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A Little Local Color: The Giant Dinosaur Sauroposeidon

Paleontologists are very often asked
“How do you know what extinct animals
looked like?” Once in a while we get
lucky: A cave painting or a perfectly
preserved specimen can show us details
about the form and color of an animal
that we would never have known
otherwise, like the patch of dark hair
on the shoulder hump of the extinct
giant deer Megaloceros, or the long tail
feathers in males of the primitive bird
Confuciusornis (Fig. 1). Such cases are
very rare. Most extinct vertebrates are
known from only a few bones or teeth,
and to reconstruct them we must rely
on comparative anatomy. The giant
dinosaur Sauroposeidon is a good
example of how paleontologists use
comparative methods to fill in the
missing pieces.

Sauroposeidon is known only from
a few vertebrae from Atoka County,
Oklahoma. (See “Sauroposeidon: Okla-
homa’s Native Giant,” page 40 of this
issue.) The form of the vertebrae shows
that they came from the neck of a sau-
ropod dinosaur, one of the group that
includes Apatosaurus and Diplodocus.
The vertebrae are most like those of
Brachiosaurus, which is known from
nearly complete skeletons. An average

adult Brachiosaurus was 22 m (72 ft)
long and 14 m (46 ft) tall, and weighed
perhaps 30 tons. The vertebrae of Sau-
roposeidon are about 15% larger than
those of Brachiosaurus; they are also
longer relative to their diameter, by
about 33%. This indicates an animal
28 m (92 ft) long and 18 m (59 ft) tall,
and weighing about 50 tons.

No brachiosaurids have ever been
found with preserved skin impressions,
so we must draw inferences about
Sauroposeidon’s hide from other
groups of sauropods. Diplodocids had
spines running down their backs, like
those of an iguana, and titanosaurids
had armor plates. Skin impressions
from dinosaurs other than sauropods
show a variety of bumps, knobs, plates,
spiky scales, and tufts of filaments—
not to mention true feathers in many
carnivorous dinosaurs. Considering
the examples, it seems reasonable to
assume some kind of skin ornamenta-
tion in the ancestral sauropod, and in
Sauroposeidon as well.

What about colors? Most restora-
tions of dinosaurs show them in dull
earth tones, perhaps because large
mammals like elephants and rhinos
are not brightly colored. But mammals

e

Figure 1. The primitive bird Confuciusorris from Liaoning, China. Contuciusornis lived
at roughly the same time as Sauroposeidon. Similar birds probably lived in North Amer-
ica, but such delicate fossils are preserved only in exceptional circumstances, and none
nave been found in Oklahoma. Photo taken by R. Kent Sanders; used here by courtesy
of the Museum of Ancient Life at Thanksgiving Point, Lehi, Utah.

are unusual among vertebrates in hav-
ing very poor color vision, possibly as
a result of spending 160 million years
living under the dinosaurs’ feet (we
primates are an exception to the gen-
eral rule). Even so, gazelles, oryxes,
zebras, and Malaysian tapirs all have
stark patches of black and white. Birds
and reptiles have good color vision, and
in those groups we find bright colors
and bold patterns even in large forms.
Storks, cranes, swans, and turkeys often
sport vivid hues and a variety of crests
and wattles. Among reptiles, iguanas
and river turtles show that big does not
always mean dull. Ambush predators
like crocodiles and Komodo dragons
have an incentive to be low key, but Sau-
roposeidon did not share their need to
be inconspicuous.

So what was Sauroposeidon—a rep-
tilian giraffe? A four-legged bird? An
anaconda draped over an antelope?
Sauropods shared something with
each of those animals—and every-
thing with none of them. Walter
Coombs (1975, p. 29) said it best in the
conclusion of his classic paper (“Sau-
ropod Habits and Habitats”}): “Sauro-
pods are basically alien animals. . .
what can be said of the habits of an
animal with the nose of a Macrauchenia
[an extinct mammal with a trunk], the
neck of a giraffe, the limbs of an ele-
phant, the feet of a chalicothere, the
lungs of a bird, and the tail of a lizard?
With so many plausible but conflict-
ing interpretations, it is unlikely there
will be general agreement on sauro-
pod habits as long as more than one
paleontologist has an opinion on the
matter.”
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Sauroposeidon: Oklahoma’s Native Giant

Mathew J. Wedel

University of California Museum of Paleontology
Berkeley, California

Richard L. Cifelli

Oklahoma Museum of Natural History
University of Oklahoma, Norman

ABSTRACT.— Sauroposeidon, the largest dinosaur ever discovered in Oklahoma,
is one of the largest dinosaurs that ever lived. Sauroposeidon is represented by a
series of neck vertebrae, which show that it is a sauropod dinosaur closely related
to Brachiosaurus. Computed tomography (CT) scans of the vertebrae reveal a net-
work of small internal chambers. In life, the chambers would have been filled with
air, like similar chambers in the bones of living birds. These pneumatic spaces
would have substantially lightened the neck, which was 12 meters (39 feet) long.
An isolated vertebra from Montana and giant footprints in Texas may also pertain

to Sauroposeidon.

INTRODUCTION

Sauropod dinosaurs, the “brontosaurs,” are at once the
most and least familiar dinosaurs. Immense and exotic, sau-
ropods are practically the totem animals of the Mesozoic
Era, from the pudgy green mascot of the Sinclair Corpora-
tion to the Brachiosaurus that greeted visitors to Jurassic
Park. Although they are instantly recognizable to even small
children, sauropods were until recently one of the least stud-
ied groups of dinosaurs. Their giant skeletons have been mu-
seum centerpieces for a century, but we are only beginning
to understand how they lived. The last decade has seen the
first modern study of sauropod relationships (Upchurch,
1995), the first discovery of sauropod nests and embryos
(Chiappe and others, 1998), and the first attempt to investi-
gate sauropod biomechanics using computer models (Ste-
vens and Parrish, 1999).

The recent boom in the study of sauropods has been fu-
eled in part by many new discoveries, from localities as far-
flung as Nigeria and Thailand and as close by as Arizona and
Texas. Among the new discoveries, a remarkable contribu-
tion has come from Oklahoma. A locality in the southeastern
quarter of the State has yielded remains of one of the largest
animals that ever lived: Sauroposeidon. Formal description
and taxonomy of this dinosaur have been presented else-
where (Wedel and others, 2000a,b). Herein we describe the
discovery and excavation of Sauroposeidon, trace its rela-
tionships to other sauropods, and discuss its size and prob-
able habits.

THE FOSSIL RECORD OF SAUROPODS
IN NORTH AMERICA

Sauropods were among the most diverse and successful
groups of dinosaurs (see Fig. 1). They appeared early in the

Mesozoic, at the very dawn of the Age of Dinosaurs, and per-
sisted until the mass extinction at the end of the Cretaceous
(Fig. 2). The earliest known sauropod is Antetonitrus from
the Late Triassic of South Africa (Yates and Kitching, 2003).
Like other early sauropods, Antetonitrus was relatively small
and unspecialized. Nevertheless, it was the first representa-
tive of a group that includes the largest animals that ever
walked on land. Sauropods diversified in the Jurassic Period
(Day and others, 2004), and by Late Jurassic times they were
the dominant herbivores in most dinosaur faunas worldwide
(McIntosh, 1990). Remains of sauropods have been recov-
ered on every continent, including Antarctica.

The evolutionary history and biogeography of North
American sauropods are complicated. Sauropods migrated
to North America from other continents at least four times.
The migration events can be used to divide the fossil record
of North American sauropods into four broad episodes: (1)
the early appearance of sauropods in the Jurassic; (2) the
“Golden Age” of the Late Jurassic, when sauropods hit a peak
of abundance and diversity; (3) the persistence of brachio-
saurids and the appearance of new lineages in the Early Cre-
taceous; and (4) the migration of derived titanosaurids in the
Late Cretaceous. (Here “derived” means that the titanosaur-
ids had evolved markedly from their ancestral condition.)

The earliest sauropod in North America is Anchisaurus,
from the Early Jurassic of New England (Yates, 2004). Anchi-
saurus is positively tiny (for a sauropod); in life, it would
have been less than 3 m (10 ft) long and weighed no more
than a medium-size human. All the closest relatives of Anchi-
saurus are from other continents, and it does not seem to
be closely related to any later North American sauropods.
Thus we surmise that Anchisaurus (or its immediate ances-
tor) migrated to this continent from somewhere else, possi-
bly South America or Europe, and became extinct without
giving rise to any successors. The next sauropod known from
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Figure 1. The evolutionary tree of sauropods. Initial radiation of primitive sauropods (e.g., Shunosaurus) during the Triassic and Early
Jurassic was followed by the diversification of neosauropods in the Middle Jurassic or earlier. Diplodocids, camarasaurids, and brachio-
saurids were all represented in North America in the Late Jurassic. Titanosaurids, the most derived group of sauropods—those most
changed through evolution—also originated in the Jurassic, but did not spread to North America until the Cretaceous. .Sauroposeidon was
a member of the Brachiosauridae, which in North America ranged from the Late Jurassic to the end of the Early Cretaceous.

North America is Dystrophaeus, from the Middle or—more
likely—Late Jurassic of Utah (Gillette, 1996). Unfortunately,
the remains of Dystrophaeus are too incomplete to tell us
much about its geographic origins or evolutionary relation-
ships.

The scarcity of sauropods in North America during the
Early and Middle Jurassic contrasts sharply with the abun-
dance and diversity of the group in the Late Jurassic, about
150 million years ago (Mya). The sediments of the Morrison
Formation were laid down during the Late Jurassic, and they
now stretch from Montana and South Dakota south to New
Mexico and Oklahoma’s Panhandle. Sauropods are the most
common and abundant dinosaurs in the Morrison (Turner
and Peterson, 1999); the roster of sauropods from the Morri-
son includes some of the best known of all dinosaurs, such
as Apatosaurus, Brachiosaurus, Camarasaurus, and Diplo-
docus. New sauropods are still being discovered in the Mor-
rison: Suuwassea, a relative of Apatosaurus and Diplodocus,

was described from Montana just last year (Harris and Dod-
son, 2004), and other new sauropods have been reported but
not yet named (Vietti and Hartman, 2004).

The Morrison sauropods are closely related to African
dinosaurs of the same age. Brachiosaurus and Barosaurus
are found in the United States and also in Tanzania, and
Suuwassea is a close relative of the African sauropod Dicrae-
osaurus. Right now it is difficult to tell whether these sauro-
pods originated in North America and then spread to Africa,
or vice versa. However, no Morrison sauropod is closely re-
lated to Anchisaurus, so they or their ancestors must have
come to North America from elsewhere, possibly in the early
part of the Jurassic Period.

After the end of the Jurassic, a gap appears in the North
American fossil record. The next oldest dinosaur assem-
blages that are reasonably well represented are of Barremian
age (perhaps 125 Mya; see Kirkland and others, 1998). Where-
as sauropods were the most common dinosaurs in the Late
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Figure 2. A timeline of the Mesozoic Era and the fossil record of sauropods. The solid vertical bar shows the extent of their fossil record
worldwide. The earliest known sauropod is Antetonitrus, from the Late Triassic of South Africa. Sauropods eventually colonized every
continent, and survived until the mass extinction at the end of the Cretaceous Period. The broken vertical bar shows the extent of the fossil
record of sauropods in North America. Lines of heavy dots show gaps in the rock record and migration of sauropods from other continents.
Anchisaurus arrived in North America in the Early Jurassic, but did not give rise to later groups. During the Late Jurassic, sauropods were
the dominant herbivores on the continent. Despite a gap in the fossil record during much.of the-Neocomian (the initial part of the Early
Cretaceous), about 142 to 125 Mya, sauropods probably still lived on the continent, for both camarasaurids and brachiosaurids are found
in rock on each side of the gap. The first titanosaurids in North America may have arrived from Europe during the “missing time.” Sauropods
appear to have died out in North America shortly after 98.4 Mya; Sauroposeidon was one of the last of its kind on the continent. Sauropods
did not return until the arrival of Alamosaurus, which may have migrated from Asia or from South America. Time scale after Palmer and

Geissman (1999).
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Jurassic, they tend to be among the rarest elements in Early
Cretaceous faunas. The most abundant North American di-
nosaur of the time was Tenontosaurus, a medium-size rela-
tive of Iguanodon and the duckbills. Tenontosaurus was sim-
ilar to modern cattle in size, shape, and probable habits. The
Early Cretaceous sauropod fauna differed very much from
that of the Jurassic. Diplodocids, which were so common
and diverse in the Jurassic, have not been found in the Early
Cretaceous of North America; they disappeared sometime in
the 20 million years for which we have no fossils. Brachio-
saurus was one of the rarest sauropods of the Morrison, but
most Early Cretaceous sauropods belonged in the brachio-
saurid family.

Brachiosaurids from the Early Cretaceous of North
America include Cedarosaurus (Tidwell and others, 1999),
Sonorasaurus (Ratkevitch, 1998), and undescribed forms
from Montana (Wedel, 2000), Texas (Winkler and others,
1997a; Rose, 2004), and Utah (Coulson and others, 2004).
Another undescribed sauropod from Utah seems io be re-
lated to the Late Jurassic Camarasaurus (Britt and Stadtman,
1997). The most intriguing sauropods of the Early Creta-
ceous are titanosaurids, which have been reported from
Montana (Ostrom, 1970) and Utah (Britt and Stadtman,
1997). By the Middle Jurassic, titanosaurids had appeared on
other continents (Day and others, 2004), but no titanosaurs
have been found in the Morrison Formation. The Early Cre-
taceous titanosaurs must have come to North America from
elsewhere, possibly Europe (Kirkland and others, 1998).

In general, the North American sauropods were smaller
and less abundant during the Early Cretaceous than during
the Jurassic. Sauropods persisted in North Arpe/rica until the
beginning of the Cenomanian epoch, about 98.4 Mya. The
last of the “early” sauropods in North America appears to
have been a dwarf brachiosaurid—smaller than a horse—
which left its tiny teeth in the Cedar Mountain Formation of
central Utah (Maxwell and Cifelli, 2000). Above the Albian—
Cenomanian boundary, sauropods are absent from North
America until the late Campanian, a gap of 25 million years.
Cenomanian-Campanian strata are plentiful and rich in fos-
sils that record the diversification of the horned ceratop-
sians, duck-billed hadrosaurs, and tyrannosaurs. The ab-
sence of sauropod material from the well-sampled Two
Medicine and Judith River Formations may indicate a conti-
nent-specific extinction of the group (Lucas and Hunt, 1989),
but the cause of the extinction remains mysterious, espe-
cially because sauropods on other continents—notably the
southern landmasses—continued to flourish. When sauro-
pods reappeared in North America in the late Campanian, it
was in the form of Alamosaurus (Sullivan and Lucas, 2000).
Although Alamosaurus was a titanosaur, it was probably not
descended from the Early Cretaceous titanosaurs mentioned
above. Alamosaurus was most closely related to sauropods
from South America and Asia, and it or its ancestors prob-
ably migrated to North America from one of those conti-
nents (Lucas and Hunt, 1989; Wilson and Sereno, 1998).

