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ABTRACT: Sediment data were analyzed to determine grain-size dependant factors affecting sediment transport in a low-ordered,
ephemeral watershed. Sediment and flow samples were collected during 22 flow events at the outlet of a 4-53 ha sub-watershed
within the Walnut Gulch Experimental Watershed in south-eastern Arizona. Measured concentrations ranged from 4191 to
115045 mg I"" and included grain sizes up to 8:0 mm in diameter. Two grain-size dependent transport patterns were observed,
that of the finer grain-size fraction (approximately < 0-25 mm) and that of a coarser grain-size fraction (approximately = 0-25 mm).
The concentration of the fine fraction decreased with flow duration, peaking near the beginning of a flow event and declining
thereafter. The concentration of the fine fraction showed slight trends with season and recovery period. The concentration of the
coarse fraction displayed a slight negative trend with instantaneous discharge and was not correlated with event duration. These
patterns typically produced a condition where the majority of the fine fraction of the sediment yield was evacuated out of the
watershed before the hydrograph peak while the majority of the coarser sediment was evacuated during the falling limb of
the hydrograph. Each grain-size dependent transport pattern was likely influenced by the source of the associated sediment. At
the flow event time scale, the fines were primarily wash load, supplied from the hillslopes and the coarser grains were entrained
from the channel bed. Because transport patterns differ based on grain size, attempts to define the total sediment concentration
and sediment yield by the behavior of a single grain-size fraction may lead to erroneous results, especially when a large range

of sediment grain sizes are present. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

The magnitude of the sediment load transported within a river
channel is influenced by the size of the sediments available
for transport (Komar, 1987; Lisle, 1995). Different grain sizes
are typically transported at different rates (Walling and
Moorehead, 1987; Parker, 1990; Wilcock and McArdell,
1993; Andrews, 2000). Under most flow conditions, smaller
grains are transported more readily than those larger. Also,
different sediment grain sizes may be supplied to the channel-
ized flow at different rates (Leopold et al., 1964; Malmon et
al., 2004). Over short-time scales, the large sediment grains,
such as sands, gravels, and cobbles, transported in river chan-
nels are supplied by the channel bed (Lisle, 1995; Church,
2006). The amount of each grain size located within the
channel bed and its exposure to the tractive forces of the
flowing water influences the rate at which that grain size can
be entrained and transported downstream. Finer grains, such
as that comprising the wash load, are primarily supplied to
the river channel in runoff traveling as overland flow (Lekach
and Schick, 1982; Walling and Moorehead, 1987). The rate
that overland flow transports sediment to a river channel is

controlled by the flow hydraulics, the amount of the entrain-
able sediment located on the hillslopes, and the hillslope
physiography which includes factors such as lithology, relief,
vegetation, and micro-topography (Komar, 1980; Lekach and
Schick, 1982; Walling and Webb, 1982; Syvitski et al., 2000;
Malmon et al., 2004). Because sediment transport rates vary
with grain size, there are few instances where a specific dis-
charge will produce similar rates of transport for each grain
size present.

Fluvial sediment transport studies often report the total
transport rate occurring within a channel reach rather than
that of specific grain-size fractions. However, different sedi-
ment grain sizes have variable importance to sedimentation
management and engineering projects (Morris et al., 2008;
Shields et al., 2008). For example, fine grains typically have
greater impact on water quality while coarser grains typically
have greater impact on channel stability (Novotny, 1980;
Leopold, 1992; Stone and Walling, 1997). Thus for many
sedimentation engineering or management projects, it is more
important to understand the transport patterns of specific grain
sizes rather than that of the total sediment load (Walling and
Moorehead, 1987). If the transport patterns of all grains are
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assumed to be similar to the total rate and they are not, the
projects may be subject to failure. Therefore, it is important
that we understand the manner in which different grain sizes
are transported in natural fluvial systems; if they have unique
transport patterns, if their transport patterns are different than
that of the total load, and if their transport patterns are of a
significant scale to affect potential engineering and manage-
ment projects.

This study investigates grain-size selective transport patterns
in an alluvial, headwater watershed with an ephemeral flow
regime. This environment is uniquely suited to study how
grain-size may affect transport because ephemeral channels
often have poorly sorted beds with a large range of grain sizes
available for transport (Laronne et al., 1994; Andrews, 2000;
Powell et al., 2001). Further, it is easier to constrain the source
of wash load in headwater watersheds because of the absence
of tributary inputs, making it more likely that the wash load
originated within the proximal watershed hillslopes.

The objectives of this study are (1) to identify if the concen-
tration of transported sediment exhibit grain-size selective
transport patterns, (2) to quantify how the grain-size selective
transport patterns, if present, are different from the mean
pattern of the total sediment load and from one another, (3)
to explore the dependency of grain-size selective transport
patterns on metrics of flow strength, duration, and sediment
source, and (4) to determine if the grain-size selective trans-
port patterns significantly affect watershed sediment
delivery.

Study Site
Walnut Gulch experimental watershed (WGEW)

The 150 km® USDA-ARS Walnut Gulch experimental water-
shed (WGEW) (Renard et al., 2008; http://tucson.ars.ag.gov)
in south-eastern Arizona is an ephemeral tributary to the San
Pedro River. The watershed is defined by basin and range
physiography, with elevations ranging from 1800 m at its
headwaters in the Dragoon Mountains to 1200 m at its outlet.
Average monthly temperatures range from 22°C in January to
33°C in July. Mean annual precipitation for the entire water-
shed is approximately 350 mm, with the majority occurring
during the summer monsoon season (July-September) (Nichols
etal., 2002). Almost all runoff is generated during the summer
monsoon season. The western two-thirds of the watershed are
shrubland and the eastern third is primarily grassland.

