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ABSTRACT
The Upper Mississippian (ca. 325 Ma) Pride Shale and Glady Fork Member in the Central Appala-
chian Basin comprise an upward-coarsening, ca. 60-m-thick succession of prodeltaic-delta front,
interlaminated fine-grained sandstones and mudstones gradational upwards into mouth-bar and dis-
tributary-channel sandstones. Analysis of laminae bundling in the Pride Shale reveals a hierarchy of
tidal cycles (semi-diurnal, fortnightly neap-spring) and a distinct annual cyclicity resulting from sea-
sonal fluvial discharge. These tidal rhythmites thus represent high-resolution chronometers that can
be used in basin analysis. Annual cycles average 10 cm in thickness, thus the bulk of the Pride Shale-
Glady Fork Member in any one vertical section is estimated to have accumulated in ca. 600 years.
Progradational clinoforms are assumed to have had dips of 0.3–3° with a median dip of 1.7°; the lat-
ter infilled a NE-SW oriented foreland trough up to 300 km long by 50 km wide in the relatively
short time period of 90 kyr. The total volume of sediment in the Pride basin is ca. 900 km3 which,
for an average sediment density of 2700 kg m!3, equates to a total mass of ca. 2.4 9 106 Mt. Thus,
mass sediment load can be estimated as 27 Mt yr!1. For a drainage basin area of 89 000 km2, based
on the scale of architectural channel elements and cross-set thicknesses in the incised-valley-fill
deposits of the underlying Princeton Formation, suspended sediment yields are estimated at
ca. 310 t km!2 yr!1 equating to a mechanical denudation rate of ca. 0.116 mm yr!1. Calculated
sediment yields and inferred denudation rates are comparable to modern rivers such as the Po and
Fly and are compatible with a provenance of significant relief and a climate characterized by seasonal,
monsoonal discharge. Inferred denudation rates also are consistent with average denudation rates for
the Inner Piedmont Terrane of the Appalachians based on flexural modelling. The integration of
stratigraphic architectural analysis with a novel chronometric application highlights the utility of
sedimentary archives as a record of Earth surface dynamics.

INTRODUCTION
Characterizing the relationship of drainage basin denuda-
tion to sediment delivery and, ultimately, stratigraphic
preservation has important implications for understand-
ing linkages and feedbacks between orogenic belts and
global climate and biogeochemical cycles (e.g. Molnar &
England, 1990; Willenbring & von Blanckenburg, 2010;
Romans & Graham, 2013; Larsen et al., 2014). Various
techniques have been used to determine denudation rates
of modern and ancient orogenic belts including
40Ar/39Ar, K/Ar and Rb/Sr cooling ages (e.g. Jamieson
& Beaumont, 1988; Copeland & Harrison, 1990), fission
track dating (e.g. Cerveny et al., 1989; Sorkhabi et al.,
1996; Resentini & Malusa, 2012), low-temperature ther-
mochronometry via (U-Th)/He dating (e.g. Zeitler et al.,

1987; Carrapa, 2010), and cosmogenic radionuclides (e.g.
Portenga & Bierman, 2011; Covault et al., 2013; Granger
& Schaller, 2014). A less commonly used approach is
based on determinations of sediment volumes and esti-
mates of sediment yields (e.g. Braun, 1989; Poag & Sevon,
1989). Sediment yields on the modern Earth are estimated
by measuring solid and solute loads in rivers and normal-
izing for drainage basin area (e.g. Milliman & Farnsworth,
2011). For ancient sedimentary basins, sediment volumes
can be estimated with some degree of confidence from
stratigraphic mapping (with outcrop and/or subsurface
data) but difficulties arise in estimating the amount of
time represented by a specific sediment volume and, more
problematical, in estimating the size of the catchment
from which the sediment was derived.
The Upper Mississippian Pride Shale and Glady Fork

Member in the Central Appalachian Basin present a
unique opportunity to estimate sediment yields and
denudation rates for a late Paleozoic orogenic belt using
the sedimentary record because: (1) the Pride Shale
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consists of shale, siltstone and fine-grained sandstone that
can be equated with the suspended load of the river; (2)
sedimentation rates can be accurately estimated from the
average thickness of annual tidal-climatic cycles and thus
the time represented by the Pride Shale and Glady Fork
Member can be determined; (3) sediment volumes can be
determined with accuracy from stratigraphic relationships
and (4) the thickness of architectural channel elements
and cross-set thicknesses in incised-valley deposits
beneath, and distributary-channel deposits above the
Pride Shale can be used to estimate bankfull discharge
and associated drainage basin area.