In Oklahoma, Mesozoic rocks are found at opposite cor-
ners of the State. The Morrison Formation is exposed near
Black Mesa in the Panhandle. There J. Willis Stovall, who
founded what would become the Oklahoma Museum of
Natural History (OMNH), excavated the Morrison quarries in

the 1930s using crews from the Works Project Administra-
tion. Stovall’s crews found bones of the sauropods Apato-
saurus, Brachiosaurus, Camarasaurus, Diplodocus, and—
possibly— Barosaurus (Barosaurus is similar to Diplodocus
and their bones are sometimes confused; no one has deter-
mined for certain whether Barosaurus occurs in Oklahoma).
The crews also found non-sauropod dinosaurs including
Allosaurus, the armored-plated Stegosaurus, and the giant
predator Saurophaganax, Oklahoma'’s state fossil (Stovall,
1938; Czaplewski and others, 1994; Chure, 1995; Bonnan and
Wedel, 2004).

Oklahoma’s other dinosaur-bearing rock unit is the Ant-
lers Formation, which lies in the southeast quarter of the
State and is home to the largest—and last—dinosaur of
Oklahoma. :

THE ANTLERS FORMATION AND ITS DINOSAURS

and rlav.
-y

The Antlers Formation consists of candstones and ¢l
stones laid down in the Early Cretaceous, about 110 Mya
(Fig. 3). It extends across north-central Texas, southeast
Oklahoma, and southwest Arkansas in a pattern marking
the edge of what was then the Gulf Coast (Fig. 4). The paleo-
environment of the Antlers Formation was probably similar
to that of modern-day Louisiana, with forests, deltas, bayous,
and lagoons (Fig. 5). Along the ancient coastline lived dino-
saurs. As in most Early Cretaceous deposits of western North
America, the most common dinosaur in the Antlers is the
ubiquitous Tenontosaurus. Over the last decade, crews from
the OMNH have recovered the remains of nearly two dozen
individuals of Tenontosaurus, ranging from isolated toe
bones to complete, articulated skeletons. All the recently

worked sites are in Atoka County, although Tenontosaurus is

Oklahoma
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Figure 3. Distribution of the Antlers Formation in Oklahoma, and
the location of the Sauroposeidon quarry in Atocka County. Modified
from Hart and Davis (1981).
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Figure 4. Beachfront property in Oklahoma. During the time of
Sauroposeidon, the sea level was much higher than today, and the
modern Gulf Coast lay under water. Sediments of the Antlers For-
mation were laid down in coastal swamps and on floodplains.

known from elsewhere in Oklahoma and in the Trinity
Group—which includes the Antlers—of Texas (Langston,
1974; Jacobs, 1995; Winkler and others, 1997b).
Tenontosaurus was first discovered in the Cloverly For-
martion of Montana, where at least one specimen was found
in association with the remains of a small carnivore, Dein-
onychus (Ostrom, 1970). Deinonychus, a North American
cousin of the now-famous Velociraptor, had along, rigid tail,
large grasping hands, and a sickle-shaped killing claw on

each foot. At one fossil site, the association of several Deirn-
onychus skeletons with a single adult Tenontosaurus sug-
gests that these raptorial predators hunted in packs. Evi-

“dently a group of 50-kg theropods succeeded in bringing

down their 1-ton prey, but several Deinonychus died in the

“fray (Maxwell and Ostrom, 1995). The association of Dein-

onychus and Tenontosaurus, first discovered in Montana, is
now known in Oklahoma as well. It is a rare Tenontosaurus
that emerges from an OMNH quarry without a few Deinony-
chus teeth mixed in among its bones, and a juvenile Dein-
onychus from Atoka County includes certain parts of the
skeleton that had never been described before (Brinkman
and others, 1998).

As fantastic and frightening as Deinonychus undoubtedly
was, it was not the only carnivore to stalk the Oklahoma coast-
line during the Early Cretaceous. Acrocanthosaurus, a 12-m,
4-ton theropod comparable in size to Tyrannosaurus, was first
discovered in Atoka County (Stovall and Langston, 1950), only
a few kilometers from quarries that have recently yielded
Tenontosaurus and Deinonychus. Subsequent discoveries in
Texas and Oklahoma have made Acrocanthosaurus one of
the best-known large theropods (Harris, 1998; Currie and
Carpenter, 2000). Like Deinonychus, it left behind more teeth
than bones: their serrated blades, several centimeters long,
are occasionally found in Tenontosaurus quarries.

In fact, most of the species of vertebrates known from the
Antlers Formation are represented by teeth (Cifelli and oth-
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ers, 1997). Teeth are more durable than bone, and most ver-
tebrates shed their teeth throughout their lives, greatly in-
creasing the number of specimens to be found. Primitive
mammals, crocodiles, lizards, turtles, and fish left behind
their teeth and scutes or scales. Together, the remains enable
us to reconstruct a vanished ecosystem, one that included
much more than just dinosaurs. In terms of sheer numbers,
the most common fossils in the Antlers are undoubtedly the
scales of Lepisosteus, a garfish. Lepisosteus is still cruising Okla-
homa waterways today, a living relic of the Age of Dinosaurs.

Sauropods also occur in the Antlers. An isolated coracoid
(a part of the shoulder girdle) of indeterminate affinities rep-
resents the first Early Cretaceous sauropod discovered west
of the Mississippi (Larkin, 1910). Tiny teeth, less than 1 cm
long, also demonstrate sauropods in the Antlers (Cifelli and
others, 1997). Sauropods from the Antlers of Oklahoma re-
mained unidentified until 1994, when a discovery on the
grounds of an Oklahoma prison unveiled one of the largest
animais that ever lived.

DISCOVERY AND DESCRIPTION
OF SAUROPOSEIDON

The story of Sauroposeidon begins with two remarkable
Oklahomans: Harvey Arnold and Bobby Cross. Both men live
in Atoka County, in the southeast quarter of the State. Har-
vey Arnold, now retired, has been a veterinarian and an at-

torney, in addition to running a farm. His family has owned
and worked their land for generations. Of the three dino-
saurs with type localities in Oklahoma, two—Acrocantho-
saurus and Sauroposeidon—were discovered on Arnold land
(the third, Saurophaganax, is from the Panhandle). In 1950,
J. Willis Stovall and Wann Langston, Jr., described Acrocan-
thosaurus from fossils found on Herman Arnold’s farm (Sto-
vall and Langston, 1950). Herman probably didn’t expect
that almost half a century later, his son, Harvey, would also
have a new dinosaur turn up in his backyard.

The Arnold farm sits right next to the Howard McLeod
Correctional Center, which is where Bobby Cross comes into
the story (Fig. 6). Cross has probably discovered more dino-
saurs than any other Oklahoman in history. He is now re-
tired, but until recently he was an officer at the McLeod facil-
ity, where he trained hounds for the prison’s K-9 unit. In the
course of training the dogs, he regularly traversed the entire
prison grounds on foot. When he saw new fossils eroding out
ot the ground, he called the museum and a crew would go
investigate. From isolated teeth of Acrocanthosaurus to com-
plete skeletons of Tenontosaurus, Bobby Cross has found
practically every dinosaur specimen collected in Oklahoma
in the last 15 years, including the type material of Sauropo-
seidon.

The prison land and Harvey Arnold’s farm meet in a com-
plicated patchwork of forest, swamp, and pasture. Because
roads and fences do not always follow the most direct paths,

Figure 5. Southeast Oklahoma in the Early Creta-
ceous. The mural, “Cretaceous Coastal Environ-
ment,” painted by Karen Carr, forms the backdrop of
the Early Cretaceous display at the Sam Noble
Oklahoma Museum of Natural History, in Norman.
(A) is Deinonychus, (B) pterosaurs, /stiodactylus,
(C) a herd of plant-eating 7enontosaurus, (D) Sauro-
poseidon, (E) a crocodile, Gonigpholis, and (F) an
opossum-size mammal, Gobicornodor. Fossils of Dein-
onychus, Tenontosaurus, Goniopholis, and Sauro-
poseidornhave all been found in Atoka County. Ptero-
saurs have not yet been found in Oklahoma, prob-
ably because their bones are extremely fragile and
are rarely preserved as fossils. /stiodacty/us is from
the Early Cretaceous of England, where sauropods
related to Sauroposeidon are known to have ex-
isted. Although Gobiconodorn has not been found in
Okiahoma, its relatives have been, and it coexisted
with Sauroposeidor-like brachiosaurids in Montana.
During the same time, flowering plants, such as the
magnolia-like flowers in the foreground, were radiat-
ing throughout North America.
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Figure 6. The Sauroposeidon quarry in August 1994. From left to
right: Bobby Cross, who found the specimen; Herman Arnold,
whose son, Harvey Arnold, owns the site; Rich Cifelli, who led the
excavation. At right is a plaster jacket enclosing part of Sauropo-
seidon. In the 1940s, the giant predator Acrocanthosaurus was dis-
covered on Herman Arnold’s land, just a few miles away.

some parts of the prison are accessible only from Arnold’s
land, and vice versa. Bobby Cross kept his eye out for fossils
when he crossed the farmland, and he’d already found
Tenontosaurus there. Then, on a hot, muggy day in May
1994, Cross found another patch of bone weathering out of
a low bluff at what the museum crews had come to call
“Arnold’s Farm locality.” The OMNH sent a crew down to
Atoka County to follow up on the discovery. As the workers
cleared off a column of bone 4 m (13 ft) long, it soon became
clear that it was not just another Tenontosaurus. It was some-
thing out of place and out of time, part of the neck of a giant
sauropod.

In two digs during May and August of 1994, the specimen
was uncovered, wrapped in protective plaster jackets (Fig. 7),
and cut into three pieces for transport (the cuts proved use-
ful later, too, because the internal structure of the vertebrae
was revealed at the broken faces—discussed in text to follow).
The largest block weighed almost 3 tons, and heavy equip-
ment was required to lift the plaster jackets out of the quarry
and onto a trailer (Fig. 8). Once the specimen was back at the
museum, the long process of preparation began. In all, OMNH
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Figure 7. OMNH 53062, the type specimen of Sauroposeidon, as it was found in the quarty. At the top is the original field sketch by Nick
Czaplewski, showing the plaster jackets in the ground. At bottom are the articulated vertebrae divided into three pieces (compare Fig. 9).
The anterior part of cervical vertebra 5 and the neural spine of vertebra 7 were missing when the specimen was discovered. Cervical ver-
tebra 6 and 7 were sawed apart to divide the specimen into manageable units. The photos are of the right sides of the vertebra, here re-
versed (left to right) to match the orientation of the enclosing jackets in the field sketch. The vertebrae were found lying on their right sides;

the left sides, nearer the surface, had been damaged by erosion.
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Figure 8. Getting Sauroposeidon out of the quarry. The tractor is lifting a plaster
jacket that held ali of cervical vertebra 8 and the back half of cervical vertebra 7: it
weighed almost 3 tons.

staff and volunteers would spend 3 years removing the sand-
stone that enclosed the vertebrae, using tiny chisels, brushes,
and dental picks.

The specimen—OMNH 53062—consists of four verte-
brae from the middle of the neck of a very large sauropod
(Fig. 9). The largest vertebra is 1.4 m (4 ft, 7 in.) long, the long-
est vertebra ever discovered for any animal, living or extinct.
But even given its spectacular size, how much can we really
learn about an animal from only four vertebrae? Because
OMNH 53062 belonged to a sauropod, the answer is “a sur-
prising amount.” For most animals, vertebrae are conserva-
tive—they evolve slowly—and thus are fairly useless for de-
termining a precise identification. For example, the horned
and frilled ceratopsians are recognized primarily by their
impressive headgear, and we mammals are differentiated
mainly by our complex teeth. Sauropods are unusual in that
their vertebrae are often the most distinctive parts of the
skeleton (McIntosh, 1990).

Among the broad diversity of known sauropods, OMNH
53062 bears striking resemblances to cervical (neck) verte-
brae of Brachiosaurus (Fig. 10), a giant long-necked form
from the Late Jurassic. The osteology of Brachiosaurus is rea-
sonably well known because the genus is represented by sev-
eral incomplete skeletons from quarries in Colorado and
Tanzania. Complete skeletons of Brachiosaurus, cobbled to-
gether from the remains of several individuals, are on display
at the Field Museum in Chicago, Illinois, and the Humboldt
Museum in Berlin, Germany. They are impressive: each
stretches more than 22 m (72 ft) from nose to tail, and even
conservative estimates suggest that in life Brachiosaurus
weighed more than 30 metric tons (Anderson and others,
1985). All sauropods are characterized by long necks. Even
so, the neck of Brachiosaurus is remarkable: the aforemen-
tioned mounted skeletons stand almost 14 m (46 ft) tall, with
necks 9 m (30 ft) long.

OMNH 53062 resembles Brachiosaurus in
more than size; the proportions of the vertebrae
are also distinctive. Other groups of sauropods
evolved long necks, but generally by adding
more vertebrae (Wilson and Sereno, 1998).
Brachiosaurids retained a fairly primitive count
of 13 vertebrae in the neck, but the vertebrae
themselves are longer, relative to diameter,
than those of other dinosaurs. OMNH 53062
and Brachiosaurus are further distinctive in
having unusually long cervical ribs. Those ribs
are probably ossified tendons that supported
large muscle groups; similar cervical ribs are
found in the necks of modern birds. Perhaps
the most convincing character linking OMNH
53062 to Brachiosaurus is a transition point
midway along the neck, where the neural spines
of the vertebrae change abruptly from very low
to very high (Fig. 10). The transition may have
been related to the posture of the neck, and—
most significantly—it has been identified only
in Brachiosaurus and OMNH 53062 (Wedel and
others, 2000b).

On the other hand, the sauropod repre-
sented by OMNH 53062 is in many ways more
derived than Brachiosaurus—it has evolved many new char-
acters—relative to their common ancestor. Its vertebrae are
even longer, both in proportions and also in absolute size,
and they are more lightly built than those of Brachiosaurus.
The impressions of air sacs onthe bones are larger, and the
internal structure is more finely divided. Those characters
and others, such as details of where and how the cervical ribs
are attached, helped us to distinguish OMNH 53062 from
Brachiosaurus and to define it as a separate genus and spe-
cies.

Together with our colleague R. Kent Sanders, a radiologist
who helped us interpret the anatomy of the specimen, we
designated OMNH 53062 the type specimen of Sauropo-
seidon proteles (Wedel and others, 2000a). Poseidon was the
Greek god of earthquakes, and Sauroposeidon means “lizard
earthquake god,” which seems appropriate for such an
earth-shaker. Sauroposeidon is the most derived brachio-
saurid discovered to date, and it was one of the last sauro-
pods in the Early Cretaceous of North America. That explains
the species name, proteles, a Greek idiomatic construction
meaning “perfected before the end” (Brown, 1954). A col-
league in Poland has informed us that proteles can also
mean “a sacrifice to the gods,” which is equally appropriate
for an animal named after a mythological deity (Z. Kielan-
Jaworowska, personal communication in 2000).

Recently, Naish and others (2004) described a cervical
vertebra of a large sauropod from England. The vertebra re-
sembles those of Brachiosaurus and Sauroposeidon in size
and form, and clearly belongs to a brachiosaurid. In fact, it is
intermediate between Brachiosaurus and Sauroposeidon in
many respects, including its internal structure and the size of
its pneumatic fossae (the air sac impressions). The specimen
adds information important to our understanding of Sauro-
poseidon. Because it is intermediate in form, the British giant
shows how Sauroposeidon may have evolved from Brachio-
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saurus. Also, the occurrence of a close relative of Sauro-
poseidon in Europe emphasizes the complicated biogeo-
graphic history of Early Cretaceous sauropods.

