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PREFACE

This guidebook presents new data, new in-
terpretations, and regrouped and reorganized older
data on the igneous province of the Wichita Moun-
tains. As such it adds to the existing literature, but,
in particular, does not supplant the in-print earlier
guidebooks of the Oklahoma Geological Survey. One
of our aims has been to make available new stops
illustrating the wealth of interesting and in-
formative outcrops. These new stops are con-
centrated in the western part of the province. See
OGS Guidebook 21 for other stops, especially in the
east.

The Wichita Mountains are a unique geologic win-
dow allowing us to look through the Permian into the
lower Paleozoic sedimentary sections and into the
basement. This basement is anomalous for the south-
ern Midcontinent because it is the floor of a Cam-
brian rift zone called the southern Oklahoma au-
lacogen. The basement igneous rocks not only are
themselves a window to deeper crustal processes but
also record some of the extensional structural aspects
of the rifting event. The Paleozoic sedimentary sec-

iii

tion and the Pennsylvanian and Permian transpres-
sional structural events are addressed in one of our
stops, and in a companion guidebook (OGS Guide-
book 24) edited by R. N. Donovan.

We are grateful to the landowners of the Wichita
Mountains area for their willingness to allow us ac-
cess. This access provides the basis for our work. It
also has given many students and professional
geologists a beautiful laboratory in which to study.
We cannot be too appreciative for these opportuni-
ties.

As always, the staff of the Oklahoma Geological
Survey has been most cooperative and patient in
helping to bring this work together in guidebook
form. Larry N. Stout, geologist/editor of the Survey,
is to be especially commended. Finally, I acknowl-
edge the support of the Department of Geology and
College of Geosciences, Texas A&M University, for
my efforts in this work.

M. CHARLES GILBERT
June 1986
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AN INTERPRETATION OF THE CRUSTAL STRUCTURE
OF THE SOUTHERN OKLAHOMA AULACOGEN
SATISFYING GRAVITY DATA

J. D. Coffman, M. C. Gilbert, and D. A. McConnell

Abstract.—A gravity profile across the southern Oklahoma aulacogen was taken from
the Gravity Anomaly Map of the United States and was analyzed to determine its source.
A geologic cross section was constructed, and densities were estimated according to
available data. The geometry of stratigraphic and structural units and the rock densities
were systematically varied to find a close approximation to the observed data. A result-
ing satisfactory model incorporates a double-rooted layered mafic complex at the surface
(Glen Mountains Layered Complex), a larger body of similar character below 15 km, a
small buried precursor graben, and thinning of the Proterozoic basin to the north.

INTRODUCTION

At least three rifts, or aulacogens, developed with-
in the southern part of the North American craton
during the late Precambrian to Early Cambrian (Fig.
1): (1) southern Oklahoma aulacogen (Ham and oth-
ers, 1964), (2) Devils River aulacogen (Ewing, 1985),
(3) Reelfoot rift (Howe and Thompson, 1984). These
aulacogens have some features besides age in com-
mon, but more is known about the rocks of the south-
ern Oklahoma aulacogen because of their exposure at
the surface. Placement of these rifts may be a result
of inherited structural and lithological inhomo-
geneities (Denison and others, 1984). The purpose of
this paper is to build a model of the subsurface geolo-
gy and structure of the southern Oklahoma au-
lacogen which is consistent with observed gravily
data (Coffman and others, 1986). After a brief discus-
sion of the geologic setting, a geologic model is pre-
sented. The observed and calculated gravity data are
compared as one test of the validity of the model.

Figure 2 illustrates the change in basement char-
acter from a granite-rhyolite terrane in the north
~1.35-1.4 b.y. old to a younger, lithologically more
varied terrane in the south 1.0-1.2 b.y. old, often
called the Texas or Llano craton. The southern Okla-
homa aulacogen is distinctly younger than either of
these provinces, since its igneous base is 0.57-0.52
b.y. old.

The southern Oklahoma aulacogen was initiated
by Cambrian extension, with simultaneous emplace-
ment and extrusion of igneous rocks (McConnell and
Gilbert, in press, this volume). Subsequently, a wide
early Paleozoic basin developed over the initial rift.
During the late Paleozoic, a system of fault-bounded
basins and uplifts developed in connection with the

Ouachita orogeny. These structures formed with a
predominantly NW-SE alignment. The deformed re-
gion extends from the Ouachita orogen in southeast-
ern Oklahoma and northern Texas across the fore-
land platform of southern Oklahoma and the Texas
Panhandle. The prominent structural divisions in-
clude the Amarillo-Wichita uplift and the Hollis—
Hardeman and Anadarko basins on the west, and the
Arbuckle uplift, Criner arch, and Ardmore and
Marietta basins on the east.

The Wichita uplift is a faulted horst structure bor-
dered on the south by the shallow Hollis—-Hardeman
basin, which is in turn underlain by a deep Proterozo-
icbasin (Brewer and others, 1981; Brewer, 1982). The
uplift is bounded on the north by a 10- to 20-km-wide
zone of high- to low-angle reverse and thrust faults
known as the Wichita frontal fault zone. These faults
separate the uplift from the Anadarko basin, the
deepest Paleozoic basin on the North American plat-
form (Gilbert, 1983).

The basins and uplifts as presently distributed
were formed primarily during the Paleozoic and are
aligned parallel to the late Proterozoic—Cambrian
rift system. The southern Oklahoma aulacogen has
been described as a failed triple junction at the mar-
gin of the opening proto-Atlantic (Burke and Dewey,
1973). The Wichita uplift, which was elevated during
the Late Pennsylvanian, was probably the structur-
ally deepest portion of the earlier Paleozoic basin, as
indicated by available isopach maps (e.g., see Silu-
rian—Devonian data in Amsden, 1975).

GEOLOGIC SETTING

Figure 3 is a geoologic map of southwestern Okla-
homa, showing the line along which the gravity mod-


















Aulacogen Crustal Structure 7
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Figure 5. An upper crustal column of the Wichita Mountains block as it
would have appeared in Late Mississippian time, before Pennsylva-
nian uplift. From Gilbert (1984a).

Gravity Modeling

The line of section was chosen to cross the Bouguer
anomaly where it is widest and unusually double-
humped, and where the gradients are typically steep.
This line is subparallel to but 30-50 km east of the
recently generated UTEP-UTD deep seismic line
(Keller and McMechan, 1985), and crosses the au-
lacogen in the vicinity of the COCORP lines (Brewer,
1982; Brewer and others, 1981,1983). Our line is also
subparallel to but west of the SW-NE seismic-
refraction section of Mitchell and Landisman (1970)
between Manitou and Chelsea, Oklahoma. The line
of section was also chosen because of certain geologic
constraints: (1) it is near the widest extent of exposed
basement; (2) it is where the basement surface is
presently nearest the surface; (3) it is where max-
imum Pennsylvanian uplift occurred; and (4) it is
across the widest and best known part of the frontal
fault zone (Meers and Mountain View faults). This
allows maximum utilization of petrologic and
structural controls.

A geologic profile was constructed from a point on
the southwest, at the intersection of the Jackson—
Tillman (Oklahoma) county line with the Texas bor-
der (Red River), 150 km toward the northeast along a

line passing through lat. 36° N, long. 98° W. The
Bouguer gravity signature was calculated for the
geologic model using the method of Talwani and oth-
ers (1959) on a VAX11/780 computer. One assump-
tion of this method is that the gravitational attrac-
tion is due to a two-dimensional body. This tends to
minimize the real three-dimensional mass con-
centrations causing the anomalies. It is important to
remember that gravity modeling is nonunique. Be-
cause our profile crosses the highs of the anomaly, it
is assumed that off-section attractions are mini-
mized, perhaps offsetting the three-dimensional
effect noted above. The model was extended 4,000 km
past either end of the profile, which should reduce
edge effects in the gravity calculations. A reference
density of 2.67 g/cm® was used in the calculations.
After the initial model was constructed, various mod-
ifications were made to obtain better agreement be-
tween the calculated and observed data.

The observed and calculated Bouguer anomalies
are shown in Figure 7. The calculated Bouguer grav-
ity anomaly closely approximates the observed grav-
ity data. The maximum difference between the two
curves occurs on the flanks, where gradients are
highest.

Stratigraphic and Structural Units

The geologic section shown in Figure 7 was con-
structed to allow for a number of possible density
models not yet fully tested. Figure 8 shows the prin-
cipal stratigraphic and structural units employed in
this analysis and characteristics of some of these are
noted. The oldest to be identified is the 1.35 to 1.40-
b.y.-old granite-rhyolite terrane, which is taken to
constitute the basement surface of the southwestern
Midcontinent (Thomas and others, 1984). It is shown
thinning to the south under the Anadarko basin.
Little direct control exists for this interpretation, but
south of the Wichita axis, the basement appears to be
part of the Texas or Llano craton of Grenville age
(Denison and others, 1984). Underlying the Paleozoic
Hollis-Hardeman basin is the large Proterozoic
basin discovered by Brewer and others (1981), note-
worthy because it contains striking horizontal seis-
mic reflectors whose interpretation remains prob-
lematic. This basin is shown thinning to the north
and ending before the present deep Anadarko basin is
reached. Centered within the uplifted block is an
early small rift graben of Early Cambrian age, for
which there is no direct evidence, but which is con-
sistent with the rift setting.

The first real evidence of extension is taken to be
the large masses of basaltic bulk composition: the two
layered mafic complexes of Early to Middle Cam-
brian age. The upper one is exposed and is the Glen
Mountains Layered Complex (Powell and others,
1980), whose age appears to be ~570 m.y. (Lambert
and Unruh, 1984, this volume). Smaller discrete
gabbroic plutons, collectively termed the Roosevelt
Gabbros, intrude the Glen Mountains Layered Com-
plex and are ~550 m.y. old (Bowring and Hoppe,
1982); however, these are not shown separately.
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The crust may be considered as a two-part system
comprising an upper, brittle plate and a lower, duc-
tile plate separated by a transitional zone. The loca-
tion of the brittle-ductile transition is strongly in-
fluenced by the regional geothermal gradient, be-
cause the onset of ductile processes in crustal rocks is
temperature-dependent (Tullis and Yund, 1977). As
discussed by Rutter (1986), the brittle—ductile transi-
tion cannot be considered a simple isothermal sur-
face. However, as a first-order approximation, little
rigor is lost in our calculations of extension if the
crust is divided into two mechanically distinct, upper
and lower plates, and if the transition zone is consid-
ered a surface of negligible thickness. We can do this
if additional material is emplaced wholly within
either the upper or lower crustal plates. Arguments
will be advanced below to support this contention.

TECTONISM AND MAGMATISM WITHIN
THE SOUTHERN OKLAHOMA AULACOGEN

The rocks of the bimodal Cambrian igneous suite
(Table 1) have been mapped on the surface and in the
subsurface of the Wichita uplift (Ham and others,
1964). The igneous rocks are characterized by older
mafic and younger felsic units which were added to
Proterozoic basement rocks of a Precambrian basin
margin (Fig. 1A; Brewer and others, 1981). An im-
portant undated unit within the Wichita uplift is the
Navajoe Mountain Basalt-Spilite Group (NMBS).
These rocks are known from a few wells along the
northern and southern margins of the uplift (Fig. 2A)
and were interpreted by Ham and others (1964) to
represent submarine basalt flows. Maximum flow
thicknesses are similar (300 m) on either margin.
The NMBS is tentatively considered the same age as,
and the extrusive equivalent of, the Glen Mountains
Layered Complex (GMLC, Table 1).

The rise of the basaltic liquid which formed the
intrusive GMLC and extrusive NMBS was taken by
Gilbert (1983) to represent the initial rifting stage of
aulacogen formation (Fig. 1B). The GMLC is known
from surface exposures to have an extent of at least
1,000 km? (Gilbert, 1983). Subsurface data from Ham
and others (1964) and regional gravity data (Lyons,
1964) indicate that the GMLC must be laterally ex-
tensive (Fig. 2A) and have substantial thickness (3—-5
km). Regionally, the data do not preclude the
possibility that the GMLC may be a composite of
adjoining complexes.

Internally, the GMLC shows compositional and
mineralogical layering on a variety of scales (Powell
and others, 1980), from locally pronounced plagio-
clase laminations to regional-scale layers character-
ized by ophitic clinopyroxenes. These have been used
to define mappable zones (see, for example, Stockton
and Giddens, 1982), which we have chosen to in-
terpret as originally subhorizontal, subplanar refer-
ence horizons. Thus, angular discordance between
the layering of the GMLC and later units is taken as
evidence of ongoing tectonism. Throughout the
Wichita Mountains, dips of layering within the

GMLC average 15-20° N and NE. Within an ex-
tensional tectonic regime, this suggests that block
rotation occurred due to displacement of fault blocks
along S-dipping normal faults (Fig. 1C).

The GMLC was intruded by a series of smaller
gabbroic plutons collectively termed the Roosevelt
Gabbros (RG, Table 1). The U-Pb age of zircons from
the largest member of this group (Mt. Sheridan Gab-
bro) is 552 m.y. (Bowring and Hoppe, 1982). Primary
cumulate-plagioclase layering within the Mt. Sher-
idan Gabbro and Sandy Creek Gabbro shows dip dis-
cordance with that of the surrounding GMLC (Powell
and others, 1982; McConnell and Gilbert, in press).
We therefore suggest that normal faulting rotated
layering within the GMLC before and after intrusion
of the RG (Fig. 1D-F).

Erosion removed at least 1 km of cover rocks over-
lying the gabbroic units and may also have removed
the top portion of the GMLC (Powell and Phelps,
1977; Fig. 1D). This erosion surface defines another
regional subhorizontal datum. The Carlton Rhyolite
Group (CR, Table 1) was emplaced on this surface
(Ham and others, 1964; Powell and others, 1980) and
cogenetic granite sills (Wichita Granite Group, WG;
Table 1) formed intrusive sheets along the un-
conformity between the rhyolite and gabbro (Fig.
1G). These laterally extensive sills serve as an addi-
tional subplanar, subhorizontal datum and account
for most of the outcrop within the Wichita Mountains
(Fig. 2B). At least three field localities in the Wichita
Mountains (McConnell and Gilbert, in press) show
dip discordances between layering within the GMLC
and within the overlying granite sheets.

Rhyolites are up to 1.5 km thick along the northern
margin of the Wichita uplift (Ham and others, 1964),
but are rare and absent beneath much of the area to
the south (Denison and others, 1984). This suggests
preferential extrusion along the northern margin of
the aulacogen. Eruption of the rhyolites may have
been fault-controlled, because no caldera structures
are known from field studies or from gravity data. In
addition, Dension (1982) showed a characteristic N.
60° W. trend (parallel to that of the aulacogen) for
rhyolite dikes in the Arbuckle Mountains to the
southeast. If rhyolite eruption was fault-controlled,
then the locus for extension at that time was along
the northern margin of the aulacogen (Fig. 1F).

The petrology of the felsic igneous units may be
used to suggest the pressure~temperature conditions
for the origin of these liquids. They crystallized from
a relatively dry, high-temperature (900-1,000°C)
magma which rose near its liquidus (Gilbert, 1982).
Bulk-rock compositions are close to the ideal system
NaAlSiz0g-KAISi;05-Si0, and can be plotted as iso-
pleths within this system with little loss of rigor.
These isopleths represent partial-melt compositions
of continental crust. Melting of this mass would re-
sult in generation of liquid on the boundary curve of
the system Ab—Or—Q, and the composition of this dry
liquid would be a direct function of the pressure
(depth) of the site. The bulk granite compositions for
the three chemical classes recognized in the Wichita









Wichita Mountains, Oklahoma—COCORP Line #3
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Cambrian Aulacogen Extension 15

Mountains all plot on or near the 4-kb curve given by
Steiner and others (1975). This is interpreted to sig-
nify origin as a partial melt at depths of 12-15 km.

The presence of a partial-melting zone at mid-crust
depths requires an underlying heat source. This
could be represented by a mantle-derived mafic body
emplaced within the crust during extension. If the
heat source necessary for the partial-melting event
were in such a body, the mass of basaltic liquid would
have to at least equal that of the rhyolite/granite—
and more reasonably 5 to 10 times as much (for dis-
cussion, see Presnall and Bateman, 1973). Estimates
of the mass of the rhyolite/granite serve to suggest
the additional amount of basaltic liquid which must
have been present within the lower crust (Gilbert,
1984c). The mafic complex is placed below the zone of
partial melting. Support for this crustal structure
can be found from COCORP seismic lines across the
Wichita Mountains, and from gravity modeling
(Coffman and others, this volume). Figure 3 is a trac-
ing of COCORP line 3 (Brewer and others, 1981);
Gilbert (1984b) has interpreted this section to show a
disrupted zone at depths corresponding to seismic
travel times of 3-4 sec where Cambrian partial melt-
ing occurred, with the mafic-complex heat source be-
low 4 sec. These travel times yield depths (Brewer,
1982) which are in good agreement with depth es-
timates generated from the granite bulk chemistry.
These depth estimates can be applied directly be-
cause the Cambrian land surface is now at or near the
present land surface.

