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ABSTRACT 

Ordovician through Pennsylvanian strata of the Ouachita 

and Marathon sedimentary sequences show correlated Nd-Sr 

isotopic relations, Th/Sc ratios and REE patterns typical of 

evolved upper crustal sources, indicating that the 2000 km 

long Ouachita-Marathon fold belt consists primarily of 

recycled crustal materials. wi thin this sequence, Nd isotopes 

distinguish three distinct provenance groups: 1) Lower to 

Middle Ordovician hemipelagites and quartzose turbidites with 

ENd(t) = -13 to -16 (TOM = 1.8 to 2.1 Ga); 2) Upper Ordovician 

through Pennsylvanian hemipelagites and quartzolithic 

turbidites with ENd(t) = -6 to -10 (TOM = 1.4 to 1.7 Ga); 3) 

Mississippian tuffs with ENd(t) = -2 (TOM = 1.1 Ga). These 

data record a rapid Ordovician (ca. 450 Ma) shift in 

sedimentary sources within the off-shelf passive-margin 

sequence of deep-marine cherts and shales. Ouachita Silurian 

turbidites (ENd = -7 to -8) are isotopically identical to 

Middle Ordovician Taconic turbidites of the Sevier basin 

(Tellico Formation) in eastern Tennessee (ENd = -7 to -8), 

suggesting that Appalachian clastic wedges supplied Ouachita 

deep-sea turbidites beginning in the Late Ordovician. 

Pennsylvanian non-marine sandstones and shales from the 

Arkoma, Illinois, and Black Warrior basins have ENd = -7.5 to 
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-10.0, similar to the thick (>10-12 km) Ouachita Carboniferous 

turbidite flysch sequence (ENd -7.5 to -9.6). The 

remarkable isotopic homogeneity of sediments delivered to the 

Ouachita-Appalachian region over this period implies extremely 

effective mixing and dispersal processes on a large 

(continent-wide) scale, consistent with a collisional belt 

provenance. A long-lived (ca. 150 Ma) tectonic link between 

the Appalachians and Ouachitas is thus implied by these data. 

Mississippian silicic ash-flow tuffs have trace-element and Nd 

isotopic compositions consistent with a continental-margin arc 

source. The active volcanic arc which erupted these tuffs 

apparently extended at least 1000 km from the Ouachita region 

to south of the Marathon region, but did not supply a 

significant component of the flysch. The data are consistent 

with submarine fan models of Ouachita flysch sedimentation 

demonstrating dominantly longitudinal transport down the axis 

of a Carboniferous remnant ocean basin from sources to the 

east. A model is proposed for the evolving Ouachita-Marathon 

suture between Laurentia and Gondwana, expanding upon Graham 

et a1. (1975), whereby dominantly Appalachian-derived sea

floor detritus was swept up along the flanks of an approaching 

arc-trench system into sUbduction complexes and recycled 

incrementally along the length of the collision zone into the 

Marathon region. 
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CHAPTER 1 

GEOCHEMISTRY OF THE SEDIMENTARY SYSTEM: AN OVERVIEW 

The broad geochemical characteristics of the sedimentary 

rock mass have been established for a long time (Taylor and 

McLennan, 1985), but significant improvements in 

instrumentation over the past two decades have allowed 

important new advances to be made in applying sediment 

geochemistry to basic problems in crustal and planetary 

evolution (e.g. Taylor and McLennan, 1985, 1988; McLennan, 

1989). Large data bases now exist which clearly demonstrate 

fundamental geochemical differences between Archean and post

Archean sediments (e.g. Taylor and McLennan, 1985; McLennan, 

1989), requiring that crust formation, and probably tectonic, 

processes were quite different in the Archean, but also 

implying fundamental similarities since the Early Proterozoic. 

Detailed strontium isotopic studies in carbonate rocks have 

established that seawater strontium isotopic variations are 

probably linked to the global tectonic cycle (e.g. Edmond and 

Palmer, 1990), at least as far back as the Neo-Proterozoic 

(Asmerom et al., 1991). Exhaustive trace-element studies of 

clastic sediments of all ages worldwide have demonstrated the 

unique coherence of the rare-earths during sedimentary 

processes (e.g. Taylor and McLennan, 1988; 1985). Sm-Nd 

isotopic studies of sediments are a natural outgrowth of this 

work, and can be used not only to identify sedimentary source 
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terranes, but also to model the average age of crust exposed 

through time (e.g. O'Nions et al., 1983; Miller and O'Nions, 

1984). The global Nd isotopic data base is at the point now 

where crustal growth curves can be constructed for most of the 

continents (e.g. Patchett and Arndt, 1986; Nelson and 

DePaolo, 1985; McCulloch, 1987). Sediments are particularly 

important in these studies because they often comprise a 

significant portion of orogenic belts, and can produce good 

averages of exposed crust over a wide region (e.g. Samson et 

al., 1989; Michard et al., 1985; Barovich et al., 1989). As 

a result of these efforts, the upper crust is one of the best 

characterized chemical reservoirs on Earth (Taylor and 

McLennan, 1985). Trace-element and isotopic studies of modern 

ocean basin sediments have proven to be a fruitful approach to 

understanding variations in magma chemistry along island arcs 

(White and Patchett, 1984; Ben Othman et al., 1989; Davidson, 

1987), and have played a major role in modeling sediment 

involvement in sUbduction processes (e.g. Patchett et al., 

1984; White and Patchett, 1984), rates of sUbduction (e.g. 

Morris et al., 1990), and even the sources of oceanic island 

basalt (e.g. Chase, 1981). Of fundamental importance in the 

history of the continents is the much debated question of 

whether continental volume has increased continuously 

(continuous growth), episodically (episodic growth), or not at 

all (no-growth), through time (Armstrong, 1981; Patchett, 
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More detailed geochemical and isotopic studies of 

clastic sedimentary systems (e.g. Patchett et al., 1984) may 

lead eventually to a greatly refined understanding of the 

volumes of sediment subducted over time, a critical parameter 

to constrain in arriving at answers to these questions. 

Geochemical and isotopic techniques, particularly those 

involving rare-earth series elements, have been applied to 

problems of sedimentary provenance with notable success. such 

studies are important because they contribute new information 

on the paleogeography and tectonic setting of ancient 

continental margins, ocean basins, accreted terranes and 

associated depositional basins, and at their best, qualify as 

rigorous tests of continental reconstructions through time. 

The evolution of large sedimentary dispersal systems and the 

origin of thick accumulations of sediment are major aspects of 

mountain building events. Because thick orogenic sediment 

sequences retain a geochemical record of the tectonic 

interactions which produced them, they provide one of the few 

established ways of testing Precambrian continental 

reconstructions (e.g. Barovich et ~l., 1989). Isotopic 

techniques provide an age dimension to provenance studies, and 

thus can also be used to identify potential source terranes 

with matching age characteristics. Because the age 

distribution of the exposed continental crust is now quite 

well characterized in many parts of the world, such provenance 
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Such 

studies also have potential for refining our understanding of 

sedimentary recycling rates and the scale, both in time and 

space, over which large sedimentary systems operate. Nd 

isotopic studies in particular have demonstrated the 

cannibalistic nature of sedimentation on the Earth since the 

Early Proterozoic (e.g. Frost and o'Nions, 1984; Michard et 

al., 1985), and are uniquely suited for testing provenance 

models which have traditionally been based on petrographic 

studies (e.g. Dickinson, 1985). Whole rock Nd isotopic 

studies thus complement single crystal detrital zircon U-Pb 

isotopic studies in that they exploit the averaging tendency 

inherent in the sedimentary system, allowing major 1st-order 

age variations to be identified in large regional sedimentary 

systems through a large time interval. 

continent-continent collisional events produce the 

largest known sedimentary dispersal systems (Dickinson, 1988). 

The collision of India with Eurasia beginning approximately 40 

million years ago has resulted in the uplift of the Himalayas 

into the world's highest mountain range, accompanied by 

erosion and transport of huge volumes of sediment into the Bay 

of Bengal and the Indian Ocean by the Ganges and Indus Rivers, 

respectively (e.g. Dickinson, 1988). The resulting submarine 

fan systems are the largest on Earth, totalling more than 20 

million cubic miles in volume (Graham et al., 1975). The 
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effects of this collison are evident in the seawater Sr 

isotopic record, which records from 40 Ma to the present the 

largest and fastest increase to occur in radiogenic Sr in 

seawater since the end of the Proterozoic (Edmond and Palmer, 

1990). Sediments produced within collisional zones are thus 

recycled mainly from older (i. e. more radiogenic) crustal 

materials. While large river systems ultimately deliver most 

sediment to the sea, a significant volume of these sediments 

often becomes re-incorporated into mountain belts, 

particularly those being deposited into narrowing ocean basins 

caught between advancing continents. In such dispersal 

systems, sediments may be transported over extremely large 

distances, hundreds, sometimes even thousands of kilometers 

from their sources (Dickinson, 1988). More juvenile materials 

eroded from nearby volcanic arcs may also be mixed with these 

more far-traveled recycled materials. The processes of 

weathering, erosion, transport, deposition and diagenesis 

profoundly alter the composition of the starting material, and 

later metamorphic and tectonic processes can obscure much of 

the information sediments retain of their sources. However, 

this information is often the only surviving record of such 

tectonic interactions, and it is vital that it be retrieved. 

The collisional events which led to the formation of the 

supercontinent of Pangea at the end of the Paleozoic Era 

resulted in a system of sutures, or elongate belts along which 
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Paleozoic ocean basins were destroyed between colliding 

continents. These sutures are at present located within or 

along the margins of most of the present day continents. The 

sediments which poured into these ocean basins prior to their 

closure are now exposed in various eroded mountain belts of 

the Appalachian, Caledonide, Variscan, Mauretanide, and Ural 

orogenic systems, among others. The Appalachian-Ouachita 

orogen records the collision of Gondwana with Laurentia during 

Pennsylvanian-Permian time, during which time large 

accumulations of deep-ocean sediment were uplifted onto the 

southern margin of North America to produce the Ouachita fold 

belt. A broadly systematic chronology has been recognized for 

the evolution of this suture, which youngs progressively from 

east to west until its final disappearance just south of the 

border in northern Mexico (Graham et al., 1975; Dickinson, 

1988). Finding the western continuation of this westernmost 

Pangean suture has occupied many geologists because the 

Ouachita system is the only one that connects the Atlantic and 

Pacific tectonic realms, and thus may represent the transition 

to cordilleran-style tectonics in the west from Appalachian

style tectonics to the east during this critical period of 

global plate reorganization. The pieces of this puzzle reside 

much obscured in the tectonic melange that constitutes much of 

Mexico, a largely post-Permian feature (e.g. Campa and Coney, 

1981; Ruiz et al., 1988), and thus a careful characterization 
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of the Ouachita belt along its classic exposures in the United 

states is necessary before correlations can be traced into 

Mexico. A further enigma of the Ouachita system is the 

identity of the colliding landmass to the south, which has 

remained obscure to the present day. 

voluminous sediments comprising the 

The source of the 

present-day exposed 

Ouachita system is in itself an unresolved issue which bears 

heavily on the nature of the ocean basin which closed to the 

south, the continent which it separated from North America, 

the migration of the Ouachita suture into the Pacific region, 

and the tectonic relationship between the Appalachian system 

and the Ouachita system. A geochemical and isotopic 

characterization of the Ouachita orogenic belt is a necessary 

step in advancing towards answers to these fundamental 

questions, and in addition represents an important new 

addition to the global crustal evolution Nd data base. 
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CHAPTER 2 

TECTONICS OF THE OUACHITA OROGEN 

INTRODUCTION 

The Ouachita orogen marks the destruction of a Paleozoic 

ocean basin along the southern margin of North America, the 

remnants of which are now exposed as deformed Paleozoic 

eugeoclinal sedimentary strata of the Ouachita fold-thrust 

belt in Arkansas-Oklahoma and West Texas (figs. 2.1 and 2.2). 

Allochthonous Ouachita seafloor strata preserve a near

continuous record of Paleozoic sedimentation south of this 

margin, and thus record changing sedimentation and tectonic 

patterns during a time span which included the Taconic, 

Acadian, Alleghanian and Ouachita orogenies within the 

Appalachian-Ouachita orogenic system (Hatcher et al., 1989; 

Rast, 1988). The Pennsylvanian-Permian Ouachita orogeny is 

generally viewed in terms of a completed Wilson cycle (Viele 

and Thomas, 1989) and, in this respect, shares a close 

affinity with Paleozoic orogenic events which shaped most of 

the circum-Atlantic region (e.g. Hatcher, 1989; Rast, 1988). 

Like the late Paleozoic Alleghanian (Hercynian) orogeny in the 

southern U. s. Appalachians, the Ouachita orogeny is also 

interpreted to have been produced by collisions resulting from 

plate interactions between Laurentia and Gondwana. In this 

respect, the Ouachita system is often understood to be a 

continuation of the Appalachian system, with which it connects 
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in the southeastern united states (Thomas, 1985). However, 

the Ouachita system also provides a tectonic link between the 

two great mountain belts of the Atlantic and Pacific realms, 

the Appalachian-Caledonian-Hercynian orogen and the 

Cordilleran orogen, respectively. While Appalachian and 

Ouachita structural trends intersect in the east (Hale-Erlich 

and Coleman, 1993), the fate of the Ouachita orogen to the 

west is uncertain (Shurbet and Cebull, 1987; stewart, 1988), 

but appears to coincide in space and time with the transition 

to cordilleran-style tectonics along the Pacific margin during 

the Permian (Torres-Vargas et al., 1993). It is therefore 

widely regarded as a key link in understanding the tectonic 

and paleogeographic evolution of the Americas during the 

global plate tectonic reorganization which resulted in the 

formation and breakup of Pangea. 

Collisional orogenic belts typically expose thick 

synorogenic turbidite sequences (flysch) of deep-marine origin 

in their cores, which contrast with the thick accumulations of 

non-marine clastic sediments (molasse) that are commonly 

deposited within adjacent foreland basins along the flanks of 

collisional mountain belts during the waning stages of 

orogeny. The Ouachita orogenic belt is no exception, 

preserving a thick Carboniferous turbidite flysch sequence 

which is largely in tectonic contact with coeval to slightly 

younger molasse deposits of the Ouachita foreland (Viele and 
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Thomas, 1989). The Carboniferous turbidites cap a continuous 

sequence of ordovician-Pennsylvanian deep-marine (eugeoclinal) 

strata which were deposited outboard of the Ouachita 

continental margin on the seafloor, and which are now exposed 

within the deformed core of the Ouachita fold-thrust belt 

(Viele and Thomas, 1989). This continuous Paleozoic 

sedimentary sequence preserves important information on the 

tectonic evolution of the Ouachita margin, and potentially 

retains a high resolution record of the shifting tectonic 

patterns which shaped the Ouachita-Appalachian region during 

the Paleozoic. Not surprisingly, the Ouachita sequence has 

been the focus of many sedimentary provenance studies and 

discussions, in particular the turbidites, which record the 

final approach of Gondwana to North America (e.g. Morris, 

1972, 1974a,b, 1989; Graham et al., 1975, 1976; Mack et al., 

1983). Many questions remain, however, regarding the sources 

of these sediments (e.g. Gleason et al., 1994). 

Reported below are the results of a combined trace

element and Nd-Sr isotopic provenance study of samples 

representing the entire Ouachita clastic sedimentary sequence 

from localities in Arkansas, Oklahoma and West Texas. A 

summary of the Nd isotopic results has already been published 

elsewhere (Gleasonet al., 1994; Appendix F). The Nd data are 

presented here along with a much larger geochemical and 

petrographic data base in an effort to further characterize 
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the provenance, tectonic setting and paleogeography of the 

Ouachita sequence. Additional isotopic data are presented 

from several Carboniferous foreland and continental interior 

basins of the Appalachian-Ouachita region, and one Ordovician 

basin in the southern Appalachian province, in order to 

compare the provenance of other depositional systems active in 

this region during the time span over which Paleozoic ouachita 

turbidites were deposited. By expanding the study beyond the 

Ouachita region, models for the sedimentary provenance and 

tectonic setting of the Ouachita sequence through time can be 

better evaluated, and a solid regional database established 

upon which future studies can build. 

GEOLOGIC SETTING 

The Ouachita fold belt (figs. 2.1 and 2.2) constitutes a 

deep marine (eugeoclinal) Paleozoic sedimentary sequence which 

was obducted onto the southern margin of North America during 

late Paleozoic (Hercynian) collisional events within the 

Appalachian-ouachita system (Houseknecht, 1986; Viele and 

Thomas, 1989). The belt now curves mainly in the subsurface 

approximately 2000 km from the southern Appalachians into 

northern Mexico (Fig. 2.1), where its continuation is 

uncertain (Shurbet and Cebull, 1987; stewart, 1988; stewart et 

al., 1993). Major exposures of the belt in the Ouachita 

Mountains of Arkansas and Oklahoma and the Marathon region of 
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West Texas reveal a complex series of thrust sheets which may 

have carried ocean floor strata as much as 100 km north

northwestward to their present position (Lillie, 1983). 

Allochthonous Ouachita strata are in direct thrust contact 

with foreland facies to the north, and thus no miogeoclinal 

facies are present, except where inferred at depth from 

geophysical studies (Lillie et al., 1983). 

The Ouachita sequence is considered to be the product of 

a completed Wilson tectonic cycle (Houseknecht, 1986; Viele 

and Thomas, 1989). Rifting of probable Cambrian age is 

inferred for the Ouachita continental margin; however, no 

depositional base to the sequence has been recognized (Thomas, 

1991; Viele and Thomas, 1989). Lower Ordovician strata record 

deep marine passive-margin (slope and rise facies) 

sedimentation (Ethington et al., 1989; Viele and Thomas, 

1989), indicating an environment of deposition well off the 

continental shelf by early Ordovician time. Thomas (1977; 

1991) and Viele and Thomas (1989) interpret the Paleozoic 

continental margin here to have been a transform margin. The 

basement upon which the Ouachita sequence was deposited is 

unknown, but is inferred to have been oceanic crust (Viele and 

Thomas, 1989). Ultramafic (serpentinite) bodies occur within 

the frontal thrust zone of the Ouachitas, consistent with this 

interpretation (Viele and Thomas, 1989). Deep-marine fauna 

and thick accumulations of biogenic chert (Ethington et al., 
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1989; Viele and Thomas, 1989) are consistent with deep sea 

sedimentation, at least below the carbonate compensation 

depth, for much of the sequence (but see Lowe, 1989 for a 

different interpretation). The termination of deep-marine 

chert sedimentation near the Devonian-Mississippian boundary 

and the arrival of distal, thin-bedded turbidites mixed with 

tuffs mark the first signs of orogenic activity associated 

with basin closure (Niem, 1977; Morris, 1989). Other than the 

tuffs, no igneous rocks of Carboniferous age occur within the 

exposed Ouachita foldbelt (Viele and Thomas, 1989). 

Thick accumulations of Carboniferous flysch mark the 

final filling stage of the Ouachita remnant ocean basin 

separating Gondwana from North America at the end of the 

Paleozoic (Graham et al., 1975). As the flysch filled the 

closing Ouachita trough, the foreland downflexed in response 

to thrust loading of the Ouachita accretionary mass to receive 

a large volume of Pennsylvanian-Permian molasse (Sutherland, 

1988; Houseknecht, 1986; Ross, 1986). Regional tectonic 

relations suggest that the Carboniferous Ouachita flysch was 

deposited in front of a north-facing arc-trench system which 

approached the continental margin from the south-southeast and 

collided to produce the Ouachita foldbelt (Graham et al., 

1975; Wickham et al., 1976). In this context, the Ouachita 

allochthon is best understood to consist mainly of lower plate 

rocks transferred to the upper plate within a south-dipping 



26 

sUbduction zone and accreted onto the southern margin of North 

America along a collisional suture (wickham et al., 1976; 

Houseknecht, 1986; Viele and Thomas, 1989). It does not, 

however, represent a sUbduction complex or accretionary prism 

in the classic sense, though elements of these, as well as 

fore-arc basin analogies, have been applied in interpreting 

parts of the Ouachita sequence (Viele and Thomas, 1989). 

Deformation in the Marathon region of west Texas (fig. 

2.1) outlasted deformation in the Ouachita region, indicating 

diachronous collisional events from east to west along the 

suture (Graham et al., 1975; Viele and Thomas, 1989). The 

identity of the southern landmass (es) which collided to 

produce the Ouachita orogen is unknown, but is inferred to 

have been a part, or fragment, of Gondwana, possibly an island 

arc or micro-continent (Graham et al., 1975; Viele and Thomas, 

1989). Subsequent rifting in the Jurassic and the formation 

of the Gulf of Mexico have since obscured many of these 

tectonic relations, making tectonic and paleogeographic 

interpretations difficult (e.g. Pindell, 1985). Subsurface 

studies indicate that the Ouachita foldbelt intersects with 

southern Appalachian structures to the east beneath 

Mississippi (Thomas, 1989), and southward, basement drill 

cores record increasing metamorphic grade in Ouachita system 

rocks beneath the Gulf Coastal Plain of Texas, suggesting that 

a collisional suture may exist at depth, along with the 
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remains of part of the upper plate magmatic arc terrane which 

collided with North America (Viele and Thomas, 1989). To the 

West, deformed and metamorphosed outcrops of Paleozoic rocks 

in Mexico have been proposed to be correlative with the 

Ouachita sequence (e.g. King, 1975; Shurbet and Cebull, 1987), 

but beyond the Marathon region of West Texas, such 

correlations are, at best, uncertain (stewart, 1988). Part of 

the goal of the present study is to characterize as fully as 

possible the provenance of Ouachita foldbelt sediments along 

its classic exposures in Arkansas, Oklahoma and West Texas, 

and to produce a database with which proposed analogues in 

Mexico can be compared. The chief thrust, however, is to use 

these new geochemical and isotopic data to evaluate provenance 

models for the Ouachita turbidites and to refine 

interpretations of the tectonic and paleogeographic setting of 

the Ouachita orogen. 

MODELS FOR CARBONIFEROUS OUACHITA FLYSCH DISPERSAL 

Alternating beds of 

accumulated to thicknesses 

sandstone and 

of > 10-12 km 

shale, which 

between Early 

Mississippian and Middle Pennsylvanian time in the Ouachita 

region of Arkansas-Oklahoma (Morris, 1989), were recognized 

early on as being similar to the classic Alpine flysch 

deposits of Europe (see Cline, 1970, and references therein) . 

Cline (1970) summarizes evidence that the Ouachita flysch was 
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deposited in a deep-marine basin mainly by turbidity currents. 

Subsequent work by Morris (1974a,b) and, more recently, by 

Moiola and Shanmugam (1985) and Link and Roberts (1986), has 

since demonstrated that the Carboniferous Ouachita flysch was 

deposited as a series of submarine turbidite fan complexes 

which prograded longitudinally down the axis of the Ouachita 

trough from east to west. 

Graham et al. (1975, 1976) used petrographic and regional 

facies relations to infer a dominantly Appalachian source for 

the Ouachita flysch, proposing that clastic wedges derived 

from the Appalachian (Alleghanian) collisional belt were 

dispersed longitudinally down the axis of the Appalachian 

foreland basin and westward into the Ouachita trough via the 

Black Warrior basin in northern Alabama (Fig. 2.1). Mack et 

al. (1983) used petrographic and subsurface data to infer 

sources dominantly to the south-southwest of the Black Warrior 

basin, favoring a proto-Ouachita orogen as the primary 

sediment source where it was inferred to have collided first 

off the Alabama promontory (Thomas, 1977). A common 

provenance for Carboniferous Black Warrior basin sediments and 

Ouachita flysch is indicated by the similar detrital modes of 

sandstones from both regions, which suggest a dominantly 

recycled orogen provenance (e.g. uplifted fold-thrust belt 

exposing dominantly sedimentary and metasedimentary 

sources) (Graham et al., 1976). Mack et al. (1983) interpreted 
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increasing percentages of chert and mafic to intermediate 

volcanic lithic fragments upsection in the deltaic 

Carboniferous strata of Alabama to indicate increasing input 

from sUbduction complex and volcanic arc sources, in addition 

to foreland thrust belt sources, located to the south of the 

Black Warrior basin along an arc-trench system to the south of 

the Ouachita trough. No evidence was found for increasing 

volcanic input in the Ouachita flysch turbidites (Graham et 

al., 1976), which are dominantly quartzolithic sandstones with 

abundant metasedimentary lithic fragments and only rare 

volcanic lithics, suggesting that the dominant feed was coming 

from the southern Appalachians, consistent with a VOluminous, 

collisional orogen fold-thrust belt source. 

Implicit in the Graham et al. (1975) model for flysch 

dispersal is that Black Warrior foreland basin deltas were the 

proximal equivalent of Ouachita turbidite fans, which migrated 

down-axis along the remnant ocean basin just ahead of the 

collisional suture. The Black Warrior basin thus would have 

occupied a critical tectonic position within the Appalachian

Ouachita syntaxis, funneling sediment it received from 

Appalachian foreland basins into the Ouachita trough (Graham 

et al., 1975). Alternatively, Mack et al. (1983) envision 

that clastic wedges were shed north-northeastward into the 

Black Warrior basin and north-westward into the Ouachita 

trough off of a proto-Ouachita orogen, which exposed mixed 



30 

sources from several tectonic elements of the approaching arc

trench system to erosion. Both models are consistent with the 

Black Warrior basin having been more proximal to the same 

sources which provided the Ouachita turbidites, and both 

models are also consistent with the dominantly westward axial 

flow observed in the approximately coeval Arkoma basin molasse 

deposits of the Ouachita foreland (Houseknecht, 1986; 

Houseknecht, et al., 1993) . In this regard, Houseknecht 

(1986) also noted the similarity in detrital modes of Atokan 

strata of the Arkoma basin (figs. 2.1 and 2.2) to coeval 

strata in the Ouachitas. 
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Figure 2.1 - Location of the mostly subsurface Ouachita orogenic belt, showing major exposures 

in Ouachita Mountains of Arkansas-Oklahoma, and Marathon uplift in west Texas. Black 

Warrior basin lies within foreland syntaxis at juncture between Appalachian and Ouachita 

structural trends. Extension of Ouachita system into Mexico is uncertain. 
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Figure 2.2 - Distribution of Paleozoic sedimentary rocks within Ouachita Mountains of Arkansas

Oklahoma. Pre-flysch Ordovician-Devonian off-shelf facies are exposed in two major 

anticlinoria: the Broken Bow uplift (Oklahoma), and the Benton uplift (Arkansas). Ouachita 

allochthon is underthrust by foreland Carboniferous facies of the Arkoma basin. 
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CHAPTER 3 

STRATIGRAPHY AND SEDIMENT SOURCES OF THE OUACHITA FOLD BELT 

Paleozoic strata of the Ouachita fold belt in Arkansas 

and Oklahoma (figs. 3.1 and 3.2) constitute a transition from 

an Ordovician through Devonian off-shelf, passive-margin 

sequence of deep-marine shales and cherts with minor, thin

bedded turbidites, to an active-margin (orogenic) sequence of 

thick (10-12 km), Carboniferous turbidite flysch deposited 

within a closing remnant ocean basin (Morris, 1974a,b; Graham 

et al., 1975; Morris, 1989; Lowe, 1989; Ethington, 1989; Viele 

and Thomas, 1989). The sequence can be further subdivided 

into several contrasting intervals based on lithology, 

sedimentation rates and environment of deposition (Viele and 

Thomas, 1989). Lower to Middle Ordovician strata are mostly 

fine-grained clastic sedimentary rocks, including graptolitic 

shales and quartzose sandstone, with minor carbonate. Sparse 

paleocurrents and olistoliths in this interval indicate the 

sandstones and carbonates were probably derived by turbidity 

currents off the nearby North America shelf (Morris, 1974b; 

Lowe, 1989). Cherts comprise much of the Late Ordovician to 

Early Mississippian part of the sequence, reflecting generally 

very slow accumulation rates within this interval (Viele and 

Thomas, 1989). Massive cherts include the Devonian Arkansas 

Novaculite, which may represent continuous pelagic 

sedimentation for over 50 million years (Ethington et al., 
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1989), and is interpreted by most to reflect a deep ocean 

basin environment (but see Lowe, 1989, for a different 

interpretation). within the chert interval (Upper ordovician

Lower Mississippian), the Early Silurian Blaylock Formation 

comprises a thick wedge of sandy turbidites which apparently 

prograded over cherts and argillites of the underlying Bigfork 

Chert and Polk Creek formations, respectively (Lowe, 1989; 

Satterfield, 1982), temporarily interrupting pelagic 

sedimentation. The Blaylock turbidite sands are quartzolithic 

and contain abundant metamorphic lithic fragments, similar to 

the Carboniferous flysch. Petrographic, paleocurrent and 

facies data indicate a recycled orogen provenance with sources 

to the east, inferred by Satterfield (1982) to have been the 

Taconic Appalachians. 

