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ABSTRACT

Beds interpreted as Eocene bolide-gen-
erated impact and tsunami deposits occur
at Paint Hill in the Upper Atlantic Coastal
Plain of Moore County, North Carolina,
USA. These strata, herein named the Mount
Helicon Formation, consist of four distinct
beds comprising about one meter of total
section. Bed 1 (the basal bed) is approxi-
mately 43 cm thick and consists of sandy
carbonaceous clay with carbon glass and
rock fragments and contains 14-18 parts per
billion (ppb) iridium (interpreted as bolide
impact ejecta). Bed 2 is approximately 9
cm thick and consists of non-cohesive silt-
size particles and loosely bound sand-size
accretionary lapilli-like masses composed
of quartz and carbon glass particles imbed-
ded in a gray-green, flakey clay matrix and
contains 2-6 ppb iridium (interpreted as
atmospheric fallout deposits). Bed 3, is a
sandy-matrix breccia approximately 6 cm
thick (although thickness is greater in some
places because of large clasts). This bed has
terrestrially-derived clasts such as paleosol
rip-ups (gravel to boulder-size) and petrified
wood logs, along with marine-derived clasts,
such as fossiliferous chert fragments and (up
to) meter-size clasts of rolled strata contains

1-2 ppb iridium (interpreted as tsuna-
mi-surge deposits). Bed 4 is approximately
15 cm thick and consists of medium to
coarse quartz sand with occasional pea size
quartz gravel (interpreted as a possible later
tsunami deposit). The beds of the Mount
Helicon Formation fill a channel cut into the
upper part of newly described upper mid-
dle Eocene (Bartonian) siliciclastic strata,
herein named the Paint Hill Formation.

The Paint Hill Formation consists of
approximately 11 m of clay, sandstone (some
glauconitic), and conglomerate (interpreted
as nearshore marine strata) that are divided
into five intervals of fining-upward or coars-
ening-upward sediments comprising 2.5
high-resolution transgressive regressive
cycles. The age of the Paint Hill Forma-
tion as determined from fossil shark teeth,
specifically Pseudabdounia claibornensis,
is Bartonian, 41.2-37.7 Ma, late middle
Eocene. The uppermost unit in the Paint Hill
Member has weathered to plinthic paleosol,
indicating that the land area hosting these
marine strata became subaerially emer-
gent, probably during the late Eocene. This
emergent land provided a source for rip-up
paleosol clasts found in Bed 3 of the Mount
Helicon Formation. This discovery indicates
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that a catastrophic event (most likely the ~35
Ma Chesapeake Bay Impact that occurred
about 380 km to the northeast of Paint Hill)
generated bolide impact and tsunami depos-
its in a shallow marine and adjacent terres-
trial setting in the southwestern part of the
North Carolina Coastal Plain.

INTRODUCTION

The Paleogene geology of the Upper Atlan-
tic Coastal Plain (UACP) in North Carolina
(Fig. 1A) is not as well defined or mapped
as it is in adjacent states. This paper presents
new geological information from North Caro-
lina on the UACP Eocene strata, specifically a
lower section of fossiliferous marine strata and
a younger paleosol and, a previous unknown
upper section that contains impact and tsu-
nami deposits. The upper section of Eocene
strata, interpreted as bolide impact and subse-
quent tsunami deposits, is preserved in a ter-
restrial paleo-channel that cuts into the lower
section of middle Eocene strata (interpreted
as marine deposits). The putative impact and
tsunami deposits are believed to be associated
with the late Eocene Chesapeake Bay Bolide
Impact (CBI) which occurred approximately
380 km to the northeast of the North Carolina
(NC) study site (Fig. 1B), and, “is the largest
known impact crater in the United States and
the seventh largest known on Earth” (Horton,
et al.,, 2005, p. A2). Although many papers
have been published on the CBI [e.g., Edwards
and Powars 2003; Poag et al. 2004; Horton et
al. 2005 (with extensive lists of references);
Edwards et al., 2009; Kenkmann et al. 2009]
this paper provides the first identification and
description of beds that may be distal terres-
trial deposits associated with that event. This
work supports revisions to established Atlantic
Coastal Plain stratigraphy and paleo-geomor-
phology and more importantly, documents pre-
viously unknown Eocene impact deposits con-
sisting of an ejecta blanket, atmospheric fallout
beds, and tsunami surge deposits capped by
what may be a later tsunami deposit.

The upper middle Eocene marine strata
are initially discussed in this paper to provide
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the background setting supporting the pri-
mary discovery of apparently upper Eocene
bolide impact and tsunami deposits that fill a
channel cut into the earlier strata. The newly
determined age, unit characteristics, and later
paleosol development of the marine strata sup-
port the conclusions regarding the age and ori-
gin of these impact and tsunami beds.

GEOLOGIC SETTING

The specific study area is located at Paint
Hill, Moore County, NC (shown as symbols
Pep and Pem on Figure 1B) within the UACP,
a physiographic sub-province in the Atlantic
Coastal Plain (ACP). The UACP is bounded to
the west by crystalline rocks of the Piedmont
Province, and to the east by the Orangeburg
Scarp, which is interpreted as the western limit
of middle Pliocene marine transgression (Dow-
sett and Cronin 1990; Rovere et al. 2015). The
UACEP is deeply dissected with hilltops rising
to approximately 186 m above mean sea level.
The Piedmont geology in the general vicinity
of the study area consists of Precambrian-Cam-
brian metamorphic rocks with Paleozoic igne-
ous intrusions, and a transecting Mesozoic
sedimentary basin. The Piedmont metamor-
phic rocks are primarily volcaniclastic strata
and volcanic rocks (Conley, 1962), formerly
referred to the Slate Belt, but now identified as
the Carolina Terrane (Albemarle Arc, Bowman
etal., 2013, Fig.1). Paleozoic granitoid plutons
intrude the older Piedmont rocks (Stoddard et
al., 1991). Upper Triassic siliciclastic strata of
the Chatham Group (Clark et al., 2011) transect
roughly NE-SW within the Deep River Basin,
which is downfaulted into the Piedmont rocks.
Jurassic basic igneous dikes intrude the Trias-
sic strata and adjacent older Piedmont rocks.
The Piedmont surface inclines gently under the
UACEP, and these rocks are exposed in some of
the lower topographic areas and deeper fluvial
drainages (Conley, 1962; Geologic Map and
Sections) in the UACP.

