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ABSTRACT 10 

Submarine fans deposited in structurally complex settings record important 11 

information on basin evolution and tectonic-sedimentary relationships but are often poorly 12 

preserved in outcrops due to post-depositional deformation. This study integrates both new 13 

field data as well as data compiled from literature to demonstrate the spatial facies variability 14 

of the deep-water lower Atoka formation (Lower Pennsylvanian) that occupies a structurally 15 

complex early foreland-basin setting. The lower Atoka outcrops in the Ouachita Mountains 16 

and the southern Arkoma Basin in the USA are divided into three structural-depositional 17 

zones: foredeep, wedge-top, and foreland. Although the mean paleoflow is axial, each zone 18 

exhibits unique patterns in facies distribution. The foredeep consists of a large westward-19 

prograding fan and a small eastward-prograding fan on the western part and exhibits 20 

significant longitudinal and lateral facies changes. The wedge-top consists of a westward-21 

prograding fan and exhibits subtle longitudinal facies change. The foreland consists of small 22 

slope channel and fan systems along the northern and western margins. We interpret the 23 

characteristics of facies distributions in the three zones as the result of different combinations 24 

of lateral structural-topographic confinement, sediment supply, and paleogeographic 25 

locations. This study provides an improved understanding of the lower Atoka deepwater 26 

system and has implications for the tectonic-sedimentation relationship on the southern 27 

Laurentia continental margin during the Ouachita Orogeny. 28 

 29 

INTRODUCTION 30 

Understanding the interactions of turbidity currents with structurally complex 31 

substrates is increasingly important with increasing hydrocarbon exploration and 32 

development in basins with complex seafloor bathymetry, such as deepwater fold and thrust 33 
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belts, rift basins, and foreland basin systems (Ravnås and Steel, 1998; Gawthorpe and Leeder, 34 

2000; Mutti et al., 2003; Morley et al., 2011; DeCelles, 2012). Such depositional systems also 35 

preserve important information on basin evolution, tectonic histories of continental margins, 36 

and paleoclimate (Hatcher et al., 1989; Stow and Tabrez, 2002; Allen and Allen, 2005; 37 

Hessler and Fildani, 2019). Syn-depositional tectonics can influence deepwater sedimentation 38 

by modifying accommodation, diverging sediment transport, inducing flow transformations, 39 

or inducing changes in sediment supply (Vinnels et al., 2010; DeCelles, 2012; Salles et al., 40 

2014; Jobe et al., 2015; Wang et al., 2017). Outcrop studies on ancient foreland basins 41 

provide numerous examples to explore this turbidite-tectonic relationship. For example, syn-42 

depositional thrust faults and induced topographic highs can cause flow confinement or basin 43 

segmentation in either foredeep or wedge-top depozones (Felletti, 2002; Mutti et al., 2009; 44 

Tinterri et al., 2017). Breaching of topographic barriers provides connections between 45 

different basin segments that result in complex sediment dispersal patterns (Lomas and 46 

Joseph, 2004; Salles et al., 2014; Burgreen and Graham, 2014). However, interpreting these 47 

relationships can be challenging due to post-depositional deformation and erosion (Pinter et 48 

al., 2016, 2018). How to best utilize the fragmented stratigraphic records to extract maximum 49 

information of the depositional system remains a key question. We chose the deepwater 50 

succession of the lower member of the Pennsylvanian Atoka Formation in the Ouachita 51 

Mountains to address this question.  52 

The Atoka Formation is a sedimentary record of the Carboniferous-late phase 53 

transition of the Laurentia continent from a passive to an active margin (Stark, 1966; Cline, 54 

1968; Briggs, 1974; Houseknecht, 1986; Haley et al., 1993). The lower Atoka has been 55 

interpreted as a laterally-confined, fined-grained deepwater system (Morris, 1974b; Graham 56 

et al., 1975; Sprague, 1985; Coleman, 2000). However, there is a lack of basin-wide 57 

investigation on the relationship of deepwater deposition and this Carboniferous-age 58 



UNDER REVIEW PREPRINT 

5 
 

structural evolution in the Ouachita Mountains. The purpose of this study is to (a) 59 

quantitatively document the patterns of facies distribution of the lower Atoka sediment-60 

gravity-flow deposits, and (b) investigate the tectonic-sedimentary relationship using a 61 

refined understanding of deepwater depositional systems and regional structural history. 62 

 63 

GEOLOGIC SETTING 64 

Tectonic setting and structural framework 65 

The Ouachita Mountains and southern Arkoma Basin cover an area of 400 by 150 66 

km2 in Arkansas and Oklahoma, USA (Fig. 1). The Ouachita Mountains are the largest 67 

exposures of the Paleozoic Ouachita Fold and Thrust Belt (OFTB, Mickus and Keller, 1992), 68 

which is genetically related to the Appalachian Orogen to the northeast and the Marathon 69 

Orogen to the southwest (Thomas, 2004, 2011). The collision of Laurentia and Gondwana 70 

created this chain of foreland basins (Hatcher et al., 1989). During the mid-Carboniferous, the 71 

study area evolved from a remnant ocean basin (Ouachita trough) into a foreland basin 72 

(Arkoma Basin) (Houseknecht, 1986; Mickus and Keller, 1992; Keller and Hatcher, 1999), 73 

with an estimated amount of shortening of 50% (Coleman, 2000). Meanwhile, rapid 74 

subsidence and abundant sediment supply resulted in a thick turbidite succession being 75 

deposited from Late Mississippian to Middle Pennsylvanian (Thomas, 1976; Houseknecht, 76 

1986). In this study, we informally termed the genetically-related Ouachita Mountains and 77 

the southern Arkoma Basin combined as the Greater Arkoma Basin (GAB) (sensu 'Arkoma 78 

Basin Province', Perry, 1995; Houseknecht et al., 2010).  79 

The GAB has been divided into several zones (Figs. 1 & 2) based on structural and 80 

sedimentological characteristics (Arbenz, 1989, 2008; Haley and Stone, 1994). We simplified 81 

the scheme of Arbenz (2008) and divided the study area into three zones from north to south, 82 
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namely the southern foreland, foredeep, and wedge-top, which are separated by the Ross 83 

Creek-Choctaw faults and the Y City-Ti Valley faults, respectively. The main structural strike 84 

of these faults, as well as these provinces, are east-west in Arkansas and northeast-southwest 85 

in Oklahoma (Haley et al., 1993; Arbenz, 2008). The wedge-top (Ouachita Allochthon) is the 86 

main part of the Ouachita Mountains and presumably has a large areal extent buried beneath 87 

the Cretaceous coastal plain deposits (Nelson et al., 1982; Lillie et al., 1983; Mickus and 88 

Keller, 1992). The largest structures in the wedge-top are the Benton Uplift in Arkansas and 89 

the Broken Bow Uplift in Oklahoma (BU-BBU), which are basement-involved 90 

anticlinoriums that form the core of the Ouachita Mountains (Viele, 1966).  91 

The foredeep and wedge-top have important along-strike variations in structural styles 92 

(Thomas, 2004; Arbenz, 2008). In the foredeep, the eastern part is characterized by thick and 93 

competent strata, large folds (e.g. the Fourche La Fave Syncline), large triangle zones 94 

(Arbenz, 2008), and less shortening (Harry and Mickus, 1998). In contrast, the western part is 95 

characterized by thin and incompetent strata, small folds, small triangle zones, imbricated 96 

thrust faults (Arbenz, 2008), and more shortening (Harry and Mickus, 1998). Northeastern 97 

portions of the wedge-top (Maumelle Chaotic Zone) are characterized by intense syn- and 98 

post-depositional deformation (Viele, 1966, 1979; Morris, 1971a; Viele and Thomas, 1989). 99 

In contrast, western portions of the wedge-top are characterized by broad synclines (e.g. Lynn 100 

Mountain and Boktukola synclines), tightly-folded and faulted anticlines, a small imbricate 101 

zone, and uplift (Potato Hills) in the north (Haley et al., 1993; Arbenz, 2008). The 102 

development of the main structures is episodic and largely synchronous with foreland 103 

deposition during the Late Mississippian-Middle Pennsylvanian (Arne, 1992; Babaei and 104 

