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were equilibrated with the prevailing flow, i.e., steady-state conditions. However, recent theoretical and
experimental observations indicate that enhanced bedform preservation can occur in non-steady state,
or disequilibrium, conditions, and it is currently unclear how prevalent disequilibrium dynamics are

Keywords: in preserved fluvial strata at outcrop scale. Here we explore whether steady-state assumptions are
fluvial systems appropriate for ancient fluvial systems by evaluating the nature of bedform preservation in well studied
bedforms fluvial deposits of three Upper Cretaceous (Turonian and Campanian) geologic formations in central
cross strata Utah, USA: the Blackhawk Formation, Castlegate Sandstone, and Ferron Sandstone. In the field, we made
hydrOdyﬂamiC% systematic measurements of dune-scale cross-strata to quantify the extent to which preserved cross-
morphodynamics sets reflect dune preservation in steady-state conditions. Across the three formations, consistently low

discharge variability coefficients of variation in preserved cross-set thicknesses of 0.25-0.5 are inconsistent with bedform

preservation in steady-state conditions, and instead point to fluvial systems in which enhanced bedform
preservation occurred in disequilibrium conditions.
Enhanced bedform preservation in dune-scale cross-stratification can be explained by two independent
hypotheses: the effect of flashy flood hydrographs on bedform preservation (flood hypothesis) or
bedform preservation in the presence of larger migrating barforms (hierarchy hypothesis). We estimated
bedform turnover timescales to quantitatively assess these competing hypotheses and contextualize their
implications. Under the flood hypothesis, field measurements are consistent with enhanced bedform
preservation driven by flashy flood hydrographs with flood durations ranging on the order of hours
to a few days, which are consistent with perennial fluvial systems subject to heavy rains and tropical
storms. Alternatively, under the hierarchy hypothesis, field measurements are consistent with bedform
climb angles that range from 10~2 to 10—, reflecting rapid bar migration. Our work provides a novel
way of investigating fluvial discharge variability in the geologic past, and we outline the potential next
steps to disentangle the relative controls of flow variability and morphodynamic hierarchy in controlling
bedform preservation in ancient fluvial systems.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction facies to build more complete pictures of palaeo-landscapes on
Earth and other planets. In fluvial strata, preserved bedforms,

Quantitative reconstructions of palaeohydraulics from fluvial which include ripples, dunes, and unit bars, are crucial to these

stratigraphy complement qualitative observations of sedimentary reconstructions. Bedforms are readily formed on riverbeds across
a range of grain sizes (e.g., Carling, 1999; Best, 2005) and their

evolution generates cross-stratification — the resultant cross-strata
* Corresponding author. are a fundamental building block of alluvium on planetary sur-
E-mail address: s.lyster17@imperial.ac.uk (S]. Lyster). faces (e.g., Allen, 1982; Edgar et al., 2018). Cross-strata provide
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a window to formative conditions in ancient fluvial systems and
are routinely used to reconstruct morphologies and hydrodynamics
(Holbrook and Wanas, 2014; Ganti et al., 2019; Wang et al., 2020;
Lyster et al, 2021); for instance, measurements of dune-scale
cross-set thicknesses provide a mechanism to estimate the sizes
of dunes active on ancient riverbeds and, therefore, palaeoflow
depths (Leclair and Bridge, 2001; Bradley and Venditti, 2017).
Moreover, bedform kinematics respond to spatial and temporal
changes in flow and sediment transport conditions (e.g., Ten Brinke
et al,, 1999; Martin and Jerolmack, 2013; Wu et al., 2020), and re-
cent research has highlighted that these changes may be recorded
in preserved cross-set geometries (Leary and Ganti, 2020). If we
can use geometries of cross-stratification to extract information
about water and sediment discharge variability, this would signif-
icantly improve our understanding of ancient fluvial systems, in-
cluding river response to climatic perturbation (e.g., Foreman et al.,
2012; Colombera et al., 2017). However, a crucial outstanding chal-
lenge in this field of research involves adapting engineering-scale
insights, which are typically founded in precisely defined boundary
conditions (and which underpin palaeohydraulic reconstructions),
to geological scales over which more variability in environmen-
tal conditions is typically assumed due to issues of time-averaging
and temporal incompleteness in the rock record (e.g., Romans et
al,, 2016; Straub et al., 2020).

Process—product relationships between bedform evolution and
cross-stratal geometries have primarily been studied using small-
scale physical experiments and numerical models (Paola and
Borgman, 1991; Bridge, 1997; Leclair, 2002; Jerolmack and Mohrig,
2005; Ganti et al, 2013; Wu et al,, 2020). Existing models that
relate cross-set thicknesses to original bedform heights rely on
the assumption that the formative train of bedforms evolved in
steady-state conditions under no-net aggradation or with a small
bedform climb angle (<10~2; gradient in terms of y/x) (Paola and
Borgman, 1991; Jerolmack and Mohrig, 2005). For a range of these
formative conditions, theory, numerical models, and experimental
observations suggest the bedform preservation ratio — defined as
the ratio of the average preserved cross-set thicknesses and the
average original bedform heights — is a near-constant value of 0.3
(Paola and Borgman, 1991; Leclair and Bridge, 2001; Leclair, 2002;
Jerolmack and Mohrig, 2005). Further, these models predict that
the coefficient of variation, CV, of cross-set thicknesses has a con-
stant value of 0.88 (Paola and Borgman, 1991; Leclair and Bridge,
2001; Leclair, 2002; Jerolmack and Mohrig, 2005), with Bridge
(1997) suggesting that the steady-state model for bedform preser-
vation can be applied so long as the CV of cross-set thicknesses is
bounded by 0.88+0.30. While these insights have primarily been
supported by numerical and experimental studies under steady-
state conditions (e.g., Leclair, 2002; Ganti et al., 2013; Leary and
Ganti, 2020), they are widely applied in field-scale palaeohydro-
logical studies (e.g., Holbrook and Wanas, 2014; Ganti et al., 2019;
Wang et al., 2020; Lyster et al., 2021).

