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Abstract 

Although Upper Mississippian strata have been characterized extensively using 

lithostratigraphy, sequence stratigraphy, and biostratigraphy across the North American 

midcontinent, the origin of the silt comprising the Meramec STACK (Sooner Trend Anadarko 

Basin, Canadian and Kingfisher counties) reservoirs of the Anadarko Basin in west-central 

Oklahoma and age equivalent units is not well understood, despite its economic importance as an 

unconventional petroleum reservoir. Previously published models have variously invoked 

fluvial, marine, and aeolian sediment transport for Upper Mississippian siltstone present along 

the paleo-shelf edge of the Laurentian craton.  

This study uses detrital zircon U-Pb geochronology and grain morphology, handheld x-

ray fluorescence (hXRF) whole rock geochemistry, and petrography to constrain sediment 

provenance of Upper Mississippian (Meramecian and Chesterian) strata along the Laurentian 

paleo-shelf edge. Conservative mineral separation techniques were developed to facilitate 

processing of silt-sized material, allowing efficient recovery in small (i.e., <100 g) samples. 

Detrital zircon U-Pb age and grain morphology data reported in this study indicate that 

Upper Mississippian silt-sized detritus was not only sourced from to Laurentia but was also 

sourced from advancing peri-Gondwanan terranes to the south and/or east. Of the 2478 detrital 

zircon analyses measured from nineteen Meramecian siltstone samples, 32% were Grenville 

(900-1350 Ma), 21% were Appalachian (240-500 Ma), and 17% were peri-Gondwanan (500-900 

Ma). 

Zircon grain size and morphology data complements U-Pb age data and provides 

additional insight into potential sediment transport mechanisms of the Meramecian silt. Peri-

Gondwanan detrital zircons (500-900 Ma) are smaller and more spherical than Appalachian 



  

(240-500 Ma) or Grenville (900-1300 Ma) zircon, suggesting that these peri-Gondwanan grains 

may have traveled greater distances. Age-equivalent samples on the craton of Laurentia do not 

possess a significant component of 500-900 Ma zircon, suggesting peri-Gondwana grains along 

the paleo-shelf edge were transported via marine currents rather than by wind. The combination 

of detrital zircon U-Pb ages, morphology data, and petrographic observations support a model 

for long-distance transport of peri-Gondwanan zircon to the southern Laurentian margin via 

contour-parallel marine currents. These far travelled grains mixed with detritus sourced from the 

easterly Appalachian Orogeny along the southern paleo-shelf edge of Laurentia. This study 

documents a significant peri-Gondwanan influence in the southern midcontinent of North 

America during Meramecian time, the presence of which predates the consequent arrival of these 

southerly terranes during the collision of southern Laurentia with Gondwana.  
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Chapter 1: Introduction 

1.1 Introduction 

Explanations of sediment transport and provenance for Upper Mississippian to 

Pennsylvanian detritus along the southern edge of Laurentia have included contrasting 

interpretations of fluvial, marine, and aeolian mechanisms (Fig. 1; Gehrels et al., 2011; Xie et al., 

2016a; Xie et al., 2016b; Thomas et al., 2017; Xie et al., 2018; Chapman and Laskowski, 2019; 

McGlannan et al., 2019; Wang and Bidgoli, 2019; Price et al., 2020; Thomas et al., 2020; 

Figure 1. Paleogeographic reconstruction of North America (Laurentia) 
during Late Mississippian time (~320 Ma). Displayed are the three competing 
sediment transport models, including fluvial (Price et al., 2020), marine 
(Chapman and Laskowski, 2019), and aeolian (Gregorich et al., 2018; 
McGlannan et al., 2019). Modified from Blakey, 2020. 
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Lawton et al., 2021; Thomas et al., 2021). Upper Mississippian deposits of Osagean, 

Meramecian, and Chesterian age comprise the STACK (Sooner Trend Anadarko Basin, 

Canadian and Kingfisher counties) play of the Anadarko Basin, west-central Oklahoma, which 

has grown to be an important unconventional resource play in the United States (Fig. 2; 

Wittman, 2013; Price et al., 2017; Price et al., 2020). The Meramecian interval in the STACK 

play and age-equivalent strata across the North American midcontinent are dominantly 

siliciclastic siltstones to very-fine sandstones, with varying degrees of carbonate and clay content 

(Shelley, 2016; Miller, 2018; Cullen, 2019; Gates, 2020; Price et al., 2020). Identifying the 

source(s) and transport pathway(s) of sediment forming the Upper Mississippian Meramec Series 

would expand current understanding of the Anadarko Basin’s evolution and provide valuable 

insights relating to the origin of silty unconventional reservoirs in the STACK play. 

The Meramec reservoir is the highest producing unconventional interval of the STACK 

play (Wittman, 2013). Cumulative hydrocarbon production from the Anadarko Basin has been 

roughly 50 billion barrels of oil equivalent (BOE) with an estimated 50 billion BOE of additional 

potential remaining for future production from unconventional reservoirs (Fritz and Mitchell, 

Figure 2. Geologic provinces of Oklahoma and Arkansas, showing the location of samples 
presented in this study. Modified from Northcutt and Campbell, 1995; and Nance, 2018. 
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2021). Continued advancements in drilling and completion techniques of unconventional 

reservoirs within the past decade have fueled interest in hydrocarbon production from the 

Meramec Series in the Anadarko Basin (Hardwick, 2018).  

To better understand the sediment routing and provenance of Upper Mississippian silt 

along the southern margin of Laurentia in Arkansas and Oklahoma, a multi-proxy provenance 

assessment involving detrital zircon U-Pb geochronology and grain morphology, hXRF whole 

rock geochemistry, and petrographic analysis was conducted. A total of 19 new detrital zircon U-

Pb samples (2478 U-Pb analyses) are reported herein and juxtaposed with compilations of 

Figure 3. Upper Mississippian and Lower Pennsylvanian stratigraphic intervals 
sampled across Oklahoma and Arkansas. Sampled intervals are shown as red polygons. 
Modified after Johnson and Cardott, 1992; Romera and Philp, 2012; Higley, 2013; Lohr 
et al., 2013; Xie et al., 2016a; Cullen, 2019. 
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previously published detrital zircon data from Upper Mississippian to Pennsylvanian strata 

across the North American Craton (Park et al, 2010; Xie et al., 2016a; Xie et al., 2016b; 

McGuire, 2017; Thomas et al., 2017; Xie et al., 2018; Chapman and Laskowski, 2019; Wang and 

Bidgoli, 2019; Thomas et al., 2020; Thomas et al., 2021). Detrital zircon U-Pb ages paired with 

grain morphology and geochemistry were utilized to test models for sediment sources and 

transport pathways to the Anadarko Basin (Meramec Series) via comparison with age-equivalent 

units in the Ardmore and Arkoma basins and across the North American Craton (Fig. 3). 

Chapter 2: Geologic Background 

2.1 Mississippian Paleogeography, Tectonics, and Basin Formation 

The Late Mississippian time interval (roughly 331-323 Ma) is marked by major shifts in 

global climate, tectonics, and atmospheric and oceanic circulation (Wang and Bidgoli, 2019; 

Lawton et al., 2021; Thomas et al., 2021). North American sediment sources from the 

Mississippian Period to the Permian Period were primarily controlled by the evolving 

Alleghanian-Ouachita-Sonora (AOMS) orogen, initiated by the collision of Laurentia and 

Gondwana (Dickinson and Gehrels, 2003; Poole et al., 2005; Gehrels et al., 2011; Thomas, 2011; 

Leary et al., 2020; Lawton et al., 2021). Several lithospheric tracts designated as peri-

Gondwanan terranes were located between the colliding continents (Dickinson and Gehrels, 

2003; Lawton et al., 2021). Peri-Gondwanan crustal provinces, including the Sabine Terrane, the 

Suwannee Terrane, and the North Gondwana Arc, formed as magmatic arcs (e.g., Carolina 

Terrane) or via accretionary orogenesis along Gondwana’s active margin (e.g., Avalon, Carolina, 
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and Suwannee terranes) (Fig. 4; Wortman et al., 2000; Dickinson and Lawton, 2001; Dickinson 

and Gehrels, 2003; Lawton et al., 2021).  

Additional peri-Gondwanan terranes (i.e., Maya Block, Oaxaquia Terrane, Coahuila 

Terrane, Gondwanan arcs) were also present during Paleozoic time (Fig. 4; Lopez et al., 2001; 

Alemán-Gallardo et al., 2019; Snedden and Galloway, 2019; Lawton et al., 2021). The Maya 

Block (550-330 Ma), located on the south side of the Gulf of Mexico, was emplaced in 

Neoproterozoic crust, but has been largely covered by a Paleogene-Neogene carbonate 

succession (Fig. 4; Pindell and Kennan, 2009; Snedden and Galloway, 2019; Lawton et al., 

Figure 4. Geologic provinces of North America, highlighting Upper Mississippian sample 
locations from this study (red circles) and published data (black circles). Note the peri-
Gondwanan terranes are shown in yellow and the Appalachian orogen is also referred to as 
the Alleghanian. Modified from Lawton et al., 2021. 
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2021). The Oaxaquia Terrane (1.25-0.98 Ga; 440-270 Ma), forms the majority of eastern 

Mexico, consisting of Grenville granite, metagranite, and locally intruded metamorphic rocks 

(Fig. 4; Ortega-Gutiérrez et al., 1995; Lawlor et al., 1999; Alemán-Gallardo et al., 2019; Lawton 

et al., 2021). The Coahuila Terrane (1.25-0.98 Ga; 550-270 Ma), north of the Oaxaquia Terrane, 

contains Carboniferous volcanic rocks and a thick succession of turbidites and volcanic and 

carbonate olistoliths (Fig. 4; Ortega-Gutiérrez et al., 1995; McKee et al., 1999; Lawton et al., 

2021).  

During the early Paleozoic, crustal blocks were transferred between Laurentia and 

Gondwana (Keppie et al., 1996; Thomas and Astini, 1996; Lawton et al., 2021). Collision of 

Gondwana with the southeastern margin of Laurentia generated the Appalachian Orogeny (also 

designated the Alleghanian Orogeny) driving transport of clastic sediments into the interior of 

the North American craton (i.e., Laurentia) (Fig. 4; Chapman and Laskowski, 2019; Wang and 

Bidgoli, 2019; Price et al., 2020; Thomas et al., 2020; Lawton et al., 2021; Thomas et al., 2021). 

