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DINOSAURS AND DIRT
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ABSTRACT—Many dinosaur fossils are found on and in the soils they trod in life. Bone is abundant in calcareous or smectitic paleosols
that were alkaline in chemical reaction when forming, but bone dissolves in acidic soil and leaf litter. Dinosaurs from rock sequences
with non-calcareous paleosols are known from footprints and bones in paleochannels (Dakota Formation, Kansas; Weald Clay, Britain;
Otway Group, Australia). The best known dinosaur faunas come from sequences of red paleosols with calcareous nodules (Chinle
Group, Morrison and Two Medicine Formations, western U.S.) or drab paleosols with smectite clays (Hell Creek Formation, Montana;
Horseshoe Canyon and Oldman Formations, Alberta).

Red calcareous soils similar to paleosols yielding latest Triassic to Late Cretaceous saurischian dinosaurs are now found in dry
climates (600-900 mm m.a.p). This is the climate of East African game parks, but these are poor analogues for the environment of
dinosaurs because they are grasslands. There were Late Cretaceous marsh grasses, but there is no evidence of sod-forming dry-land
grasses or of their distinctive granular ped structures in paleosols earlier than middle Miocene. Calcareous red paleosols of the upper
Chinle Group and Morrison Formation have woody root traces and subsurface horizons of clay accumulation most like soils of dry
open woodland. In contrast, paleosols containing early Late Triassic therapsids and Late Cretaceous ornithischian dinosaurs are more
carbonaceous yet still calcareous, indicating more effective ground cover in dry forests than during Jurassic time.

Assemblages of bones from paleosols can reveal formerly preferred habitats. Late Triassic dinosaurs of the Chinle Group were found
in paleosols of dry forest, but therapsids in swampy paleosols. Late Cretaceous hadrosaurs of the Two Medicine Formation were found
in well-drained paleosols, whereas associated ceratopsians were in swampy paleosols. In contrast, there is no evidence of habitat

preference in red calcareous paleosols of saurischian dinosaurs within the Morrison Formation.

INTRODUCTION

UCH OF THE WAY we see dinosaurs comes from the mind’s
eye of gifted artists such as Charles Knight, Eleanor Kish
and Gregory Paul. Dinosaur reconstructions are not only tri-
umphs of imagination, but hypotheses of dinosaur posture and
habits testable from the evidence of bones and teeth (Czerkas
and Olson, 1987). Landscapes and vegetation of dinosaur recon-
structions have been thought to reflect a higher ratio of imagi-
nation to evidence, because dinosaur bones with all their glori-
ous detail are not often preserved along with fossil plants. In
this paper I aim to show that landscapes and vegetation of di-
nosaur reconstructions are also testable hypotheses that must sat-
isfy the evidence of paleosols in which many dinosaurs are
found. Paleosols not only preserve dinosaur fossils, but give
information on preservational biases, including an explanation
for the common observation that fossil bones and plants are
seldom found together.

Paleosols are ancient soils. They can be recognized in sedi-
mentary sequences from a variety of features including fossil
root traces, gradational layering comparable to soil horizons and
distinctive hackly structures comparable to soil peds and cutans
(Figs. 1, 2: Retallack, 1990). Many paleosols are now recognized
in sedimentary rocks, but unlike sedimentary structures, paleo-
sols represent times of non-deposition and plant growth in de-
positional basins. Indeed, the degree of development of soil ho-
rizons in paleosols can be used to estimate the duration of the
hiatus in deposition, and sequences of paleosols can be used to
calculate rates of sediment accumulation (Retallack, 1986; Bown
and Kraus, 1993a,b). Root traces, burrows and other trace fossils
are common within paleosols, but unlike trace fossils, a paleosol
is a trace of an entire ecosystem rather than of an individual.
Unlike fossils, paleosols are by definition in the place they
formed and not transported. Particular kinds of paleosols are
characteristic of forests and woodlands, but unless there are as-
sociated fossils it may not be possible to determine whether the
forest was dominated by Eucalyptus, Acacia or Quercus (Retal-
lack, 1991b). Particular features of paleosols also are indicative
of paleoclimate, paleotopographic setting and the parent material
from which the differentiated part of the profile formed (Retal-
lack, 1994b). There are of course problems with alteration of
paleosols after burial (Retallack, 1991a), but each paleosol rep-

resents a distinct ancient environment. This outline initiates their
study by naming different kinds of paleosols as pedotypes (in
the sense of Retallack, 1994a) from some well known dinosaur-
bearing formations in the western U.S.

FOSSIL PRESERVATION IN PALEOSOLS

Particular kinds of paleosols not only indicate the paleoenvi-
ronments of dinosaurs preserved in them, but their environment
of preservation. Unlike the beautifully articulated skeletons of
duckbills entombed in paleochannel sandstones of Dinosaur Pro-
vincial Park in Canada (Dodson, 1971), the preservation of di-
nosaurs in paleosols is not always a question of sudden and
accidental death. Such catastrophically sampled dinosaurs are
known from paleosols, for example the herd of small theropods
from Ghost Ranch, New Mexico (Colbert, 1995). More often
however, dinosaurs are found as naturally weathered fragments,
stained and cracked by exposure, in the paleosols on which they
died. Preservation of such an attritional assemblage of dinosaurs
requires alkaline soil pH, because the calcium phosphate of bone
is dissolved in acidic soils and even in unpolluted rain (pH 5.6:
Retallack, 1984). Dinosaur egg and fossil snails and clams with
their calcium carbonate shells are even more sensitive to acid
(Carpenter et al., 1994).

Using a pH meter directly on a paleosol is not useful because
groundwater during burial resets the pH of paleosols, but indi-
cations of former alkaline pH include the abundance of calcium
carbonate nodules and smectite clays in paleosols (Retallack,
1990). Formerly acidic soils lack pedogenic carbonate and have
more deeply weathered clay minerals like kaolinite. It is no ac-
cident that the great dinosaur-bearing formations of the world
have abundant calcareous and smectitic paleosols: Triassic Chin-
le Group of Arizona (Kraus and Middleton, 1987), Jurassic Mor-
rison Formation of the western U.S. (Bakker, 1986), Cretaceous
Two Medicine Formation of Montana (Rogers, 1990), Creta-
ceous Hell Creek Formation of Montana (Retallack, 1994a). The
best known dinosaur babies, eggs and nests of Montana, Mon-
golia, southern France and India also are in highly calcareous
paleosols (Carpenter et al., 1994). Dinosaurs also are known
from formations with non-calcareous and kaolinitic paleosols
such as the mid-Cretaceous Dakota Formation of Kansas (Eaton,
1960; Retallack and Dilcher, 1981a,b), the early Cretaceous Ot-
way Group of Victoria, Australia (Rich and Rich, 1993; Retal-
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FIGURE I—This outcrop shows an abruptly truncated top overlain by
sandstone, and gradational horizons down from there of carbonaceous
siltstone, gray claystone and mottled red claystone. all characteristic of
a paleosol. It also includes large agatized stumps. It is the Late Triassic
(Carnian) Nastaan pedotype in the Blue Mesa Member, Petrified Forest
Member, Chinle Group, at the Giant Logs area of southern Petrified
Forest National Park, Arizona.

lack, personal observations) and the early Cretaceous Weald
Clay of Britain (Kennedy, 1978; Retallack personal observa-
tions). In these formations however, bones of any kind are rare
and found in lacustrine or channel facies.

