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Stratigraphic aspects
: of the Cretaceous-Tertiary boundary
in the Bug Creek area of eastern Montana, U.S.A.

by JAN SMIT*, WiLLEM ALEXANDER VAN DER KAARS**
and J. KEITH RIGBY Jr.**#

Abstract. — Stratigraphical and palynological analysis of the Hell Creek and Tullock formations in the Bug Creek area of Eastern Montana show
that dinosaur extinction and mammal turnover is consistent with a large impact model. The rapid evelutionary radiation of ungulate mammals in
particular [Sloan er al, 1986] in a short stratigraphic sequence above the iridium anomaly, in which possibly remnants of a dinosaur population occur
as well [Rigby, 1984], underscores an extinction model which is modified after Smit & Ten Kate [1982]. Four localities which show this dinosaur extinetion
simultaneous with new mammal radiation were previously thought to occur in the Upper Cretaceous. Three out of four are now unquestionably
Paleocene in age (BCW. HH and FR). The fourth, Bug Creek Anthills (BCA), is close in age to the Cretaceous-Tertiary (K/T) boundary. but cannot
be conclusively shown 1o be either Cretaceous or Paleocene. Its highly unusual fossil abundance and taphonomy may document the initial adaptations
to the terminal Cretaceous large impact event. We review stratigraphic data and explore an extinction model in which the impact initially produced
a short but very profound floral change and a severe reduction of the populations of dinosaurs, mammals, and other biota. The final extinctions of
dinosaurs and other vertebrates documented in the Bug Creek faunas, but, more important. the beginnings of the Paleocene explosive radiation of
placental mammals, may be a direct consequence of this reduction or mass mortality. This initial radiation of the Bug Creek faunas is shown to oceur
entirely within the Z-Coal interval. or in less than 50 000 years.

Aspects stratigraphiques de la limite Crétaceé-Tertiaire dans la région de Bug Creek, Montana oriental, Etats-Unis

Résumé. — L'étude stratigraphique et palynologique des Formations Hell Creek et Tullock dans la région de Bug Creek (Montana oriental) montre
que l'extinction des dinosaures et le renouvellement des mammiféres sont compatibles avec un modeéle d'impact de grande ampleur. La présence d'une
courte séquence stratigraphique au-dessus de I'anomalie en iridium [Rigby, 1984: Sloan er al. 1986]. dans laquelle les mammiféres ongulés. en particulier,
connaissent une rapide radiation. avec peut-étre les restes d'une population de dinosaures. conforte un modéle dextinction medifié daprés Smit & Ten
Kate [1982]. Quatre gisements montrant celte extinction des dinosaures simultanément 4 une nouvelle radiation mammalienne étaient auparavant places
dans le Crétacé supérieur. Trois de ceux-ci peuvent maintenant étre rapportés sans conteste au Paléocéne (BCW, HH et FR). Le quatrieme, Bug Creek
Anthills (BCA). est proche de la limite Crétacé-Tertiaire, mais on ne peut le rapporter avec certitude soit au Crétacé. soit au Paléocéne. Sa taphonomie
el sa composition faunique trés inhabituelles illustrent peut-étre les adaptations initiales au grand impact de la fin du Crétacé. Nous passons en revue
les données stratigraphiques et nous proposons un modéle d'extinction dans lequel I'impact a initialement produit un changement de flore bref mais
trés profond et une sévére réduction des populations de dinosaures, mammiféres. et autres organismes. L'extinction finale des dinosaures et dlautres
vertébres, indiquée par les faunes de Bug Creek, mais aussi, chose plus importante, les débuts de la radiation explosive des mammiféres placentaires
du Paléocéne peuvent éire une conséquence directe de cette réduction ou mortalité de masse. Cette radiation initiale des faunes de Bug Creek se place
entierement a lintérieur de I'intervalle chronologique du “Z-Coal”. c'est-d-dire en moins de 50 000 ans.

INTRODUCTION.

Dinosaur extinction has always played a major role in community evolution [Van Valen & Sloan, 1977] or

the Cretaceous-Tertiary extinction discussion, not the
least in the public opinion. Numerous causes for their
extinction have been suggested, ranging from scenarios
such as climatic deterioration [e.g. Tappan, 1968] and

competition of mammals with dinosaurs to less plausible
ones-such as the standing room in Noah’s ark. Most of
these theories stress gradual earthbound processes under-
lying the extinctions.
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The discovery of widespread iridium anomalies and
microtektites in marine rocks precisely at the Creta-
ceous-Tertiary boundary [Alvarez er al, 1980; Smit &
Hertogen, 1980; Smit & Klaver, 1981; Montanari et al,
1984] provided evidence for a catastrophic extinction
mechanism, a large asteroid impact. Whether the extinc-
tions themselves were “catastrophic™ (sudden) or relati-
vely gradual, is immaterial for and independent from the
discussion whether the impact directly or indirectly cau-
sed these extinctions. Moreover, the term “catastrophic
extinction” is momentarily interwoven with memories of
Cuvierian catastrophes from the past to such an extent,
that we will avoid the term in this discussion entirely. The
semantics of this term apparently lead to aversion and
misunderstanding as discussed later. However, if one
wishes to discuss hypothesized causes of extinction ran-
ging from long term environmental changes to extremely
short as an asteroid impact, one has to determine the exact
position of the Cretaceous-Tertiary boundary. This may
seem a moot point [Archibald, 1984; Unwin, 1986] if one
a priori accepts only gradual or stepwise changes when
indications for gradual extinction have been found. In-
deed, then the definition of the Cretaceous-Tertiary
boundary would just be an artifact of human classification
[Russell, 1982]. But, we are faced with the fact that a sharp
level with probable extraterrestrial remains has been
found. If the postulated impact is in any way connected
with the extinctions, one has to test whether the evidence
for impact pre- or post-dates the extinctions, be these
gradual or not. It is thus of crucial interest to determine
the Cretaceous-Tertiary boundary level with respect to
any extinction record.

Of course, it may be argued that evidence of events in
the order of days or 100 years have little chance of being
preserved in the sedimentary record [Dingus, 1984] and it
may thus be futile to search for these. However, even a
1 % preservation chance of a 100 yr sedimentary interval
becomes almost a certainty when a 100 or so complete
sections are analysed. This number has already been
approached for marine pelagic sections and the bedding-
plane — iridium anomaly coupled — extinction levels of
planktonics still remains valid [Smit & Romein, 1985].
Extinction levels of planktonics and pollen, co-occurring
with iridium anomalies and microtektite/shocked quartz
grains, are found worldwide, essentially confined to a
bedding plane when smearing processes are taken into
account. In the classical stratotypes of the Maastrichtian
and Danian in Europe this horizon occurs at the defined
(type)level of the Cretaceous-Tertiary boundary. Also in
areas where vertebrate (dinosaur) extinction is documen-
ted, these sharp iridium anomalies and a sharp pollen
break have been found [Bohor et al, 1984; Smit and Van
Der Kaars, 1984; Tschudy er al, 1984]. Their temporal
relation with the vertebrate extinction record should be
established first before one can infer whether the extinc-
tions were independent (in time) from the impact or not.
Previous research in these areas delineated the Creta-

ceous-Tertiary boundary for practical reasons at a useful
lithological marker, the Z-coal. As discussed later, this
marker is not identical with the (chronostratigraphic)
Cretaceous-Tertiary boundary, nor has its relation to
crucial fossil locations been well established. We will
argue below that terminal Cretaceous extinctions, and the
following acceleration of the evolution of placental
mammals, are in time intimately related to the largely
unknown effects of a large impact. This scenario is more
or less independent of earth bound, longterm environmen-
tal changes. But, of course, these continue to play a role,
presumably in the background. The authors agree on most
what is presented here. However, Rigby allows also more
gradual processes to play a role in the extinctions.

Vertebrate turnover.

Alvarez et al [1980] speculated that also terrestrial
(dinosaur) extinction was caused by the effects of the
same large impact which caused marine extinctions. Soon
after, however, doubts were expressed whether this was
the case [Archibald, 1981; Archibald & Clemens, 1982;
Clemens, 1982; Kent, 1981; Van Valen, 1984]. Later on an
iridium anomaly was discovered at the palynological
Cretaceous-Tertiary boundary in New Mexico [Orth er al,
1982]. Subsequently the iridium anomaly [Alvarez, 1983;
Smit & Van Der Kaars, 1984] and shocked minerals
[Bohor et al., 1984] were shown to occur in dinosaur and
mammal bearing fluvial beds at the same sharp palynolo-
gical break. However, the relation between the proposed
large impact, and dinosaur extinction, and mammal
turnover remained largely obscure.

