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ABSTRACT

A marine K-T boundary interval has been identified throughout the Badlands Nationa
Park region of South Dakota. Data from marine sediments suggest that deposits from two
asteroid impacts (one close, one far awvay) may be preserved in the Badlands. These impact-
generated deposits may represent late Maestrichtian events or possibly the terminal K-T event.
Interpretation is supported by paleortologica correlation, sequence dratigraphy,
magnetogtratigraphy, and strontium isotope geochronology. This research is founded on nearly a
decade of NPS gpproved field work in Badlands Nationa Park and a foundation of previousy
published data and interpretations.

The K-T boundary occurs within or near the base of a gtratigraphic interva referred to as
the “Interior Zone.” We interpret the stratigraphy of the Interior Zone as a series of ditinct,
recognizable lithologic members and units from oldest to youngest, an upper weethered interva
of the Elk Butte Member of the Pierre Shale (early late Maestrichtian), a complete (albeit
condensed) interval of Fox Hill Formation, a pedogenicdly atered K-T Boundary “Disturbed
Zone,” and agenerdly unresolved sequence of marine to margind marine unitsranging in age
from possibly latest Maestrichtian to late Paeocene (the “ Y ellow Mounds’), that underlie a basal
red clay unit (the late Eocene overbank channel facies of the Chamberlain Pass Formation at the
base of the White River Group). Within this sequenceis a series of unconformities thet al
display some degree of subaerid weethering and eroson. The dating of marine fossils above and
below these unconformities are in line with generally accepted global sea-leve changes
recognized for the late Campanian through early Eocene. Within the greater framework of
regional geology, these findings support that the Western Interior Seaway and subsequent
Cannonball Seaway were dependently linked to the changing base-level controlled by sea-leve
of the globa ocean through the Gulf of Mexico and possbly the Arctic Ocean. The variation of
facies preserved in Late Cretaceous dtrata in the Badlands Nationa Park areawere in part
controlled by loca or regiond tectonic blocks that were ether rising or sinking contemporaneous
with deposgition.
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INTRODUCTION

Our previous investigations have focused on gross correlation and interpretation of the
entire Late Cretaceous section exposed in Badlands National Park (Stoffer, 1998; Stoffer and
others, 1998, Stoffer and others, 1996). Our data suggest that a near complete L ate Cretaceous
(late Campanian-Maedtrichtian) section is preserved in Badlands Nationa Park, athoughit is
somewhat condensed in comparison to other locations in the Western Interior region. Resolution
of the Cretaceous/Tertiary (K-T) boundary in the Badlandsis founded on field and |aboratory
observations to resolve regiona correlation issues of the Pierre Shae and Fox Hills Formations
throughout the Western Interior region of South Dakota and eastern Wyoming (Stoffer and
others, 2000; Stoffer and others, 1999; Stoffer, 1998) (fig. 1). Resolution of the park stratigraphy
began in the lower more fossliferous zones exposed along Sage Creek and proceeded up-section
into the more unresolved upper part of the section. To this end, ammonite biozonation and
lithologic characterigtics demondrate that the park’ s stratigraphy is generdly consistent with the
upper Pierre Shde and Fox Hillsin the type areas origindly described in the Missouri River
Valley (Searight, 1937; Crandall, 1958, Landman and Waage, 1993) and along the western flank
of the Black Hills (Gill and Cobban, 1966) (fig. 2). Highlights of these investigations included
the discovery of an unconformity encompassing the Campanian-Maestrichtian boundary interva
in the Badlands region, and additiond hiatuses higher in the section. Early in our investigations
we concluded that loca tectonism (such as uplift of the Sage Creek Arch and the more distant
Black Hills region) controlled the distribution and character of sediments deposited in latest
Campanian and throughout the Maestrichtian (fig. 3). In generd, unitsthicken in synclind aress
and thin or pinch out across structural highs. On aregiona scae, Cretaceous units gradudly dip
and thicken eastward across the park away from the Black Hills and continue to thicken toward
the Missouri River valey. North of the Sage Creek Arch, the strata dso thicken northward
toward the Williston Basin.

The Ydlow Mounds'Fox Hills“ Problem”

Resolving the K-T boundary section has not been easy, and much work till needsto be
done. Perhaps the greatest hindrance is the generd lack of fossils preserved in the upper part of
this higtorically enigmatic section. In the historic literature, the section has been referred to by
such names asthe “Rusty Beds,” “Interior Formation,” “Interior Zone,” among others (Agnew
and Tychsen, 1965). Using fig. 2, theinterva in question is most eadly defined as the strata
between the top of the “gray Pierre Shale’ and the base of the Chadron Formation. The phrase
“gray Pierre Sha€’ isused loosely because the age of the top of the “gray” varies widdy from
early to late Maedtrichtian in age. Ward (1922, 1924) first suggested that the sandy facies and
glauconitic greensands within the “Interior Formation” in the Badlands was equivaent to the Fox
Hills Fm., but this interpretation was somewhat rebuffed by competing hypotheses suggesting
that the colorful pre-Chadron sequence represented a deep weathering profile on older strata of
the Pierre Shade. Thislater interpretation has been an ongoing paradigm of sorts, supported by
comments in publications by Pettyjohn (1966, 1967) and by Raymond and King (1976).
Pettyjohn (1966) first used the localy popular name “Y ellow Mounds’ to gpply to the section.
Pettyjohn (1966), Retalack (1983), and Terry and Evans (1994) resolved Tertiary weathering
profiles (paleosols) established on or above an eroded surface of the Cretaceous Pierre Shade and
locdly on the Fox Hills.
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Figur e 3. Generalized north-south cross section through the Sage Creek Wilderness Area of Badlands National
Park, North Unit, showing an interpretation of surface and subsurface stratigraphy in relation to structural features.

Retalack (1983) showed the possibility that sedimentary festuresin this pre-Chadron
section could best be interpreted as two paleosol horizons. He caled alower weathering profile
on an irregular surface cutting through the Pierre Shade and Fox Hills Formations the “ Y ellow
Mounds Paleosol Series” Heinterpreted an upper weethering profile (named the “Interior red
clay” or “Interior Paleosol Series’) as alate Eocene paleosol imprinted, in part, on the older
grata. Retalack (1983) concurred with observations previoudy made by Clark and others
(1967), who noted lithologic smilarities between the sandy layers beneath the Interior Red Clay
and the Eocene Sim Buttes Formation of northwestern South Dakota. Evans and Terry (1984)
later combined the white channel sandstone and red mudstone of the Interior Paleosol Seriesinto
asingle unit, the late Eocene Chamberlain Pass Formation. In thislight, Retallack (1983) wasthe
first to postulate that the K-T boundary was below the base of the Chadron Formation. However,
these previous interpretations suggest that the Pre-Chadron K-T boundary represented a mgjor
unconformity - representing an extended period of weethering and erosion having removed latest
Cretaceous and Paleocene sediments.

Our interpretations differ from those of previous researchersin that we believe the
Badlands' section shows significant evidence to support interpretation of ongoing sediment
deposition concurrent with regiona and locd uplift asfar back as the late Campanian and up
through the mid-late Oligocene. Using a sequence- dratigraphy mode for the shalow Western
Interior Seaway, we contend that in tectonic high areas, such as aong the Sage Creek Archin the
North Unit of Badlands Nationa Park, only the marine highstand systems tracts are preserved,
whereas non-deposition, erosion, and subaeria exposure prevailed on tectonic high areas when
sea-levd fdl. In topographic high aress, lowstand system tracts are preserved as unconformities



that locdly preserve subaerid weathering profiles (paleosols). In adjacent low spots, sediments
bearing reworked fossils and concretions were redepodted in locally prograding, clinoform-style
submarine mudbanks (Stoffer, 1998) and as low, ity mud shod on the bottom of the seaway.
Asareault, the early tectonic history of the Laramide Orogeny in the greater Badlands region
may be resolved by closer scrutiny of the Late Cretaceous marine facies. Our observations
suggest that uplift of the Black Hills, the Sage Creek Arch, the Chadron Arch, and other local
and regiona structures influenced sedimentation patterns of the Pierre Shde and Fox Hills
Formations east of the Black Hills. The Late Cretaceous Sheridan Delta (Gill and Cobban, 1973)
may have provided sediments to the Badlands area and affected the shordline geometry in the
region, but the mgjor distributary channel sands of the Fox Hills and Hell Creek of northwestern
South Dakota never migrated as far south as the park. Uplifts such as the Sage Creek Arch and
other anticlinesto the north and west probably prevented the migration of Sheridan Delta
digributary facies directly into the Badlands National Park area.

Our recent investigations resulted in discoveries that shed additiond insight into
character of the “Interior Zone” (the unresolved interval spanning the K-T boundary). Of
perhaps greatest Sgnificance was recognition of awidespread interva of soft-sediment
deformation. Preliminary data suggest that this event horizon may have formed synchronous
with the K-T boundary. This sratigraphic unit is referred to in this report as the “ Disturbed Zone
" (DZ). Previoudy, we interpreted this unit to represent buried dumps that formed in the
uppermost Pierre Shde (Stoffer, Messina, and Chamberlain, 1997). Perhaps hampered by
caution and skepticism, we tempered our interpretations that the “dump zone’ developed on a
southward prograding mudbank that had formed aong the south flank of the rising Sage Creek
Anticline. However, information derived from additiona field reconnai ssance demonstrated that
this unit was too widespread to represent dumping. Data now show that Stratain Badlands
Nationa Park locdly host anearly complete Fox Hills section. Comparison with the Missouri
River Vdley Type Fox Hills of Waage (1968) suggests that the Badlands section is equivaent to
the Trall City, Timber Lake, and Colgate members. Further work is necessary to resolve
corrdation of the Badlands section to equivaent marine and terrestrid facies of the Hell Creek in
northwestern South Dakota

DISCUSSION

The following discussion outlines our evidence for a dominantly marine K-T boundary
section in Badlands Nationd Park. Wefed it isimportant to emphasize that field observations
are the most important component to this research. Interpretation is an ongoing progression of
paradigm construction and destruction partly moderated by past and recent published literature.
The paradigm presented here would not have evolved without the advances in modern sequence
gratigraphy or the progress of the asteroid impact theories associated with the K-T Boundary.
Our data presented strongly suggest that strata preserved in Badlands preserve evidence of
sedimentary features attributable to distant, large asteroid impacts. The question is which impact
or impeacts are responsible? The Chicxulub Impact is probably the principad extinction event, but
possibly another late Maestrichtian event may be responsible for the deposgits observablein
Badlands Nationa Park. The Manson Impact is another possibility (Koeberl and others, 1996).
This discussion proceeds by following our observations and interpretations of the Stratigraphy
up-section from the top of the Campanian, through the K-T boundary, and beyond.



