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Introduction:  The buried Chesapeake Bay impact 

structure formed on the continental shelf of eastern 
North America 35.3 ± 0.2 (2σ) million years ago [1] in 
a target of seawater, sediment, and rock.  The seawater 
was about 300 meters (m) deep during the postimpact 
late Eocene sedimentation [2].  The inverted-
sombrero-shaped structure consists of a central crater 
and a surrounding annular trough of slumped sedi-
ments; the central crater contains a broad central uplift 
and surrounding moat [3].  Preimpact epidote, chlorite, 
and albite are common alteration products in granites 
that underlie the annular trough in the outer part of the 
impact structure [4], and postimpact chloritization and 
albitization are conspicuous in crystalline-clast brec-
cias at the central uplift [3]. 

In 2004, the United States Geological Survey 
(USGS) drilled and partially cored an 823-m scientific 
test hole on the northeast flank of the central uplift at 
Cape Charles, Virginia. [5].  The test hole sampled (1) 
a lower crater section of crystalline-clast breccias,  (2) 
an upper crater section of Exmore sediment-clast brec-
cia (polymict diamicton) interpreted as resurge sedi-
ments, and (3) postimpact sediments [3,5].  Most of 
the drill cores, from subsurface depths of 744 to 823 m 
in the lower crater section, consist of suevitic breccia 
interpreted as fallback, and brecciated felsic to mafic 
gneisses interpreted as basement-derived megablocks.  
A spot core sampled the upper sediment-clast breccia 
at 427-433 m depth, and clays in drill cuttings from 
this unit below the spot core show increasing lithifica-
tion with depth. 

Petrography and Mineralogy:  Smectite, illite, 
kaolinite, and high-Fe chlorite are present in samples 
of the upper sediment-clast breccia, where the smectite 
contains as much as 20% interlayered illite.  Authi-
genic quartz, calcite, and pyrite are also present. 

In the lower crystalline-clast breccias, “decorated” 
(partly recrystallized) planar deformation features 
(PDFs) in shocked quartz suggest postimpact hydro-
thermal alteration [3].  We did not find coesite or 
stishovite, although they occur in distal ejecta; perhaps 
these minerals are present only in trace amounts or 
have been recrystallized as quartz during postimpact 
hydrothermal alteration.  A rare, shock-induced poly-

morph of TiO2 occurs with anatase and rutile in the 
crystalline-clast breccias [3,6].  The crystalline-clast 
breccias are altered to a typical low-temperature 
hydrothermal assemblage of chlorite, white mica, 
quartz, albite, and calcite.  The suevitic breccia and 
brecciated gneiss are pervasively albitized and chlori-
tized [3].  Chlorite pseudomorphs biotite, and albite is 
the most abundant feldspar [3]; smectite is notably 
absent.  Dilational fractures and veins contain abun-
dant calcite with smaller amounts of chlorite, quartz, 
and pyrite [3].  Pyrite contains veins and inclusions of 
the base-metal sulfides, galena and chalcopyrite.  Ob-
served in late-stage veins are acicular crystal aggre-
gates of a Ca, REE carbonate and uncommon barite.  
An uncommon rutile associated with late-stage veining 
has growth zoning containing up to 2.3 wt.% WO3.  
Most of the secondary calcite is rich in mineral inclu-
sions and twinned, with twins commonly bent, kinked, 
warped, and offset by microfaults.  Very little of this 
calcite contains fluid inclusions.  These calcite veins 
may pre-date the impact, and the impact may have 
destroyed most if not all preexisting fluid inclusions 
[7].  The strained calcite is partly recrystallized and 
overgrown by clear sparry calcite, which also occurs in 
veins and in vugs along fractures [3]. 