Several authors stress [e.g. Van Valen & Sloan, 1977;
Clemens & Archibald, 1980; Archibald & Clemens, 1984]
that the only record which documents the terrestrial
vertebrate transition from the Cretaceous to the Tertiary in
some detail can be found in eastern Montana, in the Hell
Creek field south and east of Fort Peck Lake (fig. 1). Here
vertebrate remains are found in fluviatile sediments of two
formations; the (largely) Late Cretaceous Hell Creek
Formation and the Early Paleocene Tullock Formation.
These formations are separated by the (Upper) Z-coal.
Many dinosaur and in particular mammal bearing fossil
localities are found and new sites continue to be found
[Sloan et al, 1986; Rigby et al, in press] below and above
the Cretaceous-Tertiary boundary. Some additional in-
formation comes from the Upper Cretaceous (Lance
Formation) of Wyoming [Clemens, 1965] and from Sas-
katchewan [Johnston, 1980].

One of the first more detailed accounts of dinosaur
extinction in Montana was given by Sloan & Van Valen
[1965] and Van Valen & Sloan [1977]. They described a
sequence of three faunas, here termed Bug Creek faunas,

| v Komma il S Y 7 TR - T R S

SITrg=zae=sn

fa

ge
di

nil
m:
thi
biz
ap

fec
Te:
nw
co1
of

in the upper Hell Creek Formation of the Bug Creek/ g
Sand Arroyo area in McCone County east of the Fort pig,



STRATIGRAPHIC ASPECTS OF THE K/T BOUNDARY IN MONTANA, USA 55

Peck Lake. With the term “fauna” is meant here a fossil
microvertebrate assemblage, consisting of among others
dinosaur and mammal fragments. Such a “fauna” is found
in a, horizontally as well as vertically, restricted locality,
usually at the base of a stream channel or point-bar. These
Bug Creek faunas document a gradual transition from
faunas with dinosaurs and typical Late Cretaceous
mammals to faunas where Paleocene mammals dominate
without any dinosaur remains [Hell's Hollow; Archibald,
1981]. Later mostly smaller supplementary faunas (KA,
SMP, FR, BQG) to the Bug Creek faunas were found. The
three original faunas are in ascending order Bug Creek
Anthills (BCA), Bug Creek West (BCW) and Harbicht Hill
(HH). Within these biostratigraphically ordered series of
faunas, dinosaurs (fig. 2) and mammals typical of the
Late Cretaceous decrease, and among others ungulate
mammals increase and diversify. Clemens and Archibald
[1980] [see also Archibald & Clemens, 1984] extended and
corroborated Van Valen and Sloan’s work by discovering
numerous additional sites mainly in Garfield County
south of Fort Peck lake (Hell’'s Hollow, Flat Creek).
However the main body of information still comes from
the Bug Creek area.

Van Valen & Sloan [1977] inferred from the Bug Creek
faunas three communities living contemporaneously in the
general area; two terrestrial ones, one of which consists of
dinosaurs and typical Cretaceous mammals dominated by
marsupials and multituberculates (the Triceratops commu-
nity), and the other of new incoming (invading) new
mammal groups (the Prorungulatum community). The
third community is aquatic (among others fish, amphi-
bians, crocodile/turtles, shore birds) and does not change
appreciably across the Cretaceous-Tertiary boundary.
This fresh-water community is apparently relatively unaf-
fected by whatever event occurred at the Cretaceous-
Tertiary boundary because most of its constituents conti-
nue unchanged. [Van Valen & Sloan, 1977]. The aquatic
community has been cited [Van Valen, 1984] in disfavour
of an impact event. This implies we know enough about
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FiG. . — General map of the Hell Creek field area.
FiG. 1. — Carte géographique du "Hell Creek field".

impact effects to infer with certainty it should have
affected the freshwater community, which we don’t.
Clemens & Archibald [1980] refer to the different kind of
faunas believed to co-occur in the Uppermost Cretaceous
Hell Creek Formation in a descriptive sense as microver-
tebrate assemblages. They distinguish a Hell Creek faunal
facies, which occurs throughout the Hell Creek Formation
and is more or less comparable to the Triceratops commu-
nity but with the aquatic members. The second is the Bug
Creek faunal facies which includes all three communities
in the Bug Creek faunas. The Triceratops community
existed for millions of years and evolved slowly [Van
Valen & Sloan, 1977]. Archibald & Clemens [1984] indi-
cate that mammals within the Hell Creek faunal facies
show little if any evolutionary change throughout the Hell
Creek Formation. This is in great contrast to the develop-
ments in the Bug Creek faunas where the Protungulatum
community evolves rapidly within little time. This “little
time” is hard to quantify, but is used as comparison to the
total duration of the Hell Creek formation as given by
Sloan et al [1986] as 2.5 myr. The Hell Creek Formation
has a total thickness of a 64 meters in the Bug Creek area,
and Sloan & Van Valen [1965] estimated the stratigraphic
distance between the three Bug Creek faunas in the top of
the Hell Creek at 12.2 meters (40 ft), or 0.5 myr assuming
that sedimentation rates do not differ appreciably. As we
will see later, the duration of the interval of the Bug Creek
faunas is probably closer to 50 000 years or even less.
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FiG. 2. — Interpretation of extinctions in the Hell Creek field by

A) Clemens & Archibald [1980] and B) Van Valen & Sloan [1977]. In
both interpretations only one (the upper) Z-coal is indicated. In Clemens
& Archibald’s reconstruction the faunas involved are shown as channels,
which occur below the Z-coal, equated with the Cretaceous-Tertiary
boundary. Also Van Valen & Sloan thought the Z-coal to represent the
Cretaceous-Tertiary boundary. However. the Cretaceous-Tertiary boun-

dary is closer to the beginning of "Bug Creek time”. Cm = Cretaceous
mammals, Pm = Paleocene type mammals, D = dinosaurs.
FiG. 2. — Interprétation des extinctions des vertébrés dans la Formation

Hell Creek. D'aprés A) Clemens & Archibald [1980] et B) Van Valen &
Sloan {1977 Seulement un chenal des “Z-coal” a é1é indigué par ces
auteurs. Cm = mammiféres du Crétacé. Pm = mammiféres “type”
Paléocéne. D = Dinosaures.



This
BCA
OUS-
it &

ding.
tinc-
=roid
ion”,
wing
is in
985],
Wise

1ppe-

hat it
ecord
rtiary
d the
aly if
cause
 term
Hsii :
ary to

Creek
juence
| seas
-esents
1SaUrS.

Shale
lobatus
es into
beach-
morph
twenty
tas.

of the

Creek

in the
fferent
bald &
s of an
llowish
on the
ndering
yint-bar
usually
SWamps
naceous
n. They
ntermit-

STRATIGRAPHIC ASPECTS OF THE K/T BOUNDARY IN MONTANA, USA 57

tent forest fires, and locally pieces of amber. Lignite
deposition starts in the middle of the Hell Creek Forma-
tion with a 10 cm thick persistent lignite, the so-called
Null coal [Rigby ef al, in press]. The Null coal (fig. 3-5)
crops out over most of the Bug Creek area, but is locally
eroded by the Toadstool Park sandstone point-bar com-
plex, among others just below BCW. It contains abundant
charcoal and characteristic amber fragments. A 1-2 cm
thick bentonite is intercalated just below the charcoal
fragments, which suggests that volcanic eruptions led to
forest fires. This bentonite is ubiquitous in the Null coal
and shows that the Null coal is an isochron [see also
Fastowski & Dott, 1986]. The Null coal serves to establish
the stratigraphic positions of important faunal localities.

Petrographically the different point-bar deposits are
almost indistinguishable; all consist of chert and volcanic
lithic clasts [Fastowski & Dott, 1986]. Variable amounts of
silt, depending apparently of stream gradients of the
various smaller and larger streams, are mixed in. The
boundary between the Hell Creek Formation and Tullock
Formation is defined by the upper (or formational) Z-coal,
both south and east of Fort Peck Lake. Nowhere, howe-
ver, is this upper Z-coal equivalent to the Cretaceous-
Tertiary boundary (see below). Although coal deposition
starts already in the middle of the Hell Creek Formation,
the Upper Z-coal marks an important facies change. The
Tullock Formation contains numerous thicker coal seams
(Z through U coals) and is generally multi-coloured
opposite the monotonous, somber Hell Creek beds. The
first beds directly upon the Upper Z-coal show highly
characteristic, evenly and parallel interbedded silt and
clay layers, clearly the result of suspension settling. This
indicates a ponded environment. These finely bedded
layers can be traced over a large area in both Garfield and
McCone Counties [Fastowski & Dott, 1986). We infer that
this relatively rapid facies change could have been more
or less synchronous over the Hell Creek field, because it
was probably due to the eustatic sea level rise, which
made the Cannonball sea. This, in turn, may imply that
the Upper Z-coal, directly underlying the swamp facies, is
also almost synchronous over a large distance.

THE STRATIGRAPHIC POSITION OF THE CRETACEOUS-
TERTIARY BOUNDARY IN THE HeLL CREEK FIELD.