Viele, 1992; Arbenz, 2008; Johnson, 2011; Shaulis et al., 2012).  105 

History of deposition 106 
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During the Cambrian-Middle Mississippian, the GAB was characteristic of a passive 107 

continental margin. The basin fill consists of ~4000 m of deep marine shale, chert, and 108 

turbidite, the mean depositional rate of which is 30 m/Myr. The shelf equivalent is 109 

characterized by carbonate platform deposition (Morris, 1974b). During the Middle 110 

Mississippian-Middle Pennsylvanian, the GAB was characteristic of an active margin. The 111 

basin filled with a thick succession (>10 km) of sediment-gravity-flow deposits, namely the 112 

Stanley Group, Jackfork Group, Johns Valley Formation, and the lower part of the Atoka 113 

Formation, at an average depositional rate of 300 m/Myr (Morris, 1974a). The remainder of 114 

the Atoka Formation is a shoaling upward succession ranging from slope fan to deltaic and 115 

shallow marine deposits (Zachry and Sutherland, 1984; Houseknecht, 1986; Haley et al., 116 

1993). The approximate duration of the entire Atoka Formation is 5 Myr (Davydov et al., 117 

2010). During the Middle Pennsylvanian, the GAB transitioned into a continental foreland 118 

basin filled with 100-2500 m of fluvial-deltaic deposits, known as the Krebs Group (Oakes, 119 

1953; Rieke and Kirr, 1984).  120 

This study focuses on the lower Atoka, the typical thickness of which is 600 m, 2000 121 

m, 1500 m in the southern foreland, foredeep, and wedge-top, respectively (Legg et al., 1990; 122 

Saleh, 2004; Haley and Stone, 2006; Arbenz, 2008; Godo et al., 2014). The lower Atoka has 123 

been interpreted as a delta-fed, multi-sourced, fine-grained submarine fan system (Fig. 3), 124 

confined in a narrow and elongated deep-marine basin (Sprague, 1985; Houseknecht, 1986; 125 

Coleman, 2000). The estimated basin size during deposition is 550 by 300 km2 (Coleman, 126 

2000). The predominant sediment transport direction is axial, from east to west (Morris, 127 

1974b; Sprague, 1985; Ferguson and Suneson, 1988; Gleason, 1994). Additionally, minor 128 

sediment sources from the north, west, and south/southeast may have also contributed to the 129 

basin (Houseknecht, 1986; Ferguson and Suneson, 1988; Thomas, 1997; Sharrah, 2006). A 130 

water depth of 1500-2000 m was estimated for the basin center (Coleman, 2000) and ~200 m 131 
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for the slope facies in the southern foreland (Houseknecht, 1986). The submarine fan system 132 

in the foredeep consists of a main axial fan in the foredeep and possibly smaller lateral fan 133 

system(s) on the northern flank (Houseknecht, 1986); the fan system in the wedge-top zone is 134 

poorly documented.  135 

 136 

DATASET AND METHODOLOGY 137 

The dataset of this study consists of detailed measured sections from the field and 138 

literature. The field dataset includes 35 measured sections of well-exposed outcrops and 139 

qualitative observations of less well-exposed outcrops throughout the study area. The 140 

measurements recorded the bed-by-bed lithology, sedimentary structures, and trace fossils at 141 

2-cm resolution. Sandstone amalgamation surfaces were carefully identified by grain size 142 

changes, differential weathering, and the presence of thin and discontinuous mudstones. No 143 

attempt was made to separate turbidite mudstones and hemipelagic mudstones (sensu 144 

Sylvester, 2007), because true hemipelagic mudstones are difficult to identify, and most of 145 

the mudstones are rich in silt and sand (Clark et al., 1999, 2000). The literature-derived 146 

dataset includes 19 sections (Chamberlain, 1971; Fulton, 1985; Sprague, 1985) and a 147 

summary of qualitative observations from other publications (Table 1; also Supplementary 148 

Data). We interpreted all measured sections with a consistent facies scheme. The integrated 149 

dataset includes 54 measured sections, 589 paleocurrent readings from flute casts, a total 150 

stratigraphic thickness of 2,515 m, and 11,117 individual beds (see Supplementary Data). 151 

Hybrid-event beds (Haughton et al., 2003, 2009) and chaotically bedded mass-transport 152 

deposits (Moscardelli and Wood, 2015) are rare (<5% by thickness).  153 

Many outcrops are found in clusters of exposures separated by covered intervals 154 

within a same thrust sheet. Each cluster is treated as one ‘composite section’ (Fig. 4). Thus, 155 
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we grouped the 54 individual measured sections into 18 composite sections, denoted as S1-156 

S18 (Fig. 4, Supplementary Data). Basin-wide correlations between measured sections are 157 

difficult due to lack of recognizable datum and structural complexity (Fulton, 1985; Sprague, 158 

1985; LaGrange, 2002), although short-distance correlation is possible (sensu Al-Siyabi, 159 

1998; Sgavetti, 1991; Slatt et al., 2000). We did not attempt to correlate composite sections 160 

directly but rather treated each composite section as a sample along the sediment routing 161 

system within each structural-depositional zone (Fig. 4). For each composite section, we 162 

compiled the facies compositions, paleocurrent patterns, percent sandstone (total sandstone 163 

bed thickness over the interval thickness), amalgamation ratio (sensu Romans et al., 2009), 164 

and the standard deviation of sandstone bed thickness (sensu Hansen et al., 2017) to capture 165 

the spatial variation of the depositional system. We acknowledge that covered or unsampled 166 

intervals in composite sections may influence these metrics, but incomplete exposure 167 

prevents full characterization.  168 

 169 

RESULTS 170 

Definitions of facies scheme 171 

The facies scheme in this study consists of six types of beds, five types of lithofacies, 172 

and four types of facies associations in ascending hierarchical order. A hierarchical approach 173 

is useful for studying depositional systems at different scales (Hubbard et al., 2008; Prélat et 174 

al., 2009; Romans et al., 2011). Beds are the deposits of individual turbidity events 175 

(Middleton and Hampton, 1973; Normark et al., 1993; Fryer and Jobe, 2019). We defined 176 

four types of sandstone beds using lithology, thickness (Pickering and Hiscott, 2016) and 177 

sedimentary structures (Table 2), one type of mudstone (which may be composed of multiple 178 

events), and one type of chaotic, disturbed event-bed (Table 2).  179 
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Lithofacies represent the groupings of beds. The lithofacies scheme in this study is 180 

derived from previous schemes for the lower Atoka (Sprague, 1985; Fulton, 1985; LaGrange, 181 

2002) and the analogous Jackfork Group (Morris, 1971b, 1974a; Al-Siyabi, 2000; Slatt et al., 182 

2000; Zou et al., 2012), which are based on classical facies models of siliciclastic deepwater 183 

systems (Bouma, 1962; Mutti and Ricci-Lucchi, 1978; Walker, 1978; Mutti, 1985; Bouma, 184 

2000). The scheme consists of five lithofacies denoted as F1 to F5 (Fig. 5). The definitions 185 

are given in Table 3 and brief descriptions are as follows: F1. Massive, amalgamated 186 

sandstone, which consists primarily of bed types B1 and B2, often occurs at more proximal, 187 

channelized, or confined settings. Conglomeratic beds only occur in two localities (Table 1): 188 

the basal Atoka in Lynn Mountain Syncline (between S16-S18 in Fig. 4) in Oklahoma (Pauli, 189 

1994) and Eagle Gap in Arkansas (northwest of S10 in Table 1) (Nally, 1996). F2. Thick-190 

bedded sandstone with minor mudstone, which consists primarily of B2 and B3, and the 191 

sandstone beds are often graded and structured. F3. Thin-bedded sandstone and mudstone, 192 

consisting primarily of B3 and B4 with no more than 50% mudstone. F4. Mudstone with 193 

minor sandstone, consisting primarily of B5 and minor B4 and may appear massive, 194 

laminated, or heterolithic. F5. Disturbed mudstone and sandstone, which consists of a single 195 

B6 deposit or multiple stacked B6 deposits separated by erosional surfaces or thin laminated 196 

mudstones. In addition to our dataset, F5 has been reported from the subsurface of the Lynn 197 

Mountain Syncline (Legg et al., 1990) and poorly exposed outcrops in the Ti Valley of 198 

Oklahoma (Suneson and Ferguson, 1987) (Table 1).  199 

We used four types of facies associations to cover four broad groups of depositional 200 

environments of the lower Atoka (Fig. 6 & Table 4): FA1-Channel, FA2-Lobe, FA3-201 

