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INTRODUCTION

Rhyolites in the Arbuckle Mountains were mapped by
Taff (1904) and later described by Uhl (1932). Our work
represents the first modern, detailed study of the rhyolites.
These rocks were originally named the Colbert porphy-
ry by Reeds (1910). However, because subsurface data
show the Arbuckle rhyolites to be a direct continuation of
the Carlton Rhyolite exposed in the Wichita Mountains,
it seems unnecessary to give a separate lithostratigraphic
name to the examples exposed in the Arbuckles, and we
follow Ham et al. (1964) in referring to all these rocks as
parts of the Carlton Rhyolite Group.

The rhyolites crop out in the western part of the Ar-
buckle Mountains in the East and West Timbered Hills
(Figs. 1 and 2). Our work has focused on the Carlton Rhyo-
lite exposed in the East Timbered Hills (ETH), as discussed
in this paper, and on an unusual igneous breccia within the
rhyolite in the West Timbered Hills, which is discussed in
Eschberger and Hanson (this guidebook). Diabase intru-
sions occur in both areas, and we also present new data
on these rocks. For a more thorough discussion of the new
findings than is possible here, the reader is referred to Es-
chberger (2012).

The closest well to the outcrops in the ETH that pene-
trates the Carlton Rhyolite in the subsurface is the Kaiser
Francis-Westheimer Neustadt 1 Chapman (hereafter re-
ferred to as the KFWNC well), which was drilled in 1980
to a total depth of 2.34 km and lies 3.3 km southeast of the
rhyolite exposures (Figs. 1 and 2). Igneous rocks penetrat-
ed by this well have not been described in detail before, and
Eschberger (2012) carried out petrographic and geochem-
ical studies of rhyolite cuttings from the well. One goal
of this part of the project was to determine whether strati-
graphic relations shown by the rhyolites in outcrop could

be carried into the subsurface, and we briefly summarize
results of this work in the present paper.

The rhyolites in the East and West Timbered Hills are
exposed within two structural culminations in the core of the
Arbuckle Anticline, which is an asymmetric, northeast-verg-
ing structure delimited by the Washita Valley Fault Zone
along its steep northern flank (Fig. 2; Ham, 1973; Perry,
1989). Mesoproterozoic granite and gneiss of the Eastern
Arbuckle Province are exposed on the northern side of the
fault zone (Fig. 1; Ham et al., 1964; Rohs and Van Schmus,
2007). Ham et al. (1964) showed that units belonging to the
Carlton Rhyolite Group form a succession at least 1.5 km
thick in the subsurface south of the Washita Valley Fault
Zone, based on information from the Frankfort 1 Sparks
Ranch well (Figs. 1 and 2). This is in contrast to the com-
plete absence of extrusive rhyolites north of the fault zone.
Because the rhyolites south of the fault zone and crystalline
basement of the Eastern Arbuckle Province north of the
fault zone are both unconformably overlain by the Upper
Cambrian Reagan Sandstone, Ham et al. (1964) inferred
that the Washita Valley Fault Zone originated as a pre-Rea-
gan, synvolcanic normal fault. This fault contained the rhy-
olites on the basinward side and was subsequently reacti-
vated as a compressional structure during Pennsylvanian
deformation. More recent subsurface work to the northwest
of the exposures in the Arbuckle Mountains has further em-
phasized the great thickness of volcanic rocks that accumu-
lated south of this Cambrian normal fault (Puckett, 2011;
Puckett et al., this guidebook).

CARLTON RHYOLITE GROUP IN THE EAST
TIMBERED HILLS

Rhyolite outcrops in the ETH are delimited to the north
by a northwest-striking thrust fault that is a strand of the
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Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains

Washita Valley Fault Zone and places the rhyolite against
Cambrian-Ordovician carbonate rocks of the Arbuckle
Group (Figs. 2 and 3). To the east, the rhyolites are faulted
against Arbuckle Group strata along the Chapman Ranch
Thrust Fault (Ham and McKinley, 1954). The unconformi-
ty between the rhyolites and the overlying Reagan Sand-
stone is exposed in the western part of the area, and thin
fault slices of the sandstone also occur along the thrust fault
to the northeast.

Our mapping shows that the Carlton Rhyolite in the
ETH consists predominantly of two thick lava flows sepa-
rated by an interval of bedded rhyolitic volcaniclastic rocks
and intruded by a series of hypabyssal felsic intrusions (Fig.
3). Field relations and petrographic features of these units
are discussed below. The total stratigraphic thickness of
exposed rhyolite is ~960 m, as shown in the cross section
(Fig. 4), which was constructed using bedding attitudes
from the volcaniclastic rocks separating the two flows.

In addition to the thrust faults that bound the rhyolite
to the north and east, several smaller faults cut the rhyo-
lite and offset the bedded volcaniclastic rocks in a complex
manner (Fig. 3). A number of brittle shear zones with vari-
able trends and unknown displacement also occur within
the rhyolite, as shown in Figure 3, and are as much as 80
m across. They are defined by closely spaced, sub-parallel,
steeply dipping fractures that locally grade into pockets of
fine-grained cataclasite (Figs. 5A and 5B), and some pol-
ished fracture surfaces exhibit slickenlines. These shear
zones are inferred to record brittle deformation of the rhyo-
lites during Pennsylvanian folding and faulting.

Lower rhyolite flow

The lower rhyolite flow is only exposed in the east-
ern part of the study area and is largely bound by faults
(Fig. 3). The flow is >300 m thick, but its true thickness
is unknown because the base is truncated by the Chapman
Ranch Fault. It is aphyric and pervasively flow banded
down to thin-section scale (Figs. 6A and B). Pink or tan
bands alternate with dark-gray bands, and spherulites con-
sisting of radiating microlites of quartz and alkali feldspar
are abundant in the pink and tan bands (Figs. 6C and 6D).
In contrast, the dark-gray bands exhibit relict perlitic tex-
ture (Fig. 7A) overprinted by a very fine grained mosaic of
anhedral, equidimensional quartz and feldspar. Following
reasoning given in Hanson et al. (this guidebook), we infer
that the spherulites in the pink and tan bands formed during
high-temperature devitrification while the flow underwent
initial cooling from magmatic temperatures after it came

to rest. The presence of perlitic texture in the dark-gray
bands indicates that these bands originally remained large-
ly glassy following initial cooling of the lava and under-
went slow, long-term devitrification well after the flow had
cooled to ambient temperatures. In the dark-gray bands,
delicate flow lamination is defined by opaque crystallites
(Fig. 6B), and some of these bands also contain abundant
small, elongate amygdules oriented in the direction of flow
and filled with quartz (Fig. 7B). Fine-grained secondary
quartz replaces parts of the groundmass in small, irregu-
lar patches (Fig. 6B), and some spherulites have recrystal-
lized entirely to quartz, leaving only traces of the original
fibrous, radiating structure (Fig. 7C).

Open to isoclinal flow folds from thin-section to out-
crop scale commonly deform the flow banding (Figs. 6B
and 8A and 8B). The folds have variable orientations (Fig.
3) and in some cases were refolded due to progressive de-
formation during continued movement of the lava. A zone
of flow breccia occupies the uppermost 50 m of the flow
and consists of chaotically arranged, flow-banded rhyo-
lite clasts as much as 1.5 m across (Fig. 8C). This breccia
grades into the underlying coherent lava across a transi-
tional zone in which flow-banded rhyolite shows incipient
brecciation (Fig. 8D).

Bedded rhyolitic volcaniclastic rocks

The flow breccia at the top of the lower rhyolite flow is
overlain by a bedded rhyolitic volcaniclastic sequence 60
m thick (Figs. 3 and 9). Planar-laminated, siliceous vitric
tuff, crystal-vitric tuff, and tuffaceous mudstone contain-
ing quartz crystals <0.5 mm across make up most of the
sequence (Figs. 10A and 10B). Some of the laminae are
outlined by thin zones of secondary silicification that form
thin, discontinuous, lenticular masses parallel to the lami-
nation (Fig. 10C). Poorly preserved bubble-wall shards are
visible in thin section but have been variably overprinted
by growth of secondary silica (Fig. 10D).

Two zones of intense soft-sediment deformation occur
within the tuffaceous rocks and contain chaotically arranged,
disharmonic, meter-scale soft-sediment folds that deform
the lamination and range from upright to recumbent (Figs.
9 and 11A). A covered interval occurs above this part of the
sequence but is most likely underlain by similar tuffaceous
rocks. It is succeeded by a 2.7-m-thick, planar, ledge-form-
ing, massively bedded conglomerate containing well-round-
ed cobbles and boulders of aphyric rhyolite as much as 40 cm
long. These clasts do not resemble the lower rhyolite flow
and were presumably derived from another flow unit. The
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Figure 2. Geologic map of the western Arbuckle Mountains, including the West Timbered Hills (WTH) and the East
Timbered Hills (ETH). Modified from Johnson (1990). Locations of Kaiser Francis-Westheimer Neustadt 1 Chap-
man (KFWNC) well and Frankfort 1 Sparks Ranch well are indicated. HQ: Hanson Aggregates Quarry. Legend for

map is shown on the next page.

conglomerate is very poorly sorted, with a silt- and sand-
sized matrix between the coarser clasts, and is generally
massively bedded, except for diffuse stratification defined
by thin mudstone laminae in the upper 5 cm of the unit.