Lucky Hills 104 sub-watershed

The 4-53 ha (45,300 m?) Lucky Hills 104 watershed (Figure 1)
is a low-order, unit-source watershed located in the north
central region of Walnut Gulch watershed. The watershed
hillslopes are covered by an array of drought resistant shrubs,
including creosote bush (Larrea tridentata [DC.] Cov.), acacia
(Acacia constricta Benth.), and tarbush (Flourensia cernua
DC.) Between 1963 and 2007, the mean annual precipitation
measured locally at Lucky Hills was 295 mm with a standard
deviation of 80 mm.

The Lucky Hills 104 watershed exhibits an ephemeral flow
regime. Flow hydrographs have steep rising limbs, generally
peaking during the first third of the event’s duration. The
receding limbs are more gradual than the rising limbs but are
still sharper than those of floods in more humid regions.
Hydrographs commonly contain a single peak; however, flow
events with relatively long durations occasionally exhibit

Copyright © 2010 John Wiley & Sons, Ltd.

Figure 1. Hillshade map of the Lucky Hills 104 field site.

multiple peaks. The majority of flow events last less than one
hour, although flows lasting over six hours have been recorded.
The small size of the watershed produces a short time of
concentration for flow events, on the order of tens of minutes.
On average, five flow events occur annually but it is not atypi-
cal for a year to pass without any flows.

The mean channel gradient in Lucky Hills is 0-:027 m m™.
The channel width ranges from 0-5 to 2:0 m. The bank heights
range from a few centimeters with low bank slopes to 1-0 m
with near vertical, incised banks. The channel bed within
Lucky Hills varies from local areas of cobbles to fine sand and
exhibits patchiness resulting from hydraulic sorting and spatial
differences in hillslope sediment delivery (Yuill et al., 2010).

Methodology
Runoff and sediment measurement

Runoff and sediment transport were measured at the outlet of
the Lucky Hills 104 watershed. Channelized runoff was mea-
sured using a calibrated, Santa-Rita type supercritical flume.
The flume accelerates flow velocity to prevent sediment depo-
sition within its channel. During flow events, the flume auto-
matically records flow stage at 15 second intervals using an
integrated silling well and float system (Smith et al., 1981).

Flow was sampled while passing through the flume by an
automated traversing-slot sampler to compute fluvial sediment
concentration (Renard et al., 1986, Nichols et al., 2008). The
traversing-slot sampler takes a total load, depth integrated
sample along the wetted width of the flume. The slot sampler
initially samples at three minute intervals until 15 minutes had
elapsed and then switches to a five minute sample interval for
an addition 15 minutes. If flow continues beyond 30 minutes,
the sampler switches to a 10 minute interval for the duration
of the flow. The sampler inlet is 13 mm wide. In practice, the
sampler is assumed to reliably retain grains 8 mm (grain sizes
are reported in terms of the intermediate diameter of the grain)
and finer; however, larger grain sizes are occasionally observed
in the sampled sediment (Nichols et al., 2008).
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Table I. Categorization of sediment by transport mechanism, source, and Rouse number

Sediment category Transport mechanism

Morphological source Rouse number range

Wash load Suspension (unstratified in flow)
Suspended sediment Suspension (stratified in flow), saltation
Bed load Traction (rolling, sliding, bouncing)

Hillslopes <0-8
Channel bed 0-8-2-6
Channel bed >2-6

Note: Rouse number threshold values are a synthesis of those reported in the literature (e.g. Julien, 1998; Raudkivi, 1998). Based on Church

(2006), Figure 1.

The traversing arm of the sampler rests in an out-of-flow
position. At a prescribed flow depth threshold the arm becomes
activated, sampling at the set intervals until flow once again
descends below the depth threshold. Once activated, the sam-
pling arm traverses the width of the flow at a uniform velocity
set to capture a minimum 1 | volume of flow. If a single tra-
verse is inadequate to capture a 1 | sample, a weight gauge
under the sample bottle will trigger an additional traverse. The
sampler is gauged to only sample the flume width experienc-
ing flow at the time of measurement. Each sample is stored in
one of 20 plastic 2 | bottles placed within a vertically oriented,
weight driven wheel. The rotating wheel is housed adjacent
to the flume, excavated into the channel bank in a manner
not to affect channel morphology or store runoff. After each
sampler traverse, the wheel holding the sample bottles rotates
to an intermediate position with no bottle present in the sam-
pling position to prevent contamination. The next empty
sample bottle is rotated into the sampling position immedi-
ately preceding the initiation of a sampling sequence. The
sampler is powered by a solar generator connected to two
12-V d.c. motors, one attached to the sampling arm and the
other to the rotating table. Experimental calibration tests using
flow with known sediment concentrations found the sampler
to perform as well or better than other typical sediment sam-
pling methods (i.e. US D-48 dip sampler) (Renard et al., 1986).

The samples of flow and sediment were weighed to deter-
mine a wet-weight mass and then oven dried. Sediment con-
centration was computed from the wet and dry-weight mass
and converted into milligrams per liter (mg I™") units. Dry
samples were sieved by a mechanical shaker to determine
grain-size distribution (GSD). The GSDs are classified using
the standard phi intervals; 4:0-8-0 mm (although this interval
may contain larger grain sizes due to the constraints of sam-
pling method as mentioned earlier), 2-4 mm, 1-2 mm,
0-5-1 mm, 0-25-0-5 mm, 0-125-0-25 mm, 0-063—-0-125 mm,
and <0-063 mm.