However, steady-state conditions, strictly defined, are not com-
monly observed in natural systems when discharge is variable (e.g.,
Fielding et al., 2018; Ghinassi et al., 2018; Herbert et al., 2020), or
under relatively constant flow conditions in which spontaneously
developed features, such as bars, establish complex and locally
variable flow conditions that change as bars shift and channels mi-
grate (Reesink et al., 2015; Chamberlin and Hajek, 2019; Ganti et
al,, 2020; Wysocki and Hajek, 2021). These non-steady, or disequi-
librium, conditions are increasingly recognized to be fundamental
controls on fluvial behaviour and stratigraphic architecture (Plink-
Bjorklund, 2015; Reesink et al., 2015; Fielding et al., 2018; Ghinassi
et al, 2018; Ganti et al, 2020; Herbert et al., 2020; Leary and
Ganti, 2020; Wysocki and Hajek, 2021). At the bedform scale, re-
cent theoretical and experimental observations indicate that fluvial
cross-strata may preferentially record bedform dynamics in dise-
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quilibrium conditions (Reesink et al., 2015; Ganti et al., 2020; Leary
and Ganti, 2020), i.e.,, when flow and bedform evolution are out
of phase (cf. Myrow et al., 2018). Bedform disequilibrium condi-
tions are characterized by localized increase in sedimentation rates
relative to bedform migration rates, which enhances the preserva-
tion of bedforms (Reesink et al., 2015; Ganti et al., 2020; Leary
and Ganti, 2020). Cross-sets preserved in disequilibrium conditions
have diagnostic geometries that deviate from cross-sets preserved
in steady-state conditions: a) restricted range of cross-set thick-
ness distributions such that CV < 0.88 and b) elevated bedform
preservation ratios (>0.3) such that a larger fraction of the for-
mative topography is preserved in the stratigraphy (Jerolmack and
Mohrig, 2005; Leary and Ganti, 2020; Wu et al., 2020).

Two distinct disequilibrium conditions lead to enhanced bed-
form preservation. First, Leary and Ganti (2020) used experimental
data to show that characteristic patterns of dune preservation are
found under different conditions of formative flow variability (i.e.,
the near-instantaneous short-term discharge variability associated
with the magnitudes and timescales of individual floods). They
demonstrated that dune preservation preferentially occurs during
flood recession, and that preserved cross-sets only have geome-
tries that are consistent with steady-state conditions when the
formative flow duration (Ty), ie., the flood recession, is greater
than the bedform turnover timescale (T;) — defined as the time
it takes to displace the volume of sediment in a bedform (Myrow
et al., 2018). Conversely, when the flood recession is shorter than
the bedform turnover timescale, the larger peak flood-equilibrated
dunes get abandoned and are minimally reworked during the
flood recession and subsequent low flow conditions, which results
in a high bedform preservation ratio and low CV for preserved
cross-sets (Leary and Ganti, 2020). These conditions are typical in
rivers with flashy flood hydrographs (relative to bedform turnover
timescales), which are characterised by rapid flow deceleration
and, therefore, short flood recessions. We term this the flood hy-
pothesis for enhanced bedform preservation. Moreover, Leary and
Ganti (2020) showed that it is possible to estimate formative flow
durations from preserved cross-sets — this may enable quantita-
tive reconstructions of flood variability from the rock record and
augment traditional qualitative methods that rely on facies and ar-
chitectural models (e.g., Plink-Bjorklund, 2015). Alternatively, the
self-organization of fluvial systems into a morphodynamic hierar-
chy (e.g., dunes, bars, channels, channel belts) can also result in
enhanced preservation of the topography associated with each hi-
erarchical level (Ganti et al.,, 2020). In this scenario, high bedform
preservation ratio and low CV can occur due to localized increase
in the angle of climb of bedforms associated with, for example,
concurrent migration of dunes and bars (Jerolmack and Mohrig,
2005; Ganti et al., 2013; Reesink et al.,, 2015; Ganti et al., 2020),
which include both unit bars and longer-lived compound bar fea-
tures. We term this the hierarchy hypothesis for enhanced bedform
preservation. In both of these scenarios, cross-strata are expected
to encode more detailed information about morphodynamic con-
ditions in ancient fluvial systems, which are not accounted for in
models that assume bedform preservation occurred in steady-state
conditions.

Despite advances in understanding bedform dynamics, the
prevalence of bedform disequilibrium dynamics in preserved flu-
vial strata is currently unclear, partly because we lack detailed
field measurements of cross-set geometries and their statistical
nature. While a handful of field studies have documented low
CV (0.3-0.7) in fluvial cross-strata (Jerolmack and Mohrig, 2005;
Colombera et al., 2017; Cardenas et al.,, 2020; Wang et al., 2020),
consistent with bedform disequilibrium dynamics, these data are
usually limited to a few outcrop observations for individual geo-
logic formations. Here, we systematically characterize the geome-
tries and statistical nature of dune-scale cross-strata for three Late



S.J. Lyster, A.C. Whittaker, E.A. Hajek et al.

111°W

Earth and Planetary Science Letters 579 (2022) 117355

B
B - a
. = £ A
s 4 RN
)
& SN &S A
e A\ S
7 & A
) % _
N o2t
/\(}/\ R Pl
- /\’J‘ =y
A -~ )
y P
e /\ ’ %
7 A=
7 _ ;!— = 7
Ferfon deposition -~ BlackhawK-Castlegat:
KEY Field sites: - Palaeodrainage
- Mesaverde ® Bjackhawk Fm and direction
Group Castlegate Sst A A THGSERIE
Mancos Field sites: Highways/major
Shale Ferron Sst T eade