Passive-margin sedimentation was terminated in Early 

Mississippian time with the arrival of the earliest distal 

flysch deposits of the stanley Formation. The Carboniferous 

turbidites, which comprise the Stanley (Mississippian), 

Jackfork, Johns Valley and Atoka (Early Pennsylvanian) 

formations, are dominantly quartzolithic sandstones with a 

significant population of metamorphic (metasedimentary) lithic 

fragments and only minor volcanic (mafic and intermediate) and 

sedimentary lithics, suggesting a dominantly recycled orogen 

provenance (Graham et al., 1976). Turbidites of the 

Mississippian Stanley are somewhat more feldspathic 
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greywackes, but with a similar lithic population as the 

Pennsylvanian turbidites (Morris, 1989). Rhyo-dacitic 

subaqueous ash-flow tuffs occur near the base of the Stanley 

Formation and serve as important marker beds (Niem, 1977). 

Several beds varying from 7 to 40 m in thickness are prominent 

within the lower Stanley Formation and are of probable Early 

Mississippian age (ca. 340 Ma), though an Rb-Sr date suggests 

eruption at 300 Ma (Niem, 1977). Niem (1977) interpreted 

these tuffs, which thicken to the south, to have been 

deposited dominantly by submarine ash-flows, and suggested 

that their sources were to the south of the Ouachita basin 

along an active volcanic arc. Paleocurrents and facies 

relations in the Lower to Middle Stanley Formation also 

indicate dominant sedimentary transport from the south

southeast, leading Morris (1974a) and Niem (1976) to suggest 

that the Stanley turbidites were derived from orogenic (i.e. 

proto-Ouachita) sources lying to the southeast of the Ouachita 

trough. In contrast, facies and paleocurrent data from the 

Early Pennsylvanian Jackfork and Atoka formations are 

consistent with sediments entering the Ouachita trough near 

its eastern apex and flowing westward down the basin axis 

(Morris, 1974, 1989; Link and Roberts, 1986; Moiola and 

Shanmugam, 1985). Olistoliths and quartzose sandstones, which 

occur in all Ouachita carboniferous strata, were interpreted 

by Morris (1974a, 1989) to have been transported mainly 
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laterally into the Ouachita trough from its northern margin. 

He proposed that the more quartzose turbidites were derived 

from sources within or across the craton, probably via the 

Illinois basin (Morris, 1974a, 1989). The Johns Valley 

Formation, which divides the Jackfork and Atoka formations, is 

an olistostromal unit of uncertain stratigraphic affinity 

(Viele and Thomas, 1989), and therefore was not sampled for 

geochemical study. 

Carboniferous turbidites of the Ouachita sequence are 

structurally juxtaposed against thick accumulations of coeval 

deltaic (shelf facies) sandstones and shales of the southern 

Arkoma basin (figs. 2.1 and 2.2), which developed in the 

Ouachita foreland in response to thrust loading of the 

Ouachita accretionary prism to the south (Houseknecht, 1986). 

Within this molasse facies, the Atoka Formation exceeds 

thicknesses of 5 km (Houseknecht, 1986). It is interpreted 

based on petrography and basin geometry to have been deposited 

by rivers entering the basin from the north (Ozarks), the east 

(Illinois basin) and the south-southeast (Ouachitas), the 

latter two dispersal systems converging near the eastern apex 

of the Arkoma basin to produce a dominant axial flow down the 

basin axis from east to west (Houseknecht, 1986). The 

sandstones and shales of the overlying Krebs Group 

(Desmoinesian), including the McAlester and Hartshorne 

formations, contain coal-bearing strata and show more complex 
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paleocurrents indicating both southward and westward flow 

(Morris, 1974a; Houseknecht et al., 1993). The Lower 

Pennsylvanian (Morrowan) Hale and Bloyd formations from the 

northeastern portion of the Arkoma basin represent sediment 

delivered through the Illinois basin from dominantly 

Appalachian sources (Potter and Pryor, 1974; sutherland, 1988; 

Houseknecht et al., 1993). Like the Ouachita flysch, both 

quartzolithic and quartzose facies exist, but they are very 

similar in lithic content to the Carboniferous Ouachita and 

Black Warrior sandstones (Houseknecht, 1986). 

The Ouachita sequence is here divided into five major 

stratigraphic packages for purposes of data discussion, as 

follows: 

1) post-rift/pre-chert: dominantly black graptolitic shale 

with minor quartzose turbidite sandstones of the Crystal 

Mountain, Mazarn, Blakely and Womble formations (Lower to 

Middle Ordovician). 

2) syn-chert/pre-flysch: dominantly chert, black graptolitic 

shale and green argillite, and minor quartzolithic turbidite 

sandstone of the Bigfork Chert, Polk Creek, Blaylock, Arkansas 

Novaculite and Missouri Mountain formations (Late Ordovician

Early Mississippian) . 

3) proto-flysch: dominantly black shale, sandstone turbidites 

and tuffs, grading upsection into sandstone-dominated 

turbidite flysch of the Upper Stanley Formation 
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(Mississippian) . 

4) flysch: thick turbidite flysch of the Jackfork and Atoka 

formations, with olistostromal (or melange) broken formation 

of the Johns Valley Formation (Early Pennsylvanian) . 

5) molasse: dominantly foreland fluvio-deltaic facies of the 

Arkoma basin including Atoka, McAlester, Hartshorne, Hale and 

Bloyd Formations. 

striking similarities between the Late Cambrian to Middle 

Pennsylvanian stratigraphic sequence exposed in the Marathon 

uplift and the approximately coeval sequence in the Ouachita 

Mountains (figs. 3.1 and 3.2) have long been noted (e.g. Flawn 

et al., 1961; McBride, 1970). Like the Ouachita sequence, the 

Marathon sequence is comprised of mainly deep water 

eugeoclinal deposits which are interpreted to record a passive 

margin to active margin tectonic transition near the base of 

the Carboniferous (McBride, 1989). The pre-Carboniferous 

Marathon passive margin sequence includes shale, turbidite 

sandstone and carbonate units, all containing olistoliths 

indicating transport from the North American shelf (McBride, 

1989). Abundant cherts withi.n this part of the sequence also 

bear strong resemblance to those in the Ouachitas and include 

the Caballos Novaculite, which is considered correlative with 

the Arkansas Novaculite of Devonian age (NcBride, 1989). The 

Carboniferous turbidite sequence, though significantly thinner 

(4-5 km) than the Ouachita flysch, is a similar, mostly deep 
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water flysch deposit and has long been recognized as part of 

the Ouachita system (Flawn et al., 1961; McBride, 1970). It 

is, however, 800 km removed along tectonic strike from the 

nearest outcrops of Ouachita flysch, and significant 

differences in detail of stratigraphy therefore exist between 

the two areas. 

The Mississippian Tesnus Formation is in general 

correlative with the Mississippian stanley Formation in the 

Ouachitas, though it may be as old as Late Devonian, and as 

young as Early Pennsylvanian (Ethington et al., 1989). It 

conformably overlies the Caballos Novaculite and is comprised 

of approximately equal proportions of shale and sandstone at 

its thickest in the eastern portion of the basin, but thins 

considerably to the west, where it becomes a thin, distal 

shale unit (McBride, 1989). Tuffaceous beds are present in 

the Tesnus (Imoto and McBride, 1990), though massive beds, 

distinct enough to serve as regional stratigraphic markers 

such as those in the Stanley Formation, have not been 

identified (Imoto and McBride, 1990). Facies and paleocurrent 

analysis indicate the Tesnus turbidites were deposited as a 

submarine fan complex which prograded across the basin from 

the southeast to the northwest (McBride, 1989). In contrast, 

the overlying Dimple Formation is comprised dominantly of 

carbonate turbidites transported off the North American shelf 

(McBride, 1989), and therefore has no Ouachita analog. The 
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Early to Middle Pennsylvanian Haymond Formation is roughly the 

equivalent of the Atoka Formation in the Ouachitas, but may be 

as young as Desmoinesian at the top (Ethington et al., 1989). 

Deep water turbidite flysch facies of the Haymond Formation 

are exposed in classic outcrops within the central part of the 

basin (McBride, 1989), but to the northeast a facies change to 

a shallower deltaic environment seems evident (Flores, 1972; 

1974), apparently reflecting the late basin filling stage and 

transition to molasse sedimentation in the Marathon region. 

Paleocurrents in the Haymond generally indicate westward flow, 

indicating rivers entering the basin from the east (McBride, 

1989). The Late Pennsylvanian molasse strata of the Gaptank 

Formation conformably overly the Haymond (McBride, 1989). 

Early Permian strata unconformably overlie the Pennsylvanian 

strata and record the last Paleozoic deformation in the 

region, approximately 20 million years later than the last 

recorded deformation in the Ouachitas (Muehlberger and 

Tauvers, 1989). 

Petrographic studies indicate a similar provenance for 

Ouachita and Marathon Carboniferous turbidites, though the 

Marathon sandstones are consistently more feldspathic 

(McBride, 1989). The Tesnus Formation is interpreted to have 

been derived from tectonic sources to the south along a proto

Ouachita arc bordering the approaching Gondwana landmass (i.e. 

"Llanoria") . Devonian age metamorphic cobbles within 
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conglomerate beds of the Middle Pennsylvanian Haymond 

Formation, representing basin-fill flysch and deltaic facies 

(Flores, 1972; 1974), indicate additional arc-like sources not 

identified in the Ouachita sequence (Denison et al., 1969). 

However, most of the lithic fragments (ranging from thin 

section to meter-scale) in the Haymond are derived from the 

lower part of the Marathon section, indicating the region was 

uplift~d and mountainous by Haymond time and eroding into 

rapidly filling basins within the Marathon suture zone 

(McBride, 1989). Carboniferous sedimentation and 

deformation lasted later in the Marathon region than in the 

Ouachita region, suggesting diachronous collisions along the 

southern margin of North America from east to west as the 

African and South American plates and related fragments 

collided with the North American plate (Dickinson, 1988; Viele 

and Thomas, 1989). Though a similar provenance is suggested 

for both Marathon and Ouachita flysch, Marathon turbidites 

probably do not simply represent a more distal facies of 

Ouachita fan systems. These relations will be discussed in 

more detail in a later section. 
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(Ma) AGE MARATHON OUACHITA 

GAPTANK 
PENNSYL- HAYMOND 300 
VAN IAN DIMPLE ATOKA 

JOHNS VALLEY 

320 TESNUS 
JACKFORK 

MISSISSI-
STANLEY 

340 PPIAN 

ARKANSAS 
360 

NOVACULITE 
DEVONIAN CABALLOS 

Figure 3.1 - Stratigraphic column showing correlations between Upper Paleozoic formations of 

the Ouachita and Marathon fold belts (based on Ethington et al., 1989). 
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Figure 3.2 - Stratigraphic column showing correlations between Lower Paleozoic formations of 

the Ouachita and Marathon fold belts (based on Ethington et al., 1989). 
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Major exposures of the Ouachita fold belt in the Ouachita 

Mountains of Arkansas-Oklahoma, and Marathon uplift in West 

Texas, occur within thrust sheets transported as much as 100 

km northward from the original site of deposition (Viele and 

Thomas, 1989) . Because of the complex structural 

dismemberment of the sequence, only "classic" outcrops for 

which stratigraphic position is reasonably well constrained 

were collected. These include deep marine shales, cherts and 

minor turbidites of the so called "passive margin" sequence in 

the Ouachita Mountains, represented by Ordovician-Devonian 

strata, as well as the intensely studied Mississippian and 

Pennsylvanian turbidites of the Ouachita flysch which reflect 

active margin, or "orogenic", sedimentation. To the west, the 

Marathon uplift exposes an equivalent, thinner sequence which 

we have also sampled. However, the pre-Carboniferous section 

in the Marathons proved to be unsuitable for sampling because 

of the dominance of carbonates, coupled with poor outcrop 

quality (weathering, alteration, deformation and 

metamorphism), and access problems to private lands; thus, all 

but one of the samples from west Texas represents the 

Carboniferous Marathon turbidite sequence. Sample 

descriptions and localities are given in Appendix D. 
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Trace elements---- The application of trace element 

geochemistry, in particular the rare earth elements (REE), to 

problems of sedimentary provenance and crustal evolution are 

well documented in the recent literature (see McLennan, 1989; 

Taylor and McLennan, 1985; Taylor and McLennan, 1988 for 

reviews). A recent study (McLennan et al., 1990) provides a 

detailed analysis of trace element and isotopic variations in 

petrographically characterized modern turbidite sediments from 

a variety of tectonic settings, and thus sets the stage for 

similar provenance studies of older turbidites such as the one 

described here. 

It is now well established that certain trace elements 

such as the REE, Th, and Sc are transported virtually 

quantitatively from source rocks into sediments (e.g. 

McLennan, 1989). These elements are also the least prone to 

diagenetic redistribution, thus providing useful information 

on the composition of sedimentary source terranes (Taylor and 

McLennan, 1985; McLennan, 1989). Most studies have emphasized 

fine-grained sedimentary rocks (i.e. shales), but we apply 

these geochemical techniques to coarse-grained sedimentary 

rocks (i.e. sandstones) as well, following McLennan et ale 

(1990). Of particular significance in these types of studies 

are the Eu anomalies (given by Eu/Eu*) observed in chondrite

normalized rare earth patterns, which are strongly influenced 

by crustal igneous processes, and Th/Sc (or La/Sc) ratios, 
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which form a strongly differentiated incompatible/compatible 

element ratio pair during igneous processes (e.g. Taylor and 

McLennan, 1985). These are among the most sensitive 

geochemical indicators of provenance because they most closely 

represent the average ~omposition of the granitic crust (and 

its derivatives) exposed to erosion over a wide region through 

time. Differences between old, evolved upper crust (e. g. 

craton, recycled orogen or uplifted continental block in the 

terminology of sandstone petrographers) and young, mantle 

derived crust (e.g. undissected island arcs) are most 

pronounced, with intermediate characteristics typically shown 

by older, dissected arcs and mixtures between these various 

components (McLennan et al., 1990). These geochemical 

indicators are therefore of great potential utility in this 

type of study, in which a change in turbidite provenance is 

expected during the transition from passive margin to active 

margin tectonics. 

Nd isotopes---- Nd isotopic studies of terrestrial 

sediments can be divided into two main categories: (1) studies 

designed to constrain crustal evolution processes, using 

sediments as average indicators of the changing proportions of 

new, mantle derived material added to continental crust 

through time (e.g. Mcculloch and Wasserburg, 1978; O'Nions et 

al., 1983; Allegre and Rousseau, 1984; Michard et al., 1985; 

Goldstein and Jacobsen, 1988). These studies have tended to 
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emphasize Nd model ages in attempts to refine crustal growth 

rates, exploiting the fact that Sm and Nd are, to a first 

order generalization, fractionated only once in their history 

between mantle and crustal reservoirs. That this is a 

reasonable postulate is demonstrated by the remarkable 

constancy of Sm/Nd ratios in shales worldwide (e.g. Taylor and 

McLennan, 1985; Allegre and Rousseau, 1984; Patchett et al., 

1984); (2) studies designed to discriminate sedimentary 

provenance (e.g. Miller and O'Nions, 1984; Nelson and DePaolo, 

1987; Frost and Coombs, 1989; Basu et al., 1990). These 

studies exploit the age sensitivity and elemental coherence of 

the Sm-Nd isotopic system during crustal processes which, 

combined with its short oceanic residence time (e.g. Taylor 

and McLennan, 1985), make a powerful sedimentary provenance 

tool. Nd isotopes thus add a time dimension to the 

constraints placed on sedimentary provenance by other 

techniques such as trace element and petrographic methods. 

Studies of the above types have tended to emphasize Nd 

model ages to distinguish mantle vs. crustal components 

("crustal growth" type studies) or to distinguish different 

source terranes ("provenance" type studies). Nd model ages 

are usually calculated with respect to either bulk earth 

evolution, which is well defined, or a depleted mantle 

evolution, which is less well defined, but which is generally 

agreed to be more realistic since the primary mantle reservoir 
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for production of continental crust is probably, to a first 

order approximation, the depleted mantle (Patchett, 1989). 

Though several models exist, depleted mantle model ages are 

most often calculated according to the depleted mantle curve 

of DePaolo (1981), determined from Proterozoic crust in the 

western USA. It is defined as follows: 

ENd(DM,t) = O.25t2 
- 3t + 8.5, 

where t time in the past in billions of years (Ga), 

calculated with respect to the ENd of depleted mantle (OM) at 

that time. A Nd model age therefore represents, in graphical 

terms, the intersection of the Nd evolution line of the sample 

in Time vs. ENd coordinates (the slope of which is given by 

its Sm/Nd ratio) with the model reservoir defined by an 

equation such as the one given above (in this case, a nearly 

linear curve). The model age (TOM) is determined by solving 

these equations simultaneously for the time at which their ENd 

is the same. The resulting calculated time is the model age. 

This treatment is appropriate for material of the continental 

crust, which generally evolves with a negative slope in ENd 

vs. time space, opposite that of the depleted mantle reservoir 

in such a representation. Assuming the material being 

analyzed hasn't been altered with respect to its Sm/Nd ratio 

since being removed from an undepleted mantle source (albeit 
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through a complex series of processes including island arc 

genesis, continental accretion and intracrustal 

differentiation), and providing this removal occurred within 

a geologically short time span «100 my), the model age will 

accurately reflect the time that the Nd component in this 

material has resided in the crust, hence the often applied 

term "crustal residence age". Because large sedimentary 

systems can potentially comprise mixtures of sediment from 

several different source regions, Nd isotopic compositions and 

model ages must be interpreted as a weighted average of these 

different source components. 

Instances have been documented where diagenetic effects 

appear to affect Sm/Nd ratios in sediments, leading to 

spurious Nd model ages (e.g. McDaniel et al., 1994; Awwiller 

and Mack, 1991). Though such examples appear to be unusual, 

and cannot always be convincingly linked to diagenetic effects 

(they could, in some cases, be provenance related), we 

nonetheless exercise caution here by placing the most emphasis 

in our provenance interpretations on ENd values, which have 

been calculated for the stratigraphic age of the sample. This 

approach assumes that any diagenetic affects resulting in 

disturbance of Sm/Nd ratios would have occurred near the time 

of deposition; thus, present day ENd values extrapolated back 

to the time of deposition should accurately reflect the ENd of 
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the material at that time, regardless of diagenetic Sm/Nd 

disturbance. Extrapolation in time past this point, however, 

to obtain model ages, would result in erroneous ages if the 

Sm/Nd ratio had been disturbed. Thus, secondary importance is 

placed on the Nd model ages reported in this paper. Some 

studies have also demonstrated isotopic and Sm-Nd unmixing in 

sediments between fine- and coarse-grained fractions in 

turbidites (McLennan et al., 1989; Frost and Coombs, 1989). 

These instances appear to be specific to turbidites deposited 

within active volcanic settings, and probably reflect unmixing 

of the volcanic and non-volcanic components in the sedimentary 

system. such effects do not appear to be a factor in studies 

of craton-derived, or older, recycled and well-mixed 

sedimentary systems, and are not observed in the present data 

set (Gleason et al., 1994), as will be discussed below. 

In this study, the conventional epsilon neodymium 

notation is used to represent the results, defined by: 

ENd = [( 143Nd / 144NdsAMPLE) / (143Nd / 144NdcHuR) - 1] x 10,000, 

which is the deviation in parts per 10,000 from the well

defined bulk earth evolution (CHUR). This notation has the 

advantage of reducing fractional values to a posi ti ve or 

negative integer, and is ~lso a way for comparing the results 

of different laboratories which apply different fractionation 

corrections to Nd isotopic data (Faure, 1987). Age 
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corrections for both sample and bulk earth 143Nd /144Nd ratios 

can be made for any time in the past, and are based on the 

general decay equation for the Sm-Nd system: 

143Nd /144Nd - 143Nd /144Nd + 147 Sm/ 144Nd (eAt - 1) 
(MEASURED) - (INITIAL) , 

where the decay constant A. = 6.54 X 10-12 /yr, and t = the time 

elapsed in years. 
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Trace elements---- Trace element data for twenty-eight 

whole rock sandstone and shale samples representing the 

Paleozoic Ouachita sequence and Carboniferous Marathon flysch 

are presented in table 5.1. Trace element ratios and rare 

earth element (REE) patterns (figs 5.1-5.14) are similar to 

those for average post-Archean upper crust throughout the 

Ouachita sedimentary sequence. REE patterns are characterized 

by light rare earth enrichment with fairly constant, modest 

negative Eu anomalies, and mostly flat heavy rare earth (HREE) 

distributions on chondrite-normalized plots (figs 5.1-5.6). 

Eu anomalies (Eu/Eu*) in sediments range from 0.57 to 0.69 for 

all but one sample (table 5.1), and average 0.65 (fig 5.7), 

the same as average post-Archean shales (Taylor and McLennan, 

1985). There is no distinction to be made between shales and 

sandstones on this basis, nor is there any systematic 

difference between formations within different parts of the 

sequence which might suggest a provenance change. Two of 

three tuffs analyzed (OUA-21 and MAR90-5) have Eu anomalies 

much larger than the sediments (0.28 and 0.41, respectively). 

One shale sample (OUA-16) has a much larger Eu anomaly (0.48) 

than the other sediments, which is closer to the values for 

the tuffs. This sample was collected from a shale unit 
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interbedded with a tuff (OUA-15), and may have as much as 30% 

tuff component based on its Nd isotopic composition. However, 

the associated tuff bed (Mud Creek Tuff) has a Eu anomaly no 

different from average Ouachita sediments (0.63), so mixing 

between this tuff and stanley shales (average 0.58) cannot 

account for the large Eu anomaly in sample OUA-16. 

The REE patterns for several samples depart from the 

typical upper crustal distributions observed in the majority 

of samples. Samples OUA-11 and OUA-17 were analyzed for 

complete REE by ICP-MS because of the unusually high Sm/Nd 

ratios obtained by isotope dilution mass spectrometry during 

the isotopic analysis (table 5.2). OUA-11 (Atoka shale) is 

characterized by elevated MREE (Nd through Tb) but typical 

LREE (La and Ce) and HREE (Ho through Yb) abundances (fig 

5.1). This is reflected in normal La/YbN ratios (5.6), but 

high Gd/YbN ratios (2.6) relative to other shales in the 

sequence (table 5.1), which are close to the upper crustal 

averages of 8.3 and 1.4, respectively (Taylor and McLennan, 

1985). Because this sample is a silty shale, a mineralogical 

sorting effect may be likely, perhaps involving a MREE-rich 

accessory phase, such as apatite (e.g. Henderson, 1984). 

Another sample, OUA-17 (Blaylock turbidite), is a sandstone 

with a small positive Ce anomaly (figs 5.3, 5.8, 5.9). Such 

anomalies have been correlated with elevated Sm/Nd in 
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sediments, and are attributed to diagenetic effects involving 

the leaching out of REE except for Ce, which in the +4 state 

forms insoluble hydroxides (McDaniel et al., 1994). This 

sample also has an unusually steep HREE pattern (Gd/YbN = 2.3) 

and may be the only sample seriously affected by diagenetic 

processes; however, while its Sm-Nd model age is clearly too 

high (>1.8 Ga), its Nd isotopic composition at time of 

deposition is within 0.5 epsilon Nd of the paired turbidite 

shale (table 5.2), suggesting that initial epsilon Nd values 

are not disturbed even in samples where Sm/Nd redistribution 

was likely. Another sample (OUA-24) has an even larger Ce 

anomaly which is not, however, correlated with a high Sm/Nd 

ratio (figs 5.3, 5.8, 5.9). This sample is a green argillite 

interbedded with Arkansas Novaculite chert, and is interpreted 

to be a deep marine pelagic sediment. The Ce anomaly it 

exhibits is similar to those observed in marine manganese 

nodules, suggesting that Ce, and possibly other REE in this 

sample, could have been scavenged from seawater as is the case 

for some metalliferous sediments associated with manganese 

nodules (e.g. Addy, 1979). However, the Nd isotopic 

composition of this sample (see below) is the same as both 

older (Silurian) and younger (Carboniferous) turbidites, which 

clearly inherited their Nd from terrigenous sources, 

suggesting this sample also retains a mainly terrigenous 
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source signature. Two samples, both lower Ordovician shales 

from the Ouachita sequence (OUA-27 and OUA-29), have slight 

negative Ce anomalies correlating with low Sm/Nd (table 5.1; 

fig 5.4). This mayor may not be significant, unless it 

indicates the REE budget is partly derived from seawater, 

which is characterized by a negative Ce anomaly (McLennan, 

1989) . One other sample (OUA-18) has a very unusual REE 

distribution, characterized by a very steep pattern between Nd 

and Sm (fig 5.3) and reflected by extremely low Sm/Nd ratios 

(tables 5.1 and 5.2). It also has a notable enrichment in the 

HREE. This sample is a turbidite hemipelagite, and we suggest 

a mineralogical sorting effect, involving both a high LREE 

phase (e.g. allanite or monazite) and a high HREE phase (e.g. 

zircon or garnet) to produce this unusual pattern; however, 

zircon is inconsistent with the low Zr in this sample (table 

5.1), though garnet is consistent with high Yb and Y. The 

high Th in this sample would also be consistent with the 

presence of monazite. Two samples (OUA-13, OUA-6), both 

sandstones, display moderate HREE enrichment which is 

correlated with high Zr (table 5.1), suggesting the presence 

of excess zircon. One sample from the Marathon sequence 

(MAR90-2) has a notably MREE-depleted pattern (fig 5.6) which 

is reflected in its low sm/Nd ratio (table 5.1 and 5.2). This 

sample is a shale which may contain a tuffaceous component 

(See Appendix D). It has the least negative epsilon Nd and 
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lowest strontium isotopic values of any sediment in the 

Marathon sequence, consistent with this hypothesis (tables 5.2 

and 5.3). However, it is difficult to explain its unusual REE 

pattern which, as far as is known, is only found in certain 

igneous rocks which have fractionated a MREE-rich trace phase 

(e.g. sphene, hornblende). 

The tuffs display generally similar REE patterns as the 

sandstones and shales (figs 5.2 and 5.6), but two samples 

(Hatton Tuff and Tesnus Tuff) have distinctly larger Eu 

anomalies (0.28 and 0.41, respectively) than the Mud Creek 

Tuff (0.63). The Tesnus and Hatton samples also have higher 

Th/Sc, Th/Co, La/Sc, and lower La/Th than the sediments (table 

5.1), while the Mud Creek Tuff is similar to the sediments 

with respect to these ratios. The large Eu anomalies in the 

tuffs are attributed to feldspar crystal fractionation in a 

felsic magma chamber prior to eruption, while the elevated 

incompatible/compatible element ratios can also be attributed 

to similar igneous fractionation processes. The large 

difference in size of Eu anomalies in each tuff could be 

diagnostic of that tuff unit, but more data are needed to 

demonstrate a clear correlation. Spidergram plots for the 

tuffs (fig 5.15) reveal the typical Nb-Ta troughs observed in 

arc lavas worldwide (e.g. Perf it et al., 1980), and the 

general incompatible element enrichment typical of evolved arc 

lavas. These observations are consistent with those of Loomis 
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(1992) for a larger suite of the Stanley tuffs. 

Unfortunately, the trace element contents and 

characteristics of the tuffs are not different enough from the 

sediments to enable easy identification of the arc component 

(as represented by the tuffs) within the sediments. Likewise, 

there are no significant trace element variations within the 

sediments themselves which can be correlated systematically 

with any changes in provenance; however, there are systematic 

differences in trace element chemistry between shales and 

sandstones. As has been observed by numerous workers (e.g. 

Taylor and McLennan, 1985), and this case is no exception, the 

shales are enriched in trace elements compared to sandstones. 