The Piedmont rocks are unconformably
overlain by Upper Cretaceous sandstone (sand,
where poorly lithified) and mud. Within the
UACEP the Cretaceous strata are capped by an
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unconformity that is overlain in various places
by one or more of the following three strati-
graphic units: (1) an Eocene section found in
two parts — (a) a lower section of upper middle
Eocene marine strata, and (b) an upper sec-
tion of putative upper Eocene strata above an
unconformity composed of bolide impact and
tsunami deposits that accumulated in a terres-
trial channel; (2) post-Cretaceous (post-Eo-
cene?) gravel beds; and (3) Quaternary eolian
sand.

In Moore County, rocks of the Piedmont are
truncated by an unconformity above which lie
Upper Cretaceous strata. In central and eastern
Moore County the lowermost Cretaceous strata
consist of brown or green loosely indurated
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sandstone and mudstone which was mapped as
Cape Fear Formation (Barlett, 1967; Swift, et
al. 1969; Rhodes and Conrad, 1985; Sohl and
Owens, 1991). In the study area, the thickness
of the Cape Fear Formation is uncertain, but is
likely to be 10-15 m. Conley (1962) mapped
a possibly equivalent unit in Moore County as
the Lower Member of the Cretaceous Tuscalo-
osa Formation. The Cape Fear Formation (Con-
ley’s Lower Member of the Tuscaloosa Forma-
tion) is overlain by a 60-75 m thick (observed
in the study area) unit of red to orange sand,
gravel, and mud which was mapped as the
Cretaceous Middendorf Formation by Bartlett
(1967), and as the Upper Member of the Tusca-
loosa Formation by Conley (1962). Generally,
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Figure 1. A) Regional geology, adapted and modified from North Carolina Geological Survey,
State Geologic Map, 1985. Dashed red line with hash marks = Orangeburg Scarp; PC-C (¢ ) = Pre-
cambrian and Cambrian Carolina Terrane; Tr ¢ = Triassic Chatham Group [PC-C (c) and Tr c are
Piedmont Province rocks]; Kb = Cretaceous Black Creek Formation; Kc = Cretaceous Cape Fear
Formation; Km = Cretaceous Middendorf Formation; Pec = Paleogene Eocene Comfort and New
Hanover Members (Figure 1, undivided (outliers); Pep = Paleogene Eocene Paint Hill Formation
(within red outlier indicated by red arrow) and Pem = Paleogene Eocene Mount Helicon Forma-
tion (within red outlier indicated by red arrow); Npd = Neogene Pliocene Duplin Formation; Qp
= Quaternary Pinehurst Formation. B) Eastern United States showing the location of the Chesa-
peake Bay Impact Structure relative to the region mapped in Figure 1 A.
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the Middendorf Formation rests on an uncon-
formity on Piedmont rocks in central Moore
County and regionally to the southwest in the
UACP (Swezey et al. 2023), where the Cape
Fear Formation is absent. Facies relations and
the stratigraphic distribution of the Cape Fear
and Middendorf formations require further
study and definition in the UACP of Moore
County.

Thin gravel beds (most of which are less
than ~ 4 m thick), sometimes called High Level
Gravels (Richards 1950; Reinemund 1955),
occur on various hilltops in the UACP. These
gravels are of uncertain origin but may repre-
sent an undated (other than post-Cretaceous)
and otherwise undefined terrestrial erosional
apron. However, these occurrences can be con-
fused with weathered gravel of the Middendorf
Formation or local stream terrace gravels. The
High Level Gravels and the Eocene strata are
not found in mutual stratigraphic contact, and
their stratigraphic relation has not been estab-
lished.

Isolated hilltop outlier occurrences of
Eocene strata occur in the study area at eleva-
tions between 172.5 and 183.5 m above mean
sea level (AMSL) and outliers east of Paint Hill
were regionally mapped as the Castle Hayne
Formation (Rhodes and Conrad 1985, Fig 1A).
At Paint Hill in Moore County, Bartlett (1967)
mapped a 31 foot (~ 9.6 m) thick unit of “undi-
vided Eocene” that he described as mainly con-
sisting of opaline claystone, sandy beds, and
residuum.

The work of this study shows that the sec-
tion of Eocene strata at Paint Hill, that Bartlett
(1967) described, is overlain by a newly dis-
covered upper section of Eocene strata (approx-
imately 1m thick), that is herein interpreted as
bolide-generated impact and tsunami deposits.
This upper section of Eocene strata consists of
channel-fill deposits that are the principal topic
of discussion in this paper.

All the units listed above are intermittently
overlain by approximately 1.5-5 m thick (seen
in the study area; especially in sand pits) depos-
its of loose sand, with high-angle crossbedding
at many locations, mapped as the Quaternary
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Pinehurst Formation [Barlett, 1967 (redefined
after Conley, 1962); Swezey et al., 2016b]. The
Pinehurst Formation is interpreted as eolian
sand sheets and dunes that developed, and were
extensively reworked, during the last glaciation
(Swezey et al. 2016D).

EOCENE STRATIGRAPHY
AT PAINT HILL

Lower and upper Eocene stratigraphic sec-
tions are recognized in the UACP of Moore
County. The lower section of bedded gravel,
sand, and fossiliferous opaline claystone strata
(interpreted as marine deposits) was previously
known but not comprehensively described
from the Paint Hill Outlier. The upper sec-
tion of Eocene strata, newly described in this
paper, includes beds of carbonaceous clay with
quartz sand, rock fragments and sand-size car-
bon glass particles; silty ash with sand to small
gravel-size accretionary lapilli-like fragments;
mixed-clast matrix-supported breccia; and
coarse sand with pea-size gravel (collectively
interpreted as bolide impact and tsunami depos-
its) that accumulated within a channel cut into
the underlying lower section of Eocene strata.
Figure 2 illustrates the stratigraphic relation for
the two Eocene sections (unit names on Fig.2
are discussed in the text). Figure 3 describes
the thickness and contents of the lower section
of Eocene strata interpreted as marine deposits,
and the upper section of Eocene strata chan-
nel-fill strata interpreted as impact and tsunami
deposits. Figure 4 provides photographs of
exposures that are cross-referenced to Figure 2.

