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ABSTRACT

A pedotype approach to the study of pa-
leosols emphasizes individual profiles. It is
an alternative approach to the study of
geosols, which are laterally extensive suites
of paleosols, or pedofacies, which are pedo-
genically distinctive sedimentary facies.
This is the first pedotype study of paleosols
across the Cretaceous-Tertiary boundary in
eastern, Montana.

Pedotypes allow assessment of sedimen-
tation and fossilization. The sequence of
paleosols across the Cretaceouns-Tertiary
boundary at Bug Creek is one of high tem-
poral resolution, because most available ge-
ological time can be accounted for by dif-
fering degree of development inferred for
each pedotype. Paleosols at Bug Creek in-
clude pedotypes that preserve plant fossils
well, but were unfavorable for preservation
of fossil vertebrates.

Pedotypes also allow reassessment of
ecosystem change. Despite indications of
catastrophe at the Cretaceous-Tertiary
boundary, the array of Paleocene and Cre-
taceous pedotypes are not strikingly differ-
ent. The Upper Cretaceous Hell Creek For-
mation includes pedotypes interpreted as
gleyed Alfisols, Inceptisols, and Entisols
probably formed under seasonally water-
logged forest and mean annual rainfall of
the order of 900-1200 mm. Most paleosols
of the lower Paleocene Tullock Formation
were Histosols, but some can be interpreted
as gleyed Inceptisols and Entisols probably
formed under bald cypress swamps in a hu-
mid climate with >1200 mm mean annual
rainfall. Broadly comparable pedotypes
were present before and after the Creta-
ceous-Tertiary boundary, altheugh Paleo-
cene flood-plain forest lived in paleosols
chemically a little more oligotrophic than
Cretaceous paleosols. This modest differ-
ence supports the idea that change to coaly

facies in the earliest Paleocene was a local
shift in sedimentary environment. Such lo-
cal changes do not begin to account for pro-
found disruption in specific compeosition
of plant and animal communities at the
Cretaceous-Tertiary boundary in eastern
Montana.

INTRODUCTION

Pedotype is a new term for an old concept.
It is simply a kind of soil or paleosol as rec-
ognized in the field. This new term replaces
paleosol series (Retallack, 1977, 1983, 1990,
1991a). In soil science, the term soil series
has unfortunate dual usage both as a de-
scriptive local mapping unit (Soil Survey
Staff, 1951, 1962) and as the lowest rank in
an interpretive system of soil classification
(Soil Survey Staff, 1975, 1990). In geology,
series is something else again: a high-ranking
chronostratigraphic unit also named after a
locality (North American Commission on
Stratigraphic Nomenclature, 1983).

Pedotypes are based.on individual pro-
files of paleosols designated as type profiles.
Reference of additional profiles to the same

pedotype constitutes a nongenetic field clas- .

sification of paleosol types. Pedotypes can
be named after localities where they occur
or from other descriptive features. Infer-
ences of genesis or interpretation are
avoided in the naming of pedotypes. The
emphasis on profiles, or what in soil science
is called a pedon, distinguishes the pedotype
approach from geosol and pedofacies ap-
proaches, which are- designed for lateral
mapping of paleosols and paleosol features.
Geosols are mappable ancient land surfaces,
including suites of laterally contiguous ped-
otypes or soil facies (Morrison, 1978). Ped-
ofacies, on the -other hand, are sedimentary
facies dominated by features of one or more
paleosols, and so include sediments as well
as paleosols (Bown and Kraus, 1987).

Data Repository item 9425 contains additional material related to this article.
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Pedotypes, geosols, and pedofacies repre-
sent alternative nongenetic approaches to
the field mapping of paleosols, which are il-
lustrated here with a detailed example of
latest Cretaceous and earliest Tertiary pa-
leosols of eastern Montana. The geosol con-
cept has been employed in eastern Mon-
tana, though not formally acknowledged as
such, in the lateral mapping of coal beds,
which "are organic horizons of peaty pa-
leosols (Smit and others, 1987; Rigby and
Rigby, 1990). The documentation of se-
lected paleosol features of these Creta-
ceous-Tertiary paleosols to support recog-
nition and interpretation of sedimentary
facies (Fastovsky and McSweeney, 1987,
McSweeney and Fastovsky, 1987; Fastovsky
and others, 1989) constitutes a pedofacies
approach, although again not formally ac-
knowledged as such. In this paper I employ
a pedotype approach for the first time to
characterize numerous complete paleosol
profiles at Bug Creek with field, chemical,
and petrographic data.

The pedotype approach is especially
suited to reconstruction of paleoenviron-
ments. Each pedotype can be considered a
trace fossil of a different kind of local eco-
system as well as an indicator of other pa-
leoenvironmental conditions. Such an inter-
pretive approach can be called ecosystern
paleopedology. This is distinct, yet comple-
mentary to other interpretive approaches

‘previously applied to Cretaceous-Tertiary

sediments of eastern Montana, including fa-
cies sedimentology (Fastovsky, 1987, 1990;
Fastovsky and Dott, 1986) and community
paleoecology (Estes and Berberian, 1970;
Archibald, 1982; Van Valen and Sloan,
1977; Archibald and others, 1982; Archibald
and Lofgren, 1990; Sloan and others, 1986;
Rigby, 1987; Rigby and others, 1987; Shee-
han and others, 1991; Sheehan and Fas-
tovsky, 1992). This paper documents previ-
ously unrecognized paleosols interpreted as
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‘Figure 1. Location of Bug Creek and other mentioned localities and indicators of the
Cretaceous-Tertiary boundary in North America (data from Fassett and Rigby, 1987;
Lehman, 1987, 1990; Izett, 1990; Sweet and others, 1990; Nichels and Fleming, 1990; Hilde-
brand and others, 1991; Izett and others, 1993). Black areas with codes such as Od-1a are
soil map units of the Food and Agriculture Organization (FAO) of UNESCO (F.A.O.,
1975a, 1975b) comparable with Cretaceous and Paleocene paleosols at Bug Creek.

moderately developed and well drained, in
addition to the weakly developed and
swampy paleosols that have limited past pa-
leoenvironmental interpretation of pa-
leosols here. Interpretations of pedotypes
are used to reassess prior reconstructions
based on other lines of evidence. Such in-
terpretations, in combination with those
based on sedimentary facies and community
paleoecology, allow detailed understanding
of landscapes and life across the Cretaceous-
Tertiary boundary in eastern Montana.

GEOLOGICAL SETTING
There is now general agreement on the

basic distribution of rock types and their ge-
ological age at Bug Creck, McCone County,
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Montana (Figs. 1 and 2). My field mapping
and fossil collecting in the paleontologically
critical area (Fig. 3) have been influenced
especially by mapping of local coal seams
(Rigby and Rigby, 1990), sedimentary facies
(Fastovsky and Dott, 1986), paleochannels
(Smit and others, 1987), suites of paleosols
(Retallack and others, 1987), and for some
poorly exposed units, the soil survey of Mc-
Cone County (Strom, 1984). Lack of out-
crop has been blamed for past disagree-
ments, but there are extensive badlands
exposures in the cliffs and gullies of this dry
open rangeland (Figs. 2 and 3).

The Cretaceous-Tertiary boundary can be
located by palynological changes in the low-
est Z coal seam (Norton and Hall, 1969;
Hotton, 1988). An insignificant Ir anomaly

of 5 ppb was discovered by Carl Orth 10-20
cm below the base of the lowest Z coal
(Rigby and others, 1987; Smit and others,
1987). More pronounced concentrations of
Ir, shocked quartz, and fern spores at the
boundary are known around Brownie Butte,
Montana, some 75 km west (Smit and oth-
ers, 1987; Hotton, 1988; Fastovsky and oth-
ers, 1989), and elsewhere in North America
(Fig. 1). The Ir-bearing coals near Brownie
Butte have been radiometrically dated using
a variety of techniques at 65.16 = 0.4 Ma,
which is within paleomagnetic Chron 29R
(Archibald and others, 1982; Izett and oth-
ers, 1991; Swisher and others, 1994).
Fossil mammais from the sandstone pa-
leochannel of Bug Creek anthills have been
thought to be latest Cretaceous (Sloan and
Van Valen, 1965; Van Valen and Sloan,
1977; Rigby, 1987) but are now regarded as
earliest Paleocene (Russell, 1977; Smit and
others, 1987; Archibald and Lofgren, 1990;
Archibald and Bryant, 1990; Lofgren and
others, 1990), an interpretation supported
by my mapping (Fig. 3). There also have
been problems in local definition of the
lithostratigraphic boundary between gray
claystones of the Hell Creek Formation and
lignites of the Tullock Formation of the Fort
Union Group (Rigby and others, 1987; Smit
and others, 1987; Rigby and Rigby, 1990).
Here, the Hell Creek-Tullock contact is
taken as the base of the lowest of the Z
coals, or the base of any paleochannel, such
as the Big Bugger, that has eroded down
from the Tullock Formation into the under-
lying Hell Creek Formation (Retallack and
others, 1987; Swisher and others, 1994).

FEATURES OF THE PALEOSOLS

Features used to identify paleosols in the
Cretaceous-Tertiary boundary beds of Mon-
tana have been reported elsewhere (Fas-
tovsky and McSweeney, 1987; McSweeney
and Fastovsky, 1987) and need only be out-
lined here. Paleosols in these coal-bearing
sequences are recognized primarily from
root traces, which commonly have carbona-
ceous material and some cell structure pre-
served. Surface horizons of paleosols are be-
low the truncated surfaces from which root
traces emanate (A horizon of Soil Survey
Staff, 1975) or the surface of coal seams ©
horizon). Subsurface horizons of paleosols
include rocks rich in clay skins and iron
staining (Bw or Bt horizons) and levels rich
in sideritic or pyritic nodules (Bg horizons).
Although many of these paleosols are
weakly developed with much relict bedding
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Figure 2. View east toward cliffs and knoll of measured section at Bug Creek, McCone

& . g >

County, Montana. Arrow indicates level of Cretaceous-Tertiary boundary.

preserved, several profiles in the Hell Creek
Formation and a few in the Tullock Forma-
tion show that original sedimentary features
were obliterated by development of complex
patterns of clay-coated cracks and iron stain
(peds and cutans of Brewer, 1976).

ALTERATION OF THE PALEOSOLS
AFTER BURIAL

Modifications of paleosols after burial can
compromise their paleoenvironmental in-
terpretation but are becoming increasingly
well understood (Retallack, 1991b). Clayey
parts of these paleosols contain amounts of
organic matter comparable with modern
soils (Figs. 5-8; see also Fastovsky, 1987,
Table 3), and some of the paleosols include
coal seams, so that substantial burial decom-
position of organic matter is unlikely. None
of the paleosols is red, or affected by burial
reddening (Fastovsky and McSweeney,
1987).