The position of the Cretaceous-Tertiary boundary, the
time-stratigraphic markerline, n the terrestrial strata of
the Hell Creek field has been the source of many compli-
cations and errors. As Archibald & Clemens [1984] correc-
tly remark : «..regrettable for work in Montana has been
the entanglement of concepts based on time with those of
rock stratigraphy. Beyond the legalistic problem of defi-
ning the Cretaceous-Tertiary boundary in eastern Mon-
tana, is the problem of more accurately placing the
boundary for use in discussing paleontologic events”.

Relevant for the present discussion is the temporal
relation of the Cretaceous-Tertiary boundary to the in-
formally defined local «Cretaceous-Tertiary boundary”
markers in the literature. In Europe the proposed Creta-
ceous-Tertiary boundary stratotype is at Stevns Klint,
Denmark (where the stratotype of the lowermost stage of
the Tertiary, the Danian, is exposed). At Stevns Klint a
bedding plane extinction of e.g. ammonites and cocco-
liths-planktonic foraminifera occurs exactly at the iridium
anomaly. Other marine sections are concordant with
Stevns Klint [Smit & Romein, 1985]. Since a first order
biostratigraphic correlation of marine fossils with terres-
trial fossils within one section does not exist yet, the
definition of the Cretaceous-Tertiary boundary in terres-
trial strata relies on indirect methods such as comparison
of absolute ages, comparison of magnetozonations and by
worldwide isochronous markers such as the iridium
anomaly.

Absolute ages are not sufficiently accurate for precise
correlation. For instance, two different numbers of abso-
lute Cretaceous-Tertiary boundary ages circulate in the
literature : one of Lerbeckmo et al. [1984] of 63.9 myr and
another of 66.7 myr [Obradovitch & Cobban, 1975]. Which
of these is correct is an open question. Moreover, a
radiometric age for the Cretaceous-Tertiary boundary has
not yet been determined in marine rocks [Van Valen,
1984].

The Cretaceous-Tertiary boundary occurs in a reversed
geomagnetic zone, identified as sea floor anomaly (Chron)
29R in all sections where a magnetostratigraphy has been
established. A comparison of the magnetozonation of
continuous marine sections such as Gubbio, with those of
terrestrial sections has been tested, with mixed results so
far [Archibald et al., 1982, (but see Butler & Lindsay, 1985;
Klute, 1986); Van Valen, 1984]. The Cretaceous-Tertiary
boundary does not occur close to a geomagnetic reversal.
Because of highly variable sedimentation rates in fluvial
sediments, a linear extrapolation towards the Creta-
ceous-Tertiary boundary is dangerous. Thus we expect
that the temporal resolution will not be better than some
100 kyr or so. Reports of the Cretaceous-Tertiary boun-
dary either in a normal magnetic zone [Wolberg, 1984] or
in the next higher reversed magnetic zone 28R [Lindsay
et al., 1981] have been revoked. [Butler & Lindsay, 1985;
Shoemaker et al., 1984].

The worldwide iridium anomaly has the potential of a
powerful and accurate time — stratigraphic Cretaceous-
Tertiary boundary marker. As far as now known it occurs
as a narrow spike or zone, and coincides invariably with
a sharp marine biological extinction level [Smit & Romein,
1985]. Assuming the Cretaceous-Tertiary Ir anomaly in
terrestrial strata to be the same as in marine rocks (one has
to be aware of circular reasoning here, but the assumption
has not been falsified), it may also there define the
Cretaceous-Tertiary boundary accurately. Some practical
problems remain. For instance, within a region where
terrestrial strata are exposed, one has to rely on indirect
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[n conclusion, the Bug Creek faunas were reported to
occur in the top 25 meters of the Hell Creek Formation
below a Z-coal thought to represent the Cretaceous-
Tertiary boundary. These Bug Creek faunas document a
gradual or stepwise, relatively rapid evolution of new
mammalian groups synchronous with a reduction in
abundance of typical Cretaceous mammals and dinosaurs.

Smit & Van Der Kaars [1984] questioned this interpre-
tation on the basis of three observations. — 1) The
“Z-coal”, as recognized in the Hell Creek field, is not
coeval with the Cretaceous-Tertiary boundary. — 2) The
Cretaceous-Tertiary boundary should be placed at or
close to an older lignite, earlier not recognized as such in
McCone County and recognized as the lower Z-coal in a
number of localities in Garfield County [Archibald, 1982:
Archibald & Clemens, 1984]. The lower Z-coal contains in
Garfield County an iridium anomaly within an unusual
clay layer, a “tonstein”, and shows the extinction of
several important Cretaceous palynomorphs (Aquillapolle-
nites) within centimeters of the Ir anomaly. — 3) Two
channels with reported Bug Creek faunas (Herpijunk
Promontory and Bug Creek Anthills) would cut through
the Cretaceous-Tertiary boundary, assuming the lower
Z-coal to be the Cretaceous-Tertiary boundary.

The impulse for Smit & Van der Kaars’ [1984] research
was the earlier reported occurrence of substantial mam-
malian evolution below the reported Cretaceous-Tertiary
boundary. This would be in conflict with the marine
extinction record. The great explosive radiation of placen-
tal mammals in the Paleocene is generally ascribed to the
disappearance of dinosaurs. If this explosive radiation
begins below the Ir anomaly, consequently before the
proposed asteroid impact, the relation to the impact and
its deleterious effects may be a fallacy. As Van Valen
[1984] puts it : “The single most important sort of evidence
against an impact or other catastrophe comes from the
gradual community evolution which occurred in Montana
Jjust before K-Pg”. Van Valen meant with K-Pg the lower
Z-coal, although he did not realize that this lower Z-coal
was not recognized yet in the Bug Creek area: see below
[Sloan et al., 1986]. The above three points would bring the
terrestrial extinction record more in line with the marine
record.

Smit & Van Der Kaars’ [1984] account met with strong
opposition [Rigby, 1984, 1985; Archibald, 1984, 1985; Van
Valen, 1984; Fastowski & Dott, 1986; Sloan et al, 1986].
Some of the criticism was directed against the stratigra-
phic relationships in a reconstruction of the Bug Creek
Anthills-Big Bugger point-bar position with respect to the
Cretaceous-Tertiary boundary [Fastowski & Dott, 1986:
Sloan er al.,, 1986] which was somewhat oversimplified, so
that BCA was mistakenly incorporated within the Big
Bugger point-bar. However, their basic conclusions still
stand : three out of the four Bug Creek faunas are now
definitely Paleocene in age (BCW, FR and HH: Rigby et
al, in press). Fastowski & Dott [1986), Rigby et al ( in
press), conclude that it cannot be shown whether the BCA

fauna is either Cretaceous or Paleocene in age. This
conclusion is already fundamentally different from a BCA
stratigraphic position 25 meters below the Cretaceous-
Tertiary boundary, as generally accepted before Smit &
Van der Kaars’ [1984] report.

Another raised point comes out of a misunderstanding.
Smit & Van der Kaars [1984] assumed that (mass)extine-
tion starting from a catastrophic event like an asteroid
impact should be termed a “catastrophic extinction”,
irrespective of the fact whether the extinctions following
it were sudden gradual or stepwise in character. This is in
line with Van Valen [p. 122, 1984]. Archibald [1984, 1985],
however, disagreed and stated that the gradual or stepwise
extinction record, apparently irrespective of what happe-
ned, should be termed a “gradual extinction”, and that it
was a “moot point” whether this gradual exiinction record
occurred before, during or after the Cretaceous-Tertiary
event [Unwin, 1986]. Clemens [1982] essentially said the
same, when he accepts catastrophic extinction only if
complete within one generation time (100 years). Because
of the above misunderstandings we refrain from the term
catastrophe as much as possible, for to quote Ken Hsii :
“...one man’s catastrophe is nothing out of the ordinary to
another” [Hsii er al, 1982].

GEOLOGICAL SETTING.

The Late Cretaceous (Maastrichtian) in the Hell Creek
field of eastern Montana consists of a regressive sequence
which documents a withdrawal of epicontinental seas
from the interior seaway. The Bearpaw Shale represents
an open sea facies haunted by ammonites and mosasaurs.
Where exposed, the youngest zone of the Bearpaw Shale
is of Middle Maastrichtian age, (the Baculites clinolobatus
Zone) [Sloan ef al., 1986]. The Bearpaw Shale grades into
the Fox Hills Sandstone, a near-shore facies of beach-
sands and tidal channels with conspicuous ophiomorph
burrows. The Fox Hills is usually some ten to twenty
meters thick and erodes out as characteristic cuestas.