Sediment flux (in kg s™) was approximated from the con-
centration values by multiplying the concentration (in mg ")
by the corresponding discharge (in | s™"). Event sedigraphs
were extrapolated from measured runoff and sediment con-
centration values using standard procedures of integration
(e.g. Porterfield, 1972). For a description of the procedure and
assumptions of computing sediment yields in this manner see
Nearing et al. (2007).

Channel bed grain size measurement

Bulk samples of channel bed sediment were collected and
sieved to determine the surface and subsurface GSD at 12
monumented cross-sections located along the channel
network. Separate surface and subsurface samples were taken
at each cross-section. Subsurface samples were taken below
the depth of the largest surface grain diameter present. At each
sampled location, the bed material collected spanned the
channel width. The composite bulk sample size (36 kg) was

Copyright © 2010 John Wiley & Sons, Ltd.

below that recommended by Church et al. (1987) to ensure
an un-biased estimated GSD value but it was approximate to
the ‘practical’ sample size recommended by Wentworth
(1926) (i.e. 32 kg).

For the purposes of this study, a modified GSD was com-
puted using a truncated version of the full bed GSD. The
modified GSD only considered grain sizes measurable by the
traversing-slot sampler, i.e. that less than 8:0 mm.

Estimation of transported sediment properties and
flow hydraulics

Transported sediment was classified into three categories
(wash load, suspended sediment, and bedload) based on the
computed Rouse numbers for each grain-size fraction (Table
). The wash load is composed of highly mobile sediment that
is typically not prone to deposition while entrained by flow
and is therefore not found within the channel bed material at
the same abundance as the sediment in the other categories
(Komar, 1980; Church, 2006). Suspended sediment is com-
posed of suspended or saltating bed material and bedload is
composed of bed material transported along the surface of the
channel bed by the tractive forces of flow.

The Rouse number (P) was computed as

@
KU-

P=

where , is the settling velocity, x is von Karman’s constant
(0-41), and u* is the instantaneous shear velocity of the flow.
Settling velocity is dependent on grain size and was calculated
using the method developed by Dietrich (1982). Shear veloc-
ity was estimated as the square root of the instantaneous
boundary shear stress (7) over the density of water (p). Boundary
shear stress is approximated as 7= pgRS, where g is accelera-
tion due to gravity (9-81 m s7), R is the mean hydraulic radius
of the channel, and S is the mean longitudinal channel slope.
This derivation of boundary shear stress is an approximation
of the fluid stress borne by the bed grains and while commonly
employed in a wide range of geomorphic studies (e.g. Batalla
and Martin-Vide, 2001; Habersack and Laronne, 2001; Tucker
et al.,, 2006; Powell et al., 2007), it uses assumptions (e.g.
steady, uniform flow) that are often violated in natural flows.
Hydraulic radius was computed for 20 cross-sections within
the lower channel system for the range of observed flows.
Computed values were used to derive an average discharge-
hydraulic radius relationship. The flow area and wetted perim-
eter were determined by routing the flow discharge through
the channel network using the resistance equation of Hey
(1979),

U arR
———— =5.62|
(gRS)” Og( 35Dy, )
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where U is mean flow velocity, Ds, is grain size in which 84%
of the channel bed grains are finer. The variable a is a channel
shape factor defined as

-0314
a=11-1( R )

max

where D, is thalweg depth. This resistance equation was
selected because the required input parameters of bed texture
and channel geometry are known at this field site and because
of its applicability to low-order channels without the presence
of large roughness elements (i.e. boulders) (Thorne et al.,
1985). The resistance equation predictions were validated
against high water marks measured after the conclusion of
multiple flow events.

Data analysis

Regression analyses were used to verify observed trends in the
sediment concentrations collected in transport. The strength of
the observed trends was gauged by the coefficient of determina-
tion (*) value, where coefficients with p-values less than 0-01
were interpreted as significant for the purposes of this study. To
determine the correlation between groups of values (such as the
concentrations of each sediment grain size sampled at a specific
time interval), Pearson product-moment correlation coefficients
were computed. Correlation coefficients range between 1-0 and
—1-0 with higher absolute values indicating greater correlation.
Negative values indicate the correlation is negative.

Results
Runoff

From 1998 through 2007, 64 runoff events were recorded at
the watershed outlet. The mean flow volume was 101-1 m?
and the mean peak discharge was 0-18 m* s™. The maximum
recorded peak discharge for the study period was 0-66 m* s',
measured during a flow with a volume of 451-0 m’. Using the
historical flow data dating to 1963 (http://www.tucson.ars.
ag.gov/dap), the calculated peak discharges for the flow events
with two, 10, and 50 year reoccurrence intervals are
0-35 m* s7,0-86 m* s, and 1-27 m* s7', respectively, based
on a Log-Pearson Type IlI distribution.

Sediment transport concentrations

During the study period 1998-2007, 83 sediment samples
were collected from 22 runoff events and analyzed for sedi-

ment transport concentration and grain-size distribution. Total
sampled sediment concentrations ranged from 4191 to
115045 mg I”". The concentrations of the 83 sediment samples
are displayed in Figure 2. The mean sediment concentration
was lower after the hydrograph peak than before it, although
the difference in value was not statistically significant (Table
I1). The sediment concentrations display a weak negative trend
with instantaneous discharge (©* = 0-08, p-value < 0-01).