The conglomerate is overlain by a 30-cm-thick unit
consisting of massively bedded rhyolitic lapilli tuff grad-
ing upward into very fine grained tuff. Small pumice clasts
a few millimeters long show flattening due to burial com-
paction (cf., Bull and McPhie, 2007). The rest of the se-
quence above this unit consists of beds of rhyolite pebble
conglomerate and sandstone ~1 m thick (shown schemati-
cally in Figure 9) intercalated with beds of planar-bedded
vitric tuff, mudstone, and siltstone as much as 20 cm thick.
The conglomerates are matrix supported, massively bed-
ded, and contain subangular to angular rhyolite clasts as
much as 6 cm long.

Several faults with variable trends offset the bedded
volcaniclastic rocks, which are completely faulted out
against the upper rhyolite flow to the north and south (Fig.
3). The complex geometry of these faults is only partly un-
derstood because critical parts of the area are heavily veg-
etated. The conglomerates present in the upper part of the
measured section (Fig. 9) do not occur in the other faulted
segments of the bedded volcaniclastic rocks, suggesting
that they may occupy a channel eroded into the tuffaceous
rocks.

Upper rhyolite flow

The upper rhyolite flow can be traced for 3.5 km along
strike before being truncated by thrust faults to the north
and east. The exposed thickness of the flow is ~600 m, but
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Quaternary I:I Alluvium
Lower Permian |:| Stratford Formation

1

Upper Pennsylvanian - Vanoss Group

Upper Pennsylvanian - Collings Ranch Conglomerate

Pontotoc Group

Middle Pennsylvanian - Deese Group
Lower Pennsylvanian - Springer Formation

Mississippian |:| Caney Shale

Mississippian to - Sycamore Limestone, Welden Limestone,
Devonian and Woodford Shale

Devonian to
Upper Ordovician - Hunton Group
Upper ordovician 1o [ Syivan Shale and Viola Group

Middle Ordovician |:| Bromide, Tulip Creek, and McLish Formations

Simpson
Group
1

Middle Ordovician |:| Oil Creek Formation and Joins Formation
Lower Ordovician | | West Spring Creek and Kindblade Formations

Lower Ordovician |:| Cool Creek and McKenzie Hill Formations

flow lamination is well developed in this
zone (Fig. 11B) but becomes less per-
vasive upward and typically disappears
within a few meters of the basal contact.
Quartz-filled amygdules aligned parallel
to the flow lamination are present in mi-
nor amounts (Fig. 11C). Thin spherulitic
layers developed along some flow lam-
inae during initial high-temperature de-
vitrification, and spherulites also nucle-
ated on xenoliths of tuffaceous sediment
derived from the underlying bedded vol-
caniclastic sediments (Fig. 11C). Dis-
continuous pockets of peperite <10 cm
thick formed at the base of the flow by
quenching and fragmentation of rhyolite
lava and intermixing with wet, uncon-
solidated tuffaceous sediments at the top
of the bedded volcaniclastic sequence.
Dark-colored, blocky rhyolite fragments
in the peperite are separated by disrupted
tuffaceous mudstone, and some rhyolite

Arbuckle Group
1

Upper Cambrian

Upper Cambrian - Timbered Hills Group
Lower Cambrian - Carlton (Colbert) Rhyolite

Lower Ordovician to I:l Butterly Dolomite, Signal Mountain Formation
Royer Dolomite, and Fort Sill Limestone

fragments show jigsaw texture resulting
from nonexplosive, in situ quench frag-
mentation (Figs. 12A and 12B).

The basal glassy zone passes up-
ward into a zone ~40 m thick in which
the groundmass has a heterogeneous

—— Geologic contact

—--=- Fault; dashed where inferred

—Ww— Thrust fault
_zi Measured bedding attitude

—7%— Overturned beds
E:j Quarry

appearance in hand sample, with abun-
dant small, white spherulites <0.5 mm
in diameter dispersed in pink-gray, ho-
locrystalline rhyolite (Fig. 12C). Above
this zone, homogeneous, red-gray fel-
sitic rhyolite (Fig. 12D) forms a zone
as much as 100 m thick in the slowly
cooled interior of the flow. This zone

Figure 2 continued. Legend for geologic map of the western Arbuckle Moun-

tains.

this is a minimum value because some of the upper parts
were undoubtedly eroded away prior to deposition of the
unconformably overlying Reagan Sandstone. In contrast
to the lower rhyolite flow, the upper flow contains abun-
dant phenocrysts and exhibits a regular vertical variation in
groundmass textures (Fig. 4).

The groundmass in the lower 40 cm of the flow is gen-
erally dark-gray to black and records rapid chilling to glass,
which was subsequently altered to iron-rich clays. Delicate

passes upward into an upper heteroge-
neous, spherulitic zone that generally
extends to the unconformity against the
Reagan Sandstone. However, in one area
~90 m across in the uppermost exposed
part of the flow (Fig. 3), the groundmass has the same dark-
gray to black color as does the altered glass at the base of the
flow. This uppermost glassy zone suggests the unconformity
surface is close to the original top of the flow, at least in this
part of the study area.
Although flow lamination or banding is generally ab-
sent above the glassy zone at the base of the flow, subtle
flow lamination defined by aligned Fe-Ti oxide microlites
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LEGEND
[ Quaternary Alluvium
Pennsylvanian
[ Collings Ranch Conglomerate
Ordovician-Cambrian
Arbuckle Group
] West Spring Creek and Kindblade Formations
[ Cool Creek and McKenzie Hill Formations
] Butterly Dolomite, Signal Mountain Formation,
Royer Dolomite, and Fort Sill Limestone
Upper Cambrian
I Timbered Hills Group
Lower Cambrian
@ Diabase intrusion (trend unknown)
=== Diabase dike
Carlton Rhyolite Group
[ Upper rhyolite flow
[ Bedded rhyolitic volcaniclastic rocks
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[ Lower rhyolite flow
Hypabyssal felsic intrusions
I Type | intrusions
[ Type Il intrusions
[ Type Ill intrusions
® Type IV intrusion (trend unknown)

\ Fault (dashed where inferred, dotted where covered)
N Thrust fault

\ Geologic contact

2\ Bedding attitude

BN Tectonic joint

0}\ Sheeting joint (formed during devitrification)
WX Brittle shear zone

2\ Flow banding
o Flow parting
s50<— Plunge of rhyolite column
50 <= Plunge of minor flow fold axis

Other symbols: N
s - spherulitic
h - homogeneous (felsitic) A
g - glassy (devitrified)
fbr - flow breccia
fbd - flow banding

Figure 3. Geologic map of the East Timbered Hills. Panels A and B show closer views of part of map
area. Red dashed lines indicate boundaries between originally glassy and heterogeneous, spherulitic
zones near top of upper rhyolite flow and between flow-brecciated and flow-banded parts of lower
rhyolite flow. Line A-A’ indicates location of cross section shown in Figure 4. Location of measured
section shown in Figure 9 is also indicated. Geology of Upper Cambrian—Quaternary units is modified
from Johnson (1990).

Oklahoma Geological Survey Guidebook 38



Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains

uoi}aag painsesp

*panNuUNuod ¢ d.IngL

uonjeso| ajdwes [eaiwaysoah ayohyy A

Butpueq moy - paj
©10081q MOJ} - A}
(polinep) Asselb - B
(ons|ay) snosuabowoy - y
onisyds - s
:sjoquifs J1ay30

SIXe p|oj MOJ} Joulw Jo abun|d - os
uwnjo9 ajijoAys jo abunjd —os
Buied moj4 &
Buipueq mo4 \&

auoz Jeays a|pug Y.

(uoneaypnap bunp pawo)) Jutof Buasys &
juiol o1u0y09) &

apmye buippag \&

Joeju09 9160j089 \

Hnejisniyl

(pasenoo aiaym payjop ‘pasiajul aaym paysep) JNe 4 /

(umouyun puay) uoisnjul Al 8dA] @
suoisnul || edAL [
suoisniul || odAL [l
suoisnu | adA) [

suoisnJul oisje) [essAqedAH
Moy ajljoAyl Jomo [

%001 snosoeyn anloAuY [

3004 D1se|oIuea|oA oloAyl pappag [l
Moy ayjohyl seddn [

dnoug ayjoAuy uoye)

OYIp 8seqelq ===
(umouxun puaJy) uoisnijul oseqelq @
uelque? Jomo]
dnoug siiH passquiL I
uenqued Jaddn
auojsawI |IIS Ho4 pue ‘ajiwojoq Jakoy

‘uoeuo4 uieyunoly [eubis ‘eywojoq Ausnng [
SUONewIoS [|IH 8izusyd\ pue ¥8a1) 100D [

dnolg apjongly
UBLIqWED-URIDIAOPIQ

wniAn|y Aleusdyend [

aN3931

149

Oklahoma Geological Survey Guidebook 38



Eschberger et al.

