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INTRODUCTION

The tectonic history of the Paleozoic Cuachita orogenic belt
composes a complete Wilson cycle: the early history records the
rifting-of the southern margin of the North American craton and
the opening of an ocean basin in which marginal and basinal
pre-orogenic sediments wete deposited; the later history records
the closing of that ocean basin by south-directed subduction and
the accompanying deposition and deformation of synorogenic
clastic sediments. The off-shelf, pre-orogenic rocks and the deep-
water, synorogenic rocks compose the “Ouachita facies” (Fig. 1;
Plates 9, 11), deposited beside but not on the North American
craton, although the youngest synorogenic sediments lapped onto
the southern margin of the craton. Rocks of the Quachita facies
were thrust onto the southern margin of the North American
craton during the final stages of ocean closing and constitute the
Ouachita orogenic belt. Geologic structures related to the Oua-
chita orogeny extend beyond the boundaries of the orogenic belt
into the cratonal interior.

In general, this chapter will trace the geologic events com-
posing the Wilson cycle of the Ouachitas, departing in places to
elaborate on selected topics. Early in the preparation of this vol-
ume, the decision was made to impose no single view of Quachita
tectonic history upon the many authors. Therefore, some tectonic
scenarios presented in preceding chapters differ from our own. At
points of contention and disagreement, the opposing arguments
are noted. For readers unfamiliar with the Ouachitas, some con-
fusion may result, but that is preferable to the misconception that
all problems of Quachita geology are solved.

Paleomagnetic reconstructions (Scotese, 1984) place the
southern margin of North America in low equatorial latitudes
throughout the Paleozoic, generally facing as much as 30° of
open ocean toward the south (directions refer to the present
orientation of North America). Within this paleogeographic
framework, early to middle Paleozoic sediments were deposited
on the southern part of the North American ,plate, some on the
craton and some on oceanic crust downslope from it. The major
plates converged during the Carboniferous and joined by the
Early Permian to form Pangea. The Ouachita orogenic belt re-

cords the collision along the southern margin of the North
Anmerican craton.

The Ouachita orogenic belt comprises several tectonic prov-
inces (Fig. 1). They are located, briefly described, and illustrated
in Chapter 16 of this book. Readers will find it helpful as well to
refer to Plates 8, 9, 10, and 11 while reading this synthesis
chapter,

THE RIFTING PHASE

In the late Precambrian to Cambrian, the North American
craton (Laurentia) rifted along trends later followed by the Ap-
palachian-Ouachita orogenic belt, and oceans opened along the
newly formed continental margins. The tectonic morphology of
the new continental margins included rifted-margin sediment
prisms flanking areas of shelf deposition, and grabens and basins
opening toward the ocean (Fig. 2). This morphology was ger-
mane to the early history of the Quachita orogenic belt and is
described here, albeit briefly, to set the early Paleozoic tectonic
framework,

Paleozoic Shelf Deposition

During the eariy to middle Paleozoic, from the regions of
the southern Appalachians to western Texas, excepting some
basins and grabens, shallow-water marine strata were deposited
in shelf environments on the North American craton (Thomas,
this volume, Fig. 3B). Craton-wide unconformities separate these
rocks into sequences (Sloss, 1963) that record numerous trans-
gressions separated from one another by relatively abrupt retreats
of sea water and periods of erosion (Sloss, 1982). The history of
the shelf strata began with the deposition of Upper Cambrian
clastic rocks forming the basal formations of the Sauk sequence
(Fig. 3), and continued with the deposition of predominately
carbonate rocks forming the strata of the upper Sauk,
Tippecanoe, and Kaskaskia sequences. In the shelf areas, the
Sauk sequence is widespread and as much as 1.5 km thick,
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Figure 1. Index map of tectonic elements of the Ouachita orogenic belt and adjacent areas. Abbreviation
code; AM = Arbuckle Mountains; Atf = Appalachian tectonic front; BBu = Broken Bow uplift; Bu =
Benton uplift; CBp = Central Basin platform; Db = Delawate basin; DRu = Devils River uplift; Tp =
Texarkana platform; Su = Sabine uplift; WM = Wichita Mountains.

whereas the Tippecanoe and Kaskaskia sequences have a patchy
distribution and are relatively thin (generally less than 250 m).
Faunal assemblages suggest that the Sauk, Tippecanoe, and Kas-
kaskia sequences were deposited well inboard of the continental
margins. Strata of the Sauk sequence record the fastest rates of
deposition (Fig. 3), but these rates slowed during deposition of
the Tippecanoe and Kaskaskia sequences. Probably, the walter
deepened over the cratonal margin during the deposition of the
Tippecanoe and Kaskaskia sequences (Lowe, 1975), for cherty
carbonate beds of Devonian and Early Mississippian age are

~ notably abundant along the southern margin of the North Ameri-

can craton, but nowhere in these rocks have continental slope and
rise environments been recognized.

Paleozoic Graben and Basin Areas

Indenting the southern margin of the North American
craton are three areas of subsidence: the Mississippi Valley graben
(Thomas, 1985), the Southern Oklahoma basin, and the Tobosa
basin {Fig. 2). All have been interpreted as aulacogens or failed

rift arms, and to all a similar tectonic history has been assigned
{Burke and Dewey, 1973; Hoffman and others, 1974; Walper,
1977). As tectonic units, the grabens and basins formed during
the “carly rifting phase,” but in our view, the tectonic histories of
these areas are dissimilar and constrain the direction of opening of
the early Paleozoic ocean.

Geophysical surveys (Ginzburg and others, 1983; Hilden-
brand, 1985) of the northern Mississippi Embayment of the
Mesozoic-Cenozoic Gulf Coastal Plain, the Rough Creek graben
{Soderberg and Keller, 1981), and the Rome trough (Ammerman
and Keller, 1979) reveal a system of late Precambrian—early Pa-
leozoic horst and graben structures in the subsurface (Fig. 2)
(Thomas, this volume, Fig. 3A). The sedimentary fills of the
grabens range from late Precambrian(?) to Late Cambrian and
are several kilometers thick—as much as 5.5 km in the Rough
Creek graben (Soderberg and Keller, 1981). Generally, the Cam-
brian strata grade upward from shale and coarse-grained sand-
stone of feldspathic composition to younger beds of shale and
carbonate rock (Houscknecht and Weaverling, 1983). Upper



Tectonic synthesis of Ouachita orogenic belt ' 697

Mastly Carbonate Rocks  Mostly Plutonlc Rocks Mastly Glastic Rocks

=

Quachita Facias: shale, chert, micrite, sandstone

Figure 2. Index map of early Paleczoic tectonic elements and Carboniferous uplifts that are mentioned
in the text. Abbreviation code: Ab = Anadarko basin; BBu = present-day Broken Bow uplift, Bu =
present-day Benton uplift; CBp = Central Basin platform; Db = Delaware basin; GCPs = Gulf Coastal
Plain strata; MVg = Mississippi Valley graben; Otf = present-day Ouachita tectonic front; Rt = Rome
trough; RCg = Rough Creek praben; WM = Wichita Mountains, Width of early Paleozoic Quachita

ocean is unknown.

Cambrian carbonate strata were deposited without offset across
the boundary fauits of the grabens,

Positive Bouguer gravity anomalies associated with the Mis-
sissippi Valley-Rough Creek-Rome grabens bespeak dense mafic
rocks at depth {Ammerman and Keller, 1979; Braile and others,
1982; Hildenbrand, 1985). The inferred mafic rocks are probably
Precambrian (Keweenawan?), although a swarm of ultramafic

dikes was intruded in the region of the northern Mississippi Val-

ley graben during the latest Paleozoic (Zartman, 1977). No
known volcanic rocks were deposited within the grabens during
Early to Middle Cambrian extensional faulting,

In contrast, sedimentary graben fills of Early to Middle
Cambrian age are unknown in the Southern Oklahoma basin;
instead, volcanic rocks that once floored the Southern Oklahoma
basin crop out widely in the Arbuckle and Wichita Mountains,
Carboniferous uplifts cored by Precambrian and pre-Morrowan

Paleozoic rocks (Fig. 2). In the Wichita Mountains, the volcanic
and plutonic rocks record a first phase of generally basaltic-
gabbroic igneous activity, extending from the late Proterozoic to
the Middle Cambrian, and after some erosion, a second phase of
rhyolitic and granitic activity, approximately 525 Ma (Ham and
others, 1964; Gilbert, 1982). The distribution of the igneous rocks
is restricted, probably because the zone of igneous activity was
bounded by high-angle favits.

In the Arbuckle Mountains, rhyolitic rocks compose the
upper part of the basement and underlie Upper Cambrian sand-
stone of the basal Sauk sequence, underlying in turn, some 4 km
of mostly carbenate rocks of the Sauk and Tippecanoe sequences
{(Ham and others, 1964). These sedimentary rocks were deposited
in the broad Southern Oklahoma basin, which widened and
deepened southeastward toward the ocean that was receiving
sediments of the pre-orogenic Ouachita facies.
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Figure 3. Comparison of depositional rates of Paleozoic strata in; Arkoma basin, Marathon uplift,
central Ouachita Mountains, and Southern Oklahoma basin (aulacogen). Slightly modified from Ar-

benz (1989, Fig. 7).

L Still farther west, the Tobosa basin of western Texas (Fig. 2)
; extended northward from the later site of the Marathon region
{Adams, 1965). Bouguer gravity maps (Keller and others, 1981)
show a gradient of as much as 120 mgpals across the boundary of
the Delaware basin and the Central Basin platform, later tectonic
subdivisions of the older Tobosa basin (Fig. 2) (Denison, this
volume). Crustal models indicate dense rocks beneath the old
Tobosa basin, and indeed, wells drilled on the Central Basin
platform have penetrated gabbroic rocks beneath the Paleozoic
strata (G. R. Keller, personal communication, 1987). Late Pa-
leozoic faults that uplifted the Central Basin platform and sepa-
rated it from the Delaware basin apparently follow the edges of
the gabbroic body.
The basal strata of the Tobosa basin are not well known,
Numerous wells on the Central Basin platform have penetrated
Upper Cambrian sandstones resting on basement rock, but few
wells have been drilled to the equivalent stratigraphic level in the
Delaware basin. Stratigraphic cross sections of the Tobosa basin
show little wvariation of thickness of the Cambrian strata, but
Lower Ordovician through Mississippian strata, mostly carbonate
rocks, show an increase in thickness toward the center of the
basin (Adams, 1965). Relative to the margins, deeper water coy-
ered the center of the Tobosa basin where subsidence apparently
exceeded deposition (Adams, 1965).
These three areas of subsidence—the Mississippi Valley
graben, the Southern Oklahoma basin, and the Tobosa basin—
: are similar and dissimilar. Strongly positive gravity anomalies and
; high magnetic intensitics copy the trends of all three basins and

bespeak the presence of dense, mafic rocks at depth. From the
Early Ordovician, at least, all three were sites of deposition (Sloss,
1982). The Sauk sequence is much thicker within the basins than
on the adjacent shelf areas, as are the Tippecanoe and Kaskaskia
sequences in the Southern Oklahoma and Tobosa basins.
Through the Middle Cambrian, at least, high-angle extensional
faults bounded the Rome-Rough Creek—Mississippi Valley
graben system and probably the Southern Oklahoma basin. A
lack of data prohibits comment about faults of like age beneath
the Tobosa basin.

There are some dissimilarities, however. For example, the
abundant late Proterozoic to Middle Cambrian igneous rocks of
the Southern Oklahoma basin have no known counterparts in the
Rome-Rough Creeck-Mississippi Valley graben. Furthermore,
the clastic rocks of Early(?) and Middle Cambrian age in the
Rome--Rough Creek-Mississippi Valley graben have no known
counterparts in the Southern Oklahoma and Tobosa basins.

Early Paleozoic Continental Margin

In the late Precambrian to Cambrian, in the area of the
southern Appalachians, rifting opened an ocean, and deposition
followed of rifted-margin prisms of strata along the newly formed
cratonal margin (Thomas, this volume}. In the subsurface of east-
ern Arkansas and western Mississippi, no equivalent rifted-
margin prism is known, but instead, well samples and logs
indicate an abrapt transition from the autochthonous Cambrian-
Ordovician carbonate shelf into allochthonous deep-water mud-
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stones and cherts of the Quachita facies (Thomas, 1972). The
exact position and breadth of the facies change are unknown, for
it lies beneath the younger thrust sheets of the Quachita orogenic
belt.

Farther west, only geophysical signatures provide evidence
of the southern margin of the North American craton (Plate 10)
(Keller and others, this volume). On aeromagnetic (Zietz, 1982)
and gravity maps alike, closely spaced contours define steep gra-
dients of the potential fields along transects of the Ouachita oro-
genic belt. Bouguer gravity maps (Keller and others, this volume)
show a change from negative to positive values on traverses from
the craton across the Quachitas to the Gulf Coastal Plain. Indeed,
from the Ouachita Mountains to the Marathon region, a ridge of
positive Bouguer anomalies is esseatially congruent with the inte-
rior or seaward side of the Quachita orogenic belt and is known
as the “interior zone maximum,” Moreover, a recent wide-angle
reflection/refraction seismic survey in southwestern Arkansas
(Fig. 4) demonstrates that the gravity gradient coincides with a
southward jump in crustal velocities from the range of 6.1 to 6.5
km/s to 6.7 to 7.1 km/s (Keller and others, 1989). The change in
seismic velocities is modeled as an interwedging of granitic and
basaltic crust, the zone of transition marking the passage from
deeply buried early Paleozoic continental to early Paleozoic
oceanic or intermediate crust (Keller and others, 1989). We view
the interior zone maximum as the gravity signature of the early
Paleozoic margin of the North American craton from the
Quachita Mountains to the Marathon region of Texas (Fig. 2;
Plate 10).

Along the interior zone maximum, only a single geophysical
profile known to us provides a hint of a buried rifted-margin
prism (Lillie, 1984). In west-central Arkansas, a deep, wedge-
shaped packet of reflectors, recorded on a COCORP seismic
reflection profile (Lillic and others, 1983), may indicate a riftec-
margin prism; possibly, the reflections come from early Paleozoic
sedimentary and volcanic rocks deposited along the continent-
ocean boundary (Plate 11, cross section C-C') (Lillie, 1985).