This is attributed to the quartz dilution effect in 

sandstones, combined with trace element enrichment in clays 

which are concentrated in shales (McLennan, 1989). However, 

systematic differences in several ratios, including Yb/Sc, 

La/Sc, La/Yb, Th/Sc and Lu/Hf, are also noted between 

sandstones and shales (figs 5.10-5.14). The latter is easily 

attributed to the higher proportion of the mineral zircon in 

sandstones compared to shales (e.g. Patchett et al., 1984), 

and so is not surprising. Not clearly evident from the REE 

patterns is that the shales have systematically higher La/Yb 

(i.e. steeper patterns) than the sandstones (fig 5.12). They 

also have systematically lower Yb/Sc, La/Sc, and Th/Sc ratios 

(figs 5.10, 5.11, 5.13, 5.14), suggesting a fundamental 
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enrichment in Sc in the shales relative to incompatible 

elements. This type of behavior in sediments has not been 

found to be discussed elsewhere in the literature. However, 

it seems probable that the longer oceanic residence time of Sc 

relative to the other rare earths and Th (Henderson, 1982) has 

resulted in significant adsorption of Sc onto clays in the 

shales during deposition and diagenesis. However, these are 

subtle differences which do not bear on the provenance issue. 

La/Sc, Th/Sc, La/Yb, La/Th and Th/U, which all show positive 

correlations for both sandstones and shales, do not depart 

significantly from the average upper crustal values of 2.7, 

1.0, 14.0, 2.8 and 3.8, respectively (e.g. Taylor and 

McLennan, 1985). 

Nd isotopes---- Nd isotopic data were obtained for 

seventy whole rock samples of sandstone, shale and tuff 

representing the Ouachita-Marathon Paleozoic sedimentary 

sequence, Ordovician turbidites from the Sevier basin of east 

Tennessee, and Carboniferous sandstones and shales from the 

Arkoma, Illinois, and Black Warrior basins (table 5.2). 

Epsilon Nd compositions for the Ouachita sequence, which are 

emphasize for interpretations, range widely for both present 

day and age corrected values, but define three distinct 

populations (figs 5.16 and 5.17). Mississippian tuffs form a 

least epsilon-negative group, and pre-450 Ma Ordovician 

sediments form a most epsilon-negative group, while the post-
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450 Ma sediments of the Ouachita sequence comprise a third 

population of intermediate epsilon Nd values. Nd model ages 

in the Ouachita sequence range widely between 1.07 and 2.14 Ga 

(table 5.2) but do not define the same distinct groups that 

epsilon Nd values do (fig 5.18). There is an apparent 

posi ti ve correlation between Sm/Nd and model ages in the 

Ouachita sequence and for the data set as a whole (fig 5.19); 

however, the tuffs and Lower Ordovician (pre-450 Ma) samples 

from the Ouachita data set form distinct young and old model 

age groups on this diagram, respectively (fig 5.19), 

suggesting that model ages for samples with normal crustal 

147sm/144Nd values (0.10-0.13) may be geologically meaningful. 

Two of the four samples with very high Sm/Nd and TDM are 

discussed individually with respect to their REE contents (see 

above). There is no significant difference between sandstones 

and shales in terms of model ages, epsilon Nd or Sm/Nd ratios 

of the kinds observed by Frost and Coombs (1989), Frost and 

Winston (1987) or McLennan et al. (1989), suggesting little if 

any sedimentary sorting or unmixing effects on isotopic 

composition as a function of grain size (figs 5.19-5.22). 

Histograms of Sm/Nd ratios (figs 5.21 and 5.22) show similar 

distributions of sands and shales of 0.09 to 0.15, with peaks 

at average upper crustal values of 0.11 and 0.12. It is noted 

that nine of ten sandstone-shale turbidite pairs from our data 
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set plot within less than one epsilon unit of each other 

(table 5.2), which also suggests (with one possible exception 

- but see discussion below) that our samples were affected by 

none of the sorting or isotopic unmixing effects described by 

McLennan et al. (1990) for modern turbidites. 

Sr isotopes---- Seventeen whole rock sandstone, shale and 

tuff samples representing the Ouachita-Marathon Carboniferous 

flysch sequence were analyzed for comparison with Nd isotopic 

data. Sr isotopic data are presented in table 5.3. 

Correlated Nd-Sr isotopic relations (fig 5.23) are quite 

uniform within the Ouachita and Marathon flysch sedimentary 

sequence, and are consistent with recycled orogenic sources 

dominanted by old (Precambrian) upper crustal components. The 

tuffs have lower Sr isotopic ratios (.706 and .709) than the 

sediments (0.71 to 0.72), and plot within a distinct field on 

the Nd-Sr correlation diagram, closer to the "mantle array" 

and bulk earth values. The tuff Sr data are consistent with 

a significant juvenile mantle component in the tuffs, but 

could also reflect iso'topic equilibration with seawater, which 

has a similar Sr isotopic range (e.g. Veizer, 1989). 

Disturbed Rb-Sr systematics are indicated for the pre

Carboniferous rocks of the Ouachita sequence (unpublished 

data), however, thus diminishing the utility of the Rb-Sr 

system as a provenance indicator in this study. Limited Sr 

data from the pre-flysch part of the sequence, however, is 



61 

consistent with an old upper crustal provenance for the entire 

Ouachita sequence. 
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Figure 5.1 - Rare-earth element patterns for sandstones and shales of the Pennsylvanian Jackfork 

and Atoka Formations, Ouachita Mountains. Patterns are typical of average upper crust 

(chondrite normalizing values from Haskin et aI., 1968). 
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Figure 5.2 - Rare·earth element patterns for sandstones, shales and tuffs of the Mississippian 

Stanley Formation, Ouachita Mountains. Patterns are typical of average upper crust, but one tuff 

(OUA-21) shows an unusually large Eu anomaly, discussed in text (chondrite normalizing values 

from Haskin et al., 1968). 
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Figure 5.3 - Rare-earth element patterns for sandstones and shales of the Upper Ordovician

Devonian off-shelf sequence in the Ouachita Mountains. Patterns deviate from typical average 

upper crust, mainly in the presence in two samples of Ce anomalies, discussed in text (chondrite 

normalizing values from Haskin et aI., 1968). 
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Figure 5.4 - Rare-earth element patterns for shales of the Lower/Middle Ordovician Womble 

Formation in the Ouachita Mountains. Patterns are typical of average upper crust, with North 

American Shale Composite (NASC) of Gromet et al. (1984) shown for reference (chondrite 

normalizing values from Haskin et aI., 1968). 
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Figure 5.5 - Rare-earth element patterns for sandstones and shales of the Pennsylvanian Dimple 

and Haymond Formations in the Marathon uplift. Patterns are typical of average upper crust 

(chondrite normalizing values from Haskin et aI., 1968). 
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Figure 5.6 - Rare-earth element patterns for sandstones, shales and tuffs of the Mississippian 

Tesnus Formation in the Marathon uplift. Patterns are mostly typical of average upper crust, but 

one tuff (MAR90-5) has an unusually large Eu anomaly, discussed in text (chondrite normalizing 

values from Haskin et aI., 1968). 
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Figure 5.7 - Eu* vs. Eu plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Eu anomalies are consistently very close to average crustal value of 0.67. 
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Figure 5.8 - Ce* vs. Ce plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Two samples show significant positive Ce anomalies, discussed in text. 
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Figure 5.9 - Ce/Ce* vs. Sm/Nd plot for Paleozoic sandstones and shales of the Ouachita

Marathon fold belt. One sample showing a significant positive Ce anomaly (OUA-I7) is 

correlated with a high Sm/Nd ratio, suggesting diagenetic effects on REE distribution (discussed 

in text). 
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Figure 5.lO - Yb vs. Sc plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Shales appear to have systematically lower Yb/Sc ratios than sandstones, suggesting an 

enrichment in Sc. 
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Figure 5.11 - La vs. Sc plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Shales appear to have systematically higher Sc/La ratios than sandstones, suggesting an 

enrichment in Sc. However, all values are near the average upper crust value of 0.36. 
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Figure 5.12 - La vs. Yb plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Shales appear to have systematically higher La/Yb ratios than sandstones, not apparent from 

REE patterns. However, all values are near the average upper crust value of 13. 
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Figure 5.13 - Th vs. Sc plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Shales appear to have systematically higher Sc/La ratios than sandstones, suggesting an 

enrichment in Sc. However, all values are near the average upper crust value of 1. 



75 

16 
Marath on/Qua chlta 

• 14 

• III SHALE 
12 • SANDSTONE 

Hf • 
(ppm) 10 

8 • III • 
6 • • III • m m 

m 

4 m !!I 
!!1m III !!1m m . !!I 

III !!I 

2 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

Lu (ppm) 

Figure 5.14 - Lu vs. Hf plot for Paleozoic sandstones and shales of the Ouachita-Marathon fold 

belt. Sandstones have systematically higher Hf/Lu ratios than shales, which correlates with Zr 

concentration, suggesting zircon enrichment in sandstones (see text). 



"C 

.~ 100 
a3 
E .... 
o 
Z 
Q) 

C 10 
ro 

:::E 
Q) 

.::: 

.t:: 
E .c:: 
a.. 

OUACHITA/MARATHON 
MISSISSIPPIAN TUFFS 

--a-- MAR90-5 

• OUA-15 

a OUA-21 

o WAS 

Fb Sa Th t-b Ta La Ce 8r f\kj Zr Hf 8m BJ Tb Y Vb Lu 

76 

Figure 5.15 - Spider-gram plot for Mississippian tuffs of the Ouachita-Marathon fold belt, 

showing typical Ta-Nb troughs characteristic of arc volcanics. MORB (mid-ocean ridge basalt) 

values shown for reference (mantle normalizing values and MORB values from Sun and 

McDonough, 1989). 
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Figure 5.16 - Histogram showing present-day ENd isotopic variations in sandstones, shales and 

tuffs of the Ouachita sequence in Arkansas-Oklahoma. Three distinct isotopic populations are 

defined by Mississippian tuffs, Lower-Middle Ordovician sediments (pre-Bigfork), and Upper 

Ordovician-Pelmsylvanian sediments (post-Bigfork). 
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Figure 5.17 - Histogram showing initial ENd isotopic variations in sandstones, shales and tuffs 

of the Ouachita sequence in Arkansas·Oklahoma. Three distinct isotopic populations are defined 

by Mississippian tuffs, Lower-Middle Ordovician sediments (pre-Bigfork), and Upper Ordovician

Pennsylvanian sediments (post-Bigfork). 
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Figure 5.18 - Histogram showing Nd model ages of sandstones, shales and tuffs of the Ouachita 

sequence in Arkansas-Oklahoma. Only the tuffs form a distinct Nd model age group in the 

Ouachita sequence. The oth.er two groups (pre-Bigfork and post-Bigfork) overlap in their model 

ages. 
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Figure 5.19 - Plot of Nd model ages vs. Sm/Nd ratios in sandstones, shales and tuffs of the 

Ouachita-Marathon fold belt, and the Arkoma, Illinois, Black Warrior and Sevier basins (all 

described in text). There is indication of a correlation between Sm/Nd ratios and model ages, 

suggesting some post-depositional alteration of Sm/Nd ratios. However, the three isotopic 

populations in the Ouachita-Marathon sequence, detined by Mississippian tuffs, Lower-Middle 

Ordovician sediments (pre-Bigfork), and Upper Ordovician-Pennsylvanian sediments (post

Bigfork), are distinct on this plot. 



·10 

·20 

·30 
0.08 

OUACHITA/MARATHON/ARKOMA/ILLINOIS/ 
BLACK WARRIOR/SEVIER/OKLAHOMA SHELF 

Tuffs~ I. . 
I1l • 

m 
• I1l I!I 

I1l 
iii SHALE 

• SANDSTONE 

• TUFFS 

0.09 0.10 0.11 0.12 0.13 0.14 

147Sm/144Nd 

81 

• 

0.15 

Figure 5.20 - Plot of present-day ENd vs. Sm/Nd ratios (isochron diagram) in sandstones, shales 

and tuffs of the Ouachita-Marathon fold belt, and the Arkoma, Illinois, Black Warrior and Sevier 

basins (all described in text). Despite the wide variation in Sm/Nd ratios, the three isotopic 

populations in the Ouachita-Marathon sequence, defined by Mississippian tuffs, Lower-Middle 

Ordovician sediments (pre-Bigfork), and Upper Ordovician-Pennsylvanian sediments (post

Bigfork), are distinct on this plot. 
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Figure 5.21 - Histogram showing 147Sm/144Nd ratios in shales of the Ouachita-Marathon fold 

belt, and the Arkoma, Illinois, Black Warrior and Sevier basins (all described in text). These 

sediments show large peaks at ratios of 0.11 and 0.12, which are near the global average for 

upper crust as defined by shales. 
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Figure 5.22 - Histogram showing 147 Sm/144Nd ratios in sandstones of the Ouachita-Marathon fold 

belt, and the Arkoma, Illinois, Black Warrior and Sevier basins (all described in text). Like the 

shales (Fig. 5.20), the sandstones show large peaks at ratios of 0.11 and 0.12, which are near 

the global average for upper crust as defined by shales. 
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Figure 5.23 - ENd vs. 87Sr/86Sr isotope correlation diagram for Carboniferous sandstones, shales 

and tuffs of the Ouachita-Marathon sequence. Only the tuffs, which plot towards the mantle 

array (defined by MORB, IAV and OIB) appear to contain a significant juvenile (mantle-derived) 

component. IAV = Island Arc Volcanics; OIB = Ocean Island Basalts; CHUR = chondritic 

uniform reservoir (bulk earth). 



Table 5.1 - Trace element data by rCP-MS. 
1 OUA-2 OUA-6 OUA-ll OUA-12 OUA-13 OUA-14a OUA-14b OUA-15 OUA-16 

ppm 
shale turbidite shale shale turbidite shale duplicate tuff shale 

Hf 3.48 14.5 5.26 5.72 12.7 4.26 4.24 6.59 2.99 
Nb 17.8 6.91 13.8 12.2 4.31 18.3 18.8 13.7 17.0 
Ta 1.07 0.42 0.93 0.93 0.41 1.27 1.38 0.89 1.12 
Y 21.6 19.8 28.1 15.0 6.44 29.2 25.8 16.6 29.5 
Zr 129 558 201 206 477 162 157 288 108 
Th 15.3 6.72 13.5 17.9 2.05 18.8 18.6 11.9 13.2 
U 2.55 
Rb 137 24.82 151 192 2.08 163 178 105 177 
Sr 93.1 33.2 90.9 105 12.9 71.4 79.6 156 23.3 
Ba 402 123 665 244 16.6 710 603 596 626 
Sc 18.3 5.49 14.6 18.72 2.43 16.3 17.5 10.1 14.7 
Ni 61.73 21.5 36.6 32.8 4.44 33.3 39.9 10.5 31.9 
Co 23.1 4.33 6.12 6.60 0.28 13.3 16.2 9.42 9.35 
La 48.3 20.3 49.2 45.9 6.02 48.7 51.4 58.9 32.8 
Ce 110 46.1 113 99.4 13.5 104 115 61.3 71.5 
Nd 45.3 20.0 56.8 43.6 5.89 44.6 46.7 23.6 28.5 
Sm 8.23 3.71 12.0 7.73 1.20 8.13 8.08 3.95 4.91 
Eu 1.70 0.69 2.60 1.54 0.22 1.46 1.42 0.78 0.78 
Gd 7.16 3.73 11.5 6.67 1.14 7.59 7.16 3.67 4.96 
Tb 1.09 0.63 1.58 1.03 0.18 1.07 1.04 0.54 0.81 
Ho 1.31 0.76 1.40 1.30 0.22 1.32 1.31 0.76 1.10 
Er 3.67 2.37 3.57 3.71 0.71 3.90 3.55 2.18 3.22 
Tm 0.57 0.36 0.58 0.56 0.11 0.58 0.52 0.32 0.49 
Yb 0.34 2.49 3.58 3.69 0.94 3.67 3.47 2.55 2.59 
Lu 0.48 0.37 0.50 0.51 0.16 0.50 0.52 0.33 0.47 
Eu/Eu* 0.68 0.57 0.68 0.66 0.58 0.57 0.57 0.63 0.48 
Ce/Ce* 1.06 1.04 1.00 1.01 1.03 1.06 1.06 1.04 1.04 
[LalYb]n 8.51 4.94 8.33 7.53 3.88 8.98 8.98 6.87 7.67 
[Gd/Yb]n 1.67 1.20 2.58 1.45 0.98 1.66 1.66 1.16 1.54 
Th/Sc 0.83 1.22 0.92 0.96 0.84 1.06 1.06 1.19 0.64 
LalSc 2.64 3.69 3.36 2.45 2.47 2.93 2.94 2.86 5.45 
Lu/Hf 0.14 0.02 0.09 0.09 0.01 0.12 0.12 0.05 0.11 
SmlNd 0.181 0.185 0.211 0.177 0.204 0.182 0.173 0.167 0.172 
Rb/Sr 1.47 0.75 1.66 1.83 0.16 2.28 2.24 0.67 7.60 

00 
Ul 



Table 5.1 - continued. 
OUA17 OUA-18 OUA-20 OUA-21 OUA-24 OUA-27 OUA-29 OUA-30 OUA-31 

ppm 
turbidite shale shale tuff shale shale shale turbidite turbidite 

Hf 5.75 3.48 4.25 4.86 3.67 4.79 5.1I 7.20 5.67 
Nb 9.48 15.23 16.3 12.9 15.6 8.90 11.7 1I.5 8.74 
Ta 0.54 1.07 1.36 0.88 0.98 0.61 0.74 0.87 0.52 
Y 27.9 29.1 24.6 22.2 20.2 10.5 12.7 27.8 17.3 
Zr 234 126 148 175 143 183 209 263 205 
Th 12.1 16.5 12.0 20.5 15.4 9.30 11.0 9.18 6.94 
U 2.72 2.74 1.85 
Rb 20.1 347 121 149 148 102 155 73.4 69.1 
Sr 44.5 56.8 71.8 61.4 46.5 21.0 9.91 109 71.5 
Ba 61.4 909 334 841 310 336 475 626 272 
Sc 4.83 21.5 13.3 6.12 21.6 10.1 1I.8 8.80 6.70 
Ni 13.0 26.8 33.2 3.83 35.6 23.3 28.1 19.7 15.4 
Co 9.38 15.8 12.4 2.26 8.19 2.53 7.59 9.44 6.72 
La 28.1 63.6 38.3 34.1 45.4 23.6 25.1 29.3 22.5 
Ce 82.6 149 82.2 79.0 162 46.5 49.9 63.3 50.5 
Nd 37.3 49.7 32.7 29.5 44.6 19.8 22.4 26.7 21.0 
Sm 8.67 6.78 6.13 4.96 8.34 3.13 3.71 5.21 3.74 
Eu 1.74 1.25 1.02 0.46 1.64 0.60 0.74 0.93 0.76 
Gd 8.77 5.90 4.71 4.93 6.77 2.64 3.33 5.14 3.36 
Tb 1.23 1.04 0.74 0.79 1.01 0.38 0.39 0.89 0.56 
Ho 1.31 1.29 0.91 0.96 I.II 0.45 0.55 1.10 0.67 
Er 3.33 4.06 2.63 2.87 3.31 1.25 1.58 2.98 1.82 
Tm 0.47 0.65 0.41 0.45 0.49 0.20 0.23 0.45 0.29 
Yb 3.00 4.30 2.55 3.30 3.61 1.29 1.89 2.71 1.85 
Lu 0.39 0.61 0.37 0.45 0.54 0.21 0.28 0.43 0.31 
Eu/Eu* 0.61 0.61 0.58 0.28 0.67 0.64 0.65 0.55 0.66 
Ce/Ce* 1.22 0.99 1.04 1.11 1.64 0.96 0.94 1.01 1.05 
[LaIYb]n 5.67 8.96 9.10 6.26 7.62 11.1 8.04 6.55 7.37 
[GdNb]n 1.16 1.10 1.48 1.20 1.51 1.64 1.42 1.52 1.46 
Th/Sc 2.50 0.77 0.90 3.35 0.71 0.91 0.93 1.04 1.03 
La/Sc 5.81 2.96 2.87 5.57 2.10 2.31 2.12 3.32 3.35 
Lu/Hf 0.07 0.18 0.09 0.09 0.15 0.05 0.05 0.06 0.05 
SmlNd 0.232 0.136 0.187 0.168 0.187 0.158 0.166 0.195 0.178 
Rb/Sr 0.45 6.11 1.68 2.42 3.18 4.85 15.6 0.67 0.97 

(Xl 

0\ 



Table 5.1 - continued. 
OUA-38 MAR90-1 MAR90-2 MAR90-3 MAR90-4 -MAR90-5 MAR90-6 MAR90-7 MAR90:g 

ppm 
shale shale shale shale turbidite tuff shale shale turbidite 

Hf 3.91 2.96 2.97 5.63 11.1 4.50 3.84 4.00 7.90 
Nb 14.9 13.7 15.3 7.47 9.65 12.4 17.8 17.0 7.21 
Ta 0.81 0.62 1.39 0.49 0.81 0.77 1.11 0.94 0.45 
Y 26.6 23.7 9.65 14.3 18.1 20.8 33.2 28.0 13.1 
Zr 146 104 114 213 371 141 135 142 290 
Th 10.1 10.7 9.36 4.70 7.45 23.3 17.2 12.8 4.67 
U 2.95 3.10 1.47 2.07 6.56 3.37 3.60 1.42 
Rb 91.7 158 130 38.6 16.6 93.1 180 185 38.6 
Sr 72.7 185 360 67.9 77.6 96.8 90.8 144 46.7 
Ba 284 501 517 231 77.4 381 561 507 185 
Sc 8.34 17.1 15.5 4.33 5.16 6.31 16.6 18.8 4.75 
Ni 27.8 60.4 9.14 7.42 12.3 10.5 42.7 50.7 10.6 
Co 0.71 5.77 1.11 2.10 4.51 2.06 9.91 10.3 2.15 
La 45.5 38.4 28.0 18.2 24.4 43.9 52.5 45.4 16.4 
Ce 103 83.2 55.7 38.9 52.4 87.3 112.5 99.3 36.4 
Nd 54.3 32.1 21.5 15.4 20.5 30.8 46.5 39.9 14.5 
Sm 9.76 5.82 2.85 2.93 3.87 5.21 8.71 7.80 2.91 
Eu 1.61 1.21 0.44 0.65 0.80 0.65 1.70 1.44 0.61 
Gd 7.17 5.22 1.89 2.83 3.82 4.46 7.98 6.42 2.78 
Tb 0.85 0.81 0.25 0.45 0.55 0.67 1.14 0.89 0.41 
Ho 1.05 0.89 0.40 0.56 0.69 0.80 1.31 1.19 0.48 
Er 3.15 2.66 1.35 1.51 2.15 2.43 3.78 3.58 1.50 
Tm 0.45 0.43 2.64 0.27 0.31 0.36 0.51 0.48 0.23 
Yb 3.15 2.66 1.81 1.54 1.92 2.32 3.21 2.97 1.40 
Lu 0.42 0.44 0.61 0.27 0.33 0.39 0.53 0.49 0.25 
EulEu* 0.59 0.67 0.58 0.70 0.64 0.41 0.63 0.63 0.66 
Ce/Ce* 0.98 1.05 0.99 1.03 1.04 1.02 1.02 1.04 1.06 
[LalYb]n 8.75 8.75 9.37 7.16 7.70 11.4 9.91 9.26 7.09 
[GdlYb]n 1.82 1.57 0.84 1.47 1.60 1.54 1.97 1.74 1.59 
Th/Sc 1.21 0.63 0.60 1.08 1.44 3.64 1.03 0.68 0.98 
LalSc 5.45 2.24 1.80 4.20 4.73 6.87 3.16 2.41 3.45 
Lu/Hf 0.11 0.15 0.11 0.05 0.03 0.09 0.14 0.12 0.03 
SmlNd 0.180 0.181 0.132 0.190 0.188 0.169 0.187 0.195 0.201 
Rb/Sr 1.26 0.85 0.36 0.57 0.21 0.96 1.98 1.28 0.83 

OJ 
....:J 
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Table 5.1 - continued. 
MAR90-9 SDC-1 SDC-1 upper 

ppm 
shale (avg. of 3) (reci crust3 

Hf 3.82 7.69 ± 3% 8.3 5.8 
Nb 18.1 20.4 ± 3% 18 25 
Ta 1.37 1.39 ± 11 % 1.21 2.2 
Y 29.2 33.1 ± 8% 40 22 
Zr 135 283 ± 2% 290 190 
Th 14.8 11.9 ± 11 % 12.1 lO.7 
U 2.8 
Rb 132 127 ± 1 % 127 112 
Sr 95.2 159 ± 5% 183 350 
Ba 634 578 ± 12% 630 550 
Sc 16.6 15.6 ± 7% 17 11 
Ni 38,4 36.2 ± 11 % 38 20 
Co 11.1 18.8 ± 11 % 18 10 
La 47.5 40.8 ± 5% 42 30 
Ce 99.1 91.7 ± 5% 93 64 
Nd 38.8 41.5 ± 4% 40 26 
Sm 7.28 7.84 ± 1 % 8.2 4.5 
Eu 1.51 1,45 ± 8% 1.71 0.88 
Gd 6.95 7.15 ± 5% 7.2 3.8 
Tb 0.92 1.lO±3% 1.18 0.64 
Ho 1.15 1,41 ± 7% 1.5 0.80 
Er 3.29 4.14 ± 7% 4.1 2.3 
Tm 0,47 0.71 ± 16% 0.65 0.33 
Yb 2.98 4.05 ± 11 % 4 2.2 
Lu 0.44 0.66 ± 12% 0.53 0.32 
Eu/Eu* 0.65 0.60 0.68 0.65 
Ce/Ce* 1.02 1.02 1.03 1.03 
[La/Yb]n 9.66 6.18 6.28 8.3 
[Gd/Yb]n 1.87 1.43 1.43 1.4 
Th/Sc 0.89 0.76 0.71 0.97 
La/Sc 2.86 2.62 2.74 2.72 
Lu/Hf 0.12 0.09 0.06 0.06 
SmlNd 0.187 0.189 0.205 0.173 
Rb/Sr 1.38 0.80 0.69 0.32 

1 chondrite normalizing values from Haskin et aI. (1968); 

Eu/Eu* = EUn/(Smn x Gdn)ll2; Ce/Ce* = Ceu/(La//3 x Ndn
l/3), 

where n = chondri tic value 
2 recommended values from Govindaraju (1989) 
3 average upper crustal values from Taylor and Mclennan (1985) 



Table 5.2 - Sm-Nd isotopic data by TIMS. 

Age 5mb Ndb 
Sample Formation Lithologl 

(Ma) (ppm) (ppm) 
OUACHITA 

OUA-l Hartshorne ss (q) 300 2.27 12.21 

OUA-2 Atoka sh 300 8.84 45.54 

duplicate 8.72 45.04 

OUA-3 McAlester sh 300 8.11 42.09 

OUA-4* Atoka sh 300 5.36 28.84 

OUA-5* Atoka ss (1) 300 3.75 18.47 

OUA-6 Atoka ss (1) 300 4.08 21.03 

duplicate 4.14 21.27 

OUA-7 Jackfork ss (q) 320 1.31 6.65 

OUA-8* Jackfork S5 (I) 320 4.63 23.94 

OUA-9* Jackfork sh 320 8.64 42.91 

OUA-IO* Atoka ss (q) 300 1.55 7.91 

OUA-lI* Atoka sh 300 12.90 56.53 

duplicate 13.73 59.86 

OUA-12* Jackfork sh 320 9.32 49.21 

OUA-13* Jackfork ss (q) 320 1.11 5.47 

duplicate 1.14 5.63 

OUA-14 Stanley sh 340 8.63 45.60 

OUA-15 Stanley tf 340 4.73 25.44 

OUA-16 Stanley sh 340 6.24 32.86 

147 Sml144Ndb 143Nd/l44Ndc ENd 
d 

measured present 

0.1123 0.512152 ± 9 -11.4 

0.1173 0.511954 ± 10 -13.3 

0.1170 0.511967 ± 8 -13.1 

0.1165 0.512017 ± 6 -12.1 

0.1123 0.511980 ± 8 -12.8 

0.1227 0.512024 ± 6 -12.0 

0.1172 0.512041 ± 6 -11.7 

0.1178 0.512061 ± 7 -11.3 

0.1190 0.512030 ± 7 -11.9 

0.1169 0.512072 ± 8 -11.0 

0.1218 0.512045 ± 7 -11.6 

0.1186 0.512074 ± 6 -11.0 

0.1379 0.512134 ± 6 -9.8 

0.1384 0.512121 ± 7 -10.1 

0.1145 0.512023 ± 6 -12.0 

0.1222 0.512027 ± 10 -11.9 

0.1230 0.512039 ± 7 -11.6 

0.1143 0.511964 ± 7 -13.1 

0.1123 0.512335 ± 6 -5.9 

0.1147 0.512117 ± 8 -10.1 

ENd 
d 

initial 

-8.2 

-10.3 

-10.0 

-9.0 

-9.6 

-9.2 

-8.6 

-8.2 

-8.7 

-7.8 

-8.5 

-8.0 

-7.6 

-7.9 

-8.7 

-8.9 

-8.6 

-9.6 

-2.3 

-6.6 

Tm.t 
(Ga) 

1.49 

1.72 

1.69 

1.60 

1.60 

1.70 

1.58 

1.56 

1.63 

1.53 

1.65 

1.55 

1.82 

1.86 

1.57 

1.69 

1.69 

1.65 

1.07 

1.43 

00 
\0 



Table 5.2 - Sm-Nd isotopic data (continued). 

