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ABSTRACT

The Permian marks a time of substantial climatic and tectonic changes in the
late Paleozoic. Gondwanan glaciation collapsed after its earliest Permian acme, aridi-
fication affected the equatorial region, and monsoonal conditions commenced and
intensified. In western equatorial Pangea, deformation associated with the Ancestral
Rocky Mountains continued, while the asynchronous collision between Laurentia and
Gondwana produced the Central Pangean Mountains, including the Appalachian-
Ouachita-Marathon orogens bordering eastern and southern Laurentia, completing
the final stages of Pangean assembly. Permian red beds of the southern midconti-
nent archive an especially rich record of the Permian of western equatorial Pangea.
Depositional patterns and detrital-zircon provenance from Permian strata in Kansas
and Oklahoma preserve tectonic and climatic histories in this archive. Although these
strata have long been assumed to record marginal-marine (e.g., deltaic, tidal) and
fluvial deposition, recent and ongoing detailed facies analyses indicate a predomi-
nance of eolian-transported siliciclastic material ultimately trapped in systems that
ranged from eolian (loess and eolian sand) to ephemerally wet (e.g., mud flat, wadi)
in a vast sink for mud to fine-grained sand. Analyses of U-Pb isotopes of zircons for
22 samples from Lower to Upper Permian strata indicate a significant shift in prov-
enance reflected in a reduction of Yavapai-Mazatzal and Neoproterozoic sources and
increases in Grenvillian and Paleozoic sources. Lower Permian (Cisuralian) strata
exhibit nearly subequal proportions of Grenvillian, Neoproterozoic, and Yavapai-
Mazatzal grains, whereas primarily Grenvillian and secondarily early Paleozoic
grains predominate in Guadalupian and Lopingian strata. This shift records dimin-
ishment of Ancestral Rocky Mountains (western) sources and growing predominance
of sources to the south and southeast. These tectonic changes operated in concert with
the growing influence of monsoonal circulation, which strengthened through Permian
time. This resulted in a growing predominance of material sourced from uplifts to the
south and southeast, but carried to the midcontinent by easterlies, southeasterlies,
and westerlies toward the ultimate sink of the southern midcontinent.
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INTRODUCTION

The Permian records a time of fundamental reorganization of
climatic and tectonic conditions across Pangea. The widespread
orogenesis associated with Pangean assembly greatly diminished
in the latest Carboniferous; by Permian time, the supercontinent
began unraveling in rift zones that initiated first in eastern Pan-
gea and parts of Gondwana (Frizon de Lamotte et al., 2015). The
global icehouse of the Carboniferous yielded to full greenhouse
conditions by Middle to Late Permian time (e.g., Crowell, 1999;
Fielding et al., 2008), with attendant changes in greenhouse gases
(e.g., Foster et al., 2017), atmospheric circulation patterns (e.g.,
Parrish, 1993; M. Soreghan et al., 2002; Tabor and Montafiez,
2002, 2004), and tropical aridity (e.g., Tabor and Poulsen, 2008).
However, a better understanding of the effects and interactions of
these changes through the Permian requires improved understand-
ing of paleoenvironmental changes in western equatorial Pangea,
including transport pathways and mechanisms during deposition.

The midcontinent of North America (west-central Pangea;
Fig. 1) preserves up to 2 km of Permian red beds, intercalated
evaporites, and rare thin carbonates (McKee and Oriel, 1967).
For >70 yr, these strata have been interpreted as tidal-flat and
marginal-marine deposits, a generalization based predominantly
on the presence of evaporites and rare carbonates (Hills, 1942;
Ham, 1960; Fay, 1962, 1964; Johnson, 1967, 1988; McKee and
Oriel, 1967). The volumetrically dominant siliciclastic compo-
nent, however, has been largely ignored. An alternate paleogeo-
graphic reconstruction for the Permian in this region is slowly
emerging from facies analyses, beginning with evaporites, which
are now recognized as the products of saline lakes (Benison et al.,
1998; Benison and Goldstein, 2000, 2001). More recent attention
has turned to the rather monotonous, but pervasive, fine-grained
red beds of the region, which have increasingly been recognized
to preserve continental environments, and the predominant influ-
ence of wind (references below). This emerging revision of the
large-scale paleogeomorphology of the midcontinent impacts
reconstructions of the origin, provenance, and transport of vast
fine-grained sediment deposits, both here and in regions distal
from source areas.

This study focused on strata in Oklahoma, the Texas Pan-
handle, and Kansas (Fig. 1). We combined provenance data from
published and unpublished studies of Permian outcrops across
central and western Oklahoma with new provenance data from a
long research core (the “Rebecca K. Bounds” core) drilled on the
shelf of the Anadarko Basin (western Kansas) to obtain a semi-
continuous record of provenance changes through the Permian of
the North American midcontinent. We also include brief facies
descriptions and interpretations of the core and outcrops, draw-
ing upon both recent detailed facies analyses of correlative units
and preliminary reinterpretations of units that have not attracted
modern attention. These results shed new light on the predomi-
nance of eolian sedimentation within Permian strata of the mid-
continent and changes in paleodispersal patterns related to both
tectonic and climatic changes during the Permian.

GEOLOGIC BACKGROUND
Tectonic Setting

During the Mississippian, Pennsylvanian, and Perm-
ian, Laurentia (which included North America) collided dia-
chronously with Gondwana, resulting in development of the
Appalachian-Ouachita-Marathon, Mauritanide, and Hercynian-
Variscan orogenic belts (Fig. 1; also known as the Central
Pangean Mountains; Scotese et al., 1979; Ziegler et al., 1979;
Thomas, 1985; Scotese and McKerrow, 1990). Additionally, the
evolving stress regime related to this event and/or events farther
west potentially contributed to coupled uplift and basin subsid-
ence along high-angle faults far inboard of plate boundaries of
western Pangea, forming the Ancestral Rocky Mountains west of
the midcontinent region, but also including the Amarillo-Wichita
uplift and adjoining Anadarko Basin and Hugoton embayment
in the Pennsylvanian section of the midcontinent region (Fig. 1;
Kluth and Coney, 1981; Trexler et al., 2004; Leary et al., 2017).
The Nemaha Ridge (Fig. 1), which was likely a reactivated Pre-
cambrian structure, also experienced uplift during the Carbonif-
erous, but it was subsequently buried by Upper Pennsylvanian
strata (Steeples, 1989). Collisional orogenesis in the western ter-
minus of the Central Pangean Mountains slowed by the end of
the Pennsylvanian (Scotese et al., 1979; Scotese and McKerrow,
1990; Viele and Thomas, 1989). Many of the intraplate uplifts
began to subside in the Permian, and onlap of Permian strata may
have effectively buried the Ancestral Rocky Mountains and Ama-
rillo-Wichita uplifts by the late Leonardian or early Guadalupian
(Soreghan et al., 2012). The mechanism for the Permian subsid-
ence remains poorly understood.

Paleoclimate

The climate of Pangea during the late Paleozoic exhibited
tremendous change over various temporal and spatial scales.
By late Mississippian through earliest Permian time, glaciation
occurred across the Gondwanan continent; whether this repre-
sented a single large ice sheet or multiple ice centers is debated
(Fielding et al., 2008). Paleolatitudinal reconstructions indicate
that continental glaciation extended at times to as low as 32°S
(Evans, 2003), and ice volume appears to have peaked in the
Early Permian (Frakes, 1992). Although debated, evidence also
exists for glaciation in moderate-elevation highland (alpine) set-
tings of the tropics, in both western and eastern equatorial Pangea
(Becq-Giraudon et al., 1996; G.S. Soreghan et al., 2008a, 2014).
Ice volume appears to have varied through growth and decay of
ice centers through the Carboniferous and into the Early Perm-
ian (Montafiez and Poulsen, 2013), followed by retreat, and then
ultimate collapse to alpine and polar settings of Australia by the
Guadalupian (Veevers and Powell, 1987; Crowell, 1999; Fielding
et al., 2008).

In low-latitude and low-elevation settings, high-frequency
eustatic variations and attendant changes in depositional
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environments resulted from variations in glacial volume (e.g.,
Heckel et al., 1998; Heckel, 2008). A growing body of litera-
ture has linked these glacioeustatic changes to changes in low-
latitude climate (e.g., changes in precipitation-evaporation bal-
ance; Soreghan, 1994; Tandon and Gibling, 1994; Allen et al.,
2011; M.J. Soreghan et al., 2014), and attendant temporal and
spatial shifts in depositional facies.

Coincident with the maximal extent of glaciation, and, to
a certain extent, enhanced tectonism, atmospheric circulation
underwent a fundamental shift in the latest Pennsylvanian, from
a zonal-dominated regime, marked by prevailing easterly winds
at low latitudes, to a monsoonal pattern, marked by both easterly
and (seasonal) westerly winds at low latitudes (Parrish, 1993; M.
Soreghan et al., 2002; Tabor and Montafiez, 2002; M.J. Soreghan
et al., 2008, 2014; Heavens et al., 2015). On a long-term scale,
many authors have recognized increasing aridity in western tropi-
cal Pangea from latest Pennsylvanian through Permian time (e.g.,
Briden and Irving, 1964; Kessler et al., 2001; Piper and Link,
2002; Tabor and Montaiiez, 2004; Tabor and Poulsen, 2008) and
elevated temperatures in the later Permian in particular (Zambito
and Benison, 2013). Regardless of the causes for these changes,
part of the evidence comes in the form of the increasing abun-
dance of eolian silt (paleo-loess) and eolian sand preserved in the
stratigraphic record of the midcontinent and surrounding regions
(and even farther afield) through late Pennsylvanian—Permian
time (Boucot et al., 2013).