Fig. 1. Study area. A) Field areas in central Utah, U.S.A., which include Last Chance Creek (LCC), Link Canyon (LC), Price Canyon (PC), Salina Canyon (SC), Straight Canyon
(StC), Wattis Road (WR), Willow Basin (WB) and Willow Creek (WC). LC, PC, SC, StC and WR are field sites from which we obtained data for the Blackhawk Formation and
Castlegate Sandstone (Mesaverde Group; black-filled circles). LCC, WB and WC are field sites from which we obtained data for the Ferron Sandstone (Mancos Shale; white-
filled circles). B) A conceptual diagram of Utah palaeogeography and palaeodrainage in both the Turonian (left) and Campanian (right). Likely palaeodrainage configurations
(and delta progradation) are indicated by dashed blue lines with arrows. The black outlined box in the centre of each palaeogeography indicates the study area (i.e., the
approximate position and extent of A). The location of Utah relative to the modern North American continent (left) and the Late Cretaceous North American continent (right)
is shown in the inset figure — Utah is highlighted as a red box. LCD = Last Chance delta; ND = Notom delta; VD = Vernal delta; WIS = Western Interior Seaway. Figure
adapted from Lyster et al. (2021). (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Cretaceous geologic formations in central Utah, USA (Figs. 1, 2),
to assess the nature of dune preservation. Across all three forma-
tions, we show that dune-scale cross-strata are dominated by the
preservation of bedform disequilibrium dynamics, which calls into
question the use of steady-state assumptions in palaeohydraulic
reconstructions. Using these field observations, we reconstruct
bedform kinematics (i.e., turnover timescales) and quantify the for-
mative conditions that are consistent with field data under both
the flood and hierarchy hypotheses (i.e., flood durations, migration
rates). Finally, we evaluate whether it is possible to deconvolve the
relative roles of flow variability and morphodynamic hierarchy on
enhanced bedform preservation, which may provide a potentially
powerful pathway to reconstruct flood variability in ancient fluvial
systems, and to evaluate the nature of interactions between dunes,
bars, channel migration and channel avulsion in palaeo-channel
networks.

2. Study area

In the Late Cretaceous North American continent, rivers drain-
ing the Sevier orogenic fold-and-thrust belt delivered sediment
to the Western Interior Seaway (WIS) (e.g., Kauffman and Cald-
well, 1993) (Fig. 1). We focus on well-studied fluvial strata of the
Upper Cretaceous Blackhawk Formation, Castlegate Sandstone and
Ferron Sandstone in central Utah, USA (Figs. 1, 2) (cf. Lyster et
al,, 2021). These strata have distinct architectures and are inter-
preted to preserve differing fluvial styles; the Ferron Sandstone
preserves major meandering trunk channels (Cotter, 1971; Chid-
sey et al., 2004), while, at the Blackhawk-Castlegate transition, the
deposits of single- and multi-thread channels of the Blackhawk
Formation (Adams and Bhattacharya, 2005; Hampson et al., 2013;
Flood and Hampson, 2014) are capped by the deposits of predom-
inantly braided channels of the Castlegate Sandstone (e.g., Miall,
1993, 1994) (Fig. 1, 2). Moreover, these systems are potentially
linked with a monsoonal climate (Fricke et al., 2010; Sewall and
Fricke, 2013).

2.1. Blackhawk formation and Castlegate Sandstone, Mesaverde group

The Campanian Blackhawk Formation and Castlegate Sandstone
(Figs. 1, 2) represent a series of transverse fluvial systems drain-
ing the Sevier orogenic front to the WIS (Pettit et al., 2019),
with an additional longitudinal component of drainage from the
south-southwest (e.g., Szwarc et al., 2015; Pettit et al, 2019)
(Fig. 1b). The lower-middle Campanian Blackhawk Formation is
a ledge-forming succession characterized by large fluvial channel-
ized sandstone bodies and abundant floodplain sediments (e.g.,
Adams and Bhattacharya, 2005; Hampson et al., 2013; Flood and
Hampson, 2014) (Fig. 2a-c). These sandstone bodies represent both
single- and multi-thread systems, as interpreted from bar archi-
tectures (Adams and Bhattacharya, 2005; Hampson et al., 2013).
Meanwhile the middle-upper Campanian Castlegate Sandstone is
a cliff-forming succession situated above the Blackhawk Formation
(Fig. 2a) and is characterized by amalgamated fluvial channel-belt
deposits, which are interpreted to preserve braided rivers (e.g., Mi-
all, 1993, 1994). In the middle of the Castlegate Sandstone these
sands are less amalgamated, with interbedded mudstones, and are
interpreted to preserve more sinuous/meandering channels (e.g.,
Miall, 1993, 1994). We collected data for the Blackhawk Forma-
tion and Castlegate Sandstone from five canyons along the eastern
Wasatch Plateau front (Fig. 1a; cf. Lyster et al. (2021)). Dune-scale
cross-strata in the Blackhawk Formation are generally associated
with bar deposits, as well as lower bar, channel floor or thalweg
deposits, whereas dune-scale cross-strata in the Castlegate Sand-
stone are predominantly associated with bar deposits (Miall, 1993,
1994; Adams and Bhattacharya, 2005; Hampson et al., 2013; Flood
and Hampson, 2014).

2.2. Ferron Sandstone, Mancos Shale
The Turonian Ferron Sandstone comprises three deltaic clastic

wedges (Cotter, 1971; Chidsey et al., 2004) (Fig. 1b). These deltas
were fed by rivers draining the Sevier orogenic front to the WIS
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Fig. 2. An overview of Upper Cretaceous fluvial strata from which we collected field data in central Utah, USA. A) Example of typical exposure of the Blackhawk Formation and
Castlegate Sandstone (at Salina Canyon; SC; Fig. 1) which crops out in canyons along the eastern Wasatch front. Dashed white line indicates the lithostratigraphic boundary
between the Blackhawk Formation and Castlegate Sandstone. Thickness of the Castlegate Sandstone is ca 85 m. B) Example of a major channelized fluvial sandstone body of
the Blackhawk Formation at Link Canyon (LC; Fig. 1). C) Crude cross-stratification of amalgamated fluvial deposits of the Castlegate Sandstone at Price Canyon (PC; Fig. 1).
D) Example of a major channelized sandstone body of the Ferron Sandstone at Last Chance Creek (LCC; Fig. 1). Persons for scale in centre of image. Thickness of channelized
sandstone body in centre of image is ca 12 m. E) Cross-stratified fluvial strata of the Ferron Sandstone at LCC (with some soft-sediment deformation apparent). F) Laterally

accreted point bar deposits of the Ferron Sandstone at LCC.