5mb Ndb 147 Sml144Ndb 143Nd/144Ndc €Nd 
d d 

TDM
e 

Sample Formation Lithologya Age €Nd 
(Ma) (ppm) (ppm) measured present initial (Ga) 

OUACHITA 

OUA-17 Blaylock ss (I) 430 9.06 38.50 0.1422 0.512126 ± 5 -10.0 -7.0 1.95 

duplicate 9.14 39.00 0.1417 0.512116 ± 6 -10.2 -7.2 1.96 

OUA-I8 Blaylock sh 430 6.67 44.32 0.0909 0.511958 ± 7 -13.3 -7.5 1.35 

duplicate 6.78 45.58 0.0900 0.511952 ± 6 -13.4 -7.5 1.34 

OUA-19 Mazam sh 490 1.59 8.79 0.1095 0.511689 ± 5 -18.5 -13.1 1.98 

duplicate 1.60 8.80 0.1096 0.511712 ± 6 -18.1 -12.6 1.94 

OUA-20 Stanley sh 340 6.62 37.33 0.1071 0.511974 ± 7 -12.9 -9.1 1.53 

OUA-21 Stanley tf 340 6.05 30.77 0.1l88 0.512377 ± 6 -5.1 -1.7 1.07 

OUA-22* Jackfork ss (I) 320 3.45 18.14 0.1151 0.512075 ± 8 -10.9 -7.6 1.49 

duplicate 3.34 17.49 0.1156 0.512088 ± 5 -10.7 -7.4 1.48 

OUA-23* Jackfork sh 320 8.97 46.32 0.1170 0.512034 ± 6 -11.7 -8.5 1.59 

duplicate 8.82 45.67 0.1168 0.512043 ± 9 -11.6 -8.3 1.57 

OUA-24 Novaculite sh 380 8.45 41.89 0.1219 0.512042 ± 7 -11.6 -8.0 1.66 

OUA-25 Crystal Mt ss (q) 500 0.213 1.35 0.0959 0.511676 ± 7 -18.7 -12.3 1.77 

duplicate 0.236 1.48 0.0964 0.511651 ± 6 -19.2 -12.8 1.81 

OUA-26 Mazam sh 490 4.62 28.21 0.0990 0.511495 ± 8 -22.3 -16.2 2.05 

duplicate 4.62 28.19 0.0991 0.511507 ± 7 -22.1 -16.0 2.04 

OUA-27 Womble sh 460 3.31 19.20 0.1041 0.511566 ± 9 -20.9 -15.5 2.05 

OUA-28 Blakely ss (q) 480 0.287 1.95 0.0890 0.511534 ± 9 -21.5 -14.9 1.84 

duplicate 0.290 1.96 0.0894 0.511543 ± 8 -21.4 -14.8 1.84 

OUA-29 Womble sh 460 4.22 23.69 0.1077 0.511583 ± 8 -20.6 -15.4 2.10 

duplicate 4.21 23.53 0.1081 0.511605 ± 5 -20.1 -14.9 2.07 
\0 
0 



Table 5.2 - Sm-Nd isotopic data (continued). 

Age 5mb Ndb 
147Smf144Ndb 143Nd/144Ndc d 

ENd 
d TOMe 

Sample Fonnation Lithology8 ENd 
(Ma) (ppm) (ppm) measured present initial (Ga) 

OUACHITA 

OUA-30 Stanley ss (I) 340 6.35 32.72 0.1174 0.512105 ± 7 -10.4 -7.0 1.48 

OUA-31 Stanley ss (I) 340 4.54 23.34 0.1175 0.512049 ± 6 -11.5 -8.1 1.57 

duplicate 4.66 24.09 0.1l71 0.512021 ± 7 -12.0 -8.6 1.61 
« 

OUA-32* Jackfork ss (I) 320 4.27 22.46 0.1l49 0.512002 ± 6 -12.4 -8.6 1.60 

OUA-33* Jackfork sh 320 8.92 46.38 0.1l63 0.512009 ± 7 -12.2 -9.2 1.61 

OUA-34 Novaculite sh 380 12.97 64.70 0.1212 0.512066 ± 6 -11.2 -7.5 1.61 

OUA-35 Blaylock sh 430 6.49 39.22 0.1000 0.511921 ± 7 -14.0 -8.7 1.50 

OUA-36 Blaylock ss (I) 430 10.26 42.34 0.1465 0.512108 ± 7 -10.3 -7.6 2.12 

OUA-37 Polk Creek sh 440 6.22 29.60 0.1271 0.512074 ± 7 -11.0 -7.1 1.70 

OUA-38 Polk Creek sh 440 11.17 58.70 0.1150 0.512086 ± 6 -10.7 -6.2 1.48 

OUA-39 Polk Creek sh 440 7.49 42.29 0.1135 0.512047 ± 7 -11.5 -6.8 1.51 

OUA-40 Novaculite sh 400 7.41 36.65 0.1222 0.512050 ± 5 -1l.5 -7.7 1.65 

OUA-41* Jackfork sh 320 9.93 52.48 0.1143 0.512018 ± 7 -12.1 -8.7 1.57 

OUA-42* Jackfork ss (I) 320 3.65 18.98 0.1162 0.512055 ± 5 -11.4 -8.1 1.54 

OUA-43 Missouri Mt sh 410 5.35 23.53 0.1374 0.5ll993 ± 7 -12.6 -9.5 2.10 

OUA-44 Missouri Mt sh 410 4.65 25.42 0.1005 0.511917 ± 6 -14.1 -9.6 1.65 

OUA-45 Bigfork sh 450 1.85 9.45 0.1185 0.512050 ± 8 -11.5 -7.0 1.59 

OUA-46 Novaculite sh 380 4.29 23.39 0.1109 0.512106 ± 6 -10.4 -6.2 1.40 

OUA-47* Atoka sh 300 10.14 54.49 0.1124 0.512008 ± 5 -12.3 -9.1 1.56 

OUA-48* Atoka ss (I) 300 3.66 19.08 0.1160 0.512048 ± 6 -1l.5 -8.4 1.55 

MARATHON 

MAR90-1 Dimple sh 320 6.64 35.74 0.1l23 0.512022 ± 7 -12.0 -8.6 1.53 
10 
I-' 



Table 5.2 - Sm-Nd isotopic data (continued). 

Age 5mb Ndb 
147 Smf144Ndb 

143Ndl144Ndc 
ENd 

d d TDM
e 

Sample Formation Lithologya ENd 
(Ma) (ppm) (ppm) measured present initial (Ga) 

MARATHON 

MAR90-2 Tesnus sh 340 3.74 24.95 0.0905 0.519930 ± 7 -12.6 -7.9 1.40 

MAR90-3 Tesnus ss (I) 340 3.34 17.47 0.1156 0.511957 ± 7 -13.2 -9.7 1.68 

MAR90-4 Tesnus ss (I) 340 4.58 23.63 0.1171 0.511877 ± 7 -14.8 -11.4 1.84 

" duplicate 4.53 23.39 0.1170 0.511902 ± 5 -14.3 -10.9 1.79 

MAR90-5 Tesnus tf 340 6.25 35.59 0.1062 0.512334 ± 7 -5.9 -2.0 1.01 

duplicate 6.14 34.88 0.1064 0.512335 ± 6 -5.9 -2.0 1.01 

MAR90-6 Tesnus sh 340 10.20 51.57 0.1196 0.511989 ± 8 -12.7 -9.3 1.70 

MAR90-7 Haymond sh 300 8.66 44.46 0.1177 0.512045 ± 5 -11.5 -8.5 1.58 

MAR90-8 Haymond ss (I) 300 3.18 15.89 0.1209 0.512040 ± 6 -11.6 -8.7 1.65 

MAR90-9 Tesnus sh 340 8.75 45.15 0.1171 0.511907 ± 8 -14.3 -10.8 1.80 

MAR91-1* Haymond ss (1) 300 1.94 12.37 0.0951 0.512011 ± 7 -12.2 -8.4 1.33 

MAR91-2* Haymond sh 300 4.40 26.97 0.0986 0.512019 ± 6 -12.1 -8.3 1.36 

MAR91-3 Haymond sh 300 7.26 38.34 0.1145 0.511988 ± 6 -12.7 -9.5 1.62 

MAR91-4 Alsate sh 480 2.10 11.34 0.1123 0.511617 ± 5 -19.9 -14.8 2.14 

OKLAHOMA SHELF 

CAN-14 Caney sh 330 5.18 26.72 0.1172 0.512073 ± 8 -11.0 -7.7 1.53 

SPR-50 Springer sh 315 7.67 37.25 0.1244 0.512042 ± 9 -11.6 -8.7 1.71 

SYL-911 Sylvan sh 445 5.80 32.56 0.1077 0.511975 ± 7 -12.9 -7.9 1.53 

KAC-38 Woodford sh 365 7.12 37.99 0.1133 0.511987 ± 6 -12.7 -8.8 1.60 

NORTHEAST ARKOMA BASIN 

NEA-I Hale ss (I) 320 5.12 23.87 0.1298 0.512109 ± 7 -10.3 -7.6 1.69 

NEA-2 Bloyd sh 320 9.09 48.12 0.1142 0.511994 ± 6 -12.6 -9.2 1.60 

\0 
l\J 



Table 5.2 - Sm-Nd isotopic data (continued). 

Age 5mb Ndb 
147 Smll44Ndb 

143Nd/l44Ndc 
ENd 

d 
ENd 

d 
Sample Formation Lithologya 

(Ma) (ppm) (ppm) measured present initial 
1LLINOIS BASIN 

RC-3 Tradewater sh 300 7.51 40.82 0.1111 0.512018 ± 7 -12.1 -8.8 

RC-4 Caseyville ss (q) 320 2.64 14.53 0.1099 0.512009 ± 6 -12.3 -8.7 

BLACK WARRIOR BASIN 
<[ WB-l Pottsville ss (I) 300 4.25 22.49 0.1144 0.512111 ± 8 -10.3 -7.1 

WB-2 Pottsville ss (q) 300 1.72 9.33 0.1117 0.512023 ± 7 -12.0 -8.7 

APPALACHIAN BASIN 

HOL-l* Tellico sh 460 9.21 49.35 0.1127 0.512001 ± 8 -12.4 -7.5 

HOL-2* Tellico ss (1) 460 6.30 33.43 0.1139 0.512028 ± 5 -11.9 -7.0 

TH-l Juniata ss (1) 450 9.17 41.45 0.1337 0.512095 ± 5 -10.6 -7.0 

TH-2 Martinsburg ss (I) 450 6.30 28.12 0.1355 0.512000 ± 7 -12.4 -8.9 

TH-5 Clinch ss (q) 440 3.45 16.40 0.1272 0.512044 ± 7 -11.6 -7.7 

* denotes turbidite shale/sandstone pair 

a ss = sandstone (q = ~uartzose; 1 = lithic); sh = shale; tf = tuff 
b 2 sigma errors for 14 Sml144Nd are < 0.5 % 
C Ratios normalized to 146Nd/144Nd = 0.7219 (2-sigma errors reflect in-run precision only) 
d 4 143 144 143 144 . 143 144 

ENd = 10 f£ Ndl Nd(l)SAMPLEJ/( Ndl N'tt)CHUR) - 1], usmg Ndl Nd = 0.512638 as present day CHUR value, 
and 147SmI 4NdCHUR = 0.1967 

e model ages calculated using equation of DePaolo (1981) 

TDM
e 

(Ga) 

1.52 

1.52 

1.43 

1.52 

1.57 

1.55 

1.80 

2.03 

1.76 

\0 
t.J 
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Table 5.3 - Rb-Sr isotope data by TIMS. 

Samplel Lithology Rb Sr 87Rb/86Sr2 87Sr/86Sr3 87Sr/86Sr4 
(ppm) (ppm) measured initial 

OUACHITA 

OUA-6 ss 22.8 37.3 1.77 0.724862 ± 19 0.71729 

OUA-15 tf 104 180 1.68 0.717202 ± 17 0.70906 

OUA-20 sh 130 82.6 4.58 0.742569 ± 24 0.72042 

OUA-21 tf 157 77.0 5.91 0.735319 ± 16 0.70673 

duplicate 152 76.1 5.81 0.735329 ± 12 0.70773 

OUA-22 ss 21.8 34.7 1.83 0.723257 ± 17 0.71494 

OUA-23 sh 192 94.5 5.89 0.739824 ± 18 0.71300 

OUA-30 ss 75.2 121 1.80 0.722570 ± 17 0.71387 

OUA-31 ss 71.1 77.5 2.66 0.729512 ± 22 0.71665 

duplicate 71.4 77.9 2.65 0.729489 ± 16 0.71664 

OUA-41 sh 256 102 7.33 0.748897 ± 12 0.71553 

duplicate 251 101 7.23 0.748875 ± 17 0.71596 

OUA-42 ss 40.0 35.1 3.30 0.730822 ± 16 0.71579 

OUA-47 sh 247 130 5.50 0.741189 ± 16 0.71771 

OUA-48 ss 36.6 33.6 3.16 0.731103 ± 16 0.71762 

MARATHON 

MAR90-1 sh 167 210 2,31 0.721031 ± 16 0.71051 

MAR90-2 sh 139 452 0.89 0.717331 ± 19 0.71302 

MAR90-3 ss 38.0 74.0 1.51 0.727809 ± 18 0.72050 

MAR90-5 tf 96.0 105 2.64 0.720591 ± 17 0.70782 

MAR90-7 sh 198 172 3.34 0.728964 ± 18 0.71472 

MAR90-8 ss 39.5 51.0 2.24 0.728228 ± 18 0.71864 

duplicate 38.9 50.9 2.21 0.728149 ± 19 0.71870 

1 fonnation names given in table 5.2 
2 errors < 1.0% 
3 nonnalized to 86Sr/88Sr = .1194 
4 corrected for stratigraphic ages given in table 5.2 
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CHAPTER 6 

Nd ISOTOPIC CONSTRAINTS ON SEDIMENT PROVENANCE 

Arkansas and Oklahoma 

Post-rift/pre-chert (Early to Middle ordovician)---- The 

pre-chert part of the Ouachita sequence represents the 

interval stratigraphically below the Bigfork Chert Formation 

(fig 3.2), and includes deep-water black graptolite shales of 

the Mazarn and Womble Formations, and fine-grained quartzose 

turbidi te sandstones of the Crystal Mountain and Blakely 

Formations. Calcareous shales of the Late Cambrian/Lower 

Ordovician Collier Formation (Repetski et al., 1994), which 

represent the lower-most, intensely deformed tectonic base of 

the Ouachita sequence (Lowe, 1989), were not sampled. 

Carbonate debris and olistoliths, including granitic rocks, 

are present throughout this interval and tie most of the pre

chert sequence to sources within the North American shelf and 

craton (Viele and Thomas, 1989). six samples were collected 

from this interval. 

Black shales and quartzose sandstones of the pre-chert 

sequence yield epsilon Nd between -18.1 and -22.3 (present 

day) and -12.3 to -16.2 (age corrected) for six samples. In 

both measured and age-corrected values, the pre-chert sequence 

forms a distinctly epsilon negative population from the rest 

of the Ouachita sequence (figs 5.16, 5.17 and 6. 1) . Both 

.. 
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sandstones analyzed from this interval (OUA-25 and OUA-28), 

representing Crystal Mountain and Blakely Formation 

turbidites, have unusually low 147sm/144Nd ratios «.095), which 

is reflected in the lower model age values for these samples 

(1.83 and 1.76 Ga, respectively). The low Sm/Nd ratios of 

these two sandstone samples could be due to concentration of 

a heavy mineral with low Sm/Nd. zircon, though it has been 

documented to influence the REE patterns in some quartzose 

sandstones (Frost and Winston, 1987), is ruled out because it 

typically has high Sm/Nd (e.g. McLennan, 1989). A LREE-rich 

mineral such as monazite may instead be present in higher 

proportions in these samples. 

The four shale samples have uniform 147sm/144Nd ratios 

(0.10 to 0.11) and yield a tight cluster of model ages between 

1.97 and 2.10 Ga. However, a large difference in initial 

epsilon Nd values (..!lENd = -3) for the two samples of Mazarn 

Formation shale (OUA-19 and OUA-26) exists (fig 6.1). These 

samples are from widely separate outcrops in Arkansas and 

Oklahoma (Appendix D), and could represent true variation in 

sediment sources between facies or within different 

stratigraphic intervals. Alternatively, these samples 

suffered diagenetic and/or metamorphic alteration of REE. One 

of the Mazarn Formation shale samples (OUA-19) is a phyllite 

with unusually low abundances of Sm and Nd for a shale (table 

.. 
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5.2). This sample could have been leached of its REE, 

potentially altering Sm/Nd ratios and disturbing the Sm-Nd 

isotopic system during Pennsylvanian metamorphism. However, 

its Sm/Nd ratio is no different from the other shales 

collected from the pre-chert interval, and is typical of 

average upper crust values. This suggests that disturbance of 

Sm-Nd systematics did not occur, and that the observed 

isotopic variation within the Mazarn Formation may a 

provenance effect. 

Despite these detailed isotopic differences among 

samples, as a group, the samples from the pre-chert interval 

form a distinct isotopic population within the Ouachita 

sequence. Their average initial epsilon Nd of -14.5 is seven 

epsilon units lower than the average (ENd= -7.6) for the 

above-lying syn-chert package of sediments (figs 6.1 and 6.2) . 

Compared to the rest (exclusive of tuffs) of the Ouachita 

sequence (average present day epsilon Nd = -11.7), the average 

present day epsilon Nd (-20.3) for the pre-chert sequence is 

8.5 epsilon Nd units lower. Though model ages are not 

emphasized in provenance interpretation for this study, the 

average model age of the pre-chert sequence (1.96 Ga) is 0.35 

Ga older than the average of all younger sedimentary strata of 

the Ouachita sequence (1.61 Ga). If samples falling only 

within the range of typical upper crustal 147sm/144Nd ratios 

.. 
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(0.09 to 0.13) are compared (44 of 48 samples), these model 

age differences are even more distinct (1.96 Ga vs. 1.57 Ga, 

for a difference of 0.40 Ga). 

Paleocurrents within this part of the sequence suggest 

transport of sandstone turbidites from sources lying 

dominantly to the north of the Ouachita rifted margin (Viele 

and Thomas, 1989; Lowe, 1989). Olistoliths, including 

carbonate blocks, and granitic boulders dated at 1.3 and 1.4 

Ga (Bowring, 1984), are consistent with these northern sources 

being the North American shelf and craton (Viele and 'l'homas, 

1989). The Nd isotopic data and model ages are consistent 

such sources, which are best interpreted to have comprised a 

mixture of Archean and Proterozoic cratonal components. These 

components were probably derived dominantly from Canadian 

Shield (Late Archean) and Penokean (Early Proterozoic) 

terranes of the Superior region, but also included the 

Granite-Rhyolite terranes (mid-Proterozoic) of the North 

American mid-continent, and possibly the Grenville (1.0 to 1.3 

Ga) belt, as well. The dominant sediment sources were most 

likely the Early Paleozoic sedimentary cover of the North 

American craton, which would have contained these recycled 

crustal components, and which would also be consistent with 

the ultra-mature sandstone compositions of the Blakely and 

Crystal Mountain Formation sandstones. 

Syn-chert (Late Ordovician to Early Mississippian)----
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The syn-chert part of the sequence comprises the Bigfork Chert 

through Arkansas Novaculite interval, and includes shales 

interbedded within the cherts, as well as black graptolitic 

shales of the Polk Creek Formation, sandstone turbidites and 

hemipelagic shales of the Blaylock Formation, and green 

argillites of the Missouri Mountain Formation (fig 3.2). Most 

workers interpret the massive cherts and argillites to have 

been deposited within a deep marine environment recording 

conditions of off-shelf passive margin sedimentation (but see 

Lowe, 1989, for a different interpretation). The Blaylock 

turbidites, however, have been proposed to mark a brief pulse 

of orogenic sedimentation within the lower part of the 

Ouachita sequence (Viele and Thomas, 1989). Paleocurrent and 

stratigraphic analysis of the Blaylock turbidite fan complex 

suggest sources to the east-southeast, interpreted by some 

workers to have been Appalachian (Taconic) sources 

(Satterfield, 1982). Fourteen samples were collected from 

this interval, including four samples of the Blaylock 

Formation. 

The epsilon Nd difference between the Womble Formation (-

15.5) of the pre-chert sequence (OUA-27 and OUA-29), and the 

overlying Bigfork Chert (-7.0) of the syn-chert sequence (OUA-

45), represents a shift of eight epsilon units (figs 6.1 and 

6.2) within a time interval of probably less than 20 million 

years (based on DNAG time scale). This striking and 
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relati vely abrupt change in isotopic composition is also 

apparent in the model age difference between these formations 

(ca. 600 Ma). This model age difference is probably a robust 

provenance indicator in that it reflects mainly the Nd 

isotopic compositional difference, since the Sm/Nd ratios of 

these samples are all quite similar (table 5.2). The epsilon 

Nd values of the syn-chert succession (fig 6.2) vary between -

6.2 (Polk Creek shale) and -9.6 (Missouri Mountain), a fairly 

wide range which also happens to bracket the complete range of 

isotopic compositions displayed by the entire post-Bigfork 

sedimentary sequence (figs 6.1-6.4). The shift to more 

positive epsilon values at the base of the syn-chert sequence 

therefore persists through the rest of the Ouachita sequence, 

with no return to older "pre-chert" sources having been 

identified. 

Turbidites and associated hemipelagites of the Blaylock 

Formation within the Broken Bow uplift vary between epsilon 

values of -7.0 and -8.7 (fig 6.2). Three of the four Blaylock 

samples yield a tight (-7.0 to -7.5) epsilon Nd range, while 

the fourth (-8.7) is more epsilon negative. Though one 

Blaylock turbidite sandstone-shale pair (OUA-17 & 18) shows an 

epsilon Nd difference of just 0.6 epsilon Nd units, two of the 

four samples (one sandstone and one shale, from different 

outcrops) have very high 147 Sm/ 144Nd ratios (0. 14), which 
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results in very high model ages (1. 95-2 .12 Ga) in these 

samples. One sample of Missouri Mountain shale (OUA-43) also 

has high 147smj144Nd (0.135) and TOM (2.10 Ga). The rest of the 

syn-chert group (minus these three high SmjNd samples) is 

characterized, however, by model ages in the range 1.35-1.70 

Ga, distinctly younger than the underlying pre-chert sequence. 

The isotopic data indicate an abrupt change in the 

provenance of the Ouachita sequence at about 450 Ma (figs 6.1 

and 6.2). The nearly eight epsilon Nd unit isotopic shift at 

this time could either be interpreted as (1) mixing between 

older cratonal sources and a newly introduced juvenile, island 

arc component, or (2) a switch to an entirely ne\,l provenance 

with an average model age of 1.6 Ga, also likely to be the 

source of the Blaylock turbidites. The latter alternative is 

favored, because the quartzolithic sandstone composition of 

the Blaylock turbidites (Satterfield, 1982; Lowe, 1989; 

Dickinson, unpublished data) is consistent with dominantly 

older recycled orogenic source materials with no evidence for 

juvenile (e.g. volcanic), arc-like lithic compl:ments. An 

Appalachian Taconic source for the Blaylock turbidites was 

proposed by Satterfield (1982) based on sandstone composition, 

paleocurrent data and facies distribution, which indicated 

they were part of a prograding submarine fan system derived 

from orogenic sources to the east of the Ouachita basin. The 

.. 
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timing was consistent with, but slightly later than, the onset 

of the Taconic orogeny in the southern Appalachians, which 

commenced during Middle Ordovician time (Rast, 1988) and 

produced a large clastic wedge traceable as far south as 

Alabama (Thomas, 1977). It was considered unlikely that 

Taconic detritus was dispersed across the Ordovician carbonate 

platform separating the Ouachita basin from the Appalachians 

on the craton, and thus Satterfield (1982) proposed that the 

Blaylock submarine fan complex prograded into the Ouachita 

region from the southern Appalachians along the continental 

edge. The isotopic data support this hypothesis (Gleason et 

al., 1994; Appendix F), and indicate that the most distal 

deposits of this submarine fan system arrived first in the 

Ouachita region with the deposition of the Bigfork Chert 

hemipelagites, followed by the Polk Creek shales and sandy 

turbidites of the Blaylock Formation. The Appalachian Taconic 

source hypothesis is further strengthened by the identical 

isotopic composition of Taconic turbidites sampled from the 

southern Appalachians (see below, Sevier basin). Womble

correlative turbidites in Oklahoma (Broken Bow Uplift), which 

we did not sample, have been interpreted similarly to be 

derived from Taconic sources, suggesting that the Ordovician 

provenance shift may have been older in 01::lahoma than in 

Arkansas (Dix et al., 1994). 

Proto-flysch (Mississippian)---- The proto-flysch 
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interval (Stanley Formation) is a dominantly shaley turbidite 

flysch unit which contains several major ash-flow tuff units 

near its base. Paleocurrents in the Lower to Middle Stanley 

Formation show dominantly north to north~.,est paleoflow in 

Arkansas, becoming more westerly towards Oklahoma (Morris, 

1974a). However, paleocurrents in the Upper Stanley Formation 

show westerly paleoflow throughout the ouachitas, similar to 

Pennsylvanian flysch (Morris, 1974a). Isopach and grain size 

analysis of the tuffs clearly demonstrates that they were 

erupted from south of the Ouachita flysch basin (Niem, 1977). 

Morris (1974b) and Niem (1976) interpret the provenance of the 

Stanley Formation to have been a source area to the south

southeast, ostensibly a proto-Ouachita orogen comprised 

dominantly of sedimentary and metasedimentary rocks. Seven 

samples of the Stanley Formation were collected, including two 

tuffs and two greywacke sandstones. 

The two tuffs have very similar epsilon Nd of -1.7 

(Hatton Tuff) and -2.3 (Mud Creek Tuff), respectively, and 

their presence results in a very wide range in epsilon Nd (-

1.7 to -9.6) within this stratigraphic interval (fig 6.3). 

Epsilon Nd values of the shales and sandstones of the Stanley 

Formation range from -9.6 to -7.0. The two lithic sandstones 

(greywackes) have slightly more positive epsilon Nd values (-

7.0 and -8.1) compared to the shales (-9.1 and -9.6), though 

one shale collected from a unit interbedded with tuff gave a 
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much more positive epsilon Nd (-6.6), suggesting that it could 

have a significant component (>30%) of tuffaceous material in 

it. In general, however, the isotopic signature of the shales 

and sandstones is not significantly different from the syn

chert, flysch or molasse sequences (fig 6.2-6.4). Rare earth 

patterns for the sediments are similar to the tuffs, and so 

are not a useful tool for distinguishing the arc component in 

these sediments. The tuffs do differ from average upper crust 

in that they typically have much deeper Eu anomalies, 

indicative of feldspar crystal fractionation within a felsic 

magma chamber (table 5.1). The two stanley tuffs analyzed 

both have model ages of 1.07 Ga, distinct from stanley shales 

and sandstones (1. 43 to 1. 65 Ga). The tuffs also form a 

distinctive third isotopic population when plotted on an Nd-Sr 

isotope correlation diagram (fig 5.23). The lower Sr isotopic 

values (0.707-0.709) of the tuffs are consistent with a 

continental arc source, but these values could also reflect 

partial to complete isotopic re-equilibration with seawater, 

which had similar Sr isotopic composition during this period 

(Veizer, 1989). 