The Fox Hills grades into the fluviatile series of the
Hell Creek and Tullock Formations. The Hell Creek
Formation attains a thickness of about 64 meters in the
Bug Creek area (fig. 3), which is not significantly different
from its thickness in the type area (58 m) [Archibald &
Clemens, 1982]. The Hell Creek Formation consists of an
alternation of banded grey-purple “somber™ and yellowish
clayey and silty overbank deposits left behind on the
flood-plains by the smaller and larger meandering
streams. These streams also left numerous point-bar
deposits. Thin (+/— 10 cm) crevasse splays are usually
indicated by siderite concretion horizons. Backswamps
are preserved as carbonaceous shales. These carbonaceous
shales occur throughout the Hell Creek Formation. They
frequently contain charcoal chunks, evidence of intermit-
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correlations because an iridium anomaly is not directly
visible in the field. Fortunately, where an iridium anomaly
has been identified, it co-occurs with a sharp extinction
level of some Cretaceous palynomorphs [Tschudy, 1985;
Smit & Van der Kaars, 1984; Nichols er al, 1984]. This
palynological Cretaceous-Tertiary boundary is easier to
determine in the field, by quick methods of slide prepara-
tion [Van der Kaars & Smit, 1985]. Also fortunate, the Ir
anomaly is apparently associated with a typical clay layer
(a “tonstein™) of about one cm thickness. This “tonstein”
is different from the numerous volcanic tuffs, now altered
to bentonites, by the practical absence of phenocrysts.
Unfortunately, this “tonstein” has only been preserved in
backswamp deposits, lignites. In the Hell Creek field the
“tonstein” has been observed over 30 km from Seven
Blackfoot Coulee to Brownie Butte south of Fort Peck
Lake within the so-called lower Z-coal. In the Bug Creek
area, however, the iridium anomaly and the associated
tonstein are incorporated in flood-plain silts 10-20 cm
below the Lower Z-coal and escape visual identification.
Carl Orth [see Smit & Van der Kaars, 1984; Fastowski &
Dott, 1986] found a slight Ir enrichment in Russell basin,
1.5 km ESE of BCA, at the palynological Cretaceous-
Tertiary boundary.

The Z-coals and the Cretaceous-Tertiary boundary pro-
blem.

Traditionally, the Cretaceous-Tertiary boundary has
been equated with the “Z-coal” (complex) in the Hell
Creek field. Coal geologists have labelled the numerous
persistent coal and lignite seams with the letters Z- (the
lowest) through to U-coal (the boundary between the
Tullock and Lebo Formations). R. Brown [1952] defined
for practical reasons the Cretaceous-Tertiary boundary as
“the first lignite above the highest dinosaur remains”. As
apparently coal deposition in the Hell Creek field starts at
about the Cretaceous-Tertiary boundary, it may have been
a useful approximation. For years this “first” lignite
became known as “the Z-coal bed” and somehow the
notion of a Z-complex, with numerous seams, became lost
and was replaced by a single “Z-coal” [Van Valen &
Sloan, 1977; Norton & Hall, 1969; Oltz, 1969]. This thick,
persistent, now termed Upper Z-coal forms the clearly
distinguishable boundary between the Hell Creek and
Tullock Formations. However, the Cretaceous-Tertiary
boundary occurs from 0.5 up to 11 meters, on the average
5 m, below this Upper Z-coal (fig. 6), usually close to a
very thin discontinuous coal, the Lower Z-coal of Archi-
bald & Clemens [1982].

The entanglement of upper and lower (in the Bug
Creek area even four) Z-coal beds with the Cretaceous-
Tertiary boundary has led to confusion [Sloan e al., 1986).
For instance, an extinction of dinosaurs is believed to
occur about 3 m below the Cretaceous-Tertiary boundary

[Archibald & Clemens, 1982]. As it is not clear which
Z-Coal is meant as Cretaceous-Tertiary boundary, this
number should be reevaluated and the stratigraphic
position of the highest dinosaurs related to the correct
Cretaceous-Tertiary boundary (usually the lower Z-coal).
Reports of decreasing pollen abundance [Sloan et al,
1986] and increasing winter temperatures [Van Valen &
Sloan, 1977] occurring in the “Late Cretaceous” are
questionable, as these records are from that part of the
Hell Creek formation which has been shown to be
Paleocene in age (see palynology). Similarly, the rough
calculation by Sloan er al [1986] of dinosaur abundance
decrease in the Hell Creek formation is questionable.
Sloan et al. [1986] suggest that the number of dinosaur
specimens per square kilometer of outcrop per 9 m
interval of stratigraphic section (exclusive of washing
localities as BCA, BCW, HH) decreased significantly in
the upper 9 m interval. Sloan et al [1986] used data of
Bell [1969] who used the upper, formational Z-coal as the
Cretaceous-Tertiary boundary on his map. Figure 6
shows that the difference in distance between the Creta-
ceous-Tertiary boundary (within 10 cm of the Lower
Z-coal) and the formational Upper Z-coal varies in
Russell basin from 3.5 to 11 m. At FR the distance is
about 6.1 m and at HH 5.7 m [Rigby Jr. ef al, in press].
The average distance between the Cretaceous-Tertiary
boundary (the Lower Z-coal) and the formational Z-coal
is thus estimated at 5.3 m, rounded to 5 m. As non-
reworked dinosaur specimens are found exclusively below
the lower Z-coal, the upper 9 meter interval should be
reduced to 4. Recalculating the dinosaur specimen abun-
dance over the Hell Creek Formation with this corrected
interval, no progressive reduction is shown (table I,
although the numerical data base remains woefully small.

TaBLE]l. — Number of dinosaur specimens per km?of outcrop per 9 meter
interval of stratigraphic section (exclusive of washing localities) after Sloan
et al.[1986]. The upper 9 m interval is recalculatedto4 m in the column at
right.

TaBL. l. — Nombre de restes de dinosaures recueillis par km? et par
intervalle stratigraphique de 9 méires(a 'exclusion des localités des microver-
1ébrés), d'aprés Sloan et al, [1986] L'intervalle supérieur @ 9 métres a été
recalculé a 4 métres pour incorporer la distance enire le “Z-coal” supérieur et
le “Z-coal” inférieur, sans aucun reste de dinosaures.

Stratigraphic No. Area ; ~ Corrected no.
interval below of dinosaur  prospected Dmosaugs dinosaurs per
Z-coal (m) specimens per km? per km km*(* =x9/4)
0-9 (5-9)* 6 4.18 (1.86)* 1.44 322
10-18 13 4.18 3.1 3.1
19-27 9 393 2.29 2.29
28-36 14 2.76 5.07 5.07
37-45 4 231 1.71 1.71
46-54 6 2.42 2.48 2.48

T
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GEOLOGICAL SETTING OF FAUNAL LOCALITIES IN THE BUG
CREEK AREA.

Mostly discrete microvertebrate fossil localities play a
role in the reconstruction of the Cretaceous-Tertiary
vertebrate turnover. The larger skeletons and other large
remains from the flood-plains are in this question of less
importance. The Bug Creek faunas, Bug Creek Anthills
(BCA), Bug Creek West (BCW) and Harbicht Hill (HH)
are the most famous and were used in the extinction
scenario as outlined by Van Valen & Sloan [1977] and

Clemens and co-workers [Archibald & Clemens, 1984].
Recently J. Keith Rigby Jr. found numerous additional
localities, of which Ferguson Ranch (FR) is the most
prolific and important [Sloan et al, 1986; Rigby er al, in
press]. Additional (old and new) localities with microver-
tebrate assemblages are Kens Saddle (KS), Ken's Apex
(KA), Scmenge Point (SMP), Carnosaur Flat (CF), and By
George (BG). All these localities and numerous smaller
ones, except HH and FR, are located in the small area of
the Bug Creek drainage (fig. 3). Useful additional infor-
mation comes from Flat Creek and Hell’s Hollow locali-
ties in Garfield County, south of Fort Peck Lake [Archi-
bald & Clemens, 1984].

Simplified Geological Map of the
Bug Creek Area

Upper Z-coal (Hell Creek-Tullock formational contact)
=-+==NNull coal

—_

BUG CREEK BAY

e e

Tp

w7 Lower Z-coal {K/T boundary)

f Vertebrate fossil locality
BCA Bug Creek Anthills

BCW Bug Creek West

KS Ken's Saddle KA  Kens Apex
SMP Scmenge Point CF  Carnosaur Flat
ACh.  Abandoned Channel

Contour interval 100 feet
—=B Cross Section

ﬁMeusured section /i

Toadstool park sandstone

BB Big Bugger pointbar
44— Current direction

1 N L 1 3 ]

FiG. 3. — Simplified geological map, showing the relevant lithological units mentioned in the text.

Fig. 3. — Carte géologique simplifiée de la région de Bug Creek.