Fission-track Ages:  Fission-track ages were de-
termined on grains of apatite and zircon from the up-
per (Exmore) sediment-clast breccia at 428 m depth 
and on grains of apatite from a cataclastic felsic gneiss 
megablock in the lower crystalline-clast breccia at 
762-763 m depth.  Data from the upper sample indi-
cate cooling through the zircon closure temperature 
(~235°C) at 294 ± 46 Ma (2σ) and through apatite 
closure (~100°C) at 135 ± 25 Ma (2σ).  These ages are 
similar to unpublished ages from Coastal Plain sands 
throughout the region and show no evidence of heating 
related to the late Eocene impact.  In contrast, fission-
track data from the deeper crystalline-clast breccia 
indicate cooling through the apatite closure tempera-
ture at 37 ± 10 Ma (2σ).  Collectively, the fission-track 
data reveal a thermal contrast in which impact-related 
heating exceeded 100°C in the deeper crystalline clast 
breccia but not in the upper sediment-clast breccia. 
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Fluid Inclusions:  A sample of grayish-black, 
aphanitic impact-melt rock from a clast in suevitic 
breccia has a quenched groundmass texture, including 
crystallites with feathery morphology, and this rock is 
cut by <1 mm-scale calcite veins in which fluid inclu-
sions are common.  The vein fill is mostly sparry, and 
some of the smallest veins have a cross-fiber texture.  
Fluid inclusions occur only in the sparry calcite.  This 
calcite contains several types of aqueous fluid inclu-
sions.  (1) Elongate to irregular (commonly thin and 
flat), liquid + vapor fluid inclusions that homogenize 
to liquid are abundant.  (2) Larger, more irregular liq-
uid + vapor fluid inclusions are less abundant and con-
fined to certain growth zones of the sparry calcite crys-
tals.  These fluid inclusions are prone to leakage in 
thin sections, because of extensions that intersect the 
top or bottom of the sections.  (3) Sparse, large vapor-
rich fluid inclusions are either solitary or part of iso-
lated clusters of 3 to 4 fluid inclusions, and they ap-
pear to homogenize to vapor.  Liquid-only inclusions 
are sparse.  While the fluid inclusions confined to 
growth zones appear to be primary, the others could be 
either primary or secondary. 

We measured 33 homogenization temperatures 
(Th) and 33 ice-melting temperatures (Tm) from 44 
fluid inclusions in the sparry calcite.  Homogenization 
temperatures vary from 114°C to 257°C, with modes 
at around 190-205°C and 220-235°C (Fig. 1).  As 
noted, the majority of homogenizations are to liquid, 
yet three fluid inclusions appear to homogenize to va-
por and others appear to be so vapor-rich that homog-
enization cannot be observed. 

 
 

 
Fig. 1. Homogenization temperatures (Th) of fluid 
inclusions from calcite veins in the suevitic breccia. 

 
 

Ice melting temperatures range from -1.1°C to 
-11.5°C, with the majority being between -1.8°C and 
-3.1°C.  Thus, the paleosalinities of most aqueous in-
clusion fluids approximate that of seawater (Tm of ice 
= -2.0°C), but some are much more dilute and others 
are much more saline.   

Discussion:  The mineralogy of breccias from this 
test hole at the central uplift shows prominent 
diagenetic changes in the upper section of Exmore 
sediment-clast breccia, and evidence for hydrothermal 
alteration in the lower section of crystalline-clast brec-
cias.  The cored portion of sediment-clast breccia at 
427-433 m depth likely experienced temperatures of 
about 100°C based on the authigenic clay mineral as-
semblage and fission-track data combined. 

Fluid-inclusion data indicate that hydrothermal flu-
ids associated with sparry calcite veins from the deeper 
crystalline-clast breccia reached temperatures up to the 
boiling point of seawater (~220°C at 300 m water 
depth).  The coexistence of some very saline fluid in-
clusions with other fluid inclusions that homogenize to 
vapor suggests that boiling occurred locally.  The 
thermal conditions inferred from fluid-inclusion data 
are consistent with those inferred from secondary min-
eral assemblages and fission-track data.  They are also 
consistent with analyses of pore water from this test 
hole, which indicate that the  resurge seawater was 
trapped and subsequently heated to near boiling tem-
peratures by residual heat of the impact [8]. 

Survival of the shock-induced polymorph of TiO2 
[6] in the crystalline-clast breccia suggests that post-
shock temperatures did not exceed about 500-550°C 
[9,10], and modeling suggests that temperatures re-
mained above the background geothermal gradient for 
about 1 million years [11]. 
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