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Figure 2. Diagrammatic vertical section of the Mon-
toya Group, Sacramento Mountains, New Mexico.

ramp to erosion several times during the Paleo-
zoic. A major structural event in the late Paleozoic
truncated much of the sedimentary section. Ero-
sion at that time had a marked effect on the re-
gional distribution of the Montoya and other
lower Paleozoic strata (Kottlowski, 1963).
Laramide compression folded and faulted the
strata in the area, but the last significant defor-
mation of the Montoya Group in the Sacramento
Mountains occurred in the Tertiary. Neogene
block faulting created the horsts in which the Pa-
leozoic rocks are now exposed across westernmost
Texas, southern New Mexico, and eastern Arizona.

Regional Montoya Stratigraphy

Where the Montoya has not been truncated by
Paleozoic or Cretaceous erosion, the group’s
thickness ranges from 100 to 300 m. Erosion has
removed the Montoya north of lat. 33° and west of
Greenlee County, Arizona. The Montoya is also
absent on the crest of a Pennsylvanian arch which
extends from southwest Culbersen County, Texas,
north into Otero County, New Mexico (Hayes,
1975). The Montoya thickens to the east (subsur-
face only) and west of the arch.

Throughout most of its distribution, the Mon-
toya rests unconformably on the Lower Ordovi-
cian (Canadian) El Paso Formation. However,
Middle Ordovician deposits between the Montoya
Group and the El Paso Formation (Harding rem-
nants) have been described at localities in the re-
gion (Flower, 1961).

The Cable Canyon Member or the Upham

D. L. Brimberry

Member of the Second Value Formation can rest
on the unconformity below the base of the Mon-
toya. Only one or both of the members can make
up the thickness of the Second Value Formation,
which regionally ranges from 16 to 35 m. The
Cable Canyon Member, a sandstone, can be ab-
sent, or as thick as 12 m. The massive carbonate of
the Upham Member is always present, and ranges
in thickness from 5 to 35 m. The two lithologies of
the Second Value Formation, sandstone and dolo-
mite, are consistent throughout the region, except
that limestone is present in the southernmost area
of the Second Value distribution.

The Aleman is characterized by its high chert
content, mud-rich lithology, and marine fauna.
According to Hayes (1975), the Aleman gradually
thickens to >50 m from its northern and western
truncation edges. The unit ranges from 14 to 84 m
regionally.

The Cutter Dolomite is distinctly different from
the underlying Aleman and Second Value Forma-
tions. The unit is a uniformly white, thin- to thick-
bedded dolomite. The regional thickness ranges
from 30 to >60 m, partly a result of the regional
unconformity at the top of the Cutter Dolomite
(top of the Montoya Group).

The Fusselman Dolomite (Silurian, possibly
Upper Ordovician to Devonian; J. E. Barrick, per-
sonal communication, 1983) overlies the Montoya
Group. In the few localities where the Fusselman
has been removed, Devonian Ofiate strata rest
unconformably on the Montoya Group.

DEPOSITIONAL FABRIC OF
THE MONTOYA GROUP IN THE
SACRAMENTO MOUNTAINS

Upper El Paso Group Lithofacies

The uppermost beds of the El Paso Group, be-
low the unconformity which separates the El Paso
Group and the Montoya Group, are bioclastic pel-
letal wackestones. Crinoids and rugose corals
dominate the fauna. Crinoids are disarticulated
and abraded. Sandy intervals in the upper El Paso
Group are typically fine-grained quartz sands
which are coarser near the top of the unit. The
quartz grains are similar in size and character to
those found in the overlying Cable Canyon Mem-
ber of the Second Value Formation. Cross-bedding
occurs in the finer-grained sandstones of the El
Paso. Small nodules and lenses of chert have re-
placed the carbonate, but chert is a minor con-
stituent of the strata.

The disconformity between the El Paso and the
Montoya is most often marked by an abrupt litho-
logic change from sandy dolostone to sandstone.
Only a few centimeters of relief are recognizable at
the contact. Thinning and thickening of the over-
lying Cable Canyon Member reflects low, broad
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Figure 3. North—south stratigraphic cross section of the Montoya Group, Sacramento Mountains, New
Mexico. Note the relatively consistent thickness of the Second Value Formation and the highly variable
thicknesses of the Aleman Formation and Cutter Dolomite. Datum: base of the Montoya Group.

relief on the unconformity (Fig. 3). Stratigraphic
leaks of quartz sand in fissures on the erosional
surface are common. The contact of the El Paso
Group and the Montoya Group is readily identifi-
able throughout the Sacramento Mountains.

Montoya Group Lithofacies

Second Value Formation

The basal unit of the Montoya Group, the Sec-
ond Value Formation, represents initiation of
deposition following a prolonged period of ero-
sion. The Second Value Formation is easily divided
into its two members in the Sacramento Moun-
tains: the sands of the Cable Canyon Member and
the massive dolomites of the Upham Member.
The thickness averages 24 m in the Sacramento
Mountains (Fig. 3).

Cable Canyon Member.—The Cable Canyon
Member of the Second Value ranges from <0.5 m
to >2 m in thickness (Fig. 3). The undulose ero-
sional surface below probably affected the thick-
ness of the sand. The Cable Canyon Member
weathers medium- to dark-gray at the base of the
massive cliff formed by the Second Value Forma-

tion. The darker color indicates the large percent-
age of dolomite cement and matrix between the
grains of the quartz arenite. Feldspar, carbonate,
and chert clasts and fossil grains are minor con-
stituents of the relatively clean sandstone (Fig. 4A).
Microcline is the only feldspar thathas escaped re-
placement. Scarce fossil debris of crinoids and
small rugose corals (Paleophyllum) occur in parts
of the Cable Canyon Member where the mud ma-
trix is more prominent. The sandstone is poorly
sorted. Generally, grain sizes range from 0.1 mm to
>2.0 mm. Angularity has been added to the grains
with the development of minor quartz over-
growths.

Few sedimentary structures occur in the Cable
Canyon Member. Although no cross-laminations
were recognized in this study, cross-laminations
at other localities were noted by other workers
(Kelley and Silver, 1952; Pratt, 1967; Flower, 1961).
Small vertical traces, which appear to be burrows
filled with quartz grains, represent the only pre-
served biogenic structures within the Cable Can-
yon Member.

In the thicker beds of the unit, a noticeable in-
crease in dolomitic matrix and decrease in grains
are evident toward the top of the bed. However,
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the fabric remains grain-supported. The upper
contact of the Cable Canyon is generally sharp and
locally appears to have symmetrical wave ripples.

Upham Member.—The Upham Member aver-
ages 22 m in thickness throughout the study area
(Fig. 3). The Upham forms a steep cliff at the base
of the Montoya Group in the Sacramento Moun-
tains. The dark-brown dolostone is massively to
crudely bedded at the top. Quartz grains are ab-
sent above the basal 12 m of the Upham. The
dolostones are bioclastic wackestones—packstones
with some grainstones (Fig. 4B). Packstones in-
crease toward the top of the member. Current
laminations are recognized locally. A zone of
intraclasts also occurs locally. Chert is not abun-
dant in the Upham Member; however, nodules,
spheroids, and disseminated masses replaced the
carbonate in the upper few meters of all measured
sections. The remainder of the silica in the Upham
Member replaced shells (Fig. 4B). Dolomite also
replaced many shells. Broken bioclastic grains
(mostly crinoids and rugose corals) dominate in
the Upham Member. The remaining biota consists
of tabulate corals, stromatolites, brachiopods, gas-
tropods, trilobites, nautiloids, and conodonts.
Silica and dolomite replacement cause poor fossil
preservation. Echinoderms are completely disar-
ticulated; plates and ossicles constitute the great-
est percentage of the fossil material in the Upham
Member. The echinoderm grains and rugose cor-
als exhibit evidence of transport. The solitary cor-
als occur usually as individuals 3-4 cm in size lying
on their sides, or as large fragments. Intervals of
abundant rugose-coral debris alternate with non-
coralline intervals within the Upham Member.
The rugose corals belong to the genus Paleo-
phyllum, a form characteristic of the Second Value
(Flower, 1961). Rare chain corals, Catenipora, also
occur within the lower 12 m of the Upham Mem-
ber in the Sacramento Mountains. Where Paleo-
phyllum and Catenipora are found together, they
are in growth position.

D. L. Brimberry

A single stromatolitic horizon was identified
within the Upham Member. Approximately 11 m
above the base of the Second Value Formation,
“stromatolitic” laminae have been replaced by
chalcedony. The wavy morphology of these lami-
nae is indicative of subtidal mats (G. Strathearn,
personal communication, 1984). The laminated
clasts probably became detached by wave action
during a storm. At the Water Station section, small
oncoids (1 cm in diameter) occur at this strati-
graphic horizon instead of algal laminae. In Ar-
cente Canyon, a Cateniporahorizon occupies the
same stratigraphic level as the “algal” horizon.

Brachiopods, gastropods, and sponge spicules
gradually increase in abundance within the upper
5 m of the Upham Member. The brachiopods are
small rhynchonellid and atrypacean forms which
are preserved both articulated and disarticulated
(Howe, 1965,a,b,1967). Moderately high-spired
and loosely coiled gastropods and sponge spicules
were retrieved from insoluble residues. The addi-
tion of these faunal components toward the top of
the Second Value indicates that environmental
condjitions within the area favored faunal diversi-
fication, or may only reflect improved preserva-
tion. However, the faunal diversification contin-
ues upward into the Aleman.

The contact of the Upham Member and the
Aleman Formation is drawn at the base of the bed
containing the lowermost continuous band of
chert nodules associated with a decrease in dolo-
mite crystal size. The transition from the char-
acteristically massive Second Value strata to
medium-bedded, chert-rich Aleman strata takes
place over several meters as noticeable bedding
develops. Dark, coarse-crystalline (0.7-1.0 mm)
and light, fine- to medium-crystalline (0.2-0.5
mm) dolostones are interbedded 20-30 m above
the base of the Montoya Group. These are coarse-
crystalline and medium-crystalline fabrics under
the modified classification of Pray (1953). The fau-
nal diversification continues to increase upward
into the Aleman Formation.

Figure 4 (opposite page). Photomicrographs of Montoya Group depositional and diagenetic fabrics. Each
small division on the scale is 10 L. A—Cable Canyon Member fabric. Note sub-rounded texture, minor quartz
overgrowths (q) and dolomitic matrix (m). B—Upham Member fabric. Intensely dolomitized fabric with
recrystalized matrix and preserved crinoid fragments. C—Aleman Formation fabric. Recrystalized dolomite
with dolomite-centered biomolds and one shell replaced by chert {c). D—Cutter Dolomite fabric. Note the
dolomicrite matrix and selective recrystallization and dissolution of a remnant intraclast (i). The open porosity
is moldic and fenestral voids. E—"Pilibox” structures (p) from the Second Value—Aleman succession. Note
the euhedral and recrystalized dolomite in addition to the calcite cement (cc) in the center of the dolomite
rhombs. F—Anhydrite nodule replaced by chalcedony and megaquartz from the Aleman. Tiny blebs (b) are
remnants of andydrite. G—Moldic pore with scalenohedral cements from the upper Aleman Formation. The
cements (c) were emplaced as calcite vadose cements and later dolomitized. H—Chalcedony replacement
of shells and microquartz replacement of matrix from the Aleman Formation. Some shells (s) were stabilized
to calcite and remained unreplaced.
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Aleman Formation

The Aleman Formation is a fine- to medium-
crystalline, medium-bedded dolostone that con-
tains abundant, dark ribbon and nodular chertin
bands oriented parallel to bedding. The Aleman
forms a series of gentle slopes and short cliffs
above the massive Upham cliff. Short cliffs in the
Aleman exposure represent intervals of increased
chert percentages. In the Sacramento Mountains
the thickness of the Aleman ranges from 42 to 84
m (Fig. 3).

Chert masses associated with shell debris grade
upward into chertribbons at the top. The upper 5-
10 m of the Aleman contains 30-50% replacement
chert. In all the measured sections except the
Arcente Canyon section, a 30- to 50-cm bed of
white, black, and rust-colored chert marks the top
of the Aleman Formation. At Arcente Canyon, the
top chert bed is absent, but ribbon cherts remain
abundant.

The light-gray Aleman Formation is a bioclastic
wackestone (Fig. 4C). Packstone lenses containing
small invertebrates are present. Silica commonly
replaced the skeletal remains. Thin beds of fossil-
iferous carbonate silts, as well as wave-laminated
beds, occur in the upper Aleman.

The macrofauna present in the Second Value
Formation persists and diversifies through the
transitional contact into the Aleman Formation.
Paleophyllum disappears within the lower 10 m of
the Aleman. Other corals are not present. Echi-
noderm remains occur through the lower 30 m of
the Aleman. As the mud matrix becomes domi-
nant, this fauna is replaced by a diverse brachio-
pod fauna.

Most of the brachiopods are well preserved by
silica replacement (Fig. 4H). Brachiopods begin to
dominate the fauna ~15 m above the base of the
Aleman Formation. Rhynchonellid and atrypa-
cean brachiopods carry over from the Second
Value faunas. Dalmanellids, orthids, and stro-
phomenids add to the diversity of the brachiopod
fauna in the Sacramento Mountains. The size and
abundance of individuals increase toward the top
of the unit. Intervals rich in brachiopods alternate
with brachiopod-poor intervals to within 5 m of
the top of the Aleman. Variable preservation may
have produced the alternating intervals. Brachio-
pods are absent from the cherty beds at the top
of the Aleman. An intensely burrowed bed occurs
in the Dog Canyon section at 55 m and in the
Water Station section at 60 m above the base of
the Montoya Group. The burrows resemble Chon-
drites, a below-wave-base trace fossil (Chamber-
lain, 1978). Other faunal constituents in the Ale-
man Formation include tiny gastropods, sponge
spicules, nautiloids, and conodonts. Sponges
probably increased in abundance as the quieter-
water fauna developed in the lower and middle
Aleman.

D. L. Brimberry

The entire Aleman fauna disappears near the
top of the formation. Chert continues to be abun-
dant, and truncated current laminations replace
the diverse fauna within the upper beds. Intense
silicification removed any evidence of fossils in the
uppermost 3 m of the Aleman. The multicolored
chert bed at the top of the Aleman contains no
apparent fossils or sedimentary structures.

The contact between the Aleman Formation
and the overlying Cutter Dolomite is sharp. Gray,
cherty Aleman dolostones lie below the white,
nonsiliceous dolostones of the very fine-crystal-
line to dolomicritic Cutter Dolomite.

Cutter Dolomite

Within the Sacramento Mountains, the Cutter
ranges from 40 to 60 m thick (Fig. 3). The variable
thickness reflects the effects of post-Montoya
erosion. The light-gray to white, thin to medium
dolostone beds form a continuous slope of step-
like benches above the slope-and-cliff series
of the Aleman and below the massive cliff of the
overlying Fusselman Dolomite. The Cutter Dolo-
mite generally weathers ruggedly. Abundant verti-
cal fractures and a few large chert nodules are
characteristic. The nodules are lenticular masses
oriented parallel to bedding. Abundance of the
large nodules increases toward the top of the
Cutter, as do thin, continuous chert beds. The
Cutter is generally a bioclastic, intraclastic
wackestone with the matrix exclusively dolo-
micrite (Fig. 4D ).

Approximately 14 m above the base of the
Cutter, a 5- to 10-m-thick argillaceous dolomite
and yellow, dolomitic shale is present. The clastic
interval is areally continuous in the Sacramento
Mountains. The shale is thinly laminated. Quartz
silt occurs within the shale. Above the shale, argil-
laceous material decreases, and the dolostones are
again dominant.

In the absence of a diverse fauna, abundant
sedimentary structures are useful in the Cutter for
environmental analysis. Cyclic bedding is appar-
ent in the Cutter Dolomite. Cycles comprising a
thick dolostone bed, laminated medium-bedded
dolostone bed, and thin dolostone bed develop or
partially develop over 3- to 6-m intervals. Wave
laminations are present in some beds. Beds con-
taining laminations in the upper 3 to 4 cm are
common and represent thin stromatolite mats.
Laminations with sediment-filled mud cracks
were recognized in the Cutter. Other upper lami-
nated surfaces contain abundant phosphat-
ic debris which could represent brief hiatuses.
Birdseye structures are found in the Cutter, but are
not associated with the stromatolite mats, and
possibly are a response to desiccation and shrink-
age (Shinn, 1968). Beds of intraclasts occur above
the areally continuous shale interval. The intra-
clasts indicate postdepositional erosion and trans-
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portation. Intraclast zones are laterally restricted
within beds at the Water Station and Table Top
sections.

The absence of allochems is the product of a
sparse fauna in the Cutter. Bivalves, tabulate cor-
als, conodonts, stromatolites, and a local bur-
rowed horizon comprise the total evidence of the
fauna and flora. Silicified bivalves, whole and
broken valves, and bivalve molds are easily rec-
ognized in the Cutter section from both thin sec-
tion and hand samples. Several beds above the
shale interval contain tabulate corals. From one to
four different coral beds occur in each section in
the Sacramento Mountains. The tabulate corals
(Paleofavosites) are preserved in life position as
low domal masses, as large as 30 cm in diameter
and 10 cm in height, resting in dolomicrite. Evi-
dence suggests the possibility of extensive stro-
matolite growth in the Cutter. “Puckered stromat-
olite mats” have been dolomitized or replaced by
chert. The morphology of these stromatolite mats
indicates high intertidal-supratidal origin. A local-
ized burrowed bed occurs near the top of the
Table Top section. These Chondrites burrows are
similar to those in the Aleman. Chondrites indi-
cates shallow, quiet-water deposition near a tidal
flat or on the open shelf (Chamberlain, 1978).
Some small, unidentifiable burrows occur in the
top 3 cm of upper Cutter beds at the Arrow Can-
yon section.

Lithologically, the upper 10 m of the Cutter
Dolomite shows no significant change, although
the macrofauna is virtually absent. Phosphatic
lags, laminations, and chert are common in the
uppermost beds of the Cutter. The white dolo-
micrite beds are in sharp contact with the over-
lying brownish-pink, coarsely crystalline beds of
the Fusselman Dolomite (Fig. 3). An undulose ero-
sional surface with relief of >2 m marks the dis-
conformity at the top of the Cutter.

Fusselman Dolomite

The Fusselman in the Sacramento Mountains
is >50 m thick in the south, but absent due to ero-
sion in the north. Two units of the Fusselman crop
out in the Sacramento Mountains; a coarsely
crystalline, brownish-pink lower member and a
darker, more finely crystalline and cherty upper
member. The lower member rests on the Cutter in
all the measured sections except in Dry Canyon,
where the Fusselman is absent due to a post-
Fusselman disconformity.

DIAGENETIC FABRICS
OF THE MONTOYA GROUP

Diagenetic fabrics in the Montoya Group are a
result of depositional fabrics of the original sedi-
ments and postdepositional processes. The dia-
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genetic data complement information provided
by the depositional fabric in analysis of the
postdepositional history of the Montoya Group.
These carbonates contain fabrics in which several
diagenetic processes can be recognized. Of these
processes, dolomitization and silicification are the
most significant.

Fabrics of the Second Value-
Aleman Succession

Diagenetic fabrics in the Second Value and
Aleman Formations are similar, but depositional
textural variations of the sediments contributed to
the significantly different outcrop appearances.
The sequence and factors that gave rise to the ob-
served diagenetic fabrics which caused the varia-
tions of these fabrics are discussed below for the
Second Value—-Aleman succession.

First-Generation Dolomitization

Burial of the wackestones, packstones, grain-
stones, and quartz arenite followed deposition.
During burial, the lime mud was the first to be
dolomitized by magnesium-rich brines. The
metastable aragonite was probably stabilized to
micritic dolomite and euhedral dolomite rhombo-
hedra (Fig. 4D). Stabilization of aragonite to dolo-
mite or calcite is a rapid process in recent carbon-
ates of the Trucial Coast and Barbados, respec-
tively (Kinsman, 1969; Matthews, 1968). Moving
from the base of the Second Value up through the
Aleman, the abundance of paramorphically re-
placed shells decreases significantly. Cemented
biomolds and silicified shells indicate that the
dolomite did not completely replace the sediment,
leaving shells susceptible to later dissolution and
replacement (Fig. 4C).

First-Generation Sulfate Emplacement

The association of sulfate replacement and
dolomitization, common in many dolostones, is
evident in the Second Value-Aleman succession.
Anhydrite replacement as nodules and porphy-
roblasts followed dolomitization. Many shells
probably were replaced by anhydrite, but evi-
dence of that has been removed by later dia-
genesis.

In the Second Value, the evidence for the pres-
ence of sulfates is concentrated in the Upham
Member as “stair-step” anhydrite porphyroblast
molds and “pillbox” structures. The original an-
hydrite spar which replaced the dolomite matrix
was dissolved, leaving “stair-step” molds. “Pill-
boxes” (dolomite rhombohedra with intracrys-
talline pores) represent dissolution of anhydrite
which had replaced the centers of first-generation
dolomite crystals (Jacka, 1984; Fig. 4E). In addition
to anhydrite porphyroblasts and “pillbox” struc-
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tures described in the Upham, altered anhydrite
nodules occur in the Aleman. The anhydrite nod-
ules have been replaced by silica and are now cau-
liflower cherts with tiny blebs of anhydrite remain-
ing in the replacement chalcedony and mega-
quartz (Fig. 4F) The anhydrite must have followed
dolomitization, since it replaces the early dolomite
fabric.

First-Generation Freshwater Influx

Evidence of a meteoric phreatic and overlying
meteoric vadose zone exists in the carbonate rocks
as an overprint on the dolomite/sulfate-influ-
enced Second Value-Aleman succession. Meteoric
water dissolved shells, anhydrite, and matrix,
leaving biomolds, anhydrite molds, rare intra-
crystalline pores, and dissolution channels (Fig.
4C,F). Blocky and scalenohedral calcite cements
were precipitated in pores according to the dia-
genetic environment (Fig. 4G). As sea level rose
and the water table moved updip, pores filled with
cement.

