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Dinosaur Trackway, Cimarron County

The dinosaur trackway shown on the cover
is the most famous set of fossil footprints in
Oklahoma and one of the most spectacular in
the geographically widespread Morrison For-
mation. The Upper Jurassic Morrison Forma-
tion (~150 million years old) is named for the
town of Morrison, Colorado, near the type sec-
tion, The easternmost surface exposure of the
Morrison is in western Cimarron County, Okla-
homa. The dinosaur trackway, preserved in a
creek bed, is located along a county road about
6 mi north of Kenton. Oklahoma Geological
Survey geologist Ken Luza inspects the tracks in
this photograph.

Dinosaur tracks are examples of trace fossils,
sedimentary structures resulting from an ani-
mal’s life activities (other than growth), such
as moving, feeding, or resting. Unfortunately,
tracks are rarely found in association with the
animal that made them. This trackway is one
of several preserved in sandstone of the upper
part of the Morrison Formation in western
Oklahoma and eastern New Mexico. It is
thought to have been made by a herbivorous,
semi-bipedal ornithopod, which was closely
related and somewhat similar to the familiar
duck-billed dinosaurs of the Late Cretaceous.
Other tracks in the area have been described as
belonging to small theropods (meat-eating
dinosaurs) and even to pterosaurs—{lying
reptiles known only from the Mesozoic Era (Age
of Dinosaurs).

The Morrison Formation has produced
the world’s best known dinosaur assemblage,
including Apatosaurus (more widely known
by the popular name Brontosaurus), Brachio-
saurus, Camarasaurus, Allosaurus, and Stego-
saurus. In the 1930s and 1940s, workers under
the direction of J. Willis Stovall (of the Depart-
ment of Geology, University of Oklahoma)
made a significant collection of dinosaur bones
from the Morrison of Cimarron County. Most
of their quarries are scattered around the flanks
of Black Mesa and can still be seen. The original
Quarry 1, immediately north of S.H. 325, 9 mi
east of Kenton, is marked by a concrete replica
of a huge brontosaur thigh bone.

For directions to the dinosaur trackway,
call the Boise City Chamber of Commerce,
(680) 544-3344, or the Kenton Community
Development office, (580) 261-7447.

Richard L. Cifelli
Photo by Neil H. Suneson
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The axis vertebra, FMNH UR 381, is nearly complete, but there is slight damage
along the anterior edge of the neural arch (Fig. 2A). Although the axis of Myctero-
saurus is unknown, those of Varanops and Aerosaurus (which probably represent
the general pattern for the family) are quite similar to the axis of the Richards Spur
varanopseid, except for the height of the neural spine. Although the neural spine of
FMNH UR 381 is slightly damaged, it appears to taper to a thin blade anteriorly. In
dorsal view, the shape of the bladelike neural spine is a triangle, with its apex at the
broken anterior edge. From a lateral perspective, the dorsal edge is straight, sloping
only slightly posteriorly. The lateral surface of the neural spine is distinctly con-
cave, especially above a well-developed horizontal ridge that extends between the
anterior and posterior zygapophyses. The widened posterior edge of the spine is
divided into three vertical ridges. The lateral ridges are a continuation of the lateral
surface of the spine, while the median ridge forms a septum that extends farther
posteriorly than the lateral ridges. This septum extends ventrally between the pos-
terior zygapophyses to a deep, median recess located slightly above the zygapo-
physeal articulating surfaces. The transverse processes are small, rounded nubbins
located close to the anterior margin of the neural arch. They hook slightly towards
the ventral and posterior surfaces of the axis. Just above the dorsal margin of the
centrum, the neural arch has two strongly tilted articular facets, with antero-
ventrally oriented surfaces, which would meet the atlantal centrum.

The pleurocentrum of the axis is slightly less than one-half the total height of the
~ entire element, and it is longer anteroposteriorly than dorsoventrally. A moderately
developed keel is present. From the sharp ventral edge, the lateral surface of the
centrum tapers significantly in two distinct stages towards the dorsal half of the
centrum; it appears concave in lateral view. The ventral keel does not run the full
anteroposterior length of the centrum, but is truncated several millimeters from
the edges of the vertebra by the articulating facets. These articulating facets have
distinct pockets or recesses for the intercentral elements. The anterior facet is
clearly recessed from the rounded pleurocentral articulating surface and is dis-
tinctly larger than the posterior facet.

