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Abstract. In gravel-bed rivers, sediments are often sorted1l Introduction

into patches of different grain-sizes, but in braided streams,

the link between this sorting and the channel morpho-

sedimentary elements is still unclear. In this study, theGeomorphologists and sedimentologists observed early on
size of the bed sediment in the shallow braided gravel-bedhat, at alocal scale, the grain-size organization of gravel-bed
Urumagi River is characterized by surface-count and volumet-ivers is not homogeneous in space but sorted into patches,
ric sampling methods. Three morpho-sedimentary element¥hich can be defined as areas of similar grain sizes (e.g.,
are identified in the active threads of the river: chutes at flowlL€opold et al. 1964 Bluck, 1971, 197§ Lisle and Madej
constrictions, which pass downstream to anabranches and993. This patchiness is of fundamental importance for
bars at flow expansions. The surface and surface-layer graifhany hydro-sedimentary processes within rivers as the grain-
size distributions of these three elements show that they corsize distribution affects bed roughness and availability of
respond to only two kinds of grain-size patches: (1) coarseihe different size fractions for transporfgrguson et 3.
grained chutes, coarser than the bulk river bed, and (2) finerl989 Garcia et al. 1999. Hence, grain-size patches influ-
grained anabranches and bars, consistent with the bulk rive®nce both the shear stress fiekiabt 1993 Robert et al.

bed. In cross-section, the chute patches are composed of od@92 Wilcock and McArdel|] 1993 and bedload transport
coarse-grained top layer, which can be interpreted as a loca¥ithin channels Bluck, 1987 Paola and Seall995 veri-
armour layer overlying finer deposits. In contrast, the graincat et al, 2008, but also downstream finind(uck, 1987,

size of the bar-anabranch patches is finer and much more ho€al and Paojd 995 Sambrook Smith and Fergusdr9969,
mogeneous in depth than the chute patches. Those patchedratigraphic record3teel and Thompsi983 Nemec and
which are features of lateral and vertical sorting associated®05tma1993 Lunt and Bridge 2004, and aquatic ecology

to the transport dynamics that build braided patterns, mayWiens 1976 Kondolf and Wolman1993. Yet, it is diffi-

be typical of active threads in shallow gravel-bed rivers andcult to make sense of grain-size organization in gravel-bed
should be considered in future works on sorting processe&Vers. For single-thread streams, it has long been known that

nel morpho-sedimentary elements (eLg@opold et al.1964

Bluck, 1971 Milne, 1982 Lisle and Madej1992. In con-
trast, this relationship is still unclear in multi-thread streams
like braided rivers. Therefore, it is important to provide new
constraints on the location and characteristics of sediment
sorting in such rivers.
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Fig. 1. Morphological features of the braided gravel-bed rivers at the scale of (fjedtompound andb) unitary morpho-sedimentary
elements (in map view and longitudinal section). Note taats considered to be exclusively composedhf (c) and(d) Five minutes apart
topography scans of the bed of an experimental braided river (modified from Limare et al., @) Elgvation differential map between the

two previous topographies. Areas of erosion (in blue) and deposition (in yellow and red) alternate within the active threads, which surround
stable areas of the braidplain (in green). This illustrates that sediment transport occurs in active threads only.

At the reach scale, braided streams are characterized byhich correspond to chutes, followed by zones of deposi-
active threads separated by dry areas corresponding to rention, which resemble unit bars associated with small within-
nants of compound bars (Figa) (e.g.,Bluck, 1974 Ash- channel anabranch thalwegs that eventually evolve into dis-
more 1982 Church and Jone4982. Within these threads, tinct threads with timel{ane et al. 2003 Wheaton et aJ.
sequences of three morpho-sedimentary elements are ol201Q Ashmore et al.2011 Limare et al, 201]) (Fig. 1c,
served: chute thalwegs at flow constrictions, and anabranchd andle). On the other hand, despite their significant areal
thalwegs and unit bars at flow expansions (Rilg). Quali-  extension, the role of compound bar remnants in the dynam-
tatively, the chutes are characterized by a steep and narroies of braids has never been put forward either by physi-
concave (curved inward) morphology and by coarse grain-cal experimentsNétivier and Meunier2003 Ashmore et
size. The anabranches are also concave but look flatter aral., 2011; Limare et al, 2011 or by mechanical analyzes of
finer-grained. The bars, which are lobate tabular bedformdglow stability ( Métivier and Barrier 2012 and references
without avalanche slip faces at their margins, have a flattherein). Excluding works carried out on these compound
large and convex (curved outward) morphology and generstructures onlyBluck, 1974 Ashworth and Fergusoi986
ally exhibit the finest grain-size. These sequences are consid-unt and Bridge 2004, grain-size studies in multi-thread
ered as the building blocks of gravelly braided river systemsstreams have mainly focused on the downstream sorting that
(e.g., Smith, 1974 Ashmore 1982 Southard et a].1984 occurs on unit bars§mith, 1974 Hein and Walker1977,
Ashworth 1996 Ashmore 2013. These building blocks are  Bluck, 1982 Ashworth et al, 19923 b; Hassan2005 Rice
equivalent to the dynamical features observed in natural oand Church2010. Comparatively, only a few works with
experimental streams. Based on topographic measuremeniisnited data sets have compared bar and thalweg grain sizes
through time, the bed evolution of braided rivers clearly (Smith, 1974 Ashworth et al. 19923 Laronne et al.1994
shows that braidplains are made up of two primary dynami-Laronne and ShlomR007).
cal features: zones of erosion and scour at flow convergences,
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Fig. 2. (a)Location of the sampling site (red dot) along the Urumgi River, @ma&xample of the three unitary morpho-sedimentary elements
of the river bed. Flow is from South to North.