In addition to the calcite cementation, the
meteoric water probably gathered silica from the
unstable sponge spicules, which subsequently
nucleated in the fossils as shell replacement by
chalcedony (Fig. 4C). Once shells were replaced,
microquartz replaced the matrix to form the red-
dish-orange to black nodules, ribbons, and sphe-
roids, which are found primarily in the Aleman.
Silica replacement in the uppermost Aleman oblit-
erated depositional fabric, and the top Aleman
bed was completely silicified. Chalcedony and
megaquartz replaced sulfates (Fig. 4F) and ce-
mented moldic and intrabiotic pores. Also, poorly
developed quartz overgrowths formed on the
quartz grains of the Cable Canyon Member as the
silica-rich fluids passed through the deposit (Fig.
4A). Unreplaced dolomite in the silica and silica
replacement of the sulfates indicates that the
freshwater influx was the third diagenetic event.
Dissolution, calcite precipitation, and silicification
are dependent on the rate of fluid movement
(Matthews, 1968) and silica saturation of the fluid.
Silicification probably preceded dissolution and
calcite precipitation, because many of the shells
were partially silicified and their outer edges were
dissolved. The bedding-parallel orientation of the
chert ribbons and nodules suggests that the mete-
oric water probably moved laterally, downdip.

Second-Generation Dolomitization

A second dolomitization event is evident in the
Second Value and Aleman carbonates. The dolo-
mite matrix was recrystallized, dolomite replaced
calcite cements paramorphically, dolomite re-
placed feldspar grains, and dolomite spar-
cemented open pores. The dolomitization contin-

D. L. Brimberry

ued long enough for dolomite to replace calcite
cements (Fig. 4G) and to begin to replace silica.
Recrystallization, which obliterated most of the
preserved depositional and diagenetic fabrics, was
a rapid process, because nucleation sites were
present (similar to recrystallization in calcite;
Matthews, 1968). The mosaic texture of the dolo-
stones in the Second Value-Aleman succession
was created during recrystallization (Fig. 4B,C).
The differing crystal sizes of the Second Value
and Aleman dolomite matrices probably reflect
differences in the original sedimentary fabrics.
Medium- to coarse-crystalline dolostones formed
where grains were abundant. Where the fabric was
mud-supported in the Aleman, finely crystalline
dolostones formed. The second dolomitization
also produced pore-filling cements.

Second-Generation Sulfate Emplacement

Minor evidence of second-generation sulfates
occurs as fracture- and pore-widening molds and
as matrix replacement. Second-generation sul-
fates are probably related to the second-genera-
tion dolomitization during burial. Early diagenesis
ended with the emplacement of these sulfates in
the Second Value and Aleman.

Dolomitization

The Second Value and Aleman were most likely
not dolomitized prior to shallow burial. For several
geologic reasons, most models which describe
burial dolomitization (Adams and Rhodes, 1960;
Deffeyes and others, 1965; Badiozamanie, 1973;
and others) cannot be applied to the Montoya.
One model which may have implications for the
Montoya was postulated by Jacka and Franco
(1974). They proposed that fluids rich in magne-
sium, chloride, and sulfate ions, originating be-
neath the coastal plain, moved downward and
laterally through subtidal sediments to dolomitize
them. The water, possibly fresh water, initially
would gather ions as it dissolved updip sulfates
during downdip migration. This model applies to
the Montoya, specifically the Second Value-
Aleman succession, in that dolomitization would
have begun soon after its deposition, during early
burial. The dolomitizing fluid must have origi-
nated updip from the subtidal deposits in the
study area. Supratidal, sulfate-rich deposits were
described by Geeslin and Chafetz (1982) in the
Aleman; therefore, a source for dissolved magne-
sium and sulfate ions was available. The final
question arises: Could the dolomitizing brines
migrate 320 km downdip without appreciable
change to dolomitize the Second Value and
Aleman? The dolomitization of shelf-edge Gua-
dalupian carbonates in the Permian basin, as de-
scribed by Jacka and Franco (1974), required the
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fluids to move at least tens of kilometers. Gua-
dalupian dolostones of the Permian basin grade
into deeper-water limestones downdip. The same
diagenetic transition occurs in the deeper-water
facies of the Second Value and Aleman southwest
of the Sacramento Mountains. This point favors
long-distance lateral migration of dolomitizing
fluids through the Montoya.

Fabrics of the Cutter Dolomite

Much of the original depositional fabric of the
Cutter Dolomite is preserved, although the rock
has been extensively dolomitized. The preserva-
tion of the depositional fabric may represent early,
rapid dolomitization of the mud-rich sediments.
The same sequence of diagenetic events which
altered the Second Value-Aleman section prob-
ably affected the Cutter, but these events appear to
have started before burial, or penecontemporane-
ously with deposition. The diagenetic sequence of
the Cutter and an explanation of its expression is
described as follows.

First-Generation Dolomitization

Dolomitization was the first diagenetic process
to affect the Cutter sediments. Dolomite probably
replaced aragonite mud in the sabkha and peri-
tidal carbonates. The generally micritic fabric of
the Cutter has some very fine-crystalline mosaic
textures and rare, coarse-crystalline idiotopic
textures. Also, first-generation dolomite cements
line or fill birdseye vugs and mud cracks created
by near-surface and surface desiccation.

First-Generation Sulfate Emplacement

Sulfate emplacement followed and may have
accompanied dolomitization of the muddy sedi-
ments, although evidence for abundant sulfates is
not present in the Cutter. Some anhydrite nodules
(now cauliflower cherts; Chowns and Elkin, 1974)
and porphyroblasts replaced the carbonates. An-
hydrite may have also replaced the shells. Collapse
breccias near the top of the Water Station and
Table Top sections suggest more-extensive re-
placement by sulfates and subsequent dissolution
of sulfates.

First-Generation Freshwater Influx

As in the Second Value-Aleman succession, a
meteoric-water overprint on early dolomitization
and sulfate-emplacement features is present in
the Cutter Dolomite. However, chert and calcite
cement is not as abundant in the Cutter as in the
Second Value and Aleman. The decrease in chert
probably indicates the lack of an internal silica
source (sponge spicules). Chalcedony replaced
some bivalves. Minor amounts of dolomicrite
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were replaced by microquartz and chalcedony.
Microquartz replacement of the possible “algal”
mats is represented by thin (10 cm), continuous
beds at the top of Cutter. Large concretions in the
Cutter represent replacement of Paleofavosites by
chalcedony, and continued replacement of the
surrounding mud matrix by microquartz. Black to
rusty-brown, lenticular nodules occur in the upper
Cutter Dolomite where the tabulate corals are
prominent, but not all of the chert masses contain
a coral nucleus. Orientation of the lenticular chert
nodules parallel to bedding probably indicates
that meteoric water migrated parallel to bedding.
Chalcedony also replaced a few of the anhydrite
nodules. Both silica forms, chalcedony and mega-
quartz, occur in minor amounts as cement in
moldic, intercrystalline, and fracture porosity. The
most-extensive silicification occurred in the upper
Cutter. Only minor silica replacement is evident in
the lower Cutter, but it does extend to near its
base. Evidence of other meteoric-water processes,
such as dissolution and calcite cementation is not
abundant.

Second-Generation Dolomitization

A second phase of dolomitization, also seen in
the Second Value-Aleman succession, is repre-
sented by recrystallization of a few of the Cutter
dolostone beds and dolomite cementation in
open pores (Fig. 4D). Where recrystallization did
occur, very fine-crystalline mosaic textures
formed. Burrows in bioturbated horizons have
been selectively recrystallized. Second-generation
dolomite cements filled open birdseye vugs,
biomolds, anhydrite molds, and fractures. Com-
promise boundaries are common in voids filled
with ferroan and nonferroan dolomite spar. Dolo-
mite cement in fractures through chert also began
to replace the chert. Dolomite spar is present in
solution channels, nontectonic fractures, and in-
tergranular pores of the collapse breccias. Sulfate
cements probably precipitated in the few unfilled
pores during and following dolomitization, but
evidence for such an event is minimal. The Cutter
Dolomite contains no evidence of additional dia-
genesis.

The same cyclic diagenetic sequence which
affected the Second Value-Aleman section altered
the Cutter Dolomite, but the events probably took
place later, had shorter duration, and began be-
fore burial of the sediment. In both cases, the
rocks were left nonporous and impermeable as
postdepositional diagenesis ended with pore-
occluding cementation and recrystallization.

Cenozoic Diagenesis

The effects of Basin and Range deformation
(Cenozoic) and post-structural diagenesis are



164

similar throughout the entire lower Paleozoic sec-
tion in the Sacramento Mountains. Cenozoic
faulting raised the Montoya Group from the sub-
surface—where significant diagenetic changes
probably had not occurred since the Devonian—
to the surface. Brittle carbonates fractured during
the uplift. The greatest amount of fracturing oc-
curred near the fault plane on the western es-
carpment of the Sacramento Mountains. The thin-
bedded Cutter fractured most intensely. The me-
chanically produced porosity in all three Montoya
formations decreases rapidly eastward away from
the escarpment. Blocky, equant calcite cement is
common in the tectonically produced fracture

porosity.

APPLICATION OF CONODONT DATA

Relationship of Conodont
Faunas to Water Depth

The distribution of condont genera found in
the Montoya Group appears to be related to
depth, as is the case for Upper Ordovician car-
bonates of the North American craton. The genera
and their generalized depth relationships are
listed in Table 1; these paleoecological interpre-
tations are based on observations of faunal distri-
butions at many North American Midcontinent
Province sites (Sweet, 1979a,b).

The relationship between these genera and
lithofacies aided in interpretation of depositional
environments of the Montoya Group of the Sacra-
mento Mountains. A comparison of overall faunal
depth relationships of the Montoya conodont fau-
nas in the Sacramento Mountains to those of the
Franklin Mountains and Florida Mountains
(Sweet, 1979b) also helped in the reconstruction of
the paleogeographic position of the study area
during the Late Ordovician.

Elements of Panderodus dominate the fauna of
the Second Value Formation in the Sacramento
Mountains (Fig. 5). The abundant Panderodus is
associated with shallow-water stromatolite mats,
bioclastic wackestones, and bioclastic packstones.
Elements of Plectodina appear in the middle and
at the top of the formation, associated with pack-
stone fabrics. A few Phragmodus elements also
occur within these two intervals. A low-percentage
belodinid peak separates the two trends. Oulodus
elements also occur in the break. The overall trend
is toward deepening water through the Second
Value, as shown by the occurrence of deeper-
water conodont elements and deeper-water litho-
facies at the top of the Second Value.

Shelf faunas are more abundant in the mud-
rich, quiet-water Aleman deposits. Elements of
Panderodus remain abundant, but elements of
Plectodina and Phragmodus dominate periodi-
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TABLE 1.— CONODONT GENERA
AND ENVIRONMENTS

Genus Environment
Rhipidognathus Intertidal Shallowest
Aphelognathus +  Shoal water

Oulodus
Belodinids Normal marine—

Shallow water
Panderodus Normal Marine—
Shallow Water
Plectodina Subtidal—
Shallow water
Intermediate
platformal
Phragmodus Shelf platformal Deepest

cally in the lower Aleman. Belodinid and Aphelo-
gnathus + Oulodus elements increase in abun-
dance, then disappear or occur only in low per-
centages between the peaks of deeper-water
fauna. The high percentage of Plectodina and
Phragmodus species indicates deeper-water con-
ditions for the Aleman. The macrofauna diversifies
concurrently with the increase in abundance of
Plectodina and Phragmodus.

In the upper 20 m of the Aleman, the fauna
changes abruptly to a fauna rich in Aphelognathus
+ Oulodus. At the same time, Phragmodus ele-
ments disappear and Plectodina elements grade
out. One last sharp Panderodus surge occurs near
the top of the Aleman. The shallower-water fauna
is in current-influenced beds.

The abundances of conodont genera in the
Franklin Mountain and Florida Mountain sections
as recorded by Sweet (1979b) are important to
discern the paleogeographic position of the Sacra-
mento Mountain Montoya sediments. The greater
abundance of Plectodina elements in the Second
Value of the Franklin-Florida section indicates
that deeper-water conditions developed south of
the study area. The lower Aleman faunas of Sweet
(1979b) contain a persistent Plectodina—Phrag-
modus peak. Plectodina elements remain abun-
dant to the top of the Aleman but Aphelognathus +
Oulodus elements are the most abundant. The
water depths shallowed as the upper Aleman was
deposited in the Franklin and Florida Mountain
areas. No change in faunal composition occurs at
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Figure 5. Relative-abundance logs from the Sacramento Mountains and a composite from the Franklin and
Florida Mountains, Texas and New Mexico. Note the lower abundance of deeper-water faunas in the Sac-
ramento Mountains section as compared to the Franklin and Florida section, 130 km to the south.

the Aleman/Cutter boundary in the Franklin-
Florida section. However, a brief but sharp in-
crease of shallow-water genera is evident. The
lower Cutter depth-related generic abundances
are similar to those of the upper Aleman, but in the
upper Cutter, abundant deeper-water Plectodina
elements with short-lived incursions of
Phragmodus elements occur in the Franklin-
Florida section. Although the underlying parts of
the curve indicate fluctuation trends similar to
those of the Sacramento section, the shift toward
deeper-water faunas in the upper Cutter of the
Franklin-Florida section is in contrast to the
shallowing faunas in the Sacramento section.

The sharp change in lithology from the Aleman
to the Cutter is accompanied by a virtual loss of
conodont elements. Only 15 elements were re-
covered from the residues of the Cutter Dolomite,
including Rhipidognathus, Panderodus, Aphelo-
gnathus, and Oulodus—all shallow water ele-
ments. Given the low abundance of elements, no
other useful data are recognizable from the Cutter
Dolomite conodont faunas.

Relative-Abundance Log
and Graphic Correlation

The conodont fauna recovered from the
Montoya in the Sacramento Mountains does not
provide a direct dating of depositional events for
the Late Ordovician in the study area; however,
some limited correlations of the Sacramento Sec-
ond Value and Aleman with the Montoya section
in the Franklin-Florida section (Sweet, 1979b) and
the Midcontinent Standard Reference Section
(MSRS) are possible, using relative-abundance
logs (Fig. 5) and graphic correlation (Fig. 6). Corre-
lation of the Cutter Dolomite with the Franklin—
Florida section and the MSRS uses only the depo-
sitional and diagenetic information gathered from
the field.

Relative-abundance logs from the Sacramento
Mountains Montoya and the Franklin-Florida
Montoya are correlated on the basis of “inflection
points” which indicate “shoaling epochs or deep-
water maxima of chronostratigraphic signifi-
cance” (Sweet, 1979b). The “inflection points” are
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Figure 6. Conodont graphic correlation of the Midcontinent Standard Reference Section (MSRS; X: Sweet,

1979b) versus the Sacramento Mountain section (Y). Species identification can be found in Brimberry

(1984)

or Sweet (1979b). The line of correlation is defined by first and last occurrence points in the Second Value—

Aleman succession, but the break
diagenetic information.

interpreted in the Second Value and Aleman For-
mations of the Sacramento Mountains and are
correlated with the documented “inflection
points” of the Franklin-Florida section, indicating
the dating/timing of Montoya depositional events
in the Sacramento Mountains.

The relative-abundance logs indicate that Late
Ordovician deposition of the Second Value and
Aleman Formations began later and ended earlier
in the Sacramento Mountains than in the Franklin
and Florida Mountains. Deposition of the Second
Value began in the Edenian (Fig. 5). Carbonates
appear to have been deposited continuously
through the Maysvillian and into the early Rich-
mondian where the top of the Aleman is corre-
lated. The Cutter Dolomite probably was depos-
ited within the Richmondian based on lithostrati-
graphic correlation with the Cutter in the Frank-
lin-Florida section, which was deposited entirely
within the Richmondian (Sweet, 1979b).

Graphic correlation of the Sacramento Moun-
tains section with the MSRS also helps to date

(82 m) and line of correlation in the Cutter is implied by depositional and

Montoya depositional events (Fig. 6). Again, data
sufficient to provide meaningful correlations exist
only in the Second Value and Aleman Formations.
Detailed listings of the conodont data used for this
graphic correlation can be found in Brimberry
(1984) and Sweet (1979b).

Graphic correlation of the Sacramento Moun-
tains section with the MSRS, with Late Ordovician
conodont species first and last occurrences and
“inflection points,” indicates the same dating of
the Second Value and Aleman depositional events
as the relative-abundance logs. In addition to the
dating of events, the graphic correlation also indi-
cates that the “rate of rock accumulation” is the
same for the Sacramento Mountains and the
MSRS. The break (unconformity) separating the
Aleman and the Cutter Dolomite is inferred from
the depositional and diagenetic fabrics discussed
earlier. No first or last occurrences of conodont
species are meaningful in the Cutter Dolomite.
The slope of the line of correlation is extended
above the unconformity, as implied by lithostrati-
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graphic correlations of the Sacramento Mountains
section to the Franklin-Florida section discussed
previously.

MONTOYA GROUP HISTORY

The three formations of the Montoya Group in
the Sacramento Mountains were deposited in two
distinct depositional systems. Although diagenesis
has obliterated most of the primary sedimentary
fabrics, the remaining lithologic and paleontologic
data allow interpretation of the history of the
Second Value and Aleman Formations and Cutter
Dolomite. Not only are the depositional environ-
ments of the two systems important, their paleo-
geography and stratigraphic durations are signifi-
cant to previous interpretations of the Montoya
Group.

Second Value-Aleman Deposition

The erosional surface at the top of the El Paso
Group apparently dipped to the south. Low relief
existed on the erosional surface. The basal sand-
stone unit of the Montoya Group, the Cable Can-
yon Member of the Second Value, reflects the
remnants of the topography at the beginning of
the Late Ordovician (Edenian). The coarse sand-
stone thins over palechighs and thickens in
paleolows (Fig. 7A).

The Cable Canyon Member in the Sacramento
Mountains was deposited as a sheet sand in shal-
low subtidal waters during a rapid transgression.
Much of the quartz was probably derived from
broad highlands to the northwest and north
(Hayes, 1975) where the Bliss Sandstone (Cam-
brian) was exposed. The major clastic influx must
have ended, or the highlands were submerged
abruptly, as indicated by the abrupt transition
from sandstone to clastic-free carbonates of the
Upham Member of the Second Value Formation.

The transgression continued as the early Eden-
ian seas washed and abraded shell fragments in
the shallow subtidal waters characteristic of the
Upham Member depositional environment (Fig.
7B). Intermediate- to high-energy water currents
above storm wave base characterized Upham
depositional processes. Grainstones or packstones
grade landward and seaward to mud-rich deposits
(wackestones). The lower Upham Member is
mud-dominated and contains tabulate and rugose
corals, echinoderm fragments, and stromatolites
which probably lived in subtidal water above
storm wave base. Some shoaling must have oc-
curred as indicated by the higher-energy fabrics of
grainstones and cross-laminations near the top of
the Upham.

Below the contact between the Second Value
and the Aleman, a facies change began as the
transgression continued into Maysvillian time.
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The transitional interval around the Second
Value/Aleman contact is marked by short pulses
of the transgression, followed by short shoaling
periods. Mud-dominated beds are interbedded
with grain-supported beds across the contact.
Through the transitional interval, coral and echi-
noderm fragments decrease in abundance as
brachiopods increase.

Above the top of the transitional interval be-
tween the Second Value and the Aleman, sedi-
ments of the Aleman indicate deposition in
subtidal water below storm wave base (Fig. 7C).
Carbonate mud accumulated and quiet-water fau-
nas diversified in water depths probably >10 m.
The quiet, open marine water environments of the
Aleman permitted faunal diversification of brach-
iopods, with the addition of bryozoans, nautiloids,
sponges, and burrowing animals.

The transgressive trend ended in the upper
Aleman at the beginning of the Richmondian.
Deeper-water Plectodinaand Phragmodusspecies
are replaced by “shoal-water” species of Aphelo-
gnathus+ Oulodus at the top of the Aleman. Cross-
laminated carbonate sediments were deposited.
The abundant brachiopod fauna diminished. The
only survivors in the macrofauna at the top of the
Aleman were a few large, thick-shelled brachio-
pods. It is evident that progradation or shoaling
during the upper-Aleman regression moved depo-
sition through and above storm wave base.

Post-Aleman Exposure

All of the evidence centering on the contact
between the Aleman Formation and the Cutter
Dolomite indicates that a previously undescribed
unconformity is present at thatlevel in the Sacra-
mento Mountains (Fig. 7D). Continuous deposi-
tion from the Aleman into the Cutter has been de-
scribed by Pray (1953), Hayes (1975), and Sweet
(1979b). This appears to be the case in the Franklin
and Florida Mountains sections; however, a re-
gional break described by Flower (1958,1959,1961,
1965,1969) occurs at this contact in the Sacra-
mento Mountains.

The abrupt lithic break from cherty to non-
cherty beds is only part of the evidence for the dis-
continuity. Drastic sedimentologic changes and
faunal breaks support the interpretation of sub-
aerial exposure between Aleman and Cutter depo-
sition. The noncherty, nonfossiliferous beds above
the contact were deposited in peritidal environ-
ments, as opposed to entirely subtidal environ-
ments below.

Meteoric calcite cement morphologies are
present in the Second Value and the Aleman. Al-
though dolomite paramorphically replaced calcite
during burial, the blocky meteoric phreatic ce-
ment and scalenohedral meteoric vadose mor-
phologies are stratified in the Second Value and
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the Aleman. These cements are in moldic voids
created by freshwater dissolution during subaerial
exposure. The meteoric cements in the upper Ale-
man are not present directly above the Aleman/
Cutter contact. Other evidence for subaerial expo-
sure in the early Richmondian includes the vari-
able thickness of the Aleman in the Sacramento
Mountains.

