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ABSTRACT

Understanding of morphodynamic processes associated with large-scale floods has recently

improved following significant advances of modern technologies. Nevertheless, a clear link

between flood discharge and in-channel sedimentation processes remains to be resolved. The

hydrological and geomorphological data available for the meandering Powder River (Montana,

USA) since 1977 makes it a perfect laboratory to investigate connections between flood

discharge and point-bar sedimentation processes. This study focuses on a point-bar that accreted

laterally ca 70 m during a 50-year recurrence flood, which lasted about 14 days in May 1978. In
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September 2018, a trench ca 2 m deep and 70 m long was excavated through the axial point-bar
deposits, and the 1978 flood deposits were delineated based on georeferenced pre-flood and
post-flood cross-section surveys. Sedimentological data show that point-bar deposits
accumulated at the early and late flood stages, when the flow was confined to the channel, and
have similarities with classical facies models in terms of palaeocurrent patterns and vertical
grain-size trend. However, during high-stage flood conditions, when the flow overtopped the
bar, cross-cutting of the bar and armouring were typical processes. Integration of
sedimentological and palaeo-hydrological data highlight that the relation between channel cross-
sectional area and flood discharge play a key role in preserving bar deposits. The integrated
approach adopted here provides a basis for advancing palaeoflood hydrology beyond the stage

of estimating peak discharges to the next stage of estimating palaeoflood hydrograph:s.

Keywords: critical shear stress, fluvial sedimentology, lateral accretion, palaeoflood hydrology,

point bar, sediment transport

INTRODUCTION

Fluvial meander bends evolve under the effects of concurrent erosional and depositional
processes. Erosion along the outer bank allows these bends to shift laterally, and deposition along
the inner bank leads to the formation of point-bar deposits, as depicted by numerous field studies
since the second half of the past century (Allen, 1963; Bernard & Major Jr, 1963; McGowen &
Garner, 1970; Bluck, 1971; Jackson, 1975, 1976a; b; Puigdefabregas & Van Vliet, 1977; Nanson,
1980, 1981). Point bars deposits are formed by lateral stacking of inclined beds (Bridge et al.,
1995; Moody & Meade, 2014), which can vary in grain size from mud to gravel (Bridge et al., 1995;
Kostic & Aigner, 2007; Simon & Gibling, 2017). Sediment is transported along the bend in a three-
dimensional flow configuration, which is characterized by a secondary helical circulation
developed downstream of the bend apex (Hooke, 1975; Ferguson et al., 2003; Blanckaert, 2019).
This secondary circulation moves sediment from the thalweg zone toward the inner bank, allowing
the bar to accrete laterally. Due to the overall decrease of drag forces from the toe to the top of
the bar, the coarser particles are commonly concentrated at the toe of the bar, whereas finer

particles can reach the bar top (Allen, 1982). This separation of grains or fining-upward grain-size
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trend of point bars is described in all the most popular fluvial-facies models (e.g. Allen, 1963;
McGowen & Garner, 1970; Bluck, 1971). Different water depth and velocity cause a variable
distribution of bedforms and related sedimentary structures. Plane-parallel and cross-
stratifications are typical of lower-bar deposits, whereas ripples are more common in upper-bar
deposits (Shiers et al., 2019). Point bars accrete at variable rates (Moody, 2019; lelpi & Lapotre,
2020) and following different styles of planform transformations, including expansion, translation
and rotation (Jackson, 1976b; Durkin et al., 2015; Ghinassi & lelpi, 2015; Durkin et al., 2019;
Russell et al., 2019; Yan et al., 2019), which can give rise to a wide spectrum of stratal
architectures that include concave-upward and convex-upward geometries (Smith et al., 2009).

Like other fluvial bars, stratal architecture and distribution of sedimentary facies in point
bars are generally constructed when discharge reaches or exceeds bankfull conditions, whereas
lower discharges reshape these deposits (Moody & Meade, 2014; Blom et al., 2017; Naito &
Parker, 2019; Francalanci et al., 2020; lelpi et al., 2020). Although the importance of bankfull
discharge in constructing bars is largely acknowledged, linking hydrology of river floods with
related deposits has been the goal of a limited number of studies (Fielding et al., 1999; Sambrook
Smith et al., 2010) and changes in sedimentary processes during floods is still poorly known. This
knowledge gap mainly arises from the difficulty in documenting sedimentary processes during
floods, when hydraulic properties can be constrained by direct measurements, but deposition
cannot be directly observed and measured underwater. Reconstruction of the flood hydrograph
from resulting deposits can provide a relevant contribution that links flood dynamics with
variability of sedimentary processes.

Palaeoflood hydrology is an outgrowth of flood geomorphology applied to ancient floods
(Costa, 1986; Baker, 2008). The primary focus has been on estimating peak-flood discharges to
expand data sets for flood-frequency analysis (Costa, 1986; Baker, 2008; Kjeldsen et al., 2014) and
climate reconstruction (Knox, 1985). Some physical indicators used to estimate palaeostages are
temporary, lasting only weeks to years (for example, organic debris lines and physical effects on
vegetation) whereas others are more permanent lasting years to millennia (for example, slack-
water deposits, gravel, boulder bar tops and scour lines) (Jarrett, 1990; Benito & O’Connor, 2013),
and commonly contribute to identifying and aging series of multiple floods (Benito & O’Connor,

2013). Additionally, recurrence and duration of floods has been demonstrated to exert a relevant
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control on fluvial deposition (Fielding et al., 2009, 2018; Plink-Bjérklund, 2015, 2019; Nicholas et
al., 2016; Best & Fielding, 2019), where peak discharge variability can play a crucial role in
preservation of fluvial macroforms (Fielding et al., 2018).

Establishing a link between the flood hydrograph and the resulting sedimentary deposits
can advance the understanding of ancient fluvial successions and the prediction of river channel
processes during extreme floods. In the framework of meandering river systems, understanding
point-bar morphodynamics at different discharges will also help to unravel the hydraulics of
palaeoflood deposits, and can provide explanations for inconsistencies between classical point-bar
facies models and field evidence, such as the observation of coarsening-upward point-bar deposits
(Jackson, 1976b; Swan et al., 2019), or the lack of regularly offset, laterally-accreting beds (Moody
& Meade, 2014; Johnston & Holbrook, 2019).

The present study focuses on flood deposits that accumulated on a point bar of the
meandering Powder River (Montana, USA; Fig. 1A) during an extreme flood, in May 1978. This
study reconstructs the flood hydrograph and bar morphodynamics by investigating the
sedimentary features of an exceptionally well-preserved, 70 m long, accretionary package formed
during the flood and later exposed in an artificial trench. The goal of this study is two-fold: (i) to
depict sedimentary features and bar morphodynamics recorded in the 1978 deposits and compare
them with classical facies models; and (ii) to reconstruct the flood hydrograph from the particle-
size characteristic of the sediment in individual accretionary packets and compare it with the
measured hydrographs. This work provides insights into understanding flood deposits in the
stratigraphic record and procedures for reconstructing the palaeo-flood hydrograph from

sedimentary characteristics.

GEOMORPHOLOGICAL SETTING
Powder River

Powder River flows across the northern high plains of the western United States and
drains an area of 34,706 km?. It begins in the Big Horn Mountains of central Wyoming, flows
eastward and then turns northward after exiting the mountains onto the high plains where the
bed slope is about 0.001, typical channel width is ca 50 m, and the mean daily discharge was 12.5

m3 s1 between 1975 and 2017 at the gauging station at Moorhead, Montana (USGS station
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06324710, USGS National Water Information System, 2017, Fig. 1A). Powder River is not supply-
limited, but transports a wide range of sediment sizes from suspended sand and clay (ca two to
three million metric tons per year; Moody & Meade, 1990) to bedload consisting of cobbles and
sand (ca 160,000 metric tons per year; Hembree, 1952). During floods, these suspended and
bedload transport rates rise to at least 12,000 kg s and 180 kg s, respectively, at a water
discharge of 300 m3 s! (fig. 31 in Hembree, 1952; Moody & Meade, 2008). The high plains have a
semi-arid climate, and these hydroclimatic conditions can produce four types of floods each year
(Moody & Meade, 2014; Moody, 2019) resulting in a high peak-discharge variability (Fig 2A;
coefficient of variance = 1.02, Fielding et al., 2018). Ice-breakup floods are in late winter and
spring (February—April) caused by snow and ice melting at low elevations (1000-2000 m) in the
southern portion of the basin; snowmelt floods are in the late spring and early summer (May—
June) originating at higher elevations (2000—4000 m); localized episodic flashfloods are in the
summer (July—September), and occasional autumnal floods are in the fall (September—October).