The Pierre Shale

Stoffer (1998) focused on resolving established ammonite biozonation of Gill and
Cobban (1966) for the Western Interior region in Badlands Nationa Park. Ammonites recovered
within the confines of the park demonstrate that Searight’ s (1937) named members of the upper
Ferre Shdein the Missouri River valley correlate to strata exposed in the park. These Pierre
Shae members include from oldest to youngest: Verendrye Member (late Campanian), Virgin
Creek, Mobridge, and Elk Butte Members (early Maestrichtian). The discovery of an ancient soil
profile (paleosol) aong an unconformable boundary between the Campanian and Maestrichtian
dtrata provided impetus to search for additiond evidence that sedimentation in the Western
Interior Seaway was synchronous with established globa sea-leve fluctuations (Hag and others,
1987). The paeosol (up to 1 m) isintermittently preserved beneath marine strata bearing
reworked concretions containing fossils from older zones. Three locations where this can be
observed include: 1) dong Cedar Creek in Redshirt, South Dakota area (SE, Sec. 11, T5S,
R10E); and 2) north of Wasta, South Dakota (SE, Sec. 9, T3N, R14E); and 3) dong the South
Fork of Sage Creek (NE, Sec. 24, T2S; R14E [fig. 4]). The paleosol is probably preserved along
“topographic highs’ in the late Campanian Western Interior Seaway. The paleosol is
synchronous with amgjor regression associated with adrop in see-leve at the close of
Campanian time, about 71 million years ago. Thislowstand isillustrated with ared “A” ona
Campanian to late Paleocene sea-leve curve modified after Hag and others (1987) compared
with Badlands data after Stoffer (1998) (fig. 5). These structuraly controlled topographic highs
influenced the thickness and lithologic character of the nine uppermost anmonite zones of the
Late Cretaceous (Gill and Cobban, 1958; Stoffer, 1998).

Maestrichtian.

Campanian

Figure 4. The Campanian-Maestrichtian boundary unconformity exposed along South Fork of Sage Creek (NE, Sec.
24, T2S, R14E; for location seefig. 1).
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The Pierre Shale/Fox Hills Contact

The late early Maedtrichtian ammonite Baculites clinol obatus is a common fossl in the
upper Pierre Shale (Mobridge Member) in and around Badlands Nationa Park. Limestone
concretion beds containing Baculites clinolobatus occur aong the Pierre Shde/Fox Hills
trangtion interva in eastern Wyoming (Gill and Cobban, 1966; Stoffer, 1998). Concretion beds
bearing thisfoss| aso occur in the trangtiond base of the Fairmont Member of the Fox Hillsin
western South Dakota (Pettyjohn, 1967) and in the Maobridge and lower Elk Butte Members of
the Pierre near Mobridge, South Dakota (Searight, 1937). Based on the presence of Baculites
clinolobatus and a high calcareous content of the shae, the Mobridge Member can be recognized
in Badlands National Park, especidly dong the South Fork of Sage Creek whereiit is best
exposed. Limestone concretions exposed in hilltops about two miles south of the Sage Creek
Campground that have yielded Baculites clinolobatus have aso yielded severd specimens
resembling Hoploscaphites birkelundi (Landman and Waage, 1993), afoss| from the lower Fox
Hillsin Wyoming. These observations show that the named lithologies (such as Fox Hills) are
time transgressive.

Corrdation of the Elk Butte Member through the Badlands' North Unit isthe best
measure of the complexity of the underlying structure. The Elk Butte section is best exposed in
the drainage basin of Middle Fork in the central Sage Creek Wilderness Area (fig. 6). The Elk
Butte Member consists of a dark-gray to loamy-black shale with several prominent bentonite
beds (usudly tightly carbonate-cemented), and an abundance of gray limestone concretions that
rarely preserve adiagnostic anmonite of the Elk Butte Member—Jel etzkeytes spedeni (fig. 7).

iver Group

Fox Hills

Elk Butte

Figure 6. Cutbank outcrop along Middle Fork of Sage Creek (NE, Sec. 29, T2S, R15E — for location seefig. 1).
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More than 30 meters of the Elk Butte Member crops out in the vicinity of the confluence
of East Fork and Middle Fork of Sage Creek, whereas the Elk Butte is essentially missing from
the crest of the Sage Creek Anticline near the Wilderness Access Trail Head locdlity (discussed
below) and dong the crest of another anticline in the headwater area of the South Fork of Sage
Creek. A thin section of the Elk Butte Member is also exposed at the base of the Interior Zone
aong southern Dry Creek in the southwest corner of the wilderness area (SE, Sec. 24, T2S,
R14E). In these locations, the base of the Fox Hills rests unconformably on top of an eroded
surface of the Elk Butte Member. Intermittently throughout the wilderness areathis
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unconformity is expressed as a bench-forming horizon of gray, tightly cemented cacareous shde
which contains an abundance of large, yelow-westhering limestone concretions. In places, these
concretions are so closaly spaced that in some areasthey are laterdly linked into a dense
concretionary horizon (up to 1 meter thick). Above this unconformity, the Fox Hills Fm. contains
intermittent lag deposits of reworked pinkish to red nodules and concretions containing or
conggting of baculitid and scaphitid ammonite fragments and vertebrate fossils (induding rare
shark teeth and mosasaur bones). Throughout the park, many large limestone concretionsin the
upper Maobridge and Elk Butte Members show heavy pedogenic dteration, possibly from
multiple periods of subaeria exposure prior to areturn of marine conditionsin the late
Maestrichtian (discussed below). On the crest of an anticline dong South Fork, the Fox Hills Fm.
rests unconformably on the Mobridge Member (the Elk Butte Member is entirdly missing). Beds
of deeply weathered and reworked Elk Butte sediments crop out in the hills around the Sage
Creek Campground. The Elk Butte beds are a so missing beneath younger strata dong the crest
of the Sage Creek Anticline northeast of the Sage Creek Bridge fault. Beds of deeply weathered
limestone concretions are aso exposed dong the top of the Pierre Shde throughout the
intermittent exposures of upper Elk Butte Member exposed aong the East Fork of Sage Creek,
and aong the degpest ravines in the Conata Creek/Dillon Pass area. Along Conata Creek near the
Badlands Loop Road, up to 10 meters of the upper Elk Butte Member crops out intermittently
and conggts of avery dark, fissle shde. Near the confluence of East Fork and Middle Fork of
Sage Creek, the Elk Butte is more than 30 meters thick. This discussion demondtrates that
gructure affects the ditribution and character of the Fox Hills and its underlying unconformity
(seefig. 3). Elsawherein the region, the Fox Hills Fm. and the underlying unconformable
boundary are missng as aresult of erosion prior to deposition of younger strata.

The Badlands “Thin or Missing” Fox Hills Problem

Along the western flank of the Black Hills and in the type Grand River Valey region of
northern South Dakota, the Fox Hills Formation is quite thick, as much as 100 meters or more
(Landman and Waage, 1993). Pettyjohn (1967) described more than 100 meters of Fox Hillsin
northwestern South Dakota near Union Center and Fairmont. However, in Badlands National
Park, such as along the South Fork of Sage Creek, the distance between the top of the Pierre
Shale and the base of the White River Group isonly afew meters. This observation supports the
clam that the “Fox Hills’ (or late Maedtrichtian dtratd) is either thin or missing as aresult of
erosion. However, paeontologic, geochronologic, and sedimentologic data presented below
demondtrate that al named members of the Type Fox Hills (Grand River, South Dakota region)
corrdate to thin Fox Hills units preserved intermittently throughout the Badlands Nationd Park
area

The basd White River Group is the most obvious unconformity in the region. A thin,
basa Eocene-age unit, the Chamberlain Pass Formation (Evans and Terry, 1994; Terry and
Evans, 1994), is composed of white channe sandstone and red overbank mudstonesup to 15 m
thick. This unit rests unconformably on the top of the orange and red pedogenicdly dtered
sediments of the top of the Interior Zone. The character of this unconformity, however, is poorly
resolved in relation to regiond structures in underlying Cretaceous and Paleocene dtrata. In
contragt, the thinning and pinching-out of units in the Eocene and Oligocene section across the
crest of the Sage Creek Anticlineis very gpparent in the Dillon Pass area and in headlands in the
Pinnacles dong the East Fork of Sage Creek. The thinning of the Scenic Member of the Brule
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Formation is particularly evident in the well-exposed badlands when viewed northwestward from
the Dillon Pass Overlook adong the Badlands Loop Road. In many places the basal White River
gravels of the Chamberlain Pass Formation occur in channels carved into the older underlying
drata. Inthe North Unit, the basal Chamberlain Pass Formation gravels occur throughout the
sructura low area generaly adong the southern East Fork drainage areaand throughout the
central South Fork and Dry Creek drainage basin (fig. 8). This suggests that uplift of the
anticlines maintained moderate topographic highsin early Tertiary time that survived stream
eroson prior to the later engulfing influx of White River sediments.

e
i ]

Figure 8. Outcrop along Dry Creek in NE, Sec. 25, T2S, R14E. The prominent sand sheet about 3 meters above
creek level marksthe top of the Disturbed Zonein the Fox Hills Fm. Thered clay (paleosol) and channel gravels
(white) define the base of the White River Group (for location seefig. 1).

A Fox HillsIntraformational Unconfor mity

Limestone concretion beds within the Mobridge and Elk Butte Members of the Pierre
Shae are well developed aong the South Fork of Sage Creek, particularly a conspicuous bed of
large gray concretions in the upper Mobridge Member that have yielded scarce specimens of the
ammonite Jel etzkeytes verrucosus, n. sp. (Nell Landman, ora commun, 1997). However, ong a
drainage east of White Butte, the same concretion bed appears to have been partialy scoured
away by eroson, defining an unconformity (fig. 9). To the east dong the East Fork of Sage
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Creek in centra Sec. 19, T2S, R15E, this unconformable surface preserves ared weathered zone
(apaeosol formed during subaerid exposure) between marine-deposited gray shae above and
below.

Figure9. A dark-brown, limonite-enriched concretion layer highlights an unconformity between the Elk Butte
Member of the Pierre Shale from the overlying marine mudrocks of the Fox Hills Fm. (near White Buttein SE, Sec.
6. T2S, R15E, for location see Fig. 1).

