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ABSTRACT 17 

 18 

Recent advances in our understanding of palaeovalleys are largely guided by examples from 19 

passive margins, in which accommodation increases down depositional dip. This study tests 20 

these models against a dataset from the Pennsylvanian Breathitt Group of the central 21 

Appalachian foreland basin, USA. This fluvio-deltaic succession contains extensive erosionally-22 

based fluvio-estuarine sand bodies that can be tracked over 80 km down depositional dip from 23 

a proximal zone of high accommodation close to the orognic margin to a distal, lower 24 

accommodation zone close to the cratonic margin of the basin. The sand bodies are up to 25 m 25 

thick, multi-storey, and characterised in their lower parts by strongly amalgamated storeys 26 

containing sandy fluvial to estuarine bar accretion elements, and in their middle to upper parts 27 

by more fully preserved storeys up to 10 m thick and laterally extensive over 100s of metres. 28 

The upper storeys include abandonment channel-fills of heterolithic marine or marginal marine 29 

deposits or muddy to sandy point-bar elements. Three major regional-scale architectures 30 

include: (1) Tabular sand bodies that everywhere incise open marine prodelta and mouth bar 31 

facies and are interpreted as palaeovalleys formed during falling stage and lowstand systems 32 

tracts, when eustatic sea-level fall outpaced tectonic subsidence across the entire study area. (2) 33 

Sand bodies that incise genetically related floodplain lake and/or bay-fill minor mouth bar 34 

deposits up depositional dip and open marine prodelta and mouth bar facies down dip. These 35 
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stacked distributary channel deposits map down dip into palaeovalleys and formed when up dip 36 

subsidence rate resulted in positive, but reduced rate of accommodation creation, while lower 37 

tectonic subsidence rate down-dip resulted in incision. (3) Sand bodies that incise genetically 38 

related floodplain, lake and/or bay-fill minor mouth bars up dip and pass down-dip into 39 

genetically-related unconfined floodplain, prodelta and mouth bar deposits. These sand bodies 40 

represent stacked distributary channel fills and channel amalgamation was the product of high 41 

rates of lateral migration, typical of the behaviour of channels above their backwater reach. Case 42 

(2) sand bodies demonstrate that in rapidly subsiding foreland basins, cross shelf palaeovalleys 43 

may form down depositional dip from aggradational, distributive fluival strata. Additionally, the 44 

genetic relationship between stacked distributary channels and palaeovalleys supports recent 45 

models for palaeovalley formation that emphasise diachronous, cut-and-fill during falling stage 46 

and lowstands of relative sea level.  47 

 48 

INTRODUCTION 49 

 50 

Since the 1970s, palaeovalleys (“incised valleys”) have been the subject of extensive research 51 

because their sand-prone fills constitute hydrocarbon reservoirs and their erosional bases were 52 

thought to  provide the most striking evidence from seismic and outcrop data for  sequence 53 

boundaries (e.g. Mitchum et al., 1977; Haq et al., 1987; Posamentier & Vail, 1988; Van Wagoner 54 

et al., 1988). Early models for the formation of palaeovalleys implied a scenario in which valleys 55 

were cut into older sediment during relative sea-level fall as rivers re-adjusted to lowered 56 

shoreline positions, and  back-filled during subsequent relative sea-level rise (e.g. Posamentier 57 

& Vail, 1988; Posamentier et al., 1988; Van Wagoner et al., 1990; Shanley & McCabe, 1994). An 58 

incised valley fill was defined as a “fluvially eroded, elongate topographic low that is typically 59 

larger than a single channel form, and is characterised by an abrupt seaward shift of 60 

depositional facies… at its base” (Zaitlin et al.,1994; Boyd et al.,2006).  Since this first generation 61 

of sequence stratigraphic models, an increasing volume of publications focusing on the 62 

sedimentology and stratigraphy of palaeovalleys (Holbrook & Wright Dunbar, 1992; Holbrook, 63 

1996; 2001), the geomorphology and dating of Pleistocene to Holocene valley fills (Blum & 64 

Price, 1998; Blum & Tornqvist, 2000; Tornqvist et al., 2003; Rittenour et al., 2005, 2007; 65 

Busschers et al., 2007), flume tank and numerical simulations (Strong & Paola, 2008), have led 66 

to the refinement of genetic models (see recent reviews by Gibling et al., 2011; Holbrook & 67 

Bhattacharya, 2012; Blum et al., 2013). These studies provide an enhanced understanding of the 68 

morphological development of palaeovalleys, the nature of their fills and relationship with 69 

underlying strata, from an up-dip to down-dip perspective, but are guided significantly by 70 

examples of palaeovalleys from continental passive margin shelves, that display a marked 71 
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morphological shelf-break, and where tectonic and gravitationally-driven (growth-fault) 72 

accommodation increase down depositional dip (Bond et al.,1995).  73 

In this study, a series of sand bodies encased in marine to terrestrial heterolithic 74 

sediments of the middle Pennsylvanian upper Breathitt Group are documented. Many of the 75 

channel belts fulfil the traditional definition of palaeovalleys and have been interpreted as such 76 

(Aitken & Flint,1994; Aitken & Flint,1995). However, the Breathitt Group was deposited in a 77 

peripheral foreland basin setting, in which there was no shelf break, and palaeocurrent data 78 

indicate the palaeovalleys were carved transversely from the high accommodation orogenic 79 

margin towards the low accommodation cratonic margin of the basin (Fig. 1). Thus the upper 80 

Breathitt Group provides the opportunity to describe changes in up-dip to down-dip scale, 81 

geometry, architecture, formation and evolution of palaeovalleys from a tectonic and 82 

geomorphic setting that contrasts markedly with examples derived from continental shelf 83 

margins. 84 

 85 

RECENT ADVANCES IN STUDIES OF PALAEOVALLEY SYSTEMS 86 

 87 

Blum et al. (2013) advocated a “source-to sink” approach to understanding palaeovalley 88 

systems, which provides an useful framework for summarizing current understanding, although 89 

their use of nomenclature and case studies implied that the approach applies mainly to passive 90 

margins. In this approach, palaeovalleys can be subdivided into three zones, from up-to-down 91 

depositional dip: (1) the mixed bedrock-alluvial zone, above the “limit of sea-level influence” 92 

and characteristic of continental interiors, where palaeovalleys cut across bedrock or sediment 93 

of significantly older age and are long-lived, degradational features; (2) the coastal plain zone, 94 

which extends from the “limit of sea-level influence” to the highstand shoreline; and (3) the 95 

cross shelf zone, which extends from the position of the highstand shoreline to the continental 96 

shelf margin. Palaeovalleys developed in the latter two zones are defined as representing non-97 

equilibrium responses to high frequency sea-level change, in which scouring is generated by 98 

fluvial and marine processes, and the palaeovalley fill may include fluvial to shallow marine 99 

strata (Blum et al.,2013). The recognition of “mixed bedrock-alluvial palaeovalleys” or 100 

palaeovalleys occurring within entirely alluvial facies, clearly nullifies the necessary 101 

demarcation of a basinward facies shift at the base of the valley as a defining criterion (Gibling 102 

et al.,2011; Blum et al.,2013). In the “coastal plain” and “cross shelf” zones, high-resolution 103 

dating of late Pleistocene coastal plain palaeovalley-fills (e.g. Blum & Tornqvist, 2000; Rittenour 104 

et al., 2005, 2007; Busschers et al., 2007), as well as flume tank experiments (e.g. Stong & Paola, 105 

2008) reveal that during a cycle of sea-level fall and rise, valley-formation is characterised by 106 

multiple episodes of fluvial incision, aggradation, and terrace development, such that the basal 107 
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palaeovalley surface is typically generated and covered diachronously during its development. 108 

Thus, the erosional base of the preserved palaeovalley-fill in the rock record may resemble a 109 

valley in shape and represent a stratigraphic surface that separates older, underlying strata 110 

from younger, overlying strata of the palaeovalley-fill, but never itself existed as a geomorphic 111 

feature in the palaeo-landscape at any one time (Holbrook & Bhattacharya,2012; Blum et 112 

al.,2013). The implication of this more recent understanding is that the basal valley surface 113 

likely will not everywhere represent the surface of maximum regression - the sequence 114 

boundary - and indeed, the sequence boundary may well be truncated and removed by 115 

continued incision during relative sea-level rise. Traditional models (Posamentier & Vail, 1988; 116 