Appendicular Skeleton

The left scapulocoracoid, FMNH PR 1664, is well ossified, which indicates that it
probably belonged to an adult individual (Fig. 3). In the large varanopseids, the
posterior coracoid typically is not preserved (Reisz, 1986). However, it is present in
Mycterosaurus (Berman and Reisz, 1982) and in the Richards Spur varanopseid,
and is co-ossified with the rest of the complex. The triceps process is small but well
defined; it projects posteriorly, dorsally, and somewhat medially from the glenoid
region. The glenoid region is damaged, but the supraglenoid area is intact. There is
no supraglenoid foramen on the lateral surface of the scapula. The scapula is com-
plete, and its lateral surface is significantly narrower than that of the anterior cora-
coid. It is, therefore, quite gracile and small, as in Mycterosaurus, and it does not
extend as far dorsally as it does in Varanodon or Varanops. As in Mycterosaurus
(Berman and Reisz, 1982, fig. 10A), the anterior edge of the scapula is slightly con-
cave above the coracoid. Above this concavity, the anterior edge slopes postero-
dorsally to the posterior edge of the blade. In anterior view, the edge of the scapula
is S-shaped along the slender anterior margin, which produces a convex shape in
lateral view.
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The femur is represented
by several specimens, but
only one, OMNH 52369, is
illustrated (Fig 6). The shaft
of the femur is slender and
gracile, and there is no ad-
ductor crest visible on the
ventral surface. In its overall
dimensions and proportions,
the Richards Spur femur is
remarkably similar to that of
Mycterosaurus (Berman and
Reisz, 1982, p. 442). In ante-
rior view, the femur has a
distinctly sigmoid flexure;
the proximal end is turned
upward and the distal end,
downward (Fig. 6A). There is
also a slight anterior curva-
ture of the femur distally.
The absence of a distinct ad-
ductor crest, the absence of
a fourth trochanter, and the
proximal placement of the
internal trochanter close to

t.he lev.el of the proximal ar- Figure 4. Mycterosaurus left humerus, OMNH 52368: A,
ticulating surface are all fe_a- distal ventral view; B, proximal dorsal view. Scale equals
tures of Mycterosaurus. Dis- 1 om_ Apbreviations: dist, distal articulation of hurmerus
tally, the popliteal area is  with radius and ulna; dp, deltopectoral crest; ec, ectepi-
shallow and broad on the condyle; en, entepicondyle; prox, proximal articulation
ventral surface of the femur  with scapulocoracoid; sp, supinator process.

(Fig. 6B), the anterior surface

of the distal head is strongly

concave (Fig. 6A), and the ventral intercondylar fossa is unusually broad and deep
(Fig. 6C), as in Mycterosaurus.

Discussion and Conclusions

Cranial and postcranial skeletal elements attributable to varanopseid synapsids
have been recovered from Richards Spur, near Fort Sill, Oklahoma. Although these
specimens are fragmentary, were compiled from a number of collections, and are
the remains of several individuals, there is little doubt that these skeletal elements
can be attributed to Mycterosaurus. Evidence for this conclusion comes from the
morphology of each of the described specimens, but the most compelling evidence
is provided by features of the premaxillae (Fig. 1), including the anatomy of the
marginal dentition. The marginal dentition of the maxilla also is indistinguishable
from that of Mycterosaurus. It can be readily seen that the scapulocoracoid (Fig. 3)
is very similar, if not identical, to that of Mycterosaurus. Of particular significance
are the absence of the supraglenoid foramen on the scapulocoracoid (a diagnostic

166



Figure 5. Mycterosaurus left humerus, CMNH 52543: Proximal (top) and distal (bottom)
portions of humerus shown in dorsal {A) and ventral (B) views; proximal portion alsc shown
in medial (C) and anterior (D) views. Scale equals 1 cm. Abbreviations: dist, distal articula-
tion of humerus with radius and ulna; dp, deltopectoral crest; ec, ectepicondyle; en, entep-
icondyle; prox, proximal articulation with scapulocoracoid; sp, supinator process.

feature) and the distinctive morphology of the humeral supinator process. In addi-
tion, on the femur (Fig. 6), the lack of a ventral adductor crest on the shaft, the
proximal position of the internal trochanter, the shape of the intercondylar fossa,
and the strong concavity of the anterior surface of the tibial condyle are all features
of Mycterosaurus. The vertebral elements (Fig. 2) can be identified as varanopseid
on the basis of phenetic similarity to Mycterosaurus and by a process of elimina-
tion; the absence of diagnostic traits of the other synapsid groups makes it likely
that the vertebrae are varanopseid.