The gravity and aeromagnetic gradients, and the inferred
transition from continental to oceanic crust, might be associated
with Mesozoic rifting of the southern margin of North America
and the Late Jurassic-middle Cretaceous opening of the Gulf of
Mexico (Winker and Buffler, 1988), The Mesozoic extension
along the trend of the Ouachitas, however, appears (o be too
small to account for the dimensions of the potential field gra-
dients; therefore, they are better interpreted as the geophysical
signature of the change from early Paleozoic continental to early
Paleozoic oceanic crust (Keller and others, 1989).

Pre-Orogenic Ouachita Sirata

Areas of outcrop of lower to middle Paleozoic Ouachita
facies in the Benton and Broken Bow uplifts of the Ouachita
Mountains of Arkansas and Oklahoma (Fig. 2; Plate 8) and in
the Marathon region of Texas (Plate 8) coincide with or lie a
short distance inboard of the trend of the interior zone gravity
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refraction seismic survey. Line of survey shown on Figure 2. Modified
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maximum. The outcrops of Quachita rocks lie close to the sea-
ward ends of the Mississippi Valley graben, the Southern Okla-
homa basin, and the Tobosa basin, Furthermore, if the interior
zone maximum marks the scaward edge of the North American
craton, the outcrops of Ouachita rocks should-lie above
carbonate-shelf strata of equivalent or somewhat older age.

The present-day juxtaposition of the Ouvachita and carbon-
ate-shelf facies suggests that transitions or a blending of facies
with one another should exist. But the lower to middle Paleozoic
strata, exposed in the Ouachita Mountains and in the Marathon
region, are strikingly different from strata of equivaleént age on the
North American craton (Fig. 5). For one thing,:the Ouachita
strata are mostly shales, sandstones, cherts, and micrites deposited
in deep water, whereas the shelf rocks are mostly limestones and
dolomites deposited in shallow water. Strata-in the cratonic gra-
bens and basins thicken toward the Ouachita’ Mountains and
Marathon region, but lateral equivatents of the basin-graben fills
are not known in the Ouachita rocks. Only scattered ‘boulders
of granite and carbonate rock in the Ordovician, formations
of the Ouachita Mountains and Marathon region provide some
hint of a continental shelf upslope to the north or west: At the
Ouachita tectonic front, isopachous.contoursqu-;h@.basin fills are
sharply truncated, as are gravity and magnetic contour lines of
similar trend (Plate 10). The widespread unconformities bound-
ing the stratigraphic sequences (Sloss, 1963) of the craton-are not
recognized in either the Ouachita Mountains or the;Marathon
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region. Furthermore, a pronounced change of biofacies distin-
guishes the rocks of the Ouachitas from those of the craton (Wil-
son, 1954; Ethington and others, this volume). Yet, Upper
Cambrian trilobites in the lowermost formation (Collier Forma-
tion; Fig. 5) of the Benton uplift of the Ouachita Mountains
clearly have North American affinities and lived in outer-shelf to
upper-slope environments (Hart and others, 1987). Conodonts
from the Ordovician Ouachita strata include representatives of
both North American provinces (shallow and/or warm water)
and the North Atlantic province (deep and/or cold water)
{Repetski and Ethington, 1977; Ethington and others, this
volume).

On the Benton uplift, the aggregate thickness of the pre-
orogenic strata is about 3.5 km, but this figure is tenuous because
of the intense deformation, The pre-orogenic Ouachita strata are
about the same thickness as equivalent-age strata of the Southern
Olklahoma basin (Fig. 5) (Ham, 1959).

The pre-orogenic strata of the Benton and Broken Bow
uplifts may be divided roughly into two parts: a lower succession
comprising shale, sandstone, and micrite; and an upper succession
comprising black shale, siliceous shale, ribbon chert, and thick-
bedded novaculite (Lowe, this volume). Quartzose sandstones
of the lower succession are made up of well-sorted, rounded
grains, indicating initial sorting by waves and currents in shallow
water, but graded beds and sole marks suggest transport of the
sand by inertial flows from shallower to deeper water. Interstrati-
fied debris-flow deposits (Haley and Stone, 1977) contain
boulders of limestone, chert, and granitic rocks that yield zircons

with ages ranging from 1284 -+ 12 Ma to 1407 + 13 Ma (Bow-
ring, 1984). The lower clastic succession fills an interval of time
of about 50 m.y., Late Cambrian to Middle Ordovician, and
relative to the upper succession, it was deposited rapidly (Fig, 3).
The paleotectonic site of deposition of the lower succession was
probably on the continental slope and rise of early Paleozoic
North America, and possibly the bouldery debris came from the
walls of submarine canyons cutting the continental margin,

Succeeding the lower clastic strata are black shales and,
locally, phosphatic sandstones (Stone and Sterling, 1962) that
grade upward into a siliceous succession composed primarily of
bedded cherts, siliceous shales, and novaculites, although some
shales and sandstones are interstratified. In the southwestern part
of the Benton uplift, the novaculite contains extensive deposits of
manganese (Miser, 1917). Fossils of the siliceous succession are
graptolites, radiolaria, sponge spicules, and conodonts, suggestive
of deep-water environments, whereas cherty formations of equiv-
alent age on the craton contain a shallow-water biofacies. The
siliceous strata, which are slightly more than 1 km thick, werc
deposited from the Late Ordovician to the Early Mississippian or
for about 100 m.y., a slow rate of sedimentation indeed. The
composition and fauna of the siliceous succession suggest deposi-
tion in deep water in a deeply foundered if not oceanic basin. In
the changing rates of deposition and composition through time,
the strata of the Benton uplift mimic the deposition of strata on
the Blake Outer Ridge, which record the opening and spreading
of the present Atlantic Ocean (Fig. 6) (Sheridan and Gradstein,
1982).




702

The same general patterns of deposition are recognizable in
the Marathon region (Fig. 5) (McBride, this volume): a lower
succession of argillaccous to sandy rocks, interstratified with
limestones and containing debris flows, passes upward into
bedded chert and novaculite. Clasts of Late Cambrian limestones
contained within Ordovician shales of the lower succession con-
tain faunas typical of the seaward margin of the shelf {Palmer and
others, 1984); therefore, it seems probable that the lower succes-
sion was deposited seaward of the continental shelf on the conti-
nental slope or rise. Several formations of the lower clastic
succession contain sparsely distributed clasts of igneous and met-
amorphic rocks, With McBride (this volume), we view the over-
lying siliceous succession of the Marathon region as being
deposited in deep water in an oceanic basin, The total thickness
of the pre-orogenic stratigraphic column is about 950 m.

In general in the Marathon region, the upper siliceous suc-
cession is more calcareous and less siliceous, particularly along
the Marathon anticlinorium (Fig. 7) (Wilson, 1954), than is the
siliceous succession in the Benton and Broken Bow uplifts. The
Caballos Novaculite is more reminiscent of the Arkansas Novac-
ulite at Black Knob Ridge at the southwestern end of the exposed
Quachita thrust belt in Oklahoma (Plate 9) than it is of the
Arkansas Novaculite within the Beaton uplift. Wilson (1954)
noted that the rocks of the Solitario uplift (Fig. 7), southwest of
the Marathon region, were more akin to the rocks of the Broken
Bow uplift than to the rocks of the Marathon cutcrops; he sug-
gested that the Solitario rocks were deposited farther eastward in
a more interior position of the Ouachita orogenic belt than the
rocks of the Marathon region, Personal visits to the Marathon
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region and descriptions in the literature suggest to us that the
pre-orogenic strata of the Marathons were deposited closer to
North America than equivalent strata of the Benton and Broken
Bow uplifts.

We disagree with inferpretations by Lowe (this volume) of a
shallow-water setting for parts of the Arkansas Novaculite. Lim-
itations of space preclude a full discussion, but many of the fea-
tures he describes in the Arkansas Novaculite (brecciation,
dissolution, fracture fillings, gas bubbles, oxide cements) may be
attributed, in our view, to a loss of water and volume from
siliceous oozes, transforming diagenetically to microcrystalline
cherts, and to hydrothermal activity on the ocean bottom.
Abundant manganese, sedimented with the novaculite (Miser,
1917), also suggests a deep-marine environment of deposition,
Moreover, deposits of barite immediately above the Arkansas
Novaculite in the Mississippian shales of the Stanley Shale
indicate strong hydrothermal activity in a deep-water environ-
ment (Hanor and Baria, 1977; Shelton, this volume). Lowe (this
velume) assigns the northern conglomeratic facies of the Arkan-
sas Novaculite in the Benton uplift to deep water and the south-
ern, massive facies to shallow water. Our view is exactly opposite;
the northern facies was deposited closer to North America than
the southern. Admittedly, the areal distribution of these facies
within the Benton uplift is, in part, a result of thrust favlting, and
admittedly, an accurate palinspastic restoration may not be possi-
ble, but nevertheless, a transition from deeper to shallower water
seems evident in outcrops of Arkansas Novaculite on a traverse
from the Broken Bow uplift to Black Knob Ridge to outcrops of
Woodford Chert in the Arbuckle Mountains {Plate 9).
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Lowe (1985) and Arbenz (1989) proposed that the pre-
orogenic strata of the Quachitas were deposited in narrow intra-
cratonal basins analogous to those of the Mississippi Valley
graben and the Southern Oklahoma basin. The differences be-
tween the shelf and Cuachita successions, however, in stratig-
raphy, composition and associated mineralization, fossil fauna,
and geophysical signature seem to us to preclude Lowe’s model.
Evidence is tenuous for a proximal landmass outboard of the
Quachitas during the early and middle Paleozoic; clastic units,
such as the Blaylock Sandstone (Fig. 5) (Lowe, this volume),
attributed to southern sources, may have been introduced from
numerous peinis along the southern margin of North America
and transported by contour currents along the continental slope
and rise (Satterfield, 1982). Only in the synorogenic Carbonifer-
ous strata is there clear evidence from sedimentary structures and
sandstone mineralogy for an outhoard source of sediment.

The pre-orogenic sediments of the Ouachita orogenic belt
were deposited adjacent to but not on the North American conti-
nent, as was recognized by King (1937, 1975). They were depos-
ited on the North American continental slope and rise and
probably on the abyssal floor of the bordering ocean. It is not
possible to say how far seaward the pre-orogenic sediments
extended.

Subsurface Pre-Orogenic Ouachita Strata, Eastern Texas

In the subsarface of eastern Texas, numerous wells have
penetrated rocks of the Ouachita orogen arranged in north-
south-trending belts (Fig. 7) (Flawn and others, 1961; Nicholas
and Waddell, this volume). The westernmost of the subcrop belts
includes a non-metamorphosed pre-orogenic sequence containing
rocks at least as old as the Ordovician black shales that lic be-
neath the upper siliceous succession of the Ouachita Mountains.
The most distinctive subsurface samples, however, are from the
upper siliceous succession, The Arkansas Novaculite is recog-
nized, but generally as a tan or greenish chert containing radiola-
ria. The prominent white cherts and massive novaculites of the
Benton and Broken Bow uplifts are only locally known.

Flanking the non-metamorphosed belt on the east is a belt of
dark clastic rocks, abundantty carbonaceous to graphitic and con-
taining mica and dolomite (Flawn and others, 1961). The dark
clastic rocks lie in two metamorphic zones, a western zone of
incipient metamorphism, and an eastern zone of greater recrystal-
lization that contains carbonaceous matter converted to graphite
and argillaceous material reconstituted to new sericite and chlo-
rite. The age of the dark clastic rocks is uncertain, but Flawn and
others (1961) argued that they were older than Middle Pennsyl-
vanian and perhaps considerably older. Viele has examined some
thin sections from this unit and has found them to be remindful of
the lower clastic rocks of the Benton uplift, but until better evi-
dence appears, they are best dated as pre-Pennsylvanian,

Subsurface Interior Metamorphic Belt, Eastern Texas

Lying still farther east in the subsurface is the interior meta-
morphic belt (Fig. 7) made up of phyllite, slate, marble, meta-

quarizite, and schist (Flawn and others, 1961; Nicholas and
Waddell, this volume). Relative to all other units in the Cuachitas,
the interior metamorphic belt is the most strongly metamor-
phosed. In thin sections of the quartzites and marbles, the original
rounded outlines of the quartz grains are still visible, but in thin
sections of marbles, recrystallization has blurred the original sed-
imentary fabric, Chlorite and sericite are the predominant phyllo-
silicates. Flawn and others (1961) reported the presence of garnet
in the southern part of this zone and suggested that metamor-
phism increases southward. Throughout the belt, shearing pre-
dominates over recrystallization.

The intertor metamorphic belt appears to be a distinct petro-
logic province. Citing petrologic similarities, Flawn and Maxwell
(1958) tentatively correlated the only outcrop of the interior
metamorphic belt, at the base of the Sierra del Carmen of Mexico
(Fig. 7), with the Marathon Limestone (Fig. 5) of the Marathon
region, Direct evidence for the age of the rocks of the interior
metamorphic belt is unknown. They are described here with the
pre-oragenic rocks, primarily because they are so dissimilar to
Quachita rocks of Carboniferous age.

TECTONIC HISTORY, RIFTING PHASE
OF WILSON CYCLE

Burke and Dewey (1973) noted that many fault-bounded
basins ¢xtend inland into cratons from triple junctions. They
described twa triple junctions in the region of the Ouachitas: one
of Mesozoic age, the Jackson triple junction lying within the
mouth of the Mississippi Embayment of the Gulf Coastal Plain;
and the other of Paleozoic age, the Dallas triple junction lying
toward the mouth of the Southern Oklahoma basin. Later au-
thors (Hoffman and others, 1974; Ervin and McGinnis, 1975;
Walper, 1977; Viele, 1979a; Kruger and Keller, 1986) accepted
this general idea and visualized an ocean opening in early to
middle Paleozoic time aleng the southern margin of North Amer-
ica. The trend of the spreading oceanic rise foretold the trend of
the Quachita orogenic belt. The failed arms of the triple junctions
extended inland along the Mississippi Embayment and the South-
ern Oklahoma basin and were termed aulacogens, following the
restricted usage of the term by Burke and Dewey (1973).

Several things are troublesome about this scenario. The
rocks of the Rome—Rough Creek-Mississippi Valley graben, the
Southern Oklahoma basin, and the Tobosa basin share neither a
common composition nor a common history. The differences in
geologic history preclude a common tectonic origin. The oldest
exposed rocks of the Benton and Broken Bow uplifts exhibit no
evidence of deposition in rift valieys. Furthermore, no offsets are
recognized of the pre-orogenic Ouachita facies along the multi-
tude of transform faults that are necessitated in the active spread-
ing arms of triple junctions. Finally, no convincing evidence is
known to us, geophysical or geological, for a buried rifted-margin
prism of early Paleozoic strata along the southern margin of the
craton.

