealing during relatively
short-term, impact-related thermal disturbances. The annealing
temperatures of zircon are not as well known but are signifi-
cantly higher than those of apatite; in zircon damaged by natural
alpha radiation, the fission-track closure temperature is proba-
bly in the range of ~235°C+25°C (Brandon and others, 1998).

Apatite and zircon were separated from the Langley Gran-
ite in sample NL2081 (see appendix B1) of the USGS-NASA
Langley core; the sample came from a depth of 633.98 m to

634.81 m (2,080.0 ft to 2,082.7 ft). Separation methods are
described above in the section on ‘“Neoproterozoic Uranium-
Lead (SHRIMP) Zircon Age.”

Fission-track ages were determined by using the external
detector method (Naeser, 1976, 1979; Naeser and others, 1989),
as follows. The apatite separate was mounted in epoxy, pol-
ished, and etched in 7 percent nitric acid for 40 seconds at 23°C.
Zircons were mounted in Teflon, polished, and etched in a
eutectic KOH-NaOH melt (Gleadow and others, 1976) for 32
hours at about 214°C. The grain mounts were irradiated with
low-uranium-content-muscovite external detectors. Grain
mounts and external detectors were counted at x1,250 magnifi-
cation using a x100 oil immersion lens. Ages were calculated by
using the zeta calibration method (Hurford and Green, 1982,
1983) (table B5). All fission-track ages are reported at 26.

Apatite fission-track lengths were measured in the apatite
grain mount in transmitted light at x1,875 magnification by
using a x100 oil-immersion lens, a digitizing tablet, and a pro-
jection tube calibrated against a stage micrometer (1 unit=0.01
millimeter). Only well-etched horizontal confined tracks in
grains with polished surfaces approximately parallel to the crys-
tallographic ¢ axis were measured. Reported track lengths
(table B5) are actual measurements, not corrected for length-
measurement bias (Laslett and others, 1982).

The apatite fission-track age of sample NL.2081 is 184+32
Ma (table B5); this age is consistent with the regional pattern of
apatite fission-track ages northwest of the Langley corehole that
record regional Mesozoic to present-day relatively slow cooling
of the Piedmont and spatially related early Mesozoic basins
(Roden and Miller, 1991; Hulver, 1997, Naeser and others,
2001). For example, the NL2081 apatite age is statistically
indistinguishable (at +2c) from, or older than, apatite fission-
track ages determined for exposed to shallowly buried (<1 km
or <0.6 mi) Proterozoic and Paleozoic metamorphic and igne-
ous rocks and Triassic sedimentary and igneous rocks in the
Potomac River area of northern Virginia, Maryland, and the
District of Columbia (Naeser and others, 2001) and the Taylors-
ville basin-Richmond basin area of east-central Virginia (Roden
and Miller, 1991). The similarity of the apatite fission-track age
for the Langley Granite in the Langley corehole to regional apa-
tite fission-track ages suggests that there was little, if any,
impact-related apatite annealing in NL2081.

The mean fission-track length in apatite from sample
NL2081 is 13.84+0.59 um at +1c and is generally statistically
indistinguishable from, or somewhat longer than, reported track
lengths from Piedmont and early Mesozoic basin rocks in the
area (Roden and Miller, 1991; Hulver, 1997; C.W. Naeser and
N.D. Naeser, unpub. data); the length data are consistent with
relatively slow, undisturbed cooling of the rocks (Gleadow and
others, 1986). However, the length data for apatite from sample
NL2081 should be considered very preliminary. The low yield
of apatite and low spontaneous track density (related to a ura-
nium content of only ~3 ppm) resulted in an inadequate number



Table B5. Apatite and zircon fission-track ages and apatite track lengths for sample NL2081 of the Langley Granite from the USGS-NASA Langley core.

[Analysts: C.W. Naeser and N.D. Naeser. Definitions of terms: Lab. no., laboratory number; tr/em?, tracks per square centimeter; %, percent; Ma, millions of years before present; pm, micrometer; —, not
determined]
Standard deviation
Lab. No. of Ps” No. of pi No. of pa*™ No. of P2t T Mean track No. of of the track-length
no. Mineral  grains x108 tracks x108 tracks x10° tracks :Z; )) ( N?gez \ length tracks distribution™™
DF counted 2 counted 2 counted 2 counted ° axéo (pmzc) measured istribution
{tr/cm?) {tr/cm?) (tr/cm®) (pm)
6895 Apatite 10 0.375 245 1.04 340 0.482 2,930 P 184+32 13.84£0.59 6 1.44
P
6899 Zircon 9 20.1 1,980 7.88 388 4.73 3.450 P 37544 — — —

*pg, spontaneous track density in tracks per square centimeter ( tr/em?) in the sample for the number of tracks counted; see next column.

**p.. induced track density (reported induced track density = 2 x measured value).

*#%p 4. track density in muscovite detector covering National Institutes of Standards and Technology (NIST) standard glass SRM 963 (for apatite) or standard glass SRM 962 (for zircon) (Carpenter and
Reimer, 1974).

TP(XZ). measure of probability that all individual grains counted in a sample are from a single age population; P (“pass™) indicates P( xz) values >5%. F (“fail”) indicates P(xz) values <5%: P(yx?) values
<5% are generally taken as an indication of a real spread in single-grain ages (Galbraith, 1981; Green and others, 1989).

T1Age calculated from the fission-track age equation of Hurford and Green (1982, 1983) by using the sums of the spontaneous and induced track counts obtained for all grains counted in the sample and
the following values: Ap = 1.551 x 10'10/year, g =0.5, zeta = 10,752 for apatite (based on SRM 963) and 319.6 tor zircon (based on SRM 962).

Ft1+Standard deviation calculated by combining Poisson errors on spontaneous and induced counts and on counts in detector covering glass standard NIST SRM 963 or SRM 962 (McGee and others,
1985).
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of track-length measurements for thermal-history modeling or
other quantitative track-length analysis.

The fission-track age of zircon from sample NL2081 is
375444 Ma. As would be predicted from the apatite age data,
there is no indication of impact-related annealing in zircon. The
few zircon fission-track ages that have been determined from
eastern Piedmont and early Mesozoic basin rocks in Virginia,
Maryland, and the District of Columbia (Roden and Miller,
1991; Kohn and others, 1993; Naeser and others, 2001) are all
statistically younger than the NL2081 zircon fission-track age.

An anomalous feature of the “°Ar/3°Ar and fission-track
data remains unexplained. Zircon fission tracks and argon in
potassium feldspar have similar closure temperatures and, thus,
typically yield similar cooling ages. However, the “°Ar/>°Ar age
of potassium feldspar (microcline) from sample NL2081 (324
Ma maximum age; see above section “Microcline from Granite
Sample NL2081”) is significantly younger than the zircon
fission-track age, possibly because of the presence of alteration
products within the microcline.

In summary, the fission-track data for the granite from
about 634.3 m (2,081 ft) depth in the Langley corehole indicate
that at 19 km (12 mi) from the margin of the central crater, the
impact-related thermal disturbance was not sufficient to cause
detectable annealing of fission tracks in zircon or apatite.

The lack of annealing in apatite from sample NL2081 can
be used to set an upper limit on the impact-related thermal dis-
turbance at this location in the crater; the limit is based on the
maximum temperature that could have been attained without
affecting the apatite fission-track age. A preliminary estimate of
the maximum temperature was obtained by the following steps.
First, the thermal history of NL2081 was modeled for regional
cooling with the assumption of no impact-related heating
(fig. B8). As noted above, the long-term cooling history of
NL2081 cannot be modeled directly because of the low number
of measurable apatite track lengths, but for the purpose of this
exercise, it was approximated by using track-length data
imported from another Piedmont “basement” sample that
yielded apatite age and track-length data statistically indistin-
guishable from data for sample NL2081 (C.W. Naeser and N.D.
Naeser, unpub. data). Next, forward modeling was used to pre-
dict the reduction in apatite fission-track age that would result
from impact-related heating, modeled as the simplest case of a
thermal spike of varying maximum temperature and duration
superimposed at 35 Ma (time of impact) on the long-term cool-
ing history (fig. B9).

Figure B10 summarizes the predicted reduction in apatite
fission-track age that would result from including a thermal
spike of 0.1-1 million year (m.y.) total duration and 60°C—
140°C maximum temperature in the time-temperature history of

o
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Figure B8. Graph showing modeled Mesozoic to present-day thermal
history of sample NL2081 of the Langley Granite from the USGS-NASA
Langley core. The plotted curve is the average of a family of thermal-history
curves, each of which predicts a statistical match with the measured apatite
fission-track age and track-length data. Boxes shown on the plotted curve are
+1o bounds on the average time-temperature points that were calculated by
the computer model. The dashed horizontal lines at 60°C and 110°C mark the
boundaries of the apatite partial-annealing zone in a relatively stable geologic
environment. The model was generated by using Kerry Gallagher's (1995;
written commun., 1996) genetic algorithm time-temperature modeling pro-
gram, Laslett and others’ (1987) annealing model for Durango apatite {from
Cerro de Mercado, Durango, Mexica), the measured apatite fission-track age
of NL2081, and apatite track-length data from a Piedmont sample with statis-
tically indistinguishable age and mean track length {(C.W. Naeser and N.D.
Naeser, unpub. data; see text). An annealing model based on Durango apatite
is considered appropriate because the mean pit widths of apatite tracks in the
analyzed samples indicate an annealing suseeptibility comparable to that of
Durango apatite. The time-temperature model was constrained to allow
NL2081 to be in near-surface conditions in the Aptian (about 121-112 Ma),
when deposition of overlying Potomac Formation sediments probably began in
this area. This age is poorly constrained in the Langley core {Frederiksen and
others, this volume, chap. D) and is inferred from regional information (Doyle
and Robbins, 1977; Reinhardt and others, 1980).

NL2081. The plot indicates that for an impact-related thermal
disturbance with an effective heating time equivalent to the
modeled 1-m.y. thermal spike, temperatures in this part of the
crater could not have been higher than about 100°C without
producing a significant (at 1o) reduction in apatite fission-track
age. If the thermal disturbance was equivalent to the 0.1-m.y.
thermal spike, temperatures as high as about 120°C are
possible.

With data from additional coreholes, it may be possible to
refine these preliminary estimates of the impact-related thermal
structure in the crater.
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Figure B9. Graph showing an example of forward modeling
{by using the program by Kerry Gallagher, 1995; written com-
mun., 1996) of the estimated long-term thermal history of
sample NL2081 (from fig. B8) with a superimposed impact-
related thermal “spike” beginning at 35 Ma and, in this ex-
ample, lasting 1 m.y. with a maximum temperature of 80°C.
The resulting predicted apatite fission-track age (182.2 Ma} is
statistically indistinguishable (at +1c) from the measured age
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Figure B10. Graph showing a summary of the predicted reduction in
apatite fission-track age of sample NL2081 that would result from im-
pact-related heating of varying magnitude and duration (see fig. B9).

Horizontal solid and dashed lines indicate the measured age (+1c) of
NL2081(184+16 Ma). The plot suggests that, as a first approximation,

temperatures in excess of 100°C would be required to produce a
significant (at 1) decrease in age for effective heating times
equivalent to a thermal spike of 1-m.y. duration beginning at 35
Ma. For heating times of <0.1 m.y., temperatures greater than
120°C would be required.
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Discussion
Regional Comparisons

Crystalline rocks beneath the Atlantic Coastal Plain in the
vicinity of Chesapeake Bay are poorly known, and so a compar-
ison of the Langley Granite with other rocks in the region may
help to constrain regional correlations and tectonic interpreta-
tions. The Langley Granite differs in age from Neoproterozoic
igneous rocks associated with Laurentia (ancestral North Amer-
ica), such as the Crossnore Plutonic Suite (Su and others, 1994;
Fetter and Goldberg, 1995) or Catoctin Formation (Aleinikoff
and others, 1995). However, igneous rocks of similar age (table
B6) are found in magmatic-arc terranes of the Appalachian
Piedmont and beneath the Atlantic Coastal Plain of the eastern
United States.

Figure B11 shows the position of the Langley corehole and
the Chesapeake Bay impact structure on a tectonostratigraphic
map (Horton and others, 1991) that was prepared before the
structure was recognized. The Langley Granite is similar in age
to some of the older igneous rocks in the Carolina, Spring Hope,
and Roanoke Rapids terranes of the Appalachian Piedmont, and
in the Hatteras terrane beneath the Atlantic Coastal Plain (table
B6, fig. B11), and it is comparable in appearance to some of the
plutonic rocks. For example, granite in the central part of the
Chapel Hill pluton in the Carolina terrane also has micrographic
feldspar-quartz intergrowths and chloritization accompanied by
an apparent lack of foliation (Mann and others, 1965). Geo-
chemical studies indicate that most of these igneous rocks were
derived from magmas generated in a subduction zone, although
cordierite-bearing granite at Stumpy Point, N.C., in the Hatteras
terrane appears to be an exception (Speer, 1981; McSween and
others, 1991).

On the basis of limited geochemical data, Horton and Izett
(this volume, chap. E) suggest that the Langley Granite was
emplaced in a volcanic arc setting, unlike chemically distinct
granitoids of similar age within the Goochland terrane (fig.
B11, table B6). Additional geochemical data are required for
regional comparisons of the Langley Granite, the granite at
Bayside, Va. (Horton, Aleinikoff, and others, 2002), and
Neoproterozoic igneous rocks of similar age in the Carolina,
Spring Hope, Roanoke Rapids, and Hatteras terranes (table B6).

Neoproterozoic igneous rocks are also found in Avalonian
terranes of the northern Appalachians and Europe (summarized
in Nance and Thompson, 1996) and in the Pan-African orogenic
belts of West Africa (Dallmeyer and Villeneuve, 1987; Dall-
meyer, 1989). The Langley Granite is similar in age to relatively
undeformed intrusive rocks in New England, such as the
Dedham, Milford, and Esmond Granites in Massachusetts and
Rhode Island (Zartman and Naylor, 1984; Thompson and oth-
ers, 1996), and to metavolcanic and metaplutonic rocks in Con-
necticut (Wintsch and Aleinikoff, 1987; Wintsch and others,
1992).

Preimpact target rocks of the Chesapeake Bay impact
structure are considered to be a likely source for tektites of the
North American strewn field (Poag and others, 1994; Koeberl
and others, 1996, 2001; Glass, 2002). Furthermore, late Eocene
tektites and microtektites from several sites in this field have Nd
model ages of 620 to 670 Ma (Shaw and Wasserburg, 1982) and
630 Ma (Ngo and others, 1985), indicating that they were
derived from Neoproterozoic source materials similar in age to,
or slightly older than, the Langley Granite. The compositions of
these tektites, including bediasites, georgiaites, and microtek-
tites, were summarized by Koeberl (1990) and Koeberl and oth-
ers (2001).

Koeberl and others (2001) compared major-element, trace-
element, and Nd and Sr isotopic compositions of some lower
Tertiary sediments in the Chesapeake Bay target area with tek-
tite compositions and found “no immediate similarity between
the tektite compositions and the sediments” that they analyzed.
We compared data for microtektites from Koeberl (1990, tables
1 and 2) with new data for the Langley Granite (table B2 and
Horton and Izett, this volume, chap. E); the Langley Granite is
similar in the major elements Si, Al, Fe, Mg, Ca, and K, is
higher in Na and lower in Ti, but shows virtually no similarity
in trace elements. Elements such as Na may be too volatile and
mobile during melting for simple comparisons to be meaning-
ful. More detailed chemical comparisons constrained by volu-
metric considerations and mass balance were not attempted at
this stage because of the apparent dissimilarity in less mobile
trace elements.

Tectonic Implications for Terranes beneath the
Atlantic Coastal Plain

In the tectonic interpretation shown in figure B11, the
USGS-NASA Langley corehole and the Chesapeake Bay
impact structure are within the Chesapeake block. The southern
margin of this block is shown as a suture, which was proposed
by Lefort (1988, 1989) and Lefort and Max (1991) on the basis
of geophysical data. They interpreted the Chesapeake block as
the remnant of a tectonic indenter of Archean(?) African crust,
left behind when the Atlantic Ocean opened. Similarities in age
(table B6) between the Langley Granite and Neoproterozoic .
igneous rocks, including granites, in terranes to the south and
southwest, raise doubts about the proposed suture. If the pro-
posed suture (Lefort, 1989; Lefort and Max, 1991) is nonexist-
ent, then the Roanoke Rapids and (or) Hatteras terrane may
extend northward beneath the coastal plain into the target aread
of the impact structure (fig. B11). Testing these relations will
require information on the age and character of host rocks that
were intruded by the Langley Granite, new geochronology in
the Roanoke Rapids and Hatteras terranes (where published
dates in table B6 are too imprecise), and more geochemistry to
support detailed chemical comparisons of igneous rocks in ter-
ranes beneath the coastal plain.



Table B6. Isotopic ages of selected Neoproterozoic igneous rocks for comparison with the age of the Langley Granite.

[Terranes are shown in figure B11]

Granitic Coastal Plain Basement, USGS-NASA Langley Core B21

Unit dated Age (Ma) Isotopic system and method Reference®
Chesapeake block
Langley Granite, Hampton, Va..........o...ooovvovvveerrreernrenns 612+10 206pp,2381) SHRIMP zircon 1.5
Granite at Bayside, Va........oooo.oovveeeeeeereeeeoereeseereossnreons 62511 206pp/23817 SHRIMP zircon 5
Carolina terrane
Granite of Flat River complex, N.C.......ccccoceocuenininunnnns 613.442.8/-2 U-Pb zircon, upper intercept 7
Diorite of Flat River complex, N.C.......ccooovviiniirninne. 613.9+1.6/-1.5 U-Pb zircon, upper intercept 7
Osmond granife gneiss; N.Ciossmumsaanssan 612.4+5.2/-1.7 U-Pb zircon, upper intercept 7
Granodiorite near Clarkesville, Va.........ccccceovivviiennnnn. 602+9 U-Pb zircon, upper intercept 4
Granite of Chapel Hill pluton, N.C.....ccoocecenviinnnnnns 633+2/-1.5 U-Pb zircon, upper intercept 7
Felsic gneiss of Hyco Formation, N.C..........cccccvveunne. 619.9+4.5/-3 U-Pb zircon, upper intercept 7
Metarhyolite of Hyco Formation, N.C........c.ccccocviunnnne. 615.7+3.7/-1.9 U-Pb zircon, upper intercept 7
Felsic metatutf of Hyco Formation, Va..........ccoooeenee. 62148 U-Pb zircon, upper intercept 4
Felsic crystal metatuff of Hyco Formation, Va............... 6164 U-Pb zircon, upper intercept E
Spring Hope terrane
Gneiss at Mill Creeks: NiChi e vamssnsisissasnssss iaisiaissisiiss 6209 U-Pb zircon, upper intercept 2
Felsic crystal tuff near Spring Hope, N.C.....ccccooeennne 590+3 U-Pb zircon, upper intercept 2
Roanoke Rapids terrane
Metatonalite of Roanoke Rapids complex, N.C............... 668 207pp/2%py zircon, discordant 3
Metatonalite intruding(?) Easonburg Formation, N.C...... 607 207pp/296py zircon, discordant 3
Hatteras terrane
Amphibole quartz monzonite at Camp Lejeune, N.C....... 630£39 Rb/Sr whole rock 6
Garnet-cordierite-biotite granite at Stumpy Point, N.C.... 583+46 Rb/Sr whole rock 6
Goochland terrane
Fine Creek Mills granite, Va. (A-type)....cccoeevveeririneenenes 629+4/-5 U-Pb zircon, lower intercept 8
Granite (SF98-2), Va. (A-tyPe).....ccceevervruiriviciiisirienne 630+9/-10 U-Pb zircon, lower intercept 8
Granite:(SFG9=11); Va. (Aype) s smasnmnsumsms 600+7/-9 U-Pb zircon, lower intercept 8
Granite (SF99-20). Va. (A-tyPe)....cccccovvrermercreiiiereccne 588+9/-12 U-Pb zircon, lower intercept 8

*References: 1, this chapter; 2, Goldberg (1994); 3, Horton and Stern (1994): 4, Horton and others (1999): 5, Horton, Kunk, and others (2002);
6, Russell and others (1981): 7, Wortman and others (2000); 8, Owens and Tucker (2003).
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Figure B11. Map showing the location of the USGS- North; WS, Watkins School. Features of the impact

NASA Langley corehole (L), Hampton, Va., and the structure are modified from Powars and Bruce (1999),
Chesapeake Bay impact structure in relation to a tec- Powars (2000), Johnson and others (2001), Powars,
tonostratigraphic terrane map (Horton and others, 1991)  Johnson, and others (2002), and Edwards and Powars
prepared before the structure was recognized. Other (2003).

coreholes for this project are also shown: B, Bayside; N,
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If Mesoproterozoic Laurentian crust underlies the New
Jersey Coastal Plain in the northern part of the Chesapeake
block, as suggested by Rb/Sr geochronology (Sheridan and oth-
ers, 1999), then an intervening suture is proposed here to sepa-
rate those rocks from terrane(s) to the south that contain the
Langley Granite and similar Neoproterozoic igneous rocks.
However, that interpretation depends on a single Rb/Srisochron
age of 1.025+0.036 Ga for metagabbro, hornblende, and quart-
zofeldspathic gneiss cuttings from a deep well at Cape May,
N.J. (Sheridan and others, 1999); the geologic significance of a
single isochron for such diverse rocks is questionable.

The age of the Langley Granite strongly suggests that
coastal plain basement in the vicinity of the impact is related to
peri-Gondwanan magmatic arc terranes such as the Carolina,
Roanoke Rapids, and Avalon terranes, rather than Laurentia.
Some peri-Gondwanan terranes, notably Avalon and Cadomia
(not shown in fig. B11), have igneous rocks older than 650 Ma
that have not yet been found in similar terranes of the southeast-
ern United States (Secor and others, 1983; Samson and others,
1999; Wortman and others, 2000). Modern high-precision geo-
chronology and geochemistry of exposed rocks in the Roanoke
Rapids terrane are needed to determine whether rocks similar in
age and composition to the Langley Granite and (or) rocks older
than 650 Ma are present.

Lack of Discemible Impact-Related Deformation or
Heating

No shock-metamorphosed minerals, shatter cones, or other
features clearly attributable to the impact were seen in the Lang-
ley Granite in the Langley core, although crystalline-rock ejecta
in the overlying impact-related sediments contain shock-meta-
morphosed quartz (Horton and others, 2001; Horton Aleinikoff,
and others, 2002; Horton, Kunk, and others, 2002; Horton and
Izett, this volume, chap. E). The argon and fission-track cooling
ages of minerals show no discernible impact-related thermal
disturbance in granite at this location near the outer margin of
the impact structure. The apatite fission-track age of 184+32
Mais typical of cooling that followed the early Mesozoic rifting
event throughout the region (Roden and Miller, 1991; Hulver,
1997; Naeser and others, 2001).

Seismic-reflection data suggest that impact-related faults
penetrate crystalline basement beneath the coastal plain in the
vicinity of the USGS-NASA Langley corehole (Catchings and
others, this volume, chap. I). No such faults were documented
in the core, but the chance of intersecting them was limited by
having <9 m (<30 ft) of granite core.

Conclusions

The Langley Granite is peraluminous, nonfoliated, and
highly chloritized. Fractures in the granite from the USGS-
NASA Langley core are no more abundant than those in many

B23

Piedmont cores. and most have lower greenschist-facies miner-
als suggesting that they predate the impact. The 2Pb/>3%U
weighted average age of igneous zircon at 612+10 Ma indicates
a Neoproterozoic age for the granite. The **Ar/*Ar ages of
microcline and plagioclase may be related to regional cooling
and uplift following the late Paleozoic Alleghanian orogeny.
Apatite and zircon fission-track ages and apatite track lengths
determined for sample NL2081 from the granite show no dis-
cernible impact-related thermal disturbance at this location
about 19 km (12 mi) beyond the margin of the central crater.
The granite has not yielded any shock-metamorphosed minerals
or shatter cones or any evidence of an impact-related thermal
event. Impact-generated faults were not detected in the granite
core, although seismic-reflection data suggest that they pene-
trate coastal plain basement rocks in the general vicinity.
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Appendix B1. Descriptions of Samples from the Langley Granite in the USGS-NASA

Langley Core

Samples from the USGS-NASA Langley core that are
described in this chapter were taken from core box 206 (fig.
B3A). Samples are identified by the letters NL followed by a
number indicating depth in feet. Parts of the core shown in fig-
ure B4C,E, F,G were not sampled for analysis.

The thin sections were studied by Horton and also were
examined by Glen A. Izett (College of William and Mary and
USGS Emeritus) and Daniel J. Milton (USGS Emeritus).
These examinations revealed no shock-metamorphic features.

Sample NL2080.1

[2 thin sections (fig. B4D)]

Depth.—634.01 m (2,080.1 ft); core box 206.

Description.—Sample NL2080.1 consists of granite from
the extreme upper end of the interval contained in sample
NL2081 (described below). The granite is massive, pale red,
medium grained, and nonfoliated; albite and chlorite fill frac-
tures and faults. The fabric is seriate-inequigranular, hypidio-
morphic, and isotropic. Mineral percentages are in table B1.

Sample NL2081

Depth.—In sawed half of the drill core from 633.98 to
634.81 m (2,080.0 to 2,082.7 ft) depth; core box 206.

Description.—Sample NL2081 consists of granite that is
massive, pale red, medium grained, and nonfoliated. About 2
kilograms (about 4.4 pounds) of granite was processed for min-
eral separates of zircon (fig. BS) for SHRIMP U-Pb geochronol-
ogy (fig. B6, table B3), microcline and plagioclase for **Ar/**Ar
geochronology (fig. B7, table B4), and zircon and apatite for
fission-track geochronology (table B5). The presence of cli-
nochlore, quartz, titanite, hematite, and clinozoisite was con-
firmed by X-ray diffraction of a mineral separate having a spe-
cific gravity between 3.17 and 3.32. NL2080.1 thin sections are
from the extreme upper end of the interval contained in this
larger sample. Data from NL2080.1 served as a guide for col-
lecting this larger geochronology sample, which encompasses
and extends beyond it.

Sample NL2083

Depth.—634.81 to 634.93 m (2,082.7 to 2,083.1 ft); core
box 206.

Description.—White albite coating a single joint surface
from 634.81 to 634.93 m (2,082.7 to 2,083.1 ft) depth in the
granite core. The albite was confirmed by X-ray diffraction and
dated by the *°Ar/3°Ar age-spectrum method (fig. B7. table B4).
NL2083.1 thin sections, which do not include the joint, are from
rock adjacent to the lower end of this sample.

Sample NL2083.1

[2 thin sections (fig. B44,B)]

Depth.—634.93 m (2,083.1 ft); core box 206.

Description.—Sample NL2083.1 consists of granite from
just below the lower end of sample NL2083 (described above).
The granite is massive, pale red, medium grained, and nonfoli-
ated. The fabric is seriate-inequigranular, hypidiomorphic, and
isotropic. Mineral percentages are in table B1, and chemical
composition is in table B2.

Gray minerals were separated by color from part of the
same rock sample; the gray minerals were determined by X-ray
diffraction to be quartz, albite, and microcline. Semi-quantita-
tive mineral compositions based on scanning-electron micros-
copy (SEM) follow:

+ K-feldspar—66.6 percent SiO,, 18.7 percent Al,O3, 13.2
percent K,O. 1.5 percent Na,O

¢ Albite—65.5 percent Si0,, 20.6 percent Al,O4, 12.7
percent Na,O, 0.5 percent CaO, 0.3 percent K,O

+ Oligoclase—66.5 percent SiO,, 21.5 percent Al,05, 10.4
percent Na,O, 1.5 percent CaO

¢ Chlorite—Mg much more abundant than Fe

Accessory and trace minerals confirmed by SEM are tita-
nite, zircon, apatite, thorite (intergrown with zircon), a titanium
oxide, and monazite as minute inclusions in iron-titanium
oxide; inclusions in chlorite were identified as albite, an epidote
mineral, titanite, and Fe oxide having a very low Ti content.
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Physical Geology of the Impact-Modified and
Impact-Generated Sediments in the
USGS-NASA Langley Core, Hampton, Virginia

By Gregory S. Gohn," David S. Powars,' T. Scott Bruce,2and Jean M. Self-Trail’

Abstract

The USGS-NASA Langley corehole penetrated a complete
section of impact-modified and impact-generated sediments in
the outer annular trough of the late Eocene Chesapeake Bay
impact structure. The U.S. Geological Survey (USGS) and
cooperators drilled the Langley corehole to a total depth of
635.1 meters (m; 2,083.8 feet (ft)) at the National Aeronautics
and Space Administration (NASA) Langley Research Center in
Hampton, Va.

The continuously sampled Langley core contains 390.6 m
(1,281.6 ft) of impact-related sediments between the top of
basement granite at 626.3 m (2,054.7 ft) depth and the base of
upper Eocene postimpact sediments at 235.65 m (773.12 ft)
depth. Preimpact Cretaceous and lower Tertiary sedimentary
sections disrupted by the impact consisted of noncalcareous,
nonglauconitic Lower Cretaceous and basal Upper Cretaceous
fluvial and deltaic sediments overlain by glauconitic and calcar-
eous Upper Cretaceous and lower Tertiary marine sediments.

Three informally defined, impact-related sedimentary
units are recognized in the Langley core: crater unit A, crater
unit B, and the Exmore beds. Crater unit A overlies basement
granite at a depth of 626.3 m (2,054.7 ft) and consists of
183.8 m (603.0 ft) of minimally to moderately disrupted Creta-
ceous fluvial and deltaic sediments of the Potomac Formation.
Crater unit A does not contain shocked ejecta or infiltrated
exotic sediments.

Crater unit A is divided into two informal subunits: the
lower beds and the upper beds. The contact between the
subunits is placed at a depth of 558.1 m (1,831.0 ft). Primary
(Cretaceous) sedimentary structures and cycles, including
horizontal bedding and laminations, are virtually pristine in the
lower beds, indicating little or no impact disruption. Similar
primary structures and cycles are present in the upper beds, but
massive (structureless) sands and fractured finer grained beds
also are present.

us. Geological Survey, Reston, VA 20192.
2Virginia Department of Environmental Quality, P.O. Box 10009.
Richmond, VA 23240.

Crater unit B overlies crater unit A at a depth of 442.5 m
(1,451.7 ft) in the Langley core. The unit contact is placed at the
base of the lowest zone of injected exotic matrix within crater
unit B. Crater unit B is 173.0 m (567.7 ft) thick and consists of
coherent blocks (4 millimeters to <1 m (0.16 inch to <3.3 ft) in
diameter), megablocks (1 m to <25 m (<82 ft)), and megablock
zones (multiple megablocks with block-on-block contacts) of
Potomac Formation sediments separated by intervals of mixed
native and exotic sediments called matrix zones.

The matrix zones consist of blocks of deformed Potomac
Formation sediments suspended in a matrix of typically noncal-
careous, muddy, pebbly, quartz-glauconite sand. The glauconite
in these zones is an exotic component that represents injection
of disaggregated Upper Cretaceous and Tertiary marine sedi-
ments downward into the nonglauconitic sediments of the Poto-
mac Formation.

Crater unit B is divided into two informal subunits: the
lower beds that contain glauconitic matrix only in a thin interval
at their base and the upper beds that contain abundant glauco-
nitic matrix zones. The contact between the subunits is placed at
a depth of 427.7 m (1,403.3 ft).

Crater units A and B represent an autochthonous to parau-
tochthonous sedimentary section within the impact structure’s
annular trough. These units present no evidence for large-scale
removal of preimpact sediments by excavation flow or for
shock deformation near the Langley corehole.

The basement granite, crater unit A, and the lower beds of
crater unit B constitute an autochthonous section in which
impact deformation was limited to local fluidization of sand
beds and fracturing and faulting. Exotic sediments in this com-
posite interval are limited to a 0.3-m-thick (1-ft-thick) interval
of glauconitic matrix at the contact between crater units A and
B. The upper beds of crater unit B constitute a parautochthonous
section that contains widespread evidence of fracturing, slump-
ing, and rotation of blocks and megablocks of the Potomac For-
mation, fluidization of sands, and injection of exotic sediments.

Inferred impact-generated deformation features in crater
units A and B and their inferred causative mechanisms include
the following: fractures and faults due to early tensional
fracturing and (or) late-stage gravitational collapse, massive
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sand layers produced by increased pore-water pressure in sand
beds or acoustic fluidization of sand beds, and dikes of disag-
gregated, near-surface, preimpact Cretaceous and Tertiary glau-
conitic sediments that were injected into an underpressured
interval of the Potomac Formation.

The Exmore beds are 33.8 m (110.9 ft) thick; they overlie
crater unit B and extend from 269.4 to 235.65 m (884.0 to
773.12 ft) depth in the Langley core. The Exmore beds consist
of abundant clasts of unshocked, preimpact Cretaceous and
Tertiary sediments and sparse shocked crystalline ejecta sus-
pended in an unsorted and unstratified matrix of calcareous,
muddy, quartz-glauconite sand and granules (polymict diamic-
ton). A thin interval of clayey silts and fine sands (transition
sediments) is present at the top of the Exmore beds above the
diamicton at depths of 235.92 t0 235.65 m (774.03 to 773.12 ft).

The diamicton is interpreted as debris-flow deposits pro-
duced by strong resurge currents that resulted from the late-
stage gravitational collapse of the transient crater, including the
water-column crater. The presence of two debris-flow units in
the Exmore beds in the Langley core is inferred from the pattern
of coarse-tail grading of large clasts and variations in the distri-
bution of reworked Cretaceous fossils.

The fine-grained transition sediments represent fallout of
impact-suspended sediments from the water column and the
return to normal continental-shelf sedimentation. Poag (2002,
Geology, v. 30, p. 995-998) and Poag and Norris (this volume,
chap. F) interpret the presence within the transition sediments of
a microspherule (microtektite) layer and an overlying biologic
dead zone that lacks an indigenous fauna.

Introduction

Chesapeake Bay Impact Structure

The Chesapeake Bay impact structure is the dominant sub-
surface feature of the southeastern Virginia Coastal Plain and
Inner Continental Shelf. It was formed about 35 million years
ago by the impact of a comet fragment or asteroid on the late
Eocene continental sheif of eastern North America and subse-
quently was buried beneath hundreds of meters of upper Eocene
through Quaternary marine and paralic sediments.

The Chesapeake Bay impact structure is a complex crater
that consists of an inner, highly deformed central crater (also
called the inner basin) surrounded concentrically by a relatively
less deformed annular trough (fig. C1) (Poag and others, 1994;
Poag, 1997; Poag, Hutchinson, and others, 1999; Poag, Plescia,
and Molzer, 1999; Powars and Bruce, 1999; Powars, 2000).
The central crater is about 35 kilometers (km; 21.8 miles (mi))
in diameter. The annular trough extends outward from the
central crater to the faulted outer margin, a radial distance of
about 25 km (15.5 mi). Therefore, the outer margin (also called
the outer rim) has a diameter of about 85 km (53 mi), which is

the value typically cited as the size of the Chesapeake Bay
impact structure.

This chapter discusses the lithologic, stratigraphic, struc-
tural, and depositional characteristics of impact-modified and
impact-generated sediments of the Chesapeake Bay impact
structure encountered in the USGS-NASA Langley core. The
Langley corehole is located within the structure’s annular
trough near its southwestern margin at Hampton, Va. (fig. C1).

USGS-NASA Langley Corehole

Several coreholes were drilled into or near the annular
trough of the Chesapeake Bay impact structure during the late
1980s and the 1990s (Powars and others, 1992; Powars and
Bruce, 1999; Powars, 2000). The discovery of severely dis-
rupted coastal plain deposits in these cores prompted the early
investigations (Poag and others, 1991; Powars and others, 1991,
1992) that ultimately led to our present understanding of the
Chesapeake Bay impact structure. However, none of these
coreholes penetrated the lower part of the sedimentary section
within the annular trough or the basement rocks below the
sedimentary section.

In 2000, the U.S. Geological Survey (USGS) drilled a
635.1-meter (m)-deep (2,083.8-foot (ft)-deep), continuously
cored test hole through the entire postimpact and impact-
deformed sedimentary section and into the underlying basement
rock at the National Aeronautics and Space Administration
(NASA) Langley Research Center, Hampton, Va. (figs. C1,
C2). This research was conducted in cooperation with the
Hampton Roads Planning District Commission, the Virginia
Department of Environmental Quality, the NASA Langley
Research Center, and the Geology Department of the College of
William and Mary (see “Acknowledgments”). Gohn and others
(2001), Poag and the Chesapeake Coring Team (2001), Powars,
Bruce, and others (2001), and Powers, Gohn, and others (2001)
provided operational details and preliminary geologic analyses
for the Langley corehole. The Langley corehole is located in the
Newport News North 7.5-minute quadrangle (USGS, 1986) at
lat 37°05'44.28" N., long 76°23'08.96" W. (North American
Datum of 1927), at a ground-surface altitude of 2.4 m (7.9 ft)
above the North American Vertical Datum of 1988.

Sediments modified or generated by the Chesapeake Bay
impact are present in the Langley core between the top of base-
ment rock at 626.3 m (2,054.7 ft) depth and the base of postim-
pact sediments at 235.65 m (773.12 ft) depth. This 390.6-m-
thick (1,281.6-ft-thick) section is divided informally, from base
to top, into crater unit A, crater unit B, and the Exmore beds.
Inferences about the nature of the impact processes within the
annular trough may be drawn from the patterns of sediment
deformation, sediment removal, and resedimentation seen in the
Langley core. This lithologic study is facilitated by the analysis
of a high-resolution seismic-reflection survey conducted by the
USGS at the NASA Langley Research Center (Catchings and
others, this volume, chap. I).
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Figure C1. Regional map showing the location of the Chesapeake Bay impact
structure, the USGS-NASA Langley corehole at Hampton, Va., and some other
coreholes in southeastern Virginia. Locations of the central crater and outer
margin are from Powars and Bruce (1999). lllustration modified from Powars,
Johnson, and others (2002) and Edwards and Powars (2003).

In this chapter, crater unit A, crater unit B, and the Exmore
beds are discussed following a summary of the preimpact
coastal plain stratigraphy of the southern Chesapeake Bay area.
Horton and others (this volume, chap. B) provide an analysis of
the basement rock at the bottom of the Langley core and a
discussion and references for the regional geology of the
pre-Cretaceous rocks below the coastal plain deposits of the
impact area.

Regional Preimpact Stratigraphy

Cretaceous and lower Tertiary sediments of the Virginia
Coastal Plain constituted a significant portion of the materials
affected by the late Eocene Chesapeake Bay impact. Therefore,
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Figure C2. Detailed map showing the location of the USGS-NASA Langley
corehole, Hampton, Va.

the postimpact distribution and character of these disrupted sed-
iments within and near the impact structure constitute a major
part of the complex record of impact-related deformation and
sedimentation. The preimpact coastal plain units of the southern
Chesapeake Bay area, as presently seen outside the impact
structure, are reviewed here to provide the background needed
for discussion of the impact-modified and impact-generated
sediments in the Langley core.

The preimpact section of the study area consists of Lower
Cretaceous, Upper Cretaceous, and lower Tertiary sedimentary
units that differ significantly in their preimpact distributions
and lithologic characteristics. Separate stratigraphic columns
are shown in figure C3 for the areas west, south, and north
(Delmarva Peninsula) of the impact structure. The Delmarva
section includes data from deep drill holes in the adjacent part
of the Maryland Coastal Plain north of the Chesapeake Bay
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impact structure. Ward (1985), Ward and Strickland (1985),
Powars and Bruce (1999), and Powars (2000) provided maps
that show the distributions of preimpact and postimpact strati-
graphic units in the Virginia Coastal Plain. A discussion of the
preimpact stratigraphy in southeastern Virginia also is provided
by Poag, Koeberl, and Reimold (2004).

Lower Cretaceous and Basal Upper Cretaceous
Stratigraphy

A thick, widespread section of Lower Cretaceous and
basal Upper Cretaceous fluvial and deltaic sediments is
assigned to the Potomac Formation in Virginia (for example,
Powars and Bruce, 1999) and the equivalent Potomac Group in
Maryland (for example, Hansen, 1982). The Potomac Forma-
tion constitutes most of the impact-modified section in the
Langley core.

Regionally, the Potomac Formation consists of repetitive
sections of noncalcareous silty and sandy clays, clayey silts,
and muddy to moderately well sorted, typically feldspathic
sands, gravelly sands, and gravels (Anderson, 1948; Reinhardt,
Christopher, and Owens, 1980; Owens and Gohn, 1985; Powars
and Bruce, 1999). The Potomac deposits include light- to dark-
gray, locally lignitic and pyritic sediments as well as color-
mottled, oxidized sediments. Sedimentary structures, cyclic
sedimentation patterns, and the near absence of marine fossils
indicate deposition in channels, bars, flood plains, and related
subenvironments within fluvial to delta-plain environments
(Hansen, 1969; Reinhardt, Christopher, and Owens, 1980).

In the absence of calcareous faunas and floras, palyno-
morphs (primarily pollen and spores) have been the principal
source of data for biostratigraphic analysis of the Potomac
Formation (Brenner, 1963; Doyle and Robbins, 1977,
Reinhardt, Christopher, and Owens, 1980; Doyle, 1982). These
microfloras indicate Barremian(?) through early Cenomanian
ages for the Potomac Formation (Group) throughout the
Virginia and Maryland Coastal Plains (fig. C3). Older Lower
Cretaceous sediments and Jurassic(?) sediments are present in
the Maryland and Virginia sections of the Delmarva Peninsula
north of the Chesapeake Bay impact structure (Brown and
others, 1972; Hansen, 1982), but their presence within the
impact structure is not documented, and they probably are
absent from that area.

The Potomac Formation thickens from a featheredge
at the western margin of the coastal plain to hundreds of meters
near the modern Atlantic coast (Anderson, 1948; Hansen, 1969,
1982; Brown and others, 1972). The Potomac Formation is at
least 305 m (1,000 ft) thick immediately west of the impact
structure on the York-James Peninsula (Powars and Bruce,
1999) and at least 546 m (1,790 ft) thick near the southern
margin of the impact structure in the Norfolk area (Brown and
others, 1972). The total thickness of Lower Cretaceous and
Jurassic(?) sediments north of the impact structure in Virginia
is about 1,400 m (about 4,600 ft), and sections that are 1,220 m

to at least 1,525 m (4,000 to 5,000 ft) thick are present farther
north in Maryland (Anderson, 1948; Hansen, 1982).

Upper Cretaceous Stratigraphy

The Upper Cretaceous stratigraphic units of the southern
Chesapeake Bay area consist of relatively thin sections of pri-
marily marine sediments that are restricted in their stratigraphic
and geographic extents. Common lithologies include gray and
greenish-gray, fossiliferous, glauconitic quartz sands and cal-
careous, fossiliferous muds that contrast with the locally oxi-
dized, nonmarine sediments of the Potomac Formation. Upper
Cretaceous sediments are not present west of Chesapeake Bay
and the impact structure in Virginia (Owens and Gohn, 1985;
Powars and Bruce, 1999).

Unnamed upper Cenomanian beds constitute the oldest
and most widespread Upper Cretaceous unit, occurring both
north and south of the impact structure. South of the structure,
this unit consists of numerous fining-upward repetitions of
shelly, glauconitic sand and fossiliferous, burrowed muds that
are overlain by micaceous, lignitic, muddy sands (Powars and
others, 1992; Powars and Bruce, 1999; Powars, 2000). Collec-
tively, these lithologies suggest deposition on the inner shelf
above wave base and possibly in delta-front environments.
Similar upper Cenomanian sediments are present north of the
impact structure on the Delmarva Peninsula (Anderson, 1948;
Hansen and Wilson, 1990; Powars and others, 1992; Powars
and Bruce, 1999).

A late Cenomanian age for these beds is indicated by their
palynomorphs (Doyle and Robbins, 1977; G.J. Brenner, in
Hansen and Wilson, 1990), mollusks (Stephenson, 1948a,b;
N.F. Sohl, USGS, oral commun., 1988), and ostracodes
(G.S. Gohn, USGS, unpub. data). The upper Cenomanian beds
thicken to the southeast in the area south of the impact structure;
known thicknesses in that area range from 10.0 m (33 ft) to
64.6 m (212 ft) (Powars, 2000). North of the structure in
Virginia, the upper Cenomanian beds are about 12.2 to 33.5 m
(40 to 110 ft) thick (Doyle and Robbins, 1977; Hansen and
Wilson, 1990; Powars and others, 1992).

Figure C3 (facing page). Regional stratigraphic columns for the Cretaceous
and lower Tertiary sedimentary units in the vicinity of the Chesapeake Bay
impact structure. The geologic time column is adapted from Berggren and oth-
ers (1995) and Gradstein and others (1995). References for the stratigraphic
units are listed in the text. Vertical bars indicate the absence of sediments.
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Two informally recognized Upper Cretaceous units are
present above the upper Cenomanian beds in the area south
of the impact structure in Virginia; these are the glauconitic
sand unit and the red-bed unit of Powars and others (1992),
Powars and Bruce (1999), and Powars (2000). The glauconitic
sand unit is known from two coreholes in southeastern Virginia
where about 16.8 to 18.0 m (55 to 59 ft) of these marine deposits
overlie the upper Cenomanian beds. No fossils have been
examined from the glauconitic sand unit, but its stratigraphic
position (fig. C3) suggests a Turonian age (Christopher and
others, 1999).

The red-bed unit overlies the glauconitic sand unit and
consists of oxidized, color-mottled muds, sands, and gravelly
sands. These deposits are noncalcareous and contain mud-
cracks, rootlets, and paleosols that indicate continental
environments of deposition similar to those inferred for the
Potomac Formation.

Observed thicknesses of the red-bed unit range from 16.3
t027.8 m (53.4 to 91.3 ft). Palynomorphs from this unit indicate
a Coniacian to Santonian age (N.O. Frederiksen, USGS, written
commun., 1999). The palynologic age, stratigraphic position,
and lithologies of the red-bed unit suggest that it is a northward
continuation of the widespread Cape Fear Formation of the Car-
olinas (Christopher and others, 1999).

Two additional Upper Cretaceous marine units are recog-
nized north of the impact structure on the Delmarva Peninsula
in Virginia and Maryland (fig. C3). The older of these unnamed
units reaches a maximum thickness of about 15 m (about 50 ft)
and contains microfossils that indicate a late Santonian(?) to
early Campanian age (Anderson, 1948; Swain, 1948; R.K.
Olssen, in Hansen and Wilson, 1990; Powars and others, 1992;
G.S. Gohn, USGS, unpub. data). The presence of unnamed
upper Campanian to Maastrichtian beds may be inferred from
mollusks described from sediment cores of the Hammond test
hole in Maryland (Stephenson, 1948b) and from reworked
Maastrichtian microfossils found in impact-generated sedi-
ments of the impact structure (Powars and others, 1992). These
Santonian(?) to Maastrichtian sections consist primarily of fos-
siliferous, fine-grained sediments (Anderson, 1948; Powars and
others, 1992).

Lower Tertiary Stratigraphy

The preimpact Tertiary section of the Virginia Coastal
Plain (fig. C3) consists of marine sediments of the Paleocene
and Eocene Pamunkey Group (Ward, 1985); from oldest to
youngest, the Pamunkey Group contains the Brightseat Forma-
tion, Aquia Formation, Marlboro Clay, Nanjemoy Formation,
and Piney Point Formation. Except for the Brightseat, the for-
mations of the Pamunkey Group are widespread in the Virginia
Coastal Plain. In detailed studies, the Aquia, Nanjemoy, and
Piney Point Formations typically are divided into members and
(or) beds. Common lithologies include shelly limestones, muds,
and muddy quartz, quartz-glauconite, and glauconite sands.
Calcareous macrofossils and microfossils are moderately abun-

dant throughout the Pamunkey Group in sections that have not
been leached of their calcium carbonate. Lithologies, ages, dis-
tributions, and thicknesses of the lower Tertiary formations
described in the following summary paragraphs are derived
from Gibson and others (1980), Reinhardt, Newell, and Mixon
(1980), Ward (1985), Ward and Strickland (1985), Mixon
(1989), Hansen and Wilson (1990), Powars and others (1992),
Poag and Ward (1993), Poag and Commeau (1995), Powars and
Bruce (1999), and Powars (2000).

The oldest preimpact Tertiary unit is the lower Paleocene
Brightseat Formation, which consists of fossiliferous, mica-
ceous muddy fine sands. The Brightseat is generally considered
to be present only in updip areas of the Virginia Coastal Plain
north of the Rappahannock River. However, Powars and others
(1992; also see Powars, 2000, p. 33) referred a thin section of
lower Paleocene muddy, glauconitic sand in the Virginia
Coastal Plain south of Chesapeake Bay and the impact structure
to the Brightseat Formation on the basis of lithologic and pale-
ontologic data (fig. C3).

The widespread upper Paleocene Aquia Formation con-
sists of variably macrofossiliferous and microfossiliferous,
muddy, glauconite and quartz-glauconite sands that extend
beneath most of the Virginia Coastal Plain. The Aquia main-
tains a thickness in the range of 6.1 to 18.3 m (20 to 60 ft) in
areas adjacent to the impact structure.

The uppermost Paleocene and lowermost Eocene Marl-
boro Clay is a thin but widespread unit in areas west and south
of Chesapeake Bay. The Marlboro consists of distinctive, spar-
ingly fossiliferous, gray and pale-red, kaolinitic silty clay that
contrasts with the greenish glauconitic sediments of the over-
lying and underlying units. Thicknesses of the Marlboro are in
the range of 2.4 to 5.5 m (8 to 18 ft) in areas adjacent to the
western and southern margins of the impact structure.

The widespread lower Eocene Nanjemoy Formation con-
sists of typically fossiliferous, burrowed muds and muddy fine
to coarse glauconite-quartz sands. The thickness of the Nan-
jemoy ranges from about 12.2 to 18.3 m (40 to 60 ft) in areas
near the western and southern margins of the impact structure.

The middle Eocene Piney Point Formation is composed
of muddy, glauconitic, highly fossiliferous, locally calcite-
cemented, quartz-glauconite sand and quartzose and glauco-
nitic, moldic, pelecypod limestone. The Piney Point does not
occur in the area south of the impact structure but is widespread
in the area west of the impact structure and Chesapeake Bay.
Thicknesses of 1.8 to 6.1 m (6 to 20 ft) are recorded for the
Piney Point in the area adjacent to the western margin of the
impact structure.

The geology of the Pamunkey Group in the Virginia part
of the Delmarva Peninsula north of the impact structure is not
well documented. However, data from the adjacent part of the
Maryland Coastal Plain suggest that Paleocene through middle
Eocene sections of marine deposits in that area are about 40 to
100 m (about 120 to 300 ft) thick (Anderson, 1948; Brown and
others, 1972; Hansen, 1978; Hansen and Wilson, 1990; Poag
and Commeau, 1995).
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Implications for Impact Crater Analysis

The Cretaceous and lower Tertiary sedimentary section
disrupted by the late Eocene Chesapeake Bay impact consisted
of two lithologically distinct parts: a lower section of Lower
Cretaceous and basal Upper Cretaceous nonmarine sediments
and an upper section of Upper Cretaceous and lower Tertiary
marine sediments. The lower section consisted of nonglauco-
nitic, noncalcareous, locally oxidized, interbedded sands and
clays, whereas the upper section consisted of glauconitic to very
glauconitic, typically calcareous, sparingly oxidized, fine-
grained deposits. The lithologic contrast between these two
sections is a useful tool for analyzing the character and extent
of impact-produced sediment disruption and mixing in the
annular trough.

USGS-NASA Langley Core

Stratigraphy of the Annular Trough

Previous studies divided the sedimentary section within
the annular trough of the Chesapeake Bay impact structure into
two units: the megablock unit and the overlying Exmore beds
(Poag, 1996, 1997; Poag, Hutchinson, and others, 1999; Powars
and Bruce, 1999; Powars, 2000). Poag (1997, p. 57) considered
the megablocks to be slumped blocks of fractured sedimentary
rocks that were affected by the impact. His interpretations of the
megablocks on seismic-reflection profiles show normal-fault-
bounded, locally rotated blocks having typical dimensions of
tens to hundreds of meters (Poag, 1996, 1997; Poag, Hutchin-
son, and others, 1999). Powers and Bruce (1999, p. 30-31)
stated, on the basis of limited core data, that the megablocks
consisted primarily of Lower Cretaceous fluvial and deltaic
deposits (Potomac Formation).

Powers and Bruce (1999, p. 29) described the Exmore as a
lithologically variable unit, which consists of shelly, glauco-
nitic, muddy, pebbly sand that serves as a matrix between abun-
dant clasts of preimpact sediments, sparse clasts of crystalline
rock and melt rock, and sparse shocked quartz grains (also see
Koeberl and others, 1996). Informal stratigraphic names previ-
ously applied to the Exmore unit include the “Exmore beds”
(Powars and others, 1992), the “Exmore boulder bed” (Poag
and others, 1992), the “Exmore breccia” (Poag, 1996, 1997),
and the “Exmore tsunami-breccia” (Powars and Bruce, 1999;
Powars, 2000). Powars, Bruce, and others (2001) referred to
these deposits in the Langley core as “unit C.”

In this chapter, the sedimentary section of the annular
trough recovered in the Langley core is divided informally into
crater unit A, crater unit B, and the Exmore beds. These units
are defined on the basis of physical criteria observed in the core
(fig. C4), including the lithology, size, and deformation of sed-
iment blocks and clasts, the presence or absence of preimpact
Tertiary sediments as detrital clasts, exotic blocks, or exotic
matrix, and the presence or absence of fluidized sands, resedi-

mented deposits, and shocked and (or) cataclastic crystalline-
rock ejecta.

We consider the megablock sections of previous authors
to be generally equivalent to crater unit A of this chapter on
the basis of similarities in sediment types and postimpact strati-
graphic position. Sections of crater unit B probably were
assigned to the Exmore beds in previous reports because of the
gross lithologic similarity of crater unit B to the Exmore beds
(sediment blocks or clasts in matrix). However, the Exmore
beds are more narrowly defined in this chapter, where block-
in-matrix sections with a strong dominance of Potomac Forma-
tion blocks and a paucity of crystalline-rock and Tertiary sedi-
ment blocks are excluded from the Exmore and included in
crater unit B.

Poag and Norris (this volume, chap. F) continue the use of
a two-part subdivision (megablocks and Exmore breccia) for
the sedimentary section in the Langley core (fig. C5). They indi-
cate that their definition of the term “Exmore breccia” includes
crater unit B and the Exmore beds of this chapter.