To complete these works, a field study was performed orat a gauging station located few kilometers upstream of the
the Urumgi River, a shallow gravelly braided river in China. sampling site (Fig2 andZhou et al, 1999. The total sed-
During two field surveys, the grain-size distributions (GSDs) imentary load is about 1-2 §8gyr—! (45% as dissolved
of the river bed, and of the surface material and of the surfacdoad, 35 % as suspended load and 17 % as bed |hade(
layer of the morpho-sedimentary elements typically foundal., 2008 2017). Outside of the high flow season, the river
into the active threads were characterized by volumetric samis almost completely dry and it becomes possible to measure
plings and surface counts. This article presents the grain-sizthe bed material at many locations.
analysis carried out to investigate (1) the link between the This study focuses on the elements identified in the re-
grain-size patchiness and the morpho-sedimentary elementsently active threads (chutes, anabranches and unit bars,
and (2) the relationship between this grain-size patchines§ig. 2b), which correspond to unit structures formed by ac-
and the bulk GSD of the river bed. Only two types of grain- tive sediment transport under high to moderate flow. Others
size patches are identified, which are features of lateral andtructures, such as compound bar remnants were not consid-
vertical sorting associated with transport processes that builéred.
braided patterns in shallow gravel-bed rivers.

3 Data acquisition and analysis
2 The Urumgi River at the sampling site

3.1 Sampling strategy
The Urumgi River is a shallow (up to one meter-deep)
braided gravel-bed river that flows on the northern side ofAt the sampling site, a three-step strategy was implemented,
the Tian Shan Mountains in China, near the town of Urumgiin order to sample the bulk GSD of the river bed, as
(Fig. 2). This river rises at the front of a glacier at an ele- well as the surface and the surface-layer GSDs of the
vation of 3600 m and runs northwards to the Junggar basinmorpho-sedimentary elements defined previously. In gravel-
where it dies out into a desert at an elevation of 1100 m.bed rivers, the surface layer is defined as the deposits lying
Our sampling site is located about 10 km downstream of thefrom the surface down to a depth corresponding to the size of
mountain topographic front (Fi@), where the Urumgi River  the largest clasts (usually one or twgdp(Sutherland1987
braids within an alluvial valley cut down into the deposits of Church et al.1987%). In the Urumaqi River, the by is around
a former alluvial fanZhou et al, 2002. At this location, the  10cm, so the surface layer is defined as the sediments from
mean slope is 0.02, the catchment area is around 1080 kmthe top of the river bed down to 20 cm. The subsurface ex-
and runoff is mainly regenerated by summer rains and snowiends below these surface deposits.
or ice melting. Hence, the Urumgi River mostly flows from  To characterize these layers, two granulometric sampling
May to September. Monthly measurements over a 22-yeatechniques were used: the surface-count (Wolman grid-by-
time period reveal a mean annual discharge of 7.28th number) and the volumetric (sieve-by-weight) methods. The

