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Middle Permianfine-grained redbeds ofMidcontinent North America are analogous tomany Permian units glob-
ally. They archive an interesting time in Earth history, but the lack of fossils and thefine grain size have confound-
ed attempts to refine the age and depositional setting, respectively. Here we focus on the Dog Creek Shale and
correlatives of Oklahoma and Kansas (paleo-tropical western Pangaea), which are representative of many anal-
ogous Permian units across the region and globe, to assess the age, depositional environment, and provenance of
siliciclastic material.
These mudstone-dominant units have long been interpreted to record marine deltaic or tidal flat deposition
based primarily on the presence of evaporites and an inferred relationship with sandstone units southward.
However, the uniform grain size, and occurrence of common paleosols, together with the lack of typical deltaic
attributes such as hyper/hypo-pycnites, proximal deltaic channels, and large-scale upwardly coarsening trends,
in addition to the problematic correlation, complicate this interpretation. Sheet-like tabular siliciclastic units
thin northward from the Anadarko foredeep (Oklahoma) onto the Anadarko shelf (Kansas), and undergo lateral
facies changes into marginal marine evaporites of the San Andres Formation in the Palo Duro Basin (Texas Pan-
handle). The fine and uniform grain size, massive bedding, and sheet-like geometry indicate that the siliciclastic
units are eolian in origin, but at timeswere transported bywind and deposited and reworked inmudflats. Abun-
dant Vertisols within the Dog Creek Shale indicate periods of wetting and drying in a low-relief setting.Major de-
trital zircon age populations reflect a dominantly east to southeasterly Appalachian–Ouachita source, withminor
input from derivative sediment from the Ancestral RockyMountains to the west and northwest. These data indi-
cate prevailing easterlies, and some westerly and southwesterly winds in western equatorial Pangaea, possibly
representing north to south shifting of the Inter-Tropical Convergence Zone (ITCZ), likely associated with mon-
soonal circulation. The predominance of eolian-transported material and its capture in a series of mudflats and
soils indicates that midcontinent North America (western equatorial Pangaea) formed amajor sink for large vol-
umes of atmospheric dust in middle Permian time, quite unlike the modern and recent tropics.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Perhaps the most significant and relevant aspect of the Permian
when compared to modern earth is that it archives the climate transi-
tion from global icehouse of the Carboniferous to predominantly green-
house conditions by the Middle to Late Permian (e.g., Crowell, 1978;
Frakes et al., 1992; Dickins, 1996; Isbell et al., 2003; Fielding et al.,
2008). The supercontinent Pangaea was fully sutured by Early Permian
and this large landmass forced fundamental changes in oceanic,
oreg@ou.edu (G.S. Soreghan),
u (K.C. Benison),
climatic, tectonic, and biological components of the Earth System that
are recorded globally. Aridification of continental interiors provided a
favorable setting for eolian processes to dominate during the Middle
to Late Permian and for surfacewaters and groundwaters to become ex-
tremely saline and acidic (Benison et al., 1998; Tabor and Montanez,
2004; Tabor and Montanez, 2005; M.J. Soreghan et al., 2008; Peyser
and Poulsen, 2008). Although much work has focused on the recogni-
tion of arid-type facies such as eolian sandstone and evaporite deposits,
fine-grained eolian components such as paleo-loess and dust have
received much less attention despite the fact that they comprise the
majority of themiddle–late Permian rock record. This fine-grained com-
ponent is increasingly recognized in Permian units and has great signif-
icance for interpretations of atmospheric dustiness in equatorial
Pangaea.
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Permian evaporite and fine-grained siliciclastic “redbed” strata accu-
mulated over a vast region of theMidcontinent U.S. (western equatorial
Pangaea), ranging from Texas northward to Canada, and from Colorado
eastward to Nebraska. The middle Permian Dog Creek Shale and the
greater El Reno Group accumulated across the Hugoton embayment of
Kansas, and the Anadarko Basin of Texas and Oklahoma in western
equatorial Pangaea (Fig. 1C). The siliciclastic strata of the El Reno
Group have long been interpreted to record marginal marine deltaic
and/or tidal conditions primarily on the basis of intercalated evaporite
andminor dolomite strata, and coeval sandstone in southern Oklahoma
(Muir, 1933; Hills, 1942; Everett, 1962; Fay, 1964; Johnson, 1967). How-
ever, more recent research has documented the importance of lacus-
trine environments in producing evaporites that, until recently, were
presumed of marine tidal origin (Lowenstein and Hardie, 1985;
Benison et al., 2007). Strontium isotope data from the predominantly
evaporite and minor carbonate strata of the San Andres Formation (El
Reno Group equivalent) of the Palo Duro Basin (Texas panhandle;
Fig. 1) suggest marine deposition, but low bromide values in the same
rocks suggest nonmarine parent waters. In the Hugoton embayment
of southwestern Kansas, there is clear geochemical evidence for conti-
nental deposition of middle Permian evaporites (Holdoway, 1978;
Hovorka et al. 1993). Coeval strata in Kansas (Fig. 2; Nippewalla
Group) have been interpreted to record acid saline lake (pH b 1), eolian,
and paleosol environments in an arid continental setting (Holdoway,
1978; Benison et al., 1998; Benison andGoldstein, 2000, 2001). Previous
paleoenvironmental interpretations of strata in equatorialWestern Pan-
gaea continue to emphasize amarine setting, although the extent of this
marine realmhas been clouded by discrepancies in interpretations, thus
presenting the need for rigorous testing.

This study addresses depositional environments and provenance of
Permian redbeds using sedimentology, geochemistry, and detrital zir-
con geochronology, focusing primarily on (volumetrically predomi-
nant) siliciclastic strata of the Dog Creek Shale of the U.S. southern
Midcontinent. Previous work reveals an indeterminate provenance for
the large volume of siliciclastic sediment deposited in the continental
interiors of western equatorial Pangaea during the Permian.

In addition to expanding on the provenance, environment of deposi-
tion, and climate archived within the Dog Creek Shale, this study ad-
dresses chronostratigraphy of the El Reno Group between Kansas and
Oklahoma by using magnetostratigraphy (Fig. 2).
A

B

Fig. 1. (A) Outcrop showing the upper Dog Creek Shale, Blaine County, Oklahoma. (B) Areal exte
K. Bounds core (northern study site). LDC = lower Dog Creek Shale outcrop (southern stud
palaeogeography of the Midcontinent showing highlands and depocenters (Modified from Sw
more detail on the positive elements for this time interval.
2. Background

2.1. Tectonic setting

During the Late Paleozoic the greater study area was bordered by a
series of orogenic belts in western equatorial Pangaea associated with
the final assembly of the Pangaean supercontinent. The Ouachita–
Marathon fold-thrust belt to the southeast was in the waning stages of
uplift during themiddle Permian, completing the long chain of orogenesis
associated with the Appalachian orogenic belt to the east (Sutherland,
1988; Slingerland and Furlong, 1989). The Permo-Pennsylvanian Ances-
tral Rocky Mountains (ARM), generally located to the northwest, formed
in the distal foreland of the Marathon–Ouachita orogeny (Fig. 1C; Kluth
and Coney, 1981; Kluth, 1986; Dickinson and Lawton, 2003). However,
recent studies suggest the major ARM uplifts were actively subsiding by
Early Permian time as a product of relaxation of the compressional stress-
es associatedwith theOuachita–Marathonorogen (Soreghan et al., 2012).
Within the study site, subsidence of the Anadarko foreland basin contin-
ued into the Late Permian (Fig. 1C; Fay, 1964; Soreghan et al., 2012).
TheWichita Uplift at the southernmargin of the Anadarko Basinwas bur-
ied and contributed no significant detritus to the basin by the middle
Permian (Ham and Wilson, 1967; Johnson, 1971; Johnson, 1978;
Gilbert; 1986; Soreghan et al., 2012). Deposition of the El Reno Group of
Oklahoma, and correlatives in the U.S. Midcontinent, occurred in several
basins (i.e., the Syracuse Basin, the Hugoton embayment of the Anadarko
Basin, the Cimarron Basin, and the Sedgwick Basin), bound by small pos-
itive regions such as the Las Animas Arch, Nemaha Uplift, and Ozark
Dome (Maughan, 1967; Mudge, 1967; Holdoway, 1978; Benison
and Goldstein, 2001). Mudge (1967) and Cox (2009) suggested
these bounding structures remained prominent throughout the
Permian, although others consider these structures to have been
buried by the Mid-Permian (Ham and Wilson, 1967; Johnson;
1967; Maclachlan, 1967).

2.2. Climate setting

The eventual demise of polar Gondwanan ice sheets by the middle
Permian (end of the Guadalupian) generally marks the transition from
the Permo-Carboniferous icehouse climate to the full greenhouse condi-
tions that prevailed by the end of the Permian (Wanless and Shephard,
C

nt of the El Reno Group of Oklahoma and correlatives in Kansas and Texas. RKB=Rebecca
y site). UDC = upper Dog Creek Shale outcrop (southern study site). (C) Guadalupian
eet et al., 2013). Approximate extent of land area from McKee et al. (1967). See text for
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Fig. 2. Proposed chronostratigraphy using newly acquired paleomagnetic data. South Central Kansas Column fromNorton (1939), Swineford (1955), Ham(1960), and Baars (1990). North
Central OklahomaColumn from Jonsonet al. (1989). Shadedarea represents ~105mof redbeds sampled for paleomagnetic data.Note that theKansas Geological Survey places this interval
entirely within the Kiaman Superchron (i.e. N267 Ma). Shaded bars display the location of normal polarity events found in the northern site (Kansas).
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1936; Veevers and Powell, 1987; Crowell, 1999; Fielding et al., 2008). As
the assembly of Pangaea continued, climate in the interior of western
equatorial Pangaea (western North America) became progressively
arid and warm, evident by geochemical, paleontological, and fluid
inclusion data, and abundant evaporite strata and arid-type paleosols
(e.g., Parrish, 1993; Benison and Goldstein, 2001; Kessler et al., 2001,
Tabor and Montanez, 2004; Schneider et al., 2006; Brookfield, 2008;
Tabor and Poulsen, 2008 DiMichele et al., 2009; Zambito and Benison,
2013). North America was located between ~5°N and ~15°N paleo-
latitude and drifting north during the middle to late Permian (Golonka
et al., 1994; Scotese, 1999; Loope et al., 2004; Tabor et al., 2008). Climate
models and sedimentologic indicators for this time suggest the onset of
monsoonal circulation by the earliest Permian (Parrish and Peterson,
1988; Kutzbach and Gallimore, 1989; Parrish, 1993; Benison and
Goldstein, 1999; G.S. Soreghan et al., 2002; M.J. Soreghan et al., 2002;
Tabor and Montanez, 2002; Schneider et al., 2006).

2.3. Stratigraphic setting

The El Reno Group of Oklahoma records the Mid-Permian in the
greater study area and consists of, in ascending order, the Duncan
Formation, Flowerpot Shale, Blaine Formation, and Dog Creek Shale
(Fig. 2). The El Reno Group consists of red mudstone, siltstone, and
(minor) very fine-grained sandstone with intercalated bedded evapo-
rites and rare, thin (b20 cm) dolomite beds. The strata thicken in the
subsurface of western Kansas, the El Reno Group to N200 m and Dog
Creek Shale to ~30 m, probably owing in part to preservation of halite
in the subsurface. The El Reno Group reaches its maximum thickness
of approximately 215 m in the Anadarko Basin of central Oklahoma
(Fig. 1B), and thins northward to ~75 m in southern Kansas (i.e.
Nippewalla Group), a trend inferred to represent depositional thinning
from the Anadarko foredeep to the northern platform (Fay, 1964).
Within the El RenoGroup, theDog Creek Shale consists of redmudstone
with local thin (b20 cm) dolostone and gypsum beds, which overlie the
common ~2–5 m evaporite (gypsum and displacive halite) and inter-
calated red mudstone beds of the Blaine Formation. The Dog Creek
Shale reaches ~60 m thick in western Oklahoma and thins to b10 m in
south-central Kansas (Fig. 1B; Fay, 1964).