The Exmore breccia of Poag and Norris (this volume,
chap. F) does not include a thin interval of fine-grained sedi-
ments that we include as the uppermost part of the Exmore beds
in this chapter (fig. C5). Instead, they assign this fine-grained
interval to a lower “fallout layer” and an upper “dead zone” that
are located above their Exmore breccia and below the postim-
pact Chickahominy Formation (also see Poag, 2002). Poag and
Norris (this volume, chap. F) place the fallout layer and dead
zone between depths of 235.87 and 235.65 m (773.85 and
773.12 ft) in the Langley core. After reconsideration of the orig-
inal core photographs and field notes for the Langley core, we
consider these fine-grained sediments to extend from a depth of
235.92 mt0235.65 m (774.03 ftto 773.12 ft) (fig. C5) and refer
to them as the “transition sediments” of the Exmore beds.

Terminology for Coarse-Grained Materials

Two sets of grain-size terminology are used in this chapter
to describe the very large particles present in the crater materials
of the Langley core. The standard Wentworth grade scale and
class terms (Wentworth, 1922) are used for the Exmore beds
because this unit is interpreted to consist of allogenic clastic
sediments. Hence, particles having diameters longer than 4 mil-
limeters (mm; 0.16 inch (in.)) in the Exmore beds are described
as pebbles, cobbles, and boulders; the term “clast” is used to
refer collectively to these size classes. The Wentworth (1922)
scale also is used for primary detrital particles within the preim-
pact sediments.

In contrast, crater units A and B are interpreted to consist
of autochthonous to parautochthonous sedimentary sections in
which the formation of large constituent pieces was primarily
the result of impact-induced fracturing and faulting. For these
materials, the word “block” is used for particles that are 4 mm
(0.16 in.) to less than 1 m (3.3 ft) in diameter. Particles that
are 1 m to less than 25 m (82 ft) in diameter are called “mega-
blocks.” Particles larger than 25 m were not recognized in the
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unit B are indicated; see also figure C7. Shaded intervals are zones of injected glauconitic matrix in crater unit B.
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Langley core, although fault-bounded blocks of greater
size probably are present (Catchings and others, this volume,
chap. I).

The term “megablock” in this chapter refers to constituent
particles that are smaller than the fault-bounded, slumped
megablocks defined by Poag (1996, 1997), Powars and Bruce
(1999), and others. The term “fault blocks” might be more
appropriate for the large “megablocks” (tens to hundreds of
meters in diameter) described by these authors.

Crater Unit A

General Lithology and Thickness

Crater unit A comprises poorly to moderately compacted
sediments of the Cretaceous Potomac Formation between
depths of 626.3 m (2,054.7 ft) and 442.5 m (1,451.7 ft) in the
Langley core (fig. C4); thus, it is 183.8 m (603.0 ft) thick. The
basal contact of crater unit A with the underlying weathered
granite is sharp and nonconformable. Approximately the basal
meter (3 ft) of crater unit A contains abundant subangular to
angular granite pebbles and cobbles.

Crater unit A consists of noncalcareous, nonglauconitic,
silty and sandy clays, clayey silts, muddy fine sands, gravelly
coarse sands, sandy quartz-feldspar-chert gravels, and sandy
clay-intraclast gravels. The sands and gravelly sands are more
abundant than the finer grained sediments throughout the unit.
Sediment colors vary from light and dark gray to less common
red and brown oxidation colors. Repetitive fining-upward sedi-
mentary cycles with erosional bases, basal sandy gravels, and
distinctive sequences of sedimentary structures and lithologies
are typical of crater unit A. Shocked or cataclastic ejecta
(Horton and Izett, this volume, chap. E), exotic clasts of Ter-
tiary sediment, and exotic disaggregated Tertiary sediments
were not observed in crater unit A.

The contact between crater unit A and the overlying
crater unit B at a depth of 442.5 m (1,451.7 ft) is placed at the
base of the lowest (deepest) occurrence of muddy, gravelly,
quartz-glauconite sand (referred to as “matrix”) between
blocks and megablocks of Potomac Formation sediments
(see following section on “Crater Unit B”). The lowest occur-
rence of glauconitic matrix is a useful field criterion for defining
these units, and it has genetic significance with regard to the
limit of impact-induced mixing of glauconitic and nonglau-
conitic sediments.

Crater unit A is divided into two informal subunits: the
lower beds and the upper beds. Physical characteristics used
to divide these subunits are the presence of highly fractured
clays and thick, massive (structureless), gravelly sands in the
upper beds and the paucity of these features in the lower beds.
The contact between the subunits is placed at the base of the
stratigraphically lowest, massive gravelly sand at 558.1 m
(1,831.0 ft) depth.

Lower Beds of Crater Unit A

Undisrupted primary (Cretaceous) sedimentary features
characterize the lower beds of crater unit A. Horizontal and
low-angle bedding and laminations are present throughout this
unit, indicating that little or no rotation of the cored section has
occurred. Silty and sandy clay beds in this interval display mod-
erate- to high-angle fractures and small faults but do not show
evidence of slumping and rotation, which is common in clays of
the upper beds.

Upper Beds of Crater Unit A

Primary (Cretaceous) sediment types, sedimentary struc-
tures, and sedimentary cycles in the upper beds (fig. C6A) are
similar to those in the lower beds. However, thick intervals of
massive gravelly sand also are present in the upper beds,
particularly from 558.1 m to about 542.5 m (1,831.0 ft to about
1,780.0 ft) depth and from 503.4 to 486.2 m (1,651.5 to
1,595.0 ft) depth. These sands contain disseminated quartz,
chert, and clay pebbles but lack stratification (fig. C6B). The
pebbles do not occur in distinct size-graded beds or at predict-
able positions within sedimentary cycles, as seen in the lower
beds of crater unit A. Fractured and faulted, oxidized clays from
486.2 to 482.0 m (1,595.0 to 1,581.5 ft) depth contain bedding
and laminations inclined at moderate angles and overlie the
higher interval of massive sand.

Crater Unit B

General Lithology and Thickness

Crater unit B is present in the Langley core from 442.5 m
(1,451.7 ft) to 269.4 m (884.0 ft) depth and has a thickness of
173.0 m (567.7 ft). This unit consists, in large part, of Creta-
ceous sediments of the Potomac Formation that are generally
similar in their primary depositional characteristics to the Poto-
mac Formation sediments in crater unit A. However, Potomac
Formation sediments in crater unit B are substantially more dis-
rupted than those in crater unit A.

We refer to intervals in crater unit B that consist of locally
derived sediment blocks suspended in a finer grained matrix of
mixed exotic and locally derived sediments as “matrix zones.”
The matrix zones intervene between larger coherent mega-
blocks and between intervals of multiple blocks and mega-
blocks that we refer to as “megablock zones” (fig. C7).

Crater unit B is divided into two informal subunits: the
lower beds and the upper beds. The contact between the sub-
units is placed at a depth of 427.7 m (1,403.3 ft); it separates
Potomac Formation sediments with minimal exotic matrix in
the lower beds from an overlying thicker section of Potomac
Formation sediments disrupted by numerous matrix zones in
the upper beds. The only matrix zone in the lower beds is
present at the base of the unit from 442.5 m (1,451.7 ft) to
442.2 m (1,450.8 ft) depth.
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Figure C6. Photographs of the upper beds of
crater unit A in the USGS-NASA Langley core.
Depths handwritten on the core boxes in feet are
repeated in type for clarity. Section tops are at
the upper left corners of the boxes. A, Composite
photograph of core box 173 showing horizontally
laminated and cross-laminated sands, horizontal-
ly interbedded and interlaminated sands and
clays, and clay-clast gravels. The clay clasts (CC)
in the third tray from the left are uniform in com-
position and locally derived. Metric depth values
for the top and bottom of box 173 are 524.0 m
and 526.3 m. B, Photograph of core hox 165
e R showing massive (fluidized) sand with dissemi-
720,28 : : nated quartz and clay pebbles. Metric depth
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Megablocks and Megablock Zones

Definition and lithologies.—Megablocks in crater unit B
consist entirely of coherent, slightly to moderately deformed
pieces of the Potomac Formation. Some megablocks consist of
a single lithology, whereas others contain a range of clays, silts,
sands, and gravelly sands. Primary bedding, laminations, cross-
bedding, and erosional contacts between beds are present within
many megablocks. Individual megablocks may consist primar-
ily of multicolored oxidized sediments, light- to dark-gray sed-
iments, or both.

A variety of structural and sedimentary features hinders
the recognition of certain megablock contacts. In some sections
of the Langley core, convincing examples of primary sedimen-
tary contacts (and other stratification) within coherent mega-
blocks are present, including cases where contrasting litholo-
gies are separated by primary sedimentary contacts. However,
planar contacts between two separate megablocks, especially
contacts between two megablocks that consist of the same sed-
iment type, can be difficult to distinguish from the sedimentary
contacts within megablocks. In other examples, centimeter-
scale layers of glauconitic matrix separate megablocks having
similar or contrasting lithologies. In these examples, it can be
difficult to distinguish a matrix-filled fracture within an other-
wise coherent megablock from a block-on-block contact with a
trace of matrix between two megablocks. For these reasons, we
have defined megablock zones in crater unit B as composite
sections of two or more Potomac Formation blocks and
megablocks separated by probable block-on-block contacts.
Recognized megablock contacts within megablock zones are
listed in figure C7.

Nearly structureless, nonglauconitic, very fine to very
coarse grained sand with a few thin intervals of disrupted relict
laminations is present above the basal glauconitic matrix zone
in the lower part of the lower beds from 442.2 m (1,450.8 ft)
to about 439.6 m (1,442.2 ft) depth. Oxidized fine-grained
sediments are present in the lower beds from about 439.6 m
(1,442.2 ft) to the subunit contact at 427.7 m (1,403.3 ft).

Megablocks and megablock zones from 427.7 m
(1,403.3 ft) to 340.8 m (1,118.1 ft) depth in the upper beds of
crater unit B primarily consist of gray and greenish-gray, car-
bonaceous clays, silts, and sands (fig. C8A). Beds of very fine
to fine and very fine to coarse sands in this interval are noncal-
careous, variably muddy, and locally lignitic or gravelly. Cross
laminations and crossbedding, clay laminations, burrows, and
clay intraclasts are common in these sands. Thicker clay beds in
this interval typically are dark gray, lignitic, silty, and sandy.
Oxidized silty and sandy clays and muddy fine sands are present
from 404.5 m (1,327.0 ft) to 397.2 m (1,303 ft) depth.

Megablocks and megablock zones in the upper beds of
crater unit B above 340.8 m (1,118.1 ft) depth consist primarily
of oxidized red, brown, and light-gray sediments (fig. C8B).
The most common sediment type is color-mottled, noncalcare-
ous, silty and locally sandy clay. These clays are dense and con-
tain abundant faults with slickensides; primary bedding gener-
ally is difficult to discern. Root casts and crumbly and blocky

fabrics suggest primary subaerial environments of deposition.
A second sediment type in this interval is color-mottled, noncal-
careous, micaceous, clayey silt and very fine sand. The sands
are locally cross laminated or massive. Dominantly gray, non-
calcareous, well-sorted, very fine to fine sands also are present.
These sands typically are massive but locally contain clay-silt
laminae and primary clay-silt intraclasts.

Thickness and distribution.—Megablocks and megablock
zones in crater unit B range in thickness from about 1.5 to
21.4 m (4.9 to 70.2 ft) (fig. C7). These measured thicknesses
represent the maximum apparent vertical dimension of each
megablock or megablock zone.

The thicker megablocks and megablock zones (about
16.0 to 22.0 m; 52.5 to 72.2 ft) occur in the lower half of crater
unit B below 324.4 m (1,064.4 ft) depth, whereas those above
324.4 m (1,064.4 ft) depth range from about 5.0 to 8.0 m (16.4
to 26.2 ft) in thickness. The change from thicker to thinner
megablocks and megablock zones does not correspond to the
subunit boundary between the lower and upper beds of crater
unit B (fig. C4).

Structures.—Several megablocks in crater unit B display
oversteepened bedding (figs. C7 and C8). Dips from 45°to
about 75%are locally present, indicating significant rotation of
these blocks. Fractures and faults of uncertain displacement
also are typical within or bounding individual megablocks.

Matrix Zones

Definition and lithologies.—The matrix zones consist of
sediment blocks from the Cretaceous Potomac Formation sus-
pended in a matrix of disaggregated Cretaceous and Tertiary
sediments (fig. C9). Megablocks, which are particles larger than
1.0 m (3.3 ft) are rare in the matrix zones. Block boundaries
range from irregular and embayed to essentially smooth, and
orientations range from horizontal to inclined at moderate and
steep angles. Block contacts with the matrix may be sharp,
slightly gradational, or broadly diffuse across a centimeter
(1 cm; 0.4 in.) or more. In general, the sandier, more friable
blocks show the most diffuse contacts.

Blocks in the matrix zones are strongly deformed. Their
internal bedding typically is distorted or fractured and inclined
at all angles from horizontal to vertical and perhaps overturned.
Vertically extended and distorted bedding in partially dis-
aggregated blocks suggests vertical fluid movement within
the matrix zones.

Blocks in the matrix zones of crater unit B are locally
derived pieces of the Potomac Formation. These native blocks
contain a wide range of Potomac Formation sediment types that
closely resemble the Potomac sediments in crater unit A and in
the megablocks and megablock zones of crater unit B. Common
sediment types found in the matrix-zone blocks include light-
to dark-gray, noncalcareous, typically micaceous and lignitic
clays and sands and noncalcareous, gray-, red-, and brown-mot-
tled silty clays, clayey silts, muddy sands, and sandy gravels.
Well-rounded quartz, quartz-feldspar, chert, and quartzite peb-
bles are common as disseminated particles in the matrix zones
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Figure C8. Photographs of megablocks in
crater unit B in the USGS-NASA Langley
core. Depths handwritten on the core boxes
, in feet are repeated in type for clarity. Sec-
LooT o , tion tops are at the upper left corners of the
U To- 11671 boxes. A, Composite photograph of core box
T % 124 showing steeply dipping and locally frac-
tured, interlaminated and burrowed sands
and clayey silts within a megablock in crater
unit B. Metric depth values for the top and
bottom of box 124 are 353.3 m and 357.5 m.
B, Composite photograph of core box 111
showing red and brown silty clay within a
megablock in crater unit B. The megablock is
overlain by matrix-zone material in the left-
hand tray (see dashed line). Metric depth val-
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Figure C9. Photographs of matrix zones in
crater unit B in the USGS-NASA Langley
core. Depths handwritten on the core boxes
in feet are repeated in type for clarity. Sac-
tion tops are at the upper left carners of the
boxes. A, Composite photograph of core box
144 showing blocks of sand (S) and clay (C)
in glauconitic matrix (M). Metric depth val-
ues for the top and bottom of box 144 are
425.5 m and 429.8 m. B, Composite photo-
graph of core box 128 showing blocks of

& , ; sand (S) and clay (C) in glauconitic matrix
L-0% oLy ; (M). Note inclined, distorted bedding (DB).
1398.05 ft 14011 ft 1402.9 ft 1410.0 ft Metric depth values for the top and bottom
A of box 128 are 368.4 m and 377.4 m.
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and likely were derived locally from fluvial channel gravels in
the Potomac Formation.

Almost all of the igneous- and metamorphic-rock frag-
ments in the matrix zones also are subrounded to rounded
pebbles that lack cataclastic fabrics and appear to be preimpact
detrital sediments from the Potomac Formation (Horton and
Izett, this volume, chap. E). A single 22-cm-long (8.7-in.-long)
clast of cataclastic felsite from a depth of about 275.8 m
(905.0 ft; see fig. C7C) contains shocked quartz and indicates
the presence of rare impact ejecta in the matrix zone closest to
the top of crater unit B (Horton and Izett, this volume, chap. E).
This felsite clast is immediately below a 6.3-m-thick (20.7-ft-
thick) megablock of oxidized Potomac Formation sediments
that forms the uppermost part of crater unit B.

No exotic sediment blocks of certain Late Cretaceous or
Tertiary age have been recognized in the matrix zones of crater
unit B, although some greenish-gray muds and muddy fine
sands potentially represent the preimpact unnamed Upper Cre-
taceous marine units, the Aquia Formation (upper Paleocene),
and (or) the Nanjemoy Formation (lower Eocene).

The matrix between the blocks within the matrix zones
consists of unsorted and unstratified, noncalcareous, muddy,
quartz-glauconite sand and granules. Glauconite grains are
common to abundant and are readily detected in all matrix
zones. Glauconite typically is absent or extremely sparse in the
preimpact Potomac Formation (Anderson, 1948; Reinhardt,
Christopher, and Owens, 1980), but it is common to abundant
in the Upper Cretaceous and lower Tertiary preimpact marine
units in the region (see the section above on “Regional Preim-
pact Stratigraphy™). Hence, it appears that a substantial amount
of disaggregated Upper Cretaceous and (or) Tertiary marine
sediment has moved downward into the matrix zones ol crater
unit B. In addition to this exotic component, the matrix contains
a native component of disaggregated, medium to very coarse
feldspathic quartz sand and resistate pebbles derived from the
sands and gravels of the Potomac Formation.

The matrix of crater unit B is similar in macroscopic
appearance to the matrix between clasts in the Exmore beds
above crater unit B (see the following section on the “Exmore
Beds”). However, the Exmore matrix is uniformly calcareous
and macrofossiliferous and microfossiliferous, whereas the
matrix in crater unit B is very sparingly calcareous and fossilif-
erous. No macrofossil fragments or microfossils were observed
during petrographic inspection of the sand fraction of 17 matrix
samples from crater unit B. Fossils were found in two matrix
samples processed for calcareous nannofossils or dinoflagel-
lates, as described below

Fossils.—Ten of eleven matrix samples from crater unit B
processed for calcareous nannofossils were barren (Frederiksen
and others, this volume, chap. D, fig. D7). The sample from a
depth of 298.5 m (979.3 ft) contains a mixed early Tertiary
assemblage of uncertain origin. This sample is from a thin
matrix section at the top of a coring run. As such, it was partic-
ularly susceptible to drilling-mud contamination during core
recovery and handling.

Two samples from the matrix of crater unit B were pro-
cessed for dinoflagellates; one was barren (Frederiksen and oth-
ers, this volume, chap. D). The other matrix sample, which was
from 278.4 m (913.3 ft) depth, contained a mixed early Tertiary
assemblage of dinoflagellates.

Thickness and distribution.—The matrix zones range from
a few centimeters (a few inches) to slightly over 20 m (65.6 ft)
in thickness. Zones in the upper half of crater unit B are consis-
tently less than 5 m (16.4 ft) thick, whereas zones thicker than
10 m (32.8 ft) are restricted to the lower half, although thinner
zones also occur in the lower half of the unit. This pattern
resembles the distribution of thicker and thinner megablocks
and megablock zones in crater unit B. The change from thicker
to thinner matrix zones does not correspond to the subunit
boundary between the lower and upper beds of crater unit B.

Moderate to poor core recovery was typical of the matrix
zones of crater unit B in the Langley core, particularly the
thicker zones. This pattern likely results from the poorly con-
solidated nature of the material in these zones.

Exmore Beds

Lithology, Thickness, and Nomenclature

The Exmore beds are present between depths of 269.4 m
(884.0 ft) and 235.65 m (773.12 ft) in the Langley core and have
a thickness of 33.8 m (110.9 ft). The Exmore section below
235.92 m (774.03 ft) depth consists of unsorted sedimentary
deposits that contain abundant pebbles, cobbles, and small
boulders of preimpact sediments and rocks suspended in a finer
grained matrix (fig. C10A-D). This interval is uniformly matrix
supported except in the basal 3.0 m (9.8 ft). We refer to these
unsorted deposits descriptively as the “polymict diamicton” of
the Exmore beds: the term is derived from one defined by Flint
and others (1960). The calcareous, laminated, clayey, quartz silt
and very fine sand at the top of the Exmore beds from 235.92 m
(774.03 ft) to 235.65 m (773.12 {t) depth (fig. C5) are referred
to as the “transition sediments” of the Exmore beds, as noted
above in the section on “Postimpact Stratigraphy of the Annular
Trough.” The transition sediments were not studied in detail for
this chapter, and discussions of these sediments in following
sections are derived primarily from Poag (2002) and Poag and
Norris (this volume, chap. F).

The lower contact of the Exmore beds at 269.4 m (884.0 ft)
depth separates a 6.3-m-thick (20.7-ft-thick) megablock of oxi-
dized clayey silts and muddy very fine sands at the top of crater
unit B (fig. C7C) from an overlying 0.5-m-thick (1.0-ft-thick)
boulder of greenish-gray, muddy, very fine to coarse sand at the
base of the Exmore section. The noncalcareous Potomac For-
mation blocks and megablocks and the sparingly calcareous
matrix below this contact (crater unit B) contrast with the poly-
mict clasts and calcareous matrix above the contact (Exmore
beds). Rare exceptions to these lithologic distinctions in crater
unit B are noted in the section above on “Crater Unit B.”
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Figure C10. Photographs of the diamicton of
the Exmore beds in the USGS-NASA Langley
core. Depths handwritten on the core boxes in
feet are repeated in type for clarity. Section
tops are at the upper left corners of the boxes.
A, Composite photograph of core box 97 show-
ing clasts in glauconitic matrix (M). Clast types
include sand (S), clay (C), and cataclastic granite
(CG). Metric depth values for the top and bot-
tom of box 97 are 262.8 m and 266.3 m. B, Com-
posite photograph of core box 94 showing
clasts in glauconitic matrix (M). Clast types
include clay (C), calcareous quartz-glauconite
sand (QGS), and cataclastic felsite (CF). Metric
depth values for the top and bottom of box 94
are 255.7 m and 258.2 m. C, Composite photo-
graph of core box 90 showing clasts in glauco-
nitic matrix. Clast types include sand (S) and
limestone (L). Metric depth values for the top
and bottom of box 90 are 245.3 m and 248.0 m.
D, Composite photograph of core box 87 show-
ing clasts in glauconitic matrix. Clast types in-
clude clay (C) and clayey sand (S). Metric depth
values for the top and bottom of box 87 are
236.3mand 240.2 m.
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Lithology, Texture, and Age of the Diamicton Matrix

The matrix of the diamicton in the Exmore beds consists of
unsorted and unstratified, calcareous, muddy, quartz-glauconite
sand and granules smaller than 4 mm (0.16 in.). Matrix colors
in fresh, wet cores vary from dark gray to dark olive gray and
olive gray.

Grain-size analyses (wet sieving at 1.0-phi intervals) of 11
matrix samples from the Exmore beds indicate little variation in
grain-size distribution with depth and typically poor sorting
(fig. C11). Medium sand is the most abundant size fraction
throughout the section (about 25 to 30 weight percent), and the
total sand fraction contains about 70 to 75 weight percent of the
sediment. The mud (silt and clay) fraction ranges from 18 to 25
weight percent, and the granule fraction is in the range of 2 to 9
weight percent.

Petrographic inspection of the 11 matrix samples indicates
that quartz constitutes about 50 to 80 percent of the sand frac-
tion in individual samples. The quartz is predominantly angular
to subangular with some subrounded grains; sphericity of the
quartz grains typically is low. Glauconite is the most abundant
sand-sized mineral after quartz. The glauconite grains typically
are well rounded and dark green; they contain pervasive cracks
filled with clay, quartz silt, and locally pyrite. There is a distinct
down-section decrease in glauconite from about 20 to 35 per-
cent of the sand fraction in the upper part to about 5 percent
in the lower part. Additional sand- and granule-sized grains
include common mollusk fragments and feldspar as well as
sparse white mica and microfossils, primarily benthic foramin-
ifera and ostracodes. Pyrite is locally sparse to common as sand-
sized grains, as encrustations on glauconite and carbonate
grains, and as fills within benthic foraminifera tests. Shocked
quartz is present but sparse in the sand fraction of the matrix
(Horton and Izett, this volume, chap. E). Viewed separately
from the clast fraction, the matrix may be classified petrologi-
cally as a gravelly, glauconitic arkosic wacke (Pettijohn, 1975).

The diamicton matrix in the Langley core contains palyno-
morphs and calcareous microfossils and nannofossils that
represent a wide range of Cretaceous and early Tertiary ages
(Frederiksen and others, this volume, chap. D). Similar mixed
faunas and floras are present regionally in other studied sections
of the Exmore beds (Poag and Aubry, 1995; Poag, 1997). Late
Eocene fossils constitute the youngest assemblages in the
matrix and indicate a biochronologic age that is indistinguish-
able from that of the overlying, postimpact Chickahominy
Formation (Poag, 1997; Frederiksen and others, this volume,
chap. D; Poag and Norris, this volume, chap. F; Edwards and
others, this volume, chap. H).

Lithologies, Textures, and Ages of the Diamicton Clasts

The size and distribution of clasts within the diamicton of
the Exmore beds were evaluated by two methods, in addition to
a general inspection of the core. Line counting of clasts was
conducted by tracing a straight pencil line vertically down the
core exterior as presented in the core boxes. The sizes, litholo-

gies, and depths of all particles larger than 4 mm (0.16 in.) that
touched the line were recorded (fig. C12). The recorded depth
for each clast represents the position of its midpoint measured
along the vertical axis of the core.

To further determine the distribution of the largest clast
fraction, the size, lithology, and depth of the largest clast in each
0.61-m (2.0-ft) length of core were recorded (fig. C12). For this
count, the position of the clast was recorded at the midpoint of
each measuring interval. This method is less accurate than the
line-counting method for determining depths of clasts because
clast midpoints rarely were at the interval midpoints and
because some large clasts extended across measuring intervals.
The depth for a clast that crossed a measuring boundary was
plotted at the midpoint of the interval containing the majority
of the clast. Therefore, some discrepancies exist in the plotted
depths of individual large clasts that appear on the line-count
graph and on the maximum-clast-size graph. It also should be
noted that the clast size recorded for all clasts larger than the
core diameter (nominally 6.1 cm, 2.4 in.) is the apparent maxi-
mum size along the vertical core axis.

As seen on the line-count graph (fig. C12), clasts having
diameters in the range of 4 mm to 10 cm (0.16 to 3.9 in.;
pebbles and small cobbles) are present throughout nearly the
full vertical extent of the Exmore beds. Their apparent absence
from some intervals near the bottom of the Exmore section
likely results from the fact that the full volume of the core in
those intervals is occupied by individual large clasts. Some core
intervals also were unrecovered. The distribution of the matrix
(particles less than 4 mm (0.16 in.) in diameter) throughout the
Exmore beds is described in the section above (fig. C11).

Unlike the distribution of the finer grained materials, the
distribution of the larger clasts has biases. On the line-count
graph (fig. C12), clasts having diameters in the range of 10 cm
to 1 m (3.9 in. to 3.3 ft; large cobbles and small boulders) are
restricted, with one exception, to approximately the lower half
of the Exmore section below a depth of about 250 m (820 ft).
The only boulder larger than 1 m (3.3 ft) is present slightly
above the base of the Exmore section. In contrast, clasts larger
than about 2 cm (0.8 in.) are absent from the upper 2 m (6.6 ft)
of the Exmore section.

These biases also are apparent on the maximum-clast-size
graph (fig. C12). With one exception, the recorded maximum
clast sizes range from 1 to 10 cm (0.4 to 3.9 in.; pebbles and
small cobbles) above about 250 m (820 ft) depth. Below that
depth, maximum clast sizes are primarily in the range from
10 cmto 1 m (3.9 1in. to 3.3 ft; large cobbles and small boulders);
the single boulder larger than 1 m (3.3 ft) is again recorded near
the base of the unit.

The correspondence in the distribution of the larger clasts
on the two graphs is expected because the small diameter of the
core samples (relative to the sizes of the larger clasts) dictates
that the large clasts encountered in the line count are the same
clasts recorded in the maximum-clast-size count. This effect is
less important above the depth of about 250 m (820 ft) but is
particularly prevalent in the lower part of the diamicton, where
large clasts occupy the full volume of the core.
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There is considerable variation in the shape, rounding,
orientation, and boundary characteristics of the clasts in the
Exmore beds. Shapes of the smaller clasts vary from subspher-
ical to elongate and irregular. The shapes of the larger clasts
cannot be evaluated from the core samples. Clasts range from
angular to well rounded. although most clasts are subangular to
subrounded. Clast orientation appears to be random, to the
degree that that parameter can be evaluated in the Langley core.
Most clast boundaries are sharp except for some clasts of well-
sorted sand that have diffuse boundaries across distances of less
than 1 cm (0.4 in.).

There is a wide range of clast types in the Exmore beds that
represents most or all of the formations affected by the Chesa-
peake Bay impact (fig. C3). Common sedimentary clast types
include limestone, muddy sand, interbedded sand and clay, and
sandy and silty clay. Individual clasts may be calcareous or non-
calcareous and glauconitic or nonglauconitic; clast colors vary
from gray, greenish-gray, and brownish gray to red, brown, and
yellow oxidation colors.

Lithoclasts and mineral grains encountered during line
counting and maximum-clast-size counting of the Exmore
beds, and during general examinations of the core, have been
separated on the basis of lithology into 17 categories (table C1).
Fifteen categories consist of weakly to strongly compacted or
cemented, siliciclastic or carbonate sediments, whereas the
remaining two categories consist of igneous rocks. The litho-
logic categories have been numbered for ease of reference.
The numbers reflect a crude preimpact stratigraphic ordering
of the categories from category | (older) through category 17
(younger).

General geologic ages were assigned to the sediment clast
categories through lithologic comparison with the undisturbed
sedimentary sections outside the Chesapeake Bay impact
structure in the Virginia Coastal Plain (fig. C3) (Ward. 1985;
Mixon, 1989; Powars and others, 1992: Powars and Bruce,
1999: Powars, 2000). In addition, direct assessments of clast
ages are available from paleontologic studies of selected
Exmore clasts in the Langley core (Frederiksen and others,
this volume, chap. D).

Categories | and 2 consist of granitic rocks and felsic vol-
canic rocks of pre-Mesozoic age. Horton and Izett (this volume,
chap. E) discuss these clasts in detail.

Clast categories 3. 4. and 5 consist of oxidized sands,
muds, and interbedded sands and muds of the Lower Cretaceous
and basal Upper Cretaceous Potomac Formation. These noncal-
careous, oxidized materials are readily distinguished from the
gray and gray-green Upper Cretaceous and lower Tertiary
marine deposits that constitute several other categories. How-
ever, some small volume of the material in categories 3 through
5 could have been derived from the Upper Cretaceous red-bed
unit (possible northward extension of the Cape Fear Formation)
found in the subsurface south of the impact crater (fig. C3).

Categories 6, 7, and 8 consist of angular to subrounded,
single-mineral grains and chert lithoclasts that are generally in
the size range from 4 to 10 mm (0.16 to 0.4 in.). The mineralogy

and relatively large size of these pebbles suggest derivation
from the Potomac Formation, which contains most of the grav-
elly preimpact deposits in the study area. Similarly. category 9
consists of well-rounded quartz, chert, and quartzite pebbles
that likely represent multicycle sediments derived from fluvial
channel deposits of the Potomac Formation. Very sparse, well-
rounded phosphate pebbles of category 10 could also represent
channel deposits of the Potomac Formation, or they could have
been derived from lag deposits in the Upper Cretaceous and
lower Tertiary marine section.

Clast categories 11 through 14 contain a variety of typi-
cally gray or gray-green, in part calcareous and glauconitic,
marine sands and muds derived from the Upper Cretaceous and
lower Tertiary formations of the impact area. Some portion of
the noncalcareous gray sediments in categories 11 and 13 could
represent non-oxidized sections of the Potomac Formation; in
particular, gray noncalcareous sediments containing significant
amounts of lignite likely represent Potomac lithologies. Cate-
gory 15 consists of fragmented macrofossils, primarily mol-
lusks, derived from the Upper Cretaceous and lower Tertiary
marine deposits. Limestone clasts in categories 16 and 17 were
derived from lower Tertiary formations, particularly the middle
Eocene Piney Point Formation.

Table C1. Ages and lithologic categories of clasts recorded from the diamic-
ton of the Exmore beds in the USGS-NASA Langley core during line counting
and maximum-clast-size counting.

[Clasts have diameters greater than 4 millimeters (0.16 inch)]

Clast

cate- Age Lithology

gory
17 Tertiary Limestone, shelly, cemented
16 Tertiary Limestone. glauconitic, shelly
15 Tertiary, Cretaceous  Fossils (mollusk fragments)
14 Tertiary, Cretaceous  Mud, calcareous, gray
13 Tertiary, Cretaceous  Mud, noncalcareous. gray
12 Tertiary. Cretaceous  Sand, calcareous, gray
11 Tertiary, Cretaceous  Sand, noncalcareous, gray

10 Tertiary, Cretaceous  Rounded phosphate pebbles

9 Cretaceous Rounded quartz and chert pebbles
8 Cretaceous Angular quartz pebbles

7 Cretaceous Angular chert pebbles

6 Cretaceous Angular feldspar pebbles

5 Cretaceous Muds, oxidized

4 Cretaceous Sands, oxidixed

3 Cretaceous Sands and muds, oxidized

2 Pre-Mesozoic Igneous rocks, volcanic

1 Pre-Mesozoic Igneous rocks, plutonic




C30 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

Clast Distribution by Lithologic Category

Figures C13 and C14 show the distribution of selected
clast categories in the Exmore beds of the Langley core as deter-
mined in the line count of clasts. Figure C13 shows the distribu-
tion of oxidized sand and mud clasts (categories 3, 4, and 5;
table C1) that primarily represent the Potomac Formation. As
such, these clasts represent material from the lower part of the
preimpact sedimentary section within the impact area. Note that
this category of clasts is present throughout the vertical extent
of the diamicton, although vertical variations in clast size and
abundance are present. Specifically, clasts in these categories
are moderately abundant, and some moderately large specimens
are present above a depth of about 244 m (800.5 ft). Clasts in
the same categories are relatively smaller and less abundant
between about 256 and 244 m (839.9 and 800.5 ft). This popu-
lation of clasts achieves its greatest abundance and largest sizes
between about 256 m (839.9 ft) depth and the base of the
Exmore beds.

Figure C14 shows the distribution of limestone clasts
(categories 16 and 17; table C1) in the diamicton of the Exmore
beds. Most of these clasts represent the middle Eocene Piney
Point Formation, whereas some likely represent the Paleocene
Aquia Formation, the Eocene Nanjemoy Formation, and possi-
bly the Upper Cretaceous marine units. Collectively, they rep-
resent material from the upper part of the preimpact sedimen-
tary section within the impact area. Note that the limestone
clasts also are distributed throughout most of the diamicton
section, although they are distinctly less abundant below about
256 m (839.9 ft) depth, where large clasts from the Potomac
Formation dominate the cored section.

Sedimentary Structures

Physical and biogenic sedimentary structures are sparse
within the diamicton section of the Exmore beds. No bedding,
crossbedding, burrows, or dewatering structures were observed
in the matrix. Disrupted and undisrupted primary stratification
and burrows are present in the interiors of some clasts but are
truncated at the clast boundaries.

The size grading of the largest clasts noted above, particu-
larly the relegation of the largest clasts to the lower part of the
section, is the only pronounced sedimentary structure. This
biased distribution of only the larger clasts in an otherwise
unsorted deposit is referred to as coarse-tail grading (Middle-
ton, 1967; Middleton and Hampton, 1973).

Transition Sediments

In this chapter, we consider that the transition sediments
of the Exmore beds consist of three thin stratigraphic layers
(fig. C5). The lowest layer consists of clayey silt between
depths of 235.92 m (774.03 ft) and 235.87 m (773.85 ft). This
layer is included in the Exmore breccia of Poag (2002, fig. 3)
and Poag and Notris (this volume, chap. F, fig. F7).

Above this basal layer, Poag (2002) and Poag and Norris
(this volume, chap. F) recognize a layer of clayey silt that con-
tains pyritic microstructures (pyrite lattices) between depths of
235.87 m (773.85 ft) and 235.84 m (773.75 ft). Poag (2002,
p. 996) described the pyrite lattices as exhibiting “smooth-
walled, closely spaced, hemispherical depressions (concavi-
ties), separated from one another by curved, knife-edge parti-
tions.” Poag (2002) and Poag and Norris (this volume, chap. F)
infer that the pyrite lattices originally enclosed 0.5- to 1.0-mm
(0.02- to 0.04-in.) microspherules that were diagenetically
removed or lost during sample processing. Poag and Norris
(this volume, chap. F) refer to this layer as the “fallout layer.”

Above the pyrite lattices, the upper layer consists of clayey
silt laminae that are interlayered at a millimeter scale with lam-
inae of better sorted silt and very fine sand; this section also
contains sparse oval (compressed?) burrows filled with pyritic
quartz sand. Poag and Norris (this volume, chap. F) refer to this
upper layer as the “dead zone.”

Discussion

Crater UnitsAand B

Principal Characteristics of Impact-Modified
Sediments in the Annular Trough

Crater units A and B of the Langley core represent an
impact-deformed, autochthonous to parautochthonous sedi-
mentary section within the annular trough of the Chesapeake
Bay impact structure. Observed features of inferred impact ori-
gin in this section include fractured, slumped, and rotated sedi-
ment blocks and megablocks, fluidized sand beds, and injected
or infiltrated exotic sediments. The distributions of these impact
features vary with depth and sediment type; the general inten-
sity of impact deformation increases upward.

There is no evidence for large-scale removal of preimpact
materials by excavation flow near the Langley corehole. The
main preimpact stratigraphic units in the annular trough are the
Neoproterozoic granite and the nonconformably overlying flu-
vial and deltaic sediments of the Cretaceous Potomac Forma-
tion. These units are deformed but preserved in recognizable
stratigraphic order in the Langley core and vicinity (Horton and
others, this volume, chap. B; Catchings and others, this volume,
chap. I; and this chapter). Primary (Cretaceous) sedimentary
structures, cycles, and lithologies typical of the Potomac For-
mation outside the crater (Powars and Bruce, 1999; Powars,
2000) are found throughout crater unit A and within the mega-
blocks of crater unit B in the core. This correlation indicates that
the preimpact Cretaceous sediments have not been removed and
subsequently replaced by impact-generated sediments.

There also is no evidence for shock deformation within
crater units A and B. The only shocked mineral grains are in a
single felsite clast near the top of crater unit B that is readily
interpreted as crystalline-rock ejecta injected or infiltrated into
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the preimpact sedimentary section. Melt rock is absent from
these units as well. In addition, no shock deformation or thermal
effects were detected in the granite at the base of the Langley
core (Horton and others, this volume, chap. B).

The basement granite, crater unit A, and the lower beds of
crater unit B, all below a depth of 427.7 m (1,403.3 ft), are
autochthonous materials retained at moderate depths within the
annular trough and outside the zone of shock deformation and
excavation flow. Significant impact deformation in this interval
is limited to local in situ fluidization of sands, faulting, and frac-
turing. The stratigraphic order of the preimpact sediments is
largely retained below 427.7 m (1,403.3 ft). Exotic sediments
are present only in a single thin interval (0.3 m (1.0 ft) thick) at
the boundary between crater units A and B (fig. C7A).

The Potomac Formation sediments in the upper beds of
crater unit B above a depth of 427.7 m (1,403.3 ft) are parau-
tochthonous materials retained at shallow depths within the
annular trough and outside the zone of shock deformation and
excavation flow. Fracturing, slumping, and rotation of Potomac
Formation sediment blocks and megablocks, fluidization of
Potomac Formation sands, and injection or infiltration of exotic
sediments are widespread in this interval, and the primary strati-
graphic ordering of the preimpact Potomac Formation sedi-
ments is retained only within megablocks.

Principal Impact Processes in the Annular Trough

Fracturing and Faulting

Faults and fractures are pervasive features in crater units A
and B. Fractures and slickensided faults with small or uncertain
displacements dip at all angles from horizontal to nearly vertical
and occur in all sediment types in crater units A and B of the
Langley core. These structures are irregularly spaced, although
observed fault spacing generally decreases upsection. Short
faults having centimeter-scale displacements are abundant in
megablocks of the upper beds in crater unit B.

A complex system of short faults (tens of meters) with
small, dominantly normal displacements (meters) in crater units
A and B is interpreted from the migrated depth image for the
Langley seismic survey adjacent to the corehole (Catchings and
others, this volume, chap. I). Numerous diffractions on the
unmigrated images for that survey also indicate the presence of
discontinuities in this sedimentary section.

Mineralized faults, fractures, and veins are common in the
granite of the Langley core; however, most of these structures
probably are Mesozoic or older (Horton and others, this vol-
ume, chap. B). Partially healed, quartz-lined fractures are
the best candidates for impact fractures in the cored granite,
although their age remains equivocal. Catchings and others (this
volume, chap. I) suggest that common diffractions on the unmi-
grated seismic-reflection images indicate significant numbers
of discontinuities in the granite. High-angle faults that displace
the contact between the granite and overlying sediments also
are interpreted from the seismic images (Catchings and others,
this volume, chap. I).

Two mechanisms probably account for the fracturing and
faulting observed in the core and seismic images. Relatively
early in the cratering process, a tensile wave moves downward
into the target materials (those affected by the impact). This
rarefaction results from the reflection of the direct compressive
stress wave at the target’s free surface, the sea floor (Melosh,
1984, 1989). The low tensile strength of most geologic ma-
terials suggests that extensive fracturing should occur by
this process.

The second mechanism is the late-stage collapse of a cra-
ter. Temporary strength reduction of target materials by tensile
fragmentation and (or) other mechanisms, including pore-pres-
sure or acoustic fluidization, results in late-stage gravitational
collapse of complex craters across a wide area (Melosh, 1989;
Melosh and Ivanov, 1999; Collins and Melosh, 2002).

Collapse deformation in the Langley area was not uni-
formly distributed, however. The main feature of the Langley
seismic survey is a 550-m-wide (1,805-ft-wide), stratabound
collapse structure developed within the upper beds of crater unit
A and crater unit B (Catchings and others, this volume, chap. I);
the Langley corehole penetrated this structure near its center.
Deformation within the collapse structure is distributed along
the small-displacement faults noted on the seismic images
rather than along bounding large-displacement normal faults.
The seismic images indicate that the relatively intense deforma-
tion observed in the upper beds of crater unit B was restricted to
the collapse structure to a significant extent. Hence, the pattern
of deformation that characterizes crater unit A may extend
closer to the surface in areas away from the collapse structure
and the Langley corehole.

We were unable to distinguish faults and fractures in the
Langley core produced by early tensile fracturing from faults
and fractures produced during late-stage gravitational collapse.
However, given the location of the corehole within the exten-
sional collapse structure seen on the seismic images, we infer
that most of the faults seen in crater units A and B of the Lang-
ley core resulted from gravitational collapse.

Fluidization of Sands

We interpret the numerous layers of structureless sand
present above 558.1 m (1,831.0 ft) depth in the upper beds of
crater unit A and in crater unit B as fluidized beds. Two possible
mechanisms for this fluidization are increased pore-water pres-
sure in these water-saturated sands and acoustic fluidization
(Melosh, 1979, 1989; Collins and Melosh, 2002). Temporary
compressive strain (densification) produced in water-saturated
sands by impact-stress-wave compression would increase pore-
water pressures, thereby reducing the overburden pressure and
the internal friction in the sands and allowing the sand-water
mixtures to flow as viscous fluids. During acoustic fluidization,
alternating compressions and rarefactions in acoustic waves
produced by the impact temporarily and locally reduce the over-
burden pressure and thereby reduce the internal frictional
strength of the sand layers, allowing fluid flow (Melosh, 1979,
1989; Melosh and Ivanov, 1999; Collins and Melosh, 2002).
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In either case, the widespread preservation of primary Creta-
ceous sedimentary structures in the sands below 558.1 m
(1,831.0 ft) depth suggests that the overburden pressure
remained sufficiently high to prevent fluidization below that
depth near the Langley corehole. The loss of primary sedimen-
tary structures in the fluidized sands is directly attributed to the
fluid flow.

The reduction in target strength produced by fluidization
in the Langley area was lithology dependent. The most suscep-
tible sands liquefied, whereas less susceptible sands and finer
grained beds remained more competent. The temporary reduc-
tion of bearing strength in the fluidized sand layers almost
certainly contributed to the general collapse of beds at higher
stratigraphic levels in crater unit B, particularly the fracturing,
slumping, and rotation of the more competent beds. Impact-
produced fractures probably acted as dewatering conduits that
allowed the upward loss of pressurized pore water, thereby pro-
viding the volume accommodation required for the structural
collapse of crater unit B.

Injection and Infiltration of Exotic Sediments

The matrix zones in crater unit B consist of mixed native
and exotic sediments. The most obvious exotic component
is the abundant glauconite sand between blocks in the matrix
zones. The source of the glauconite is inferred to be the pre-
impact Upper Cretaceous and lower Tertiary marine sediments
that are present regionally above the Potomac Formation
(fig. C3).

A parautochthonous section of these marine sediments
similar to the Potomac Formation sediments of crater unit B is
not present in the Langley core, nor are such sections present in
other cores that penetrated below the Exmore beds within the
annular trough (Powars and others, 1992; Powars and Bruce,
1999). Instead, the Exmore beds routinely overlie impact-
disrupted sections of the Potomac Formation.

We infer from these observations that the near-surface
Cretaceous and Tertiary marine sediments, and perhaps the
uppermost part of the Potomac Formation, were disaggregated
into their constituent particles by the same reflected tensile
wave described above as a cause of target fracturing (Melosh,
1984, 1989). The downward passage of this rarefaction also
pulled apart the underlying Potomac Formation strata and
allowed the downward injection of the disaggregated glauco-
nitic sediments into the underpressured Potomac section.
Sturkell and Ormé (1997) invoked this same process for the
injection of clastic dikes and sills in strata adjacent to the
Ordovician Lockne crater (Sweden).

In addition, some amount of disaggregated marine sedi-
ment may have been ejected as dissociated spall material due to
stress wave interference in the near-surface area (Melosh, 1984,
1989), and part may have been scoured and entrained by oce-
anic resurge currents flowing into the collapsing crater (see the
following section on the “Exmore Beds™).

Exmore Beds

The diamicton section of the Exmore beds of the Langley
core consists of a polymict assemblage of sediment and rock
clasts suspended in an unstratified, unsorted, glauconitic,
muddy and sandy matrix. The unit is dominantly matrix sup-
ported, and coarse-tail size grading of clasts is present. These
textures and structures suggest sediment transport and deposi-
tion by cohesive, subaqueous debris flows (Middleton, 1967;
Middleton and Hampton, 1973; Postma, 1986; Mulder and
Cochonat, 1996).

The observed pattern of coarse-tail grading suggests that
the diamicton of the Exmore beds consists of two debris-flow
units in the Langley core (fig. C12). The core section can be
divided into (1) a thick, normal coarse-tail-graded unit from
the base of the Exmore to about 244 m (800 ft) depth and (2) a
thinner, normal coarse-tail-graded unit from about 244 m (about
800 ft) to the top of the diamicton at 235.92 m (774.03 ft) depth.
Size variations within individual lithologic categories of clasts
also suggest the presence of a boundary at 244 m (800 ft)
depth (fig. C13).

Frederiksen and others (this volume, chap. D) note that
reworked Cretaceous calcareous nannofossils are present in
diamicton matrix samples from 242.2 m (794.7 ft) depth and
above but are absent from samples from 244.3 m (801.5 ft)
depth and below. The nannofossil distribution indicates a
change in sediment provenance and supports the presence of a
depositional boundary at about 244 m (about 800 ft) depth.

Smaller scale variations in lithology also are observed
in the diamicton. Figure C12 shows intervals 1 to 3 m (3.3 to
9.8 ft) thick in which maximum clast size either fines or coars-
ens upward. There also is a tendency for clasts to be concen-
trated in roughly 10-cm-thick (3.9-in.-thick) intervals within the
upper part of the diamicton (fig. C10D). These lithologic varia-
tions likely indicate variations in flow conditions within the
debris flows.

Catchings and others (this volume, chap. I) mapped four
Exmore subunits (debris flows) in the vicinity of the Langley
corehole on their seismic-reflection images. The three older
subunits successively overstep toward the crater’s center, pro-
ducing a shingled appearance. Hence these three units have lim-
ited lateral distributions. The youngest subunit extends entirely
across the seismic survey. Only seismic subunits Ex2 and Ex4
of Catchings and others (this volume, chap. I) are present at the
Langley corehole location, where they apparently represent the
two Exmore debris flows defined in the core.

We attribute the origin of the Exmore debris flows to
ocean-resurge currents produced by crater collapse. During
impacts on continental shelves, the collapse of the transient cra-
ter (including the water-column crater) typically includes a cat-
astrophic collapse and resurge of the water column back into the
crater (Ormd and Lindstrom, 2000). This process can result in
severe erosion of the proximal ejecta field, the preimpact shelf
deposits that underlie the ejecta field, and the crater rim, fol-
lowed by deposition of the eroded materials within the collaps-



C34 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

ing crater (Lindstrom, 1999; Ormé and Lindstrom, 1999, 2000;
von Dalwigk and Ormé, 1999; Shuvalov and others, 2002;
Tsikalas and Faleide, 2002).

Clasts in the Exmore beds of the Langley core include
shocked cataclastic crystalline-rock fragments ejected from
significant depths (Horton and Izett, this volume, chap. E) and
coherent, unshocked Cretaceous and Tertiary sediment clasts
that represent most, if not all, of the sedimentary units in the tar-
get section. The shocked ejecta likely were derived by current
scour of the proximal ejecta blanket outside the collapsing cra-
ter and from direct ejecta fallback. The Tertiary sediment clasts
suggest scour of the ocean floor below the level of the proximal
ejecta blanket and perhaps resedimentation or direct fallback of
unshocked sediment clasts ejected from the top of the preimpact
sedimentary section (spall of Melosh, 1984). The Cretaceous
sediment clasts likely resulted from erosion of the collapsing
outer crater margin and perhaps from deep (channelized?)
scouring of the adjacent shelf.

The presence of a single piece of shocked crystalline ejecta
and two fossiliferous matrix samples in the upper 30 m (98.4 ft)
of crater unit B suggests mixing of material from the Exmore
beds and crater unit B. This mixing could represent passive
infiltration of Exmore sediments into the top of crater unit B.
It also could represent entrainment of blocks and megablocks of
crater unit B into the base of the lowest Exmore debris flow.
A third possibility is that the upper 30 m (98.4 ft) of crater
unit B represents additional debris flows, perhaps generated
at the collapsing outer crater margin, as suggested by the strong
dominance of Potomac Formation sediment clasts (blocks) in
this interval.

Wave swash during re-equilibration of sea level and the
return of degraded, impact-induced tsunamis (tsunami wash-
back) from the nearby North American shoreline may have
reworked the Exmore sediments within the crater and swept
fine-grained sediments from the adjacent shelf into the crater
(for nonimpact examples of similar processes, see Pickering
and others, 1991, and Cita and others, 1996). Possible large bed-
forms at the top of the Exmore section, postulated by Catchings
and others (this volume, chap. I) on the basis of their seismic
survey, may represent this sediment reworking.

The transition sediments at the top of the Exmore beds rep-
resent postimpact settling of fine-grained sediments suspended
in the water column by impact processes. Poag (2002) and
Poag and Norris (this volume, chap. F) interpret the presence of
microspherules (microtektites) in a fallout layer within this
section. Although microtektites were not observed directly in
the Langley core, their former presence was inferred by these
authors from the hemispherical molds within the pyrite lattices.

Poag (2002) and Poag and Norris (this volume, chap. F)
interpret the thin interval of laminated clayey silt and very fine
sand at the top of the transition sediments in the Langley core to
be a biological dead zone. They base this interpretation on the
absence of an indigenous microfauna in this interval (Poag and
Norris, this volume, chap. F). Sparse pyritic sand-filled burrows
in the dead zone may indicate the presence of a limited infauna

in the dead-zone sediments, or they may represent later burrow-
ing initiated at higher stratigraphic levels. The transition sedi-
ments represent the final stage of impact-related sedimentation
before the return to normal marine-shelf sedimentation repre-
sented by the upper Eocene Chickahominy Formation.

Summary

The continuously sampled USGS-NASA Langley core
and the Langley seismic-reflection survey provide a basis for
describing and interpreting the impact-modified and impact-
generated Cretaceous and Tertiary sediments within the outer
annular trough of the Chesapeake Bay impact structure. Above
the basement granite, crater unit A and the lower beds of crater
unit B constitute an autochthonous section of Cretaceous
sediments (Potomac Formation) that were faulted, fractured,
and locally fluidized during the impact. The lowest occurrence
of impact-induced fluidization of water-saturated sands is at the
base of the upper beds of unit A at 558.1 m (1,831.0 ft) depth,
and the lowest occurrence of injected exotic sediments is the
thin matrix zone at the contact between crater units A and B
at 442.5 m (1,451.7 ft) depth. The upper beds of crater unit B
consist of faulted, fractured, and rotated blocks and megablocks
of the Potomac Formation, fluidized sands, and matrix zones
consisting of Potomac Formation blocks suspended in a finer
grained matrix of mixed native and exotic sediments. The
lowest occurrence of abundant injected exotic sediments is
at the base of the upper beds of crater unit B at 427.7 m
(1,403.3 ft) depth.

The Exmore beds consist of unshocked, preimpact Creta-
ceous and Tertiary sediment clasts and minor shocked and (or)
cataclastic igneous-rock clasts suspended in a finer calcareous,
muddy, quartz-glauconite matrix. The Exmore beds are inter-
preted as ocean-resurge sediments deposited by multiple debris
flows as a result of the late-stage catastrophic collapse of the
oceanic water column. The thin transitional beds at the top of
the Exmore section record the return to normal continental shelf
sedimentation.
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Paleontology of the Impact-Modified and
Impact-Generated Sediments in the
USGS-NASA Langley Core, Hampton, Virginia

By Norman 0. Frederiksen,' Lucy E. Edwards,' Jean M. Self-Trail,’

Laurel M. Bybell,' and Thomas M. Cronin'

Abstract

Spores and pollen, dinoflagellate cysts, calcareous nanno-
fossils, and marine ostracodes provide important information
about the ages and conditions of deposition of the strata, clasts,
and matrix materials that compose the impact-modified and
impact-generated sediments in the USGS-NASA Langley core-
hole, which was drilled into the Chesapeake Bay impact crater
in Hampton, Va. These sediments are divided into three parts:
crater unit A (626.3 to 442.5 meters (m); 2,054.7 to 1,451.7 feet
(ft)), crater unit B (442.5 t0 269.4 m; 1,451.7 to 884.0 ft), and
the Exmore beds (269.4 to 235.65 m; 884.0 to 773.12 ft). Crater
unit A consists of relatively undisrupted strata of the Potomac
Formation. One spore-pollen sample from near the top of this
unit yielded a middle Albian to early Cenomanian age. All other
samples from this unit were barren of spores and pollen grains.

Crater unit B is a clast-supported diamicton. Seven produc-
tive spore-pollen samples of Aptian to Cenomanian age in this
unit were derived from Potomac Formation clasts. Several of
the samples had mixed ages, indicating that these clasts had
been contaminated by slurry sediment that penetrated the clasts
during the violent movements of the material following the
comet or asteroid impact or possibly during drilling. Some other
clasts that contained dinocysts and nannofossils, from this unit
and from the Exmore beds, were similarly contaminated. One
dinocyst and one nannofossil sample from the matrix within the
upper part of crater unit B were productive, and both had a mix-
ture of Paleocene and Eocene specimens.