GEOLOGIC SETTING
The Pride Shale and Glady Fork Member are preserved
in a NE-SW oriented foreland trough (300 km long by
50 km wide) that extends from southern West Virginia to
northeastern Tennessee (Fig. 1). Sediment was derived
from the Alleghanian fold-thrust belt to the southeast and
east (Reed et al., 2005a; Park et al., 2010; Buller, 2014).
In West Virginia, the Pride Shale and overlying Glady
Fork Member, together with the underlying Princeton
Formation comprise an unconformity-bounded, 4th-
order depositional sequence of ca. 400 kyr duration
(Fig. 2; Miller & Eriksson, 2000). The Princeton Forma-
tion occupies an incised valley with dimensions of
ca. 35 km wide by 40 m deep (Fig. 3) and records an
upward transition from braided-alluvial to tidal estuarine
sedimentation (Miller & Eriksson, 2000). This formation
represents the lowstand and transgressive systems tracts
of the 4th-order sequence (Fig. 2). Locally, a transgres-
sive ravinement lag deposit separates the Princeton For-
mation from a black, fossiliferous mudstone at the base of
the Pride Shale that is interpreted as the condensed sec-
tion of the sequence (Miller & Eriksson, 2000). The
upward-coarsening Pride Shale and Glady Fork Member
average 60 m thick throughout the basin (Fig. 3) and

consist of prodeltaic, thinly interlaminated mudstone and
fine-grained sandstone overlain by delta front/distribu-
tary mouth-bar-channel sandstone and subordinate mud-
stone (Miller & Eriksson, 1997). Bedding in the Pride
Shale is inclined steeper than regional dip, which,
together with grain-size trends, are suggestive of south-
westward progradation. The Pride Shale and overlying
Glady Fork Member represent highstand systems tract
deposits (Fig. 2) that accumulated within a maximum
duration of 400 kyr (Miller & Eriksson, 2000). Subsurface
mapping confirms that the Pride Shale thins to the north-
west or is truncated to the northwest beneath the Missis-
sippian-Pennsylvanian unconformity, and is
progradational to the southwest as evidenced by an
upward-coarsening motif in southern West Virginia and
into southwestern Virginia (Fig. 3). The exact nature of
the distal equivalents of the Pride Shale, further to the
southwest and out of the study area, are unknown; how-
ever, the lack of erosional unconformities that could be
interpreted as sequence boundaries combined with the
overall highstand depositional regime suggests significant
basinward bypass was minimal.
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Fig. 1. Map showing distribution of Pride Shale and Glady
Fork Member in outcrop in the study area and in the subsurface
to the southwest. Note location of cross-sections shown in
Fig. 3.
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Fig. 2. Stratigraphy of the Princeton-Pride-Glady Fork
fourth-order sequence based on expression in outcrop belt of
southern West Virginia. SB: sequence boundary; LST: lowstand
systems tract; TST: transgressive systems tract; R: transgressive
ravinement lag; CS: condensed section; HST: highstand sys-
tems tract.
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Paleogeographic reconstructions (Blakey, 2013) indi-
cate a low paleolatitude (5–10° south of equator). Ubiqui-
tous vertisols and less abundant calcic paleosols within
red mudstones of the underlying Hinton Formation and

overlying nonmarine strata of the Bluestone Formation
are suggestive of a monsoonal, semi-arid climate at the
time of deposition of the Pride Shale (Cecil, 1990; Miller
& Eriksson, 1997, 1999).
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TIDALCYCLICITYAND SEDIMENTATION
RATES
The Pride Shale is fully exposed in road cuts along Inter-
state I–77 in southern West Virginia and displays a dis-
tinctive corrugated weathering pattern in outcrop
(Fig. 4). Bioturbation is noticeably absent in the Pride
Shale and is attributed to rapid rates of sedimentation
coupled with anoxic bottom waters (Miller & Eriksson,
1997).

The Pride Shale preserves a hierarchy of submillime-
ter- to decimetre- to meter-scale cycles (Fig. 5; Miller &
Eriksson, 1997). The lowest level of the hierarchy consists

of submillimeter-thick, normally graded, fine-grained
sandstone-black mudstone or siltstone-black mudstone
couplets; thick–thin pairs of laminae rarely are preserved
(Fig. 6a). Up to 17 couplets are stacked into systemati-
cally upward-thickening and thinning millimetre- to cen-
timetre-scale cycles (Fig. 6b). Up to 18 of these cycles are
arranged in upward-thickening and thinning decimetre-
scale cycles (Fig. 6b) that are manifested as the corruga-
tions in outcrop (Figs 4, 6c). These cycles consist of
interbedded, positive-weathering, more arenaceous facies
and negative-weathering, more argillaceous facies. Meter-
scale, multiyear cycles consist of 17–22 annual beds that
display a crude upward thickening and thinning (Miller &
Eriksson, 1997). The proportion of sandstone to mud-
stone systematically increases upward with an average
sandstone/mudstone ratio of approximately 50% for the
overall succession (refer to Figs 4 and 6).
The hierarchy of cycles preserved in the Pride Shale is