The Appalachian Orogeny is a composite orogeny, consisting of the Taconic (Ordovician), 

Acadian (Devonian-Early Mississippian), and Alleghanian (Late Mississippian-earliest middle 

Permian) orogenies respectively (Hatcher Jr. et al., 1989; Becker et al., 2005, 2006; Thomas et 

al., 2017; Lawton et al., 2021).  

Continued tectonic collision caused the Appalachian uplift to extend southwestward as 

the Ouachita Mountains (Ouachita Orogeny) and drove the development of several sedimentary 

basins (e.g., Anadarko, Ardmore, and Arkoma basins) west of the Appalachian forebulge (Fig. 4; 

Gutschick and Sandberg, 1983; Frazier and Schwimmer, 1987; Thomas and Astini, 1996; 

Manger, 2014; Wang and Bidgoli, 2019; Lawton et al., 2021). The Anadarko, Ardmore, and 

Arkoma basins in southern Laurentia evolved from shallow-water to deep-water deposition 
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during orogenesis (Gutschick and Sandberg, 1983; Miller, 2018; Price et al., 2020). Final stages 

of continental collision resulted in the ultimate formation of Pangea in Permian time (Manger, 

2014; Wang and Bidgoli, 2019; Price et al., 2020; Lawton et al., 2021). 

2.2 Mississippian Climate and Lithologic Characteristics 

During the Mississippian period, global climate conditions were evolving from 

greenhouse conditions to icehouse conditions which continued into the Permian period (Shelley, 

2016). Throughout Meramecian time, widespread shallow epicontinental seas covered the 

interior of North America, driving the production of a vast carbonate platform (McFarland and 

Bush, 2004; Chapman and Laskowski, 2019; Wang and Bidgoli, 2019; Price et al., 2020; Lawton 

et al., 2021). Sea level regression during Late Meramecian time caused the carbonate platform to 

become largely exposed and actively incised via fluvial processes (Wang and Bidgoli, 2019). 

The Mississippian-Pennsylvanian transition was marked by an abrupt drop in sea level, causing a 

shift in depositional environments from marine-dominated to fluvial-dominated (Gutschick and 

Sandberg, 1983; Frazier and Schwimmer, 1987; Chapman and Laskowski, 2019). 

Upper Mississippian lithofacies across Laurentia include variably calcareous and 

argillaceous limestone, sandstone, siltstone, mudstone, and shale that record relative changes in 

sea level (McFarland and Bush, 2004; Miller, 2018; Cullen, 2019). Mississippian strata across 

northern and southern Oklahoma reflect a changing depositional environment, from the shallow-

water Meramec Lime carbonate deposits in northern Oklahoma to the deep-water mixed 

siliciclastic-carbonate deposits in southern Oklahoma (Miller, 2018). Meramec siltstones contain 

variable amounts of calcareous skeletal fragments, coated grains (e.g., ooids), and peloids, and 

display sedimentary features including cross-stratification (e.g., flaser, wavy, lenticular, 
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hummocky stratification), bioturbation, and graded bedding typical of turbidite successions 

(Shelley, 2016; Hardwick, 2018; Miller, 2018; Gates, 2020; Price et al., 2020).  

2.3 Oklahoma STACK 

The STACK play is located in the midcontinent region of North America, in central-

northwestern Oklahoma (Fig. 2; Price et al., 2020). The core of the STACK play is centralized in 

Oklahoma’s Canadian, Kingfisher, and Blain counties, while the extremity of the play is present 

in Oklahoma’s Dewey, Blaine, Woodward, and Major counties (Hardwick, 2018; Price et al., 

2020). Situated south of the paleoequator, the Meramecian STACK play formed on a distally 

steepened ramp, with a proximal shallow-water environment to the north and deepening 

basinward to the south (Price et al., 2020). The Meramec Series in the STACK play is generally 

composed of quartz silt to very fine sand with variable proportions of carbonate and clay 

(Hardwick, 2018; Hickman, 2018; Miller et al., 2018; Gates, 2020; Price et al., 2020). Coarse-

grained sediments were deposited proximally in the basin, whereas fine-grained sediments were 

deposited distally (Price et al., 2020). Calcareous facies are more prominent up-dip in the basin 

and argillaceous facies are more prominent basinward (Price et al., 2020).  

Sedimentary features in the Meramec Formation include stacked turbidites, laminations 

in argillaceous facies, and hummocky to swaley cross-bedding present in the coarser siltstone 

and sandstone facies (Price et al., 2020). Prograding low-angle clinoforms (<1˚) stepping 

basinward to the southeast have been well documented in the Meramec Formation, particularly 

in the STACK play (Cullen, 2017; Price et al., 2017; Miller, 2018; Price et al., 2020). Price et al. 

(2017) and Miller (2018) have postulated the STACK clinoforms were formed in a subaqueous 

delta setting just below storm wave base. Rebesco et al. (2014) and Patruno and Helland-Hansen 
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(2018) cite instances of stacked, low-angle, prograding clinoform structures forming via contour-

parallel currents. 

2.4 Previous Interpretations of Upper Mississippian Silt Provenance 

Studies focusing on Upper Mississippian strata within the U.S. midcontinent have 

increased in recent years, perhaps in part as a consequence of interest in hydrocarbon production 

from unconventional reservoirs (Godwin, 2017). Previous studies have sought to characterize the 

age, depositional setting, transport medium, rock geochemistry, and reservoir properties of 

Upper Mississippian sediments across the midcontinent region (Park et al., 2010; Shelley, 2016; 

Xie et al., 2016a; Xie et al., 2016b; Cullen, 2017; Godwin, 2017; McGuire, 2017; Thomas et al., 

2017; Gregorich et al., 2018; Xie et al., 2018; Chapman and Laskowski, 2019; Cullen et al., 

2019; McGlannan et al., 2019; Wang and Bidgoli, 2019; Leary et al., 2020; Price et al., 2020; 

Thomas et al., 2020; Lawton et al., 2021; Thomas et al., 2021).  

Detrital zircon studies assessing Upper Mississippian to Pennsylvanian strata have 

proposed variable modes of transport and provenance for detritus along the southern edge of the 

North American continent (Thomas et al., 2021). Interpretations of sediment dispersal of Upper 

Mississippian detritus include fluvial, marine, and aeolian transport (Fig. 1; Cullen, 2017; 

Gregorich et al., 2018; Chapman and Laskowski, 2019; Cullen et al., 2019; McGlannan et al., 

2019; Wang and Bidgoli, 2019; Price et al., 2020; Thomas et al., 2020; Lawton et al., 2021; 

Thomas et al., 2021). 

At present, fluvial processes are the most widely accepted model for sediment transport 

of Upper Mississippian silt to the Laurentian paleo-shelf edge (Fig. 1; Wang and Bidgoli, 2019; 

Price et al., 2020). Price et al. (2020) specifically inferred a river flowing from the northeast to 
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the southwest as the primary transport mechanism for sediment of the STACK play, in part on 

the basis of low-angle (<1˚) clinoforms that prograde to the southeast, interpreted to be part of a 

subaqueous delta sourced by fluvial input from the north.  

Wang and Bidgoli (2019) also invoked a fluvial model for sediment transport from 

Chesterian sandstones in southwestern Kansas and northwestern Arkansas, proposing a large, 

transcontinental river system with headwaters in the north and flowing southward across the 

midcontinent. Laminations, trough-cross beds, and carbonized organic material in the Chesterian 

core sample Mary Jones #2 from the Hugoton Embayment in southwest Kansas are cited as 

evidence of a fluvial origin (Wang and Bidgoli, 2019). Sea level regression in latest Meramecian 

time led to widespread subaerial exposure causing the carbonate platform to be subjected to 

fluvial incision and valley formation (Wang and Bidgoli, 2019). A transgression during 

Chesterian time resulted in valleys being filled with fine- to very fine-grained sandstones, 

deposits that are interpreted to reflect fluvial sedimentation from the north with a marine 

influence from the south (Wang and Bidgoli, 2019). 

Chapman and Laskowski (2019) and Cullen et al. (2019) proposed that shallow marine 

processes (e.g., marine currents, tides, storms) dominated transcontinental sediment dispersal 

during Late Mississippian time. Chapman and Laskowski (2019) identified several potential 

obstacles that would impede sediment transport to the west via rivers, including sedimentary 

basins (the Illinois, Michigan, and Appalachian basins), paleogeographic highs (e.g., the 

Transcontinental Arch), and inland seas (Appalachian and Kaskaskia seas). These potential 

barriers to fluvial transport led Chapman and Laskowski (2019) to invoke a marine dominated 

sediment transport model with detritus transported from east to west via contour-parallel currents 

(Fig. 1). 
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Gregorich et al. (2018) proposed an alternative mode for silt transport in the Illinois 

Basin, suggesting that the Borden Silt (Kinderhookian) contained a significant proportion of 

~1460 Ma zircons that were sourced from the northwest (Wolf River Batholith) and transported 

via aeolian processes (e.g., haboobs, monsoons) (Fig. 1). Leary et al. (2020) inferred a north to 

south, longshore and aeolian sediment transport system along the southwestern margin of 

Laurentia. Evans and Soreghan (2015) suggested that a large fraction of the eolian silt 

comprising the Molas Formation (Morrowan) in the Paradox Basin (Colorado) was transported 

from local and long-distance sources (>2000 km) in northeastern Laurentia. McGlannan et al. 

(2019) inferred the silts comprising the Woodford Shale, Sycamore Formation, and the lower 

Caney Shale (Devonian-Mississippian) were largely transported via eolian processes, blown 

from east to west across the Laurentian craton. 