Upper Z-Coals

Null-Coal—3F

Lower Z-Coal

Lonnies Bench

SMP

Upper Z-Coals -
Lﬁ_\i\rer Z—Coa_l -\_} b

A
Elevation
tfeet) (meters)
—2400 —730
<2300 <700
—2200 1670
B
-2400

2300
Null -Coal—"
= <2200
FiG. 4. — Crosssection diagrams through the Bug Creek area, showingthe relationship between important localities and marker coals mentioned in the text.
The vertical scale is twice the horizontal scale. Z = upper Z-coal, Z = lower Z-coal.
FiG. 4. — Coupes transversales dans la région de Bug C veek. monirant la relation enire les localités fossiliféres et les lithologies impartanies, indiguées dans le

texte. Z = ““Z-coal” supérieur. Z = "Z-coal" inférieur. Echelle verticale deux fois exagérée.

o Lo ol U B o o o e ol o PR e e il B o W = 0O 0O — W

T I A e

1T - A e

09

Wf AEOI HLITY T % SUVVY HId NVA 'V M LINS T



STRATIGRAPHIC ASPECTS OF THE K/T BOUNDARY IN MONTANA, USA 61

These microvertebrate localities have one thing in
common : they all occur at the base of larger and smaller
stream channels and point-bars. They are also contained
within typical clay-pebble ironstone lag-conglomerates.
The conglomerate/microvertebrate localities do not occur
over the entire length of a point-bar base, but apparently
are filling in local scours, which originate during rains-
torm induced, high flow-intensity conditions [Fastowski &
Dott, 1986]. Typically, these lag-conglomerates are some
tens of centimeters thick. Most of these localities appear
to be deposited in one depositional event. BCW, one of
the more productive fossil sites, shows two depositional
events and is about 0.5 m thick. BCA, however, is the
unique exception among all of the microvertebrate sites
from the Upper Cretaceous or Lower Paleocene.

The Big Bugger-BCA-Russell Basin complex.

For the stratigraphic position of the BCA fauna, a
sequence of lithologies is important, which is exposed
almost continuously from BCA to Russell Basin over
1.5 km (fig. 3-5). Fastowski & Dott [1986] used “facies
mapping” to unravel stratigraphic relations within this
complex. They recognize five (A through E) facies which
we will compare with our interpretations.

The 10 cm thick Null-coal can be traced over the entire
Bug Creek drainage and forms the base of the sequence.
Its distance to the Upper Z-coal varies from 28-30 m
(fig. 4). The measured stratigraphic sections 1-6 (fig. 3, 5),
the Bug Creek faunas BCA, BCW, KA, SMP and the
Upper Cretaceous faunas CF and KS all were correlated
with the Null-coal as base level. A 8-10 m thick Creta-
ceous point-bar A (facies A of Fastowski & Dott) rests
directly upon the Null-coal, without breaching it anyw-
here. This point-bar A on the whole is fining-upward and
progrades towards the east. The thickness of 17 m of
facies A of Fastowski & Dott [1986] seems therefore too
high. We could trace the Null-coal — which follows the
2 300 ft contour-below the entire point-bar A, where
Fastowski & Dott [1986] show it breaching the Null coal.

Keith Rigby Jr. and his field crew dug a trench through
the BCA deposit in the main quarry (section 5) in the
summer of 1985, The trench walls show at least 6 different
scour-and-fill depositional events of clay pebble conglo-
merates. Each higher one scours deeply into the former,
frequently showing over-steepened walls ( 60°). The main
quarry shows at least 4.5 m of clay pebble conglomerate
deposits with microvertebrate remains. The uppermost
0.5 m appears to grade into medium coarse, cross-strati-
fied sterile sands of the overriding point-bar (which we
suspect to be the base of the Big Bugger point-bar). The
basal part of BCA is rich in larger fossil fragments (a large
> 40 cm dinosaur bone occurs at the base of BCA main
quarry, together with 10 cm large claypebbles). Sloan et
al. [1986] show that dinosaur remains at BCA-base are
relatively frequent (fig. 7), approximately between the

abundance of typical Late Cretaceous localities such as
KS and CF, and the top of BCA and younger Bug Creek
faunas (BCW, HH, FR). In the upper part of BCA,
scouring is less conspicuous and trough cross-stratifica-
tion is obvious. Unfortunately, we were not able to
measure reliable current directions in the BCA deposits.

The BCA deposit occurs over an exceptionally wide
area (fig. 3). At the main quarry, the base of BCA is about
8.5-9 m above the Null coal. It rests with an erosional
contact upon point-bar A. Both deposits are separated by
a discontinuous siderite concretion horizon. In the ex-
treme NE and SW exposures of BCA, the BCA deposits
rest upon the finer overbank and flood-plain silts (facies
B) which cap point-bar A. This point-bar A belongs thus
to a different and earlier depositional cycle than the BCA
channel and the point-bar which overrides BCA. This is
contrary to the interpretation of Fastowski & Dott [1986)
who incorporate both in their facies A. In the NE, just
below the road leading to Bug Creek, the BCA deposit is
merely 50 cm thick and its base is 12 m above the Null
coal (fig. 4). We interpret BCA as an unusual complex of
thalweg deposits from a large river, each influx related to
unusual high energy floodstages of the river. According to
Reineck & Singh [1975] these scour-trough deposits show
trough-fill cross-bedding or homogenous sediment. Those
troughs may scour locally deeper than the base of the
point-bar of the same river which overrides it in a later
stage.

The Big Bugger point-bar (facies C) is exposed conti-
nuously from north and east of BCA to Russell Basin,
where its erosional margin is exposed. The Big Bugger
ranges in thickness from 15.4-16.2 m and accretes late-
rally towards the south (middle of N 1/2 of SE 1/4 of
section 9, fig. 3). Some questionable WSW current direc-
tions were measured. The Big Bugger is fining upwards,
and is capped by a complex of three upper Z-Coals, all
containing Paleocene pollen assemblages (facies D of
Fastowski & Dott [1986]. These three lignites are separated
by carbonaceous shales and the middle contains the
bentonites mentioned by Fastowski & Dott [1986]. This
triplet can be traced continuously over Russell Basin
(fig. 3, 5, 6).

The Big Bugger progrades towards a complex of
abandoned channels (A. Ch., fig. 4), of which the eas-
ternmost preserves the erosional contact with the bank.
This abandoned channel is filled at the base with carbo-
naceous shales and lignite streaks traceable to the triplet
of upper Z-coals above the Big Bugger and Russell Basin.
At the NW side of the abandoned channel only Big
Bugger sands are exposed, at the SE side alternations of
lignites and flood-plain silts. A shallow levee is exposed
just SE of the abandoned channel, below the triplet upper
Z-coals. The abandoned channel is 133 m wide and 12 m
deep to the top of the levee or 10.5 m to the flood-plain.
Such size is fully commensurate with the size of the Big
Bugger point-bar, taking differential compaction between
the sandy Big Bugger on the one hand and the shaly
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F‘IG. 6. — Diagram showing stratigraphic thickness of the Z-coal complex in Russell Basin at several measured sections (see map. fig. 3). The average
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FiG. 6. — Distances entre le "Z-coal' inférieur et le "Z-coal” supérieur dans le bassin Russell (cf. fig. 3).
abandoned channel fill and banks on the other into g
account. This is at variance with Fastowski & Dott [1986] 5 & =
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FiG. 7. — Decrease of generic dinosaur abundance and number of
dinosaur remains recovered per metric tonne of sediment, Ungulate Ferguson Ranch — 7 183 8
mammals increase simultaneously in diversity [after Sloan ef al., 1986].
Indicated are also the previously assumed position of the Cretaceous- ; L 350
Tertiary boundary, and the Cretaceous-Tertiary boundary as indicaled by Harbicht Hill 10 278 S
a palynological break and iridium anomaly, the Lower Z-coal. The two
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\Fig. 7. — Décroissance des dinosaures et augmentation contemporaine 3 ) E sl 7 e
| des mammiféres ongulés indiqué par le nombre des fossiles découverts dans Bug Crei_?k [:)gp] 12 3 0'3 :II position of
chaque tonne de sédiment [d'aprés Sloan et al., 1986]. Les positions du Anthills  (basel Lower Z-Coal
"Z-coal” supérieur et du "Z-coal” inférieur sont indiguées et sont
considérées ici comme étant la limite Crétacé-Tertiaire. Kens Saddle — 12 168 0
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Unfortunately, a gap in outcrops of about 50 m [Smit
& Van der Kaars, 1984, erroneously not shown in their
Figure 4b] separates BCA from the Big Bugger. This
makes it hard at this stage to relate BCA to the Big
Bugger. Nevertheless, BCA may represent a sequence of
scour-troughs of the Big Bugger channel thalweg, which
may cut locally deeper than the average base of the Big
Bugger : the base of the latter is located about 16 m below
the upper Z-coal complex. The base of the BCA is 9 m
above the Null coal, the top 13.5 m (fig. 8). (Figure 14
shows a possible reconstruction of BCA and its relation to
the Big Bugger and the Cretaceous-Tertiary boundary).
KA, which is reported to duplicate the BCA fauna [Sloan
et al., 1986}, is even 15 m above the Null-coal. This means
that the top of BCA and the base of the Big Bugger are
at least in lateral continuity since the Null- and the upper
Z-coal are 28-30 meters apart.