Mudstone sheet, and FA4-Mass transport deposit (MTD) (Prather et al., 2000; Slatt et al., 202 

2000; Slatt and Stone, 2001; Nilsen et al., 2007; Pyles et al., 2008; Zou et al., 2012; 203 

Grundvåg et al., 2014; Moscardelli and Wood, 2015). The criteria focus primarily on the 204 
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bounding surfaces and lithofacies compositions and secondarily on geometric constraints 205 

(sensu Slatt et al., 2000; Zou et al., 2012). The definitions and characteristics are listed in 206 

Table 4, outcrop examples are given in Figure 6, and brief descriptions are as follows:  207 

A channel (FA1) is defined by a > 0.5 m relief erosional surface at the base and by the 208 

beginning of a tabular sandstone or mudstone interval at the top (Figs. 6 & 7). Beds show 209 

rapid changes in thickness and dip within an outcrop. A channel may have multiple internal 210 

erosional surfaces or scours. The channel deposits in this study are equivalent to the ‘channel 211 

elements’ or ‘single-story channels’ in the Brushy Canyon Formation in Texas (Carr and 212 

Gardner, 2000; Gardner et al., 2003), the Ross Formation in Ireland (Pyles, 2007), the 213 

Morrilo 1 member in Spain (Moody et al., 2012), and the Frysjaodden Formation in 214 

Spitsbergen (Grundvåg et al., 2014).  215 

A lobe (FA2) is defined by a tabular, non-erosive or locally erosive (< 0.5 m relief) 216 

surface at the base and the beginning of a mudstone interval (>0.4m) at the top (Figs. 6 & 7). 217 

There is no visible change in bed thickness or dip within an outcrop. The sandstones are 218 

commonly structured and graded. The lobe deposits in this study are most equivalent to the 219 

‘terminal splays’ of the Upper Kaza Group in British Columbia (Terlaky et al., 2016), the 220 

Ross Formation in Ireland (Pyles, 2007), the Frysjaodden Formation in Spitsbergen 221 

(Grundvåg et al., 2014), and the Skoorsteenberg Formation in South Africa (Prélat et al., 222 

2009).  223 

A mudstone sheet (FA3) is defined by a minimum thickness threshold (0.4 m) and 224 

predominant F4 in lithofacies composition. The thickness threshold of 0.4 m was determined 225 

with reference to the thickness thresholds of ‘interlobe’ and ‘interlobe element’ in the 226 

Skoorsteenberg Formation (Prélat et al., 2009) and the Frysjaodden Formation (Grundvåg et 227 

al., 2014).  228 
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A mass transport deposit (FA4) is the deposit of a single or multiple mass failure 229 

events that is not within a channel (FA1). FA4 may include thin mudstone intervals (<0.4 m) 230 

between separate events. Descriptions and interpretations of each composite section are given 231 

in Table 5 and examples of outcrop photo panels are shown in Figs. 8, 9, 12, and 14.  232 

Longitudinal facies distribution in the foredeep 233 

The longitudinal facies variation in the foredeep is characterized by 11 composite 234 

sections (Figs. 8 & 9, Tables 1 & 5). To simplify the correlation, the following three pairs of 235 

composite sections: S4-S5, S6-S7, S8-S9, with the same longitudinal locations are grouped. 236 

The paleoflow of S3-S11 is predominantly east to west, which concurs with previous 237 

depositional models (Figs. 3 & 4). The paleoflow at S4 trends northwest, possibly reflecting 238 

local flow deflections due to topographic obstacles.  239 

In the western foredeep, S13 shows eastward and northeastward paleoflow directions 240 

(Fig. 10). This area reflects sediment supply from the west, likely the Arbuckle Mountains 241 

(Archinal, 1979; Ferguson and Suneson, 1988). The paleoflow directions at S12 show a 242 

unique bimodal pattern (Fig. 10), which reflects the co-existence of two opposing axial 243 

submarine fan systems (Ferguson and Suneson, 1988; Sharrah, 2006) and potentially 244 

complex basin floor topography in this area. S12 likely represents a mixing zone and the 245 

distal or lateral portions of both fan systems. For all localities, no discrepancy is found in the 246 

paleoflow between thicker-bedded sandstones (B1-B2) and thinner-bedded sandstones (B3-247 

B4). The standard deviations of paleocurrents are overall low except for S12.  248 

The longitudinal facies distributions of both thickness proportions and normalized 249 

frequencies of all hierarchical orders generally follow the mean paleoflow directions (Fig. 250 

10). From S3 to S11 and from S13 to S11, there is an overall decrease in sandy facies and an 251 

increase in muddy facies (Fig. 10). There is also a gradual decrease from east to west in mass 252 
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transport deposits (Fig. 10). In the eastern foredeep, S6-S7 exhibit the highest values in 253 

thickness proportions of sandy facies, percent sandstone, and amalgamation ratio.  254 

Asymmetrical facies distribution in the Fourche La Fave Syncline 255 

The Fourche La Fave Syncline (FLFS) in Arkansas, which is ~20 km wide and over 256 

120 km long, is the largest structure in the foredeep (Fig. 11, Tables 1 & 5). The FLFS is the 257 

main component of the foredeep and possibly active during the deposition of lower Atoka 258 

(Arbenz, 2008). The high density of outcrops in this study allows us to compare the facies 259 

distribution between the north (S4, S6, S8) and the south limbs (S5, S7, S9, S10) of the 260 

FLFS. Data shows a subtle difference between the north and south limbs of the FLFS in 261 

paleocurrent patterns, except for the S4 locality (Fig. 11). The standard deviation of 262 

paleocurrent directions is ~25 degrees. The paleoflow shows only subtle differences between 263 

thicker-bedded sandstones (B1-B2) and thinner-bedded sandstones (B3-B4). However, the 264 

facies compositions do show an important difference between the north and south. The 265 

thickness proportions of sandy facies components increase from east to west in the north limb 266 

but remain relatively constant in the south limb (Fig. 11). The normalized frequencies show a 267 

similar contrast between the north and south but to a lesser extent. Additionally, the contrast 268 

is more obvious in the amalgamation ratio profile than that in the percent sandstone profile.  269 

Longitudinal facies distribution in wedge-top zone 270 

The facies distribution in the wedge-top is characterized by five composite sections 271 

(Figs. 12 & 13, Tables 1 & 5). The eastern (S14-S15) and the western (S16-S18) sections 272 

represent the proximal and distal localities, respectively (Fig. 4), although the former ones are 273 

not necessarily the direct updip equivalents to the latter due to uncertain correlation. The 274 

mean paleoflow directions are due west and southwest, following the structural strike and 275 

basin axis but with some deviations (Fig. 13). At S14-S15, a small portion of northward 276 

paleocurrent directions is found in some thick-bedded sandstones. At S16, the paleoflow 277 
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exhibits a tri-modal pattern which is due northwest, southwest, and south (Fig. 13). The 278 

southwestward component of this pattern is found in thick-bedded sandstones. The standard 279 

deviations of the paleocurrent data are relatively high at S14-S16 and low at S17-S18.  280 

The axial facies distribution of the wedge-top (Fig. 13) is counter-intuitive to 281 

conceptual submarine fan models (Bouma, 1962; Mutti and Ricci-Lucchi, 1978; Walker, 282 

1978; Mutti, 1985; Bouma, 2000). The facies metrics are similar for S14 and S15 but more 283 

variable for S16-S18. From S14 to S16, the sandy facies decrease in both thickness 284 

proportions and normalized frequency, then increase rapidly from S16 to S18 (Fig. 13). In 285 

general, a classical proximal-distal facies trend is not well-defined in the wedge-top (Fig. 286 

13B). Instead, the facies compositions are more stable (except S18), comparing to that in the 287 

foredeep. 288 

Facies contrast in the continental foreland 289 

Exposures along the southern margin of the continental foreland zone are limited.  We 290 

selected two lower Atoka localities (S1 & S2) to show the contrast in depositional styles 291 

along the southern margin of the continental foreland (Figs. 14 & 15, Tables 1 & 5). The 292 

paleoflow in S1 exhibits a bi-modal pattern. The southward portion is found in thick-bedded 293 

channel-fill sandstones and the westward portion in isolated thin-bedded sandstones within 294 

thick laminated mudstone intervals. The paleocurrent directions at S2 are due east and show 295 

no discrepancy between the thicker- and thinner-bedded sandstones. Similar to S13 at the 296 

western end of the foredeep, S2 also reflects localized sediment input, likely from the 297 