www.adv-geosci.net/37/27/2014/ Adv. Geosci., 37, 382014
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first one considers the grains lying on the top of the river Finally, the surface-layer GSDs of the morpho-
bed Wolman 1954). It is classically used to sample surface sedimentary elements were characterized by the volumetric
GSDs. The second method considers a volume of sedimentsechnique. Among the elements sampled by surface counts,
It is usually implemented to sample subsurface GSDs. five chutes, five anabranches and five bars were sampled by
For surface counts, a grid was layered over the surface t@xcavating a series of shallow trenches without removing
be sampled, with points located every 20 cmZDgp) in or- the first layer of sediments, each k8 x 0.2n? in area
der to avoid sampling the same grain twice. The intermedi-(Fig. 3c). After the removal of the sand fraction, these small
ate (b-axis) diameter of the grains under the knots was measamples weight about 300-400 kg and fall in a 5% precision
sured, as it permits a comparison with the volumetric datarange Church et al. 1987 (Table 1). These individual
(Kellerhalls ans Bray1972, Church et al.1987% Bunte and  samples can also be added to obtain three large average
Abt, 2001). In addition, only grains with a b-axis larger than samples weighting more than 1600 kg and falling in a 0.5 %
8 mm were considered to reduce the size measurement umprecision range Ghurch et al. 1987 (Table 1). One can
certainties associated with this surface methodolo@iér- notice that this kind of sampling is new because the surface
halls ans Bray1971 Church et al. 1987 Bunte and Abt  layer is basically never sampled. However, this is the layer of
2007). Eventually, it is recommended to collect 100 to 400 sediments accessible for bed load transport in a gravel-bed
grain measurements to have a representative surface-couriver. In addition, it makes the connection between the
sample with the diameters defined fral0 to 5% Church  hydraulic processes of sorting and the bulk deposition,
et al, 1987 Diplas and Fripp1992 Rice and Churchl996. and therefore, links the morphologic with sedimentologic
For the volumetric samples, the sediments were excavategatterns
and sieved using mesh sizes ranging from 25.6 cm to 63 um,
each mesh size being twice the previous one. The grains re3.2 Sample analysis
tained on each sieve were then weighed in order to obtain
a mass for a given mean diameter, which is considered td’he grain sizes were normalized using tescale (log
be the mean b-axis of the clasts. To be consistent with thdased) and fitted by the normal law, as it characterizes distri-
surface-count samples, only grains larger than 8 mm weréutions through only two parameters: the mean and the stan-
taken into account. The depth of the excavated volume mustlard deviation. The simplest way to assess the accuracy of
be at least 2By to assure that large grains can be sampledthe normal fit is to use quantile-quantile plots (Q-Q plots),
and its area must be calculated in order to fulfill the accu-which compare the quantiles of two distributions to deter-
racy criteria defined byChurch et al(1987. Ideally, these  mine whether they are equivalent or significantly different.
authors propose that the biggest grain of a volumetric samin practice, the mean diametérsg and the standard devi-
ple does not represent more than 0.1 % in weight of the totahtion o of each¢-normalized GSDs were used to generate
sample. In that case, grain-size fractions are determined witimormal distributions. The €3 to Q100 quantiles of these nor-
a 0.1 % precision. In practice, this precision is never achievednal distributions were then compared to the quantiles of the
because of the excessively large volume needed, and becausample distributions (Figla). For the volumetric samples, in
the within site variability by far exceeds this limit for gravel- order to avoid interpolation between the measurements, the
bed streams. Therefore, less stringent precisions are usualtyuantiles correspond to those defined by the points issued
adopted. In this study, accuracy values vary from 0.5%, afrom the discrete CDF (Figlb). In each case, plotted points
quite stringent condition, up to more loose accuracy of 5%. are quite well aligned on the = y line, implying that the
First, the bulk GSD, that corresponds to the subsurface discompared distributions are equal. Thus, normal distributions
tribution of the river bed, was characterized by this volumet-can safely be used to analyze the data presented here and this
ric technique. A deep trench ofx71.2x 1 m® was dug into  allows a statistical investigation.
the river bed (Fig3). In order to get the subsurface grains  For the surface-count samples, Monte Carlo simulations
only, the surface layer~20cm) was removed. Excluding were used to evaluate the error bars of the sample parameters,
the sand fraction, which represents about 25 % of the samplelsg ando (Tablel). For each sample, 10 000 normal distri-
about 8660 kg of grains larger than 8 mm were finally sievedbutions were generated using the same number of grais,
and weighed (Tabld). According toChurch et al(1987, ando. The real parameters of each generated distributions
this sample falls around the 0.5 % precision. were calculated to estimate the potential variation of each
Then, the surface GSDs of the morpho-sedimentary elesample. This analysis is directly applicable on surface-count
ments were characterized by surface counts. Eight chutesamples but not on the volumetric ones because they give no
eight anabranches and nine bars were sampled with grideformation about the diameter of individual grain in each
layered at their surface (Fi@b). Depending on their areal sieve. Consequenthy)sg uncertainties for volumetric sam-
extension (i.e. a few square metres), 38 to 471 clasts werples were calculated according @hurch et al(1987) (Ta-
measured on each element. These individual samples can lige 1). However, it is not possible to evaluate the uncertain-
then added, in order to obtain one larger sample with mordies associated to standard deviation of these samples without
than 500 grains for each kind of element (Table a precise knowledge of sediment shape and density.