Posamentier et al., 1988; Van Wagoner et al., 1990) tended to depict the palaeovalleys as cutting 117 

through previous highstand deposits, clearly defining an unconformity separating genetically 118 

unrelated sediments deposited in two different depositional sequences. Although this may hold 119 

true for channel incision at the beginning of relative sea-level fall, because the fluvial systems 120 

will continue to feed deltaic and shoreface deposits further down-dip on the shelf, continued 121 

relative sea-level fall will eventually result in channel incision through their own genetically-122 

related forced regressive deltas. In the cross shelf segment of palaeovalleys, where incisional-123 

aggradational fluvial distributaries eventually pass down dip into distributive, deltaic deposits, 124 

the base of the valley will pass down dip from an unconformity into a surface representing the 125 

simple incision of distributary channels into their own deposits. Thus, at the time of maximum 126 

regression, the sequence boundary will pass down-dip into a depositional surface which 127 

downlaps onto the palaeo-sea floor (Martin et al., 2009). From an up-dip (coastal plain) to 128 

down-dip (cross-shelf) perspective, the geomorphic expression of palaeovalleys will therefore 129 

be increasingly lost, as they experience shorter periods of incision and erosion, and increased 130 

marine reworking during transgression. 131 

 132 

GEOLOGICAL BACKGROUND 133 

 134 

Tectonic and palaeogeographic setting 135 

 136 

The central Appalachian Basin (Fig. 1) was one of a series of Alleghenian-Variscan 137 

peripheral foreland depocentres that developed cratonward of promontories on the Laurasian 138 

continental margin (Thomas,1976; Quinlan & Beaumont,1984). The depocentre was bounded to 139 

the west by the Cincinnati Arch (Fig. 1B), and to the east by thrust sheets of the Alleghenian-140 

Variscan orogenic belt. To the north, the basin is bounded by the northern margin of a 141 

Precambrian basement aulocogen known as the Rome Trough (Tankard, 1986), which at the 142 

surface is defined by the Kentucky River Fault System and a series of equivalent faults and 143 
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structures, including the Irvine-Paint Creek Fault Zone (Fig. 1C), that trace northeastward into 144 

present-day West Virginia. By the earliest Pennsylvanian, initial phases of thrust sheet 145 

emplacement along the southeast margin of Laurasia drove flexural subsidence of the existing 146 

cratonic carbonate shelf in an area corresponding to present-day south-eastern West Virginia, 147 

and western Virginia (Quinlan & Beaumont,1984;  Tankard, 1986)). This promoted the 148 

westward progradation of mud, silt and fine-grained sand sourced from the emerging orogenic 149 

belt, conformably over the pre-existing mixed clastic-carbonate shelf into the early basin. 150 

Throughout the Pennsylvanian and early Permian, predominantly arkosic siliciclastic debris 151 

(subgreywacke) was eroded from the orogenic hinterland to the southeast and transported 152 

transversely north-westward through the basin via a succession of deltas (Ferm & 153 

Cavaroc,1968; Ferm, 1970; Horne et al.,  1978; Rice et al., 1979; Chesnut,1994), largely 154 

considered to have been river-dominated (Englund & Thomas, 1990; Aitken & Flint,1995), but 155 

also tidally modulated (Martino, 1994; Martino,1996; Greb & Chesnut, 1996;  Adkins & Eriksson, 156 

1998; Greb & Martino,2005). During the Lower Pennsylvanian, arkosic sediments were coeval 157 

with axial, coarse-grained fluvial and estuarine quartzarenite deposits (Rice et al., 1979; 158 

Chesnut, 1992; 1994) derived from the mature craton to the north (Archer & Greb, 1995; 159 

Erikson et al., 2004). Lithospheric flexure towards the orogenic load in the south-east produced 160 

a markedly asymmetric basin-fill, characteristic of foreland basins (Allen & Allen,  2005). The 161 

maximum preserved thickness of Pennsylvanian strata in the Central Appalachian Basin is 1.5 162 

km near the Pine Mountain Thrust structure, close to the presumed orogenic margin (Wanless, 163 

1975; Chesnut, 1992; Fig. 1A). Abrupt thinning of the same stratigraphy north of the Irvine-164 

Paint Creek Fault Zone has long been recognised (e.g. Arkle, 1974; Greb et al., 2008; Fig 1A). 165 

The documentation of “cyclothems”- cyclic, coal-bearing rocks and intervening marine 166 

or marine-influenced strata  - on the Laurasian continents (Wanless & Shepard, 1936;  167 

Ramsbottom et al., 1978; Ross & Ross, 1985; Maynard & Leeder, 1992; Heckel, 1994; Davies et 168 

al., 1999; Rygel et al., 2008), and coeval glacial deposits and striated pavements on the 169 

Gondwanan continents (Braakman et al., 1982; Audley-Charles, 1984; Caputo & Crowell, 1985; 170 

Veevers & Powell, 1987; Gonzalez, 2001; Fielding et al., 2008) established that this was a period 171 

of large-scale continental glaciation, with associated high-magnitude glacio-eustatic sea-level 172 

fluctuations (Veevers & Powell, 1987; Crowley & Baum, 1991; Isbell et al., 2003; Rygel et al., 173 

2008). In the central Appalachian Basin, fluvio-deltaic sedimentation was punctuated by 174 

regular, cyclic, marine transgressions and periods of subaerial exposure and non-deposition 175 

(Wanless, 1939; Chesnut,1994; Aitken & Flint, 1994; 1995), associated with glacio-eustatically 176 

driven rises and falls in sea-level of as much as 100 m (Rygel et al., 2008). By the late early to 177 

mid Permian, during the final phases of the assembly of Pangaea, advancement of the Variscan-178 

Alleghenian deformation front subsequently folded and thrusted stratigraphy southeast of the 179 
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position of the Pine Mountain Thrust (Fig. 1C; Miller & Kent, 1988; Hatcher et al., 1989; 180 

Stamatakos et al., 1996). Within the study area, to the northwest of the Pine Mountain Thrust 181 

(Fig. 1C), strata are weakly deformed into a major NE-SW striking open fold (the Eastern 182 

Kentucky Syncline), with gentle structural dips on the limbs that rarely exceed 10o. 183 

 184 

Stratigraphy 185 

 186 

In eastern Kentucky, the late Palaeozoic foreland megasequence of the central Appalachian 187 

Basin is broadly a coarsening-up succession of marine, marginal marine and terrestrial clastics, 188 

coal and rare carbonate, in which evidence for marine conditions generally decreases upwards 189 

(Horne et al., 1978; Chesnut, 1992; Chesnut, 1994). This megasequence can be broadly divided 190 

into (1) the lower Breathitt Group, in which subarkosic coal-bearing strata are juxtaposed with 191 

thick, quartz-pebble-bearing quartzarenites; (2) the upper Breathitt Group, which contains 192 

more laterally continuous coals and lacks quartzarenites; and (3) the Conemaugh Formation, 193 

characterised by thinner coals and thicker mudstones (Fig. 2). Chesnut (1992; 1996) formally 194 

subdivided the upper Breathitt Group into the Pikeville, Hyden, Four Corners and Princess 195 

Formations, bounded by widespread, marine mudstone units – the Betsie Shale, Kendrick Shale, 196 

Magoffin and Stoney Fork Members (Fig. 2). Although there is some disagreement about the 197 

precise ages of these four major marine units (c.f. Greb et al., 2009), palaeobotanical studies 198 

suggest the Betsie Shale and Magoffin members represent the European A. vanderbeckei and A. 199 

aegiranum ammonoid biozones which define the base and top of the Westphalian 200 

B/Duckmanian (c. 315-318 Ma; Gradstein et al., 2012) respectively. Hence, the major marine 201 

mudstone units have been interpreted as the maximum flooding zones of 1.5 Ma-duration 202 

(third-order sensu Mitchum & Van Wagoner, 1991) depositional sequences (Aitken & Flint, 203 

1994; 1995; Greb et al., 2008). Between these formation-bounding marine mudstones, the 204 

strata comprise typically 2-15 m thick cycles (“cyclothems”) characterised by a locally-to-205 

regionally developed marine to marginal marine mudstone which coarsens upward through 206 

heterolithic mouth bar and floodplain successions into a regionally extensive coal or coal zone 207 

(Fig. 2). Commonly, much or all of the upper part of the cycle may be truncated by major 208 

erosionally-based fining-up fluvio-estuarine channel bodies which underlie the regionally 209 

extensive coal (Chesnut, 1992; Chesnut, 1994; Aitken & Flint, 1994; 1995). Chesnut (1992; 210 

1994) and Aitken and Flint (1994; 1995) recognised the basin-scale significance of the regional 211 

or quasi-regional marine units and coal seams. Hence the cyclothem-scale cycles have been 212 

interpreted as parasequence to sequence-scale eustatic cycles superimposed upon the third 213 

order eustatic or tectonically-driven accommodation cycles (Chesnut, 1992; 1994), Aitken & 214 

Flint, 1994; 1995). 215 
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This study focuses on the Pikeville and Hyden formations of the upper Breathitt Group. 216 