One lasting mystery about Sauroposeidon concerns what
happened to the rest of the skeleton. The entire animal must
have been about 28 m (92 ft) long and probably weighed 50
metric tons (discussed in text to follow). More than a decade
has passed since the original discovery, and OMNH workers
have found and excavated many more fossils from the Arnold

farm, but none belongs to Sauroposeidon. Where is the rest

- of the body? Surely 50 tons of dead dinosaur didn’t just float

away. It seems more likely that the body stayed where it fell,
and the neck floated away and came to rest where it was
found. But the scenario is hard to square with the facts.
Bones transported by water tend to get rolled and broken.
The vertebrae of Sauroposeidon are very delicately con-
structed, and could not have survived a long trip downriver.
Furthermore, the cervical ribs of the specimen are all in

pneumatic
foramina

parapophyseal
laminae

perforation in
neural spine

pneumatic
fossae

cervical ribs

Figure 9. OMNH 53062, the type specimen of Sauroposeidon, in right view (parts of the cervical ribs were temporarily removed for conser-
vation and study). The specimen probably represents cervical vertebrae 5 through 8, judging by comparison with Brachiosaurus. The
pneumatic fossae are hollows that in life were filled with air sacs. In vertebrae 5 and 6, the pneumatic fossae on each side are so deep that
they meet in the middle and make small perforations through the neural spines. The air sacs entered the bones through the pneumatic

foramina.
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Figure 10. Vertebrae of Brachivsaurus and Sauroposeidon compared. Cervical vertebrae 6-8 are shown in right lateral view. In both sau-
ropods the neural spine of vertebra 7 is markedly higher than that of veriebra 6. Even though vertebra 7 of Sauroposeidon is incomplete,
enough of the spine remains to demonstrate the abrupt change. The transition point is unique to Brachiosaurus and Sauroposeidon.

place, so it was probably buried with the flesh intact. The
carcass was pulled apart by something strong enough to dis-
member a giant dinosaur, but gentle enough to leave the
fragile vertebrae and cervical ribs intact. There is always a
chance that future discoveries will reveal what happened to
Sauroposeidon’s body, but for now the trail has gone cold.

GETTING INSIDE SAUROPOSEIDON

An unusual feature of sauropods has attracted attention
since the first discoveries in the 19th century: their vertebrae
are hollow. One of the first sauropods discovered in England
was named Ornithopsis, meaning “bird-like,” because its
vertebrae were filled with chambers and thus resembled the
vertebrae of birds (Seeley, 1870). In 1877, Edward Drinker
Cope named Camarasaurus—“chambered lizard”—for its
hollow vertebrae (Cope, 1877). The hollow construction of
sauropod vertebrae probably reduced their mass, a feature
particularly important for a sauropod with a very long neck,
such as Sauroposeidon.

To investigate the internal structure of the vertebrae of
Sauroposeidon we used computed tomography (CT) scans.
The work was made possible by the generous assistance of
the Department of Radiology at University Hospital in Okla-
homa City. Beginning in January 1998, we transported verte-
brae of Sauroposeidon and other sauropods to the hospital
for scanning, and there we met R. Kent Sanders, who di-
rected the scanning and went on to help us describe Sauro-
poseidon.

Scanning such large specimens posed special challenges.
First, the bed of the CT scanner was designed to support hu-

man patients, not fossilized bones weighing hundreds of
pounds, so the size of specimens we could scan was limited.
Second, the aperture of the scanner was 48 cm in diameter.
At 69 cm by 140 cm, the largest vertebra of Sauroposeidon
would not fit through the scanner. Finally, medical CT ma-
chines lack the energy to punch X-rays through large fossils.
In large and dense specimens, X-rays tend to scatter, and the
scatter shows up as dark radial streaks in the CT images.
Even so, scanning yielded a wealth of information.

As revealed by the CT scans, vertebrae of Sauroposeidon
have extremely delicate construction. In cross section, the
vertebrae look like stick figures (Fig. 11). The “head” of the
figure is the neural spine, which is supported by a narrow
septum. The “arms” are the diapophyses, which extend out
at each side and support the cervical ribs from above. The
“legs” are the parapophyseal laminae, which also are at-
tached to the cervical ribs. The vertebrae articulate with each
other by means of ball-and-socket joints, so they must have
a round cross-section at each end. But in between, the cen-
trum narrows down to a thin, vertically oriented plate. The
plate is the median septum, which forms the “body” of the
stick figure. The vertebrae of Sauroposeidon were not only
reduced in overall construction; they were also filled with air
cells. The internal structure of the vertebrae consists entirely
of small chambers separated by thin walls of bone (Fig. 12).
Except for the cervical ribs, which are solid, no part of the
bone is thicker than 4 mm, and in most places the bone is
1 mm or less in thickness—eggshell thin.

We had begun the CT project not only to find out more
about Sauroposeidon but also to compare the vertebrae of
many sauropods and learn more about the evolution of the
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Figure 11. Cross-section of a Sauroposeidon vertebra. (A) depicts cetvical vertebra 6 in right lateral view. (B), a CT cross section through
the middle of the vertebra (along line x2) resembles a stick figure. The “head” is the neural spine, and the “arms” and “legs” are the diapo-
physes and parapophyseal laminae. The spaces constricting the “neck” and “body” are pneumatic fossae. The hole in the stick figure’s
chest is the neural canal, which in life enclosed the spinal cord. (C) is the same section as it may have appeared in life. The pneumatic
fossae contained large air sacs like those of birds. (D) and (E) show CT sections through other parts of the vertebra (lines x1 and x3). The
internal structure is entirely filled with small pneumatic chambers called camellae. (F) The bones of living birds have similar camellae: this
vertebra is from the senior author’s Christmas turkey, cut in half to reveal the internal structure.

group. In addition to scanning Sauroposeidon, we scanned
vertebrae from the sauropods Apatosaurus, Diplodocus, Hap-
locanthosaurus, Camarasaurus, Brachiosaurus, and Malawi-
saurus. The results reveal an interesting trend in the evolu-
tion of sauropods (Fig. 13).

Sauropods on the evolutionary line leading to Sauropo-
seidon include Haplocanthosaurus, Camarasaurus, and Bra-
chiosaurus. Primitive sauropods, such as Haplocanthosau-

Figure 12 (right). Internal structure of a Sauroposeidon vertebra.
(A) shows cervical vertebra 5 and the front part of vertebra 6. The
internal structure is exposed along the break in vertebra 6. The
near-vertical line indicates the axis of the cross section shown in B.
(B) shows a CT cross section from immediately in front of the
break. In the field, the left side of the vertebra was facing up and
was not as well preserved as the right side. The jagged white line
running across the middle of the vertebra is a large crack. The box
contains the area shown in (C), which is a part of the internal struc-
ture of the vertebra. This is a tracing of the bone exposed at the
break, drawn from a photograph of the specimen and not from a
CT scan. The black lines are bone, both the external surface of the
vertebra and the bony septa that bound the internal chambers
(white spaces). In the preserved specimen, these chambers are
filled with sandstone; in life they were filled with air, as are the
pneumatic bones of birds. We used digital calipers to measure the
thickness of the bone at points marked by arrows. Although the
vertebrae are immense, in life most of their volume was occupied
by air and so they would have weighed surprisingly little.
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Figure 13. Evolution of vertebral internal structure in the lineage leading to Sauroposeidon. At top are diagrams (not to scale) of the vertebral
structure of the various taxa; below, hypothetical relationships. Primitive sauropods such as Haplocanthosaurus have simple depressions
on each side of the centrum, and small chambers toward the front. Camarasaurus and Brachiosaurus have large enclosed spaces cailed
camerae. Brachijosaurus also has tiny, honeycomb-like spaces called camellae, which are mostly restricted to the ends of the vertebrae.
The vertebrae of Saurgposeridon are the most lightly built, compared to those of the other sauropods in the figure. The bony walls enclosing
the lateral air sacs have been reduced, turning the camerae into fossae, and the internal structure is entirely filled with camellae. The pre-
cise arrangement of the camellae in the vertebrae of Sawroposeidonis unknown because of problems associated with imaging a specimen
so large and dense. The pattern shown here is speculative, but it is based on well-resolved camellae from other parts of the vertebra (see
Figs. 11 and 12). The evolutionary tree is not the result of a cladistic analysis, but it is based on the cladistic analysis of Wilson and Sereno
(1998) and the Hennigian tree of Wedel and others (20004, fig. 3).

rus, lack internal chambers in their vertebrae. Instead, a sim-
ple depression or fossa is present on each side of the verte-
bra. In Camarasaurus the vertebrae are more lightly con-
structed, and contain several large, enclosed chambers
called camerae. The vertebrae of these sauropods resemble
I-beams in cross section. I-beam construction is a good way
to combine strength with lightness. For some kinds of stress
an even stronger design is the honeycomb, and the begin-
nings of honeycomb construction appear in Brachiosaurus.
The vertebrae still have large camerae and I-beam cross sec-
tions, but the ends of the vertebrae are filled with a honey-
comb of tiny, thin-walled chambers called camellae. Finally,
in Sauroposeidon, the heavy bars of bone that formed the
walls and floors of the vertebrae in Brachiosaurus are gone.
Instead, the parapophyseal laminae meet the median sep-
tum at an obtuse angle to form the legs of a stick figure, and
the internal structure consists entirely of camellae.

The vertebrae of these sauropods document an architec-
tural trend in which air spaces became smaller and more
numerous and bony elements became thinner and more
delicate. Haplocanthosaurus, Camarasaurus, and Brachio-
saurus also have successively longer necks, a trend that cul-
minated in the 12-m (39-ft) neck of Sauroposeidon. By com-

bining strength and lightness, the increasingly specialized
internal structure of the vertebrae may have facilitated the
continued evolution of increasingly longer necks in this lin-
eage. However, the biomechanical properties of the various
internal structure types have not been determined, and
much work remains to be done.

The internal structure of sauropod vertebrae tells us
about more than just neck elongation. The only living verte-
brates with similar spaces in their vertebrae are birds (Fig.
11F). The hollow spaces in bird vertebrae are filled with air.
The air reaches the vertebrae through tiny air tubes called
diverticula that extend out from the air sacs in the thorax and
abdomen. The primary function of the air sacs is to ventilate
the lungs. Unlike mammals, which get fresh air only upon
inhalation, birds have a sophisticated flow-through breath-
ing system. The air sacs blow fresh air through the lungs dur-
ing both inhalation and exhalation—enabling birds to ex-
tract a much higher proportion of oxygen from each breath
than do mammals (Bernstein, 1976).

What are the implications for sauropods? The internal
structure of sauropod vertebrae is practically identical to
that of birds, and no other mechanism produces the same
kind of spaces inside bones. Furthermore, the air spaces in
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side sauropod vertebrae are connected to the outside of the
bones by holes called foramina (Fig. 9). In birds, similar fo-
ramina allow air-filled diverticula extending from the air sacs
to enter the bones. The presence of foramina in sauropod
vertebrae indicates that the air was taken in from an external
source. Other lines of evidence, including the spread of in-
ternal chambers along the vertebral column during sauro-
pod evolution, also indicate that sauropods had an air sac
system similar to that of birds (Wedel, 2003; see Fig.14).
Pterosaurs and meat-eating theropod dinosaurs also had
pneumatic bones, and they probably had air sacs, too. Does
that mean sauropods and other dinosaurs had high-effi-
ciency lungs like those of birds? The possibility (discussed in
text to follow) may be a key to understanding how Sauropo-
seidon and other sauropods grew so large.

FLESH ON THE BONES

Sauroposeidon was one of the largest dinosaurs that ever
lived. How it compares to other sauropods in terms of size
depends on the various ways in which size is measured. For
example, Sauroposeidon was not the longest of all dinosaurs.
Even the familiar Diplodocus, with its thin, whip-like tail,
may have been longer. The longest dinosaur discovered to
date is probably Supersaurus, a close relative of Diplodocus
from the Late Jurassic of Colorado. Supersaurus, like Sauro-
poseidon, is incompletely known. The bones that have been
recovered indicate a truly stupendous animal: whereas
Diplodocus was as much as 27 m (89 ft) in length, Super-
saurus may have reached more than 40 m (131 ft). But
Supersaurus, like Diplodocus, was lightly built, and may have
weighed no more than 50 metric tons (Paul, 1997).

If, on the other hand, we look for the tallest dinosaur, then
Sauroposeidon seems made to order (Fig. 15). Its vertebrae
are 25% to 33% longer than equivalent vertebrae from Bra-
chiosaurus. Brachiosaurushad a 9-m (30-ft) neck, so even by

Figure 14. The air sac system of the ostrich, Struifio camellus, and the
hypothetical air sac system of Sawroposeidon. The lungs, which are ven-
tilated by the air sacs, are shown in gray. The hollow vertebrae of birds
are pneumatized by air sacs in the thorax and abdomen. Sauropods al-
most certainly had similar air sacs, judging from pneumatic chambers

found in sauropod vertebrae.

conservative estimates the neck of Sauroposeidon would
have been 11.25-12 m (37-39 ft)—as long as an entire skel-
eton of Acrocanthosaurus or Tyrannosaurus. Despite their
great length, the vertebrae of Sauroposeidon are only slightly
larger in diameter than those of Brachiosaurus, and we esti-
mate that its body was only 10% to 15% larger than that of its
Jurassic cousin. That would give Sauroposeidon an overall
length of perhaps 28 m (92 ft). Starting at the shoulder, 6 or 7
m (20 or 23 ft) off the ground, Sauroposeidon’s neck would
have given it a reach of 17 or 18 m (56 to 59 ft), making it tall
enough to peer into a sixth-story window. Whereas Brachio-
saurus is estimated to have weighed 30 metric tons, Sauro-
poseidon may have tipped the scales at 50 tons.

Even the 12-m (39-ft) neck of Sauroposeidon was not the
longest among dinosaurs (despite Wedel and others, 2000a).
The single available neck vertebra from Supersaurus is, at
1.35m (4 ft, 5 in.), slightly shorter than the longest vertebra
from Sauroposeidon. However, if Supersaurus was built like
other diplodocids, it would have had 15 vertebrae in its neck,
and even estimating conservatively (assuming that the 1.35-
m vertebra was the longest) Supersaurus had a whopping 14
m (46 ft) of neck. But computer models suggest that diplo-
docids could not raise their necks vertically (Stevens and
Parrish, 1999), so Supersaurus would have had to rear up on
its hind legs to reach higher than Sauroposeidon.

These stupendous animals were not mutants or sports of
nature. Supersaurus and Sauroposeidon have similar adap-
tations for lightening the neck vertebrae. Their specializa-
tions probably evolved in populations of similar-size indi-
viduals. They were functioning members of their ecosys-
tems, and they must have been successful over millions of
years to accumulate their specific adaptations. For all their
size and strangeness, these giant animals were just that, ani-
mals. Like all other organisms, they had to make a living in
the day-to-day world of feeding and mating, competition
and predation.
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A Figure 15. Sauroposeidon compared to Brachiosaurus and a human. (A) is a hypothetical
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reconstruction of Saurgposeidon, based on known skeletons of Bractiiosaurus. As recon-
structed here, Sauroposeidon would have been roughly 28 m (92 ft) long, with a 12-m (39-
ft) neck. (B) depicts Brachiosaurus, based on a mounted skeleton in Berlin, Germany. The
Berlin specimen has a 9-m (30-ft) neck and an overall length of 22 m (72 f1). (C) depicts a
human, 1.8 m (5 ft, 11 in.) tall. Figure 15 corrects many of the proportional and anatomical
errors of Wedel and others (20003, fig. 5) and is intended to replace that figure.