Adv. Geosci., 37, 2739, 2014 www.adv-geosci.net/37/27/2014/
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Fig. 3. (a) View of the deep trench dug to sample the Urumaqi river bed. This trench is 7m long, 1.2 m large and 0.8 m deep after removing
the surface layer< 20 cm).(b) and(c) Examples of a grid and a shallow trench used to sample single morpho-sedimentary elements. The
grid presented here is 4 m long and 3 m large, whereas the trench is 1.5m long, 1 m large and 0.2 m deep.

2 the morpho-sedimentary elements correspond to grain-size
S 81A e B oo patches, and (3) investigate the relationships between these
g 7 e - grain-size patches and the bulk GSD of the bed.

£6 Ll e

gﬂ 5 #i! A 4.1 Bulk distribution of the river bed

o - P

% 4 }ﬁ‘ . - First, the volumetric sample taken from the subsurface layer
2 3 - (from 0.2 to 1 meter-deep) of the deep trench was used to

3456 7 89 3456 7289

Normal grain sizes (¢) Normal grain sizes (§) characterize a bulk GSD of the Urumqi river bed. This sam-

ple is unimodal with about 80 % of pebbles, a mean diame-

Fig. 4.Q-Q plots used to assess the accuracy of the normal fit of theter Dso of 4.73¢ (26.5mm), and a standard deviatiorof

¢-transformed grain-size distributiong) Comparison of the 10th, 1',2 (Tabled). Itis almost impossible to demopstratg whether

20th, etc. quantiles of the 25 surface grain-size distributions to theithiS Sample characterizes the whole bulk distribution of the

equivalent normal distributiongb) Comparison of the quantiles of ~fiver bed. However, it corresponds to a local bulk distribu-

the 15 surface-layer grain-size distributions to their equivalent nor-tion taken near the studied elements and is considered in this

mal distributions. Plotted points are quite aligned onitke y line, study as the reference GSD for the river bed.

implying that all theg-transformed samples can be fitted by a nor-

mal distribution. 4.2 Surface distributions of the morpho-sedimentary
elements

Finally, ANOVA tests were performed to analyze the The surface-count samples from the 25 morpho-sedimentary

variability in GSDs with respect to the unitary morpho- : . .
) . elements (eight chutes, eight anabranches and nine bars)
sedimentary element (Tabl&and 3). These tests require 2
were compared to determine if these elements correspond

that the samples are normally distributed and have equal varit-0 different arain-size patches or not. On average. the sur-
ance, and therefore are based ongheansformed distribu- 9 P ' ge,

tions. ANOVA tests determine whether at least two groupsface grain size of chutes is coarser than grain size .Of the
i ; anabranches and bars (Fsg.and Tabld). Indeed, each kind
of samples come from the same population or from different

populations based on the analysis of their variance. The rati¢ f element is characterized by a range of distributions, with

F of the variability within and between the different groups a large overlap between t.h " ana_Lbranch and bar grain sizes
. . that are too close to be distinguished from one another. In
is calculated and compared to theoretiEavalues. The tests :

o contrast, the chute GSDs clearly fall on the right part of the
were based on the null hypothesig:lthe samples come from

the same population of grains. This hypothesis is rejected iplr:p&:nDd O\é?rtlﬁg ;ﬁgblrlgLeCw;T];hE:rth%G?eDssr.aioreejsX?r?r;
the parameteF is higher than the acceptable valueg Br pie, 50 P 9

L . 4.00 to 5.14¢, whereas thésg of the chutes ranges from
Foo at a level of significance of 95 % and 99 %, respectively. 5.28t06 1(;‘;1) In other words the surface of the cr?utes is al-

ways coarser-grained than the surface of the anabranches and
4  Granulometry of the river bed bars. The ANOVA tests support these observations by con-

firming that the chute GSDs are statistically different from
The data collected were analyzed in order to (1) characterthe anabranch and bar GSDs, which constitute only one sin-
ize a local bulk GSD of the river bed, (2) determine whethergle population (Table 3).

www.adv-geosci.net/37/27/2014/ Adv. Geosci., 37, 382014
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Table 1. Statistics of the GSD50(mm) is the mean diameter of the distributiods;g(logo) the mean diameter of th-normalized dis-
tributions (Dsp(logz) = l0ga(Dsp)(mm)), andA Dsg the associated uncertaingyis the standard deviation of tigenormalized distributions
andAo the associated uncertainty. Grain-size classes are\Wentworth(1922.