Paleogeography and Stratigraphy

In the Permian, the North American midcontinent (central
Pangea) was bordered by the Ancestral Rocky Mountains and
Amarillo-Wichita uplifts to the west and southwest, the Mara-
thon orogenic belt to the south and southwest, and the Ouachita
and Appalachian orogens to the southeast and east (respectively).
To the northwest, there was a gradational transition to marine/
sabkha environments, as recorded in the Phosphoria Formation
(Piper and Link, 2002). The midcontinent formed a relatively
flat-lying, low-elevation subsiding area that remained nearly
equatorial through the late Paleozoic, moving from ~5°S in the
latest Pennsylvanian to 2°N—4°N in the Early Permian (Fig. 1;
Tabor and Poulsen, 2008). New data from the Rebecca K. Bounds
(RKB) core suggest paleolatitudes of 6°N—10°N from the earli-
est Guadalupian to the end of the Permian (Foster et al., 2014).
The Anadarko Basin and Hugoton embayment formed subsiding
regions within this area; to the east, the Ozark dome, uplifted dur-
ing the Ouachita orogeny, likely persisted as a low-relief positive
area in the Permian (Fig. 1; Sutherland, 1988).

Permian strata are up to ~2 km thick in the keel of the
Anadarko Basin (Soreghan et al., 2012); however, a dearth of
biostratigraphic data makes it difficult to precisely date some
Permian strata of the midcontinent, which complicates regional
correlations and assignment of formations/groups to stage-level
precision (Zambito et al., 2012). Poor exposure, evaporite disso-
lution, and low dips also complicate regional correlations. These

factors have led to conflicting and diachronous assignments of
group and formation names and/or the use of different unit names
regionally (Fig. 2).

In Kansas and in west-central Oklahoma (Fig. 2), uppermost
Pennsylvanian through lowest Permian strata (i.e., the Chase and
Council Grove Groups) predominantly consist of limestone and
shale cyclothems of mixed continental-marine origin, but upward
through the Permian, these strata yield to red beds and evaporites,
including anhydrite/gypsum beds and bedded halite. In the RKB
core, the overlying Sumner Group contains mostly red siltstone
and shale, along with minor gray shale, gypsum, and anhydrite
(Fig. 3; Zambito et al., 2012; Giles et al., 2013). In outcrops of
central Oklahoma, the Garber Sandstone forms a prominent unit
within the Sumner Group, between the Wellington Formation and
Hennessey Shale (Simpson et al., 1999). In the RKB core, the
Nippewalla Group overlies the Sumner Group and consists (pre-
dominantly) of red claystone, siltstone, and sandstone interbed-
ded with (subordinate) displacive evaporites, specifically halite
and gypsum/anhydrite (Benison and Goldstein, 2001; Zambito et
al., 2012; Sweet et al., 2013).

In western Oklahoma, however, stratigraphic terminology
varies, with the El Reno Group lying above the Sumner Group.
The El Reno Group is lithologically similar to the Nippewalla
Group, but it includes the Duncan Sandstone, in addition to
mudstone and minor evaporite facies. Stratigraphically above
the Dog Creek Shale (top Nippewalla Group in Kansas), there
lies the red-orange and red-brown Whitehorse Sandstone, the
anhydrite and orange mudstone of the Day Creek Dolomite, and
the orange and white sandstone and siltstone of the Big Basin
Formation (Zambito et al., 2012). In western Oklahoma, how-
ever, the Marlow Sandstone is also present and overlain by the
Cloud Chief Formation, and the Doxy and Elk City Formations,
which likely record Lopingian time (Fig. 2). In the RKB core,
an unconformity separates the Guadalupian Big Basin Forma-
tion from overlying buff-colored sandstone interpreted to be the
Jurassic Entrada Sandstone (Zambito et al., 2012); our detrital-
zircon data confirm this.

METHODS

In this study, we integrated data collected from the RKB
core (Kansas), which provides unambiguous stratigraphic super-
position, with data collected from outcrops scattered across the
low-dip, low-relief exposures of Oklahoma.

The RKB core, which was drilled in Greeley County, Kan-
sas (38.48963°N, 101.97456°W), by the research arm of the
Amoco Production Company in 1988, recovered ~1800 verti-
cal feet (~550 m) of Permian strata (Benison et al., 2013). The
core recovery rate exceeds 98% for the studied interval and was
likely drilled with salt-saturated fluids, as halite is well preserved
through the core (Zambito et al., 2012). Amoco undertook bio-
stratigraphic analysis before ultimately transferring the core to its
current location at the Kansas Geological Survey in Lawrence,
Kansas (Zambito et al., 2012).
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The studied interval of the RKB core contains strata rang-
ing from the Chase and Council Grove Groups (Wolfcampian)
to the Entrada(?) Formation (Upper Jurassic), with a substantial
unconformity between Permian and Jurassic strata (Fig. 3). The
core was examined and sampled, and a full description of the
core, including lithology, nature of contacts and unconformities,
and stratigraphic designations, is available in two recent Kan-
sas Geological Survey reports (Zambito et al., 2012; Benison et
al., 2013). Samples taken for detrital-zircon geochronology are
depicted on Figure 3 and in Table 1.

To supplement these data and provide more spatial cover-
age of the midcontinent region, we collected samples of silici-
clastic facies from outcrops of western and central Oklahoma
for detrital-zircon analysis, which complements previously col-
lected and published outcrop-based studies (Table 1; Giles et al.,
2013; Sweet et al., 2013; Foster et al., 2014). The newly analyzed
outcrop samples included the: (1) Garber Sandstone and Hen-
nessey Shale (Cisuralian); (2) Duncan Sandstone (Guadalupian);
(3) Marlow Formation (Guadalupian); (4) Cloud Chief Forma-
tion (Lopingian); and (5) Elk City Formation (Lopingian). Figure

2 depicts stratigraphic ages and the temporal relationships with
sampled units in the RKB core. The complete data set of all pre-
viously unpublished zircon data from both sites is presented in
Table DR1.!

For the core samples, we conducted detailed lithologic
descriptions of each interval (~1 m) encompassing the sam-
ple horizons selected for detrital-zircon analysis (see below);
these supplemented the formation-scale descriptions in Zam-
bito et al. (2012). Representative thin sections were made for
samples selected for detrital-zircon geochronology. For outcrop
samples, we recorded general facies in the sampled outcrops,
and we integrated these with observations from other outcrops
regionally, as well as any published observations, to facilitate
environmental interpretations.

'GSA Data Repository Item 2018394, U-Pb age data of detrital zircon samples,
is available at www.geosociety.org/datarepository/2018/, or on request from
editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boul-
der, CO 80301-9140, USA.
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Figure 3. Lithologic log for Rebecca K. Bounds (RKB) core, showing subsurface depths (in ft [as originally recorded during drilling] and
meters), unit names, and sampling horizons. Sample numbers are keyed to metadata presented in Table 1. Grain size abbreviations: c—
clay; s—silt; f—fine sand; m—medium sand; c—coarse sand; g—gravel.
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TABLE 1. INFORMATION FOR DETRITAL-ZIRCON SAMPLES USED IN THIS STUDY

DZ sample no.  Location Stage age Group/formation Lithology Concc(vrda)nt age Source

Ma
14 Oklahoma  Guadalupian Blaine Fm Eolian siltstone 48 Sweet et al. (2013)
15 Oklahoma  Guadalupian Flowerpot Sh Eolian siltstone 71 Sweet et al. (2013
16 Oklahoma Cisuralian Wellington Fm Eolian siltstone 79 Giles et al. (2013)
17a Kansas Cisuralian Council Grove Gp Eolian siltstone 85 This study
17b Kansas Cisuralian Council Grove Gp Eolian siltstone 104 This study
17¢ Kansas Cisuralian Chase Gp Eolian siltstone 86 This study
17d Kansas Cisuralian Sumner Gp Eolian siltstone 92 This study
17e Kansas Cisuralian Harper Ss Eolian siltstone 112 This study
17f Kansas Guadalupian Cedar Hills Ss Eolian sandstone 89 This study
179 Kansas Guadalupian Flowerpot Sh Eolian siltstone 94 This study
17h Kansas Guadalupian Dog Creek Fm Eolian siltstone 90 Foster et al. (2014)
17i Kansas Guadalupian Whitehorse Ss Eolian sandstone 88 This study
17j Kansas Guadalupian Big Basin Fm Eolian siltstone 61 This study
17k Kansas Mesozoic Unknown Not studied 99 This study
17L Kansas Mesozoic Entrada? Not studied 89 This study
18 Oklahoma  Guadalupian Dog Creek Fm Eolian siltstone 85 Foster et al. (2014)
20a Oklahoma Lopingian Cloud Chief Fm Fluvial sandstone 177 Gergurich (2015)
20b Oklahoma Lopingian Cloud Chief Fm Eolian siltstone 106 Gergurich (2015)
23 Oklahoma  Guadalupian Duncan Ss Eolian sandstone 1083 This study
24 Oklahoma Lopingian Elk City Fm Fluvial sandstone 158 This study
25a Oklahoma  Guadalupian Marlow Fm Eolian sandstone 207 This study
25b Oklahoma  Guadalupian Marlow Fm Eolian sandstone 211 This study
26a Oklahoma Cisuralian Hennessey Sh Eolian siltstone 94 This study
28 Oklahoma Cisuralian Garber Ss Fluvial sandstone 104 This study

Note: Fm—Formation; Gp—Group; Ss—Sandstone; Sh—Shale.