Southern Oklahoma Aulacogen

WEST @

e 2

Mafic ‘Heater’ Complex

Figure 3. Interpretation of COCORP seismic-reflection line 3 within
the Wichita Mountains (after McConnell and Gilbent, in press). Two-
way travel times given in seconds. Intersection with S—-N COCORP
line 2 shown by arrow.

Transecting all the principal igneous units are a
series of basaltic plugs and dikes (Fig. 1G; Table 1).
These have been termed “late diabase” to indicate
that at least some of them represent the last igneous
activity in the province (Ham and others, 1964;
Powell and others, 1980). None of these intrusions
have well-constrained dates, but none are known to
cut the unconformity with the lowermost Paleozoic
sedimentary rocks (Reagan Sandstone). Gilbert and
Hughes (1985a,b; this volume) have identified two
diabase suites, one of which has a distinct Eu anoma-
ly indicating plagioclase enrichment. This suite is
interpreted to have tapped plagioclase-cumulate
zones within the mid-crust layered mafic body de-
scribed above.

EXTENSION CALCULATIONS

We have used the petrology, geometry, distribu-
tion, and relative ages of the Cambrian igneous units
within the southern Oklahoma aulacogen to con-
strain the interpretation of the tectonic evolution.
Figure 1 represents our estimate of how this evolu-
tion proceeded within the upper crust. In this section
we use this tectonic model in an effort to estimate the
amount of Cambrian extension.

Cordell (1982) analyzed the Rio Grande rift and
made use of a combination of regional geology and
gravity data to determine the crustal structure. He
assumed that the mass of material added to the crust
was equivalent to the amount removed by erosion,
uplift, and extension. Cordell’s equation 1 equated
the volume of material (V,) entering a control area,
made up of a prism of crust, with the flux of material
out due to uplift (Vy), erosion (V,), and extension
(V,o), and with the addition of graben-fill sediments
(Vy), so that

Ve=Vy+ Vo + V. - V.. o))

By assuming no net change of mass within the
lithospheric block containing the crustal control
area, and that the system is in isostatic equilibrium,
Cordell showed that the mass contrasts of material
added to the crust or mantle lithosphere (V) plus the
mass of uplifted material and graben fill must total
zero. Therefore,

ApVi + Ap Ve + pucVn + ApV, = 0. 2)

By combining equations 1 and 2, Cordell was able
to eliminate the unknown term Vi, and was left with a
final calculation for the volume of material which
leaves the system by extension as

Vee = Upye [ApiVy + Ap V. + Angg]
+ V. +V, -V, 3)

Assuming realistic densities for the various mate-
rials and estimating volumes using gravity: Cordell
calculated the amount of extension across the rift
simply by dividing V. by the crustal thickness (z,).

For a Cambrian rift we cannot apply this method
directly: gravity data cannot be used to establish V;,
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TABLE 1.—CLASSIFICATION OF BASEMENT ROCKS OF THE
WICHITA MOUNTAINS PROVINCE, OKLAHOMA

Radiometric
age
(m.y.) Group Constituent units General lithology
? diabase Fine-grained diabase cutting units
older than the Reagan Sandstone
Dark-gray microdiorite blocks in matrix
. of pink leucogranite; locally
514 = 10(9) Colds TInES medium-gray quartz monzodiorite
Breccia blocks in light-gray granodiorite matrix
East West
L Quanah Lugert
Wichita Cache Cooperton Group typified by medium- to
525 = 25 Granite Medicine Park Long Mountain ﬁne-gr.ained alkali-'feldspar granites;
Group Saddle Mountain Reformatory sporadic granophyric texture
Mt. Scott Headquarters
Mt. Scott
Zarlion Smions Rhyolitic 1 bedded with mi
525 = 25 Rhyolit Bally Mountain yolitic lavas interbedded with minor
G 00 e Blue Creek Canyon tuffs and agglomerates
~oup Fort Sill
Metaquartzite and metagraywacke with
. andalusite, sillimanite, cordierite, and
? Meers Quartzite spinel from contact with granites
Otter Creek Fine-grained diorite and quartz diorite
? Microdiorite
Navajoe Mountain
? Basalt—Spilite Extrusive basalts, variably altered
Group

Mt. Baker Medium- to fine-grained

(hornblende) hornblende—biotite, 2-pyroxene,

Gabbro no-olivine, gabbro

Glen Creek Medium-grained biotite—

Gabbro amphibole-bearing olivine gabbro

552 = 7 Roosevelt
Gabbros Sandy Creek Medium-grained biotite—
Gabbro amphibole-bearing gabbro + olivine
Ragged Mt. Sheridan Medium-grained biotite
—gg—x_ Gabbro gabbro, locally fractionated to
Mountain ferrogranodiorite
Gabbro @@= 00— —mmmmmmm e mm m o e m —— — — == — e — =
Group N zone Anorthositic gabbro with cumulus
plagioclase, augite, orthopyroxene, +
olivine

M zone Anorthosite, anorthositic gabbro, and
troctolite with cumulus plagioclase,
augite, olivine, * orthopyroxene

577 = 165 Glen Mountains L zone Anorthositic gabbro with minor
Layered Complex troctolite, coarsely ophitic augite,
cumulus plagioclase and olivine

K zone Alternating bands of anorthosite and
troctolite; cumulus plagioclase and
olivine

———————— ? stratigraphic position unknown ?

G zone Troctolite and olivine gabbro, enriched
in magnetite; medium-grained; cumulus
plagioclase, olivine

Tillman
? Metasedimentary
Group

Older basement

Note: Underlined units have representative sections exposed in the Wichita Mountains.
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because the lithosphere/asthenosphere boundary has
been adjusted to some form of present equilibrium.
However, we can use petrologic and gravity data to
place constraints on V, Vy, and V. and therefore
obtain an estimate of V. directly from equation 1. By
then entering these values into a modified form of
equation 2 we can also gain some insight into the
response of the mantle lithosphere.

We define a control area represented by a rec-
tangular prism of lithosphere with dimensions 1 x
140 x 250 km (Fig. 4). The crust is modeled as 40 km
in thickness, and the mantle lithosphere as 100 km.
The thickness of the crust is taken approximately
from the depth to a Moho reflector determined by
COCORP (Brewer and others, 1981). We have used
an initial width of 50 km for the unrifted crust which
extended to form the aulacogen. Because the NMBS
is poorly known, we have chosen not to account for it
in our calculations. The depth of emplacement for the
GMLC is estimated at 1-2 km by Powell and Phelps
(1977); approximating the cross-sectional di-
mensions of this body as4 x 50 km y1e1ds a volume of
200 km? (V) per unit length which is added to the
upper crust. Associated with the emplacement of the
GMLC is the erosion and removal of at least 1 km of
the overlying cover rocks (50 km?, V). Therefore, the
net minimum volume of mater1al added to the upper
crust is 150 km?. This requires removal of 150 km?
from the upper crust via extension to maintain a net
mass balance. Therefore, extension of the upper crust
was

euc (Vuc Vs)/tuc’
Veue =150/15 = 10 km,

assuming that uplifted material associated with the
intrusion is all removed by erosion. This assumption
appears valid, because the cover rocks were removed
at least to a level below the roof of the intrusion. The
volume of gabbroic material represented by RG is
included as part of the GMLC for the purposes of the
above calculation.

The evolutionary scenario we propose requires
that the next stage in the aulacogen’s davalanmant ic

PIST SALAAL BLOET 212 VAL SRIAALVUBTIL S UCVCIUPLIICHIv IS

represented by normal faulting assoc1ated with tilt-
ing and block rotation of the GMLC layering. Some
faults have been observed in the field, but exposure is
not sufficient to determine the overall fault geome-
tries relative to layering; therefore, direct es-
timations of extension due to faulting cannot be
made. Wernicke and Burchfiel (1982) have in-
vestigated the amount of extension resulting from
displacement along normal faults with listric or
tilted-block style. Making the reasonable assump-
tion that the faults dipped 60-90° S, the percentage of
extension for layering dips of 15-20° falls between 3%
and 15% with either listric or tilted-block geometry
or as much as 90% with tilted-block geometry (Wer-
nicke and Burchfiel, 1982, fig. 10). The latter value
would require much more thinning of the GMLC
than petrologic evidence suggests has occurred.
Choosing the lower range of values, faulting widens
the aulacogen by an additional 2-9 km, a cumulative
extension of 12-19 km for the upper crust.

The extrusion of rhyolite took place in a subaerial
environment, suggesting that at this stage there was
insufficient crustal thinning to initiate widespread
subsidence. Consequently, a sufficient volume of
mafic material must have been emplaced within the
lower crust to compensate for the 12-19 km of exten-
sion. The lower value requires that a body of mafic
rocks with a volume of 300 km?® entered the control
area, whereas 19 km of extension requires that 475
km?3 of material was added to the lower crust. This
mafic body represents the heat source responsible for
partial melting of the crust which generated the fel-
sic rocks. The volume of mafic material must be suf-
ficient to explain the observed gravity anomaly and
must be at least volumetrically equal to the rhyolites
and granites. The latter volume has been calculated
by Gilbert (1982) as 40,000 km?. Assuming an au-
lacogen 400 km long and 50 km wide, this requires a
lower-crust mafic body 50 km across and 2-20 km
thick, generalizing its form as a rectangular prism
and using a felsic:mafic ratio of 1:1 to 1:10. This
represents a mafic body with a volume of 100-1,000
km?® per unit length, which brackets the above
minimum-extension estimates (300-475 km?). In-
dependent gravity modeling presented by Coffman
and others (this volume) has approximately 450 km?
of mafic material emplaced in the lower crust.

The eruption of the Carlton rhyolites and the intru-
sion of the Wichita granites represents the
redistribution of material from a mid-crust partial-
melting zone into fault-bounded basins within the
upper crust. The volume of rhyolitic material pre-
viously has been used to estimate extension associ-
ated with this later stage in the development of the
aulacogen as 4 km (McConnell and Gilbert, 1985).
This is valid if the rhyolite had a lower-crust source;
however, if it originated by melting upper-crust
rocks, then it would not represent additional exten-
sion, but simply a redistribution of material.

Using the values for material emplaced within the
crust given previously, we can use a modified form of
Cordell’s equation 2 to estimate the amount of mate-

+ A4+h 41a 4l naamlnnan
rial which must have entered the mantle lithosphere

from the asthenosphere to maintain isostatic equilib-
rium. Assuming that V}, was equal to V,,

APch + Aplvl = O
(0.2)600 + (-0.07)V;=
V= 1 715 km?3,

A value for extension of the mantle lithosphere is
then obtained by dividing V| by the thickness of the
mantle lithosphere (#) modified for the removal of
mafic material which was emplaced within the crust:

Villy= Vg,
1,715/97.4 = 17.5 km.

This figure shows good agreement with the value
obtained for extension of the upper crust given above,
and with a value obtained for the lower crust by

Vlc/tlc = Velc’
450/25 = 18 km.
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XtUCE.... | Upper Cr»ust ‘ 15 km
It)c Lower Crust

X j ; 40 km
t,

Y 140km

Figure 4. Schematic illustrating notation used in calculations (after Cordell, 1982). A, initial, pre-extension
lithospheric block. B, post-extension configuration, with compensating emplacement of mafic rocks in crust, and
asthenospheric material in mantle; X represents the amount of extension.

To some extent this is fortuitous, because we in-
itially chose a nominal thickness for the mantle
lithosphere. However, we can vary the initial thick-
ness for the upper and lower crust (Fig. 5A) and for
the mantle lithosphere (Fig. 5B) to examine how the
results of our calculations vary with these parame-
ters. For 3-15% extension along faults in the GMLC,
taking account of an additional 4 km of extension
associated with CR extrusion, extension is 17-21 km
(Fig.5A). Comparable values for extension have been
obtained by Hildenbrand (1985) for the Reelfoot rift,
using a similar technique. Figure 5B shows that for
17-21 km of extension the initial thickness of the
mantle lithosphere could vary between 83 and 101
km.

ASSUMPTIONS, VARIABLES,
INTERPRETATIONS, AND
COMPLICATIONS

We have made some assumptions concerning the
relative ages of the magmatic and tectonic episodes
during evolution of the aulacogen. Radiometric ages
are not available for all of the igneous units, so we
have given all units of the same group the same age.
The most problematic example of this is the RG
group. We have used the published age of the Mt.
Sheridan Gabbro (Bowring and Hoppe, 1982), which
implies a hiatus of ~27 m.y. between the emplace-
ment of these gabbros and the extrusion/intrusion of
the rhyolite/granite. The model is little changed
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whether these are distinct events or part of a mag-
matic continuum. Similarly, we have considered the
NMBS group Cambrian for the tectonic model, but
we neglected it in the extension calculations, because
we know nothing about its absolute distribution or
thickness. If it is considered in the calculations, using
the present distribution of the NMBS adds 1 km to
the extension estimated for the upper crust.

Our assumption requiring the greatest leap of faith
is that the tilting of the GMLC layering is a tectonic
feature and does not represent primary flow layering
associated with emplacement. As mentioned above,
faults have been documented within the GMLC in
the field; however, their age and sense of displace-
ment are unknown. Faults are also known within the
Carlton rhyolites, and some of these faults do not
offset the overlying unconformity with the Reagan
Sandstone (R. N. Donovan, personal communication,
1986). Ham and others (1964) argued that the
Reagan Sandstone is absent above Proterozoic base-
ment in the Arbuckie Mountains because the block
represented basement that was not involved in ex-
tension and that remained topographically high dur-
ing the Cambrian. The presence of Cambrian
rhyolite to the south suggests that the southern mar-
gin of this block was a rift-bounding fault which
accommodated >1 km of displacement. The con-
sistent alignment of rhyolite dikes in the Arbuckle
Mountains (Dension, 1982) may indicate NW-
trending normal faults which acted as conduits for a
deeper partial melt. Further evidence for faulting is
taken from the very pronounced planar, parallel atti-
tudes of the plagioclase laths within the GMLC,
which suggest seismotectonic events—paleoearth-
quakes associated with faulting coeval with intru-
sion.

Above we cite several pieces of circumstantial evi-
dence which point to normal faulting accompanying
the early development of the aulacogen. These faults
had a uniform down-to-the-south displacement,
resulting in a series of tilted blocks with layering
dipping to the north. An alternative explanation for

the attitude of layering could be that it represents a-

primary igneous feature which roughly parallels the
overall form of the intrusion.

The gravity modeling of Coffman and others (this
volume) shows the form of the GMLC intrusion as
tabular, with planar, subhorizontal boundaries.
Studies of mafic intrusions elsewhere have shown
that many are funnel-shaped, and that layering dips
more gently inward than the intrusion walls (for a
review, see Wager and Brown, 1967). Dips are gener-
ally steeper toward the intrusion margins. Within
the GMLC, layering dips average 15-20° and are
higher in places (McConnell and Gilbert, in press, fig.
3). If these dips are subparallel to the margins of the
body, the intrusion itself would have a maximum
outerop width of only 16 km (compare Fig. 2A).
Although layering within the intrusive body may dip
more gently than the walls of the intrusion, it is
difficult to conceive of a body in which layering due to
flow dips more steeply than the intrusion walls over
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Figure 5. Extension required to maintain constant crust thickness for
mafic material emplaced in the crust. A, variation in thickness of the
upper and lower crust with constant total crust thickness; dotted line
represents lower crust; solid line represents upper crust for 3% and
15% extension due to faulting. B, variation in extension with a chang-
ing initial thickness of mantle lithosphere.
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considerable distances. Therefore, we suggest that
the relatively steep dips and the geometry of the
GMLC indicate a tectonic cause for the tilting of the
layering. The discontinuity between the granite
sheets and the GMLC layering cannot be attributed
to Pennsylvanian tectonism, because both would
then be expected to have a gentle (<5°) southerly dip.

The tectonic model presented in Figure 2 shows no
synrift clastic deposition. Howe and Thompson
(1984) showed several kilometers of Lower Cambrian
synrift sedimentary rocks associated with the Reel-
foot rift, and Cordell (1982) in his extension calcula-
tions took into account graben-fill sedimentary rocks
within the Rio Grande rift. As yet, no sedimentary
rocks of Early Cambrian age have been un-
equivocally documented within the southern Okla-
homa aulacogen. The implication is twofold: Either
(1) these rocks are now buried beneath (or were in-
corporated into) the igneous series and may yet be
discovered by drilling (see Coffman and others, this
volume), or (2) the substantial mass of mantle-
derived mafic rocks within the crust compensated for
extension of the crust and resulted in positive relief.
In the aulacogen, the igneous suite in the upper crust
and the mafic body in the lower crust occupy a rela-
tively narrow zone (compare Cordell, 1982), which
probably served to maximize the resulting isostatic
uplift and to minimize subsidence.

CONCLUSIONS

It is impossible to estimate extension within the
southern Oklahoma aulacogen from analysis of fault
geometry or by determining the amount of crustal
thinning because (1) a distinctive sequence of marker
horizons is lacking; (2) the age of the rift is Early
Cambrian; (3) mantle-derived mafic material was
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added to the crust; and (4) Pennsylvanian tectonism
resulted in structural overprinting. We have there-
fore used the method described by Cordell (1982),
using mass-budget calculations to determine the
amount of crustal stretching.