Sample Sampling Sample size Pebble Cobble Boulddpbsg Dsg ADsg o Ao

type method  (D>8mm) (%) (%) (%) (mm) (log) (&) ()
Bulk Volume 8660 kg 78 21 1 26.5 4.73 0.2 1.2 A
53 grains 96 4 0 17.2 4.10 0.3 09 0.2
42 grains 86 14 0 24.8 4.63 0.6 09 04
38 grains 89 11 0 15.6 4.00 0.7 1.1 05
Surface Surface 36 gra!ns 92 8 0 26.9 4.75 0.5 0.8 03
41 grains 98 2 0 17.2 4.10 0.5 0.8 0.3
36 grains 97 3 0 20.3 4.34 0.6 0.8 0.3
2 99 grains 77 23 0 318 499 04 11 03
m 153 grains 95 5 0 24.6 4.62 0.3 0.8 0.2
225 grains 85 15 0 25.7 4.68 0.2 1 0.2
Total 723 grains 89 11 0 24.2 4.59 0.1 1.0 0.1
330 kg 84 16 0 24.2 4.59 0.2 1.0 A
Surface layer  Volume 280kg 86 14 0 20.0 4.33 0.2 1.2 A
340kg 87 13 0 24.9 4.64 0.2 09 A
320kg 85 15 0 23.1 4.53 0.2 1.0 A
352kg 77 23 0 29.1 4.86 0.2 11 A
Total 1620 kg 83 17 0 24.3 4.60 0.2 1.1A
93 grains 76 24 0 34.3 5.10 0.3 1.1 0.2
65 grains 66 34 0 34.5 5.11 0.4 1.0 04
" 44 grains 80 20 0 22.1 4.46 0.6 1.1 04
2 Surface Surface 94 grains 89 11 0 257 4.68 0.3 09 03
2 80 grains 90 10 0 28.9 4.85 0.4 1.0 03
g 48 grains 85 15 0 17.6 4.14 0.6 1.1 0.5
g 149 grains 76 24 0 35.3 5.14 0.4 1.2 0.2
< 431 grains 85 15 0 272 476 02 1.0 01
Total 1004 grains 82 18 0 28.7 4.84 0.1 11 0.1
382 kg 88 12 0 23.9 4.58 0.2 1.0 A
Surface layer  Volume 398kg 72 28 0 27.9 4.80 0.2 13 A
370kg 84 16 0 25.6 4.68 0.2 1.0 A
317kg 69 31 0 32.2 5.01 0.3 12 A
267kg 74 26 0 30.0 491 0.2 12 A
Total 1734 kg 78 22 0 27.1 4.76 0.2 1.1A
41 grains 63 34 3 43.0 5.42 0.5 1.3 03
38 grains 45 55 0 68.6 6.10 0.6 11 04
43 grains 51 49 0 60.0 5.91 0.6 1.1 04
Surface Surface 34 grains 53 47 0 61.0 5.93 0.6 09 04
4 63 grains 57 43 0 573 584 04 10 03
2 33 grains 55 45 0 59.1 5.88 0.6 09 05
o 62 grains 69 31 0 38.9 5.28 0.5 1.1 04
194 grains 55 45 0 57.7 5.84 0.4 12 0.2
Total 508 grains 56 43 1 56.3 5.81 0.2 1.1 0.1
430 kg 56 44 0 47.2 5.56 0.3 12 A
Surface layer  Volume 372kg 63 37 0 37.3 5.22 0.3 1.2 A
555 kg 69 31 0 33.8 5.08 0.3 1.2 A
310kg 52 44 4 525 571 0.3 1.3 A
313kg 63 37 0 38.2 5.25 0.3 1.2 A
Total 1980 kg 61 38 0 40.1 5.32 0.3 1.3A
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Fig. 5. Individual grain-size distributions dfa) the surface andb) the surface layer of the sampled elements. Each kind of element is
characterized by a range of grain sizes with an overlap between the bars (blue dots) and the anabranches (green triangles) distributions. |
contrast, the chute distributions (yellow squares) clearly differ, indicating that chutes are always coarser-grained than anabranches and bars

Table 2. ANOVA tests on the surface grain-size distributions of two other elements, as illustrated by the mean diameters. The
the three kinds of morpho-sedimentary element. df is the numbeanabranch and babsg are close (4.84 and 4.58, respec-
of degrees of freedom, SS the sum of square and MS the meafively), whereas the chutBsg is much larger (5.8%). The
square.P is the probability to get this valué' from samples ex-  contrast in the shape of the GSD is also striking. For the small
Fracted_from a sn_ngle population. The null hyp_oth¢5|s is that t_heregrain sizes (from 3 to about 5.5), the chute GSD is flat-
is no difference in th_e mean values of the grain-size dlstrlbutlons.ter than the bar and anabranch GSDs, whereas for the large
Chutes are clearly different from anabranches and ars §yg), L . N .
whereas anabranches and bars cannot be considered as two differelt - >/C> (from 5.5 to 8¢), this trend is reversed. .Thls re-
populations £ < Fgg). sult |nd|gates that the surfacg of the chutes lacks fine grains,
or contains more coarse grains, compared to the surface of
the two other elements. Indeed, cobbles represent between
11 and 18 % of the anabranch and bar surfaces, whereas they
Inter 1 041 041 reach 43 % for the chute surface.