The largest flood on record was an autumnal flood in October 1923 (Fig. 2A; ca 2830 m3 s?).

The 1978 flood and the study site

The extreme flood of May 1978 was not a typical annual snowmelt flood but combined
with an anomalous, stationary atmospheric circulation pattern that fed moisture to the high plains
from the Gulf of Mexico (Parrett et al., 1984; Hirschboeck, 1988; Moody & Meade, 2008; Meade &
Moody, 2013). This produced extended periods of precipitation during 3 to 8 May and 16 to 19
May amounting to 180 mm of rain or roughly three times the monthly long-term average for May
at Broadus, Montana (Fig. 1A) (Parrett et al., 1984; Meade & Moody, 2013). As consequence, the
pre-flood discharge (56 m3 s!) started to rise at Moorhead and Broadus on 6 May and generated a
minor peak in the hydrograph between 9 and 13 May reaching a mean-daily discharge of 103 m3 s’
Lon 12 May followed by a waning phase between 13 and 17 May (Fig. 2B). On 17 May water level
rose rapidly, exceeded bank-full discharge (ca 170 m3 s’1, Moody & Meade, 2008) near the gauging
station at Moorhead (Fig. 1A) on 17 May, peaked at 779 m3 s* on 20 May at Moorhead (Fig. 2A
and B), and peaked later at 711 m3 st on 21 May at Broadus (Fig. 2B) (Moody & Meade, 2008). On
22 May, measured suspended-sediment concentrations were 41,000 mg L' at Moorhead and

22,600 mg L1 at Broadus (Parrett et al., 1984; Moody & Meade, 2008, fig. 3). During the flood,
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surface water crossed over most of the point bars and flooded a large part of the alluvial plain (Fig.
2D and E), but the deeper water followed the thalweg (Fig. 1B). After 22 May water level fell, and
discharge stabilized around 150 m3 s from 24 to 31 May, and then slowly waned until the pre-
flood discharge was reached on 28 June 1978.

The study bend and the associated point-bar deposits are located about 24 km south-
west of Broadus, Montana (Fig. 1A), where Powder River forms a 0.8 to 1.0 km wide channel belt
cut into coal-bearing Palaeocene deposits of the Fort Union Formation (Flores, 1981). The study
site is located at a channel cross-section referred to as PR163 (Fig. 1B). Cross-section PR163 was
established in 1977 with station 0 about 10 m from the edge of the left bank and marked by a steel
reference pin [see more details published by Moody & Meade (1990)]. Horizontal distances and
elevations (above NGVD29) were measured in metres from station 0 to a second reference pin at
station 75.0 on the right bank (Fig. 2C). This cross-section has been monitored since 1977 and is
sited just downriver from the bend apex. The study bend is gently skewed downstream and has a
NNW-SSE trending axis (Fig. 3B). Wavelength of the meander bend is ca 550 m and sinuosity is ca
1.5. At this site in 1977, the outer bank (i.e. left bank) was ca 2.5 m above the 1977 thalweg
elevation (962.25 m; all elevations are on the line of section, Fig.2C). This outer bank was part of a
low-level Lightning terrace (964.73 m, Fig. 1C) in front of a higher Moorcroft terrace (965.67 m,
Fig.1C) (Moody & Meade, 2008; Meade & Moody, 2013). The 1978 flood eroded 65 m from the
outer bank removing the low-level Lightning terrace (along with the reference pin at station 0), so
that after the flood, the 1978 outer bank corresponded to the higher Moorcroft terrace that was
ca 4.0 m above the 1978 thalweg (961.71 m). Bank erosion was smaller upriver from the bed apex
and greater downriver from the apex (Ghinassi et al., 2019), and the bend apex shifted ca 100 m
downriver (i.e. moving almost transverse to the bend axis). The high-water elevation during the
1978 flood was later surveyed to be 965.52 m. Thus, the maximum water depth at the study site
ranged from ca 3.3 m (height above 1977 thalweg at station 15, Fig. 2C) to ca 3.7 m (height above
the 1978 thalweg at station -30, Fig. 2C). On the right bank, floodwater spread across the point
bar and floodplain from station 0 to station 650 (Fig. 2C and D).

METHODS

Sedimentological investigations and terminology
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The substantial width of the channel erosion and concomitant lateral deposition from the
right bank towards the left bank permitted a space-time substitution to determine the temporal
sequence of depositional events. To analyze the 1978 flood deposits, a trench was dug across the
point bar in 2018 using a backhoe (Fig. 3A). The trench trended 151 N°(magnetic) and was sited
about 1 m downriver from the line of section for PR163 (Fig. 3B), which is the only location on the
point bar where pre-flood and post-flood topographic data could be used to delineate the 1978
flood deposits. The trench was 70 m long, but only about 2 m deep, because of the presence of the
groundwater table, which prevented digging to the base of the bar. Positions in the trench were
referenced to the coordinate system described above in The 1978 flood and the study site section
(Fig. 2C). In this coordinate system, the riverward and landward termination of the trench were
sited at station 0 and station 70, respectively.

Stations within the trench were marked by wooden stakes every 2 m and adjusted so that
their tops were at 962.3 m above NGVD29. Thus, the high-resolution topographic data from pre-
flood and post-flood surveys (Moody & Meade, 1990) could be superimposed on the upriver side
of the trench wall to identify the 1978 flood accretionary package (Fig. 4A and C). An earlier GPR
survey was conducted to obtain a 3D map of the sediment deposits; however, the post-1978
muddy deposits which top the bar prevented penetration of the signal, and seismic data were not
suitable for any analysis.

A total of 644 high-resolution (16 Megapixel) digital photographs were acquired from
different angles and merged by means of the Agisoft™ Photo-Scan software to create a 3D
photogrammetric model of the upriver side of the trench. The photogrammetric model was used
to produce a high-resolution ‘orthophoto’ on which the 1978 flood accretionary package and its
internal stratal surfaces were marked (Fig. 4A). Lateral variation in sediment grain-size distribution
and sedimentary structures were also recorded. Palaeocurrent measurements were obtained from
cross-strata and imbricated gravels.

Key stratigraphic surfaces, marking erosional events or relevant changes in sediment
texture or accretionary style, were used to subdivide the flood accretionary package into four
units (Fig. 4B), which were representative of four flood phases. A total of 107 grain-size samples
were collected (Fig. 4B). Primary sediment samples (71) were collected near the base of the

trench every 1 m from station O to station 70. Four additional vertically-spaced samples were
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collected above nine of these primary samples and were spaced every 6 m between stations 30
to 62 and at station 65 (Fig. 4B). Particle-sizes were separated into whole phi intervals by hand
sieving the >4 mm size classes (Guelfi, 2019; see supplementary material files), and by using a
Rotap® machine for 20 minutes for the <4 mm size classes (Guy, 1977). The largest grain size
class was 64 to 128 mm, and the smallest class was <0.063 mm. The amount of sample (mass, M
in grams) that was analyzed ranged from 59 to 7825 g depending on the degree of sorting.
Sorting ranged from moderately sorted (0.6¢) to very poorly sorted (2.8¢) based on the sorting
parameter referred to as the inclusive graphic standard deviation, g1, which was calculated in ¢
units according to Folk & Ward (1957). Larger volume samples were collected in the field when
larger particles were present and when the sample appear less well sorted to achieve a
representative sample. The relation between the amount of sample, M and the sorting

parameter 01 was M = 189301-1418 (R?= 0.45) provides a verification of this procedure.