Cementation with calcite during burial is
likely in sandy paleochannels and paleosols,
where the calcite is sparry and fills natural
voids (McSweeney and Fastovsky, 1990,
Fig. 4), unlike replacive and displacive mi-
critic calcite, which is taken to be pedogenic
(McSweeney and Fastovsky, 1990, Fig. 6; see
also discussion of Retallack, 1991a, 1991b).
Sparry calcite cementation was probably
early during burial, because large “log” nod-
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ules of locally cemented paleochannels
weather to hoodoos or toadstools oriented
with paleocurrents (Archibald, 1982; Rigby
and Rigby, 1990) and occasionally contain
little compacted, articulated skeletons of di-
nosaurs (Brown, 1907; Fastovsky, 1987).
The Cretaceous-Tertiary boundary at Bug
Creek is covered by 70 m of Tullock For-
mation (Rigby and Rigby, 1990). Basinwide,
however, the boundary was covered by as
much as 600 m of Paleocene and Eocene
sediments before middle Eocene erosion of
valleys within which geologically younger
sediments accumulated (Cherven and Ja-
cob, 1985). This shallow burial would give
peak burial temperatures of ~40 °C using a
typical geothermal gradient of 25 °C/km,
and this is compatible with the observed coal
rank of the lignites. Late Cretaceous and Pa-
leocene coals of this region have calorific
values of 6.4—-6.9 kcal/g (11 480-12 500 Btu/
Ib) (Collier, 1924; Bauer, 1924; Hares, 1928,;
Collier and Knechtel, 1939), which fall
within the subbituminous to high volatile bi-
tuminous ranks of Teichmiiller (1987). A
similar rank is likely for the lignites of Bug
Creek, for which I determined an average
bulk density of 1.66 g/cm® (range 1.19-2.11,
20 = 0.54, n = 21). Low rank also explains
the pale color of fossil pollen, which had to
be stained for study (Hotton, 1988). Under
these conditions lithostatic compaction
would be minimal: 75% of original thickness

for shales and 88% for sandstones, using the
standard curves of Baldwin and Butler
(1985). Compaction of these coals to 25% of
original peat thickness has been proposed by
Cherven and Jacob (1985), and this is a max-
imum compaction considering the observed
coal rank (Elliott, 1985).

Illitization of clays would not be expected
under such burial depths, and indeed no sur-
ficial enrichment in potash was seen in the
paleosols. The clays of the paleosols are
mainly mixed layer illite/smectite, with mi-
nor amounts of kaolinite and illite (Fas-
tovsky, 1987). Pure illite is largely found in
silty and sandy rocks associated with pa-
leochannels and so is more likely detrital in
origin, rather than altered during burial
from pedogenic smectite (Bell, 1965).

The badlands slopes of Bug Creek have a
thin (~20 cm) surface of popcorn weather-
ing (Rigby and Rigby, 1990), which can be
regarded as a weakly developed Yawdim
soil of Strom (1984). Paleosol samples were
taken from trenches some 50 cm to 1 m be-
low the surface at the point where coherent
samples could be obtained. Nevertheless,
scarlet ferruginized nodules and reddish-
brown coaly layers were seen in the pa-
leosols. On especially deep excavation these
proved to be oxidized at the present outcrop
from dark gray siderite nodules and friable
coals. Similarly, surface crystals of gypsum
associated with a yellow powder of jarosite
(Rigby and Rigby, 1990) are due to surface
weathering of pyrite and carbonate, as else-
where in the western United States (Retal-
lack and Dilcher, 1981).

CHARACTERIZATION OF THE
PEDOTYPES

Seven pedotypes were recognized in the
upper Hell Creek Formation and lower Tul-
lock Formation in seven trenches excavated
to show continuous exposure over the Cre-
taceous-Tertiary boundary at Bug Creek
(Fig. 4; Tables 1 and 2). Selected examples
of pedotypes recognized in the field were
characterized in detail with petrographic
and chemical data (Figs. 5-8). The seven
pedotypes at Bug Creek are also recogniz-
able from past descriptions of paleosols
elsewhere in Montana and the Dakotas and
may be useful throughout the Williston Ba-
sin (Fastovsky, 1987; Fastovsky and Mc-
Sweeney, 1987; McSweeney and Fastovsky,
1987; Rigby and others, 1987; Hotton, 1988;
Johnson, 1989). Because of a shortage of
place names in the Bug Creek area, ped-
otype names are descriptive terms from the
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local Blackfoot Indian language (Frantz and
Russeli, 1989).

A standardized graphic and descriptive
format has been used for each kind of pa-
leosol (Figs. 5—8). Colors were estimated us-
ing charts of the Munsell Color Company
(1975) and taken within a few minutes of
exposure in the trenches. The lithologic logs
include a graphic representation of mean
grain size from field work, but a separate
plot of percent clay, silt, and sand also was
derived from point counting petrographic
thin sections using the grain-size scale of soil
science (Soil Survey Staff, 1975). This gives
an abundance of common minerals (20%-
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80%) with an error (20) of ~4% by volume
for the 500 points counted for every speci-
men (Van der Plas and Tobi, 1965; Murphy,
1983). These data are portrayed in narrow
columns so that only differences =4% will
appear as recognizable trends. Clay has
been placed to the left in both textural and
mineral plots, and in the latter, progressively
more weather-resistant minerals are plotted
to the right.

Chemical analyses were obtained using
atomic absorption, with error calculated
from 10 replicate analyses of standard rock
W2. These results were supported by neu-
tron activation analysis. Organic carbon val-

ues were determined using the Walkley-
Black titration (of Nelson and Sommers,
1982), with error estimated from 50 repli-
cate analyses of a standard soil. Bulk density
was calculated from weight difference sus-
pended in water of paraffin-coated clods,
with error estimated from 10 replicate anal-
yses of specimen R602. These and other raw
data have been placed in the GSA Data Re-
pository.! Molecular (also called molar)

1GSA Data Repository item 9425, raw data, is
available on request from Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301.
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Figure 4. Measured sec-
tion of paleosols across the
Cretaceous-Tertiary boundary
in the cliffs and a low knoll
north of Bug Creek (NWY4
NWVisNEYs sec, 15, T. 22 N, R.
43 E., McCone County), Mon-
tana. Scales of development es-
timated from subsurface en-
richment in clay and surface
accumulation of peat, and of
calcareousness from reaction
with dilute acid are from Retal-
lack .(1990) and hue from
charts of Munsell Color Com-
pany (1975).
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Formation, within a knoll west of the main bluffs north of Bug Creek, Montana. This is at 0—4.5 m in Figure 4. Lithologic key is after

Figure 4.

weathering ratios were -calculated by nor-
malizing weight percent to atomic weights,
an approach that avoids assumptions about
parent material or stable constituents (Re-
tallack, 1990, 1991a).

The paleosols studied contain a variety of
fossils ranging from dinosaur bones to pol-
len grains. Fossils collected during the
present work are in the Condon Collection
of the University of Oregon. These and pre-
viously published collections of fossils from
the various pedotypes are summarized in
Table 3. ‘

INTERPRETED PALEOENVIRONMENTS
OF THE PALEOSOLS

Each pedotype recognized represents a
local paleoenvironment, which can be inter-
preted using two distinct approaches. One
way to try to understand the formation of

1382

these ancient soils is to identify them in a
classification of modern soils (Table 2) and
make direct comparisons with similarly
identified modern soils or suites of soils.
Four separate soil classifications have been
used (Soil Survey Staff, 1975; F.A.O., 1974;
Stace and others, 1968; Northcote, 1974).
Unlike the classification of paleosols by
Mack and others (1993), these classifica-
tions allow specific comparisons within the
vast descriptive literature on soils and em-
brace a variety of perspectives on soils (Re-
tallack, 1990, 1993).

Another approach for interpretation of
paleosols is the factor-function approach
popularized by Hans Jenny (1941), whereby
specific soil-forming factors such as climate,
vegetation, paleotopography, parent mate-
rial, and time for formation can be inferred
from specific features of paleosols thought
to be controlled by these factors in soils (Re-

tallack, 1990, 1994). Table 3 is a summary of
such paleoenvironmental interpretations of
each pedotype, and a general interpretation
for each stratigraphic level is given in the
following paragraphs.

Late Cretaceous

Paleoclimate. The Bug Creek area during
Late Cretaceous time was probably humid,
because all the paleosols that were moder-
ately well drained (with clay skins and
deeply penetrating root traces) are also
deeply weathered (low alkaline earth:alu-
mina and high alumina:bases ratios). Nev-
ertheless, a very humid climate is unlikely,
because carbonate clasts persist in pa-
leochannels and deep within some pa-
leosols, and none of the paleosols appear
podzolized (with quartz-rich eluvial hori-
zons, or Ba:Sr ratios approaching 10). In the

Geological Society of America Bulletin, November 1994
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middle Hell Creek Formation, stratigraph-
ically below the interval sampled, there are
some paleosols with carbonate nodules (Mc-
Sweeney and Fastovsky, 1990) suggestive of
a subhumid paleoclimate. A likely range of
mean annual precipitation for the upper-
most Hell Creek Formation is some 900-
1200 mm, by comparing carbonate distribu-
tion in soils (outlined by Yaalon, 1983;
Retallack, 1994). An increasingly wet cli-
mate from the middle to the upper part of
the Hell Creek Formation also is in evidence
from the increased size of fossil leaves
(Johnson and Hickey, 1990) and diversity of
moss, liverwort, and fern spores (Hotton,
1988).

There also are indications in the paleosols
of a marked, though not severe, dry season.
None of the paleosols in the uppermost Hell
Creek Formation is highly oxidized or red
and yet many are deeply penetrated by root
traces (Fastovsky and McSweeney, 1987,
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Fig. 3) and burrows (McSweeney and Fas-
tovsky, 1987, Fig. 7). Water table may have
retreated as much as a meter or two during
a dry season (to depth of elevated ferrous/
ferric iron ratios of Fig. 5). This dry season
may also have been a time of wildfires, which
left abundant charcoal within paleosols and
paleochannels (Rigby and Rigby, 1990).
Charcoal can be distinguished from coali-
fied wood by a variety of features (Cope and
Chaloner, 1985), including uncompacted
cell walls with fused middle lamella (illus-
trated for these paleosols by Fastovsky and
McSweeney, 1987, Fig. 9). On the other
hand, the dry season could not have been
severe, because no evidence was seen of
deep cracking and deformation (mukkara)
or hummocky surfaces (gilgai) in these
clayey paleosols. Given the paleogeographic
setting of these paleosols on the margin of a
meridionally oriented continental seaway
downwind from the actively uplifted North

American Cordillera, the dry season was
probably short and during the winter as part
of a subtropical dry belt exaggerated by a
local rain shadow, rather than a prolonged
monsoonal or Mediterranean-style dry sea-
son (Horrell, 1991). Drab color, deeply pen-
etrating roots, and common charcoal are
features of soils now found in northern Flor-
ida (Mitsch, 1984; Izlar, 1984; Coultas and
Duever, 1984; Lugo and others, 1984).
Moderate climatic seasonality is also com-
patible with fossil evidence: tuber-bearing
fossil equisetaieans (Watson and Batten,
1990), growth rings in fossil wood of taxo-
diaceous conifers (Wolfe and Upchurch,
1987a), the deciduous taxodioid shoots as
well as evergreen cupressoid shoots of fossil
Glyptostrobus (Henry and Mclntyre, 1926;
Chaney and Axelrod, 1959), and co-occur-
rence of evergreen magnoliid and iauralean
with deciduous hamamelid fossil angio-
sperms (Johnson and Hickey, 1990):
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Figure 7. Measured section, Munsell colors, soil horizons, grain size, mineral composition, organic carbon, and selected molecular
weathering ratios of the Sik paleosols in Paleocene Tullock Formation in the main bluffs north of Bug Creek, Montana. These are at
10.5-12 m (lower section) and 34-37.2 m (upper section) in Figure 4. Lithologic key is after Figure 4.