The Exmore beds form the matrix-supported part of the
diamicton and contain the full variety of fossil types studied by
the present authors—pollen, dinocysts, nannofossils, and ostra-
codes. Clasts within the Exmore range from Early Cretaceous to
late Eocene in age. Most interesting were dinocyst, nannofossil,
and ostracode species known only from the lower part of the
middle Eocene, which must have been derived from previously
undocumented sediments younger than the Nanjemoy Forma-
tion and older than the Piney Point Formation, and species
known only from the uppermost middle Eocene and lowermost

1U.S. Geological Survey, Reston, VA 20192.

upper Eocene, which must have been derived from sediments
younger than the Piney Point Formation but older than the
Chickahominy Formation (the Chickahominy overlies the dia-
micton in the core). Units of these intermediate ages apparently
were once present in the Virginia Coastal Plain but have since
been eroded away or have not yet been recovered in the
subsurface.

Most Potomac Formation clasts within the Exmore beds
came from the upper part of the formation (Cenomanian in age).
Samples from the matrix material that makes up the bulk of the
Exmore beds are of mixed Late Cretaceous, Paleocene, and
Eocene ages.

Many dinocyst specimens from the Exmore beds and injec-
tion zones of exotic matrix in the underlying crater unit B are
fragmented, curled up, or otherwise degraded in a highly
unusual manner; the degradation was probably caused by a
combination of heat, pressure, and abrasion resulting from the
impact. Similarly, some specimens of Discoaster, a genus of
calcareous nannofossils, are fragmented and broken, probably
from the same cause.

Introduction

This chapter documents the paleontology and biostratigra-
phy of part of the USGS-NASA Langley corehole, which was
drilled into the Chesapeake Bay impact crater in Hampton, Va.
(figs. D1, D2). The crater formed in the late Eocene, when a
comet or asteroid struck the Atlantic continental shelf near the
present town of Cape Charles, Va. (fig. D1; Poag and others,
1994).

The Langley corehole is approximately 8 kilometers (km;
5 miles (mi)) inside the outer margin of the buried crater and
approximately 35 km (22 mi) from the center of the crater
(Poag, 1997; Powars and Bruce, 1999). The corehole was
drilled between July 22 and October 13, 2000, by the U.S. Geo-
logical Survey (USGS) and its partners (see “Acknowledg-
ments”). The drill site is on the York-James Peninsula at the
National Aeronautics and Space Administration (NASA) Lang-
ley Research Center in Hampton (fig. D2). The location is in the
northeast quarter of the Newport News North 7.5-minute quad-
rangle (USGS, 1986), at lat 37°05'44.28" N., long 76°23'08.96"
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W. (North American Datum of 1927), and at a ground altitude 2.  To use the fossil data to determine the ages, provenance,
of 2.4 meters (m; 7.9 feet (ft)) above the North American Ver- and depositional environments of the strata, clasts, and
tical Datum of 1988.

The USGS-NASA Langley core can be divided into a
number of impact-modified, impact-generated, and postimpact
stratigraphic units. This chapter is concerned only with the
impact-modified and impact-generated strata that form part of
the crater fill. These strata are composed, in ascending order, of Fossils studied include palynomorphs (pollen and spores;
crater units A and B and the Exmore beds (fig. D3). These units  dinoflagellate cysts, called dinocysts), calcareous nannofossils,
extend from 626.3 to 235.65 m (2,054.7 to 773.12 ft) depth in  and ostracodes. Pollen and spores are generally the only fossils

the corehole. They contain strata and clasts derived from vari-  found in the Lower to lower Upper Cretaceous Potomac Forma-
ous preimpact sediments (table D1) and crystalline rocks in the

region; they also contain matrix material that is composed of
sands, silts, and clays.
The objectives of this study were threefold:

matrix materials
3. To understand the dynamics involved in an impact in a
shallow-marine setting

tion, a mainly or entirely terrigenous deposit that was affected

by the impact. Dinocysts, calcareous nannofossils, foramin-

ifera, diatoms, and ostracodes, among other marine microfos-

sils, are present in the post-Potomac Formation, preimpact

1. To examine various fossil groups in the impact-modified ~ Upper Cretaceous to upper Eocene sediments of the Chesa-
and impact-generated strata of the Langley core peake Bay region.
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Table D1. Cretaceous to middle Eocene (preimpact) stratigraphic units in Virginia.

[Units are from Teifke (1973), Meng and Harsh (1988), Olsson and others (1988), Mixon and others (1989), and Powars and Bruce (1999).
These units are expected to be represented by the clasts and matrix materials in the diamicton part of the USGS-NASA Langley core,

Hampton, Va.]

Unit Age

Lithology

Piney Point Formation Middle Eocene

Nanjemoy Formation Early Eocene

Marlboro Clay

Aquia Formation Late Paleocene

Brightseat Formation Early Paleocene

Various names'

Potomac Formation or Group (fig. D6)

Latest Paleocene to earliest Eocene

Post-Potomac Late Cretaceous

Barremian(?) to early Cenomanian

Olive-gray, shelly, glauconitic sand.

Olive- to greenish-gray, shelly, glauconitic clay
and sand.

Gray to reddish clay, silt, and very fine sand.
Greenish-gray, shelly, glauconitic sand.

Olive-gray to black, partly glauconitic, clayey and
silty sand.

Clay and sand, partly glauconitic, and red beds.
Gray, pink to red, and greenish sand, silt, and clay.

'In Virginia, Upper Cretaceous strata are now present only in the subsurface and are more or less deeply buried (Mixon and others, 1989), but they would
have been at or nearer to the surface at the time of the comet or asteroid impact. Some names attached to these Upper Cretaceous strata in Virginia include the

following:

— Lower part of the Mattaponi Formation (Teifke, 1973)

— [Upper Cretaceous] undifferentiated sediments (Meng and Harsh, 1988)
— Units A, B, and C of an unnamed formation (Olsson and others, 1988)
— Upper Cretaceous deposits, undivided (Mixon and others, 1989)

— Unnamed Upper Cretaceous deposits (Powars and Bruce, 1999)

This chapter includes data from 15 productive clast and
matrix samples examined for spores and pollen, 6 productive
matrix samples examined for dinocysts, 47 productive clast and
matrix samples examined for calcareous nannofossils, and 2
matrix samples examined for ostracodes. Depths of sampling
intervals for dinocysts and spores and pollen are given in full in
table D2 and figure D4, but, for expediency, generally only the
midpoint of the sampling interval is stated in the text. Nanno-
fossil samples are so small that their locations in the core are
given by only single depths. Lists of spore-pollen, dinocyst, and
calcareous nannofossil taxa mentioned in this chapter are given
in figure D4, figure D5, and appendix D1, respectively. Photo-
graphs of selected fossils are shown in plates D1-D5.

Previous Work

The spore-pollen zonation of the Cretaceous Potomac For-
mation in the Middle Atlantic States was defined by Brenner
(1963), Doyle and Hickey (1976), and Doyle and Robbins
(1977). This zonation is tied both to lithostratigraphy and to the
standard Cretaceous chronostratigraphy of Gradstein and others
(1995) (fig. D6). Many articles have been published on Pale-
ocene and Eocene pollen and dinocysts from the Middle Atlan-
tic and Southern Atlantic States. Among those that describe the
stratigraphic distributions of palynomorphs from Virginia are
papers by Edwards (1984, 1989, 1996), Edwards and others
(1991), and Frederiksen (1979, 1984, 1991).

Calcareous nannofossil biostratigraphy is based on the
lowest and highest occurrences of species; FAD indicates a first
appearance datum, and LAD indicates a last appearance datum.
Ages of Cretaceous nannofossils are based on the zonation of

Sissingh (1977) as modified by Perch-Nielsen (1985) and Bur-
nett (1998). Dating of Cenozoic calcareous nannofossils is
based primarily on the zonation of Martini (1971) and second-
arily on the zonation of Bukry (1973) and Okada and Bukry
(1980). Details about the distribution of nannofossil species in
lower Tertiary formations of Virginia were provided by
DiMarzio (1984) and Bybell and Gibson (1991, 1994).

Detailed information about lower Tertiary pollen,
dinocysts, calcareous nannofossils, and ostracodes from the
Oak Grove core in northern Virginia was given by Gibson and
others (1980). Data on the lower Tertiary ostracode biostratig-
raphy of the Gulf and Atlantic Coastal Plains appear in Swain
(1952), Pooser (1965), Hazel and others (1977, 1980), and Deck
(1984).

Previous biostratigraphic studies from equivalent lithic
units (impact-modified and impact-generated units) in other
coreholes in the Chesapeake Bay crater have been published by
Poag and Aubry (1995), Poag and Commeau (1995), and Poag
(1997, 2002).

Sample Processing

Materials sampled for fossils consisted mainly of poorly
sorted, partly glauconitic gray clay, silt, and very fine to coarse
sand occurring in the form of matrix material, clasts, and, in the
lower part of the core, marginally rotated and slumped strata
and megablocks.

The early phase of processing samples for palynomorphs
began in the same way for both pollen and dinocysts. One-quar-
ter round, one-half round, or a whole piece of core was sampled
over a depth interval of 3-9 centimeters (cm; 1.2-3.5 inches
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(in.)) and scraped thoroughly. In the laboratory, 45-65 grams
(g) of raw material was weighed and disaggregated. Each sam-
ple was treated with hydrochloric acid followed by hydrofluoric
acid. Samples were then treated with nitric acid and ammonia
and washed in a series of soap floats under short centrifugation.

There is an important difference in processing samples for
angiosperm pollen from the Lower Cretaceous to lower Upper
Cretaceous Potomac Formation as opposed to samples from
younger stratigraphic units. This difference arises because
angiosperm pollen grains from the Potomac Formation are gen-
erally very small, so that some of the grains will pass through
even a 10-micrometer (um) screen. In addition, Potomac For-
mation sediments contain large amounts of charcoal fragments.
Therefore, Potomac Formation samples processed for
angiosperm pollen were not sieved; following soap washes,
they were separated from inorganic matter and charcoal by
using a zinc chloride solution having a light specific gravity of
1.45 and designed particularly to drop out the charcoal. In con-
trast, zinc chloride solutions having a specific gravity of 2.0
were used for pollen samples from younger sediments, as well
as for dinocyst samples. Pollen samples from younger sedi-
ments were then sieved, and the material between 10 and 200
um was saved; dinocyst samples were sieved, and the material
between 20 and 200 pm was saved. All palynomorph residues
were stained with Bismark brown. Material was mounted in
glycerin jelly on a glass slide with coverslip and was examined
with the light microscope.

Forty nannofossil samples from the matrix portion of cra-
ter unit B and the Exmore beds and 26 nannofossil samples
from clasts within the matrix were examined from the Langley
core (fig. D3). For each matrix sample, a small amount of mate-
rial was extracted from the central portion of a freshly broken
core segment. Individual clasts were first scraped clean of drill-
ing mud; then a small portion was removed from the center of
the clast. The samples were dried in a convection oven to
remove residual water, and the resultant sediments were stored
in plastic vials.

To make slides, a small amount of sediment was placed in
a beaker with 20 milliliters (mL) of water, stirred, and allowed
to settle through the water column. An initial settling time of 1
minute (min) was used to remove the sand-sized fraction, and a
second settling time of 10 min was used to concentrate the silt-
sized material. Smear slides were made from the resultant
slurry, and slides were affixed by using Norland Optical Adhe-
sive 61 (NOA-61). Samples were primarily examined by using
a Zeiss Photomicroscope III. Samples having exceptional pres-
ervation and abundance were further examined by using a JEOL
JSM-6400 scanning-electron microscope (SEM). All palyno-
logical and nannofossil slides are stored at the U.S. Geological
Survey, Reston, Va.

For ostracodes, approximately 50 g of sediment was pro-
cessed by soaking the sediment overnight in tap water and
washing on 63-um sieves. Ostracodes were picked with a tine
brush from the fraction >150 um. Because so few individuals
were present, all ostracodes were picked, including fragments.

Table D2. Depth of each dinocyst sample in the USGS-NASA Langley core.

[ft, feet; m, meters]

Sample Top (ft) Bottom {ft) Midpoint (ft) Midpoint (m) Stratigraphic unit
R6110 DC 773.8 7739 773.8 2359 Exmore beds
R6110 DD 7744 774.7 774.6 236.1 Exmore beds
R6110 DE 784.3 784.6 784.5 239.1 Exmore beds
R6110 DF 812.6 812.9 812.8 247.7 Exmore beds
R6110 DG 845.1 845.4 845.3 257.6 Exmore beds
R6110 DH 913.3 9134 913.4 278.4 Crater unit B

Counting Methods for Dinocysts

One slide for each sample was examined completely for
dinoflagellates and other palynomorphs. Then one or more
slides were examined and counted until either 300 whole or par-
tial specimens were noted (samples R6110 DH, DG, DF, DD,
DC in table D3) or no additional slides and specimens remained
(R6110 DE). All fragments that could be recognized as having
dinoflagellate affinity were counted. Whole or nearly whole and
fragmented specimens were placed into identifiable species,
genera, or generic groups. Specimens that were not attributable
to generic groups because of poor preservation were counted as
“not identified to group.”

Individual species could be identified in the case of some,
but not all, of the whole or nearly whole specimens; most frag-
ments could be identified only to genus level. The areoliger-
acean group is perhaps problematic. For whole or nearly whole
specimens, most are attributable to the genus Glaphyrocysta.
For fragmented specimens, this counting group includes chor-
ate specimens that have solid processes but are not obviously
members of the genus Spiniferites (pl. D2, fig. 8).

Spore-Pollen Biostratigraphy of
Crater Unit A

Crater unit A extends from 626.3 to 442.5 m (2,054.7 to
1,451.7 ft) depth in the Langley core and consists of Potomac
Formation strata that were disrupted very little by the impact
(fig. D3). There are no matrix zones, although some fluidization
of sands and fracturing of clays occurred in the upper part of the
unit. There are no obvious contacts between blocks within this
unit; if blocks occur in crater unit A, they are hundreds of
meters in size (Gohn and others, this volume, chap. C). Potomac
Formation strata in crater unit A are composed mainly of
medium to very coarse sands that are barren or nearly barren of
organic matter. The sands contain small numbers of clay clasts,
interpreted to be primary clasts within the sand bodies. and sub-
ordinate primary clay-silt beds.



Stratigraphic unit

Crater unit A

Crater unit B

Exmore beds

Depth (m)

446.4-446.5

4268-4268 4255-4256 411.0-411.0

3923-3923  359.6-359.7

323.5-323.6

304.7-304.7

268.7-268.8

2574

255.0-255.0

251.9-252.0

251.0-251.1

243.6-243.6

240.3-240.4

Depth (ft)

1,464.5—
1,464.8

1,400.1-
1,4004

1,396.1—
1,396.4

1,348.3-
1,3485

1,287.0-
1,2872

1,179.8-
1,180.0

1,061.5-
1,061.7

999.6-999.8

881.6-881.8

8446

836.5-836.7

826.5-826.7

823.5-823.7

799.1-799.3

788.5-788.6

Sample

R6110CB

R6110EC

R6110CA

R6110BJ R6110BI R6110BG

R6110BB

R6110BA

R6110AX

R6110AV

R6110AU

R6110EB

R6110AT

R6110EA

R6110AS

Matrix or clast

Clast

Clast

Clast

Clast Clast Clast

Clast

Clast

Clast

Clast

Clast

Matrix

Clast

Clast

Clast

Lithology

Greenish-
black,
lignitic,
silty clay

Black,
massive,
noncalcare-
ous

clay

Olive-black,
silty clay

Olive-gray,
Brownish- b

black,

noncalcare- noncalcareous,
noncalcare-

micaceous,
Very dark gray, o
lignitic,

ous, silty clay
ous,
silty clay fine sand

Olive-black,

Black,

Brownish-black,

silty clay

silty clay

silty clay

Brown-
ish-black
silty clay

Medium-gray to

very light gray  gray, micaceous,

silt and very
fine sand

Dark-greenish-

calcareous,
silty clay

Dark-olive-
gray, mica-
ceous,
clayey silt

Calcareous
very clayey

Medium-gray,
micaceous,
noncalcareous
silty clay

Early Tertiary taxa
Bombacacidites paulus Frederiksen 1989

Carya <29 pm of Frederiksen and
Christopher (1978)

Favitricolporites baculoferus (Pflug in
Thomson & Pflug 1953) Srivastava
1972

Insulapollenites rugulatus
Leffingwell 1970

Interpollis microsupplingensis Krutzsch
1961

Intratriporopollenites pseudinstructus
group of Frederiksen (1988)

Kyandopollenites anneratus
Stover in Stover et al. 1966

Labrapollis globosus (Pflug in Thomson
& Pflug 1953) Krutzsch 1968

Momipites coryloides Wodehouse 1933

Momipites microfoveolatus
(Stanley 1965) Nichols 1973

Nudopollis terminalis (Pflug & Thomson
in Thomson & Pflug 1953} Elsik 1968

Nyssa sp.

Platycaryapollenites swasticoidus (Elsik
1974) Frederiksen & Christopher 1978

Rhoipites angustus Frederiksen 1980
Symplocos? virginiensis group of
Frederiksen (1988)

Thomsonipollis magnificus (Pflug in
Thomson & Pflug 1953) Krutzsch 1960

Ulmipollenires krempii (Anderson 1960)
Frederiksen 1979

Late Early and early Late Cretaceous taxa

Ajatipollis sp. A of Doyle and Robbins
(1977)

Aff. Ajatipollis sp. A of Doyle and
Robbins (1977)

Appendicisporites segmentus Brenner
3

Asteropollis sp. A of Doyle and Robbins
(1977)

Cercidiphyllum type
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Aff. Clavatipollenites minutus Brenner X
1963 of Doyle and Robbins (1977)
Ephedripites virginiaensis Brenner 1963 . . . . P
"Foveotricolpites" concinnus Singh 1971 . . . . . . . . . S
"Foveotricolporites" rhombohedralis X 0%
Pierce 1961 . . . . . . . . . . . . B
Liliacidites sp. B of Doyle and Robbins X
(1977) : ) . : :
Liliacidites sp. D of Doyle and Robbins X
(1977)
Liliacidites sp. E of Doyle and Robbins X
(1977) . . . . . )
Liliacidites sp. F of Doyle and Robbins X X
(1977) “
Peromonolites reticulatus Brenner 1963 . . . . . . . . . . . . X
Reticulutisporites arcuatus Brenner 1963 X
"Retitricolpites” geranioides (Couper X S X
1960) sensu Brenner 1963 . ‘ : . : N : N :
Ct. "Retitricolpites” magnificus Habib X
1970 of Doyle and Robbins (1977) ‘ . : N
"Retitricolpites” prosimilis X
Norris 1967
“Retitricolpites” vermimurus Brenner S
1963 . . . . . . . R
"Retitricolpites” virgeus (Groot et al. X
1961) Brenner 1963 . . . . .
Rugubivesiculites reductus Pierce 1961 . . . . . . X X
Stephanocolpites tectorius Hedlund 1966 . . . . . . . . X . . . X
Tricolpites albiensis Kemp 1968 . . . . S S . . . S
Cf. Tricolpites albiensis Kemp 1968 of X
Doyle and Robbins (1977) : : :
Aff. Tricolpites albiensis Kemp 1968 of X
Doyle and Robbins (1977) : . “
Tricolpites crassimurus (Groot & Penny S S S
1960) Singh 1971 . . . - . . .
Tricolpites georgensis (Brenner 1963)
Burger 1570 . . . . S X . X . S
Tricolpites micromunus (Groot & Penny X X N
1960) Burger 1970 N ’ N : ‘
Cf. Tricolpites micromunus (Groot &
Penny 1960) Burger 1970 of Doyle X
and Robbins (1977)
Tricolpites nemejci Pacltovd 1971 . . . . . . . S
Tricolpites sp. A of Doyle and Robbins p X
(1977) : : . : ‘
Tricolporoidites bohemicus Pacltovd 1971 . B . S
Tricolporoidites sp. A of Doyle and s X
Robbins (1977 .
Aff. Tricolporoidites sp. A of Doyle and X
Robbins (1977) N
"Tricolporopollenites” distinctus Groot & S
Penny 1960 : . :
Tricolporopollenites sp. A of Wolfe and X X
others (1975) . ‘ : . . . : . . : . :
Verrumonocolpites conspicuous Pierce X
1961 . . . . . . . . . . . .

Figure D4. Occurrence chart showing the presence of spore and pollen taxa in each productive sample from crater units A and B and the Exmore beds in the USGS-NASA Langley core. Sample positions are
plotted in figure D3. Symbols: X, present; ., not present; P, probably a specimen of this species; S, similar to the species hut not exactly the same.
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Crater

Unit unit B Exmore beds
Depth (m)| 2784 2576 241.7 239.1 236.1 2359
Depth (ft)| 9134 8453 8128 7845 774.6 7738
Sample R6110| DH DG DF DE DD DC
Taxon
Achilleodinium biformoides (Bisenack 1954) Eaton 1976 X .
Andalusiella Riegel 1974 sp. (pl. D1, fig. 20) . X
Apectodinium parvum (Alberti 1961) Lentin & Williams 1977 (pl. D1, figs. 17, 18) X
Batiacasphaera baculata Drugg 1970 (pl. D1, fig. 2) X ;
Carpatella cornuta Grigorovich 1969 (pl. D1, fig. 19) . . X .
Charlesdowniea coleothrypta (Williams & Downie 1966) Lentin & Vozzhennikova 1989 X . . X . X
Cordosphaeridium funiculatum Morgenroth 1966 (pl. D1, fig. 1) X X X X X
Cordosphaeridium gracile (Eisenack 1954) Davey & Williams 1966 X . X
Cordosphaeridium inodes (Klumpp 1953) Eisenack 1963 . . X
Cribroperidinium Neale & Sarjeant 1962 sp. X X .
Deflandrea oebisfeldensis Alberti 1959 . . ? . . .
Deflandrea phosphoritica Eisenack 1938 and closely related forms (pl. D2, figs. 7, 14) X X X X X X
Diphyes colligerum (Deflandre & Cookson 1955) Cookson 1965 X
Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979 (p. D1, fig. 10; pl. D2, figs. 4,5, 6; X X X X X X
pl. D3, figs. 1, 2. 10, 11)
Emmetrocysta Stover 1975 sp. X
Eocladopyxis n. sp. A of Edwards (2001) (pl. D1, fig. 12) X .
Exochosphaeridium Davey et al. 1966 sp. (pl. D2, fig. 1) X
Exochosphaeridium or Operculodinium group X X .
Fibradinium annetorpense Morgenroth 1968 (pl. D1, figs. 7-9) X .
Hafniasphaera Hansen 1977 spp. . . . . X
Histiocysta sp. of Stover and Hardenbol (1993) (pl. D1, figs. 3, 4) X X X X
Homotryblium tasmaniense Cookson & Eisenack 1967 (pl. D1, fig. 11) X .
Homotryblium tenuispinosum Cookson & Eisenack 1967 . ?
Hystrichokolpoma rigaudiae Deflandre & Cookson 1955 X .
Hystrichokolpoma Klampp 1953 sp. . X
Hystrichosphaeridium tubiferum or Homotryblium tenuispinosum X .
Impagidinium Stover & Evitt 1978 sp. . X
Lingulodinium machaerophorum (Deflandre & Cookson 1955) Wall 1967 X . . .
Pentadinium goniferum Edwards 1982 . X X X
Pentadinium laticinctum Gerlach 1961 subsp. laticinctum (pl. D1, fig. 16) . X . . X X
Pentadinium membranaceum (Eisenack 1965) Stover & Evitt 1978 (pl. D1, figs. 5, 6; pl. D2, fig. 13) X X X X X X
Pentadinium Gerlach 1961 spp., undifferentiated (pl. D2, figs. 9-12) X X X X X X
Phthanoperidinium brooksii Edwards & Bebout 1981 (pl. D1, fig. 15) X X .
Samlandia chiamydophora Eisenack 1954 . X
Spinidinium Cookson & Eisenack 1962 spp. X .
Spiniferites pseudofurcatus (Klumpp 1953) Sarjeant 1970 . . . . X
Spiniferites Mantell 1850 sp. (pl. D3, figs. 8, 9) X X X X X
Spiniferites and Impagidinium group X X X
Tectatodinium pellinan Wall 1967 X . . . .
Turbiosphaera or Thalassiphora group X X X . X X
Wetzeliella complex spp. X X X X X X
Wetzeliella hampdenensis Wilson 1967 (pl. D1, fig. 13) X
Wilsonidium Lentin & Williams 1976 sp. ?
miscellaneous areoligeracean forms (predominantly Glaphyrocysta Stover & Evitt 1978 spp.) but also including X X X X
miscellaneous chorate fragments (pl. D3, figs. 12-14; pl. D2, fig. 8)

miscellaneous cladopyxidiacean forms X X X . X .
small peridiniacean forms (pl. D1, fig. 14) X X X X X X

Figure D5. Occurrence chart showing the presence of dinocyst taxa in each productive matrix sample from crater unit B and the Exmore beds in the
USGS-NASA Langley core. Sample positions are plotted in figure D3. Depth ranges sampled are listed in table D2; depths shown here are midpoints of

the ranges. Symbols: X, present; ., not present; ?, questionably present.




Paleontology of the Impact-Modified and Impact-Generated Sediments in the USGS-NASA Langley Core D9

Age
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Figure D6. Correlation diagram showing stratigraphic units and
palynological zones of the Potomac Group in the Middle Atlantic States.
The Potomac Formation in Virginia as used in this report is equivalent

to the Potomac Group in Maryland, which includes the Patapsco and
Patuxent Formations and Arundel Clay, as shown above. Zonation is from
Brenner (1963), Doyle and Hickey {1976), and Doyle and Robbins (1977); no
zonal designation has been proposed for the spore-pollen assemblages
(Doyle, 1983) of the Waste Gate Formation on the Delmarva Peninsula,
gast of the Chesapeake Bay. Ages of stage boundaries are from

Gradstein and others {1995). UK, Upper Cretaceous.

Twelve samples of clay, silt, and sand were taken between
620.1 and 446.4 m (2,034.5 and 1,464.7 ft) in crater unit A (fig.
D4; table D4); however, all samples but one were barren or
nearly barren of organic matter including pollen and spores.
Although the darkest strata available were sampled, all but two
samples were greenish gray (the exceptions were dark red): the
lack of organic matter (including pollen and spores) in these
barren samples is undoubtedly due to the flood-plain strata orig-
inally having been oxidized during times of low ground-water

level and then reduced during later times of high ground-water
level, producing green colors of the iron minerals. However, it
is assumed that all sedimentary materials within crater unit A
are assignable to the Potomac Formation because no clasts or
matrix materials were observed that appeared likely, on the
basis of lithology, to be of post-Potomac Formation age (Gohn
and others, this volume, chap. C).

The only sample from crater unit A that contained pollen
and spores was the uppermost sample collected from this unit,
from 446.4 m (1,464.7 ft; fig. D4). This sample was from lig-
nitic beds: the sample was greenish black. The pollen assem-
blage is from Subzone IIB to Zone III, middle Albian to early
Cenomanian in age. This sample was examined for dinocysts,
but none were found, confirming the nonmarine origin of the
sample. No palynomorph-bearing samples were obtained from
the lowermost 179.8 m (589.7 ft) of crater unit A in the core,
and these strata could be as old as early Aptian (fig. D6).

Biostratigraphy of Crater Unit B

Crater unit B extends from 442.5 to 269.4 m (1.451.7 to
884.0 ft: fig. D3) depth in the Langley core. Crater unit B is a
sedimentary-clast diamicton in which the clast sizes vary
greatly, from less than 1 cm (0.4 in.) to more than 20 m (66 ft)
in diameter (Gohn and others, this volume, chap. C). This part
of the diamicton is clast supported; the amount of matrix mate-
rial between clasts constitutes a minor proportion of the total
sediment. Clasts consist mainly of a variety of clays and sands.
Zones of exotic matrix that penetrated this unit consist of
muddy, fine to very coarse quartz-glauconite sand and granules.
The lithology and the general absence of calcareous marine
microfossils indicated at the time of drilling that most of the
clasts were from the Potomac Formation.

Spores and Pollen

Thirteen samples from between 442.4 and 275.9 m
(1,451.6 and 905.3 ft) in crater unit B were processed for spores
and pollen (figs. D3, D4; table D4). Six of these samples were
barren of palynomorphs (table D4). and these were greenish
gray. Therefore, as seen also in crater unit A, prospects for
obtaining spores and pollen grains from greenish samples of the
Potomac Formation are rather poor. Higher in the section, abun-
dant palynomorphs were recovered from greenish Tertiary
matrix and clast samples in which the color comes from glau-
conite. The seven productive samples from the Potomac Forma-
tion in crater unit B were black, brownish black, or dark gray to
olive black or olive gray (fig. D4).

Details about the spore-pollen assemblages found in sam-
ples from crater unit B are given in figure D4, and the ages of
the assemblages are given in table D5. The seven productive
clast samples from crater unit B all represented sediments
derived from the Potomac Formation. The uppermost two sam-
ples could not be well dated. Among the remaining five sam-
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Table D3. Quantitative composition of the dinocyst assemblage in each matrix sample from crater unit B and the Exmore beds in the USGS-NASA

Langley core.

[m, meters; %, percent; W, whole; F, fragment]

% Penta-  Areoliger- Deflandrea  Dracodinium Other Misc, _Olhe.r Not
: : Whole % dinium acean phosphorit-  varielongitu-  Wetzeli- small identi- identified
Stratlgr.aphlc Sample Depth Count or Frag- spp. group ica dum ella group peridini- fiable to group
unit {m) nearly  ments aceans forms
whole W F W F W F W F wW F W F W F W F
Exmore beds R6110DC 2359 300 223 717 16 105 11 76 11 18 20 0 4 2 1 0 3 6 1 26
Exmore beds R6110DD 236.1 300 6.3 93.7 5 140 2 74 0 9 5 0 2 0 1 0 4 17 0 41
Exmore beds R6110 DE 239.1 203 22.7 77.3 5 89 0 5 19 31 8 3 9 2 2 0 1 0 2 27
Exmore beds R6110DF 247.7 300 15.0 85.0 14 99 3 107 6 10 4 0 12 7 1 0 5 12 0 20
Exmore beds R6110 DG 257.6 300 21.0 79.0 8 74 6 106 6 8 3 1 14 12 12 0 12 20 2 16
Crater unit B R6110 DH 2784 300 23.3 76.7 3 28 12 140 2 5 0 10 9 16 2 19 35 1 14

ples, four or five of them contain at least some Aptian-Albian
material and three contain some Cenomanian material. At least
two and perhaps three of the samples contain mixed assem-
blages, indicating that these clasts had been contaminated by
slurry sediment that penetrated the clasts during the violent
movements of the material following the impact, or possibly
during the drilling operation.

Dinocysts

Six samples from crater unit B were examined for the pres-
ence of dinocysts (fig. D3). Four of the samples were barren of
these fossils. A fifth sample, of a clast from 426.8 m (1,400.3
ft), contained a few dinocyst specimens or fragments. However,
these specimens most probably came from drilling-mud con-
tamination, although infiltration of the sample with Tertiary
material as a result of the impact event is also a possibility.

The sixth sample from crater unit B that was examined for
the presence of dinocysts was a matrix sample from 278.4 m
(913.4 ft; fig. D5); this sample, from near the top of crater unit
B, consisted of a muddy, calcareous, quartz-glauconite sand. As
in the samples from the matrix of the Exmore beds, dinocysts
from 278.4 m represent a mixture of ages and show a variety of
distinctive taphonomic effects. Because the matrix in the clast-
supported crater unit B is genetically and lithologically contin-
uous with the matrix in the Exmore beds, the dinocysts in the
matrix from 278.4 m are discussed under “Biostratigraphy of
the Exmore Beds.”

Calcareous Nannofossils

Eleven matrix samples were examined from crater unit B
for calcareous nannofossils, but most of these were barren (fig.
D7). Only the sample from 298.5 m (979.3 ft) contained nanno-
fossils, and the mixed assemblage in this sample consisted of
species whose first occurrences (range bases) were in the early
and late Paleocene and in the early, middle, and late Eocene;
however, no Cretaceous species were observed.

Biostratigraphy of the Exmore Beds

The Exmore beds extend from 269.4 to 235.65 m (884.0 to
773.12 ft; fig. D3) depth in the Langley core. This unit is a
matrix-supported, sedimentary-clast diamicton. Clasts in the
Exmore beds generally are smaller than those in crater unit B
and rarely exceed 1.0 m (3.3 ft) in diameter (Gohn and others,
this volume, chap. C). Lithologically, the Exmore clasts are dis-
tinctly more heterogeneous than those in crater unit B, indicat-
ing a much larger variety of clast ages. The matrix consists
mainly of muddy, calcareous, quartz-glauconite sand. Mixed
sediments in the Exmore beds consist mainly of subaqueous
resurge and (or) tsunami washback deposits that contain small
amounts of reworked ejecta (Gohn and others, this volume,
chap. C; Horton and Izett, this volume, chap. E).

Clasts appear to be of three origins (Poag, 1997; Gohn and
others, this volume, chap. C):

Subaqueous resurge caused by the flow of seawater
toward the center of the crater when the sea floor was
exposed by the impact; the resurge carried with it blocks
of sediment eroded from the crater rim

Tsunami washback derived from the return flow of huge
tsunamis generated by the impact

Sparse fallback ejecta, consisting of blocks and
unlithified sediments from the crater site that were
blasted into the air, then fell back down over the region

Spores and Pollen

One matrix and six clast samples from between 268.7 and
240.4 m (881.7 and 788.6 ft) in the Exmore beds were processed
for spores and pollen. All seven contained assemblages that
could be dated (fig. D4). An overview of the ages of these sam-
ples is given in figure D8. The pollen assemblage from the
matrix sample is compatible with an early Eocene age; how-
ever, some of the taxa have long stratigraphic ranges, and so the

Text continues on page D20.



Paleontology of the Impact-Modified and Impact-Generated Sediments in the USGS-NASA Langley Core

Table D4. Depth and lithology of samples from the USGS-NASA Langley core that were collected for spore-pollen analysis but were barren

of these fossils.

[m, meters; ft, feet]

o s mmber e Lithology
Crater unit B
2759 905.2-905.3 R6110AZ Clast Mottled grayish-olive-green, muddy, fine to very coarse sand.
285.0-285.1 935.1-935.3 R6110BD Clast Light-olive-gray silty clay.
327.2-327.3 1,073.60-1,073.85 R6110BC Clast Greenish-gray, muddy, noncalcareous, very fine to fine sand.
349.0-349.1 1,145.00-1,145.25 R6110BE Clast Mottled (burrowed?) dark-greenish-gray to greenish-gray clayey sand.
378.3 1,241.0-1,241.2 R6110BH Clast Olive-gray noncalcareous clayey sand.
442.4-442.5 1,451.5-1.451.7 R6110ED Matrix Dark-greenish-gray. glauconitic, very coarse to very fine sand.
Crater unitA
503.4-503.5 1,651.7-1.652.0 R6110CC Clast Light-olive-gray. very coarse to fine., pebbly. noncalcareous sand.
504.1-504.2 1.654.0-1,654.3 R6110BK Clast Olive-gray, micaceous, noncalcareous, massive silty clay.
512.2 1,680.3-1,680.5 R6110EE Clast Greenish-black, noncalcareous silty clay.
523.7-523.8 1.718.2-1.718.4 R6110EF Clast Greenish-gray clay.
542.9-543.0 1,781.3-1,781.6 R6110EG Clast Dusky-yellowish-green, noncalcareous clayey silt.
570.9-571.0 1,872.9-1,873.2 R6110EH Clast Dark-greenish-gray, waxy clay.
598.3-598.4 1,963.0-1,963.2 R6110EI Clast Dark-greenish-gray clay.
613.7 2,013.3-2.,013.6 R6110EJ Clast Very-dusky-red, noncalcareous silty clay.
614.6 2,016.3-2,016.5 R6110GA Clast Very-dusky-red, noncalcareous silty clay.
617.2 2,024.85-2,025.00 R6110EK Clast Dark-greenish-gray silty clay.
620.0-620.1 2,034.2-2,034.5 R6110EL Clast Dark-greenish-gray and dark-bluish-gray sandy clay.

D11



D12 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

Table D5. Spore-pollen ages of clast samples from crater units A and B in the USGS-NASA Langley core.

[The clasts all represent sediments derived from the Potomac Formation. Spore and pollen taxa in each clast are given in
figure D4. m, meters; ft, feet]

Apparent
diameter Depth
of clast Age
{m) () {m) {f)
Crater unit B

0.3 1 304.7 999.7  This sample contains relatively few species, which are probably long
ranging; therefore, it is difficult to determine whether the assemblage
is of mixed ages.

3 1 323.6 1,061.6  Zone IIB or higher; middle Albian or younger. This sample contains
only one significant species, which is long ranging. Therefore, it
cannot be determined whether the assemblage includes pollen of
mixed ages.

15 50 359.6 1,179.9 Probably Subzone IIB, middle Albian.
20.5 68 3923 1,287.1 Probably Subzone ITA or IIB, probably late Aptian to middle Albian.

5 1.5 411.0 1,348.4  This sample contains six significant species, three of them limited to
Zone III, two of them apparently limited to Zone II, and one of them
ranging from the upper part of Zone II to Zone III. Thus, the
assemblage appears to indicate mixed ages.

22 6.2 425.6 1,396.2  This sample contains six significant species, two of them limited to
Zone 111, two species apparently limited to Zone II, and two species
ranging from Zone I to Zone III. Thus, the assemblage appears to
indicate mixed ages.

15 5 426.8 1,400.2  This sample contains only four significant species, two of them limited

to Zone 111, one species limited to the upper part of Zone II, and one
species ranging from Zone II to Zone III. Thus, this assemblage may
indicate mixed ages or may indicate a single age near the Zone II-
Zone 111 boundary.

Crater unit A

0.8 2.5 446.4 1,464.6  Subzone IIB to Zone III, middle Albian to early Cenomanian.
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First occurrence in middle Eocene
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assemblage might well include material of mixed ages. One of
the clasts examined for pollen and spores from the Exmore beds
is from near the Paleocene-Eocene boundary. The remaining
five clast samples are from the Potomac Formation; one is prob-
ably from the middle Albian and four are from the lower Cen-
omanian. There is no evidence of any particular stratigraphic
ordering of these clasts by age.

Dinocysts

Five samples from the matrix material of the Exmore beds
were studied for dinoflagellate cysts (table D2; fig. D5). The
four lower samples, from 257.6 to 236.1 m (845.3 to 774.6 ft),
are from muddy, calcareous, quartz-glauconite sand. The
uppermost sample is near the top of the Exmore and consists of
massive, sandy, clayey, calcareous quartz silt. The sample from
278.4 m (913.4 ft) in the upper part of crater unit B is included
in the discussion below.

Two aspects of the dinocyst assemblages need emphasis:
(1) the fossils that are found represent a suite of ages, some
known from typical Virginia Coastal Plain assemblages and
some not previously reported from Virginia, and (2) the preser-
vation is unusual.

Forty-six species, genera, and genera groups were identi-
fied in the matrix samples from the upper part of crater unit B
and the Exmore beds (fig. D5). Most of these forms have been
found in more than one of the coastal plain units that are the
sources for the matrix. Biostratigraphically important forms
include Batiacasphaera baculata (pl. D1, fig. 2), Carpatella
cornuta (pl. D1, fig. 19), Cordosphaeridium funiculatum (pl.
D1, fig. 1), Dracodinium varielongitudum (pl. D1, fig. 10; pl.
D2, figs. 4-6; pl. D3, figs. 2, 10, 11), Eocladopyxis n. sp. A of
Edwards (2001) (pl. D1, fig. 12), Homotryblium tasmaniense
(pl. D1, fig. 11), Pentadinium goniferum, and Pentadinium
membranaceum (pl. D1, figs. 5, 6; pl. D2, fig. 13).

A single, poorly preserved specimen (Andalusiella sp., pl.
DI, fig. 20) is the only dinocyst evidence thus far of a contribu-
tion by Cretaceous units. This specimen was noted in the upper-
most matrix sample from the Exmore beds (R6110 DC).
Another Cretaceous specimen (Chatangiella sp.) was found in
the overlying Chickahominy Formation of the Langley core
(Edwards and others, this volume, chap. H).

Carpatella cornuta is restricted to the early Paleocene and
hence has its source in the Brightseat Formation (table D1).
Although no forms specifically restricted to the Aquia Forma-
tion were identified, many of the forms encountered are com-
mon in the Aquia. Apectodinium parvum (pl. D1, figs. 17, 18),
which has previously been recorded from the Marlboro Clay
(Edwards, 1996), is present in sample R6110 DH. Dracodinium
varielongitudum and Homotryblium tasmaniense are early
Eocene species and are common in the Nanjemoy Formation
(Edwards, 1996). Pentadinium goniferum has a range restricted
to the late part of the middle Eocene and is common in the Piney
Point Formation (Edwards, 1989). Batiacasphaera baculata
and Cordosphaeridium funiculatum are common in upper

Eocene deposits. In summary, many of the dinocysts in the
matrix material of the Exmore beds consist of late Eocene taxa
that are indistinguishable from those of the Chickahominy For-
mation; both units have major contributions of dinocysts from
the Nanjemoy Formation (lower Eocene) and Piney Point For-
mation (middle Eocene).

Eocladopyxis n. sp. A of Edwards (2001) has previously
been reported only in Alabama and Georgia, in sediments rep-
resenting the lower part of the middle Eocene (Edwards, 2001).
These sediments would be younger than the Nanjemoy Forma-
tion and older than the Piney Point. A unit of this intermediate
age may once have been present in the Virginia Coastal Plain
but has since been eroded away or has not yet been recovered in
the subsurface of the coastal plain.

Similarly, Pentadinium membranaceum has been reported
from the uppermost middle Eocene and lowermost upper
Eocene deposits in the Gulf of Mexico Coast (Edwards, 1982).
The presence of this species appears to indicate the former
existence of a unit younger than the Piney Point Formation but
older than the Chickahominy because P. membranaceum has
not been found in the Chickahominy. Sediments of latest mid-
dle Eocene/earliest late Eocene age contributed heavily to the
tsunami washback matrix, especially near the top of the Exmore
beds, as indicated by the relative abundance of P. membrana-
ceum in those strata.

Phthanoperidinium brooksii (pl. D1, fig. 15) has previ-
ously been reported from offshore (Edwards and Bebout, 1981).
Its presence in the Exmore beds may indicate a contribution
from offshore sediments.

It is difficult to describe the dinoflagellates recovered from
the Exmore matrix because the overall preservation of palyno-
morphs is poor. One can recognize material of dinoflagellate
origin but sometimes cannot identify it to species or even to
genus or family level. Fragments are much more common than
whole or nearly whole specimens (table D2). Whole specimens
may be folded, corroded, “curled up,” “smoothed,” or well pre-
served (Edwards and Powars, 2003). On further examination,
many seemingly well preserved specimens are seen to be bro-
ken. Breakage is commonly sharp and crosses both tabulation
and wall layers (pl. D2, figs. 10, 11).

In all samples, much of the organic material occurs in
clumps (pl. D2, figs. 2, 3), and the clumps are distinctive in hav-
ing many degrees of preservation, including opaque debris,
misshapen fragments of miscellaneous plant debris, misshapen
fragments of dinoflagellates, and whole, well-preserved
dinoflagellate specimens. In the present study, clump size is
determined by the sieve sizes used in the preparation of the
slides (20-200 pum).

Many specimens have surfaces that are pitted, cratered
(features that appear like broken blisters; pl. D3, figs. 4-7), or
pockmarked (having distinctive radial features that have been
related by previous authors (for example, Elsik, 1966, but see
also Edwards and Powars, 2003) to fungal degradation; pl. D3,
fig. 10). Species known to have originally smooth surfaces have
been heavily corroded (pl. D2, fig. 7). Individual processes
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(especially in the Wetzeliella group) may be broken off or may
be intact but severely pitted or pocked (pl. D3, fig. 2).

Clumped specimens are often seen in unusual orientations.
Clumps appear to consist of material that is welded together,
although individual pieces sometimes can be teased apart with
heat and a paper clip. With less heat, the individual pieces can
be moved around slightly in the glycerin jelly mounting
medium, but they remain loosely attached at points of contact.
Under the scanning electron microscope, points of fusion can be
seen (pl. D2, fig. 4). Whole or nearly whole specimens are
likely to be either small, as in the Microdinium group (pl. D1,
figs. 3, 4) and small peridiniacean group (pl. D1, fig. 14), or
large and robust, such as Deflandrea phosphoritica (pl. D2, fig.
14) and Dracodinium varielongitudum (pl. D1, fig. 10).

Fragments are commonly barely recognizable as having
dinoflagellate affinity. Most miscellaneous chorate fragments
are of the Glaphyrocysta group, but a few are of the Cor-
dosphaeridium group. These fragments seldom absorb the stain.
Delicate meshwork is preserved in many specimens, even
where processes are jaggedly broken. Processes may appear
shortened (pl. D3, fig. 14).

Fragments belonging to the various species of Pentadin-
ium, especially the grano-vermiculate (g/v) ones—P. gon-
iferum, P. laticinctum (g/v forms), and P. membranaceum (pl.
D2, figs. 9, 13)—are easy to recognize. Surface texture of these
is commonly moderately to slightly subdued (pl. D2, figs. 10—
12). Some have almost lost the sculpture, except in the areas
that were once below the pericoel. In optical section, the sculp-
ture appears to have been melted or fused. Specimens may be
folded (pl. D2, fig. 13; pl. D3, figs. 4-7) but not compressed.

A summary of the counts made is given in table D3 and
shown graphically in figures D9 and D10. The percentage of
whole or nearly whole specimens (table D3; fig. D10) hovers
around 15-25 percent with the notable exception of the highest
sand sample (R6110 DD, second sample from the top in figure
D10), in which whole specimens are 6.3 percent. The percent-
age of specimens not identifiable to group (the worst preserva-
tion; table D3; fig. D10) is lowest in the lowest sample and
increases upward. This concentration of poorly preserved
dinocysts may represent specimens from seawater that was sub-
ject to the most violent forces of impact, ejection, resurge, or
tsunamis. The highest sample studied here. the uppermost
Exmore silt (R6110 DC), has fewer unidentifiable specimens
(better preservation) than the sand samples below it. This is the
same silt that has been described as a fallout layer containing
pyrite lattices (Poag, 2002; Poag and Norris, this volume,
chap. F).

The matrix sample from the upper part of crater unit B and
those from the lower part of the Exmore beds show higher
diversity in terms of more recognizable species (fig. D5) than
are in the upper part of the Exmore beds. Samples near the top
of the Exmore are dominated by species of Pentadinium as well
as Dracodinium and other Wetzeliella group forms (Eocene
forms; fig. D9). These are the most robust and easy to recognize
forms. Stratigraphically lower samples have more small peri-
diniaceans; these forms, while most are not age diagnostic, are

more common in Aquia Formation (Paleocene) sediments than
in other units in the coastal plain.

Sample R6110 DE (the third sample from the top in figure
D9) merits mention because of its high concentration of Deflan-
drea phosphoritica. In this sample, D. phosphoritica makes up
24.6 percent of the specimens counted (fig. D9; table D3),
which were mainly poorly preserved. This dinocyst assemblage
shows that the slurry of sediments that formed exotic matrix in
the upper part of crater unit B and the Exmore beds was hetero-
geneous. The mixture apparently resulted from differences
among sediments originating as ejecta, subaqueous resurge, or
tsunami washback and from differences in source beds, variable
fluidization, and localized sorting of the sediments. In sample
R6110 DE, preservation of the fossils may be important because
D. phosphoritica is a rather robust species. One preservational
effect that does not appear in the counts is that fewer distinct
clumps of dinocysts were observed in the stratigraphically
lower samples, and these clumps are smaller (pl. D2, figs. 2, 3)
than clumps in the higher samples.

Calcareous Nannofossils

Samples of Matrix

Overall, preservation of calcareous nannofossils in the
matrix of the Exmore beds in the Langley core is moderate to
good. Unlike the dinocysts, the calcareous nannofossils do not
exhibit extensive pitting or fracturing. Individual nannofossils
are typically whole or have only minor fracturés consistent with
normal dissolution or diagenesis.

The only exception to this rule is the preservational state of
rosette forms of the genus Discoaster. Rosette forms such as D.
multiradiatus, D. salisburgensis, D. lenticularis, and D. saipan-
ensis (pl. D4, figs. 2, 16, 17; pl. D5, fig. 12) are normally round
and have between 17 and 30 rays (Wei, 1992). Overgrowth
causes thickening of the rays, and dissolution causes shortening
of the rays, but normally the specimens retain their round shape.
However, specimens in the Exmore beds from the Langley core
show distinct fracture patterns not common in rosette discoast-
ers; the patterns result in specimens that are square or pentago-
nal (Self-Trail, 2003). This phenomenon was illustrated by
Poag and Aubry (1995, their fig. 13) in a specimen from the
Exmore beds in the Exmore core (fig. D1) that has the same dis-
tinct pentagonal appearance, although these authors did not
connect the fracturing with the impact. Bybell and Self-Trail
(1994) did not document this phenomenon in samples from the
New Jersey Coastal Plain.

Commonly, the species present in the Exmore matrix are
robust forms like Dictyococcites bisectus, Isthinolithus recur-
vus, and Reticulofenestra umbilica (pl. D5, figs. 2, 5,7, 10, 11).
These forms dominate the assemblage and commonly exhibit
calcite overgrowth, although not enough to impede species
identification. Forms prone to dissolution, such as Sphenolithus
and Fasciculithus, are uncommon in the Exmore beds.
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In this study, 165 Tertiary and 32 Late Cretaceous species
and genera were identified in the 30 productive matrix samples
from crater unit B and the Exmore beds (fig. D7). Biostrati-
graphically important Tertiary forms include Cruciplacolithus
asymmetricus, Prinsius dimorphosus, Neobiscutum parvulum,
Fasciculithus billii. Heliolithus riedelii, Heliolithus cantabriae,
Rhomboaster contortus, Rhomboaster orthostvlus, Rhom-
boaster bramlettei, Pemma basquense, Pemma serratum, Chi-
asmolithus gigas, and Isthmolithus recurvus (pl. D5, figs. 1, 2,
3, 7). These species are present in situ in the Brightseat, Aquia,
Nanjemoy, and Piney Point Formations, the Marlboro Clay, and
several unnamed units in the Virginia Coastal Plain.

Cruciplacolithus asymmetricus, P. dimorphosus, and N.
parvulum are restricted to lower Paleocene sediments and thus
represent the Brightseat Formation. Fasciculithus billii, Heli-
olithus cantabriae, and H. riedelii are common in the upper
Paleocene Aquia Formation.

Although no forms specifically restricted to the upper
Paleocene-lower Eocene Marlboro Clay were identified, many

of the species found span the Paleocene-Eocene boundary.
Clasts lithologically similar to the Marlboro Clay are common
in the matrix material; therefore, it seems likely that fossils from
this formation are included in the Exmore beds.

Lower Eocene sediments are also represented by the Nan-
jemoy Formation. The calcareous nannofossil species Rhom-
boaster contortus and R. orthostylus are restricted to the Nan-
jemoy Formation, and Rhomboaster bramlettei is a common
constituent of the Nanjemoy assemblages. The middle Eocene
Piney Point Formation is represented by common occurrences
of P. basquense (pl. D5, fig. 1) and P. serratum and by rare
occurrences of C. gigas.

The Exmore beds are no older than Zone NP 19/20 because
they contain Isthmolithus recurvus (pl. D5, figs. 2, 7), a nanno-
fossil whose first appearance defines the base of this zone. The
overlying Chickahominy Formation belongs to Zone NP 19/20
as indicated by the joint occurrences of I. recurvus and Dis-
coaster saipanensis: the last appearance of the latter species
defines the top of Zone NP 19/20. Therefore, the Exmore beds
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must also belong to Zone NP 19/20, and the impact must have
occurred during the early part of the time represented by this
zone or approximately at 35.7-35.8 Ma (million years ago).
Some of the material composing the Exmore beds was derived
from a preimpact formation belonging to Zone NP 19/20 that
apparently was once present in the Virginia Coastal Plain but
has since been eroded away or has remained undetected in the
subsurface. There is no recorded in situ Zone NP 19/20 material
from nearby outcrops or other coreholes that is not Chickahom-
iny Formation.

Biostratigraphically important Late Cretaceous forms
include FEiffellithus eximius, Eprolithus floralis, Reinhardtites
anthophorus, Stovarius asymmetricus, Flabellites oblonga, and
Lithastrinus grillii. These species indicate that sediments of
Santonian and Campanian age compose part of the Exmore
beds in the Langley core. Age-equivalent sediments from North
and South Carolina include the Pleasant Creek Formation (San-
tonian), the Shepherd Grove Formation (Santonian), the Bladen
Formation (Campanian), and the Donoho Creek Formation
(Campanian) (Gohn, 1992; Self-Trail and others, 2004). Calcar-
eous nannofossils restricted to the Maastrichtian were not iden-
tified from the Exmore beds, and therefore it cannot be stated
with any certainty that sediment of late Maastrichtian age (such
as the Severn Formation of Maryland) contributed to the matrix
material. Sediments of Late Cretaceous age are described from
the Dismal Swamp, Fentress, and MW4-1 cores (fig. D1;
Powars and others, 1992; Powars and Bruce, 1999; Powars,
2000) to the south of the impact crater, and these strata are most
likely the sediment source for the Cretaceous calcareous nanno-
fossil assemblages found in the Exmore beds.

Samples of Clasts

Twenty-six clasts were examined for calcareous nannofos-
sil content from the Exmore beds in the Langley core (table D6;
fig. D11). These came from a variety of formations, and the
dated clasts are from late Paleocene to late Eocene in age (fig.
D8). Nine of the clasts are barren and most likely of Potomac
Formation lithology. Six clasts have nannofossil assemblages
of more than one age and it was therefore impossible to identify
the formation of origin.

Two clasts from the Aquia Formation are identified on the
basis of lithology and the calcareous nannofossil assemblage.
These clasts contain both Discoaster multiradiatus (pl. D4, figs.
2, 16) and Transversopontis pulcher but do not contain Rhom-
boaster bramlettei or Rhomboaster orthostylus. It is interesting
to note that both Aquia clasts are from Zone NP 9, even though
the Aquia Formation includes Zones NP 5-9. One clay clast
dated as late Paleocene (Zone NP 9) is thought to be from the
Marlboro Clay because of its lack of glauconite and high per-
centage of clay.

Clayey clasts containing a calcareous nannofossil assem-
blage indicative of the lower Eocene Nanjemoy Formation
(Zone NP 10) are the most common (table D6). Gibson and
Bybell (1994) documented the age of the Nanjemoy Formation

as early Eocene (NP 10 through NP 13). However, clasts of
Nanjemoy sediments recovered in the Langley core contain
Rhomboaster bramlettei (pl. D4, fig. 15) and Discoaster multi-
radiatus (pl. D4, figs. 2, 16) but lack younger indicators such as
Rhomboaster orthostylus, Rhomboaster contortus, and Dis-
coaster lodoensis, suggesting a Zone NP 10 assignment for
these clasts.

