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ABSTRACT

Fluvial facies models based on river planform are flawed and not fully fit for
purpose. An alternative approach to classifying fluvial deposits is based on
river discharge characteristics. A recent paper showed that the co-efficient of
variance of annual peak discharge (CV(Q),) correlates well with the character-
istics of preserved alluvium for a suite of modern rivers. Here, the database
of rivers is expanded and augmented, and the utility of this statistic con-
firmed. For modern rivers, plotting the running-value of CVQ, for a set inter-
val (for example, 30 years) over a longer discharge record shows that the
statistic varies both spatially and temporally. The CVQ, can rise abruptly at
a given location in response to a single flow event if that event is signifi-
cantly larger than is common in that river. Such abrupt changes in CVQ), are
superimposed on longer-term patterns of more gradual change stimulated by
environmental factors or anthropogenic effects such as dam construction. If
the period of calculation for CVQ, is relatively short, ‘anomalous’ events
appear more frequently. Sequential studies of modern rivers indicate that
such anomalous events have a high probability of being preserved in the
alluvial record of the river, and suggest that, over the timeframes of channel
filling and abandonment, they may constitute the dominant (characteristic)
portion of the record in high CVQ, systems. Since flow events with strongly
peaked hydrographs (flashy discharges) are more common in high CVQ), sys-
tems and leave a record dominated by upper flow regime stratification styles,
it follows that the alluvial record of high CVQ), rivers will be dominated by
upper flow regime stratification. In contrast, in lower CVQ, systems the
occurrence of an event that changes the running CVQ, value significantly
may form a distinct event deposit, and the temporarily changed CVQ), is
unrepresentative for the duration of the channel’s life. The dominance of
upper flow regime stratification, together with decreased preservation of
identifiable macroform structure, increased lateral lithological heterogeneity,
and in many cases increased preservation of in situ tree fossils in channel
deposits of higher CVQ, rivers, forms the basis for a series of new facies
models for low, moderate, high and very high/ultra-high CVQ), alluvial sys-
tems and deposits. The new models can be applied to ancient successions
either in combination with traditional, planform-based models, or not. These
models provide information about ancient palaeoenvironmental conditions,
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and changes in such conditions over time at various scales via stratigraphic

investigations.

Keywords Alluvial, discharge variability, fluvial facies models, planform,

preservation potential.

INTRODUCTION

Historically, the basis for fluvial facies models,
which are used to summarize the one-dimensional,
two-dimensional and three-dimensional arrange-
ment of sedimentary deposits in rivers, has been
river planform (e.g. Miall, 2010). Many researchers
have nonetheless pointed out that there are multi-
ple weaknesses in this approach (Bridge, 1985,
1993a,b; Brierley, 1996; Bristow, 1996; Ethridge,
2011). Among these flaws are that planform is both
spatially and temporally variable, even at different
flow stages of the same river at the same locality
(e.g. Thorne et al., 1993, fig. 2), that multiple plan-
forms can coexist along reaches of some rivers (e.g.
Bridge, 2003, fig. 5.5) and that some rivers display
characteristics transitional between recognized
planform styles (e.g. Holbrook & Allen, 2021). Fur-
thermore, Lyster et al. (2022a,b) have shown that
predicting river planform from hydraulic parame-
ters is fraught with difficulty. Despite these
well-documented issues, geologists persist in using
planform as the primary basis for categorizing and
classifying alluvium, although some attempts have
been made to employ a ‘constructivist’ approach
by recognizing component architectural elements
of alluvial deposits and assembling models from
arrays of such ‘building blocks’ (e.g. Allen, 1983;
Friend, 1983; Miall, 1985; Brierley, 1996).

Many factors influence the nature of river
beds, and more still influence the character of
resulting channel deposits. The planform of a
river is a consequence of both internal (auto-
genic) and external (allogenic) controls, and
although it might locally influence sediment
accumulation patterns, it is itself controlled by
factors that also independently control the river
sediment character and depositional patterns.
The hydrology of a river is, in contrast, mostly
externally controlled, such that it may be more
profitable to seek to understand alluvial deposits
by understanding hydrology rather than
planform.

Fielding et al. (2018) proposed using a statis-
tic of discharge variability, the coefficient of var-
iance of peak, inter-annual discharge (CVQ,,
defined as the standard deviation of the annual

peak flood discharge divided by the mean
annual peak flood discharge over the length of
record) as a measure of flow variability in rivers.
Those authors found a strong correlation
between this parameter and preserved alluvial
sediment character in a set of modern rivers for
which both long gauging records and data on
subsurface alluvial stratigraphy were available.
The rivers examined in that study spanned a
broad range of geographical context, planform
and river size, and the CVQ), in these rivers ran-
ged from 0.18 to 1.01. Preserved alluvial charac-
ter was found to be largely independent of
planform, but it covaried strongly with CVQ,. In
particular, the prevalence of mesoform (dune-
scale) cross-bedding as opposed to structures
indicative of more powerful flows, the preserva-
tion of macroform features (channel scale), the
lateral variability in lithology (including the
preservation of pedogenically-modified mud),
and the preservation of large woody debris and
in situ tree stumps within channel deposits was
found to correlate strongly with low, moderate,
high and very high CVQ), classes (Table 1).

This covariance allowed the recognition of
CVQ), classes of alluvial deposits in the rock
record, thereby enabling a less ambiguous classifi-
cation of ancient alluvium and providing insights
into ancient palaeoenvironmental conditions (and
their changes) from alluvial successions. The new
framework has gained some traction, being used
by researchers either explicitly (e.g. Hess & Fiel-
ding, 2020; Manna et al, 2021; Schopfer
et al., 2022; Dillinger et al., 2024) or implicitly (e.g.
Zellman et al., 2020; Schwartz et al., 2021; Arévalo
et al., 2022; Barefoot et al., 2022; Sharma et al.,
2024) to classify and interpret several ancient allu-
vial successions.

Hansford et al. (2020) “define hydroclimate
types that combine the Koppen-Geiger climate
types with precipitation variability”. Those
authors used a variety of indices to show varia-
tions in flood magnitude, hydrograph shape and
inter-annual variability in discharge for a suite
of modern rivers. Using these statistics, they
divided fluvial systems into four distinct groups:
rivers with low hydrological variability, rivers
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with seasonally variable hydrology, variable dis-
charge rivers controlled by single storms (in an
annual cycle) and extreme/erratic hydrology riv-
ers. The Hansford et al. (2020) classes, though
defined using different statistical factors and not
tested against river deposit characteristics, are
similar to the CVQ), classes defined by Fielding
et al. (2018). Certainly, rivers that are controlled
by infrequent, large runoff events, and those
characterized by intermittent/erratic runoff
events (the third and fourth groups of Hansford
et al., 2020, listed above) are also those most
likely to correspond to high and very high
values of CVQ,. Therefore, the question arises as
to why the CVQ, correlates so well with alluvial
deposit characteristics, and whether other statis-
tical factors of discharge variance might provide
as good or better correlation. What evidently
determines the properties of the alluvial record
is not the seasonality or unevenness of discharge
in a river on an annual cycle, nor the magnitude
of peak discharge, but the relative prominence
of extreme discharge events of varying magni-
tude, and the severity and length of droughts,
particularly those that last over multiple years.

The dataset of Fielding et al. (2018) comprises
only 16 rivers, some with multiple locations
used to show down-river variability in the
CVQ),. To more fully evaluate the concept, more
rivers should be included in the analysis, span-
ning a fuller range of latitude, climatic zone,
drainage basin and river size, planform shape,
and other variables. Furthermore, an exploration
of the controls on the CVQ), is warranted, along
with an evaluation of sensitivities to major flow
events. The data in Table 1 of Fielding
et al. (2018) suggest that CVQ), varies longitudi-
nally along any one river, so an exploration of
scale and causes of such variation is justified.
Finally, running values of fixed-interval CVQ,
for a given gauging station may show major
changes over time, and the causes of such
changes are worthy of investigation. The CVQ),
is only one of many statistical measures of
hydrological character, and although it is used
here as the means to subdivide rivers and facies
types, it should not be considered in isolation
when studying individual rivers.

Other variables that can be estimated or calcu-
lated from ancient alluvium are useful in inter-
preting their formative conditions (see review by
Long, 2021). Among them are various measures
of flow properties such as flow velocity, flow
depth, bankfull discharge and Froude number.
Geomorphic parameters such as bed slope and

roughness, and drainage basin area can also be
calculated, making certain assumptions about
natural conditions. Other researchers have more
recently proposed using the coefficient of varia-
tion of preserved cross-set thickness to infer dis-
equilibrium conditions between bedforms and
formative flows in rivers, thereby attaining a
metric of discharge variability (Leary & Ganti,
2020; Das et al., 2022; Lyster et al., 2022a,b;
McLeod et al, 2023), but Colombera
et al. (2024) found that variability in cross-bed
thickness may be a poor predictor of discharge
variability.

In this paper, a more substantial database than
presented by Fielding et al. (2018) is provided
from which to consolidate and strengthen the
concept of discharge wvariability-based facies
models. The controls on the CV(Q,, both spa-
tially and temporally for individual sites, are
explored and a single drainage basin (the Platte
River in central USA) is used as a case study to
investigate both temporal and spatial changes in
CVQ,, and their impacts on the sedimentary
record. This incorporates information from sev-
eral classic fluvial facies publications. The cen-
tral hypothesis that CV(Q, robustly correlates
with preserved alluvial stratigraphy, in part
independent of climatic mode (for example,
monsoonal) is explored, and facies models for
alluvial systems based on this variable are
proposed.

DATA AND METHODS

Discharge data are increasingly available, either
from the organizations responsible for the
gauges or via national or international databases.
The data sets are very large, recorded in differ-
ent ways, and the peak flood data are of variable
quality. Few rivers have been gauged for more
than a few decades and none for longer than
about 140 years. A lot of studies of fluvial sedi-
ments, however, record facies that may have
been deposited tens to hundreds of years before
they were studied. Many classic facies models
were published tens of years ago, and conse-
quently they may relate to runoff patterns and
vegetation distributions that are different from
those observed today. Relatively few studies of
fluvial channel facies include geochronological
data. When comparing discharge data with sedi-
ment facies characteristics, the age of the facies
should be estimated and the appropriateness of
discharge data records considered.
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There are inherent issues with peak discharge
data. Some databases include annual peak dis-
charge datasets, and where these are based on
reliable data records this makes calculating
CVQ, straightforward, but often river annual
peak discharge series may be flawed. There are
three reasons for this: (i) at peak flow, gauges
might fail or gauge range be exceeded such that
the peak value is not recorded at all or only esti-
mated; (ii) many datasets use daily data and
record daily mean data and both of those may
significantly under-estimate true peak discharge
particularly in flashy events; and (iii) some pub-
lished annual series of peak flood discharges are
based on data averaged over more than a single
day and this underestimates peak discharge yet
further. Thus, it is best to carefully investigate
the nature of the original gauge data record,
identifying data gaps and any other issues that
lead to inaccurate estimates of peak values
before calculating CVQ), and other statistics. It is
also important to find what controls there are on
the river system (for example, large dams and
major extraction points) and to consider the
peak discharge series either before and/or after
construction to avoid generating a CV(Q, that is
controlled in major part by the initiation of the
control. When comparing sedimentary facies
records to discharge data, ideally the CVQ, is
calculated from data recorded near to the study
site and for the period when the facies were
deposited (i.e. if the facies were deposited
before construction of a major dam, or major
change in land use in the catchment, the CVQ),
used to relate to the facies patterns should be
for the period before that change).

Some organizations give direct public access
to vast amounts of data in a format that is easy
to process. A lot of such data are available via
The Global Runoff Data Centre. Some organiza-
tions restrict access to data or give access to data
with less resolution or background information
about reliability of peak data. A full list of data
sources used herein is given below.