Varanopseids are rare and unusual mammal-like reptiles. Within Synapsida,
they are the sister group to all other eupelycosaurs, and they possess osteological
features that indicate that they were highly specialized, gracile faunivores (Reisz,
1986). In contrast to the massive bodies of other Permian and Carboniferous
synapsids, the varanopseid body appears sleek and streamlined, and skeletal ele-
ments of these enigmatic animals are recognized easily by their distinctive propor-
tions. A nearly completed restudy of Varanodon has provided new insights into the
anatomy of the larger varanopseids (Reisz, in preparation). It appears that the skull
morphology of Varanodon, Varanops, and Aerosaurus has been modified greatly by
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Reexamination of the braincase described by Vaughn (1958) as Basicranodon
clearly indicates that this specimen is a varanopseid synapsid. More importantly,
the braincase is indistinguishable from the basi-parasphenoid of Mycterosaurus
longiceps. Although Vaughn noted that Basicranodon was of similar size and age to
Mycterosaurus, he did not even consider such an assignment because the brain-
case of Mycterosauruswas unknown, and he accepted Romer’s (1966) assignment
of Mycterosaurus to Edaphosauridae. Based on the anatomy of known edapho-
saurids, therefore, Vaughn (1958) did not expect that the parasphenoid of Myctero-
saurus would look like that of Basicranodon. Berman and Reisz (1982) redescribed
Mycterosaurus and assigned this synapsid to the Varanopseidae. The diagnostic
features that were used to diagnose Basicranodon were small size, similar to
Mycterosaurus, and the presence of parasphenoid dentition on the anterior part of
the ventral plate and extending slightly anteriorly onto the cultriform process. This
pattern of dentition is also found in Mycterosaurus (Berman and Reisz, 1982), and
it is different from the pattern found in both Varanops (Reisz, personal observa-
tion) and Aerosaurus (Langston and Reisz, 1981), where an additional posterior
transverse field of parasphenoid teeth is present. It is possible that the presence of
the type of parasphenoid dentition found in Mycterosaurus represents the primi-
tive condition for synapsids: it has been reported in caseid synapsids, as well as in
some nonsynapsid amniote outgroups, such as millerosaurs, protorothyridids, and
araeosceloids (Laurin and Reisz, 1995). In addition, other potential synapomorphies
of Mycterosaurus and Basicranodon, such as the presence of a broad parasphenoid
plate with large posterolateral wings and the acuminate shape of the large, laterally
extending basisphenoid tubera, are varanopseid features and diagnose a more in-
clusive clade. The taxonomic status of Basicranodon could be resolved in two dif-
ferent ways. One option would be to declare Basicranodon a nomen dubium be-
cause the holotype and only referable specimen does not show any autapomorphic
features. The second option is to declare Basicranodon fortsillensis a junior syn-
onym of Mycterosaurus longiceps because the holotype of Basicranodon is indistin-
guishable from Mycterosaurus. We prefer the latter option because it is supported
by the evidence provided in this paper, that numerous skeletal elements of Myc-
terosaurus are present in the type locality of Basicranodon.
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MINERAL INDUSTRY OF OKLAHOMA, 1996’

Oklahoma remained 34th in the nation in total nonfuel-mineral production
value? in 1996, according to the U.S. Geological Survey (USGS). The estimated
value for 1996 was $372 million, a 4% increase from that of 1995 (Table 1). This in-
crease followed a 4.9% increase from 1994 to 1995 (based on final 1995 data). The
State accounted for 1% of the U.S. total nonfuel-mineral-production value.

In 1996, crushed stone continued as Oklahoma'’s leading nonfuel mineral com-
modity, accounting for about 34% of the State’s total nonfuel-mineral value (Table
1). The combined values of construction materials—crushed stone, portland and
masonry cements, construction sand and gravel, and gypsum—accounted for 79%
of the total value. The increase in mineral value in 1996 mostly resulted from in-
creases in portland cement, iodine, fire clays, and construction sand and gravel.
Compared with 1995, all nonfuel minerals increased in value in 1996 except for salt,
dimension stone, feldspar, and gemstones, all of which had relatively small de-
creases. In 1995, increases in portland cement and crushed stone (when crushed
shell and traprock are included—see Table 1) accounted for most of the year’s in-
crease in value. Tables 2-4 show, respectively, the quantity and value of crushed
stone sold or used in Oklahoma by use, kind, and district; Tables 5 and 6 show, re-
spectively, the quantity and value of construction sand and gravel sold or used in
Oklahoma by major use category and district. The general distribution of Okla-
homa’s nonfuel mines is shown in Figure 1.