The principal constraints of the tectonic model that
we used for these calculations are that (1) mafic ma-
terial emplaced within both the upper and lower
crust compensated the crustal thinning; (2) uniform-
sense, normal faulting of the GMLC rotated initially
planar, subhorizontal layers to a consistent northerly
dip; (3) a partial-melting zone, formed by the
emplacement of a mafic complex within the lower
crust, generated rhyolite and granite from depths of
12-15 km. This zone may have acted as a local de-
coupling zone for faults in the brittle upper crust.
Estimates of the amount of extension associated with
the Cambrian rift correlate well between the upper
and lower crust and the mantle lithosphere for an
initial lithospheric prism 140 km thick (upper crust
15 km; lower crust 25 km; mantle lithosphere 100
km) and fall within the range 17-21 km. This is
comparable with extension values obtained by Hil-
denbrand (1985) for the Reelfoot (Mississippi embay-
ment) rift, another Cambrian rift trending at a high
angle from the presumed continental margin.
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THE RAGGEDY MOUNTAIN GABBRO GROUP

B. N. Powell

INTRODUCTION

In describing the basic intrusive rocks of the Wichi-
ta Mountains igneous province in 1900, Bain used
the informal name “Raggedy Mountain gabbro,” de-
rived from a range of low hills in T2-5N, R16-18W,
Kiowa County, Oklahoma. The name Raggedy
Mountain Gabbro Group was formally introduced by
Ham and others (1964) to include “all gabbros and
allied rocks of the Wichita Province.” The formal
lithostratigraphic classification of Powell and others
(1980), under the now-superseded Code of Strati-
graphic Nomenclature, retained the group name and
subdivided the group into two formations, each com-
prising several members. All intrusive rocks of
gabbroic affinity are included, except for the Otter
Creek Microdiorite, and for late diabase dikes and
sills, which represent the youngest igneous rocks in
the entire province (intruding the rhyolites and gran-
ites). Collectively the Raggedy Mountain Gabbro
Group is older than the Wichita Granite Group and
Carlton Rhyolite Group. The ages and classification
of the various groups and their constituent units are
summarized in McConnell and Gilbert (this volume;
see inside back cover).

The Raggedy Mountain Gabbro Group comprises
the Glen Mountains Layered Complex (older) and the
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with its respective sub-units, are the subject of this
section of the guidebook. A more detailed treatment
can be found in the complete text of Powell and others
(1980). The present summary includes two additions
to the classification, together with new data acquired
since 1980.

THE GLEN MOUNTAINS
LAYERED COMPLEX

The oldest igneous rocks of the Wichita province
comprise a series of plagioclase-rich gabbroic cumu-
lates with distinctive layering, similar in many ways
to parts of the Bushveld, Skaergaard, and Stillwater
complexes. The anorthosites, anorthositic gabbros,
and troctolites of the Wichita Mountains were col-
lectively named the Glen Mountains Layered Com-
plex (GMLC hereafter) by Powell and others (1980),
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after the designated type area in T4N, R16-17TW,
Kiowa County. The GMLC is nowhere fully exposed,
a result of the low topographic relief in the Glen
Mountains (~180 m maximum) and the fact that the
igneous layering and lamination—presumed to be
essentially horizontal originally—now typically dips
only ~5-15°, generally N or NNE. The result of these
factors is that, even with minor faulting, the max-
imum composite exposed vertical section is only
~240 m in the type area in the Glen Mountains, and
~1,100 m in the area just to the east of the Glen
Mountains in westernmost Comanche and eastern
Kiowa Counties.

A period of uplift and erosion affected the Raggedy
Mountain Gabbro Group before the episode of granit-
ic magmatism embodied in the Wichita Granite
Group and the Carlton Rhyolite Group. As a conse-
quence, the upper part of the GMLC was removed
before Late Cambrian time. Late Paleozoic uplift and
subsequent erosion produced the present patterns of
exposure.

The base of the GMLC is not exposed and has not
been penetrated by drilling. Exploration drilling,
which penetrated as much as 2,400 m of GMLC rocks,
revealed no essential changes in lithology with
depth. Although some repeated section due to fault-
ing is possible, this evidence, together with geophysi-
cal data discussed elsewhere in this guidebook and
petrologic modeling outlined later in this section,
strongly suggest that the exposed GMLC represents
but a small portion of a much thicker intrusion. The
total areal extent of the Raggedy Mountain Gabbro
Group is known from the extensive drilling in south-
western Oklahoma to be ~40 by ~175 km, and is
inferred to be as much as 65 by 240 km (Coffman and
others, this volume, Fig. 4). The GMLC is the largest
body within the group and, although its total di-
mensions are not known with certainty, it clearly
ranks among the world’s most important layered
gabbroic intrusions.

In addition to an outcrop area of ~80 km? in the
type area of the Glen Mountains and vicinity, the
GMLC is visible in three other areas of signiﬁcant
exposure (Fig. 1). The largest of these other areasisa
linear belt ~50 km? in area trending WNW along the
northeast flank of the Wichita Mountains in T3-4N,
R13-14W, in Comanche County. For convenience,
this area is referred to in this paper as the Meers
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(and/or Saddle Mountain) area, although the ex-
posures range several kilometers WNW of Meers as
far as Saddle Mountain. Another area of significant
GMLC outcrops lies in the south-central part of the
Wichita Mountains Wildlife Refuge in T3N, R15W,
Comanche County. It comprises ~15 km?. Finally, a
small 4-km? area of GMLC exposure is situated in the
NW corner of Comanche County, in the northwest
sector of T4N, R15W.

Mineralogy

The primary mineralogy of the exposed Glen
Mountains Layered Complex is comparatively sim-
ple. In all samples, the most abundant phase is calcic
plagioclase in the labradorite-bytownite range, typi-
cally 60-95% of the modal composition. Augite and
olivine are common, constituting 0-40% and 0-25%
of the mode, respectively. Orthopyroxene is wide-
spread, but normally is present in only minor or
accessory amounts. Ilmenite and magnetite are
ubiquitous accessory minerals and locally may con-
stitute as much as 10% of the rock. Accessory apatite
and quartz have been reported, but are very rare.

A characteristic feature of the rocks of the GMLC—
useful in field recognition—is the total lack of pri-
mary magmatic hydrous minerals. This represents
an important difference from the Roosevelt Gabbros
(described below). In a number of occurrences, evi-
dence for hydrothermal alteration of the GMLC is
present in the form of secondary prehnite, epidote,
sericite, uralitic amphibole, serpentine, chlorite,
green biotite, calcite, and sulfides. Typically, this
alteration is in the vicinity of contacts with younger
intrusive bodies.

The GMLC rocks are typically medium- to coarse-
grained, with plagioclase commonly 1-10 mm, and
pyroxenes and olivine < 1 ¢cm. Ophitic pyroxene crys-
tals as large as 50 cm have been described (Karns,
1961), although usually they are only one-tenth this
size. An “anorthosite pegmatite” with plagioclase
crystals as much as 15 cm in length has been de-
scribed by Estes and others (1978). This occurrence—
in the area west of Meers—is unique in the Wichitas.

Magmatic Layering

Igneous layering of several types can be seen in the
GMLC. Rhythmic layering as defined by Wager and
Deer (1939) is visible in some outcrops in which
gabbroic or troctolitic bands alternate with an-
orthositic layers on a scale of several centimeters
(Figs. 2-5). In such instances the individual bands
are isomodal layers as defined by Jackson (1967).
That is, the layers are characterized by relatively
uniform modal abundances of the cumulus phases
and are set apart by abrupt changes in the plagio-
clase/pyroxene or plagioclase/olivine ratio (called
“ratio contacts” by Jackson). In some exposures, the
boundaries between layers are marked by sudden
changes in the grain size of one or more of the cumu-

lus phases (Fig. 6). This is an example of Jackson’s
“form contact.”

In addition to these relatively fine-scale features,
the rocks of the GMLC also exhibit gradual changes
in the modal mineralogy over vertical distances mea-
sured In meters. As a result, the conventional rock
names anorthosite, gabbro, or troctolite—with or
without modifiers (e.g., “gabbroic anorthosite”)—can
be applied to different levels within a single mapped
unit. This is an example of what Jackson (1967)
styled “mineral-graded layering.”

One of the most striking features visible in many
outcrops of the GMLC is a superbly developed
igneous lamination, the result of a very strong pre-
ferred orientation of plagioclase crystals. The feld-
spars in these cases typically lie on their broad (010)
faces without any lineation (Rotan, 1960). So pro-
nounced is this lamination in some outcrops that
Taylor (1915) regarded the rocks as schists (Fig. 7)!
Curiously, if one observes a specimen at right angles
tothe lamination, no preferred orientation is discern-
ible.

Cumulates and Cumulus Phases

It is generally accepted that the rocks of the Glen
Mountains Layered Complex formed by accumula-
tion of primary magmatic phases which settled in a
magma chamber under the influence of gravity, with
or without the modifying influences of magma cur-
rents. The cumulate terminology of Wager and oth-
ers (1960), Wager (1963), and Jackson (1967) are
useful in the description of these rocks whether one
subscribes to the specific genetic mechanisms so im-
plied or not. In the exposed GMLC, cumulus phases
include plagioclase, olivine and augite, the latter two
also appearing in places as intercumulus minerals.
Hypersthene is postcumulus throughout most of the
exposed complex; it is seen rarely as a cumulus phase
in the upper parts. Strictly intercumulus (postcumu-
lus) phases are magnetite, ilmenite, and rarely
quartz and apatite, the iatter two in the upper parts
of the exposed complex.

Postcumulus overgrowths on the cumulus phases
are commonly extensive, giving rise to what Wager
(1963) called adcumulates (see Appendix 1 for def-
initions). Where this process was accompanied by
postecumulus nucleation and growth of one or more
phases (usually augite and/or magnetite), the results
are called heteradcumulates. Mesocumulates and
orthocumulates—in which comparatively large
amounts of intercumulus liquid crystallized in situ to
produce a mineralogically complex, lower-tempera-
ture mesostasis—are very rare in the GMLC.

The rocks of the Glen Mountains Layered Com-
plex, then, to use the cumulate terminology, are pla-
gioclase adcumulates, plagioclase—olivine adcumu-
lates, plagioclase—augite adcumulates, plagioclase—
augite—olivine adcumulates, and plagioclase heter-
adcumulates (the latter with intercumulus augite,
hypersthene and/or magnetite—ilmenite). Meso-
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Complex, here defined by alternating anorthosite (plagioclase adcumulate)
and anorthositic gabbro (plagioclase—clinopyroxene adcumulate) lithologies.
Note scattered fine-ophitic augite crystals in the lower anorthosite layer. Note
U.S. cent for scale. Outcrop in sec. 14, T4N, R17W.
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Figure 4. Fine-scale isomodal rhythmic layering in the K zone of the Glen Mountains Layered Complex, NW'4 sec. 22,
T4N, R17W. Alternating layers are anorthositic and troctolitic.
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he M zone of the Glen Mountains Layered Complex. Note that

pyroxene—olivine-rich layers weather more deeply than anorthositic layers, creating grooves in the
-outcrop surface. Note ballpoint pen for scale. Outcrop in the SEV4NEVaNWv4 sec. 22, T4N, R17W.
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Figure 6. Layering in the M zone of the Glen Mountains Layered
Complex, here defined by an abrupt change in the average grain size
in a gabbroic-anorthosite lithology. This is an example of a “form
contact” as defined by Jackson (1967). Hammer handle is ~0.5 m
long. Outcrop in sec. 14, T4N, R17W.

Figure 7. Photomicrograph of strongly laminated plagioclase in
troctolitic anorthosite from the Glen Mountains Layered Complex.
Sample is from the Rowe Ranch, southwest of Meers, SW4NEV sec.
32, T4AN, R13W. Narrow dimension of field of view is 16.5 mm;
cross-polarized transmitted light. (sample WM-258)
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Although both clinopyroxene and orthopyroxene
do occur as discrete grains, augite commonly exhib-
its, variations of ophitic texture. Students working in
the Glen Mountains in the early 1960s distinguished
two types of ophitic texture (Gilbert, 1960; Hiss,
1960; Karns, 1961; Spencer, 1961), termed “coarse
ophitic” and “fine ophitic” respectively (Hiss, 1960).

Coarse-ophitic augites are simply sizeable (as
much as 50 ¢em in diameter, more commonly 5-10 cm)
patches of optically continuous intercumulus cli-
nopyroxene which nucleated in the pore liquid trap-
ped between cumulus plagioclase crystals. Depend-
ing on the density of “packing” and extent of adcu-
mulus growth of plagioclase prior to pyroxene
nucleation, the volume ratio of oikocrysts (augite) to
chadacrysts (feldspar) varies considerably. In some
cases the texture is so pyroxene-starved that in
weathered outcrops the interstitial augite has a
“chicken-wire” appearance; yet, over remarkably
large areas the pyroxene is crystallographically con-
tinuous.

The most distinctive features of the coarse-ophitic
texture concern the plagioclase: the included grains
(chadacrysts) typically display the same size, sub-
hedral lath-shaped habit, composition, and degree of
preferred orientation as “matrix” plagioclase crys-
tals situated outside the pyroxene oikocrysts (Fig.
8A). Rocks possessing the coarse ophitic texture are
classic examples of heteradcumulates.

The fine-ophitic augite texture is characterized by
plagioclase chadacrysts which are smaller, more an-
hedral, compositionally different, and randomly
oriented relative to matrix plagioclase (Fig. 8B).
Very similar textures involving olivine and plagio-
clase occur in the Rhum intrusion (Wager and
Brown, 1967, fig. 141). They are interpreted in both
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Figure 8. Photomicrographs of ophitic clinopyroxenes in the Glen
Mountains Layered Complex. A, coarse-ophitic augite in laminated-
anorthosite sample from the Wichita Mountains Wildlife Refuge, east
of Panther Creek. Field of view measures 14 mm (narrow dimension)
and shows but a small portion of an optically continuous pyroxene

grain. Note lamination of plagioclase chadacrysts (white) and high
ratio of plagioclase to pyroxene; plane-polarized light. (sample WM-

cases to have formed in the magma chamber above
the accumulation surface by the envelopment of pre-
viously formed plagioclase grains by rapidly growing
pyroxene (in the GMLC case) and then to have settled
as bimineralic clots. The precipitation of plagioclase
and pyroxene may be considered essentially cotectic,
despite the specific time lag in the nucleation of the
augite relative to the feldspar. This is consistent with
the known ease of nucleation of plagioclase relative
to pyroxene, which requires a greater degree of un-
dercooling to nucleate. Both the plagioclase and the
pyroxene (or olivine where present in analogous tex-
tures) are cumulus phases. Matrix plagioclases out-
side the oikocrysts are, of course, cumulus crystals:
they tend to be larger (and more oriented) than the
chadacrysts, because they were free to readily in-
teract with the magma during (and after) the
accumulation process while those feldspar grains
trapped inside the ferromagnesian minerals were
not.

The fine-ophitic oikocrysts are typically smaller
than their coarse-ophitic counterparts, averaging <5
c¢cm in diameter. However, the terms “coarse” and
“fine” are not based on the sizes of the oikocrysts;
rather they are derived from the sizes of the plagio-
clase chadacrysts relative to matrix feldspar.

In some occurrences, postcumulus overgrowths on
fine-ophitic oikocrysts have produced textures de-
scriptively and genetically “hybrid” between the
coarse and fine varieties described above. In these
instances (described by Stockton (1984), from whose
work their description is derived), pyroxene-rich
cores are surrounded by “halos” which become pro-
gressively more pyroxene-starved away from the
cores. In some cases the cores may be genetically
analogous to the fine-ophitic augites, and the rims or

126) B, fine-ophitic augite (cumulus) in the M zone; the field of view
shows one corner only of a rounded single crystal of augite (at extinc-
tion). Note random orientation and small size of plagioclase chada-
crysts relative to plagioclase grains outside the pyroxene oikocryst
(see upper right corner of photograph). Sample from the Glen Moun-
tains. Narrow dimension of field of view is 5 mm; cross-polarized light.
(sample GM-98-R)
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halos to the coarse-ophitic augites. Stockton also de-
scribed some pyroxene cores essentially free of feld-
spar chadacrysts. This represents a simple case of
discrete cumulus pyroxene crystals modified by suf-
ficient adcumulus growth to develop the rather ex-
tensive postcumulus ophitic rims.

The progressive “starvation” of pyroxene in the
outer rims described by Stockton probably resulted
from the diminished ability of the pyroxene out-
growths to form interstitially to the cumulus plagio-
clase crystals, which continued to grow themselves
by the adcumulus growth process as crystallization
progressed, gradually filling in the pore spaces.
Eventually the size of the pyroxene oikocryst grow-
ing in such a setting would have become limited by
the effective filling in of pore spaces by adcumulus
growth on plagioclase.