and may have also featured an additional/intermittent longitudi-
nal component of drainage from the south-southwest, as observed
for the Blackhawk Formation-Castlegate Sandstone succession (e.g.,
Szwarc et al., 2015; Pettit et al., 2019). We focus on the Last
Chance deltaic complex, using data from three canyons in south-
western Castle Valley (Fig. 1). These canyons preserve the most

palaeo-landward terrestrial fluvial facies of the Last Chance delta
and are characterized by major channelized sandstone bodies and
abundant floodplain sediments and palaeosols (Cotter, 1971; Chid-
sey et al.,, 2004) (Fig. 2d-f). These strata preserve the major me-
andering trunk channels that fed the Last Chance delta, which is
evidenced by abundant laterally accreted point bar deposits (Cot-
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Fig. 3. Field methods. A,B) For each measured cross-set, grain-size was assigned us-
ing the Wentworth (1922) classification. C,D) Examples of cross-sets from which
distributions of cross-set thicknesses were measured. E,F) Interpreted versions of
the images in C,D. Dashed white lines indicate bounding surfaces between cross-
sets and solid white lines indicate individual foresets within cross-sets. To exem-
plify how cross-sets were measured, pink vertical lines indicate the regular spacing
within individual cross-sets at which thicknesses were measured, and blue vertical
lines indicate where maximum cross-set thicknesses would have been measured for
a sample of cross-sets within co-sets at each locality. Insets in E are schematic rep-
resentations of these two methods of data collection from cross-sets using pink and
blue lines, respectively. Figure adapted from Lyster et al. (2021).

ter, 1971; Chidsey et al., 2004) (Fig. 2f). Dune-scale cross-strata
in the Ferron Sandstone are generally associated with point bar
deposits, as well as lower bar, channel floor or thalweg deposits
(Cotter, 1971; Chidsey et al., 2004).

3. Methods

At field localities, we measured the geometries of dune-scale
cross-sets. Trough and planar cross-sets occurred predominantly
in sand-grade sediments and occasionally in coarser granule-grade
sediments (Fig. 3). To measure the distribution of thicknesses
within individual cross-sets we delineated cross-set boundaries
(i.e., the lower, asymptotic bounding surface and the upper, ero-
sional bounding surface) and measured cross-set thickness with
a vertical precision of &5 mm at regular intervals along the en-
tire width of the cross-set dip-section (n=5-15 measurements)
(Fig. 3e,f), in line with methods outlined in Paola and Borgman
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(1991), Ganti et al. (2019) and Lyster et al. (2021). We then esti-
mated the median grain-size (Dsg) using size terms of the Went-
worth (1922) classification (Fig. 3a,b). When converted to numer-
ical values, we assigned the middle value for each size term or,
where grain-size straddled two size terms, we used the boundary
value, e.g., Dsg of medium-grade sand = 0.375 mm and medium-
coarse-grade sand = 0.5 mm (Wentworth, 1922). We repeated
this for multiple cross-sets within co-sets. Having measured thick-
ness distributions within individual cross-sets, we then measured
a sample of maximum cross-set thicknesses (i.e., the maximum
distance between lower and upper bounding surfaces) of cross-
sets at each locality (n=~25-75). These cross-sets were all related,
spanning multiple co-sets that were confined, where possible, to a
single channelized sandstone body.

For each individual cross-set, we calculated the mean cross-set
thickness, hys, the maximum thickness, and the CV of the internal
thickness distribution (CV (hys)) — a key parameter to test whether
the bedforms are preserved in steady-state or disequilibrium con-
ditions. For each sample of maximum cross-set thicknesses, we
similarly calculated the mean maximum cross-set thickness, h,
and the CV of the entire sample (CV(hp)), and we additionally
analysed the shape of each distribution.

We then propagated mean thicknesses of individually mea-
sured cross-sets (and their respective grain-sizes) through a well-
established quantitative framework (cf. Ganti et al. (2019), Lyster
et al. (2021); Supplementary Methods) and used these values to
reconstruct bedform turnover timescales — we can use turnover
timescales to contextualise the implications of the flood and hier-
archy hypotheses. For instance, under the flood hypothesis we ex-
pect waning flow durations to be shorter than turnover timescales,
whereas under the hierarchy hypothesis we expect bars to be
migrating at rates that approach the rates of bedform turnover,
i.e,, the rates of bedform migration. We reconstructed turnover
timescales, T, i.e., the time taken to displace the volume of sedi-
ment of the bedform (per unit width), following Martin and Jerol-
mack (2013), Myrow et al. (2018), and Leary and Ganti (2020) as:
r, = 20ab (1)

dp

where A is bedform wavelength, which we estimated using the
depth scaling relation of van Rijn (1984), hy is bedform (i.e., dune)
height, which we calculated using the relation of Leclair and Bridge
(2001), B ~ 0.55 is the bedform shape factor and q; is the unit
bedload flux. We calculated g, using the method of Mahon and
McElroy (2018), in which q; is calculated as a function of bed
porosity, bedform height, and bedform migration velocity (Sup-
plementary Methods). These methods are consistent with those
suggested by Leary and Ganti (2020), but we acknowledge that
other approaches could be implemented. As the exact error mar-
gins of palaeohydraulic inversion methods are unknown, we used
a Monte Carlo uncertainty propagation method to estimate uncer-
tainty, which yielded 108 values of T; per cross-set (Supplemen-
tary Methods). From these estimates we extracted median T¢, the
25-75 percentile range of T, and the 10-90 percentile range of
T:. For each cross-set, we suggest that the 10-90 percentile range
of T; offers a plausible minimum and maximum value for mean
T¢, and that the 25-75 percentile range of T; offers the bounds in
which the true value of mean T; is most likely to occur.

Reconstruction of T; included reconstruction of hy from hys,
which requires a priori knowledge of the bedform preservation ra-
tio (hys/hg), which itself is a function of whether bedforms were
preserved in steady-state or disequilibrium conditions. To evaluate
a maximum T; value, we used the relation of Leclair and Bridge
(2001), in which hys/hg ~ 0.3, and which assumes steady-state
preservation under low bedform climb angle. We then assessed the
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sensitivity of T; to hys/hy by repeating the methodology outlined
above for hys/hg values from O to 1. In the absence of preserved
formsets that reflect hys/hg > 1.0 (Reesink et al., 2015), enhanced
bedform preservation is characterized by 0.3 < hys/hg < 0.7 (Sup-
plementary Information; Jerolmack and Mohrig (2005); Reesink et
al. (2015); Ganti et al. (2020); Leary and Ganti (2020)). For the
sensitivity analyses, we used the hy; and Dsg of each measured
cross-set and calculated the overall mean hys and mean Dsg for
the Blackhawk Formation, Castlegate Sandstone and Ferron Sand-
stone, respectively.