The age of deposition for the El Reno Group, and its correlative
Nippewalla Group in Kansas, has remained problematic owing to no ob-
served fossils in northern Oklahoma and Kansas, or ashes, and difficulty
with correlation caused by discontinuous strata and late-stage dissolu-
tion of evaporites in the shallow subsurface. Invertebrate fossils found
in thin dolostone beds of the Blaine Formation southward in Oklahoma
initially suggested a Leonardian (latest Cisuralian) age (Clifton, 1942),
but Sr isotope chemostratigraphy (Denison et al., 1998), and litho-
biostratigraphic correlations with fossil-bearing units in the Permian
Basin of Texas imply an early Guadalupian age (Fig. 2; Clifton, 1942;
Pendery, 1963; Fay, 1964; Johnson; 1967). More specifically, subsurface
correlation suggests the Blaine Formation of the El Reno Group corre-
lates with the Upper San Andres Formation in the Texas Panhandle
(Johnson, 1978, 1988). In contrast, the northern correlative Nippewalla
Group of Kansas is considered upper Cisuralian, with the Cisuralian/
Guadalupian contact placed arbitrarily at the Nippewalla Group–
Whitehorse Formation contact (Fig. 2; Norton, 1939; Swineford, 1955;
Ham, 1960; Baars, 1990).

Previous studies on the El Reno Group and its northern correlatives
(Nippewalla Group of Kansas) posited marine deposition for these
units, including tidal flat and “basinal deltaic” environments, based pri-
marily on the fine grain size of the (predominant) siliciclastic units, the
intercalated evaporite strata (Ham, 1960; Everett, 1962; Fay, 1962;
Johnson, 1967), and presumed correlation to sandstone-rich units of

image of Fig.�2
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the Duncan Formation of southern Oklahoma (Sawyer, 1924; Gould,
1926; Becker, 1930; Greene, 1932; Green, 1937; Fay, 1964). However,
Benison (1997) and Benison and Goldstein (2000, 2001) inferred conti-
nental deposition in saline lake and eolian dune environments for strata
in far northern Oklahoma and Kansas. Hovorka (1987) defined the coe-
val San Andres marine evaporite strata southward in the Palo Duro
Basin as the transition between normal marine-shelf carbonate strata
to the south-southwest and eolian deposits to the north-northeast.

Proposed sources for the voluminous siliciclastic strata of the El Reno
Group include a south to southeast origin in theWichita and/or Ouachita
uplifts (Muir, 1933; Everett, 1962; Fay, 1964; Johnson, 1967; Totten,
1979; Kocurek and Kirkland, 1998); the eastern Ozark dome (Fay, 1964;
Totten 1979); and the ancestral Rocky Mountains generally located to
the west (Fig. 1; Muir, 1933; Kocurek and Kirkland, 1998). An under-
standing of transport mechanisms and environments of deposition for
these fine siliciclastic strata will aid in unraveling the nature of atmo-
spheric circulation, climate, and geography for this region of western
tropical Pangaea, and aid interpretations of analogous redbed strata com-
mon to the Permian in other regions of Pangaea.

3. Methods

The study area focuses primarily on two sites: outcrop (two closely
spaced exposures) within the foredeep of the Anadarko Basin in west-
central Oklahoma, and subsurface data from the Amoco Rebecca K.
Bounds (RKB) core of the Hugoton embayment of Greeley County in
western Kansas (Fig. 1B). These two sites will hereafter be referred to
as “southern” (Oklahoma) and “northern” (Kansas) localities. Predomi-
nantly siliciclastic Permian strata of the El Reno Group are exposed
across western Oklahoma (Fig. 1B). These siliciclastic units are friable
and weather recessively, but good exposures of the Dog Creek Shale
occur below the resistant Day Creek Dolomite of the Whitehorse Group
(Fig. 1A). These Permian units have undergone minimal (b1 km) burial
(e.g., Carter et al., 1998; Hemmerich and Kelley, 2000), and thus remain
minimally cemented and altered. Previous subsurfacework aided correla-
tion from the northern study site to the southern study site (Fig. 1B;
Norton, 1939; Holdoway, 1978; Benison, 1997; Benison and Goldstein,
2001). See Zambito et al. (2012) for further details on the lithostratigra-
phy for the RKB core of the northern site.

For this study, the slabbed continuous RKB core was measured and
logged at centimeter resolution beginning 13 m below the Blaine For-
mation–Dog Creek Shale contact and extending (105 m) to the top of
the Permian. The Dog Creek Shale is ~30 m thick in the RKB core
(Fig. 3). Core plugs marked with “up” direction were taken for
magnetostratigraphic analysis at ~75 cm intervals; bioturbated and
pedogenically altered sampleswere avoided.Magnetization of these sam-
ples was measured with a 2G Enterprises cryogenic magnetometerin a
magnetically shielded room after stepwise thermal demagnetization.
Thermal demagnetization started at room temperature and increased at
25 °C increments to 700 °C. Declinations are unknown because the core
is unoriented, but up directions are known. Inclination data for each sam-
ple were plotted on Zijderveld diagrams (Fig. 4B) to identify principal
components of magnetization by selecting best-fit line segments
(Zijderveld, 1967). A mean angular deviation (MAD) cut off of b15° was
used tofilter the chosen lines. Inclination data from the selectedmagnetic
component for each sample was then used to track the change in inclina-
tion over 105mof conformable section to assess any detectablemagnetic
reversals. Of 122 thermally demagnetized samples, 88 provided useful
data. The natural remanent magnetization (NRM) preserved within the
redbeds record two possible ancient components: a chemical remanent
magnetization (CRM) and a detrital remanent magnetization (DRM). A
CRM can be acquired by chemical alteration of ferrous minerals soon
after deposition (e.g., magnetite to hematite) or much later, whereas a
DRM is acquired shortly after – or during – deposition of detrital ferrous
minerals (Butler, 1992). Both CRMs and DRMs have been shown to accu-
rately record the direction of earth's magnetic field (Butler, 1992) during
the time of magnetic acquisition. Petrographic work on Permian redbeds
of Oklahoma indicate that the grains likely acquired an iron-oxide coating
(hematite) prior to deposition (Fay, 1964), thus the magnetization was
acquired during – or shortly after – deposition and/or lithification. Fur-
thermore, Benison and Goldstein (2001) and Benison et al. (1998) dem-
onstrated that halite cements and displacive halite within siliciclastic
facies of the coeval Nippewalla Group were precipitated from acid saline
groundwater, indicating that cementation occurred syndepositionally, at
and/or within centimeters of the surface. In summary, the NRM likely re-
flects the magnetic polarity penecontemporaneous with deposition.

The southern study sites consist of two closely spaced, well-exposed
sections (Fig. 3). One exposes the lower 9.5mof theDog Creek Shale be-
ginning at its basal contact with the Blaine Formation (designated as
lower Dog Creek or LDC; Fig. 1B; Fig. 3). The upper section (designated
upper Dog Creek or UDC) is exposed approximately 13 km southwest
and consists of 33.5 m of the Dog Creek Shale and 24 m of the overlying
Marlow Formation (UDC; Fig. 1A & B; Fig. 3). Fresh surfaces were exca-
vated, and the section described and sampled at decimeter resolution.
Detailed lithologic descriptions were supplemented with thin section
analysis of representative samples (35).

Grain-size for each siliciclastic facies was measured using a
Beckman-Coulter LS-230 laser particle-size analyzer (LPSA) after com-
plete disaggregation. Primary evaporite and carbonate cements are
well preserved in the Dog Creek Shale of the RKB core as determined
by electron microprobe analysis (Fig. 5). The sampled strata occur
below (~560–590 m subsurface) the influence of any near-surface
(groundwater-induced) evaporite dissolution. Silica cements have not
been observed in thin section petrography nor energy-dispersive
x-ray analysis. For disaggregation, mudstone samples were crushed
with a porcelain mortar and pestle and sieved to retain 3 g of mudstone
fragments of coarse sand (0.5–1.0 mm) size. This size range increases
the surface area to enhance reactivity for subsequent chemical treatments
(Jiang and Liu, 2011), but exceeds anyknowngrain size from the study in-
terval, thus the pre-crushing and sieving does not affect the subsequent
grain-size analysis. Secondly, any gypsum, anhydrite, and Ca–Mg car-
bonate cement was removed using ethylenedinitrilotetraacetic acid
(EDTA; Bodine and Fernalld, 1973). Thirdly, ferric oxides were dissolved
using citrate–bicarbonate–dithionite (CBD), followed by a 24-h treatment
in 2NHCl to remove any remaining cements (Jiang and Liu, 2011). Finally,
the samplewas ground gently in a rubbermortar and pestle to encourage
final disaggregation, then sonicated for 2 min with a sodium
hexametaphosphate dispersant prior to LPSA. The resulting grain-size his-
tograms show patterns consistent with complete disaggregation, such as
a relatively low ranges and unimodal values.

Samples for geochemical analyses were powdered and sent to a
commercial lab for analysis by inductively coupled plasma mass
spectroscopy (ICP-MS) to determine major-oxide, major-element, rare-
earth-element (REE), and trace-element abundances. Major-oxide abun-
dances are reported in weight percent. Samples were collected at high
spatial resolution (15–30 cm) from selected intervals suspected to have
been pedogenically altered. Whole-rock geochemical analyses were con-
ducted on 20 samples of themassivemudstone facies, spaced throughout
the Dog Creek Shale in both study sites. These 20 samples were acidified
in a 2N HCl solution for 24 h to remove carbonate, then gently ground
with a rubber mortar and pestle and sieved using a non-metallic sieve
to obtain the b20 μm fraction to eliminate uncertainties in geochemical
data attributable to variations in particle size.

Detrital-zircon geochronology was performed on two massive silt-
stone samples, one each from the northern and southern study sites.
Approximately 4 kg was processed at the University of Arizona
LaserChron Center. Analysis of approximately 100 randomly selected
grains from each sample was conducted using a Nu Plasma™ mass
spectrometer, and the data reduced following standard protocol
(Dickinson and Gehrels, 2008). Concordia plots comparing the 206Pb/
207Pb ages to 206Pb/238U ages were analyzed to determine age uncer-
tainties from measurement and analytical errors, a N20% difference
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was used to filter the discordant data. The remaining concordant grains
were used to construct a cumulative probability plot, where the age and
error of each grain was summed to reveal predominant zircon age
populations.

4. Refining chronostratigraphy with magnetostratigraphy

The Zijderveld diagrams show the presence of twomagnetic compo-
nents (Fig. 4B): a low-temperature component (0–250 °C) representing
a modern viscous remanent magnetization (VRM), and a higher-
temperature (typically ~550–675 °C, or ~450–550 °C) component.
Based on abundant unblocking temperatures above 580 °C we infer the
DRM/CRM resides in hematite. Analysis of these data reveals a robust re-
versal stratigraphywhich suggests themagnetization is a DRMor an early
CRM (Fig. 4). The oldest reversal occurs near the contact between theDog
Creek Shale and the Whitehorse Formation at a depth of ~560 m, where
the inclination changes from reversed to normal (Fig. 4A). Altogether,
three reversed polarity events (from bottom to top; event 1: avg.
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inclination =−15.8°, SD = 9.3°; event 2: avg. inclination=−24.4°, SD
= 17.8°; and event 3: avg. inclination=−7.9°, SD= 9.3°) and two nor-
mal polarity events (event 1:avg. inclination = 16.5°, SD = 8.9°; and
event 2: avg. inclination = 12.3°, SD = 7.6°) occur through the ~105 m
of core leading up to the end Permian, clearly placing the Whitehorse
and Big Basin Formation in post-Kiaman time. In addition, an average in-
clination of 16.3° throughout the sampled interval is consistentwith incli-
nation values for the middle to late Permian seen in the inclination vs.
time graph for the study site, providing further support for a post Kiaman
age(Fig. 6). This substantially refines the previously proposed chrono-
stratigraphic placements, as discussed further below.

5. Depositional facies

5.1. Evaporite facies

Most of the previous studies on the Dog Creek Shale and greater El
Reno Group have focused on the evaporite facies and largely ignored
the fine-grained siliciclastic facies, interpreting the latter in the context
of the former. Owing to our focus on the siliciclastic components of the
Dog Creek Shale, which form the volumetric majority of this unit, we
present only a condensed treatment of the evaporite lithofacies and
refer the interested reader to previous detailed work on the evaporites
(e.g., Fay, 1964; Johnson, 1967; Holdoway, 1978; Benison and Goldstein,
2000, 2001).
5.1.1. Evaporite and dolomite facies
Laminated anhydrite occurs locally in the southern exposures, and

constitutes b3% of the Dog Creek Shale in the northern (subsurface)
site. Three beds (5–35 cm thick) occur in the northern site, consisting
of alternating wavy laminae of light bluish–gray (5B 7/1) anhydrite
and reddish orange (10R 6/6) siliciclasticmudstone. Swallow-tail gypsum
pseudomorphs up to 5 cm height also occur.