Arbuckle region (Fig. 1B). Both localities are important in delineating the northern and 298 

western boundaries of sediment gravity flow deposition in the lower Atoka. Compared to the 299 

foredeep localities, S1 and S2 provide evidence of potential interactions between the smaller, 300 

marginal fans fed by local sources and the axial fan fed by the eastern source (Houseknecht, 301 

1986; Ferguson and Suneson, 1988). 302 
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  303 

DISCUSSION 304 

Potential limitations and advantages of the dataset 305 

Although this study integrates the most extensive dataset that exists for lower Atoka 306 

outcrops, we recognize the limitations in this dataset and our associated interpretations and 307 

correlations. For instance, the total amount of data is small compared to the volume of the 308 

depositional system. In addition, sandstone intervals are preferentially exposed due to 309 

weathering. In Lynn Mountain Syncline in Oklahoma, the percent sandstones from the 310 

outcrops are typically 50-70% whereas subsurface data suggests <40% (Legg et al., 1990), 311 

suggesting that mudstone intervals are likely underrepresented by 10-30% in our dataset. 312 

Additionally, abundant channels and mass transport deposits are present in basal Atoka 313 

wedge-top locales (Walthall, 1967; Legg et al., 1990), which might also be underrepresented 314 

in our dataset. Most measured sections compiled from the literature are very detailed, but 315 

sometimes the outcrops were no longer accessible. In those cases, we had to reinterpret the 316 

sections into our framework with limited information. We also emphasize that we do not 317 

attempt to perform bed-scale correlations between sections, but instead focus on system-scale 318 

variability in lithology and facies compositions.  319 

On the positive side, the outcrops of the lower Atoka occur semi-randomly in both 320 

spatial and temporal sense, which is preferred for statistical sampling. The total measured 321 

thickness in proximal and distal localities in the foredeep and wedge-top is proportional to the 322 

total thicknesses of Atoka deposits in these regions. This indicates the sample sizes are 323 

similar if normalized by the preserved deposit volume in the four regions.  324 

Interpreting channels and lobes in the lower Atoka 325 
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While mudstone sheets and mass transport deposits are relatively easy to identify, 326 

interpreting channel and lobe architectures can be challenging on outcrops with limited lateral 327 

extents, like those of the lower Atoka. We acknowledge this difficulty and therefore compare 328 

our results to some well-exposed, well-documented deepwater outcrops. The channel deposits 329 

(FA1) account for 8.1% of the lower Atoka by thickness. The thickness range of channel 330 

deposits is 0.5-16 m and they are typically 1-8 m thick (Table 4), which is comparable to 331 

many other channel deposits in the study area and around the world. For example, the 332 

thickness ranges of single-channel deposits are approximately 11-23 m in the middle Atoka 333 

(Xu et al., 2009) and 2-23 m in the Jackfork Group (Olariu et al., 2011) for slope settings, and 334 

typically less than 15 m in the Jackfork for basinal settings (Brito et al., 2012; Zou et al., 335 

2012, 2017). Globally, similar thickness ranges are documented from the ‘single story 336 

channels’ in the Brushy Canyon Formation in Texas, the ‘channel (element)’ in the Ross 337 

Formation in Ireland (Pyles, 2007), the ‘channel element’ in the Morrilo 1 member of Ainsa 338 

Basin in Spain (Moody et al., 2012), and the ‘channel element’ in the Frysjaodden Formation 339 

in Spitsbergen (Grundvåg et al., 2014). We also acknowledge the wide range of channel 340 

dimensions from other ancient and modern examples depending on the definitions and the 341 

nature of the depositional systems (Clark and Pickering, 1996; Jobe et al., 2016; Cullis et al., 342 

2018; Pettinga et al., 2018; Shumaker et al., 2018).  343 

Similar to channel deposits, there is also a wide range of dimensions and definitions 344 

of lobe deposits (Deptuck et al., 2008; Cullis et al., 2018; Pettinga et al., 2018), which we 345 

attempt to reconcile with our dataset. Lobe deposits (FA2) account for 51% of the lower 346 

Atoka dataset by thickness. The thickness range is 0.26-21 m and they are typically 0.5-6 m 347 

in thickness (Table 4). In the study area, this thickness range is comparable to the ‘sheet’ 348 

element in the Jackfork Group (Slatt et al., 2000; Zou et al., 2012, 2017). The range of lobe 349 

thickness in our dataset is comparable globally to the ‘terminal splay’ of the Upper Kaza 350 
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Group in British Columbia (Terlaky et al., 2016), the ‘lobe (element)’ of the Ross Formation 351 

in Ireland (Pyles, 2007), the ‘lobe element’ and ‘lobe’ of the Frysjaodden Formation in 352 

Spitsbergen (Grundvåg et al., 2014), and the ‘lobe element’ and ‘lobe’ of the Skoorsteenberg 353 

Formation in Tanqua-Karoo Basin (Prélat et al., 2009). The lobe deposits with thicknesses < 354 

1 m in the lower Atoka are primarily isolated tabular sandstone packages within thick 355 

mudstone intervals. Instead of lumping them into mudstone sheet (FA3), we interpret them as 356 

distal lobe or lobe fringe deposits (Prélat et al., 2009; Terlaky et al., 2016; Spychala et al., 357 

2017).  358 

Major controls on the stratigraphic patterns in the foredeep and foreland 359 

The spatial variations of the facies distribution in the foredeep appear to be primarily 360 

controlled by the interplay of sediment supply and basin configuration. The development of 361 

the OFTB migrated from east to west during Carboniferous (Thomas, 2004; Arbenz, 2008; 362 

Johnson, 2011). As a result, the subsidence and accommodation in the eastern foredeep are at 363 

least twice as much as that in the west (Arbenz, 2008; Johnson, 2011). The paleo Y City Fault 364 

on the south and the continental shelf-slope on the north probably provided structural 365 

confinement for the foredeep. The evidence of syn-depositional structural movement includes 366 

(A) basin-wide rapid subsidence of basal Atoka shelf deposits (known as the Spiro 367 

Sandstone) in the continental foreland (Houseknecht, 1986; Saleh, 2004; Denham, 2018), (B) 368 

stratigraphic onlap onto emerging anticlinal structures in southwestern foreland (Archinal, 369 

1979), and (C) fault-induced basin compartmentalization in the western foredeep (Ferguson 370 

and Suneson, 1988; Dickinson et al., 2003; Sharrah, 2006). The patterns of paleoflow and 371 

facies distribution show that the foredeep received sediments from the east, north, and west 372 

(Fig. 10). The eastern source provided most of the sediments, as supported by regional 373 

studies on sandstone petrography (Graham et al., 1976; Sprague, 1985), detrital zircon 374 

geochronology (Sharrah, 2006), and isotope geochemistry (Gleason et al., 1995). The 375 
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influence of the eastern source is much diminished in the western quarter of the foredeep 376 

(Fig. 10). We can deduce that the sediment supply from the Laurentian craton to the north 377 

was probably trivial comparing to that from the east. Although slope channel systems have 378 

been recognized in the middle Atoka (Houseknecht and McGilvery, 1990; Xu et al., 2009), 379 

they might not have been well-developed in the lower Atoka (sensu Saleh, 2004; Denham, 380 

2018). The presence of the western source is supported by facies distribution, paleocurrent 381 

analysis (Ferguson and Suneson, 1988; Sharrah, 2006), sandstone petrography (‘Arbuckle 382 

facies’, Houseknecht, 1986), structural history and paleogeography (Sutherland, 1982; 383 

Golonka et al., 2007), but its influence may also have been limited and localized.  384 

The asymmetrical facies distribution in Fourche La Fave Syncline (FLFS) in the 385 

eastern foredeep is supported by qualitative observations (Table 1) and previous 386 

investigations (Fulton, 1985; LaGrange, 2002), but the reason for its occurrence is not well 387 

understood. The structural history suggests that deposition was coeval with the development 388 

of the Y City Fault and the syncline (Arbenz, 2008; Johnson, 2011). The pre-folded width of 389 

the syncline is less than 30 km. We compared three candidate interpretations for the 390 

asymmetrical facies distribution: (A) axial vs marginal locations inferred from classical and 391 

modern fan models (Walker, 1978; Mutti, 1985; Mutti and Normark, 1987; Prélat et al., 392 