Orthopyroxene in much of the exposed GMLC is
strictly a postcumulus phase. It commonly forms per-
itectic reaction rims on cumulus olivine (Fig. 9) and
also occurs in vermicular intergrowths with magnet-
ite in a symplectite texture formed as a late-stage
replacement of olivine (Fig. 10). In both these tex-
tures the orthopyroxene can develop a subophitic en-
closure of plagioclase grains. Orthopyroxene also
occurs as intercumulus grains not associated with

Figure 9. Photomicrograph showing peritectic orthopyroxene reaction
rim (OPX) on cumulus olivine (OL) in troctolitic anorthosite of the Glen
Mountains Layered Complex; sample from east of Panther Creek, on
the Wichita Mountains Wildiife Refuge. Narrow dimension of field of
view is 1.3 mm; plane-polarized light. (sample WM-142)
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Figure 10. Photomicrograph of troctolite from the Glen Mountains
Layered Complex (M zone), showing postcumulus symplectic in-
tergrowth of Mg-rich orthopyroxene and magnetite, formed by a late-
stage reaction at the expense of olivine (OL). Narrow dimension of
field of view is 1.9 mm; plane-polarized light. (sample WM-11)

olivine; some of these textures resemble the coarse-
ophitic augites, but are not nearly as large as the
latter. In a few rare but important instances near the
top of the exposed complex, orthopyroxene is a cumu-
lus phase, forming textures analogous to those of the
fine-ophitic augites (Fig. 11).

Poikilitic textures analogous to the fine-ophitic
pyroxenes are exhibited by olivine (Fig. 12), like
those found in the Rhum intrusion referred to above.
More commonly, olivine occurs as small, rounded,
non-poikilitic cumulus grains (Figs. 13,14). Magnet-
ite also poikilitically encloses plagioclase (Fig. 15),
but the oxide phases (magnetite and ilmenite) are
generally intercumulus, as noted earlier.

Plagioclase textures are variable in the GMLC and
do not correlate with stratigraphy of the complex.
Relatively coarse-grained, often laminated textures
with subhedral crystals (Figs. 7 and 13) are as com-
mon as xenomorphic—granular textures in which the
anhedral grains are roughly equant and have curved
grain boundaries (Fig. 16). The textural varieties
probably reflect local variations within the
crystallizing magma with respect to such things as
nucleation rate, crystal-accumulation rate, magma
current activity, and rate and degree of adcumulus
growth.
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Figure 11. Photomicrograph of sample from the upper M zone of the
Glen Mountains Layered Complex, showing spongy, fine-ophitic
cumulus orthopyroxene (dark). This is a rare textural occurrence for
OPX in the complex, and is limited to the upper M zone and possibly
the N zone. Opaque minerals are magnetite and ilmenite. Sample is
from the SEVaSW'4 sec. 21, T4N, R16W. Narrow dimension of field of
view is 14 mm; plane-polarized light. (sample WM-224)

Zone Characteristics (Glen Mountains and
Vicinity)

Mapping in the Glen Mountains, Gilbert (1960)
and Spencer (1961) demonstrated that the GMLC
could be subdivided into mappable stratigraphic
units useful to the development of an understanding
of the magmatic evolution of the complex Spencer
(1961) repiaced Gilbert’s (1960) rock-type nomencia-
ture with the letter designations K zone (lowermost
exposed unit), L zone (middle), and M zone (upper). A
fourth exposed unit was designated the G zone; its
stratigraphic position relative to the others was un-
clear (it is still not totally resolved), although its
relatively high olivine content suggested the prob-
ability of a stratigraphic position below the K zone.
Recently Stockton and Giddens (1982a,b,c) and
Stockton (1984), mapping in the Cooperton Quad-
rangle along the border between Kiowa and Co-
manche Counties east of Spencer’s mapped area in
the Glen Mountains, identified yet another
stratigraphic unit. This they designated the N zone,
as it lies immediately above the M zone.

K Zone

The bottom of the K zone is not exposed; hence, its
thickness is not known. The zone is at least 40 m

Figure 12. Photomicrograph of fine-poikilitic (cumulus) olivine (dark,
at extinction) enclosing small, randomly oriented plagioclase chada-
crysts in troctolite of the Glen Mountains Layered Complex. Note
larger, crudely laminated plagioclase crystals at the top of the photo.
Sample is from the C sec. 32, T4N, R13W. Narrow dimension of the
field of view is 16.5 mm,; cross-polarized light. (sample WM-133)

Figure 13. Photomicrograph of troctolitic anorthosite of the Glen
Mountains Layered Complex from east of Panther Creek, on the
Wichita Mountains Wildlife Refuge, showing small, rounded, discrete
{non-poikilitic) cumulus olivine grains (OL); note also the extreme
lamination of cumulus plagioclase crystals. Narrow dimension of field
of view is 11 mm; cross-polarized light. (sample WM-142)
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Figure 14. Photomicrograph of cumulus olivine grain (center) in trocto-
lite of the Glen Mountains Layered Complex. Note plagioctase lamina-
tion and “draping” of cumulus plagioclase crystals over the olivine.
Sample collected on Rowe Ranch, near Meers, SW4NE'4 sec. 32,
T4N, R13W. Narrow dimension of field of view is 8.3 mm; cross-
polarized light. (sample WM-258)
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Figure 15. Photomicrograph of anorthosite from the Glen Mountains
Layered Complex (N zone), showing poikilitic intercumulus magnet-
ite—ilmenite enclosing cumulus plagioclase crystals. Sample collected
by M. M. Stockton in the SEV2aSE.NW'aSWV/4NWv4 sec. 32, T4N,

R15W. Narrow dimension of field of view is 5 mm; plane-polarized
light. (Stockton WM258b)

thick in the type area of the Glen Mountains. In the
Cooperton and Odetta Quadrangles to the east, the K
zone may be as much as 400 m thick (Stockton, 1984),
although faulting could have repeated some of the
section in that locality. The type locality for the K
zone was designated by Powell and others (1980) as
N¥SEY4 sec. 16, TAN, R17W, Kiowa County.

The K zone is characterized by many alternating
bands of anorthosite and troctolite. Plagioclase and
olivine are the cumulus phases. Widely scattered in-
tercumulus coarse-ophitic augite occurs in the an-
orthosite layers. Olivine occurs as discrete grains
(Fig. 17) and also exhibits a poikilitic habit analo-
gous to the fine-ophitic augite texture described ear-
lier. Hypersthene occurs typically as postcumulus
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Figure 16. Photomicrograph of anorthosite from the Glen Mountains
Layered Complex (M zone), showing xenomorphic—granular texture
characterized by roughly equant, anhedral cumulus plagioclase
grains with curved boundaries. Sample from the SW2SE4NE Vi sec.
14, T4N, R17W. Narrow dimension of field of view is 11 mm; cross-
polarized light. (sample WM-357)

Figure 17. Photomicrograph of troctolite from the K zone of the Glen
Mountains Layered Complex, showing discrete (non-poikilitic) cumu-
lus olivine grain (center). Sample from the NWv4SW4 sec. 15, T4N,
R17W. Narrow dimension of field of view is 5.5 mm; plane-polarized
light. (sample GM-57-R)

peritectic and symplectic reaction rims on olivine
(Fig. 18).

Isomodal rhythmic layering, often on a fine scale of
a few centimeters, is pronounced in many exposures
of the K zone (Fig. 4). Lamination of plagioclase is
commonly well developed in both troctolitic and an-
orthositic lithologies.

L zone

The K zone has a gradational boundary with the
overlying L zone, which is 45-90 m (Glen Mountains)
to 120 m thick (Cooperton Quadrangle) and composed
of anorthositic gabbro and minor troctolite. The most
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distinctive feature of the L zone is the widespread
occurrence of intercumulus coarse-ophitic augite
crystals (as described above). The latter are much
more abundant than in the underlying K zone and
provide a useful criterion for recognition of the L
zone, particularly for reconnaissance work. (For de-
tailed mapping, all zonal characteristics must be
used, of course). The pyroxene oikocrysts have bright,
reflecting cleavage surfaces in the outcrop and are
particularly visible on sunny days. Some augite
oikoerysts are highly pyroxene-starved, forming lacy
interconnecting networks of optically continuous
pyroxene; in particular, these were noted in the
Cooperton Quadrangle by Stockton (1984). The au-
gite (called “diallage” by many earlier workers) is
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Figure 18. Photomicrograph of gabbroic anorthosite from the K zone
of the Glen Mountains Layered Complex, showing postcumulus peri-
tectic orthopyroxene reaction rim (OPX) on cumulus olivine (OL); dark
phase is intercumulus clinopyroxene (CPX) with abundant ilmenite
exsolution. Sample from the NE': sec. 21, T4N, R17W. Narrow
dimension of field of view is 1.9 mm; plane-polarized light. (sample
WM-18)

crowded with exsolved ilmenite platelets (Fig. 19)—a
feature not restricted to the L zone, by any means. As
in the K zone, plagioclase and olivine are the cumu-
lus phases.

Localized troctolitic layers occur in the L zone, but
are much less abundant than in the K zone. Olivines
are commonly poikilitic (Fig. 20) and often possess
symplectite coronas. They are smaller on average
than the coarse-ophitic pyroxenes and do not, of
course, exhibit cleavage surfaces. Orthopyroxene is
strictly postcumulus in the L zone, commonly occur-
ring in reaction rims on olivine. Magnetite and
ilmenite are also intercumulus and often form
poikilitic enclosures of plagioclase grains. The oxide
phases stand out in relief on weathered surfaces.
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of the Glen Mountains Layered Complex, showing exsolved ilmenite
platelets in intercumulus clinopyroxene. Sample is from the SW'a sec.
15, T4N, R17W. Narrow dimension of field of view is 0.33 mm;
plane-polarized light. (sample GM-60-R)

Figure 20. Photomicrograph of troctolite from the L zone of the Glen
Mountains Layered Complex, showing two poikilitic cumulus olivine
grains. Note small size of plagioclase chadacrysts relative to feldspar
grains outside the olivine oikocrysts. Sample is from the SW'4 sec. 15,
T4N, R17W. Narrow dimension of field of view is 9.7 mm; cross-
polarized light. (sample GM-67-R)
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intercumulus). Estes described orthoyroxene in the
Saddle Mountain Quadrangle as intercumulus, oc-
curring in peritectic and symplectic reaction rims on
olivine, and in coarse-ophitic textures. Estes
observed accessory interstitial apatite in some rocks,
but never in those containing olivine.

Estes described a 273-m continuous measured sec-
tion of the GMLC along Medicine Creek, in the
SEV4NEYs sec. 21, T4AN, R14W, Saddle Mountain
Quadrangle, Comanche County. The rocks consist
basically of laminated anorthosite interlayered with
poorly laminated gabbro and anorthositic gabbro.
Boundaries between the 31 mapped units in the mea-
sured section are generally gradational, so that
rhythmic layering is not well developed. Olivine is
present only in the lower 150 m or so of the section.

The rocks in Estes’s measured section are of par-
ticular interest because they, of all the GMLC ex-
posures, display the best evidence for magma current
activity. This evidence consists of small-scale (sever-
al inches) folding of the plagioclase lamination, the
presence of extreme lamination itself, and an abun-
dance of cognate xenoliths (called “rip-up clasts” by
Estes). The lamination in the section generally
strikes N. 40° E. and dips 37° NW. This attitude is
significantly different from that seen in the Glen
Mountains and requires some explanation. Estes
postulated that this, together with the features sug-
gestive of significant currents in the magma, imply
that these exposures represent rocks formed near the
margin of the magma chamber. There is little other
evidence for this (e.g., no marginal contacts, despite
continued exposure of the GMLC to the eastward),
and the possiblity must be considered that the
structural anomaly results from faulting rather than
from marginal disturbances during solidification of
the magma. There is evidence for at least local fault-
ing within Estes’s measured section itself. About 100
m from the bottom ofthe section is a zone of “structur-
al complication,” characterized by discordant local
dips. Estes postulated that some 18 m of the section is
missing from that spot.

Regardless of the structural interpretation of this
section, it remains a very interesting exposure. In
addition to its unique structural features, the phase
chemistry from this section (discussed below) varies,
in part, from the rest of the GMLC.

From the petrographic evidence from GMLC rocks
exposed around Meers, in the vicinity of Saddle
Mountain and on the wildlife refuge in the general
vicinity of Burford Lake and Panther Creek, it is
clear to me that these eastern exposures most likely
correlate in a general way with the L and M zones in
the Glen Mountains. It is possible that the limited
olivine-free, apatite-bearing lithologies in the upper
parts of Estes’s measured section are similar to the N
zone, but the widespread abundance of olivine in
many of the GMLC rocks in the eastern areas pre-
cludes their belonging to the N zone as defined in the
Cooperton Quadrangle to the west (see above). Clear-
ly the correlation of these eastern exposures with the
L and M zones is at this point very conjectural.

Although there are phase chemical data to support
this contention (see below), additional detailed field
mapping will be required to substantiate this conten-
tion.

Phase Chemistry

Despite the often difficult stratigraphic correla-
tions within layered gabbroic intrusions, there is a
set of criteria—admittedly model-dependent to some
degree—which offers an advantage over the
sedimentary case when one is attempting to place a
limited exposure within its proper stratigraphic
framework. This is, of course, the phase chemistry.
Systematic variations in mineral compositions with-
in fractionated tholeiitic bodies have been suf-
ficiently well-documented to provide a useful
framework for interpretation of relative stratigraph-
ic position in a given differentiated body for which
the adherence to the familiar trend has been es-
tablished. Local reversals complicate the use of phase
chemistry in stratigraphic interpretation, but they
do not destroy its utility. The documented phase
chemistry of the Glen Mountains Layered Complex,
based on electron-microprobe analyses, is outlined in
Tables 1-6 and in the discussions which follow.

In Tables 1 and 2 are listed some representative
olivine compositions for rocks of the GMLC, includ-
ing the G, K, L, and M zones, as well as exposures east
of the Glen Mountains. The total range of olivine
compositions thus far reported is about For5 to Fose.

Representative clinopyroxene compositions are
listed in Tables 3 (G, K, L, M, N zones) and 4 (eastern
exposures). The total range of Fe/(Fe + Mg) for all
analyzed cumulus clinopyroxenes is 0.19-0.31. For
intercumulus clinopyroxenes the range is 0.21-0.41.

Representative compositions of intercumulus and
cumulus orthopyroxenes are given in Table 5. Con-
trasting compositions of peritectic and symplectic
orthopyroxenes are shown in Table 6. The total range
of Fe/(Fe + Mg) values for non-symplectic orthopy-

nnnnnnnnnn +hna (INIT O 5
roxenes from the GMLC is 0. 23-0. 42 the range for

symplectic orthopyroxenes is 0.22-0. 28

Microprobe analyses of plagioclase are not tabu-
lated, because of the difficulty of identifying a “repre-
sentative” composition, for reasons outlined below.
Plagioclase compositions reported from the GMLC
range from about Ang, to An,g. However, this overall
range is midleading, because the feldspar crystals in
the GMLC are typically zoned to some degree. Phelps
(1975) described and discussed the feldspar phase
chemistry in rocks from the Glen Mountains. His
microprobe analyses identified normal, cyclic, and
reversed (thin, Ca-rich rims on normally zoned crys-
tals) zonation, and he emphasized the need to use
grain-core compositions for petrologic modeling. The
uncertainties in identifying a true core in the two
dimensions of a thin section cloud the issue when a
body of microprobe (or optical) analyses is studied.
With this caveat in mind, the following summary of
plagioclase data is given. The data are based on my
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ISOTOPIC CONSTRAINTS ON THE AGE AND
SOURCE HISTORY OF THE GLEN MOUNTAINS
LAYERED COMPLEX, WICHITA MOUNTAINS

David D. Lambert and D. M. Unruh

Abstract.—Rb—Sr and Sm—Nd isotopic data were obtained from rocks and minerals from
the Glen Mountains Layered Complex, Wichita Mountains, Oklahoma, in order to better
constrain the timing of emplacement of this Midcontinent mafic layered intrusion and
the initiation of rifting within the southern Oklahoma aulacogen. Four whole-rock
analyses define a Rb—Sr isochron corresponding to an age of 577 = 165 m.y. and an initial
Sr isotopic composition of 0.70359+2. A two-point Sm—Nd internal isochron from a
single whole-rock analysis is consistent with the Rb—Sr whole-rock isochron age. This
age is considered to be the crystallization age of the Glen Mountains Layered Complex.
Initial Sr and Nd isotopic data suggest that parent magmas of the Glen Mountains
Layered Complex were derived from a depleted mantle source. The significant range in
initial Nd isotopic ratios (eNd = 4.1-5.7) observed in four whole-rock analyses is con-
sistent with small, but variable degrees of crustal contamination of the parent magmas.
The most likely source of contamination was the Proterozoic crust of the southern

Midcontinent.