Preservation of dinosaur bone and snail shells in paleosols
depends upon high pH, whereas fossil skin, leaves and wood
are preserved under conditions of low to negative Eh (Fig. 3).
In well drained soils where most terrestrial animals live, Eh is
high and positive, and such conditions are reflected in yellow,
brown and red soil color from iron hydroxide minerals such as
goethite and iron oxides such as hematite. Under these condi-
tions an active community of aerobic microbes decomposes or-
ganic matter. This decomposer community must be suppressed
either by waterlogging or extreme aridity for preservation of
organic remains. Waterlogged conditions are reflected in paleo-
sols by gray to green colors and coaly layers. Extreme aridity
allows persistence of soluble salts such as gypsum in the soil
(Retallack, 1990). Waterlogged habitats such as swamps and
marshes are most common in humid climates where soils are
leached of carbonate and bone by rain and organic acids from
plant decay. Thus, fossil plants are best known from environ-
ments of low pH and low to negative Eh, whereas bones of land
animals are best known from environments of high pH and high
to positive Eh. This is why coal measure facies are so rich in
fossil plants, but generally poor in fossil vertebrates (Retallack,
1984). Conditions of low pH and high to positive Eh also are
common. This is the nature of soils supporting such diverse and
productive communities as tropical rain forest (Retallack and
Germén-Heins, 1994), but neither fossil plants or animals tend
to be preserved in or around such paleosols. A fourth combi-
nation is high pH and low to negative Eh, in which both plants
and bones can be preserved together. A few examples of paleo-
sols of this kind are known, for example the Blue Forest locality
and Placerias quarry of the Late Triassic Chinle Group of Ari-
zona (Camp and Welles, 1956; Fiorilio and Padian, 1993) and
the Stan Quarry of the Cretaceous Hell Creek Formation of
South Dakota (Retallack, 1994a). These alkaline, waterlogged
fen and carr environments are rare today and were also uncom-
mon in the past.

Because of the different conditions required for preservation

FIGURE 2—This succession of purple paleosols shows clear light gray
reduction haloes around former root channels, a common early burial
alteration of paleosols. These are Azid pedotypes in the type area of
the Blue Mesa Member, Petrified Forest Formation, Chinle Group of
Late Triassic (Carnian) age.

of bone and organic matter it should not be assumed that fossil
plants and dinosaurs from the same formation necessarily
formed part of the same ecosystem. Fossil plants in the Triassic
Chinle Group (Ash, 1972), Jurassic Morrison Formation (Tid-
well, 1990b) and Cretaceous Hell Creek Formation (Johnson and
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FIGURE 3—Hypothetical Eh-pH condition for preservation of a variety
of different kinds of fossils (reprinted with permission from Paleo-
biology).
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Hickey, 1990) are found in drab-colored to coaly sediments and
paleosols different from the brown to red paleosols that have
yielded most of the dinosaurs from these formations. In some
cases the fossil plants are preserved in very weakly developed
paleosols that reflect ephemeral communities early in the eco-
logical succession to colonize ground disturbed by flooding, and
in other cases in local coaly paleosols of local swamps and
marshes (Retallack, 1994a). In contrast, vegetation of the red
and brown dinosaur-bearing paleosols is poorly represented by
plant fossils. The taxonomic composition of “upland floras” en-
countered by dinosaurs can be reconstructed to some extent by
analysis of pollen and spores that wafted into suitable lowland
habitats (Gottesfeld, 1972; Jerzykiewicz and Sweet, 1988). Such
palynofloras are dominated by wind-pollinated and dispersed
plants that are more common in early successional than old
growth communities (Retallack and Dilcher, 1981a,b, 1988).
Fortunately, the general nature of the vegetation that dinosaurs
encountered over most of their habitat for most of the time can
be reconstructed from paleosol data (Retallack, 1990).

CHINLE GROUP

My own examination of paleosols in the Chinle Group has
been limited to the Blue Mesa Member of the Petrified Forest
Formation in southern and central Petrified Forest National Park,
Arizona. These colorful red, purple and gray mottled claystones
contain some of the most spectacular assemblages of agatized
fossil wood, and have diverse assemblages of fossil leaves
(Daugherty, 1941; Ash, 1970, 1972; Gottesfeld, 1972), trace fos-
sils (Hasiotis and Dubiel, 1993, 1995) and vertebrates (Jacobs
and Murry, 1980; Murry and Long, 1989; Lucas and Hunt,
1993a,b; Hunt, 1994; Parrish, 1993; Hunt and Lucas, 1994
Kaye and Padian, 1994). Largely on the basis of fossil verte-
brates the beds have been dated as Late Triassic (Carnian or
Adamanian local faunachron of Lucas and Hunt, 1993b). At that
time northern Arizona and adjacent states were part of a broad
floodplain of meandering streams draining northwest between a
cordilleran volcanic arc and the ancestral Rocky Mountains into
coastal lakes and the Eopacific ocean (Blakey and Gubitosa,
1983; Riggs et al., 1996).

Color mottling and banding that makes these beds so pictur-
esque comes from a variety of paleosols (Kraus and Middleton,
1987) that are here named using the Najavo language (Young
and Morgan, 1980). Nastaan (log) paleosols are thick (1-2 m)
and have three distinct horizons: (1) a surface gray claystone
penetrated by fossil root traces and supporting agatized stumps
and logs, (2) a central gray siltstone with root traces and (3) a
subsurface red claystone with scattered drab-haloed root traces.
A fine example of the Nastaan pedotype is exposed in the Giant
Logs area at the south end of the National Park (Fig. 1: SE%
SWi4 NW% S1 T16N R23E Agate House 7.5'). Other compa-
rably thick and differentiated paleosols differ in their purple sub-
surface and are called the Azid (liver) pedotype. There are at
least three profiles of this kind widely exposed in the lower
slopes of Blue Mesa in the central part of the National Park
(Fig. 2: SW¥% NW% NE% S26 T18N R23E Adamana 7.5’). Azid
paleosols include fossil stumps of Araucarioxylon arizonicum in
growth position with deeply penetrating root traces in the Blue
Forest area of the National Park (Gottesfeld, 1972; Ash and
Creber, 1992). Also found in Azid paleosols are remains of phy-
tosaurs (Rutiodon crosbiensis, including lower levels of Dying
Grounds locality of Murry and Long, 1989).