Upper Z-Coal
16 m
28-30m
45 m¢
Point-bar:

9m SITEAC

A \b Null Coal
FiG. 8 — Stratigraphic position of BCA with respect to the Null coal,

the Z-coals and the Big Bugger point-bar. Although 50 m separates the
outcrops of BCA and the Big Bugger closest to each other. laterally the
base of the Big Bugger and the top of BCA are at the same level.

FiG. 8.

ot la base du Big Bugger sont au méme niveau.

Bug Creek West (BCW) occurs about 12 m above the
inferred position of the Null-coal, which is eroded by the
Toadstool park sandstone. Carbonaceous streaks within
and above BCW contain Paleocene pollen assemblages, so
BCW is Paleocene in age. The clay clasts in the BCW
deposit contain Cretaceous assemblages.

By George (BG) and Scmenge Point (SMP) are 9 m
and 12.5 m, respectively, above the Null-coal. These Bug
Creek faunas have not been dated yet palynologically. The
SMP channel is incised into the Big Bugger. The rela-
tionship of both BG and SMP to the Z-coal complex
could not be established.

The Harbicht Hill (HH) channel has been interpreted
by Rigby et al, (in press) to cut the palynological
Cretaceous-Tertiary boundary. No datable pollen sam-
ples, however, have been found within the HH channel.

Position stratigraphigque du “BCA" en relation avee le "Null-
coal”, les "Z-coals” et la “poini-har’ Big Bugger. Le sonumet du "BCA”

The faunistically youngest Bug Creek fauna, Ferguson
Ranch (FR), contains Paleocene pollen assemblages.
Correlations with outcrops further east show that the FR
channel cuts the palynological Cretaceous-Tertiary boun-
dary. However, it is still capped by the upper Z-coal.

The base of the highest positioned Cretaceous micro-
vertebrate (Hell Creek faunal facies) assemblage, Flat
Creek [Archibald & Clemens, 1984], which contains
among lower vertebrates exclusively Cretaceous mammals
and dinosaurs, is only 5.2 m below a lower Z-coal,
presumably the palynological Cretaceous-Tertiary boun-
dary. The first “Bug Creek” faunal locality without
dinosaur remains, Hell's Hollow [Archibald, 1981}, is
reported to occur just above the lower Z-coal, the palyno-
logical Cretaceous-Tertiary boundary at that locality. It is
also capped by the upper Z-Coal.

Other localities where possible Bug Creek faunas were
found are Frenchman-1 in Saskatchewan [Johnston, 1980]
and Chris's Bone Bed (CBB) [Lupton ei al., 1980].
Frenchman-1 has been described from a clay-pebble
conglomerate at the base of a sandstone which immedia-
tely underlies the Ravenscrag Formation, which is in all
respects comparable with the Tullock Formation. Howe-
ver, the coal with the iridium anomaly [Nichols et al.,
1986] the Ferris-1, is eroded by this sandstone. So
Frenchman-1 is very likely also Paleocene in age. CBB has
been described to occur about 35 m below the Z-coal, but
occurs on top of an isolated hill, about 500 m from the
nearest outcrop of the upper Z-Coal at Goat mountain.
We measured the distance between the upper ? Z-coal (at
2 560 ft) and CBB (at 2 520 ft) at 12 m.

PALYNOLOGY.

We have analysed the sporo-pollen content of the Hell
Creek Formation in the Bug Creek area (fig. 9) and the

P T

interval of the Cretaceous-Tertiary boundary in particular

(fig. 10a-c), qualitatively as well as quantitatively. The
Cretaceous-Tertiary boundary interval was analysed in
detail at Herpijunk Promontory in Garfield County
because the critical Cretaceous-Tertiary interval in the
Bug Creek area was barren. Also a well defined iridium
anomaly which occurs within the lower Z-coal at a typical
“tonstein” layer in Garfield County is absent at Bug
Creek. At Bug Creek, as mentioned, only slightly enhan-
ced Ir levels were found. Our results confirm the results
of Norton & Hall [1969] and Smit & Van der Kaars [1984]
in the type area of the Hell Creek Formation; Tschudy ef
al. [1985] in the Raton Basin and Nichols et al. [1986] in
Saskatchewan. Figure 10a shows the abrupt extinction of
the typical Cretaceous palynomorphs Aquillapollenites
spp., Proteacidites sp., Tricolpites sp., Tricolpites reticulatus
(Gunnera), and Cranwellia in a closely sampled section
precisely at the iridium anomaly, assumed to represent the
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FiG. 9. — Pollen abundances in the Hell Creek Formation of the Bug Creek area (sections | through 6 of fig. 3-3). A = pollen groups which disappear
at the iridium anomaly, the Cretaceous-Tertiary boundary. B = pollen group which does not change appreciably.

Fic. 9. — Abondance des spores et pollen dans la formation Hell Creek de la région de Bug Creek. A = groupes de pollen disparus a la limite
Crétacé-Tertiaire. B = groupes de pollen sans changement perceptible & travers la limite Crétacé-Teriiaire.

Cretaceous-Tertiary boundary. Although in number these
species may represent less than 10 % of all species, on

ely. The  average 50.7 % of all pollen specimens in the Late
lysed in | Cretaceous consist of these types (fig. 9). We assume
County  therefore they represent an important constituent of Late
| in the |Cretaceous floras in the Hell Creek area. At levels above
iridium | the lower Z-coal at most a few corroded Agquillapollenites
a typical |specimens were found in the sections (over 30 sample
at Bug Isites) analysed. Figures 9 and 10 show a significant
y enhan- lincrease of the spore/pollen ratio at the Cretaceous-
e results |Tertiary contact. The spore abundance reaches a maxi-
irs [1984] |mum of over 90 % in the lower Z-coal but high spore
chudy er llevels last at least through the Z-coal complex. Pinus-

[1986] in
nction of
pollenites
eticulatus
d section
esent the

Podocarpus gymnosperm pollen increase significantly in
the Paleocene part of the Hell Creek Formation. Figure 9
emonstrates that assemblages do not change progressi-
ely in the Cretaceous part of the Hell Creek Formation.
E’he considerable sample to sample variations are typical
’Ff pollen diagrams because samples analysed combine

easily the wind blown pollen from different florules
(swamp, riparian, flood plain floras) in different propor-
tions, as noted by Norton and Hall [1969] and Tschudy
[1984].

Our study does not support the gradual floral change
before the Cretaceous-Tertiary boundary proposed by Van
Valen & Sloan [1977], Sloan [1985] and Sloan et al, studies
based on the work of Norton & Hall [1969] and Oltz
[1969]. Figure 9 does not show a significant reduction in
sporopollen taxa through the Hell Creek Formation below
the Cretaceous-Tertiary boundary. Both Oltz [1969] and
Norton and Hall [1969] mention only “The Z-Coal bed” as
Cretaceous-Tertiary boundary. This bed is the Upper or
formational Z-Coal bed. However, it is not the Creta-
ceous-Tertiary time boundary (fig. 6). A few hundred
meters east of the section locality of Norton & Hall [1969]
at Brownie Butte, Bohor et al. [1983] found a lower Z-coal
which contains the iridium anomaly and pollen extinction.
At Norton and Hall’s section this lower Z-coal was cut out
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FiG. 10 a, b, e. — Spore and pollen abundances across the Cretaceous-Tertiary boundary at Herpijunk Promontory [Smit & Van der Kaars, 1984]. The
maximum spore spike is confined to the lower Z-coal, although the spore levels in the entire Z-coal complex remain high. An iridium anomaly of
11.4 ng/g has been found at 0 cm. The coal at 400 cm is the local upper Z-coal. The scale is for the sum of the pollen (fig. 10 a, b), or the sum of
the spores (fig. 10c).

Fig. 10 a, b, c. — Abondance des spores et pollen @ travers la limite Crétacé-Tertiaire, & Herpijunk Promontory [Smit & van der Kaars, 1984]. Le maximum
de 100 % est soit pour les spores en total {10¢), soit le wral des pollen (10 a. b).
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CRETACEOQUS TERTIARY
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FiG. 11, — Comparison of Hell Creek-Tullock formational, and time-

stratigraphic Cretaceous-Tertiary boundaries with our study and two
palynological studies mentioned in the next [Norton & Hall, 1969 Oltz,
1969]. Bath Oltz and Norton and Hall recognized only the upper Z-coal
as Cretaceous-Tertiary boundary. This is correct by coincidence, because
in both analyses the Cretaceous-Tertiary boundary were cut by large
point-bars, sterile in pollen.