Chapter 3: Methods 

3.1 Sampling 

Field work was conducted during multiple excursions in 2019 and 2020. Nineteen 

samples from four field localities were collected across Oklahoma and eastern Arkansas, 

including the Anadarko Basin, Ardmore Basin, and other localities along the southern paleo-

shelf of Laurentia (Table 1; Figs. 1 and 2). Approximately 0.5-1 kg of sample was collected from 

a restricted stratigraphic interval for each sample (Fig. 3) 

Two vertical, un-oriented cores from the Meramec Series in the STACK play of the 

Anadarko Basin, one from Canadian County and one from Dewey County, were made available 

for sampling by Devon Energy (Figs. 2 and 3). Sample locations were chosen from intervals with 

higher Si and Zr content using hXRF data (Gates, 2020), to maximize potential for zircon yield. 
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Five samples (Canadian-1 through -5) were procured from the Canadian County core, which 

consists of thicker, more distal Meramec deposits of the STACK play (Figs. 2 and 3). Five 

samples (Dewey-1 through -5) were collected from the Dewey core, which encountered the 

thinner, more proximal Meramec deposits of the STACK play (Figs. 2 and 3).  

Two samples (ES-1 and S-15) from the upper Sycamore Limestone and one sample 

(CNY-1) from the Caney Shale were collected by Andrew Cullen from an outcrop along I-35 in 

the Ardmore Basin, south-central Oklahoma (Fig. 3; Miller and Cullen, 2018; Cullen, 2019). The 

upper Sycamore Limestone is Meramecian in age and the Caney Shale is Chesterian in age (Fig. 

3; Miller and Cullen, 2018).  

Two samples (PQ-01 and PQ-04) were acquired from a strike-oriented exposure of the 

Meramecian Pryor Creek Formation in the southwest pit at Kemp Quarries, Inc. – Pryor Stone, 

Inc. in northeast Oklahoma (Fig. 2; Shelley, 2016; Gates, 2020). Detailed lithostratigraphic and 

sequence stratigraphic assessments of these Mississippian-Pennsylvanian strata have previously 

been conducted by Godwin (2010), Shelley (2016), and Gates (2020). PQ-01 was collected from 

the Lindsey Bridge Member of the Pryor Creek Formation and PQ-04 was collected from the 

Ordnance Plant Member (Fig. 3; Godwin, 2010; Shelley, 2016; Gates, 2020). 

Three samples were obtained from a resistive roadcut exposure of the Meramecian 

Moorefield Formation (MRFD-01 through -03) just east of Moorefield, Arkansas along Highway 

69 (Figs. 2 and 3). One additional sample was collected from the Chesterian Batesville 

Sandstone (BTVL-01), taken from an outcrop exposed south of Batesville, Arkansas along 

Dennison Heights (Figs. 2 and 3). Warner (2019) characterized both the Moorefield Formation 

and Batesville Sandstone in detail, within the same type locality. Samples from the Moorefield 
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Formation and Batesville Sandstone are interpreted to represent the paleo-shelf edge in 

northeastern Arkansas (Fig. 1). 

3.2 Petrographic Analysis 

Although an initial description of rocks at a macroscopic level can be conducted in the 

field, a higher degree of petrographic detail can be accomplished via microscopic analysis. 

Optical and morphological properties can be observed using a petrographic microscope, 

including, but not limited to, color, pleochroism, twinning, cleavage, grain form, and grain 

orientation (Raith et al., 2011). Samples can be impregnated with stains and dyes to assist in 

mineral identification and porosity, respectively (Raith et al., 2011). 

Nineteen thin section billets were prepared at the University of Arkansas before being 

shipped to Spectrum Petrographics to be made into thin sections. Half of each thin section was 

stained; calcareous samples were stained with Alizarin Red S for calcite identification and non-

calcareous samples were stained for feldspar identification. Each thin section was also injected 

with blue epoxy to help identify porosity. 

Thin section analysis was completed under plane-polarized and cross-polarized light on a 

Leica Motic BA300Pol. Photomicrographs were obtained with a linked Leica DMC5400 camera. 

Thin sections were analyzed to provide additional insight into the processes affecting the 

samples during time of deposition. Petrographic analysis included a visual assessment of 

Wentworth grain size classes, roundness, sorting, porosity, depositional features, and 

mineralogy. Descriptions from outcrop and thin section are reported in Tables 2 and 3. 

Additional data from hXRF and grain morphological analysis help to support the generalized 

petrographic classification.  
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3.3 hXRF Analysis  

X-ray fluorescence (XRF) spectroscopy is a widely used and a well-established non-

destructive method for estimating bulk geochemistry of major elements (Mg, Al, Si, P, K, Ca, Ti, 

Mn, Fe) and minor elements of the sample (Fisher et al., 2014; Lemiere, 2018; Oyedotun, 2018). 

XRF is a low cost and rapid physical technique, which analyzes major and trace elemental 

abundance regardless of chemical bonds (Lemiere, 2018). XRF measurements can be influenced 

by analyzing weathered versus nonweathered faces, uneven or highly fractured surfaces, 

porosity, moisture, diagenetic minerals, and grain size variability (Fisher et al., 2014; Oyedotun, 

2018). These limitations may be mitigated by conducting repeated shot intervals on a clean rock 

face or when the samples are naturally fine grained and homogenous (Fisher et al., 2014; 

Lemiere, 2018). Measurement accuracy can be improved throughout data collection by 

calibrating to a known standard (Lemiere, 2018).  

Raw samples were initially analyzed for major and trace elements using the Olympus 

Vanta handheld X-ray fluorescence (hXRF) instrument prior to processing. Samples were 

washed then thoroughly air-dried to obtain a clean surface for a detailed geochemical analysis 

via the “point-and-shoot” technique discussed by Lemiere (2018). All hXRF data was collected 

using the same beam parameters, with beam one firing for 30 seconds and beam two firing for 60 

seconds. Approximately ten hXRF analyses were taken from various locations on each sample, 

to obtain an accurate representation of the bulk geochemistry. hXRF data and associated 

measurement uncertainties are reported in parts-per-million (ppm) for 34 elements. Samples with 

increased Zr (ppm) were selected for U-Pb geochronology to optimize chances for zircon 

recovery. Abundances of light elements measured for each sample are strongly influenced by 

porosity and are removed from the total elemental abundance calculations.  
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3.4 Mineral Separation 

 Detrital zircon samples were processed using a new method for mineral separation 

designed specifically for silt-sized material with carbonate cement and increased pyrite content 

(modified from Dickinson and Gehrels, 2008; Simpson et al., 2012; Gehrels and Pecha, 2014; 

Thomas et al., 2014; Andò, 2020). First, the samples were coarsely disaggregated by crushing 

via a jaw crusher. Crushed samples with a high carbonate content were then washed in a 3 mol 

hydrochloric (HCl) acid bath to remove carbonate cement, optimizing the chances for successful 

disaggregation and zircon recovery.  

All samples were disaggregated into silt-sized sediment via a wet mortar and pestle hand 

crushing technique (Andò, 2020). This approach involved gently pulverizing small amounts of 

crushed sample at a time, using an up and down motion with the sample submerged in a thin 

layer of deionized water. After approximately 15-20 repetitions of pulverizing, the silt was 

decanted through a sieve cloth to prevent the disaggregated grains from being destroyed by 

continuous crushing. Wet sieving of all disaggregated material was completed using 15 µm sieve 

cloth for fine silt and clay removal, following Andò (2020). After sieving, samples were 

separated via heavy liquid density separation using sodium polytungstate (SPT) at a density of 

2.90 g/cm3. Using liquid nitrogen, the dense fraction was partially frozen to be recovered 

separately from the low-density fraction. Approximately 10% of the dense fraction was saved for 

heavy mineral analysis, if desired in future studies, while the remaining 90% continued to 

magnetic separation.  

Initial removal of magnetic minerals was achieved using a neodymium hand magnet, 

followed by the final separation utilizing the Frantz magnetic separator set at 0.5A, 1.0A, and 

1.5A, respectively. The remaining non-magnetic residuals were run through a final round of 
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heavy liquid density separation using methylene iodide (MEI) at a density of 3.32 g/cm3. Several 

pyrite-rich samples underwent a nitric acid (HNO3) wash to remove pyrite from the zircon 

separate. The nitric acid wash followed the procedure outlined in the mineral separation 

instruction manual prepared by Simpson et al. (2012). Upon completion of mineral separation, 

concentrated zircon separates were mounted to 1” round pucks using double sided tape. 

3.5 High Resolution Grain Imaging 

Grain mounts were imaged invoking a cost-effective method of high-resolution imaging 

for grains in the silt-sized fraction. This method follows a simplistic approach utilizing a Leica 

Z16 APO macroscope outfitted with the Leica DMC 5400 linked camera, a mechanical stage, 

and the Leica KL 1500 LCD ring light attachment. Grain mounts were affixed to the mechanical 

stage using tape just covering the outer edge of the puck, allowing the mount to move with the 

mechanical stage and maintain precision throughout image collection. However, a simple 3D 

printed holder could easily be made in the future to eliminate the need for tape as a means of 

affixing the mount to the stage. The ring light was attached above the stage. Macroscope images 

were acquired with the Leica Application Suite X (version 3.014.23224) with a magnification of 

6.3x. The LASX automatic brightness adjustment was used when capturing images; therefore, 

variations in color were observed from image to image. Each mount was imaged using a vertical 

snake-like pattern moving up-down and right to left, ensuring enough overlap to be effectively 

stitched together. Sample images were stitched together within Adobe Photoshop 2020. For this 

study, high resolution images were used to map the grain mounts for U-Pb analysis and to 

evaluate grain morphology.  
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3.6 Detrital Zircon U-Pb Geochronology 

Zircon (ZrSiO4) has proven to be a highly useful geochronometer as a result of its 

durability and aptness for radiometric dating (Košler and Sylvester, 2003). Uranium (U) can 

replace Zr within zircon’s crystal lattice. Radioactive decay of 238U to 206Pb and 235U to 207Pb 

provide the basis for measuring the timing of zircon crystallization (Gehrels et al., 2006, 2008; 

Gehrels and Pecha, 2014). Several key isotope ratios, 206Pb/238U, 207Pb/235U, and 207Pb/206Pb, are 

routinely measured in detrital zircon geochronology, typically via laser ablation mass 

spectrometry (Gehrels et al., 2006, 2008; Gehrels and Pecha, 2014). Age precision varies 

depending upon which ratio is used. The 206Pb/238U age typically has higher precision for 

younger (<1.2 Ga) analyses, while the 207Pb/206Pb age is typically more precise for older (>1.2 

Ga) analyses (Gehrels, 2014). Secondary zircon standards are measured throughout data 

collection to provide an estimate of the accuracy of isotopic readings. 