interpreted to record a spectrum of tidal and climatic
periodicities that can be used as high-resolution
chronometers from which sedimentation rates can be esti-
mated (Fig. 5; Miller & Eriksson, 1997). Individual
graded sandstone-siltstone laminae are interpreted as sus-
pension fall-out deposits from river plumes generated by
the dominant (semi-diurnal) ebb tide. The rarely pre-
served pairs of laminae are considered to represent the
deposits of both the dominant and subordinate diurnal
ebb tides. Shale partings separating graded laminae
(Fig. 6a) are interpreted as slack-water suspension depos-
its. Such systematic alternation of relatively thick and thin
laminae is observed in modern tidal deposits and uniquely
records the diurnal inequality of the tides through its
influence on the strength of successive semi-diurnal tidal
currents (e.g. de Boer et al., 1989; Dalrymple et al., 1991;
Kvale & Archer, 1991). Similar rhythmic sand-mud

Fig. 4. Characteristic corrugated outcrop pattern of the Pride
Shale at Camp Creek roadcut along I-77, southern West
Virginia.
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alternations are present in the delta front/prodelta set-
tings of the Fly River, Yangtze, and Amazon deltas on
millimetre to centimetre scales (Jaeger & Nittrouer, 1995;
Hori et al., 2002; Dalrymple et al., 2003; Harris et al.,
2004). In addition, rhythmites of the Neoproterozoic Rey-
nella Siltstone and parts of the Elatina Formation in
South Australia similarly display laminae that are
arranged in thick–thin pairs (Williams, 1989, 1991).
Thickening and thinning, millimetre- to centimetre-scale
cycles in the Pride Shale are considered to represent fort-
nightly, neap-spring tidal deposits. These cycles are com-
parable to neap-spring cycles that occur in modern tidal
deposits (e.g. Dalrymple et al., 1991; Tessier, 1993; Greb
et al., 2011). A comparable neap-spring signal is discern-
able in the tidal laminites of the Amazon delta (Jaeger &
Nittrouer, 1995). Similar thickening and thinning cycles
in the Neoproterozoic Elatina Formation are up to 2 cm
thick and contain 8–16 laminae. The abbreviated charac-
ter of the neap-spring cycles in the Pride Shale is inferred
to be a reflection of the relatively distal, prodeltaic setting
in which deposition took place and into which not only
the subordinate daily flows but also the weakest neap ebb
flows were of insufficient strength to transport sand.
Decimetre-scale cycles in the Pride Shale are interpreted
to record an annual climatic (monsoonal) signal in which
thicker neap-spring cycles record the monsoon when
voluminous sediment was supplied to the river mouth
and the thinner cycles record the inter-monsoon when
less sediment was supplied to the delta (Miller & Eriks-
son, 1997). Maximum entropy spectral analysis on the

decimetre-scale cycles reveals a strong peak at 16.7 neap-
spring cycles (Miller & Eriksson, 1997). Annual cycles in
the Pride Shale range in thickness from <3 cm at the base
to as much as 50 cm at the top and correspond with the
upward increase in sandstone/mudstone ratio. The aver-
age thickness of annual cycles is estimated as ca. 10 cm
(Figs 4, 6c). Meter-scale cycles are interpreted by Miller
& Eriksson (1997) to represent 18.6 year nodal cycles in
which thicker annual beds developed during times when
the inclination of the lunar orbital plane favoured an
increase in tidal amplitudes. The overlying Glady Fork
Member also displays evidence of sedimentation under
the influence of tides in the form of wavy and flaser bed-
ding (Miller & Eriksson, 2000).

COMPLETENESSOF THE
STRATIGRAPHIC RECORD
The literature is replete with arguments that the strati-
graphic record is more incomplete than complete and rep-
resents merely a set of ‘frozen accidents’ (e.g. Baily &
Smith, 2010). Stratigraphic incompleteness is evident at
all timescales, but becomes especially important at longer
durations (≥106 yr) as hiatuses that span multiple time-
scales accumulate in the record (Plotnick, 1986; Miall,
2015). Thus, an assessment of the continuity of the strati-
graphic succession used in this study is warranted. Photo-
mosaic mapping of road-cut exposures of the prodeltaic
Pride Shale in southern West Virginia reveals no signifi-
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cant hiatuses in sedimentation (Fig. 7). The surfaces of
discontinuity that traverse parts of the outcrop (Fig. 7)
are interpreted as slump scars related to rapid sedimenta-
tion and over-steepening of deltaic clinoforms rather than
products of erosion (Miller & Eriksson, 1997). The Pride
Shale at this outcrop is interpreted to record effectively
continuous sedimentation but at different rates over dif-
ferent time scales based on the recognition of tidal hierar-
chies discussed above. At the shortest or diurnal time
scale preserved in the Pride Shale, inferred dominant,
ebb-tide sand-silt micro-laminae record the most rapid
diurnal rates of sedimentation, whereas the deposits of the
majority of subordinate ebb tides as well as the flood-tides
are preserved in mudstone drapes that record slower rates
of sedimentation (Figs 5, 6a, b). Within neap-spring
cycles, as noted above, the spring-tide record is well pre-
served but the neap-tide records are incomplete and likely
are preserved in mudstone-dominated intervals that
record slow, suspension sedimentation (Figs 5, 6b).
Annual cycles similarly preserve a record of variable sedi-
mentation rates in which monsoonal facies are preserved
in the form of stacked neap-spring cycles that record the
most rapid rates of sedimentation during the year. In con-
trast, intermonsoonal facies are dominated by mudstone
intervals that reflect six or more fortnights of slow, sus-
pension sedimentation (Figs 5, 6b). Decadal cycles in the
Pride Shale also preserve a record of variable sedimenta-
tion rates with up to half of the nodal record preserved in
mudstone intervals. Notwithstanding the evidence for
variable rates of sedimentation, the Pride Shale preserves
an uninterrupted record from which average annual sedi-