As stated previously, knowledge and under-
standing of rivers is very strongly biased by a
predominance of studies of rivers in temperate
countries. Add to this that most of the ‘classic’
studies of fluvial facies were undertaken in tem-
perate northern areas gives a bias to the data
included in this and other studies (Miall, 1978;
Bridge, 2003). Obtaining suitable data for CVQ),
comparisons from some geographic settings is
problematic either because of unreliable or
non-existent river gauges or non-availability of

Discharge variance-based fluvial facies models 5

data. The lack of reliable data is particularly
acute in very arid areas. In ephemeral channels
where water may flow for a few days once in
many years, the CVQ, will be very high. For
example, if CVQ, is calculated for a 30-year
period of data for a stream that normally has a
dry bed but records three separate flow events of
100 m® s~' in different years the CVQ, will be
3, whereas if the same size event happens only
once in those 30 years, the value rises above 5.

The length of discharge data needed to gener-
ate a reliable CVQ), varies with the character of
discharge variability. In an unchanging system,
the longer the gauging record the better. How-
ever, CVQ, calculated over long periods will
mask runoff pattern changes that may cause
changes in facies patterns. A compromise is to
use a record that is about 30+ years long. This
then can give CVQ), values that relate better to
the discharge characteristics at the time the sedi-
ments studied in any particular example were
deposited. The variation in CVQ, over time is
discussed further below.

CONTROLS ON THE INTER-ANNUAL
PEAK DISCHARGE VARIANCE (CVQp)

The newly augmented database (Table 2) lists
CVQ, and alluvial record summary characteris-
tics of 43 rivers. Most of the rivers presented in
Table 2 are those for which sedimentological
studies have been published, and wherever pos-
sible are based on subsurface geophysical imag-
ery and drilling or trenching data. A major
proportion of these rivers have been used to for-
mulate published alluvial facies models. The
data used to calculate CVQ, are from the nearest
gauging station to the sedimentological study
sites. The variance in this database ranges from
0.08 to 3.45 (Table 2). CVQ, for arid settings
may be considerably higher but streams in such
settings rarely have reliable gauging records for
more than a few years. In some cases, CVQ), is
cited as a range where good data, available from
multiple gauging stations, have been used to cal-
culate the statistic. This provides an immediate
indication that CVQ), varies along the course of
an individual river, and in some cases substan-
tially (for example, Niobrara; Table 2). An exam-
ple of CVQ, changing through the Platte River
basin in response to contributions from tribu-
taries is given below. Also, CVQ, may change
over time in response to a variety of stimuli,
both natural and anthropogenical.
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To provide insight into the role of drainage
area on CVQ),, the area of drainage basin above
the gauging station(s) used is listed (Column 3
of Table 2). Figure 1 shows CVQ), plotted against
catchment area above the gauging site; this sug-
gests that there is a complex non-linear relation-
ship between the two variables, and the
understanding of this can be improved by plot-
ting CVQ, against mean annual peak discharge
(Fig. 2) which shows a weak negative correla-
tion. Rivers with smaller mean annual peak dis-
charge exhibit a much broader range in CVQ,
(see also Table 2). This is as expected for several
reasons: (i) weather events causing major floods
may affect the entirety of one small river

and (B) using a logarithmic scale for
drainage area.

catchment but only part of a big catchment; (ii)
flood waves may be attenuated as they move
down river systems, making their duration lon-
ger compared to their peak magnitude, and
CVQ), is a statistic of peak magnitude variance;
and (iii) in any one event the peak discharge
from different tributaries may reach a point on
the trunk stream at different times, such that the
size of a major event may not appear relatively
as big lower in a drainage system. Because the
main stem (trunk) channel(s) of continent-scale
rivers receive water from many tributaries,
anomalous effects of individual tributaries will
be subdued in a manner comparable to that
documented for downstream ‘shredding’ of
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scale, and (B) using a logarithmic
scale for peak discharge.

environmental signals in sedimentary records
(Jerolmack & Paola, 2010; Romans et al., 2016).
That large, continental scale rivers will show
low values of CVQ), is therefore predictable.
Rivers with high and very high/ultra-high
CVQ, are concentrated in areas with arid, semi-
arid or at least subhumid climate, at a variety of
latitudes. The few examples of good gauging data
available for arid areas give very high CVQ,. In
contrast, there is less relationship between rivers
with low values of CVQ), and climatic context,
with examples in a variety of latitudinal belts
(Table 2). Some large rivers with low CVQ), are

0.50 1.00 1.50 2.00 2.50 3.00
Coefficient of variance

affected by monsoonal precipitation patterns (for
example, Jamuna, Ganges), while others are in
non-monsoonal, warm temperate (for example,
Mississippi) or in cool to cold temperate climate
zones (Mackenzie, Ob’). Groundwater-fed rivers
tend to have low CVQ, and can occur in any cli-
matic setting. Plotting CV(Q),, against river loca-
tion (at the gauging station) in degrees of latitude
north or south of the Equator indicates some
coherent relationships. Rivers in the Equatorial
belt tend to have low CVQ), values, which rise
towards the subtropical zone (20-30° north and
south) where climate is typically subhumid to
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semiarid and strongly seasonal. Rivers in the
database with the highest CVQ), values (Fig. 3)
are located about the Intertropical Convergence
Zone. Rivers in mid-latitudes and high-latitudes
show a progressive decrease in CV(Q, values
(Fig. 3). There is no correlation between CVQ,
and river planform (Fig. 3).

Examination of long gauge records (of the
order of 100 years or more) shows that CVQ,
has changed in modern rivers over time, in some
cases abruptly due to a single flow event, in
some rapidly because of damming or land use

by a moving data window for
calculation of CVQ,,

change, and in others more gradually in
response to some external forcing. Discharge
data from the Congaree River of South Carolina,
USA, illustrates moderately rapid change
(Fig. 4). The 30-year moving CVQ, value
declines steeply over the period 1950 to 1970, a
time when numerous dams were constructed on
the river. This illustrates how regulation related
to dam construction may have a profound
impact on rivers. Natural variability can only be
reliably assessed by examining pre-regulation
records. Since 2000, there has been a gradual
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Fig. 5. Discharge and CV(Q), for the
Nueces River at Three Rivers, B 1.6 A
Texas, to illustrate the effect of an 1.4 -
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Annual peak discharge series, in o ) -~ l / MA
m? s71. (B) Plots of the overall and 5 11
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30 year moving value for all data 1915 1935 1955 1975 1995 2015

excluding 1967.

rise in CVQ, in the Congaree River (Fig. 4)
which could be a consequence of climate
change, land use change and/or degradation of
storage in the dams.

The impact of a single, anomalously high flow
event on CVQ, is illustrated by data from the
Nueces River of Texas, USA (Fig. 5). In Fig. 5A,
the anomalous nature of the 1967 event is evi-
dent from a plot of average annual peak dis-
charge, and the effects of that event on both the
CVQ, calculated over the total record (over
100 years) and the 30-year moving CVQ, are
shown in Fig. 5B. This shows how major, anom-
alously large flow events will have a significant
effect on the statistic. It is likely that such anom-
alously large events have sedimentological sig-
nificance (see below).

THE RELATIONSHIP BETWEEN CVQp
AND ALLUVIAL SEDIMENT CHARACTER

The expanded database (Table 2) confirms and
strengthens the already robust relationship

between CVQ), and characteristics of preserved
alluvium posited by Fielding et al. (2018). As
CVQ, increases, the proportion of dune-scale
cross-bedding preserved in  river-channel
deposits decreases and the proportion of sedi-
mentary structures generated in the upper flow
regime, such as planar stratification, cross-
bedded scour fills and antidunal bedding,
increases. Concomitantly, the degree of preserva-
tion of recognizable macroform features
decreases, and in-channel lateral variability in
lithology increases. This all reflects the increas-
ingly peaked (or ‘flashy’) nature of discharge in
high CVQ, systems, in which the bed is rarely
able to attain or retain equilibrium with flow con-
ditions during rapidly falling stage such that bed-
forms representative of peak or early falling stage
are less likely to be reworked and more likely to
be preserved. Furthermore, because many rivers
that have high CVQ, are in arid, semiarid or
subhumid areas, it is also common for such sys-
tems to host river bed trees, because the river
bed in these systems is both dry for extended
periods (thereby allowing opportunistic woody
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South Saskatchewan River at Medicine Hat, AB, Canada
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Fig. 6. Annual peak discharge series, and 20 and 30 year moving values of CV(Q, for the South Saskatchewan
River at Medicine Hat, Alberta, showing the 2005 event investigated by Sambrook Smith et al. (2010) and its mini-
mal effect on CVQ,. The Medicine Hat gauge data are used here in preference to those from the closer Saskatoon
gauge because the data series is longer-lived with fewer time gaps. The CV(Q), running values rise significantly

after the river became heavily regulated in the 1990s.

vegetation to become established) and constitutes
the only reliable, year-round source of moisture
at a depth roots can reach. Thus, the presence
of both in situ tree stumps and of large woody
debris is enhanced in many high CV(Q, systems.
The changing nature of preserved alluvium
with increasing CVQ), is not just a function of
flow conditions but also one of the manner in
which sediment is accumulated differently in
rivers with varying flow regime. For example,
Sambrook Smith et al. (2010) found, through
repeat Ground-Penetrating Radar (GPR) surveys,
that a major flow event in 2005 on the South
Saskatchewan River in western Canada
(CVQ, = 0.72; Fig. 6), made little if any recog-
nizable difference to the accumulated sediment
in the river. This implies that for rivers with
low to moderate CVQ),, such as the South Sas-
katchewan, the preserved record is one of
repeated small incremental additions of beds
over long timeframes. In contrast, Fielding
et al. (1999) found that a single major flow event
on the upper Burdekin River in Queensland,
Australia (CVQ, = 0.92-1.22) in 1997 entailed
up to 6 m of bed erosion and redeposition.
McKee et al. (1967) also documented deposition
of up to 4 m of alluvium during the catastrophic
flood of June 1965 on Bijou Creek, Colorado,
USA (CVQ, =0.92). This limited dataset sug-
gests that the nature of sediment accumulation
may vary with CVQ,, with high CV(Q, systems
more prone to wholesale reworking and partial
to complete channel filling from single events.
Given this pattern, and the increased presence

of stratification styles indicative of upper flow
regime conditions, it is logical that high CVQ,
rivers will preserve a greater proportion of such
deposits in their sedimentary record. The
extreme of this is in arid settings where the only
fluvial deposition occurs in infrequent runoff
events (e.g. Fryberger et al., 2016; Kocurek
et al., 2020). In such settings the CVQ, is likely
to be well over 2.

Alexander et al. (2020) examined sequential
remotely sensed imagery of the lower Burdekin
River (CVQ, =1.00) and compared patterns of
river bed change (inferring from that sediment
accumulation) with discharge data between 1977
and 2018 in order to assess how runoff events
with different hydrograph size and shape corre-
lated to significant sediment accumulation or ero-
sion on the river bed (Fig. 7A). These authors
found that flow events with peak discharge
greater than 14 000 m® s~ (Type A; Fig. 7A) had
considerable impact on the bed. Events with
peaks 10 000 to 14 000 m® s~ ' and a gradual dis-
charge decline (Type B; Fig. 7A) produced mod-
est changes, whereas events with 10 000 to
14 000 m® s~ ' peak and rapid discharge fall (along
with lesser runoff events, Type C; Fig. 7A) pro-
duced little if any change on the bed. The largest
and most prolonged runoff event in the interval
of study was in January/February 1991, which
according to Alexander et al. (2020) ‘reset’ the
channel bed significantly. It is conceivable that
the sediment seen 4 to 10 m below the river bed
in GPR data acquired in 1999 (fig. 6 of Fielding
et al., 2011), which preserves trough cross-beds
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Fig. 7. (A) Falling stage hydrographs of several recent major flow events on the lower Burdekin River, and their
correlation to bed change as determined by examination of serial remotely sensed imagery (from Alexander
et al., 2020). Type A events with peak discharge greater than 14 000 m® s had considerable impact on the bed.
Type B events with peaks 10 000 to 14 000 m® s ' and a gradual discharge decline produced modest changes,
whereas Type C events with 10 000 to 14 000 m® s™' peak and rapid discharge fall (along with lesser runoff
events) produced little if any change on the bed. (B) Annual peak discharge series for Clare gauging station on the
lower Burdekin River. Note that of the events shown in part (A), only 1991 caused significant changes to the river
bed. Based on this limited database, it seems that only exceptional events had significant impacts on the river
bed.
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Table 3. Calculations of modelled CVQ, on the
Jokulsa 4 Fjollum in north-east Iceland, based on a
24 year gauging record that does not include any
jokulhlaups, and adding an artificial year to the
record with differing peak discharge magnitudes rela-
tive to the recorded peak discharge. The CVQ), of the
raw gauging record is 0.27. Jokulhlaups with 100
times normal peak discharge have been documented
from the region (e.g. Snorrason et al., 2002).