Only one clast of possible middle Eocene age (NP 16) is
identified from the Langley core. This possible age is based on
the co-occurrence of Chiasmolithus solitus (LAD at top of
NP 16) and Cribrocentrum reticulatum (FAD in middle NP 16).
However, because of poor preservation and low diversity of cal-
careous nannofossil species in this clast, the possibility of a
mixed assemblage should not be discounted.

One clast of late Eocene age was identified from the
Langley core. This clast contained Isthmolithus recurvus (FAD
at 36 Ma) along with Chiasmolithus oamaruensis (FAD at 37.0
Ma) and Cribrocentrum reticulatum (LAD at 35 Ma). The
co-occurrence of these three species places this clast within the
lowermost part of Zone NP 19/20. This clast is important
because it provides strong evidence for the existence of an
upper Eocene, preimpact formation in the subsurface of south-
eastern Virginia that is heretofore unidentified from either out-
crop or corehole. Additionally, the co-occurrence of I. recurvus
and C. reticulatum in this sample independently restricts the
time of impact to between 36 and 35 Ma.

Preservation and diversity of nannofossils in clasts within
the Exmore beds vary considerably from poor to good without
any apparent relation to sediment type. For example, clasts of
what appear to be sediments from the Aquia or Nanjemoy For-
mations have nannofossil assemblages that are moderately to
well preserved. Species richness is greatest in Aquia and Nan-
jemoy clasts and decreases in Marlboro and middle Eocene
clasts. Most clasts are noncalcareous, are barren of calcareous
nannofossils, and represent either a noncalcareous Marlboro
Clay lithology or Cretaceous Potomac Formation clasts.

Ostracodes

Two samples from the Exmore beds in the Langley core
were examined for ostracodes (not shown in fig. D3). The
matrix sample from 240.8-240.9 m (790.1-790.3 ft) contains
Digmocythere russelli (Howe and Lea 1936). This species (late
Eocene and perhaps early Oligocene) is typical of the Chicka-
hominy Formation; because the Chickahominy itself was
deposited after the impact, the presence of D. russelli supports
dinocyst and nannofossil evidence that upper Eocene pre-
Chickahominy deposits existed in the region prior to the impact
and perhaps still exist there.

Ostracodes from the matrix sample from 235.9 m (773.9-
774.0 ft) included bairdiids, Clithrocytheridea sp., Loxoconcha
sp., and Trachyleberis cf. pauca (Schmidt 1948). This is an
anomalous assemblage in terms of genus-level ecology and,
therefore, the ostracodes represent a mixed assemblage.
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Table D6. Lithologic descriptions and diagnostic calcareous nannofossil species for each calcareous clast examined from the Exmore beds of the
USGS-NASA Langley core.

[m, meters; cm, centimeter; in., inch. Some color terms are used from Goddard and others (1948)]

Depth . . e . . . .
(n':) Lithologic description Age Diagnostic calcareous nannofossil species (fig. D11)
238.0 Silt, clayey, micaceous, medium-gray: strong acid fizz. Early Rhomboaster bramlertei present; R. orthostylus absent.
Eocene
238.9 Glauconite sand, medium to coarse, muddy, with matrix dike Mixed Discoaster multiradiatus present with Coronocyclus nitescens.
that is 3.04 cm (1.2 in.) long and 0.304 ¢cm (0.12 in.) wide;
sharp clast boundaries, full core width.
239.7 Silt, clayey, micaceous, medium-gray: strong acid fizz. Early Rhomboaster bramlettei present; R. orthostylus absent.
Eocene
242.5 Silt, clayey; clast small. Mixed Toweius occultatus, Cribrocentrum reticulatum, and Isthmolithus
recurvus all present.
243.7 Silt, very clayey, calcareous, slightly micaceous. knobby Early Rhomboaster bramlettei present; R. orthostylus absent.
exterior, possible microfossils; tull core width; moderate Eocene
acid fizz.
244.6 Clay, silty, calcareous; clast small. Late Discoaster multiradiatus, Prinsius bisulcus, and Transversopontis
Paleocene  pulcher present: Rhomboaster bramlettei and R. orthostylus absent.
245.1 Clay, silty, calcareous; clast small. Late Discoaster multiradiatus, Prinsius bisulcus, and Transversopontis
Paleocene  pulcher present; Rhomboaster bramlettei and R. orthostylus absent.
245.6 Clay, silty, dry, dark-greenish-gray (5GY 4/1); clast large. Mixed Discoaster multiradiatus, Cribrocentrum reticulatum, and
Reticulofenestra umbilica all present.
247.1 Clay, silty, dark-brown; large clast. Late Isthmolithus recurvus and Cribrocentrum reticulatum present.
Eocene
249.4 Clay, silty, waxy, dark-yellowish-brown (10YR 4/2); Mixed Transversopontis pulcher, Cribrocentrum reticulatum, and
contorted. Reticulofenestra umbilica all present.
252.0 Clay, silty, micaceous, calcareous, dark-greenish-gray Early Rhomboaster bramlettei present; R. orthostylus absent.
(5GY 4/1); whole core width. Eocene
252.2 Clay, silty, micaceous, calcareous, dark-greenish-gray Late Discoaster multiradiatus, Prinsius bisulcus, and Transversopontis
(5GY 4/1); whole core width. Paleocene  pulcher present; Rhomboaster bramlettei and R. orthostylus absent.
256.5 Sand, very tine to medium, glauconite quartz, calcite- Mixed Discoaster multiradiatus, Cribrocentrum reticulatum, and Pemma
cemented. “'salt-and-pepper.” light-olive-gray (5Y 6/1); stradneri all present.
whole core width.
258.4 Clay, silty and sandy (5 percent very fine); exterior oxidizes Mixed Discoaster multiradiatus, Cribrocentrum reticulatum, and
quickly to brown: knobby exterior; interior is greenish Dictvococcites scrippsae all present.
black (5GY 2/1); full core width.
262.4 Clay, silty, finely micaceous, dark-greenish-gray (SGY 4/1); Middle Cribrocentrum reticulatum and Chiasmolithus solitus both present.

whole core width.

Eocene
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Sample  N10279 N10278 N10277 N10276 N10275  N10274 N10273 N10272 N10271 N10270 N10269 N10268 N10267 N10159

Depth (m) 266.0 2658 265.2 2624 261.7 261.2 260.7 259.7 2584 251.0 256.5 2558 2548 2522

Depth (ft) 8728 8720 8701 861.0 8585 857.0 855.4 852.0 847.7 843.1 815 8394 835.9 8214
Nannofossil preservation Poor Poor Poor Moderate Moderate Moderate
Nannofossil abundance Rare Rare Barren  Frequent/Rare  Barren  Barren Barren Barren  Frequent  Barren Frequent  Barren Barren Common

Age/zone from which the Middle Eocene? . . Late Paleocene
: R Unknown  Unknown Mixed Mixed
specimens were derived (NP 16?) (NP 9)

Possible formation from which the N ? ? Unnamed ? 7 ? ? ? ? ? ? ? Marlboro Clay

specimens were derived

Tertiary taxa

Biscutum constans

Braarudosphaera bigelowii

Braarudosphaera spp.

Camplyosphaera delu

Chiasmolithus bidens . . . . . . . . . . X
Chiasmolithus consuetus

Chiasmolithus oamaruensis

Chiasmolithus solitus . . . X

Coccolithus pelagicus . . . . . . . . X . X . . X
Coronocyclus nitescens

Coronocyclus spp.

Cribrocentrum reticulatum . . . X . . . . X . X
Cruciplacolithus primus

Cvclagelosphaera reinhardtii

Dictyococcites bisectus . . . . . . . . . . X
Dictyococcites callidus

Dictyococcites daviesii

Dictyococcites scrippsae . . . . . . . . X

Discoaster anartios . . . . . . . . . . . . . X
Discoaster araneus

Discoaster falcatus

Discoaster kuepperi

Discoaster lenticularis

Discoaster mediosus

Discoaster megastypus . . . . . . . . . . X
Discoaster mohleri

Discoaster multiradiatus . . . . . . . . X . X . . X
Discoaster saipanensis

Ellipsolithus distichus . . . . . . . . . . X . . X
Ellipsolithus macellus

Ellipsolithus spp.

Ericsonia cava

Ericsonia aff. E. fenestra

Ericsonia formosa . . . . . . . . . . X . . X
Ericsonia robusta

Ericsonia subpertusa

Fasciculithus aubertae

Fasciculithus involutus

Fasciculithus sidereus

Fasciculithus thomasii . . . . . . . . . . X

Fasciculithus tympaniformis

Fasciculithus spp. . . . . . . . . X

Figure D11. Occurrence chart showing the presence of the calcareous nannofossil taxa, age(s), and probable formations of origin for each calcareous clast sample
from the Exmore beds of the USGS-NASA Langley core. Symbols: X, present, ., not present. Abundance terms are defined as follows: rare, 1 specimen per 11-50 fields
of view; frequent, 1 specimen per 1-10 fields of view; common, 1-9 specimens per field of view; abundant, 10 or more specimens per field of view.
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N10158 N10266 N10265 N10264 N10263 N10157 N10262 N10155 N10261 N10154 N10152 N10151
252.0 251.1 2494 2471 2456 245.1 2446 2437 2425 2397 2389 238.0
826.7 8239 818.2 8107 805.9 804.0 802.6 799.7 7955 7865 7837 7807
Good Moderate Good Moderate Moderate Moderate Moderate Moderate Moderate Good Poor
Abundant Barren Frequent Common Frequent Common Common Common Frequent Common Abundant Frequent
Early Eocene i Late Eocene Late Paleocene Late Paleocene Early Eocene Early Eocene . Early Eocene
(NP 10) Ml e ga) NP9 (NPY) (NP 10) Mixed (NP10) Mixed (NP 10)
T s I T S o
X X X
X
X X 3 X
X X 3 X X
X p:
X
X X X 3 X X X X X X X
X X
X X X
X X
X X
X X
X
X X X
X
X X X X
X X
X X
X X X X X X X
X
X X X X X X
X
X X
X
X X
X
X X X
X
X X X X X
X
X
X
X

Figure D11. Continued.
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Sample  N10279 N10278 N10277 N10276
Depth (m}  266.0 265.8 265.2 2624
Depth (ft} 8728 8720 870.1 861.0
Nannofossil preservation Poor Poor Poor
Nannofessil abundance Rare Rare Barren  Frequent/Rare

Age/zone from which the Middle Eocene?
) ) Unknown  Unknewn
specimens were derived (NP167)

Possible formation from which the
) ) ? ? ? Unnamed
specimens were derived

N10275
261.7
858.5

Barren

N10274
2612

857.0

Barren

N10273
260.7

8554

Barren

N10272
259.7

852.0

Barren

N10271
258.4
841.7

Moderate

Frequent

Mixed

N10270
2510

8431

Barren

N10269
256.5
8415

Moderate

Frequent

Mixed

N10268

255.8

839.4

Barren

N10267
2548

Barren

?

N10159
2522
8214

Moderate
Common
Late Paleocene

(NP9)

Mariboro Clay

Helicosphaera seminulum
Hornibrookina arca
Isthmolithus recurvus
Lophodolithus nascens
Markalius inversus
Neochiastozygus concinnus
Neochiastozygus junctus
Neococcolithes dubius
Neococcolithes minutus
Neococcolithes protenus
Neocrepidolithus biskayae
Neocrepidolithus bukryi
Pemma stradneri
Pontosphaera multipora . . . X
Pontosphaera spp.

Prinsius bisulcus
Pseudotriquetrorhabdulus inversus
Reticulofenestra daviesii
Reticulofenestra dictvoda . . . X
Reticulofenestra umbilica
Rhomboaster bramlettei
Rhomboaster calcitrapa
Rhomboaster digitalis
Scapholithus apertus
Sphenolithus anarrhopus
Sphenolithus moriformis
Sphenolithus primus
Thoracosphaera spp.

Toweius callosus

Toweius eminens var. eminens
Toweius eminens var. tovae
Toweius occultatus

Toweius pertusus

Toweilts serotinus
Transversopontis obliquipons
Transversopontis pulcher
Transversopontis zigzag
Zygodiscus herlynii
Zygrhablithus bijugatus
placoliths X X
Cretaceous taxen

Microrhabdulus attenuatus

Figure D11. Continued.
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N10158 N10266 N10265 N10264 N10263 N10157 N10262 N10155 N10261 N10154 N10152 N10151
2520 2511 2494 2471 2456 245.1 2446 243.7 2425 239.7 2389 2380
826.7 823.9 818.2 8107 805.9 804.0 802.6 799.7 7955 786.5 783.7 780.7
Good Moderate Good Mod Mod Mod Mod Mod Mod Good Poor

Abundant Barren Frequent Common Frequent Common Common Common Frequent Common Abundant Frequent
Early Eocene 5 Late Eocene ) Late Paleocene Late Paleocene Early Eocene ) Early Eocene i Early Eocene
(NP 10) Mxed npromy M (NP9 (NP9 (NP10) Mixed (NP 10) Mixed (NP 10)
Nanjemo i i j j Nanjemo
anllatio: ! ! Unnamed ! Fof:::on Fo‘r\:::?on ::r:::'i.:: ! ::r::::i]:: ! Fnrnlmtio:

X X X
X X
X
{ X X X
X X -
X X X X { X X X X
X
X X X
X X X X X
X
X
X X X
X D,
X
X X X
X X X
X 3 X X
X
X
X X
X
X X X X X X X
X X X X
X X
X X X ) X
D, X X X
X X X X X X
X X X X
X
X X X X X X X X X
X X X X X
X X
X

Figure D11. Continued.



Discussion and Conclusions

Biostratigraphy of Crater Unit A

The only fossils obtained from the Potomac Formation in
crater unit A in the Langley core were spores and pollen grains
from a lignitic sample near the top of this unit. The pollen
assemblage is from Subzone 1IB to Zone I11, middle Albian to
early Cenomanian in age.

Biostratigraphy of Crater Unit B

Five clast samples from the Potomac Formation in crater
unit B in the Langley core could be fairly well dated on the basis
of spores and pollen grains. Most or all of the five samples con-
tain at least some Aptian-Albian material, and three contain
some Cenomanian material. Several of the samples contain
mixed assemblages, indicating that slurry sediment may have
penetrated the clasts following the impact.

Six matrix samples from crater unit B were examined for
the presence of dinocysts. Only one, from near the top of this
unit, appears to contain indigenous dinocysts, and these speci-
mens represent a mixture of ages.

Only one matrix sample from crater unit B, from the upper
part of that unit, contained calcareous nannofossils. The mixed
assemblage in this sample consists of species having first occur-
rences (range bases) in various parts of the Paleocene and
Eocene; however, no Cretaceous species were found.

Biostratigraphy of the Exmore Beds

The Exmore beds in the Langley core provided spores and
pollen grains, dinocysts, calcareous nannofossils, and ostra-
codes, as well as foraminifers (Poag and Norris, this volume,
chap. F). Matrix samples from this interval are generally of
mixed ages, but, taken as a group, the matrix and clast samples
include fossils of late Aptian to Albian, early Cenomanian, San-
tonian, Campanian, early Paleocene, late Paleocene, early
Eocene, and late middle Eocene ages; that is, they include mate-
rial derived from the Potomac Formation, the “unnamed Upper
Cretaceous deposits” of Powars and Bruce (1999), the Bright-
seat and Aquia Formations, the Marlboro Clay, and the Nan-
jemoy and Piney Point Formations (table D1).

Among the dinocyst, nannofossil, and ostracode taxa in the
uppermost part of crater unit B and the Exmore beds are several
that are of early middle Eocene and of latest middle Eocene to
earliest late Eocene ages; these ages indicate that, at the time of
impact, strata existed that were younger than the Nanjemoy For-
mation but older than the Piney Point Formation, and younger
than the Piney Point Formation but older than the Chickahom-
iny Formation. Therefore, two stratigraphic units were present
prior to the impact that are not now known to exist on the Vir-
ginia Coastal Plain. In particular, sediments younger than the
Piney Point Formation but older than the Chickahominy Forma-
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tion contributed heavily to the matrix of the Exmore beds.
Therefore, these samples from the Langley core are very impor-
tant because they provide a more detailed account than was pre-
viously available of the full array of Eocene formations in Vir-
ginia, especially those that previously existed near the surface
but which now may exist only in the subsurface.

Some evidence exists for age stratification of dinocysts
and calcareous nannofossils in the matrix of the upper part of
crater unit B and the Exmore beds, but the evidence is some-
what contradictory. Dinocysts derived mainly from younger
preimpact deposits are more common in the upper part of the
Exmore beds, whereas specimens derived mainly from older
Tertiary deposits are more common in the lower part of the
Exmore and the uppermost part of crater unit B. Therefore, it
appears that older sediments on the average were washed back
into the crater before the younger sediments. Late Cretaceous
nannofossils are present in the Exmore beds down to a depth of
242.1 m (794.4 ft), but they are more common near the top of
the unit and decrease in abundance and diversity downsection
(fig. D7); no Late Cretaceous nannofossils were found in the
single nannofossil-bearing sample from crater unit B. This nan-
nofossil distribution implies that Upper Cretaceous sediments
are slightly finer grained (and therefore were slower to sink in
the ocean) or perhaps came from a different source area than the
Tertiary sediments.

Effects of the Comet or Asteroid Impact on
the Preservation of Microfossils

Dinocysts

Dinoflagellate cysts are composed of a waxlike hydrocar-
bon called dinosporin. The effects of heat on palynomorphs
(including dinoflagellate cysts) have been studied extensively
by the petroleum industry. At temperatures between 65°C and
170°C, gas and oil are generated; above about 200°C, most
organic material is carbonized (Batten, 1996, and references
therein).

Dinocysts at the center of the impact would have been
vaporized. Dinocysts in resurge and tsunami deposits must have
been subjected to varying amounts of heat, pressure, and turbu-
lence from the impact. Dinocysts may have been ejected into
the atmosphere by the impact and settled back down over a
short interval of time. One can speculate that the causes of frag-
mentation include both direct shock and pummeling of the
dinocysts by large and small grains and clasts in the extremely
turbulent synimpact depositional regime.

Foreshortened processes on some dinocyst specimens give
the appearance of partial melting, not enough to destroy the
shape, but sufficient to fuse fibrous areas and turn long, slender
processes into shorter, squatty ones. The partial melting may
have occurred in air or water or both. Folded specimens must
have been heated in order to bend. Partial melting is also the
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most likely explanation for the muted texture of formerly intri-
cately sculptured surfaces. Where this sculpture is preserved
below a protective outer layer, one can speculate that the outer
layer offered some protection. The wall structure of many
dinocysts allows pockets called pericoels. The gas or water in
these pericoels must have expanded to cause the bubbles
observed (pl. D3, figs. 8, 9).

Some dinocysts and other debris must have been boiled or
toasted, as their shape is barely recognizable, and bubbles and
craters occur without any relation to wall structure (pl. D3, figs.
4-7). Processes on some specimens appear to have been “blown
off” by the force of the impact, commonly leaving pits or scars.
One of the more fascinating impact-induced features is the curl-
ing of processes around a central body (pl. D3, fig. 13). The
bending of the processes suggests aerodynamic or hydrody-
namic shaping.

Higher in the Exmore beds, organic material appears more
fragmental, but possibly more heat welded into clumps. than it
does lower in the Exmore. Local differences occur among indi-
vidual matrix samples. suggesting differing contributions from
the various sources of the matrix material.

For all the features of dinocyst preservation described
here, the most likely explanations are direct effects of the comet
or asteroid that struck at approximately 35.7-35.8 Ma. Most are
the product of a complex interplay of heat, shock, and abrasion.
Some of these features shown may prove to be unique to
impact-generated sediments. Dinocyst preservation may thus
become an important tool for recognizing impact-related depos-
its elsewhere.

Calcareous Nannofossils

Because of the high temperatures generated by the impact,
all calcareous nannofossils at ground zero, like the dinocysts,
would have been vaporized. However, calcareous nannofossils
in resurge and tsunami deposits would have been subjected to
extreme amounts of heat and varying amounts of pressure due
to the impact events. Therefore, it is interesting to note that cal-
careous nannofossil plates in the samples examined show little
or no damage due to heat or shock. Unlike many of the dino-
flagellates, which were fragmented by shock and pummeling by
larger clasts, the calcareous nannotossil assemblage shows only
minor fragmentation consistent with normal diagenetic pro-
cesses. Only one morphotype, rosette discoasters, shows frag-
mentation, not common in this group, that apparently is due to
the impact event.
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Appendix D1. List of Late Cretaceous and Tertiary Calcareous Nannofossil Species
Present in Matrix and Clast Samples from Crater Unit B and the Exmore Beds in the USGS-

NASA Langley Core, Hampton, Va.

Ahmuellerina octoradiata (Gorka 1957) Reinhardt 1964
Arkhangelskiella cymbiformis Vekshina 1959

Biscutum constans (Gorka 1957) Black in Black and Barnes
(1959)

Blackites spinosus (Deflandre & Fert 1954) Hay & Towe 1962

Blackites tenuis (Bramlette & Sullivan 1961) Sherwood 1974

Bomolithus conicus (Perch-Nielsen 1971) Perch-Nielsen 1984

Bomolithus elegans Roth 1973

Braarudosphaera bigelowii (Gran & Braarud 1935) Deflandre
1947

Broinsonia dentata Bukry 1969

Calculites obscurus (Deflandre 1959) Prins & Sissingh in
Sissingh (1977)

Calculites ovalis (Stradner 1963) Prins & Sissingh in Sissingh
(1977)

Camplyosphaera dela (Bramlette & Sullivan 1961) Hay &
Mohler 1967

Chiasmolithus bidens (Bramlette & Sullivan 1961) Hay &
Mohler 1967

Chiasmolithus consuetus (Bramlette & Sullivan 1961) Hay &
Mohler 1967

Chiasmolithus danicus (Brotzen 1969) Hay & Mohler 1967

Chiasmolithus eograndis Perch-Nielsen 1971

Chiasmolithus expansus (Bramlette & Sullivan 1961) Gartner
1970

Chiasmolithus gigas (Bramlette & Sullivan 1961) Radomski
1968

Chiasmolithus modestus Perch-Nielsen 1971

Chiasmolithus oamaruensis (Deflandre in Deflandre and Fert,
1954) Hay, Mohler, & Wade 1966

Chiasmolithus solitus (Bramlette & Sullivan 1961) Locker
1968

Chiasmolithus titus Gartner 1970

Coccolithus pelagicus (Wallich 1877) Schiller 1930

Corollithion signum Stradner 1963

Coronocyclus nitescens (Kamptner 1963) Bramlette &
Wilcoxon 1967

Coronocyclus prionion (Deflandre & Fert 1954) Stradner in
Stradner and Edwards (1968)

Cretarhabdus conicus Bramlette & Martini 1964

Cribrocentrum reticulatum (Gartner & Smith 1967)
Perch-Nielsen 1971

Cribrosphaerella ehrenbergii (Arkhangelsky 1912) Deflandre
in Piveteau (1952)

Cruciplacolithus asymmetricus van Heck & Prins 1987

Cruciplacolithus edwardsii Romein 1979

Cruciplacolithus frequens (Perch-Nielsen 1977) Romein 1979

Cruciplacolithus inseadus Perch-Nielsen 1969

Cruciplacolithus primus Perch-Nielsen 1977

Cruciplacolithus tenuis (Stradner 1961) Hay & Mohler in Hay
and others (1967)

Cruciplacolithus vanheckae Perch-Nielsen 1984

Cvclagelosphaera prima (Bukry 1969) Bybell & Self-Trail
1995

Cyclagelosphaera reinhardtii (Perch-Nielsen 1968) Romein
1977

Cvclicargolithus floridanus (Roth & Hay in Hay and others
(1967)) Bukry 1971

Cyclicargolithus luminis (Sullivan 1965) Bukry 1971

Cylindralithus crassus Stover 1966

Daktylethra punctulata Gartner in Gartner and Bukry (1969)

Dictyococcites bisectus (Hay & others 1966) Bukry & Percival
1971

Dictyococcites callidus Perch-Nielsen 1971

Dictyococcites daviesii (Haq 1968) Perch-Nielsen 1971

Dictyococcites scrippsae Bukry & Percival 1971

Discoaster anartios Bybell & Self-Trail 1995

Discoaster araneus Bukry 1971

Discoaster barbadiensis Tan 1927

Discoaster deflandrei Bramlette & Riedel 1954

Discoaster diastypus Bramlette & Sullivan 1961

Discoaster falcatus Bramlette & Sullivan 1961

Discoaster gemmifer Stradner 1961

Discoaster kuepperi Stradner 1959

Discoaster lenticularis Bramlette & Sullivan 1961

Discoaster lodoensis Bramlette & Sullivan 1961

Discoaster mahmoudii Perch-Nielsen 1981

Discoaster martinii Stradner 1959

Discoaster mediosus Bramlette & Sullivan 1961

Discoaster megastypus (Bramlette & Sullivan 1961)
Perch-Nielsen 1984

Discoaster mohleri Bukry & Percival 1971

Discoaster multiradiatus Bramlette & Reidel 1954

Discoaster nodifer (Bramlette & Reidel 1954) Bukry 1973

Discoaster saipanensis Bramlette & Reidel 1954

Discoaster salisburgensis Stradner 1961

Discoaster septemradiatus (Klumpp 1953) Martini 1958

Discoaster splendidus Martini 1960

Discoaster sublodoensis Bramlette & Sullivan 1961
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Discoaster tanii Bramlette & Riedel 1954
Discorhabdus ignotus (Gorka 1957) Perch-Nielsen 1968

Eiffellithus eximius (Stover 1966) Perch-Nielsen 1968

Eiffellithus turriseiffelii (Deflandre in Deflandre and Fert
(1954)) Reinhardt 1965

Ellipsolithus distichus (Bramlette & Sullivan 1961) Sullivan
1964

Ellipsolithus macellus (Bramlette & Sullivan 1961) Sullivan
1964

Eprolithus floralis (Stradner 1962) Stover 1966

Ericsonia cava (Hay & Mohler 1967) Perch-Nielsen 1969

Ericsonia formosa (Kamptner 1963) Haq 1971

Ericsonia obruta Perch-Nielsen 1971

Ericsonia robusta (Bramlette & Sullivan 1961) Edwards &
Perch-Nielsen 1975

Ericsonia subdisticha (Roth & Hay in Hay and others (1967))
Roth in Baumann and Roth (1969)

Ericsonia subpertusa Hay & Mohler 1967

Fasciculithus aubertae Haq & Aubry 1981

Fasciculithus billii Perch-Nielsen 1971

Fasciculithus involutus Bramlette & Sullivan 1961

Fasciculithus sidereus Bybell & Self-Trail 1995

Fasciculithus thomasii Perch-Nielsen 1971

Fascicultihus tympaniformis Hay & Mohler in Hay and others
(1967)

Fasciculithus ulii Perch-Nielsen 1971

Flabellites oblonga (Bukry 1969) Crux in Crux and others
(1982)

Gartnerago obliquum (Stradner 1963) Noel 1970

Glaukolithus diplogrammis (Deflandre in Deflandre and Fert
(1954)) Reinhardt 1964

Goniolithus fluckigeri Deflandre 1957

Helicolithus trabeculatus (Gorka 1957) Verbeek 1977
Helicosphaera bramlettei (Miiller 1970) Jafar & Martini 1975
Helicosphaera compacta Bramlette & Wilcoxon 1967
Helicosphaera euphratis Haq 1966

Helicosphaera intermedia Martini 1965

Helicosphaera lophota Bramlette & Sullivan 1961
Helicosphaera papillata Bukry & Bramlette 1969
Helicosphaera reticulata Bramlette & Wilcoxon 1967
Helicosphaera seminulum Bramlette & Sullivan 1961
Helicosphaera wilcoxonii (Gartner 1971) Jafar & Martini 1975

Heliolithus cantabriae Perch-Nielsen 1971

Heliolithus riedelii Bramlette & Sullivan 1961

Holodiscolithus solidus (Deflandre in Deflandre and Fert
(1954)) Roth 1970

Hornibrookina arca Bybell & Self-Trail 1995

Isthmolithus recurvus Deflandre in Deflandre and Fert (1954)

Lanternithus minutus Stradner 1962

Lithastrinus grillii Stradner 1962

Lithostromation operosum (Deflandre in Deflandre and Fert
(1954)) Bybell 1975

Lithostromation simplex (Klumpp 1953) Bybell 1975

Lophodolithus acutus Bukry & Percival 1971

Lophodolithus nascens Bramlette & Sullivan 1971

Markalius apertus Perch-Nielsen 1979

Markalius inversus (Deflandre in Deflandre and Fert (1954))
Bramlette & Martini 1964

Micrantholithus altus Bybell & Gartner 1972

Micrantholithus angulosus Stradner 1961

Micrantholithus mirabilis Locker 1965

Micrantholithus vesper Deflandre in Deflandre and Fert (1954)

Microrhabdulus attenuatus (Deflandre 1959) Deflandre 1963

Micula decussata Vekshina 1959

Neobiscutum parvulum (Romein 1979) Varol 1989

Neochiastozygus concinnus (Martini 1961) Perch-Nielsen 1971

Neochiastozygus denticulatus (Perch-Nielsen 1969)
Perch-Nielsen 1971

Neochiastozygus distentus (Bramlette & Sullivan 1961)
Perch-Nielsen 1971

Neochiastozygus junctus (Bramlette & Sullivan 1961)
Perch-Nielsen 1971

Neococcolithes dubius (Deflandre 1954) Black 1967

Neococcolithes minutus (Perch-Nielsen 1967) Perch-Nielsen
1971

Neococcolithes protenus (Bramlette & Sullivan 1961) Black
1967

Neocrepidolithus biskayae Perch-Nielsen 1981

Neocrepidolithus bukryi Perch-Nielsen 1981

Pedinocyclus larvalis (Bukry & Bramlette 1969, 1971)
Loeblich & Tappan 1973

Pemma basquense (Martini 1959) Bybell & Gartner 1972

Pemma rotundum Klumpp 1953



Paleontology of the Impact-Modified and Impact-Generated Sediments in the USGS-NASA Langley Core D37

Pemma serratum (Chang 1969) Bybell & Gartner 1972

Pemma stradneri (Chang 1969) Bybell & Gartner 1972

Placozygus sigmoides (Bramlette & Sullivan 1961) Romein
1979

Pontosphaera multipora (Kamptner 1948) Roth 1970

Pontosphaera ocellata (Bramlette & Sullivan 1961)
Perch-Nielsen 1984

Pontosphaera plana (Bramlette & Sullivan 1961) Haq 1971

Pontosphaera wechesensis (Bukry & Percival 1971) Aubry
1986

Prediscosphaera cretacea (Arkhangelsky 1912) Gartner 1968

Prediscosphaera spinosa (Bramlette & Martini 1964) Gartner
1968

Prinsius bisulcus (Stradner 1963) Hay & Mohler 1967

Prinsius dimorphosus (Perch-Nielsen 1969) Perch-Nielsen
1977

Pseudotriquetrorhabdulus inversus (Bukry & Bramlette 1969)
Wise in Wise and Constans (1976)

Reinhardtites anthophorus (Deflandre 1959) Perch-Nielsen
1968

Repagulum parvidentatum (Deflandre & Fert 1954)
Forchhimer 1972

Reticulofenestra daviesii (Haq 1968) Haq 1971

Reticulofenestra dictvoda (Deflandre in Deflandre and Fert
(1954)) Stradner in Stradner and Edwards (1968)

Reticulofenestra floridana (Roth & Hay in Hay and others
(1967)) Theodoridis 1984

Reticulofenestra oamaruensis (Deflandre in Deflandre and Fert
(1954)) Stradner in Haq (1968)

Reticulofenestra umbilica (Levin 1965) Martini & Ritzkowski
1968

Rhabdosphaera creber Deflandre in Deflandre and Fert (1954)

Rhabdosphaera perlongus (Deflandre in Grassé (1952))
Bramlette & Sullivan 1961

Rhabdosphaera pinguis Deflandre in Deflandre and Fert (1954)

Rhabdosphaera truncata Bramlette & Sullivan 1961

Rhomboaster bramlettei (Bronnimann & Stradner 1960) Bybell
& Self-Trail 1995

Rhomboaster calcitrapa Gartner 1971

Rhomboaster contortus (Stradner 1958) Bybell & Self-Trail
1995

Rhomboaster digitalis (Aubry 1996) Bybell & Self-Trail 1997

Rhomboaster orthostylus (Shamrai 1963) Bybell & Self-Trail
1995

Rhomboaster spineus (Shafik & Stradner 1971) Perch-Nielsen
1984

Scapholithus apertus Hay & Mohler 1967

Sollasites barringtonensis Black 1967

Sphenolithus anarrhopus Bukry & Bramlette 1969

Sphenolithus editus Perch-Nielsen in Perch-Nielsen and others
(1978)

Sphenolithus intercalaris Martini 1976

Sphenolithus moriformis (Bréonnimann & Stradner 1960)
Bramlette & Wilcoxon 1967

Sphenolithus primus Perch-Nielsen 1971

Sphenolithus pseudoradians Bramlette & Wilcoxon 1967

Sphenolithus radians Deflandre in Grassé (1952)

Sphenolithus spinenger Bukry 1971

Staurolithites imbricatus (Gartner 1968) Burnett 1998

Stovarius asymmetricus (Bukry 1969) Perch-Nielsen 1984

Toweius callosus Perch-Nielsen 1971

Toweius eminens var. eminens (Bramlette & Sullivan 1961)
Gartner 1971

Toweius eminens var. tovae (Bramlette & Sullivan 1961)
Perch-Nielsen 1971

Toweius? magnicrassus (Bukry 1971) Romein 1979

Toweius occultatus (Locker 1967) Perch-Nielsen 1971

Toweius pertusus (Sullivan 1965) Romein 1979

Toweius serotinus Bybell & Self-Trail 1995

Tranolithus minimus (Bukry 1969) Perch-Nielsen 1984

Transversopontis obliquipons (Deflandre in Deflandre and Fert
(1954)) Hay & others 1966

Transversopontis pulcher (Deflandre in Deflandre and Fert
(1954)) Perch-Nielsen 1967

Transversopontis pulcheroides (Sullivan 1964) Béldi-Beke
1971

Transversopontis zigzag Roth & Hay in Hay and others (1967)

Vekshinella aachena Bukry 1969
Vekshinella stradneri Rood & others 1971

Watznaueria barnesae (Black in Black and Barnes (1959))
Perch-Nielsen 1968

Zvgodiscus herlynii Sullivan 1964
Zygrhablithus bijugatus (Deflandre in Deflandre and Fert
(1954)) Deflandre 1959
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Plate D1

Dinoflagellate Cysts from the Impact-Modified and Impact-Generated Deposits, USGS-NASA Langley Core,
Hampton, Va.

[Scale bar shown applies to all photomicrographs. Sample depths and assemblages are shown in figure D3]

Figure 1. Cordosphaeridium funiculatum Morgenroth 1966, fragment, Exmore beds (sample R6110 DD), internal view,
lower focus.
2. Batiacasphaera baculata Drugg 1970, fragment, crater unit B (sample R6110 DH), internal view,
lower focus.
3,4. Histiocysta sp. of Stover and Hardenbol (1993), crater unit B (sample R6110 DH), orientation uncertain;
3, upper focus; 4, intermediate focus.
5,6. Pentadinium membranaceum (Eisenack 1965) Stover & Evitt 1978, fragment, Exmore beds (sample R6110
DC), exterior views; 5, upper focus; 6, intermediate focus.
7-9. Fibradinium annetorpense Morgenroth 1968, Exmore beds (sample R6110 DD), dorsal views; 7, dorsal
focus; 8, intermediate focus; 9, ventral focus.
10. Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979, crater unit B (sample
R6110 DH), dorsal view, upper focus.
11.  Homotryblium tasmaniense Cookson & Eisenack 1967, crater unit B (sample R6110 DH), antapical view,
intermediate focus.
12.  Eocladopyxis n. sp. A of Edwards (2001), fragment, crater unit B (sample R6110 DH), interior view,
intermediate focus.
13.  Wetzeliella hampdenensis Wilson 1967, Exmore beds (sample R6110 DG), ventral view, dorsal focus.
14.  Miscellaneous small peridiniacean form, crater unit B (sample R6110 DH), ventral view, intermediate focus.
15.  Phthanoperidinium brooksii Edwards & Bebout 1981, crater unit B (sample R6110 DH), dorsal view,
upper focus.
16.  Pentadinium laticincrum Gerlach 1961 subsp. laticinctum, fragment, Exmore beds (sample R6110 DD),
external view, upper focus.
17,18.  Apectodinium parvum (Alberti 1961) Lentin & Williams 1977, crater unit B (sample R6110 DH), dorsal
views; 17, dorsal surface; 18, intermediate focus.
19.  Carpatella cornuta Grigorovich 1969, Exmore beds (sample R6110 DD), left-lateral view, upper focus.
20. Andalusiella Riegel 1974 sp., Exmore beds (sample R6110 DC), ventral view, upper focus.
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Plate D2

Dinoflagellate Cysts from the Impact-Modified and Impact-Generated Deposits, USGS-NASA Langley Core,
Hampton, Va.

[Scale bar shown is 6 um for figures 5 and 6; 30 um for figures 4, 9, 10, and 13; 40 um for figures 1, 7, 8, 11, 12, and 14; 150 um for
figures 2 and 3. Sample depths and assemblages are shown in figure D5]

Figure 1. Exochosphaeridium Davey et al. 1966 sp., Exmore beds (sample R6110 DF), oblique right-lateral view,
upper focus.
2. Clump of loosely welded, acid-resistant debris, highest Exmore beds (sample R6110 DC).
3. Clump of loosely welded, acid-resistant debris, high in crater unit B (sample R6110 DH).

4-6.  Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979, Exmore beds (sample
R6110 DC), scanning-electron micrographs, ventral surface; 4, entire specimen, welded to debris; 5, detail
of fused processes; 6, detail of inflated (bubbled) process.

7. Deflandrea phosphoritica Eisenack 1938, fragment showing degraded areas and welded debris, Exmore beds
(sample R6110 DF), exterior view, dorsal focus.

8. Chorate dinoflagellate fragment, an example of what was included with the areoligeracean group, Exmore
beds (sample R6110 DF), exterior view, upper focus.

9. Pentadinium Gerlach 1961 sp., specimen showing sculptured surface, breakage, welded debris, Exmore beds
(sample R6110 DC), scanning-electron micrograph, orientation uncertain.

10.  Pentadinium Gerlach 1961 sp., specimen showing sculptured surface (highly subdued; original surface
probably resembled that shown in figure 9), welded debris, Exmore beds (sample R6110 DC),
scanning-electron micrograph, left-lateral view.

11,12.  Pentadinium Gerlach 1961 sp., fragment showing sculptured surface (highly subdued; original surface
probably resembled that shown in figure 9) and optically dense endocyst, Exmore beds (sample R6110 DD),
interior views; 1 1, high focus; 12, lower focus.

13.  Pentadinium membranaceum (Eisenack 1965) Stover & Evitt 1978, Exmore beds (sample R6110 DC),
ventral view, intermediate focus.

14.  Deflandrea sp., probably D. phosphoritica Eisenack 1938, degraded specimen, Exmore beds (sample
R6110 DC), ventral view, intermediate focus.
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Plate D3

Dinoflagellate Cysts from the Impact-Modified and Impact-Generated Deposits, USGS-NASA Langley Core,
Hampton, Va., and One Specimen from Outside the Crater, Nanjemoy Formation, Haynesville 1 Core,
Richmond County, Va.

[Scale bar shown applies to all photomicrographs. Sample depths and assemblages are shown in figure D5]

Figure 1. Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979, typical, well-preserved
specimen from outside the crater, Nanjemoy Formation, Haynesville 1 core (sample R3341 A), Richmond
County, Va., dorsal view, upper focus.

2. Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979, poorly preserved
specimen, crater unit B (sample R6110 DH), dorsal view, upper focus.
3. Clump of loosely welded, acid-resistant debris with Dracodinium or Wetzeliella sp., Exmore beds (sample
R6110 DD), specimen in ventral view, lower focus.
4-7.  Dracodinium Gocht 1955 or Wetzeliella Eisenack 1938 sp., showing folding and bubbling, Exmore
beds (sample R6110 DC), probably ventral views; 4, high focus; 5, high-intermediate focus;
6, low-intermediate focus; 7, low focus. Note that only portions of the specimen are in focus in any
photograph because of folding.
8,9. Spiniferites Mantell 1850 sp., fragment showing inflated bases of processes (bubbles), crater unit B

(sample R6110 DH); 8, high focus; 9, intermediate focus.

10.  Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 1979, Exmore beds
(sample R6110 DG), ventral view of ventral surface. Note star-burst scars where processes once were.

I1.  Dracodinium varielongitudum (Williams & Downie 1966) Costa & Downie 19797, degraded specimen
missing endocyst, Exmore beds (sample R6110 DG), dorsal view, upper focus.

12.  Miscellaneous areoligeracean form in a clump of welded debris, crater unit B (sample R6110 DH),
dorsal view?, upper focus.

13.  Miscellaneous areoligeracean form with curled processes, Exmore beds (sample R6110 DG), ventral view,
upper focus.

14. Miscellaneous areoligeracean fragment with curled and partially melted processes, Exmore beds
(sample R6110 DG), interior view, lower focus.
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Plate D4

Calcareous Nannofossils from Clasts in the Exmore Beds, USGS-NASA Langley Core, Hampton, Va.

[Sample depths are given in meters (feet) below land surface. XP, cross-polarized light; PC, phase contrast; T, transmitted light; SEM,
scanning-electron micrograph]

Figure 1. Chiasmolithus bidens (Bramlette & Sullivan 1961) Hay & Mohler 1967; 239.7 m (786.5 ft), XP.
2. Discoaster multiradiatus Bramlette & Reidel 1954; 243.7 m (799.7 ft), XP.
3,4. Camplyosphaera dela (Bramlette & Sullivan 1961) Hay & Mohler 1967; 3,245.0 m (804.0 ft), XP;
4,243.7 m (799.7 ft), XP.
5. Dictyococcites callidus Perch-Nielsen 1971; 247.1 m (810.7 ft), XP.
6. Neochiastozygus concinnus (Martini 1961) Perch-Nielsen 1971; 243.7 m (799.7 ft), XP.
7. Zygodiscus herlynii Sullivan 1964; 245.0 m (804.0 ft), XP.
8. Toweius serotinus Bybell & Self-Trail 1995; 239.7 m (786.5 ft), XP.
9,10.  Sphenolithus anarrhopus Bukry & Bramlette 1969; 9, 245.0 m (804.4 ft), XP; 10, same specimen, 45°.
11.  Prinsius bisulcus (Stradner 1963) Hay & Mohler 1967; 245.0 m (804.0 ft), XP.
12.  Fasciculithus involutus Bramlette & Sullivan 1961;243.7 m (799.7 ft), XP.
13.  Toweius callosus Perch-Nielsen 1971; 245.0 m (804.0 ft), XP.
14.  Toweius occultatus (Locker 1967) Perch-Nielsen 1971; 239.7 m (786.5 ft), XP.
15.  Rhomboaster bramlettei (Bronnimann & Stradner 1960) Bybell & Self-Trail 1995; 243.7 m (799.7 ft), XP.
16.  Discoaster multiradiatus Bramlette & Riedel 1954; 245.0 m (804.0 ft), T.
17. Discoaster lenticularis Bramlette & Sullivan 1961; 243.7 m (799.7 ft), SEM, distal view.
18.  Isthmolithus recurvus Deflandre 1954, 247.1 m (810.7 ft), SEM.
19.  Reticulofenestra umbilica (Levin 1965) Martini & Ritzkowski 1968; 247.1 m (810.7 ft), SEM, distal view.
20. Discoaster falcatus Bramlette & Sullivan 1961; 239.7 m (786.5 ft), PC.
21.  Pontosphaera multipora (Kamptner 1948) Roth 1970; 247.1 m (810.7 ft), SEM, proximal view.
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Plate D5

Calcareous Nannofossils from Matrix Material in the Exmore Beds, USGS-NASA Langley Core,

Hampton, Va.

[Sample depths are given in meters (feet) below land surface. XP, cross-polarized light; SEM, scanning-electron micrograph]

Figure 1.
2,7.

3.

4,14,

© o W

9:15

10, 11.

12.

Pemma basquense (Martini 1959) Bybell & Gartner 1972; 245.0 m (803.8 ft), XP.

Isthmolithus recurvus Deflandre 1954; 2, 236.0 m (774.4 ft), XP; 7, 239.3 m (785.0 ft), SEM.
Heliolithus riedelii Bramlette & Sullivan 1961; 246.0 m (807.0 ft), XP.

Cribrocentrum reticulatum (Gartner & Smith 1967) Perch-Nielsen 1971; 4, 236.0 m (774.4 ft), XP; 14,
260.0 m (853.0 ft), distal view, SEM.

Dictyococcites bisectus (Hay & others 1966) Bukry & Percival 1971;245.0 m (803.8 ft), XP.
Ellipsolithus macellus (Bramlette & Sullivan 1961) Sullivan 1964; 258.0 m (846.4 ft), XP.
Homibrookina arca Bybell & Self-Trail 1995; 260.0 m (853.0 ft), distal view, SEM.

Chiasmolithus oamaruensis (Deflandre 1954) Hay, Mohler, & Wade 1966; 9, 236.0 m (774.4 ft),
XP; 15, 244.3 m (801.5 ft), distal view, SEM.

Reticulofenestra umbilica (Levin 1965) Martini & Ritzkowski 1968; 10, 246.0 m (807.0 ft), XP; 11,
2443 m (801.5 ft), distal view, SEM.

Discoaster multiradiatus Bramlette & Reidel 1954; 260.0 m (853.0 ft), distal view, SEM.
Cruciplacolithus primus Perch-Nielsen 1977; 239.3 m (785.0 ft), proximal view, SEM.
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Crystalline-Rock Ejecta and
Shocked Minerals of the

Chesapeake Bay Impact Structure,
USGS-NASA Langley Core, Hampton, Virginia,
with Supplemental Constraints on the

Age of Impact

By J. Wright Horton, Jr.," and Glen A. Izett?

Abstract

The USGS-NASA Langley corehole at Hampton, Va., was
drilled in 2000 as the first in a series of new coreholes drilled in
the late Eocene Chesapeake Bay impact structure to gain a com-
prehensive understanding of its three-dimensional character.
This understanding is important for assessing ground-water
resources in the region, as well as for learning about marine
impacts on Earth. We studied crystalline-rock ejecta and shock-
metamorphosed minerals from the Langley core to determine
what they reveal about the geology of crystalline rocks beneath
the Atlantic Coastal Plain and how those rocks were affected by
the impact.

An unusual polymict diamicton, informally called the
Exmore beds (upper Eocene), is 33.8 meters (m; 110.9 feet (ft))
thick and lies at a depth of 269.4 to 235.65 m (884.0 to
773.12 ft) in the core. This matrix-supported sedimentary
deposit contains clasts of Tertiary and Cretaceous sediment
(ranging up to boulder size) and sparse pebbles of crystalline
rock. The matrix consists of muddy sand that contains abundant
quartz grains and minor glauconite and potassium feldspar.

Significantly, the sandy matrix of the Exmore beds con-
tains sparse quartz grains (0.1 to 0.3 millimeter (0.004 to
0.012 inch) in diameter) that contain multiple sets of intersect-
ing planar deformation features formerly referred to as shock
lamellae. As many as five different sets have been observed in
some quartz grains. Planar deformation features also occur in
quartz grains in reworked crystalline-rock clasts in the Exmore
beds. Such grains are clearly of shock-metamorphic origin. The
presence of these features indicates that the quartz grains have
experienced pressures greater than 6 gigapascals (GPa) and
strain rates greater than 10%second. Thus, the shock-metamor-
phosed quartz grains, although rare, provide clear and convinc-
ing evidence that the Exmore beds are of hybrid impact origin.
Identification of shocked quartz grains in the Langley core adds

1U.S. Geological Survey, Reston, VA 20192.
2Depautment of Geology, College of William and Mary, Williams-
burg, VA 23187, and Emeritus, U.S. Geological Survey.

to the number of sites in the structure where their presence is
confirmed.

Most of the clasts of crystalline rock that are in and just
below the Exmore beds are rounded, detrital, and typical of
coastal plain sediments. However, a few have angular shapes
and consist of cataclastically deformed felsite having aphanitic-
porphyritic to aphanitic texture and peraluminous rhyolite com-
position. Three of these clasts contain quartz grains that display
two sets of planar deformation features of shock-metamorphic
origin. Shock-metamorphosed quartz is an integral part of the
cataclastic fabric in these three clasts, indicating that both the
fabric and the shocked quartz were produced by the same high-
energy impact event. Some felsite clasts have spherulitic tex-
tures that may be features either of an impact melt or of preim-
pact volcanic rocks.

A weighted-mean total-fusion “°Ar/*°Ar age of 35.3+0.1
Ma (+lo) for 19 analyses of 4 North American tektites records
the age of the late Eocene Chesapeake Bay impact event.

Introduction

Purpose and Scope

The USGS-NASA Langley corehole at Hampton, Va., was
drilled in 2000 as the first in a series of new coreholes drilled in
the late Eocene Chesapeake Bay impact structure to gain a com-
prehensive understanding of its three-dimensional structure and
stratigraphic framework and its influence on regional ground-
water resources. We studied crystalline-rock ejecta and shock-
metamorphosed minerals from the Langley core to determine
what they reveal about the regional geology of crystalline rocks
beneath the Atlantic Coastal Plain and how those rocks were
affected by the impact. Research is in progress to expand this
initial investigation to encompass samples from three coreholes
completed in 2001 and 2002—the North, Bayside, and Watkins
School coreholes (fig. E1).

The main purpose of this chapter is to present the results of
our study of samples from the Langley core. A secondary pur-
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pose is to present new constraints on the age of the Chesapeake
Bay impact metamorphism based on argon geochronology of
North American tektites.

Study Area and Geologic Setting of the Chesapeake
Bay Impact Structure

The Chesapeake Bay impact structure is near the mouth of
Chesapeake Bay, where it lies buried beneath approximately
150 to 400 meters (m; 492 to 1,312 feet (ft)) of postimpact sed-
iments of the Atlantic Coastal Plain (fig. E1); it was described
in earlier reports (Poag and others, 1992, 1994; Poag, 1996,
1997, 1999; Powars and Bruce, 1999; Powars, 2000). The Ches-
apeake Bay impact structure is one of the largest on Earth and
is one of the few fully marine impact structures that have been
extensively studied by seismic reflection and drilling (Reimold
and others, 2002).
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Figure E1. Regional map showing the location of the Chesapeake Bay impact
structure, the USGS-NASA Langley corehole at Hampton, Va., and some other
coreholes in southeastern Virginia. Locations of the central crater and outer
margin are from Powars and Bruce (1999). The extent of the outer fracture
zone (light gray) is based on Powars (2000) and Johnson and others (2001);
the eastern part is speculative. lllustration modified from Powars, Johnson,
and others (2002) and Edwards and Powars (2003).

These studies reveal that the buried structure is a complex
impact crater 85 kilometers (km; 53 miles (mi)) wide. It consists
of an excavated central crater, which is 30-38 km (18-24 mi)
wide and 1-2 km (0.6—1.2 mi) deep, surrounded by a flat-
floored annular trough, which is 21-31 km (13-19 mi) wide and
contains disrupted sediments, a slumped terrace zone, and a
steep gullied escarpment (Poag, 2002a; Powars, Gohn, and oth-
ers, 2002; Powars, Johnson, and others, 2002). This annular
trough is encircled by a 35-km-wide (22-mi-wide) outer frac-
ture zone of concentric faults (Powars, Gohn, and others, 2002;
Powars, Johnson, and others, 2002).

The innermost part of the annular trough is interpreted by
some workers (Poag, Hutchinson, and others, 1999; Poag,
2002a) to be underlain by a crystalline-rock peak ring that sur-
rounds the central crater. Geophysical interpretations suggest
that the floor of the central crater contains a central peak of
uplifted crystalline rock overlain by crater-fill sediments (Poag,
Hutchinson, and others, 1999; Poag, Plescia, and Molzer, 1999;
Poag, 2002a).

The USGS-NASA Langley corehole is located at lat
37°05'44.28" N., long 76°23'08.96" W. (North American
Datum of 1927), at a ground-surface altitude of 2.4 m (7.9 ft)
above the North American Vertical Datum of 1988. It is on the
York-James Peninsula at the National Aeronautics and Space
Administration (NASA) Langley Research Center in Hampton,
Va., about 19 km (12 mi) outside the margin of the central crater
and about 8 km (5 mi) inside the outer margin of the annular
trough (fig. E1). The hole was drilled by the U.S. Geological
Survey (USGS) and cooperators (see “Acknowledgments”).
Preliminary descriptions of the core are available in Gohn,
Clark, and others (2001), Gohn, Powars, and others (2001),
Horton and others (2001), and Powars and others (2001).

The core contains weathered Neoproterozoic granite
below 626.3 m (2,054.7 ft) depth (Horton and others, this vol-
ume, chap. B). The granite is overlain by weakly to strongly dis-
turbed preimpact sediments (crater units A and B of Gohn and
others, this volume, chap. C), followed by a polymict diamicton
(the Exmore beds) and by postimpact sediments (Powars and
others, this volume, chap. G).

The impact-disturbed sediments include a basal crater unit
A, consisting of autochthonous, block-faulted sediments of the
Cretaceous Potomac Formation, which Gohn and others (this
volume, chap. C) divide into lower beds (nonfluidized) and
upper beds (variably fluidized). Crater unit A is present in the
Langley core between depths of 626.3 and 442.5 m (2,054.7 and
1,451.7 ft) and is 183.8 m (603.0 ft) thick.

The overlying crater unit B consists of blocks of Lower
Cretaceous sediments disrupted by zones of extensive fluidiza-
tion, injection, and mixing (Powars, Gohn, and others, 2002;
Gohn and others, 2002 and this volume, chap. C). The base of
crater unit B in the core, defined by the deepest occurrence of
glauconite, is interpreted to represent the lowest zone of injec-
tion by Tertiary marine sediment from above (Gohn and others,
this volume, chap. C). Crater unit B is present in the Langley
core between depths of 442.5 and 269.4 m (1,451.7 and
884.0 ft) and is 173.0 m (567.7 ft) thick.
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The crater-fill unit informally known as the Exmore beds
(Powars and others, 1992) is a matrix-supported sedimentary
deposit and contains clasts of Tertiary and Cretaceous sediment
(ranging up to boulder size) and sparse pebbles of crystalline
rock; the matrix consists of muddy sand that contains abundant
quartz grains and minor glauconite and potassium feldspar
(Gohn and others, 2002 and this volume, chap. C; Powars,
Gohn, and others, 2002; this study). The unit consists mainly of
rounded clasts, rather than angular fragments, in a detrital
matrix and is more accurately characterized as a polymict dia-
micton (Gohn and others, this volume, chap. C) than a breccia
(see the glossary for this chapter).