FiG. 11. — Les relations entre les limites des formations Hell Creek et
Tullock, er la limite Créracé-Tertiaire chronostratigraphique.  comime
publiés aniérienrement [Norton & Hall, 1969: Oliz. 1969] et dans notre
émde. Oliz et Norton & Hall reconnaissent senlement un “Z-coal”.

by a large point-bar (fig. 11). Their “Transition flora”
below the “Z-coal bed”, but above the point-bar, does not
contain Cretaceous elements and is thus entirely of
Paleocene age. In addition, their quantitative work on
pollen abundances below this Paleocene “transition flora”
does not indicate any reductions in sporopollen taxa
towards the Cretaceous-Tertiary boundary. Oltz [1969]
analysed samples from Bell’s [1969] section A across the
BCA and Big Bugger localities. This section A contains

only the upper three of the four Z-coal beds present in the
Bug Creek area (fig. 6, 1 1). These three are underlain by
the Paleocene Big Bugger point-bar of 15.4-16.2 m thick-
ness, which has eroded the lower (Cretaceous-Tertiary)
7.coal. The reduction of “114 to 84 taxa in the upper
12 m of the (Hell Creek) Formation” mentioned by Sloan
et al. [1986], is not a reduction already within the Upper
Cretaceous, but a reduction from the Cretaceous to
Paleocene. These “upper 12 m” are within the Big Bugger
point-bar. We analysed three sections through the upper
7Z-coal complex at the top of the Big Bugger. We did not
find Cretaceous elements, like Aquillapollenites apart from
some corroded grains, and moreover the whole flora is
typical of the Lower Paleocene, with an abundance of
spores and Pinus-Podocarpus pollen.

It is important to realize that neither our studies nor
Norton & Hall’s [1969] nor Oltz’s [1969] show any reduc-
tion in sporopollen taxa below the Cretaceous-Tertiary
boundary, because these papers are cited in many reviews
dealing with the terrestrial extinctions [Van Valen &
Sloan, 1977; Clemens & Archibald, 1980; Clemens, 1982;
Archibald & Clemens, 1982, 1984 Van Valen, 1984; Sloan
et al, 1986] (fig. 11).

Thus Sloan et al.’s [1986] suggestion that data from the
Hell Creek Formation are more concordant with Hickey’s
[1981] hypothesis of gradual floral changes seems rather
premature regarding the present study showing that about
50 9% of the total pollen abundance disappears abruptly
at the iridium anomaly, without any significant changes
below it. Hickey [1984], already mentioned that short-term
changes could not be observed at the time scale of his
floral studies.

DISCUSSION.

Reconstructing the events of the Cretaceous-Tertiary
turnover, we will follow a scenario which is based on new
data and on new interpretations of stratigraphical rela-
tions of important fossil localities, fluvial facies, and
biostratigraphic and time stratigraphic markers. We com-
pare this scenario to previously established scenarios.

We make a number of assumptions here which appear
justified in the light of presently available data, but we
cannot exclude that these may be falsified in the future.

First, we assume that there is only one iridium anomaly
which marks the Cretaceous-Tertiary boundary world-
wide, in marine as well as in terrestrial strata. The vertical
iridium distribution at each anomaly is explained by
vertical smearing through bioturbation, or sedimentary
winnowing, [Smit & Romein, 1985] and does not indicate
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reversed geomagnetic Chron, which we assume to be
Chron 29R.

Second, we assume that the Cretaceous-Tertiary boun-
dary is represented by the palynological Cretaceous-
Tertiary boundary, which appears to coincide exactly with
the iridium anomaly. The only direct (first order) evidence
for this is a study of marine shales in Hokkaido, Japan
(Saito, pers. comm.) where plankton extinctions coincide
with a spike in the spore/pollen ratio and an increase in
pine pollen abundance. And third and last, we assume
that BCA is extremely close to the Cretaceous-Tertiary
boundary.

The analyses of Alvarez [1983] and also of Sloan et al.,
[1986] (if corrected, table I) of the vertical distribution of
dinosaur remains on the flood-plains (large unreworked
skeletons and bones) do not show any obvious reduction
in dinosaur abundance in the Hell Creek Formation below
the Cretaceous-Tertiary boundary. Sloan et al. [1986]
argue for a reduction in dinosaur taxa from 30 in the
Judithian to 19 in the Hell Creek/Lance Formations.
Archibald & Clemens [1982] mention a reduction of 35
taxa to 17 in the last 10 myr of the Cretaceous. We have
replotted Sloan ef al’s data in figure 12. This figure plots
the reported number of dinosaur taxa constant over the
entire duration of each formation. This assumes of course
an evolutionary stasis within each formation, but that does
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not seem unreasonable regarding the data from the Hell
Creek Formation given above and the inference of
Archibald & Clemens [1984] that mammals of the Hell
Creek faunal facies show ™little, if any, evolutionary
change” in contrast with the Bug Creek faunas. Figure 12
also shows the plotting of Sloan ef al. [1986] who join the

midpoints of each formation. This plot clearly shows the
different bias inherent to graphic plots. Contrary to
Kauffman’s [1979] and Dingus [1984] remarks, figure 12
shows that these plots can also reduce the image of a
biological catastrophe, instead of enhancing that image.
The bias in Sloan et al [1986] is clearly to enhance the
image of gradual, be it accelerated, extinction, ours may
emphasize the magnitude of the final dinosaur extinction.
The future may decide which approach will be correct.

Throughout the Late Cretaceous the number of dino-
saur taxa reduces by 11 in 7 myr [Sloan et al.,1986] [or 18
in 10 myr; Archibald & Clemens, 1982] or 1.6 (1.8) taxa
per million years. The extinction sequence (assuming the
dinosaur remains in the Bug Creek faunas are not rewor-
ked) from BCA to Hell’s Hollow takes place within
(fig. 13) the Z-coal complex. We averaged the distance
between the Z-coals at 5 m (fig. 6). Archibald et al’s
[1982] reversed magnetic polarity zone straddling the
Cretaceous-Tertiary boundary (Chron 29R, 500 kyr), has
a thickness of 51 m. So 19 (17) dinosaur taxa disappear
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Fig. 12. —
o Hell's Hollow sequence may cover as little as 50 000 years, or less.

comprend peut-étre moins de 50 000 ans.

Dinosaur genera
Ungulate mammals
Dinosaur teeth/ton sediment
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Diagram. replotting data from Sloan et al. [1986]. Plotted are the number of genera of dinosaurs, over the duration of each formation in
which they were found. The Judith river and Oldman faunas are thought to be almost time equivalent and were combined by Sloan  er al. The KS

FiG, 12. — Abondance des genres de dinosaures dans le Crétacé supérieur [d'aprés Sloan et al., 1986] redessiné. La séquence du KS jusqu'a "Hell's Hollow”
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FiG. 13. — Diagram, showing the Bug Creek faunas and their relation

to the Z-coals and the Cretaceous-Tertiary boundary. In contrast to
figure 2. this diagram shows that all the Bug Creek faunas which
document an increase in mammal species (especially ungulates). syn-
chronously with a decrease in dinosaur abundance and Cretaceous
mammals. are younger than the Cretaceous-Tertiary boundary.

FiG. 13. — Diagranune montrant les faunes de Bug Creek, er lenr
refation avec les "Z-coals” et la limite Crétacé-Tertiaire.

within 5/51x500 kyr = 50 000 years, or 380 (340) taxa
per million years. Russell [1982] indicates that the de-
crease from 35 to 17 taxa is simply an artifact of sample
size. However, even if a normalization to sample size will
reduce, but not nullify this decrease, we feel that the 1.6
taxa/myr reduction through the final 7 million years of
the Cretaceous is negligible to the magnitude (380 taxa/
myr) of the extinctions which start at or just above the
iridium anomaly.

In summary, the Cretaceous part of the Hell Creek
Formation does not show any appreciable change in
dinosaur abundance (table I) nor does it show any
significant progressive changes in sporo-pollen assembla-
ges in our analyses (fig. 9, 10) and in figure 11 after
Norton & Hall [1969] and Oltz [1969]. Of the four Bug
Creek faunas which were formerly thought to document
rapid, but stepwise or gradual extinctions in the top 25 m
of the Cretaceous, three are definitely Paleocene in age
(BCW, HH, FR). BCA cannot conclusively be shown to be
either Cretaceous or Paleocene in age. However, we have
shown that the top of the BCA deposit is laterally (over
a gap in outcrops of only 50 m) equivalent to the base of
a large point-bar, the Big Bugger. The latter contains only
Paleocene palynomorph assemblages in the capping
Z-coal complex, and the Big Bugger removes the Creta-
ceous-Tertiary boundary at its erosional contact (fig. 3, 4,
14).

What does the sequence of events in the Hell Creek
field tell us ? We infer a sequence of events which is
comparable to the observed events in marine rocks [Smit
& Romein, 1985].