With one artificial year Synthetic Model

added Qp cvQ,

2 X maximum 877.58 0.420225
4 x maximum 1755.16 0.814732
10 x maximum 4387.90 1.719781
50 x maximum 21939.50 3.625332
100 x maximum 42876.00 4.156576

up to 3 to 4 m thick that are continuous for tens
of metres in the flow-parallel direction, were
deposited at this site during the 1991 event.

The three types of events summarized above,
from 1977 to 2018, are plotted on the annual
peak discharge series at Clare on the lower Bur-
dekin River (Fig. 7B). Although only two events
fall into the category that caused major bed
change, it is evident that exceptional events are
required to have any major impact on the sedi-
mentary record of this river. Given the observa-
tions summarized above and noting that there
are other exceptional events shown in Fig. 7B
which pre-date the time series of available aerial
imagery, this suggests that events shaping the
alluvial record of the Burdekin River occur on
intervals of tens of years. GPR data (Fielding
et al., 2011) suggest that the most recent of those
events (1991) is likely to be largely responsible
for what is currently preserved below the bed of
the modern river.

The very large 1991 Burdekin River flow event
made very little change to the CVQ, at Clare
(Fig. 7B). Conversely, large events in rivers with
lower CVQ),, such as the South Saskatchewan
(Fig. 6), have an immediate impact on the CVQ),,
with abrupt rises recorded in 1995 and 2013
(but not in 2005; Sambrook Smith et al., 2010).
This raises the question of whether events so
anomalous that they abruptly increase the CVQ),
are required in order to have any significant
influence on preserved stratigraphy in such
systems.

An extreme example of this relationship is
provided by glacial outburst floods (or
jokulhlaups’ from the Icelandic). Such

phenomena, triggered by sub-glacial volcanic
eruptions or breaches of glacial lake dams, entail
abrupt, one to three orders of magnitude
increase in discharge down glacier-fed rivers
(e.g. Snorrason et al., 2002; Alho et al., 2005;
Marren et al., 2009; Carrivick & Tweed, 2019).
No long-term gauging records that include major
jokulhlaups could be found during this study.
To circumvent this issue, Table 3 models the
effect of superimposing a jokulhlaup of varying
magnitude on the annual peak discharge from a
24-year gauging record (that does not include
any jokulhlaups) from Joékulsa 4 Fjollum in
north-east Iceland. The CVQ), rises from 0.27 for
the raw gauge record to >4 if a year is added
with a discharge that peaks at 100 times greater
than the maximum recorded event (Table 3).
Events of this and larger magnitude have been
recorded or inferred in the recent past from
Jokulsa 4 Fjollum (Alho et al., 2005) and
Skeidararsandur, southern Iceland, in 1996
(Snorrason et al., 2002). Major historical and
older Holocene jokulhlaups have been shown to
leave a lasting imprint on the landscape in
terms both of erosional and (importantly) depo-
sitional features (e.g. Maizels, 1989; Russell &
Knudsen, 2002; Cassidy et al., 2004; Alho et al.,
2005; Duller et al., 2008; Marren et al., 2009).

A case study: the Platte River drainage basin,
central USA

A case study of the Platte River drainage basin
(220 000 km?; Fig. 8) in the central Great Plains
region of the USA is used here to evaluate spa-
tial and temporal changes in CVQ), and their
potential impact on alluvial records. This sys-
tem is coincidently an area where several forma-
tive studies in fluvial lithofacies analysis were
undertaken by numerous researchers, and those
study sites are marked on Fig. 8. The Platte has
two main threads, the North and South Platte
rivers (Fig. 8), both of which rise in the Front
Range, Rocky Mountains of Wyoming and Colo-
rado, and flow broadly eastward, converging in
western Nebraska before joining the Missouri
River near Plattsmouth in south-east Nebraska.
There are several major tributaries in the
upstream portion of the basin, including Big
Thompson River, Bijou and Lodgepole creeks on
the South Platte, and the Laramie River and
Sweetwater Creek on the North Platte. Down-
stream of the confluence of the North and South
Platte, there are several more major tributaries
including the Loup and Elkhorn rivers. Several
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dams have been built on the upper parts of the
system, notably Lake McConaughy on the North
Platte River, completed in 1941. Numerous
gauging stations, some with over 100 years of
record, provide a plethora of discharge data
throughout the drainage basin (Fig. 8), facilitat-
ing an analysis of CV(Q, patterns in time and
space. This plethora of data largely overcomes
the problems that arise if one (or more) gauging
station record is incomplete or ‘suspect’ for indi-
vidual discharge events (peak discharge may be
unreliable in gauging data because it may
exceed the measuring range of the gauging sta-
tion and consequently require an estimate).

A lot of sedimentological and stratigraphic
data are available for Bijou Creek (McKee
et al.,, 1967; Costa & Jarrett, 2008), the conflu-
ence of the Roaring River and Fall River (Jarrett
& Costa, 1986; Blair, 1987), the Big Thompson
River (Kimbrough & Holmes Jr., 2015), and for
the mainstem Platte River (Smith, 1970, 1971a,b;
Joeckel & Henebry, 2008; Horn et al., 2012a,b;
Joeckel et al., 2015) and the Calamus River
(Bridge & Gabel, 1992; Gabel, 1993; Bridge
et al,, 1995). These well-known study sites are
indicated on Fig. 8.

In general, CVQ), has fluctuated modestly over
the periods of record in the mainstem channel,
as exemplified by the gauging stations at Over-
ton and Duncan, Nebraska (Figs 8, 9A and 9B).
The record at Louisville, Nebraska (Fig. 9C), on
the other hand, shows a large upward shift in
2019, after a major flow event in that year that
resulted from exceptional early spring rainfall
combined with rapid melting of winter snow
accumulation. This event emanated from the
Elkhorn River catchment (Fig. 8). This high-
lights the impact that rare flow events can have
on the CVQ,. Several such runoff events have
occurred in different parts of the Platte River
catchment over the period of record. The CVQ,
‘signature’ of specific events was tracked,
including the June 1965 (tributaries and South
Platte River in eastern Colorado and western
Nebraska), July 1982 (Roaring River to Big
Thomson River) and March 2019 events (Elk-
horn and lower Platte rivers), to determine how
far the influence of a single precipitation and
runoff event can extend. The 2013 flow event in
the Big Thompson and South Platte rivers,
which caused an estimated 3 billion US$ dam-
age to property and infrastructure (Kimbrough &
Holmes Jr., 2015) in the Front Range canyon
and adjacent plains communities in eastern Col-
orado (Fig. 8), was also tracked. Figures 10 to

Discharge variance-based fluvial facies models 21

13 show the characteristics of the CVQ,
response to the runoff events in 1965, 1982,
2013 and 2019, respectively. These maps show:
the portion of the basin where there was a
noticeable effect on the CVQ), based on gauging
records (the most downstream station shown
being the lowest station where a change is evi-
dent); the annual peak discharge record at
selected gauging stations together with running
values of CVQ),; the relative size of the change
in CVQ, (size of coloured circle indicates
minor, moderate and major changes, respec-
tively); and the date when peak discharge was
recorded at the selected gauging stations. In
some cases, the CVQ, rose to levels well
beyond the long-term values used to character-
ize river systems in Table 2. For every gauging
station shown in Figs 10 to 13, the event in
question was the peak discharge for the
given year.

The South Platte River event of June 1965
(Fig. 10) arose from heavy precipitation in the
western tributary catchments, with the flood
peak moving downstream through the area over
five or six days. A change in the CVQ), resulting
from this event is seen as far as the town of
North Platte, 250 km downstream (Costa & Jar-
rett, 2008). The biggest effects were felt in the
tributary streams such as Kiowa, Plum and Bijou
creeks (Fig. 10), although gauging records there
are somewhat incomplete. Costa & Jarrett (2008)
estimated peak discharge indirectly at 7759 m?®
s~ ! in Bijou Creek. McKee et al. (1967) provide
detailed sedimentological data on the effects of
this event. They documented the cutting and
filling of new channels at multiple locations,
with extensive deposition of up to 4 m of sands
internally dominated by upper flow regime strat-
ification. It is notable that this case study
became the basis for one of Miall’s (1977) verti-
cal sequence facies models for braided river
deposits. The record of this event at Bijou Creek
is unquestionably that of a high to very high
CVQ, system.

A flash flood on the Roaring River in the high
Rocky Mountains occurred on 15 July 1982 as a
result of dam failure (Jarrett & Costa, 1986;
Blair, 1987). A hyperconcentrated flow des-
cended the Roaring River and constructed a new
alluvial fan at the confluence with the Fall River
(a tributary of the Big Thompson River; Fig. 11).
Peak discharge on the Roaring River was esti-
mated as 340 m® s™' (Jarrett & Costa, 1986). This
event had a major impact on the CVQ), for only
a few kilometres downstream of the confluence
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Fig. 8. Map of the Platte River drainage basin in central USA, showing the principal watercourses and other cul-
tural and geographic features, including gauging stations. The locations of published facies studies on the Platte
River and its tributaries are shown by red stars: (1) Blair, 1987; (2) McKee et al., 1967; (3) Joeckel et al., 2015; (4)
Bridge & Gabel, 1992; Gabel, 1993; Bridge et al., 1998; (5) Horn et al., 2012a,b; (6) Smith, 1971a,b. In other publi-
cations, N.D. Smith reported observations and data from multiple locations along the Platte River. Black dots
denote the locations of gauging stations used in this study.
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Fig. 9. Plots of annual peak discharge and CVQ),, with 30 and 40 year moving values, for Overton, Duncan and
Louisville, Nebraska, on the Platte River, central USA (see Fig. 8 for locations).
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Fig. 10. Map of the area of the South Platte River system where the 1965 flow event had a significant impact on
the CVQ,. The size of black circles indicating the relative size of the change in CVQ), (small = minimal, medium =
moderate, large = major) and the associated number is the date in June 1965 when the peak discharge was mea-
sured at that site. Graphs show the record of peak annual discharges from selected gauging stations, with a red
dot denoting the June 1965 event. In each case, that event was the maximum discharge in that year at that site.
The 20, 30 and 40 year moving CV(Q), values are shown for each gauging record. Red star marks the site of the

study of McKee et al. (1967).

of the Roaring and Fall rivers, but a minor influ-
ence can be recognized as far as Kersey, Colo-
rado (Fig. 11). The event caused the CV(Q), value
to rise abruptly from ca 0.5 to ca 3.5 in a station
close to the Roaring River, moving the system
into an entirely different class of CVQ,. The
major depositional effects, which were formed
as a direct consequence of this event, were
restricted to the Roaring River and the alluvial
fan formed at the confluence with the Fall River
(Jarrett & Costa, 1986; Blair, 1987). The deposit
was up to 14 m thick (Blair, 1987). Sand and
gravel with upper flow regime sedimentary
structures record that the flow was at least
locally supercritical, hyperconcentrated and tur-
bulent. The Roaring River alluvial fan is a single
event deposit that represents an extreme in the
spectrum of sedimentological responses to indi-
vidual runoff events. These now classic deposits
correlate therefore with CVQ, of 3 or higher
(Fig. 11). This stresses the importance of using
the appropriate interval values of CVQ,,.