2009), (B) influence of additional sediment supply from the northern margin, and (C) 393 

influence of thrust-related topographic confinement to the south. For unconfined fans, 394 

compensational stacking (Straub et al., 2009) would distribute deposit thickness evenly over 395 

time, and nearby sections are expected to show similar facies compositions at the system 396 

scale (Marini et al., 2015; Liu et al., 2018). Therefore, such classical model-based 397 

interpretation (interpretation ‘A’ above) cannot explain the facies asymmetry in the FLFS. 398 

Interpretation ‘B’ depends on the assumption that the local source must preferentially feed 399 

the northern side of the later FLFS but not 20-30 km further south. This interpretation is 400 
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unrealistic without other mechanisms to constrain sediments to the northern side of the 401 

syncline. Therefore, we favor interpretation ‘C’ because (1) asymmetrical facies distributions 402 

and rapid facies change within short distances are characteristic in laterally confined settings 403 

(Cunha et al., 2017; Tinterri et al., 2017; Pinter et al., 2018), (2) the Y City Fault was already 404 

active and would conveniently induce seafloor tilting and provide some degree of 405 

topographic confinement, and (3) no additional assumptions are needed to arrive at this 406 

solution.  407 

Major controls on the stratigraphic patterns in the wedge-top 408 

The facies distribution in the wedge-top is controlled by the interplay of sediment 409 

supply and structural development. The sediment transport is primarily axial in the wedge-410 

top. The sediments in southeastern wedge-top (i.e. Athens Plateau) were thought to be 411 

derived from the east and southeast (Walthall, 1967; Gleason et al., 1994; Thomas, 1997; 412 

Thomas et al., 2019). The southeastern wedge-top is overall similar to the eastern foredeep in 413 

facies composition, amalgamation ratio (Figs. 10 & 13), and sandstone petrography (Graham 414 

et al., 1976; Sprague, 1985). However, it differs from the eastern foredeep by overall greater 415 

sandstone proportions, more abundant plant fragments, and lack of trace fossils. Previous 416 

studies also suggest that the southeastern wedge-top has horizons of mold fauna at the base of 417 

turbidite sandstones (Walthall, 1967; Sprague, 1985), which may indicate shallower water 418 

depth or proximity to shallow-marine settings.  419 

The most important feature of the wedge-top is the persistence of the dynamic facies 420 

characteristics in both proximal and distal locations, which may result from (A) additional 421 

sediment sources along the southern margin of the basin or (B) structural confinement. The 422 

southern extent of the basin margin is poorly understood, and there is a lack of direct 423 

evidence of sediment supplies from the peri-Gondwana terranes. Isotope geochemistry 424 

(Gleason et al., 1995) and sandstone petrography (Banjade and Kerr, 2015) suggest recycled 425 
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orogen of Appalachian affinity for these deposits, although these signatures might be difficult 426 

to distinguish from proto-Ouachita highlands (Thomas, 2004). This suggests that the eastern 427 

source is dominant in the wedge-top and the influence from other sources is likely to be 428 

minor.  429 

The role of structural control on deposition in the wedge-top has not been widely 430 

discussed in the study area. The inherited topography (sensu Sømme et al., 2019) on wedge-431 

top basins and associated syn-depositional structural movements (sensu Felletti, 2002; 432 

Tinterri and Tagliaferri, 2015) can modify the degree of lateral confinement and the local 433 

gradient of the basin floor, both of which can have a significant influence on depositional 434 

styles (sensu Mccaffrey and Kneller, 2004; Wynn et al., 2012). The central uplift in the 435 

Ouachita wedge-top, the Benton and Broken Bow uplifts (BU-BBU)(Nelson et al., 1982; 436 

Arbenz, 2008; Johnson, 2011), may have an important influence on the deposition. The BU is 437 

the uppermost part of the Ouachita accretionary wedge (Thomas, 2004). The duration of the 438 

basement uplift of the BU is dated as 339±19 to 307±39 Ma (Johnson, 2011), which probably 439 

encompassed the entire Stanley-Atoka succession. The development of the central uplift was 440 

likely episodic, although the uplifts were not necessarily subaerial. Evidence for this episodic 441 

uplift includes (A) the conglomerates-breccias in the Hot Spring Sandstone (Lower Stanley 442 

Group, Morris, 1974; Niem, 1976; Godo et al., 2014), (B) the contrast in the amount of 443 

disturbed facies in the Jackfork Group north and south of BU (Morris, 1974a), (C) the wedge-444 

top wide distribution of olistostromes in the Johns Valley Formation (Walthall, 1967; 445 

Shideler, 1970; Dickinson et al., 2003), and (D) the wedge-top wide distribution of channel 446 

incisions, mass transport deposits (including olistostromes) stratigraphically near the basal 447 

Atoka (Walthall, 1967; Legg et al., 1990). Due to its size and magnitude, the BU-BBU could 448 

have served as an elongate intra-basinal high and facilitated axial sediment transport during 449 
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the deposition of the lower Atoka and resulted in the persistent dynamic facies characteristics 450 

(Fig. 16).  451 

 452 

Comparison to other structurally complex basins 453 

The lower Atoka formation represents the basin fill during the early phase of terrane-454 

continent collision and accretionary prism growth, a structurally analogous setup to coeval 455 

foreland basin deepwater deposits in the Marathon region in west Texas (Wuellner et al., 456 

1986) as well as the Eocene-Early Miocene development of the Carpathian foreland basin 457 

(Golonka et al., 2007). The lower Atoka deepwater system is predominantly axially-sourced, 458 

typical for underfilled, deep marine foreland basins (Hubbard et al., 2008; Sharman et al., 459 

2018). Contrasting depositional styles between the foredeep and the wedge-top, as seen in the 460 

lower Atoka (Fig. 16), have been widely documented in deepwater foreland basins (Mutti et 461 

al., 2003; Ricci-Lucchi, 2003; DeCelles, 2012), including the Alpine (Lomas and Joseph, 462 

2004), Apennine (Ricci-Lucchi, 1986; Covault et al., 2009), and Magallanes foreland basins 463 

(Bernhardt et al., 2011). Intrabasinal structures may exert a fundamental control on 464 

stratigraphic architecture, and the asymmetrical facies distribution we document in the 465 

Fourche La Fave Syncline is comparable to that of the Firenzuola (Marnoso-Arenacea) 466 

turbidite system (Tagliaferri and Tinterri, 2016) and the Ranzano Sandstone (Tinterri et al., 467 

2017) in the northern Apennines, and the Annot Sandstone in Peïra Cava Basin (Cunha et al., 468 

2017) In particular, wedge-top locales tend to exhibit syn-depositional deformation that 469 

affects stratigraphic architecture (Covault et al., 2009; Sinclair, 2012), and the lower Atoka in 470 

the wedge-top is laterally confined due to inherited and syn-depositional deformation (Fig. 471 

16). This partial confinement is quite analogous to the Annot Sandstone in southeastern 472 

France (Salles et al., 2014), the Miocene wedge-top depozone of Sicilian foreland (Covault et 473 

al., 2009; Pinter et al., 2016), the piggyback basins in the Pyrenees (Puigdefàbregas et al., 474 
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1986; Remacha et al., 2003; Sutcliffe and Pickering, 2009), the Neogene trench-slope basins 475 

in New Zealand (Burgreen and Graham, 2014). Our study provides statistics on the bed, 476 

facies, and element thicknesses that can aid in recognition (Marini et al., 2015) and 477 

interpretation of these settings.  478 

 479 

CONCLUSIONS 480 

This study quantitatively documents the facies compositions of the lower Atoka 481 

deepwater system in three structural-depositional zones of the Greater Arkoma Basin: 482 

foredeep, wedge-top, and southern foreland. The foredeep is characterized by two axial fan 483 

systems: the main west-prograding fan and the small east-prograding fan near the western 484 

margin. The sand-rich facies components decrease rapidly along the sediment transport 485 

pathways for both fan systems. The asymmetrical facies distribution in the Fourche La Fave 486 