Samples were processed and analyzed at the Arizona Laser-
Chron center. Samples were crushed using standard rock pulveri-
zation techniques, followed by standard density and magnetic
separation, and samples were mounted without bias to the size
or shape of the grains with an external zircon standard in 1-in.-
diameter (~2.5-cm-diameter) epoxy disks (Johnston et al., 2009).
Sample mounts were imaged on a scanning electron microscope
(SEM) with a cathodoluminescence (CL) detector in order to
characterize chemical zoning and identify core-rim relationships
in unknown grains (Johnston et al., 2009). Approximately 100—
200 randomly selected zircon grains from each sample (where
possible) were analyzed using a laser-ablation—multicollector—
inductively coupled plasma-mass spectrometer (LA-MC-ICP-
MS) that measures U-Th-Pb isotopes. Isotope ratios were com-
pared and filtered according to precision (at a 10% cutoff) and
discordance (20% cutoff/10% reverse cutoff) to account for pos-
sible Pb loss or inheritance issues. The 2Pb/*’Pb ratios are given
for zircons older than 900 Ma; *Pb/*8U ratios provide the best
ages of zircon younger than 900 Ma, owing to low intensity of
the 2’Pb signal (Gehrels et al., 2006). The data were plotted on
relative-age probability plots in order to identify significant age
clusters, which can assist in determining sedimentary provenance
(Gehrels et al., 2006).

RESULTS
RKB Core Samples (Subsurface)
The following are lithologic descriptions of the samples

from the interval enclosing the detrital-zircon samples (Fig. 3),
although the broader lithologic context, and previously pub-

lished analyses for coeval strata of the region lend further strati-
graphic context that facilitated ultimate interpretations. Sample
names used here are keyed to the subsurface depths (in ft, as
originally marked on the core; e.g., RKB 3251 refers to 3251 ft
[991 m] subsurface). Primary groupings of U-Pb ages for each
sample are noted; Table 2 lists percentages of detrital-zircon
ages in each sample, separated into major age groupings (with
interpretations of source regions for each grouping provided in
the text). Figure 4 shows age-probability plots for each sample
in stratigraphic order.

Sample 17a—RKB 3251 (Council Grove Group, Cisuralian)

Strata encasing RKB 3251 (991 m subsurface) consist of
dark red-brown mudstone that is internally massive, with only
rare disrupted laminae, and local reduction spots and associated
anhydrite nodules (Fig. 5A). In thin section, quartzofeldspathic
silt and very fine sand (<100 um) grains float within a very fine,
red-brown clayey matrix with locally abundant dolomite cement
(Fig. 6A).

The fine grain size and massive character are consis-
tent with interpretation of this unit as paleo-loess; Dubois et
al. (2012) previously interpreted siliciclastic intervals of the
Council Grove Group in southwestern Kansas to record eolian
(predominantly loess) deposition. The abundant clay matrix
surrounding grains suggests a porphyroskelic fabric (a pedo-
genic fabric in which skeletal grains float within a dense plasma
groundmass) (cf. Brewer, 1976) produced by incipient pedo-
genesis, also consistent with accumulation of eolian silt in a
continental (loess) setting.

RKB 3251 contains a large group (18%) of zircon ages
between 740 and 560 Ma, with a peak of five zircon grains
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Figure 4. Relative probability plots of detrital-zircon data for samples from Rebecca K. Bounds (RKB) core. Age labels
at top refer to age groupings discussed in text. Fm—Formation; Gp—Group; Ss—Sandstone; Sh—Shale; EP—early
Paleozoic; NP—Neoproterozoic; ARM—Ancestral Rocky Mountains.
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Figure 5. Photos of representative samples from Rebecca K. Bounds (RKB) core. RKB labels refer to core depths (see
text for details). (A) Massive mudstone (Council Grove Group), with local reduction spots. (B) Massive siltstone (Council
Grove Group). (C) Massive siltstone (Chase Group). (D) Wispy laminated siltstone of Sumner Group. (E) Massive to
faintly laminated, fine-grained sandstone (Cedar Hills Sandstone). (F) Siltstone with wispy laminae and subvertical (root?)
traces (Flowerpot Shale). (G) Mottled siltstone with (lower) faint disrupted laminae (Dog Creek Shale). (H) Siltstone with
disrupted laminae and mud chips (Whitehorse Sandstone). (I) Medium-grained sandstone (Entrada Formation).
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around 560 Ma (Table 2; Fig. 4). Other notable age group-
ings include 1300900 Ma (19%), 485-300 Ma (12%), 2500~
1800 Ma (12%), and 1800-1600 Ma (13%).

Sample 17b—RKB 3104 (Council Grove Group, Cisuralian)
RKB 3104 (946.1 m subsurface) and enclosing strata consist
of light red-orange, massive siltstone (Fig. 5B). In thin section,

-, e

Figure 6. Photomicrographs of represen-
tative samples from Rebecca K. Bounds
(RKB) core. All images are in cross-
polarized light; scale bars are all 4 mm.
RKB labels refer to core depths. (A) Silt
and very fine sand within a porphyroskel-
ic (incipient pedogenic) fabric (Council
Grove Group). (B) Moderately sorted
silt within a massive siltstone (Coun-
cil Grove Group). (C) Silt grains with
clay coats (incipient pedogenic; Chase
Group). (D) Well-sorted sand (Cedar
Hills Sandstone). (E) Silt surrounded by
locally aligned (pedogenic) clay matrix
(Flowerpot Shale). (F) Massive mud-
stone (Dog Creek Shale). (G) Very fine-
grained sand surrounded with a clay plas-
ma (pedogenic; Whitehorse Sandstone).
(H) Well-rounded and sorted quartzose
sand grains (Entrada Formation).

the sample consists of moderately sorted, subangular silt grains
of quartzofeldspathic composition, cemented by poikilotopic
anhydrite (Fig. 6B).

As above, the massive character and silt grain size suggest
deposition as loess, consistent with other interpretations of mas-
sive siltstone intervals of the (correlative) Council Grove Group
across southern Kansas (Dubois et al., 2012).
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RKB 3104 contains a large proportion of 1300-900 Ma
grains (26%) and 740-560 Ma grains (15%; with a peak of five
zircon grains around 595 Ma; Table 2; Fig. 4). The sample also
contains 1800-1600 Ma grains (13.5%) and 11% 486-300 Ma
grains, with one grain of Permian age (286 + 2.9 Ma).

Sample 17¢c—RKB 2862 (Chase Group, Cisuralian)

Strata encasing RKB 2862 (872.3 m subsurface) consist of
dark red-orange massive siltstone with local reduction spots and
associated anhydrite nodules (Fig. 5C). In thin section, RKB 2862
consists of subangular silt with relatively abundant clay coatings
on silt grains of quartzofeldspathic composition (Fig. 6C).

The massive character and silt grain size again suggest a
loess origin for this sample, consistent with recent interpreta-
tions for correlative units in the region (Dubois et al., 2012), as
noted above.

RKB 2862 contains a large proportion of 740-560 Ma ages
(21%) and 1800-1600 ages (16%; Table 2; Fig. 4). Other notable
age groupings include 1300-900 Ma (15%) and 2500-1800 Ma
(13%), but relatively few 485-300 Ma ages (8%). There is also
one grain of Permian age.

Sample 17d—RKB 2602
(Undifferentiated Sumner Group, Cisuralian)

Sample RKB 2602 (793.1 m subsurface) consists of red-
orange siltstone permeated with discontinuous and wispy lami-
nae (Fig. 5D). The latter may reflect mud cracks, or local root
traces, because a large (20 cm) subvertical trace bifurcates the
core in this interval.

The fine grain size, discontinuous laminae, and vertical
(inferred root) trace suggest depositional processes consistent
with mud-flat or ephemeral lake environments. The consistently
fine grain size of enclosing units and lack of fluvial features sug-
gest that the clastic material likely experienced eolian transport
to the site of deposition, and ultimate preservation in an ephem-
erally wet environment, similar to interpretations for analogous
facies of the roughly coeval Permian Wellington Formation in
Oklahoma (Giles et al., 2013). As such, we interpret this unit to
represent water-reworked paleo-loess.

RKB 2602 contains a large proportion of ages 1300-
900 Ma (23%) and 740-560 Ma (16%; Table 2; Fig. 4). There
are relatively few 485-300 Ma (10%) ages and two grains of
Permian age.

Sample 17e—RKB 2490 (Harper Sandstone, Cisuralian)

Strata enclosing RKB 2490 consist of red-orange to red-
brown massive siltstone with common displacive halite. In out-
crop, the Harper Sandstone includes both argillaceous siltstone
and very fine silty sandstone (Zeller, 1968). No comprehensive
facies treatments exist of this unit, but the very fine-grained, mas-
sive character is analogous to other units throughout the Permian
section that bear positive evidence for eolian transport.

RKB 2490 consists of a large proportion of 1300-900 Ma
(29%) ages and 485-300 Ma ages (16%; Table 2; Fig. 4). There

are relatively few 740-560 Ma (8.8%) ages and one grain of
Permian age.

Sample 17f—RKB 2382
(Cedar Hills Sandstone, Guadalupian)

Strata enclosing RKB 2382 (726.0 m subsurface) consist
of light red-orange, fine- to medium-grained quartzose sand-
stone (Fig. 5E) that is friable, well sorted, and internally mas-
sive (Fig. 6D).

The well-sorted texture and internally massive character
of the interval enclosing this sample is consistent with eolian
transport, although it is difficult to constrain based on the core
data alone. However, an eolian interpretation is consistent with
the regional context, as Benison and Goldstein (2001) reported
eolian sandstone facies as well as mud-flat facies from the Nip-
pewalla Group (including the Cedar Hills Sandstone) in south-
central Kansas and north-central Oklahoma.

RKB 2382 consists of a large proportion (48%) of grains with
1300-900 Ma ages (Table 2; Fig. 4). Other age groupings include
zircon of 500-300 Ma (19%; with a peak of eight grains around
418 Ma); there are relatively few grains 740-560 Ma (6%), and
1800—1600 Ma (4.5%); there are no Permian zircon grains.