The 2013 Big Thompson River flood (Kim-
brough & Holmes Jr., 2015) is comparable to an
earlier event in 1976, and like the earlier event
it affected the canyon reach from Estes Park to
the foot of the Front Range greatly (Fig. 12). Pre-
cipitation in this case was more widely distrib-
uted and continued for longer than in the 1976
event, leading to an estimated peak discharge of
454 m® s7' at the mouth of the canyon (Kim-
brough & Holmes Jr., 2015). Sustained precipita-
tion also caused extensive flooding across the
western Great Plains, and the event had an
impact on CVQ, down the entire length of the
Platte River to the confluence with the Missouri
River (Fig. 12), taking almost a month for the
flood peak to move that far. Kimbrough &
Holmes Jr. (2015) note extensive geomorphic
changes in the Big Thompson River canyon, and
Joeckel et al. (2015) document extensive sedi-
mentological change to the South Platte and
Platte River as a direct result of this event. A
series of changes were noted, some entailing

accumulations of large, woody debris or of sedi-
ment around vegetation obstacles and localized
scour. Joeckel et al. (2015) suggested that this
array of effects could be considered as a signa-
ture of a major flow event in a river like the
Platte.

The 2019 flow event on the eastern Nebraska
tributaries of the Platte River (Loup Rivers, Elk-
horn River, principally) affected a broad area
and can be recognized in gauging records as far
as the Missouri River below the confluence with
the Platte (Fig. 13). This flow event was caused
by widespread, heavy precipitation across east-
ern Nebraska and surrounding regions, and led
to extensive flooding (Fig. 14A). The flood peak
moved downstream on several tributaries and
the mainstem channel simultaneously. This
event caused an abrupt increase in the CVQ, at
numerous gauging stations across the region
(Fig. 13). It caused major changes in the arrange-
ment of channel sediments in the braided, lower
Platte River. Field observations near Louisville,
Nebraska, in 2021 indicate the internal architec-
ture of 2019 sand bar deposition was quite het-
erogeneous, and involved some upper flow
regime structures as well as low-angle dune (cf.
Cisneros et al., 2016; Bradley & Venditti, 2017)
cross-stratification (Fig. 14B and C). The subsur-
face architecture of lower Platte River sediments
in the same area was interpreted by Horn
et al. (2012a) to record repeated erosional trun-
cation of prior deposits by successive annual
events, but the 2019 record may have over-
printed this pattern.

Taken as a set, these records of events illus-
trate four important points. Firstly, at least five
events over the past 60 years have had a signifi-
cant influence on different parts of the Platte
River system, and have left a lasting record of
change in the alluvial stratigraphy, at least
locally. Secondly, it could be argued, given the
background sediment accumulation pattern
established by Horn et al. (2012a), that events
causing an abrupt and substantial increase in
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Discharge variance-based fluvial facies models 27

Fig. 11. Map showing characteristics of the anomalous 1982 flow event on the Roaring, Fall and Big Thompson
rivers. The map covers only the extent of the basin where the event caused an increase in the CVQ,, with the size
of black circles indicating the relative size of the CVQ), change (small = minor, medium = moderate, large = major)
and the associated number representing the date in July 1982 when the peak discharge was measured at that
site. Graphs show the record of peak annual discharges from selected gauging stations, with a red dot denoting the
July 1982 event. In each case, that event was the maximum discharge in that year at that site. 20, 30 and 40 year
moving CVQ, values are shown for each gauging record. Red star marks the site of the study of Blair (1987).

the CVQ), are perhaps required in order to leave
a lasting recognizable record of an individual
event. Thirdly, over the timeframes that individ-
ual channels or channel belts are active (hun-
dreds to thousands of years), the relative
frequency of anomalous events (that might seem
anomalous in terms of local human experience,
but broadly tens of years) might be such that
they leave the dominant imprint on the alluvial
architecture. This is consistent with the charac-
teristics of high CVQ, systems in general, and
with the classification of the Platte River as a
high CVQ, system from its discharge record
(Table 2). Fourthly, the spatially and temporally
heterogeneous distribution of individual flow
events and their effects on sedimentation can be
expected to affect the entire system over a suffi-
ciently long timeframe (hundreds to thousands
of years, beyond the limit of gauging records).
Thus, it is concluded that, using the Platte River
drainage basin as an example, river systems
will, over the full span of time they are active,
form and preserve an alluvial record that reflects
their inter-annual peak discharge variability.

A NEW GENERATION OF FLUVIAL
FACIES MODELS

The data in Table 2 and the insights gained
from the Platte River drainage basin indicate
that the CVQ, is a statistic that correlates
robustly with alluvial deposit characteristics,
and reflects the environmental characteristics of
the formative system. It can therefore be used as
the basis for a new set of fluvial facies models
and is largely independent of planform, and that
have predictive or interpretive value. These
models can be used along with a traditional,
planform-based view, or as an alternative to that
approach. It is acknowledged that the new
models do not specifically inform predictions of
cross-sectional channel body dimensions, such
as are useful in subsurface resource exploration

and management (cf. Fielding & Crane, 1987;
Gibling, 2006; Colombera et al., 2014). Further-
more, planform-based models can better address
macroform geometry of alluvial channel fills.
However, the CVQ,-based models may allow
more meaningful interpretation of palaeoenvir-
onmental conditions and changes.

It is suggested that facies models based on
CVQ, correlate more significantly with alluvial
architectural style than models based on particu-
lar climatic forcing mechanisms, such as mon-
soons (Plink-Bjorklund, 2015, 2019). Indeed,
Table 2 demonstrates that rivers formed in ter-
rains subjected to monsoonal variations display
a range of CV(Q), values similar to many rivers in
other climatic zones. Some monsoonal rivers
(for example, Brahmaputra/Jamuna, Ganges),
perhaps counter-intuitively, show quite low
values of CVQ),, and their deposits are internally
dominated by lower flow regime bedforms and
structures (Best et al., 2003; Shan et al., 2020).
Plink-Bjorklund (2015) considered monsoonal
rivers and those in other subtropical domains as
a single class of rivers, but the CVQ, data show
that the two display quite different characteris-
tics. The array of cross-sectional models pro-
posed by Plink-Bjorklund (2015, fig. 24) and
interpreted to reflect a gradient of discharge
‘flashiness’ are not linked to the deposits of any
modern rivers. Figure 3 shows CVQ, plotted
against degrees of latitude north or south of the
Equator and demonstrates little relationship
between latitude and CVQ,. It also evident from
Fig. 3 that the rivers surveyed with the highest
values of CVQ, (within the database) are in
deserts and lie mostly in the range 20 to 35
degrees of latitude, corresponding to zones
around the fringes of the world’s low-latitude
deserts that experience subhumid to semiarid
climates and often highly unpredictable precipi-
tation (see also Table 2). Facies models based on
peak discharge variance, then, do not provide a
diagnosis of latitudinal setting but contribute to
an understanding of formative environment
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Discharge variance-based fluvial facies models 29

Fig. 12. Map showing characteristics of the anomalous 2013 flow event on the Big Thompson River. The map
covers only the extent of the basin where the event caused an increase in the CV(Q,, with the size of black circles
indicating the relative size of the CV(Q, change (small = minor, medium = moderate, large = major) and the associ-
ated number representing the date in September or October 2013 when the peak discharge was measured at that
site. Graphs show the record of peak annual discharges from selected gauging stations, with a red dot denoting
the September 2013 event. In each case, that event was the maximum discharge in that year at that site. 20, 30
and 40 year moving CV(Q), values are shown for each gauging record. Red star shows the location of the study of

Joeckel et al. (2015).

including climatic regime. Further information
on palaeoclimatic parameters could be derived
from a variety of geochemical proxies now avail-
able (e.g. Algeo & Liu, 2020; Dinis et al., 2020)
in order to facilitate an integrated palaeoenvir-
onmental analysis.

The following passages give details of facies
models for the deposits of low, moderate, high
and very high/ultra-high discharge variance flu-
vial systems, based on examples from modern
rivers (Table 2) and with illustrations of equiva-
lent successions from the rock record (Figs 15 to
18). A summary of the characteristics of low,
moderate, high and very high/ultra-high CVQ),
river channel fills is provided in Fig. 19. This
builds on the preliminary analysis presented by
Fielding et al. (2018). The CVQ, classes docu-
mented herein are largely independent of plan-
form, sediment grain-size and scale. Some
examples are single storey channel bodies,
whereas others are multi-storey or multi-lateral.
Controls on such larger-scale architecture are
distinct from channel-forming and channel-
filling processes, viz. accommodation rate, sedi-
ment supply rate and avulsion rate (Allen, 1978,
1979; Bridge & Leeder, 1979; Mackey &
Bridge, 1995; Karssenberg & Bridge, 2008).

There are some sedimentary structures and
features that are common to all CVQ), classes
and considered non-diagnostic. Such features
are not included in the descriptions below. They
include ripple cross-lamination and climbing
ripple cross-lamination, and soft-sediment defor-
mation structures such as overturned bedding,
convolute bedding and load structures. The
examples cited and illustrated avoid those
where there is evidence for tidal modulation of
fluvial outflow or backflow due to flood tidal
movement, because tidal action is known to be a
major contributor to facies heterogeneity in
coastal river systems (Davis & Dalrymple, 2012).
The categories are defined by somewhat arbi-
trary CVQ, boundaries, informed by changes in

the preserved facies assemblage of rivers sur-
veyed in Table 2. As demonstrated in a previous
section, CVQ, varies both spatially and tempo-
rally in the same system, and so ancient alluvial
successions might be expected to preserve ele-
ments of more than one style, or to fluctuate
from one style to another.

Deposits of rivers with low CVQ,, (<0.2 to 0.5)

Rivers with low values of CVQ, (Table 2) span
the full range of planform styles, of dimensions
and of latitude on the modern Earth’s surface.
Average grain-size is variable, ranging from mud
to gravel, but there is minimal variability in
lithology within channel fills. Macroform fea-
tures such as remnants of in-channel bars and
channel forms are abundantly and often
completely preserved. Deposits of these rivers
are dominated by lower flow regime structures,
mainly dune-scale cross-bedding of various
sizes, with subordinate flat stratification. Exam-
ples of modern rivers that epitomize this style
include the Amazon, Calamus, Ganges, Jamuna,
Mississippi and South Esk (Table 2, Fig. 15A).
These are also among the rivers for which the
most detailed documentations of sediment body
architecture have been derived (e.g. Jordan &
Pryor, 1992; Bridge et al., 1995, 1998; Best
et al., 2003; Galeazzi et al., 2018; Almeida
et al., 2024). Large woody debris is often seen
washing down many of these modern rivers but
it appears to be relatively poorly preserved in
the sedimentary record. Trees may grow densely
on bank tops and complex bar tops, and roots
are seen penetrating down into older channel
deposits, but tree trunks are not found rooted
within channel deposits.

Many ancient examples of alluvial deposits
that correspond to the low CVQ), style have been
documented (Fig. 15B to G). Indeed, this
remains the archetypal alluvial channel body
style in the minds of the majority of sedimentary
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Fig. 13. Map showing characteristics of the anomalous 2019 flow event on the Platte River and tributaries in east-
ern Nebraska. The map covers only the extent of the basin where the event caused an increase in the CVQ,, with
the size of black circles indicating the relative size of the CV(Q), change (small = minor, medium = moderate, lar-
ge = major) and the associated number representing the date in March 2019 when the peak discharge was mea-
sured at that site. Graphs show the record of peak annual discharges from selected gauging stations, with a red
dot denoting the March 2019 event. In each case, that event was the maximum discharge in that year at that site.
20, 30 and 40 year moving CVQ, values are shown for each gauging record. Red stars show the location of studies
by: (1) Horn et al. (2012a,b); and (2) Smith (1971a,b).