Silt size quartz grains are common within all of the units of the
southern locality, where anhydrite is hydrated to gypsum. Only two
anhydrite beds occur here, andundergo lateral facies changes to red silt-
stone northward (Fay, 1964).

In the southern study site silt-rich units commonly grade (over
5–10 cm) into light bluish–gray (5B 7/1) planar-laminated silty dolo-
mite. Laminae are commonly convoluted and rich in gypsum and dolo-
mite mud. These intervals are laterally continuous across the width of
exposure (~200 m) in thin (b8 cm) tabular sheets. The silty dolomite
units generally have a sharp upper contact and are capped by the red-
dish brown laminated siltstone and massive siltstone facies. Dolomite
beds are most prevalent within a 6 m interval of the middle Dog Creek
Shale in the southern locality (Oklahoma), and do not occur northward
(Kansas). One dense light gray (N7) dolomite bed occurs outside of this
6 m zone. This microcrystalline dolomite is massive and rich in detrital
muscovite and quartz.

5.1.2. Interpretation
The laminated nature of the anhydrite/gypsumwithin theDogCreek

Shale indicates deposition in standing saline water (Benison, 1997;
Benison and Goldstein, 2000, Benison and Goldstein, 2001). Although
a restricted marine or sabkha environment has been interpreted for
the evaporites of the El Reno Group on the basis of rare orthoceratite
cephalopods and clams within dolomite and gypsum units locally in
the Blaine Formation (southwestern Oklahoma; Clifton, 1942; Ham,
1960; Fay, 1962, 1964; Everett, 1962; Johnson, 1967), Benison (1997)
and Benison and Goldstein (2000, 2001) used sedimentologic and geo-
chemical evidence to posit deposition in saline lakes and saline pans for
strata in northern Oklahoma and Kansas.

The bluish-gray laminated silty dolomite units may have been
deposited in a relatively deeper and/orwettermudflat settingwhere in-
teractionwith saline groundwater wasmore prevalent. Alternating pla-
nar laminations of mud and silt associated with the chemical deposits
suggest eolian transport of the siliciclastic fraction into ephemerally
ponded areas.

5.2. Siliciclastic facies

5.2.1. Massive siltstone/mudstone lithofacies
The light reddish orange (10R 6/6) massive siltstone lithofacies,

(mean grain size = 13.4 μm; Inclusive graphic S.D. = 1.6ϕ; Table 1) is
the most prevalent lithofacies and occurs in medium (25 cm) to very
thick (N4 m), internally massive beds, with planar to gradational con-
tacts (Fig. 7A–D). The massive siltstone occurs in laterally continuous
tabular beds (Fig. 7H). Grain-size histograms for this facies are positive-
ly skewed with a tail of fine (Inclusive Graphic Skewness=−0.2; very
fine silt and clay; Table 1) particles. This facies makes up 81% of the
study interval in the southern section and 35% of the northern section.
Hematite-coated quartz and feldspar are the primary framework grains
within themassive siltstone facies (Fig. 7C). This facies commonly over-
lies laminated siltstone facies northward, whereas it commonly overlies
thin dolomite and silty anhydrite facies southward.

5.2.1.1. Interpretation. The massive red siltstone facies is interpreted to
record eolian silt deposition, and thus loess. Primary evidence includes
the internally massive and commonly very thick (N1 m) bedding,
moderate to poor sorting (Table 1; inclusive graphic S.D. = 1.5 ϕ; silt
with a clay tail), laterally extensive sheet-like geometry, lack of chan-
nels, and generally angular to subangular shape of the quartz grains,
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Table 1
Average grain size statistics for the siliciclastic facies. Inclusive graphic standard deviation
and inclusive graphic skewness.

Inclusive graphic Inclusive graphic

Facies average Mean Median Mode Standard
deviation

Skewness

(μm) (μm) (μm) σI (Folk, 1980) SkI (Folk, 1980)

Massive siltstone 13.4 19.0 33.3 1.6 −0.2
Laminated siltstone 24.4 32.8 46.3 1.6 −0.3
Fine sandstone 142.8 173.3 171.8 0.7 −0.3

Fig. 7. Photographs and photomicrographs of primary siliciclastic lithofacies. Photomicro-
graphswere taken in plane light. (A)Massive siltstone (UDC exposure in the southern site
of Oklahoma). The light reddish orange color is from hematite cement. (B) Massive silt-
stone from the RKB core in the northern study site (Kansas). (C) Photomicrograph ofmas-
sive siltstone lithofacies. Quartz predominates with minor feldspar. (D) Southern study
site (UDC, Oklahoma). Massive siltstone lithofacies ‘m’ capped by thin light bluish–gray
dolomite ‘d’. Vertisol zone ‘p’ displays color variation from light orange to reddish
brown. (E) Laminated siltstone facies ‘ls’ and bluish–gray silty dolomite lithofacies ‘sd’
from the UDC exposure (Oklahoma). (F) Laminated siltstone lithofacies from the RKB
core (Kansas). Convolute laminae alternating from light reddish–orange coarse siltstone
to hematitic reddish–brown mudstone. (G) Thin section photomicrograph of laminated
siltstone with upward fining trend, and hematite rich mud ‘hm’ on a millimeter-scale.
(H) Photo of UDC outcrop at southern site (Blaine Co., Oklahoma). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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all of which are typical of suspension fallout from wind-transported
fines (silt and clay; Pye, 1987; Tsoar and Pye, 1987; Johnson, 1988;
Chan, 1999; Muhs, 2007, 2012; G.S. Soreghan et al., 2008; Sweet et al.,
2013). Modern loess that forms as a product of post-depositional
reworking from desert, lacustrine, or fluvial sediment is generally poor-
ly sorted (Vandenberghe, 2013). Additionally, randomly oriented slick-
ensides, reduction halos, and fractures commonly occur dispersed
within this facies, as well as concentrated within discrete layers. These
structures are interpreted to have a pedogenic origin (see below as
well), recording a constant background of pedogenesis to varying de-
grees during deposition. Soil processes may have acted as stabilization
and agents for the subaerially deposited loess, a common phenomenon
in loess accumulations (Dubois et al., 2012).

5.2.2. Laminated siltstone lithofacies
Light red–orange (10R 6/6) and clay-rich red–brown (10R 4/6)

thinly laminated siltstone occurs commonly in thin to medium beds.
The laminated siltstone facies typically exhibits good sorting (mean
grain size=24.4 μm; Table 1). This facies composes 10% of the southern
section, and 55% of the northern section. The laminated facies occurs in
tabular beds (Fig. 7H). Primary framework grains within the siltstone
units are quartz and feldspar, with minor muscovite and clay minerals
(Fig. 7G). Common sedimentary structures include planar-and convo-
lute laminations, andwater-escape structures evinced as disrupted lam-
inawith upturned edges (Fig. 7F and G). The planar-laminated siltstone
locally exhibits alternating thin laminae of light red coarse silt and
darker reddish brown mud (Fig. 7E–G). The coarser silt intervals have
sharp lower contacts and slightly gradational top contacts (Fig. 7G).
Locally, vertical desiccation cracks with curled edges occur in the
finer-grained laminae. Randomly oriented fractures interpreted to be
of pedogenic origin are present, but less common than observed in the
massive siltstone facies. Light greenish-gray (5G 8/1) reduction beds,
spots, and halos also occur locally.

5.2.2.1. Interpretation. The laminated siltstone facies records deposition
within shallow, ephemeral lakes, or “dry mudflat” environments. The
key characteristics are the laminations representing suspension settling
in standingwater, and prevalentmudcracks indicating periodic desicca-
tion. A dry mudflat is characterized by subaerially exposedmud and silt
that undergoes episodes of laterally extensive flooding due to low relief,
followed by desiccation during dry phases (Lowenstein and Hardie,
1985; Smoot and Lowenstein, 1991). Benison and Goldstein (2001) in-
ferred a dry mudflat environment for the correlative Nippewalla Group
to the north (Kansas and northern Oklahoma). Like the massive silt-
stone facies, the laminated facies commonly exhibits randomly oriented
fractures with slickensided surfaces. The primary sedimentary struc-
tures indicate this depositional environment underwent ephemeral
wet periods. However, we infer eolian transport to a mudflat environ-
ment owing to the uniformly fine grain size and the close association
of this lithofacies with the massive siltstone lithofacies.

5.2.3. Very fine to fine-grained sandstone lithofacies
Red–orange (10R 6/6), to bluish white (5B 9/1), thin- to medium-

bedded (3–30 cm) and laterally continuous very fine-grained sandstone
(mean grain size= 142.8 μm; inclusive graphic S.D. = 0.7ϕ) composes
only a small fraction (b5%) of the facies present in both the northern
and southern study sites. Individual occurrences are randomly
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distributed throughout the section. Massive bedding predominates, but
thick laminae and planar- to low-angle cross-stratification occurs rarely,
in beds up to 10 cm thick with gradational contacts. Quartz and both
plagioclase and potassium feldspar predominate as framework grains
in this facies with the primary accessoryminerals beingmuscovite, gyp-
sum, and clay. Treece (2007) noted that illite is the dominant clay min-
eral throughout the El Reno Group; and Sweet et al. (2013) observed
illite and mix layered smectite illite in the Flower Pot Shale. Halite
cements are very common in rare sandstone occurrences within the
northern section, whereas gypsum and hematite cements are the
most prevalent in this facies in the southern study site. Fay (1964)
noted hematite is common as grain coatings within the Dog Creek
Shale.

5.2.3.1. Interpretation. The (rare) sandstone units within the Dog Creek
Shale are interpreted to be of eolian origin, owing to the fine grain size,
good sorting, planar laminae, and rounded spherical grains. Thick tabular
massive bedsmay represent deposition in low-relief areas as sand sheets.
Sand sheet deposits are typically tabular beds that are either internally
massive, or exhibit cross-bedding characterized by low-tomoderately in-
clined stratification (Albrandt and Freyberger, 1982), similar to the struc-
tures observed in the sandstone facies of the Dog Creek Shale. Common
textures such as good rounding, high sphericity, and sorting of sand grains
in this facies are typical of eolian transport (Glennie, 1970; Fryberger et al.,
1979; Benison andGoldstein, 2001). Rounded, silt-sized grains of gypsum
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Fig. 8. Paleosol features fromVertisol intervals in the southern site (A–D) and the northern site (E–
(B) Vertisol horizon displaying wedge-shaped angular peds. (C) Sub-vertical fractures with slic
displayingmicroped structures boundby clay coated fractures (darker reddish brown linear feature
by a clay matrix elsewhere. (F) Slickensided surface with reduction halos. (For interpretation of
article.)
in the sandstone are detrital andmay be a product of eolian reworking of
gypsum deposits during desiccation of saline lakes. Halite and anhydrite
cement in the subsurface to the north may be from early cementation
due to a relative rise of a saline water table (Benison and Goldstein,
2001). Where the sandstone is present, the stabilization agent is thought
to be early cementation and ephemerally moist surfaces.

6. Nature of paleosols

The Dog Creek Shale includes numerous discrete layers, 50–500
cm thick, containing features indicative of pedogenesis. These fea-
tures include very well developed, randomly oriented slickensides
and clay cutans on fracture surfaces, reduction halos around black
(inferred organic) nuclei, and blocky ped fractures. These layers ac-
count for ~18% of the study interval in the northern site, and ~24%
in southern site.