The stanley greywackes could contain as much as 30% tuff 

component in their Nd isotopic signature, if one assumes 

simple end-member isotopic mixing between Hatton tuff and 

Stanley black shale, both of which have similar elemental 

concentrations of Nd. However, their quartzoli thic 

.. 
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composition (i. e. feldspar-poor, with few volcanic lithic 

fragments) is not compatible with a significant tuff or 

related arc-volcanic component (Dickinson, unpublished data) . 

Their more poorly sorted nature suggests more proximal sources 

than the Pennsylvanian flysch, and the paleocurrent and 

regional facies relations suggest these sources were south

southeast of the Ouachita basin during the Mississippian. 

However, the isotopic and petrographic data do not reflect any 

difference in source composition between stanley, Blaylock, 

Jackfork and Atoka turbidites. It is suggested that before 

the main volume of Pennsylvanian flysch was delivered into the 

Ouachi ta basin at its eastern apex from the main orogenic 

clastic wedge, the earlier stanley turbidites were recycled 

dominantly from sUbduction complexes uplifted along the proto

Ouachita orogen to the south-southeast. This view is similar 

to that of Mack et al. (1983) with the exception that the 

ultimate origin of the flysch is here proposed to be of 

Appalachian origin. Velbel (1985) has documented the 

occurrence of modern sUbduction complexes composed of mainly 

recycled orogenic quartzolithic sandstones deposited by large 

river systems heading in continental areas. It is proposed 

that the Stanley turbidites had a similar origin, which would 

be consistent with their being derived from the same 

Appalachian sources which supplied Blaylock and, as is 

proposed below, also Jackfork and Atoka turbidites. 
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The isotopic and trace-element composition of the tuffs 

is consistent with their having been erupted within a 

continental margin arc type setting, as was proposed by Loomis 

(1992). Their isotopic composition can be modeled as either 

(1) melting of crust with an average model age of 1.1 Ga (same 

as the model ages of the tuffs), or (2) mixing between an 

older Precambrian crustal component and juvenile, depleted 

mantle component. The latter explanation is preferred 

because, although ca. 1.1 Ga model age crust may exist within 

the Gondwana fragments upon which the arc was presumably 

built, it is much more likely that Gondwana Precambrian 

basement was Grenville in age, which has dominantly 1.3 to 1.6 

Ga model ages (Patchett and Ruiz, 1989; Ruiz et al.., 1988). 

While it is true that crustal melting processes typically 

result in lower model ages for resultant felsic magmas due to 

Sm/Nd fractionation, most modern caldera volcanics produced 

along active continental margins have a significant mantle 

component in their isotopic signature (Hildreth and Moorbath, 

1988), and it is proposed that the magma chambers which 

produced the Stanley tuffs evolved within a similar sUbduction 

setting. The sparse volume of tuffs erupted into the Stanley 

basin suggests a barely emergent arc outboard of the Stanley 

basin. Submarine ash flows are documented to have traveled as 

far as 50 km along the seafloor from eruptions associated with 

Krakatau (sigurdsson et al., 1991), and the volcanic arc which 
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produced the Stanley tuffs may have been at least this far 

from the basin in which the tuffs were deposited. As 

suggested by Gleason et ale (1994; Appendix F), the tuffs were 

emplaced by extraordinary eruptive events along the edge of 

Llanoria, with the main volume of Stanley clastic sediments 

being supplied ultimately from the uplifted southern 

Appalachians along the evolving collisional zone between 

Africa and Laurentia. 

Flysch (Early Pennsylvanian)---- Quartzose and 

quartzolithic sandstones and shale comprise the >10 km package 

of Pennsylvanian turbidite flysch in the Ouachita fold belt, 

recording rapid deposition within a deep marine flysch basin 

(Morris, 1989). Paleocurrent data indicate dominant paleoflow 

directions to the west for most Pennsylvanian turbidites 

'(M.orris, 1974), and work by Moiola and Shanmugam (1985) and 

Link and Roberts (1986) demonstrate that the turbidites were 

deposited within a series of westward prograding submarine 

fans along the basin axis. The provenance of the 

Pennsylvanian turbidites was a recycled orogenic source, 

probably a fold-thrust belt exposing dominantly sedimentary 

and metasedimentary rocks. Mack et ale (1983) interpret this 

source, based on petrographic and stratigraphic analysis, to 

have been south of the Black Warrior basin within the Ouachita 

orogen. Graham et al. (1976) proposed that the southern 

Appalachian collisional orogen was the primary source. Morris 
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(1974) also suggested that the more quartzose sandstones were 

derived from, or across, the North American craton. Fourteen 

samples of the Ouachita Pennsylvanian flysch were collected 

and analyzed, including 6 turbidite shale-sandstone pairs of 

the Jackfork and Atoka flysch. These samples form a very 

tight cluster of epsilon Nd values (fig 6.4) between -7.4 and 

-9.1 (average -8.5) and, with one exception (OUA-11), have 

constant 147sm/144Nd ratios (0.11 to 0.12) and model ages 

between 1. 49 and 1. 69 Ga (average 1. 58 Ga). Sample OUA-11 has 

an elevated 147Sm/I44Nd ratio of 0.14, with a correspondingly 

high Nd model age of 1.86 Ga (table 5.2) relative to the rest 

of the flysch samples. However, the six shale-sandstone pairs 

(including sample OUA-11) all have differences in epsilon Nd 

of less than one (two are < 0.5), suggesting minimal effects 

of sorting on the calculated initial epsilon Nd value. Sr 

isotopic values, REE patterns, and trace element ratios (e.g. 

Th/Sc) are also quite similar for these samples, with no 

discernable difference between the lithic and quartzose 

sandstone populations. On a Sr-Nd isotope correlation 

diagram, the Ouachita flysch samples (including the Stanley 

Formation) plot within a narrow range, and overlap in Age vs. 

TDM space with other Paleozoic sediments recycled from 

dominantly Proterozoic sources (e.g. Taylor and McLennan, 

1985; Patchett, 1989; Frost and O'Nions, 1984). These data 
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all suggest extreme isotopic homogeneity throughout the 

Ouachita carboniferous flysch sequence, indicating well-mixed 

sources. 

The isotopic and detrital composition of the Ouachita 

Pennsylvanian flysch is very similar to the sandstones and 

shales of the Mississippian flysch (Dickinson, unpublished 

data), but represents a much greater volume of better sorted, 

more isotopically homogeneous material than the Stanley 

Formation. The isotopic similarity of the Carboniferous 

flysch to the Pennsylvanian sediments of the Arkoma basin, the 

Illinois basin, and the Black Warrior basin (see below), 

implies a dominant source region lying within the Appalachian 

collisional orogen which supplied all these Pennsylvanian 

depositional centers within the Appalachian-Ouachita region. 

The data thus appear to reinforce the model for longitudinal 

dispersal systems proposed by Graham et al. (1975) for the 

origin of the Carboniferous Ouachita flysch, implying, as they 

did, that the continental surface, as well as its margins, was 

also flooded with the same well-mixed sediment derived from 

the Appalachian orogen. 

Arkoma basin "molasse" (Early Pennsylvanian) ---- Nine 

samples representing the Pennsylvanian fluvio-deltaic 

"molasse" sequence of the Ouachita orogen were collected from 

the adjacent Arkoma basin in Arkansas and Oklahoma, which 

forms the foreland of the Ouachita fold belt. Morrowan strata 

.. 
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(Hale and Bloyd Formations, Arkansas), Atokan strata (Atoka 

Formation, Arkansas and Oklahoma), and Desmoinesian strata 

(Krebs Group = Hartshorne and McAlester Formations, Arkansas) 

were all sampled. These samples were collected in an attempt 

to isotopically characterize the Pennsylvanian sequence of the 

Arkoma basin which, at the time many of these samples were 

collected, was thought to represent a dominantly "cratonal" 

(northern) provenance distinct from the Ouachita flysch. The 

rationale was that, if it could be demonstrated that sediments 

entering the Ouachita trough from the north (Arkoma basin), 

and south (Llanoria volcanic arc), had distinct isotopic 

signatures, then the eastern (i.e. Appalachian) provenance 

signature could also be isolated within the Ouachita 

Carboniferous flysch. However, it was soon realized that 

petrographic and paleocurrent data had long proven to be 

ambiguous provenance indicators in the Arkoma basin. Morris 

(1974b) reported dominantly southward paleoflow in Krebs Group 

(Desmoinesian) strata, suggesting non-Ouachita sources. These 

data had influenced earlier hypotheses for a separate, 

cratonal sedimentary feed into the Arkoma basin and, 

presumably, by overflow, into the Ouachita trough. 

Houseknecht (1986) had concluded on the basis of petrographic 

studies that quartzose sandstones of the Atoka Formation 

("Ozark petrofacies") were derived dominantly from northern 

sources off the Ozark dome, and from the Illinois basin to the 

.. 
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Lithic sandstones ("Arkoma petrofacies") he 

interpreted to be derived from the Ouachita orogen south of 

the Black Warrior basin, delivered, along with the sediment 

from the Illinois basin, via westward longitudinal transport 

along the Arkoma basin axis from where it was introduced at 

the eastern end. Thus, it was also hoped that these two 

petrographic suites could be distinguished isotopically by 

collecting both lithic and quartzose sandstones from the 

Arkoma and Ouachita Pennsylvanian sequences. Subsequent work 

has demonstrated, however, that the quartzose and lithic 

sandstones are not so cleanly categorized by provenance 

(Houseknecht et al., 1993), and additional paleocurrent data 

demonstrate much greater complexity in sedimentary transport 

pathways within the Arkoma basin than originallY implied by 

the work of Morris (1974b). Increasing contributions from 

Appalachian (via Illinois basin) and Ouachita sources are, 

however, inferred from Morrowan through Desmoinesian time 

(Houseknecht et al., 1993). 

Two lowermost Pennsylvanian (Morrowan) sandstone samples 

from the Bloyd and Hale Formations were collected from along 

the south flank of the Ozark Dome in the northeastern Arkoma 

basin. These samples represent orogenic detritus transported 

across the Illinois basin and into the Arkoma foreland basin 

from the northeast (Sutherland, 1988). The epsilon Nd values 

are -9.2 and -7.6, respectively (fig 6.5), spanning the narrow 
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range of values determined for the two Illinois basin samples 

(fig 6.7). These values do fall within the range defined by 

all other Arkoma basin strata, however (fig 6.5). Model ages 

are 1.60 and 1.69 Ga, respectively, slightly higher than the 

Illinois basin samples, but also within the range of all other 

Arkoma basin strata. These data are consistent with transport 

from the Illinois basin and, in conjunction with those data, 

reinforce the other provenance data suggesting that 

Appalachian-derived sediments were transported across the 

Illinois basin into the Ouachita-Arkoma region. 

The epsilon Nd values of Atoka and overlying Krebs Group 

(Hartshorne and McAlester) deltaic strata (n= 7) range between 

-7.6 and -10.3 (average = -9.1), and model ages range from 

1.49 to 1.72 Ga (average = 1.61 Ga). These ranges are only 

'slightly larger and shifted to slightly more negative (or 

older) values compared to the Ouachita flysch (fig 6.4 and fig 

6.5) . Of five samples representing deltaic facies of the 

Atoka formation, four are shale-sandstone pairs. As with the 

flysch samples, these sandstone-shale pairs have differences 

in epsilon Nd of <1 (all are <0.5), and nearly constant Sm/Nd 

ratios. These data confirm that the foreland sediments of the 

Arkoma basin are isotopically indistinguishable from the 

Ouachita sequence turbidites of Carboniferous age, suggesting 

that the same very well mixed sources were the primary 

contributors to each basin. 
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The quartzolithic composition of detritus in the Ouachita 

"flysch-molasse" assemblage has indicated to previous workers 

a dominant provenance within a supracrustal fold-thrust belt 

(Graham et al., 1975, 1976; Houseknecht, 1986; Dickinson, 

1988). Previous work has indicated that the sandstones with 

higher quartz contents may also contain important admixtures 

of craton-derived quartz (e.g. Houseknecht, 1986), but the 

isotopic data indicate that this is not the case. The most 

quartzose sandstone samples (n=4) and the most lithic 

sandstone samples (n=6) (Dickinson, unpublished data) have 

identical average epsilon Nd values (-11.5 present-day and -

8.4 initial), providing no evidence for different sources (fig 

6.10) . Variable quartz/ lithic ratios probably arise from 

differences in the dispersal history of detritus derived from 

similar source terranes (Dickinson, personal communication). 

Oklahoma shelf (Late Ordovician to Early Pennsylvanian)--

Four shale samples from Oklahoma, provided by Drs. B. 

Weaver and H. Blatt of the university of Oklahoma, were 

analyzed for Nd isotopes in order to characterize the 

provenance of Paleozoic sediments being deposited on the 

continental shelf north of the Ouachita trough. They 

represent the Sylvan Shale (Late Ordovician), Woodford Shale 

(Late Devonian), Caney Formation (Middle Mississippian) and 

springer Formation (Early Pennsylvanian). The epsilon Nd 

values for this sample suite range from -7.7 to -8.8 (fig 
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6.6), well within the range for Ouachita sequence rocks of the 

same age. It is surprising that the Sylvan and Woodford 

shales, presumably far removed from Appalachian Taconic 

clastic wedges, and separated from them by a carbonate 

platform within the continental interior, should have the same 

isotopic signature (see Sevier basin, below). It is suggested 

that the shales were not delivered by rivers across the 

craton, with the possible exception of the Carboniferous 

shales, which may reflect distal deposits of the Alleghanian 

clastic wedge. The Oklahoma shelf black shales probably 

represent detritus washed along, or onto, the platform edge 

from offshore muds of Appalachian provenance (Dickinson, 

personal communication). 

Mid-continent 

Illinois basin (Early Pennsylvanian)---- Fluvio-deltaic 

Morrowan strata of the caseyville Formation and Atokan strata 

of the Tradewater Formation were deposited in a series of 

prograding deltas draining the northern Appalachian basin and 

southeastern Canadian Shield (Pryor and Sable, 1974) along a 

shallow, slowly subsiding platform within the North American 

craton (i.e. the Illinois, or Eastern Interior, basin). The 

dominant sedimentary transport direction in the Illinois basin 

during Pennsylvanian time is documented to have been from the 

east-northeast (Potter and Pryor, 1961) . Rivers which dra ined 

.. 
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though the Illinois basin probably connected with the 

deepening Arkoma basin to the south in the Ouachita foreland 

(Sutherland, 1988). One sample of quartzose sandstone from 

the caseyville Formation and one sample of black shale from 

the overlying Tradewater Formation were collected from 

outcrops in western Kentucky to compare with the data from the 

early Pennsylvanian of the Arkoma basin. 

Two deltaic samples from the Illinois basin, representing 

the Tradewater Formation (Atokan) and the caseyville Formation 

(Morrowan), yield epsilon Nd values of -8.8 (shale) and -8.7 

(sandstone), respectively (fig 6.7). These values are well 

within the range of values for Early Pennsylvanian strata from 

the Arkoma basin, and suggest that Pennsylvanian depositional 

systems in the Illinois basin were well mixed and isotopically 

homogeneous as well. The model ages for both samples are 1.52 

Ga. These data are consistent with proposed links between the 

Illinois basin and Arkoma basin during Early Pennsylvanian 

time, with the main feed coming off Appalachian clastic wedges 

across the Appalachian basin (Potter and Pryor, 1974). 

Alabama 

Black Warrior basin (Early Pennsylvanian)---- The Early 

Pennsylvanian pottsville Formation of Northern Alabama 

consists of nearly 1000 m of fluviodeltaic sandstone and shale 

deposited in the Black Warrior foreland basin of the southern 
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Appalachians (Rheams and Benson, 1986). The Lower pottsville 

is dominated by quartzose sandstone and shale and is 

interpreted to have been deposited in marginal marine lagoonal 

and barrier island type environments (e.g. Rheams and Benson, 

1986). The upper part is subdivided into several coal-bearing 

zones and is interpreted to be a channelized deltaic complex, 

dominated by shale, coal seams, and lithic sandstones. Thomas 

(1977) interpreted the pottsville to have a dominantly 

southern ("Ouachita clastic wedge") provenance based on 

regional stratigraphic analysis. This was reinforced by the 

petrographic studies of Mack et al. (1983) who interpreted 

pottsville sandstones to have sources within a proto-ouachita 

orogen to the south of the Black Warrior basin. Graham et al. 

(1975, 1976), however, inferred a dominantly Appalachian 

provenance for the pottsville Formation based on petrographic 

studies and regional tectonic analysis of the Ouachita

Appalachian system. A similar opinion has been offered more 

recently by Liu and Gastaldo (1992) and Pashin et al. (1990), 

who interpret the upper pottsville to have had a dominantly 

Appalachian provenance to the southeast of the Black Warrior 

basin. since both models predict that the Ouachita and Black 

Warrior Carboniferous sequences had a similar provenance, it 

was expected that the isotopic values for both sequences 

should be very similar. Two samples of sandstone representing 

lithic and quartzose lithologies, repectively, were collected 
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from the pottsville Formation along the I-65 interstate 

roadcuts just north of Birmingham, Alabama (Appendix D). 

The lithic and quartzose sandstones yield epsilon Nd 

values of -7.1 and -8.7, repectively (fig 6.8), with model 

ages of 1.43 Ga and 1.52 Ga. Both samples have similar Sm/Nd 

ratios. There is thus a suggestion, based on these two 

samples, that, unlike the Ouachita flysch, lithic and 

quartzose sands of the Black Warrior basin are isotopically 

slightly different, perhaps reflecting less efficient 

sedimentary mixing processes in the shallower and more 

proximal (relative to source terranes) deltaic environment of 

the Black Warrior basin. These data are, however, within the 

range of values for Ouachita Pennsylvanian flysch, and thus 

reinforce the petrographic evidence for similar provenance of 

Black Warrior and Ouachita sandRtones (Graham et al., 1976). 

These data alone do not distinguish a southern vs. northern 

provenance, but are consistent with a source terrane 

consisting of dominantly Grenville basement-derived sediments 

and metasediments similar to those exposed in the Appalachian 

thrust belt. 

Appalachians 

Sevier basin (Middle Ordovician)---- Middle Ordovician 

turbidites of the Tellico Formation in the Sevier basin of 

eastern Tennessee record turbidite flysch sedimentation within 
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a Taconic foredeep basin preserved in the southern Appalachian 

Valley and Ridge fold-thrust belt (Shanmugam and Walker, 

1982). Sediments shed westward off the Taconic highlands were 

deposited in the Sevier basin as a large submarine fan complex 

which prograded craton-ward (Bowlin and Keller, 1980). A 

proximal turbidite sandstone and shale pair were sampled 

representing mid-fan deposits of the Tellico Formation at 

Holston Darn, where a 200 meter section is exposed. This was 

done to test the hypothesis that Appalachian Taconic clastic 

wedges supplied Early Silurian (Blaylock) turbidites of the 

Ouachita sequence (Satterfield, 1982). 

The two Tellico Formation samples yield epsilon Nd of -

7.5 (shale) and -7.0 (sandstone) (fig 6.9). These value~, 

reinforced by model ages of 1.57 and 1.55 Ga, respectively, 

are consistent with sources composed dominantly of older, 

Precambrian basement-derived material, most likely the late 

Proterozoic sedimentary cover of the Appalachians which is now 

exposed within the Appalachian thrust belt as the Ocoee 

Supergroup and Chilhowee Group (e.g. Rast and Kohles, 1986). 

They are also consistent with an east dipping sUbduction zone 

model (Shanmugam and Walker, 1980), implying collision of an 

island arc or micro-continental margin arc which supplied 

little juvenile material into the Sevier basin. Instead, a 

foreland fold-thrust belt must have been uplifted along the 

Laurentian margin which recycled dominantly Appalachian 
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orogenic detritus into the Sevier basin. These isotopic 

values also fall within the narrow (-7.0 to -7.5) isotopic 

range of three of four samples representing the slightly 

younger Blaylock turbidites within the Ouachita sequence, 

consistent with the Appalachian provenance for the Blaylock 

turbidites proposed above. 

Appalachian basin (Middle Ordovician to Early silurian)--

Three additional sandstone samples representing the 

Martinsburg clastic wedge (Middle Ordovician Martinsburg 

Formation), the Juniata redbeds (Late Ordovician) and Clinch 

Sandstone (Early silurian) were collected from the classic 

Thorn Hill section of the southern Appalachian basin in 

eastern Tennessee. The rocks collected represent a shallow 

marine sequence of upper Martinsburg siliciclastics, Juniata 

red peritidal sandstone, and Clinch barrier bar quartzose 

sandstone (see Walker, 1985) shed westward from the Taconic 

highlands. 

The three samples yield epsilon Nd values of -8.9, -7.0 

and -7.7, respectively, with corresponding model ages of 2.03, 

1. 80 and 1. 76 Ga. All three samples have unusually high 

147sm/144Nd ratios (ca. 0.135) which may contribute in part to 

the high model ages (i.e. they are positively correlated). 

However, the relatively narrow range of epsilon Nd values is 

similar to those for Middle Ordovician turbidites of the 
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Tellico Formation in the Sevier basin. The epsilon Nd of the 

Clinch sandstone, which represents part of the Tuscarora 

clastic wedge shed off the Taconic highlands, is identical to 

the coeval Blaylock turbidites in the Ouachitas, consistent 

with the Appalachian provenance model proposed above. 

West Texas 

Flysch (Carboniferous)---- Flysch sedimentation in the 

Marathon basin commenced probably in the Late Devonian or 

Early Mississippian (Ross, 1986), at approximately the same 

time as Mississippian flysch sedimentation in the Ouachitas. 

The Tesnus Formation (Mississippian) is a wedge shaped 

submarine fan complex composed dominantly of shale in the 

northwestern part of the basin, thickening to 1880 m of 

alternating shale and sandstone turbidite beds to the 

southeast (McBride, 1989). Paleocurrents show dominant flow 

to the northwest, in the direction of fan progradation (Ross, 

1986) . Sources are inferred to have been part of an 

unrecognized tectonic element to the south of the Marathon 

basin called "Llanoria" (not to be confused with the Llano 

uplift of Texas, which is part of the Grenville belt within 

the North American craton). The overlying Dimple Formation is 

Morrowan to Atokan (possibly late Atokan) in age, and is 

composed dominantly of carbonate turbidites derived from west 

of the present day Marathon fold belt along the North American 
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shelf. The basinal facies which we sampled is ca. 270 m thick 

throughout most of the basin (Ross, 1986). The Haymond 

Formation (Atokan/ Desmoinesian) is composed of ca. 1200 m of 

turbidites, shallowing upward into a deltaic facies (Flores, 

1974) which contains a mega-conglomeratic unit (the Haymond 

"boulder beds") with large clasts derived from the lower part 

of the Marathon sequence, as well as exotic Cambrian 

carbonates and metamorphic and igneous cobbles, some of which 

have been dated as Devonian (Palmer et al., 1984; Denison et 

al., 1969). The exotic blocks were probably derived from the 

same southern source (Llanoria) that supplied the detritus to 

the Tesnus submarine fan complex, and which is interpreted ~o 

have been a part of Gondwana. 

Eleven samples representing the entire Carboniferous 

flysch sequence in the Marathon basin yield initial epsilon Nd 

between -7.9 and -11. 4 (table 5.2; fig 6.11). These data 

include sandstones and shales of the thick Mississippian and 

Pennsyl van ian turbidites of the Tesnus and Haymond formations, 

respectively, as well as shallow deltaic facies of the Haymond 

Formation, and one shale from the Early Pennsylvanian Dimple 

Formation. 147sm/144Nd ratios are somewhat more variable than 

for the Ouachita flysch, with values between 0.09 and 0.12, 

and model ages range more widely (1.40 to 1.84 Ga). Two 

sandstone-shale pairs within the Haymond Formation (one flysch 
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turbidite, the other shallow deltaic), however, yield 

virtually identical (within error) epsilon Nd values implying, 

as in the Ouachita case, minimal sedimentary sorting effects 

on isotopic composition. One tuffaceous unit within the 

Tesnus Formation (MAR90-5) yields epsilon Nd of -2, similar to 

the Hatton and Mud Creek tuffs analyzed in the Ouachita 

sequence (fig 6.11). 

There is an apparent trend within the Tesnus Formation of 

progressively more positive values up section, the most 

negative values corresponding to a green argillite (-10.8) 

collected inches above the Caballos Novaculite (fig 3.2), and 

a sandstone (-11.4) near the base of the classic Lemons Gap 

roadcut where most of these samples were collected (see 

Appendix D). One shale sample from the Tesnus Formation 

.(MAR90-2) with highest epsilon Nd (-8) was collected inches 

from the main tuff unit sampled (MAR90-5) and may be slightly 

tuffaceous (as also indicated by lower Sr isotopic values for 

this sample). If these factors are taken into account, the 

Dimple and Haymond flysch (-8.5 to -8.8) are distinct in their 

epsilon Nd signature from the Tesnus flysch (-9.3 to -11.4). 

One sample of black shale from the Haymond boulder bed 

locality (Haymond deltas), interpreted as a pro-delta shale, 

has a more negative epsilon Nd of -9.5 (MAR91-3), contrasting 

with the more positive value of -8.3 obtained from deltaic 

strata of the Allison Ranch Facies. In general, these trends 
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for the entire Carboniferous section may suggest a slight 

possible increase in epsilon Nd values towards younger strata 

within the Marathon basin. It may also be note-worthy that 

the epsilon Nd for Marathon Carboniferous sediments averages -

9.7, approximately 1 epsilon unit more negative than 

Carboniferous sediments of the Ouachita-Arkoma region, which 

average -8.6. 

The presence of Mississippian tuff indicates that the 

active volcanic arc which erupted the Hatton and related tuffs 

in the Ouachita Stanley Formation extended nearly 800 km past 

the Ouachita region to south of the Marathon region. The 

similar isotopic signature of the Marathon and Ouachita tuffs 

also suggests a similar petrogenesis (see above). The 

isotopic composition of the Tesnus Formation is similar to the 

Stanley. though it starts with more negative values near its 

base, suggesting a gradual shift in provenance upsection (fig 

6.11) . The isotopic composition of the Haymond Formation 

(with the exception of the boulder bed shale) is identical to 

the Ouachita Pennsylvanian flysch (fig 6.11), suggesting the 

same Appalachian provenance proposed for the Ouachita flysch. 

However, Marathon flysch sequence is probably not best viewed 

as simply the westernmost distal deposits of Ouachita fans, 

which would be inconsistent with paleocurrents, olistoliths, 

and the more feldspathic composition of Marathon turbidites 

(e.g. McBride, 1989; Dickinson, personal communication). 
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While the tuffs fingerprint the volcanic component derived 

from Llanoria, the clastic component may reflect an admixture 

of sources representing Llanoria (= Gondwana) , the 

Appalachians (= recycled Ouachita flysch), the North American 

craton to the east (e.g. Llano uplift), or the Ouachita orogen 

(= suture zone between Llanoria and North America), or any 

combination of these. The abundance of microcline feldspar in 

the Marathon flysch (McBride, 1989; Dickinson, personal 

communication) suggests relatively nearby uplifted cratonal 

sources, one possibility for which is the Llano uplift of 

Grenville age. The Grenville of Texas has been recently 

characterized for Nd isotopes (Patchett and Ruiz, 1989), and 

is unlike the Grenville of the Appalachians (Pettingill et 

al., 1984) and Mexico (Ruiz et al., 1988), in that it is 

comprised of somewhat more juvenile material with an average 

model age of 1.3 Ga and epsilon Nd of -3.5 at 300 Ma (table 

6.1) . Thus it is not a good candidate for the presumably 

nearby supply of microcline-rich detritus, which must have 

comprised at least 20% of the volume of Marathon flysch to 

produce the few percent increase in abundance over that 

observed in the feldspar-poor Ouachita flysch. In such a 

mixing model, the Nd isotopes would be pulled towards more 

positive values relative to the Ouachita flysch. In fact, 

this is the opposite of what is observed for the Marathon 

sequence. The source which supplied the Devonian granitic 
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boulders (Denison et al., 1969) from the southeast could have 

been an Appalachian-Caledonian source (Acadian), though not 

necessarily the U.S. Appalachians; similar terranes have been 

documented in Mexico (Yanez et al., 1990), though the timing 

of their present juxtaposition among the Gondwana fragments 

which comprise post-Permian Meso-America is poorly 

constrained. While the origin of the Haymond boulders and the 

enhanced feldspar content of the Marathon flysch remains 

unresolved, the isotopic data are consistent with Appalachian 

sources similar to those proposed for the Ouachita 

Carboniferous flysch. The detritus for the Tesnus may have 

been supplied from uplifted sUbduction complexes along the 

flanks of Llanoria to the south, which compri::;:.d mainly 

Appalachian-derived seafloor strata, itself recycled from 

Ouachita flysch. It is therefore envisioned that subduction 

zone tectonics recycled Appalachian-derived detritus along the 

Ouachita-Marathon suture from east to west, similar to that 

proposed by Graham et al. (1975) for the Ouachita flysch. 