Grain-size properties of the sediment in transport

The mean channel bed GSD was ‘very poorly sorted’ (Folk
and Ward, 1957) with a median grain size (Ds) of 2:83 mm
(Figure 3). For the majority of the channel bed, there were no
observable textural differences between the surface and sub-
surface bed material. The surface of the channel bed con-
tained sporadic patches (~ 0-25-2-0 m? in area) of relatively
coarse grains (i.e. gravel and cobble) that did not typically
extend into the subsurface, which caused the bed surface to
be coarser than the subsurface locally.

The mean GSD of the sediment measured in transport was
finer than the GSD of the channel bed material (Figure 4A).
The Ds, of the sediment sampled in flow was 0-56 mm while
that measured from the channel bed material GSD truncated
at the maximum grain size measurable by the traversing-slot
sampler was 1-13 mm. On average, a much larger fraction of
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Figure 2. Total sediment concentrations collected at the watershed
outlet plotted against the instantaneous discharge at the time of sam-
pling. Measurements collected before the hydrograph peak (<Qp) and
afterwards (>Qp) are differentiated.

Table Il.  Summary sediment concentration values differentiated by metrics of time and discharge

Total concentration (mg I™')

Fine concentration (mg )

Coarse concentration (mg ()]

Subset Mean Standard deviation Mean Standard deviation Mean Standard deviation
All samples 17209 15871 4616 3037 12593 14486
<Q, 18476 17639 6261 3255 12215 16000
>Q, 16404 16237 3494 3355 12910 12882
Q, 20424 21586 4177 3491 16247 19449
Q, 13875 5037 5076 2360 8799 4413

Note: <Q, = measured before the hydrograph peak, >Q, = measured after the hydrograph peak, Q; = measured during the lowest half of
discharge values, Q, = measured during the highest half of discharge values. Proximal italic values were determined to be significantly different
(p-value < 0-01) by a modified Student’s T-test (i.e. Welch’s T- test).

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 3. The averaged surface and subsurface grain-size distribu-
tions of the channel bed material.
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Figure 4. (A) The grain-size distribution (GSD) of the channel bed
(composite of both surface and subsurface samples) truncated at
8-:0 mm and the mean GSD for the sediment sampled in flow. (B) The
mean GSD for sediment transport sampled in four ranges of discharge
(approximate to quartiles), Q1 (0-:001-0-03 m*s™"), Q2 (0-03—
0-05 m* s7"), Q3 (0-05-0-1 m* s7'), and Q4 (0-1-0-53 m* s7').

the sediment sampled in transport was composed of grain
sizes <0-25 mm (31%) than that located in the truncated
channel bed GSD (10%). The size of the fraction of the sedi-
ment in transport composed of these finer grain sizes typically
increased with discharge (Figure 4B).

Observation of the GSD of the sampled sediment concen-
trations showed that finer grain sizes tended to exhibit differ-
ent transport patterns than the coarser grains during flow
events (Figure 5). Table Il shows a matrix of correlation coef-
ficients computed for the relationship between the concentra-

Copyright © 2010 John Wiley & Sons, Ltd.

tions of each individual grain-size fraction analyzed from the
83 sediment samples. Correlation coefficients greater than
0-29 are statistically significant at 99% confidence (df = 81).
Correlation gradually decreased as the magnitude of the dif-
ference in grain size increased. Analysis of the correlation
coefficients of the coarser grain sizes, which composed the
majority of the truncated channel bed GSD (i.e. 0-25-0-5 mm,
0:-5-1-0 mm, 1-2 mm, 2-4 mm, and 4-8 mm), found that
these grain sizes tended to behave similarly. When grouped
into a comprehensive ‘coarse grain-size fraction (i.e. grains >
0-25 mm)’, the mean correlation coefficient between group
members is 0-74. The finer grain sizes, which were not found
in abundance within the channel bed GSD (i.e. that
<0-:063 mm, 0:063-0-125 mm, and 0-125-0-25 mm), also
tended to behave similarly. When grouped into a ‘fine grain-
size fraction (i.e. <0-25 mm)’, the mean correlation coefficient
between group members is 0-69. The mean (of the absolute
value) of the correlation coefficients calculated between the
members of the fine and the coarse grain-size fractions is 0-21.
The correlation matrix indicates that the concentrations of
the coarser grain sizes are better correlated to the total sedi-
ment concentration than the finer grain sizes. The slope of the
linear relationship between the total concentration and the
concentration of the coarse grain-size fraction is 0-90 (* =
0-97), indicating that increases in total sediment concentration
were predominately a result of increased coarse sediment
(Figure 6). The linear relationship between the total concentra-
tion and the concentration of the fine grain-size fraction dis-
plays considerably more variability (* = 0-28) than that
between the total and coarse sediment concentrations.
Figure 7 shows the sediment concentrations plotted against
flow discharge as differentiated between the fine and coarse
grain-size fractions. The data are summarized in Table II
alongside summary data for the total sediment concentration.
The concentration of the fine grain-size fraction shows a
strong tendency to be greater before the hydrograph peak than
afterwards. Unlike the total sediment concentration, the fine
grain-size fraction displays no trend with discharge. In con-
trast, the coarse grain-size concentrations display a statistically
significant tendency to decrease with increasing discharge (r
= 0-15, p-value < 0-01) and show little difference before and

after the hydrograph peak.