Subangular blocky peds are 2–5 cm in diameter and equant in size,
with sharp interlocking edges (Fig. 8B, C, and E). Well-developed
wedge-shaped peds commonly exhibit thin black manganese oxide
coatings (Fig. 8D). Light greenish-gray (5G 8/1) spherical reduction
spots with dark black nuclei are 0.5–10 cm in diameter (Fig. 8F). The
top contacts of these layers are sharp, and pedogenic features dissipate
downward over 10–50 cm (Fig. 8A). These intervals are better devel-
oped in the southern sections, as shown by an increase in abundance
of pedogenic peds, randomly oriented slickensides, and cutans.
F

F). (A) Outcrop photo displaying inferred Vertisol zone ‘v’ and overlying thin silty dolomite ‘d’.
kenside surfaces. (D) Manganese oxide coated slickensided surface. (E) Photomicrograph
s); note intertexticmicrofabricwherein grains of quartz are touching in places, and separated
the references to color in this figure legend, the reader is referred to the web version of this

image of Fig.�8


21T.M. Foster et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 402 (2014) 12–29
Two different paleosols in outcrop exhibitweakly developed but dis-
crete dark reddish brown (10R 4/6) clayey horizons. These distinctly
darker lower horizons grade upward into a moderate reddish brown
(10R 4/6) color. These horizons average ~30 cm in thickness and also
display clay coatings with manganese oxides on ped surfaces.
6.1. Interpretation

Based on the predominant occurrence of angular peds associated
with randomly oriented slickensided surfaces, inferred as vertic
features, in addition to angular peds, clay coatings, and the lack of
horizonation, the paleosols are interpreted as Vertisols. Manganese
oxide clay coatings on wedge-shaped peds and slickensided surfaces
are indicative of repeated wetting and drying (Retallack, 2001; Tabor
and Montanez, 2004). However, clay coatings on ped surfaces and frac-
tures could represent in situ clay formation (Retallack, 2001; Tabor and
Montanez, 2004). The manganese oxide coatings on slickensides and
ped surfaces display unidirectional lineations concentrated into narrow
bands, and thus cannot reflect mere soil compaction (Retallack, 2001).
Shrinking and swelling of soils reflect episodes of wetting and drying
(Yaalon and Kalmar, 1978; Retallack, 2001) lasting weeks to centuries
(Ahmad, 1983; Wilding and Tessier, 1988; Buol et al., 1997; Mack
et al., 2003; Tabor et al., 2008). Most modern Vertisols occur in low-
relief regions in subhumid to semi-arid climates (Retallack, 2001)
marked by seasonal variations in moisture availability (Birkeland,
1999).

The Vertisols developed primarily in the loess facies, and less
commonly in the laminated mudflat facies. Loess has a high water ca-
pacity (Retallack, 2001), making it an ideal substrate for shrinking and
swelling processes. Vertisols typically lack horizonation, and the lack
of horizonation in the Dog Creek Shale Vertisols were likely amplified
by continuous input of eolian dust during soil development (Fig. 9B).
This dust input provided a constant supply of new material to the
upper horizon, thusmasking horizonation caused by, e.g. clay illuviation
(Fig. 9A).
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For selected paleosol occurrences, horizonation is apparent only by
color variationswhere increased clay content in the lower parts imparts
a darker reddish brown hue (Fig. 8A). A plot of Al2O3/SiO2 through this
paleosol displays a gradual increase in Al2O3 downwards in the upper
45 cm of the horizon, with a decrease in the lower 15 cm, possibly
reflecting illuvial clay enrichment, which may justify an “argillic” mod-
ifier (Fig. 9B; e.g., Sheldon and Tabor, 2009; Sweet et al., 2013). Howev-
er, variations in values of Al2O3/SiO2 can alternatively reflect changes in
parent material from additions of allochthonous eolian silt penecon-
temporaneous with soil development. Comparison with other chemical
trends validates this interpretation: Al2O3/SiO2 trends track those for
TiO2/Al2O3 and La/Y (Fig. 9A), indicating changes in source, and not
weathering, control the chemical horizonation. Grain size analysis
through these paleosol horizons shows no distinct variation in clay con-
tent. Mason and Jacobs (1998) and Muhs (2007) illustrated similar
allochthonous input of dust into paleosols hosted in Quaternary loess.

7. Geochemistry of the siliciclastic facies

Geochemical trends of siliciclastic sediment relate to weathering,
transport, provenance, diagenesis, and grain size. The burial depth of
middle Permian strata within the Anadarko Basin ranges from ~150 m
to 1500 m (Hills and Kottlowski, 1983; Carter et al., 1998), so diagenetic-
related chemical alteration, besides late-stage and near-surface dis-
solution of evaporites, is minimal. Evaporite and carbonate are the
main diagenetic phases, and these have been eliminated from the
whole rock geochemistry by pretreatment procedures. Samples
were sieved to b20 μm to reduce the influence of grain size variation
on geochemical trends. Consequently, the subsequent geochemical
trends represent provenance and weathering.

Cross plots of major oxides enable comparison with possible source
terranes (Ouachita Flysch; Totten et al., 2000, Sutton and Land, 1996,
and Gleason et al., 1995; and the Colorado Plateau Crust; Condie and
Selverstone, 1999), and these were plotted in relation the Upper Conti-
nental Crust and Average Shale of Taylor and McLennan (1985). A
mixing point representing 70% Ouachita Flysch and 30% Colorado Pla-
teau Crust is included in each plot to display possibilities of mixing of
multiple source components. The study samples display variability in
SiO2 within and between study sites (from 54 to 75 wt.%), averaging
58% in the southern site and 68 wt.% in the northern site (Fig. 10A).
Compared with the Upper Continental Crust (UCC) and Colorado Pla-
teau Crust (CPC), the Dog Creek Shale is depleted in Na2O values and
slightly enriched in K2O values (Fig. 10A). However, the Na2O and
K2O values of the Dog Creek Shale are similar to the Ouachita
Mountain Flysch (OUA), especially in the southern site. The alkali
metal oxides vs. SiO2 plots show the OUA and CPC have relatively sim-
ilar Na2O + K2O values compared to both the northern and southern
study sites (Fig. 10A).

Both TiO2 and Al2O3 abundances remain constant during moderate
weathering and the ratio of Ti to Al varies greatly in igneous source
rocks, such that this ratio is useful in provenance identification (e.g.
Young and Nesbitt, 1998; Sheldon and Tabor, 2009). However, during
extreme weathering the Ti:Al ratio increases due to translocation of
the Al-rich phase (Young and Nesbitt, 1998). There is a twofold differ-
ence in Al2O3 values between the samples from the southern and north-
ern study sites. Samples from the northern site are depleted in Al2O3

relative to those in the south, where values are similar to the CPC and
the OUA–CPC mix (Fig. 10B). The CPC plots directly between the values
for the southern and northern sites, but both study sites overlap with
the CPC. TiO2 values for the southern and northern sites overlap, with
an average value near the OUA–CPC mixing point (Fig. 10B), but the
TiO2 values from the northern site display a larger spread than the sam-
ples from the southern site. The linear trends in the Ti vs. Al plot reflect a
weathering trend, caused by slight variation in mud fractions between
samples (Young and Nesbitt, 1998). Two distinct envelopes are present
in the Ti vs. Al plot, showing greater depletion in Al2O3 within the
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northern samples relative to the southern samples. The southern and
northern values overlap in the K2O vs. MgO + Fe2O3 plot (Fig. 10C).
Southern samples are enriched in MgO and Fe2O3 with a centroid near
the values for the average shale, whereas northern samples have a cen-
troid near the Upper Continental Crust (Fig. 10C).

Geochemical ratios of immobile trace elements La, Th, Zr, Hf, Nb, Cr,
and Sc are useful for contrasting provenance between various locations
(Holland, 1978; Hao et al., 2010) because they resist alteration during
weathering and transport (McLennan et al., 1983; Bhatia and Crook,
1986). These elements are incorporated into sedimentary rocks during
transport and reflect the unique abundances of their sources. For exam-
ple, mafic sources are enriched in Sc and Cr, and silicic sources are
enriched in Th (Totten et al., 2000; Sweet et al., 2013), such that mafic
source contributions lead to a Th/Sc ratio b1, whereas granitic/UCC
sources produce a ratio ≥10. The Dog Creek Shale samples from the
southern site yield Th/Sc values between 0.6 and 0.9, suggesting more
mafic than felsic input (Fig. 11A). The centroid of the southern samples
falls on theOUA–CPCmix pointwith respect to the Th/Sc ratio. Values of
Cr/Th for both southern and northern sites showgreatermafic contribu-
tions than those seen in the Ouachita Flysch and UCC. The centroid of
both study sites combined is approximately similar to the OUA–CPC
mixing point (Fig. 11A).

A cross plot of Hf and Zr (Fig. 11B) enables integration of geochem-
ical and detrital zircon provenance data. Zircons from different source
terranes exhibit consequent differences in REE abundances. Zr and Hf
are both enriched in zircon, thus normalized ratios using these elements
reflect compositional changes of zircons and enable comparison of
source variation. Fig. 11B shows that the northern samples are distinct
from the southern samples, with the former exhibiting higher values
of Zr/Nb and Hf/Nb.
8. Detrital-zircon geochronology

In order to determine the dominant paleowind directions and aid
geochemical provenance data, two samples of the massive siltstone
(loess) lithofacies were analyzed for U–Pb ages of detrital zircons
(Table 3, Fig. 12).

The dominant age mode (34%) is 900–1300 Ma (Table 3; Fig. 12).
This age range encompasses grains that match the age of Grenville
basement of the Appalachian–Ouachita–Marathon system (Figs. 12
and 13; Dickinson and Gehrels, 2003). A Neoproterozoic population
(510–790 Ma; 15%) is sourced from Neoproterozoic terranes located
within the Appalachian orogen to the east of the study site (Dickinson
and Gehrels, 2003). In addition, Neoproterozoic terranes now located
within Mexico and Central America may have been a significant south-
ern source. Paleozoic zircons (300–480Ma; 18%) represent a significant
component. This age is likely sourced from early Paleozoic and peri-
Gondwanan terranes now located within the Yucatan/Maya terranes
of Mexico, located to the south of the Ouachita suture during Permian
time (Fig. 13; Table 2; G.S. Soreghan et al., 2002; M.J. Soreghan et al.,
2002; Dickinson and Gehrels, 2003, Soreghan and Soreghan, 2007;
Ramos-Arias and Keppie, 2011; Soreghan and Soreghan, 2013; Sweet
et al., 2013). Another predominant mode of zircons with ages of
1300–1535 Ma (12%) corresponds to the Granite–Rhyolite basement
dispersed throughout the North American Midcontinent (G.S. Soreghan
et al., 2002, M.J. Soreghan et al., 2002; Dickinson and Gehrels, 2003,
Soreghan and Soreghan, 2007; Sweet et al., 2013). Other smaller groups
include Paleoproterozoic grains N1820Ma (10%) and a Yavapai–Mazatzal
population 1610–1820 (10%) Ma. The 1610–1820 Ma population corre-
sponds to basement of the Yavapai–Mazatzal province northwest of the
study site (Fig. 13; G.S. Soreghan et al., 2002; M.J. Soreghan et al., 2002),
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Fig. 11. Plots of (A) immobile trace element ratios and (B) immobile element ratios of elements enriched in zircon.
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exposed in basement-cored uplifts of the Ancestral RockyMountains gen-
erally west-northwest of the study area (Sweet et al., 2013). Any zircon
ages reflecting an ARM source may be a product of recycling, because
most ARM highlands were being onlapped by Permian sediment and
thus were not active sediment sources by this time (Soreghan et al.,
2012). However, recycling of sediments derived from the ARM uplifts
would not significantly alter interpretations of paleodispesal paths be-
cause they lie fringing this source terrane. Zircons of ages N1820Ma rep-
resent the Superior,Wyoming, andPenokean/Trans-Hudsonprovenances
of the Laurentian craton to the north of the study site (Hoffman, 1989;
Van Schmus et al., 1996). The Superior andWyoming population is likely
from recycled strata because basement of this area was not exposed dur-
ing the middle Permian (McKee et al., 1967).

9. Discussion

9.1. Refining chronostratigraphy using magnetostratigraphy

Our newmagnetostratigraphic data indicate that the Dog Creek Shale
accumulated near the end of the Kiaman Reversed Polarity Superchon
(Fig. 2; Fig. 4). The first reversal after the Kiaman Superchron occurred
during the Middle Wordian at ~267 Ma (Steiner, 2006; International
Chronostratigraphic Chart). Correlation of the magnetostratigraphic
events within the northern site is limited by a lack of paleomagnetic con-
trol for synchronous strata of the region. The magnetization acquired by
redbeds may occur at deposition or after burial (Irving and Parry, 1963;
McMahon and Strangeway, 1968; Butler, 1992). However, the consistent-
ly low-inclination data recorded in the study strata are most consistent
withmiddle Permianpaleolatitudes, indicating themagnetizationwas ac-
quired at, or shortly after deposition (Fig. 6, see Section 3). If theNRMwas
acquired by precipitation of authigenic minerals (CRM), the rocks would
be older than the magnetization produced, but only slightly older if the
CRMwas acquired soon after deposition. However, if the NRM represents
DRMs, the measured magnetization records the depositional age. The
magnetostratigraphic data suggest the studied strata located above the
Dog Creek Shale represent post-Kiaman time (b267 Ma).