Both Nastaan and Azid paleosols with their subsurface smec-
tite-rich and weakly-calcareous, clayey horizons are similar to
Alfisols, the nutrient-rich forest soils of subhumid climates re-
ceiving some 900-1200 mm rainfall per year (Soil Survey Staff,
1990). A humid-subhumid forested landscape is also indicated
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by thin cuticles, slightly sunken to unsunken stomates and sto-
mates on both sides of fossil leaves (Ash, 1972). Locally com-
mon fossil charophytes, ostracods and bivalves are evidence of
neutral to alkaline groundwater unlikely in a very humid climate
(more than 1500 mm: Kietzke, 1989; Good, 1989). Seasonal
variation in moisture and temperature were probably not so
marked as the monsoonal climates recently proposed from cli-
matic modelling and observations of trace fossils and growth
rings in freshwater clams (Dubiel et al., 1991). The fossil wood
does not show pronounced growth banding (Ash and Creber,
1992). Nor have the diffuse carbonate horizons and complexly
intergrown carbonate and ferruginous concretions of known
monsoonal paleosols (Retallack, 1991a, 1995) yet been reported
in detailed accounts of paleosols of the Chinle Group (Blodgett,
1988; Dubiel et al., 1991). Although many of the fossil logs are
preserved prone in paleochannels, the abundance of paleosols
and fossil stumps is evidence that they were not transported far
in this forested landscape (Fig. 4).

Early reconstructions of Petrified Forest National Park by Paul
Fair emphasized a closed canopy forest of monkey-puzzle trees,
but the “Colbert Murals” of 1976 and 1985 show more open
forests with red clayey gullies and rock outcrops (Gillette, 1986).
Neither of these versions are compatible with evidence from
Nastaan and Azid paleosols. The red clay and gullies of the
“Colbert Murals™ are unlikely to have been exposed in these
forested alluvial bottomlands, and much of the intense red color
is likely to have been produced during burial dehydration (Re-
tallack, 1991a). Nor is there compelling evidence for the dis-
tinctive monkey-puzzle tree form found in some araucarian co-
nifers, because convincing araucarian reproductive structures
have yet to be found and most of the fossil conifer foliage is
scale or needle-leaved (Ash, 1972). Furthermore, living forests
of Araucaria angustifolia in South America grow in more deeply
weathered soils (map units Fhil-3a and Fh2-3h of EA.O., 1971).
Closed canopy, tall forests produce more deeply weathered soils
(Ultisols) than the paleosols, and dry woodlands grow in shal-
lower calcareous soils (Aridisols). Nastaan and Azid paleosols
fall between these two extremes of degree and depth of weath-
ering (Alfisols), and probably supported forests of medium
height with a relatively open canopy. Mapping of stumps in the
Blue Mesa fossil forest of the National Park shows a nearest
neighbor spacing averaging 54 m (n = 23; ¢ = 2.6 m). The
fossil logs average 91-122 cm in diameter and 18-30 m long,
with the biggest some 213 cm diameter and 37 m long (Daugh-
erty, 1941). Using regressions of diameter to height from living
Pinus rigida (Whittaker and Woodwell, 1968) gives a forest 25—
30 m tall, with some trees up to 41 m. This is neither a rain
forest, nor a dry woodland, but an open forest (Smiley, 1985).
Soils comparable to Nastaan and Azid paleosols are widespread
in the Americas under mesic forests generally dominated by
flowering plants (map units Lo8-2a, L.o19-2a of EA.O., 1975a;
Lo2-2c of EA.O. 1971). Comparable soils in the Sierra Madre
Occidentale of Mexico under oak-pine forest (map unit Lo26-
2bc of EA.O., 1975b) may be the closest modern analog to these
Triassic forests.

Fossil plants are best preserved in association with Haltso
(yellowish green) and Tseko (coal) pedotypes in the area around
the Tepees in the central part of the National Park (SW¥% SE%
NE% S22 T18N R23E and SE%4 NW% NW% S22 T18N R23E
Adamana 7.5, respectively). Haltso profiles are simply shales
with plant fossils and root traces. Their flora is dominated in
some places by the large branched horsetail Neocalamites vir-
giniensis and in other places by a more diverse community of
cycadeoids (Laurozamites powellii: Weber and Zamudio-Varela,
1995) and ferns (Phlebopteris smithii: Daugherty, 1941; Ash,
1972: Gottesfeld, 1972). Vertebrate fossils of Haltso paleosols
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FIGURE 4—A reconstruction of soils and vegetation during the Late Triassic (Carnian) deposition of the Blue Mesa Member, Petrified Forest Formation,

Chinle Group in northern Arizona.

include labyrinthodont amphibians (Metoposaurus fraasi) and
aetosaurs (Stagonolepis wellesi, Desmatosuchus haplocerus),
among others (Crocodile Hill locality of Murry and Long, 1989).
Cuticle coals of the Tseko pedotype are dominated by an enig-
matic, possibly gnetalean, plant (Dinophyton spinosus: Ash,
1970; Pigg et al., 1993), and also contain amber (Litwin and
Ash, 1991). Neither Haltso nor Tseko pedotypes are common or
well developed, and both represent only a few tens to hundreds
of years of soil formation, unlike associated Nastaan and Azid
pedotypes with their subsurface clayey horizons differentiated
to an extent seen in soils tens of thousands of years old. Within
the forested landscape of the Late Triassic, Haltso Entisols and
Tseko Histosols represent ephemeral and local habitats. Haltso
paleosols probably supported cycadeoid-fern scrub early in the
ecological succession toward forest, whereas Tseko paleosols
formed in local swamps.

The most prolific source of vertebrate fossils in the Blue Mesa

Member of the Petrified Forest Formation is the Dinilba (gray-
ish) paleosol in the Placerias quarry near Romero Springs,
southwest of St Johns (SW% SW% NW% S14 T12N R27E Sa-
lado 7.5"). The paleosol is a gray slickensided profile with com-
minuted plant debris and root traces. Its calcareous nodules are
at a depth of about 1 m in the profile (Fiorillo and Padian, 1993).
This kind of soil (gleyed Inceptisol) forms in seasonally dry
swamps, where clay illuviation and iron oxidation (seen in Nas-
taan and Azid profiles) was limited by high water table and
flooding for a part of the year. Such a habitat is supported by
the discovery of twigs of the lycopsid Chinlea campii (Miller,
1968) and fish fragments (Jacobs and Murry, 1980; Kaye and
Padian, 1994). However, about two thirds of the 3000 vertebrate
specimens from here belong to the large (2m) dicynodont the-
rapsid Placerias hesternus (this name has priority over P. gigas
of Camp and Welles, 1956, according to Lucas and Hunt,
1993a). The association of this herbivorous therapsid with a ly-
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copsid adds further support to the idea that these wetland plants
were an important element of the diet of Triassic therapsids (Re-
tallack, 1996b, 1997).

