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to understand the conditions under which allogenic and autogenic signals overlap in order to
untangle them in the rock record.
Non-uniform flows affect sediment transport
and erosional patterns in coastal rivers. The backwater reach of a river is the distal zone of nonuniform flow due to the boundary condition of
near constant water surface elevation at the river
mouth (Lane, 1957), which can extend hundreds
of kilometers inland for large, low gradient rivers
(Lamb et al., 2012). Recent field, experimental
and theoretical work demonstrate that backwater
hydrodynamics significantly affect sediment dispersal (Lamb et al., 2012; Nittrouer et al., 2012),
river avulsion locations (Jerolmack and Swenson, 2007; Chatanantavet et al., 2012; Ganti et
al., 2014a), and river lateral migration (Lamb et
al., 2012; Fernandes et al., 2016); these ideas
are beginning to be incorporated into conceptual models and interpretations of stratigraphic
architecture (Blum et al., 2013; Colombera et
al., 2016; Fernandes et al., 2016; Durkin et al.,
2017). However, workers have yet to address the
stratigraphic implications for the observation
that coastal rivers may scour deeply within the
backwater zone during large floods (Lamb et al.,
2012; Chatanantavet and Lamb, 2014), potentially leaving widespread erosional surfaces.
We hypothesized that autogenic scour resulting from river floods in backwater zones can

EROSIONAL SCOURS FROM
BACKWATER HYDRODYNAMICS
The backwater reach is characterized by nonuniform flows, where during low water discharge,
the flow decelerates toward the river mouth leading to net deposition; and during large floods, the
flow accelerates toward the river mouth leading
to net erosion (Lane, 1957; Lamb et al., 2012;
Nittrouer et al., 2012). The length of the backwater zone (Lb) scales with the characteristic
bankfull flow depth (hc) and the river bed slope
(S): Lb ~hc/S (e.g., Jerolmack and Swenson,
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INTRODUCTION
Sequence stratigraphy is based on the identification of genetically related rock sequences
contained between major erosional unconformities referred to as “sequence boundaries” (e.g.,
Van Wagoner et al., 1987; Catuneanu and Zecchin, 2013; Ainsworth et al., 2017). Sequence
boundaries are often interpreted as signals of
relative sea-level fall, which results in incision
and the formation of significant erosional surfaces (Fig. 1A). Variations in sediment supply,
subsidence, and eustasy can contribute to the
development of a sequence boundary; these are
thought to be controlled primarily by allogenic
forces—climate and tectonics (Schlager, 1993).
However, recent studies have demonstrated that
autogenic dynamics in fluvio-deltaic systems
can mask or overprint allogenic signals (Best
and Ashworth, 1997; Jerolmack and Paola,
2010; Ganti et al., 2014b; Mikeš et al., 2015;
Li et al., 2016), and there is growing recognition of the role that autogenic processes (e.g.,
delta-lobe switching, auto-retreat) may play
in determining stratigraphic architecture (e.g.,
Strong and Paola, 2008; Catuneanu and Zecchin, 2013; Hampson, 2016). This presents a
significant challenge for fluvial sequence stratigraphy: the erosional unconformities that define
sequences might be generated by allogenic and/
or autogenic processes. It is therefore critical

produce an identifiable stratigraphic fingerprint
and developed predictive relationships for the
spatial scales of these autogenic scours. We
evaluated this hypothesis through examination
of Cretaceous fluvio-deltaic deposits of the Castlegate Sandstone in the Book Cliffs of Utah
(USA)—a locality where modern concepts in
fluvial sequence stratigraphy were developed
(e.g., Van Wagoner, 1991, 1995).
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ABSTRACT
Sequence stratigraphy relies on the identification of unconformity-bound sedimentary packages in order to understand variations in sediment supply, subsidence, and eustasy, which are
themselves controlled by external (allogenic) drivers such as climate and tectonics. However,
intrinsic (autogenic) river dynamics can also create a rich stratigraphic architecture in the
absence of allogenic changes. Here, we outline scaling relationships for the expected depth
and length scales of autogenic scour resulting from non-uniform flows in coastal rivers, and
apply these relationships to the Upper Cretaceous Castlegate Sandstone—a classic fluvial
sandstone unit in the Book Cliffs of Utah (USA). Theoretical and experimental work suggests
that hydrodynamics within the backwater reach of coastal rivers—the zone of non-uniform
flow that extends upstream of the river mouth—causes spatially extensive erosion during
floods; this in turn creates erosional surfaces within fluvio-deltaic stratigraphy that may appear
similar to sequence boundaries. Results demonstrate that scour patterns within the Castlegate
Sandstone are consistent with the predictions of backwater-induced scours, and show how
allogenic versus autogenic erosional surfaces can be parsed within fluvio-deltaic stratigraphy.