The Upper Cretaceous in eastern Montana was a
period of warm temperatures. A largely tropical, probably
monsoonal climate with dry spells allowed flash-floods

J.SMIT, W, A. VAN DER KAARS & J. KEITH RIGBY JR

and forest fires [Rigby et al, in press]. Vegetation shows
similarities with the present Indomalaysian region [Ni-
chols et al, 1985]. Dinosaurs were the dominant animals,
although the small mammals probably outnumbered them
[Van Valen & Sloan, 1977]. There is no indication which
might have foretold their doom. Minor changes (like the
slight reduction in generic dinosaur abundance) may have
been due to the slow regression of the interior seaway in
the last 7 million years of the Cretaceous. The mammals
showed relative evolutionary stasis; no invaders came in,
some placental evolution took place. We see the same
slowly changing environment in the marine realm; stable
planktonic assemblages characterize the Campanian
through Maastrichtian : the top-most Cretaceous sample
of every analysed section shows the same assemblages as
lower down in the section. The ammonites show a reduc-
tion of specialized forms, probably due to loss of habitats
due to the same regression, but the “generalists”’, the
deeper water forms like the Phylloceratids, range up to the
iridium anomaly [Ward & Signor, 1983].

Suddenly these stable environments were perturbed by
the consequences of an extremely forceful event.

Both lack of warning signals in the sedimentary record
preceding the extinctions, and the co-occurrence of a
noble metal anomaly, microtektite-like spherules and
shocked quartz strongly suggest that an extraterrestrial
event, an asteroid or cometary impact, took place. Earth-
bound mechanisms, such as a gigantic volcanic eruption,
which has been in the foreground lately due to the
discovery of iridium bearing fluoride particulates in
Kilauea vents [Olmez et al, 1984], do not explain a ) the
noble metal anomaly in approximately cosmic propor-
tions [Kyte & Smit, 1985], b) the worldwide spread of
0.4-1.0 mm sized spherules, c) the occurrence of shoc-
ked minerals and stishovite [Bohor et al, 1984], d) the lack
of warning signals, such as an increase in bentonite
frequency. The lack of a giant astrobleme [although,
recently a 300 km structure has been proposed as a
candidate; Hartnady, 1986], which has a large chance of
being subducted [Hsti er al., 1982], is balanced by the lack
of evidence of explosive volcanism, such as kimberlite
pipes. The Deccan traps of Early Tertiary age are exten-
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FiG. 14. — Diagram, showing hypothetical relations of BCA, Big

Bugger., the abandoned channel and the Cretaceous-Tertiary boundary |

(the lower Z-coal). The drawing is not to scale.

Fic. 14. — Relation stratigraphique hypothétigue entre BCA, Big Bugger,
le "Abandoned channel” de Big Bugger et la limite Crétacé-Tertiaire. Le
dessin n'a pay une échelle horizontale réetle.
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sive, but are of an extremely non-explosive type. Recently
active, explosive types of volcanism — which would be
needed in order to explain the strewnfield of the spheru-
les, or shocked minerals — do not produce such iridium
rich fumes [Olmez et al,1984]. Another argument which
may argue against such earth bound mechanisms, is the
apparent lack of long term (in the order of 1 Myr) climatic
change across the Cretaceous-Tertiary boundary. Increa-
sed volcanism, or other mechanisms, would presumably
cause climatic deterioration over longer timescales. $0
records do not show such change [Boersma, 1984]].
Nichols et al. [1986] remark that pollen of Arecipites and
Pandaniidites (Palms and screw pines) found below and
above the Cretaceous-Tertiary boundary indicate essen-
tially identical paleoclimates.

What this initial perturbation caused, is still open for
speculation. One thing is clear, from the Ir-anomaly
upwards, a variety of extinctions from semi-instantaneous,
to stepwise or gradual are documented in the sedimentary
record. In the marine record planktonics — foraminifers
and coccoliths — suffer an almost complete annihilation,
although some species were able to survive for some time
in greatly reduced numbers [Smit & Romein, 1985]. This
“mass-mortality” is testified by a detrital clay layer
deposited worldwide upon the iridium anomaly (Hok-
kaido, Japan; T. Saito, pers. comm.; New Zealand;
DS.D.P. site 524, south Atlantic; El Kef, Tunisia;
Caravaca, Spain; Jutland and Stevns Klint, Denmark). We
speculate that during deposition of the clay (estimated at
between 1 000 and 5 000 years [Smit & Romein, 1985],
the marine carbonate and thus the atmospheric CO:
cycles were disrupted, which may have caused greenhouse
effects and global warming at that time, as inferred from
some 'O profiles [Romein & Smit, 1981].

In terrestrial environments the stratigraphic and thus
the temporal resolution is worse than in the sea. Neverthe-
less, the iridium anomaly has been found co-occurring
with a clay stratum and a sudden extinction of some
palynomorphs. First clue is the ‘‘spore spike” resting on
the Ir anomaly. According to Tschudy et al. [1985] this
indicates a profound ecological shock. What kind of
shock and what the effects may have been, for instance,
whether this “shock” resulted from darkness or forest fires
is still uncertain. We speculate that the “shock” may have
had the same sort of effect as on planktonics in the sea;
with perhaps a severe reduction in the standing abun-
dance of dinosaurs, mammals, even aquatic animals and
birds.

The resulting pattern of survival and extinction and the
selectivity of this pattern may have been more the result
of the ability and opportunity to recover — either
immediately (after a few months) or via accelerated
rather than the result of the
postulated deleterious effects of an impact itself (of which
we do know little).

Some data from the Hell Creek field support this view.
| The aquatic community apparently recovered unscathed

[Van Valen & Sloan, 1977]. Dinosaurs did not survive their
decimations. The Bug Creek faunas (assumed their re-
mains are nor reworked) document an initial reduction
already at BCA (fig. 12), which continues through BCW,
HH and FR. Finally at Hell’'s Hollow, where the ungulates
exhibit the same evolutionary stage as FR, no dinosaurs
remain any more. On the flood-plains the dinosaurs had
disappeared already, maybe partly due to diagenetic
alterations. Not a single dinosaur bone has been found
above the lower Z-coals in flood-plain sediments, as noted
by Archibald & Clemens [1984] and others. Archibald &
Clemens [1982, 1984] even note that the dinosaurs became
extinct well below the upper Z-coal (on the average 3 m).
At Russell Basin we found a large Triceratops vertebra in
situ, 1.2 m below the Cretaceous-Tertiary boundary.

The mammals suffered extinction mainly in marsupial
taxa, who remained subordinate in the Paleocene [Archi-
bald & Clemens, 1984]. Multituberculates also suffered
extinctions, but showed substantial evolutionary diversifi-
cation in the Paleocene.

Placentals in particular took the opportunity to diver-
sify and radiate. We suppose they underwent a similar
decimation at the Cretaceous-Tertiary boundary as other
mammal groups, but already in BCA time [Van Valen &
Sloan, 1977] specimens of only four species of new
mammals outnumbered specimens of all others. Espe-
cially Protungulatum donnae can be found in astounding
numbers in BCA [Rigby et al, in press]. We do not know
if these mammals were already present in North America
or migrated in from elsewhere [presumably Asia; Van
Valen & Sloan, 1977]. The stratigraphic position of most
other reported locations with P. donnae, [CBB; Lupton et
al., 1980 and Frenchman-1 in Saskatchewan; Johnston et
al, 1980] is not certain but they may well be also
Paleocene in age. However, Lupton et al. [1980] described
Protungulatum from 20 m below BCA. From BCA to FR
especially the ungulates (fig. 12) show rapid speciation
from one to eight species within the Z-coal interval. Sloan
et al [1986)] stated this to be the most rapid rate of
evolution in the fossil record.

It is tempting to speculate about BCA, its position close
to the Cretaceous-Tertiary boundary and its exceptional
concentration of fossil bone material. Because of its
abundance of fossil material one could speculate that
BCA might represent a mass-mortality event, but this
seems unlikely because most teeth are shed [Rigby et al,
in press]. Yet we may interpret BCA as representing
material that assembles fossil remains from vertebrates
living in the area for some period just after the impact,
possibly documenting the first recovery — acme or “inva-
sion” — of, among others, Protungulatum donnae.

This evolutionary surge of (ungulate) mammals in the
Bug Creek faunas just above the iridium anomaly, and
apart from whether or not BCA is Paleocene in age, in our
opinion documents the phenomenon of adaptative radia-
tion as the result of the occupation of new habitats, which
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became vacant due to the decimation of the Cretaceous
biota. This has its pendants in the marine fossil record,
where planktonic foraminifera and coccoliths underwent
rapid adaptative radiation and diversification into many
new taxa only after the Cretaceous taxa had become fully
extinct.

To us it is too much of a coincidence that these
extinction-radiation patterns would be independent from
the hypothesized impact, of which the evidence in the
form of an iridium anomaly has now been placed at the
beginnings of this radiation both in the sea and on land.
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