[ Timbered Hills Group

Ordovician - Cambrian ~ Lower Cambrian Groundmass textures:
[ Arbuckle Group Carlton Rhyolite Group s - spherulitic .
Upper Cambrian 1 Upper rhyolite flow h - homogeneous felsite

[ 1 Rhyolitic volcaniclastic sedimentary rocks
1 Lower rhyolite flow

g - glass (devitrified)

fb - flow breccia

A
0 500 m
| . | |
(no vertical exaggeration) columnar jointing flow lamination
13501 SW peperite NE
1250 bedding soft-sediment folds

Elevation (ft

flow folds

Figure 4. Cross section of East Timbered Hills; location is shown in Figure 3. Hypabyssal felsic intrusions are not
shown because their three-dimensional geometries are unknown. Boundaries between different textural zones in
groundmass of upper rhyolite flow are shown schematically by orange dashed lines.

occurs in some thin sections of the interior felsitic zone.
Flow parting occurs in places throughout the flow and is
defined by variably developed, closely spaced (<4 cm),
parallel planar surfaces. These surfaces are typically ap-
proximately parallel to the base of the flow, the orientation
of which is constrained by bedding attitudes in the under-
lying bedded volcaniclastic sequence (Fig. 13). Bedding in
the Reagan Sandstone above the upper flow has similar ori-
entations to the flow parting within the flow (Fig. 13), sug-
gesting there is relatively little angular discordance across
the unconformity.

Columnar jointing is generally uniformly developed
throughout the upper flow (Fig. 14A). The columns are as
much as 1 m wide and many have hexagonal cross sections
(Fig. 14B). They typically plunge steeply (50° to 70°) to
the northeast, approximately perpendicular to the base of
the flow (Fig. 13). Sheeting joints of the type described in
Hanson et al. (this guidebook) and inferred to record vol-
ume decrease during devitrification overprint the columns
to varying degrees (Fig. 14C).

Modal analyses of the upper flow are given in Table 1.
Feldspar phenocrysts range in abundance from ~24 to 34
%. They are dominantly alkali feldspar, although some pla-
gioclase phenocrysts are also present. All of the feldspars
show variable alteration to sericite, and some are replaced
by chessboard albite. The alteration makes it difficult to
distinguish alkali feldspar from plagioclase, and they were
grouped together during point counting. Quartz phenocrysts

(Fig. 15A) range in abundance from ~1.0 to 10 %, and tita-
nomagnetite and mafic silicate phenocrysts together make
up ~4 to 13 %. Primary titanomagnetite is partly altered to
hematite and leucoxene, and the mafic silicates have been
completely replaced by green clay (Fig. 15B), magnetite, he-
matite, and, in some cases, fluorite. Based on crystal shapes,
most of the mafic silicate phenocrysts appear to have been
pyroxene and possibly fayalite. Minor amounts of pseu-
domorphs after biotite also occur in a few samples. Trace
amounts of apatite and zircon are typically present. Glom-
eroporphyritic texture is common, and some glomerocrysts
consist of as many as 15 or more interlocking crystals. Feld-
spar is the main component in the glomerocrysts (Fig. 15C),
although titanomagnetite, mafic silicate pseudomorphs (Fig.
15B), quartz, and very fine grained apatite and zircon may
also be present.

In thin section the groundmass in the homogeneous, fel-
sitic zone in the center of the flow contains very fine grained,
subhedral to anhedral, intergrown quartz and feldspar and
some small spherulites. A similar quartzo-feldspathic in-
tergrowth occurs between the spherulites in the upper and
lower zones that have a more heterogeneous appearance in
hand sample, but the spherulites in these zones are more nu-
merous than in the interior felsitic zone. Randomly oriented
tridymite needles (now inverted to quartz) are common in
the groundmass and increase in length from <0.01 mm near
the margins of the flow to as much as 0.25 mm in the homo-
geneous, felsitic interior zone (Figs. 16A and 16B).
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Figure 5. (A) Brittle shear zone in rhyolite flow; view is to northeast.
(B) Fine-grained cataclasite in hypabyssal felsic intrusion.

Hypabyssal Felsic Intrusions

Four types of hypabyssal felsic rock intrude the two
rhyolite flows in the ETH and can be distinguished based

Type I Intrusions

Type 1 intrusions are the most abundant
and are as much as 300 m across. Twenty sep-
arate Type I intrusions were mapped (Fig. 3),
although they are probably at least partly in-
terconnected in three dimensions. The U-Pb
zircon age of 539 = 5 Ma reported by Thomas
etal. (2012) from the ETH comes from a small
Type I intrusion within the upper flow (Fig.
3). The groundmass in the Type I intrusions
has a distinctive orange-pink color in hand
sample and varies from aphanitic to barely
phaneritic, making these rocks transitional
between hypabyssal rhyolite and microgran-
ite. Alkali-feldspar and quartz phenocrysts
are present (Table 1), and the latter occur as
distinctive dipyramidal crystals as much as
3.5 mm across (Fig. 16C) that are larger and
more abundant than in the upper rhyolite flow.
The groundmass is characterized by well-de-
veloped microgranophyric texture (Fig. 16D).
Sparse inclusions several millimeters across
show coarser granophyric texture than is
present in the host rock (Fig. 17A) and con-
tain quartz phenocrysts. These inclusions are
inferred to represent material that crystallized
on the walls of the source magma chamber
or conduit and was incorporated into the ris-
ing magma. Lithophysae as much as 1.5 cm
across are present in one outcrop of the Type
I intrusions, and small, irregularly shaped gas
cavities <1 mm across are visible in thin sec-
tion and are generally lined by drusy quartz
crystals and filled with green clay (Fig. 16D).
These features are consistent with intrusion at
shallow levels, where volatiles could readily
exsolve during cooling.

Type II Intrusions

Type II intrusions form three bodies as
much as ~35 m across in the northwestern part
of the study area. Quartz phenocrysts ~1 mm

in length are very sparse, and the only other phenocrysts
are mafic silicate crystals a few millimeters in length that
are replaced by hematite and green clay; they were not

on phenocryst content and groundmass texture, as de- point-counted because they are difficult to distinguish
scribed below. The hypabyssal intrusions only rarely show from alteration products in the groundmass. The aphanitic
columnar jointing or flow banding. groundmass is orange-brown in hand sample and in thin
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Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains

section shows spherulitic texture grading into micrograno-
phyre.

Type III Intrusions

Three Type III intrusions are present and are as much
as ~180 m across, although the two larger ones are truncat-
ed by the Chapman Ranch Thrust Fault to the east (Fig. 3)
and may have originally been considerably more extensive.
They intrude only the lower rhyolite flow and are aphyric
and typically pink-gray, except in zones of intense frac-
turing and cataclasis along the fault, where they are dark
brick-red (Fig. 17B). The groundmass is barely phaneritic
and in thin section exhibits spherulitic texture. Tridymite
needles are as much as 1 mm in length, much longer than
those in the upper rhyolite flow, and either are randomly
oriented or radiate out from some of the spherulites (Fig.
17C). Interstitial, anhedral quartz and some micrograno-
phyre are also present.

Type 1V Intrusion

A single Type IV intrusion was mapped in the study
area and was only found as locally derived float over a dis-
tance of ~2 m. Distribution of the float suggests that the
intrusion may represent a poorly exposed dike. The unit is a
pink-red rhyolite with alkali-feldspar phenocrysts as much
as 2 mm across and well-developed spherulitic texture in
the groundmass (Fig. 17D).

DIABASE INTRUSIONS

Seven steeply dipping diabase dikes as much as 2 m
thick have been mapped in the study area and trend either
northwest or northeast (Fig. 3 and Table 2). Three small
diabase intrusions whose geometry and strike cannot be de-
termined because of poor exposure are also shown in Fig-
ure 3, along with a larger intrusion exposed within rhyolitic
tuffaceous rocks to the southeast of the towers on Signal
Peak. That intrusion is at least 6 m wide and 12 m long. It
may be a large dike but is extensively faulted, making its
original geometry unclear. Most of the diabase intrusions
were recognized based on locally derived, spheroidally
weathered float, and additional intrusions almost certainly
are present but are hard to identify in the more heavily veg-
etated parts of the study area.

The diabase intrusions occur within the lower and up-
per flows and the rhyolite tuff above the lower flow. None
have been found in contact with the felsic hypabyssal intru-
sions, but this may simply reflect the sporadic occurrence of
the diabases and their tendency to crop out poorly. Chilled

tachylitic margins are visible in the better exposed dikes, and
their interiors exhibit textures ranging from subophitic to lo-
cally ophitic in the coarser examples (Figs. 18A and 18B).
Amygdules <I mm in diameter are filled with green clay
and minor epidote. Plagioclase shows variable alteration to
sericite, which in many cases is nearly complete. Augite is
generally less altered than plagioclase but is partly replaced
by green clay + chlorite + actinolite + goethite/hematite. Pri-
mary opaque minerals comprise titanomagnetite and small
amounts of bladed ilmenite, and chlorite pseudomorphs of
olivine occur in one sample (Fig. 18C).