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Figure 1. Schematics of scour patterns predicted for relative sea-level (RSL) fall (A) and
in the backwater reach under variable flow
conditions (B). Black lines indicate widthaveraged river bed elevation prior to (solid
line) and after (dashed line) scour by either
RSL fall (A) or backwater-induced scour (B)
driven by changes in water surface elevation
(blue lines; solid line—prior to scour, dashed
line—condition driving scour).
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2007), where hc and S are evaluated upstream in
a reach of normal flow (Fig. 1B). The backwater
zone vacillates between periods of deposition
and erosion because floods are short-lived relative to the timescale (years to decades) needed
for the river bed to reach topographic equilibrium
with a given flow discharge (Chatanantavet and
Lamb, 2014). Thus, a region of transient bed
adjustment (i.e., episodic deposition and scour)
tied to the backwater reach is expected, rather
than the normal-flow conditions that are often
assumed in basin filling models.
Field, experimental, and theoretical work
showed that during large floods (> bankfull), the
water surface elevation in the backwater zone
is drawn down at the river mouth to match sea
level, resulting in a zone of spatial flow acceleration that extends ~Lb/2 upstream of the river
mouth (Chatanantavet et al., 2012; Lamb et al.,
2012; Nittrouer et al., 2012) (Fig. 1B). During
these events, intense river bed scour occurs near
the river mouth and rapidly propagates upstream
to ~Lb/2 (Chatanantavet and Lamb, 2014; Ganti
et al., 2016). Thus, the scour depth is deepest
near the river mouth and shallows upstream to
~Lb/2 becoming characteristic of normal flow
conditions at Lb (Fig. 1B).
The maximum backwater-induced scour at
the river mouth is related to the flood regime;
through deposition and erosion, the river bed
attempts to adjust to a given flow, so that maximum scour depth (hscour) scales with the difference in the normal flow depths between typical
low and high flows: hscour ∝ Δh (Chatanantavet
and Lamb, 2014). A compilation of modern
rivers shows that Δh scales with hc by a factor of 0.5–3 (Ganti et al., 2014a), indicating
that 0.5hc ≤ hscour ≤ 3hc for backwater-induced
scours. Upstream of the backwater zone, channel scour depths are expected to be <hc and can
form due to channel lateral migration or channel avulsion and reoccupation (Mohrig et al.,
2000). The reduction in lateral migration rates
of rivers within the backwater zone (Lamb et
al., 2012; Fernandes et al., 2016; Durkin et al.,

STUDY SITE AND METHODS
The Lower Castlegate Sandstone in the
Book Cliffs of southern Utah is well exposed
as cliff-forming fluvial sandstones that transition eastward into marine sandstones within the
Mesaverde Group—a sequence of fluvial, coastal
plain, deltaic, and shoreface-to-shelfal marine
sedimentary rocks that accumulated along the
western margin of the Cretaceous Western Interior Seaway (Van de Graaff, 1972).
Van Wagoner (1991, 1995) identified and
interpreted scour surfaces in the lower Castlegate Sandstone as components of two sequence
boundaries that separate shoreline and shelf
facies representing beach parasequences and
non-marine stream facies interpreted as incisedvalley fills. These abrupt “basinward shifts in
facies” were interpreted to reflect two rapid
drops in relative sea-level (Van Wagoner, 1991,
1995). The controls on this base-level fall and
its associated incision surfaces are a subject of
ongoing debate (e.g., Miall and Arush, 2001,
and references therein, suggesting that variability in paleocurrent directions and sediment provenance reflect a tectonic control), where the presumption is that Castlegate sequence boundaries
are synchronous, regionally conformable surfaces recording abrupt base-level fall. However,
Krystinik and DeJarnett (1995) correlated Western Interior Seaway sections from Arizona to
Alberta using marine biostratigraphy and demonstrated that sequence stratigraphic surfaces
were not regionally conformable, indicating
that regional effects likely masked basin-wide
eustatic signals. Furthermore, Pattison (2010)
interpreted lower Castlegate channel scours as
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2017) suggests that backwater-induced scours
may be preferentially localized near the shoreline. Backwater-induced scours should have a
stratigraphic expression: the largest floods scour
deeply but infrequently, allowing time for the
scoured surface to be buried by subsequent lowdischarge events and preserved via subsidence
and compaction.