Elements Variation source df SS MS

Bars Intra 15 182 012 Comparison of the merged surface GSDs with the lo-
Anab\gnches Tlgtal F]g;i |:2£3 %14 cal bulk GSD also provides valuable information. On one
3.40 457 868 008 hand, the surface GSDs of the anabranches and bars are
comparable to the bulk size distribution (Figp, Tablel).
Inter 1 39 396 Their Dsg are not significantly different (4.59, 4.84 and 4.73
Chutes Intra 14 141 0.0 ¢, respectively) and their fractions of the different grain-
Vs Total 15 537 036 size classes are coherent. The anabranches and bars contain
Anabranches 354 '29650 ';9%6 goo about 85% pebbles and 15% cobbles, when the bulk pro-
' i ' i portions are 78 % and 21 %, respectively. The comparison of
Inter 1 724 724 the bulk quantiles to the element quantiles completes these
Chutes Intra 14 14 010 observations. Except for the high quantiles, the points for
Vs Total 15 873 053 the anabranch and bar GSDs nearly fall on the x line
Bars F Fos Fo9 P (Fig. 6b), implying that parameters of the surface size distri-
72.81 454 8.68 0.00

bution of these two elements are very close to those of the
bulk distribution. Therefore, it appears that the surface GSDs
of the anabranches and bars correspond to the bulk GSD of
Chhe river bed. This result suggests that there is no significant
rain sorting between the surface and subsurface grain sizes
ithin these elements.

To emphasize the average grain-size tendency for ea
kind of element, the three merged surface GSDs obtained b
adding the individual samples can be considered (see section .
Data acquisition and analysis). According to these mergec{h On the other hand, the chutes (5.81¢) is much larger

N an the bulkDsg (4.73 ¢), as well as the content in cob-
GSDs, t'he sgrfage FletI’IbutIOhS of the anabr'an.che.s ar'ld b.arlﬁes (43 % as against 21 %) (Figp, Tablel). On the bulk-
are again quite similar, whereas the chute distribution is dif-

ferent, both in value and shape (Figa and Tablet). Al element quantile-quantile diagram, the points are aligned, but

the quantiles of the chute GSD are coarser than those of thQOt on they = x line (Fig. 6b), implying that even if the bulk
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Fig. 6. Merged grain-size distributions of the sampled elements compared to the bulk distribution of the ria) Badin-size distribution

and(b) Q-Q plots for the surface samplés) Grain-size distribution antl) Q-Q plots for the surface-layer samples. The grain-size distribu-

tions of the bars (blue dots) and the anabranches (green triangle) are quite similar, both in values and shapes, and compare well with the bull
distribution (black squares). In contrast, the grain-size distributions of the chutes (yellow squares) are clearly different from the anabranch,
bar and the bulk distributions. This difference is more marked for the surface maaeaiadlf) than for the surface layec @ndd).

and chute distributions are both normally distributed, theytheir surface-layer distributions (Figb and Tablel). The

have different parameter®59 ando. The surface GSD of surface-layer GSDs of the chutes is typically coarser than the
the chutes clearly deviates from the bulk GSD of the riveranabranch and bar ones. Each kind of element is still char-
bed. The former lacks fine grains, which indicates a grain-acterized by a range of distributions with a large overlap for
size sorting between the surface and the subsurface at thbe anabranch and bar grain sizes that are too close to be
place of the chutes. distinguished, while the chute GSDs are shifted to the right

Consequently, in the active threads of the Urumgi River,compared to the other ones. Indeed, the anabranch and bar
sediments are sorted into two kinds of patches defined byDs5g range from 4.33 to 5.0%, whereas the chut®sg are
distinct ranges of grain sizes: (1) the coarse-grained chutedetween 5.08 to 5.7¢. The results of the ANOVA tests in-
coarser than the bulk river bed, with many cobbles, and (2)dicate again that the anabranch and bar GSDs belong to one
the finer-grained anabranches and bars, consistent with thgingle population, whereas the chute GSDs are from another
bulk river bed, with fewer cobbles and more pebbles. population (Table3).