Current biostratigraphic designations of the marine units bounding the Pikeville and Hyden 217 

formations (Fig. 2), combined with (undecompacted) isopach data (Fig. 1), suggest that basin 218 

subsidence rates at this time, were >150 m/Ma on the preserved orogenic margin close to the 219 

Pine Creek Thrust, and <30 m/Ma on the preserved cratonic margin north of the Irvine-Paint 220 

Creek Fault Zone. 221 

 222 

METHODS AND DATASET 223 

 224 

Extensive road-cut exposures of the Pikeville and Hyden formations were targeted at three 225 

locations in eastern Kentucky (Figs. 1C and 3), generated by the recent re-alignment of: (1) U.S. 226 

Route 119 between Pikeville and Belfry, Pike County; (2) Kentucky Route 7 between Viper and 227 

Jeff, Perry County; and (3) Kentucky Route 15 between Jackson and Vancleve, Breathitt County. 228 

The first two locations represent proximal (up-dip), high accommodation sectors of the basin in 229 

the foredeep, whereas the Route 15 section represents a more distal, and lower accommodation 230 

sector of the basin (Fig. 1C), approximately 80 km down depositional dip. The Route 15 231 

locations occur just a few kilometres to the south of the Irvine-Paint Creek Fault system, north 232 

of which abrup thinning of the Breathitt Group occurs, and should therefore be considered close 233 

to, but not on the cratonic margin of the basin. Individual facies and facies associations were 234 

described and interpreted and palaeocurrent data collected by means of centimetre-scale 235 

sedimentary logging of road cut exposures. Vertical thicknesses were calibrated against road 236 

construction engineers’ exploration borehole logs, and vertical and lateral stratal relationships 237 

at the scale of individual road cut exposures were captured through the annotation of 238 

photomosaics (e.g. Fig. 4). Identification of the regionally extensive coal seams and formation-239 

bounding major marine members (Chesnut, 1991;1992; Rice & Hiett, 1994) from published 240 

1:24,000 geological quadrangle maps (Hansen & Johnston, 1963; Prichard & Johnston,1963; 241 

Puffett, 1964; Alvord, 1965; Wolcott & Jenkins, 1966; Rice et al., 1977), permitted correlation 242 

between road-cut exposures (Fig. 5), and between the proximal and distal sectors of the basin 243 

(Fig. 6). Selected road-cuts were targeted for more detailed characterisation of internal sand 244 

body architecture (Fig. 7). 245 

 246 

FACIES ASSOCIATIONS IN THE PIKEVILLE AND HYDEN FORMATIONS 247 

 248 

A large variety of fully marine to fully terrestrial facies associations (FA) occur in the Pikeville 249 

and Hyden formations, but are grouped into eight broad categories for the purpose of this study 250 

(summarised in Table 1). The facies associations are tabulated in the context of idealised 251 



8 
 

“cyclothems” that have long been described from the upper Breathitt Group (Wanless & 252 

Shepard, 1936; Horne et al., 1978; Chesnut, 1992; 1994; Aitken & Flint, 1994; Greb et al., 2008). 253 

The facies associations are: FA1 - shoreface, FA2 - prodelta, FA3 - mouth bar, FA4 – flood plain, 254 

FA5 - mire, FA6 - sandy fluvio-estuarine channels, FA7 - tidal creeks and channels, FA8 - sandy 255 

and muddy fluvio-estuarine channels. Bioturbation intensity is typically low, but variable. 256 

Characteristics which all facies associations have in common are the pervasive occurrence of 257 

sand-grade mica flakes, clay flocks, and rare to abundant, finely commuted plant debris, giving 258 

an overall “dirty” appearance to these rocks. Because a continuum of cyclothem thickness from 259 

2-30 m occurs, FA1-5 refer to those elements at the scale of major delta-front progradation, as 260 

well as delta-top, or bayhead (valley-filling) sub-delta progradation. FA6-8 refers to those 261 

elements which occur both within a deltaic progradational or valley-filling transgressive 262 

context.  263 

 264 

CORRELATION OF STRATAL TRENDS AND DEPOSITONAL MODEL FOR THE PIKEVILLE 265 

AND HYDEN FORMATIONS 266 

 267 

Fig. 6 illustrates the interpreted correlation of stratal trends in the Pikeville and Hyden 268 

Formations from the up-dip, high accommodation sectors (Kentucky Route 7 and U.S. Route 269 

119) to the down-dip, low accommodation area (Kentucky Route 15) of the basin. Regional 270 

coals and marine to marginal marine units are named following Chesnut (1991) and Rice and 271 

Hiett (1994) (Fig. 3). Major sandstones have not traditionally been named in the Breathitt 272 

Group, with few notable exceptions (Rice & Hiett, 1994); Fig. 2). Unless designated a name 273 

previously, sandstones are named after the marine to marginal marine member they overlie, for 274 

the purpose of clarity (e.g. the Stoney Fork Sandstone overlies the Stoney Fork Marine Member; 275 

Fig. 2 and 3). These names do not imply continuity of the sandstone between locations, and are 276 

not formally recognised. 277 

Regional vertical trends determined in this study (Fig. 6), illustrate marked thinning of 278 

the stratigraphy towards the foreland. These correlations also indicate that the cyclothem-based 279 

stratigraphy previously used to define depositional units within the Breathitt Group (e.g. 280 

Chesnut, 1992; 1994) is difficult to apply at a regional scale, because of variations in the 281 

character of the cyclothems from the up-dip to down-dip areas (Fig. 7). In proximal locations, 282 

cyclothems are characterised by a coarsening-up component in which the prodelta (FA2) and 283 

mouth bar (FA3) contain rarer marine bioturbation, and relatively abundant transported plant 284 

debris. The upper part of the coarsening-up component typically comprises a thicker coal “zone” 285 

with intercalated floodplain heteroliths (FA4 and 5). These cylothems are more likely to contain 286 

thick, sharp-based fining-up sand bodies comprising fluvial and estuarine channels (FA6-8) and 287 
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the coarsening-up component may be wholly removed by truncation, resulting in sand body 288 

amalgamation (Fig. 7). In the distal portion of the basin, cyclothems are characterised by a 289 

coarsening-up component in which the prodelta (FA2) and mouth bars (FA3) contain more 290 

abundant marine bioturbation, and are capped by a rootlet horizon and thin or absent coal. 291 

Large fining-up sand bodies of fluvial and estuarine channels (FA6-8) are notably fewer in the 292 

distal sector (Figs. 5, 6 and 7). Thus, evidence for open marine conditions in the succession 293 

broadly increases from SE to NW, and these relationships, support previous interpretations of 294 

the upper Breathitt Group as broadly representing a succession of transgression-bounded 295 

fluvio-deltaic progradation events towards the NW (e.g. Martino, 1994). 296 

The largest-scale transgressions, backstepping of deltaic sedimentation to the SE of the 297 

study area, and establishment of regional offshore marine shelf/ramp conditions occurred at 298 

the times of the Betsie, Kendrick, and Magoffin marine members (Fig. 6). At the studied sections, 299 

coarsening-up packages (bedsets or parasequences) within the Betsie Shale, Kendrick Shale and 300 

Magoffin marine member attain thicknesses of up to 30 m (Fig. 5), setting an absolute minimum 301 

(given decompaction) for the maximum water depths attained during these large-scale 302 

transgressions. Minor marine or marginal marine successions between the major marine units 303 

do not exceed 15 m thickness, implying waters of this approximate depth or less, during other, 304 

more minor transgressions (Fig. 5). 305 

Using the largest preserved storeys as indicative of deposition in trunk distributaries, 306 

fluvial style during delta progradation was characterised by large (up to 10 m bankfull depth) 307 

meandering fluvial channels depositing sandy and muddy sediment (FA6). These passed 308 

downstream into broader, composite channels containing sandy axially and laterally accreting 309 

mid-channel bar-forms (FA7). This interpretation is supported by sand body architecture of 310 

normally regressive packages (described below), and the general decrease in abundance of FA6 311 

down depositional dip.  An estimate of regional fluvial gradients in the study area can be 312 

derived using the relationship between estimated bankfull depth of the largest channels, 313 

median bedload grainsize within those channels, the submerged density of the sediment, and 314 

assumed bankfull Shields number for nondimensional shear stress. Data from the largest 315 

observed channels are utilised, because they more likely represent trunk channels which record 316 

the entire system gradient more closely than individual tributaries or distributaries (Holbrook 317 

& Wanas, 2014). Bankfull depth can be estimated for these channels by measuring the height of 318 

complete channel abandonment plugs, or complete bar accretion surfaces including top-surface 319 

roll over, and expanding by 10% to account for post-depositional compaction (Ethridge & 320 