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diachronous erosional surfaces resulting from
multiple episodes of channel incision during
sea-level fall punctuated by small-scale flooding events, during which channels were filled.
These studies highlight inconsistencies between
the predictions of allogenic changes and observations of the rock record.
We estimated the spatial scales of backwaterinduced scours in paleo-Castlegate rivers by
constraining paleo-channel bed slope (S), hc,
and Lb, and compared this with field observations of hscour. Previous authors concluded that
the paleo-shoreline was located between Sagers Canyon and Horse Pastures and oriented
NNE, nearly normal to the trend of the modern Book Cliffs escarpment near Green River
(Fig. 2A) (Van de Graaff, 1972; Petter, 2010).
Paleo-current data indicate that Castlegate rivers flowed ESE, approximately normal to the
inferred paleo-shoreline trend (Hampson, 2016
and references therein). In the field, we documented the sedimentology of Lower Castlegate
units and measured bar heights and scour depths
in a transect along the paleo-flow direction,
including Price, Tusher, Crescent, West Blaze,
Blaze, Sagers, and Sulfur Canyons. Bar height,
median grain size, D50, and hscour data were also
compiled from previous studies (Van Wagoner,
1995; Pattison, 2010; Petter, 2010). Paleo-flow
depths were estimated from preserved bar clinoform heights (Mohrig et al., 2000) (Fig. DR1 in
the GSA Data Repository1) and were used to
constrain S by combining measurements of D50
and an empirical bankfull Shields relation from
Trampush et al. (2014).
RESULTS
At Price and Tusher Canyons, the Lower
Castlegate is composed of amalgamated sheetlike channel deposits (Fig. DR2), consistent with
1
GSA Data Repository item 2018257, supplemental figures DR1–DR5 and Tables DR1 and DR2,
is available online at http://www.geosociety.org
/datarepository/2018/, or on request from editing@
geosociety.org.
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Figure 2. A: Location map of stratigraphic sections along the Book Cliffs (near Green River, Utah, USA), marked with gray stars. Approximate
location of paleo-shoreline and backwater length shown in light gray and diagonal patterns, respectively. B: Scour surface (dashed line) in
West Blaze Canyon. Section locations: BHSC—Big Horn Sheep Canyon, WCC—West Coal Canyon, StuC—Stubb Canyon, FC—Floy Canyon
North, CJ—Crescent Junction, CC—Crescent Canyon, WWBC—West West Blaze Canyon, WBC—West Blaze Canyon, TC—Thompson Canyon,
STC—South Thompson Canyon, SeC—Sego Canyon, SJT—Short Jeep Trail, SaC—Sagers Canyon, SaCE—Sagers Canyon East, PWW—Pinto
Wash West, BC—Bull Canyon, StrC—Strychnine Canyon, HP—Horse Pastures. Latitude and longitude ticks indicate 3′ increments.
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DISCUSSION
Our scaling relationships indicate that allogenic scour depths must significantly exceed the
bankfull flow depth (hscour > 3hc) and occur over a
distance longer than Lb in order to unambiguously
distinguish allogenic signals from backwaterinduced scour. Within the backwater reach (Lb
≈20 km), Castlegate scour depths (hscour) range
from hc to 3hc, maximum scour depths occur ≤
10 km ≈Lb/2 from the paleoshoreline, and scour
depths upstream of Lb/2 from the paleo-shoreline
are less than hc; each of these agrees well with
the predictions for a backwater signature in the
absence of allogenic changes (Fig. 3A) and suggests that Castlegate rivers were connected to the
sea (Bhattacharya, 2011). The extent to which relative sea level cycles influenced distal Castlegate
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the facies association described by Petter (2010).
Downstream at Crescent and West Blaze Canyons, the Lower Castlegate is characterized by
multistory channel complexes and more substantial local instances of incision into the underlying Blackhawk Formation (Fig. 2B; Fig. DR3).