Combining the maximum age of deposition (267 Ma) for strata
above the Dog Creek Shale with previous work on chronostratigraphy
of the El Reno Group (notably Blaine Formation; Denison et al., 1998)
enables refinement of the depositional age for the Dog Creek Shale,
and reconciles differences in previously published chronostratigraphic
columns for Midcontinent North America. The Dog Creek Shale in the
northern site (Kansas) is slightly younger than the early Guadalupian
age for the Blaine Formation, and older than the end-Kiaman Superchon
reversal event, yielding an age of deposition between 272.3 and 267Ma.
Hence, the sampled interval is ~4My younger than its current published
age (cf. Sawin et al., 2008).

In addition to refining depositional ages, paleomagnetic inclination
data refines the paleolatitude of the study site during the time of depo-
sition. Previous studies placed North America between ~5°N and ~15°N
paleolatitude during the middle to Late Permian (Golonka et al., 1994;
Scotese, 1999; Loope et al., 2004; Tabor et al., 2008). Consistently low
inclination values throughout the northern study section (n = 88)
indicate an average paleolatitude of 6–10°N, confirming the lower end
of previously cited ranges (Fig. 4A and B; Fig. 6).

9.2. Sediment transport, deposition, and climate

As noted previously, the long-accepted environmental interpreta-
tion for the El Reno Group is primarily marine, which stems from
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Fig. 12. Cumulative probability plots showing detrital zircon ages obtained frommassive siltstone facies of the northern (Kansas) and southern (Oklahoma) study sites. See text for further
explanation.

Fig. 13. Source terrane map showing the distribution of key provinces and their associated crustal ages (modified from Soreghan and Soreghan, 2013). Neoproterozoic terranes are not
shown but lay within the Appalachian suture to the east and northeast. Peri-Gondwanan terranes (Yucatan &Maya) located within Mexico represent Palaeozoic terranes (300–480 Ma).
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Table 2
Whole rock geochemistry of the massive mudstone lithofacies and comparison reference populations.

Dog Creek Shale
(Average)
Southern Site

Dog Creek Shale
(Average)
Northern Site

Ouachita
Flysch a

Colorado
Plateau
Crust b

Upper
Continental
Crust c

Average
Shale c

SiO2 58.44 68.36 63.33 63.06 66.00 62.80
TiO2 0.81 0.84 0.83 0.70 0.50 1.00
Al2O3 15.99 11.30 18.36 15.10 15.20 18.90
Fe2O3 6.95 4.33 6.50 6.28 4.50 7.40
MnO 0.05 0.04 0.08 0.13 – 0.11
MgO 2.81 3.09 1.98 2.82 2.20 2.20
CaO 0.07 0.17 0.50 4.46 4.20 1.30
Na2O 0.72 1.42 1.42 3.32 3.90 1.20
K2O 4.02 3.40 3.50 2.42 3.40 3.50
P2O5 0.05 0.03 0.15 0.18 – 0.16
LOI 9.48 5.81 – 1.35 – –

Total 99.44 98.97 96.62 99.83 99.90 100.05
CIA 79.20 69.57 – – 50.00 –

a Compiled from Gleason et al., 1995; Sutton and Land, 1996; Totten et al., 2000.
b Condie and Selverstone, 1999.
c Taylor and McLennan, 1985.
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research focusing on the volumetrically minor chemical strata that
occur almost exclusively in the Blaine Formation, and even less evapo-
rites in the Flowerpot and Dog Creek Shales (e.g. Muir, 1933; Hills,
1942; Ham, 1960; Everett, 1962; Fay, 1964; Johnson, 1967), and the
siliciclastic units of the coeval Duncan Formation (Fig. 2; Sawyer,
1924; Gould, 1926; Becker, 1930; Greene, 1932; Green, 1937; Fay,
1964; Johnson, 1967), despite the unresolved stratigraphic relation-
ships between the Duncan Formation and El Reno Group.

Previous research on the Duncan Formation interpreted it to record
proximal deltaic facies interfingering with fine siliciclastic strata of the
“basinal prodeltaic” El Reno Group northward (Muir, 1933; Green,
1937; Everett, 1962; Fay, 1964; Johnson, 1967; Carr and Bergman,
1976), a relationship that Fay (1964) characterized as “discontinuous.”
The Dog Creek Shale of the El Reno Group, however, is only partially if
at all correlative to the Duncan Formation and comprises facies not con-
sistent with the basinal prodeltaic interpretation, including abundant
laterally extensive and internally massive siltstone facies with multiple
paleosols. Furthermore, several components typical of a fluvial–deltaic
system are absent, including the gradual transition between the
predominantly fluvial and predominantly marine realms (i.e., fluvial–
deltaic clinoforms characterized by large-scale upwardly coarsening
trends), typical fluvial sedimentary structures (e.g., cross bedding, ero-
sional surfaces, channels, and upwardly fining trends within channels),
and evidence for repetitive subaqueous flows on a delta front-prodelta
system, such as graded beds of turbidites and hyperpycnites (cf.
Soyinka and Slatt, 2008; Sweet et al., 2013). A terminal splay interpreta-
tion for the Dog Creek Shale can also be ruled out by the presence of
abundant subaerially deposited facies, and absence of the typical
fluvial sedimentary structures. Accordingly, the minor subaqueous
siliciclastic facies of the Dog Creek Shale were most likely delivered
through eolian transport to an ephemerally wet mudflat environment
where subaqueous sedimentary structures overprinted the eolian trans-
port mechanism. The rare, thin dolomite beds of the Dog Creek Shale
are enriched in siliciclastic silt, suggesting an eolian flux of sediment
persisted, albeit diminished, even during episodes of flooding. Evidence
for eolian influence in the subaqueous facies, and a close association
with the prevailingmassive siltstone facies (loess) and paleosols through-
out the Dog Creek Shale in both the northern and southern study sites, is
best reconciled using an eolian model for transport and deposition of the
fine siliciclastic fraction that composes the bulk of the sediment.

The presence of Vertisols throughout the Dog Creek Shale implies
soil processes and sparse vegetation acted as a stabilization agent
for eolian-transported sediment, an interpretation supported by the
geochemical evidence for allochthonous dust additions during pedo-
genesis. The presence of these paleosols suggests prolonged exposure
during periods of reduced accumulation that enabled pedogenesis to
prevail. The abundant vertic features record intervals of wetting and
drying in a generally semi-arid but seasonally wet climate (Klappa,
1980; Goldstein, 1988; Retallack, 1988, 1989; Benison and Goldstein,
2001; Tabor and Montanez, 2004). These paleosol features are more
abundant in the upper part of the massive siltstone intervals where
present, a trend thought to represent landscape stability and/or slower
rates of silt deposition during the transition to the less-common lami-
nated siltstone or dolomite facies. The presence of abundant loess and
paleosol features capped by thin subaqueous deposits in both the north-
ern and southern study sites suggests wetter periods periodically
prevailed over a large geographic region, stabilizing the landscape.
Dust deposition and pedogenesis predominated during deposition of
the Dog Creek Shale under an episodically wet environment in an over-
all semiarid climate. Evidence for a semi-arid climate during deposition
of the Dog Creek Shale is consistent with previous studies on sediment
within the Midcontinent, documenting an increasingly arid climate
throughout the Permian (Benison and Goldstein, 2001; Tabor and
Montanez, 2004; Tabor and Poulsen, 2008; Tabor et al., 2008; Retallack
and Huang, 2010; Giles et al., 2013; Sweet et al., 2013).

9.3. Provenance of siliciclastic material

Major- and trace-element geochemical trends from the Dog Creek
Shale display contributions from mixed felsic and mafic terranes
(Fig. 10; Fig. 11). Samples from the southern study site are relatively
enriched in mafic components compared to the northern site (Figs. 10
and 11). The centroid of the Dog Creek Shale samples from both the
northern and southern sites clearly plots closer to the OUA–CPC mix
(30% Colorado Plateau Crust and 70% Ouachita Flysch) than to the
OUA and CPC points alone, suggesting significant input from both the
Appalachian–Ouachita orogens and more felsic derivative sediment
from the Ancestral Rocky Mountains.

The detrital zircon data reinforce the geochemically derived prove-
nance interpretations. The Alleghanian orogeny (Appalachians) during
late Carboniferous–Permian time resulted in ultimate erosion of
Grenvillian and Neoproterozoic basement terranes to the east of the
study site (Arbenz, 1989; Cleaves, 1989; Appold and Nunn, 2005; Park
et al., 2010; Sweet et al., 2013). Peri-Gondwanan terranes were
emplaced to the southeast of the study site during the Permian as part
of the Sabine and Yucatan/Maya Blocks (Viele and Thomas, 1989;
Dickinson and Lawton, 2001). The peri-Gondwanan terranes, and sedi-
ment from this region recycled through the Ouachita system, account
for the 300– ~480 Ma zircon population (G.S. Soreghan et al., 2002;
M.J. Soreghan et al., 2002; Soreghan and Soreghan, 2013). The Grenville,
Neoproterozic, and peri-Gondwanan terranes to the east-southeast ac-
count for 67% of the zircon population within the loess facies of the



equator

Fig. 14. Guadalupian paleogeography showing atmospheric circulation and source regions
indicated by whole rock geochemistry and detrital zircon age populations (modified from
Colorado Plateau Geosystems and Blakey, 2010). The size of the arrows corresponds to the
volume of siliciclastic sediment delivered to the study site. See text for further explanation.
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Dog Creek Shale. Derivative sediment from the Ancestral Rocky
Mountains uplifts represented by the 1610–1820 Ma population
(Yavapai–Mazatzal, ~10%; Table 3; Figs. 12, 13) indicates subordinate
input from a west to northwesterly source. These data are similar to
those of Sweet et al. (2013) from siliciclastic units of the underlying Blaine
Formation and Flowerpot Shale of central Oklahoma.

These provenance data thus suggest westward dispersal of detritus
during the Permian, perhaps initially in fluvial systems draining the
piedmont regions, followed by subsequent entrainment and eolian
transport downwind (westward), as widespread loess (cf. Sweet et al.,
2013). These provenance data are consistent with low-latitude zonal
easterlies, but minor input from thewest, northwest, and south suggest
possible shifting of the ITCZ consistent with monsoonal circulation
(Fig. 14). Distinct minor variations in source material between the
northern and southern study sites can be explained by seasonally
shifting wind directions, which likely caused spatial variations in prov-
enance of the loess.

10. Conclusions

New chronostratigraphic data from Permian redbeds of the U.S.
Midcontinent refine the age and duration of deposition for middle
Permian fine-grained redbed strata of western tropical Pangaea. The
voluminous fine-grained redbed siliciclastic strata and subordinate
chemical lithofacies within the study region were long interpreted to
represent marginal marine (tidal) and fluvial systems. However,
detailed sedimentologic study across a broad region indicates character-
istics most consistent with a continental environment influenced pri-
marily by eolian and soil processes, with minor mudflat deposition.
Prevalent Vertisols record seasonal semiarid conditions in western
equatorial Pangaea, with alternating wetting and drying, which provid-
ed favorable conditions for trapping and preservation of fine-grained
eolian deposits (loess).

Detrital zircon and geochemical provenance results indicate a pri-
marily east to southeasterly source, with minor westerly contributions
for the siliciclastic strata within the El Reno Group. The Appalachian–
Ouachita orogenic belts associated with the Central Pangaean Moun-
tains provided the majority of sediment from the east and southeast,
whereas derivative sediment from around the Ancestral Rocky Moun-
tains provided the subordinate westerly-derived siliciclastic material.
The data are consistent with shifting of the ITCZ consistent with a com-
ponent of monsoonal circulation within western equatorial Pangaea,
within an atmosphere that was remarkably dusty, unlike any low-
latitude region on Earth today or in the recent past.

Fine-grained Permian redbeds are ubiquitous inmany basins global-
ly, and this work can be used as an analog tomany of these units, which
are not well understood considering their worldwide abundance. This
study contributes to elucidating attributes of paleo-loess deposits,
which remain under-recognized in the pre-Quaternary geologic record.
Importantly, loess deposits archive valuable and high-resolution
Table 3
Summary of U–Pb ages of detrital zircons.