Hydrodynamic reconstruction
In general, as water depth increases, the water moves larger sediment particles. The

authors assume that particles stop when the shear stress falls below the critical shear-stress, 7.,

[dynes cm™], which is defined as the minimum shear-stress needed to just begin to move a
sediment particle. Thus, knowing the particle-size distribution of deposits accumulated at a
specific time and the related critical shear stress, one can invert the problem and estimate the
water depth for that specific depositional time. Critical shear-stresses are frequently extracted
from the original Shield’s curve (Wiberg & Smith, 1987). However, this curve is based on the ideal
condition that the sediment size, D (cm), being transported is the same size as the bed material,
ks (cm). If the bed material size, ki, is much larger than D (i.e. D/k, < 1), then the sediment
particle can be trapped in pockets with an angle of repose near 90° or greater and the critical
shear-stress required to move the particle out of such a pocket is greater than that shown on the
original Shield’s curve. If on the other hand, D > k, (or D/k; > 1), then the particle can roll easily on
a relatively smooth bed and the critical shear-stress is less than that shown on the original

Shield’s curve.
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In order to consider the effects of bed grain-size variability, Wiberg & Smith's (1987) eq. 8

was used for heterogenous particle sizes to calculate the dimensionless critical (cr) shear-stress:

Ter

(T )er = (es—@)gD (1)

where pgis the density of the sediment [assumed to be 2.65 g cm™], p is the density of water

[1.00 g cm™3] and g is the acceleration of gravity [980 cm s2]. Wiberg & Smith’s (1987) eq. 8 is

repeated below as Eq. 2:

. 2 1 (tangocosf — sinf)
(e < fz(z/zo) >[1+ (FL/FD) tandgo]

(T )er (2)

Cp is the drag coefficient of particle of diameter D, which was approximated by a power law
function (R? = 0.9985) of the particle Reynolds number, Re, given by logio Cp = a;X*+ asX3+ a, X2 +
a1X + ag, where X = log;gRe and a; =-0.0012, a3 = 0.0142, a, = 0.074, a; =-0.8953, and ag =
1.4213.The expression <f?(z/z,)>, (cm? s2) is the average of the square of the velocity profile over
the particle cross-section calculated using vertical intervals less than ca D/20 . F, is the lift force,
[dynes] and Fp is the drag force, [dynes] on the particle calculated using Wiberg & Smith’s (1987)
eqs 2 and 3. ¢yis the angle of repose of the particle on the bed, which was approximated by

using Miller & Byrne’s (1966) expression for nearshore sand:

o =61.5°P/kes) . 3)

and [ is the slope of the bed. The bed slope for the 1978 flood on Powder River was used, which
averaged 0.0011 between the gaging stations at Moorhead and Broadus (channel distance = 89
km and Valley distance = 58 km) during 5 to 26 May 1978. Once Eq. 2 is solved by iteration, the
critical water-depth is given by:

(T * )c‘r
ogB

he = (Qs - Q)gD (4)

This critical water-depth was computed using the Dgs for each grain-size sample, since
maximum particle size does not discriminate between samples (i.e. many samples had the same

maximum particle size) and also resulted in unrealistically high water depths when compared to
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the measured flood stage (Fig. 2B), whereas Ds, resulted in unrealistically low water depths. The
underlying bed sediment sample was the sample beneath the moving sediment sample and the
roughness k; was set equal to Dgy,.

Each grain-size sample was assumed to represent an instant of time during the flood, at
which the hydraulic conditions were considered quasi-stationary. A chronological sequence
number was assigned to each individual sample based on the stratigraphic relations between
samples (Table 1). Additionally, in order to minimize the effects of possible errors in defining this
chronological sequence, sedimentological evidence was used to group adjacent samples (for
example, group 1.1 in Unit-1; Table 1), and the average critical water-depth was also calculated for
each group of samples. A hydrograph was reconstructed by ordering the value of critical water-
depth as a function of chronological sequence number of the group.

To compare the reconstructed hydrograph with measured ones, the onset and
termination of flood sedimentation at PR163 were estimated by assuming that they were
triggered when the bar (i.e. inner bank) was submerged or emerged, respectively. Times of
submergence and emergence of the pre-flood and post-flood inner bank at stations 66 and 20
were computed using a simple analytical model based on Manning’s equation, the pre-flood and
post-flood cross-sectional geometry (Moody & Meade, 1990; Moody & Meade, 2020), the average
channel slope (0.0011) and the discharge at the gauging station at Moorhead. There are no
tributaries between Moorhead and PR163, and the model predictions have been verified against
49 field observations from 16 cross-sections along the entire 90 km geomorphic study reach from
1980 to 2019 (see Supplementary files).

Thickness of cross-sets was measured from areas with groups of grain-size samples (for
example, group 1.1 in Unit-1), in order to get values that were closely spaced in time and space
(Leclair & Bridge, 2001; ). Thickness values were used to reconstruct primary height of dunes and
make water-depth estimations, which were compared with those calculated from bottom shear
stress. Since the number of thickness values at each site was limited, the mean dunes height (H,,)
was considered to be 2.9 times the mean cross-set thickness (S,,), as proposed by Leclair & Bridge
(2001). Water depth (D) was estimated as D = 6.7H,,, with a level of uncertainty of +50% (Bradley &
Venditti, 2017).
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RESULTS
The 1978 deposits

The 1977 and 1978 survey lines were projected onto the trench wall (Fig. 4A). The 1977
line fell within cross-stratified sand and gravel deposits, which stratigraphically overlayed an
erosional surface between stations 63 and 67.5 (Fig. 4A). This surface dipped towards the
channel at ca 15° and cut sandy deposits (Fig. 4C). The 1978 survey lines almost fits the base of a
muddy interval (yellow layer in Fig. 4A) that forms the present-day bar top morphology between
stations 67.5 and 21 (Fig. 4A). Between stations 21 and 0 the base of this muddy layer descends
below the 1978 survey line defining two major depressions centered at stations 13 and 3 (Fig.
4A).
Between the 1977 and 1978 survey lines, the major stratigraphic surfaces define the accretionary
package formed during the 1978 flood and show that most of the bar is exposed in the trench
(Fig. 2C). The location of the 1977 survey line within cross-stratified sand and gravel deposits
suggests that the 1977 bar was eroded during the flood. Specifically, the inner bank retreated
from stations 45 to 65 and the channel thalweg lowered ca 1 m in the trenched zone. The overall
fit of the 1978 survey line with the base of the bar-top muddy interval indicates that the flood
accretionary package was mantled and preserved below this mud, which has accumulated over
the past four decades. The only significant reworking of the 1978 accretionary package was
around stations 3 and 13, where a subsequent flood scoured two depressions in 1980 (Moody &
Meade, 1980). Variation of sedimentary features and stratal patterns allow the subdivision of this
package into four main units (Figs 5, 6, 7 and 8). Sedimentary features of these units, including

variability of cross-set thickness and grain size are summarized in Fig. 9 and Table 1.

Unit-1

Lateral accretionary packets of Unit-1 extended from station 68 to station 45 (Fig. 9B).
These deposits were at least 120 cm thick and showed an overall vertical decrease in grain size
from coarse (with scattered gravel) to medium-fine sand. Unit-1 was composed of inclined beds
dipping riverward (350° N) at ca 15 to 20° (Fig. 5A), which were up to 50 cm thick. Sand was
primarily cross-stratified (Fig. 5B), although plane-parallel stratification appeared locally. Cross-

strata were commonly marked by coal grains (Fig. 5C) eroded from the Palaeocene substrate and
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are at the angle of repose (high-angle dunes in Bradley & Venditti, 2017). Cross-strata point to a
palaeocurrent direction toward SSE (i.e. almost away from the channel, Fig. 5D). Grain-size
analyses revealed that Unit-1 packets mainly consist of relatively sorted sand with scattered
gravels (Fig. 5E), and sediment grain size increases moving riverward from station 65 to 49 (Fig.

5F). Cross-sets range in thickness between 8 cm and 37 cm (Groups 1.1, 1.2 and 1.3 in Fig. 9).