Farther east beyond Blaze Canyon, channel
sandstones are less amalgamated and interbedded with siltstones. Discrete oyster build-ups are
present in Sagers Canyon (Fig. DR4), indicating
proximity to the paleo-shoreline consistent with
previous work, including: beach ridge deposits
interbedded with oyster shell coquinas between
Thompson and Nash Canyons (Van de Graaff,
1972) and a shoreface facies in Thompson and
Sagers Canyons (Pattison et al., 2008). Symmetrical wave ripples indicative of a shallow marine
environment occur at Sulfur Canyon, ~20 km
further east from Horse Pastures (Fig. DR5).
From bar height data (Table DR1), we estimated hc = 3.8 ± 2.2 m from the more proximal Tusher Canyon (estimated to be within the
normal-flow reach of the Castlegate rivers; Petter, 2010). Median grain sizes of channel fill
deposits were estimated as D50 = 163 ± 41 µm
based on previous analyses by Petter (2010),
and were used as inputs to the bankfull Shields
number criteria (Trampush et al., 2014) to yield
S = 2 × 10−4 (Table DR1). Thus, our estimate
of Lb ~20 km for Castlegate rivers is consistent
with Petter’s (2010) estimate of Lb = 20–30 km.
Constraints on hc result in predicted maximum
scour depth near the river mouth hscour = 3hc =
11.4 m and these scour depths are expected to
taper upstream to approach less than hc (< 3.8 m)
at ~20 km.
Measured scour depths for the Castlegate
range from hscour = 1–11 m (Table DR2). Mean
scour depths are greatest at the distal Bull Canyon and Pinto Wash West locations, and decrease
westward toward Crescent Junction (Fig. 3A).
Upstream of the inferred backwater zone, scour
depths are small and relatively consistent over
the remaining sections to Big Horn Sheep Canyon (Fig. 3A).
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Figure 3. A: Castlegate (Utah, USA) scour
depths versus upstream distance. Solid horizontal lines and gray boxes indicate mean and
standard deviation of scour depth, respectively, for 10-km-long bins. Diagonal-lined
regions indicate the uncertainty on the location of the paleo-shoreline and, consequently,
the backwater length, Lb, and the upstream limit
of backwater-induced scour, Lb/2. Horizontal
dashed lines indicate upper and lower bounds
on backwater-induced scours. B: Predicted
depth and length of backwater-induced scours
as a function of river bed slope compiled for
modern rivers and the paleo-Castlegate and
paleo-Brazos rivers (cf. Chatanantavet et al.,
2012, their Table S1).

erosional surfaces is ambiguous owing to their
consistency with backwater-induced scours. Nevertheless, marine to non-marine facies transitions
in the Castlegate Sandstone are consistent with
variations in relative sea level, whether resulting from allogenic changes or autogenic shifts
in depocenters due to avulsion.
Our analysis constrains the depth and length
of erosional scours resulting solely from autogenic backwater hydrodynamics and provides a
framework to distinguish scour patterns that are
necessarily allogenic from those that are plausibly autogenic. For example, Quaternary deposits
of the paleo-Brazos River in Texas have 30–40
m deep incised valleys that extend for >100 km
(Abdulah et al., 2004; Blum and Aslan, 2006)
and have been attributed to sea-level fall driven
by Pleistocene glaciation (Rohling et al., 2009).
Given hc ≈5 m (Sylvia and Galloway, 2006)
and S = 2 × 10−4 (assuming a slope similar to
the modern river; Phillips, 2015), we estimated
Lb ~25 km for the paleo-Brazos River. In this
case, the spatial scales of observed erosional
scours (hscour ~6–8hc and xscour > 4Lb) are 2-to-4
fold greater than backwater-induced scours; this
analysis confirms that the observed incision was
likely related to base-level change. For large, low
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sloping rivers, like the Mississippi, backwaterinduced scour depths (hscour ~3hc = ~75 m) might
approach the largest Quaternary sea level cycles,
scour lengths (xscour ~Lb = ~450 km) can be
regional in upstream extent, and channel width
(~500 m) is large compared to typical scales of
lateral continuity assessed in outcrop, which
all present a challenge for assessing autogenic
versus allogenic controls on sequence boundaries (Fig. 3B). In contrast, autogenic scours in
smaller rivers will be spatially limited and may
allow better separation of autogenic and allogenic stratigraphic signals (Jerolmack and Paola,
2010; Ganti et al., 2014b).