The shde overlying the unconformity has yielded poorly- preserved ammonite fragments,
belemnites, tiny ribbed clams, arthropod fragments and mosasaur bone, and displays an
abundance of bioturbation features consistent with the typical marine rocks of the Western
Interior Seaway. Perhagpswhat is most sgnificant iswhat has not been found. No specimens of
the Fox Hills scaphitid ammonite, Hoploscaphites nicolletii, have been recovered within the
park, although a single specimen was recovered from upper Elk Buitte facies outcrop 20
kilometers north of the park west of Creighton, South Dakota (see Fig. 1). This ammonite occurs
in abundance in the lower to middle type Fox Hillsin the Grand River region of South Dakota

Thetiny ribbed clams have been identified as Nucula sp. (fig. 10.). These fossils suggest
that sratain the upper part of this unit correlate with the upper Timber Lake Member of the
middle to upper Fox Hills (Speden, 1970). In the park, this upper “Fox Hills™ unit ranges
between 6 to 8 meters thick near White Butte. These fossils have been observed in equivalent
drata throughout Badlands' North Unit and in outcrops west of Creighton, South Dakota. Along
the South Fork of Sage Creek this upper Fox Hills unit is very thin and deeply wesathered, or is
covered by younger sediments. Data presented below demondtrate that this upper shde unit is
equivaent to the Jel etzkeytes nebrascensis Zone of the Fox Hills Fm. and is of latest
Maestrichtian age.
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Figure 10. Nucula sp. - atiny clam that occursjust below the Disturbed Zone. This clam is reported from the upper
Timber Lake Member of the type Fox Hills Fm. (Speden, 1970). This specimen isfrom the Creighton locality (see
fig. 1).

The Jeletzkeytes nebrascensis Zone of the Fox Hillsin Badlands National Park

Pettyjohn (1967) supported Ward's (1922, 1924) interpretations that the “ Interior Phase”
(or “Interior Formation™) of the Badlands region is equivaent to the Fox Hills Fm. He added,
however, that “the multicolored weathered zone becomes older in the section and is well
developed on the Pierre near Sage Creek in Badlands National Monument.” New data presented
here suggest that this later interpretation is not completely accurate. Strata of latest Cretaceous
age (late Maedtrichtian) and younger are localy preserved within and benesth the Interior Zone
westhering profile throughout the Sage Creek Wilderness Area, except where it ismissng along
the erosiona surface (unconformity) carved by the pre-White River Group stream drainage
system.

Corrdation of the uppermost Fox Hills strata across northern South Dakota into the
Badlands region was first established by Pettyjohn (1967). He described strata bearing
Discoscaphites sp. in an exposure of the “Bullhead Member” of the Fox Hills Fm. 5 miles south
of Creighton, South Dakota. Pettyjohn stated that this unit is overlain by a sequence of buff sand
and sandstone, light-green shdey sand and silt, and thin layers of purple clay-shde in which the
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upper part contains many Ophiomorphia sp. and afew Belemnitella sp. and Ostrea sp. He
named this upper unit the “Enning facies’ (after Smilar exposures in the upper part of his White
Owl Creek Member of the Fox Hills near Enning, SD). In Pettyjohn’s Fairpoint, South Dakota
type Fox Hills locdity, the Enning facies overlies more than 200 feet of crossbedded sandstone
of hisFairpoint and lower White Owl Creek Members. The dividing line between these two
membersis aterestria unit that Pettyjohn named the Stonyville cod facies. He added that the
upper White Owl Creek Member is equivaent in age with the Hell Creek in the type area of the
marine Fox Hills. Therefore, Snce the Enning facies, bearing marine fossls (beemnites),
overliesterredtrial cod facies, it represents alast marine transgression into the Western Interior
region before the close of the Cretaceous. Using the globa geochronology curve of Hag and
others (1987), thiswould most likely be synchronous with amgjor drop in sea-leve and resuiting
marine regression that peaked about 67.7 million years ago (seethered “B” onfig. 5).

The Enning fadies is therefore time equivaent to the Breien Member, athin marine facies
within the dominantly terrestrial Hell Creek Fm. in central southern North Dakota (Frye, 1964).
Kennedy and others (1998) include this unit in the upper Jel etzkeytes nebracensis Zonein the
uppermost exposures adong portions of the Missouri River Valey of South Dakota. Jel etzkeytes
nebracensis (Owen, 1852; called Discoscaphites by Pettyjohn, 1967) represents the youngest
Cretaceous (late Maestrichtian) macrofossil zone recognized in the Western Interior.

875r/®%Sr data derived from belemnitesin Badlands Nationa Park corroborate that the
Jeletzkeytes nebrascensis Zone occurs in Badlands Nationa Park (fig. 10). Belemnites were
found in amarl bearing a variety of marine invertebrate traces and fossls. Thisinterval rests
conformably on top of the Elk Butte Member and is capped by the chaotic bedding of the
Disturbed Zone (discussed below). Belemnites were found in outcrops (scattered throughout
ravinesin Sec. 3, T2S, R15E) in the vicinity of the Wilderness Access Trallhead. All belemnites
recovered are broken, and some are worn, suggesting some degree of reworking. Scaphitid
ammonite fragments and immature specimens have been recovered from the interval, but none of
the specimens recovered were clearly identifiable as the Jel etzkeytes nebrascensis Zone species.
In many ways, the discovery of the belemnites was aturning point in our investigations. Many
published investigations into the geochemical character of Mesozoic marine weaters have utilized
data derived from the cal careous skeletons of belemnites. Reports that describe 87 Sr/2°Sr
methodology and contain data derived from belemnites and mollusk shellsinclude studies by
Sugarman and others (1991) for the Late Cretaceous of the Atlantic Coastd Plain, and in the
Western Interior region by McArthur and others (1993) and Stoffer (1998). We chose to test ten
belemnites from Badlands, and included ten belemnites from the Navesink Fm. in New Jersey
for comparison and vaidation of our data with the previoudy published information (fig. 11).
Using the strontium isotope laboratory managed by Paul Fullager (University of North Caralina,
Chapd Hill) and the stable isotope services of Kreuger Enterprises, Inc., we had the twenty
specimens anayzed for standard 8'Sr/ 88sr, 3¢/ 12C, and 180/ 1°0 values. Table | shows our
data

Figure 12 shows the plot of the New Jersey and South Dakota belemnitesin relation to
previoudy published 8 Sr/ 88Sr and other geochronology data compiled for the Western Interior
(McArthur and others, 1994, Obradovich and others, 1993; and Baardsgaard and others, 1993)
and for the Atlantic Coastal Plain (Sugarman and others, 1991). The datafor the New Jersey
beemnitesfdl exactly in line with previoudy tested samples from the Navesink Formation
reported by Sugarman and others (1991). By comparison with previoudy published vaues, the
S vaues of the Badlands belemnites indicated that they were younger than any other Cretaceous
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Western Interior fossils previoudy tested in this manner (McArthur and others, 1994). A recently
tested value for a belemnite from the Jel etzkeytes nebracensis Zone from the type Fox Hills
yielded avaue of 0.707801 (Neil Landman, ora commun., 1998). Using the data from Figure
12, the Badlands belemnites are consstent with aage of 67.6+.5 Ma. The youngest vaue of
707822 is about 67.1 Mawhich closely matches range values for 8'Sr/ 8Sr that were reported
from the interva from 40.0 metersto 0.05 meter below the K-T boundary in the massve
Maestrichtian section near Bidart, France (Nelson and others, 1991). These values dso closely
matched K- T values for the New Jersey Coastdl Plain described by Sugarman and others (1991).
Congdering the belemnite data, we determined that the K-T boundary should be lower in the
Badlands Nationa Park than previoudy recognized.

Table 1. Stable isotope data derived from New Jersey and South Dakota belemnites.

SAMPLE TR, +3C/ *C (smow) %0/ *°0 (smow)
SD A1l 707818 29.1 0.0

SD C32 707815 28.9 0.9

SD EO3 707811 29.5 1.9

SD G34 707812 29.2 0.1

SD 125 707818 28.8 1.0

SD K16 707806 30.2 0.5

SD M27 707801 29.8 1.1

SD 018 707812 29.4 0.7

SD Q09 707803 29.2 1.0

SD S10 707822 28.8 1.1
mean (<. dev.) 707812 (.000006) | 29.3 (0.4) 0.8 (0.5)
NJ BO1 707788 315 1.3

NJ D22 707782 31.4 1.0
NJF23 707773 315 1.2
NJH24 707766 315 0.5

NJ J15 707759 31.2 0.4
NJL26 707764 31.4 1.0
NJNO7 707787 315 1.1

NJ P38 707793 31.4 1.4
NJR19 707775 31.3 1.9
NJT20 707776 31.7 0.7
mean (st. dev.) 707776 (.000010) | 31.4 (0.1) 1.0 (0.4)




Belemnitella sp.
Western Interior Seaway
Badlands National Park, South Dakota

Sec. 3, T2S, R15E
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Figure 11. Belemnites used for strontium isotope geochronology.
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Figure 12. Strontium isotope data: purple dots represents New Jersey data (Sugarman and others, 1991); blue dots
represent Western Interior data (McArthur and others, 1994; Stoffer, 1998); red dots represent belemnite datafrom

Badlands National Park.

The belemnite data support the interpretation that both eustatic changes in sea-level and
tectonism controlled sedimentary facies relationships in the Fox Hills Fm. Figure 13 showsthe
Fox Hills sequence in the Badlands where the land was “risng” compared with Pettyjohn’s
(1967) section in the southern Williston Basin where the land was concurrently “sinking.” In this
scenario, in areas where the land is rising (asin the Badlands) only the high-stand systems tracts
are preserved, and the low-stands are preserved as unconformities.
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Figure 13. lllustration of how changing sea-level and tectonism influenced the formation and distribution of facies
of the Fox Hills Fm.