Sample 17g—KB 2317 (Flowerpot Shale, Guadalupian)

Strata encasing RKB 2317 (706.2 m subsurface) consist of
red-orange siltstone to mudstone with disrupted wispy laminae
and subvertical traces (0.2-0.9 m long) filled with halite (Fig.
5F), as well as small (1 mm-2 cm) reduction spots and anhydrite
nodules. In thin section, a clay matrix that appears to be locally
aligned surrounds framework grains that are predominantly
quartzose (Fig. 6E).

The fine-grained texture is consistent with eolian transport,
and the vertical traces and local clay alignment suggest pedo-
genic overprinting—features common to loess deposition. Sweet
et al. (2013) inferred an eolian origin, with common paleosols for
the Flowerpot Shale in northwest Oklahoma, based on features
similar to those documented here; this interpretation is also con-
sistent with regional interpretations of Nippewalla Group units
by Benison and Goldstein (2001).

RKB 2317 contains a large proportion (51%) of 1300-900 Ma
ages (Table 2; Fig. 4), and abundant ages of 485-300 Ma (18%;
with a peak of seven zircon grains around 417 Ma). There are
relatively few grains with ages of 1800-1600 Ma (5%) and 740—
560 Ma (1%); there is one Permian-age grain.

Sample 17h—RKB 1878 (Dog Creek Shale, Guadalupian)

Sample RKB 1878 (572.5 m subsurface) and enclosing
strata consist of mottled light-orange siltstone that is predomi-
nantly massive, but with local, faint disrupted laminae and appar-
ent rip-up clasts (Fig. 5G). Unlike many of the sampled intervals
stratigraphically below RKBI1878, these strata do not contain
evaporite veins or nodules.

The fine grain size is consistent with the eolian interpreta-
tion, although the disrupted laminae may record mud cracks and
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thus eolian delivery of fine sediment into a shallow lacustrine
or mud-flat environment. In a more comprehensive treatment of
the Dog Creek Shale at an outcrop in Oklahoma, Foster et al.
(2014) inferred likely eolian transport and mud-flat deposition
(with common pedogenesis) for analogous facies.

RKB 1878 contains a large population (34%) of ages of
1300-900 Ma (Table 2; Fig. 4). There are also many ages of
500-300 Ma (20%), with a maximum peak at 426 Ma. Other
age groupings contain relatively few zircon grains, such as
750-560 Ma (9%) and 1800-1600 Ma (9%). There are no
Permian-age grains.

Sample 17i—RKB 1763
(Whitehorse Sandstone, Guadalupian)

Sample RKB 1763 (537.4 m subsurface) and enclosing
strata comprise a red-brown siltstone with disrupted laminae
and possible rip-up clasts (Fig. 5H). Local cross-bedding (~5 cm
amplitude) occurs above the sampled interval, and large blocky
fractures (inferred ped structures) occur below the sampled inter-
val. In thin section, quartzofeldspathic framework grains are sur-
rounded in areas by a clay plasma (Fig. 6G).

The disrupted laminae, rip-up clasts, and local cross-
stratification suggest deposition in an environment with water,
but the clay plasma suggests local influence of pedogenesis, and
thus, a mud-flat environment. In outcrops in Oklahoma, recent
studies on the Whitehorse Sandstone have inferred environments
ranging from eolian dune to restricted (ephemeral) lacustrine,
on the basis of similar features (Kocurek and Kirkland, 1998;
Poland and Simms, 2012).

RKB 1763 contains zircon with ages primarily 500-
300 Ma (25%; with a peak of six zircon grains around 420 Ma)
and 1300-900 Ma (23%; Table 2; Fig. 4). The sample also
includes 1800-1600 Ma zircon (12.5%), and 740-560 Ma zircon
(7%). There are no Permian-age grains.

Sample 17—KB 1651 (Big Basin Formation, Guadalupian)

Sample RKB 1651 consists of red-orange to red-brown
siltstone, sandy siltstone, and fine-grained, feldspathic sand-
stone with distinct, thin subhorizontal gypsum veins. Similar
to the Harper Sandstone, no comprehensive facies studies have
been published on this unit, but the facies context visible in the
core (i.e., very fine-grained massive character) is reminiscent
of other units throughout the Permian section with evidence for
eolian transport.

RKB 1651 zircon primarily has 1300-900 Ma ages
(31%) and roughly equal numbers (13%) of 485-300 Ma and
1800—-1600 Ma zircon (Table 2; Fig. 4). There are no Permian-
age grains.

Sample 171 and 17k—RKB 1622 and 1628 (Entrada
Sandstone, Jurassic)

Sample RKB 1622 (494.4 m subsurface) consists of buff-
colored, medium- to coarse-grained, quartzose sandstone
exhibiting sets (up to 0.6 m) of planar cross-stratification (Fig.

5I), whereas RKB 1628 is more fine grained. In thin section,
RKB 1622 contains subrounded to well-rounded grains of pri-
marily quartz (Fig. 6H). The well-sorted texture, grain rounding,
and cross-stratification are consistent with an eolian interpreta-
tion, such as that which characterizes the Entrada Formation
across the Colorado Plateau (Peterson, 1988); however, no out-
crop data exist in the region to supplement the limited observa-
tions available from core.

Both samples are likely Jurassic, based on abundant Meso-
zoic grains in both samples (Fig. 4), although the strata could
be younger. Both samples also contain abundant 1300-900 Ma
(24-35%, Table 2), and 485-300 Ma zircon (19%—-27%). Owing
to our focus in this paper on the Permian, we do not consider
these samples further, but we include these data as a valuable
(and rare) glimpse into the Jurassic section of the midcontinent.

Outcrop Samples from Oklahoma

The following lithologic descriptions focus on detrital-
zircon samples from outcrops in Oklahoma, and they are placed
in the context of published analyses for coeval strata in the region.
Again, the primary groupings of U-Pb ages for each sample are
highlighted in the sample descriptions, summarized in Table 2,
and depicted in Figure 7 as age-probability plots.

Sample 16—Wellington Formation (Cisuralian, Oklahoma)

The Wellington Formation sample was collected from a
quarry outcrop exposure of the Midco Member, a massive silt-
stone. Enclosing strata consist of mudstone varying from reduced
to oxidized colors, and laminated to massive, with evidence for
pedogenic overprints, especially in the more massive units (Fig.
8A). Recent interpretations for environment(s) favor ultimate
deposition in lacustrine, mud-flat, and loess settings, with eolian
delivery of the fine-grained clastics to these related environments
(Giles et al., 2013); we follow that interpretation.

The Wellington siltstone sample consists primarily of 1300—
900 Ma zircon (38%), but also with abundant 485-300 Ma zircon
(18%) and 1800-1600 Ma zircon (15%; Table 2; Fig. 7). There
are no Permian-age grains.

Sample 28—Garber Sandstone (Cisuralian, Oklahoma)

The Garber Sandstone sample, collected from a road-cut
exposure, consists of very fine-grained, orange-red to red-brown
sandstone in beds up to 1.5 m thick, capped with laminated silty
sandstone and siltstone in intervals 2.5-3 m thick. Some beds
exhibit lateral-accretion surfaces and erosive bases marked by
mud-clast conglomerate, whereas others exhibit thin planar lami-
nations (Fig. 8B). The Garber Sandstone has been interpreted to
record fluvial deposition, evinced by sandstone channels mapped
in the subsurface of central Oklahoma (Simpson et al., 1999); this
is consistent with lateral-accretion bedding and mud-clast con-
glomerate facies. However, possible eolian transport for much of
the sediment cannot be ruled out, and no comprehensive facies
analysis has been conducted on this unit.
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Figure 7. Relative probability plots of detrital-zircon data for samples from Oklahoma outcrop sampling. Age labels at
top refer to age groupings discussed in text. Fm—Formation; Ss—Sandstone; Sh—Shale; EP—early Paleozoic; NP—
Neoproterozoic; ARM—Ancestral Rocky Mountains.
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Figure 8. (A) Midco Member of Wellington Formation (Kay County quarry, Oklahoma), showing massive mudstone in
an inferred loessitic paleosol. (B) Planar-laminated fine-grained sandstone of Garber Sandstone, Lake Thunderbird, Okla-
homa. (C) Massive mudstone of Hennessey Shale exposed in an ~2-m-thick road-cut exposure east of Blanchard, Okla-
homa. (D) Duncan Sandstone northeast of Chickasha, Oklahoma. Lower unit consists of massive to faintly horizontally
laminated, very fine sandstone; this is erosively truncated by a mud-clast conglomerate exhibiting low-angle lateral accre-
tion bedding. (E) Flowerpot Shale capped by mudstone and gypsum of Blaine Formation at Lone Mountain (northwestern
Oklahoma). Flowerpot Shale consists predominantly of massive mudstone-siltstone, with multiple horizons exhibiting
evidence of pedogenesis. (F) Dog Creek Shale near Greenfield, Oklahoma, showing massive mudstone with slickensided
peds along randomly oriented fracture surfaces within an inferred paleosol. (G) Marlow Sandstone near Greenfield,
Oklahoma. This view shows fine-grained sandstone with disrupted planar stratification and an inferred lungfish burrow.
(H) Soft-sediment deformation in a fine-grained sandstone of the Cloud Chief Formation just west of Clinton, Oklahoma.
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The Garber Sandstone sample contains a majority of zircon
with ages of 1300-900 Ma (51%; Table 2; Fig. 7). The sample
also contains abundant 1800-1600 Ma zircon (15%) and rela-
tively few grains with 485-300 Ma and 740-560 Ma (6% of
each) ages. There are no Permian-age grains.