Depositional environments within the Haymond Formation reflect 

shallowing of the Marathon basin and deformation and uplift of 

Marathon strata along the suture by Haymond time. The 

isotopic composition of Haymond turbidites presumably reflects 

the dominance of the Appalachian signature, as seafloor strata 

were incorporated into the suture zone and recycled back into 

the collapsing Marathon depositional basin. 
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The similarity of the Dimple Nd isotopic signature to the 

rest of the Marathon flysch sequence (fig 6.11) is only 

enigmatic in the context of associated carbonate turbidites 

derived from the North American shelf, with which the shales 

are interbedded. It is likely that the Dimple shales 

represent the continuation of Tesnus fan-type depositional 

systems delivering sediment from the southeast. A somewhat 

different provenance for the Dimple shale relative to the 

Tesnus turbidites is indicated, however, by Pb isotopic data 

(Cameron et al., 1992). 

Pre-flysch (Early ordovician)---- The lower Paleozoic 

(Cambrian through Devonian) sequence in the Marathon basin is 

dominantly deep water chert and carbonate with minor shales 

and turbidite sandstones. Sources of turbidites and 

olistoliths were probably the North American craton and shelf 

in this part of the sequence (McBride, 1989). One sample of 

the Lower Ordovician Alsate Shale yields an epsilon Nd of -

14.8, similar to the pre-Bigfork sequence in the ouachitas 

(fig 6.11), and distinct from the rest of the Marathon 

sequence. These data suggest that a major shift in epsilon Nd 

like the one that occurs in the Ouachita sequence may also 

occur within the Marathon sequence. The poor sampling 

resolution within the lower part of the Marathon sequence 

prevents knowing this, however, and, if it occurs, whether it 

is more-or-less coincident in time with that in the Ouachitas. 
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However, at least part of the pre-chert Marathon sequence can 

be inferred to be derived from older North American cratonal 

sources similar to those inferred for the Ouachita pre-chert 

sequence. 
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Figure 6.1 - Nd isotope evolution diagram for the Ouachita sequence. The pre-chert (Lower

Middle Ordovician) interval forms the most negative ENd population in the Ouachita sequence. 

It is interpreted to be comprised of a mixture of Proterozoic and Archean crustal components. 

The most likely provenance is the sedimentary cover of the North American craton. 
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Figure 6.2 - Nd isotope evolution diagram for the Ouachita sequence. The syn-chert (Upper 

Ordovician-Devonian) interval falls within the main cNd population in the Ouachita sequence 

which includes the Carboniferous flysch. The Blaylock turbidites are interpreted to be derived 

from orogenic sources to the east, probably the Appalachian Taconic orogen . 
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Figure 6.3 - Nd isotope evolution diagram for the Ouachita sequence. The proto-flysch 

(Mississippian Stanley Formation) shows the most isotopic variation of any interval in the 

sequence, due to the presence of the tuffs. However, the shales and sandstones fall within the 

main ENd population which includes the Pennsylvanian flysch. The Mississippian flysch is 

interpreted to have been derived dominantly from Appalachian non-volcanic sources, similar to 

those that supplied the Silurian and Pennsylvanian turbidites. 
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Figure 6.4 - Nd isotope evolution diagram for the Ouachita sequence. The Pennsylvanian flysch 

forms an isotopically very homogeneous population, derived dominantly from Appalachian fold

thrust belt sources. 
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Figure 6.5 - Nd isotope evolution diagram for the Ouachita sequence, with the Pennsylvanian 

"molasse" of the Arkoma basin shown superimposed. The "molasse" forms an isotopically 

homogeneous population similar to the flysch, and is also interpreted to have been derived 

dominantly from Appalachian fold-thrust belt sources . 
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Figure 6.6 - Nd isotope evolution diagram for the Ouachita sequence, with the Pennsylvanian 

Pottsville Sandstone of the Black Warrior basin shown superimposed. The Pottsville Sandstone 

falls within the range of values for Pennsylvanian Ouachita flysch and molasse, and is interpreted 

to have also been derived dominantly from Appalachian fold-thrust belt sources. 
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Figure 6.7 - Nd isotope evolution diagram for the Ouachita sequence, with Pennsylvanian 

sediments of the Illinois basin shown superimposed. The data from the Illinois basin fall within 

the range of values for Pennsylvanian Ouachita flysch and molasse, consistent with dominantly 

Appalachian sources. 
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Figure 6.8 - Nd isotope evolution diagram for the Ouachita sequence, with Paleozoic shales from 

the Oklahoma shelf shown superimposed. The data from the Oklahoma shelf fall along the main 

post-Bigfork trend in the Ouachita sequence, suggesting similar sources since the Late 

Ordovician. 
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Figure 6.9 - Nd isotope evolution diagram for the Ouachita sequence, with Middle Ordovician 

Taconic turbidites (fellico Formation) of the Appalachian Sevier basin shown superimposed. The 

ENd values from the Sevier basin are identical to Silurian (Blaylock) turbidites of the Ouachita 

sequence, suggesting Taconic clastic wedges supplied Ouachita turbidites since the early 

Paleozoic. 
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Figure 6.10 - ENd vS: lithic content of Carboniferous sandstones from the Ouachita-Marathon 

flysch sequence (from Dickinson, unpublished data). Qm = mono crystalline quartz; Lt = lithic 

components (dominantly sedimentary and metasedimentary). There is no isotopic difference 

between lithic and quartzose sandstones, suggesting no difference in sedimentary provenance for 

these two petrographic populations. 
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Figure 6.11 - Nd isotope evolution diagram for the Marathon sequence, with field for Ouachita 

sequence values shown for comparison. TS= Tesnus Formation; DM = Dimple Formation; 

HY = Haymond Formation. With the exception of two samples from the Tesnus Formation, the 

Marathon flysch is isotopically indistinguishable form the Ouachita flysch. Note that the 

Marathon sequence also shows the same three distinct isotopic populations as the Ouachita 

sequence. 
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Table 6.1 - Nd isotopic data from North American Grenville Provinces. 

Province ENd @ ENd @ TOM (Ga) TOM (Ga) n 
300Ma 300 Ma average range 
(average) (range) 

TEXAS l -3.8 + 1.5 to -7.8 1.32 1.19 to 1.56 44 

VIRGINIA2 -6.5 -9.1 to -4.1 1.38 1.30 to 1.63 13 

MEXIC03 -6.8 -12.4 to +0.1 1.50 1.37 to 1.77 19 

1 Patchett and Ruiz, 1989 
2 Pettingill et al., 1984 
3 Ruiz et al., 1988 

.... 
W 
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CHAPTER 7 

PROVENANCE AND TECTONIC IMPLICATIONS 

The trace element and geochemical data from the Ouachita 

sequence in Arkansas, Oklahoma and West Texas reinforce 

petrographic data which indicate a dominantly recycled 

orogenic source for Ordovician through Pennsylvanian Ouachita 

turbidites. There is no isotopic difference between 

Carboniferous lithic and quartzose sandstones, suggesting that 

differences in transport distance were much more important 

factors than provenance in producing these two petrographic 

suites. Of the three distinct Nd isotopic populations 

identified in the Ouachita sequence, the data from the tuffs 

are most consistent with a southern arc source. The data from 

the pre-Bigfork sequence reinforce field a.nd petrographic 

evidence that the Lower and Middle Ordovician turbidites in 

the Oklahoma-Arkansas Ouachitas had sources in the North 

American craton. The remarkable similarity in the Nd isotopic 

composition of sediments forming the third isotopic population 

of Upper Ordovician through Early Pennsylvanian sediments 

(post-Bigfork sequence) suggests a dominant source other than 

the Llanorian arc to the south, or the North American craton, 

throughout this time. Additional data from the Appalachians, 

the Arkoma, Illinois and Black Warrior basins suggest a single 

source terrane comprised dominantly of Grenville age crustal 

components, which supplied well-mixed sediment to the Ouachita 
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trough as well as the Oklahoma shelf starting in Middle-Late 

Ordovician time, expanding to flood the continental surface 

and margins of the Appalachian-Ouachita region by 

Pennsylvanian time. Of all the terranes that meet these 

criteria, it is considered that only the uplifted Appalachian 

fold-thrust belt could have supplied the necessary volume of 

well-mixed detritus to such a wide region throughout this 

period. These data support the Himalayan-Bengal model of 

Graham et ale (1975) for a dominant source within the 

Appalachian collisional orogen for Ouachita Carboniferous 

turbidites, and suggest that a similar dispersal model might 

also apply to the entire Late Ordovician through Pennsylvanian 

history of Ouachita sedimentation. 

Recent studies have documented an Appalachian provenance 

for Upper pottsville (Pennsylvanian) sediments in the Black 

Warrior basin (Liu and Gastaldo, 1992; Pashin et al., 1990), 

while paleoflow indicators in Pennsylvanian strata are 

dominantly westward in both the Ouachita (Morris, 1974) and 

Black Warrior (Schlee, 1963) basins, consistent with 

Appalachian sources. Provenance studies by Mack et ale (1983) 

have shown that sediment was also delivered to the Black 

Warrior basin from a growing proto-Ouachita orogen, much as 

sediment derived from the Indo-Burman ranges, along strike 

from the Sunda trench, also reaches the modern Ganges

Brahmaputra delta in the Himalayan-Bengal region (Dickinson, 
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1988). Thus, sediment which bypassed the Black Warrior basin 

to enter the Ouachita Carboniferous remnant ocean basin 

probably reflects a mixture of sources, all dominated by 

recycled Appalachian sedimentary and metasedimentary terranes. 

The isotopic composition of the quartzose sandstones within 

the Ouachita flysch-molasse sequence, inferred to be derived 

in part from across the craton (Morris, 1974a, 1989; 

Houseknecht, 1986), suggests that they simply represent 

farther traveled detritus from the same Appalachian sources 

that entered the Ouachita remnant ocean basin via the Black 

Warrior basin. The Appalachians thus appear to have provided 

a source of extremely homogeneous detritus, petrographically, 

isotopically and geochemically, throughout a 150 million year 

period to the Ouachita region. This dispersal system expanded 

to cover most of the continental surface and its margins 

during Carboniferous time. 

It is concluded that the provenance change reflected in 

the isotopic composition of Ouachita strata at 450 Ma is 

directly related to Taconic orogenic events in the 

Appalachians. Turbidites and other representatives of Taconic 

clastic wedge sediments in the southern Appalachians are a 

perfect isotopic match for Blaylock turbidites in the Ouachita 

sequence. However, the nature of the dispersal system which 

supplied the detritus from the Appalachian region to the 

Ouachita region at this time can only be speculated upon. It 
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is suggested that clastic wedges bypassed a foreland basin at 

the southern end of the Taconic thrust belt, and emptied into 

the narrow Ouachita ocean basin to supply the Blaylock 

turbidites in much the same way that has been proposed for the 

Carboniferous flysch (Graham et al., 1975). 

Though the isotopic similarity of both Ouachita and 

Marathon Carboniferous flysch are consistent with Appalachian 

sources, the Marathon flysch probably does not represent more 

distal deposits of the same submarine fan systems that built 

the Ouachita turbidite complex. Rather, uplifted accretionary 

wedge strata along the flanks of Llanoria, which would have 

been composed dominantly of Appalachian-derived seafloor 

detritus, are inferred to have provided the primary source of 

sediment for the Tesnus and Haymond formations. Other 

tectonic elements, such as those which provided the Devonian 

arc-like detritus to the Haymond, either did not contribute a 

significant juvenile component, or were compensated for 

isotopically by the reworking of the lower (more epsilon 

negative) part of the Marathon section. However, an 

indication of more positive values within the Haymond (as well 

as the trend towards more positive values in the Tesnus) could 

be indicative of more juvenile input, in contrast with the 

Ouachitas, where any additional juvenile component was 

entirely overwhelmed by the large volume of homogeneous flysch 

and molasse we infer to have been coming from the 
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Appalachians. However, it may be possible to consider a 

similar origin for the Stanley Formation in the Ouachitas, 

which would imply that the Black Warrior basin/Appalachian

Ouachita syntaxis was not a major sediment conduit for the 

Ouachita turbidites until the Pennsylvanian (Graham et al., 

1975) • 

The data presented in this paper are broadly consistent 

with the Himalayan-Bengal model of Graham et al. (1975) for 

Carboniferous flysch dispersal in the Ouachita region. 

Diachronous collisional events along the Ouachita-Marathon 

suture enabled sediments delivered by Appalachian clastic 

wedges into the Ouachita remnant ocean basin to be transported 

much further westward into the Marathon region by repeated 

cycles of tectonic uplift, erosion and deposition of seafloor 

strata along the outboard flanks of the proto-ouachita orogen. 

The collisional zone is inferred to have evolved from east to 

west as the northern margin of Gondwana rotated into position 

against North America at the end of the Paleozoic (Pindell, 

1985). Recognition of the westernmost extent of the Ouachita

Marathon suture may be possible through Nd isotopic study of 

proposed Ouachita System correlatives in Mexico. 
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The trace-element geochemical and isotopic data presented 

above demonstrate that the Ouachita sedimentary sequence is 

composed dominantly of recycled continental crust. Three 

distinct Nd isotopic populations are recognized in the 

Ouachita sequence: (1) Upper Ordovician through Early 

Pennsylvanian sediments, with an average Nd model age of 1.6 

Ga. This age is close to the average Nd model age of 

Paleozoic strata worldwide and is therefore not distinctive 

with respect to a particular source terrane; (2) Mississippian 

ash-flow tuffs, with an average Nd model age of 1.1 Ga. This 

age is consistent with mixing between a depleted mantle 

component and an older crustal component at ca. 340 Ma within 

a continental margin arc setting; (3) Lower and Middle 

Ordovician strata with an average model age of 2.0 Ga. This 

age is consistent with a significant Archean component mixed 

with Proterozoic crustal components derived from cratonal 

sources. Additional Nd isotopic data from one Ordovician and 

several Pennsylvanian basins of the Appalachian-ouachita 

region demonstrate that the Ordovician provenance change in 

the Ouachita sequence reflects the transition from a passive 

to an active margin in the Appalachian system. This ca. 450 

Ma shift in the tectonic and sedimentation patterns in the 

Appalachian-ouachita region led to a new sedimentary dispersal 
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system which was probably maintained up through the Ouachita 

orogeny at ca. 280 Ma. These data indicate that, despite the 

fact that more juvenile, arc-like material was being accreted 

to the Appalachian margin during this time (Samson, et al., 

1992; 1993), much of the sedimentary reprocessing involved 

older Appalachian crust. 

Consideration of turbidite facies, regional tectonics, 

paleocurrents and sedi~entary petrography of the Ouachita 

sequence, in combination with the isotopic and geochemical 

data, all suggest the Appalachians as the dominant sediment 

source for the Ouachita sequence after Middle Ordovician time. 

Two orogenic pulses in the Appalachians, the Ordovician 

Taconic orogeny, and the Carboniferous Alleghanian orogeny, 

are directly represented by derivative turbidite flysch 

sedimentary sequences in the Ouachitas (table 8.1). No 

Acadian turbidites are represented, and so the persistence of 

the Ordovician signature through the Silurian and the Devonian 

cannot be directly tied to the Appalachians or any other 

orogenic terrane. It is possible that Taconic clastic wedges 

blanketed a significant portion of the eastern North American 

craton and were available for recycling into the Ouachita 

basin during Acadian time, thus retaining their fundamentally 

Appalachian signature. This possibility is not ruled out by 

Nd isotopes, which would not distinguish sediments transported 

in this fashion in multiple steps from those supplied directly 
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from the source by large river systems. 

The same patterns revealed in the Marathon sequence 800 

km to the southwest of the Ouachita Mountains are surprising 

and suggest, in combination with petrographic, paleocurrent 

and regional tectonic relations, that the same Appalachian

derived sediments were transported to the Marathon region by 

a complex multi-step sequence of tectonic uplift and 

deposition incrementally down the length of the suture as it 

closed from east to west. This model implies sedimentary 

transport by a combination of large rivers and tectonic 

reprocessing in sUbduction zones approximately 2000 km from 

the original source area down the Ouachita remnant ocean 

basin. 

The Nd isotopic data are compatible with the proposed 

Appalachian sources being comprised dominantly of Grenvillian 

age crustal components, but also suggest a significant 

percentage of older Proterozoic components, too. It is likely 

that the main sources were the Late Proterozoic/Early 

Paleozoic sediments and metasediments of the Appalachian 

thrust belt (e.g. Chilhowee and Ocoee Series and their 

equivalents). These large sedimentary sequences are probably 

comprised dominantly of 1. 0-1. 3 Ga Grenville-age detritus 

derived from the underlying basement of the Appalachian 

region, but they may also contain a significant percentage of 

Early to Mid-Proterozoic crustal components of the mid-
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continental North American basement (e.g. 1.4-1.5 Ga Granite

Rhyolite terranes, and 1.7-1.8 Ga Penokean age crust). It is 

likely that detrital zircon U-Pb studies would identify all of 

these age components within Ouachita turbidites. 

Basement terranes of these ages are not unique to the 

Appalachian/mid-continent region. Grenville-age crust is the 

dominant basement beneath the present-day Ouachita region, and 

was probably also a component of the Ouachita rifted margin, 

a part of which may have returned to collide with North 

America during the Ouachita orogeny and is now one of several 

Gondwana Grenvillian fragments lost in the maze of the Meso

American collage. However, input from southern sources was 

probably limited mainly to recycling of sUbduction complexes 

along the flanks of Llanoria. Mississippian ash-flow tuffs 

represent the addition of a more juvenile arc-like component 

to the Ouachita sequence, but their volume is minor, 

suggesting that the approaching landmass to the south was not 

a significant source of Carboniferous turbidites. To produce 

the volume of sediments (ca. 30 million cubic km) represented 

by the Ouachita Carboniferous flysch (Graham et al., 1975), 

one has to appeal to a Himalayan-scale continent-continent 

collision. The late Paleozoic Appalachian orogen would have 

been the only available sedimentary source area capable of 

producing this enormous volume of well-mixed sediment to so 

vast a region within so short a time (the combined Jackfork-
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Atoka flysch may have been deposited in less than 10 million 

years - Coleman et al., 1994, personal communication). 

The isotopic composition of the tuffs fingerprints the 

colliding arc terrane to the south as a probable continental 

fragment constructed partly of Proterozoic crust. The amount 

of juvenile material reaching the Ouachita basin from this arc 

source in the Carboniferous was, however, overwhelmed by the 

huge influx of recycl~d sediment entering from the 

Appalachians, mainly via the Black Warr10r basin to the east, 

but also via the Illinois basin to the northeast, and possibly 

from uplifted seafloor strata along the proto-Ouachita orogen 

to the southeast, as well. This suggests that a large 

percentage of recycled crustal material was transferred from 

the Appalachian orogen into the Ouachita-Marathon orogen by a 

combination of sedimentary and tectonic transport mechanisms. 

The Ouachita orogen, as sampled, therefore represents recycled 

crustal material with very little evidence for crustal growth. 

This is an unexpected result in the context of other studies 

from similar tectonic settings, such as that by Barovich et 

al. (1989), which documents a major addition of juvenile arc

derived material along the active Penokean margin during ca. 

1.7 Ga orogenic events in North America. However, the results 

are entirely consistent with the model for the dispersal of 

Ouachita Carboniferous flysch and the evolution of the 

Ouachita remnant ocean basin proposed by Graham et al. (1975). 
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These data further suggest that their model should be expanded 

to include the Marathon region as well. It may be possible to 

identify Ouachita system correlatives in Mexico by employing 

the same isotopic techniques where bio-stratigraphic ages are 

well-established. 



* Table 8.1 - Timing of Appalachian orogenic events. 

Province TACONIC EVENT ACADIAN EVENT ALLEGHANIAN EVENT 
(Ordovician) (Devonian) (Carboniferous) 

southern 450-480 Ma 380-420 Ga ? 285-330 Ga 
Appalachians 

Central 430-465 Ma 380-420 Ga ? 285-330 Ga 
Appalachians 

Northern 440-480 Ma 385-415 Ga 285-330 Ga? 
Appalachians 

* from Hatcher et al., 1989 

I-' 
U1 
I-' 
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An integrated trace-element geochemical and isotopic 

provenance study of the sediments and tuffs of the Ouachita 

fold belt in Arkansas, Oklahoma and West Texas provides 

important constraints on the Paleozoic tectonics of the 

Appalachian-ouachi ta orogen. Ordovician through Pennsylvanian 

strata of the Ouachita sedimentary sequence show correlated 

Nd-Sr relations, Th/ Sc ratios and REE patterns typical of 

evol ved upper crustal sources but Nd isotopes distinguish 

three distinct groups: 1) Lower to Middle Ordovician 

hemipelagites and quartzose turbidites with ENd(t) = -13 to -

16 (TOM 1.8 to 2.1 Ga); 2) Upper Ordovician through 

Pennsylvanian hemipelagites and quartzolithic turbidites with 

ENd (t) = -6 to -10 (TOM = 1. 4 to 1. 7 Ga); 3) Mississippian 

tuffs with ENd(t) = -2 (TOM = 1.1 Ga). These data document a 

rapid Ordovician shift in sedimentary sources within the off

shelf passive-margin sequence of deep-marine cherts and shales 

in the Ouachita sequence. 

Lower to Middle Ordovician Ouachi ta strata are 

interpreted to be comprised dominantly of older mixed Archean 

and Proterozoic crustal components derived mainly from 

recycled sediments of the North American craton. Upper 
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Ordovician shales and Lower Silurian turbidites (ENd = -7 to -

8) may represent distal fan facies of an Appalachian Taconic 

clastic wedge. Middle Ordovician Taconic turbidites of the 

Sevier basin (Tellico Formation) in eastern Tennessee have the 

same Nd isotopic sign~ture (ENd = -7 to -8), lending support 

to this hypothesis. Hemipelagites interbedded with Devonian 

chert of the Arkansas Novaculite carry the same isotopic 

signature. 

The isotopic composition of the Upper Ordovician through 

Pennsylvanian sequence matches well with sources having a 

dominantly Grenvillian crustal component. The persistence of 

the Silurian turbidite signature through the Carboniferous 

seems to be significant, suggesting Appalachian sources for 

the Carboniferous flysch sequence as well. Pennsylvanian non

marine sandstones and shales from the Arkoma basin, Illinois 

basin, and Black Warrior basin, in addition to the thick (>10-

12 km) Ouachita Pennsylvanian turbidite flysch sequence, have 

ENd = -7.5 to -10.0. Of nine Pennsylvanian sandstone-shale 

pairs in our data set, all exhibit differences in initial ENd 

of <1, and four 

147 Sm/ 144Nd ratios 

have differences of 

(0.10-0.12). The 

<0 . .5 with uniform 

remarkable isotopic 

homogeneity of sediments delivered to the Ouachita-Appalachian 

region over this period implies extremely effective mixing and 
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dispersal processes on a large (continent-wide) scale, 

consistent with a collisional belt provenance. 

suggest a single source terrane comprised of 

These data 

dominantly 

Grenville-age crustal components which supplied very well

mixed sediment to nearby basins. Of all the possible source 

areas of this character, only the uplifted Appalachian fold

thrust belt could have supplied the necessary volume of well

mixed detritus within the time period available, essentially 

blanketing the continental surface and filling the Ouachita 

remnant ocean basin during early and middle Pennsylvanian 

time. 

Ouachita Mississippian silicic ash-flow tuffs have Nd 

isotopic compositions (ENd = -2) consistent with a continental-

margin arc source, and are best interpreted as mixing between 

a mantle component and an older (Precambrian) crustal 

component. Though arc material represented by the tuffs could 

be a significant component (up to 30%) of a small proportion 

of Mississippian turbidites, the Nd isotopic data allow 

essentially no tuff component in the majority of 

Mississippian, and none of the Pennsylvanian, samples 

analyzed. The Ouachita Carboniferous flysch (ENd = -7.5 to -

9.6) forms an isotopically very homogeneous data set, 

suggesting the majority of Mississippian turbidites also had 

dominantly Appalachian sources. An additional important point 
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is that there is no isotopic difference between lithic and 

quartzose sandstones in the Ouachita Carboniferous flysch; Nd 

isotopes therefore distinguish no difference in provenance 

between these two petrographic suites. These data are 

consistent with a composite carboniferous Ouachita fan complex 

built down the remnant ocean basin from varied mature/immature 

delivery systems tapping dominantly Appal.achian sources. 

Paleozoic strata from the Marathon region of West Texas 

comprise three distinct Nd isotopic populations, similar to 

those defining the Ouachita sequence of Arkansas-Oklahoma. 

Sample resolution in the pre-flysch interval is poor and 

therefore the timing and tectonic implications of an inferred 

Early Paleozoic provenance change in the Marathon sequence 

cannot be evaluated. Marathon Carboniferous flysch (-8 to -

11.5) is isotopically and geochemically very similar to 

Ouachita flysch, compatible with both flysch sequences having 

the same recycled orogenic sources. However, petrographic 

differences, in combination with the wider isotopic variation 

in the Marathon flysch, suggest that it was not supplied 

directly by Ouachita submarine fans. A model is proposed for 

the evolving Ouachita-Marathon suture between Laurentia and 

Gondwana, expanding upon Graham et al. (1975), whereby 

dominantly Appalachian-derived seafloor detritus was swept up 

along the flank of the approaching Llanorian arc into 

sUbduction complexes and recycled incrementally along the 

-
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length of the collision zone as it lengthened from east to 

west. 



APPENDIX A 

ICP-MS METHODS 

157 

Because these represent the first published data using 

the new TS SOLA instrument at Arizona, techniques will be 

discussed in some detail. All trace element analyses were 

performed by inductively coupled plasma mass spectrometry 

using a TS Sola quadrupole mass spectrometer coupled to an 

argon plasma source. Samples were dissolved in batches of 

eight to ten at a time using procedures similar to those in 

Appendix B. Approximately 100 mg of sample was dissolved 

overnight in an open teflon bomb in 9:1 HF/HN03 to break down 

silicates and facilitate high pressure dissolution. After the 

sample was dried down, it was sealed in a Parr bomb for one 

week in 9:1 HF/HN03 at 160 degrees Celsius to ensure complete 

dissolution of all trace phases including zircon. After the 

sample was dried down, it was combined with perchloric acid 

(HCI04) and dried down on a hot plate at 200-250 degrees to 

destroy fluorides and any remaining organic compounds. 

Boracic acid was tried as a sUbstitute for perchloric acid but 

resulted in samples with a significant undissolved (organic) 

component, unsuitable for analysis because of potential 

problems with sample heterogeneity and contamination of the 

source parts and detectors within the rCP-MS. Following the 

perchloric acid treatment, the sample was then taken up in 
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HN03 and, after it was observed to be completely in solution, 

transferred entirely (about 8 ml) to a 30 ml screw-top 

Savillex beaker, sealed and kept in solution on a warm 

hotplate until ready to run. Before running, the HN03 

solution was diluted to about 25 ml, or to about 1/3, and each 

sample was doped with a 10 microliters of a 250 ppm Re-In 

"spike" solution and thoroughly mixed. This step was required 

for the internal calibration method employed at this lab, 

necessary to compensate for unknown matrix effects, 

instrumental drift, and non-linear machine sensitivity 

variations across the mass spectrum. Approximately 1 ml of 

each sample was then further diluted to about 15 ml in a 

disposable 18 ml test tube, resulting in a run solution of 

approximately 2% nitric. A 1 ppm stock solution of all 

elements to be analyzed was simultaneously prepared from pure 

SPEX solutions, then diluted to a 50 ppb 2% HN03 solution for 

running on the TS Sola. This was for the external calibration 

of the instrument, and a high degree of accuracy in this step 

was necessary to achieve adequate results. 