Oklahoma’s mines exclusively produced industrial minerals; no metals were
mined in the State in 1994-96. Based on USGS estimates of the quantities produced

'From U.S. Geological Survey Minerals Yearbook, 1996, v. 2—Area reports: domestic, Okla-
homa chapter. Prepared under a Memorandum of Understanding between the U.S.
Bureau of Mines, U.S. Department of the Interior, and the Oklahoma Geological Survey
for collecting information on all nonfuel minerals. The text, tables, and map of Okla-
homa (Fig. 1) were retrieved from the USGS World Wide Web site at http://
minerals.er.usgs.gov/minerals/pubs/state/ok.html#myb. The text and tables are the
PDF file labeled “The Mineral Industry of Oklahoma, 1996”; the map is PDF file “Map of
Principal Mineral-Producing Localities”; both files can viewed with the Adobe Acrobat
Reader that can be downloaded from the same site.

2The terms “nonfuel-mineral production” and related “values” encompass variations in
meaning, depending on the minerals or mineral products. Production may be mea-
sured by mine shipments, mineral-commodity sales, or marketable production (includ-
ing consumption by producers) as is applicable to the individual mineral commodity.

Note: All 1996 USGS mineral-production data published in this article are estimates as of
February 1997. For some commodities (e.g., construction sand and gravel, crushed
stone, and portland cement), estimates are updated periodically. To obtain the most
current information, please contact the appropriate USGS mineral commodity special-
ist. Call MINES FaxBack at (703) 648-4999 from a fax machine with a touch-tone hand-
set, and request document no. 1000 for a telephone listing of all mineral commodity
specialists, or call USGS information at (703) 648-4000 for the specialist’s name and
number. This telephone listing may also be retrieved over the Internet at http://
minerals.er.usgs.gov/minerals/contacts/comdir.html
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TABLE 2.— OKLAHOMA: CRUSHED STONE? SOLD OR USED
BY PRODUCERS IN 1995, By UsgP

Quantity
{thousand Value Unit
Use metric tons) (thousands) value
Coarse aggregate (+1%% in.):
Riprap and jetty stone 552 $3,280 $5.94
Filter stone 399 1,840 4.61
Other coarse aggregate 5 41 8.20
Coarse aggregate, graded:
Concrete aggregate, coarse 2,610 12,300 4.71
Bituminous aggregate, coarse 1,250 5,820 4.64
Bituminous surface-treatment aggregate 554 2,830 511
Railroad ballast w w 3.34
Other graded coarse aggregate w w 5.47
Fine aggregate (-3 in.):
Stone sand, concrete W W 3.54
Stene sand, bituminous mix or seal w w 2.68
Screening, undesignated 4,970 20,900 421
Other fine aggregate w w 5.46
Coarse and fine aggregates:
Graded road base or subbase 1,830 6,640 3.62
Unpaved road surfacing 178 651 3.66
- Crusher run or fill or waste 5,020 15,700 3.13
Other coarse and fine aggregates 347 1,390 4.79
Other construction materials® 2,460 8,910 3.63
Agricultural:
Agricultural limestone 169 590 3.49
Poultry grit and mineral food @ @ 9.38
Other agricultural uses @ @ 3.69
Chemical and metallurgical:
Cement manufacture 2,450 6,850 2.79
Flux stone 306 1,380 451
Special: Mine dusting or acid water treatment () @ 8.63
Unspecified:®
Actual 4,450 20,200 4.54
Estimated 3,410 14,600 4.28
Total 34,100 125,000 {average) 4.02

W = Withheld to avoid disclosing company proprietary data; included with “Other construction materials.”

?Includes dolomite, granite, limestone, miscellaneous stone, sandstone, and slate; excludes shelt and traprock,
value only, from State total to avoid disclosing company proprietary data.

®Data are rounded to three significant digits; may not add to totals shown.

“Includes lightweight aggregate (slate) and roofing granules.
dwithheld to avoid disclosing company proprietary data; included in “Total.”
®Includes production reported without a breakdown by end use and estimates for nonrespondents.
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TABLE 3.—OKLAHOMA: CRUSHED STONE SOLD OR USED, BY KIND?

1994 1995
Number Quantity Number Quantity

of {thousand Value Unit of {thousand Value Unit
Kind quarries metrictons) (thousands) value quarries metrictons) (thousands) value
Limestone a3® 21,700  $87,400° $4.03° 47 21,800 $88,800  $4.07
Dolomite 4° 26800 11,400 424 4 3,740 15,700 4.20
Granite 2 w W 5.29 3 w w 5.21

Traprock 1 w W 4.18 1 1,490 ©) ©)
Sandstone 5 2,170 10,400 481 5 w w 493

Shell — — — — © ) ] ]
Slate 1 )i’ w 1.08 1 12 66 5.50
Miscellaneous stone 1 23 99 4.30 1 27 118 4.37
Total XX 29,900 125,000 4.18 XX 31,100 125,000 4.02

Dashes indicate that no production was reported.

