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ABSTRACT

New analyses for U-Pb ages and eHf, values,
along with previously published U-Pb ages, from
Mississippian-Permian sandstones in synorogenic
clastic wedges of the Ouachita foreland and nearby
intracratonic basins support new interpretations
of provenance and sediment dispersal along the
southern Midcontinent of North America. Recently
published U-Pb and Hf data from the Marathon
foreland confirm a provenance in the accreted
Coahuila terrane, which has distinctive Amazonia/
Gondwana characteristics. Data from Pennsylva-
nian-Permian sandstones in the Fort Worth basin,
along the southern arm of the Ouachita thrust belt,
are nearly identical to those from the Marathon
foreland, strongly indicating the same or a similar
provenance. The accreted Sabine terrane, which is
documented by geophysical data, is in close prox-
imity to the Coahuila terrane, suggesting the two
are parts of an originally larger Gondwanan terrane.
The available data suggest that the Sabine terrane
is a Gondwanan terrane that was the provenance of
the detritus in the Fort Worth basin. Detrital-zircon
data from Permian sandstones in the intracratonic
Anadarko basin are very similar to those from the
Fort Worth basin and Marathon foreland, indicating
sediment dispersal from the Coahuila and/or Sabine
terranes within the Ouachita orogen cratonward
from the immediate forelands onto the southern
craton. Similar, previously published data from the
Permian basin suggest widespread distribution
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from the Ouachita orogen. In contrast to the other
basins along the Ouachita-Marathon foreland, the
Mississippian-Pennsylvanian sandstones in the
Arkoma basin contain a more diverse distribution
of detrital-zircon ages, indicating mixed dispersal
pathways of sediment from multiple provenances.
Some of the Arkoma sandstones have U-Pb age dis-
tributions like those of the Fort Worth and Marathon
forelands. In contrast, other sandstones, especially
those with paleocurrent and paleogeographic
indicators of southward progradation of deposi-
tional systems onto the northern distal shelf of the
Arkoma basin, have U-Pb age distributions and eHf,
values like those of the “Appalachian signature.” The
combined data suggest a mixture of detritus from
the proximal Sabine terrane/Ouachita orogenic
belt with detritus routed through the Appalachian
basin via the southern lllinois basin to the distal
Arkoma basin. The Arkoma basin evidently marks
the southwestern extent of Appalachian-derived
detritus along the Ouachita-Marathon foreland and
the transition southwestward to overfilled basins
that spread detritus onto the southern craton from
the Ouachita-Marathon orogen, including accreted
Gondwanan terranes.

B INTRODUCTION

The very thick (~15 km) accumulation of Upper
Mississippian—-Middle Pennsylvanian siliciclastic
turbidites in the Ouachita Mountains of Arkansas
and Oklahoma (Figs. 1 and 2) (e.g., Arbenz, 1989a)
has long challenged understanding of sediment

provenance and dispersal. Early interpretations
envisioned a continental borderland, “Llanoria,”
which supplied sediment to the Ouachita geosyn-
cline (e.g., Schuchert, 1923). More recently, Ouachita
orogenesis, along with subsidence and filling of a
synorogenic basin, is understood in the context of
southward subduction of the margin of Lauren-
tian continental crust beneath a volcanic arc and
accreted continental terrane during assembly of
supercontinent Pangaea (e.g., summary in Viele and
Thomas, 1989). Interpretations of late Paleozoic sed-
iment provenance and dispersal in the Arkoma and
Fort Worth basins in the foreland of the Ouachita
salient of the late Paleozoic thrust belt (Fig. 1) range
from proximal Ouachita orogenic sources (e.g.,
Brown et al., 1973; Sutherland, in Johnson et al.,
1988; Thompson, in Johnson et al., 1988) to distant
sources in the Appalachian orogen (Graham et al.,
1976), as well as Appalachian sources with other con-
tributions from the Laurentian craton (Xie et al., 2016,
2018a). Other interpretations include a mixture of
proximal orogenic sources in the Ouachita orogen,
including the accreted Sabine terrane, and more dis-
tally supplied sediment from the Appalachians (e.g.,
Sharrah, 2006; Alsalem et al., 2018), perhaps passing
through the lllinois basin. Detrital-zircon data from
the Marathon foreland, which is southwest along
the orogen from the Ouachita salient (Fig. 1A), doc-
ument sediment supply from a temporally diverse
assemblage of rocks in the accreted Coahuila
terrane (Thomas et al., 2019). Paleocurrents in tur-
bidite fans in the Arkoma basin indicate significant
slope-parallel flow with sediment input from both
the cratonic side and the orogen (e.g., Houseknecht,
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Figure 1. Regional map of the structural setting of the Arkoma
and Fort Worth basins in the foreland of the Ouachita orogen,
and the Anadarko and other intracratonic basins (names of
intracratonic basins in all-capital letters; names of intracra-
tonic arches and uplifts in capital and lowercase letters: Cent.
Okla.—Central Oklahoma arch). [[J] Map of the lapetan rift mar-
gin (A-O—Alabama-Oklahoma transform fault; Oua—OQOuachita

rift) and synrift intracratonic faults of Laurentia (from Thomas,
2014); locations of Gondwanan accreted terranes (from Krogh et
al., 1993; Steiner and Walker, 1996; Stewart et al., 1999; Dickin-
son and Lawton, 2001; Centeno-Garcia, 2005; Poole et al., 2005;
Hibbard et al., 2007; Hatcher, 2010; Martens et al., 2010; Mueller
et al., 2014; Thomas, 2014); trace of the Appalachian-Ouachita

thrust front, and locations of the Ouachita interior metamor-
phic belt and Appalachian basement massifs of Grenville-age

rocks (compiled from Thomas et al., 1989; Hatcher, 2010); out-
lines of late Paleozoic clastic wedges along the Ouachita and

Appalachian orogens (from Thomas, 2006); and location of

the Prairie Creek lamproite pipe (PC.) (from Clift et al., 2018).
Locations of sample sites discussed in the text; some symbols

represent multiple closely spaced samples. [[J] Map enlarged

from Figure 1A with labels for samples. Map shows locations

of late Paleozoic basement uplifts (Wichita, Arbuckle, and

Muenster) along the Southern Oklahoma fault system and

subsurface basement uplifts (Benton, Broken Bow, Waco, and

Luling) beneath the Ouachita thrust belt. Identifications of

the samples reported herein are listed in Table 1; previously

reported samples not listed in Table 1 are: Ane—Atoka For-
mation northeastward dispersal (Sharrah, 2006); Aws — Atoka

Formation westward and southward dispersal (Sharrah, 2006);

SP—Spiro (Atoka) Sandstone (Sharrah, 2006); B—Bloyd For-
mation (Xie et al., 2018a); BS—Big Saline Formation (Alsalem

et al., 2018); HS—Hot Springs Sandstone (McGuire, 2017); KS-
5-WH—Whitehorse Group (Thomas et al., 2020); P—Post Oak

Conglomerate (Thomas et al., 2016); SC—Strawn Group and

Canyon Group (Alsalem et al., 2018); ST—Stanley Shale (Mc-
Guire, 2017); V—Vanoss Conglomerate (Thomas et al., 2016);

W —Wedington Sandstone (Xie et al., 2016); some symbols

represent multiple closely spaced samples.
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1986; Sutherland, 1988; Sutherland, in Johnson et al.,
1988; Morris, 1989). Thus, the Arkoma and Fort Worth
basins have become the center of controversy, as
well as the potential key, regarding regional-scale
alternatives to sediment dispersal.

This article reports new U-Pb age data and Hf
isotopic data from detrital zircons and summarizes
previously published data from the Upper Missis-
sippian to Permian detritus in the Arkoma and Fort
Worth foreland basins. The primary objective of
this research is to use the detrital-zircon geochro-
nologic and Hf isotopic data to characterize and
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passive-margin off-shelf,
shale-dominated succession

thin transitional or oceanic crust
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transform fault (Arkoma)
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possibly identify the provenance or provenances
of the clastic sediment, especially to distinguish
between proximal synorogenic sources and more
distant sources in the Laurentian craton or Appala-
chians. Comparisons with detrital-zircon data from
nearby intracratonic basins (both new data from the
Anadarko basin and previously published data from
other intracratonic basins), as well as possible dis-
tant sources of sediment, provide tests of possible
dispersal pathways in the context of stratigraphy
and sedimentology, including both into and out of
the Arkoma and Fort Worth basins.

Figure 2. Diagrammatic cross sections of Ouachita stra-
tigraphy in the Arkoma and Fort Worth basins at three
stages of depositional history: [[J] passive margin (Cam-
brian-Middle Mississippian); [[]] early synorogenic (Middle
Mississippian-Lower Pennsylvanian); and [[§] late synoro-
genic (Middle Pennsylvanian Atoka Formation). Figure is
generalized from data in Houseknecht (1986); Sutherland,
in Johnson et al. (1988); Arbenz (1989a, 2008); and Viele
and Thomas (1989). Colored dots (symbols as explained
in Fig. 1) show stratigraphic locations of samples for
analyses of detrital zircons. Arrows at top of cross sec-
tion C show cratonward extent of Ouachita thrust-belt
structures. lists stratigraphic units in the Cambrian-
Middle Mississippian passive-margin off-shelf deep-water
succession; symbol # shows stratigraphic levels of sam-
ples for detrital-zircon U-Pb analyses reported in McGuire
(2017); C—Cambrian; SIL—Silurian; D-M—Devonian-
Mississippian; Mtn—Mountain; Ss—Sandstone.
lists stratigraphic units in the Middle Mississippian-Lower
Pennsylvanian distal shallow-marine shelf succession; col-
ored dots show stratigraphic levels of samples for analyses
of detrital zircons; MISS —Mississippian; PENN—Pennsyl-
vanian. lists Middle Pennsylvanian-Lower Permian
units stratigraphically above the Atoka Formation in the
distal shallow-marine shelf succession; colored dots show
stratigraphic levels of samples for analyses of detrital
zircons; Md-Up PENN—Middle-Upper Pennsylvanian;
PR—Permian; Fm—Formation; Gp—Group.

Arkansas Novaculite

Missouri Mtn Shale
Blaylock Ss #
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ORDOVICIAN

B EVOLUTION OF THE OUACHITA OROGEN
AND FORELAND: TECTONICS AND
SEDIMENTATION

Ouachita Orogen

The late Paleozoic Appalachian-Ouachita-
Marathon orogen rims the eastern and southern
margins of the North American craton (Fig. 1A).
Postorogenic Mesozoic-Cenozoic strata of the Gulf
Coastal Plain cover much of the orogenic belt in
southern North America (Fig. 1A), and geologic
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interpretations rely on drill holes and geophysical
data to supplement observations from the limited
exposures (e.g., Thomas et al., 1989). The orogen
is part of the continent-scale system that resulted
from closure of the oceans that rimmed the Lau-
rentian continent and the late Paleozoic assembly
of supercontinent Pangaea (Thomas, 2019).

The Ouachita salient of the orogen forms a
large-scale cratonward convex curve with a bend
of ~90° in strike, reflecting inheritance of the trace
of the pre-orogenic lapetan rifted margin of Lau-
rentia (Fig. 1A) (Thomas, 1977, 2006; Thomas et
al., 2012). The Arkoma foreland basin borders the
apex and northern arm of the Ouachita salient, and
the Fort Worth foreland basin borders the southern
arm (Fig. 1B). Thick (as much as 15 km) Mississip-
pian—-Pennsylvanian synorogenic clastic wedges
fill the proximal parts of the foreland basins and
thin dramatically into the distal parts of the basins
(Fig. 2) (Arbenz, 1989a). The two foreland basins are
separated by the Arbuckle basement uplift along

4
(@]
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9
I

Arkoma basin
Quachita

frontal thrust belt
Maumelle chaotic zone
Benton uplift

Quachita

southern thrust belt

Precambrian crystalline rocks

EXPLANATION
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— A “ —————
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the west-northwest-trending Southern Oklahoma
basement fault system, which intersects and is
overlain directly by the frontal Ouachita thrust
sheets (Fig. 1B). West of the apex of the Ouachita
salient and the Arkoma basin, the Anadarko basin
extends on the craton along the northern side of the
Southern Oklahoma basement fault system (Fig. 1).

The outcrops in the Ouachita Mountains of
Arkansas and Oklahoma, along with deep drill
holes and geophysical data in the subsurface
beneath the Gulf Coastal Plain, provide a profile
of the Ouachita orogen (Fig. 3) (Thomas et al., 1989;
Viele and Thomas, 1989). Thick continental crust of
the Laurentian craton extends southward beneath
the Ouachita sedimentary thrust belt, where gravity
and seismic-velocity models depict an abrupt edge
of the continental crust at the Alabama-Oklahoma
transform fault (Figs. 1-4) (Keller et al., 1989; Mickus
and Keller, 1992; Harry et al., 2003).

South of the Ouachita thrust belt and the under-
lying abrupt transform margin of Laurentian crust,

successor basin
Triassic graben

0
—

Middle Pennsylvanian—Permian
successor-basin deposits

Mississippian—Pennsylvanian
synorogenic turbidites

continental-margin arc

seismic-velocity and gravity crustal models display
a thick mass of deformed sedimentary rocks over-
lying thin transitional or oceanic crust (Keller et
al., 1989; Mickus and Keller, 1992). Deep drill holes
document depositional ages of Middle Pennsylva-
nian to Middle Permian (Flawn et al., 1961; Nicholas
and Waddell, 1989).

Approximately 100 km south of the abrupt
southern margin of Laurentian continental crust,
the geophysical models show a separate mass of
continental crust identified as the Sabine accreted
terrane (Figs. 1 and 3) (Keller et al., 1989; Mickus
and Keller, 1992), which is inferred to have been
a source of synorogenic clastic sediment to the
Ouachita foreland (e.g., Sharrah, 2006; Alsalem
et al., 2018). No drill holes have penetrated conti-
nental basement rocks within the Sabine terrane,
leaving the composition and affinities of the ter-
rane unconfirmed. Xenoliths from the Prairie Creek
lamproite pipe (Fig. 1A), which is near the edge of
the Gulf Coastal Plain and within the subsurface

SOUTH

If Coastal Plain

\\ thrust fault

Cambrian-Middle Mississippian \
passive-margin off-shelf deposits

I:l Cambrian-Middle Mississippian I:l basement fault
passive-margin carbonate shelf

Figure 3. Generalized structural cross section illustrating the components of the Ouachita orogen and the Sabine accreted terrane (compiled from
data and interpretations in Nelson et al., 1982; Lillie et al., 1983; Arbenz, 1989b, 2008; Keller et al., 1989; Thomas et al., 1989; Viele and Thomas, 1989;
Mickus and Keller, 1992). These structural elements constitute the possible proximal orogenic provenance of sediment in the Arkoma basin, the most
proximal part of which is imbricated in the Ouachita thrust belt.
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orogenic belt (Fig. 1A) has basement rocks with data from pre-orogenic off-shelf sandstones adjacent to the passive margin of Laurentia. [[Y] Map
ages of 1232-1214 Ma (Sunsdés) and of 580 Ma of extent and dispersal patterns of Middle Ordovician sandstones in relation to Precambrian

basement provinces (from Van Schmus et al., 1993) and the lapetan rift margin of Laurentia (from

(Pan-African/Brasiliano); rocks of Las Delicias vol- h . > g 0
Thomas, 2014). Red dashed line shows approximate extent of Middle Ordovician sandstone units;

canic arc have late Paleozoic ages between 331 a-nd red arrows show inferred dispersal patterns. Red bold ovals show: (1) locations of detrital-zircon
270 Ma (Lopez, 1997; Lopez et al., 2001). Detrital U-Pb age data from Konstantinou et al. (2014); (2 and 3) locations of detrital-zircon U-Pb age
zircons in Jurassic-Cretaceous proximal sedimen- data from Pickell (2012); (4) approximate palinspastic locations to restore Ouachita thrusting of

samples for data shown in Figure 4B. Midc. —Midcontinent rift; OK—Oklahoma; S.0.—Southern

tary deposits in local fault-bounded basins within
Oklahoma fault system. [[ZJ] Composite U-Pb age-probability density plot of data (N =5, n =

the Coahuila ter.rane have d_ISthtlve modeslof 717, from McGuire, 2017; N = 2, n = 43, from Gleason et al., 2002) from stratigraphic units now
1485 Ma (Rondonia-San Ignacio), 1254 Ma (Sunsas), displaced in the Ouachita thrust belt from pre-orogenic passive-margin off-shelf sites along the
1040 Ma (Sunsas), 562 Ma (Pan-African/Brasiliano), rift margin (stratigraphic and tectonic setting shown in Fig. 2, box A1).