TheLatest Maestrichtian Age Dilemmain South Dakota

The discusson above does not entirely reflect the uncertainty of late Maestrichtian
regiond and globd sratigraphic corrdation and geochronology issues, particularly in relation to
current knowledge of inferred massve extraterrestriad impacts from the early Maestrichtian to
the K-T boundary. The South Dakota story for the late Maestrichtian and K- T boundary is
muddled by many confounding problems: the vast area, accessibility issues, and agenerd lack of
detail relating to regiona gratigraphic correlation. As Gill and Cobban (1973) demondtrate,
during the late Maedtrichtian the region was affected by an overdl regresson of the Western
Interior Seaway shoreline eesward from Wyoming and Montanainto South Dakota. Active
Larimide tectonism in the Maestrichtian also affected the regiond sedimentary framework. This
includes the uplift of the Sage Creek Arch and the Black Hills, and the subsidence of the
Williston Basin and other basins in the region. Many Late Cretaceous stratigraphy-related issues
remain unresolved in the Western Interior region, particularly the corrdlation of terrestria facies
(Hell Creek Fm) to time-equivaent trangtiond facies (Fox Hills Fm.) and fully marine facies
(Pierre Shde).
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The range values for 8'Sr/ 8Sr that were reported from the 40.0 to 0.05 metersinterval
below the K-T boundary in the massive Maestrichtian section near Bidart, France, (Nelson and
others, 1991) are reason for suspicion in using this methodology for resolving K-T boundary
issues. McArthur and others (1994) describe rapid shifts and plateaus in the strontium-isotope
curvein the latest Maedtrichtian; these anomaiesin the late Maestrichtian curve are dso
reported esawhere in the literature. Hagstrum (2000) suggests that a probable late Maestrichtian
wet impact in the Pacific Ocean west of Mexico (the Socorro Impact—218.8EN, 111EW) might be
responsible or related to an 87 Sr/ 88Sr “peak” that occurred roughly between 68 and 67 Ma (the
age vauesinferred by the belemnite data discussed above). His data suggest that the Disturbed
Zone data in the Badlands region might be more consistent with this event rather than the
Chicxulub K-T impact. Jonathan Hagstrum (USGS; ord commun., 2000) suggests that oceanic
impacts may cause much greater seismic energy transfer into the Earth and less atmospheric
effects than aterrestrial impact.

The exact age of the Disturbed Zone will remain usive until additiona paeontologica
or other data clearly resolve the age of the uppermost Interior Zone section in the Badlands
section. The discussion below outlines observations and interpretations that suggest the
possibility that the more than one impact may have occurred, and that some evidence suggests
that the Disturbed Zone represents a probable association with the Chicxulub K-T impact.

Corrdation of the Disturbed Zone to the Type Fox Hillsin north centra South Dakota
(Corson County) described by Waage (1968) might support an interpretation for an earlier late
Maestrichtian event. Waage described a widespread zone of “contorted bedding” between the
lower “Bullhead Lithofacies’ and “ Colgate Lithofacies” within the Fox Hills Formation
(illustrated on plates 9 and 10 within the 1968 text). Waage (1968) reports the occurrence of at
least one carnivorous dinosaur claw and a fragment of the scaphitid ammonite “ Discoscaphites”
(now named Jel etzkeyt es nebrascensis by Landman and Waage, 1993) from an undetermined
distance above the contorted bedding layer. This contorted- bedding interva occurs as much as
52 feet below-lignite bearing Stratathat Waage calls Hell Creek Fm. The association of
Jel etzkeytes nebrascensis with this contorted bedding is significant in that it suggests that
Waage' s “ contorted bedding” islikdly time synchronous with the Disturbed Zone in Badlands
Nationa Park. This question remains. Is Waage' s overlying Hell Creek really Maedtrichtian-age
Hell Creek Fm., or isit Paleocene Fort Union-equivaent srata? Dinosaur-bearing Hell Creek
Fm. iswdl-known from western South Dakota and especialy Montana, where K-T impact gect
materiads are known to occur. Although dinosaur remains are well-known from the Hell Creek
Fm. in the region west of Waage' s contorted beds, we have not verified that dinosaurs
definitively occur above thisinterval at Waage s locdity. The Hell Creek bone beds of western
South Dakota may be the terrestrid deposits that are age equivadent of the marine Fox Hills units
in Corson County, South Dakota. In North Dakota, the Breilen Member of the Hell Creek Fm. is
definitively a marine unit that according to Kennedy and others (1998) incorporates the
Jeletzkeytes nebrascensis Zone. The Corson County locality needs thorough reinvestigation to
demondtrate that actua dinosaur remains, rather than stream rewor ked bone fragments occur
above the contorted beds. The abundance of reworked fossils on modern beaches demonstrates
that lone foss| fragments are not satisfactory for dating rock units. However, assuming dinosaurs
went extinct at the K-T, should articulated dinosaur remains be found above the contorted beds,
then the contorted beds would definitively be late Maestrichtian. The important thing to
emphasize, however, is the occurrence of Waage' s contorted beds in associated with the
Jeletzkeytes nebrascensis Zone in the Corson County region, nearly 180 miles from the Badlands
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outcrop area; this strongly suggests that a widespread, intense seismic event affected the entire
region sometime around 67 million years ago. The age of the Chicxulub Impact is around 65.6
Ma.

Another possibility isthat future research might show that the Badlands' Disturbed Zone
might correlate with the Manson Impact or another impact. Anderson and others (1996) reported
that the Manson Impact has an age of 73.8 Ma - roughly equivaent in age to the oldest
Cretaceous rocks exposed in Badlands Nationa Park (latest Campanian). However, no evidence
of thisimpact has yet been recognized in the park-area outcrops. Nearly dl published ages and
characteristics of the Manson impact event were reported before discovery of the Disturbed Zone
and other units possibly related to extraterrestria impact deposits in Badlands Nationa Park.

K-T BOUNDARY LOCALITIESIN BADLANDS NATIONAL PARK

Recent fieldwork and |aboratory tests have added additional information to support our
interpretations that Badlands Nationd Park is host to important K-T boundary locdlities.
Significant contributions from the field include the discovery of additiond diagnostic fossils
suitable for high-resolution correlation of stratigraphic units among severd locdities. Laboratory
andyses include the thermd paeomagnetic determination of seven oriented samples from a
section in the park. Additiona petrographic studies and field observations aso support our
conclusions. We have expanded the extent of our origind “dump zone” (Stoffer and others,
1997) to an even greater aerially distributed “ Disturbed Zone’ that extends throughout the North
Unit and northward of Wall, South Dakota, by at least 17 miles. The discussion below focuses on
the K-T boundary sections in three study areain Badlands Nationa Park: Wilderness Access
Trailhead area (WATH), Grassy Tables Overlook area (GTO), and the Dillon Pass/Conata Creek
area (DPCC) (seefig. 1).

WILDERNESS ACCESS TRAILHEAD AREA (WATH)

Figure 14 shows the K-T boundary section in Sec. 3, T2S, R15E. This Siteislocated
about 0.2 mile south of the Wilderness Access trailhead parking area dong the Sage Rim Road.
The gteis accessble by a heavily used bison trail leading southwest from the trailhead parking
area. The outcrop is located south of a prominent fault offsetting the Fox Hills, Chamberlain
Pass, and Chadron Formations and just below (west) of alinear series of smal “yellow mounds.”
This site iswhere Pettyjohn (1966) used the name “Y ellow Mounds’ for the brightly yellow-
colored gratigraphic interva overlying sand sheets he recognized as Fox Hills Sandstone.

At WATH, the presence of the Fox Hillsintraformational unconformity isreveded by a
break in dope above a grass-covered surface displaying an abundance of large brown-wegthering
concretions that define the eroded top of the Elk Butte Member. The thickness of the Strata
between the concretion bed and the base of the Disturbed Zone (shown in fig. 14) is about 5
meters. About 5 dozen belemnite fragments were recovered within a 300 meter radius of this
locdlity, but nowhere dse. One belemnite was found within a meter below the Disturbed Zone.

No belemnites were found within or above a greenish, glauconitic, sasndy marl unit indicated in
thefig. 14. Below the glauconite, bedding is not obvious, probably because of heavy bicturbation
and poor exposure. The occurrence of mosasaur bones, belemnites, and other shell hash suggests
that the seaway hosted a diverse Cretaceous marine fauna before deposition of the glauconite

layer.
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Figure 14. The Wilderness Access Trailhead (WATH) locality K-T boundary section.
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The glauconitic marl isadigtinct layer that stands out in sharp contradt to the underlying
beds, and particularly with the underlying Elk Butte Member, which isvoid of glauconite. At the
WATH locdlity, the glauconite bed is poorly exposed, but it appears mostly bioturbated in hand
samples. The glauconite layer is better exposed elsewhere. The glauconite marl layer contrasts
with an overlying a 20 cmk-thick, well-laminated, red to greenish-gray slty shde that bearstiny
clams (about 0.5 cm maximum dimension) that most closaly resemble Nucula sp. described in
the Timber Lake Member of the Fox Hills by Speden (1970) (seefig. 10). These smdl clams
occur in afindy laminated red clay unit that suggests that environmenta conditions within the
Western Interior Seaway had changed significantly after deposition of the glauconite layer. The
clay dso yidds an aundance of plant materid, fish remains, and a least one small, unidentified
species of scaphitid ammonite. The specimens from WATH are smilar to a specimen recovered
from immediately below the Disturbed Zone a the Creighton locdlity (fig. 15).

Figure 15. A scaphitid ammonite (possibly Jeletzkeytes nebrascensis) from the Disturbed Zone at the Creighton
locality.

Above thered clay is the Disturbed Zone—a layer about 0.5 metersthick at thislocality.
Vigble within figure 14 are a number of soft-sediment deformation features within this zone that
we cdl roll-type concretions. These curved, folded, even rolled-up layers are dbundant within the
Disturbed Zone throughout Sec. 3, T2S, R15E. In undisturbed outcrops, al the fold axes
preserve a near east-west orientation (vector mean=270.09E, n=37). These structures indicate
that the direction of soft-sediment movement was toward the south. At WATH, a5to 10 cm
thick fine-grained sand sheet defines the base of the Disturbed Zone. The base of this sand sheet
localy preserves flute casts and drag marks that indicate a strong current toward the south.

The top of the Disturbed Zone at WATH is overlain by another sand sheet preserving
evidence of current movement toward the south. Above this layer are a series of dternating sand
and shde layers. Fig. 14 shows fourteen such coupletsin a 1.5 meter-thick section. Alternating
sand and shde layers continue up-section until they gradudly vanish into the deeply weeathered
interval in the overlying “Y dlow Mounds wesathering profile’ (named by Pettyjohn, 1966). At
the WATH locdity, the distance between the Disturbed Zone and the base of the Chamberlain
Pass Formation is gpproximately 8 meters. In the less-weathered sediment immediately above
the Disturbed Zone, severd varieties of trace fossls were observed including Diplocraterion,
Ophiomorphia, and amphipod (sand fleas) crawling traces dong with small amounts of
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glauconite (Stoffer, 1998). These fossils indicate that marine or near-marine conditions ill
prevailed a some point after deposition of the Disturbed Zone. The abundance of the traces
listed above, particularly the amphipod traces, suggests that water depths were quite shalow
(probably subtidal to lower intertidd range). After five years of fidd investigations, no fossils
have yet been recovered from directly above the Disturbed Zone, which we interpret to represent
seismicaly generated soft-sediment deformation and(or) tsunami deposits associated with the K-
T boundary.