Cutter Deposition

Following the exposure and erosion at the top
of the Aleman in the early Richmondian, epeiric
seawaters returned to the study area (Fig. 7E).
Peritidal facies (Cutter) deposition began and per-
sisted during the Richmondian. Wave and tidal
currents were probably weak, as evidenced by the
abundant lime-mud deposits.

Each phase of the peritidal facies tract is rep-
resented in the Cutter Dolomite depositional
cycles. Supratidal evidence in the Cutter includes
mud cracks, thin algal laminations, birdseye vugs,
and intraclasts within thin beds. Tidal channels,
puckered stromatolites, truncated ripples, and
laminated beds are indicative of intertidal sedi-
mentation. Thicker beds containing in situ Paleo-
favosites and Chondrites trace fossils represent
some of the evidence for subtidal Cutter deposi-
tion. The shale interval is thought to have been
deposited in the subtidal realm of the pertidal
tract during a time when clastic input drowned
out carbonate production.

Deposition of the upper Cutter Dolomite was
probably interrupted by short periods of exposure
which included erosion and diagenetic changes.
Phosphatic lags present in the upper Cutter, indi-
cate short episodes of erosion or nondeposition.
Dissolution breccias and other freshwater phe-
nomena probably identify periods of exposure
and subaerial diagenesis.

Post-Montoya Erosion and
Fusselman Deposition

The contact of the Cutter Dolomite and the
Fusselman Dolomite is unquestionably uncon-
formable (Fig. 7F). Contrast between the light-
colored Cutter Dolomite and the brown Fussel-
man accentuates the contact. The Cutter Dolo-
mite varies in thickness due to relief on the under-
lying erosional surface. Erosion at the end of
Montoya deposition was probably caused by
epeirogenic crustal shifting which exposed Cutter
deposits to erosion and freshwater diagenesis be-
fore the end of the Ordovician.

Fusselman deposition followed erosion of the
Montoya Group. The gentle slope of the epeiric
sea floor had been modified by the post-Cutter
cratonic tilting and erosion. The depositional sur-
face was more undulose than any Montoya sur-
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face, as an epeiric sea once again transgressed
over the area and Silurian deposition occurred.
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THE ARBUCKLE/OUACHITA FACIES BOUNDARY IN OKLAHOMA

Lloyd E. Gatewood
San Jacinto Qil Co., Oklahoma City

Robert O. Fay
Oklahoma Geological Survey

ABSTRACT.—The shelf rocks of the Arbuckle and Timbered Hills Groups of the southern
Arkoma basin are mainly dolomites and sandstones, about 2,200-4,500 ft thick, dipping
basinward to the south or southeast. The equivalent black shales of the Mazarn and Collier
Formations have not been found in four marginal shelf wells.

The structural edge of the shelf is buried about 2-3 mi deep, south or southeast of the surface
trace of the Ti Valley fault, with a fault displacement of 3,000 ft or more. This submarine block has
been named Bengalia, or Ancestral Ouachita Mountains, and was probably active since Pre-
cambrian time; the fault face of the block is named the Bengalia fault. This is the probable source
for Precambrian granite boulders in the Collier Limestone and Blakely Sandstone. The Johns
Valley boulders were probably also derived from Bengalia, when slight uplift occurred beneath
Bengalia. The large landslide masses within the Atoka Formation also were probably derived
from Bengalia.

The Precambrian basement rocks below Bengalia were probably uplifted by pressure from
below and by lateral pressure from the southeast, especially during Morrowan time, but begin-
ning in Mississippian time with growth faulting along the Bengalia fault. Atoka growth faulting
tilted the beds slightly southeastward or southward. With major post-Atoka compression, the
Ouachita basin facies was thrust over the shelf facies along the Ti Valley fault, amounting to 10—
15 mi of movement. The Ti Valley detachment appears to be 5 mi or more south or southeast of
Bengalia, ~5 mi deep. Anticlines and horst blocks occur north or northwest of the detachment,
below the Ti Valley fault, with several thousand feet of closure or displacement, involving
basement-attached rocks.

Bedding-plane faulting has occurred in the Womble, Stanley, and other shales above the Ti
Valley fault, causing thin-skin thrusting to occur simultaneously at many levels, concealing the
deeper high-angle faults. Bengalia and the eastern Arbuckle Mountains were in the way of the Ti
Valley fault, causing the bedding planes of the shelf facies to be displaced ahead of the Ti Valley
fault, creating the Pine Mountain, Katy Club, and Choctaw faults. The pressure against Bengalia
possibly caused some uplift and cracking of Bengalia, squeezing Atoka and older rocks against
the Bengalia face, and possibly sourcing Bengalia with hydrocarbons.

The Ti Valley detachment must be close to the interface boundary between the shelf and
basin facies, judging from gravity and magnetic interpretations, and changes in the Bigfork
Chert. The Bigfork Chert in Black Knob Ridge contains much gray limestone, and was first de-
scribed as the Viola Limestone, being a hybrid Viola facies. At the detachment interface, the
Bigfork probably gradually contains more black shale and chert eastward 4-5 mi, judging from
a well nearby. The underlying Simpson-Arbuckle-Timbered Hills rocks at the detachment
probably have interbedded black shales, but this area has not been drilled. Only two wells have
been drilled into Bengalia north of the Arbuckle Mountains; these were not to basement, and the
Arbuckle Group was not tested, although much gas occurred in 800 ft of section of the Arbuckle
in one well. Downside Bengalia has not been drilled.

Hydrocarbons could have moved into these rocks at many times from Cambrian to post-
Atoka time, with excellent proven source beds in the Ouachita basin facies, and sandstones and
fractured dolomites in the shelf facies. The basin was a live basin because of illite-bearing shales
in the sequence, allowing fluids and gas to move with dilation. Tectonic dolomite could be
formed at depth with dilation. Theoretical reserves of the Bengalia-Ti Valley detachment area
should be ~2 quadrillion ft® of gas. Shallow zones <15,000 ft deep could have oil.

Ever since the 1890s, geologists recognized that  to a southern basin of black, graptolitic shales (Fig.
somewhere beneath the Ouachita Mountains of 1). Various facies diagrams have been proposed,
Arkansas and Oklahoma there must be a facies the facies boundary being placed anywhere from
change from a northern shelf of shelly carbonates 20 to 150 mi south of the Ouachita frontal fault.
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The Ouachita Mountains have been studied for
130 years or more, and several thousand articles
have been written about them. Surface mapping
began in the late 1800s, and oil and gas tests began
about 1907. Geophysical studies began about 40
years ago.

In the early 1950s, oil companies began shoot-
ing seismic lines in the mountains, but no deep

ARBUCKLE FACIES

SHELF FACGIES
w.

ATOKA

i
= _WINESTONE GAP Sh~(#00
c L UNION VALLEY™

==W00D RD 50 2=
MUNTON GER (350°)

= = = o
=S SYLVAAN = 300°) ===
N

SM“ :_b::

vVIiOL A . " (8oo’)
13-

ORDOVICIAN

PRE CAMBRIAN

RESTORED STRATIGRAPHIG SECTION
CRATON EDGE
AND
OUACHITA GEOSYNCLINE
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Figure 1. Facies diagram of Quachita Mountains, showing shelf-to-basin concept.



Arbuckle/Ouachita Facies Boundary

In the past 25 years, about 10 wells have been
drilled to basement around the edge of the frontal
Ouachita fault of the Arkoma basin (Figs. 2,3). The
Cambrian-Ordovician Arbuckle-Timbered Hills
Groups are about 2,200—4,500 ft thick in the base-
ment tests, the rocks being mostly dolomites and
sandstones (Fig. 4). About eight wells have been
drilled to the Arbuckle Group in the frontal
QOuachita belt, but none have been drilled to
basement. Only four wells were drilled through the
Womble Shale, penetrating the Ti Valley fault from
2,800 to 12,000 ft. The prominent sandstones on
the shelf are Reagan, Gunter (Butterly), and
Roubidoux (= lower Cool Creek or Thatcher Creek
Sandstone = Crystal Mountain Sandstone), and
can be correlated over wide areas. Generally the
rocks are tight, except where fractured, and where
tectonic dolomite is present. Where black shales
are present next to the fractured zones, large re-
serves of hydrocarbons may be present, such as
those in the Wilburton field in T. 5 N., R. 18 E.,
north of the Choctaw fault.

The structure of the shelf is that of normal
faults dipping basinward (Fig. 5). One of the last
faults basinward from the surface trace of the Ti
Valley fault is the Bengalia fault, with 3,000 ft or
more of displacement, in places being part of a
horst-block system termed Bengalia by Kramer
(1933). Bengalia was named after the town of
Bengal, Latimer County, near which an exotic
block of Woodford-“Caney” rocks occurs in the
Atoka Formation. Bengalia is the probable source
of the Precambrian granite boulders in the Collier
Limestone and Blakely Sandstone in Arkansas, the
Arbuckle to “Caney” boulders in the Johns Valley
Shale, and the Pinetop to Goddard blocks in the
Atoka Formation, as described by Stone and Haley
(1984), Shideler (1970), Kramer (1933), and Ulrich
(1927).

In Late Mississippian and Morrowan time,
Bengalia was uplifted high enough to prevent
deposition of the Wapanucka Limestone, as seen
on seismic lines south and southeast of the Ti
Valley fault, and proven by drilling of the Texaco-
Lucywell in sec. 8, T.2 S, R. 12 E., Atoka County,
Oklahoma. The eastern Arbuckle Mountains, east
of Boggy Depot, Atoka County, show the same
relationships, with Wapanucka pinching out
against the Arbuckles, and the Atoka onlapping
over Goddard and older rocks, as seen in the
Mobil-Stewart Ranch well in sec. 36, T.4 S., R. 11
E., Atoka County, Oklahoma. With deposition of
the Atoka Formation, Bengalia was buried, and
growth faulting continued. The eastern Arbuckle
Mountains were uplifted earlier than the Ouachita
Mountains, and the Quachitas were later thrust
over various formations of the Arbuckles, com-
monly with the Womble Shale resting upon the
Atoka and Goddard Formations. Bengalia acted as
a buttress, over which the Ouachita rocks were
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thrust along bedding-plane faults. The Devonian
and younger rocks of the shelf facies reacted to the
Ti Valley thrust by also being displaced along
bedding-plane faults ahead of the Ti Valley fault,
giving rise to faults in the shelf facies, such as the
Pine Mountain, Katy Club, and Choctaw faults.
Bengalia was also compressed by these move-
ments, and the granite basement reacted, giving
rise to some deep-seated reverse faults, such as
the Yourman fault in the Wilburton field.

Seismic lines show that the only primary fault
in the frontal Ouachitas is the Ti Valley fault, which
detached ~14 mi southeastward from the surface
trace, primarily in the Mazarn-Womble Shales, ~5
mi deep, the angle of the sole-fault averaging ~20°
to the surface. The overlying Bigfork Chert crops
out at Stringtown, in Black Knob Ridge, and con-
tains much gray limestone, which was described
as Viola Limestone by Decker (1933). This hybrid
Viola-Bigfork must have been present near the
detachment, showing that the facies change must
have been close to this area, ~14 mi southeast of
the Ti Valley trace. There are horst blocks and an-
ticlines ~4 mi deep in front of the detached area,
apparently rooted below the Ti Valley fault. Other,
higher faults occur within the Stanley-Jackfork
sequence, such as the McGee Valley and Potapo
Creek faults, which may not be connected to the Ti
Valley fault.

The Potato Hills are not rooted directly below,
but occur above a major bedding-plane fault
~12,000 ft deep, dipping S, originating in the
Mazarn-Womble sequence ~3 mi south of the
Albion anticline, and ending in the Stanley shale;
this fault was named the Jackson Creek fault by
Pitt and others (1982). About 10,000 ft lower is a
detachment fault, probably the Ti Valley fault,
possibly bringing Mazarn and younger rocks over
Arbuckle and higher units. The American Quasar-
Cabe wellin sec. 11, T. 2 N,, R. 20 E., was drilled to
15,512 ft in 1978; it was considered possible that
the Arbuckle facies would be found below the up-
per major thrust, but it was not. A core near total
depth contained lower Ordovician palynomorphs,
probably from the Mazarn. The facies change from
Arbuckle shelf to Ouachita basin probably occurs
under the northern Potato Hills, ~25,000 ft deep.

Gravity data of the Ouachita Mountains show a
series of rooted residual highs along Bengalia and
northward, with a deep basin beneath the Lynn
Mountain syncline, and a gravitational break be-
tween Bengalia and the Ti Valley detachment (Fig.
6). A magnetic break also corresponds with the
gravitational break, falling off basinward. The
Potato Hills area is a gravitational plateau—not
rooted, but part of a block between two large
gravity lows. The 110-milligal low of the Lynn
Mountain syncline is one of the deepest in North
America, and probably represents ~35,000 ft of
Ouachita basin facies. Thick Precambrian rhyo-



L. E. Gatewood and R. O. Fay

174

TSNV
AN TS N N -,
e \.H—.\\. \I_!\W.I_I\I\Iw\\l\zﬂ_\/\ﬁl/— N P,_/sﬂ.\lxﬂ.l
MY Mt N2 2o DLV NSNS La Lo
AGOMILYS AAOT e 7 S a3 o S v
DOMILVYD GO L2 e e it S 102l 3LINVAD Y
. gy - VAP VST AN YA N
ENSANIg ] L vy s A8 . \.-\.f\\\f\\-\\l\.\\ 4 \-/\r\\/\ '\ g= o o
A D - L W I A LA S A P A
AT A I ) R TN 0“0— R L A A T VIR A R QALY N riN
A\eizss S\ 2 A TAS W PARVEIPR FLY \,_\,Vzw/ \11/.\_\1 ALINVED ool - S w— "
S B LN 307 7 L I A S s T ==
RAE > 5 W NT N I\\lli /z\ -2\ ) e A AN v W ¥ W W
; o d Yoz ad g S A L3 T e T  ———r — 2 LT T T ———
B ol ) = re— = e v
AN AY x84 L e e A ™ot ¥ o szzo/l._omw X X ALY AR X X
AN g AN A} AN A VA R s A X P X
Y hY X KO\ X A - - T i TN I W X X T X X AW XY MO X X
ﬁﬂi(: 15 e ¥ 3 e v S {— - — ] h Vi, i W v
o o A\ 1 e e v w3 _ L —— e— — .
? o049y SFEFIEY ? ARl Lilhs 3 e AINEE VIS d O 7
" Hosawis OSdKIS T A & 330 7o = L T
= ‘ , . NOSANTS ot i e
i SANIS iEmom i — ¢ HsId
T — Jamoyg ~ y: : NOSdWIS
- = T 3 R 000 CALILY
.ooo,n.. !(-Aa_uu_nu_s S¥04ag0 , T NNH
u o— - " T s
K : INVATASNNZ Y ‘I NVINVATASNN3d

vaav
VZNYNOSE

wejregesei)

1

- AYOIMVYD

n

‘02 110 1IN

L
1svi

viayv
AVO a3y

It

VyoLy

viayv
NOLINITIM

L+

assar siild

& %

NISVE YHONYY
TYOTIAT

{aLINvYD) .ZLZ8 ‘L
S0 "0D IMOT 31
acZu-NSL-9Z 'Das

-me-3

‘NR LLENDVL L ON

"NLAd NYOIMIWY Nvd

S

14

YIRILYT T

» -
3404-81HBAK | "N
‘03 wYB ¥ 110 1V0D

DOLOLNOd——

Rerct i A
g
10 03 HunSE

€
Lsam



175

Arbuckle/Ouachita Facies Boundary

‘poomaler) pAo| Ag peronlisuog ‘ayonqgly Jo doy :winje( "sise} uswaseq Buimoys uiseq ybiys ybnoiyy uonoss ssoin ‘g einbi4

I 3LMvgg - Jeie \ PR ATENEPPES AP N R YA YO LT LAY AT Er ORI N 701 \ _/‘\ NN ETAY N M PV A4
" \ 1IN NI N/ 7 -7, . - - -l =" e 1% \\ Sl - Lr f 7 P KA P
i \/I\\/M—ls /\\\l. /I\./n\\ll-“ t\\ U/\I/lﬂl\—\\\.ﬂ“_ \\I~_\-\\z _“/I‘I\/\l—h ~—\_\ \—\\N\\\ \\/ /\\ \_ //_—\\IDO b;w.—.<®\— ?o _A\A\_/\ —l—
1053 eI SR N PR ARATIRES [t} AV AT AS YATLCANMAY AT P Pld BTN
D : T thme««.mﬂ\ _J\oA.a__,\,../n.\,_/_\/ OQO.—\/. < hs PYAPRAN
T 7T 7 NVI ICA) TN .m.h~z¢ —\II:_.\r Z 44!\“ \/l\/ PR
S8feil—~yt @ /< :.W_mwh._H\lf\\~ .IIVI\_
\ g Ll - \ 1 B8E
3 \\:\\ 7 M Z \\\\ L NJlrwtmmPLuo_ ~|=I M—NZIWMUE : o 2 aﬂr\/.lmlnl\lx.
7 s T 7 . ya - - iaeas
i “N\h~ 7z \L 1000 = ,F xl\ - 2
— r L ?
T z e e e 2 T NIIID OO
t Q o A S— yALd
e e
\’~ L L \h\ . \\ ya

I s =
7 A L L L L L b

Txuumol._n_vov_

N334 I 0

N —— —

i ' vawoun

e

\.
vrﬂ —/——/—L
ynoiv

NISVE V6D Z? an ﬁo_,:s;,

»~
SALLNNOD JIIWOLYMYLLOd m,_oz_s_wm

IaLINvND) ine "ol

NOmYH 1 BNV ‘ew03 NOXX3 [

: g j sl
H1NOS VHOHVYINO NU3LSYI SNIVINNOW VIIHIYAO ¥ NISVE VHONUY

NOIL)3S SSOUD DIHAVYUOILVYULS NOSHWIS ® 311NINAYUY




L. E. Gatewood and R. O. Fay

176

‘poomeres pAoj] Aq paioniisuc) “jeq jejuol) elIyoeNQ 8y} Yiesusq sdnols) s|IH palequll—s|ongly Jo dew yoedos) p 8inbiy

Syl -___. e S3IT1IW NI _3I1VIS
m-. Rikdis Ww\__ WK\\._@M vz 8L 7L 9 J.-a”&iagsm poemery S phog]
, JLHE PR o e wewee @ TSmme | NISVE VWONMY | LT 0001 ='1°D
AR ALl e O L e | WHOHVING | ca e QWO
Clbgit] SEER i dVW HI¥dOS! 6 L it N
R T 100MILYS aroT 11MJna¥y PZNE \ A3 LN, { P 6
T4 1 ! £ fEEpzz 1z 0Z 6L 8L LI 9L sugFL £f 2L [ i a8 g
o~ H'I = ! i - l-— Jﬂl T A Amlw -.,- ! A m W “ “ “ “I“ “‘ _ ” FH
Si7 . 7% S L

m Hml.ﬁn A " !

] ok H,lekll w.w.. 2] 4@@ W

w :. { Mv J Lﬂ - mt&... ,.., 4.1 4 0] = m
L 7Y a5 =
9 -J.T| ) i k. 14

1 ax; x T a )
" _ C \Tfl , .JH/...:S!F i3 m

m_m_w I S T -

p HrEme | [ i g
¢ dhiviifme | gl | SNIVLIN ol L

5O,
R St O — i Z—

rA 000g A | J 4

o {EC16E 08 EMesgIRTd i id

£ = 000sdert—"] |~ 000% =i _

NI 0009 T 5 o D €
IRy S s L hogt ¥
P =3 L e s et e e B
b 0 )L i 9

-Uf_;_, BN %..iw . 5 »y
S AT Hi: e AV7 A 81O B, Gl heas=t kil
82 62 OS 1€M2EHLE9¢ST Ve €C ¢¢ 1¢ 0C 61 8T LI 91 SI ¥I €1 21 11 O 6 38



177

Arbuckle/Ouachita Facies Boundary

‘poomaier) pAoj Aq peionlisuo) “ljeq [ejuol) eiyosenQ ey} yiesuaq dnoixsy epjongly jo doy jo dew ainjonig *G einbi

mﬂfﬂeﬁﬂ.mz_d.—zaci Y1IHIVYNO ¥ NISYE VHNONUY- SOl
__m_ aoosm:o '3 GA0TT  WWOHVINO _0vi30 ingj ]
E dYIN JUALINYLS 50T (0 Fs L&
- X i w_.:_u:nz: oA F P e e, 8
g Rii6% OEmw.:s_ NI m._twu SL T IV NG RS L
_m,_m_ (Mosganoul g8 pz 8L TL 9 9
R 4008 T
i,m . .
1]
—\x.. m
:wx (4\074 _ rA
: St AR
i | b M A ez g e i N |
[ VOVLYN f| L U CEp ., .
i s v BT R S U




‘fouaby Buiddeyy esusjeq wol} eleq
"eale Ao|[eA || puB Bale 8100 8} Ul UMOYS Seale YBiY fenpisses aWOs YIm ‘SuleluNop elyoeNO Ulelsem Jo dew Ayaesb senbnog ‘g a1nbig

g

2]
vt

N
Y—

yo—
yo—y

e

L. E. Gatewood and R. O. Fay

— N M F 10 O I~ 00 O

w

Z

n < o A

178

Exte . i\
e m_. o A7 8LLEY IHNOSSIN 'S4V SINOT "LS 43 EN3ID IOVdS ~ S31IN NI 31¥5S
N _ﬂﬂm T " o— AON3IDV HDNIddVIN ISN3 VJivVva NO Ad3svg ,WA T T y iy -
o £ 08 vZ 8L 2L 0
st viiHoVno\NuLsIm- el  * N B
T __ ; T13IM LNIWISVYSE .!I.] n7.v D w.
SEapEEaE e VUOUININOE " oweove o @ FERT 9
b ] _.n 1 0“ S % ~ “¥T) @ ~
IV T I SIPPVS Siubd. T mm %ll. 1 N
i ! _ L2 02 61 8L/ L 9L/ g1 vg el _Zh SLaE Hi
Snie KnnuEERE il == S S - A e, 8
1 T T _.Xlll RN
asauagy N L
[TAH g Eat gew
e _ 9
: ey amn b5
s iy | o y R u.. & m
== s A~ o] >
s SN
() > ! )} +v—
&
| : e ~
/ D i =) e (ﬂ Shar i
] IIIOA. 5 i \%j zom,_ B ] n..,,.,, N
et %u@’% ,%o .q_ ‘ _aps.duiol .. e
B e \/ a® s
] ~etre-W | S
= ooo ” ’ % &1 ; 214 V1)
uWLV? (] \&z‘ ﬂ m@“%h. NA _u
6040 % x\\ﬁNL. .:/J;;m MyLupap NNATY
._. 4 .\3 OSSN, =
- . - Ew_.v. ow.u 0 G
N\ =
y./\f.ﬁ( " e = m
L OK —] - 5,
M. = \.\m gl a8 20 E8 diSg
< i~ ICMW .t.u.
N =t
HH R P e e o L e R S
H_H\IM.IIIIA:vi __trhﬁ 12 .r._ > T - =l i \.,\. S N | , E2a e
82 6¢ 0 1EMCEHLE 9C SC V¢ ST ¥I €1 21 11 Ol 6 38




Arbuckle/Ouachita Facies Boundary

lites may also occur here, and they could be
folded.