The Placerias quarry also has yielded teeth of the small or-
nithischian dinosaur Tecovasaurus murryi (Hunt and Lucas,
1994), as well as fragmentary remains of other possible orni-
thischians, an anchisaurid saurischian and a theropod (Kaye and
Padian, 1994). Little is known of early Late Triassic (Carnian)
dinosaurs in Arizona, and it seems unlikely that Dinilba paleo-
sols represent their preferred habitat when they are such a minor
component of their vertebrate fauna.

The better known theropod dinosaurs Eoraptor and Herrer-
asaurus from the Ischigualasto Basin of Argentina, are of about
the same age (Carnian: Sereno and Novas, 1992; Sereno et al.,
1993; Rogers et al., 1993). This Argentine sequence includes
red and purple mottled paleosols comparable to Nastaan and
Azid pedotypes of Arizona but with more obvious calcareous
nodules (Frenguelli, 1948), which can be taken as an indication
of a drier climate (Retallack, 1994b). Also common in the Ischi-
gualasto Basin are large permineralized stumps, although these
belonged to the broadleaf seed fern Dicroidium odontopteroides
(Archangelsky, 1968; Retallack and Dilcher, 1988). Thus, evi-
dence from both Argentina and Arizona suggests an origin of
dinosaurs in subhumid, open forests.

This conclusion is strengthened by observations of paleosols
associated with the pack of little, articulated, theropod dinosaurs
from Ghost Ranch, New Mexico (Colbert, 1995), which I will
call Coelophysis bauri following a recent claim for conservation
of this name (Colbert et al., 1992), although I see much merit
also in proposals to transfer these fossils to Syntarsus (Paul,
1993) or Rioarribasaurus (Hunt and Lucas, 1993). The mass
death assemblage of articulated Coelophysis from Ghost Ranch
is from the Rock Point Formation of the Chinle Group of very
late Triassic age (late Norian or Apachean local faunachron: Lu-
cas and Hunt, 1993 b,c). The dinosaurs come from weakly de-
veloped red calcareous paleosols (Russell, 1989, p- 35; Lucas
and Hunt, 1993c; Schwartz and Gillette, 1994; Colbert, 1995).
Above the main fossiliferous paleosols is a thicker, red, clayey
paleosol with calcareous nodules. Comparable paleosols of sim-
ilar age are also known in southwestern Colorado (Blodgett,
1988; Lucas, 1993) and in the Petrified Forest of Arizona, and
in the latter case have also yielded Coelophysis (Padian, 1986;
Long and Murry, 1989). These early dinosaurs probably lived
in dry woodlands, as inferred here for comparable paleosols of
the Jurassic Morrison Formation.

In the early part of the Late Triassic (Carnian) woodlands and
forests were taxonomically diverse and structurally complex,
and may have spawned the adaptive radiation of insects (Laban-
diera and Sepkoski, 1993) and mammals (Lucas and Hunt,
1994). These agile new prey items may have encouraged the
evolution of early predatory dinosaurs. Later in the Late Triassic
(Norian) increasingly calcareous and less clayey paleosols in-
dicate a shift to drier climate and open woodland in the western
United States, as well as South America (Frenguelli, 1948) and
South Africa (Kitching, 1979; Retallack, personal observations).
These less productive ecosystems supported communities of
large prosauropod herbivores. The faunal transition toward large
dinosaurian herbivores with a gastic mill has been explained as
either a competitive replacement (Bonaparte, 1982; Charig,
1984) or as an adaptive radiation following mid-Late Triassic
(end-Carnian) extinction (Benton, 1983). Detailed studies of se-
quences of paleosols could reveal whether these communities
changed abruptly or gradually.

The late Triassic decline of broadleaf seed ferns (Dicroidium,
Scytophyllum, Lepidopteris) on humic, gleyed, eutrophic paleo-
sols (Retallack and Dilcher, 1988) is mirrored by the Late Cre-
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FiGUrRe 5—Steeply dipping paleosols of the late Jurassic (Tithonian)
Morrison Formation exposed immediately to the south of the entrance
to the quarry face at Dinosaur National Monument, Utah.

taceous rise of broadleaf angiosperms and ornithischian dino-
saurs in comparable paleosols (Retallack and Dilcher, 1981a,b,
1986). The latest Triassic to Late Cretaceous interregnum of
widespread, red, calcareous, weakly carbonaceous paleosols
with saurischian dinosaurs is well exemplified by the Late Ju-
rassic Morrison Formation of the western U.S.

MORRISON FORMATION

The Morrison Formation famous for Late Jurassic dinosaurs
is widely distributed through the U.S. intermontane west in the
area of the Shoshone Indian language (Miller, 1972), which I
have used to name pedotypes, largely based on exposures at the
entrance to the enclosed quarry at Dinosaur National Monument,
Utah (Figs 5-7: SW% NE% SE% S26 T4S R23E Dinosaur Quar-
ry 7.5"). This locality is in the middle part of the Brushy Basin
Member of the upper Morrison Formation and probably some
149 million years old (Tithonian: Chure et al., 1994).

The Morrison Formation was deposited by streams draining
east from large alluvial fans of the Rocky Mountain front, then
meandering north on a low gradient floodplain into Canada
(Brenner, 1983). In northeastern Utah paleochannels of the Mor-
rison Formation were meandering with depths of 3—7 m, widths
of 30-120 m and meander wavelength of 0.5 to 1.5 km (Derr,
1974).

Humid paleoclimate is indicated by fossil plants in lacustrine
facies of the Morrison Formation in Colorado and coal measures
in Montana, which have yielded most of the compression fossil
flora of the formation (Tidwell, 1990b), but these may not be
relevant to upland environments represented by red paleosols at
Dinosaur National Monument. Of more relevance to environ-
ments represented by the red paleosols are permineralized re-
mains from associated paleochannels, including stems of ferns,
casts of horsetails, stems and seeds of cycadeoids, short shoots
and cones of conifers, and stems of the enigmatic (possibly gne-
talean) Hermanophyton (Tidwell, 1990a; Tidwell and Ash, 1990;
Tidwell and Medlyn, 1992; West and Chure, 1994). These per-
mineralized remains lack pronounced growth rings and indicate
a subhumid to humid, warm paleoclimate without strong sea-
sonality. This is compatible with common illitic clays in the
basal Brushy Basin Member of the Morrison Formation, but not
with the smectitic clays, calcretes and lacustrine cherts of the
middle Brushy Basin Member that have been taken as evidence
of arid to semiarid paleoclimate (Dodson et al., 1980; Petersen
and Turner-Petersen, 1987; Turner and Fishman, 1991).
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Evidence from paleosols can aid in resolving these differences
of opinion. The Ainka (red) pedotype was the best developed of
the profiles seen, and consists of 15 cm of grey-green silty clay-
stone grading down through an interval of drab-haloed root trac-
es into red claystone with calcareous rhizoconcretions and nod-
ules at a depth of 90 cm from the surface (Fig 6). The depth to
the calcic horizon of soils (D) is related to mean annual rainfall
(P) according to the following formula (Retallack, 1994b):

P = 139.6 — 6388D — 0.01303D?