Background and Previous Work

The Paint Hill study area is located on a hill-
top east of Aberdeen and Southern Pines, North
Carolina in Moore County (specific study area
is shown on Fig 1A as symbols Pep and Pem).
Bartlett (1967) mapped the opaline claystone
and sandstone of Paint Hill as “Eocene Undi-
vided” and noted the presence of secondary
phosphate minerals, chert and fossils (fish
vertebrae and occasional shark teeth, and rare
bivalve molds). He also speculated that several
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nearby hilltop areas at about the same eleva-
tion might be underlain by similar Eocene
strata. Bartlett (1967) also discussed some 19th
century references that mention the Paint Hill
Eocene strata in Moore County (Kerr (1875,
1884-1885). Additionally, Bartlett (1967)
noted four small hilltop areas in Hoke County,
south of Paint Hill, that he suspected may be
underlain by Eocene strata. Bartlett (1967) fur-
ther identified the topographic features known
as Gaddys Mountain, Johnson Mountain, and
Blues Mountain within the Fort Liberty (for-
merly Fort Bragg) Military Reservation in
Hoke County as Eocene outliers. The general
collective area of these occurrences on Fort
Liberty is shown on Figure 1A as symbol Pec.
Of those outliers discussed by Bartlett (1967),
the Paint Hill Outlier is the only one from
which fossils have been recovered. However,

Cabe (1984) reported occurrences of Eocene
fossiliferous clastic strata (including beds of
opaline claystone) in Harnett County near
Spout Springs in the UACP (the general area
is shown on Fig, 1A as symbol Pec). Cabe’s
(1984) fossils require further analysis (and pos-
sibly recollecting) for age determination. More
specific correlation of these occurrences, other
than the Paint Hill strata, awaits further study.

Description of the Lower Section of
Eocene Strata at Paint Hill

Three overlapping transects of the lower
section of Eocene strata at Paint Hill collec-
tively preserve an approximately 11 m thick
sequence of quartz-rich clastic strata that over-
lie an unconformity on the Upper Cretaceous
Middendorf Formation. This sequence has 18
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discernible units (listed and described in Fig.
3) comprising five intervals of fining-upward
or coarsening-upward trends. Some beds of
opaline claystone and finer sandstone preserve
molds of dissolved fossils (see Fig. 3) and some
beds contain phosphate minerals, glauconite,
chert or opaline claystone (Fig. 3).

The basal Eocene unit (unit E-1, see Fig 3),
above the Upper Cretaceous Middendorf For-
mation, is about a 30 c¢cm thick unit of coarse
quartz sand with dispersed medium to coarse
quartz gravel of approximately 4 - 40 mm diam-
eter. Subsequent gradational units E-2 through
E-5 progressively fine upward from medium
quartz sand to fine silty sand over a thickness of
about 4 m. Units E-6 through E-8 record a gra-
dational coarsening over a thickness of about
Im from medium to coarse, glauconitic sand
into medium to coarse quartz gravel (between
4 - 40 mm diameter) mixed with coarse quartz
sand comprising unit E-8 (roughly the upper 30
cm). A second fining-upward trend of about 2
m thickness is seen in the succeeding units E-9
(fossiliferous silty to quartzose sandy opaline
claystone) that transitions to unit E-10 (silty
opaline claystone with chert nodules). Unit
E-10 has a sharp upper contact and is overlain
by unit E-11 (fossiliferous gray siliciclastic
mudstone with no sand). A final coarsening-up-
ward interval occurs from units E-12 (70 cm
thick, medium to coarse quartz sand) through
unit 13 (10 cm thick, medium coarse quartz
sand to gravel, with sharp upper and lower con-
tacts). A fining-upward trend is again evident
from unit E-14 (60 cm of medium to coarse
sand) grading into unit E-15 (30 cm thick
nearly pure opaline claystone, but containing
sparsely distributed, floating well-rounded
coarse quartz grains). Fine-grained strata per-
sist into unit E-16 (20 cm thick clay with some
fine, medium and coarse sand, which is grada-
tional to the overlying unit E-17 (40 cm thick
clayey medium sand). The very upper part of
unit E-17 transitions to plinthic paleosol which
constitutes all of the fine-grained unit E-18 and
obscures nearly all sedimentary features.

The upper 1.5 m (nominal) of the lower
section of Eocene strata at Paint Hill contain

remnants of a deeply weathered paleosol (unit
E-18, Fig. 4A). The plinthic paleosol contains
a thick subsoil horizon with numerous redoxi-
morphic mottles, a few with ironstone centers.
Such features are common of deeply weathered
paleosols in the Atlantic Coastal Plain (e.g.,
Swezey et al. 2016a). The paleosol profile at
Paint Hill appears either mostly intact (Fig.
4A), partially eroded, or totally removed as
controlled by the location of the scoured chan-
nel floor below the overlying deposits. These
truncated profiles suggest removal of soil hori-
zons that were more than 2 m thick and con-
tained abundant plinthic mottles.

Fossil Content of the Lower Section
Eocene Strata at Paint Hill

Some beds of the Eocene lower section stra-
ta at Paint Hill contain moldic marine fossils.
The most abundant fossil materials are bony
fish remains of millimeter to centimeter scale
consisting of isolated vertebrae, fin spines,
ribs, isolated and occasional articulated crani-
al bones and a variety of ctenoid and cycloid
scales. A single inter surface fish skull was re-
covered from unit E-15. This material awaits
formal taxonomic treatment. Fish fossils have
been recovered from units E-9, E-10, and E-15
(Fig. 3). Shark and ray (Elasmobranchii) teeth
are uncommon but six taxa have been identi-
fied. Decapod (Callianassidae) remains, in-
cluding chelipeds and miscellaneous carapace
fragments, were recovered from units E-10 and
E-15. Poorly preserved molds of Pectinidae bi-
valves are uncommon in unit E-15. Other rare
and poorly preserved unidentified bivalves and
gastropods are present. Chert-replaced domal
bryozoans (Osthimosia sp.) are somewhat
common in unit E-10.

Unit E-11, a gray clay, contains some of
the taxa listed above, as well as a distinctive
fauna not observed in other units, including
abundant sponges (spicules, plates, and molds
of spicule-covered sponge bodies), single echi-
noid (Clypeasteroida) mold, and well-defined
Chrondrites and Gyrophyllites trace fossils.
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Description of the Upper Section
(Channel-Fill) Eocene Strata at
Paint Hill

Four distinct beds are preserved at Paint Hill
within a channel cut into the underlying low-
er section of Eocene strata (Figs. 4B and 4C)
forming a prominent step-down unconformity.
Figure 4A shows the channel floor projected
over the lower section unit E-18, a plinthic
paleosol. The upper section beds (channel-fill)
are roughly concordant to the channel floor and
are low-angled discordant to the flat-lying stra-
ta of the lower section marine strata below the
channel. Figures 4A and 4B are photographs
taken of a temporary pipeline trench excavated
in 2016 that was open for one day. The chan-
nel floor appeared scoured (SF in Fig. 4B) of
any prior contents such as alluvium or soils, if
any existed below the channel-fill beds. A sub-
sequent excavation near the backfilled pipeline
trench provided access for examination of the
channel-fill-strata (Fig. 4C) where the four dis-
tinct beds were seen.