Paleomagnetic I nvestigation of the K-T Boundary at the WATH L ocality

Magnetic polarity data were established using atherma paeomagnetic determination
method on seven oriented samples collected from the WATH outcrop. Regrettably, many more
sample determinations would be necessary to better resolve the character of the
magnetogtratigraphy. The following discusson examines the possible framework the data may
suggest in comparison with published magnetodiratigraphy determinations acrossthe K-T
boundary elsawhere. This data are dtill preliminary.

Magnetic norma (N) and reversd (R) vaues for tested samples are shown in figure 14 in
association with a photograph taken of the outcrop Site before trenching and sampling were
conducted. The data, prepared by Duane Champion (a USGS pa eomagnetism specidist),
support the interpretation that the section in question is consistent with published data for the K-
T boundary (Gradstein and others, 1995; Berggren and others, 1995). A concretion tested below
the glauconite layer preservesa“normd” polarity vaue. Congdering belemnite age data, this
sample would match the top of the C30n polarity. This period of normal polarity ended
approximately 65.55 MA (Berggren and others, 1995). A sample from the red clam-bearing clay
preserves areverse polarity, consstent with C29r that spans the K-T boundary [C29r ranges
from 65.55 MA to 64.75 MA (Berggren and others, 1995)]. John Obradovich (oral commun.,
1999) dated that his Western Interior data put the K-T around 65.54 MA.

According to Duane Champion (ord commun., 1999), the two oriented samples from the
sand sheset at the base and at the top of the Disturbed Zone were difficult to interpret. The lower
“R?" and upper “N?’ bounding this zone reflect his best determination of the sample data. These
samples show amottled red to green texture. The difficulty in resolving resident paeomagnetism
may be related to late diagenetic processes that overprinted the origina resdua magnetiam.

TheN, R, and R? vaues for the upper three samples tested have sgnificance in resolving
the nature of the section overlying the Disturbed Zone. The N vaue derived from a sample
about .5 meters above the second sand sheet suggests an age vaue in the range of C29n—an
early Paeocene (early Danian) normd polarity that lasted from ~64.75 MA to ~63.95 MA. The
overlying R and R? vaues possibly correspond to C28r, an early Danian period of reversed
polarity from ~63.95 to ~63.65 MA.

The paleomagnetic data provide a basis for interpreting sedimentation rates for the upper
part of the section. If the roughly 1 meter thick interva above the Disturbed Zone bounds the
C29n polarity interva, then the sedimentation rate of this upper part of the section is roughly one
meter per million years. For arough comparison, the fully marine section between the
Campanian/Maestrichtian boundary (~71.3 MA) and the K-T boundary (~65 MA) isroughly 40
meters thick, suggesting a sedimentation rate in the range of 6 to 6.5 meters per million yearsin
the Pierre Shae portion of the section. This interpretation of adrastic drop in sedimentation rates
across the K-T is supported by two observable characteritics of the sediments. Firgt is that the
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clay content sgnificantly drops above the Disturbed Zone. The silty sand sheets display an
abundance of starved ripple bedding yielding amphipod tracks and Diplocraterian traces. This
suggests that winnowing wave energy in a shalow marine setting prevented the overdl
accumulation of fines (clays), while concentrating the it on migrating shalow sand shodls.
Second is the occurrence of phosphatic concretions and nodules in the beds above the Disturbed
Zone (Gordon Béll, ord commun, 1998). Phosphorite nodules precipitate extremey dowly & the
expense of bone, teeth, and other organic phosphatic materias. They typicaly form in rdatively
shdlow marine settings with afirm subgrate.

This information supports a new interpretation of the Yelow Mounds. Pettyjohn (1966)
probably named the Y dlow Mounds after a series of small “yellow mounds’ in Sec. 3, T2S,
R15E (fig. 16). These yellow mounds rest on ahard, silica- and limonite-cemented concretionary
surface that probably represents an ancient soil horizon (paleosol). This layer at the base of the
ydlow moundsis roughly 3 meters above the Disturbed Zone. Whereas the origind marine or
near-marine sediments (sand and shale) are well preserved in some locdlitiesin the outcrop area,
they are completdly obliterated by paeo-pedogenesisin most exposures. For sake of
clarification, we cannot differentiate the original Paleocene sediments from the younger soil
profile imprinted on them. This appliesto park exposures, but thisisn't true from the more
massive, better- preserved equivalent section exposed west of Creighton. Fossils found in the
overlying basal White River channel gravels of the Chamberlain Pass Fm. (Terry and Evans,
1994) that occur in association with the “Interior Red Clay” (Retallack, 1983) are dated to late
Eocene.

Figure16. The"Yellow Mounds" at the WATH locality. Thisis perhaps the locality where Pettijohn (1966)
applied the nameto thisinterval.

GRASSY TABLESOVERLOOK AREA (GTO)

The Disturbed Zone was first reported in the area known as the Grassy Tables area of the
Badlands North Unit (Stoffer and others, 1998). The interva was interpreted as ancient dump
deposits preserving an abundance of large, chaotic concretions and roll-type structures
throughout the creek bed and lower hillsides along the East Fork of Sage Creek in SW, Sec. 12,
T2S, R15E. Thefidd areaisin the vicinity of three brightly-colored knobs or hills, each capped
with Chamberlain Pass Fm. and basad Chadron Fm. The stream cutbank in figure 17 shows ared
interval that preserves chaotic bedding and roll-type concretions. These concretions occur in the
Disturbed Zone throughout severd hectaresin this vicinity.
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Figure 17. The Grassy Tables Overlook (GTO) locality.

27



At the GTO locdlity, very little of the section is exposed below the Disturbed Zone. At
creek leve is a green, glauconitic sandy layer (probably the same asat WATH and DPCC
locdlities). No red clam-bearing (Nucula sp.) layer has yet been observed here; it was likely
eroded and incorporated into the dumped materid. By comparison, the Disturbed Zone at
WATH is 0.5 metersthick, whereas a GTO the interval isnearly 5 metersthick. At GTO this
interval isaso brightly colored (red and white) and preserves an abundance of verticaly
penetrating clastic dikes. This section suggests that a period of subaeria exposure occurred for
long enough to allow meteoric weathering to penetrate to the bottom of the Disturbed Zone.
These clastic dikes are truncated dong a scoured surface overlain by greenish-drab colored
dternating sand and shale identica to those at WATH. Thisoverlying interva of dternaing
sand and shale sheets extends upward approximately 16 meters where its color fades into the
yelowish huetypicd of the Ydlow Mounds paleosol. No fossils have been recovered from this
locality; however, the lower sand sheets yield Ophiomorphia, Diplocraterion, and amphipod
crawling traces identical to those at WATH. The sediments near the base of this section
overlying the Disturbed Zone aso contain some glauconite.

The Paleocene/Eocene Section at the GTO L ocality

In the Grassy Tables Overlook area, the section between the top of the Disturbed Zone
and the base of the Chamberlain Pass Fm. is about 16 meters thick. The section containsathin
fine-grained sand sheet between evenly bedded shade. The upper section is heavily pedogenicaly
dtered into the character of Y ellow Mounds paeosols. However, changes in lithology occur in
the upper part of the section below the overlying Chamberlain Pass Fm. At least one, possibly
more, thin units of differing color and degree of consolidation occur in the upper part of this
section. This suggests that other unconformities, or bresksin sedimentation, occurred before the
White River beds were deposited. One particularly significant exposure islocated at SE, Sec.
13, T2S, R15E (fig. 18). In thislocation, the Y dlow Mounds Paleosol appears as an “ orange
unit” unconformably bounded below by the more tightly consolidated uppermost Fox Hills Fm.
(Paleocene?), and unconformably above by poorly consolidated red clay unit (Chamberlain Pass
Formation) benesth overlying white clay of the Chadron Fm. In this vicinity, the “orange unit”
locally preserves migrating stream channd-style cross bedding. Whether these channels were
marine or freshwater is unclear because of heavy pedogenic dteration. These unconformity
bounded units are intriguing in that they suggest that sedimentary units of |ate Paleocene to early
Eocene may have been repeatedly deposited and eroded, with small patches of these materials
preserved intermittently benesth the basal White River beds (seefig. 2).

The unconformable surface between the Fox Hills dternating sand and shdeinterva and
the “orange unit” (Y elow Mounds paleosol) possibly corrdaes with Hag's 58.5 million year
lowstand in sea-leve (Letter “E” onfig. 5). Conddering the dow sedimentation rate suggested
by the magnetogtratigraphy data presented above, this provides a rough time-bounding estimate
for the formation of the weathering profile associated the Y ellow Mounds and the deposition of
the overlying the red clay of the Chamberlain Pass Fm. that, based on fossils, is late Eocene. The
Ydlow Mounds ( “orange unit”) is probably amargind terrestrid sedimentation cycle with a
heavy paeosol overprint that formed sometime in |ate Paleocene to early Eocene.
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Figure 18. Three distinct lithol ogies (bounded by unconformities?) near the Grassy Tables Overlook locality in SE,
Sec. 13, T2S, R15E.

DILLON PASS/CONATA CREEK AREA (DPCC)

The old “Rainbow Colors Overlook” aong the Sage Rim Road about 1 mile northwest of
the Conata Road intersection has logt its interpretive sgn (fig. 19). Asaresult it has somewhat
logt its historical significance. Its attraction is the bright yellow, orange, and red colors of the
wesethered strata of the Y ellow Mounds. When wet, these beds stand out in stark contrast to the
more mundane gray mudrock of the overlying Chadron Formation. Retallack (1985) used nearby
outcrops aong the headwaters of Conata Creek to describe sections for the Chadron and Brule
Formations. Here Retdlack (1983) recognized both “Pierre Shae’ and “Fox Hills’ and
pondered the presence of the “Sim Buttes Formation” (an early Eocene formation in
northwestern South Dakota) in the lower part of the section beneath the Chadron Formation. In
this lower part of the section, he described the “Y ellow Mounds Paleosol” on an irregular surface
of the Fox Hills/Pierre Shale, and the “Interior Paleosol” on the surface below the Chadron
Formation (on top of his“Slim Buttes Formation”). Although his interpretations are ingghtful,
our data provide new, additiona information as to the character of the Fox Hills Fm. and
“Yelow Mounds.”
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Figure 19. East view from Rainbow Colors Overlook (Sec. 21, T2S, R16E). From bottom to top: yellow=lower Fox
Hills Fm.; pink=Disturbed Zone; white layers="Slim Buttes" (Retallack, 1983); orange and red=Chamberlain Pass
Fm.; gray=Chadron Fm.; red and white=Brule Fm.