Although half a century ago it was a given that sauropods
were sluggish swamp-dwellers, we can now be fairly certain
that they lived on land. Aquatic and semi-aquatic animals,
such as beavers or hippopotami, tend toward a barrel shape,
with short legs and wide, spreading feet, the better to track
across soft mud. The landmark studies of Bakker (1971) and
Coombs (1975) brought to wide attention the obvious facts
of sauropod anatomy: they were shaped more like giraffes
than hippos. In fact, sauropod feet were so compact that the
animals must have found soft ground treacherous. Fossils
from Wyoming and Tanzania show that sauropods some-
times died on their feet, irretrievably mired in mudholes
(Dodson and others, 1980; Russell and others, 1980).

Further evidence of the terrestrial habits of sauropods
comes from their digestive tracts. A fossil of Apatosaurus
shows evidence of conifer twigs and needles in the stomach
(Stokes, 1964). Sauropods also swallowed cobbles: their
stomach stones, or gastroliths, have been found in place
among associated skeletons (Christiansen, 1996). Sauropods
may have used gastroliths to help break down their food, just
as modern chickens fill their gizzards with sharp grit to grind
up grain, although not all paleontologists agree with this in-
terpretation (Wings, 2003). Some gastroliths are distinctive
enough to suggest sauropod migration patterns (Stokes,
1987; Ratkevitch, 1998); together with trackway evidence,
they show that sauropods were as mobile as the large mam-
mals of today (Dodson and others, 1980).

The tiny heads of sauropods look strange to us; how could
such small mouths feed such enormous animals? Part of the
problem is that we are mammals, and we're used to looking
at other mammals, such as horses and cattle. Most mam-

mals chew their food before they swallow it. That means they
must have big teeth, and big heads. The head of a horse or a
cow is a big grass-grinder with a brain and sense organs
tacked on. Sauropods didn’t chew their food. They couldn’t;
they lacked grinding teeth and muscular cheeks. Sauropods
must have swallowed each bite whole, and the “chewing”
was done in the gizzard or stomach. Because they didn’t
have to chew, sauropods could have eaten very quickly, one
bite after another. Modern elephants spend up to half of
each day just eating, although some of that time is given over
to chewing. Sauroposeidorn was many times the size of the
largest elephant. Even without time off to chew, Sauropo-
seidon and other giant sauropods probably spent most of
their waking hours eating. A 50-ton Sauroposeidon may have
eaten a ton of plant material every day just to survive (based
on calculations by Weaver, 1983).

In the 1980s it was briefly fashionable to imagine that the
wide hips of sauropods served as birth canals for enormous
babies that were born alive (Bakker, 1986; Morell, 1987). In
fact, sauropods had wide hips because they themselves were
wide. The recent discovery of sauropod nests in Patagonia
demonstrates that sauropods—like all other dinosaurs in-
cluding birds—1laid eggs (Chiappe and others, 1998). The
Patagonian nest sites stretch on for miles, indicating that
sauropods gathered in vast numbers to lay their eggs. Two
dozen eggs of grapefruit size filled each nest, and each egg
contained an embryonic sauropod that upon hatching would
have been about the size of a kitten. The Patagonian eggs came
from small sauropods, but even the eggs of Sauroposeidon
were probably no larger than soccer balls.

Recent studies show that young sauropods grew very rap-
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idly. The growth rates of sauropods can be determined by
counting growth lines in their bones, like counting rings in a
tree. Independent studies of North American and African
sauropods indicate that they reached reproductive maturity
in 8 to 12 years and full adult size in less than two decades
(Curry, 1999; Sander, 2000). Elephants take almost as long to
mature, and they start out much larger and end up much
smaller: hence, sauropods grew faster than elephants and
almost as fast as modern birds. The best explanation for such
rapid growth is that sauropods had high metabolic rates and
that, in this respect at least, they were more like “warm-
blooded” mammals and birds than “cold-blooded” amphib-
ians and reptiles. Sauropods would have needed large
amounts of oxygen to support the high metabolic rates re-
quired for fast growth. As already observed, the hollow verte-
brae of sauropods suggest high-efficiency lungs like those of
birds. The vertebral anatomy and the high growth rates both
show that sauropods were physiologically much more like
birds than like crocodiles, lizards, or snakes. -

Pulling together those disparate facts gives us a better pic-
ture of Sauroposeidon and the world in which it lived (Fig. 5).
We can imagine vast sauropods, singly or in herds, stripping
twigs and needles from entire forests of conifers. They would
have to eat almost constantly to stoke their metabolic fires.
They might approach broad, slow-moving rivers with cau-
tion, afraid of bogging down because each meter-wide foot
must support 10 tons or more. Gravid females may have
congregated in vast rookeries to deposit their eggs. From
each egg would come a tiny Sauroposeidon no bigger than a
modern rabbit. The babies would grow at an astounding
rate, several kilograms a day—if they evaded roving packs
of Deinonychus and the terrible, meter-long jaws of Acro-
canthosaurus. If they were lucky, the young sauropods
would soon outstrip their hunters in size, and the theropods
would turn back to the less imposing herds of Tenontosaurus
to get their food, or die trying. Occasionally a flood would
deposit a meter or more of sand and mud in a single event,
entombing any carcasses—predator and prey alike—left on
the river's floodplain. The dinosaurs were buried alongside
their less spectacular neighbors: turtles, lizards, crocodiles,
and the tiny, hairy mammals that would eventually inherit
the Earth.

Most species persist for a few million years before going
extinct (the conservative garfish, essentially unchanged since
the Cretaceous, is an exception rather than the rule). Sauro-
poseidon must have existed for millennia at least, with thou-
sands of individuals alive at any one time to maintain a healthy
and stable population. So far we have discovered only one in-
dividual, and only about 5% of it, at that. Only future discov-
eries can tell us if our picture of Sauroposeidon is accurate.

IN THE FOOTSTEPS OF GIANTS

South of the Red River, the Antlers Formation thickens
and becomes interbedded with marine sediments laid down
on the bottom of a shallow sea—the ancient Gulf of Mexico.
The terrestrial parts of the sedimentary sequence, known in
central Texas as the Trinity Group, contain many of the same
species as found in Oklahoma: the same turtles, the same
crocodilians, even Deinonychus, Tenontosaurus, and Acro-

canthosaurus (Jacobs, 1995; Winkler and others, 1997b; Brink-
man and others, 1998; Harris, 1998). Sauropods are also known
from the Trinity Group of Texas: the published record de-
scribes mainly small, fragmentary fossils (see Langston, 1974).
A productive bone bed, now being investigated by research-
ers at Southern Methodist University, promises to dramati-
cally increase our knowledge of sauropods from the Trinity
Group (see Winkler and others, 1997a; Rose, 2004). Of greater
interest in the context of this report are tracks left by sauro-
pods near present-day Glen Rose, Texas. The celebrated di-
nosaur trackways of the Glen Rose Limestone have attracted
widespread attention since their discovery early in the 20th
century (Shuler, 1917). While working for the American Mu-
seum of Natural History, New York, Roland T. Bird collected
a long sauropod trackway in the bed of the Paluxy River (Bird,
1985), and the tracks were named in his honor: Brontopodus
birdi, “Bird’s thunder foot” (Farlow and others, 1989).
Fossilized tracks receive their own names, independent of
the presumed trackmakers, because it is usually impossible

‘to match specific animals with specific trackways. However,

in the case of Brontopodus we can offer informed specula-
tion. Obviously, tracks of Brontopodus belong to a sauropod,
but otherwise the most telling clue is size: the Paluxy foot-
prints are truly enormous. A big footprint may be a meter
(39 in.) in diameter, large enough for a child’s bath (Fig. 16).
Even the hind feet of Brachiosaurus are not large enough to
have made such tracks. Skeletal remains of sauropods from
the Trinity Group of Texas, although incomplete, do not sug-
gest titans large enough to fit the footprints. However, the
empty tracks are just about the right size to have been made

Figure 16. In the footsteps of giants. Giant sauropod tracks, such
as this one, are common in Early Cretaceous strata of Texas.
Sauroposefdon is the only dinosaur known from that time large
enough to have made the tracks. (Negative number 319835, Amer-
ican Museum of Natural History Library, reprinted with permission.)
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20 cm

Figure 17. A sauropod from Montana, probably a juvenile, is represented here by
YPM 5294 (side and top views, shown above). The specimen, a centrum from the
Cloverly Formation, has most of the characteristics used to diagnose Sawrgposeidon.
The sauropod was either Saurgposeidon or a very close relative. After Ostrom (1970,
pl. 15, reprinted with permission); reversed for comparison to cervical vertebra 6 of

Sauroposeraon.

by Sauroposeidon. We may never know for certain, but so far
Sauroposeidon is the only Early Cretaceous sauropod known
from the entire North American continent large enough to
have made the Paluxy tracks. The similarity of Oklahoma
and Texas faunas at the time makes the possibility even
more likely.

The first known specimens of two Early Cretaceous dino-
saurs mentioned above, Deinonychus and Tenontosaurus,
came from the Cloverly Formation of Montana and Wyo-
ming. The Cloverly also yielded a few sauropod fossils. One
specimen, Yale Peabody Museum (YPM) 5294, consists of a
single neck vertebra from a juvenile sauropod (Ostrom, 1970;
see Fig. 17). But what a juvenile: at 47 cm (18.5 in.) long, YPM
5294 is longer than the vertebrae of many adult sauropods.
Although incomplete, it has most of the characteristics that
set Sauroposeidon apart from all other sauropods (Wedel
and others, 2000b). If it is not a vertebra from a juvenile
Sauroposeidon, then it must represent a close relative of
Sauroposeidon.

Footprints, an isolated vertebra: tantalizing bits, but to
learn more about Sauroposeidon we need more fossils. The
Antlers Formation stretches across nine counties in south-
east Oklahoma. More remains of Sauroposeidon and other
remarkable animals are out there, in bluffs and along creek
beds, waiting to be found. Perhaps Sauroposeidon will not
be the last of Oklahoma’s giants, after all.
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,Upcomingm ——

SEPTEMBER

American Association of Petroleum Geologists, Gulf Coast
Association of Geological Societies, Annual Convention,
September 25-27, 2005, New Orleans, Louisiana. Informa-
tion: AAPG Convention Dept., P.O. Box 979, Tulsa, OK
74101; (918) 560-2679 or (800) 364-2274; fax 918-560-2684;
e-mail: convene@ aapg.org. Web site: hitp://www.gcags
2005.com.

Oklahoma Emerging Energy Technology Conference, Sep-
tember 27, 2005, Norman, Oklahoma. Information: Kylah
McNabb, Oklahoma Wind Power Initiative, University of
Oklahoma, 3200 Marshall Ave., Suite 150, Norman, OK
73072; (405) 447-8412; fax 405-447-8455; e-mail: windgirl@

ou.edu. Web site: http://www.ocgi.okstate.edu/conference
2005/.

OCTOBER

American Institute of Professional Geologists, Annual
National Meeting, October 8-13, 2005, Lexington, Ken-
tucky. Information: Tom Spalding, (502) 458-1209; e-mail:
aipg205@yahoo.com. Web site: http://www.professional
geologist.org.

Society of Petoleum Engineers, Annual Technical Confer-
ence and Convention, October 9-12, 2005, Dallas, Texas.
Information: SPE Headquarters, P.O. Box 833836, Rich-
ardson, TX 75083; (972) 952-9393 or (800) 456-6863; fax
972-952-9435; e-mail: spedal@spe.org Web site: http://
WWW.Spe.org.

Earth Science Week 2005 Celebrates
“Geoscientists Explore Our Earth”

This year’s Earth Science Week will
be held October 9-15 and will cele-
brate the theme “Geoscientists Ex-
plore the Earth.” Learn about what
geoscientists do and how their work
is important to society. How can you
become a geoscientist? Start by parti-
cipating in Earth Science Week!

The American Geological Institute,
the sponsor organization for Earth
Science Week, offers free kits (one per
individual) and information to help
teachers, field-trip leaders, and
others prepare for Earth Science
Week. Contact: Earth Science Week,
American Geological Institute, 4220
King St., Alexandria, VA 22302; phone
(703) 379-2480; fax 703-379-7563; Web
site— http://www.earthsciweek.org/.

Geological Society of America, Penrose Conference, “Lessons
in Tectonics, Climate, and Eustasy from the Stratigraphic
Record in Arc Collision Zones,” October 10-14, 2005, Price,
Utah. Information: Geological Society of America, P.O. Box
9140, Boulder, CO 80301; (303) 447-2020; fax 303-357-1070;
e-mail: meetings@geosociety.org. Web site: http://www.
abdn.ac.uk/~wpg008/ArcPenroseMeeting.html.

Oklahoma Qil and Gas Trade Expo, October 20, 2005, State
Fair Grounds, Oklahoma City, Oklahoma. Information:
Toni Kitchell, Oklahoma Commission on Marginally Pro-
ducing Oil and Gas Wells, 3535 N.W. 58th St., Suite 870,
Oklahoma City, OK 73112; (405) 604-0460 or (800) 390-0460;
fax 405-604-0461; e-mail: tkitchell@marginalwells.com.

Web site: http://www.marginal.state.ok.us.

NOVEMBER

Society of Exploration Geophysicists, International Exposi-
tion and Annual Meeting, November 6-11, 2005, Houston,
Texas. Information: SEG, P.O. Box 702740, Tulsa, OK 74170;
(918) 497-5500; fax 918-497-5557; e-mail: meetings@seg.org.
Web site: http://www.seg.org/meetings/.

International Petroleum Environmental Conference, No-
vember 8-11, 2005, Houston, Texas. Information: Kerry L.
Sublette, Depts. of Chemical Engineering and Geosciences,
University of Tulsa, 600 S. College Ave., Tulsa, OK 74104;
(918) 631-3085; fax 918-631-3268; e-mail: kerry-sublette@
utulsa.edu. Web site: http://ipec.utulsa.edu/.

Booch Gas Play Workshop

December 1, 2005 ¢ Norman, Oklahoma

The Oklahoma Geological Survey, in cooperation
with the Petroleum Technology Transfer Council, will
present a one-day workshop on the Booch gas play in
southeastern Oklahoma. The workshop will be held at
the Moore-Norman Technology Center, 4701 12th Ave,,
NW, in Norman, Oklahoma.

The workshop is designed to provide the participants
with both a general and field-specific understanding of
the Booch. Following a rigorous regional review is a de-
tailed examination of three Booch gas fields that were
chosen to highlight elements critical to Booch gas pro-
duction. The geological analysis will be supplemented
by a presentation of Booch drilling and completion
practices from a guest speaker intimately familiar with
Booch operations. A workshop manual and CD are in-
cluded with the registration.