The lower three beds were analyzed for irid-
ium in channel samples taken from each bed by
hand-held trowel scraping. These samples were
air dried, split to approximately 25 grams, and
sent to American Assay Laboratories (Sparks,
Nevada) for further preparation and analysis.
Duplicate portions of each sample were com-
bined with sodium peroxide in a graphite cru-
cible and heated to fusion. After cooling the
fused materials were digested in acid matrix
and analyzed for iridium with an inductively
coupled plasma-mass spectrometer calibrated
against reference standards. The lower limit
of detection was 1 ppb. The remaining mate-
rial from the three channel samples (for which
a split was used for iridium analysis) are ar-
chived at the South Carolina State Museum:
(SC2023. 14.99) for Bedl; (SC2023. 14.100)
for Bed 2; and (SC2023. 14.101) for Bed 3.

Description of Bed 1. Bed 1 is approximate-
ly 43 cm thick (Fig. 4C) and is suprajacent to
the contact with unit E-17 (marking the chan-
nel floor). Bed 1 consists of dark gray to black,
sandy carbonaceous clay. The sand fraction
contains vitreous and translucent carbon glass
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(Fig. 6 A and B) with quartz grains, and brown
(weathered) to black, sand-size rock fragments
that have a small magnetic component (Fig 7).
The approximate lower one-third of this bed
is much more clayey. The bed is infused with
incinerated carbonaceous material including
charcoal. Iridium concentrations for a vertical
channel sample taken through Bed 1 were 14
and 18 ppb for 2 splits.

Description of Bed 2. Bed 2 is approxi-
mately 9 cm thick (Figure 4C) and consists
predominately of non-cohesive silt-size parti-
cles. Loosely bound granule to small pebble-
size masses of gray-green flakey clay with
imbedded (agglutinated) sand-size quartz,
charcoal, and carbon glass particles (Fig 8) are
commonly distributed in this bed. Iridium con-
centrations for a vertical channel sample taken
through Bed 2 were 6 and 2 ppb for 2 splits.
The upper contact of Bed 2 is gradational with
the overlying Bed 3 and constituents of Bed 2
are present within the lower part of Bed 3.

Description of Bed 3. Bed 3 has a sandy
matrix of variable thickness, and is nominal-
ly about 6 cm thick (Fig. 4C), but it contains
small and large clasts that can increase the
bed thickness. The largest clast observed was
a rolled mass of medium (about 2.5 cm bed
thickness) bedded strata approximately 60 cm
in diameter (Fig. 4B insert). The most common
clasts are irregular cohesive masses of plinthic
paleosols that are predominately about 3-30
cm in the longest dimension (Fig. 4C, 4D).
Other clasts include silicified petrified wood
logs and granule to large gravel-size angular to
slightly rounded pieces of white to gray chert
that can be fossiliferous with domal bryozoan
structures and pectinid bivalve molds. The ma-
trix for these clasts is a well-sorted medium to
coarse-grained quartz sand that also contains
charcoal and sand-size carbon glass particles.
This heterogeneous bed is mixed with the con-
stituents of underlying silty Bed 2 at the gra-
dational contact. Iridium concentrations for a
vertical channel sample from Bed 3 (in mostly
matrix) were 1 and 2 ppb for two splits. These
values are near the detection limit of 1 ppb for
the analytical procedures utilized, and should
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Figure 4. A) Projection of the dipping scour floor SF (also in Fig. 4B) daylighting above the shal-
lower dipping land surface, exposing flat-lying Pep (Paint Hill Formation) unit E-18 plinthic pa-
leosol in the pipeline trench; Qp =Quaternary Pinehurst Formation eolian sands and sand sheets.
B) Pipeline trench, looking south at an oblique angle down the trench; SF = scour floor step-down
unconformity between Pem = Paleogene Eocene Mount Helicon Formation, and Pep = Paleocene
Eocene Paint Hill Formation; Log of units E-10 through E-17 seen in the trench are described in
Figure 3; Figure 4B insert is a photograph of a rolled strata-clast. Beds labeled 1-4 correspond
to those in Figure 4C. Trench direction turns south beyond view at left (seen in Fig. 4A). Scale
is a yard stick = 0. 94 m long (portion shown). C) Trench excavated into the Mount Helicon For-
mation (35.1318 N latitude, 79.3948 W longitude). Bottom of trench exposes unit E-17, Paint Hill
Formation, below the scour floor unconformity, with Beds1- 4 of the Mount Helicon Formation
above shown by red arrows: Bed 1 from 12.7 to 55.8 cm = emplaced ejecta (see also Figs. 6 and 7
for enlargements of particle constituents) ; Bed 2 from 55.8 to 66.5 cm = atmospheric fallout (see
also Fig. 8 for enlargements of particle constituents); Bed 3 from 66.5 to 71.1 cm = surge-tsunami
deposit, note red clasts of plinthic paleosol derived from Pep unit 18, sensu lato, also seen in
Figure 4A; Bed 4 from 71.1 to 87. 7 cm = probable tsunami deposit. Above Bed 4 is soil, lower
part possibly Pinehurst Formation. Rule is inches converted to cm at contacts. 4D) Comparison
of plinthic clast (right) from tsunami surge Bed 3 in Figure 4C, with fragment of plinthic paleosol
(left) taken from Pep unit 18, as seen in Figure 4A . Scale grid = 0.5 cm.
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be confirmed with additional analyses for veri-
fication of anomalous iridium content.

Description of Bed 4. Bed 4 is approxi-
mately 15 cm thick (Fig. 4C) and consists of
well-sorted, sub-rounded to rounded, medium
to coarse quartz sand with occasional small
pea-size quartz gravel. Bed 4 has swirled dep-
ositional structures. The lower contact exhib-
its some channelizing into Bed 3. The original
thickness of Bed 4 is unknown because the top
is erosional.

The exposure shown in Figure 4C was the
primary source for the preceding descriptions.
With the benefit of observations from the exca-
vation shown in Figure 4C, the corresponding
Beds 1-4 noted there have been spotted (es-

timated) on Figure 4B (which shows a short-
lived pipeline exposure).

Interpretation of the Lower Section
of Eocene Strata at Paint Hill

The lower section of Eocene strata at Paint
Hill contains 18 units ranging from clay to
quartz-gravel that represent fining-upward in-
tervals (interpreted as marine transgressive
sequences) and coarsening-upward intervals
(interpreted as marine regressive sequences).
Three fining-upward intervals and two coars-
ening-upward intervals (Fig. 3) are recognized.
The quartzose clastic nature of deposits within
the lower section (non-channel-fill) of Eocene
strata at Paint Hill, and their textural varia-

Figure 5. Specimens of Pseudabdounia claibornensis teeth molds: A (SC2022.6.28) labial view
and B (SC2022.6.23) labial view, both from unit E-10, and C (SC2022.6.21) lingual view, from unit
E-15. [SC= South Carolina State Museum, Colombia, SC].