INTRODUCTION

Basement rocks of the southern Midcontinent are
exposed in the Wichita Mountains igneous province
of southwestern Oklahoma (Fig.1). These igneous
rocks were emplaced into a predominantly granitic
crust of Proterozoic age (Denison and others,
1966,1984), exposed in the core of the Arbuckle
Mountains, during the initial rifting phase of the
southern Oklahoma aulacogen (Ham and others,
1964; Hoffman and others, 1974; Giibert, 1983). The
igneous rocks associated with the aulacogen are
strongly bimodal in chemistry and include two major
gabbroic units, an assemblage of granitic sheets and
comagmatic rhyolite flows and ash-flow tuffs, and a
suite of diabase dikes. All isotopically dated units are
late Precambrian—-Early Cambrian in age (summa-
rized in Powell and others, 1980; Bowring and Hoppe,
1982).

The oldest igneous unit exposed in the Wichita
Mountains is the Glen Mountains Layered Complex
(GMLC) (Fig. 2). Surface exposures indicate that the
complex is a stratiform igneous body with di-
mensions of at least 15 X 56 km, with an exposed
vertical section of at least 0.25-0.50 km (Gilbert,
1983) and perhaps 1 km (Stockton, 1984). This ex-
posed section has been subdivided into five mappable
members, termed the G, K, L, M, and N zones on the
basis of mineralogical and lithologic variations (Gil-
bert, 1960; Spencer, 1961; Hunter, 1970; Stockton
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and Giddens, 1982a,b). The GMLC is composed most-
ly of layered gabbroic anorthosite with olivine and
plagioclase as the major cumulus phases. A series of
isolated, biotite-bearing gabbroic plutons, the
Roosevelt Gabbros, intrude the GMLC (Fig. 2). U-Pb
dating of zircons from the Mt. Sheridan Gabbro and
associated pegmatite pods (Bowring and Hoppe,
1982) suggests an age of 552 m.y., with an inherited-
zircon component of 2,000 m.y., possibly from the
surrounding Proterozoic basement (Fig. 1). Isotopic
dating of the oider GMLC has produced conflicting
data. Early K—Ar geochronology (Burke and others,
1969) yielded ages of 509-730 m.y. Paleomagnetic
data indicated paleopole positions that correspond to
an age of either 1,300 m.y. or 800 m.y. (Roggenthen
and others, 1981). In order to better constrain the
timing of emplacement of the GMLC, Rb—Sr and Sm—
Nd isotopic data were obtained from rocks and miner-
als from the GMLC. These data will also be useful in
setting better limits on the early tectonic history of
the southern Oklahoma aulacogen.

SAMPLES

Large whole-rock samples (>10 kg) were taken
from previously studied outcrops of the K, M, and N
zones, representing nearly the entire range in rock
types from the GMLC. These sample locations are
shown in Figure 2. Two samples were obtained from
the K zone, where alternating layers of anorthosite
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Figure 6. Nd isotopic evolution diagram (after DePaolo, 1981), showing data from four whole-rock samples from the Glen Mountains Layered
Complex (two samples have the same eyg). The curve labeled “mantle magma source” shows the evolution of eyg in a depleted maqtle source,
typical of the source of present-day (age = 0) island-arc basalts. The large arrow labeled “Oklahoma 1,400-m.y. crust” shows the evolution o_f €ngin
the Proterozoic basement of the Midcontinent, based on two analyses by Nelson and DePaolo (1985). All Nd isotopic data have been normalized to
CHUR (eng = 0), a hypothetical terrestrial uniform reservoir based on chondritic meteorites. The arrow labeled “contamination” shows how
mantle-derived magmas parental to the Glen Mountains Layered Complex would move off the “depleted mantle magma source” toward a probable

Proterozoic contaminant.

However, data from the GMLC plot distinctly be-
low the depleted mantle source of DePaolo (1981),
suggesting that the parent magmas may have been
modified by crustal contamination. Potential con-
taminants in the surrounding basement of southern
Oklahoma are shown in Figure 1. Proterozoic con-
tinental igneous rocks with crystallization ages of
1,000-1,400 m.y. (Denison, 1981; Denison and oth-
ers, 1984) have been identified in the subsurface and
are exposed in the core of the Arbuckle Mountains
uplift. Nelson and DePaolo (1985) have analyzed two
samples from the basement of southern Oklahoma.
These two samples have crystallization ages of
~1,400 m.y., but have “model ages”—calculated by
extrapolating back in time from the crustal data
points (TG in Fig. 6) to an eny value on the depleted-
mantle-source trajectory—of 1,800-2,000 m.y. These
model age extrapolations are shown on Figure 6.
Nelson and DePaolo (1985) have suggested that
much of the 1,350-1,480-m.y.-old granitic and rhyo-
litic crust of the Midcontinent was derived by remelt-

ing of 1,800-2,000-m.y.-old crust during accretion or
a “crustal formation event” along the southeastern
margin of North America. These dominantly an-
orogenic granites and rhyolite sheets may then have
formed inland of a subduction zone, analogous to
granitic plutons emplaced into the continental in-
terior of North America during the major Phanerozo-
ic orogenic events.

This 1,400-m.y.-old granitic crust of the southern
Midcontinent would have continued to evolve along a
crustal trajectory (labeled “Oklahoma 1,400-m.y.
crust” in Fig. 6), due to its elevated Nd/Sm ratio. At
577 m.y., this Proterozoic crust, which surrounds the
southern Oklahoma aulacogen, would have attained
an eng of —6 to —10. Contamination of mantle-
derived GMLC parent magmas during ascent would
lower the eng along a contamination vector (Fig. 6).
The scatter of the Sm—Nd whole-rock isotopic data
seen in Figure 4 and the range in exq4 seen in Figures
5 and 6 are therefore consistent with small but varia-
ble amounts of crustal contamination.
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Oklahoma aulacogen, and dips 5-30° NE. In detail,
the GMLC appears to be broken into a number of
discrete blocks along NE-, NW-, and E-W-trending
faults and fractures (Fig. 2). The structural blocks
were identified on the basis of variation in strike and
dip of measured plagioclase lamination. This is es-
pecially prominent in the extreme western part of the
GMLC, where plagioclase lamination generally has
an ENE strike and NW dip. The lamination variation
may be caused either by secondary tectonic processes
(faulting) or by primary crystallization processes.
These processes could include slumping or adjust-
ment of the crystal pile during crystallization, or

there may have been lateral variation in crystalliza-
tion processes and products. Detailed mapping of the
recently recognized macrorhythmic cycles should
permit distinction between the possible causes of the
observed variation in plagioclase lamination. Based
on the potential size of the GMLC and the probable
position of the exposed GMLC within the intrusion, it
is thought that the lamination variation is, in part at
least, due to secondary tectonic processes. Present
research is directed toward detailed mapping to
further characterize the nature and causes of vertical
and lateral variations of magmatic layering and pla-
gioclase lamination in the GMLC.

4 Cooperton
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Figure 2. Western part of exposed Glen Mountains Layered Complex. gmic = Glen Mountains Layered Complex; gb = Glen Creek Gabbro, Sandy
Creek Gabbro, and Mt. Baker Gabbro; gr = granites, undivided; csb = Cold Springs Breccia. Open circle represents anomalous platinum-group-
element stream-sediment sample; solid circle represents anomalous platinum-group-element rock-chip sample. Strike-and-dip symbols represent
magmatic layering. Faults and fractures dashed.
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PARTIAL CHEMICAL CHARACTERIZATION
OF CAMBRIAN BASALTIC LIQUIDS
OF THE SOUTHERN OKLAHOMA AULACOGEN

M. C. Gilbert and S. S. Hughes

INTRODUCTION

The bimodal igneous suite exposed in the Wichita
Mountains of southwestern Oklahoma is the uplifted
floor of the Cambrian southern Oklahoma aulacogen
(Ham and others, 1964; Powell and others, 1980; Gil-
bert, 1983). To a first approximation, the suite con-
sists of two extreme chemical types, basaltic and
rhyolitic, which are also stratigraphic units of differ-
ent ages (McConnell and Gilbert, this volume, table
1). The exposed basaltic-composition units consist
principally of the Raggedy Mountain Gabbro Group
(RMGG), and to a much lesser extent the Otter Creek
Microdiorite and the late diabases. The RMGG in
turn is made up of the older Glen Mountains Layered
Complex (GMLC, 577 m.y. old; Lambert and Unruh,
this volume; Powell, this volume) and the younger
Roosevelt Gabbros (RG, 552 m.y. old; see Bowring
and Hoppe, 1982; Powell, 1982, this volume). The
Roosevelt Gabbros carry primary biotite + amphi-
bole and were formed from hydrous magmas. The
Otter Creek Microdiorite was named from its modal
mineralogy, dominantly amphibole + plagioclase,
by Powell and others (1980), but with recognition
that its bulk chemistry is basaltic. Commonly, but
Breccia, being the most mafic part of that unit. The
Cold Springs Breccia itself has characteristics of an
intrusive unit (see Vidrine and Fernandez, this
volume), but shows much mixing and hybridization
between mafic and felsic components. Finally, cut-
ting some or all of these units, as well as the overlying
rhyolitic-composition rocks, are a set of late diabase
dikes.

Because the basaltic bulk compositions surely rep-
resent mantle derivation, and also must record part
of the extensional tectonism associated with rifting,
characterization of these individual units should
help to constrain the evolutionary history of the au-
lacogen. Gilbert and Myers (1982) and Gilbert (1983)
noted the transitional alkaline to subalkaline char-
acter of the late diabases and Roosevelt Gabbros from
preliminary major- and minor-element chemistry.
No samples from the GMLC which might represent
directly a magmatic liquid are known. Thus, for now,
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one must concentrate on the other basaltic chemis-
tries (Gilbert and Hughes, 1985a,b). To that end, we
present here some new trace-element data on these
rocks.

CHOICE OF SAMPLES

The Roosevelt Gabbros consist of four mappable
bodies (Powell, this volume, fig. 1). Two of these
bodies—the Mt. Sheridan Gabbro, the largest, and
the Sandy Creek Gabbro, the second largest (Table
1)—were sampled near the bases of their exposed
sections. Both of these bodies display subtle miner-
alogical layering primarily controlled by plagioclase
lamination. Some of this lamination could be due to
magmatic flow, perhaps related to intrusion, but
sore also seems to be due to cumulus sedimentation.
Both bodies show pronounced signs of differentiation
(Powell and Fisher, 1976; Powell and others, 1982).
Thus, choice of sample carries some ambiguity every-
where in these bodies. However, bulk chemistry in-
dicated that these samples are approximately basal-
tic.

Three classes of dikes of basaltic bulk chemistry
are encountered in the field: (1) dikes referred to by
Gilbert (1960) and Spencer (1961) as “microgabbro”;
dikes termed “late diabase.” The microgabbro dikes
commonly bear olivine and biotite, weather to red-
dish, rounded boulders, and seem to be always associ-
ated with a member of the Roosevelt Gabbros. They
are taken to be offshoots of the RG and probably
would be the best samples to analyze for RG chemis-
try.

Discrimination between microdiorite and diabase
in the field is not always easy. Petrographically, the
microdiorite is andesine + hornblende + augite,
hypautomorphic—granular to intersertal and
porphyritic. This rock tends to form hard, compact,
dense, black units which weather below adjacent sur-
faces. Late diabase is typically fine-grained and
microporphyritic (labradorite) with a groundmass of
labradorite + augite + hypersthene + magnetite,
and with diabasic (subophitic) texture. It also weath-
ers down but is difficult to sample because it tends to
be jointed and fractured, carrying a considerable
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facies are yet recognized. The Roosevelt Gabbros in-
cludes four hydrous (biotite~amphibole) gabbros in-
trusive into the GMLC. The four recognized members
of this group are the Sandy Creek Gabbro, Glen
Creek Gabbro, Mt. Sheridan Gabbro, and the recent-
ly described Mt. Baker Gabbro (Powell and others,
1980; Stockton and Giddens, 1982a). The Navajoe
Mountain Basalt—Spilite Group, confined to the sub-
surface, is composed mostly of altered basalt and
spilites (Ham and others, 1964; Shapiro, 1981; Sha-
piro and Sides, 1982). Comprehensive studies of the
unit are precluded because all of the rocks show vary-
ing degrees of alteration, and the samples are avail-
able only as cuttings. The late diabase is the youngest
unit in the Wichita Mountains (Ham and others,
1964). It is a volumetrically minor rock type which
occurs as dikes and sills that cut all other igneous
units (Gilbert, 1982a,1983).

The genetic relationship, if any, between the vari-
ous units discussed above is not well constrained.
Previous researchers have concluded from bulk-rock
major-element chemistry, mineral paragenesis, and
mineral chemistry that the RG and GMLC did not
crystallize from the same fractionating magma
(Powell and Fischer, 1976, p.23). Powell (1981,1982)
suggested that the gabbros crystallized as hydrous
olivine tholeiites, whereas the probable parent mag-
ma for the GMLC was an anhydrous, high-Al,O4
tholeiite. The NMBSG is of uncertain age, but some
workers have assumed it to be the extrusive equiva-
lent of the GMLC (Ham and others, 1964; Gilbert,
1983). However, Powell and Fischer (1976, p. 24)
stated that “if the estimates ... regarding the charac-
ter and level of exposure of the layered series are even
approximately correct, the Navajoe Mountain vol-
canics cannot relate to the layered series. These vol-
canics might, however, in some way relate to the
Mount Sheridan Gabbro, although the question is
unresolved.” Finally, a preliminary study by Gilbert
and Hughes (1985a,b, this volume) of trace-element
variations in eight diabases and two Roosevelt gab-
bros indicates a chemical/genetic linkage among
rocks from these two units.

PETROLOGIC CHARACTERIZATION

Average bulk-rock major-element analyses (from
Powell and others, 1980, and Gilbert, 1983) and
trace-element analyses (this study) of the late di-
abase and four Roosevelt gabbros are presented in
Table 1. Major-element analyses of the Mt. Baker
Gabbro are in progress. Both the gabbros and di-
abases are nepheline-normative, and the limited
major-element data indicate that the individual gab-
bro members are chemically similar. Previous re-
searchers have recognized that the larger gabbro
bodies (Sandy Creek and Mt. Sheridan) are in-
ternally differentiated, and that one (Mt. Sheridan)
also exhibits a subtle cumulate texture (Thornton,
1975; Powell and Fischer, 1976; Powell and others,
1980).

The ranges in concentrations of eight trace and
minor elements obtained in this study are tabulated

in Table 1. In Figure 1 selected elements are plotted
against Zr, which is used as an index of fractionation.
On “incompatible-element” plots such as Nb/Zr and
Zr/Y (not shown), the data display an overall coher-
ence, elemental concentrations and ratios being sim-
ilar for both gabbros and diabases. Similarities in
these and other ratios such as Nb/Y (Table 1, data in
parentheses) in both the gabbros and diabases are
consistent with derivation of both kinds of mafic
rocks from source regions with similar chemical
characteristics. The relatively low Zr/Nb ratios
(about 7-10; Table 1, data in parentheses) indicate
the transitional nature (between tholeiitic and alka-
line rock types).of the Wichita Mountains mafic
rocks. Samples that plot along the main trend and
closest to the origin (those with less than ~147 ppm
Zr) appear to have some cumulate characteristics;
however, the importance of this effect on bulk-rock
chemistry is being addressed further with Ni and Cr
bulk-rock analyses, and also with mineral analyses.
Samples that plot off the main trend at low Zr values
may reflect accumulation of magnetite or another
phase with significantly different Kp for the two ele-
ments plotted. Samples that plot off the trend at high
Zr appear to represent more-evolved rocks. The Sr/Zr
diagram is interesting in several respects. First, the
data provide evidence (decrease in Sr with increase in
Zr) that plagioclase is involved in the internal differ-
entiation of the Mt. Sheridan and Mt. Baker(?) gab-
bro bodies. Second, the Sr content of the diabase dikes
seems to be buffered; it is relatively constant for all of
the diabases, again suggesting plagioclase control. In
summary, our data indicate no systematic differ-
ences in trace-element and minor-element ratios be-
tween diabases and gabbros or among individual
gabbro bodies.

MAGMATIC AFFINITIES OF MAFIC ROCKS

One of the major questions concerning the
petrologic character of the mafic rocks centers on
whether they have alkaline, transitional, or tholei-
itic affinities. The gabbros plot in the subaikaline
field on the (NagO + K50) vs. Si0O, diagram of Mac-
Donald and Katsura (1964). Also, previous research-
ers (e.g., Powell, 1979,1982; Gilbert, 1983) have con-
cluded that the rocks have tholeiitic affinities on the
basis of features such as olivine—orthopyroxene reac-
tion relationships, normative hypersthene, and Fe-
and SiOs-enrichment trends. The late diabase is oli-
vine-normative, and it has been reported to have
transitional characteristics on the basis of selected
major-element and trace-element (including REE)
characteristics (Gilbert, 1983; Gilbert and Hughes,
1985b). In a REE study, Gilbert and Hughes (1985b,
this volume) concluded that five diabases look like
“primary” continental tholeiitic melts, and an addi-
tional three have similar REE patterns with distinct
positive Eu anomalies.