4. Results
4.1. Cross-set geometries

We present results aggregated at the formation scale, with no
spatial or temporal reference frame, as ancillary field observations
suggest there is little variation between field sites (see Supple-
mentary Information and Lyster et al. (2021)). We measured >400
individual dune-scale cross-sets of the Blackhawk Formation (n =
81), Castlegate Sandstone (n = 146) and Ferron Sandstone (n =
190) (Fig. 4), with ~5-15 thickness measurements per cross-set,
totalling >3800 measurements. For each cross-set we recorded
grain-size, which is reported in the Supplementary Information,
and we calculated the mean thickness and the maximum thick-
ness. Distributions of mean cross-set thicknesses are similar for
the Blackhawk Formation and Castlegate Sandstone (two-sample
t-test; p = 0.067; test statistic = —1.838; degrees of freedom
= 225); distributions have median values of ~0.13-0.14 m and
10-90 percentile ranges of 0.10-0.18 m. Distributions of maximum
cross-set thicknesses for the Blackhawk Formation and Castlegate
Sandstone generally have medians of 0.17-0.18 m and 10-90 per-
centile ranges of 0.13-0.27 m (Fig. 4a,b). Whereas for the Ferron
Sandstone, cross-sets are larger with broader percentile ranges. The
distribution of mean cross-set thicknesses has a median of 0.15 m
and a 10-90 percentile range of 0.08-0.25 m, and the distribution
of maximum cross-set thicknesses has a median of 0.22 m and a
10-90 percentile range of 0.12-0.45 m (Fig. 4c).

We also measured maximum thicknesses of >3000 dune-scale
cross-sets across the Blackhawk Formation (801 measurements
across 26 samples), Castlegate Sandstone (1015 measurements
across 27 samples) and Ferron Sandstone (1257 measurements
across 21 samples), with between 25-75 measurements per sam-
ple (Fig. 5). For each formation, distributions of maximum thick-
nesses of cross-sets have median values of ~0.20 m (Fig. 5); these
values are consistent with maximum values extracted from indi-
vidually measured cross-sets (Fig. 4). For the Blackhawk Forma-
tion and Castlegate Sandstone, 90% of maximum cross-set thick-
nesses are between ~0.15-0.30 m, and the upper 10% of max-
imum cross-set thicknesses are markedly larger (<0.50-0.60 m)
(Fig. 5a,c). Meanwhile, for the Ferron Sandstone, 90% of maxi-
mum cross-set thicknesses are between ~0.15-0.35 m and the
upper 10% of maximum cross-set thicknesses are also markedly
larger (<0.70 m) (Fig. 5e). These distributions of maximum cross-
set thicknesses across all cross-set samples are generally mirrored
in individual cross-set samples (Fig. 5b,d,f), with median values
of ~0.20 m, suggesting they are not from a limited subset of
locations. Most samples of maximum cross-set thicknesses demon-
strate positively-skewed, long-tailed distributions wherein rela-
tively few large cross-sets exist among abundant smaller cross-sets
(Fig. 5b,d,f). The kurtosis of distributions varies for each forma-
tion, such that distributions in the Castlegate Sandstone and Ferron
Sandstone are more long-tailed than in the Blackhawk Formation
(Fig. 5b,d,f).

Our data show that CV values of cross-set thicknesses are
significantly lower than the expected steady-state values of 0.88
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which thickness distributions were measured, and therefore the number of cross-
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inset in A is a schematic representation of how thickness distributions were mea-
sured within each cross-set.

(Fig. 6). We found low CV of thicknesses within individual cross-
sets (CV(hys)), as well as low CV of thicknesses for a sample of
measured cross-sets within related co-sets (CV (hy)) (Fig. 6). In the
Blackhawk Formation and Castlegate Sandstone, median CV (hys)
is 0.3 with a 25-75 percentile range of ~0.25-0.38, and maxi-
mum CV(hy) extends to 0.45-0.55 (Fig. 6a,b). The Ferron Sand-
stone CV (hys) values are also low (relative to steady-state) but are
higher than in the Blackhawk-Castlegate succession. For the Ferron
Sandstone, median CV (hys) is 0.4 with a broader 25-75 percentile
range of ~0.3-0.5, and maximum CV(hys) extends to 0.6-0.75
(Fig. 6¢). We found that none of the measured CV(hys) values
were consistent with the proposed empirical range of 0.88+0.30
for steady-state preservation (Bridge, 1997) in the Blackhawk-
Castlegate succession; however, 6% of the measurements were
within this range for the Ferron Sandstone. For CV (hy), recovered
values are even lower. In the Blackhawk Formation and Castlegate
Sandstone median CV(hp) is 0.2, with 25-75 percentile ranges of
~0.15-0.25 (Fig. 6a,b), and in the Ferron Sandstone median CV (hp)
is 0.3, with a 25-75 percentile range of ~0.25-0.35 (Fig. 6c).
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4.2. Maximum bedform turnover timescales

We first present results for reconstructed T; values for each
formation using a bedform preservation ratio of 0.3, and then ex-
plore the sensitivity of T; to hys/hg > 0.3 which is expected for the
preservation of bedforms under high angles of local bedform climb.
The geometries and grain-sizes of measured cross-sets imply that
T; values typically span 1-10 days, with a median value of 2-4
days (Fig. 7). The overall distributions of T; vary between the geo-
logic formations (Fig. 7). For the Castlegate Sandstone median T; is
2.5-3 days, with a 10-90 percentile range of 1-7 days (Fig. 7a). For
the Blackhawk Formation, values are marginally higher with a me-
dian T; of 3-3.5 days, and a 10-90 percentile range of 1.5-8 days
(Fig. 7b). While the Ferron Sandstone has a similar median T; of
3-3.5 days, it has a much broader 10-90 percentile range spanning
<1-15 days (Fig. 7c).

We recovered 10° values of T; for each cross-set using a Monte
Carlo approach (see Methods and Supplementary Methods) and the
results described above present the cumulative distribution func-
tion (CDF) of median T; values for each cross-set (Fig. 7). We also
computed the CDFs for the 10t 25t 75t and 90th percentiles
of T; values of each cross-set to highlight the plausible range

of values that are consistent with field observations. These CDFs
demonstrate that, despite uncertainty in T; of up to one order of
magnitude, the majority of possible T; values are between 1 and
10 days (Fig. 7). These T; values suggest that floods with typical
recessions >10 days would have fully equilibrated bedforms, sim-
ilar to observations in relatively shallow modern rivers (Leary and
Ganti, 2020). Further, the estimated maximum T; of 2-4 days, with
an overall span of 1-10 days (Fig. 7) for dune-scale cross-strata in
the Blackhawk-Castlegate succession and the Ferron sandstone are
consistent with dune migration in modern natural rivers (e.g., Ha-
jek and Straub, 2017; Leary and Ganti, 2020).