W = Withheld to avoid disclosing company proprietary data; included in “Total.”

XX = Not applicable.

3Data are rounded to three significant digits; may not add to totals shown.

bRrevised.

“Excludes shell and traprock, value only, from State total to avoid disclosing company proprietary data.

houses and commercial buildings; and (4) sand and gravel for a variety of construc-
tion projects. Construction activities that held steady or increased somewhat dur-
ing 1996 were highway construction (mainly in the northeast and northwest), com-
mercial and apartment building (in metropolitan areas), and airport/airbase run-
way projects.

Although the production of most minerals continued to increase, there were
no major new operations, expansions, or technological gains during 1996. How-
ever, Global Stone Corp., an international mining company, acquired St. Clair Lime
Co. The acquisition, initiated in July 1995, was finalized the following December.
In 1996 Global Stone changed the name of the lime company to Global Stone St.
Clair, Inc., which now operates both the underground mine in high-purity lime-
stone near Marble City and the kiln facility in Sallisaw. Another example of industry
activity was a significant increase in the number of permits for small companies
to produce dimension stone in eastern Oklahoma. The thin-bedded, well-indu-
rated sandstones are prized as a building material for homes and commercial
structures.

The number of mining permits in Oklahoma has risen over the past few years.
In 1996, the Oklahoma Department of Mines (ODM) issued a total of 482 mining
permits covering a total of 15,753 hectares. ODM reported that the State’s 1994 law
on Life Expectancy Permits was well received. Under that law, a company may
submit a mining plan only once to cover the mine’s life expectancy, rather than
undergoing a permit review every 5 years (as in the past). Of the permits now on
file, ODM reported that 127 have been secured under the Life Expectancy provi-
sion. '
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TABLE 4. — OKLAHOMA: CRUSHED STONE2P SOLD OR USED

BY PRODUCERS IN 1995, BY USE AND DISTRICT®
(thousand metric tons and thousand dollars)

District 2 District 3 District 4 District 5
Use Quantity Value  Quantity Value Quantity Value Quantity Value

Construction aggregates:

Coarse aggregate (+1%2in)¢ 222 1,400 347 w 318 W 70 446

Coarse aggregate, graded® 1,550 8,870 w w w w w w

Fine aggregate (% in.)’ 886 2,310 w w w w 755 3,240

Coarse and fine aggregate® 1,230 4,760 399 1,570 W w w w
Other construction materials® — — 590 3,760 9,910 36,100 3,910 17,900
Agricultura!’ 0) ) 111 ) - — d 0]
Chemical and metallurgicalk 0y 0 U] 0 ) ] U] )
Special — — ) 0) — — — —
Unspeciﬁedl: ‘

Actual 2,690 12,700 ) ¢ ¢ ] — —

Estimated 104 149 148 620 1,470 6,020 1,690 7,810

Total 7,690 32,300 2,670 9,880 13,900 51,600 6,820 31,100

Dashes indicate that no production was reported.

W = Withheld to avoid disclosing company proprietary data; included with “Other construction materials.”

aNo crushed stone was produced in District 1.

bExcludes shell and traprock, value only, from State total to avoid disclosing company proprietary data,

®Data are rounded to three significant digits; may not add to totals shown.

Yincludes filter stone, macadam, riprap and jetty stone, and other coarse aggregate.

®Includes concrete aggregate (coarse), bituminous aggregate (coarse), bituminous surface-treatment aggregate,
railroad ballast, and other graded coarse aggregate.

Mncludes stone sand (concrete), stone sand (bituminous mix or seal), and screening (undesignated), and other fine
aggregate.

EIncludes graded road base or subbase, unpaved road surfacing, crusher run (select material or fill), and other coarse
and fine aggregates.

hncludes lightweight aggregate (slate) and roofing granules.

ncludes agricultural limestone, pouitry grit and mineral food, and other agricultural uses.

Jwithheld to avoid disclosing company proprietary data; included in “Total.”

KIncludes cement manufacture and flux stone.

'Inctudes production reported without a breakdown by end use and estimates for nonrespondents.