For further information, contact Michelle Summers
at the Oklahoma Geological Survey, phone (405) 325-3031
or (800) 330-3996; fax 405-325-7069; e-mail: ogs@ou.edu;
website — http://www.ou.edu/special/ogs-pttc/.
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GSA Annual Meeting & Exposition
October 16-19, 2005 -+ Salt Lake City, Utah

GEOSCIENCE Time is quickly approaching for the
in a Changing 2005Annual Meetingin Salt Lake City,
World where geoscientists from around the

world will come together to share in the latest ad-
vances and exciting discoveries. The meeting has
much to offfer everyone in the earth sciences.
From effects of the South Asian tsunami, to con-
troversies over teaching evolution, to the recently
released Millennium Ecosystem Assessment, events show that
science and society are closely linked. The Annual Meeting
provides an exceptional forum for bringing together geosci-
entists, educators, and policy makers, where we can work to
improve the understanding and application of science in our

PARDEE KEYNOTE SYMPOSIA

2004 South Asian Tsunami

Research Opportunities, New Frontiers, and the Questioning of
Paradigms in Structural Geology and Tectonics

Science, Politics, and Environmental Policy

Speaking Out for Evolution: Rationale and Resources for Support-
ing the Teaching of Evolution

The 2004-2005 Eruption of Mount St. Helens: New Insights and
Hazard Management of an Extraordinary Dacitic Dome-Growth
Eruption

The Return to Saturn: Results from Cassini-Huygens

The Wasatch Range-Great Salt Lake Hydroclimatic System

Water Resources Science and Public Policy

TOPICAL SESSIONS

Centennial Celebration Symposia for the Society of Economic
Geologists

Advances in Geophysics and New Techniques: Lithospheric and
Crustal Architecture, Ore Deposit Visualization, and New Tech-
nologies in Analytical Techniques and Mineral Processing

Advances in the Understanding of Tectonic Settings and Structural
Control of Ore Deposits

Sources of Porphyry Copper Deposits: Magmas, Metals, and Fluids

The Evolving Earth: Implications for Ore Deposit Formation, Evo-
lution, and Benefaction

Borates, Uranium, Mineral Sands and Bulk Commodities: Deposit
Models, Processes, and Descriptions

ATribute to Hans-Olaf Pfannkuch: From Darcy to the Modern
World of Environmental and Contaminant Hydrogeology

Artificial Recharge of Groundwater—Hydrogeologic Characteriza-
tion and Implementation

Bedrock Infiltration: Advances in Understanding Vadose-Zone
Processes, Percolation through Macropores and Shallow Soils,
and Recharge to Consolidated-Rock Aquifers

Chemistry, Ecology, and Groundwater Hydrology of Lakes, Streams,
Playas, and Springs: Observations at the Interface

Dissolution, Precipitation, and Redox Reaction Kinetics in Aquifers

Environmental Issues Related to Qil and Gas Exploration and Pro-
duction

Fault Zone Controls on Fluid Movement, Earth Resources and Pro-
cesses: Perspectives from Field, Laboratory, and Modeling Studies

Flowpaths Integrating Terrestrial and Aquatic Components of
Catchment Ecosystemns

SLC 2005 Agenda

lives. This year’s program features more than 20 sessions

Jocused on education-related topics, as well as a plethora of
sessions addressing geologic hazards, resource utilization,

and environmental policy.

Set between the spectacular backdrop of the Wasatch
Range and Great Basin, Salt Lake City is a dynamic location
Jor the meeting. The Annual Meeting is one of the best venues
Jfor sharing our Science, continuing our Learning, and inter-
acting with our Colleagues.

See you in Salt Lake City for Science » Learning ¢ Colleagues!

— Adolph Yonkee, General Chair
Salt Lake City Local Committee

Groundwater Quality and Quantity Interconnections: The Effects
of Natural and Anthropogenic Contamination on Groundwater
Availability

Hydrogeology and Climate Change: Insights from the Past

Identification, Quantification, and Simulation of Contaminant
Exchange at the Atmosphere and Land Interface

Innovations and New Frontiers in Hydrologic Modeling

Innovative Methods of Estimating Recharge in Humid Climates

Innovative Monitoring and Modeling Techniques for Assessing the
Performance of Passive Remediation Projects for Contaminated
Water and Soil

Innovative Use of Natural and Artificial Tracers in Mountain Catch-
ments Underlain by Fractured Rocks

Interactions of Groundwater and Surface Water at the Land-Sea
Margin

Nano- to Field-Scale Processes Governing the Transport of Microbes
and Colloids in the Subsurface

Naturally Occurring Perchlorate (and other Oxyanions) in the
Hydrologic Cycle—Origins, Accumulation, Transformations,
and Transport '

Arsenic Occurrence and Fate in Hydrogeologic Systems

Quantifying Controls on Microbial Reaction Rates in Subsurface
Environments

Seafloor Hydrogeology: Investigating Fluid Flow through the
Oceanic Crust and Seafloor Sediments

Stream-Hyporheic Interactions: Hydrology, Geochemistry, and
Biology

The Hydrosystem of the Great Salt Lake Basin: New Frontiers for
Observing and Modeling Human-Impacted Hydrologic, Climatic,
and Geomorphologic Processes

The Role of Colloids and Semicrystalline/Amorphous Materials in
Environmental Cycling of Trace Elements

Water Resource Management and Planning for Fractured and
Karstic Aquifers

Water, Solute, and Sediment Fluxes through Carbonate and Karst
Aquifers

Springs: Keys to Understanding Geochemical Processes in Aquifers

Riparian Corridors in Semi-Arid and Arid Environments: Results
and Approaches of Integrative Studies in Support of Scientifi-
cally Based Management and Restoration, with Emphasis on
the Great Basin

Debris Flows Initiated by Runoff and Erosion: Processes, Recogni-
tion, and Hazard Implications

Debris-Flow Processes, Stratigraphy, Geomorphology, and Societal
Response
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Drought-Related Geologic Hazards: A Worldwide Perspective

Exploring How Private Projects Affect Public Land

Genesis, Behavior, Mapping, and Treatment of Collapsible Soils

Geologic Remote Sensing

Mine Rock Piles and Pyritically Altered Areas: Their Slope Stability
and Effect on Water Quality

Recognition and Characterization of Neogene Faults

Seismogenic Landslides

What Goes Up Must Come Down: The Science and Policy of Dam
Removal

Conservation and Management of Global Geoheritage Resources:
Regional and Local Sites

Geology in the National Forests—Stewardship, Education, and
Research

Geology in the National Parks: Research, Mapping, and Resource
Management

Geology of Parks and Public Lands: Effective and Innovative In-
formal Earth Science Education for the Masses

Investigation of Sources and Fates of Anthropogenic Inputs to the
Environment through Isotopic Systematics

Sources, Transport, Fate, and Toxicology of Trace Elements in the
Environment

The Changing Planet: A Special Tribute Session Celebrating the
Contributions of Fred T. Mackenzie

This Changing Planet: Explaining Geologic Hazards to the Media,
Policy Makers, and the General Public

Advances and Applications of Tephrochronology and Tephrostra-
tigraphy: In Honor of Andrei M. Sarna-Wojcicki

Carving the Western Landscape: The Evolution of the Colorado
Drainage from Source to Sink

Paleoenvironmental Records in and around the Bonneville Basin:
From Glacial/Interglacial Cycles to Anthropogenic Impacts

Recent Advances in Numerical Dating Techniques for Developing
Quantitative Chronostratigraphies in Arid and Semi-Arid Envi-
ronments

Dendrogeology: Geologic Applications of Tree-Ring Studies

Glacial Geology and Lake Sedimentology: In Memory of Geoffrey
O. Seltzer

Ice Free versus Cold-Based Ice: Cosmogenic Nuclides, Trimlines,
and Ice Sheet History of Differentially Weathered Landscapes

Timing and Nature of Mountain Glacier Advances throughout the
Last Glacial Cycle

Comparative Carbonate Sedimentology: A Tribute to the Career of
R. N. Ginsburg

Establishment of an Integrated and Calibrated Chronostratigraphic
Framework for High Resolution Sequence Stratigraphic Analy-
sis, Stratal Correlation, and Sedimentary Basin Geohistory Re-
construction

Petrographic Methods Applied to Sedimentary Rocks: To Celebrate
the 80th Birthday of Bob Folk

Reading the Record of the Rocks: Resolving the Tectonic and Eu-
static Signals in Stratigraphic Successions: In Honor of Don
Swift on his 70th Birthday

Recent Advances in the Application of Sedimentology and Stratig-
raphy to Tectonic Problems

Refining the Global Neoproterozoic Geologic Record

Resolving the Late Paleozoic Gondwanan Ice Age in Time and Space:
Integration of Southern and Northern Hemisphere Records

Sedimentology Goes to Mars

Sedimentology, Stratigraphy, and Paleontology of Southern Utah
Public Lands

Weathering, Sedimentation, and Diagenesis in Major Element Cycles

The Bureau of Land Management’s National Landscape Conserva-
tion System as Outdoor Laboratories: New Research in Grand
Staircase-Escalante National Monument and the Surrounding
Area

Advances and Applications with the Fossil Record of Non-Marine
Arthropods (Paleogeoarthropods: Insecta, Chelicerata, My-
riapoda, some Crustacea) for Geoscientists and Biologists

Habitat Partitioning Above, On and Within the Substrate

Jurassic Marine Paleobiology: Tracing the Roots of the Modern

Biota

Paleoenvironments and Taphonomy of Cambrian Lagerstatten

Protists in Extreme Environments: Fossil Evidence to Physiological
Adaptations

Taphonomy: Process and Bias through Time

The Dawn of Animal Life: Evolutionary and Paleoecological Patterns
in the Neoproterozoic-Cambrian Animal Fossil Record

Thinking about Fossils: The Emergence and Development of Pale-
ontological Thought in North America from Native American
Customs to the End of the Great Western Surveys

Traces of Life: Micro- to Macroscopic Evidence of Past and Present
Biogenic Activity and their Implications

Collaboration for the Dissemination of Geologic Information among
Colleagues

Does Geology Serve Society? Let’s Count the Ways!

Efficient and Effective Practices in Using Web Sites and Technolo-
gies to Support and Manage Information, Student Learning
and Recruitment, and Public Education

From Rocks to Records: Geological Preservation for the Profession
and the Public Good

Geology and Art—Forever the Twain Shall Meet

Keys to Opportunities with the National Park Service

Conservation and Management of Global Geoheritage Resources:
A National Perspective

Conservation and Management of Global Geoheritage Resources:
International Perspectives

Geological Monitoring in National Parks

Innovation, Evaluation, and Best Practices in Informal Geoscience
Education

Integrating Research into Undergraduate Geoscience Coursework

Interdisciplinary Education: Applications of GIS and the Infusion
of Spatial Concepts Across the Curriculum

International Undergraduate Field Trips: Logistics, Challenges,
and Successes

Is it Science? Strategies for Addressing Creationism in the Class-
room and the Community

Let’s Rock Their World: Integrating Planetary Science Data into
Undergraduate Geoscience Courses

Methods of Assessing Teaching and Learning in the Geosciences

Minorities, Women, and Persons with Disabilities in the Geo-
sciences: Avenues to Success

REU at 25: Its Impact on Undergraduate Geoscience Education

Earthcaching—Educational Earth Science Geocaches that Link
Public and Other Lands with the General Public via a Web-
Based Adventure Game

Strategies for Teaching Introductory Geoscience in Large Lecture
Classes

‘We Can Continue to Do Better: More Alternatives to the Same Old
Lab Lecture Format in the College Classroom

Holocene Climate Change in Western North America: Spatial-
Temporal Phasing of Climate Modes, Events, and Transitions

Causes and Effects of the Paleocene-Eocene Thermal Maximum
and Other Paleogene Hyperthermal Events

Terrestrial and Extraterrestrial Environments for Microbial
Survival

The Peria Blanca Uranium District, Chihuahua: A Natural Ana-
logue for the Transport of Radionuclides in a Nuclear Waste
Repository in Unsaturated, Welded Tuff

Mercury in Coal: Origins to Emissions

Experimental, Theoretical, Stable Isotope, and Predictive Studies
of Sulfide Oxidation Processes in the Field and Laboratory

Thermochronology: Techniques, Applications, and Interpretations

Dynamics of Metamorphic and Hydrothermal Processes: From
Grain-Scale to Mountain Belt

Mars Analogue Research and Instrument Field Testing

The Lunar Exploration Initiative: Current Science Knowledge and
Future Exploration

4-D Evolution of the Continents: Integrated Solutions through
Cyberinfrastructure

Accretionary Orogens in Space and Time

Geometry and Evolution of Extensional Basins and Their Influence
on Fluid Flow, Sedimentation, Seismicity, and Magmatism

Processes of Basin and Range Extension: An EarthScope Primer
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The Yellowstone Hotspot: Its Influence on the Magmatic and Tectonic
Evolution of the Western U.S.

The Yellowstone Hotspot: Integrated Field, Geochemical, and Geo-
physical Studies

High-Pressure Mineral Physics: To Honor Ho-Kwang Mao, Roebling
Medalist

Insights into the Raising of the Colorado Plateau

Orogenic Plateaus from Top to Bottom

Out of the Tethys: The Making of Asia

The Backbone of America from Patagonia to Alaska: Plateau Uplift,
Shallow Subduction, and Ridge Collision

Tectonic Hazards of the SE Asian Region

Tectonics in the Information Age: Large Datasets and Numerical
Models in Solid Earth Science

EarthScope: Challenges in Understanding the Heterogeneity of the
Lithosphere

Geology and EarthScope

Controversies, Conundrums, and Innovative Approaches in Exten-
sional Tectonics: A Tribute to Ernie Anderson

Great Basin Tectonics and Metallogeny

The Edges of Extension: Boundaries of the Basin and Range Province
as Natural Laboratories for Studying Tectonic and Structural Pro-
cesses

The Nature, Significance, and Evolution of Transtensional Tectonic
Regimes

Young and Active Transtensional Deformation along the Western
Margin of North America: Walker Lane Belt/Eastern California
Shear Zone to the Guif of California

What is a Magma Chamber? The Role of Sheets in the Assembly of
Intrusions

Rheological Information from Naturally Deformed Materials: New
Approaches to Understanding Bulk Ductile Behavior

Fracturing and Faulting of the Clastic Rocks of the Colorado Plateau

The Echinoderm Legacy of N. Gary Lane

SHORT COURSES & EDUCATION WORKSHOPS

Introduction to Geographic Information Systems (GIS), Using
ArcGIS9 for Geological Applications, Oct. 14-15

Measurement of Indoor Radon in Geologically Diverse Terrains,
Oct. 14-15

ATracer Runs through It: Applications of the Tracer-Injection
Methods, Oct. 15

Science in Environmental Policymaking, Oct. 15

Springs Inventory and Classification Course and Field Trip, Oct. 15

Three-Dimensional Geologic Mapping for Groundwater Applica-
tions Workshop, Oct. 15

Sequence Stratigraphy for Graduate Students, Oct. 14-15

Thermochronology, Oct. 14-15

Paleobiogeography: Generating New Insights into the Coevolution
of the Earth and Its Biota, Oct. 15

FIELD TRIPS

Neoproterozoic Uinta Mountain Group of Northeastern Utah:
Pre-Sturtian Geographic, Tectonic, and Biologic Evolution,
Oct. 13-14