The analytical procedure followed was to first focus the 

machine with a 2 ppm standard solution of several elements 

comprising the mass spectrum to be analyzed, usually llSIn 

through 238U. The 50 ppb solution was run at the beginning of 

each batch of 5 samples and blanks and also run periodically 
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as an unknown to assess and instrument drift. At the 

beginning of each machine run, the 50 ppb solution was run 

several times to monitor the machine error (RSD) for each 

element (% deviation of three scans from the mean) in the 

output to assess peak shape and signal quality (values less 

than 10% for most elements were considered acceptable and 

routinely achieved). RSF (internally computed signal strength 

factor) was also monitored in the output for each element as 

an indicator of the signal strength relative to the optimum 

theoretical intensity as determined by factory tests. Values 

close to 1 (and less than 2) were considered acceptable for 

most elements. In most cases, occasional poor performance at 

the beginning of a machine run was overcome by allowing the 

machine to warm up sufficiently to allow stablilization of 

internal circuitry, plasma flow rate, and by careful focusing 

of the beam through manual adjustment of several 

electromagnet.ic lenses located between the plasma intake and 

the quadrupole. Generally, excellent performance was 

maintained after a warm-up time of Rbout one half hour. Scans 

were performed automatically by the machine for a series of 

elements as set up by the operator on a computer menu before 

each run, and generally were programmed for two 16 channel 

scans of the mass spectrum for each isotope. One or two 

isotopes were selected for each element to achieve maximum 

peak size and minimal interference from elemental oxides and 
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organic complexes generated within the plasma. These were 

kept the same throughout the study. In most cases, peak area 

was integrated (e.g. REE), but in some cases a peak jump 

routine to measure relative peak heights was necessary to 

achieve acceptable results for certain elements (e.g. Sc). 

Unknowns were run in succession, with blank solutions run at 

the beginning of each batch, and cleaning solution run through 

the extraction lines for two minutes in between each sample. 

It was determined early that old teflon lines had become 

porous and absorbed too much sample, which required a delay of 

nearly 6 minutes between each sample. The time was diminished 

to less than 2 minutes after these lines were replaced. 

Sample cones in the source were cleaned and replaced only 

infrequently, as their performance did not appear to diminish 

with time, except in one obvious instance where the cone 

aperture became partially clogged by foreign material. For 

the rare earth elements, oxide interferences from barium and 

the light rare earths were significant and unavoidable, and so 

pure solutions of Ba, La, Ce, Nd, Sm, Gd and Tb were run at 

the beginning of this study during the initial stages of our 

attempts to characterize the performance of the new machine, 

and to assess the percent oxide production for each element at 

a given plasma flow rate. The results of this empirical oxide 

interference analysis are shown below for ppm concentrations 

of the REE: 



Sm = Sm* - (O.OO33)Ba (* 

Eu Eu* - (O.OO18)Ba 

Gd = Gd* - (O.0356)Ce - (O.OO323)Nd 

Tb = Tb* - (O.OO41)Nd 

Oy Oy* - (O.OO57)Sm 

Ho = Ho* - (O.OO14)Sm 

Er Er* - (O.OO55)Nd - (O.OO26)Sm 

Tm = Tm* - (O.OO21)Eu 

Yb Yb* - (O.0201)Gd 

Lu = Lu* - (O.0198)Tb 

where the following isotopes were measured: 

139La 

140Ce 

146Nd 

152Sm - (0.00977) 156Gd 

ISIEu + IS3Eu 

158Gd - (0.00361) 1630y 

159Tb 

1630y 

16SHo 

166Er 

I 69Tm 

I72Yb 

17SLu 
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= measured value) 
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This procedure assumed that oxide production was a linear 

function of element concentration; however, the affect of 

plasma flow rate on this relationship was uncertain, 

therefore, a fixed flow rate was employed and kept constant 

for the oxide interference calibration tests and all 

subsequent machine runs throughout the remainder of the study. 

Under these conditions, the oxide production rate was not 

observed to vary during the course of this study. 

Data were outputted as elemental parts per billion (ppb) 

relati ve to the internal Re and In standards, and true 

concentrations were calculated on a separate desktop computer 

spreadsheet from the outputted ppb concentrations of Re or In 

(whichever was closest in mass to the element in 

consideration), the outputted ppb concentration of the 

element, the weight of the sample, and a constant value of 

2.5, which was pre-determined by the concentrations and volume 

of the Re-In dope added to each sample, which was exactly the 

same in every case, according to the following equation: 

C1 = [C2 x (C3/C4)]/C5, 

where C1 = final concentration of unknown in ppm; C2 

measured value of unknown in ppb; C3 is a constant equal to 

2.5; C4 is the measured value of the Re or In internal 

calibration; C5 is the sample weight. The value of C3 was 

kept constant by adding exactly 0.01 ml of a 250 ppm solution 

of Re and In to each sample, resulting in the volume term 
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dropping out of the final calculation. 

A separate spreadsheet was required to calculate rare 

earth values, which were bracketed in mass between Re and In 

so that a drift correction could be made, and because of the 

necessary oxide interference corrections. In all cases, good 

quality REE data were obtained from values with low 2-sigma 

errors determined by peak area integration routines « 10 %), 

and by a close match of the Re and In output (within 10% of 

each other). Anything worse was rerun, and therefore the 

drift correction had little effect on the final calculated 

concentration. oxide interference corrections of as much as 

50% were made to the elements Sm, EU, Gd, and Tb, particularly 

for high Ba samples, and were probably the major source of 

error in rare earth determinations. USGS standards run with 

every sample set were compared with the recommended values, 

and all rare earths, with the exception of EU, were within 10 

% of recommended values (fig A.1). Eu was low by 15 % for 

USGS standard SDC-1, indicating a possible overcorrection for 

barium oxide interference of the Eu isotopes 151 and 153. A 

similar comparison is made with the other elements measured 

(fig A.2), revealing a +/- 10% correlation with recommended 

values for all elements except Sr, Y and Cr, which are low. 

The explanation for this is not known. Multiple USGS standard 

runs also allowed reproducibility to be monitored for all 

elements, and was found to be very good, within 10% for most 
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elements. Y and Sr were reproducible to better than 10 %, 

suggesting to us that they were not. precipitating out of 

solution in variable amounts, which could have accounted for 

low average values relative to the recommended USGS values. 

Other possibilities are either: (1) the SPEX standard 

solutions were not exactly 1000 ppm (-5% too high, perhaps due 

to evaporation), or: (2) the recommended values are too high. 

Sr was evaluated by comparison to isotope dilution values, and 

found to be 10-20% low in most cases. We conclude that the 

ICP-MS Sr values are systematically low relative to isotope 

dilution values, but can offer no explanation for this without 

further tests. The ICP-MS Nd, Sm and Rb data agreed well in 

most cases with isotope dilution data, within 10 %, but also 

tended to be uniformly low compared with isotope dilution 

·data. This correlation is not understood, but does not affect 

any interpretations, which are based mainly on trace element 

ratios and rare earth pattern shapes. During the course of 

this work, it was also discovered that Cr precipitated out of 

solution in the presence of HCl04 • The reasons for this were 

investigated, resulting in the hypothesis that the Cr 

precipitated out as chromic acid and did not come back into 

solution in HCI or HN03 • Whatever the reason, the Cr data are 

spurious and are therefore not reported. All samples analyzed 

had concentrations well above the elemental detection limits 
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on this machine (Ruiz and Hollocher, personal communication) • 

Reproducibility in this study was estimated for each element 

from multiple analyses of USGS standards and reported in table 

5.1 along with the recommended values for standards. 

Blanks were in all cases less than 0.01% of sample 

concentration for all ·elements. 
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Figure A.l - Chondrite-normalized rare-earth element plot showing correlation of ICP-MS values 

(this study) vs. recommended values (Govindaraju, 1989) for USGS Standard SDC-l. Except 

for Eu (low by 15 %), the rare earth data obtained in this study are within 10 % of the 

recommended values. 
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Figure A.2 - Plot showing correlation of ICP-MS values (this study) vs. recommended values 

(Govindaraju, 1989) for USGS Standard SDC-l for 14 trace elements. Error bars are 

approximately 10% of ICP-MS value for all elements. Low values for Cr, Sr and Yare 

discussed in text. 
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APPENDIX B 

SM-ND AND RB-SR METHODS 

Sm-Nd isotope dilution mass spectrometry techniques used 

in this study followed those of Patchett and Ruiz (1987). 

Approximately 400 mg of sample was dissolved overnight in a 

9:1 HF/HN03 acid mixture in an open beaker and then sealed in 

a Parr bomb for seven-day high-pressure dissolution in an oven 

at 160 degrees C. Perchloric acid (HCI04 ) was used to break 

down fluorides prior to chemical separation, and final oven 

dissolution of the sample in 6M HCI ensured complete 

destruction of all trace phases. A 149sm_150Nd spike was 

combined with the dissolved sample solution and carefully 

inspected at this point to ensure no residues or precipitate 

which could have affected isotopic equilibration with the 

sample. Equilibration occurred over several hours as a volume 

of approximately 20 ml 6M HCI was evaporated from an open 

beaker. The concentrated and equilibrated spiked sample 

solutions were diluted to several mI's of 2.5M HCI, 

centrifuged, divided into two aliquots, and loaded on 8.9 ml 

quartz ion exchange columns using AG50W-X12 cation exchange 

resin. REE were collected as a group using 2.5M HCL and 6.0M 

HCl as eluents. The REE fraction was dried down and treated 

with HCI04 to destroy any organics picked up from the column. 

A second stage chemical separation of REE was performed by 
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reverse-phase chromatography using HDEHP (hydrogen di-2-

ethylhexyl phosphate)-coated PTFE powder as the column resin 

in 1.7 ml quartz ion-exchange columns (Patchett and Ruiz, 

1987), and Nd and Sm eluted with 0.18M HCI for Nd and 0.5M HCI 

for Sm. 

Between 1 and 5 micrograms of sample were loaded as 

chlorides on two Ta side filaments in a Ta-Re-Ta triple 

filament assembly and run on a solid source VG 354 thermal 

ionization mass spectrometer equipped with six Faraday 

collectors. The dynamic peak-jumping routine used in this 

study for Nd isotopic analysis is described in Patchett and 

Ruiz (1987). 105 ratios were collected in 7 blocks of 15, 

with masses at 147 and 140 monitored to assess Sm and Ce 

interferences, respectively. In all cases these were 

'negligible, requiring no correction to Nd isotopic ratios, 

indicating good chemical separations. Nd isotopic ratios were 

normalized for isotopic fractionation to 146Nd /144Nd = .7219, 

and fractionation-corrected values computed on line. 2-sigma 

values are reported in table 5.2, and reflect in-run 

precision. Sm data were collected using a single-collector 

peak jump procedure. 100 ratios were collected in 10 blocks 

of 10, and fractionation-corrected values computed on line 

normalized to l~sm/l~sm = .5700. Isotope dilution errors for 

Sm/Nd ratios were generally better than 0.5 %, and blanks 
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averaged 500 pg for Nd and 200 pg for Sm. Towards the end of 

the study, blanks as high as 1000 pg were encountered, 

whereupon the 1st stage column resin was replaced in all 

twelve columns. This resulted in much lower blanks of 350 and 

120 pg for Nd and Sm, respectively. However, even the highest 

blanks were deemed to be negligible and in all cases less than 

0.01 % of the sample concentration. Fifteen duplicate 

analyses (table 5.2) demonstrate that for even the lowest 

concentration samples, background contamination was not 

significant. During this study, twenty-eight runs of the La 

Jolla Nd isotopic standard gave 143Nd /144Nd = 0.511867 ± 12 (2-

sigma) . 

Samples for Rb-Sr isotopic analysis (approximately 100 

mg) were spiked directly using a 87Rb_84sr double spike solution 

(Patchett and Ruiz, 1987), and dissolved in screw-top 

Savillex beakers on a hotplate using a combination of HF/HN03 , 

HN03 and HCI in three steps. Samples were loaded on the same 

1st stage REE columns used in Sm-Nd analysis and eluted using 

2.5 N HCI to collect both Rb and Sr. Sr was run on an 

oxidized Ta center filament using an automatic three-collector 

dynamic peak jump routine on the VG 354. 75 ratios were 

collected in five blocks of fifteen using a beam intensity of 

2 volts. Rb was loaded on a Ta side filament using a Ta 

center-Ta side double filament assembly and run manually using 
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a single collector peak jump routine. Errors were generally 

less than 1% for Rb/Sr ratios (table 5.2), and blanks averaged 

300 pg for Rb and 900 pg for Sr. The high Sr blanks are 

probably due to widespread use of blackboard chalk in the same 

building that houses the isotope laboratorY, but were always 

less than 0.01% of the sample. Duplicate analyses (table 5.3) 

demonstrate the high reproducibility in both isotopic ratios 

and elemental concentrations by this method. During this 

study, twenty-one runs of the NBS-987 Sr isotopic standard 

gave 87sr /86sr = 0.710225 ± 25 (2-sigma). 
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Rock samples were collected by hammering out a large 

amount of material from a single sandstone, shale or tuff 

layer in the outcrop and collecting a fraction of this 

material to maximize the volume of outcrop sampled and sample 

freshness. Alteration, weathering, and any sample 

heterogeneities such as quartz veins, calcite veins, or large 

clasts were in all cases avoided. It was also important to 

avoid calcareous samples so that samples were as 

representative as possible of terrigenous sedimentary source 

components. For tuffs and fine- to medium-grained sandstones, 

between 1 and 2 kg were collected, and for shales, 

approximately 0.5 to 1 kg was collected. Any remaining 

weathered material was removed before crushing. Rocks were 

scrubbed and cleaned in distilled water, dried and crushed in 

a clean steel jaw crusher. Approximately 200 grams of 

representative sample was then powdered for trace element and 

isotopic analysis by shatterboxing for 2-3 minutes in a 

quartz-cleaned ceramic mill. 
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OUA-1---- Distributary channel sandstone of Hartshorne 

Formation in terraced roadcut along u.s. Highway 71 at Devils 

Backbone Ridge near Greenwood (SE of Fort smith), Arkansas 

(STOP # 19 of Sutherland and Manger, 1979; STOP # 1 of 

Houseknecht, 1988; STOP # 1-9 in Bush et al., 1978). 

OUA-2---- Black marine shale of upper Atoka Formation in 

terraced road cut along u. S. Highway 71 at Devils Backbone 

Ridge near Greenwood (SE of Fort smith), Arkansas (STOP # 19 

of Sutherland and Manger, 1979; STOP # 1 of Houseknecht, 1988; 

STOP # 1-9 in Bush et al., 1978). 

OUA-3---- Interdistributary bay shale of McAlester Formation 

in terraced roadcut along u.S. Highway 71 at Devils Backbone 

Ridge near Greenwood (SE of Fort smith), Arkansas (STOP # 19 

of Sutherland and Manger, 1979; STOP # 1 of Houseknecht, 1988; 

STOP # 1-9 in Bush et al., 1978). 

OUA-4,5---- Prodelta shale (OUA-4) and delta-front (tidal

flat) sandstone (OUA-5) of Atoka Formation (from second and 

third progradational cycles up, respectively, from base of 

outcrop) in roadcut along Oklahoma Highway 112 at Backbone 

Mountain south of Pocola, Oklahoma (STOP # 17 in Sutherland 
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and Manger, 1979; STOP # 1 in Briggs et al., 1975). 

OUA-6---- Micaceous turbidite sandstone of Atoka Formation 

from roadcut along U. S. Highway 59, 0.5 miles south of 

Hodgens, Oklahoma (STOP # 3 in Briggs et al., 1975). 

OUA-7---- Quartzose turbidite sandstone of Jackfork Group from 

Rich Mountain along roadcuts of Oklahoma Rt. 1. 

sec.l, T.2N., R.25 E. 

NW~ NE~ 

OUA-8,9---- Turbidite sandstone (OUA-8) and shale (OUA-9) pair 

of Jackfork Group from Rich Mountain along roadcuts of 

Oklahoma Rt. 1 (shale collected 10-15 cm below sandstone 

unit). sw~ SW~ sec.36, T.3N., R.25 E. 

OUA-l0,11---- Turbidite sandstone (OUA-l0) and shale (OUA-l1) 

pair from Atoka Formation on U.S. 259 in Oklahoma (sandstone 

collected from 65 cm turbidite bed 20 cm above shale). SW~ SE~ 

sec.17, T.3N., R.26 E. 

OUA-12, 13---- Shale (OUA-12) and quartzose turbidite sandstone 

(OUA-13) pair of Jackfork Group from roadcut on Kiamichi 

Mountain along U. S. Highway 259, approximately 2.5 miles south 

of Big Cedar, Oklahoma (sandstone collected 2.5 meters below 

shale) (STOP #5 in Briggs et al., 1975; STOP # 2 in Moiola et 
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ale, 1988). 

OUA-14---- Black fissile shale of Stanley Group at bridge over 

Eagle Fork Creek along u.s. 259 north of Broken Bow, 

Oklahoma. NE~ SE~ sec.21, T.1S., R.25 E. 

OUA-15---- Lower Mud Creek Tuff (from 15 m thick crystal tuff 

unit) of Stanley Group in roadcut along u.S. Highway 259, 1.5 

miles south of Mount Herman, Oklahoma (STOP #8 in Briggs et 

ale, 1975). 

OUA-16---- Shale intercalated between lower and upper Mild 

Creek Tuffs of Stanley Group in roadcut along u.S. Highway 

259, 1.5 miles south of Mount Herman, Oklahoma (STOP #8 in 

Briggs et al., 1975). 

OUA-17 , 18---- Turbidite sandstone (OUA-17) and shale (OUA-18) 

pair from Blaylock Sandstone of Broken Bow uplift (shale 

collected directly above 25 cm turbidite sandstone unit) along 

roadcuts of Upper Blaylock along u.S. Highway 259, 12.3 miles 

north of Broken Bow, Oklahoma at Carter Mountain (STOP #7 in 

Briggs et al., 1975). 

OUA-19---- Black shale of Mazarn Shale from Broken Bow uplift 

along u.S. 259 north of Broken BOw, Oklahoma (outcrop consists 
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of dark hemipelagites with thin distal turbidite layers of 

sand/silt laminae). NE~ SE~ sec.28, T.4S., R.24E. 

OUA-20---- Shale of Stanley Group from interbedded sandstone 

and shale unit (interpreted to be basin-plain facies) in 

quarry north of DeQueen, Arkansas along U. S. 71. 

sec.27, T.7S., R.31 W. 

NW~ SW~ 

OUA-21---- Hatton Tuff Member of Stanley Group in railroad cut 

along u.s. 71 near Hatton, Arkansas (collected from center of 

20 m thick massive unit). SE~ NW~ sec.1, T.5S., R.32 W. 

OUA-22,23---- Turbidite sandstone (OUA-22) and shale (OUA-23) 

pair of Jackfork Group at Dierks Lake spillway, approximately 

five miles northwest of Dierks, Arkansas (sandstone collected 

from 70 cm turbidite unit at top of 8 m sandy interval, 1 m 

below shale) (STOP #2 of Stone and Haley, 1984). 

OUA-24---- Green mUdstone from 20 cm mUdstone interval 

intercalated within upper part of lower Arkansas Novaculite at 

Caddo Gap, Arkansas in Benton uplift along roadcuts of 

Arkansas Route 8-27 (STOP # 20 of Stone and McFarland, 1981; 

STOP # 20 of Stone and Haley, 1984; STOP # 14 in Stone et al., 

1986; stop # 5 in Zimmerman and Ford, 1988). 
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OUA-25---- Quartzose sandstone of Crystal Mountain Sandstone 

from roadcut along u. S. 270 in Benton uplift of Arkansas 

(collected from interval of l'm thick flat-lying sandstone 

alternating with fine sandstone and siltstone) (STOP # 7 of 

Stone and Haley, 1984; STOP # 27 of Stone and McFarland, 1981; 

STOP #1 of Stone and Bush, 1982; STOP # 6 of Stone et al., 

1986) . 

OUA-26---- Black shale of Mazarn Shale at Charlton Recreation 

Area along u.S. 270 in Benton uplift of Arkansas (collected 

from interval of interbedded black shale and green siltstone 

exposed in creek bed, interpreted to be basin-plain 

facies) (STOP # 3 of Stone and Bush, 1982; STOP # 9 of Stone 

and Haley, 1984; STOP # 4 of stone et al., 1986). 

OUA-27---- Black shale of Womble Shale in roadcut at curve 

opposite Charlton Recreation Area along U.S. 270 in Benton 

uplift of Arkansas (collected from interval of massive, 

fissile black shale approximately 30 m above Blakely 

Sandstone) (STOP # 3 of Stone and Bush, 1982; STOP # 25 of 

Stone and McFarland, 1981; STOP # 9 of Stone and Haley, 1984; 

STOP # 4 of Stone et al., 1986). 

OUA-28---- Quartzose turbidite sandstone of Blakely Sandstone 

(collected from 90 cm sandstone lens interbedded with minor 
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shales) at Blakely Mountain Dam, Arkansas (STOP #4 of Stone 

and Bush, 1982; STOP # 2 of Stone et al., 1986). 

OUA-29---- Black shale of Womble Shale at Hamilton Church 

outcrop, Hamilton, Arkansas (north of Hot springs) along state 

Rt. 298. NE~ SE~ sec.26, T.1N., R.20 W. 

OUA-30---- Turbidite sandstone from Stanley Group in east side 

roadcut on Arkansas Highway 7, approximately 2 miles south of 

Hot Springs, Arkansas. SE~ SE~ SW~ sec. 35, T.2S., R.19W. 

OUA-31---- Turbidite sandstone from Stanley Group in north 

side roadcut on Arkansas Highway 70, approximately 2 miles 

east of Hot springs, Arkansas (in shopping mall parking lot). 

SE~ NW~ SE~ sec. 20, T.3S., R.19W. 

OUA-32,33---- Prodelta shale (OUA-33) and delta-fringe 

sandstone (OUA-32) of Atoka Formation near Morrilton, Arkansas 

in large terraced roadcuts on Arkansas Highway 9 of Morrilton 

by-pass (STOP # 13 of Stone and McFarland, 1981; STOP # 3 of 

Kehler, 1988). 

OUA-34---- Black argillite of Arkansas Novaculite (collected 

from deformed clastic layer about 25 cm thick) from roadcut on 

US 259 north of Broken BOw, Oklahoma, 13.0 miles north of 
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junction of U.S. 259 and 70 in Broken Bow (STOP #7 Briggs et 

al.,1975). 

OUA-35,36---- Turbidite sandstone (OUA-36) and shale (OUA-35) 

pair from Blaylock Sandstone on US 259 north of Broken BOw, 

Oklahoma, 13.0 miles north of junction U.s. 259 and 70 (STOP 

#7 Briggs et al., 1975). 

OUA-37---- Black graptolitic shale of Polk Creek Shale (?) in 

roadcuts on Highway 369 north of Langley, Arkansas toward 

Albert Pike Recreation Area in Cossatot Mountains (massive 

black argillite from outcrop of laminated chert and argillite 

in near-vertical rumpled beds 1-10 cm thick on curve convex to 

west 1. 2 miles north of county line, Montgomery County). 

'Sample is Polk Creek Shale according to geology by J. Weber in 

1985 M.S., but may be Blaylock Sandstone, according to J. 

Zimmerman (personal communication, 1993). 

OUA-38---- Polk Creek Shale in roadcuts on Highway 369 north 

of Langley, Arkansas toward Albert Pike Recreation Area in 

Cossatot Mountains (flaky black argillite from outcrop of 

nearly vertical 1-10 cm beds of graptolitic shaly strata at 

re-entrant curve, concave to west, 1.4 miles north of county 

line near small ravine, Montgomery County). Sample is Polk 

Creek shale according to geology by J. Weber in 1985 M.S., 
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with modifications by J. Zimmerman. 

OUA-39---- Polk Creek Shale in roadcuts on Highway 369 north 

of Langley, Arkansas toward Albert Pike Recreation Area in 

Cossatot Mountains (flaky black argillite of graptolitic shaly 

strata from outcrop ju'st north of Prior Mountain in roadcut at 

top of grade beginning descent to Albert Pike Recreation Area 

on Little Missouri River, Montgomery County). Sample is Polk 

Creek Shale according to geology by J. Weber in 1985 M.S., 

with modififications by J. Zimmerman. 

OUA-40---- Green shale of lower Arkansas Novaculite at Caddo 

Gap, Arkansas (collected about 5 m above OUA-24, approximately 

12 m above top of Missouri Mountain Shale) along roadcuts of 

Arkansas 8-27 (STOP # 20 of Stone and McFarland, 1981; STOP # 

20 of Stone and Haley, 1984; STOP # 14 in Stone et al., 1986; 

stop # 5 in Zimmerman and Ford, 1988). 

OUA-41,42---- Jackfork Group shale (OUA-41) and turbidite 

sandstone (OUA-42) pair from DeGray Dam spillway, DeGray Lake, 

Arkansas (collected from thin shale layer and turbidite 

sandstone bed just above it on point of curve in west wall of 

spillway) (STOP # 2-15 Stone et al., 1973; STOP # 41 Stone and 

McFarland, 1981; STOP # 28 Stone et al., 1986). 
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OUA-43,44---- Missouri Mountain Shale in roadcut on north side 

of US 70 east of Hot springs, Arkansas, exactly 10 miles from 

junction of US 70 with US 70B on north side of Hot springs and 

1.5 miles east of marked rest area on south side of US 70. 

Both samples are laminated green shale (collected about 10 m 

and 5 m below contact with Arkansas Novaculite, respectively). 

OUA-45---- Massive black argillite of Bigfork Chert from 

Benton uplift, Arkansas (collected from section of laminated 

argillaceous chert and siliceous argillite on point of curve 

in paved road 0.3 miles south of Ferndale, west of Little 

Rock, Arkansas; beds are dipping 75 degrees overturned with 

dip to north and dominant facing to south) (STOP # 1a-1 Stone 

et a 1., 1973). 

OUA-46---- Shaly Arkansas Novaculite of Benton uplift, 

Arkansas (sample of flaky black argillite collected from 

section of massive siliceous argillite and cherty argillite 

with some blocky chert beds on compound curve of paved road 

0.75 miles south of Ferndale, west of Little Rock, Arkansas 

(STOP # 1a-2 Stone et al., 1973). 

OUA-47,48---- Turbidite sandstone (OUA-48) and shale (OUA-47) 

pair of Atoka Formation from roadcut outcrops between 

Perryville and Perry, Arkansas, just south of Arkansas River 
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in northeastern Ouachita Mountains (collected from roadcut at 

top of grade just below radio tower) (STOP # 11 Stone and 

Haley, 1986). 

MAR90-1---- Greenish shaly argillite in lower part of Dimple 

limestone (carbonate turbidites) in excavated drainageway at 

western end of the easternmost roadcut in flysch bedrock east 

of Lemons Gap (collected within 40 cm shaly interval below 20 

cm carbonate turbidite bed, stratigraphically 1.25 m below 

base of labelled carbonate turbidite (Bouma ABC) bed "C" (red 

label on outcrop) and 2 m above similar carbonate turbidite 

bed "B" in strata gradational with underlying Tesnus 

Formation) along U.S. Highway 90, 17.9 miles east of junction 

with U.S. Highway 385 in Marathon, Texas, in Lemons Gap 

section of Marathon Carboniferous flysch. Main roadcut of 

Dimple Limestone is at mileage 18.0 (STOP # 2-3 Mazzulo, 1978; 

STOP # 3-5 Laroche and Higgins, 1990; STOP at "19.6" miles 

east of Marathon of McBride, 1988). 

MAR90-2---- Atypical gray shaly argillite (possibly 

tuffaceous) in Tesnus Formation only 5 m from east end of 

roadcut on U.S. Highway 90, 16.65 miles east of junction with 

U.S. Highway 385 in Marathon, Texas, Lemons Gap section of 

Marathon Carboniferous flysch (STOP # 2-2, Mazzulo, 1978; STOP 

# 4-4, Laroche and Higgins, 1990; STOP at "18.5" miles east of 
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Marathon, McBride, 1988). 

MAR90-3---- Graded Tesnus Formation turbidite sandstone bed 

2.5 m thick exposed 70 m from west end of roadcut on U. S. 

Highway 90, 16.55 miles east of junction with U.S. Highway 385 

in Marathon, Texas, Lemons Gap section of Marathon 

Carboniferous flysch (STOP # 2-2, Mazzulo, 1978; STOP # 4-4, 

Laroche and Higgins, 1990; STOP at "18.5" miles east of 

Marathon, McBride, 1988). 

MAR90-4---- Massive Tesnus Formation sandstone in roadcut on 

curve just east of thrust fault along u.s.Highway 90, 15.9 

miles east of junction with U.S. Highway 385 in Marathon, 

Texas, Lemons Gap section of Marathon Carboniferous flysch 

(same as road cut at "17.7" miles east of Marathon in McBride, 

1988) . 