Considering a local burial depth of the Morrison Formation of
some 2.5 km (Hintze, 1988, chart 40) and using a compaction
formula of Sclater and Christie (1980), gives compaction of
some 66%. Mean annual rainfall for the Ainka profile immedi-
ately above the dinosaur bearing sandstone at the Dinosaur Na-
tional Monument can be estimated as 765 * 141 mm, or roughly
600-900 mm. The depth and degree of development of the pro-
file are compatible with a warm climate, and the weakly banded
rhizoconcretions indicate a distinct dry season. This was not as
marked as in monsoonal climates, as these paleosols lack the
diffuse nodular horizon and intergrown carbonate and hematite
of known monsoonal paleosols, such as those of the Miocene
Siwalik Group of Pakistan (Retallack, 1991b, 1995).

Open forest vegetation is likely for the Ainka paleosol con-
sidering its subsurface clayey horizon, calcareous nodules, and
the large woody root traces with drab haloes. The gray surface
of the Ainka paleosol may reflect burial reduction of organic
matter there (Retallack, 1991a), and its lateral continuity implies
at least sparse ground cover. There is no indication of the gran-
ular ped structure found under grasses, nor of fossil charcoal
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that would be expected from chaparral vegetation. Good possi-
bilities for ground cover are rhizomatous lycopods such as Ly-
copodium or cormose lycopods such as Isoetes (suggested by
Tidwell, 1990b; and Retallack, 1996b, respectively) or fern-cy-
cadophyte undergrowth (envisaged by Miller, 1987). Such red,
clayey, calcareous soils of dry climates support relatively open
vegetation, such as the cypress (Callitris) woodlands of central
New South Wales, Australia (Beadle, 1981; map unit Lk13-1/
2ab and Lk10-1/2b of FA.O., 1978b) and the pinyon-juniper
woodlands of Texas, Oklahoma and New Mexico (map units
Lk1-2a, and Lk2-1a of EA.O., 19752a). Recent reconstructions
compatible with this view have been offered by Paul (1987) and
Hallett (1987). Comparison of the depositional environment of
the Morrison Formation with the Grand Chaco of Paraguay and
Argentina (by Moberly, 1960) and with the alluvial plains of the
Huang-Ho and Yangtze-Kiang in China (by Mook, 1916) are
not supported by the evidence of paleosols. The soils of these
areas (map units Xh4-2a of EA.O., 1971 and Gm25-2/3a of
EA.O., 1978a, respectively) are more calcareous than Morrison
paleosols in the Grand Chaco and more gleyed in China. In both
places soils are more influenced by grassy vegetation giving the
granular soil-structure known technically as a mollic epipedon,
which is unknown from the Morrison Formation. For this reason
the grassy game parks of East Africa are inappropriate analogs
for dinosaur communities, although such comparisons may have
heuristic value (Dodson et al., 1980).

Other pedotypes of the Morrison Formation are either very
weakly developed or reflect waterlogging. These were local or
ephemeral parts of the landscape. Tatuih (thin) paleosols are red
with root traces and relict bedding. They probably represent veg-
etation colonizing stream banks after flooding. Pasiampin (sand)
profiles consist of bedded sandstone with rhizomes of horsetails
or other kinds of roots. These represent ephemeral streamside
communities of sandbars. Kusi (gray) paleosols are gray with
thick, slickensided, moderately-calcareous, subsurface horizon,
and probably represent periodically waterlogged parts of the
floodplain. Similar gray shales have yielded fossil horsetails in
Dinosaur National Monument (Chure et al., 1994). Kusi paleo-
sols may have supported tree ferns, horsetails, seed ferns, gink-
gos and other moisture-loving elements of the fossil flora (Tid-
well, 1990a,b).

Different pedotypes recognized in the Morrison Formation
can be used to establish ancient communities of dinosaurs. For
example, dinosaurs were collected from Ainka paleosols in the
Cope Quarry near Garden Park, Colorado (Russell, 1989, p. 71)
and also in the lower part of Como Ridge, Wyoming (Bakker,
1986, p. 105). A Tatuih paleosol has yielded dinosaurs at Riggs’
(1903) Fruita Quarry, Colorado (Russell, 1989, p. 73). A Kusi
paleosol has yielded a diverse assemblage at the Marsh Quarry,
Garden Park (Felch’s YPM Quarry 1 of Ostrom and McIntosh,
1966; Russell, 1989, p. 69). Finally, parts of the paleochannel
sandstone with dinosaurs at Dinosaur National Monument in-
clude Pasiampin paleosols with fossil horsetail plants (West and
Chure, 1994). The dinosaurs shown on my reconstructed paleo-
sols (Fig. 7) reflect these occurrences. The available data do not
yet show clear preferences of particular taxa for particular soils.
It could be that these dinosaurs ranged through a variety of hab-
itats (Dodson et al., 1980).

The common occurrence of sauropods in well drained paleo-
sols support the arguments made by Bakker (1971, 1986) and
Coombs (1975) that large sauropods were not obligate aquatic
creatures. Also pertinent to the habitats of sauropods are the
comparable red calcareous paleosols with sauropod nests and
bones from the Late Cretaceous of Mongolia (Jerzykiewicz and
Russell, 1991), India (Sahni et al., 1994), Utah (Fouch et al.,
1983; Bakker, 1986) and Texas (Lehman, 1989, 1990). Sauro-
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FIGURE 7—A reconstruction of soils and vegetation during the late Jurassic (Tithonian) deposition of the Morrison Formation in western Utah.

pods evidently lived in dry open woodlands of highly-oxidized,
organic-lean soils.

A conundrum posed by these paleosols is how such large
consumers were sustained by such low productivity aridland
gymnosperm vegetation evident from fossil plants and soils. Per-
haps the dinosaurs had very low population numbers, like the
elephants and giraffes of Namibia (Paul and Leahy, 1994). Al-
ternatively this inbalance between secondary and primary pro-
ductivity may be redressed by postulating lower energy require-
ments of ectothermic mid-Mesozoic megafauna in a greenhouse
climate (Russell, 1989; Farlow et al.,, 1995). A high ratio of
secondary-primary productivity generating carbon dioxide and
methane could also partly explain the Mesozoic greenhouse (Ol-
sen, 1993). The influence of this greenhouse began to wane as
more organic-rich paleosols appeared with the rise of flowering
plants in the Late Cretaceous, as indicated by paleosols of the
Two Medicine Formation.