mentation rates can be extracted over decadal timescales.
Cyclicity is not apparent in the flaser- and wavy-bedded,
mouth-bar facies of the overlying Glady Fork Member but
evidence for major hiatuses also is lacking in this facies.
The issue of whether this expression of remarkably

continuous sedimentation at the outcrop is representative
of the Pride Shale over the entire depocentre introduces
uncertainty into the methods of this study. The generally
consistent gamma-ray log expression of the Pride Shale in
the subsurface (Fig. 3) suggests that the style of deposi-
tion is similar over much of the depocentre. However, to
address the potential for hiatuses beyond what can be
characterized in outcrop, a maximum total duration of
400 kyr is used as a conservative limit in the calculations
of sediment yield and denudation. An additional conse-
quence of the time-varying completeness of the strati-
graphic record is that it can result in misleading
extrapolation of process rates across timescales (Sadler,
1981; Sadler & Jerolmack, 2015). This issue is addressed
below within the context of the specific methods used to
estimate sediment yields and denudation rates.

ESTIMATING SEDIMENT YIELDSAND
DENUDATION FROMACCUMULATION
RATES
The total duration of deposition is required to calculate
sediment load and yield and was determined by combin-
ing the tidal-rhythmite-constrained linear sedimentation
rate (10 cm yr!1) with deltaic clinoform geometry. The

Fig. 4
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Fig. 7. Photomosaics of Bluestone Formation outcrops northwest of Camp Creek exit off Interstate-77 in southern West Virginia
(lat: 37.502055; long:!81.109160). Mosaic A shows a part of southeastern road cut and Mosaic B shows the northwestern road cut.
Scale is the same for both panels. Yellow lines within Pride Shale Member denote discontinuities that are interpreted as slump-scar
surfaces. Approximate location of Fig. 4 is highlighted.
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overall coarsening-upward pattern of the Pride Shale is
consistent across the 15 000-km2 depocentre and inter-
preted to record basinward (southwestward) progradation
of the Pride-Glady Fork delta system (Fig. 3). The lack
of coarse-grained (i.e. medium-grained sand and coarser)
deposits within the Pride Shale indicates that coarse-
grained material was trapped on the topset, whereas mud
to fine-grained sand was delivered to the clinoform foreset
throughout basin filling. Additionally, the lack of ero-
sional unconformities within the Pride Shale indicates
that bypass of sediment to distal reaches was negligible. In
this depositional model, the duration of basin filling is, in
part, a function of the clinoform dip. Establishing a range
of plausible clinoform dips and, thus, a range of total
duration of sediment accumulation in the depocentre,
captures some of the inherent uncertainty with determin-
ing time in ancient sedimentary systems.

The gently inclined bedding surfaces in the Pride Shale
are interpreted as clinoforms but it is impossible to mea-
sure explicitly the foreset slopes due to lack of km-scale
dip-parallel outcrops. However, ancient and modern ana-
logues provide a plausible range of foreset slopes. The
prodelta region of the Holocene Huanghe (Yellow River)
delta is similar to the Pride delta system in terms of clin-
othem thickness and dominant grain size on the foreset
(Liu et al., 2004). The foreset slopes on the Huanghe are
generally very low (<0.1°; Liu et al., 2004), but locally are
up to 0.4° (Prior et al., 1986). The presence of well-
exposed stratal discontinuities interpreted as slump scars
(Fig. 7) (Miller & Eriksson, 1997) suggest that Pride delta
slopes were likely >0.1°. Prior et al. (1986) documented
gullied depressions and associated mass-transport depos-
its on the Huanghe prodelta at slopes of 0.3–0.4°. A mini-
mum clinoform angle is therefore set at 0.3°.
Compilations of clinoform slopes from outcropping and
subsurface examples of large-scale (100–1000’s of meters
of relief) shelf-slope systems indicate a range of 2–5° (e.g.
Hubbard et al., 2010); however, delta-scale clinoforms
with 10s of meters of relief typically have average slopes
<3° (Olariu et al., 2010). A morphometric analysis of 20
modern delta-scale subaqueous clinoforms by Patruno
et al. (2015) subdivides systems into ‘mud-prone’ and
‘sand-prone’, with muddy systems having low average
foreset gradients (<0.8°) and sandy systems with average
slopes >0.4° and including some slopes much steeper (up
to 6°). However, it is difficult to compare the Pride sys-
tem, which is ca. 50% fine-grained sandstone and
ca. 50% mudstone overall, to the qualitative mud-prone
vs. sand-prone classification of Patruno et al. (2015). A
maximum foreset angle for the mixed mud-sand Pride
system is therefore set to 3° in order to conservatively
capture the range of plausible scenarios. On the sediment
load and yield plots (Fig. 8), the median clinoform dip
(1.7°) case is shown by the symbol with the computed
minima and maxima represented by y-axis error bars.