Paleotemperature is difficult to estimate
from paleosols, but an overall tropical-to-
subtropical temperature regime would be
compatible with evidence for a highly pro-
ductive ecosystem. The degree of surficial
humification and obliteration of original
bedding by root traces and burrows in the
type Otssko clay is impressive when com-
pared with the moderate chemical differen-
tiation of this profile, particularly in alumi-
na:silica and alumina:bases ratios compared
with parent material (Fig. 5). The Spatsiko
pedotype shows extensive weathering of
rock fragments in thin section despite its
very weak profile development.

More precise paleotemperature estimates
come from paleobotanical evidence. A frost-
free climate is indicated by the presence of
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fossil palms (Palmacites leaves of Johnson,
1989) and screw pines (Pandaniidites pollen
of Hotton, 1988). Cycadlike leaves in the up-
permost Hell Creek Formation do not nec-
essarily indicate warm climates, because
some Mesozoic cycadlike plants were decid-
uous, had short shoots, and lacked the large,
frost-sensitive terminal meristems of mod-
ern cycads and palms (Spicer and Chapman,
1990). A nontropical climate is indicated by
the dominance in swamps (Sik pedotype) of
taxodiaceous conifers, unlike angiosperm-
dominated coals and underclays of the Ra-
ton Basin of Colorado and New Mexico in
the Late Cretaceous (Wolfe and Upchurch,
1987b) and modern swamps of Central
America south of Mexico today (Breedlove,
1973; Porter, 1973; Hartshorn, 1983; Best

and others, 1984). The proportion of fossil
angiosperm leaves with entire margins is like
that of Asian forests under a mean annual
temperature of 16 °C, which is warm tem-
perate (Hotton, 1988; Johnson and Hickey,
1990).

Ancient Vegetation. Only remains of
thickets of stout herbaceous equisetaleans
were found in sandy paleosols with promi-
nent relict bedding (Spatsiko pedotype at
“Fig Patch” locality of Shoemaker, 1977).
Stout woody root traces are present in
clayey paleosols with prominent relict bed-
ding (Maka pedotype), which may have sup-
ported small pole trees scattered among
herbaceous and shrubby plants, like coloniz-
ing forests of Africa and India (Retallack,
1991a). Sapakot paleosols show greater de-
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Figure 8. Measured section, Munsell colors, soil horizons, grain size, mineral composition, organic carbon, and selected molecular
weathering ratios of the Sik coal thick surface phase and type Komono clay paleosols in the Paleocene Tullock Formation in the main
bluffs north of Bug Creek, Montana. These are at 42.3—40.5 m and 53.0-51.0 m, respectively, in Figure 4. Lithologic key is after Fig-

ure 4.

velopment of soil features as found under
forests more advanced in ecological succes-
sion. Otssko profiles are like those of old
growth forests, to judge from the depth and
degree of development of the paleosols and
woody root traces. Although these various
pedotypes occur one on top of another, they
probably represent a former mosaic of local
ecosystems (Fig. 9), considering the differ-
ent sedimentary facies in which they are
found (following Fastovsky, 1987, 1990; Fas-
tovsky and Dott, 1986).

Many paleosols in the uppermost Hell
Creek Formation contain well-preserved
fossil plants, so that the taxonomic compo-
sition of vegetation supported by each ped-
otype may be determined in addition to the
ecosystem type indicated by features of the
profiles and root traces. From collections
available (Table 3), the vegetation of early
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successional paleosols was relatively low in
diversity compared with the regional fossil
flora (Shoemaker, 1966, 1977; Hotton, 1988;
Johnson, 1989) and is dominated by archaic
hamamelid dicots, particularly early rela-
tives of katsura and sycamore. Swamps sup-
ported vegetation dominated by the taxo-
diaceous conifers, but with a varied
component of pteridophytes and dicots,
broadly similar to vegetation of the modern
Okefenokee Swamp of Georgia outlined by
Best and others (1984). Some fossil plants
have been found in a paleosol similar to
Otssko Series a little lower stratigraphically
within the Hell Creek Formation near
Marmarth, North Dakota (Table 3). This is
suggestive of a diverse semievergreen for-
est for Otssko paleosols. A broadly similar
living floristic analog is relict subtropical
laurel-oak forests of the Canary Islands

and parts of Asia described by Axelrod
(1975).

Former Animal Life. Pedotypes most fos-
siliferous with vertebrate remains are Maka
and Sapakot paleosols (Table 3), which in-
clude a dinosaur fauna dominated by Tricera-
tops horridus (species name used in broad
sense of Ostrom and Wellnhofer, 1990).
Spatsiko pedotypes yielded aquatic champ-
sosaur remains. Two quarries for partial
skeletons of Tyrannosaurus rex excavated by
P. and N. Larson (Black Hills Institute, Hill
City, South Dakota) 8 km northwest of Buf-
falo, South Dakota, proved to be in Spatsiko
(Stan quarry) and Maka pedotypes (Duffy
quarry). Neither Sik nor Otssko pedotypes
of Cretaceous age have yet yielded bone, but
this is not surprising considering that they
are noncalcareous and so probably were too
acidic to preserve bone (Retallack and oth-
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TABLE 1. DESCRIPTIONS OF CRETACEOUS-TERTIARY PEDOTYPES AT BUG CREEK, MONTANA

Top (cm) Horizon Rock type Prominent colors Other Microfabric Bottom

Type Sapakot clay paleosol

0 A Carbonaceous claystone Black (5Y2.5/2), weathers ~ Weakly calcarcous; locally coaly at the Porphyroskelic mosepic; illuviation sesquiargillans ~ Wavy gradual
brown—dark brown surface, with medium platy peds and and diffusion ferrans after root traces.
(7.5YR4/2). numerous carbonaceous root traces.

=21 Bw Sandy claystone Pale olive (5Y6/4), Weakly calcareous; numerous Agglomeroplasmic clinobimasepic; illuviation Smooth diffuse
weathers light gray to carbonaceous root traces up to 1 cm sesquiargillans after root traces.
gray (5Y6/1). in diameter of dark grayish brown

(10YR4/2).

—63 Bw Clayey fine sandstone Pale yeliow (5Y7/3), Strongly calcareous; numerous Agglomeroplasmic mosepic; illuviation Abrupt wavy,
weathers light olive carbonaceous root traces and some sesquiargillans after root traces. broken
(5Y6/2). relict bedding.

-142 C Silty shale Olive gray (5Y5/2), Moderately calcareous, with Agglomeroplasmic mosepic, thin (2 mm) clastic Gradual smooth
weathers light gray to carbonaceous root traces and relict dikes (silans) that are granular silasepic.
gray (5Y6/1). bedding.

-155 Cg Fine-grained sandstone Light gray (5Y7/2), Moderately calcarcous; pyrite nodules, Agglomeroplasmic mosepic grading down to Abrupt wavy

Type Otskko clay paleosol

0 A Carbonaceous claystone
=21 AB Silty claystone

=35 Bt Carbonaceous claystone
-57 C Carbonaceous silty shale

Type Spatsiko silty clay loam paleosol

0 A Fine-grained sandstone
-1 A Fine-grained sandstone
Type Maka clay paleosol

0 A Carbonaceous shale
-26 C Silty shale

~54 — Siltstone

Type Sikahk coal paleosol

0 (o} Lignite

-7 (o] Clayey lignite

-15 A Clayey siltstone

—46 Bt Silty claystone

-89 C Clayey siltstone

Type Sik coal paleosol
0 o] Lignite

-2 ¢] Lignite

weathers light gray
(5Y71).

Dark grayish brown
(2.5Y4/2), weathers
light gray (5Y7/2).

Olive gray (5Y4/2),
weathers light gray
(5Y7/2).

Dark olive gray (5Y3/2),
weathers light olive
gray (5Y6/2).

Very dark grayish brown
(10YR3/2), weathers
light olive gray (5Y6/2).

Dark yellowish brown
(10YR4/4-4/6),
weathers light olive
gray (5Y6/2).

Olive yellow (2.5Y6/4),
weathers light olive
gray (5Y6/2).

Very dark gray (5Y4/1),
weathers light gray
(2.5Y7/2).

Dark olive gray (5Y3/2),
weathers light olive
gray (5Y6/2).

Light gray (2.5Y7/2),
weathers light gray
(5Y7R2).

Very dark gray-black
(10YR3/1-2/1),
weathers dark gray
(5Y471).

Very dark gray-black
(10YR3/1-2/1),
weathers dark gray
(5Y471).

Dark grayish brown
(2.5YR4/2), weatheérs
dark gray (SY4/1).

Very dark grayish brown
(2.5Y3/2), weathers
gray (5Y5/1).

Olive gray (5Y5/2),
weathers gray (SY5/1).

Dark brown-black
(7.5YR3/2-2/1).

Dark brown-black
(7.5YR3/2-2/1),
weathers very dark gray
(5Y3/1).

to 22 cm diam., brownish yellow
(10YR6/6), with interior olive yellow
(2.5Y6/6); ripple marks and cross
bedding; dinosaur rib (7 cm wide, 3
cm thick) and champsosaur vertebra.

Root traces, reddish brown (SYRS/3);
joint faces, yellowish brown (10YRS/
4); thick platy peds; gypsum crystals,
light gray (2.5Y7/4), on fossil twigs
(1 cm wide), stained yellow (10YR7/
6); moderately calcareous.

Common root traces and blocky angular
peds defined by slickensided clay skins
(argillans); moderately calcareous.

Common large root traces and blocky
angular peds defined by slickensided
surfaces stained with iron-
manganese (mangans) of dark bluish
gray (5B4/1); moderately calcareous.

Moderately calcareous; clear relict
bedding; few iron stains (sesquans)
of yellowish brown (10YR5/4).

Abundant fine root traces and a fossil
vertebra of a champsosaur;
moderately calcareous.

Abundant root traces up to 6 mm
wide, dark brown (10YR3/3);
common jron-stained joints
(sesquans) of yellowish red (10YRS/
6); moderately calcareous.

Scattered fine root Lracg::s and relict
bedding; noncalcareous.