MAR90-5---- Middle tuff bed (2.5 m thick) of Imoto and McBride 

(1990) in Tesnus Formation, located 25 m from east end of 

roadcut wi thin interval containing three tuff beds interbedded 

within 17.5 m of strata, 16.6 miles east of junction with U.S. 

Highway 385 in Marathon, Texas, Lemons Gap section of Marathon 

Carboniferous flysch (STOP # 2-2, Mazzulo, 1978; STOP # 4-4, 

Laroche and Higgins, 1990; STOP at "18.5" miles east of 

Marathon, McBride, 1988). 
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MAR90-6---- Typical mUdstone in shaly strata dominant in 

Tesnus Formation between turbidite sandstone beds (collected 

50 m above MAR90-3 and 10 m below MAR90-5). Roadcut is 16.6 

miles east of junction with U.S. Highway 385 in Marathon, 

Texas, Lemons Gap section of Marathon Carboniferous flysch. 

(STOP # 2-2, Mazzulo, 1978; STOP # 4-4, Laroche and Higgins, 

1990; STOP at "18.5" miles east of Marathon, McBride, 1988). 

MAR90-7---- Shaly interbed 15 cm thick in relatively thin

bedded turbidites of Haymond Formation 15.2 miles east of 

junction with U.S. Highway 385 in Marathon, Texas, Lemons Gap 

section of Marathon Carboniferous flysch (STOP # 2-1, Mazzulo, 

1978; STOP # 3-1, Laroche and Higgins, 1990; STOP at "17.0" 

miles east of Marathon, McBride, 1988). 

,MAR90-8---- Turbidite sandstone bed 50 cm thick in relatively 

thick-bedded turbidites of Haymond Formation in roadcut 15.5 

miles east of junction with U.S. Highway 385 in Marathon, 

Texas, Lemons Gap section of Marathon Carboniferous flysch. 

MAR90-9---- Green flaky argillite of Tesnus Formation 

immediately overlying upper chert and shale member of Caballos 

Novaculite from excavated ditch beside state Highway 385 (west 

side) south of Marathon on way to Big Bend National Park at 

3.6 miles from intersection with U.S. Highway 90 in Marathon, 

Texas. Collecting site is 0.2 miles south of thin interval of 
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red shale exposed near southeast end of main roadcut of 

Caballos Novaculite 3.3-3.4 miles from Marathon ("3.5" miles 

to south of Marathon according to McBride, 1988). 

MAR91-1,2---- Upper Haymond deltaic sandstone (MAR91-1) and 

shale (MAR91-2) pair· of Allison Ranch facies from first 

outcrop on right side at major bend in Allison Ranch county 

road (King, 1980), about five miles south of turnoff from U.S. 

Highway 385 (just north of Gap Tank) about 25 miles north of 

Marathon, Texas (junction with U.S. highway 90). 

MAR91-3---- Prodelta black shale within Haymond "boulder beds" 

at base of Housetop Mountain, north of Marathon, Texas at 

"Windmill outcrop" (King, 1980), . 

MAR91-4---- Alsate Shale from small outcrop along eastern 

exposed side of Alsate Creek south of Marathon, Texas (STOP # 

1 McBride, 1969). 

NEA-1---- Sandstone of Hale Formation (northeastern Arkoma 

basin) from interbedded sandstone-shale outcrops in roadcut on 

west side of U.S. Highway 167 at 3.6 miles north of junction 

with Highways 87 and 157 in Pleasant Plains, Arkansas, and 0.7 

miles south of Rest Area on north bank of Salado Creek. 

Travelling south, site is near top of grade curving to right 
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in freshest part of roadcut just downhill from parking spot at 

small entrance road reaching highway from west. Exposure is 

thin-bedded with wavy flaser bedding interpreted as indicative 

of tidally influenced sedimentation in marine or marginal 

marine deposits of delta-front facies (NW~ of Sec.11, T.11N, 

R.6W., Independence Co., Arkansas). 

NEA-2---- Black shale of Bloyd Formation (northeastern Arkoma 

basin) in spillway cut of Lake Bald Knob just northwest of 

Bald Knob, Arkansas. Walking south from lake, collecting site 

is at base of deepest cut bank on right (or west) side of 

spillway course. Massive to thin-bedded black shale and/or 

mUdstone with intercalated thin-bedded delta-front sandstone 

interpreted as distal delta-front facies of prodelta slope or 

interdistributary bay deposits (NE~ of Sec.12, T.8N, R.6W, 

White Co., Arkansas). 

RC-3---- Black shale of Tradewater Formation collected from 

small talus slope at north end of roadcut along east side of 

Pennyrile Parkway north of Hopkinsville, Kentucky at milepost 

24, lat 37°04' OO"N, long 87°28' OO"W, Crofton quadrangle, 

Christian County, Kentucky (Nelson and Lumm, 1992, STOP # 8). 
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RC-4---- Sandstone of caseyville Formation from Hoover Hill 

roadcut on U.S. Rte. 231, 7 miles north of Hartford, Kentucky, 

lat 37°30'0"N, long 86°58'25"W, Pleasant Ridge quadrangle, Ohio 

County, Kentucky (STOP # 2 of Nelson and Lumm, 1992). 

WB-l---- Micaceous, thinly laminated sandstone of pottsville 

Formation (Black Warrior basin) from small outcrop in ditch 

along 1-65 north of Birmingham, Alabama, 0.3 miles north of 

milepost 284 but south of exit 284 on east side, Hayden 

section outcrops (STOP # 4 of Rheams and Benson (1986). 

WB-2---- Quartzose sandstone of Boyles Sandstone Member, lower 

pottsville Formation (Black Warrior basin) from large roadcut 

along 1-65 north of Birmingham, Alabama, 1.3 miles north of 

exit 284 on west side, Hayden section outcrops (collected 

massive sandstone bed directly above thin coal seam) (STOP # 4 

of Rheams and Benson, 1986). 

HOL-l,2---- silty shale and massive turbidite sandstone pair 

of Tellico Formation collected from thick shale bed (HOL-l) 

with interbedded siltstone 2 meters oelow massive sandstone 

(HOL-2) of mid-fan facies at South Holston Dam near Bristol, 

Tennessee (STOP # lOA in Walker et al., 1980). 
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TH-1,2,5---- Massive red sandstone of Juniata Formation (TH-

1), massive sandstone of Martinsburg Formation (TH-2), and 

quartzose sandstone of Clinch Formation (TH-5) collected from 

classic Thorn Hill roadcuts along Rte. 25E, Clinch Mountain, 

Tennessee (Walker, 1985). 
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Additional samples (n = 6) of Mississippian rhyolitic 

ash-flow tuffs from the Stanley Group in the Ouachita 

Mountains in Arkansas and Oklahoma were provided to us by Dr. 

B. Weaver of the Uni versi ty of Oklahoma for Nd isotopic 

analysis Two drill-core samples of Mississippian Sabine 

Rhyolite from the subsurface Sabine uplift along the border of 

Texas and Louisiana were also included in the samples sent to 

us by Dr. Weaver for Nd analysis. The Stanley tuffs record 

several major caldera-style eruptive events south of the 

Carboniferous Ouachita foredeep. Niem (1977) described these 

tuffs in detail, and concluded that they were deposited 

dominantly as subaqueous ash-flow tuffs. A detailed trace 

element study of these tuffs by Loomis (1992) concluded that 

they were erupted from a continental margin arc terrane. 

Gleason et al. (1994; Appendix F) confirmed this with Nd 

isotopic data from two samples which they collected, further 

proposing that the arc source was comprised in part of 

Precambrian basement. The Nd isotopic composition of these 

tuffs was thought to be the result of mixing between a 

Precambrian crustal component and a depleted mantle component. 

The six additional tuff samples analyzed are described in 

a Master's thesis by Loomis (1992). The Nd isotopic data from 

these samples are reported here in table E.1 and briefly 



190 

discussed, together with the two samples (OUA-15 and OUA-21) 

which are reported in table 5.2. The two rhyolite samples 

from the sabine uplift are probably equivalent in age to 

Ouachita Mississippian ash-flow tuffs (Nicholas and Waddell, 

1989), but are inferred to be from an accreted arc terrane 

which remained attached to North America following the opening 

of the Gulf of Mexico (e.g. Sabine plate). 

Initial epsilon Nd values of Stanley Tuffs (n = 8) vary 

between -1.5 and -4.6 (table E.1; fig E.1). One sample of Mud 

Creek Tuff (T-1) has a distinctly more negative initial 

epsilon Nd value (-4.6) than the other two samples (tables 5.2 

E.1; fig E.1) from this tuff unit, suggesting that this sample 

may be a mixture of tuff and Stanley shale components, and 

therefore not representative of the magmatic component in the 

tuffs. Assuming an original tuff ENd value of -2.6, a shale 

ENd value of -9.1 (table 5.2), and similar Nd concentrations 

in tuffs and shales, then this sample may be calculated to 

contain as much as 30 % Stanley shale component. The other 

two samples of Mud Creek Tuff (ENd = -2.3 to -2.9) are 

isotopically similar to the two samples of Beavers Bend Tuff 

(ENd = -2.6 to -2.9). However, the Hatton Tuff (ENd = -1.5 to 

-2.0) is isotopically distinct from the Mud Creek and Beavers 

Bend Tuff units (fig E.1). This suggests that some of the 
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tuff units, which form important marker beds wi thin the 

Stanley Group, are distinct in their Nd isotopic signature. 

Two rhyolite samples from the Sabine uplift yield ENd 

values between -3.3 and -3.7 (table E.1; fig E.1). These two 

samples have spuriously old Nd model ages due to unusually 

high Sm/Nd ratios (table E.1). High Sm/Nd ratios, common in 

felsic magmatic rocks, are thought to be produced by late 

stage fractionation of LREE-rich accessory minerals in highly 

evolved felsic magma chambers (Miller and Mittlefehldt, 1981). 

The isotopic composition of the Sabine Rhyolite is distinct 

from any Ouachita tuff analyzed, and suggests that none of the 

Stanley tuffs can be directly correlated with the Sabine 

Rhyolite. 

The Sabine rhyolite appears to have been erupted from a 

much more evolved magma than any of the Ouachita tuffs, while 

the Hatton Tuff source was apparently the most isotopically 

primitive. These isotopic differences could reflect isotopic 

heterogeneities and/or variable crustal assimilation/mantle 

replenishment processes within evolving magma chambers which 

supplied the different tuff horizons. AFe (assimilation

fractional crystallization) processes (e. g. DePaolo, 1981) 

undoubtedly contributed to the Nd isotopic and trace element 

compositions of these tuffs; however, this is difficult to 

quantify, in part because the Stanley Tuffs may, at least in 
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some cases, not represent pure eruptive (i.e. magmatic) 

products. The data are compatible, however, with the tuffs 

having been erupted within a continental margin arc type 

setting in which older crust was reprocessed and combined with 

primitive, mantle-derived material in variable proportions. 

The felsic magma chambers which produced the tuffs probably 

evol ved wi thin a "MASH" type setting as envisioned by Hi ldreth 

and Moorbath (1988), consistent with an arc constructed across 

various Gondwana-derived micro-continental fragments south of 

the Ouachita trough. 
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MISSISSIPPIAN TUFFS & RHYOLITE 
·1 a HATTON TUFF 

A MJD CREEK TUFF 
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STRATIGRAPHICALLY UP-SECTION 

Figure E.1 - Plot showing Nd isotopic variation in Mississippian ash-flow tuffs from the Ouachita 

Mountains. The Hatton Tuff is isotopically distinct from the other tuffs of the Stanley Formation. 

The Sabine Rhyolite is also distinct from the tuffs, suggesting it does not correlate with any of 

the tuff units in the Ouachitas. 



Table El - Sm-Nd isotopic data for additional Ouachita tuffs. '" 

Age Sm3 Nd3 143Nd/l44Ndb 
fNd

c 
fNd

c d 
Sample Unit 147SmlI44Nd3 Tdm 

(Ma) (ppm) (ppm) measured present initial (Ga) 

T-l Mud Creek Tuff 340 4.87 25.12 0.1174 0.512237 ± 6 -7.8 -4.4 1.28 

duplicate 4.88 25.16 0.1174 0.512227 ± 6 -8.0 -4.6 1.29 

T-5 Mud Creek Tuff 340 5.23 27.87 0.1135 0.512303 ± 7 -6.5 -2.9 1.13 

T-33 Beavers Bend Tuff 340 5.37 27.72 0.1171 0.512310 ± 7 -6.4 -2.9 1.16 

T-36 Beavers Bend Tuff 340 6.67 33.85 0.1192 0.512330 ± 5 -6.0 -2.6 1.15 

duplicate 6.48 32.86 0.1193 0.512315 ± 6 -6.3 -2.9 1.18 

T-39 Hatton Tuff 340 5.99 30.99 0.1168 0.512375 ± 6 -5.1 -1.7 1.06 

duplicate 5.94 30.80 0.1167 0.512382 ± 6 -5.0 -1.5 1.04 

T-42 Hatton Tuff 340 6.28 32.54 0.1169 0.512361 ± 7 -5.4 -2.0 1.08 

T-43 Sabine Rhyolite 340 9.46 36.85 0.1551 0.512357 ± 7 -5.5 -3.7 1.78 

duplicate 9.43 36.72 0.1553 0.512371 ± 6 -5.2 -3.4 1.75 

T-45 Sabine Rhyolite 340 7.88 30.31 0.1572 0.512380 ± 6 -5.0 -3.3 1.79 

'" sample powders obtained from B. Weaver at University of Oklahoma 
a . 147 144 

2-s1gma errors for SmI Nd are < 0.5 % 
bRatios normalized to 146Nd/144Nd = 0.7219 (2-sigma errors reflect in-run precision) 
C 4 143 144 143 144 . 143 144 

fNd = 10 [( Ndl Nd(t)sample)/( Ndl Ni)CHUR) - 1], usmg Ndl Nd = 0.512638 as present day CHUR value, 

and 147 SmlI44Nd CHUR = 0.1967 
d model ages calculated using equation of DePaolo (1981) 

.... 
\0 
~ 
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ABSTRACT 

New Nd isotopic data suggest that Paleozoic turbidites in 

the Ouachita fold belt (Arkansas and Oklahoma) had a 

dominantly Appalachian provenance after Middle Ordovician 

time. We infer a long-lived sedimentary dispersal system of 

isotopically homogeneous detritus linked to Appalachian 

tectonics. By Carboniferous time, both the continental 

surface and the closing Ouachita trough were apparently 

flooded with sediment derived from the Appalachian collisional 

orogen. 
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INTRODUCTION 

The provenance of thick (>10-12 km) Carboniferous 

turbidites of the Ouachita fold belt has long been uncertain. 

Sediment sources to the north (craton), south (oceanic or 

exotic continental arc), and east (Appalachian orogen) have 

all been proposed, in varying proportions by different authors 

(Morris, 1974, 1989; Graham et al., 1975, 1976;, Mack et al., 

1983; Thomas, 1989). Understanding the ultimate provenance of 

this classic sequence bears on the paleogeography and tectonic 

setting of the Ouachita orogen and the evolution of the 

Appalachian-Ouachita suture between Laurasia and Gondwana. In 

this paper, we present new Nd isotopic data representing the 

complete Paleozoic Ouachita sequence, and several foreland and 

interior basins of the Appalachian-Ouachita region, and 

discuss their implications for provenance models. We 

interpret the new data to indicate a dominantly Appalachian 

provenance for post-Middle Ordovician Ouachita turbidites, and 

suggest that Ouachita depositional systems were linked to 

Appalachian tectonic events beginning in Late Ordovician time. 

TECTONIC SETTING 

The Ouachita fold belt, an extension of the Appalachian

Mauretanide (Hercynian) collisional system (Dickinson, 1988), 

stretches 2000 km from the southern Appalachians to Mexico 

along the southern margin of North America (Viele, 1989). 
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Carboniferous turbidites wi thin the Ouachita fold belt are 

interpreted as a deep-marine flysch sequence (Cline, 1970), 

thrust over platform strata of the continental margin during 

the Ouachita orogeny (viele and Thomas, 1989). 

Graham et ale (1975) inferred that the Ouachita orogeny 

was produced by closure of a remnant ocean basin resulting 

from the collision of an island arc or micro-continent with 

North America. Though the inferred suture (and part of the 

southern landmass) now lie buried beneath younger sedimentary 

deposits of the Gulf Coastal Plain (Viele and Thomas, 1989), 

the scarcity of igneous rocks in the Ouachita fold belt, plus 

subsurface geophysical and drill-hole evidence to the south, 

have led to general acceptance of a south-dipping sUbduction 

zone model for the Ouachita orogeny (Graham et al., 1975; 

Wickham et al., 1976; Viele and Thomas, 1989). 

MODELS FOR TURBIDITE PROVENANCE 

From regional facies relations and petrographic studies, 

Graham et ale (1975, 1976) proposed that the Ouachita flysch 

basin occupied a tectonic setting analogous to the Bay of 

Bengal, a modern-day remnant ocean basin being filled by 

Bengal Fan turbidites derived from the Himalayan and Indo

Burman Ranges (Dickinson, 1988). In an analogous way, the 

Ouachita flysch is inferred to have been derived mainly from 

the Appalachian collisional orogen via deltaic complexes 
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located in the Black Warrior basin within the Appalachian-

Ouachi ta syntaxis. In this model, longitudinal dispersal 

systems deliver sediment over great distances from the site of 

collision-belt tectonics. An important implication of the 

model is that basin filling proceeded from east to west as 

submarine fans prograded down the basin axis ahead of the 

collisional suture (Moiola and Shanmugam, 1984; Link and 

Roberts, 1986). Petrographic studies and subsurface facies 

patterns have also been interpreted to imply delivery of 

sediment into the Black Warrior basin and the Ouachita trough 

from a proto-Ouachita arc orogen lying to the south (Mack et 

al., 1983; Thomas, 1989). Provided that closure of the 

Ouachita remnant ocean basin was diachronous from east to 

west, a proto-Ouachita source 

progradation of submarine fans. 

also allows for westward 

Inferred tectonic elements of 

this source include a foreland fold-thrust belt and sUbduction 

complex more proximal to sites of deposition than the arc 

itself. Finally, sediment may have entered the Ouachita 

trough from the craton to the north (Morris, 1974, 1989). 

Nd ISOTOPIC APPROACH TO PROVENANCE 

There are many published examples of the application of 

Nd isotopes to problems of sedimentary provenance (e.g. Miller 

and O'Nions, 1984; Nelson and DePaolo, 1988; Frost and coombs, 

1989; Basu et al., 1990). Nd isotopes are ideal for 
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establishing provenance differences because of (1) their 

sensitivity to differences in crustal age, (2) the coherent 

behavior of rare earth elements (REE) in clastic sediments 

during transport (Taylor and McLennan, 1985), and (3) the low 

mobility of REE during diagenesis and metamorphism. 

Because average upper crust evolves by approximately -1 

epsilon Nd (ENd) unit every 100 m.y., average (crustal 

residence) age differences between terranes of just a few 

hundred million years are easily resolved by the Nd isotopic 

system. Nd isotopic studies thus complement petrographic and 

trace-element approaches to provenance interpretation by 

providing age information on potential source terranes. An 

important point is that this information reflects an average 

of contributing source components and does not imply an 

ability to determine unique provenance. with a large enough 

data base, however, composed of analyses from well-chosen 

units and integrated i'lith other regional provenance indicators 

(petrographic, paleocurrent, trace-element), alternate 

hypotheses can be tested. 

Although there is some indication that modern turbidites 

may be subject to REE fractionation and hydraulic unmixing of 

Nd isotopic components as a function of grain size (McLennan 

et al., 1989; 1990), and some indication of diagenetic effects 

on REE distribution in sediment (Ohr et al., 1991), our data 
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do not show these effects. Of nine sandstone-shale pairs in 

our data set, all exhibit differences in ENd of <1, and four 

have differences of <0.5, with very uniform Sm/Nd ratios. 

Although we see no evidence for significant diagenetic 

redistribution of REE in our samples, we have chosen to plot 

the ENd values as a function of their stratigraphic age (the 

most likely time of diagenesis), thus downplaying the 

importance of model ages. 

ISOTOPIC PROVENANCE: DATA AND DISCUSSION 

The data include 55 whole rock Nd isotopic analyses of 

unmetamorphosed shale and sandstone representing the complete 

Paleozoic Ouachita sequence of Arkansas and Oklahoma, the 

Carboniferous of the Arkoma, Illinois, and Black Warrior 

basins, and the Middle Ordovician of the Sevier basin (Figs. 

1, 2A). The following observations lead us to conclude that 

most of the Ouachita sequence had a dominantly Appalachian 

provenance: 

1. A Late Ordovician isotopic shift of 8 ENd units (Fig. 

2A) within the Ouachita sequence follows closely upon the 

Middle Ordovician Taconic event in the Appalachians (Rast, 

1989). The timing of this shift (ca. 450 Ma) and its 

abruptness are quite surprising within an off-shelf passive

margin sequence of deep- marine cherts and shales. Shales of 
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the Womble Formation (Middle ordovician), which are within the 

most negative isotopic population (ENd = -16 to -13) of 

turbidites and hemipelagites, are overlain by the Bigfork 

Chert, which belongs to a significantly more positive 

population (ENd = -6 to -10) that includes all succeeding 

sedimentary strata. We interpret the more negative population 

to reflect an older provenance of mixed Archean and 

Proterozoic cratonal sources to the north (Figs. 2A,B and Fig. 

3A) • Sandy turbidites, which prograded over cherts and 

graptolitic shales of the Bigfork and Polk Creek formations in 

Early Silurian time (Blaylock Formation), may represent the 

distal fan facies of an Appalachian Taconic clastic wedge 

(Satterfield, 1982). To test this hypothesis, we analyzed 

Middle Ordovician turbidites of the Sevier basin (Tellico 

Formation) in eastern Tennessee, which represent foredeep 

clastic sediment shed from the Taconic highlands (e.g. 

Shanmugam and Walker, 1980). The Nd isotopic signature (ENd 

= -7 to -8) of these rocks is indistinguishable from the 

Bigfork-Polk creek-Blaylock sequence (Fig. 2A), lending 

support to the hypothesis. A possible pathway for delivery of 

Taconic sediment to the Ouachita region could have been via a 

proto-Black Warrior basin lying south of the continent (Figure 

3B) . 

2. To test the hypothesis that Ouachita Carboniferous 
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turbidites had Appalachian sources (Graham et al., 1975), we 

analyzed Pennsylvanian nonmarine sandstones and shales from: 

(1) the Arkoma basin (foreland of the Ouachita orogen, 

inferred to have been fed by dispersal paths from the north 

and east [Morris, 1974; Houseknecht, 1986; Sutherland, 1988)); 

(2) the Illinois basin (continental interior basin which 

received sediment from northern Appalachian 

[Pottsville/Alleghanian) clastic wedges [Pryor and Sable, 

1974)), and (3) the Black Warrior basin (foreland basin 

si tuated wi thin the cusp of the Appalachian-Ouachita syntaxis, 

inferred to have received sediment from southern Appalachian 

and/or proto-Ouachita clastic wedges [see discussion above)). 

In addition, we analyzed 14 samples representing the Ouachita 

Pennsylvanian flysch sequence (Jackfork and Atoka formations) . 

The remarkable coherence in epsilon Nd (ENd = -8 to -10) for 

the whole Pennsylvanian sample group (Fig. 2A) implies that 

all these major Pennsylvanian depositional systems had the 

same Appalachian provenance. 

could have delivered such 

No other known geologic province 

a large volume of recycled 

sedimentary and metasedimentary detritus to such a wide 

regional spectrum of basins within and near the continental 

landmass. 

(1. 4 to 

The narrow range of isotopic values and model ages 

1.7 Ga) also implies extremely effective 

homogenization of sediments from sources with evolved upper 
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crustal composition, consistent with a collisional belt 

provenance. The observation that all Pennsylvanian sediments 

analyzed in this study are isotopically indistinguishable from 

Grenville age crust (Fig. 2B), the dominant basement in the 

Appalachian region (Rast, 1989), suggests that these sources 

were in the Appalachian fold-thrust belt. 

3. The Mississippian Stanley Formation 

significant isotopic variation (ENd -2 to -9; 

displays 

Fig. 2A) 

because of the presence of silicic ash-flow tuffs (Niem, 

1977), which have Nd isotopic compositions distinct from the 

rest of the Ouachita sequence (Fig. 2A). Their isotopic 

composition (ENd = -2) is consistent with a continental-margin 

arc source (Loomis, 1992), and can be modelled as mixing of 

depleted mantle and an older (Precambrian) crustal component 

(Fig. 2B). The well-documented southern source of these tuffs 

(Niem, 1977) thus fingerprints the arc terrane to the south of 

the Ouachita flysch basin as a continental mass, not an 

oceanic island arc (Fig. 3C). Though arc material represented 

by the tuffs could be a significant component (up to 30%) of 

a small proportion of Stanley turbidites, this material is 

not a significant component of the main (Pennsylvanian) 

Ouachita flysch represented by the Jackfork and Atoka 

formations. 

We suggest that the arc was largely submerged throughout 
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Carboniferous time, and that the tuffs represent extraordinary 

events, while the main volume of Carboniferous turbidites carne 

from Appalachian sources. The data also indicate no 

discernable difference in provenance for the more quartzose 

sandstones, as compared to the more lithic sandstones, in the 

Ouachita flysch sequence, and are therefore inconsistent with 

the former being derived from older cratonal sources to the 

north of the Ouachita flysch basin. Note, however, that our 

isotopic method would not detect subregional recycling of 

Appalachian-derived sediment, following deformation of 

seafloor strata into a sUbduction complex along the flank of 

a proto-Ouachita orogen as it approached North America. 

SUMMARY AND CONCLUSIONS 

The isotopic data presented above imply common sources 

for the Ouachita flysch and several Carboniferous interior and 

foreland basins of the Appalachian-Ouachita region and suggest 

a dominantly Appalachian provenance for the Ouachita flysch. 

They also establish that Ordovician-Silurian Ouachita and 

Appalachian Taconic turbidites probably had similar sources, 

implying that dispersal systems transported sediments from the 

Appalachian region to the Ouachita region beginning early in 

Paleozoic time. Once the Appalachian orogen was uplifted high 

enough to be a sediment source at the time of the Taconic 

orogeny, it evidently remained a positive element throughout 
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the remainder of the Paleozoic. We suggest that the 

Appalachian collisional orogen of Pennsylvanian age produced 

a large, continent-scale sedimentary dispersal system which 

effectively overwhelmed all other available sources within the 

Appalachian-Ouachita region of North America, flooding the 

surface of the continent and its margins with sediment of a 

single homogenized isotopic signature (Fig. 3D). 
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FIGURE CAPTIONS 

Figure 1. Paleozoic basins and fold belts of the 

Appalachian-ouachita region discussed in this paper. North 

American Great Lakes and Coastal Plain boundary shown for 

reference. 

Figure 2A. Nd isotope evolution diagram. Note (1) shift in 

ENd of Ouachita sediment in Late Ordovician ( 450 Ma), (2) 

similarity in ENd between Carboniferous Ouachita turbidites 

and nonmarine strata of Illinois, Black Warrior and Arkoma 

basins, and (3) similarity in ENd between turbidites of 

sevier Taconic foredeep (eastern Tennessee) and Bigfork-Polk 

Creek-Blaylock succession in Ouachitas (see text). Ouachita 

formations abbreviated as follows: At = Atoka; Bf = Bigfork; 
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B = Blaylock; Bl = Blakely; Cm = Crystal Mountain; Jf = 

Jackfork; Mm = Missouri Mountain; Mz = Mazarn; Nv = 
Novaculite; Pc = Polk Creek; st = Stanley; Wb = Womble. 

Slope of Nd evolution line represents average upper crustal 

evolution path (position is equivalent to Grenville crustal 

evolution band in Fig. 2B). Analytical procedures followed 

Patchett and Ruiz (1987). 

Figure 2B. Nd isotope evolution diagram. Schematic 

evolution bands represent Stanley Tuffs (interpreted as mix 

of depleted mantle and Precambrian crustal components), 

Post-Bigfork sediments (isotopically equivalent to Grenville 

age crust), Pre-Bigfork sediments (interpreted as mixture of 

Proterozoic and Archean sources). Average Archean crust and 

depleted mantle shown for reference, with Grenville crustal 

evolution from Patchett and Ruiz (1989). 

Figure 3. Evolution of Ouachita clastic dispersal systems 

as interpreted from this study, with arrows showing dominant 

sedimentary transport directions (see text for discussion). 
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