Unit-2

Unit-2 was deposited between station 43 and station 20 (Fig. 6A and 9B). The inclined
beds of Unit-1 were replaced by a single large set of cross-stratified sand, which was up to 120 cm
thick, with a dip azimuth of 30 to 35°N. Between stations 43 and 40, cross-strata were
characterized by an increase in dip angle from 10-15° to 25-30°. These packets mainly consisted
of medium sand with scattered gravels (Fig. 6G and H) and showed reactivation surfaces along
with 10 to 15 cm deep scours filled with cross-stratified sand (Fig. 6A). Palaeocurrent direction of
scour-filling sand was consistent with dip azimuth of large cross-strata. Between stations 40 and
32 cross-strata dip at 25 to 30° and were composed of medium to coarse sand with scattered
pebbles and cobbles (Fig. 6G and H). Between stations 32 and 20, cross-strata dipped at ca 20° and
showed a tangential geometry. These packets were characterized by a channelward increase in
grain size (Fig. 6H). Gravels included abundant matrix-free layers. Between stations 31 and 26, in
the lower part of the trench wall, two mesoforms were embedded at the base of cross-strata (Fig.
6B and D). These mesoforms had a relief of ca 35 cm and a wavelength of ca 3.5 m, and showed an
asymmetrical profile, with the lee side dipping south (210-220°) at ca 20° to define a wavy

stratification that merges with toe strata of the major cross-set.

Unit-3

Unit-3 was deposited in an erosional depression cut into Units-1 and 2 between stations
60 and 24. It conforms to the inclined beds of Unit-2 between stations 24 and 16 (Figs 4A, 7A and
7B), and is summarized in Fig. 9B. The erosional surface flooring Unit-3 defined a depression
between stations 60 and 35 and became sub-horizontal between stations 35 and 24. The erosional
depression showed a symmetrical profile (Figs 4A and 7A), with an axis trending ca 70°N, and an

erosional relief of ca 130 cm. This depression was filled up with predominately horizontal-bedded,
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trough cross-stratified coarse sands with gravels (Fig. 7C). In the lower part of the infill (stations
43-45 at 120-140 cm below the bar surface) the Dsq of the sands ranged from 1.08 to 1.88 mm
(Fig. 7H, open circles). Whereas in the upper part of the infill (stations 50-38 at 20—30 cm below
the bar surface) the Dy, of the sands were smaller and ranged from 0.48 to 0.75 mm. Where the
erosional surface became sub-horizontal, it was covered with plane-parallel stratified coarse sands
(Dsp = 0.89 and 1.08 mm at stations 32 and 26, 35 and 30 cm below the surface, respectively) with
gravels. Palaeocurrents from cross-strata and imbricated sands pointed to a flood flow towards ca
67.5°N (Fig. 7D). Between stations 24 and 16, the plane-parallel stratified sands dipped down to
become conformable to clinoforms of the underlying Unit-2. Inclined beds riverward (350° N) dip
at ca 15 to 20° and consisted of coarse sands (Dsp = 0.86—1.53 mm, between stations 17-20 at
120-190 cm below the bar surface) with gravels. Plane-parallel stratification was dominant and
included lenses of matrix-free gravels. In the upper part of the bar (ca 70-80 cm from the trench
base), between stations 22 and 19, some strata dipped at higher angle than underlying ones to
define downlap geometries (Fig. 7E). In the same area (station 20), a 15 cm thick layer of planar-

cross stratified sand indicates a local flow towards 135°N (Fig. 7F).

Unit-4

Unit-4 extended from station 20 to the northern or riverward termination of the trench at
station O (Figs 4B, 8A and 9B). It consisted of clinostratified coarse sands (stations 20 to 13; Fig. 8D)
grading riverward into horizontally-bedded medium sand and gravels (stations 13 to O; Fig. 8D).
Transition from Unit-3 was defined by an increase in sand content and decrease in grain size of the
gravelly fraction. Clinostratified coarse sands were relatively well-sorted (Fig. 8F) between station
11 and station 6 (o, ranged from 2.4-2.7 and Ds, ranged from 0.75-1.79 mm). Riverward of
station 6, Dspincreased to a maximum of 3.85 mm at station 2 followed by an abrupt decrease to
medium sand (0.35 and 0.32 mm) at stations 1 and O, respectively (Fig. 8G). Beds were cross-
stratified to plane-parallel stratified, with the cross-strata up to 15 cm thick that indicated a
southward-directed flow (Fig. 8B and E) and dip at the angle of repose indicating high-angle dunes
(Bradley & Venditti, 2017). Horizontally-bedded sand was plane-parallel stratified (Fig. 8C) and

covered a basal layer of poorly exposed, cross-stratified gravelly sand. These sandy deposits were
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cut by several erosional scours, which range in depth from 10 to 25 cm, and were filled up with

cross-stratified sand (Fig. 8C).

Reconstructed hydrograph

The stratal pattern of the four Units define the styles of bar growth during the flood. They
show that lateral accretion dominated in Unit-1 and Unit-2, whereas in Unit-3 there was an early
stage of vertical deposition, followed by lateral accretion in Unit-4 (Fig. 9A). This stratal pattern
provided the basis for assigning a chronological sequence number to individual samples used for
grain-size analyses (Fig. 9A and Table 1) and to merge them into groups, which are assumed to
represent deposits accumulated under similar hydraulic conditions (Fig. 9A and Table 1).

Ordering the reconstructed critical water-depths (see Hydrodynamic reconstruction
section) as a function of chronological sequence number allowed the reconstruction of a pseudo
flood hydrograph, which is not a function of time but rather a function of sequence number (Fig.
10A). Values of h., based on individual samples ranged from 0.1 to 3.0 m (Fig. 10A), and the range
of the adjusted flood stages (with 1.0 m subtracted from the arbitrary stage datum to adjusted
them to water depth) at Moorhead and Broadus were 0—3.6 m and 0-2.9 m, respectively, between
4 and 24 May 1978 (Fig. 2B). Boxplots obtained from grouped samples (Fig. 10A) provide an
estimate of the uncertainty of the reconstructed hydrograph.

The pseudo hydrograph reconstructed based on the individual sediment samples has two
minor peaks separated by a trough from the main peak (black line in Fig. 10A). The sediment
groups do not resolve these minor peaks but rather a single, broad peak defined by deposits of
Unit-1 (groups 1.1 to 1.3 in Fig. 10A, Table 1), with median water depths of 0.13 m, 0.55 m and
0.48 m, respectively. The trough is more clearly defined by sediments accumulated at the
beginning of deposition of Unit-2 (groups 2.1 and 2.2 in Fig. 10A), with median water depths of
0.18 m and 0.38 m, respectively. The rising limb of the main peak is defined by the remaining
sediments of Unit-2 (groups 2.3 and 2.4 in Figs 9A and 10A), with the median depth of 1.3 m and
2.4 m, respectively. Water depths calculated for sediment packets of Unit-3 and Unit-4 define the
falling limb of the main peak, with a median water depth oscillating between 1.1 m and 1.7 m in

Unit-3 and a minimal value of 0.47 m in group 4.2.
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Thickness of cross-sets is available only for Unit-1 (groups 1.1, 1.2 and 1.3), Unit-3 (groups
3.1 and 3.2) and Unit-4 (group 4.1). Thickness varies between 7 cm and 48 cm, and values increase
within Unit-1 but decrease in Units 3 and 4 (Fig. 9C). Reconstructed mean values of dune heights
(Leclair & Bridge, 2001) and related reconstructed water depths (Bradley & Venditti, 2017) are
shown in Figs 9C and 11, respectively. Based on the reconstructed dune heights, water depth
increased from ca 3.5 to 6 m during the deposition of Unit-1 and decreased from ca 5 to 3 m

during the deposition of Units 3 to 4 (Fig. 11).

DISCUSSION
Reconstructing bar morphodynamics by integrating sedimentary facies, stratal architecture and
palaeocurrent data

The four depositional units forming the flood accretionary package represent different
phases of deposition (Fig. 12), which followed an initial phase of bar erosion documented by the
erosional surface underlying the 1978 accretionary package. Survey profiles and stratigraphic
evidence indicate that this erosional phase removed some of the pre-flood point-bar deposits (Fig.
12A), causing a retreat of the right bank of about 20 m to station 66 before the onset of
sedimentation. Unit-1 documents the earliest phase of deposition when the bar accreted laterally
towards the left bank for 21 m to station 45 (Fig. 12B). Channelward-dipping beds with internal
cross-stratification match deposits described by classical fluvial point-bar facies models (McGowen
& Garner, 1970; Bluck, 1971; Jackson, 1976b; Nanson, 1980). These deposits, along with
palaeocurrents diverging at ca 120 to 140° from dip azimuth of beds, indicate that sediment was
mainly transported by a secondary helical circulation (Termini & Piraino, 2011), which
strengthened as the high-velocity core moved closer to the outer bank of the channel (Dietrich &
Whiting, 1989; Frothingham & Rhoads, 2003; Kasvi et al., 2013). This secondary circulation
transported the finer particles toward the bar top (Parker & Andrews, 1986), generating the fining-
upward grain-size trend described for many point bars (Miall, 1994, 1995) and observed in Unit-1.
Increase in grain-size and cross-set thickness from stations 67 to 45 documents an increase of flow
strength and water depth, respectively, and indicate the early waxing-phase of the flood. The

secondary helical circulation in the bar axial zone indicates that the main current impinged on the
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outer bank upstream of the bend apex (cf. Kasvi et al., 2013, 2017), but the water level was too
low to move the main current across the bar (Ghinassi et al., 2019).

