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Barchans are dunes of crescentic shape found on Earth, Mdrsther celestial bodies,
growing usually on polydispersed granular beds. In thisdretve investigate experimen-
tally the growth of subaqueous barchans consisting of patged grains. We found that
the grain distribution within the dune changes with the eayipd pair, and that a transient
stripe appears on the dune surface, transverse to the fleestidim, which we propose
to result from the competition between the strength of fluitaanment and easiness of
rolling for each grain type. Our results provide new insgyimto barchan structures and

stratification found in other environments.
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Barchan dunes, or simply barchans, are crescent-shaped dith horns pointing downstream
that are frequently found on Earth, Mars and other celebtidies™". They are formed under
one-directional flows and limited amount of available gsaand, under these conditions, present a
robust shape that arise in diverse environments with a langyge of scales, going from the orders
of the kilometer and millennium in the case of Martian dunewrl to the centimeter and minute

in the aquatic caSé.

Because of their ubiquitous nature, barchans have beeregdtirom field measurements on
Eart?~14and Mard>-2% which usually involve large time and length scales and ntroied con-
ditions. Those studies produced valuable data that inedeasr understanding of many aspects
of barchan morphodyamics, though with limited applicapifor bedform evolution over long
times and little information at the grain scale. Given theaben and faster scales of subaqueous
barchans, experimental investigations were carried owater channels and tanks under con-
trolled conditions, from which it was possible to obtain thi¢ial and long-time evolutions of the
barchan morpholody?! and the motion of individual grains on the barchan sufé&@é How-
ever, although natural beds are composed of polydisperséasg®1C the previous experiments
investigated barchans of monodispersed particles, thebidisperse-related references being the
experiments of Caps and Vandew&land Rousseaux et &.for size segregation within two-
dimensional ripples and those of Groh efafor density segregation within two-dimensional

dunes.

Variations in the morphology and structure of barchans haen observed in nature, being de-
scribed as resulting from hilly terraiti$®-28 wind change’1828 and barchan collisiod$18.28-31
The effect of polydispersity (even bidispersity) on thedb@an structure is less understood. For
barchans on Earth, the previous studies on the sedimeptwgtewf dunes were conducted with
field measurements, and were focused on the impressiony/léfe long-time migration of aeo-
lian barchan¥-36 Those studies, by interpreting the strata, provide anwadaaf the past history
of barchan fields; however, because those structures fesmtiong-time processes that involve
erosion and accretion of sand and wind variations, and irestases variations in water content,
it is difficult to isolate and understand the real effect ofyp@sperse grains in stratification. On
Mars, dunes with regions of different color, sometimes diierdune surface and other times on
peripheral regions, were observed on its north pole and baea associated with the presence
of coarse-grained ice together with sandy sedimfélfs®*’—42 In these cases, the presence of two

species with different sizes and densities could induce&aination of one of the species around
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the barchans, or induce segregation in horizontal layeil§.tBe precise organization of grains in

those two-species barchans remains unknown.

In this Letter, we investigate experimentally the growttsabaqueous barchans consisting of
bidispersed grains. We carried out exhaustive experimenése two-species barchans, in terms
of grain sizes and/or densities, were tracked, and we vanedjrain properties (size and den-
sity), their concentrations, and the water flow rate. We ébtivat, while the barchan morphology
remains roughly constant, denser, smaller, and smalletemsddense grains tend to accumulate
on the barchan surface. For higher concentrations of theesgpaccumulating on the surface, the
other one forms a bottom layer and appears in top-view imagé®ing around the barchan. We
also found the appearance of a transient line on the dunacgytiransverse to the flow direction,
that forms during the growth of the single barchan, upstréararest, and migrates toward the
leading edge until disappearing. When grains of differartsities but same size are used, that
line consists in a large transverse stripe of different cokr the other pairs, that line consists
in a transverse line that clearly separates a downstreaonregere segregation is complete from
an upstream one where segregation is ongoing. The appeavhtiat transient line is intriguing,
and we propose that it is the result of a competition betwkerstrength of fluid entrainment and
easiness of rolling for each grain type. For grains of défersizes, we observe, when the transient
is finished, the presence of oblique stripes of much smakeelength than the dune size, which

we associate with size segregation.