Based on a sedimentation rate of 10 cm yr!1, any 60-
m-thick section of Pride Shale and Glady Fork Member
represents ca. 600 years. With a median clinoform dip of

1.7°, deltaic progradation would have infilled the 300-km-
long basin in ca. 90 kyr, well within the inferred 400 kyr
duration of the 4th-order Princeton-Pride-Glady Fork
sequence (Miller & Eriksson, 2000). For the purposes of
this discussion, the cross-sectional area of the Pride-
Glady Fork basin is modelled with a height of 60 m, cor-
responding with the thickness of the Pride Shale and
Glady Fork Member, and a base of 50 km, corresponding
with the width of the basin. For a 300-km-long basin, the
volume of sediment is estimated as ca. 900 km3. Using an
average sediment density of 2700 kg m!3, the total sedi-
ment mass is ca. 2.4 9 106 Mt. Based on the median time
represented by the Pride Shale and Glady Fork Member,
sediment load is, therefore, estimated as 27 Mt per year
(Fig. 8a).
There is the potential for uncertainty related to using

sediment accumulation rates derived from one timescale
as representative of another timescale (Sadler, 1981;
Miall, 2015). In this case, the tidal-rhythmite-constrained
rates (sub-annual to decadal) are extrapolated to centen-
nial (102 yr) timescales, and then inferred to be main-
tained at 104–105 yr timescales (i.e. the time to prograde
and fill the depocentre). However, in order to address the
possibility of ‘more gap than record’ in this analysis, the
maximum inferred duration of 400 kyr, which is up to 25
times longer than estimated durations, is incorporated
into the calculations (Fig. 8). Also worth noting is a
recent global compilation and analysis by Sadler & Jerol-
mack (2015) that emphasized the importance of mapping
sediment volumes (as opposed to just thickness) and using
rates derived from stratigraphic successions down-system
from the fluvial transfer zone, both of which are done in
this study. Sadler & Jerolmack (2015) concluded that
upland denudation rates determined from sediment yields
show little or no dependence of rate on time interval with
such an approach. Another uncertainty worthy of consid-
eration is to what extent lateral avulsion of delta lobes via
autogenic dynamics (e.g. Hoyal & Sheets, 2009) has on
the estimation of total duration of the depocentre. In this
case, the relatively narrow (ca. 50 km) foreland trough
precluded significant lateral switching that might have
generated adjacent stratigraphic packages of wholly dif-
ferent ages. Longshore drift of sediment also could have
an influence on estimates of total duration of the depocen-
tre. Evidence in the rock record for longshore drift, such
as beach deposits, is lacking. Furthermore, longshore drift
is not considered to have been a significant factor because
of the rapid progradation of the delta. The large range of
plausible durations used here is considered to capture any
potential variability driven by longshore drift or autogenic
processes such as delta switching.
Sediment yields for modern rivers are normalized for

drainage basin area to permit comparison of rivers but
estimating the size of ancient (unpreserved) drainage
basins is difficult. One approach is to use the scale of
architectural fluvial elements in the underlying Princeton
Formation and the overlying Glady Fork Member as a
proxy for drainage basin area using the empirical relation-
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ship used by Davidson & North (2009), d = aDAb, where
(d) is bankfull depth or discharge, (DA) is drainage basin
area, and coefficient (a) and exponent (b) are region-speci-
fic variables dependent on climate, location and lithology,
and that represent a ‘regional hydraulic geometry curve’
obtained from modern catchment surveys. The Princeton
and Glady Fork fluvial facies consist of stacked, erosively
based channel elements (Fig. 9) that range in thickness
from 0.25 to 3.60 m (Table 1; Table S1). Paola & Berg-
man (1991) proposed that the average ratio of preserved
element thickness to mean bankfull depth is roughly 0.67
(average of range of 0.55–0.78). Using this method, the
maximum bankfull depth for the Princeton river system