Figure 6. Carbon glass. A) group of carbon glass grains mixed with associated quartz grains
and charcoal typical of various beds of the Mount Helicon Formation. This black carbon glass is
often found associated with charcoal, and is partially formed or coated with red to yellow clay.
The glass is vitreous and translucent, often showing a bubbly, bead-like surface resembling a bo-
tryoidal texture. Some specimens (e. g. B, largest dimension ~ 5mm) have a ropey aspect where
the glassy bubbles form trails. Grid in A is 5mm on a side.
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tions, are reflective of transgressive-regressive
sea level changes. Bedding sets (stratal stack-
ing packages) in the five depositional intervals
comprise two complete high-resolution se-
quences and the transgressive part of an over-
lying high-level sequence (following concepts
of Catuneanu and Zecchin, 2019; Catuneanu
and Zecchin, 2020; Catuneanu, 2022). The fos-
sil assemblages are generally indicative of a
relatively near-shore marine environment, and
the fossils within unit E-11 suggest that it rep-
resents the deepest depositional environment
preserved in the lower section strata at Paint
Hill.

Interpretations of the Upper Section
(Channel-Fill) Eocene Strata at
Paint Hill

Collectively, Beds 1-3 and provisionally
Bed 4, comprising the channel-fill upper sec-
tion of Eocene strata at Paint Hill, are interpret-
ed as impact-generated deposits caused by the
Chesapeake Bay bolide strike, which occurred
during the late Eocene approximately 380 km
to the northeast of the study area. Specifically,
these units at Paint Hill are interpreted as ejecta
deposits (Bed1), atmospheric fallout deposits
(Bed 2), tsunami surge deposits (Bed 3), and a
probable subsequent tsunami deposit (Bed 4).

.‘w
‘Cg . |

Figure 7. Sand-sized rock fragments (Rx fg) screened from Bed 1, Mount Helicon Formation,
found with quartz grains (Q), carbon glass (Cg) and charcoal (none shown in image). The rock
fragments are brown (weathered) to black and composed of a very fine-grained lithology (as yet
unidentified). A small portion of the black-colored rock fragments are magnetic.
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The overall appearance and content, and es-
pecially the highly anomalous iridium concen-
trations of 16 and 4 ppb (averages) of Beds 1
and 2, as well as provisionally anomalous 1-2
ppb in Bed 3, are strong evidence that they are
impact and tsunami deposits resulting from
the effects of a bolide impact. The average up-
per continental crustal abundance of iridium
is 0.04 ppb (Goderis et al. 2021). There is no
known geochemical process associated with
the UACP capable of enriching iridium to the
highly anomalous concentrations detected in
Beds1-3, except for introduced explosively
generated and transported products enriched in
iridium derived from fragmentation and vapor-
ization of a bolide. Furthermore, the associa-
tion between iridium anomalies (not associated
with in-situ platinoid mineralization) and bo-
lide impacts is well documented (e.g., Alvarez
et al., 1980; Gostin et al., 1989; Koeberl and
Martinez-Ruiz, 2003; Esmeray-Senlet et al.,
2017; Goderis et al., 2021), and the anoma-
lous concentrations of iridium in the Eocene
channel-fill beds at Paint Hill are comparable
to the worldwide concentrations of iridium in
atmospheric fallout layers from the Chicxu-
lub impact (Goderis et al., 2021) at the Creta-
ceous-Paleogene boundary.

Origin of Bed 1. The generally fine-grained
Bed 1 is interpreted as a deposit of distal ejecta
from a bolide impact. This is consistent with the
discussion in Koeberl and Martinez (2003) for
discriminating proximal from distal ejecta. The
lower, more clayey part of the bed could indi-
cate mixing with fine ash; however, additional
study is needed to ascertain the origin and pro-
cess that caused an apparent reverse grading in
this bed. This ejecta consists of pulverized rock
that spread laterally and mixed with charcoal
and fused carbon from burned organic mat-
ter. As described by Kenkmann et al. (2009 p.
573), “The ejecta curtain is predominantly cold
material ejected from the crater on ballistic tra-
jectories, although some interaction between
the hot, non-ballistic ejecta plume and the ejec-
ta curtain is likely to occur.” The initial ballis-
tic speed of ejecta dispersal upon impact would
have been diminished upon reaching Paint Hill
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roughly 380 kilometers down range, but by
how much has not been modeled. Such interac-
tion could account for the carbon glass in Bed 1
that is otherwise mostly rounded quartz grains
and rock fragments.

Origin of Bed 2. The anomalous iridium
content of Bed 2 indicates a meteoritic com-
ponent and the overall fine particle nature of
the bed (dominantly silt-sized) is suggestive
of an ash-fall accumulation. The intermixed
sand to small gravel-sized agglutinated parti-
cles with a clay matrix and attached finer parti-
cles of carbon glass, charcoal, and quartz may
be analogous to accretionary lapilli, possibly
formed from the interaction of atmospheric
water as a binder, like that discussed in Huber
and Koeberl (2017). The uncertainty regarding
the exact conditions and process forming the
agglutinated particles in Bed 2 is cause to refer
to them as “accretionary lapilli-like” pending
further investigation. Also, as discussed in Hu-
ber and Koeberl (2017), ash ejection and lapilli
formation from impacts are not well studied,
and differ significantly from volcanic condi-
tions. Some mixing of Bed 2 with overlying
Bed 3 is apparent, indicating a near- simultane-
ous accumulation.

Origin of Bed 3. Bed 3 is interpreted as a
tsunami surge deposit generated from a dis-
placed oceanic mass (resulting from a ma-
rine-target bolide impact) following accumu-
lation of the initial emplaced ejecta. Ripped
up and deformed strata-clasts with eroded
sediment and fossil debris were incorporated
along the tsunami pathway. This breccia bed
contains clasts of marine origin, as described
above, as well as clasts of terrestrial origin such
as plinthic paleosol fragments ripped from the
local (sensu lato) Eocene weathered substrate
(Fig. 4A, 4C & 4D), and petrified wood. The
plinthic paleosol clasts are marginally indurat-
ed and would not have survived long-distance
transport. This composition of both marine and
terrestrial clasts demonstrates that the tsunami
surge originated in a marine environment and
subsequently ran out onto land in the study
area (sensu lato), where terrestrial substrate
materials were ripped up and incorporated as
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clasts. Bed 3 also possibly contains some ejec-
ta or fine atmospheric fallout material from the
disintegrated bolide as indicated by the anom-
alous iridium content of 1 and 2 ppb (but see
above regarding the provisional status of this
analysis).