Uranium-lead (U-Pb) geochronology of individual zircon grains was conducted using an 

iCAP quadrupole inductively-coupled plasma mass spectrometer (Q-ICP-MS) via laser ablation 

at the University of Arkansas Trace Element and Radiogenic Isotope Laboratory (TRAIL) 

facilities. Zircon grains were selected at random for analysis, using either a 30-μm-, 25-μm-, or 

15-μm-diameter spot size depending upon grain size. Analyses were conducted with one U-Th-

Pb measurement per grain. The zircon standard 91500 (1065 Ma; Wiedenbeck et al., 2004) was 

used as a primary standard. Two secondary zircon standards, R33 (419 Ma; Black et al., 2004) 

and Plešovice (337 Ma; Sláma et al., 2008), were used to measure the accuracy of isotopic 

readings. 

Data reduction was accomplished using Igor Pro—Iolite V3.1 (Paton et al., 2011; Fisher 

et al., 2017). Rim and core analyses were identified within Iolite and are reported accordingly. 



  

18 

Isotopic ratios were plotted on a concordia plot to assess the degree of concordance for each 

analysis. Data are filtered for discordance using the following guidelines as a cut-off: >15% for 

206Pb/238U ages and >30% or <15% for 207Pb/206Pb ages. Discordant analyses were removed prior 

to plotting. Discordant analyses are often attributed to the mobilization of Pb after the 

crystallization of the zircon, the mixing of separate age domains within the same analysis, or 

some combination of the two (Gehrels et al., 2006; Gehrels et al., 2008; Gehrels and Pecha, 

2014).  

Detrital zircon U-Pb age data were plotted within detritalPy (v1.3), a Python‐based 

toolset for visualizing and analyzing detrital geo‐thermochronologic data (Sharman et al., 2018). 

Detrital age distributions are plotted as cumulative distribution functions (CDFs), probability 

density plots (PDPs), kernel density estimations (KDEs), histograms, and pie diagrams. Relative 

age distribution plots were created by plotting KDEs using a bandwidth of 10 Myr. Multi-

dimensional scaling (MDS) plots for individual samples or groups of samples demonstrate the 

level of similarity between each sample in the dataset (Vermeesch, 2013; Sharman et al., 2018). 

3.7 Detrital Zircon Morphology 

Analysis of zircon morphology is a useful quantitative tool that can further refine 

provenance interpretations and improve understanding of processes influencing the grains from 

source to sink (Gärtner et al., 2013; Makuluni et al., 2019; Yue, 2019). Makuluni et al. (2019) 

inferred the two major controls of zircon grain shape to be the original melt environment from 

which the zircon crystallized and the sedimentary transport system that modified the zircon 

crystal. Markwitz and Kirkland (2018) substantiated the claim that a strong quantitative 

relationship between zircon grain shape and age exists and is directly tied to the source, 

regardless of hydrologic sorting initiated by sediment transport.  
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Images of zircons can be quantified through a variety of grain measurements, including 

dimensions of the major axis and the minor axis (Markwitz and Kirkland, 2018; Makuluni et al., 

2019). Further statistical quantification can be completed using the fore-mentioned 

measurements, including aspect ratio [major axis
minor axis

] and axial ratio [minor axis
major axis

] (Markwitz and 

Kirkland, 2018; Makuluni et al., 2019). The minor axes of zircon crystals have been shown by 

Markwitz and Kirkland (2018) to experience less alteration caused by sedimentary transportation 

compared to the major axes, thus the minor axes should more strongly reflect the character of the 

magmatic source from which the grain crystallized. Elongated and angular morphologies may be 

indicative of non-recycled zircons from an igneous source (Gärtner et al., 2013). Higher rates of 

physical abrasion via recycling and long-distance transport causes increasing roundness in older 

and farther traveled zircon grains (Gärtner et al., 2013). 

Zircon grain morphologies were quantified using the high-resolution grain images of the 

mounted zircon separates. Grains which were analyzed for U-Pb geochronology from all 19 

detrital zircon samples were assessed for the major axis (long), minor axis (short), sphericity, 

roundness, and euhedrism. To measure the grain axes, two separate lines were drawn on each 

individual grain. The major (long) axis of each grain was measured initially, while the minor 

(short) axis was measured perpendicular to and intersecting the major axis. Sphericity and 

roundness were visually assessed utilizing visual classification charts for particle shape (from 

Krumbein and Sloss, 1963; Powers, 1953). Euhedrism was assessed visually using the diagram 

for euhedral, subhedral, and anhedral grains from Nesse (2011). Grain color assessment was not 

possible for this study due to color variation within a given sample caused by the LASX 

automatic brightness adjustment. It is possible for color to be assessed in future studies if the 

user sets the brightness for the entirety of image collection for each sample, respectively.  
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Chapter 4: Results 

4.1 Petrographic Analysis 

Detailed petrographic assessments were conducted for all nineteen samples. General 

sample descriptions were completed prior to sample processing (Table 2). Detailed microscopic 

analysis of thin sections enhanced the general field description for each sample (Table 3). 

Thorough descriptions of lithologic facies are reported for both the Dewey County and Canadian 

County cores in greater detail by Gates (2020). 

Variations in lithology were identified among samples, including samples derived from 

the same vertical core. Samples range from very fine-lower silt to medium-lower sand with an 

average grain size of very fine silt. All samples were enriched in monocrystalline quartz, with 

variable bioclastic, carbonate, and clay content. Mud-rich samples (e.g., Dewey-1 and Canadian-

1) typically displayed thin laminations, little-to-no bioturbation, and little-to-no skeletal 

fragments. Samples composed largely of a carbonate-rich matrix (e.g., Dewey-4 and Canadian-3) 

displayed a higher degree of variation in depositional features and skeletal fragment content. 

Typical depositional features included thinly laminated bedding, graded bedding, planar and 

inclined laminations, and varying degrees of bioturbation. Samples can be further divided into 

groups according to clay content and sedimentary structures, listed as follows in order of 

decreasing clay content. 

MRFD-01 is a black, calcareous, argillaceous, and fissile shale. Dewey-1, Canadian-1, 

MRFD-02, and MRFD-03 are dark gray-brown, calcareous, argillaceous siltstones with thin 

planar laminations. Dewey-1 and Canadian-2 are dark gray-brown, calcareous, argillaceous 

siltstones with thin planar and inclined laminations.  
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PQ-04 and PQ-01 are both light gray, calcareous and thinly laminated siltstones. PQ-01 is 

also slightly bioclastic. Canadian-5 is a dark gray-black, poorly laminated, slightly bioclastic, 

argillaceous, and calcareous siltstone. 

Dewey-5, Canadian-4, and Dewey-3 are bioturbated, slightly argillaceous and calcareous 

siltstones. Dewey-4 and Dewey-2 are both stylolitic calcareous siltstones; however, Dewey-4 

contains bioclasts that form planar laminations and Dewey-2 is heavily bioturbated. 

ES-1, S-15, and Canadian-3 are light gray, calcareous siltstones. ES-1 and S-15 display 

thin planar laminations, whereas Canadian-3 is relatively homogeneous.  

CNY-1 and BTVL-01 are brown-yellow, quartz-rich sandstones. CNY-1 has planar 

laminations and is finer-grained than BTVL-01, which is cross-bedded and coarser-grained.  

4.2 hXRF Analysis 

Each of the 19 samples were assessed in detail (approximately ten measurements per 

sample) for elemental composition using hXRF. All hXRF data are reported in the 

Supplementary Data File (Tables S1 and S2). The average elemental concentration of each 

sample was calculated and used for interpretation of whole rock geochemistry. Geochemical 

variations correspond to lithologic variations. Quartz-rich samples display a high proportion of 

Si, clay-rich samples commonly display a higher proportion of Al, and carbonate-rich samples 

commonly display a higher proportion of Ca (Fig. 5). 

hXRF data indicate that the average concentration of light elements (LE) is roughly 60%, 

with a range from 54% to 66%. LE abundances, which are influenced by porosity, were excluded 

from the total element concentration; data reported below are renormalized following exclusion 

of LE. Significant element concentrations (>5%) measured in each sample include Si, Ca, and Al 
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(together accounting for ~93% of the total) (Fig. 5). Minor proportions (>2% and <5%) of Fe, K, 

S, Ti, and P are also noted (together accounting for ~6% of the total) (Fig. 5).  

When hXRF elemental concentrations are plotted on an MDS plot, subtle variations in 

each sample can be identified (Fig. 5). Variations in geochemistry between samples are 

predominantly related to variations in Si, Ca, and Al concentrations, which likely relate to 

variability in proportions of quartz, carbonate, and clay content. Three clusters can be identified 

on the MDS plot (Fig. 5). The first group (MRFD-01, -02, -03; PQ-01, -04; Canadian-3; and 

Dewey-4) is made up of calcareous, quartz-rich siltstones and shale that are enriched in Ca (48% 

on average) and Si (41% on average) with lower proportions of Al (5% on average) (Fig. 5). The 

second group (Dewey-1,-2,-3,-5; Canadian-1,-2,-4,-5; ES-1; and S-15) are moderately 

calcareous, quartz-rich siltstones that have a lower Ca content (20% on average) and a higher Si 

(64% on average) and Al (8% on average) content relative to the first group (Fig. 5). Group three 

(BTVL-01 and CNY-1) are mostly composed of Si (90% on average) with nominal Al (6% on 

average). Both of those samples are quartz-rich sandstones of Chesterian age (Fig. 5). 
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Figure 5. (A) Stacked plot of hXRF fractional abundances for each sample. Samples 
contain high proportions of Si, Ca, and Al. “Other” elements include V, Cr, Mn, Co, Ni, 
Cu, Zn, As, Se, Rb, Sr, Y, Nb, Mo, Ag, Cd, Sn, Sb, W, Hg, Pb, Bi, and Th. (B) MDS 
plots (left and upper right) display relative similarities and differences in geochemistry 
for each sample. The MDS plot (left) displays the geochemical abundances for each 
sample shown as pie diagrams, using the same color scheme as above (A). Samples were 
divided into 3 groups based on lithologic distinctions. Group 1 samples (green) are 
quartz- and carbonate-rich siltstones and shale with high concentrations of Si and Ca. 
Group 2 samples (gray) are less calcareous than Group 1 samples and are more 
argillaceous siltstones, which contain higher concentrations of Al. Group 3 samples 
(yellow) are quartz-rich sandstones with high concentrations of Si. (C) Shepard plot 
shows a good correlation between sample dissimilarity and distance on the MDS plot. 
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4.3 Detrital Zircon U-Pb Geochronology  

Nineteen detrital zircon samples yielded 2478 concordant U-Pb age analyses and all data 

are reported in the Supplementary Data File (Fig. 6 and Table S3). Analyses were filtered to be 

within the acceptable limits of concordance using the criteria described in the methods section 

3.6. Rim and core data were reported as separate analyses when applicable (Fig. 7 and Table S3).  

Major age fractions were interpreted from known geologic provinces and prominent age 

peaks in the dataset (Fig. 4; Xie et al., 2018; Lawton et al., 2021; Thomas et al., 2021): 

Appalachian (240-500 Ma); peri-Gondwanan terranes (500-900 Ma); Grenville (900-1350 Ma); 

Granite-Rhyolite province (1350-1600 Ma); undivided provinces from 1600-2500 Ma, including 

the Yavapai-Mazatzal province (1600-1800 Ma), Trans-Hudson/Penokean orogens (1800-1900 

Ma), and Trans-Amazonian Eburnean craton (1900-2250 Ma); and Superior craton (2500-3200 

Ma).  