Prominent relict bedding of dark gray
(5Y3/1) clayey lamina¢ and very
dark gray (5Y3/2) silty laminae;
noncalcareous.

Relict bedding of light gray (5Y7/2)
laminac and dark grayish brown
(2.5%4/2) laminae rich in fossil plant
chaff; ripple marks; moderately
calcareous.

Finely laminated and stained with
jarosite powder of yellow (5Y8/6);
noncalcareous.

Noncalcareous.

Common carbonaceous root traces of
very dark brown (10YR2/2);
noncalcaréous.

Root traces as above; coarse angular
blocky peds; slickensided clay skins;
iron-stained joints, yellowish brown—
brownish yellow (10YRS5/6-6/6);
noncalcareous.

Sparse root traces and prominent relict
bedding; noncalcareous.

Laminated; noncalcareous.

Noncalcarcous.

granular silasepic; illuviation sesquiargillans
after root traces.

Porphyroskelic clinobimasepic; abundant opaque
root traces and leaf cuticles.

Porphyroskelic clinobimasepic; illuviation
sesquiargillans after root traces.

Porphyroskelic clinobimasepic;: root traces

surrounded by diffusion ferrans, filled with
agglomeroplasmic insepic clayey silt.

Porphyroskelig clinobimasepic; root traces with
diffusion ferrans.

Porphyroskelic clinobimasepic; agglomeroplasmic
paragranotubules after burrows; root traces and
leaf cuticles.

Agglomeroplasmic skelmosepic, diffusion ferrans
along joint planes.

Porphyrosk_élic mosépic; diffusion ferrans around
organic root traces.

Agglomeroplasmic insepic; some laminae
granular silasepic.

Agglomeroplasmic insepic, poorly preserved fecal
pellets.

Porphyroskelic clinobimasepic; abundant organic
OOt traces.

Porphyroskelic argillasepic; common fecal pellets.

Porphyroskelic mosepic; illuviation sesquiargillans
after root traces.

Porphyroskelic clinobimasepic; root traces as

above; pellet-filled metaisotubule after a
burrow.

Porphyroskelic clinobimasepic grading down to
mosepic.

Agglomeroplasmic insepic.

Agglomeroplasmic insepic.

Diffuse smooth

Diffuse smooth

Diffuse smooth

Gradual smooth

Clear smooth

Abrupt wavy

Diffuse smooth

Diffus¢ smooth

Abrupt wavy

Clear smooth

Abrupt wavy

Gradual smooth

Gradual smooth

Abrupt wavy

Abrupt smooth

Abrupt wavy
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A PEDOTYPE APPROACH TO MONTANA PALEOSOLS

TABLE 1. (Continued)

0

Top (cm) Horizon Rock type Prominent colors Other Microfabric Bottom
Type Sik coal paleosol { d)
-21 A Silty claystone Light brown (7.5YR6/4), Common carbonaceous root traces of Aggiomeroplasmic insepic; diffusion ferrans Clear wavy
weathers very pale strong brown (7.5YR5/8) and around organic root traces.
brown (10YR6/3). ferruginized mottles of pink
(7.5YR7/4); noncalcareous.
-24 A Siltstone Pale brown (10YR6/3), Carbonaceous root traces, brown Agglomeroplasmic mosepic, with much organic Gradual smooth
weathers light gray (7.5YRS5/4) and pink (7.5YR7/4); matter.
(2.5Y7/2). interbedded siltstone, in 2-cm-thick
beds, and silty claystone, 1 cm thick;
noncalcareous.
—45 Bw Clayey siitstone Grayish brown (2.5Y6/2), Root traces to 1.5 cm wide, strong Agglomeroplasmic insepic, with much organic Gradual smooth
weathers light olive brown (7.5YRS/8); relict bedding matter.
gray (5Y6/2). disrupted by slickensided clay skins
and coarse blocky structure;
noncalcareous.
—62 C Siltstone Light brownish gray Common root traces; relict bedding, Agglomeroplasmic insepic. Gradual smooth
(2.5Y6/2), weathers ripple marks and scour-and-fill
light olive gray (5Y6/2). structures, accentuated by finely
comminuted charcoal, strong brown
(7.5YRS/6) and brown (7.5YR5/4);
noncalcareous. .
—100 C Silty claystone Grayish brown (2.5Y5/2), Some root traces up to 6 mm wide, Agglomeroplasmic insepic. Abrupt smooth
weathers light yellowish yellowish brown (10YRS/6);
brown (2.5Y6/2). ferruginized joints in modern
outerop are dark yellowish brown
(10YR4/6) and yellowish brown
(10YRS5/6); noncaicareous.
-118 C Siltstone Light brownish gray Ferruginized joints in modern outcrop Agglomeroplasmic insepic in clayey laminae to Abrupt smooth
(2.5Y6/2), weathers are light yellowish brown (2.5Y6/4) granular argillasepic in silty laminae.
light yellowish brown and brownish yellow (10YR6/8); fine
(10YRS/6). (34 mm wide) root traces, dark
grayish brown (10YR4/2); weakly
calcareous.
-177 Cg Silty claystone Light brownish gray Common relict bedding; root traces, Agglomeroplasmic argillasepic grading downward Abrupt smooth
(7.5Y6/2), weathers strong brown (7.5YRS5/8); large (to to granular silasepic, with siderite nodules
light yellowish brown 60 cm wide by 30 cm thick) siderite porphyroskelic calciasepic.
(2.5YR6/4). nodules, light brownish gray (2.5Y6/
2) with a 1 cm weathering rind,
strong brown (7.5YRS5/6); nodules
strongly calcareous but matrix
weakly calcareous.
Type Komono clay paleosol
A Carbonaceous shale Very dark grayish brown-  Common carbonaceous root traces to Porphyroskelic clinobimasepic; illuviation Clear irregular
black (10YR3/2-2/1), 3 em wide; noncalcareous. sesquiargillans and diffusion ferrans after root to broken
weathers light brownish traces.
gray (10YR6/2).
-7 A Carbonaceous claystone Dark gray (10YR4/1), Carbonaceous root traces, dark brown Porphyroskelic clinobimasepic; illuviation Gradual smooth
weathers light brownish (7.5YR3/2) and yellow (10YR8/8); sesquiargillans and diffusion férrans after root
gray (2.5Y6/2). slickensided clay skins (argillans); traces. .
coarse subangular blocky peds;
noncalcareous.
-22 AB Claystone. Light brownish gray Carbonaceous root traces up to 2 ¢cm Porphyroskelic mosepic; illuviation sesquiargillans Diffuse smooth
(2.5Y6/2), weathers wide, dark brown (7.5YR6/2); after root traces and agglomeroplasmic insepic
light brownish gray common slickensided clay skins metagranotubules after burrows.
(2.5Y6/2). (argillans) defining a coarse sub-
angular blocky structure; noncalcareous.
-64 Bt Claystone Olive gray (5Y5/2), Carbonaceous root traces, dark grayish Porphyroskelic mosepic; illuviation sesquiargillans Diffuse smooth
weathers light brownish brown (10YR3/2); ferruginized joint after root traces and para-aggrotubules after
gray (2.5Y6/2). planes of modern outcrop, brownish burrows. )
yellow (10YR6/8); slickensided clay
skins (argillans); persistent relict
. ) beds; weakly calcareous. )
-110 C Silty claystonc Olive gray (5Y5/2), Sparse root traces and relict bedding; Porphyroskelic mosepic; jlluviation sesquiargillans Diffuse smooth
weathers light brownish some ferruginized joint planes, olive after organic root traces.
gray (2.5Y6/2). yellow (2.5Y6/6 and 2.5Y6/8); weakly

calcareous.

Note: Only type profiles located and labeled in Figures 5-8 are detailed here as reference profiles for the various pedotypes. Terminology is from Munsell Color Company (1975), Soil Survey Staff

(1975), and Brewer (1976).

ers, 1987). Because of this taphonomic bias,
the uppermost Hell Creek Formation is not
a good place to establish ancient vertebrate
communities of various paleosol types. This
would be feasible, however, in the middle
Hell Creek Formation with its more calcar-
eous paleosols containing a marginally
greater diversity of vertebrates (Sheehan
and others, 1991).

Paleotopography. The paleotopographic
setting of the uppermost Hell Creek Forma-
tion has been established from both regional
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and local sedimentological studies (Cherven
and Jacob, 1985; Fastovsky and Dott, 1986;
Fastovsky, 1987) as a broad lowland alluvial
plain east of the Cordillera uplifted by Lar-
amide mountain building and northeast of a
retreating epicontinental seaway (Fig. 9). It
was a swampy lowland in which none of the
paleosols were free from seasonal flooding,
considering their relatively high content of
organic matter (Fig. 5). Nevertheless, minor
variations in drainage corresponded to dif-
ferent parts of the depositional system. Sik

paleosols with their peaty surface horizons
would have been permanently waterlogged.
The only example found is widespread
(“Null Coal” of Rigby and Rigby, 1990) and
formed an extensive swamp isolated from
clastic input of paleochannels. Sandstones
including Spatsiko paleosols have geometry
and sedimentary structures similar to those
of crevasse splays and point bars (Fastovsky
and Dott, 1986). Maka paleosols developed
in more clayey parts of levee deposits. Sapa-
kot paleosols also are found in point bar
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G. J. RETALLACK

TABLE 2. DIAGNOSES AND IDENTIFICATIONS OF CRETACEOUS-TERTIARY PEDOTYPES AT BUG CREEK, MONTANA

Pedotype Indian Age Type profile Diagnosis United States F.A.O. map Australian Northcote
meaning
Komono Violet, green Paleocene 52.3 m in bluffs section Gray claystone surface (A) with Aquept Dystric Gleysol Humic Gley Gn3.91
(includes OU2826-8 carbonaceous root traces
in Fig. 3). over deeply decalcified
clayey subsurface (Bg).
Maka Short, stunted Cretaccous and 4.3 m in knoll section Gray claystone surface (A) with Fluvent Dystric Fluvisol Alluvial Soil Ufl.21
Paleocene (inctudes OU2823 carbonaceous root traces
in Fig. 3). and relict bedding.
Otssko Green, blue Cretaceous 3.1 m in knoll section. Dark gray claystone surface (A) Aqualf Gleyic Luvisol Gleyed Podzolic Gn3.94
over blue-green clay-rich
subsurface (Bt) horizon.
Sapakot Layer, stack Cretaceous 1.8 m in knoll section. Gray claystone surface (A) with Aquept Humic Gleysol Humic Gley Gn2.81
carbonaceous root traces
over calcareous sandstone.
Sik Black, dark Cretaceous and 11.8 m in bluffs Coal surface (O) over gray Fibrist Dystric Histosol Acid Peat (o]
Paleocene section. underclay or sand.
Sikahk Set aside, Cretaceous- 8.8 m in bluffs section. Coal surface (O) on gray Aquult Gleyic Acrisol Gleyed Podzolic
exclude Tertiary claystone with carbonaceous
boundary oot traces (A) over yellow-
gray silty clay, noncalcareous
subsurface (Bt) horizon.
Spatsiko Sand Cretaceous and 3.2 m in knoll section. Bedded sandstone with root Psamment Dystric Regosol Siliceous Sand Uml.21

Paleocene

traces (A).

and levee deposits, but their greater and
deeper profile differentiation than that of
Maka profiles is evidence that they formed
in more elevated and less floodprone parts
of the levee system. Otssko paleosols are en-
tirely within clayey flood-plain deposits and
were away from levees of streams and from
swamps. Their abundant clay skins and
deeply penetrating root traces would have
formed above water table, which was thus
below ~1 m for most of the time during
their formation.