The Exmore beds have also been called the Exmore boul-
der bed (Poag and others, 1992), the Exmore breccia (Powars
and others, 1993; Poag and others, 1994; Poag, 1996, 1997),
and the Exmore tsunami-breccia (Powars and Bruce, 1999;
Powars, 2000). The mixed sediments of the Exmore beds were
previously interpreted as tsunami deposits (Powars and Bruce,
1999; Powars, 2000) and were reinterpreted as mainly sea-
water-resurge deposits (Gohn and others, this volume, chap. C).

Microfossils in the Exmore beds have mixed Cretaceous,
Paleocene, and Eocene ages (Edwards and others, 2002; Fred-
eriksen and others, this volume, chap. D). In the USGS-NASA
Langley core, the Exmore beds have a thickness of 33.8 m
(110.9 ft); they extend from the base of glauconitic marine sed-
iments at 269.4 m (884.0 ft) depth to the uppermost synimpact
fallout layer at 235.65 m (773.12 ft) depth (Gohn and others,
this volume, chap. C).

In this chapter, we discuss shock-metamorphosed minerals
and crystalline-rock’clasts in and just below the Exmore beds in
the USGS-NASA Langley core. Initial results of this study and
related studies of other cores are summarized in several
abstracts (Horton and others, 2001; Horton, Aleinikoff, and oth-
ers, 2002; Horton, Kunk, and others, 2002; Horton, Gohn, and
others, 2003).

General Criteria for Shock Metamorphism

Grains of quartz and other silicate minerals that contain
multiple intersecting sets of closely spaced planar deformation
features are commonly called “shocked” or “shock metamor-
phosed.” They are interpreted to be formed in target rocks dur-
ing hypervelocity impacts of asteroids or comet nuclei with the
Earth (Grieve and others, 1996). These microstructures have
been observed in rocks at known impact sites, in rocks that have
undergone a high strain rate during hypervelocity shock meta-
morphism in laboratory experiments (Chao, 1967, 1968), and in
rocks at high-yield chemical and nuclear explosion sites (Short,
1968). Quartz and feldspar in volcanic rocks produced by giant
silicic pyroclastic eruptions lack these multiple sets of planar
deformation features (Izett, 1990, p. 74).

Shock-metamorphic features in quartz share the following
characteristics (Alexopoulos and others, 1988; French, 1998):

1. Features are planar, well to very well defined, and sharp.

2. Within each set, the planar deformation features are paral-
lel, are generally continuous, and extend across a mini-
mum of 75 percent of the grain.

3. Spacing between the individual planar deformation fea-
tures is typically about 1 to 4 micrometers.

4. Approximately 80 percent of these features are oriented
(£3° variance in orientation measurement) parallel to the
basal plane ¢{0001} and to the rhombohedral planes
{1013} and {1012}, which have poles inclined at angles
of approximately 23° and 32°, respectively, to the ¢ axis.
The {1013} orientation is important because it is not a
normal cleavage, twin, or growth plane and because it
does not correspond to deformation features produced in
low-strain-rate experiments (Alexopoulos and others,
1988).

Transmission-electron-microscopic (TEM) studies have
shown that individual planar deformation features in quartz
grains that have experienced low shock pressures consist
mainly of planar open microfractures, dislocation bands, micro-
granulated laminae, and tiny voids (Chao, 1976; Chao and Gor-
esy, 1977; Xie and Chao, 1985). Planar deformation features in
quartz grains that have experienced moderate to high shock
pressures consist of submicrometer-thick silica glass (Chao and
Goresy, 1977; Xie and Chao, 1985).

The features characteristic of shock-deformed minerals
have been variously termed “shock lamellae” (Chao, 1967),
“planar features” (Carter, 1965), “planar elements” (Stoffler,
1972), “microfractures” (Chao and Goresy, 1977, p. 291), and
“planar deformation features (PDFs)” (Koeber! and others,
1996). The International Union of Geological Sciences (IUGS)
Subcommission on the Systematics of Metamorphic Rocks has
released a proposal (Stoffler and Grieve, 2003) to standardize
use of the term “planar deformation features™ and to discard
synonymous terms such as “shock lamellae™ and “planar
elements.”

It has long been recognized that the presence of multiple
intersecting sets of planar deformation features is the most diag-
nostic criterion for identifying shock metamorphism in silicate
minerals. This recognition is based on extensive experimental
and empirical mineralogy of impact materials (Wackerle, 1962;
Carter and others, 1964; Carter, 1965, 1971; Chao, 1967, 1968;
Ahrens and Rosenberg, 1968; Bunch, 1968; Engelhardt and
others, 1968; Mclntyre, 1968; Robertson and others, 1968;
Short, 1968; Engelhardt and Bertsch, 1969; Stoffler, 1971,
1972; Grieve and others, 1996). Other important evidence of
shock metamorphism can include optical mosaicism, isotro-
pization, high-pressure mineral polymorphs such as coesite and
stishovite, and macroscopic features such as shatter cones
(Chao, 1968; French and Short, 1968; Grieve and others, 1977,
1996; Alexopoulos and others, 1988; Grieve, 1991).
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Previous Evidence of Inpact Metamorphism near
Chesapeake Bay

Poag and others (1992) first reported the presence of
shock-metamorphosed quartz grains in the Exmore beds in
samples from the Newport News Park 2 corehole, Va. (fig. E1).
Prior to publication in 1992, Larry Poppe (USGS) and Wylie
Poag (USGS) sent one of us (Izett) three smear slides from the
Newport News Park 2 corehole that they believed to contain
shock-metamorphosed quartz grains. Izett found only two
quartz grains in the three slides that contained multiple inter-
secting sets of planar deformation features. Neither grain was a
textbook example of shocked quartz.

Subsequent studies of the Newport News Park 2 core by
Izett (unpub. data, 1993) revealed clear and convincing evi-
dence that shock-metamorphosed quartz grains, containing
multiple intersecting sets of planar deformation features, were
present in some samples of the Exmore beds at Newport News
but in very low abundance, far less than 1 percent. Izett exam-
ined 30 immersion-oil mounts containing silicate mineral grains
from the Exmore beds and found only one quartz grain that con-
tained multiple intersecting sets of planar deformation features.

The evidence of shock metamorphism presented by Poag
and others (1992), although meager, provided important physi-
cal confirmation that an asteroid or comet nucleus struck the
Earth in the general region and generated the Exmore beds near
the mouth of the present Chesapeake Bay. Since then, Koeberl
and others (1996) presented corroborating evidence of shock
metamorphism in samples from the corehole at Exmore, Va.
(fig. E1). This evidence included quartz having up to six sets of
planar deformation features and crystallographic orientations
consistent with shock pressures of 20 to about 30 gigapascals
(GPa), as well as shock-metamorphosed feldspar having as
many as three sets and having microfracture patterns consistent
with shock pressures of 5 to 10 GPa (Koeberl and others, 1996).
Reimold and others (2002), in a continuation of that study, esti-
mated shock pressures of 10 to 20 GPa from a small data set on
the orientations and relative frequencies of planar deformation
features in quartz.

Poag and others (1992) reported but did not illustrate
vesicular tektite glass in samples from the Exmore, Va., core-
hole. More recently, Poag (2002b, p. 997) and Poag, Koeberl,
and Reimold (2004, fig. 6.32) illustrated material identified as
“intact glass microspherules” in thin sections of the Exmore
beds from the Exmore and Newport News Park 2 coreholes.
Reimold and others (2002) referred to these spherules as proxi-
mal microtektites. Further tests that are needed to confirm and
characterize the suspected glass include index of refraction
measurement, chemical analysis, and *°Ar/*Ar isotopic analy-
sis. Such material has not been found in our own studies of
cores from the Chesapeake Bay impact structure.

In addition to shocked minerals, marine microfossils that
are interpreted to be impact damaged were recently discovered
in samples of the Exmore beds from the Langley core (Edwards
and Self-Trail, 2002; Edwards and others, 2002; Edwards and

Powars, 2003; Self-Trail, 2003; Frederiksen and others, this
volume, chap. D).

Distal impact ejecta that are inferred to be from the Ches-
apeake Bay impact structure include tektites and microtektites
(impact glass), shocked quartz and zircon, the high-pressure sil-
ica polymorphs coesite and stishovite, and the high-pressure
zircon polymorph reidite (Glass and Liu, 2001; Glass, 2002;
Glass and others, 2002; Kamo and others, 2002).

Crystalline-Rock Ejecta and Shocked
Minerals in the USGS-NASA Langley Core

Methods

Preparation and microscopic study of matrix samples.—
Sandy matrix of the Exmore beds was sampled in the USGS-
NASA Langley core at depths of 236.9 m (777.3 ft) and 250.1
m (820.6 ft). These samples were sieved, and grains having
diameters less than 0.5 millimeter (mm; 0.02 inch (in.)) were
prepared for microscopic examination by disaggregating the
sediment in a 10-percent hydrochloric acid solution in an ultra-
sonic cleaning bath for at least an hour. Suspended material,
consisting mostly of clay minerals, was decanted from the
slurry. The residuum again was placed in an ultrasonic cleaning
bath, but this time in an aqueous solution of household bleach
(~30 percent). It was then treated in 5-percent hydrofluoric acid
for 30 seconds to clean and enhance the visibility of any planar
deformation features. Immersion-oil mounts were prepared by
placing several hundred of the dried grains in 1.544 index oil
without a cover glass.

Individual grains in the immersion-oil mounts that were
suspected to be shock metamorphic because of their appearance
under a binocular microscope were nudged out of the oil and
pushed aside with a sharpened steel spindle. A selected grain
was transferred into a drop of water and agitated. After the
water evaporated, the grain was glue mounted (by using a mix-
ture of 50 percent white carpenter’s glue and 50 percent molas-
ses) on the tip of a steel-wire spindle. The mounted grains were
inserted into the immersion cell of a spindle stage (Wilcox,
1959).

A spindle stage is ideal for the study of shock-metamor-
phic features in mineral grains because planar deformation fea-
tures can be rotated to the vertical, and their orientations in rela-
tion to optical directions can be measured and plotted on a
stereonet. The spindle stage is also ideally suited for the mea-
surement of the principal indices of refraction of shocked min-
erals. When a spindle stage is used, the precision of measuring
planar features and optical directions is about +2° (Wilcox,
1959). Techniques for preparing and manipulating quartz grains
on the spindle stage and for estimating the relative abundance
(percentage) of shocked grains per sample were described by
Wilcox (1959) and by Izett (1990).



Crystalline-Rock Ejecta and Shocked Minerals, USGS-NASA Langley Core, and Constraints on the Age of Impact Eb

Preparation and microscopic study of clast samples.—The
Langley core was also examined for lithic clasts composed of
crystalline rock. Most of those in and just below the Exmore
beds were rounded detrital pebbles. Thin sections of these
rounded pebbles revealed no unusual high-strain-rate fabrics or
shock-induced features (appendix El, samples NL854.0,
NL864.05).

A much smaller population of crystalline-rock clasts has
angular shapes or cataclastic fabrics, and these clasts were
examined in thin section (appendix E1). A standard microprobe
polish was used to eliminate surface scratches in most thin sec-
tions. In other thin sections, a yellow stain (sodium cobaltini-
trite) was used to distinguish potassium feldspar. Quartz grains
were separated from several clasts, were processed as described
in the section above, and were rotated on a spindle stage to fur-
ther verify the presence or absence of shock-induced planar
deformation features.

The planar deformation features can be seen readily by
using a petrographic microscope and plane-polarized light, and
they give the quartz grains a remarkable appearance that is very
different from normal unshocked quartz. The planar micro-
structures are best seen when they are oriented nearly parallel to
the axis of a microscope. In this orientation, they appear as par-
allel bright lines commonly bordered by dark lines. These
closely spaced parallel planar deformation features differ from
twin lamellae in that adjacent crystallographic domains do not
£o to extinction at different angles during rotation of the stage
of a petrographic microscope. In contrast, curved discontinuous
planar features (termed Bohm lamellae) that occur in quartz
grains of tectonites have a much different appearance than the
planar deformation features in shock-metamorphosed quartz at
impact sites.

Chemical analysis of rocks.—Chemical analyses of two
rock samples (discussed below) used several methods (Arbo-
gast, 1996), including the following: wavelength-dispersive
X-ray fluorescence (WDXRF) spectrometry for 10 major ele-
ments (Taggart and others, 1987; Mee and others, 1996),
energy-dispersive X-ray fluorescence (EDXRF) spectrometry
for 30 trace elements (Siems, 2000, 2002), instrumental-
neutron-activation analysis (INAA; Baedecker and McKown,
1987) using a long-count procedure for 44 elements including
rare-earth elements (Wandless, 1996), and individual determi-
nation of FeO, forms of H,O, C as CO,, F, and S as described
by Jackson and others (1987).

Results

Shocked Quartz Grains

Quartz and potassium feldspar are the chief components of
the clastic mineral grains in the Exmore beds. Most of the grains
appear structureless and show normal sharp extinction when
examined with a petrographic microscope using cross-polarized
light. Some grains show anomalous extinction, and others
exhibit Bohm lamellae. Of special importance is the fact that
rare quartz grains contain multiple sets of planar deformation

features. As many as five sets occur in some quartz grains. The
grains are subangular, commonly 0.1 to 0.3 mm (0.004 to
0.012 in.) in diameter, and generally colorless. Spindle-stage
measurements show that the planar deformation features we
studied most commonly have poles inclined at about 23° to the
¢ axis. This is the rhombohedral planar orientation, or the ®
direction {1013} in quartz.

Quartz is the only mineral in these sediment samples that
has convincing shock-induced planar deformation features. No
shocked feldspar grains were found, and no attempt was made
to separate and examine heavy minerals such as zircon for evi-
dence of shock metamorphism. Figure E2 and the cover of this
volume show examples of shock-metamorphosed quartz grains
from the Langley core.

Shock-metamorphosed quartz is scarce in samples from
the Langley core. We estimate the relative abundance to be no
more than one shocked grain in several thousand quartz grains,
on the basis of the number of immersion-oil slides per sample
and the numbers of total grains and shocked grains per slide.
Consequently, point counting of grains to obtain meaningful
statistics on their abundance would be impractical. Although
the abundance of shocked grains is insufficient for a statistically
meaningful assessment of crystallographic orientations, the ori-
entations of planar deformation features that we measured on a
spindle stage are consistent with shock metamorphism. The
individual quartz grains that have confirmed shock-induced
deformation features are mostly subangular and lack the
rounded shapes that would indicate derivation from a detrital
sedimentary target. This lack of rounding suggests that they are
mainly particles of crystalline basement, or possibly fragments
of smashed detrital grains, that were excavated by the impact.

Impact-Derived Clasts of Crystalline Rock

Cataclastic Fabrics and Planar Deformation Features

Cataclastic rocks are high-strain-rate rocks produced by
mechanical crushing, faulting, and fracturing of existing rocks.
Those found in impact structures are identical in many respects
to those found in fault zones (Snoke and Tullis, 1998). They are
not diagnostic as criteria for an impact origin, but they may be
impact related where associated with features such as shock-
metamorphosed minerals or a crater.

Lithic clasts of crystalline rock that have angular shapes or
cataclastic fabrics were distributed throughout the Exmore beds
in the Langley core, and one was found in the core below the
Exmore beds in the upper part of crater unit B (fig. E3). Clasts
larger than the nominal core diameter of 6.4 centimeters (cm;
2.5 in.) were found only in the lower half of the Exmore beds
and below. Figure E4 shows some of the crystalline-rock clasts,
and figure E5 shows the cataclastic microfabrics.

Figure E4A shows the jagged edges of a brecciated felsite
clast in contact with matrix sediment of the Exmore beds, and
figure E4B shows a clast of cataclasite (deformed felsite) with
thin calcite veins along fault surfaces. Primary igneous textures
are preserved in less deformed felsite clasts from the Exmore
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Figure E2. Photomicrographs of selected individual quartz grains
from matrix samples of the Exmore beds in the USGS-NASA Langley
core showing multiple sets of shock-induced planar deformation
features (PDFs). All grains were photographed on a spindle stage in
plane-polarized light. A, Grain #3, 0.13 mm (0.005 in.) in diameter,
showing two sets of PDFs; sample NL777.3, from 236.9 m (777.3 ft)
depth. B, Grain #1, 0.23 mm (0.009 in.) in diameter, showing two sets
of PDFs; sample NL820.6, from 250.1 m (820.6 ft) depth. C, Grain #2,
0.26 mm (0.010 in.) in diameter, showing at least two sets of PDFs;
sample NL820.6. D, Grain #5, 0.25 mm (0.010 in.) in diameter,
showing at least two sets of PDFs; sample NL820.6. £, Grain #6, 0.13
mm (0.005 in.) in diameter, showing two sets of PDFs; sample
NL820.6. Another view of grain #6 is shown on the front cover of this
volume.
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. Sample
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— NL784.9
T — NL790.9
— NL795.8
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felsite NL81255 [— NL813.57
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(polymict
| diamicton) | NL832.25
- — NL832.85
_ — NL840.4
259.1m (850 ft)
§ — NL870.3
— NL873.3
269.4 m (884.0 ft)
Crater unitB
2743 m (900 ft) -
—  NL905.0

Clast type

felsite

felsite

feldspar megacryst

granodiorite

felsite

felsite cataclasite
felsite

felsite
felsite

felsite cataclasite®

brecciated felsite®
felsite

felsite breccia®

Figure E3. Stratigraphic column of part of the USGS-NASA Langley corehole showing
positions of selected lithic clasts of crystalline rock. All samples interpreted as impact
ejecta are from the Exmore beds, with one exception; sample NL905.0 is from crater unit
B. An asterisk (*) indicates clasts larger than the nominal core diameter of 6.4 cm (2.5
in.). Sample numbers indicate depths in feet; sample descriptions are in appendix E1.
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Figure E4. Photographs of selected lithic clasts of crystalline rock
from the Exmore beds (A—D) and from the upper part of crater unit B
(£) in the USGS-NASA Langley core. Scale bars in centimeters have
millimeter subdivisions. A, Brecciated porphyritic felsite (NL870.3)
having jagged edge and angular crevices filled with darker sediment;
striated surfaces (not shown) are inconclusive evidence that the
sample may have been part of a shatter cone. B, Felsite cataclasite
(NL840.4) having shocked quartz and interpreted as impact breccia is
weakly cohesive; white streaks on cut surface are calcite veins along
faults. C, Porphyritic felsite (rhyolite) (NL790.9) used for chemical
analyses (tables E2, E3, and E4). D, Porphyritic felsite (NL832.85).

E, Impact breccia (NL905.0) having shocked quartz consists of
angular fragments of microcrystalline felsite in gougelike clay matrix.
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Figure E5. Photomicrographs showing cataclastic microfabrics in lithic ~ (NL795.8) crosscut by closely spaced planar microfaults obligue to

clasts of crystalline rack from the Exmore beds in the USGS-NASA perthitic exsolution lamellae, viewed in cross-polarized light. £, Dark
Langley core. A, Felsite cataclasite (NL811.68) having pervasive microbreccia veinlets along fractures in porphyritic felsite (NL790.9),
orthogonal sets of throughgoing microfaults and fractures, viewed viewed in plane-polarized light. £, Dark vein interpreted as pseudotachy-
in plane-polarized light. B, Same view as in A but in cross-polarized lyte (frictional melt?) containing broken crystals and fragments of

light, showing that fracture lengths greatly exceed grain size. C, brecciated porphyritic felsite host (NL870.3); quartz fragments in the
Microfaults offsetting polysynthetic twins in plagioclase phenocryst vein appear clean and free of planar deformation features; viewed in

in porphyritic felsite (NL784.9) that contains shocked quartz plane-polarized light.

(fig. E6D), viewed in cross-polarized light. D, Microcline megacryst
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beds as shown in figures E4C and E4D. The clast shown in fig-
ure E4E is from the upper part of crater unit B and is a brecci-
ated felsite loosely held together by gougelike clay.

Figures ESA and E5B show a cataclasite having pervasive
orthogonal sets of throughgoing microfaults and fractures. Fig-
ures ESC and E5D show examples of microfaults cutting feld-
spar phenocrysts (plagioclase and microcline) in clasts of igne-
ous rock. Dark veinlets of microbreccia (fig. ESE) are visible in
a few thin sections of porphyritic felsite. The vein in figure ESF
appears to be a pseudotachylyte (frictional melt?), containing
broken crystals and fragments of the felsite host rock.

Clasts of crystalline rock that contain shock-metamor-
phosed quartz are sparse in the Langley core, and three are
described in appendix E1 (samples NL784.9, NL.840.4,
NL905.0). All of these clasts have cataclastic fabrics of which
the shock-metamorphosed quartz is an integral part. Within
these clasts, only a few quartz grains in any thin section have
multiple sets of intersecting planar deformation features, and
none were found to have more than two well-developed sets.
Selected quartz grains in lithic clasts of crystalline rock are
shown in figure E6. All of these have intersecting sets of paral-
lel planar deformation features that are interpreted to be shock
induced. Planar deformation features viewed in thin sections on
aflat stage, as in figure E6, tend to be oblique to the microscope
axis and thus not as clear in photographs as those oriented on a
spindle stage (fig. E2).

Table E1 summarizes the features of clasts considered
likely to be impact ejecta. Deformational features include brec-
ciation, microfaults, shock-induced planar deformation features
in quartz, and veins of pseudotachylyte or microbreccia. Some
felsite clasts have porphyritic and spherulitic igneous textures.

Clast Composition

The three lithic clasts found to contain shock-induced pla-
nar deformation features in quartz consist of cataclastically
deformed felsite having aphanitic-porphyritic to aphanitic tex-
ture (appendix E1). Moreover, except for one granodiorite clast
(NL802.07), all of the lithic clasts having cataclastic fabrics
without confirmed shocked minerals in the Langley core consist
of felsite having the same characteristics (appendix E1). Thus,
all of the crystalline-rock fragments confirmed or interpreted to
be impact ejecta are composed of variably porphyritic felsite
such as the example in figure E7. Most of the felsite clasts were
considered unsuitable for chemical analyses because of calcite-
filled fractures or secondary alteration.

Some of the felsite clasts have a spherulitic texture (fig.
E8). Each spherulite consists of a spherical cluster of plagio-
clase crystals radiating from a central point, and some have
potassium-feldspar-rich outer rims (yellow in stained thin sec-
tions). Spherulitic textures commonly form in volcanic glasses
by devitrification (Ross and Smith, 1961) and are locally pre-
served in metamorphosed volcanic rocks of the southeastern

United States (Allen and Wilson, 1968). Of the four felsite
clasts having spherulitic devitrification texture observed in this
study, only one (NL905.0) has shocked quartz (appendix E1).

Unaltered porphyritic felsite from the clast shown in figure
E4C and figure E7 (NL790.9) and a sample of the Langley
Granite (NL2083.1; Horton and others, this volume, chap. B)
were chemically analyzed. The results are shown in tables E2,
E3, and E4.

In LeBas and others’ (1986) chemical classification of vol-
canic rocks based on the total alkali-silica diagram, the porphy-
ritic felsite is classified as a rhyolite. The aphanitic matrix of the
felsite is too fine grained to allow a classification based on pet-
rographic determination of mineral percentages. The Langley
Granite sample is a monzogranite in Streckeisen’s (1973, 1976)
classification (Horton and others, this volume, chap. B). Both
the rhyolite clast and the Langley Granite sample are slightly
peraluminous. They have essentially identical alumina satura-
tion indices (A/CNK = Al,04/[CaO+Na,0+K,0], mol propor-
tion) of 1.1 and 1.1, respectively, as well as corundum in the
CIPW norms (Horton and others, this volume, chap. B). On the
basis of the analytical results, the rhyolite sample NL790.9 has
these minerals in the CIPW norm (weight percent): 37.7 percent
quartz, 15.9 percent orthoclase, 34.8 percent albite, 3.8 percent
anorthite, 2.4 percent hypersthene, 1.2 percent magnetite,

0.5 percent ilmenite, 1.7 percent corundum, and 0.25 percent
apatite.

Where we have measurements of some of the same trace
elements by EDXRF (table E2) and INAA (table E3), they vary
in agreement. For example, concentrations of Rb agree within
~2 percent and those of Ba, Sr, and Zn agree within <20 percent.
The INAA data are considered to be more accurate for the rare-
earth elements and for elements in these samples that are near
or below the detection limits of EDXREF, including As, Cs, Ni,
Sb, U, and W.

Trace-element concentrations in the rhyolite fragment and
in the Langley Granite are similar in other respects, and dis-
crimination diagrams (not shown) for identifying the tectonic
settings of granite emplacement consistently indicate a volcanic
arc setting for both rocks. These include Pearce and others’
(1984) diagrams for Rb and Y+Nb, for Nb and Y, for Rb and
Yb+Ta, and for Ta and Yb, and Harris and others’ (1986) Hf-
Rb-Ta diagram.

A plot (fig. E9) of rare-earth elements (REEs) in the two
samples normalized to average REE abundances in chondrites
from Nakamura (1974) shows that the rhyolite (NL790.9) is
lower in REEs than the Langley Granite (NL2083.1). Other-
wise, the rhyolite and granite have very similar REE patterns
characterized by enrichment in light REEs (rhyolite La/Lu =
10.5 x chondrite; granite La/Lu = 4.6 x chondrite), negative
europium anomalies (Eu/Eu* of 0.60 and 0.63, respectively),
and flat distributions of heavy REEs.



Figure E6. Photomicrographs of quartz showing intersecting sets of shock-induced
planar deformation features in lithic clasts of crystalline rock from the Exmore beds
in the USGS-NASA Langley core. Thin sections were photographed on a flat stage in
plane-polarized light. A, Quartz crystal (in upper right corner) having two well-

developed sets, in felsite cataciasite (NL840.4, thin section 1). Band C, Multiple
quartz crystals having intersecting sets in same felsite cataclasite (NL840.4, thin
section 1). 0, Quartz phenocryst having two sets, one well developed and one poorly
developed, in porphyritic felsite (NL784.9).
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Table E1. Features of selected crystalline-rock clasts from the USGS-NASA Langley core that are interpreted to be
possible impact ejecta.

[Samples are described in appendix E1. All samples but one are from the Exmore beds; sample NL905.0 is from
crater unit B. Igneous textures: FF, flow foliation; P, porphyritic; S, spherulitic; —, none. Cataclastic or shock-induced
features: B, brecciated; F, microfaults; N, not highly strained; Q, shocked quartz; V, veins of pseudotachylyte

or microbreccial

Sample Depth in core Ijiieois Catacl.astic or
pumber Rock type {extures shock-induced
(meters) (feet) features
NL784.9 239.2 784.9 Felsite P FQ
NL790.9 241.1 790.9 Felsite P EV
NL795.8 242.6 795.8 Feldspar megacryst —_ F
NL802.07 244.47 802.07 Granodiorite — N
NLBO05.5 245.5 805.5 Felsite P F
NL806.03 245.68 806.03 Felsite P.S N
NL807.9 246.2 807.9 Felsite P N
NL811.68 247.40 811.68 Felsite cataclasite —_— B,F
NL812.55 247.67 812.55 Felsite P S
NL813.57 247.98 813.57 Felsite P
NL832.25 253.67 832.25 Felsite P
NL832.85 253.85 832.85 Felsite B:S
NL840.4 256.06-256.26 840.1-840.75 Felsite cataclasite P B.F,Q
NL870.3 265.27-265.36 870.3-870.6 Brecciated felsite P B,V
NL873.3 266.2 873.3 Felsite FF N
NL905.0 275.71-275.93 904.60-905.33 Felsite breccia S B.F,Q

Figure E7. Photomicrograph showing the porphyritic
texture in felsite (rhyolite) sample NL790.9 from the
Exmore beds in the USGS-NASA Langley core; tables
E2, E3, and E4 show the results of chemical analyses
of this sample. Feldspar phenocrysts are euhedral to
subhedral; some have embayed margins indicating
magmatic corrosion. Photographed in cross-polarized
light.
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A Table E2. Results of X-ray fluorescence spectrometry analyses of
two samples from the USGS-NASA Langley core.

[Analysts: D.F. Siems and J.E. Taggart, Jr., both of the U.S. Geological
Survey. Samples are described in appendix E1]

Sample number.... NL790.9 NL2083.1
Rock type............ rhyolite clast monzogranite
Unit...oooeveennennnne. Exmore beds Langley Granite

Major oxide composition and loss on ignition (LOI) at 900°C,
in weight percent
[Method used: wavelength-dispersive X-ray fluorescence
spectrometry (Taggart and others, 1987, Mee and others, 1996)]

B eorisrssarirermostoten 749 71.0
........................ 12.8 142

1 I 1.80 2.93

.......................... 64 77

.......................... 91 1.29

411 3.98

2.69 348

.......................... 25 38
........................... A1 13

.......................... 06 06

............................ 99 1.24

Trace-element abundances, in parts per million
[Method used: energy-dispersive X-ray fluorescence spectrometry
(Siems, 2000, 2002)]

<l <l

<2 <2

902 668

<5 <5

<l 2

2 «l

47 61

L - N 7 7

CSumnm summaumy <5 6

41 145

13 14

Figure E8. Photomicrographs showing spherulitic devitrification texture == %
in felsite (NL812.55) from the Exmore beds in the USGS-NASA Langley 2 a
core. A, Thin section in cross-polarized light. B Thin section in plane- N !
polarized light. Each spherulite is a spherical cluster of plagioclase b 2
crystals radiating from a central point as shown in A. Outer rims are 33 ¥
rich in fine-grained potassium feldspar and appear gray in B because of = 4
a yellow sodium cobaltinitrite stain in the thin section. ;2 ]"2
<2 <2

<1 <l

<2 3

176 156

Th. 4 10

<4 <4

25 23

<5 <5

Yoo 10 28

Zeoooeeeeeeeeeeeneen 459 218

b7 A 110 166

Fe,O5T. total iron calculated as Fe,O5.
See more accurate rare-earth-element abundances in table E3.
W values probably reflect sample preparation procedure.
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Table E3. Results of long-count instrumental-neutron-activation
analyses (INAA) of two samples from the USGS-NASA
Langley core.

[Analyst: J.R. Budahn of the U.S. Geological Survey. The method
was described by Wandless (1996). Samples are described in
appendix El1]

NL790.9 NL2083.1
rhyolite clast monzogranite
Exmore beds Langley Granite

Trace-element abundances, in parts per million

1.21 0.75
.0072 0286
779 580
2.66 3.65
2.88 1.78
115 1.14
2.99 5.23
22 3.6
87 121
.24 18
3.19 5.78
177 185
68 1.11
6.89 9.95
1.5 2.1
1.0 5
539 182
102 204
Rare-earth-element (REE) abundances, in parts per million
20.3 20.4
38.3 50.1
14.7 24.0
2.57 5.46
5 1.1
24 5.0
.30 .87
44 1.26
.20 .59
1.27 3.8
.20 S5

Chondrite-normalized REE abundances (rock/chondrite)
and the Eu/Eu* ratio’

65.3 78.5
47.1 61.6
243 39.7
13.1 279
6.74 14.9

9.27 19.2

6.40 18.4

6.13 17.6

6.10 18.2

6.05 18.1

6.19 16.9
.60 .63

'Eu/Eu* is the size of the europium anomaly, where Eu* is the europium
concentration interpolated from surrounding elements in the REE pattern.

ROCK/CHONDRITE

Table E4. Results of individual chemical analyses of two samples
from the USGS-NASA Langley core.

[Analyses were done by a contractor for the U.S. Geological Survey
using methods described by Jackson and others (1987). Samples are
described in appendix E1. Contents of each constituent are reported in
weight percent (%) except that F is in parts per million (ppm)]

Sample number........... NL790.9 NL2083.1
rhyolite clast monzogranite
Exmore beds Langley Granite
| IO 1 (77, P — 0.97 1.03
(SO TS N 0.11 <0.01
CO, as carbonate (%).... 0.03 <0.003
0.18 0.42
212 358
H5071(%)..vcoss04 0.1 0.1
HyOF (%) vvenevecvieneens 0.8 0.9
100

T T T

~a- NL2083.1
—&— NL790.9

1 L 1 1 1 1 L L 1 1 |

La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er Tm Yb Lu
RARE-EARTH ELEMENT

Figure E9. Rare-earth-element (REE) abundances normalized to chondrite
abundances (rock/chondrite) for two samples from the USGS-NASA
Langley core. The samples are a rhyolite clast (NL790.9) from the Exmore
beds and a piece of the Langley Granite (NL2083.1). REE values are from
table E3.
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Discussion

Implications for the Chesapeake Bay Impact Event

The conclusion that multiple sets of planar deformation
features in rare quartz grains from the Exmore beds are of
shock-metamorphic origin is unambiguous. The presence of
these features indicates that the quartz grains have experienced
pressures greater than 6 GPa (Short. 1968) and strain rates
greater than 10%/second (Chao and Goresy, 1977, p. 291).

The relative proportion of shocked to unshocked quartz
grains in the sediment is very low in comparison to the propor-
tion in some other impact-related deposits (for example, see
Izett, 1990, table 9), indicating that the shock-metamorphosed
grains are mixed into and diluted by an enormous volume of
unshocked material. This observation is consistent with the
character of the Exmore beds as a mixed sedimentary deposit
(Gohn and others, this volume, chap. C). The individual
shocked quartz grains are mostly subangular, and they lack the
rounded shapes that would indicate derivation from clastic sed-
imentary target deposits. Hence, we interpret them to be derived
from crystalline rocks that underlie thick preimpact clastic sed-
iments in the target region.

Although the possibility cannot be ruled out that some
clasts of cataclastic rock in the Langley core could be derived
from a faulted Piedmont source terrain, transported, and depos-
ited in the outer coastal plain by purely sedimentary processes,
such long-distance transport seems unlikely for clasts that are
angular, internally fragmented, crumbly, and in some cases only
weakly cohesive. Furthermore, shock-metamorphosed quartz is
an integral part of the cataclastic fabric in some clasts. Shock
metamorphism is not required to produce most of the high-
strain-rate fabrics observed, but the occurrence of these fabrics
together with shocked quartz strongly suggests that they were
impact generated.

Using samples from earlier drill cores in the Chesapeake
Bay impact structure, Reimold and others (2002) estimated
shock pressures of 10-20 GPa from a small data set on the ori-
entations and relative frequencies of planar deformation fea-
tures in quartz. The Langley core has not produced enough
quartz grains containing planar deformation features, or enough
of these features per grain, to support a statistical study of their
crystallographic orientations and relative frequencies or to esti-
mate shock pressures by using the methods reviewed and cri-
tiqued by Grieve and others (1996).

The spherulitic texture observed in some felsite clasts
(fig. E8), including one that has shocked quartz, is attributed to
devitrification. Koeberl and others (1996, fig. 4B) interpreted a
similar spherulitic texture as impact melt because the spheru-
litic matrix contained “clasts” of shocked quartz and feldspar.
Alternatively, this texture could be a preimpact feature of vol-
canic target rocks similar to those described by Allen and Wil-
son (1968) in the North Carolina Piedmont. Isotopic dating
of the spherulites may allow discrimination between these
hypotheses.
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Ejecta-derived rock fragments in the core are sparsely dis-
seminated throughout the Exmore beds, and the largest are
found near the base of the unit (fig. E3 and appendix E1). This
distribution is consistent with evidence that the Exmore at this
location was deposited as crudely size-graded units (Gohn and
others, this volume, chap. C). We found one crystalline rock
fragment containing shock-metamorphosed quartz below the
Exmore beds (sample NL905.0; figs. E3 and E4E and appendix
El); it was in a zone of mixing about 6.4 m (21.0 ft) below the
base of the Exmore. We interpret this isolated occurrence as
evidence for downward injection or infiltration of sediment
from the Exmore beds into the upper part of crater unit B.

Preimpact target rocks of the Chesapeake Bay impact
structure are widely inferred to be the source of impact glass in
tektites of the North American strewn field (Poag and others,
1994; Koeberl and others, 1996; Glass, 2002). Evidence from
other strewn fields suggests that only the upper ~200 m (~650
ft) of target material was involved in the formation of tektites
(Koeberl, 1994); thus, crystalline basement in the Chesapeake
Bay impact structure is not as likely as the overlying preimpact
sediments to be a source of the North American tektites.

The chemical compositions of tektites, including bedia-
sites, georgiaites, and microtektites, from the North American
strewn field were summarized in Koeberl (1990), Albin and
others, (2000), and Koeberl and others (2001). The bulk major-
element composition of the rhyolite clast (NL790.9) most
closely resembles that of bediasites; it is similar in Si, Al, Mg,
and Ca, lower in Ti and Fe, and higher in K and Na (volatile).

We compared the REE patterns in figure E9 with those of
tektites from the North American strewn field (Albin and oth-
ers, 2000, fig. 5; Huber and others, 2000, fig. 1). The REE dis-
tribution for the Langley Granite (NL2083.1) is within the range
of REE distributions determined for tektites, and the rhyolite
(NL790.9) is slightly depleted in REE:s relative to the tektites.
Both the rhyolite and the granite have patterns of light REE
enrichment similar to those of the tektites, as well as flatter dis-
tributions of heavy REEs and larger negative europium anoma-
lies than most tektites. Both the rhyolite and the Langley Gran-
ite have other trace-element concentrations (tables E2 and E3)
that are clearly lower (Co, Cr, and Ni) or higher (Cu and Zn)
than concentrations in the North American tektites (Koeberl,
1990, table 2; Koeberl and others, 2001, table 1).

Tektites of the North American strewn field are composed
mainly of SiO, (microtektites averaging 70.7 percent, bediasites
averaging 76.4 percent, and georgiaites averaging 81.5 percent)
and Al,O; (microtektites averaging 15.4 percent, bediasites
averaging 13.8 percent, and georgiaites averaging 10.7 per-
cent). Middle Eocene to Paleocene sediments in the area of the
Chesapeake Bay impact structure tend to be lower in both (Koe-
berl, 1990, table 1: Koeberl and others, 2001, table 1). The rhy-
olite and granite in table E2 are comparable to the tektites in
Al,0O; and are slightly lower in SiO,.

Geochemical studies of these tektites show triangular
arrays in oxide-oxide variation diagrams that indicate mixing of
at least three source components, including a silica-rich (~90
weight percent) material such as quartz-rich sand and two com-
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ponents higher in Al,O5 (about 16 to 18 weight percent) and in
FeO (about 5.5 to 6.5 weight percent) such as shale or
graywacke (Albin and others, 2000). The rhyolite and granite
have intermediate compositions within the range defined by
these hypothetical end members. Albin and others (2000) sug-
gested that a crystalline basement component might explain
some unusual La-Th-Sc characteristics and high Rb/Cs ratios in
georgiaites. The rhyolite fragment (NL790.9) has La/Th (=2.9),
Th/Sc (=2.2), and La/Sc (=6.4) ratios in the range of ratios for
North American tektites and a Rb/Cs (=76) ratio higher than the
ratio for the tektites. At this stage, the rhyolite is neither con-
firmed nor ruled out as a source for some tektites. Further
geochemical studies of preimpact sediments, as well as crystal-
line basement and basement-derived ejecta, will be needed to
link the chemistry of tektites to potential source materials.

Crystalline Terrane beneath the Coastal Plain

The crystalline rocks concealed beneath thick sedimentary
deposits of the Atlantic Coastal Plain are poorly known and are
considered to be one of the last frontiers of regional geology in
the United States. The impact event served as a remarkable
sampling tool that excavated an enormous volume of coastal
plain basement rocks and scattered the fragments where they
can be sampled at shallower levels.

All of the lithic clasts in the Langley core that were con-
firmed or suspected to be impact ejecta consist of the same rock
type, a variably porphyritic felsite of rhyolitic composition.
Although this felsite is petrographically distinct from the Lang-
ley Granite (Horton and others, this volume, chap. B), both
rocks have similar, slightly peraluminous, bulk compositions.
Similarities in REE patterns (fig. E9) and other trace-element
concentrations (tables E2, E3, and E4) suggest that the rhyolite
and granite magmas originated in the same volcanic arc setting.
We thus infer that the undated rhyolite fragment is about the
same age as the Neoproterozoic Langley Granite, which was
dated at 612+10 Ma (Horton and others, this volume, chap. B).
Working hypotheses for the age of spherulitic devitrification
texture range from as old as Neoproterozoic (if formed in pre-
impact volcanic rock) to as young as late Eocene (if formed in
impact glass).

The trace-element concentrations and discrimination dia-
grams discussed above consistently indicate that the rhyolite
fragment and the Langley Granite originated in a volcanic arc
setting. Thus, they are chemically distinct from Neoproterozoic
granitoids that intruded Mesoproterozoic basement of the
Goochland terrane in the Piedmont (see table B6 and fig. B11
of Horton and others, this volume, chap. B), which have higher
concentrations of alkalis (Na,O+K,0 >8.6 percent), Ga (>30
parts per million; ppm), Nb (>70 ppm), and Y (>89 ppm) typical
of A-type granites (Owens and Tucker, 2003). Testing specific
petrologic and tectonic correlations with Neoproterozoic mag-
matic arc terranes of the southeastern United States and study-
ing implications for the Chesapeake Bay tectonic indenter of
Archean crust proposed by Lefort and Max (1991) would
require further investigation, as discussed by Horton and others
(this volume, chap. B).

The relatively uniform composition of impact-derived
rock fragments at the Langley corehole differs from the distri-
bution of clast compositions at other sites in the western annular
trough, where such fragments include a variety of felsic to
mafic plutonic rocks as well as felsite (Horton, Aleinikoff, and
others, 2002; Horton, Kunk, and others, 2002). The distinctive
population of impact-derived clasts at this site suggests that the
original impact ejecta were distributed unevenly, perhaps in
rays. If so, the geographic distribution of impact-derived rock
fragments may provide clues to the preimpact distribution of
rock types and their relations in the target area.

Age of Impact Metamorphism based on
Argon Dating of Tektites

Background

Estimates of the age of the Chesapeake Bay impact struc-
ture based on isotopic dating of North American tektites are
widely cited (for example, by Koeberl and others, 1996). An
40A1/3 Ar geochronological study to improve the dating of those
tektites, although outside the main focus of this chapter on data
from the USGS-NASA Langley core, is discussed here to make
the results available.

Tektites and microtektites that constitute the North Amer-
ican strewn field are thought to have originated by melting of
near-surface sediments in the Chesapeake Bay area of Virginia,
when a large asteroid or comet nucleus struck that area (Poag
and others, 1994; Koeberl and others, 1996) about 35.2 to 35.8
million years ago (Obradovich and others, 1989). Tektites of
this strewn field have been found mainly in upper Cenozoic
gravel deposits derived from erosion of upper Eocene deposits
in Georgia (georgiaites) and Texas (bediasites). Tektites less
than 1.0 mm (0.039 in.) in diameter, termed microtektites, have
been found in upper Eocene marine sediments in the Atlantic
Ocean and Caribbean Sea.

Suess (1900) proposed the term “tektite” for small, cor-
roded silicate glass nodules found near the Moldau River in
southern Bohemia, Czechoslovakia. He suggested that the glass
objects, similar in some aspects to obsidian, formed by melting
of meteoritic material. Since that time, many different defini-
tions have been proposed, emphasizing different aspects of
these curious glass nodules.

Baker (1959, p. 11) defined tektites as “natural objects of
impure silica glass found in thousands on the surface of certain
parts of the earth, and in places buried several feet beneath surf-
icial deposits.” He noted that they occur in widely separated
regions and show minor chemical composition and physical
variations from place to place.

In the “Glossary of Geology” (Jackson, 1997, p. 653), a
tektite was defined as ““A rounded pitted jet-black to greenish or
yellowish body of silicate glass of nonvolcanic origin, usually
walnut-sized, found in groups in several widely separated areas
of the Earth’s surface [so-called strewn fields] and generally
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bearing no relation to the associated [underlying] geologic for-
mations.” The definition indicated that some “have shapes
strongly suggesting aerodynamic ablation during hypersonic
flight.”

Tektites have been studied for more than a century, and
considerable physical and chemical information has been gath-
ered (see references in O’Keefe, 1976). Chao (1963) studied
several thousand tektites and noted three of their main features:
(1) distinctive shapes (flanged buttons, cores, dumbbells, and
elongated teardrops), (2) unique surface sculpture, and (3) color
and luster. He also observed that tektites have three diagnostic
microscopic characteristics: (1) universal presence of flow
structure and associated strain birefringence, (2) general pres-
ence of siliceous glass inclusions (see Barnes, 1940), and (3)
general absence of microlites. Ross (1962) observed that obsid-
ians are rarely without microlites, crystallites, trichites, and Fe-
oxide dust. In contrast, tektites are devoid of such materials.
Aghassi (1962) and Chao (1963, p. 63) noted that tektites nearly
always contain widely disseminated bubble cavities or vesicles.

Isotopic ages reported previously for the different tektite
groups (Cretaceous-Tertiary (K-T) boundary, North American,
Moldavite, Ivory Coast, and Australasian) were obtained in dif-
ferent laboratories using several different techniques (K-Ar,
40A1/3Ar, and fission track) and using diverse standards and
decay constants. Fleischer and Price (1964) obtained fission-
track ages (35.4, 35.3, and 27.2 Ma) for three bediasites from
Texas. Albin and Wampler (1996) measured conventional K-Ar
ages of georgiaites and calculated a mean age of 35.2+0.3 Ma.
For North American tektites and microtektites, **Ar/**Ar ages
have been reported by Glass and others (1986, 35.4+0.6 Ma),
Obradovich and others (1989, 35.5+0.3 Ma), and Glass and oth-
ers (1995, 35.0+0.1 Ma). U-Pb zircon geochronology of
shocked and unshocked zircons from several sites, although
“not straightforward™ (Kamo and others, 2002), is compatible
with these results.

Argon Dating Methods

Total-fusion **Ar/**Ar ages were determined for 19 analy-
ses of 4 North American tektites as part of a larger **Ar/*°Ar
study of all known tektite types by one of us (Izett) using the
same mass spectrometer, methods, fluence monitors, and decay
constants. The analytical data and ages presented in table ES
were determined in the USGS laboratory in Menlo Park, Calif.,
by using procedures described by Dalrymple and Lanphere
(1971), Dalrymple and Duffield (1988), and Dalrymple (1989).

A technical feature of the “°Ar/3°Ar method is that geo-
logic materials of unknown age such as tektites are irradiated
with fast neutrons next to a fluence-monitor mineral, or stan-
dard, having an accepted isotopic age. Thus, the method is a rel-
ative one; ages of unknown materials are relative to ages of a
selected fluence-monitor mineral. The measured “°Ar/>°Ar
ratios of the fluence-monitor mineral are used with its known
age to calculate a conversion factor, J, which is a measure of the
fraction of 3K converted to *Ar by the fast neutron reaction
(**K(n,p)*°Ar). The factor J is then used in the age equation to
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calculate ages for materials of unknown age. The precision of
the fluence-monitor mineral calibration has a significant effect
on the precision of the ages calculated for materials of unknown
age.

For the North American tektites, **Ar/*°Ar ages were
determined by using single fragments about 0.3 mm (0.12 in.)
in diameter. The tektite fragments were irradiated in the core of
the USGS TRIGA reactor. A typical irradiation packet con-
sisted of the tektite fragments loaded into a 9-mm-diameter
(0.35-in.-diameter) aluminum-foil cup and covered by a 9-mm
aluminum-foil cap. The flattened pancakelike packets were
sandwiched between similar packets of the neutron fluence
monitor and arranged in a vertical stack in a 10-mm-diameter
(0.39-in.-diameter) quartz glass tube; the position of the packets
was measured. The distance between adjacent packet centers
typically was about 0.3 mm (0.012 in.). The neutron fluence
within the radiation package was measured by analyzing five
to seven lots of two to three sanidine crystals for the fluence
monitor.

We used sanidine from the Taylor Creek Rhyolite of New
Mexico (Dalrymple and Duffield, 1988) as a fluence-monitor
mineral because it has been shown to be uniform in K and Ar
content and its isotopic age is within an acceptable range of ages
for North American tektites. Dalrymple and others (1993) gave
reasons for using an age of 27.92 Ma for sanidine from the Tay-
lor Creek Rhyolite. Lanphere and Dalrymple (2000) measured
an age of 513.9+2.3 Ma for the widely used MMhb-1 horn-
blende, which is 1.26 percent younger than the internationally
adopted mean value of 520.4 Ma (Samson and Alexander,
1987). Ages reported in this chapter were first calculated using
an age of 27.92 Ma for sanidine from the Taylor Creek Rhyolite
of New Mexico; they were then recalculated by using an age of
28.32 Ma for sanidine from the Taylor Creek Rhyolite, which is
based on the internationally adopted mean value of 520.4 Ma
for MMhb-1 hornblende. All ages reported herein were calcu-
lated by using decay constants recommended by the Subcom-
mission on Geochronology of the IUGS (Steiger and Jager.
1977).

Results of Argon Geochronology

The individual tektite ages in table ES5 are given to two
decimal places, and the composite, final age is rounded to one
decimal place. Errors given for individual *°Ar/*?Ar ages are
estimates of the analytical precision at the 15 level and include
a conservative error of 0.5 percent in J. The final composite age
is a weighted mean o, Where weighting is by the inverse of
the variance (Taylor, 1982). The result is a weighted-mean
total-fusion **Ar/*?Ar age of 35.3+0.1 Ma (zl &) for 19 analyses
of 4 North American tektites. We interpret this age as recording
the age of the late Eocene Chesapeake Bay impact event.

Age Constraints for the Chesapeake Bay Impact

Previous estimates of the age of the Chesapeake Bay
impact structure have been based either on micropaleontology
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Table E5. Total-fusion “°Ar/*Ar ages of North American tektites from Washington County, Ga., and Lee County, Tex.

[Analyses by Glen A. Izett in the U.S. Geological Survey (USGS) laboratory, Menlo Park, Calif., as described in the text.

Procedures used were described by Dalrymple and Lanphere (1971), Dalrymple and Duffield (1988), and Dalrymple

(1989). J, conversion factor discussed in text; *, radiogenic]

i 40

Location Ex"p:l::lr:; im :::;:3 J Iarar  BarMAar  VaSAr (uA/:;* (‘I‘V‘(Il: ) E(r:)"
Georgia 9470379 MNGaTek  6.94E-03 0.0504 0.0015 2.7843 86.0 3453 022
Georgia 9470380 MNGaTek  6.94E-03 0.0639 0.0012 2.7826 88.7 3451 022
Georgia 9470382 MNGaTek  6.94E-03 0.0542 0.0002 2.7961 98.0 3467 021
Georgia 9470383 MNGaTek  6.94E-03 0.0597 0.0035 2.7731 726 3439 023
Georgia 9470384 MNGaTek  6.94E-03 0.0614 0.0022 2.7821 81.0 3450 022
Texas 9320441 B-97 6.20E-03 0.1042 0.0003 3.1135 97.3 3446  0.26
Texas 9370442 B-97 6.20E-03 0.1039 0.0003 3.1223 97.3 3456 024
Texas 9470365 B-97 6.94E-03 0.1050 0.0001 2.7906 98.8 3460 021
Texas 9470366 B-97 6.94E-03 0.1039 0.0001 2.8060 98.9 3479 024
Texas 9470367 B-97 6.94E-03 0.1064 0.0001 2.7931 99.1 3463 023
Texas 9470368 B-97 6.94E-03 0.1037 0.0001 2.8004 99.0 3472 022
Texas 9670194 30773 7.07E-03 0.1049 0.0002 2.7590 98.3 3483 0.21
Texas 9670195 30773 7.07E-03 0.1050 0.0002 2.7494 98.2 3471 021
Texas 9620196 30773 7.07E-03 0.1062 0.0001 2.7496 98.4 3471 021
Texas 9770516 B-74 7.09E-03 0.1348 0.0000 2.7671 99.8 3504 0.24
Texas 9770517 B-74 7.09E-03 0.1386 0.0001 2.7579 99.2 3493 022
Texas 9770518 B-74 7.09E-03 0.1396 0.0001 2.7538 99.1 3488 0.24
Texas 9770519 B-74 7.09E-03 0.1365 0.0002 2.7552 97.4 3490 0.21
Texas 97720520 B-74 7.09E-03 0.1384 0.0001 2.7444 98.7 3476 022

Initial weighted mean age” 34.8 0.1
Recalculated weighted mean age? 353 0.1

LAl four tektites are now in the collection of the Denver Museum of Natural History. Tektite MNGaTek was collected by R.L. Strange. Tektite
30773 came from the University of Texas Museum in Austin. Tektites B-74 and B-97 were sent by V_E. Barnes (USGS) to E.C.T. Chao (USGS).

The initial weighted mean age of 34.8 Ma was calculated relative to a fluence-monitor age of 27.92 Ma for sanidine from the Taylor Creek
Rhyolite: the sanidine age was based on an age for MMhb—1 hornblende of 513.9 Ma. The recalculated mean age of 35.3 Ma was determined relative
to a fluence-monitor age for MMhb-1 hornblende of 520.4 Ma. The error for individual ages is 1o and includes a conservative error of 0.5 percent

in J; the group error is +1Gp,, of Taylor (1982).

within the structure or on geochronology of North American
tektites from outside the structure. Studies of micropaleontol-
ogy within the structure indicate that the impact event occurred
in the late Eocene biochronozones P15 of planktonic foramin-
ifera and NP 19/20 of calcareous nannofossils (Poag and Aubry,
1995; Poag, 1996, 1997). A layer of impact ejecta offshore of
New Jersey at Deep Sea Drilling Project (DSDP) Site 612,
although somewhat reworked, is in the same biochronozones
(Poag and Aubry, 1995; Poag, 1997), and tektite material from
that layer is considered to be part of the Notth American strewn
field on the basis of geochemistry (Stecher and others, 1989).
Most of the previously cited argon and fission-track dates of
tektites and microtektites from the North American strewn
field, including those from the DSDP 612 layer, are consistent
with the biochronological data, have overlapping uncertainties,
and cluster in the range of ~35 Ma to ~36 Ma. The weighted
mean “*Ar/*Ar age of 35.3+0.1 Ma (xlo) presented here for the
North American tektite material is interpreted to date the late
Eocene Chesapeake Bay impact event.

Conclusions

The Chesapeake Bay impact excavated unknown coastal
plain basement rocks and scattered the fragments where we can

sample them at shallower levels. This study of shock-metamor-
phosed minerals and impact-derived crystalline rock fragments
in the USGS-NASA Langley core produced the following con-
clusions:

1. The sandy matrix of the Exmore beds contains sparse
quartz grains (0.1 to 0.3 mm (0.004 to 0.012 in.) in diameter)
that contain multiple sets of intersecting planar deformation
features, commonly referred to as shock lamellae. As many as
five different sets have been observed in some quartz grains.
Planar deformation features also occur in quartz grains in
reworked crystalline-rock clasts in and just below the Exmore
beds. The presence of these features indicates that the quartz
grains have experienced pressures greater than 6 GPa and strain
rates greater than 10%second. The conclusion that such grains
are of shock-metamorphic impact origin is unambiguous.