Unit-2 records ongoing accretion of the inner bank under different flow configuration.
The increase of the dip angle of the stratal surfaces between stations 43 and 40 documents the
turning of the laterally-accreting bar slope into a north-east migrating avalanching front (Fig. 12C).
This process is consistent with a surge of sediment that moved along the upstream bar and re-
entered the main channel in the apex zone, finding space available for the initiation of an
avalanching front forced by local topography. These deposits can be ascribed to a unit bar (cf.
forced unit bar; Herbert et al., 2020) that migrated for ca 8 m along the study section. Similar
deposits are described in the upstream to central zone of point bars of the Endrick River, in
Scotland (Bluck, 1971), and also in the Burdekin River (Australia) as falling to intermediate stage,
flat-topped bar (Fielding et al., 1999). This type of unit bar (cf. Reesink & Bridge, 2007, 2009, 2011)
includes reactivation surfaces (stations 43 and 40), suggesting that, at the early stage of growth, it
had superimposed bedforms with heights exceeding 25% of the bar (Reesink & Bridge, 2009). In
the central part of the unit bar (stations 40 to 32), the paucity of reactivation surfaces and the
scarce sorting within cross-strata fit with transition of superimposed dunes into plane beds after
an increase of flood discharge. This progressive increase of flow velocity, and related sediment
transport rate, are also consistent with flattening of the bar avalanching front (Reesink & Bridge,
2009) between stations 32 and 28. Although cross-stratified sets developed by unit bars commonly
exist for timescales much longer than single floods (Reesink & Bridge, 2007; Herbert et al., 2020),
these cross-strata indicate that unit bars can form during part of a single flood, and developed a
complex internal architecture following rapid changes in flow configurations. The two mesoforms
embedded close to the base of the unit bar (stations 31 to 26) developed as antidunes, according
with their internal upstream-dipping cross-strata and wavy stratification (Fielding, 2006; Ono et
al., 2020; Wang & Plink-Bjorklund, 2020), and were preserved by rapid burial by the unit-bar front.
The erosional surface at the boundary between Unit-2 and Unit-3 indicates that the flow widened,
and a substantial portion of the flow moved across the point bar, eroding a deep scour in the
central part of the bar (Fig. 12D). Similar scours are described by McGowen & Garner (1970) as cut
channels that can propagate downstream to cutoff the meander bend (cf. Viero et al., 2019). The

widening flow would cause a concomitant decrease in the cross-stream water-surface slope and a
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shift of the main flow away from the outer bank, stalling the secondary helical circulation of the
apex zone (Loveless et al., 2000; Wormleaton et al., 2004) and contributing to the preservation of
upper-flow regime structures of Unit-2.

Deposits of Unit-3 and related palaeocurrents point out that sedimentation re-started
with accumulation of gravels, which moved across the bar, filling the erosional scour and
armouring deposits of Unit-2 (Fig. 12E and F) to generate a coarsening-upward grain-size trend
(Ghinassi et al., 2019; Swan et al., 2019). Once the flood started waning, the flow shifted back
towards the main channel, drifting gravels from the bar top toward the bar slope and generating
downlap geometries between stations 22 and 19. At this stage, a secondary helical circulation was
re-established, as attested to by appearance of planar-cross stratified gravel (station 20) indicating
stronger cross-stream currents.

Unit-4 records a phase when the secondary helical circulation was re-established, as
attested to by accumulation of channelward-dipping beds with internal cross-stratification
(stations 20 to 13) documenting a palaeocurrent at ca 120 to 140° from dip azimuth of beds (Fig.
12G). This flow configuration allows deposition of fining-upward bar deposits and resembles that
recorded by Unit-1. This latest phase of the flood is documented by accumulation of horizontally-
stratified sand, which was locally scoured by increases in flow turbulence, that may have been

triggered by the presence of obstacles or localized flow confinement.

Critical water depth sensitivity

The critical water-depth was sensitive to the ratio of the size of the moving sediment, D,
and the roughness of the bed material, k,, When k,<<D, the critical water-depth was low (for
example, h, = 0.24 m, Table 1, chronological sequence number 1, ks = 1.04 mm, D = 25.4 mm)
because the shallow water-depth could easily roll sediment particles on the relatively smooth bed
material. But when k, was larger (k;<D) the critical water-depth increased (for example, h,, = 1.22
m, Table 1, chronological sequence number 9, k; = 11.8 mm, D = 26.7mm). For other conditions, k;
> D, the critical water-depth was relatively high (for example, h., = 0.84 m, chronological sequence
number 19, k; = 8.8 mm and D = 4.6 mm) because the particles were almost ‘trapped’ in the

pocket formed by the bed material. The condition k; ~ D (which is often assumed) produces the
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lowest critical water-depth (for example, h,, = 0.12 m, chronological sequence number 20, k; = 1.5

mm and D =1.9 mm).

Converting the pseudo flood-hydrograph to an actual flood-hydrograph

The pseudo flood-hydrography is based solely on sediment characteristics. Striking
similarities between the shape of the pseudo flood-hydrograph (Fig. 10A) and the measured
hydrographs at Moorhead and Broadus during the 1978 flood (Fig. 2B), provide guidance for
converting the pseudo flood-hydrograph to an actual flood-hydrograph based on absolute
chronological time. Such a conversion can be carried out through identification of specific time-
based control points (CP1 to CP6 in Fig. 10B). While reconstructing a pseudo flood-hydrograph
from sediment characteristics of the geological record is possible, the conversion to an actual
hydrograph is not normally possible. However, we make this step as a means of verifying our
reconstruction.

Control point 1 (CP1) was the time of submergence of the inner bank at station 66.0
(elevation 963.3 m, ca 40 m3 s). This corresponded to 6 May 1978 at ca 00:00 hours (Table 1)
based on calculations using Manning’s equation and the pre-flood 1977 channel profile (see
Hydrodynamic reconstruction section for method used to estimate submergence and emergence
times). The calculations also indicated that for several days after submergence there was sufficient
depth over the inner bank (between stations 46.3 to 66.0, Fig. 2C) to cause erosion. Assuming that
changes in the cross-sectional profile were small during 6 May, then the corresponding maximum
shear stresses would have been ca 13 dynes cm over the outer edge of the inner bank at station
46.3 (Fig. 2C) and ca 58 dynes cm™ over the trough centred at station 58.0 (Fig. 2C). These shear
stresses would have been sufficient, initially, to erode 2 mm up to almost 8 mm size particles (t¢ =
13 to 57 dynes cm?, respectively; Table 7.1, Julien, 1998), and later as the flow deepened, larger
particles over a period of about four days.

Control point 2 (CP2) was defined as the onset of deposition of the accretionary flood
package starting at station 66, and corresponded to 10 May 1978 at 12:00 hours (Table 1), when
the Moorhead and Broadus hydrographs indicated a temporary decrease and stabilization of the

flood discharge.

This article is protected by copyright. All rights reserved



The time of the low-river discharge recorded at Moorhead and Broadus stations on 16
May at 12:00 hours defined control point 3 (CP3), which corresponded to the initiation of the
sandy forced unit bar forming Unit-2. Deposition of the ca 8 m accreting unit bar of Unit-2 over
three to four days would be consistent with the rapid increase of river discharge after CP3 and
culminating with the development of antidunes just before the onset of flood-peak erosion.

Control point 4 (CP4) was placed at the end of deposition of Unit-2, just before the
shifting of the flow across the bar and downcutting of the erosional surface flooring deposits of
Unit-3. Since the shift of the flow across the bar probably happened before the peak discharge on
21 May 1978, CP4 was set to be 20 May 1978 at 12:00 hours (Table 1).