All 19 Upper Mississippian samples are, on average, largely composed of both Grenville 

grains (c.a. 900-1350 Ma; average of 32%) and Appalachian grains (c.a. 240-500 Ma; average of 

21%) (Fig. 6). Along with these Laurentian sources, a significant proportion of peri-Gondwanan 

grains (c.a. 500-900 Ma; average of 17%) are also present in these Upper Mississippian samples 

(Fig. 6). Pre-Grenville age categories account for the remaining zircon, including contributions 

from undivided provinces (c.a. 1600-2500 Ma; average of 13%), the Granite-Rhyolite province 

(c.a. 1350-1600 Ma; average of 12%), and the Superior craton (c.a. 2500-3200 Ma; average of 

4%) (Fig. 6).  
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Figure 6. Detrital zircon relative age distribution plots (left) and cumulative age 
distribution plots (right) of study samples. Relative age distribution plot types are 
kernel density estimation (KDE) plots constructed using a bandwidth of 10 Myr. 
X/Y notation indicates the number of analyses plotted (X) versus the total number 
of analyses in the sample (Y). Meramecian samples contain significant 
proportions of Grenville (900-1350 Ma), Appalachian (240-500 Ma), and peri-
Gondwanan (500-900 Ma). 
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Prominent peri-Gondwanan age peaks are observed in Dewey-1 (836 Ma), Dewey-2 (552 

and 576 Ma), Dewey-3 (605 Ma), Dewey-5 (501 and 558 Ma), Canadian-3 (574 Ma), Canadian-

4 (520 Ma), Canadian-5 (540 Ma), ES-1 (508 Ma), and MRFD-01 (540 Ma). Samples Canadian-

4, Dewey-2, and ES-1 have the largest fraction of peri-Gondwanan grains (c.a. 500-900 Ma), 

making up 29%, 27%, and 25% of each sample, respectively.  

A total of 62 grains have discernable rim and core relationships (Fig. 7 and Table S3). 

Zircons with peri-Gondwanan (c.a. 240-500 Ma) cores have rims that are peri-Gondwanan and 

Appalachian (c.a. 240-500 Ma) (Fig. 7). Zircons with peri-Gondwanan rims span a broad range 

Figure 7. Detrital zircon rim and core data of study samples, with 
highlighted geologic provinces used for provenance interpretation. 
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of core ages (500-2500 Ma) (Fig. 7). Grenville rims make up the largest fraction of reported rim 

and core data and are common on 900-1350 Ma and 1350-1600 Ma cores (Fig. 7).  

4.3.1 Anadarko Basin (Canadian and Dewey Counties) 

The Dewey County core samples (Dewey-1, -2, -3, -4, -5), representative of the thinner, 

shallow-water deposits of the Meramec Series, are comprised of Grenville grains (c.a. 900-1350 

Ma; average of 27%), Appalachian grains (c.a. 240-500 Ma; average of 24%) and peri-

Gondwanan grains (c.a. 500-900 Ma; average of 20%) (Fig. 6). Dewey-1 has increased 

proportions of Grenville (30%), Appalachian (20%), and peri-Gondwanan (20%) grains, with 

conspicuous age peaks at 433, 539, 733, 836, 1024, 1078, 1447, and 1613 Ma. Smaller 

(maximum of 3 analyses per peak) peri-Gondwanan age peaks also include 507, 509, 572, 652, 

and 786 Ma. Peri-Gondwanan grains are most abundant in Dewey-2, comprising 27% of the total 

sample, as well as Grenville (22%) and Appalachian (19%) grains. Notable age peaks for 

Dewey-2 include 463, 552, 576, 1012, 1083, 1184, and 1237 Ma. Additionally, several smaller 

(maximum of 4 analyses per peak) peri-Gondwanan peaks are also identified at 552, 576, 616, 

690, 736, and 840 Ma. Dewey-3 has a lower proportion of peri-Gondwanan (12%) grains and 

higher proportions of Grenville (30%) and Appalachian (21%) grains, with significant age peaks 

at 416, 605, 973, 1038, 1126, 1393, 1465, and 1718 Ma. Dewey-4 has a substantial fraction of 

Grenville (30%), Appalachian (25%), and peri-Gondwanan (22%) grains. Dewey-4 has 

conspicuous age peaks at 353, 503, 522, 582, 919, 982, 1123, 1383, and 1650 Ma, along with 

two smaller peri-Gondwanan age peaks (maximum of 3 analyses per peak) at 618 and 752 Ma. 

Dewey-5 has a greater proportion of Appalachian (35%) grains versus Grenville (21%) and peri-

Gondwanan (21%) grains, with prominent age peaks present at 383, 417, 501, 558, 1005, 1036, 

1088, 1355, and 1441 Ma.  
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The Canadian County core samples (Canadian-1, -2, -3, -4, -5), derived from the thicker, 

deep-water deposits of the Meramec Series, produced significant proportions of Grenville (c.a. 

900-1350 Ma; average of 30%), peri-Gondwanan (c.a. 500-900 Ma; average of 21%), 

Appalachian (c.a. 240-500 Ma; average of 17%), undivided provinces (c.a. 1600-2500 Ma; 

average of 15%), and Granite-Rhyolite (c.a. 1350-1600 Ma; average of 14%) zircon (Fig. 6). 

Grenville grains make up the most significant proportion of the Canadian County samples, apart 

from Canadian-4 which is enriched in peri-Gondwanan grains (29%). Canadian-1 yields notable 

proportions of Grenville (34%), undivided provinces (c.a. 1600-2500 Ma; 21%), Appalachian 

(14%), and peri-Gondwanan (14%) grains, with prominent age peaks of 963, 1007, 1041, 1434, 

1455, 1622, and 1750 Ma (Fig. 6). Three smaller peri-Gondwanan age peaks (maximum of 4 

analyses per peak) include 561, 594, and 731 Ma (Fig. 6). Canadian-2 displays an age signature 

similar to Canadian-1 consisting of Grenville (30%), Appalachian (23%), and peri-Gondwanan 

(14%) grains. Conspicuous age peaks include 395, 950, 1031, 1139, 1393, 1439, 1596, and 1755 

Ma; in addition, a smaller (maximum of 3 analyses per peak) peri-Gondwanan age peak is 

present at 502 Ma (Fig. 6). Canadian-3 and Canadian-5 display similar age fraction abundances 

and age peaks. Canadian-3 is comprised of Grenville (34%), peri-Gondwanan (20%), and 

Appalachian (10%) grains, with age peaks of 426, 574, 1002, 1025, 1106, 1435, 1574, and 1623 

Ma (Fig. 6). Canadian-5 is similarly composed of Grenville (31%), peri-Gondwanan (26%), and 

Appalachian (19%) grains, with age peaks of 423, 540, 1030, 1139, 1314, 1510, and 1651 Ma; in 

addition, five smaller peri-Gondwanan age peaks (maximum of 4 analyses per peak) are present 

at 603, 640, 676, 758, and 799 Ma (Fig. 6). Canadian-4 is enriched in peri-Gondwanan grains 

which comprise 29% of the total sample, in addition to Grenville (21%), and Appalachian (21%) 
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grains. Conspicuous age peaks for Canadian-4 include 520 and 1034 Ma, with several smaller 

(maximum of 3 analyses per peak) peri-Gondwanan peaks at 584 and 647 Ma (Fig. 6). 

4.3.2 Ardmore Basin (Sycamore and Caney) 

Samples from the Ardmore Basin (S-15, ES-1, CNY-1) contain a large proportion of 

Grenville grains (c.a. 900-1350 Ma; average of 36%), although ES-1 contains an equal 

abundance of peri-Gondwanan grains (c.a. 500-900 Ma; average of 25%) (Fig. 6). S-15 and 

CNY-1 have similar age fraction proportions, including Grenville (S-15, 45%; CNY-1, 37%), 

Appalachian (S-15, 12%; CNY-1, 19%), and peri-Gondwanan (S-15, 11%; CNY-1, 8%) grains 

(Fig. 6). S-15 has distinguishable peak ages of 406, 1034, 1069, 1512, and 1531 Ma; 

additionally, two smaller peri-Gondwanan peaks (maximum of 4 analyses per peak) include 532 

and 804 Ma (Fig. 6). CNY-1 conversely has fewer age peaks including 438, 1004, 1044, 1106, 

and 1523 Ma, along with two smaller peri-Gondwanan peaks (maximum of 3 analyses per peak) 

are present at 611 and 716 Ma (Fig. 6). ES-1 has a more evenly distributed grain age distribution 

that includes Grenville (25%), peri-Gondwanan (25%), and Appalachian (24%) grains, with age 

peaks of 373, 508, 830, 953, 993, 1040, and 1870 Ma (Fig. 6). ES-1 also contains several smaller 

peri-Gondwanan age peaks (maximum of 5 analyses per peak) including 544, 580, 621, 691, and 

703 Ma (Fig. 6).  

4.3.3 Arkoma Shelf (Pryor Creek) 

Samples from the northern fringe of the Arkoma Basin in Oklahoma contain a high 

proportion of Grenville (PQ-01, 44%; PQ-04, 33%) and Appalachian (PQ-01, 29%; PQ-04, 23%) 

grains (Fig. 6). PQ-04 contains significant proportions of Granite-Rhyolite 1350-1600 Ma (17%) 

and peri-Gondwanan (13%) grains, while PQ-01 has a more muted peri-Gondwanan signature 

(6%). PQ-01 has age peaks at 400, 427, 988, 1017, 1046, 1098, 1471, and 1555 Ma (Fig. 6). PQ-
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04 displays age peaks at 406, 842, 954, 1008, 1055, 1450, and 1584 Ma, along with 4 smaller 

peri-Gondwanan peaks (maximum of 3 analyses per peak) at 555, 592, 622, and 733 Ma (Fig. 6).  