An alternative scenario is used in this chapter for the open-
ing of the ocean {Thomas, 1985, this volume, Fig. 3A). By late
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Precambrian-Early Cambrian time, rifting and southeastward
drift of the split-off plate had opened an ocean, and a rifted-
margin prism had formed along the trend of the southern Appa-
lachians. A post-rift unconformity along the Appalachians shows
that rifling there was complete by the beginning of the Cambrian
Period. By Early to Middle Cambrian time, the locus of extension
had shifted westward to the Rome-Rough Creek—Mississippi
Valley graben. A large northwest-trending transform truncated

- the Mississippi Valley graben and marked the approximate trend
of the yet-to-be-formed Quachita Mountains {Thomas, this vol-
ume, Fig. 3). A broad rifted-margin prism was not formed along
the southern margin of North America, because across the trans-
form fault, the transition from shallow to deep water was abrupt.
A necessary correlative of this hypothesis is that rifting and the
formation of a rifted-margin prism should have occurred along
the present trend of the subsurface Ouachitas of eastern Texas
(Thomas, this volume, Fig. 3A), but no evidence available from
the subsurface of eastern Texas documents a buried rifted-margin
prism,

In the Arbuckle and western Quachita Mountains of Okla-
homa, stratigraphy and rock composition do indicate a transition
zone, tectonically shortened, from the shallow-water shelf car-
bonates of the Arbuckle Mountains to the deep-water, pre-
orogenic clastic and siliceous strata of Black Knob Ridge and the
Broken Bow uplift (Plate 8). In our view, however, the Southern
Oklahoma aulacogen is not the failed arm of a triple junction but,
instead, a leaky transform fault (Thomas, 1986). A graben-fill
facies like that of the extensional Mississippi Valley graben has
not been found, because in the Southern Oklahoma transform
system, volcanism and plutonism along the transform replaced
the deposition of clastic rocks. After the keel of hot mafic rocks
was emplaced, the area subsided via thermal contraction and
isostatic adjustment to form the Southern Oklahoma basin that
received the sediments of the Sauk and overlying sequences.

The pre-orogenic strata of the OQuachita orogenic belt record
the first half of a Wilson eycle: the opening of an ocean and the
subsequent widening and deepening of that ocean as the oceanic
crust cooled and subsided. The Ouachita ocean first opened dur-
ing the Early and Middle Cambrian, but the strata associated with
the initial rifting are lost to view in the subsurface. During the
Late Cambrian and through much of the Ordovician, sediments
of the lower clastic succession were deposited on the North
American continental slope and rise. From the Late Ordovician
through the Early Mississippian, sediments of the upper siliceous
succession were deposited on the lower slope and rise and on the
abyssal ocean floor. Abyssal conditions prevailed until the onset
of subduction and the closing of the ocean.

SYNOROGENIC CARBONIFEROUS STRATA

The Carboniferous strata of the Quachita orogenic belt re-
cord a major change in tectonic regime: a change from the spread-
ing phase of a Wilson cycle dominated by extensional tectonics
and the opening of an ocean to a closing phase dominated by
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contractional tectonics and the closing of an ocean. Everywhere
along the length of the Ouachita orogenic belt, rapid deposition
of clastic sediment succeeded the slow depaosition of chert and
siliceous shale. Taken as a whole, the clastic strata record the
filling, from east to west, of a remnant ocean basin (Thomas, this
volume, Fig. 3C, D, E), yet along the length of the basin, or
across it on any chosen traverse, different sedimentary facies are
present primarily because of different degrees of infilling and
closing of the basin. These facies will be described from east to
west, from Alabama to Texas. The discussion will be general and
interpretive, as detailed descriptions of the Carboniferous strata
have been presented in preceding chapters of this volume by
Morris and McBride.

Black Warrior Basin, Alabama and Mississippi

In the subsurface of the Gulf Coastal Plain, southwest of the
surface Black Warrior basin (Fig. 1), the initial stages of infilling
of the Ouachita ocean are lost to view. During late Meramecian
time, the oldest clastic sediments reached the foreland Black War-
rior basin, which lies above continental crust, and prograded over
the older Paleozoic shelf succession, forming a wedge of shallow-
marine to deltaic deposits that continued to prograde northeast-
ward during Chesterian time (Plate 9) (Thomas, 1974, 1985, this
volume, Fig. 3C). Paleogeographic maps constructed from sub-
surface data (Thomas, 1979, 1988a, 1988b) show a regional
change of facies from clastic rocks on the southwest io carbonate
rocks on the northeast (Thomas, this volume, Fig. 3C). Similarly,
deltaic sands and muds of the overlying, Lower Pennsylvanian
Pottsville Formation prograde northeastward, but instead of in-
tertonguing with carbonate rocks, they meet in northeastern Ala-
bama with a similar clastic wedge prograding southwestward
from the Appalachians (Hobday, 1974; Thomas, 1974).

Petrographic studies of the Mississippian-Pennsylvanian
sandstones indicate a multipart provenance (Mack and others,
1983). Clasts of schist, phyllite, and slate are abundant, as are
clasts of sandstone, siltstone, and chert, the last coming from
bedded cherts probably deposited in deep water. In addition, the
sandstones contain fragments of andesitic-basaltic rock, andesitic-
dacitic rock, and devitrified glass. In many samples, the relative
percentages of grains fall between the fields defined on the prov-
enance diagrams of Dickinson and Suczek (1979), suggesting that
several tectonic terranes composed the provenance. Probably, the
bulk of the sediment came from an uplifted orogen containing a
volcanic arc and a subduction complex. These tectonic terranes
lay in the Ouachita orogenic belt southwest of the Black Warrior
basin; all are buried today beneath the Gulf Coastal Plain.

Ouachita Mountains and Arkoma Basin,
Arkansas and Oklahoma

Bencath the sediments of the Gulf Coeastal Plain, between
the subsurface Black Warrior basin and the Ouachita Mountains,
the Carboniferous strata change from shallow-water clastic rocks
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to interstratified sandstone and shale strongly reminiscent of the
deep-water flysch of the Alpine and Carpathian mountain belts
{Plate 9) (Cling, 1970). The base of the Carboniferous strata
appears to be Meramecian, but the bulk of the Mississippian
strata in the Quachita Mountains is Chesterian (Gordon and
Stone, 1977) and laterally equivalent to the shallow-water, del-
taic Mississippian rocks of the Black Warrior basin.

In Arkansas, the contact of the basal beds of the Mississip-
pian Stanley Shale with the underlying Arkansas Novaculite is
conformable and gradational, although local unconformitics have
been reported along the southern margin of the Benion uplifi
(Purdue and Miser, 1923; Miser and Purdue, 1929). At Okla-
homa localities—Black Knob Ridge, the Potato Hills, and the
Broken Bow uplift—the contact is reported to be gradational
{Goldstein and Hendricks, 1962).

Deep-water shales and sandstones intermixed with scattered
debris flows compose the bulk of the Stanley Shale (the forma-
tion has group stratigraphic rank in Oklahoma} (Fig. 8). Con-
tinued deposition of similar sandstones and shales formed
successively: the Jackfork Formation (also a group in Okla-
homa), the Johns Valley Formation, and the Atoka Formation
{(Fig. 8) (Cline, 1960; Morris, 1974, this volume). Petrographi-
cally, the sandstones of the Ouachita Mountains are similar
to those of the Black Warrior basin (Graham and others, 1976)—
predominantly quartzose—but the Stanley contains a significant
percentage of metamorphic rock fragments and a lesser percen-
tage of feldspar, mostly albite {Morris, this volume). Sandstones
of the Jackfork are typically quartzose, whereas sandstones of the
Atoka are typically micaceous. In outcrops assigned to the Johns
Valley Formation, especially, exotic blocks of carbonate rock
from Paleczoic formations of the Arbuckle and Ozark regions of
the cratonic shelf lie in shales deposited in deep water.

The Carboniferous formations of the Ouachita Mountains
are only sparsely fossiliferous, and stratigraphic correlations are
uncertain from region to region, being based in part on the ages of
contained exotic blocks (Ethington and others, this volume; Mor-
ris, this volume). Formation names were assigned to the Carbon-
iferous strata within the different regions of the Ouachita
Mountains because of similarities in the stratigraphic succession
and rock composition, but the faunal evidence for equivalency is
nebulous. The age of the Johns Valley Formation is especially in
question, for assignments of stratigraphic position have ranged
from upper Chesterian-lower Morrowan (Cline and Shelburne,
1959) to lower Morrowan (Walthall, 1967) to upper Morrowan
{Gordon and Stone, 1977).

In the Ouachita Mountains, the aggregate thickness of the
Carboniferous strata is as much as 16,000 m and perhaps greater
(Figs. 3, 8) (Morris, this volume), Older Carbeniferous for-
mations, the Mississippian Stanley and the Pennsylvanian Jack-
fork, are thicker in the central and southern Ouachita Mountains
than in the frontal Quachitas (Fig. 9). The youngest Carbonifer-
ous formation, the Atoka, is thickest along the boundary of the
Quachita thrust belt, as defined by the Choctaw thrust fault (Fig.
9; Plate 8), and the Arkoma basin, and it clearly exhibits a north-
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ward shift of the depositional axis. Rates of deposition of the
Carbeniferous strata were extremely high. Using thicknesses un-
corrected for compaction, Houseknecht (1986) estimated rates of
deposition per million years of; 106 m for the Stanley, 420 m for
the Jackfork, and 1,000 m for the Atoka (Fig. 10).

The synorogenic Carboniferous formations of the Ouachita
Mountains, south of the Ti Valley and Y City thrust faults of the
frontal imbricate zone (Plate 8), form a complex of generally
westward-prograding submarine fans deposited along the axis of
the closing ocean basin (Fig. 11) (Moiola and Shanmugam, 1984;
Morris, this volume). In addition, many marginal fans entered the
main trough from point sources along the flanks. In any single
stratigraphic section, proximal and distal facies variously succeed
one another, and where separate fans intertongue, different facies
of different fans are in vertical succession. An additional compli-
cating factor in the Ouachitas is that the remnant ocean probably
included several different types of basins; abyssal sea floor, trench
floor, slope basins, and fore-arc basins. Turbidite facies deposited
in one basin- may be identical to turbidite facies deposited in
another, and therefore, tectonic position must be considered in
interpreting the environment of deposition. Viele (1979a} sug-
gested the synorogenic strata lying south of the Benton uplift were
deposited in a fore-arc basin, whereas those to the north were
deposited in trench floor and slope basin environments. Yet even
this scenario is too simple, for the flood of clastic sediment into
the remnant ocean was so great the youngest of the flysch units
lapped onto the southern margin of the North American craton.
Modern analogs for the Carboniferous environments of deposi-
tion may be those subduction complexes so choked with sedi-
ment that the physiographic definition of separate parts is muted.

In our view, the Atoka Formation, the youngest of the
Carboniferous flysch units, was deposited in several different ba-
sins. The Atokan strata of the southern Ouachitas of Arkansas
and the central Ouachitas of Oklahoma compose the youngest
exposed filling of a fore-arc basin. The Atokan strata of the frontal
Ouachitas of Oklahoma, however, were deposited in an abyssal
trough and extended northward with stratigraphie continuity into
the Arkoma basin, a peripheral foreland basin lying above con-
tinental crust (Figs. 10, 11; Plate 9; Plate 11, cross sections C-C',
D-D’, E-E’). Thrust faulting has foreshortened the transition.
Furthermore, within the Arkoma basin, the Atokan strata record
several different depositional environments {Fig. 11), ranging
from a shallow-water, muddy-slope facies on the north to a deep-
water submarine fan facies on the south {Zachry, 1983; Housc-
knecht, 1986).

Changes of thickness of the Atoka Formation are abrupt
and related to deposition across syndepositional high-angle faults,
for the most part down-to-the-south (Figs. 11, 12). The faults
were active as carly as Late Mississippian {D. Houseknecht, per-
sonal communication, 1988) in the easternmost subsurface part
of the Arkoma basin, which now lies beneath the Mississippi
Embayment (Fig. 12; Plate 9), and migrated in space and time to
the west and north. In central Arkansas, Morrowan strata thicken
southward across the faults, but in eastern Oklahoma, middle
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Atokan strata thicken southward across the faults. As the faulting
migrated westward and northward, so did deposition of the deep-
waler facies of the Atoka. In central Arkansas, in the area of the
Bayou Meto anticline, sediments of the lower Atoka were depos-
ited in deep water, but in eastern Oklahoma, in the area of the
San Bois fault (Fig. 12), sediments of the lower Atoka were
deposited in shallow water, Not until middle Atokan time, in
eastern Oklahoma, did the basin floor drop and deep-water sedi-
ments accumulate (Houseknecht, 1986).

Middle Atokan strata, especially, increase abruptly in thick-
ness by as much as 1,000 m across the high-angle faults. Never-
theless, neither well-log correlations nor seismic reflection pro-
files provide any evidence of erosion of either the fault scarp or
the hanging wall black. Rates of deposition were at least equal to
rates of tectonic displacement, and the faults were never high-
reliefl physiographic features (Houseknecht, 1986).

Shallow-water deposits of the upper Atoka rapidly infilled
the ancestral Arkoma basin and grade without intervening uncon-
formities into overlying Desmoinesian sandstones. In these Des-
moinesian sandstones, patterns of deposition begun during middle
Atokan time were maintained: the sediment came primarily from
point sources along the flanks of the basin, but once within the
basin, the main direction of transport was westward down the
basinal axis. The Desmoinesian strata thicken graduoally south-
ward without abrupt changes of thickness across high-angle faults
now apparently inactive. The primary environments of deposi-
tion were tidally dominated deltas and fluviatile channels
(Houseknecht and others, 1983). Clasts of slate in the Desmoines-
ian sandstones possibly came from the region of the Ouachita
Mountains, the first indication of uplift and erosion of the
Ouachitas.

South of the Quachitas, in the subsurface of Arkansas and
Louisiana, the Desmoinesian strata of the Texarkana platform
(Fig. 1; Plate 9) (Meyerhoff, 1973) are mostly shallow-water
fossiliferous limestones and fing-grained clastic rocks (Plate 9)
(Vernon, 1971; Nicholas and Waddell, this volume} resting with
angular unconformity across broad folds of the Atoka Formation.