Parent Material. Laramide source ter-
rains provided sediment of illitic clays,
quartz, feldspar, and fragments of carbon-
ate, volcanic, and metamorphic rocks (Bell,
1965) as parent materials to the paleosols.
Redeposited nodules and claystone clasts in
the paleosols were probably cannibalized
from older soils of the drainage basin (Mc-
Sweeney and Fastovsky, 1987; Fastovsky
and McSweeney, 1987). Some local soils of
clayey river banks collapsed to claystone
breccias in paleochannels (Rigby and Rigby,
1990).

Time for Formation. Otssko paleosols,
with their subsurface horizons enriched in
clay to the extent that they qualify as argillic
(in the sense of Soil Survey Staff, 1975), are
the best-developed paleosols found in the
upper Hell Creek Formation. In well-
drained Quaternary flood-plain soils re-
viewed by Birkeland (1990) and Walker and
Butler (1983), this degree of clay accumu-
lation takes 10 000 to 60 000 yr. Gleyed soils
(Ochraqualfs), with subsurface horizons en-
riched in clay (6.1%-9.6% more than C ho-
rizon), have formed in lake deposits with
38.9% = 2.7% clay and 23.7% = 3.9% car-
bonate only 12 000 yr old in northwestern
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Ohio, an area with mean annual tempera-
ture of 10 °C and mean annual precipitation
of 850 mm (Smith and Wilding, 1972). This
is a less clayey parent material and less hu-
mid and warm climate than envisaged dur-
ing the Late Cretaceous in the present area
of Bug Creek, but this example is an indi-
cation of the time for argillic horizons to
form in seasonally waterlogged soils. Similar
comparisons with Commerce, Sharkey, and
Mhoon soils of the Mississippi Delta, known
to have formed Bw horizons in 2000 yr and
A horizons in hundreds of years (Matthews,
1983, 1984), help fix the time for formation
of comparably developed Sapakot, Maka,
and Spatsiko paleosols. Clastic dikes of clay
and silt (gleyans) were seen in weakly to very
weakly developed paleosols, like those
thought to induce subsurface enrichment of
clay in similar soils archaeologically dated as
<2000 yr old in seasonally flooded alluvial
plains in Bangladesh, Malaysia, and Spain
(Brammer, 1971). Such comparisons with
Quaternary soils of known age are the basis
for estimates of time for formation of each
pedotype (Table 3).

Estimates on the high end of the ranges
given are plausible considering that there
are two Otssko paleosols, one comparably
developed Sikahk paleosol, two Maka, one
Sapakot, and one Spatsiko paleosol in the
sequence between the Cretaceous-Tertiary
boundary and the base of paleomagnetic
Chron 29R (in paleochannel at base of
Fig. 4, and at 9.5 m in Fig. 2 of Retallack and
others, 1987, following Archibald and oth-
ers, 1982), which has been estimated to rep-
resent ~300 000 yr (Courtillot and others,
1990; d’Hondt and Herbert, 1992). Al-
though several pessimistic estimates of strat-

igraphic completeness of fluvial sequences
across the Cretaceous-Tertiary boundary
have been made using other means (Dingus,
1984; Fastovsky, 1987, 1990), the figures
presented here account for much of the time
avaijlable in relatively rapid events of sedi-
mentation punctuated by long periods of
soil formation. Unlike stochastic models of
incompleteness used previously, paleosols
are evidence of both position and relative
magnitude of breaks in sedimentation (in-
dicated by the width of black boxes in
Fig. 4).

General Comparisons. Another method
for reconstructing paleoenvironments is to
identify paleosols within a classification of
soils using proxy characteristics outlined
elsewhere (Retallack, 1990, 1993). Otssko
paleosols are gray and weakly oxidized and
yet show considerable subsurface accumu-
lation of clay in shiny clay skins, as in Gleyic
Luvisols of the Food and Agriculture Orga-
nization of UNESCO (F.A.O., 1974) or
Aqualfs of the U.S. soil taxonomy (Soil Sur-
vey Staff, 1975). Sapakot paleosols have less
marked subsurface clay accumulation and
conspicuous relict bedding, as in Humic
Gleysols or Aquepts. Spatsiko and Maka pa-
leosols have root traces in bedded alluvium
as in poorly developed soils such as F.A.O.
Fluvisols and U.S. Entisols. The coals of Sik
paleosols are more than thick enough, con-
sidering lithostatic compaction already dis-
cussed, to qualify as Histosols in both
F.A.O. and U.S. classifications. Considered
as a genetically related suite, these paleosols
indicate a landscape of Gleyic Luvisols, with
lesser areas of streamside Humic Gleysols,
Dystric Fluvisols, and few swampy areas of
Dystric Histosols. Landscapes with this as-
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horridus

Tyrannosaurus
rex SAPAKOT

Cretaceous deposition of Hell Creek Formation

Figure 9. Interpreted pedotypes and representative fossil plants and animals within a
sedimentary framework (established by facies analysis) in eastern Montana during latest
Cretaceous time. Breaks in scales between vegetation and soil and between landscape and
sediments have been used to emphasize details of pedotype profiles and sedimentology.
Ticked lines represent paleosols, and stipple pattern is for paleochannels. Other lithologic

symbols are as for Figure 4.

semblage of soils are in alluvial plains ex-
tending from the states of Campeche and
Tabasco in Mexico into Guatemala (map
unit Lg 30-2a of F.A.O., 1975a), in coastal
plains of the Rio Verde delta in Oaxaca,
Mexico (Lg 29-3a), and in coastal north-
western and central eastern Florida
(Lg 19-1a of F.A.O., 1975b). In addition,
Sharkey to Mhoon, Commerce, Baldwin,
and Barbary soils of the Mississippi River in
Louisiana form a catena from levees to
backswamps (Lytle and others, 1956; Dance
and others, 1968; Murphy and others, 1977;
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Matthews, 1983, 1984; Trahan and others,
1989) and are very similar to Maka,
Spatsiko, Sapakot, Otssko, and Sik pa-
leosols, respectively.

Paleosols of the Hell Creek Formation
can be considered evidence against several
prior concepts of latest Cretaceous paleo-
environments. There is no evidence among
paleosols in the uppermost Hell Creek For-
mation of Bug Creek for “fern savannas” (of
Coe and others, 1987) or for angiosperm
shrublands (of Crane, 1987). Both kinds of
vegetation would produce calcareous, red

Inceptisols or Vertisols, with shallow and
small root traces, such as were widespread
during Silurian and Devonian time (Retal-
lack, 1985, 1992). In contrast, root traces of
the Hell Creek Formation are thick and
deeply penetrating, and the paleosols are
decalcified and drab. Nor is there any evi-
dence among paleosols for an environment
like that of the Kimberley region of Western
Australia, regarded as similar by Rigby
(1987). In alluvial areas of this monsoonal
semiarid region of northwestern Australia,
the soils are red and yellow Inceptisols and
calcareous Vertisols (Isbell, 1983), very dif-
ferent from paleosols in the Hell Creek For-
mation. Among the most influential images
of the habitat of Tyrannosaurus and Tricera-
tops are murals by Charles Knight in the
Field Museum in Chicago (Czerkas and
Glut, 1982) and by Rudolph Zallinger in the
Peabody Museum at Yale University (Czer-
kas and Olson, 1987). Both murals depict
dinosaurs in a wooded grassland (savanna)
habitat. If this were the case, Mollisols
would be expected (Retallack, 1991a), and
none have yet been found in the Hell Creek
Formation. Closer to the mark is Eleanor
Kish’s reconstruction (for Russell, 1977) of
Triceratops within a cypress swamp. His-
tosols with taxodiaceous conifers are found
in the uppermost Hell Creek Formation, al-
though rare and not yielding Triceratops,
which is found in less organic and presum-
ably better drained associated paleosols.
Her reconstruction of forest sheltering Sty-
gimoloch (for Russell, 1989) is better, as is
the reconstruction offered by Van Valen
and Sloan (1977). However, rain-forest trees
with buttressed trunks depicted in both
these reconstructions are found in vegeta-
tion of markedly wetter climates than the
semievergreen subtropical forest envisaged
here. Because they employ much artistic li-
cense, such reconstructions could be consid-
ered immune from scientific criticism, but
with new evidence from paleosols they are
increasingly testable hypotheses.

Cretaceous-Tertiary Transition

Paleoclimate. A transition to more humid
paleoclimate is evident by comparison of
latest Cretaceous with earliest Tertiary pa-
leosols at Bug Creek, as well as other se-
quences of paleosols across the Cretaceous-
Tertiary boundary in Big Bend National
Park, Texas (Lehman, 1989, 1990), and in
the Rocky Mountain foothills of Alberta
(Jerzykiewicz and Sweet, 1988). An impor-
tant question for these paleosols (Retallack
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TABLE 3. INTERPRETED CRETACEOUS-TERTIAI/{Y PALEOENVIRONMENTS OF PEDOTYPES AT BUG CREEK, MONTANA

Pedotype Paleoclimate Ancient vegetation Former animals ‘Topography Parent material Time for formation

Komono  Humid (>1200 mm  Lowland seasonally wet forest, with following ~ No fossils found in area. Seasonally wet, Quartzofeldspathic, 1000-10 000 yr, estimated
mean annual fossils. Paleocene: at 52.3 m in section lowland, clayey, mildly calcareous, from degree of
precipitation), (U02826, F35015-22), 25 specimens in 6 floodplain. smectitic clayey destruction of relict
subtropical, species, mainly katsura {Cercidiphylium siltstone. bedding compared with
mildly scasonal. genetrix, 24%, and Nyssidium arcticum, surface soils of known

12%) and water pine (Glyptostrobus age.
europaeus, 28% foliar spurs, 4% congs),

with cypress (Cupressinocladus interruptus,

12%) and dogwood (aff. Cornus spp., 8%)

and platanoid (Plaianus raynoldsii, 4%)