Control point 5 (CP5) was defined by the restart of deposition just after the peak
discharge, and was assumed to be on 21 May at 12:00 hours and to correspond to accumulation of
the initial deposits of Unit-3 (i.e. group 3.1).

Control point 6 (CP6) was assumed to correspond to the time when deposition ended at
the outer edge (i.e. group 3.3) of the inner bank (at station 20, elevation 963.9 m) as it emerged
from the water on 23 May at 12:00 hours (based on calculations using Manning’s equation and the
post-flood 1978 channel profile; see Hydrodynamic reconstruction section for method used to
estimate submergence and emergence times). The difference in discharge between the
submergence of the pre-flood inner bank at station 66.0 (ca 40 m3 s'!) and the emergence of the
newly deposited inner bank at station 20.0 (ca 170 m3 s) is because the cross-sectional area
(measured at bank full relative to the right bank) had increased from ca 110 m? at the time of
submergence to ca 250 m? at the time of emergence as a result of widening from erosion of the
left bank and could thus transport more water.

The control points determine the time intervals between group samples, and thus the
absolute time for the reconstructed hydrograph (Fig. 10B). CP1 was fixed by the date of
submergence (6 May 1978 ca 00:00 hours, Table 1) and represents the beginning of the initial
erosion. Between CP2 (10 May 1978) and CP3 (16 May 1978) there are four depositional intervals
corresponding to group samples 1.1, 1.2, 1.3 and 2.1. Each time interval was assumed to be one
day and 12 hours long. Similarly, the three intervals between CP3 and CP4 (20 May 1978)
corresponded to three group samples (2.2, 2.3 and 2.4) were one day and eight hours long. The

one-day time interval between CP4 and CP5 (20 to 21 May 1978) corresponds to development of
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the erosional surface flooring Unit-3 deposits. Since the cross-sectional area at bank full (right
bank) had increased from ca 110 m? to ca 250 m?, the water elevation and water depth were less
for the same discharge after the peak than before the peak discharge (for example, for 100 m3 s,
the elevation was estimated to be 963.9 m before and 963.4 m after peak discharge). This change
in cross-sectional area promoted deposition. Intervals, during the rapidly falling limb between CP5
and CP6 (23 May 1978), were 16 hours long and corresponded to group samples 3.1, 3.2 and 3.3.
Groups 4.1 and 4.2 formed after inner bank emergence, during the latest stage of the waning
flood.
The fit of the reconstructed hydrograph with those measured at two stations validates
the inverse procedure of using critical shear stress to estimate water depth and provides a
comparison for evaluating the procedure of reconstructing water depth from cross-sets (Fig. 11).
Although short-term erosion and overlap in thickness distributions of stacked sets commonly
hinder detection of peak-flow deposits (Leclair, 2011), the extraordinary accretion rate in this
study provided an expanded sedimentary record of the flood, thus allowing the identification of
the deposits of group 3.1 as those accumulated close to the flood peak. Cross-strata from these
deposits point to a water depth of ca 8 m (Figs 9C and 11), whereas the post-flood survey
(section 2.2) and the reconstructed hydrograph (Fig. 10B) indicate a maximum water depth of ca
3.5 m. A similar overestimation of water depth typifies all other calculations based on cross-set
thickness (Fig. 11). Although the relation used to reconstruct dunes formative depth (Bradley &
Venditti, 2017) and primary dune height (Leclair & Bridge, 2001) are based on large experimental
and natural datasets, the related scaling coefficient does not necessarily represent deposits,
which accumulate under high deposition rates during non-steady flow depth and discharge. This
inconsistency mainly emerges for reconstruction of the dune height from cross-set thickness,
since the scaling relationship by Leclair & Bridge (2001) is mainly consistent with experimental
bedforms obtained at constant water depth, and natural bedforms from mid to low peak
discharge variability rivers (sensu Fielding et al., 2018) like the Calamus and Mississippi River.
Accordingly, Bridge (2003) suggests using the Leclair & Bridge (2001) relation for cross-sets
accumulated under a negligible depositional rate. Although additional work would be required to
test this hypothesis, it appears that a high deposition rate would contribute to preserving most of

the study cross-strata, thus decreasing the scale coefficient proposed by Leclair & Bridge (2001).
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Estimation of sediment transport rates during the flood
Deposition of the sediment forming part of the flood accretionary package was a function
of the lateral or cross-stream (Units 1, 2 and 4) component of the bedload sediment transport
rate. An order of magnitude estimate of the downstream bedload rate per unit width in the
channel is made by dividing the bedload rate (180 kg s%; see Powder River section) by the typical
width of the channel (ca 50 m) obtaining a value of 3.6 kg m* s, This is not distributed
uniformly across the channel but about eight times more sediment is transported along the

outside of the channel near the apex, than on the inside of the channel (Hooke, 1975).

The volume of the sediment in the groups in Units 1 and 2 was ca 47 m3(ca 1 m thick
from station 20 to 67). Assuming that the lateral sediment transport was across a unit width of 1
m (in the downstream direction), and using a density of 2650 kg m-3, a sediment concentration of
0.65 gives an estimated mass of ca 81,000 kg. The estimated time interval was 10 days for Units
1 and 2 (CP2 to CP4, Table 1), so that an order of magnitude estimate of the lateral or cross-
stream sediment transport rate of the secondary flow during the rising stage of the flood would
be ca 0.09 kg m s, or ca 3% of the streamwise bedload transport rate. These lateral transport
rates are associated with daily water discharge of about 90 m3 s (Fig. 9C). Similar lateral rates
were measured by Kisling-Mgller (1992) in the River Gels A of western Denmark; a maximum
value of ca 0.01 kg ms1 was estimated from fig. 7 of that study but for a discharge less than

bankfull (ca 20 m3 s1).

During the peak discharge, early on 21 May 1978, the authors assumed that erosion was
the dominant process. After this peak, groups in Unit-3 were estimated to be deposited by dune
migration in the downstream direction over two days (21 May at 1200 to 23 May at 12:00 hours;
Table 1) or during a time interval of ca 16 hours per group. Volumes for groups 3.1 and 3.2 were
about 13 m3 (ca 1.3 m thick from stations 40 to 50) and 31 m3 (ca 1.3 m thick from stations 38 to
62), with corresponding masses of 22,000 and 54,000 kg. The corresponding sediment-transport
rates associated with migration of dunes (at decreasing discharges ranging from ca 300 to 150 m3
s1) would be 0.4 and 0.9 kg m st or 11% and 26% of the streamwise bedload transport rate. As
a comparison, a paper by Claude et al. (2012) gives lateral sediment transport rates by dune

tracking on the Loire River in France ranging from 0.03 to 0.15 kg m™* s1. Bedload transport rate
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for deposits of group 3.3 was not calculated, because these deposits accumulated under the

interaction between cross-wise and stream-wise processes.

On the falling limb of the hydrograph, the time for the deposition for Unit 4 is not
constrained by a control point. If we assume that the two groups in Unit-4 with estimated
volumes of ca 8 m3 (ca 1 m thick from stations 11 to 19) and ca 18 m3 (ca 1.4 m thick from
stations 0 to 13) were probably deposited during a two to four day time interval after station 20
(near the riverward end of Unit-3) emerged on 23 May 1978, then the order of magnitude
estimate of the lateral sediment transport rates associated with the secondary-flow onto the
point bar during the falling stage of the flood would range from 0.08 to 0.36 kg m™* s or ca 2 to
10% of streamwise transport rate. These latter estimates are associated with daily water

discharge of ca 150 m3 s! (Fig. 9C).