2. The shock-metamorphosed quartz grains, although rare,
provide clear and convincing evidence that the Exmore beds are
of hybrid impact origin. The identification of shocked quartz
grains in the Langley core adds to the number of drill sites in
Virginia where their presence in the structure is confirmed.

3. The proportion of shocked to unshocked quartz grains in
the sedimentary matrix is very low in comparison to the propor-
tion in some other impact-related deposits, indicating that the
shock-metamorphosed grains are mixed into and diluted by an
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enormous volume of unshocked sedimentary material. This
observation is consistent with the character of the Exmore beds
as a mixed sediment, which Gohn and others (this volume,
chap. C) interpret as a seawater-resurge deposit.

4. Individual shock-metamorphosed quartz grains lack the
rounded shapes that would indicate derivation from a clastic
sedimentary target and are inferred to be mainly particles of
excavated crystalline basement, or possibly smashed detrital
grains.

5. Shock-metamorphosed quartz is an integral part of the
cataclastic fabric in some clasts, indicating that both the fabric
and the shocked quartz were produced by the same hyperveloc-
ity impact event. All of the crystalline rock fragments that con-
tain shocked quartz also have cataclastic fabrics.

6. In this core, all of the rock fragments that are confirmed
or interpreted to be reworked impact ejecta consist of variably
porphyritic felsite. The chemical analysis of one sample shows
it to be peraluminous rhyolite from a volcanic arc setting. The
undated felsite is inferred to be Neoproterozoic in age on the
basis of geochemical similarities to the dated Langley Granite
of Horton and others (this volume, chap. B).

7. The monotonous population of impact-derived crystal-
line-rock clasts at the Langley site, in contrast to the varied pop-
ulations at other sites in the western annular trough, suggests
that the original impact ejecta were distributed unevenly, per-
haps in rays. If so, the geographic distribution of impact-derived
fragments may provide clues to the original distribution of rock
types in the target area.

8. Some felsite clasts contain spherulites that are inter-
preted to be devitrification products, either of an Eocene impact
melt or of older preimpact volcanic rock in the target area.

9. Impact-derived rock fragments are sparsely dissemi-
nated throughout the Exmore beds section of the core. Those
larger than the core diameter were found in the lower half of the
unit, suggesting that the Exmore at this location may consist of
crudely size-graded deposits.

10. The presence of shock-metamorphosed quartz in a rock
fragment several meters below the Exmore beds suggests injec-
tion or infiltration of resurge sediments from the Exmore beds
(or particles from an ejecta blanket removed by resurge ero-
sion?) into the upper part of crater unit B.

11. Trace-element geochemistry of a rhyolite fragment
that is interpreted to be impact derived and a sample of the gran-
ite basement from the Langley core neither confirms nor rules
out crystalline basement in the Chesapeake Bay impact struc-
ture as a partial source for some tektites of the North American
strewn field.

12. A weighted-mean total-fusion *’Ar/*?Ar age of
35.3£0.1 Ma (£lo) for 19 analyses of 4 North American tektites
records the age of the late Eocene Chesapeake Bay impact
event.

Questions raised by this research are being addressed as
our efforts expand to include samples from other coreholes
(Horton, Aleinikoff, and others. 2002; Horton, Kunk, and oth-
ers, 2002). Continued studies should provide insight into the
character, age, and origin of rocks excavated by the impact and
their relations to basement rocks sampled by deep drilling. They

can provide valuable information on the regional geology of
crystalline terranes beneath the Atlantic Coastal Plain, a context
for understanding the Eocene impact structure, and a test of
hypothetical models such as the proposed Chesapeake Bay tec-
tonic indenter of Archean crust (Lefort and Max, 1991; Horton
and others, this volume, chap. B). Isotopic dating of minerals
from impact-derived clasts may yield information on thermal
effects of the impact.
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Glossary

A

allochthonous impact breccia “Impact breccia in which com-
ponent materials have been displaced from their point of ori-
gin.” (Stoftler and Grieve. 2003, p. 5)

B

breccia “A coarse-grained clastic rock, composed of angular
broken rock fragments held together by a mineral cement or in
a fine-grained matrix . . . ” (Jackson, 1997, p. 82)

c

cataclasite “A fine-grained, cohesive cataclastic rock, nor-
mally lacking a penetrative foliation or microfabric, formed
during fault movement. The fracture of rock and mineral com-
ponents is a significant factor in the generation of a cataclasite,
and it may play a significant role in the continued deformation
of the rock.” (Jackson, 1997, p. 99)

cataclastic “Pertaining to the structure produced in a rock by
the action of severe mechanical stress during dynamic meta-
morphism; characteristic features include the bending, break-
ing, and granulation of the minerals.” (Jackson, 1997, p. 100)
cataclastic rock “A rock . .. containing angular fragments that
have been produced by the crushing and fracturing of preexist-
ing rocks as a result of mechanical forces in the crust.” (Jack-
son, 1997, p. 100)

D

diamictite “A comprehensive, nongenetic term . . . for a non-
sorted or poorly sorted, noncalcareous, terrigenous sedimen-
tary rock that contains a wide range of particle sizes.” (Jackson,
1997, p. 175)

diamicton “A general term . . . for the nonlithified equivalent
of a diamictite.” (Jackson, 1997, p. 175)

E
ejecta See impact ejecta.

F
fabric “The complete spatial and geometrical configuration of
all those components that make up the rock. It covers terms

such as texture, structure, and preferred orientation.” (Hobbs
and others, 1976, p. 73)

G
gouge “Non-consolidated fractured rock, commonly very fine-

grained, formed by brittle deformation at a shallow crustal
level along a fault.” (Passchier and Trouw, 1996, p. 259)

H
hypervelocity impact “The impact of a projectile onto a sur-

face at a velocity such that the stress waves produced on con-
tact are orders of magnitude greater than the static bulk
compressive strength of the target material. The minimum
required velocities vary for different materials, but are gener-
ally 1-10 km/sec, and about 4-5 km/sec for most crystalline
rocks.” (Jackson, 1997, p. 312)

|
impact breccia “Monomict or polymict breccia, which occurs

around, inside, and below impact craters.” (Stoffler and Grieve,
2003, p. 5)
impact ejecta “Solid, liquid, and vaporized rock ejected ballis-
tically from an impact crater.” (Stoffler and Grieve, 2003, p. 4)
impact pseudotachylyte “Pseudotachylite [sic] produced by
impact metamorphism; dike-like breccia formed by frictional
melting in the basement of impact craters; may contain
unshocked and shocked mineral and lithic clasts in a fine-
grained aphanitic matrix.” (Stoffler and Grieve, 2003, p. 6)
“Some workers attribute impact-related pseudotachylyte
formation to shock melting . . . whereas others believe it is pri-
marily the product of frictional melting incurred during gravi-
tational collapse of the impact-generated transient cavity . . .
Regardless of origin, all pseudotachylytes are high-strain-rate
features.” (Snoke and Tullis, 1998, p. 9)

microfabric “The fabric of a rock as seen under a microscope.”
(Jackson, 1977, p. 406)

monomict impact breecia “Cataclasite produced by impact
and generally displaying weak or no shock metamorphism;
occurs in the (par)autochthonous floor of an impact crater or as



clast (up to the size of blocks and megablocks) within alloch-
thonous impact breccias.” (Stéffler and Grieve, 2003, p. 5)

P
planar deformation features “Submicroscopic amorphous

lamellae occurring in shocked minerals as multiple sets of pla-
nar lamellae (optical discontinuities under the petrographic
microscope) parallel to rational crystallographic planes; indica-
tive of shock metamorphism; synonymous with the terms
“planar elements” and “shock lamellae” which should be dis-
carded.” (Stoffler and Grieve, 2003, p. 7)

planar fractures “Fractures occurring in shocked minerals as
multiple sets of planar fissures parallel to rational crystallo-
graphic planes, which are not usually observed as cleavage
planes under normal geological (non-shock) conditions.” (Stof-
fler and Grieve, 2003, p. 7)

planar microstructures “Collective term comprising shock-
induced planar fractures and planar deformation features.”
(Stoftler and Grieve, 2003, p. 7)

polymict “Said of a clastic sedimentary rock composed of
many mineral or rock types.” (Jackson, 1997, p. 501)

polymict impact breccia “Breccia with clastic matrix or crys-
talline matrix (derived from the crystallization of impact melt)
containing lithic and mineral clasts of different degree of shock
metamorphism excavated by an impact from different regions
of the target rock section, transported, mixed, and deposited
inside or around an impact crater or injected into the target
rocks as dikes.” (Stoffler and Grieve, 2003, p. 5)
pseudotachylyte “Dark brittle fault rock occurring in veins
and fractures in host rocks with low porosity. Pseudotachylyte
is thought to form by local melting of a host rock along a fault
in response to seismic activity on the fault and associated local
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generation of frictional heat.” (Passchier and Trouw, 1996,
p. 262)
Also spelled pseudotachylite. See impact pseudotachylyte.

S

shock metamorphism “Metamorphism of rocks or minerals
caused by shock wave compression due to impact of a solid
body or due to the detonation of high-energy chemical or
nuclear explosives.” (Stoffler and Grieve, 2003, p. 3)

shocked Term used for brevity in places for “shock metamor-
phosed.” (Izett, 1990, p. 3)

spherulite “A rounded or spherical mass of acicular crystals,
commonly of feldspar, radiating from a central point. Spheru-
lites may range in size from microscopic to several centimeters
in diameter . . . Most commonly formed by the devitrification
of volcanic glass.” (Jackson, 1997, p. 612)

spherulitic “Volcanic igneous texture dominated by spheru-
lites or spherical bodies of radiating mineral fibers.” (Jackson,
1997, p. 612)

T
target rocks ‘“Rock(s) exposed at the site of an impact before
crater formation.” (Stoffler and Grieve, 2003, p. 4)

tektite “Impact glass formed at terrestrial impact craters from
melt ejected ballistically and deposited sometimes as aerody-
namically shaped bodies in a strewn field outside the continu-
ous ejecta blanket; the size of tektites ranges from the
submillimeter range (MICROTEKTITES, generally found in
deep sea sediments) to the subdecimeter range, rarely to deci-
meters.” (Stoffler and Grieve, 2003, p. 6)
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Appendix E1. Descriptions of Matrix and Clast Samples from the Exmore Beds and Crater

Unit B in the USGS-NASA Langley Core

Samples from the USGS-NASA Langley core that are
described in this chapter are identified by the letters NL fol-
lowed by a number indicating depth in feet. The clasts exam-
ined are nonlineated and nonfoliated except in sparse, very nar-
row shear zones and in one clast (NL873.3) where oriented
grains are interpreted as igneous flow foliation. Positions of
selected clasts are plotted on the stratigraphic column in figure
E3. Sample descriptions in this appendix are ordered from high-
est to lowest sample depth.

Sample NL777.3

[About 10 immersion-oil slides + quartz on spindie stage (fig. E2A)]

Depth.—236.9 m (777.3 ft); core box 87.

Sample type.—Sandy sediment of the matrix.

Host unit.—Exmore beds (polymict diamicton).

Description.—About 10 immersion-oil slides, each
containing several hundred grains, were examined of residue
from the core at 236.9 m (777.3 ft) depth by using an optical pet-
rographic microscope. Three shocked quartz grains were exam-
ined by using a spindle stage. One grain (0.23 mm (0.009 in.) in
diameter, not photographed) showed five sets of intersecting
planar deformation features on rotation through 180°. A second
grain, 0.24 mm (0.009 in.) in diameter, had three sets of inter-
secting planar deformation features. A third grain, 0.13 mm
(0.005 in.) in diameter, had two sets of intersecting planar
deformation features (fig. E2A). Two of these grains with mul-
tiple planar deformation features were photographed, and optic
measurements were made. No feldspar grains showed convinc-
ing planar deformation features.

Sample NL784.9

[1 thin section (figs. ESC and E6D) + quartz on spindle stage]

Depth.—239.2 m (784.9 ft); core box 87.

Rock type—Porphyritic felsite, containing microfaults.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—4.0x1.8x2.5 cm (1.6x0.71x0.98 in.), whole
clast.

Description.—The subangular clast of porphyritic felsite is
medium light gray to greenish gray and nonfoliated. It consists
of feldspar phenocrysts (~25 percent) in a microcrystalline
matrix (~75 percent). Feldspar phenocrysts are medium to
coarse grained (2-7 mm (0.079-0.28 in.) long). In thin section,
plagioclase phenocrysts appear euhedral to subhedral, and some
are highly fractured and internally faulted. Twinning and grain
boundaries of some phenocrysts are offset by abundant micro-
faults. One large quartz grain (near the label end of the thin sec-
tion) has two sets of intersecting planar deformation features, a

strong set and a weaker set, which does not extend across the
whole grain (fig. E6D). Other grains show no evidence of shock
metamorphism. Quartz grains from the residue of this sample
were examined in immersion-oil slides and on a spindle stage;
one grain was discovered to have two sets of planar deformation
features.

Sample NL790.9

[1 thin section (figs. ESE and E7) + chemical analysis (tables E2, E3,
and E4)]

Depth.—241.1 m (790.9 ft); core box 88.

Rock rype—Porphyritic felsite (thyolite), with faults and
microbreccia veins.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—3.0x2.0x1.5 cm (1.2x0.79x0.59 in.), whole
clast (fig. E4C).

Description.—The angular clast of porphyritic felsite is
greenish gray and nonfoliated. It consists of feldspar pheno-
crysts in an aphanitic matrix. In thin section, feldspar pheno-
crysts appear euhedral to subhedral, and some have embayed
margins (fig. E7) or matrix-filled pits indicating magmatic cor-
rosion. A throughgoing fault (near the center of the thin section)
and smaller anastomosing faults contain narrow microbreccia
veins. One quartz phenocryst has a single set of Bohm lamellae,
which are not highly planar or uniform. No planar deformation
features were found, but some quartz phenocrysts have mosaic
texture.

Sample NL795.8

[1 thin section (fig. E5D)]

Depth.—242.6 m (795.8 ft); core box 88.

Rock type—Microcline megacryst, strained and micro-
faulted.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—2.4x1.3x1.0 cm (0.94x0.51x0.39 in.),
partial clast bounded by core.

Description.—The subangular clast is very light gray, and
a single feldspar crystal extends the full length of the clast. The
thin section shows a large microcline crystal, which is internally
microfaulted and highly strained.

Sample NL802.07

[1 thin section]
Depth.—244.47 m (802.07 ft); core box 89.
Rock type.—Granodiorite.
Host unit.—Exmore beds (polymict diamicton).
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Dimensions.—2.3x2.3x1.4 cm (0.91x0.91x0.55 in.), whole
clast.

Description.—The angular clast is granodiorite according
to the classification of Streckeisen (1976); it is fine to medium
grained, pale red, and nonfoliated. In thin section, the rock is
nonfoliated, inequigranular to porphyritic having euhedral to
subhedral plagioclase phenocrysts; the thin section is composed
of plagioclase (~55 percent), quartz (~30 percent), potassium
feldspar (~10 percent), clinozoisite (<1 percent), magnetite (<1
percent), secondary chlorite (~5 percent), and secondary car-
bonate. The potassium feldspar occurs mainly as granophyric
intergrowths with quartz and plagioclase. Clinozoisite and chlo-
rite indicate metamorphic or hydrothermal (deuteric?) alter-
ation. Euhedral comb quartz crystals occur along the edge of a
small cavity now filled with secondary calcite. Evidence of high
strain is limited to a narrow ductile shear zone along the edge of
the sample (in thin section) and to a parallel veinlet of strained
quartz grains. No evidence of shock metamorphism is seen.

Sample NL8055

[1 thin section]

Depth.—245.5 m (805.5 ft); core box 90.

Rock type—Porphyritic felsite, containing microfaults.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—2.0x1.3x1.3 cm (0.79x0.51x0.51 in.), clast.

Description.—The angular clast of weathered porphyritic
felsite is nonfoliated and consists of medium-grained, subhedral
to angular, white feldspar phenocrysts in an aphanitic, pale-red
clayey matrix. In thin section, feldspar megacrysts are inter-
nally microfaulted; some have mosaic texture and extreme
undulatory extinction.

Sample NL806.03

[1 thin section]

Depth.—245.68 m (806.03 ft); core box 90.

Rock type.—Porphyritic felsite having spherulitic texture.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—2.4x1.5x1.0 cm (0.94x0.59x0.39 in.), whole
clast.

Description.—The subangular clast of porphyritic felsite is
fine grained, light brownish gray, and nonfoliated. In thin sec-
tion, the felsite has a pervasive spherulitic texture composed
mainly of plagioclase and quartz, with secondary clay minerals
having a spotty potassium stain.

Sample NL807.9

[1 thin section]
Depth.—246.2 m (807.9 ft); core box 90.
Rock type.— Porphyritic felsite.
Host unit.—Exmore beds (polymict diamicton).
Dimensions.—1.7x1.5x0.9 cm (0.67x0.59x0.35 in.), clast.

Description.—The angular clast of porphyritic felsite is
fine grained, grayish red, and nonfoliated. In thin section, the
felsite consists of plagioclase phenocrysts 1-2 mm (0.039-
0.079 in.) long in an aphanitic matrix. The yellow sodium
cobaltinitrite stain indicates that fine-grained potassium feld-
spar makes up about 25 percent of the matrix. Minor constitu-
ents include an epidote mineral (~2 percent) and opaque miner-
als (~1 percent). No high-strain fabrics are evident.

Sample NL811.68

[3 thin sections (fig. ESA, B) + quartz on spindle stage]
Depth.—247.40 m (811.68 ft); core box 90.
Rock type.—Cataclasite (deformed felsite).
Host unit—Exmore beds (polymict diamicton).

Dimensions.—3.2x2.0x1.1 cm (1.3x0.79x0.43 in.), whole
clast.

Description.—The subangular clast of fine-grained cata-
clasite formed by deformation of felsite is leucocratic, light
gray, and nonfoliated, and it has disseminated sulfide crystals.
Striated surfaces are inconclusive evidence that the sample may
have been part of a shatter cone (Daniel J. Milton, USGS Emer-
itus, oral commun., 2001). Thin sections show highly micro-
faulted and brecciated but cohesive felsite consisting of plagio-
clase phenocrysts in an aphanitic feldspar-quartz matrix.
Plagioclase phenocrysts are crosscut by microfaults and have
highly undulatory extinction and mosaic texture. Calcite-filled
fractures are abundant. A few quartz grains have a suspicious
brown color in thin section but lack planar deformation features.
One potassium feldspar crystal has weak, nonthroughgoing
lamellae, which are interesting but inconclusive.

Sample NL812.55

[1 thin section (fig. E8)]
Depth.—247.67 m (812.55 ft); core box 90.
Rock type—Porphyritic felsite having spherulitic texture.
Host unit—Exmore beds (polymict diamicton).

Dimensions.—1.9x0.9x0.4 cm (0.75x0.35x0.16 in.), whole
clast.

Description.—The angular clast of porphyritic felsite is
grayish red and nonfoliated. Calcite-filled fractures are visible
in hand sample. In thin section, the felsite consists of euhedral
plagioclase phenocrysts (~30 percent) in a finer grained matrix
dominated by feldspar-quartz spherulites. The yellow stain for
potassium is concentrated in the outer margins of spherulites
and in mesostasis. Some clear, euhedral plagioclase laths
appear to have grown across earlier spherulites. Minor constit-
uents include opaque minerals (~2 percent), secondary calcite
(~5 percent) and chlorite (~5 percent). The thin section does not
contain the calcite-filled fractures, and no other cataclastic fea-
tures were observed.
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Sample NL813.57

[1 thin section]

Depth.—247.98 m (813.57 ft); core box 90.

Rock type.—Porphyritic felsite.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—1.2x1.0x0.8 cm (0.47x0.39x0.31 in.), whole
clast.

Description.—The angular clast of porphyritic felsite has
tiny disseminated sulfide (pyrite?) crystals and secondary cal-
cite in fractures. In thin section, the felsite consists of plagio-
clase phenocrysts in an aphanitic feldspar-quartz matrix.
Embayed margins of some feldspar phenocrysts indicate mag-
matic corrosion. Microfaults and fractures are filled by polyg-
onal quartz and by calcite.

Sample NL820.6

[About 10 immersion-oil slides + quartz on spindle stage (fig. E2B,
C.D.E)]

Depth.—250.1 m (820.6 ft); core box 91.

Sample type.—Sandy sediment of the matrix.

Host unit—Exmore beds (polymict diamicton).

Description.—About 10 immersion-oil slides, each con-
taining several hundred grains, were examined of residue from
the core at 250.1 m (820.6 ft) by using an optical petrographic
microscope. Six of the quartz grains examined by using a spin-
dle stage were observed to have two or more sets of intersecting
planar deformation features (fig. E2B,C,D,E), indicating that
the grains had experienced shock metamorphism. These grains
ranged in diameter from 0.13 to 0.26 mm (0.005 to 0.010 in.).

Sample NL832.25

[1 thin section]

Depth.—253.67 m (832.25 ft); core box 92.

Rock type—Porphyritic felsite.

Host unit.—Exmore beds (polymict diamicton).

Dimensions.—1.7x1.2x1.0 cm (0.67x0.47x0.39 in.), clast.

Description.—The angular clast of porphyritic felsite is
grayish red and nonfoliated. In thin section, it consists of euhe-
dral to subhedral plagioclase phenocrysts in an aphanitic
quartz-feldspar matrix. The yellow sodium cobaltinitrite stain
indicates that potassium feldspar is disseminated in the ground-
mass. Many euhedral plagioclase phenocrysts are rimmed by
potassium feldspar coronas. A volcaniclastic origin is suggested
by the possible contained igneous rock fragment as well as by
the angularity of grains in the groundmass. No high-strain fab-
rics were observed.

Sample NL832.85

[1 thin section]
Depth.—253.85 m (832.85 ft); core box 92.

Rock type—Porphyritic felsite.

Host unit—Exmore beds (polymict diamicton).

Dimensions.—3.4x2.2x1.7 cm (1.3x0.87x0.67 in.), partial
clast bounded by core (fig. E4D).

Description.—The angular clast of porphyritic felsite is
porphyritic-aphanitic, mottled grayish red and grayish green,
and nonfoliated. The thin section shows phenocrysts of plagio-
clase and quartz, and the aphanitic matrix has a mild yellow
sodium cobaltinitrite stain, indicating that it contains dissemi-
nated potassium feldspar. Minor constituents include opaque
minerals and secondary calcite, both disseminated and in vein-
lets. Some of the matrix has a spherulitic texture. No high-strain
fabrics were observed.

Sample NL840.4

[2 thin sections (fig. E6A,B,C) + quartz on spindle stage]

Depth (entire clast).—256.06-256.26 m (840.1-840.75 ft)
(ends were left in the core box).

Depth (sampled part).—256.11-256.23 m (840.25-
840.65 ft); core box 94. The depth in the sample number,
840.4 ft, is within the sampled part of the clast.

Rock tvpe.—Cataclasite (deformed felsite), pervasively
microfaulted, brecciated, and weakly cohesive (fig. E4B).

Host unit—Exmore beds (polymict diamicton).

Dimensions.—12-cm-long (4.7-in.-long) central part of
clast bounded by the core having a nominal diameter of 6.4 cm
(2.5 in.).

Description.—The very light gray, very fine grained clast
is larger than the core diameter, and so its shape is undeter-
mined; the top and bottom of the clast are irregular. It consists
of porphyritic-aphanitic felsite, which is pervasively micro-
faulted, brecciated, and weakly cohesive. Two thin sections
show that the rock consists mainly of euhedral to subhedral pla-
gioclase phenocrysts in a matrix of aphanitic quartz and plagio-
clase, and they show very little of the yellow sodium cobaltini-
trite stain indicating potassium. Some plagioclase phenocrysts
are offset by crosscutting microfaults. Secondary calcite (about
5 percent) is disseminated through the rock and also commonly
fills fractures. A sulfide mineral (pyrite?) occurs as tiny dissem-
inated crystals. Numerous crosscutting microfaults and frac-
tures extend short distances and disappear in the microcrystal-
line groundmass. Calcite-filled fractures up to 1 mm (0.039 in.)
thick are conspicuous; some of this calcite is strained, suggest-
ing continued fault slip. Many quartz grains in thin section 1
have at least two sets of intersecting planar deformation fea-
tures, indicating shock metamorphism.

Sample NL854.0

[1 thin section]
Depth.—260.3 m (854.0 ft); core box 95.
Rock rype—Diabase pebble (detrital).
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Host unit.—Exmore beds (polymict diamicton).

Dimensions.—4.5x3.5x2.8 cm (1.8x1.4x1.1 in.), whole
clast.

Description.—The subrounded pebble of fine-grained dia-
base (Early Jurassic?) is medium gray and nonfoliated. It has
randomly oriented plagioclase laths and an intergranular tex-
ture. It resembles typical Early Jurassic diabases in the Appala-
chian Piedmont, except that it contains 1-2 percent magnetite as
equant megacrysts 1.0-1.5 mm (0.039-0.059 in.) across. In thin
section, the diabase consists of plagioclase (~60 percent), ortho-
pyroxene (relict and chemically weathered to clay, ~25 per-
cent), miscellaneous clay weathering products (~15 percent),
and a secondary carbonate mineral (<1 percent); no relict oliv-
ine was found. No high-strain fabrics or possible impact effects
were observed.

Sample NL864.05

[1 thin section]

Depth.—263.36 m (864.05 ft); core box 96.

Rock type.—Quartz pebble (detrital).

Host unit—Exmore beds (polymict diamicton).

Dimensions.—2.3x1.7x1.3 cm (0.91x0.67x0.51 in.), whole
clast.

Description.—The well-rounded quartz pebble is very
light gray and nonfoliated. The quartz is polycrystalline. In thin
section, the quartz grains have irregular interlocking grain
boundaries, no obvious preferred orientation, and no unusual
undulatory extinction or any other evidence of high strain.

Sample NL870.3

[1 thin section (fig. ESF)]

Depth (entire clast).—265.27-265.36 m (870.3-870.6 ft);
core box 97.

Depth (sample)—265.27-265.33 m (870.3-870.5 ft) (the
remainder was left in the core box).

Rock type.—Brecciated porphyritic felsite containing
pseudotachylyte(?).

Host unit.—Exmore beds (polymict diamicton).

Dimensions.— 8.0-cm-long (3.1-in.-long) partial clast (fig.
E4A) bounded by the core having a nominal diameter of 6.4 cm
(2.51n.).

Description.—The partial clast of brecciated porphyritic
felsite is very fine grained, light gray, nonfoliated, and crumbly;
it appears weathered. The clast is larger than the core diameter,
and so its shape is undetermined; the top is subhorizontal, and
the bottom dips about 60°. Striated fractures on the top surface
(in the core box) are inconclusive evidence that the sample may
have been part of a shatter cone (Daniel J. Milton, USGS Emer-
itus, oral commun., 2001). The thin section shows a highly brec-
ciated porphyritic felsite having abundant microfractures,
including some offsetting twins in plagioclase phenocrysts. A
pseudotachylyte(?) vein (about 0.2 mm (0.0079 in.) thick) was

injected into a tension fracture having matching grain fragments
on opposite walls. The vein contains some large clean quartz
grains. Even quartz in and adjacent to the pseudotachylyte(?)
vein appears clean and free of planar deformation features. No
shock-metamorphosed minerals were found.

Sample NL873.3

[1 thin section]
Depth.—266.2 m (873.3 ft); core box 97.
Rock type—Felsite having igneous flow foliation.
Host unit.—Exmore beds (polymict diamicton).

Dimensions.—2.3x1.4x1.1 cm (0.91x0.55x0.43 in.), whole
clast.

Description.—The angular clast of felsite is grayish black,
appears flinty, and does not fizz in hydrochloric acid. The thin
section shows sparse, matrix-supported feldspar phenocrysts in
a very fine grained groundmass of feldspar and quartz with dif-
fuse spots of opaque oxide. Alignment of tiny plagioclase laths
in the matrix may be an igneous flow foliation. No cataclastic
fabrics were observed.

Sample NL905.0

[5 thin sections + quartz on spindle stage]

Depth (entire clast).—275.71-275.93 m (904.60-905.33
ft); core box 101.

Depth (sample).—275.80- 275.84 m (904.85-905.00 ft)
(the remainder was left in the core box).

Rock type.—Monomict felsite breccia (impact breccia).

Host unit.—Crater unit B (upper part) of Gohn and others
(this volume, chap. C).

Dimensions.—22-cm-long (8.7-in.-long) clast bounded by
the core having a nominal diameter of 6.4 cm (2.5 in.).

Description.—The clast is larger than the core diameter,
and so its shape is undetermined,; the top surface dips ~10°, and
the bottom dips ~50°. It is a monomict breccia composed of
angular, grayish-red, cherty microcrystalline felsite fragments
separated by white gougelike clay between the fragments and in
fractures. The clay matrix lacks primary cohesion and crumbles
when wet. Thin sections show pervasive brecciation. Angular
fragments of microcrystalline felsite resemble chert and consist
mainly of very fine grained plagioclase and quartz; the yellow
stain for potassium is dispersed on clay-sized particles. Some
spherulitic texture is present. Mjcrofaults offset twins in plagio-
clase. The clay matrix contains a few round, green glauconite
pellets along the margins and in cracks, indicating some mixing
with coastal plain sedimentary material. A few quartz grains in
thin section 3 and thin section 5 have two convincing sets of
intersecting shock-induced planar deformation features; some
other quartz grains have one visible set of parallel planar defor-
mation features.
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Stratigraphy and Paleoenvironments of
Early Postimpact Deposits at the

USGS-NASA Langley Corehole,
Chesapeake Bay Impact Crater

By C. Wylie Poag' and Richard D. Norris?
Abstract

The USGS-NASA Langley corehole was drilled into the
Chesapeake Bay impact crater in Hampton, Va. We used whole
and split cores, seismic-reflection surveys (multichannel and
single channel), downhole geophysical logs (spontaneous
potential and gamma ray), micropaleontology (planktonic and
benthic foraminifera and bolboformids), and stable-isotope
records (8130, 8'3C) to interpret the lithic, biotic, paleoenviron-
mental, and geophysical properties contained in, or represented
by, the late synimpact and early postimpact deposits (fallout
layer, dead zone, and Chickahominy Formation) overlying the
Exmore breccia in the USGS-NASA Langley core.

The initial postimpact deposit in the Langley core (resting
above a fallout layer) is a dead zone, barren of indigenous
foraminifera, which represents an interval of hostile sea-floor
paleoenvironments; the interval length was between less than
1,000 years and 8,000 years. Full recovery of the benthic foram-
iniferal community was rapid once amenable conditions were
reestablished at the beginning of Chickahominy time.

Planktonic foraminifera and bolboformids show that bio-
chronozones P15 and P16-P17 of the late Eocene are repre-
sented by the Chickahominy Formation in the Langley core-
hole. These are the same biochronozones previously docu-
mented in the Chickahominy Formation from inside the Chesa-
peake Bay impact crater at the Exmore and Kiptopeke core
sites.

The benthic foraminferal assemblages of the Chickahom-
iny Formation are encompassed in a single biozone (Cibici-
doides pippeni Zone), which is represented by 126 calcareous
and agglutinated species in the Chickahominy Formation in the
Langley core. The Cibicidoides pippeni Zone can be divided
into five subbiozones (Bathysiphon, Bulimina jacksonensis,
Lagenoglandulina virginiana, Uvigerina dumblei, and Bolivina
tectiformis Subzones). The most abundant and stratigraphically
most persistent species represented in the Cibicidoides pippeni
assemblage indicate a paleodepth of about 300 meters (~1,000

1U.S. Geological Survey, Woods Hole, MA 02543,
2Scripps Institution of Oceanography, La Jolla, CA 92093.

feet) for the Chickahominy sea floor, which exhibited oxygen
deprivation and high flux rates of organic carbon.

At the Langley corehole, the spontaneous-potential and
gamma-ray curves allow recognition of four or five lithic sub-
units, which correlate approximately with those similarly dis-
tinguished in three other intracrater coreholes (North, Bayside,
Kiptopeke). Lithically, the Chickahominy Formation in the
Langley corehole differs from its equivalents in the other three
coreholes, however, by having greater permeability and a
greater volume of glauconite near the base of the formation.

The late Eocene paleoclimate, as expressed by the post-
impact 5'80 record at the Langley corehole, was characterized
by three negative excursions of §'80 (interpreted to represent
pulses of atmospheric warmth). A significant negative excur-
sion of 8'3C in the upper part of the Chickahominy Formation
is consistent with a net global decrease in carbon burial. These
same isotopic successions have been previously recorded in the
Kiptopeke corehole, as well as at many other locations around
the globe. The isotope record provides evidence that the Ches-
apeake Bay impact and other late Eocene impacts may have
exerted a long-term influence on global climate changes, which
culminated in the well-known early Oligocene mass extinction
event.

Introduction

The Chesapeake Bay impact crater formed in the late
Eocene when a hypervelocity impactor struck the Atlantic con-
tinental shelf near the present town of Cape Charles, Va. The
impactor was either a comet or an asteroid, but in this chapter,
it is referred to by the generic term “bolide.” To obtain geolog-
ical information about the impact and the resultant crater, the
U.S. Geological Survey (USGS) and its partners drilled the
USGS-NASA Langley corehole in 2000 (see “Acknowledg-
ments”’).

The USGS-NASA Langley core site is located at lat
37°05'44.28" N., long 76°23'08.96" W. (North American
Datum of 1927), at the National Aeronautics and Space Admin-
istration (NASA) Langley Research Center in Hampton, Va.
The core site is approximately 5 kilometers (km; 3 miles (mi))
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inside the southwestern rim (in the outer part of the annular
trough) of the Chesapeake Bay impact crater (figs. F1, F2).
Here the Chickahominy Formation is 52.37 meters (m; 171.8
feet (ft)) thick and represents apparently continuous sediment
accumulation for most of the final ~2.1 million years (m.y.) of
the late Eocene Epoch.

The principal objectives of this study were (1) to establish
the immediate effects of the Chesapeake Bay bolide impact on
the local benthic biota and to characterize the transition from
synimpact to postimpact deposition at the USGS-NASA Lang-
ley core site; (2) to qualitatively evaluate the biostratigraphy of
principally the benthic foraminiferal assemblages in the Chick-
ahominy Formation in the USGS-NASA Langley core and then
to compare the evaluations with the results from previous inves-
tigations; and (3) to interpret the postimpact paleoenvironments
of the Chickahominy Formation as represented at the USGS-
NASA Langley core site.

Methods

We used downhole geophysical logs and cores (whole and
split sections) to analyze the general lithostratigraphic aspects
of the fallout layer, dead zone, and Chickahominy Formation.
To study the foraminiferal suites, we took 66 samples (~85
cubic centimeters each) spaced ~1 m (3 ft) apart (table F1) and
prepared them in a standard manner (wet sieved on a 63-
micrometer (wm) screen after 15 minutes of boiling in a solution
of sodium hexametaphosphate). Oven-dried samples were
examined by optical and scanning-electron microscopy. We
identified benthic foraminiferal species from available litera-
ture where possible (Cushman, 1935; Cushman and Ceder-
strom, 1945; Charletta, 1980; Jones, 1990), but we also used
many provisory trivial names (enclosed in quotation marks in
fig. F20, pl. F2, and tables F4-F9) for stratigraphic purposes.
These names were previously published by Poag, Koeberl, and
Reimold (2004), who studied Chickahominy foraminifera from
the Kiptopeke corehole. Because this was not a taxonomic
investigation, we did not thoroughly assess the validity or prior-
ity of all formal taxonomic names we applied.

We performed stable-isotope analyses for oxygen and
organic carbon on the same samples used for foraminiferal anal-
ysis (table F2). We used monospecific samples (~3~20 individ-
uals of the benthic foraminifer Cibicidoides pippeni) from the
>63-pm grain-size fraction. We performed mass spectrometry
using a Finnigan MAT 252 instrument with an online auto-
mated carbonate reaction Kiel device (Woods Hole Oceano-
graphic Institution). Analytical precision based on repeated
analysis of standards (NBS—-19, Carrara Marble, and B-1
marine carbonate) was better than +0.03 per mil (%) for §13¢
and 0.08%o for 8'80 relative to the Peedee belemnite (PDB)
standard.

We used the magnetobiochronological framework (syn-
thesis of radioisotopes, geomagnetic polarity, planktonic
foraminifera, and calcareous nannofossils) of Berggren and oth-

ers (1995) to guide interpretation and correlation of our bio-
stratigraphic and stable-isotope results (fig. F3).

Previous Work

Several previous studies have documented the physical
and biotic characteristics of deposits that record the transition
from synimpact sedimentation (fallout zone) to postimpact sed-
imentation (dead zone and Chickahominy Formation) at sites
within and outside the Chesapeake Bay impact crater (Poag,
1997a; Powars and Bruce, 1999; Poag, 2002; Poag, Koeberl,
and Reimold, 2004). An initial qualitative stratigraphic study of
Chickahominy foraminiferal assemblages was carried out more
than 50 years ago (Cushman and Cederstrom, 1945). No subse-
quent microfossil investigations of the Chickahominy were ini-
tiated until cores became available from the Chesapeake Bay
impact crater.

After this long hiatus, several new qualitative studies of
benthic foraminifera, planktonic foraminifera, and bolbofor-
mids were published (Poag and Aubry, 1995; Poag and Com-
meau, 1995; Poag, 1997a; Poag, Koeberl, and Reimold, 2004;
fig. F4). In addition, Poag, Koeberl, and Reimold (2004) pre-
sented a quantitative stratigraphic analysis and paleoenviron-
mental interpretation of the Chickahominy benthic foramin-
iferal assemblages (fig. F5) from the Kiptopeke corehole,
located inside the peak ring, near the center of the crater
(fig. F1). Poag, Mankinen, and Norris (2003) analyzed the
paleomagnetic and stable-isotope records (8'%0 and 5'3C) of
the Chickahominy Formation at Kiptopeke (figs. F5, F6) and
correlated them with other upper Eocene sections around the
globe. Poag (2002) and Poag, Koeberl, and Reimold (2004) pro-
vided initial assessments of the transition from fallout layer to
dead zone to Chickahominy Formation in the USGS-NASA
Langley core (fig. F7). Poag, Koeberl, and Reimold (2004,

p. 391) extended this evaluation to the Kiptopeke core.

The reader should note that in this chapter, we use the
stratigraphic framework and terminology of Poag, Koeberl, and
Reimold (2004), in which the brecciated sedimentary crater-fill
deposits (underlain by either displaced sedimentary mega-
blocks or crystalline basement rocks, and overlain by the fallout
layer) are designated as the Exmore breccia. By this designa-
tion, the Exmore breccia embraces all but the very top of the
Exmore beds (as applied in all other chapters of this volume)
and includes crater unit B as well (see Gohn and others, this vol-
ume, chap. C).

Fallout Layer

Poag (2002) and Poag, Koeberl, and Reimold (2004)
showed that at the USGS-NASA Langley corehole, the 52.37-
m-thick (171.8-ft-thick) Chickahominy Formation is separated
from the Exmore breccia by two thin deposits (3—19 centimeters

Text continues on page F13.
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Table F1. Numbers and depths of samples collected for analysis of benthic foraminifera in early
postimpact deposits in the USGS-NASA Langley core.

[Depths were measured in the field; the datum is ground level. m, meters; ft, feet]

Sample Top of Base of Top of Base of
aiiiber sample sample sample sample
(m) (m) (ft) (ft)
Drummonds Corner beds
66 183.00 183.06 600.40 600.60
Chickahominy Formation
65 183.28 183.34 601.30 601.50
64 183.54 183.60 602.15 602.35
63 183.70 183.76 602.70 602.90
62 184.62 184.68 605.70 605.90
61 185.53 185.59 608.70 608.90
60 186.45 186.60 611.70 611.90
59 187.36 187.42 614.70 614.90
58 188.28 188.34 617.70 617.90
57 189.19 189.25 620.70 620.90
56 190.10 190.16 623.70 623.90
55 191.05 191.13 626.80 627.00
54 191.96 192.02 629.80 630.00
53 192.85 192.91 632.70 632.90
52 193.76 193.82 635.70 635.90
51 194.58 194.64 638.40 638.60
50 195.38 195.44 641.00 641.20
49 196.35 196.41 644.20 644.40
48 197.27 197.33 647.20 647.40
47 198.18 198.24 650.20 650.40
46 199.25 199.31 653.70 653.90
45 200.01 200.07 656.20 656.40
44 201.84 201.90 662.20 662.40
43 202.75 202.81 665.20 665.40
42 203.67 203.73 668.20 668.40
41 204.58 204.64 671.20 671.40
40 205.50 205.56 674.20 674.40
39 206.29 206.35 676.80 677.00
38 207.26 207.32 680.00 680.20
37 208.24 208.30 683.20 683.40
36 209.12 209.18 686.10 686.30
35 210.04 210.10 689.10 689.30
34 210.98 211.04 692.20 692.40
33 211.90 211.96 695.20 695.40
32 212.84 212.90 698.30 698.50
31 213.70 213.76 701.10 701.30
30 214.82 214.88 704.80 705.00
29 215.80 215.86 708.00 708.20
28 216.56 216.62 710.50 710.70
27 219.46 219.52 720.00 720.20
26 220.37 220.43 723.00 723.20
25 221.41 221.47 726.40 726.60
24 222.20 220.26 729.00 729.20
23 223.18 223.24 732.20 732.40
22 224.06 224.12 735.10 735.30

21 224.93 224.99 737.96 738.16
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Table F1. Numbers and depths of samples collected for analysis of benthic foraminifera in early
postimpact deposits in the USGS-NASA Langley core.—Continued

Top of Base of Top of Base of

Sample
number sample sample sample sample

(m) (m) (ft) (ft)
Chickahominy Formation—Continued
20 225.86 22592 741.00 741.20
19 226.74 226.80 743.90 744.10
18 227.69 227.75 747.00 747.20
17 228.60 228.66 750.00 750.20
16 229.51 229.57 753.00 753.20
15 230.46 230.52 756.10 756.30
14 231.44 231.50 759.30 759.50
13 232.26 232.32 762.00 762.20
12 233.16 233.22 764.95 765.15
11 234.12 234.18 768.10 768.30
10 23491 234.94 770.70 770.80
235.49 235.52 772.60 772.70
8 235.58 235.63 772.90 773.05
Dead zone

[The contact between the dead zane and the Chickahominy Formation is near the middle of sample 7 at
235.65 m (773.12 ft), and the contact between the dead zone and the fallout layer is within sample 4 at
~235.84 m (~773.75 ft) (fig. F7)]

7 235.63 235.67 773.05 773.20
6 235.67 235.72 773.20 773.35
5 235.79 235.82 773.60 773.70
4 235.82 235.85 773.70 773.80
Fallout layer
3 235.85 235.87 773.80 773.85
Exmore breccia
2 235.87 235.88 773.85 773.90
235.88 235.92 773.90 774.00

Table F2. Stable-isotope data derived from carbonate tests of Cibicidoides pippeni extracted from samples of
the Chickahominy Formation and the Drummonds Corner beds in the USGS-NASA Langley core.

[Depths are in meters (m) to the tops of samples; depths in feet are in table F1. Delta values for oxygen and organic
carbon isotopes are in parts per mil (%c). No data were available for samples 61 and 23 (table F1) from depths of
185.53 m and 223.18 m]

Depth ¢ 5% | Depth B¢ 50 | Depth 3% 5'0 | Depth 5% '
(m) (%) (%) (m) (%a) (%) (m) (%a) (%) (m) (%) (%)
183.00 -7.182 +0.325 | 195.38 -0.637 -0.124 | 210.04 -0.954 -0.003 | 225.86 +0.096 +0.036
183.28 -0.621 +0.184 | 196.35 -0.286 +0.110 | 21098 -0.719 +0.235| 226.74 -0.328 +0.275
183.54 —0.616 +0.264 | 197.27 -0.726 +0.064 | 211.90 -0.708 -0.001 | 227.69 +0.073 -0.013
183.70 -0.640 +0.241 | 198.18 —-1.090 +0.111 | 212.84 -1.190 -0.035 | 228.60 -0.121 +0.012
184.62 -0.710 +0.344 | 199.25 -0.765 +0.035 | 213.70 -0.900 -0.077 | 229.51 -0.341 -0.029
186.45 -0.938 +0.170 | 200.01 -0.671 +0.224|214.82 -0.864 -0.078 | 230.46 -0.407 -0.204
187.36 -0.782 +0.131 | 201.84 —0.946 +0.334 | 215.80 -1.066 -0.272 | 231.44 -0.236 -0.014
188.28 -0.753 -0.044 | 202.75 -1.329 +0.019 | 216.56 -0.897 +0.227 | 232.26 +0.004 -0.029
189.19 -0.526 +0.073 | 203.67 -0.785 +0.118 | 219.46 -0.948 +0.201 | 233.16 -0.189 -0.173
190.10 -0.860 -0.116 | 204.58 -0.773 -0.276 | 220.37 -0.975 +0.406 | 234.12 -0.040 +0.073
191.05 -0.837 -0.047 | 205.50 -0.736 +0.286 | 221.41 —1.005 +0.123 | 23491 -1.543 -0.246
191.96 -0.704 -0.002 | 206.29 -0.706 -0.052 | 222.20 -1.069 +0.087 | 235.49 -0.702 +0.124
192.85 -0.159 +0.172 | 207.26 —-0.903 -0.149 | 224.06 -0.172 +0.039 | 235.58 -0.603 -0.173
193.76 -0.806 +0.013 | 208.24 -0.922 -0.148 [224.93* -0.106 +0.278
194.58 -0.449 +0.174 | 209.12 -0.793 +0.114 |224.93* -0.070 +0.214

*Two analyses were performed for sample 21 from 224.93 m.
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Figure F4. Chart summarizing ranges of principal planktonic for-
aminifera, bolboformids, and calcareous nannofossils identified
in the Chickahominy Formation and the underlying Exmore breccia
from the Kiptopeke and Exmore coreholes (from Poag and Aubry,
1995). A, Species ranges. B, Species names used in figure F4A.

Ticks inside the core diagrams indicate sample depths for plank-
tonic foraminifera and bolboformids (right) and calcareous nanno-
fossils (left). Symbols for stratigraphically mixed specimens
found within the Exmore breccia: o=indigenous late Eocene spec-
imens; x=allogenic specimens (older than late Eocene).
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B, Species names used in figure F4A

Planktonic Foraminifera

Cribrohantkenina inflata (Howe) 1928
Dentoglobigerina tripartita (Koch) 1926

Globigerina gortanii (Borsetti) 1959

Globigerina ouachitaensis Howe and Wallace, 1932
Globigerina praebulloides Blow, 1959
Globigerinatheka semiinvoluta (Keijzer) 1945
Praetenuitella praegemma Li, 1987
Pseudohastigerina naguewichiensis (Myatyliuk) 1950
Testacarinata inconspicua (Howe) 1939
Testacarinata medizzai (Toumarkine and Bolli) 1975
Turborotalia cocoaensis (Cushman) 1928
Turborotalia cunialensis (Toumarkine and Bolli) 1970

Bolboformids

Bolboforma latdorfensis Spiegler, 1991
Bolboforma spinosa Daniels and Spiegler, 1974

Calcareous Nannofossils

Arkhangelskiella cymbiformis Vekshina, 1959
Broinsonia parca (Stradner, 1963)

Chiasmolithus oamaruensis (Deflandre, 1954)
Chiasmolithus solitus (Bramlette and Sullivan, 1961)
Cruciplacolithus tenuis (Stradner, 1961)

Discoaster barbadiensis (Tan, 1927)

Discoaster kuepperi Stradner, 1959

Discoaster lodoensis Bramlette and Sullivan, 1961
Discoaster multiradiatus Bramlette and Riedel, 1954
Discoaster saipanensis Bramlette and Riedel, 1954
Discoaster sublodoensis Bramlette and Sullivan, 1961
Ellipsolithus macellus (Bramlette and Sullivan, 1961)
Helicosphaera reticulata Bramlette and Wilcoxon, 1967
Isthmolithus recurvus Deflandre, 1954

Neococcolithes minutus (Perch-Nielsen, 1967)
Placozygus sigmoides (Bramlette and Sullivan, 1961)
Reticulofenestra bisecta (Hay, Mohler, and Wade, 1966)
Reticulofenestra reticulata (Gartner and Smith, 1967)

Figure F4. Continued.
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Figure F5. Chart summarizing correlations among magnetostratigraphy, planktonic
foraminiferal and calcareous nannofossil zones, benthic foraminiferal subzones,
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(8'80, 8'3C) in the Chickahominy Formation in the Kiptopeke corehole (modified from
Poag, Koeberl, and Reimold, 2004, fig. 13.10). W—1, W—2, W—3=pulses of warm global

climate based on 8'80; species richness=number of benthic foraminiferal species
identified in a sample. Scale at right indicates time in thousands of years (k.y.) postim-
pact. The three species-richness cycles (numbers in circles) differ slightly from the
three depositional episodes (numbers in squares) determined from sediment accumu-
lation rates (Poag, Koeberl, and Reimold, 2004, table 13.1).
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Figure F7. Core log showing stratigraphic interpretation of sediments
across the transition from the Exmore breccia to the Chickahominy For-
mation in the USGS-NASA Langley corehole and images of sampled
sediment (modified from figs. 3 and 4 of Poag, 2002). Each solid rectan-
gle at left of the lithology column indicates the position of a sample
taken for this study (circled numbers are sample numbers listed in
table F1). A, Stereopair of scanning-electron micrographs illustrating
fragment of pyrite lattice (modified from Poag, 2002, fig. 4). Note hemi-
spherical concavities separated by knife-edge partitions; Poag (2002)
inferred that the concavities originally contained glass microspherules,
which constituted the fallout layer from the Chesapeake Bay impact. B,
Split-core sample (sample 5) from near the base of the dead zone (see

leader), showing a repetitious succession of submillimeter-scale hori-
zontal laminae of sand, silt, and clay. Photograph from Poag (2002, fig.
3). C, Split-core sample (sample 7) containing boundary between clay of
the Chickahominy Formation (above) and the dead zone (below). Photo-
graph from Poag (2002, fig. 3). Note coarse sand in the Chickahominy
burrow and fine sandy laminae and lenses in the dead zone. Note also
that our stratigraphic interpretations of this core interval follow those
of Poag, Koeberl, and Reimold (2004). Thus, we recognize the fallout
layer and dead zone as a composite transitional interval that separates
the Exmore breccia (Exmore beds, in part, of other chapters in this vol-
ume) from the Chickahominy Formation.
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(cm) or 1.2-7.5 inches (in.) thick) that record the synimpact-
postimpact transition. This critical depositional shift began
with accumulation of a thin (~3 cm; 1.2 in.) layer of silty clay,
containing dozens of well-preserved fragments of pyrite micro-
structures (fig. F7A). The microstructures exhibit smooth-
walled, closely spaced. hemispherical pits or depressions,
approximately 0.5—1.0 millimeter (mm; 0.02-0.04 in.) in diam-
eter, which are separated from each other by curved, knife-
edge partitions. Poag and the Chesapeake Coring Team (2001),
Poag, Gohn, and Powers (2001), Poag (2002), and Poag, Koe-
berl, and Reimold (2004) concluded that the pyrite microstruc-
tures originally were parts of a larger pyrite lattice, which had
encased a layer of stacked glass microspherules (microtektites)
derived from shock-melted silica droplets. Those authors
inferred that the glass microspherules had been part of a fallout
layer, which originally accumulated in quiet-water conditions
following abatement of massive impact-generated turbulence
over the crater.

Poag (2002) and Poag, Koeberl, and Reimold (2004)
placed the base of the fallout layer at 235.87 m (773.85 ft;
fig. F7) in the Langley core. Poag (2002) interpreted the fallout
layer to be part of the Exmore breccia (other authors in the
present volume assign it to the Exmore beds), whereas Poag,
Koeberl, and Reimold (2004) considered the fallout layer to be
part of a silt-rich unit that separates the sand-rich Exmore brec-
cia from the clay-rich Chickahominy Formation.

Dead Zone

Above the fallout layer, Poag (2002) and Poag, Koeberl,
and Reimold (2004) described a dark-gray, laminated, clayey
silt unit, ~0.19 m (~0.63 ft) thick in the Langley core, which
they designated as a dead zone (fig. F7). The silt appears to be
devoid of indigenous microfossils, though specimens reworked
from the Exmore breccia are abundant in thin white laminae and
millimeter-scale lenses of micaceous, fine to very fine sand
(fig. F7B,C). Pyritized burrow casts also are particularly com-
mon in the dead zone. Poag (2002) and Poag, Koeberl, and
Reimold (2004) interpreted the dead zone to be the initial
postimpact marine sedimentary unit, and they inferred quiet-
water deposition from the undisturbed geometry of the repeti-
tive, submillimeter-scale, horizontal laminae of sand, silt, and
clay. Poag (2002) and Poag, Koeberl, and Reimold (2004)
placed the conformable lower contact of the dead zone at
235.84 m (773.75 ft) in the Langley core. The upper boundary
of the dead zone is a sharp contact with the base of the Chicka-
hominy Formation at 235.65 m (773.12 ft; fig. F7C).

Chickahominy Formation

Lithic Characteristics

Poag, Koeberl, and Reimold (2004) described fresh cores
of the Chickahominy Formation from several coreholes in the
Chesapeake Bay impact crater as typically composed of gray-

green clay that weathers to yellowish olive brown and contains
variable amounts of finely comminuted glauconite and musco-
vite (see also Powars and others, this volume, chap. G). The
clay is silty to sandy, is richly fossiliferous, and commonly dis-
plays fine to coarse (frequently faint) lamination. The biota are
mainly marine microfossils (benthic and planktonic foramin-
ifera, calcareous nannofossils, bolboformids, ostracodes,
dinoflagellates, radiolarians), but they also include common to
abundant remains or evidence of invertebrates (echinoid spines,
solitary corals, thin bivalves, scaphopods, pyritized burrow
casts) and vertebrates (fish skeletal debris and teeth; see also
Edwards and others, this volume, chap. H).

Sediments subjacent to the upper boundary of the Chicka-
hominy Formation are usually intensely burrowed; those near
the lower boundary are moderately burrowed. Larger burrows
are filled with coarser material (sand) than the Chickahominy
itself (clay) and can be identified as far as 2 m (6.6 ft) into the
Chickahominy. Burrows at the top of the Chickahominy are
filled with glauconitic quartz sand and microfossils reworked
downward from the overlying Oligocene Drummonds Corner
beds (Langley core) or Delmarva beds (Kiptopeke core). At the
base of the Chickahominy Formation, the smallest, most abun-
dant burrows are filled with framboidal pyrite. The largest bur-
rows in this basal interval are filled with quartz sand and mixed
microfossil assemblages reworked upward from the Exmore
breccia. The presence of the sand-filled burrows causes the
upper and lower sediments in the Chickahominy section to frac-
ture and crumble upon drying, in contrast to most of the remain-
der of the unit, which maintains its dense, massive character.