Magneto-telluric surveys have been made in
parts of the Ouachita Mountains, but they have
not been very reliable, because there is a gradual
increase in density from Arbuckle to basement
rocks.

In considering the Precambrian history of the
Midcontinent structures, nearly all of the struc-
tures were probably formed along preexisting
weak zones, which developed when the lower
crust (sima) was formed. One theory is that the
continents were formed from hot magma cooling,
to form basalt or olivine basalt or “moon rock,”
and that large asteroids impacted this surface,
forming large craters, causing lighter acidic mag-
mas to extrude and cool along cracks, with thyolite
occurring at the surface and granite formed below.
These rocks probably formed the shield areas of
the continents, being thickest under the centers of
the shields. Large circular weak zones or rills
would have formed around the shields, with radial
trenches extending outward from the centers.
Continental accretion could occur later along the
circular weak zones. Subsequent movements
could occur at any time thereafter along the weak
zones. With degassing of the magma, the atmo-
sphere and oceans were formed.

The Gulf of Mexico could have been formed in
early Precambrian time, as a small astrobleme,
with circular weak zones, forming a proto-
Ouachita belt, with radiating weak zones such as
the Cuban trench, Appalachian belt, Mississippi
River trend, Arbuckle alignment, Criner-Wichita
alignment, and Rio Grande alignment (R. Dono-
frio, personal communications). The Sigsbee Deep
could have been formed originally as an uplifted
area, resulting from an impact and subsequent
extrusion oflava, similar to Olympus Mons on
Mars. The subsequent land mass has been called a
Gulf plate by Beall (1973), and Llanoria by Miser
(1921).

Weak zones under the Llano region of Texas
could have been formed very early, with subse-
quent igneous rocks formed to build up a separate
Texas plate (Beall, 1973). Much of the Midcon-
tinent was probably formed from late Precam-
brian rhyolites extruding along preexisting weak
zones, such as the Nemaha ridge, Spavinaw arch,
proto-Ouachita Mountains, Arbuckle Mountains,
and Wichita Mountains. The centers of active
movements were the loci of subsequent granites
in any weak zone, so that gradually the rhyolite
would have been eroded away exposing granite
along the early Precambrian weak zones. Low ar-
eas or basins would probably still have the rhyolite
preserved, but the active weak zones would only
have the granite equivalents preserved. The
Washington County Volcanic Group of Denison
(1982) probably represents the oldest Precam-
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brian rhyolite in Oklahoma and Arkansas. This
rock could be the basement rock beneath the
Ouachita basin. The core area of the Ouachitas has
quartz diorite, suggesting that this core trend was
the locus of an early Precambrian weak zone.

A basal Cambrian sandstone rests upon the
various Precambrian igneous rocks in the Mid-
continent, variously named Reagan, Lamotte, and
Hickory. The early active weak zones and later
active tectonic zones would probably be the places
where granitic rocks or intrusive rocks occur di-
rectly beneath the Cambrian sandstones.

The Arbuckles and Wichitas could have been
formed by direct movements from below, coupled
with movement of the Texas plate northeastward.

The Gulf plate could have collapsed in Des-
moinesian time, creating the Ouachita belt. Ac-
cording to astrobleme theory, the Gulf plate would
have been less dense than surrounding regions,
and subsequently the volcanic land mass would
collapse after a long erosional period. Thus, a
subsequent movement along an early Precam-
brian weak zone could have formed the Ouachita
Mountains. In middle Desmoinesian time and
later, the Gulf plate would have been underwater,
and the Moorehouse Formation and later rocks
would have been deposited, with development of
normal growth faults down-to-the-Gulf.

If such a Gulf plate or Llanoria existed, it could
have been a land source for some of the sand-
stones such as the Blaylock and Hot Springs
Sandstones in the Ouachitas. A platform (termed
the Texarkana platform by Meyerhoff, 1967,1973)
could have been formed around the plate. Cam-
brian-Ordovician carbonates could have been
formed on this platform. Seismic sections across
the Broken Bow core area of Oklahoma, extending
into Lamar County, Texas, and into the Waco up-
lift of Hill County, Texas, 65 mi south of Dallas,
show a smooth, arcuate reflection about 2-3 mi
deep, with a broken sawtooth edge on the north-
west side of the core area. A gravity high of +75
milligals occurs ~10 mi southeast of the Broken
Bow core area, implying that this was the source
detachment of the core area, and that the core
area was probably thrust ~10 mi northwestward
into the basin. Gravity anomalies are probably
caused by differences in the sima, as explained by
Nicholas and Rozendal (1975) and Kruger and
Keller {1986).

In Lamar County, Texas, near Paris, just south
of the Red River, the Hunt-Neely well was drilled
in the core area of the Quachitasin 1975 to 18,721
ft. The sequence is similar to that of the exposed
rocks in the Quachitas as described by Honess
(1923), Goldstein (1975), and Leander and Legg
(1988). The section contains much black phyllite
down to 14,130 ft, being mostly Womble and
Mazarn. The ?Crystal Mountain Sandstone (or
possibly Gunter Sandstone) occurs from 14,130 to
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14,600 ft and is the reflective horizon on seismic.
The next 4,121 ft is mainly carbonate rocks, with
black phyllites, and with many veins of marble and
quartz, belonging to the Collier Formation.

In Hill County, Texas, ~65 mi south of Dallas,
on the Waco uplift, the Shell-Barrett well was
drilled in 1967-68. The rocks in this well were like
those in the Hunt-Neely well, with 9,691 ft of
phyllite, slate, and quartzite, undetlain by 6,050 ft
of metamorphosed carbonates, with some black
phyllite, and much muscovite mica. The basement
rock was quartz diorite from 19,780 to 20,310 ft,
considered to be Precambrian. The seismic re-
flector was the carbonate package.

In comparing these rocks in the wells to those
of the outcrop, the thicknesses of the Womble—
Mazarn below the Bigfork are similar to the thick-
nesses described in Arkansas, but do not corre-
spond with the Broken Bow area of Honess, in
Oklahoma. Is it possible that the Collier—Crystal
Mountain-Mazarn-Blakely sequence of Honess is
part of the lower Womble and Mazarn Shale only?
It is quite possible that the quartzite-carbonate
sequence in the Sohio-Weyerhaeuser well in sec.
22,T.58., R. 24 E., McCurtain County, Oklahoma,
at-11,058 ft, is actually the Crystal Mountain or
Gunter and Collier, and that the overlying beds are
Mazarn-Womble, thrusted and squeezed.

0Oil, gas, and asphaltite occur in the Ouachitas
in Ordovician through Pennsylvanian rocks. The
black shales are excellent source rocks, and the
fractured cherts, carbonates, and sandstones are
good reservoir rocks.

Where the Ouachita-Arbuckle detachment
occurs, rocks of the Arbuckle facies in the large
anticlines and horst blocks are probably self-
sourced, fractured, and capped by younger shales.
Updip, these same rocks could be trapped against
the fault face of Bengalia, against granite and
younger rocks. Bengalia could be fractured, and
where black shales are present, oil and gas could
be present. No wells have been drilled on down-
side Bengalia, or in the detachment structures.
The Sohio-Taylor well in sec. 15, T.3S., R. 11 E,,
and Texaco-Lucyin sec. 8, T.2S., R. 12 E,, Atoka
County, Oklahoma, are the only wells drilled into
Bengalia, but not to basement. There is a need for
rank wildcatting and large investments in the
Ouachitas.
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INTRODUCTION

Seismic exploration in the Arkoma basin-
Arbuckle trend is made more difficult by the geo-
logical environments above the Arbuckle. This
brief report considers some techniques which can
be used to improve the quality of seismic data over
the Arbuckle trend. The goal of these techniques is
the determination of the stratigraphy within the
Arbuckle.

PROBLEMS CAUSED BY
COMPLEX OVERTHRUSTING

A major problem in seismic exploration of the
Arbuckle is data quality beneath the complex
overthrust zones. As illustrated in Figure 1, some
of the faults reach the surface, while other imbri-
cate systems of faults occur over the basement
faults. The problem is not the faulting, but the ma-
terial which is faulted. The Spiro and Wapanucka
zones are high-velocity zones which are capable of
critically refracting signals. The effect of the critical
refraction is exaggerated in complex structural
zones. As a result, these zones limit the aperture
through which the seismic energy can penetrate.
The term “seismic window” is used in Figure 1 to
indicate that only selected recording windows can
be used over such faults as the Choctaw in south-
ern Oklahoma. Blindly laying a conventional pat-
tern over this type of geology can lead to serious
problems, since it is possible that much of the seis-
mic energy is critically refracted out of the record-
ing window, i.e., the range of source-receiver off-
sets that are being used. The solution is to use well
control to get an approximate idea of where these
critically refracting horizons are located, and to
use ray-trace modeling to identify the best record-
ing windows.

SEISMIC WINDOW

NORTH

SPIRO -WAP

ARBUCKLE

Figure 1. Schematic illustration of the effect high-
velocity layers can have upon seismic data when the
layers are displaced by faults (e.g., the Choctaw
fault). Critical refraction occurs in the Wapanucka
limestone, because it is much faster than the over-
lying rocks. Seismic energy will not penetrate below
the Wapanucka interval when critical refraction oc-
curs. As a result of the critical refraction, narrow win-
dows are formed through which the seismic energy
can penetrate to the exploration target, the Arbuckle
Group. The window is indicated by the lines from the
source to the reflector and back to the surface.
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LOW-AMPLITUDE
ARBUCKLE REFLECTION

Another problem facing seismic exploration in
the Arbuckle trend is the relatively low amplitude
of the Arbuckle reflection(s) compared to the high-
amplitude reflections off the nearby Viola. The
decrease in seismic amplitudes with increasing
time is not smooth. Under these circumstances
conventional gain functions will tend to empha-
size the Viola at the expense of the Arbuckle re-
flector (Fig. 2). A proposed solution is to apply
Automatic Gain Control (AGC) to selected win-
dows below the Viola reflector and to reference
those amplitudes to the Viola reflector. In this way,
the “stratigraphic” variations within the Arbuckie
can be mapped. The AGC technique can be used
to map amplitude versus offset, which depends
upon Poisson’s ratio. Since the Poisson’s ratios of
dolomites and limestones are often different, the
relative-amplitude studies should be useful for
distinguishing limestones from dolomites. The

CMP GATHER

:b | VIOLA REFLECTOR]|

IARBUCKLE REFLECTOR

Figure 2. Schematic illustration of a problem with
Arbuckle exploration. The amplitude of reflections
from the Viola act to dominate the reflections from
the Arbuckle. Standard approaches to amplitude
gain will act to enhance the amplitude of the Viola
reflection at the expense of the Arbuckle reflection.
Automatic Gain Control (AGC) applied to a second
window enclosing only Arbuckle reflectors can elimi-
nate this problem.

R. L. Brown and others

ability to distinguish limestone from dolomite
seismically would help to reduce the risks in Ar-
buckle exploration.

LOW-FREQUENCY
MAPPING OF BASEMENT

Fractured environments can scatter the high-
frequency energy out of seismic signals. Low-
frequency signals can sometimes be used to make
a reliable interpretation of basement structures.
Special techniques can be used with vibrators to
extend the low-frequency end of the bandwidth,
Simple filtering and processing of the low-fre-
quency data yield a picture which is not as heavily
influenced by the high-frequency scattering.

USING ALL THE WELL LOGS
TO ESTIMATE SEISMIC VELOCITIES

In many geologic environments the quality of
sonic logs can be undesirable. If sonic logs are
deemed unreliable or are not available, other logs
can often be used to estimate the velocities. In
some lithologies the resistivity log can be used. In
other environments the neutron-density cross-
plot along with the gamma ray can be used to esti-
mate seismic velocities. These techniques can be
used to “edit” logs and improve the match of syn-
thetics to seismic sections. The Arbuckle explora-
tion trend is an example where logs other than the
sonic log have proven to be useful for seismic
studies.

SUMMARY

The Arbuckle trend in Oklahoma is made more
difficult by a number of geologic factors. For ex-
ample, in the Quachita mountains the Spiro and
Wapanucka have considerable dip. These units
can critically refract seismic signals and effectively
create “windows” through which the target (e.g.,
the Arbuckle) can be imaged. The seismic “win-
dows” caused by the overthrust sections require
special recording geometries with restricted
source-receiver offsets. A priori knowledge of the
structures will have to be used to improve seismic
imaging under these circumstances.

When high-amplitude reflectors are close to the
reflecting horizon being explored, the reflecting
horizon can be barely visible. Localized applica-
tion of AGC can solve this problem. For mapping
of basement, low-frequency signals offer advan-
tages over broad-band signals. The sacrifice of
bandwidth may be worth the gain in signal
strength. Application of sonic logs to estimation of
synthetics can be facilitated by using other logs.
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AULACOGEN COLLAPSE: A MODEL FOR THE
COMPRESSIVE STAGE OF AULACOGEN EVOLUTION

Raymon L. Brown and George Morgan
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INTRODUCTION

Aulacogens represent the scars on the conti-
nental crust where continental breakup did not
succeed. Arguments are presented in this brief
summary of our research to suggest that the re-
laxation response of the lower crust to an intruded
body with higher density ultimately leads to au-
lacogen collapse, i.e., a circumstance where the
intruded mass begins to drop and the crust acts to
fill in the void. The process is very much like aball
dropping in a fluid, where the lower crust and
upper mantle represent the fluid and the ball
represents the intruded body; however, the shal-
low crust responds more elastically and exhibits
faulting and mountain-building. We therefore
propose that the collapse of the southern Okla-
homa aulacogen produced the compression re-
sponsible for building the Arbuckle and Wichita
mountain systems. The plate collision responsible
for the Ouachita mountain system cannot easily
be used to explain the timing and sense of faulting
observed in the Arbuckle and Wichita Mountains.
This paper suggests that the active lifetime of
aulacogens can be very long (tens to hundreds of
million years). As a result, the stratigraphic record
over ancient aulacogens can be used in a study of
the rate of compression, fault activity, and earth-
quake potential over active aulacogens (e.g., the
southern Oklahoma aulacogen and the Reelfoot
rift, respectively). The rate of aulacogen collapse
will be determined by the initial conditions and
the effective viscosity of the lower crust.

WHEN DOES AN AULACOGEN
CEASE TO BE ACTIVE?

Garner and Turcotte (1984) argued that the
amount of subsidence observed in the Anadarko
basin is more than would be predicted by the up-
lift of the Wichita mountains or thermal cooling of
the lithosphere. Instead, they suggested thata
heavy mass must be attached to the bottom of the
crust/lithosphere in order to cause the current
configuration of the Anadarko basin. Weissel and
Karner (1989) suggested that aulacogen topog-
raphy varies over a period of 100 m.y. due to the
temperature history of the lithosphere. Applying
ideas proposed by McKenzie (1978), both the

Weissel and Karner (1989) and the Garner and
Turcotte (1984) papers related change of flexural
rigidity of the lithosphere to the temperature his-
tory of the lithosphere. Another factor affecting
aulacogens over the same time scales (10-100
million years) will be erosion. The time required
for the tectonic activity of an aulacogen to cease is
unknown. However, there are indications that
aulacogens have compressive stages long after
their initial rift and subsidence stages (Hoffman
and others, 1974). If these later events are caused
by the aulacogens, then it would appear that
aulacogens can be active for 100 million years or
more!

DETERMINATION OF
AULACOGEN HISTORY

To add to the confusion over aulacogens, sub-
sequent tectonic events can overlap the evolu-
tionary history of aulacogens. The southern Okla-
homa aulacogen is a case in point. Most studies
(e.g., Perry, 1989) of aulacogens assume that the
compressional events and further subsidence re-
corded in the overlying sediments are due to other
tectonic events. For the southern Oklahoma aulac-
ogen, the “other tectonic event” was the collision
with the African-South American plate, which
ultimately is responsible for the Ouachita and
Appalachian thrust systems.

Figure 1 is a schematic diagram of the plate
boundary between North America and the Afri-
can-South American plate. The actual location of
the plate boundary was most likely south and
southeast of the location indicated. The indicated
subduction direction is based upon evidence of
volcanism south of the present Ouachita thrust
(Perry, 1989). The timing of events and nature of
the tectonics are not easily explained by plate
collision. For example, the Wichita orogeny began
during the Mississippian. The Arbuckle orogeny
followed after the Wichita orogeny, since there is
evidence that the Ardmore and Marietta basins
were a single basin before Pennsylvanian time
(Ham and others, 1964). The Ouachita orogeny
represented the closing stage of plate collision.

The timing of the Wichita and Arbuckle orog-
enies could be explained by separate detachments
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in the lower crust and upper mantle; however, as
illustrated in Figure 1, the geometry of the plate
boundary would place the Wichita-Arbuckle sys-
tem under tension, rather than compression. The
incorrect principal stress direction, i.e., tension
rather than compression, appears to be the
strongest argument against plate collision as an
explanation of the Wichita and Arbuckle orog-
enies.

AULACOGEN COLLAPSE

Much of the tectonic deformation in the
Wichitas and Arbuckles can be explained in terms
of what is thought to occur when an aulacogen is
formed. Initially, mantle material is injected into
the lithosphere and crust by a mantle plume. The
injection must lift and thin the lithosphere while
acting to stretch the thin, elasticlayer of the crust.
Rifting typically forms an asymmetric graben
pattern such as that shown in Figure 2 (Rosendahl,
1987). The dark lines are used in Figure 2 to indi-
cate the outline of material which has been in-
truded into the lower crust. The half-grabens
represented the future sites of the Wichita and
Arbuckle Mountains. As illustrated in the sche-

GEOMETRY OF PLATE COLLISION
PUTS AULACOGEN UNDER TENSION

OKLLAHOMA
ULACOGEN

DIRECTION OF
CONTINENT

COLLISION

Figure 1. Approximate geometry of collision bound-
ary between North America and the African—South
American plate. Actual plate boundary was farther
south and east than illustrated in this figure. The
plate collision along the boundary shown would have
placed the Oklahoma aulacogen under tension. The
compression responsible for mountain-building over
the aulacogen must have been caused by forces
associated with the aulacogen, rather than the plate
collision.

R. L. Brown and G. Morgan

matic cross sections shown in Figure 3, the half-
grabens that formed over the incipient rift repre-
sented vessels for collecting the magmas. Al-
though the term half-graben was not used, the
work of Ham and others (1964) lends observa-
tional support to the initial rift configuration il-
lustrated in Figure 3. The body of mantle material
injected into the lower crust is identified in the
figure as an intrusive body. The main fault for each
half-graben is indicated near opposite edges of
the body intruded at depth. Based upon a gravity
model by Pruatt (1986), the lower crust under the
Anadarko basin has an injected body with a den-
sity anomaly that approximates the outline given
in Figures 2 and 3.

When solidified, the intruded bodies are the
strongest parts of the crust, i.e., the igneous rocks
act as a buttress. The faulting due to later tectonic
events will be controlled by the emplacement of
these intruded bodies into the shallow crust. How-
ever, as suggested by the cartoon in Figure 3, most
of the injected material is below the center of the
Anadarko and Ardmore-Marietta basins. The
faults associated with the half-grabens probably
acted as conduits for the magmas which accumu-
lated in the half-grabens.

INCIPIENT RIFT GEOMETRY

OUTLINE OF INTRUSION
INTO LOWER CRUST

FUTURE SITE OF

FUTURE SITE OF ARBUCKLE MOUNTAINS

WICHITA MOUNTAINS

\

,
- ///4/_//—//4//4//4”

\§

SHALLOW PORTION OF INITIAL RIFT
INTERMEDIATE DEPTHS OF RIFT

22,
B DEEPEST PORTION OF RIFT

Figure 2. Asymmetric half-graben rift pattern respon-
sible for the birth of the Wichita and Arbuckle Moun-
tains. The deeper parts of the rift zones accumulated
igneous units which became the cores of the respec-
tive mountain systems.
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Figure 3. Cross sections of the half-grabens shown in
Figure 2. Each of these grabens is associated with a
major normal fault which may have acted as a con-
duit from a deeper intrusive body (inferred from
gravity studies) and from the near-surface igneous
suites. The shaded bodies represent the igneous
units involved. The exact geometry of the faulting is
unknown. See the paper by Weissel and others
(1989) for a discussion of possible rift fault geom-
etries.