Sample 26a—Hennessey Shale (Cisuralian, Oklahoma)

The Hennessey Shale sample, collected from a quarry out-
crop, consists of red-brown massive mudstone to orange-red silt-
stone in beds up to 2 m thick. These weather in a blocky manner,
which is the most common outcrop expression of the Hennessy
Shale across central Oklahoma (Fig. 8C). One ~1.5 m interval
of the quarry face near the sampled locality includes mudstone
exhibiting lateral-accretion surfaces, which is inferred to record
ultimate deposition in a point bar of a fluvial system composed
entirely of siltstone and mudstone. The predominance of the fine
grain size, the nearly ubiquitous massive character, the blocky
fabric (locally reminiscent of Pleistocene loess, or pedogenically
modified loess), and near absence of erosively based channels
(sandstone or otherwise) suggest sediment transport predomi-
nantly by eolian means and thus a loess interpretation. No facies
studies exist of the Hennessey Shale, and the only mention of its
depositional origin occurs in a report on the Central Oklahoma
aquifer, which refers (without documentation) to “marginal-
marine and fluvial environments” for the Hennessey Shale and
associated Permian units (Breit et al., 1990).

The Hennessey Shale sample consists primarily of zircon
with ages of 1300-900 Ma (39%), but also abundant zircon with
ages of 1800-1600 Ma (14%; Table 2; Fig. 7). There are rela-
tively few grains of Paleozoic or Neoproterozoic age (Table 2);
there are no Permian-age grains.

Sample 23—Duncan Sandstone (Guadalupian, Oklahoma)

The Duncan Sandstone sample, collected from a road cut,
consists of red-orange, very fine- to fine-grained, friable quartzose
sandstone that is massive to very thinly bedded. Units commonly
exhibit pin-stripe laminae that appear inversely graded; locally,
cross-stratification occurs in sets up to 3 m thick. In some expo-
sures, mud-clast conglomerate occurs in erosively based, lentic-
ular beds up to 0.7 m thick; rare climbing-ripple cross-laminae
occur in sandstone units. Previous work on the Duncan Sandstone
suggested fluvio-deltaic deposition, based on inferred interfin-
gering of the sand-rich Duncan Sandstone with distal “basinal
prodeltaic” shale (e.g., Fay, 1964; Self, 1966; Johnson, 1967).
More recently, Foster et al. (2014) questioned this correlation and
furthermore inferred a loess origin for the “basinal prodeltaic”
shales. On the basis of the consistent very fine sand size and pres-
ence of inversely graded laminae (translatent stratification), we
infer a predominantly eolian (sand sheet) origin for the Duncan
Sandstone, with evidence for local fluvial reworking (subordinate
mud-clast conglomerate) in wadi-type ephemeral channels.

The Duncan Sandstone sample contains numerous 1300-
900 Ma zircon grains (29%), but also 740-560 Ma and 2500~
1800 Ma zircon ages (13% each; Table 2). There are relatively

few Paleozoic grains or grains with 1800-1600 Ma ages (Table
2, Fig. 7). There are no Permian-age grains.

Sample 15—Flowerpot Shale (Guadalupian, Oklahoma)

The Flowerpot Shale sample was collected from outcrop.
This formation consists predominantly of massive red-brown
siltstone with discrete horizons marked by randomly fractured
clayey siltstone that locally exhibits nodules of gypsum, or
downwardly bifurcating root traces (Fig. 8E). Very fine-grained
sandstone in 1-2-m-thick massive beds occurs rarely. This unit
is interpreted as paleo-loess with common paleosols and minor
eolian sand sheets (Sweet et al., 2013).

The Flowerpot Shale sample contains a majority of 1300-
900 Ma zircon (59%), but also with abundant 485-300 Ma zircon
(14%, with an age peak at 420 Ma) and relatively few Neopro-
terozoic grains or grains with ages of 1800-1600 Ma (7%; Table
2; Fig. 7). There are no Permian-age grains.

Sample 14—Blaine Formation (Guadalupian, Oklahoma)

The Blaine Formation consists of several named dolostone
(5 cm to 1 m thick) and gypsum (1-7 m thick) units intercalated
with (volumetrically predominant) red-brown massive mudstone
to siltstone and rare fissile shale (Fig. 8E). The evaporite units of
the Blaine Formation, and by association the intervening silici-
clastic facies, have commonly been interpreted to represent sab-
kha-type environments and thus deposition in marginal-marine
environments (e.g., Fay, 1962; Johnson, 1967, 1988); Fay (1964)
buttressed this interpretation with reports of local rare (inferred
marine) invertebrates in regions south of our study area. However,
Sweet et al. (2013) documented siliciclastic facies analogous to
those of the Flowerpot Formation and inferred a predominantly
eolian origin for the siliciclastic units. Additionally, correlative
units in Kansas have been reinterpreted as the products of saline
lacustrine systems (Benison and Goldstein, 2001).

The Blaine Formation has a unique detrital-zircon signature
compared to underlying and overlying intervals. There is a rela-
tively low percentage of zircon grains with ages 1300-900 Ma
and no Neoproterozoic grains (Table 2; Fig. 7). The sample con-
tains 6% Paleozoic zircon grains and 19% early Paleoproterozoic
(2500-1800 Ma) grains.

Sample 18—Dog Creek Shale (Guadalupian, Oklahoma)

The Dog Creek Shale sample was collected from outcrop.
This unit consists of red-orange, thickly bedded massive siltstone
and mudstone with common randomly oriented slickensides con-
centrated in discrete horizons (Fig. 8F). Auxiliary facies include
planar to convolutely laminated red siltstone in thin to medium
beds, as well as rare red-orange, very fine-grained, laminated
sandstone with rounded grains. This unit is interpreted as record-
ing eolian transport and deposition (as loess and minor sand
sheets) in eolian systems and ephemerally wet mud flats, with
common pedogenic overprinting (Foster et al., 2014).

The Dog Creek Shale sample contains roughly equal num-
bers of zircon grains within the different age groupings (Table
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2; Fig. 7). There are slightly more grains with ages of 1300-
900 Ma (20%), but ~13% of grains that are of Paleozoic and Neo-
proterozoic age, 15% with ages of 1800-1600 Ma, and 12% ages
of 2500-1800 Ma. There is one grain of Permian age.

Samples 25a and 25b—Marlow Sandstone
(Guadalupian, Oklahoma)

The Marlow Sandstone sample, collected from outcrop,
consists of friable, red-brown, very fine- to fine-grained silty
sandstone in beds up to 2 m thick, interbedded with red-brown
siltstone to mudstone. Local medium-grained, well-rounded, and
frosted sand grains are mixed within the finer-grained sandstone.
Internally, beds exhibit a faintly laminated structure, but laminae
are highly disrupted, with common bulbous structures lending
an overall mottled appearance, as well as vertical burrows (up to
1 m long, 5-20 cm diameter; Fig. 8G). The Marlow Formation
in the greater region contains three discrete dolomite beds <1—
6 cm thick, with crinkly laminations; it is gypsiferous in north-
ern and northwestern exposures (Fay, 1964). The fine grain size,
with frosted and rounded grains and tabular beds, is consistent
with eolian transport, but the burrows appear to record lungfish
estivation (cf. Giles et al., 2013), and the highly disrupted and
mottled character is interpreted to reflect pervasive bioturbation
in environments that were likely seasonally wet.

Fay (1964) inferred a fluvio-deltaic to marine interpretation
for the Marlow Sandstone, owing in part to the associated chemi-
cal facies, and fossils that include an inferred brackish water
clam. We favor eolian transport of clastics into ephemeral ponds
or coastal mudplains (cf. Giles et al., 2013; Voigt et al., 2013) for
the depositional environment responsible for the sampled unit.

The two Marlow Sandstone samples have similar zircon age
distributions. Both contain over 40% of grains with ages of 1300—
900 Ma (Table 2; Fig. 7) and 18%—19% zircon with 485-300 Ma
ages (both with an age peak of ca. 415 Ma). Both samples contain
<10% Neoproterozoic grains or grains with 1800-1600 Ma ages
(Table 2; Fig. 7). There is one Permian-age grain between the
two samples.

Samples 20a and 20b—Cloud Chief Formation
(Lopingian, Oklahoma)

The two samples of the Cloud Chief Formation, collected
from outcrop, consist predominantly of red-orange to red-brown
siltstone that is internally massive and thickly to very thickly bed-
ded, with local blocky fracturing and randomly oriented slicken-
sides (Gergurich, 2015). Although the predominant lithofacies is
massive siltstone, beds (<10-35 cm thick) of very fine-grained
sandstone exhibiting soft-sediment deformation (Fig. 8H) or
ripple cross-stratification or small-scale cross-stratification also
occur. The massive and fractured to slickensided siltstone is inter-
preted as loess and pedogenically modified loess, respectively,
whereas the ripple cross-stratification and soft-sediment defor-
mation indicate the local influence of water (Gergurich, 2015).
Accordingly, this siltstone sample is interpreted to reflect pre-
dominantly eolian transport, and the sand sample is interpreted as

a fluvial deposit representing ephemeral fluvial channels. Recent
work on the more broadly distributed Cloud Chief Formation
includes volumetrically minor evaporite and carbonate facies in
addition to the fine-grained siliciclastic components, and it has
been interpreted as a sabkha environment for the chemical facies,
and fluvial (terminal splay) and mud-flat environments for the
siliciclastic facies (Brillo, 2015).

The Cloud Chief Formation sandstone and siltstone sam-
ples exhibit different distributions of detrital-zircon ages. The
sandstone sample contains almost equal numbers of grains with
ages of 1300-900 Ma and Neoproterozoic grains (Table 2; Fig.
7). The sandstone sample also contains ~10% Paleozoic grains
and grains with ages ranging from 1800 to 1600 Ma ages. The
siltstone sample, however, consists of more grains with 1300-
900 Ma ages (37%; Table 2; Fig. 7) and relatively few grains
with Neoproterozoic ages. The siltstone sample also contains
~9% Paleozoic grains and grains with 1800-1600 Ma ages. Each
sample contains one grain of Permian age.