414 Ma (early-middle Paleozoic), and 282 Ma
(late Paleozoic) (Lawton and Molina-Garza, 2014;
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Thomas et al., 2019). The Pan-African/Brasiliano
ages indicate that the Coahuila terrane is one of
several Gondwanan terranes, including Sierra
Madre and Maya (Fig. 1A), that may be parts of an
originally larger Oaxaquia terrane (Ortega-Gutierrez
et al., 1995; Lawlor et al., 1999). The Sierra Madre
terrane includes basement rocks with ages of 1235-
978 Ma (Sunsas) and volcanic rocks with ages of
334 Ma (late Paleozoic) (Lawlor et al., 1999; Stewart
etal., 1999; Cameron et al., 2004). The Maya terrane
includes rocks with ages of 554 Ma (Pan-African/
Brasiliano) and of 418-404 Ma (middle Paleozoic)
(Krogh et al., 1993; Steiner and Walker, 1996; Mar-
tens et al., 2010). The Sabine terrane (Fig. 1A) may
be either part of Coahuila or Oaxaquia or a separate,
but similar, terrane now inside the Ouachita salient
of the orogenic belt. Palinspastic reconstruction
to restore Triassic rifting and subsequent open-
ing of the Gulf of Mexico places the Maya terrane
(now in Yucatan; Fig. 1A) between and contiguous
to Coahuila on the southwest and Sabine on the
northeast (Pindell and Kennan, 2009). Placing the
Sabine terrane within the assembly of Gondwanan
terranes suggests that the presently undocumented
composition of the Sabine terrane may be gener-
ally similar to the well-documented composition
of Coahuila and the compositions of the Maya and
Sierra Madre terranes.

Another possible indicator of the composition
of the Sabine basement is in five successive vol-
canic tuff units in the Mississippian-Pennsylvanian
Stanley Shale in the Ouachita thrust belt. The dis-
tribution of the tuffs indicates dispersal from an
arc complex on the south, consistent with con-
tinental-margin arc magmatism associated with
southward subduction beneath a continental ter-
rane (Niem, 1977; Loomis et al., 1994; Shaulis et
al., 2012). The pyroclastic units are pumiceous vit-
ric-crystal tuff and “hammer-ringing hard” siliceous
vitric tuff; the tuffs include a minor component of
shale rip-up clasts, as well as rounded pebbles of
quartzite and basalt (Niem, 1977). U-Pb zircon ages
from the five successive tuff beds are dominantly
328.5 + 2.7 to 320.7 + 2.5 Ma, indicating the ages
of tuff crystallization; however, the samples also
include a range of older zircon grains (Shaulis et
al., 2012). In light of the shale rip-up clasts, the

older ages have been interpreted to be from detri-
tal grains (Shaulis et al., 2012), suggesting that they
represent ages of the provenance of the muddy
turbidites, which was inferred to be Appalachian.
The rounded pebbles of quartzite and basalt, how-
ever, imply a more proximal source, probably from
shallow-marine reworking of clasts along the arc
terrane. Alternatively, the lithology and the deposi-
tional setting of the ash-flow or ash-fall tuffs (Niem,
1977), particularly the general paucity of lithic clasts
and the very hard vitric-crystal tuffs, suggest that
the prevolcanic zircons may be xenocrysts from
the magma source at the leading edge of the
Sabine terrane. Even if some of the grains are detri-
tal, the source of the muddy sediment may have
been the proximal Sabine terrane, as suggested
by the rounded pebbles of quartzite and basalt. A
future focused study to evaluate the alternatives
of detrital or xenocrystic zircon grains, as well as
the provenance of the quartzite and basalt pebbles,
is critical to resolving the provenance of this part
of the clastic wedge and the composition of the
Sabine basement.

Drill holes have penetrated rhyolite porphyry
incorporated in the thick mass of Pennsylvanian
sedimentary rocks along the northern leading edge
of the Sabine terrane, further suggesting a con-
tinental-margin arc (Nicholas and Waddell, 1989).
Although the Sabine rhyolites are geochemically
distinct from the Stanley tuffs, both have geochem-
ical characteristics of subduction-related magmas
(Loomis et al., 1994).

Pre-Orogenic Tectonic Framework and
Sedimentation

The intersection of the Alabama-Oklahoma
transform fault with the Ouachita rift frames the
Ouachita embayment in the lapetan rifted margin
of southern Laurentia (Figs. 1 and 4), reflecting the
late stages of continental rifting and breakup of
supercontinent Rodinia (e.g., Thomas, 1977, 2019).
Juvenile synrift igneous rocks along the trans-
form-parallel Southern Oklahoma fault system,
inboard from the rifted margin, indicate the time
of rifting at 539-530 Ma (Wright et al., 1996; Hogan

and Gilbert, 1998; Thomas et al., 2012; Hanson et
al., 2013); coeval early Cambrian synrift clastic and
evaporite deposits in the Argentine Precordillera
terrane, the conjugate to the Ouachita embayment,
confirm the time of rifting (Thomas and Astini, 1996,
1999). Although most of the length of the Laurentian
rift margin (as well as most of the Precordillera) is
within the Grenville province, synrift boulders and
detrital zircons in the Precordillera have ages of the
Granite-Rhyolite province, indicating that lapetan
rifting cut across the Grenville Front and excised
part of the Laurentian Granite-Rhyolite province
in the OQuachita embayment (Fig. 4) (Thomas et
al., 2012).

On the passive-margin shelf of southern Lau-
rentia, Cambrian—-Mississippian deposits are
dominantly shallow-marine carbonates (Fig. 2). The
carbonate succession includes quartzose sandstone
beds, mostly in the Middle Ordovician, that extend
from the onlap limit on the Canadian Shield (Kon-
stantinou et al., 2014) southward to the shelf margin
around the Ouachita foreland (Fig. 4) (Pickell, 2012;
Thomas et al., 2016). Ages of detrital zircons in the
sandstones represent various provinces of the Lau-
rentian craton, dominantly the Superior province
(Pickell, 2012; Konstantinou et al., 2014).

Cambrian-Mississippian strata in the Ouachita
thrust belt constitute an off-shelf deep-water
mud-dominated facies that is the counterpart of
the passive-margin shelf carbonates (Fig. 2). The
muddy succession includes carbonate mudstone,
carbonate-clast conglomerate, and quartzose
sandstone, all indicating detritus from the shelf
(summaries in Arbenz, 1989a; Viele and Thomas,
1989). The Middle Ordovician Blakely Sandstone
(Fig. 2, box A1) contains boulders of granite and
meta-arkose from basement rocks along scarps
at the rifted continental margin (Stone and Haley,
1977). The granite boulders have U-Pb ages of
1407 + 13, 1350 + 30, and 1284 + 12 Ma; ages of
detrital zircons from the sandstones range from
1350 to 1300 Ma (Bowring, 1984). The range of
ages corresponds to the Granite-Rhyolite and
Grenville provinces of Laurentia (Fig. 4). Samples
from five Ordovician-Silurian sandstones (Fig. 2,
box A1) have dominant distributions of detrital-zir-
con ages (Fig. 4) that correspond to the Superior,
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Granite-Rhyolite, and Grenville provinces of the
Laurentian craton (McGuire, 2017). The range of
available ages indicates that the Superior grains
are in grain-flow deposits from the quartzose
sands on the shelf and that the Granite-Rhyolite
and Grenville grains are from the shelf-edge scarps
cut into Laurentian basement rocks. The off-shelf
passive-margin succession includes two prominent
chert units (Fig. 2, box A1)—the Ordovician Bigfork
Chert and the Devonian-Mississippian Arkansas
Novaculite (Arbenz, 1989a)—that indicate low sed-
imentation rates along the passive margin (Viele
and Thomas, 1989).

Late Paleozoic Orogenesis and
Sedimentation—Arkoma Basin

In the proximal Arkoma basin now imbricated
in the Ouachita thrust belt (Fig. 1B), a thick succes-
sion of muddy turbidites (Stanley Shale, 3350 m
thick; Figs. 2B and 5) directly overlies the Arkansas
Novaculite, indicating an abrupt increase in the rate
of deposition of siliciclastic sediment in the off-shelf
deep-water setting and signaling approach to the
trench and initiation of orogeny in Middle Mis-
sissippian (Meramecian) time (Viele and Thomas,
1989). The five successive volcanic tuff units with
ages of 328-320 Ma in the Stanley Shale (Fig. 6)
indicate continental-margin arc magmatism on the
leading edge of the Sabine terrane (Niem, 1977;
Shaulis et al., 2012). Very rapid deposition of syn-
orogenic sandy turbidites (Jackfork and Johns
Valley Formations, 2300 m thick; Fig. 2B) contin-
ued through the Early Pennsylvanian in a forearc
deep-water off-shelf setting (Morris, 1989).

The Middle Mississippian-Lower Pennsylvanian
succession thins dramatically toward the craton
and consists of shallow-marine and deltaic facies
in the distal foreland (Fig. 2B) (Arbenz, 1989a; Viele
and Thomas, 1989). The shallow-marine carbon-
ates and sandstones generally intertongue with
and pinch out southward into a shale succession
that thickens gradually southward toward the
continental margin (Ogren, 1968; Handford, 1986,
1995; Sutherland, 1988; Sutherland, in Johnson
et al., 1988). Distributions of sandstones, as well

as paleocurrent data, suggest that most of the
sandstones represent southward prograding dep-
ositional systems with regional sediment dispersal
across the craton on the north (Sutherland, 1988;
Xie et al., 2016); some shale units suggest localized
partly starved basins, e.g., the Mississippian Fay-
etteville Shale (Fig. 2, box B1).

In contrast to the pre-Atoka shallow-marine
facies in the distal Arkoma basin, the Middle
Pennsylvanian Atoka Formation is a much thicker
succession (9000 m thick; Fig. 2C) of sandy turbidites,
indicating a rapid increase in subsidence rate and
sediment-accumulation rate in response to advance
of the accretionary prism (Ouachita allochthon) and
tectonic loading of continental crust (Houseknecht,
1986). Paleocurrent indicators in the turbidites show
northeast-directed currents in the western part of
the deep basin and west-directed currents in the
eastern part (Sharrah, 2006). The deep-water facies
grade upward toward the top of the Atoka Formation
and toward the foreland into shallow-marine to del-
taic facies, indicating filling of the late stages of the
peripheral foreland basin (Houseknecht, 1986). The
Atoka Formation thins cratonward to <400 m at the
distal northern margin of the Arkoma foreland basin
(Fig. 2C) (Sutherland, 1988; Sutherland, in Johnson
et al., 1988; Arbenz, 1989a; Morris, 1989).

Post-Atokan Middle Pennsylvanian stratigraphic
units (Fig. 2, box C1) are preserved only in the dis-
tal foreland (not in the proximal basin) and record
deposition in the latest stages of subsidence of the
Arkoma basin (Sutherland, in Johnson et al., 1988).
The succession of sandstones and shales includes
deltaic facies prograding southward into the basin,
as well as some sediment from the orogen on the
south. The Middle Pennsylvanian (middle Des-
moinesian) Thurman Sandstone (Fig. 2, box C1)
contains chert-pebble conglomerate derived from
the Ordovician and Devonian cherts in the Ouachita
thrust belt (Sutherland, in Johnson et al., 1988).

Late Paleozoic Orogenesis and
Sedimentation—Fort Worth Basin

The Fort Worth basin (Fig. 1B) is a broad homo-
cline that dips gently eastward from the Bend arch,

an intracratonic uplift that separates the orogenic
foreland basin from the intracratonic Permian basin
(Brown et al., 1973; Kier et al., 1979). The Fort Worth
basin dips more steeply eastward beneath the east-
dipping Ouachita frontal thrust faults (Fig. 1), and
the eastern proximal fill of the basin is imbricated
in the Ouachita thrust belt (Nicholas, in Arbenz et
al., 1989). Along strike, the Fort Worth basin ends
northward at the Muenster uplift and southward
at the intracratonic Llano uplift (Fig. 1B) (Crosby
and Mapel, 1975).

The initial synorogenic deposits along the
southern arm of the Quachita salient are muddy tur-
bidites of the Mississippian-Lower Pennsylvanian
Stanley Shale (Fig. 2B), now deep in the subsurface
in the Ouachita thrust belt in east Texas (Mapel et
al., 1979). The Stanley Shale directly overlies the
Arkansas Novaculite at the top of the off-shelf pas-
sive-margin succession in the Ouachita thrust belt
in east Texas (Fig. 2), as it does in the outcrops in
the Ouachita Mountains (Arbenz, 1989a; Viele and
Thomas, 1989). A very thick succession of sandy
turbidites in the Lower Pennsylvanian Jackfork For-
mation overlies the Stanley Shale in the Ouachita
thrust belt. Equivalent shelf-facies rocks west of the
Ouachita thrust belt (Fig. 2, box B1) include rela-
tively thin Upper Mississippian shale and overlying
limestones that grade eastward to muddy facies
(Crosby and Mapel, 1975; Mapel et al., 1979).

The thick (>1800 m) Middle Pennsylvanian
Atoka Formation (Fig. 2C), consisting of muddy
and sandy turbidites, records initial rapid sub-
sidence of the Fort Worth foreland basin, now
imbricated in the Ouachita thrust belt. Fan-delta
and deeper water deposits prograded into the
subsiding basin, which bordered the shelf east of
the Bend arch, where a relatively thin Smithwick
Shale was deposited during Atokan time (Kier et
al., 1979). Near the northern end of the Fort Worth
basin, coarse fan-delta deposits prograded across
the subsiding basin and onto the western shelf
from sources in the fault-bounded Muenster uplift
and along the northern part of the Ouachita thrust
belt, near where it impinges on the eastern part of
the basement uplifts associated with the South-
ern Oklahoma fault system (including the Muenster
uplift; Fig. 1B) (Thompson, 1982).
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Figure 5. Stratigraphic columns of upper Paleozoic units in the Arkoma, Fort Worth, and Anadarko basins and surrounding regions. [[J] Stratigraphic columns
showing units sampled for analyses of detrital zircons from the Arkoma, Fort Worth, and Anadarko basins. Cgl. —Conglomerate; Fm.—Formation; Gp.—Group;
Ls.—Limestone; Mbr.—Member; Ss.—Sandstone; Sh.—Shale. [[Z]] Regional stratigraphic columns showing units sampled for analyses of detrital zircons from lo-
calities that are relevant to discussion of regional relations of U-Pb age distributions and Hf isotopic data for the Arkoma, Fort Worth, and Anadarko basins. Units
with names in italics are shown for correlation but are not represented by U-Pb age data. Stratigraphic levels of angular unconformities are shown for the Arkoma
basin, Anadarko basin, and Marathon foreland. The Desmoinesian—-Guadalupian successor basin deposits overlie Atokan beds at an angular unconformity in the
interior of the Ouachita thrust belt; the Savanna Sandstone is near the top of the preserved succession in the distal foreland of the Arkoma basin. Mtn.—Mountain.
The time scale is International Commission on Stratigraphy (ICS) International Chronostratigraphic Chart 2019 (Cohen et al., 2013, updated), using correlations
from Gradstein et al. (2004). The letters A-E in the Numerical Age column indicate the approximate stratigraphic levels of the maps in Figure 12.
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The Strawn Group (Desmoinesian) includes
fluvial-deltaic systems that prograded westward,
filling the Fort Worth basin and lapping over the
Bend arch (Kier et al., 1979). The overlying Canyon
and Cisco Groups (Upper Pennsylvanian, Missou-
rian and Virgilian, to Lower Permian; Fig. 2, box
C1; Fig. 5) include numerous cycles of westward
prograding deltaic sandstones and mudstones
and eastwardly transgressive limestones (Gallo-
way and Brown, 1973; Kier et al., 1979). The vertical
succession of sediment-dispersal systems and
thickness distribution of clastic facies suggest
that post-Atokan sediment was eroded from the
Ouachita orogen and transported westward as the
postorogenic fill of the Fort Worth basin. Chert-clast
conglomerates (Brown et al., 1973) indicate sedi-
ment dispersal from erosion of the Ordovician and/
or Devonian cherts in the Ouachita thrust belt.