The experimental device consisted of a water reservoircemtrifugal pumps, a flow straight-
ener, a 5-m-long closed-conduit channel of transparenemaatand rectangular cross section
(width = 160 mm and height®= 50 mm), a settling tank, and a return line. The last 2 m of
the channel consisted of the 1-m-long test section follolyed 1-m-long section discharging in
the settling tank. With the channel previously filled withtesa mixtures of grains were poured
inside, forming an initial pile of conical shape that wasatefed afterward into a barchan dune by
imposing a turbulent water flow. It is important to note thatidg the pouring of grains some seg-
regation took place, so that each initial condition was uaiop terms of granular structure within
the pile. We used different grain sizes and densities that waxed by pairs in different concen-
trations, and we varied the water flow rate. A camera placedathe channel acquired images
of the bedforms, from which measurements at both the duneyeaid scales were obtained by
image processirfg—2343-46 while a camera placed horizontally acquired side-viewgesaused

for measurements of the dune height. With this techniqudjaadeaccess to the granular structure
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LED lights

FIG. 1. (a) Photograph of the experimental setup showindesiesection, cameras, LED lights and dune.
(b) and (c) Top views of the initial pile and barchan dunepeesively, for case e of Table | (different

densities and same diameter); (d) and (e) initial pile arrdHzan dune, respectively, for case h of Table |
(same density and different diameters); (f) and (g) injigé and barchan dune, respectively, for case q of

Table | (different densities and diameters). In Figureggk(), flow is from top to bottom.

over the barchan surface, but not to its inner structureurgida shows a picture of the test sec-
tion, and a layout of the experimental device and detailsiatiee used cameras are available in

the supplementary material.

The tests were performed with tap water at temperatureseeen2l1 and 25C and three
populations of particles were used: round zirconium begosr{ densityps = 4100 kg/n¥) with
grain diameters within @0 mm< d < 0.60 mm, round glass beadss(= 2500 kg/n3) with 0.40
mm < d < 0.60 mm, and round glass beads with 0.15 rird < 0.25 mm, which we call species
1,2and 3§, S andSs), respectively, and for whicln, ¢ andgs are the used concentrations (see
the supplementary material for microscopy images of thel gsains). For each dune, grains of

different species had either white or red colors in orderaok their distribution over the barchan
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Caseqn @ ¢ red Re ratio Psratio Mo
(9)

a 0802 0% 1.47x10" 1  1.64 155
b 0505 0% 1.47x10* 1 1.64 13.7
c 0208 0S 1.47x10* 1  1.64 11.8
d 0802 0% 1.82x10* 1 1.64 155
e 0505 0% 1.82x10" 1 1.64 137
f 0208 0S 1.82x10° 1 164 11.8

g 00802 147x10* 25 1 105
h 0 0505% 147x10* 25 1 105
i 0 0208% 147x10* 25 1 105
j 00802% 182x10* 25 1 105
k 0 0505% 1.82x10* 25 1 105
| 0 0208% 1.82x10* 25 1 105
m 08 0 02S 1.47x10* 25 1.64 15.5
n 05 0 05% 1.47x10* 25 1.64 13.7
o0 02 0 08 1.47x10* 25 1.64 11.8
p 08 0 025 1.82x 10* 25 1.64 155
g 05 0 05% 1.82x10* 25 1.64 13.7
r 02 0 0.8% 1.82x10* 25 1.64 11.8

TABLE I. Label of tested cases, initial concentration (\okibasis) of each species within the initial pile,
species of red (darker) color, channel Reynolds nuniteeratio between grain diametetsy;io, ratio be-

tween grain densitiegsatio, and mass of the initial heapy.

dune. The cross-sectional mean velocities of watevere 0.294 and 0.364 m/s, corresponding
to Reynolds numbers based on the channel height, Pé 25/, of 1.47 x 10* and 182 x 10%,
respectively, where is the density angi the dynamic viscosity of the fluid. The shear velocities
on the channel walls in the absence of duneswere computed from velocity profiles measured
with a two-dimensional two-component particle image vetatry device (2D2C-P1V), and were

found to follow the Blasius correlatidh By using the hydraulic diameter of the channel,is
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found to be 0.0168 and 0.0202 m/s for the two flow rates empliogerresponding to variations
of Reynolds numbers at the grain scale, Reou.d/u, within 3 and 10 and to Shields numbers,
6 = (pu?)/((ps— p)gd), within 0.02 and 0.14, where we considered the midrange roé#me
diameter of each species agds the acceleration of gravity. The valueswofcorrespond to a
base state on the channel wall, the shear velocity over angdarchan reaching a maximum
value of approximately 114 close to its cre4842 All initial heaps had a volume of 7.0 dywith
initial masses varying between 10.5 and 15.5 g. The testedittons are summarized in Table I,
wheredaio andpsratio are the ratios between grain diameters and densities,atesgg (see the

