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Abstract

The ArkomeDuachitaBasin of southeast Oklahoma and central Arkansas, part of the vast
AppalachiarOuachita foreland system, evolved from a passnagin deepwater remnant

ocean basin (Ouachita) between Laurentia and Gondwana into a peripheral foreland basin
(Arkoma) drive by the collision of the two supercontinents during the assembly of Pangaea.
Basin evolution is recorded by deposition of intétent carbonate and siliciclastic strata in the
Mississippian followed by an influx of stgttonic clastic sediment in the Resylvanian

deposited in traditional sand/shale cycles attributed to flexural evolution from the ongoing
collisional tectonicand glacioeustasy fluctuatiorCarboniferous sediment deposition along

with sediment dispersal patterns is directly connected arfthenced by tectonic activity,

regional climate, global eustatic cycles, and unroofing events. Carboniferous sandstones from
the Ouachita deepvater basin and Arkoma foreland basin present the opportunity to
investigate possible source terranes and saeelit transport histories throughout the
Mississippian to Pennsylvanian using detrital geochronology and sandstone compositional
analysis. Fourteen Carboniferous sandstones ranging from the Mississippian Stanley Group to
the middle Pennsylvanian Krebs Growpre collected forf®Ar/3°Ar detrital muscovite
geochronology and sandstone compositional analysis, resultinganl,500 newdetrital grain

ages for Carboniferous strata in the Ouachita region. Detrital muscgraia ages



range from Paleoproterozoio early Pennsylvaniaand 98% of the grain agese Paleozoic.

The overall agdistribution presentsa prominent Middle Ordovician tBarly Silurian (ca. 465

Ma to 435 Ma) mode with two subordinate modtsat are Early Devonian (ca. 420 Ma to 380
Ma) andLate Devonian tearly Mississippian (ca. 380 Ma to 340 Ma}pectively. In addition

to the dominan Middle Ordovician tdzarly Silurian and Early Devonian modes, the
Mississippian Stanley Group provides a slightly oddger distributionwith a signifiant

Cambrian (ca. 540 Ma to 490 Ma) component. The Pennsylvanian samples from the Jackfork
Group, Atola Formation, and Krebs Groypeld muscovite with abundant Late Ordovician ages
and subdued peaks at ca. 400 Ma and ca. 380 to 365arall, he detrital muscoviteages

are characteristic of the multiple Appalachian tectonic episodes, predominantl\f #oenic and
AcadianNeoacadian events. The Ordovician sigee interpreted to represergediment

derived from Taconic terranes, while the two subordinBievonian peakappear to represent
AcadianNeoacadian source terranes. The detrital muscovite reaotese samples frorhate
Mississippian and Early to Middle Pennsylvasitiata are compatible witlsediment routing
systemghat delivered sediment viamultiple complex axial and transverse drainage pathways
principally from Laurentian sources. Contiterscale drainage networks adjacent to the
uplifting Appalachian Mountains and an interior longitudinal system both contributed sediment
to the southernAppalachiarOuachita foreland. Minor input of old€2ambrian taViddle
Ordoviciandetrital muscovite gainsare attributed to fluvial systems traversing through

accreted peHGondwanan terranes angerhapsalesser secondary western source connected

to the Ancestral Rocky Mountains.
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Chapter I: Introduction and Geologic Background

Introduction

Analysis of sdiment provenance ad transport concentrates on the history of sediment from
its initial source area to its present resting position in a catchment area, hence the common
discipline label'8ourceto-sink geologfAllen, 2008)0Orogenicsedimentary basins are filke

with thick accumulations of sedimentary strata sourced from orogenic highldwadsravelled

via sedimentrouting systems andvere eventually deposited into structurally low areas
(Dickinson, 1988; DeCelles and GilE¥96). © accurately understand thevolutionof
sedimentary basins, a widanging knowledge of sediment provenance, transport, and
depositional history is paramount in order to grasp the implications and relationstnps
tectonic activity, climate, eustacy dgs, and erosional eventsabhe on bas deposition

(Flemings and Jordan, 1989; DeCeRl&€84 Uddin et al., 2016).

Alterationsin sediment deposition and transport directly refldatge sedevel fluctuation
(Boardman and Heckel, 1989) amedjional tectmic activity (Greb et al2008) Foreland basins
chronicle changes in facies, sedimentation rate, depositional environmeait)aiye patterns,
and ultimately sediment source areaese variations are recorded byogenicsediment
depozones that accumuia extensive amounts of s@dentary grata in response to the
regional tectonic activity (Ver Straeten, 201Blexural subsideceassociated with the
increasing topographic load from @mergingorogenic beltis the leading driver adediment

1



accumulationinto the AppalachiarOuactita foreland, but other controls such as sea level and
erosional rates of uplifted orogenic wedgesyan important role in basin fill (DeCelles and

Giles, 1996)

Orogenic basin analysis and sediment provenanee leang been tudied through the eyes of
foreland kasin sediment using compositional analysis (Dickinson and SU&#¥), regional

facies interpretation (Archer and Greb, 1995), paleocurrent directions (Briggs and Cline, 1967),
anddetrital geochronologyBecker et al2005 Uddin et al., 2016 The evalition of provenance
studiestranscendsanultiple geologic discipies to tell a complete story of the

interconnectedness of largscale tectonics;limate,orogenic uplift, paleogeography,

depositional systems, and anniesurface processes. Thegsent sty is an endeavoto use

detrital geochronology and compositiohanalysis to address questions of sediment sources

into the southern Appalachia®uachita foreland and evaluate the role of longitudinadsis

transversadrainage systems in the eader App#achiarrOuachita foreland

Geologic Background

AppalachianOuadita Orogeny

The Appalachia®rogenesi®ccurred during the Paleozdicroughthree major mountain
building episodes: the Taconic (Ordovickiturian), te AcadiaANeoAcadian (Devaan-
Missisippian), and the AlleghaniaM{ssissippiarfPermian). The AppathianMountains
formed on the eastern Laurentian margin spanning frmmdern dayNewfoundland tocentral
Alabama and are a vast multifaceted mountain ahiat spansa complete Waon Cycle

2



(Hatcher, 2010). The evolution of the Laurentian margin andetiocrary Appalachian orogen
began with the initial assembly and breakup of supercontinent Rodinia at around 750 Ma
(Cawood and Nemchin, 2001) and endedwtite assembly and breakugh supercatinent
Pangea (Figure 1; Hatcher et al., 1989; Thomas,6200he multiple building phases of the
Appalachiansire associated with repeated complex arc, microcontinent, and exotic terrane
collisions leaving behind awted and accreted terrang®Villiamsand Hatcher, 198 Hibbard,
2000). The complex naturdeadsmany workers to dividéhe Appalachians into Northern,
Central, and Southern Appalachigggions The extent of the Appalachian Mountains and the
arrangementof embayments and promontges thatdefine these regions, as well as presence
of Appalachian clag wedges are represented in Figure 1 (Thomasgdhe Northern
Appalachian segmentrom the New York Promontory to Newfoundland Embayment
represental by lapetan realm Petiauentian ac terranes and Petondwanan Avalonia and
Ganderia terranegHibbard et al., 2007). A Silurian tectonic event (Salinic) is also observed in
the Northern Appalachians that is not represented in the Central or SouthgpalAchians (van
Staal et &, 1998).The Central and Southern Appalachian segmentsirfrom the
Pennsylvanian Embayment down through the Alabama Promontonaenepresented bythe
lapetanCentral Piedmontthe LaurentiaBlue Ridge to the west, anddiperi-Gondwanan

Carolina gperterrare to the east (Hibbard, 2000; Hibbard et al., 2007; Mersehal., 2012).
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Ouachita orogenesis is associated with contiremitinent collisiorbetween the southern
Laurentian margin and the encroachingr@wanan continentThe collieon between the North
American craton and approachingsondwanarterranes is thought to be a relatively soft
collision as much of the Paleozoic margin stiagareserved (Keller, 2012An Ouachita uplift
began to form in the Carboniferous in responsehe tntruding supercontinenGondwanaand

a possible leading vaaic aretrench system (Graham et al., 197BeriGondwanan
microcontinentscollided withthe Laurentiarmarginand endedoceanic basin deposition as
Gondwana approaclteand consequently closd the Theic OceafViele aad Thomas1989;

Miall and Blakey, 2uB). Thecollision of thearctrench systemand microcontinents resulted in
northward thrusting ofdeepwater remnant ocean basistrataover the southern edge of the
Laurentian continent (Gream et al., 1975)Complexolding ard thrusting along the margi
uplifted existing oceanic basin sediment as part of the southern Laurentian suture belt. The
Ouachita orogen extends from the topographic uplift of the Ouachita Mountains in Arkansas
and Sotheastern Oklahoma to the Bfathon ugdift in West Texas anNorthern Mexico(Figure

2; Viele and Thomas, 1989he Ouachita region is separated into multiple areas including the
Ouachita Mountains, the Ouachita Frontal Range, and the Arkoma, Bdstoh epose large

amounts of upfited Paleaoic strata in each of thesegions.
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TaconicOrogeny