Maka Not sufficiently Lowland colonizing forest, some fossils found  Earliest Paleocene: in “Big Clayey swales of Quartzofeldspathic, 100-500 vr, estimated from
developed to be in area, as well as elsewherc. Paleocene: Bugger” point bar, Ievee area of large mildly calcareous, relict bedding compared
a paleoclimatic Marmarth locality 88103g (Johnson, 1989, NWINEWSEY: sec. 9 meandering smectitic silty shale. with surface soils.
indicator. has 106 specimens in 8 species, mainly (UO2821, F34317-25), streams,

archaic dicots (Dicotylophyllum anomalum, crocodylian (Leidyosuchus
56.6%), dogwood (aff. Comus sp., 11.3%) sternbergi), champsosaur
and palm (Palmacites, 11.3%). Earliest (Champsosaurus natator),
Paleocene: “Big Bugger” point bar in gully and turtle (Compsemys
NWINWYSWYs see. 10 (U02825, victa). Latest Cretaceous: in
F34331-4), 8 specimens, 4 species, katsura footslopes of badlands 200
(Cerczdzphylblm genemx, 38%) platanoid m northeast of measured

lium, 25%), section, NEVaNWY; sec. 15
trochodendrak,an (“Populus™ nebmscensu, (not collected), frill and
12%) and dawn redwood (Metasequoia limb bones of Triceratops
occidentalis, 25%). Latest Cretaceous: 56 horridus; Duffy Quarry
species of palynomorphs (BG82-C22 of north of Buffalo, South
Hotton, 1988) mainly Gunnera-like pollen Dakota (SWVsSWs sec. 34,
(Tricolpites microreticulatus, 37.5%), and T.20N,R.4E,500m
apialean? dicot (Kurzipites circulars, 15%}; south of Stan Quarry,
also Marmarth locality 88128 (Johnson, collected by P. Larson and
1989), 146 specimens in 11 species, mainly N. Larson of Black Hills
laurels (Dombeyopsis trivialis, 56.8%; Institute), partial skeleton
morphotyes HC162, 8.2%, and HC163, of Tyrranosaurus rex.
2.5%), platanoid (“Cissus” marginatus,
10.3%), magnoliid (“Liriodendron”
laramiense, 4.8%). and nymphaealean
(Paranymphaea hastata, 3.4%).

Otssko Humid (900-1200 Lowland forest, fossils not found in area, but  No fossils found. Seasonally wet, Quartzofeldspathic, 10 00060 000 yr, estimated
mm mean annual known elsewhere. Late Cretaceous: lowland, clayey mildly calcarcous, from development of
precipitation), Marmarth locality 88111 (Johnson, 1989), floodplain. clayey siltstone. subsurface clayey (Bt)
subtropical, a little older (zone HCIIa), has 197 horizon compared with
mildly seasonal. specimens in 15 specics, mainly ginkgo surface soils.

(Ginkgo adiantoides, 24.9%), ?Sabiaceac
(“Dryophyllum” subfalcatum, 16.8%), and
platanoid (Platanophyllum montanum,
12.7%).

Sapakot Not a good Lowland riparian forest, no fossils in area, Latest Cretaceous: 1 m in meas- Levée tops of sandy Quartz sandstone and 1000-10 000 yr, estimated

indicator. but known ¢lsewhere, Latest Cretaceous: ured section, frill and rib of meandering siltstone in fining- from relict bedding
Marmarth locality 88015 of Johnson Triceratops horridus; streams. upwards bed. compared with surface
(1989), with one specimen each of Maramrth locality 88105 of soils.
trochodendralean (Trochodendroides Johnson (1989) has frill of
nebrascensis), laurel (Dombeyopsis trivialis), Triceratops horridus.
platanoid (“Cissus™ marginatus), and
indeterminate dicot (morphotype HC176). .

Sik Not a good Swamp woodland, some fossils known from Earliest Paleocene: in coal Permanently water- Quartzofeldspathic, 740-9780 yr, estimated from

indicator. area as well as elsewhere. Paleocene: at 35 swale 300 m northwest of logged swampy mildly calcareous, peat accumulation and
m in section (UO2827, F35023-4), water measured section, lowland. smectitic clayey relict bedding compared
pinic (Glyptostrobus europaeus) and dicot SWYNEV4SW sec. 10 siltstone. with surface soils.
(Dicotylophyllum anomalum); Marmarth (U02824, F34330), vertebra
localities 87150, 88100, and 87130 of of Champososaurus natator.
Johnson (1989). Earliest Paleocene: 23
species (DR-A1 of Hotton, 1988), mainly
ferns (Laevigatosporites haardtii, 41.5%)
and swamp cypress (Taxodiaceaepollenites-
Sequoiapollenites, 24.5%), some¢ hamamelid
dicots (Zricolpites parvus, 11.5%); also
locality 86107 of Johnson (1989), with 490
specimens in 30 species, mainly trocho-
dendraleans (“Populus” nebrascensis,
50.6%), floating dicot (“Lemna” scutata,
23.5%), dicot (cholylophyllum anomalum,
12.2%), and nympt (Par
crassifolia, 10 4%) Latest Cretaceous: 87
species of (BG-82-A9 of Hotton, 1988)
mainly swamp cypress (Taxodiaceae-
pollenites-Sequotiapollenites, 14%) and
ferns (Laevigatosporites haardtii, 11%),
with some archaic santalalean? dicots
(Sindorapollis granulatus, 9%).

Sikahk Humid or acid rain, Lowland forest succeeded by swamp No fossils found. Clayey, seasonally Quartzofeldspathic, 15 000-30 000 yr, estimated
subtropical, woodland, fossils not found in arca, but at wet floodplain, mildly calcareous, from peat accumulation
mildly seasonal. Herpijunk Promontory, Hell Creek area; changing to smectitic clayey and relict bedding.

Smit and others (1987) found mainly permanently wet siltstone.
dicots in underclay (Ulmipollenites spp. and swamp.

Agquilapollenites spp.) followed by a “fern

spike” (Laevigatosporites).

Spatsiko Not a good Lowland colonizing vegetation, with Latest Cretaceous: at 3.2 m Young sandy point Quartz sandstone. 100-500 yr, estimated from

indicator. following fossils. Latest Cretaceous: “Fig (U02823, F34328-9), bars, levees, relict bedding.
Patch” locality of Shoemaker (1966), vertebra of Champ us splays.
horsetails (Equisetum sp.). natator; Stan Quarry,
Buffalo, South Dakota,

Tyrranosaurus rex.
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A PEDOTYPE APPROACH TO MONTANA PALEOSOLS

and others, 1987), is whether rainfall
changed from subhumid to humid across the
Cretaceous-Tertiary boundary gradually
during accumulation of the last 3 m of sed-
iment below the boundary coal (one Sikahk,
Maka, and Otssko paleosol estimated here
to represent some 150 000 yr) or abruptly at
the boundary followed by leaching of the un-
derlying 3 m of section. The degree of base
depletion (alumina:bases of Fig. 6) of the
boundary paleosol (Sikahk clay) is interme-
diate but more like that of comparably de-
veloped Cretaceous (Otssko) than of Paleo-
cene (Komono) paleosols. In addition, there
are base-rich paleosols (Maka and Spatsiko)
between more deeply weathered paleosols
(Sapakot and Otssko) and the boundary (Si-
kahk}). Thus leaching from the boundary is
unlikely to have reached down 3 m. The
change to more humid climate was probably
gradual over the last 150 000 yr of the Cre-
taceous. It may have been related to locally
rising base level, as indicated by regionally
diachronous onset of thick coal accumula-
tion (Fastovsky, 1987; Izett, 1990; Nichols
and Brown, 1992).

The change to more deeply weathered
soils may have been due to strong acids such
as nitric acid generated during atmospheric
shock by an extraterrestrial bolide (Zahnle,
1990), sulfuric acid generated by massive vol-
canic eruptions (Sigurdsson, 1990), vapor-
ization of evaporites during impact (Si-
gurdsson and others, 1992), or weak acids
such as the organic acids of swamp waters or
carbonic acid of normal rainfall (Retallack,
1990). These alternatives cannot be teased
- apart at Bug Creek, because Sikahk pa-
leosols at the boundary are too well devel-
oped to record a short-term pulse of acid
rain, and the whole landscape was buffered
by calcareous alluvium. Such time scales of
only a few years are represented by a thin
(1.5 cm) kaolinitic boundary claystone at
Brownie Butte, Montana, which contains
sparse root traces, clay skins, and other fea-
tures of a very weakly developed paleosol
(Fastovsky and others, 1989). The kaolinitic
boundary bed at Brownie Butte and else-
where in North America (Izett, 1990) could
be evidence of a massive pulse of acid rain
over too short a period to be reflected in
coeval moderately developed paleosols at
Bug Creek.

There is no evidence from paleosols for
pronounced changes in seasonality or tem-
perature; drab profiles with clay skins and
deeply penetrating root traces, fossil char-
coal, and strongly bioturbated paleosols per-
sist into the Paleocene. Fossil plants are well
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preserved in these paleosols and more in-
formative on these issues. Slightly declining
leaf size and a dramatic decline in the per-
centage of entire-margined fossil leaves
across the Cretaceous-Tertiary boundary in
North Dakota and eastern Montana have
been taken as evidence of slightly drier and
markedly cooler climate (Johnson and
Hickey, 1990). However, this could be an
artifact of preferential survival of early suc-
cessional archaic hamamelid angiosperms
with dentate to crenate margins in a post-
traumatic recovery flora, as argued for fossil
floras of the Raton Basin of Colorado and
New Mexico by Wolfe and Upchurch
(1987b). A similar transition flora, including
a fern spike immediately above the bound-
ary, has long been known from palynological
studies of the Cretaceous-Tertiary boundary
in eastern Montana (Norton and Hall, 1969;
Smit and others, 1987; Hotton, 1988). The
idea of long-term cooling across the
boundary is undermined by the persistence
into Paleocene rocks of palm leaves (John-
son, 1989) and screw pine pollen (Hotton,
1988). A controversial claim for local freez-
ing for a few years, based on supposed frost-
deformed fossil leaf cuticles from Cre-
taceous-Tertiary boundary beds at Teapot
Dome, Wyoming (Wolfe, 1991; Nichols and
others, 1992), is not supported by any ap-
parent frost heave structures in paleosols at
Bug Creek.

Ancient Vegetation. The type Sikahk clay
at the Cretaceous-Tertiary boundary is evi-
dence of a forest ecosystem like that envis-
aged for Otssko paleosols sharply overlain
and overprinted by swamp vegetation like
that envisaged for Sik paleosols. Pedogenic
features of this paleosol lack the resolution
now needed to unravel vegetation changes
across the Cretaceous-Tertiary boundary,
but its carbonaceous composition encour-
ages confidence that its palynological record
of vegetation change is representative (Re-
tallack and others, 1987). From pollen pre-
served in the Sikahk paleosol in the Bug
Creek area, diverse Cretaceous forests were
temporarily replaced by vegetation domi-
nated by ferns, and then a low-diversity as-
semblage of angiosperms (Rigby and others,
1987; Smit and others, 1987; Hotton, 1988).
The transition flora is also represented in
the Bug Creek area by some palynological
preparations from a Sik paleosol above the
“Bug Creek anthills” Jocality (sample
DR-A1 of Hotton, 1988) and by a small col-
lection of leaves from a Maka Series pa-
leosol within the “Big Bugger” paleochan-
nel (Table 3). Lost at the boundary were

many dicots, including archaic lauraleans,
magnoliids, the little-known producers of
Aguilapollenites and Wodehousia pollen, as
well as cycadlike leaves. Wolfe and Up-
church (1987b) argue that these plants of
stable soils were casualties of traumatic de-
stabilization by bolide impact, with initial
colonization by ferns and then early succes-
sional deciduous angiosperms.