Basaltic Volcanism of the Central and Western Snake River Plain
and its Relation to the Yellowstone Plume, Oct. 13-15

From Cirques to Canyon Cutting: New Quaternary Research in the
Uinta Mountains, Oct. 13-15

Geomorphology and Rates of Landscape Change in the Fremont
River Drainage, Northwestern Colorado Plateau, Oct. 13-15

Lacustrine Records of Laramide Landscape Evolution, Green River
Formation, Oct. 13-15

Late Cretaceous Stratigraphy, Depositional Environments, and
Macrovertebrate Paleontology in Grand Staircase-Escalante
National Monument, Utah, Oct. 13-15

Transect across the Northern Walker Lane, Northwest Nevada and
Northeast California: An Incipient Transform Fault along the
Pacific~-North American Plate Boundary, Oct. 13-15

Bingham Canyon Porphyry Cu-Au-Mo Deposit, Oct. 14

Brittle Deformation, Fluid Flow, and Diagenesis in Sandstone at
Valley of Fire State Park, Nevada, Oct. 14-15

Evolution of a Miocene-Pliocene Supradetachment Basin, North-
eastern Great Basin, Oct. 15

Geology and Natural Burning Coal Fires of the Ferron Sandstone
Member of the Mancos Shale, Emery Coalfield, Utah, Oct. 15

Latest Pleistocene-Early Holocene Human Occupation in the
Bonneville Basin, Oct. 15

Neotectonics and Paleoseismology of the Wasatch Fault, Utah,
Oct. 15

Pocatello Formation and Overlying Strata, Southeastern Idaho:
Snowball Earth Diamictites, Cap Carbonates, and Neoprotero-
aain Tamtarmio Denfilana Nas 10
LU IGULUPIU LIULLITY, WL, 1J

Geology of the Wasatch—A Two Billion Year Tour through the
Upper Third of the Crust, Oct. 17

Unique Geologic Features of Timpanogos Cave National Monu-
ment, Oct. 18

Biogeochemistry, Limnology, and Ecology of Great Salt Lake,
Oct. 19

Anatomy of Reservoir-Scale Normal Faults in Central Utah: Strati-
graphic Controls and Implications for Fault Zone Evolution and
Fluid Flow, Oct. 19-21

Sheet-like Emplacement of Satellite Laccoliths, Sills, and Bysmaliths
of the Henry Mountains, Southern Utah, Oct. 19-21 ,

Folds, Fabrics, and Kinematic Criteria in Rheomorphic Ignimbrites
of the Snake River Plain, Idaho: Insights into Emplacement and
Flow, Oct. 19-22

Mesozoic Lakes of the Colorado Plateau, Oct. 19-22

Geologic Hazards of the Wasatch Front, Utah, Oct. 20

Birth of the Lower Colorado River—Stratigraphic and Geomorphic
Evidence for its Inception and Evolution near the Conjunction
of Nevada, Arizona, and California, Oct. 20~-22

Lisbon Valley Sediment-Hosted Cu Deposits and Paradox Basin
Fluids, Oct. 20-21

Classic Geology of Zion and Bryce Canyon National Parks and
Cedar Breaks National Monument, Oct. 20-22

Development of Miocene Faults and Basins in the Lake Mead
Region: A Tribute to Ernie Anderson and Review of New
Research on Basins, Oct. 20-22

Don R. Currey Memorial Field Trip to the Shores of Pleistocene
Lake Bonneville: Stratigraphy, Geomorphology, and Climate
Change, Oct. 20-22

Paleoseismology and Geomorphology of the Hurricane Fault/
Escarpment, Oct. 20-22

Sedimentology and Sequence Stratigraphy of Isolated Shelf Tur-
bidite Bodies, Book Cliffs, Utah, Oct. 20-22

For more information, contact Geological Society of America,
P.O. Box 9140, Boulder, CO 80301 * (303) 447-2020 ¢ Fax: 303-
357-1071 » e-mail: meetings@geosociety.org ¢ http://www.
geosociety.org. The preregistration deadline is September 12.

Oklahoma Geology Notes e v. 65, no. 2 ® Summer 2005 61



Oquhoma

The Oklahoma Geological Survey thanks the Geological Society of America, American Association of Petroleum Geologists,
and The Journal of Geology for permission to reprint the following abstracts of interest to Oklahoma geologists.

Using Oxygen Isotopic Analyses of Bison Tooth Enamel
as a Proxy for Reconstructing the Oxygen Isotopic Ratios
of Surface Water

KATHRYN A. HOPPE, Dept. of Geological and Environmen-
tal Sciences, Stanford University, 450 Serra Mall, Bldg. 320,
Stanford, CA 94305

The oxygen isotopic values of bones and teeth from mam-
mals often tracks the oxygen isotopic composition of surface
water and/or precipitation, and thus may be used to recon-
struct paleoclimatic changes. However, the isotopic values of
different mammals taxa display different relationships to the
oxygen isotopic values of surface water. Thus, before the isoto-
pic values of a fossil taxa can [be] accurately interpreted, we must
first determine what isotopic patterns are displayed by a taxa’s
modern equivalent. I therefore analyzed the distribution and
variability of the oxygen isotope ratios of modern bison (Bison
bison) from North America. Bison have great potential for pro-
viding information about paleoenvironmental conditions in
North America, since bison remains are abundant in Holocene
and Pleistocene deposits across much of the continent.

I analyzed the oxygen isotopic ratios of carbonate from bulk
samples of tooth enamel from modern bison. Teeth were col-
lected from 11 sites located in California, Montana, Oklahoma,
Nebraska, North Dakota, South Dakota, Utah, and Wyoming, I
examined the variability of oxygen isotopes within and among
different populations and compared the average oxygen isoto-
pic values of each population to previous measurements of the
average values of local surface waters. I found that the oxygen
isotopic values of individual bison within a given population
vary less than 5%o; average standard deviations for a popula-
tion was 1.2%e (16). No significant differences in variability
were found among bison populations from different environ-
ments. Although individuals within a population displayed a
range of values, the average oxygen isotopic values of bison
enamel showed a good correlation with the values of local sur-
face waters (R? > 0.8, p < .05). Therefore, analyzes of the average
oxygen isotopie values of bison tooth enamel should serve as a
good proxy for reconstructing the oxygen isotope ratios of local
surface waters.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 37.

The Archostemata (Coleoptera) of North America:
Where Are the Fossils?

SARA H. LUBKIN, Dept. of Geological Sciences, Cornell
University, Snee Hall, Ithaca, NY 14850

Five North American species represent about one-sixth of
the diversity of modern Archostemata, the Coleopteran subor-
der considered the sister group to the rest of the modern Co-
leoptera. Fossil Archosterata and Archostematan-like beetles

are known from the Early Permian onwards; however, the ma-
jority of described fossils are from Europe and Asia where ex-
tant Archostemata are rare. Some fossil Archostemata are also
known from Australia, Africa, South America, and Antarctica,
but until recently, there were few records of fossil Archostemata
from North America. The lack of Permian beetles from North
America has been especially perplexing since the Wellington
formation of Kansas and Oklahoma is one of the most diverse |
deposits of Permian insects. Recent discoveries reveal that
North America has a much richer and more diverse record of
Archostematan beetles than previously considered. The fossil
record of beetles in North America now extends to the lower Per-
mian and includes the second occurrence of Coleoptera world-
wide, providing evidence that beetles were globally distributed
early in their history. The on-going re-examination of Late Tri-
assic material from the East Coast of the United States suggests
a once diverse beetle fauna including several Archostematan-
like morphologies. And, the Cretaceous of New Jersey has now
yielded the first record of the extant South American genus Para-
cupes. These recent finds contribute to understanding the ori-
gin, evolution and geographic distribution of the Coleoptera,
and support the conclusion that there are many more beetle fos-
sils to be found.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs; v. 36,
no. 5, p. 92. ’

Conodonts of the Desmoinesian (Middle Pennsylvanian)
Lost Branch Formation, Midcontinent Basin, Oklahoma
and Kansas

STEVEN J. ROSSCOE and JAMES E. BARRICK, Dept. of Geo-
sciences, Texas Tech University, Box 41053, Lubbock, TX
79409; and DARWIN R. BOARDMAN 1IJ, School of Geology,
Oklahoma State University, 105 Noble Research Center,
Stillwater, OK 74078

The Lost Branch Formation represents the last Desmoines-
ian cyclothem in the Midcontinent Basin. The lower boundary
of the formation is marked by the transgressive Homer School
Limestone. The Nuyaka Creek Shale represents the deeper trans-
gressive and regressive sequence. The formation is capped by
the regressive Glenpool Limestone. The Nuyaka Creek Shale at
the South Sasakwa section in Oklahoma is dominated by clay
shales, not the classic black core shale. These clay shales allow
for substantial conodont recovery and a more complete picture
of the conodont fauna of the last Desmoinesian cyclothem.

The fauna of the Homer School Limestone at South Sasakwa
is marked by the presence of Idiognathodus species A, Neo-
gnathodus dilatus, Adetognathodus latus, and Hindeodus mi-
nutus. The presence of both A. latus and H. minutus is indica-
tive of a shallow environment. Specimens of I species Ahave a
rostral accessory lobe that extends down the rostral side of the
element up to two thirds the length of the platform, whereas in
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I expansus the rostral lobe is restricted to the ventral quarter of
the platform.

In the lower meter of the Nuyaka Creek Shale, specimens of
I expansus including a deep water morphotype (having crenu-
lated and disrupted ridges) are recovered. Swadelina nodocari-
nata, two additional species of Neognathodus, Gondolella mag-
na and Gondolella denuda were also recovered in the lower
meter of the Nuyaka Creek. The presence of Gondolella and
Swadelina indicates deeper water conditions. At a height of 1.5
meters Gondolella and a deep water morphotype of Swadelina
(more nodose than the common morphotype) are no longer
recovered. It is likely that this was the deepest water repre-
sented in the section. Adetognathodus and Hindeodus are ab-
sent from a majority of the shale section until Adetognathodus
reappears at 12 meters. At 12.5 meters from the base of the
Homer School, Swadelina nodocarinata has its last occurrence.
At 13.5 meters, just above the Glenpool Limestone, the three
species of Neognathodus found in the South Sasakwa section
have their last occurrences. I. species A and I. expansus are pres-
eiit to the top of the formation. The South Sasakwa section ter-
minates at the base of the Seminole Sandstone. Similar results
are found in the Little River and the Glenpool Sections of Okla-
homa, and the Lost Branch Type Section of Kansas.

Reprinted as published in the Geological Society of America 2005 Abstracts with Programs, v. 37,
no. 3, p. 13.

Thrust Faulting in the Frontal Ouachitas and the Arkoma
Basin in Southeastern Oklahoma: Implications for Gas
Exploration

IBRAHIM CEMEN, MARLINE COLLINS, STEVE HADAWAY,
OSMAN KALDIRIM, GULTEKIN KAYA, JUSTIN EVANS, and
KRIS McPHAIL, School of Geology, Oklahoma State Uni-
versity, 105 Noble Research Center, Stillwater, OK 74078

The Frontal Ouachitas fold and thrust belt contains several
south-dipping imbricate thrust faults in the hanging wall of the
Choctaw fault, the leading-edge thrust of the belt. The Choctaw
is a high angle thrust fault at the surface. It loses its dip and be-
comes flat at depth for about 3 to 6 kms before joining the
Woodford Detachment with a tectonic ramp. We have distin-
guished two flat detachment surfaces below the Frontal Ouach-
itas; the Choctaw and Woodford Detachments. The lower Ato-
kan Spiro/Wapanucka formation is present between the two
detachments. The Woodford Detachment makes a ramp and
continues in the Morrowan Springer shale in the Arkoma Basin.
The strain partitioning from frontal Ouachitas to the Arkoma
Basin is accommodated primarily by a triangle zone and as-
sociated duplex structure. The triangle zone is flanked by the
Choctaw fault to the south and the Carbon fault to the north.
The duplex structure is located between Springer Detachment
(the floor thrust) and the Lower Atokan Detachment (the roof
thrust), which continues northward and displaces the Red Oak
sandstone before reaching a shallower depth and forming the
Carbon fault as a north dipping backthrust below the San Bois
syncline through a zero-displacement point. To the east of the
Wilburton field, the Carbon fault makes a lateral ramp to the
east and becomes a blind backthrust. The Carbon fault loses its
separation eastward and dies out in the Wister Lake area where
the strain partitioning takes place through the duplex structure
only. The lower Atokan Spiro/Wapanucka formation generally
produces gas in the duplex structure when it is in a structural
high in the horse structures where thrust faults may have cre-

ated permeability barriers for gas accumulation. This suggests
that thrust faults of the duplex structure may have provided
sealing for gas accumulation in the footwall of the Choctaw
fault.

Reprinted as published in the American Association of Petroleum Geologists 2004 Annual
Convention Abstracts Volume, v. 13, p. A22.

Depositional Environments and Stratigraphy of the
Hartshorne Formation, Western Arkoma Basin,
Oklahoma

MELISSA STEFOS, School of Geology, Oklahoma State Uni-
versity, 105 Noble Research Center, Stillwater, OK 74078

The Hartshorne Coal is the most actively explored gas-pro-
ducing reservoir in the western Arkoma Basin, southeastern
Oklahoma. The Hartshorne Coal is a member of the Pennsylva-
nian Hartshorne Formation, which is part of the Krebs Group
of the Desmoinesian Series. Integrated wire-line log, core and
mapping data were analyzed for parts of Haskell, Latimer,
McIntosh and Pittsburg Counties, Oklahoma to determine the
depositional environments and stratigraphic relationships be-
tween the lithofacies that comprise the formation.

As aresult of Hartshorne coalbed methane drilling, numer-
ous modern wire-line logs and some cores are now available
within the study area. Gamma-ray and neutron-density curves
were used to identify the Hartshorne Coal, and to establish the
Hartshorne stratigraphic framework and electrofacies. Isopach
maps were constructed for the coal and sandstone bodies. Log
signatures were correlated to cores, and depositional electro-
facies were established using sedimentary structures, distribu-
tion patterns and curve forms. -

Preliminary results indicate that the Hartshorne sediments
were deposited in a low-energy fluvial-deltaic to marginal ma-
rine setting. Depositional environments identified include delta
front/marginal marine, deltaic distributary channels, interdis-
tributary bays/overbank deposits and peat marsh. Thicker, east
to west trending, elongate sandstone bodies may represent en-
trenched distributary channels or incised valleys. In the coming
months, the present data will be augmented with additional
thin section analysis, core data, 3-D seismic and high-resolu-
tion micro-imaging wire-line logs. The ultimate goal of this
project is to improve the techniques for finding and efficiently
developing the Hartshorne coalbed methane gas reserves.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 75.