Inferred bedrock source Dog Creek
Formation South
(Blaine Co.,UK)

Dog Creek
Formation
North (Greeley
Co., KS)

Age range
(Ma)

#Zircons % #Zircons %

b300 Permian arcs 1 1.2 0 0.0
300– ~480 Paleozoic terranes and arcs 14 16.3 19 20.9
510–790 Neoproterozoic terranes 13 15.1 13 14.3
900–1300 Grenville 29 33.7 31 34.1
1300–1535 Granite–Rhyolite 8 9.3 14 15.4
1610–1820 Yavapai–Mazatzal 10 11.6 8 8.8
N1820 Paleoproterozoic/arc 11 12.8 6 6.6
paleoenvironmental information on continental paleoclimate that will
aid interpretations of the transition from the Late Paleozoic icehouse cli-
mate to full green house conditions by the End Permian.
Acknowledgments

This researchwas partially supported by grants from theU.S. National
Science Foundation (EAR-0746042, and EAR-1053018). Any opinions,
findings and conclusions or recommendations expressed in thismaterial
are those of the authors and do not necessarily reflect the view of the U.S.
National Science Foundation. Additional financial support to T. Foster
was provided by the University of Oklahoma School of Geology and Geo-
physics.We thank Prof. David J Bottjer and the anonymous reviewer's for
their comments and suggestions. We thank G. Gehrels and the Uni-
versity of Arizona Geochronology lab for guidance and use of their fa-
cility. S. Dulin and A. Steullet provided guidance on the acquisition
and interpretation of the paleomagnetic data. Many thanks to Dr. J.
Zambito, R. Burkhalter, Dr. K. Johnson, and Dr. N. Suneson for discus-
sions on the Permian of the study area, and M. Kane and L. Keiser for
additional discussions on the data. We thank D. Parizek for help with
grain-size analyses, Dr. G. Morgan VI for the assistance with electron
microprobe analyses, and L. Pfeifer and G. Patel providing field assis-
tance. We thank G. Kauffman at the Oklahoma Petroleum Informa-
tion Center for informing us about the RKB core, and the Kansas
Geological Survey for providing access to the RKB core and core lab
facilities. Additionally, we thank T. Nitzel for permission to access
his land. Finally, T. Foster wishes to thank his family and friends for
their support.
References

Ahmad, N., 1983. Vertisols. In: Wilding, L.P., Smeck, N.E., Hall, G.F. (Eds.), Pedogenesis and
soil taxonomy. II. The soil orders. Developments in Soil Science, 11B. Elsevier,
Amsterdam, pp. 91–123.

Albrandt, T.S., Freyberger, S.G., 1982. Eolian deposits. In: Scholle, P.A., Spearing, D. (Eds.),
Sandstone Depositional Environments. American Association of PetroleumGeologists
Memoir, 31, pp. 11–47.

Appold, S.M., Nunn, J.A., 2005. Hydrology of the Western Arkoma Basin and Ozark
Platform during the Ouachita Orogeny: implications for Mississippi Valley-Type Ore
Formation in the Tri-State Zn–Pb District. Geofluids 5, 308–325.

Arbenz, J.K., 1989. The geology of North America; an overview: The Ouachita System. In:
Bally, A.W., Palmer, A.R. (Eds.), The Decade of North America. Geologic Society of
America, Boulder, Colorado, p. 25.

Baars, D.L., 1990. Permian chronostratigraphy in Kansas. Geology 18, 687–690.

http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0650
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0650
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0650
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0655
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0655
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0655
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0010
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0010
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0010
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0015
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0015
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0015
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0020
image of Fig.�14


27T.M. Foster et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 402 (2014) 12–29
Becker, C.M., 1930. Structure and stratigraphy of southwestern Oklahoma. Am. Assoc. Pet.
Geol. Bull. 14, 37–56.

Benison, K.C., 1997. Field descriptions of sedimentary and diagenetic features in redbeds
and evaporites of the Nippewalla Group (middle Permian), Kansas and Oklahoma.
Kansas Geologic Survey Open-file Report 97-21 62.

Benison, K.C., Goldstein, R.H., 1999. Permian Paleoclimate data from fluid inclusions in ha-
lite. Chem. Geol. 154, 113–132.

Benison, K.C., Goldstein, R.H., 2000. Sedimentology of ancient saline pans: an example
from the Permian Opeche shale, Williston Basin, North Dakota, U.S.A. J. Sediment.
Res. 70, 159–169.

Benison, K.C., Goldstein, R., 2001. Evaporites and siliciclastic of the Permian Nippewalla
Group of Kansas, USA — a case for nonmarine deposition in saline lakes and saline
pans. Sedimentology 48, 165–188.

Benison, K.C., Goldstein, R.H., Wopenka, B., Burruss, R.C., Pasteris, J.D., 1998. Extremely
acid Permian lakes and groundwaters in North America. Nature 392, 911–914.

Benison, K.C., Bowen, B.B., Uenobe, F.E.O., Jagniecki, E.A., LaClair, D.A., Story, S.L., Mormile,
M.R., Hong, B.Y., 2007. Sedimentology of acid saline lakes in southern western
Australia: newly described processes and products of an extreme environment. J.
Sediment. Res. 77, 366–388.

Bhatia, M.R., Crook, K.A.W., 1986. Trace element characteristics of graywackes and
tectonic setting discrimination of sedimentary basins. Bull. Mineral. Petrol. 92,
181–193.

Birkeland, P.W., 1999. Soils and Geomorphology. Oxford University Press, New York, NY
(430 pp.).

Bodine, M.W., Fernalld, T.H., 1973. EDTA dissolution of gypsum, anhydrite, and Ca–Mg
carbonates. J. Sediment. Petrol. 43, 1152–1156.

Brookfield, M.E., 2008. Paleoenvironments and palaeotectonics of the arid to hyperarid
intracontinental latest Permian–late Triassic Solway basin (U.K.). Sediment. Geol.
210, 27–47.

Buol, S.W., Hole, F.D., McCracken, R.J., Southard, R.J., 1997. Soil Genesis and Classification.
Iowa State University Press, Ames, IA (527 pp.).

Butler, R.F., 1992. Paleomagnetism. Blackwell Scientific Publications, Cambridge,
Massachusetts, United States.

Carr, J.E., Bergman, D.L., 1976. Reconnaissance of the Water Resources of the Clinton
Quadrangle, West-central Oklahoma: Oklahoma Geologic Survey, Hydrologic Atlas
5, scale 1:250,000, 4 sheets.

Carter, L.S., Kelley, S.A., Blackwell, D.D., Naeser, N.D., 1998. Heat flow and thermal history
of the Anadarko Basin, Oklahoma. Am. Assoc. Pet. Geol. Bull. 82, 291–316.

Chan, M.A., 1999. Triassic loessite of north-central Utah; stratigraphy, petrophysical char-
acter, and Paleoclimate implications. J. Sediment. Res. 69, 477–485.

Cleaves, E.T., 1989. Appalachian Piedmont landscapes from the Permian to the Holocene.
Geomorphology 2, 159–179.

Clifton, R.L., 1942. Invertebrate faunas from the Blaine and the Dog Creek Formations of
the Permian Leonardian Series. J. Paleontol. 16, 101–104.

Colorado Plateau Geosystems, Blakey, R.C., 2010. cpgeosystems.com (June).
Condie, K.C., Selverstone, J., 1999. The crust of the Colorado Plateau: new views of an old

arc. J. Geol. 107, 387–397.
Cox, R.L., 2009. Ouachita, Appalachian, and ancestral rockies deformation recorded inme-

soscale structures on the foreland Ozark plateaus. Tectonophysics 474, 674–683.
Crowell, J.C., 1978. Gondwanan glaciation, cyclothems, continental positioning, and cli-

mate change. Am. J. Sci. 278, 1345–1372.
Crowell, J.C., 1999. Pre-Mesozoic ice ages: their bearing on understanding the climate sys-

tem. Geol. Soc. Am. Mem. 192, 1–106.
Denison, R.E., Kirkland, D.W., Evans, R., 1998. Using strontium isotopes to determine the

age and origin of gypsum and anhydrite beds. Geology 106, 1–17.
Dickins, J.M., 1996. Problems of a Late Paleozoic glaciation in Australia and subsequent cli-

mate in the Permian. Palaeogeogr. Palaeoclimatol. Palaeoecol. 125, 185–197.
Dickinson, W.R., Gehrels, G.E., 2003. U–Pb ages of detrital zircons from Permian and Juras-

sic aeolian sandstones of the Colorado Plateau, USA: paleogeographic implications.
Sediment. Geol. 163, 29–66.

Dickinson, W.R., Gehrels, G.E., 2008. U–Pb ages of detrital zircons in relations to paleoge-
ography: Triassic paleodrainage networks and sediment dispersals across west
Laurentia. J. Sediment. Res. 78, 745–764.

Dickinson,W.R., Lawton, T.F., 2001. Carboniferous to Cretaceous assembly and fragmenta-
tion of Mexico. Geol. Soc. Am. Bull. 113, 1142–1160.

Dickinson, W.R., Lawton, T.F., 2003. Sequential intercontinental suturing as the ultimate
control for Pennsylvanian Ancestral Rocky Mountain deformation. Geology 31,
609–612.

DiMichele, W.A., Montanez, I.P., Poulsen, C.J., Tabor, N.J., 2009. Climate and vegetational
regime shifts in the Late Paleozoic Ice Age Earth. Geobiology 7 (2), 200–226.

Dubois, M.K., Goldstein, R.H., Hasiotis, S.T., 2012. Climate-controlled aggredation and cy-
clicity of continental loessic siliciclastic sediments in Asselian–Sakmarian cyclothems,
Permian, Hugoton embayment, USA. Sedimentology 59, 1782–1816.

Everett, A.G., 1962. Clay petrology and geochemistry of Blaine Formation (Permian),
Northern Blaine County, Oklahoma. (M.S. Thesis) , 108. The University of
Oklahoma.

Fay, R.O., 1962. Geology and mineral resources of Blaine County, Oklahoma. Okla. Geol.
Soc. Bull. 89, 30–148.

Fay, R.O., 1964. The Blaine and related formations in northwestern Oklahoma and south-
ern Kansas. Okla. Geol. Soc. Bull. 98, 238.

Fielding, C.R., Frank, T.D., Isbell, J.L., 2008. The Late Paleozoic Ice Age— A review of current
understanding and synthesis of global climate patterns. In: Fielding, C.R., Frank, T.D.,
Isbell, J.L. (Eds.), Resolving the Late Paleozoic ice age in time and space. Geological So-
ciety of America Special paper, 441, pp. 343–354.

Frakes, L.A., Francis, J.E., Syktus, J.I., 1992. Climate Modes of the Phanerozoic, 274.
Cambridge University Press, New York 37–64.
Fryberger, S.G., Ahlbrandt, T.S., Andrew, S., 1979. Origin, sedimentary features, and signif-
icance of low-angle eolian ‘sand sheet’ deposits: Great Sand Dunes, National Monu-
ment and vicinity, Colorado. J. Sediment. Petrol. 49, 733–746.

Gilbert, M.C., 1986. Stop 8: Medicine Bluffs. Petrology of the CambrianWichita Mountains
igneous suite. Oklahoma Geologic Survey Guidebook, 23, pp. 179–182.

Giles, J.M., Soreghan, M.J., Benison, K.C., Soreghan, G.S., Hasiotis, S.T., 2013. Lakes, loess,
and paleosols in the PermianWellington Formation of Oklahoma, U.S.A.: implications
for paleoclimate and paleogeography of the Midcontinent. J. Sediment. Res. 83 (10),
825–846.

Gleason, J.D., Patchett, P.J., Dickinson, W.R., Ruiz, J., 1995. Nd isotopic constraints on sed-
iment sources of the Ouachita–Marathon fold belt. Geol. Soc. Am. Bull. 107,
1192–1210.

Glennie, K.W., 1970. Desert Sedimentary Environments, 11. Elsevier, Amsterdam 165.
Goldstein, R.H., 1988. Paleosols of Late Pennsylvanian cyclic strata, NewMexico. Sedimen-

tology 35, 777–803.
Golonka, J., Ross, M.I., Scotese, C.R., 1994. Phanerozoic paleogeographic and paleoclimatic

modeling maps. In: Embry, A.F., Beauchamp, B., Glass, D.J. (Eds.), Pangea: Global
Environments and Resources. Canadian Society of Petroleum Geology Memoir, 17,
pp. 1–47.

Gould, C.N., 1926. The correlation of the Permian of Kansas, Oklahoma and Northern
Texas. Am. Assoc. Pet. Geol. Bull. 10, 144–153.

Green, D.A., 1937. Major divisions of the Permian in Oklahoma and Southern Kansas. Am.
Assoc. Pet. Geol. Bull. 21, 1515–1533.

Greene, F.C., 1932. A summary of the stratigraphy and problems of the Permian of
Oklahoma. Stratigraphic Society of Tulsa, abstract.

Ham, W.E., 1960. Middle Permian evaporites in southwestern Oklahoma. 21st Interna-
tional Geologic Congress, 12, pp. 138–151.