Seismic Signature

Integrating the lithic core records and downhole geophys-
ical records allows precise correlation between the lithic bound-
aries of the Chickahominy Formation and their reflection signa-
tures on seismic-reflection profiles (Poag, 1997a; Poag and
others, 1999; Poag, Koeberl, and Reimold, 2004). Normally, a
significant impedance contrast exists between the relatively
consolidated (dense) clay of the Chickahominy Formation and
the unconsolidated sands of the overlying unit, which in differ-
ent areas is the lower Oligocene Drummonds Corner beds or the
lower Oligocene Delmarva beds (Powars and others, 1992;
Powars and Bruce, 1999; Powars and others, this volume, chap.
G). This impedance contrast produces an easily recognized
high-amplitude reflection at the upper boundary of the Chicka-
hominy Formation (fig. F8), which can be traced over the entire
crater and extends a short distance outside the crater rim.

The lower boundary of the Chickahominy also is charac-
terized by a strong impedance contrast and a resultant high-
amplitude reflection where clay of the Chickahominy Forma-
tion contacts the underlying unconsolidated silts and sands of
the Exmore breccia (figs. F8, F9). Even on profiles where the
boundary reflections are weak (fig. F9), the large number of
intersections between profiles (Poag and others, 1999; Poag,
Koeberl, and Reimold, 2004) assures recognition of both the
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upper and lower boundaries of the Chickahominy Formation. In
the thickest sections of the Chickahominy, internal seismic
reflections indicate the probability of meter-scale bedding. In
short, the seismostratigraphic signature of the Chickahominy is
easy to recognize and to trace over the crater, and, therefore, its
present structure (fig. F10), thickness (fig. F11), and distribu-
tion can be accurately mapped.

Geometry and Distribution

The structure, morphology, and distribution of the Chick-
ahominy Formation have been influenced strongly by the orig-
inal irregular geometry of the upper surface of the Exmore brec-
cia and by a long-term subsidence differential between the
unconsolidated, water-saturated impact breccia inside the crater
and the semiconsolidated, preimpact sedimentary column out-
side the crater (Poag, Koeberl, and Reimold, 2004). Differential
subsidence is partly responsible (along with original bathymet-
ric differences between the crater basin and its peripheral litho-
topes) for a much thicker section of Chickahominy inside the
crater than outside the crater (figs. F1, F11). In addition, contin-
ued differential subsidence during the roughly 34 million years
(m.y.) of post-Eocene time, in concert with differential compac-
tion of the underlying breccia, has caused the Chickahominy
Formation to sag irregularly over the crater rim (table F3). Thus,
the Chickahominy thickens and sags as it crosses into the annu-
lar trough and inner basin, just as the underlying Exmore brec-
cia does (figs. F8, F9, F12, F13, F14). Likewise, the Chicka-
hominy mimics the geometry of the underlying Exmore breccia
by arching up and thinning over the peak ring and central peak
(figs. F13, F14).

Inside the crater, the Chickahominy Formation is ~20 m to
>220 m (66 to >720 ft) thick and averages ~100-120 m (330-
390 ft) (fig. F11). The thickness varies greatly because the unit
fills various pits and troughs in the upper surface of the breccia,
which were accentuated by postimpact differential compaction.
In general, the formation is thickest where the underlying
Exmore breccia is thickest (where the basement surface is deep-
est) and thins where the Exmore breccia is thinnest (where the
basement shallows).

The Chickahominy Formation thickens from 20 m to >90
m (66 to >290 ft) where it crosses the western part of the outer
rim, from 20 m to >150 m (66 to >490 ft) across the northern
part of the outer rim, and from 20 m to >160 m (66 to >520 ft)
across the eastern and southern parts (fig. F11; table F3). The
thickest part of the formation (>220 m; >720 ft) occupies the
western sector of the inner basin. We have no seismic data for
the eastern sector of the inner basin, but a gravity model (Poag,
Koeberl, and Reimold, 2004) indicates a similar thickness of
Chickahominy there.

The Chickahominy thins over broad areas of the western,
northern, and southern sectors of the annular trough; the two
locations having the thinnest sections are the area over the
southwestern crest of the peak ring and the area over the central
peak (figs. F11, F13, F14). The Chickahominy thins rapidly to

<10 m (<33 ft) within a few kilometers outside the crater rim,
and it is too thin to trace beyond that point on the seismic pro-
files (fig. F11). The formation is less than 10 m (33 ft) thick in
most of the noncored boreholes that have penetrated it outside
the crater (Brown and others, 1972; Powars and Bruce, 1999).

Faults and Fault Systems

In addition to producing thickening, thinning, and sagging
of the Chickahominy Formation, differential compaction of the
Exmore breccia also has created a series of normal-offset faults
and fault systems within the postimpact sedimentary section,
which break the Chickahominy Formation into discrete fault
blocks (figs. F8, F9, F12, F13, F14, F15; Poag, Koeberl, and
Reimold, 2004). The throw on most faults decreases upsection,
indicating that they are growth faults along which long-term
continuous or intermittent movement has occurred (fig. F15).
The USGS-NASA Langley corehole crossed a minor branch of
one of the postimpact compaction faults, which slices through
the Chickahominy Formation at 229.9 m (754.4 ft) depth
(fig. F16).

The two most prominent systems of compaction faults are
expressed on the seismic profiles as complex intervals of dis-
rupted and offset reflections that derive from distinct grabens
located along the outer margins of the annular trough and inner
basin (figs. F8, F9, F12, F13). Because these graben structures
are present on almost every seismic profile that crosses the outer
rim and (or) the outer wall of the inner basin, we infer that they
represent parts of two nearly continuous concentric graben sys-
tems (ring grabens) that encircle the crater just inside the outer
rim and the peak ring (fig. F17).

In addition to the two ring grabens documented on the seis-
mic profiles, more than 700 individual faults and fault clusters
(small grabens, horsts, or normal faults) are scattered in mainly
concentric orientations throughout the Chickahominy Forma-
tion (Poag, Koeberl, and Reimold, 2004; see fig. F17 of this
chapter).

Biostratigraphy

Poag and Aubry (1995) established the general biostrati-
graphic framework for the Chickahominy Formation on the
basis of planktonic foraminifera, calcareous nannofossils, and
bolboformids from the Kiptopeke core (fig. F4). They con-
cluded that the lower part of the Chickahominy embraces plank-
tonic foraminiferal biochronozone P15 and the upper part rep-
resents biochronozone P16-P17. An erosional surface at the top
of the Chickahominy Formation is presumed to result from
removal of the base of Zone P18, an interval that would repre-
sent roughly 0.1 m.y. The P15 zonal marker Globigerinatheka
semiinvoluta has not been found in the Chickahominy Forma-
tion, but specimens of this species are present in the Exmore
breccia of the Kiptopeke core. Their presence in the breccia

Text continues on page F26.
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Figure F10. Structure map representing depth to the top of the Chickahominy Formation in the area of the Chesapeake Bay impact crater (fig. F1).
Contour intervals are 20 and 50 m (66 and 164 ft); hachured contours indicate depressions. Dashed line is the approximate landward (updip) limit of
the Chickahominy Formation. The map is from Poag, Koeberl, and Reimold (2004, fig. 7.8).
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Figure F11. Isopach map of the Chickahominy Formation in the area of the Chesapeake Bay impact crater (fig. F1). Contour intervals are 10
and 20 m (33 and 66 ft); the 10-m contour (dashed where inferred) shows that the Chickahominy extends outside the crater. In places, the
outer rim of the crater (red) coincides with various contours. The map is from Poag, Koeberl, and Reimold (2004, fig. 7.9).
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Table F3. Elevation, sag, and thickness data for the Chickahominy Formation where it crosses the outer rim of the
Chesapeake Bay impact crater.

[Data derived from 25 seismic-reflection profiles and Poag, Koeberl, and Reimold (2004); a few selected profiles are shown in this report
(figs. F8, F9, F12). Elevation is depth in meters (m) below sea level (bsl) to the top of the Chickahominy Formation]

Elevation Elevation Thickness Thickness Thickness
Profile name outside inside Amount outside inside increase
and number rim rim Of( 248 rim rim —_—
(m bsl) (m bsl) i (m) (m) (m (%)
SEAX 2 100 175 75 25 110 85 340
SEAX 3 (fig. F8) 85 120 35 10 90 80 800
Texaco 13YR (fig. F9) 75 120 45 10 90 80 800
SEAX 16 (fig. F12) 110 190 80 15 80 65 433
SEAX 17 125 170 45 10 100 90 900
Neecho 3 110 170 60 10 70 60 600
Texaco 11-PR 120 220 100 40 100 60 150
Texaco 9-CB-F 120 210 90 40 100 60 150
SEAX 12 140 180 40 20 140 120 600
SEAX 13 150 200 50 15 110 95 633
Texaco 10-RR 180 230 50 10 140 130 1,300
Texaco 1-CB 175 200 25 10 90 80 800
SEAX 4 150 180 30 20 100 80 400
SEAX 10 175 220 45 10 130 120 1,200
SEAX 11 160 180 20 10 120 110 1,100
SEAX 5 220 240 20 10 120 110 1,100
SEAX 6 220 270 50 15 70 55 367
SEAX 8 255 310 55 15 60 45 300
SEAX 9 280 320 40 15 100 85 567
SEAX 19 365 390 25 10 120 110 1,100
SEAX 22 370 390 20 10 100 90 900
SEAX 25 350 380 30 30 150 120 400
SEAX 27 315 320 5 20 130 110 550
SEAX 1 365 405 40 20 150 130 650
Ewing 3 310 340 30 25 130 105 420

Average 201 245 44 17 108 91 662
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Figure F13. First segment of two-channel seismic-reflection pro-
file Ewing 2 collected in 1998 by the USGS in collaboration with
the Lamont-Doherty Earth Observatory (LDEQ). The profile segment
crosses the peak ring of the Chesapeake Bay impact crater. Note

T
10 MILES

e AT
Y R i)
i S

7

N
47' o
% V‘

4
&

o

that the Chickahominy Formation thins and rises structurally over
basement highs. See figure F1 for location of profile. A, Interpret-
ed segment of two-channel profile Ewing 2 (from Poag, Koeberl,
and Reimold, 2004, fig. 4.26A). B, Uninterpreted version of A.
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Figure F14. Second segment of two-channel seismic-
reflection profile Ewing 2 collected in 1998 by the USGS in
collaboration with the Lamont-Doherty Earth Observatory
(LDEQ). The profile segment crosses the flanks of the central
peak of the Chesapeake Bay impact crater. Note that the
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Chickahominy Formation thins and rises structurally over
basement highs. See figure F1 for location of profile. 4, Inter-
preted segment of two-channel profile Ewing 2 (from Poag,
Koeberl, and Reimold, 2004, fig. 4.32). B, Uninterpreted ver-
sion of A.
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Figure F15. Segment of multichannel seismic-reflection profile decrease in fault throw. See figure F1 for location of profile. A,
Neecho 1 collected near the mouth of the York River by the USGS in  Interpreted segment of multichannel profile Neecho 1 (from Poag,
1982. The profile shows stratal offsets due to postimpact faults Koeberl, and Reimold, 2004, fig. 7.12C). B, Uninterpreted version

extending from the Chickahominy Formation. Letters A—E indicate of A.
seismic reflections traced across the profile to demonstrate upward
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229.94 m (754.4 1)

Pyrite-rich fault gouge
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Figure F16. Photograph of a core segment of the Chickahominy Formation from the USGS-NASA Langley
corehole showing a minor branch of the postimpact fault system. Leader indicates pyrite-rich fault gouge.
Photograph by C.W. Poag (from Poag, Koeberl, and Reimold, 2004, fig. 7.10).



Stratigraphy and Paleoenvironments of Early Postimpact Deposits at the USGS-NASA Langley Corehole F25

76°30° 76° 75°30°
|

§
Q(.)
&\b
%
37°30° &3'
¥

Outer ring graben

Inner ring graben

37°

Peripheral fault
system

20 40 60 KILOMETERS
J

T T T
10 20 30 MILES

oo

Figure F17. Map showing the general distribution of postimpact compaction faults (ticks on downthrown side) that cut the Chickahominy
Formation at the Chesapeake Bay impact crater, as interpreted from seismic-reflection data. From Poag, Koeberl, and Reimold (2004, fig. 7.11).
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indicates that sediment belonging to Zone P15 had been depos-
ited prior to the impact.

The presence of Turborotalia cunialensis and Cribrohant-
kenina inflata in the Chickahominy at Kiptopeke is evidence
that Zone P16 is represented in that core. The P15-P16 biozonal
boundary was not recognized at Kiptopeke, however. Instead,
Poag and Aubry (1995) identified the P15-P16 biochronozone
on the basis of a thin concurrent-range biozone defined by the
highest occurrence of Bolboforma spinosa and the lowest
occurrence of Bolboforma latdorfensis (fig. F4; see also Poag,
Koeberl, and Reimold, 2004). This bolboformid biozone has
been established as approximately correlative with the P15-P16
biozonal boundary at Deep Sea Drilling Project (DSDP) Site
612 on the New Jersey Continental Slope (Poag and Aubry,
1995).

Poag, Koeberl, and Reimold (2004) also analyzed the
stratigraphic distribution of benthic foraminifera in the Chicka-
hominy Formation at Kiptopeke. They identified one calcare-
ous benthic foraminiferal biozone (Cibicidoides pippeni) and
four calcareous benthic foraminiferal subbiozones (Bulimina
Jjacksonensis, Lagenoglandulina virginiana, Uvigerina dumb-
lei, and Bolivina tectiformis) based on the stratigraphic ranges
(presence-absence) of the nominate calcareous benthic foram-
iniferal species (fig. F5; pl. F1).

Poag, Koeberl, and Reimold (2004) defined the calcareous
benthic foraminiferal zonation as follows:

* Cibicidoides pippeni Taxon-Range Biozone. That part of
the Chickahominy Formation embracing the stratigraphic
range of the nominate species. Cibicidoides pippeni
appears to have a more extensive stratigraphic range in
other localities, however, such as the Gulf of Mexico Coast
and Caribbean (Van Morkhoven, Berggren, and Edwards,
1986) than it has at Kiptopeke.

* Bulimina jacksonensis Interval Subbiozone. That part of
the Chickahominy Formation embracing the partial strati-
graphic range of the nominate species between its lowest
occurrence and the lowest occurrence of Lagenoglan-
dulina virginiana.

* Lagenoglandulina virginiana Interval Subbiozone. That
part of the Chickahominy Formation embracing the partial
stratigraphic range of the nominate species between its
lowest occurrence and the lowest occurrence of Uvigerina
dumblei.

o Upvigerina dumblei Interval Subbiozone. That part of the
Chickahominy Formation embracing the partial range of
the nominate species between its lowest occurrence and
the lowest occurrence of Bolivina tectiformis.

* Bolivina tectiformis Taxon-Range Subbiozone. That part
of the Chickahominy Formation embracing the total range
of the nominate species.

Poag, Koeberl, and Reimold (2004) also recognized a fifth
subbiozone on the basis of agglutinated benthic foraminiferal
taxa (fig. FS; pl. F1):

* Bathysiphon Abundance Subbiozone. That part of the
Chickahominy Formation at the base of the Bulimina jack-
sonensis Subbiozone that contains the peak development
(maximum specimen abundance and species diversity) of a
suite of agglutinated benthic foraminifera in which Bathy-
siphon sp. is a notable (persistent and relatively abundant)
constituent.

The USGS-NASA Langley Core

Lithostratigraphy

In the USGS-NASA Langley core, the Chickahominy For-
mation appears visually to be relatively uniform in composition.
It is mainly a dense, dark-greenish-gray, highly fossiliferous
marine clay (especially rich in microfossils); the unit is 52.37 m
(171.8 ft) thick (see Powars and others, this volume, chap. G).
On closer examination, the lithology is seen to be variable. For
example, the relative amount of quartz silt and sand, mica
flakes, and finely comminuted glauconite (as observed in
washed foraminiferal samples) is not uniform through the cored
section. Also, the unit is heavily burrowed at its top contact. The
largest burrows contain sand and microfossils reworked down-
ward from the overlying Oligocene Drummonds Corner beds.
Fewer burrows are present at the base of the Chickahominy.
The basal burrows contain sand and stratigraphically mixed
microfossils reworked upward from the underlying Exmore
breccia. Smaller burrows filled with framboidal pyrite are scat-
tered throughout the formation but are more densely concen-
trated in some intervals than in others.

Log Correlations

Comparisons of downhole spontaneous-potential (SP)
logs from the USGS-NASA Langley corehole and three other
intracrater coreholes (North, Bayside, Kiptopeke; fig. F1) are
useful in deciphering the thickness and distribution of litho-
facies within the Chickahominy section. The logs from North,
Bayside, and Kiptopeke indicate that the Chickahominy is nota-
bly less permeable (negative deflection of the SP curve) than the
units that bound it (fig. F18). The Chickahominy section in the
Langley corehole is an exception, however. There, the SP log is
positively deflected relative to the log of the underlying Exmore
breccia, which we infer to indicate greater permeability. Never-
theless, at all four core sites, the Chickahominy Formation can
be partitioned into four principal subunits (SP—1 through SP—4)
on the basis of log-defined SP deflections (relative permeabil-
ity; fig. F18); a fifth subunit (SP-5) is recognized only at
Kiptopeke.
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Subunits SP—1 through SP-5 are described below in
ascending order:

¢ Subunit SP-1. At each site, subunit SP—1 (at the base) is
characterized by the strongest negative deflections (lowest
permeability).

* Subunit SP-2. At North, Bayside, and Kiptopeke, subunit
SP-2 is characterized by SP values that become gradually
more positive upcore (increasing permeability). In the
Langley corehole, on the other hand, the positive SP
deflection is abrupt at the base of SP-2, reaches highest
values for this corehole, and then tapers off negatively,
before declining steeply (becoming less permeable) at the
top of SP-2 (fig. F18).

* Subunit SP-3. The log deflection in subunit SP-3 is more
positive (greater permeability) than the deflection in SP-2
at North, Bayside, and Kiptopeke but is more negative
(less permeability) than the deflection in SP-2 in the
Langley corehole.

* Subunit SP-4. In subunit SP—4, the SP curve deflects neg-
atively relative to the curve for SP-3 at North, Kiptopeke,
and Langley but shows a relatively positive deflection at
Bayside (fig. F18).

* Subunit SP-5. A fifth subunit (SP-5) at the top of the
Chickahominy Formation can be recognized only at Kip-
topeke. In subunit SP-5, the SP log deflects notably in the
positive direction upsection.

Downhole gamma-ray (GR) logs, which reflect mainly the
relative amount of clay and (or) glauconite in the Chickahominy
Formation, provide a somewhat stronger definition of down-
hole lithic changes than do the SP curves (fig. F18); positive
deflections of a GR log are interpreted to represent increased
amounts of clay or glauconite. The GR curves at all four sites
indicate a fivefold subdivision (GR-A through GR-E) of the
Chickahominy. The upward succession of relative GR values,
like that of the SP values, is similar at North, Bayside, and
Kiptopeke.

Subunits GR—-A through GR-E are described below in
ascending order:

* Subunit GR-A. The basal GR subunit (GR-A) displays
the greatest negative values at North, Bayside, and Kipto-
peke, but in stark contrast, GR-A gives unusually high
positive values at the Langley corehole.

* Subunit GR-B. Subunit GR-B shows upwardly increas-
ing positive values at North and Kiptopeke, uniformly
slightly higher values than GR—A at Bayside, and uni-
formly more negative values than GR—A at Langley
(fig. F18).

* Subunit GR-C. In subunit GR-C, the GR values continue
to increase positively upward at the Langley, North, and
Bayside coreholes but decrease slightly before increasing
again at Kiptopeke.

e Subunit GR-D. In subunit GR-D, GR values become
negative at all sites relative to those of subunit GR-C.

e Subunit GR-E. Maximum positive GR values are reached
at the top of the Chickahominy Formation in subunit GR—

E at all four core sites (fig. F18).

The complex correlations of SP and GR subunits among
different coreholes, combined with the marked stratigraphic
variability within individual coreholes, are the results of later-
ally and vertically shifting Chickahominy lithotopes and sug-
gest that the subunit boundaries are not likely to be synchronous
from corehole to corehole. The most consistent intracorehole
correlation is between SP-3 and GR-C, whose upper and lower
boundaries coincide (or nearly coincide) at all four sites
(fig. F18). There also is good correlation between SP—1 and
GR-A and between SP-2 and GR-B at North, Bayside, and
Kiptopeke, but these correlations break down at Langley. At the
top of the Chickahominy section, SP—4 is equivalent to GR-D
and GR-E, except at Kiptopeke, where SP-5 correlates with the
top of GR-E.

In general, the logs indicate that during the early stages of
Chickahominy deposition, the sedimentary regime at the
USGS-NASA Langley site was distinctly different than that of
the other three core sites. This difference is particularly mani-
fested by subunit SP-2 (199-232 m; 653-760 ft) in the Langley
corehole, which not only contains more sand-sized sediment
than the basal (SP-1) and upper (SP-3, SP—4) subunits at Lang-
ley, but also contains much more sand-sized sediment than
equivalent subunits farther downdip at the North corehole or
farther toward the center of the crater at the Bayside and Kipto-
peke coreholes (fig. F18). Moreover, the basal part of SP-2 at
Langley also contains far more glauconite (subunit GR-A) than
equivalent sections at the other three core sites (fig. F18).

Biostratigraphy

Planktonic Framework

In our Chickahominy samples from the USGS-NASA
Langley core, we identified most of the same species of plank-
tonic foraminifera and bolboformids (fig. F19) reported by
Poag and Aubry (1995) for the Kiptopeke core. The planktonic
foraminiferal succession in the Langley core is not sufficient to
place the biozonal boundaries accurately, however, and so we
followed Poag and Aubry (1995) and used the Bolboforma
spinosa-Bolboforma latdorfensis biozone boundary to place the
P15-P16 biochronozone boundary; in the Langley core, the
boundary is between samples 24 and 25 at ~221.80 m (~727.70
ft) depth. See Edwards and others (this volume, chap. H) for
stratigraphic distribution of additional planktonic microfossil
groups.
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Taxon
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Figure F19. Chart showing planktonic biochronostratigraphic framework (based on occurrences of
key planktonic foraminifera and bolboformids) for the Chickahominy Formation in the USGS-NASA
Langley corehole correlated with benthic foraminiferal subzones. Symbols: +=present, .=absent, 0=
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wards and others (this volume, chap. H).
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Benthic Foraminifera

As in the Kiptopeke core, abundant benthic foraminiferal
assemblages are present in the Chickahominy Formation sam-
ples from the Langley core and can be stratigraphically divided
into the same Cibicidoides pippeni Zone and its five subzones
(tables F4-F8; pl. F1; figs. F19, F20, and F21). Correlation of
the benthic foraminiferal biozones of the Langley core with
those of the Kiptopeke core is straightforward, but notable vari-
ations in the thickness of equivalent benthic subzones between
the two core sites indicate that not all benthic subzone bound-
aries are isochronous horizons. Thickness disparities are partic-
ularly notable for the Bulimina jacksonensis and Lagenoglan-
dulina virginiana Subzones, for example. The Lagenoglan-
dulina virginiana Subzone is 12.6 m (41.3 ft) thick at Kiptopeke
but is nearly three times as thick (33.07 m; 108.5 ft) at Langley.
The benthic boundary that most closely approximates an iso-
chronous boundary is that which separates the Bulimina jack-
sonensis Subzone from the Lagenoglandulina virginiana Sub-
zone, because it is coincident with the planktonic foraminiferal
P15-P16 zonal boundary at both Kiptopeke and Langley
(fig. F22).

Age-Depth Model

Poag, Mankinen, and Norris (2003) and Poag, Koeberl,
and Reimold (2004) used three biochronological datums and
three magnetochronological datums to construct an age-depth
model for the Kiptopeke core (fig. F23). Poag, Koeberl, and
Reimold (2004) interpreted the two strongest deflections in the
depth-age curve at Kiptopeke to represent significant changes
in sediment accumulation rate (figs. F5, F22). We reassessed
the Kiptopeke age-depth model and derived slightly different
accumulation-rate values (fig. F23), but we identified the same
two major shifts at the same stratigraphic horizons reported by
Poag, Koeberl, and Reimold (2004).

At the Langley corehole, we are limited to the three bio-
chronological datums: the base and top of the Cibicidoides pip-
peni Zone (35.78 Ma and 33.7 Ma, respectively) and the P15-
P16 planktonic zonal boundary (35.2 Ma; Berggren and others,
1995; see fig. F3 of this chapter). We infer that erosion removed
the base of planktonic foraminiferal chronozone Zone P18 from
the very top of the intensely burrowed Chickahominy section;
the lost record may have represented ~0.1 m.y. By using these
datums, we identified a minor shift in sediment accumulation
rate at the P15-P16 boundary at 221.8 m (~727.70 ft) depth
(fig. F19), where the rate increases from 24 m/m.y. to 26 m/m.y.
(78.7 ft/m.y. to 85.3 ft/m.y.). Given the imprecision of identify-
ing stratigraphic boundaries on the basis of presence-absence
data in core material and the relatively coarse sampling inter-
vals, however, the differences between these two accumulation
rates may not be significant. On the other hand, the largest rate
shift at Kiptopeke takes place at the same stratigraphic level
(P15-P16 boundary; fig. F22).

Even if the rate shift were significant, the resultant two-
part sediment-accumulation record at the Langley corehole con-

trasts markedly with the three-part accumulation record at Kip-
topeke (Poag, Koeberl, and Reimold, 2004; see figs. F5, F22,
F23 of this chapter). The accumulation rate at Kiptopeke started
out at an average of 56 m/m.y. (183.7 ft/m.y.) in the lowest 32
m (105 ft), decreased to 9 m/m.y. (29.5 ft/m.y.) in the succeed-
ing 5 m (16.4 ft), and then increased to 32 m/m.y. (105 ft/m.y.)
in the upper 27 m (88.6 ft). Even though the sttatigraphic level
of the sediment-accumulation-rate shift at the Langley site is
coeval with the largest rate shift at Kiptopeke (fig. F22), the lat-
ter shift is a six-fold decrease, rather than a minor increase.

If one assumes that the sediment accumulation rate did not
vary significantly between successive datums at the Langley
site, then one can derive a rough estimate of the duration of each
benthic foraminiferal subzone and the postimpact age of each
benthic subzonal boundary (fig. F21). These estimates would
support the hypothesis that some benthic subzonal boundaries
are diachronous between the Langley and Kiptopeke coreholes.
Such diachroneity would be further supported by comparing
these boundary positions graphically (fig. F24). In the graphic
correlation, the top of the Bulimina jacksonensis Subzone
appears to be the only unequivocally isochronous benthic hori-
zon, because its plot coincides with that of the planktonic P15-
P16 boundary at both sites. The top of the Uvigerina dumblei
Subzone plots close to the line of isochroneity, however, and
may be truly isochronous, given the coarse sample spacing at
both sites. The other two benthic foraminiferal subzonal bound-
aries are significantly distant from the line of isochroneity. One
must keep in mind, however, that the SP and GR logs strongly
indicate that the rate of sediment accumulation during Chicka-
hominy time at the Langley site varied considerably, though
perhaps not in concert with the rate changes at Kiptopeke.
Clearly an analysis of the paleomagnetic record (or some other
reliable set of datums) is needed at the Langley site to provide a
more detailed record of sediment accumulation rates there.

Species Richness

In their study of Chickahominy benthic foraminifera in the
Kiptopeke core, Poag, Koeberl, and Reimold (2004) demon-
strated quantitatively that species richness (number of species
represented in a sample) varied cyclically in approximate con-
cert with the three intervals of distinctly different sediment
accumulation rates (fig. F5). In the USGS-NASA Langley core,
we find no equivalent cycles of species richness (fig. F25).
Instead, there is a twofold subdivision, with higher average spe-
cies richness (56) below 201.84 m (662.20 ft) and lower average
species richness (47) above this level. This richness shift does
not correspond to any obvious biostratigraphic boundary but
takes place near the middle of the Lagenoglandulina virginiana
Subzone. Most of the interval of higher average species richness
corresponds, however, to the section of greatest positive SP
deflection (SP-2; greatest permeability) in the Chickahominy
Formation in the Langley corehole (fig. F18). In contrast, the

Text continues on page F43.
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Table F4. Important benthic foraminiferal species of the
Cibicidoides pippeni Zone in the Chickahominy Formation
in the USGS-NASA Langley core.

[The benthic foraminiferal assemblages of the Chickahominy
Formation are encompassed in a single biozone, the Cibicidoides
pippeni Zone, which is represented by 126 calcareous and
agglutinated species in the Chickahominy Formation
(postimpact) in the USGS-NASA Langley core (fig. F20).
Species listed in this table are those whose specimens are
persistently present and (or) abundant in the Cibicidoides pippeni
Zone in the Langley core. An asterisk (*) indicates species that
were also present during the earliest late Eocene (preimpact) in
the region later affected by the Chesapeake Bay impact. The
Cibicidoides pippeni Zone was defined for the Kiptopeke core
and preimpact species were identified by Poag, Koeberl, and
Reimold (2004, tables 13.2 and 13.3). Quotation marks indicate
provisory trivial names used by Poag, Koeberl, and Reimold
(2004)]

Bulimina jacksonensis*
Caucasina marylandica*
Charltonina madrugaensis*
Cibicidoides pippeni*

Epistominella minuta*

Globobulimina ovata*
Globulina gibba*
Grigelis annulospinosa*®
Grigelis cookei

Grigelis “elongata

Guttulina hantkeni*
Guttulina irregularis*
Gyroidinoides byramensis*
Gyroidinoides planatus*

Hanzawaia blanpiedi

Lenticulina americana

Lenticulina virginiana*

Loxostomina vicksburgensis f. “spinosa”™*
Marginulina cocoaensis*

Melonis planatus™

Nodosaria capitata
Nodosaria cooperensis
Oridorsalis umbonatus*
Proxyfrons virginiana

Sigmoidella plummerae

Spiroplectinella mississippiensis*
Stilostomella cocoaensis*
Uvigerina gardnerae*

Vaginulina longiforma
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Table F5. Important calcareous benthic foraminiferal species of the Bulimina jacksonensis
Subzone in the Chickahominy Formation in the USGS-NASA Langley core.

[Species listed are those whose specimens are persistently present and (or) abundant in this
subzone or are restricted (or nearly so) to this subzone. Quotation marks indicate provisory trivial
names used by Poag, Koeberl, and Reimold (2004)]

Bolivina gardnerae Lenticulina americana

Bolivina gracilis Lenticulina “carinata”

Bolivina jacksonensis Loxostomina vicksburgensis f. “spinosa”
Bolivina “praevirginiana” Marginulina cocoaensis
Bolivina striatella Marginulina karreriana
Bulimina jacksonensis Melonis planatus

Caucasina marylandica Nodosaria capitata

Charltonina madrugaensis Nodosaria cooperensis
Cibicidoides “chickahominyanus” Nuttallides sp.

Cibicidoides pippeni Oridorsalis umbonatus
Epistominella minuta Parafrondicularia cookei
Globobulimina ovata Sigmoidella plummerae
Globulina gibba Spiroplectinella mississippiensis
Grigelis annulospinosa Stilostomella “aduncocostata”
Grigelis cookei Stilostomella cocoaensis
Grigelis “elongata” Trifarina cooperensis

Grigelis “tubulosa” Uvigerina gardnerae

Grigelis “tumerosa” Valvulineria texana

Guttulina hantkeni

Guttulina irregularis

Gyroidinoides aequilateralis
Gyroidinoides byramensis
Gyroidinoides planatus
Hanzawaia blanpiedi
Hoeglundina elegans
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Table F6. Important benthic foraminiferal species of the Lagenoglandulina virginiana
Subzone in the Chickahominy Formation in the USGS-NASA Langley core.

[Species listed are those whose specimens are persistently present and (or) abundant in
this subzone or are restricted (or nearly so) to this subzone. Quotation marks indicate
provisory trivial names used by Poag, Koeberl, and Reimold, (2004)]

Bolivina “carinocostata”
Bolivina jacksonensis
Bulimina cooperensis
Bulimina jacksonensis

Caucasina marylandica

Ceratobulimina perplexa
Charltonina madrugaensis
Cibicidoides pippeni
Epistominella minuta

Frondovaginulina tenuissima

Globobulimina ovata
Globulina gibba
Grigelis annulospinosa
Grigelis cookei
Grigelis “elongata”

Grigelis “tubulosa”
Grigelis “tumerosa”
Guttulina hantkeni
Guttulina irregularis

Gyroidinoides aequilateralis

Gvroidinoides byramensis
Gvroidinoides planatus
Hanzawaia blanpiedi
Hoeglundina elegans

Hopkinsina danvillensis

Lagenoglandulina virginiana
Lenticulina americana
Lenticulina “carinata”
Lenticulina crassilimbata

Lenticulina virginiana

Loxostomina vicksburgensis f. “spinosa”

Marginulina cocoaensis
Marginulina karreriana
Melonis planatus

Nodosaria capitata

Nodosaria cooperensis
Nodosaria vertebralis
Nuttallides sp.
Oridorsalis umbonatus

Proxyfrons virginiana

Sigmoidella plummerae
Siphonina tenuicarinata
Spiroplectinella mississippiensis
Stilostomella cocoaensis

Uvigerina gardnerae

Uvigerina jacksonensis f. alata
Uvigerina jacksonensis f. typica
Valvulineria texana

Vasiglobulina alabamensis
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Table F7. Important benthic foraminiferal species of the Uvigerina dumblei Subzone in the
Chickahominy Formation in the USGS-NASA Langley core.

[Species listed are those whose specimens are persistently present and (or) abundant in this subzone
or are restricted (or nearly so) to this subzone. Quotation marks indicate provisory trivial names used
by Poag, Koeberl, and Reimold (2004)]

Bolivina “carinocostata” Lenticulina virginiana

Bulimina jacksonensis Loxostomina vicksburgensis . “spinosa”

Buliminellita curta
Caucasina marylandica

Charltonina madrugaensis

Cibicidina mauricensis
Cibicidoides pippeni
Epistominella minuta
Globobulimina ovata
Globulina gibba

Grigelis annulospinosa
Grigelis cookei
Grigelis “elongata”
Grigelis “tumerosa”

Guttulina irregularis

Gyroidinoides aequilateralis
Gyroidinoides byramensis
Gyroidinoides planatus
Hanzawaia blanpiedi

Hoeglundina elegans

Hopkinsina danvillensis
Lagenoglandulina virginiana

Lenticulina americana

Lenticulina americana f. “spinosa”

Lenticulina “carinata”

Marginulina cocoaensis
Marginulina karreriana

Massilina decorata

Melonis planatus
Nodosaria cooperensis
Nodosaria vertebralis
Oridorsalis umbonatus

Proxyfrons virginiana

Saracenaria hantkeni
Sigmoidella plummerae
Siphonina tenuicarinata
Spiroplectinella mississippiensis

Stilostomella cocoaensis

Uvigerina gardnerae

Valvulineria texana
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Table F8. Important benthic foraminiferal species of the Bolivina tectiformis Subzone in
the Chickahominy Formation in the USGS-NASA Langley core.

[Species listed are those whose specimens are persistently present and (or) abundant in this
subzone or are restricted (or nearly so) to this subzone. Quotation marks indicate provisory
trivial names used by Poag, Koeberl, and Reimold (2004)]

Bolivina regularis
Bolivina tectiformis
Bulimina jacksonensis
Buliminellita curta

Cassidulinoides braziliensis

Caucasina marylandica
Charltonina madrugaensis
Cibicidina mauricensis
Cibicidoides pippeni

Epistominella minuta

Globobulimina ovata
Globulina gibba
Grigelis cookei
Grigelis “elongata”

Grigelis “tumerosa”

Guttulina hantkeni
Gyroidinoides byramensis
Gyroidinoides planatus
Hanzawaia blanpiedi

Hopkinsina danvillensis

Lagenoglandulina virginiana

Lenticulina americana

Lenticulina americana f. “spinosa”

Lenticulina “carinata”

Lenticulina virginiana

Loxostomina vicksburgensis f. “spinosa”
Marginulina cocoaensis

Massilina decorata

Melonis planatus

Nodosaria capitata

Nodosaria cooperensis
Nodosaria vertebralis
Oridorsalis umbonatus
Proxyfrons virginiana

Sigmoidella plummerae

Siphonina tenuicarinata
Spiroplectinella mississippiensis
Stilostomella “‘aduncocostata”
Stilostomella cocoaensis

Uvigerina gardnerae

Vaginulina longiforma
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Figure F20. Occurrence chart showing the presence of benthic foraminifera identified in the Chickahominy Formation in the USGS-NASA Langley core.
Symbols: +=present, . =absent. The placement of the P15-P16 planktonic foraminiferal biochronozone boundary was approximated by the overlapping
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Kiptopeke core

Boundary . Approximate
Zone Subzone depth Postimpact duration
(m) age (k)
3217 —1— 2.10 m.y.
- Bolivina tectiformis 134
S 3320 —— 1.98m.y.
2 Uvigerina dumblei 506
> 3182 —— 147 my.
% Lagenoglandulina virginiana 837
2 , 360.8 —1— 596 k.y.
3 Bulimina jacksonensis 593
S oemmnemnen e - 3703 e 426Ky, -qemememo
| Bathysiphon 423 !
; 3940 —— 3ky. '
Dead zone <1-3
3942 —— 00y.
USGS-NASA Langley core!
Boundary . Approximate
Zone Subzone depth Pos:n;pact duration
(m) 9 (ky.)
183.28 —— 2.10 m.y.
- Bolivina tectiformis 69
& 185.07 —— 2.02 m.y.
S Uvigerina dumblei 1L
hy 188.73 —— 1.88 m.y.
.§ Lagenoglandulina virginiana 1,272
E 221.80 —— 604 k.y.
3 Bulimina jacksonensis 577
S R e - 23619 - 2Tky.  ofreeeeee
i Bathysiphon 19 |
L 23565 —— 8ky. -
Dead zone <1-8
235.84 —— 00y.

IIf the rate at the Langley core site was 24 m/m.y., then 1 m of sediment accumulated in 42 k.y. If the rate at the
Langley core site was 26 m/m.y., then 1 m of sediment accumulated in 39 k.y.

Figure F21. Chart showing boundary depths, postimpact ages, and approximate durations of five benthic forami-
niferal subzones recognized in the Chickahominy Formation at the Kiptopeke and USGS-NASA Langley core sites.
The time scale for the Kiptopeke core was derived from magnetochronology, biochronology, and sediment accumula-
tion rates recalculated from those shown in figure F5. The time scale for the USGS-NASA Langley core was derived
from biochronology and sediment accumulation rates.



Stratigraphy and Paleoenvironments of Early Postimpact Deposits at the USGS-NASA Langley Corehole  F39

= =
2 o ij 5‘:
5 oR g é Benthi Benthic s
E £EB® = £ enthic ; iniferal g
c 5§57 £ S . . oraminifera E
g £2 g %  foraminiferal Sediment accumulation rate @
® SE% 8 subzonesat (m/m.y.) subzones at a
= @© = = =
Ma) = _S= = 0 2 40 60 Langley o>
3370 3 S e —
P17 S ! Bolivina tectiformis
|
- 9 | 2,000 S — 2,000
i B Bolivina tectiformis : Uvigerina dumblei B
|
_________________ |
34.0 — I~ I I
|
— [~ l —
13r K
- — Uvigerina dumblei | —
|
] — 1,500 : — 1,500
B ' Kiptopeke B
7 P16 : / rate
L | L
- - | -
I Lagenoglandulina k=l
] ~ I irginiana B g
346 " USGS-NASA v E
- ' Langley rate L £
" z
[} —
S 1,000 26 — 1000 | E
a Lagenoglandulina : Eu
Zr- virginiana | B 2
SO S
3.0 — - : B
|
— _ | —
151 !
_ - ______P® _____ : L __P6 ___ ~
P15 ! P15
( |
33 — 500 gylimina | 500
jacksonensis !
B : Bulimina ~
I jacksonensis
= \ 56 =
S P15 |
< | -
35.6 I
|
|
1
~35.78 7
Figure F22. Chart showing geochronological correlation of benthic P16 biochronozone boundary) is the only benthic subzone boundary
foraminiferal subzones and sediment accumulation rates for the Chick-  (other than the base and top of the Chickahominy section) that is iso-
ahominy Formation in the USGS-NASA Langley corehole compared chronous between these two core sites. Numbers 1, 2, and 3 in
with those in the Kiptopeke corehole {modified from Poag, Koeberl, squares indicate the three depositional episodes at Kiptopeke; the

and Reimold, 2004). Scale at right indicates time in thousands of years  sediment accumulation rates for these episodes are revised from rates
{k.y.) postimpact; see figure F5. Note that the top of the Bulimina jack-  shown in figure F5 and reported by Poag, Koeberl, and Reimold (2004,
sonensis Subzone (coincident with the planktonic foraminiferal P15- table 13.1).



F40

Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

180 - 325 T T T T T T — T T T T T T I
Top C. pippeni Zone
185 - 330 - -
w 190 - 335 —
oc
[N E)
'_
[N
= 195+ 340 _
=
B0 35 .
a 2
[NE]
Jowsk B oot .
g =
o 210 - ; 355 - Top chron 15n i
= =
<o a
= wl
S 215 C|- 360 - .
3 i
Z 2 3 5 -
w w
2 2
S 25 & 30t .
—
oo
&z
230 375 E
235 - 380 |5, .
385 L Zone |
390 + —
Base C. pippeni Zone
J/E [ N R | | [ I T
© 0 o w0 = ~
i3 8 £ & > &

AGE (Ma)

Figure F23. Graph showing depth-age models for the Chickahominy Formation in the Kiptopeke and USGS-NASA Langley cores. Kiptopeke data
are from Poag, Koeberl, and Reimold (2004, p. 392, 393). The Langley model shows fewer control points because magnetochron boundaries in

the Langley core have not been determined. The time scale is from figure F22.



Stratigraphy and Paleoenvironments of Early Postimpact Deposits at the USGS-NASA Langley Corehole F41

325 T T T T T T
Top Cibicidoides pippeni Zone
330 —
L]
Top
335 Uvigerina
dumblei
Subzone
340 —
345 —
@€n .
o
o350 - Top —
L Lagenoglandulina
= virginiana
=
= 355 1 Subzone B
n o]
=
o
i
D| 360 — -
i P15-P16 boundary
CCC’ &
O 365 - top, _
L Bulimina
f jacksonensis
% Subzone
= 370 -« Top -
E Bathysiphon
Subzone
375 o
380 —
385 - —
390 —
Base Cibicidoides pippeni Zone
395 [ I 1 1 ! L L ! ! | 1 -

235 230 225 220 215 210 205 200 195 190 185 180
USGS-NASA LANGLEY CORE—DEPTH, IN METERS
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F42 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

Epoch
Unit

Depth to top of
sample, in feet
(meters)

Number of species represented in sample

Planktonic
foraminiferal
biochronozone

Ber]tl_]ic
foraminiferal
subzone

600.40 (183.00)

601.30 (183.28)
602.15 (183.54)
602.70 (183.70)
[ 60870 (185.53)
611.70 (186.45)
614.70 (187.36)

2 &|8 |Sample number

Bolivina
63 tectiformis

162

=

60
59

|
|
I
,I' 58
!
[

Uvigerina
dumblei
620.70 (189.19)
623.70 (190.10)
626.80 (191.05)
629.80 (191.96)
53 | 632.70 (192.85)
52 | 635.70 (193.76)
51 | 638.40 (194.58)
50 | 641.00 (195.38)
49 | 644.20 (196.35)
48 | 647.20 (197.27)
47 | 650.20 (198.18)
46 | 653.70 (199.25)
45 | 656.20 (200.01)
44 | 662.20 (201.84)
43 | 665.20 (202.75)
42 | 668.20 (203.67)
41§ 671.20 (204.58)
40 | 674.20 (205.50)
39 | 676.80 (206.29)
38 | 680.00 (207.26)
37 | 683.20 (208.24)
36 | 686.10 (209.12)
35 | 689.10 (210.04)
34 | 692.20 (210.98)
33 | 695.20 (211.90)
32 | 698.30 (212.84)
31701.10(213.70)
30 | 704.80 (214.82)
29 | 708.00 (215.80)
28 | 710.50 (216.56)
27 | 720.00 (219.46)
26 | 723.00 (220.37)
25 | 726.40 (221.41)
24 | 729.00 (222.20)
23 | 732.20 (223.18)
22 | 735.10 (224.06)
21 | 737.96 (224.93)
20 | 741.00 (225.86)
19 | 743.90 (226.74)
18 | 747.00 (227.69)
17 | 750.00 (228.60)
16 | 753.00 {229.51)
15 | 756.10 (230.46)
14 | 759.30 {231.44)
13 | 762.00 {232.26)
12 | 764.95 (233.16)
768.10 (234.12)
770.70 (234.91)
772.60 (235.49)
772.90 (235.58)
773.05 (235.63)
773.20 (235.67)
773.60 {235.79)
773.70 (235.82)

57
56
55
54

S ———————

Early Oligocene
Drummonds Corner beds

!____
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P16-P17
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Dead
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Exmore
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(indicated by dashed vertical lines} shifts to persistently lower val-
ues in samples higher than the middle of the Lagenoglandulina vir-
giniana Subzone. Note also that the contact between the dead zone
and the Chickahominy Formation is near the middle of sample 7,
whose top is at 235.63 m (773.05 ft) depth.

Figure F25. Graph showing species-richness curve (number of spe-
cies represented in sample) for the Chickahominy Formation in the
USGS-NASA Langley core. Occurrence data are from figure F20.
P15-P16 is the planktonic foraminiferal biochronozone boundary
approximated by the overlapping ranges of Bolboforma latdorfensis
and Bolboforma spinosa. Note that the average species richness
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highest values for species richness (65, 67) occur at the base of
the section (fig. F25), where permeability is lowest (SP-1; fig.
F18). The two highest values of species richness at the base of
the section can be explained by the added presence of several
species of agglutinated foraminifera that constitute the Bathy-
siphon Subzone.

Stable-Isotope Analyses

Poag (1997b) hypothesized that an impact-generated pulse
of warm climate could be recognized in late Eocene marine and
terrestrial records. Poag, Mankinen, and Norris (2003) sup-
ported that idea with stable-isotope (8'%0) analyses from the
Chickahominy Formation at Kiptopeke. The Kiptopeke §'*0
record showed three pulses of relatively warm climate in the
late Eocene, rather than a single long-lasting pulse (figs. F5,
F26). The amplitude of the 5'%0 variation is ~0.2%,,—0.3%,,
and suggests temperature variations of ~1°C or slightly more.
The first pulse (W-1) was identified at the base of the Chicka-
hominy and probably lasted 0-200 k.y. postimpact; a second
pulse (W-2) was identified in the middle of the Chickahominy
(350-600 k.y. postimpact), and a third (W-3), at the top of the
Chickahominy (1,400-2,000 k.y. postimpact; figs. F5, F26).
Poag, Mankinen, and Norris (2003) correlated these three
pulses with a similar tripartite subdivision of the global record
of late Eocene climate. Poag, Mankinen, and Norris (2003)
interpreted the '%0 record as an indication of impact-generated
climatic warming maintained by a 2-m.y.-long late Eocene
comet shower, which had previously been inferred from an
unusual abundance of extraterrestrial *He within the Eocene-
Oligocene boundary stratotype at Massignano, Italy (Farley and
others, 1998).

The 8'80 record in the USGS-NASA Langley core is
nearly identical to that of the Kiptopeke core (fig. F26) and
shows the same three principal negative excursions identified
by Poag, Mankinen, and Norris (2003). This similarity rein-
forces Poag’s (1997b) hypothesis that a relatively warm late
Eocene climate (see also Kobashi and others, 2001; Pearson and
others, 2001) was initiated or reinforced by the Chesapeake Bay
and Popigai (northern Siberia, Russia) impacts and was main-
tained during the following ~2 m.y. by a prolonged succession
of impacts during the comet shower.

Poag, Mankinen. and Norris (2003 ) also analyzed the §'*C
record at Kiptopeke and found a small (single-point) negative
excursion associated with the basal Chickahominy warm pulse
and another, much larger and longer lasting negative excursion,
nearly coincident with biochronozone P16-P17 (figs. F5. F26).
We found an identical pair of negative excursions in the Chick-
ahominy record in the USGS-NASA Langley core (fig. F26).
The stratigraphically highest negative §!*C excursion has been
documented at several other sites around the globe and indicates
a significant net decrease in global carbon burial. This negative
8'3C excursion also promises to provide good correlations in
areas where other stratigraphic data may be weak or missing
(Poag, Mankinen, and Norris, 2003). The positive extensive

813C excursion in the lower part of the Chickahominy Forma-
tion can be interpreted as a net exhumation of carbon (decrease
in global carbon storage). The single-point negative §'°C excur-
sion at the base of the Chickahominy section at Langley
matches that at Kiptopeke, giving support to its validity, but
additional sampling in the basal section is needed for corrobo-
ration.

Paleoenvironmental Interpretations

Postimpact Microfaunal Recovery

Poag (2002) interpolated the maximum duration of the
dead zone at the USGS-NASA Langley site to be <I-10k.y. by
extrapolating the sediment accumulation rate of 21 m/m.y.
(68.9 ft/m.y.) in the lower part of the Langley core. We slightly
reduced the maximum duration estimate to ~8 m.y. by using a
sediment accumulation rate of 24 m/m.y. (78.7 ft/m.y.). Poag.
Koeberl, and Reimold (2004) took only one sample in the dead
zone at Kiptopeke and were not able to measure the thickness of
the dead zone there because the core had been disrupted
between the time it was drilled (1989) and the time it was sam-
pled (1992).

Samples analyzed above the dead zone at Kiptopeke
(Poag, Koeberl, and Reimold, 2004) show relatively slow
repopulation of that site by the Cibicidoides pippeni assemblage
(Bulimina jacksonensis subassemblage). The Kiptopeke Bulim-
ina jacksonensis subassemblage did not reach preimpact spe-
cies richness (as documented by Poag, Koeberl, and Reimold,
2004) until 3.4 m (11.1 ft) above the top of the dead zone (at
390.5 m; 1,281 ft), which is equivalent to ~36 k.y. postimpact,
if one uses the basal Kiptopeke sediment accumulation rate of
67 m/m.y. (220 ft/m.y.) (Poag, Koeberl, and Reimold, 2004, see
original and revised rates in figs. F5 and F22 of this chapter). In
contrast, the Cibicidoides pippeni assemblage (Bulimina jack-
sonensis subassemblage) reoccupied the USGS-NASA Langley
site immediately following deposition of the dead zone, appear-
ing in the top third of sample 7 (235.63-235.65 m; 773.06—
773.13 ft depth), which is the base of the Chickahominy Forma-
tion (figs. F7, F19, and F20; table F1). Though the precision of
these rate calculations is low, the relative difference suggests
that postimpact paleoenvironments normalized faster near the
western rim of the crater (at Langley) than farther toward the
crater center (inside the peak ring at Kiptopeke; fig. F1).

Paleobathymetry

The USGS-NASA Langley and Kiptopeke core sites occu-
pied the middle part of a broad, gently sloping continental shelf
before the impact (Poag, 1997b). After the impact, the two sites
were inside the crater, a partly filled, subcircular excavation,
whose upper surface formed a depression or closed basin in the
sea floor. Presumably, the depression was somewhat deeper in
the center than along the periphery, but the bathymetric differ-



F44 Studies of the Chesapeake Bay Impact Structure—The USGS-NASA Langley Corehole, Hampton, Va.

[:5)
f=
2
L e o
HH3E o
- e = —_—
2 2 | Age| 288|887 8'30 (%/o0)
2 S |Ma)|s£5|2 ¢ 8
w = ~ E ©
s22(8 ¢ E
=} © .
Segs|=E S S Kiptopeke Langley
@ =
::_—" +1.0 +05 00 -05+05 00 -05
395 P A i
P18[NP2] T T
3 M i 870 - —-— ==
! :|§ | 330 ]
= IhE
e e i
i “5’8 [!-@% ! 3400 335 -
185 [l 88|
l S l ' E '
: g | 340 _
l | iD ' ~
R | I =
o
3459 |5
&
350
N
s 35.00 30
= w4
=1 2
@ £
& 5
3 £
o >
w £
=
2 5
o =
= =2
e
=
o
3678 —-—

Exmore breccia

8"3C (°/o0)

Depth to top of
sample in Langley
core, in meters

Kiptopeke Langley

+05 00 -05 -1.0 00 -05 -1.0 -15 -20

C. pippeniZone)

200
- 205
- 210
- 215

220

- 225

- 230

C. pippeni Zone)

Boundary between inferred warm pulses

Figure F26. Diagram showing correlation of stable-isotope records
from the Chickahominy Formation in the USGS-NASA Langley core
with those in the Kiptopeke core. P15-P16 is the planktonic foramin-
iferal biochronozone boundary approximated by the overlapping
ranges of Bolboforma latdorfensis and Bolboforma spinosa. W-1,
W-2, and W-3 are warm pulses inferred from relatively negative
5'80 values. The lower part of the depth scale for the USGS-NASA
Langley core and corresponding segments of isotope curves have

been uniformly stretched because the part of the Chickahominy
Formation below the P15-P16 boundary is much thicker at Kiptopeke
than at Langley; the stretching enables the three isochronous corre-
lation horizons (base and top of Cibicidoides pippeni Zone and P15-
P16 biochronozone boundary) to be displayed as horizontal lines on
this diagram. The vertical dashed lines and shading are provided to
aid the reader in visualizing the grouping of positive and negative
excursions of the isotope data.
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ence, if any, is beyond the resolution of the current foramin-
iferal analysis.

Nearly all the Chickahominy species at Kiptopeke and
Langley have modern counterparts; in fact, some are still extant
(Poag, Koeberl, and Reimold, 2004). Most of these modern spe-
cies are abundant (individually and in similar species associa-
tions) in outer neritic to upper bathyal marine biotopes, and the
fossil counterparts indicate paleodepths of 150-500 m (~500~
~1,600 ft) (table F9; Charletta, 1980; Poag, 1981; Van
Morkhoven, Berggren, and Edwards, 1986). Many of the
Chickahominy species at Kiptopeke and Langley (such as
Bulimina jacksonensis, Siphonina tenuicarinata, Hoeglundina
elegans, Turrilina robertsi, Bolivina byramensis, Grigelis spp.,
Stilostomella spp.) also occur in other widely distributed Paleo-
gene outer neritic-bathyal deposits (Beckmann, 1954; Tjalsma
and Lohmann, 1983; Van Morkhoven, Berggren, and Edwards,
1986). From these data, Poag, Koeberl, and Reimold (2004)
estimated that the paleodepth at Kiptopeke was ~300 m (~1,000
ft) during deposition of the Chickahominy Formation. We infer
that the paleodepth was essentially identical at Langley.