The Taconic orogenyrom the Middle Ordovician t8ilurianwas the firstAppalachian
mountain building episode and is linked to the collision of eastern Laurentia with volcanic arcs
and accreted terrane@~igure 3Drake et al., 198Hatcher et al., 1989The Taconiwas
originally definedoy mappingof high-grademetamorphic ocks in tte New England area
Oceanic terranes were accreted onto the Laurentian margthe Taconic eventncluding
obducted ophiolites (Whitehead et al., 1996). These ophiolites yiehth @iron and*CAr/3°Ar
hornblende age of 479t 3 Ma and 47& 5Ma respetively (Whitehead et al., 1995; 199@)he
onset of the Taconic orogeny has been constraibgdnultiple geochronologic techniques t
be in the range of 480 Ma (Ordovician) to 440 Ma (Siluridgés for widespread Tac@
metamorphic rocks in tinorthern Appalachians are as old as ca. 465(Maird et al., 1984;
Sutter et al., 1985; Whitehead et al., 1996)aptolite fossils anéPAr/3°Ar ages for Laurentian
strata of New England indicate Barroviaetamorphism of ca455445 Ma(Hames et al.,
1991), leading tothe suggestion that pre 455 Ma Tacomiges in New England record events
that occurred prior to terrane emplacement (Ratidiet al, 198). Taconic metamorphism in
the southernand centralAppalachiansanges fom 510 Ma to 460 Ma (Dralet al., 1986).
Taconic tectonism in the southern Appalachians during the Early to Middle Ordovician is
associatedvith collision of arsystems with Laurentia and outboard southern Appalachian
terranes (e.g. HillabeBahlonega ec; McClellan et al., 200n the southern Appalachians,
Taconic plutonsvithin the Eastern Blue Riddmave UPb IBTIMS ages of 45761 Ma and
455.7 £ 2 MaHgure 3; Miller et al., 2006)and monazite inclusions within prograde garnet

yield similar ges (Corrie and Koh2008§.
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Detrital minerals that yield geochronologic ages prior 8 Ma could be suggested as
outboard pre-collisional arc complex remnants arepTaconic perzondwanan realm terrane

sources.

Taconic Clastic Wedge

In the Ordovician to Siluriafaconantectonic loading caused significant flexural subsidence in
the Appalachian foreland and proded accomnodation space for the erosion of uplifted and
unroofed source rock to shed sediment into the Northern Appalachian foreland.t@&mithern
Appalachian plifted source rock contributed eroded sediment to multiple Ord@neSilurian
clastic wedgesvith multiple depocenters between the recently uplifted mountains and the
interior forebulge (Diecchio, 1993). Multiple interpretations exestOrdovician foréand

sediment accumulationincluding thatthe entire AppalachiaBasin was a Taconian foredee
basin (Qinlan and Beaumont, 1984; Beaumont et al., 1988; Ettensohn, 199thatoa series

of foredeeps existed along the continental margin (Diecchio, 1993).

The Taconic clastic wedge complexes were shaped by the BlouQueehston deltaic system.
The Blountdeltaic system was the earliest Taconic delta complex located in the Virginia
Promontory region. The Blount delta deposited sands from recysageidnentary and lovgrade
metamorphic sources into much of the Central &wlthern Appalachian Basactions(Mack

et al, 198). The Queenston delta complex was a larger delta system that extended nearly the
length of the Appalachians and prograded todsithe craton interior reaching the Michigan
Basin (Kay and Colbert, 19&Eglton, 1970; Sanford, 1899Ettensdin, 2004). The foreland

depocenter associated with the Queenston delta was around the New York Promontory and
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received a significant sedimestipply in the Late Ordovician and Early Silurian sourced from
the recent Tacnic uplift (Faill, 1997)he Salinidectophase also contributed to the Silurian
clastic wedge in the Northern Appalachians via the Bloomsburg delta (Ettensohn and Brett,

2002).

Acadian Orogeny

TheSilurian to DevoniaAcadian orogeny was associated watit terrane collision betwen the
eadern Laurentian margin andarious exotic terranes and microcontinents outboard of the
supercontinent Gondwana. Acadian deformation is believebetoelated to northwestward
convergence of the Avalon and Carolina stgeanes with the easternage of Lawentia and
recently accretd Taconian terranes, subsequently closing the Rheic remnant ocean and
subducting the Taconian terranes (Hatcher et al., 200&rschat and Hatcher, 2007;
Ettensohn, 2011)The Acadian orogeriy the northern Appalachiasrefers © wllision of the
Avalon ad Meguma terranes with peak deformation becoming progressively younger
northward (Donohoe and Pajal973; Robinson et al., 1998; Murphy and Keppie, 2006
docking of the Carolina superrane began in the EarlyeBonian asa transpressive, zippering
collision throughout the Devonian moving from the New York Promontory tedhthern
AppalachiangFigure 3Hatcher et al., 198%4atcher et al., 2007 he multiple terrane
collisions angpeak deformation periods gigest multple events along theast Laurentian
margin.The Acadian event has yielded radiometric ages spanningg8@®la, leading some to

suggest a younger and distinct Neoacadian component (Thomas et al., 2017).
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The Neoacadiahas been associated withe youngerLate Devonian to Misssippian
deformationrecognized in thénner Piedmont ofthe Southern and Sout&entral Appalachians
(Mershcat et al., 2005¥he AcadiafNeoacadian produced high grade metamorphisiinner
Piednont terranesthroughout theSouthern AppalachiangMerschatet al., 2012)The

Southern Appalachian AcadidNeoacadian dates are linked Riedmont deformation and
plutonismwithin the eastern Blue Ridge at ca. 377 Magure 3Miller et al., 2006) and c&62
Ma (Sinha et al., 2@) as wellas peak metamorphic ages of ca. 400 Ma, 380 Ma, and 360 Ma
(Hatcher et al., 2007Y he two distinctive peak ages associated with the Acadian event provide
evidence for multiple tectonic evestwithin the Acadian, thosleeing the traditional Eayl
DevonianAcadian event (40800 Ma) and a younger Late Devonian Neoacadian event (380
360 Ma).Neoacadian events have also been recognized in the pretmniNova Scotian region
of Canada, producingefiormation and lowgrade meéamorphism at ca. 365 Ma t875 Ma

(White et al., 2007; White, 2010).

Acadian Clastic Wedges

AcadianNeoacadian orogenesis resulted in a thick accumutatioclastic sediment that was
depositedinto the Northern Appalachian forand. Multiple major delta&complexes were
formedfrom the Northen Appalachianas represented today ithe New York and Virginia
promontories. Acadian synorogenic deposition in the Sedémtral Appalachians is
represented by the Catskill clastic wedgeldhe Late Devonian to Missippian Pricd’ocono
clagic wedge(Osberg et al., 198ttensohn 2004; Park et al., 2010)he Mississippian clastic
wedge provides an extensive sequence of lithologies from deltaics to marginal marine

lithofacies in the Pemngton and Mauch Chunk gups (Ettensohn, 2004).
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Organizationof the Acadian wedge evolved from the Early Devonian throughetiee
Mississippian and perhaps into tlearly Pennsylvanian (Faill, 1985, 1997; Ettensdi®g5,
2004). The earliest Acadian clastic wedges are thougbhétxcisedn the Maritimeregion dwe
to succeeding tectonic events. The earliest vpeiserved wedge iassociated wittihe Middle
Devonian collision in the New Yqukomontory region. Theéerrane collisionclosed
progressively in a zippdike fashionsouthward towards the Virgia promontory and gave rise
to the Catskill deltaic compleXhe PenningtoAiMauch Chunk and Allegheiiasticwedges
were constructedby deposition fromthe Catskl, BedfordBerea, Borden, Pocono, and
Allegheny deltas (Wanless al., 1970; Ettensohn, 2d). The @tskill delta was principally
focused in the regions proximal to the New York and Virgiroenontories, but also spread
sediment across the Cincinnatichrintothe Illinois and Michigabasins (Ettensohn et al., 1988;
Matthews, 1993; Ettensoh2004). A following deltaic complex, the BedfoiBerea delta, was
likely formed by the reworking of the Catskill delta during lowstand conditions (Pashin and

Ettensdin, 1995).

The last Acadiaileoacadian tectonic event in the Missippian formed two claistwedges

with deposition that extendedhto the PennsylvaniaReriod. The first clastic wedge is
comprised of the Pric®ocono and Borden deltaic systems. Thee-ficcono was a more
proximal deltaic complex, while the Borderaiglistal subaqueous delgstem tha extended
well past the Cincinnati Arch and into the lllinois Basin ($veaml., 1965; Lineback, 1966;
Ettensohn, 2004). The Mississippian to EarlynBgivanian clastic wedge, known as the
PenningtonLee clastic wegke, extends through much tfie Cental and Southern Appalachians

and contains a variety of terrestrial to marginal marine facies. The sediment of the Pennington
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Lee has been interpreted tcelproximal and sourced from nearby southeastern sources

(Thomas ad Schenk, 1988).