is, thus, computed to be 5.4 m (Table 2). An alternative
approach to calculating bankfull depths is based on the
relationship between dune height and mean set thickness
of medium-scale cross-strata in fluvial sandstones and the
known relationship between dune height and water depth
(Bridge & Tye, 2000). Mean cross-set thicknesses in flu-
vial, coarse-grained sandstones of the Princeton Forma-
tion are 35 cm (Table 1; Table S1). Using the empirical
equations of Bridge & Tye (2000) and references therein,
dune height is estimated as 1.1 m and bankfull depth as
6.1 m. These independent estimates of bankfull depth are
sufficiently similar that, for purposes of this study, an
average depth of 5.8 m for the Princeton river system is
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Fig. 8. Estimates of Pride river system in terms of: (a) annual sediment load; (b) mean annual sediment yield; and (c) mean annual
suspended sediment concentration in comparison to global database of modern rivers fromMilliman & Farnsworth (2011). Part C
compares results to the hyperpycnal-flow frequency subdivision of Mulder & Syvitski (1995). Error bars in the y-axis direction repre-
sent a range of durations for filling the depocentre; solid line and maxima represent estimated durations, whereas dashed line extend-
ing downward to the minima represents the maximum duration of the Pride Shale (400 kyr). The range in the x-direction represent a
range of catchment area estimates. The regions of favoured estimates are shown by the blue polygons. See text for further explanation
of range of uncertainties and for discussion of modern rivers shown.
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used (Table 2). Because of the close agreement (12% dif-
ference) between the two calculation methods, an estimate
of bankfull depth of 4.6 m for the Glady Fork river sys-
tem is based only on thicknesses of channel elements
(Table 2).

A regional hydraulic curve that ideally matches condi-
tions in the Late Mississippian Central Appalachian Basin
is not available. However, an example from the Western
Cordillera of the US Pacific Northwest coast (Castro &
Jackson, 2001) compares favourably (scenario ‘B’ in
Table 2). The climate for this regional curve is character-
ized by a combination of dry summer continental cli-
mates, with seasonal precipitation, and humid continental
climates with no dry season. Based on this curve, the esti-
mated maximum drainage basin area for the Princeton
Formation incised-valley deposits equates to
ca. 87 000 km2 (Table 2). However, in order to capture a
plausible range of paleoclimatic conditions, two additional
regional curves are used, which result in drainage basin
area estimates as low as ca. 14 000 km2 and as high as
ca. 1 500 000 km2 (Table 2). The estimates of drainage
basin areas based on the Glady Fork architectural ele-
ments (Table 2) are considered to be minima as the
exposed channel deposits likely represent deltaic distribu-
tary channels and not the trunk river system (see Blum
et al., 2013; Holbrook &Wanas, 2014).

Assuming a drainage basin area of ca. 87 000 km2 and
the median clinoform dip, the suspended sediment yield
of the Pride delta system can be estimated at ca. 310
t km!2 yr!1 (Table 3; Fig. 8b). Sediment yields can be
converted to a volume equivalent by dividing the mass of
the material by the average density of bedrock
(2700 kg m!3). The calculated volume of sediment car-
ried by the river can be equated with the change in form
of the ground surface. Assuming little to no sediment

accumulation in areas outside of the mapped area, the vol-
ume change is equivalent to a mean rate of ground surface
lowering (denudation). The estimated sediment yields for
the likely Pride Shale drainage basin scenario results in
denudation rates of 0.06–0.66 mm yr!1 (with a likely
value of 0.116 mm yr!1) for the orogenic terrane from
which the sediment was derived (Table 3). An unknown
amount of sediment storage in depositional segments
updip of the mapped deltaic accumulation (e.g. in fluvial
floodplains) would result in minimum denudation rate
estimates. However, the preferred small to moderate drai-
nage basin area scenarios (rationale discussed below),
which have minimal to negligible onshore sediment stor-
age over ≥104 yr timescales (Metivier & Gaudemer, 1999;
Castelltort & van den Driessche, 2003; Allen, 2008;
Romans et al., 2015), means the subaqueous delta
depocentre is a faithful recorder of source-to-sink mass
transfer.
The analysis of sediment load/yield and paleodrainage

basin area also permits investigation of the potential for
an ancient river system to generate hyperpycnal flows. A
marine hyperpycnal plume occurs when the suspended
sediment concentration at the river mouth is sufficiently
large to create a flow with a density greater than sea water
that, in turn, can generate a turbidity current (Mulder &
Syvitski, 1995). Such underflows have the potential to
erode the prodeltaic substrate and generate deposits with
highly variable spatial distribution (Mulder et al., 2003),
which could complicate the ability to use the tidal-rhyth-
mite-dominated stratigraphic volume as a proxy for dura-
tion. We calculated the mean annual suspended sediment
concentration for the Pride-Glady Fork scenarios
(Table 3) and compare them to the hyperpycnal-flow fre-
quency subdivision of modern rivers by Mulder & Syvit-
ski (1995) (Fig. 8c). In general, smaller drainage basins