Elkhorn
River

Fig. 14. (A) Aerial view of flood on Elkhorn River, Nebraska, upstream of the confluence with the Platte River, 16
March 2019. (B) and (C) Field photographs of bar deposits on the lower Platte River near Louisville, NE, that were
formed in the 2019 event. Note the dominance of low-angle dune cross-bedding and flat/low-angle stratification in
the cutbank deposits. Vertical section ca 1.5 m in each case.

geologists. Historically, ancient fluvial sediment lower to middle Pennsylvanian (Namurian/

bodies that did not conform to this style were
either regarded as oddities and largely ignored,
or in some cases not even recognized as record-
ing channel deposits. The examples discussed
here and illustrated in Fig. 15 are either from
formations that conform to this style in toto or
in part. Among these are the many well-exposed
sandstone-dominated channel bodies from the

Westphalian) succession of central and northern
England (Fielding, 1986; Guion & Fielding, 1988;
Guion et al., 1995; Keogh et al., 2005) and south
Wales (Hartley, 1993; Hampson, 1998; George,
2000). Channel sandstone bodies are internally
dominated by cross-bedding (Fig. 15B) and show
excellent preservation of macroform architecture
(e.g. Haszeldine, 1983). The palaeoclimate
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Fig. 15. Examples of low CV(Q), river deposits. (A) Line drawing interpretation of GPR data through a sand-
dominated point bar deposit on the South Esk River of Scotland, showing well-preserved, macroform cross-
bedding related to point bar migration. Redrawn from Bridge et al. (1995). (B) Line drawing interpretation of GPR
data through a sand-dominated, mid-channel bar on the Jamuna River of Bangladesh, showing an abundance of
dune-scale cross-bedding, and macroform features such as major scour surfaces and bar front slipface cross-
bedding (right end). Note vertical exaggeration. Redrawn from Best et al. (2003). (C) Line drawing and interpreta-
tion of a quarry face exposing a channel body in the lower Westphalian A of the Durham coalfield, north-east
England, again showing an abundance of cross-bedding and well-preserved macroform features (channel floor
scour surface, storey-bounding bar accretion surfaces). Redrawn from Fielding (1986). (D) Photomosaic of pit face
at Powell, Nebraska, USA, exposing pervasively cross-bedded Pleistocene gravelly sands that constitute multi-
storey incised-valley fills. Person for scale 1.8 m. (E) Close-up view of the southern end of the pit face in (D),
showing pervasive dune-scale cross-bedding. Bones and teeth of woolly mammoths were also found at this local-
ity. 3 m vertical section shown. (F) Cross-bedded conglomerates and gravelly sandstones of the Mississippian
Mount Hall Formation in the Drummond Basin, Queensland, Australia. Backpack 0.6 m high. (G) Cross-bedded
sandstones forming part of the uppermost Pennsylvanian Indian Cave Sandstone at Peru in south-east Nebraska,
USA, a multi-storey incised-valley fill (one bounding surface is visible in the upper part of the face). Drone pilot
1.65 m. (H) A series of sandstone channel fills dominated by dune-scale cross-bedding and showing channel-scale
bedding features in the upper Permian Bainmedart Coal Measures of the Prince Charles Mountains, East Antarc-

tica. 30 m section exposed.

during this time, at the sites described, is widely
regarded to have been humid and tropical
(Schopf, 1973; Besly & Turner, 1983). Interest-
ingly, the overlying, upper Pennsylvanian (Ste-
phanian/Autunian) succession in the English
central Pennine Basin preserves a record of
gradually changing fluvial style dominated by
moderate to high CVQ, alluvial styles, and is
interpreted to have accompanied a change to a
drier, more seasonal tropical palaeoclimate
(Besly, 1988; Glover & Powell, 1996). Other
illustrated examples of the low CVQ), alluvial
style (Fig. 15) include sand and gravel Pleisto-
cene incised valley-fills in Nebraska, central
USA (Stanley & Wayne, 1972), sandy incised
valley-fill of the uppermost Pennsylvanian
Indian Cave Sandstone of south-east Nebraska
(Fischbein et al., 2009) and the sandy, upper
Permian Bainmedart Coal Measures channel
deposits of FEast Antarctica (Fielding &
Webb, 1996; McLoughlin & Drinnan, 1997).
Commercial gravel pits near Fairbury,
Nebraska, expose multi-storey sand and gravel
deposits up to 20 m thick that occupy incised
topography below the present-day landscape of
the Great Plains (Fig. 15C and D). They are
internally dominated by trough cross-bedding at
various scales, and also preserve large siltstone
blocks (interpreted to have slumped into
channels from nearby banks), and bones and
teeth of woolly mammoths. Pleistocene palaeo-
climate of this area has been interpreted as cool
temperate to cold with cycles of glaciation,

accompanied by alternating periods of
humid/mild and arid/cold conditions inferred
from fossil and other data (Stanley & Wayne,
1972; Roy et al., 2004; Muhs et al., 2008). The
palaeogeographical scenario for the Fairbury
incised-valley fill deposits is likely comparable
to coarse bedload rivers draining the modern,
glaciated and mountainous north-west of North
America (for example, Kicking Horse, Fraser
and Mackenzie rivers, which show low values
of CVQ,: Table 2).

The Mississippian Mount Hall Formation of
the Drummond Basin in central Queensland,
Australia, comprises a regionally widespread
sheet of sandstone and conglomerate-dominated
alluvial deposits up to 3 km thick (Sobczak
et al., 2019). Erosionally-bounded channel bod-
ies are internally dominated by dune-scale
cross-bedding with minor components of other
sedimentary structures (flat stratification with
clast imbrication, notably; Fig. 15E). During the
Mississippian, eastern Australia lay in the
southern temperate latitudes and is thought to
have experienced humid climate conditions,
based on preserved flora and fauna. The Mount
Hall Formation is similar in many ways to the
deposits of some modern, broad gravelly alluvial
streams such as those in the Canterbury Plains,
New Zealand (Moreton et al.,, 2002; Leckie,
2003), and in Alaska (Lunt et al., 2004; Lunt &
Bridge, 2004; Tye, 2004).

The Indian Cave Sandstone as exposed near
Peru, Nebraska (Fig. 15F), has a multi-storey
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Fig. 16. Examples of moderate CV(Q), river deposits. (A) Line drawing interpretation of GPR data through sandy
alluvium of the South Saskatchewan River in Canada (from Sambrook Smith et al., 2006), showing common
dune-scale cross-bedding but an increased abundance of flat and low-angle stratification, minor channel scours
and other bedding features relative to the low CVQ), style (compare with A). Note vertical exaggeration. (B) Line
drawing interpretation of a photomosaic taken of part of the upper Permian Colinlea Sandstone near Springsure,
Queensland, Australia (from Fielding, 2006). Note the preservation of lower and upper cross-bedded intervals
(labelled SB for Sandy Bedform, in the classification of Miall, 1985) separated by a central interval dominated by
upper flow regime stratification (labelled UFR). No vertical exaggeration. (C) Close-up view of the central part of
(B), showing undulatory stratification with local development of backsets. Hammer for scale 0.3 m (circled). (D)
Outcrop view of part of the Upper Cretaceous Indianola Group in Chicken Creek canyon, Utah, western USA. The
view shows a stack of erosionally-based conglomerate and sandstone bodies, internally dominated by flat and
low-angle stratification with lesser cross-bedding. About 10 m of vertical section is visible. (E) Coastal cliff expo-
sures of sandstone-dominated channel fills in the lower Pennsylvanian Kilkee Cyclothem north of Kilkee, western
Ireland. Geologists for scale in the foreground are walking across a zone of undulatory, possible antidunal bed-
ding. The entire body, 27 m thick and erosionally-based, is visible in the cliff face where dune-scale bedding and
upper flow stratification are preserved in equal proportions. (F) Close-up view of part of a train of small antidunes
in channel deposits of the Kilkee Cyclothem near Cleedagh Bridge, western Ireland. Palaeoflow was towards the
right, and the antidunes preserve an amplitude of 8 cm and wavelength of 110 to 180 cm. (G) Large, near-
symmetrical bedwaves on the top surface of a channel sandstone at the same locality as (F). Palaeoflow was
towards the right. Geologist for scale 1.8 m. (H) Flat and undulatory stratification passing laterally into small-scale
cross-bedding in the Pennsylvanian South Bar Formation, Victoria Mines, Atlantic Canada. Hammer for scale
0.25 m.

architecture, with channel deposits dominated
by unidirectional trough cross-bedding and pres-
ervation of macroform architectural features
(Fischbein et al., 2009). This and other out-of-
context, incised-valley fills in the Pennsylvanian
of the US Interior basins form parts of repetitive
stratal cycles (‘cyclothems’) that are thought to
record a far-field, palaeotropical response to
Gondwanan glacial cycles on orbital frequencies
during the late Palaeozoic Ice Age (Wanless &
Shepard, 1936; Heckel, 2008). Although the low-
stands of these cycles are characterized by
evolved palaeosols that relate to hot and
strongly seasonal climates (e.g. Joeckel, 1994;
Rosenau et al., 2013a,b), filling of incised topo-
graphy by fluvial systems during late lowstand
to early transgressive conditions happened
under more equable and humid climate (e.g.
Feldman et al., 2005; Fielding et al., 2020).

The sandy channel bodies of the upper Perm-
ian Bainmedart Coal Measures in the Prince
Charles Mountains, East Antarctica (Fig. 15G),
are internally dominated by dune-scale cross-
bedding and display well-preserved channel-
scale macroform features (Fielding & Webb, 1996;
McLoughlin & Drinnan, 1997). According to
these authors, the succession formed in a cold
temperate, humid climate affected by cyclicity
that operated on orbital frequencies during
which sediment and water discharge varied. By
comparison with the modern exemplars, these

streams operated under conditions of low inter-
annual discharge variability.

The above-cited and illustrated examples of
the low CVQ, alluvial style encompass a variety
of interpreted planform styles, formed at a vari-
ety of interpreted palaeolatitudes and under a
range of climatic conditions. Additional exam-
ples that are fully evident from detailed archi-
tectural data provided by researchers include
Upper Carboniferous sandy channel bodies in
Northumberland, England (Haszeldine, 1983),
Devonian ‘Brownstones’ of the Welsh Border-
lands (Allen, 1983), and sandy, coastal braid-
plain deposits of the Triassic Hawkesbury
Sandstone in the Sydney Basin, eastern Austra-
lia (Conaghan & Jones, 1975; Rust & Jones, 1987;
Miall & Jones, 2003).

Deposits of rivers with moderate CVQ,
(0.5 to 0.8)

Rivers with moderate CV(Q), values span a range
of latitudes, climatic zones, sediment grain-sizes
and planforms (Table 2). Data from the bed and
subsurface of the examples in Table 2 and other
rivers indicate that although dune-scale cross-
bedding is still a prominent constituent of the
alluvium, upper flow regime structures are also
abundantly preserved. Macroform architecture is
less completely preserved/identifiable in the
subsurface structure of these rivers, in
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comparison to that of low CVQ, rivers
(Fig. 16A). There is a degree of lateral lithologi-
cal heterogeneity in channel deposits and a
greater involvement of large woody debris than
observed in low variance river deposits (Table 2).
Modern examples of moderate CVQ), systems
include the Platte, South Saskatchewan, Conga-
ree and Wabash rivers (Table 2).

Many ancient examples of alluvium preserv-
ing characteristics of the moderate CVQ, style
exist (Fig. 16). These include the fluvial facies of
the upper Permian Colinlea Sandstone in
Queensland, north-east Australia (Fielding,
2006), parts of the Upper Cretaceous Indianola
Group in Utah, western USA (Lawton, 1982),
the lower Pennsylvanian Central Clare Group
coastal alluvial channel fills of western Ireland
(Best & Wignall, 2016), and the lower part of the
basal Pennsylvanian South Bar Formation of
Cape Breton, Atlantic Canada (Rust &
Gibling, 1990).