Alleghanian Orogeny

Theconcluding Appalachian tectonic event, the Alleghanian orogeag,heralded byhe
closure of theRheicocean and the docking of Gondwana oiih@ Laurentian margin,
producing the supercontinent of Panggaondwara collided with the outer gaboard edje of
Laurentia causing Gondwana to be thrust on top of the Lauretitiess completing the full
Wilson Cycle frorroterozoicRodinia to Paraga. TheAlleghanian compressional phase is
attributed to a zippetlike, trangpressional and oblique corvgencefrom the Maritime region
in Canaddhat youngs southwardbo the central andSouthern Appalachian regiofEttensohn,
2008).Timing of collision andeformation varies from region to regiatue to the clockwise
rotational convergenceof GondwangZieggler, 198; Hatcher 2005; Ettensohn, 2008 the
Northern Appalachian regiomdicationsof docking as early as Late Devonian time have been
reported ¢iegler, 198). In the New York promontory region, primary docking of Reguibat
promontory (Africaoccurredat ca. 315 Ma (Faill, 1997, Hatcher, 200%)e dachronous
deformation and metamorphism in th@ntral andSouthern Appalachians occurred fro830
Ma to 265 Ma based on Alleghanian plutons and cooling ages (Dalliegier 1986)Uplift
and sibsequenterosionbegan in the Latdlississippiarat around 325320 Ma, resulting in

complex sedimentation into the Alleghany foreland.
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Allegheny Clastic Wedge

The accumulatiors of siliciclasticsynorogenic sedimenh the Appdachian foreland due to the
uplift and unroofing associated with the Alleghanian orogae exceptionally vasthe

Allegheny clastic wedge extends more than 1,3@0tkroughout the eastern hited Sates,

from the Northern Appalachian Basin to the Blackrkida Basin in Alabama andississipp
(Ettensohn, 2004). The sedimentary record attributed to the Alleghamiagencomprises
moreterrestrial and marginaimarine,molasselike sedimentsin comparison tahe deep-water
marine shales and flysdlke sedments associated with theaglier Pakéozoic tectonic events
(Ettersohn, 2008; and references thereiihe clastic wedge assembly largely reflects
cratonwardprogradng systems sourced from proximal regional uplift linked to collisional
tectophases. The erption being the Alleghaan orogenyand associated clastic wedge that
deals with rotational collision and relatively soft docking between Laurentia and Gondwana.
The Allegheny clastic wedge is composed of cyclic facies from marginal marine to terrestrial
sediment and lacks deepater marinetype faciesA transition from marine to nommarine
depositionin the Alleghanian forelandccurred in thdate Mississippian tearly Pennsylvanign
as recorded byn abundance of coal layensthin the traditional maine to nonmarine cycles
Thesecyclcal changegeferred to regionally as cyclothemslominate the Alleghenian clastic
wedges and are linked teustatic sedevel fluctuation and tectonic processes that occurred
throughout the Carboniferous (Chesnut, 93 Pashin, 1994). Pennsghvan cyabthems within
the Allegheny strata characterize the numerous transgressive and regressive cycles that took

place due toAlleghaniartectonic activityand global eustatic eventsieckel, 199b
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Formation ofthe Appaladian-OuachitaForeland

TheAppalachia-Ouachita foreland is a widgpread complex basin system composedthatk
accumulations of Paleozoic strata in numerous depozones in areas of flexstdlduction
subsidencewhich developed in response t@riousgeodynamic processeshe Apalachian
Ouachita forelanghows subsidence from slgdull in the peripheral system (proreland
basin, Arkoma Basin) amdgional viscous coupling frothe overriding plate in the retroarc
system (Appalachian BasieCellesad Giles, 1996)Thevast breland wa constructed in
direct response to Appalachigbuachita mountain building episodasanelongated region
that today rangegrom Maritime Canad#&o Alabama andvest to OklahomaThe foreland
evolved with each Paleozaictogenic event, reaangirg the structure of the overall system.
Earlierforedeepthickening, vith the thickestsedimentaccumulation adjacent to the
immediate thrust belt (Jordan, 1995; DeCelles and Giles, 18@8)followed byippering
tectonicsand dsplacement olNorthern Apmlachian b Southern Appalachian thrust sources.
The Appalachia®®uachita forelanqFigure 4 Thomas, 201)lis composed of the Northern
Appalachian Basin (PA), Central Appalachian Ba8#), (Southern Appalachian Black Warrior
Basin (AL)and Ouachia-ArkamaBasinAR, OK)IrheNorthern andCentral Appahchian Basins
formed as a retreforeland basin(Allen et al., 1986 response to the Appalachian faid and
thrusting. The Ouachitahrkoma Basins formed as a remnant oceanrbéuachita) and
evolved irto a clasi peripheral foreland basin (Arkoma) connected to the Ouachita fold and
thrust belt (Arbenz, 1989; Ingersoll et al., 200)bsidence of th8lack Warrior Bas has been
attributed to both the Ouachita Orogeny (Thoma®76; 198) and the Appaldian Orageny

(Pashin, 2004). Threactivation of basin subsidence of the Michigan and
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lllinois intracratonic basins has also been linked to the Appalaciaachita orogenies
(Howell and van der Pluijm, 1990). The vagt#lachianOuachita forelandystem chionicles
not only the evolution of the Laurentian continaitmargin but a full Wilson Cycle that created

the supercontinent of Pangaea.

Black Warrior Basin

ThePaleozoiBlack Warrior Basiis aforeland basin locad at the southern extentfo
the Appdachians irthe syntaxis between the Appalachian and Ouachita thrust jelteodern
day Alabama and Mississippihe Black Warrior Basin was a passive margin throughout much
of its history, slowlyaccumulaing shallev marine facies from the @abrian to Early
Missisgppian.The Carboniferousection of theforeland basin underwent flexural subsidence in
the Mississippian related to the tectonic loading of the Ouachita orogeny and subséguent
receivedclastic wedge degsition of shallow marineadeltaicfacies as the basin evolved
(Thomas, 1988). Thomas (1974, 1977, 1988) suggested the clastic wedge thinned
northeastward from the Ouachita salient represented by Mississipgyatectonic deposition.
Hines (1988) and Thoas (1988laimedthe souhwestern prtion of the Black Warrior Basin
underwent greatersubsidence rates, in the range of 2.8 to 3.1 kaih the Mississippian and
28.9 to 30.4 cntaduring the Pennsylvanian and filled with sediment sedrérom southwest
orogenic terranes. Pash{2004) prgosed the Black Warrior Basin underwent subsidence
related to the Alleghanian orogeniy the early Pennsylvaniawith increasng subsidence to the

southeast Alleghanian tectonic activity caused foldiagd faulting ofthe basin that
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sectionalizel the basn into the Black Warrior Basin, the Cahaba synclinorium, and the Coosa
synclinorium.The Black Warrior was a major sediment depozone in the Pennsylvanian,
achieving rapid sedimentatiommounting toaround 2.5 kmof depasited sediment(Pashin,

2004; Figureb).

The carbonateplatform facies that dominated the early history of the Black Warrior Basin was
rapidly succeeded by a Mississippian cratonwarograding clastic wedge in the southwestern
portion ofthe basin, with ballow marine to deltaic feées conneted to the Parkwood delta
system (Pashin, 1993; Moore, 2012). The northeastern section continued to be dominated by
oolitic and skeletal calcarenites in the Bangor Limestone, while the southwesterarpof the
basinreceived siliciclastic se@dents ofthe Floyd Shale and Parkwood Formation (Pashin and
Gastaldo, 2009). The Parkwood Formation is a mixed carbeilatielastic system that

commonly intertongues the Bangor limestone strata. The uppékwaod is predomiantly
siliciclastic sandsttes with @mpositions of quartzarenite to litharenite (Mack et al., 1981;
Pashin and Gastaldo, 2009). The upper Parkwood Formation encompasses the Mississippian
Pennsylvanian boundary, but the exact horizon hasbeen identifie in the Black Warrior

Bash strata.

The Pennsylvanian Pottsville Formation directly overlies the Parkwood Formation in the
Alabama section of the Black Warrior Basin, but becomes gradational to the southwestern
section (Thomas, 1974abhin, 1993; Pashiand Gastaldo, 2009). TRettsville represents the
rapid sediment dump onset by the Alleghanian orogeny and contains of cyclic marine to

terrestrial facies capped by a heterogenous coal zone (Pennsylvanian cyclothem).
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Pottsville sandstones are oftemmature or rich in lithidragmentsthought to be proximally
sourced from nearby uptifwhereas the mature quartzarenites are more distally sourced from
northern uplifts. Pottsville deposition extended from the early Pennsylvanian to the middle
Pennsylvaian, ca. 308 Ma based om ash laye dated in the youngest part of the upper

Pottsvile stratigraphy in Mississippi (Uddin et al., 2016).

OuachitaBasinand Stratigraphy

The Ouachitdasin (or Ouachita trough), is a Paleozoic degper remnant ocean b&n
(stratigraphic columnapresentedin Figure 6}hat formed from the rifting and braking up of
Rodinia (Morris, 1989; Mial2000;2008). The OuachitBasin was located off the southern
Laurentian margin in the Early Paleozoic and was constrained &ymoaching arsystem to

the southand theencroaching orogenic frorb the east (Miall and Blakely, 2008; Shaulis et al.,
2012). The basin was relatiyedediment starved in much of the early Paleozoic, receiving
deposition of deepwater siliciclastis, novaculites, and sparsamonatesduring the Cambrian

to Carboniferous (Morris, 1974; Sutherland, 1988; Lowe 1989; Shaulis et al., P042).
Carboniferais section of the Ouachita Basin underwent rapid deposition in the Mississippian
contemporaneously Wh the transition from mied carbonde siliciclastic to dominant clastic
deposition that is seen throughout the greater Appalach@umachita foreland syste (Thomas,
1985). The Mississippian Stanley Group is comprised of mixed shales and sandstones from
deep-marine fan deposits ftdwing a taditional turbidite sequence along with sporadic
tuffaceous material from an encroaching arc terrane (Morris, 1988ulghet al., 2012).
Regional paleocurrent data indicates a northwesterly to westerly flow ofuh@dity currents

(Morris, 1974).Ovelying the Stanley Group is the Pennsylvanian Jackfork Group, an Early
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Pennglvanian (Morrowan) sequence of siliceous shales and quitizsandstones marked by
marine shales in the lower Jackfonkdhgrades into channel sam#positsin the upper Jackfork
Group (Morris, 1974; Sutherland, 1979; Pauli, 1994). The youngest s@atsented in the
Ouachita Basin, the Atoka Formation, records deposition of the massive influx of syntectonic

marginal maine to fluviodeltaic sand®bservedthroughout the Ouachita region.