Late Paleozoic Tectonics and
Sedimentation—Anadarko Basin

The Anadarko basin is a deep intracratonic basin
along the north side of the Arbuckle and Wichita
basement uplifts, which are bounded by the South-
ern Oklahoma fault system (Fig. 1B). On the east,
the north-striking Ouachita thrust front cuts across
the west-northwest-striking uplifts, faults, and
basin; the shallow Central Oklahoma arch sepa-
rates the eastern part of the Anadarko basin from
the Arkoma basin in the Ouachita foreland (Rascoe
and Johnson, in Johnson et al., 1988; Perry, 1989;
Jusczuk, 2002).

The structure of the Southern Oklahoma fault
system (Fig. 1) includes fractures associated with
emplacement of a very large volume of synrift
magma between 539 and 530 Ma (Denison, 1982;
Hogan and Gilbert, 1998; Thomas et al., 2012; Han-
son et al., 2013). A transgressive passive-margin
succession of basal sandstone (middle Upper Cam-
brian) and overlying shallow-marine carbonates
(Upper Cambrian-Middle Ordovician) overlaps the
Cambrian igneous rocks (Denison, inJohnson et al.,
1988). The Middle Ordovician part of the carbonate
succession includes mature quartzose sandstone.
A relatively thin, unconformity-punctuated,
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Figure 6. Zircon age data from tuff units in the Stanley Shale and comparison with ages of Laurentian
and Gondwanan provinces, as well as age groups of detrital zircons in the Arkoma, Fort Worth, and
Anadarko basins. [[J] U-Pb age-probability density plots of a composite of five separate tuff units in the
Stanley Shale in the Ouachita thrust belt from data published in Shaulis et al. (2012). The lower plot
shows all data with a very strong mode of 328-320 Ma, the crystallization age of the tuffs; the upper plot
shows only data from prevolcanic (older than 340 Ma) grains. [[5]] Age-correlation diagram comparing
ages of provinces in Laurentia (Appalachians), provinces in Amazonia (Gondwana), and age groups
of detrital zircons in the Arkoma, Fort Worth, and Anadarko basins. Boundaries of the age groups are
shown by dashed black lines, which are defined in Table 3 and used in Figures 7-10.

heterolithic, Upper Ordovician-Mississippian suc-
cession represents deposition on a stable shelf
(Amsden, in Johnson et al., 1988).

In contrast to the earlier history, a very thick,
dominantly clastic succession of Pennsylvanian
age reflects the rise of multiple components of
the Arbuckle and Wichita basement uplifts along
large-magnitude basement faults (Johnson et al.,
1988; Denison, 1989; Perry, 1989). Thickness and
facies distributions of a relatively thin succession of
Upper Mississippian to Lower Pennsylvanian (Mor-
rowan) shale, sandstone, and limestone show no
influence of the uplifts along the Southern Oklahoma

fault system; however, beginning abruptly during
the Morrowan and persisting into the Early Perm-
ian, deposition of a coarse proximal facies, called
the “Granite Wash,” indicates steep fault-bounded
uplifts along the southwestern edge of the evolving
Anadarko basin (Rascoe and Johnson, in Johnson
et al., 1988). The “Granite Wash” laps onto an ero-
sion surface, which truncates faulted and folded
rocks that range down through the Paleozoic suc-
cession to the synrift Cambrian igneous rocks and
the Precambrian basement. The onlapping proxi-
mal Upper Pennsylvanian Vanoss Conglomerate
and Lower Permian Post Oak Conglomerate (Fig. 5)
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have detrital-zircon age distributions from recycling
of earlier Paleozoic sedimentary rocks and from
local primary sources in synrift Cambrian igneous
rocks, respectively (Thomas et al., 2016). The prox-
imal Granite Wash is limited to a relatively narrow
area adjacent to the Arbuckle-Wichita uplifts and
interfingers basinward into a succession of shale,
sandstone, and limestone. A maximum thickness of
>4500 m of Atokan through Virgilian beds indicates
rapid subsidence of the Anadarko basin (Rascoe
and Johnson, in Johnson et al., 1988). Subsidence
slowed in Permian time, and the supply of coarse
clastic sediment from the uplifts diminished. By
Middle Permian time, the uplifts were largely cov-
ered by a more blanket-like succession of red beds
and evaporites (Johnson et al., 1988).

The Anadarko basin is highly asymmetric, with
a long, gentle, southwest-dipping limb that bends
abruptly upward along the Southern Oklahoma
fault system (Fig. 1B), defining a deep trough in
the southern part of the basin (Rascoe and John-
son, in Johnson et al., 1988). The basin is doubly
plunging, up plunge onto the Cimarron arch on
the northwest and up plunge onto the southern
part of the Nemaha uplift or Central Oklahoma
arch on the east (Fig. 1A). The Central Oklahoma
arch separates the eastern up-plunge end of the
Anadarko basin from the Arkoma foreland basin,
which had a distinctly different subsidence history,
both mechanically and temporally.

Late Paleozoic Ouachita Orogen

In the Ouachita Mountains, along the north-
ern arm of the Ouachita thrust belt, facing the
Arkoma basin, the Cambrian—-Mississippian off-
shelf passive-margin succession and overlying
Mississippian-Pennsylvanian synorogenic muddy
to sandy turbidites are imbricated in the Ouachita
allochthon and thrust over the Cambrian—Mississip-
pian passive-margin carbonate-shelf facies, which
remained in the Ouachita footwall (Fig. 3) (Arbenz,
1989a, 2008; Viele and Thomas, 1989). The Ouachita
detachment generally ramps upward toward the
foreland from the lower part of the Cambrian-Mis-
sissippian off-shelf passive-margin succession into

the Middle Pennsylvanian (Atokan) part of the syn-
orogenic succession (Fig. 3). The Maumelle chaotic
zone (along the trailing side of the frontal thrust belt;
Fig. 3) of broken Mississippian-Pennsylvanian sand-
stone and shale is interpreted to be the leading edge
of the accretionary prism, which was thrust onto the
pre-orogenic shelf (Viele and Thomas, 1989). During
the later stages of contraction, basement-rooted
thrusts inserted the deep subsurface Benton and
Broken Bow uplifts (Figs. 1B and 3) beneath the
sedimentary thrust belt, raising internally folded,
disharmonic thrust sheets of Cambrian-Missis-
sippian off-shelf passive-margin mudstone, chert,
and sandstone in large-scale frontal thrust ramps
(Viele and Thomas, 1989; Arbenz, 2008). Rare tecton-
ically bounded slivers of ultramafic rocks within the
deformed sedimentary rocks along the uplifts are
interpreted to be fragments of the oceanic crust of
the Laurentian plate that were picked off from the
down-going slab (Morris and Stone, 1986; Nielsen
et al., 1989; Viele and Thomas, 1989).

South of the intersection of the Ouachita thrust
front with basement structures along the Southern
Oklahoma fault system, postorogenic Mesozoic—
Cenozoic strata of the Gulf Coastal Plain cover
the Ouachita orogen and the proximal part of the
Fort Worth basin in the footwall of the orogen
(Fig. 1) (e.g., Thomas et al., 1989). Drill data and
seismic-reflection profiles document Upper Cam-
brian to Lower Mississippian off-shelf deep-water
passive-margin strata and Middle Mississippian to
Middle Pennsylvanian synorogenic clastic facies in
the Ouachita frontal trust belt (Fig. 2), which have
been thrust over the shelf edge onto the Cambrian-
Mississippian passive-margin shelf-carbonate
facies (e.g., King, in Flawn et al., 1961; Nicholas
and Rozendal, 1975; Nicholas, in Arbenz et al., 1989;
Nicholas and Waddell, 1989; Thomas et al., 1989;
Viele and Thomas, 1989; Culotta et al., 1992). The
frontal structures and stratigraphy in the subsur-
face east of the Fort Worth basin (southern arm of
Ouachita salient; Fig. 1) are like those in the out-
crops in the Ouachita Mountains in the eastern arm
of the Ouachita salient, except that the detachment
does not ramp up stratigraphically at the front of
the southern arm. The Waco and Luling basement
uplifts (Fig. 1B) underlie tectonically thickened and

deformed clastic rocks along the trailing edge of
the sedimentary thrust belt (Rozendal and Erskine,
1971; Nicholas and Waddell, 1989; Culotta et al.,
1992). Trailing the Ouachita sedimentary thrust belt,
the “Ouachita interior metamorphic belt” (Fig. 1)
consists of low-grade metasedimentary rocks and
extends along strike southwestward around the
Texas recess to the Marathon salient (Nicholas
and Waddell, 1989; Thomas et al., 1989; Viele and
Thomas, 1989). The trailing part of the Ouachita
orogen east of the Fort Worth basin may have been
impacted by accretion of the Sabine terrane (Fig. 1),
the extent of which is better defined south of the
Quachita orogen in Arkansas and Louisiana (Keller
et al., 1989; Mickus and Keller, 1992); however, no
definitive data are available for the location of the
leading edge of the Sabine terrane in east Texas.
The timing of the end of Ouachita thrusting in
the accretionary prism is well constrained in the
subsurface, where an angular unconformity (Fig. 3)
separates deformed “Ouachita facies” rocks as
young as early Middle Pennsylvanian (Atokan)
from overlying undeformed shallow-marine suc-
cessor-basin strata of late Middle Pennsylvanian
(Desmoinesian) to Middle Permian (Guadalupian)
age (Nicholas and Waddell, 1989). In the foreland,
rocks as young as middle Desmoinesian (Thurman
Sandstone; Fig. 2, box C1) are involved in folds that
parallel the Ouachita thrust front (Denison, 1989).
These observations bracket the age of the end of
Ouachita deformation at approximately 310 Ma
(end Atokan) in the interior structures and the end
of contraction on the frontal faults at approximately
309 Ma (middle Desmoinesian) in the foreland.

B SAMPLES FOR DETRITAL-ZIRCON
ANALYSES

Detrital zircons from three samples of Upper
Mississippian to Middle Pennsylvanian sand-
stones in the distal northern fringe of the Arkoma
basin were analyzed for U-Pb ages and Hf isotopic
compositions (Figs. 1B, 2, and 5; Tables 1 and 2;
Supplemental Tables S1' and S2?). In addition, pre-
viously published U-Pb analyses from two other
sandstones in the distal Arkoma basin (Xie et al.,
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TABLE 1. LIST OF SAMPLES WITH DEPOSITIONAL AGES AND ENVIRONMENTS

Sample Stratigraphic unit Approximate Depositional Reference
depositional age* environment
(Ma)
Arkoma basin
AR-6-SV Savanna Sandstone 309 Fluvial-deltaic Sutherland (1988)
AR-2-HC Cane Hill Member of the Hale Formation 322 Fluvial-deltaic Sutherland (1988)
AR-1-BV Batesville Sandstone 330 Shallow marine Sutherland (1988)
Fort Worth basin
TX-5-CC Cisco Group, above Camp Colorado 298 Fluvial-deltaic Brown et al. (1973)
Limestone
TX-2-PB Cisco Group, above Bunger Limestone 302 Fluvial-deltaic Brown et al. (1973)
Anadarko basin
OK-9-RS2 Rush Springs Sandstone 265 Eolian Johnson et al. (1988)
OK-5-GB2 Garber Sandstone 281 Fluvial-deltaic Johnson et al. (1988)
OK-4-WL Wellington Formation 282 Fluvial-deltaic Johnson et al. (1988)

*Approximate depositional age extrapolated by correlation to International Chronostratigraphic Chart, version 2019/05 (Cohen
et al., 2013, updated).

TABLE 2. SUMMARY OF ¢Hf,VALUES FOR U-Pb AGE GROUPS
Sampled unit Sample number eHf, values for U-Pb zircon age groups
334-295 Ma 499-335 Ma 898-500 Ma 1276-914 Ma

Arkoma basin

Savanna AR-6-SV +8.3t0-15.6 -2.0t0-10.0 +7.5t0-0.7
Cane Hill AR-2-HC +10.0 to —19.2 +6.4 to —10.1 +11.2t0-5.0
Batesville AR-1-BV +6.1 to —30.5 +7.2t0-4.4 +7.31t0-3.9

Fort Worth basin

Camp Colorado TX-5-CC +4.21t00 +9.0to-14.4 +13.7t0 -15.3

Bunger TX-2-PB -1.7t0-7.1 +9.1t0-31.7 +7.91t0-16.4
Anadarko basin

Whitehorse KS-5-WH +4.8t0-58 +11.4t0o-154 +7.1t0-10.6 +13.7t0 4.0

Rush Springs OK-9-RS2 +0.3t0-1.8 +6.2 to -8.1 +6.3t0 -5.7 +7.3t0-2.0

Garber OK-5-GB2 +6.5t0 -13.4 +4.210-8.5 +9.6t0 -3.5

Wellington OK-4-WL +1.1 +6.6 10 —10.8 +6.5 to -32.2 +12.1t0 6.4
Total range +4.8t0-5.8 +11.410-30.5 +9.1t0 -32.2 +13.7 to —16.4
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2016, 2018a) are discussed here for comparison
with the new data (Figs. 1B, 2, and 5). Previously
published U-Pb analyses from the Mississippian-
Pennsylvanian Stanley Shale (McGuire, 2017)
and from the Pennsylvanian Atoka Formation
(Sharrah, 2006) characterize the more proximal
basin in the Ouachita thrust belt (Figs. 1B, 2, and
5). Published U-Pb data from tuff beds (Shaulis
et al., 2012) in the Mississippian—Pennsylvanian
Stanley Shale in the western part of the proximal
Arkoma basin in the Ouachita thrust belt provide
a summary of ages of volcanism, as well as possi-
ble xenocrysts from basement rocks of the Sabine
terrane (Figs. 5 and 6).

New analyses for U-Pb ages and Hf isotopic
compositions of two samples from Upper Pennsyl-
vanian and Lower Permian sandstones characterize
the upper part of the late synorogenic to early
postorogenic fill of the Fort Worth basin (Figs. 1B,
2, and 5; Tables 1 and 2; Supplemental Tables S1
and S2). Previously published U-Pb data from Mid-
dle to Upper Pennsylvanian sandstones in the Fort
Worth basin (Alsalem et al., 2018) are discussed
here for comparison (Figs. 1B and 5). The early,
proximal deposits in the Fort Worth basin are now
deep in the subsurface beneath the thrust belt, and
the available samples are from the stratigraphically
higher, deltaic to shallow-marine deposits on the
distal shelf (Fig. 2C).

Analyses for U-Pb ages and Hf isotopic compo-
sitions of three samples (one previously published;
Thomas et al., 2016) from the southern part of the
intracratonic Anadarko basin (Figs. 1B and 5;
Tables 1 and 2; Supplemental Tables S1 and S2) rep-
resent the sedimentary cover over the Wichita and
Arbuckle uplifts, in contrast to the conglomerates
that rest unconformably on the Precambrian-Cam-
brian crystalline rocks in the uplifts (Thomas et al.,
2016). Published U-Pb and Hf data from a Perm-
ian sandstone (Thomas et al., 2020) on the divide
between the Anadarko basin and the intracratonic
Forest City basin on the north (Figs. 1 and 5B) pro-
vide a test of regional dispersal systems. Published
U-Pb data from the Permian basin (Soreghan and
Soreghan, 2013; Xie et al., 2018b; Liu and Stockli,
2019) provide comparison with a more distant intra-
cratonic basin (Figs. 1A and 5B).
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Bl ANALYTICAL METHODS
Sample Collection and Processing

Each detrital-zircon sample, consisting of
approximately 12 kg of medium- to coarse-grained
sandstone, was collected from a restricted strati-
graphic interval of a few successive beds and then
was processed utilizing methods outlined by Geh-
rels (2000), Gehrels et al. (2008), Gehrels and Pecha
(2014), and Thomas et al. (2017). Zircon grains were
extracted using traditional methods of jaw crush-
ing and pulverizing, followed by density separation
using a Wilfley table. The resulting heavy-min-
eral fraction was further purified using a Frantz
LB-1 magnetic barrier separator and heavy liquids.
A representative split of the zircon yield was incor-
porated into a 2.54 mm epoxy mount along with
multiple fragments of the U-Pb primary standards
Sri Lanka SL-F, FC-1, and R33, and Hf standards R33,
Mud Tank, FC-1, Plesovice, Temora, and 91500. The
mounts were sanded down ~20 um, polished to 1
um, and imaged by backscattered electron (BSE)
and cathodoluminescence (CL) imaging tech-
niques using a Hitachi 3400N scanning electron
microscope (SEM) and a Gatan Chroma CL2 detec-
tor system at the Arizona LaserChron SEM Facility
(www.laserchron.org). Prior to isotopic analysis,
mounts were cleaned in an ultrasonic bath of 1%
HNO; and 1% HCl in order to remove contaminants
and surficial common Pb.