Syncline in the eastern foredeep suggests potential lateral confinement induced by thrust-487 

related tilting. The wedge-top is characterized by relatively stable facies compositions along 488 

the sediment transport pathway, most likely due to strong lateral confinement provided by 489 

intra-basinal highs. The foreland outcrops suggest the presence of a slope-channel system on 490 

the northern margin and small east-prograding fan system on the western basin-margin, 491 

although their contribution may have been volumetrically limited. We interpret that the 492 

depositional styles in the three zones are due to different combinations of structural 493 

framework, syn-depositional tectonics, sediment supply, and paleogeographic configuration. 494 

This study provides an updated and relatively complete understanding of the lower Atoka 495 

deepwater system. The methods and results have implications for analogous depositional 496 

systems along the Appalachian-Ouachita fold and thrust belt, as well as in global rift basins 497 

and fold and thrust belt basins. 498 
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FIG. 1. – A: Location of the study area in the continental US. B: Simplified geologic map of southern midcontinent and the Gulf Coast 

showing the Ouachita and Marathon fold and thrust belts (after Golonka et al., 2007). C: Simplified geologic map of the Ouachita Mountains and 

Arkoma Basin showing the outcrop localities of the lower Atoka formation and the three structural-depositional zones: Arkoma Foreland Basin, 

Ouachita Frontal Zone (foredeep), and Main Ouachita Allochthon (wedge-top) (after Arbenz, 2008). Detailed information on the localities is 

listed in the supplementary dataset. D: Stratigraphy, relative sea level, precipitation, and tectonic intensity of the Carboniferous in the Ouachita 

Mountains (after Coleman, 2000; Heckel and Clayton, 2006; Suneson, 2012). ‘Hart’ for Hartshorne Formation.  
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FIG. 2. – Structural evolution based on a geological cross-section of the Ouachita Mountains from Late Morrowan to Middle Atokan 

(Pennsylvanian), showing the contrasting structural styles of the Ouachita Frontal Zone and the Main Ouachita Allochthon (after Arbenz, 2008).  
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FIG. 3. – Depositional models proposed for the Pennsylvanian Atoka Formation in the 

Arkoma Basin and the Ouachita Mountains. A: a depositional model for the lower Atoka 

formation showing a predominant east-to-west sediment dispersal system (after Sprague, 

1985); B: a depositional model for the Atoka Formation showing the co-existence of an axial 

fan and a slope (marginal) fan in the Arkoma Basin (after Houseknecht, 1986); C: 

synthesized depositional model showing the basin shape and potential sources (after 

Coleman, 2000).  
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FIG. 4. – A: Overview map with composite section locations and sediment entry points. B-D: gross stratigraphic correlations of measured 

sections and general sediment transport directions of the lower Atoka formation in southern foreland, foredeep, and wedge-top, respectively. No 

datum or bed-by-bed correlations between sections is implied.  
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FIG. 5. – Lithofacies and idealized stratigraphic columns in this study. F1. Massive, 

amalgamated sandstone; F2. Thick-bedded sandstone with minor mudstone; F3. Thin-bedded 

sandstone and mudstone; F4. Mudstone with minor sandstone; F5. Disturbed mudstone and 

sandstone.  
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FIG. 6. – Outcrop examples of facies associations of the lower Atoka formation. A: 

FA1, channel filled with massive sandstones. B: FA1, channel filled with thin-bedded 

sandstone and mudstone. C: FA2, thick-bedded, sand-rich lobe. D: FA2, thin-bedded, mud-

rich lobe. E: FA3, heterolithic mudstone sheet. F: FA3, clay-rich, laminated mudstone sheet. 

G: FA4, mudstone slump. H: FA4, mud-rich debris flow deposit.  
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FIG. 7. – An example of an outcrop photo mosaic and the measured section showing the recognition of channel and lobe in this study. 

The outcrop is a roadcut at AR Highway 9/10 between Perry and Perryville in Perry County, Arkansas. Channels are distinguished from lobes by 

erosive surfaces at the base and variable thickness, geometry, and dipping of the sandstones within the outcrop extent.  
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FIG. 8. – Representative outcrop photo panels of the foredeep, Part One. A. sand-rich lobe, mudstone sheet, and channel fill at S3 

(Arkansas Hwy 5 near Jacksonville). B. sand-rich lobes and mudstone sheets at S4 (AR Hwy 9/10, between Perry and Perryville). C. heterolithic 

mudstone sheets and lobes at S5 (AR Hwy 9/10 north of Thornburg). D & E fresh roadcuts showing sand-rich lobes and mudstone sheets at S6 

(Arkansas Hwy 7, south of Ola). Please see Table 5 for more descriptions.  
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FIG. 9. – Representative outcrop photo panels of the foredeep, Part Two. A. amalgamated channel fills and sand-rich lobes at S8 

(Arkansas Hwy 27, south of Danville). B. laminated and heterolithic mudstone sheets and mud-rich lobes at S9 (Arkansas Hwy 27, north of 

Onyx). C. laminated mudstone sheets and lobes at S10 (Chula, Arkansas). Outcrop beds are overturned. D. mudstone sheets with some slump 

deposits at S11 (Oklahoma Hwy 82, near Bengal). Outcrop beds are overturned. E, F, G. isolated lobes and thick heterolithic mudstone sheets at 

S13 (gravel road near Indian Nation Turnpike, Oklahoma, south of Blanco). No photo panel is available for S12. Please see Table 5 for more 

descriptions.  
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FIG. 10. – Facies distribution in the foredeep zone. A: locations of the composite 

sections, rose diagrams of paleocurrent directions, and standard deviations of the paleocurrent 

directions. B: longitudinal variations in thickness proportions and normalized frequency of 

the components in the facies hierarchy. C: scatter plots of the statistical parameters, i.e. 

percent sand, amalgamation ratio, and standard deviation of sandstone bed thickness, for each 

composite section. Red crosses represent the main west-prograding fan and green crosses 

represent the small east-prograding fan. The parameters overall decrease in downcurrent 

direction.  
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FIG. 11. – Facies distribution in Fourche La Fave Syncline in Arkansas showing 

asymmetrical facies distribution between the north and south limbs. A. both limbs show 

similar paleocurrent patterns. B. the north limb shows overall more sand-rich facies 

compositions. C. the north limb shows overall higher percent sand, amalgamation ratio, and 

variability in sandstone thickness. Red and blue crosses represent the north and south 

localities, respectively.  
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FIG. 12. – Representative outcrop photo panels of the lower Atoka formation in the 

wedge-top zone. A. thick-bedded, sand-rich lobes and heterolithic mudstone sheets at S14 

(Antoine Quarry, Arkansas). B. sand-rich lobes and heterolithic, laminated mudstone sheets 

at S15 (Narrows Dam/Hinds Bluff, Arkansas). C. thick-bedded lobes at S16 (US259, 

Arkansas). D & E. thick-bedded, sand-rich lobes, and channel fill deposits at S17 (OK Hwy 

82, Oklahoma). F. sand-rich channel fill and lobe deposits at S18 (Clayton Lake State Park, 

Oklahoma). G massive, sand-rich channel fill deposits at S18 (US271, Oklahoma). Please see 

Table 5 for more descriptions.  
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FIG. 13. – Facies distribution showing longitudinal trends in the wedge-top zone. A. 

all localities show primarily strike-parallel paleocurrent patterns. Standard deviations of the 

paleocurrent directions are low. B. area plots showing an overall decrease of sand-rich facies 

components from S14 to S16, and an increase from S16 to S18. The normalized frequencies 

are relatively stable. C. scatter plots showing no well-defined proximal-distal downcurrent 

trend from S14 to S18 in percent sandstone, amalgamation ratio, or variation in sandstone bed 

thickness.  
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FIG. 14. – Representative outcrop photo panels of the lower Atoka formation in the 

southern foreland. A. channel fill of amalgamated sandstones at S1 (Blue Mountain Dam, 

Arkansas). B. clay-rich, laminated mudstone sheet deposit at S1 (Blue Mountain Lake 

entrance, Arkansas). C & D. lobes of thin- to thick-bedded sandstones and mudstones at S2 

(Atoka Reservoir, Oklahoma). Please see Table 5 for more descriptions.  
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FIG. 15. – Facies contrast for the two selected composite sections in the southern and 

southwestern foreland. A. The contrast of paleocurrent patterns of the two localities. B. The 

contrast of facies compositions of the two localities. S2 is overall more sand-rich and lobe-

dominated. C. Scatter plots showing that S2 is higher in percent sand, amalgamation ratio, but 

lower variability in sandstone thickness.  
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FIG. 16 Proposed conceptual depositional model of the lower Atoka formation in this 

study. The wedge-top shows stronger lateral topographic confinement than the foredeep. The 

study area is divided into four regions: proximal foredeep, distal foredeep, proximal wedge-

top, and distal wedge-top. The basin is primarily sourced from the east, but also intermittently 

from the craton to the north and the Arbuckle Mountains to the west. The sand-rich facies 

components decrease rapidly from east to west in the foredeep (except in the western margin) 

but remain relatively stable in the wedge-top. Basin reconstruction in cross-section after 

Arbenz (2008).  
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TABLES 

TABLE 1. – Summary of qualitative outcrop observations of the lower Atoka. 