ACKNOWLEDGMENTS
We thank E. Hajek and J. Bhattacharya for constructive reviews. This work was supported by the Caltech
Terrestrial Hazard Observation and Reporting program (to Lamb and Fischer) and National Science
Foundation grant 1427177 to Lamb. Trower and Ganti
received support from an Agouron Institute Geobiology Postdoctoral Fellowship and Imperial College
London’s Junior Research Fellowship, respectively.
Fischer acknowledges the support of the David and
Lucile Packard Foundation.
REFERENCES CITED
Abdulah, K.C., Anderson, J.B., Snow, J.N., and Holdford-Jack, L., 2004, The late Quaternary Brazos
and Colorado deltas, offshore Texas, USA—
Their evolution and the factors that controlled
their deposition, in Anderson, J.B., and Fillon,
R.H., eds., Late Quaternary Stratigraphic Evolution of the Norther Gulf of Mexico Margin:
Society for Sedimenty Geology (SEPM) Special
Publications, v. 79, p. 237–269, https://doi.org
/10.2110/pec.04.79.0237.
Ainsworth, R.B., Vakarelov, B.K., MacEachern, J.A.,
Rarity, F., Lane, T.I., and Nanson, R.A., 2017,
Anatomy of a shoreline regression: implications
for the high-resolution stratigraphic architecture
of deltas: Journal of Sedimentary Research, v. 87,
p. 425–459, https://doi.org/10.2110/jsr.2017.26.
Best, J.L., and Ashworth, P.J., 1997, Scour in large
braided rivers and the recognition of sequence
stratigraphic boundaries: Nature, v. 387, p. 275,
https://doi.org/10.1038/387275a0.
Bhattacharya, J.P., 2011, Practical problems in the
application of the sequence stratigraphic method
and key surfaces: Integrating observations from
ancient fluvial–deltaic wedges with Quaternary
and modelling studies: Sedimentology, v. 58,
p. 120–169, https://doi.org/10.1111/j.1365-3091
.2010.01205.x.
Blum, M., Martin, J., Milliken, K., and Garvin, M.,
2013, Paleovalley systems: Insights from Quaternary analogs and experiments: Earth-Science
Reviews, v. 116, p. 128–169, https://doi.org/10
.1016/j.earscirev.2012.09.003.
Blum, M.D., and Aslan, A., 2006, Signatures of climate vs. sea-level change within incised valleyfill successions: Quaternary examples from the
Texas Gulf Coast: Sedimentary Geology, v. 190,
p. 177–211, https://doi.org/10.1016/j.sedgeo
.2006.05.024.
Catuneanu, O., and Zecchin, M., 2013, High-resolution sequence stratigraphy of clastic shelves II:
Controls on sequence development: Marine and
Petroleum Geology, v. 39, p. 26–38, https://doi
.org/10.1016/j.marpetgeo.2012.08.010.
Chatanantavet, P., and Lamb, M.P., 2014, Sediment
transport and topographic evolution of a coupled

709

river and river plume system: An experimental
and numerical study: Journal of Geophysical
Research: Earth Surface, v. 119, p. 1263–1282,
https://doi.org/10.1002/2013JF002810.
Chatanantavet, P., Lamb, M.P., and Nittrouer, J.A.,
2012, Backwater controls of avulsion location
on deltas: Geophysical Research Letters, v. 39,
https://doi.org/10.1029/2011GL050197.
Colombera, L., Shiers, M.N., and Mountney, N.P.,
2016, Assessment of backwater controls on the
architecture of distributary-channel fills in a tideinfluenced coastal-plain succession: Campanian
Neslen Formation, USA: Journal of Sedimentary
Research, v. 86, p. 476–497, https://doi.org/10
.2110/jsr.2016.33.
Durkin, P.R., Boyd, R.L., Hubbard, S.M., Shultz, A.W.,
and Blum, M.D., 2017, Three-dimensional reconstruction of meander-belt evolution, Cretaceous
McMurray Formation, Alberta Foreland Basin,
Canada: Journal of Sedimentary Research, v. 87,
p. 1075–1099, https://doi.org/10.2110/jsr.2017.59.
Fernandes, A.M., Törnqvist, T.E., Straub, K.M., and
Mohrig, D., 2016, Connecting the backwater hydraulics of coastal rivers to fluvio-deltaic sedimentology and stratigraphy: Geology, v. 44, p. 979–
982, https://doi.org/10.1130/G37965.1.
