

















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
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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
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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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Sauroposeidon
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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 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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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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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.
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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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