U-Pb Geochronologic Analysis

Uranium-lead (U-Pb) geochronologic analyses
of individual zircon crystals were conducted by
laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at the Arizona Laser-
Chron Center (www.laserchron.org). The isotopic
analyses involved ablation of zircon using a Pho-
ton Machines Analyte G2 excimer laser coupled to
either a Thermo Element2 single-collector ICP-MS
or a Nu Instruments multicollector ICP-MS. Ultra-
pure helium carried the ablated material from the
HelEx cell into the plasma source of each ICP-MS
instrument.

Analyses conducted with the Nu ICP-MS uti-
lized Faraday collectors for measurement of 28U
and #2Th, either Faraday collectors or ion counters
for 28Pp, 27Ppb, and %°°Pb, and ion counters for 24(Pb,
Hg) and 2°?Hg (see Supplemental Table S1 for spe-
cific methods used for each sample), depending on
grain size. For larger grains, a 30-um-diameter spot
was used, and masses 206, 207, 208, 232, and 238
were measured with Faraday detectors, whereas
the smaller 202 and 204 ion beams were measured
with ion counters. The acquisition routine included
a 15 s integration on peaks with the laser off (for
backgrounds), fifteen 1 s integrations with the laser
firing, and a 30 s delay to ensure that the previous
sample was completely purged from the system.
Smaller grains were analyzed with all Pb isotopes
inion counters, using a 20 um beam diameter, and
consisted of a 12 s integration on peaks with the
laser off (for backgrounds), twelve 1 s integrations
with the laser firing, and a 30 s delay to purge the
previous sample.

Analyses conducted with the Element2 ICP-MS
utilized a single scanning electron multiplier
that sequenced rapidly through U, Th, Pb, and
Hg isotopes. lon intensities were measured in
pulse-counting mode for signals less than 50,000
cps, in both pulse-counting and analog mode for
signals between 50,000 and 5,000,000 cps, and in
analog mode above 5,000,000 cps. The calibration
between pulse-counting and analog signals was
determined line-by-line for signals between 50,000
and 5,000,000 cps and was applied to signals
>5,000,000 cps. Four intensities were determined
and averaged for each isotope, with dwell times of
0.0052 s for 202, 0.0075 s for 204, 0.0202 s for 206,
0.0284 s for 207, 0.0026 s for 208, 0.0026 s for 232,
and 0.0104 s for 238. With the laser set at an energy
density of ~5 J/cm?, a repetition rate of 8 Hz, and
an ablation time of 10 s, ablation pits were ~12 ym
in depth. Sensitivity with these settings was ~5000
cps/ppm. Each analysis consisted of 5 s on peaks
with the laser off (for backgrounds), 10 s with the
laser firing (for peak intensities), and a 20 s delay to
purge the previous sample and save files.

Analyses were conducted with one U-Th-Pb
measurement per grain (numbers of grains per
sample varied and are reported in Supplemental
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Table S1). Grains were selected in random fashion;
crystals were rejected only if they contained cracks
orinclusions or were too small to be analyzed. The
use of high-resolution BSE and CL images provided
assistance in grain selection and spot placement.
Data reduction was accomplished using
AgeCalc (a Microsoft Excel macro), which is the
standard Arizona LaserChron Center reduction
protocol (Gehrels et al., 2008; Gehrels and Pecha,
2014). Data were filtered for discordance, 25Pb/8U
precision, and 2°°Pb/?’Pb precision as indicated in
the notes in Supplemental Table S1. Data are pre-
sented on normalized age-probability diagrams,
which sum all relevant analyses and uncertainties
and divide each curve by the number of analyses

such that all curves contain the same area. Age
groups are characterized by the ages of modes in
age probability and by the range of constituent
ages (Fig. 6; Table 3).

Age-probability diagrams were quantitatively
compared using multidimensional scaling (MDS;
Vermeesch, 2013). MDS facilitates the comparison
of detrital age distributions by converting sample
dissimilarity into a Cartesian plot where distance
is a proxy for dissimilarity (i.e., more dissimilar
age-probability diagrams plot farther apart, and
similar age-probability diagrams cluster together).
Mismatch (Amidon et al., 2005) was used to cal-
culate dissimilarity, and the program DZmds
(Saylor et al., 2018) was used to produce MDS plots.

Transformation to Cartesian distance was calculated
using metric squared stress.

Hf Isotopic Analysis

Hafnium (Hf) isotopic analyses were conducted
utilizing the Nu multicollector LA-ICP-MS system
at the Arizona LaserChron Center following meth-
ods reported by Cecil et al. (2011) and Gehrels and
Pecha (2014). An average of 56 Hf analyses was
conducted for each sample. Grains were selected
to represent each of the main age groups and to
avoid crystals with discordant or imprecise ages. CL
images were utilized to ensure that all Hf analyses

TABLE 3. AGE GROUPS OF DETRITAL ZIRCONS FROM MISSISSIPPIAN-PERMIAN SANDSTONES IN THE ARKOMA, FORT WORTH, AND ANADARKO
BASINS; CHARACTERISTICS OF POSSIBLE APPALACHIAN (LAURENTIAN) OR OUACHITA-MARATHON (GONDWANAN) PROVENANCE*

Age group Appalachian provenance Ouachita-Marathon provenance

(Ma)

334-295 Primary: synorogenic Alleghanian plutons. Primary: synorogenic magmatic arc rocks in Coahuila and Sabine Gondwanan accreted
Dispersal: very rare (7 grains of 3564) in synorogenic Alleghanian clastic wedges. terranes.

Dispersal: in Marathon clastic wedge.

499-335 Primary: synorogenic Taconic and Acadian plutons. Primary and/or recycled: early and middle Paleozoic synorogenic plutons and detrital
Recycled: from Acadian synorogenic clastic wedge. zircons in Coahuila, Maya, and Sierra Madre accreted terranes.
Dispersal: abundant in Alleghanian clastic wedges. Dispersal: abundant in Marathon clastic wedge.

901-500 Primary: Pan-African/Brasiliano basement rocks in Gondwanan accreted terranes. Primary: Pan-African/Brasiliano basement rocks in Gondwanan accreted terranes.
Dispersal: rare in Alleghanian clastic wedges. Dispersal: generally abundant in Marathon clastic wedge.

1276-914 Primary: Grenville rocks in external and internal Appalachian basement massifs. Primary: Sunsas basement rocks in Gondwanan accreted terranes.
Recycled: post-Grenville synrift, passive-margin, and synorogenic clastic rocks. Dispersal: abundant in Marathon clastic wedge.
Dispersal: abundant in Alleghanian clastic wedges.

1963-1202 Primary: scattered enclaves of older rocks within Grenville-age rocks in basement massifs. Primary: Ventuari-Tapajés, Rio Negro—Juruena, and Rondonia—San Ignacio provinces of
Recycled: synrift and passive-margin deposits, originally supplied to the Laurentian rifted Gondwanan Coahuila accreted terrane.

margin and passive-margin shelf from the Penokean—Trans-Hudson, Central Plains— Recycled: passive-margin deposits along the Laurentian rifted margin, especially slope
Yavapai—Mazatzal, and Granite-Rhyolite provinces of the Laurentian craton. deposits from Granite-Rhyolite rocks at the Alabama-Oklahoma transform margin.

Dispersal: common in Alleghanian clastic wedges. Dispersal: common in Marathon clastic wedge.

2224-1945 Primary: Trans-Amazonian/Eburnian basement rocks in Gondwanan accreted terranes. Primary: Maroni-ltacaiinas and Trans-Amazonian/Eburnian provinces of Gondwanan
Dispersal: rare in Alleghanian clastic wedges. Coahuila accreted terrane.

Dispersal: minor in Marathon clastic wedge.
3036-2387  Recycled: synrift and passive-margin detritus from the Superior province of the Canadian Primary and/or recycled: Central Amazonian province of Gondwanan accreted terranes.

Shield.
Dispersal: minor to rare in Alleghanian clastic wedges.

Dispersal: minor in Marathon clastic wedge.

*Compiled from summary and references cited in Thomas et al. (2017, 2019).
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were within the same growth domain as the U-Pb
pit, although in most analyses, Hf laser pits were
located directly on top of the U-Pb analysis pits.
Complete Hf isotopic data and Hf evolution plots
of individual samples are presented in Supplemen-
tal Table S2.

Hafnium data are presented using Hf evolu-
tion diagrams, where initial '"7Hf/""’Hf ratios are
expressed in eHf, notation, which represents the
Hf isotopic composition at the time of zircon crystal-
lization relative to the chondritic uniform reservoir
(CHUR) (Bouvier et al., 2008). Internal precision for
76Hf/'77Hf and eHf, is reported for each analysis on
Hf evolution plots in Supplemental Table S2 and
as the average for all analyses (2.2 epsilon units
at 26) on ¢Hf, evolution diagrams. On the basis of
the in-run analysis of zircon standards, the external
precision was 2-2.5 epsilon units (2c). Hf isotopic
evolution of typical continental crust is shown with
arrows on gHf, evolution diagrams, which are based
on a "8Lu/'’Hf ratio of 0.0115 (Vervoort and Patchett,
1996; Vervoort et al., 1999).

Our Hf isotope data were interpreted within the
standard framework of juvenile (positive) values
indicating magma consisting mainly of material
extracted from the mantle during or immediately
prior to magmatism versus more evolved (nega-
tive) values recording incorporation of significantly
older crust. Vertical arrays on eHf, diagrams are
interpreted to represent magmas that contain both
materials derived from the mantle during (or imme-
diately prior to) magmatism and significantly older
crustal materials.

Hf isotope data are plotted as bivariate kernel
density estimates (KDEs) using HafniumPlotter
(Sundell et al., 2019; github.com/kurtsundell/Haf-
niumPlotter). Bivariate KDEs facilitate comparison
of two-dimensional (2-D, U-Pb-Hf) data by convert-
ing sample density into a color-coded intensity plot,
where higher intensity corresponds to higher data
density. Density estimation uses a diagonal kernel
bandwidth matrix and generates bivariate KDEs
by (1) applying a discrete cosine transform to the
2-D data, (2) multiplying the resulting 2-D matrix
of points by a Gaussian function generated on the
basis of set kernel bandwidths (25 m.y. for U-Pb
age and 2 epsilon units for eHf,), (3) performing

an inverse discrete cosine transform of the
Gaussian-scaled matrix, and (4) normalizing the
three-dimensional (3-D) bivariate KDE volume sum
to 1. The bivariate KDE 3-D surface is color-coded to
intensity based on z-axis height and viewed parallel
to the z axis to visualize density in 2-D. Results are
clipped at the 95% confidence level from relative
peak data density.

B DETRTIAL-ZIRCON DATA FROM
ARKOMA BASIN

Results of U-Pb Analyses
Batesville Sandstone (Sample AR-1-BV)

The stratigraphically lowest sample was col-
lected from the Batesville Sandstone, which is
one of two quartzose sandstones within the lower
Upper Mississippian succession of shallow-marine
sandstones, limestones, and shales in the northern
fringe of the Arkoma basin (Figs. 1B, 2, and 5A).
The most dominant group of detrital-zircon ages
is between 488 and 339 Ma with a dominant mode
of 434 Ma (Fig. 7). Another prominent group with
ages of 1210-942 Ma has subequal modes of 1161
and 1042 Ma. Secondary modes of 1898, 1788, 1650,
1479, and 1397 Ma are broadly spaced through a
distribution from 1907 to 1210 Ma (Fig. 7). A few
grains have ages of 2176-1996 and of 762-502 Ma.
A subordinate age group of 2909-2634 Ma has a
mode of 2723 Ma (Fig. 7).

Cane Hill Member of the Hale Formation
(Sample AR-2-HC)

A deltaic to shallow-marine sandstone at the
base of the Cane Hill Member of the Lower Pennsyl-
vanian Hale Formation (Sutherland, 1988) overlies
truncated Mississippian strata at a regional uncon-
formity in the distal northern part of the Arkoma
basin (Figs. 1B, 2, and 5A). The dominant age group
of detrital zircons between 1265 and 935 Ma has
a mode of 1045 Ma with a secondary shoulder of
1131 Ma (Fig. 7). Another prominent group has

ages of 487-380 Ma and subequal modes of 458
and 433 Ma. A group with ages between 1935 and
1295 Ma has a strong mode of 1618 Ma and sec-
ondary modes of 1821, 1505, and 1339 Ma (Fig. 7).
Five grains have ages between 682 and 532 Ma,
and one grain has an age of 2041 Ma. A secondary
age group between 2957 and 2550 Ma has a lesser
mode of 2820 Ma (Fig. 7).

Savanna Sandstone (Sample AR-6-SV)

The upper Middle Pennsylvanian (lower
Desmoinesian) Savanna Sandstone is within a
succession of southward prograding fluvial-deltaic
systems (Sutherland, 1988) in the distal northern
part of the Arkoma basin (Figs. 1B, 2, and 5A); in
contrast, the stratigraphically higher middle Des-
moinesian Thurman Sandstone (Fig. 2, box C1)
contains chert clasts transported northwestward
from the Ouachita thrust belt (Sutherland, 1988).
A sample from the stratigraphically highest sand-
stone preserved in the Savanna Sandstone has a
dominant detrital-zircon age group between 1208
and 946 Ma with a primary mode of 1055 Ma and
a secondary mode of 1183 Ma (Fig. 7). Another
important group with ages of 491-390 Ma has a
mode of 420 Ma. The youngest grain in the sample
is 390 Ma; however, one grain (289 Ma) was omit-
ted from the plot because it is younger than the
depositional age. A secondary age group between
1847 and 1606 Ma has modes of 1798, 1742, and
1629 Ma (Fig. 7). A lesser group of ages between
1549 and 1224 Ma has minor modes of 1455, 1334,
and 1229 Ma (Fig. 7). A minor age group between
637 and 543 Ma has a mode of 589 Ma, and three
grains are scattered between 2098 and 1950 Ma.
Ages scattered between 2916 and 2503 Ma have
minor modes of 2723 and 2569 Ma (Fig. 7).

Results of Hf Isotopic Analyses

Hf isotopic data are similar through the set of
three samples (AR-1-BV, AR-2-HC, and AR-6-SV)
from the Arkoma basin (Fig. 7; Table 2). Zircon
grains in the age range 1265-935 Ma have ¢Hf,
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values ranging from +11.2 to -5.0, but most values
are concentrated between +6.2 and -1.0 (Fig. 7).
Zircon grains in the age range of 762-502 Ma have
eHf, values between +7.2 and -10.1. Although zircon
grains with ages of 488-390 Ma have ¢Hf, values
spread between +10.0 and —-30.5, most are tightly
clustered between +6.0 and -11.2 (Fig. 7). The range
of eHf, values indicates mixing of magma sources,
including evolved crust and juvenile magmas.