Ganti, V., Chadwick, A.J., Hassenruck-Gudipati, H.J.,
Fuller, B.M., and Lamb, M.P., 2016, Experimental river delta size set by multiple floods and
backwater hydrodynamics: Science Advances,
v. 2, p. e1501768, https://doi.org/10.1126/sciadv
.1501768.
Ganti, V., Chu, Z., Lamb, M.P., Nittrouer, J.A., and
Parker, G., 2014a, Testing morphodynamic
controls on the location and frequency of river
avulsions on fans versus deltas: Huanghe (Yellow River), China: Geophysical Research Letters, v. 41, p. 7882–7890, https://doi.org/10.1002
/2014GL061918.
Ganti, V., Lamb, M., and McElroy, B., 2014b, Quantitative bounds on morphodynamics and implications for reading the sedimentary record: Nature
Communications, v. 5, p. 1–7, https://doi.org/10
.1038/ncomms4298.
Hampson, G.J., 2016, Towards a sequence stratigraphic solution set for autogenic processes and
allogenic controls: Upper Cretaceous strata, Book
Cliffs, Utah, USA: Journal of the Geological Society, v. 173, p. 817–836, https://d oi. org/ 10. 1144
/jgs2015-136.
Jerolmack, D.J., and Paola, C., 2010, Shredding of
environmental signals by sediment transport:
Geophysical Research Letters, v. 37, https://doi
.org/10.1029/2010GL044638.
Jerolmack, D.J., and Swenson, J.B., 2007, Scaling
relationships and evolution of distributary networks on wave‐influenced deltas: Geophysical
Research Letters, v. 34, https://doi.org/10.1029
/2007GL031823.
Krystinik, L., and DeJarnett, B.B., 1995, Lateral variability of sequence stratigraphic framework in
the Campanian and Lower Maastrichtian of the
Western Interior Seaway, in Van Wagoner, J.C.,
and Bertram, G.T., eds., Sequence Stratigraphy of
Foreland Basin Deposits: Outcrop and Subsurface

710

Examples from the Cretaceous of North America:
Tulsa, Oklahoma, American Association of Petroleum Geologists, p. 11–26.
Lamb, M.P., Nittrouer, J.A., Mohrig, D., and Shaw,
J., 2012, Backwater and river plume controls on
scour upstream of river mouths: Implications for
fluvio‐deltaic morphodynamics: Journal of Geophysical Research: Earth Surface, v. 117, F01002,
10.1029/2011JF002079.
Lane, E.W., 1957, A Study of the Shape of Channels
Formed by Natural Streams Flowing in Erodible
Material: Omaha, Nebraska, U.S. Army Engineer
Division, Missouri River, 141 p.
Li, Q., Yu, L., and Straub, K.M., 2016, Storage
thresholds for relative sea-level signals in the
stratigraphic record: Geology, v. 44, p. 179–182,
https://doi.org/10.1130/G37484.1.
Miall, A.D., and Arush, M., 2001, The Castlegate Sandstone of the Book Cliffs, Utah: Sequence stratigraphy, paleogeography, and tectonic controls: Journal of Sedimentary Research, v. 71, p. 537–548,
https://doi.org/10.1306/103000710537.
Mikeš, D., Veen, J.H., Postma, G., and Steel, R., 2015,
Inferring autogenically induced depositional discontinuities from observations on experimental
deltaic shoreline trajectories: Terra Nova, v. 27,
p. 442–448, https://doi.org/10.1111/ter.12178.
Mohrig, D., Heller, P.L., Paola, C., and Lyons, W.J.,
2000, Interpreting avulsion process from ancient
alluvial sequences: Guadalope-Matarranya system
(northern Spain) and Wasatch Formation (western
Colorado): Geological Society of America Bulletin, v. 112, p. 1787–1803, https://doi.org/10.1130
/0016-7606(2000)112<1787:IAPFAA>2.0.CO;2.
Nittrouer, J.A., Shaw, J., Lamb, M.P., and Mohrig, D.,
2012, Spatial and temporal trends for water-flow
velocity and bed-material sediment transport in
the lower Mississippi River: Geological Society
of America Bulletin, v. 124, p. 400–414, https://
doi.org/10.1130/B30497.1.
Pattison, S.A., 2010, Alternative sequence stratigraphic
model for the Desert Member to Castlegate Sandstone interval, Book Cliffs, eastern Utah: Implications for the high-resolution correlation of falling
stage nonmarine, marginal-marine, and marine
strata, in Morgan, L.A., and Quane, S.L., eds.,
Through the Generations: Geologic and Anthropogenic Field Excursions in the Rocky Mountains
from Modern to Ancient: Geological Society of
America Field Guides, v. 18, p. 163–192, https://
doi.org/10.1130/2010.0018(08).