Once the abnormal pressure at the base of the
lithosphere declines, i.e., the mantle plume re-
sponsible for the rift dies, the extended crust and
lithosphere fall back into isostatic equilibrium
with the asthenosphere. The flexural response of
the lithosphere acts to exaggerate the half-graben
topography (Weissel and Karner, 1989). Further
modification of the rift topography occurs over a
100-m.y. period due to temperature effects upon
the flexural rigidity of the lithosphere (Weissel and
Karner, 1989).

The injected mass of mantle material will be
supported for a period of time which depends
upon the rheological properties of the crustand
upper mantle; however, as the injected body cools
and the lower crust and upper mantle begin to
relax, the intruded mass will begin to drop. The
time for this process depends upon the effective
viscosity of the lower crust and upper mantle. In
order to estimate the effective viscosity of the
lower crust-upper mantle system, the simple
model given by Vening Meinesz (see Heiskanen
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and Vening Meinesz, 1958) for the response of a
viscous half-space to a surface load can be used.
The relaxation or response time of their model
may be computed using

where 7 = viscosity of half-space;
g = acceleration due to gravity (980 cm/
sec/sec);
t = relaxation time

and
WL, L,
where L, = length scale of surface load in
x-direction; and
L, = length scale of surface load in
y-direction.

Using a surface load with dimensions of 200 mi by
50 mi and relaxation times on the order of 100-200
m.y. yields an order-of-magnitude estimate of the
effective viscosity of the lower crust of 102 poises.

In Figure 4 the basic idea of aulacogen collapse
is presented. The intruded mass is held for a finite
period of time until the viscous behavior of the

AULACOGEN COLLAPSE CAUSES
SUBSIDENCE AND COMPRESSION

SURFACE

UPPER CRUST

12 KM o’ \

ﬁ*\

INTRUDED MASS ‘

LOWER
CRUST

50 KM

Figure 4. Aulacogen collapse. The igneous mass
intruded into the crust under the aulacogen eventu-
ally begins to sink as the lower crust responds to the
additional load. The part of the crust above the mass
acts to fill the void. Cataclastic flow will occur in the
lower crust, while faulting and mountain-building oc-
cur in the elastic upper crust (top 12 km).
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lower crust-upper mantle systemn begins to re-
spond to the extra load. For the southern Okla-
homa aulacogen, the mass appears to have been
supported for a period of 170 m.y. or more (Middle
Cambrian-Early Mississippian). As the mass drops
toward equilibrium at greater depths, the lower
crust and upper crust act to fill the void above the
dropping mass; thermal contraction could play a
role in exaggerating the effect. If the injected mass
is close to the surface of the earth, the initial re-
sponse should be subsidence, followed by a com-
bination of vertical and horizontal forces. This
type of force system is thought to be responsible
for the birth of the Wichita Mountains (Evans,
1979). As the injected mass moves deeper below
the surface, the forces acting on the surface
weaken and become more horizontal. This is the
type of force system which can cause the folding
observed in the Arbuckles.

Thus, aulacogen collapse can be used to ex-
plain the different tectonic environments of the
Wichita and Arbuckle systems if the injection was
deep beneath the Arbuckles and shallow below
the Wichitas. This hypothesis is supported by the
cooler temperatures in the Ardmore-Marietta
basin determined by vitrinite reflectance (Cardott
and Lambert, 1985). The aulacogen collapse
model proposed in this paper can be quantified
using our current understanding of the stratigra-
phy (e.g., Gatewood, 1978a,b).

SUMMARY

The common explanation for the Wichita-
Arbuckle system, i.e., plate collision, has some
obvious problems with timing and principal-stress
directions. This paper suggests instead that as the
mass of mantle material injected into the crust
drops, the crust moves to fill in the void. The proc-
ess is called aulacogen collapse. Aulacogen col-
lapse can be used to explain the tectonic sequence
and principal-stress directions responsible for the
formation of the Wichita—-Arbuckle system. The
real test of the model will be a quantitative com-
parison of the structure and stratigraphy over the
aulacogen with the timing and principal-stress
directions predicted by the model.

R. L. Brown and G. Morgan
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INTRODUCTION

The Natural Resources Information System of
Oklahoma (NRIS) is an integrated system of
computerized information related to the geologi-
cal resources of Oklahoma. For petroleum re-
sources, it includes oil, associated gas, non-asso-
ciated gas, and condensate production data, and
producing reservoirs. These data can be accumu-
lated, mapped, and graphed by lease (township,
range, and section), field, county, any of five re-
gional subdivisions, or the entire state. Well-
history data are being accumulated for the state,
including such information as drilled and com-
pleted footage and depths, formation tops, drill-
stem tests, and initial production, among others.
Data integration provides for the representation of

]

information in a variety of tabulated and graphic
formats. Computer graphics have been reduced
variously from page-size illustrations for compat-
ibility with the format of this publication.

ARBUCKLE GROUP
RESERVOIR OCCURRENCE

Production from the Arbuckle Group is em-
ployed to demonstrate some of the capabilities of
NRIS. Arbuckle reservoirs produce oil and/or gas
in all five major petroleum provinces of Okla-
homa: the Anadarko, Ardmore, and Arkoma ba-
sins, the Cherokee shelf, and the Nemaha uplift.
Arbuckle reservoirs also produce hydrocarbons
from 129 fields located in 42 of Oklahoma’s 73 oil-

y

)

and gas-producing counties (Fig. 1). Arbuckle
7 i, /
e

i

e

Figure 1. Oklahoma counties having oil and gas production from the Arbucklie Group. Hachures indicate
production. For counties identified here, but not listed on Tables 1 or 2, production is from outside an assigned
field limit (Alfalfa, Cotton, Mayes, and Sequoyah Counties). Dots identify Beckham, Carter, and Latimer
Counties, respectively, west to east. Source: NRIS data files.
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TABLE 1. — FIELDS PRODUCING FROM THE ARBUCKLE (GROUP
(1r 1983-88 ARBUCKLE PRODUCTION >1,000 BBL OR 10,000 MCE)
{Liquids production in bbl; gas production in Mcf)
1983-88 LIQUIDS PRODUCTION || 1983-88 GAS PRODUCTION
COUNTIES FIELD CODE AND NAME ARBUCKLE ARB+OTHER FIELD TOTAL || ARBUCKLE ARB+OTHER FIELD TOTAL
I
OSAGE 012657 ALMEDA . . 65,199 || 11,748 . 475,023
COMANCHE 021903 APACHE SOUTH . 9,444 || 220,387 322,990
CADDO. 021970 APACHE TOWNSITE 9,431 . 10,806 || 1,976,566 . 2,667,652
OSAGE 029599 ATLANTIC 258,266 233,104 2,577,898 || . 555,927
OSAGE 031335 AVANT 45,708 1,538,743 || 37,992 . 1,145,361
OSAGE 031366 AVANT WEST . 41,552 608,242 || 142,127 346,532 1,266,832
CRAIG 038304 BANZET NW 2,767 . 2,767 || . . 6
OSAGE 040001 BARNSDALL . 3,989 607,098 || 92,759 142,985 1,240,755
OSAGE 040063 BARNSDALL WEST . 239,895 || 372,638 519,775
OKMULGEE 052239 BEGGS DISTRICT 17,227 . 953,087 || 11,417 . 2,948,066
NOBLE 064508 BILLINGS 27,376 60,962 443,244 || 22,859 30,913 193,462
OSAGE, TULSA 065407 BIRD CREEK 1,239 - 2,063,404 || 1,248,012
KAY 088178 BRAMAN NORTH 40,961 46,439 162,207 || . 33,694
GARFIELD 095091 BROWN 22,009 . 61,949 || 469,111
KAY, OSAGE 103663 BURBANK 40,939 9,658,645 ||
OSAGE 118328 CANYON CREEK 16,107 . 70,008 ||
ROGERS 125644 CATALE DISTRICT 2,560 3,438 || . .
CARTER 164280 COTTONWOOD CREEK 493,663 493,663 || 366,929 366,929
BRYAN, MARSHALL 174325 CUMBERLAND . 972,397 || 558,646 14,240 16,489,891
CREEK, PAYNE 175162 CUSHING 811,607 811,100 12,353,219 || 396,910 297,621 9,939,001
CUSTER 175472 CUSTER CITY NORTH . 93,909 || 1,801,215 29,906,110
MURRAY 182615 DAVIS WEST 34,291 . 34,291 || 15,162 . 15,162
KAY 192479 DILWORTH DISTRICT 45,793 208,754 1,153,285 || 9,359 103,792 4,781,351
OSAGE 196518 DOMES-POND CREEK 3,290 3,649,514 || 18,705 38,771 3,715,421
LOVE 226359 ENVILLE SW 22,719 801,451 || 7,219 14,785,261
LOVE 226390 ENVILLE WEST 179 . 29,516 || 18,830 2,472,133
GARVIN, STEPHENS 226514 EOLA-ROBBERSON 1,085 6,271 6,315,474 || . 34,468,766
OSAGE 244017 FLAT ROCK 182,606 124,105 783,563 || . 277,204 590,167
OSAGE, WASHINGTON 251814 FORTY FIVE . . 173,017 || 145,569 487,159
OSAGE 273161 GILLILAND 42,748 24,970 1,181,508 || . 328,765
GARVIN,GRADY,MCCLAIN 278587 GOLDEN TREND 65,796 7,921 25,666,199 || 581,019 405,233 213,875,107
KIOWA 281966 GOTEBO DISTRICT SOUTH 14 20,881 || 25,881 50,708
OSAGE 304315 HAPPY HOLLOW NE 30,085 30,085 || 3,221 3,221
CARTER, JEFFERSON 312799 HEALDTON 951,855 11,217,087 || 1,627,726 2,978,321
CARTER 319464  HEWITT 13,591 13,936,613 || . 596,423
MCINTOSH,OKMULGEE 326340 HOFFMAN 3,659 22,746 || 4,832 1,516,409
CARTER 320874 HOMER 72,528 85,09 || .
OSAGE 330246 HOMINY 51,506 14,274 113,641 || 14,508
OSAGE 330277 HOMINY EAST 8,036 113,529 || . .
OSAGE 330385 HOMINY WEST 61,899 93,259 || 18,708 18,708
GARVIN, MURRAY 331486 HOOVER SE 48,740 51,327 || 158,956 158,956
OSAGE 000666 HULAH . . 55,689 55,689
CARTER, JEFFERSON 362665 JOINER CITY 19,098 . 864,629 || 24,446 6,566,265
CARTER, LOVE 362696 JOINER CITY SE 32,996 296,526 || 48,115 947,537
CREEK,OSAGE,PAWNEE, 377362 KEYSTONE 1,602 686,689 || . 703,396
TULSA Il
KIOWA 385563 KOMALTY DISTRICT 34,158 748 311,911 || 501 155,284
LOGAN 401407 LANGSTON 5,610 10,817 || . . .
COMANCHE 405623 LAWTON DISTRICT 2,507 33,292 146,877 || 6,716 22,804 198,079
JEFFERSON,STEPHENS 422040 LOCO DISTRICT 12,471 8,171 2,420,622 || 10,394 352,669
HARPER , WOODWARD 429697 LOVEDALE 616 13,171 57,417 || 20,539 490,944 12,802,208
HARPER, WOODS 429790 LOVEDALE NW 1,411 . 417,525 || 44,179 17,179,932
OSAGE 439535 MADALENE EAST 5,874 104,777 || - 74,351
MARSHALL 439876 MADILL 1,161 411,358 || 9,168,353
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TaBLE 1. — Continued

1983-88 LIQUIDS PRODUCTION

1983-88 GAS PRODUCTION

Il
COUNTIES FIELD CODE AND NAME ARBUCKLE ARB+OTHER FIELD TOTAL || ARBUCKLE ARB+OTHER FIELD TOTAL
H
BECKHAM 455562 MAYFIELD WEST 913 . 255,653 || 13,515,331 . 101,452,142
OSAGE 460933 MCINNIS 20,826 20,826 || . - .
MCINTOSH,OKMULGEE 485836 MORRIS DISTRICT 31,470 . 614,082 || - . 3,963,544
CLEVELAND 511905 NORMAN NORTH 55,633 . 1,193,648 || 42,917 . 3,763,295
CLEVELAND,OKLAHOMA 522270 OKLAHOMA CITY 34,670 . 3,487,972 || 19,759 . 8,880,058
OSAGE 529098 OSAGE CITY DISTRICT EAST 47,678 . 256,090 || . -
OSAGE 544328 PAWHUSKA NW 2,202 . 2,202 || - . .
OSAGE 549312 PENN CREEK 28,619 1,990 37,772 || 42,701 52,676
OSAGE 578988 QUAPAW . 605,580 || 18,753 . 942,993
WAGONER 592289 RED BIRD DISTRICT . 10,839 81,629 || 33,454 59,698 634,322
OSAGE 590057 RED BLUFF DISTRICT NORTH 8,221 . 8,221 || . .
CREEK,OSAGE, TULSA 590832 RED FORK DISTRICT 9,573 - 568,848 || - 408,537
LATIMER,LE FLORE 591700 RED OAK-NORRIS . . -1 159,717 . 167,016,216
CREEK, TULSA 630455 SAND SPRINGS DISTRICT 11,892 . 141,017 || . . 1,370,536
OSAGE 651818 SHIDLER NE 1,088 . 1,088 || . . .
CARTER, GARVIN, 653086 SHO-VEL-TUM 46,849 . 109,209,115 || 188,315 . 236,309,473
STEPHENS 1
JEFFERSON 670795 SPRING 36,026 236,072 || .
CARTER 671508 SPRINGER 30,671 54,854 || 875,198
MUSKOGEE, TULSA, 681909 STONEBLUFF DISTRICT 21,884 19,130 480,538 || 665,515
WAGONER I
PAWNEE 701728 TERLTON NORTH 70,788 1,949 596,399 || 18,104 9,332 1,499,339
JACKSON, TILLMAN 709525 TIPTON 1,206 230,020 || . . .
OSAGE, TULSA 721958 TURLEY DISTRICT 5,841 38,779 327,858 || 46,812 117,260 417,11
LATIMER,PITTSBURG 767826 WILBURTON . . . || 17,931,566 . 169,227,653
OSAGE 768508 WILDHORSE 3,160 742,075 || 49,541
OSAGE 768539 WILDHORSE NE 3,061 - 25,463 || . - .
OSAGE 768601 WILDHORSE SOUTH 23,556 . 43,205 || 120,681 - 263,115
OSAGE 768632 WILDHORSE WEST 19,873 . 19,873 || . - .
CANADIAN 789064 YUKON NW 6,826 4,230 519,781 || 279,828 74,667 24,212,566

Note: Production from Arbuckle does not necessarily occur in all counties in which the field is located.
Arb + other is comingled production; field code from OGS GM-28, map of Oklahoma oil and gas fields.

production by field is shown in Tables 1 and 2.
Table 1 lists cumulative Arbuckle production
(1983-88) by field, for all fields in which there are
some wells that produce only from Arbuckle reser-
voirs. Table 2 identifies all other fields that pro-
duce from Arbuckle, all of which comingle
Arbuckle production with that from shallower
reservoirs.

Three counties (Beckham, Carter, and Latimer)
are provided as examples for greater detail of
Arbuckle hydrocarbon production (Fig. 1).

ANADARKO BASIN

Beckham County is located in the central part
of the deep Anadarko basin, where the Arbuckle
Group commonly lies at depths exceeding 24,000
ft. Virtually all of the Arbuckle production in the

county is from the Mayfield West field, although
Arbuckle also produces in the Carter East field
(Fig. 2). For Mayfield West, gas and condensate
production from Desmoinesian sandstone and
arkosic sandstone, Hunton, Simpson and Viola,
and Arbuckle Group reservoirs are shown graphi-
cally for 1983 through 1988 (Figs. 3,4), and as a dia-
gram for the six-year cumulative, showing propor-
tional distribution of production (Figs. 5,6).

ARDMORE BASIN

Cottonwood Creek and Healdton fields are
among nine fields that produce oil and associated
gas from Arbuckle strata in Carter County, in the
Ardmore basin (Fig. 7). Cottonwood Creek field
was discovered in November 1987 and had grown
to 12 producing leases in 9 quarter sections by
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TABLE 2. — ADDITIONAL FIELDS WITH REPORTED ARBUCKLE PRODUCTION, 198388

COUNTIES FIELD CODE AND NAME OIL &/OR GAS
CARTER 023864 ARDMORE SW OIL

OSAGE 037645 BANDWHEEL OIL & GAS
OSAGE 039257 BARKER OIL
OSAGE, WASHINGTON 041458 BARTLESVILLE-DEWEY OIL & GAS
CREEK, TULSA 067396 BIXBY-JENKS DISTRICT OIL

OSAGE 068182 BLACK DOG OIL
OSAGE 068213 BLACK DOG DISTRICT SOUTH OIL & GAS
KAY 069608 BLACKWELL OIL

OSAGE , PAWNEE 082613 BOSTON OIL
GARVIN 087651 BRADY OIL
HARPER 101524 BUFFALO NORTH OIL & GAS
GARVIN 107786 BUTTERLY NE OIL & GAS
WASHINGTON 116623 CANARY OIL
BECKHAM 122092 CARTER EAST OIL & GAS
CRAIG 003973 CENTRALIA NE OIL
OSAGE, PAWNEE 148237 CLEVELAND OIL & GAS
ROGERS, TULSA 154205 COLLINSVILLE GAS
JEFFERSON 162244 CORNISH Sw OIL

OSAGE 213811 EDGEWOOD OIL
OSAGE 213837 EDGEWOOD SOUTH OIL

OSAGE 226049 ENTERPRISE 0IL

OSAGE 245009 FLESHER EAST OIL
COMANCHE 250822 FORT SILL NORTH OIL & GAS
TILLMAN 256201 FREDERICK SE oIL
GARFIELD 264596 GARBER OIL & GAS
MURRAY 316382 HENNEPIN EAST oIL

OSAGE 330308 HOMINY FALLS OIL

KAY 336354 HUBBARD OIL

OSAGE 355610 JAVINE DISTRICT OIL
GARVIN 411940 LEWIS OIL

OSAGE 443751 MANION OIL & GAS
COMANCHE 472745 MIDWAY OIL

OSAGE 499758 NAVAL RESERVE OIL & GAS
0SAGE 499851 NAVAL RESERVE SOUTH oIL

OSAGE 501797 NELAGONEY GAS
CLEVELAND 509797 NOBLE NW OIL & GAS
NOWATA 513982 NOWATA-CLAGGETT OIL & GAS
OSAGE 529284 OSAGE-HOMINY DISTRICT OIL
JEFFERSON 529377 OSCAR OIL
OSAGE, TULSA 535555 PAGE DISTRICT OIL
MCCLAIN 545010 PAYNE OIL & GAS
OSAGE 553063 PETTIT OIL
WAGONER 671756 SPRINGHILL WEST OIL & GAS
OSAGE 690093 SUNSET OIL

LOVE 703759 THACKERVILLE NORTH OIL & GAS
OSAGE 707324 TIDAL OSAGE OIL & GAS
MCCLAIN 750271 WASHINGTON DISTRICT OIL

OSAGE 778871 WOOLAROC OIL & GAS

Note: Field code from OGS GM-28, map of Oklahoma oil and gas fields.
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Figure 3. Mayfield West field: Natural-gas production by reservoir, 1983-88. BCF, billions of cubic feet.
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Figure 4. Mayfield West field: Petroleum-liquids production by reservoir, 1983-88. MBLS, thousands of
barrels.
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LEGEND: EHEES HEALOTON FIELD

S COTTONWOOD CREEK

E=== OTHER ARBUCKLE OTHER FIELDS

Figure 7. Oil and gas fields in Carter County and vicinity, Oklahoma. Each map unit is ¥ section. Arrow iden-

tifies Cottonwood Creek field. Source: NRIS data files.

Atoka and Spiro comingled, the Spiro sandstone
and Wapanucka Limestone comingled, Spiro
comingled with Morrowan and Atokan reservoirs,
and the Arbuckle Group. Production of gas by res-
ervoir is illustrated for the period 1983-88 (Fig. 15)
and for 1988 (Fig. 16). Operators in the Wilburton
area are departing from conventional wisdom of
Arbuckle exploration by drilling 1,000 ft or more
into the Arbuckle. The discovery well (ARCO
Yourman No. 2) penetrates the entire Arbuckle
section, 2,262 ft thick at that location. Prior to this,
the norm in most of Oklahoma had been to test

only the uppermost few hundred feet of the
Arbuckle Group in exploratory wells. The deeper
drilling of, and completions in the Arbuckle are
shown graphically in Figure 17.
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Figure 10. Healdton field: Relative proportions and amounts of petroleum-liquids production by reservoir in
1988. MBLS, thousands of barrels.
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Figure 11. Healdton field: Petroleum-liquids production by reservoir, 1983-88. MBLS, thousands of barrels.
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Wilburton Arbuckle Wells
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Well Section
Wilburton Arbuckle Wells
Township 05N-18E

Section Lease Name Well # Completion Date

13 Austin 2 04/14/89 — Arbuckle Top

14 Costilow 3 06/28/88 % Perf Top

15 Yourman 2 12/21/87

* & Bottom

15(W) Yourman (Workover) 2 06/05/88

16 Kilpatrick 2 06/23/88 - PBD

17 Fazekas 2 04/21/88 -1

19 Bennett State 2 12/17/88

21 Paschall 2 12/11/88

23 Williams A 3.23 04/05/89

figulrg 17hWiIburton field: Arbuckle reservoir completions: perforated interval, total depth, and plugged-back
otal depth.
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INTRODUCTION

Graptolites (vernacular term for Class Grapto-
lithina) are an extinct class of colonial marine in-
vertebrates found in carbonate and clastic rocks of
Cambrian to Pennsylvanian age (Bulman, 1970).
Graptolites are an important index fossil for Lower
Ordovician to Lower Devonian strata. The Class
Graptolithina comprises six orders: Dendroidea,
Tuboidea, Camaroidea, Stolonoidea, Crustoidea,
and Graptoloidea. Of the two most common
graptolite orders, Dendroidea and Graptoloidea,
the Graptoloidea are more important for grapto-
lite-reflectance studies in Ordovician to Lower
Devonian strata because of thicker walls, whereas
the Dendroidea are important for post-Silurian
strata.