Former Animal Life. Bug Creek has fea-
tured prominently in arguments for gradual
extinction of dinosaurs (Sloan and others,
1986), but recent surveys of nearby fossil
fields have shown an abrupt extinction
(Sheehan and others, 1991). Supposed evi-
dence of gradual extinction has been under-
mined by a variety of recent discoveries. Di-
nosaur remains now appear to have been
reworked from Cretaceous rocks into at
least a few Paleocene channels (Lofgren and
others, 1990). The 2 m gap between the last
dinosaur bone in paleosols and the Ir anom-
aly, shocked quartz, fern spike, and other
evidence of extraterrestrial impact at the
Cretaceous-Tertiary boundary, seen at Bug
Creek (Fig. 4) as at many other boundary
sections, could be a statistical artifact of the
reduced likelihood of finding generally rare
fossils near the end of their stratigraphic
range (Signor and Lipps, 1982) or a tapho-
nomic artifact of poor preservation in non-
calcareous paleosols near the boundary
(Retallack and others, 1987). Both now
seem likely. Lockley (1991) has discovered
large hadrosaur tracks on sandstone sepa-
rated by only 37 cm of coal from the Ir layer
in Colorado. Sheehan and others (1991)
found bone within 60 cm of the boundary
near Glendive, Montana. Jan Smit found a
marrow “ghost” of a large vertebra encap-
sulated in fossil root traces within the Maka
paleosol only 1 m below the lower Z coal in
the Bug Creek area (Rigby and Rigby,
1990). Dinosaur bone also has been found
within 1 m of the boundary at Dogie Creek,
Wyoming (Bohor and others, 1987), and a
skeleton of Thescelosaurus was found 1.5 m
below the boundary at Sand Arroyo, Mon-
tana (Galton, 1974). Such rare finds are the
result of increasingly intense scrutiny of the
boundary interval. Poor preservation of the
bone is to be expected considering the non-
calcareous nature of the paleosols (Retal-
lack, 1984) and their degree of weathering
revealed here (particularly alumina:bases
ratios of Fig. 5). Acidic dissolution of bone
may also be the reason why, with the possi-
ble exception of the “Bug Creek anthills”
fauna, accumulations of dinosaut bone are not
found at the Cretaceous-Tertiary boundary.
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In eastern Montana, the Cretaceous-Ter-
tiary boundary was a time of abrupt extinc-
tion of almost all land herbivores and car-
nivores, primarily dinosaurs, but survival of
a variety of presumably insectivorous and
scavenging mammals and birds, and of al-
most all aquatic and amphibious creatures
(Sheehan and Fastovsky, 1992). This pat-
temn, together with a decline in angiosperms
in favor of conifer dominance, and the
decline of insect pollination in favor of
wind pollination (Hotton, 1988; Johnson
and Hickey, 1990) are explicable as a result
of acid rain and more humid climate at
the Cretaceous-Tertiary boundary. Acid-in-
duced oligotrophy of such well-buffered
soils can be predicted to shift dominance
from protists to fungi, from earthworms to
microarthropods, from snails to slugs, and
from herbivorous to saprophytic insects,
considering what is known about the soil bi-
ology of eutrophic versus oligotrophic eco-
systems (Waliwork, 1976; Pelczar and oth-
ers, 1986). In such an acid rain crisis,
limestone caves could have been important
refugia for birds, mammals, amphibians,
and small reptiles.

Paleotopography. The close juxtaposition
of the moderately drained lower part and
poorly drained upper part of the type Sikahk
clay could be interpreted as a paleotopo-
graphic change but was not an especially
profound one, because even the Otsskolike
lower part of the Sikahk paleosol probably
had a water table within a meter of the sur-
face, as indicated by high FeO/Fe,O; ratios
(Fig. 5). Similar modern profiles are com-
mon in fluviodeltaic settings such as the up-
per delta plain of the Mississippi River and
are a natural product of subsidence of levees
below swamps and lagoons after channel
abandonment (Coleman, 1988). There were
two or three additional moderately devel-
oped coaly paleosols above the lower Z coal
(Fig. 4), indicating that swampy lowland
landscapes and rates of subsidence compa-
rable to those in the Hell Creek Formation
persisted for several thousand years into the
Tertiary (as estimated from time for forma-
tion of Sik paleosols; Table 3). At some time
before the accumulation of the uppermost Z
coal, however, there was unusually deep
channel downcutting by 20 m or more
(Fig. 10; by the “Big Bugger” of Smit and
others, 1987). From then on paleosols are
not so well developed and are well spaced in
the sequence. These are indications of a dra-
matic increase in the rate of sediment accu-
mulation, probably due to regional uplift of
the ancestral Bighorn Mountains and Black
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Hills (Cherven and Jacob, 1985). A time of
gully erosion represented by the “Big Bug-
ger” paleochannel represents a time of geo-
morphic adjustment between the relatively
stable lowland alluvial plain of Cretaceous
to earliest Paleocene time, and the rapidly
aggrading, yet even more swampy, alluvial
outwash of Paleocene time.

Parent Material. Sediment composition
across the Cretaceous-Tertiary boundary re-
flects a mix of materials derived from a vol-
canic arc developed on metamorphic rocks
of the Cordillera and sedimentary rocks
from the rising Rocky Mountains, inciuding
forerunners of the Bighorn Mountains and
Black Hills. Starting with filling of the “Big
Bugger” paleochannel at a time significantly
into the Paleocene, carbonate and other
sedimentary clasts begin to dominate the vol-
canic component (Cherven and Jacob, 1985).

Time for Formation. The type Sikahk clay
paleosol includes the palynological Creta-
ceous-Tertiary boundary and a weak Ir
anomaly some 10 to 20 cm below the contact
between claystone and coal. It probably
formed for some 10 000-60 000 yr before
the boundary, as for comparable Otssko pa-
leosols, and is overlain by 15 cm of coal.
Woody peats typically accumulate at rates of
0.5~1 mm/yr (Moore and Bellamy, 1973; Re-
tallack, 1990), so assuming a compaction of
the coal to 25% of peat thickness (Cherven
and Jacob, 1985), this coal represents some
600 to 1200 yr. As a record of events before
and at the boundary, this paleosol has a res-
olution of only tens of thousands of years,
but the coaly surface (O) horizon has a high-
resolution palynological record (Smit and
others, 1987; Hotton, 1988).

The total thickness of Z coals, beneath
and excluding the uppermost Z coal, is 42
cm (Fig. 4). Using the same method of es-
timating from coal thickness, the time
elapsed between the Cretaceous-Tertiary
boundary and the erosional downcutting of
the “Big Bugger” that truncates these coals
would have been ~3000 yr (16803360 cal-
culated) for peat accumulation and 4000 yr
for development of Makalike underclays.
Several thousand years also is represented
by the upper Z coal, some 38 cm thick.

Early Paleocene

Paleoclimate. The type Komono clay is
one of the few moderately developed Paleo-
cene paleosols lacking coal and so poten-
tially the most useful indicator of paleo-
climate, as opposed to a swamp soil
microclimate. The Komono clay is impres-

sively leached of alkalies and alkaline earths
(high alumina:bases ratio of Fig. 8) com-
pared with its calcareous parent materials,
and yet the degree of clay enrichment
(Fig. 8) and persistence of some relict bed-
ding are indications of weak to moderate
development. This is evidence of a humid
climate, probably well in excess of 1200 mm
mean annual precipitation by comparison
with the calcic/noncalcic boundary in Qua-
ternary soils (discussed by Yaalon, 1983;
Retallack, 1994).

There is no clear evidence from paleosols
for change in mean annual temperature or
in seasonality in Paleocene compared with
Cretaceous time. Charcoal is as common in
Paleocene as Cretaceous swamp paleosols
(Rigby and Rigby, 1990), and as abundant as
in modern, seasonally dry swamps such as
the Okefenockee Swamp of Georgia (Izlar,
1984).

Ancient Vegetation. Taxodiaceous coni-
fers such as water pine (Glyptostrobus) be-
came very abundant in widespread swamps
during Paleocene time, as indicated by fossil
foliar spurs and pollen associated with Sik
paleosols (Fig. 11, Table 3). Both short-
leafed evergreen (cupressoid) and long-
leafed deciduous (taxodioid) foliage of
Glyptostrobus have been found, presumably
a reflection of seasonal variation in water or
nutrient availability (Chaney and Axelrod,
1959; Hickey, 1977). Fossil stumps in one of
the Sik paleosols (at 35 m in Fig. 4), and
fossil logs in many of them, are evidence that
these were swamp woodlands. They also in-
cluded ferns and a variety of deciduous an-
giosperms, in vegetation generally similar to
that of Okefenokee Swamp, Georgia (Best
and others, 1984). Some Paleocene wetlands
may have been fern dominated (Hotton,
1988), but such marshes were not as com-
mon here in the Williston Basin as in coeval
wetlands of the Powder River Basin to the
southwest in Wyoming (Nichols and Brown,
1992).

Plants probably lost their leaves during a
short dry season, when the water table was
low, as indicated by deeply penetrating root
traces, slickensided clay skins, chemical
weathering beneath the coals (Figs. 7 and 8),
and abundant charcoal (Rigby and Rigby,
1990). Extinct deciduous relatives of syca-
more and katsura remained prominent in
colonizing forests of clayey levees (Maka
Series) and in midsuccessional forests of
seasonally wet flood plains (Komono Se-
ries). Also common in midsuccessional for-
ests was a cypress (Cupressinocladus inter-
ruptus leaves of Johnson, 1989; better
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Figure 10. Interpreted pedotypes and representative fossil plants and animals within a
sedimentary framework (established by facies analysis) in eastern Montana during earliest
Paleocene time. Breaks in scales between vegetation and soil and between landscape and
sediments have been used to emphasize details of pedotype profiles and sedimentology.
Ticked lines represent paleosols, and stipple pattern is for paleochannels. Other lithologic

symbols are as for Figure 4.

understood as the cones Mesocyparis bore-
alis of Mclver and Basinger, 1987). All the
paleosols were either waterlogged or
strongly depleted of nutrients, so these were
oligotrophic woodland ecosystems.