Schumm, 1978). Neither complete channel abandonment plugs, nor complete (or truncated) bar 321 

accretion surfaces observed in this study exceed 10 m in thickness (Table 1), suggesting 322 

minimum bankfull depths of c. 11 m for trunk channels in these systems. Median bedload 323 
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grainsize is best represented by the median grainsize of the basal bed or cross-set within a 324 

channel-fill or barform (Holbrook & Wanas, 2014), which is as high as coarse sand in FA7. The 325 

submerged density of the original sediment can be estimated from the general detrital 326 

composition of subarkosic upper Breathitt Group sediments (from Fu et al., 1994), applying 327 

standard densities for quartz and feldspar and assuming a density of 2.7 g/cm3 for lithic clasts. 328 

Finally, bankfull Shields number can be estimated from the observations of Parker (1978), 329 

Parker et al. (1998) and Dade & Friend (1998). Holbrook and Wanas (2014) and Lynds et al., 330 

(2014) provide methodologies and error estimates to calculate slope gradients from these 331 

estimates. These suggest that absolute maximum equilibrium gradients at lowstands of the 332 

largest channels containing the coarsest sediment were in the range 0.00005 (Lynds et al., 2014; 333 

method 2) to 0.0003 (Holbrook & Wanas; 2014). The calculation assumes that these channels 334 

were above backwater reach (see below) when the sediment within them was deposited, which 335 

was not necessarily the case (Table 1). 336 

The backwater length of a river is the distance upstream from confluence with a 337 

standing body of water, over which the scoured channel base is at or below lake/sea level. It 338 

theoretically represents the course of a channel in which flow will encounter the resistance of 339 

the standing body of water, leading to flow deceleration, deposition, and avulsion, and the zone 340 

will therefore respond to changes in the relative level of that standing body of water (U.S. Corps 341 

of Engineers, 1959; Jerolmack & Swenson, 2007; Lamb et al., 2012; Nittrouer et al., 2012).  The 342 

backwater length of a channel is therefore its bankfull depth over its gradient (Paola & Mohrig, 343 

1996). Taking the fluvial gradients estimated above suggests that major (trunk?) channels in the 344 

Pikeville and Hyden formations may have had backwater lengths in the range 40-220 km. When 345 

compared to the 80 km of depositional dip stratigraphy analysed in this study, the lower value 346 

of 40 km for backwater length implies that, irrespective of the position of the shoreline to which 347 

any fluvial channels in these formations were attached, at least some of the steeper channels 348 

may not have been responding to changes in relative sea-level, across part or most of their 349 

length.  350 

The basin-scale extent of marine or marginal marine units, and coal and rootlet zones is 351 

indicative of repeated, regional inundation of a broad delta plain followed rapidly by regional 352 

terrestrialisation, and the absence of a long-term shelf-slope break within the study area (i.e. a 353 

“shelf prism”, Patruno et al., 2014), consistent with a foreland ramp setting. This, in part, may 354 

explain the difficulty encountered in readily recognising the difference between delta front 355 

progradation packages and those representative of bay or lacustrine-fill subdeltas. Recognition 356 

that marine to marginal-marine units in the Pikeville and Hyden formations, although laterally 357 

extensive in their development, may not represent palaeo-water depths greater that several 358 

metres is crucial to the demarcation of basinward facies shift at the bases of palaeovalley-fills, 359 
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particularly given that storey-heights of up to 10 m are documented within fluvio-estuarine 360 

successions (Table 1). 361 

 362 

RECOGNITION OF PALAEOVALLEYS IN THE PIKEVILLE AND HYDEN FORMATIONS 363 

 364 

In this study, the descriptive term, sand body refers to a succession of sandy to heterolithic 365 

channel-form elements bounded by packages of typically muddy or heterolithic sediment 366 

deposited in relatively unconfined settings, irrespective of their genetic type (i.e. palaeovalley-367 

fill or stacked distributary channels), and storeys are defined according to Bridge & Tye (2000) 368 

and Bridge (2003). The absence of otherwise laterally persistent coals or marine-marginal 369 

marine units and their replacement by anomalously large thicknesses of sandstone (10 to 25 m, 370 

rarely 40 m; e.g. Road Cut 16; Fig. 5A), are indicative of sand body amalgamation. Determining 371 

the precise number and original geometries of storeys contained within multi-storey channel 372 

sand bodies is difficult, even at single road-cut exposures, because truncation by younger 373 

storeys typically removes the upper portions of storeys or entire storeys, and amalgamation 374 

commonly obscures storey contacts (Fig. 8). Hence, the statistical significance of stated storey 375 

numbers and geometries, below, should be treated with caution. 376 

From detailed analysis of selected multi-storey sand body architectures (Fig. 8), up to 377 

eight individual storeys can been recognised at any single road-cut exposure (e.g. Fig. 8B), 378 

typically increasing with the cross sectional area of the sand body exposed. Key to recognising 379 

palaeovalleys is the requirement for multiple vertically stacked storeys that fill relief greater 380 

than the potential height of a single storey (e.g. Ullah et al., 2015). Up to five vertical storeys can 381 

be recognised within single sand bodies (e.g. Fig. 8F). Commonly, storey stacking motif is 382 

characterised by a lower part comprising multiple extensively amalgamated storeys of sandy 383 

fluvial to estuarine channel-form elements (FA6), where storey heights are typically truncated 384 

to less than 3 m. These storeys are characterised by basal lags of reworked coal and carbonate 385 

and more rarely mudstone and sandstone clasts, and listric normal-faulted olistoliths of 386 

underlying prodelta (FA2), mouth bar (FA3) and floodplain (FA4) sediments (Fig. 8). The 387 

middle to upper parts of the sand bodies are characterised by better preserved FA6 storeys up 388 

to 10 m thick and laterally extensive over 100s of metres. The upper portions of the sand bodies 389 

are typically, but not exclusively heterolithic; upper storeys of FA6 becoming abandoned and 390 

plugged with siltstone or draped by coal (FA7), or truncated by transgressive tidal creek 391 

channel elements (FA7) or sand to muddy fluvial and estuarine channel elements (FA8). The 392 

maximum preserved storey thickness of <10 m, compared to many sand bodies 15-25 m thick 393 

suggests many of the latter represent palaeovalleys (e.g. Aiken &Flint, 1994; 1995). However, in 394 

the absence of (exposed) palaeovalley margins, against which internal surfaces can be observed 395 
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onlapping and downlapping, a stacked distributary channel origin could also be reasonably 396 

argued for many of the sand bodies. 397 

Figures 4 and 5 reveal that fluvio-estuarine sand bodies fall into three distinct classes: 398 

(1) regionally tabular sand bodies that everywhere incise offshore prodelta (FA2) and mouth 399 

bar facies (FA3); (2) sand bodies that incise genetically related floodplain heteroliths (FA4), lake 400 

and/or bay-fill minor mouth bars (FA2 and 3) up dip and offshore prodelta (FA2) and mouth 401 

bar (FA3) facies down dip; and (3) sand bodies that incise genetically related floodplain 402 

heterolith (FA4), lake and/or bay-fill minor mouth bars (FA2 and 3) in the proximal part of the 403 

basin and pass down-dip into unconfined floodplain (FA4), prodelta (FA2) and mouth bar (FA3) 404 

deposits. Descriptions and interpretations of selected examples are provided below: 405 

 406 

(1) Regionally tabular sand bodies, which everywhere incise offshore prodelta and 407 

mouth bar facies 408 

 409 

Description 410 

This type of sand body is represented by the Elkins Fork Sandstone and Puckett Creek 411 

Sandstone (Figs. 5 and 6). Up-dip, along U.S Route 119, the Elkins Fork Sandstone can be traced 412 

for >30 km along depositional strike. It exceeds 15 m thickness, comprises at least four vertical 413 

storeys at any one road-cut exposure, and incises into offshore prodelta (FA2) and mouth bar 414 

(FA3) strata of the underlying Elkins Fork Shale (Fig. 8A). 80 km down-dip, along Ky Route 15, it 415 

can be traced for >8 km down depositional dip, exceeds 12 m thickness, comprises at least five 416 

vertical storeys at any one exposure, and incises entirely though the Elkins Fork Shale, the 417 

Dwale Shale and into to Marine Shale Member H (Fig. 8B). Individual storey heights exceed 8 m 418 

in the proximal and distal part of the basin (Fig. 8A and B). 419 

Up-dip, along U.S Route 119, the Puckett Creek Sandstone (Rice & Hiett, 1994) can be 420 

traced for >30 km across depositional strike and for > 2 km along Ky Route 7. It exceeds 12 m 421 

thickness, comprises at least four vertical storeys at any one road-cut exposure (Fig. 8C) and 422 

comes within 1 m of entirely removing offshore prodelta (FA2) and mouth bar (FA3) strata of 423 

the underlying Kendrick Shale Marine Member (road cut 28; Fig 5B). There is greater than 10 m 424 

of erosional relief on its base. The body contains at least one large abandonment storey up to 9 425 

m thick and filled with floodplain heterolithic facies (FA4; road-cut 31; Fig 5B). Down-dip, along 426 