FELSIC AND MAFIC ROCKS IN THE KFWNC
WELL

A lithologic log for the KFWNC well is shown in Fig-
ure 19. The cumulative thickness of rhyolite penetrated
in the well beneath strata of the Arbuckle and Timbered
Hills Groups is 983 m. Thicknesses of individual units in
the lithologic log are apparent thicknesses only, because
the dip of the layers is unknown. The deeper parts of the
well penetrated ~750 m of intrusive granite belonging to
the Wich ita Granite Group before the Washita Valley Fault
Zone was reached, and two granite intrusions interpreted to
be sills also intrude parts of the rhyolite succession.

Fourteen different rhyolite flows have been distin-
guished in the well (Fig. 19) based on the general appear-
ance of the cuttings under the binocular microscope and
differences in phenocryst content and groundmass texture
visible in thin section. The majority of the flows yield dark-
reddish-brown to orange or reddish-orange cuttings which
consist of felsitic rhyolite with spherulites and radiating
to randomly oriented tridymite needles in the groundmass
(Fig. 20A). Flow lamination is not present in cuttings from
these intervals, which have similar groundmass textures to
the upper rhyolite flow in the ETH. In contrast to that flow,
however, quartz phenocrysts were not observed in any of
the subsurface flows from these intervals, and alkali-feld-
spar and plagioclase phenocrysts typically either occur in
sparse amounts or are absent. Flow 5 is the thickest flow
and is 153 m thick; this flow also contains larger tridymite
needles in the groundmass (as much 1 mm long; Fig. 20A)
than are present in the other flows. Two intervals defined
by dark-brown cuttings that in some cases show flow lam-
ination occur between Flows 7 and 8 and Flows 8 and 9
and are interpreted to represent altered, originally glassy
chilled margins to the flows (Fig. 19). In both cases, it is
not known whether these intervals represent the chilled
base of the overlying flow, the chilled top of the underlying
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Upper rhyolite flow

- Planar-bedded tuff, mudstone and

siltstone interbedded with rhyolite-
pebble conglomerate and sandstone
(shown diagrammatically)

Massively bedded lapilli tuff grading into
very fine grained tuff

Rhyolite cobble and boulder conglomerate

Planar-laminated vitric tuff and tuffaceous
mudstone with soft-sediment folding

Planar-laminated vitric tuff and tuffaceous
mudstone

Silicified planar-laminated vitric tuff

Lower rhyolite flow

Figure 9. Measured section of bedded rhyolitic volcaniclastic sequence.
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Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains

flow, or a mixture of both.

Flow 2 is distinctly different from most of the oth-
er flows and is characterized by orange-gray cuttings in
which the groundmass lacks tridymite needles and consists
of very fine grained equidimensional quartz and feldspar
containing small, dispersed spherulites (Fig. 20B). These
textures overprint a delicate flow lamination (Fig. 20C)
and are similar to those seen in parts of the lower rhyo-
lite flow in ETH that initially remained glassy following
emplacement. As in that flow, secondary quartz replaces
the groundmass in small, irregular patches, making Flow
2 another example of an originally glassy flow that was
susceptible to silicification.

Cuttings of Flow 3 lack flow lamination, but a similar
very fine grained quartzo-feldspathic intergrowth to that
in Flow 2 occurs in the groundmass (Fig. 20D), again in-
dicating slow devitrification of originally glassy rhyolite.
Flow 3 differs from Flow 2 and from the other flows in
the well, however, because it contains relatively abundant
quartz and feldspar phenocrysts, including chessboard al-
bite (Fig. 20D). Flow 6 is underlain by an interval <3 m
thick of rhyolitic volcaniclastic siltstone and sandstone, but
this is the only volcaniclastic interbed recognized between

Equal Angle N
Lower Hemisphere

= Poles to bedding
in Reagan Sandstone

e plunge of columns
* poles to flow parting
A poles to tuff bedding

Figure 13. Stereonet showing plunge of column long axes,
poles to flow parting in upper rhyolite flow, and poles
to bedding in tuffaceous rocks and Reagan Sandstone.
Larger red symbols with same shapes show mean poles.

flows in the succession penetrated by the well. Three in-
tervals as much as 20 m thick are characterized by distinc-
tive, orange-colored cuttings containing abundant quartz
and alkali feldspar phenocrysts set in a groundmass show-
ing well-developed microgranophyric texture (Fig. 21A).
These units are similar to the Type 1 felsic intrusions pres-
ent in the ETH and, like them, are inferred to represent
hypabyssal intrusions within the rhyolitic volcanic pile.

A major part of Flow 10 is characterized by white to
light-gray or tan cuttings with some thin granite veins. A
thin section shows these cuttings to consist of rhyolite that
has been almost completely recrystallized to granoblas-
tic quartz and alkali feldspar by contact metamorphism
against the underlying granite sill (Fig. 21B). Anhedral to
subhedral andalusite is locally abundant in some cuttings
and is intergrown with quartz (Fig. 21C). The presence of
this aluminosilicate polymorph indicates that significant
loss of alkalis occurred during metamorphism, creating
an alumina-oversaturated composition. Similar metamor-
phic features occur in the Wichita Mountains in the Fort
Sill area, where Carlton Rhyolite has been metamorphosed
against Mt. Scott Granite (Finegan and Hanson, this guide-
book). As in that example, Flow 10 was probably original-
ly glassy, enabling nearly complete destruction of original
volcanic textures during metamorphic recrystallization.
One difference is that, in the Fort Sill area, sillimanite is
also present, recording attainment of higher metamorphic
temperatures in the contact metamorphic aureole of the
thick Mt. Scott sill.

A number of mafic intrusions penetrate the rhyolites
and granites (Fig. 19). Most of these are phaneritic diabas-
es, but some of the thinner and more rapidly chilled ones
are aphanitic basalt. We interpret a 13-m-thick basaltic unit
between Flows 4 and 5 to represent a basalt lava flow in-
terbedded with the rhyolites because it is unlikely that a
mafic intrusion this thick would chill uniformly to basalt.
The same conclusion applies to two other, thicker basaltic
intervals intercalated with rhyolites in the lowest part of the
rhyolite succession between ~1.49 and 1.54 km, above the
large granite intrusion in the deepest parts of the well.

GEOCHEMISTRY OF THE FELSIC ROCKS
Major elements

Major- and trace-element analyses for the felsic rocks
are shown in Table 3, and the major oxides are plotted in
Harker diagrams in Figure 22. The highest silica values, as
much as 79.16 wt % (volatile-free), occur in the Type I intru-
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sions and are higher than typical silica contents for unaltered
rhyolites. Type Il intrusions also show relatively high silica
values. However, there is no petrographic evidence for sig-
nificant secondary silicification in either of these groups of
intrusions, and their high silica contents are considered to
be close to the primary values. Silica contents in the upper
flow in the ETH range between 73.85 and 77.37 wt %, but
petrographic evidence for significant secondary addition of
silica in the samples with the higher silica contents is simi-
larly lacking. Furthermore, the samples of this flow with the
highest silica contents also have higher contents of quartz
phenocrysts (Table 1). These observations indicate that the
variable silica contents in the upper flow reflect primary
compositional heterogeneities. On the other hand, the range
in silica contents in the lower rhyolite flow (74.45 to 77.58
wt %) is at least partly the result of secondary silicification,
as shown by the presence of silica veinlets in thin section as
well as locally abundant quartz-filled vesicles (e.g., Fig. 7B).

ALO;, CaO, TiO,, and P,0; show overall decreases
with increasing silica (Fig. 22), consistent with fraction-
ation of plagioclase, clinopyroxene, titanomagnetite, and
apatite. In contrast, FeO and MgO are more scattered,
which may be due partly to mobility of Fe and Mg during
alteration of the primary mafic silicates. Na,O decreases
with increasing silica, whereas K,O tends to show a slight
increase. These trends should be interpreted with caution,
however, because of the petrographic evidence for alkali
mobility in these rocks (e.g., replacement of feldspar phe-
nocrysts by chessboard albite and sericite). Several samples
from the hypabyssal felsic intrusions plot to the right of the
normal igneous spectrum in Figure 23, indicating addition
of K,O and loss of Na,O during alteration. One anomalous
sample from the lower rhyolite flow (sample 285; Table
3) that has very low Na,O and unusually high K,O is not
shown in Figure 23 because it plots off the scale of the dia-
gram. Only minor amounts of sericite occur in this sample,
but its groundmass originally consisted entirely of glass,
and disturbance of the alkalis may have occurred during

TABLE 2. CHARACTERISTICS OF DIABASE DIKES IN EAST
TIMBERED HILLS

Site Estimated Thickness Exposed
Number | Trend (azimuth) (m) Length (m)
252 337° 1.0 12.0
274 050° 1.0 4.5
282a 330° 0.3 1.0
318 050° 2.0 9.0
352 055° 0.6 4.0
387 333° 1.0 12.0
388 285° 1.0 1.0

devitrification. Comparable dramatic increases in the K,0/
Na,O ratio have been shown to occur during devitrification
of rhyolite glass by other workers (e.g., Simons, 1962).