The Ouachit@asin section of the Ouachita foreland is embodied by uplifted Paleozoic deep
water sedimentary facies in the Ouachdantral andfrontal range. The Ouachita frontal range
is marked by the Choctaand Ross Crek faultsin the north,whereasthe central Ouahitasare

delineatedby the Windingstair Fautb the south andGulf Coast Plain in the west.

Arkoma Basirand Stratigraphy

The Arkomaeripheralforelandbasinrecordsthe closing of the Ouachitemnant
ocean basin and development of the Arkoma foreland basin in response to the continent
continent collision between Gondwana and Laurentiaepreserved sections of th&rkoma
Basinarelocated in southeastern Oklahomadnentral Arkansasrhe foeland basn extent is
separated from the OuachitBasin and central uplift regions by the Choctaw fault in the south,
the Arbuckle Mountaingo the southwest and the Ozark uplift to the nort{Figure, 2) The
ArkomaBasin was &table shelf along a passimargincomposed of irregular carbonate and
siliciclastic sediments sourced from the craton to the north (Sutherland, 198&).foreland
underwentsubsidencecaused byectonic loading from the docking of Gondwarizaham et
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al. (1975) and Thomas (198%ave sugestedsequential east to west closure of the Ouachita
remnant ocean basias evidencedby upward gradation of shallowarine and deltaic facies
formed in acollision orogerthat interseced the continental margin obligely. This model
proposed ly Thomas 1984) also linksediment routing from the Black Warrior region
northwestward to the Ouachita region, however, Arbenz (1984) and Link and Roberts (1986)
found the closure of the OuachiBasin was due to northwestwarddvancing thrust sheets
that resulted in the flexural subsidence the Arkoma peripheral foreland basbeginning in
the DesmoinesiaSutherland, 1988 ontinued downwarpingf the Arkoma foreland
extended through the Middle Pennsylvanian followed bysaduent basin fill of shaiv-
marine,deltaic, and fluvial sediments (Houseknecht, 1986; Sutherland, 1988). Sediment
derivation of the Arkoma foreland sedimentsiaeen linkedto both the Ouachita fold belt and
the craton to the north Regional paleocurreémirections have been repted to have flowed
from the northeast, southeast, and possibly east (HouseknantitKacenal983). Oklahoman
paleocurrent data from Briggs andr@i(1967) suggest only directions from the north or
northeast, none from the sotit Thus, he overall Paleardc depodiional history regarding
sediment provenance for the Ouachita region is highly variablereifectsthe complicated

tectonic history of he southern Laurentian margin.

Arkoma Basin Stratigraphy

The Arkoma Basi@ambran to Mississippiastratigraphy isrepresented by a mixed
carbonate siliciclastic successidrhe passive margin shelf depositmiithe Arkoma Basirs
represented byan organierich Devonian to Mississippian marine shale, the Woodford Shale.

The Woodfod Shale is predominantly amganicrich mudstone with upwelling chert facies
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found throughout the formation (Kvale and Bynum, 2012erlayinghe Woodbrd Shale is

the Caney Shale of the MississippR@nnsylvanian section of the Arkoncharacterized ¥
carbonate and clastic fées that ransition into coarser and more extensive clastic sediraent
the Pennsylvanian (Thomas, 1985). The Mississippiztioeehickens southward and is
composed of shallownarine mudstones, sandstones, and limestones k(51i879; Haley, 1982;
Thomas, 1985).Thelower Pennsylvaniastrata within the Arkoma Basin asémilar to that of

the Mississippianvith the exception othe incursion of the Atoka Formation in the |agarly
Pennsylvanian. The Atoka Formation is subéuyiohto the lower, middleand upperintervals
based on depositional histognd syndepostional faults causing intraformational thickening
(Buchanan andahnson, 1968; Zachry, 1983; Sutherland, )988e lower Atoka is best
represented by well sorted quierrich sandstones, the male Atokaby quartzarenites to
litharenites, and the upper Atoka by basin fill deltaic faciesposing of litharenites, quazt
arenites, and shale&achry, 1983; Houseknecht, 1986; Sutherland, 1988). The Desmoinesian
Krebs Grap consisting of the Hartsline, McAéster, Savanna, and Boggy Formations
deposited in a tidally influenced fluvidkltaic complex that spanned into thate Early
Desmoinesian (Sutherland, 1988). Middle Desmoinesian through end of Pennsylvanian
depositilm marked a change in deptisin with sediment including chefpebble conglomerates
sourced from the Ouachita fold thrust belt (Sutherland, 1988 Ouabita Basin encompasses
an offshelf slope, rise, abyssal plain and fan complex from the Cambriae t®ehnsylvanian,
whereasthe Arkoma eflects a stable shelf environment grading into shalmarine to fluvie

deltaics in the Pennsylvanian (Sutherland, 1988; Gleason et al., 2002; Gjigure
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Black Warrior Basin to OuachitArkomaStratigraphicComparison

The Ouachitared Arkoma Banshave been compared to the Black Warrior Badire to
the simultaneous flexural subsidence related to the Alleghany and Ouachita orogEigese
7; H. Johnson, dissertation in progr@sghe MississippiaRennsylvanian sgessions in thes
forelandbasinsare composed of mixed carbonate and clastic sediment in the Mississippian
followed by a significant increase in sedimentation rate during the Pennsylvanian. The Ouachita
salient clastic wedge comprisa thick deepwater turbidite sequene grading fom mudstae
in the lower portion to sandstones in the upper portion (Cline, 1970; Morris, 1974; Thomas,
2004). The depositional setting of the Black WarBasin is much differerthanthe Ouachita
salient during the time of th Ouachitaturbidite deposiion. Upon closure of the remnant ocean
basin an upward gradation of shallowarine and deltaics is observed in the Ouachisaml
Thomas (1984) attributes this to the collision intersecting the continental margin obliquely.
Thamas (1984has also suggest westward flow of sediment from the Black Warrior region
into the Ouachita trough and continuing into the Ouachita foreland. The Ouaghitama
Basin represents a larger accumulation of Paleozoic strata than the Black \WBasior, buthe
period of mpid sedinentation associated with the Appalachi&@uachita tectophases is evident

in both regions
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Cratoric Interior Basins

The Michigan and lllinois Basins arga-cratonicbasinsthat were stronglyinfluenced
by Appalatiian-Ouachita orogenesisifftire 4) Both basins were both formed on the interior of
the craton and preserve Neoproterozoic to Pennsylvanian strata. These basin systems formed
due to crustal subsidence assated with combinations of thermal contractionthospheric
stretching, ormechanicalweakening of underlying crust due to orogenic events (Howell and
van der Pluijm, 1990). The Michigan and lllinois Basins comprise mixed carbonate siliciclastic
strata demsited in the Cambrian to Mississippian, witle threater subsidence and dunant

clastic depositiomasthe Alleghanian and Ouachita oroges ensued

The subsidence and depositional history of the Michigan Basin is documented by a fairly
discontinuous statigraphic record consisting of mixed silicgtle, carbonate, and evapive
depostion from the Cambrian to the Early Mississippian (Boothroyd, 2012). The early
subsidence history, represented by the gEarboniferous strata, is most likely attributeal t
subsidence during thermal contraction (Howeslid van der Pluijm, 1990)he Carboiferous
sedimentary record is dominated by clastic fludigitaic sediments. The transition to marginal
marine and deltaic sequences in the Carboniferous is attributeddantain building events
occurring in the Appathian and Ouachita regionSedimentdispersal systems of the craton
interior are complicated due to complex arch systems, but flow direcfiicm paleocurrent
data of sandstone crodsedsinto the Michiganand lllinois Basins are generally considered to
be from the east northeash the Mississippian and northeast to the southwest in the
PennsylvanianSiever and Potterl956; Potter and Pryor, 1961; Shideler, 1969; Ettensohn,

2004; Boothroyd, 2012). Late IPazoic deposition of the Michigan Basin is colied by
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exhumation, erogin, and tansport of source terranes located in the Appalachian region with

minor input of recycled sediment from interior basins.

Early lllinois Basin subsidence is suggestectteelated to failed rifing during the
breakup d a supercontinenfrom the Late Neopoterozoic tothe Cambrian (Kolatat al,,
1990).Continued Paleozoic subsidence of the intnatonic basin is related to Appalachian
Ouachita tectonic episodes reactivag the failed rift system causing further sutesnce. Much
like the Michign Basinthe lllinois Basin underwent deposition of mixed siliciclastic and
carbonates prior to the Carboniferous transitiddeltaic clasticperiodically reached the lllinois
Basn from earlier tectonic events, such as the De\an Acadian event, but &xdominant
clastic input occurred in the Pennsylvanian concurrent with Alleghanian orogenesis and eustatic
sea level rise (Hatcher, 1972, 2002; Kissock et al., 2017). The sosecknoént in the late
Early Pennsylvanian and Mieé Pennsylvanian represesa growirg Appalachian component
that becomes the primary source as proximal foreland basins fill and sediment dispersal
systems distribute sediment to the craton interior (Tankat@86, Dickinson and Gehrels, 2003;

Thomas et b, 2004; Kissock et al.Q27).
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Chapter II: Objectiveand Strategyof Present Study

Overarching Objectives

Theoverarching objectivef this study ido provide data bearing othe complex
sourceto-sink geology of the Laurentian continent during tbonstruction of Pangaesand
possibé paleodrainage networkisom initial source terrangto the ultimate depositional
systens. The first objective is to assefeasible sources of sediment deposited into the
Ouachita foreland using detrital geochronolagyd sandstone compositiohanalysis The
second objective is tmvestigateOuachitabasin evolutiorfrom oceanic remnant basin
(OuachitaBasin) to foreland basin (Arkongasin)through the detrital geochronologic
signature Athird objective is to anale the characteristics ohe greaterAppalachiarOuachita
foreland system in order to contribute to the paleogeographic reconstruction®f Hurentian
continent throughout the Carboniferougn analysis ahe entire Appalachiat®uachita
foreland systemsfundamentalto understanding thesediment routing systemihat controlled

basin deposition.