Temporal patterns of sediment transport by
grain-size fraction

To better illustrate the temporal patterns in the sediment con-
centration data, both the fine and coarse grain-size fractions
are plotted by event duration in Figure 8. The concentration
of the fine grain-size fraction is significantly correlated to the
elapsed time of the event, highest at the beginning of the event
and typically declining thereafter. Figure 8(A) displays that the
temporal trend in the fine grain-size fraction can be similarly
described as linear (* = 0-19, p-value < 0-01) or logarithmic
(" =0-21, p-value < 0-01). In Figure 8, the event duration has
been standardized by the elapsed time of the hydrograph
peak, which improves the ability to visually compare sediment
trends in hydrographs of different lengths and improves the
overall correlation between the concentration and duration
values. As displayed in Figure 8(B), the concentration of the
coarse grain-size fraction displays no significant correlation
with event duration.

The concentration of the fine grain-size fraction also dis-
plays a slight seasonal trend, decreasing on average through-
out the annual monsoon season. Figure 9 shows the fine
sediment concentration by the day of the year in which it was

Earth Surf. Process. Landforms, Vol. 36, 334-346 (2011)
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Figure 5. Flow and sediment concentration data for three consecutive flow events.
Table III.

concentration (n = 83)

A correlation matrix computed for the measured sediment concentrations of each analyzed grain-size fraction and the total measured

Grain-size fraction (mm)

Grain-size fraction (mm) 4-8 2-4 1-2 0-5-1 0-25-0-5 0-125-0-25 0-063-0-125 <0-063
4-8 1-00
2-4 0-71 1-00
1-2 0-60 0-98 1-00
0-5-1 0-67 0-96 0-97 1-00
0-25-0-5 0-82 0-83 0-79 0-88 1-00
0-125-0-25 0-61 0-52 0-47 0-52 0-72 1-00
0-063-0-125 0-38 0-32 0-29 0-32 0-48 0-84 1-00
<0-063 0-02 -0-04 -0-03 -0-01 0-13 0-45 0-75 1-00
Total concentration 0-86 0-93 0-89 0-92 0-93 0-73 0-54 0-16

55566 e N collected for the three consecutive years in which every flow
e ®; coarse fraction - event was sampled. The last two years (2006 and 2007) show
E 20000 | © fine fraction P a trend of decreasing fine sediment concentration values
5 throughout the monsoon season. The first year (2005) displays
& p—1 this trend until the last flow event of the year (occurring on
g September 8) which produced relatively high sediment
é — concentrations.
g
§ sooof y = 0.10x + 2864
= R L ' Patterns of sediment transport by

0 2 sediment category
0 10 000 20000 30 000 40 000

Total Concentration (mg L")
Figure 6. The sediment concentrations for the fine (<0-25 mm) and
coarse (20-25-8:0 mm) grain-size fractions plotted against the total

concentration of each sediment sample collected.

Copyright © 2010 John Wiley & Sons, Ltd.

The grain sizes sampled by the traversing-slot sampler fall into
three sediment categories, wash load, suspended sediment,
and bedload. Grain sizes finer than 0-25 are categorized as
wash load for the range of discharges in which sediment
was sampled in this study (Figure 10). Coarser grains are

Earth Surf. Process. Landforms, Vol. 36, 334-346 (2011)
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time from the start of the flow event and the time at which the sample was collected (T)) by the elapsed time from the start of the flow event and
the time of the hydrograph peak for the flow event it was sampled (7).

categorized as either suspended sediment or bedload with the
categorization of grain sizes between 0-25 and 2-0 mm depen-
dent on flow discharge.

Observations indicate that the fraction of the sampled sedi-
ment concentrations composed of wash load increased with
discharge (Figure 11). The fraction of sediment transport com-
posed of wash load increased from an average of 30% at the
lowest sampled discharges to exceeding 75% at the highest
sampled discharges. As the discharge approached 0-4 m’ s™,
nearly all of the sampled sediment was categorized as wash
load or suspended sediment.

Sediment flux

While sediment traveling in suspension is typically examined
in terms of concentration, bedload is more commonly
described in terms of mass flux. Table IV displays the power-
law relationship for the computed sediment flux of each indi-
vidual coarse grain-size fraction and excess Shields stress.
Excess Shields stress (7% — 7*) is a dimensionless metric of the
fluid forces borne by a sediment grain (7¥) beyond that required
for initial grain entrainment (7*.). Shields stress (7¥) equals

Copyright © 2010 John Wiley & Sons, Ltd.

T

(ps—p)gD

where p; is density of sediment and D is grain diameter. The
critical Shields stress (7*.) ranges between 0-03 and 0-06 for
typical natural river beds and the averaged value (0-045) is
assumed for this study (Church, 2006). Study results show that
the exponents of the power laws systematically decrease with
increasing grain size, ranging from approximately 1-1 to 2-5.
The power-law relationship between the flux of the full coarse
grain-size fraction (0-25-8:0 mm) and shear stress (1) (* =
0-65, p-value < 0-01) is shown in Figure 12.

Watershed sediment yield

Figure 13 illustrates the calculated hydrograph and sediment
yield for the first flow of 2005. The majority of the fine grain-
size sediment delivery occurred during the rising limb of the
flow hydrograph while the majority of the coarse sediment
delivery and flow discharge occurred during the falling limb.
These trends in sediment delivery were found during most

Earth Surf. Process. Landforms, Vol. 36, 334-346 (2011)



GRAIN-SIZE DEPENDENT SEDIMENT TRANSPORT IN LOW-ORDERED, EPHEMERAL CHANNELS 341

10 000 |2005
0.09 0.55
7 500 007 © 2
[}
5000 x 0.07 x
—_ x / }03
4 2500 - Se -
(@] -
E
S 10000
= 0. g 4 | 2006
% 7 500
o 0.06
x 0.13
& 5000 o— 0.30
O -
c | - & o
S 2500 N ™
£ -
S -
¢ 10000 r 0.21 |2007
4 2 00
C
L 7500 036
0.40
5000 0.14 % e
N oo «
2500 <
07/117 July | August | September
Day of the Year
= Max/Min o 1st Sample of Event  x Event Mean

Figure 9. Fine sediment concentration (<0-25 mm) plotted versus the
day of the year in which the sample was collected. The maximum,
mean, minimum, and first sample collected values for each flow event
are displayed. The numerical values near each group of concentration
values define the peak flow (in m* s™") for each flow event.