supplementary material for values of Rend6 and pictures of initial and final bedforms for each

test).
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FIG. 2. (a) Projected aredof the dune occupied by the species accumulating over itacias a function
of time. Cases ¢ and m had their time scale multiplied by 0rgb @35, respectively, in order to fit the
graphic. (b) Normalized diffusion-like coefficiem as a function of the concentratiapm of the species

accumulating over the surface. Cases are listed in the key.

The general aspects of our results are summarized in Figso 1¢. For different mixtures,
grains segregate forming two main layers, one over the othleere the top layer consists of
(i) denser grains when different densities are used (Fidgsarid 1c); (ii) smaller grains in the
case of different diameters (Figs. 1d and 1e); and (iii) $#naind less dense grains for different
diameters and densities (Figs. 1f and 1g). Those resultsuapeising, different gradings having

been reported in the literature. For different sizes, cgdesr of Table I, measurements on two-
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dimensional subaqueous rippied®showed that larger grains tend to accumulate over theit,cres
while coarse sediments form a bottom layer that remains ibilemn the case of river dungs In

the present case, although forming a bottom layer, coaeesyare periodically entrained by the
fluid flow. For grains of different densities and same sizegsaa to f of Table I, a startling result
had already been found by Groh eféalor two-dimensional dunes, where denser particles were
found to accumulate in the central body of the dune, closestimp but covered by a thin layer of
less dense grains. An explanation for that grading coveyedl thin layer remains missing, and
now we found something still different in the case of barchan the present case, we propose,
based on Makse, that the observed grading is the result of a competitiow®en grains more
easily entrained by the fluid flow and those that roll more Igasrer the bed, as also shown,
in the following, for the appearance of a transient stripeterestingly, this segregation could
be at the origin, together with solidification and frostirag (proposed by Ref843), of part of
the structures observed on barchans on the north pole of, Kbaeirehich top-view images show
that dunes consisting of coarse-grained ice together vaitti\s sediments present one species

sometimes over the dune surface and other times on perlpbgrans.

In order to evaluate the segregation in horizontal layeesanalyzed the increase in the area
occupied by grains accumulating over the dune surface r&@a presents the projected afeaf
the dune (top view) occupied by the species accumulatingits/eurface as a function of time,
for all the tested conditions, and it is a measure of the siimgaof those species over the surface.
Figure 2a shows the existence of an initial phase, in whielsiteading of grains over the surface
is occurring at a roughly constant rate, and a final phaseheshwhen the quantity of grains of
each species over the surface remains roughly constahbuh grains are entrained by the fluid,
we associate the spreading of grains over the surface wiffugidn-like mechanism, in a similar
way as in the turbulence viscosity For that, we defined a diffusion coefficidbt(mn?/s), given
by the slope of initial phases of each curve in Fig. 2a, andimve expect to scale, as shown in Eq.
1, with the inertial length for the stabilization of sand ﬁu&,rag = (ﬁ/p)d_, the shear velocity,,
and the mean diameter weighted by concentraﬁf)ﬁs(dﬂ’: + d%) - , wherep = @0a+ @0, and
a andb correspond to each species. Figure 2b presibrﬁuid_Z/Ldrag)_1 as a function of particle
concentration for all tested cases, for which we obtairuditin-like coefficients of the same order
of magnitude, around unity. Although there is some varmte diffusion-like coefficient seems

proper for predicting the transient duration for the spieqaf a species over the dune surface.
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20to 60 s 200to 240 s

FIG. 3. Evolution of the transverse stripe and trajectoatgrains. (a) and (b) Snapshots of barchans at
different instants showing the transverse stripe as it atégrto the leading edge. They correspond to cases
h and b of Table I, respectively, and the yellow circle intésathe crest position. (c) and (d) Trajectories of
larger grains of case h, for two different intervals: whea $tripe was still present and when it had already
vanished, respectively. Trajectories were computed o9er dnd are superposed with the bedform image
at the initial time of their computation. In Figure (c), gnelénes correspond to grains that started moving

in positions downstream the transverse stripe, while mageares correspond to those that started moving

in positions upstream the stripe.

u,d?