The early Lopingian was a time of cold tem-
perate climate in eastern Australia, which was
then in high southern latitudes, and affected at
higher altitudes by the P4 glaciation (Fielding
et al.,, 2023). Fluvial deposits of the Colinlea
Sandstone (Fig. 16B and C) form part of a thick
and extensive, coarse-grained alluvial to deltaic
sediment accumulation at the western margin of
the Bowen Basin of Queensland (Fielding
et al., 2019a). The internal architecture of chan-
nel deposits includes excellent examples of
upper flow regime structures (for example,
Fig. 16C, and see Fielding, 2006). Macroform
structures are more difficult to identify and
appear less well-preserved (Fig. 16B and C).
Comparison with modern river examples
(Table 2) suggests that discharge conditions
were somewhat variable on an inter-annual
basis.

The Upper Cretaceous Indianola Group accu-
mulated in the proximal foreland of the Western
Cordilleran Foreland Basin of North America. It
includes coarse-grained alluvium shed eastward
into the foredeep from the rising Sevier Orogen
(Lawton, 1982). The palaeoclimate is interpreted
to have been warm temperate and seasonal, at
mid-latitudes (Wolfe & Upchurch, 1987; Burge-
ner et al, 2023). Cyclical facies variations in
correlative coastal fluvial successions further
down-palaeoslope (Masuk Formation: Corbett
et al., 2011; Hess & Fielding, 2020; and see
below) suggest a repetitive climatic cyclicity
from high to low discharge variance conditions
over the timeframes of channel activity

(hundreds to thousands of years). The Indianola
Group alluvium preserves gravelly and sandy
channel deposits with common upper flow
regime sedimentary structures (for example,
Fig. 16D), suggesting that discharge variability is
also recorded in the upslope parts of the palaeo-
drainage system.

The basal Pennsylvanian Central Clare Group
of western Ireland preserves a number of
erosionally-based sandstone-dominated channel
bodies that are believed to have formed on a
lowland, coastal alluvial plain that fed river-
dominated deltas in the Shannon Basin (Best &
Wignall, 2016). Palaeoclimate is believed to have
been tropical and humid (Schopf, 1973; Besly &
Turner, 1983). In addition to abundant dune-
scale cross-bedding, the channel bodies contain
common upper flow regime structures, including
antidunal bedding at various scales (Fig. 16E to
G). A feature of these exposures is the preserva-
tion of trains of small antidunes (Fig. 16F) and
form sets of large, undular bedwaves (Fig. 16G).
Based on comparison with modern systems, it
can be inferred that formative streams experi-
enced moderate levels of inter-annual discharge
variability.

The lower to middle Pennsylvanian South Bar
Formation in the Sydney Basin of Atlantic Can-
ada is a thick (ca 1000 m), sandstone-dominated
succession that is interpreted to have formed in
coastal alluvial plain environments (Rust &
Gibling, 1990; Gibling et al., 2010; Allen
et al, 2014). A gradual upward transition
through the unit was noted by these authors and
interpreted as a record of a progressively more
seasonal climate, leading to a change in pre-
served facies to those representing a more
freely-drained alluvial surface. Channel sand-
stone bodies in the lower and middle parts of
the unit are composed of an array of dune-scale
cross-bedding and moderately abundant upper
flow regime structures (for example, Fig. 16H),
with sporadic preservation of in situ, upright
tree fossils. These facies are interpreted to
record a discharge regime characterized by mod-
erate levels of inter-annual discharge variability,
and they pass upward into a style more reminis-
cent of high levels of CV(Q), (see below).

The above examples span a variety of channel
planform styles, and a range of palaeoclimate
and palaeolatitude, emphasizing the point that
the CVQ, classification is somewhat indepen-
dent of these variables. Other examples evident
from the literature include elements of the Perm-
ian Vrchlabi Formation of the Czech Republic
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(Schopfer et al., 2022), Ordovician glaciofluvial
deposits spectacularly exposed in north Africa
(Ghienne et al., 2010; Girard et al., 2012) and
Pleistocene glaciofluvial deposits from western
Europe (Lang et al., 2021).

Deposits of rivers with high CVQ, (0.8 to 1.5)

Rivers with high values of CVQ), include rivers
in a range of latitude and climatic zone (for
example, Platte, Powder, Burdekin, Loup, Bijou
Creek), but have in common that they flow
through terrains that experience strongly sea-
sonal and somewhat irregular precipitation pat-
terns (Table 2; Fig. 17). These rivers also span a
large range of planform style, and calibre of
transported sediment. They show a greater
degree of lateral heterogeneity in river bed and
channel fill lithology than their lower CVQ,
counterparts. Bedforms and sedimentary struc-
tures include a sizeable proportion of upper
flow regime structures (Fig. 17A and H; plane
beds, antidunes, localized trough-like scour fills,
and in places stratification relatable to chutes-
and-pools and even cyclic steps), and macro-
form features on channel scales are difficult to
identify (poorly preserved) relative to lower
CVQ), systems. They mostly include arborescent
river bed vegetation to some extent, and pre-
serve abundant large woody debris and in situ
tree stumps in their alluvial record. Exceptions
to this are the jokulhlaup (glacial outburst flood)
deposits documented from polar tundra regions
(e.g. Maizels, 1989; Russell & Knudsen, 2002;
Duller et al.,, 2008; Marren et al., 2009), that
largely lack vegetation. They are nonetheless
dominated by upper flow regime stratification,
including abundant antidune and chute-and-
pool deposits.

Several ancient alluvial successions can be
interpreted to have formed under high CVQ,
conditions, by comparison with the characteris-
tics of modern exemplars (Fig. 17). These
include the Pennsylvanian upper South Bar For-
mation of Cape Breton, Atlantic Canada (Allen
et al., 2014), the Pennsylvanian Boss Point and
Little River formations of the Cumberland Basin,
Nova Scotia, Atlantic Canada (Allen et al.,
2013), and the upper Permian Newcastle and Ill-
awarra Coal Measures of the Sydney Basin, Aus-
tralia (Fielding et al., 2021).

The upper part of the lower to middle Penn-
sylvanian South Bar Formation in the Sydney
Basin of Atlantic Canada is characterized by flu-
vial sediment bodies that preserve dominantly

Discharge variance-based fluvial facies models 37

upper flow regime sedimentary structures, pre-
serve little evidence of identifiable macroform
architecture in channel bodies, display some lat-
eral lithological variability, and preserve com-
mon, fossil tree stumps (Fig. 17B and G). The
upward change noted previously into this fluvial
style is interpreted to represent a gradual change
towards a more strongly seasonal climate that
entailed greater extremes of temperature and pre-
cipitation, and higher CVQ, (Rust & Gibling, 1990;
Gibling et al., 2010; Allen et al., 2014).

The basal Pennsylvanian Boss Point and Little
River formations of the Joggins area, mainland
Nova Scotia (Browne & Plint, 1994; Calder
et al., 2005; Fielding et al., 2011; Allen et al,
2013; Rygel et al., 2015), preserve channel sand-
stone bodies in which upper flow regime struc-
tures dominate. There is lateral lithological
heterogeneity, macroform architecture is difficult
to identify and poorly preserved, and fossil tree
stumps occur in channel facies (for example,
Fig. 17C and D). Reddened palaeosols indicative
of emergent, freely-drained floodplain settings
are increasingly common upward through the
succession. This interval was used by Fielding
et al. (2018, fig. 9) as an example of progressive
change from low, through moderate, to high
CVQ), alluvial style, and is also accompanied by
a change in sediment dispersal direction, as
indicated by palaeocurrent measurements from
sedimentary structures. Allen et al. (2013) and
Fielding et al. (2011, 2018) interpreted this suc-
cession as recording a progressive trend from a
humid, tropical palaeoclimate to a more strongly
seasonal climate that involved lengthy dry
periods. The overlying Joggins Formation
records a change back through moderate to low
CVQ, alluvial style and includes coal seams,
both properties interpreted by the above-
mentioned authors as recording a return to a
more equable, humid palaeoclimate.

The upper Permian coal-bearing formations of
the Sydney Basin, New South Wales, eastern
Australia (Illawarra and Newcastle Coal Mea-
sures; Bamberry et al, 1995; Diessel, 1980),
formed in high southern palaeolatitudes. They
preserve a spectrum of lithologically heteroge-
neous channel bodies in which upper flow
regime sedimentary structures and fossil in situ
tree stumps are common (for example, Fig. 17E
and F). Macroform features are preserved in
some bodies, notably large lateral accretion sets,
whereas others preserve little in the way of
identifiable macroform architecture (Fielding
et al., 2021). These channel bodies are
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Fig. 17. Examples of high CVQ), river deposits. (A) Line drawing interpretation of GPR data from a braid bar of
the Loup River in Nebraska, central USA (from Fielding et al., 2018). Note the diversity of preserved bedding
structures and paucity of dune-scale cross-bedding relative to Figs 15A and 16A. Point diffractions near the down-
stream end of the transect are likely tree stumps or large, woody debris. Note vertical exaggeration. (B) Photomo-
saic of a sandstone channel fill body from the upper part of the Pennsylvanian South Bar Formation at Victoria
Mines, Atlantic Canada. Note the dominance of flat and low-angle stratification. Scale and palaeoflow direction
indicated. (C) Close-up view of an in situ, small, tree stump (immediately to the right of the 0.15 m scale card)
inclined in the down-palaeoflow direction and encased in a sandstone channel fill in the lower Pennsylvanian
Little River Formation near Joggins, Atlantic Canada. Palaeoflow was from left to right as indicated by the cross-
set in the lower right of the field of view, while the tree fossil is overlain by antidunal, convex-upward stratifica-
tion. (D) View of low-angle backset cross-stratification in a channel sandstone, same formation and locality as for
(C). Palaeoflow direction was from left to right as indicated by interbedded foreset cross-bedding. Scale card
0.15 m. (E) Long-wavelength antidunal bedding in a composite fluvial channel fill of the uppermost Permian Kar-
ignan Conglomerate at Ghosties Beach, New South Wales, Australia. The convex-upward bedset preserves evi-
dence of both down-palaeoflow migration (right to left, as indicated by cross-bedding in the section below the
antidunal bedding), and aggradation at a supercritical angle with respect to the stoss side slope of the formative
bedform. Hammer (circled) 0.25 m. (F) In situ, upright tree fossil rooted into the base of the same channel body as
shown in part (E), same locality. The tree fossil extends for ca 0.6 m upward into coarse-grained, gravelly sand-
stone, and is interpreted to have lived in the formative channel floor. Scale bar 0.15 m. (G) Close-up view of low-
angle dune-scale cross-bedding passing down-palaeocurrent (left to right) into undulatory, upper flow regime
stratification in the upper part of the Pennsylvanian South Bar Formation at Victoria Mines, Atlantic Canada.
Hammer (circled) 0.25 m. (H) Fine sand deposits in the cutbank of the modern Sweetwater Creek, Utah, western
USA, showing abundant flat and low-angle stratification with local backset bedding (flow direction left to right).
Hammer lying flat on bank top is 0.25 m long.

interpreted as the product of a palaeoclimate
that was initially cold temperate but became
warmer and progressively more seasonal over
the last 1 Myr of the Permian, culminating in
abrupt warming at the end-Permian (Fielding
et al., 2019b; Frank et al., 2021; Wu et al., 2021).