TWO MEDICINE FORMATION

The upper Two Medicine Formation of late Cretaceous (Cam-
panian) age is famous for its dinosaur eggs in nests and baby
dinosaurs both in north central Montana and across the border
in Alberta (Homer, 1994, 1995; Horner and Currie, 1994). My
reconstruction (Fig. 8) is based on observation of paleosols at
nesting sites and other dinosaur quarries in the area of Landslide
Butte, north of Cut Bank, on the Blackfeet Indian Reservation
(Horner, 1984a, 1989, 1992; Rogers, 1990). Their language has

been used to characterize the different pedotypes found (Frantz
and Russell, 1989).

The upper Two Medicine Formation near Landslide Butte was
deposited in a low gradient coastal plain flanked to the west by
alluvial fans from the newly uplifted Rocky Mountain Front and
the east by the waters of the Interior Seaway (Horner, 1984a).
Dinosaurs are most common in this paleosol-rich clayey upper
part of the formation (Rogers, 1990), whereas the angiosperm-
dominated fossil flora is known from the dinosaur-poor lower
part of the formation interpreted as a deltaic plain (Crabtree,
1987).

The fossil nests with eggs, much broken eggshell and bones
of the baby dinosaur Hypacrosaurus stebingeri (Horner, 1994;
Horner and Currie, 1994) are in distinctive gray-green paleosols.
These Istawat (to raise a young animal) paleosols are exposed
in a low knoll within a creek draining Landslide Butte (SW#4
NW¥%4 SW4% S27 T37N R8W Landslide Butte 7.5") and in a
nearby ridge (NW% NE% NE% S28 T37N R8W). They are mas-
sive profiles with few slickensided clay skins or root traces, but
an horizon of calcareous nodules about 60 cm below the surface.
Their drab color indicates both organic matter and perhaps sea-
sonal waterlogging, but the carbonate nodules and root traces
suggest a soil well drained for most of the year (Retallack,
1990). Nests of Maiasaura peeblesorum in the Two Medicine
Formation near Choteau, Montana, also are green-gray in the
center of the nest mound, but they have the brown color of
oxidation and good drainage without any indication of an im-
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FIGURE 8—A reconstruction of soils and vegetation during late Cretaceous (Campanian) deposition of the Two Medicine Formation in northern

Montana.

pervious layer that would perch the water table (Horner and
Makela, 1979; Horner, 1984b). The Choteau paleosols and nests
are also interdigitated with lacustrine carbonates (Horner, 1987)
and have associated permineralized herbivore coprolites bur-
rowed by dung beetles (Chin and Gill, 1996), which I have not
seen at Landslide Butte. In both places nests are so abundant
and closely spaced, and root traces and other plant fossils so
sparse, that the nesting area was probably an extensive area of
bare earth with little plant cover (Paul, 1994). The mixed indi-
cators of gleization and good drainage may be explained if the
nests like those of the living Australian mallee fowl (Leipoa
ocellata: Firth, 1962) were covered with plant debris and soil
for an incubation period while the plant debris fermented and
generated heat (Horner, 1984b). Such decayed organic material
would be both a source for the abundant carbonate in these
paleosols and the bacterial reduction of iron oxides to maintain
their gray color. Such fermentation incubation should not nec-
essarily be extended to all dinosaur nests.

A quarry for adult Hypacrosaurus stebingeri low on a spur
facing the Milk River north of Landslide Butte (NW% NEY%
NE% S28 T37N R8W Landslide Butte 7.5") had much bone in
a Kinakin (liver) paleosol and but little in the overlying Mik
(red) paleosol. A Kinakin paleosol in a creek south of the Milk
River yielded remains of the ankylosaur Euoplocephalus (NEY

NW?% SW¥ S27 T37N R8W Landslide Butte 7.5'). Both Mik
and Kinakin are similar paleosols with abundant drab-haloed
root traces, some subsurface clay accumulation and an horizon
of carbonate nodules at about 60 cm from the surface. The pur-
ple color characterizing the Kinakin paleosol may reflect an ad-
mixture of organic matter and hematite, whereas the red Mik
profile was better drained and more highly oxidized. Comparable
soils in Mexico today support low deciduous forest (map units
Bk8-2bc and Bk7-2bc of EA.O., 1975b). The 60 cm depth of
the carbonate horizon, corrected for 64% compaction due to 3
km overburden estimated from coal ranks or 70% compaction
for 2 km measured overburden (Stott et al.,, 1993a,b), allows
calculation of former mean annual rainfall of 625 + 141 mm or
593 = 141 mm, or roughly 450-750 mm by either estimate.
This is drier than estimated rainfall of the Ainka paleosol of the
Morrison Formation, which is much less carbonaceous. These
Late Cretaceous soils may have had more effective ground cover
extending to drier regions than did soils of the late Jurassic.
The Maksini (carcass) pedotype is named for the articulated
tail of the duckbill dinosaur Prosaurolophus blackfeetensis
found in a quarry within the slopes of a creek draining north
from Landslide Butte into the Milk River (NE% NW% SWi4
S$27 T37N R8W Landslide Butte 7.5"). The Maksini paleosol is
similar to, but less calcareous and green than the Haltso pedo-
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type of the Petrified Forest Formation. Like it, the Maksini pe-
dotype represents streamside communities early in ecological
succession from flooding. A steep-walled scour-and-fill structure
in this paleosol attests to fluvial erosion.

The Apoyi (brown) paleosol is a very dark brown carbona-
ceous claystone rich in coalified wood fragments, calcareous
nodules and bones of the ceratopsian dinosaur Styracosaurus
(“Dino Ridge quarry” of Rogers, 1991; SE% SE% NE% S28
T37N R8W Landslide Butte 7.5’). This ancient soil of a swamp
(Histosol) lies within a depression within a cross-bedded sand-
stone that forms the ridge top here. It may have developed by
eutrophication of an abandoned meander of a stream. The im-
pure clayey nature of the carbonaceous surface is similar to that
in seasonally dry swamps of Louisiana today (Lytle, 1968). The
bone assemblage is best explained as a drought kill, because
there are very few species but many individuals, including ju-
veniles, represented by bones that are disarticulated, scavenged
and little weathered (Rogers, 1990).