The three merged surface-layer GSDs obtained by adding
the individual samples also support these observations. All
the quantiles of the chute GSDs, as well as the mean di-
ameter, are coarser than those of the two other elements,
which are quite similar (Fig6c and Tablel). However,

The vol [ les of th face | ken from five. o
e volumetric samples of the surlace fayer faken rom Ve o o ace and surface-layer GSDs are similar for the

chutes, five anabranches and five bars were compared tgnabranches and bars, they are significantly different for the

study the transition between the surface and the subsurfacghute& For example, the surface and surface-IBygiof the

below the grain-size patches. The differences observed beénabranches and bars range from 4.59 to 4 &¥hereas the

tween the surface GSDs of the elements also exist between

4.3 Insights from the surface-layer distributions of the
morpho-sedimentary elements
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chuteDsg are 5.81 and 5.33, respectively (Tall). Further-  Table 3. ANOVA tests on the surface-layer grain-size distributions
more, the surface-layer GSD of the chutes does not clearlpf the three kinds of morpho-sedimentary elements. df is the num-
lack fine grains, contrary to what is observed for the surfaceper of degrees of freedom, SS the sum of square and MS the mean
distribution (Figs 6a and6c). square.P is the probability to get this valug from samples ex-

As for the surface distributions, the surface-layer GSDStracted from a single population. The null hypothesis is that there
of the anabranches and bars are very similar to the Iocaﬁ no difference in the mean values of the grain-size distributions.
bulk GSD (Fig.6¢, Table1). Their Dso are very close (4.60 hutes are clearly different from anabranches and tfars ¢gg),

u 19.6C, g Ir D50 v y. » 77 whereas anabranches and bars cannot be considered as two different
4.76 and 4.73, respectively), as well as their fractions of opulations £ < Fos).
the different grain-size classes. The surface-layer GSDs o?
the anabranches and bars have parameters consistent with

) ) o=l Elements Variation source df SS MS
those of the bulk GSD, exactly like their surface distribu-
tions (Figs 6b and6d). Results are quite different for chutes. Inter 1 01 011
Their surface-layer GSD is closer to the bulk GSD than their Bars Intra 8 027 003
surface distribution: the surface-layBgg of the chutes (5.32 Vs Total ° 037 004

. - Anabranches F Fos Foo P

@) is closer to the bulk one (4.7@) than their surface)sg 3.2 532 1126 0.11
(5.81¢) (Fig. 6¢c and Tablel).

Consequently, the surface and surface-layer GSDs of the Inter 1 081 o081
anabranches and bars are equivalent to the bulk GSD. This Chutes Intra 8 039 005
supports the lack of a grain-size sorting from the surface to VS Total 9 120 013
the subsurface at the place of the bar-anabranch patches. For Anabranches 1 6F 48 ';932 ';392 6 '(3) 00
these patches, the surface GSD seems to be the exact surface i ' i i
expression of the surface-layer distribution, which is consis- Inter 1 1.50 1.50
tent with the bulk GSD. On the other hand, the surface GSD Chutes Intra 8 042 0.05
of the chutes is clearly coarser-grained than the local surface- Vs Total 9 192 o021
layer GSD, which is itself coarser than the bulk distribution Bars F Fos Fgg P

28.59 532 11.26 0.00

of the river bed. This trend demonstrates a grain-size sorting
from the surface to the subsurface below the chute patches.
At these locations, there is a clear disconnection between the
first layer of grains, building up the surface, and the grains
lying at depth. Actually, the shallow trenches dug for the with no extension in depth. If so, the surface-layer samples
surface-layer samplings reveal that, at chute places, the rivetaken at chute places are not made of chute grains only, but
bed is composed of one coarse-grained layer lying on thef a mix of chute grains and what lies below. In contrast,
surface with finer-grained sediments below (Fig). As ex-  anabranches and bars usually develop at flow expansions,
pected, the surface layer of anabranches and bars is mudiownstream of the chutes, where the flow velocity and grain
more homogeneous (Figb), which strengthens the distinc- transport decreas®évoren and Mosley1986 Ashmore et
tion established between the two kinds of patches. al,, 1992 Ashworth 1996. These patches correspond to ar-
eas of deposition. Their grain size is finer and much more
homogeneous in depth than the chute sizes, without any ver-
5 Discussion tical sorting. Surprisingly, the local bulk GSD of the Urumgi
River does not correspond to the addition of the grain sizes
In the shallow braided gravel-bed Urumgi River, sedimentsof the chute and bar-anabranch patches. If the latter are the
are sorted into two kinds of grain-size patches: the coarseexact surface expression of the bulk river bed, the former are
grained chutes and the finer-grained anabranches and bamifferent. However, these patches must be paired and found
Chutes are typically located at flow constrictions where thein equal numbers in the stream. Therefore, the discrepancy
flow velocity and the grain transport increas&€hqrch and  between the chute and bulk GSDs also indicates that, in addi-
Gilbert, 1975 Davoren and Mosleyl986 Ashmore et al.  tionto vertical sorting, the chute deposits must be much more
1992 Ashworth et al. 1992a b; Ashworth 1996. They may limited than the bar-anabranch deposits in term of spatial ex-
correspond to the areas of erosion identified by topographid¢ension and volume, or that the distribution of coarse grains
surveys in braided streams (e.4/heaton et a).201Q Ash- does not affect much the bulk size distributigksbiworth et
more et al,201Z; Limare et al, 2011). Below these chutes, a al., 1992h. In other words, the river bed seems to be mainly
vertical grain-size sorting occurs from the surface to the sub-composed by the grains deposited in bar-anabranch patches.
surface of the river bed. Indeed, these patches are characterhis issue should be tested on the field. At present, the avail-
ized by a coarse top layer, which can be interpreted as a localble satellite or photographic data do not enable the charac-
active armour. This grain-size structure possibly implies thatterization of the surface extension of the chutes compared
chute patches correspond to a single layer of coarse grain® the extension of the unit bars-anabranches. Microscale
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Fig. 7. View of a wall of trenches dug ite) a chute andb) a bar. The chute is clearly made up of one coarse layer with no vertical extension,
whereas the bar deposits are more homogeneous in depth.