4.3. Sensitivity of bedform turnover timescales to bedform preservation
ratio

To assess the sensitivity of T; to hys/hg, we systematically var-
ied hys/hg for each formation from 0 to 1 (Fig. 8), where the former
indicates no preservation and the latter implies complete preser-
vation of formsets. An increase in hys/hg corresponds analytically
with a decrease in T; (see Supplementary Methods). For example,
increasing hys/hy by a factor of 2, from 0.3 to 0.6, reduces T; by
a factor of 5-6 (Fig. 8). Compared to results for hys/hg =~0.3, the
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(CV(hys), with n indicating the number of individually measured cross-sets. The
blue boxes indicate CVs of thickness distributions across a sample of (related)
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quartiles (or 25™ and 75™ percentiles), respectively. The whiskers extend to the
most extreme values of CV that are not considered to be outliers. The dashed
black line indicates the theoretical steady-state CV of 0.88, following Paola and
Borgman (1991), and the grey shaded region indicates the empirical steady-state
CV of 0.88+0.30, following Bridge (1997).

median T; values for the Castlegate Sandstone and the Blackhawk
Formation are smaller by a factor of 5, with median T; of 0.7 days
(~17 hours) and 1 day, respectively (Figs. 8a, b). For the Ferron
Sandstone, hys/hy = 0.6 reduces the median T; by a factor of 6
to ~1 day, when compared to hys/hy =~0.3 (Fig. 8c). In all cases,
extreme dune preservation with hys/hg =1 yielded T; < 0.1 days,
and extremely low values of hys/hy << 0.3 yielded unrealistic T;
values as high as 10° days (Fig. 8). Experimental bedform preser-
vation under steady and unsteady flows indicates that the hys/hg
may likely span 0.3 and 0.7 (grey bars, Fig. 8; Supplementary Infor-
mation) in the absence of evidence for formset preservation (Leary
and Ganti, 2020).

5. Discussion

From >400 individually measured dune-scale cross-sets (n=
5-15 measurements per cross-set) across the three geologic for-
mations, our results indicated that estimated CV (hys) was always
lower than 0.88 and ranged from ~0.25-0.5 (Fig. 6). Across these
formations, only 3% of the estimated CV (hys) were consistent with
the empirical range of 0.88+0.30 expected for bedform preserva-
tion under steady-state conditions (Bridge, 1997). Low CV (hys) is
inconsistent with steady-state preservation of bedforms and does
not support generation of cross-sets by random variability in scour
depths through time (Paola and Borgman, 1991; Leclair and Bridge,
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Fig. 7. The cumulative frequency of estimated turnover timescales, T, calculated
for (A) the Castlegate Sandstone, (B) the Blackhawk Formation, and (C) the Fer-
ron Sandstone (see Supplementary Methods). T; was calculated for each cross-set
from which a cross-set thickness distribution was measured, using the mean thick-
ness and the measured grain-size (Fig. 3; see Methods). n indicates the number of
T; values that were calculated (equal to the number of measured cross-set thick-
ness distributions). The solid orange line indicates the median T; reconstructed for
each cross-set, the dashed orange lines indicate the 25™-75™ percentile range of
T; values reconstructed for each cross-set, and the dotted orange lines indicate the
10th-90t™ percentile range of T; values reconstructed for each cross-set, which we
offer as plausible spreads of values for mean T; (see Supplementary Methods). Grey
shaded region indicates T; values of 1-10 days; for the Castlegate Sandstone and
Blackhawk Formation, ~90-95% of median T; values fall within this range and, for
the Ferron Sandstone, ~70% of median T; values fall within this range.

2001; Leclair, 2002; Jerolmack and Mohrig, 2005). Instead, our ob-
servations provide evidence for enhanced bedform preservation
driven by localized increase in sedimentation rates relative to the
bedform migration rates (Jerolmack and Mohrig, 2005; Ganti et
al.,, 2020; Leary and Ganti, 2020), and suggest that river dune de-
posits of the Blackhawk Formation, Castlegate Sandstone, and Fer-
ron Sandstone are dominated by bedform disequilibrium dynamics.
Below we discuss the implications of these observations under the
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which Ty is a factor of 10 smaller than the reconstructed bedform turnover timescale.

flood and hierarchy hypotheses and delineate potential approaches
to disentangle their relative roles in ancient fluvial systems.

5.1. Implications of the flood hypothesis for bedform preservation

Using physical experiments, Leary and Ganti (2020) showed
that, where bedform disequilibrium dynamics are only controlled
by formative flow variability, low CV(hys) indicates a scenario in
which the formative flow duration (Tf), ie., the flood recession,
is significantly less than the bedform turnover timescale (T;). Bed-
form disequilibrium dynamics associated with formative flow vari-
ability typically manifest in rivers with flashy flood hydrographs, in
which river discharge is characterized by floods with a short flood
recession period relative to T; (Leary and Ganti, 2020) — the rapid
decline in water discharge following peak flood minimizes the time
available for bedform reworking and enhances bedform preserva-
tion (Leary and Ganti, 2020). Under the flood hypothesis, the docu-
mented low CV (hys) is consistent with T values that are a factor
of 10 smaller than T (assuming the ratio of Ty to T, is ~0.1; cf.
Leary and Ganti (2020)). As the maximum T; values fall between
1-10 days for our field data, the estimated CV (hys) indicates typi-
cal Ty values spanning 0.1-1 day (2.4-24 hours) for hys/hg =~0.3.
The range of plausible Ty values consistent with experimentally
observed bedform preservation ratios and field-estimated CV (hys)
is on the order of 0.1 days for all the geologic formations consid-
ered here (Fig. 8).