Table 1. Fluvial channel element and cross-set thickness data summary

Minimum Median Mean Maximum Standard deviation

Princeton Fm incised-valley-fill channel
element thickness (n = 31)

0.25 1.80 1.83 3.60 0.81

Glady Fork Fm deltaic distributary-channel
element thickness (n = 7)

1.52 2.79 2.40 3.05 0.60

Princeton Fm cross-set thickness (n = 35) 0.20 0.30 0.35 0.80 0.14

Fluvial channel-belt 
architectural element

Fig. 9. Stacked, erosively based, fluvial channel elements in the Princeton Formation at the Athens exit of Interstate-77 in southern
West Virginia (lat: 37.424322; long:!81.066375). Dashed lines denote element boundaries. Person for scale in foreground is 1.9 m.
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are more prone to generate frequent (every ≤ 100 yr)
hyperpycnal flows. However, our estimates show that
even the smallest drainage basin and highest sediment-
yield scenario for the Pride-Glady Fork system falls
within the ‘occasional’ (every 100–1000 yr) frequency
class (Fig. 8c), which supports outcrop observations that
the Pride Shale lacks turbidity current deposits.

An analysis of sediment yields in the geologic record
requires an assessment of uncertainties in the calculated
sediment volumes, corrections for biogenic carbonates
and porosity, the assumption that the sediment was
supplied to the basin of deposition in a suspended state,
and the implications of excluding dissolved loads from
the sediment-yield calculations. The estimate of sus-
pended sediment yields, based on preserved sediment
volumes of the Pride Shale and Glady Fork Member,
are likely to be a minimum because the package is
interpreted to be truncated by the Mississippian-Penn-
sylvanian unconformity to the west (Englund & Tho-
mas, 1990). However, subsurface mapping demonstrates
that the Pride Shale and Glady Fork Member thin
westwards and that the present western edge of the
structural basin approximates the original margin the
depocentre (Buller, 2014). No corrections are necessary
for biogenic carbonates or porosity. Calcareous fossils
are a minor constituent in the Pride Shale and are con-
fined almost entirely to the basal condensed section and
fluid inclusion and vitrinite reflectance data from over-
lying Early Pennsylvanian strata (Reed et al., 2005b)
imply that Pride Shale was buried to at least 4 km
depth such that all porosity was destroyed by com-
paction. The assumption that sediment was transported
as suspended load is supported by the overall fine grain
size in the Pride Shale and conclusions of Miller &

Eriksson (1997) that all sediment was deposited from sus-
pension. Moreover, bed load is typically estimated to be
only ca. 10% of the total load (Milliman & Farnsworth,
2011). Finally, denudation rates based on sediment
yields take into account the solute loads carried by a
river. In studies of ancient basins, it is impossible to
estimate the solute load and therefore denudation rates
are likely underestimated. However, solute loads in
modern rivers typically are <20% of the total load
except for rivers that drain landscapes dominated by
periglacial processes (Berner & Berner, 1996; Milliman
& Farnsworth, 2011).

DISCUSSION
Ranges of sediment load and sediment-yield estimates for
the Late Mississippian Pride-Glady Fork drainage system
are compared to several well-studied modern rivers
(Fig. 8; Table 3). At the first order, our estimates demon-
strate that the Pride-Glady Fork paleoriver system was a
high-sediment-flux system. The high sediment yields cal-
culated for the Pride-Glady Fork basin are compatible
with relatively high rates of erosion, a provenance of sig-
nificant relief, and a climate characterized by seasonal,
monsoonal discharge (Cecil, 1990; Miller & Eriksson,
1997, 1999). With the exception of the Indus River, load/
yield data from the large drainage basin rivers are greater
than even our maximum estimates for the Pride-Glady
Fork system. While the Indus River data compares well
with the minimum calculations and does have a similar
climatic regime to the inferred paleoclimate of the Pride-
Glady Fork, this estimate is precluded as the preferred
value because: (1) paleogeographic reconstructions of

Table 3. Sediment load, sediment yield, suspended sediment concentration and denudation rate estimates for Pride-Glady Fork river
system and several modern rivers fromMilliman & Farnsworth (2011) for comparison

River system
Drainage basin
area (103 km2)

Sediment load
(Mt yr!1)

Sediment yield
(t km!2 yr!1)

Suspended sediment
concentration*
(mg L!1)

Denudation
rate† (mm yr!1)

Pride-Glady Fork* [drainage
basin estimate A]

14 15–155 (27) 1082–10 830 (1910) 55–550 (97) 0.401–4.011 (0.708)

Eel 10 19 2000 2468 1.000
Pride-Glady Fork* [drainage
basin estimate B]