In our view and in the view of Houseknecht { 1986), which
are opposite to those of Morris (this volume), the composition of
the framework grains indicates primarily a southern source for
the Carbonifercus sandstones of the Guachita Mountains and the
Arkoma basin. The provenance was made up of multiple ter-
ranes: recycled orogen, accretionary wedge, and volcanic arc. In
late Meramecian time, sediment dispersed from this provenance

first arrived in the Quachita remnant ocean, and in Chesterian,

time, it arrived in great quantity. By Atokan time, the southward-
derived sediment was spilling northward into the Arkoma basin.
In the Ozark region of the cratonic shelf, however, thin lime-
stones and shales were being deposited during the Meramecian
(Sutherland and Manger, 1979). Sediment was introduced from
the north to the Ouachita and Arkoma basins during the Penn-
sylvanian Period, primarily through the ancestral Illinois basin,
but probably in lesser quantities than from the south and east
(Plate 9} (Houseknecht, 1986). Once in the Ouachita trough,
whatever the source, the sediments prograded westward down
the axis of the remnant ocean.

Carboniferous Strata of Quachitas in Texas

In southeastern Oklahoma, the Carboniferous strata of the
Ouachita Mountains pass southward beneath the Mesozoic and
Tertiary beds of the Gulf Coastal Plain. Quachita rocks do not
appear at the surface between southern Oklahoma and the Mara-
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thon uplift, but they are present in many wells in eastern Texas
(Fig. 7) (Nicholas and Waddell, this volume, Fig. 1). Wells
drilled in the northern and central segments of this belt penetrated
mostly Stanley Shale in the subsurface frontal zone of the Qua-
chita orogen {Plate 9) (Flawn and others, 1961). The Stanley
contains tuffacecus material and is otherwise similar to the Stan-
ley of the western Ouachita Mountains. The Atokan sandstones,
however, are somewhat different from their counterparis in the
Ouachita Mountains in that, close to the subsurface tectonic
front, they contain abundant grains of slate, phyllite, and meta-
quartzite, Present as well are clasts of chert, similar to the chert
of the Big Fork Chert and Arkansas Novaculite, and clasts of vein
quartz (Flawn and others, 1961). In general, toward the south in
the subcrop belt, the feldspar content in the Carboniferous strata
increases, and many of the sandstones are true arkoses. Potassium
feldspar appears, as do faded and bleached biotite and fragments
of a microgranular, feldspathic igneous rock (Flawn and others,
1961).

The age of closing or filling of the Ouachita ocean in the
subsurface belt of eastern Texas appears to be somewhat earlier
than in the Ouachita Mountains of Arkansas and Oklahoma. In
the Fort Worth or Strawn basin (Fig. 1), a peripheral foreland
basin described by Crosby and Mapel (1975) and Lovick and
others (1982), Atokan strata are predominantly fluviatile and
deltaic. Desmoinesian strata contain coals, red beds, and con-
glomerates containing clasts of chert possibly eroded from
uplifted Ordovician-Devonian strata of the QOuachita orogenic
belt. Relative to the Arkoma basin, post-orogenic coarse clastic
sediments from the Ouachitas entered the Fort Worth basin at an
earlier date and were substantially coarser than those in the Ar-
koma basin,

Farther to the south, the peripheral Kerr basin (Fig. 1) con-
tains 2,100 to 2,500 m of Pennsylvanian rocks (Crosby and
Mapel, 1975). The oldest rocks of the basin, probably Atokan,
record a continuous progradation from a2 muddy to a sandy sea
floor. Carbonate rocks rimmed the western and northern margins
of the basin in Desmoinesian time until muds and sands covered
them in the late Desmoinesian. The clastic sediment came from
the area of the Ouachita folded belt, but it is not as coarse grained
as that of the Fort Worth basin.

Northwest of the Kerr basin, the Val Verde basin (Fig. 1), a
narrow peripheral basin lying northeast of the Devils River uplift,
contains about 4,300 m of Upper Pennsylvanian—lower Wolf-
campian deep-waler sandstone and shale (King, 1975), similar to
the middle Atokan rocks of the Arkoma basin. The rocks of the
Val Verde basin lie above continental crust on the northeast side
of the Devils River uplift,

In the Marathon region, as in the Quachita Mountains, rapid
deposition of Carboniferous turbidites followed the slow accumu-
lation of the middle Paleozoic siliceous succession (McBride, this
volume). The lower contact of the turbidites with the Caballos
Novaculite is conformable and locally gradational. The Carbonif-
erous strata of the Ouachita Mountains and the Marathon region
are essentially stratigraphic equivalents, but some differences are

apparent (Fig. 8). First, within the Marathon uplift, the turbidites
are much thinner, having a maximum thickness of about 4,500 m,
or only about one-fourth that of equivalent strata in the Quachita
Mountains. As in the Ouachita Mountains, however, the strata
thicken away from the craton, The Morrowan Dimple Limestone
of the Marathon succession (McBride, this volume) contains a
carbonate-shelf facies along the northern margin of the Marathon
region, a slope facies to the south of the shelf-carbonate facies,
and a basinal facies still farther south, all transitional with one
another (Thomson and Thomasson, 1964; Ross, 1986; McBride,
this volume, Fig. 11). A similar transition is not known in the
Lower Pennsylvanian strata of the Quachita Mountains, probably
because of foreshortening by thrust faults. A point of similarity,
however, with the Carboniferous strata of the Ouachita Moun-
tains is that exotic clasts from shelf and platform rocks to the
north and northwest are present in both the Mississippian and
Lower Pennsylvanian flysch of the Marathon region.

Quite different are some boulder beds in the Pennsylvanian
Haymond Formation, for they provide evidence for an orogenic
highland on the outboard side of the Marathon basin of deposi-
tion. Large clasts of novaculite lie in the boulder beds in the
company of clasts of Devonian metamorphic rocks (Denison and
others, 1969). No metamorphic rocks of a similar nature are
known in the Carboniferous strata of the Quachita Mountains.

Petrographically, the Carboniferous rocks of the Marathons
and Ouachitas are similar, In order of decreasing percentage, the
framework grains of the Tesnus are quartz, feldspar, and meta-
morphic rock fragments; the framework grains of the Haymond
are the same, although the rocks are somewhat more feldspathic
and less quartzdse (McBride, this volume). Ross (1986) noted
that grain size increases markedly in the upper Tesnus and that
metamorphic and granitic rock fragments increase in abundance.
In general the grain size of the Carboniferous sandstones of the
Marathon region increases upward, probably signifying the closer
approach on the south and southeast of an orogenic terrane.

YOLCANIC AND IGNEOUS ROCKS

The oldest known igneous rocks in the Ouachita orogenic
belt are serpentinites (Sterling and Stone, 1961) found in the
Benton and Broken Bow uplifts. Because they are described in
another chapter (Nielsen and others, this volume), suffice it to say
here that in the eastern end of the Benton uplift, several isolated
pods of highly altered, nickel-bearing serpentinite lie at or near
the base of the Paron nappe (Fig. 13) (Niclsen and others, this
volume, Fig. 1). The pods are small, averaging about 100 m in
length (Mullen, 1984), and float as unattached masses in Ordovi-
cian cherts and black slates. The serpentinites and surrounding
rocks alike show the impression of later folding and faulting,
Along strike, some 10 km southeast of the serpentinite pods, are
outcrops of alkalic metagabbro (Morris and Stone, 1986; Nielsen
and others, this volume). Similar rocks, first noted by Honess
(1923), occur in the Broken Bow uplift. Contact metamorphic
zones are lacking, and the gabbros show the impression of later
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deformation. Morris and Stone (1986) reported a whole-rock
K-Ar date of 1025 + 10 Ma and suggested the metagabbros may
be transform-related fragments of oceanic crust. Excepting igne-
ous fragments in debris flows, no other pre-Carboniferous igne~
ous rocks are known in outcrops of the Ouachita orogenic belt,
although Wilson (1954) mentioned a pre-Cretaceous basaltic in-
trusion in Ordovician strata in the southeastern part of the Mara-
thon region.

In southern Texas, in the northwest-trending segment of the
subcrop belt of Quachita rocks and the immediately adjacent
foreland (Figs. 1, 7), nine wells have encouniered andesitic,
basaltic, and granitic rocks (Flawn and others, 1961). Some of
the basaltic rocks have been described as greenstones. All samples
have been sheared and partially sericitized and chloritized. The
only certainty about the age of these rocks is that they pre-date
late Paleozoic shearing and metamorphism.

In the basal part of the Mississippian Stanley Shale of west-
ern Arkansas and eastern Oklahoma, several beds of rhyodacitic
tuff contain textures and structures indicating deposition by sub-
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sea ash flows and falls (Fig. 8) (Niem, 1977). The tuff beds
increase in thickness and number toward the south. In the strati-
graphically equivalent Tesnus Formation of the Marathon uplift,
beds of tuff are lacking, although some tuffacecus material is
found in the upper third of the formation (McBride, this volume).
In addition, Decatur and Rosenfeld (1982) have described three
thin, radioactive markers widespread in the Mississippian shales of
western Texas and have attributed the markers to explosive vol-
canic events in the Ouachita orogen. Pennsylvanian formations of
the Ouachita orogen are generally feldspathic in varying degree
but contain no known beds specifically designated as pyroclastic,

In northern Louisiana, in the subsurface of the Sabine uplift,
three wells have penetrated rhyolite porphyry lying bencath
fossiliferous Desmoinesian carbonate rocks (Fig. 1) (Nicholas
and Waddell, 1982, this volume). The stratigraphic position and
composition suggest that they lie at or near the source venls of the
tuffs in the basal Stanley Shale. They provide direct evidence for
Carboniferous volcanism to the south of the Quachita orogenic
belt.
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OUACHITA STRUCTURAL PROVINCES

Our review of the structural provinces of the Ouachita oro-
genic belt follows the same plan as that for the Carboniferous
stratigraphy, from east to west along the orogenic belt from the
Black Warrior basin through the Ouachita Mountains to the
Marathon region of Texas. Along this trend the Quachitas exhibit
many differences in tectonic style, which are in part a theme of
this chapter.

Black Warrior Basin of Alabama and Mississippi

In the subsurface Black Warrior basin, the strata dip homo-
clinally southwestward at less than two degrees (Plate 9)
(Thomas, 1985, 1988a, 1988b) and are broken by a system of
northwest-trending normal faults, dropping the homocline down
to the southwest by more than 2 km. From central Mississippi
westward, the belt of normal faults is bordered successively on
the south by a frontal thrust belt of shaly clastic rocks and farther
south by slates bearing quartz veins. Subsurface control does not
permit exact definition of the tectonic front, but by analogy with
outcrops in Arkansas, it is shown as a thrust front of irregular
trace, and the rocks south of it are interpreted to be part of the
Ouachita orogenic belt (Plate 9). Southeastward from ceniral
Mississippi, in the subsurface, the “Ouachita” slates pass beneath
thrust sheets containing a stratigraphic sequence like that in the
Appalachian outcrops in Alabama (Thomas, this volume), These
thrust sheets, in turn, dip beneath subsurface metamorphic rocks
of the Talladega slate belt (Plate 9) (Thomas, 1973, 1985). The
cross-cutting relations show that the frontal thrust faults of the
Ouachitas pre-date the Alleghanian thrust faults of the southern
Appalachians,

Arkoma Foreland Basin

Unlike the subsurface Black Warrior basin, where only
high-angle faults are known, both high-angle and thrust faults are
known in the Arkoma basin (Fig. 12; Plate 8). Syndepositional
high-angle faults and associated drape folds are the predominant
structures in the northern part of the basin and are known in the
subsurface of the central and southern parts of the basin through
drilling and geophysical exploration (Koinm and Dickey, 1967,
Berry and Trumbly, 1968; Buchanan and Johnson, 1968; House-
knecht, 1986). In the central and southern parts of the basin, the
high-angle faults lie below the regional detachment surface of a
broad belt of north-verging thrust faults (Plate 11, cross sections
C-C, D-I¥, E-E).

In map view, the trace of the high-angle faults generally
parallels the trend of the Quachita thrust belt on the south, but
some high-angle faults swing to northeasterly trends near the
Mississippi Embayment, and many turn southward in Oklahoma,
intersecting the front of the thrust belt at near right angles (Fig.
12). In the eastern end of the Arkoma basin, other high-angle
faults trend southeastward, evidently connecting with the high-
angle faults of the Black Warrior basin (Plate 9).

In the Arkoma basin, most high-angle fanlts are down to-
ward the south, but some face north, forming grabens overlain in
several places by broad synclines. The faults offset the underlying
basement (Buchanan and Johnson, 1968) and, within the limits
of resolution of seismic reflection surveys (Lillic and others,
1983), are not visibty listric. Although the high-angle faults of the
Arkoma basin were syndepositional, they are clearly unlike the
rotational slump faults of the northern Gulf Coast. The high-angle
faults of the Arkoma basin drop the North American basement
from depths of approximately 1 km in the northern part of the
basin to depths below 10 km at the northern margin of the
Ouachita thrust belt (Lillie and others, 1983). High-angle faults
are inferred to be present to the south beneath the Quachita thrust
sheets. It seems likely that the upper parts of some of the high-
angle faults were cut off and translated northward by thrust faults,
but allochthonous sheets containing rootless high-angle faults
have not been specifically identified.

In the central and southern Arkoma basin, numerous thrust
faults reach the sarface in anticlines such as the Backbone and
Washburn (Fig. 12; Plate 8; Plate 11, cross sections C-C’, D-I¥,
E-E"), and blind thrust faults lie beneath other surface anticlines.
Historically, the Choctaw and Ross Creek thrust faults have been
used to define the northern margin of the Quachita thrust belt,
but other thrust faults extend north of these faults. Within the
broad zone of compressional surface structures in the Arkoma
basin, narrow, upright (though slightly north-vergent) anticlines
lying en echelon to one another (Fig. 12) separate broad, box-
shaped synclines. The thrust faulis are listric; they dip sieeply
southward beneath the anticlines and flatien toward the south.
The direction of translation was predominantly northward, al-
though local “triangle zones” contain south-directed thrusts, The
major detachment surface of the frontal thrust faults is in the
Atoka Formation, for only locally are Morrowan beds present in
the hanging walls. In the Arkoma basin, the time of last thrust
fauting post-dates the deposition of the Desmoinesian Boggy
Formation (Plate 8), which is involved in the related folding.
Within the limits of the basin, rocks post-dating the faulting are
unknown,

Ouachita Thrust Belt

The traditional markers of the northern edge of the Oua-
chita thrust belt—the Ross Creck and Choctaw faulis—repeat
parts of the Atoka Formation and are associated with reversals of
dip and “triangle zones” (Arbengz, this volume). In addition, they
mark the northern margin of a zone of closely spaced imbricate
faults and duplexes shown as the frontal imbricate zone (Fig. 9;
Plate 8; Plate 11, cross sections C-C’, D-D’, E-E"). In Oklahoma,
the Windingstair thrust fault marks the interior margin of the
frontal imbricate zone, separating it from the northern central
thrust belt on the south, As the Windingstair fault disappears to
the east, the northern margin of the Benton uplift is taken as the
southern margin of the frontal imbricate zone in Arkansas.