Oklahoma is the only state that produces iodine, an important trace element for
human development. lodine production continued to be an important activity in
Oklahoma, all domestic production coming from three companies operating in the
northwest part of the State. Oklahoma’s iodine production value rose in 1996,
spurred on largely by the price increase from about $11 per kilogram to about $15
per kilogram over the span of 12 months. North American Brine Resources re-
opened its iodine-producing facility in the Woodward area in the summer of 1996.
The three iodine producers in Oklahoma, IOCHEM Corp., North American Brine
Chemicals, and Woodward Iodine Corp., supplied approximately 34% of the U.S.
domestic demand, the remainder being imported.
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erence sections and into updip reference surface sections. (2) Earlier workers were less
successiul in describing deltaic facies, because they used a low-density data base of pri-
marily electric log not core descriptions or outcrop information. (3) Log patterns are
representative of major deltaic depositional facies, but in no way do they indicate all of
the possible facies variations. (4) It is significant to understand not only the physical
processes of delta formation, but also the gross sedimentology of the sand bodies.
(5) There is a lack of regional chronostratigraphic correlations of deltaic sandstones to
convincingly demonstrate if the deltaic facies are temporally equivalent to the reservoir
sandstones. (6) Existing modern deltas do not convincingly describe the environments
of deposition of ancient counterparts. (7) Classifications of delta systems by earlier
workers may not always be applicable because the study area is too small to allow for
the determination of such criteria as the overall shape of the inferred delta. *8) Analysis
of most major deltaic hydrocarbon-producing sandstone reservoirs in the Mid-Conti-
nent has not yet been conducted within a rigorous sequence stratigraphic framework.
(9) Some significant channelized bodies are marine bodies resulting from the extension
of delta systems into offshore areas during sea-level lowstands. (10) Different strati-
graphic correlations yield different interpretations; correlations based on lithologies do
not give the same sandstone-body geometries or interpretations as those based on
boundary discontinuities.

An understanding of all of these complex stratigraphic relationships is absolutely
necessary in predicting reservoir occurrence and quality in deltaic facies, particularly in
less explored parts of foreland basins.

Reprinted as published in the American Association of Petroleum Geologists Bulletin, v. 81, p. 1358, August 1997.

Characterization of Lower Permian, Cyclic Carbonate Reservoirs
(Chase Group) in the Midcontinent Based on Outcrop Model-Analogs

S. J. MAZZULLO, Dept. of Geology, Wichita State University, Wichita,
KS 67260

95% of the original 80 TCFG reserves in the midcontinent is from the Chase Group in
Hugoton-Guymon fields. Outcrops in Kansas, Nebraska and Oklahoma are model-ana-
logs of the occurrence and complex reservoir architecture in these fields. The rocks
compose a glacio-eustatic and tectonically-forced section of 7 depositional sequences
and component higher frequency transgressive-regressive cycles deposited on a broad
ramp. Principal reservoir-analog facies are distal-ramp, subtidal lime sands and proxi-
mal-ramp, peritidal dolomudstones that compose the regressive systems tract within
sequences. Multiple pore types characterize these facies, which are laterally and verti-
cally heterogeneous in terms of porosity and permeability distribution, Bryozoan reef
facies, present in outcrops, have not been reported as a reservoir facies in the subsur-
face.

Architecture of porous facies was predictably controlled by the nature of hierarchal
cyclicity and history of accommodation. Subtidal sands are the dominant reservoir-
analogs in the lower Chase Group because of deposition during a time of relatively
high-magnitude eustatic fluctuations that precluded peritidal deposition. Most of these
reservoirs are associated with type-1 unconformities and forced regressive systems. In
contrast, progradational peritidal facies of more extensive areal extent progressively
replaced carbonate sands as reservoir-analog facies in the upper Chase Group. The
normal regressive systems within which this facies occurs were deposited during a time
of decreasing marine accommodation and lower-magnitude eustatic fluctuations.
Reprinted as published in the American Association of Petroleum Geologists Bulletin, v. 81, p. 1352, August 1997.
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Stewart Field, Finney County, Kansas: Seismic Definition of Thin
Channel Reservoirs