Trace elements

Because of the evidence for major-element mobility in
some samples, trace elements susceptible to alteration must
also be used with care in these rocks. For example, scatter in
Rb and Ba in the Harker diagrams in Figure 24 is consistent
with other evidence for alkali mobility in these rocks dis-
cussed above. The unusually low Ba contents in the Type |
and Type II intrusions, however, are inferred to be a primary
feature and are consistent with other evidence discussed be-
low for the fractionated nature of these samples. Sc, which
is fairly resistant to alteration (e.g., Rollinson, 1993), shows
an overall negative correlation with silica (Fig. 24). This el-
ement is compatible in both pyroxene and titanomagnetite
(Mahood and Hildreth, 1983; Bacon and Druitt, 1988; Rol-
linson, 1993), and its depletion with increasing silica most
likely reflects fractionation of both these minerals. Sr also
decreases with increasing silica (Fig. 24), consistent with
feldspar fractionation.

Th, Zr, and Nb are typically immobile during low-tem-
perature alteration (Pearce and Cann, 1973; Winchester and
Floyd, 1977; Rollinson, 1993), but they do not show obvi-
ous trends in Harker diagrams when the data are consid-
ered as a whole (Fig. 24). In fact, the samples tend to plot in
three main groups, except for the Type IV intrusion, which
does not plot consistently with any of the groups. These
three groups are best seen in the Harker diagrams for Nb
and Th. One group includes the lower and upper rhyolite
flows, the Type Il intrusion from the ETH, and the rhyolite
lava flows from the KFWNC well. The Type 1 and Type II
intrusions plot separately in two other groups. Some of the
variation between samples within these groups is due to
silica mobility during alteration, but the three groups as a
whole are considered to reflect primary compositional dif-
ferences.

Because of the secondary alteration, standard rock
classification schemes using major elements may not pre-
cisely classify the rocks. In such cases, the diagram of Win-
chester and Floyd (1977) (Fig. 25A) generally provides re-
liable results because it employs ratios of immobile trace
elements (and TiO,, which is also resistant to alteration).
On this diagram, samples of the upper flow plot in the field
for normal rhyolites, whereas samples of the lower flow,
the Type I, II, and IV intrusions, and all but one of the
rhyolite lavas in the KFWNC well fall in the peralkaline
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rhyolite field. The samples of the lower flow in the ETH
cluster very tightly in the diagram. This provides further
evidence that the spread in silica values for this unit is a
result of silicification and indicates that the flow represents
a chemically homogeneous batch of magma. Samples of
the lower flow also cluster tightly with three of the rhyolite
lavas from the KFWNC well and the Type III intrusion, in-
dicating that these units are petrogenetically closely linked.
The Type IV intrusion plots as a trachyte, which conflicts
with its relatively high silica content (76.65 wt %) because
trachytes typically have silica contents <69 wt % (Le Bas et
al., 1986). There is no petrographic evidence for significant
addition of secondary silica in this sample, and in this case
the Winchester and Floyd (1977) diagram apparently has
not classified the sample appropriately.

Bivariate plots of the incompatible trace elements Nb,
Th, Y, and Zr are shown in Figures 25B, 25C, and 25D. As
mentioned before, these elements are resistant to secondary
alteration, and in many cases they show strong positive cor-
relations in suites of petrogenetically related rocks. Distinct
linear trends of this type are lacking in the present case, how-
ever, and all of the felsic samples from the KFWNC well
and the ETH (except the Type [V intrusion) plot in the same
three groups as seen in the Harker diagrams in Figure 24.

All of the felsic samples are shown on normalized
multi-element and REE diagrams in Figures 26A and 26B.
For the sake of clarity, rhyolite flows from the ETH and the
KFWNC well are shown separately in Figures 26C and 26D
as are the ETH felsic intrusions in Figures 26E and 26F. All
of the samples exhibit Sr, Eu, P, and Ti depletions (Figs.
26A and 26B), consistent with fractionation of plagioclase,
apatite, and titanomagnetite. The felsic hypabyssal intru-
sions in the ETH also show Ba depletions (Fig. 26E), al-
though this is least pronounced in the Type III intrusion. In
general, the Type 11l intrusion and the rhyolite flows in the
ETH and the KFWNC well show similar patterns to each
other on both the multi-element and REE diagrams, further
supporting assignment of these units to a single geochem-
ical group (cf. Figs. 24 and 25B, 25C, and 25D). Note that
in Figure 26C the rhyolites in the KFWNC well tend to plot
more closely with the lower flow in the ETH than with the
upper flow, consistent with other evidence that the lower
flow is more closely related petrogenetically to some of
the KFWNC rhyolites than it is to the upper flow (cf. Fig.
25A).

Similar conclusions can be reached using the discrim-
ination diagrams in Figures 27A and 27B, where the up-
per and lower rhyolite flows and the Type III intrusion in
the ETH cluster tightly with some of the KFWNC rhyolite

lavas, and the Type I and Type II intrusions tend to plot
separately from the rest of the data. Note that the Type II
intrusions plot off the scale of Figure 27B. Figures 27C,
27D, and 27E suggest that the Type 1, Type I, and Type IV
intrusions and two of the KFWNC rhyolites were derived
from ocean-island-basalt (OIB)-type sources, whereas old-
er crust was involved in the petrogenesis of the other Ar-
buckle units.

DIABASE GEOCHEMISTRY

Geochemical analyses of seven diabase intrusions in
the ETH are presented in Table 3, and the major oxides
are shown in Harker diagrams in Figure 28. The samples
have a range in silica content of 47.42 to 51.63 wt %, and
most of the major oxides show little correlation with silica.
However, K,O shows a strong increase with silica, where-
as CaO shows a corresponding decrease. Samples with the
highest K,O and lowest CaO values show the most intense
sericitization of plagioclase in thin section, and we infer
that the trends shown by these two oxides partly reflect ad-
dition of K,O and loss of CaO during alteration.

Ignoring the more mobile elements such as Cs, Rb,
and K, the trace element contents for all seven diabase in-
trusions in the ETH compare closely on the multi-element
diagram (Fig. 29A), except that one sample (388; Table 3)
has higher Th than the other samples. REE patterns for the
diabases are also very similar and show LREE enrichment
typical of within-plate basalts (Fig. 29B), with slight posi-
tive or negative Eu anomalies reflecting minor plagioclase
accumulation or fractionation. These trace-element data
suggest that the ETH diabases were derived from a single,
relatively uniform magma reservoir. In Figure 29A all of
the samples show overall negative slopes in the right part
of the diagram and, except for sample 388, lack negative
Nb-Ta anomalies. These patterns are typical of basalts de-
rived from OIB-type sources (e.g., Pearce, 1982; Sun and
McDonough, 1989). The diabases also consistently fall in
fields for within-plate, alkaline or transitional basalts on
standard discrimination diagrams using immobile trace el-
ements (Fig. 30).

DISCUSSION

Two thick rhyolite lavas make up the major part of
the Carlton Rhyolite Group exposed in the ETH and show
markedly different features. The upper rhyolite flow is sur-
prisingly thick (>600 m) and, except for a thin basal zone
with flow lamination, there is little indication of flow band-
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TABLE 3: GEOCHEMICAL DATA FOR EAST TIMBERED HILLS FELSIC AND DIABASE SAMPLES

Rhyolite flows in the East Timbered Hills

Upper Flow Lower Flow

Normalized major elements (wt %)*

Sample: 277 281 298 375 389 392 272 285 290
SiO, 73.99 7456 7438 7586  73.85 7737 7445 7758 76.24
TiO, 0.41 0.39 0.39 0.29 0.38 0.29 0.24 0.21 0.24
ALO, 1238 1253 1249  12.17 1249 1235 1260 10.32 11.92
FeO 3.26 3.35 332 2.86 3.55 1.55 3.42 2.92 2.71
MnO 0.11 0.07 0.07 0.03 0.06 0.04 0.03 0.03 0.08
MgO 0.13 0.15 0.30 0.05 0.55 0.14 0.03 0.06 0.00
CaO 1.29 0.37 0.66 0.09 0.46 0.11 0.41 0.06 0.09
Na,O 4.09 4.18 3.84 3.47 430 3.77 3.94 0.08 3.67
K,O0 4.28 434 4.49 5.13 431 434 4.86 8.73 5.04
P,0O5 0.06 0.06 0.06 0.03 0.05 0.03 0.02 0.01 0.02
LOI** 1.47 0.66 1.10 0.61 0.67 0.77 0.78 0.62 0.43