The K-T boundary section is perhaps best exposed in the ravines draining the High
Pinnacles area along the Badlands Loop Road one mile north and west of the Conata Road
intersection. This erosondly dissected area exposes the crest of the Sage Creek Anticline. The
axis of the anticline trends in a northwest direction and can best be seen from the hilltop view at
the Dillon Pass Overlook aong the Badlands Loop Road approximately amile east of the
intersection of Conata Road. A fault on the south side of the anticline that offsets the Pierre
Shde, Yédlow Mounds, and White River bedsis very visble aong the Badlands Loop Road a
the Seabed Jungle Overlook a couple hundred feet east of the Conata Road intersection. The
stream bed of Conata Creek penetrates the limestone concretion-bearing shde at the base of the
Elk Butte Member in the heart of the anticline. Along Conata Creek, some of the surfaces of
these large unweathered limestone concretions preserve an abundance of trace fossls and fossil
hash (including gastropods). In the ravine carved by Conata Creek on the west side of the
Badlands Loop Road, up to 10 meters of unwesthered Elk Butte shale crops out. This Elk Butte
dratais overlain by brown-colored shaey strata of the lower Fox Hills Formation that bears
large, heavily weathered concretions. Many of these concretions appear to have experienced
exposure to aternating freshwater and saltwater conditions. All fossils and traces have been
destroyed by heavy diagenetic overprints, with the ultimate result of limonite and silica generdly
replacing origind cacareous fabrics.

Fox Hills sandstone facies are preserved only in the northwest end of the outcrop belt in
the DPCC area. This northwestern part of the Fox Hills outcrop belt aong the crest of the
antidineisdso hogt to saverd tightly cemented sand sheets (these are the Sim Buttes unit
described by Retalack, 1985). Acting as water conduits in the upper part of the pre-Chadron
section, these sands may have served to help protect and preserve the underlying strata from the
Eocene wesathering associated with the overlying red clay of the Chamberlain PassFm. Asa
result, perhaps the best K- T boundary section in the park is exposed beneath a fresh rock-fdl
exposure along atributary of Conata Creek in NW, SE, Sec. 20, T2S, R16E (figs. 20 and 21).
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Figure 20. The Dillon Pass/Conata Creek (DPCC) locality.
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Figure 21. Close-up of the DPCC locality.
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The DPCC section shows the same basic sequence observed at the WATH locdity. The
DPCC dratigraphy from bottom to top follows:

1) 5.0 metersof gray to pae ydlow shade of the upper Elk Butte Member,

2) 20to 40 centimeters of aledge-forming, brown, sandy concretion layer (abasa Fox Hills
unit that crops out in Conata Creek 0.2 mile northeast of the Rainbow Colors Overlook),

3) 3meersof dark gray green shaey marl (lower Fox Hills Fm.),

4) 10 to 20 centimeters of green glauconitic marl,

5) 20to 30 centimeters of red clay bearing smal clams (Nucula sp.) and plant materid,

6) 2 metersof mudrocks preserving soft-sediment deformation (the Disturbed Zone),

7) 3to4 metersof dternating sand and shde (unfossiliferous upper Fox Hills),

8) 1to 2 metersof orangish-pink, pedogenicaly dtered shde (Y elow Mounds paeosal),

9) 0to 2 metersof red clay (overbank deposits of the Chamberlain Pass Fm.), and

10) gray mudrock of the Chadron Fm.

A K-T boundary interva at the DPCC locdlity is shown in figure 20. In the vicinity of the
Rainbow Colors Overlook, sand sheets above the Disturbed Zone seem to thicken or are
localized dong the crest of the anticline. Whether these sand sheets (Retdlacks Sim Buittes) are
shoas formed on the crest of the rising anticline in the shalow seaway, or represent alocaized
channd formed after terrestrial exposure of the crest of the anticline in the early Tertiary remains
to be resolved. However, these resistant sand sheets are important in that they seem to have
served as abarrier to subsequent pedogenic dteration. They therefore preserved important
gratigraphic detail in the underlying Disturbed Zone and underlying layers now exposed aong
Conata Creek.

The thickness and character of the exposure dong Conata Creek are essentialy identical
to the section in the WATH locality 8 kilometers to the west and incorporate most of the
characterigtic units of the GTO locdity 4 kilometers to the west. Consdering the distance
between these essentidly identica exposures, this supports the plausibility that the Disturbed
Zone represents the K-T boundary. It aso raises sgnificant questions about the sequence of
events at the K-T trangtion (addressed below).

In figure 21, the bright, green glauconitic marl (5-12 cm thick) layer sandsout in
contrast to the strata above and below. Inspection reved s that the layer displays horizonta
lamination with thin limonite-red- clay partings. The glauconite layer is unusud in that
microscopic ingpection shows that, in addition to a glauconite-like minerd, it isenriched in
zircons, leucoxene, quartz, rock fragments, and small white carbonate clasts (2-10 mm). More
information about thislayer is discussed below.

The red clam-bearing layer shown in figure 21 is gpproximately 20 cm thick. Specimens
of Nucula sp. clams from the WATH and DPCC locdities are indistinguishable in hand samples.
The overlying Disturbed Zone preserves roll-type concretions with an east-west orientation
(smilar to both locdlities described above). Fragments of concretionary materid displaying roll-
structure-type soft- sediment deformation are common as float in the creek beds throughout the
DPCC area. This Disturbed Zone interva is 2 metersthick, displays a deep red-wesathered
appearance, and preserves overprint traces of Ophiomor phia. Throughout the exposure belt in the
DPCC areg, the Disturbed Zone interva is penetrated by numerous clastic dikes (possble
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dewatering structures). These clagtic dikes are truncated by an overlying sand sheet typica of the
unfossliferous interval above the Disturbed Zone observe in the other Badlands locdlities.

The" Glauconite Mar| Layer”

The highly unusud glauconite layer below the red clay is unlike any other rock observed
in the Badlands section (seefig. 21). We believe this glauconite marl layer is extremely
important in interpreting eventsin the K-T boundary interval. However, two working hypotheses
are presented as follows. One hypothess assumes that the origin of the glauconite layer formed
viamore “traditiond views’ of the origin of glauconite (in other words, minerdized fecd pelets
deposited in sediment-starved waters during a marine transgression). A second hypothesis infers
that the glauconite is a clay-minerd byproduct formed from seawater reactions with glass
gpherules and ash generated by an asteroid impact. In any case, the sediments and biota above
and below the Badlands glauconite layer are Significantly different, suggesting amajor changein
the overdl environmental character of the Western Interior Seaway in the Badlands region,
whether by transgression or by asteroid impact (or both). Additiondl discussion of each
hypothesis follows.

Hypothesis One—Biogenic Glauconite

Glauconite has traditiondly been considered an “indicator minerd” of dow, shalow
marine sedimentation, particularly during periods of transgression. Glauconite occursin
abundance in marine grata in shalow shelf environments where terresirid sediment input is
reduced and sedimentation rates are extremely dow (Prothero and Schwab, 1996). Glauconite is
not unusud in Late Cretaceous sedimentsin mid-latitude regions around the world. For instance,
Late Cretaceous and Tertiary sediments of the Atlantic Coagtal Plain typicaly preserve an
abundance of glauconite, usudly replacing fecd pellets or peloida grains with a boitryoida
form of the minerd. In New Jersey, Cretaceous, Paeocene, and younger glauconitic marls and
greensands are so abundant that they are mined. Based on the sheer volume, these New Jersey
glauconites are clearly of biogenic origin.

We have dso observed glauconite in massive, bioturbated sandstone unitsin the Fox
Hills Sandstone outcrops west of the Black Hills near Newcastle, Wyoming. If the Badlands
glauconiteis only of biologica origin, then alogicd interpretation is thet the WATH and DPCC
glauconite formed during arapid, short-lived |late Maestrichtian transgression across the Sage
Creek Arch. However, the character of the immediately overlying sediments suggests that water
depths were actualy much shalower. If this were a transgressive-regressve cycle, it would have
be rapid and different than any preceding cyclic event in the Badlands Cretaceous section.

Hypothesis Two—Asteroid I mpact-Gener ated Glauconite

The dternative hypothesis that the glauconite is associated with an extraterrestria impact
event warrants congderation, Smply because of itsimplied association with K-T impact event
(or events) widdly discussed in the literature. The “glauconite” in Badlandsis not redly
glauconite. X-ray diffraction analyses of the Badlands samples do not show the characteristic
gpectral peaks that true glauconite samples typicaly display. The “glauconite’ is probably a suite
of different clay mineralsthat are quite smilar to glauconite in thet they are enriched in Fe, K,



and S. Thelack of spectra peaksinthe XRD samples suggests thet the origind materid may
have been glass-like materid blown from avolcanic eruption, or plausibly, an asteroid impact.

In physica appearance, the glauconite layer in Badlands Nationa Park has striking
amilaritiesto samples of agreen “spherule’ layer associated with the K-T Boundary reported
from Ocean Drilling Program cores recovered from the offshore of the East Coast: the Blake
Nose offshore from eastern Florida (Klaus and others., 2000), and the North Carolina Outer
Banks (Bohor and Betterton (1989). In both Atlantic core sample localities, a green layer of
smilar characteristics to the Badlands glauconite layer & DPCC has been interpreted to represent
an dtered glass spherule layer inferred to have formed as aresult of the Chicxulub asteroid
impact. However, condgdering the location of the glauconite layer in the Badlands section, this
interpretation adds confounding information to the interpretation of the K-T Boundary.

Klaus and others (2000) show images of three cores collected from the K- T boundary
from the Blake Nose, a submarine high off the coast of northern Florida. The three cores
preserve agreen “ spherule layer” 8 to 16 cm thick (essentidly identica in gppearanceto fig. 21)
resting on top of dumped beds they infer were K-T impact-induced masswasting. They describe
that the layers contain green spherules, shocked quartz, and clasts of limestone, dolomite, chalk,
chert and schist. Similar to the Badlands glauconite layer, the Blake Nose samples are capped
with athin brown layer of limonite. The origind ODP Proceedings report describes the green
layer as agraded green spherule layer conssting of “ altered tektites” (Norris, 1998). In these
samples, asin many K-T boundary g ecta deposits, the glass has converted to “ glauconite”.