Beginning in 1976, organic petrologists identi-
fied graptolites as appearing “vitrinite-like” in re-
flected white light. Graptolite-reflectance analysis
was adapted from vitrinite-reflectance analysis
used on the woody tissue of vascular plants in
post-Silurian strata. Graptolite reflectance is a
measurement of the percentage of incident white
light reflected from the polished surface of grap-
tolite periderm (organic skeleton). Graptolite re-
flectance was assumed by the earliest workers to
follow the same maturation trend as vitrinite re-
flectance. Subsequent work has shown that the
graptolite maturation curve varies from the
vitrinite maturation curve. Graptolite reflectance
can presently be used as a qualitative measure of
thermal maturation in interpretation of the ther-
mal history of pre-Devonian strata. Future work
will further correlate the graptolite-reflectance
scale with the vitrinite-reflectance scale for use as
a quantitative measure of thermal maturation.

The objectives of this report are (1) to introduce
the potential use of graptolite reflectance as a
thermal-maturation indicator for pre-Devonian
strata; (2) to illustrate the characteristics of grap-
tolites in reflected white light; and (3) to apply the
graptolite-reflectance technique to three forma-
tions in southern Oklahoma.

PREVIOUS WORK

Graptolite-reflectance measurements have
been applied to thermal-maturation studies in
Australia, West Germany, Turkey, the British Isles,
Poland, Sweden, and Canada. Kidwai (1986) and
Malinconico (1989) have applied graptolite re-
flectance analysis to Ordovician strata in the
United States.

Kurylowicz and others (1976) were the first to
measure the maximum reflectance of coalified
graptolite fragments in Ordovician strata to indi-
cate the level of thermal maturation in the Ama-
deus basin, Australia. They noted that the
bireflectance {maximum reflectance-minimum
reflectance, %) and optical appearance of grapto-
lites equated them more closely with the vitrinite-
maceral group of coal than with either the
liptinite- or inertinite-maceral groups. However,
they assumed that graptolite reflectance follows
the same maturation trend as vitrinite reflectance.
Burne and Kantsler (1977) applied the graptolite-
reflectance technique to Lower Ordovician strata
of the Canning basin, Australia.

Teichmiiller (1978) described the finely lamel-
lar structure of graptolite cortical periderm in
high-maturity Ordovician strata of West Germany.
Clausen and Teichmiiller (1982) discussed further
the finely lamellar structure of the cortex and
measured the maximum and minimum or ran-
dom reflectance on graptolites of Germany and
Sweden. Teichmiiller and Teichmdiller (1982) ap-
plied graptolite-reflectance measurements to level
of maturation in West Germany.

Jackson and others (1984) measured maximum
reflectance on graptolite zooclasts (denoted as
vitrinite-reflectance equivalent) from Ordovician
strata in the Amadeus basin, Australia. Gorter
(1984) supplemented the graptolite-reflectance
data of Kurylowicz and others (1976) for Ordovi-
cian strata of the Amadeus basin, Australia, and
was the first to correlate graptolite reflectance to
the conodont-color-alteration index (CAI). Gorter
(1984) stated that graptolite and vitrinite reflec-
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tance values are nearly equivalent at a CAI of 1.5
2, whereas graptolite reflectance is higher than
vitrinite reflectance at a CAI of 23.

Goodarzi (1984) described the dispersion of
maximum and minimum reflectance, bireflec-
tance, and morphology of graptolite fragments
from Ordovician-Silurian strata of Turkey; therein
were first described the two types of surface mor-
phology of graptolites in reflected white light:
granular and non-granular. Non-granular frag-
ments were shown to have higher reflectance and
higher bireflectance than granular fragments.

Goodarzi and others (1985) measured the
maximum and minimum reflectance of grapto-
lites, acritarchs, chitinozoans, and scolecodonts of
Ordovician-Silurian samples from the Grand
Banks of Newfoundland, noting the strong ani-
sotropy of graptolite fragments.

Goodarzi and Norford (1985) described several
optical properties of graptolites (maximum and
minimum reflectance, bireflectance, refractive
index, absorptive index) from Ordovician-Silurian
strata of Canada. Maximum graptolite reflectance
was related to maximum vitrinite reflectance from
CAl values. Graptolites in shaly matrices were
found mostly to have non-granular surface mor-
phology, while those in carbonate matrices mostly
have granular texture. Studied graptolites from
Orders Graptoloidea and Dendroidea were iden-
tified to the genus level.

Goodarzi (1985) measured the dispersion of
optical properties (maximum reflectance, refrac-
tive index, absorptive index) of graptolite peri-
derm in the visible spectrum (450-650 nm) from
Ordovician-Silurian strata of Canada. The spectral
trends of reflectance, refractive index, and ab-
sorptive index of graptolite periderm were re-
ported to vary with increasing maturity (increas-
ing aromaticity), similar to vitrinite in coal. Gran-
ular surface morphology of graptolites was present
in low-maturity periderm in a carbonate matrix,
and non-granular surface morphology was
present in mature to post-mature periderm in a
shale matrix.

Kemp and others (1985), Oliver (1988), and
Parnell (1989) measured the maximum graptolite
reflectance in Ordovician-Silurian strata of the
British Isles to assess low-grade metamorphism.

Bertrand and Héroux (1987) measured the
random reflectance of chitinozoans, graptolites,
and scolecodonts in Ordovician-Silurian strata of
Anticosti Island, Canada. The graptolite matura-
tion curve was reported to be subparallel to and
above the vitrinite maturation curve (higher re-
flectance).

Goodarzi and others (1988) determined ther-
mal-maturation level from optical properties of
graptolites from core samples of Ordovician strata
in Sweden. They concluded that reflectance mea-
surements from graptolite specimens associated
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with carbonate or pyrite should not be used for
maturation assessment.

Goodarzi and Norford (1989) reported the
maximum and minimum reflectance and bi-
reflectance of graptolites from Upper Cambrian to
Upper Silurian shales of Poland, Sweden, and
Canada. Maximum graptolite reflectance was re-
ported to be higher than random vitrinite reflec-
tance at the equivalent level of thermal maturity
based on the CAL

Bustin and others (1989) measured optical
properties (maximum, minimum, and random
reflectance and bireflectance) and chemical
properties (Rock-Eval pyrolysis and infrared
spectroscopy) of graptolite periderm and vitrinite
macerals following laboratory-simulated matu-
ration. Maximum and random graptolite reflec-
tance were directly correlated with vitrinite of the
same maturation level.

DISTINGUISHING CHARACTERISTICS
OF GRAPTOLITES

Photomicrographs illustrating characteristic
features of graptolite periderm in reflected white
light are found in Kurylowicz and others (1976),
Teichmiiller (1978), Clausen and Teichmiiller
(1982), Stach and others (1982), Goodarzi (1984,
1985), Goodarzi and Norford (1985,1989), Good-
arzi and others (1988), and Bustin and others
(1989).

Distinguishing characteristics of graptolites
{reflected white light, 200x to 500x magnification)
are (1) finely lamellar structure of cortical and
fusellar periderm, with alternating bright and dark
lamellae, often resembling a fingerprint pattern
(Fig. 1); (2) lobate shape of cortical and fusellar
periderm (Fig. 2); (3) thin, elongate walls (Fig. 3);
(4) two parallel walls separated by a secondarily
filled space (Fig. 4); and (5) granular and non-
granular surface texture.

APPLICATION TO OKLAHOMA

It is well documented that Oklahoma contains
graptolite-rich rocks. Decker (1959; see bibliogra-
phy by Huffman, 1958) published more than 20
articles concerning graptolite-bearing strata of
Oklahoma. Figure 5 summarizes the Ordovician—
Silurian graptolite-bearing strata of Oklahoma.

Graptolite reflectance was measured on sam-
ples from eight locations in southern Oklahoma
(Fig. 6, Table 1): six samples of the Viola Springs
Formation (Upper Ordovician), one sample of the
Bigfork Chert (Upper Ordovician), and one sample
of the Polk Creek Shale (Upper Ordovician).

One core and six outcrop samples of graptolite-
bearing rocks from southern Oklahoma were ob-
tained from the collections of S. C. Finney; one
outcrop sample of the Polk Creek Shale was col-
lected by B.]. Cardott (Table 1).
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Figure 1. Photomicrograph showing finely lamellar
structure of cortical and fusellar periderm (Viola
Springs Formation, sample 2; reflected white light, oil
immersion, 200x, diameter of field 140 pm).

Figure 3. Photomicrograph showing thin, elongate
walls of the graptolite periderm; the spaces between
the walls housed the zooids (Athens Shale, Middle
Ordovician, Alabama; reflected white light, oil im-
mersion, 200x, diameter of field 140 pm).

Several methods of sample preparation were
evaluated: polished thin section; polished pellets
of isolated graptolite specimens (isolated by acid
digestion of rock matrix); and polished whole-rock
pellets. The primary problems with polished thin
sections and isolated graptolite pellets were lim-
ited control of specimen orientation and plucking
during polishing of the delicate, brittle, carbonized
graptolite specimens. Polished whole-rock pellets
were preferred because of ease of preparation and
limited plucking and orientation problems. Both
oriented (graptolite specimens oriented parallel to
bedding) and non-oriented whole-rock pellets
were used. Kerogen-concentrate pellets were used
for the Polk Creek Shale sample. Pellets were pol-
ished to a scratch-free, relief-free surface.
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Figure 2. Photomicrograph showing lobate shape of
cortical and fusellar periderm. The right edge of the
far right side of the specimen is the outer wall of the
rhabdosome (Viola Springs Formation, sample 2;
reflected white light, oil immersion, 80x, diameter of
field 320 pm).

PR TR BN R T
Figure 4. Photomicrograph showing two parallel
walls separated by a secondarily filled space that
once housed a zooid. The specimen has suffered
postdepositional flattening (Viola Springs Formation,
sample 2; reflected white light, ol immersion, 80x,
diameter of field 320 um).

Graptolite reflectance was measured following
the standard procedures of vitrinite-reflectance
analysis (ASTM, 1988, D2798): 500x magnification;
plane-polarized, monochromatic green light (546
nm); immersion oil N, = 1.5180. Mean graptolite
reflectance values (Table 1) are based on 20 to 60
measurements. Mean random graptolite reflec-
tance (plane-polarized light, stationary stage) was
determined on samples with small graptolite
fragments. CAI values were determined by W. C.
Sweet and S. M. Bergstrém, and reported to S. C.
Finney (personal communication, 1985).

Figure 6 and Table 1 summarize the location
and petrographic data of the Viola Springs, Bigfork
Chert, and Polk Creek Shale samples from south-
ern Oklahoma. Both the graptolite-reflectance and
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Figure 5. Graptolite-bearing strata of Oklahoma.
Adapted from Decker (1936a,b;1959) and Ethington
and others (1989).

CAl data indicate that the samples are of low
thermal maturity.

Mean maximum graptolite-reflectance values
of the Viola Springs in the Arbuckle Mountains are
0.36-0.69% (samples 1-3), which compares with
mean random vitrinite reflectance of the Wood-
ford Shale (Upper Devonian-Lower Mississip-
pian) in the Arbuckle Mountains of 0.35% to 0.77%
(Cardott and others, 1990). The 0.39% mean
maximum graptolite reflectance of the Viola
Springs in the Criner Hills (sample 5) compares
with the 0.43% mean random vitrinite reflectance
of the Woodford Shale in the Criner Hills (sec. 36,
T.5S., R.1E.) (Cardott, unpublished data). Mean
maximum graptolite reflectance of the Viola
Springs in the northwest extension of the Marietta
basin (sample 6), at a depth of 5,628 ft, is 0.81%.
The 0.66% mean random graptolite reflectance of
the Polk Creek Shale (sample 7) compares with the
0.47% mean random vitrinite reflectance of the
Arkansas Novaculite (Devonian-Lower Mississip-
pian; sec. 13, T. 2 S,, R. 11 E.) (Cardott, unpub-
lished data). Mean random graptolite reflectance
of the Bigfork Chert in the Ouachita Mountains
(sample 8) is 0.82%. The 0.34% mean random bi-
tumen reflectance for sample 8, based on 50
measurements, correlates with an equivalent
vitrinite reflectance value of 0.61% (Jacob, 1985).

Direct correlation of graptolite reflectance with
another thermal-maturation indicator has not yet

TABLE 1.-— SAMPLE INFORMATION AND PETROGRAPHIC DATA

Mean Mean

Sample Sample maximum minimum Graptolite

no. Formation Location type Lithology Ro(%) Ro (%) texture* CAIP
1 Viola Springs  22-2S-1W  outcrop  limestone 0.36 0.32 G 1
2 Viola Springs  25-2S-1E  outcrop  limestone 0.69 0.65 G 1
3 Viola Springs  28-1S-2E  outcrop  limestone 0.43 0.38 G 1
4 Viola Springs 12-25-6E  outcrop  limestone 0.49¢ NA G 1
5 Viola Springs  35-5S8-1E  outcrop  limestone 0.39 0.33 G 1
6  ViolaSprings 20-4S-5W core limestone 0.81 0.66 G 1.5

(8-20 Dillard, depth of 5,628’)

7 Polk Creek 14-25-11E  outcrop shale 0.66° NA NG NA
8 Bigfork Chert  9-15-12E  outcrop  limestone 0.82¢ NA NG 1

°G = granular; NG = nongranular.
bConodont-color-alteration index.

“Mean random graptolite reflectance (plane-polarized light, stationary stage).




Graptolite Reflectance as a Potential Thermal-Maturation Indicator

207

l !
o L |

ANADARKO GARVIN
BASIN

STEPHENS

Study
Area

ARKOMA
BASIN

T
1
Jp—

AB
OUACHITA

.7 MOUNTAIN
UPLIFT

EXPLANATION

]

MARSHALL i‘ W’ Polk Creek i

1} A?® Biglork Chert !
. 3 .1 Viola Springs \-'\
- ) 7 O° Viola springs core J‘\

~ e A
. U
L ¥\_ BRYAN e
2 7
-\ (,-\h,
N

20 MILES

Figure 6. Major geologic provinces of southern Oklahoma, showing sample locations of graptolite-bearing

strata. Refer to Table 1 for sample locations.

been achieved. Therefore, the graptolite-reflec-
tance data are compared with other thermal-
maturity data and interpreted qualitatively. De-
lineation of the graptolite maturation curve has
been complicated by measurements of both
maximum and random reflectance on granular
and nongranular graptolites, as used in this study.

Goodarzi and Norford (1989) emphasized the
importance of measuring maximum graptolite
reflectance, due to the biaxial optical character of
the graptolite periderm, exhibiting anisotropy.
Anisotropy is measured as bireflectance (max-
imum R-minimum R, %). Bireflectance in-
creases with increasing maturity, the greatest
bireflectance being observed on graptolites sec-
tioned perpendicular to bedding; development of
bireflectance in graptolites starts at lower maxi-
mum reflectance than in vitrinite (Goodarzi and
Norford, 1985,1989).

Maximum reflectance is usually higher than
random reflectance, the spread between the val-
ues becoming greater with increasing maturity.
The practical application of measuring random
graptolite reflectance from dispersed graptolite
fragments in shales, as used for samples 7 and 8,
suggests that random graptolite reflectance in

shales, rather than maximum reflectance, should
be correlated with random vitrinite reflectance, as
applied by Bertrand and Héroux (1987).

Goodarzi (1984) and Goodarzi and Norford
(1985) indicated that reflectance is lower for
graptolites with granular surface texture, found
mostly in carbonate matrices, than for graptolites
with nongranular morphology, found mostly in
shaly matrices. Goodarzi and Norford (1989) and
Bustin and others (1989) restricted their studies to
graptolites from shales.

Measurement of random graptolite reflectance
in three samples and the occurrence of granular-
textured graptolites in most of the samples (Table
1) may have resulted in lower reflectance values
than if maximum reflectance were measured from
nongranular specimens. However, the graptolite
reflectance would not have changed significantly,
because of the low maturity and low anisotropy
(bireflectance <0.06% for surface samples, Table 1)
of these samples.

In this study, the lower graptolite-reflectance
values may be similar to vitrinite reflectance val-
ues. Gorter (1984) stated that maximum graptolite
reflectance was roughly equivalent to maximum
vitrinite reflectance at reflectances less than
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~1.3%. Bertrand and Héroux (1987) and Goodarzi
and Norford (1989) indicated that graptolite re-
flectance is higher than vitrinite reflectance at the
equivalent level of thermal maturity. Goodarzi and
Norford (1989) further stated that graptolites
found in a carbonate matrix have a reflectance
similar to vitrinite reflectance, whereas graptolites
preserved in a shale matrix have a higher reflec-
tance than vitrinite.

Comparison of graptolite reflectance of Or-
dovician samples with vitrinite reflectance of
Devonian-Lower Mississippian samples from
southern Oklahoma, both of low thermal matu-
rity, indicates that graptolite reflectance is a very
good qualitative indicator of thermal maturity.
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STUDY OF THE ORDOVICIAN ARBUCKLE-SIMPSON AQUIFER
IN THE SULPHUR AREA OF SOUTH-CENTRAL OKLAHOMA

Steve W. Cates
U.S. Geological Survey, Bismarck

ABSTRACT.—Because of concern about decreasing flow from springs near Sulphur, Oklahoma,
in the Travertine District of the Chickasaw National Recreation Area (CNRA), a hydrogeologic
study was conducted. In the CNRA, Ordovician Arbuckle Group and Simpson Group rocks are
the primary aquifers and generally are overlain by a surficial cover of Pennsylvanian-aged
conglomerate, Because the hydrogeology of the area is influenced largely by geologic structure,
a major part of the study entailed determination of subsurface structure of the Arbuckle-
Simpson aquifer. Preliminary geologic sections were constructed based on available surface-
geology maps, reconnaissance of surface geology, and available borehole geologic and geo-
physical data. These sections were refined by analysis of gravity and magnetic data obtained for
180 data stations in a 125-km? area that included the CNRA. These data were analyzed using a
Fast Fourier Transform computer program. Computations included second vertical derivatives
and incremental downward continuation of the gravity and magnetic fields.

Utilizing geologic data from various sources, density model inversion of gravity data was
computed using a least-squares matrix-inversion program. For areas of limited geologic data,
geologically feasible models of the structural geometry were developed from north-south
Bouguer gravity profiles.

Interpretation and synthesis of these data sets resulted in the interpolation of fault locations
beneath the Pennsylvanian-age conglomerate. The structural geometry of the study area appears
to be consistent with that of a left-lateral wrench-fault model. Faults with geometries best ex-
plained as en echelon extension features, transtensional normal faults, and antithetic faults are
present in the study area. The subsurface structure below the Travertine District of CNRA is one
of convergence and termination of several faults.
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STRATIGRAPHY AND FACIES IN THE
MIDDLE ORDOVICIAN SIMPSON GROUP,
SOUTHWESTERN KANSAS AND WESTERN OKLAHOMA

Ronald R. Charpentier
U.S. Geological Survey, Denver

John H. Doveton
Kansas Geological Survey

ABSTRACT.—The Middle Ordovician Simpson Group in southwestern Kansas and western
Oklahoma consists of a complex series of sandstones, green sandy shales, and sandy carbonate
rocks. Within this area, the Simpson lies entirely in the subsurface. Borehole logs, interpreted
sample logs, and cores were used to study the lithofacies and their relationships to the conven-
tional stratigraphic nomenclature established from outcrops in the Arbuckle Mountains.

In south-central Kansas, in Kiowa County and adjoining counties, the Simpson can be sub-
divided into six informal stratigraphic units. The lowermost two, a sandstone and a green sandy
shale, correlate with the McLish Formation. The upper four—a sandstone; a sandy, cherty
dolomite; a green, sandy shale; and a thin, sandy limestone—correlate with the Bromide For-
mation.

To the south, in western Oklahoma, the Simpson becomes thicker and more of its formations
can be distinguished as the southern Oklahoma aulacogen is approached. Where fully devel-
oped, the Simpson is divided, in ascending order, into the Joins, Oil Creek, McLish, Tulip Creek,
and Bromide Formations. The Oil Creek Formation extends north approximately to the Kansas
state line, but the Joins and Tulip Creek Formations are found only farther south.

A notable feature within the Bromide Formation is a well-defined area of carbonate rocks ~50
mi across east-west and 150 mi across north-south, half of which is in Kansas and half in Okla-
homa. This carbonate facies is primarily a sandy, cherty dolomite averaging ~35 ft thick. The
boundaries of this facies are very sharp, and its thickness can increase from 0 to 25 ft within a
mile.

In southwestern and west-central Kansas, the Simpson is considerably thinner, and the in-
formal six-unit stratigraphy cannot be correlated into this area. Toward the northwest, the
Simpson tends to be reduced to a thin, sandy dolomite.
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STRATIGRAPHIC AND DEPOSITIONAL FRAMEWORK,
SUPRA-EVERTON MIDDLE AND UPPER ORDOVICIAN STRATA,
NORTHERN ARKANSAS

W. W, Craig

University of New Orleans

INTRODUCTION

The current stratigraphic nomenclature (Fig. 1)
of supra-Everton Ordovician units in northern
Arkansas was established by Miser (1922). These
strata crop out in a narrow east-west belt from the
Mississippi embayment near Batesville, Indepen-
dence County, on the east, to Ponca, Newton
County, on the west. Between Ponca and eastern
Oklahoma, supra-Everton rocks are covered by
Carboniferous strata.