Nd Isotopes of Atoka Formation (Pennsylvanian) Turbid-
ites Displaying Anomalous East-Flowing Paleocurrents
in the Frontal Quachita Belt of Oklahoma: Implications
for Regional Sediment Dispersal

WILLIAM R. DICKINSON, P. JONATHAN PATCHETT, and
CHARLES A. FERGUSON, Arizona Geological Survey, 416
W. Congress St., Tucson, AZ 85701; NEIL H. SUNESON,
Oklahoma Geological Survey, 100 E. Boyd, Room N-131,
Norman, OK 73019; and JAMES D. GLEASON, Dept. of
Geological Sciences, University of Michigan, Ann Arbor,
M1 48109

Within the Pennsylvanian Atoka Formation of Oklahoma,
strata in the frontal Ouachita belt deposited by east-flowing
turbidity currents yield the same ey4 values as strata in more
interior parts of the Ouachita orogen deposited by west-flowing
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turbidity currents. The congruence of eyq values throughout the
Atoka Formation is consistent with widespread Paleozoic dis-
persal and recycling of detritus from the evolving Appalachian
orogen across the surface of the Laurentian craton and along its
margins. Sandstone in the olistostromal Johns Valley Shale un-
derlying the Atoka Formation yields a similar exq value, reflec-
tive of reworking Appalachian-derived sediment from the Pa-
leozoic Oklahoma shelf succession.

Reprinted with permission as published in The Journal of Geology, v. 111, no. 6, p. 733. © 2003
by The University of Chicago.

Structural and Stratigraphic Development of the Reelfoot
Rift Basin

KENNETH M. SKINNER, Bechtel Jacobs LLC, Knoxville, TN
37922; and RICHARD M. PAWLOWICZ, Navy CLEAN Project,
Bechtel National, Inc., 1230 Columbia Street, Suite 400, San
Diego, CA 92101

Exploratory drilling and subsequent hydrocarbon field de-
velopment has been very successful in establishing substantial
oil and gas production from Carboniferous age sediments that
were deposited in the deep marine environment along the
Paleozoic continental margin in portions of Oklahoma, Arkan-
sas, and Mississippi. Prolific dry gas production from Mississip-
pian and Pennsylvanian age clastic sediments was discovered
in large folded anticlinal structures in the Arkoma Basin of
western Arkansas in the early 1900s. Oil and gas production
from Carboniferous age clastic sediments was also discovered
several hundred miles to the east in the Black Warrior Basin.

These two basins, the Arkoma and Black Warrior, and the Reel-
foot Rift Basin, that connects the two basins, formed the trailing
edge of the continental margin of the North American Craton
during the entire Paleozoic Era. The depositional history and
structural development of the Reelfoot Rift Basin is linked to the
failed Reelfoot Rift System. The regional feature exhibits distinc-
tively different characteristics than either of the two bounding
hydrocarbon provinces. This trailing margin deep marine basin
does, however, have all of the characteristics of a prolific hydro-
carbon basin. Therefore, it is postulated that this region has a
comparable, very high probability of substantial hydrocarbon
accumulation and undiscovered reserves. This conclusion is
based on a detailed evaluation of the structural and deposi-
tional history of the region.

Reprinted as published in the American Association of Petroleum Geologists 2004 Annual
Convention Abstracts Volume, v. 13, p. A129.

Where Was the Hadley Cell Boundary in the Mid-Creta-
ceous Americas?: Constraints Imposed by Terrestrial
Carbonates of the Midcontinent United States

G. A. LUDVIGSON, Iowa Dept. of Natural Resources, Iowa
Geological Survey, 109 Trowbridge Hall, lowa City, IA 52242;
D. F. UFNAR, Dept. of Geology, University of Southern Mis-
sissippi, Hattiesburg, MS 39406; L. A. GONZALEZ, Dept. of
Geology, University of Kansas, Lawrence, KS 66045; S.J.
CARPENTER, Dept. of Geoscience, University of lowa, lowa
City, 1A 52242; B. J. WITZKE, lowa Geological Survey, Uni-
versity of lowa, 109 Trowbridge Hall, Iowa City, 1A 52242;

R. L. BRENNER, Dept. of Geoscience, University of lowa,
Iowa City, IA 52242; and R. L. CIFELLI, Dept. of Zoology,
University of Oklahoma, Norman, OK 73019

Some scientists have postulated a poleward migration of the

mid-Cretaceous Hadley Cell boundary (HCB) in response to
the greenhouse warming forced by higher atmospheric pCO,.
We evaluate this concept in light of observations on the paleo-
latitudinal distribution of mid-Cretacous pedogenic carbonates
in the midcontinent United States. A N-S transect along the
cratonic margin of the Cretaceous Western Interior Basin in the
midcontinent U.S. provides unambiguous evidence for loca-
tion of the HCB in a region free of orographic influences. Ufnar
et al. (2002; Palaeo-3 188:51-71) outlined the distribution of
Albian pedogenic siderites from 34 °N (central Kansas) to 75 °N
(North Slope Alaska) paleolatitudes, all recording terrestrial
paleoclimates with positive precipitation-evaporation balances
that are to be expected north of the HCB. Calcic paleosols of the
Aptian-Albian Antlers Formation of southeastern Oklahoma
(29.5 °N paleolatitude) record terrestrial paleoclimates with
negative precipitation-evaporation balances that are to be ex-
pected within the descending arm of the Hadley Cell. These ob-
servations place the HCB between 29.5 to 34 °N paleolatitude.
Diagenetic investigations of meteoric phreatic calcites from the
Antlers Formation yield meteoric calcite lines with 820 values
ranging between ~5.5 to —0.7%0 PDB. Micritic calcites from
meteoric vadose settings have §'0 values that were enriched
by evaporation by 0.24 to 1.2%o. At a local zonally-averaged
MAT of 27.7 °C, evaporative enrichments of these magnitudes
require evaporative losses of 11-45% of the vadose soil water
through simple Rayleigh distillation. Our work firmly places the
Antlers Formation of southeast Oklahoma within the Aptian-
Albian subtropical Hadley Cell.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 3, p. 39.

Terrestrial Paleoclimatology of the Mid-Cretaceous
Greenhouse I: Cross-Calibration of Pedogenic Siderite
and Calcite 6'30 Proxies at the Hadley Cell Boundary

GREG A. LUDVIGSON, Iowa Dept. of Natural Resources,
Iowa Geological Survey, 109 Trowbridge Hall, Iowa City, IA
52242; DAVID F. UFNAR, Dept. of Geology, University of
Southern Mississippi, Hattiesburg, MS 39406; LUIS A.
GONZALEZ, Dept. of Geology, University of Kansas,
Lawrence, KS 66045; SCOTT J. CARPENTER, Dept. of
Geoscience, University of lowa, 121 Trowbridge Hall, Iowa
City, IA 52242; BRIAN J. WITZKE, Iowa Geological Survey,
109 Trowbridge Hall, Iowa City, IA 52242; ROBERT L.
BRENNER and JEREMY DAVIS, Dept. of Geoscience, Uni-
versity of Iowa, 121 Trowbridge Hall, Towa City, IA 52242

We are investigating the position of the Hadley Cell bound-
ary (HCB) in North America during a period of greenhouse
warming forced by high pCO,. Our interpretations hinge on the
paleolatitudinal distribution of mid-Cretacous pedogenic car-
bonates. A N-S transect of the Cretaceous Western Interior Ba-
sin provides evidence for location of the HCB near 30 °N paleo-
latitude. Ufnar et al. (2002; Palaeo-3 188:51-71) outlined the dis-
tribution of Albian pedogenic siderites from 34 °N (central Kan-
sas) to 75 °N (North Slope Alaska) paleolatitudes, all recording
terrestrial paleoclimates with positive precipitation-evapora-
tion balances expected north of the HCB. Our oxygen isotope
mass balance model of the North American Cretaceous paleo-
latitudinal gradient in meteoric sphaerosiderite lines led us to
postulate up to a 220% increase in mid-latitude precipitation
rates over those of today. Calcic paleosols of the Aptian-Albian
Antlers Formation of southeastern Oklahoma (29.5 °N paleo-
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latitude) and exposure surfaces in marine carbonates of the Al-
bian Glen Rose and Walnut formations of central Texas (25 °N
paleolatitude) record terrestrial paleoclimates with negative
precipitation-evaporation balances that are expected within
the descending arm of the Hadley Cell. Diagenetic investiga-
tions of meteoric phreatic calcites in pedogenic nodules from
the Antlers Formation yield meteoric calcite lines (MCLs) with
8'%0 values of -8%o VPDB. Fine-grained pedogenic calcites
from these nodules have §'®0 values that were enriched by
evaporation by up to 7.5%o. At a zonal average MAT of 27.7 °C,
evaporative enrichments of these magnitudes suggest evapo-
rative losses of 30-50% of the vadose soil water. The Glen Rose
and Walnut formations yield MCL values of -4 and -6%. VPDB
respectively, and evince a flattening of the calculated paleo-
precipitation 3'%0 gradient into the subtropics, defined by
880 yarer = -0.003x%-0.0249x-2.3276, where x = degrees paleo-
latitude and r2= 0.96. Our new data from 25-34 °N are consis-
tent with the extrapolated model results of Ufnar et al. (2002).

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 305.

Terrestrial Paleoclimatology of the Mid-Cretaceous
Greenhouse II: Oxygen Isotopic Evidence for Enhanced
Atmospheric Heat Transport

DAVID F. UFNAR, Dept. of Geology, University of Southern
Mississippi, Box 5044, 134 Walker Science Bldg., Hattiesburg,
MS 39406; LUIS A. GONZALEZ, Dept. of Geology, University
of Kansas, 1475 Jayhawk Blvd., Lawrence, KS 66045; GREG
A. LUDVIGSON, Iowa Dept. of Natural Resources, [owa
Geological Survey, 109 Trowbridge Hall, lowa City, 1A 52242;
ROBERT L. BRENNER, Dept. of Geoscience, University of
Iowa, 121 Trowbridge Hall, Iowa City, IA 52242, and BRIAN
J. WITZKE, lowa Geological Survey, 109 Trowbridge Hall,
Iowa City, IA 52242

Terrestrial “greenhouse-world” paleosol-carbonate proxy
records and quantitative reconstructions of the mid-Creta-
ceous hydrologic cycle show that heat transfer through the at-
mosphere via water vapor played a greater role in cooling the
tropics and warming the high latitudes than at present, and
represents a viable alternative to oceanic heat transport. Pre-
cipitation-evaporation (P-E) balances define latitudinal zones
with moisture deficits and moisture surpluses. Comparison of
modeled Albian and modern P-E curves suggest amplification
of the Albian moisture deficit between 7.5 and 30°N latitude (up
to 65% greater), and amplified Albian moisture surplus in the
mid to high latitudes (up to 45% greater). The tropical moisture
deficit is calculated to represent an average heat loss of ap-
proximately 74 W/m? at 10°N paleolatitude (present 16.5 W/
m?), at 45°N an average heat gain of 83 W/m? (present 23 W/
m?); and at 75°N an Albian heat gain of 19 W/m? (present 4 W/
m?). These quantitative estimates of increased poleward heat
transfer by H,O vapor (latent heat flux-LHF) during the mid-
Cretaceous greenhouse warming may help to explain the re-
duced equator-to-pole temperature gradients. The hydrologic
cycle was mass-balance modeled from the empirical palteolati-
tudinal trend (34°-75°N) in mid-Cretaceous meteoric sphaero-
siderite 3'80 values of the Western Interior Basin, which is
steeper and lighter than the modern theoretical gradient. The
model was calibrated using modern 8'80 values, and the results
suggest that mid-Cretaceous precipitation rates exceeded mod-
ern mid-high latitude rates (156-220% greater in mid latitudes

[2600-3300 mm/yr], and 99% greater at high latitudes [550 mm/
yr]). The modeling results and LHF estimates suggest enhanced
aridity near the Hadley Cell Boundary (25°-30°N). Paleosol car-
bonates from the Antlers Formation of Oklahoma and the
Glenrose Formation of Texas show positive linear covariant
trends (PLCT) in 8'80 vs. 8'3C values that resulted from evapo-
rative enrichment of vadose pore-waters duing calcite precipi-
tation. Meteoric calcite lines defined for these paleosols extend
the latitudinal transect in mid-Cretaceous meteoric §'%0 values
to 25°N paleolatitude, and the PLCT’s will aid in quantifying
evaporation rates and refining mid-Cretaceous LHF estimates.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 198.

Cybermapping for Teaching Structural Geology

MOHAMED G. ABDELSALAM and CARLOS C. V. AIKEN,
Dept. of Geosciences, University of Texas at Dallas, P.O.
Box 830688, Richardson, TX 75083; and XUUEMING XIJ,
Center for Lithospheric Studies, University of Texas at
Dallas, 2601 N. Floyd Rd., Richardson, TX 75074

Elements of three-dimensionality should be reflected in the
Earth Science educational environment specially structural ge-
ology since the world is three-dimensional (3D) and the future
of geosciences will be increasingly quantitative. At present, geo-
sciences educators dominantly rely on two-dimensional (2D)
photographs of outcrops and/or simple idealized block diagram
to discuss fundamental concepts in structural geology. 3D visu-
alization will always be a fundamental part of teaching struc-
tural geology and it has always been a challenging task for edu-
cators as well as students, especially in teaching structural geol-
ogy. The University of Texas at Dallas (UTD) has applied digital
methodology to capture geological outcrop photo-realistically
in 3D, bringing the outcrop into a computer for visualization
and further analysis. We have accomplished a series of these
photo-realistic outcrops representing different geologic envi-
ronments. Our cybermapping method is used for data acquisi-
tion and accurately draping photography onto centimeter- to
decimeter-scale digital terrain models generated by reflector-
less laser mapping. The photo-realistic outcrops can be im-
ported and displayed in 3D virtual visualization systems at sev-
eral commercial and academic virtual sites such as the Cave
Automatic Virtual Environments (CAVES) and the GeoWall al-
lowing virtual measurements of structural elements such as
strike and dip of planar fabric and trend and plunge of linear
fabric. Projects include the Austin Chalk in Texas, the Jackfork
Sandstone at Big Rock Quarry in Arkansas, Pennsylvanian
listric faults Mingus Formation in Mineral Wells, Texas, deltaic
deposits of the Panther Tongue of north central Utah, the Ainsa
Basin of Spain, the Capistrano Formation at San Clemente
Beach, California, and Blacks Beach deepwater deposits at La
Jolla, California. In addition, we are currently involved in dig-
itally capturing a number of outcrops that can be used for
teaching geometrical aspects of angular unconformities, fold-
ing and faulting using the outcrops in the Arbuckle Mountains
and the Broken Bow Uplift in Oklahoma. These outcrops have
been used by us and other universities and adding the cyber-
mapping element will make these outcrops more effective in
teaching structural geology.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 348.
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Using a Field Project in the Arbuckle Mountains to
Promote Hypothesis-Based Learning in a Structural
Geology Course

BETSY D. TORREZ and BRIAN J. COOPER, Dept. of Geogra-
phy and Geology, Sam Houston State University, Box 2148,
Huntsville, TX 77341

The geology program at Sam Houston State University views
field experience as vital in enabling students to grasp 3-D geo-,
logic relationships and in preparing students to solve real-world
problems that involve analysis and interpretation of field data.
The undergraduate structural geology course at SHSU includes
a field-based research project in the Arbuckle Mountains, south-
ern Oklahoma. The Arbuckles are ideally suited for student proj-
ects because of accessible, high-quality exposures, a variety of
geologic structures, and thorough treatment in the literature.
The half-semester long project is designed to coach students
through all phases of an integrated geologic study: literature
review, data collection and analysis, and 3-D problem-solving
in the context of existing questions or controversies.