The thrust faults of the Ouachitas exhibit typical “sled
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runner” profiles (Arbenz, this volume). In the Oklahoma segment
of the frontal imbricate zone (Plate 8; Plate 11, cross sections
D-D’, E-F'), the thrusts are stacked in multilevel duplexes, and
the strata within the thrust sheets are complexly foided. Numer-
ous imbricate thrust sheets repeat Morrowan strata between the
Choctaw and Ti Valley thrust faults. At Black Knob Ridge and in
the Potato Hills, outcrops of Ordovician Womble Shale in the
allochthonous sheets indicate upward ramping of the thrust fauits
from stratigraphic levels at least as deep as the Womble Shale
(Arbenz, 1968).

In the central zone of the Ouachita Mountains, south of the
Potato Hills (Fig. 9), there is less evidence for ramping and du-
plexing of thrust faults. The major structures are broad synclines
outlined on the surface by massive sandstones in the Pennsylva-
nian formations. The synclines plunge gently to the west or
southwest, and some are truncated on the southern limbs by
thrust faults of apparently small displacement. The thrusts em-
place the Mississippian Stapley Shale over Morrowan to Atokan
strata. Relative to the frontal imbricate zone, the faults are widely
spaced.

The same pattern persists south of the Benton uplift in the
southern Ouachita Mountains (Fig. 9, Plate 8). In this region,
Carboniferous strata dip homoclinally southward, excepting local
small folds, and are broken by thrust faults that repeat partial
stratigraphic sections of the Stanley Shale or thrust the Stanley
over Mortowan beds, although some faults thrust Morrowan
beds over Atokan strata,

The Mélange-QOlistostrome Problem

In the Carboniferous strata of the Quachita Mountains, the
most complex zones of deformation lie in the frontal imbricate
zone of the Quachita thrust belt. The tectonic setting of this zone
has been the subject of a long and heated geological discussion,
mostly about the style of deformation of the rocks in the Mau-
melle chaotic zone (Viele, 1973, 1979a) and the origin of the
Johns Valley Formation. As this argument is germane to the
origin of the entire Ouachita orogenic belt, the rocks of the
Maumelle zone and Johns Valley Formation will be discussed
here in some detail, although they are described in other chapters
of this volume (Morris, this volume; Nielsen and others, this
volume).

The Maumelle chaotic zone lies between the Y City thrust
fault and the northern margin of the Benton uplift of Arkansas
(Fig. 9; Plate 8). Recent mapping in the eastern part of the frontal
Ouachitas of Oklahoma shows that the Maumelle zone extends
at least that far west (Underwood and Viele, 1985; Poole, 1985;
McDonald, 1986). In Arkansas, the zone, which is easily visible
on radar and Landsat mosaics, is one of broken, irregular topog-
raphy, standing in sharp contrast to the linear ridges and valleys
of the region north of the Y City fauit. The Maumelle zone is
developed entirely in Carboniferous sandstone and shale, mostly
in the Jackfork Formation near Little Rock, but also in Missis-
sippian through Atokan strata in western Arkansas, and in the
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Atoka Formation in the castern part of the frontal imbricate zone
of Oklahoma.
In many outcrops within the Maumelle zone, along the
northern side of the Benton uplift, the structural fabric is best
described as chaotic (Nielsen and others, this volume, Fig. 2).
Shears are ubiquitous (Haley and others, 1976), and most seen in
outcrop dip northward. Clasts of sandstone are studded through-
out a matrix of shale that is swirled and folded. The shales are 1
scaly and polished. Tight to isoclinal folds in ihin beds of sand-
stone exhibit curvilinear hinges and boudinaged limbs that either '
pinch out or terminate against shears. Almost ali clasts of sand- |j
stone exhibit a tracery of web structures (Cowan, 1982) seen in
thin section to be cataclasite zones. Tongues of shale intrude
fractures in the clasts of sandstone. Some large clasts of stratified |f
sandstone and shale end against shear surfaces, and many beds of |
sandstone lic in fault contact with the underlying shale (Nielsen j
and others, this volume, Fig. 3). The evidence is strong that the
sandstones were at least partially lithified at the time of deforma-
tion. The structures of the Maumelle zone are remindful of the j
structures described in many accretionary prisms (Carson and
others, 1982; Karig, 1983; Byrne, 1984, Raymond, 1984; Sampie §f
and Moore, 1987).
On a regional scale, the Maumelle zone grades along strike }f
into belts of tight folding and well-developed cleavage. It lies {}
above a North American basement that has dropped at least 9 km 7
from the northern part of the Arkoma basin (Nelson and others, |}
1982) to an estimated depth of 10 km beneath the frontal imbri- |
cate zone. In western Arkansas, along the trace of the COCORP L
profile (Lillie and others, 1983), the Maumelle zone coincides Jf
with a zone of poor seismic reflections, and even farther west in{j
Oklahoma, it lies along the trend of a broader gravity minimum |}
(Plate 10). |
Several workers (Haley and Stone, 1982, 1985; Morris, this|f
volume) have viewed the rocks and structures of the Maumelle]f
zone as a mappable stratigraphic unit made up of olistostromes
deposited as surficial slides from a belt of south-facing fault
scarps. These authors acknowledge that the beds have undergone]}
later transtation along thrust faults, but they argue that the struc-
tures in outcrop formed primarily by gravity sliding of unconsoli
dated muds and sands.
While acknowledging the probable existence of local olisto-
stromes in these rocks, Viele (1979a; Nielsen and others, this vol
ume) views the Maumelle zone primarily as a tectonic mélange
formed at the toe of an accretionary prism., He disagrees with the
staternent that individual beds or parts of a stratigraphic section
can be mapped for any distance. Underwood (1984) has noted
that although submarine slides are common on the slopes ©
accretionary prisms, most such slides involve only the slope
covering mud; sands may accumulate locally in trench-slope ba:
sins but, viewed on a regional scale, they flow down to the trench
fioors where they have no potential for deformation by gravitﬂ
sliding. The aggregate of the evidence, ranging from outcrop-scalg
structures to regional tectonic relations, bespeaks tectonic deforf
mation of confined, partially lithified to non-lithified sediments. [
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Figure i4. Distribution in Oklahoma of boulder-bearing (solid black) and non-boulder-bearing
{diagonal lines) Johns Valley Formation. Most outcrops containing clasts of shelf carbonate rock lie
north and west of the Windingstair thrust fault, but a few have been seen to the south and east of the
Windingstair. The type locality of the Johns Valley Formation is in the Tuskahoma syncline.

is not necessary to posit an earlier period of general gravity sliding
to account for the structures.

Accretionary structures and fabrics are absent from the
many olistostromes in the synorogenic Carboniferous strata out-
side the frontal imbricate belt. Olistostromes are common in these
strata in the central and southern parts of the Ouachita Moun-
tains, but they are free of scaly shales, clasts of sandstone with
web structures, etc. The mélange belts of the frontal imbricate
zone should not be equated to the olistostromes in the Carbonif-
erous strata of the central and southern Quachita Mountains,

The origin of the Johns Valley Formation and especially of
the exotic clasts within it has been the subject of similar discus-
sion, In a belt bounded by the Octavia and Ti Valley thrust faults
(Fig. 14), the Johns Valley contains clasts of shelf-carbonate rock,
ranging in age from Late Cambrian to Early Pennsylvanian, de-
rived from the area of the Arbuckle Mountains and Ozark pla-
teau (Shideler, 1970). Indeed, during field mapping, the very
presence of such clasts may have resulted in the assignment of
strata to the Johns Valley Formation (Moiola and Shanmugam,
1984). South of the boulder-bearing belt, the Johns Valley is
bounded above and below by the Atoka and Jackfork Forma-
tions, respectively, but it is largely free of boulders (Fig. 14)

(Cline, 1960; Shideler, 1970). An additional complicating factor
is that exotic clasts of carbonate rock are scattered throughout the
Carboniferous formations, from the very base of the Stanley in
the Mazarn synclinorivm (Fig. [3) (Gordon and Stone, 1977) 1o
well up in the Atoka Formation north and west of the Rich
Mountain syncline (Plate 8) (McDonald, 1986).

The clasts themselves exhibit a wide range of characteristics.
In some outcrops the carbonate boulders are rounded, roughly
graded, and lie in channels; they are excellent examples of olisto-
stromes. In other outcrops, the exotic blocks exhibit several
directions of slickenlines (Ulrich, 1927), are truncated by shear
surfaces, and are laced with web structures; the enclosing shales
are scaly and locally exhibil an incipient cleavage. According to
Shideler (1970), most of the clasts came from the Arbuckle facies;
lesser numbers came from the Ozark facies; and surprisingly,
some came from the Arkansas Novaculite and Big Fork Chert of
the Ouachita facies. Hendricks (1971) challenged these latter
identifications, but Shideler (1971) strongly defended them, and
more recent lists include them in the family of Johns Valley clasts
(Stone and others, 1979),

Representative of the various views concerning the origin of
the clasts are those of Cline and Shelburne (1959), who suggested
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ice-rafting as the mechanism of transportation; Van der Gracht
(L931b) suggested they were a tectonic carpet formed beneath
advancing nappcs; and numerous authors (Powers, 1928; Miser,
1934; Moore, 1934; Goldstein and Hendricks, 1962; Shideler,
1970; Gordon and Stone, 1977} have suggested the boulders
were deposited from submarine debris flows. Several authors
{Shideler, 1970; Gordon and Stone, 1977) who favor debris
flows suggest they came from a submarine ridge and scarp sys-
tem, the Bengal high, that lay to the south of the outcrops of
boulder-bearing beds beneath the Quachita thrust sheets. North-
ward thrusting brought the boulder beds to their present position.

Viele favors the views of Van der Gracht (1931b). The fault-
bounded outcrops of boulder-bearing Johos Valley exhibit struc-
tures typical of tectonic mélange. No known geophysical
evidence has revealed the “Bengal high” beneath the thrust sheets.
Moreover, if clasts of Arkansas Novaculite and Big Fork Chert
were truly deposited by debris flows in the Johns Valley Forma-
tion, somewhere along the trend of the orogenic belt more than 6
km of Carboniferous strata lying between the Johns Valley and
the Arkansas Novaculite must have been removed. Nowhere in
the Ouachita Mountains of Arkansas and Oklahoma is there
evidence of this erosion. Instead, during the Carboniferous, subsi-
dence and deposition were rapid, and ponding sediments would
have probably reduced the physiographic expression of any
scarps in the remnant ocean.

Viewed from the modern perception of subduction zones,
accretionary prisms, and associated mélanges, Van der Gracht’s
hypotheses seem straightforward. The boulders were tectonically
ripped off the North American platform, which was being sub-
ducted under the advancing Ouachita thrusts. They were incor-
porated into the allochthonous sheets, which included rocks of
Ouachita facies, and thrust northward to their present position in
the frontal imbricate belt. They are similar in origin to the slivers
of foreland carbonate rock contained in the mélanges of the
Taconic Mountains of eastern New York (Vollmer and Bos-
worth, 1984),

Uplifts of Pre-Orogenic Strata

Raocks older than the Mississippian Stanley Shale crop out in
four areas of the Ouachita Mountains: at Black Knob Ridge, in
the Potato Hills, in the Benton uplift, and in the Broken Bow
uplift (Plate 8). At Black Knob Ridge, the pattern of folding is
essentially harmonic from the lowest to the highest formations,
although the more ductile shales exhibit thinner fold limbs and
thicker hinge areas. The folds appear to be “fault-propagation”
folds (Suppe, 1985} associated with imbricates off the Ti Valley
thrust fault (Hendricks and others, 1937; Arbenz, this volume,
Fig. 4).

The Potato Hills are a folded thrust sheet (Plate 11, cross
section D-D’} of mostly pre-orogenic strata, although the lower
part of the Stanley Shale is involved (Arbenz, 1968). The folding
may be related to piggy-back transport of a higher thrust sheet on
the deeper and younger Windingstair thrust fault. The folded
thrust sheet forms an essentially harmonic stack (Suppe, 1983),
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broken and offset locally by faulting. The folds are mostly tight
chevrons and are nearly upright, verging slightly to the north. At
Black Knob Ridge and in the Potato Hills, the rocks lack cleavage
and in thin section reveal only hints of recrystallization of illitic
clay minerals,

The oldest rocks in the Quachita Mountains are in the Ben-{f
ton and Broken Bow uplifts of Arkansas and Oklahoma, respec-
tively (Figs. 10, 15; Plate 8) (Nielsen and others, this volume),
The boundaries of the uplifts, as traditionally mapped, are largely
a matter of cariographic convenience, being drawn at the coniact
of the Arkansas Novaculite and the Stanley Shale (Plate 8). Folds
and zones of cleaved rock consistently cross this contact and
extend out into the carapace of Carboniferous rocks. The plunge
of the Benton uplift is westward in the general direction of the
Potato Hills, whereas the eastern flank of the Broken Bow uplift
plunges eastward to the south of the Benton uplift, and the west-{|
ern flank plunges westward and southwestward (Plate 8). Fold
hinges within the two uplifts do not trend toward one another.
The Benton and Broken Bow uplifts do not define a linear struc-{j
tural belt but are instead separate culminations of pre-orogeniclj
strata underlying the entire area of the Ouachita Mountains,

Relative to the overlying Carboniferous strata, the rocks ofl|
the Benton and Broken Bow uplifts reveal a complex structurallf
history comprising three and possibly four phases of deformation |
(Fig. 15) (Nielsen and others, this volume), Within the easternlf
part of the Benton uplift, the first-phase structures consist of sey-
eral northward-directed fold and thrust nappes stacked on top offf
one another (Fig. 15} (Viele, 1966, 1973, 1979b). Thrust faultsjf
bounding the nappes only locally extend beyond the boundariesf
of the Benton uplift out into the Carboniferous strata. The dis-{}
placement of the nappes relative to one another is not known.Jf
The strata in the nappes are primarily the pre-orogenic deep-|}
water rocks deposited off the North American craton. The higher |
nappes contain the southern facies of the Arkansas Novaculite|f
{Lowe, this volume) and probably rooted farthest to the south. |
Near the base of the highest nappe (Fig. 13) (Nielsen and others, {|
this volume), several small pods of altered serpentinite and slicesj
of metagabbro lie within the pre-orogenic strata. The serpenti-
nites and gabbros probably were torn from underlying oceanici)
crust and incorporated into the nappe as it moved northward.
The first-phase, northward-directed fold and thrust nappes prob-
ably formed above oceanic crust off the southern margin of the
North American craton.