Pattison, S.A., Williams, H., and Davies, P., 2008, Clastic sedimentology, sedimentary architecture, and
sequence stratigraphy of fluvio-deltaic, shoreface,
and shelf deposits, Upper Cretaceous, Book Cliffs,
eastern Utah and western Colorado, in Raynolds,
R.G., ed., Roaming the Rocky Mountains and Environs: Geological Field Trips: Geological Society
of America Field Guides, v. 10, p. 17–43, https://
doi.org/10.1130/2007.fld010(02).
Petter, A.L., 2010, Stratigraphic implications of the
spatial and temporal variability in sediment transport in rivers, deltas, and shelf margins [Ph.D.
thesis]: Austin, Texas, The University of Texas
at Austin, 217 p.

Phillips, J.D., 2015, Hydrologic and geomorphic flow
thresholds in the Lower Brazos River, Texas,
USA: Hydrological Sciences Journal, v. 60,
p. 1631–1648, https://doi.org/10.1080/02626667
.2014.943670.
Rohling, E.J., Grant, K., Bolshaw, M., Roberts, A.,
Siddall, M., Hemleben, C., and Kucera, M., 2009,
Antarctic temperature and global sea level closely
coupled over the past five glacial cycles: Nature
Geoscience, v. 2, p. 500, https://doi.org/10.1038
/ngeo557.
Schlager, W., 1993, Accommodation and supply—A
dual control on stratigraphic sequences: Sedimentary Geology, v. 86, p. 111–136, https://doi
.org/10.1016/0037-0738(93)90136-S.
Strong, N., and Paola, C., 2008, Valleys that never
were: Time surfaces versus stratigraphic surfaces: Journal of Sedimentary Research, v. 78,
p. 579–593, https://doi.org/10.2110/ jsr. 2008. 059.
Sylvia, D.A., and Galloway, W.E., 2006, Morphology and stratigraphy of the late Quaternary lower
Brazos valley: Implications for paleo-climate,
discharge and sediment delivery: Sedimentary
Geology, v. 190, p. 159–175, https://doi.org/10
.1016/j.sedgeo.2006.05.023.
Trampush, S., Huzurbazar, S., and McElroy, B., 2014,
Empirical assessment of theory for bankfull characteristics of alluvial channels: Water Resources
Research, v. 50, p. 9211–9220, https://d oi. org/ 10
.1002/2014WR015597.
Van de Graaff, F.R., 1972, Fluvial-deltaic facies of the
Castlegate Sandstone (Cretaceous), east-central
Utah: Journal of Sedimentary Research, v. 42,
p. 558–571, 10.1306/74D725B8-2B21-11D7
-8648000102C1865D.
Van Wagoner, J.C., 1991, Sequence stratigraphy and
facies architecture of the Desert Member of the
Blackhawk Formation and the Castlegate Formation in the Book Cliffs of western Colorado
and eastern Utah, in Van Wagoner, J.C., et al.,
eds., Sequence stratigraphy Applications to Shelf
Sandstone Reservoirs: Outcrop to Subsurface Examples: Tulsa, Oklahoma, AAPG, https://d oi. org
/10.1306/SP548.
Van Wagoner, J.C., 1995, Sequence stratigraphy and
marine to nonmarine facies architecture of foreland basin strata, Book Cliffs, Utah, USA, in Van
Wagoner, J. C., and Bertram, G. T., eds., Sequence
Stratigraphy of Foreland Basin Deposits: Outcrop
and Subsurface Examples from the Cretaceous of
North America: AAPG Special Publications, v.
548, p. 137–224, https://doi.org/10.1306/SP548.
Van Wagoner, J., Mitchum, R., Jr., Posamentier, H., and
Vail, P., 1987, Seismic stratigraphy interpretation
using sequence stratigraphy: Part 2: Key definitions of sequence stratigraphy, in Bally, A.W., ed.,
Atlas of Seismic Stratigraphy: AAPG Studies in
Geology, v. 27, p. 11–15.
Manuscript received 14 March 2018
Revised manuscript received 28 June 2018
Manuscript accepted 1 July 2018
Printed in USA

www.gsapubs.org | Volume 46 | Number 8 | GEOLOGY