Bohor and Betterton (1989) presented an interpretation of another occurrence of
glauconite along the K- T boundary derived from Deep Sea Drilling Project cores derived from
offshore North Carolina. The complete text of their one-page paper is quoted below because it
contains information that might be applied to the Badlands outcrops. Thetitle of the paper is
Glauconite spherules and shocked quartz at the K-T boundary in DSDP Ste 603 B.

Bohor and Betterton (1989):

"DSDP Site 603B, located on the lower continental rise off the coast of North Carolina,
contains a 3-cmthick layer of green clay spherules at the K-T boundary (1). Thislayer is cross-
bedded and is thought to have been transported and(or) redeposited, possibly as aturbidite.
Klaver, et a. (#1) did not find an Ir anomaly in this layer, but their analytical technique had a
detection limit of only 60 ppb. INNA measurements made recently at Los Alamos show Ir
values of about 0.21 in the spherule layer (0.12 ppb at its base) and 0.16 ppb inthe 1 cm of
parallel-laminated sedimentsjust above this layer.

Klaver et al. (#1) identified the greenish clay that composes the spherules as Fe-rich
smectite (nontronite). However, the high Fe and K content of this clay, which forms the walls of
the spherules, and its color and X-ray diffraction pattern indicate a more appropriate
identification as the mineral glauconite. Glauconite is often mixed with smectitein itsjuvenile
stage. The exterior surfaces of the spherules are usually very smooth. Shapesvary from
predominantly spherical (up to 1 mmin diameter- fig 1) to teardrops (fig 2), dumbbell, and
other irregular forms. Some of the spherules are hollow, with dense glauconite walls and
interior surfaces of botryoidal nontronite (fig 3); commonly the interior walls are compl etely
filled with this nontronite. Except for composition, these spherules are similar to those found at
non-marine (#2) and other marine boundaries. We concur with the suggestion of Klaver et al.
(#1) that these spherules were originally massive and most likely consisted of glass (or a
crystalline silicate). Small, solid, glauconite fecal pellets, shaped like grains of rice, also were
found in thislayer.

Klaver et al. (#1) looked for shocked quartz grainsin the spherule layer bud did not
find any. We, however, found shocked quartz grains with multiple sets of lamillae throughout
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the spherule layer and in the 1 cm of laminated sedimentsimmediately overlying it (Fig 5-6).
The largest shocked quartz grain had a maximum dimension of 0.30 mm. Because of the small
amount of material examined, this size may not represent the true maximum dimension of
shocked quartz at this site. We also looked for magnesiof errite in these sediments but did not
find any.

The presence of shocked quartz, a subdued Ir anomaly, and the hollow spherules
suggest that this layer is composed of impact ejectafrom the K-T event. Thelack of alargelr
anomaly and the absence of magnesioferrite indicate that most of the high-speed gjecta layer
comprised of target rock and vaporized bolide, that usually overlie the spherule layer (2) is
missing in this section, probably through erosion and/or redeposition. The 603 B siteisthe
closest K-T marine location to North America discovered thusfar. The maximum grain
distribution of shocked quartz at this site fits well with the trends exhibited in previous
measurements of these grains worldwide, which indicate a North American locus for the impact
(4). The hollow glauconite spherulesin 603 B are similar to those fond at non-marine sites,
which suggests that both represent original glassy forms and are not the product of terrestrial
diagenesis.

References:

#1) Klaver, GT et al, 1987. Init. Repts. DSDP Leg 93, Pt 2. p. 1039-56.
#2) Bohor B.F., 1987. Geology 15, p. 896-899.

#3) Bohor B. F., 1987. Earth and Planetary Science Letters, 81, 57-66.
#4) Bohor B. F. et d., 1986. In LPSC XVII, Pt. 1, p. 68-69."

Figure 22A shows SEM images of typical pelloidd glauconite from the Eocene Shark
River Formation of New Jersey. The glauconite in New Jersey marlsis highly irregular in shape
(mostly botryoida) and has asgnificant rangein grain szes. Many pellets presarve
characterigtics that clearly imply organic origin, mostly the replacement of fecd materid. Figure
22B shows an image of a sample from the Badlands DPCC glauconite layer. By comparison to
the New Jersey glauconite, the large minerd grainsin a DPCC locdity sample display ahighly
fractured appearance and post-depostiond, diageneticaly dtered character. Most are a uniform
gze of about 0.2 t00.4 mm. Many are hollow and are filled with calcite, suggesting that they may
represent crushed and diagenetically dtered glass spherules. The smdler round grain to the right
(fig. 22B) looks drikingly smilar to aspherule illustrated by Bohor and Betterton (1989).
Elemental composition determined from energy dispersive analysis from the SEM shows that the
greenish minerd (dark inimage) contains K, Fe, and S suggestive of glauconite but may
possibly represent other mineras with smilar demental compostion and color. Other
publications that mention glauconite as a replacement or in-filling of glass pherulesinclude
Stinnesbeck and Keller (1996) and L 6pez-Olivaand Keller (1996).

Although we have not closely searched for shocked quartz in the DPCC samples, we
have recovered examples of shocked quartz from samples above the Disturbed Zone from a
location five miles west of Creighton, South Dakota (fig. 23), and have observed shocked quartz
in samples from WATH sand sheets above the Disturbed Zone. Bohor and Betterton (1991)
provide aguide for recognizing the maximum shocked-grain dimensons from K/ T gectain the
Western Interior. Shocked quartz has been recognized in K-T boundary deposits throughout
western North America. Bohor and Betterton (1991) show that the "maximum shocked grain
dimengion” is about 0.6 mm in Wyoming to about 0.4 mm in Alberta. Samples of shocked-
quartz-like grains observed from Badlands Nationd Park range from 0.02 to 0.5 mm. The
problem is that the mgority of grainsin Badlands samples contain an abundance of fluid
indusions, typicaly aong fracture lines. Whether these are truly of impact origin rather than
massve explosve volcanic origin from the Cordilleran region is unclear. However, the
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“glauconite’ layer is very different in gppearance from the bentonite layers either in the marine

beds of the Pierre Shde or overlying terrestrid units of the White River Group.

A. Glauconite from New Jersey (Eocene Shark River Fm.)
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Figure 22. "Glauconite" samples under scanning electron microscopy (SEM).
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Figure 23. Shocked quartz from the Disturbed Zone from the Creighton locality (seefig. 1).

Following the assumption that the Conata Creek glauconite represents atered impact
gjecta, the wdl-laminated character of the layer suggests that it was deposited asagentle air fall
onto the Western Interior Seaway, much in the manner that vol canic ash beds are preserved as
bentonite layersin the Pierre Shde. In any case, the contrasting biologic and lithologic change
across the glauconitic marl layer in the Badlands reflects amgor environmenta change.
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THE “RED CLAY” —Changing Facies or Aftermath of an Environmental Catastrophe?

As discussed above, the “red clam-bearing clay” conformably overlies the glauconitic
marl layer. In both the WATH and DPCC locdlities, the red clay layer is about 20 cm thick (it is
poorly exposed a GTO). It conssts of findy laminated claystone, and contains smdl clams
(Nucula sp.), fish remains, and carbonaceous plant materid. The findy laminated clay stands out
in contrast with the heavily bioturbated, belemnite- bearing Strata below the glauconite layer. Itis
clear that environmenta conditions changed drastically across the glauconitic marl layer. The
occurrence of plant debrisin thered clay unitisin stark contrast to the underlying Pierre Shale.
It suggests either a sSgnificant dow-down in bicturbation or areflection of achangein faciesto
environments closer to shore. The presence of the unidentified ammonite remainsis an indication
that the faunawas till “Cretaceous.”

The position of the red clam-bearing layer between the glauconite bed and the overlying
Disturbed Zone clearly indicates that they represent two different events. Using a conservetive
sedimentation rate estimate of one-meter-per-million years discussed above, the red clay bed
represents a period of deposition spanning approximately 200,000 years. As Punctuated
Equilibrium Theory suggests, the red clay could be a single rapid deposition event isolated in
time and conditions relaive to the underlying bed.

With the *transgression/regression hypothesis’ the red clay might represent shallow near
shore facies (because of the abundance of terrestrid plant material) immediately overlying a
transgressive systems track (represented by a more traditional view of the origin of a glauconite
layer). Thiswould mean that avery rgpid rise and fdl in sea-level may have occurred. With the
“agteroid impact hypothesis’, the glauconite spherule layer representsthe air fal from a distant
impact. The red clay might therefore represent a*“ climate recovery facies’, with the differencein
facies and fauna being a reflection of the dtered regiond climate. The overlying Disturbed Zone
suggests a second, possibly larger impact occurred in closer proximity, with much more
catastrophic effects.

THE DISTURBED ZONE—Catastr ophe-Related Deposits from the Chicxulub Impact?

Intermittently distributed dump-like bedforms occur in the same stratigraphic interval at
the WATH, GTO, DPCC, and Creighton outcrops (the only locations known so far where we
have seen the Disturbed Zone clearly exposed). Roll structures, chaotic bedding, and other soft-
sediment deformetion features are present in al Badlands arealocations. Beds in and around the
Disturbed Zone preserve gtriations, flute marks, and dewatering structures (some verticaly
penetrating holes in sand sheets look like “sand boils’ that show no evidence of biogenic origin).
Clastic dikes are most clearly developed in the GTO and WATH locdlities. The reddish to
grayish purple coloration of the beds in these locations suggest that they experienced an
undetermined period of subaerid exposure to meteoric water before marine sedimentation
resumed (indicated by the presence of drab-colored beds bearing trace fossls immediately above
the Disturbed Zone). To date, no Cretaceous fossils have either been found or reported from the
beds above the Disturbed Zone. This observation must be emphasized—thisinterva has been the
target paeontologica study interva for nearly al of our investigationsin the past 5 years of
fidldwork. Although trace fossils, smdl clam fragments, and plant debris are present, no
Cretaceous bone fragments or mollusks have ever been found and reported from the sediments
between the Disturbed Zone and the overlying Chadron Fm. in the Badlands Nationa Park.
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All the disrupted bedding in the Disturbed Zone shows that the direction of the mass
movement was toward the south. The incluson of the Creighton locdity in the Disturbed Zone
shows that its extent covers a least 300 square miles in the Badlands region. The extent of
disruption may be regiond if thelocalized “contorted bedding” interva described by Waage
(1968) at the base of the Colgate Member of the type area of Fox Hills Fm. in Corson County is
the same dratigraphic interval. The contorted bedding of the Disturbed Zone in the Badlands has
not been observed in every outcrop where the target study interva crops out. The greatest
amount of sediment disruption observed is dong the crest of the Sage Creek Arch between the
DPCC and WATH localities. South of the Sage Creek Arch, the Disturbed Zone features
gradudly fade into the more uniform tancolored mudrocks of undifferentiated Fox Hills Fm.