D~ 1
I-drag ( )

The general structures observed over barchans after sg¢igretpas taken place can be better

understood from the transverse line that forms on the durfacgiduring the growth of the single
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barchan and migrates toward the leading edge until disaipgeavhile slowly migrating down-
stream with respect to the channel wall (their celeritiethwespect to the channel wall varied
between 0.07 and 1.43 mm/s, while those of the dune centreid between 0.19 and 2.18 mm/s).
The evolution of the transverse stripe is shown in Fig. 3 tiogiewith trajectories of larger grains
migrating over the dune. Despite showing only some trajezeton Figs. 3c and 3d, they represent
well the behavior of the whole set. During the transient, exe @bserve a region where segregation
has already occurred, downstream the transverse line ewdigrer (in cases of bidispersed size)
and lighter grains (in the case of bidespersed density)uwip over longer distances arriving di-
rectly on the crest, from where they fall by avalanches dvet¢e face, and horns, while the same
does not occur on the region upstream the transverse lirtbe llatter region, segregation occurs
faster close to the transverse line, where larger (cases)gtdighter (cases a to f) grains hop to
the already segregated surface, and from there roll/jursigeaver the smaller grains (in cases of
bidispersed size). With that process, while larger or kglgrains travel to the lee face and form a
carpet for the other ones, as proposed by Groh €tialthe 2D case, the line is displaced toward
the leading edge until segregation is complete. When gddiddferent densities but same size are
used, that line consists of a large transverse stripe céreifit color. The origin of the transverse
stripe is always close to the crest of the initial pile, dotmeam of which segregation occurs faster
due to the formation of a recirculation region and lee facel fiom that position it propagates
upstream with respect to the dune. The formation of a trassv&ripe due to grain bidispersity
in a barchan dune can be at the origin of some stratified strefound in nature. For example,
a previous flooding could bring different species to a bamathane, that would then develop a
transverse stripe. Therefore, considerations aboutpgmdssty should be taken into account when

describing the history of barchan fields based on the arsabjstrata.

Finally, we observed also the presence of oblique stripéls wavelengths scaling with the
grain diameter, as can be observed in the upstream regibtie oine shown in Fig. 1e. Based on
images of cases g, h, j and k, we computed the arithmetic nfesavelengths of oblique stripes,
A, 20 s after the transverse stripe had vanished, and foundwaf the order of I(12< A /d <
16, see the supplementary material for more images showenglilique stripes and a table with
A for each case measured). It is difficult to explain their fation without measuring the inner
grading of barchans; however, we speculate that theirrorgga size segregation similar to those
found in avalanché&$, but with the driving force in the direction of water streémeks. Here again,

strata found in nature may reflect the oblique stripes cahgesize segregation, which must thus
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be taken into account in order to avoid misinterpretation.

In conclusion, we observed a general segregation with orieplar species covering most of
the dune surface, and that, although grains are entraintdtefiuid, the spreading of that species
over the surface can be analyzed as a diffusion-like meshaniVe observed also a transient line
on the dune surface, transverse to the flow direction, thgtates toward the leading edge, and
that, when grains of different densities but same size agd,onsists of a large transverse stripe.
We propose that the transverse line, as well as the segvagathorizontal layers, result from
a competition between the strength of fluid entrainment asihess of rolling for the involved
species. Finally, we noticed the formation of oblique @sifior grains of different sizes, which
we speculate to be associated with size segregation. Oundmapen new possibilities to ex-
plain barchan structures and stratification found in otlmsirenments. For example, part of the
stratification of barchans observed on the north pole of Mardd result from size and density
segregation. Another example is the use of strata to dethedsistory of barchan fields on Earth,

which must consider the influence of grain dispersity in tirenfation of different layers.

SUPPLEMENTARY MATERIAL

See the supplementary material for the layout of the experiat device, microscopy images
of the used grains, tables listing dimensionless groupsnawetlengths of oblique stripes, snap-
shots of barchans at initial and final stages for differeatrgtypes, trajectories of grains over the

barchan dune, and movies showing examples of barchan mrddut

DATA AVAILABILITY

The data that support the findings of this study are openlylabla in Mendeley Data on
https://data.mendeley.com/datasets/z42c97sw4CRef.
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