The cumulative thickness of these rocks is
slightly in excess of 200 m; however, in no one lo-
cality is this maximum attained. The sequence is
thickest near Batesville in the east, but it thins
markedly westward through the thinning and
disappearance of individual units. In the western-
most part of the outcrop belt, the entire supra-
Everton succession is composed of an unevenly
distributed Fernvale Limestone that ranges in
thickness from 0 to 7.5 m, plus a few scattered ex-

S§T. CLAIR LIMESTONE
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Figure 1. Stratigraphic column, supra-Everton Ordo-
vician strata, northern Arkansas.

posures of thin Plattin Limestone and Cason
Shale. Details on the petrology and stratigraphy of
the succession are found in Craig (1975a,b) and
Craig and others (1988).

DEPOSITIONAL FRAMEWORK

Supra-Everton deposition in northern Arkansas
began with transgression of a strandline sand, now
the St. Peter Sandstone, over the eroded surface of
the Everton Formation. Directly following trans-
gression, deposition of the Joachim Dolomite was
initiated, rapidly aggrading near-shore parts of the
sandy shelf into a broad tidal flat. The passage
from the St. Peter into the Joachim is gradational.
The basal Joachim is composed of burrow-
mottled, sandy, fossilferous dolomudstone of
shallow subtidal to low intertidal origin. The
middle and upper Joachim are characterized by
hemicycles composed of a basal sandy intraclastic
dolograinstone; a middle, faintly laminated
dolomudstone; and an upper, prominently mud-
cracked, laminated dolomudstone that contains
abundant laminoid and irregular fenestrae
(birdseye structure), calcite pseudomorphs after
halite, and in places distinct stromatolitic heads.
The bulk of the Joachim is interpreted as the
product of the intertidal and supratidal zones. The
hemicycles are believed to represent shallowing-
upward sequences that start with grainstone of the
low intertidal zone and terminate with mud-
cracked, intraclastic layers of the supratidal zone.

In contrast to the thick-bedded dolostone of
the Joachim, the Plattin is dominantly slabby-
bedded limestone with only subordinate dolo-
stone. The most common Plattin lithic type is
composed of millimeter-scale laminations oflime
mudstone alternating with peloidal packstone/
grainstone. This rock possesses abundant mud
cracks, fenestral fabric, and calcite pseudomorphs
after gypsum and halite. Evaporites grew as
porphyroblasts in Plattin sediment, in places be-
coming laterally linked to form irregular fenestrae.
All these features unequivocally identify the bulk
of the Plattin as a product of the supratidal envi-
ronment. The base of the Plattin in the eastern
part of the outcrop belt contains layers of mollusk
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wackestone of low faunal diversity, suggesting
subtidal influence. Skeletal wackestone/pack-
stone possessing a relatively diverse fauna charac-
terized by Tetradium (tabulate coral) and Hed-
stroemia (calcareous alga) occurs near the top of
the Plattin, marking a distinct subtidal incursion
over the Plattin tidal flat. Above the Tetradium
limestone, the youngest Plattin preserved records
renewed tidal-flat progradation.

The Kimmswick Limestone is composed of
interbedded bioturbated skeletal wackestone,
packstone, and poorly washed grainstone. It con-
tains the most diversified fauna of all the supra-
Everton Ordovician units and is interpreted as the
product of a low-energy, subtidal environment.
Protection was probably afforded by shoals of
crinozoan sands south of the outcrop belt, as
suggested by subordinate crinozoan grainstone
interbedded with more common lower-energy
wackestones and packstones.

The Fernvale Limestone is thick-bedded, com-
monly cross-bedded, coarse-grained crinozoan
grainstone interpreted to have accumulated in a
high-energy, open, subtidal environment as shift-
ing subaqueous dunes.

The final phase of Ordovician sedimentation in
northern Arkansas is assigned to the Cason Shale,
a unit with a complicated depositional and nomen-
clatural history. Only the basal beds of the Cason
are Ordovician; the remainder belong to the
Lower and Middle Silurian and will not be dis-
cussed here. Details of the Cason nomenclatural
problem are given in Craig (1975a,1984). In east-
ern outcrops, the Ordovician part of the Cason
consists of phosphatic sandstone and shale over-
lain by crinozoan grainstone that grades upward
into sporadically occurring oolitic-intraclastic
grainstone and fenestral lime mudstone, the
record of which has been mostly removed by post-
Ordovician erosion. The phosphate grains, con-
sisting of crinozoan parts, rock fragments, and
internal molds of clams and snails, are almost cer-
tainly reworked from below and represent a trans-
gressive lag deposit that was distributed unevenly
on the underlying erosional surface.

To the west, the phosphate content of the Or-
dovician Cason decreases significantly, and the
phosphatic sandstone and shale are replaced by
greenish, dolomitic, silty shale that resembles the
Sylvan Shale of Oklahoma.

STRATIGRAPHIC FRAMEWORK

Although there is relatively little disagreement
on the interpretation of environments of deposi-
tion of these supra-Everton units, geologists have
been divided on the historical meaning of some of
the formational contacts. Most agree that the St.
Peter rests unconformably on lower strata and is
conformably overlain by the Joachim. Most are in
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agreement also that the lower Cason is uncon-
formable with the underlying Fernvale. Miser
(1922) placed unconformities between the car-
bonate units, even though their planes of separa-
tion appeared “even” to him. Some later geologists
have interpreted the deepening-upward carbon-
ate succession and smooth contacts as a result of
landward migration of adjacent, coexisting
lithotopes through a period of time that involved
no significant breaks in deposition (Young and
others, 1972). However, evidence now available
strongly suggests that Miser’s original interpreta-
tion is correct, and that periods of subaerial ex-
posure and erosion separate these carbonate
units.

Contacts between the carbonates are “welded”;
that is, they occur within a single bed and can be
collected. They are universally sharp, show small-
scale truncation features, and can show small-
scale scalloping (relief measured in millimeters)
of the upper surface of the underlying unit. In
addition, patches of the overlying rock commonly
occur within the underlying unit up to several
centimeters below the contact. Freeman (1966)
applied the term “microkarst” to these features.

Slight angular relationships occur between the
Joachim and Plattin and between the Plattin and
Kimmswick; where these occur, the removal of
several meters of rock can be demonstrated.

Thickness distributions also suggest that the
units were separated by periods of erosion. Sig-
nificant thickness variations, which bear no ap-
parent relation to facies patterns, occur over short
distances. On a regional scale, all units thin to the
west, and several eventually disappear from the
sequence. The Joachim and Kimmswick do not
occur west of western Stone County, where the
Plattin is in sharp contact with the St. Peter below
and the Fernvale above. In the westernmost part
of the outcrop belt, the entire interval is repre-
sented by an unevenly distributed Fernvale
Limestone, which in most exposures rests directly
on the Everton Formation, and a few scattered,
thin occurrences of Plattin and Cason. Where
units are thin, their occurrence is sporadic; that is,
occurrences of a few centimeters to a few meters
can be present in some sections, and the unit may
be altogether absent in other sections. Such occur-
rences are best explained as erosional remnants.
To interpret this westward thinning of formations
as depositional pinchout seems unreasonable in
light of the distribution pattern at their distal
edges.

It is probable that the unconformities separat-
ing these units in outcrop disappear into the
Arkoma basin to the south and the Mississippi
embayment to the east, where gradational con-
tacts would be expected. The outcrop observa-
tions noted above can be explained best by regres-
sion, which resulted from epeirogenic uplift, fol-
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lowed by erosion, during which some rock was re-
moved. Erosion on the broad, gentle folds formed
during uplift thinned units across structural highs
and produced the variable and unpredictable
thicknesses of the formations. There is no indica-
tion that significant topography was developed on
these erosional surfaces in northern Arkansas.
Uplift was consistently greater to the west, as indi-
cated by the thinning and disappearance of units
in that direction. Subsequent transgression
brought offshore facies over near-shore ones,
producing the deepening-upward succession of
units separated by sharp, smooth contacts ob-
served in outcrop.
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CONODONT BIOSTRATIGRAPHY OF LOWER ORDOVICIAN ROCKS,
ARBUCKLE GROUP, SOUTHERN OKLAHOMA

R. 1. Dresbach and R. L. Ethington

University of Missouri-Columbia

INTRODUCTION

The Arbuckle Group of southern Oklahoma
displays the only complete exposure of the shal-
low-water carbonate rocks that characterize the
Lower Ordovician of interior North America. Tri-
lobites have been described from the lower
formations of this Ordovician sequence (Stitt,
1971,1977,1983), and sporadic occurrences of
other fossil invertebrates are known, but much of
the section is sparingly fossiliferous. As a conse-
quence, these magnificent exposures have not
contributed notably to continuing efforts toward
development of a comprehensive biostratigraphic
scheme for the Lower Ordovician of North
America.

In a project supported by a grant from the Na-
tional Science Foundation, we collected samples
at stratigraphic intervals averaging 25 ft apart
through the Arbuckle from the upper part of the
Signal Mountain Formation to the highest ex-
posed units of the West Spring Creek Formation
along Interstate Highway 35 and in adjacent ranch
fields on the south flank of the Arbuckle Anticline
near Ardmore, Oklahoma. Approximately 95% of
these samples were productive of conodonts in
abundances ranging from a few tens to >1,000 el-
ements per kilogram.

Preservation of the specimens is good to ex-
cellent; CAI values of slightly over 1 show that
these fossils have been exposed to paleotempera-
tures <100°C. The stratigraphic ranges of these
conodonts show that the Arbuckle can be divided
into a succession of biostratigraphic intervals;
work in progress on the equivalent section in the
Wichita Mountains in southwest Oklahoma indi-
cates that the same succession of conodonts is
represented there, and supports the conclusion
that this sequence of faunas can be used to corre-
late the Arbuckle rocks of the subsurface. In addi-
tion, this biostratigraphic continuum, based on
collections from an uninterrupted section, offers a
standard for analysis of the numerous geographi-
cally localized and stratigraphically limited out-
crops of Lower Ordovician strata in the Ozark
Mountains and Upper Mississippi Valley.

SIGNAL MOUNTAIN, BUTTERLY, AND
MCKENZIE HILL FORMATIONS

A low-diversity association of conodonts is
present in the upper Signal Mountain and through
the Butterly. The lineage of species of Cordylodus
Pander is a dominant component of all of the
productive samples in this interval. Depending on
which species is selected by international agree-
ment for definition of the base of the Ordovician
System, the Cambrian/Ordovician boundary will
be placed at the base of the range of C. proavusin
the upper Signal Mountain, or within the range of
C. intermedius high in the Butterly. The cono-
donts from the Butterly provide biostratigraphic
control for a unit that previously had produced
only a few invertebrate fossils. The conodont
population diversified during the time of deposi-
tion of the McKenzie Hill Formation, which
documents the first major evolutionary radiation
of these organisms. The distinctive assemblage of
conodonts that is present in all but lowest
McKenzie Hill has been reported widely from
North America and has been interpreted as rep-
resenting a unique zonal interval in the bio-
stratigraphy of the Lower Ordovician of this con-
tinent (Rossodus manitouensis Zone; Landing and
others, 1986).

COOL CREEK FORMATION

The Cool Creek Formation is the least-fossilif-
erous of the Ordovician formations within the
Arbuckle Group. Other than the brachiopod
Diaphelasma oklahomense Ulrich and Cooper and
the lithistid sponge Archaeoscyphia, the fossils
recorded from this unit are stromatolites of lim-
ited stratigraphic value.

The boundary between the Cool Creek and
McKenzie Hill Formations is marked by an abrupt
change in the conodont faunas. The diverse as-
semblage of the McKenzie Hill is replaced by a
low-diversity fauna dominated by species of
Oneotodus Lindstrom. This marked boundary in
the conodont succession has been recognized at
many localities across the North American craton;
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it offers a unique event in the development of
Early Ordovician conodont faunas that can be
used for accurate correlations over long distances.

The occurrence of Macerodus dianae Féhraeus
and Nowlan in the Cool Creek is of significance for
intercontinental correlation of Ordovician strata.
This species occurs in Newfoundland in associa-
tion with the graptolite Tetragraptus approxi-
matus, a species that has been used to correlate
rocks in North America with the lower part of the
Arenigian Series of the classic British Ordovician
succession. Thus, the presence within the Cool
Creek of M. dianae probably indicates Tremado-
cian/Arenigian boundary beds at this stratigraphic
level in the southern Midcontinent.

Four species—alff. Drepanoistodus inaequalis
sensuvan Wamel, Eucharodus parallelus (Branson
and Mehl), Glyptoconus quadraplicatus (Branson
and Mehl), and Ulrichodina abnormalis (Branson
and Mehl)—appear near the top of the Cool Creek
and range through the overlying Arbuckle strata to
near the base of the Middle Ordovician. These
species are present in and are commonly the
dominant components of the conodont faunas
of medial and upper Lower Ordovician strata
throughout North America.

KINDBLADE FORMATION

The Kindblade Formation contains a more di-
verse association of conodonts than the under-
lying Cool Creek. Many species are long-ranging,
some with their lowest occurrence in the Cool
Creek below, and do not offer biostratigraphic
resolution. Additional species appear through the
Kindblade section, and some of these have ranges
that allow them to be used to identify parts of the
formation. The lowest occurrence of the albid,
heavy-ribbed Oneotodus costatusis 100 ft above
the base of the formation; the bottom of its range
indicates a position low in the Kindblade. Acodus
deltatus is abundant through the middle third of
the Kindblade, and is joined in the upper half of its
range by Protoprioniodus russoi. These species are
supplanted up-section by a fauna that includes
Oneotodus carlae, Baltoniodus oepiki, a species of
Protopanderodus, and Protoprioniodus simplis-
simus. The presence of Diaphorodus delicatus,
Oepikodus communis, and Protoprioniodus
papiliosus in the top 60 ft of the Kindblade pro-
vides criteria for relating this part of the Arbuckle
to equivalent strata across North America. These
species, which are characteristic of the O. com-
munis Zone, are the dominant elements in many
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of the samples collected in the overlying West
Spring Creek Formation.

WEST SPRING CREEK FORMATION

Almost half of the taxa from the West Spring
Creek range through all but the upper 100 ft of the
formation. Many of these species are present in
the Kindblade, and several range down to the up-
per Cool Creek. Nevertheless, a variety of species
appear at successive levels within the West Spring
Creek and allow correlations with other sections
via the bases of their ranges. A marked change in
the faunas occurs near the top of the exposures of
the West Spring Creek along I-35 (the upper 45 ft
of the formation are not available there). Almost
all of the long-ranging species disappear at this
level, and a new conodont population is intro-
duced. These new taxa include hyaline forms that
dominate lower Middle Ordovician faunas of the
lower part of the Simpson Group. Their presence
in the upper West Spring Creek reaffirms the ear-
lier interpretation of Derby (1969) that the Lower
Ordovician/Middle Ordovician boundary is ~100
ft beneath the top of the Arbuckle Group in the
Arbuckle Mountains. Most of the samples taken in
the Middle Ordovician part of the Abuckle contain
specimens that show significant abrasion, indi-
cating quite turbulent water and probably very
shallow conditions at the time of deposition.
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REGIONAL ENVIRONMENTS OF DEPOSITION DURING
CAMBRIAN AND ORDOVICIAN TIME IN WESTERN ARKANSAS

Ernest E. Glick
U.S. Geological Survey, Denver

Charles G. Stone
Arkansas Geological Commission

James R. Howe
Consultant Geologist, Boulder

ABSTRACT.—During Late Cambrian through Ordovician time, the Ozark shelf of northwestern
Arkansaswas a subsiding, shallow-water carbonate platform bordered on the east by the graben
of a major rift and on the south by the deep-water, craton-edge, proto-Ouachita basin.

Ona much larger scale, Middle Cambrian open seas began advancing from both the east and
west onto the stable North American craton—at about the same time that the sea of the proto-
Ouachita basin began to advance northward along the subsiding floor of the Mississippi Valley
graben of eastern Arkansas, where thick lenses of arkose (mostly red) had been accumulating.
The eastern open sea and Ouachita restricted sea entered the graben from opposite directions
and, as a unit, continued transgressing westward across the Midcontinent. After that trans-
gression, deposition in the graben probably was nearly continuous through Ordovician time,
whereas deposition on the shelf of northwestern Arkansas was cyclic during the Late Cambrian
and Early Ordovician (minor transgressions/regressions). During the Middle and Late Ordovi-
cian, major regressions periodically interrupted deposition in the shelf area, allowing up-slope
truncation. Intermittently, fine- to medium-grained (locally coarse-grained) rounded-and-
frosted quartz sand from the north spread across the shelf to form sandstone units that divide the
predominantly carbonate sequence (locally cherty as a result of diagenetic changes, and locally
shaly) into regional stratigraphic units.

To the south in the Ouachita region, neither the earliest Cambrian deposits nor the under-
lying crust have been reached by drilling. Speculations concerning their character stem from
geophysical data and conceptual models. However, Late Cambrian and Ordovician sediments
deposited in this protobasin are now exposed in the allochthonous assemblage that makes up
the core of the Ouachita Mountains. These (and older Ouachita strata insinuated by concept)
accumulated along the passive southern edge of the North American craton, probably in a
Cambrian rift zone that was flanked on the outboard side by an orogenic landmass. In spite of
the lack of any known beds older than mid-Late Cambrian, sediments of the “Ouachita facies”
must have begun to accumulate as soon as rifting started, probably at least by the beginning of
Cambrian time.

The known rock types from the Ouachita protobasin, in decreasing order of abundance, are
shale, siltstone, sandstone, chert, limestone, and conglomerate (locally containing metamorphic
and igneous clasts). This sequence is made up of both (1) deep-water clastics from multiple
external sources, and (2) indigenous pelagic or mostly indigenous hemipelagic deposits. Thick
units—mainly medium- to coarse-grained sandstone, but including some olistostromal intervals
in the Early Ordovician Crystal Mountain Sandstone and the Middle Ordovician Blakely Sand-
stone—were derived from the shelf and submarine scarps to the north. Detritus that makes up
the siltstone of the Lower Ordovician Mazarn Shale and wacke of the Middle Ordovician upper
Womble Shale likely was derived from sources to the east and south. Masses of metagabbro
(Precambrian) and serpentinite (of unknown age) occur at three sites in the upper Womble,
offering a glimpse of the earlier history of this region.
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SUBSURFACE STRUCTURE MAP OF THE ARBUCKLE GROUP,
SOUTH-CENTRAL OKLAHOMA

Mitchell E. Henry
U.S. Geological Survey, Denver

The future role of the Cambrian-Ordovician
Arbuckle Group is one of the most important
questions in the development of hydrocarbon re-
sources in Oklahoma. The Arbuckle attains a
thickness of >7,000 ft in southern Oklahoma where
it occurs in outcrop and at depths of 20,000 ft or
more in the subsurface. Ithas been penetrated in
atleast 1,900 wells in the area; however, the aver-
age depth drilled into the Arbuckle is <380 ft. The
recent discovery of significant hydrocarbons at the
Cottonwood Creek field has renewed interest in
the Arbuckle. A structure contour map of the
Arbuckle Group was created for Bryan, Caddo,
Carter, Commanche, Cotton, Garvin, Grady, Jef-
ferson, Johnston, Love, Marshall, Murray, and
Stephens Counties (Fig. 1).

The database used for the map was created
from the commercially available Petroleum In-
formation Well History Control System?. This in-
formation was analyzed to determine the loca-

_ tions of probable faults: the data were then con-

toured, manually and by computer, to create Fig-
ure 1. The program, Interactive Surface Modeling
by Dynamic Graphics Inc.! was used for com-
puter processing of these data.

The map shows a strong W-NW trend of relief
on the Arbuckle surface. Well-data used for this
map, though not uniformly distributed, are dense
and deep enough to yield a fairly detailed inter-
pretation of the upper surface of the Arbuckle in
this area. Formal publication of this map at a scale
of 1:500,000 is planned through the Oklahoma
Geological Survey.
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Subsurface Structure Map of the Arbuckle Group
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NONFUEL MINERAL RESOURCES IN LATE CAMBRIAN
AND ORDOVICIAN ROCKS OF OKLAHOMA

Kenneth S. Johnson
Oklahoma Geological Survey

ABSTRACT.—Principal nonfuel mineral resources in Late Cambrian and Ordovician rocks of
Oklahoma include limestone, dolomite, silica sand, and rock asphalt. Other resources include
shale, hematite, limonite, manganese, zinc, lead, chert, and quartz veins. The largest area of
outcrops of these mineral deposits is in the Arbuckle Mountains, although important outcrops
are present in the Wichita and Ouachita Mountains and the Criner Hills, and small exposures are
scattered in the Ozark uplift.

Enormous reserves of limestone, mainly in the Arbuckle and Viola Groups, are quarried in the
Arbuckle and Wichita Mountains for aggregate (crushed stone). Quarries producing millions of
tons of stone each year are the main source of aggregate for the Oklahoma City metropolitan
area, as well as the southern and western parts of the State. Abundant reserves of high-purity
dolomite are present in the Royer and Butterly Dolomites of the Arbuckle Group; they are mined
at three localities in the Arbuckle Mountains for fluxing stone, glass manufacture, refractories,
animal feeds, and conventional aggregate uses.

Large reserves of high-purity silica sand in the Simpson Group are mined hydraulically at
three places in the Arbuckle Mountains. Crude sand consisting of 98% silica is upgraded to 99.8%
silica, and the product is marketed for glass-making, foundry sands, ceramics, and the manu-
facture of sodium silicate. Additional small resources are present in the Ozarks region. Out-
cropping Simpson sandstones and Viola limestones locally are impregnated with petroleum and
constitute large reserves of natural rock asphalt. Deposits of rock asphalt in the Arbuckle
Mountains supported a major part of the local road-surfacing activities from 1891 to 1960, but all
natural rock-asphalt quarries are now inactive.