SCOTT L. MONTGOMERY, 1511 18th Ave. East, Seattle, WA 98112

Fluvial channel sandstones of Early Pennsylvanian (Morrowan) age comprise re-
gional reservoirs in parts of Colorado, Kansas, Texas, and Oklahoma. In southwestern
Kansas, these reservoirs commonly exist at depths of 4000-5000 ft (1200-1500 m) and
have reserves of 150,000-200,000 bbl of oil per well, making them highly economical.
Reservoir sandstones form part of transgressive valley-fill sequences deposited within
channels incised into underlying Mississippian carbonates. Thickness of the fill varies
up to 60 ft (~8 m), is commonly 10-30 ft (3-9 m), and displays rapid changes along
channel length. As a result, detailed mapping of channel trends is difficult. Stewart field,
located in Finney County, Kansas, is a good example of this type of reservoir, Maximum
reservoir quality exists in very fine to fine-grained fluvial sandstones reworked by tidal
action. Early attempts to extend the field to the east failed because existing two-
dimensional seismic and well data did not help workers properly resolve channel orien-
tation. A three-dimensional (3-D) seismic survey, shot prior to initiation of waterflood
operations, helped (1) locate the channel between existing dry holes and (2) identify
prospective locations that were then successfully drilled. Further extrapolation of the 3-
D data resulted in a dry hole that established the limits of interpretation in this area.
Stewart field thus provides an important case study regarding the capabilities and limi-
tations of 3-D data in exploring the interwell frontier.

Reprinted as published in the American Association of Petroleum Ceologists Bulletin, v. 80, p. 1833, December 1996.

Use of the Photoelectric Absorption Cross Section Index (Pe)
as a Qualitative Permeability Indicator in Deep, Overpressured
Reservoirs—Anadarko Basin, Oklahoma

THOMAS M. MAHER, Apache Corporation, Tulsa, OK; and WILLIAM
BOYKIN, Halliburton Energy Services, Oklahoma City, OK

During open hole logging of wells where mud weights exceed 11.5 1b./gal. and/or a
barite pill is spotted just prior to logging operations, many logging company engineers
will not display the photoelectric absorption cross section index (Pe) data due to the
sensitivity of Pe to mud weight. This is because heavy mud in general and barite in par-
ticular make the data unreliable. While the primary function of Pe is lithology determi-
nation, the data recorded can also be used as a “pseudo-microlog” to detect permeabil-
ity in sandstones when enough barite (Pe = 267} is present in the mud system to be de-
tected by the tool following invasion of a permeable sandstone (Pe = 2).

We present evidence from recent deep Springer Formation wells in the Anadarko
Basin, Oklahoma, that demonstrate how Pe data can be used to detect permeability in
heterogeneous, tight sandstones at 17,000 to 19,000 feet and mud weights up to 16.51b./
gal. The Pe has been used to identify “sweet spots” of reservoir productivity and has
aided the design of perforation and stimulation programs. The recording and displaying
of the Pe data in these tight, overpressured Springer sandstones has precluded the need
to run micrologs and can be run in slim holes too small to run conventional micrologs.

The use of Pe data as a permeability indicator in overpressured sandstones should
have direct application in other geologic provinces.

Reprinted as published in the American Association of Petroleum Geologists 1997 Annual Convention Officlal Program,
V. 6, p. A74-A75.
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Three Dimensional Basin Reaction-Transport-Mechanical Modeling:
A Comprehensive, Fully Coupled Computational Approach

PETER ]J. ORTOLEVA, Laboratory for Computational Geodynamics, Dept.
of Chemistry, Indiana University, Bloomington, IN 47405

A three dimensional basin model has been developed that accounts for the coupled
diagenetic reaction-transport-mechanical processes believed to be key to the evolution
of a sedimentary basin. These include grain growth/dissolution/nucleation, pressure
solution, fracturing, continuous irreversible rock deformation, and single- and multi-
phase fluid reactions and transport. The model is a fully coupled, finite element/differ-
ence, three dimensional implementation.

Our model is used to predict the evolution of porosity, permeability, fluid composi-
tion, and phase across the basin over the 100 million year time frame. Example studies
of the Anadarko, Piceance and Midland basins will be reviewed in the light of contem-
porary thought on compartmentation and fractured reservoirs.

Reprinted as published In the American Association of Petroleum Geologists 1997 Annual Convention Official Program,
V. 6, p. A89,

Late Paleozoic Deformation of Interior North America: The Greater
Ancestral Rocky Mountains

HONGZHUAN YE,Massachusetts Institute of Technology, Cambridge,
MA 02139 (present address: University of Texas at Dallas, P.O. Box 688,
Richardson, TX 75083); LEIGH ROYDEN and CLARK BURCHFIEL, Massa-
chusetts Institute of Technology, Cambridge, MA 02139; and MARTIN
SCHUEPBACH, MAXUS Energy Co., 717 N. Harwood St., Dallas, TX 75201
(present address: Danube International Petroleum Co., 2651 N. Harwood
St., Dallas, TX 75201