4.3.4 Arkoma Shelf (Moorefield and Batesville) 

Meramecian samples from the northern fringe of the Arkoma Basin in eastern Arkansas 

(MRFD-01, -02, -03) are comprised of Grenville (average of 38%), Appalachian (average of 

22%), and peri-Gondwanan (average of 14%) zircons (Fig. 6). MRFD-01 and MRFD-02 have 

similar abundances of Grenville (MRFD-01, 47%; MRFD-02, 33%), Appalachian (MRFD-01, 

16%; MRFD-02, 19%), and peri-Gondwanan (MRFD-01, 16%; MRFD-04, 14%) grains. MRFD-

03 contains high proportions of Grenville (34%) and Appalachian (30%) zircons, with a 

significant proportion of peri-Gondwanan (14%) grains. Prominent age peaks from MRFD-01 

include 407, 540, 961, 1035, 1119, 1150, and 1467 Ma, as well as a smaller peri-Gondwanan 

peak (maximum of 3 analyses per peak) present at 580 Ma (Fig. 6). MRFD-02 has only yielded 

36 concordant grain analyses, resulting in a less well-constrained definition of age peaks, which 

occur at 433, 672, 879, 1191, 1301, and 1481 Ma (Fig. 6). MRFD-03 has age peaks of 353, 402, 

494, 968, 1092, 1157, and 1495 Ma, with the addition of 2 smaller peri-Gondwanan peaks 

(maximum of 3 analyses per peak) present at 539 and 594 Ma (Fig. 6). BTVL-01 is the 

Chesterian Batesville sandstone from the same locality as the Moorefield samples. However, 

sample BTVL-01 displays a lower proportion of peri-Gondwanan grains (10%) and increased 

concentrations of Grenville (32%), Appalachian (21%), undivided provinces 1600-2500 Ma 

(17%), and Granite-Rhyolite (15%) grains relative to the Moorefield samples. Prominent age 

peaks within BTVL-01 include 401, 460, 972, 1048, 1161, 1390, 1477, and 1602 Ma (Fig. 6). 
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4.4 Zircon Morphological Analysis 

A total of 2429 zircon grains were assessed for morphologic characteristics, including the 

major grain axis length, minor grain axis length, sphericity, roundness, and euhedrism. 

Morphological data are reported in the Supplementary Data File (Table S4). Qualitative grain 

morphology analyses (i.e., sphericity, roundness and euhedrism) vary systematically with respect 

to grain age (Fig. 8). Generally, older zircon grains have higher sphericity and roundness, which 

is expected for older grains that have been continually recycled and degraded over time (Fig. 8). 

Euhedrism also follows a similar trend, as younger age fractions contain increased proportions of 

euhedral zircon grains compared to the large proportion of anhedral grains within the older age 

fractions (Fig. 8). Of the 2429 zircon grains recovered, anhedral are most abundant (50%), 

followed by subhedral (35%), and euhedral (15%).  

Quantitative morphological characteristics (i.e., major axis, minor axis, aspect ratio, and 

axial ratio) were compared against the age of the zircons (Table S4; Fig. 9). Grains that are 500-

900 Ma (peri-Gondwanan) display a modest difference in major and minor axis dimensions than 

the younger (Appalachian, 240-500 Ma) and older (>900 Ma) grains. Grains in the peri-

Gondwanan fraction have a median major axis length of 57 µm, while younger and older grains 

Figure 8. Zircon sphericity (left), roundness (middle), and euhedrism (right) displayed as 
fractional abundance within six zircon age categories. Both grain sphericity and grain 
roundness increase with increasing age. Older grains also tend to be more anhedral than 
younger grains. 
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have median values from 61-65 µm (Fig. 9). Despite being less pronounced, the minor axis 

length shows the same relationship as the major grain axis. Peri-Gondwanan grains have a 

median minor axis of 37 µm, while grains of the other geologic fractions range from 40-44 µm 

(Fig. 9). The overall aspect ratio generally decreases with increasing age, while the axial ratio is 

simply the inverse relationship and increases with increasing age (Fig. 9). 

Chapter 5: Discussion 

5.1 Provenance of Meramecian Silt 

Variation in provenance is evident with respect to time and space through Late 

Mississippian and into Early Pennsylvanian time. Comparison of new zircon age data to 

previously published samples of Chesterian and Early Pennsylvanian age from the craton of  

Figure 9. Comparison of grain dimensions versus age: major axis (left), minor axis (left-
middle), aspect ratio (right-middle), and axial ratio (right). (A) Morphological characteristics 
versus grain age, shown with box and whisker plots (upper) and point plots (lower). (B) 
Violin plots showing morphological characteristics for each sample. Grains of peri-
Gondwanan age (500-900 Ma) display smaller major and minor grain axes. 
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Figure 10. (A) Relative and cumulative age distribution plots of published and study zircon 
data. Samples are separated by spatial location with respect to the paleo-shelf edge of 
Laurentia. (B) Age data plotted on an MDS plot (right) shows the spatial control on the 
presence of peri-Gondwanan grains. Samples located along the paleo-shelf edge are clustered 
together (highlighted yellow) and display significant peri-Gondwanan grain proportions. 
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Laurentia shows contrasting detrital zircon U-Pb ages, particularly with respect to grains 

interpreted to have been derived from peri-Gondwanan terranes (500-900 Ma) (Park et al, 2010; 

Xie et al., 2016a; Xie et al., 2016b; McGuire, 2017; Thomas et al., 2017; Xie et al., 2018; 

Chapman and Laskowski, 2019; Wang and Bidgoli, 2019; Thomas et al., 2020; Thomas et al., 

2021) (Figs. 10 and 11). Published sample data are reported in the Supplementary Data File 

(Table S5).  

Silt-sized peri-Gondwanan zircon grains are prominently found in marine sediments 

deposited along the southern paleo-shelf edge of Laurentia (Fig. 11). Age-equivalent and near 

age-equivalent (Chesterian to Lower Pennsylvanian) samples located on the craton of Laurentia 

do not possess a significant proportion of 500-900 Ma grains (3% on average) (Fig. 11). For 

example, fluvial-deltaic deposits coming from the craton of Laurentia, including the Wedington 

Sandstone (Xie et al., 2016a) and the Middle Bloyd Sandstone (Xie et al., 2018), do not contain 

abundant 500-900 Ma grains. Of the 48 previously published detrital zircon samples compiled in 

this study, only sample ST-26, a light gray, fine to medium grained, quartz-rich sandstone from 

the Meramecian to Chesterian Stanley Group contains a significant proportion (39%) of 500-900 

Ma (peri-Gondwanan) grains (McGuire, 2017). The Stanley Group, which is comprised of 

mainly turbidite sandstones and shales interbedded with volcaniclastics, was deposited from east-

to-west in deep-water south of the paleo-shelf edge (Suneson, 2012; McGuire, 2017). 

The notable lack of peri-Gondwanan grains from Upper Mississippian to Lower 

Pennsylvanian units on the Laurentian craton can be observed on a MDS plot, as samples from 

the continental interior and paleo-shelf edge plot in different regions (Fig. 10). Samples located 

along the paleo-shelf edge of Laurentia are clustered in the lower left-hand portion of the MDS 

plot and are highlighted in yellow (Fig. 10). Chesterian samples on the craton of Laurentia do not 
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possess the fraction of peri-Gondwanan grains that the Meramecian and finer-grained Chesterian 

samples on the paleo-shelf edge possess.  

Detrital zircon U-Pb data supports the hypothesis that Upper Mississippian silt originated 

from both Laurentian and peri-Gondwanan sources (Fig. 6). The Meramecian silts deposited 

along the paleo-shelf edge are prominently sourced from the Grenville (32%), Appalachian 

(21%), and peri-Gondwanan (16%) geologic provinces, suggesting that sediment was sourced 

from both the Appalachian Orogen and peri-Gondwanan terranes to the south and/or east (Figs. 

10 and 11). Increasing contributions of peri-Gondwanan grains occurs further south along the 

paleo-shelf edge, with decreasing proportions in samples towards the craton (Figs. 10 and 11). 

5.2 Sedimentary Transport Pathways 

  Laurentian sourced grains were likely eroded via fluvial processes from the Appalachian 

highlands and transported from east to west across Laurentia (Fig. 11; Chapman and Laskowski, 

2019; Thomas et al., 2020; Lawton et al., 2021; Thomas et al., 2021). However, fluvial transport 

of Appalachian and Grenville detritus across the craton to the Arkoma, Ardmore, and Anadarko 

basins was unlikely, due to the vast epicontinental sea that covered parts of Laurentia and would 

have created a barrier for rivers (Chapman and Laskowski, 2019). Furthermore, models of 

exclusively fluvial transport for Upper Mississippian silt do not account for the presence of 

grains sourced from the southerly and/or easterly peri-Gondwanan terranes (Price et al., 2020; 

Thomas et al., 2020; Lawton et al., 2021).  