The occurrence of duckbills in formerly well drained paleo-
sols (Mik and Kinakin) and ceratopsians in formerly swampy
paleosols (Apoyi) is surprising, because duckbills have long
been regarded as water-loving creatures (Edmontosaurus by E.
Kish for Russell, 1977; Corythosaurus by E. Kish for Russell,
1989) and ceratopsians compared with bison of the dry plains
(Triceratops by R. Zallinger for the famous Peabody mural, re-
produced by Czerkas and Olson, 1987). The case for aquatic
duckbills was made from their occurrence as articulated skele-
tons in Dinosaur National Park, Alberta (Dodson, 1971), but this
place of death by drowning may not have been where the ani-
mals lived. The case for dry-land ceratopsians may be traced
back to skeletons of Protoceratops in supposed desert deposits
in Mongolia (Andrews, 1932), but paleosols in the Mongolian
deposits are red and clayey and have carbonate nodules at depths
comparable to Mik paleosols of the Two Medicine Formation
(Jerzykiewicz and Russell, 1991). The implication from paleo-
sols that their habitat preferences were the other way around
gains some force from other reconstructions of ceratopsians in
swamp environments (Styracosaurus by Vladimir Krd repro-
duced by Currie, 1987; Chasmosaurus by G. Paul reproduced
by Czerkas and Olson, 1987; Triceratops by E. Kish for Russell,
1977) and of duckbills in dry environments (Edmontosaurus by
E. Kish for Russell, 1989). It will take more occurrences of
dinosaur fossils in paleosols to establish statistically their envi-
ronmental preferences, and it could be that there were both dry
land and swamp ceratopsians and duckbills. The bone beds of
Landslide Butte also confirm that ceratopsians and duckbills
moved in herds (Rogers, 1990), as is apparent from bone beds
and trackways elsewhere (Currie, 1987; Lockley, 1991).

The rise of ceratopsians and duckbills parallels the rise in
abundance and diversity of angiosperms and decline of conifers
in lowland vegetation during the Late Cretaceous (Retallack and
Dilcher, 1981a,b; Bakker, 1986; Crane, 1987). The ecological
separation of upland tropical sauropods and lowland subtropical
to temperate duckbills and ceratopsians can be seen also from
the fossil record of trackways (Lockley, 1991). The dominance
of Late Cretaceous early-successional and marine-influenced pa-
leosols by angiosperms, but continued regional dominance of
palynofioras by conifer pollen, suggests that conifers dominated
in upland soils (Retallack and Dilcher, 1981a,b, 1986). This line
of thinking supports the contention that angiosperms with their
small pollen and seeds, and abbreviated life cycle, may have
been encouraged in their spread by the physical disturbance of
stream and ocean margins (Retallack and Dilcher, 1981a) and
by the diversification of low-browsing duckbill and ceratopsian
dinosaurs (Bakker, 1978, 1986). This coevolutionary diversifi-
cation of angiosperms and ornithischian dinosaurs was still in
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full swing at the end of the dinosaur’s time on earth, represented
by paleosols of the Hell Creek Formation.

HELL CREEK FORMATION

The geologically youngest assemblages of dinosaurs are
found in the sombre gray claystones and sandstones of the latest
Cretaceous (Maastrichtian) Hell Creek Formation of the Dakotas
and Montana (Fig. 9). My observations of its paleosols were
mainly in Bug Creek south of Fort Peck and Hell Creek near
Jordan, both in Montana (Retallack, 1994a). This is within the
area of Blackfeet Indian language (Frantz and Russell, 1989)
used to name the pedotypes found. The pedotypes were char-
acterized with type examples from a knoll and nearby badlands
cliffs in central Bug Creek, south of Fort Peck, Montana (NW%
NW¥% NE% S15 T22R R43E Bug Creek 7.5'), but they can be
recognized widely through Montana and adjacent states.

Many paleosols in the Hell Creek Formation are weakly de-
veloped profiles associated with levee facies of streams. They
probably represent early successional communities of stream-
sides (Retallack, 1994a). These include massive sandstone with
root traces of the Spatsiko (sand) pedotype, flaggy siltstones with
root traces of the Sapakot pedotype (layer, stack) and gray shales
with root traces of the Maka (short, stunted) pedotype. Spatsiko
paleosols commonly contain molds and casts of horsetails (Eg-
uisetum sp.) and their tubers (formerly misidentified as “figs”:
Shoemaker, 1977). Maka paleosols include a variety of laura-
lean, platanoid, magnoliid and nymphaealean dicots (Shoemaker,
1966; Johnson and Hickey, 1990). Remains of both Triceratops
horridus and Tyrannosaurus rex have been found in Sapakot,
Maka and Spatsiko paleosols, with no clear pattern of prefer-
ence.

Coal seams are rare in the Hell Creek Formation, and include
seat earths and root traces indicating they were paleosols that
have been designated the Sik (black, dark) pedotype. Fossil
wood, leaves and pollen in these paleosols indicate swamps
dominated by taxodiaceous conifers, generally similar to the cy-
press swamps of Georgia, Florida and Louisiana today (Retal-
lack, 1994a).

Old growth ecosystems of interfluves away from streams and
swamps are represented by thick profiles with a silty green sur-
face and clayey gray subsurface horizon, called the Otssko
(green, blue) pedotype. This and its large woody root traces are
evidence that it supported woodland. A fossil plant locality in
North Dakota may represent the vegetation of this pedotype,
including ginkgos and sabiacean(?) and platanoid dicots (Retal-
lack, 1994a). The smectite clays and weakly calcareous nature
of Otssko paleosols are comparable to soils forming under a
mean annual rainfall of 900-1200 mm. The conundrum of drab
color yet deeply penetrating root traces, and the common fossil
charcoal in these paleosols indicate a seasonally dry climate, like
that of northern Florida today (Retallack, 1994a). Climate was
even drier to the west within the rain shadow of the Rocky
Mountains, as indicated by calcareous red paleosols of latest
Cretaceous age in Texas (Lehman, 1989, 1990), New Mexico
(Buck and Mack, 1995) and Alberta (Jerzykiewicz and Sweet,
1988).

Data from paleosols allows reassessment of prior reconstruc-
tions of the dinosaurs of the Hell Creek Formation. Widely re-
produced murals by Charles Knight for the Field Museum in
Chicago (Czerkas and Glut, 1982) and by Rudolph Zallinger for
the Peabody Museum at Yale University (Czerkas and Olson,
1987) both depict an open landscape comparable to the wooded
grasslands or ‘“‘savanna” of East Africa. Such an environment
would produce distinctive soils (Mollisols: paleosol examples
described by Retallack, 1991b), not found in the Hell Creek
Formation. Equally unlikely are reconstructions of “fern savan-
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FIGURE 9—A reconstruction of soils and vegetation during Late Cretaceous (Maastrichtian) deposition of the Hell Creek Formation in eastern Montana
(reprinted with permission from the Bulletin of the Geological Society of America).

nas” (Coe et al., 1987), angiosperm shrublands (Crane, 1987)
or aridlands like the Kimberley region of northwestern Australia
(Rigby, 1987), which would produce a suite of soils (Inceptisols
and Vertisols) unlike those of the Hell Creek Formation. “Fern
savannas’ also have been proposed for the Late Cretaceous on
the basis of a fossil plant assemblage in growth position buried
by volcanic ash (Wing et al., 1993), but until the paleosol at this
locality has been studied it will remain unclear whether this was
an ephemeral early successional or old growth community. Also
unlikely is rain forest with buttressed tree trunks like those
shown by Van Valen and Sloan (1977), which grow in more
deeply weathered soils (Ultisols and Oxisols) unlike those of the
Hell Creek Formation (Alfisols). This latest Cretaceous land-
scape probably supported tropical woodlands similar to those
shown by Eleanor Kish (for Russell, 1989), with local cypress
swamps, also reconstructed by Eleanor Kish (for Russell, 1977).