In order to elucidate further the magmatic affinity
of mafic lavas of the Wichita Mountains, we have
plotted our data on some of the commonly used “im-
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ANALYSES AND PARTIAL CIPW NORMS

Grano- Grano- Micro- Granite
diorite diorite® Granite Granite?® diorite Granodiorite
Ira Smith
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1.81 2.43 1.25 1.01 1.544 2.11 2.25 1.69
2.27 2.44 1.75 1.32 .69 2.93 2.03
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Figure 12. Chondrite-normalized REE distributions (see text for discussion of samples 1-3).
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from the Wichita Granite Group. Open symbols are individual representative samples; solid symbols are

averages.

lateral extent of some of the granites (e.g., the Mt.
Scott Granite and Lugert Granite, >50 km; the
Quanah Granite and Long Mountain Granite, >20
km; see Fig. 1); (3) the subhorizontal nature of the
granite floors on a regional scale (Fig. 3); (4) the
abundant fractures, normai to flow layering, sugges-
tive of cooling columns (see Gilbert, 1984a); and (5)
the abundant evidence of quenching throughout the
extent of each unit, demonstrating the shallowness of
the intrusions and the proximity of the roofs. Con-
tacts between granites seem generally to be high-
angle, consistent with intrusion of liquids into and
onto a distinct horizon, forming pancake shapes that
abut at the margins. In a few places, overlap of the
“pancakes” can reasonably be inferred (see, for ex-
ample, Gilbert, 1982b). Thicknesses of granite sillsin
wells penetrating basement of the aulacogen range
only up to ~0.5 km (Ham and others, 1964). Thus, the
lateral dimensions of the bodies seem to be greatly in
excess of the vertical. It would appear reasonable to
suggest that feeders may have been fissures rather
than plugs, accounting for distribution of the pre-
sumably rather viscous magma in such shapes. This
mode of supply is consistent with the interpretation
of McConnell and Gilbert (in press; this volume) that

felsic liquid rose along normal faults during continu-
ing extension of the rift.

Outcrop character is primarily determined by frac-
ture spacing. The coarser-grained granites (in the
Wichitas, grain sizes reach only ~1 cm) generally
have more widely spaced fractures (Taylor, 1915).
This spacing is a function of cooling rate (Gilbert,
1982c). This spacing also then determines topograph-
ic forms through its control on spheroidal weathering
(Gilbert, 1982a). Granites with widely spaced frac-
tures have large exfoliation surfaces and show pro-
nounced sheeting (Fig. 4). Granites with moderately
spaced fractures show practically no sheeting and
have moderate tors (Fig. 5). Highly fractured gran-
ites and rhyolites generally form smooth, rounded
hills, without prominent tors.

The rapidly quenched character is indicated most
clearly by the overall small grain size and the abun-
dant granophyric or micrographic texture (Fig. 6).
This texture is readily seen with a hand lens. The
varieties of texture are illustrated here by photo-
graphs of back-lighted thin sections (Figs. 7-10). Fig-
ure 7 shows the Quanah Granite, but the Reforma-
tory would be similar. Here, cooling would have been
“slow” for the Wichita granites, and most crystals
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Table 1. Representative analyses of granites from the eastern Wichita Mountains
Medicine )
Mount Scott Saddle Mountain Park Cache Quanah

W78 W738  W992 WO055  W080 W7125(2) Wo17 w743 5027 wogs  woss
Ti02 0.42 0.46 0.41 0.44 0.41 0.40 0.25 0.12 0.12 0.22 0.18
KZO 4.46 4.21 4.41 3.92 4.18 4.12 4.68 5.17 5.00 5.11 4.89
P205 0.09 0.09 0.10 0.09 0.09 0.06 0.01 <0.01 <0.01 0.01 <0.01
Ay 484 520 541 591 589 571 475 281 276 564 425
Nb 83 88 82 77 74 89 80 71 74 94 126
Rb 121 128 130 132 132 143 144 232 218 184 162
Sr 98 95 102 103 112 82 35 7 9 16 5
Y 4 107 105 115 95 100 108 101 102 102 87 148
Th 13 13 14 13 13 15 15 21 21 14 14
Pb 18 18 17 16 16 11 10 16 15 10 10
In 101 133 136 114 78 91 48 26 23 55 220
La 82- 93 83 91 66 70
Ce 192 212 189 184 136 172
Nd 94 100 91 93 69 91
Sm 21.6 22.9 20.2 20.4 16.0 26.5
Eu 3.67 4.06 3.12 2.60 0.38 1.39
Tb 3.24 3.45 3.04 2.95 2.65 4.81
Yb 9.32 10.52 9.75 8.95 7.43 14.37
Lu 1.51 1.60 1.59 1.40 1.16 2.12
Th* 12.7 13.6 14.9 14.6 20.1
Ta 7.8 7.9 7.8 7.7 7.5 11.1
Hf 15.7 16.7 15.6 14.0 10.2 21.2
K/Rb 306 273 282 247 263 239 270 185 190 231 251
Rb/Sr 1.2 1.3 1.3 1.3 1.2 1.7 4.1 33 24 11.5 32
Zr/Nb 5.8 5.9 6.6 7.7 8.0 6.4 5.9 4.0 3.7 6.0 3.4

Note: Major and minor elements in weight percent, trace elements in parts per million.

*Both XRF and NAA Th values are quoted.

concentrations are slightly higher (671-591 ppm)
(Figs. 3,4). Consequently, K/Rb ratios are slightly
lower (239-263), Rb/Sr ratios (1.2—-1.7) comparable,
and Zr/Nb ratios (6.4-8.0) slightly higher than in the
Mt. Scott Granite. Abundances of the REE (Table 1)
are similar to those in the Mt. Scott Granite (Fig. 1),
as is the relative LREE fractionation (Cen/Yby =
4.9), but Eu is somewhat more depleted (EwEu* =
0.49) than in the Mt. Scott Granite. As suggested by
Myers and others (1981), this granite could represent
a differentiated arm of the Mt. Scott Granite.

Medicine Park Granite

This granite appears, from the analysis of a single
sample (Table 1), to be significantly more evolved
than the Mt. Scott Granite and Saddle Mountain
Granite. The TiO, concentration (0.25%) is appreci-
ably lower than in either of these granites, while K,0

(4.7%) is slightly higher. Abundances of Zr (475
ppm), Nb (80 ppm), Rb (144 ppm), Th (15 ppm), and Y
(101 ppm) are generally comparable to those in the
Mt. Scott Granite and Saddle Mountain Granite
(Figs. 3,4), while Sr (35 ppm) is significantly depleted
(Fig. 2). Similarly, K/Rb (270) and Zr/Nb (5.9) ratios
overlap those of the Mt. Scott Granite and Saddle
Mountain Granite, but the Rb/Sr ratio (4.1) is higher.
REE abundances are slightly lower than in the Mt.
Scott Granite and Saddle Mountain Granite (Table 1,
Fig. 1), but the degree of LREE enrichment is compa-
rable (Cen/Yby = 5.2), and, in line with the lower Sr
content, there is a greater depletion in Eu (EwEu* =
0.41).

Cache Granite

The Cache Granite (two samples analyzed; Table 1)
represents the chemically most-evolved of the east-
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ern Wichita granites. K,0 concentrations (5.0, 5.2%)
are comparable to those in the Quanah Granite, but
TiO, concentrations (0.12%) are lower. The evolved
nature of this granite is indicated by the high Rb
(218, 232 ppm) and Th (20, 21 ppm) abundances and
severe depletion in Sr (Fig. 2) and Eu, resulting in
very high Rb/Sr (24-33) and low Ew/Eu* (0.07) ratios.
However, Zr abundances (276, 281 ppm) are lower
than in other eastern granites (Fig. 3), and Nb abun-
dances (71, 74 ppm) are also slightly low when com-
pared to the other granites (Fig. 4). The REE pattern
obtained for one sample of the Cache Granite (Fig. 1)
indicates that total REE abundances are lower than
in the other eastern granites, although relative
LREE enrichment (Cen/Yby = 4.7) is comparable to
that displayed by the other granites.

Quanah Granite

The two analyzed Quanah Granite samples (Table
1; both from the typical facies A) display significant
differences in their trace-element geochemistry.
While TiO, (0.18, 0.22%) and K,0 (4.9, 5.1%) con-
centrations are similar in the two samples, abun-
dances of Zr (425, 564 ppm; Fig. 3), Nb (94, 126 ppm;
Fig. 4), and Y (87, 148 ppm) in particular are very
different. Sr concentrations are low (5, 16 ppm) in
both samples (Fig. 2), suggesting that this granite is
more highly evolved than the Mt. Scott Granite, Sad-
dle Mountain Granite, or Medicine Park Granite.
The REE pattern of the more-evolved of the two
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Quanah granites (sample W986, Table 1; Fig. 1) is
different from the other Wichita Mountains granites
in that there is less relative enrichment in the LREE
(Cen/Yby = 3.0). Strong depletion in Eu (Ew/Eu* =
0.16) indicates the highly evolved nature of the
Quanah Granite.

Headquarters Granite

Only one sample of the Headquarters Granite has
been analyzed (Table 2). This granite is chemically
evolved, and in a number of respects is comparable to
the fractionated eastern granites. For example, the
low TiOg (0.17%) and Sr (26 ppm) and high K,0
(4.9%) and Rb (194 ppm) abundances in the
Headquarters Granite are similar to those of the
Quanah Granite and Cache Granite (Fig. 2). Howev-
er, the Zr abundance in the Headquarters Granite
(176 ppm) is lower than in either of the highly
evolved eastern granites (Figs. 3,4). Similarly,
abundances of the REE (Table 2; Fig. 1) and
fractionation of LREE from HREE (Cen/Yby = 4.5),
are comparable to those of the Cache Granite, but the
negative Eu anomaly (EwWEu* = 0.25) is of a smaller
magnitude than in the Cache Granite.

Reformatory Granite

Only a single sample of the Reformatory Granite
has been analyzed (Table 2). Relative to the eastern
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Figure 4. Plot of Nb against Zr for Wichita Mountains granites (eastern and western) and Carlton rhyolites.

Symbols as in Figure 2.
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Figure 1. Area covered by detailed aeromagnetic survey. gmic = Glen Mountains Layered Complex;
gb = Roosevelt Gabbros; gr = granite (undivided); csb = Cold Springs Breccia.
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Figure 2. Aeromagnetic map of the area outlined in Figure 1. Contours in gammas. Because the map was contoured from an original
computer-produced colored map for reproduction here, the contour interval is irregular. Heavier contour line weights signify higher values.
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models for a magnetic inclination of 60°. One three-
dimensional model for a vertical-sided, dike-shaped
magnetic body oriented WNW is included (Fig. 5) for
direct comparison with the WNW-trending anomaly
pairs located along the Meers fault. Theoretical two-
dimensional models corrected for a finite strike—
commonly called “two-and-a-half dimensional” (Ras-
mussen and Pedersen, 1979)—are also very useful for
an assessment of the depth to the top and the dip of
the magnetic source. Three theoretical models of this
type are included (Fig. 6) to show the effect of chang-
ing dip on the shape of a magnetic anomaly.

The first-order interpretation of aeromagnetic
maps in these magnetic latitudes involves looking for
unpaired highs or high-low pairs. Unpaired highs
are expected for bodies which have a northerly dip
component. Vertical-sided geologic bodies will pro-
duce a very slight minimum on the north side of a

pronounced maximum. Geologic bodies with a south-
erly dip component will produce a distinet minimum
on the north side of a strong maximum. Each such
high or high—low pair is produced by a single magnet-
ic body located beneath the anomaly or anomalies.
In general, magnetic susceptibility varies in the
following order: mafic extrusives > mafic intrusives
> felsic extrusives > felsic intrusives > sedimentary
rocks. Because systematic measurements of the mag-
netic susceptibility of the Wichita Mountains suite
are not available, the present interpretation uses the
above generalization. There are many exceptions to
this generalization, and detailed measurements of
the magnetic properties of these rocks undoubtedly
would show one or more of these generalizations to be
untrue in the particular case. In the case of Oklaho-
ma, the generalization suggests the following order-
ing of magnetic susceptibilities: Navajoe Mountain

North

-100

DV

Figure 5. Theoretical total-field magnetic anomaly resulting from an inductively magnetized, dike-shaped body
oriented N. 60° W. The calcuiations, using an algorithm developed by Bhattacharyya (1964), assume amagnetic
inclination of 62°. Contour interval = 100 nanoTeslas (nT). Length:width ratio in map view = 10. Magnetic
susceptibility = 0.01 cgs units. Top of body located 1 arbitrary unit below measurement plane. The causative

body is outlined by dashed lines.
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Figure 6. Effect of dip on the shape of a total-field magnetic anomaly. Model profile, based on Rasmussen and Pedersen (1979) algorithm, is
perpendicular to the sirike of the magnetic anomaly. Demagnetization has been neglected in this model calculation and is not expected to be

important because of the relatively low susceptibilities. nT = nanoTeslas.

Basalt—Spilite Group > Raggedy Mountain Gabbro
Group = diabase > Carlton Rhyolite Group > Wichi-
ta Granite Group > sedimentary rocks.

Magnetic susceptibility, in the presence of the
Earth’s magnetic field, is the primary or secondary
cause of aeromagnetic anomalies. The other cause,
remanent magnetization, exhibits the same general
ordering by rock type as exhibited by magnetic sus-
ceptibility. Again, systematic measurements of rem-
anent magnetization or remanent magnetization/
induced magnetization are not available for the
Wichita Mountains suite.

INTERPRETATION

Faults of the Wichita frontal fault zone, as mapped
by Ham and others (1964), are clearly revealed by the
aeromagnetic map (Fig. 2). The Meers fault is ex-
pressed as a series of WNW-trending anomaly pairs
separating an area of short-wavelength anomalies to
the south from an area of longer-wavelength anoma-
lies to the north. The change in frequency character-

istics reflects the differing magnetic source depths
and rock types on the two sides of the fault. The
anomaly pairs locate magnetic bodies (Fig. 7, mag-
netic rock units A~D). The WNW elongation of the
anomalies indicates that the bodies are elongate in
that direction and have length:width ratios of 10:1 to
5:1 in map view. Length:width ratios of that type are
characteristic of igneous dikes, or, alternatively, dia-
genetic alteration along fault planes. Slightly more
than half of the horizontal extent of the Meers fault is
occupied by these presumed dikes, which vary in
width from 0.3 to 1.2 km.

The presence of a distinct minimum associated
with three of the four anomalies (B-B’, C-C’, and
D-D’; Figs. 2,4) suggests that the presumed dikes
(and by analogy the Meers fault) dip SSW. Although
the Meers fault is not a distinctive feature on a
seismic-reflection survey reported in Brewer and oth-
ers (1983), the authors infer a SSW dip by analogy
with the Mountain View fault. The magnetic model-
ing suggests that the Meers fault is a thrust or re-
verse fault at locations B-B’, C-C’, and D-D’. At
A-A’' (Figs. 2,4) a less distinct minimum suggests
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that the presumed dike may be nearly vertical. The
depths to the tops of the presumed dikes can be in-
ferred from the horizontal component of the steepest
gradient (Vacquier and others, 1951) and from mod-
eling (Fig. 4). These methods suggest that the tops of
the presumed dikes are all within 0.5 km of the sur-
face. The magnetic susceptibilities calculated from
modeling (Fig. 4) vary from 0.006 to 0.012 cgs units,
characteristic of mafic igneous rocks. The modeled
susceptibilities suggest that demagnetization effects
(Gay, 1967) can be safely ignored to first-order in
spite of the favorable geometry.

More-exact information on the lithologies involved
may be provided by overlaying the geologic and
structural maps of Ham and others (1964) on the
aeromagnetic map. This exercise reveals that anom-
alies A—A’' and B-B’ (Figs. 2,4) are located where the
Meers fault juxtaposes a gabbro to the south against
a rhyolite to the north. The anomaly at C-C’ is lo-
cated where the Meers fault juxtaposes a granite to
the south against a rhyolite to the north. Diabase has
been encountered at shallow depths near the fault at
C-C’ (Fig. 2). Finally, the anomaly at D-D' is located
where the Meers fault juxtaposes a basalt and gabbro
to the south against rhyolite to the north. Rhyolite is
inferred to be present in all four cases to the north of
the fault. The change in frequency characteristics
across the fault is probably due both to a significant
down-to-the-north offset along the fault and to a dif-

ference in magnetic susceptibilities, the rocks to the
south having a generally higher susceptibility.

The strongly elongate shape of the magnetic bod-
ies, in light of the rock types encountered adjacent to
the fault, is indicative of diabase. Ham and others
(1964) suggest that the diabase occurs as dikes and
sills intrusive into all the other igneous rock types.
The modeled susceptibility of the magnetic bodies, in
light of the rock types encountered adjacent to the
fault, is suggestive of either diabase, basalt, or gab-
bro. In summary, diabase (alternatively, basalt or
gabbro) is the most likely candidate for the magnetic
body. Other alternatives, including diagenetic
alteration confined to the fault plane (M. C. Gilbert,
personal communication), may also play a role.

If the magnetic bodies reflect diabase, they prob-
ably represent part of a much larger diabase province
of Cambrian age which stretches from Oklahoma to
Utah (Larson and others, 1985). These diabases have
been used to support the existence of an extensional
tectonic regime of early Paleozoic age in the south-
western United States.