Sediment production from peri-Gondwanan terranes escalated during the early stages of 

collision between Gondwana with the southeastern edge of Laurentia (Lawton et al., 2021; 
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Thomas et al., 2021). Increased sediment production, spurred by tectonic convergence, would 

have produced great quantities of silt and sand during Upper Mississippian time (Lawton et al., 

2021; Thomas et al., 2021). Silt produced from peri-Gondwanan terranes had potential to 

Figure 11. Grouped study and published zircon data (pies), plotted spatially on a 
paleogeographic reconstruction of Laurentia during Late Mississippian time. 
Samples with a pronounced peri-Gondwanan affinity are highlighted by yellow 
shading. Meramecian samples along the paleoshelf of Laurentia display significant 
proportions of peri-Gondwanan grains while still containing a substantial proportion 
of Grenville and Appalachian grains, implying a mixed provenance. Therefore, 
sediment transport pathways are inferred to include both Laurentian sources 
(Appalachian Orogen) and terranes to the south and/or east (peri-Gondwanan). 
Sediment from peri-Gondwanan terranes was transported from east to west along the 
southern paleoshelf edge via marine currents. Sediment from the Appalachian 
highlands was transported by rivers from the east-northeast, with finer-grained 
sediments potentially being carried further west by contour-parallel marine currents.  
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transport via aeolian processes, driven by the paleo-tradewinds from the southeast (Lawton et al., 

2021; Thomas et al., 2021). Gregorich et al. (2018) previously proposed that silt comprising the 

Borden siltstone may have been carried by winds during dust storms and monsoon events. 

McGlannan et al. (2019) also proposed that silt comprising the Woodford Shale, Sycamore 

Formation, and the lower Caney Shale was carried across the Laurentian craton by winds.  

Aeolian transport would facilitate widespread distribution of fine-grained silts across 

Laurentia. However, the silt-sized peri-Gondwanan zircons are limited to the paleo-shelf edge 

(Fig. 11). If aeolian processes were responsible for the transport of silts onto the Laurentian 

craton, then silt-sized peri-Gondwanan zircons should be distributed widely within basins of 

southern Laurentia. Thus, the lack of peri-Gondwanan zircon grains in samples located inland of 

the Laurentian paleo-shelf edge suggests these 500-900 Ma grains were not delivered by aeolian 

processes.  

Peri-Gondwanan zircons are distinctively smaller than grains sourced from Laurentian 

provinces, likely reflecting a different transport pathway for detritus that was sourced farther 

away from the depositional setting (Figs. 8 and 9; Lawton et al., 2021). Grains between the ages 

of 500-900 Ma (peri-Gondwanan) generally have smaller major and minor grain axes with 

increased sphericity, implying the detritus was transported a greater distance, thus supporting a 

long-distance transport model in line with marine transport (Figs. 8 and 9). Silt can be carried a 

longer distance via marine currents compared to coarser sand that tends to be deposited closer to 

its source.  

Marine currents would have enabled grains in the silt-size fraction to be transported over 

a greater distance following the paleo-shelf edge of Laurentia prior to settling out of suspension 

(Chapman and Laskowski, 2019; Lawton et al., 2021). Appalachian silts may have been 
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transported by fluvial processes closer in proximity to the source and transported along the 

paleo-shelf margin via marine currents (Chapman and Laskowski, 2019; Lawton et al., 2021; 

Thomas et al., 2021). Fluvial models showing a north to south transport pathway (e.g., Price et 

al., 2020) lack an explanation for the significant proportions of peri-Gondwanan grains that are 

present along the paleo-shelf given the lack of these grains on the craton (Fig. 1). Chapman and 

Laskowski (2019) proposed a marine transport model, inferring that Appalachian-derived 

sediments traveled via marine currents from east to west along the paleo-shelf edge of Laurentia 

(Fig. 1). However, this interpretation does not address the presence of peri-Gondwanan grains 

along the Laurentian paleo-shelf edge. In this study, peri-Gondwanan grains are proposed to 

have traveled via contour-parallel currents from east to west along the paleoshelf edge of 

Laurentia and mixed with fluvial input from the Appalachian Orogen to the north and northeast 

(Fig. 11). 

The low-angle, stacked, prograding clinoform structures that form the Oklahoma STACK 

play have been inferred to be fluvial in origin forming via a subaqueous delta (Price et al., 2020). 

However, the abundance of peri-Gondwanan grains in the STACK play siltstones suggests that 

these deposits were not exclusively sourced from rivers that emanated from North America 

(Figs. 1 and 11). Instead, the results from this study suggest that the low-angle clinoforms of the 

STACK play may have been influenced by contour-parallel marine currents, similar to those that 

produce contourite deposits (Rebesco et al., 2014; Shelley, 2016; Hardwick, 2018; Miller, 2018; 

Gates, 2020; Price et al., 2020). Contourites form along the continental slope, with contour 

currents transporting and depositing sediments along the slope edge (Rebesco et al., 2014). The 

stratal geometries created by some contour currents are perhaps not inconsistent with the stacked, 

low-angle, southeastward prograding clinoforms observed by past workers in the STACK play 



  

39 

(Price et al., 2017; Hardwick, 2018; Miller, 2018; and Price et al., 2020). A better understanding 

of how these clinoforms formed would provide insight into what processes drove sediment 

transport along the Upper Mississippian paleo-shelf edge of Laurentia.  

Chapter 6: Conclusions 

6.1 Conclusions  

This study utilized a multi-proxy approach to provenance analysis including hXRF, 

petrography, detrital zircon U-Pb geochronology and grain morphology of Upper Mississippian 

siltstones, including samples from the Meramecian-aged STACK play of the Anadarko Basin 

and its regional equivalents in eastern Oklahoma and Arkansas. Quantitative and qualitative 

assessments of detrital zircon grains including 2478 U-Pb age analyses from nineteen samples 

provide several insights into provenance and sediment transport pathways of the Meramecian 

silts. The principal findings of the study are: 

1. The origin of silt-sized detritus during the Meramecian was not limited to purely Laurentian 

sources. The Meramec silts of the STACK play and age-equivalent strata along the paleo-

shelf edge contain detritus sourced from both the easterly Appalachian highlands of 

Laurentia and the southerly peri-Gondwanan terranes, which is indicative of source mixing. 

Contributions from peri-Gondwanan sources account for approximately 17% of the zircons 

in siltstone deposited along the paleo-shelf edge of Laurentia.  

2. Silt produced from peri-Gondwanan terranes was likely transported from the east to the west 

along the Laurentian paleo-shelf edge via contour parallel marine currents. Detritus sourced 

from the Appalachian Orogeny was transported via rivers, delivered into the shallow 

epicontinental sea via river deltas, and partially transported along the Laurentian paleo-shelf 
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edge via contour parallel currents. Overall, a shorter transport distance of Appalachian 

detritus is suggested by larger zircon grain sizes relative to those of peri-Gondwanan origin.  
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Appendix 

Table 1: Summary of Study Samples 

Sample_ID Formation Basin Age Age_min (Ma) Age_max (Ma) 
Dewey-1 Meramec Series Anadarko Meramecian 330.9 346.7 
Dewey-2 Meramec Series Anadarko Meramecian 330.9 346.7 
Dewey-3 Meramec Series Anadarko Meramecian 330.9 346.7 
Dewey-4 Meramec Series Anadarko Meramecian 330.9 346.7 
Dewey-5 Meramec Series Anadarko Meramecian 330.9 346.7 

Canadian-1 Meramec Series Anadarko Meramecian 330.9 346.7 
Canadian-2 Meramec Series Anadarko Meramecian 330.9 346.7 
Canadian-3 Meramec Series Anadarko Meramecian 330.9 346.7 
Canadian-4 Meramec Series Anadarko Meramecian 330.9 346.7 
Canadian-5 Meramec Series Anadarko Meramecian 330.9 346.7 

S-15 Sycamore Limestone Ardmore Meramecian 330.9 346.7 
ES-1 Sycamore Limestone Ardmore Meramecian 330.9 346.7 

CNY-1 Caney Shale Ardmore Chesterian 330.9 346.7 
PQ-01 Pryor Creek "Lindsey Bridge" Mbr Arkoma Shelf Meramecian 330.9 346.7 
PQ-04 Pryor Creek "Ordnance Plant" Mbr Arkoma Shelf Meramecian 330.9 346.7 

MRFD-01 Moorefield Arkoma Meramecian 330.9 346.7 
MRFD-02 Moorefield Arkoma Meramecian 330.9 346.7 
MRFD-03 Moorefield Arkoma Meramecian 330.9 346.7 
BTVL-01 Batesville Sandstone Arkoma Chesterian 323.2 330.9 
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Note: Core locations are generalized to county coordinates 

Sample_ID Latitude Longitude Sample Type Lithology DZ 
Grains 

Grains for U-Pb 
& Morphology 

DZ 
Analyses 

Dewey-1 36.017265 -98.924534 Core Siltstone 150 128 132 
Dewey-2 36.017265 -98.924534 Core Siltstone 150 127 130 
Dewey-3 36.017265 -98.924534 Core Siltstone 150 134 135 
Dewey-4 36.017265 -98.924534 Core Siltstone 150 127 130 
Dewey-5 36.017265 -98.924534 Core Siltstone 151 133 135 

Canadian-1 35.559378 -98.046519 Core Siltstone 150 139 140 
Canadian-2 35.559378 -98.046519 Core Siltstone 150 131 132 
Canadian-3 35.559378 -98.046519 Core Siltstone 150 114 116 
Canadian-4 35.559378 -98.046519 Core Siltstone 84 54 56 
Canadian-5 35.559378 -98.046519 Core Siltstone 150 122 124 

S-15 34.351111 -97.148648 Outcrop Siltstone 150 130 131 
ES-1 34.350282 -97.148457 Outcrop Siltstone 150 132 142 

CNY-1 34.349654 -97.149479 Outcrop Sandstone 150 121 122 
PQ-01 36.256934 -95.232744 Outcrop Siltstone 150 129 132 
PQ-04 36.256934 -95.232744 Outcrop Siltstone 150 126 132 

MRFD-01 35.764223 -91.546816 Outcrop Shale 150 116 116 
MRFD-02 35.764223 -91.546816 Outcrop Siltstone 41 36 36 
MRFD-03 35.764223 -91.546816 Outcrop Siltstone 150 125 124 
BTVL-01 35.738466 -91.622237 Outcrop Sandstone 350 305 313 
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Table 2: Summary of Hand Sample Petrography 

Sample_ID Formation Lithofacies Rock Description 

Dewey-1 Meramec 

Calcareous 
Laminated 

Argillaceous 
Siltstone 

black-dark brown color, thinly laminated (planar and inclined), well-
sorted, calcareous (strong reaction to HCL), increased clay/mud content 