Origin of Bed 4. The origin of Bed 4 is
somewhat problematic. We interpret its ori-
gin to a later (younger) tsunami-related epi-
sode with eddy-current influenced sedimen-
tation (sloshing) that lies above the initial
impact-surge emplacement. The origin of Bed
4 may be from the draining out and sediment
dispersal from the run-out tsunami deposits
(Bed 3, sensu lato), or a tsunami wave refrac-
tion, back into the channel that filled with ini-
tial Bed 3 tsunami surge deposits; however,
such interpretations are speculative. The origin
of Bed 4 from a later fluvial episode within the
channel cannot be ruled out but that possibility
diminished as uplift proceeded where Bed 4 is
located forming a topographic high.

Age of the Eocene Strata
at Paint Hill

Age of the Lower Section of Eocene Stra-
ta at Paint Hill. The age of the lower section
(non-channel-fill) of Eocene strata at Paint Hill
is established as late middle Eocene (Bartonian,
41.2 — 37.7 Ma) by the presence of shark and

ray tooth molds that were recovered from units
E-9, E-10 and E-15. Although numerous taxa
are present, Abdounia enniskilleni and Pseud-
abdounia claibornensis, help to constrain the
age of these Paint Hill beds and allow for the
precise correlation to Atlantic Coastal Plain and
eastern Gulf Coastal Plain stratigraphy (Fig 9)
Teeth of A. enniskilleni have been reported from
various middle and upper Eocene units within
the Gulf and Atlantic coastal plains, including:
the upper part of the Lisbon Formation and the
Gosport Sand of Alabama (White, 1956; Eber-
sole et al., 2019), the Moodys Branch Forma-
tion of Arkansas (Westgate, 1984), the Castle
Hayne Limestone of North Carolina (Case and
Borodin, 2000a), the Dry Branch Formation of
South Carolina (Cicimurri and Knight, 2019),
and the Clinchfield and Dry Branch formations
of Georgia (Case and Borodin, 2000b; Parmley
and Cicimurri, 2003). The species also occurs
in the Tupelo Bay Formation of South Carolina
(DJC personal observation).

Pseudabdounia claibornensis appears to
have a more limited stratigraphic range, with
reports from the middle Eocene Piney Point
Formation of Virginia (Miiller, 1999), the
Castle Hayne Limestone (under the name A4b-
dounia recticona by Case and Borodin, 2000a),
the upper part of the Lisbon Formation and the
Gosport Sand (White, 1956; Ebersole et al.,
2019), and it occurs in the Tupelo Bay Forma-

Figure 8. Constituent grains from Bed 2, Mount Helicon Formation, A and B, examples of accre-
tionary lapilli-like particles (ashfall) screened from sand fraction (the dominant particle size in the
bed is silt). The particle matrix is a gray-green flakey clay (gC), somewhat stained with a red film.
Smaller particles of quartz (Q), charcoal (C), and carbon glass (Cg) are found within or attached
to the clay, often displaying an agglutinated appearance. Grid is 5mm on a side.
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tion of South Carolina (co-author DJC personal
observation). With respect to P. claibornensis,
we note herein that two slightly different tooth
morphotypes are known. The morphotype rep-
resented in the Paint Hill Formation (Fig. 5) is
consistent with that occurring in the Gosport
Sand of Alabama (Ebersole et al. 2019: pl.
32, figs. A-R), the Castle Hayne Formation of
North Carolina (Case and Borodin, 2000a: pl.
5 figs. 40-44), and the Tupelo Bay Formation
of South Carolina. Teeth of this morphotype
have a relatively small main cusp and rather
small lateral cusplets with respect to overall
tooth size. In contrast, the P. claibornensis
morphotype occurring in the slightly older Pin-
ey Point Formation has a comparatively larg-
er main cusp and lateral cusplets (see Miiller,
1999: pl. 5, figs. 10-12). The morphology of
the latter type is confirmed by a sample of teeth
from the Piney Point Formation contained
within SC2020.43 (South Carolina State Mu-
seum). The elasmobranch fauna of Bartonian
age in the lower Eocene section at Paint Hill
correlates with the Gosport Sand of Alabama
(Ebersole et al., 2019). This fauna allows pre-
cise correlation of these beds to the Atlantic
Coastal Plain and eastern Gulf Coastal Plain
stratigraphy (Fig. 3).

No fossils were found in units E-1 through
E-8; however, the continuity of repeating
trends of fining-upward to coarsening-upward
from the base to the top of the sequence (see
Fig. 3) provides a likely ‘approximately same-
age’ relation for the package of units E-1 thru
E-8, and the package of units E-9 through E-15
(and extending to E-18).

Age of the Upper Section Deposits at Paint
Hill. The maximum age of the upper section
channel-fill strata at Paint Hill is constrained by
the age of underlying lower section (non-chan-
nel fill) of Eocene strata, which is late middle
Eocene, Bartonian, 41.2- 37.7 Ma), into which
the channel was developed. The time necessary
to form thick paleosols in the upper beds of the
lower section (non-channel fill) of Eocene stra-
ta before the channel was formed substantially
subtracts from that age, making it permissible
for the channel-fill deposits to have accumulat-
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ed during the late Eocene (Priabonian), coinci-
dent with the CBI event (sensu lato) at about
35 Ma (Fernandes, et al., 2019). Other than the
CBI, no impact in the North American Atlantic
realm is known that would have been capable
of producing the channel- fill deposits herein
interpreted as impact generated, so these beds
are interpreted as contemporaneous with the
CBI.

STRATIGRAPHIC
NOMENCLATURE OF THE
EOCENE STRATA AT PAINT HILL

Paint Hill Formation

The lower section (Non-Channel-Fill) of Eo-
cene strata is composed of clay, fine to coarse
quartz sand, and gravel [described above under
the sections titled, “Description of the Lower
Section of Eocene Strata at Paint Hill” and “In-
terpretations of the Lower Section of Eocene
Strata at Paint Hill”], is herein designated the
Paint Hill Formation (PHF) (Fig.1A, symbol
Pep; Fig. 9). The PHF is composed of five al-
ternating transgressive fining-upward and re-
gressive coarsening-upward trends. At Paint
Hill the PHF is approximately 11 m thick. The
PHF is considered to be an updip correlative
siliciclastic facies of a more seaward (eastern)
unit of sandy moldic limestone that is mapped
as the Spring Garden Member of the Castle
Hayne Formation (Rhodes and Conrad, 1985).
Correlation of the PHF from Virginia to Ala-
bama, excluding Florida (southeastern USA),
is shown on Figure 9. The designated strato-
type section for the PHF was compiled from
three overlapping segments in close proximity
as a composite section. The coordinates of the
composite segments are indicated on Figure 3.
As mentioned above, the age of the Paint Hill
Formation is considered to be late middle Eo-
cene (Bartonian, 41.2- 37.7 Ma).