Throughout the hillsides in the GTO and DPCC areas there are numerous clagtic dikes
penetrating through the Disturbed Zone. It is plausible that these clagtic dikes are earthquake-
induced dewatering structures. They are typically filled with white, Sty fine-grained mudrock
that istightly cemented by cacite. These cladtic dikes are truncated by overlying drab-colored
sediments bearing marine trace fossls. The dominantly east-west orientation aso suggests that
these are not dessication features (such as found on playasin the Desert Southwest).

The question whether the Disturbed Zone represents impact-related seismic-disturbed
bedding needs embdlishment. An dternative hypothesis for the origin of this depost might be
from a hurricane-like superstorm. As Hurricane Camille demonstrated in the Gulf of Mexico,
hurricanes can move great volumes of shalow shelf sediments across large areas and induce
submarine dumping (Morton, 1988). Criticism of the superstorm dternative are 1) why are there
no other smilar deposts e sewhere above and below in the sratigraphic section, and 2) why is
this unique, widespread deposit observed only in close proximity to the K-T boundary? In the
foss| record, sorm deposits are generaly very thin (measurable in centimeters). Where they
occur in the rock record they typically are repeated multiple timesin any particular section asa
result of repeated storm events through time. In contrast, the Disturbed Zone represents asingle,
massve event, with deposgits varying from 0.5 to 5.0m in the Badlands' outcrops. The other
aternative that the Disturbed Zone represents delta-front dumps has problems aswell. Sumps
are extremely common in modern and ancient sedimentary sequences, particularly associated
with marine shelf dopes and prograding delta front sequences. However, the character and
widespread digtribution of the Disturbed Zone throughout the Badlands region have a unique
imprint. If these deposits had formed because of typica earthquake-induced shaking, there
would likely be numerous smilar deposits in the section, not only in proximity to the K-T
boundary. An assumption is that the Western Interior Seaway was very broad and shalow with
little relief. The widespread character of the Disturbed Zone between the three Badlands
locdlities and the Creighton locality suggest that the distribution pattern istoo greet for asingle
dump event. The stratigraphy suggests that a widespread, unique catastrophe occurred.

Tsunami deposits and impact gectamaterids are well documented at the K-T boundary
in asociation with the Chicxulub asteroid impact. Documented locdities include impact breccia
and chaotic dump deposits preserved in Haiti, Jamaica, Bdize, Mexico, and dong the Brazos
River in Texas (Hildebrand and others, 1991; Smit and others, 1996). We interpret the Disturbed
Zone above the red clay to represent seismically generated deposits created by the Chicxulub
impact (fig. 24). Thelink between the Chicxulub impact is postulated from the orientation of the
roll-type concretions in the Disturbed Zone and by paeontologica evidence of the late
M aedtrichtian fauna in the Western Interior. Kennedy and others (1998) demondtrate that most of
the late Maestrichtian ammonite species have Tethyan roots. This supports the interpretation that



the Western Interior Seaway was linked to the Gulf of Mexico at the close of the Cretaceous. At
the time of the K-T impacts, the Badlands Nationa Park area must have been situated near the
eastern shore of the Western Interior Seaway. The risng uplands of the Black Hills, the Sage
Creek Arch, and possibly the Chadron Arch may have served to divert the eastward flood of
sediments to regions north of the Badlands area. The Badlands locdlities would have been in the
direct path of impact-generated tsunamis that traveled northward through the seaway as dow,
giant waves of trangtion. The saismic shaking from the asteroid impact would have begun hours
before the tsunamis would have reached the South Dakota portion of the seaway and would
likely have continued afterward as the massive crater continued to collgpse inward.

The oriented rall-type concretions at the WATH, GTO, and DPCC localities show that

sediment movement was toward the south, probably in a down-dope direction off the crest of the

Sage Creek Anticline. These sediments moved as incoherent dumps or turbidity currents to their
final resting places. The cladtic dikes that occur throughout the GTO and DPCC locdities
suggest that seismic shaking creeted by the impact may have perssted well after the dumps had
formed. These clagtic dikes probably represent dewatering structures similar in character to
dewatering features associated with sediment liquefaction observed in association with sirong
earthquakes. It is unclear whether tsunamis reached centra South Dakota from the Chicxulub
impact. The massve waves described in the literature affecting the Gulf Coast region would
probably have largely disspated aong the extent of the Western Interior Seaway. In any case,
the Western Interior Seaway experienced arapid and enduring withdrawal for an undetermined
period of time shortly after the Disturbed Zone formed. The reddish to grayish purple coloration
of Disturbed Zone sediments at DPCC and especidly at GTO suggests that weethering by
meteoric water and subaeria exposure occurred for a Sgnificant period of time. The abundance
of marine trace fossls in beds overlying the Disturbed Zone shows marine sedimentation
eventually resumed. Perhaps the Western Interior Seaway may have drained catastrophically?
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Paleogeography of North America at
the time of the K/T boundary event
(about 65 million years ago)

Figur e 24. Paleogeography of the Western Interior Seaway during the maximum Campanian transgression to the
close of the Cretaceous, plus the location of known major impact sites mentioned in this report.
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Cyclic Bedding of the “ Early Paleocene’—Ringing the Climate Bdll?

Consdering al the evidence presented above, our assumption isthat the ternating sand
and shde beds overlying the Disturbed Zone are early Paeocene (Danian) in age. This
interpretation is based on: (1) superposition - based on the geochronologic information and
estimated sedimentation rates of the sub- Disturbed Zone section (this shows that the whole
Interior Zone section istoo thick not to include Paleocene age strata); (2) the variety of evidence
that the Disturbed Zone is a manifestation of the K-T impact; (3) the complete lack of
identifiable Cretaceous fossls above the Disturbed Zone; and (4) the paleomagnetic datafrom
the WATH locdity. Although the strata overlying the Disturbed Zone have not yieded fossils,
they yield abundant evidence of marine sedimentation. The presence of Ophiomorphia,
Diplocraterian, and crawling traces identical to those of modern beach *sand fleas’ (amphipods)
support a shallow-marine to near-shore interpretation for these beds immediately above the
Disturbed Zone. The sand sheets immediately above the Disturbed Zone throughout the park
appear to have been deposited on a scoured surface.

Within a meter above the Disturbed Zone all traces of glauconite are gone. This part of
the section contains sand sheets averaging between 2 and 5 cm thick. Each sand sheet isoverlain
by thin shales 5 to15 cm thick. Asthe WATH paeomagnetic data suggest, these deposits
represent an overal dow sedimentation rate. The nearly uniform thickness of the dternating
sand/sha e beds suggests a Milankovitch-style cyclic pattern that is not obvious in the underlying
Cretaceous section. Thisis particularly evident in the more massive Creighton outcrops where
these beds are best exposed (fig. 25). Scour-type traces and parting lineationsin the sand sheets
suggest periods of high energy (srong currents) typicad of atidally dominated littord setting.

The reason for cydicity for deposition of dternating sand and shae bedsisunclear, but it isa
persstent pattern in the section above the Disturbed Zone. Asin Badlands Nationd Park, the
sediments above the Disturbed Zone at Creighton have not yielded “ Cretaceous’ fossils.
Consdering the nearly uniform thickness of the aternating sand and shae couplets, the srata
suggest that anew oscillating climate pattern emerged in the Western Interior Seaway regionin
the aftermath of the K-T events.

CONCLUDING REMARKS

The K-T section discoveries are yet another reason Badlands Nationd Park is worthy of
its natural heritage status. These discoveries dso confirm the need to support ongoing research in
the park under the auspice of he NPS's naturd resource protection policies. The data presented in
this report suggest that the Disturbed Zone is probably the K- T boundary in marine sediments
deposited in the Western Interior Seaway. Whereas the absence of fossilsin the Strata above the
Disturbed Zone is consstent with the K-T boundary interpretation, future paleontologica
discoveries or geochronology data may prove that the strata above the Disturbed Zone are
definitively Paleocene. With the data presented here, the Disturbed Zone clearly represents alate
Maedtrichtian regiond environmentd catastrophe with an associated intense seismic component,
and is younger than the bdemnite-bearing unit dated around 67.1 Ma The differing fauna below
and above a unique glauconitic marl layer suggests that a Sgnificant environmenta change had
dready occurred ardatively short geologic time prior to the formation of the Disturbed Zone.
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The “gpherule-origin hypothess’ for the glauconitic marl layer and the “ seiamic origin
hypothess’ for the Disturbed Zone suggest that possibly two mgor asteroid impacts occurred
near the time of the K-T trangition. The occurrence of at least two impacts (one distant and one
nearby; suggested names: “Alpha’ and “Omega’) at the close of the Cretaceous may help to
explain the confusion in the literature regarding the precise geochronology of theK-T. The
discovery of the K-T boundary in the Badlands section aso has far-reaching implications about
the paleogeography during Fox Hillstime and thet of the early Tertiary.

The K-T boundary inferred as the top of the Disturbed Zone marks not only amgor
changein biota, but dso marks amgor change in sedimentation patterns in the Western Interior
Seaway basin. Fossi| evidence from the Pierre Shde and lower Fox Hills Fm. initstype area
demongtrate a diverse fauna existed up until late Maedtrichtian time. However, the Badlands
sections confirms that ammonites and other Cretaceous fauna were aready on their way out, but
at least one species of ammonite (Jel etzkeytes nebrascensis) survived up to the fina K-T event.
The top of the Disturbed Zone essentialy defines the chronologica boundary between the end of
the Western Interior Seaway and the marginal marine or non-marine facies of the Paleocene
Cannonball Seaway that followed.

The discovery of K-T boundary deposits in Badlands Nationa Park also represents an
opportunity to enlighten the public about the great catastrophe at the close of the Mesozoic. The
fantastic roadside exposure along the Badlands Loop Road at DPCC is perhaps the most
accessible K-T Boundary outcrop anywhere on Earth, and especidly in anationd park, and
deserves specid preservation status.

Figure 25. Cyclic bedding (sand and shale) in the fossil-barren section above the Disturbed Zone at the Creighton
locality.
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