Summary of Previously Published U-Ph
Age Data

Hot Springs Sandstone Member of the Stanley
Shale (McGuire, 2017)

The Mississippian Hot Springs Sandstone Mem-
ber in the lowermost part of the Stanley Shale in
the more proximal part of the Arkoma basin and
now in the Ouachita thrust belt (Figs. 1B, 2, and 5A)
has been interpreted to be a marginal turbidite fan
from the northern (cratonic) margin of the Ouachita
foredeep (Morris, 1989). Previously reported results
of U-Pb analyses (McGuire, 2017) of a sample from
the Hot Springs Sandstone Member include a dom-
inant age group between 1195 and 994 Ma with a
dominant mode of 1050 Ma (Fig. 7). A prominent
secondary group with ages of 484-373 Ma has a
mode of 420 Ma. A lesser group with ages between
1809 and 1231 Ma has a minor mode of 1457 Ma
(Fig. 7). Two grains have ages of 767 and 551 Ma,
and two grains have ages of 2287 and 2263 Ma.
Three older grains have ages of 2739-2704 Ma.

Wedington Sandstone Member of the
Fayetteville Shale (Xie et al., 2016)

Previously published results (Xie et al., 2016)
of U-Pb analyses of six samples from southward
prograding deltaic deposits of the Upper Mississip-
pian Wedington Sandstone in the distal northern
part of the Arkoma basin (Figs. 1B, 2, and 5A) are
similar through the sample set and are summa-
rized here in a composite plot (Fig. 7). A strongly
dominant group of ages between 1209 and 937 Ma
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Figure 7. U-Pb age-probability density plots (A) and Hf-evolution diagram (B) showing results from anal-
yses of Mississippian-Pennsylvanian sandstones in the Arkoma basin. [[J] U-Pb age-probability density
plots for three analyzed samples (data in Supplemental Table S1 [see text footnote 1]) and from pub-
lished data as follows: Wedington (Xie et al., 2016); Hot Springs and Stanley (McGuire, 2017); Stanley
tuffs (Shaulis et al., 2012); Bloyd (Xie et al., 2018a); Spiro, Atoka WS —westward and southward dispersal,
and Atoka NE—northeastward dispersal (Sharrah, 2006). Vertical, dashed, black lines mark boundaries of
detrital-zircon age groups (Fig. 6; Table 3). [Z] eHf, data for three samples (data in Supplemental Table S2
[see text footnote 2]). Data points are color coded as in panel A. The average uncertainty of Hf isotopic
analyses is 2.6 epsilon units at 2¢. The Hf-evolution diagram shows the Hf isotopic composition at the
time of zircon crystallization, in epsilon units, relative to the chondritic uniform reservoir (CHUR) (Bouvier
et al., 2008) and to the depleted mantle (DM) (Vervoort et al., 1999).
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has a primary mode 1051 Ma with a secondary
shoulder of 1120 Ma (Fig. 7). The most prominent
secondary group with ages of 496-388 Ma has a
mode of 471 Ma. A spread of relatively abundant
grains between 1883 and 1215 Ma has secondary
modes of 1873, 1802, 1637, and 1480 Ma (Fig. 7).
Minor numbers of grains are scattered between
2186 and 1945 Ma and between 687 and 501 Ma.
Another minor group of ages extends from 3036
to 2466 Ma.

Sandstone in the Stanley Shale (McGuire, 2017)

A sample of a sandstone in the upper part of
the succession of mud-dominated turbidites in the
Mississippian—-Pennsylvanian Stanley Shale in the
more proximal part of the Arkoma basin, which is
now in the OQuachita southern thrust belt (Figs. 1B,
2, and 5A), was analyzed for U-Pb ages of detrital
zircons (McGuire, 2017), and the results are shown
in Figure 7. The most dominant group with ages of
874-501 Ma has a dominant mode of 547 Ma and
secondary modes of 856 and 622 Ma; this dominant
age group contrasts notably with other samples
from the Arkoma basin (Fig. 7). Another import-
ant group with ages of 1197-1018 Ma has a mode
of 1054 Ma. Twelve grains are scattered between
2185 and 1953 Ma and define minor modes of 2053
and 1969 Ma. Another secondary group has ages
of 1885-1637 Ma (Fig. 7). The sample has only one
grain (1322 Ma) with an age between 1637 and
1197 Ma, an age interval that is well represented in
the other samples from the Arkoma basin. A sec-
ondary age group between 486 and 336 Ma has
a mode of 482 Ma. A few older grains have ages
scattered between 3228 and 2358 Ma.

Tuff Beds in the Stanley Shale (Shaulis et
al., 2012)

Published U-Pb data from five tuff beds (Shaulis
et al., 2012) in the Mississippian—-Pennsylvanian
Stanley Shale in the western part of the proximal
Arkoma basin in the Quachita thrust belt (Fig. 6) are
dominated by grains with ages of the volcanism

(328.5 £ 2.7 t0 320.7 + 2.5 Ma). In addition, the sam-
ples include a range of older grains (Figs. 6 and 7)
that have been interpreted as detrital (Shaulis et al.,
2012), but the depositional setting of the ash-flow
or ash-fall tuffs (Niem, 1977) within a succession
of deep-water muddy turbidites suggests that
the zircons may be xenocrysts from the magma
source in the Sabine terrane. A plot of the ages
of prevolcanic zircons (Figs. 6 and 7) is included
here to evaluate the possible xenocrystic grains by
comparison with detrital-zircon age distributions
and to illustrate the composition of the possible
Sabine magma chamber as a component of the
provenance for synorogenic clastic sediment. The
dominant zircon age group of 1276-928 Ma has
modes of 1177 and 1068 Ma, and a strong second-
ary age group extends between 1577 and 1283 Ma
with modes of 1440 and 1353 Ma (Figs. 6 and 7). A
secondary age group of 787-506 Ma has a mode
of 613 Ma, and three grains are scattered between
2129 and 1997 Ma. Another secondary group with
ages of 483-409 Ma has a mode of 451 Ma, but
the age-probability plot of the young boundary of
that distribution is obscured by the strongly dom-
inant mode of the volcanic crystallization ages
(Fig. 6). A few older grains have ages between
2889 and 2503 Ma.

Middle Sandstone Unit in the Bloyd Formation
(Xie et al., 2018a)

Previously published results (Xie et al., 2018a)
of U-Pb analyses of eight samples from the middle
sandstone unit in the Lower Pennsylvanian (upper
Morrowan) Bloyd Formation in the distal northern
part of the Arkoma basin (Figs. 1B, 2, and 5A) are
summarized here in a composite plot (Fig. 7). The
dominant detrital-zircon age group of 1200-972 Ma
is bimodal with modes of 1165 and 1052 Ma (Fig. 7).
A group of ages spread between 1923 and 1202 Ma
has a secondary mode of 1635 Ma (Fig. 7). Another
secondary age group of 495-374 Ma has a mode of
434 Ma. Seven grains have ages between 618 and
528 Ma, and six grains have ages between 2190 and
1979 Ma. A secondary age group between 3146 and
2636 Ma has a mode of 2713 Ma (Fig. 7).

Spiro Sandstone in Lower Atoka Formation
(Sharrah, 2006)

The Spiro and related sandstones in the lower
Atoka Formation (Figs. 1B, 2, and 5A) include south-
ward trending channel sands that grade southward
into deltaic facies and marine-reworked facies
along the northern (cratonic) side of the Ouachita
foredeep (Sutherland, in Johnson et al., 1988). A
composite plot (Fig. 7) of two samples (N=2, n=
299) of Spiro sandstone (Sharrah, 2006) shows a
dominant age group between 1203 and 933 Ma with
a prominent mode of 1026 Ma and a minor shoulder
mode of 1082 Ma (Fig. 7). A secondary group with
ages of 492-353 Ma has a mode of 418 Ma. The
youngest grain in the two samples is 353 Ma; how-
ever, one grain with an age of 295 Ma was omitted
from the age-probability plot because it is younger
than the depositional age of the sandstone. A scat-
ter of ages between 1894 and 1221 Ma has a strong
secondary mode of 1609 Ma and a minor mode of
1308 Ma. Three grains have ages of 656-541 Ma,
and three ages are scattered between 2060 and
1956 Ma (Fig. 7). Older grains between 2978 and
2342 Ma have a minor mode of 2699 Ma.

Sandstones with Westward and Southward
Dispersal in the Atoka Formation (Sharrah, 2006)

Sandstones in a thick succession of turbidites
in the Atoka Formation (Figs. 1B, 2, and 5A) with
paleocurrent indicators of westward and southward
sediment dispersal are now mostly in the more
easterly part of the frontal Ouachita thrust belt in
Arkansas but extend farther west (Sharrah, 2006).
A composite plot (Fig. 7) of data from four samples
(N =4, n=583) has a dominant group of detri-
tal-zircon ages of 1205-934 Ma and two prominent
modes of 1062 and 1031 Ma (Fig. 7). A secondary
age group of 481-336 Ma has modes of 441 and
412 Ma. The single youngest grain in the four sam-
ples is 313 Ma; however, three grains with ages
(309-248 Ma) that are younger than the deposi-
tional age of the sandstone were omitted from the
age-probability plot. A scatter of ages between 1935
and 1214 Ma has a secondary mode of 1607 Ma.
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Nine grains have ages scattered between 799 and
534 Ma, and 10 ages are scattered between 2197
and 1968 Ma (Fig. 7). Older grains between 2999
and 2546 Ma have a minor mode of 2711 Ma.

Sandstones with Northeastward Dispersal in
the Atoka Formation (Sharrah, 2006)

Sandstones in a thick succession of turbidites
in the Atoka Formation (Figs. 1B, 2, and 5A) with
paleocurrent indicators of northeastward sediment
dispersal are now in the more westerly part of the
frontal Ouachita thrust belt in Oklahoma (Sharrah,
2006). A composite plot of data from four sam-
ples (N =4, n=586) has a dominant age group of
1195-937 Ma with a prominent mode of 1040 Ma
(Fig. 7). A secondary group with ages of 492-354 Ma
has modes of 408 and 384 Ma. A minor but distinct
younger group has two grains with ages of 331-
327 Ma, but two other grains with ages of 295 and
293 Ma were omitted from the age-probability plot
because they are younger than the depositional
age. A scatter of ages between 1947 and 1210 Ma
has secondary modes of 1613 and 1455 Ma. An
important group of 34 grains has ages between
799 and 505 Ma with a minor mode of 632 Ma, and
15 ages are scattered between 2218 and 1962 Ma
(Fig. 7). Older grains between 2932 and 2523 Ma
have a minor mode of 2735 Ma.

B DETRITAL-ZIRCON DATA FROM FORT
WORTH BASIN

Results of U-Pb Analyses

Sandstone above the Bunger Limestone, Cisco
Group (Sample TX-2-PB)

The Pennsylvanian-Permian Cisco Group
includes numerous cyclic westward prograding
fluvial-deltaic systems and transgressive shal-
low-marine limestones in the distal shelf of the
Fort Worth basin (Brown et al., 1973). A sample
was collected from a road-cut exposure of the
sandstone above the Bunger Limestone in the

Upper Pennsylvanian (Virgilian) Cisco Group
(Figs. 1B, 2, and 5A). The sandstone includes beds
of conglomerate with subrounded clasts of white
to light-gray chert as much as 4 cm in diameter
in channel-fill deposits (Brown et al., 1973). The
sample has two dominant age groups of detrital
zircons: one between 898 and 501 Ma with modes
of 644 and 532 Ma, and the other between 1255
and 919 Ma with two modes of 1051 and 1009 Ma
and a secondary shoulder mode of 1161 Ma (Fig. 8).
Another prominent group has ages of 491-339 Ma
and modes of 421 and 344 Ma (Fig. 8); three grains
with ages of 334-325 Ma document a distinctively
young age range. A group of detrital-zircon ages
extends from 1963 to 1280 Ma and has a prominent
mode of 1466 Ma along with several minor modes
(Fig. 8). A group of ages between 2121 and 1981 Ma
has modes of 2073 and 1984 Ma. An older minor
group with ages of 2856-2519 Ma has a minor
mode of 2712 Ma.

Sandstone above Camp Colorado Limestone,
Cisco Group (Sample TX-5-CC)

A sample of the sandstone stratigraphically
above the Camp Colorado Limestone (Figs. 1B, 2,
and 5A) is from part of the cyclic succession of
westward prograding fluvial-deltaic sandstones
and transgressive limestones in the Lower Perm-
ian part of the Cisco Group (Brown et al., 1973).
The most prominent group of detrital-zircon ages is
between 861 and 511 Ma and has modes of 731, 657,
588, and 531 Ma (Fig. 8). The second most prom-
inent group has ages of 1256-935 Ma and modes
of 1213 and 1034 Ma. Notably, the mode of 588 Ma
exceeds the Mesoproterozoic-age modes in this
sample (Fig. 8). Another prominent group has ages
of 498-362 Ma and a mode of 419 Ma. The youngest
grain in the sample has an age of 327 Ma; however,
one grain with an age of 274 Ma was omitted from
the age-probability plot because it is younger than
the depositional age of the sandstone. A group with
detrital-zircon ages of 1959-1279 Ma has modes of
1668 and 1503 Ma. A secondary group with ages
of 2224-1997 Ma has a mode of 2092 Ma. A minor
age group of 2859-2395 Ma has a mode of 2750 Ma.

Results of Hf Isotopic Analyses

Hf isotopic data from the Fort Worth basin are
generally similar in the two samples TX-5-CC and
TX-2-PB (Fig. 8; Table 2). The older Precambrian
grains generally conform to crustal evolution trends
with some exceptions toward more positive eHf, val-
ues (Fig. 8). Zircon grains with ages of 1252-969 Ma
have eHf, values between +13.7 and -16.4 (Fig. 8).
Zircon grains in the age range of 871-524 Ma have
eHf, values between +9.1 and -31.7, although grains
with ages older than 600 Ma are mostly between
+9.0 and -4.9, whereas those with ages younger
than 600 Ma are mostly between +4.9 and -5.6, indi-
cating heterogeneous sources. Zircon grains in the
age range of 474-348 Ma have ¢eHf, values tightly
clustered between +4.2 and -7.1 (Fig. 8).

Summary of Previously Published U-Pb
Age Data

Sample from Middle Pennsylvanian Big Saline
Formation (Alsalem et al., 2018)

A sample of a sandstone in the Big Saline Forma-
tion (Figs. 1B, 2, and 5A) of the Bend Group is from
the lower part of the Middle Pennsylvanian (Ato-
kan) succession in the southwestern part of the
Fort Worth basin (Alsalem et al., 2018). A group of
ages between 1214 and 914 Ma has a dominant
mode of 1029 Ma (Fig. 8). The sample includes two
prominent secondary age groups: 795-514 Ma with
modes of 616 and 538 Ma, and 498-354 Ma with a
mode of 421 Ma (Fig. 8). Ages are scattered between
1885 and 1228 Ma with modes of 1728 and 1668 Ma.
A minor age group of 2188-1952 Ma has a mode of
1976 Ma. A group of older grains ranges from 2801
to 2440 Ma and has a mode of 2687 Ma (Fig. 8).

Samples from Upper Middle to Lower
Upper Pennsylvanian Formations
(Alsalem et al., 2018)

Analytical data from five samples from multiple
formations in the upper Middle (Desmoinesian) to
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lower Upper Pennsylvanian (Missourian) succes-
sion are from closely spaced sites in a relatively
small area in the northwestern part of the Fort 20
Worth basin (Figs. 1B, 2, and 5A) and have very

¢ 26 uncertainty

similar age distributions (Alsalem et al., 2018); the 15 O

data from all five samples are shown in a compos- 10 e R
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Wellington Formation (Sample OK-4-WL) —

The Lower Permian Wellington Formation
(Figs. 1B and 5A) is the lowermost part of a -

widespread succession of alluvial to deltaic red J/J(\\W

;E

sandstones and mudstones covering the proximal
conglomerates and angular unconformity over the
Arbuckle and Wichita uplifts at the southern mar-
gin of the Anadarko basin (Johnson et al., 1988). | | |
Detrital-zircon grains of the Wellington Formation

(previously reported; Thomas et al., 2016) have
three dominant age groups: 1210-924 Ma with
modes of 1145 and 1032 Ma, 857-504 Ma with a
mode of 558 Ma, and 499-339 Ma with a mode Detrital Zircon Age (Ma)
of 435 Ma (Fig. 9). Two grains have distinctively
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Figure 8. U-Pb age-probability density plots (A) and Hf-evolution diagram (B) showing results from anal-

young ages of 334-329 Ma. A secondary group with yses of Pennsylvanian-Permian sandstones in the Fort Worth basin. [[J] U-Pb age-probability density
ages of 2156-1960 Ma has a secondary mode of plots for two analyzed samples (data in Supplemental Table S1 [see text footnote 1]) and from published
1976 Ma (Fig. 9). Age groups of 1922-1602 Ma and data for Big Saline and composite Strawn-Canyon (Alsalem et al., 2018). Vertical, dashed, black lines

. mark boundaries of detrital-zircon age groups (Fig. 6; Table 3). [[Z] eHf, data for two samples (data in
15632-1223 Ma have multiple secondary modes of Supplemental Table S2 [see text footnote 2]). Data points are color coded as in panel A. Specifications
1852, 1744, and 1648 Ma and of 1453, 1326, and for the Hf-evolution diagram are described in the caption for Figure 7. CHUR—chondritic uniform reser-
1253 Ma, respectively (Fig. 9). An older secondary voir; DM —depleted mantle.
group has ages of 2905-2305 Ma and a secondary
mode of 2721 Ma.