Total*** 9797 98.71 98.05 9832 9846 9858 9895 9853  98.28

Trace elements (ppm)

Ni 3.31 3.61 291 2.70 1.80 2.10 241 2.81 0.90
Cr 3.51 2.51 291 1.80 2.30 3.10 2.31 3.92 231
Sc 5.93 5.53 5.86 3.78 5.30 3.76 3.36 2.99 3.42
v 5.52 432 5.02 3.90 5.10 1.90 2.71 3.82 0.70
Ba 956.17 1094.46 1036.90 1013.76 931.80 865.53 804.61 921.82 1206.63
Rb 117.06 11398 118.89 123.85 108.63 102.62 12737 22499 122.57
Sr 72.86 7356  65.18 46.70 5739 4186 3553 2473 27.72
Zr 705.49 704.53 696.14 621.93 68598 633.85 784.07 67837 781.35
Y 90.87 9194 11023 10092 8239 10435 112.88  90.53 110.90
Nb 56.70  57.02 5657 5889 56.67 5887 6750 57.00 66.03
Ga 2249 2339 2269 2240 2350 23.10 2751 14.86  24.20
Cu 5.72 3.82 2.61 1.70 3.70 3.60 1.41 4.32 2.51
Zn 83.23 10893 8233 7.50 107.40  81.20 81.12 51.81 37.15
Pb 13.34 1441 6.62 7.71 14.11 11.72 7.98 8.96 6.34
La 7328 7835 86.66 10749 4773 9348 9193 7418 135.11
Ce 16497 160.72 168.88 173.06 10598 174.10 168.55 12584 182.45
Th 1092 11.17 1094 11.77 11.09 12.04 1213 1041 12.19
Nd 81.85 8516 91.84 109.13 5521 10238 100.34  83.20 132.74
U 3.01 297 2.83 3.11 3.03 3.23 3.19 2.69 3.51
Pr 2036  21.26 2265 2726 1380 2537 2468 21.10  33.66
Sm 1824 19.29 20.53 2328 1273  23.13 2233 17.92  28.12
Eu 3.74 393 4.33 3.96 2.70 4.00 3.68 2.88 4.58
Gd 17.10  17.93  20.67 21.64 1259 2223 2128 1575 25.15
Tb 2.90 3.02 3.34 3.42 235 3.59 3.55 2.76 3.90
Dy 18.00 1829 1980 20.15 1580 21.08 21.78 1750  22.65
Ho 3.58 3.66 3.96 3.97 3.37 4.10 438 3.55 4.36
Er 9.86 999 1052  10.68 9.63 10.83 11.87 9.79 11.78
Tm 1.45 1.49 1.50 1.54 1.45 1.56 1.76 1.45 1.72
Yb 8.99 9.19 9.33 9.62 9.07 9.72  10.89 9.02 10.46
Lu 1.37 1.41 1.44 1.44 1.39 1.50 1.64 1.38 1.60
Hf 1797 1795 17.64 1659 17.64 17.08 20.00 17.63  20.17
Ta 3.64 3.71 3.70 3.87 3.67 3.88 4.27 3.74 4.25
Cs 0.87 1.13 0.88 1.37 0.92 0.91 0.78 0.91 0.45
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TABLE 3: GEOCHEMICAL DATA FOR EAST TIMBERED HILLS FELSIC AND DIABASE SAMPLES, CONTINUED

Hypabyssal Felsic Intrusions in the East Timbered Hills

Sample:

SiO,
TiO,
AlO4
FeO
MnO
MgO
CaO
Na,O
K,0
P,0s
LOI**

Total***

Trace elements (ppm)

Ni
Cr
Sc
v
Ba
Rb
Zr
Y
Nb
Ga
Cu
Zn
Pb
La
Ce
Th
Nd
U
Pr
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta

Typel Type 11 Type 111 Type IV
Normalized major elements (wt %)*
279 286 320b 391 323 324 267 282e
79.16  78.06 7827 78.01 7731 77.83 7586  76.65
0.13 0.13 0.13 0.14 0.22 0.23 0.24 0.26
1047  10.96 11.08 11.12  10.89 10.94 1190 12.38
2.41 2.66 2.34 2.50 4.44 3.71 3.23 1.33
0.01 0.01 0.03 0.01 0.01 0.01 0.09 0.02
0.04 0.11 0.08 0.10 0.20 0.25 0.00 0.08
0.07 0.15 0.05 0.07 0.08 0.07 0.10 0.10
2.46 2.67 3.32 2.66 1.48 1.69 4.01 2.93
5.24 5.25 4.70 5.38 5.34 5.27 4.56 6.24
0.01 0.00 0.00 0.01 0.01 0.01 0.02 0.02
0.63 0.68 0.43 0.74 1.49 1.33 0.30 0.49
98.68 98.15 9840 9743 9735 9741 9898  99.09
2.81 2.21 1.61 1.30 291 2.71 3.01 3.01
4.22 3.21 3.82 2.80 3.71 4.32 3.82 291
0.07 0.08 0.22 0.02 0.41 0.38 3.39 2.21
4.72 3.11 2.01 4.40 0.10 291 2.21 1.31
67.32 57.13 7192 71.00 171.87 13472 917.69 496.39
153.24 158.42 136.25 17748 159.53 143.67 114.89 196.08
779.48 810.37 790.22 831.36 2022.00 201691 776.07 322.57
121.99 106.95 101.70 111.42 189.60 211.17 10946 61.49
150.23 161.11 151.75 182.78 278.01 264.66 66.76  96.81
21.69 2229 2520 2890 31.53 3132 2520 1697
15.46 4.22 9.54 5.40 5.12 3.92 5.12 2.71
1576 27.61  31.53  39.70 147.09 76.00 2430 4147
11.95 5.98 482 1537 2251 18.31 15.04  43.11
116.70  82.11 8431 115.84 9480 17197 103.45 81.35
126.81 172.22 17793 149.12 235.68 247.60 193.42 184.85
20.60 20.50 20.87 2321 28.83 2893 12.11  20.34
110.27 8140 83.53 11240 10898 177.55 110.07 65.53
4.58 4.30 4.67 4.95 7.34 7.67 345 4.66
29.79  21.67 2235 3024 2797 4568 2728 19.04
2486 19.16 19.23 2498 2627 3997 2412 1248
0.33 0.22 0.24 0.35 1.27 1.79 3.95 1.03
21.56  17.73 17.34  21.82 2493 36.71 22.65 9.96
3.49 3.05 3.05 3.55 5.02 6.57 3.66 1.85
20.77 19.02 19.19 21.83 3526 4092 2193 12.06
4.21 3.97 3.98 4.48 7.69 8.36 4.30 2.46
11.90 11.23 11.35 12.66  22.64 23.35 11.60 7.12
1.79 1.72 1.72 1.90 341 343 1.71 1.10
11.21 10.73 10.83 12.01 21.31 2141 10.59 7.00
1.68 1.63 1.61 1.82 3.23 3.23 1.61 1.05
22.81 23.50 22.74 2520 4599  46.09 20.21 9.92
1047 1095 1048 1198 1745 17.43 4.29 6.80
0.45 0.40 0.34 0.61 0.76 0.62 0.26 0.45

Cs
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TABLE 3: GEOCHEMICAL DATA FOR EAST TIMBERED HILLS FELSIC AND DIABASE SAMPLES, CONTINUED

Eschberger et al.

Diabase Intrusions in the East Timbered Hills

Normalized major elements (wt %)*

Sample:

SiO,
TiO,
AL O,
FeO
MnO
MgO
CaO
Na,O
K,0
P,04
LOI**

Total***

Trace elements (ppm)

Ni
Cr
Sc
A"
Ba
Rb
Sr
Zr
Y
Nb
Ga
Cu
Zn
Pb
La
Ce
Th
Nd
U
Pr
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Cs

274

50.08
1.92
13.99
13.61
0.21
6.26
9.19
2.51
1.88
0.36
1.31
98.92

51.94
46.36
40.71
338.28
366.18
105.08
428.06
110.06
24.30
19.76
17.75
162.41
109.47
4.14
21.05
43.65
1.85
23.20
0.45
5.57
5.21
1.77
4.94
0.80
4.76
0.98
2.58
0.37
2.27
0.35
2.79
1.24
3.38
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282A

49.16
2.14
14.36
12.73
0.23
6.77
10.21
2.56
1.39
0.45
1.83
98.26

61.91
118.44
40.54
307.87
449.38
63.87
468.74
115.63
24.36
19.11
17.65
120.34
106.88
3.45
20.63
44.54
1.18
25.14
0.30
5.92
5.52
2.00
5.23
0.82
4.87
0.99
2.64
0.36
2.27
0.35
2.81
1.17
0.36

318

49.26
247
13.66
13.69
0.23
6.59
9.38
2.73
1.48
0.51
1.28
98.58

58.72
91.72
41.02
342.77
515.45
55.80
451.38
136.12
27.83
22.16
18.84
125.82
147.76
5.35
23.68
50.94
1.58
28.26
0.39
6.76
6.19
2.26
5.90
0.93
5.52
1.12
2.98
0.43
2.56
0.40
332
1.38
0.61