Ky Route 15, the Puckett Creek Sandstone can be traced for >8 km down depositional dip, 427 

exceeds 10 m thickness, and also comprises at least three storeys (Fig. 8D). It also comes within 428 

1 m of entirely truncating the underlying offshore prodelta and mouth bar strata of the Kendrick 429 

Shale. Individual storey heights exceeding 6 m are recognised in both up dip and down dip 430 

sections (Fig. 8C and D). 431 
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 432 

Interpretation 433 

The Elkins Fork Sandstone and Puckett Creek Sandstone everywhere truncate offshore prodelta 434 

and distal mouth bar strata of the underlying marine unit, and the Elkins Fork Sandstone in the 435 

distal part of the basin completely truncates two underlying marine units. The remarkably 436 

tabular geometry and regional extent of both sand bodies (Rice & Hiett,1994), and of the 437 

underlying marine units, suggests their basal surfaces demark a basinward facies shift, and that 438 

the sand bodies themselves represent palaeovalley-fills throughout the study area. Both these 439 

sand bodies show a consistent number of vertical storeys in up-dip and down-dip locations and 440 

the maximum preserved thickness of storeys is also similar in up-dip and down-dip locations. 441 

However, both sand bodies are markedly thinner in down-dip locations, implying greater 442 

amalgamation of storeys in down-dip locations, which is consistent with a decrease in 443 

accommodation in that direction. Furthermore, the truncation by the Puckett Creek Sandstone 444 

through the underlying three named marine units demonstrates a deeper unconformity at the 445 

palaeovalley base in the distal portion of the basin, also consistent with a decrease in 446 

accommodation down depositional dip. 447 

 448 

(2) Sand bodies that incise genetically related floodplain thin beds, lake and/or bay-fill 449 

minor mouth bars in the proximal part of the basin and offshore prodelta and mouth bar 450 

facies in the distal part of the basin 451 

 452 

Description 453 

This type of sand body is represented by sand bodies K and M (Figs. 5 and 6). Up-dip, sand body 454 

K is up to 25 m thick, contains between at least four vertical storeys (e.g. Fig. 8E), and tapers 455 

laterally towards thinly bedded floodplain deposits (road cut 26; Fig. 5A), although the contact 456 

is not exposed. The sand body is typically flat-lying above an upper coal of the Fire Clay coal 457 

zone but at numerous locations truncates the coal and amalgamates with an unnamed fluvio-458 

estuarine sand body within the Fire Clay Coal zone (e.g. between road cuts 11 and 13 and again 459 

between 13 and 16; Fig. 5A). At these locations, sand body K may exceed 25 m thickness, but 460 

cannot be differentiated from the underlying sand body. Individual storeys approach 10 m 461 

thickness. Along Ky. Route 7, sand body K exceeds 10 m thickness, but is discontinuous (road 462 

cuts 1, 4 and 5; Fig. 5C) and cannot be traced for more than 2 km. The largest sand bodies at this 463 

stratigraphic interval comprise at least 4 vertical storeys each up to 10 m thick. Where sand 464 

body K is absent, multiple 3-5 m cycles of lake or bay-fill mouth bars (FA3) capped by floodplain 465 

deposits (FA4; Table 1) thin and fine from the margin of the sand body, and are increasingly 466 

tidally reworked towards the NE (road cuts 2 and 3; Fig. 5C). This heterolithic body represents 467 
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the subaqueously deposited levees or crevasse splays genetically related to the sand body. 468 

associated with individual storeys within the sand body. Down-dip, on Kentucky Route 15 (Fig. 469 

5D), sand body K is approximately 20 m thick, and contains at least five vertical storeys up to 10 470 

m thick (Fig. 8F). Here, three successive FA6 storeys contain northerly accreting bar forms, that 471 

became abandoned and the channel passively filled with marine strata of FA7. The sand body is 472 

incised entirely through offshore mouth bar (FA3) deposits of Marine Member K, and sits flat 473 

above a coal belonging to the Fire Clay coal zone. 474 

Up dip, along U.S. Route 119, multiple discrete sand bodies occur at the stratigraphic 475 

level of sand body M, each persistent for a maximum of 6 km (Fig. 5A and B). These sand bodies 476 

have a maximum thickness of at least 18 m, the largest of which comprise at least three storeys 477 

in any exposure, incises organic-rich silty lake or bay-fill strata (FA2; e.g. road-cuts 25 and 26; 478 

Fig. 5A) and are capped by flood-plain heteroliths (FA4), which become increasingly tidally 479 

reworked to the SW. Along Ky. Route 7 the sand body M equivalent extends for 3 km, is up to 25 480 

m thick, and comprises at least three vertical storeys at road cut 4 (Fig. 5C). It lies on the Hamlin 481 

coal and at road cut 5, the faulted margin of the sand body passes laterally into coeval levees 482 

(FA4) that fine away to the SW (Fig. 8G). Down dip, along Ky. Route 15, M is encountered only at 483 

road cut 5 (Fig. 5D), where it is 20 m thick, comprises three vertical storeys individually 484 

exceeding 7 m thickness, and incises underlying offshore prodelta (FA2) and mouth bar (FA3) 485 

strata of Marine Member M (Fig. 8H). 486 

 487 

Interpretation 488 

In the proximal sector of the basin, sand bodies K and M are discontinuous, thinning by means 489 

of storey number loss, and are incisional into shallow interdistributary bay or lake deposits and 490 

capped by floodplain heteroliths. At the margins of both sand bodies, mouth bar and floodplain 491 

strata thin and fine away from the sand bodies, suggesting that they are genetically related to 492 

the sediment they are incising. At location 5, along Ky. Route 7 (Fig. 5C), the exposure of coeval 493 

levees that taper laterally away from a lower storey within the sand body is strongly indicative 494 

of unconfined stacking of storeys, and that this composite sand body represents a succession of 495 

stacked distributary channels. Therefore, no basinward facies shift can be demonstrated at their 496 

bases. It does not follow that all sand bodies at these stratigraphic intervals in the proximal part 497 

of the basin must represent stacked channels, rather than palaeovalleys, but the observation 498 

that the sand bodies are relatively discontinuous still stands, as does the observation that some 499 

proportion of these represent stacked distributaries.  500 

Down dip, sand body K is strongly incisional through an entire offshore mouth bar (FA3) 501 

succession whereas sand body M incises offshore prodelta (FA2) and mouth bar (FA3) strata, 502 
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hence demonstrating basinward facies shifts at their bases. There is insufficient exposure to 503 

demonstrate the large-scale geometry of sand bodies K and M in the distal part of the basin. 504 

These sand bodies satisfy the criteria for palaeovalley-fills in their down dip reaches but 505 

represent stacked distributary (possibly also tributary) channels incising shallow water and 506 

terrestrial strata in their up-dip reaches.  507 

 508 

(3) Sand bodies that incise genetically related floodplain deposits, lake and/or bay-fill 509 

minor mouth bars in the proximal part of the basin and pass down-dip into unconfined 510 

floodplain, prodelta and mouth bar deposits 511 

 512 

Description 513 

This category includes a large number of sand bodies from single storey channels to large, 25 m 514 

thick sand bodies comprising at least four vertical storeys. These are not named on Figs. 5, 6 and 515 

8, for clarity. The sand bodies are best illustrated by the interval between the Whitesburg and 516 

Fire Clay Coal zones (Fig. 8I and J). At this level multiple sand bodies, one containing at least 517 

four vertical storeys, up to 10 m thick, occur. These sand bodies are amalgamated with more 518 

regionally distributed sand bodies to form composite sand bodies nearly 40 m thick. Down dip, 519 

these sand bodies are absent, and the stratigraphic interval is represented by condensed 520 

successions of bay or lacustrine prodelta (FA2), mouth bar (FA3) and floodplain strata (FA4; 521 

Fig. 6). 522 

 523 

Interpretation 524 

Although they may amalgamate locally to form some of the largest composite sand bodies 525 

observed in this study, these sand bodies are relatively laterally discontinuous and commonly 526 

incise floodplain heteroliths. Packages of floodplain heterloiths that thin and fine away from 527 

these sand bodies suggests that they may represent genetically related levees and crevasse 528 

splay deposits coeval with these distributaries. The absence of these sand bodies in the down 529 

dip part of the basin, and their replacement by successions of bay or lacustrine prodelta, mouth 530 

bar and floodplain strata can be explained through distributive processes, characteristic of 531 

fluvio-deltaic sedimentation: the systematic bifurcation of distributaries, and distribution of 532 

sediment via overbanking and crevasse-splaying, resulting in the downstream decrease in 533 

storey size and amalgamation (Olariu & Bhattacharya, 2006; Weissmann et al., 2010), and 534 

described in numerous examples where fluvial systems cross foreland basins transversely (e.g. 535 