Zone Area Descriptions Reference 

Foreland 

S1 mudstone olistostromes, sand dikes at Blue Mountain Dam. Bush et al (1977, 1978) 

S2 
some thick-bedded sandstone intervals near Atoka Reservoir Dam, only visible and 

accessible at low lake level. 
This study 

Foredeep 

S3 
common scour features in thin sections from turbidite mudstones. Silt 60-70%, 

sand 0-15%, clay 15-30%.  
Clark et al (1999, 2000) 

S4 
1. slump dominated intervals of tens of meters. 2. thick-bedded, tabular sandstones 

near the top of lower Atoka, Perryville.  

Sprague (1985); Fulton 

(1985); this study 

S5 
intermittent outcrops of thick-, thin-, sometimes massive sandstones and disturbed 

beds, vegetated. 
This study 

S6 
thick-bedded tabular sandstone near the top of lower Atoka, contorted ripple-

laminations common, Ola Quarry. 
This study 

S7 
erosive, thick-bedded sandstones overlaying heterolithic mudstone interval, near 

the top of lower Atoka, Nimrod Lake.  
This study 

S11 
very thick-bedded, amalgamated, or massive sandstones south of Hodgen, OK. 

Paleocurrents due west.  
This study 

between 

S11-S12 

1.erosive, massive sandstones at the base. 2. Horizons of bioclasts of mollusks, 

clay pebbles, carbonaceous sand. 3. thick to massive sandstones at the top, planar-

ripple-hummocky laminations, indicative of storm-influenced turbidite. 

Paleocurrents due east. basal Atoka. Eagle Gap, Arkansas, southern foreland.  

Nally (2006) 
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TABLE 1. – Summary of qualitative outcrop observations of the lower Atoka (continued). 

Zone Area Descriptions Reference 

Foredeep 

S12 

1. Johns Valley-like olistostromes in possible Atoka shale. 2.large chert block 

surrounded by Atoka turbidites. Both near Ti Valley, OK. 3. intermittent outcrops 

of thick mudstone intervals with disturbed beds, highly vegetated. 4. occasional 

occurrences of thick-bedded or amalgamated sandstones.  

Ferguson & Suneson (1987) 

S13 

thick-bedded/ amalgamated sandstones separated by long mudstone intervals. 

Sandstones show loading, flute casts, abundant tool marks at the base, ripple- 

swaley- hummocky laminations near the top, contorted bedding or truncated top, 

sand or mud clasts, plant debris. Some paleocurrent due south. Brushy Narrows, 

OK. lower-middle of Atoka Fm.  

Cullen et al, Fruit et al (in 

Suneson et al, 1990) 

Wedge-

top 

S14 
1. slump-dominated intervals and olistostromes of sandstones near basal Atoka. 2. 

fragments of re-worked shallow marine invertebrate fossils 

Walthall 91967); Sprague 

(1985); Stone et al (1981) 

S15 
1. transported mold fauna of mollusks. 2. mudstone olistostromes with abundant 

plant debris 

Bush et al (1977); Stone et al 

(1981) 

S16 
1. shallow channel-fill sandstones. 2. abundant channel fills and MTD near basal 

Atoka (subsurface). 

Sutherland & Manger 

(1979); Legg et al (1990) 

S17 brachiopod fragments in some sandstone beds, near basal Atoka Suneson & Ferguson (1987) 

S18 intermittent outcrops of massive and very thick-bedded sandstones This study 
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TABLE 2. – Classification and characteristics of bed types. 

Lithology 
Bed 

Type 

Thickness 

Range 
Sedimentary Structures 

Sandstone 

Bed 

B1 > 100 cm 

planar stratification, basal scour and loading structures; 

rare mud clasts and hybrid-event-bed intervals near top 

of bed 

B2 30-100 cm 
graded, planar stratification, occasional basal scour and 

loading structures 

B3 10-30 cm 
planar or ripple laminations, graded bedding, flat base 

and rippled-top common 

B4 < 10 cm fine ripple or planar laminations, wavy or flat 

Mudstone 

Bed 
B5 > 2 cm fissile, finely laminated or massive 

Chaotic Bed B6 
5 cm -1300 

cm 

contorted sandstone, mudstone, or interbedded of both, 

olistostromes, or reworked sand/mud clasts 
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TABLE 3. – Definitions and characteristics of lithofacies used in this study. 

Code 
Lithofacies  

Name 

Typical 

Thickness 

Range (m) 

Mean 

Percent 

Sand 

Mean 

Amalgamation 

Ratio 

Grain 

Size 
Contacts Sedimentary Structures Inferred Process 

F1 

massive, 

amalgamated 

sandstone 

1.08-4.76 99% 74% 
fine - 

medium 

Sharp and erosive 

base common; 

sharp, truncated, 

or gradational top 

structureless or graded, sometimes 

ripple or planar stratified; loading 

structures, internal scour, mudclasts, 

plant debris common; trace fossils 

rare 

rapid deposition 

from large 

magnitude, high-

density turbidity 

currents 

F2 

thick-bedded 

sandstone with 

minor 

mudstone 

0.38-1.60 95% 33% fine 

Flat base without 

significant 

erosion; flat, 

sometimes rippled 

or planar 

laminated top  

planar or sometimes cross stratified, 

or weakly ripple-laminated, normal 

grading common; flute cast and tool 

marks common at the sole; loading, 

dewatering, and mudclasts occur 

occasionally; trace fossils 

uncommon 

rapid deposition 

from high-density 

turbidity currents 

F3 

thin-bedded 

sandstone and 

mudstone 

0.17-1.33 79% 39% 

very 

fine - 

fine 

Flat, non-erosive 

base; flat or 

rippled top 

common planar or ripple 

laminations; ripples occasionally 

contorted; flute casts, tool marks, 

trace fossils common; associated 

mudstones silty and heterolithic 

deposition from 

low-density 

turbidity currents 

F4 

mudstone with 

minor 

sandstone 

0.06-1.97 7% 0% 
silt - 

clay 

flat, non-erosive 

base and top 

massive, parallel- or ripple-

laminated silt and clay; terrestrial 

plant fragments, trace fossils 

common on bedding planes; 

associated with minor very thin- and 

thin-bedded sandstones 

deposition from 

dilute turbidity 

currents and 

hemipelagic 

fallout 

F5 

disturbed 

mudstone and 

sandstone 

0.25-6.92 22% 13% 
clay - 

fine 

irregular base and 

top 

contorted, chaotic, rubble bedding 

common; local olistostromes, sand 

or mud breccias 

mass failure and 

debris flow 

Note: 1. thickness ranges are 10th-90th percentiles of the thickness ranges. 2. the inferred processes are after Bouma (1962), Morris (1971), Lowe 

(1979), and Lowe et al (1982).  
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TABLE 4. – Definitions and characteristics of facies associations in this study. 