Sample 24—Elk City Sandstone (Lopingian, Oklahoma)

The Elk City Sandstone sample, collected from outcrop,
consists of friable, fine-grained, orange-brown sandstone in beds
1-4 m thick, with local siltstone interbeds. Internally, beds exhibit
thin horizontal stratification, or trough cross-stratification in sets
~1-4 m thick, and local vertical burrows as appear in the Mar-
low Formation (interpreted as lungfish burrows). Although Fay
and Hart (1978) suggested a marine origin owing to the burrows
and inferred “submarine cross bedding,” we suggest that the con-
sistently fine grain size and large-amplitude cross-stratification
are more consistent with eolian deposition, although the lungfish
burrows signal ephemeral wetting.

The Elk City Sandstone sample contains roughly equal num-
bers of zircon grains within the different age ranges (Table 2; Fig.
7), with slightly more grains within the 1300-900 Ma range. The
sample contains two grains of Permian age.

Summary of Vertical and Spatial Changes in
Detrital-Zircon Geochronology

All samples analyzed in both subsurface (RKB core of
Kansas) and surface (Oklahoma outcrop) contain similar popu-
lations of detrital-zircon ages, but relative percentages of age
groupings vary. For example, the percentages of Paleozoic (485—
300 Ma) and Mesoproterozoic (1300-900 Ma) zircon increase
nonuniformly up section through Permian strata of the RKB core
and outcrops of western Oklahoma. The highest percentages of
Paleozoic (485-300 Ma) zircon occur in samples that are latest
Cisuralian to earliest Guadalupian in age within the RKB core
(Harper Sandstone—lower Nippewalla Group); these are most
abundant (25% of all zircon grains) within the eolian White-
horse Formation (mid-Guadalupian). In western Oklahoma,
Paleozoic (485-300 Ma) grains increase in abundance to a maxi-
mum within the roughly coeval Marlow Formation (18%—-19%
in two samples), but overall the percentage of Paleozoic grains
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18 5%—-10% lower in Guadalupian strata of Oklahoma. Likewise,
the Mesoproterozoic (1300-900 Ma) zircon grains increase in
abundance through Guadalupian strata from ~30% to over 50%
within the Flowerpot Shale. In western Oklahoma, Mesopro-
terozoic (1300900 Ma) zircon grains are more abundant (up to
51%) in lower (Cisuralian) strata, and they are also abundant in
Guadalupian strata, with a maximum of 59% within the Flow-
erpot Shale. Abundance of Mesoproterozoic grains decreases
within the upper Nippewalla and El Reno Groups (Kansas and
Oklahoma, respectively), but in the Lopingian strata of west-
ern Oklahoma, the relative number of Mesoproterozoic (1300-
900 Ma) zircon grains increases, but without a similar relative
increase in Paleozoic grains.

Within the oldest (Cisuralian) strata of the RKB core,
the abundance of Neoproterozoic (740-560 Ma) grains is
relatively high, ranging from 14% to 18% within the Coun-
cil Grove Group, and up to ~21% within the Chase Group.
Within the Nippewalla Group, the percentage of Neoprotero-
zoic (740-560 Ma) zircon grains is consistently less than 10%,
again reflecting a temporal change within latest Cisuralian—
earliest Guadalupian time. Within Oklahoma outcrops, the
Wellington and Garber-Hennessey samples (upper Cisuralian—
lowermost Guadalupian) exhibit low abundances (4%—6%) of
Neoproterozoic zircon grains, and percentages of grain with
these ages remain consistently low through the Guadalupian
(except for two samples >10%). The Lopingian samples within
Oklahoma contain higher percentages of Neoproterozoic grain
(14%—-23%).

Paleoproterozoic grains (1800-1600 Ma) vary from 10% to
16% of detrital-zircon grains within Cisuralian strata of the RKB
core; in the oldest (upper Cisuralian) samples within Oklahoma,
Paleoproterozoic (1800—-1600 Ma) grains vary in abundance from
14% to 18%. The RKB core contains fewer Paleoproterozoic zir-
con grains in upper Nippewalla Group samples (<10%); in the
Oklahoma samples, the El Reno Group samples vary between
7% and 15%. The youngest samples in both sections exhibit
increases in abundance of these grains.

There are a few other subtle changes in relative changes
in abundances of other populations. Young (Permian; younger
than 300 Ma) zircon grains are absent in older samples from
Oklahoma, but compositions reach a few percent in samples
throughout the RKB core. Early Paleoproterozoic (2500-
1800 Ma) grains are abundant (9%—12%) in Cisuralian sam-
ples of the RKB core, but they are less abundant (3%—7%) in
Guadalupian samples. However, in Oklahoma, abundances of
Paleoproterozoic (2500-1800 Ma) zircon grains are more vari-
able, ranging from 1% to 20%, but they are overall more abun-
dant in Guadalupian (El Reno Group) samples and increase to
>10% in Lopingian samples. Archean (older than 2500 Ma)
zircon grains range from 2% to 8% within the RKB core, but
they do not show any obvious trend; similar-age zircon grains
may be slightly more abundant in some Oklahoma samples
(0%—-11%), but again they do not show a consistent temporal
trend in abundance.

POTENTIAL SOURCES FOR DETRITAL-ZIRCON
AGE POPULATIONS

We briefly summarize potential sources for the age group-
ings noted in Table 2 and discussed above. These age groupings
are keyed to known basement provinces and terranes of North
America and marginal regions (Fig. 9), and to results of other
detrital-zircon provenance studies of Paleozoic strata from
North America.

Archean (Older Than 2500 Ma)

Archean (older than 2500 Ma) zircon was most likely
sourced from the Superior Province (3.0 Ga, 2.7-2.5 Ga) in the
core of the Laurentian craton (Hoffman, 1989; Van Schmus et al.,
1996). The Superior-Wyoming craton (2.8-2.5 Ga) was covered
during the late Paleozoic (McKee and Oriel, 1967), so this might
imply recycling of these grains from old zircon within lower to
mid-Paleozoic strata (Gehrels et al., 2011) draping or adjacent to
regional basement uplifts. Grains of Archean age have also been
documented from Pennsylvanian strata in the Marathon-Ouachita
system (Sharrah, 2006; Gleason et al., 2007), and coeval Permian
strata of the Grand Canyon (e.g., Gehrels et al., 2011), and Dela-
ware Basin (Soreghan and Soreghan, 2013).

Paleoproterozoic (2500-1800 Ma)

Paleoproterozoic detrital zircon might have been derived
from many possible source terranes. In Paleozoic Laurentia,
1900-1800 Ma zircon was likely sourced originally from the
Trans-Hudson and Penokean orogen, which connected the Wyo-
ming and Superior Provinces (Fig. 9; Hoffman, 1989). The east-
ern Mojave Province contains 2300-1600 Ma zircon, although
the main age range is from 2200 to 2000 Ma (Soreghan et al.,
2002; Gleason et al., 2007). Gondwanan crustal terranes from
Amazonian or West African cratons contain grains of this age
as well (Weber et al., 2006). For example, detrital zircon from
Silurian—Devonian strata of the Suwanee terrane in Florida
(likely accreted and uplifted during the Alleghanian orogeny) has
a bimodal age population at 2282-1967 Ma and 637-515 Ma
that strongly suggests derivation from Africa or South America
(Mueller et al., 1994; Becker, 2005).

Late Paleoproterozoic (1800-1600 Ma)

Late Paleoproterozoic (1800—-1600 Ma) zircon has long been
associated with the Yavapai (ca. 1.8-1.7 Ga)-Mazatzal (a. 1.7-
1.6 Ga) terrane and associated Central Plains orogen that consti-
tutes much of the (metasedimentary and metavolcanic) basement
of southwestern North America (Fig. 9; Van Schmus et al., 1993,
1996; Karlstrom et al., 2003). Basement of this age was exposed
in uplifts of the Ancestral Rocky Mountains during Pennsyl-
vanian—Early Permian time, and grains of these ages are docu-
mented in Pennsylvanian—-Lower Permian strata of the western
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United States (M.J. Soreghan et al., 2002, 2008; Soreghan et al.,
2007; Dickinson and Gehrels, 2003; Gehrels et al., 2011; Giles
et al., 2013; Soreghan and Soreghan, 2013; Sweet et al., 2013;
Link et al., 2014; Lawton et al., 2015). Detrital-zircon grains
with these ages have also been documented from Pennsylvanian
strata of the Marathon and Ouachita orogens (e.g., Sharrah, 2006;
Gleason et al., 2007).

Mesoproterozoic (1300-900 Ma)

Mesoproterozoic (1300-900 Ma) zircon represents a well-
documented population from the Grenville orogen, which occu-
pies parts of southern and eastern North America, and parts of
Mexico and regions of northwestern Gondwana (South America;
Hoffman, 1989; Fig. 9). In North America, Grenville-age rocks
primarily occupy the Laurentian flank of the Appalachians and
southeastern Laurentia, as well as parts of Texas and the Oaxacan
terrane in Mexico (Bream, 2002; Dickinson and Gehrels, 2003;
Becker, 2005; Weber et al., 2006; Martens et al., 2010). Detrital-
zircon grains of Grenville age are also common in Neoprotero-
zoic to Lower Paleozoic sedimentary and metasedimentary strata
incorporated into thrust belts associated with the Appalachian
orogen, which may have shed recycled zircon westward into late
Paleozoic basins (McLennan, et al., 2001; Eriksson et al., 2004,
Park et al., 2010). Additionally, Grenville-age zircon could be
sourced from deformed and recycled Paleozoic strata uplifted
during the Ouachita orogeny to the west and south of the Appala-
chians (Dickinson and Gehrels, 2003; Sharrah, 2006). One pos-

sible source distinction is that Oaxacan (Gondwanan) Grenvillian
basement to the south has younger zircon peaks (ca. 990 Ma)
than Laurentian Grenville basement (1225-1020 Ma) to the east,
although without a large sample population of Grenville grains,
it can be difficult to make such a distinction (Dickinson and
Gebhrels, 2003; Gleason et al., 2007). Grenville-age zircon typi-
cally forms prominent populations in North American sandstone
ranging in age from Neoproterozoic through Mesozoic (e.g.,
Rainbird et al., 1992, 1997, 2012; Dickinson and Gehrels, 2003;
Moecher and Samson, 2006; Sharrah, 2006; Gleason et al., 2007;
Dickinson, 2008; Dickinson et al., 2010; Gehrels et al., 2011;
Soreghan and Soreghan, 2013; Gehrels and Pecha, 2014), such
that they apparently reflect extreme “zircon fertility” (Moecher
and Samson, 2006).