As with other CVQ, classes, these examples
span a range of palaeoclimatic and latitudinal
zones, channel sizes and planforms. They are all
interpreted from independent evidence to have
formed under strongly seasonal climates, how-
ever. Other examples from the literature include
channel bodies in the Silurian—Devonian Jaicds
Formation of Brazil (Manna et al., 2021), ele-
ments of the Permian Vrchlabi Formation of the
Czech Republic (Schopfer et al., 2022), the Tri-
assic Dockum Group of Texas, south-west USA
(Walker & Holbrook, 2023), the Palaeogene
Green River Formation of Utah (Gall et al., 2017;
Wang & Plink-Bjorklund, 2019, 2020) and the
Palaeogene Poison Canyon Formation of south-
west USA (Schwartz et al., 2021).

Deposits of rivers with very high (1.5 to 2.0)
cvQ,

Modern rivers with very high CVQ, are mostly
in mid to low-latitudes and are predominantly
found in areas that experience strongly seasonal,

and erratic precipitation patterns. Some flow
through dryland terrains, but examples of this
class are also preserved in some polar, glacier-
fed rivers subject to glacial outburst floods
(jokulhlaups). Examples include rivers with a
range of size, planform and sediment type (for
example, upper Burdekin, Orange, Nueces:
Table 2; Fig. 18). The deposits of these rivers are
quite unlike those of the low and moderate
CVQ), styles. They preserve: (i) a dominance of
upper flow regime sedimentary structures and
often unstratified or diffusely stratified beds of
sand and gravel, with only locally-developed
dune-scale cross-bedding (Fig. 18A and B); (ii)
limited to no macroform structure; (iii) a lot of
lateral lithological heterogeneity; and, in some
of these, (iv) an abundance of evidence of in-
channel woody plant growth (in the form of in
situ stumps and trunks, roots, and locally
derived, large woody debris; Fig. 18C). Pedo-
genically modified mud partings, often with des-
iccation features (for example, Fig. 18D), are
common within the channel fills of these rivers,
and bioturbation is also locally abundant
throughout channel fills.

Ancient examples of the very high CVQ, flu-
vial style include the Permo-Triassic boundary
succession of the eastern Ordos Basin, north
China (Fig. 18E and F), parts of the Upper
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Fig. 18. Examples of very high and ultra-high CV(Q), river deposits. (A) Line drawing interpretation of GPR data
across the upper Burdekin River at Dalrymple, Queensland, Australia (flow into the plane of the illustration; from
Fielding et al., 1999). A variety of bedding features is imaged, including deep trough scours, flat and low-angle
stratification including antidunal bedding, and evidence of buried, in situ, trees. Although much of the river bed
sediment is sand with minor gravel, pedogenically-modified mud partings are also commonly preserved in cut-
bank exposures. (B) View of a flash flood in a small watercourse near Torrey, Utah, western USA (exposed cut-
bank is 2.0 m high). Note the highly sediment-charged (strongly coloured) nature of the water and the presence of
standing and upstream-breaking waves on the water surface. This event caused significant erosion of the bed, then
formation of a massive, mostly unstratified, mud-rich, sand and gravel deposit. (C) Prostrate, living Melaleuca
(paperbark) tree estimated to be over 100 years old (Fielding et al., 1997) in the bed of the upper Burdekin River.
Tree is inclined in the downstream direction (left to right). Notebook 0.20 m for scale. (D) Desiccated mud bed in
a hollow of the upper Burdekin River bed. Tape measure indicates that polygonal cracks are at least 0.40 m deep.
(E) Composite sandstone body of the basal Triassic Liujiagou Formation at Shuiyuguan, Shanxi province, north
China. The composite body includes laterally discontinuous, reddened and pedogenically modified mudrock part-
ings (for example, left foreground), and the sandstone is internally dominated by flat and low-angle stratification.
About 25 m of vertical section shown. (F) View of a composite, multi-storey channel fill in the Upper Cretaceous
Masuk Formation at Blind Trail in the Henry Mountains, Utah, western USA. The lower storey is composed of
mixed silt/sandstone, is crudely bedded, and preserves macroform dipping surfaces interpreted as a lateral accre-
tion set. This lower storey is interpreted to record sediment accumulation from high-concentration, flashy flow
events such as are typical of very high CV(Q), rivers. Overlying this are interbedded facies and sandstone facies,
interpreted, respectively, to record moderate and low CV(Q), conditions. Geologist (circled) 1.8 m high. (G) View of
a fluvial channel body from the Pennsylvanian Sydney Mines Formation at Long Beach, Atlantic Canada. The
lithology passes laterally from sandstone into root-penetrated siltstone, and the body is internally dominated by
flat and low-angle stratification. Green file is 20 cm high. (H) Interbedded and admixed sandstone/siltstone body
comprising the Dewey Bridge Member (Doelling, 2003) north-west of Moab, Utah, western USA. This body, above
the aeolian Navajo Sandstone (lower pavements) and below the cliff-forming, mainly aeolian Entrada Formation
(upper massive cliff), shows clinoform bedding that can be interpreted as a lateral accretion set. The Dewey
Bridge Member is interpreted here as the deposit of a river channel that crossed a semiarid plain and reworked
mainly aeolian deposits in intermittent, possibly high-concentration flow events. Cliff is 25 to 30 m high.

Cretaceous Masuk Formation in southern Utah The lower storeys of composite channel fill

(Fig. 18F and G), and parts of the Pennsylvanian
Sydney Mines Formation (Fig. 18G and H) of
Cape Breton, Atlantic Canada (Allen et al., 2014;
Hess & Fielding, 2020; Shao et al., 2024).

Sandstone bodies of the basal Triassic Liujia-
gou Formation at Shuiyuguan, Shanxi province,
north China (Shao et al., 2024) illustrate a change
in alluvial style from the underlying upper Perm-
ian fluvial strata (in which fluvial channel
deposits are dominated by dune-scale cross-
bedding) to thick, tabular sandstone bodies with
a sheet-like architecture (Fig. 19E). These bodies
are internally dominated by flat and low-angle
stratification with convex-upward elements. The
sandstone bodies also contain abundant red-
dened mudstone partings, desiccation cracks and
common bioturbation (Fig. 19F). They are inter-
preted to record fluvial sediment accumulation
in channels with high values of CVQ,. These
conditions evidently became prevalent following
environmental changes at the Permo-Triassic
boundary. Similar changes in alluvial style have
been noted by other researchers at the same level
in North China (e.g. Zhu et al., 2019, 2020).

bodies in the Campanian Masuk Formation of
the Henry Mountains, southern Utah, USA, are
composed of a massive and soft-sediment-
deformed sandstone-siltstone mixture (Fig. 19F).
Macroform dipping surfaces are visible but very
few primary sedimentary structures are pre-
served. The admixed lithology contains abun-
dant plant debris and locally large, irregularly
shaped, clasts of intraformational siltstone (Cor-
bett et al., 2011; Hess & Fielding, 2020). These
chaotic channel fills are interpreted to have
formed under a strongly seasonal and erratic
runoff regime that gave rise to intermittent,
highly sediment-charged flood flows with inher-
ently very high CVQ,. They form the basal part
of tripartite, composite channel bodies that pre-
serve what Hess & Fielding (2020) interpreted as
climate-induced cyclicity.

The Pennsylvanian Sydney Mines Formation
of Cape Breton, Atlantic Canada, contains a
range of ancient channel body types (Batson &
Gibling, 2002; Gibling et al., 2004; Allen
et al., 2014). Among them are erosionally-based,
laterally heterogeneous bodies of sandstone and
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siltstone, containing discontinuous, pedogeni-
cally modified red mudstone partings (Fig. 19G).
Internally, these bodies are dominated by flat
and low-angle stratification, including antidunal
bedding, along with soft-sediment deformation
and abundant, in situ, upright tree stump fossils
(Fielding et al., 2009; Allen et al., 2014). They
are interpreted as channel fills formed in hydro-
logical conditions with very high CVQ,, in
strongly seasonal, subtropical climates subject to
erratic precipitation and runoff.

Other examples of the very high CVQ), alluvial
style evident from the literature include the Trias-
sic Dockum Group of Texas, south-west USA
(Walker & Holbrook, 2023), the Palaeogene Green
River Formation of Utah (Gall et al., 2017; Wang
& Plink-Bjorklund, 2019, 2020), and the Palaeo-
gene Poison Canyon Formation of south-west
USA (Schwartz et al., 2021).

Deposits of rivers with ultra-high (>2.0) CVQ,

An additional category is proposed to classify
deposits of desert wadis and other extremely
infrequent events in different streams [such as
the Roaring River, Colorado dam burst flood of
1982 (Fig. 11) and some jokulhlaups] as those
characterized by ultra-high CVQ), (>2.0; Table 2).
Such deposits preserve predominantly upper
flow regime stratification, are highly variable lith-
ologically, show little recognizable macroform
structure preservation, and may preserve rem-
nants of trees in situ in channel deposits. They
are also commonly composed of mixed sand and
mud lithologies. It is likely that most streams in
deserts would fall into this category, but there is
very little reliable gauging data. In such streams,
the bed may be dry most years and sediment-
transporting flows occur rarely. Modern exam-
ples include the rivers crossing the Namib
Desert of south-west Africa (Stanistreet & Stollho-
fen, 2002; Krapf et al., 2003), the wadis of Oman
(Fryberger et al., 2016; Kocurek et al., 2020), and
the ‘Channel Country’ rivers of central Australia
(for example, Cooper Creek; Table 2; Nanson
et al., 1986; Gibling et al., 1998). The latter is an
example of desert systems in which sediment is
transported as sand-sized mud aggregates.

An ancient example of the ultra-high CVQ),
alluvial style is given by part of the Jurassic
Dewey Bridge Member near Moab, Utah
(Fig. 18H). The Jurassic Dewey Bridge Member
(arguably part of the Carmel Formation; Doel-
ling, 2003) occurs above the aeolian Navajo Sand-
stone and below the aeolian Entrada Sandstone
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in mesas north-west of Moab, Utah (USA). The
upper part of this unit includes erosionally-based
sandstone/siltstone bodies that have crudely-
defined clinoform sets up to 10 m thick (Fig. 18H).
Within the units defined by dipping surfaces, the
channel fill lithologies are predominantly com-
posed of mixed sand-sized and silt-sized particles,
preserve root traces and diffuse bioturbation, and
abundant soft-sediment deformation including
desiccation cracks. Beds are massive, vaguely
stratified, and only locally well-stratified with
rare cross-bedding. These bodies are interpreted
here as channel fills that were in part laterally
accreted (or, conceivably, downstream-accreted)
and crossed a semiarid, coastal alluvial plain char-
acterized by high discharge variance. Formative
flows at times transported high concentrations of
suspended sediment, giving rise to the massive
and vaguely stratified facies (cf. Baas et al., 2016).

Other published examples of very high to
ultra-high CVQ), fluvial channel sediment bodies
include elements of the Triassic Dockum Group
of Texas, south-west USA (Walker & Holbrook,
2023), Palaeogene deposits of the south-west
USA (Gall et al.,, 2017; Plink-Bjorklund, 2019;
Zellman et al., 2020) and Pleistocene alluvium
in Namibia (Smith et al., 1993).