GEOSPHERE | Volume 17 | Number 4 Thomas et al. | Detrital zircons and late Paleozoic sediment dispersal, Ouachita orogen



http://geosphere.gsapubs.org

GEOSPHERE | Volume 17 | Number 4

Garber Sandstone (Sample OK-5-GB2)

A sample from a sandstone in the Lower Perm-
ian Garber Sandstone (Figs. 1B and 5A) is part of
a succession of fluvial to deltaic red beds (John-
son et al., 1988). The sample has a dominant group
with ages of 1228-932 Ma and a prominent mode of
1035 Ma and a lesser mode of 1141 Ma (Fig. 9). The
sample includes three strong secondary age groups:
1794-1621 Ma with modes of 1745 and 1645 Ma;
1520-1240 Ma with modes of 1490, 1384, and
1347 Ma; and 499-354 Ma with modes of 454 and
415 Ma (Fig. 9). A lesser group has ages between
820 and 510 Ma and multiple minor modes; four
grains are scattered between 2137 and 1976 Ma.
A minor age group of 2992-2401 Ma has a minor
mode of 2715 Ma (Fig. 9).

Rush Springs Sandstone (Sample 0K-9-RS2)

A sample of the Middle Permian Rush Springs
Sandstone (Figs. 1B and 5A) was collected from
a southwest-directed eolian sandstone within an
erg system (Poland and Simms, 2012). Two age
groups of detrital zircons dominate the sample age
distribution: ages of 1200-940 Ma with modes of
1138, 1070, and 1023 Ma; and ages of 496-337 Ma
with modes of 420 and 343 Ma (Fig. 9). A distinctive
younger group has ages of 327-295 Ma. The next
most prominent group with ages of 897-502 Ma
(mostly between 649 and 502 Ma) has modes of
630 and 590 Ma, and a secondary age group of
2182-1981 Ma has a minor mode of 2079 Ma (Fig. 9).
Other strong secondary groups have ages of 1913-
1626 Ma with modes of 1737 and 1637 Ma, and ages
of 1524-1221 Ma with modes of 1490, 1377, and
1339 Ma. Older zircons with ages between 2925 and
2438 Ma have a minor mode of 2645 Ma (Fig. 9).

Results of Hf Isotopic Analyses

Hf isotopic data for older Precambrian grains in
samples OK-4-WL, OK-5-GB2, and OK-9-RS2 gen-
erally conform to crustal evolution trends (Fig. 9).
Zircon grains with ages of 1162-932 Ma have &Hf,
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Figure 9. U-Pb age-probability density plots (A) and Hf-evolution diagram (B) showing results from
analyses of Permian sandstones in the Anadarko basin. [[J] U-Pb age-probability density plots for two
analyzed samples (data in Supplemental Table S1 [see text footnote 1]) and from published data for
Wellington (Thomas et al., 2016). Vertical, dashed, black lines mark boundaries of detrital-zircon age
groups (Fig. 6; Table 3). [[F]] eHf, data for two samples (data in Supplemental Table S2 [see text footnote 2])
and for published data for Wellington (Thomas et al., 2016). Data points are color coded as in panel A.
Specifications for the Hf-evolution diagram are described in the caption for Figure 7. CHUR—chondritic
uniform reservoir; DM —depleted mantle.
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values between +12.1 and -6.4 (Fig. 9; Table 2). For
zircon grains in the age range 857-504 Ma, eHf,
values range from +6.5 to —32.2 and cluster around
+3.2 to -0.9, consistent with involvement of older
crust in the source of the magmas. Zircon grains
in the age range of 464-337 Ma have ¢Hf, values
between +6.6 and —13.4 (Fig. 9), indicating variable
sources. The few young grains in the age range of
327-308 Ma have ¢Hf, values of +1.1 to -1.8.

l DISCUSSION

Age Groups of Detrital Zircons and
Implications for Sediment Provenance

The U-Pb age distributions of detrital zircons
from sandstones in the Arkoma, Fort Worth, and
Anadarko basins define several general groups
(Figs. 6 and 10; Table 3). The distributions within
each age group (Figs. 6 and 10; Table 3), along with
corresponding ranges of eHf, values (Fig. 11; Table 2),
can be used to characterize the provenance(s). The
primary alternatives for provenance are either
the Appalachian orogen, generally with dispersal
through the southern lllinois basin, or the Ouachita
orogen, including accreted Gondwanan terranes
(Table 3). Lesser alternatives for provenance include
synriftigneous rocks in the Arbuckle-Wichita uplifts,
other intracratonic uplifts, or the Canadian Shield.
Variability between samples suggests variations in
provenance.

334-295 Ma

This age group (Table 3) is sparsely represented
or lacking in most of the samples but is a dis-
tinctive minor component in some (e.g., samples
OK-9-RS2 and OK-4-WL; Fig. 9). The age range
corresponds to the age of the Alleghanian orog-
eny, including the ages of plutons (330-270 Ma)
in the Appalachians and tonsteins in coal beds
(316-311 Ma) in the Appalachian basin (summary
in Thomas et al., 2017, and references therein).
Grains of this age range, however, are nearly
lacking among detrital zircons (7 grains of 3564)
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Figure 10. U-Pb age-probability density plots of composites of data from selected basins, including
those along potential dispersal pathways, as well as some potential provenances. Data sources are as
follows: [[] Appalachian basin (composite plot from Thomas et al., 2017, which includes original ana-
lytical data from seven samples plus previously published data from Gray and Zeitler, 1997; Eriksson
et al., 2004; Thomas et al., 2004; Becker et al., 2005, 2006; Dodson, 2008; Park et al., 2010; Grimm et al.,
2013); [l] southern lllinois basin (composite of original analytical data from Thomas et al., 2020); Perm-
ian basin (composite of published data from Soreghan and Soreghan, 2013; Xie et al., 2018b; Liu and Stockli,
2019); [[8]] Coahuila terrane (composite plot from Thomas et al., 2019, which includes original analytical
data from 10 samples plus previously published data from Lawton and Molina-Garza, 2014); [[3] Mara-
thon foreland (composite plot from Thomas et al., 2019, which includes original analytical data from two
samples plus previously published data from Gleason et al., 2007); [[§] Ordovician-Silurian of Ouachita
passive-margin off-shelf deep-water sandstones (composite of data from McGuire, 2017; Gleason et al.,
2002); [[€]] Whitehorse Group KS-5-WH, distal Anadarko basin (from Thomas et al., 2020); [[{]] Anadarko
basin (composite from Fig. 9); [[]] Fort Worth basin (composite from Fig. 8); Arkoma basin (compos-

ite from Fig. 7).

from synorogenic Alleghanian sandstones of the
Appalachian basin (Fig. 10A) (Thomas et al., 2004,
2017), indicating that Appalachian dispersal sys-
tems are not the likely source of these grains. This
age group is well represented in magmatic arc
rocks of the accreted Coahuila (Gondwanan) ter-
rane within the Marathon orogen (Lopez, 1997;
Lopez et al., 2001) and brackets the ages of tuff

beds in the Ouachita synorogenic clastic wedge
(Fig. 6). These ages are represented also in detrital
zircons from sandstones in the Marathon fore-
land (Fig. 10E). The small numbers of grains of
this age group in multiple samples favor a prov-
enance in the Coahuila terrane or another accreted
Gondwanan terrane in the interior of the Ouachita-
Marathon orogen.
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499-335 Ma

This age group (Table 3) is represented in all
of the samples and is prominent in many. These
ages, corresponding to the ages of the Taconic and
Acadian orogenies, are generally abundant in sand-
stones of the Appalachian basin (Fig. 10A) (Thomas
et al., 2017, and references therein). Likewise, these
ages are common in Gondwanan accreted terranes
adjacent to the southern margin of Laurentia, and
the ages are generally abundant among detrital zir-
cons in the Marathon foreland (Fig. 10E) (Thomas
et al., 2019). This age group offers no clear dis-
tinction between an Appalachian or Gondwanan
provenance.

901-500 Ma

This age group (Table 3) is one of the most
distinctive, in that it is a dominant group in many
samples but is only sparsely represented in oth-
ers. The age range corresponds to the Pan-African/
Brasiliano components of accreted terranes of
Gondwanan origin, along both the Appalachians
and the Ouachita-Marathon orogen (Thomas et al.,
2017, 2019). Alleghanian synorogenic sandstones
in the Appalachian basin have persistent but only
minor numbers of detrital-zircon grains of this age
group (Fig. 10A), indicating limited dispersal of
grains of this age through the Appalachian basin
(Thomas et al., 2017). The Coahuila and other
Gondwanan accreted terranes along the Ouachita-
Marathon orogen include Pan-African/Brasiliano
rocks, and this age group is represented in domi-
nant modes of detrital-zircon ages in the Marathon
foreland (Fig. 10E) (Thomas et al., 2019). The pos-
sibility that lapetan synrift volcanic-magmatic
rocks (5639-530 Ma; e.g., Wichita Granite Group)
along the Southern Oklahoma fault system might
have contributed to this age group (e.g., Sharrah,
2006) is eliminated by the contrast between the
eHf, values of detritus from the Wichita Granite
Group (+10.1 to +4.7; Thomas et al., 2016) and
those of the detrital zircons in the Ouachita fore-
land (+8.3 to —30.5, mostly +4.9 to -5.6 in grains
<600 Ma; Figs. 7-9 and 11). Abundant grains in

this age group along the Ouachita foreland favor
a provenance in the accreted Gondwanan terranes,
including Sabine, along the Ouachita-Mara-
thon orogen.

1276-914 Ma

This age group (Table 3) is represented in all
of the samples and is the dominant age group in
many. This is the age range of the Grenville oro-
gen in the Appalachians, and Grenville-age detrital
zircons are abundant in late Paleozoic sandstones
in the Appalachian basin (Fig. 10A) (Thomas et
al., 2017). The same age range is similarly abun-
dant in the Gondwanan Coahuila accreted terrane
(Fig. 10D) along the Marathon orogen, representing
the Sunsés province of Amazonia. Detrital grains of
this age group are abundant in synorogenic sand-
stones in the Marathon foreland (Fig. 10E) (Thomas
etal., 2019). This age group does not provide a clear
distinction between an Appalachian Grenville or a
Gondwanan Sunsds provenance.

1963-1202 Ma

This multimodal (generally four to six modes)
age group (Table 3) is represented in all of the
samples. With some variations, the abundance
of grains generally decreases with increasing age.
The complete range of ages spans the Penokean,
Trans-Hudson, Central Plains, Yavapai, Mazatzal,
and Granite-Rhyolite provinces of the Laurentian
craton and also includes the Ventuari-Tapajos,
Rio Negro-Juruena, and Rondonia-San Ignacio
provinces of Amazonia (Fig. 6). The Central Plains—
Yavapai—-Mazatzal subgroup (1800-1600 Ma) is
represented by intermediate modes in the detri-
tal zircons, suggesting a possible source in the
Nemaha basement uplift (Xie et al., 2016, 2018a);
however, Appalachian samples have similar
modes in this age range (Fig. 10A), interpreted
to be recycled from synrift sedimentary rocks
along the lapetan margin (Thomas et al., 2017).
Ages of the Granite-Rhyolite province are partic-
ularly abundant in the passive-margin off-shelf

sandstones that were deposited around the
Ouachita embayment and subsequently imbri-
cated in the Ouachita thrust belt (McGuire, 2017),
providing a potential source for recycling from
the Ouachita thrust belt to the synorogenic sand-
stones (Fig. 10F). Because of the matches of ages
with both Laurentian and Amazonian/Gondwanan
provinces, as well as the incorporation of Lau-
rentian detritus in the Quachita thrust belt, these
detrital zircons provide no clear distinction of the
provenance.

2224-1945 Ma

Most samples have small numbers of grains
in this age group (Table 3). The age group, which
has no counterpart in Laurentia, is distinctive of
the Moroni-ltacaiunas province and the Trans-
Amazonian belt of Amazonia and the Eburnian
province of West Africa (Fig. 6). Sandstones in
the Appalachian basin have small numbers of
grains of these ages, indicating a provenance
in Gondwanan accreted terranes in the Appa-
lachian orogen (Fig. 10A) (Thomas et al., 2017).
This age group is clearly linked to Gondwana,
but the numbers of detrital zircons are less than
those of the Pan-African/Brasiliano age group
(Fig. 10).

3036-2387 Ma

Most samples have a minor mode in this
age group (Table 3), which overlaps the ages of
the Superior province of Laurentia and the Cen-
tral Amazonia province of Amazonia/Gondwana
(Cordani and Teixeira, 2007; Cardona et al., 2010).
Grains with ages of the Superior province of
Laurentia are relatively abundant in Ordovician
passive-margin off-shelf sandstones, which were
deposited along the rifted margin of Laurentia
(Fig. 2, box A1; Figs. 4 and 10F) (Gleason et al.,
2002; McGuire, 2017). The Ordovician sandstones
are in the Ouachita thrust belt and were available
for recycling of Laurentian Superior detritus from
sources in the Ouachita orogen.
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Provenance and Dispersal of Late Paleozoic
Detritus in the Ouachita Foreland

Fort Worth Basin

Similarities through all the analyzed sam-
ples from the Fort Worth basin (Fig. 8) indicate a
consistent ultimate provenance through Middle
Pennsylvanian to Early Permian time. Most of the
age groups of detrital zircons in the Fort Worth
basin are equally available from Gondwanan
and Appalachian sources, making identity of the
provenance problematic and leaving only a few
age groups that are clear discriminants (Table 3).
One of the most dominant modes (616-532 Ma)
in the Fort Worth basin (Fig. 8) matches Gond-
wanan Pan-African/Brasiliano ages, which are not
abundant in samples from Mississippian-Perm-
ian sandstones of the Alleghanian Appalachian
basin (Fig. 10A). In some of the Fort Worth sam-
ples (TX-2-PB and TX-5-CC; Fig. 8), grains with
Neoproterozoic ages (898-500 Ma) are especially
abundant in proportion to grains with Mesopro-
terozoic ages (1256-914 Ma) (ratios of 0.570 and
0.983, respectively). Minor modes between 2092
and 1984 Ma match the ages of the Moroni-Ita-
caiunas province and Trans-Amazonian belt of
Amazonia/Gondwana (Table 3); this age group is
rare in Mississippian-Permian sandstones of the
Alleghanian Appalachian basin (Fig. 10A). The
mix of inferred Laurentian and Gondwanan ages
in the Fort Worth basin has been used to sup-
port an interpretation that detritus from sources
in the Appalachian orogen of eastern Laurentia
was mixed with clearly non-Appalachian, more
proximal detritus from the accreted Sabine ter-
rane in the Ouachita orogen (Alsalem et al., 2018).
The detrital-zircon ages that correspond to Appa-
lachian age groups, however, are also available
from Gondwanan accreted terranes (Table 3)
along the Ouachita-Marathon orogen, which could
have supplied all of the detritus in the Fort Worth
basin (Fig. 12). Chert-clast conglomerates in Mid-
dle Pennsylvanian sandstones in the Fort Worth
basin have been interpreted to record dispersal
from exposures of Ordovician Bigfork Chert and/
or Devonian Arkansas Novaculite in the Ouachita

sedimentary thrust belt (Brown et al., 1973), further
indicating sediment dispersal from the Ouachita
orogen to the foreland (Fig. 12C). In summary,
the consistent age distributions throughout the
stratigraphic succession and into the distal Fort
Worth basin indicate persistent dispersal of clastic
sediment from the orogenic source, as well as no
mixing of sediment from cratonic or more distal
sources into the distal foreland (Fig. 12).