Ham, W.E., Wilson, J.L., 1967. Paleozoic epeirogeny and orogeny in the central United
States. Am. J. Sci. 265, 332–407.

Hao, Q., Guo, Z., Qiao, Y., Xu, B., Oldfield, F., 2010. Geochemical evidence for the prove-
nance of middle Pleistocene loess deposits in southern China. Quat. Sci. Rev. 29,
3317–3326.

Hemmerich, M.J., Kelley, S.A., 2000. Patterns of Cenozoic denudation on the Southern
High Plains. Am. Assoc. Pet. Geol. Bull. 84, 1239.

Hills, J.M., 1942. Rhythm of Permian seas— a paleogeographic study. Am. Assoc. Pet. Geol.
Bull. 26, 217–255.

Hills, J.M., Kottlowski, 1983. In: Lindberg, F.A. (Ed.), Southwest/Southwest Mid-Continent
Region: Correlation of Stratigraphic Units of North America (COSUNA) Project.
American Association of Petroleum Geologists.

Hoffman, P.F., 1989. Precambrian geology and tectonic history of North America. In: Bally,
A.W., Palmer, A.R. (Eds.), The Geology of North America — An Overview: Geological
Society of America. The Geology of North America (A), pp. 447–512.

Holdoway, K.A., 1978. Deposition of evaporites and red beds of the Nippewalla Group,
Permian, western Kansas. Kans. Geol. Surv. Bull. 215, 1–43.

Holland, H., 1978. The Chemistry of the Atmosphere and Oceans. JohnWiley & Sons, New
York.

Hovorka, S.D., 1987. Depositional environments of marine-dominated bedded halite,
Permian San Andres Formation, Texas. Sedimentology 34, 1029–1054.

Hovorka, S.D., Knauth, L.P., Fisher, R.S., Gau, G., 1993. Marine to nonmarine facies transi-
tions in Permian evaporites of the Palo Duro Basin, Texas: geochemical response.
Geol. Soc. Am. Bull. 105, 1119–1134.

Irving, E., Parry, L.G., 1963. Themagnetism of some Permian rocks fromNew SouthWales.
Geophys. J. 7, 395–411.

Isbell, J.L., Miller, M.F., Wolfe, K.L., Lenaker, P.A., 2003. Timing of late Paleozoic glaciation
in Gondwana: was glaciation responsible for the development of northern hemi-
sphere cyclothems? Geol. Soc. Am. Spec. Pap. 370, 5–24.

Jiang, Z., Liu, L., 2011. A pretreatment method for grain size analysis of red mudstones.
Sediment. Geol. 241, 13–21.

Johnson, K.S., 1967. Stratigraphy of the Permian Blaine Formation and Associated Strata in
Southwestern Oklahoma. Thesis submitted to The University of Oklahoma, Norman,
Oklahoma.

Johnson, K.S., 1971. Guidebook for Geologic Field Trips in Oklahoma. Book 1, Introduction,
Guidelines, and Geologic History of Oklahoma. Oklahoma Geologic Survey Education-
al Publication, 2, p. 15.

Johnson, K.S., 1978. Stratigraphy and Mineral Resources of Guadalupian and Ochoan
Rocks in the Texas Panhandle and Western Oklahoma. New Mex. Bur. Min. Miner.
Resour. Circ. 159, 57–62.

Johnson, K.S., 1988. Evaporites and Red Beds in Roman Nose State Park. Northwest
Oklahoma. Geological Society of America Centennial Field Guide — South-Central
Section, 21, pp. 83–84.

Jonson, K.S., Amsded, T.W., Denison, R.E., Dutton, S.P., Goldstein, A.G., Rascoe Jr., B.,
Sutherland, P.K., Thompson, D.M., 1989. Geology of the southern Midcontinent.
In: Sloss, L.L. (Ed.), 12, Sedimentary cover—North American craton. U.S.:
Geologic Society of America, Boulder, The Geology of North America, D-2, pp.
1–53.

Kessler, J.L.P., Soreghan, G.S., Wacker, H.J., 2001. Equatorial aridity in western Pangea:
lower Permian loessite and dolomitic paleosols in northeastern New Mexico, U.S.A.
J. Sediment. Petrol. 7, 817–832.

Klappa, C., 1980. Rhizoliths in terrestrial carbonates: classification, recognition, genesis,
and significance. Sedimentology 27, 613–629.

Kluth, C.F., 1986. Plate tectonics of the Ancestral Rocky Mountains. AAPG Mem. 41,
353–369.

Kluth, C.F., Coney, P.J., 1981. Plate tectonics of the Ancestral Rocky Mountains. Geology 9,
10–15.

Kocurek, G., Kirkland, B.L., 1998. Getting to the source: aeolian influx to the Permian
Delaware basin region. Sediment. Geol. 117, 143–149.

http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0025
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0025
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0660
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0660
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0660
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0040
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0040
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0045
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0045
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0045
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0050
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0050
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0050
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0035
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0035
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0055
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0055
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0055
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0665
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0665
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0665
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0065
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0065
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0070
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0070
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0080
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0080
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0080
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0075
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0075
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0085
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0085
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf9000
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf9000
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf9000
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0670
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0670
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0090
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0090
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0095
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0095
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0100
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0100
http://cpgeosystems.com
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0105
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0105
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0110
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0110
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0115
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0115
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0120
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0120
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0125
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0125
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0130
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0130
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0145
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0145
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0145
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0150
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0150
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0150
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0135
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0135
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0140
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0140
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0140
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0160
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0160
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0165
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0165
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0165
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0685
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0685
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0685
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0170
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0170
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0175
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0175
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0180
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0180
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0180
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0180
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0690
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0690
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0195
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0195
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0195
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0860
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0860
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0700
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0700
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0700
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0700
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0215
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0215
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0215
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0705
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0235
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0235
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0710
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0710
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0710
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0710
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0225
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0225
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0230
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0230
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0715
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0715
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0720
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0720
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0240
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0240
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0245
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0245
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0245
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0250
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0250
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0255
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0255
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0865
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0865
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0865
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0730
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0730
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0730
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0260
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0260
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0265
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0265
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0270
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0270
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0275
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0275
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0275
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0280
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0280
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0285
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0285
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0285
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0290
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0290
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0735
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0735
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0735
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0870
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0870
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0870
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0305
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0305
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0305
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0875
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0875
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0875
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0880
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0880
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0880
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0880
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0310
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0310
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0310
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0315
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0315
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0325
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0325
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0320
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0320
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0330
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0330


28 T.M. Foster et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 402 (2014) 12–29
Kutzbach, J.E., Gallimore, R.G., 1989. Pangean climates: megamonsoons of the
megacontinent. J. Geophys. Res. 94, 3341–3357.

Loope, D.B., Steiner, M.B., Rowe, C.M., Lancaster, N., 2004. Tropical westerlies over
Pangean sand seas. Sedimentology 51, 315–322.

Lowenstein, T.K., Hardie, L.A., 1985. Criteria for the recognition of salt-pan evaporites.
Sedimentology 32, 627–644.

Mack, G.H., Leeder, M., Perez-Arlucea, M., Bailey, B.D.J., 2003. Early Permian silt-bed fluvial
sedimentation in the Orogrande basin of the Ancestral Rocky Mountains, New
Mexico, USA. Sediment. Geol. 160, 159–178.

Maclachlan, M.E., 1967. Oklahoma. In: McKee, E.D., Oriel, S.S., et al. (Eds.), Paleotectonic
investigations of the Permian System of the United States: United States Geological
Survey. Professional Paper, 515, pp. 81–92.

Mason, J.A., Jacobs, P.M., 1998. Chemical and particle-size evidence for addition of fine
dust to soils of the Midwestern United States. Geology 26, 1135–1138.

Maughan, E.K., 1967. Eastern Wyoming, eastern Montana, and the Dakotas. In:
McKee, E.D., Oriel, S.S. (Eds.), Paleotectonic investigations of the Permian System
in the United States. United States Geological Survey Special Publication, 515,
pp. 125–152.

McKee, E.D., Oriel, S.S., Berryhill Jr., H.L., Cheney, T.M., Cressman, E.R., Crosby, E.J., Dixon, G.H.,
Hallgarth, W.E., Ketner, K.B., MacLachlan, M.E., McKelvey, V.E., Mudge, M.R., Meyers, D.
A., Sheldon, R.P., 1967. Paleotectonic maps of the Permian System. United States
Geologic Survey Miscellaneous Geologic Investigations. Map I-450, p. 164.

McLennan, S., Taylor, S., Kroner, A., 1983. Geochemical evolution of Archean shales from
South Africa. I: the Swaziland and Pongola supergroups. Precambrian Res. 22,
93–124.

McMahon, B.E., Strangeway, D.W., 1968. Stratigraphic implications of paleomagnetic data
from Upper Paleozoic–Lower Triassic Redbeds of Colorado. Geol. Soc. Am. Bull. 79,
417–428.

Mudge, M.R., 1967. Central midcontinent region. In: McKee, E.D., Oriel, S.S. (Eds.),
Paleotectonic investigations of the Permian System in the United States. United
States Geologic Survey Professional Paper, 515, pp. 91–123.

Muhs, D.R., 2007. Loess deposits, origins and properties. Encycl. Quat. Sci. 3, 1405–1418.
Muhs, D.R., 2012. Loess and its Geomorphic, Stratigraphic, and Paleoclimatic Significance

in the Quaternary. In: Shroder, J. (Editory in Chief), Lancaster, N., Sherman, D.J., Baas,
A.C.W. (Eds.), Treatise on Geomorphology 11, Aeolian Geomorphology, 1–46.

Muir, J.L., 1933. Sedimentary Studies of the Blaine Formation. Thesis submitted to the Uni-
versity of Oklahoma, Norman, Oklahoma.

Norton, G.H., 1939. Permian red beds of Kansas. AAPG Bull. 23, 1751–1803.
Park, H., Barbeau Jr., D.I., Rickenbaker, A., Bachmann-Krugg, D., Gehrels, G., 2010. Applica-

tion of foreland basin detrital-zircon geochronology to the reconstruction of the
southern and central Appalachian orogen. J. Geol. 118, 23–44.

Parrish, J.T., 1993. Climate of the supercontinent Pangea. J. Geol. 118, 23–44.
Parrish, J.T., Peterson, F., 1988. Wind directions predicted from global circulation models

and wind directions determined from aeolian sandstones of the western United
States — a comparison. Sediment. Geol. 56, 261–282.

Pendery, E.C., 1963. Stratigraphy of Blaine Formation (Permian), north-central Texas. Am.
Assoc. Pet. Geol. Bull. 47, 1828–1839.

Peyser, C.E., Poulsen, C.J., 2008. Controls on Permo-Carboniferous precipitation over trop-
ical Pangaea; a GCM sensitive study. Palaeogeogr. Palaeoclimatol. Palaeoecol. 268,
181–192.

Pye, K., 1987. Aeolian Dust and Dust Deposits. Academic Press, London 334 pp.
Ramos-Arias, M.A., Keppie, J.D., 2011. U–Pb Neoproterozoic–Ordovician protoliths age

constraints for high- to medium-pressure rocks thrust over low-grade metamorphic
rocks in the Ixcamilpa area, Acatlan Complex, Southern Mexico. Can. J. Earth Sci. 48,
45–61.

Retallack, G., 1988. Field recognition of paleosols. Geol. Soc. Am. Spec. Pap. 216, 1–20.
Retallack, G., 1989. Laboratory Exercises in Paleopedology. University of Oregon,

Oregon.
Retallack, G., 2001. Soils of the Past: An Introduction to Paleopedology. Blackwell Science

Ltd, Oxford, United Kingdom (404 pp.).
Retallack, C.J., Huang, C., 2010. Depth to gypsic horizon as a proxy for paleoprecipitation in

paleosols of sedimentary environments. Geology 38 (5), 403–406.
Sawin, R.S., Franseen, E.K., West, R.R., Ludvigson, G.A., Watney, W.L., 2008. Clarification

and changes in Permian stratigraphic nomenclature in Kansas. Kans. N. Z. Geol.
Surv. Bull. 254 (2), 1–4.

Sawyer, R.W., 1924. Areal geology of a part of southwestern Oklahoma. Am. Assoc. Pet.
Geol. Bull. 8, 312–321.

Schneider, J.W., Korner, F., Roscher, M., Kroner, U., 2006. Permian climate development in
the northern peri-Tethysarea— the Lodeve Basin, French Massif Central, compared in
a European and global context. Palaeogeogr. Palaeoclimatol. Palaeoecol. 240,
161–183.