Preservation of flood deposits and implications for fluvial point bar facies models

The reconstruction of the depositional dynamics highlights the key role of the relation
between channel cross-sectional area and flood discharge in preserving bar deposits. The limited
pre-flood cross-sectional area caused erosion of point-bar deposits during the earliest phase of
the flood, even when discharge was an order of magnitude lower than the main peak discharge.
The large lateral erosion of the outer bank and the lowering of the channel thalweg created
conditions that preserved bar deposits even at highest discharge stages. Additionally, the
enlarged channel cross-section shaped by the 1978 flood prevented the bar from experiencing
significant erosion by subsequent floods during the past four decades allowing full preservation
of the extreme flood deposits. Enlargement of channel cross-sectional area during a large flood
provides a relevant mechanism to preserve extreme-flood deposits in high-peak discharge
variability rivers (Fielding et al., 2018), where floodwater discharged during low-intensity floods
is confined to the deeper part of channels shaped by large events, thus confining the effects of
reworking processes. Accordingly, only a few floods (1982, 1984, 1987, 1993 and 1995)
inundated the bar top since 1978. Additionally, these floods mantled the 1978 sediment package

with cohesive muddy deposits, which contributed to the preservation of the 1978 sediments.
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Distribution of sedimentary structures and palaeocurrent indicators within the four units
show that flow configuration changed substantially during the 1978 flood, and that sediment
transport rates inferred from sedimentary structure at high-flood stage were remarkably different
from those at low-flood stage. Some sedimentary characteristics of the accretionary package fit
with those of fluvial point bars described by classical facies models, whereas others do not.
Accretionary packets of Unit-1 and Unit-4 show strong similarities with the classical models of
point-bar formation, being characterized by channelward-dipping beds accreting transverse to the
streamwise flow direction (cf. Miall, 1994, 1995). Accretionary packets of Unit-1 and Unit-4 were
deposited during the early and final stage of the flood, respectively, when the streamwise flow
followed the main channel around the bar generating a secondary helical circulation. Accordingly,
these units show an overall fining-upward trend, although they lack classical heterolithic deposits
in the upper part of the bar (Durkin et al.,, 2015), but show textural similarities with sand-
dominated point bars (Hartley et al., 2015; Wu et al., 2015; Shiers et al., 2019; Swan et al., 2019).
Sedimentary features of Unit-2 and Unit-3, on the contrary, do not fit the classical facies models.
Although unit bars are building blocks of compound point bars (Ghinassi et al., 2014), thickness of
their cross-set is commonly much less than the height of the associated compound bar (Wu et al.,
2016; Swan et al., 2019). Cross-sets of the unit bar forming Unit-2 were almost half of the height of
the entire point bar, and accreted towards the channel, whereas most of unit bars are commonly
described to migrate either along the channel or towards the bar top (lelpi & Ghinassi, 2014; Wu
et al., 2016). Gravelly deposits of Unit-3 are not described in the upper part of point bars, where
erosional-based bodies are commonly associated with chute channels (Ghinassi, 2011; Van Dijk et
al., 2012), which are generally much thinner than the whole bar and filled up with fine-grained
deposits. Bar-top gravelly deposits, along with palaeocurrents transverse to the bar axis, indicate
that floodwater overtopped the main bar body (Gay et al., 1998) triggering armoring processes
and the development of coarsening-upward grain-size trends. The process of bar overtopping has
been largely disregarded by many studies, but it can lead to accumulation of deposits with stratal
architecture and sedimentary structures that strongly differ from classical point-bar models,
especially in fluvial systems characterized by exceptional floods (i.e. high peak-discharge variability

systems; Fielding et al., 2018).
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CONCLUSIONS

Investigation of point-bar deposits accumulated along the inside of a meander bend of
Powder River (Montana, USA) during an extreme flood in 1978 provided data to reconstruct the
flood hydrograph and to identify the morphodynamic evolution of the bar during the flood. Using
sediment data from the axial part of the bar, specific depositional processes have been ascribed
to different flood stages. The similarity between the reconstructed hydrograph and those
measured at two stations during the flood validates the proposed sedimentological model.
The major insights derived from this study can be summarized as follows:

1 The relation between channel cross-sectional area and flood discharge plays a key role in
preserving bar deposits. The channel cross-sectional area enlarged by the extreme flood,
facilitated the preservation of the bar deposits during subsequent floods.

2 During the early and final phases of deposition of the extreme flood, when the flow was
confined to the channel, the accumulated deposits were similar to those of classical facies-
models in terms of palaeocurrent patterns and vertical grain-size trend.

3 During the phase of peak discharge water overtopped and eroded the bar with a
significant reorganization of flow patterns, which produced: (i) the development of upper-flow
regime bedforms; (ii) localized cross-cutting of the bar; (iii) armouring of the bar (development of
a coarsening-upward grain-size trend); and (iv) widespread formation of gravelly dunes.

4 The definition of a chronological sequence of flood depositional units was critical for the
flood hydrograph re-construction. This allowed specific temporal control points to be
established based on changes in the depositional units and resulting in a close correlation
between the reconstructed and measured hydrographs.

5 Estimates of particle-size characteristics of the bed material was essential for computing
physically realistic shear stresses and critical water-depths to reconstruct the flood hydrograph.
Dos was used to characterize the moving sediment particles, and Dg; was found best to
characterize the bed material.

6 Estimates of lateral bedload transport rate caused by secondary helical circulation ranged
from 2 to 10% and lateral bedload transport caused by dune migration ranged from 11 to 26% of

the streamwise bedload transport rate.
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The integrated sedimentological and hydrological approaches adopted in this paper provide a
basis for advancing palaeoflood hydrology beyond the stage of estimating peak discharges to the
next stage of estimating palaeo-flood hydrographs. Water depth estimation from shear stress
appears as an alternative approach to the use of cross-set thickness, especially for fluvial deposits

accumulated under a high depositional condition.
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FIGURE CAPTIONS

Fig. 1. Powder River in north-eastern Wyoming and south-eastern Montana. (A) Location of study
site between the stream gauging stations at Moorhead, Montana (U.S. Geological Survey [USGS]
Station number 06324500) and Broadus, Montana (USGS Station number 06324710). (B)
Topographic map (contour elevations are in feet) of a reach of Powder River showing the 1977
channel along with the extent of the inundation by the flood of 1978 (light blue). Red arrows
indicate the general downvalley direction of the surface flood waters. Black arrows indicate the
flow direction at low discharge or the direction of the deeper water confined to the main channel
under the surface water during a flood. Yellow dots are labelled with the distance in kilometres
(KM) following the river downstream from the Moorhead Bridge at PRKM 0 in 2016. Adapted
from plate 1 of Meade & Moody (2013). (C) Comparison between the pre-flood (1976) and post-
extreme flood (1978) planform configuration of meander bend at PR163 with the line of section

shown as a black line. In the 1978 photograph, the dotted white line is the bank edge in 1976

Fig. 2. Powder River discharge and the 1978 extreme flood. (A) Daily discharge of Powder River at
Moorhead, Montana (USGS Station number 06324500), from 1929 through to 2019. The dashed
line at 170 m3sec?! is an estimate of bankfull flow near the Moorhead gaging station. (B)
Hydrograph of the 1978 flood at Moorhead and Broadus. (C) Profile of the surface topography at
PR163 trench. Black dotted line is the bar topography in 1977. Black dashed line is the 1978
topography after the flood, and black line is the 2018 topography (just before excavation of the
trench in 2018). The blue horizontal line shows the maximum water height during the 1978 flood.
(D) Oblique aerial south-westerly view of Powder River looking upstream on 25 May 1978, during
the falling limb of the 1978 flood. Red arrow points to the approximate location of the outer
bank of the river bend at cross-section PR163. Photograph by R.H. Meade. (E) Oblique aerial
view (25 May 1978) looking north-westerly towards the left bank of a bend of the river (about 30
km downriver from the bend at cross-section PR163). Red arrows indicate the general direction
of downvalley flood flows across the point bar. Black arrows indicate the flow directions in the

low-water channel. Photograph by R.H. Meade.
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Fig. 3. The study site. (A) The 151 N° (magnetic) trending study trench. Photograph is taken from
the channel, and the upstream trench wall is on the right-hand side. Person for scale is 1.92 m
tall standing at about station 0. Backhoe is at about station 73. (B) Present-day (2018)
configuration of the meander bend at PR163. Stationing (in metres) is measured from a zero
reference pin driven about 1 m into the ground on the left bank in 1977 (pin was lost during 1978
flood). Additional reference pins were installed at station 50.0 and station 75.0. Location of the

trench is shown between station 0 and station 70.

Fig. 4. The 1978 flood accretionary package and its internal structure are shown as viewed
upriver. (A) Stratal architecture of the accretionary package emphasizing the upper and lower
boundaries. (B) Internal partition of the accretionary package in four units. (C) Correspondence
between stratigraphic surfaces marking relevant lithological changes and topographic points

surveyed on bar top before and after the 1978 flood.