Late Paleozoic deformation within interior North America has produced a series of
north-northwest to northwest-trending elongate basins that cover much of Oklahoma,
Texas, New Mexico, Colorado, and Utah. Each basin thickens asymmetrically toward an
adjacent region of coeval basement uplift from which it is separated by synsedimentary
faults with great vertical relief. The remarkable coincidence in timing, geometry, and
apparent structural style throughout the region of late Paleozoic deformation strongly
suggests that these paired regions of basin subsidence and basement uplift form a uni-
fied system of regional deformation, the greater Ancestral Rocky Mountains. Over this
region, basin subsidence and basement uplift were approximately synchronous, begin-
ning in the Chesterian-Morrowan, continuing through the Pennsylvanian, and ending
in the Wolfcampian (although minor post-Wolfcampian deformation occurs locally).
The basement uplifts show evidence for folding and faulting in the Pennsylvanian and
Early Permian. Reverse faults and thrust faults have been drilled over many of the up-
lifts, but only in the Anadarko region has thrusting of the basement uplifts over the ad-
jacent basin been clearly documented. Extensive basement-involved thrusting also oc-
curs along the margins of the Delaware and Midland basins, and suggests that the en-
tire greater Ancestral Rocky Mountains region probably formed as the result of north-
east-southwest-directed-intraplate shortening.

Deformation within the greater Ancestral Rocky Mountains was coeval with late Pa-
leozoic subduction along much of the North American plate margin, and has tradition-
ally been related to emplacement of thrust sheets within the Ouachita-Marathon oro-
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Mountain erosion surface in Colorado and Wyoming and the widespread mid-Cenozoic
unconformity on the northern Great Plains. AFT data from the High Plains-Southern
Rocky Mountain boundary of New Mexico indicate that denudation was in progress
during late Oligocene to early Miocene time, resulting in removal of at least 2 km of sec-
tion in eastern New Mexico. Possible mechanisms causing regional denudation include
a drop in eustatic sea level, as well as climatic and tectonic factors. Elevated tempera-
tures during burial prior to denudation has had an important affect on the level of ther-
mal maturity attained in hydrocarbon-producing areas in the southern mid-continent.
In addition, denudation may have altered the pressure and fluid flow regimes in basins
of the southern mid-continent.

Reprinted as published In the American Associatlon of Petroleum Geologists Bulietin, v. 81, p. 1226, July 1997.

Fold-Thrust Deformation along Portions of the Arbuckle Thrust
System and Frontal Wichitas, Southern Oklahoma

CHRISTOPHER P. SAXON, Institute for Reservoir Characterization,
University of Oklahoma, Norman, OK 73019

The Arbuckle Anticline is a basement-involved foreland structure. Near its central
portion, where the greatest shortening has occurred, the Arbuckle Anticline is a com-
plex fault-bend fold. However, as it plunges to the southeast and northwest and pro-
gressively loses slip, the Arbuckle Anticline exhibits fold-thrust style deformation. Tim-
ing of the formation of synclinal crowd features is constrained by their relationship to
preserved synorogenic sediments. Along the southeastern plunge, early stages of fold-
ing resulted in the formation of subsidiary structures up the steep flank and shallow
flank of the fore-limb syncline. Thrusts along the steep flank created a paleo-topo-
graphic high which ponded synorogenic sediments of the Collings Ranch Conglomer-
ate as they were being shed from the Arbuckle Anticline. Subsequent shortening oc-
curred as slip along the Arbuckle Thrust and imbricates resulting in the gentle folding
and dissection of the Collings Ranch basin, An apparent normal fault visible in surface
exposure is an overturned thrust fault on the overturned fore-limb of the Arbuckle Anti-
cline. Along the northwestern flank of the Arbuckle Anticline an overturned footwall
syncline developed. Crowding from northeast-directed shortening along the Arbuckle
Thrust and southwest-directed shortening along the oppositely verging Mill Creek Fault
System created the Eola Anticline. Similar relationships between structural position and
structural style are observed and documented in the frontal zone of the Wichita Uplift.

Reprinted as published in the American Association of Petroleum Geologists 1397 Annual Convention Officlal Program,
v. 6, p. A102-A103.

Structural Inversion in Southern Oklahoma by Late Paleozoic
Transpression, a Working Hypothesis

THOMAS L. THOMPSON, GeoDiscovery, Inc., Boulder, CO; and JAMES
R. HOWE, Consulting Geologist, 25 S. 36th St., Boulder, CO 80303

The tectonic history of southern Oklahoma, guided by Precambrian structural trends,
includes massive rifting accompanied by a thick accumulation (about 6 miles or 10 km)
of early to middle Cambrian mafic igneous rocks and associated clastic sediment over-
lain by a 1 mile (1.6 km) thickness of late Cambrian rhyolite. Early Paleozoic thermal
subsidence allowed deposition of a 3 mile (5 km) thickness of preorogenic sediment.
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