Neoproterozoic (740-560 Ma)

Neoproterozoic zircon typically is not found in Lauren-
tian (primary) basement terranes. The Mount Rogers volcanics
(Virginia) and the Robertson River pluton (North Carolina) both
encompass ages of 760-680 Ma, but both sources cover a small
area and are overlain by Paleozoic strata, making them unlikely
source terranes (Rankin et al., 1989; Becker, 2005; Sharrah,
2006). There are also some 620-530 Ma Iapetan synrift igneous
rocks in the Appalachians from Newfoundland to North Carolina
(Becker, 2005).

Neoproterozoic (740-560 Ma) zircon is documented
in several “peri-Gondwanan” terranes entrapped within the
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Gondwanan-Laurentian suture (e.g., Murphy et al.,, 2004).
Within the Appalachian region, these terranes include: the Ava-
lon (Northern Appalachians), Carolina (Southern Appalachians),
and Suwanee (Florida subsurface), which were eroded as part of
the interior Appalachian orogen during the late Paleozoic (e.g.,
Opdyke et al., 1987; Mueller et al., 1994; Nance and Thompson,
1996; Dickinson and Gehrels, 2003, and references therein; Mur-
phy et al., 2004; Sharrah, 2006; Martens et al., 2010; Pollock et
al., 2012; Thompson et al., 2012), or recycled from rift-related
strata of Neoproterozoic basins entrained in the Appalachian
orogeny (Thomas et al., 2004).

Peri-Gondwanan terranes with Neoproterozoic crustal ele-
ments were also located south, southeast, and southwest of the
study area (Fig. 1), ultimately accreted to and now present in
Mexico and Central America. Interpretations vary for posi-
tions of these peri-Gondwanan Mexican terranes (e.g., Dick-
inson and Lawton, 2001; Murphy et al., 2004; Keppie et al.,
2004; Vega-Granillo et al., 2008; Martens et al., 2010); how-
ever, all were ultimately involved in the Pangean orogenic zone
and were thus capable of supplying zircon toward and into the
Ouachita-Marathon system. For example, the Coahuila and
Yucatan-Maya terranes of Mexico were uplifted and shedding
sediment by Permian time (Sacks and Secor, 1990; Dickinson
and Lawton, 2001; Gillis et al., 2005; Poole et al., 2005). The
Yucatan-Maya terrane includes Permian—Pennsylvanian strata
with detrital-zircon ages that include a 650-500 Ma population
(Weber et al., 2006, 2008; Martens et al., 2010). Sharrah (2006)
documented Neoproterozoic zircon in Lower Pennsylvanian
deep-water strata of the Ouachita foreland (Arkoma Basin)
and combined these data with paleocurrent results to suggest
a Yucatan (Maya block) source for these grains. Soreghan and
Soreghan (2013) called upon these peri-Gondwanan terranes as
sources for Neoproterozoic grains within strata of the Permian
Midland Basin.

Paleozoic (485-300 Ma)

Paleozoic detrital zircon could reflect several source ter-
ranes, although most are related to the Appalachian orogen,
Ouachita orogen, Maya block, and Oaxaca terrane of Mexico
(Fig. 9; Soreghan et al., 2002; Dickinson and Gehrels, 2003;
Becker, 2005; Weber et al., 2006; Gleason et al., 2007; Soreghan
et al., 2007; Martens et al., 2010; Gehrels et al., 2011; Soreghan
and Soreghan, 2013). In the Appalachians, distinct pulses of mag-
matism, tectonism, and uplift during the Alleghanian, Acadian,
and Taconic orogenies provided Paleozoic igneous and meta-
morphic rocks. Various dispersal pathways have been hypothe-
sized for delivery of sediment from the Appalachian highlands
to the south and west, including transportation to the Ouachitas
through the Illinois Basin (Thomas, 2011; Sharrah, 2006), sedi-
ment recycling and transport along the Ouachita suture (Gleason
et al., 2007), and large-scale river systems transporting sediment
across the Laurentian continent (Dickinson and Gehrels, 2003;
Gehrels et al., 2011).

Similar Paleozoic zircon could also have been sourced from
peri-Gondwanan terranes of Mexico and South America, includ-
ing the Maya block, the Acatldn complex of central and southern
Mexico, and the Las Delicias arc of the Coahuila terrane, Mexico
(Yanez et al., 1991; Soreghan et al., 2002; Dickinson and Gehrels,
2003; Sharrah, 2006; Weber et al., 2006; Gleason et al., 2007;
Soreghan et al., 2007; Martens et al., 2010). Large 420-400 Ma
and 320 Ma zircon populations are ubiquitous in granitoids of
the Maya block and the Las Delicias arc, respectively (Yaiiez et
al., 1991; Soreghan et al., 2002; Dickinson and Gehrels, 2003;
Sharrah, 2006; Weber et al., 2006; Gleason et al., 2007; Soreghan
et al., 2007; Martens et al., 2010).

DISCUSSION
Permian Depositional Systems of the Midcontinent

Permian strata crop out across western Oklahoma and Kan-
sas, but very low dips (1°-2°) combined with low-relief have
greatly compromised outcrop studies. Moreover, with the excep-
tion of the RKB core, few cores have been taken in the Perm-
ian section of the greater Anadarko Basin region owing to the
limited economic significance of Permian strata. The presence
of evaporite/carbonate strata, presumed proximal-distal grain-
size trends, and tenuous correlations to unequivocally marine
units of the Permian basin caused many previous authors (see
above) to assign depositional interpretations of fluvio-deltaic or
tidal/restricted marine settings. In the RKB core, however, of the
540 m of Permian section penetrated, 77% consists of mudstone-
siltstone, 11% consists of very fine- to fine-grained sandstone, and
12% consists of chemical (limestone, halite, gypsum/anhydrite)
strata. The scarcity of fluvial channels is problematic in terms
of a sediment-delivery mechanism capable of transporting these
enormous volumes of siliciclastic material to the midcontinent;
furthermore, the vast distances to unequivocally Permian shore-
lines (Permian basin of Texas) cast doubt on the efficacy of tidal
currents for enabling such transport. Finally, characteristic fea-
tures of tidal systems, such as tidal bedding, do not occur.

More recently, several of these units (e.g., Wellington For-
mation, Flowerpot Shale, Dog Creek Shale, Cloud Chief Forma-
tion, Rush Springs Sandstone, parts of the Council Grove Group)
have undergone detailed facies analysis, resulting in reinter-
pretations that emphasize probable eolian transport for the vast
volume of the uniformly fine-grained siliciclastic material com-
posing these units (e.g., Dubois et al., 2012; Poland and Simm:s,
2012; Giles et al., 2013; Sweet et al., 2013; Foster et al., 2014,
Brillo, 2015; Gergurich, 2015). Even for the few instances in
which unequivocal signs of water transport occur, such as mud-
clast conglomerate and lateral-accretion bedding, the uniformly
fine grain size and auxiliary signs of eolian influences suggest
water overprinting of sediment that ultimately reached the mid-
continent via wind. Analogously, many of the evaporitic units
have been reinterpreted as the deposits of saline lacustrine, rather
than marine systems (Benison and Goldstein, 2000; Benison et
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al., 2013). Accordingly, the emerging paleogeographic picture
for this region of the midcontinent during the Permian is one of
a widespread arid landscape, with influx of siliciclastic material
delivered predominantly via eolian transport into a sink that was
able to effectively capture this material, in part owing to ephem-
eral wetting across a broad, continuously subsiding region of
mud flats, loess fields, and sand dunes and sheets, with limited
influence of ephemeral wadi-type fluvial systems. The spatial
limitations of the core and outcrop data make it difficult to dem-
onstrate if this was a truly endorheic system, but the balance of
evidence argues strongly against the presence of large, through-
going fluvial systems in this region of the southern midcontinent
through Permian time.

Permian Provenance Shift Reflecting Evolving Orogenesis
and Atmospheric Circulation

The southern midcontinent preserves arguably the most
complete Permian record of the Western Hemisphere, owing to
continual epeirogenic subsidence of the greater Anadarko Basin
region that extended nearly to the end-Permian (Soreghan et al.,
2012). Hence, although provenance signatures within this inter-
val exhibit similarities to those documented for other Permian
strata of the western United States (e.g., M. Soreghan et al., 2002;
Soreghan et al., 2007; Gehrels et al., 2011; Lawton et al., 2015),
the unprecedented length and richness of the record document
discrete shifts in sources through time. One potential caveat
to the interpretation of provenance from units of varying grain
size concerns whether or not transport-related sorting of zircons
produced provenance bias. This effect has been tested prelimi-
narily in fluvial systems (e.g., Lawrence et al. 2011; Yang et
al., 2012), but it remains poorly understood for eolian systems.
M.J. Soreghan et al. (2008) documented grain-size variations in
detrital zircon between a Permian loessite and overlying paleo-
sol, which were interpreted as changes in wind strength, because
there were similar U-Pb age ranges present in both units, even
though the zircons were of different grain size.