Cement is manufactured from Sylvan Shale and the Viola and basal Hunton (Keel oolite)
limestones south of Ada in the Arbuckle Mountains. In the Wichita Mountains, small deposits of
low-grade hematite in the Reagan Formation have been used as a paint pigment, whereas in the
Arbuckle Mountains a number of small deposits of limonite (derived by intense weathering of
iron-bearing parts of the Arbuckle Group) have been mined as a source of high-grade iron ore.
Arbuckle strata in the Arbuckle Mountains host small deposits of manganese oxide, as well as
low-grade vein deposits of zinc and lead. Chert and veins and crystals of colorless and milky
quartz are present at scattered locations in Cambrian and Ordovician strata of the Ouachita
Mountains, but these have not been developed commercially.

A more thorough discussion of Oklahoma’s nonfuel mineral resources is given by Johnson
elsewhere in this volume.
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CONODONT BIOSTRATIGRAPHY OF LOWER AND MIDDLE
ORDOVICIAN ROCKS IN THE BENTON UPLIFT,
WEST-CENTRAL ARKANSAS

Diane Krueger and R. L. Ethington

University of Missouri-Columbia

INTRODUCTION

The Lower and Middle Ordovician rocks of the
core of the Ouachita Mountains in west-central
Arkansas comprise a thick succession of three
black, graptolitic shale units that alternate with
two intervals of sandstone; the upper shale unit is
overlain by a succession that consists primarily of
cherts. These units were defined as the Collier
Shale, Crystal Mountain Sandstone, Mazarn Shale,
Blakely Sandstone, Womble Shale, and Bigfork
Chert (in ascending order) early in this century
through the work of Purdue, Miser, and Ulrich.
This sequence is a classic example of graptolite
facies, and the accepted ages of these units for the
past 75 years have been based on interpretation of
occurrences of graptolites in them. Occasional
reports of other fossils in these rocks have not
contributed significantly to biostratigraphic eval-
uation of the Ouachita sequence.

All of the units in the Benton uplift contain
limestones, samples of which have been proc-
essed for recovery of conodonts. Thin, micritic
ribbon limestones typically are only a few inches
thick and are transitional lithologically with the
enclosing shales. Such limestones usually give
voluminous silty residues when digested in acetic
acid and yield no more than a few tens of cono-
dont elements per kilogram of rock; preservation
of the specimens is moderate to poor. Most of the
conodonts recovered from the Collier and the
Mazarn were found in limestones of this type.
Grainstones up to 1 ft thick are present in the
Womble, in addition to ribbon limestones like
those in the older units. The grainstones produce
acid residues that contain an abundance of highly
spherical, vitreous quartz grains that commonly
show frosted surfaces as a result of quartz over-
growths. Recovery of hundreds of conodont ele-
ments per kilogram of rock from these grainstones
is common,; preservation of the specimens ranges
from moderate to excellent. In addition to cono-
donts, silicified invertebrates (trilobites, ostra-
codes, bryozoans) have been found in residues
from the Collier and Womble. In all cases, the co-

nodonts are dark gray to opaque black, indicating
exposure to paleotemperatures up to as high as
300°C.

Large collections of conodonts have been as-
sembled from the Womble in exposures east and
south of Lake Ouachita, and somewhat smaller
numbers have been obtained from the Collier and
Mazamn. In addition, these fossils have been found
in limestone interbeds and in clasts in debris flow
deposits in the Crystal Mountain and Blakely
sandstones. Study of the Bigfork Chert is less ad-
vanced, but collections to date show that lime-
stones near the base of that formation contain
well-preserved conodonts in moderate abun-
dance. The Ouachita conodonts include species
that have been used to establish a succession of
biostratigraphic zones in thick, continuous se-
quences of Ordovician rocks elsewhere in North
America. It is possible to place samples collected
from geographically isolated and stratigraphically
limited outcrops in the Benton uplift in proper
stratigraphic order by referring the conodonts re-
covered from them to this external standard,
thereby achieving a greater degree of biostrati-
graphic resolution than previously has been pos-
sible. Conodonts, where available, will greatly as-
sist in regional geologic analyses of the structurally
complicated Ouachita region.

COLLIER SHALE

The conodonts from the Collier reported by
Repetski and Ethington (1977), as well as most of
those recovered subsequently, are forms typical of
the Rossodus manitouensis Zone. This assem-
blage of species is widely distributed across North
America and has been found in the Lower Ordo-
vician of the Siberian platform, but is not known
from western Europe. Its presence in the Collier
demonstrates that the upper part of that forma-
tion is correlative with the McKenzie Hill Forma-
tion in Oklahoma and with the Gasconade
Formation in Missouri. The Collier locally exposes
strata as old as those of the Upper Cambrian
Elvinia Zone (Hart and others, 1987); proto-
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conodonts characteristic of the Upper Cambrian
have been found in these outcrops. Collier cono-
donts are sparse in the productive samples; pres-
ervation commonly is moderate to poor, and size
is very small.

MAZARN SHALE

Atleast half of the samples collected from the
Mazarn have been barren of conodonts. Many of
the productive samples have yielded only a few
elements per kilograin of dissolved rock, but these
few specimens are sufficiently distinctive to dem-
onstrate that they came from the Mazarn. Fortu-
nately, some samples have provided abundant,
moderately diverse, and reasonably well-pre-
served collections. These collections contain rep-
resentatives of the warm-water species that have
been attributed to the North American Midconti-
nent Province, as well as others that are charac-
teristic of the cold-water North Atlantic Province.
Some samples are dominated by one of these as-
semblages to the near exclusion of the other, but
other samples contain representatives of the two
faunas in about equal numbers. We conclude that
the cold-water conodonts represent an indige-
nous population that inhabited the deep waters in
which the Quachita facies were deposited, and
that the warm-water forms were carried into the
basin in slurries of lime mud derived from a shal-
low shelf where those species lived. Two conodont
zones have been recognized in the Mazarn, an
older one characterized by Acodus deltatus
Lindstrom, and a younger one with Oepikodus
evae Lindstrom. The O. evae Zone is present in
highest Lower Ordovician elsewhere in North
America, so that the top of the Mazarn may be as
young as early Whiterockian. Additional collec-
tions are being assembled in an effort to establish
the stratigraphic level of the lower and upper
boundaries of the Mazam.

BLAKELY SANDSTONE

Conodonts have been found in limestone beds
and in clasts in debris flow deposits in outcrops of
Blakely west of Crystal Springs, Arkansas, and
along the eastern shores of Lake Ouachita. These
outcrops are interpreted to represent the middle
to upper part of the formation. The conodonts
include species such as Histiodella holodentata
Ethington and Clark and “Cordylodus” horridus
Barnes and Poplawski, forms that elsewhere in
North America are characteristic of the middle
Whiterockian Fauna 4 of Ethington and Clark
(1971). The Blakely thus seems to represent the
pre-Chazyan part of the Whiterockian Series; it has
equivalents in the Joins and Oil Creek Formations
(lower Simpson Group) of southern Oklahoma.

D. Krueger and R. L. Ethington

WOMBLE SHALE

Conodonts are more abundant and diverse in
the Womble than in the older units of the
Ouachita facies; over three-fourths of the proc-
essed samples have been productive, and the
specimens are more robust and better preserved
than their older counterparts from the Benton
uplift. Three distinct associations have been
identified. The oldest of these is an assemblage of
species that Bergstrom (1971 and subsequently)
has considered to be characteristic of the Pygodus
serra Zone. This zone has been subdivided into
subzones based on the ranges of species of Eo-
placognathus, some of which have been found in
our studies. They offer the possibility of eventually
applying a high-resolution biostratigraphy to the
interpretation of outcrops of the lower Womble.
This zone is present in the road cuts near Walnut
Creek west of Crystal Springs, and has been rec-
ognized along the shore in the eastern part of Lake
Ouachita and near Jessieville. Outcrops of the
Womble that yield this association of conodonts
can be correlated with the McLish-Tulip Creek
interval in Oklahoma and with lower Chazyan
rocks elsewhere in North America.

The Zone of Pygodus anserinus is present in the
massive limestone ledges of the quarry at Moun-
tain Pine, Arkansas, but has not been found as
widely distributed as that of P. serra. This part of
the Womble is of late Chazyan age; the nearest
correlative unit is the lower part of the Mountain
Lake member of the Bromide Formation in Okla-
homa.

Upper Womble contains an assemblage with
typical species of the Midcontinent Province in-
cluding Phragmodus undatus, Plectodina spp.,
Ansella robusta, Dapsilodus nevadensis, and
Curtognathus sp. Also present in this interval are
North Atlantic forms such as Prioniodus gerdae,
Periodon aculeatus, and species of Eoplaco-
gnathus and Amorphognathus. The latter genera
have been used by Bergstrém for a high resolution
biostratigraphy in the southern Appalachians, and
allow correlations of Ouachita formations with
other stratigraphic units in the Appalachian-
Ouachita orogen. Unfortunately the large platform
elements commonly have suffered severely during
the deformation of the Ouachita rocks so that re-
covery of complete, easily identified material re-
quires processing large samples. The youngest
conodont zone so far recognized in the Womble is
that of Prioniodus gerdae which has been found
along the Caddo River west of Norman, Arkansas.
Collections that may indicate even younger
Womble have been made west of Caddo Gap and
near Crystal Springs. Each of these collections was
made in outcrops believed to be close to the
boundary with the overlying Bigfork Chert. Efforts
are underway to recover conodonts by hydro-
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POROSITY DEVELOPMENT IN QUARTZ-RICH, OOLITIC LIMESTONES
OF THE UPPER ARBUCKLE GROUP—A RESPONSE TO UNLOADING
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The Early Ordovician Arbuckle Group of
southern Oklahoma is composed of a thick se-
quence of carbonates that were deposited in shal-
low, epicontinental seas (Gatewood, 1978a,b;
Ragland and Donovan, 1986). Several concentra-
tions of quartz-sandy detritus, two of which are
significant markers in outcrop, are found in the
Cool Creek and Kindblade Formations. The
Thatcher Creek Sandstone Member at the base of
the Cool Creek Formation represents a significant
increase of quartz detritus into the Oklahoma
aulacogen. The Herringbone sand is a distinctive,
cross-bedded, quartz-rich carbonate unit occur-
ring ~3m above the base of the Kindblade Forma-
tion.

Several types of porosity modified by cementa-
tion and/or dissolution are found in the Arbuckle
carbonates in the subsurface (Gatewood, 1978b;
Shirley, 1989). Porosity is less prominent in the
surface exposures of the Slick Hills (northeast of
the Wichita Mountains in southwestern Okla-
homa), but includes interparticle, intraparticle,
and intercrystalline porosity. All types are modi-
fied by compaction, cementation, replacement,
dissolution, and fracturing (Cloyd and others,
1986; Donovan, 1987).

Much of the porosity in the quartz-sandy units
results from megascopic and microscopic frac-
turing. Although many of the fractures are perva-
sive and non-fabric-selective, three types of fabric-
controlled fractures occur (Ragland and Mat-
thews, 1989):

1) Fractures resulting in voids between differ-
ent minerals (Fig. 1). Quartz grains with syntaxial
overgrowths are separated from carbonate grains
and cements by fractures tracing the outermost
edges of the overgrowths. Typically, the width of
the pore is nearly uniform around the grain and
faithfully records the shape of the syntaxial over-
growth. Overgrowths are not separated from the
detrital quartz grains, which reflects the strength
of the bond between the grains and quartz ce-
ment. Where grains are devoid of overgrowths,
nearly circular cross-sectional voids surround

rounded quartz grains separating the grains from
micritic matrix and carbonate allochems.

2) Fractures resulting in voids between differ-
ent textures with the same mineralogy (Fig. 1).
Ooids in the sandstones have large nuclei relative
to the thickness of the cortices. Most nuclei are
composed of micrite, although an occasional grain
of quartz silt or fine sand was utilized as a nucleus.
The radial cortices pulled away from the dense
micritic nuclei, leaving circular or near-circular
cross-sectional voids. The voids occur at or near
the outer edges of the nuclei. The cortices appear
to have bonded tightly to the outermost rim of the
nuclei and, when fracturing occurred, pulled away
a few micrite crystals. Many nuclei appear to have
“dropped” when support was removed, suggest-
ing that the voids are completely encompassing.
Fracturing also occurred between adjacent radial

Figure 1. Fabric-controlled fracture porosity (A) sur-
rounds nucleus of an ooid. Enclosure is incomplete;
the nucleus appears to have “dropped” to the lower
right. Radial fractures (B) connect the inner ring with
other fabric-controlled fractures and interparticle
porosity. Syntaxial quartz overgrowth on a detrital
quartz grain in upper right is encompassed by fabric-
controlled porosity (C). Scale bar equals 250 p; ordi-
nary light.
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Figure 2. Stages in the development of fabric-controlled porosity in quartz-sandy, oolitic units of the Cool
Creek and Kindblade Formations. Each diagram represents ~4 mm?2. See text for discussion.

crystals in the cortices. The radially oriented frac-
tures connect the voids encasing the nuclei with
interparticle and intercrystalline porosity.

3) Fractures resulting in voids between crys-
tals. Porosity in calcite and dolomite cements oc-
curs along crystal boundaries. The fractures pro-
vide interconnecting conduits between other
inter- and intraparticle pore spaces.

Fabric-controlled fracture porosity appears to
be the result of pressure release following the re-
moval of overburden. The development of the
fractures may have followed the course of events
outlined below and illustrated in Figure 2:

1) Diagenesis of sediments began immediately
after deposition. Carbonate grains and isopachous
rims of calcite cement were slightly etched as
syntaxial quartz overgrowths were formed around
quartz detritus. Pore spaces were partially filled
with the overgrowths; some carbonate grains were
partially replaced by the silica. As burial contin-
ued, sparry calcite filled the remaining pores.

2) Deep burial resulted in pressure solution
and distortion of calcite-crystal boundaries.

3) After uplift and deformation, quartz-rich
oolites were exposed to near-surface and surface
dissolution. Vuggy porosity was formed.

4) Sparry dolomite filled vuggy porosity during
reburial.

5) Removal of overburden without concurrent
dissolution resulted in fracture porosity. Non-
fabric-selective fractures cross-cut mineralogies
and textures. Fabric-selective fractures formed
around nuclei, between cortical fibers, between
crystals, and around the outer edges of syntaxial

overgrowths. Fractures were enlarged through dis-
solution.
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The Collier Shale is the oldest formation known
to crop out in the Ouachita Mountains of Arkansas
and Oklahoma. Prior to 1977, most workers as-
signed a Cambrian age to the Collier, based on its
stratigraphic position below strata which, in part,
contained Early Ordovician graptolites. Diagnostic
Early Ordovician conodonts representative of the
Rossodus manitouensis Zone were reported from
limestones in the upper Collier Shale in the type
area in Montgomery County, Arkansas, and in
McCurtain County, Oklahoma (Repetski and Eth-
ington, 1977).

During recent mapping and biostratigraphic
investigations in northern Garland and western
Saline Counties, Arkansas, several previously un-
recognized areas of Collier Shale were discovered
near Lena Landing on Lake Ouachita (Focht,
1981), near Jessieville (Hart and others, 1986), and
near Buckville on Lake Ouachita and south of
Paron (Stone and Ethington, this paper). These
exposures of Collier are complexly deformed and
occur in two or more thrust plates. The Collier
Shale determinations are strongly supported by
faunal evaluations made by Stitt and Hohensee
(trilobites) and Ethington (conodonts) from
specimens obtained from thin intervals of dark
limestones.

The largest, most studied of the new exposures
is near Jessieville, where ~30 km? of Collier occurs
(Hart and others, 1987). Several thin limestone
beds near the top of the Collier yield conodonts of
the Rossodus manitouensis Zone like those from
the type area. Near the base of the exposed Collier,
trilobites characteristic of the Elvinia and Taeni-
cephalus Zones (Franconian Stage) of the Upper
Cambrian were recovered from clasts and dis-
continuous beds of dark, pyritic limestone at 13
localities (Hohensee and Stitt, 1989). Abundant
species include Aphelotoxon lumaleasa, Cliffia
lataegenae, Comanchia amplooculata, Dellea

suada, Housia vacuna, Irvingella major, Kind-
bladia wichitaensis, Kymagnostus harti, Neoagnos-
tus? dilatus, Pulchricapitus fetosus, and Para-
bolinoides spp. Many of the same species of Upper
Cambrian trilobites have also been recovered
from limestone clasts in the Collier near Lena
Landing. Most of these trilobite species are abun-
dant in Upper Cambrian shallow-water lime-
stones in Missouri, Oklahoma, and Texas.

Most of the trilobites are very small (1-2 mm in
length), disarticulated, unsorted, and unabraded.
Many specimens representing early growth stages
are present alongside adult forms. The fossils ap-
pear to have accumulated near where they were
shed as molts, and the fauna has the high species
diversity and style of preservation characteristic of
shelf trilobites. Some features of the fauna suggest
deposition in a deep-water, outer-shelf setting,
rather than in a shallow-water location. The fossils
are found in lenses and thin beds of black to dark-
gray, pyritic, peloidal to micritic limestone, rather
than the light-colored limestone characteristic of
shallow-water Cambrian shelf carbonates. The
many immature forms present attest to the lack of
sorting in this environment, and suggest deposi-
tion in quiet, perhaps deep water. Agnostid trilo-
bites are very abundant, and Robison (1976)
pointed out that agnostid trilobites were most
abundant in outer-shelf areas that faced open
oceans. The absence of olenid trilobites argues
against a slope environment. We believe that these
Upper Cambrian trilobites lived in a deep-water,
outer-shelf setting.

However, this was not the final resting place for
these fossils. The lower Paleozoic strata of the
Ouachitas are believed by most geologists to have
been deposited in deep water on the continental
slope or in a deep ocean basin. Most of the Collier
consists of gray to black, diagenetically and
sometimes metamorphically altered shale that is
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inferred to have a hemipelagic origin. Several dis-
tinctive types of gravity-flow deposits can be dis-
tinguished in the trilobite-bearing beds in the
Collier, including channel-form debris-flow de-
posits, sheet-form debris-flow deposits, carbonate
turbidity-flow deposits, and grainstone gravity-
flow deposits. The first three types of deposits
contain clasts that were lithified before they were
eroded and transported, but the grainstone grav-
ity-flow deposits represent redeposition of previ-
ously unconsolidated materials.

We believe that the limestone clasts containing
Late Cambrian trilobites from the Elvinia and
Taenicephalus Zones were eroded from their
original depositional site on the outer shelf and
redeposited in deeper water on the adjacent con-
tinental slope or basinal plain as channel and
sheet-form deposits and in carbonate turbidites.
These clast beds are interbedded with trilobite-
bearing, bioclastic limestones that are interpreted
as gravity-flow deposits of previously unconsoli-
dated materials. All of these beds were emplaced
at approximately the same timk, and thus the
deposition of the Collier began in the Late Cam-
brian and, based on the conodont evidence, con-
tinued into the Early Ordovician.

Additional Early Ordovician conodonts from
the Rossodus manitouensis Zone have been re-
covered from previously unrecognized exposures
of the Collier near Buckville and south of Paron. A
few conodonts from the Upper Gambrian (Fran-
conian) Proconodontus tenuiserratus Zone occur
with Elvinia Zone trilobites at one of the Jessieville
trilobite localities.

The eastern Benton uplift is a large structural
culmination with folds and thrust nappes com-
prising mostly pre-middle Mississippian strata.
A complex structural history is indicated by the
rocks exposed in this part of the uplift, with several
phases of deformation overprinting one another.
The two dominant phases are (1) major N-
directed thrust faults and nappes; and (2) later,
S-verging chevron folds and some thrust faults.
This later phase caused refolding of the earlier
structures, and generated low-rank metamor-
phism and quartz veins.

At the Jessieville and Lena Landing localities,
the Collier Shale occurs mostly along the crest of a
broadly arched, doubly plunging, thrust-faulted
anticlinorium that trends NE and verges SE (Hart
and others, 1987). It appears that these Collier
outcrops were originally part of a large, N-directed
thrust, and that the anticlinorium is mostly a later,
superposed feature. At the Paron locality, the Col-
lier Shale represents a small part of the overriding
strata of the Alum Fork thrust-fault system. The
Alum Fork thrust is one of a series of very large, N-
directed thrust faults that have telescoped deeper
basinal sequences many miles compared to the
strata that occur immediately to the west. The
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Collier Shale at the Paron locality represents
more-distal basinal deposits than those exposed at
Jessieville, Lena Landing, or Buckville.

Several important interpretations are based on
the present studies: (1) the Collier Shale accumu-
lated in a deep-water marine environment, and
contains some limestones deposited as sediment
gravity flows from the nearby outer shelf; (2) the
diverse fauna of Elvinia Zone trilobites recovered
from the Collier can be correlated with the middle
and upper parts of the Elvinia Zone in Oklahoma,
Texas, Missouri, and elsewhere in North America;
(3) the occurrence in the Collier Shale of Late
Cambrian trilobites of North American affinities
establishes that the Benton uplift of the eastern
Ouachita Mountains of Arkansas is not an exotic
terrane; (4) paleontologic evidence indicates that
deposition of the Collier was slow, and that it be-
gan in the Late Cambrian and continued into
the Early Ordovician; (5) mostly via northward
thrusting and intense compression, a series of
complexly deformed allochthonous plates, some
containing Collier Shale, were thrust northward
out of the basin flanking the North American
continent and stacked one on another in the
eastern Benton uplift; (6) the shelf edge that ex-
isted during deposition of the Collier Shale now
outcropping near Jessieville was probably origi-
nally located some tens of miles south along the
southern flank of the Benton uplift; (7) additional
exposures of Collier Shale await discovery in the
eastern Benton uplift.
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