Under the flood hypothesis, our field data consistently indicate
that flood recessions did not exceed a few hours to a day for these
Late Cretaceous fluvial systems. Given the typical shape of flashy
flood hydrographs, we also anticipate that total flood durations
did not exceed a few hours to a few days. Our estimated flood
durations are plausible and consistent with recent (decadal-scale)
observations of modern rivers in sub-tropical and/or mid-latitude
regions (e.g., Serinaldi et al., 2018). Moreover, compilations of
global flood data indicate that, for flood durations on the order of

hours to days, the main causes are heavy rain, brief torrential rain,
tropical storms, and extra-tropical storms (Serinaldi et al., 2018).
These flood durations, and associated causes, are typical of peren-
nial discharge regimes. While the Blackhawk Formation, Castlegate
Sandstone and Ferron Sandstone have not been explicitly studied
using variable discharge facies models, existing facies analyses of
these formations have typically described sedimentary and archi-
tectural structures associated with perennial rivers (see review by
Plink-Bjoérklund, 2015). These include abundant Froude subcritical
structures (i.e., cross-sets from which we collected data; Fig. 3) and
well-developed macroforms (i.e., bars and accretion sets) (Cotter,
1971; Miall, 1994; Chidsey et al., 2004; Adams and Bhattacharya,
2005; Hampson et al.,, 2013; Flood and Hampson, 2014; Chamber-
lin and Hajek, 2019).

Independent modelling and proxy studies of palaeoclimate for
the Late Cretaceous of central Utah suggest the region was sub-
ject to a sub-tropical/monsoonal climate with monsoonal precip-
itation and frequent seasonal flooding in low-lying alluvial plains
(e.g., Fricke et al., 2010; Sewall and Fricke, 2013). However, floods
caused by monsoonal rains typically have long durations spanning
~5-25 days (Serinaldi et al., 2018). Additionally, an abundance
of features associated with monsoonal systems, e.g., in-channel
mud layers, abundant soft-sediment deformation, soft-sediment
clast conglomerates (see review by Plink-Bjorklund, 2015), have
not been reported in the literature for these formations or ob-
served at our field localities. Given that our reconstructed flood
durations and existing facies models indicate perennial discharge
regimes, the flood hypothesis indicates that these river dune de-
posits could record bedform adjustment to flooding associated
with storm events as opposed to sustained monsoonal flooding.

5.2. Implications of the hierarchy hypothesis for bedform preservation

Under the alternative hierarchy hypothesis, enhanced bedform
preservation is facilitated by self-organization of fluvial systems
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into a series of hierarchical elements (Ganti et al., 2020), where the
nature of preservation of topography within a given hierarchical
level is solely controlled by the next level in the morphodynamic
hierarchy. The presence of bars — the higher-order hierarchical ele-
ments of dunes — will locally enhance preservation of river dunes
because the bars both provide accommodation for bedforms and
increase bedform climb angles (Reesink et al., 2015; Ganti et al,,
2020). Cardenas et al. (2020) observed low CV (hys) for dune-scale
cross-strata on the stoss and lee slopes of point bar and free bar
deposits, when compared to dune-scale cross-strata in thalweg de-
posits of the Cretaceous Cedar Mountain Formation, Utah, which is
consistent with the hierarchy hypothesis for bedform preservation.
Numerical models indicate that observed low CV (hys) values are
associated with rapid sedimentation rates relative to bedform mi-
gration rates such that the bedform climb angle is of the order of
102 to 10~ (Jerolmack and Mohrig, 2005). Given that the local
angle of climb for bedforms is influenced by the relative rates of
dune migration to bar migration (Ganti et al., 2020), these results
suggest low CV(hys) values measured in the field are consistent
with timescales of bar migration on the order of days to months.
The nature of stratigraphic architecture, particularly of barform
deposits, is well-documented for the Blackhawk Formation, Castle-
gate Sandstone and Ferron Sandstone (Cotter, 1971; Miall, 1993,
1994; Chidsey et al., 2004; Adams and Bhattacharya, 2005; Hamp-
son et al., 2013; Flood and Hampson, 2014; Chamberlin and Ha-
jek, 2019; Lyster et al., 2021). The Castlegate Sandstone comprises
amalgamated fluvial channel-belt deposits which, architecturally,
are dominated by barforms (e.g., mid-channel bars) (Miall, 1993,
1994; Chamberlin and Hajek, 2019). Therefore, dune-scale cross-
sets that we measured in the Castlegate Sandstone likely preserve
dunes that were influenced by bar migration, and it is possible
that low CV(hys) values observed in these cross-sets reflect bed-
form disequilibrium dynamics associated with the hierarchy hy-
pothesis, especially given that unit bar migration rates typical of
braided rivers are sometimes comparable to dune migration rates
(Strick et al., 2019). Conversely, fluvial strata of the Blackhawk For-
mation and Ferron Sandstone comprise major channelized sand-
stone bodies (Cotter, 1971; Chidsey et al., 2004; Adams and Bhat-
tacharya, 2005; Hampson et al,, 2013; Flood and Hampson, 2014)
which, while abundant in barforms (e.g., laterally accreted point
bar deposits; Fig. 2f), also likely preserve a much larger proportion
of channel deposits that are devoid of barform architecture, and
which may reflect thalweg deposits. Cardenas et al. (2020) hypoth-
esized that thalweg strata represent aggradation in channel beds
during the final flood event prior to channel avulsion. We therefore
consider that enhanced bedform preservation in thalweg deposits
of the Blackhawk Formation and Ferron Sandstone is less likely to
reflect bedform preservation in the presence of rapid bar migration
and, instead, is more likely to reflect formative flow variability.

5.3. Detangling flood versus hierarchy controls on bedform preservation

While both the flood hypothesis and the hierarchy hypothe-
sis explain the observed dominance of enhanced bedform preser-
vation, disentangling their relative roles in controlling bedform
preservation is currently non-trivial. We hypothesize that spatially
contextualizing the observed deposits may be critical for evaluat-
ing the controls on bedform preservation. For example, it is likely
that dunes preserved in channel-thalweg deposits of single-thread
rivers are not influenced by the presence of bars and, therefore,
may reflect the formative flood variability. This scenario may be
similar to physical experiments that do not exhibit the multiple
morphodynamic hierarchical levels that typify natural rivers. We
hypothesise that, where low CV (hys) values are observed in dune-
scale cross-sets associated with thalweg deposits, we can use es-
timated bedform turnover timescales to constrain formative flow
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durations. Similarly, field observations indicate that dunes pre-
served in the presence of bars are likely to be better preserved
than expected under steady-state conditions (Reesink et al., 2015;
Cardenas et al., 2020). In this scenario, CV (hys) may yield insight
into the relative rates at which bedforms and barforms migrated
in ancient fluvial systems.