In the first phase of the project, students review selected ref-

erences and write a brief paper on the geologic history of the
Arbuckles and associated controversies. The Arbuckle moun-
tains consist of a thick Paleozoic succession of mostly carbon-
ate strata, deformed at low temperatures during the Late Paleo-
zoic. The main controversies focus on the Late Precambrian
origin of the depositional basin (aulacogen vs. transtensional
transform) and the style of deformation during the Late Paleo-
zoic (pure contraction, transpression, or strike-slip) (for review,
see Tapp, 1988). There is also evidence for Late Paleozoic struc-
tural inversion along faults in the area (Tapp, 1995). Using the
literature, students are asked to adopt or form a hypothesis
about the deformation in the region. This step is followed by
one to two weekend field trips in which pairs of students gather
data on bedding, faults, striations, veins, stylolites, and folds
exposed in large roadcuts along I-35 north of Ardmore, OK. Stu-
dents are coached in using their hypothesis to guide the gather-
ing of field data, and in selecting appropriate methods of data
analysis (ex. stereonets, Rose diagrams). Students must then
write a paper that supports or refutes their hypothesis, inter-
preting their own field observations and data in the context of
the views presented in the literature. This project fosters the re-
alization that students’ field-based data analysis can contribute
to solving real geologic problems.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 164.

Terra Firma: Methods of Field-Based Instruction to
Solidify Geologic Concepts

JAMES C. HICKEY, C. RENEE ROHS, and JOHN P. POPE,
Dept. of Geology-Geography, Northwest Missouri State
University, 800 University Dr., Maryville, MO 64468

Exposing students to real world geology and witnessing “the
solidification” of concepts presented in lectures is one of the
more gratifying experiences to most geoscience faculty mem-
bers. The team at NWMSU strives to provide field-oriented op-
portunities to our students via an annual field trip course, lab/
weekend trips associated with most major classes and a geo-
logic field methods course. Early in the fall semester, one of the
faculty team members facilitates a field trip course to an area

with a geologic setting that differs from the Central Great Plains.
Recent trips have included the Arbuckle Mountains in Okla-
homa, the Southern Rockies of Colorado and New Mexico and
an upcoming trip to the Yellowstone/Grand Teton area expos-
ing our students to the geologic wonders of each area using in-
quiry-based exercises and student-led field interpretations.
Each of us also endeavors to utilize similar approaches in
many of our major courses. Examples include: (1) having stu-
dents conduct a multi-lab field study to select a potential
groundwater supply well location during hydrogeology; (2) a
combined petrology-geomorphology weekend field trip to
southeast Missouri highlighting the inter-relationships be-
tween bedrock geology and landforms induced by processes
such as differential weathering and the intrusive relationship of
granite plutons and diabase dikes to rhyolite; or (3) via an inter-
pretative mapping trip to exposures of the Mid-continent Rift
System of southwestern Iowa in structural geology. Projects in
the field methods course, such as stream gauging, geophysical
mapping, and land surveying provide opportunities for stu-
dents to become familiar with field equipment and collect geo-

~ logic data.

Reprinted as published in the Geological Society of America 2005 Abstracts with Programs, v. 37,
no. 5, p. 98.

Integrating Classroom and Lab Projects with Fieldwork
and Field Trips: Results of a TSG Working Group

ART GOLDSTEIN, Dept. of Geology, Colgate University, 13
Qak Drive, Hamilton, NY 13346; CHRISTINE SIDDOWAY,
Geology Dept., Colorado College, 14 E. Cache La Poudre,
Colorado Springs, CO 80903; JOAN FRYXELL, Dept. of
Geological Sciences, California State University, 5500
University Parkway, San Bernardino, CA 92407; DAVID
MALONE, Dept. of Geography-Geology, Illinois State
University, Box 4400, Normal, IL 61790; MICHELLE
MARKLEY, Dept. of Earth and Environment, Mount
Holyoke College, 50 College St., South Hadley, MA 01075;
KIM HANNULA, Geosciences Dept., Fort Lewis College,
Durango, CO 81301; ARLO WEIL, Dept. of Geology, Bryn
Mawr College, 101 N. Merlon Ave., Bryn Mawr, PA 19010;
PETER SAK, Dept. of Geology, Bucknell University, Lewis-
burg, PA 17837; DOUG YULE, Dept. of Geological Sciences,
California State University, 1811 Nordhoff St., Northridge,
CA 91330; and DAN GIBSON, Dept. of Geosciences, Uni-
versity of Massachusetts, 233 Morrill Science Center,
Ambherst, MA 01002

At the workshop on Teaching Structural Geology (TSG) in
the 21st Century, a group was tasked with devising ways to en-
courage and enable greater integration of fieldwork and field
trips with classroom and lab projects. An on-line teaching re-
source being developed provides (1) field-based exercises for
classroom or field trip use, (2) a database with field trip destina-
tions and structural geology exercises, and (3) a data entry page
that allows any worker to upload new contributions to these
categories.

Three field-based exercises now online represent sites in the
Northeast, mid-continent, and West Coast, USA. The existing
project sites are in Garden of the Gods, Colorado; Rainbow Ba-
sin, California and Taconic slate belt in Vermont. The Garden
of the Gods project provides geological description, a simplified
structural map, images of spectacular tectonic landforms and
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outcrop-scale faults, and a faults and striae database. The ex-
ercise involves stereographic analysis of the structural data for
individual faults and for cumulative datasets and kinematic and
dynamic interpretation of results. The Rainbow Basin project
features an open, doubly-plunging syncline and a superb con-
jugate fracture array. The hands-on activities described for the
two sites could be used for short projects to accompany lecture
material on brittle fracture theory and/or extended lab projects
involving use of the stereographic net. Images of reduction spots
and deformed graptolites from Taconic slates form the basis of
the third project in which students are lead through measure-
ment, graphing and interpretation of both strain ratio and ab-
solute strain data. Suggestions are provided for incorporating
these results in lecture and field localities are described with ac-
companying images. Multi-day field investigations are described
for Baraboo, W1, the Bear Valley Strip Mine, PA, the Hudson
Valley Fold and Thrust belt, New York and the Arbuckle Moun-
tains, OK. There are also single field trip stops that are ideal for
teaching structural geology. A submission page allows workers
to upload their own stops and we anticipate thai a database
of such stops will allow faculty to choose from a wide selection
in designing field trips. We invite new contributions and broad
participation for the dynamic growth of this TSG resource, at
hitp://serc.carleton.edu/NAGTWorkshops/structure04/
resources.html.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 438-439.

Quicksilver Ores from the Terlingua Mining District,
Electron Microprobe Analysis, and Development

of Skills Needed for the Successful Application of
Independent Geologic Research

SEYED MATIN ALAVI and ELIZABETH J. CATLOS, School
of Geology, Oklahoma State University, 105 Noble Research
Center, Stillwater, OK 74078; and CENK OZERDEM, Dept.
of Geosciences, Virginia Polytechnic Institute and State
University, 4044 Derring Hall, Blacksburg, VA 24061

The purpose of this study was to conduct quantitative and
qualitative analysis of mercury ores in calcite veins from the
Terlingua quicksilver mining district in Texas to better under-
stand the relationships of the ore minerals (cinnabar, meta-
cinnabar, calomel, and terlinguaite) with the surrounding host
rock minerals (predominantly calcite and various iron bearing
minerals). Several days were spent independently investigating
the local geology, visiting mines, collecting samples, and speak-
ing to locals about sites for further research work. As part of a
course in Electron Microprobe Analysis at Oklahoma State Uni-
versity, epoxy plugs were made of three calcite veins and one
Fe-bearing rock. These samples were chosen because of their
proximity to known localities of mercury ore deposits. The
samples were analyzed for their mercury content using the en-
ergy dispersive spectral analysis capability of the electron mi-
croprobe, element mapping, and back-scattered electron imag-
ing. Although no mercury was detected, the next goal will be to
explore for mercury in other samples and using the wavelength
dispersive spectrometers. This project provided first-hand re-
search experience for an undergraduate student, from collect-
ing samples in the field to performing lab work to begin an-
swering in-depth geologic questions about the migration of
mercury through ore-bearing rocks. The student developed the

research goal independently, and although it could not be an-
swered in one semester, the electron microprobe course al-
lowed students to explore and test hypotheses about topics of
their particular interest.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 234.

Alumni Involvement in Undergraduate Research of
Dolomite Using the Electron Microprobe at Oklahoma
State University

KIMBERLY ANN LAY and ELIZABETH ]. CATLOS, School of
Geology, Oklahoma State University, 105 Noble Research
Center, Stillwater, OK 74078

The Electon Microprobe Laboratory was put into operation
at Oklahoma State University in 2002 after ConocoPhillips
made a gracious contribution of a JEOL 733. In the Spring 2004,
a course in Electron Microprobe Analysis was developed that
allowed undergraduate as well as graduate students the oppor-
tunity to work hands-on with the machine for the first time.
This course is one of two offered in the Geology Department at
OSU that provides undergraduates with a chance to work with
state-of-the-art technical tools. Overall this class consisted of
two undergraduate students (one female, one male) and four
graduate students (three male, one femnale).

Each student was given the opportunity to choose their own
research project, and an alumni proposed the analysis of do-
lomite grains from Oklahoma. The goal of the project was to
characterize the dolomite using the electron microprobe and to
find out if the matrix of the grains contained trace amounts of
iron. The projects had a simple, straightforward goal, and the
question could be answered over the course of one semester.
Continuous X-ray spectra were produced for quantitative
analysis and backscattered electron images, element maps, and
a 3-D element image were produced for qualitative analyses.
Our results showed that no iron was located in the matrix, how-
ever several iron-rich minerals were present in the dolomite,
including pyrite and iron oxide.

The course and project, both facilitated by OSU alumni, pro-
vided an excellent opportunity for graduate research. The small
class size, hands-on work environment, personalized attention,
and focused discussions are just a few of the benefits of this class
that set it apart from a typical lecture-style course.

Reprinted as published in the Geological Society of America 2005 Abstracts with Programs, v. 37,
no. 3, p. 16.

Results from the STS-107/Columbia Elementary
Student Crystal Growth Experiment

ROBERTR. ]. MOHLER, 810 Noble Springs Rd., Houston,
TX 77062; JOHN R. GIARDINO, Office of the Dean of
Graduate Studies and Dept. of Geology and Geophysics,
Texas A&M University, College Station, TX 77843; and
JOHN D. VITEK, Academic Affairs and School of Geology,
Oklahoma State University, Stillwater, OK 74078

One of the most basic methods to get children interested in
science, especially earth science, is with experiments. When
experiments can be combined with the U.S. Space Program,
then the chances for holding the interest of children increases.
Presented are the results of a volunteer effort dedicated to pro-
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viding elementary students (Kindergarten through sixth grade)
access to experiments involving the microgravity of space
flight. Scientists from Lockheed Martin (and their children),
Texas A&M and Oklahoma State, donate their time and act as
mentors to the participating teachers and students. Most of the
expenses related to the education about space flight are shoul-
dered by Lockheed Martin Space Operations, Houston TX and
Instrumentation Technology Associates, Exton, PA. This effort
is centered on reaching children at an early age and exposing
them to the challenges, especially the fun of science and math-
ematics. The current experimental design and overall learning
processes concentrate specifically on crystal growth as geared
to the elementary student. The crystal growth experiment was
manifested on STS-107 (January 2003). Initially, the launch was
delayed nineteen times prior to the January launch date. Prior
to conducting the experiment, we discuss various lesson plans
with the teachers to hone their earth science lectures in regards
to understanding/appreciating basic crystal growth and struc-
ture. The experiment is broken down into major topic sessions
(usually six) of no more than one hour each. The experiment
is national with schools from several states participating. The
poster/presentation displays lesson plans, experiment design,
materials required, student hypotheses, control and experi-
ment results (the crystals were recovered from the Columbia
debris) as well as information on how elementary schools may
become involved in future space experiments. Because of the
STS-107/Columbia tragedy, discussions were also held on the
coping/healing processes of the students.

Reprinted as published in the Geological Society of America 2004 Abstracts with Programs, v. 36,
no. 5, p. 215.

Student Initiated Enrichment Field Trips at Oklahoma

KRISTEN R. MARRA and R. DOUGLAS ELMORE, School of
Geology and Geophysics, University of Oklahoma, 100 E.
Boyd, 810 Energy Center, Norman, OK 73019

Enrichment field trips provide a hands-on teaching forum
for geoscience students to engage in and explore. Interested
students in an undergraduate Sedimentology course utilized
this educational method by proposing relevant trips to the
Florida Keys to study modern carbonate environments and to
the Mississippi River/Delta to observe river and deltaic pro-
cesses. The trips served to enhance students’ knowledge and
experience beyond that introduced in course field trips. After
proposing the trips, the students helped with planning, aided
by faculty input, and acquired most of the funding. The field
trip to the Florida Keys consisted of an eight day excursion to
study the reefs, beach processes, and formations of the area in
order to apply the geologic fundamentals of modern carbonate
environments to the rock record. The trip was organized as a
two credit hour seminar in which the faculty advisor prepared a
field guide and delivered an introductory lecture before depar-
ture. After the conclusion of the field experience, each student

selected a topic of interest pertaining to the Key’s geology and
delivered a presentation as well as a paper on the chosen topic.
The success of this student based enrichment trip led to the
proposal for a second trip to the Mississippi River/Delta in or-
der to study efforts to control the river (Old River Control), del-
taic environments, and the impact of the changing Louisiana
coastline. This trip was organized on the same principles of stu-
dent involvement and faculty guidance and will be conducted
in a similar fashion although the students will research a topic
and present a presentation prior to the field trip. This method
of hands-on learning and student involvement in the form of
enrichment field trips has proven to be an effective means of
stimulating students’ interests in a variety of geologic topics.
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Geoscience Topics in Mass Media—Geologic Television
and “GeoAmerica TV”

DEVIN P. DENNIE and R. DOUGLAS ELMORE, School of
Geology and Geophysics, University of Oklahoma, 100 E.
Boyd, 810 Energy Center, Norman, OK73019

The use of informal educational television, as a tool for out-
reach to the general public, affords today’s geoscience educa-
tors the opportunity to reach millions of potential viewers across
the globe. The recent growth in the popularity and expansion of
specialized science, history, and outdoor recreation/travel net-
works on national cable and satellite television has fostered new
opportunities for geoscience-based television projects on glo-
bal, national, and regional scales. Explorer Multimedia Inc., a
nonprofit educational media production group, in collabora-
tion with faculty at the University of Oklahoma, are developing
a cable television and video series, entitled “GeoAmerica: Our
Roots in Rock” that will focus on relevant geoscience-oriented
education and outdoor recreation/travel topics. The shows will
integrate travel to parks, museums and open spaces, with accu-
rate and timely educational topics and will have input from the
professional and academic geoscience community. Examples
of planned shows include a show on the control of nature with
a focus on the lower Mississippi River and Delta. Issues such as
the efforts to control the river and the impact of the changing
Louisiana coastline will be discussed. In addition to background
information, this show will include coverage of a geology field-
trip to the Old River Control Structure on the Mississippi River
and to the Delta to view first hand the loss of wetlands as well
as the efforts to reclaim them. In another potential show, indig-
enous knowledge of the Earth and Atmosphere, along with Na-
tive American Art, will be integrated with geoscience topics. The
objective of the series is a viewer friendly, accessible, entertain-
ing, and inviting look at a variety of subjects and locations to in-
crease awareness of geoscience topics with the public at large.
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