87 15–155 (27) 178–1781 (314) 12–119 (21) 0.066–0.660 (0.116)

Po 74 10 135 217 0.068
Fly 76 110 1447 611 0.724
Pride-Glady Fork* [drainage
basin estimate C]

1470 15–155 (27) 10–105 (19) 5–46 (8) 0.004–0.039 (0.007)

Brahmaputra 670 540 806 857 0.403
Huanghe (Yellow) 750 150 200 10 000 0.100
Indus 980 10 10 2000 0.005
Ganges 980 520 531 1061 0.266
Changjiang (Yangtze) 1800 470 261 522 0.131

*Ranges for Pride-Glady Fork river systems based on range of deltaic clinoform dips, which influences duration of basin filling estimates. Value in
parentheses corresponds to median clinoform dip scenario of 1.7°. Refer to text for further explanation.
†Bedrock density of 2700 kg m!3 used for Pride and density of 2000 kg m!3 used for modern rivers (per Milliman & Farnsworth, 2011) to convert

sediment masses to volumes.
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Blakey (2013) for the Upper Mississippian suggest rela-
tively small drainage basins for transverse rivers originat-
ing from the fold-thrust belt to the east; and (2) the
predominance of Appalachian-age zircons and the lack of
mid-continent and Superior-age zircons in the underlying
Princeton Formation are suggestive of a provenance akin
to the fold-thrust belt to the east (Park et al., 2010). Thus,
modest drainage basin area estimates are favoured, similar
to rivers such as the Fly and the Po and possibly as small
as the Eel (Fig. 8; Table 3).

The calculated denudation rates for the Pride-Glady
Fork drainage basin compare favourably with denudation
rates determined for the modern Eel, Po, Fly, and Indus
rivers (Table 3; Milliman & Farnsworth, 2011). Note that
denudation rates for the other large drainage basin rivers
are significantly higher than the Pride-Glady Fork esti-
mate, which lends further support to the conclusion that
the Pride-Glady Fork drainage basin was not as large as
these systems. Generally, the smaller the drainage basin
the less sediment storage occurs in up-system segments
(Walling, 1983; Castelltort & van den Driessche, 2003),
and thus a closer relationship exists between sediment
yield at the river mouth and denudation rate in the drai-
nage basin. Recent debate about the relationship of sedi-
ment flux out of drainage basins to the denudation history
in the same drainage basin (Warrick et al., 2014; Willen-
bring et al., 2014) further highlights the importance of
evaluating the size and relief of the system in question.
The approach for estimating denudation rates from
stratigraphy presented in this study is not advised for lar-
ger (>ca. 100 000 km2) drainage basins because of appre-
ciable sediment storage updip of river mouths.

An independent estimate of denudation rates for the
Alleghanian Orogen based on flexural modelling of post-
orogenic unloading (Jamieson & Beaumont, 1988) pre-
dicted up to 12 km of post-Alleghanian and pre-breakup
erosion in the Inner Piedmont terrane of the Central
Appalachians to the east of the Pride-Glady Fork deposi-
tory. If uplift commenced in the Mississippian and ended
100 million years later in the Triassic, denudation rates
would have averaged on the order of 0.12 mm yr!1,
which closely compares to our estimate of
0.116 mm yr!1 for the moderate drainage basin area and
median duration scenario. To what extent our sediment-
yield-derived denudation rates are representative of the
larger-scale Alleghanian orogen remains uncertain. Nev-
ertheless, denudation rates derived from the sedimentary
record can provide a quantitative measure of erosion-
deposition dynamics at 104–105 yr timescales that can be
compared to other, widely used, techniques (e.g. ther-
mochronometry) that typically capture exhumation and
denudation at longer timescales.

CONCLUSIONS
(1) The rhythmically bedded Pride Shale preserves a

hierarchy of tidal and climatic periodicities including

semi-diurnal, fortnightly and annual. Cycles in the
Pride Shale represent high-resolution chronometers
from which sedimentation rates of ca. 10 cm yr!1

can be deduced.
(2) Estimates of bankfull channel depths, based on thick-

nesses of architectural elements and cross sets in flu-
vial incised-valley and distributary-channel facies,
used in conjunction with regional hydraulic curves,
places constraints on catchment areas.

(3) Sediment load, sediment yield, and suspended sedi-
ment concentration estimates for the Late Mississip-
pian Pride-Glady Fork drainage system demonstrate
that the paleoriver system was a high-sediment-flux
system compatible with relatively high rates of ero-
sion, a provenance of significant relief, and a climate
characterized by seasonal, monsoonal discharge.

(4) Integration of stratigraphic architectural analysis of
the Pride Shale and stratigraphically adjacent units
with a novel chronometric application highlights the
utility of sedimentary archives as a record of Earth
surface dynamics for ancient orogenic belts and
adjoining sedimentary basins.
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