Code 
Facies 

Associations 

Thickness 

(m) 

Percent 

Sand 

Amalga-

mation 

Ratio 

Lithofacies 

Compositions 
Geometry Description 

Depositional 

Interpretation 

FA1 channel 

1.03-8.14 

mean: 

4.00 

84-

100% 

mean: 

96% 

42-100%   

mean: 

75%  

major F1, F2; 

minor F5, F3 

channel-

form, 

wedge, lens, 

or irregular 

decimeters-meters of basal erosion, 

concentration of mudclasts near base, common 

scour-and-fills, some cross stratifications, and 

pinch-outs; occasionally filled with disturbed 

beds or thin-bedded sandstones 

primarily 

distributary, 

shallow 

channels 

FA2 lobe 

0.46-6.37 

mean: 

2.72 

68-

100% 

mean: 

89% 

0-89%     

mean: 

48%  

major F2, F3, 

some F1 
tabular 

flat basal contact with minor or no erosion; 

sandstone beds commonly graded, with well-

defined Bouma Sequence; vertical trends not 

well-defined; may contain mudstones up to 

0.4m.  

lobe or basin 

floor fan 

FA3 
mudstone 

sheet 

0.40-4.44 

mean: 

1.98 

0-38%   

mean: 

13%  

0-5%     

mean: 

2%  

major F4, 

minor F3 
tabular 

flat, non-erosive basal and top contacts; may 

contain isolated thin-bedded sandstones; may 

be interrupted by MTD; needs to be at least 

0.4m thick 

interlobe, basin 

floor 

mudstone, or 

levee 

FA4 

mass 

transport 

deposit 

0.63-9.71 

mean: 

3.35 

0-68%   

mean 

17%  

0% 
major F5, 

minor F4 
irregular 

consists of one or multiple mass failure events; 

disturbed beds in channels not included;  

mass transport 

deposit 

Note: thickness ranges are 10th-90th percentiles of the thickness ranges. 
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TABLE 5. – Descriptions and interpretations of the composite sections used in this study. 

Sec# Description Interpretation 

S1 

Lower outcrop (1): thick, fissile mudstone sheet with minor isolated sandstones. PC due west. Upper outcrop (2): heterolithic 

mudstone sheet, thin-bedded sandstone sheet, and slump deposits eroded and overlain by massive, amalgamated sandstone. PC 

due south. 

Lower: slope & 

marginal lobe. 

Upper: channel and 

levee.  

S2 
Thick- & thin-bedded sandstone sheets, planar, ripple, or convoluted laminations, virtually no erosion, bioturbation common on 

the sole of beds. PC due northeast. 
marginal lobe 

S3 

Thick-, thin-bedded, or amalgamated sandstone sheets and channel fills. Mudstone sheets often heterolithic, sand- or silt-rich. 

Muddy slumps and debrites common. Possible rafted blocks. Erosional contacts, loading structures, water escape common. 

Occasional cross-stratification. Paleocurrents due west. These facies characteristics can be traced >12km longitudinally. 

mixed channel-

lobe, proximal lobe, 

CTLZ? 

S4 

Thick-, thin-bedded, and amalgamated sandstone sheets, channel fills, heterolithic mudstone sheets, interrupted by mudstone or 

sandstone slumps. PC due northwest. Erosional and amalgamated contacts, loading structures, dewatering structures, trace 

fossils common. These facies characteristics can be traced >10km longitudinally.  

mixed channel-

lobe, proximal lobe  

S5 

East outcrop (8): thin- and thick-bedded, occasional amalgamated sandstone sheets, heterolithic mudstone sheets, interrupted by 

mixed sandy/muddy slumps. West outcrop (13): thin- and thick-bedded sandstone sheets, heterolithic mudstone sheets. 

Erosional contacts rare. Trace fossils and plant debris rare for both. PC due west.  

lobe with minor 

channel 

S6 

Very thick-, thick-, and thin-bedded sandstone sheets, channel fills with massive-amalgamated sandstones, and thin, heterolithic 

mudstone sheets. Most beds with flat bases and tops. Loading structures, mud clasts common for thick and massive sandstones. 

Plant debris common, trace fossils rare. Coaly horizons. PC due west.  

mixed channel-

lobe, proximal lobe 

S7 

Mainly thin- and thick-bedded sandstone sheets and heterolithic mudstone sheets. Occurrences of massive-amalgamated 

sandstones increase northward (upward). Slumps rare. Planar stratification common, loading structures, mud clasts, plant debris, 

trace fossils rare. PC due west.   

lobe with some 

channel,  

S8 

Mainly thick-bedded sandstone sheets, channel fills with massive-amalgamated sandstones, and heterolithic mudstone sheets. 

Sandstone beds mostly tabular, some lenticular or wedge-shaped. Loading and erosion are common at the bases of massive 

sandstones. Some sandstones show weak cross-stratification. Trace fossils, plant debris, mud clasts rare. PC due west for all 

outcrops.  

mixed channel-

lobe, proximal lobe 

S9 

Mainly thin- and thick-bedded sandstone sheets and heterolithic mudstone sheets. Loading structures, mud clasts, erosion not 

common. Most sandstones are tabular with flat tops and bases. Occurrences of thick-bedded sandstones increase toward the 

north (upwards). Trace fossils, plant debris, occur at outcrop 29. PC due west.  

lobe and interlobe 

S10 

Mainly thin-bedded sandstone sheets and heterolithic, rhythmic mudstone sheets. Thick-bedded sandstones, slumps, erosions, 

mud clasts rare. Loading structures, trace fossils, sole marks, ripple and convolute laminations common. Thinning and fining 

upward cycles. PC due west.  

marginal or distal 

lobe 

* PC: paleocurrent.
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TABLE 5. – Descriptions and interpretations of the composite sections used in this study (continued). 

Sec# Description Interpretation 

S11 

Predominantly heterolithic and fissile mudstone sheet with isolated thin-bedded sandstone sheets, occasionally slumps. The sandstones 

show planar, ripple, or convoluted laminations. Thick-bedded sandstones are rare. Trace fossils and sole marks very common at the sole 

of sandstones. Paleocurrents due from northwest to southwest. 

muddy basin floor, 

with some distal lobe 

S12 

Predominantly heterolithic and fissile mudstone sheets with isolated thin-bedded sandstones. Outcrops with some thick-bedded sandstones 

are also reported by Suneson & Ferguson (1987). The sandstones are often ripple-laminated with abundance trace fossils on the sole. The 

PC in this region are bimodal, the northern fault blocks due west while the southern fault blocks due east.  

muddy basin floor, 

with opposing fans? 

S13 

Thick- and thin-bedded sandstone sheets and sand/silt-rich mudstone sheets. The sandstones are planar, or ripple laminated with abundant 

sole marks and bioturbation. Some sandstones show convolute laminations. Loading structures common. Erosion, amalgamation, slumps 

rare. PC due northeast.  

storm-influence 

turbidite lobe? 

S14 

Thick-bedded and massive-amalgamated sandstone sheets, channel fills, heterolithic mudstone sheets, and some slump/ debris flow 

deposits. Loading structures, dewatering, erosional contacts, plant imprints, sole marks common. Trace fossils, mud clasts/pebbles 

occasional. Thinning- and thickening-upward cycles. PC due west, some due north.  

mixed channel-lobe, 

proximal lobe 

S15 

Thick-, very thick-bedded, or massive-amalgamated sandstone sheets, channel fills, heterolithic or fissile mudstone sheets, and some 

muddy debrites. Erosional contacts, loading structures, sole marks common. Some plant imprints, trace fossils. PC due west, some due 

north.  

mixed channel-lobe, 

proximal lobe 

S16 

Mixed sandstone and mudstone sheets, some debris flow deposits. SS sheets are thick- and thin-bedded sandstones, some massive-

amalgamated sandstones. Tabular, planar stratified, sole marks and trace fossils common. Some convoluted laminations and loading 

structures. Lack of erosional contacts, plant imprints. Mudstone sheets are heterolithic or fissile, often meters thick. PC bimodal, 

northwest and southwest. 

mixed lobe zone, 

axial and marginal 

lobe.  

S17 

Mixed sandstone and mudstone sheets, some channel fills. SS sheets are thick- and thin-bedded sandstones. Planar or ripple laminations, 

sole marks and trace fossils on thin-bedded sandstones. Some convoluted lamination, loading and erosional contacts. Channel fills are 

massive-amalgamated sandstones. Mudstone sheets are fissile or heterolithic. PC due southwest.  

mixed channel-lobe,  

S18 

Characterized by massive-amalgamated or thick-bedded sandstone sheets and channel fills. Thicker sandstones show basal erosion, planar 

stratification, and rippled-top. Thinner sandstones show flat base and top, planar or ripple laminations. Flute casts common. Lack of trace 

fossils, plant imprints, mud clasts, soft-sediment deformation. Mudstone sheets are heterolithic, rich in sand and silt. PC due west.  

mixed channel-lobe, 

proximal lobe. 

* PC: paleocurrent.  
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SUPPLEMENTARY MATERIAL 

TABLE – Outcrop localities of the lower Atoka formation.  

FIGURES – Measured sections of the lower Atoka formation.  