Dewey-2 Meramec 
Bioturbated 
Calcareous 
Siltstone 

mottled light-gray color, heavily bioturbated, little to no preserved 
bedding features, stylolite's prominent, calcareous (strong reaction to 

HCL), well sorted 

Dewey-3 Meramec 

Laminated 
Bioturbated 
Bioclastic 
Calcareous 
Siltstone 

light-dark gray color, thinly laminated (planar and inclined), partially 
bioturbated, calcareous (strong reaction to HCL), few shell fragments 

and bioclasts, well sorted 

Dewey-4 Meramec 

Interbedded 
Bioclastic 
Calcareous 
Siltstone 

light gray color, thicker (cm) laminations (planar and inclined), 
hydrocarbon staining occurs along microfault in sample, stylolite's 

prominent, bioclasts prominent, calcareous (strong reaction to HCL), 
moderately sorted 

Dewey-5 Meramec 

Bioclastic 
Bioturbated 
Argillaceous 
Calcareous 
Siltstone 

mottled dark gray color, lack of bedding preserved, bioturbated, 
bioclastic (increased shell content), increased mud/clay content 

(argillaceous), calcareous (strong reaction to HCL), moderately sorted 
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Canadian-1 Meramec 
Calcareous 

Argillaceous 
Siltstone 

dark gray-brown color, thinly laminated (planar), increased mud/clay 
content (argillaceous), calcareous (moderate reaction to HCL), very well 

sorted 

Canadian-2 Meramec 
Calcareous 

Argillaceous 
Siltstone 

dark gray-brown color, thinly laminated (planar and inclined), coarse 
silt/very fine sand are concentrated along inclined laminations and 

mud/clay are concentrated along planar laminations, increased mud/clay 
content (argillaceous), calcareous (moderate reaction to HCL), very well 

sorted 

Canadian-3 Meramec Calcareous 
Siltstone 

light gray color, no visible laminations (homogeneous), calcareous 
(strong reaction to HCL), very well sorted 

Canadian-4 Meramec 
Bioturbated 
Calcareous 
Siltstone 

mottled dark gray color, lack of bedding preserved, heavily bioturbated, 
slightly argillaceous, calcareous (moderate to strong reaction to HCL), 

well sorted 

Canadian-5 Meramec 
Calcareous 

Argillaceous 
Siltstone 

dark gray-black color, thinly laminated (poorly), few bioclasts visible, 
high mud/clay content (argillaceous), calcareous (moderate reaction to 

HCL), well sorted 

S-15 Sycamore Calcareous 
Siltstone 

light gray color, very subtle thin laminations (planar), well-sorted, 
calcareous (strong reaction to HCL) 

ES-1 Sycamore Calcareous 
Siltstone 

light tan-gray color, thinly laminated (planar), well-sorted, graded 
bedding, calcareous (strong reaction to HCL) 
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CNY-1 Caney Fine Grained 
Sandstone 

light yellow-brown color, well-sorted, less resistive, fine sand, quartz 
rich, laminated bedding, limonite rind (weathering product), non 

calcareous (no reaction to HCL) 

PQ-01 
Pryor Creek; 
"Ordnance 

Mbr" 

Calcareous 
Bioclastic 
Siltstone 

light gray color, thinly laminated (planar), well-sorted, subtle graded 
bedding (less frequent), calcareous (strong reaction to HCL), few shell 

and other bioclast fragments 

PQ-04 
Pryor Creek; 

"Lindsey Brdge 
Mbr" 

Calcareous 
Siltstone 

light gray color, thinly laminated, well-sorted, pyrite crystals, calcareous 
(strong reaction to HCL) 

MRFD-01 Moorefield Calcareous 
Shale 

black color, thinly laminated (planar; mud and silt), calcareous (strong 
reaction to HCL), fissile and friable, well sorted 

MRFD-02 Moorefield 
Calcareous 
Very Fine 
Siltstone 

dark gray color, calcareous (strong reaction to HCL), very well sorted 

MRFD-03 Moorefield Calcareous 
Siltstone 

dark gray color, thinly laminated (planar; mud and silt), graded bedding, 
calcareous (strong reaction to HCL), well sorted 

BTVL-01 Batesville 
Medium 
Grained 

Sandstone 

brown color (weathered) and yellow color (unweathered), cross-bedded, 
medium to fine sand, quartz rich, moderate-well sorted 
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Table 3: Summary of Thin Section Petrography 

Sample_ID Wentworth 
Grain Size Class Roundness Sorting Porosity Depositional 

Features Petrographic Description 

Dewey-1 silt angular very well <1% 
thin laminations 

(inclined, planar), 
graded bedding 

P displays albite twinning (unstained), calcite is 
stained pink, muddy-carbonate cement (~30%), 

matrix supported 

Dewey-2 silt angular to 
subangular very well 7% thin laminations 

(bioturbated) 

P displays albite twinning (unstained), calcite is 
stained pink, bioturbation structures disrupt 

laminated bedding and are filled with mixture of 
calcite and quartz grains, numerous grains stained 

with hydrocarbons 

Dewey-3 silt angular well <1% graded bedding 

pyrite grains concentrated along bedding planes 
(possible mineral placers?), few bioclastic shell 
fragments (<10%, stained pink due to calcite), 

matrix supported (~40%, orange-brown in xpl), 
inferred Qp grains might be Ls grains that are 

quartz-rich, P displays albite twinning and is not 
stained 

Dewey-4 silt angular 
poorly to 

very 
poorly 

<1% graded bedding 

large bioclasts (sponges, radiolarian, shells) and 
ooids (~30%, stained pink due to calcite content), 

Qm grains appear to have a coating along the edges, 
some grains have hydrocarbon staining, inferred Ls 
grains are quartz-rich with few carbonate lithologies 

Dewey-5 silt angular moderately 
to well <1% graded bedding 

large bioclast fragments (intact shells concave 
downward) in the upper fraction of the thin section 

(~10%), bioclasts stained pink due to calcite, 
bioclast content increases upwards (few small 

fractured bioclast grains present at base), inferred Ls 
are dominantly carbonate (dolostone/limestone) but 
some Ls grains quartz-rich, P grains display albite 

twin and are not stained 
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Canadian-1 silt angular very well <1% thin laminations, 
graded bedding 

much of the matrix/probable pore space (~30%) is 
filled by black (hydrocarbon?), P displays albite 
twinning but is not stained, carbonate (Ls grains 

(dolostone/limestone), or calcite), graded bedding, 
spherical grains present (peloids?) 

Canadian-2 silt angular to 
subangular well <1% thin laminations, 

graded bedding 

P displays albite twinning (many grains are stained 
pink, some display excellent twinning but are not 

stained), a couple P grains present are larger in size: 
up to fine-upper <250 µ, carbonate content (possibly 
Ls grains (dolostone/limestone or calcite), bottom of 
thin section contains a graded bed that contains finer 
grained quartz rich fraction and transitions towards 
P-rich coarser grained fraction before terminating,
large P grains are only seen in the lower bed in this

thin section 

Canadian-3 silt angular very well <1% 

grains aligned 
parallel to surface, 

no 
bedding/grading 

P displays albite twinning but is not stained, 
hydrocarbon staining on a variety of grain types 

(appears to be black and splotchy), carbonate cement 
appears stained red (~40%), spherical radiolarian 

present (~15%) 

Canadian-4 silt 
subangular 

to 
subrounded 

very well <1% thin laminations 
(lenticular) 

lenticular lenses are made of muddy matrix (~50%) 
composed of platy clay minerals, down lapping 

surfaces onto thin laminations (low angle 
clinoforms: prograding), grains are oriented in 

similar manner with long axis parallel to prograding 
clinoforms, P grains have distinct albite twinning 

Canadian-5 silt angular very well <1% thin laminations 
(lenticular) 

lenticular lenses are made of muddy matrix (~50%) 
composed of platy clay minerals, Ls grain is larger 
in size (<150 µ) and appears to be a drop stone with 

condensed laminations beneath and sediment 
blanketing the top of the grain, carbonate grains 

(calcite) including some bioclasts make up (~10%) 

S-15 silt subangular 
to angular very well <1% thin laminations laminations marked by concentrations of Qm, 

carbonate cement (calcite, ~60%) 
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ES-1 silt subangular 
to angular very well 3% thin laminations, 

graded bedding 

carbonate cement (calcite, possibly some dolomite), 
matrix supported (~50%), carbonate looks to be 

stained 

CNY-1 fine sand subangular 
to angular very well 25% none; due to cut of 

thin section 
Qch grains typically surround Qm grains, increased 

porosity 

PQ-01 silt angular very well <1% thin laminations 
Qm concentrated along thin laminations, contains 
some bioclasts (~10%), carbonate cement (calcite, 

~35%) 

PQ-04 silt angular very well <1% thin laminations matrix supported, carbonate cement (calcite, ~50%) 

MRFD-01 silt angular to 
subangular 

moderately 
to well <1% thin laminations 

some Qm grains contain vacuoles, P is weakly 
stained orange and displays albite twinning, 

argillaceous/muddy matrix (~20%) fills between 
grains, Ls grains are mixture of quartz-rich and 

possibly mudstone, few larger grains (~250 µ) are Ls 
and appear to be drop stones 

MRFD-02 silt subangular 
to angular very well <1% none; due to cut of 

thin section 

P is stained pink-orange and appears to be altered 
(many grains are degraded and being replaced by 

calcite), few P grains display excellent albite 
twinning are not stained or degraded, a variety of 

grains are stained by hydrocarbons, sample is 
dominated by carbonate matrix (calcite, ~75%), 

calcite has likely replaced numerous P grains 

MRFD-03 silt angular very well <1% thin laminations, 
graded bedding 

P is stained pink-orange but is degraded (unable to 
find grains with twinning), bioclast fragments 

(~30%) comprised of calcite are oriented parallel to 
bedding, argillaceous-micritic matrix (40%). 

Hydrocarbon staining prominent. 

BTVL-01 fine-medium sand subangular 
to angular 

moderately 
to poorly 40% cross stratified 

thin section is not stained, numerous grains have 
black stains on the surface (possibly hydrocarbons), 
grain supported, several Qm grains contain vacuoles, 
few accessory minerals (rutile, zircon), several pore 

spaces are stained pink-orange along the edges 
(potentially where a Feldspar was weathered). 
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