Nichols & Hirst, 1998; Fontana et al., 2014; Kukulski et al., 2013; Owen et al., 2015).   536 

 537 

DISCUSSION 538 
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 539 

Two end-member sand body styles occur within the Pikeville and Hyden formations. The Elkins 540 

Fork and Puckett Creek sand bodies represent strongly amalgamated tabular palaeovalley sand 541 

bodies throughout the study area (Fig. 6), with width/thickness ratios greatly exceeding 1000. 542 

These width/thickness ratios greatly exceed those of any dated Pleistocene to Holocene 543 

palaeovalleys in the compilation of Blum et al. (2013). Hence, they are interpreted as a 544 

succession of amalgamated palaeovalleys that represent multiple episodes of regional subaerial 545 

exposure, erosion and aggradation. Within the individual component palaeovalleys,  the cut and 546 

fill of individual storeys were likely diachronous events that occurred throughout the falling 547 

stage and lowstand systems tracts (Holbrook & Bhattacharya, 2012; Blum et al., 2013). Thus, for 548 

two reasons, the sand body bases are not considered to everywhere constitute isochronous 549 

sequence boundaries. 550 

The other end member sand body type are the large number of multi storey sand bodies 551 

that represent simple stacked distributary channels that thin and fine down depositional dip  552 

(Fig. 6; Olariu & Bhattacharya, 2006; Weissmann et al., 2010). Although these bodies can form 553 

laterally extensive sand belts up-depositional dip (Fig. 5), the recognition of genetically related 554 

levees and crevasse deposits on the margins of the sand bodies, and  the absence of these sand 555 

bodies down depositional dip suggest that they represent distributary channels developed 556 

during normal fluvio-deltaic progradation. Width/thickness ratios in these sand bodies are 557 

typically less than 1000 which, although lower than the strongly amalgamated tabular 558 

palaeovalley sand bodies that exist throughout the whole study area, are still much higher than 559 

width/thickness ratios of 70-300, considered usual of amalgamated distributive sand bodies by 560 

Blum et al. (2013). Up dip amalgamation is considered as due to low rates of aggradation, and 561 

high rates of lateral migration, typical of the behaviour of channels above their backwater reach. 562 

This scenario is plausible given calculated backwater lengths as short as 40 km. Sediment input 563 

was able to keep pace with accommodation in the proximal part of the basin, but insufficient 564 

sediment supply inhibited progradation of channel sand bodies to the down-dip sector (i.e. Ky. 565 

Route 15 in Breathitt County) in the studied part of the basin (c.f. Fig. 8I and J). 566 

Between these end-members, sand bodies K and M in the Hyden Formation, and 567 

possibly the Frozen Sandstone in the Pikeville Formation represent stacked distributary 568 

channels up-dip and palaeovalley-fills down-dip (Fig. 6). These sand bodies represent 569 

progradation to aggradation up-dip, passing down-dip to areas that experienced base-level fall, 570 

degradation and valley formation. This relationship can also be explained in a foreland basin 571 

setting in which tectonic accommodation is greatest in the proximal part of the basin, and 572 

decreases away from the source of sediment towards the foreland. Following normal 573 

progradation of the delta plain across the breadth of the basin, an episode of modest eustatic 574 
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sea-level fall may be suppressed by the rate of subsidence in the proximal part of the basin, 575 

retaining accommodation, whilst simultaneously outpacing slower tectonic subsidence close to 576 

the cratonic margin of the basin,  resulting in accommodation destruction and palaeovalley 577 

formation. The width/thickness ratio of these sand bodies at down-dip locations are >1000, and 578 

at up dip locations <1000 – greater than what Blum et al. (2013) considered usual for either 579 

palaeovalleys or stacked distributaries. It is proposed that down-dip these sand bodies 580 

represent multiple laterally amalgamated palaeovaleys, whereas up-dip, these episodes were 581 

represented by low rates of aggradation and significant lateral migration, resulting in the 582 

formation of laterally extensive composite sand bodies.  583 

Fig. 9 depicts this scenario during a single transit of eustatic sea-level fall and rise in a 584 

foreland basin in which the fluvio-deltaic systems prograde transversely. The resulting stratal 585 

stacking patterns can be contrasted with the idealised stratal stacking patterns generated 586 

during an equivalent sea-level cycle on a passive margins (Vail et al., 1977). Note that in this 587 

model, valley incision is depicted by multiple episodes of fluvial incision, aggradation, and 588 

terrace development, rather than by a single episode of incision followed by later back-filling.  589 

The model builds on concepts depicted in Lawton et al. (2014), but with significantly greater 590 

displacement of the shoreface. The descriptive sequence stratigraphic nomenclature of Neal and 591 

Abreu (2009) is applied. 592 

At the time of maximum rates of eustatic sea-level rise (Fig. 9A), the majority of the 593 

foreland basin may be transgressed by marine conditions, and deltaic sedimentation confined to 594 

the orogenic margin of the basin. Towards the craton, clastic sedimentation will be condensed, 595 

and sea-level may be high enough to transgress the zone of non-subsidence/uplift on the 596 

forebulge crest. Following maximum flooding, the rate of eustatic sea-level rise will begin to fall. 597 

Combined eustatic and tectonic accommodation close to the orogenic margin may initially 598 

remain sufficiently high to result in aggradation or weak progradation of the deltas cratonward. 599 

Delta top facies will be dominated by large volumes of preserved crevasse splay, levee, lake and 600 

bay-fill deposits, and distributary channel fills will be isolated. Thick, stacked distributary 601 

channel sands may form close to the input location of a major river into the basin, grain size, 602 

storey size and amalgamation will decrease down-dip as distributaries bifurcate. However, as 603 

the rate of eustatic sea-level rise continues to slow total accommodation reduces and the deltas 604 

will prograde at an increased rate towards the cratonic margin (Fig. 9B). Fluvial systems may 605 

prograde sufficiently to cross the entire breadth of the basin and meet the tectonically stable or 606 

uplifting cratonic margin. Distributary channel sands will increasingly amalgamate as a result of 607 

the decreased rate of accommodation generation (Fig. 9B). Stratal stacking patterns up-dip will 608 

be marked by thick aggradational to progradational successions (aggradation-progradation). 609 

Down-dip, deposition will initially be marked by condensation, until up-dip deltas are able to 610 



18 
 

prograde. Hence stacking patterns down-dip will be marked by a thin aggradational 611 

(condensed) package, followed by thin, highly progradational package (aggradation-612 

progradation). 613 

As eustatic sea-level begins to fall, it will be suppressed by high tectonic subsidence 614 

close to the orogenic margin, and sediment is still accommodated in that zone (Fig. 9C). In the 615 

medial to distal portion of the basin, tectonic subsidence will not keep pace with eustatic sea 616 

level fall, resulting in subaerial exposure and erosion of previously deposited delta top, 617 

shoreface and delta front successions. The agents of this erosion will be the antecedent 618 

progradational fluvial and deltaic distributaries, which now become tributive, degradational, 619 

and valley-forming (Fig. 9C). Up-dip, stratal stacking patterns will remain progradational, 620 

whereas down-dip, stacking patterns will be degradational. This scenario makes an interesting 621 

prediction: if highstand sea-level was sufficiently high to allow the non-subsiding/uplifting 622 

craton to be crested by deltaic progradation (i.e. a short lived "forebulge depocentre" or 623 

equivalent; c.f. DeCelles & Giles, 1996), then mixed bedrock-alluvial palaeovalleys may carve 624 

transversely through the craton and carry excess sediment into the neighbouring depocentre. 625 

Thus, stacked distributaries, would pass down-dip into cross-shelf palaeovalleys, in turn passing 626 

farther down-dip into mixed alluvial-bedrock palaeovalleys. However, if deltaic progradation 627 

did not crest the subsiding/uplifting craton, then residual topography would prohibit the 628 

formation of transverse mixed bedrock-alluvial palaeovalleys on the craton, and valley-forming 629 

fluvial systems would be deflected axially in a bid to locate accommodation. Temporal and 630 

spatial interactions between transverse and axial fluvial systems have been documented in 631 

other foreland basin systems (e.g. Kukulski et al., 2013; Lawton et al., 2014; Szwarc et al., 2015). 632 

At this stage the actively accommodating orogenic margin of the basin would effectively be 633 

isolated from marine influence, deposition would therefore more properly be termed “fluvial”, 634 

and palaeovalleys would pass up-dip (orogen-ward) into proximal trunk distributaries (Fig. 9C). 635 