The Blue Creek Canyon fault (Fig. 2) separates an
area of low-frequency anomalies to the south from an
area of higher-frequency anomalies to the north. The
change in frequency characteristics reflects the dif-
fering magnetic source depths on the two sides of the
fault.

The Mountain View fault (Fig. 2), as mapped in the

35 N+

km

CZ72 Magnetic Rock Unit

3445 N

+

Figure 7. Magnetic rock units along the Wichita frontal fault zone. Magnetic rock units A through D are crossed by magnetic profiles A—A’ through
D-D’, respectively (Figs. 2,4). Magnetic rock units E and F are located north of the Blue Creek Canyon fault, near the boundary between the Carlton

Rhyolite Group and the Timbered Hills Group.
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subsurface, follows a NW-trending magnetic mini-
mum for much of its length, but veers to the northeast
of the low along the northern boundary of the survey.
Modeling of magnetic data along the Mountain View
fault is at present incomplete.

A locally steep magnetic gradient, oriented WNW
and located between the Blue Creek Canyon fault
and the Mountain View fault (Fig. 2), may reflect
vertical or N-dipping, dike-shaped bodies (Fig. 7,
magnetic rock units E and F). Geologically, the steep
magnetic gradient coincides closely with the bound-
ary between the Carlton Rhyolite Group and the
overlying sedimentary rock sequence. Diabase has
been encountered in shallow drill holes and outcrops
in the vicinity of magnetic rock unit F (Figs. 2,7).
Modeling of the magnetic rock units involved in pro-
ducing this steep magnetic gradient is at present
incomplete, but diabase is a likely candidate.

RECOMMENDATIONS FOR FURTHER
RESEARCH

For best resolution, magnetic profiles should be
measured perpendicular to the strike of the magnetic
body. The strike of the dike-like bodies outlined in
this study was within 30-40° of the aeromagnetic-
profile direction, degrading the resolution consider-
ably from the optimum. Ground magnetic profiles
perpendicular to the strike of the dike-like bodies -
would serve to better define the depth, dip, and map
extent of these bodies.
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granite. (See Stop 2, this volume.)
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STOP 1
TRAVERSE ACROSS THE GLEN
- MOUNTAINS LAYERED COMPLEX AND
INTO THE GLEN CREEK GABBRO

R. W. Cooper, M. C. Gilbert, and B. N. Powell

Secs. 14, 23, and 26, T4N, R17W, Kiowa County.

INTRODUCTION

The first part of this traverse will cross a typical
part of the Glen Mountains Layered Complex
(GMLC). It will begin in sec. 26, cut diagonally across
sec. 23, and end in the southeast corner of sec. 14 (Fig.
1). The second part will cross the Glen Creek Gabbro
(see lithodemic section on inside back cover). The
traverse description represents field work completed
in May and June of 1986 by Cooper, and earlier work
by Gilbert and Powell. At the time of writing, de-
tailed thin-section analysis and phase-chemistry
studies of samples collected by Cooper in the traverse
area have been initiated, but no results are available.
This is private land, largely owned by Dwight Peter-
son, whose residence is at the north end of the
traverse. Permission should be asked prior to any
field examination in the area.

GLEN MOUNTAINS LAYERED COMPLEX
Approach

The purpose of the traverse is to illustrate the
stratigraphy and nature of the layered igneous rocks
in the GMLC (see Powell, this volume). Similar to
other layered intrusions—such as the Stillwater
Complex in Montana, Bushveld Complex in South
Africa, and Skaergaard Intrusion in Greenland—the
GMLC consists of alternating and repetitive layers
and units of igneous rocks that can be treated or
discussed, in a general sense, like sedimentary rocks.
Minerals in the layers and units include plagioclase,
olivine, and clinopyroxene (augite), with ilmeno-
magnetite and orthopyroxene present in minor
amounts. In the GMLC, plagioclase, olivine, and
(locally) clinopyroxene form discrete, euhedral
cumulate or primary crystals which are used to clas-
sify and name the rock in cumulate terminology.
Ilmenomagnetite, orthopyroxene, and (locally) cli-
nopyroxene form the matrix or cement to the cumu-
late crystals. For example, a rock containing cumus-
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late plagioclase and olivine crystals with interstitial
or matrix augite can be referred to as a POciA. The P
stands for plagioclase, O for olivine, ¢ for cumulate, i
for interstitial, and A for augite. It is also common to
arrange the cumulate phases in order of decreasing
abundance. Although initially confusing, cumulate
terminology is a very useful way to describe the
igneous rocks commonly found in layered intrusions.
An excellent summary of cumulate terminology has
been given by Irvine (1982).

Earlier work on the GMLC, summarized by Powell
(this volume), utilized textural and mineralogical re-
lations as the criteria on which to map out the com-
plex. These efforts resulted in a classification of units
called zones, whose stratigraphic positions are in-
dicated by letters. Four of these zones—K, L., M, and
N—are in sequence, and in a general way cryptic
chemical zonation and cumulus mineralogy are con-
sistent. One of the principal features distinguishing
the L and M zones is the character of the ophitic
pyroxene. The L zone typically has large, coarse-
ophitic clinopyroxenes whose plagioclase chada-
crysts are equivalent in character to matrix plagio-
clase. The M zone, in contrast, has fine-ophitic cli-
nopyroxene whose included plagioclase is different in
shape, orientation, and composition from matrix pla-
gioclase. The traverse crosses what has been mapped
as L and M zones; this mapping is shown in Figure 2
for comparison with Figure 1. In order to preserve the
stratigraphic sequence in the earlier mapping, Gil-
bert (1960) inferred that small faults duplicated the
section.

Geology and Macrorhythmic Cycles

The exposed part of the GMLC consists of plagio-
clase—olivine cumulates, or POc (troctolite); plagio-
clase-olivine—clinopyroxene cumulates, or POAc
(gabbroic troctolite); plagioclase—clinopyroxene
cumulates, or PAc (gabbroic anorthosites); and pla-
gioclase cumulates, or Pc (anorthosites). These rock
types occur in rhythmic or repetitive cycles. The
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rocks may also contain poikilitic phases: oikocrysts of
ilmenomagnetite and/or clinopyroxene (usually au-
gite). Orthopyroxene most commonly occurs as a
reaction rim or corona around olivine crystals, but
also locally appears to rim spiderlike clinopyroxene
crystals. The cumulate rocks occur in layers termed
“macrorhythmic cycles” (Fig. 3), which commonly
are composed of numerous individual layers.

The base of each macrorhythmic cycle (Fig. 3) con-
sists of a POc that may or may not also contain black
cumulus(?) clinopyroxene with a spiderlike over-
growth of additional clinopyroxene that encloses
small (<1 mm) crystals of plagioclase. The olivine at
the base of each cycle tends to occur as discrete crys-
tals with no (or only a minimal) reaction rim of
orthopyroxene plus magnetite. Olivine decreases in
abundance upward, but has a much more noticeable
reaction rim of orthopyroxene plus magnetite. This
suggests that each macrorhythmic cycle, as well as
all macrorhythmic cycles combined, may have an
Fe-enrichment trend.

Above the basal POc, black cumulate(?) clinopy-
roxene with spiderlike overgrowths becomes more
prominent and noticeable. Lower cycles tend to con-
tain less spiderlike clinopyroxene near the base of
eachindividual layer and cycle, whereas stratigraph-
ically higher layers and cycles tend to contain more
spiderlike clinopyroxene. The size of the spiderlike
clinopyroxene becomes smaller upward in a cycle,
decreasing from 4-10 cm to <1 ¢m in some instances.
The small clinopyroxene crystals appear to have a
solid cumulate core with a small amount of over-
growth that contains small plagioclase crystals. The
overall amount of clinopyroxene appears to increase
upward in some macrorhythmic cycles, whereas in
others it appears to stay the same, or possibly even
decrease. However, this remains to be documented
and may be related to the thickness and/or evolution
of each individual macrorhythmic cycle.

The top of each macrorhythmic cycle consists of a
Pc with large (4- to 15-cm) oikocrysts of clinopy-

roxene with indefinite boundaries. This clinopy-
roxene is distinctly different in habit and appearance
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from the black, spiderlike cumulate(?) clinopyroxene
described above. It tends to be bronzish or gray in
color, especially when observed in sunlight, and
weathers to form slight depressions in the rock that
correspond to the size of the oikocryst. This is in
contrast to the black, spiderlike clinopyroxene,
which tends to be resistant to weathering and stand
out. In addition, the plagioclase within these larger
oikocrysts is similar in grain size to that outside the
oikocryst. The transition from the basal part of a
macrorhythmic cycle to the Pc at the top may be
either transitional, as in the case of the third cycle
along the line of traverse, or abrupt, as in the case of
the fourth cycle. Content of oxide phases for each
macrorhythmic cycle appears to increase upward
from trace amounts in the POc at the base to 1-2% (as
poikilitic crystals) in the Pc at the top.

The traverse crosses three complete macrorhyth-
mic cycles and the upper part of a fourth. Cooper

believes that none of the cycles appear to be fault
repetitions along the line of traverse—in contrast to
the earlier study by Gilbert (1960). A preliminary
analysis (Fig. 3) indicates that each of the three com-
plete cycles is progressively thicker, and that the
basal (non-Pc) part of each cycle also is progressively
thicker. In addition to the macrorhythmic cycles,
there is evidence of small-scale troughs, basins, and/
or channels in individual layers in the cycles. Field
analysis indicates that the troughs or channels get
thicker or deeper in an updip direction (to the south).
Analogy with similar features in the Stillwater Com-
plex in Montana indicates that the floor of GMLC
upon which cumulus crystals were accumulating was
being periodically tilted or adjusted, possibly due to
earthquakes and/or microseismic events. Pre-
liminary comparison of features seen along the
traverse and elsewhere in the GMLC with other
layered intrusions and their tectonic environments
indicates that the GMLC may have been emplaced in
a relatively stable tectonic environment.

Traverse Description

The traverse begins in a State of Oklahoma
wildlife-management area just north of U.S. High-
way 183, approximately 0.5 mi east-southeast of the
intersection of Highway 183 with Glen Creek. Pro-
ceed to the east through a fence which marks the
section line between secs. 26 and 27, T4N, R17W.
Initially, you will be crossing over the top of a sill of
Cold Springs Breccia (Fig. 1), which consists of a
dark-colored dioritic intrusive phase cut by a lighter-
colored granitic phase (see Vidrine and Fernandez,
this volume). Locally, some fractures cutting the di-
orite show a slight potassic-alteration halo. Continue
across the Cold Springs Breccia sill to point A.

Point A

This outcrop and the surrounding area is a Pc (pla-
gioclase cumulate) with oikocrysts of clinopyroxene.
The plagioclase consists of laths from 2 X 4 mm to 5
X 15 mm, and there is a well-defined lamination
striking approximately N. 83° W. and dipping 12°
NE. Clinopyroxene oikocrysts as much as 12 cm in
diameter are common and appear bronzish to grayish
in color. Poikilitic erystals of ilmenomagnetite can
also be observed. The Pc here represents the top of a
macrorhythmic cycle that consists largely of
alternating POc and Pc layers to the southwest. This
layer of Pc has been called part of the L zone by
previous workers (Gilbert, 1960; Spencer, 1961; see
Fig. 2). Proceed up the hill a short distance to point B.

Point B

This outcrop, or near outcrop, represents the base
of a macrorhythmic cycle which can be traced to the
southeast, north, and northwest. It is interpreted to
consist of a thin basal layer or interval of POc (note
float on hill), overlain by a POAc with traces of oxide.



140



Stop 1: GMLC Traverse 141

EXPLANATION
Quaternary
al Alluvium, talus, and soil cover
Cambrian
Qr Granite dikes and sills
csb Cold Springs Breccia-includes mafic intrusive phase
and cross-cutting granite phase
gb Fine-grained gabbro dikes and sills
Glen Mountains Layered Complex
Pc
Pc — Plagioclase cumulate
PAc
POAC PAc - Plagioclase -clinopyroxene cumulate
POC POAc-Plagioclase - olivine -clinopyroxene cumulate
POc - Plagioclase - olivine cumulate
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S Fault
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Base from U.S. Geological Survey, Glen Mountains, 1:24,000, 1956

Figure 1. Geologic map of traverse in the Glen Mountains Layered Complex. By R. W. Cooper.

This grades upward by decrease in olivine content to
a PAOc with slightly more oxide. A number of fea-
tures should be noted in this outcrop. Olivine makes
up approximately 7-10% of the rock in lower parts of
the outcrop, but only 2-5% near the top of the out-
crop. It forms 1- to 3-mm pits that are surrounded by a
red-brown corona or halo of orthopyroxene and
magnetite as much as 7 mm in diameter, which rep-
resents a reaction with the magma at the time of
olivine formation. Clinopyroxene forms large (1- to
8-cm), black areas that may in fact represent several
crystals. The black clinopyroxene is probably a

cumulate phase in which clinopyroxene was added,
forming a spiderlike network that enclosed numer-
ous small plagioclase laths at the time of pyroxene
formation. Higher in the outcrop, 1- to 4-cm clinopy-
roxene crystals are more noticeable and tend to be
clustered together. Close inspection of the clinopy-
roxene shows that it locally surrounds and encloses
olivine crystals with orthopyroxene—magnetite coro-
nas. The upper part of the outcrop grades tran-
sitionally to a Pc with oikocrystic clinopyroxene by
continued decrease in olivine and black-
clinopyroxene content. The POc, POAc, and PAOc
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Figure 3. Schematic vertical section of macrorhythmic cycles along
Glen Mountains Layered Complex traverse. Thickness shown is pro-
portional to that estimated along section parallel to traverse. See
Figure 1 for explanation of symbols.

have been called part of the M zone by previous work-
ers. Continue uphill to the crest of the ridge. The
power line marks the east—west section line between
sec. 26 to the south and sec. 23 to the north. Although
little outcrop occurs, all of the float is a Pc with
oikocrystic clinopyroxene and represents the up-
permost layer of the macrorhythmic cycle. Also
notice that poikilitic oxide is more abundant in the Pc
layer than in the lower part of the macrorhythmic
cycle. Previous workers placed this Pc in the L zone.
Continue northward along the ridge crest in the Pc
layer to point C.

Point C

A nearly E-W-trending dike of fine-grained gab-
bro with primary biotite occurs in the Pc layer. The

gabbro has been related to the Roosevelt Gabbros by
previous workers (Gilbert, 1960; Spencer, 1961). In
addition, sills and/or dikes of granite and Cold
Springs Breccia occur in the immediate vicinity. It is
possible that the intrusions are along or near a fault;
however, this could not be documented. Continue
along the ridge crest to the north and northeast in Pc
with oikocrystic clinopyroxene to point D.

Point D

The macrorhythmic cycle just traversed is in con-
tact with the lowermost POc of the next-higher
macrorhythmic cycle. The Pc consists of plagioclase
laths as large as 4 X 15 mm, clinopyroxene oiko-
crysts 2-7 ecm in diameter, and poikilitic oxide crys-
tals 1-3 cm in diameter. The basal POc of this strati-
graphically higher macrorhythmic cycle consists of
5-10% olivine, ~5% clinopyroxene, and <1% oxide.
The olivine occurs as 2- to 4-mm crystals that form
pits on a weathered surface but do not have a reaction
rim of orthopyroxene and magnetite. Clinopyroxene
occurs as 2- to 5-cm oikocrysts, rather than the black,
spiderlike crystals noted at point B, and only traces of
oxide are present in the POc. The POc has been con-
sidered part of the M zone by previous workers. Con-
tinue along the ridge crest and cross the east—west
fence (a quarter-mile fence in sec. 23). Note that
olivine content varies along the line of traverse, and
that clinopyroxene continues to occur as oikocrysts
1-4 cm in diameter.

It should be pointed out that each macrorhythmic
cycle or unit consists of a number of individual layers.
Each individual layer may be a few inches to several
feet thick and exhibits the same variation from an
olivine-rich base to a plagioclase-rich top that the
macrorhythmic unit does. However, in general, lay-
ers near the base of each macrorhythmic cycle tend to
contain more olivine and/or black, spiderlike clinopy-
roxene than do layers near the middle or near the top.
An unequivocal Pcis developed only at the top of each
macrorhythmic cycle. Continue along the ridge crest
to point E.

Point E

This heterogeneous outcrop is representative of a
transitional zone in this macrorhythmic unit, be-
tween the more-olivine-rich base and the plagioclase-
rich top. Thin, discontinuous layers of POc and POAc
asmuch as 1 ft thick can be traced for only a few feet.
Olivine forms pits 2-4 mm in diameter and has a
corona or reaction rim of orthopyroxene and magnet-
ite. This is in contrast to the olivine near the base of
the macrorhythmic cycle and is interpreted to mean
that the macrorhythmic cycle was undergoing an
Fe-enrichment trend. Black, spiderlike clinopy-
roxene crystals are common, ranging from 3 to 7 cm
in diameter. Also present are PAc layers, which can
be traced 2-3 m before disappearing. The clinopy-
roxene in these layers is ~1 c¢m in diameter, often
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STOP 2
COLD SPRINGS BRECCIA

D. M. Vidrine and L. A. Fernandez
with a new outcrop map for the area around site CS4 by R. W. Cooper

SITE CS6: AMPHITHEATER SOUTHEAST OF
REID’S PIT

Characteristics of the mixed zone of the Cold Springs Breccia; type
area for the Otter Creek Microdiorite of Powell and others (1980);
sec. 15, T4N, R17W, Kiowa County.