Together, single-thread river deposits may display a larger range
of CV (hys) that reflects both formative flow variability and the rel-
ative kinematic rates of evolution of successive hierarchical levels
in the morphodynamic hierarchy. In contrast, braided rivers are
characterized by relatively rapid migration of unit bars and free
bars in the presence of river dunes (e.g., Strick et al., 2019) and de-
tangling the role of morphodynamic hierarchy and flood variability
may be more difficult. Our results are consistent with this hy-
pothesis as we observe a larger range of CV (hys) for single-thread
river deposits of the Ferron Sandstone compared to the predomi-
nantly braided river deposits of the Castlegate Sandstone (Fig. 6).
Nonetheless, this work provides a basis for further testing the roles
of flow variability and morphodynamic hierarchy on the preserva-
tion of bedform dynamics, including other causes of non-uniform
flow such as channel abandonment and backwater hydraulics (e.g.,
Wau et al., 2020).

In terms of cross-set geometries, a promising avenue to deci-
pher the dominant control on bedform disequilibrium dynamics
is to compare population statistics of related cross-sets, measured
in the field, with those from experimental observations. For in-
stance, Leary and Ganti (2020) showed that, in flashy flood hydro-
graphs, the rapid decline of water discharge associated with short
waning-flow durations enhances preservation of relatively larger,
peak-flood equilibrated dunes (Leary and Ganti, 2020). In this sce-
nario, we expect maximum cross-set thicknesses to have a posi-
tively skewed long-tailed distribution with large cross-sets inter-
spersed with relatively smaller cross-sets (Leary and Ganti, 2020).
Whereas bedform preservation in steady-state conditions, or under
a broad flood hydrograph, will likely result in maximum cross-
set thicknesses that have a short-tailed distribution, with a much
higher frequency of smaller cross-sets, as longer waning-flow dura-
tions enable reworking of larger dunes such that the preservation
potential of peak-flood equilibrated dunes is low (Leclair, 2011;
Leary and Ganti, 2020). Across our measured samples, distributions
of maximum cross-set thicknesses are consistent with bedform
preservation under the flood hypothesis; most samples have long-
tailed, positively skewed distributions (Figs. 5b,d,f). Based on these
considerations, we judge it plausible that fluvial stratigraphy in the
Blackhawk Formation and Ferron Sandstone may record bedform
disequilibrium dynamics driven by formative flow variability, asso-
ciated with the magnitudes and timescales of individual discharge
events on the timescale of hours to days. Future experimental
and modelling work should investigate whether and how bedform
preservation ratios and the statistical nature of preserved cross-
sets differs between systems in which bedform disequilibrium dy-
namics are driven by flashy flood hydrographs versus coevolution
of dunes and bars, respectively. We advocate that this is the next
step in determining the extent to which discharge variability can
be quantitatively reconstructed from stratigraphic observations.

Ultimately, despite sampling a variety of fluvial planform styles
across large geographic regions, our results indicate that mea-
sured dune-scale cross-sets do not demonstrate the geometries
expected for bedform preservation under steady-state conditions,
which routinely underpin palaeohydraulic investigations of ancient
fluvial systems. This indicates that application of bedform preser-
vation ratios of ~0.3 to fluvial strata may result in overestimation
of true palaeoflow depths (cf. Leclair and Bridge, 2001) and con-
sequently underestimate palaeoslopes. We argue that systematic
measurements of cross-set geometries and, where possible, bed-
form preservation ratios should be a routine tool to facilitate and
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contextualize palaeohydraulic reconstructions, and to test for the
presence of bedform disequilibrium dynamics.

6. Conclusions

We made systematic measurements of dune-scale cross-set ge-
ometries and grain-sizes in fluvial strata of three Upper Cretaceous
geologic formations in central Utah, USA: the Blackhawk Forma-
tion, Castlegate Sandstone, and Ferron Sandstone. Across all three
formations, we documented consistently low CV (hys) in preserved
cross-set thicknesses of 0.25-0.5. These field observations are in-
consistent with the steady-state bedform preservation model that
assumes cross-sets are generated by random variability in scour
depth with time (Paola and Borgman, 1991; Leclair and Bridge,
2001). Instead, our observations add to the growing recognition
that bedform preservation is dominated by disequilibrium dynam-
ics (Reesink et al., 2015; Ganti et al., 2020; Leary and Ganti, 2020),
resulting in higher bedform preservation ratios and the deposi-
tion of cross-sets which preserve a relatively narrow distribution
of thicknesses (CV (hys) <« 0.88).

We considered two independent hypotheses that lead to en-
hanced bedform preservation in disequilibrium conditions. Under
the flood hypothesis, our data indicate that the flood durations
that typify these deposits likely ranged from hours to days, which
are reflective of heavy rain and tropical storms in these ancient
fluvial landscapes. Under the hierarchy hypothesis, the observed
low CV(hys) is consistent with bedform deposits preserved with
rapidly evolving bars whose timescale of migration likely spans
days to months. Detangling the flood versus hierarchy controls on
bedform preservation may be possible through the spatial con-
textualization of preserved deposits of single-thread rivers, with
flow variability potentially the dominant control on the nature of
bedform preservation in channel-thalweg deposits, such as those
observed in the Ferron Sandstone and Blackhawk Formation. How-
ever, detangling these relative controls may be difficult in the de-
posits of braided rivers, such as the Castlegate Sandstone, which
are characterized by migration of unit bars and braid bars that can
lead to the enhanced bedform preservation.

Where low CV (hys) reflects enhanced bedform preservation as-
sociated with formative flow variability, the approaches presented
in this paper have significant implications for investigating dis-
charge variability in the geologic past, particularly the magni-
tudes, transport capacities, and durations of individual flood events
generated during short-period climatic perturbations. Meanwhile,
where low CV/(hys) reflects enhanced bedform preservation as-
sociated with the presence of a morphodynamic hierarchy, these
results have implications for evaluating the nature of interactions
between dunes, bars, channel migration and channel avulsion in
palaeo-channel networks. We advocate that quantifying cross-set
geometries should become a standard approach in future studies to
improve and contextualize palaeohydrological reconstructions from
ancient fluvial deposits.
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