Sourceto-Sink Geology

Bourceto-sinkKheologyrefers to aprocess of combinindata fromvarious geologic
disciplinego determine how detrital sediment réfct their sources as a el of conplex
geologic processes and the way these processes fractionate or bias sediment compokgion.

ability to apply sedimentology, stratigraphy, and geomorphology to metamorphic or igneous
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source areas in order to recetruct the past is instrumaal in urderstanding the history of the
Earth.Investigation of ancient surface processes by linkirtyrsent deposition via sediment
routing systems to source terranesan increasinglgobustresearch approactAn effective

wayto explore sourcdo-sirk relations is through coupled geochronologic techniques and
compositional analysis. The present study will utilize these techniques in order to investigate
the development of thegreater Appalachias®®uachita foreland during thassembly of

Pangaea.

Ouachta-ArkomaSampling

For the present studysections othe Ouachita deejvater basin and the Arkoma foreland
basinwere sampled in order to investigatedimentprovenance basin evolution, ad

depositional history of the Ouachitagion.More than30 sampeésof veryfine to coarse
grainedCarboniferousandstones were processed for this studyoordination with ongoing

PhD. research of H. Johnson at TAMU (Johnson et al.,.ZH@pling fagsed onthe
MississippiarPennsylvaniaglastic sedimentary stratacom the Mississippian Stanley Group to
the Pennsylvanian Krebs Group (Fig8reThe sampling strategyas chosen in order to best
represent the evolution of the Ouachita region from rembhacean basin to foreland basin and
aide in the investigation afedimentdispersal and source derivatiaghroughout the history of

the region. A secongdoal of the sampling strategy was to provide a basis for assessing shifts in

sediment sources at the igkissippiarfPennsylvaniaboundary.
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Geologic Setting and Generalized Stratigraphy of Southeastern Oklahoma
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Detrital Geochronology

Detrital geochronology has become a principal tool in sodt@easink geology and basin
analysisDetrital mineral grais are dated using various techniques in order to investigate
possible links between an aliquot of sediment agad source areas or provaes. Two
common techniques are {Pb dating of zircons arfdAr/3°Ar dating of muscovite. Each
technique yields diffexnt signatures based on the mineral grain. ThEWJdetrital zircon
signature characteristically records oldeystallization events dueotzircon brming at higher
temperatures and being a refractory mineral. TR&r/3°Ar detrital muscovite signature
typically representshe youngestectonic eventof sourceslue to the lower closure
temperature (406300°C) andmicas commonlyecrystallze duringdeformation or
metamorphic events. fAus, thezircon record generallsecords higher temperature orogenic
eventsandcraton evolutionwhereasthe muscovite agés biased tanore recent tectonic
events. In this studydetrital geochronology isised to invegigate the links between sediment

and possible source terrandsrough frst cycle detrital muscovite crystal ages

Sandstone Compositional Analysis

Petrographic ediment compositiortechniqueshave long been used provenance studies to
determine sedinent source based on sandstone composition and grain charactsristi
Sandstone compositi@directly reflecs source terranedvased on weathering susceptibility
and climatic impact on mineral makeuwhereassediment gain characteristics archivgain

siz and boundaries related to source rock @rghsport history. Point counting techniques
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allow for types of source terranes to be identified based on quartz, feldspar, and lithic fragment
content. Quartz dominated sandgth no lithiccomponentare more claracteristic of cratonic
sources and sandstones witthaghlithic component and no feldspar are characteristic of
recycled orogenic sourcé€Bickinson, 198p Grain characteristicsuch as roundness and

sorting yields information on transporhistory ard overall sandstone maturity. Both of these
techniques are applied to th€arboniferousOuachita sandstones using petrographic analysis
and microprobe analysis in order to investigate the likely sediment sourcetharsgédiment

transport history
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Chapter llI: Previous Work

AppalachianOuachita Sediment Provenance

The Appalachia®®uachita foreland systetmas beerthe subjectof numerousprovenance
studiesthat typically focuson sediment dispersal associated with thettadc mountain
building ofthe Appal&hians. Early studies investigated stratigraphy and depositional
characteristics of the multiple clastic wedges found within the Appalachian foreland basin
(Meckel, 1970; Patchen et al., 1985; Ettensohn, 1985, 198&)early sedimenprovenance
studies uilized paleocurrent directions, sandstone compositions, and petrographic descriptions
to determine source direction and possible links to Appalack@mcegSiever and Potter,
1956; Briggs and Cline, 1967; Graharalgt1975, 197gDickinsorand Suczek1979).Regional
facies mapping throughout the Appalachi@uachita foreland (Archer and Greb, 1995) also
contributed to the ongoing investigation of sediment dispersal on the Laurentian continket.
focusof provenance studieshited with the growinginterest in detrital geochronologfe.g.,
Gray and Zeitler, 1997). The detrital geochronology role in provenance stodiesdern
studies isalmosta necessityasnearlyevery provenance study is now centered arounde
type of detrital geochonologc age data Recent sediment drainage models have uskof
these tools to construct angroposedrainage patterns throughouhe greater Appalachian
Ouachita forelandGehrels et al., 2011)ddin et al., 2016Xie et al. 2016, Kissoo#t al., 207;

Xie etal., 2018).
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Sandstone Compositional Analysis

Modaland compositionahnalysis of sandstondgve long beemised to present possible
source areas and transport history in the AppalacHarachita region (Siever and Partt 1956;
Dickinson and Saek, 1979;Dickinson, 1985; Uddin et al., 2016; Xie et al., 2018). Dickinson
(1985) found the importance of modal naralogyasexpressed through point counting plots
that represent total quartz, feldspar, and lithic contenttie Ouachita and Black Waor

regiors, Graham et al. (1976) used provenance petrology to compare the recycled orogenic
sedimentof the Appalaclan-Ouachita to the HimalayaBengal system. Graham et al. (1976)
attributed the compositions they documented collisional orogenic souesvia a bngitudinal

drainage of orogenic highlands.

The majority of sandstone compositional anayshroughout tle AppalachiarDuachita
forelandshow thatsandstone compositionsan be associated witkither recycled orogenior
craton interior sourcesvith low feldspar contents (Siever and Potter, 1956; Siever, 1957;
Becker et al., 2005; Boothroyd, 2012; Moore, 200@din et al., 2016; Xie et al., 2018). Black
Warrior basin sandstond®/oore, 2012; Uddin et al., 201&nd to be less maturdooth
compasitionally and texturally than the sandstones of the Ouachita redi@raham et al.,
1975) Craton interior compositins from the lllinois and MichigaBasins typicalljpave more
than 85% quartz andan beassociated witlcratonic sources (Siever and Patt@956; $ever,
1957; Boothroyd, 2012entral andnorthern portions of theAppalachiarBasinsandstonesre
characteristically more immature than the Ouachita sandstomdsch can be correlated with
recycled orogenic sourcesd are comparable to thel&k Warror Basin sandstongSiever,

1957;Sheehan, 200Becker et al., 200Reed et al., 2005).
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EarlySediment Transport Models

Gleason et al. (1994pmbinedregional facies relations and petrographic studies with Nd
isotopic data toinfer the Ouachtia Paleozac turbiditeswere derived fromAppalachian sources.
The sediment dispersal models began witld@ician to Silurian tectonic uplift in the
Appalachians and showed the progression of sediment transport from the Apjmaiach
through the Black Waior regionand westward into the Ouachitas in the Pennsylvanian.
Gleason et al. (1994) concludes that ardieant Appalachian provenance for much of the
Paleozoic Ouachita sediment and a continesstadle dispersal system from tiAgpalachians

overwhelmed # other potential sources.