10

Bedload

U T ALY

joad "-S.T.Jspend

Rouse number (P)
—
Washioad

0.1

0.001 0.01 01 1
Discharge (m®s™)

Figure 10. The categorization of five grain sizes into wash load,
suspended sediment, or bed load by flow discharge. Categorization
is based on the computed Rouse number for each grain size.

flows. Table V lists the values of flow volume and sediment
yield leaving the watershed outlet during the rising and falling
limbs of the hydrograph for flows occurring from 2005 through
2007, which are the years in which every flow was success-
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Figure 11. The fraction of the sampled sediment concentrations
categorized as wash load, suspended sediment, and bed load by flow
discharge. Categorization was based on the computed Rouse number
for each grain-size fraction (as observed in Figure 10). The black trend
line is fit to the wash load data series and the gray trend lines is fit to
the wash load + suspended sediment data series. Both trend lines are
statistically significant (p-value < 0-01).

fully sampled. Over this time period, 56% of the fine sediment
yield, 38% of the coarse sediment yield, and 46% of the total
flow volume was evacuated out of the watershed before the
hydrograph peak of each flow event.

Discussion
Sediment transport in Lucky Hills 104

The total sediment concentrations measured at the outlet of
Lucky Hills 104 were relatively high compared to that found in
most perennial fluvial systems but were comparable to that
reported in other studies in ephemeral watersheds (e.g. Frostick
et al., 1983; Alexandrov et al., 2003; Malmon et al., 2004;
Cohen and Laronne, 2005; Malmon et al., 2007; Leopold et al.,
1964; Milliman and Meade, 1983; Syvitski et al., 2000).
Sediment samples collected during this study with the travers-
ing-slot sampler were composed of a wider range of grain sizes
than that typically reported in studies of sediment transport,
which constrain the range of grain sizes measured by transport
mode (i.e. that traveling in suspension or bedload). The meth-
odology used in this study ensures that the same particular
grain-size fraction (<8-0 mm) was equitably sampled, indepen-
dent of the transport mode in which the grains were traveling.
While the relatively high sediment concentrations reported in
this study may have been influenced by the fact that they were
derived from sediment traveling by more than one mode, cal-
culations show that the majority of the grains were traveling in
suspension, as either wash load or suspended sediment, for the
range of discharges from which sediment was sampled.

The total sediment concentration displayed a weak negative
trend with discharge. Sediment transport studies in other
fluvial systems have observed variable dependence of sedi-
ment concentration on flow discharge (Renard and Laursen,
1975; Dunkerley and Brown, 1999; Syvitski et al., 2000;
Malmon et al., 2004; Cohen and Laronne, 2005; Alexandrov
et al., 2006). Typically, the relationship is reported as a posi-
tive power law; however, there is no consensus on the control-
ling influences of the power-law coefficients, which have
been correlated to a range of variables including basin
physiography, climate, and sediment supply in past studies.
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Table IV. Calculated sediment flux power laws for the coarse grain-size fractions

Grain-size fraction (mm) Sediment flux power law

4-8 Qs = 0-325(t* — 7.*)"1° 2 =0-16, p-value < 0-01
2-4 Qs = 0-167(7% — 7.%)"* 2 =034, p-value < 0-01
1-2 Qs = 0-062(7* — 7.*)"% 2 = 0-54, p-value < 0-01
0-5-1-0 Qs = 0-012(7* — 7> 2 =078, p-value < 0-01
0-25-0-5 Qg = 0-002(7* — 7.*)*% r’ =083, p-value < 0-01

Note: Qs = sediment flux (in kg s m™); t* = Shields stress; 7.* = critical Shields stress

(approximated as 0-045).
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Figure 12. The flux of the coarse sediment fraction plotted against
calculated reach-averaged shear stress.

Table V. Calculated flow volume and sediment yield for four individual
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Figure 13. Flow discharge and cumulative sediment yields for the
July 27, 2005 (7/27/05) flow event.

flow events in 2005 and for the total values estimated for 2006 and

Discharge Fine yield Coarse yield

Flow date <Q, (m? >Q, (m’) <Q, (kg >Q, (kg) <Q, kg >Q, (kg)

7/27/2005 19-0 (44%) 24-5 (56%) 108 (55%) 8 (45%) 196 (39%) 309 (61%)
8/7/2005 12:6 (27%) 33:6 (73%) 9 (41%) 113 (59%) 1(25%) 248 (75%)
8/12/2005 156 (35%) 287 (65%) 1 (46%) 8 (54%) 104 (25%) 313 (75%)
9/8/2005 297-6 (59%) 208-8 (41%) 1887 (62%) 1135 (38%) 1373 (44%) 1766 (56%)
2006 events n = 4 131-4 (39%) 2088 (61%) 703 (49%) 721 (51%) 951 (37%) 1592 (63%)
2007 events n =3 1263 (37%) 216-8 (63%) 563 (51%) 547 (49%) 1072 (36%) 1900 (64%)
Total 6025 (46%) 721-1 (54%) 3390 (56%) 2662 (44%) 3777 (38%) 6127 (62%)

Note: <Q, = occurring before the hydrograph peak; >Q, = occurring after the hydrograph peak.