This site (Fig. 1) provides an excellent illustration
of the details of microdiorite—granite relations in the
mixed zone of the Cold Springs Breccia. Some of the
more notable characteristics observed at this location
include the following (Fig. 2):

1) There is a great deal of variety in size, shape, and
degree of partial assimilation of microdiorite in-
clusions. The inclusions range in size from <10 ¢m to
several meters in diameter. They are mostly equant:
Blocky inclusions generally have straight or gently
curved contacts, whereas round, piilow-shaped in-
clusions often have crenulated contacts. A few micro-
diorite fragments are elongated, straight, curved, or
bent around other inclusions. The inclusions are mi-
crodiorite to tonalite or granodiorite; the larger ones
tend to be finer-grained and more mafic.

2) The amount of hosting granite is extremely vari-
able, locally making up 10-80% of the mixed zone;
overall, 20-30% of the mixed zone consists of granite.
The granite shows various degrees of contamination
with clots and streamers of mafic material; locally
the veining material is granodiorite and is white
rather than pink.

3) Many of the microdiorite inclusions are them-
selves fractured, and the fragments show various
amounts of displacement (1 ¢cm to 0.5 m). In some of
these fractured inclusions, the veining granite is part
of and continues into the hosting granite; in others,
the granite penetrating the inclusion is clearly
younger than the host granite. The younger granite
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crosscuts the mixed zone in the form of narrow dikes
or veinlets (most 2-10 cm wide). Many inclusions are
surrounded by a leucocratic, pegmatitic phase of the
enclosing and/or crosscutting granite.

The lithology, petrography, and geochemistry of
the Cold Springs Breccia are discussed in detail by
Vidrine and Fernandez (this volume).

SITE CS4: ROOSEVELT BLACK GRANITE CO.
QUARRY

Relationships between Cold Springs Breccia intermediate rocks
and mixed-zone granite and microdiorite, sec. 18, T4N, R17W,
Kiowa County.

This site (Figs. 1,3) illustrates the basic, most com-
mon relationship between rocks of the mixed zone
and intermediate rocks of the Cold Springs Breccia.
The quarry face on the north side of Round Mountain
shows as much as 5 m of mostly homogeneous, gray,
fine-grained Cold Springs granodiorite, capped by
several meters of “intrusion breccia” (mixed zone).

The contact between the Cold Springs in-
termediate rocks and the mixed zone is weathered
out on the quarry face, but can be seen to be sub-
horizontal (Fig. 4). Quarry blocks containing the con-
tact between intermediate rocks and the mixed zone
show no gradation between these two units; rather,
the contact is sharp, and none of the microdiorite
inclusions in the mixed zone are in direct contact
with the granodiorite.

The Cold Springs granodiorite is locally con-
taminated with abundant small (generally <10 cm)
xenoliths of partially assimilated and disaggregated
microdiorite. Sparse, rounded granite and an-
orthosite xenoliths also can be found in some of the
quarry blocks.
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The microdiorite inclusions in the mixed zone dis-
play most of the characteristics seen at site CS6,
although they are generally less fractured. Some of
the larger inclusions seen on the quarry face contain
small, subangular inclusions (autoliths?) of darker
microdiorite (Fig. 5). The enclosing granite is pale
pink and is contaminated to various degrees by mi-
crodiorite.

SITE CS9: COLD SPRINGS GRANITE CO.
QUARRY

Relationship between the mixed zone and the intermediate “mixed
zone” of the Cold Springs Breccia, sec. 21, T4N, R17W, Kiowa
County.

The quarry walls at this stop (Fig. 1) show a less
sharply contrasted “mixed zone” compared to other
quarry exposures in the Cold Springs area. The gran-
odiorite in this quarry is similar in all respects to the
homogeneous granodiorite seen at other quarries and
road cuts in the vicinity, but it is present here only as
large (0.5-3 m), rounded inclusions veined by a net-
work of pale-pink granite (Fig. 6). A small test pit
southwest of the quarry entrance shows a typical
microdiorite—granite mixed zone overlying the gran-
odiorite-granite “mixed zone.” The microdiorite in
the “normal” mixed zone occurs as smaller, more
irregularly shaped inclusions, with sharper and
more-crenulated contacts than granodiorite in-
clusions in the underlying “mixed zone.” The granite
veining the microdiorite of the mixed zone appears to
continue into the intermediate “mixed zone” as the
veining material in most of the exposures and quarry
blocks where the contact can be seen. The contact
between the two mixed zones is not planar, but is
clear-cut, no microdiorite inclusions jutting more
than a few centimeters into the intermediate “mixed
zone” (Fig. 7).

SITE CSii: OKLAHOMA GRANITE AND

MONUMENTAL CO. QUARRY

Variations within the intermediate zone of the Cold Springs Brec-
cia, sec. 29, T4N, R17W, Kiowa County.

Homogeneous Cold Springs granodiorite and thin
(generally <1 m) granite sills are exposed in the
Oklahoma Granite and Monumental Co. Quarry, and
in the small quarry southwest of the main quarry
(Fig. 1). The lower part of the southwest quarry con-
tains blocks showing Cold Springs granodiorite
mixed with granite, resulting in a fabric consisting of
swirls and streamers of pink and gray rock which
contains granodiorite and microdiorite xenoliths
(Fig. 8). This mixed rock has a sharp, irregular con-
tact with homogeneous granodiorite, which, starting

~0.5 m from its contact with the mixed rock, contains
microdiorite inclusions similar to those in mixed
zones. This occurrence may represent an order of
intrusion (microdiorite—granodiorite-granite) differ-
ent than that usually inferred for the Cold Springs
Breccia (microdiorite-granite—granodiorite).

A dark-gray diorite is exposed in the upper part of
the southwest quarry. This rock is chemically similar
to the microdiorite of the mixed zone, but is much
coarser-grained and not associated with granite. The
grain size and mineral assemblage is closer to that of
the Cold Springs granodiorite; thus, the rock has
been identified in the field as “dark Cold Springs
intermediate.” A microdiorite/diabase sill near the
top of the hill may represent a chilled margin of the
diorite body; however, no definite contacts are ex-
posed, so the exact form and contact relationships of
the diorite are unclear at present.

SITES CS8 AND CS12: RAILROAD CUTS
NORTH OF THE OKLAHOMA GRANITE AND
MONUMENTAL CO. QUARRY

Relationships among rocks of the Cold Springs Breccia and their
contacts with anorthosite of the Glen Mountains Layered Com-
plex, sec. 20, T4N, R17W, Kiowa County.

At these locations (Fig. 1), the rocks of the Cold
Springs Breccia have been injected along planes of
weakness parallel to the plagioclase layering in the
anorthosite of the Glen Mountains Layered Complex
(Fig. 9A). The Cold Springs Breccia as exposed in
these railroad cuts consists of thin (<1 m) dikes and
sills interfingered with anorthosite.

In the northern railroad cut (site CS8) isa 10-20m
section of homogeneous Cold Springs granodiorite
sills and lenses 0.5-2 m thick, alternating with sills
of mixed-zone rocks 0.5—1 m thick (Fig. 9B). Some of
the granodiorite is veined with granite, as in the Cold
Springs Granite Co. Quarry (site CS9), and other sills
consist of microdiorite enclosed by granodiorite in-
stead of granite. These field relations support a view
of nearly simultaneous intrusion of microdiorite,
granodiorite, and granite.

The southern railroad cut (site CS12) displays a
number of features not seen elsewhere. There are
numerous granite sills that do not contain micro-
diorite inclusions, as well as granite and diabase sills
that cut across the anorthosite layering at high an-
gles. At least one sill can be seen to grade within 10 m
from pure granite to a mixed zone with a high propor-
tion of hosting granite to a mixed zone with only a
small amount of veining granite. Mixed-zone dikes,
essentially identical to mixed-zone sills exposed
throughout the Cold Springs area, cut across the
country rock and granite sills at high angles. Very
little homogeneous intermediate rock is seen in this
railroad cut.
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STOP 3
QUARTZ MOUNTAIN STATE PARK

M. C. Gilbert

Reformatory Granite-Lugert Granite contact and various intrusive relations,
secs. 15 and 22, T5N, R20W, Quartz Mountain State Park, Greer County.

INTRODUCTION

This stop highlights some beautiful illustrations of
intrusive igneous processes, including stoping and
concentration of volatiles in late-crystallizing
magmatic pulses. This area will also be featured as
one of the DNAG stops for the South-Central Section
(Gilbert, in press). A variety of inclusions are found
which potentially will help limit conditions of origin
and/or emplacement of the magmas. Fractures and
fracture patterns are suggestive of several origins,
both during the Cambrian and during the Pennsylva-
nian; however, these have not been studied in detail.
Two areas are particularly accessible and will be
discussed: (1) the south-sloping surface of Quartz
Mountain, beginning on the east near the visitor’s
center and headquarters building and extending
westward behind the park maintenance facility; (2)
the road cut through the ridge containing Twin
Peaks on the way to Quartz Mountain Lodge.

DESCRIPTION OF AREA 1

Area 1 encompasses sectors A, B, and C (Fig. 1).
Parking is available at the nature center or the New
Horizon trail head. Proceed across the small stream
on the north side of the road. The first outcrops (south
of sector A) consist of a large mass full of holes, which
are miarolitic cavities ranging in size from 1 cm to
>10 cm (Fig. 2). The contact between this mass and
the enclosing Lugert Granite is sharp. The mass was
a late-crystallizing phase, as inferred from its ex-
cessive volatile content. In addition to the abundant
cavities, there are coarse pegmatoid pods. Whether
this was an earlier phase of the Lugert—or even the
Reformatory Granite subsequently intruded by later
Lugert—or is a late phase of the in situ Lugert, and
thusitself intrusive, is not clear. It is taken here to be
related to an earlier, fine Lugert phase and intruded
by the younger, coarse Lugert. As the cavities are not
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flattened, there was no movement after exsolution,
and there must have been some overburden to pre-
vent gas escape. Locally, fluid pressure equaled total
pressure during crystallization of the mass.

Figure 3 attempts to summarize schematically the
interpretation of the contact zone to be traversed
west of sector A through sector B to sector C. The
traverse is “alive” with stoped blocks and various
local contacts between granite types. There are three
main types of granite: Reformatory Granite, fine
Lugert Granite, and coarse Lugert Granite. In addi-
tion, the Reformatory, which is the coarsest of the
three, having feldspars as much as 1 cm across, fines
toward its contact with the Lugert. Also, the fine
Lugert, which is granophyric and older than the
coarse Lugert, itself fines toward the contact with the
Reformatory. The fine Lugert is intruded by coarse
Lugert and forms most of the stoped blocks. Both the
Reformatory and the coarse Lugert have abundant
inclusions of the same character. About 90% of these
seem to have been sedimentary (or possibly rhyolit-
ic), and 10% basaltic. The fine Lugert is free of in-
clusions.

This situation suggests the following scenario: The
Reformatory was intruded into some preexisting
host, perhaps the Carlton Rhyolite Group and/or a
stratigraphically equivalent tuffaceous sedimentary
rock. Because the Reformatory is oldest and fines
toward its present margin, that margin must be the
original, pre-Lugert contact. Later, as the first phase
of the Lugert magma was being emplaced, it abutted
the Reformatory and chilled against it, forming the
fine Lugert. Because this phase does not have in-
clusions, some aspect of its emplacement differs from
both the later, coarse Lugert and the earlier Re-
formatory, both of which sampled the same xenolith
suites. Finally, the continuing flow of Lugert magma
intruded its own marginal facies (fine Lugert),
resulting in many coarse-grained dikes in fine-
grained rock, and many stoped blocks of fine-grained
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rock engulfed in coarse-grained rock (Fig. 4). Some of
the fractures in the fine-Lugert blocks predate the
coarse Lugert, because they terminate at the mar-
gins of the blocks (Fig. 5).

North of sector B, beginning about 100-150 m west
of the cavity-rich outcrop, the slope has locally promi-
nent knobs and whalebacks exposing blocks of fine
Lugert surrounded by coarse Lugert. In one of these
outcrops, a 20-m-long fine-Lugert block can be seen.
The western edge of sector B is marked by a horizon-
tal square concrete slab.

Sector C is west of the slab. About 16 m west of the
slab is the contact between the tan-colored Reforma-

tory and the pinker coarse Lugert (Fig. 6). Here,
there are more inclusions in the coarse Lugert than
in the Reformatory, but most of the inclusions are
stoped blocks of fine Lugert. The other inclusion
types are similar in each granite. A few meters west-
ward along this contact, coarse Lugert is in the form
of dikes separating the fine Lugert from the Reforma-
tory (Fig. 7).

DESCRIPTION OF AREA 2

The road to the lodge makes a deep cut through the
ridge culminating in Twin Peaks (near the northern

Figure 2. Sector A. North contact of rock mass full of miarolitic cavities against coarse phase of

Lugert Granite. Hammer is 33 cm long.

Reformatory - Lugert Contact Relations
Quartz Mountain State Park

Reformatory l
Granite

Lugert Granite

Figure 3. Schematic diagram illustrating relations seen from sector C (on the left, or west, near the Reformatory—Lugert
contact) to sector B and sector A (on the right, or east; see Fig. 1). The Reformatory is coarsest of the three granites and
fines toward the contact. The finer phase of the Lugert is shown as small circles and dots; it also fines toward the contact.
The coarser phase of the Lugert is shown by crosses. Inclusions are sedimentary (ruled) and basaltic (solid).
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cut appears less fractured than the southwest face.
Across the road, on the southwest face, there are
isolated and local examples of consolidated, dark-red,
aphanitic possible fault gouge along fractures (Fig.
9). Fracture spacing varies, and where fractures are
more concentrated “faulting” is perhaps represented,
although total offset within any one set of fractures
may not be large (Fig. 10).

Near the southwest end of the west face, several
clusters of inclusions are prominent. The mafic in-
clusions, in particular, seem to have undergone dis-
aggregation by the granite. Around the natural slope
(toward the south arrow on Fig. 1) are easily accessi-
ble illustrations of contact relations between finer
and coarser phases of Lugert Granite. Angular
blocks of finer-grained granite are surrounded by
coarser-grained granite. Within the finer rock,
quartz veins occupy fractures which end at the con-
tact with the coarser rock (Fig. 11). These fractures
are genetically related to the intrusion through
quenching of the finer granite and resulting contrac-
tion, then later filling upon solidification of the
coarser granite. They are to be distinguished from
the Pennsylvanian-age tectonic fractures, which are
generally unfilled (or filled with later material), and
which crosscut both finer and coarser phases. Aplitic
dikes and pegmatitic pods with miarolitic cavities
are in some cases positioned along the two granite
contacts.

Eed N R EREAE Voo L y
Figure 8. Northwest end of road cut on the northeast side. Contact

between fine Lugert on the left and coarse Lugert on the right passes
behind hammer handle.

Figure 9. Possible fault gouge in fractured Lugert on southwest side of
road cut.

Figure 10. Closely spaced fractures in Lugert Granite on the south-
west side of the road cut.

Figure 11. Fine Lugert (F) engulfed in coarse Lugert (C) (east end of
south arrow on Fig. 1). The finer phase is more resistant to weathering
and commonly stands out in slight positive relief.
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Figure 1. Geologic map of the Little Bow Mountain area. Modified from Merritt (1958).
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Aerial-photograph fault interpretation of Wichita
Granite Group outcrops throughout the area also re-
flects distinct trends (Figs. 1,5). As with the local-
scale faults, a distinct fabric develops with respect to
trend and sense of shear. This fabric reflects the same
major components of deformation described for sever-

al strike-slip fault zones mapped at a variety of scales
(Tchalenko and Ambraseys, 1970; Wilcox and others,
1973; Harding and Lowell, 1979), as well as for de-
formation described in strike-slip models (Tchalen-
ko, 1970; Wilcox and others, 1973; Bartlett, 1980;
McLean, 1983) (Fig. 6).



174 T. R. McLean and D. W. Stearns

Faults with
Indicated Offset

Fault  Orlantations
1} Roads -------
2) Faults
3) Offset feature

Faults with right-lateral offsat

D Faults with lett-lateral offset
3 4KM

2
SCALE

Figure 1. A, NASA high-altitude aerial photograph; strong lineations in Cambrian granites of the Wichita Mountains reflect a distinct fabric; stop area

is at the western end of the photograph, just west of Big Four Mountain. B, faults with indicated offset within the field study area; stop area is at the
western end of the study area.
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Figure 2. Aerial photograph of the stop area. Arrows indicate sense of movement on the fault. Local-scale-fault locations (A, B), Hale Spring dikes (hs), and the
parking location (P) are marked.
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