Archer and Greb (1995) proposed Appalachian Basidrainage model based aregional
facies mapping of Morrowan conglomerate sandstotiesughoutthe Central Appalachian,
lllinois Basin, and Hugotd@mbayment. Paleogeographieconstrictions were used to
estimate paleodrainages for each basin arsgd todeterminethat these drainage areas were
comparable to Amazoescale drainage areas. Thaleogegraphic reconstruction and fluvial
system model propse two continental (Amazescale) dainage networks separated lay
topographic high (Cincinnati Arch). The fluvial systamproposed requirsediment transport
starting in far north(presentday Canad) sourceghat traverse the Laurentian continent. &h
interior fluvial systemntersectsthe Michigan and lllinoiBasins and deposits into the Ouachita
region,whereasthe eastern fluvial system spans the length of the adjacent Appalachian
Mountains anddeposits into the Black Warrior region. These transpaodels stenfrom an

enomous amout of provenance interpretatiomnd arestill under investigation today.
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Detrital Zircon Geochronology

U-Pb detrital zircon geochronolodnas become major provenancénvestigation tool and
resulted in numerous studiesoncentrating omppalachia-OuachitaPaleozoic strata across

the entire foreland and cratonic interior (Figu®eGray and Zeitler, 1997; Eriksson et al., 2004,
Thomas et al., 2004; Becker et al., 2005; Park et al., 2010; Boothroyd, 2012; Shaulk®&Pal.,
Xie et al., 2016; K3sck et al, 2017; Thomas et al., 2017; Xie et al., 2018). The detrital zircon
studieshave sampled clastic wedge material associated with all three/four tectophases of the
Appalachian orogenesis (Park et al., 2010),rbast studies havedocused on theearly to

middle Pennsylvanian (Morrowan to Desmoinesian) st(&igure9).
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Generalized Stratigraphy of Appalachian-Ouachita Foreland and Cratonic Interior Basins
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Becker et al(2005) sampled lower Pennsylvanian sandstones along the Appalachian orogen
from Pennsylvania to Alabama for detrital zircon datirntge @etrital signature refleted a
dominant Laurentian crustorming event with minorges clusters of Pafsfrican and Trans
Amazonian aged zircons. Becker et al. (2005) ultimatatgludedthat the Alleghenian clastic

wedge sedimentvas derivedrom Lauretian sources.

Park et al(2010) al® used detrital zircons from th@ntral andSouthern Appalachian forahd
to examine Taconic, Acadian, and Alleghemiastic wedgesPark et al. (2010) found a variety
of different signatures for each clastic wed@&achclastic wedgeontained a prominent
Grenville componentTheTaconic clastic wedgmntained a mostly @nville signature with
minor early Mesoproterozoic (1400 Ma) and Ordovician pe@ks.Acadian clastic wedge
provided an interestindgNeoproterozoiccomponent (556700 Ma) andan older19002250 Ma
mode interpreted to belransAmazonianThe Alleghenian attic wedge displays a Grenville
population along with an Archean componePRtrk et al. (2010) concluded that the Acadian
and Alleghanian tectophas exhumed preexisting hietlands aml produced new sediment
dispersal patterns from various sourcésstly Park et al. (2010) concluded the younging
upward progression of Grenville aged provintemdicative of rewerse unroofing sequenée

suggestiig multiple cycles of zircaograin reg/cling.

Thomas et al. (201 Bummarizedietrital zircon records from the Appalachian foreland system
and added seven new samples to better illustrate provenance and source areas for the
Appalachian foreland (Figure 10he new samplesxtendthe study of zirconage distribution

to upper Missisippianandlower Pennsylvanian strata. The ultimate conclusivam this

study is that of a compleand compositesource terrane(s), dominated thyaurentian crustal
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sourceshut with significant componentsf PanAfrican/Braziliano and lapah synrift igreous
rocksthat provided zircons to the Appalachian foreland. However, Paleozoic, Appalachian
zircons are scarce among the results compiled by Thomas et al. (2017) and Allegirania
are conspicuouslyabsent (Figuire 10) It has been suggested thatack of zirconium mobility
during Paleozoimetamorphism and intrusion limited production nircons on the foreland

side of the Appalachiar(doecher and Samson, 2006).

Xie et al(2016) analyzed zirconsofn Missisgppian Black Warrior Basin strata aradifd four
distinctive modes attributed to Paleozoic, Grenville, GraRitgolite, and Yavapdlazatzal
provinces. Xie et al. (2016) interpreted that the distribution of ages frioenBlack Warrior
Basin arealominatedby Laurentian cratonic sources, withdsment transported from the north
via major axial drainage to the Black Warrior basin. Xie et al. (2016) used the zircon age
interpretations to propose a sediment pathway model gagting two systems that nnge
together and deposit sediment in the Black ¥ar Basin, one from the midcontinent and one

from the northern Appalachians.
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Detrital Zircon Age Probability from the
Appalachian Foreland
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Gehrels et al. (2011) sampled Paleozoic strata from the Grand Canyon beginning in the
Cambrian ad spanning through the Peiiam in orcer to constain the Paleozoic transport

history from the eastern Laurentian margin to the Grand Canyon. The large dataset was
compared to existing Mississippian to Permian zircon data from the Laurentian continent. The
result was large scale sedent trangport modelsof Cambrian to Early Permian with regional
pathways flowing from the Appalachian uplift towards the western portion of the Laurentian
continent (partially represented in Figurd)l Gehrels et al. (2011) cdaded that the
provenanceof Paleoz@c sandstons varied significantly throughout the Paleozoic and that the
upper section of the Grand Canyon strata is derived from distal sources including the

Appalachian orogen.

Xie et al. (2018) investigated EarlynRsylvanian sediment dispsal through detrital azrcon
geochronology and sandstone compositions of Morrowan sands from northern Arkansas. The
detrital zircon record showed all major North American Craton basement sources: Grenville,
YavapaMazatzal, Midcatinent GraniteRhyolite, @d Superia. The soures of these recycled
sediments are interpreted to be from the Appalachian orogenic belt and foreland system. The
proposed sediment dispersal system is that of Laurentian derived sediment transported
southwaud toward the Ouachita foraihd (Figue 11; Xie etal., 2018). The Xie et al. (2018)

model suggests a sediment dispersal path that bypasses the Michigan Basin and continues

southwestward through the Illinois Basin.
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lowstand coastline

Figurell: Recent sediment dinage nodels from Archer anGreb (1995)Gehrels et al. (2011
and Xie et al. (2018)The drainag models repreent Early Pergylvanian sediment dispersal
pathways fom Appalachianaurces A). The Archer and Greb (1995) model (left) displays t
Amazonscale dngitudinal drainage ysstems stemnmg from distal Northern Agalachian
sources. B The Gelals et al. (201) model is neresented by the blue lines the top
paleogeographic mdel and proposes a transverse system supplying sediment westware t
GrandCanyon. C). The bottopaleogeogrghic map is the Xie et g2018) model buildigyupon

the longitudinal dainage model surced from the Northern Appechians.
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Detrital Muscovite Geochronology

Detrital muscovite*®Ar/3°Ar ages havebeen used in the greater Black Warrigasin to
characterize thesediment provenancand infer detrital history. In the Pennsylvanian Pottsville
Formationof the Cahaba synclinorium (Peavy, 2008; Uddin et al., 28d6jstones provided
muscovite vith ages orresponding taall three major Appalachian tectonic events. The
conclusion from these studies is that the greater Black WaBasin in theearly Pennsylvanian
received sediment sourcerom dispersal systems that g@inated in theSouthern

Appalachians.

Moore (2012) used a similar approach in order to investigate detritus that was input into the
Black WarrioBasin during the CarboniferouBetrital muscovite frondrill core and outcrop
samples yielded a youngiagpward progression with an itial Ta&onic signaturan quartz
areniteslower in the section followed by a gradual transition to Acadian and eventual
Alleghaniarsignature higher up in the section (Figui®.Irhedetrital muscoviterecordedall
three major Apalachian orogenic eventdominatedby Alleghanian signature in the upper
Pottsville stratigraphy. One Mississippian Parkwood sample was analyzed, whiclcalsiede
all three orogenic eventgrom whichMoore (2012) conclud#that perhaps the Mississipan
and Pennsylvanian strabf the Back WarriorBasin are not vastly different. Moore (2012) also
investigated facies and sandstone maturity finding a lithicarenite sample shownagladly
different agesignature ttan the quartzarentes immediately uder and overlying this san
Moore (2012) concluded that sea level plays an important role on deposition proxarsaisv

distal sources and perhaps grain ages from different sources.
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Figurel2: Stacked densi
plot of Black Warrior
Basin detritd muscowte
4OAr/*°Ar age dategrom
Peavy(2008), Moore
(2012), andJddin et al.
(2016).The stacke
detrital ageplots best
display the detrital
signature and the
evoltion o detrital age
with respect to
stratigraphic position.
Plots (A, C, and D) are
samples fom work done
by Peavy (2008) and
represented in Uddin et
al. (2016). Plots (El, K
and N)are from the
Hendrix core iMoore
(2012). Plots (J, Mnd O
¢ T) ae fromthe Brodks
corein Moore (2012).
Plots (B and L) are
outcrop samples from
Moore (2012).



Chapter IV: Analytical Methods

Detrital Geochronolgy Sample Preparation

Samjpe selecton forinitial detrital geochronologyanalysis focused primarily arpper
Mississippian antbwer Pennsylvanian straté&Secondary sampling focused on basin evolution
and transitionfrom the Ouachita deepwvater section b the peripheral Arkoma fefand basn
section.Approximately twenty veryine to medium grained sandstones were selected for
detrital geochronology analysis. Fourteen of the sandstones were designated for detrital
muscovite*®Ar/3°Ar analysis and six faletrital zircon U/Pb analys (work epresented irthe
ongoing dissertatio research of Hlohnsonand represented by Johnsetal.,2016), with two
of those sandstones analyzedingboth techniques. Thin section samples correspond to eleven
of the fourteen detrital muscovite sapies Thecollective sampling sparisom late
Mississippiarthroughmiddle Pennsylvaniastrata. Standard disaggregation techniques of bulk
outcrop sampling~<20 kg) were performed using jawcrusher, pulverizer, and hegty/li

separation on Wilfley tablefollowed by hand picking.