Finally, slowly falling, stillstand, then slowly rising base-level will result in increasing 636 

rates of total accommodation near the orogenic margin of the basin, extending with time 637 

towards the cratonic margin (Fig. 9D). Carving of palaeovalleys will continue on the exposed 638 

cratonic margin of the basin, but their fill may become increasingly estuarine until open marine 639 

conditions encroach (axially?) up the basin.  Up-dip, the resulting stacking patterns will be 640 

progradational-aggradational. Down dip, stacking patterns will be degradational-aggradational-641 

retrogradational.  642 

The predicted stratal architecture in this model, aggradation-progradation-aggradation 643 

up-dip, and aggradation-progradation-degradation-aggradation-retrogradation down-dip (Fig. 644 

9D), is borne out by observations in the Pikeville and Hyden formations: the up-dip orogenic 645 

margin has a greater tendency towards thick, aggradational fluvial to delta top (lake and bay-fill 646 
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and distributary channel) successions, where distributary channel size decreases cratonward as 647 

a result of distributive processes; close to the cratonic margin there is a greater tendency 648 

towards offshore and delta front successions sharply incised by amalgamated, multi storey 649 

palaeovalley sand bodies (Fig. 6). Within the basin, palaeovalleys developed during a single 650 

cycle of sea-level fall and rise, pass up-dip into a broadly conformable succession of delta fluvial 651 

to delta top strata, and theoretically could pass down-dip into mixed bedrock-alluvial 652 

palaeovalleys (with poor preservation potential) on the craton. This contrasts strongly with the 653 

up-dip to down-dip evolution of palaeovalleys in passive margin settings, from mixed alluvial-654 

bedrock, to coastal plain to cross-shelf, to correlative conformity envisaged by Blum et al. 655 

(2013). 656 

 The down-dip transformation of stacked distributaries to palaeovalley-fills in sand 657 

bodies K and M therefore provides a rare documented example of a down dip transition from 658 

Type 2 to Type 1 sequence boundary in fluvio-deltaic strata, as envisaged by Posamentier & 659 

Allen (1993).  In shallow marine settings the Type 2 sequence boundary is marked by a 660 

turnaround in parasequence stacking pattern from progradational to aggradational to 661 

retrogradational (Vail et al., 1977; Van Wagoner et al., 1990) and has been documented in other 662 

high subsidence settings (e.g. Howell et al., 1996). In a fluvio-deltaic succession it would be most 663 

likely represented by an accommodation minimum, marked by a maximum degree of channel 664 

amalgamation without major incision. As discussed, maximum storey amalgamation occurs 665 

close to the bases of sand bodies throughout the Pikeville and Hyden formations, irrespective of 666 

their origin, but there is no observed evidence in this study for distinct surfaces within sand 667 

bodies K and M that would represent the Type 2 sequence boundary. Furthermore, the 668 

recognition of Type 2 sequence boundaries in the proximal, high accommodation sector of 669 

foreland basins will be difficult as the sequence stratigraphic signal will become increasingly 670 

masked by the occurrence of large distributive channels close to their input point into the basin. 671 

In principle, the Type 2 sequence boundary will occur somewhere within the stacked channel 672 

sandbodies, whereas the traditional approach to sequence stratigraphy would place a Type 1 673 

sequence boundary at the base of palaeovalley sand bodies (e.g. Posamentier & Vail, 1988; 674 

Posamentier et al., 1988; Van Wagoner et al., 1990; Aiken& Flint, 1995; Shanley & McCabe, 675 

1994). Attempting to correlate the sequence boundary in sand bodies which record the down-676 

dip passage from stacked distributary channels to palaeovalley-fills, as in this study, highlights 677 

the mismatch between the interpretation of where the Type 2 sequence boundary should occur 678 

within a sand body, and where the Type 1 sequence boundary was traditionally placed, since 679 

the surface would effectively have to “jump” down from within the sand body to its base, at the 680 

transformation point from staked distributary channels to palaeovalley-fill. More recent models 681 

for valley formation, emphasising the diachronous nature of the basal palaeovalley surface 682 
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(Strong & Paola, 2008; Gibling et al.,2011; Blum et al.,2013) are supported by this theoretical 683 

observation. 684 

Because the position of net accommodation destruction will gradually migrate orogen-685 

wards, and then craton-wards during any sinuous cycle of sea-level fall and then rise, there will 686 

be a theoretical maximum limit to the position up-dip “head wall” of the palaeovalley. Is it 687 

possible to recognise this position within sand bodies? Given the well-established difficulty 688 

encountered in discriminating stacked distributary channels from palaeovalley fills at outcrop, 689 

it is unlikely that this theoretical scour could be readily discerned from underlying and 690 

overlying normal distributary channel erosion surfaces. Regional analysis of sand body external 691 

and internal geometries may, however, provide an indication as to the approximate position of 692 

this point. In the Pikeville and Hyden formations the sand bodies displaying the greatest 693 

regional basinward facies shifts at their bases (i.e. the Elkins Fork and Puckett Creek 694 

Sandstones), display an extraordinarily tabular geometry at basin-scale (width/thickness 695 

>1000, possibly approaching 5000). Internally, however, storeys are subtly less amalgamated 696 

up-dip (Fig. 8A-D), reflecting an up-dip increase in accommodation. Palaeovalleys that pass up-697 

dip into stacked distributary sandstones (the K and M sand bodies) display a markedly more 698 

lenticular, isolated geometry and less amalgamation up dip than the Elkins Fork and Puckett 699 

Creek palaeovalley-fills (width/thickness <1000). Hence, within a single sand body, regional 700 

analysis of its geometry (becoming increasingly lenticular, with less storey amalgamation up 701 

dip), provides evidence for a down-dip decrease in accommodation, and tendency to switch 702 

from distributive to valley-fill character. This will contrast with distributive sand bodies which 703 

will show a tendency for increased amalgamation and increased storey thickness up 704 

depositional dip (Olariu & Bhattacharya, 2006; Weissmann et al., 2010), thus providing key 705 

criteria to aid in the application of sequence stratigraphy in fluvio-deltaic foreland basin 706 

settings. 707 

 708 

CONCLUSIONS 709 

 710 

The Pikeville and Hyden formations provide a database for understanding the down dip 711 

changes in character of fluvio-deltaic systems that prograded from the high subsidence orogenic 712 

margin towards the low subsidence cratonic margin of the central Appalachian peripheral 713 

foreland basin. This situation differs from sequence stratigraphic templates dominated by 714 

passive margin models in which subsidence rate increases basinward. Down dip correlation for 715 

80 km, based on mapped coal seams and marine shale units, indicates three major regional 716 

architectural styles: (1) Regionally tabular palaeovalley-fill sand bodies, which demonstrate 717 

everywhere a basinward facies shift at their bases, and were generated when eustatic sea-level 718 
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fall outpaced tectonic subsidence across the study area, and low accommodation resulted in 719 

channel amalgamation. (2) Stacked distributary channels that pass laterally into genetically 720 

related floodplain heterolithic, lake and/or bay-fill minor mouth bars up dip and pass down-dip 721 

into palaeovalley-fills that demonstrate a basinward facies shift at their bases. These bodies 722 

formed during episodes of modest sea-level fall, which was suppressed by high tectonic 723 

subsidence rate in the proximal part of the basin; the same eustatic fall outpaced the tectonic 724 

subsidence rate close to the cratonic margin of the basin, resulting in antecedent fluvial 725 

distributaries becoming tributive and valley-forming. (3) Stacked distributary channel sand 726 

bodies that incise genetically related floodplain strata, lake and/or bay-fill deposits up-dip and 727 

pass down-dip into unconfined floodplain, prodelta and mouth bar deposits. These represent 728 

simple normal regressive delta successions. 729 

The down-dip passage over 80 km from stacked distributary channels to cross shelf 730 

palaeovalleys in this asymmetric foreland basin setting, contrasts with the up-dip to down-dip 731 

evolution of palaeovalleys in passive margin settings, from mixed alluvial-bedrock, to coastal 732 

plain to cross-shelf, to correlative conformity, as envisaged by Blum et al. (2013).  Additionally, 733 

the down-dip transformation of stacked distributaries to palaeovalley-fills provides a rare 734 

documented example of the down dip translation from a Type 2 to a Type 1 sequence boundary 735 

within fluvio-deltaic strata. In similar scenarios, where transverse fluvial or fluvio-deltaic 736 

systems prograde from a zone of high accommodation to low accommodation, it may be 737 

possible to differentiate palaeovalley sand bodies from stacked distributaries by the tendency 738 

for the sand body to become increasingly lenticular in external geometry up depositional dip, 739 

with a lower degree of internal storey amalgamation.  740 
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FIGURE, TABLE AND SUPPLEMENTARY MATERIAL CAPTIONS 1054 

 1055 

Fig. 1. (a) Location of map (b) in the contiguous U.S.A. (b) Location of the preserved 1056 