In the second phase of deformation, the stack of first-phase
nappes was backfolded (Fig. 15). Upright and overturned fold
limbs, axial surfaces, and the bounding thrust faults of the nappes
were all folded and overturned back toward the south. These
second-phase folds constitute the predominant structure seen in
outcrop throughout the Benton uplift. Associated with the
second-phase folds are numercus south-directed thrusts of smallfj
displacement and a pervasive northerly dipping cleavage. Along
the northern margin of the Benton uplift, during the second-phase(f
folding, flattening and south-directed shear formed sheath folds
several kilometers in length (Sturgess and Viele, 1986).
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Figure 15. Diagrammatic sketch of phases of deformation in the eastern
part of the Benton uplift. First-phase thrust sheets are folded in second-
phase folds that porpoise in and out of the map plane forming sheath
folds several kilometers in length. The second-phase folds are flattened
across the second-phase cleavage planes, which transect the second-
phase axial planes at low angle. Based on mapping by Sturgess (1986)
and unpublished mapping by Viele.

In the third phase of deformation within the Benton uplift, a
crenulation cleavage, seen primarily in thin section, was formed
that transects the limbs and cleavage of the second-phase folds
(Fig. 15). The third-phase structures also include widely spaced,
northeast-trending folds with gently dipping limbs, Second-phase
planar elements, bedding, cleavage, and axial surfaces, were
broadly arched by the third-phase folds. Culminations within the
Benton uplift, marked by outcrops of Collier Formation (Fig. 13),
lie along the crests of the third-phase folds (Nielsen and others,
this volume).

Three phases of deformation have also been recognized in
the Broken Bow uplift, but different researchers have presented
different structural histories. Feenstra and Wickham (1975) did
not recognize nappes or thrust sheets in the Silurian and Devo-
nian strata of the Broken Bow uplift but thought these strata
might have been thrust northward over underlying Cambrian and
Ordovician slates. Open and symmetric folds were formed during
the first phase of folding. A second phase of deformation pro-
duced tightening of the first-phase folds, and southward overturn-
ing of some anticlines produced north-dipping axial planes and
superposition of a slaty cleavage on the first-phase folds. The third

and final stage is represented by gentle folding across a northeast
axis and normal faulting that accompanied uplift.

In the view of Nielsen (Niglsen and others, this volume),
first-phase folds of the pre-orogenic deep-water strata were south
verging and associated with the formation of a penetrative cleav-
age. A set of second-phase folds is essentially coaxial and south
verging and folds the first-phase cleavage. A fan of later(?) faults
culs and rolates the earlier folds and the cleavage. Third-phase
folds are open and associated with a crenulation cleavage. They
trend northeastward, accenting the eastward and westward
plunges of the older folds. The third-phase folds also account for
the broad bends in the traces of thrust faults around the north-
western and northern flanks of the Broken Bow uptift (Plate 8).

It is difficult to correlate the different phases of deformation
within the Benton and Broken Bow uplifts with the north-
directed thrust faulting in the frontal imbricate and central belts of
the Ouachita Mountains (Fig. 9; Plate 8), In fact, the phases
within the uplifts probably represent a continuum of deformation
that partially coincides with the thrust faulting. Yet the thrust
faults outside the uplifts are only broadly foided, so these faults
must mostly post-date the polyphase faulting and folding within
the uplifts. Possibly, thrust faults, such as the Y City and Ti Valley
(Fig. 9; Plate 8), rooted deep beneath the already-deformed Ben-
ton and Broken Bow uplifts and carried them north and north-
westward to their present position above the southern margin of
the North American craton (Underwood and Viele, 1985).

A possible fourth phase of deformation involved the rocks of
the Ouachita succession and the underlying continental crust of
North America as well. Adularia from the Ordovician Womble
Shale and quartz veins of the Benton uplift gave a K-Ar date of
262 + 10 Ma, consistent with a Permian age (Shelton and others,
1986). This hydrothermal event, which occurred along much of
the Ouachita crogenic belt, may have been associated with essen-
tially vertical arching of the Benton and Broken Bow uplifts.
Arbenz {1984), however, views this last phase of deformation as
being associated with blind thrust faulting and imbrication of the
North American basement, and to this deformation he attributes
the southward-overturned folds and metamorphism of the Benton
and Broken Bow uplifts. As structural details at this depth are not
available from either deep wells or geophysical surveys, it is not
possible to comment on the attitude of faults, if any, in the North
American basement.

The tight polyphase folding of the Benton and Broken Bow
uplifts stands in sharp contrast to the broad synclinal folding of
the central province of the Quachita Mountains (Fig. 9; Plate 8)
(Miser, 1929, 1954). This difference may be more apparent than
real, for the great synclines of Carboniferous strata in the central
province may once have extended over the uplifts of pre-orogenic
strata later to be eroded away. Tight folds in the formations of the
Benton uplift, including the lower part of the Stanley Shale,
plunge westward beneath the broad Lynn Mountain and Bok-
tukola synclines; tight folds of the same formations in the Potato
Hills plunge southwestward beneath the bread Tuskahoma syn-
clineg (Plate 8). The broad folding of the synclines, probably
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above a detachment in the Stanley Shale, differs strikingly from
the tight folding in the lower Stanley and older formations. (This
difference may be scen easily on the 1:250,600 McAlester, Okla-
homa, mosaic of radar imagery published in 1984 by the U.S.
Geological Survey.) If broad folds of Carboniferous strata once
extended over the Benton uplift, a regional two-deck structure, as
Miser (1929) observed, would be characteristic of the Ouachita
Mountains; an upper deck of broad folds cut by northward-
directed thrust faults overlies a lower deck of tight folds generally
overturned in the opposite direction toward the south.

Subsurface Ouachita Orogenic Bell, Texas

From the Broken Bow uplift to the Marathon region, the
Ouachita orogenic belt lies in the subsurface of southern Okla-
homa and Texas and is known through drilling and seismic
reflection profiling (Nicholas and Waddell, this volume), Three
cross sections {Plate 11, cross sections F-F, G-G’, H-H"} portray
the structure. On sections F-F* and G-(3, the structural style is
similar to that of the Arkoma basin, The deepest structures are
Atokan syndepositional high-angle faults that dropped the base-
ment and the cover of shelf strata down toward the Ouachita
tectonic front. Overlying the high-angle faults are nearly flat-lying
thrust faults that transported Quachita rocks from east to west. In
the westernmost of the thrust sheets, several typical Quachita
formations, such as the Arkansas Novaculite, are recognized in
the drill samples.

On cross sections F-F and G-G’ (Plate 11), the Luling front
or thrust marks an abrupt change from non- or slightly metamor-
phosed Ouachita rocks to metamorphosed rocks forming the “in-
terior metamorphic belt.” As shown on cross section F-F, the
Luling thrust sheet comprises, from bottom to top: slices of gra-
nitic basement overlain successively by a thin sandstone; a thick
unit of marble; and the contorted beds of the interior meta-
morphic belt, which lies with thrust contact on the marbles. To
the west, the Luling thrust ramps upward and cuts off this se-
guence. The culmination of granitic rock and the cover of sand-
stone and marble form the Waco uplift (Fig. 7; Plate 11, cross
section F-F"), which in the view of Nicholas and Rozendal
{1975) and Nicholas and Waddell (this volume) is made up of a
core of North American basement and cover of lower to middle
Paleozoic sirata. The Waco uplift was elevated by motion on the
deeper Luling thrust after the interior metamorphic belt and the
Ouachita thrust sheets were emplaced.

Although cross sections of the subcrop belt of eastern Texas
are generally similar to cross sections of the Ouachita Mountains,
they differ in some ways. They are alike in showing thrust sheets
of QOuachita rocks above a down-faulted North American base-
ment, but in the subsurface of eastern Texas, the westernmost
thrust faults, forming the QOuachita tectonic front, carry pre-
orogenic Ouachita strata in the hanging walls. In Qklahoma, only
at Black Knob Ridge (Plate 8) do the thrust sheets of the Oua-
chita Mountains bring pre-orogenic tocks to the tectonic front.
Frontal thrust sheets of Carboniferous strata, like those of the

G. W. Viele and W. A. Thomas

Arkoma basin and the frontal imbricate belt, are apparently ab-
sent from the subsurface of eastern Texas. The equivalent of the
Luling thrust is not known in the Guachita Mountains; no visible
tectonic break divides the pre-orogenic rocks of the Benton and
Broken Bow uplifts into distinct metamorphic provinces.

The quality of seismic reflections just west of the Waco
uplift is poor, and well control is unavailable, but it appears that a
deep wedge of non-metamorphosed Ouachita(?) rocks separates
the Waco uplift and the interior metamorphic belt from the
down-faulted North American shelf. Conspicuously absent from
published scismic profiles (Rozendal and Erskine, 1971} and
cross sections of eastern Texas is any hint of the large basin of
stratified reflectors lying on the Gulf side of the Benton uplift
{Plate 11, cross section C-C") (Lillie and others, 1983).

oCross section H-H” (Plate 11} across the Val Verde basin
differs from cross sections to the north and east in that high-angle {;
faults dropping basement rocks down toward the Ouachita front
are absent, although south-dipping thrust faults imbricate the
Carboniferous strata. A thrust fault marks the northeastern edge {!
of the Devils River uplift, but a published seismic reflection pro- Jj
file shows an unfaulted homocline of Cambrian through Pennsyl-
vanian strata on the north flanlk of the uplift (Nicholas, 1983),

On the Devils River uplift, several wells drilled to basement §j
have penetrated a stratigraphic section ranging from Atokan to §i
Late Cambrian, The rocks have undergone low-grade metamor- §
phism, but the section is stratigraphically and compositionally §§
comparable to the foreland section to the north and east (Nicho- §f
las, 1983). No penetrations of pre-Atokan rocks of the subsurface
Ouachita frontal belt are known to the north of the Devils River §
uplift or upon it, but on the southern flank of the uplift, a thin §
slice of frontal-belt rocks may be sandwiched between the interior §
metamorphic belt and foreland carbonate strata, which rest on §f
basement (Flawn and others, 1961). Along much of the southern {f
and southwestern flank of the Devils River uplift, rocks of the §
interior metamorphic belt are faulted against the cover of meta-
morphosed foreland carbonate strata. |

The basement rocks of the Devils River uplift, as revealed §
by wells, consist of Cambrian(?) to Precambrian, metamorphosed
sedimentary and igneous rocks. Cross section H-H" (Plate 11)
shows a carapace of metasedimentary rocks interstratified with
some metavolcanic rocks over a dense epidote-tremolite schist,
both enveloping a deeper core of meta-igneous and metavolcanic §|
rocks. The epidote-tremolite schist forms a prominent seismic
reflector. Flawn and others (1961) noted the similarity of the
metavolcanic rocks of the Devils River uplift to the Precambrian
metarhyolite in the Van Horn area of western Texas and com- §
mented on the dissimilarity of the Devils River rocks to the
metamorphic rocks of the Ouachita belt.

The patterns on Bouguer gravity maps of the Val Verde |
basin and the Devils River uplift differ from those of other parts
of the subsurface Ouachita belt and from those of the Arkoma
basin (Plate 10) (Keller and others, this volume). Unlike the j|
Arkoma, Fort Worth, and San Antonio basins (Keller and others, 1}
this volume, Fig. 9), the Val Verde basin does not coincide with a
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gravity minimum; instead, it lies on a gradient of about 50 mgal,
extending from negative values on the north to positive values on
the south. The Devils River uplift lies on the trend of the interior
zone gravity maximum extending from the Benton uplift to south
of the Marathon region (Plate 10) (Keller and others, this volume,
Fig. 93, but unlike the Waco, Benton, and Broken Bow uplifts, it
shows a strongly positive, local Bouguer anomaly superimposed
on the regional trend.

Is the Devils River uplift fundamentally autochthonous or
allochthonous? Nicholas (1983) noted that the stratigraphic con-
tinuity of the Paleozoic strata on the uplift with the Paleozoic
cover of the shelf precluded any major translation, but he did not
rule out movements of a few tens of kilometers. Viele, noting the
cover of Paleozoic shelf strata on the Devils River uplift, the core
of Precambrian metavolcanic rock, and the apparent absence of
pre-Atokan Quachita rocks, regards the Devils River uplift as a
foreland tectonic element. Thomas views it as similar to the ex-
ternal basement massifs of the Appalachians.

The thrust faults within the Val Verde basin are akin to the
thrust faults of the Arkoma basin. They imbricate deep-water
synorogenic sandstones and shales that were deposited in foreland
basins in front of but not within the Ouachita orogenic belt.

The Marathon Region

Cross sections through the Marathon region by Muehlberger
and Tauvers (Plate 11, cross sections I-I, J-J") represent a more
“typical” style of Ouachita deformation. In the absence of subsur-
face data, the cross sections have not been extended below the
major décollement, and the presence or.absence of high-angle
faults breaking the basement has not been determined. In the
northern part of the Marathon uplift, the Dugout Creek thrust
forms the basal décollement beneath two northeast-trending an-
ticlinoria, the Marathon and the Dagger Flat, although wells
indicate the presence of a deeper blind thrust. The Dugout Creek
thrust fault cuts across the limbs of the anticlinoria and post-dates
folding (King, 1975). As in the Ouachita Mountains, a two-
decked structure is evident: tight folds in the pre-orogenic strata
underlie broad folds in the synorogenic Carboniferous strata. The
Dagger Flat and Marathon anticlinoria contain folded thrust
sheets similar in map and cross sectional views to those of the
Potato Hills of Oklahoma, which are smaller in scale. One cannot
help but observe that if the Dagger Flat and Marathon anticlino-
ria were backfolded toward the south, the structure would re-
semble that of the Benton and Broken Bow uplifts. Cleavage and
metamorphic recrystallization are lacking from the rocks of the
Marathon region except within a small inlier of Paleozoic strata
at Persimmon Gap, which lies to the south of the Marathon
region (Fig. 7).