Fig. 5. Deposits of Unit-1. (A) Stratal architecture and sedimentary structures. (B) Cross-strata
overlying the erosional surface at station 63.5 (elevation 962.95 m). (C) Cross-stratified sand
bearing abundant coal fragments at station 55 (elevation 962.92 m). (D) Palaeocurrents from
cross-strata. The black segment indicates extent of Unit-1 within the trench wall. (E) Grain-size
cumulative distribution plot. Average D5, + standard deviation and average Dos + standard

deviation is shown as grey boxes. (F) Dsg particle-size distribution, and (G) particle-size sorting.

Fig. 6. Deposits of Unit-2. (A) Stratal architecture and sedimentary structures. (B) Close view of
the central part of Unit-2 (stations 37 to 26). Note the progressive increase in grain size moving
towards the right-hand side of the photograph (riverward). (C) Close view of the erosional
surface separating steeply-dipping strata of Unit-2 from overlying sandy gravels Unit-3 at station
34 (elevation 963.5 m). Spatula is 25 cm high. (D) Wavy mesoforms (oblique view) between
stations 31 and 26 in the lower part of the unit. Measuring stick is 50 cm long. (E) Palaeoflow
direction (black arrow) for the cross-set forming Unit-2. The black segment indicates extent of
Unit-2 within the trench wall. (F) Reactivation surfaces and scour-fill deposits at station 38.

Measuring stick is 20 cm long. (G) Grain-size cumulative distribution plot for samples from Unit-2.
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Average D5, + standard deviation and average Dgs + standard deviation are shown as grey boxes.

(H) Particle-size sorting and (I) Dsq grain size at different stations within Unit-2.

Fig. 7. Deposits of Unit-3. (A) and (B) Stratal architecture and sedimentary structures. (C)
Erosional surface (red line) separating gravelly deposits of Unit-3 from underlying sandy beds of
Unit-1 between stations 50 and 44. (D) Palaeocurrents from cross-strata. The black segment
indicates the extent of Unit-3 within the trench wall. (E) Clinostratified gravels at the riverward
termination of Unit-3 (stations 20 to 23). Note the downlapping strata around station 22 in the
upper part of the bar. (F) Cross-strata documenting a palaeoflow towards the south-east. (G)
Grain-size cumulative distribution plot. Average Dsy + standard deviation and average Dgs +
standard deviation are shown as grey boxes. (H) Dsq particle-size distribution, and (I) particle-size

sorting.

Fig. 8. Deposits of Unit-4. (A) Stratal architecture and sedimentary structures. (B) Sandy cross-
strata documenting a flow towards the south at station 15 (elevation 961.5 m). Measuring stick is
50 cm long. (C) Plane-parallel stratified sand overlying scour-fill sand at station 9 (elevation 962.0
m). (D) Gravelly-sand deposits of Unit-4 covered by post-flood muddy deposits accumulated
since 1978 between stations 16 and 10. (E) Palaeocurrents from cross-strata. The black segment
indicates extent of Unit-4 within the trench wall. (F) Grain-size cumulative distribution plot.
Average D, + standard deviation and average Dgs + standard deviation are shown as grey boxes.

(G) Dsg particle-size distribution, and (H) particle-size sorting.

Fig. 9. The 1978 sediment deposits. (A) Summary of the main groups of sediment samples within
different units. (B) Sedimentological, architectural and palaeoflow features of the 1978 flood
deposits. (C) Thickness of cross-set in different deposits and related reconstruction of dune

height and water depth.

Fig. 10. Reconstruction of the 1978 flood hydrograph. (A) Pseudo hydrograph showing the

predicted average critical water-depth at PR163 based on sedimentological characteristics as a

function of chronological sequence numbers. Depth is based on the critical shear stress for
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deposition of Dgs sediment in transport over an underlying bed characterized by Dg4. Solid black
circles correspond to individual accretionary packets. Blue-shaded boxplots correspond to
groups in Fig. 9A. The black curve is a five-point running average fit to the individual accretionary
packets (black circles) and was added to aid in visualization of the pseudo hydrograph. (B) Time-
based hydrograph compared with measured hydrographs at Moorhead and Broadus, Montana.
Six time-based control points (CP1-CP6, see text for definition criteria) are used to determine the
absolute time for each group shown as blue-shaded box plots. The discharge hydrograph is

shown as a grey line with a scale on the right-hand axis.

Fig. 11. Comparison between reconstructed water depths obtained from cross-strata and shear

stress.

Fig. 12. Reconstruction of bar morphodynamics during the 1978 flood. (A) Initial phase of inner
bank retreat and erosion of the pre-flood point bar. (B) Onset of point bar deposition and
accumulation of channelward-dipping beds of Unit-1. (C) Development and north-eastward
migration of unit bar forming Unit-2. (D) and (E) Erosional phase of Unit-1 and Unit-2 and initial
deposition of Unit-3 sediments in the scour trough. (F) Filling of the scour trough with gravelly

deposits of Unit-3. (G) Deposition of channelward-dipping beds of Unit-4.
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Table 1. Particle sizes and critical water—depth values used to reconstruct the flood hydrograph

[ sta., station in metres from left bank zero; depth, distance below ground level in centimetres; CP, control point; na, angle of repose
>90 ; h, water depth; H, dune cross-set height]

Median Deposited

Cihrgnc)l- Depd05|te Underlying ks Critical group  sediment sample
c;i';? sediment. Sediment D= = Dk water critical
' Sample Dgs Dg S depth, Group water .
uence sample Dgs Dsg Dig Absolute time
number ID ID 4 Nor D depth,
hCI’
(sta.depth) (sta.depth) (mm) (mm) (--) (cm) (m) (mm)  (mm) (mm)
0.0 CP1 5/6/78 0:00
erosion
Unit 1 CP2  5/10/7812:00
1 65.52 6655 254 104 245 236 91 042 021
2 64.55 6537 374 025 151 42 17 071 024
3 63.90 64.55 077 174 04 137 11 0.13 05 035 020
4 62.90 63.90 39 048 81 66 17 074 0.26
5 61.90 62.90 13 173 07 12.9 09 048 026
6 60.95 61.90 31 088 36 94 14 070 030
7 59.95 60.95 212 135 157 263 11.8 173 052
8 58.85 5095 156 118 13 115 12 055 37 067 024
9 57.85 59.95 26.7 118 23 122 152 092 033
10 56.87 56110 82 75 11 730 34 080 031
11 55.105 56.87 72 34 21 372 33 078 0.33
12 54.100 55105 233 33 72 479 21 047 023
13 53.105 55105 230 33 71 476 106 091 0.38
14 52.107 53105 226 106 21 111 13 0.48 19 065 034
15 51.115 52107 240 19 124 338 86 095 043
16 50.100 52.107 148 19 77 201 75 157 048
17 49.120 50135 422 135 31 135 138 158 050
Unit 2
18 43.140 49120 159 138 12 134 88 123 0.39
19 42.150 43.140 46 88 05 842 15 070 035
20 41.150 42150 19 15 12 122 09 044 027
21 40.145 41150 147 09 159 181 @ 21 0.18 48 059 028
22 39.150 40145 17 48 04 516 08 040 0.26
23 38.140 390150 24 08 31 746 07 038 022
24 37.150 38140 72 07 97 123 09 041 025
CP3 5/16/78 12:00
25 36.150 37150 121 09 134 171 10 045 027
26 35.130 36150 153 10 158 192 18 060 031
27 34.150 35130 151 183 83 291 22 0.38 29 053 029
28 33.140 34150 394 290 136 473 148 074 033
29 32.130 33140 243 148 16 145 94 09 038
30 31.140 32130 157 942 17 92 69 097 037
31 30.140 31140 488 694 70 843 272 632 045
32 29.140 30140 514 272 19 235 115 079 033
33 28.150 29.140 166 115 14 119 2.3 13 70 099 041
34 27.140 28150 464 70 67 846 153 154 049
35 26.135 27140 440 153 29 150 149 088 0.35
36 25.125 26135 486 149 33 144 204 112 044
37 24.140 25125 1037 204 51 175 308 139 046
38 23.140 24140 440 308 14 266 168 109 0.49

39 22.135 23140 519 168 31 160 24 24 280 285 0.63
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239
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