New facies models for the deposits of low,
moderate, high and very high/ultra-high
CVQ, fluvial channel fills

New facies models for the deposits of low, moder-
ate, high and very high/ultra-high CVQ), fluvial
channel fills are given in Fig. 19 in the form of
summary vertical graphic logs, in the hope that
this will stimulate further research on the topic.
The graphic logs are constructed in order to
preserve a consistent proportion of channel
bodies versus overbank facies, so as not to intro-
duce a lithological bias. Nonetheless, because the
degree of internal lithological heterogeneity in
channel bodies increases with increasing CVQ,,
the graphic logs showing high and very high/
ultra-high CVQ, fluvial styles incorporate this
characteristic. No illustrations of cross-sectional
channel body architecture are shown because this
is a highly variable property both within and
between CVQ), classes. Rather, the emphasis is on
variations in the internal properties of channel
deposits in the different classes. The models are
independent of climatic zone (with the above
caveat concerning the location of many high/
ultra-high CVQ),, rivers in semiarid and arid zones)
and independent of channel size.
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Fig. 20. Example of stratigraphic variation in CVQ),, from the Pennsylvanian of the Cumberland Basin, Atlantic
Canada (modified from Fielding et al., 2018). Shown is the uppermost 200 m of the Boss Point Formation, the
entire Little River Formation, and the lowermost part of the Joggins Formation, totalling about 1150 m of section
(see Allen et al., 2013, for more information). From the base upward, there is a progressive change from Low
CVQp, through Moderate, to High CVQ), alluvial style and then back through Moderate to Low CVQ), style. This
cycle of change is concordant with changes in sediment dispersal directions as indicated by palaeoflow data
shown in rose diagrams. The stratal cycle is interpreted to record changes in palaeoclimatic conditions associated

with a change in the palaeogeography of the region.
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Deposits of the low CVQ, alluvial style are
characterized by channel fills with clearly pre-
served macroform elements (channel forms, bar
accretion surfaces), a preponderance of dune-
scale cross-bedding, relatively consistent lithol-
ogy within channel fills, and a limited role for
vegetation in channel fills. In the moderate CVQ,,
style, those channel fills show somewhat muted
macroform architecture, preserve a significant
proportion of upper flow regime sedimentary
structures, may show in-channel, lateral litholog-
ical changes, and may preserve remnants of
woody vegetation within channel fills. Deposits
of the high CVQ, style lack obvious macroform
architectural elements, preserve a preponderance
of upper flow regime structure, show common lat-
eral lithological changes within channel fills, and
preserve common evidence of in situ tree estab-
lishment in the formative channels along with
abundant large, woody debris. The very high
CVQ, style is also characterized by little or no
macroform element preservation and a sheet-like
architecture, dominance of upper flow regime
structures to the virtual exclusion of lower flow
regime structures, common admixed sand/mud/
gravel lithologies, common fine-grained partings
with desiccation, bioturbation and pedogenic
modification features, and abundant evidence of
in situ tree growth in channels. The ultra-high
CVQ, style records mainly the deposits of desert
streams, which display the features noted for the
high CVQ, style but lack significant evidence
for in situ tree growth and are interbedded
with aeolian deposits.

The new models can be used in isolation or in
combination with ‘traditional’ planform-based
models. As stated earlier, planform-based models
can inform some aspects (such as cross-sectional
channel body geometry) that CV(Q,, models can-
not address. It is also likely that planform-based
models are more useful in evaluations of low and
moderate CVQ), river deposits where macroform
structure is more overtly visible. However, CVQ),-
based models such as those presented here are
the only ones that incorporate the full range of
environmental conditions under which rivers
operate (dryland to perhumid). They furthermore
allow insights that planform-based models can-
not, as is expanded upon below.

Applications of the new facies scheme

Recognition of one of the above-documented,
peak discharge variance-based, fluvial styles in
an ancient succession allows an interpretation
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of the type of runoff under which that deposit
formed. This may assist the interpretation of
palaeoenvironmental conditions for an ancient
succession. Just as useful, however, is the recog-
nition of changes in style through a stratigraphic
succession, either progressively or repetitively
in multiple stratal cycles. Recognition of pro-
gressive change can speak to a broad, long-term
change in palaeoclimate, whereas cyclical repe-
titions of fluvial style changes can inform an
understanding of shorter-term climate cyclicity,
for example on Milankovitch frequencies. These
applications are illustrated with two examples
from the authors’ experience; the Pennsylvanian
succession of the Cumberland Basin, Nova Sco-
tia, Canada, and the cyclical Upper Cretaceous
Masuk Formation of Utah, western USA.

A log of the 1200 m interval from the upper
Boss Point Formation to Joggins Formation
(Fig. 20) in the Cumberland Basin, mainland
Nova Scotia (Allen et al, 2013; Fielding
et al., 2018), shows preservation of a progressive
upward change from low CVQ),, through moder-
ate, to high CVQ, fluvial style, and then back
again to low CVQ), style. No precise timing con-
straints are available for this succession. It was,
however, accumulated rapidly during a phase of
subsurface salt withdrawal (Waldron &
Rygel, 2005), and may represent a time period of
the order of <1 Myr. The changes are accompa-
nied by concordant variations in sediment dis-
persal directions, as indicated by palaeoflow
measurements from sedimentary structures, sug-
gesting that climatic change may have accompa-
nied changes in palaeogeography. Previous
evaluations of these formations by a variety of
researchers did not identify such a long-term
cyclicity in palaeoenvironmental conditions,
highlighting the potential of this approach for
identifying subtle or gradual shifts in (palaeo)-
environmental conditions.

Composite channel fill bodies preserved in the
Campanian Masuk Formation (Eaton, 1990) in
the Henry Mountains of Utah, USA, show a tri-
partite stacking pattern (Fig. 18F), with a basal
chaotic storey overlain by an interbedded
sandstone-siltstone unit with Inclined Hetero-
lithic Stratification (IHS), in turn overlain by a
sandstone interval (Corbett et al., 2011; Hess &
Fielding, 2020). This pattern is more or less
repeated several times through the formation,
giving rise to sheet-like, composite channel bod-
ies that are significantly broader in a cross-
palaeoslope direction than would be predicted
from dimensions of single channel fills in those
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bodies. Corbett et al. (2011) and Hess & Fiel-
ding (2020) interpreted these composite bodies
as the product of climatically-driven cycles that
initially formed chaotic, mixed and unstratified
deposits characteristic of the high CVQ), fluvial
style (Fig. 18F). Over time, this was superseded
by more stratified and well-bedded, more grain-
size-segregated deposits referable to moderate
and low CVQ), styles. The preservation of this
tripartite stacking pattern in several successive,
composite channel bodies allows the identifica-
tion of climatic cycles during the Campanian of
the Western Cordilleran Foreland Basin that
operated on the timescales of channel filling
(likely hundreds to thousands of years, or sub-
Milankovitch frequency).

The above examples provide illustrations of
the ways in which CVQ,-based facies models
could be used to assist in palaeoenvironmental
analyses of ancient successions. Previously-
formulated, planform-based facies models can-
not provide such interpretive value. The new
models presented here also fulfil most of the cri-
teria cited by Walker (1979) and more recently
by Miall (2010) as to the roles of facies models
in general.

CONCLUSIONS

The concept of using fluvial discharge statistics,
and specifically the coefficient of inter-annual
peak discharge variance (CVQ),), as a basis for
better understanding alluvial stratigraphy is
explored in depth, following the initial proposal
of Fielding et al. (2018). More rivers for which
both good quality, long-term discharge records,
and data on surface and subsurface deposit char-
acteristics are known have been used to compile
an expanded database. This database demon-
strates the strong correlation between CVQ, and
alluvial architecture, and suggests that the nature
of the flow history in a river on historical time-
scales (tens to hundreds of years) exerts a strong
control on deposit character. That said, CVQ,
can be both spatially variable along a single
river and, depending on the interval over
which CVQ), is calculated, it is temporally vari-
able on timescales of tens of years, suggesting
that that more work is needed to understand
the gauging record length that is needed to cal-
culate a CVQ, that will be representative of
alluvial deposit character. This also stresses the
care needed in defining what age the sediments
are to be able to correlate with the appropriate

interval of discharge record to calculate vari-
ance. Herein, Fielding et al’s (2018) CVQ,
class boundaries have been modified and two
additional classes added (very high and ultra-
high). It is acknowledged that these classes
have arbitrarily defined boundaries that in real-
ity might be regarded as fuzzy. It is hoped that
this study stimulates research into the exis-
tence or otherwise of inherent thresholds that
could form more natural boundaries to classes
(or indeed a different statistic of discharge to
do this).

A case study using gauging records and sedi-
mentological studies from the Platte River drain-
age basin in central USA illustrates these
patterns explicitly, and shows that individual,
high flow events can have a disproportionate
influence on alluvial records. Specific flow
events from the past hundred years are docu-
mented to have changed the character of the pre-
served alluvial record at several sites within this
basin. These patterns indicate that the higher
the CVQ, on a river or portion of a river, the
more likely it is that features related to the high
and very high CVQ, river classes documented
herein will be preserved.

A series of facies models is proposed to
account for rivers that formed under low, mod-
erate, high, very high and ultra-high CVQ), con-
ditions. The class boundaries, modified from
those proposed by Fielding et al. (2018), are
arbitrary and gradational, such that an ancient
succession might preserve elements of more
than one of the classes. With increasing CVQ),,
alluvial records preserve a lower proportion of
dune-scale cross-bedding, and a higher propor-
tion of upper flow regime sedimentary struc-
tures, together with less conspicuous macroform
structure, greater lateral lithological heterogene-
ity, and greater evidence of channel bed growth
of woody vegetation within channel facies (at
least, since the evolution of woody plants). At
the very highest variance there may be a reduc-
tion in woody material as a result of some
deposits of the class being deposited in
extremely arid conditions where vegetation is
sparse. These new facies models are indepen-
dent of channel planform, and provide more
potential for interpreting ancient palaeoenviron-
mental conditions than do planform-based
models. In the lower CVQ, types of deposits
where macroforms are more easily identified, it
may be possible to subdivide channel bodies or
parts of bodies on the basis of planform models
(but the value of this is debatable).
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Spatial, or upward, stratigraphic changes in
the CVQ,-based alluvial style may be used as a
means of determining and characterizing palaeo-
climatic change in Earth history on a variety of
timescales, ranging from those of channel filling
(tens to hundreds of years), through Milanko-
vitch orbital frequencies (tens of thousands of
years) to longer-term progressive changes per-
haps related to continental drift or other pro-
cesses (hundreds of thousands to millions of
years).

It is hoped that the expanded river database
and the improved CVQ,-based facies models
will stimulate a new phase of discovery in the
analysis of ancient alluvial records, and move
the science away from blinkered adherence to
classic categorization.
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A lot of data used in the analysis for this paper
were sourced via The Global Runoff Data Centre,
56 068 Koblenz, Germany (https://grdc.bafg.de/
GRDC/EN/02_srvcs/21_tmsrs/riverdischarge_node.
html) accessed multiple times through 2023-
2024. Components of those data originated from a
large number of organizations including: Argen-
tina — the Subsecretaria de Recursos Hidricos
(SRH). Brazil — National Water Agency (ANA)
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and the Operador Nacional do Sistema Elétrico
(ONS). South Africa — Department of Water and
Sanitation (DWA) Namibia — Ministry of Agricul-
ture, Water & Forestry. Japan — Infrastructure
Development Institute (IDI). Malaysia — Depart-
ment of Irrigation and Drainage. Oman — Ministry
of Regional Municipalities, Environment & Water
Resources (MRMWR). Most of the Australian data
were extracted from the Australian Bureau of
Meteorology Hydrologic Reference stream gaug-
ing Stations (http://www.bom.gov.au/water/hrs/
index.shtml) on various dates through 2023-2024
(including some original discharge data from
QLD - Department of Regional Development,
Manufacturing and Water, NT — Department of
Environment, Parks and Water Security). Burde-
kin river data were supplied by the Queensland
Department of Natural Resources and Mines.
American data were sourced from the USGS data
base (nwis.waterdata.usgs.gov/nwis) accessed on
several dates through 2023 and 2034. British river
data were obtained from the from the National
River Flow Archive Search Data | National River
Flow Archive (ceh.ac.uk) accessed on various
dates through 2023-2024. Some data for
Canadian rivers were sourced from the Environ-
ment and Climate Change Canada Historical
Hydrometric Data web site (https://wateroffice.ec.
gc.ca/mainmenu/historical_data_index_e.html)
on various dates in 2023. Ob River data are
available from http://www.r-arcticnet.sr.unh.
edu/Observed AndNaturalizedDischarge-Website/.
Some data for the Jamuna River were taken from
Rahman (2016). A summary of all data used in
this analysis is given in Table S1.
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Table S1. Summary of hydrographic data used to cal-
culate the discharge statistics used in this study.
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