Little is known about the structure of the southern interior
parts of the Marathon region. In the southeastern part, three large
east- to northeast-plunging synclines, containing the Pennsylva-
nian Haymond Formation in the troughs, dominate the surface
structures {Fig. 16; Plate 8). Thrust faults overrun the southern
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Figure 16, Index map of the Marathon region showing features men-
tioned in text. Abbreviation code: HHt = Hells Half Acre thrust,
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flanks of each of these synclines, bringing the Mississippian
Tesnus Formation over the Haymond. Toward the southwest,
rising along a lateral ramp (Muehlberger and Tauvers, this
volume), the thrusts bring sheets of early to middle Paleozoic
pre-orogenic strata to the surface (Plate 8, inset map of Marathon
region).

The southern flanks of the two southeasternmost synclines
contain significant outcrops of bouldery beds in the Haymond
Formation. One such bed lies near the eastern end of the Hells
Half Acre thrust fault (Fig. 16) (Palmer and others, 1984), where
the Tesnus Formation crops out in the hanging wall of the thrust
immediately above a dip slope in the Haymond Formation in the
footwall. Forming part of the dip slope, a bed of conglomerate,
stratigraphically high in the Haymond, contains clasts of mostly
granule-sized (A, R. Palmer, written communication, 1988} chert
in a sandstone-shale matrix, but also present are rounded boulder-
size clasts of limestone. These contain several North American
taxa of Middle Cambrian trilobites and brachiopods. Thus, the
boulders are older than any known strata in the Quachita orogenic
belt.

About 10 km to the north, in a lower, more northwesterly
thrust sheet, stratigraphically bounded beds in the lower part of
the Haymond Formation contain a variety of boulders, including
some of metamorphic rocks that yield middle Paleozoic whole-
rock and mica Rb-Sr ages (Denison and others, 1969). These
beds also lie just below a thrust fault. Probably, the boulder beds
in both synclines were ofistostromal and derived from the uplifted
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interior of the Ouachita orogen, but similar boulder beds have not
been reported to our knowledge from the unfaulted northern
flanks of the Haymond-filled synclines.

Still farther to the south, across the Rio Grande in Mexico,
rocks of the interior metamorphic belt crop out in the Sierra del
Carmen (Fig. 7) (Flawn and others, 1961). Thus, in the Mara-
thon region, as in the subcrop of east Texas, a broad belt of
non-metamorphosed Ouachita strata lies between the interior
metamorphic belt and the North American foreland rocks. In the
Marathon region, no evidence is known of a large basin lying
seaward of the uplifted region as on the south of the Benton uplift
of Arkansas,

It is noteworthy that, unlike the Benton and Broken Bow
uplifts, the Marathon region is associated with a large negative
Bouguer gravity anomaly (Handschy and others, 1987). The inte-
rior zone gravity maximum swings a tighter arc from the Devils
River uplift to the region of the Sierra del Carmen (Keller and
others, this volume), and the Coahuila block of northern Mexico
lies on the inside of this arc (Fig. 7) (Keller and others, this
volume, Fig. 7).

METAMORPHISM AND ISOTOPIC DATING

Outcrops within the Benton and Broken Bow uplifis and in
the surrounding Carboniferous strata exhibit very low-grade
metamorphism, generally within the zeolite facies but locally
extending into the lower greenschist facies. Within the slates, the
predominant phyllosilicate is illite, much of it having a sharpness
ratio of less than 5 (Weaver, 1960, 1961; Guthrie and others,
1986), although in some areas the slates contain patches of chlo-
rite. Quartzose sandstones, viewed in thin section, are made up of
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sutured and fractured grains cemented by large amounts of sec-
ondary silica. In many sampies, original rounded outlines of the
sedimentary grains are readily visible. Sericite and chlorite occur
in pore spaces. Micrites, generally containing abundant silt-sized
grains, are not recrystallized (Keller and others, 1985). The Ar-
kansas Novaculite consists of nearly amorphous chert in the
western part of the Benton uplift and of microcrystalline quartz in
the eastern part (Fig. 17). Quartz veins are ubiquitous in the
pre-orogenic rocks, and in areas of intense deformation are also
present in the Carboniferous sandstones and shales. Quartz-
bearing graywackes from the Stanley Shale contain analcite and
thompsonite, indicating a peak temperature of metamorphism of
less than 300° C (Jackson, 1968). Throughout the Benton uplift,
conodonts from Ordovician rmicrites are generally black
(R. Ethington, personal communication, 1987) and indicate
somewhat higher temperatures, approaching 300° C, than would
be inferred from the mineralogy of the rocks.

The grade of metamorphism varies throughout the Benton
and Broken Bow uplifts (Fig. 17). Internal strain and metamor-
phic recrystallization, associated with the second-phase folding,
were greatest in the northern part of the Benton uplift and in the
adjacent Maumelte zone. In the eastern end of the Benton uplift,
heat from Mesozoic intrusive rocks (Fig. 17) has probably ac-
cented recrystallization; the gravity signatures of the Mesozoic
intrusives extend well beyond the areas of outcrop and indicate
that igneous rocks may underlie much of the eastern Benton
uplift, Internal strain and metamorphism both decrease toward
the south and west, for strata in the southwestern part of the
Benton vplift and in the Trap and Cossatot Mountains (Fig. 13;
Plate 8) are neither cleaved nor greatly recrystallized.

Within the exposed part of the Broken Bow uplift, the inten-
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sity of deformation and metamorphic recrystallization increases
generally southward toward the core of oldest rocks {Miser,
1959). The southward increase in deformation and recrystalliza-
tion within the Broken Bow uplift is opposite to the gradient of
deformation and recrystallization within the Benton uplift. Rela-
tive to the subsurface interior metamorphic belt of eastern Texas,
metamorphic grade in the Benton and Broken Bow uplifts is
lower and much more variable. Exposed rocks of the Marathon
uplift are not metamorphosed.

In the core of the Broken Bow uplift, Viersen and Cochran’s
25-1 Weyerhasuser well penetrated 3,048 m of metamorphic
rocks all lying within the greenschist facies (Goldstein, 1975;
Denison and others, 1977). The rocks range from graphitic
marbles with sandy and slaty phyllite intervals near the surface to
quartzo-feldspathic schists with graphitic phyllite intervals at
depth. These rocks were correlated with the rocks of the subsur-
face interior metamorphic belt of eastern Texas (Denison and
others, 1977).

Denison and others (1977) reported on 38 isotopic ages
determined from a variety of igneous and metamorphic rocks
sampled along the Ouachita orogenic belt from Arkansas to
Texas and also reviewed the results of earlier isotopic age dating.
The oldest isotopic dates from the Ouachitas are Devonian and
come from the igneous and metamorphic boulders in the Penn-
sylvanian Haymond Formation of the Marathon region. A
second set of Devonian dates comes {rom the Ordovician Mazarn
Shale of the Broken Bow uplift. They are K-Ar ages determined
from sericite-muscovite concentrates, and fall into two sets: one
ranging from 313 to 324 Ma and the other from 358 to 378 Ma.
No difference was noted in the degree of metamorphic recrystalli-
zation of the two sets, and for this reason the possibility was
discounted that the older dates were inherited from detrital micas.
Yet it seems unlikely that the Mazarn Shale was being metamor-
phosed while the Arkansas Novaculite was being deposited above
it, a difficulty that Denison and others (1977) recognized. Struc-
tural fabrics in the Broken Bow uplift are penetrative from Upper
Cambrian to Mississippian rocks, and no structures have been
recognized in the uplift separating the Mazarn from the younger
formations. The Devonian isotopic dates from the Mazarn Shale
in the Broken Bow uplift perforce remain unexplained, although
Denison and others (1977) suggest the possibility of heretofore
unmapped structural boundaries.

Throughout the Ouachita Mountains of Arkansas and Ok-
lahoma, field relations indicate a post-Atokan time of deforma-
tion affecting the entire stratigraphic section. Nevertheless, the
Mississippian strata of the foreland Black Warrior basin and the
entire length of the Ouachita orogenic belt contain metamorphic
clasts derived from the south. Certainly, orogenic highlands were
present by Mississippian time.

K-Ar ages of scattered samples from the interior metamor-
phic belt of eastern Texas range from 248 to 320 Ma. On the
Waco uplift (Fig. 7; Plate 11, cross section F-F”), the Shell No. 1
Barrett well penetrated more than 2,987 m of slate and phyllite
and more than 1,828 m of marble before entering a granitoid

basement. K-Ar ages from the pre-Mesozoic units range from 257
to 380 Ma and show no relationship to either depth or rock
composition (Nicholas and Rozendal, 1975). Nor do 150topic
dates from the Devils River uplift show any correlation to depth
or rock composition (Denison and others, 1977; Nicholas, 1983).

These dates indicate that cooling and crystallization of
potassium-bearing minerals took place primarily during a time
interval ranging from Pennsylvanian to mid-Permian. Along the
entire length of the Quachitas, orogenic events reset the Precam-
brian and early Paleozoic rocks to Carboniferous isotopic ages.
Unfortunately, the orogenic heating so thoroughly homogenized
isotopic ages from different structural provinces that they are of
litthe use in correlating or differentiating one province from
another.

TECTONIC SYNTHESIS

The earliest compilers (Powers, 1928; Miser, 1929) of Oua-
chita geology recognized the allochthonous nature of the orogen
and the emplacement of it by northward-moving thrust faults.
Most later compilations have followed the same general scheme
but have differed greatly in assigning a tectonic mechanism to
explain the orogenesis. All compilers have confronted the same
problems: how to account for the abrupt change in style and rate
of deposition between the lower and upper parts of the Quachita
stratigraphic section; how to account for the presence of exotic
clasts of platform rocks in strata of the Ouachita facies; how to
account for the reversal of vergence of folds between the higher
and lower parts of the Quachita stratigraphic section; and how to
relate the structures of the Ouachita folded belt to those of the
foreland.

Not all regional compilations, of course, have addressed all
the problems; some have focused instead on specific topics. Pow-
ers (1928), for example, recognized the need to bring foreland
rocks close to the trend of the outcrops in the Johns Valley
Formation and, therefore, postulated a deep, southward-directed
thrust fault that transported foreland rocks, as high as the Atoka
Formation, far to the south. Scon after, as shown on the cross
sections of Hendricks and others (1971), the northward-moving
Choctaw and Ti Valley thrust faults sliced off parts of the Powers
thrust sheet and transported them back to the north, thereby
incorporating blocks of foreland carbonate rocks in the Ouachita
thrust sheets. These ideas were largely rejected by later workers,
and the Johns Valley boulders were viewed as clasts in debris
flows moving downslope from an island chain “Bengalia” (Kra-
mer, 1933) or fault scarp (Shideler, 1970; Gordon and Stone,
1977). The strongest advocates of gravity sliding {Haley and
Stone, 1985; Stone and Haley, 1985; Morris, 1971, 1982, this
volume) attributed not only the boulders of the Johns Valley
Formation to downslope movements but also assigned to gravity
sliding the structures in the Maumelle zone, as Viele (1973) in-
itially did.

A second area of discussion has concerned the structural
arrangement of the Ouachita Mountains as a whole, Miser
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{1929) contrasted the tight folding and minor thrust faulting of
the Ouachita Mountains of Arkansas to the long, parallel thrust
faults and broad folds of the Ouachita Mountains of Oklahoma.
In addition, his cross section of the Ouachita Mountains of Okla-
homa contrasted the tight folding of the Arkansas Novaculite and
older formations to the open folding of the Carboniferous forma-
tions. In his text, he commented explicitly on the difficulty of
folding the great mass of sandstone of the Jackfork and Atoka
Formations into isoclinal folds. Implicit in his discussion and
cross sections is a portrayal of the Quachitas as a folded belt with
an upper and a lower deck. Haley and Stone (1981, 1982), on the
other hand, divided the Quachita Mountains of Arkansas into six
east-west-trending belts separated by major fault zones. Each belt
is said to have a characteristic set of structures. Their cross section
of the Benton uplift shows it as a belt of imbricate thrust sheets
floored by southward-dipping listric thrust faults rising off a basal
décollernent (Haley and Stone, 1984). Their portrayal of the
Quachita Mountains of Arkansas as an intensely faulted terrane is
opposed to that of Miser (1929), who commented on the lack of
faulting and emphasized the tight folding.

Recently, Zimmerman (1986) has reviewed ideas concern-
ing the southward-verging folds within the Benton and Broken
Bow uplifts. Some authors (Feenstra and Wickham, 1975) attrib-
uted them to northward underthrusting of the basement; Arbenz
(1984) suggested that the southward-verging structures were
formed by thrusting the pre-orogenic strata northward beneath a
rigid cap of synorogenic Carboniferous sandstones, thereby
generating a southward-rotating simple shear. Still other authors
(Cambray and Welland, 1985) attributed the southward-verging
folds to south-moving thrust faults. None of these scenarios is
satisfactory, for none relates the style of deformation to the larger
tectonic setting and history of the Guachita orogenic belt.

On the craton in the foreland of the Ouachita orogenic belt,
faults of late Paleozoic age outline many structures that offset
Precambrian basement. Some authors (Kluth and Coney, 1981;
Thomas, 1983; Viele, 1983, 1986) have related these structures to
the Quachita orogeny, but others (Denison, this volume) have
seen no distinct simple relationship. In these latier models, the
foreland structures are attributed to vertical movements, or to
northeast-southwest compression, but fundamentally, they are
viewed as cratonal structures loosely linked, if at all, to the late
Paleozoic folded belts flanking the North American craton.