Mount Helicon Formation.

The upper section of channel-fill Eocene
strata at Paint Hill that are interpreted as con-
secutively younger beds of ejecta, atmospheric
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fallout, tsunami surge, and possible overlying
tsunami deposits [described above in the sec-
tions titled “Description of the Upper Section
(Channel-Fill) of Eocene Strata at Paint Hill”
and “Interpretations of the Upper Section
(Channel-Fill) of Eocene Strata at Paint Hill”]
is herein designated the Mount Helicon Forma-
tion (MHF), a name derived from a historical
placename for the area. The stratotype section
is the pit exposure shown in Figure 4C, east of
Aberdeen and Southern Pines, North Carolina
at coordinates 35.1318 N latitude, 79.3948 W
longitude, and is within the area indicated on
Figure 1A as symbol Pem. The combined mea-
sured thickness of four designated beds shown
in Figure 4C is 73 cm, as described above,
and considering the geologic setting, the to-
tal thickness can be anticipated as potentially
highly variable laterally. The genesis of the
Mount Helicon Formation beds is attributed to
impact and tsunami deposits caused by a bolide
impact.

The age of the MHF is considered to be late

Eocene, the deposits having been very likely
caused by the Chesapeake Bay Bolide Impact
at ~ 35 Ma. The MHF is therefore tentatively
correlated with the Exmore Formation (Fig. 9)
at the CBI location in Virginia, USA (Fig. 1B).

DISCUSSION

Figure 2 is a generalized stratigraphic sec-
tion showing the lithologic units discussed
in this paper. This figure cross-references the
section segments shown in the photographic
perspectives in Figures 4A, plinthic paleosol
developed in unit 18 of the PHF; Figure 4B,
panoramic view of the pipeline excavation
showing the step-down channel unconformity
cut down into the PHF; and Figure 4C, the four
beds comprising the MHF.

The PHF was dated by shark fossils as late
middle Eocene (Bartonian) and hosts the im-
pact-derived channel-fill strata that are mapped
as the MHF. This age may approximately co-
incide with the age of the maximum inland
Eocene transgression in North Carolina, where
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there is no covering of later marine strata in
the UACP. Furthermore, after a final marine
regression, the land became emergent, thus
allowing the upper subaerially exposed strata
to weather to a plinthic paleosol. The devel-
opment of plinthite requires a hot and humid
climate similar to interpreted conditions during
the Paleocene and Eocene in the South Caroli-
na UAPC (e.g., Swezey et al., 2016a, Swezey
et al., 2023, p.339). The duration of these pa-
leoclimatic conditions, which resulted in plin-
thic paleosol development, has not been pre-
cisely determined, but likely existed during the
later Bartonian, and possibly into the early Pri-
abonian. This duration is roughly the amount
of time between the end of deposition of the
PHF (and the beginning of paleosol develop-
ment) and the CBI event at about 35 Ma (Fer-
nanades, et al., 2019), when the paleosol was
ripped up by emplacement of the bolide impact
tsunami deposits. This forceful ripping up of
strata by the CBI tsunami surge may have also
catastrophically removed a substantial portion
of then-existing Paleogene strata in the region
that were either subaerially exposed or lay in
shallow marine water.

The paleosol development in the top beds of
the PHF defines a previously unknown upper
middle to late Eocene emergent geomorphic ter-
rain in the North Carolina UACP. Because evi-
dence of marine strata covering the weathering
profile is lacking, the subsequent late middle to
late Eocene marine shoreline, during and after
this paleosol development, was to the southeast
at some indeterminate distance. These observa-
tions provide a control point constraining the
approximate limit of late Eocene transgression
in the UACP. Additionally, this emergent land
area might be a signal of nascent regional epei-
rogeny. These conditions also suggest that a
boundary scarp existed between the emergent
PHF strata, and outlier strata of possibly late
Eocene age occurring the UACP (Fig. 1B) at
lower elevations to the east in Hoke and Har-
nett Counties (Richards,1950: Bartlett, 1967:
Bartlett et al., 1969; and Cabe, 1984). Although
the terminal age of the PHF constrains the age
of the subsequent channel-fill strata cut into the
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PHF hosting the MHF, the subsequent interval
required to form thick paleosols in the upper
beds of the PHM subtracts from that age. This
makes the timing of the MHF channel depos-
its emplacement more consistent with the age
of the CBI event at 35 Ma. Furthermore, oth-
er than the CBI, no post- late middle Eocene
impacts capable of emplacing the strata of the
MHF is recognized in the North American At-
lantic realm capable of emplacing the strata of
the MHF.

The bolide impact ejecta and subsequent
tsunami deposits of the MHF were rapidly
emplaced, and the tsunami deposits somewhat
forcefully, above the PHF. This occurred with-
in a likely pre-existing channel (or swale) that
became a step-down unconformity above the
flat-lying PHF beds (Fig. 4A). This resulted in
the Mount Helicon beds being emplaced rough-
ly concordant to the channel slope. Where ex-
posed in the excavated pit (Figure 4C), the
Mount Helicon strata are approximately 0.7m
thick, but the thickness can vary depending on
position above the sloping and scoured channel
floor. Regionally, the beds of the MHF likely
formed an irregular and erosive blanket deposit
over the then-existing topography. However,
it appears that subsequent erosion mostly re-
moved all but the strata preserved in channels,
such as present at Paint Hill.

Although the MHF tsunami surge deposit
(Bed 3, Fig. 4C) was terminally deposited on
a terrestrial surface, where plinthic soils were
available for stripping and incorporation into
the contents, the MHF contains both marine
and terrestrial material. Therefore, the tsunami
surge deposit pathway was probably initiated
where marine strata were present, and then
propagated to an inland (terrestrial) location.
By inference, the ejecta blanket below the
tsunami surge deposit would also have been
emplaced on land (at the same location). Poag
(1999, 2004) suggested that the CBI, which
was a marine target impact, generated an enor-
mous “Super Tsunami” possibly up to thou-
sands of feet high, that moved well inland. The
MHEF strata preserved at Paint Hill support the
occurrence, if not the size, of such a mega-tsu-
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nami event.