Previous suspended sediment studies in ephemeral channels
have found a relatively strong relationship between sediment
concentrations and metrics of flow relative to that reported in
perennial channels, attributing the strength of the relationship
to the abundance of sediment typically stored in ephemeral
watersheds (Leopold et al., 1964; Reid and Frostick, 1987;
Alexandrov et al., 2003).

Grain-size dependent sediment transport patterns

The lack of a distinct transport trend observed in the total sedi-
ment concentration may be due to the fact that it was composed
of a wide range of grain sizes that do not necessarily exhibit
similar transport patterns. The finer grain sizes concentration
were predominately correlated with event duration while the
coarser grain sizes displayed a more coherent trend with flow
discharge (and no trend with event duration).

Copyright © 2010 John Wiley & Sons, Ltd.

We interpret that the fine grain-size fraction exhibited
a different transport pattern than the coarser fraction
because it was primarily composed of wash load sediment.
Wash load travels in suspension, relatively unstratified
throughout the flow column and travels at or near the
velocity of the flowing water (Komar, 1980; Church, 2006).
This categorization is based on the computed Rouse number
for each grain-size fraction measured in transport and from
examination of the grain-size distribution of the channel bed.
In Lucky Hills, the fine grain-size fraction (<0-25 mm) com-
prised only 10% of the channel bed material that was mea-
sureable by the slot sampler (i.e. <8 mm) but constituted
approximately 30 to 80% of the sediment measured in trans-
port. This indicates that the channel bed material was not the
primary source for the fine grain-size fraction sampled in
transport. The coarser sediment was categorized as suspended
sediment and bedload, which are composed of entrained bed
material.
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Patterns of the fine grain-size fraction

The concentration of the fine grain-size fraction declined in
time, through each flow event and also seasonally, although
to a lesser extent. Observations of waning sediment concen-
trations at the flow event time scale (which is often referred
to as ‘clock-wise hysteresis’) have been commonly attributed
to a relative time dependent decrease in sediment supply (e.g.
Renard and Laursen, 1975; Wood, 1977; Lekach and Schick,
1982; Reid and Frostick, 1987; Dunkerley and Brown, 1999;
Malmon et al., 2004; Malmon et al., 2007). This relative drop
in supply has been explained by both a surge in the sediment
supply during the initial onset of the flow and by the time
dependent waning of hillslope sediment reserves. However,
other sediment transport studies in ephemeral channels have
related the time dependent decrease in sediment transport
values to processes other than sediment supply, such as steep
fluctuations in the flow’s energy slope (e.g. Meirovich et al.,
1998) and high rates of transmission loss (e.g. Mudd,
2006).

Limited sediment supply may also influence the fine
sediment concentrations at the seasonal and annual time
scale (Walling and Webb, 1982). If the observed decline in
sediment concentration during each flow event was due to
depleting sediment supply, the sediment concentrations
during the onset of the next flow would be dependent on
the recovery period (i.e. the period between flow events).
Longer recovery periods would provide a longer period of
time in which fine hillslope sediment may accumulate through
sediment restocking processes (e.g. Aeolian processes, biotur-
bation, soil freezing and thawing leading to bank collapse,
bank sapping, dry ravel), which would produce higher sedi-
ment concentrations during the ensuing flow event. If the
recovery period was not long enough to replace the mass of
sediment evacuated during the last flow event, the next
flow event would contain lower sediment concentrations than
the previous flow (holding other influencing factors
constant).

The effect of recovery period may explain why the fine
sediment concentration displayed a slight tendency to peak at
the beginning of the monsoon season and decline thereafter
(as illustrated in Figure 9). During a monsoon season, flow
events often occur in quick succession and have relatively
short recovery periods. After the season begins, the recovery
periods may not be long enough to fully restock the sediment
evacuated during the previous flow event, which produces a
net decrease in the entrainable fine sediment. This trend may
be further promoted by the seasonal increase in vegetation
density in response to the monsoonal precipitation. The
increased vegetation may restrict hillslope sediment delivery
to the channel system in overland flow by enhancing surficial
roughness (Walling and Webb, 1982; Cotton et al., 2006;
Lecce et al., 2006).

Figure 14 illustrates that the concentration of the fine
grain-size fraction measured at the beginning of each flow
event was generally greater after longer recovery periods.
However, this trend displays a wide array of scatter and is
not statistically significant. In a study reported by Alexandrov
et al. (2003), the relationship between the total suspended
sediment concentration and recovery period was examined in
a low-ordered, ephemeral watershed in the Negev desert,
Israel and no observable trend between the variables was
found. The full range of environmental processes that affect
sediment restocking or production rates at the relatively
short-time scales analyzed in this study (i.e. flow event, sea-
sonal, annual) are poorly understood and require further
study.

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 14. Fine sediment concentration (<0-25 mm) from the first
sample collected during each flow event (2005-2007) plotted against
recovery period.

Patterns of the coarse grain-size fraction

In contrast to the fine grain-size sediment concentration, the
coarse fraction did not systematically exhibit temporal trends.
There was a statistically significant negative trend between the
coarse sediment concentration and flow discharge. However,
the mass flux of the coarse sediment displayed a positive
power-law relationship with metrics of flow strength (i.e. 7*,
7). A large number of existing bedload transport models (e.g.
Meyer-Peter and Muller, 1948; Ashida and Michiue, 1972;
Fernadez Luque and van Beek, 1976) assume an exponent
value near 1-5 for the power-law relationship between sedi-
ment flux and flow strength when the flow strength is much
greater than that required for initial grain entrainment (i.e. 7*
> 7*) (Garcia, 2008). That value is within the range derived
for the flux of the coarse grain sizes examined in this study.
The relatively high exponents computed for the power laws
derived for grain sizes 0-25-1-0 mm are likely a result of the
fact their observed transport values include grains traveling as
bedload and in suspension.