Muscovite Separation

Muscovite grain separation was performed on Wilfley table light separates that included
guartz, fetlspar, and micas. The light separates were processed through mesh sieves of sizes
#40 (420 microns), #60 (@5nicrons) and #80 (177 microns). The majority of grains wadréhe
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250-177um size fraction, and this size range was utilized for this stedyed material was
then placed on filter paper and processed using paper shakiedjrhinate quartz and felgbar
grains. Approximately 200nuscovite grains were then randomly selected each sampland

picked under a binocular microscope foadiation.

40Ar/3°Ar Dating Method
Sample Irradiation fot°Ar/3°Ar Dating

The K/Adatingtechnique is based upon ématuraloccurrence of the radioactive isotope
potassium 1K), whichundergoesdual decay td°Ca and®Ar and has &alf-life of 1.25 billion
years. In order tautilize the°Ar/3°Ar method some3%Kis converted into®>®Ar ina nuclear
reactor by fast rutron bonmbardment Merrihue and Turner, 198 Dalrymple et al., 1981

McDougal and Harrison, 1989

Muscovite grains for each sample weveapped in aluminum foil, which were then placed in
aluminum disk of a fixed geometry. bhitor minerals (GA550 Botite and Fish Canyon

Saniding were arranged to evaluate radial and vertical gradients in neutron flux and production
of 3%Ar. Samples were irradiated ihe United States Geological Survey TRIGA Re@B8FR)

for 80 hours.Flux monitorsincluded in thdrradiation package and used to calculate the J value
were Fish Canyon Sanidine (28.02 Ma assigned age; Renne et al., 1998}%0®&/otite

(98.79 Ma assigned age; Renne et al., 1998)
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Detrital Muscoite Analysis and\ge Catulation

Individual detritd grains vere analyzed by single crystal laser fusion analysis using a Synrad
FirestarCQ laser. Argon isotopes were then measusgith computer automated analysem
the GLM110 mass spectrometer in the Auburn Noble Isotope $#asalysis Lab (ANIMAL) at

Auburn Unversity.

Vermeesch (2004howed thatF117individual grains are needed in order to achieve 95%
certainty for detection of any age component composing of 5% or rabeepopulation within

a detrital sampleThus, manyletrital mineral studies sive to have a sample size greater than

100 analysesThe laser sampling system in the ANIMAL lab hosts a sample planchette that can
convenientlyaccommodate 112 individual menal grains per loading cycland this was utilized

for the present study.

Ageswere deerminedusing the followingelationshipfrom (Merrihue and Turner, 1966),
GKSNBE 0 Aa GKS F3IS 2F GKS &k YL SI < AMam iKS RS
the production off°Ar and its relationship té6°Ar based on the known monitors from the

irradiation package:

|0
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Sandstone Compositional Analysis

Eleven very fine to medium grained Carboniferous sandstoaggsponding to thesame bed

as thedetrital muscovite samplesere selected for compositional analysis, modal mineralogy,
and texturalobservationsThese sandstonesomprise twoupperMississippian Stanley Group
(Chesterian) samples, twower Pennsylanian Jackfork Group (Morrowan) samples, six
Pennsylvanian Atoka Fm. (Atokan) samples, andhaddle Pennsylvanian Krebs Group
(Desmoinemn) sample. Thin sections for petrographic analysis were made by Wagner
Petrographic, following standard protocol foncovered and unpolished 24x4@m thin

sections.

Sandstone composition waketerminedutilizing the Gaz#Dickinson point counting metlth
whichrequires thatat least 300 framework grains are identified per sample in order to
represent the compositionsaa wholgDickinson, 1970ngersoll et al., 1984For the present
study, a minimum of 600 framework grajms points were identifiedusing a grid system to
calculate accurate increments between points and in order to best represent the entire sample.
Thin sections were placed on a petrographic stage with incremental movement capabilities.
Framework grains were categaet based on compsition: Monocrystalline quartz (Qm),
polycrystalline quartz (Qp), tectonic quartz (Qteetamorphically altered quartz or

polycrystalline quartz graifspotassium feldspar (Fk), plagioclase feldspar (Fp), volcanic lithic
(Lv), metamorphidithic (Lm), seomentary lithic (Ls), muscovite, biotite, carbonate, chert,

zircon, garnet, and opaques. Modal dataneconstructed and normalized for plotting

purposes (Tablg, Figurel6) following Dickinson and Suczek (1979) and Dickinson (1985) using

Qt-FL and Qrr~Lt diagrams, where Qt = (Qm + Qp + Qtc); F= (Fk + Fp); L= (Lv+ Lm + Ls); Lt =
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(Qp + Lv + Lm + Ls). Modal analysis was constructed using software from Zahid and Barbeau

(2011).

Textural observations were composed to aide in further ustinding of sanstone
composition and comprehensive characteristics of each sample. The observathmaed
grain size, sorting, and roundness, as well as cement type, clay content and unique textural

characteristics.

Microprobe Analysis

Thinsections were alsatilized for microprobe analysis in order to determine chemical
composition of lithic fragments anglvaluate the overall mineral composition of samples.
Microprobe analysis was performed at Auburn University in the Electron Michepimalysis
Lab (EMPA) usingJ&OL JX8600 electron microprobe. Lithic fragments were analyzed by
stage and beam rasters to shauminum (Al)jron (Fe)potassium (K), andodium (Na)
content. Backscattered electron imaging was performed in ordetid¢w contrasing atomic
number ofelementswithin lithic fragmentsLarger scale higresolution compositional maps
were constructed in order to represent sandstone composition and volume percentages of
lithic fragments within the sandstone samples. Thgdascale representative compasial

maps were optimized to show aluminum, iron, potassium, and sodium content.
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Chapter VData andResults

Sandstone Compositional Analysis

Sandstone textures and characteristics vary from sample to samplenaittistinct trend in
maturity from the uprmost Mississippian to thmiddle Pennsylvanian sample. Samples range
from mature litharenites to slightly immature or immature lithic arenites with considerable clay
content and excess cementation providing maig contacts (OK131; Figurel3).

Pennswanian Jackfork samples show very similar compositions and textural characteristics
with moderately sorted, subounded grains, and are dominated by silica cement. Also, the
Jackfork sands show a considerable antaaf monocrystalline quartz and secondditiric
fragments with scattered zircon and muscovite grains (FigdyePennsylvanian Atoka samples
become more consistent higher in the section with slightly rounded grains, silica cement, and
smaller grain sizeHowever, a few outliers exist in the Askamplesfor example OK1245
provides more immature characteristics of sabgular grains and jagged grain boundavigih

clay overgrowthFigurel5). Each sample presents a unique story and insight into ity

of the sandstone, the textural chacteristics and petrographic observations demonstrate that
the cumulative sampling for this study focusses on slightly immature to slightly mature

litharenite sandstones.
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*Lithic

Figurel3: Photomicrograph in cregpolarized illumin@on of Mississippian Staey
sample OK2-31 showing in the top imag@) an abadance of matrijpsuedmatrix
along with monocrystalline quartz (Qm) and lithic compaseThebottom image (B)
shows polycrysténe quartz (Qp), matrixand lithic componerst.
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Figurel4: Photomicrograph of Pennsyian Jackfdk samples OK120
andOK1237. The samples show quartz dominated sandstones witbrm

metamorphiclithic components and presemof mica and zircons.
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Figure 15: Photomicrogaph of Pennsyanian Atoka Formation sample
OK1245. Tke photomicrograp shows jagged grain boundaries with cl

and sideriteovergrowth and asignificant psuedomatrix component.
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Textural characterist&wereobservedfor each of the Carboniferous sandstones in order to
assess the overall maturity of the sandstone based on clay content, degree of sorting, degree of
rounding, cement type, grain size, and grain boundary condiifdablel). Tablel shows the

sunmarizedobservations that were made for each thin section sample.

The Mississippian Stanley Group sandstones range from moderately sorted to poorly sorted and
have the most clay percentage out of all the Ouacitkoma samples. Grain sorting varies
from well-roundedto sub-angular and range from 0.661 mm in size. Grain boundaries are
represented bytangential boundaries and significant clay rim precipitants. Cementation is

predominantly silica cement with minor iremxide cement.

Pennsylvanian Jackfo@roup sadstones range from sutbunded to subangular and have a
low clay percentage. Jackfork samples are moderately to poorly sorted and grain sizes are
between 0.08; 0.6 mm. Multiple grain contacts are observed but represented mostly by line
and sutued contacts. Silica cement makes up most of cementation with minor-oxide

cement.