Some colluvium composed of resistant ma-
terials (such as chert), originally contained in
the tsunami deposits and some beds in the PHF,
occurs within a sandy matrix as downslope
creep accumulation. Near the MHF and PHF
outcrop these down-slope accumulations may
be up to approximately a meter thick; but, far-
ther away, they are thin to scattered surface
fragments. The extent of this cherty colluvium
has not been delineated but it extends at least
1.5 km downslope from the highest elevation
in the Paint Hill area. Bartlett (1967) mentions
cherty residuum in the Paint Hill area but his
description is not well defined and the location
relative to the MHF exposures is not known.

A general correlation chart for the Paint Hill
Formation and the Mount Helicon Formation
within the U.S. Southeastern Coastal Plain
stratigraphy (excluding Florida) is shown on
Figure 9. This paper provides evidence that the
origin for the MHF deposits is most likely the
late Eocene Chesapeake Bay Bolide Impact
(CBI) which occurred at ~ 35 Ma about 380
km to the northeast. The MHF is tentatively
correlated with the Exmore Formation (Powars
et al.,1992; Edwards et al., 2009) that formed
immediately after the marine target CBI event
at ~ 35 Ma as resurge crater-fill (Poag and Au-
brey, 1995).

Harris et al. (2004) found shocked quartz
sand grains (shocked quartz) in Georgia, which
are regarded as a definitive indicator of impact
origin (therein discussed and referenced). These
shocked grains were found in a marine stratum
at the base of the Twiggs Clay (their Fig. 2),
which correlates with the base of the Irwinton
Sand Member of the Dry Branch Formation in
our Figure 9, and is approximately correlative
with the MHF. Shocked mineral grains and/
or a highly anomalous iridium concentrations
[discussed above in the section titled, “Inter-
pretation of the Upper Section (Channel-Fill)
of Eocene Strata at Paint Hill”] can be used to
confirm an impact origin for ash beds, breccias,
and sedimentary beds (or specific horizons).
Applying these indicator criteria depends upon
the fortuitous recovery of explosively-trans-

ported particles from impact target-rocks in the
case of shocked mineral grains, or detecting an
anomalous iridium geochemical signature in
stratigraphic units containing explosively-de-
livered fragments and particles (commonly
as settled ash) derived from an impactor dis-
integration. Other than this study, no previous
work has established that any CBI products are
enriched in platinum-group elements.

CONCLUSIONS

Exposures at Paint Hill in Moore County,
North Carolina, USA include two sections of
Eocene strata that reveal the need for a revised
context for the regional Paleogene geology of
the Upper Atlantic Coastal Plain. The lower
section of Eocene strata at Paint Hill lies above
an unconformity at the top of the Upper Creta-
ceous Middendorf Formation. This lower sec-
tion of Eocene strata has been newly studied
and is herein assigned to the Paint Hill Forma-
tion (PHF), an updip facies correlative to the
carbonate-rich Spring Garden Member of the
more seaward (eastern) Eocene Castle Hayne
Formation. The PHF is interpreted as near-
shore marine deposits of late middle Eocene
age (Bartonian, 41.2 -37.7 Ma), based on a
fossil shark fauna that includes Pseudabdounia
claibornensis and Abdounia enniskilleni. De-
tailed description of the 11m thick succession,
containing 18 beds, reveals three fining-up-
ward intervals and two coarsening-upward
intervals, which together comprise two com-
plete high-resolution sequences and the trans-
gressive part of an overlying high-resolution
sequence.

The upper stratigraphic section above the
PHF at Paint Hill comprises newly discov-
ered channel-fill strata cut into the PHF. Most
of these channel-fill strata are interpreted as
bolide-impact-derived deposits. Collective-
ly, these beds are about one Im thick and are
formally named the Mount Helicon Formation
(MHF). The formation consists of four beds
(from base to top): (1) an approximately 43
cm thick bed of sandy carbonaceous, clay, with
carbon glass and rock fragments (interpreted
as bolide impact ejecta, possibly mixed with
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ash); (2) an approximately 9 cm thick bed of
non-cohesive silt-size particles and loosely
bound sand to small gravel-size agglutinated
masses consisting of quartz and carbon glass
particles imbedded in an altered (?) gray-green,
flakey clay matrix (interpreted as atmospheric
fallout deposits with accretionary lapilli-like
particles); (3) an approximately 6 cm thick bed
of mixed-size breccia clasts (occasional larg-
er clasts, up to boulder-size, can significantly
increase the thickness of this bed) in a sandy
matrix, consisting of paleosol rip-ups, chert,
and rolled strata clasts (interpreted as tsuna-
mi surge deposits); and (4) an approximately
15 cm thick bed of well-sorted sub-rounded
to rounded medium to coarse quartz sand with
occasional small pea-size quartz gravel (in-
terpreted as a subsequent tsunami-related de-
posit). Beds 1 and 2 have strongly anomalous
iridium concentrations averaging 16 and 4 ppb,
respectively. Bed 3 is provisionally considered
to have an anomalous iridium content because
the results at 1-2 ppb are near the detection
limit for the analytical procedures used. This
iridium content confirms the impact-generat-
ed origin of Beds 1 and 2 and possibly Bed 3,
which would be only available from transport-
ed particles derived from bolide fragmentation.
The only known large regional bolide impact
capable of having emplaced the MHF is the
late Eocene (35 Ma) Chesapeake Bay Impact
(CBI), in southern Virginia (USA) approxi-
mately 380 km to the northeast of Paint Hill.
Bed 4, which is a probable later (younger) san-
dy tsunami-related deposit, has an eroded top
and an uncertain emplacement time.
Conversion by weathering of the upper beds
of the PHF to a plinthic paleosol is evidence for
emergence after final deposition. This paleosol,
developed during or after the late middle Eo-
cene, formed in a hot, humid climate after land
emergence. Furthermore, the presence of lo-
cally (sensu lato) derived paleosol clasts in the
MHF Bed 3, presumed to have been emplaced
as a result of the late Eocene CBI, implies that
the paleosol had formed by early in the late
Eocene, and that the tsunami surge ripped up
clasts from a subaerial substrate in a terrestri-
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al setting. The MHF Bed 3 (tsunami deposits)
also contains chert clasts with marine fossils,
and ripped up rolled strata, indicating that the
surge traveled from a setting with marine stra-
ta onto an emergent coastal plain setting with
sub-aerial paleosol development. The informa-
tion presented in this paper also indicates that
the landward limit of late Eocene transgression
in this region was east of the Paint Hill locality.

The evidence at Paint Hill of a tsunami
surge having ripped paleosol fragments from
the PHF is likely just one example of a prob-
able catastrophic regional disturbance of the
then-existing Paleogene strata, by the down-
range effects of the CBI in a shallow marine
and coastal plain setting. These circumstances
should be considered when reconstructing the
erosional removal of upper Eocene and older
strata in the region.
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