The declining concentration of the coarse sediment in flow
may have been due to sediment dilution. Because Lucky Hills
is a small headwater watershed, the ratio of the volume of
water entering a channel reach from overland flow and that
flowing from the channel upstream is relatively large (Leopold
et al., 1964). Overland flow produces a net inflow of water
absent of coarse sediment into the channel network because
it lacks the competence to entrain and transport coarse grains.
Figure 15 demonstrates the general dilution effect. As the
water discharge increased at the watershed outlet, its mass
typically increased at a rate greater than that of the coarse
sediment in transport (the power-law exponent is less than
1-0), which decreases the sediment concentration in terms of
mass. It should be noted that discharge appears on both the
x-axis and the y-axis (in the sediment flux calculation) in
Figure 15, creating a spurious correlation between the two
represented variables.

Study results show that as the flow discharge increased, the
percentage of the sediment concentration composed of the
coarse grain-size fraction decreased. This was likely influ-
enced by the decline in the concentration of the coarse grain-
size fraction rather than by an increase in fine sediment
because the concentration of the fine fraction was not corre-
lated to flow discharge. Results also show that when relatively
high total sediment concentrations did occur, it was primarily
due to an increase in the coarse fraction. This observation is
similar to that reported by Lekach and Schick (1982) in a low-
ordered desert stream. They found that at above a threshold,
suspended sediment concentrations increased primarily due
to increases in the concentration of the coarser sediment frac-
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Figure 15. The calculated mass flux of the coarse grain-size fraction
plotted against the mass flux of the flow discharge.

tion supplied by the channel bed. They hypothesized that the
threshold was set by the maximum rate in which the hillslopes
can supply wash load to the channel system, a rate dependent
on the recovery period between flow events.

The decline in the coarse sediment concentration with
increased discharge may have been perpetuated by instrument
error if the sampler was unable to sample coarse grains with
the same efficiency during high discharges as lower dis-
charges. Instrument calibration test results (Renard et al.,
1986) did not explicitly report the sampling efficiency by grain
size. However, the calculated coarse sediment flux values
appear approximate to those reported in field studies of sedi-
ment transport in similar environments (e.g. Powell et al.,
1996; Malmon et al., 2004) indicating these results are not
anomalous.

The effect of grain-size dependent transport
patterns on sediment delivery

Because of the tendency of the concentration of the fine sedi-
ment fraction to decrease with flow duration, the majority of
fine sediment delivery commonly occurred during the rising
limb of the hydrograph. While the concentration of the coarse
grain-size fraction showed no temporal trend, the majority of
the coarse sediment was delivered during the falling limb. The
falling limb was usually much longer in duration than the
rising limb, producing a longer period in which the coarse
grains were transported by flow. Most hydrographs were
singled peak, so the majority of the fine sediment yield
occurred during the first half of the flow duration and the
majority of the coarse grain sediment yield occurred during
the second half. These phenomena underscore the importance
of measuring sediment transport throughout the duration of an
ephemeral flow event. This is of particular importance to
sedimentation studies that require knowledge of the GSD of
the mobile sediment. The results of this study show that the
GSD and the relative ratio of the fine and coarse grain-size
fractions often change throughout the duration of a flow event.
Because of the different transport patterns based on grain size,
attempts to link total sediment discharge to a single indepen-
dent variable when a large distribution of grain sizes are in
transport may lead to erroneous results.

Copyright © 2010 John Wiley & Sons, Ltd.

Conclusions

Analysis of sediment concentrations sampled within an
ephemeral, low-ordered watershed found the presence of
grain-size selective transport patterns. The concentrations of
sediment comprising two grain-size fractions (i.e. a fine grain-
size fraction including grain sizes less than 0-25 mm and a
coarser grain-size fraction including grains between 0-25 and
approximately 8-:0 mm) were well correlated with the concen-
tration of the other grain sizes comprising the same fraction
and less well correlated with the concentration of the grain
sizes comprising the other fraction. The concentration of the
coarser grain sizes were better correlated with the total sedi-
ment concentration than the concentration of the finer grain
sizes. The concentration of the fine grain-size fraction, which
was likely supplied from hillslope sources as wash load,
decreased with flow duration and showed a slight tendency
to decrease seasonally. The concentration of the coarse grain-
size fraction, which was composed primarily of bed material,
displayed a negative trend with flow discharge that was likely
a result of dilution. The flux of the coarse sediment displayed
a positive power-law relationship similar to that observed in
other fluvial systems. The result of these transport patterns
were calculated to play a significant role in the watershed
sediment delivery; the majority of the fine grain-size sediment
yield was commonly evacuated out of the watershed before
the hydrograph peak and the majority of the coarse grain-size
sediment yield was commonly evacuated out of the watershed
after the hydrograph peak.

The results of this study show how flow strength and dura-
tion differentially affect the transport of the wash load and bed
material in ephemeral flow. The results are significant because
they document sediment transport in a unique fluvial environ-
ment characterized by the presence of a wide range of grain
sizes available for transport as well as high sediment transport
rates. Also, the study methodology permitted the collection of
a wide range of sediment grain sizes using a single
instrument.
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