369

50.08
1.63
16.02
11.95
0.20
5.72
9.24
2.67
2.18
0.32
2.00
97.58

56.30
44.10
32.66
290.10
424.15
80.42
392.20
100.56
22.01
17.89
18.70
135.00
110.10
9.11
18.70
39.35
1.74
20.82
0.42
4.99
4.61
1.57
4.50
0.72
4.38
0.89
2.36
0.33
2.07
0.33
2.55
1.10
0.77

386

47.47
2.11
15.63
12.93
0.23
7.51
10.59
2.38
0.88
0.27
1.57
98.64

88.70
78.80
33.03
307.90
335.17
35.67
449.66
103.17
19.90
18.90
19.00
150.70
105.50
6.51
16.72
36.61
1.30
20.75
0.35
4.83
4.65
1.71
4.61
0.71
4.27
0.81
2.12
0.29
1.75
0.26
2.69
1.24
0.68

387

47.42
2.07
15.68
12.66
0.23
7.57
10.74
2.30
1.08
0.26
1.82
97.27

85.40
87.90
36.25
310.20
362.67
50.30
478.01
95.51
19.20
17.50
19.40
164.10
112.10
17.71
15.66
34.41
1.17
19.70
0.31
4.58
443
1.66
4.34
0.69
4.05
0.79
2.04
0.28
1.70
0.27
248
1.14
0.62

388

51.63
2.12
14.35
12.12
0.23
6.67
7.41
2.67
2.47
0.34
221
96.92

58.5
823
36.79
303.6
723.50
116.59
466.53
149.95
27.74
24.50
18.10
110.80
117.00
5.79
31.29
64.26
4.01
31.19
0.90
7.86
6.32
1.78
5.79
0.92
5.53
1.08
297
0.42
2.62
0.42
3.82
1.54
0.89



Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains

TABLE 3: GEOCHEMICAL DATA FOR EAST TIMBERED HILLS FELSIC AND DIABASE SAMPLES, CONTINUED

Rhyolites in the Kaiser Francis-Westheimer Neustadt 1 Chapman well

Normalized major elements (wt %)*

Sample: 22-1 22-2 22-3 22-4 22-5
Si0, 7639 7639  75.67 7485 76.49
TiO, 0.19 0.19 0.23 0.22 0.21
AlL)O, 11.99  11.77 11.94 12.63 12.19
FeO 243 2.85 3.17 2.50 1.96
MnO 0.03 0.02 0.03 0.04 0.02
MgO 0.21 0.09 0.11 0.11 0.07
CaO 0.56 0.26 0.24 0.99 0.41
Na,O 3.54 3.55 3.72 4.03 3.40
K,O0 4.64 4.85 4.86 4.62 523
P,05 0.01 0.02 0.02 0.02 0.02
LOI** 1.42 0.82 0.22 1.31 0.92

Total*** 9736 9836 99.51 9795 9792

Trace elements (ppm)

Ni 3.90 2.90 1.60 4.00 3.40
Cr 9.10 2.60 320 10.40 8.60
Sc 2.82 2.79 3.62 1.60 1.25
\Y 9.00 5.70 2.20 5.20 3.50
Ba 926.25 935.19 1116.39 1367.03 1347.17
Rb 117.00 12391 117.62 116.05 123.56
Sr 4351 3654 3943 53,19  39.48
Zr 710.85 712.05 779.62 687.44 666.79
Y 92.06 9432 10433 96.56  96.97
Nb 5426 5248 59.27 89.69 87.21
Ga 21.10  19.70 22,60 2290  22.70
Cu 7.80 7.70 6.10 9.70 6.20
Zn 132.80  30.50 3480 67.10  89.30
Pb 1045 12,10 14.05 13.19 13.80
La 71.51 7755  79.86  96.56 9491
Ce 158.79 17297 177.82 206.81 202.74
Th 11.57  11.62 11.75 10.78  10.59
Nd 79.29  87.02 90.00 98.17  96.66
U 2.73 2.85 3.31 2.73 2.46
Pr 20.07 21.83 2258 2535 2483
Sm 18.05 19.45 2026 2040 2043
Eu 2.89 3.26 3.59 3.47 3.42
Gd 1692 1830 1897 18.10 17.96
Tb 293 3.05 3.24 3.05 3.06
Dy 1840 18.71 2025 18.77 1873
Ho 3.69 3.70 4.06 3.82 3.80
Er 10.14  10.31 1126 10.69  10.70
Tm 1.49 1.51 1.66 1.60 1.59
Yb 9.30 938 10.17 9.97 9.97
Lu 1.41 1.42 1.54 1.55 1.54
Hf 18.46 1832 19.80 18.04 17.52
Ta 3.70 3.39 3.81 5.54 5.39
Cs 0.62 0.56 0.51 0.52 0.42

* Major elements are normalized to 100% on a volatile-free basis

** Loss on ignition  ***Total before normalization
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Figure 22. Harker diagrams for major oxides for felsic rocks in ETH and KFWNC well.
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Carlton Rhyolite Group and diabase intrusions, Arbuckle Mountains
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Figure 23. Igneous spectrum diagram of Hughes (1972) for felsic rocks.

ing within the main part of the flow; flow breccia is also
lacking. The flow underwent a simple cooling history after
emplacement based on the uniformly developed columnar
jointing throughout the flow and the progressive increase in
size of randomly oriented tridymite needles in the ground-
mass toward the flow interior, where cooling occurred at
the slowest rate.

Geochemical data indicate that the flow records erup-
tion of compositionally heterogeneous magma. However,
the simple cooling history after emplacement led to a con-
sistent vertical sequence of textural zones in the flow, with
originally glassy zones along the base and top of the flow,
which pass inward into spherulitic zones and then into a
homogeneous felsitic interior, where the coarsest tridymi-
te needles appear. This vertical textural zonation is sim-
ilar to that shown by most rhyolite flows in the Wichita
Mountains, which are inferred to be remnants of laterally
extensive lavas (Hanson and Eschberger, this guidebook).
The longest known lava flow in the Wichitas (the Fort Sill
rhyolite) can be traced laterally for ~18.5 km, but its to-
tal extent may have been considerably greater because the
flow is either truncated by intrusive granite or goes beneath
Permian and Quaternary cover (Finegan and Hanson, this
guidebook). The upper flow in the ETH may have had a
similar large extent, although this is now impossible to de-
termine because the flow is truncated by faults along three
sides. In any case, it is the thickest rhyolite flow so far
documented in the Southern Oklahoma Aulacogen and is

substantially thicker than the thickest flow present in the
Wichitas (400 m). A likely interpretation is that the flow
was ponded against the northern fault-bounded margin of
the rift zone, which would have been a short distance north
of the present position of the ETH (Ham et al., 1964).

The original dimensions of the lower rhyolite flow in
the ETH are also unknown, but with a thickness >300 m it
is thicker than all but one of the rhyolite flows documented
in the Wichitas. It differs from the upper rhyolite flow and
from most flows in the Wichitas in that it is pervasively flow
banded and has thick flow breccia at the top. Much of the
flow remained glassy after early high-temperature devitri-
fication, even in the flow interior, and tridymite needles are
lacking. These characteristics suggest that the unit represents
a laterally restricted lava dome or coulee that underwent rel-
atively rapid cooling. Unlike the upper flow, the lower flow
represents extrusion of chemically homogeneous magma.

A significant pause in eruptive activity in the area is
recorded by the 60-m-thick bedded volcaniclastic sequence
that separates the two flows. Planar-laminated tuff within
the sequence was likely derived from vents located some
distance from the study area. Deposition is inferred to have
occurred in a lake; otherwise, it is difficult to see how the
fine-grained ash beds could have been preserved without
being reworked by running water or wind. Intense soft-sed-
iment folding of parts of the sequence may record seismic
activity within the developing rift, particularly given the
proximity to the northern rift margin. The poorly sorted,
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Figure 24. Harker diagrams for selected trace elements in felsic rocks.
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massively bedded conglomerate units in the upper part of
the sequence are inferred to represent debris-flow deposits
emplaced within the lake. The presence of a thin peperite
zone at the base of the upper flow indicates that the lacus-
trine deposits were still wet and unconsolidated when the
lava moved across them. However, the flow shows no ev-
idence for large-scale interaction with external water, sug-
gesting that the lake may have contained little water when
the lava encountered it.

In the KFWNC well to the southeast of the ETH, four-
teen rhyolite flows occur over a depth of ~1.15 km. These
flows show some petrographic similarities to the two flows
in the ETH, but it is not possible to find a complete match
in groundmass texture and phenocryst content between
the two exposed flows and any of the subsurface exam-
ples. Overall, the volcanic stratigraphy exposed in the ETH
cannot be traced into the KFWNC well. This may reflect
lateral facies changes in the rhyolitic volcanic succession
over that distance or offset between the two areas along
Pennsylvanian or Cambrian (rift-related) faults.