The Atoka Formation and Krebs Group sandstones range frorosmbled to subangular and

are low in clay percentage with the exception of the OR2Zample. Lower Atoksamplesare
poorly sorted, whereas upper Atoka and Krebs samples are moderate to well S8ragd.sizes
range from 0.0% 1 mm and display a variety of grain boundaries. Silica cement dominates all

samples but lower Atoka samples have minor ioxide @ment.
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. . N Grain
Sample Clay % Sortin Roundin Cement Grain Size .
P yo g g Boundaries
Well sorted to . :
- +
Okl2-21 5-7% moderately Sub-rounded Silica 0.08 - 0.5 mm Point + Line Cor.]taCtS
Krebs Sutured Grains
sorted
Tangential + Line +
OKI2-1 o 1o Moderately  Sub-roundedto . 0.05-0.3mm Sutured Grain
Atoka sorted Sub-angular .
C Boundaries
OK12-4 Moderately to  Sub-rounded to Concavo-Convex
(qv] 5% y Silica  0.05- 0.6 mm +
" — Atoka well sorted Sub-angular . .
C Line Boundaries
Sutured Grain
CU OK12-23 2-5% Moderately to Sub-rounded Silica 0.1-0.5mm Boundaries + Qtz
Atoka well sorted
> Overgrowth
>\ Silica Sutured Grain
— K12-4! M | .
(D oAtoka 5 10% osc:)ertr:;e y Sub-angular + 0.2-0.7 mm Boundaries + Clay
C Iron-Oxide Overgrowth + Siderite
Silica Point + Line Grain
C OKl2-32 10-15% Poorly sorted Sub-rounded to + 0.1-0.8mm  Contacts + Minor Clayf
Atoka Sub-angular . . .
G) Iron-Oxide Rim Precip.
D_ OK12-55 Silica Concavo-Convex
Atoka 5-10% Poorly sorted  Sub-rounded + 0.08-1mm  +Line Boundaries +Q
Iron-Oxide Overgrowth
Silica Line + Sutured
OK12-50 5.10% Moderately ~ Sub-rounded to . 0.2-0.6mm Boundaries + Point
Jackfork sorted Sub-angular .
Iron-Oxide Contacts
OK12-37 Moderately to - Line + Sutured + Concg
0, - -
Jackfork 10% poorly sorted Sub-rounded Silica 0.1-0.6mm Convex Grain Boundari
- Sub-rounded Silica . .
(7)) Zglnzlfl 20-25% Poorly sorted to + 0.06 - 0.8 mm Tangtla:tlzliriosrnedc?nes
) y Sub-angular  Iron-Oxide Y P-
2 OK12-63 Moderately - Point + Concavo-Conv
-109 -
Stanley 5-10% sorted Well rounded Silica 0.3-1mm + Otz Overgrowth

Tabk 1: Textural characterists and obsentans of OuachitaCarboniferousandstones.

Owerall, textural characterists and obsevations evaluag thematurity of the sandstones.

Samples were highly variable in tesdalmaturity but fell within the slightlymature to slightly

immaturerange for common @agenic recgled sandstong
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Compositional analysis of the Carboniferous sandst@amesepresented in Tabl2 The
samples ararrangedby stratigraphic group/formation based on depositional aganging
from the late Mississippian Stanley Groupttee middle Pennsylvaan Krebs Group. The table
shows the initial raw point counting data relative to each grain that was counted and then
normalized compositions of-L and @-FLt for construction of ternary diagramsiog

methods described bRickinson et al. (1985) andlizid and Barbeau (2011).

Thecompositions of all sandstonésnd to befairly consistent but d show minor changes in

lithic types. The overalinodalcompositional average of all the Carb@ndus Ouachita samples

is QtzoF1Log and QmesFilza. The Missigppian samples show staggering differencethigir

guartz and lithic abundanceBor example, th€©K1231 samplalemonstratesa 25% decrease

in quartz composition compared to other Mississippian samples, widladinga much larger
metamorphic lithic component. The Mississippian Stankésoup average iQt;oFslo7 and

Qms7RsLso. The transition from the Mississippian to the Peylvanian strata does ngresent a
change in compositiorasthe average of the lowermost Pennsylvanian samples has averages of

modal composition 0QtzoFolso and QmesFoLs2.
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Sample # 0OK12-63 0K12-31 0K12-37 0K12-50 OK12-1 0K12-4 0OK12-23 0OK12-32 0OK12-45 0OK12-55 0OK12-21
Dep. Age Miss. Stanley Penn. Jackfork Penn. Atoka Penn Krebs
Mono Qtz 118 421 500 432 353 272 811 368 458 521 555
Poly Qtz 112 38| 85 25 282 128 101 103 28 83 34
TectQtz 25 0 2 1 12 1 28 0 0 0 0
Plag. Feld 26 6 0 0 0 5 6 11 5 0 0
K Feld 0 0 0 0 0 0 2 4 0 0 0
Musc 2 7| 15 7| 11 2 11 4 6 Ll | 9
Bio 0 0 3 0 0 0 3 4 3 0
Carb 0 0 0 0 0 0 0 0 0
Chert 23 1 6 2 16 15 1 0 Ll | 0
Ign LF 0 0 0 0 0 0 0 0 0
Meta LF 14 216 91 166 103 82 70 121 224 78 52|
Sed LF 71 121 141 40 144 106 191 204 121 73 202
Zircon 3 0 2 1 0 2 3 0 0 1 0
Garnet 1 0 1 0 0 0 0 0 0 0 0
Opaque 0 0 1 0 0 22 0 9 0 0 0
Total 695 810 842 678 907 636 1271 825 846 767 852
QFL Ave. StDev
Qt% 83% 57% 72% 69% 72% 68% 78% 58% 58% 80% 70% 70% 9%
F% 4% 1% 0% 0% 0% 1% 1% 2% 1% 0% 0% 1% 1%
Lt% 13% 42% 28% 31% 28% 32% 21% 40% 41% 20% 30% 30% 9%
am% 79% 55% 68% 68% 59% 58% 76% 52% 57% 78% 69% 65% 10%
F% 5% 1% 0% 0% 0% 1% 1% 2% 1% 0% 0% 1% 1%
Lt% 16% 44% 32% 32% A1% A0% 24% 16% 43% 22% 31% 34% 10%

Table2: Modal mineralogy poincountingdata of OQuachia Carboniferoa sandtones. Abbreviationsra as follavs: Monog

Monoaystaline, Poly Polycrystalline, Tect Tectonic, Plag PlagioclaseFeld,F¢ Feldspar, K Potassium, Musg Muscovite, Bia

Biotite, Carbg Carbonate,dn ¢ Igneots, Metag Metamorphic, Sed Sedimenary, Qtz¢ Quartz, Qtg Total Quartz, Ltg TotalLithics,

Qm¢ Monocrystalline Quartz, AweAverage, StDeg StandardDeviation.
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The Pennsylvanian Jackfork samples provide roughly the same modal logyenathsimilar

minor changes of lithic typé-eldspar is notably absent within the point counting data for the
Pennsylvaniadackfok samplesThe Pennsylvanian Atoka Formation samples have an average
modal compositiorof QtsoF1Lso and QmssFilss. The Atokasamplesvaryfrom 58% to80%but

follow atrend of a 70% average of quartz throughout all the Carboniferous samples. The
sample fom the Middle Pennsylvanian Krel@&roup, of the youngest depositional age in this
study,has similamodalcompostions of QtzoFolso and QmesFols:. The Carboniferous

sandstonegonsistentlycontain lesghan 4% feldspar anohore than57% quartz.

The sandgine compositional datare shown in the ternary plots of Figuré.1Ihe top two

ternary plots (Figurd6a, 16b) present the normalized @&L and Qnr~Lt compositions as they
relate to provenance and the bottom (Figutéc) ternary plot from(Folk 1980)showsthe data

with respect to sandstone compositional fields. TheFQt dataare all within the recycled

orogenic field along the @t binary line with little to no feldspandicated by the point

counting data The Q=L plot shows the same trend alotitge Qm-L binary line butvith two
clusters, a recycled orogenic more quartz rich group, and a transitional recycled lithic abundant
group.Amajority of the present study sandstonage sublitharenites to litharenites based on

the ternary plot of Folk (198 Fgure 16c).
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Hgure 13: Ouachia-Arkoma QFL(A), QmFL{B) and QFIC)ternary plots. The sampletiow a
recgycled orogenicampostional field that splits into two groups along the quartzolithicary
line. The samples are comprisedsablitharenites and lithaneite compositions daicted by he
QFL diagranafter Folk (180). Tang Mississippian Stdey GroupPurple¢ Pennswanian
Jackfork Group, BlugPennsylvanian Atoka Formation, and Geggennsywanian Krebs Groug
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Microprobe Analysis

Representativeompositional mapsf Pennsylvanian Atoka sandstones welsained
using stage and beam rastakng with back scattered electron imaging. Elemental maps were
made with WDS detectors, for aluminyiron, potassium, and sodiunThe highresolution
compositional maps (Figusd 7, 18, 19, and 2Pshow the abundance of lithic fragmentaatrix
and pseudemaxtrix, along with the mineral and cement compositions that make upehe

CarboniferousAtokasandstones

The OK123 sample represented in Figure 17, is a quartz dominaaedstonewith minor
amounts of clay conterand lithic fragments. The compositional map shows a minor
compaent of aluminum and potassium constituents aadlepletion in iron angodiumrich
minerals. A lack of sodium rich minerals signifies thedthtic plagioclaséeldspar content of
this sandstoneand the absence of iron rich componerie taken toindicatelittle Ferich clay

or hematitic cementHigher contents of alumima and potassiunmare compatible with
metamorphic source areas contributing mgand metamorphic lithics into the sandstone. The
greater potassium content is attributed to miceh fragments that make up a secondary
component of the total composition. Oval, the OK123 sample displays a silica dominated

sandstone withminor metamorphic lithic fragments and minor clay

The OK182 sample represented in Figure 18, is a quank sandstone with a significant
sedimentary and metamorphic lithic fragmentraponent. The compositional map shows a
wealth of aluminum, potassium, ironnd sodiumcontent. The existence of higher sodium and

iron content represents an increase in clay content from the GK3.2ample.
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Figurel4: Hidh resolution composonal mapof Pennsylvaain Atoka sandsine (OK123).
Compositionaimaps analyed for AFAluminum, Fe ¢ Iron, K¢ Potassium, Ng Sodium, and BS§
Back Scattered &ltron mages. XPt. is a representativehin section image inrosspolars

showing monouystallinequartz and meamorphic lithidragments
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