Former Animal Life. Paleocene Komono
paleosols were noncalcareous and so not
suitable for preservation of bone (Retallack,
1984). Fossil vertebrates found in Maka and
Sik paleosols included crocodiles, champso-
saurs, and turtles (Table 3), which are all
interpreted as aquatic creatures. Calcareous
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paleochannel sandstones in the Bug Creek
area have preserved a record of the dra-
matic early Paleocene adaptive radiation of
a variety of small arboreal mammals
(Archibald, 1982; Archibald and Bryant,
1990; Sloan and others, 1986). Among abun-
dant fish, amphibians, reptiles, and birds
from these Paleocene paleochannels were
large boas, birds, champsosaurs, and croco-
diles (Estes and Berberian, 1970). With the
disappearance of dinosaurs, these commu-
nities with so few large terrestrial animals

would have been unusual by comparison
with modern North American swamps, such
as the Okefenokee swamp of Georgia, with
its deer, black bear, and cougar (Laerm and
others, 1984).

Paleotopography. The abundant coals of
the Paleocene Tullock Formation are evi-
dence of a coastal plain west of the Cannon-
ball Sea of North Dakota (Fig. 11; Cherven
and Jacob, 1985). Swamp woodlands were
dissected by sinuous streams (Diemer and
Belt, 1991) whose levees were less perma-
nently saturated and so probably more ele-
vated than the adjacent channel or back-
swamp, thus allowing subsurface clay
accumulation in some paleosols (type
Komono clay).

Parent Material. Paleochannels and
other sedimentary parent materials of Pa-
leocene paleosols are moderately to strongly
calcareous, with slightly more common
clasts of carbonate and shale than lower in
the sequence studied. Overall, sedimentary
parent material remained quartzofeld-
spathic in composition, and neither heavy
minerals nor clay composition changed ap-
preciably across the Cretaceous-Tertiary
boundary at Bug Creek (Bell, 1965). In-
creased carbonate clasts may be related to
ongoing uplift of the Bighorn Mountains
and Black Hills and their Paleozoic lime-
stones (Cherven and Jacob, 1985).

Time for Formation. Maka paleosols are
very weakly developed and represent only
hundreds of years of soil formation, but
weakly to moderately developed Komono
paleosols may represent several thousands
of years (Table 3). These are radiocarbon
age estimates for Commerce, Sharkey, and
Mhoon soils of the modern Mississippi
Delta (Matthews, 1983, 1984), which show
profile differentiation and destruction of
bedding comparable with the paleosols.

Most of the Paleocene paleosols in the
studied section were Sik pedotypes, which
are lignites formed from logs and, in some
cases, stumps of swamp woodland trees. Be-
cause tree roots require oxygen to live, the
accumulation of peat in swamp woodlands is
scaled close to the rate of growth of frees. At
high rates of subsidence trees are flooded by
lakes, and at low rates peat decays as fast as
it accumulates. Bald cypress in the Okefeno-
kee Swamp of Georgia has accumulated 5.9
m of peat in 7000 yr (Cohen, 1985), for a
long-term accumulation rate of 0.84 mm/yr.
Marsh peats of the Mississippi Delta (Fra-
zier and Ozanik, 1969) and Sphagnum peats
of alpine bogs (Moore and Bellamy, 1973)
accumulate at faster rates, but woody peats
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sediments have been used to emphasize details of pedotype profiles and sedimentology.
Ticked lines represent paleosols, and stipple pattern is for paleochannels. Other lithologic
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typically accumulate at long-term rates of
0.5-1 mm/yr (Retallack, 1990). At these
rates and a likely compaction of Tullock lig-
nites to 25% of former peat thickness (Cher-
ven and Jacob, 1985), a range of estimates of
the time in years for accumulation of each
coal can be calculated by multiplying thick-
ness of the coal (in centimeters from Fig. 4)
by 40-80. The thinnest coal seen was 6 cm
thick (240-480 yr), and the thickest was 60
cm (2400-4800 yr), although one seam had
116 cm of coal (5760-9280 yr) divided by

1394

four thin claystone beds. To this can be
added ~500 yr for each Makalike underclay,
representing disruption of bedding by
deeply rooted vegetation prior to peat ac-
cumulation. These estimates seem low con-
sidering that there is an aggregate thickness
of coal of 144 cm representing ~10 000 yr
(5760-11 520) of peat accumulation and
3500 yr of underclay development between
the basal Z coal and the top of the Y coals,
an interval that represents ~200 000 yr of
magnetic Chron 29R (Archibald and others,

1982; Courtillot and others, 1990; d’'Hondt
and Herbert, 1992). These estimates do not
include time missing in the erosional scour
of paleochannels such as the “Big Bugger,”
which could amount to tens of thousands of
years.

General Comparisons. Considered from
the perspective of the F.A.O. world map of
soils, the suite of common Dystric Histosols,
with less abundant Dystric Fluvisols and
Dystric Gleysols in the Tullock Formation is
most like soil assemblages of coastal swamps
in El Salvador, Honduras, Panama, Costa
Rica, Nicaragua, and Belize (map units
Od7-2a and Od7-3a of F.A.O., 1975a); the
Mississippi Delta in Louisiana; the Dismal
Swamp in Virginia and North Carolina; the
Sacramento Delta in California; the
Okefenockee Swamp in Georgia; and the
eastern Everglades in Florida (Fig. 1; map
unit Odl-a of F.A.O., 1975b). Sik paleosols
were peaty and had gleyed underclays like
Pamlico soils of Okefenokee and Oke-
chobee Swamps in Florida and Georgia
(McCollum and Pendleton, 1971; Howell,
1984; Coultas and Duever, 1984) and Bar-
bary muck soils of the Mississippi Delta in
Louisiana (Matthews, 1983, 1984). Missis-
sippi Delta-plain soils similar to Maka and
Komono paleosols in their limited destruc-
tion of silty laminae are Mhoon and Sharkey
soils, respectively (Lytle and others, 1956;
Matthews, 1983, 1984; Trahan and others,
1989). Mississippi Delta swamps dominated
by deciduous taxodiaceous conifers (Taxo-
dium distichum), levees colonized by live
oak (Quercus virginiana), and frost-intoler-
ant palmetto (Sabal minor; Frazier and Oza-
nik, 1969) also are floristically similar to the
fossil flora of the Tullock Formation.

DISCUSSION

Cretaceous-Tertiary sediments of eastern
Montana are well suited for comparison of
different approaches to the study of pa-
leosols because they are varied in sedimen-
tary facies, richly fossiliferous, and recently
studied in detail by many investigators. In-
dividual lignite seams can be regarded as
geosols, but other kinds of paleosols are too
numerous and poorly exposed for a geosol
approach to be useful for them (Fig. 3). Lat-
eral correlation of many paleosols is ham-
pered by imperfect exposures and abundant
paleochannels, and these limitations have
also made facies and pedofacies mapping
difficult and controversial (Fastovsky and
Dott, 1986; Rigby and others, 1987). Ped-
otypes, in contrast, carry no implication of
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lateral mappability. The pedotype approach
emphasizes profiles, many of which can be
recognized in trenches excavated to improve
the slumped badlands exposures of clay-
stones at Bug Creek (Fig. 4). Each paleosol
does not need a separate name, because the
pedotype approach merely groups similar
profiles together. In emphasizing whole pro-
files, pedotypes present unique combina-
tions of features and allow identification of
profiles within classifications of soils, unlike
the more generalized consideration of fea-
tures of paleosols used in sedimentary facies
and pedofacies studies. On the other hand,
pedofacies and geosol approaches to pa-
leosols can more rapidly establish the dis-
tributions of paleosol features stratigraph-
ically and within sedimentary facies, because
they do not require trenching and support-
ing laboratory analysis of the pedotype ap-
proach. Pedotypes, pedofacies, and geosols
are alternative nongenetic approaches to
the study of paleosols.

Pedotypes can serve as a basis for inter-
pretation of paleoenvironments comple-
mentary to community paleoecology and
sedimentary facies analysis. Pedotypes pro-
vide a basis for grouping fossil assemblages
into paleoecosystem types and are especially
useful for collating sparse fossil data, as in
the Sapakot and Spatsiko pedotypes at Bug
Creek. Pedotypes can be recognized within
sedimentary facies, which provide a frame-
work for reconstructing their paleotopo-
graphic position (Figs. 9-11). Pedotype in-
terpretations also provide new perspectives
on paleoenvironments not attainable by
other means.

Pedotypes allow reassessment of the fossil
record. At Bug Creek, interpretation of
pedotypes as preservational environments
for fossils lends support to inferences of cat-
astrophic disruption of plant communities
(Hotton, 1988; Johnson and Hickey, 1989)
rather than gradual change in vertebrate
fossils (Sloan and others, 1986). Most of the
paleosols are drab colored and rich in or-
ganic matter (Figs. 5~8) and so are favor-
able to the preservation of fossil plants. In
contrast, only a few of the paleosols are cal-
careous enough to preserve fossil bone,
most of which is found in mixed and trans-
ported assemblages of paleochannels (Re-
tallack and others, 1987).

Pedotypes also allow reassessment of sed-
imentation rates and processes, largely be-
cause they indicate the lengths of time be-
tween sedimentary events. Paleosol spacing
and development (Fig. 4) are evidence of a
profound discontinuity some distance above
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the Cretaceous-Tertiary boundary when
sedimentation rates accelerated. Across the
Cretaceous-Tertiary boundary itself, how-
ever, which is marked by a change to more
coaly facies, sedimentation remained rela-
tively steady and slow, with accumulation of
a succession of moderately developed pa-
leosols. The time for formation for each pa-
leosol estimated by comparison with soils
(Table 3) allows assessment of rate of sed-
iment accumulation, and these estimates
tally well with paleomagnetic estimates for
the duration of this section. This is a rela-
tively high-resolution record of the Creta-
ceous-Tertiary boundary for a sequence of
paleosols that by definition includes numer-
ous small breaks in sedimentation. The in-
dividual breaks in sedimentation also can be
identified and their relative magnitude
estimated.

Finally, pedotypes are records of past eco-
systems. It is remarkable how little local
soils changed following the disruption of
plant and animal communities at the Cre-
taceous-Tertiary boundary. There are indi-
cations of crisis at the boundary, but they are
slight and of shorter duration than the mod-
erately developed paleosols at the boundary
at Bug Creek. Peaty soils were much more
widespread after the boundary than before,
but this was local facies shift of a kind seen
many times in the Western Interior during
Late Cretaceous time (Jerzykiewicz and
Sweet, 1988). Peaty soils, clayey moderately
drained soils, and nearstream sandy and
clayey soils were present both during the lat-
est Cretaceous and earliest Paleocene.
Comparable modern soils can be found in
lowland southwestern United States and
parts of Central America. The striking ex-
tinctions of plant (Hotton, 1988; Johnson
and Hickey, 1990) and vertebrate species
(Sheehan and others, 1991; Sheehan and
Fastovsky, 1992) seem out of all proportion
to the slight paleoenvironmental changes in-
dicated by paleosols. In terms of species,
Late Cretaceous communities were differ-
ent from those of the earliest Paleocene, but
in terms of ecosystem properties reflected in
paleosols, early Paleocene flood-plain for-
ests were only a little more oligotrophic than
comparable Cretaceous ecosystems. The
theater and much of its fundamental orga-
nization survived, though many of the play-
ers and subplots did not.
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