Hypabyssal felsic intrusions make up an important part
of the Carlton Rhyolite exposed in the ETH, and similar
intrusions also occur in the KFWNC well. They were clear-
ly emplaced in a shallow, subvolcanic setting, but some
cooled slowly enough to develop phaneritic textures. In the
ETH, four different lithological and geochemical types of
intrusions are present, adding considerably to the compo-
sitional diversity of the ETH rhyolites. Similar felsic in-
trusions locally occur within the Carlton Rhyolite exposed
in the Wichita Mountains, but they are rare (Finegan and
Hanson, this guidebook; Hanson et al., this guidebook).
Their relative abundance in the ETH and adjacent parts of
the subsurface suggests that this area was located in a more
proximal setting relative to the source vents during devel-
opment of the rhyolitic volcanic field.

The map patterns of the intrusions exposed in the ETH
range from ellipsoidal to highly irregular, and some of
these intrusions probably have complicated shapes in three
dimensions. It is likely that the smaller intrusions represent
offshoots from larger bodies. Why the intrusions developed
these complex shapes is unclear. They may have been em-
placed during a period of time when tensional stresses in
the rift zone were at a minimum so that dike injection was
not favored.

Our geochemical data for the rhyolites in the ETH and
KFWNC well are compared to available data for the Carl-
ton Rhyolite exposed in the Wichita Mountains in Figures
25A, 26, and 27. In the Winchester and Floyd (1977) di-
agram (Fig. 25A), some of the Arbuckle samples overlap

with the field for the Wichita rhyolites, but a number of the
samples fall outside that field, pointing to compositional
variations in the felsic magmas emplaced in different parts
of the rift zone. The Type I and Type II intrusions fall much
farther into the peralkaline field than the other Arbuckle
samples, consistent with the highly fractionated nature of
these two types of intrusions.

The Arbuckle data show a tendency to cluster into dis-
crete groups in Figure 25A, but these groups are better re-
solved in bivariate plots of immobile trace elements (Figs.
25B, 25C, and 25D). The rhyolite lavas in the ETH and
KFWNC well and the Type III intrusion in the ETH de-
fine a single geochemical group in those figures, and we
infer that these units were derived from a single source or
magma reservoir. Intrusions of Types I, II, and I'V represent
compositionally distinct magmas.

Normalized multi-element and REE patterns for the Ar-
buckle felsic rocks generally compare closely with the data
for the Carlton Rhyolite in the Wichita Mountains (Fig. 26).
However, the Type Il intrusions in the ETH typically show
higher contents of incompatible trace elements resistant to
secondary alteration and much stronger depletions in Ba
than seen in any of the rhyolites in the Wichitas (Fig. 26E).
The Type I intrusions in the ETH show even more substan-
tial Ba depletion as well as the most pronounced negative
Eu anomalies. These two types of intrusions are, in fact,
the most highly fractionated rhyolites so far documented
in the Wichita igneous province. They also plot farther into
the OIB field in Figure 27E, although this could reflect the
effects of pyroxene fractionation on the Ce/ND ratio rather
than being a direct indication of source composition (Eby,
1990). It is also interesting to note in this diagram that most
of the other Arbuckle data plot significantly closer to aver-
age continental crust than the Wichita rhyolites, suggesting
that older crust played a more important role in the petro-
genesis of the felsic magmas in the Arbuckle region.

Eleven diabase bodies, the majority of which are dikes,
have been mapped intruding the rhyolite in the ETH. Ad-
ditional examples undoubtedly occur in poorly exposed
parts of the study area, but the diabases are clearly much
less abundant in the ETH than in exposed Mesoproterozoic
crystalline rocks near the northern margin of the rift in the
eastern Arbuckles, where they occupy as much as ~30%
of the rock volume (Hanson et al., 2013, Lidiak et al.,
paper, this guidebook). Our observations are consistent
with those of Denison (1995), who pointed out that the
marked difference in the number of diabase intrusions in
the Mesoproterozoic basement relative to those intruding
Carlton Rhyolite in adjacent areas indicates that most of
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Figure 26. (A) Multi-element diagram for all felsic samples. (B) REE diagram for all felsic samples. (C)
Multi-element diagram for rhyolite lava flows in ETH and KFWNC well. (D) REE diagram for rhyolite
lava flows in ETH and KFWNC well. (E) Multi-element diagram for hypabyssal felsic intrusions in ETH
(Types I-1V). (F) REE diagram for hypabyssal felsic intrusions in ETH (Types I-1V). Normalization values
in diagrams are from Sun and McDonough (1989). Data for Carlton Rhyolite in the Wichita Mountains are
shown by gray fields; see Figure 25A caption for sources.

Oklahoma Geological Survey Guidebook 38

181



Eschberger et al.

A T T TTTTI T T TTTTIT T T TTTTIT 1000B T T % T T T J
1000 = —= u O W ]
E E B A-Type Granites ]
o Within-Plate = L .
- Granites % & =
100 & —
Nb E 3 z
pem -~ 1 eem '°F 3
" Volcanic-Arc I [ I-and S-Type Granites ]
10 + R —] - ]
E  syncollisional chan .Ft"dge 3 i i
: Granites ranites .
1 L1 IIIIII| L1 IIIII| 1 1 IIIIII| 10 1 1 1 1 1 1 1 1
1 10 100 1000 1 10
Y ppm 10*Ga/Al
Nb Nb
[3]
From OIB-type From OIB-type
sources sources
Y ) Ga*3 Y ) Ce
From sources previously From sources previously
modified by arc magmatism modified by arc magmatism
E T T T T T T 17T T T T T T 17T
10 — pemmmm el — - -
C s cG AR IAB ] East Timbered Hills KFWNC Well
r -" . 7] Rhyolite Lava Flows Y% From drilled
L \\ . O Lower Rhyolite Flow depths of 650 m
- X O Upper Rhyolite Flow t01,430 m
Ce/Nb Hypabyssal Felsic Intrusions
& Type | Intrusion
B on Type Il Intrusion
oiB {) Type Ill Intrusion
1 % | Type IV Intrusion
- R ]
B 1 1 1 11111 | 1 1 1 111 I_
A 1 10
Y/Nb

Figure 27. (A) Nb versus Y discrimination diagram of Pearce et al. (1984). (B) Zr versus 10*Ga/Al discrimination dia-
gram of Whalen et al. (1987). (C) Y-Nb-Ga discrimination diagram of Eby (1992) for A-type felsic rocks. (D) Y-Nb-Ce
discrimination diagram of Eby (1992) for A-type felsic rocks. (E) Ce/Nb versus Y/Nb diagram of Eby (1990) for A-type
felsic rocks. MORB: range for mid-ocean ridge basalts; 14 B: field for island-arc basalts; cross labeled C: average crust-
al ratios; CG: field for syncollisional granite; V4G: field for volcanic-arc granite; OIB: field for ocean-island basalts.
Data for Carlton Rhyolite in the Wichita Mountains are shown by gray fields; see Figure 25A caption for sources.
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Figure 28. Harker diagrams for major oxides for diabases in ETH. Data for diabase intrusions and
Roosevelt gabbros in the Wichita Mountains are from Aquilar (1988), Diez de Medina (1988), and
DeGroat et al. (1995).
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Figure 29. (A) Multi-element diagram for diabase in-
trusions in ETH. (B) REE diagram for diabase intru-
sions in ETH. Normalization values in diagrams are
from Sun and McDonough (1989). Data for diabase
intrusions and Roosevelt gabbros in the Wichita Moun-
tains are from Aquilar (1988) (other data sets from the
Wichita Mountains are incomplete).

the dikes were emplaced prior to rhyolite extrusion.

In the ETH, the diabases intrude both the upper and
lower rhyolite flows and the intervening bedded volcani-
clastic rocks. None have been found close to the hypabyssal
felsic intrusions in the area, and temporal relations between
the two suites of intrusions are unclear. Both the major- and
trace-element contents of the diabases overlap with or plot
close to data for diabase intrusions and the Roosevelt gab-
bros in the Wichita Mountains, although the ETH diabases
have lower TiO, contents than most of the Wichita samples.
In general, our data suggest that the diabases in the ETH
and the diabases and Roosevelt gabbros in the Wichitas
were derived from similar sources and experienced similar
petrogenetic histories in these different parts of the rift.
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Figure 30. (A) Data for ETH diabase intrusions plotted on discrimination diagram of Win-
chester and Floyd (1977). (B) Zr-Ti-Y discrimination diagram of Pearce and Cann (1973). (C)
Zr/Y versus Zr discrimination diagram of Pearce and Norry (1979). (D) Zr/4-Nb*2-Y discrim-
ination diagram of Meschede (1986). (E) Ti/Y versus Nb/Y discrimination diagram of Pearce
(1982). (F) Nb/Y versus Zr/(P,05*10%) discrimination diagram of Floyd and Winchester (1975).
Data for diabase intrusions and Roosevelt gabbros in the Wichita Mountains are from sources
given in caption for Figure 28.
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