The detrital-zircon age distributions in Penn-
sylvanian-Permian sandstones of the Fort Worth
basin are remarkably similar to those in the Mar-
athon foreland (cf. Figs. 10l and 10E). In an MDS
plot, the sandstones in the Fort Worth basin are
near the coeval sandstones in the Marathon fore-
land (Fig. 13), indicating that detritus along the
Ouachita-Marathon foreland in the Fort Worth
basin and Marathon foreland came from the same
or similar sources. In the MDS plot, the separa-
tion between the Middle Pennsylvanian Haymond
Formation and the Upper Pennsylvanian Gaptank
Formation and Middle Permian Road Canyon For-
mation in the Marathon foreland (Fig. 13) suggests
a change through time in the provenance, possibly
because of erosional unroofing. The distributions
of ages of detrital zircons in Middle Pennsylvanian
to Middle Permian sandstones in the Marathon
foreland are similar to those in the Coahuila ter-
rane (Figs. 10D and 10E), and the age groups in the
Marathon foreland have potential sources in the
Coahuila terrane (Thomas et al., 2019). The MDS
plot shows that the Fort Worth samples are closer
to the Marathon and Coahuila data and are more
distant from the Appalachian data (Fig. 13B). The
Hf data have substantial overlap; however, the dis-
tribution of values from the Fort Worth basin in the
age range of 850-350 Ma is nearly identical to that
of the Marathon samples but only partially over-
laps with the more restricted range of Appalachian
values (Fig. 11B). If the Sabine terrane is similar in
composition to the other components (Coahuila,
Sierra Madre, and Maya) of the Oaxaquia assem-
blage, the Sabine terrane could have supplied all
of the age groups of detrital zircons in the sand-
stones of the Fort Worth basin (Table 3), similar to
the supply from Coahuila to the Marathon foreland
(Fig. 12) (Thomas et al., 2019).

Anadarko Basin and Other Intracratonic Basins

Along the southern margin of the Anadarko
basin, the Lower Permian Post Oak Conglomerate
unconformably overlies the Cambrian synrift Wich-
ita Granite Group in the Wichita uplift (Figs. 1B, 5B,
and 12D). The Post Oak Conglomerate has detrital
zircons almost exclusively near the crystallization
age (639-530 Ma) of the Wichita Granite Group, and
distinctively positive eHf, values between +10.1 and
+4.7 (Fig. 11C) indicate juvenile magmas (Thomas
et al., 2016).

Farther east, the sandstone matrix of the Upper
Pennsylvanian Vanoss Conglomerate, which over-
lies an angular unconformity on lower Paleozoic
strata above the Precambrian basement in the
Arbuckle uplift (Figs. 1B, 5B, and 12D), is dominated
by Superior-age (2860-2620 Ma) zircons (Thomas
et al., 2016). The Ordovician limestone succes-
sion beneath the unconformity includes units of
quartzose sandstone that contain Superior-age
detrital zircons (Pickell, 2012). The combination of
limestone clasts from proximal strata beneath the
unconformity and the lack of Superior-age base-
ment rocks in the region strongly argues that the
detrital zircons in the Vanoss Conglomerate were
recycled from the sandstones within the Ordovician
limestone succession (Thomas et al., 2016).

Stratigraphically above the Post Oak and
Vanoss Conglomerates, the Lower Permian Wel-
lington Formation (Fig. 5A) in the lower part of a
succession of widespread Lower-Middle Permian
red beds and evaporites (Johnson et al., 1988) has
detrital-zircon age distributions distinctly different
from those of the conglomerates (Thomas et al.,
2016). A subset (673-504 Ma) of a dominant age
group (857-504 Ma) in the Wellington Formation
(Fig. 9) overlaps the age of detrital zircons from the
Cambrian synriftigneous rocks in the Post Oak Con-
glomerate. Although some grains in the Wellington
have eHf, values (+6.5) similar to those in the Post
Oak Conglomerate, most Wellington grains (+6.5
to —32.2) are significantly more negative (Figs. 9
and 11C), indicating that the Wellington sands are
from different, more evolved sources than the
juvenile sources of the detritus in the Post Oak Con-
glomerate (Thomas et al., 2016). The abundance
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Figure 12. Sequence of regional maps show-
ing interpreted sediment dispersal pathways
(yellow lines and arrows) into and across the
Ouachita foreland and southern Midcontinent.
lapetan rifted margin of Laurentia and intracra-
tonic basins are from Figure 1. Tectonic evolution
through the sequence of maps is adapted from
Mack et al. (1983), Houseknecht (1986), Ross
(1986), Thomas (1989, 2011), Viele and Thomas
(1989), and Mueller et al. (2014). Correlations of
all named stratigraphic units and approximate
stratigraphic level of each map are shown in
Figure 5B. A-O —Alabama-Oklahoma transform
fault; Oua—Ouachita rift. [[J] Late Mississip-
pian, 326 Ma. Southward subduction beneath
continental-margin volcanic arcs on the leading
edges of the accreted Coahuila (subduction ini-
tiated 355 Ma) and Sabine (subduction initiated
338 Ma) terranes, and rapid accumulation of
deep-water muddy turbidites along with erup-
tions of ash-flow tuffs (ST—Stanley, including
tuffs with ages of 328-320 Ma; TN—Tesnus). Flu-
vial dispersal of synorogenic detritus through
the Appalachian basin (SG—Stony Gap, Mauch
Chunk-Pottsville clastic wedge) via the southern
lllinois basin (HB—Hardinsburg) to the north-
ern shelf of the Arkoma basin (BW—Batesville
and Wedington) and over the shelf margin into
deep water (HS—Hot Springs). [[J] Early Mid-
dle Pennsylvanian, 313 Ma. Fort Worth basin:
filling of the foredeep and progradation of syn-
orogenic clastic sediment onto the distal shelf
(BS—Big Saline). Marathon foreland: restricted
clastic sediment from the Coahuila terrane and
deposition of carbonate detritus from the shelf
(DP—Dimple). Arkoma basin: rapid and deep
flexural subsidence in response to emplace-
ment of the tectonic load of the accretionary
prism onto the edge of continental crust and
deposition of very thick synorogenic turbidites
(AT —Atoka), dispersal from the Appalachian ba-
sin (CM—Cross Mountain, for example) via the
southern lllinois basin (TW—Tradewater) to the
northern shelf of the Arkoma basin (AT —Atoka)
and over the shelf margin (SP—Spiro) into deep
water (AT —Atoka) to mix with proximal sed-
iment from the Sabine terrane. Appalachian
basin: Pennington-Lee clastic wedge (CM—
Cross Mountain) and Mauch Chunk-Pottsville
clastic wedge (SM—Sharp Mountain) prograde
\ to distal foreland. Anadarko basin: deposition of
r\ proximal detritus (GW—Granite Wash) eroded
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Figure 12 (continued). Late Middle Pennsyl-
vanian, 309 Ma. Final accretion of Sabine terrane
and last stage of Ouachita thrusting (blue lines
from Fig. 1). Marathon foreland: filling of the
foredeep with turbidites (HM—Haymond). Fort
Worth basin: progradation of deltaic deposits
from the overfilled foredeep to the distal shelf
(SN—Strawn). Arkoma basin: progradation of
fluvial to deltaic deposits from the Appalachian
basin (PR—Princess, Pennington-Lee clastic
wedge) via the southern lllinois basin (CD—
Carbondale) to southward prograding deltaic
deposits on the northern Arkoma shelf to mix
with minor deltaic deposits (SV—Savanna, for
example) from the overfilled Arkoma foredeep;
initial shallow-marine deposits unconformably
overlie deformed Atokan strata in a successor
basin in the Ouachita orogenic belt. Anadarko
basin: deposition of proximal detritus (GW—
Granite Wash) eroded from Arbuckle and Wichita
b 1t uplifts. [BJ] Pennsylvanian-Perm-
ian, 300 Ma. Final transpressional accretion of
Suwannee terrane and latest stages of Appala-
chian thrusting (blue lines from Fig. 1). Marathon
foreland: filling of foredeep and progradation
of deltaic to shallow-marine deposits onto the
distal shelf (GT—Gaptank). Fort Worth basin:
progradation of deltaic deposits to the distal
shelf (CS—Cisco). Arkoma basin: successor-ba-
sin deposits of Desmoinesian—-Guadalupian age
cover deformed Ouachita sedimentary rocks
(Atoka) at an angular unconformity. Anadarko
basin: Wichita and Arbuckle basement uplifts
at southern edge of basin; onlap of conglom-
erates (PO—Post Oak, VN—Vanoss) above
angular unconformity on the basement uplifts.
Appalachian basin: northward dispersal of clas-
tic sediment of Pennington-Lee clastic wedge
(GR—Greene, for example).
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Figure 12 (continued). [[3] Middle Permian,
270 Ma. Final accretion of Coahuila terrane and
last stage of Marathon thrusting at 295 Ma (blue
lines from Fig. 1). Marathon foreland: above
multiple unconformities, progradation of del-
taic to shallow-marine deposits (RC—Road
Canyon) onto southern craton, to merge with
detritus from the overfilled Fort Worth basin,
and possibly continuing to the Permian basin
(DM—Delaware Mountain). Anadarko basin: pro-
gradation of detritus from Marathon foreland
and/or Fort Worth basin to cover eroded Wichita
and Arbuckle uplifts and the overfilled Anadarko
basin (RS —Rush Springs); dispersal northward
on the craton to the southwest of the Forest City
basin (WH—Whitehorse); detritus reworked by
south-southwest winds (orange arrowheads)
over northern part of Anadarko basin and pos-
sibly to Permian basin. Arkoma basin: filling of
successor basin.
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Figure 13. Two-dimensional multidimensional scaling (MDS) plots for detrital-zircon U-Pb age distributions of Mississippian-Permian sandstones in the Ar-
koma (Fig. 7), Fort Worth (Fig. 8), and Anadarko (Fig. 9) basins in comparison with distributions of samples from the Appalachian basin (from Thomas et al.,
2017, and references cited therein; Fig. 10A), from the Whitehorse Group in the distal Anadarko basin (KS-5-WH, from Thomas et al., 2020; Fig. 10G), from the
Marathon foreland (from Thomas et al., 2019, and Gleason et al., 2007; Fig. 10E), from the Coahuila terrane (only samples with n>45; from Thomas et al., 2019,
and Lawton and Molina-Garza, 2014; Fig. 10D), and in a composite from Ouachita passive-margin off-shelf sandstones (from McGuire, 2017, and Gleason et al.,
2002; Fig. 10F). Points that plot closer together have greater correspondence (are more similar) for detrital-zircon ages. The MDS plots (Vermeesch, 2013) were
constructed using the program DZmds (github.com/kurtsundell/DZmds) (Saylor et al., 2018) using Mismatch of age-probability density plots (Amidon et al.,
2005) to calculate dissimilarity. Axis scales are calculated dissimilarities between samples. [[lY] Samples from Arkoma, Fort Worth, and Anadarko basins; Mara-
thon foreland; and Coahuila terrane. [[J]] Comparison of samples plotted in A with samples from Appalachian basin. See text for discussion of interpretations.
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of recycled Superior-age zircons (2860-2620 Ma)
in the Vanoss Conglomerate is only weakly rep-
resented in the detrital zircons in the Wellington
Formation (Fig. 9). The mix of zircon ages in the
Wellington Formation (Fig. 9), along with the gen-
erally more negative eHf, values, indicates that the
sands were derived neither from the local synrift
igneous rocks in the Wichita and Arbuckle uplifts
nor from recycling from the conglomerates that lap
onto the uplifts. Instead, the age distributions sug-
gest a source separate and distal from the Arbuckle
and Wichita uplifts. In a broader sense, these data
show that the crystalline rocks of the Wichita and
Arbuckle uplifts were rapidly covered in the Early
Permian and were not available later as a source
of regionally dispersed sediment (Soreghan and
Soreghan, 2013; Thomas et al., 2016).

Along with the Wellington Formation, the
Garber and Rush Springs Sandstones include a
distinct Pan-African/Brasiliano component (857-
502 Ma), the usual abundance of Mesoproterozoic
grains (1228-924 Ma, Sunsés = Grenville age), and
moderate abundance of zircons in the age range of
2200-1200 Ma (Fig. 9). Similarities of detrital-zir-
con distributions in Permian sandstones in and
above the Wellington Formation in the intracra-
tonic Anadarko basin (Figs. 9, 10H, 11C, and 13)
to those in the Marathon foreland (Figs. 10E, 11C,
and 13) and Fort Worth basin (Figs. 8, 10l, 11, and
13) suggest the same or a similar provenance.
Dispersal of sediment through either or both the
Marathon foreland and Fort Worth foreland basin
requires fluvial systems that prograded onto the
craton and into the Anadarko basin (Fig. 12E).
The Rush Springs Sandstone consists primarily
of eolian deposits in an erg system with south-
west-directed wind currents (Poland and Simms,
2012), which are compatible with overall north to
northwest drainage from the Ouachita-Marathon
orogen onto the craton and into the Anadarko
intracratonic basin with episodic wind reworking
back over the fluvial system (Fig. 12E) (Soreghan
and Soreghan, 2013).

A sample from the Middle Permian Whitehorse
Group (KS-5-WH; Fig. 10G; Thomas et al., 2020)
on the structural divide between the Anadarko
basin and the Forest City basin on the north

(Fig. 1) suggests distant transport from the Ouachi-
ta-Marathon orogen onto the craton (Fig. 12E). The
detrital-zircon distributions are generally similar to
those in the stratigraphically lower Pennsylvanian
and Mississippian sandstones in the Forest City
basin, which are characteristic of an Appalachian
provenance (Kissock et al., 2018; Chapman and
Laskowski, 2019; Thomas et al., 2020). In contrast,
the Middle Permian Whitehorse sample includes
a secondary group with ages of 638-519 Ma and a
minor mode of 576 Ma (Fig. 10G); in addition, four
grains have ages of 2196-2021 Ma. These distinctly
Pan-African/Brasiliano and Moroni-ltacaiunas/
Trans-Amazonian/Eburnian ages suggest a Gond-
wanan provenance. Another, distinctively young
secondary distribution with ages of 335-287 Ma has
a mode of 319 Ma (Fig. 10G), corresponding to the
age of the Alleghanian orogeny in the Appalachians,
but contrasting with the general lack of Allegha-
nian-age grains in the synorogenic dispersal
systems of the Appalachian basin (Table 3; Thomas
etal., 2017). The secondary mode with Alleghanian
ages in the Whitehorse sample is similar in age to
distributions in coeval sandstones in the Anadarko
basin (Fig. 9) and Marathon foreland (Fig. 10E; fig.
4 jn Thomas et al., 2019), as well as a prominent
mode in Jurassic-Cretaceous sandstones in fault-
bounded basins in the Coahuila terrane (Fig. 10D).
The association of these detrital-zircon age distri-
butions with Permian red beds forms a distinctive
assemblage, implying long-distance fluvial trans-
port onto the southern craton from Gondwanan
accreted terranes, such as Coahuila (Fig. 12E).
Detrital-zircon data from Lower and Middle
Permian sandstones in the Permian (Delaware and
Midland basins) basin (Figs. 1A, 5B, and 10C) sug-
gest widespread sediment dispersal from sources
like those for the Marathon foreland, as well as the
Fort Worth and Anadarko basins (Soreghan and
Soreghan, 2013; Xie et al., 2018b; Liu and Stockli,
2019). Most samples from the Permian basin have
abundant detrital-zircon ages in the age ranges of
1975-1211, 1208-930, and 500-335 Ma (Fig. 10C),
all consistent with either Appalachian or Gond-
wanan sources (Table 3). The samples from the
Permian basin have a dominant age distribution
of 852-500 (mostly 685-500) Ma, as well as a lesser

age distribution of 2203-1975 Ma (Fig. 10C), both
distinctly from Gondwanan sources (Table 3). Most
samples from the Permian basin have a second-
ary distribution with ages of 334-277 Ma similar
to those in the Marathon and Anadarko samples
(Fig. 10). The data lead to an interpretation of fluvial
dispersal of detritus from the Ouachita-Marathon
orogen and accreted Gondwanan terranes across
the broad foreland and southern craton (Fig. 12E).