Many of the problems of Quachita tectonics are resolved
when they are viewed wholeheartedly in the context of plate
tectonics (Fig. 18). This entails not just a vague endorsement of
the mechanism of plate tectonics in which subduction zones lie

_somewhere off to the south, but a specific comparison of parts of
the Quachita orogenic belt to parts of modern subduction zones.
The Guachitas are not a foreland fold-thrust belt analogous to the
Valley and Ridge province of the Appalachians or to the Sevier
belt of the western United Staies. They are better understood in
terms of the kinematics of oceanic trenches and especially of
collision zones where a continental plate is entering the trench. In
brief, our itectonic model, which is an enlargement of earlier
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Figure 18. Diagrammatic cross sections showing the tectonic develop-§
ment of the southern margin of North America and the Ouachita oro-{i
genic belt, much shortened from north to south. (A} late Precambrian- fj
earliest Paleozoic, (B} Late Cambrian—carliest Mississippian—the{}
Ouachita ocean at its widest and deepest, (C) Eatly Mississippian—earli- |}
est Atokan—growth of an accretionary wedge offshore accompanied by
flysch deposition in a fore-arc basin on the south and a trench on the i
north, (D) early-middle Atokan—thrusting of the accretionary wedgelt
onto the southern margin of North America, which breaks down byf}
faulting. Continued deposition of flysch in fore-arc basin and troughjt
environments, {E) late Atokan-Desmoinesian—continued thrusting of
the Ouachita orogen onto North America; possible faulting bencath thefi
Benton and Broken Bow uplifts, Patiern key: crosses = continental crustjf
{undifferentiated in A, North American in B-E); straw hachures = exotic |
continental or transitional crust beneath a microcontinent or arc com-
plex; black = early Paleozoic oceanic crust; heavy dots = basal Paleozoic
strata in half grabens; horizontal dashes = upper Cambrian to basal}]
Mississippian strata including shelf and off-shelf facies; white = basal}f
Mississippian to lower Atokan strata; sand stippling = lower to middlely
Atokan strata; vertical lines = upper Atokan to Desmoinesian strata;}i
mottled = Onachita accretionary prism composed of pre-orogenic, off-§i
shelf strata and Carboniferous synorogenic strata; wavy lines = Ouachitaf]
frontal imbricate belt and Maumelle zone; black triangle = magmatic arcf
volcanoes. Figure modified from Houseknecht (1986). '

models (Briggs and Roeder, 1975; Graham, and others, 1975,
Wickham and others, 1976, Thomas, 1976, 1977; Viele, 1977,
1979a, 1979b; Nelson and others, 1982; Lillie and others, 1983;
Lillie, 1985), involves the closing of an ocean by subduction of the
North American plate beneath a growing accretionary prism andj]
an attendant island arc that lay to the south. Strata deposited on
transitional and oceanic crust of the southern part of the North}
American plate were transferred to the upper plate by thrust
faults propagating northward from the toe of the accretionaryl|
prism. During the later stages of the orogeny, the accretionary
prism was thrust over the southern margin of North America,f
loading the continental crust and forming the structures of thejf
foreland.
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The first hint of contractive tectonic events associated with
the closing of the Ouachita ocean comes from isotopic ages. The
isotopic dates from the metamorphic clasts of the Haymond
baulder beds of the Marathon region (Fig. 16) indicate Devonian
deformation and metamorphism far to the south or southeast of
the Marathon region, The deformation and metamorphism must
have been seaward of the site of deposition of the Middle Cam-
brian boulders of limestone in the Haymond Formation, because
these boulders are neither deformed nor metamorphosed. Indeed,
the Devonian deformation and metamorphism must have been
seaward of the site of deposition of the Devonian Caballos No-
vaculite of the Marathon region (McBride, this volume), because
these rocks too are unmetamorphosed. And finally, the deforma-
tion and metamorphism pre-dated thrusting of the Quachita fa-
cies onto North America, because the Tesnus-Haymond succes-
sion was deposited on the Caballos, which was deposited off the
North American continental shelf. As Devonian deformation and
metamorphism are not known from the North American side of

the Ouachita ocean, the boulders of metamorphic rock nust have -

come from an uplift within the Ouachita ocean or from a terrane
on the far shore of the Ouachita ocean.

Two lines of evidence from Mississippian strata record the
change from an opening to a closing ocean. First, the framework
grains of the Mississippian and Pennsylvanian sandstones pro-
grading northeastward into the foreland Black Warrior basin in-
dicate a provenance of low-grade metamorphic, sedimentary, and
volcanic rocks, The source, which was to the southwest, was the
accretionary prism and island arc of the upper plate of a closed
subduction zone (Mack and others, 1983). The Quachita rem-
nant ocean closed first at the southeastern end (Thomas, this vol-
ume, Fig. 3). The second line of evidence for ocean closing is
found in the striking change in the rate and nature of deposition
along the trend of the Quachitas from Arkansas to the Marathon
region of Texas. Rapidly deposited turbidites in a thick succession
containing stratiform deposits of barite at the base, abruptly suc-
ceeded slowly deposited, radiolarian-bearing cherts containing
abundant manganese. This sequence is precisely reminiscent of
oceanic trenches where thick, trench-fill clastic sediments are
deposited on abyssal-plain sediments as they enter the trench
(Lash, 1985; Piper and others, 1985). The contact of the Arkan-
sas Novaculite with the Stanley Shale records this change of
environment, as does the contact of the Caballos Novaculite with
shale of the Tesnus Formation.

Within the Ouachita Mountains of Arkansas and Okla-
homa, the oldest structures are thrust faults largely confined
within the novaculite carapace of the Benton and Broken Bow
uplifts (Fig. 13). In the Benton uplift, the thrusts stacked the
pre-orogenic strata into fold and thrust nappes after deposition of
the lower part of the Mississippian Stanley Shale, but before the
second-phase southward folding. The highest nappe, which prob-
ably came from farthest south, sliced off pods of serpentinite and
gabbro from the ocean floor, incorporating them in the lower part
of the nappe as it moved northward. In addition, during this
period of thrusting, folds were nucleated that were continuously

tightened during later phases of deformation. These deformations
took place as the pre-orogenic sediments were stripped from the
subducting ocean floor and added to the base of a growing accre-
tionary prism. These deformations pre-dated thrusting onto the
North American shelf and took place above oceanic or attenu-
ated continental crust (Fig, 18).

Yet even as the pre-orogenic strata were stacked into a

growing accretionary prism, the upper part of the Stanley Shale
and younger Pennsylvanian sandstones and shales were deposited
at ever-increasing rates across the top and flanks of the prism. The
two-decked structure of the Quachita Mountains primarily re-
flects the deposition of Carboniferous strata across the quiescent
top and southern flank of the prism. Perhaps the abrupt thinning
of the Stanley Shale from south to north in the Quachita Moun-
tains (Figs. 8, 10) (Cline, 1960) records the prograding of fore-arc
basin strata over the prism. Perhaps a time-transgressive uncon-
formity, which should mark the floor of a fore-arc basin, lies
hidden in the poorly exposed shales of the Stanley. Thrust fault-
ing along a décollement within the Stanley Shale at about this
stratigraphic level (Arbenz, this volume) obscures the relationship
between the upper and lower parts of the formation. By Morro-
wan time, the growth of the accretionary prism probably formed
a submarine ridge, an ancestral Benton uplift, imperfectly divid-
ing the closing ocean into two primary basins of deposition, a
trench on the north, and a fore-arc basin on the south. As the
flood of sediment was great and as the growth of the accretionary
prism was irregular, some sediment flows crossed from the fore-
arc basin to the trench.

Carboniferous strata deposited on the north of the accre-
tionary prism were subducted and intensely deformed at the toe.
Large-scale underplating of Carboniferous strata, similar to the
underplating of the modern Makran accretionary prism (Platt
and others, 1985), rotated the older pre-orogenic strata within the
prism upward and southward. Possibly, the strongly negative
gravity anomalies along the trend of the Ouachita orogenic belt
(Keller and others, this volume) mark zones of large-scale under-
plating of Carboniferous sandstone and shale to the base of the
Ouachita accretionary prism. The accretionary fabrics of the
Maumeile zone and the boulder-bearing, fault-bounded slices of
the Johns Valley Formation probably were formed at this time.
Thrust faults now slicing into the subducting continental margin
of North America transferred shelf-carbonate blocks into the
upper plate, where they were mixed with clasts from the siliceous
pre-orogenic Ouachita facies and transported northward in thrust
sheets of Pennsylvanian shales, Probably, by this time, the oce-
anic and transitional crust of the North American plate had been
subducted, and continental crust lay below the Ouachita accre-
tionary prism and the Arkoma foreland basin. A cross section of
the Ouachita collision zone at this time would have resembled the
present-day Timor trough (Karig and others, 1987).

South of the Ouachita accretionary prism, the fore-arc basin
was not completely free of compressional stresses. The fore-arc
basin was not tectonically collapsed, but some shortening was
evident as widespread detachment zones formed, separating the
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tightening folds of the lower deck from the broad folding of the
upper deck. Out-of-sequence thrust faults of relatively small dis-
placement formed on the steep southern limbs of the broad
synclines.

As the ocean closed, the flood of clastic detritus from the
uplifted orogen to the south and east buried the physiographic
partitions of the collision zone. The sediments spread across the
fore-arc basin, the buried accretionary prism and trough, and
onto the North American shelf, During the middle Atokan, the
Ouachita accretionary prism of Arkansas and Oklahoma was
thrust onto the southern margin of North America (Fig. 18) (Van
der Gracht, 1931a; Houseknecht, 1986). Among the structures
associated with this deformation were the Ti Valley and Y City
thrust faulis, which transported the Ouachita rocks over the pe-
ripheral margin of the Arkoma foreland basin. Probably, the
duplexes of the frontal imbricate zone of Oklahoma were formed
at this time, The high-angle faults of the Arkoma basin record the
breakdown of the shelf area under the load of the obducting
Ouachitas and the downbending of the North American plate as
it approached the subduction zone (Houseknecht, 1986). Thrust
faults continued to form at the toe of the wedge and advance
northward, loading more inboard parts of the Arkoma basin.

In the Marathon region, in a like manner, the Dugout Creek
thrust carried the already deformed, pre-orogenic rocks over the
southern edge of the foredeep {King, 1975).

Remaining elusive is the tectonic setting of the second-phase
south-directed folding and the accompanying formation of cleav-
age in the Benton and Broken Bow uplifts (Fig. 15). Clearly, the
second-phase folding post-dates formation of the first-phase thrust
sheets within the Benton uplift, because the faults are folded.
Clearly, the second-phase folding post-dates deposition of the
Pennsylvanian Jackfork Formation, for along the northern side of
the Benton uplift in the Maumelle zone, the Jackfork is tightly
folded and intensely cleaved. The Jackfork and Atoka Forma-
tions did not act as a rigid lid in the frontal imbricate belt of
Oklahoma, for here too these formations are tightly folded and
thrust faulted. Possibly, the south-vergent structures formed dur-
ing subduction by off-scraping of strata from the lower plate onto
the upper plate, but major south-directed thrust faults have not
been found. Alternatively, the south-verging structures may have
formed when the Quachita accretionary prism ramped upward
off the ocean floor onto the down-faulted North American base-
ment and cover of shelf strata. Movement of an allochthonous
sheet over a ramp results in rotation and strain of the overriding
sheet (Mandle and Crans, 1981). Perhaps movement up a ramp
10 km(?) in height, combined with rotation of the prism by
underplating of sediment, accounts for the formation of the
second-phase folds and cleavage.

Cross sections across the subsurface Ouachita orogen of
eastern Texas are markedly dissimilar to those across the Oua-
chita Mountains of Arkansas. The Waco uplift (Plate 11, cross
section F-F"} (Nicholas and Waddell, this volume) may represent
4 late uplift of overridden North American basement, or it may
represent a suspect terrane accreted onto North America
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(Hatcher and Viele, 1982). The Waco uplift lies on the interior
zone gravity maximum, but the absence of any local gravity
anomaly associated with the uplift suggests it is a thin allochtho-
nous slice (Plate 10) (Keller and others, this volume). Numerous
authors (Flawn and others, 1961; Denison and others, 1977;
Nicholas and Waddell, this volume) have suggested that the rocks
of the interior metamorphic belt are subsurface extensions of the
Benton and Broken Bow uplifts, but we persist in viewing the
interior metamorphic belt as an accreted terrane that overran the
pre-orogenic rocks deposited in the Ouachita ocean.

The interior zone gravity maximum provides a reference
line for estimating the distance of thrusting of the Quachita oro-
genic belt over the North American continental margin, If the
gravity maximum marks the transition from early Paleozoic con-
tinental to oceanic crust, and if the early Paleozoic Ouachita
facies was deposited at the base of the North American continen-
tal slope, then the minimum distance of thrusting must be the
distance from the interior zone maximum to the northern or
westernmost outcrop of Ouachita rocks. Or, in other words, it is
the distance from the southeastern side of the Broken Bow uplift
to Black Knob Ridge, or about 150 km (Plates 8, 9, 11). In
central Arkansas, the distance from the interior zone maximum
to the Y City thrust fault is about 65 km. Does this indicate
oblique subduction? The distance from the interior zone maxi-
mum to the northern edge of the Marathon region is about 75
km, Obviously, the upper plate is much shortened by imbrication
of thrust sheets, folding, and internal strain in the rocks. The
amount of shortening of the lower plate is not known, but no
geophysical evidence suggests to us imbrication of the North
American basement.

The closing of the ocean and thrusting of the accretionary
prism of Ouachita rocks onto North America, as early as Missis-
sippian time along the southwestern flank of the Black Warrior
basin and as late as Wolfcampian time in the Marathon region,
signaled the final stages of the Quachita orogeny. On the North
American continent, the final pulse of deformation in the Early
Permian may have arched the Benton and Broken Bow uplifts.
Heating and dewatering of the accretionary prism resulted in a
wave of hydrothermal fluids spreading from the Ouachitas to-
ward the interior of the craton, accounting for many of the late
Paleozoic, Mississippi Valley—type ore deposits (Leach and
Rowan, 1986).

The Ouachita orogenic belt is made up of rocks deposited
on the North American plate and transferred by thrust faulting to
the upper plate. The surface trace of the thrust or suture separat-
ing the North American plate from the upper plate follows the
frontal imbricate belt of the Ouvachita Mountains. Down dip, the
fault plane follows the arch of the Benton uplift, and from there it
dips gently southward. The fundamental crustal suture separating
the North American plate from the upper southern plate lies deep
in the subsurface south of the Benton and Broken Bow uplifts.
The late Paleozoic volcanic rocks of the Sabine uplift are on the
upper plate. In the subsurface of eastern Texas, the western edge
of the Quachita frontal belt marks the bounding trace of the
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Figure 19. Tectonic elemenis composing the Sabine plate at the end of the Ouachita orogeny and
associated foreland structures. Compiled from King (1975), Pindell (1985), and Handschy and others
(1987).

OQuachita orogenic belt, as does the Dugout Creek thrust fault in ~ North American and Gondwanan plates. The Sabine terranes

the Marathon region (Plate 8, inset map of Marathon region). should be considered in paleomagnetic reconstructions of Pangea, :
The outboard or Gulfward side of the Quachita orogenic especially those debating the position of the northern margin of i
" belt was filled with a collage of tectonic elements (Pindell, 1985; Gondwanaland (Van der Voo and others, 1976; Morel and Irv-
Dunbar and Sawyer, 1987), designated collectively as the Sabine  ing, 1981). By Triassic time, rifting within the Sabine plate
plate (Fig. 19). These elements, which included the Yucatan marked the onset of the next Wilson cycle, the Mesozoic opening
block, filled the area of the Gulf of Mexico and separated the of the Gulf of Mexico. ‘
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