Benthic Habitats

Most of the predominant genera and species in the Chick-
ahominy benthic foraminiferal assemblages from the Langley
and Kiptopeke cores have modern counterparts that are notable
for opportunistic life strategies and tolerance of (or preference
for) oxygen-depleted (disoxic, microxic, anoxic) muds rich in
organic detritus (Poag, Koeberl, and Reimold, 2004). Among
the best documented of these modern taxa are the calcareous
genera that predominate in the Cibicidoides pippeni assem-
blage: Epistominella, Bolivina, Bulimina, Globobulimina, Uvi-
gerina, and Buliminella (modern counterpart of Caucasina)
(Phleger and Soutar, 1973; Douglas and Heitman, 1979; Mack-
ensen and Douglas, 1989; Jorissen and others, 1992; Kaminski
and others, 1995; Sen Gupta and others, 1996; Bernhard and
Sen Gupta, 1999; Loubere and Fariduddin, 1999; table F9; pls.
F1, F2). Most of the members of the Chickahominy Bathysi-
phon Subassemblage also are typical inhabitants of oxygen-
depleted, nutrient-rich substrates (Gooday, 1994; Kaminski and
others, 1995).

Nutrient Supply

There is considerable evidence from the modern oceans
that the geographic distribution, test size, and abundance (abso-
lute and relative) of certain benthic foraminiferal species and
genera are strongly correlative with the flux of organic detritus
to the sea floor (Caralp, 1989; Corliss and Fois, 1990; Corliss
and Silva, 1993; Pfannkuche, 1993; Linke and others, 1995;
Gooday, 1996). This correlation exists because outer neritic,
bathyal, and abyssal benthic foraminifera are dependent upon
the flux of labile organic carbon for their food source (Gooday,
1994; Loubere and Fariduddin, 1999).

Most of the predominant Chickahominy calcareous genera
(and those of the Bathysiphon subassemblage) at the Langley
and Kiptopeke core sites have modern counterparts that are
most abundant, and often have largest test sizes, in organic-
matter-rich muds, which commonly also are oxygen depleted
(Poag, Koeberl, and Reimold, 2004). The Chickahominy
assemblages also are notable for unusually large test sizes, espe-
cially among the lenticulinids, nodosariids, and stilostomellids.

Of special note in the Chickahominy assemblages is an
association of small, smooth, thin-walled, hyaline, opportunis-
tic genera, such as Epistominella, which in modern oceans live
epifaunally within aggregates of phytodetritus (a gelatinous
matrix containing the remains of phytoplankton and zooplank-
ton) on the sea floor (Gooday, 1993, 1994). These species have
opportunistic feeding strategies and grow explosively into large
concentrations during peak development of phytodetritus.
Among the predominant Chickahominy taxa, species of Epis-
tominella and Caucasina are probably representative of this
lifestyle (pl. F2, figs. 1, 6).

Paleoenvironmental Summary

Overall, the Chickahominy benthic foraminiferal associa-
tions documented in the USGS-NASA Langley corehole repre-
sent consistently diverse, species-rich communities living
within the upper 10 cm (4 in.) of fine-grained substrates, in
paleodepths of ~300 m (~1.000 ft), generally typified by high
flux rates of organic carbon and by oxygen deficiency. The
development of five successive subassemblages, however,
points to marked temporal changes in environmental properties
other than paleodepth. The principal variable properties that we
have considered are sediment delivery rates, permeability (vol-
ume of sand-sized particles), glauconite content, marked to sub-
tle changes in substrate chemistry and nutrient flux, and broad-
scale shifts in climate indicated by §'80 variations and in the
local and global carbon budget indicated by 5'°C variations.
However, coincident temporal changes in the measured or cal-
culated values of these properties do not necessarily establish a
one-to-one cause-and-effect relationship.

For example (indicated by stars in fig. F27), a change in
the composition of benthic foraminiferal assemblages at the
boundary between the Bulimina jacksonensis and Lagenoglan-
dulina virginiana Subzones coincides (or nearly coincides) with
shifts in several properties, including a minor increase in rate of
sediment accumulation, a brief positive excursion in 3'%0, a
sustained negative excursion in 8'C (increased burial of car-
bon), a significant positive deflection in the SP curve (peak in
permeability), and a negative deflection in the GR curve (reduc-
tion in glauconite content). A major paleoceanographic change
also took place at that level, as indicated by the changes in
planktonic foraminifera and bolboformid assemblages.

Similar correlations at this horizon apply to the Kiptopeke
corehole (fig. F27), though the depositional lithofacies there
(indicated by differences in geophysical logs) were quite differ-
ent from those at Langley, and some of the log-derived lithic
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Table F9. Benthic foraminiferal species used for interpretation of Chickahominy paleoenvironments at the USGS-NASA Langley and
Kiptopeke core sites.

[Core sites are shown in figure F1. Species names in quotation marks are provisory. Abbreviations in the microhabitat column for infaunal
depths: s=shallow (depth below sediment-water interface of 0-2 cm; 0-0.8 in.), i=intermediate (depth of 2—4 cm: 0.8-1.6 in.), d=deep
(depth of 4-10 cm; 1.6-3.9 in.). Table from Poag, Koeberl, and Reimold (2004, table 13.9)]

Oxygen/

Species con;:::: fion Microhabitat nutrient p::::::;:lt’h Opportunist
tolerance

Ammobaculites sp. agglutinated infaunal low/high  outer neritic-upper bathyal
Amphimorphina “fragilicostata”  calcite infaunal low/high  outer neritic-upper bathyal
Amphimorphina “planata” calcite infaunal low/high  outer neritic-upper bathyal
Bathysiphon sp. agglutinated epifaunal low/high  bathyal-abyssal

Bolivina byramensis calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina gardnerae calcite s infaunal low/high  outer neritic-upper bathyal yes
Bolivina gracilis calcite i-d infaunal low/high  outer neritic-upper bathyal

Bolivina jacksonensis calcite i-d infaunal low/high  outer neritic-upper bathyal yes
Bolivina multicostata calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina plicatella calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina “postvirginiana” calcite s infaunal low/high  outer neritic-upper bathyal yes
Bolivina “praevirginiana” calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina regularis calcite i-d infaunal low/high  outer neritic-upper bathyal

Bolivina striatella calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina tectiformis calcite s infaunal low/high  outer neritic-upper bathyal

Bolivina virginiana calcite s infaunal low/high  outer neritic-upper bathyal yes
Bulimina alazanensis calcite i-d infaunal low/high  outer neritic-upper bathyal

Bulimina cooperensis calcite i-d infaunal low/high  outer neritic-upper bathyal

Bulimina jacksonensis calcite i-d infaunal low/high  outer neritic-upper bathyal yes
Caucasina marylandica calcite phytodetrital low/high  outer neritic-upper bathyal yes
Charltonina madrugaensis calcite d infaunal low/high  outer neritic-upper bathyal yes
Cibicidoides pippeni calcite epifaunal high/low  outer neritic-upper bathyal
Cribrostomoides sp. agglutinated s infaunal low/high  outer neritic-upper bathyal
Cyclammina cancellata agglutinated s infaunal low/high  outer neritic-upper bathyal

Dorothia sp. agglutinated d infaunal low/high  outer neritic-upper bathyal
Epistominella minuta calcite epifaunal low/high  outer neritic-upper bathyal yes
Gaudryina alazanensis agglutinated d infaunal low/high  outer neritic-upper bathyal
Globobulimina ovata aragonite? i-d infaunal low/high  outer neritic-upper bathyal
Globocassidulina subglobosa calcite phytodetrital low/high  outer neritic-upper bathyal

Grigelis annulospinosa calcite infaunal low/high  outer neritic-upper bathyal

Grigelis cookei calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “curvicostata” calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “elongata” calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “elongostriata” calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “gigas” calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “tubulosa” calcite infaunal low/high  outer neritic-upper bathyal

Grigelis “tumerosa” calcite infaunal low/high  outer neritic-upper bathyal
Gyroidinoides aequilateralis calcite s infaunal low/high  outer neritic-upper bathyal
Gyroidinoides byramensis calcite s infaunal low/high  outer neritic-upper bathyal
Gyroidinoides octocameratus calcite s infaunal low/high  outer neritic-upper bathyal
Gyroidinoides planatus calcite s infaunal low/high  outer neritic-upper bathyal
Hoeglundina elegans aragonite epifaunal low/high  outer neritic-upper bathyal
Marginulina cocoaensis calcite infaunal low/high  outer neritic-upper bathyal

Marginulina karreriana calcite infaunal 2?7 outer neritic-upper bathyal
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Table F9. Benthic foraminiferal species used for interpretation of Chickahominy paleoenvironments at the USGS-NASA Langley and

Kiptopeke core sites—Continued

Species Test : Microhabitat gzrr?::t/ Prsdamin Opportunist
construction tolerance paleodepth
Melonis planatus calcite i-d infaunal low/high  outer neritic-upper bathyal
Nodosaria capitata calcite infaunal low/high  outer neritic-upper bathyal
Nodosaria pustulosa calcite infaunal low/high  outer neritic-upper bathyal
Nodosaria saggitula calcite infaunal low/high  outer neritic-upper bathyal
Nodosaria soluta calcite infaunal low/high  outer neritic-upper bathyal
Nodosaria vertebralis calcite infaunal low/high  outer neritic-upper bathyal
Oridorsalis umbonatus calcite epifaunal low/high  outer neritic-upper bathyal
Reophax sp. agglutinated i-d infaunal low/high  inner neritic-upper bathyal
Spiroplectinella mississippiensis  agglutinated d infaunal low-high  outer neritic-upper bathyal
Stilostomella “aduncocostata” calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella annulospinosa calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella *“bicostata” calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella cocoaensis calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella “exilispinata™ calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella “‘juvenocostata™ calcite infaunal low/high  outer neritic-upper bathyal
Stilostomella “multispiculata™ calcite infaunal low/high  outer neritic-upper bathyal
Technitella sp. agglutinated infaunal low/high  outer neritic-upper bathyal
Turrilina robertsi calcite infaunal low/high  outer neritic-upper bathyal
Uvigerina cookei calcite s infaunal low/high  outer neritic-upper bathyal
Uvigerina dumblei calcite s infaunal low/high  outer neritic-upper bathyal
Uvigerina gardnerae calcite s infaunal low/high  outer neritic-upper bathyal yes
Uvigerina jacksonensis calcite s infaunal low/high  outer neritic-upper bathyal
Uvigerina spinicostata calcite s infaunal low/high  outer neritic-upper bathyal

boundaries and benthic foraminiferal subzonal boundaries are
shown to be diachronous. For example, application of the
depth-age model indicates that subunits SP-2 and SP-3 at Kip-
topeke are equivalent geochronologically to SP-2 at Langley.
This correlation implies further that SP—4 and SP-5 at Kipto-
peke are equivalent to SP-3 and SP—4, respectively, at Langley.
Likewise, the depth-age model indicates that log subunits
GR-A and GR-B at Kiptopeke are equivalent to GR-A at
Langley, requiring consequent reassignment of GR-C (now
GR-B) and the combination of GR-D and GR-E (now GR-C)
at Kiptopeke.

On the other hand, however, significant shifts in some of
these same physico-chemical properties take place near the
middle of the Lagenoglandulina virginiana Subzone (indicated
by filled triangles in fig. F27) without a corresponding change
in the benthic foraminiferal populations (other than an upward
shift in average species diversity).

Summary and Conclusions

The transition from synimpact to postimpact deposition at
the USGS-NASA Langley core site began with an airfall of
shock-melted glass microspherules, which collected as a fallout

layer, 3 cm (1.2 in.) thick, in tranquil conditions on the floor of
the 300-m-deep (~1,000-ft-deep) crater basin. Marine deposi-
tion resumed at the site, but hostile bottom conditions prevented
a normal marine benthic community from migrating into the
crater. Instead, a succession of submillimeter-scale clay, silt,
and sand laminae accumulated, in which the sand laminae con-
tained reworked specimens of microfossils (mainly foramin-
ifera and ostracodes). The reworked specimens apparently were
derived from the apron of Exmore breccia that surrounded the
crater rim. The hostile conditions lasted no more than ~8 k.y.
(the duration could have been less than 1 k.y.) and were
replaced by fertile, clay-dominated marine lithotopes that sup-
ported a rich assemblage of benthic microbiota whose fossils
are found in cores of the Chickahominy Formation.

Upon visual examination, the Chickahominy Formation in
the USGS-NASA Langley core appears to be a uniform, mas-
sive marine clay unit that is 52.37 m (171.8 ft) thick. Likewise,
acoustic impedance properties of the Chickahominy yield a
generally uniform signature on seismic-reflection profiles. This
seismic signature enables us to easily trace the Chickahominy
over the entire impact crater, to determine the structural geom-
etry of its upper surface, and to extrapolate its stratigraphic
thickness in areas where no cores are available.
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Figure F27. Chart showing correlations of principal properties of the Chickahominy
Formation studied in the USGS-NASA Langley corehole with geophysical logs and
benthic foraminiferal stratigraphy from the Kiptopeke corehole. The best (closest to iso-
chronous) correlations (indicated by stars) are among the upward increase in sediment
accumulation rate, the positive excursion in 8'80, the negative excursion in 8'3C, the
maximum positive deflection in the spontaneous-potential (SP) curve (peak in perme-
ability), and the maximum positive deflection in the gamma-ray (GR) curve (peak in
glauconite content) at Langley and the top of the Bulimina jacksonensis Subzone
(coincident with the P15-P16 boundary) at Langley and Kiptopeke. A secondary (approx-
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imate) correlation (indicated by filled triangles) exists among the upward species-rich-
ness decrease, the major negative deflection of the SP curve (permeability decrease),
and the moderate positive shift in the GR curve (glauconite increase) near the middle of
the Lagenoglandulina virginiana Subzone at Langley and the boundary between sub-
units SP-2 and SP-3 at Kiptopeke. Another possible secondary correlation (indicated by
open triangles) exists at the top of the Chickahominy section among the positive 5'80
deflection, the negative §13C deflection, the increase in stratigraphic variability of spe-
cies richness, and the negative deflection in the GR curve (glauconite decrease) at
Langley and the top of the Uvigerina dumblei Subzone at both Langley and Kiptopeke.
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The Chickahominy can be stratigraphically subdivided
rather easily, however, on the basis of downhole geophysical
logs and foraminifera (both planktonic and benthic). The spon-
taneous-potential (SP) log curve allows a fourfold subdivision,
whereas the gamma-ray (GR) log curve defines a fivefold sub-
division. These subdivisions can be also recognized in the
North, Bayside, and Kiptopeke coreholes, but not all subunit
boundaries can be considered coeval at the different core sites.
In the middle of the formation, the SP and GR unit boundaries
are closely correlative from corehole to corehole, but lithic
boundary correlations are poor at the top and base of the Chick-
ahominy. On the basis of these log characteristics, the Chick-
ahominy in the USGS-NASA Langley corehole is anomalous
with regard to the unit in the other three intracrater coreholes,
mainly because of the unusually great permeability and thick-
ness of subunit SP-2 and the significantly greater glauconite
volume in subunit GR-A. Another anomaly in the USGS-
NASA Langley corehole is the fact that the basal part of the
Chickahominy is significantly more permeable than the top part
of the underlying Exmore breccia, whereas, the opposite rela-
tionship characterizes the transition in the other three coreholes.

The planktonic foraminiferal record at the USGS-NASA
Langley site yields no clear subdivision of the Chickahominy.
Elements of Zones P15, P16, and P17 are present but not in
enough abundance or stratigraphic persistence to identify their
mutual boundary. We, therefore, identified the approximate
P15-P16 biochronozonal boundary by proxy. by using the short
overlap interval between the highest occurrence of Bolboforma
spinosa and the lowest occurrence of Bolboforma latdorfensis.

A suite of 126 benthic foraminiferal species in the Chick-
ahominy Formation in the Langley core represents a single, eas-
ily recognizable biozone (Cibicidoides pippeni Zone), which
embraces five distinct subbiozones (from base to top, the Bathy-
siphon, Bulimina jacksonensis, Lagenoglandulina virginiana,
Uvigerina dumblei, and Bolivina tectiformis Subzones). Both
planktonic and benthic zonations correlate well with equivalent
zonations in the Kiptopeke core, but only one of the benthic
boundaries (top of the Bulimina jacksonensis Subzone) appears
to be isochronous.

The dominant benthic foraminiferal assemblages in the
Chickahominy Formation at Langley contain both calcareous
and agglutinated species, whose modern counterparts and
ancient equivalents have been studied in many other localities.
The key paleoenvironmental indicators point to epifaunal and
shallow infaunal microhabitats characterized by oxygen depri-
vation and high flux rates of organic matter to the sea floor. At
the USGS-NASA Langley site, the Cibicidoides pippeni assem-
blage reoccupied the crater floor a relatively short time (<1 to 8
k.y.) after tumultuous deposition of the Exmore breccia had
abated.

Stable-isotope records derived from the benthic foramini-
fer Cibicidoides pippeni show three negative excursions in 330
(interpreted as pulses of warm paleoclimate) and two negative
excursions in 8'3C (interpreted as variations in the global burial

of carbon). This stable-isotope record matches that previously
documented at Kiptopeke and supports the hypothesis of Poag
(1997b) that the Chesapeake Bay and Popigai (Russia) bolide
impacts significantly influenced the long-term atmospheric
dynamics of the late Eocene-early Oligocene time interval and
may have helped trigger a globally recognized mass extinction
event in the early Oligocene.
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Plate F1

Nominate Species for Benthic Foraminiferal Zone and Subzones Recognized in the Chickahominy Formation

[Scale bars are 100 micrometers (um). These species are represented in the Chickahominy Formation in all cores obtained from the

Chesapeake Bay impact crater. Sites where cores were obtained are shown in figure F1. Plate from Poag, Koeberl, and Reimold
(2004, fig. 13.3)]

Figure 1. Cibicidoides pippeni (Cushman and Garrett) 1938. Chickahominy Formation, Exmore core, umbilical view.
2. Bulimina jacksonensis Cushman 1925. Chickahominy Formation, Exmore core, lateral view.
3. Lagenoglandulina virginiana (Cushman and Cederstrom) 1945. Chickahominy Formation, Newport News
Park 2 core, lateral view.
Uvigerina dumblei Cushman and Applin 1926. Chickahominy Formation, Exmore core, lateral view.
Bolivina tectiformis Cushman 1926. Chickahominy Formation, Exmore core, lateral view.
Bathysiphon sp. Chickahominy Formation, Kiptopeke core, lateral view.
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Plate F2

Important Benthic Foraminiferal Species from the Chickahominy Formation Used for Paleoenvironmental
Interpretations

[Scale bars are 100 um. Illustrated specimens are from the Exmore core; specimens of the same species in the Kiptopeke and

USGS-NASA Langley cores are used for paleoenvironmental interpretations (table F9). The Exmore, Kiptopeke, and Langley
corehole locations are shown in figure F1. Plate from Poag, Koeberl, and Reimold (2004, fig. 13.7). Quotation marks indicate
provisory trivial name]

Figure L.

N

Epistominella minuta Olsson 1960. Chickahominy Formation, Exmore core, umbilical view.

Charltonina madrugaensis (Cushman and Bermuidez) 1948. Chickahominy Formation, Exmore core,
umbilical view.

Gyroidinoides aequilateralis (Plummer) 1927. Chickahominy Formation, Exmore core, umbilical view.
Gyroidinoides byramensis (Cushman and Todd) 1946. Chickahominy Formation, Exmore core, umbilical view.
Uvigerina gardnerae Cushman 1926. Chickahominy Formation, Exmore core, lateral view.

Caucasina marylandica (Nogan) 1964. Chickahominy Formation, Exmore core, lateral view.

Bolivina gracilis Cushman and Applin 1926. Chickahominy Formation, Exmore core, lateral view.
Bolivina virginiana Cushman and Cederstrom 1945. Chickahominy Formation, Exmore core, lateral view.
Bolivina “praevirginiana.” Chickahominy Formation, Exmore core, lateral view.

Globobulimina ovata (d’Orbigny) 1846. Chickahominy Formation, Exmore core, lateral view.

Grigelis cookei (Cushman) 1933. Chickahominy Formation, Exmore core, lateral view, final two chambers.
Grigelis annulospinosa (Bandy) 1949. Chickahominy Formation, Exmore core, lateral view.

Stilostomella “exilispinata.” Chickahominy Formation, Exmore core, lateral view.

Stilostomella cocoaensis (Cushman) 1925. Chickahominy Formation, Exmore core, lateral view.
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Physical Stratigraphy of the Upper Eocene to
Quaternary Postimpact Section in the

USGS-NASA Langley Core,
Hampton, Virginia

By David S. Powars,' T. Scott Bruce,? Lucy E. Edwards,’

Gregory S. Gohn,' Jean M. Self-Trail,' Robert E. Weems,’
Gerald H. Johnson,® Matthew J. Smith," and Colleen T. McCartan'

Abstract

In 2000 a corehole at the National Aeronautics and Space
Administration (NASA) Langley Research Center, Hampton,
Va., was continuously cored through the entire coastal plain
section into crystalline basement rock by the U.S. Geological
Survey (USGS) and its cooperators; a high-resolution seismic-
reflection and seismic-refraction survey across the York-James
Peninsula was simultaneously conducted. The core and land-
based seismic data were needed to interpret the Chesapeake Bay
impact crater’s effects on the geological and hydrogeological
framework of the lower York-James Peninsula. This kind of
information is required to determine the location of the crater’s
buried outer margin escarpment.

The USGS-NASA Langley corehole reached a total depth
of 635.1 meters (m; 2,083.8 feet (ft)); the hole penetrated
235.65 m (773.12 ft) of postimpact sediments overlying 390.63
m (1,281.6 ft) of synimpact debris and 8.9 m (29.1 ft) of crys-
talline basement rock. The synimpact and postimpact strati-
graphic units of the new corehole correlate well with units inter-
preted by Powars and Bruce (1999, USGS Professional Paper
1612) from geophysical logs and descriptions of cuttings from
a preexisting test well that was located about 520 m (1,700 ft)
east of the new corehole.

The postimpact deposits recovered in the USGS-NASA
Langley core include, in ascending order, the following units:
the very clayey, calcareous Chickahominy Formation (upper
Eocene); the glauconitic, phosphatic, and partly shelly litholo-
gies of both the Drummonds Corner beds (a newly recognized
upper lower Oligocene stratigraphic unit) and the Old Church

lus. Geological Survey, Reston, VA 20192.

2Virginia Department of Environmental Quality, P.O. Box 10009,
Richmond, VA 23240.

3Department of Geology, College of William and Mary, Williamsburg,
VA 23187.

Formation (upper Oligocene); the shelly and sandy beds of the
Calvert Formation (lower Miocene); the primarily siliciclastic,
fine-grained part of the Calvert Formation (middle Miocene),
the St. Marys Formation (upper Miocene), and the lower part of
the Eastover Formation (upper Miocene); the siliciclastic,
locally glauconitic, fine- to coarse-grained, fossiliferous upper
part of the Eastover (upper Miocene) and the Yorktown Forma-
tion (lower and upper Pliocene); and the fluvial to estuarine
Tabb Formation (upper Pleistocene).

The land-based seismic-reflection survey was run adjacent
to the Langley corehole to correlate velocities and reflectors
with the lithology of the core. The seismic profile also shows
that most of the synimpact crater debris consists of highly frac-
tured and fault-bounded, blocky material with distinctive
anisotropy and reflection patterns. The overlying postimpact
deposits show disruption zones suggesting fracturing and fault-
ing; the scale of deformation in the postimpact deposits is orders
of magnitude less than the scale of deformation within the syn-
impact deposits. Recovery of several angled fractures with
slickensides and a fault filled with gouge within the postimpact
section provides supportive evidence for their signature on the
seismic images. These postimpact fractures and faults may be
related to continued compaction and megablock movement.
The existence of a preimpact James River structural zone along
the southern and southwestern margin of the crater has an
apparent additive effect to synimpact and postimpact structural
adjustments of the region.

The structural depression of the crater has greatly influ-
enced the postimpact depositional history, sedimentary pat-
terns, and stratigraphic relations of the units that have buried it.
Initially the crater’s depression transformed parts of the preim-
pact inner neritic (shallow) shelf depositional environment into
a bathyal (deep) depositional environment. Postimpact loading
and compaction, possibly along with structural adjustments,
have helped the crater to maintain a persistent bathymetric low
so that postimpact stratigraphic units dip into and thicken
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toward the center of the crater. This low has resulted in the dep-
osition and preservation of postimpact stratigraphic units (upper
Eocene, Oligocene, and lower Miocene) that are found only
within the Chesapeake Bay impact structure. Delineation of the
types of structural features and stratigraphic affinities created
by the impact is essential to development of the hydrogeologic
framework to be used in the modeling of the ground-water flow
system and regional water quality of the Virginia Coastal Plain.

Introduction

The discovery of a large impact crater beneath the Chesa-
peake Bay and its apparent effects on the regional ground-water
resources has prompted a revision of the structural, strati-
graphic, and hydrogeologic framework of a large part of the
Virginia Coastal Plain (Powars and Bruce, 1999). The revision
process began with the analysis of borehole and marine seismic-
reflection data that revealed the existence of a large crater
(Powars and others, 1993; Poag, Powars, Mixon, and Bruce,
1994; Poag, Powars, Poppe, and Mixon, 1994). This analysis
was followed by structural and stratigraphic documentation of
the 85-kilometer-wide (53-mile-wide) Chesapeake Bay impact
crater (Koeberl and others, 1996; Poag, 1996, 1997, 2000; Poag
and others, 1999; Powars and Bruce, 1999; Powars, 2000).
Recently, Johnson, Powars, and others (1998, 2001), Powars
(2000), and Powars, Johnson, and others (2002) have presented
evidence for an outer fracture zone that surrounds the crater and
that is as much as 35 kilometers (km; 22 miles (mi)) wide (fig.
G1). The whole structure is referred to as the Chesapeake Bay
impact structure and is located beneath the lower Chesapeake
Bay, its adjacent peninsulas, and a small part of the Atlantic
Ocean east of the lower part of the Delmarva Peninsula. The
approximate center of the crater is beneath the town of Cape
Charles, Va., as shown in figure G1.

The Chesapeake Bay impact structure formed approxi-
mately 35.7 to 35.8 million years ago (Ma) (Horton and others,
this volume, chap. A) when a large comet or asteroid crashed
into shallow continental shelf waters of the western Atlantic
Ocean, penetrated several hundred meters of unconsolidated,
seaward-dipping, water-saturated sediments, and blasted a hole
into the crystalline basement rocks. At this time during the late
Eocene, the Earth was warmer than it is today, and sea level was
about a hundred meters (about 300 feet) higher than it is today.
The Virginia coastline was located somewhere on the Pied-
mont, west of the present Fall Zone, and the land was covered
by a tropical forest.

The explosion caused by the impact created an initial
water-column splash that probably reached the upper atmo-
sphere (H.J. Melosh, University of Arizona, Tucson, oral com-
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Figure G1. Regional map showing the location of the Chesapeake Bay im-
pact structure, the USGS-NASA Langley corehole at Hampton, Va., and some
other coreholes in southeastern Virginia. Locations of the central crater and
outer margin are from Powars and Bruce (1999). The extent of the outer frac-
ture zone (light gray) is based on Powars (2000) and Johnson, Powars, and
others (2001); the eastern part is speculative. lllustration modified from
Powars, Johnson, and others (2002) and Edwards and Powars (2003). JRSZ,
James River structural zone of Powars (2000).

mun., 2002). The impact produced an inverted, sombrero-
shaped, complex crater that was immediately filled by a forceful
resurge of ocean water containing chaotically mixed submarine
debris (similar to debris in the Lockne impact crater in Sweden
described by von Dalwigk and Ormo, 2001), rim-collapse mate-
rial, and fluidized and slumped material. The initial resurge was
followed by trains of debris-loaded tsunamis; their deposits
were capped by the settling out of suspended and fallout parti-
cles. Younger postimpact sedimentary deposits have buried the
crater since this catastrophic event. Walled terraces, central
peaks, and flat floors characterize complex craters (Melosh,
1989), and the Chesapeake Bay impact crater appears to have all
these features buried at depth.
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The regional ground-water flow paths apparently were
altered by truncation and disruption of preimpact aquifers, by
emplacement of the synimpact deposits, and by subsequent
postimpact deposition of mostly very fine grained deposits in
the crater’s structural low. Powars and others (1994) and Bruce
and Powars (1995) recognized that the western part of the bur-
ied crater generally coincided with Virginia’s inland saltwater
wedge as mapped by Cederstrom (1943, 1945a,b,c, 1957). Ced-
erstrom suggested that the wedge was created by differential
flushing of a sediment-filled Eocene basin. The present inter-
pretation is that the buried crater created a large region where
seawater has not been flushed from the coastal plain sediments
in and around the crater. The western outer margin of the crater
appears to act as a mixing (transition) zone separating ground
water of high salinity (brackish) inside the outer margin from
lower salinity water outside the outer margin (Powars and
Bruce, 1999). It should be emphasized that this salinity transi-
tion area is a zone and that brackish water is found west of the
crater’s margin in some of the sediments within the outer frac-
ture zone (for details, see McFarland and Bruce, this volume,
chap. K). Until the crater was discovered, there was no satisfac-
tory explanation for the anomalous saltwater wedge (which is
better defined as a bulge because it rises to shallow depths)
(Powars and others, 1994; Powars and Bruce, 1999) or the
region’s stratigraphic and structural complexities.

The location and geometry of the outer margin of the Ches-
apeake Bay impact crater beneath the lower York-James Penin-
sula are poorly defined. Additional data are needed to locate and
delineate the outer margin precisely. Hydrologic data (such as
flow direction, water quality, and permeability within the cra-
ter) are limited. Information about the depositional processes
associated with such a large impactor into water-saturated,
unconsolidated sediments is sparse. The societal need for water
across the Hampton Roads region has led several municipalities
to develop brackish-water desalination plants just outside the
crater, but geologic and hydrologic information is needed to
model more accurately and evaluate the ground-water flow and
the potential for movement of salty water into well fields in the
vicinity of the impact crater.

To further investigate the geology and hydrology of this
structure, in the year 2000, the U.S. Geological Survey (USGS)
and cooperating institutions (see “Acknowledgments’) drilled a
deep corehole in the southwestern part of the structure’s annular
trough and completed high-resolution seismic-reflection and
seismic-refraction surveys (Catchings, Powars, and others,
2001, 2002; Catchings, Saulter, and others, 2001; Catchings
and others, this volume, chap. I) and audio-magnetotelluric sur-
veys (Pierce, this volume, chap. J) across its southwestern mar-
gin. A suite of geophysical borehole logs was obtained, includ-
ing a sonic velocity log for correlation with the seismic data.

The deep corehole, called the USGS-NASA Langley core-

hole, was drilled on the York-James Peninsula at the National
Aeronautics and Space Administration (NASA) Langley

Research Center in Hampton, Va., within the northeast quarter
of the Newport News North 7.5-min quadrangle (USGS, 1986)
(figs. G2 and G3). The site is a short distance north of Langley
Boulevard and southwest of Building 1190 in an open grassy
area. The coordinates for the Langley corehole, as determined
by using a high-accuracy Global Positioning System, are lat
37°05'44.28" N., long 76°23'08.96" W. (North American
Datum of 1927); the hole was begun at a ground-surface altitude
of 2.4 meters (m; 7.9 feet (ft)) above the North American Ver-
tical Datum of 1988 (NAVD 88). The Langley corehole has a
total depth of 635.1 m (2,083.8 ft).

The core site is approximately 8 km (5 mi) inside the outer
margin of the buried Chesapeake Bay impact structure as
mapped in the Hampton-Newport News area by Powars and
Bruce (1999), and it is approximately 36.8 km (22.9 mi) from
the center of the impact structure at Cape Charles, Va. The sur-
ficial geology at the core site represents shallow paleo-Chesa-
peake Bay floor sediments deposited in the late Pleistocene
when sea level was 5.5 m (18 ft) above today’s level. These bay-
floor deposits formed a flat topographic surface that Coch
(1971) named the Hampton Flat; its associated shoreline, the
Big Bethel scarp, is 4 km (2.5 mi) west of the drill site (see Hor-
ton and others, this volume, chap. A, fig. A4).

The stratigraphic interval sampled by the USGS-NASA
Langley corehole is physically distinguished by three primary
geologic units (presented below with thickness and boundary
altitudes relative to the NAVD 88):

* Crystalline rock (Neoproterozoic peraluminous granite),
8.9 m (29.1 ft) thick, between altitudes of —-632.74 and
—623.87 m (-2,075.9 and -2,046.8 ft); see Horton and others
(this volume, chap. B)

* Impact-modified and impact-generated crater debris, 390.63
m (1,281.6 ft) thick, between altitudes of —623.87 and
-233.23 m (-2,046.8 and —765.2 ft); see Gohn and others
(this volume, chap. C), Frederiksen and others (this volume,
chap. D), and Horton and Izett (this volume, chap. E)

¢ Postimpact shallow-marine and coastal plain deposits,
235.65 m (773.12 ft) thick, between —233.32 m (-765.2 ft)
and the top of the corehole at +2.4 m (+7.9 ft); see this chap-
ter (G) and Edwards and others (this volume, chap. H) and
Poag and Norris (this volume, chap. F)

A variety of paleontological data for the USGS-NASA
Langley core confirmed Powars and Bruce’s (1999) strati-
graphic interpretation of the 1974 NASA Langley test well
located only about 520 m (about 1,700 ft) east of the Langley
corehole (comparison shown in fig. G4). The USGS-NASA
Langley corehole provides key information for understanding
the formative processes that occurred in the Chesapeake Bay
impact structure’s southwestern annular trough.
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Figure G2. Map of the lower York-James Peninsula showing the location
of the USGS-NASA Langley corehole and the land-based high-resolution
seismic transect (black line; gaps show areas skipped). The final segment
of the transect, the 1-km-long (0.62-mi-long) Langley seismic profile, is
described by Catchings and others (this volume, chap. ).

Purpose and Scope

This chapter describes the physical geology of the 235.65
m (773.12 ft) of postimpact deposits penetrated in the USGS-
NASA Langley corehole and summarizes the paleontological
data (Edwards and others, this volume, chap. H). Lithic descrip-
tions of the Langley core are provided in appendix G1. The
lithostratigraphy of the core is correlated with borehole geo-
physical logs and the land-based high-resolution seismic-reflec-
tion data to characterize the physical properties of the strati-
graphic units and their geophysical signatures. The correlation
of the core and borehole geophysical logs provides the support-
ive evidence required for accurate interpretation of earlier
water-well geophysical logs and descriptions of borehole cut-
tings. This information makes possible a better understanding of
the Chesapeake Bay impact structure’s effects on the geological
and hydrological framework of southeastern Virginia over
approximately the last 35.7 to 35.8 million years (m.y.).

Recent Previous Investigations

Table G1 lists some of the products that have come from
the combined efforts of the U.S. Geological Survey, the Hamp-
ton Roads Planning District Commission, and the Virginia
Department of Environmental Quality from 1987 through the

b
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Figure G3. Detailed map showing the location of the USGS-NASA Langley
corehole (59E 31) and the 1974 NASA Langley test well (59E 5) at the NASA
Langley Research Center, Hampton, Va.

Figure G4 (facing page). Stratigraphic columns and geophysical logs for the
USGS-NASA Langley corehole (A, this report) and the 1974 NASA Langley test
well (B, Powars and Bruce, 1999). See figure G3 for hole locations. Colors in
bands indicate equivalent units.

year 2002. These publications have greatly changed our under-
standing of the subsurface geologic and hydrologic framework
of southeastern Virginia.

Methods of Investigation
Compilation of Lithologic Data from Core
Compilation of the onsite graphical representation and

written descriptions of the lithology of the USGS-NASA Lang-
ley core was supplemented by additional postdrill inspection
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Table G1. Key Chesapeake Bay impact crater publications from
1987 through 2002.

[Many of the listed publications result from cooperative work by the

U.S. Geological Survey, the Hampton Roads Planning District
Commission, and the Virginia Department of Environmental
Quality. Publications are listed by year within each group]

Contributions to regional geologic framewaork, 1987-2000

Powars, Mixon, Edwards, Andrews, and Ward, 1987

Powars, Mixon, Edwards, Poag, and Bruce, 1990

Poag, Powars, Mixon, Edwards, Folger, Poppe, and Bruce, 1991
Powars, Poag, and Bruce, 1991

Poag, Poppe, Powars, and Mixon, 1992

Poag, Powars, Poppe, Mixon, Edwards, Folger, and Bruce, 1992
Powars, Mixon, and Bruce, 1992

Poag and Aubry, 1995

Poag and Commeau, 1995

Powars and Bruce, 1999

Powars, 2000

Crater discovery, 1993-94

Powars, Poag, and Mixon, 1993
Poag, Powars, Mixon, and Bruce, 1994

Poag, Powars, Poppe, and Mixon, 1994

Crater’s association with Virginia's inland
saltwater wedge, 1994-2002

Powars, Bruce, Poag, and Mixon, 1994
Bruce and Powars, 1995

Powars, Bruce, and Johnson, 1998
Powars and Bruce, 1999

Powars, 2000

McFarland, 2002

McFarland and Bruce, 2002

Crater’s structural and stratigraphic effects on postimpact
deposits and geomorphology, 1993-2000

Powars, Poag, and Mixon, 1993

Poag, Powars, Mixon, and Bruce, 1994

Poag, Powars, Poppe, and Mixon, 1994

Johnson and Powars, 1996

Koeberl, Poag, Reimold, and Brandt, 1996

Poag, 1996, 1997, 2000

Riddle, Vaughn, Lucey, Kruse, Johnson, and Hobbs, 1996
Johnson, Kruse, Vaughn, Lucey, Hobbs, and Powars, 1998
Johnson, Powars, Bruce, Vaughn, Lucey, and Kruse, 1998
Powars, Bruce, and Johnson, 1998

Poag, Hutchinson, Colman, and Lee, 1999

Powars and Bruce, 1999

Powars, 2000

Powars, Edwards, Bruce, and Johnson, 2000

Table G1. Key Chesapeake Bay impact tfrater publications from
1987 through 2002.—Continued

Preliminary descriptions of the USGS-NASA Langley
corehole data, 2001

Gohn, Clark, Queen, Levine, McFarland, and Powars, 2001
Powars, Bruce, Bybell, Cronin, Edwards, and others, 2001

Interpretations of the crater’s structure and synimpact and postimpact
crater-filling processes, 2001-2002

Catchings, Powars, Gohn, Goldman, Gandhok, and Johnson, 2001

Catchings, Saulter, Powars, Goldman, Dingler, Gohn, Schindler, and
Johnson, 2001

Gohn, Powars, Bruce, Self-Trail, Weems, Edwards, Horton, Izett, and
Johnson, 2001

Horton, Aleinikoff, Izett, Naeser, and Naeser, 2001
Johnson, Powars, Bruce, Beach, Harris, and Goodwin, 2001
Poag and the Chesapeake Coring Team, 2001

Powars, Gohn, Catchings, McFarland, Bruce, Johnson, Izett, Emry, and
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(10x hand lens and binocular microscope) and sampling. A vari-
ety of paleontological data (Edwards and others, this volume,
chap. H) provided confirmation of preliminary stratigraphic
assignments and the guidance for the stratigraphic assignment
and recognition of units. Colors are described with reference to
the color charts of Munsell Color Company (1988) and God-
dard and others (1948). This chapter mostly uses depth from
the surface of the corehole in meters followed by feet in paren-
theses. Depth and altitude are provided on the stratigraphic
columns.

Analysis of Borehole Geophysical Logs

Stephen E. Curtin (USGS) and Richard E. Hodges (USGS)
ran a suite of geophysical logs in the USGS-NASA Langley
borehole using a Century logging system with a Model 8043
multi-tool probe. Different suites of geophysical logs were run
on several different dates to different depths. The deepest suite
of logs reached 634.9 m (2,083 ft), almost the total depth of the
hole (635.1 m; 2,083.8 ft); this suite included natural-gamma-
ray, multipoint-resistivity, 6-ft lateral-resistivity, caliper, acous-
tic televiewer (ATV), induction-resistivity, single-point-resis-
tance, spontaneous-potential, and sonic velocity logs. Other
suites included long-normal-resistance and short-normal-resis-
tance logs. Borehole geophysical logs, especially the resistivity
and natural-gamma-ray logs, were interpreted by establishing
geophysical signatures for the various lithic units observed in
the core. The lithostratigraphy in this chapter is largely based on
interpretation of the lithic descriptions and geophysical logs
supplemented by paleontological data (Edwards and others, this
volume, chap. H).

Correlation with High-Resolution Seismic Images

Both marine- and land-based seismic data reveal numerous
faults that displace the top of basement and overlying sediments
in the annular trough and the outer fracture zone (Poag and oth-
ers, 1999; Powars and others, 2003). The existence of a preim-
pact James River structural zone (fig. G1) along the southern
and southwestern margin of the crater has an apparent additive
effect to synimpact and postimpact structural adjustments of the
region (Powars, 2000). A 1-km-long (0.62-mi-long), high-reso-
lution, land-based seismic image (Catchings and others, this
volume, chap. I, fig. I9) was collected adjacent to the USGS-
NASA Langley corehole to allow correlation with the core and
geophysical logs (especially the sonic velocity log). Figure G5
shows how the seismic reflections correlate directly with the
corehole stratigraphy and geophysical logs. Abrupt shifts in the
sonic velocity log correspond to density changes across lithic
contacts and produce high-amplitude positive seismic reflec-
tions (black in fig. G5). Within the postimpact units, lower
amplitude positive reflections appear to relate to subtle changes
in lithology, which are also reflected in most of the geophysical
logs (the Chickahominy Formation is a good example of very

subtle lithic changes creating noticeable changes in seismic
reflections; see fig. GS5).

The high-resolution seismic-reflection data having a com-
mon-depth-point (CDP) interval of 2.5 m (8.2 ft) indicate that
most of the synimpact crater debris consists of highly fractured
and fault-bounded blocks of Lower Cretaceous fluvial-deltaic
deposits (Catchings and others, this volume, chap. I; Gohn and
others, this volume, chap. C). The overlying postimpact depos-
its also show fracturing and faulting, but the deformation is an
order of magnitude less than the deformation within the synim-
pact deposits. The postimpact stratigraphic units at and near the
Langley site have relatively horizontal continuous reflections
typical of marine strata; the stratigraphic units with contrasting
lithologies (primarily sand vs. clay) appear to have distinct seis-
mic signatures and positive reflections at their contacts (fig. G5;
see also Catchings and others, this volume, chap. I, figs. I9 and
I11).

Figure G5 shows that the contact between the synimpact
and postimpact deposits is marked by an abrupt major change in
the velocity, from high (top synimpact) to low (first postim-
pact); this velocity change creates the positive seismic reflec-
tion at the top of the synimpact sediments. The upper part of the
synimpact deposits clearly shows three strong positive reflec-
tions and, when correlated with the marine seismic data, indi-
cates that Powars and Bruce’s (1999) seismic interpretation of
the first postimpact unit, the Chickahominy Formation, actually
represents the uppermost synimpact deposits.

All the marine seismic images across the crater’s western
annular trough show that most of the postimpact sediments have
a low dip toward the central crater (fig. G6) and that numerous
extensional collapse structures disrupt synimpact and postim-
pact sediments (Poag and others, 2003). Most of the collapse
structures are bounded by zones of faulting that appear to
extend down into the basement, and some appear to be rooted
by detachment zones within the slumping sedimentary section.
Powars and others (2003) suggested that these structures appear
to be concentrated into three structural rings in the annular
trough and that their inner edges are at about 8, 15, and 22 km
(5.9, and 14 mi) from the margin of the central crater. The high-
resolution seismic survey (Catchings and others, this volume,
chap. I) shows that the Langley corehole is almost centered on
one of these extensional collapse structures; at the corehole site,
only the synimpact sediments beneath the multiple tsunami and
postimpact sediments appear to be significantly deformed.

Physical Stratigraphy of Postimpact
Deposits in the USGS-NASA Langley

Corehole

The postimpact deposits in the USGS-NASA Langley core
consist of 235.65 m (773.12 ft) of upper Eocene to Quaternary
deposits that buried the crater and the synimpact deposits.
Except for some Pleistocene fluvial-estuarine deposits, the
postimpact deposits are primarily marine shallow-shelf clays,
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Figure G5 (above and facing page). Stratigraphic column for the USGS-NASA Langley corehole
showing correlation with high-amplitude positive seismic reflections and geophysical logs, including
gamma-ray, spontaneous-potential, single-point-resistance, short-normal-resistance, and sonic velocity
logs. The seismic-reflection column is from Catchings and others (this volume, chap. |, fig. 19); high-
amplitude positive reflections are black. Definitions: ft, feet; km/s, kilometers per second; m, meters;
mV, millivolts; NAVD 88, North American Vertical Datum of 1988; ohm-m, ohm-meters.
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are shown in figure G1.
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silts, and very fine to very coarse sands that may include diato-
maceous, glauconitic, shelly, and thin calcium-carbonate-
cemented intervals. Microfauna, macrofauna, and flora indicate
marine to restricted-marine paleoenvironments.

Correlation of the postimpact units with a 1-km-long
(0.62-mi-long) high-resolution seismic-reflection profile at the
NASA Langley Research Center indicates (1) that the postim-
pact stratigraphic units here produce relatively horizontal con-
tinuous reflections typical of marine strata, (2) that a good cor-
relation exists between positive black reflections and lithic
changes that correspond to stratigraphic contacts, and (3) that
stratigraphic units having different lithologies are indicated by
obvious to subtle changes in the seismic character of the reflec-
tions (seismic signature). Some disturbed zones (fractures and
faults) are present in the postimpact section, but they are much
less common than in the underlying synimpact deposits.

The postimpact stratigraphic record in the Langley core
shows numerous cycles of deposition, erosion, and periods of
high and low sedimentation rates. These cycles were created by
the interactions among global sea level, sediment supply,
accommodation, regional to local tectonic activity, and impact
(structural subsidence or uplift) influences. Because the impact
was on a dipping shallow shelf, it created a unique depositional
environment with a deepwater circular basin surrounded mostly
by a shallow-shelf setting. For the first few million years, a
bathyal depositional environment existed inside the crater.

In the Langley corehole, which is located on the south-
western updip side of the outer annular trough, the bathyal
deposits are mostly overlain by postimpact deposits that repre-
sent transgressive and highstand depositional environments in
inner to middle neritic water depths; these postimpact deposits
include evidence for periods of continuous deposition and for
other periods punctuated by changes resulting in numerous
unconformities. Such unconformities are generally created
when sea level rises and high-energy waves erode and rework
the previous highstand deposits. The most resistant material
(bone, teeth, phosphate, wood, and shells) is generally concen-
trated into the basal lag deposit formed after a rise in sea level.
Most of the unconformable contacts between postimpact strati-
graphic units in the Langley core are marked by sandy basal lag
deposits that sharply overlie and are burrowed down into much
finer grained clay and silt deposited during a previous high-
stand.

Postimpact deposits in the USGS-NASA Langley core
include, in ascending order, the following units: the very clayey,
calcareous Chickahominy Formation (upper Eocene); the glau-
conitic, phosphatic, and partly shelly lithologies of both the
Drummonds Corner beds (upper lower Oligocene) and the Old
Church Formation (upper Oligocene); the shelly and sandy beds
of the Calvert Formation (lower Miocene); the primarily silici-
clastic, fine-grained part of the Calvert Formation (middle
Miocene), the St. Marys Formation (upper Miocene), and the
lower part of the Eastover Formation (upper Miocene); the
siliciclastic, locally glauconitic, fine- to coarse-grained, fossil-

iferous upper part of the Eastover Formation (upper Miocene)
and the Yorktown Formation (lower and upper Pliocene); and
the fluvial to estuarine Tabb Formation (upper Pleistocene).
The stratigraphy of the Langley core’s postimpact sedimentary
units above the synimpact sedimentary debris is provided in
table G2 and figure G7, and the lithology is described in appen-
dix G1. The ages indicated for these units are derived primarily
from biostratigraphic analyses of microfossils from the Langley
core (Edwards and others, this volume, chap. H).

Chickahominy Formation (Upper Eocene)

The upper Eocene Chickahominy Formation is the oldest
postimpact deposit found above synimpact deposits throughout
the southern Chesapeake Bay area. In the Langley core, the
Chickahominy Formation extends from a sharp but conform-
able contact with the underlying Exmore beds at 235.65 m
(773.12 ft) (fig. G8) upward to a burrowed contact with the
overlying upper lower Oligocene Drummonds Corner beds at
183.3 m (601.3 ft) (fig. G9); accordingly, the Chickahominy
section in the Langley core is 52.3 m (171.8 ft) thick.

At the lower contact, very tight clay with scattered hori-
zontal thin (millimeter-scale) silt to very fine sand laminae of
the Exmore beds contains only reworked, mixed-age microfos-
sils and is overlain by massive silty clay of the Chickahominy,
which contains in situ and reworked macrofossils and microfos-
sils. The silt-laminated clay represents the final settling of sed-
iments disturbed by the impact and, thus, constitutes the upper-
most part of the synimpact Exmore beds (for more details, see
figure G9; Poag and Norris, this volume, chap. F; and Edwards
and others, this volume, chap. H).

The upper contact of the Chickahominy is lithologically
sharp and strongly burrowed. Coarse-grained phosphatic and
glauconitic quartz sand of the Drummonds Corner beds fills
burrows that extend down 0.7 m (2.2 ft) into the silty clay of the
Chickahominy.

The Chickahominy Formation in the Langley core consists
primarily of homogeneous, generally bioturbated, very com-
pact, massive to thin-bedded, olive-gray, clayey silt to silty
clay, which contains abundant microfossils and scattered mac-
rofossils. It contains variable amounts of fine-sand- to silt-
sized, primarily black to dark-green glauconite, mica, finely
crystalline iron sulfides, and coarser grained pyrite. The Chick-
ahominy section in the Langley core is generally similar litho-
logically to other Chickahominy sections found throughout the
region (Powars and Bruce, 1999).

A pyrite-filled fracture dipping moderately at about 45°
was found in the core at 230.0 to 229.9 m (754.7 to 754.4 ft)
depth (fig. G10). This is the first core sample that recovers
actual fractures and faults seen in the seismic-reflection images
of the postimpact section (for example, in Poag and others,
1999, and Powars and Bruce, 1999). Several other similarly
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Table G2. Stratigraphic contact depths and thicknesses of the postimpact sediments in the USGS-NASA Langley core.

Stratigraphic unit {:5 .::'; B(::)e B(e;ts)e Thi‘;::;ess Thic(l:;ess Series
Lynnhaven Member of Tabb Formation......... 0.0 0.0 22 7.2 2.2 7.2 upper Pleistocene
Yorktown Formation...........c.ccccvevrereeeninene. 22 7.2 233 76.3 21.1 69.1 Pliocene
Eastover Formation.........ccccceceeiereinecines 233 76.3 68.4 224.5 45.2 148.2 upper Miocene
St. Marys Formation...........ooececevicvereieeennnn, 68.4 224.5 123.6 405.5 55.2 181.0 upper Miocene
Calvert Formation..........cceoveeurerccrernrcnecns 123.6 405.5 143.5 470.9 19.9 65.4 lower and middle Miocene
Calvert Beach Member.............ccccocoeneee. 123.6 405.5 139.0 456.1 15.4 50.6 middle Miocene
Plum Point Member..........c.coccoceeiie. 139.0 456.1 140.5 461.1 1.5 5.0 middle Miocene
Newport News beds......ccocovnivieciiiiinnns 140.5 461.1 143.5 470.9 3.0 9.8 lower Miocene
Old Church Formation...........ccoooovvvevrveerinnne. 143.5 470.9 176.0 577.4 325 106.5 upper Oligocene
Drummonds Corner beds..........cccoooevreniinnee 176.0 577.4 183.3 601.3 7.3 23.9 upper lower Oligocene
Chickahominy Formation..........c.cceccvnnninne 183.3 601.3  235.65 773.12 523 171.8 upper Eocene

angled fractures with slickensides were found in the Chicka-
hominy section of the Langley core (fig. G10).

The fine-grained Chickahominy section is represented by
a distinctive, flat, low-value signature on borehole resistivity
logs (fig. G7); it is easily differentiated from the irregular,
higher resistivity signature typical of the underlying Exmore
beds (except for the thin, 0.27-m-thick (0.9-ft-thick) capping
fine-grained interval in the Exmore beds discussed above). The
irregular, higher resistivity signature of the overlying, much
sandier Drummonds Corner beds also is relatively easy to dis-
tinguish from the flat resistivity signature of the Chickahominy.
The contact with the overlying Drummonds Corner beds also is
marked on the natural-gamma-ray log by an increase in radio-
activity in the phosphatic basal lag deposits of the Drummonds
Corner beds relative to the values recorded for the Chickahom-
iny section (fig. G7). Variations in the natural-gamma-ray log
within the Chickahominy strata reflect differences in the phos-
phate and glauconite content (Poag and Norris, this volume,
chap. F), and the resistivity logs reflect differences in the con-
tent of silt-clay and sandy silt. The lower part (about 12 m (40
ft)) of the Chickahominy has relatively high gamma-ray-log
values indicating increased phosphate. This higher gamma-ray
signature for the lower Chickahominy is prevalent in all of the
corehole and water-well logs from the southwestern outer annu-
lar trough and the surrounding outer fracture zone.

A distinctive suite of microfossils is found in the Chicka-
hominy Formation, indicating a late Eocene age for this unit,
which is based on calcareous nannofossil Zones NP 19/20 and
NP 21 and planktonic foraminiferal Zones P15, P16, and P17
(Edwards and others, this volume, chap. H; Poag and Norris,
this volume, chap. F). The Chickahominy section in the Langley
core represents continuous bathyal deposition from the cessa-

tion of synimpact deposition at 35.2+0.3 Ma (age based on
argon-4(0/argon-39 plateau ages of tektites inferred to result
from the Chesapeake Bay impact; Obradovich and others, 1989;
Poag, Powars, Poppe, and Mixon, 1994) to 35.3+0.1 Ma (age
from Horton and Izett, this volume, chap. E) to 33.7 Ma or
before (age from the time scale of Berggren and others, 1995).
The lower contact of the Chickahominy is conformable,
whereas the upper contact is an unconformity that represents a
hiatus of 3.8 m.y. (Edwards and others, this volume, chap. H).

Paleoenvironmental analysis of the Chickahominy fauna
and flora in the Langley core (see Poag and Norris, this volume,
chap. F; and Edwards and others, this volume, chap. H) indi-
cates that the Chickahominy sediments were deposited in a
quiet-water, low-oxygen, marine environment with water
depths of approximately 300 m (984 ft). The deepest water
paleodepth detected from the fossil assemblages appears to be
at a depth of 221.7 m (727.4 ft) in the core.

Drummonds Corner Beds (Upper Lower Oligocene)

Lower Oligocene deposits are present in the Langley core
from the unconformable contact with the Chic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>