experiments using two different grain sizes could be used tgrevents the formation of this vertical sortiri€trich et al,
test this explanation. 1989 Gran et al.2006 Hassan et al2006. This could ex-
Others grain-size studies have focused on shallow braideglain why those braided rivers, either ephemeral or not, are
rivers. According to their hydrological regime, these rivers not armoured, which is in agreement with a recent synthe-
seem to divide into two categories: ephemeral or perennialsis suggesting that multiple-thread gravel-bed streams have
Ephemeral streams are rivers flowing only a few days perhigher sediment supplies than single-thread stredvés (
year during flash floods. In these rivers, unit bars are coarsettivier and Barrier2012).
grained than thalwegd éronne et al.1994 Hassan2005 All those observations are also in good agreement with the
Laronne and Shlomi2007). This could be related to their experiments ofGardner and Ashmoré011). They used a
rapid flow recession that prevents any reworking of the fineFroude-scaled physical model to simulate a coarse-grained
grains brought within thalweg$i@assan et al2006. On the  braided river with a bimodal sediment distribution. They
other hand, perennial rivers usually flow all the year long. mapped the thickness of the river-bed active layer during
Flowing all year-long, with a marked high-flow from May to the experiments, as well as the grain-size texture of its basal
September, the Urumgi River can be considered as a pererand top surfaces. It appears that the experimental river bed
nial stream. In terms of grain size, its unit bars are finer-is made of grain-size patches and that the grain-size distri-
grained than its thalwegs, as other streams with a strong sedutions are the same at its bottom and its top. The authors
sonality Smith, 1974 Ashworth et al. 19928. However,  even suggest that there is no vertical sorting at all in this
this work shows that the chute and anabranch thalwegs déayer that is active during flood (about 20 for their ex-
not share the same grain-size range, the anabranches beipgriments). Scaled t®sg of the sample extracted from the
closer to the unit bars. This questions the relevancy of the tod m deep trench, the typical thickness of the Urumgqi active
pography as a selection criterion for the location of grain-sizelayer should be about 60 cm, which is consistent with the
studies in shallow braided gravel-bed rivers. homogeneity in the depth of the river bed studied here. This
Besides this aspect of grain-size patches, the shallovsuggests that in spite of a spatial sorting at the bed surface,
braided gravel-bed rivers, where it has been investigated, arthe layer of hydro-sedimentary activity is the same in granu-
not armoured l(aronne et al.1994 Laronne and Shlomi  lometry than the river deposit on a whole.
2007. Even if the chute patches of the Urumgi River present Eventually, this kind of grain-size organization (two grain-
an active armour, they do not build an extensive coarse layesize patches with no general armouring) could be typical of
on the top of the river bed. Therefore, the Urumgi River is not shallow braided gravel-bed rivers (defined here as rivers with
armoured either. The absence of a well-developed armoured decimetric to metric water depth) where sediments are de-
layer indicates that the equal mobility theory developed toposited into a limited number of morpho-sedimentary ele-
understand and predict the transport of sediment mixturesnents (see the facies model #2Miall 1985 1996. Other
may not be adequate for such stream. This theory requiret/pes of braided streams, such as deep braided gravel-bed
sediments to be sorted into an extensive coarse-grained surivers (defined as rivers with a metric to pluri-metric water
face and a finer-grained subsurface layer in order to make thdepth) (facies model #3 dfliall 1985 1996, may have a
coarse grains more available for transport than the fine onemore complicated grain-size organization. For example, they
(Parker and Klingemanl982 Andrews 1987 Parker and  often present bedforms with avalanche slip faces, which can
Toro-Escobar2002. Nevertheless, a high sediment supply produce a complex upward and downstream sorting within
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bars Bluck, 1976 Hein and Walker1977 Ashmore 1982 then be considered in future works on sorting processes and

Paola 1989 Lunt and Bridge2004 Rice and Churc2010. their geomorphologic and stratigraphic results.

Therefore, it would be interesting to investigate the grain-size

patchiness in such streams and to compare it with the frame-
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