The first-order shift that occurred with time from the Cis-
uralian to the Guadalupian includes: (1) reduction of Yavapai-
Mazatzal and (to a lesser degree) Neoproterozoic sources, and
(2) increases in Grenvillian and Paleozoic sources. Lower
Permian (Cisuralian) units exhibit nearly subequal proportions
of Grenvillian, Neoproterozoic, and Yavapai-Mazatzal grains,
whereas Grenvillian (primarily) and early Paleozoic (second-
arily) grains overwhelmingly predominate in Guadalupian and
Lopingian strata. We interpret this shift to reflect temporal evolu-
tion in orogenesis accompanying central Pangean assembly and
offshoots, such as the Ancestral Rocky Mountains system, aug-
mented by strengthening of megamonsoonal circulation, which is
well documented for western equatorial Pangea (Fig. 10).

The presence of Yavapai-Mazatzal zircon is reasonable
and expected for Cisuralian samples of the western and mid-
continent United States, as these appear to reflect proximity to
exposed Ancestral Rocky Mountains uplifts and imply a signifi-

cant easterly directed contribution of sediment from basement-
cored orogenic uplifts located west of the study region. These
1800-1600 Ma zircon grains are also abundant in Cisuralian
strata west and southwest of the study area (M.J. Soreghan et al.,
2002, 2008, 2014; Gehrels et al., 2011), suggesting that fluvial
systems emanating from Ancestral Rocky Mountains uplifts dis-
persed sediments in various directions that were then reworked
by eolian processes.

Lower Permian strata within the Northern Appalachian
basin contain few to no Neoproterozoic zircon grains (Becker
et al., 2006); thus, although the Appalachian orogen provided
sediment with a Grenville signature to the Northern Appalachian
basin, bypass of the central/northern Appalachian foreland could
not have occurred to enable transport across an overfilled basin
directly to the midcontinent during the Cisuralian (Fig. 10A).
Thus, two alternative scenarios exist: (1) Neoproterozoic grains
could have been derived from uplifts within the southeastern
part of the Appalachian orogen. The Suwanee terrane, which
contains Neoproterozoic crustal elements, is a possible source.
This scenario, however, would require the fluvial trunk system
to have cut through the thrust belt of the Southern Appalachians
to deliver sediment to the southern part of the midcontinent,
which would then have been subsequently reworked by eolian
processes to the west and northwest. (2) Neoproterozoic zircon
within Lower Permian eolian units of western Pangea may have
been transported through fluvial systems located significantly
south of the midcontinent, ultimately derived from the region
behind the Ouachita orogenic front (Fig. 10A). As noted above,
the Coahuila and Yucatan (-Maya) terranes were topographically
positive regions in Permian time (Sacks and Secor, 1990; Dick-
inson and Lawton, 2001; Gillis et al., 2005; Poole et al., 2005).
The Ouachita/Arkoma Basins were overfilled by Permian time;
thus, these potential fluvial systems may have flowed into the
midcontinent region (Fig. 10A) via southern transport routes,
with sediment then reworked by eolian processes (Soreghan and
Soreghan, 2013).

In summary, during the Early Permian, erosion of active
orogens west and southeast of the study region delivered the
majority of clastic sediment to the midcontinent region, with
Ancestral Rocky Mountains contributions predominating west,
and Grenville and, to a lesser degree, Neoproterozoic popula-
tions predominating to the southeast. However, diminishment
of Yavapai-Mazatzal sources with time through the Permian
is interpreted to record the loss of these sources with increas-
ing burial of the Ancestral Rocky Mountains uplifts. Orogen-
esis in the core Ancestral Rocky Mountains uplifts, which had
been denuded to crystalline basement, peaked in Pennsylvanian
time (Kluth, 1986; Dickinson and Lawton, 2003), and abundant
sediment was shed from the exposed basement to form sedi-
ment aprons directly mantling these uplifts. Much of this first-
cycle sediment was trapped proximal to the uplifts, but some
apparently made it farther east into eolian-dominated environ-
ments via monsoonal westerly winds during the Permian (e.g.,
M.J. Soreghan et al., 2002, 2008, 2014; Lawton et al., 2015).
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Figure 10. Interpretive diagram showing paleogeographic elements and inferred transport pathways for clastic sedi-
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tive sizes of time-averaged wind direction arrows reflect inferred importance and were derived from general climate
models, including Heavens et al. (2015). Significance and interpreted sources of age groupings are discussed in text.
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Although Ancestral Rocky Mountains uplifts have commonly
been depicted as persisting as erosional remnants that shed sedi-
ment continually into Mesozoic time, stratal relations around at
least two of the major Ancestral Rocky Mountains uplifts with
the largest fault displacements (the Wichita-Anadarko system,
and the Uncompahgre-Paradox system) were buried by at least
1 km of Permian strata (Ham et al., 1964; Cater, 1970; Soreghan
etal., 2012), when apparent epeirogenic subsidence affected both
the basins and adjacent uplifts. Hence, it appears that the Ances-
tral Rocky Mountains uplifts ceased to serve as direct first-cycle
sediment sources relatively early in Permian time, and the rela-
tively low percentages of 1800-1600 Ma zircon grains in Guada-
lupian strata of the midcontinent (<10%) may reflect recycling of
slightly older strata.

The significant increase in the relative proportion of Gren-
ville (1300-900 Ma) and Paleozoic grains (concentrated ca.
420-400 Ma) in Guadalupian strata compared to underlying
Cisuralian strata is interpreted to reflect uplift of source terranes
lying mostly to the south and southeast of the Ouachita suture.
Grenville basement is a potential source now underlying the
southern and southeastern United States; Paleozoic grains exhibit
a mode at ca. 420 Ma, which matches sources emanating from
the Yucatan-Maya region and is also recorded in younger Perm-
ian strata of the Permian basin (Soreghan and Soreghan, 2013).
Thus, this change in provenance from the Cisuralian to Guadalu-
pian may correspond to a major docking of terranes to the south,
when rapid uplift and erosion ultimately brought these sediments
toward the midcontinent via overfilling of the Arkoma foreland
basin and Ouachita systems.

Monsoonal circulation and progressive Permian aridifica-
tion likely also played significant roles in sediment redistribu-
tion of the Permian in the midcontinent, given the importance
of eolian systems across this region. The well-known megam-
onsoonal circulation of Pangea is thought to have begun by
the Pennsylvanian-Permian boundary (M. Soreghan et al.,
2002; Tabor and Montafiez, 2002) and strengthened through
the Permian, reaching maximum development in Triassic time
(Dubiel et al., 1991; Parrish, 1993). Monsoonal circulation
implies seasonally reversing winds. Hence, at low northern lat-
itudes of western Pangea, the zonal easterlies predominant dur-
ing the Northern Hemisphere winter would yield to monsoonal
westerlies during the Northern Hemisphere summer. Addition-
ally, models of Early Permian climate under varying condi-
tions of icehouse and greenhouse states show a meridional
component of circulation with flow from the Central Pangean
Mountains toward the Southern Hemisphere (i.e., southerlies/
southeasterlies in low northern latitudes of western Pangea;
Heavens et al., 2015). Glacial conditions weaken the summer
monsoon and strengthen the winter monsoon (Heavens et al.,
2015); hence, seasonal southerlies and westerlies would have
presumably grown progressively stronger through the Perm-
ian. If Ancestral Rocky Mountains sources persisted through-
out Permian time, then Yavapai-Mazatzal sources should have
increased in importance through time as the monsoon strength-

ened, but they decrease, consistent with subsidence of these
sources, and enhancement of Grenville and Paleozoic sources
from the south/southeast.

CONCLUSIONS

Although several recent provenance studies have focused on
specific intervals in the Permian section of the western and mid-
continent United States, the RKB core, supplemented by study of
correlative units in outcrop, provides a rare opportunity to docu-
ment temporal changes in deposition and provenance that span
nearly the entire Permian record of the southern midcontinent.
In this region, this interval records no unequivocal evidence for
marine deposition, excepting clearly marine limestone of the
lowest Permian section, no evidence for deltaic or tidal sedimen-
tation, and only minimal evidence for fluvial deposition. The
remainder of the section, which consists entirely of fine-grained
siliciclastic strata with varying presence of evaporites, is inter-
preted to record predominantly eolian transport. More specifi-
cally, these red bed strata are interpreted to record eolian delivery
of silt, clay, and relatively minor sand, and ultimate deposition in
environments ranging from eolian (loess, dune, or sheet sands) to
mud flat (commonly saline), with limited reworking in wadi-type
small ephemeral fluvial channels. Application of detrital-zircon
geochronology to these strata indicates a first-order provenance
shift in the Permian, with primarily southeastern and western
sources in the Early Permian evolving to an increasing influence
of southern and southeastern sources in the later Permian. This
shift is interpreted to reflect both tectonic and climatic controls:
(1) The Ancestral Rocky Mountains uplifts of western equatorial
Pangea were actively eroding in the Pennsylvanian and earliest
Permian, and they diminished as first-cycle sources by late Early
Permian time, as sources located south (in Mexico and Central
America) were uplifted and eroded to join material derived from
the south and east (Appalachian-Ouachita system). (2) The Pan-
gean monsoon strengthened as the Permian icehouse receded,
resulting in increasing ease of transport of sediment from the
west as well as the south and southeast. Sediment blowing toward
the midcontinent from the west was likely derived from transi-
tional marine systems along the western margin of Pangea and
was transported across the remnant (subdued) Ancestral Rocky
Mountains uplifts (cf. M.J. Soreghan et al., 2002, 2008, 2014;
Lawton et al., 2015).

Permian strata of the southern midcontinent thus reflect the
operation of localized fluvial systems emanating from orogens
south and southeast that terminated before reaching the study
area. The increasing aridity affecting this area through Permian
time likely resulted in development of terminal-splay systems,
from which sediment was deflated to form loessitic and eolian-
sand systems that were ultimately trapped within the broadly
subsiding sink of the southern midcontinent, as well as sediment
blown across western North America that buried the old orogens
of the Ancestral Rocky Mountains in a wash of sediment derived
from the Central Pangean suture.
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