The exceptional fossil record of dinosaurs in the Hell Creek
and Lance Formations makes them the best formations in the

world to study dinosaur extinction. Massive recent collections
including fossil footprints and bones have shown that dinosaurs
became extinct abruptly at the top of the Hell Creek Formation
(Lockley, 1991; Sheehan et al., 1991). Prior claims that they
dwindled in abundance and diversity for some time before the
boundary (Sloan et al., 1986), are more likely artifacts of the
odds of finding such generally rare fossils near the end of their
stratigraphic range (Signor and Lipps, 1982) and of the weakly
calcareous nature of paleosols near the top of the Hell Creek
Formation (Retallack et al., 1987). The idea that dinosaurs sur-
vived into the Paleocene (Rigby et al., 1987) reflects resorting
of bone into paleochannels (Lofgren et al., 1990). This abrupt
disappearance of the dinosaurs at the end of the Cretaceous is
particularly striking because paleosols across the Cretaceous-
Tertiary boundary confirm prior statistical estimates that this se-
quence in Montana does not include long breaks in sedimenta-
tion. Furthermore, paleosols below and above the boundary are
not strikingly different (gleyed Alfisols, Inceptisols, Entisols and
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Histosols). They reflect an unremarkable facies shift from a
swamp-poor to swamp-dominated landscape, rather than a major
long term environmental change that could explain such a major
extinction (Retallack, 1994a).

These indications of catastrophic extinction on time scales of
less than 10 Ka are compatible with theories relating the extinc-
tion of the dinosaurs to environmental effects attendant on im-
pact of a large (10 km) asteroid in Yucatan, central America
(Alvarez et al., 1995). Potential kill mechanisms include cooling,
darkness and acid rain. There have been claims for frost damage
of latest Cretaceous fossil leaves (Wolfe, 1991), but I have seen
no frost heave structures in latest Cretaceous paleosols. Dark-
ening of the sky with dust and cooling may be indicated by the
preferential extinction of evergreen rather than deciduous fossil
plants (Johnson and Hickey, 1990), but the paleosol record has
remained mute on this subject also. Acid rain on the other hand
should leave a record in paleosols because strong acids such as
nitric acid from shocking of the atmosphere and sulfuric acid
from vaporization of target evaporites should exaggerate the nat-
ural weathering by weak acids of alkali and alkaline earth cat-
ions from paleosols. My calculations of cation depletion of Cre-
taceous and Paleocene paleosols of Bug Creek revealed no out-
standing acidification of paleosols, but the boundary bed at
Brownie Butte is exceptionally leached, and compatible with
reaction with strong acid. The thin (2 cm) kaolinitic micros-
pherulitic boundary bed was at first interpreted as a weakly de-
veloped paleosol (Fastovsky et al., 1989), but the supposed root
traces are now interpreted as plant stalks (Alvarez et al., 1995).
Silicate ejecta from the Yucatan impact may have scrubbed the
atmosphere of much impact-generated acid. Shocked quartz and
smectitic, iridium-bearing clays of the overlying impact layer
which arrived only hours later show less marked acid leaching
(Retallack, 1996a). The effect of acid rain in Montana was also
mitigated by smectitic and calcareous soils and groundwater
(Retallack, 1994a). The survival there of fish and amphibians,
but extinction of many molluscs indicates pH depression of
groundwater to less than 5.5 but no less than 4 (Weil, 1994).
Acid rain would also brown vegetation, leading to extinction of
large dinosaur herbivores and their predators. Among mammals,
insectivores and detritivores survived preferentially (Sheehan
and Hansen, 1986; Sheehan and Fastovsky, 1992), as would be
expected from acid induced interruption of primary productivity.
In humid, carbonate-poor landscapes with less buffering capa-
bility than the subhumid floodplains of Montana, the effect of
acid rain may have been completely devastating, rather than an
agent of selective extinction.

CONCLUSIONS

This preliminary account of the kinds of paleosols containing
dinosaurs has introduced a number of topics that could benefit
from continued research of the kind outlined here.

Dawn of Dinosaurs.—The earliest known Triassic dinosaurs
were small cursorial theropods living within forested landscapes
represented by deeply-rooted clayey paleosols (Alfisols). These
agile carnivores may have been drawn to the insects, mammals
and other small animals supported by these complex forest com-
munities.

Sauropod Soils.—Prosauropods and large sauropods such as
Camarasaurus and Apatosaurus were probably not aquatic, but
lived in open woodlands of dry, dusty soils now represented by
red, weakly-clayey and strongly-calcareous paleosols (Aridisols,
calcic Alfisols). They appeared in dry tropical uplands during
the latest Triassic following the demise of therapsids and their
carbonaceous humid broadleaf forested paleosols. Sauropods
maintain their dominance in such paleosols of low-productivity,
conifer woodland from Jurassic to Late Cretaceous. By Late
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Cretaceous time, there were also faunas dominated by ceratop-
sian and duckbill dinosaurs within carbonaceous lowland paleo-
sols that supported broadleaf angiosperm woodland.

Dusty Duckbills.—Duckbill dinosaurs such as Hypacrosaurus
and Maiasaura nested in soils (calcic Inceptisols) of seasonally
well-drained lowlands in dry climates. Thus not all duckbill di-
nosaurs were aquatic. The spread of angiosperms with their
weedy reproductive cycle may have been encouraged by the rise
of destructive herds of low browsing duckbills and dramatic sea-
level changes of the Cretaceous.

Soggy Ceratopsians.—Some ceratopsians such as Styracosau-
rus lived in swamps (Histosols), rather than dry plains (Alfisols,
Inceptisols). Their preservation in large numbers of single spe-
cies in such paleosols supports other indications that these crea-
tures moved in herds.

Dinosaur Demise.—The extinction of dinosaurs at the end of
the Cretaceous is not associated with dramatic long-term
changes of environment, thus favoring short term catastrophic
events in their demise. Similar suites of paleosols (gleyed Alfi-
sols, Inceptisols, Entisols and Histosols) are found in both latest
Cretaceous and earliest Tertiary sediments of Montana. Acid rain
as a consequence of impact shocking of the atmosphere and
vaporization of evaporites provides a mechanism for selective
extinction of these large creatures and is indicated by short-term
leaching of the Cretaceous-Tertiary boundary bed. Its potentially
even more catastrophic effect may have been buffered by reac-
tion with silicate ejecta during ballistic transit and by calcareous,
smectitic floodplain soils after arrival in Montana.
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