Scotese, C.R., 1999. PALEOMAP Animations “Paleogeography”, PALEOMAP Project. De-
partment of Geology, University of Texas at Arlington, Arlington, Texas.

Sheldon, N.D., Tabor, N.J., 2009. Quantitative paleoenvironmental and paleoclimatic re-
construction using palaeosols. Earth Sci. Rev. 95, 1–52.

Slingerland, R., Furlong, K.P., 1989. Geodynamic and geomorphic evolution of the permo-
Triassic Appalachian mountains. Geomorphology 2, 23–37.

Smoot, J.P., Lowenstein, T.K., 1991. Depositional environments of non-marine evaporites.
In: Melvin, J.L. (Ed.), Evaporites, petroleum, and mineral resources. Developments in
Sedimentology, 50, pp. 189–347.

Soreghan, M.J., Soreghan, G.S., 2007. Whole-rock geochemistry of Upper Paleozoic
loessite, Western Pangea: implications for paleo-atmospheric circulation. Earth Plan-
et. Sci. Lett. 255, 117–132.

Soreghan, G.S., Soreghan, M.J., 2013. Tracing clastic delivery to the Permian Delaware
Basin, U.S.A.: implications for paleogeography and circulation in westernmost Equa-
torial Pangea. J. Sediment. Res. 83 (9) (786-802).
Soreghan, G.S., Elmore, R.D., Lewchuk, M.T., 2002a. Sedimentologic–magnetic record of
western Pangean climate in Upper Paleozoic loessite (Lower Cutler Beds, Utah).
Geol. Soc. Am. Bull. 114, 1019–1035.

Soreghan, M.J., Soreghan, G.S., Hamilton, M.A., 2002b. Paleowinds inferred from detrital
zircon geochronology of Upper Paleozoic loessite, western equatorial pangea. Geolo-
gy 30, 695–698.

Soreghan, G.S., Soreghan, M.J., Hamilton, M.A., 2008a. Origin and significance of loess in Late
Paleozoic Western Pangaea: a record of tropical cold? Palaeogeogr. Palaeoclimatol.
Palaeoecol. 268, 234–259.

Soreghan, M.J., Soreghan, G.S., Hamilton, M.A., 2008b. Glacial–interglacial shifts in atmo-
spheric circulation of western tropical Pangaea. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 268, 260–272.

Soreghan, G.S., Keller, G.R., Gilbert, M.C., Chase, C.G., Sweet, D.E., 2012. Load-induced sub-
sidence of the Ancestral Rocky Mountains recorded by preservation of the Permian
landscapes. Geosphere 8, 654–668.

Soyinka, O.A., Slatt, R.M., 2008. Identification and micro-stratigraphy of hyperpycnites
and turbidites in Cretaceous Lewis Shale, Wyoming. Sedimentology 55, 1117–1133.

Steiner, M.B., 2006. The magnetic polarity time scale across the Permian–Triassic bound-
ary. In: Lucas, S.G., Cassinis, G., Schneider, J.W. (Eds.), Non-Marine Permian Biostratig-
raphy and Biochronology. Geological Society of London Special Publication, 265, pp.
15–38.

Sutherland, P.K., 1988. Late Mississippian and Pennsylvanian depositional history
in the Arkoma Basin area, Oklahoma and Arkansas. Geol. Soc. Am. Bull. 100,
1787–1802.

Sutton, S.J., Land, L.S., 1996. Postdepositional chemical alteration of Ouachita shales. Geol.
Soc. Am. Bull. 108, 978–991.

Sweet, A.C., Soreghan, L.S., Sweet, D.E., Soreghan, M.J., Madden, A.S., 2013. Permian dust in
Oklahoma: source and origin for middle Permian (Flowerpot-Blaine) redbeds in
Western Tropical Pangaea. Sediment. Geol. 284-285, 181–196.

Swineford, A., 1955. Petrography of Upper Permian rocks in south-central Kansas. Kans.
Geol. Surv. Bull. 111, 179.

Tabor, N.J., Montanez, I.P., 2002. Shifts in late Palaeozoic atmospheric circulation over
Western Equatorial Pangaea: insights from pedogenic mineral d18O compositions.
Geology 30, 1127–1130.

Tabor, N.J., Montanez, I.P., 2004. Morphology and distribution of fossil soils in the Permo-
Pennsylvanian Wichita and Bowie Groups, north-central Texas, USA: implications for
western equatorial Pangean palaeoclimate during icehouse–greenhouse transition.
Sedimentology 51, 851–884.

Tabor, N.J., Montanez, I.P., 2005. Oxygen and hydrogen isotope composition of Permian ped-
ogenic phyllosilicates; development of modern surface domain arrays and implications
for paleotemperature reconstructions. Palaeogeogr. Palaeoclimatol. Palaeoecol. 223,
127–146.

Tabor, N.J., Poulsen, C.J., 2008. Palaeoclimate across the late Pennsylvanian–Early Permian
tropical palaeolatitudes: a review of climate indicators, their distribution, and relation
to palaeophysiographic climate factors. Palaeogeogr. Palaeoclimatol. Palaeoecol. 268,
293–310.

Tabor, N.J., Montanez, I.P., Scotese, C.R., Poulsen, C.J., Mack, G.H., 2008. Paleosol archives of
environmental and climatic history in paleotropical western Pangea during the latest
Pennsylvanian through Early Permian. In: Fielding, C.R., Frank, T.D., Isbell, J.I. (Eds.),
Resolving the late Paleozoic ice age in time and space. Geological Society of
America Special Paper, 441, pp. 291–303.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust; Its Composition and Evolution:
an Examination of Geochemical Record Preserved in Sedimentary Rocks. Blackwell
Scientific Publications, Oxford, United Kingdom (328 pp.).

Totten, M.W., 1979. Grain Size Distribution of Quartz as a Function of Distance from
Shoreline, Blaine Formation (Permian), western Oklahoma. The University of Oklahoma,
Norman, Oklahoma 45–46.

Totten, M.W., Hanan, M.A., Weaver, B.L., 2000. Beyond whole-rock geochemistry of
shales: the importance of assessing mineralogic controls for revealing tectonic dis-
criminants of multiple sediment sources for the Ouachita mountain Flysch deposits.
Geol. Soc. Am. Bull. 112 (7), 1012–1022.

Treece, T., 2007. Depositional Environments of a North American Mid-Continent Red Bed:
The El Reno Group of Central Oklahoma, USA. Thesis submitted to Oklahoma State
University, Stillwater, Oklahoma (63 pp.).

Tsoar, H., Pye, K., 1987. Dust transport and the question of desert loess formation. Sedi-
mentology 34, 134–153.

Van der Voo, B., 1993. Paleomagnetism of the Atlantic, Tethys and Iapetus Oceans.
Cambridge University Press, Cambridge.

Van Schmus, W.R., Bickford, M.E., Turek, A., 1996. Proterozoic geology of the east-central
mid-continent basement. In: van der Pluijm, B.A., Catacosinos, P.A. (Eds.), Basement
and Basins of Eastern North America. Geological Society of America, Special Paper,
308, pp. 7–32.

Vandenberghe, J., 2013. Grain size of fine-grainedwindblown sediment: a powerful proxy
for process identification. Earth Sci. Rev. 121, 18–30.

Veevers, J.J., Powell, C. McA, 1987. Late Paleozoic glacial episodes in Gondwanaland
reflected in transgressive–regressive depositional sequences in Euroamerica. Geol.
Soc. Am. Bull. 98, 475–487.

Viele, G.W., Thomas, W.A., 1989. Tectonic synthesis of the Ouachita Orogenic Belt. The
Appalachian–Ouachita Orogen in the United States, part of The Geology of North
America, F-2. Geological Society of America 695–728.

Wanless, H.R., Shephard, E.P., 1936. Seal level and climate changes related to the Paleozoic
cycles. Geol. Soc. Am. Bull. 47, 1177–2106.

Wilding, L.P., Tessier, D., 1988. Genesis of Vertisols: shrink-swell phenomena. In: Wilding,
L.P., Puentes, R. (Eds.), Vertisols: their distribution. Properties, Classification and
Management-Technical Monograph SMSS 18. Texas A&M University, College Station,
Texas, USA, pp. 55–81.

http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0335
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0335
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0340
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0340
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0345
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0345
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0355
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0355
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0355
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0360
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0360
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0360
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0365
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0365
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0885
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0885
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0885
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0885
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0890
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0890
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0370
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0370
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0370
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0380
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0380
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0380
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0895
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0895
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0895
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0385
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0785
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0785
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0800
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0420
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0420
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0420
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0430
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0425
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0425
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0425
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0435
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0435
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0445
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0445
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0445
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0455
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0460
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0460
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0460
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0460
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0465
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0470
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0470
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0475
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0475
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0480
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0480
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0485
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0485
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0485
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0490
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0490
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0495
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0495
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0495
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0495
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0805
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0805
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0500
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0500
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0505
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0505
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0810
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0810
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0810
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0530
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0530
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0530
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0815
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0815
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0815
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0510
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0510
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0510
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0525
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0525
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0525
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0515
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0515
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0515
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0535
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0535
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0535
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0520
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0520
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0520
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0540
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0540
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0900
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0900
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0900
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0900
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0545
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0545
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0545
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0550
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0550
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0825
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0825
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0825
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0555
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0555
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0560
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0560
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0560
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0560
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0565
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0565
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0565
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0565
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0570
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0570
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0570
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0570
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0575
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0575
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0575
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0575
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0580
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0580
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0580
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0580
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0580
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0585
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0585
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0585
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0590
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0590
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0590
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0595
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0595
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0595
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0595
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0830
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0830
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0830
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0605
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0605
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0835
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0835
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0905
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0905
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0905
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0905
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0620
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0620
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0625
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0625
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0625
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0840
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0840
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0840
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0630
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0630
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0635
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0635
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0635
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0635


29T.M. Foster et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 402 (2014) 12–29
Yaalon, D.H., Kalmar, D., 1978. Dynamics of cracking and swelling clay soils; displacement
of skeletal grains, optimum depth of slickensides, and rate of intra-pedogenic
turbation. Earth Surf. Proc. 3, 31–42.

Young, G.M., Nesbitt, H.W., 1998. Processes controlling the distribution of Ti and Al in
weathering profiles, siliciclastic sediments and sedimentary rocks. J. Sediment. Res.
68, 448–455.

Zambito IV, J.J., Benison, K.C., 2013. Extreme high temperatures and paleoclimate trends
recorded in Permian ephemeral Lake Halite. Geology 41, 587–590.
Zambito, J.J., Benison, K.C., Foster, T.M., Soreghan, G.S., Soreghan, M.J., Kane, M., 2012.
Lithostratigraphy of Permian red beds and evaporites in the Rebecca K. Bounds
Core, Greeley County, Kansas. Kansas Geologic Survey Open-file Report
2012–15 45.

Zijderveld, J.D.A., 1967. Demagnetization of rocks: analysis of results. In: Collinson, D.W.,
Creer, K.M., Runcorn, S.K. (Eds.), Methods in Palaeomagnetism. Elsevier, Amsterdam,
pp. 254–286.

http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0640
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0640
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0640
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0645
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0645
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0645
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0845
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0845
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0850
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0850
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0850
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0855
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0855
http://refhub.elsevier.com/S0031-0182(14)00108-4/rf0855

	Climatic and paleogeographic significance of eolian sediment in the Middle Permian Dog Creek Shale (Midcontinent U.S.)
	1. Introduction
	2. Background
	2.1. Tectonic setting
	2.2. Climate setting
	2.3. Stratigraphic setting

	3. Methods
	4. Refining chronostratigraphy with magnetostratigraphy
	5. Depositional facies
	5.1. Evaporite facies
	5.1.1. Evaporite and dolomite facies
	5.1.2. Interpretation

	5.2. Siliciclastic facies
	5.2.1. Massive siltstone/mudstone lithofacies
	5.2.1.1. Interpretation

	5.2.2. Laminated siltstone lithofacies
	5.2.2.1. Interpretation

	5.2.3. Very fine to fine-grained sandstone lithofacies
	5.2.3.1. Interpretation



	6. Nature of paleosols
	6.1. Interpretation

	7. Geochemistry of the siliciclastic facies
	8. Detrital-zircon geochronology
	9. Discussion
	9.1. Refining chronostratigraphy using magnetostratigraphy
	9.2. Sediment transport, deposition, and climate
	9.3. Provenance of siliciclastic material

	10. Conclusions
	Acknowledgments
	References