Arkoma Basin

The tuff beds in muddy turbidites of the Missis-
sippian—-Pennsylvanian Stanley Shale in the lower
part of the proximal synorogenic clastic wedge in
the Arkoma basin provide a clear link to a source in
an arc system south of the foredeep (Niem, 1977),
consistent with a continental-margin arc on the
leading edge of the Sabine terrane (Fig. 12A), as
well as a definitive age (328-320 Ma; Fig. 6) of arc
volcanism (Shaulis et al., 2012). Detrital zircons
with ages equal to the crystallization ages of the
tuffs are lacking in the foreland detritus. Although
dominated by synmagmatic grains, the tuffs con-
tain zircon grains older than the crystallization age
(Fig. 6), which have been interpreted to be detrital
grains from the muddy turbidites (Shaulis et al.,
2012), but which, alternatively, may be xenocrysts
from the magma chamber in the Sabine terrane.
Although the proportions differ somewhat, most
of the age modes of the prevolcanic zircons in the
tuffs of the Stanley Shale are similar to those of the
Coahuila terrane, as well as those in the Marathon
foreland and Fort Worth basin (cf. Figs. 6 and 10D,
10E, and 101, respectively); however, the tuffs differ
primarily in having a noticeably greater abundance
of zircon grains in the age range of 1577-1283 Ma
(Fig. 6). If the prevolcanic grains in the tuffs are detri-
tal from Laurentian/Appalachian sources (Shaulis et
al., 2012), the source of the 1577-1283 Ma grains is
problematic, because grains of this age range are
only secondary components of the Appalachian sig-
nature (cf. Figs. 6 and 10A). Detrital grains with ages
of the Granite-Rhyolite province (1500-1320 Ma)
of Laurentia are relatively abundant in the Ordo-
vician-Silurian Ouachita passive-margin off-shelf
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strata (Fig. 10F) and might have been available for
recycling, but grains of those ages are rare in the
Stanley Shale (Fig. 7). If the prevolcanic grains in
the tuffs are xenocrystic, the composition of the
basement of the Sabine terrane may differ from
that of the Coahuila terrane in having a locally more
substantial Rondonia—-San Ignacio (1550-1300 Ma)
component along with the Sunsas rocks, as sug-
gested for northwestern Amazonia (e.g., Cardona
et al., 2010), or, alternatively, the magma may have
been contaminated by subducted sediment from
the Ouachita margin. Future research may provide
answers to these questions, as well as better res-
olution of the composition of the Sabine terrane.

A sandstone bed in the upper part of the
proximal deposits of the Stanley Shale has a dom-
inant group of detrital-zircon ages of 874-501 Ma
(McGuire, 2017), corresponding in age to the
Pan-African/Brasiliano assemblage of Gondwa-
nan terranes (Fig. 7; Table 3). Another important
age group of 1197-1018 Ma is equivalent in age to
the Amazonian Sunséas and Laurentian Grenville
provinces (Fig. 7; Table 3). A secondary age group
of 2185-1953 Ma matches the distinctive Moroni-
Itacaitnas/Trans-Amazonian ages of Amazonia
(Table 3). The overall distribution of detrital-zircon
ages indicates a Gondwanan provenance (Fig. 12A),
consistent with the composition of the Coahuila
terrane and of the Sabine terrane as suggested by
the prevolcanic age distributions in the tuff beds
(Figs. 6, 7, and 10D; Table 3). In contrast, the Hot
Springs Sandstone Member of the Stanley Shale
has dominant age groups of 1195-994 Ma and
484-373 Ma (McGuire, 2017), respectively, corre-
sponding to the Grenville and Taconic age groups
in the Appalachians and overlapping with Gondwa-
nan age groups (Fig. 7; Table 3). The Hot Springs
sample, however, lacks distinctive Gondwanan
components, thereby indicating a provenance
different from the other sample from the Stanley
Shale, most likely the Appalachians (Fig. 12A).

In the most distal shelf of the Arkoma basin
in northern Arkansas, distribution patterns and
paleocurrents of Mississippian sandstones
(Batesville Sandstone and Wedington Sandstone
Member of the Fayetteville Shale; Fig. 2, box B1;
Figs. 5A and 12A) indicate southward prograding

deltaic systems modified by marine reworking
and interaction with carbonate deposition on the
shallow-marine shelf (Garner, 1967; Ogren, 1968;
Glick, 1979; Sutherland, in Johnson et al., 1988; Xie
et al., 2016). The two most dominant detrital-zir-
con age groups have ages of 1210-937 Ma and of
496-339 Ma (Fig. 7). Ages are scattered between
1907 and 1210 Ma, and an older group has ages
of 3036-2466 Ma. The age distributions have rela-
tively few grains with distinctive Gondwanan ages
of 2186-1945 Ma (Moroni-ltacaitinas/Trans-Ama-
zonian/Eburnian) or of 762-501 Ma (Pan-African/
Brasiliano). The detrital-zircon age distributions
(Fig. 7) of the Batesville and Wedington Sandstones,
as well as of the Hot Springs Sandstone, are similar
to the Appalachian signature (Fig. 10A). The Bates-
ville, Wedington, and Hot Springs data, as well as
data from coeval sandstones in the southern lllinois
basin and in the Appalachian basin, are all close
together in an MDS plot (Fig. 14A), indicating a
similar provenance. Values of eHf, from the Bates-
ville Sandstone have a remarkably close match to
those of Mississippian sandstones in the Appala-
chian foreland and in the southern lllinois basin
(Fig. 15A) (Thomas et al., 2017, 2020). An ultimate
source in the Appalachians with dispersal from the
Appalachian basin through the southern part of the
lllinois basin may have supplied the Batesville and
Wedington deltaic sand to the cratonic fringe of
the Arkoma basin, as well as the Hot Springs sand
(within the muddy turbidites of the Stanley Shale)
to the adjacent continental slope, during the Late
Mississippian (Fig. 12A).

Pennsylvanian sandstones (Cane Hill Mem-
ber of the Hale Formation, Bloyd Formation, and
Savanna Sandstone; Figs. 2 and 5A) on the distal
shelf of the Arkoma basin generally are interpreted
to be fluvial to deltaic deposits with southward to
westward directed sediment dispersal (Sutherland,
in Johnson et al., 1988; Xie et al., 2018a). The detri-
tal-zircon distributions are generally similar through
the Upper Mississippian to Middle Pennsylvanian
succession (Fig. 7), suggesting persistent sedi-
ment dispersal. The most prominent age groups of
detrital zircons have ages of 1265-935 Ma and 495-
374 Ma (Fig. 7). Ages are spread broadly from 1950
to 1265 Ma with a strong secondary mode between

1635 and 1618 Ma (Fig. 7). An older age group has
modes between 2820 and 2569 Ma. The groups of
ages in these samples generally match the Appa-
lachian signature (Figs. 10A, 13, and 14B); however,
these age groups are also available from Gond-
wanan terranes (Table 3). The sandstones (Fig. 7)
have minor groups with ages of 2190-1950 Ma
(Moroni-Itacaiunas/Trans-Amazonian/Eburnian)
and of 682-528 Ma (Pan-African/Brasiliano) that
suggest a possible Gondwanan provenance; how-
ever, the sandstones in the Appalachian basin have
similar minor groups of these ages (Thomas et al.,
2017). Age data from the Corbin Sandstone in the
Appalachian basin, the Caseyville Sandstone in
the southern lllinois basin, and the Pennsylvanian
sandstones in the northern shelf of the Arkoma
basin are very close together in an MDS plot
(Fig. 14B), indicating a common provenance and
dispersal system. Distributions of eHf, values from
the Pennsylvanian Cane Hill and Savanna sand-
stones in the Arkoma basin are nearly identical
to those from the Appalachian foreland and from
the southern lllinois basin (Fig. 15B) (Thomas et al.,
2017, 2020). The detrital-zircon U-Pb ages and eHf,
values strongly indicate an Appalachian source and
dispersal through the southern part of the lllinois
basin to the northern shelf of the Arkoma basin
(Fig. 12C). One possible exception is the Savanna
Sandstone, which has a somewhat greater propor-
tion of grains with Pan-African/Brasiliano ages and
a minor mode of 589 Ma (Fig. 7). The Pan-African/
Brasiliano grains in the Savanna Sandstone, along
with the chert pebbles in the stratigraphically higher
Thurman Sandstone (Fig. 2, box C1) (Sutherland,
in Johnson et al., 1988), show that some sediment
spread from the Ouachita orogenic belt into the
distal foreland to mix with the extrabasinal sedi-
ment (Fig. 12C).

To document the provenance of the synoro-
genic turbidites in the Ouachita foredeep, detrital
zircons were analyzed from the Middle Pennsylva-
nian Atoka Formation in the Ouachita thrust belt
from sample sites with northeast-directed, west-di-
rected, and south-directed (Spiro) paleocurrents
(Sharrah, 2006). All three sets of samples have a
dominance of Mesoproterozoic (1205-933 Ma) zir-
cons, a range of older zircons between 1947 and
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Figure 14. Two-dimensional multidimensional scaling (MDS) plots for detrital-zircon U-Pb age distributions for [[.Y] Mississippian and [[}] Pennsylvanian sand-
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1210 Ma, and a scattering of zircons older than
2340 Ma, all of which have counterparts in both
Amazonia/Gondwana and Laurentia (Fig. 7; Table 3).
All of the samples have a group of younger zircons
(492-336 Ma; Fig. 7), suggesting possible recycling
from Appalachian sources (Sharrah, 2006); how-
ever, the same age range of zircons is available
from the Coahuila terrane (Thomas et al., 2019) and
may be from the Sabine terrane. The samples from
sandstones with northeast-directed paleocurrents
have a secondary group of 34 grains with ages of
799-505 Ma and a mode of 632 Ma, as well as 15
grains with ages of 2218-1962 Ma (Fig. 7), both
distinctly Gondwanan (Table 3). The other two
sets of Atoka samples have fewer grains in these
age groups (Fig. 7). For these distinctive Gondwa-
nan age groups in the northeast-dispersed Atoka

sandstones (Table 3), the interpreted provenance is
the west end of the accreted Sabine terrane, which
is inferred to have collided with the Laurentian rift
margin near the present location of the Waco uplift
(Fig. 12B); the Atoka west-dispersed and south-dis-
persed (Spiro) sands are interpreted to be from
Appalachian sources (Sharrah, 2006). An MDS plot
shows that the northeast-dispersed, west-dispersed,
and south-dispersed (Spiro) Atoka sandstones form
a tight cluster that also includes a sample of the
Corbin Sandstone from the Appalachian basin
and two samples of Caseyville Sandstone from
the southern lllinois basin (Fig. 14B), suggesting
a common provenance for all of these sandstones.
The Gondwanan grains in the northeast-dispersed
sandstones suggest, however, that dispersal from
the Sabine terrane was mixed with Appalachian

detritus that prograded across the northern distal
shelf into the distal side of the foredeep, similar
to the dispersal of sand in the Spiro Sandstone
(Fig. 12B).

In summary, some of the most proximal Mis-
sissippian—-Pennsylvanian sediments in the Arkoma
basin have detrital-zircon age distributions that are
generally similar to those in the Fort Worth and
Marathon foreland basins, suggesting the same
or similar provenance within the accreted Gond-
wanan terranes of the Ouachita orogen (Fig. 12A).
The orogenic source is compatible with longitudi-
nal paleocurrents in the Ouachita foredeep. The
Mississippian Hot Springs Sandstone, which lacks
distinctive Gondwanan ages of detrital zircons, may
represent southward dispersal across the north-
ern distal shelf and down the cratonic side of the
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Ouachita foredeep, mixing with the synorogenic
muddy turbidites (Fig. 12A). In the distal fringe
of the Arkoma basin along the southern margin
of the Laurentian craton, depositional systems
indicate dominant sediment dispersal southward
from the craton into the subsiding Arkoma fore-
land basin (Figs. 12B and 12C). Although all of
the components of these sandstones could have
come from the Sabine terrane, the paucity of truly
distinctive Gondwanan components suggests
a different source, most likely the Appalachians
with dispersal through the southern part of the
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Illinois basin to the distal fringe of the Arkoma
basin (Figs. 12B and 12C). The chert pebbles and
some detrital zircons, however, indicate at least
some mixing from Ouachita orogenic sources to
the most distal foreland (Fig. 12C). In this regard,
the Arkoma foreland basin differs from the Fort
Worth basin, where even the most distal fringe has
a distinctive detrital-zircon age distribution from
accreted Gondwanan terranes. The Arkoma basin
evidently marks the southwestward limit of dis-
persal through the Appalachian foreland, and the
basins in the Ouachita-Marathon foreland farther

southwest have distinct Gondwanan provenances
in the accreted terranes (Fig. 12).

B CONCLUSIONS

The age distributions of detrital zircons in Mid-
dle Pennsylvanian to Middle Permian sandstones in
the Marathon foreland indicate a sediment supply
from the accreted Coahuila (Gondwanan) terrane in
the interior of the Marathon orogenic belt (Thomas
etal., 2019). All of the ages of the Marathon detritus
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could have been derived from the Coahuila terrane,
requiring no other contribution from mixed sources
such as the Appalachians. The documented compo-
sition of the Coahuila terrane may serve as a model
for other probable, less-well-documented, accreted
Gondwanan terranes, such as the Sabine terrane.

The age distributions of detrital zircons in Mid-
dle Pennsylvanian to Lower Permian sandstones in
the Fort Worth basin in the Ouachita foreland are
similar to those in the Marathon foreland, indicat-
ing the same source or another source with similar
composition. The Sabine terrane along the interior
part of the Ouachita orogen is the likely source for
the foreland detritus in the Fort Worth basin. The
stratigraphically highest and most distal sand-
stones in the Fort Worth basin have the Gondwanan
detrital-zircon signature, consistent with prograda-
tion of synorogenic clastic sediment to the cratonic
side of the basin throughout the history of basin
filling as the basin became overfilled.

The age distributions of detrital zircons in Lower
and Middle Permian sandstones in the Anadarko
basin indicate dispersal of detritus onto the adja-
cent southern craton from the same sources that
supplied the Marathon and Fort Worth foreland
detritus. Published results from the intracratonic
Permian basin have been interpreted similarly.
Sediment dispersal from orogenic sources adja-
cent to either or both the Marathon and Fort Worth
forelands spread onto the craton into intracra-
tonic basins.

The age distributions of detrital zircons in Mis-
sissippian to Middle Pennsylvanian sandstones
differ both laterally and vertically within the Arkoma
basin. Some sandstones in the most proximal part
of the basin have a Gondwanan signature; whereas
those in the most distal basin generally do not have
distinctive Gondwanan components, suggesting a
provenance in the Appalachian orogen and sedi-
ment dispersal through the Appalachian foreland
and southern lllinois basin to the cratonic side
of the Arkoma foreland basin. Some sandstones
indicate intermittent mixing from opposite sides
of the basin.

The combined data from the Fort Worth and
Arkoma foreland basins and from the Anadarko
intracratonic basin suggest a broad pattern of
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sediment dispersal from the Ouachita-Marathon
orogen (largely accreted Gondwanan terranes)
onto the southern craton during the Late Missis-
sippian through Early Permian and at least into
the Middle Permian. Dispersal from the Appala-
chians via the lllinois basin brought sediment to
the cratonic side of the Arkoma basin and distal
foreland, and the Arkoma basin evidently marks
the southwestern limit of dispersal of recognizable
Appalachian detritus along the Ouachita-Marathon
foreland.
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