Pennsylvanian-early Permian succession of the greater Appalachian Basin, and frontal thrust of 1057 

the Alleghanian Orogeny. (c) Outcrop map of the Breathitt Group in eastern Kentucky, showing 1058 

isopach of the combined Pikeville and Hyden formations. The locations of the three targeted 1059 

study areas are highlighted, as well as histograms illustrating all palaeocurrent data collected 1060 

from the Pikeville and Hyden formation along Kentucky Route 15 and US Route 11. Mean vector, 1061 

m, and number of readings, n, indicated. Details of the construction of the isopach maps are 1062 

provided in Supplementary Material Table 1. 1063 

 1064 

Fig. 2. (a) Chronostratigraphy and lithostratigraphy of the Pennsylvanian foreland basin 1065 

succession of the central Appalachian Basin in eastern Kentucky. Based on data from Greb et al. 1066 

(2008), but recalibrated to the timescale of Gradstein et al. (2012). Abbreviations: AC Fm. = Alvy 1067 

Creek Formation; BC Fm. = Bottom Creek Formation; BR Sst. = Bee Rock Sandstone; WP Sst. = 1068 

Warren Point Sandstone; S Sst. = Sewanee Sandstone; (b) Named coals, marine-marginal marine 1069 

shale members and fluvio-estuarine sandstones of the Pikeville and Hyden formations.  Shale 1070 

Members are officially designated (Chesnut, 1992), but sandstones terminology is unofficial, 1071 

and proposed in this study. Locally developed coal seams are shown with dashed lines (from 1072 

Rice & Hiett, 1994). Locally developed shale members, or members where definitive evidence 1073 

for marine conditions is lacking, are shown in hatched grey (from Chesnut, 1991 and Rice & 1074 



31 
 

Hiett, 1994). The width of the speckled boxes corresponds to whether the fluvio-estuarine 1075 

sandstone is locally developed (narrow box) or regionally developed (wide box; Rice & Hiett, 1076 

1994 and this study). 1077 

 1078 

Fig. 3. Detailed maps illustrating the locations of sedimentary logs and photomosaics used to 1079 

construct Fig. 5. (a) U.S. Route 119 between Pikeville and Belfry, Pike County. (b) Kentucky 1080 

Route 7 between Viper and Jeff, Perry County. (c) Kentucky Route 15 between Jackson and 1081 

Vancleve, Breathitt County. USGS quadrangle names marked. See Fig. 1 for the basin-scale 1082 

location of the three study areas.  1083 

 1084 

Fig. 4. Examples of photographs and architectural sketches, used to construct Figs. 5 and 6. The 1085 

latter are corrected for perspective. (a) Photomontage of road-cut 14, U.S. Route 119, Pike 1086 

County, (b) Interpretive architectural sketch of road-cut 14, U.S. Route 119. (c) Photomontage of 1087 

road cut 5, Ky. Route 15, Breathitt County, (d) Interpretive architectural sketch of road-cut road 1088 

cut 5, Ky. Route 15. See Fig. 3 for location of these road cuts. 1089 

 1090 

Fig. 5. Correlation panels illustrating the km-scale facies association relationships along (a) 1091 

road cuts 1-27, and (b) road cuts 28-65 on U.S. Route 119 between Pikeville and Belfry, Pike 1092 

County, (c) all road cuts along Kentucky Route 7 between Viper and Jeff, Perry County, and (d) 1093 

all road cuts along Kentucky Route 15 between Jackson and Vancleve, Breathitt County. The 1094 

locations of road cuts are shown on Fig. 3. Letters in parentheses after road cut numbers refer 1095 

to the side of the road on which the road cut is to be found. The red line shows the position of 1096 

the road within the succession. 1097 

 1098 

Fig. 6. Correlation panel illustrating up-dip (Kentucky Route 7 and U.S. Route 119) to down-dip 1099 

(Kentucky Route 15) facies relationships over 80 km dip length in the Pikeville and Hyden 1100 

Formations. The Frozen Sandstone, Elkins Fork Sandstone and Puckett Creek Sandstone and 1101 

sand bodies K and M occur in both up-dip and down-dip sectors of the study area. The Elkins 1102 

Fork Sandstone and Puckett Creek Sandstone each form regionally-developed tabular sand 1103 

bodies that incise into prodelta and mouth bar strata throughout the study area, and are 1104 

interpreted as palaeovalley fills throughout the study area. The Frozen Sandstone and sand 1105 

bodies K and M occur as more isolated sand bodies that are strongly incisional in the distal part 1106 

of the basin, but do not demonstrate a basinward facies shift in the proximal part of the basin. 1107 

These are interpreted as palaeovalleys in the distal part of the basin, passing up-dip into stacked 1108 

distributaries. Other sand bodies, not named for clarity, occur in the up-dip sector of the study 1109 

area, but pass down-dip into thin prodelta, mouth bar and floodplain successions in the distal 1110 
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part of the basin. These sand bodies are interpreted as stacked distributary channels which thin 1111 

and fine as channels bifurcate down-dip on the delta top. The schematic represents 1112 

approximately 80 km of depositional dip. 1113 

 1114 

Fig. 7. Summary composite sedimentary logs through part of the Pikeville Formation and the 1115 

Hyden Formation at road-cut 34, U.S. Route 119, Pike County, and road-cuts 5 and 6, Ky. Route 1116 

15, Breathitt County (see Fig. 3 for location details). Correlation is based on the coal-seam 1117 

correlation framework of Rice & Hiett (1994). Datum is the base of the Magoffin Member (Four 1118 

Corners Formation). See Fig. 8 for key. 1119 

 1120 

Fig. 8. Sand body architecture representative of the three classes recognised in the Pikeville and 1121 

Hyden Formations. The Elkins Fork sand body is interpreted as a palaeovalley fill at up-dip 1122 

locations, e.g. at (a) U.S. Route 119, Pike County, road cut 22NW, and down-dip locations, e.g. (b) 1123 

Ky. Route 15, Breathitt County, road cut 5E. The Puckett Creek Sand Body is also interpreted as 1124 

a palaeovalley fill at up-dip locations, e.g. at (c) U.S. Route 119, Pike County, road cut 45NW, and 1125 

down-dip locations, e.g. (d) Ky. Route 15, Breathitt County, road cut 5E. Sand Body “K” is 1126 

interpreted as a succession of stacked distributary channels at up-dip locations, e.g. (e) U.S. 1127 

Route 119, Pike County, road cut 14SW, but as a palaeovalley-fill at down-dip locations, e.g. (f) 1128 

Route 15, Breathitt County, road cut 5E. Sand Body “M” is also interpreted as a succession of 1129 

stacked distributary channels at up-dip locations, e.g. (g) Ky. Route 7, Perry County, road cut 1130 

5NW, but as a palaeovalley-fill at down dip locations, e.g. (h) Sand Body “M”, Ky. Route 15, 1131 

Breathitt County, road cut 5E. A succession of sand bodies occur between the Whitesburg coal 1132 

zone and the upper coal of the Fire Clay coal zone at up-dip locations, e.g. (i) U.S. Route 119, Pike 1133 

County, road cut 14SE. These are interpreted as stacked distributaries andare absent at down-1134 

dip locations, e.g. (j) Ky. Route 15, Breathitt County, road cut 5E, being replaced by a succession 1135 

of small scale delta plain and mouth bar coarsening-up packages. See Figs. 3 and 5 for location 1136 

details. 1137 

 1138 

Fig. 9. Cartoon depicting plan view changes in depositional and degradationial (erosional) areas 1139 

and environments in the study area at selected intervals during a single cycle of eustatic sea-1140 

level rise and fall. Note that the precise scale and geomorphology of the fluvial and deltaic 1141 

elements, and the size of the basin are not accurate. (a) Time of maximum rate of sea-level rise. 1142 

(b) Sea-level maximum stillstand. (c) Time of maximum rate of sea-level fall (d) Sea-level 1143 

minimum stillstand. See text for explanatory details. 1144 

 1145 
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Table 1. Summary of the characteristics of the facies associations recognised in the Pikeville 1146 

and Hyden Formations in the current study. Bioturbation proportion is given according to the  1147 

Bioturbation Index (BI) of Taylor & Goldring (1993) and MacEachern (2010). 1148 

 1149 

Supplementary Material Table 1. Details of coal exploration boreholes used to construct the 1150 

isopach map for the Pikeville and Hyden formations in Fig. 1. The coal exploration boreholes are 1151 

searchable via the Kentucky Geological Survey online geological data repository at 1152 

http://www.uky.edu/KGS/. The position of the top and base of the Pikeville and Hyden 1153 

formations were identified in each borehole using the criteria outlined by Chesnut (1992), and a 1154 

structural contour map created for these surfaces using ArcGIS. The isopach map shown in Fig. 1155 

1 was created by subtracting the structural contour map of the base of the Pikeville Formation 1156 

from the structural contour map of the base of the Hyden Formation in ArcGIS. 1157 

http://www.uky.edu/KGS/

